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Abstract: The influence of anionic and
neutral ligands on the reactivity of cat-
ionic iron complexes towards metha-
nol, ethanol, and iso- and n-propanol
has been investigated by means of elec-
trospray ionization (ESI) mass spec-
trometry, and in key questions the ex-
perimental results are supported by
DFT calculations. The chemical pro-
cesses taking place when FeCl,* is co-
ordinated to a variable number of alco-
hol molecules were investigated by col-
lision experiments, as well as reactivity

dant cations formed upon ESI of
FeCl;/ROH mixtures can be described
as consisting of a covalently bound
FeClL,* core, which is stabilized by neu-
tral ROH ligands, for example, FeCl,-
(CH;0H),*. Indications for a hydro-
gen-bonding mechanism of ligands in
the second coordination sphere are
given by the observation of the formal-
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ly  hypercoordinated ion FeCl-
(CH;OH)s* and interpretation of ki-
netic data for n=4. Further, deuterium
labeling experiments disclose a number
of hidden hydrogen transfers and imply
that complexes with n=1 and 2 can
exist in two tautomeric forms. Upon
change of the alcohol ligand from
methanol to ethanol and propanol, ad-
ditional reaction pathways become ac-
cessible, among which metal-assisted
dehydration of the respective alcohols
by means of an ion/dipole mechanism

and labeling studies. The most abun-

Introduction

While almost all chemical reactions in the condensed phase
take place in close interaction with the immediate environ-
ment, the specific role of solvent molecules in chemical pro-
cesses is often difficult to assess. In the case of bond activa-
tion by a transition-metal fragment, for example, the solvent
may either act as a mere spectator ligand, be actively in-
volved by triggering the formation of a particularly reactive
(or stabilized) intermediate, mediating a proton-transfer re-
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is the most important.

action and so forth, or even lose its innocence by being sub-
jected to bond activation itself.

Gas-phase ion chemistry—often in conjunction with
theory—has considerably contributed to the understanding
of intrinsic ligand effects in chemical reactions and has un-
covered the operation of different types of ligand effects in
solvated metal ions.'™! The particularly unique features of
electrospray ionization (ESI)™*! mass spectrometry offer the
option to address the topic of solvation directly.”! Here, we
report a systematic ESI study of the cationic complexes
formed from solutions of FeCl, in alcoholic solvents.'")
FeCl; was chosen as a readily soluble salt of a redox-active
metal. An alcohol as a solvent allows for various types of
solvation mechanisms (mere association, solvolysis, hydro-
gen bonds, etc.), as well as a potential reagent for bond acti-
vation. Finally, iron(1) was chosen rather than iron(1), be-
cause solvent stabilization is expected to be more important
the higher the oxidation state of the metal is, such that the
role of the solvent as being innocent or not can hopefully be
worked out more clearly.
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Results and Discussion

In general, the iron-containing cations formed upon ESI of
FeCl/JROH mixtures can be attributed to four different
mononuclear cluster series, namely, FeClL,(ROH),™,
FeClI(OR)(ROH),*, Fe(OR),(ROH),*, and FeClI(ROH),*
with n up to 5. In addition, some binuclear metal clusters
are formed upon ESI, namely, Fe,Cl,(OR)(ROH),* and
Fe,CL;(OR),(ROH),*. In this work, we will focus on the
most abundant ions, formally bearing an FeClL,* core and
being solvated by a varying number of alcohol ligands.

FeCl; in methanol: At low cone voltages, corresponding to
mild ionization conditions, the higher solvated representa-
tives of the FeCl,(CH;0OH),* series are most prominent in
the ESI cation spectra of iron(111) chloride in methanol. Mul-
tiply solvated complexes with n=3, 4 dominate the mass
spectra, and even small amounts of FeCl,(CH;OH);* can be
observed under mildest conditions (Figure 1). With increas-
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Figure 2. Breakdown graph of the CID fragments of mass-selected
FeCl,(CH;0H)* as a function of collision energy in the center-of-mass
frame.

charge on iron and formally
corresponds to a reduction of
the metal center to an Fe" com-
plex. By definition, the charge
of bare Fet is g(Fe)=+1,
whereas the partial charge of
the metal successively increases
in the presence of chlorine li-
gands to ¢g(Fe)=+1.41 in
FeCl* and g¢(Fe)=+1.52 in
FeCl,*!"2 Hence, Fe—Cl cleav-
age offers a way to stabilize the
complexes by lowering the par-
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Figure 1. ESI mass spectra of solutions of FeCl; in methanol at various cone voltages.

ing cone voltages, successive desolvation leads to complexes
with a smaller number of methanol ligands, like FeCl,-
(CH;0H),*, FeCl,(CH;0H)™, and eventually to unsolvated
FeCl,*.

To characterize the ion structures and bonding situations,
the FeCl,(CH;OH),* complexes were investigated by means
of collision-induced dissociation (CID) experiments.

The fragmentation pattern of monosolvated FeCl,-
(CH;0H)* is characterized by three exit channels. Thus,
loss of the methanol ligand competes with the elimination of
HCI as a low-energy process and with the expulsion of a
chlorine atom; the latter is only observed at elevated colli-
sion energies (Figure 2).'" Homolytic fission of the Fe—Cl
bond, resulting in the loss of neutral Cl, lowers the partial
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250 300 complexes, and homolytic Fe—
Cl fission is, therefore, most
likely to occur at a low degree
of solvation, as is observed ex-
perimentally.

Next, the expulsion of a HCl
molecule is addressed, as it pro-
vides qualitative insight into the
potential-energy surface of FeClL,(CH;OH)*. According to
Figure 2, the elimination of HCI bears a lower appearance
energy than the direct loss of methanol, then shows a char-
acteristic increase in intensity which peaks at about Eqy=
2.5¢eV, and finally declines at higher collision energies, at
which expulsion of methanol becomes more favorable. Such
an energy-behavior of the HCI loss implies that in the case
of FeCl,(CH;OH)* the sole description of the ion in terms
of an FeCl,* core ligated by methanol is incomplete, as
direct elimination of HCI is impossible from this structure;
rather rearrangement to FeCI(OCH;)(HCI)* is required
prior to dissociation. In this context, knowledge of the rela-
tive energies of the two tautomers is essential. Figure 3
shows the DFT-based free-energy profile for the competing
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Figure 3. Free-energy profile (AG,s in eV) for the competing losses of

methanol and HCI from the cationic FeClL,(CH;OH)* complex based on
DFT calculations. See Computational Details.

losses of methanol and HCl from the cationic FeCl,-
(CH;0H)* complex. The FeCl,(CH;OH)* tautomer is ac-
cordingly predicted to be 0.83 eV more stable than FeCl-
(OCH;)(HCI)*. The corresponding transition barrier for
converting one isomer into the other (1.35eV) is located
slightly below the exit channel for HCI elimination which re-
quires 1.40 eV relative to FeClL,(CH;OH)*. Hence, the ex-
perimentally observed losses of HCl as well as methanol
from FeCl,(CH;OH)* are ascribed to be subject to thermo-
dynamic control.™® The calculated dissociation energy for
the loss of methanol amounts to 1.93 eV, which is in good
agreement with the experimentally obtained appearance
energy AE=19+0.2eV. The computationally estimated
dissociation energy for the elimination of HCI of 1.40 eV is
also in reasonable agreement with the experimental value of
1.2+0.2 eV (see Table 1).

Table 1. Appearance energies [AE, in eV] for the indicated neutral
losses upon CID of mass-selected FeClL,(CH;OH),* ions.

n AE(—CH,OH) AE(-HCI) AE(=CI)
1 19402 12402 24405
2 13402 1.0£02 3.0+0.5
3 0402

4 0302

5 <03

The next higher homologue, FeClL,(CH;OH),*, qualita-
tively exhibits the same fragmentation behavior, thereby in-
dicating a similar binding situation in which tautomerization
from FeClL,(CH;0H),* to FeCl(OCH,)(HCI)(CH;0H)* en-
ables the elimination of HCI as the thermodynamically most
favorable exit channel. For the higher solvated complexes
with n>2, loss of methanol is observed exclusively
(Table 1).

2456 —— www.chemeurj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The appearance energies of the Cl expulsions observed
for n=1 and 2 are also worthy of mentioning. Although
within common error limits, the larger AE observed for the
more solvated cluster can be traced back to several reasons.
At first, a kinetic shift might be operative in the ion dissoci-
ation process that increases the AE for the larger cluster
ion, particularly because competitive Kkinetic shifts also
come into play here.'"¥ In addition, the increase of the AEs
can be associated with an intrinsic effect of solvation. In this
respect, we refer to a related study of iron hydroxide ions.'”]
Thus, the bond dissociation energy BDE(Fet-OH,)=1.3 eV
is significantly smaller than BDE(HOFe*-OH,)=2.3 eV and
a corresponding Born-Haber cycle implies that BDE-
(H,0Fe*-OH)=4.8 ¢V exceeds BDE(Fet-OH)=3.8¢V by
the same amount. Hence, we conclude that solvation of the
metal cation also increases the bond energies to covalent li-
gands as indicated by the increased AEs associated with the
loss of Cl. This phenomenon can be rationalized by consid-
ering the increase of the partial charge of the metal atom in-
duced by a covalent, electronegative ligand, such as Cl or
OH. Solvation by a o-donor compensates the increased par-
tial charge and thereby stabilizes higher oxidation states.

To corroborate the findings for the ions of the FeCl,-
(CH;OH),* series, their reactions with methanol are de-
scribed next. Bare FeCl,* reacts most efficiently with
CH;OH, and the reaction channel corresponds to a formal
exchange of a chloro by a methoxo ligand (Table 2). This

Table 2. Relative rates® k,, and branching ratios for the reaction of
FeCl,(CH,0H),* with CH;OH.""!

n K [%] +CH;OH/-HCl +CH,OH
0 37+4 100

1 2442 9142 942

2 0.04-0.01 100

[a] The fastest reaction investigated (FeCl,(CH;OH)s*+CD;OD,
Table 3) serves as reference for the relative rates reported here. [b] For
n>2, ligand loss has been observed exclusively.

finding is in pleasing agreement with the CID experiments
of mass-selected FeCl,(CH;OH)*, which indicated the pos-
sibility of hydrogen migration to form the tautomer FeCl-
(OCH;)(HCI)*. The next higher homologue in the FeCl,-
(CH;0H),* series, that is, n=1, represents the second most
reactive ion. With k. ,=24+2% it shows exchange of HCl
with methanol as well as some amount of adduct formation.
Again, observation of the former reaction is in good agree-
ment with the CID results. The reaction mechanism is ex-
pected to follow an analogous route as depicted for bare
FeCl,*. Despite the fact that the second reaction channel,
that is, adduct formation, corresponds to the energetically
more desirable increase of solvation of the complex, under
the experimental conditions chosen this process is disfa-
vored by about a factor of ten in comparison to the ligand-
exchange reaction. This behavior can be ascribed to the dif-
ficulty to dissipate the internal energy that is released in the
encounter complex upon coordination and either requires a
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collision with a third body or deactivation through radiative
transition.'®! Under the pressure conditions that prevail in
the present experiments, the lifetime of the encounter com-
plex is, hence, ascribed to play an important role, as deacti-
vation is more likely to occur prior to dissociation if the
complex is long-lived.

In case of n=2, adduct formation constitutes the sole re-
action channel observed, but its very low efficiency is ex-
pressed in the small relative rate of k,;=0.04+0.01%. The
substantial drop in reactivity can be ascribed to the result of
two opposing trends in adduct formation. While a larger
molecular size should kinetically enhance the lifetime of the
encounter complex, the thermodynamic driving force associ-
ated with binding another molecule diminishes with increas-
ing solvation. Further, the absence of the respective ex-
change of HCl by CH;0H in case of n=2 suggests that
FeCl,(CH;0H),* does not coexist with its tautomer in the
ion beam prior to collision; rather collisional activation is
indeed mandatory to initiate tautomerization. As already
implied from the CID experiments, no tautomerizations
take place for n=3, and hence no exchange of HCI by
methanol can be observed in the reaction of FeCl,-
(CH;O0H),* with methanol for n=2. Accordingly, the
higher homologues show neither exchange of HCI nor
adduct formation in their reactions with methanol, but only
increasing amounts of fragmentation at low collision energy.

To investigate the reactivity of the FeCl,(CH;0H),* com-
plexes with respect to degenerate ligand exchange and to
reveal possible hidden hydrogen migrations, analogous ex-
periments were performed with CD;OD present in the
hexapole collision cell instead of CH;OH. Relative reaction
rates were determined by correlating the reactivities with
the most reactive ion investigated, that is, FeCl,(CH;OH);s*.

Consistent with the results obtained for CH;OH, the reac-
tion of FeCl,* with CD;OD shows the exchange of a chloro
by a CD;O ligand and concomitant elimination of DCl
(Table 3). In marked contrast to the non-deuterated case,
n=0 represents the least reactive ion of this series. For n=
1, the reaction products comprise exchange of CH;0H by
CD,0D (Am=+4), exchange of H'Cl as well as D¥CI by
CD;OD (Am=-2, —3), and adduct formation (Am =+36).
These four channels are expected for the reaction of FeCl,-
(CH;0H)* and its tautomer with CD;OD, but yet comprise
only 82 % of all products. In addition, mass shifts of Am =+
3 and +1 are observed, the origin of which is explained in
Scheme 1.

Table 3. Relative rates and branching ratios for the reactions of mass-selected FeCl,(CH;OH), " with CD;0D.
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Scheme 1. Simplified isomerization sequence for reaction of FeCl,-
(CH;0H)* with CD;OD; note that each separate transformation may
further consist of several steps. For example, the interconversion of 1c¢
into 1d may proceed through intermediate migration of the deuterium
atom to chlorine.

In the reaction of FeClL(CH;OH)* and CD;0D, the en-
counter complex 1a is formed initially, which can either di-
rectly lose the CH;OH ligand, resulting in Am=+44, or
expel CD;0OD corresponding to the reverse reaction with
Am=0. However, sufficient energy is liberated upon forma-
tion of 1a to enable tautomerizations to either 1b or 1¢
prior to dissociation. These rearranged complexes are ex-
pected to lose DCI and HCI, respectively, which in turn ac-
count for the signals at Am=—3 and —2. The eliminations
of CD;0H (Am=+1) and CH;0D (Am =+ 3) require fur-
ther tautomerization up to 1e.'”) Several of these channels
are therefore expected to be sensitive towards a variation of
the lifetime of the encounter complex, as they require re-
peated passages through the isomerization processes prior
to fragmentation. In some additional experiments, the life-
time of the proposed encounter complex Fe*Cl,(CH;OH)-
(CD;0OD)* was varied by changing the collision energy
from Ecy=0eV to Ecy=0.6 eV."¥! All reaction channels re-
quiring hydrogen rearrangements prior to ligand loss were
strongly affected by shortening the lifetime of the encounter
complexes, fully consistent with a diminished probability of
rearrangements. The fact that the exchange of HCl with
CD;OD (Am=-2) is also strongly lifetime-dependent, fur-

ther corroborates the claim that
no tautomerization of FeCl,-

(CH;0H)* takes place prior to

no ke [%] Am=+4 Am=+3 Am=+1 Am=-2 Am=-3 Am=436 " collision; otherwise, any pre-

+CD,OD-  +CDOD-  +CD,OD-  +CDOD-  +CDOD-  +CD,OD 4 HCl lieand  should
CH,OH CH,0D CD,0H HCI Dl orme lgand  shou
easily exchange with CD;OD,

0 37+4 100 h lifeti

1 8949 2343 743 11+1 2841 2341 g£1  cvenatshorter ifetimes.

2 70+7 100 The reactions of the multiply

3 85+8 100 solvated ions, FeCl,(CH;0OH),*

4 96+9 100 (n=2-5), with CD,;0D are con-

5 100 100

sistent with the findings for
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CH;0OH, and the resulting reaction patterns simplify mark-
edly for n=2 in that they are restricted to an exchange of
CH;0H by CD;OD. No tautomerization enabling the libera-
tion of HCl or DCl is observed for n=2. A comparison of
the relative rates for the reaction with non-deuterated and
deuterated methanol shows opposing trends with molecular
size. While the reactivity in the reaction with CH;OH is rap-
idly declining with size, the opposite holds true for CD;OD.
The main difference between the two experiments concerns
the observation of degenerate ligand exchange in one case,
whereas the same remains undetected in the other. As
shown in Figure 4, ligand exchange takes place increasingly

80
70

60

Kex [%]
N

—@— experimentally observed

expected for a reaction
—o- proceeding with collision rate

50

40

30

1 2 3 4 5
number of methanol ligands n

Figure 4. Experimentally observed rates k., for the degenerate methanol
exchange in dependence of the number of neutral ligands » and the ex-
pected trend if ligand exchange takes place with collision rate.

faster with growing number of ligands #; this fact can be un-
derstood by consideration of statistical as well as intrinsic ef-
fects. As indicated by the dashed line in Figure 4, the quali-
tative general trend of increasing reactivity can by and large
be rationalized in terms of statistical arguments."”! Accord-
ing to Equation (1), the probability of a successful exchange,
that is, that the leaving methanol ligand is non-deuterated,
increases with the number of non-deuterated methanol li-
gands initially present in the molecule, as reflected in the
probability of exchange (pe), Which rises from 50% for
n=11t083% for n=5.

FeL," + L = [FeL,L''] = FeL,,L'" +L
n (1)
Pexch = m
The dashed line in Figure 4 accordingly represents the re-
activity trend expected for ligand exchange occurring with
collision rate. While these considerations provide a qualita-
tive explanation for the observed trends, intrinsic effects
must play an additional role in order to explain the remain-
ing differences. Specifically, all experimentally observed
rates fall short of the values expected for a reaction pro-
ceeding with collision rate, and the differences decrease
with increasing number of methanol ligands. For the sake of
simplicity, let us assume in the following that the reaction
does take place with collision rate. In this case the experi-
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mental rate k. should coincide with the statistically deter-
mined rate kg, [Eq. (2)]. The related exchange rates for the
remaining FeCL,(CH;OH),* (n=1-4) ions can then be char-
acterized by introducing a factor x, which expresses the frac-
tion of how much the experimental rates deviate from
purely collision-controlled processes [Eq. (3), Table 4]."

kex(FeCl,(CH;0H)s™) = kg, (FeCl,(CH;0H)5 ™) ()

kex(FeCly(CH;0H), ") = x ko (FeCl,(CH;0H),,*) ®3)

Table 4. Deviation from collision-controlled reaction (x) in dependence
of n.

n 1 2 3 4 5
X 0.61 0.88 0.94 0.99 1.00
X' 0.74 0.82 0.88 0.94 1.00

[a] The parameter x' includes an estimated correction for the different
ion masses, assuming a small, but finite velocity of the ions at a collision
energy nominally set to 0eV. Despite some numerical difference, the
qualitative conclusions are the same. A more precise quantification for
E,.,=0eV is impossible in the experimental set-up used (also see Experi-
mental Section).

Evidently, the intrinsic effects that lead to increasing ex-
change rates for larger complexes cannot be of energetic
nature as we are dealing with a degenerate reaction.?!
Hence, kinetic reasons are to be considered instead. Assum-
ing a single-minimum potential-energy diagram for the ex-
change reaction (Figure 5a) is insufficient for the description
of the case at hand, because a single minimum with degener-
ate exit channels solely reflects the statistical effects and is
accordingly expected to proceed with collision rate.

Consequently, ligand exchange must proceed through a
multistep mechanism including at least one reaction barrier
that induces a kinetic hindrance in order to provide an ex-
planation as to why the reaction rate falls short of the colli-
sion rate (Figure 5b).

ML, + L' ML, (L't + L
a)
LM*—L'
ML, + L' ML, (L'* +L
b) TS
LM —L' L, L'M—L

Figure 5. Suggested single- and double-minimum paths for the ligand ex-
change of L=CH;0H by L'=CD;0D (M =FeCl,).

Chem. Eur. J. 2006, 12, 2454 -2464
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Having deduced the existence of a reaction barrier for the
CH;0OH/CD;OD exchange, an elucidation of the connected
chemical origin is warranted. A valuable hint is given by the
FeCl,(CH;0OH);s* ion, the mere existence of which is ascri-
bed to external hydrogen bonding between the first solva-
tion sphere of four methanol and two chloro ligands and the
fifth CH;OH molecule as mentioned above. Accordingly, it
seems likely that an incoming methanol molecule—here
CD;OD—is initially coordinated loosely through external
hydrogen bonding to the already present methanol ligands
before reorganization takes place (Scheme 2). Finally, a suc-
cessful CH;OH/CD;OD exchange will pass through a com-
parable encounter complex in which the ligand-to-leave is
now coordinated through hydrogen bonds prior to final dis-
sociation.

CH CH CH
Ho % H. 3 H. 3
& G 0" CH, 0" CH,
5 .
Clm"F|e‘NO\H coop ¢i.®| .O-n.. D TS C|,,,,@F\ wO—H
e — s Fe k0 —_— e
o | ToH o [ oM Ten, a” | oP
-0, CH, .0, CH -0, cD.
H en, H cH, H cH,

Scheme 2. Schematic representation for degenerate ligand exchange in the octahedral complex FeCl,-
(CH;0H),™ via an encounter complex in which the incoming CD;0D ligand is attached by means of hydrogen

bonding.

FeCl; in ethanol: To investigate the influence of the alcohol,
ROH, on the ions formed, methanol was replaced systemati-
cally by ethanol, n-propanol, isopropanol, and tert-butanol.
As far as the ions formed upon ESI of solutions of FeCl; in
ROH are concerned, the qualitative picture by and large re-
mains unchanged if R varies from CH; to C,Hs. FeCl,-
(ROH),* (n=0-4) complexes are observed as well as
FeCl(OR)(ROH),* (n=1, 2) and FeCI(ROH),* (n=0-3).
However, pronounced differences occur upon CID of the
monosolvated cation FeCL,(ROH)™* (Table 5). Instead of the

Table 5. Appearance energies [AE, in eV] for the indicated neutral
losses upon CID of mass-selected FeClL(C,H;OH),* ions.

n AE(—C,H,OH) AE(-HCI) AE(—Cl) AE(—-C,H,)
1 2.0+£0.2 3.0+05 0.7+£0.1

2 1.14+0.2 0.8+£0.1

3 0.2+0.2

4 <02

HCI loss observed for R=CHj, elimination of C,H, takes
place in case of R=C,Hs. This process corresponds to a
metal-assisted cleavage of C,Hs;OH to water and ethene,
which is impossible for R=CH;. With an appearance energy
as low as AE=0.7£0.1 eV, ethene elimination constitutes
the lowest-energy pathway for the dissociation of FeCl,-
(C,H;OH)*. Interestingly, even a single additional ligand
suffices to completely suppress this type of bond-activation
process, as shown by the absence of ethene elimination from
FeCL(C,H;OH),* with n=2.

Chem. Eur. J. 2006, 12, 2454 2464
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In the context of dehydration and dehydrohalogenation of
alcohols and alkylhalides mediated transition-metal cations,
two different mechanisms have been suggested in the litera-
ture.’>?!! While in some cases, evidence exists for an inser-
tion of the metal into the C—X bond (X=OH, Hal) fol-
lowed by a p-hydrogen shift, other systems are better de-
scribed in terms of the so-called ion—dipole mechanism in
which the metal cation first coordinates to X and invokes a
charge transfer to the alkyl backbone and then experiences
a proton transfer (Scheme 3).

In the case at hand, the oxidative addition of FeCl,* into
the C—O bond of an alcohol would lead to an insertion spe-
cies R-[FeCl,*]-OH with a formal iron(v) ion, the involve-
ment of which appears rather unlikely. Bond activation by
means of the ion—dipole mechanism is much more plausible.

Accordingly, the FeCl,* moiety
is assumed to initially coordi-

H\O’CHSHS nate to the lone pair of the
H Cl'”'@F‘e wO=H ROH oxygen followed by a (at

least partial) charge transfer
from the metal to the alkyl
backbone. This process formally
leads to an alkyl cation that is
coordinated through oxygen to

insertion @ ~H

}x»f[M]@_

) N
- ligand
W|_[M]_XH E)ss
ion/dipole ~H®
— ®)---X-[M] ———

Scheme 3. Oxidative insertion and ion-dipole mechanism suggested for
the metal-cation-mediated elimination of HX from alcohols and alkyl-
halides with X=OH and Hal, respectively.

a neutral CLLFeOH entity. Proton transfer from the alkyl
cation, acting as a Brgnsted acid, to the hydroxyl group then
generates ethene and CL,Fe(H,0)* and thus completes the
reaction mechanism without involving any change of the
metal’s oxidation state throughout the entire sequence.

To support this interpretation of the CID results, the reac-
tions of the FeCl,(C,H;OH),* with ethanol have been inves-
tigated as well (Table 6). In accordance with the CID experi-
ments, bond activation occurs for n=0 and 1. The higher
solvated ions (n=2-4) are basically nonreactive and only

Table 6. Relative rates and branching ratios for the reactions of FeCl,-
(C,H;OH),* with C,H;OH."!

no ke [%] Am=+10 Am=+18 Am=+28 Am=+46
+CH;OH- +CH;OH- +CHOH- +CH;OH
HCl1 CH, H,0

0 100 11+1 60+6 6.0+£0.6 23+2

1 61+6 67+7 1.4+0.1 32+2

2 03+01 100

3 0.6+0.1 100

[a] For n=4, ligand loss is observed exclusively.
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show a decreasing tendency of adduct formation with in-
creasing n. Bare FeCl,* reacts most efficiently with ethanol
and hence serves as a reference for the other ions as sum-
marized in Table 6. In addition to the elimination of HCI,
which constituted the only channel observed for FeCl,* with
methanol, three further reactions take place with ethanol as
a reactant, that is, eliminations of ethene and water as well
as small amounts of adduct formation. The losses of ethene
and water are the reaction channels corresponding to activa-
tion of the C—O bond by an ion—dipole mechanism. In order
to understand why both ligand losses are observed in case of
the reaction with ethanol, whereas the CID spectra showed
exclusive loss of ethene, a closer look at the tetracoordinate
intermediate FeCL(H,0)(C,H,)* is enlightening
(Scheme 4).

Scheme 4. Mechanistic suggestion for the formation of the tetracoordinate FeCl,(H,0)(C,H,)" complex.

Hydrogen transfer from the alkyl entity in A to the hy-
droxyl group leads to structure B with water and ethene
acting as closed-shell ligands. However, due to the suggested
mechanism of C—O bond activation, the bond between iron
and oxygen is inherently present in structure A, while the
alkene ligand generated en route to B is formed initially in
spatial distance from the metal center. Directly after the hy-
drogen shift (A—C—D), the transient complexes are, there-
fore, probably better described as loosely bound ion—dipole
complexes D and E. Formation of the tetracoordinate com-
plex B needs a geometrical reordering to allow the ethene
ligand to approach the metal center, such that the expected
o-bonding/n-back-bonding situation (Dewar—Chatt—-Duncan-
son model)™? can be established. Hence, the formation of
B strongly depends on the lifetime of the complex. If the
complex does not have sufficient time to reorganize its ge-
ometry en route to B, the ethene ligand is easily lost. As
CID experiments deal with higher collision energies than re-
activity investigations in which E¢y; is nominally set to zero,
the former shows exclusive loss of ethene, whereas evapora-
tion of both ethene and water can compete in the latter be-
cause here the lifetime of the encounter complex is appa-
rently long enough to allow bond formation between iron
and ethene.

The reaction pattern of monosolvated FeClL,(C,H;OH)* is
similar to that of bare FeCl,*. For n=1, however, C-O
bond activation decreases in favor of O—H bond activation
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concomitant with HCI loss such that ethene elimination rep-
resents only a minor reaction channel; the complementary
expulsion of water cannot be observed, because the signal
does not exceed the noise level.

Some further useful information about the reaction mech-
anism can be gained upon isotopic labeling. If mass-selected
FeCl,* is treated with CH;CD,OH in the hexapole collision
cell, reactions analogous to those for the unlabeled com-
pound are observed (Table 6), but the product patterns
reveal the occurrence of H/D scrambling in the course of
the reaction. Thus, the expulsion of ethene splits up into
losses of C,H,D, and C,H;D (branching: 75:25), of which
the former product is expected in terms of a selective 1,2-
elimination. Rather than involving a putative 1,1-elimina-
tion,”” scrambling of the labeling appears as the most plau-
sible explanation.”! Likewise,
H/D equilibration is observed
upon CID of mass-selected
FeCl,(CH;CD,OH)*, although
its extent is somewhat reduced
in that the branching ratio of
C,H,D, and C,H;D amounts to
85:15. The occurrence of at
least partial H/D equilibration
in the course of the bond-acti-
vation processes can best be un-
derstood by means of facile
Wagner—-Meerwein rearrange-
ments within the intermediates
(e.g., structure A in Scheme 4).
In this context, the larger amount of H/D equilibration
upon reacting mass-selected FeCl,™ with CH;CD,OH with
respect to the CID measurement of FeCl,(CH;CD,OH)™*
can be understood by the larger entrance energy of the
former system. In fact, with regard to the ionization energy
IE(C,H;OH) =10.47 eV of ethanol, TE(FeCl,)=10.29 eV?®!
is almost large enough to allow for a direct electron-transfer
mechanism,™ which is assisted further by generating a
strong, covalent Fe—O bond in C.

FeCl; in propanol: In the following section, the set of alco-
hols investigated is augmented by inclusion of #n- and isopro-
panol.'%*! The most notable difference of the FeCly/propa-
nol system to those discussed above is that the ESI mass
spectra are dominated by metal-free organic cations, such as
the proton-bound dimer (ROH),H* and trimer (ROH);H™.
The iron-containing cluster ions of interest are up to two
orders of magnitude lower in abundance. In case of isopro-
panol as solvent, the only iron-containing ion series ob-
served corresponds to FeCL(ROH),* with n=0-3.

As mentioned, CID experiments of FeCL(ROH)* re-
vealed the occurrence of an FeCl,*-assisted elimination of
water from the alcohol as already described for ethanol. In
case of isopropanol, this pathway outweighs the other possi-
ble dissociation channels observed for methanol and etha-
nol, like simple ligand loss or HCI elimination. Instead,
complementary expulsion of water and propene ligands is

Chem. Eur. J. 2006, 12, 2454 -2464


www.chemeurj.org

Gas-Phase Ion Chemistry

observed from the putative intermediate FeCl,(H,O)-
(GHy)™.

At low collision energies, loss of propene is only slightly
favored over the expulsion of water (Figure 6). With increas-
ing collision energy, this difference becomes more pro-
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Figure 6. Energy-dependent branching ratio for the losses of water and
propene upon CID of FeCL(iC;H,OH)*.

nounced and elimination of water is eventually suppressed
completely.”"! Low-energy CID by and large reflects ther-
modynamic factors, that is, ligand binding energies, whereas
the behavior at higher collision energies is increasingly de-
termined by kinetic factors. Hence, the binding energies of
water and propene to FeCl,* seem to be of comparable size
with the former being slightly larger. Additionally, the elimi-
nation of propene is favored kinetically, as can be seen by
the increasing branching ratio of this channel at elevated
collision energies. This finding is in pleasing agreement with
structures D and E as suggested in the electron-transfer
mechanism of the FeCly/ethanol system (see Scheme 4).

The presence of a second propanol ligand, that is, FeCl,-
(ROH),™*, enriches the fragmentation pattern by two addi-
tional fragmentation channels. In addition to C—O bond ac-
tivation, which is concomitant with the elimination of either
propene or water, O—H bond activation eventually leading
to the liberation of HCI is observed. Further, loss of an
intact propanol moiety is also accessible. Upon solvation
with yet an additional alcohol ligand, that is, FeCL(ROH);*,
the CID spectrum shows exclusive expulsion of propanol.

To corroborate the results obtained with isopropanol, the
corresponding complexes of CD;CH(OH)CH; and
CD;CH(OH)CD; were also considered. Note that CID is
only possible for the larger complexes, while a direct investi-
gation of FeCL,(ROH)* was impossible due to the extreme-
ly low abundances of these ions.”?) Within the experimental
error limits, loss of propene upon CID of mass-selected
FeClL(CD;CH(OH)CD;),* exclusively leads to C;HDs,
rather than fully deuterated C;Dg, which would be formed
if H/D equilibration were occurring (branching ratio:
>99.4:0.6). Hence, a selective 1,2-elimination is assumed to
take place. Thus, the corresponding branching of C;H,D;
(59%) and C;H;D, (41%) eliminations from FeCl,-
(CD;CH(OH)CH,;),* implies the operation of an intramo-
lecular kinetic isotope effect of 1.45+0.05.
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With regard to the H/D equilibration in the case of etha-
nol as described above, it may first appear surprising that
the bond activation of propanol occurs more selectively.
However, this observation follows precisely the line of rea-
soning of the proposed operation of an ion—dipole mecha-
nism. Thus, charge transfer and concomitant formation of a
carbenium center are much more likely to occur in the frag-
mentation of monosolvated FeCL,(ROH)* than for FeCl,-
(ROH),*, because the latter complex bears a higher degree
of solvation of the metal center. Hence, H/D scrambling
occurs for FeClL,(ROH)*, whereas it does not in FeCl,-
(ROH),*. In turn, however, it requires the more fragile iso-
propyl group for C—O bond activation taking place to a no-
table extent at all in FeCL,(ROH),* complexes with n>1.

Another effect is remarkable in comparing the propanol
complexes. Thus, the CID spectra of FeClL,(ROH),* show
preferential expulsion of propene in case of ROH=isopro-
panol, while the losses of propanol and HCIl seemingly gain
in importance in case of ROH =n-propanol (Figure 7). The
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Figure 7. CID spectrum of FeClL(iC;H,OH),* (top) and FeCl,-
(nC;H,0H),* (bottom) at E,,,=5eV.

qualitatively different fragmentation behavior for FeCl,-
(ROH),* with R=n- and isopropyl lends further support to
the operation of an ion—dipole mechanism as suggested for
the elimination of propene (and water). Thus, intermediate
charge transfer from iron to the propyl moiety is energeti-
cally less favored for ROH =n-propanol than for isopropa-
nol. Consequently, the amount of propene elimination de-
creases and fragmentation pathways that are able to circum-
vent a charge transfer to the n-propyl backbone are prefer-
entially observed. With increasing collision energy, genera-
tion of FeClL,(ROH)* gains in significance which can either
be ascribed to a direct loss of ROH or consecutive dissocia-
tion of the primary fragments.
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In the FeCly/n-propanol system, the dominance of the
metal-free ions is not as distinct as in case of isopropanol.
Reasonable amounts of FeCL,(ROH),* for n=3 and n=4
can compete with the formation of the proton-bound trimer
and even surpass the proton-bound dimer at low cone vol-
tages. The striking contrast in the behavior of n- and isopro-
panol may be attributed to the difference in proton affinity
(PA) of the two isomeric alcohols. Isopropanol exhibits a
larger PA (793 kImol™!) than n-propanol (787 kJmol ')
and a similar order can be expected for the tendency of
forming proton-bound dimers and trimers. As a result, the
mixtures with n-propanol still permit the investigation of
metal complexes, whereas organic ions dominate the spectra
in case of isopropanol. Evidently a subtle balance in ion for-
mation exists upon ESI of metal-salt solutions between the
generation of cationized solvent molecules and metal-con-
taining cluster cations. In this respect, the mixtures of FeCl,
with n- and isopropanol appear to represent two borderline
cases in which the relatively small difference in the proton
affinities of the alcohols leads to a distinct change of the dis-
tribution between pure organic and metal-containing cat-
ions. Along this line of reasoning, it can also be understood
why the investigation of the FeCly/ter-butanol system
proved unsuccessful. Here, the even larger PA(tert-buta-
nol) =802 kI mol ' Jeads to ESI-spectra that can be entire-
ly ascribed to proton-bound oligomers of the alcohol.

Conclusion

The most abundant cations formed upon ESI of FeCl,/ROH
mixtures can be described as consisting of a covalently
bound FeCl,*-core stabilized by ROH ligands, that is, FeCl,-
(ROH),*. Depending on the degree of solvation, the nature
of ligation can be either described as innocent, that is, mere
solvation in case of higher degrees of solvation, or the inno-
cence of ROH as a solvent ligand is lost in the sense that
processes like solvolysis, hidden hydrogen migrations, and
even direct chemical processes as dehydration of the solvent
ligand play a non-negligible role for lesser solvated com-
plexes. For n=1 and 2, the complexes of methanol serve as
an example for solvolysis as these can exist in two tautomer-
ic forms—the energetically more stable FeCl,(CH;OH),*
isomer as well as FeCI(OCH;)(HCI)(CH;0H),,*, which be-
comes energetically accessible upon collisional excitation.

Observation of the formally hypercoordinated ion FeCl,-
(CH;0H);s* points towards a hydrogen-bonding mechanism
for ligands in the second coordination sphere without direct
ligation of the iron center. Deuterium labeling experiments
disclose a number of hidden hydrogen transfers to be opera-
tive and further reveal that normal and redox hydrogen mi-
grations are fast, thereby leading to an almost complete
equilibration of the corresponding tautomers involved; ki-
netic isotope effects do not play an important role in these
hydrogen migrations.

Upon change of the alcohol from methanol to ethanol
and propanol, additional reaction pathways become accessi-
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ble, and metal-assisted dehydration of the respective alco-
hols employed is observed in the lesser solvated complexes.
Detailed data analysis hints towards an ion-dipole mecha-
nism being operative.

Experimental Section

The mass spectrometric experiments were carried out on a commercial
VG BIO-Q mass spectrometer which has been described in detail previ-
ously.® In brief, the VG BIO-Q consists of an ESI source combined
with a tandem mass spectrometer of QHQ configuration (Q: quadrupole,
H: hexapole). In the present experiments, millimolar solutions of anhy-
drous FeCl; in ROH (R=CH;, C,Hs, iC;H;, nC;H;) were introduced
through a syringe pump (flow rate 10 pLmin') to the fused-silica capilla-
ry of the ESI source. Nitrogen was used as drying gas and as nebulizer
gas. The source temperature was varied between 80 and 115°C depend-
ing on the solvent composition. The cone voltages applied in the desolva-
tion zone of the differentially pumped ESI source were systematically
varied for the ions of interest (see below), which were then selected at
unit mass resolution by means of Q1.

Due to natural isotope abundances, the mass spectra of *Fe*L,* com-
plexes investigated here always contained some *Fe¥L*’CI* isotopomers
and hence the respective CID signals were observed. The isotope pat-
terns of all ions described below agreed with expectation on the basis of
natural isotope abundances.*!

The cone voltage U determined the amount of collisional activation of
the ions evolving from solution in the differential pumping system of the
ESI source. At low cone voltages, multiply solvated ions were formed,
which then lost the weakly bound solvent molecules at increased Ug, fol-
lowed by evaporation of more strongly bound ligands including the cleav-
age of covalent bonds, electron-transfer processes, and so forth, and final-
ly atomic metal cations were obtained at high cone voltages.’® Collision-
induced dissociation (CID) experiments were performed with xenon at
various collision energies (E,,=0-30eV) and a pressure of about
3-10* mbar, which approximately corresponded to single-collision condi-
tions.*! The collision energies were converted to the center-of-mass
frame, Eqy=[m/(M+m)]E,, in which m and M are the masses of the
collision gas and the ionic species, respectively. The product ions formed
in the hexapole were then analyzed by scanning Q2. Further, by variation
of the collision energy led to breakdown diagrams that enabled the deter-
mination of phenomenological appearance energies (AEs)®” of the vari-
ous fragmentation channels by linear extrapolation of the signal onsets to
the baseline. The corresponding experimental errors were estimated by
applying linear extrapolations with gradients deviating from the best pos-
sible fit, but which were still in reasonable agreement with the experi-
mental data.

Reactivity studies were carried out by mass selection of the complex of
interest with Q1, allowing it to interact with reactant in the hexapole col-
lision cell under single-collision conditions at a collision energy nominally
set to 0 eV, and mass-analysis of the reaction products by means of Q2.
Relative reaction rates were determined by correlating the reactivities to
that of the most reactive ion investigated. To this end, the amount of con-
version of the parent was determined as x;=1Iy/21; and inserted into kt=
—In(x)) yielding a phenomenological expression for the relative rate of
the reaction.’®*! Further, the experimentally observed relative rates
were corrected for contributions from mere fragmentation, which occur-
red in some cases despite a collision energy nominally set to 0 eV. As the
fragmentation does not count as a reaction in a common sense, the cor-
rected relative rates, k., were a superior measure for the intrinsic reac-
tivity of FeCL,(ROH),* ions with ROH.

In case of ROH=C,H;OH, the reactivity investigations were superim-
posed by minor contributions of an unwanted side reaction for n=1-3.
During the spray process, a certain amount of solvent always entered the
mass-analyzer and may even have reached the hexapole region. For tax
reasons, the ethanol employed was denatured with 2-butanone and small
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amounts of the admixture entered the collision cell. The presence of 2-
butanone in the reaction chamber led to ligand-exchange processes as
side reactions, that is, replacement of either one or two ethanol molecules
by one 2-butanone ligand. All relative rates and branching ratios of the
reaction of FeCl,(C,H;OH),™ with C,H;OH are corrected for this side
reaction.*!

To minimize unwanted H/D exchange processes with hydroxyl groups on
the wall of the inlet lines and the collision cell in case of reactivity studies
with CD;0D, the collision cell was purged with [D,Jmethanol twice for
30 minutes prior to the actual experiments.

Computational details: Density functional calculations were performed
by using the mPW1PW91! hybrid functional in conjunction with the
standard triple-zeta type basis sets 6-311+4G(d,p), as implemented in
Gaussian 03.”) On iron, the ten 1s2s2p core electrons were replaced by
the Stuttgart-Dresden-Bonn (MDF type) scalar relativistic pseudopoten-
tial;®! for the valence space, the corresponding (8 s7p6d1f)/[6s5p3d1f]
basis set was employed. Local minima and transition structures on the
potential-energy surface were verified by frequency analysis of the re-
spective optimized geometry. In addition to the sextet spin states given
above, also lower multiplicities were considered, but the sextet electro-
mers were energetically the lowest lying throughout at this level of
theory. Energies reported here were corrected for zero-point vibrational
energy contributions and correspond to free energies at 298.15 K (AG,g).
In the sequence of Figure 3, the corresponding values at 0 K were: 2.34,
1.34, 0.88, and 1.76 eV, respectively, relative to the most stable tautomer
FeCl,(CH;0H)*.
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