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ABSTRACT: Reaction of FeCl, with the chelating bis-N-
heterocyclic carbene (NHC) bis-(N-Dipp-imidazole-2-
ylidene)methylene (abbreviated {(°**C:),CH,}) (Dipp =
2,6-di-isopropylphenyl) affords the complex
[FeCL{("**C:),CH,}] (1) in high yield. Reduction of
complex 1 with excess KCg with a 10-fold molar excess of
PMe; affords the Fe(IT) complex [FeH{(*PC:),CH,}(PMe;)-
(7*PMe,CH,)] (2) as a mixture of three stereoisomers.
Complex 2, the first example of any iron(II) complex bearing
mutually an NHC and PMe; ligand, is likely obtained from the
in situ, reductively generated 16 VE Fe(0) complex, [Fe-
{(P¥rC:),CH,}(PMe,),] (2’), following intramolecular C—H
activation of one of the phosphorus-bound CHj; groups.
Complex 2 is unstable in aromatic solvents and forms, via a novel synthetic transformation involving intramolecular reductive
elimination and concomitant PMe; elimination, the Fe (0) arene complex [Fe{(""C:),CH,}(#°-C¢D¢)] (4-dg) in C¢Ds
Complex 4-dg represents the first example of an NHC stabilized iron (0) arene complex. The transformation from 2 to 4-dg can
be accelerated at higher temperature and at 60 °C forms immediately. Alternatively, the reduction of 1 in the presence of toluene
or benzene affords the complexes [Fe{(°*"C:),CH,}(°-C,H;)] (3) and [Fe{("*"C:),CH,}(°-CsHy)] (4), selectively and in
good yields. DFT calculations characterizing the bonding situation in 3 and 4 reveal similar energies of the HOMO and LUMO
orbitals, with the LUMO orbital of both complexes located on the Dipp rings of the bis-NHC. The HOMO orbital reflects a 7-
back-bonding interaction between the Fe(0) center and the chelating NHC ligand, while the HOMO-1 is associated with the
arene interaction with the Fe(0) site. The calculations do not suggest any noninnocence of the coordinated arene in either
complex. Moreover, the *’Fe Mdssbauer spectrum of 4 at 80K exhibits parameters (5 = 0.43 mm-s™"; AEq = 1.37 mm-s~") which
are consistent with a five-coordinate Fe(0) system, rendering 3 and 4 the first examples of well-defined authentic Fe(0)-;%-arene
complexes of the type [Fe(n®-arene)L,] (L = ' " ? neutral ligand, mono or bidentate). Some reactivitiy studies of 3 are also
reported: The reaction of 3 with excess CO selectively yields the five-coordinate piano-stool complex [Fe{("*"C:),CH,}(CO),]
(6) in near quantitative yields, while the reaction of complex 3 with C4,D4 under heating affords by toluene elimination 4-ds The
catalytic ability of 4 was also investigated with respect to amide reduction to amines, for a variety of substrates using Ph,SiH, as a
hydride source. In all cases good to excellent yields to the corresponding amines were obtained. The use of 4 as a precatalyst
represents the first example of a well-defined Fe(0) complex to effect this catalytic process.

B INTRODUCTION

The landmark discovery of an isolable N-heterocyclic carbene
(NHC) by Arduengo and co-workers in 1991' heralded a
paradigm shift in contemporary coordination and organo-
metallic chemistry. NHC ligands typically exhibit enhanced o-
donor capacity and concomitant increased robustness when
compared to traditional phosphine complexes, which has
encouraged their remarkable development and particular

precatalyst,* catalytic arene borylation using the complex
[Cp*Fe(NHC)(R)] (R = alkyl group),” or the recently
reported hydrosilylation of imines, mediated by an NHC iron
catalyst, all highlighting the potential of these complexes.®
Chelating bis-NHC ligands have also recently been shown to
be rather versatile in accessing some interesting Fe complexes:
the simultaneous reports of Meyer and co-workers’ and
Ingleson and co-workers® have for example shown that

interest as supporting ligands in catalysis.” In recent years
iron-based NHC complexes, with a particular focus on catalytic
applications, have received considerable attention owing to the
high natural abundance and low cost of the element.’
Highlights within the last two years include the selective
reduction of esters to aldehydes using [Fe’(CO),(NHC)] as
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complexes of the type [FeL,X,] (X = Cl or Br, L, = chelating
bis(imidazolylidene) ligand) are readily accessible upon
reaction of [Fe{N(SiMe;),},], as an Fe(II) source with
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Chart 1. Some Recent Examples of Chelating NHC Stabilized Iron Complexes
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bis(imidazolium) chloride or bromide salts. The emerging
complexes were shown to be tetrahedral high-spin iron(II)
complexes on the basis of structural studies and Mdssbauer
investigations. Safmannshausen and Motherwell reported the
synthesis of pincer-type pyridyl bis-NHC complexes of the type
[Fe(C—N—C)(N,),] accessible by reduction of the corre-
sponding dihalides under a N, atmosphere.” Very recently,
intriguing four-coordinate Fe(II) complexes have also been
reported by Chen and co-workers by reaction of in situ
generated silver bls(pyrldyhmldazolyhdene)methane adducts
with elemental iron, dlrectly Finally, several Fe(Il) hydride
complexes have also been reported, supported by chelating bis-
NHC ligands (Chart 1). "! These recent examples highlight the
active research area into which Fe-based NHC chemistry is
flourishing.

We initially became interested in exploring the use of the
NHC bis-(N-Dipp-imidazole-2-ylidene )methylene, abbreviated
{(P*rC:),CH,} (Dipp = 2,6-di-isopropylphenyl),’* as a
supporting ligand for main group element compounds in
low-oxidation states."> Given our concurrent interest in low-
valent iron complexes and their chemistry, particularly with
respect to new catalytic precursors,14 we became interested in
trying to obtain iron(0) complexes with this supporting ligand,
which might act as a source of the “L,Fe(0)” fragment, if
bearing additional stabilizing ligands, capable of elimination.'®
We reasoned that using PMe; as additional stabilizing ligands
could enable access to 16 VE complexes of the type
[L,Fe(PMe;),] (L, = (°®PC:),CH,), which would be excellent
sources of Fe(0) by concomitant PMe, elimination.'®
Alternatively, 7°-arene complexes could be accessible upon
reduction of [L,FeCl,] in the presence of arenes, affording
complexes of the type [Fe{("*"C:),CH,}(%-arene)], as these
18 VE closed-shell complexes should be stable. Surprisingly,
such complexes have escaped isolation, and we felt warranted
investigation. 7

By using the chelating bis-NHC ligand {("**C:),CH,}, we
report the first examples of Fe(0) 5%-arene complexes stabilized
exclusively by NHCs. Moreover an example of an Fe bis-
phosphane complex featuring {("*"C:),CH,} as a supporting
ligand, which is the first example of an iron(1I) complex bearing
a PMe; and NHC ligand mutually, is also discussed. In
addition, the reactivity of one of the Fe(0){("*"C:),CH,}-
(n°arene) complexes is reported, along with the first catalytic
investigations of organic amide reduction, starting from a well-
defined Fe(0) complex: [Fe{("*PC:),CH,}(°-C4Hy)]

B RESULTS AND DISCUSSION

We first synthesized the precursor [FeCL{("**C:),CH,}] (1)
by reaction of the free bis-NHC ligand with anhydrous FeCl, in
toluene, which afforded a beige solid after workup in high

18109

yields. Characterization of 1 (Scheme 1) was severely impeded
by its insolubility in hydrocarbon solvents, a problem which has

Scheme 1. Synthesis of 1 by Coordination of {(°***C:),CH,}
to FeCl,

+

1: beige paramagnetic solid, 81 %

been remarked on before, in the literature, for similar
complexes by Ingleson and Meyer, respectively.”® It is
noteworthy to mention that this synthetic route to 1 differs
from the earlier approach by Meyer and Ingleson to access
analogous complexes, who both employed the reaction of
[Fe{N(SiMe;),},], with bis(imidazolium) dihalide salts afford-
ing the desired complexes. Simple coordination of the free bis-
NHC as ligand to FeCl, appears to be an alternative route to
access these complexes. The 'H NMR spectrum of 1 reveals a
highly paramagnetic substance which is consistent with the
analogous examples by Meyer and Ingleson.”® Numerous
attempts to obtain crystals suitable for X-ray diffraction analysis
of 1 were unsuccessful owing to the insolubility of the complex
in a variety of solvents, and its instability for prolonged periods
in CH,Cl,. However, the composition on the basis of both
EIMS and HRMS was confirmed, and a *’Fe Mossbauer
spectrum was also recorded at 80 K (5 = 0.69 mm-s™"; AE =
3.67 mm-s'). The latter reveal parameters which are
comparable to the complexes of Meyer which lie in the range
5 =0.73—0.81 mm-s%; AE, = 3.67-4.03 mm-s~'. These values
are typical of high-spin Fe(II) complexes (S = 2) in a
tetrahedral environment, further confirming the identity of 1.
With the availability of 1, we next targeted the 16 VE
complex, [Fe{("*PC:),CH,}(PMe;),] (2') by reduction of 1
with excess KCg in THF with an excess of PMe; (10 molar
equiv). The initial phase of the reaction has the appearance of a
beige suspension, which slowly turns brown upon stirring,
Workup afforded a hexane soluble fraction, which when
crystallized, according to NMR, was not the desired product
(2’) but the hydrido Fe(II) complex, [FeH{("*"C:),CH,}-
(PMe,) (17*-PMe,CH,)] (2). Complex 2 is surprisingly the first
example of any iron(II) complex featuring an NHC and PMe,
ligand mutually coordinated to the iron center.'®'? It seems
reasonable that the desired 2’ was generated as an initial
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reduction product in situ, but subsequently, due to the
electronically and coordinatively unsaturated iron center,
induced an intramolecular C—H activation of one of the
phosphorus-bound methyl groups. A similar process occurs on
reducing [FeCl,(PMe;),] in the presence of excess PMe;,
affording the C—H activated six-coordinate complex, [FeH-
(PMe;);(77°-PMe,CH,)]. 1.2

The 'H and *'P{'"H} NMR spectra of 2 in benzene-dy at
room temperature revealed an extraordinarily complex pattern,
consistent with the coexistence of three stereoisomers (Scheme
2).*" This is exemplified by three resonance bands in the

Scheme 2. Reduction of 1 in the Presence of Excess PMe;,
Affording 2 as a Mixture of Stereoisomers”
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“The reaction most likely proceeds via the electron-poor 16VE
intermediate [Fe{(D‘PPC:)ZCHz}(PMeQz] (2"), which then undergoes
C—H activation affording 2. (L—L = {(°*PC:),CH,}).

hydride region of the 'H NMR spectrum, each of which
exhibits a doublet of doublet (dd) multiplicity corresponding to
’J(H,P,) and ?J(H,P,) coupling for each stereoisomer
respectively (Figure 1). The 'H{*'P} spectrum reveals only
three single lines in the hydride region corresponding to each of
the stereoisomers (Figure 1). Moreover, 12 resonance signals
are observed for the methine protons CH(CHj,), of the Dipp
substituents, which correspond to four diastereotopic groups
for each stereoisomer. This can be expected by the loss of
symmetry afforded by the geometric structures of isomers A to
C. There is no indication of any interconversion between the
three stereoisomers, as all the signals are very sharp, and a static
distribution of these stereoisomers is observed in the ratio of
40:28:32 (A:B:C). The *'P{'"H} NMR spectrum reveals a
similar static picture: three sets of signals (each set featuring
two doublet resonance signals: one high-field shifted,
corresponding the 7*-PMe,CH, ligand and one low-field
shifted for the Fe-PMe, for each sterecisomer. Moreover, a
two-dimensional ("H, 3'P) correlation spectrum enabled
assignment of the hydride signals to the corresponding signal
sets in the *'P{'H} NMR spectrum. On the basis of coupling
constants (H,P and P,P), together with the two-dimensional
NMR spectra, a tentative assignment of the isomers could be
made, where for isomer A there are two geometric possibilities
which could not unambiguously be distinguished from each
other (Scheme 2).

It is apparent from these spectra that on the respective time
scale of the measurements,®* no interconversion or exchange
process is occurring between the three stereoisomers, and a
static picture is revealed. Strikingly, on the time scale of the
corresponding *C{'H} NMR measurement, a surprisingly
highly symmetric spectrum is observed, at odds with those in
the '"H and *'P spectra, featuring sharp signals assignable to
only one component, as opposed to three observed in the 'H
and *'P spectra (Figure 2).2 Further investigations revealed
that the spectrum originates from the Fe(0) arene complex

3 Fe-PMe; Fe-(n>-PMe,CH,)
Isomer A benzene-d;'H{3'P}, 298 K | ’ h
e Isomer C
Isomer C ‘ '
Ao Isorm.rg |
.1|2 o -1|3 o -1|4 S .1|5 s
benzene-dg 'H, 298 K == IsomerA | §
l ' I 3 ' = T T T —T—T
-12 -13 -14 -15 20 0 20 -40 F2 [ppm]

Figure 1. '"H NMR spectrum in benzene-dy at 298 K in the hydridic region of 2 (left, bottom) showing three distinct resonance signals with dd
multiplicities; isomer C: %J(H,P,) = 69.6 Hz, >J(H,P,) = 81.2 Hz; isomer B: *J(H,P,) = 57.7 Hz, J(H,P,) = 68.2 Hz; isomer A: J(H,P,) = 34.7 Hg,
J(H,P,) = 71.9 Hz, and the corresponding 'H{*'P} spectrum (left, top). Two dimensional ('H, *'P) NMR spectrum in benzene-dy at 298 K of 2
showing correlation of hydride resonance signals to respective doublet signals (right, top). 5 = —48.2 (d, ¥J(P,,P,) = 46.3 Hz, isomer B), § = —42.1
(ps d, ¥J(P,P,) = 56.1 Hz, isomer C), § = —36.7 (d, *J(P,P,) = 27.5 Hz, isomer A), § = 12.5 (d, }J(P,P,) = 27.5 Hz, isomer A), § = 23.0 (d,
YJ(P,P,) = 46.3 Hz, isomer B), § = 28.5 (ps d, %J(P,P;) = 56.1 Hz, isomer C).
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Figure 2. DFT (B3LYP/6-31G* for all atoms) calculated energies on transformation of 2 to 4 via 2'.

[Fe{("PC:),CH,}(1°-C¢Dy)] (4-dg) which is formed sponta-
neously from 2 by PMe; loss (presumably involving an initial
intramolecular reductive elimination step first forming 2’) and
concomitant coordination of the solvent (CgD4). We
uncovered 4-dg as the product by comparing the spectrum to
the authentic spectra of 4-dg obtained by other means (see
below) and by comparison to the nondeuterated analogue, 4
Complex 2 is hence unstable for prolonged periods of time in
C¢Dg, and given the time required for recording the *C NMR
spectrum (several hours), clean conversion from 2 to 4-dg at
room temperature is observed in this time period. A key
resonance signal in the *C NMR spectrum of 4-dg is that of the
1°5-C¢Dg ring at d = 75.2 ppm as a triplet due to 'J(C,D) = 24.9
Hz coupling. Hence, complex 4-d4 represents the first example
of an NHC stabilized Fe(0) arene complex, obtained
fortuitously on standing for prolonged periods in C4Dy4 from 2.

The conversion of 2 to 4-d4 was additionally investigated by
VT NMR experiments of 2 where immediate conversion to 4-
dg is observed at or above 320 K (Scheme 3, see Supporting
Information).

Scheme 3. Transformation of 2 to the Fe(0) Arene Complex
4-dg in CsD4 by Concomitant PMe3 Elimination
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A DEPT-13S spectrum (with an acquisition time of no more
than 0.5 h) of a very concentrated sample of 2 in C¢Dg indeed
reveals a very complex spectrum, corresponding to the signals
for the stereoisomeric mixture of 2, before the onset of the
slow, room temperature conversion to the highly symmetric
spectrum corresponding to 4-dg. Additionally, heating a sample
of 2 in a nonaromatic solvent (for example hexane) results in
decomposition, which suggests that the arene is necessary to
stabilize the emerging Fe(0) complex resulting from the PMe,
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elimination. These results show that 2 can be employed as a
starting material to access novel Fe(0) arene complexes in a
facile manner.

Based on these findings, the mechanism accompanying this
novel transformation is likely intramolecular reductive elimi-
nation in 2 affording the transient 16 VE species [Fe-
{(P**C:),CH,}(PMe;),] (2'), which is subsequently trapped
by the 6 VE donor arene ligand, with PMe; elimination. The
selective formation of 4-dg as the only product resulting from 2
is more convincing evidence of the presence of the stereo-
isomeric mixture in 2 all of which converge by the process
described above to 4-dg.

This novel transformation from 2 to 4-dg was also elucidated
by DFT methods using the nondeuterated analogue (4)
(B3LYP/6-31G* for all atoms) (Figure 2). In accordance with
our experimental observations, the process is spontaneous with
the energies of 2 + C4H being 21.8 kcal-mol ™" higher than that
of 4 + 2 PMe;, inferring an exergonic process. The likely
intermediate 2’ + C4Hy exhibits an energy of 31.3 kcal'mol ™/,
and this increase in energy also explains why the reduction of 1
in the presence of PMej affords 2 and not 2/, as the latter is
slightly higher in energy and less thermodynamically stable.
The transition states between each step in the transformation
were not located (Figure 2), and so a discussion on the energy
barriers is neglected.

The solid-state structure of one of the stereoisomers of 2 was
also determined by single crystal X-ray diffraction analysis and
is shown in Figure 3, along with some key metric parameters (a
figure showing the coordination geometry at iron is also
presented in Figure 3b, where the Dipp groups have been
removed for clarity).

The solid-state structure of 2 corresponds structurally to the
previously discussed isomer C, bearing two nearly trans-
positioned phosphine groups. Some disorder is located on the
P2 atom, which could be resolved, and is omitted from the
structural representation in Figure 3 and the following
discussion. The complex can be considered distorted
octahedral, with the hydride hydrogen atom residing in the
pocket formed by the atoms C37, P, C1, and P1. The presence
of a strained three-membered P2, C37, Fel ring along with the
small size of the H atom can account for this distorted
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Figure 3. (a) ORTEP representations of the solid-state structure of
one of the stereoisomers of 2 at the 50% probability level. H atoms,
except that of the Fe—H site (H1), were omitted for clarity. (b) View
of 2 where the Dipp groups and all H atoms (except H1) were omitted
for clarity. Selected bond lengths [A] and angles [°]: Fel—Cl
1.915(3), Fel—C2 1.919(3), Fe1—C37 2.086(9), Fel—P1 2.1693(11),
Fel—P2 2.152(3); C1—Fel—C2 90.10(14), C1—Fel—C37 158.9(3),
C2—Fel—C37 105.7(4), C1—-Fel—P2 116.44(13), C2—Fel—P2
117.69(14), C37—Fel—P2 43.7(3), C1—-Fel—P1 99.21(10), C2—
Fel—P1 98.15(10), C37—Fel—P1 92.5(4), P2—Fel1—P1 127.57(13).

octahedral structure. Noteworthy are the Fel—C1 (1.915(3) A)
and Fel—C2 bond lengths (1.919(3) A) which are considerably
shorter in comparison to those found for example in the four-
coordinate Fe(II) complex L2FeCl, (L = methylenebis-(IN-
benzyl-imidazole-2-ylidene )methylene by Meyer an co-workers
at 2.107(3) and 2.111(3) A, respectively.” This bond length
contraction can be accounted for by increased z-back-donation
from the Fe(Il) center in 2, to the carbene carbon atoms,
facilitated by the presence of electron pushing alkyl phosphane
ligands in the coordination sphere. The bond lengths are
comparable in magnitude but still slightly shorter to those
found in the Fe(II) 7° arene complex by Ingleson, [Fe-
{(P*rC:),CH, }H(5*-toluene) ]I, at 1.952(3) and 1.951(3) A,
respectively.'!

The inaccessibility of the desired 16 VE Fe(0) precursor by
the strategy detailed above, which instead afforded us an Fe(II)
complex, shown subsequently to undergo facile PMe;
elimination forming the NHC stabilized Fe(0) arene complex,
prompted us to explore the reduction of 1 in the presence of
aromatic solvents to directly afford the NHC stabilized Fe(0)
arene complexes. To our surprise such complexes have not
been reported (with the exception of 4-d), although perusal of
the literature in fact states access to such complexes are not
possible, starting from the di-iodo analogue of 1,
[FeL{(P*PC:),CH,}]. Moreover, it is also stated that reduction
of [FeL,{(P*"C:),CH,}] in the presence of several other
trapping a%ents also does not yield the desired Fe(0)
complexes.'

However, we observed that reduction of 1 in 1:1 (v/v)
THF:arene (toluene or benzene) mixtures with excess KCg

cleanly and in good yields afforded the desired bis-NHC Fe(0)
arene complexes 3 and 4 as dark brown, highly air sensitive
solids (Scheme 4). It was found essential to add THF to the
reaction since the precursor 1 is insoluble in toluene or
benzene, and the THF was required to slightly solubilize the
starting material for the reaction to occur (Scheme 4).
Complexes 3 and 4 are remarkable since they are (other than
4-dg) the first examples of Fe(0) arene complexes supported
exclusively by NHC ligands. This is even more surprising, when
one considers the fact that complexes of the type [Fe(n°-
arene)(PR;),] (R = halogen, alkyl, or aryl substituent) have
existed since 1972.>* Despite their early entry in the literature,
these complexes have escaped characterization by structural
methods, probably as a result of their extreme reactivity, or the
fact that they are liquids at ambient temperature.”> Moreover
access to these complexes typically require complicated metal
vapor synthetic techniques, making their access somewhat
difficult.”® The related and somewhat more robust arene
complexes by G1r01am1 and co-workers bearing a chelating
phosphane ligand, [P,Fe(r®-arene)] (P, = chelating bidentate
phosphane ligand), have been known for more than 15 years
but have also escaped structural characterization,”” while the
related complex [P,Fe(s7°-napthalene)], reported by Komiya
and co-workers has been structurally studied.”® This complex
was claimed to be Fe(0), but no theoretical or Mossbauer
studies were carried out to prove this, and it was subsequently
shown by Wolf and co-workers that naphthalene has the
propensity to behave in a noninnocent fashion in a variety of
low-valent iron complexes, drawing the assignment of the
oxidation state of iron in [P,Fe(°napthalene)] into
quesiton.”” Chirik and co-workers have reported complexes
of the type [L'2Fe(n%-arene)] where L’ = bis imine in 2005, but
again the redox noninnocence of the bis-imine was firmly
established.”® Finally, even as early as 1982 Klabunde and co-
workers reported the synthesis of [(2,2"-bipyridine)Fe(1°-
toluene)], purported to be an Fe(0) complex with substantial
m-back-bonding from the Fe(0) center to the Bipy ligand.*!
This description of the bonding situation was however
subsequently shown to be incorrect on the basis of theoretical
calculations by Wieghardt and Scarborough.** The complex
rather exists as a singlet diradical where the Fe(I) (d’, Sg. = 1/
2) center couples antiferromagnetically to the redox non-
innocent bipy radical anion (bipy®~). This renders the strikingly
facile isolation of complexes 3 and 4 an important entry in the
context of Fe nS-arene complexes, given this historical
background; especially in light of the redox innocence afforded
by the chelating NHC ligand. The redox innocence of the
NHC ligands moreover, in fact, renders them the first examples
of well-defined authentic Fe(0) arene complexes of the type
[Fe(%-arene)L,]* on the basis of the simultaneous analyses of

Scheme 4. Facile Synthesis of the Unprecedented Fe(0) Arene Complexes 3 and 4
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structural, DFT methods, Méssbauer studies, and spectroscopy,
which all corroborate this fact (vide infra).

The 'H NMR spectra of 3 and 4 exhibit no resonance signals
in the negative chemical shift region (hydride region), so any
Fe—H species, like those reported by Ingleson (Chart 1), can
be ruled out. The "H NMR spectrum of 3 exhibits a highly
symmetric pattern in agreement with expectations for the
structure of 3. Noteworthy, the 'H NMR spectrum of 4 is
identical to that of the deuterated analogue, 4-d,, except for an
additional signal for the coordinated arene, which is not seen in
the deuterated case (see Supporting Information). Moreover,
the signal for the coordinated arene in 4 shows up as a singlet
in the *C spectrum, compared to a triplet for the case of 4-dj,
due to C,D coupling in the latter case, but both are virtually at
the same chemical shift.

Additionally, the "*C{'"H} NMR spectra of both complexes
feature sharp lines and spectra reflecting high symmetry
indicative of free rotation of the arene ligands, in analogy to
the observations in the '"H NMR spectra. Noteworthy is the
presence of only one resonance signal corresponding to both
carbene carbon atoms (NC:N), around 6 = 200 ppm, which is
the expected position for this resonance. In complex 3, in
accordance with the 'H, *C correlation spectra, three aromatic
carbon resonance signals corresponding to C*% C>* and C* for
the coordinated toluene ring were observed, along with the
corresponding three resonance bands in the 'H spectrum
(Figure 4). The C' signal of the toluene is also observable at &
=77.9 ppm.

Figure 4. ORTEP representation of 3-Et,O in the solid state at 50%
probability. H atoms omitted for clarity, in addition to the
cocrystallized Et,0 molecule. Selected bond lengths [A]: Fel—C3
1.9190(19), Fel—C7 1.9212(19), Fel—C42 2.096(2), Fel—C4l1
2.096(2), Fel—C43 2.107(2), Fel—C46 2.114(2), Fel—C44
2.118(2), Fel—C45 2.135(2), C41—C46 1.409(3), C41-C42
1.422(3), C42—C43 1.410(3), C43—C44 1.407(3), C44—C4S
1.413(3), C45—C46 1.406(3). Selected bond angle [°]: C3—Fe—C7
89.36(8).

The “C{'H} NMR spectra for 3 and 4 also exhibit a
resonance signal at 6 ~ 60 ppm corresponding to the
methylene group bridging the two NHC moieties, although
in 4, this signal could only be located in the HMQC spectrum.
Moreover, in both complexes, two resonance signals corre-
sponding to the CH=CH backbone of the NHC, i.e., C*H=
CBH and C*H=CBH, respectively, is observed and could be
assigned on the basis of the HMQC spectrum.

Complexes 3 and 4 were also elucidated structurally by single
crystal X-ray diffraction analysis investigations. Crystals of 3
were grown from a saturated Et,O solution with slow cooling,

while those of 4 were grown from a benzene/Et,O solution
with careful cooling to 5 °C. Figures 4, S, and 6 show the solid-
state structures of 3 and 4, respectively, with some key metric
parameters in each case. Complex 3 has a cocrystallized Et,O
molecule in the asymmetric unit.

Figure 5. ORTEP representation of 4 in the solid state at 50%
probability. H atoms omitted for clarity. (Symmetry transformations
used to generate equivalent atoms #: 1 — x + 2, ¥, z). Selected bond
lengths [A]: Fel—Cl 1.921(3), Fel—C19 2.119(3), Fel—Cl7
2.121(3), Fel—C18 2.125(3), C17—C17# 1.404(6), C17—C18
1.405(4), C18—C19 1.416(5), C19—C19# 1.385(7). Selected bond
angle [°]: C1—-Fel—C1# 88.92(16).
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Figure 6. *"Fe Mossbauer spectrum of complex 4 in the solid state at
80 K. Circles are the experimental data, lines the simulated data. A
small amount of a background impurity is present, most likely
degradation products, evidenced by a small aberration in the baseline
of the collected data. Parameters for 4: § = 0.43 mm-s™’; AEq = 1.37

mm-s ™.

Both complexes 3 and 4 exhibit very similar structural
features in the solid state and are both “two-legged piano-stool”
complexes. Complexes 3 and 4 can alternatively be thought of
as exhibiting pseudotrigonal bipyramidal geometry, if one
considers the arene to occupy three coordination sites at the
iron center. This idea is particularly attractive, since the bite
angle of the chelating NHC is 89.36(8) in 3 and 88.92(16) in 4,
respectively, so it can be thought of as occupying the remaining
two sites of the trigonal bipyramid. The structure of 4 exists in
the Cmc2, space group and possesses symmetry rendering the
one-half of the molecule metrically invariant to the other half.
The Fe to NHC bond distances in both complexes is
comparable (3: 1.9190(19) A, 1.9212(19) A; 4: 1.921(3) A,
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Figure 7. Boundry surfaces of the calculated frontier molecular orbitals in complex 3. The energies in bold parentheses are the calculated energies for

the corresponding MOs in complex 4 which are comparable.

Scheme 5. Preliminary Reactivity Studies of Fe(0) Arene Complex 3
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respectively) and surprisingly comparable to those found in 2,
despite the reduced oxidation state of the metal. The iron to
NHC bond distances, in 3 and 4, are however shorter in
comparison to the four coordinate Fe(II) complex L,FeCl, (L
methylenebis-(N-benzyl-imidazole-2-ylidene) by Meyer an
co-workers at 2.107(3) and 2.111(3) A, respectively.” This
bond length contraction suggests z-back-bonding from the
electron-rich Fe(0) center to the carbene carbon atoms. This is
certainly a novel feature of these complexes compared with the
existing L,Fe(n%-arene) (L, bis-imine or phosphine)
complexes so far reported, which bear ligands not capable of
m-acceptance from Fe or possess noninnocent ligands (see
Theoretical Calculations section for further discussion). The
bond distances between the iron and carbon atoms of the arene
ring in 3 are comparable to each other within narrow limits, and
the same can be said for that of 4, indicative of nS-arene
coordination to the iron centers in both complexes. There is no
indication of reduction in the arene rings on the basis of their
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associated metric parameters, in both complexes, which indeed
do suggest their redox innocence.

Complex 4 was additionally analyzed by *’Fe Mdssbauer
spectroscopy at 80 K in the solid state, to determine its
oxidation state and additionally rule out any possible “non-
innocence” of the 7%-arene. The spectrum is presented in Figure
6.

Although some *’Fe Mbssbauer spectroscopic studies have
been reported for well-defined five coordinate Fe(0) com-
plexes,34 their interpretation is somewhat more difficult than for
Fe(1I) comflexes, which typically are approximately octahedral
symmetic.”®> A recent systematic study has however been
carried out for five-coordinate Fe(0) complexes of the type
[P,FeL]™ (P = chelating bis-phosphane ligand; L = PMe;, N,,
SnCl(2,6-Mes,-C4H,); E(2,6-Mes,-C¢H;)* (E = Ge, Sn);
Ge(2,6-Trip2-C5H3)+),3’6 where it was shown that these
complexes, exhibit isomer shift values in the range 6 = 0.17—
0.43 mm-s~'. Moreover, the AE( parameter, for this series,
fluctuates strongly depending on whether a trigonal bipyramidal
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(TBPY) or square pyramidal (SQPY) local geometry is present
at the iron center. In general, due to symmetry considerations, a
TBPY geometry exhibits an increased AE(, value, compared to
local SQPY geometry with values ranging for AEq = 1.00—2.14
mm-s~' for complexes of TBPY geometry. The § and AE,
values for complex 4 (Figure 6) are thus in agreement with
these values, and on this basis complex 4 is an authentic Fe(0)
complex with a “TBPY geometry” at the iron center with the
nS-arene ring behaving as an innocent ligand. The bis-NHC
ligand can be thought of as occupying two and the 7%-arene
three coordination sites, respectively, and this is in full
agreement with our structural studies.

Moreover, complexes 3 and 4 were also the subject of a DFT
investigation‘?’7 to gain insight into the bonding situation in
both complexes. Both complexes feature, as expected, identical
frontier molecular orbitals. What is surprising is that on
changing from a toluene (in 3) as ligand to benzene (in 4),
there are very few differences in the absolute energies of the
LUMO, HOMO, and HOMO-1 molecular orbitals (Figure 7).

The LUMO of both complexes is largely restricted to the
Dipp substituents of the coordinating NHC ligand and
corresponds to a z* orbital. The occupied HOMO is
predominantly a reflection of the z-back-donation from the
Fe(0) center to the carbene carbon atoms of the chelating
NHC, suggesting a rather strongly bound carbene; a fact also
supported by the somewhat short Fe-NHC bond distances seen
in the solid-state X-ray structures. This is somewhat surprising,
since monodentate NHC ligands coordinated to Fe(0) centers
are known to behave in a rather labile manner and undergo
reversible coordination,®® and this therefore further underlines
the inherently different bonding mode of the chelating NHC in
3 and 4 to the related existing complexes bearing redox active
bis-imine® or innocent bis-phosphines® as supporting ligands.
Finally, the HOMO-1 orbital is essentially a reflection of the 7-
arene interaction between the arene ring and the Fe(0) center.

Reactivity. Preliminary reactivity studies on complex 3 were
also carried out via small-scale reactions/NMR scale reactions.
A summary of these is presented in Scheme 5 below.

The propensity of complex 3 to eliminate toluene and react
with a variety of substrates was investigated.*> Attempts at
accessing the desired dihydride complex 7 by placing a sample
of 3 under 1 atm of H, for several days was unsuccessful.
Interestingly, attempted arene exchange by stirring 3 in
benzene, for several hours at room temperature, to access 4
showed no evidence of any reaction.*” However, this arene
exchange could be accomplished upon heating 3 in the
presence of benzene-d4 at 70 °C overnight affording 4-dg. The
reaction can be followed by in situ NMR spectroscopy and
reveals progressive formation of free toluene, but the reaction is
slow, and full conversion to 4-dg only occurs after 24 h of
heating. Moreover, an NMR experiment attempting to access 2
from 3 by adding a large excess of PMe; showed no reaction
even overnight, suggesting once more the arene is rather
strongly coordinated, and fits with the previous observation that
the arene complex is more stable thermodynamically than that
of 2 (vide supra).

The reaction of 3 with CO at 1 atm pressure results in an
almost immediate color change to bright yellow with
concomitant arene elimination and formation of 6. Complex
6 has been reported before as a “major product” resulting from
the reaction of [Fe{("*?C:),CH,}(H)(HBEt;)]-Lil with excess
CO, but only IR data and an X-ray structure are reported, and
no further spectroscopic or other compositional data are
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provided."' Moreover, the authors claim the complex is
“unstable” in vacuo and even stated that decomposition occurs
in solution under an N, atmosphere resulting in an intractable
mixture. The fate of the iron-bound hydride, Lil, and HBEt; is
unclear, although BEt; is said to be generated during the
reaction, according to NMR data, along with H,. Using 3 as an
alternate starting material, complex 6 is isolable in near
quantitative yields, by clean toluene elimination at iron.
Moreover, in our hands, complex 6 was found to be rather
robust and no decomposition was observed after drying in
vacuo for 0.5 h. We also found complex 6 to be stable in
solutions under N, for long periods of time, evidenced by the
long NMR measuring time (overnight) which afforded
reasonable spectra. The 'H and “C{'H} NMR spectra of 6
are in accordance with expectations, and a full assignment could
be made. A key feature in the *C{'"H} NMR spectrum in 6 is a
single resonance signal at 6 = 223 ppm corresponding to the
three equivalent CO ligands, pointing to a rather symmetric
structure. The rather robust nature of the complex is further
highlighted by the ESI-MS spectrum where, in fact, the three
fragmentations corresponding to [M + H]*, [M — CO + H]*,
[M — 2CO + H]*, and [M — 3 CO + HJ]" (the three
decarbonylation steps) are all visible with fitting isotope
distribution patterns in each case. Our recorded IR spectrum
of isolated 6 in benzene v(CO, cm™): 1968, 1890, 1865,
moreover matches that reported by Ingleson: (THF solution)
v(CO, ecm™): 1968, 1891, 1864. This is typical for carbonyl
complexes of the type cis-L,M(CO)3, with local C, symmetry at
the metal center, with 2A’ and 1A” IR active modes, in
accordance with expectations for 6.

Catalytic Reduction of Organic Amides with Complex
4. Iron-based catalysis now enjoys considerable attention as
alternatives to traditional catalysts based to a large extent on
precious and toxic metals (e.g,, Rh, Ir, Ru, Pd, Pt) owing to its
great abundance, low cost, and low toxicity.41 Recently,
excellent performances with iron-based precatalysts have been
demonstrated in the reduction chemistry or a variety of organic
substrates. Inspired by this fact we were interested in exploring
the catalytic abilities of complex 4. We targeted the reduction of
organic amides to form amines, particularly since no
investigations have been reported on well-defined iron(0)
complexes for such transformations and, in fact for the most
part, are limited to in situ generated iron(II) systems.*” In the
presence of catalytic amounts of complex 4 (1.0 mol %), a
number of organic amides bearing different steric and electronic
properties were converted, in good to excellent yields to the
corresponding tertiary amines applying Ph,SiH, as a
hydridosilane source, under mild reaction conditions (Scheme
6). Noteworthy, these results are comparable, or even superior

Scheme 6. Catalytic Application of Complex 4 in the
Reduction of Organic Amides to Amines

1.0 mol% [Fe]
j\ s 3.0 equiv. Ph,SiH, ,
.R _ ~~,,-R
R '?‘1 THF, R '7‘1
R 70°C, 24 h R
8a-d %a-d
i 0
N
SRS ; N
F © o /l%o

8a: yield: >99% 8b: yield: 91% 8c: yield: 87% 8d: yield: 83%
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in some cases, to some modern benchmark systems for other
iron-based amide reduction systems. The advantage of using
complex 4 is that the starting point is a well-defined precatalyst
which could certainly facilitate facile mechanistic studies of the
mechanism associated with this reductive process, and is
currently under investigation.

B CONCLUSION

Unprecedented Fe(0) NHC stabilized 7°-arene complexes have
been reported using a facile synthetic route involving reduction
of [FeCL{("*"C:),CH,}] (1), bearing a chelating NHC, in the
presence of toluene or benzene. These complexes, surprisingly,
are the first examples of well-defined (on the basis of structural,
DFT, spectroscopic, and Mossbauer studies) genuine Fe(0)
arene complexes of the type [Fe(n®-arene)L,] (L = n'°?
neutral ligand, mono or bidentate), rendering them somewhat
remarkable. Moreover, the first example of an iron(1I) complex
featuring a PMe; and NHC ligand at the iron center also
stabilized by the chelating NHC {("*PC:),CH,} has also been
accessed in a similar fashion and likely forms by way of a 16 VE
complex, [Fe(PMe;),{("*"C:),CH,}] (2'). This complex was
also shown to undergo facile PMe; elimination and provides an
alternative and novel route Fe(0) arene complexes. The arene
complexes have been demonstrated to be good precursors for
further chemistry, exemplified, inter alia, by the reaction of
[Fe{("*PC:),CH,}(n°-C;H;)] (3) with CO affording [Fe-
{(P*PC:),CH,}(CO);] (6) selectively, by arene elimination.
Arene exchange (toluene/benzene) was found to only occur
upon heating, due to the close energies of the frontier orbitals
in 3 and 4. In addition, the first catalytic investigations of
organic amide reduction, starting from a well-defined Fe(0)
precursor were undertaken with [Fe{(""PC:),CH,}(1°C¢Hj)]
(4) which afforded good to excellent conversions in all cases to
the corresponding amines. We are currently exploring the
reduction of [FeCL{("*"C:),CH,}] (1) in the presence of a
broad range of trapping agents to target highly reactive
electron-deficient Fe(0) complexes and shall report these
endeavors in due course.

B EXPERIMENTAL SECTION

All experiments and manipulations were carried out under dry oxygen-
free nitrogen using standard Schlenk techniques or in an MBraun inert
atmosphere glovebox containing an atmosphere of purified nitrogen.
Hexane, diethylether, benzene, and toluene and THF were dried by
standard methods and additionally stirred over LiAlH,, after which
they were recondensed and degassed at least once prior to use.
Benzene-ds was stirred over KCqg for a period of 48 h and then
degassed, followed by recondensing it into a bulb containing activated
4 A mol sieves, where it was stored. Cyclohexane-d;, and
dichloromethane-d, were syringed into vessels containing freshly
activated 4 A mol sieves and stored for several weeks to complete the
removal of trace water. Both solvents were subsequently degassed by a
freeze—pump—thaw cycle prior to use. The bis-carbene ligand bis-(N-
Dipp-imidazole-2-ylidene)methylene {(°**C:),CH,} (Dipp =2,6-di-
isopropylphenyl) was prepared according to literature procedure.'”
The NMR spectra were recorded on a Bruker AV 200 or 400
Spectrometer. Concentrated solutions of samples in benzene-dy/
cyclohexane-d,,/dichloromethane-d, were sealed off in a Young-type
NMR tube for measurements. The 'H and *C{'H} were referenced to
the residual solvent signals as internal standards (& = 7.15 ; 6. = 128.0
ppm for benzene-dg; 6y = 1.38 ; 8. = 26.4 ppm cyclohexane-d,,; oy =
5.32 dichloromethane-d,). 3P{'H} spectra were externally calibrated
with H;PO, in sealed capillaries. Abbreviations: s = singlet; m =
multiplet; br = broad, sept = septet. In the case of broad signals, half-
height widths (HHW, Av,,,) are quoted in Hz. Unambiguous signal

assignments were made by employing a combination of 2D NMR
H,H-COSY and H,C-COSY (HMQC, HMBC) experiments and
additional to DEPT experiments as required. High-resolution ESI mass
spectra were recorded on an Orbitrap LTQ XL of Thermo Scientific
mass spectrometer, and the raw data evaluated using the X-calibur
computer program. In each case the line of highest intensity is
reported in the isotope pattern. For the single crystal X-ray structure
analyses the crystals were each mounted on a glass capillary in
perfluorinated oil and measured in a cold N, flow. The data of
compounds 2—4 were recorded on an Oxford Diffraction Supernova,
single source at offset, atlas at 150 K (Cu- Ka-radiation, 4 = 1.5418 A).
The structures were solved by direct methods and refined on F* with
the SHELX-97software package. The positions of the H atoms were
calculated and considered isotropically according to a riding model,
and in the case of 2 the position of the hydride atom was constrained.
The *"Fe Mossbauer spectrum of 4 was recorded at the Max-Planck-
Institute for Chemical Energy Conversion (CEC) on a spectrometer
with alternating constant acceleration. The sample temperature was
maintained in an Oxford Instruments Variox cryostat. The y source
was ~0.6 GBq *’Co/Rh. The quoted isomer shifts are relative to Fe
metal at 300 K. The zero-field splitting spectrum was simulated by
using Lorenzian doublets.

Synthesis of [FeCl,{(®PPC:),CH,}] (1). Anhydrous FeCl, (0.135 g,
1.065 mmol) and ‘free’ ligand bis-(N-Dipp-imidazole-2-ylidene)-
methylene (0.500 g, 1.067 mmol) was added to a Schlenk tube in
the glovebox. Toluene (50 mL) was added under rapid stirring to this
mixture via cannula at room temperature. A brownish suspension
results. The reaction was stirred overnight at room temperature after
which it was concentrated to ~10 mL. Removal of the light-brown
supernatant liquid via cannula afforded a beige solid, which was dried
in vacuo at room temperature for several hours. Yield: 0.516 g (0.866
mmol, 81%). (The complex is insoluble in THF, toluene, benzene,
acetonitrile, and only sparingly soluble in dichloromethane, but in the
latter solvent slowly decomposes to a brown product over time. As a
result of this insolubility, purification by crystallization is impossible.
Attempts at growing crystals were also unsuccessful owing to the poor
solubility.) 'H NMR (200.13 MHz, dichloromethane-d,, 298 K): § =
—9.04 (vbr), —=7.40 (v br), —3.14 (v br, Av,,, = 195 Hz), —1.49 (v br,
Av,), = 51.6 Hz), 1.23 (v br, Av,, = 45.5 Hz), 2.32 (v br, Avy), =
30.7 Hz), 6.43 (v br, Av,;, = 51.3 Hz), 7.18 (v br, Av, ), = 46.8 Hz),
24.33 (v br, Av,,, = 186.6 Hz), 58.80 (v br, Av,,, = 804 Hz).
Elemental analysis caled (%) for Cy;H,,CLFeN,: C 62.53, H 6.77, N
9.47; found: C 61.26, H 6.95, N 9.07. EI-MS (70 eV), m/z: 594 (M",
10%), 579 ([M — CH,]%, 8%), 559 ([M — Cl]*, 5%), 454 (9%), 411
(12%), 228 ([P*PC}]*, 68%). HRMS (EI), m/z: caled for
C3H,CLFeN,: 594.19740. Found: 594.19798 (1.0 ppm deviation).
HR-ESI in THF yielded no signals due to poor insolubility. *'Fe
Mbossbauer 80 K: § = 0.69 mm-s™; AEq = 3.67 mm-s ™.

[FeH{(®PPC:),CH,}(PMe;)(;>-PMe,CH,)] (2). A Schlenk tube was
charged with 1 (0.250 g, 0.417 mmol) and an excess of KCg (0.153 g,
1.132 mmol) and place in a =30 °C bath and the two solids stirred
rapidly. A THEF solution containing a 10-fold molar excess of PMe;
was added to this mixture at low temperature (—30 °C) via cannula.
The reaction mixture was allowed to warm to room temperature
within 0.5 h and stirred for a further 5 h at room temperature. After S
h an intense red color is observed. All volatiles were removed under
reduced pressure affording a red-brown residue, which was then
extracted with hexane at room temperature (60 mL). The filtrate (red-
brown) was concentrated in vacuo to ~1 mL affording a brown solid
which was isolated by decantation of the mother liquor. The resulting
brown solid was dried in vacuo at room temperature for 0.5 h. Yield:
0.067 g (0.099 mmol, 24%). (Some cocrystallized hexane is present in
the sample and is omitted from the data below.) Crystals suitable for
single crystal X-ray diffraction analysis were grown from a
concentrated Et,O solution at —30 °C. 'H NMR (200.13 MHz,
benzene-ds, 298K): § = —15.26 (dd, J(H,P,) = 69.6 Hz, }J(H,P,) =
81.2 Hz, 1 X Fe-H, isomer C, 32% abundance), —13.95 (dd, *J(H,P,)
=57.7 Hz, J(H,P,) = 68.2 Hz, 1 X Fe-H, isomer B, 28% abundance),
—11.33 (dd, ¥J(H,P,) = 34.7 Hz, }J(H,P,) = 71.9 Hz, 1 X Fe-H, isomer
A, 40% abundance), —2.26 — —1.91 (m, Fe-CH,, isomer A), —1.53 —
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—0.95 (m, Fe-CH,, isomer B + C), 0.55—1.60 (m, Fe-P(CH,), + Fe-
P(CH;), + CH(CH;)(CH,)’, isomers A, B, and C), 2.43 (sept,
3J(HH) = 6.8 Hz, CHA(CH,)(CHS,)), 2.64 (sept, J(H,H) = 7.4 Hz,
CH®(CH;)(CH,)), 2.79 (ps sept, J(H,H) = 6.5 Hz, CH**°(CH,)-
(CH3)), 3.05 (ps sept, *J[(HH) = 6.7 Hz, CH***(CH;)(CHj,)), 3.38
(ps sept, J(HLH) = 7.1 Hz, CHS"™"(CH,)(CH,)), 3.58 (sept,
3J(HH) = 7.5 Hz, CH"(CH,)(CHj,)), 4.00 (sept, 3J(H,H) = 7.1 Hg,
CH"“(CH,)(CH,)), 4.39-5.28 (m, NCH,N, isomers A + B + C),
6.16—6.64 (m, CH=CH, isomers A + B + C), 6.94 — 7.70 (m, ArH,
isomers A + B + C). '"H NMR (400.13 MHz, benzene-d,, 298 K): 6 =
—15.26 (dd, }J(H,P,) = 69.6 Hz, }J(H,P,) = 81.2 Hz, 1 X Fe-H, isomer
C, 32% abundance), —13.95 (dd, ?J(H,P,) = 57.7 Hz, >J(H,P,) = 68.2
Hz, 1 X Fe-H, isomer B, 28% abundance), —11.33 (dd, J(H,P,) = 34.7
Hz, *J(H,P,) = 71.9 Hz, 1 X Fe-H, isomer A, 40% abundance), —1.97
— —1.17 (m, Fe-CH,, isomer A), —1.47 — —0.99 (m, Fe—CH,, isomer
B + C), 0.57 — 1.56 (m, Fe-P(CH;); + Fe-P(CH,), + CH(CH,)-
(CH;)’, isomers A, B, and C), 2.33—2.50 (overlapping septs,
CH*®(CH,)(CH,)), 2.65 (sept, *J(HH) = 6.9 Hz, CH*(CH,)-
(CHS,)), 2.80 (sept, 3J(H,H) = 6.7 Hz, CH"(CH,)(CHj,)), 2.99 (sept,
}J(HH) = 6.7 Hz, CH®(CH,)(CHj,)), 3.07 (sept, *J(H,H) = 6.7 Hz,
CH"(CH,)(CH;)), 3.31-3.45 (overlapping septs,, CHS"™(CH,)-
(CH,)), 3.58 (sept, }J(H,H) = 6.8 Hz, CH"(CH,)(CH,)), 4.02 (sept,
J(HH) = 7.1 Hz, CH“(CH;)(CH;)), 440-526 (m, NCH,N,
isomers A + B + C), 6.16 — 6.64 (m, CH=CH, isomers A + B + C),
6.94—7.70 (m, ArH, isomers A + B + C). 'H{*'P} NMR (200.13
MHz, benzene-d;, 298K): § = —15.26 (s, 1 X Fe-H, isomer C) —13.95
(s, 1 X Fe-H, isomer B), —11.33 (s, 1 X Fe-H, isomer A) (all other
resonance signals omitted). *'P{'H} NMR (81.01 MHz, benzene-d,,
298K): 6 = —48.2 (d, ¥J(P,P,) = 46.3 Hz, Fe-CH,PMe,, isomer B), §
= —42.1 (ps d, ¥J(P,P,) = 56.1 Hz, Fe-CH,PMe,, isomer C), § =
—-36.7 (d, J(P,P,) = 27.5 Hz, Fe-CH,PMe,, isomer A), § = 12.5 (d,
}J(P,P,) = 27.5 Hz, Fe-PMe;, isomer A), § = 23.0 (d, J(P,P,) = 46.3
Hz, Fe-PMe,, isomer B), § = 28.5 (ps d, 2J(P,P,) = 56.1 Hz, Fe-PMe;,
isomer C). Recording a "C{'H} NMR spectrum of 2 with an
acquisition time of ~6 h shows only 4-dg. DEPT 135 *C{'H} (100.61
MHz, benzene-d, 298 K, short acquisition time) shows a very complex
pattern (see Supporting Information), consistent with several
coexisting stereoisomers. ESI-MS (THF), m/z: caled for
[CyHgN,P,Fe]**: 676.3481. Found: 676.3508.

Thermal transformation of [FeH{(°"PC:),CH,}(PMe;)(;*-
PMe,CH,)] (2) to [Fe{(D""’C:)ZCHz}(nG-CGDs)] (4-dg). A concentrated
sample of isolated 2-hexane was dissolved in C¢Dy in a sealed NMR
tube. A room temperature NMR spectrum revealed a spectrum
consistent with 2 and small amounts of free PMe;. The sample was
slowly heated in the spectrometer and 'H and *'P{'"H} NMR spectra
recorded at T = 310, 320, and 330 K, respectively. Progressive
liberation of PMe;, concomitant collapse of the hydride signals of 2 at
~ —11 to —15 ppm into the baseline, and selective formation of 4-dg is
observed in the '"H NMR spectrum. Similarly, in the ¥P{'H} NMR
spectrum, the three sets of doublet signals corresponding to the
isomeric mixture of 2 collapse progressively into the baseline, with
concomitant increase in the signal at § = —63.3 ppm, corresponding to
free PMe;. (The spectra of 4-d are virtually identical to 4 (vide infra)
except for the signals corresponding to the deuterated arene ring, see
Supporting Information.) 'H NMR (400.13 MHz, benzene-d,, 298 K):
5=10.79 (brs, 18 H, 2 X PMe; (free)), 1.05 (br d, }J(H,H) = 6.2 Hz,
12 H, 2 x CH(CH;),), 144 (br d, ’J(HH) = 5.4 Hz, 12 H, 2 X
CH(CH;,),), 341 (br m, 4 H, 4 X CH(CHj,),), 443 (brs, 2 H, 1 X
NCH,N), 6.19 (brs, 4 H, 2 X CH*=CHP), 6.90—7.40 (solvent signal
+m, 6 H, Ar-H).

BC{'H} NMR (101 MHz, benzene-dy, 298 K): § = 164 (m, free
PMe,), 23.1 (s, 2 X CH(CHS,),), 25.8 (s, 2 X CH(CH,),), 28.6 (s, 4 X
CH(CH,;),), 59.7 (s, 1 X NCH,N), 75.5 (t, 'J(C,D) = 24.9 Hz, 6 X
CD, %-C¢Dg), 116.3 (s, 2 X CH*=CH?®), 123.0 (s, 2 x CH*=CHP),
124.1 (s, 2 X C*-H, Dipp), 129.1 (s, 2 X C*-H, Dipp), 140.3 (s, 2 X
C', Dipp), 147.7 (s, C*, Dipp), 197.8 (s, 2 X NC:N). *'P{'"H} NMR
(81.01 MHz, benzene-d, 298 K): § = —63.3 (free PMe,).

Removal of all volatiles from the NMR tube, followed by resolvation
in C¢Dy affords 4-dg (without PMe;). 'H NMR (400.13 MHz,

benzene-dg, 298 K): § = 1.05 (br d, 3J(H,H) = 62 Hz, 12 H, 2 X
CH(CH,),), 1.44 (br 4, *J(H,H) = 5.4 Hz, 12 H, 2 x CH(CH,),),
341 (br m, 4 H, 4 X CH(CHj,),), 443 (brs, 2 H, 1 Xx NCH,N), 6.19
(br's, 4 H, 2 x CH*=CH?®), 6.90—7.40 (solvent signal + m, 6 H, Ar-
H). 3'P{'H} NMR (81.01 MHz, benzene-d,, 298K): silent.

[Fe{(°PPC:),CH,}(5%-C;Hg)1 (3). A Schlenk tube was charged with 1
(0.141 g, 0.237 mmol) and an excess of KCg (0.081 g, 0.60 mmol). A
1:1 (by volume) THF/toluene solution was added with rapid stirring
at room temperature to the solid mixture via cannula. The initial
reaction appears as a beige suspension. The reaction was stirred at
room temperature overnight during which the reaction appearance
changed to a dark-brown solution. All volatiles were removed under
reduced pressure, and the resulting brown residue extracted with
hexane (60 mL). The brown filtrate was concentrated to 1 mL and
allowed cooled to —30 °C overnight to complete crystallization. The
mother liquor was subsequently decanted, and the remaining brown
solid dried in vacuo at room temperature for 0.5 h affording a brown
solid as product. Yield: 0.089 g (0.144 mmol, 61%). (The reaction can
be scaled up, where we found that concentration of the reaction
mixture to ~5 mL, followed by adding hexane, and then extraction,
followed by workup provided the best yields. In this way the resulting
dark-brown filtrate was pumped down affording an oily brown residue.
Two freeze—pump—thaw cycles and scratching this residue into a
powder was subsequent followed by resolvation of the solid and
“stripping” in Et,O, with drying in vacuo for 0.5 h which affords 3-
OEt, as product). Crystals suitable for single crystal X-ray diffraction
analysis were grown from a concentrated Et,O solution at —30 °C. 'H
NMR (400.13 MHz, cyclohexane-d;,, 298 K): § = 1.80 (br d, *J(H,H)
= 14.4 Hz, 24 H, 4 X CH(CHj,),), 2.74 (br's, Av,, =21.0 Hz, 3 H, 1
X CHj, ntoluene), 348 (br s, Av,,, = 262 Hz, 2 H, Ar-H, 1
toluene), 3.68 (br s, Av, , = 71.8 Hz, 4 H, 4 X CH(CH,;),), 4.33 (brs,
Av, ), = 25.1 Hz, 2 H, Ar-H, n°-toluene), 5.15 (brs, Av,/, = 44.1 Hz, 2
H, 1 X NCH,N), 5.30 (br s, Av,, = 32.4 Hz, 1 H, Ar-H, n%toluene),
6.61 (br's, Av,,, = 22.3 Hz, 2 H, 2 X CH*=CHP®), 6.96 (brs, Av, ), =
262 Hz, 2 H, 2 X CH*=CH®), 7.40—7.80 (br m, 6 H, Ar-H, Dipp).
Spectra of 3 exhibit sharper signals in benzene-ds, (400.13 MHz,
benzene-ds, 298 K): § = 1.06 (d, ’J(HH) = 6.30 Hz, 12 H, 2 X
CH(CH,),), 148 (d, 3J(H,H) = 6.30 Hz, 12 H, 2 X CH(CH,),), 2.68
(s, 3 H, 1 X CH,, n°toluene), 3.44 (br m, 4 H, 4 X CH(CH,),), 3.60
(br, 2 H, Ar-H, 55-toluene), 4.37 (s, 4 H, 1 X NCH,N + 2 X Ar-H, n°
toluene), 5.55 (s, 1 H, Ar-H, #°-toluene), 6.19 (s, 4 H, 2 X CH*=
CH®), 7.40 — 7.80 (br m, 6 H, Ar-H, Dipp)."*C{'H} NMR (100.61
MHyz, cyclohexane-d,,, 298 K): § = 23.5 (s, 4 Xx CH(CH3;),), 25.0 (s, 1
X CH,, n%-toluene), 29.0 (s, 4 X CH(CHj),), 60.3 (s, 1 X NCH,N),
742 (s, Ar-C, n°toluene), 77.4 (s, C*, #°-toluene), 77.7 (s, Ar-C, n°-
toluene), 77.9 (s, C', n5-toluene), 115.7 (s, 2 x CH*=CHP), 123.4 (s,
2 x CH*=CHP), 124.2 (s, 2 X C*-H, Dipp), 129.1 (s, 2 X C*H,
Dipp), 140.9 (s, 2 X C, Dipp), 148.2 (s, 2 X C*%, Dipp), 1984 (s, 2 X
NC:N). ESI-MS (THF), m/z: caled for [CigH,gFeN,]*": 616.3223.
Found: 616.3240.

[Fe{(PPPC:),CH,}(11°-C4Hq)] (4). A Schlenk tube was charged with 1
(0.300 g, 0.504 mmol) and an excess of KCq (0.272 g, 2.015 mmol). A
1:1 (by volume) THF/benzene solution was added under rapid
stirring to this solid mixture by cannula transfer at room temperature.
After stirring at 6.5 h a dark-brown solution is noticed. The solvent
was removed under reduced pressure and the remaining dark-brown
residue extracted with hexane (S0 mL). The color of the filtrate was
light orange, and upon removal of solvent resulted in a mass of 15 mg
(brown solid, product). The remaining reaction residue was then
extracted with benzene (70 mL), and the dark-brown filtrate
concentrated to dryness, revealing a dark-brown solid as product.
Combined yield: 0.227 g (0.377 mmol, 75%). Crystals suitable for X-
ray diffraction analysis were grown from a 1:6 (benzene: Et,0)
solution at § °C. '"H NMR (200.13 MHz, benzene-d, 298 K): § = 1.05
(br d, }J(H,H) = 6.8 Hz, 12 H, 2 X CH(CHj,),), 1.44 (br d, *J(HH) =
6.7 Hz, 12 H, 2 X CH(CH,),), 3.43 (br m, Av, , = 21.3 Hz, 4 H, 4 X
CH(CH,;),), 443 (br's, Avy/, = 3.8 Hz, 2 H, 1 X NCH,N), 4.65 (brs,
Av,j, = 324 Hz, 6 H, n®benzene), 6.19 (brs, Av,,, = 32 Hz, 4 H, 2
x CH=CHP), 7.15 (solvent signal + br s, 6 H, Ar-H, Dipp — cross
peaks in 2D HMQC). *C{'H} NMR (50 MHz, benzene-d, 298 K): &
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=228 (s, 2 X CH(CH,),), 25.5 (s, 2 x CH(CH,),), 283 (s, 4 X
CH(CHa;),), 59.0 (signal located by HMQC as a cross peak to the
signal at § = 443 in 'H NMR, 1 X NCH,N), 75.4 (s, 6 X CH, n*
benzene), 116.3 (s, 2 X CH*=CH?®), 123.0 (s, 2 X CHA=CH?),
124.1 (s, 2 X C*-H, Dipp), 129.1 (s, 2 X C*-H, Dipp), 140.3 (s, 2 X
C', Dipp), 147.7 (s, 2 X C*%, Dipp), 197.5 (s, 2 X NC:N, located by a
weak cross peak with the CH=CH resonance in the 2D HMBC
spectrum). ESI-MS (THF), m/z: caled for [CyH,FeN, + HJ":
603.3145. Found: 603.3150. "Fe Mossbauer 80 K: § = 0.43 mm-s™’;
AEq = 1.37 mm-s™'

[Fe{(°’PPC:),CH,}(CO);] (6). A small Schlenk tube was charged with
3 (50 mg, 0.081 mmol) and Et,0 (5 mL) and stirred at room
temperature as a dark-brown solution. The solution was frozen and
degrassed via a freeze—pump—thaw cycle and left under static vacuum.
CO was introduced to the vessel at 1.2 atm pressure, and the vessel
closed off. After ~1 min a color change to bright yellow was observed.
All volatiles were removed in vacuo, and the remaining yellow solid
dried for 0.5 h at room temperature. Yield: 0.04S g, (0.074 mmol,
91%). Repeated attempts at growing crystals for X-ray analysis were
unsuccessful, in various solvents and under various conditions. 'H
NMR (200.13 MHz, benzene-dg, 298 K): § = 1.04 (br d, *J(H,H) = 6.7
Hz, 12 H, 2 X CH(CHS,),), 1.42 (br d, }/(HH) = 6.7 Hz, 12 H, 2 X
CH(CHjy),), 2.83 (ps sept, )J(H,H) = 6.7 Hz, 4 H, 4 x CH(CH,),),
4.68 (brs, Av,), = 224 Hz, 2 H, 1 X NCH,N), 6.30 (brs, 2 H, 2 X
CH*=CHP), 641 (brs, Av, ), = 7.4 Hz, 2 H, 2 X CH*=CHP), 6.94—
740 (solvent signal + m, 6 H, Ar-H, Dipp — cross peaks in 2D
HMQC). BC{*H} NMR (50 MHz, benzene-d, 298 K): & = 22.0 (s, 2
X CH(CH,),), 25.6 (s, 2 X CH(CH,),), 28.7 (s, 4 X CH(CH,;),),
(not visible: 1 X NCH,N), 123.8 (s, 2 X CH*=CHP), 124.2 (s, 2 X
CH*=CHP®), 124.4 (s, 2 x C>*-H, Dipp), 130.3 (s, 2 X C*-H, Dipp),
137.1 (s, 2 X C', Dipp), 146.7 (s, 2 X C*%, Dipp), 2042 (s, 2 X
NC:N), 2229 (3 x CO). ESI-MS (THF), m/z: calcd for
[C3H,FeN,O; + H]*: 609.2523. Found: 609.251S; caled for
[Cy3H,oFeN,0, + H]* $81.2573. Found $81.2564 [M — CO +
H]*; calcd for [C;,H,0FeN,O+H]*: $§53.2624. Found: 553.2615 [M —
2CO + H]*% caled for [C;H,FeN, + H]": 525.2675. Found:
5252669 [M — 3 CO + H]*. v (CO, cm™): 1968, 1890, 1865
(benzene solution).

Thermal conversion of 3 to 4-dg. In a sealed NMR tube, 3 was
dissolved in C4D4 and heated at 70 °C in an oil bath. The progress of
the reaction was followed by NMR spectroscopy ('H), where
progressive conversion to 4-ds was observed, with concomitant
liberation of free toluene. Only after 24 h of heating was the reaction
complete. In addition, a "*C NMR spectrum was recorded at this time,
which corresponded to 4-dg with toluene (free) and showed complete
consumption of 3. The 'H and '*C NMR spectra match those of 4-dj
generated by thermal means from 2 (vide supra) and contain signals
corresponding to free toluene.

Procedure for the Reduction of Organic Amides. In a
glovebox a Schlenk flask was charged with complex 4 (0.01 mmol, 1.0
mol %), the corresponding amide (9a—d) (1.0 mmol), and THF (2.0
mL). The flask was removed from the glovebox, and Ph,SiH, (3.0
mmol) was added by syringe. The reaction mixture was stirred in a
preheated oil bath at 70 °C for 24 h. The mixture was cooled in an ice
bath and was treated with dodecane (100 xL) as GC standard (for GC
analysis) and aqueous sodium hydroxide solution (1.0 mL) with
stirring. The reaction mixture was stirred for 60 min at room
temperature and was then extracted with diethyl ether (2 X 10.0 mL).
The combined organic layers were washed with brine, dried with
anhydrous Na,SO,, and filtered. n-Dodecane (internal standard) was
added, and an aliquot was removed for GC analysis (30 m Rxi-S ms
column, 40—300 °C). Furthermore, the analytical properties of the
products are in accordance to commercially available authentic
samples. 9a: MS (EI) m/z 135 (38, M+), 91 (44), 65 (12), 58
(100). 9b: MS (EI) m/z 164 (100, M+), 122 (29), 109 (57), 95 (30).
9c: MS (EI) m/z 147 (100, M+), 117 (61). 9d: MS (EI) m/z 223 (70,
M+), 208 (100), 193 (66).

Theoretical Calculations. DFT calculations of complexes 2—4
(including 2') were performed at B3LYP level using 6-31G basis sets

of the GAUSSIAN 03 program package. Optimized structure of model
compounds were obtained without symmetry constraints.
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