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The kinetics and mode of coordination of the electronic ground stat€Behave been investigated in the

gas phase with the organic molecules methane, ethane, propane, butane, ethylene, allene, propene, 1,3-butadiene,
isobutene, acetylene, propyne, and diacetylene. Reaction rate coefficients and product distributions for
sequential ligation were measured with the selected-ion flow tube (SIFT) technique operatingtaB8204

and a helium buffer-gas pressure of 089.01 Torr. Also, bond connectivities in the ligated species were
probed with multicollision-induced dissociation (CID) experiments. Rates of ligation with a single ligand
were found to increase with an increasing number of degrees of freedom, or size, of the ligand and to follow
the reactivity order alkynes alkenes> alkanes. Ligation with at least two, at least three, and at least five
molecules was observed with alkanes, alkenes and alkynes, respectively. Possible modes of bonding in the
multiply-ligated Fe cations are briefly described. The CID results provide evidence for the occurrence of
intramolecular interactionsetween ligandsediated by Fg resulting in C-C bond formation in the ligated

ions Fe(1,3-GHe)4t, Fe(GH,)s™ and Fe(GH,)st, Fe(CHC,H),* and Fe(CHC,H),*, and Fe(GH,)," and
Fe(GHy)4". The postulated interligand interactions are attributed to cyclization or oligomerization reactions
leading to the formation of benzene, dimethylcyclobutadiene, and diethynylcyclobutadiene pHF¢(C
Fe(CHC;H),", and Fe(GH,).", respectively, and the formation of a dimer of 1,3-butadiene in Fe(35B)¢.

Introduction competes with activation/insertion leading to dissociative ad-
dition with propane and butane, particularly at higher collision
energies and lower pressures. Slow ligation oft Reith
ethylene, propene, and isobutene has been observed at low
c pressure8? Similar measurements with the remaining alkenes
"and the alkynes investigated in this study appear not to have
been reported previously. A single potential-well model has
been presented for reactions oftRgith small alkanes which
elucidates the critical role of the lifetime of the intermediate
adduct ion in determining the rates of ligation observed in a
multicollision environmen® The model predicts that the rate

The organic chemistry of transition-metal ions in the gas
phase has been actively investigated in the past, both experi-
mentally and theoretically. Previous studies involving Feand
small hydrocarbons have focused on the thermodynami
structural, and electronic properties of the bonding of ke
single ligand molecules with a view to elucidating mechanistic
and energetic aspects of€ and C-H bond activation and
insertion important in catalysis and synthetic organometallic
chemistry. The small hydrocarbons which have received

o b i
attention include metharfesthané; propane’ butane’” ethyl of ligation depends on the size of hydrocarbon ligand and on

ene’ acetylend, propené” allene? propyne? and butene® . . _
Here we focus on the experimental measurement of the gas-.the thermodynamic stability of the ligated Felon (where L

. . is the ligand).
phase, room-temperatumates of both single and multiple . S . .
ligation of Fe" with these and other related hydrocarbons under MuLUpIe I;]gatlog _Of Fﬁ W'tT ?ydrocarport])s in the g&:_s lp?ase
multicollision conditions and on the experimental determination lmayl el_ac Ieved in a ea? WO Xv%ys._ Y seqt_u:]n Ial' ermé)-
of bond connectivities in the resulting singly- and multiply- ecular ligation reactions of type eginning with uniigate

o+ : H [ H R} H
ligated species. Such gas-phase measurements provide a usefgf ©f by Squent'al b|molec_ular SW'tCh'.ng re_act|ons .Of type
b%nchmgrk for solutiogn bghavior and insight irF:mrinsic beginning with F& already ligated, but with a different ligand.

aspects of ligation not accessible in solution.

+ +

Experimental investigations of the room-temperature kinetics Fel,," +L +He—Fel,,, +He 1)
of Fe' ligation have not been very common in the past, although C N , . ,
these too can provide insights into thermodynamic aspects of Fel L"n+L" —Fel ,L"n  tL 2

Fet—ligand bonding. Furthermore, the earlier investigations
have been restricted to single-ligation kinetics. Fast-flow Sequential ligation of type 1 was first observed in fast-flow
reactor? crossed-bearff, “chromatographic®® and FT-ICR! reactor experiments which provided evidence for the multiple
experiments have shown that methane, ethane, and propane wiligation of F&" with methane, ethane, and propane in helium
ligate Fe at room temperature in He bath gas by collision- bath gas at 0.75 Torr, although rate coefficients were not
stabilized attachment with measurable rates but that ligation determined. Not much is known quantitatively about the
sequential kinetics of either reactions 1 or reactions 2, but their

"Fakulta Umweltwissenschaften und Verfahrenstechnik, Branden- occurrence has been exploited in the past in the generation of
?:Lgt?tlasucsheescmh;r:ffhe Univerdiottbus, Karl-Marx-Strasse 17, D-03044  m tiply-ligated Fel,™ ions for studies of their energetics and

* Corresponding author. structures. For example, Fe(@k" ions withn = 1—4 have
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dissociation studies of the ligand binding energies in these?fons, cone while taking care not to introduce mass discrimination in
and Fe(CQ)' ions have been transformed into Feiig)* and the detection system. This technique has been developed in
Fe(GHy)n" (n= 1—4) ions according to reaction 2 in a chemical our laboratory recently and is described in detail elsewhere.
ionization source in recent NRMS experiments directed toward The technique is most useful for the exploration of bond
the elucidation of the structures of these i6h%¥ The latter connectivities in that ion fragmentation can be induced in a
study!? also provided the first evidence for theFemediated controlled stepwise fashion. However, since the concomitant
trimerization of GH, to benzene. This interesting result sug- energy redisposition has not yet been successfully modeled, the
gests a potential role of Fén promoting C-C bond formation observed thresholds for dissociation do not yield precise
and in the mediation of ligand/ligand reactions generally. thermodynamic information. Bond connectivity studies become
In this study we have surveyed the interactions of Réh problematic when the ion of interest is one of several ions being
selected alkanes, alkenes, and alkynes in a multicollision sampled, viz. cannot be established as the predominant ion, or
environment. Two experimental approaches were used. Se-when it has too low an intensity.
guential addition of ligands to Fewas explored through
measurements of rate coefficients for reactions of type 1 in Results and Discussion
helium bath gas at 0.35 Torr using the selected-ion flow tube  T5pe 1 summarizes the products and rate coefficients
(SIFT) technique. This is a moderately high-pressure technique yeasured for the primary and higher-order reactions 6ffith
which provides the multiple collisions required for the third-  ggjected alkanes, alkenes, and alkynes at2®K in helium
body stabilization of the ligated ions FeLions. The results ) ffer gas at a total gas pressure of 0-8%.01 Torr.
of these megsurements provide insight into .the dependence of A Reactions with Alkanes: CHa, CoHe, CaHg, and CiH o,
rates of ligation on the number and size of ligands and on the The effective bimolecular rate coefficients measured for the
thermodynamic stability of the ligated ion. Also, they provide 5sgociation reactions of Eewith alkanes under our SIFT
intrinsic reactivities and coordination numbers which are useful qngitions span a large range frons x 10-24 e molecule'
in understanding analogous coordination reactions in solution. «1 o the reaction with methane to 1:010-° cm® molecule™?
Also, we have conducted multicollision-induced dissociation -1 for the reaction witm-butane. Representative data for the
(CID) experiments to explore bond connectivities in the ligated opserved chemistry and CID are shown in Figure$1 With
ions directly after their formation and collisional stabilization. nhe exception of the reaction with-butane, only adduct
These experiments have revealed the occurrence of several novgbrmation was observed under our operating conditions. The
intramolecular interligand reactions and speak to the possiblefajyre to observe bimolecular products with methane and ethane
role of Fe" as a catalyst for cyclization and oligomerization of s not surprising since these should be endothermic. However,
unsaturated hydrocarbons. bimolecular channels do become exothermic with propane and

) _ higher saturated hydrocarbons. Indeed, reactions 3a and 3b
Experimental Section

+ . +
The results reported here were obtained using a selected-ion Fe' + CHg— FeGHs ™ + H, (32)

flow tube (SIFT) apparatus which has been described previ- N

ously314 All measurements were performed at 2243 K — FeGH,” + CH, (3b)

and at helium buffer gas pressure of 0:850.01 Torr. The

reactant Fé ions were produced in a low-pressure ionization Which are exothermic by 1% 5 and 19+ 5 kcal mol,
source either from Fe(C@py 35-50 eV electron bombardment respectively’? have been observed as minor channels with both
or from ferrocene vapor at 6070 eV, mass selected, injected the flow reactor in He at 0.75 Té#and the chromatographic
into the flow tube, and allowed to thermalize by collisions (ca. technique in He at 1.75 Totf. The fast-flow reactor measure-

4 x 10P) with He atoms before entering the reaction region. ments yielded branching ratios of 2400.4 and 4.3+ 0.3%,
Both Fe(COj and ferrocene were introduced into the ion source respectively, while the chromatographic technique led to
in a large excess of helium (at a partial pressure of less thanbranching ratios of 1.4 and 3%, respectively. However, our
5%). The ion signal showed a maximum with increasing €xperiments indicated an upper limit of 1% for both of these
pressure which is Suggestive of ion/He collisions within the channels and that collisional stabilization Completely dominates.
source and the occurrence of dissociative electron-transferThe reason for this discrepancy is not clear. One possible
reactions of He with the parent gas. Normally the ion signal €Xplanation is that the previous measurements, in which Fe
was tuned at the maximum. As we have reported elsewhere,ions were produced differently, included some contribution from
we could not find any evidence for the presence of excited statesthe excited'F state of Fé: both channels 3a and 3b are major

of Fet in our reacting F& populationts channels in reactions with this st It is interesting to note
Reactant neutrals were introduced into the reaction region that, at the very low pressures of 3 10™7 Torr at which
either as a pure gas or as a dilute (05%) mixture in helium. collisional stabilization is improbable, FT-ICR experiments have

All the reagents except diacetylene were obtained commercially Shown that Fé reacts with propane exclusively to yield the
and were of high purity (generally 99%). Diacetylene was  Pimolecular channels 3a and 3b in a ratio of 24/76.
synthesized by reacting 1,4-dichloro-2-butyne with aqueous Bimolecular channels definitely become competitive under
KOH in DMSO solution® our experimental operating conditions in the reaction of Fe
The rate coefficients for primary reactions reported here are With n-butane. The data in Figure 3 shows the occurrence of
estimated to have an uncertainty-80%. Higher-order rate  the reaction channels 4a&d. Analysis of this data provides a

coefficients were obtained by fitting the experimental data to

+ +
the solutions of the system of differential equations for Fe" + n-CH;o— FeGHy, (4a)
successive reactions. The accuracy for this fitting procedure . FeQH4+ + C,H, (4b)
depends on several parameters and is reported separately for

every calculated high-order rate coefficient. — |:eQH6Jr + CH, (4c)

The multicollision-induced dissociation (CID) of sampled ions N
was investigated by raising the potential of the sampling nose —FeGHg" + H; (4d)
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TABLE 1: Measured Products and Rate Coefficients for Reactions of Ground-State FeCations with Selected Alkanes,
Alkenes, and Alkynes at 294+ 3 K in Helium Buffer Gas at a Total Pressure of 0.35+ 0.01 Torr; Reaction® and Collision®
Rate Coefficients Are Given in Units of cn® molecules? st

reactant molecule reactant/product ibns Kexp ke Kexp/Ke
CH, Fet/Fe(CHy)* <5 x 10714 1.1x 10°° <5x 107
Fe(CH)*/ d
CoHe Fe'/Fe(GHe)* 1.4% 101 1.1x 10°° 0.013
Fe(GHe)"/Fe(GHe)z* 3.7x 10710
Fe(GHe):2" <5 x 107
CsHsg Fe'/Fe(GHg)* 3.9x 10710 1.2x 107° 0.33
Fe(GHs)t/Fe(GHsg)2" 7.3x 10710
Fe(GHs)z" <5x 1074
C4H10 Fet/ Fe(QH10)+ 0.40 1.0x 10°° 1.2x 10°° 0.83
Fet/Fe(GH.") 0.38
Fet/Fe(GHg") 0.13
Fet/Fe(CHs") 0.09
FE(QH10)+/F9(QH10)2+ 7.8x 10_10
Fe(CGHao)2" <1lx 10713
CaHs Fe'/Fe(GH.)* 6.1x 1011 1.1x 10°° 0.055
Fe(GHa) IFe(GHa)z" 6.3x 10710
Fe(GHa)./Fe(GHa)s* 8.7 x 1071
Fe(GHa)s /Fe(GHa)s+ (3.0+ 1.5)x 10713
Fe(CgH4)4+/ d
CaHa (allene) Fe/Fe(GHa)* 2.1x 10710 1.2x 10°° 0.18
Fe(GH.)*/Fe(GHJ)2t 6.0 x 10710
Fe(GH.),"/Fe(GHa4)st 2.2x 10710
Fe(GHa)s" <1x 10713
CsHs (propene) Fé&/Fe(GHe)" 3.9x 100 1.3x10° 0.30
Fe(GHe)*/Fe(GHe)z" 3.9x 10710
Fe(QH6)2+/Fe(QH5)3+ 3.3x 10710
Fe(GHe)s" <1lx 10713
C4Hs (1,3-butadiene) FeFe(GHe)" 8.4x 10710 1.3x 10° 0.65
Fe(GHe)*/Fe(GHe)2" 8.5x 10°%°
FG(QH5)2+/F9(QH5)3+ 3.3x 1012
FE(QH5)3+/F8(QH5)4+ e
Fe(GHe)a'/ d
i-C4Hs (isobutene) FelFe(CHg)™ 8.9x 10710 1.4x 10°° 0.64
Fe(CHg)"/Fe(GHg)z* 1.1x 10°°
FE(QH8)2+/F9(QH3)3+ 5.3x 10712
Fe(CHg)s* <1x 1013
CoH2 Fet/Fe(GH2)* 1.6x 101 1.1x 10°° 0.015
Fe(GH,)/Fe(GH2):* 7.7x 10710
Fe(Csz)f/Fe(Csz)ng 7.6x 10710
Fe(GH.)s /Fe(GHy)4+ (2+1)x 10712
Fe(Csz)ﬁ/Fe((_“,sz)f (5 + 2) x 10712
Fe(CQH2)5+/|:e(CQH2)6Jr e
Fe(C2H2)6+/ d
CsHa (propyne) Fe/Fe(GHa)" 7.0x 10710 1.5% 10°° 0.47
Fe(QH4)+/Fe(Q;H4)2+ 7.5x%x 10710
Fe(QH4)2+/Fe(QH4)3+ 6.0x 10710
Fe(QH4)3+/Fe(QH4)4+ (6 + 3) x 10712
FB(QH4)4+/F6(QH4)5+ (7 + 4) x 10712
Fe(c‘.gH4)5+/Fe(QH4)e+ e
FE(QH4)6+/ d
C,H; (diacetylene) FeFe(CH2)* 3.5x 10710 1.2x 10°° 0.29
Fe(GHy) IFe(GH2)z" 1.0x 10°°
Fe(QH2)2+/Fe(QH2)3+ 3.0x 1@10
FE(QH2)3+/FG(C;H2)4+ (9 + 5) X 1012
Fe(CH,)s/Fe(GH2)s* (1.0£0.5) x 1071
FG(QH2)5+/F8(QH2)6+ e
Fe(QH2)6+/ d

aThe uncertainty in the reaction rate coefficient is less than 30%, unless indicated othéfisecollision rate coefficient is calculated using
ADO theory?® ¢ The branching ratios are indicated for the reaction witiutane. Products which were observed not to be formed are not indicated.
9 Not observed® Observed.

branching ratio for (4a)/(4b)/(4c)/(4d) of 0.40/0.38/0.13/0.09. that the FeGHg" product ion is less reactivé,= (5.5 + 1.7)

The bimolecular channels outweigh the association channel by x 1011 cm® molecule? s71, than the other three product ions
3to 2. The branching ratio of the bimolecular channels (4b)/ of reaction 4 which all react further with an identical rate
(4c)/(4c) of 0.67/0.22/0.15 is consistent with the trend reported coefficient, within experimental uncertainty, of (7482.3) x
recently for the production of these channels in crossed-beam10-1° cm?® molecule* s™1. The product spectrum for the sec-
experiments at kinetic energies of 1.1 and 0.25%VThe ondary reactions shown in Figure 3 is consistent witbutane
reported branching ratios for the reaction of ground-state Fe adduct formation involving these three product ions accompa-
(®D) at these kinetic energies were 0.39/0.43/0.18 and 0.58/ nied by varying degrees of elimination obids, CH,;, and H.
0.32/0.10, respectively. We did not completely unravel the  The reactions of Fewith methane, ethane, and propane have
secondary chemistry evident in Figure 3, although it is clear been investigated previously at thermal energies with a fast flow
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Figure 1. (left) Experimental data for the reaction of Feith ethane. Figure 3. (left) Experimental data for the primary reactions of'Fe
The solid lines represent a fit of the experimental data with the solutions With butane. (right) Experimental data for the secondary reactions of
of differential equations appropriate for the observed sequential F€" With butane. The solid lines represent a fit of the experimental
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Figure 2. (left) Experimental data for the reaction of'Reith propane. 10 20 20

The solid lines represent a fit of the experimental data with the solutions
of differential equations appropriate for the observed sequential 3N-6
reactions. (right) Multicollisional CID of Fe(§Eg),* in helium at 0.35
Torr in the laboratory energy frame. The propane flow is equal to 6.0
x 10 molecule s.

Figure 4. Variation in the effective bimolecular rate coefficient for
the reaction of Fewith alkanes with the size of the alkane expressed
in terms of its number of degrees of freeddwig the number of atoms).
reactor at the higher helium pressure of 0.75 Torr. Rate Open circles represent the data of Weisshaar ®ttaken with a fast-
coefficients of (1.1 0.3) x 10712, (5.9+ 1.8) x 1071, and flow reactor at a helium pressure of 0.75 Torr. The solid circles represent
(6.2 + 1.9) x 10719 cm® molecule’® st have been reported the SIFT data obtained in this study at a hehqm_ pressure c_Jf ©.35
for these condition& A rate coefficient of (5.0+ 1.5) x 10-10 0.01 Torr. The dashed curve represents the variation of the bimolecular
- " Langevin collision rate constant.
cm® molecule? s~1 has been reported for the addition of propane
at the still higher helium pressure of 1.75 Torr at 308’Rhese when Fé reacted with methane under our SIFT conditions, and
values are all systematically higher than those measured in ourit was formed with an immeasurably small rate coefficient. In
study and clearly point toward a dependence of the reaction previous measurements with a fast-flow reactor at the higher
rate on pressure as is expected if the ligation proceeds byhelium pressure of 0.75 Torr, up to three additions were
termolecular association with collisional stabilization. An observed, although rate coefficients were not reported for
appropriate kinetic model for third-body collisional stabilization additions of more than one methane moleéflé&e(CHy)," ions
in reactions of F& with small alkanes has been discussed in with n as large as 4 have been generated in a dc discharge/flow
detail by Weisshaar et 8. The model predicts that the effective  tube sourcé?2
bimolecular rate coefficient should increase with increasing  Our SIFT experiments have shown that two molecules of
pressure and saturate at a value equal to the Langevin collisionethane and propane rapidly add sequentially to ded in both
rate coefficient. The trend ik, With pressure is clearly evident  cases the second molecule adds with a higher rate: about 25
in Figure 4 in which the size of the alkane is expressed in terms times higher in the case of ethane and 2 times higher in the
of its number of degrees of freedom. The trend in the effective case of propane. The rate of ligation drops precipitously for
bimolecular rate coefficient with the size of the alkane will be the formation of the third adduct, by a factor of at leask 7
discussed later. 10® in both cases, and the third adduct was not observed. These
What can be said about the number of alkane ligands thatresults agree with those obtained using the fast-flow reactor
add sequentially to F@ Only the first adduct was observed which indicated that two, but not three, molecules of ethane
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Figure 5. (left) Experimental data for the reaction of Feith ethylene. Figure 7. (left) Experimental data for the reaction of Reith propene.

The solid lines represent a fit of the experimental data with the solutions The solid lines represent a fit of the experimental data with the solutions
of differential equations appropriate for the observed sequential Of differential equations appropriate for the observed sequential
reactions. (right) Multicollisional CID of Fe(fl4)s" in helium at 0.35 reactions. (right) Multicollisional CID of Fe(fie)s* in helium at 0.35

Torr in the laboratory energy frame. The ethylene flow is equal to 3.9 ToIT in the laboratory energy frame. The propene flow is equal to 6.7

x 10" molecule st. x 10 molecule s'.
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Figure 6. (left) Experimental data for the reaction of Faith allene. Figure 8. (left) Experimental data for the reaction of Feith 1,3-

The solid lines represent a fit of the experimental data with the solutions Putadiene. The solid lines represent a fit of the experimental data with
of differential equations appropriate for the observed sequential the solutions of differential equations appropriate for the observed
reactions. (right) Multicollisional CID of Fe(l,)s* in helium at 0.35 sequential reactions. (right) Multicollisional CID of Fe(1,3Hg)." with

Torr in the laboratory energy frame. The allene flow is equal tox1.6 N =2, 3, and 4 in helium at 0.35 Torr in the laboratory energy frame.
108 molecule St The flow of 1,3-butadiene is equal to 5:3 10'® molecule s™.

under our operating conditions with these five alkenes. Rep-
resentative data are shown in Figures® Again, the effective
bimolecular rate coefficient for the first addition increases

and two molecules of propane added sequentially at the higher
He pressure of 0.75 Torr; again however, rate coefficients for
the addition of more than one molecu_le were not repor'Fed for substantially with increasing size of the alkene, viz. from 6.1
these latter experiment®. Our results with butane also indicate « 101t cm? molecule'® s for the reaction with ethylene to
rapid sequential addition of only two molecules. The third 8.9 x 10-1° e moleculet s for the reaction with isobutene.

addition was immeasurably slow, and no third adduct was 16 hymber of alkene molecules observed to add sequentially
observed. R . to Fe" was at least three, but four molecules were seen to add
The CID profiles in Figures 1 and 2 show clearly that ligated | 1) ethylene and 1,3-butadiene. A drop in rate by at least a
et_hane molecule_s and ligated propane m_ol_ecules O.IO Not react, tor of 1% was observed after the addition of three molecules
with eaCh othgr in the presence of FeCollisional actlyatlon except with the larger alkenes, 1,3-butadiene and isobutene, for
of the ligated ions removes these molecules sequentially one atich such a drop occurred already after the addition of two
atime in a manner reverse to the seque_ntla_u addition. molecules. The CID experiments indicated sequential loss of
We take our kinetic and CID results to indicate that Fes individual molecules from all triply-ligated species. However,
a coordination number of 2 with the alkane molecules ethane, Figure 8 clearly shows that the quadruply-ligated species Fe-
propane, and butane. (1,3-GHg)4* dissociates in one step exclusively with the loss

B. Reactions with Alkenes: GHa, CsHg, H2C=C=CHa, ¢ the equivalent of two molecules of 1,3-butadiene according
1,3-CHe, and i-C4Hg. To the extent that standard enthalpies to reaction 5.

of formation are available, thermodynamics predicts that bi-

molecular reactions, including electron transfer, are energetically Fe(1,3-GH)," + He—

unfavorable with ethylene, propene, allene, 1,3-butadiene, and +

isobutene. Only sequentail ligation reactions were observed Fe(1,3-GHg), ™ + [(1,3-GHg),] + He (5)
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acetylene. The solid lines represent a fit of the experimental data with diacetylene. The solid lines represent a fit of the experimental data
the solutions of differential equations appropriate for the observed with the solutions of differential equations appropriate for the observed
sequential reactions. (right) Multicollisional CID of Fef&)," with n sequential reactions. (right) Multicollisional CID of Fef)," with n

= 3, 4, and 5 in helium at 0.35 Torr in the laboratory energy frame. = 3 and 4 in helium at 0.35 Torr in the laboratory energy frame. The
The flow of acetylene is equal to 60 10'® molecule s flow of diacetylene is equal to 4.8 10" molecule s?.

-U,. /Voits

C. Reactions with Alkynes: GHy, CH3CoH, and CaHo. of acetylene according to reaction 6 and that the quintuply-

Only sequential ligation was observed in the reactions of Fe
with acetylene, propyne, and diacetylene. Representative data
are shown in Figures 1012. The measured effective bimo-
lecular rate coefficient for the first addition increases from 1.6
x 10711 cm?® molecule! s71 for the addition of GH, to 3. 5x
1079 and 7.5x 1071°cm? molecule! s71 for the first addition

of C4H, and CHC;H, respectively.

_ At Ieast+six alkyne molecules were observed to add Sequen-comparison, Figure 11 shows that the doubly-ligated propyne
tially to Fe™, but as was the case with the alkenes, a sharp drop gpecies loses the equivalent of two molecules upon dissociation

in rate (by at least a factor of 30 in this case) was observed 5ccqrding to reaction 8 and that the quadruply-ligated species
after the addition of three molecules. But the rate coefficient

did not become immeasurably small. Two further additions
were observed with measurable rates, and the addition of another

acetylene to form Fe(l;)s" was also recorded. also loses the equivalent of two molecules of propyne according
The CID experiments indicated a variety of different types to reaction 9. Although the loss of just one molecule of propyne
of behavior for the dissociation of alkyne-ligatedFepecies.
Loss of individual molecules was observed to be less common
than for the alkane- and alkene-ligated species. Figure 10 shows
that the triply-ligated species Fefd;)s™ dissociates in one step  could not be completely excluded on the basis of the shape of
exclusively with the loss of the equivalent of three molecules the Fe(GHg4):™ CID profile, the earlier onset for the dissociation

Fe(CH,);" + He— Fe" + [(C,H,),] + He (6)

ligated Fe(GH,)s™ dissociates in one step to lose the equivalent
of two molecules of acteylene according to reaction 7. In

Fe(CH,)s" + He— Fe(CH,),  + [(C,H,),] + He (7)

Fe(CH,)," + He— Fe" + [(C,H,),] + He (8)

Fe(GH,)," + He—Fe(GH,)," + [(C5H,),] + He (9)
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Figure 13. A semilogarithmic correlation of the effective bimolecular
rate coefficient in the gas phase in helium buffer gas at2®4K and rate coefficient for the sequential ligation of Favith hydrocarbon
a total pressure of 0.3% 0.01 Torr for the single ligation of Fewith mojecules with the number of ligands added in the gas phase in helium
hydrocarbon molecules with the size of the hydrocarbon expressed inpffer gas at 294- 3 K and a total pressure of 0.350.01 Torr: left,
terms of its number of degrees of freedoiig the number of atoms).  aikanes; middle, alkenes; right, alkynes.
Solid circles represent alkanes, solid squares represent alkenes, and
solid triangles represent alkynes.

n, Number of Ligands

Figure 14. A semilogarithmic correlation of the effective bimolecular

the case of Fe—propyne. In comparing alkanes, alkenes, and

of Fe(GHa)s' implies a greater binding energy for [{84)] alkynes with the same carbon content such as, for example,
within Fe(GHa)s* which is more consistent with the occurrence  ethane, ethylene, and acetylene, one must consider both degrees
of reaction 9. Figure 12 shows that the dissociation of both of freedom and bond energies. Thus, while the order in bond
the doubly-ligated and quadruply-ligated diacetylene species energies iDo(Fef—CzH,) > De(Fe"—C;H) > Do(Fer—CzHe)

leads to loss of two molecules according to reactions 10 and (1.50 + 0.06'® > 1.04 >0.66 + 0.06 e\?9 and the order in

the number of degrees of freedom istFeC,Hg > Fet—CyHy

> Fet—C;H,, the order in the effective bimolecular rate
coefficient for ligation isk(CoHg) > k(CoHs) > k(CzHe) (6.1 x

1011 > 16 x 1011 > 1.4 x 10711 cnm?® molecule’® s71).

E. Variation in the Rate of Ligation with the Number of
Ligands. The moderate helium bath-gas pressure of 0.35 Torr
employed in these experiments is sufficient to allow for
collisional stabilization of the hot intermediate ligated ions and
so to probe the full extent of ligation, or coordination, of'Fe
with the various hydrocarbon ligands investigated. Here the
coordination number is defined in terms of the observed ligation
kinetics. Itis taken to be equal to the number of ligands added

Fe(GH,),” + He— Fe" +[(C,H,),] + He  (10)

Fe(GH,), +He—Fe(GH,)," + [(C/H,),] + He (11)

11. The same order in the dissociation threshold, viz. DT-
((C4H2)2Fe+—C4H2) < DT((C4H2)2F€+—[(C4H2)2]), is observed
in this case.

D. Variation in the Rate of Ligation with the Size of the
Hydrocarbon. Figure 13 presents the dependence of the
effective bimolecular rate coefficienke, for all of the Fe
addition reactions observed in this study in helium at 0.35 Torr
on the number of degrees of freedom of the hydrocarbon sequentially to F& before the occurrence of a sharp drop in
molecule, 3l — 6 (whereN is the number of atoms). Thereis the rate of ligation. A drop is considered to be sharp if the
an obvious increase in reactivity with increasing size for the measured rate coefficient for ligation changes by 2 or more
alkanes, alkenes, and alkynes, and the rate coefficients begirorders of magnitude. Such a drop was observed for all of the
to saturate at a value corresponding to the collision rate ligands investigated. This is clearly evident from Figure 14,
coefficient, about 1@ cm?® molecule! s, with the highest which shows that the coordination number observed with the
member of each series of hydrocarbons. Also, the relative alkanes, alkenes, and alkynes investigated in this study depends
magnitudes of the rate coefficients at a fixed number of degreeson the nature of the hydrocarbon and occasionally on its size.
of freedom show the reactivity order alkynes alkenes> Thus, the coordination number for all alkanes was observed to
alkanes. These trends in kinetics can be understood in termsbe 2, for alkenes to be 3 (or 2 for the larger alkenes
of the single-potential well model for collisional association 1,3-butadiene and isobutene), and for the alkynes to be 3 (but
presented previously by Weisshaar et al. fofFalkane ligation perhaps only 2 for diacetylene). Also “higher order” coordina-
in which variations in rate coefficients are mainly attributed to tion was observed with the alkynes leading to “secondary”
variations in the lifetime of the intermediate “hot” adduct against coordination number of at least 5. A common feature of the
redissociatiorf? This lifetime increases as the vibrational-state early ligation kinetics is an increase in the rate coefficient of
density of the “hot” adduct increases and is dependent directly ligation from the first to the second addition. This increase is
on the vibrational degrees of freedom and the bond energy (orparticularly large (over 1 order of magnitude) for the small
well depth) of the adduct. Thus, the trend in kinetics observed ligands ethane, ethylene, and acetylene. The decrease in the
for alkane ligation is due both to the increasing number of rate coefficient for the first two reactions with butane includes
degrees of freedom and the increasing bond energies of thethe influence of the occurrence of bimolecular product channels
adduct ions. It is known that the bond strength increases from in the first reaction with butane.

0.594 0.03 eV for F&E—CHgy,22to 0.664 0.06 eV for F&— F. Structures and Bonding in Ligated Fe". Fe(alkane)".
CoHg® and 0.78+ 0.04 eV for Fé—CzHg.*2 Differences in There has been considerable discussion in the literature of the
rate coefficients at a fixed degree of freedom must be attributed possible structures and bonding of 'Fgated with a single
largely to differences in binding energies as, for example, the alkane (HR) molecule including “cluster ions” Halkane), the

difference observed for the reactions oftReith allene and
propyne. The bond energies forFeallene and Fe—propyne

C—H bond insertion adduct HFe*—R, the G-C bond insertion
adduct CH—Fe"—R, rearranged species of the type"fd,)-

are not known, but our results predict a stronger interaction in (alkene) and bridged structures of the type +d+-R5 The
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Quantum-chemical investigations have not been reported for
propane or butane, but the Hethane system may well be
representative of Pdalkane systems generally. Schematic
potential energy curves have been proposed for the ligation of
Fet with a single propane molecule but largely with a view to
rationalizing H and CH, elimination channels via €H
activation and insertiof:¢19 One of these models proposes a
barrier to formation of the €C insertion adduct which lies
above the energy of the separated reactants, but this suggestion
has not been confirmed by quantum-chemical calculatins.

Fe(alkene)t. The bonding of alkenes to the Féon has
two componentszr donation to as-like sp* hybrid orbital and
a back-donation from filled d orbitals into tlaatibondingorbital
on the G=C double bond. For adducts of the type RFBE,
including the adducts of Fewith ethylene, propene, and
isobutene, such bonding leads to a configuration in which the
R substituents are expected to be out of the [F&OT plane.
The bonding of F& to allene should be similar. The ligation

Potential Energy

H\C/ N to each double bond should be independent since the adjacent
" Nd - double bonds haver electrons located in two perpendicular
RN planes which cannot be donated to the same center. In contrast,

dy "R Fe" can ligate concomitantly to both double bonds in 1,3-

butadiene in either a cis or a trans configuration. Quantum-

) _ _ ) chemical calculations for these singly-ligated species are

Figure 15. Possible structures and profiles of potential energy vs generally not available although calculations have been reported

reaction coordinate for the single and double ligation of wigh ethane. for FeGH.t.55¢ The lowest-eneray state for this ion has been

Structures and energies (in kcal mYlfor single ligation are taken AN - 9y 1

from ref 3c. predicted to be @B state withDe = 25.7 kcal mot* at the
MCPF level of theor§P while an optimized geometry is available

at QCISD(T) level of theory?

No quantum-chemical calculations or qualitative potential
energy curves are available for higher levels of ligations with
sion. The bonding in Femultiply ligated with alkanes also any of thesp hydrocgrbons. However, thg degree of Iigation
has been addressed, but only very bri@iyThe order in bond may be rationalized in terms of consecutixeelectron-pair
dissociation energy éDE(FfeCH4) < BDE((CHs)Fe'—CH,) donation which is determined by the number of available empty
~ BDE((CHa)sFe —CHy) > BDE((CHu)sFe —CHa) has been orbitals and so the muItipIit_:ity of_ Fe For example, the Fe
rationalized in terms of spin changes in the core™ Fe (°D) ground-state sp configuration has only three places
configuration?® The first comprehensive quantum-chemical available for two-electron donor ligation (the fourth is occupied

investigation (a DFT/HF hybrid approach) of an Feigs" by one unpaired electron) while tH€ state allows four two-

cation has appeared only very recently for the interaction of _ele_ctron d_onors to be I|gat_e_d. The results in F'gu”? 14, which
Fe™ with ethane®®¢ The results of these investigation indicate indicate high rates of addition up to three alkene ligands, are

bound states in the potential energy surface involving “elec- c60n3|stent with three two-electron-donor Ilgat|o_n to the'Fe
trostatic” bonding, G-C bond insertion and €H bond inser- ( D+)4ground state or three two-electron-donor ligation to the
tion. All three states and the connecting transition states lie Fe ( F) state in which the addition of the fourth "gaﬂd IS
below the initial energy of Feand ethane. Since the PE sterically hindered. Some support for the latter mode of ligation
minimum for H—Fe"—C,Hs is extremely shallow (1 kcal moh) comes from the observation of the slow addition of a fourth
and only 9 kcal mol below the energy of the separated molecule of ethylene and the already relatively slow addition
reactants, we can suggest that the singly-ligatedHgCspecies of th‘? th|_rd moleculg Of. |sobut§_ne. AT‘Other possible mO(_je of
formed under our operating conditions is likely to be bound as bonding involves oxidative addition which leads to conventional
either the “electrostatic” adduct or the-C insertion adduct cpvalent bonds. Six covalgnt bonds (two per ligand) are .p055|ble
as indicated in Figure 15 or as a mixture of the two. It follows since Fé has seven available electrons. The remaining one

that a second molecule of ethane may then bond in an analogou _Iectron cannot form an _add|t|onal two bo_nds with a fourth
fashion to form the combined electrostatic/inserted species igand. _ Ligation Of Fe ‘_N'th 1,3-butad|e_ne IS a speC|a_I case
(C;He)Fe(CHy),™ with a structure also shown in Figure 15. becausg, as_descr!bed in _the next section, it involves intramo-
Clearly, coordination with six hydrogen atoms to form an lecular interligand interactions.

electrostatically-bound “sandwich”, FE€C,He),, is not feasible. Fe(alkyne)*. The bonding of Féto alkynes is expected to
Also, the doubly-inserted species, Fe@#, is unlikely because ~ be similar to that with alkenesr donation to as-like sg" hybrid
there are not enough unpaired electrons to form four Cova|ent0rbita| of Fe&" and back-donation from filled d orbitals into an
bonds. The further addition of a third molecule of ethane to antibonding orbital on the €C unit. The additional donation
the electronically saturated doubly-ligatecdg)Fe(CHy)," is of the perpendicular electron pair would turn alkynes formally
unlikely for electronic and probably also steric reasons, and this into four-electron-donor ligands, but we have nothing to support
would exp|ain the Sharp drop observed for the rate of |igation this mode of Iigation. The observed fast addition of the first
after the addition of two molecules of ethane. Our CID three ligands is similar to the behavior with alkenes.
measurements suggest that the second molecule of ethane is A theoretical treatment of the bonding of Fe& acetylene
weakly bound when comparing the threshold for its dissociation indicates electrostatic bonding and a ligand geometry very
with the dissociation thresholds of other ligated iéhs. similar to that of free acetylerfe. No quantum-chemical

Reaction Coordinate

bonding has been treated qualitatively in terms of long-range
electrostatic and shorter-range “don@icceptor” and chemical
attractive forces as well as long-range electretectron repul-
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TABLE 2: Collision-Induced Dissociations Observed for Selected Ligated Felons in Which Intramolecular Interactions
between Ligands Has Been Proposed To Occur

reaction threshold energyy
Fe(1,3-GHe)st + He— Fe(1,3-GHe)," + [(1,3-CiHe)2] + He 0.220+ 0.003
Fe(GHy)s™ + He— Fe™ + [(C2H2)3] + He 1.64+0.13
Fe(GH2)s™ + He— Fe(GH2)s™ + [(CoH2)2] + He 0.740+ 0.060
Fe(CHC.H),* + He— Fe™ + [(CH3C:H),] + He 1.27+0.11
Fe(CHC.H),* + He— Fe(CHCH)," + [(CHsCoH)] + He 0.573+ 0.049
Fe(CHy):" + He— Fe" + [(C4H2)2] + He 1.58+ 0.10
Fe(CH2)s" + He— Fe(CHy)2™ + [(C4H2)2] + He 0.442+ 0.032

a Dissociation threshold in eV (in the center-of-mass energy frame) measured in helium at 0.35 Torr. The quoted uncertainty is equal to the
standard deviation in the threshold energy at the junction of the best fit to the initial ion signal and the best fit to the slope of the fastest decaying
portion of the disappearance of the parent ion.

calculations or qualitative potential energy curves have been

reported for other alkynes or higher levels of ligations with g T L os
alkynes. The results in Figure 14 indicate high rates of addition o ¥
up to three alkyne ligands, which is consistent with three two- |7 ' ¥ r 06

¢ Fe(CH,),"

electron-donor ligation to the F¢D) ground state. However, /
¢ Fe(C,H,),"

the addition of diacetylene appears to be an exception since a

- 0.4

significant drop in rate is observed already after the addition of o000 4o\ o2
two molecules. Furthermore, the addition of up to six ligands 1.0 danncenn 00
was observed with all three of the alkynes investigated in this Tl o o

study, which suggests higher-order ligation modes absent with 081 Fe(CH,)"
the alkenes. Indeed, the CID measurements suggest the
occurrence of intramolecular interligand interactions mediated
by Fe" for all three alkynes. 0.4
G. Intramolecular Interligand Interactions. Now we

0.6 §

consider possible intramolecular interactidretween ligands 027 ]
mediated by Fe. Evidence for such interactions comes from 0.0 , : K

the results of the CID experiments. Although in most instances 0 20 40 60 80
dissociation of the ligated species was observed to proceed one -U, /Volts

Ilgand atatime, this was not the case with Fe_(l43+@4+ (see Figure 16. Multicollisional CID results for Fe(€H,)s™ and Fe(GHeg)*
Figure 8), Fe(@Hz)s" and Fe(GHy)s" (see Figure 10), Fe- i helium at 0.35 Torr. Fe(@l;)s" was formed upstream of the CID
(CHsC:H)* and Fe(CHC:H)4t (see Figure 11), and Fe{a,)," region from the sequential ligation of Favith acetylene (at a flow of
and Fe(GH>)4"(see Figure 12) for which observed dissociations 6 x 10'® molecule s* of acetylene) while Fe(§le)* was produced
led to the loss of the equivalent of two or three molecules. The from the ligation of F& with a single molecule of benzene (at a flow
observed dissociations thresholds for these ions are summarize@f 1 x 10" molecule s* of benzene vapor).
in Table 2. We propose that in each of these multiply-ligated
ions a chemical interaction, mediated by"Feccurs intramo-
lecularly between two or more ligands.

Thus, we attribute the observed exclusive loss obIH£)5]
from Fe(GHy)s™ to the intramolecular isomerization of this ion
to Fe(GHe)™ with loss of GHe. Evidence for this particular
isomerization was sought in separate CID experiments with Fe-
(CeHe)™ produced directly from the addition of benzene td Fe
according to reaction 12. Figure 16 compares the CID spectra Fe(QH2)2+ +CH,— Fe" + CeHe (13)

information is available to be completely quantitative. Aside
from the match in the CID spectra, the substantial magnitude
of the threshold observed for the dissociation (146@.13 and
1.70+ 0.10 eV) is consistent with the substantial binding energy
of 49.6 £ 2.3 kcal mot? determined experimentally for Fe-
CsHe.2° Our failure to observe the direct formation of 'Fe-
CeHs according to reaction 13, which is also expected to be

Fe + CiHg + He— Fe(C‘GHG)+ + He (12) considerably exothermic, suggests that the bulk of the excess

energy associated with the isomerization appears in #i C

of the Fe(GHy)s™ and Fe(GHe)* ions produced in these two  ligand rather than the Fe-CeHs bond. Consequently, we

different ways under otherwise similar operating conditions, and conclude that the third addition of acetylene to"Feecurs in

clearly there is a match in the dissociation thresholds measuredthe three steps (14a) to (14c). Apparently, the lifetime for

for these two ions. The actual values obtained for the isomerization is shorter than the time required for stabilizing

dissociation threshold (in the center-of-mass energy fréime) collisions with helium.

are 1.64+ 0.13 and 1.70+ 0.10 eV, respectively. The

similarity in these two values provides strong evidence for the Fe(CH,)," + CH, — (Fe(GH,);")* (14a)
occurrence of the isomerization of Fet§)s™ to Fe(GHg)™.

The failure of the Fe(gH,)s* ion produced in reaction 12 to (Fe(CH,);")* — (Fe(GHg ")* (14b)
dissociate back to the reactants Fg4g)," + C,H, under CID

conditions indicates that any barrier to isomerization lies below (Fe(GHo) ")* + He— Fe(GHe " +He  (14c)
the initial energy of the reactants and that the isomerization is

energetically feasible. The Fefds)* isomer must be consider- Other experimental evidence for the isomerization of Fe-

ably more stable than the Fefd)s* isomer given the high (CoH2)s™ to Fe(GHg)™ has been reported previously for Fe-
exothermicity for the trimerization of acetylene to benzene (C;Hy)s™ produced in a chemical ionization source from
(—143 kcal mot?),1® although not enough thermochemical sequential bimolecular displacement reactions of tyfe High-
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Figure 17. Proposed mechanisms for the multiple ligation of Réth
actylene, propyne (R= CHs) and diacetylene (R= C,H) involving
intramolecular interligand interactions.

energy collision-induced dissociation experiments indicated that

at least a fraction of these ions had isomerized to Fe{C.

Baranov et al.

J 1,3-C4Hs

Figure 18. Proposed mechanism for the multiple ligation of Féth
1,3-butadiene involving intramolecular interligand interactions.

ently, the additional electron donor properties of two methyl

More recently, FT-ICR/CID experiments have shown in arelated groups and two electron-rich ethynyl groups are required to

study that at least a fraction of the J/&;H,)s" ions produced

stabilize a four-membered ring in the multiple ligation of"Fe

by the sequential dehydrogenative addition of ethylene accordingpy propyne and diacetylene, respectively.

to reaction 15 isomerizes to KE€sHg)™ prior to collisional
dissociatior?!
Fe(CH,)," + CH,— Fe(CH,)y +H,  (15)

Other higher-order intramolecular interligand chemistry with

acetylene is revealed by the results of the CID experiments
reported here. We attribute the observed loss of the equivalent

of two molecules of acetylene from Feff)s"™ compared to
the loss of one molecule of acetylene from Fg{g," (see
Figure 10) to the formation of a cyclobutadienyl ring (a rich
electron donor) in Fe(§,)s™ as shown in Figure 17. The CID
spectrum indicates that Fefd)s" is more strongly bound than
Fe(GHy)4: the dissociation thresholds for the loss 0b{3)2
from Fe(GHy)s™ and loss of GH, from Fe(GHy),™ are 0.740
4 060 and 0.329t 0.025 eV, respectively. The intensity of
the Fe(GH,)s" ion formed by ligating Fe(gH,)s™ with one
additional molecule of acetylene was too small for a CID study.
The “T-shaped” structure for Fe§H,)s" proposed in Figure
17 involves sidewaysselectron bonding to a second benzene
ring to be consistent with the 18-electron rule.

The observed dissociations of the higher-order fens
ligated with propyne and diacetylene are markedly different from

that observed with acetylene: the third adduct loses one ligand

molecule while thesecondadduct loseswo according to the

generalized reactions 16 and 17. We propose in this case tha

Fe(L)," + He— Fe(L)," + L (16)

Fe(L),” + He— Fe" + [(L),] (17)

Fe" mediates the cyclization of the first two ligands into

The addition of two further molecules of propyne to Fe-
(propyne)™ and of diacetylene to Fe(diacetylepiejesulted in
ligated species which again dissociated with the loss of the
equivalent of two molecules of propyne or diacetylene, respec-
tively, according to reaction 18. Again we propose the
occurrence of intramolecular cyclization as shown in Figure 17.

Fe(L),” + He— Fe(L)," + [(L),] (18)

Finally, we note that the collision-induced dissociation of the
fourth adduct of F& with 1,3-butadiene, Fe(1,3-butadieqt)
was observed to result in the loss of the equivalent of two
molecules of 1,3-butadiene. We interpret this observation in
terms of a dimerization of 1,3-butadiene after the addition of
the fourth molecule in &% coupling reaction as illustrated in
Figure 18. Such a reaction may lead to an “open*(fé-cis-
1,3-CyHg)2(173-CgH12) structure (which has several cis/trans
isomers) and a “closed” Fép?-trans-1,3-CHeg)2(17%-CsH12)
structure in which the dimer is coordinated as a three- and a
six-dentate ligand, respectively.

Conclusions

The experimental results reported here provide a broad survey
of the intrinsic kinetics for ligation of Fewith saturated and
unsaturated acyclic hydrocarbons at room temperature in helium
1t 0.35 Torr. Trends in the rates of addition of one ligand with
the size of the ligand are consistent with expectations in terms
of the degrees of freedom and stability of the ligated species
according to current models of ion/molecule association reac-
tions. The observed variations of the measured rate coefficients
for the sequential ligation of Feprovide insight into the intrinsic
coordination number of Fefor acyclic hydrocarbons. Intramo-

dimethyl- and diethynylcyclobutadiene, respectively, as shown |ecular interligand interactions mediated byReere found to

in Figure 17. The antiaromatic cyclobutadiene ring is intrinsi-

be relatively common among the larger unsaturated hydrocarbon

cally unstable, but in these ligated ions we propose that it is ligands. This unexpected result has been attributed to intramo-

stabilized by bonding to Feand by the presence of two methyl
or ethynyl substituents. We note in comparison that &ees

not seem to mediate the isomerization of two molecules of

acetylene to cyclobutadiene since the CID of F&{g."
indicated exclusive loss ainemolecule of acetylene. Appar-

lecular oligomerization and cyclization reactions.
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