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Gaseous chromium fluoride monocations {C¢F = 1-4) can be prepared by sequential fluorine-ate
transfer from nitrogen trifluoride, NfFto chromium cation. In addition, formal Rnion transfer to
CrF (n = 2-4) to yield the corresponding neutral chromium fluorides,GliE observed. In conjunc-
tion with a re-evaluation of previous data, the present results provide a consistent picture of th
mochemistry of neutral and cationic chromium fluorides. The reactivity of th§ iBris towards
alkanes is investigated in a Fourier-transform ion cyclotron resonance mass spectrometer.
“pbare” Cr does not react with alkanes, the chromium fluoride cationg @oF Cri; and Crf; are
even capable of activating methane. With both increasing oxidation state of chromium and incr
chain lengths of the alkane, the branching ratio of the possible reaction pathways shifts from
lytic C-H and C—C bond activation to hydride- and methanide-ion transfer to yield carbocation:
finally electron transfer generating hydrocarbon radical cations.

Key words: Chromium fluorides; Gas-phase ion chemistry; C—H bond activation; Electron trar
Oxidation state.

The reactivity of transition metal ions in the gas phase has gained considerable
tion in the past However, most of the previous investigations focused on the reac
of “bare” or monoligated transition metal monocations of lower oxidation state:
wards alkanes and selected model substrates for C—H and C—C bond activatic
tailed studies of the role of higher oxidation states in the gas phase are scarce, hc
although higher oxidation states of chromiueng. chromium(VI) compounds, are o
widespread use in oxidation reactibfsand in a series of other processes such as
halogen—halogen exchange in chlorofluorocarbons and hydrofluorocérbaftsus, a
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direct comparison of the reactivity of the different oxidation states remains difficult
is mostly limited to certain specific casesy.the series of Os{cations.

We became interested in a systematic study of the reactivity of transition n
towards alkanes as a function of the formal oxidation state of the metal. For reas
convenient preparation as well as an adequate description by the formalism of
tion states, we have chosen to employ the most electronegative element, fluorine,
covalent binding partner of the metal in this study. Due to the particularly rigid ¢
tronic properties of fluorinei,e. both high electronegativity and low polarizability,
forms strong, significantly polarized bonds to most metals (M) with few back-don:
from F to M almost irrespective of the actual ch&rddus, increasing incorporation c
fluorine shall represent a suitable mimic in terms of increasing oxidation state.
choice of chromium as a transition metal is due to its numerous synthetic applic
in redox reactions as well as its particular behaviour in the gas phase. Thus, ¢
state Ct (°S) is among the least reactive species among all atomic transition |
monocations studied so fawhile a reversed order of reactivity was found in the sel
of the monochloride cations MCIM = Cr, Mn, Fe) in whichonly CrCI* was found to
be capable of activating simple alkatfesPrevious studies on the preparation a
properties of chromium fluorides were undertaken for neutral CrF{reéfs CrF,
(ref13), CrF; (refl%), CrF, (ref!®), CrF; (refs'®1), and Crk (refs®19. However,
thermochemical information about cationic ¢&pecies is limitetf-22 and to the best
of our knowledge, no ion/molecule reactions of gaseou$ Bake been described s
far.

EXPERIMENTAL

The experiments were performed with a Bruker Spectrospin CMS 47 Fourier-transform ion cyc
resonance (FT-ICR) mass spectrometer whose setup and operation have been descrik
viously?®24 In brief, chromium ions Crwere generated from targets of pure chromium (Balze
>99.9%) by laser desorption/laser ionizafiotfin the external ion source using a Nd : YAG las
(Spectron System$;,,,,= 1 064 nm). The chromium ions were extracted from the source and t
ferredvia a system of electrostatic potentials into the analyzer cell. Then, the most abundant i
52Cr (relative abundance 83.79%) was isolated using FERETS)red. computer-controlled ion-
ejection protocol that combines frequency sweeps and single-frequency pulses to optimise ri
excitation and ejection of all unwanted ions. After isolation, the chromium ions were allowed to
with pulsed-in nitrogen trifluoride or nitrogen trifluoride—argon mixtures, respectively. Nitrogen
fluoride (99.99%) was purchased from Union Carbide and Praxair, the alkanes (>99.5%) we
tained from Linde, and Argon (99.996%) was purchased from AGA.?2;,lRropane was obtained
from 1G Chemikalien, Ismaning, Germany. The pulse lengths applied for gasequgeidFadjusted
in order to maximize the yields of the desired chromium fluoride catiorf, @'E 0-4). The ions of
interest were mass-selected using FERETS again. Unless stated otherwise, the isolated io
thermalized by allowing them to collide with either pulsed-in argon and/or the reactant gas by :
priate tuning of the pulse and delay sequences. Neutral reactants were admitted toviheadekk

valve at a constant pressure in the order of (0.5-10y8nilfar (1 mbar = 0Pa) measured by &
calibrated ion gaud@ (BALZERS IMG070). Rate constants were determined either from the pse
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first-order decay of the reactant ions or using a computer program that determines rate cons
consecutive reactions based on a flexible kinetic model and experimentally observed ion irftens
The reported rate constants are given as percentages of the reaction efficigndres latter repre-
senting the ratio of the measured bimolecular rate constants and the gas-kinetic collision rate:
lated according to the capture thetirj2 The absolute error of the rate constants amourntS80es,

while the relative rate constants are more precid®%, ref?8). Branching ratios were determine:
by the computer program mentioned atféwe derived from an extrapolation of the individual pre
duct intensities to zero reaction time with explicit consideration of the background reaction:

below).

RESULTS AND DISCUSSION

Generation and Thermochemistry of the Chromium Fluoride Monocations

CrFh (n = 1-4)

Chromium fluoride monocations Grfn = 1-4) were prepared by sequential fluorin
atom transfer from Nfto atomic chromium cation CrlIn competition with fluorine-
atom transfer, also fluoride-ion transfer from Nf® CrF, to yield neutral Crf,

concomitant with NE formation is observed far = 2—-4 (Scheme 1). Accordingly, th
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sequence of reactions converges to yield mostly &tion as the terminal reactio
product. Figure 1 displays the temporal evolution of the ion signals which is h;
dependent on the degree of ion thermalizatimnargon-buffer gas pulses except f
CrF* (see below). Formation of formal Cr(VI) fluorides, either £d¥ CrF;, is not
observed experimentally. However, this result does not prove the non-exister
these species which have previously been postulated for(@f6*¢:18:3334, though it
was claimed as well that CyBHoes not exist, or at least, has not been properly che
terized so far3%3¢ The only formal Cr(VI) species observed in our experiment:
CrF;0*, probably formed in the reactions of Gniith traces of water being present |
the background of the high-vacuum system of the mass spectrometer. Further inv
tions of CrRO* were, however, not pursued because we do not considgOCré
serve as an appropriate model for a Cr(VIl) compound due to the particular bi
situation of the metal-oxo units® Thus, the character of the Cr—O bond is sugges
to be largely covalent as indicated by the constant decrease of the experimenta
bond lengths when going from CrFO to @BF(ref??) as well as the results of quantul
mechanical calculatioh%

In the comparison of the reactivity of nitrogen trifluoride towards (i) thermalized
(i) non-thermalized chromium cations significant differences are found fof. Gitfe
differences in the reactivities of the other ions investigated were small and cou
easily attributed to the experimental uncertainties. Thus, we conclude that afte
thermalization with methane neither translationally nor electronically excitédsC
present in our experiments. When investigating the reactions of both thermalize
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Time dependence of the ion intensities in the sequential reactions of methane-thermaliagti C
NF; (p = 1.0 . 108 mbar). Experimental data are shown as points, modelled data are shown as ¢
The observed species are indicated as follaw€r'; e CrF'; a CrFy; o CrR; O CrFy; O CriR0™;
0 NF,
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non-thermalized CrRwith alkanes, we estimated the fraction of electronically excit
state ions to be about 10% of the total of this species formed by analyzing the rea
of CrF*"towards ethane which vanishes upon thermalization. Interestingly, these e;
CrF* ions could not be thermalized by collision with argon or,Nfut upon collision
with the alkanes prior to smooth re-isolation of CrFhese results suggest that :
electronically excited state of Cris formed from non-thermalized Cwhich is con-
sistent with the prediction of low-lying excited states in quantum mechanical cal
tions by Harrisof®. The only other species found to populate electronically exc
states was CifF Non-thermalized chromium tetrafluoride cation shows rapid reac
with methane while its ground-state reactivity towards, SHsmall. In addition, the
reactivity of non-thermalized CjRowards Nk was found to be nine times as high
the ground-state reactivity towards the same reactant. Hence, the excited state
depleted by reaction with NF

From the mere occurrence of reactiofis-(5) for the thermalized ions (Scheme 1
some valuable thermochemical information can be derived, because only thermor
or exothermic reactions can occur under the conditions prevailing in our experin
setud®. Thus, fluorine-atom transfer (labelled as reacti@sin( Scheme 1) from NF
can only occur if the respective bond dissociation en&tfy,Cr*—F) is equal to or
larger tharD(F,N—F) = 58 kcal/mol (1 kcal = 4.18 kJ). Similarly, reactiobsréquire
the heterolytic bond cleavage ene@gF,Cr'—F) to exceed 247 kcal/mol (or 10.7 eV

TaBLE |
Heats of formationAH? (kcal/mal), of neutral chromium fluorides in the gas phase and of o
species relevant in this work.

AH? , kcal/mol

Species

ref4! ref 2 ref#?
Cr — — 94.8
CrF 5 4.6t 2.4 -
Cr -52 -103.2t 3.0 —
CrRs -158 -199.8 34 —
Crks - -270.0+ 2.1 —
Crks - —-290.+ 5.3 —
F — — 19.0
NF2 — - 8
NF3 - - -31.0
NF} - - 275
cr — — 250.8
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which is the amount of energy required for the process-NINF; + F~. Unfortunately,
two largely divergent sets of data exist for the neutral,@rfel Cri (Table I) which
differ by more than 40 kcal/mol in terms of heats of form&fdh Thus, prior to a
detailed analysis of the present data with respect to thermochemical quantities,
sistent set of data needs to be established for the neutral chromium fluorides. !
selection is, fortunately, possible by combining the known data with our resul
terms of a thermochemical cycle. Let us begin this evaluation with the heat of fc
tion for neutral chromium(l) fluoride,e. AHY(CrF) = 4.6+ 2.4 kcal/mol, upon which
both literature sources agféé’ Taking the previously measured vétfof 8.4+ 0.3 eV
for the ionization energyl) of CrF (see below), we obtalkHY(CrF") = 199+ 9 kcal/mol.
Thus, the experimentally observed occurrence of rea@®rinfplies the process to be eithe
exothermic or at least approximatetyl(kcal/mol forg = 80%) thermoneutral, and b
such it requireAHY(CrF}) < 160+ 10 kcal/mol. In conjunction witH(CrF,) = 10.1+ 0.3 eV
(refst43 (see below), we arrive at an upper bounddf(CrF,) < —73+ 12 kcal/mol.
While this value is certainly too large because it assumes rea2tpmo(be thermo-
neutral (see below\H)(CrF,) = —52 kcal/mol given in thermochemical tatffe¥is
beyond reasonable error limits, and is therefore incorrect. Accordingly, we neglec
value and adopt the complete set of data recently reported by Ebbiffgtoauthe
neutral chromium fluorides.

In their previous study on Cr, Mn, and Fe fluorides, Zmbov and Mar§ftaiso
reported ionization energies of gaseous chromium fluorides based on appe:
energy measurements. Due to the obvious discrepancy of the neutral values, hc
as well as possible sources of error in appearance energy measurements, we hax
checked these values by reacting the mass-selectédd@e~f1 = 1-4) with appropri-
ate substrates of known ionization energies in order to deteri@ng,) by the
bracketing method. Assuming a complete thermalization of the precursor ions, the occl
or absence of electron transfer from the neutral substrate to the ion of interest «
used to determine the (adiabatic) ionization energy of the corresponding n
counterparts. In the particular case of electron transfer, we neglect kinetic barrier
that the reaction efficiency can be regarded as a direct measure of the reaction t
chemistry. Thus, very exothermic electron transfer occurs with unit efficiency, hi
endothermic electron transfer does not take place at all, and in the intermediate
range fromca -5 to +5 kcal/mol the rate constant is a sigmoid function of the reac
enthalpy, because also slightly endothermic reactions (<0.2 eV) may occur |
FT-ICR conditions to a certain extent due to thermal contrioufoEsven though the
assumption of barrierless electron transfer seems appropriate, there exists a ser
striction to this approach which needs to be pointed out. In any case in which b
electron transfer also other efficient reaction channels are accessipbo(d activation),
charge transfer may be suppressed and eventually disappear completely due
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competition. Accordingly, in reactions occurring with efficiencies close to unity,
absence of a particular process cannot be used in the bracketing approach.

In the corresponding bracketing experiments it is found that €affon undergoes
charge transfer with naphthalere=(8.1 eV), but not with quinolind € 8.6 eV), thus
fully confirming the previous val#é*?1(CrF) = 8.4+ 0.3 eV. Similarly, good agree
ment withI(CrF,) = 10.1+ 0.3 eV (ref4:43 was found in that CiFcation undergoes
charge transfer with hexafluorobenzene=(9.9 eV) but not with ethylend &
10.5 eV). As expected, however, some deviation was found for the higher chro
fluorides. Thus, the absenceanfy reactivity of CrF cation towards oxygen € 12.1 eV)
conflicts with1(CrF;) = 12.2+ 0.3 eV reported by Zmbov and Margrédn conjunc-
tion with the occurrence of rapid charge transfer of;@vith carbonyl sulfidel(= 11.2 eV),
we therefore establish a value I§€rF;) = 11.5% 0.4 eV. Similarly, the bracketinc
method suggestgCrF,) = 12.3+ 0.3 eV due to the occurrence of rapid charge tran:
in the reaction of CrFwith O, (I = 12.1 eV), negligible charge transfer with metha
(I = 12.6 eV) and its complete absence with;lIF= 13.0 eV). These ionization en
ergies of the neutral chromium fluorides also nicely agree with the branching |
between the paths) and p) observed in reactiond)-(5). Thus, in the reactions o
Cr" and CrP with NF;, fluoride transfer to afford NFcation is not observed at a
becausd(CrF) andl(CrF,) are much lower thal(NF}) = 11.6 eV. Channebj begins
to compete in the reaction of N®ith CrF, but yet the formation of cationic CyF
NF, predominates as compared to the route leading to the charged-permuted pi
NF; + CrF;. In contrast, routeb) prevails in reaction4) becausd(NF;,) = 11.6 eV is
significantly lower than (CrF,) = 12.3+ 0.3 eV. Along this series of reactions, tt
exclusive observation of channdd) (in reaction %) implies thatl(CrF;) is at least of
similar size ag(CrF,) and most likely even exceeds it; tentatively, we asKignFs) >
12.5 eV.

Combination of this thermochemical information leads to the energetics of ga:
chromium fluorides as depicted in Table Il. This background information shall pro
a solid basis for the understanding of the ion/molecabetions described furthe
below. Furthermore, we would like to point out that this set of data is consistent
all reactions described here in that those processes which are observed to oc
perimentally are also predicted to be exothermic. The trends among thee@Ges are
quite smooth and follow general expectation. Thus, the ionization energies inc
with n, while the Cr—F bond energies decrease with increasing oxidation state
metal. The only notable exception from this rule is the couple Cri@riwhichD(Cr—F) <
D(FCr—F) for the cations and the neutrals as well. This difference can be attribu
the particular electronic structure of chromium. For example, for formation oficCrl
its 53* ground stat® from the atoms, the half-filled 43d° configuration of bare Cr
needs to be broken. Accordingly, a considerable amount of exchange energy
upon CFf-F bond formation, thus lowering the bond energy. In contrast, the m

Collect. Czech. Chem. Commun. (Vol. 63) (1998)



Chromium Fluoride Cations 1505

fluoride can be viewed as the “prepared state” (for similar effects in sequential N
bond stregths see réts to accept a second fluorine ligand upon formation of
difluoride which we assume to have a quartet ground state. This rationale also ac
for the finding that the reaction of bare*@iith NF; has a moderate efficiency althoug
it is predicted to be exothermic by about 13 kcal/mol.

Reactivity of the Chromium Fluoride Monocations Towards Alkanes

Before discussing the reactions of Cdations with alkanes, let us briefly address t
reactions occurring with background water. Thus, sequential exchanges of the fli
ligands by hydroxy groups are observed. Obviously, the strong H—F bond in hyd
fluoride provides the driving force for this reaction; for example, reactdnig
exothermic by about 17 kcal/mol based{Cr'—OH) = 71+ 3 kcal/mol (ref?d).

CrF" + H,O - CrOH* + HF ©)

Similar substitution reactions are observed for almost all ions under investig:
thus CrE yields FCr(OHJ and then QOH)3, (CsHg)CrF' yields (GHg)CrOH" etc; the
pseudo first-order rate constants of these processes showed typical day-to-da
ations depending on the actual water content of the machine. Obviously, also the
mentioned CrgO* cation is formed by reaction with background water. However,
to the variety of Cr(OH)F} species present at longer reaction times, we could

TasLE Il
Bond dissociation energié3(F,Cr—F) in kcal/mol of gaseous neutral and cationic chromium fluori
and ionization energies in eV of the neutral species.

D(F,Cr-F), kcal/mol

Species |, eV
neutraf catior?

Cr-F 109+ 2 71+ 9 8.4+ 0.3¢

FCr-F 127+ 5 88+ 9 10.1+ 0.3

F2Cr-F 116+ 6 84+ 11 11.5+ 0.4°

FsCr-F 89+ 5 70+ 13 12.3+ 0.2

F,Cr—F 40+ 7 <58 >12.9

2 ref22 PThis work. ¢ ref?° 9 value confirmed in this work by means of charge-transfer bracket
€ value given by ref® was revised in this work by means of charge transfer brackétidgper
limit derived from the absence of Grin the reaction of CfFwith NF,. ¢ Estimated based on the
branching of the reaction®d) and gb), see text.
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unambiguously clarify the precursor for GEF; a plausible sequence involves the r
actions Crff + H,O - CrF3(OH)* + HF and Crg(OH)* + NF; - CrF;0* + HF + NFE.
In the analysis of the reaction of Griens with alkanes, these background reactic
were fully deconvoluted, however, and unless noted otherwise these reaction:
background water are not reported.

As a representative set of substrates in the study of the reactivities/ofa@idhs as
a function of the oxidation state, we have chosen some simple alkanes. Concey
three different types of reactions are conceivable which are depicted for an &
C;H;R in Scheme 2.A) Metal-mediated C—H and/or C-C bond activatitaoxidative
addition followed by reductive elimination to yield closed shell neutrals. For exan
the first step of alkane dehydrogenation by UsFassumed to be a bond insertion
the metal fragment which is followed Kf3¢thydrogen transfer and loss of dihydroge
Note that the metal preserves its oxidation states in the reactants and produc
thermochemical driving force for dehydrogenation is provided by the formation c
alkene which serves as a ligand to the metal, ioe. D(FCr'—C;Hg) > 29.8 kcal/mol.
In the insertion intermediates, however, higher oxidation states of the metal a
volved such the propensity of this route is expected to decrease with increasing n
of fluorine ligands. B) As the oxidation state of the metal increases the fragn
becomes more electron withdrawing such that bond activation involving formal &
transfer becomes accessible to afford carbocations together with neutral chrc
fragments RCrE As this process involves reduction of the metal, we assign this r
as a formalinner-sphereelectron transfer from the hydrocarbon residue to the me
(C) If the oxidation state increases further, the recombination energy pity also
permit outer-sphereelectron transfer from the alkane to chromium to afford orge
cation radicals and neutral GtF

R
A V,,,, cret metal-based
H n + H bond activation
R B + inner-sphere
+

CrFp + )\ > - + RCrFp electron transfer

c R |4 outer-sphere
> /\ + CiFn electron transfer

SCHEME 2

As expected, the reactivity of the Gré&ations increases with the number of fluoril
ligands (Table IIl). Thus, thermalized bare*@ations do not react with any of th
alkanes studietl however, translationally as well as electronically excited chromi
cations activate alkan®s*® The monofluoride cation CtHs found to dehydrogenate
propane and higher alkanes, and CaFeady promotes C—H bond activation of ethal
and CrE as well as Crfare even capable of activating methane. Quite clearly, tl
exists an increase in reactivity for the higher-oxidized chromium species and pare
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this trend, we observe a significant switch from homolytic bond cleavage to hydri
electron transfer. For CfFhowever, hydride transfer (for methane through props
and methyl group transfer (for both n-butane and isobutane), respectively, outnu
the electron transfer which had accounted for a substantial fraction of the reactivi

TasLE Il

Efficiencies (bold figures, given as percentages of the collision rate constants) and ionic prod
the reactions of chromium fluoride cations with alkanes in the gas phase. For the explanation

action channel#\, B, C, see Scheme 2 and t&xt

Alkane (ol CrF CrF, CrF; CrF;
CHa n.r. n.r. n.r. 40 0.7
A 25% CrBCH3 15% CriCH3
85% Cri
B 75% CH
CoHs n.r. n.r. 8 100 100
A 100% CrFGH:  20% CrFGHZ
B 80% GH3 35% GH3
C 20% GH3%
45% GH$
CzHs n.r. 2 40 100 100
A 100% CrFGHE 7% CrFGH3
B 10% GHE 5% GH3
93% GHY 50% GHY 60% GHY
c 5% GH# 20% GHZ
7% GHE
35% GHE 8% GH3
n-C4Hio  nr 20 60 100 100
A 100% CrFGH% 4% CrFGHZ
B 55% GH? 75% GH3
96% GH$ 10% GH$ 10% GH$
C 10% GH§ 3% GH§
25% GHio 12% GHio
i-C4H10 nr. 20 80 100 100
A 100% CrFGH3
B 30% GHY 45% GHY 72% GH3
70% GH$ 5% GH$ 5% CHS
C 50% GH¢ 23% GH¢

& n.r. stands for no reactivity indicating an upper ligit 0.01%.

Collect. Czech. Chem. Commun. (Vol. 63) (1998)



1508 Mazurek, Schroder, Schwarz

propane and the butanes towardsiCHowever, before analyzing these trends in t
reactivity of Crit cation with respect to the role of the oxidation state, some of
reactions should be addressed more specifically.

A) Significant enhancement of the reactivity of chromium by the fluorine ligan
CrF* becomes obvious by comparison to"@nd CrCt which both donot activate
propane under thermal conditiSi§ while CrF dehydrogenates propane, though r
very efficiently (p = 0.02). If [2,22H,]propane is reacted with CtFlosses of Kand
HD are observed in a ratio of 40 : 60, which is not too different from that expecte
a complete equilibration of H and D atoms (56 : 44). Loss abQield [Cr,G;,Hg,FI*
could not be detected above the signal-to-noise level (4%), however, not more th
can be expected for complete equilibration. Accordingly, a reversible step in the
tion mechanism must allow for H/D scrambling. The structure of the ionic reax
product [Cr,G,Hg,F]* is elucidated by the subsequent reactiors @nd {b) with
background water (Scheme 3).

45%
—2,  [erCaH 0T 4+ HF (7a)
[CrC3HeFI" + H0 ——
55% "
— [Cr,H2,0,F] + CsHeg (7b)

ScHEME 3

In the corresponding reactions of tREIF and PH,]-labelled ions formed from CtF
and [2,22H,]propane, only HF is lost in reactionga] and only labelled propenes at
lost in reactions ). Thus, in analogy to reactiongd) and {b), [Cr,C;,H,,D,,F]*
yields [Cr,G,Hs,D,,0]" and [Cr,H,O,F], respectively, while [Cr,CH:,D,F]" yields
[Cr,C5,Hg,D,0]" and [Cr,H, O,F]", respectively. These results suggest formation of
propene complex (&i;)CrF" as the reaction produdte. reaction {a) corresponds to
an exchange of the fluorine ligand by OH in analogy to reac@par{d reactiondb)
is due to displacement of the propene ligand by water. Further information with re
to the initial attack of propane by CrEan be gained from the observation that or
C;HgD™ cation concomitant with neutral [Cr,D,F] but notHzD3 in the reaction of
non-thermalized CrFwith [2,2H,]propane. Thus, the initial step in the reaction
propane with CrFis assumed to exhibit a high preference for C—H bond activatio
the secondary position.

With respect to the reaction mechanism, a plausible scenario suggests that C—|
activation of the methylene group is followed by a series of reversible hydrogen-
transfers that are terminated by loss of dihydrogen (Scheme 4). While this sc
would mechanistically also allow for loss of neutral hydrogen fluoride, this chanr
not observed experimentally because formation of Cr(igt,)C+ HF is predicted to
be endothermic by about 6 kcal/mol (f&f&).

B) In the reaction of CiFwith ethane, dehydrofluorination is observed exclusive
The product ion [Cr,GHs,F]* may either exhibit an inserted structure, ethylchro-
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mium fluoride, GH;CrF*, or correspond to a mere ion—dipole compleg, either
(C,H,)Cr(HF)" or Cr(CHsF)". Unfortunately, the consecutive reactions with bax
ground water do not permit a distinction between these options, because the re
products are compatible with all structures. For example, [ O]" may be formed
from either GH;CrF" or (C,H,)Cr(HF)*, [Cr,F,H,,0]* may arise from GH:CrF" or
(C,H,)Cr(HF)", [Cr,F,O,H] may be formed from both H:CrF"and CrE, and finally,
[Cr,H,,0]* can only be formed from CrgE:F)". Nevertheless, this is the almost excl
sive reaction product of C§Rvith alkanes in which the chromium remains in a chare
state, while carbocation formation prevails for propane and butane. As it is not re
able to expect fundamental changes of the reaction mechanisms along this ser
conclude that formation of 8 from the CrB/C,Hg couple is simply endothermic
Together with the formation of #£3% for the CrB /C,Hg couple, we arrive at
AHY(CrF,H) = —96+ 9 kcal/mol. This value implies the formation of the neutral f
drido chromium(lll) difluoride HCrE with D(H-CrF,) > 45 kcal/mol, because
generation of CrF + HF is not feasibEAH? = —-60+ 3 kcal/mol) and formation of
the neutral chromium(l) species (HF)CrF would require an interaction energy
least 24 kcal/mol which appears unreasonably large for a mere van der Waals cc
of two neutral species. Finally, similar to the results obtained for the diatomic
cation, monolabelled £1;D* is the only (>98%) carbocation formed in the reaction
CrF; with [2,2H,]propane, indicating a large degree of selectivity of the formal
dride transfer from propane to GrF

HF-C M
+ —Cr ]
Cr—F AN
//\
+ C3Hg HH
i ative | ; degenerate L -7, _ +7(
J oxidative insertion exchange reductive F-Cr ‘
elimination

F reductive

elimination -H shift + H
>Cr+—< —_— HF*Cr+4< BHS, e
H //\
ScHEME 4

C) The reactions of Cirand CrE with alkanes show low selectivities and rath
complex product distributions. Moreover, except for a minor channel for thgGEtf
couple, the chromium is part of the neutral fragments. In addition, the selectivi
hydride transfer is drastically diminished; for example, a 3 : 1 ratio b and
C;HsD3 is obtained in the reaction of Grivith [2,2H,]propane. Thus, a more de
tailed product analysis for Cffand Crf; seems not indicated. One interesting asp
concerns, however, the reaction efficiency with methane which decreases dras
from CrF to CrF,. Obviously, thermochemical effects cannot explain this trend,
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causel(CrF,) > I(CrF;) andD(F;Cr-F) >D(F,Cr—F). Rather, we propose that this b
haviour is due to the structure of Grivhich supposedly has; symmetry with the
positive charge being located on the central chromium and the electronic struct
the molecule’s surface being characterized by the fluorine atoms’ negative p
charges. Consequently, the reaction of flyssymmetrical molecules with electroni
cally “saturated” surfaces,e. CrF; and CH, is expected to be less efficient than t
reaction of species having other geometric and electronic strudter&xF; and CH.
Finally, we would like to analyze in brief the reactivity as a function of oxidat
state in order to evaluate possible trends (Fig. 2). For this purpose, we scheme
treat the reaction products according to the classification defined above in Sche
As defined above, categofydescribes metal-based bond activation in which the p
tive charge is more or less localized at the metal and organic closed-shell neutr:
lost. CategonB refers toinner-sphereelectron transfer and comprises all formal ani
transfers from the alkanes to the chromium fluoride cations which lead to (closed-
carbocations. Finally, categofy describes direabuter-sphereelectron transfer to af-
ford organic radical cations along with neutral species,drfaddition to these ca.
tegories, each channel in the reactions from methane through isobutane is we
with respect to the reaction efficiency. By such a scheme, the relative reactivities
CrF cations can be obtain®P% Thus, for low-valent metal complexes we expe
primarily metal-based reactions which can show a significant degree of selec
With increasing oxidation state, Lewis acidity increases, and both hydride and alk
anion abstraction begin to compete. Nevertheless, a significant degree of select

1.0

2 4

=

S sum

©

o

2 5

©

)

X 05 | .
C a
A

0.0
crt crF’ CrF> CrF3 CrF4

Fic. 2
Relative reactivities of Cchations towards alkanes from methane through isobutane. Proéess
B, andC are described in the text and in Scheme 2. The relative reactiwtigsate determined as
the fraction of the sum of reactions leading to products of a particular category in conjunctior
the overall efficiency of the respective reaction and divided by the numpef (reactions con-
sidered, i.eq = Z(@R/Zk)/n. sum refers to the total of the procesfe8, andC. The processes
are indicated as followdd A, m B, A C, O sum
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observed in anion transfer though carbocationic rearrangements of the produc
likely to occur. Further increase of the formal oxidation state allows for outer-si
electron transfer from the neutral substrate to the cationic metal fragment, and s
reactions begin to compete while the selectivity decreases drastically. In concli
the concept of increasing reactivity by oxidation of the metal holds true, but it is |
to be associated with a significant loss of selectivity. Hence, “brute-force” enhe
ment of reactivity by means of high oxidation states is not the method of choi
selectively activate particular bonds in alkanes.

This work was supported by the Deutsche Forschungsgemeinschaft, the Fonds der Cher
Industrie, and the Volkswagen-Stiftung.
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