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ABSTRACT: Preparation of iron(0) pNHC complexes by oxidative
addition of N-phosphine-tethered azoles to [Fe,;(CO);,] is described.
Phosphine-tethered imidazoles 1 and 2 react with [Fe;(CO),,] to give
mononuclear iron(0) complexes of type [Fe(CO)3(CPNHC"PRZ)] ([5]: R= _co
Ph; [6]: R = Cy) bearing a C xuc phosphine chelate ligand. In addition, the ~ 1-R=Ph

phosphine-tethered imidazolium salt 4-Br was C2-deprotonated and reacted = "~
with [Fe(bda)(CO);] (bda = benzylidene acetone) to give the iron(0) s
chelate complex [Fe(y*-4)(CO),] (7). Complexes [3], [6], and [7] actas [ ‘ppp,  -KHMDS
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moderate to good catalysts in the hydrogenation of acetophenone with [N)> 2 [sg(:)dz)s((zg) 3l ['\; I|=e—CO

elemental hydrogen. The N—H group of the protic NHC ligands in [5] and N B NS N
YOO8 group p & c

[6] is insignificant to the catalytic outcome. — THF, 12 h ) 0 0

solation of the first stable N-heterocyclic carbene (NHC)

by Arduengo et al.' in 1991 initiated intense research on
NHCs. Over the last two decades, NHCs and their metal
complexes have gained attention, and various types of NHCs
are known today.” Due to their useful electronic and steric
properties,” NHCs have found numerous applications as
ligands in catalytically active complexes,* as organocatalysts’
in different fields of coordination chemistry,” or as building
blocks for metalosupramolecular complexes.”

NHC complexes of transition metals, including iron
complexes, are generally synthesized either by the Ag,O
method,” by the in situ deprotonation of azolium cations
followed by coordination of the NHC ligand to a metal
center””* ¢ or by cleavage of entetramines and coordination
of the free NHC ligand to the metal center.”™" These methods
lead to classical NHC complexes bearing NR,NR-substituted
NHC ligands.

Complexes bearing protic NHC ligands (NH,NR-NHC
ligands, pNHCs) were initially obtained by the template-
controlled cyclization of f-functionalized isocyanides.'’ This
methodology is significantly influenced by the template
metal'® and therefore not generally applicable. More
recently, it was found that neutral 2-halogenoazoles react
with low-valent metals in an oxidative addition to give C2-
metalated intermediates, which upon subsequent protonation
yield complexes with pNHC ligands.'" For the challenging
oxidative addition of the C2—H bond of neutral azoles, a
donor function tethered to one of the ring nitrogen atoms is
required. Such azoles are assumed to coordinate first with the
N1-tethered donor function followed by the oxidative addition
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of the C2—H bond. The hydrido complex generated this way is
often not stable and reductively eliminates a proton which
protonates the ring-nitrogen atom of the azolato ring, leading
to complexes with protic NH,NR-NHC (pNHC) ligands. Such
pNHCAdonor chelate complexes have been described for Ru,"*
Rh,"* and Ir."* The N—H unit of the NH,NR-NHC donor can
be deprotonated'”™"* and has been shown to function as a
molecular recognition unit."

Iron NHC complexes have received attention due to the low
cost of iron and its nontoxic and environmentally benign
proPerties. Apart from iron(II) and iron(IlI) NHC complex-
es,” only a few examples for iron(0) NHC complexes have
been reported. The known Fe’ complexes were obtained by
treatment of [Fe(CO);] with a free NHC'® in the presence of
an Fe' catalyst or by reaction of imidazolium halides with
[Fe;(CO),,]" proceeding via a currently unknown mecha-
nism. All known Fe® NHC complexes bear classical NR,NR-
NHC ligands.

We became interested in the synthesis of the currently
unknown iron(0) complexes bearing bidentate pNHC*donor
chelate ligands. The stability of such complexes might benefit
from the chelating coordination while they feature an N—H
recognition unit. Herein, we describe the preparation of two
new iron(0) complexes bearing imidazole—phosphine-derived
pNHCAPR, chelate ligands. In addition, the iron(0) chelate
complex bearing a phosphine-tethered classical NR,NR-NHC
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ligand is described, and the catalytic activity of all three
complexes in the hydrogenation of acetophenone is discussed.

Neutral proligands N-[2-(diphenylphosphino)ethyl]-
imidazole 1 and N-[2-(dicyclohexylphosphino)ethyl]imidazole
2 (Scheme 1) were prepared from 1-vinylimidazole'® following

Scheme 1. Synthesis of Iron(0) pNHCAPR, Chelate
Complexes [5] and [6]
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published procedures (see the Supporting Information for
experimental details).'”'* Alternatively, N3-alkylation of 1-
vinylimidazole followed by reaction with diphenyl phosphine/
KOtBu yielded the phosphine-tethered imidazolium salt 4-Br
(Scheme 2; see the Supporting Information for experimental
details).

Scheme 2. Synthesis of Iron(0) NHC Complex [7]
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The phosphine-substituted imidazoles 1 and 2 react with
1/3 equiv of [Fe;(CO),,] in refluxing THF over 2 h under
cleavage of the trinuclear iron cluster and formation of the
mononuclear iron(0) complexes [S] and [6] bearing bidentate
pNHCA/phosphine chelate ligands. Standard workup proce-
dures yielded [5] and [6] as reddish brown, air-sensitive solids
in reproducibly low yields of 28 and 31%, respectively (Scheme
1).

Various reaction conditions such as changing the solvent, the
reaction temperature, the reaction time, or the addition of
Me;NO were tested to improve the yield of [S] and [6], but
no improvement was observed. Based on previous studies,"”~"*
we assume that the chelate complexes formed by an initial
coordination of the phosphine donors of 1 and 2 to the iron
atoms of [Fe;(CO);,]. In the absence of a base for the
imidazole C2-deprotonation, the next step is presumably the
loss of a CO ligand followed by the oxidative addition of the
C2—H bond to the iron(0) center. Reductive elimination of a
proton from the Fe center with concurrent protonation of the
azolato-ring nitrogen atom leads to the complexes [S] and [6].
This reaction sequence has been observed multiple times for
the formation of pNHC complexes from donor-functionalized
azoles."*™'*

Analyzing the reaction mixtures containing complexes [5]
and [6], we noted by NMR spectroscopy the presence of a
large amount (up to 60%) of a side product. Upon workup of
the reaction mixture leading to [6], the side product was
isolated by crystallization and identified as the [Fe(CO),(PR,-
imidazole)] complex [6a]. We observed that complex [6a]
once formed did not react further to give [6], thus leading to
the conclusion that it is a side product and not an intermediate

in the reaction. Complex [6a] was characterized by an X-ray
diffraction study (see the Supporting Information for a
molecular plot of [6a]).

Formation of the diamagnetic chelate complexes [$] and [6]
was confirmed by 'H, *C{'H}, and *'P{'H} NMR spectros-
copy, mass spectrometry, IR spectroscopy, and X-ray
diffraction studies (see the Supporting Information). Small
amounts of paramagnetic impurities were previously removed
by filtration of the reaction solution. The *P{'H} NMR
spectra indicate coordination of the phosphorus donor.
Whereas the proligands exhibit resonances at 6 —21.9 ppm
(1) and § —9.4 ppm (2), the equivalent resonances for
complexes [S] and [6] were recorded at § 51.3 and & 60.7
ppm, respectively. In addition, characteristic resonances at &
185.8 (d, *Jcp = 30.3 Hz) and 6 189.0 (d, ¥Jcp = 31.5 Hz) were
recorded in the *C{'H} NMR spectra for the carbene carbon
atoms of complexes [5] and [6]. The observation of *Jcp
coupling for both complexes confirms that the NHC and the
phosphine donor are coordinated to the same metal center.
The IR spectra of complexes [S] and [6] show the
characteristic carbonyl stretching absorptions at v = 1968,
1895, and 1878 cm™' for [5] and at slightly lower
wavenumbers at v = 1963, 1882, and 1858 cm™! for [6].
This observation is in good agreement with the higher basicity
of the dicyclohexyl phosphine donor, resulting in an increased
n-backbonding for [6].

The conclusions drawn from the spectroscopic investiga-
tions have been confirmed by X-ray diffraction studies with
crystals of [S] and [6]-0.25CH,Cl, (see the Supporting
Information). Molecular plots of [5] and [6] are depicted in
Figure 1. The iron centers in [S] and [6] are surrounded in a
trigonal-bipyramidal fashion. The pNHCAPR, chelate ligand
occupies an equatorial (—PR,) and an axial (—=NHC)
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Figure 1. Molecular structures of complex [S] and [6] in [6]:
0.25CH,Cl, (50% probability ellipsoids; hydrogen atoms except for
H3 have been omitted for clarity, and only one of the two essentially
identical molecules of [6] in the asymmetric unit is depicted).
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coordination site. The axial C2—Fe—C8 angles ([5]:
176.09(5)°, [6]: 173.83(8)°) are almost linear with the larger
deviation from linearity observed for complex [6] with the
bulkier —PCy, donor. The Fe—Cyy¢ bond length in [S] (Fe—
C2 1.9901(11) A) is slightly longer than that in [6] (Fe—C2
1.978(2) A).

To evaluate the influence of the N-substituent (H or alkyl)
at the NHC ligand on the catalytic properties of iron(0)
NHC*phosphine complexes, we have prepared proligand 4-Br
and complex [7] (Scheme 2; see the Supporting Information).
For the synthesis of complex [7], a preparative method
different to than that used for the synthesis of [S] and [6] was
employed. Imidazolium salt 4-Br was first deprotonated with
KHMDS and then reacted with [Fe(bda)(CO);] (bda =
benzylideneacetone'”). Complex [7] bearing a classical
phosphine-tethered NHC ligand was isolated as a yellow, air-
sensitive solid in 63% yield. Formation of complex [7] was
confirmed by NMR spectroscopy and mass spectrometry (see
the Supporting Information). As seen for complexes [S] and
[6], metalation of the proligand 4-Br leads to a significant
downfield shift of the phosphorus resonance (§ —22.05 ppm in
4-Br, 5 54.6 ppm in [7]) in the *P{'"H} NMR spectrum. The
BC{'H} NMR spectrum features the characteristic resonance
for the Cyyyc carbon atom at § 185.4 ppm (d, *Jcp = 27.4 Hz),
at a chemical shift almost identical to that of [5].

The N—H moiety of complexes [S] and [6] potentially plays
an important role in catalytic transformations either via
substrate recognition through N—H---substrate hydrogen
bonding" or as part of a Noyori-type bifunctional catalyst.”’
Therefore, we evaluated the catalytic activity of complexes [5]
and [6] in the hydrogenation of acetophenone and compared
the results to those obtained with complex [7] (Table 1; also
see the Supporting Information).

The catalytic activity of [$] and [6] in the hydrogenation of
acetophenone depends on the polarity of the solvent (entries
1—6). Only low yields were observed in n-hexane (entries 1
and 2), whereas the use of solvents with higher polarity such as
THF (entries 3 and 4) and EtOH (entries S and 6) resulted in
moderate to good yields, respectively. The complex with the
less basic PPh, donor [5] always gave yields lower than those
of [6] with the PCy, donor. Further optimization of the
reaction conditions enabled a catalyst loading as low as 2.5 mol
% (entries 7 and 8) with consistent yields, whereas a further
decrease led to reduced yields (entries 9 and 10). The reaction
time could be reduced to 6 h (entry 12). Both the catalyst and
the irradiation with UV light proved to be essential for the
catalytic process (entries 13—15). When the reaction was
performed under argon instead of H,, the yield decreased from
97 to 25% (entry 16), indicating that there might be an
alternative catalysis pathway that proceeds via transfer
hydrogenation instead of direct hydrogenation.

To understand the role of the N—H moiety for the catalytic
outcome, the complex bearing the N,N’-dialkylated NHC [7]
was also tested as a catalyst for the hydrogenation of
acetophenone. No difference in yield was observed for
complexes 7 and S5 under identical conditions (compare
entry 17 to entry 5). This indicates that the N—H moiety is not
involved in the hydrogen transfer process. We propose the
following catalytic cycle (Scheme 3). First, the iron(0)
complexes have to be activated by UV light, removing one
CO ligand. Hydrogen is then oxidatively added to the iron(0)
center, resulting in an iron(1I) dihydride complex.”' The next
step is the hydride transfer from the catalyst to the substrate,

Table 1. Selected Results of the Catalytic Hydrogenation of
Acetophenone with Iron(0) Complexes”

0 OH
cat., H (1 bar), KOfBu (11 mol%)
Ej)k solvent, RT, UV-light
entry catalyst mol % solvent yield (%)”
1 (5] 10 n-hexane 0
2 (6] 10 n-hexane 10
3 (5] 10 THF 12
4 (6] 10 THF 61
s (5] 10 EtOH 46
6 (6] 10 EtOH 97
7 (6] s EtOH 97
8 (6] 2.5 EtOH 97
9 (6] 1 EtOH 52
10 (6] 0.5 EtOH 33
11° (6] 10 EtOH 36
124 (6] 10 EtOH 97
13 none EtOH 0
14¢ (6] 10 EtOH 0
15" (6] 10 EtOH 0
16° (6] 10 EtOH 25
17 (7] 10 EtOH 49

“General conditions: acetophenone (0.2 mmol), iron catalyst, KOtBu
(11 mol %), solvent (1 mL), H, (1 bar), 25 °C, UV light, 24 h.
“Yields were determined by GC-FID analysis using mesitylene (17
uL, 0.2 mmol, 1 equiv) as internal standard. “Reaction time 3 h.
9Reaction time 6 h. “No UV light. No UV light and addition of
Me;NO-2H,0 (1.4 mg, 0.013 mmol, 0.11 equiv). $Argon atmosphere
instead of H,.

Scheme 3. Proposed Catalytic Cycle for the Hydrogenation
of Acetophenone with Catalysts [5]—[7]
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which explains the observed solvent dependency as this is
facilitated in more polar solvents.”” The second hydride is then
reductively eliminated, protonating the substrate to 1-phenyl-
ethanol and generating back the active four-coordinate iron(0)
catalyst.

We have described the reaction of phosphine-functionalized
imidazoles with [Fe;(CO);,)] to give, most likely by an
oxidative addition/reductive elimination process, iron(0)
complexes [S] and [6] bearing a pNHC*phosphine chelate
ligand. The complexes exhibit a good catalytic activity in the
direct hydrogenation of acetophenone with molecular hydro-
gen. However, the N—H moiety of the pNHC ligands has no
significance for the catalytic outcome, as was shown in control
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experiments. We propose that the catalytic reaction proceeds
via the oxidative addition of H, to the iron(0) center and
successive hydride transfer from the resulting iron(II)
dihydride complex to the substrate.
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