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The selective and efficient activation of strong organic bonds
is one of the major goals in chemistry!'! due to the intense
interest in developing more cost-effective and environmen-
tally sustainable routes for the industrial production of
chemicals.’! Many biological enzymes containing metal-oxo
active site intermediates,”> including those that contain a
non-heme high-spin (S = 2) Fe!Y=0 active-site intermediate,!
can mediate reactions of relevance to organic synthesis (e.g.,
C—H bond hydroxylation, alcohol oxidation, olefin epoxida-
tion, etc.). As a result, there has been considerable interest in
preparing and studying novel Fe"Y=0 complexes that can
“mimic” these beneficial properties and provide insights into
the chemistry of Fe-oxo enzyme active sites."™ A key
challenge is that high-valent Fe—oxo complexes in high-spin
states!! are highly reactive. For example, out of a wide range
of synthetic Fe'Y=0 complexes that have been reported,”
only three are high-spin (S=2) non-heme Fe™V=0 com-
plexes,”® and these have lifetimes that range from 7sto 2.2 h
at 25°C.¥

Another approach for studying highly reactive complexes
is to generate and investigate such species in the gas phase,
where effects of solvent, counterions, and aggregation, which
can all lead to degradation of reactive complexes, can either
be eliminated, or carefully controlled. Such studies can
potentially reveal new types of transition metal mediated
reactions, which may uncover important details of reaction
mechanisms and direct the development of future condensed-
phase catalysts. Although there have been numerous gas-
phase studies of Fe-oxo based ions,””! and FeO* in partic-
ular,”® the chemistry of high-spin non-heme FeY=0 com-
plexes, of the types that have only recently been synthesized
in the condensed phase,®™< have not been explored in vacuo
leaving a considerable gap®¥ between the fundamental gas-
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phase Fe—oxo studies and the recent advances in condensed-
phase high-valent non-heme Fe—oxo coordination chemistry.
Herein we report the gas-phase synthesis of the high-spin
complex [(bpg)Fe™=0]" (where bpg~ is N,N-bis(2-pyridinyl-
methyl)glycinato™) and its reactions with methanol and
ethanol.'

Electrospray ionization (ESI) of 100 um solutions of
[(bpg)Fe(H,0)OFe(H,0)(bpg)](ClO,),! dissolved in a
10:90 acetonitrile:CH,Cl, mixture resulted in the formation
of a dominant ion at m/z 320, corresponding to [(bpg)FeOFe-
(bpg)]**. Collision-induced dissociation (CID) of isolated
[(bpg)FeOFe(bpg)|*" (m/z 320) leads to the formation of a
population of ions at m/z 328 with a stoichiometry that
corresponds to that of [(bpg)Fe'VO]", in addition to an ion at
m/z 312 corresponding to [(bpg)Fe"]" (Figure 1a), which is
formed through charge separation of the precursor ion
[Eq. (1)] in a redox disproportionation reaction.!'?
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Figure 1. Mass spectra obtained upon a) CID of isolated [(bpg)FeOFe-
(bpg)]** (30 ms activation time; 7 m/z isolation window; theoretical
isotope distribution for [(bpg)Fe]" is given in the inset), b) a 4 s
reaction time between isolated [(bpg)FeO]" (m/z 328) and methanol
(1.2x107¢ Torr), and c) a 4 s reaction time between isolated
[(bpg)FeO]" and ethanol (1.0x107° Torr). Data obtained on linear trap
(a) and quadrupole ion trap (b and c; 1.1 m/z isolation window) mass
spectrometers.
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The focus of this work is on the structure and reactivity of
the ion of stoichiometry [Fe,C,,,H;4,N3,05]" at m/z 328, which
may contain an intact Fe™O group, or which may have
isomerized during the CID process.”¥ DFT methods were
used to optimize molecular geometries and calculate 0 K
energies for several isomers in different electronic spin states.
Figure 2 shows the three lowest-energy structures of seven
isomers considered: [(bpg)Fe'YO]" and two [(bpg-H)FeOH]**
isomers in which a H atom has migrated from the ligand onto

1:57.5, S=2(1136,S=1) 2:0.0, S=3(47.0, S=2)

3:325,85=3(81.2,S=2)

Figure 2. BP86-optimized structures of possible isomers 1-3 (S=2 for
1 and S=3 for 2 and 3) for [Fe,C,,,H14,N5,05]" (m/z 328). B3LYP (0 K)
single-point energies are in k) mol™, and bond lengths are in A.
Energies for the next-lowest electronic states are given in parentheses.
See Supporting Information for details of higher-energy conformers.

the oxygen of the Fe-O group. 2 and 3, which contain a
FeOH unit, are substantially lower in energy than the Fe'VO
isomer, 1 (by 58 and 25 kJ mol ™" for 2 and 3, respectively). The
other four isomers resulting from H-atom abstraction from
the pyridine ring of the bpg™~ ligand by the Fe'VO unit are all
over 50 kJmol™' higher in energy than the Fe™O isomer
(Supporting Information, Figure S1). All isomers have a
central Fe that is ligated through three N atoms and two O
atoms in a trigonal bipyrimidal arrangement. The Fe—O bond
lengths for the Fe"'OH bond for isomers 2 and 3 are 1.8 A,
whereas the Fe'V=0 bond is calculated to be 1.6 A, consistent
with this bond having more double-bond character than that
of the Fe-hydroxide isomers. The calculated Fe™=0O bond
length for the optimized structure of 1 is essentially the same
as that which have been reported for the crystal structures of
other non-heme iron(IV)-oxo complexes.”>* ¥ The calcu-
lated ground state of 1 is the S=2 electronic state, which is
over 40 and 80 kI mol ™ more stable than the S=1 and S=0
states, respectively, indicating that 1 has a high-spin ground
state.

To investigate the structure and reactivity of the ion at m/z
328 formed by CID of [(bpg)FeOFe(bpg)]*" [Figure 1a,
Eq. (1)], ion—molecule reactions were carried out. This ion
reacts with methanol (1.2 x 107 Torr) to form product ions
with m/z values of 344 and 353 (Figure 1b; 4 s reaction time,
precursor depleted by 20% ). When ethanol is used under
similar conditions, ions with m/z values of 353 and 358 are
formed, and the precursor is depleted by approximately 70 %
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(Figure 1c¢). These data are consistent with the presence of
isomer 1 in the m/z 328 ion population, that transfers an O
atom to the alcohol to form the coordinatively unsaturated
product ion [(bpg)Fe"]" [Eq. (2)], which subsequently under-
goes rapid association reactions with a second alcohol
molecule or with acetonitrile from the ESI source [Eq. (3)]
(where M = CH;0H, CH;CH,OH, or CH;CN; and R=H or
CH,).

[(bpg)Fe™ O]* (m/z 328) + RCH,OH — )
[(bpg)Fe']" (m/z 312) + H,O + RCHO
[(bpg)Fe"|™ (m/z 312) + M — [(bpg)Fe" M|" (3)

The most likely and thermodynamically favored neutral
products for the O-atom transfer reaction [Eq.(2)] are a
water molecule and the corresponding aldehyde molecule.

Storage of the ion at m/z 328 in the presence of CH;'"SOH
for 4 s results in the formation of ions at m/z 346 and m/z 353
(Figure S2a), which correspond to the formation of
[(bpg)Fe",CH,"®OH]" and [(bpg)Fe",CH,CN]", respectively.
Furthermore, storage of independently generated [(bpg)Fe]"
(from CID of [(bpg)FeOFe(bpg)]*") for 4s, instead of
[(bpg)FeO]*, results in the rapid depletion of [(bpg)Fe]*
and the formation of [(bpg)Fe,CH;"*OH]" and
[(bpg)Fe,CH,CN]" in nearly the same relative abundance as
through the O-atom transfer reaction (Figure S2a vs. S2b).
These data suggest that an oxygen atom from [(bpg)FeO]" is
transferred to the alcohol [Eq. (2)], and the resulting product
ion [(bpg)Fe]" can readily form ion-molecule association
complexes ([(bpg)Fe,CH;®*OH]" and [(bpg)Fe,CH,CN]")
[Eq. (3)]. CID of the ion-molecule complexes results in the
sole evaporation of the neutral ligand over a wide range of
CID conditions.

Under certain conditions, the ion population at m/z 328
can react through another pathway. For example, storage of
isolated “[Fe(bpg)O]*” (m/z 328; formed through CID of
[(bpg)FeOFe(bpg)]*" for 30 ms) for 2s in the presence of
methanol at a pressure of 0.6x10°°Torr results in the
formation of the peaks at m/z values of 312, 342 and 344
(Figure 3a). Isolation and storage of the m/z 342 ion after the
2 s ion—-molecule reaction, for 10 ms to 10 s, does not result in
the formation of an ion at m/z 312 or m/z 344. The ions at m/z
312 and 344 correspond to the O-atom transfer product ions,
[(bpg)Fe]* and [(bpg)Fe,CH;OH]*, respectively [Eq. (2) and
(3)], whereas the ion at m/z 342 is formed through an
addition/elimination reaction involving [(bpg-H)FeOH]"
isomer(s) [Eq. (4)].

[(bpg-H)FeOH]"* + ROH =- [(bpg-H)FeOR|*" + H,O (4)

Kinetic plots for the formation of product ions through
Equations (2) and (4) are shown in Figure 3b. About 4% of
the precursor ion is depleted through methanol addition/
water elimination [Eq. (4)] within 2s, and is not depleted
further at longer times (Figure 3b, open circles). In contrast,
the kinetics for precursor depletion through O-atom transfer
[Eq. (2)] is linear as a function of reaction time for the entire
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Figure 3. a) Mass spectrum obtained upon storing isolated
[(bpg)FeO]" for 2 s in the presence of methanol (0.6x107¢ Torr), and
b) kinetic plot (see Supporting Information for details) for the O-atom
transfer reaction pathway [Eq. (2)] and addition/elimination reaction

pathway [Eq. (4)].

range of reaction times (10 ms to 10s). This data indicates
that approximately 4 % of the m/z 328 ion population is the
isomer(s) [(bpg-H)FeOH]* that is rapidly depleted through
the reaction shown in Equation (4) within 2 s, whereas the
remainder of the ion population is isomer 1, which reacts
more slowly through direct O-atom transfer to methanol
[Eq. (2)]."

To gain insights into the addition/elimination reaction
[Eq. (4)], we have carried out isotope labeling studies and
allowed the product of addition/elimination to undergo ion—
molecule reactions with water. When [(bpg-H)FeOH]** (m/z
328) was allowed to react with CD;OH and CH;"®OH in
separate experiments, isotopically unlabeled H,O was pre-
dominantly lost upon addition of the respective methanol
isotopologue (forming [(bpg-H)FeOCD;]** (m/z 345) and
[(bpg-H)Fe'*OCH,] " (m/z 344), respectively). In contrast, the
reaction with CH;OD mainly results in the addition of the
methanol isotopologue and the loss of HOD (Table S1). Thus
for the water molecule that is lost through the reaction shown
in Equation (4), the O atom and one H atom comes from the
ion, while the other H atom comes from the O—H bond of the
methanol substrate. This indicates that the methanol addition/
water elimination reaction is a simple metathesis reaction that
yields [(bpg-H)FeOCH;]™ [Eq.(4), R=CH;]. [(bpg-
H)FeOCHj;]** reacts with background water to give [(bpg-
H)FeOH] " (m/z 328) [Eq. (4), back reaction], which suggests
that the metathesis reaction is reversible.

Three potential mechanisms for the oxidation of primary
alcohols by [Fe'™VL]", L=bpg™ [Eq. (2)] or another suitable
ligand, are shown in Scheme 1. These all yield the same
product ion and neutrals, but differ by which of the three
bonds is activated first and are based on related mechanisms
proposed for methanol activation by [Fe'O]*.*! If the a-C—
H bond is activated first (mechanism I) the formal oxidation
state of Fe is reduced from IV to III to form a Fe™OH/
hydroxyalkyl radical complex, which can decompose through
loss of H,O and RCHO. If the O—H bond of the alcohol is
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Scheme 1. Possible mechanisms for primary alcohol oxidation by a
FeYO complex ion, where L is a ligand.

activated first (mechanism II), a Fe' alkoxide and hydroxide
intermediate [LFe™(OH)(OCH,R)]" are formed, which can
result in H,O and RCHO elimination. If the C—O bond is
activated first (mechanism III), the alkyl group can be
transferred from the hydroxy group of RCH,OH to the Fe=
O group, to form the same [LFe"Y(OH)(OCH,R)]" inter-
mediate as for mechanism II.

To exclude candidate mechanisms, rate constants were
measured for the reactions of [(bpg)Fe'YO]" with a range of
isotopically labeled alcohols (CH;OH, CD;OH, CD;0D and
CH,0D, CH;CH,OH, CH;CD,OH) under nearly identical
conditions. Whereas [(bpg)Fe'VO]" reacted with CH,OH at a
rate constant of 3.5x 10~ cm*molecules's™!, in which only
about 0.03% of collisions resulted in O-atom transfer,['”!
[(bpg)Fe™O]" reacted with CD;OH about 20 times slower
(kesp=1.8x107"* cm’molecules's™"), i.e., the kinetic isotope
effect (ky/kp) is 204 7. Similarly, [(bpg)Fe'V O] reacted with
CD;0D about 19 times slower than with CH;OH. In contrast,
[(bpg)Fe™O]" reacted with CH;OD and CH;OH with the
same rate constant. The rate constant for the O-atom transfer

to CH;CH,OH [Eq.(2)] by [(bpg)Fe"VO]" (4.2x
1072 cm*molecules 's™!, 0.3% reaction efficiency) is 642
times faster than that for CH;CD,OH (6.9x

107" cm*molecules 's™!). These results strongly indicate

that the a-C—H bond of the alcohol substrate is activated by
H abstraction by the Fe™Y=0 group of the complex in the rate
determining step, i.e., the alcohol molecule is oxidized
through mechanism I. It is interesting that the weakest bond
of the alcohol is not activated first.”! C—H bond activation
may occur first because the Fe atom, which has a large +1IV/
+1III reduction potential, is reduced if the C—H bond is
activated, whereas activation of the other bonds does not
result in immediate Fe reduction.

What role does the bpg™ ligand play in methanol
oxidation? The “bare” FeO cation, [Fe™O], reacts with
methanol at 100% efficiency under thermal conditions,™
which is well over 1000 times greater than that for
[(bpg)Fe™=0O]" reported here. However, the selectivity of
methanol activation by Fe™O" [Egs. (5a)-(5d)] is less than
that of [(bpg)Fe™O]". Thus, the addition of the bpg™ ligand to
FeO" is a case in which the ligand addition enhances the
selectivity of the reaction at the expense of reactivity.

[Fe'"O]* + CH;OH — [(HO)Fe(CH,OH)|* + H' (5a)
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— [Fe(CH,0)]* + H,0 (5b)
— [Fe(H,0)]* + CH,O (5¢)
— Fe* + CH,0 + H,O (5d)

Apparently, any enhancement of the reactivity of the Fe—
oxo unit that occurs as a result of the increased formal
oxidation state of Fe, for [(bpg)Fe'V=0]" vs. Fe''O", is offset
by the steric protection and/or stabilization of the FeO™ unit
resulting from the presence of the ligand. These results are
consistent with the results for (HO)Fe™V=0O", which reacts
with methane with a rate constant that is about one half that
for Fe'O*."! Also, the C—H bond activating capabilities of
FeO™ are drastically reduced when ligated by C¢Hg, CsH;N,
and C,Hg."*¥ Thus, “tuning” the properties of the funda-
mental FeO™ unit by ligation, even when the formal oxidation
state of the Fe is increased, tends to decrease the Fe—oxo
reactivity.

How does solvent influence alcohol oxidation by Fe'YO
species? Nam et al. investigated the oxidation of PhCH,OH
and PhCD,OH by four different low-spin Fe'Y=0 complexes,
in which two were heme-bound complexes dissolved in
butyronitrile and the other two were non-heme complexes
dissolved in acetonitrile.'® Large kinetic isotope effects,
ranging from 20 to 60, were measured for all four Fe™O
complexes, indicating that the alcohol is oxidized through H
abstraction from the a-C—H bond by the FeO group, which
also occurs for [(bpg)FeYO]*(g) (mechanism I, Scheme 1).
Thus, for these few examples of alcohol oxidation by Fe'VO
complexes, the mechanism does not appear to depend on the
identity of the complex, or even on whether the reaction
occurs in the gas or the condensed phases.

This work highlights the fruitful interplay between
synthetic inorganic chemistry and gas phase ion chemistry in
generating, characterizing and probing the fundamental
reactivity of a biomimetic high-spin Fe"Y=0O complex in
vacuo. It paves the way for further studies that explore ligand
architecture and oxidation state effects on biomimetic Fe-oxo
chemistry. Ultimately such collaborations may lead to the
development of new high-valent Fe—oxo biomimetic com-
plexes that can selectively and efficiently activate strong
bonds in organic substrates.

Experimental Section

Ion-molecule reactions were performed on a Finnigan LCQ quadru-
pole ion trap mass spectrometer as described previously."”
[(bpg)FeOFe(bpg)]*", generated through ESI of 300 um solutions
containing [(bpg)(H,0)FeOFe(H,0)(bpg)](ClO,),!" in
CH,Cl,:CH;CN (90:10), was mass selected and subjected to CID.
The resultant product, [(bpg)FeO]*, was mass selected and allowed to
undergo ion-molecule reactions with the neutral alcohol. ESI
solutions were introduced into the mass spectrometer using a syringe
pump (2-4 pLmin™") and by applying 4-5kV to the ESI capillary
relative to the heated capillary entrance to the mass spectrometer
(100-150°C). Details of kinetics experiments are described in the
Supporting Information.
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Accurate mass measurements of ions were performed using a
Finnigan hybrid LTQ-Fourier transform ion cyclotron resonance (FT-
ICR) mass spectrometer that was modified to inject a gaseous mixture
containing He and a neutral reagent into the linear ion trap, such that
the He pressure is ca. 5 mTorr and the reagent pressure is ca. 10~ Torr
in the ion trap (Supporting Information). Ions resulting from ion—
molecule reactions and/or CID that are formed in the linear ion trap
were transferred to the FT-ICR cell for accurate mass measurements.
The diiron oxo-bridged ion was generated using similar ESI
conditions as that for the LCQ mass spectrometer.

Theoretical calculations were performed using the Gaussian 09
software package.”” Ton structures were optimized for a number of
different spin multiplicities and starting geometries using density
functional theory (DFT) with the unrestricted BP86 functional, and
the standard 6-31 + G* basis set for C, O, N and H atoms. For Fe, a
MDF10 Stuttgart Dresden 10-electron effective core potential with a
(8s7p6d)/[6s5p3d] contraction scheme® was used. For each opti-
mized structure, 0 K single-point energy values and vibrational
frequencies were calculated using unrestricted B3LYP with the
same basis set scheme that was used for geometry optimization.
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