ROYAL SOCIETY

ORGANIC CHEMISTRY
FRONTIERS

PEERE

Chinese Chemical Society

View Article Online
View Journal | View Issue

RESEARCH ARTICLE

@cm Two- and three-coordinate formal iron())

o compounds featuring monodentate aminocarbene
Cite this: Org. Chem. Front., 2014, 1, .

1040 llgands’r

Zhenbo Mo,1? Zhenwu Ouyang,}? Lei Wang,? Kathlyn L. Fillman,® Michael L. Neidig*®
and Liang Deng*®

Bulky monodentate aminocarbene ligands, IMes and Me,-cAAC (IMes: 1,3-bis(2,4",6'-trimethylphenyl)-
imidazol-2-ylidene; Me,-cAAC:  3,3,5,5-tetramethyl-1-(2',6'-diisopropylphenyl)pyrrolidine-2-ylidene),
have been shown to be effective in supporting formal 13- and 11-electron iron(i) species. From the reac-
tions of ferrous precursors and one equivalent of a reducing agent, three-coordinate complexes of the
type [LoFeCl] (L = IMes or Me,-cAAC) have been synthesized in good yields. A mixed-ligand complex
[(IMes)(Me,-cAAC)FeCl] was prepared from the ligand substitution reaction of [(IMes),FeCl] with Me,-
cAAC. All of the three-coordinate iron complexes can react with Na[BAr‘l4, from which a two-coordinate
species [(Me,-cAAC),FellBAr 4] has been isolated. Single-crystal X-ray diffraction studies established their
molecular structures to be the first examples of two- and three-coordinate formal iron() species sup-

Received 26th June 2014,
Accepted 11th July 2014

DOI: 10.1039/c4go00175¢ ported by carbene ligands. The large solution magnetic moments, differentiated Fe—C(carbene) distances

Published on 15 julio 2014. Downloaded on 4/11/2025 2:26:11 a.m..

rsc.li/frontiers-organic

The +1 oxidation state is an uncommon oxidation state for
iron," but the possible involvement of iron(i) species in
important chemical transformations, such as H,-activation
and production by [Fe,Fe]-hydrogenases,” N,-reduction in
nitrogenases,” and iron-catalyzed cross-coupling reactions,”
has spurred great synthetic interest. Iron(i) complexes have
mostly been known for the six-, five- and four-coordinate com-
pounds with CO, arene, alkene, and phosphine ligation.> On
the other hand, low-coordinate iron(i) species, those with
coordination numbers less than four, are much less common.®
Up to now, three-coordinate iron(r) compounds have been
limited to Holland’s p-diketiminate complexes,*®’” Caulton’s
T-shaped compound [((‘Bu,PCH,SiMe,),N)Fe],* and Jones’
dinuclear guanidionate complex [(DippN),C(cis-2,6-Me,NC5Hjg)
Fe],.” Isolable two-coordinate iron(1) compounds had remained
unknown until Long’s recent report on [K(crypt-222)][Fe-
(C(SiMe;)3),].*°
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and °’Fe Mdéssbauer isomer shifts are indicative of their rich electronic properties.

The effective stabilization of low-coordinate iron(i) species
necessitates suitable supporting ligands. Recently, Cardenas
et al. reported the detection of an iron(i) intermediate in
Fe(OAc),-IMes-catalyzed alkyl-alkyl cross-coupling reactions by
low temperature EPR experiments.* Importantly, an IMes-
stabilized iron(1) species such as (IMes),FeX could be the
potential active catalyst species in this chemistry. Unfortu-
nately, iron(i) species supported by monodentate NHCs are cri-
tically absent from the literature.'’ Prompted by this and
recent success of NHCs in stabilizing two-coordinate first row
late 3d transition metal species,'” we envisioned that NHCs
might be amenable to support low-coordinate iron() com-
pounds. In this context, herein we report the synthesis and
structural characterization of a three-coordinate formal iron(r)
NHC compound [(IMes),FeCl] (1), as well as its analogs with
cyclic (alkyl)(amino)carbene (cAAC)™ ligands, [(IMes)(Me,-
cAAC)FeCl] (2) and [(Me,-cAAC),FeCl] (3). Compounds 1-3 are
the first examples of three-coordinate iron-aminocarbene
species with formal iron(r) centers. Their stability at ambient
temperature has enabled spectroscopic characterization by "H
NMR, solution magnetic susceptibility measurement, single
crystal X-ray diffraction, and zero-field °’Fe Méossbauer
spectroscopy. Moreover, we examined the reactions of 1-3 with
Na[BAr*,], from which the two-coordinate aminocarbene iron
complex [(Me,-cAAC),Fe][BAr",] (Ar" = 3,5-bis(trifluoromethyl)
phenyl) (4), as the close relative of two-coordinate NHC
and cAAC complexes [L,M] (M = zinc," copper,'® nickel,'®
manganese'’), has been obtained.
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1) 2 IMes, THF Me,-cAAC
[(IMes),FeCl] [(IMes)(Me,-cAAC)FeCl]
2) KCg or Na(Hg) 1 toluene 3
toluene
FeCl,
1) 2 Me,-cAAC, THF Na[BArF,] F
[(Me,-CAAC),FeCl] ———» [(Me,-CAAC),Fe][BAIF,]

2) KCg or Na(Hg) 2 THF 4

Scheme 1 Preparation routes for the low-coordinate formal iron(i)
complexes.

Previously, we found that the reaction of [(IMes),FeCl,], pre-
pared from the interaction of FeCl, with IMes (2 equiv.), with
an excess amount of sodium amalgam in THF produces the
cyclometallated iron(u)-NHC compound [Fe(IMes’),] (IMes'
denoted for the cyclometallated IMes ligand) and H,.'® By
carefully controlling reaction conditions, we found that a
three-coordinate compound [(IMes),FeCl] (1) can be prepared
from the reaction of [(IMes),FeCl,] with one equiv. of potass-
ium graphite or sodium amalgam in toluene (Scheme 1).*°
The solvent plays a crucial role in the preparation of 1. When
the reaction was conducted in THF, iron black and [Fe(IMes'),]
were observed as the dominant products, even if only one
equiv. of the reducing reagent was used. In contrast to the
reaction with IMes, the one-electron reduction reactions of
FeCl, in the presence of two equiv. of IPr, SIMes, or IAd (IPr =
1,3-bis(2',6"-diisopropylphenyl)imidazole-2-ylidene, SIMes = 1,3-
bis(2',4',6-trimethylphenyl)-4,5-dihydroimidazole-2-ylidene, IAd
= 1,3-bis(adamantyl)imidazole-2-ylidene) generally produced
iron black and free carbene ligands.

Single crystals of 1 were obtained by freezing its toluene
solution at —30 °C. An X-ray diffraction study revealed that 1 is
isostructural to [(IMes),CoCl],"** in which the iron center
adopts a distorted trigonal planar geometry with a C1-Fe1-C2
angle of 125.6(3)°, and Fe-Cl and Fe-C(IMes) distances of
2.258(3) and 2.014(9) A, respectively (Fig. 1). Consistent with
the larger atomic radius of iron versus that of cobalt, the Fe-C
(IMes) distances are longer than the Co-C(IMes) bonds in
[(IMes),CoCl] (1.953(5) A). Notably, the Fe-C(IMes) bonds in 1
are significantly shorter than previously found in three-coordi-
nate iron(n)-NHC compounds, [(IPr,Me,)Fe(Mes),] (2.125(3)
A),2°% [(SIPr)Fe(CH,TMS)Cl] (2.128(3) A),>°” and [(I'Bu)Fe-
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(N(SiMe;),),] (2.152(2) A).>°° The decrease of the Fe-C(IMes)
distance from the iron(n) compounds to the formal iron(i)
compound is unusual and is likely induced by n-bonding
between the low-valent iron center and the NHC ligands.

As isolated, 1 is an air- and moisture-sensitive brown crys-
talline solid, but can be stored under a N, atmosphere at room
temperature for weeks without noticeable decomposition.
When dissolved in Cy¢Dg, it decomposed into [(IMes),FeCl,],
IMes, iron black, and [Fe,(IMes),]*" in 3 days at room tempera-
ture. The "H NMR spectrum of 1 measured in C¢Dg shows four
paramagnetically shifted peaks at +51.73, +7.86, —12.57, and
—12.77 ppm with an integrated ratio of 1:6:3:2, suggesting
the free rotation of the NHC ligand around the Fe-C(carbene)
bond. Solution magnetic susceptibility measurement in C¢Dg
indicated a solution magnetic moment of 5.0(1)up for 1. This
value is much larger than the spin-only value of 3.8up for
high-spin, § = 3/2 d’ ions, likely due to the presence of
unquenched orbital angular momentum as found in Holland’s
B-diketiminato-iron()-alkyne compound [(DippNC‘Bu),CH)Fe-
(n>-HCCPh)] (4.7ug).””

The propensity of 1 to undergo decomposition in solution
rendered attempts to access its three-coordinate derivatives by
salt elimination reactions unsuccessful. However, 1 can readily
undergo a ligand replacement reaction with Me,-cAAC to
furnish a new three-coordinate complex [(IMes)(Me,-cAAC)-
FeCl] (2) and free IMes in high yield (Scheme 1)."° The conver-
sion of 1 to 2 provides direct evidence for the stronger affinity
of Me,-cAAC to transition metals versus IMes, consistent with
Bertrand’s determination that cAACs with small HOMO-
LUMO energy-gaps are both stronger electrophiles and nucleo-
philes than NHCs."® The isolation of 1 and 2 prompted
attempts to access their bis(cAAC) analogs. While the ligand
substitution protocol starting from either 1 or 2 was unsuc-
cessful, the desired complex [(Me,-cAAC),FeCl] (3) was even-
tually prepared by the reaction of FeCl, with two equiv. of Me,-
cAAC and one equiv. of sodium amalgam or potassium graph-
ite in THF in 60% isolated yield (Scheme 1).'° Both 2 and 3 are
stable in the solid state under an inert atmosphere. When dis-
solved in C¢Ds, 2 does not show decomposition after standing
at room temperature for 3 days, whereas 3 displays partial
decomposition (less than 10%). The improved thermal stability

Fig. 1 Molecular structures of 1 (left), 2 (middle), and 3 (right), showing 30% probability ellipsoids and partial atom schemes.
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Table 1 Selected bond lengths (A) and angles (°) of 1-4 from X-ray
diffraction studies at 140(2) K

1 2 3 4°
Fe-Cl 2.258(3) 2.267(1) 2.264(1)
Fe-C 1.998(9) 2.099(2)°  1.979(2)  1.997(3)
2.030(8) 1.925(2)°  2.004(2)
C-N 1.349(13)-1.404(11)  1.360(2)*  1.335(2)  1.310(3)
1.369(2)  1.339(2)
1.360(2)°
C-Fe-C 125.6(3) 126.0(1) 121.0(1)  180.0(1)
C-Fe-Cl 116.4(3) 116.8(1) 119.3(1)
118.0(3) 116.4(1) 119.7(1)

“ parameters of the Fe(IMes) fragment. ” Parameters of the Fe(Me,-
cAAC) fragment. “Data are the average of two crystallographically
independent cations in the unit cell.

of 2 and 3 versus that of 1 could be attributed to the good
m-accepting ability of cAACs."? Similar to 1, large solution mag-
netic moments of 5.1(1) and 4.7(1)up for 2 and 3, respectively,
have been determined by the Evans method.

The molecular structures of 2 and 3 in the solid state have
been established by X-ray diffraction studies (Fig. 1). Their key
structure data are compiled in Table 1 along with those of 1
for comparison. These three complexes hold similar trigonal
planar FeC,Cl cores, but their Fe-C(carbene) distances differ
significantly. The Fe-C(IMes) bond in 2 with the distance of
2.099(2) A shows significant elongation over its counterparts in
1 by 0.08 A, and is slightly shorter than those of the aforemen-
tioned three-coordinate iron(un)-NHC compounds.’® On the
other hand, the Fe-C(Me,-cAAC) bond in 2 with the distance of
1.925(2) A is substantially shorter than those observed in 3
(1.991(2) A on average) and the iron(i) complex [Cl(cAAC)Fe-
(1-C1),Fe(cAAC)CI] (2.094(3) A).**> Along with the short Fe-C-
(Me,-cAAC) distance, the C(carbene)-N distance of the cAAC
ligand in 2 (1.360(2) A) is found to be longer than its counter-
parts in 3 (1.335(2) and 1.339(2) A), approaching the distances
in [(Me,-cAAC),Mn] (1.359(2) A),"” but still shorter than those
in [(Me,-cAAC),Zn] (1.376(2) A)."* The C(carbene)-N distances
in 3 are close to those observed in [(Me,-cAAC),Ni] (1.338(2)
and 1.342(2) A)'* and [(Me,-cAAC),CoCl] (1.334 A),*® and
are longer than the ones in [Cl(cAAC)Fe(p-Cl),Fe(cAAC)CI]
(1.31 A)** and free cAAC ligands (1.32 A).3%?

We then examined the reactions of these three-coordinate
species with Na[BAr",] with the aim to obtain two-coordinate
iron species. The interactions of 1 or 2 with one equiv. of
Na[BAr",] in THF at —30 °C could produce red and deep blue
solutions, which turned into intractable deep brown suspen-
sions upon standing at room temperature. In contrast, the
reaction of 3 with one equiv. of Na[BArf,] in THF could
produce a stable deep blue suspension, from which a two-
coordinate complex [(Me,-cAAC),Fe][BAr",] (4) was isolated
as a green crystalline solid in 45% yield (Scheme 1)."° The
"H NMR spectrum of 4 shows heavily broadened resonances
in the range +50 to —61 ppm. Its solution magnetic
moment is 5.1(2)ug, similar to the values observed for com-
plexes 1-3.
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Fig. 2 Molecular structure of the cation [(Me,-cAAC),Fe]* in 4 showing
one of the two crystallographically independent cations in the unit cell
with 30% probability ellipsoids.

Single-crystals of 4 were grown from its diethyl ether solu-
tion. An X-ray diffraction study revealed that the unit cell con-
tains two sets of well-separated ion pairs ([(Me,-cAAC),Fe]" and
[BAr",]") and one diethyl ether molecule. The closest distance
between the cations is around 12.8 A. Since the metric data of
the two cations are very similar, only one is shown as a repre-
sentative example (Fig. 2). In this cation, the iron atom sits on
the inversion center with a C(carbene)-Fe-C(carbene) angle
of 180.0(1)°. A similar conformation has been observed
in Roesky’s neutral complexes [(Me,-cAAC),M] (M = Zn, Cu,
Mn).***57 The Fe-C(Me,-cAAC) distance of 1.997(3) A in 4
approximates the corresponding distances found in 3, but is
shorter than its congeners in the sterically encumbered aryl
complexes Fe(Ar*), (2.04-2.06 A),° [Fe(C(SiMe;)s),] (2.05 A),**
and [K(crypt-222)][Fe(C(SiMe,);),] (2.06 A).*° The C(carbene)-N
distance (1.310(3) A) in 4 is also close to those observed in 3.

>’Fe Mossbauer spectroscopy was utilized to further charac-
terize complexes 1-4. The isomer shifts (6) and quadrupole
splittings (AEq) determined for the 80 K spectra of 1-4 (see
ESI} for spectra), as well as those of other previously reported
two- and three-coordinate iron() compounds, are given in
Table 2. The 80 K Mossbauer spectrum of 1 is well-fit to a
quadrupole doublet with § = 0.65 mm s~ and AEq = 2.63 mm
s~'. These parameters compare closely to those of the S = 3/2
sulfide-bridged iron(i) complex [K(nacnac)Fe(p-S)Fe(nacnac)K]

Table 2 5Fe Mdssbauer spectroscopic data of 1-4 and related low-
coordinate iron()) compounds

§/mm s~* AEg/mm s~ S/mm st AEg/mms™!
1 0.65 2.63 5¢ 0.67 2.17
2 0.52 2.04 6° 0.44 2.05
3 0.49 2.03 7¢ 0.40 1.93
4 0.49 4.58 8¢ 0.40 2.55

“5 = [K(nacnac)Fe(p-S)Fe(nacnac)K], 80 K, ref. 7d. ”6 = [(nacnac)Fe-
HCCPh)], 80 K, ref. 7b. ¢ 7 = [K(crypt-222)][(nacnac)FeH], 80 K, ref. 7c.
8 = [K(crypt-222)][Fe(C(SiMes)s),], 80 K, ref. 25. Mdossbauer fitting
errors are +0.02 mm s~ * for § and +2% for AEq,.
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(5),’? further indicative of its high-spin (S = 3/2) iron(x) nature.
The spectra of 2-4 have § values of 0.52, 0.49 and 0.49 mm s 7,
respectively, lower than the isomer shift observed for 1, but
comparable to those of 3-coordinate S = 3/2 alkyne- and
hydrido-coordinated p-diketiminate iron(i) species (6 and
7).72¢ The reduced isomer shifts for 2-4 are suggestive of
increased covalency in these complexes compared to 1, con-
sistent with the observation of reduced Fe-C(carbene) bond
lengths and long C(carbene)-N distances of the cAAC moieties
in 2-4. Interestingly, the spectrum of the two-coordinate
complex 4 shows a very large AE, of 4.57 mm s ', distinct
from that observed for [K(crypt-222)][Fe(C(SiMe;)s),] (8).>
While the isomer shifts for 4 and 8 are similar, the signifi-
cantly increased AE value for 4 likely indicates a significant
covalent contribution to the electric field gradient (EFG) in
4.%° Intrigued by their unique structural and spectroscopic
features, we are now pursuing further spectroscopic and
theoretical studies in order to develop a more complete under-
standing of the electronic structure and bonding in these low-
coordinate iron aminocarbene compounds.

Conclusions

In summary, we have achieved the synthesis of the series of
three-coordinate formal iron(i) complexes [(L)(L))FeCl] (L, L’ =
IMes, Me,-cAAC) with the bulky aminocarbenes as supporting
ligands. Associated with the different electronic properties of
NHCs versus cAACs, these three-coordinate complexes exhibit
differentiated thermal stability, Fe-C(carbene) distances, and
’Fe Mossbauer isomer shifts. The three-coordinate iron com-
plexes can react with Na[BAr",], from which we have success-
fully isolated and structurally characterized a two-coordinate
iron aminocarbene complex [(Me,-cAAC),Fe][BAr",].”” The
attainment of 1-4 demonstrates that both monodentate NHCs
and cAACs are capable of supporting low-coordinate formal
iron(i) species.
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