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A combination of electrospray-ionization mass spectrometry and
Mossbauer spectroscopy was used to investigate the species gen-
erated in situ in highly enantioselective Fe/NHC-catalyzed C-H
alkylations. The findings indicate an organometallic iron(i)-NHC
species to be of key relevance in the asymmetric catalysis.

Iron has emerged as a sustainable, inexpensive and non-toxic
alternative to noble transition metals for catalysis," and appli-
cations to cross-coupling chemistry” and C-H activation® have
experienced a considerable development in recent years.
Notably, the association of N-heterocyclic carbene (NHC)
ligands with iron is of particular interest and has been
exploited for C-C and C-X forming processes.*

Within our program on iron-catalyzed C-H activation,” we
have very recently developed the first example of enantio-
selective iron-catalyzed C-H functionalizations by inner-sphere
organometallic C-H activation.® Key to success was the design
of the novel NHC ligand L featuring remote meta-adamantyl
substituents (Scheme 1). While detailed kinetic studies and
deuterium labelling experiments were performed to delineate
the modus operandi of the transformation, the oxidation state
and coordination sphere of the active catalyst remained thus
far elusive.

Indeed, in iron/NHC catalyzed C-H activations,®’ as well as
in related low-valent cobalt/NHC-catalyzed C-H activations,®
the active catalyst is generated in situ from a metal salt and a
imidazol(in)ium NHC precursor in the presence of a Grignard
reagent. The organometallic reagent is assumed to play a dual
role serving both as base and reductant, but no well-defined
complex has been so far isolated or characterized in this
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context, with the notable exception of Tatsumi/Ohki employing
a half sandwich Fe(u)/NHC complex for undirected C-H
borylations.’

Based on preliminary mechanistic studies and previous
reports,'® we initially proposed an organometallic Fe/NHC
species to be the active catalyst and the key C-H cleavage event
to occur via a ligand-to-ligand hydrogen-transfer (LLHT) mani-
fold."* On the contrary, Yoshikai originally proposed a low-
valent Fe/NHC complex with an oxidation state <+2 generated
through the reduction of the iron(m) pre-catalyst by the
Grignard reagent to be operative in a racemic hydroarylation of
vinylarenes and alkynes with indoles, and the C-H activation
step to occur via C-H oxidative addition.” It is noteworthy that
Yoshikai attributed the requirement of an excess of the
Grignard reagent to the possible formation of ferrate species.

In the course of our earlier studies, we observed that
Fe(acac); and FeCl, pre-catalysts, despite their different oxi-
dation states and counterions, gave comparable conversions
and enantio-selectivities. This observation was suggestive of
the iron precursors being transformed by the Grignard reagent
to the same catalytically competent iron species. Another
possibility is the in situ formation of organoferrates, in agree-
ment with recent reports that the nature of the iron precursor
has very little effect on the transmetallation reactions with

i Me o
' BFy4 Ad
' L '
NPMP T CHO
- cat. [Fe(acac)s] Me
cat. L Hs0*
o L > I
N R' CyMgClI (1.1 equ?v) N R’
\ TMEDA (2.0 equiv) \
R 2 THF, 45°C, 16 h R
1 3
R = benzyl, alkyl (1a: R = Me) up to 98% yield
R' = aryl, metallocenyl upto96:4eur.

Scheme 1 Asymmetric iron-catalyzed C—H alkylation.
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organometallic species to form such complexes.'” These obser-
vations raised the question as to the nature of the active cata-
lyst and its mode of action, and highlight the need for
detailed, comprehensive mechanistic studies to unravel funda-
mental aspects of iron-catalyzed C-H activations. Such
mechanistic insights have recently been gained for iron-cata-
lyzed Kumada-Corriu-type cross-coupling reactions via
Mossbauer spectroscopy and mass spectrometry.'>'? These
reports highlighted the dynamic nature and remarkable com-
plexity of organometallic iron chemistry.

Hence, we became interested in the application of electro-
spray-ionization (ESI) mass spectrometry and Mossbauer spec-
troscopy to elucidate the key intermediates formed in situ in
the enantioselective iron-catalyzed C-H alkylation. Mossbauer
spectroscopy has the advantage of probing the entire popu-
lation of iron species, regardless of their individual charge. We
decided to follow a step-by-step approach and therefore
initiated our investigation by probing the species formed in
the reaction between the iron pre-catalyst, the Grignard
reagent and N,N,N',N'-tetramethylethane-1,2-diamine (TMEDA)
in THF, without the NHC precursor or the indole substrate.
Negative-ion mode ESI mass spectra of a solution of Fe(acac);
treated with 8.0 equiv. of CyMgCl in the presence of TMEDA
(4.0 equiv.) showed a mixture of various organoferrate species,
among which CysFe(u)” and Cy,Fe(ur)” predominated (Fig. 1a).
Previous work had already established the formation of abun-
dant organoferrate anions upon transmetallation of iron pre-
cursors with Grignard reagents.'” Although ESI mass spec-
trometry cannot directly detect any neutral species, the obser-
vation of small amounts of the anions CysFe,” and Cy,Fe,Cl~
- both with iron in an average oxidation state of II - indicated
the presence of neutral organoiron complexes, such as Cy,Fe
or CyFeCl, which supposedly reacted with Cys;Fe(u)~ to afford
the dinuclear aggregates. The low abundance of the dinuclear
anions can be ascribed to the addition of TMEDA, which had
previously been shown to prevent the formation of polynuclear
organoferrates.'’'>'* All of the detected organoferrates were
found to be highly unstable, presumably due to f-hydride
elimination, and completely disappeared within minutes.
Experiments conducted with the more stable and user-friendly
PhMgCl were hence performed as well. PhMgCl had previously
been shown to effect the desired C-H alkylation as well, albeit
with a slightly diminished performance.® Likewise, iron(n) and
iron(ur) phenylferrates were observed by ESI-MS in the reaction
of Fe(acac); with PhMgCl in the presence of TMEDA (Fig. S17),
being in full agreement with previous findings.'**"*"?

We next analyzed a frozen solution of *’FeCl,/CyMgCl/
TMEDA by *’Fe Mossbauer spectroscopy at 80 K (Fig. 1b). The
obtained spectrum featured the signatures of two iron species,
which were assigned to a major high-spin iron(u) species and
a minor low-coordinate iron(u) species, in line with the for-
mation of Cy,Fe(m)” and Cys;Fe(u)” observed by ESI-MS. The
remarkable formation of a dominating iron(m) species from
the iron(u) precursor in the presence of Grignard reagents and
the absence of any external oxidant is attributed to dispropor-
tionation with concomitant formation of a low-valent iron
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Fig. 1 (a) Negative-ion mode ESI mass spectrum of a solution of the
products formed in the reaction of Fe(acac)s (10 mM) with TMEDA
(4.0 equiv.) and CyMgCl (8.0 equiv.) in THF; a = [Cy,Fe,O,]", b = [Cy,,Fe,
O,]™, ¢ = [Cyz,Fe,0,]7, d = Cy,Al". lons a—c resulted from reactions with
residual traces of oxygen, d from an aluminum contamination. (b)
Méssbauer spectrum of a frozen solution (T = 80 K) of the products
formed in the reaction of FeCl, (5.0 mM), TMEDA (4.0 equiv.)
and CyMgCl (8.0 equiv.) in THF; components of the fit: S(blue) =
0.48 mm s %, AEg(blue) = 0.89 mm s72, rel. int. = 84%; Slred) = 0.21
mm s, AEg(red) = 1.56 mm s7%, rel. int. = 16%.

species.">'® Interestingly, we did not detect any Cy,Fe(w),
which had been observed in a related setting.'® The instability
of the cyclohexylferrates was further highlighted by *’Fe
Mossbauer spectroscopic analysis of the same reaction after it
was allowed to warm to 23 °C (Fig. S31). The spectrum showed
the complete disappearance of the iron(n) ate complex, a
reduced amount of Cy,Fe(m)” and the emergence of a new
dominant species, whose unspecific doublet unfortunately
does not allow for assignment.

A similar spectrum was obtained from the reaction of
>’FeCl, with PhMgCl in the presence of TMEDA (Fig. S4t),
indicating the formation of the phenylferrates Ph;Fe(u)” and
Ph,Fe(um)”, being in line with the ESI-MS results and
previous reports.'°”'> The parameters of the Méssbauer
doublet assigned to PhzFe(n)” (5 = 0.20 mm s, AEq(red) =
1.44 mm s~ ') are indeed very similar to those reported for the

This journal is © The Royal Society of Chemistry 2019
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closely related MeszFe(n)” (§ = 0.21 mm s ', AEq
1.43 mm s~ ')."*" The dimeric dianion [{Ph,Fe(u-Ph)},]*~ (5
0.34 mm s™' and AEq = 2.28 mm s " at 80 K), previously
obtained from the low temperature reaction of Fe(acac); and
PhMgBr in THF, has a higher isomer shift and much larger
quadrupole splitting, and the more reduced neutral tetramer
Fey(p-Ph)g(solv), (§ = 0.60 mm s~ and AE, = 0.84 mm s~ at
80 K) has a significantly higher isomer shift."¥ As the catalyzed
C-H activation was found to be completely shut down in the
absence of the ligand,® the observed ligand-free organoferrates
are assumed to be catalytically inactive.

Subsequently, similar experiments were performed in the
presence of the chiral NHC precursor L (Fig. 2a). While the
homoleptic ferrates remained present in the solution, two
newly formed iron(n) species could also be observed, namely
Cy;Fe(NHC)™ and Cy,FeH(NHC)™ (Fig. S5 and S67). The latter,
with a significantly higher intensity, is believed to result from
B-hydrogen elimination of the former. Interestingly, no NHC
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Fig. 2 (a) Negative-ion mode ESI mass spectrum of a solution of the

products formed in the reaction of Fe(acac)s (10 mM) with TMEDA
(4.0 equiv.), CyMgCl (8.0 equiv.) and L (1.0 equiv.) in THF; a =
[Fe(NHC)Cyz]™. NHC = Cy9Hs4N,. CysAlT resulted from an aluminum
contamination. (b) Mdssbauer spectrum of a frozen solution (T = 80 K)
of the products formed in the reaction of >’FeCl, (5.0 mM), TMEDA
(4.0 equiv.), L (1.0 equiv.) and CyMgCl (8.0 equiv.) in THF; components
of the fit: s(red) = 0.18 mm s, AEg(red) = 1.59 mm s, rel. int. = 36%;
s(green) = 0.39 mm s™%, AEg(green) = 3.19 mm s7%, rel. int. = 27%;
s(blue) = 0.46 mm s, AEg(blue) = 0.98 mm s, rel. int. = 19%;
s(magenta) = 0.54 mm s, AEg(magenta) = 2.04 mm s~2, rel. int. = 11%;
S(cyan) = 0.24 mm s™%, AEg(cyan) = 0.40 mm s7%, rel. int. = 7%.
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complexes of iron(m) or low-valent iron were detected,
suggesting the selective formation of Fe(u)/NHC species in the
reaction.

When a similar experiment was performed using PhMgCl,
no Fe/NHC species could be observed (Fig. S77). Yet, the rela-
tive intensity of the iron(u) ate complex was noticeably
reduced, which presumably indicates its consumption to form
neutral species not detectable by ESI mass spectrometry.
Besides, no magnesium-NHC complexes or residual imidazoli-
nium salt could be observed by positive-mode ESI-MS in any of
the experiments (Fig. S87), providing evidence for the NHC to
coordinate to the iron catalyst, and not to Mg(u).

When a frozen solution of *’FeCl,/L/CyMgCl/TMEDA was
analyzed by Modssbauer spectroscopy, a rather complicated
spectrum could be observed which has been simulated well
assuming five subspectra.”® Two subspectra (Fig. 2b, blue and
red) are almost identical to the previously observed ferrates
(Fig. 1b). The most intense new signal (Fig. 2b, green, 27%
intensity) with a large quadrupole splitting of 3.19 mm s~ but
with quite a low isomer shift of 0.39 mm s™" can be assigned
to a low-coordinate iron(u) high-spin complex, most likely tri-
gonal-planar Cy,Fe(NHC),*" in line with ESI mass spectrometry
(see above). It should be noted that the isomer shifts of
L,Fe(NHC) complexes can vary depending on the covalency of
the Fe-C bond. Examples include § = 0.33 to 0.35 mm s~ ' at
80 K for [(Me;Si)CH,],Fe(NHC),*** § = 0.33 mm s~ " at 200 K for
(Ph,C=CPh),Fe(NHC),*'? or § = 0.44 to 0.57 mm s~ at 5 K for
(1,3-dioxan-2-ylethyl),Fe(NHC);>'* all these complexes were
shown to adopt a high-spin Fe(u) state. Another newly formed
species (magenta), with a higher isomer shift of 0.54 mm s™*
together with a lower quadrupole splitting of 2.04 mm s/,
may indicate a more symmetric iron(u) high-spin species with
a higher coordination number such as Cy;Fe(NHC)™, as
observed by ESI-MS (see Fig. S51). An additional minor species
(Fig. 2b, cyan) was also observed in the *’Fe Mossbauer spec-
trum of the reaction with CyMgCl, but its non-characteristic
doublet does not allow for further assignment. Two similar
iron(u) species were also detected in the analogous reaction
with PhMgCl (Fig. S9t). No species related to the minor
uncharacteristic signal observed previously was however
detected in this system. It is hence believed that this species
was formed via f-hydride elimination from the Cy,Fe(NHC)
complex. This hypothesis is substantiated by the observation
that, when the sample was prepared at higher temperatures,
this species (cyan) became more pronounced, while the inten-
sity of the Cy,Fe(NHC) signal (green) was reduced (Fig. S107).

Thereafter, additional experiments in the presence of the
indole substrate 1a were conducted. Besides the previously
observed species, [Cy,Fe(indole)]” was observed by ESI-MS ana-
lysis of the reaction of *’FeCl,/CyMgCl/TMEDA/L/1a (Fig. S117).
Yet, this species is believed to be catalytically irrelevant in the
C-H activation due to the absence of the NHC ligand. ESI-MS
analysis of the reaction of *’FeCl,/PhMgCl/TMEDA/L/1a showed
no new species, but the almost complete disappearance of the
PhsFe(n)~ ferrate (Fig. S12+). Its consumption is suggestive of a
reaction between the iron(i) ate complex, or a species in equili-
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brium with it, and the substrate 1a to form a neutral species.
Therefore, this observation is suggestive of an iron(u) species
to be involved as intermediate in the C-H activation.

No new species or significant changes upon the addition of
substrate 1a were observed by *’Fe Mossbauer spectroscopy
analysis of the analogous reactions with either CyMgCl or
PhMgCl, except a slight reduction of the species believed to be
R,Fe(NHC) (Fig. S13 and S14%).

In summary, we report on the unprecedented application of
ESI-MS and *’Fe Mossbauer spectroscopy to study the mecha-
nism of iron-catalyzed asymmetric C-H activations. Our experi-
mental findings provide support for the formation of an
organometallic Fe()/NHC complex as an intermediate in the
iron-catalyzed enantioselective C-H alkylation of indoles.
Furthermore, no interaction between iron and TMEDA was
observed in any of the experiments, which suggests that
TMEDA coordinates the Mg(u) ions and does not interact with
the iron catalyst.
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