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Introduction

The “pogo stick” complex [FeCp*{N(SiMe3z),}]: spin
state properties, adduct formation with Lewis
bases, and reactivity towards weakly Brgnsted
acidic protonated NHCsf

Julian Zinke,? Clemens Bruhn,? Serhiy Demeshko® and Ulrich Siemeling € *

[FeCp*{N(SiMes),}] is a high-spin complex with four unpaired electrons according to SQUID magneto-
metry and MéRbauer spectroscopy. Its reactions with 4-dimethylaminopyridine (DMAP) and N"Pr X (X =
Cl, Br) respectively afford [FeCp*{N(SiMes),}(DMAP)] (6), N"BuylFeCp*CI{N(SiMez),}l (7), and
N"Pr4[FeCp*Br{N(SiMes),}] (8). 7 and 8 react with formamidinium tetrafluoroborates fc[(NCH,R),CHI[BF,]
(fc = 1,1'-ferrocenylene; R = Ph, Mes) at room temperature in THF to furnish [FeCp*X{fc[(NCH,R),CI]}] (4:
X =Cl, R =Mes; 10: X = Br, R = Mes; 11: X = Cl, R = Ph; 12: X = Br, R = Ph), which contain a ferrocene-
based NHC ligand. No formation of 10 from fc[(NCH,Mes),CHI][BF4] and 8 takes place under the same
mild conditions in toluene, instead leading to the isolation of fc[(NCH,Mes),CH][FeCp*Br{N(SiMe3),}! (9).
In contrast to its halide adducts 7 and 8, [FeCp*{N(SiMez),}] is inert towards formamidinium tetrafluorobo-
rates. It reacts readily, however, with formamidinium halides, affording [FeCp*CL(IPr)] (1, IPr = 1,3-bis(2,6-
diisopropylphenyl)imidazolin-2-ylidene) with 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride and
[FeCp*I(BzIMe)] (2, BzIMe = 1,3-dimethylbenzimidazolin-2-ylidene) or, depending on the crystallisation
conditions, [FeCp*(BzIMe),][FeCp*l,] (3) with 1,3-dimethylbenzimidazolium iodide, in accord with an
equilibrium of the type 2 [FeCp*X(NHC)] 2 [FeCp*(NHC),]* + [FeCp*X,]~. The major product formed with
fc[(NCH,Mes),CHICl is fc[(NCH,;Mes),CHI[FeCp*Cl,] (5) instead of the expected NHC complex [FeCp*Cl
{fc[INCH,;Mes),CI}] (4). Halide abstraction reactions attempted with [FeCp*X{fc[(NCH,R),C]}] afforded
only intractable material. [FeCp*{fc[(NCH,Ph),Cl},l[PF¢] (13) was serendipitously obtained in this context
in trace amounts from 12 and TI[PF¢]. Compounds 1-13 were structurally characterised by single-crystal
X-ray diffraction. Metric parameters reveal different electronic configurations for 1 and its solvate 1-0.5
benzene (two vs. four unpaired electrons).

1n°-1,2,4-tri-tert-butylcyclopentadienyl; R = CMes, CgH;-2,6-Pr,)
and  [Fe’Cp{N(SiMe;),})] (°Cp =  n’-pentaisopropyl-

The one-legged piano stool (“pogo stick”) structure of the half-
sandwich iron(m) complex [FeCp*{N(SiMe;),}] (Cp* = n’-penta-
methylcyclopentadienyl) was unprecedented for open-shell
organometallics when we reported this compound in 1998."
Analogous structurally characterised complexes containing
bulkier cyclopentadienyl ligands, viz. [FeCp'{N(SiMe;3)R}] (Cp’ =
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cyclopentadienyl),>* have subsequently been published by the
groups of Walter and Sitzmann.* As demonstrated by Ohki and
Tatsumi, the Brgnsted basic amido ligand present in [FeCp*
{N(SiMes),}] allows specific reactions with suitable
Bronsted acids under liberation of hexamethyldisilazane.” The
dinuclear complex [{FeCp*(p-NMePh)},] was obtained with
N-methylaniline,”” and reactions with the N-heterocyclic
carbene (NHC) precursors 1,3-dimesitylimidazolium chloride
and 1,3-diisopropyl-4,5-dimethylmidazolium chloride afforded
the NHC chlorido complexes [FeCp*Cl(IMes)] (IMes = 1,3-
dimesitylimidazolin-2-ylidene) and [FeCp*Cl(™°I'Pr)] (M°I'Pr =
1,3-diisopropyl-4,5-dimethylimidazolin-2-ylidene).>*® The
latter reactions leading to half-sandwich NHC complexes serve
as the starting point for the work presented in the current
paper. Our focus is on 1,1-ferrocenylene-bridged, and hence
redox-functionalised, NHCs of the type fc[(NR),C:] (fc = 1,1"

This journal is © The Royal Society of Chemistry 2025
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ferrocenylene),”  which  are special ring-expanded
N-heterocyclic carbenes (reNHCs).*® The N-C-N angles of
reNHCs are significantly larger than those of their five-mem-
bered ring counterparts (100-106°)."° As a consequence,
reNHCs exhibit a higher steric impact together with a more
pronounced ambiphilicity, and hence higher reactivity and
lower thermal stability, than standard five-membered
NHCs.>'! Structurally characterised examples of the type fc
[(NR),C:] have particularly large carbene bond angles in the
range from 119-122°,"> similar to the values determined for
acyclic diaminocarbenes (ca. 121°)."* Thermal stability has
been achieved for fc[(NR),C:] only with rather bulky
N-substituents. For example, among the congeners bearing
primary alkyl substituents CH,R’, isolation was possible for R’
= 'Bu and Mes (Mes = mesityl),"** but not for R’ = H, 'Pr and
Ph.”"?*%! The steric demand of NHC ligands is reflected by
their percent buried volume (%V,,,,) value, which may be cal-
culated from structural data of NHC metal complexes (usually
[MX(NHC)] with M = Cu, Au and X = Cl, Br) using the SambVca
2.1 web application.'® The comparatively high steric demand
of reNHCs is illustrated by %Vy,, values determined from [MX
(NHQ)] for a series of N-benzyl substituted NHCs with different
ring sizes, increasing from 31.5% for the five-membered imid-
azole-based NHC (IBn)'® to 33.6% for the six-membered and
36.1% for the seven-membered NHC.'"” From a formal point
of view, 1,1"-ferrocenylene-bridged NHCs fc[(NR),C:] exhibit a
six-membered FeC,N,C ring, whose Fe atom is much larger
than the other atoms. Not surprisingly, therefore, the %Vy,,
value of 34.9% determined for fc[(NCH,Ph),C:] is in between
those of the six- and the seven-membered reNHCs; the ther-
mally stable mesityl-containing congener fc[(NCH,Mes),C:]
has a significantly larger value of 38.0%.">*

Results and discussion

Magnetic properties and electronic structure of
[FeCp*{N(SiMe3;),}]

Before coming to our preparative work, we take the opportu-
nity to address in detail the magnetic properties and electronic
structure of [FeCp*{N(SiMej;),}], which we had described as
diamagnetic in C¢Dg solution in our brief report published in
1998." This was soon noted to be unexpected'” and proved to
be wrong. In our original publication, NMR signals due to dia-
magnetic impurities (silicon grease and decamethylferrocene)
had erroneously been assigned to the product.'® Due to the
paramagnetic nature of [FeCp*{N(SiMes),}], its NMR signals
are broad and located far outside the region typical of diamag-
netic compounds. The "H NMR spectrum exhibits two signals
at § = 225 (v 1180 Hz) and 44 ppm (2 1440 Hz), which inte-
grate for 15 and 18 protons, respectively, compatible with an
assignment to Cp* and N(SiMe;),, respectively (see Fig. S1 in
the ESIf). For comparison, the "H NMR signal due to the
N(SiMe;), unit is observed at 39 and 45 ppm, respectively, for
[Fe’Cp{N(SiMe;),}] and [FeCp'{N(SiMe;),}] in C¢De.>* Thanks
to the excellent solubility of [FeCp*{N(SiMej;),}] in benzene, a
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BC{"H} NMR spectrum could be recorded, when a highly con-
centrated solution (ca. 400 mg mL™") was used (see Fig. S2 in
the ESIf). Two, instead of the expected three, signals were
detected, which are positioned at § = 1173 (vz 880 Hz) and
~74 ppm (v: 310 Hz). We refrain from suggesting an assign-
ment. Note that only "H NMR data are available for [FeCp'{N
(SiMe3)R}] and [Fe’Cp{N(SiMe;),}] investigated by Walter and
Sitzmann (vide supra). They demonstrated that these com-
pounds are high-spin iron(n) complexes with four unpaired
electrons (S = 2), suggesting that the same should hold true for
[FeCp*{N(SiMe;),}].>* This indeed turned out to be the case.
We have studied the magnetic properties of our “pogo stick”
complex in the solid state by SQUID magnetometry. The yyT
value of 4.0 cm® mol™ K at 210 K unambiguously indicates an
S = 2 high-spin state of iron(u) (expected spin-only value of
3.0 cm® mol™" K) with some orbital contribution. When the
temperature was lowered, the y\T value decreased below ca.
80 K due to the pronounced zero-field splitting of —47.3 cm ™"
(Fig. 1).

The large negative D parameter is an indicator of the poss-
ible slow relaxation of magnetisation between the mg =
+2 microstates separated by the energy barrier for spin reversal
Uetr. The out-of-phase alternating current (ac) susceptibility
(¢") was observed even in the zero direct current (dc) magnetic
field, and analysis of the ac measurements revealed Ues =
130 cm™" (see the ESI{ for more details), similar to that of the
related [Fe’Cp{N(SiMe;),}] with Ueg = 113 ecm™.%”

The results of Mofibauer experiments performed with
[FeCp*{N(SiMe;),}] are also in excellent agreement with a high-
spin configuration of iron(u) and an S = 2 ground state, provid-
ing a typically high isomer shift § = 0.89 mm s~ " and a quadru-
pole splitting AEq = 0.51 mm s~ " at 7 K (Fig. 2).

Furthermore, the spectrum is additionally magnetically
split by an internal magnetic hyperfine field Bys = 95.2 T, in
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Fig. 1 Variable-temperature ymT product for [FeCp*{N(SiMez),}] (open
circles) and best fit curve (red line) with best fit parameters g, = g, =
1.45, g, = 2.90 and D = —47.3 cm™* (where D is the axial zero-field split-
ting parameter).
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Fig. 2 Zero-field °’Fe Mossbauer spectrum of [FeCp*{N(SiMes),}] at 7 K
(open circles) and best fit curve (red line).

agreement with literature values in the range of 95 to 101 T
found for similar [FeCp'{N(SiMe;)R}] complexes.*

Synthetic work and crystal structures

In close analogy to the work by Ohki and Tatsumi mentioned
above, [FeCp*{N(SiMe3;),}] was reacted in toluene with 1,3-bis

. e
Dlpp\NANler;l
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(2,6-diisopropylphenyl)imidazolium chloride (1 equivalent),
which is the hydrochloride of the highly popular NHC IPr
(Scheme 1).°

The expected product [FeCp*Cl(IPr)] (1) was obtained as a
brownish orange crystalline solid in 70% yield after work-up
and crystallisation from diethyl ether or benzene. The 'H NMR
spectrum of 1 (analytically pure according to CHN data; see
Fig. S3 in the ESI{) shows broad signals at 6 ~ 158 (v: 270 Hz),
54 (v 100 Hz), —13 (1 120 Hz) and —14 ppm (v 420 Hz),
together with only slightly broadened signals at § ~ 1 (v: 16
Hz) and —12 ppm (v: 24 Hz). An assignment cannot be made
with certainty. The eight IPr methyl groups are expected to give
rise to two signals with a 1:1 integral ratio (12 H each).
Consequently, the signal at 158 ppm, which exhibits the
largest integral, is plausibly assigned to Cp* (15 H). However,
the sum of the integrals of the remaining signals is less than
half of the expected value (15 H vs. 36 H). If the signal at
158 ppm is assigned to the IPr methyl groups (assuming their
accidental isochrony), the integrals of the other signals sum
up to 23 H, which is reasonably close to the expected value of
27 H. For comparison, according to Ohki and Tatsumi, the 'H
NMR signal of [FeCp*Cl(IMes)] due to the Cp* methyl groups
is located at 6 ~ 169 ppm, while the methyl groups of the IMes
ligand give rise to three signals at § ~ 76, —11 and —44 ppm;
the mesityl CH units give rise to an extremely broad signal
between —5 and —23 ppm, and the signal due to the CH units

toluene N\C'/Fe\CI
—HN(SiMe3), S
@ “Dipp
F 1(70 %)
e —
' A |
sl N i cryst
_Si Si yst. \ ||:
| | from \ e,
Et,0 c
THF N
—-HN(SiMe3), | cryst. from )
benzene/n-hexane 2 (63 %)
@ @T@
]
Fe\

Scheme 1 Synthesis of compounds 1-3 (Dipp = 2,6-diisopropylphenyl).
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in the backbone of the IMes ligand is located at § ~ 39 ppm.>*
In the same vein, the reaction with 1,3-dimethyl-
benzimidazolium iodide (1 equivalent) in THF furnished
[FeCp*I(BzIMe)] (2, BzIMe = 1,3-dimethylbenzimidazolin-2-
ylidene) in 63% yield, when diethyl ether was used for crystalli-
sation (Scheme 1). The broad signals in the '"H NMR spectrum
of 2 (analytically pure according to CHN data; see Fig. S4 in
the ESIf) at § ~ 36 (v: 130 Hz) and —41 ppm (v; 160 Hz),
respectively integrating for 15 and 6 protons, are assigned to
the Cp* and BzIMe methyl groups, respectively, while the two
only slightly broadened signals at § ~ 15 (v; 27 Hz) and
12 ppm (v; 21 Hz) are ascribed to the p-C¢H, backbone of the
BzIMe ligand. Interestingly, crystallisation from a mixture of
benzene and n-hexane furnished the isomeric, and ionic,
product [FeCp*(BzIMe),][FeCp*1,] (3) in a similarly high yield
of 72% (Scheme 1). 2 and 3 are both brownish yellow and thus
cannot be distinguished simply by visual inspection. However,
XRD analysis of several crystals of a batch obtained from a
diethyl ether solution invariably confirmed their identity as
compound 2. In turn, when crystals of a batch obtained from a
benzene solution layered with n-hexane were used, the same
procedure confirmed their identity as compound 3. When crys-
talline 3 (analytically pure according to CHN data) was dis-
solved in C¢Ds, 'H NMR spectroscopic analysis revealed the
presence of isomer 2 as the dominant species in the solution.
In addition to the four signals due to 2, the spectrum also
shows several slightly broadened signals between ca. 4 and
0 ppm (see Fig. S5 in the ESI}). It appears unlikely that these
signals are due to the cation of 3, because a signal due to the
anion of 3, which is expected to be located at ca. 200 ppm,*°
was not observed. Our observations indicate that 2 and 3 are
in equilibrium with one another in solution. The solubility of
the ionic isomer 3 is expected to be substantially lower than
that of 2 in solvents of low polarity. It is plausible, therefore,
that it is 3 which crystallises from hydrocarbon solution, while
the situation is inverse in the more polar solvent diethyl ether.
Compounds 1-3 were structurally characterised by single-
crystal X-ray diffraction (XRD). Their molecular structures are
shown in Fig. 3-5. Pertinent metric parameters are collected in
Table 1, which also contains data for closely related com-
pounds for comparison. We note in this context that structu-
rally characterised complexes of the type [FeCp*X(NHC)] (X =
halogen) are known only for X = C1,>**® and congeners con-
taining other cyclopentadienyl ligands are limited to a single
example each for X = Cl and Br, viz. [FeCp'Cl(IMes)]** and
[Fe{n®-Cs(p-CeH,-Et)s}Br(™°I'Pr)],>* and four examples for X =1,
viz. [FeCp'I(NHC)] (NHC = IMes, IPr, ¥I'Pr and I'Bu = 1,3-di-
tert-butylimidazolin-2-ylidene).?®

Crystallisation of [FeCp*Cl(IPr)] (1) from benzene afforded
the solvate 1-0.5 benzene, whereas solvent-free crystals resulted
from diethyl ether. The molecular structures differ substan-
tially (Fig. 3 and Table 1). In comparison with unsolvated 1,
the solvate 1-0.5 benzene has a much wider Cl-Fe-Cc,pene
angle (104.0 vs. 92.0°) and much longer Fe-Ccarpene (2.15 vs.
1.98 A) and Fe-Cp*ceneroia distances (2.00 vs. 1.80 A). Previously
reported compounds of the type [FeCp*Cl(NHC)] exhibit Fe-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Molecular structures of [FeCp*Cl(IPr)]-0.5 benzene (1-0.5
benzene; top) and [FeCp*Cl(IPr)] (1; bottom) in the crystal (ORTEP with
30% probability ellipsoids, H atoms and solvent molecule not shown).

Fig. 4 Molecular structure of [FeCp*I(BzIMe)] (2) in the crystal (ORTEP
with 30% probability ellipsoids, H atoms not shown).

CP*centroia distances between 1.78 and 1.99 A.°**° However,

this distance is usually only ca. 1.80 A, as observed for solvent-
free 1. Distances >1.90 A have been found in two cases only,

Dalton Trans., 2025, 54, 5812-5828 | 5815
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namely for NHC = IMes (1.93 A)** and 1-mesityl-3-[2-(N,N-di-
methylamino)ethyl Jimidazolin-2-ylidene (1.99 A).°’ In con-
trast to the Fe-Cl bond lengths of [FeCp*Cl(NHC)], which vary
only slightly, the Fe-Ccapene distances of [FeCp*Cl(NHC)]
range from 1.92 to 2.13 A.>*?° Exceptionally long Fe-Cp* centroid
and Fe-Ccarpene distances go hand in hand. The values deter-
mined for 1-0.5 benzene (2.00 and 2.15 A) are larger than
those of the previously reported Cp* containing congeners and
similar to those of [FeCp'Cl(IMes)] (2.02 and 2.17 A; Table 1). A
comparison of [FeCp*Cl(IMes)]-toluene and [FeCp*CI(™°I'Pr)]
reported by Ohki and Tatsumi in their seminal paper
(Table 1)°* reveals that, although M°I'Pr (%Vj. = 38.4%) has a
higher steric impact than IMes (%Vu, = 36.5%),"° it is
[FeCp*CI(™°I'Pr)] which exhibits the comparatively short Fe-
Cp*centroid and Fe—Cearpene distances typical of the majority of
complexes of this type. It would be interesting to subject
solvent-free [FeCp*Cl(IMes)] to a structural study by XRD.
According to Ohki and Tatsumi, 16 VE iron(n) complexes
[FeCp*Cl(NHC)] generally have two unpaired electrons (S =
1).>* However, experimental data in support of this claim are
not available to date. The difference between the exceptionally
long and the commonly observed (“ordinary”) Fe-Cp*centroid
and Fe—Cearpene distances is at least 0.15 A, which is similar to
the 0.17 A difference of the ionic radii of hexacoordinate high-

Fig. 5 Molecular structure of [FeCp*(BzIMe),l[FeCp*l] 15 benzene  gpin and low-spin iron(n)** and clearly indicates that 1 and its
(3-1.5 benzene) in the crystal (ORTEP with 30% probability ellipsoids, H solvate 1-0.5 benzene do not have the same electronic con-
atoms and solvent molecules not shown).

Table 1 Pertinent metric parameters of the structurally characterised compounds in this study (T = 100 K for all XRD experiments; data for closely
related compounds included for comparison)

Fe-Cp*” centroid Fe-X Fe-Y X-Fe-Y Ref.
FeCp*CI(IPr)]-0.5 benzene (1:0.5 benzene) 2.00 2.2672(7)" 2. 147(2) 103.95(7) This work
FeCp*CI(IPr)] (1) 1.80 2.2352(6)" 1.977(2)° 92.04(6) This work
FeCp*CH{fc[(NCH,Mes),C]}] (4) 1.80 2.2578(17)" 1. 972(6)b 103.50(17) This work
FeCp*CHlfc[(NCH,Ph),C]}] (11) 1.80 2.2474(13)° 1.973(5)° 99.60(13) This work
FeCp*Cl(IMes)]-toluene 1.93 2.2715(7)* 2. 085(3)b 98.14(7) 5a
FeCp*CI(M°I'Pr)] 1.78 2.2434(8)" 1.950(2)° 95.46(6) 5a
FeCp'Cl(IMes)] 2.02 2.3297(8)° 2. 168(3)b 99.06(8) 21
FeCp*Br{fc[(NCH,Mes),C]}] (10) 1.80 2.3968(9)° 1.977(5)° 103.54(13) This work
FeCp*Br{fc|(NCH,Ph),C]}] (12) 1.79 2.3899(4)° 1.961(2)° 99.40(7) This work
FeCp*I(BzIMe)] (2)* 1.78 2.5796(15)° 1.941(1 b)b 94.6(3) This work
FeCp'I(IMes)] 2.02 2.7128(6)° 2.162(4)" 99.07(9) 23
FeCp*(BzIMe),][FeCp*1,]-1.5 benzene (3-1.5 benzene) 1.797 2.6193(9)° 1. 950(6) 95.6(2f This work
1.98" 2.6539(9)° 1.944(6)" 105.10(3)’
[FeCp*{fc[(NCH,Ph),C]},][PF]-THF (13-THF) 1.86 2.060(14)Z 108.8(5)¢ This work
2.083(1
[FeCp'(M*IMe),]1-2 THF 1.82 1. 969(2)”) 93.64(8)° 27
1.979(2) ‘
PPh,[FeCp*1,] 1.96 2.6201(5)° 106.56(3)" 19
fe[(NCH,Mes),CH][FeCp*Cl,]-2 toluene (5-2 toluene) 1.98 2.2752(12)% 106.90(5) This work
2.2732(12)° _
N"Pr,[FeCp*Cl,] 1.98 2.2953(8)" 106.27(3)/ 19
2. 2814(8[)
[FeCp*{N(SiMe;),}(DMAP)] (6) 2.02 1.954(7 2.134(7)" 104.1(3) This work
[FeCp'{N(SiMe;),}(DMAP)] 2.05 1. 9827(10) 2.156(2)" 92.92(7) 33
N"Pr,[FeCp*CI{N(SiMes),}] (7) 2.04 1.983(2 ) 2.3360(8)" 106.19(7) This work
N"Pr,[FeCp*Br{N(SiMe;),}]:0.5 benzene (8-0.5 benzene) 2.03 1.956(3)" 2.4981(6)° 104.44(8) This work
fe[(NCH,Mes),CH][FeCp*Br{N(SiMe;),}] (9)° 2.03 1.976(3)' 2.4972(7)° 103.59(10) This work

ax=ClL? Y Cearbene- < X = Br. 9 Five independent molecules with very similar bond parameters; data given for molecule 1. *X =1 fIn the cation. ¢ X Y
= Ccarbene "In the anion. ‘X =Y =L/X =Y = CL *Four 1ndependent molecules with very similar bond parameters, data given for molecule 1. Ix =
Namide: Y = Nppap- Y = CL. °Y = Br. ” Two independent ion pairs with very similar bond parameters; data given for the anion of ion pair 1.

5816 | Dalton Trans., 2025, 54, 5812-5828 This journal is © The Royal Society of Chemistry 2025
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figuration at the temperature of the XRD experiments (T =
100 K). Note that the influence of lattice solvent on the spin
state properties of Fe'' complexes is well documented.>”

The iodido complex [FeCp*I(BzIMe)] (2) exhibits “ordinary”
Fe-Cp*centroid @nd Fe—Cecarpene distances. Its Fe-I bond is ca.
0.3 A longer than the Fe-Cl bonds of analogous chlorido com-
plexes, which is in concert with the 0.29 A difference of the
tetrahedral covalent radii of I and CL.*® In comparison with 2,
the closely related complexes [FeCp'I(NHC)] reported by Walter
exhibit exceptionally long distances (Table 1 exemplarily con-
tains data for [FeCp'I(IMes)]) and have four unpaired electrons
(S = 2) according to an in-depth experimental and compu-
tational study.>> [FeCp*Cl(IMes)] and [FeCp*Cl(™°I'Pr)] were
also included in the computational study by Walter, which
revealed that a high-spin configuration with four unpaired
electrons (S = 2) is preferred for the former, whereas the inter-
mediate spin configuration with two unpaired electrons (S = 1)
claimed by Ohki and Tatsumi®® is preferred for the latter.”®
This lends further credence to the notion that 1 and its solvate

X = [BF,]

R
Fle
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_Si Si
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1-0.5 benzene have different electronic ground states (S = 1 for
the former and S = 2 for the latter).

In the context of the ionic isomer of 2, [FeCp*
(BzIMe),][FeCp*1,] (3), we note that cations of the type [Fe(n’-
CsR;)(NHC),]" are extremely scarce. We are aware of only two
structurally characterised examples, viz. [FeCp'(M*IMe),]I
(M IMe = 1,3,4,5-tetramethylimidazolin-2-ylidene) reported by
Walter” and the zwitterionic chelate [FeCp*{Ph,B(cyclo-
NCH=CHN'BuC),}] containing a borate-bridged dicarbene
ligand described very recently by Prokopchuk.?® Essentially the
same holds true for anions of the type [Fe(n*-CsRs5)X,]™ (X =
halogen), whose range was expanded only recently by our work
introducing Cp* congeners." The structural features of the
cation present in 3-1.5 benzene strongly resemble those of the
cation of [FeCp’(*IMe),]I (Table 1). Due to its chelate nature,
the Ccarbene=Fe—Cearbene bond angle of ca. 86° determined for
the zwitterionic complex [FeCp*{Ph,B(cyclo-
NCH=CHN'BuUC),}] is substantially more acute (by 10°) than
that of 3-1.5 benzene. While the Fe-Cyrhene bond lengths of

————————— no reaction

Fe
TN
N\C.

|

Fe@/N\CHQMes

Cl

4 (traces)
+
cHymes ¥~z |°
N |
Fe_

Fe )> cl” i
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5 (60 %)
unexpected
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+ HN(SIMe3)2
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Scheme 2 Reactivity of [FeCp*{N(SiMes),}] towards fc[(NR),CHI[BF,] and fc[(NCH,Mes),CHICL. A tentative stoichiometrically balanced equation for

the formation of 5 is shown in grey (bottom).

This journal is © The Royal Society of Chemistry 2025
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this chelate (1.97 A) are almost indistinguishable from those
of 3-1.5 benzene, the Fe-Cp*centoia distance is significantly
longer (1.85 vs. 1.78 A for the cation of 3) but still lies in the
“ordinary” range. The structural features of the [FeCp*L,]~
anion present in 3-1.5 benzene are very similar to those deter-
mined for PPh,[FeCp*I,],"> which is the only structurally
characterised compound known to date containing this anion.
We next turned our attention to 1,1'-ferrocenylene-bridged
NHCs. Their precursors are formamidinium tetrafluoroborates
fc[(NR),CH][BF,],”**'*?*® which are accessible by the formyla-
tive cyclisation of diaminoferrocenes fc(NHR), with a trialkyl
orthoformate in the presence of NH,[BF,]. This method is
based on seminal work by Saba and Kaloustian®® and provides
the most popular route to NHC precursors.®’ We were inspired
by the 15 VE iron(i) complex [Fe{n>-Cs(p-CeH,-Et)sH(°I'Pr)]
containing a rather bulky cyclopentadienyl ligand in combi-
nation with a moderately bulky NHC, which was recently
reported by Wolf.>> We speculated that the reaction of [FeCp*
{N(SiMe;),}] with a formamidinium tetrafluoroborate fc
[(NR),CH][BF,] could lead to [FeCp*{fc[(NR),C]}|[BF,], a com-
pound containing a cationic 14 valence electron (VE) complex,
which might be sufficiently stable for experimental observation
thanks to steric protection by the moderately bulky Cp* ligand
in combination with an intrinsically rather bulky ferrocene-
based reNHC ligand. In addition, electronic stabilisation by
the formation of a redox isomer analogous to Wolf's 15 VE
iron(1) complex seemed feasible thanks to the redox-active
nature of the ferrocene-based reNHC ligand. However, [FeCp*
{N(SiMe;),}] proved to be inert towards fc[(NR),CH]BF,]
(Scheme 2), indicating that the reactions observed for
[FeCp*{N(SiMe;),}] with (benz-)imidazolium halides (vide
supra) rely on the presence of coordinating halide anions.
Indeed, the previously reported formamidinium chloride fc
[(NCH,;Mes),CH]CI (obtained from the corresponding stable
NHC with triethylammonium chloride)'** showed a swift reac-
tion with [FeCp*{N(SiMe;),}] (used in a 1:1 stoichiometric
ratio) under mild conditions. The crude product was taken up
in diethyl ether. Slow evaporation of the solvent afforded green
crystals together with a small amount of orange crystals. The
"H NMR spectrum (see Fig. S7 in the ESI{) is very complex and
does not allow a meaningful interpretation. The most down-
field-shifted signal at § = 209 ppm is located in the region
typical of anions of the type [FeCp*X,]~."° XRD studies
revealed that the expected product [FeCp*Cl{fc
[(NCH,Mes),C]}] (4) had been isolated only as a very minor
component (orange crystals), while the major component was
identified as fc[(NCH,Mes),CH][FeCp*Cl,] (5; Scheme 2), con-
sistent with the conspicuous signal at § = 209 ppm. In view of
the presence of small amounts of 4 in the crystalline material
obtained, the isolated yield of 5 cannot be determined accu-
rately and is estimated to be 60% with respect to fc
[(NCH,Mes),CH]CI (in view of the two Cl atoms present in 5,
two equivalents of this starting material are consumed). As
indicated in Scheme 2, the reaction of [FeCp*{N(SiMej3),}] with
two equivalents of fc[(NCH,Mes),CH|Cl to furnish 5 is
expected to afford the stable NHC fc[(NCH,Mes),C]*** and
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hexamethyldisilazane as additional products. However, this
has not been further investigated by us because it was com-
pound 4 that was the focus of our interest (vide infra). The
molecular structures of 4 and 5-2 toluene are shown in Fig. 6
and 7.

[FeCp*Cl{fc[(NCH,Mes),C]}] (4) exhibits “ordinary” Fe-
Cp*centroia and Fe—Ccarpene distances essentially identical to
those of 1 and indicative of two unpaired electrons (S = 1, vide
supra), but has a much wider Cl-Fe-Ccurbene angle (103.50(17)
vs. 92.04(6)°), which is indistinguishable within experimental
error from that of the solvate 1-0.5 benzene (103.95(7)°). The
structures of the ions present in 5, viz. fc[(NCH,Mes),CH]" and
[FeCp*Cl,]”, are unexceptional in comparison with fc
[(NCH,Mes),CH][BF,] THF'** on the one hand and
N"Pr,[FeCp*Cl,] (Table 1) on the other hand."’

Unlike in the rational synthesis of N"Pr,[FeCp*Cl,],"® the
formation of [FeCp*Cl,]™ in the reaction of [FeCp*{N(SiMe;),}]
leading to 5 is unexpected. N"Pry[FeCp*Cl,] was obtained as
green crystals in 60% yield by addition of N"Pr,Cl (1 equi-
valent) to [FeCp*Cl] (generated in situ from LiCp* and FeCl, in
THF at low temperatures). Despite being aggregated in solu-
tion,** [FeCp*Cl] cannot be isolated and undergoes decompo-
sition already well below 0 °C, which is in contrast to the ther-
mally stable, monomeric “pogo stick” complex [FeCp*{N
(SiMes),}]. Nevertheless, we expected [FeCp*{N(SiMe;),}], being
a low-coordinate 14 VE complex, to be capable of ligand associ-
ation. The only previously reported example in this context was
published by Walter, demonstrating that [FeCp'{N(SiMej3),}]
reacts with 4-dimethylaminopyridine (DMAP) to afford the
adduct [FeCp’{N(SiMe;),}(DMAP)], which contains a high-spin

Fig. 6 Molecular structure of [FeCp*CUfc[(NCH,;Mes),Cl}] (4) in the
crystal (ORTEP with 30% probability ellipsoids, H atoms not shown).

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Molecular structure of fc[(NCH,Mes),CHI[FeCp*Cl,]-2 toluene
(5-2 toluene) in the crystal (ORTEP with 30% probability ellipsoids, H
atoms except H1l and solvent molecules not shown). A short
NoCH---Cyrene contact (2.39 A, C1-H1-C23 ca. 107°) is indicated by a
dashed line.

iron(u) centre with four unpaired electrons (S = 2) according to
solid-state magnetic studies.*® Not surprisingly, the analogous
synthesis of [FeCp*{N(SiMe;),}(DMAP)] (6) proved to be
straightforward (Scheme 3).

Analytically pure 6 was obtained as a green solid. The
rather low yield of 24% is due to fact that the crude product
contained decamethylferrocene, which was not easy to remove
due to its solubility being quite similar to that of 6. The 'H
NMR spectrum of 6 (analytically pure according to CHN data;
see Fig. S8 in the ESIT) exhibits two broad signals at § ~ 185 (11

DMAP

n-hexane

NnPr X

toluene

Scheme 3 Synthesis of compounds 6-8.
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540 Hz) and 4 ppm (v: 420 Hz), which are assigned to the Cp*
and the N(SiMej;), ligand, respectively. Both signals are high-
field shifted by ca. 40 ppm with respect to [FeCp*{N(SiMe;),}].
In addition, a broad signal integrating for 10 protons is
observed at § ~ 3 ppm (v: 100 Hz), which is ascribed to the
DMAP protons. The structure of 6 was determined by XRD
(Fig. 8) and closely resembles that of [FeCp{N(SiMe;),}
(DMAP)],*® indicating that both DMAP adducts have the same
electronic structure with four unpaired electrons. The Fe
bonds of [FeCp{N(SiMe;),}(DMAP)] are slightly elongated in
comparison with 6 due to the bulky Cp’ ligand, which also
causes a substantially smaller N-Fe-N bond angle of 92.92(7)
vs. 104.1(3)° for 6. In comparison with the parent “pogo stick”
complex [FeCp*{N(SiMe;),}], its DMAP adduct 6 has a substan-
tially larger Fe-Cp* enwoia distance (2.02 vs. 1.90 A), whereas
the increase in coordination number causes only a slight
increase of the Fe-Nypige bond length (1.954(7) vs. 1.900(2)
A).! NHC complex 1 and DMAP complex 6 are both complexes
of the general type [FeCp*X(L)]. The Fe-Cp*centroia distances of
6 and the solvate 1-0.5 benzene, for which a high-spin con-

Fig. 8 Molecular structure of [FeCp*{N(SiMe3z),}(DMAP)] (6) in the
crystal (ORTEP with 30% probability ellipsoids, H atoms not shown).

B
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figuration with four unpaired electrons (S = 2) seems most
likely (vide supra), are very similar (2.02 and 2.00 A, respect-
ively), and the same holds true for the Fe-Npyap distance of 6
and the Fe-Curpene distance of 1-0.5 benzene (2.134(7) and
2.147(2) A, respectively). Due to the much larger radius of Cl in
comparison with N, the Fe-Cl bond of 1-0.5 benzene is much
longer than the Fe-N,miqe bond of 6 (2.2672(7) vs. 1.954(7) A).
However, the L-Fe-X bond angles of 1-0.5 benzene and 6 are
essentially identical (104°).

We next addressed ligand association reactions with halide
anions. In analogy to our recently published preparation of
N"Pry[FeCp*X,], N"Pr;X (X = Cl, Br) served as the halide
source.'® Gratifyingly, N"Pr,[FeCp*Cl{N(SiMe;),}] (7) and
N"Pr,[FeCp*Br{N(SiMe;),}] (8) were obtained in yields of 75%
and 83%, respectively, as green crystalline solids from [FeCp*
{N(SiMe;),}] and N"Pr,X in toluene at room temperature after
work-up (Scheme 3). An NMR spectroscopic investigation of 7
and 8 (analytically pure according to CHN data) revealed that
each paramagnetic anion causes two broad 'H NMR signals 2
~ 660-780 Hz) located at § ~ 165 and —5 ppm, which may be
assigned to the Cp* and the N(SiMe;), ligand, respectively (see
Fig. S9 and S10 in the ESI}). Although substantially broadened
(v1 ~ 220-350 Hz), the signals due to the diamagnetic tetra-n-
propylammonium cations of 7 and 8 do not experience pro-
nounced paramagnetic shifts (§ ~ 5-2 ppm). Both compounds
were structurally characterised by XRD (Fig. 9 and 10).

The Fe-Cp*centroia and Fe-Nymiqe distances of 7 and 8:0.5
benzene are very similar to one another and also resemble
those of [FeCp*{N(SiMe;),}(DMAP)] (6, vide supra). The Fe-Br

Fig. 9 Molecular structure of N"Prs[FeCp*CH{N(SiMes);}l (7) in the
crystal (ORTEP with 30% probability ellipsoids, H atoms not shown).
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Fig. 10 Molecular structure of N"Prs[FeCp*Br{N(SiMe3),}]-0.5 benzene
(8:0.5 benzene) in the crystal (ORTEP with 30% probability ellipsoids, H
atoms and solvent molecule not shown).

bond of 8-0.5 benzene is ca. 0.16 A longer than the Fe-Cl bond
of 7, which is in fair agreement with the difference of 0.12 A of
the tetrahedral covalent radii of Cl and Br.>®

With compound 7 in hand, we studied its suitability for the
synthesis of [FeCp*CKfc[(NCH,Mes),CJ}] (4). An equimolar
mixture of 7 and fc[(NCH,Mes),CH][BF,] was stirred in THF
for 2 h, and colourless N"Pr,[BF,] was filtered off after chan-
ging the solvent to diethyl ether. Slow evaporation of the fil-
trate afforded 4 in 17% yield (Scheme 4). 4 shows a low solubi-
lity in benzene and was therefore subjected to '"H NMR spec-
troscopic analysis in THF-dg. The complexity of the spectrum
(obtained with an analytically pure sample according to CHN
data; see Fig. S6 in the ESI}) indicates the presence of more
than one chemical species and unfortunately does not allow a
meaningful interpretation. The prominent signal at § =
202 ppm lies in the region typical of anions of the type
[FeCp*X,]~,"® suggesting that an equilibrium 2 [FeCp*Cl{fc
[(NCH,Mes),C]}] 2 [FeCp*{fc[(NCH,Mes),C]},]" + [FeCp*Cl,]~
is operative under these conditions, with ion formation being
favourable in the polar solvent THF. It seems plausible that
the other two species, viz. [FeCp*CKfc[(NCH,Mes),C]}] and
[FeCp*{fc[(NCH,Mes),C]},]", give rise to the remaining, and
partially overlapping, signals between 19 and 1 ppm.
Performing the reaction in toluene resulted in a slightly lower
yield of 12%. Interestingly, when the bromido homologue 8
was combined with fc[(NCH,Mes),CH]|[BF,] in toluene, analo-
gous work-up afforded the ionic compound fc
[(NCH,Mes),CH][FeCp*Br{N(SiMe3),}] (9) in 49% yield due to
mutual inertness of fc[(NCH,Mes),CH]" and [FeCp*Br{N
(SiMe;),}|” under these conditions (Scheme 4). However, a
swift reaction furnishing [FeCp*Br{fc[(NCH,Mes),C]}] (10) took

This journal is © The Royal Society of Chemistry 2025
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Scheme 4 Synthesis of compounds 4 and 9-12.

place upon dissolving 9 in THF. This reaction also occurs in
toluene or benzene, but only at elevated temperatures. When
an NMR sample of 9 in CsD¢ was heated to 60 °C for 45 min
and subsequently allowed to cool to ambient temperature, 10
crystallised out in 59% yield, corresponding to 29% with
respect to 8 over two steps (Scheme 4). 10 is obtained straight-
forwardly in 41% yield in a single step by combining 8 with fc
[(NCH,Mes),CH][BF,] in THF (Scheme 4). 10 exhibits a sub-
stantially higher solubility in benzene than the chlorido hom-
ologue 4. Its "H NMR spectrum in C¢Dg (obtained with an ana-
lytically pure sample according to CHN data; see Fig. S12 in
the ESI{) exhibits 13 signals between § = 48 ppm and
—17 ppm, disregarding a few very minor signals in the range of
6 = 7-0 ppm. If the signal with the largest integral at 6 =
45 ppm is assigned to Cp* (15 H), the sum of the integrals of
the other signals corresponds to ca. 39 H, which is reasonably
close to the expected value of 34 H. However, a meaningful
interpretation has not been possible. Compounds 9 and 10
were both obtained as orange crystals suitable for structural
characterisation by XRD (Fig. 11 and 12).

The structure of the fc[(NCH,Mes),CH]" cation of 9 is very
similar to  that previously determined for fc
[(NCH,Mes),CH][BF4]-THF."** The formamidinium proton is
involved in a short N,CH::-Cyrene contact (2.36 A, C1-H1-C13
ca. 108° 2.47 A, C1-H1-C33 ca. 105°) to each of the mesityl

This journal is © The Royal Society of Chemistry 2025

Fig. 11 Molecular structure of fc[(NCH,Mes),CHI[FeCp*Br{N(SiMez),}]
(9) in the crystal (ORTEP with 30% probability ellipsoids, H atoms except
H1 not shown). Short N;CH---C,ene contacts (H1-C13 2.36 A, C1-H1-
C13 108° H1-C23 2.47 A, C1-H1-C23 105°) are indicated by dashed
lines.

rings, compatible with weak CH---rn(arene) interactions.** As
already indicated by their essentially identical metric para-
meters given in Table 1, the structures of the [FeCp*Br{N
(SiMe;),}|” anions of 9 and 8 (discussed above) strongly

Dalton Trans., 2025, 54, 5812-5828 | 5821
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Fig. 12 Molecular structure of [FeCp*Br{fc[(NCH,Mes),Cl}] (10) in the
crystal (ORTEP with 30% probability ellipsoids, H atoms not shown).

resemble one another. The structure of [FeCp*Br{fc
[(NCH,Mes),C]}] (10) may be compared with that of the chlorido
homologue 4. Both exhibit molecular Cs symmetry, with the
mirror plane containing the two Fe atoms, the halogen atom
and the Ceapene atom. Pertinent metric parameters given in
Table 1 are essentially identical for 10 and 4, except, of course,
for the iron-halogen bond lengths (2.3968(9) vs. 2.2578(17) A),
whose difference of 0.14 A is in good agreement with the 0.12 A
difference of the tetrahedral covalent radii of Cl and Br.>*

The mesityl-containing compounds 4, 5, 9 and 10 did not
give rise to "H NMR spectra for which a meaningful interpret-
ation seemed possible. We therefore turned our attention to
corresponding analogues containing Ph, instead of Mes,
groups. The reaction of 7 (prepared in situ from [FeCp*{N
(SiMe;),}] and N"Pr,Cl) with fc[(NCH,Ph),CH]|[BF,] in THF
furnished [FeCp*Cl{fc[(NCH,Ph),C]}] (11) in 51% yield; the
bromido homologue [FeCp*Br{fc[(NCH,Ph),C]}] (12)
obtained analogously in 68% yield from 8 and fc
[(NCH,Ph),CH]|[BF,4] in THF (Scheme 4). A swift reaction was
also observed in toluene at ambient temperature, which furn-
ished 12 in a yield of 51% (not shown in Scheme 4). This is in
contrast to the inertness of the anion of 8 towards the cation
of fc[(NCH,Mes),CH][BF,] under the same mild conditions in
toluene. The different behaviour of fc[(NCH,Mes),CH]" vs. fc
[(NCH,Ph),CH]" is plausibly ascribed to the higher steric
demand of the CH,Mes vs. the CH,Ph N-substituents (as
reflected by the %V, values of 38.0 vs. 34.9% determined for
the corresponding carbenes; vide supra), causing a signifi-
cantly increased kinetic barrier. 11 and 12 were both isolated

was
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as orange, crystalline solids. Their "H NMR spectra (obtained
with analytically pure samples according to CHN data) are very
similar (see Fig. S13 and S14 in the ESIf). 11 exhibits nine
signals in the spectral range from 39 to —14 ppm. If the broad
signal at § = 39 ppm (v; 100 Hz), which exhibits the largest
integral in the spectrum, is assigned to the Cp* ligand and
thus represents 15 protons, the eight signals at § = 31 (vz 140
Hz), 18 (v: 29 Hz), 15 (v: 24 Hz), 8 (13 22 Hz), 5 (11 16 Hz), 2 (1
13 Hz), —1 (2 15 Hz) and —~14 ppm (v; 24 Hz) integrate for ca.
2, 2,4,2,2,2,2 and 2 protons, respectively, representing a
total of ca. 18 protons. In view of the uncertainties due to
signal broadening, this appears to be more or less compatible
with the total number of 22 protons of the phenyl (10 H), ferro-
cenylene (8 H) and methylene (4 H) groups. In addition to the
signals assigned to 11, the "H NMR spectrum exhibits several
rather small signals between ca. 4 and 1 ppm and a broad
down-field shifted signal at § = 213 ppm (v: 320 Hz), which is
compatible with the anion [FeCp*Cl,]"."° It is tempting to
surmise that [FeCp*CKfc[(NCH,Ph),C]}] (11) is in equilibrium
with the ionic compound [FeCp*{fc[(NCH,Ph),C]},][FeCp*Cl,]
in C¢Dg solution, with 11 as the dominant component (ca.
85%). In the case of the bromido homologue [FeCp*Br{fc
[(NCH,Ph),C]}] (12), no such down-field shifted signal close to
200 ppm, which would be compatible with [FeCp*Br,],"° is
present in the "H NMR spectrum. If the broad signal at § =
32 ppm (v 94 Hz) is assigned to the Cp* ligand (in analogy to
11), the sum of the integrals of the remaining eight signals
corresponds to ca. 16 protons, which, in comparison with 11,
deviates more from the expected value of 22 protons, indicat-
ing that our suggested assignment can only be tentative and
has to be treated with caution in both cases. 11 and 12 have
been structurally characterised by XRD (Fig. 13 and 14).

While their mesityl-containing analogues 4 and 10 both
exhibit crystallographically imposed molecular Cs symmetry,
11 and 12 are only approximately C; symmetric. The distances

Fig. 13 Molecular structure of [FeCp*Cl{fc[(NCH,Ph),Cl}] (11) in the
crystal (ORTEP with 30% probability ellipsoids, H atoms not shown).

This journal is © The Royal Society of Chemistry 2025
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Fig. 14 Molecular structure of [FeCp*Br{fc[(NCH,Ph),CI}] (12) in the
crystal (ORTEP with 30% probability ellipsoids, H atoms not shown).

given in Table 1 for the bromido complex pair 10 and 12 are
very similar and are even essentially identical for the chlorido
complex pair 4 and 11. The halogen-Fe-Cc,pene bond angles
of 4 and 10 are slightly wider (by 4°) than those of 11 and 12,
reflecting the higher steric demand of fc[(NCH,Mes),C] vs. fc
[(NCH,Ph),C] (vide supra).

Despite many attempts, our efforts to convert 4 or 10-12
into the corresponding 14 VE cations [FeCp*{fc[(NR),C]}]" by
halide abstraction with reagents like Na[BPh,], Ag[BF,] or Tl
[PF¢] were unsuccessful, usually affording only intractable
material. However, in one instance, it has been possible to
identify [FeCp*{fc[(NCH,Ph),C]},][PFs] (13) as a product by
XRD. The crystalline solvate 13-THF was isolated from the reac-
tion of [FeCp*Br{fc[(NCH,Ph),C]}] (12) with TI[PF¢] in THF,
albeit in trace amounts only (Scheme 5). The structure is
shown in Fig. 15.

The [FeCp*{fc[(NCH,Ph),C]},]" cation of 13-THF has a
Cearbene—Fe—Cearbene bond angle of 108.8(5)°, which is
much wider than the corresponding angles determined for
[FeCp*(BzIMe),][FeCp*1,]-1.5 benzene (3-1.5 benzene) and
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structure of
(13-THF) in the crystal (ORTEP with 30% probability ellipsoids, H atoms,
anion and solvent molecule not shown).

Fig. 15 Molecular [FeCp*{fc[(NCH;Ph),CI},I[PFg]- THF

[FeCp'(V“IMe),]I-2 THF, viz. 95.6(2) and 93.64(8)°, respectively.
This may be ascribed to the much higher steric demand of the
ferrocene-based NHC fc[(NCH,Ph),C] vs. BzIMe and °IMe, as
reflected by their respective %V, values of 34.9%,"* 26.5%"°
and 26.1%."° Notably, the Fe~Ccapene distances of 13 (average
value 2.07 A) are much longer (by at least 0.1 A) than those of
3-1.5 benzene and [FeCp'(™°IMe),]I-2 THF (average values: 1.95
and 1.97 A, respectively). The difference is less pronounced for
the Fe-Cp*centroia distances, which are 1.79 and 1.82 A for 3
and [FeCp'(™IMe),]I-2 THF, respectively, and 1.86 A for 13.
The trend, however, is clearly the same. Taken together, these
data seem to suggest a higher number of unpaired electrons in
13 in comparison with 3-1.5 benzene and [FeCp'(™°IMe),]I-2
THF. However, we refrain from speculation.

Conclusion

We have investigated the “pogo stick” complex [FeCp*{N
(SiMes),}] in terms of its spin state and chemical behaviour.
The results obtained with crystalline samples by
SQUID magnetometry and Mofibauer experiments show that
[FeCp*{N(SiMe;),}] is a high-spin Fe" complex containing four

| IPFdl

\ Fe \ Fe B
N\C\:'./ Br  TI[PF] N\(\;'-/ \-'cl;/N
&\ THF @/ \%
Feﬁ/N\R Feﬁ/N\R R’N\Qse
12 R = CH,Ph 13 (traces)

Scheme 5 Serendipitous formation of 13.
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unpaired electrons and an S = 2 ground state, which is in
concert with the closely related complexes [FeCp'{N(SiMe;3)R}]
(R = SiMe;, CMe;, CgH32,6-Pr,) and [Fe’Cp{N(SiMe;),}]
studied by Walter and Sitzmann.” [FeCp*{N(SiMe;),}] readily
forms adducts with DMAP (compound 6) and with chloride
and bromide anions (compounds 7 and 8; Scheme 3). The
presence of halide anions plays a crucial role in the reaction of
[FeCp*{N(SiMej;),}] with formamidinium salts, whose cations
may be viewed as protonated NHCs. No reaction of [FeCp*{N
(SiMes),}] was observed with formamidinium salts containing
the essentially non-coordinating tetrafluoroborate anion. In
contrast, facile formation of complexes of the type [FeCp*X
(NHQ)] (X = Cl, Br, I; compounds 1, 2, 4, 10, 11, 12) was poss-
ible by reacting [FeCp*{N(SiMe;),}] with formamidinium
halides (Schemes 1 and 2) or by reacting formamidinium tetra-
fluoroborates with [FeCp*X{N(SiMe;),}|~ (Scheme 4). This
behaviour strongly suggests that the reactivity of the Bronsted
basic amido ligand of [FeCp*{N(SiMe;),}] is enhanced by
association with a halide anion to a degree that the resulting
adduct [FeCp*X{N(SiMes),}]” reacts readily with weakly
Bronsted acidic formamidinium cations, whereas DMAP
adduct 6 is inert. Structural data obtained by XRD at 100 K for
1 and for the benzene solvate 1-0.5 benzene reveal a crucial
influence of the lattice solvent on the electronic ground state
of the Fe'' complex. It can be reasonably assumed that the
solvate 1-0.5 benzene has a high-spin configuration with four
unpaired electrons (S = 2), whereas unsolvated 1 has only two
unpaired electrons (S = 1). Experimental data point to an equi-
librium of the type 2 [FeCp*X(NHC)] = [FeCp*(NHC),]" +
[FeCp*X,]™ in several cases, with particularly convincing evi-
dence coming from the solvent-dependent isolation of either 2
or 3 (Scheme 1).

Experimental section
General methods and instrumentation

All reactions involving air-sensitive compounds were per-
formed under an inert atmosphere (argon or dinitrogen) using
standard Schlenk techniques or a conventional glovebox.
Starting materials were procured from standard commercial
sources and used as received. Iron(i) chloride,*® pentamethyl-
cyclopentadiene (Cp*H),*” 1,3-bis(2,6-diisopropylphenyl)imi-
dazolium chloride,*® fc[(NCH,Ph),CH][BF,], fe
[(NCH,Mes),CH][BF,], and fc[(NCH,Mes),CH]CI were prepared
using adapted versions of the published procedures.’** NMR
spectra were recorded at ambient temperature using Varian
NMRS-500 and MR-400 spectrometers operating at 500 and
400 MHz, respectively, for 'H. Elemental analyses were carried
out using a HEKAtech Euro EA-CHNS elemental analyser at the
Institute of Chemistry.

Synthesis and characterisation of Fe complexes

[FeCp*{N(SiMe3;),}]. The use of LiCp* in the published pro-
cedure' leads to the formation of LiCl as a by-product. The
complete removal of LiCl can be challenging in iron(u) amide
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chemistry due to its tenacity, which results from ‘ate’ complex
formation.>® This is avoided in the following procedure by
using KCp* instead. A solution of KN(SiMe;), (7.088 g) in THF
(60 mL) was added dropwise to a stirred suspension of FeCl,
(4.504 g, 35.5 mmol) in THF (60 mL) cooled to 0 °C (ice bath).
After 14 h, a suspension of KCp*, prepared by stirring Cp*H
(4.841 g, 35.5 mmol) and KN(SiMe;), (7.088 g, 35.5 mmol) in
THF (60 mL) for 14 h, was added dropwise to the mixture
stirred at 0 °C. The ice bath was removed, and stirring was con-
tinued for 30 min. Volatile components were removed under
vacuum, leading to a colour change from green to orange.
n-Hexane (50 mL) was added to the residue. Insoluble material
was removed by decanting the supernatant after centrifugation
(2000 rpm, 10 min) and was subsequently washed with
n-hexane (2 x 10 mL). The supernatant and washing solutions
were combined. The solvent was removed under vacuum. The
crude product was purified by bulb-to-bulb distillation at ca.
1072 mbar up to a bath temperature of 135 °C. Yield 7.024 g
(56%). The product was slightly contaminated with deca-
methylferrocene (< 5%), which could be removed by two
recrystallizations from diethyl ether or hexamethyldisilazane.
C16H33NFeSi, (351.46): caled C 54.68, H 9.46, N 3.99%; found
C 53.94, H 9.23, N 3.78%. "H NMR (400 MHz, C¢Dg): § = 225 (11
1180 Hz, 15 H, Cp*), 44 ppm (v 1440 Hz, 18 H, SiMe;). °C
{'"H} NMR (101 MHz, C¢Dy): § = 1173 (1) 880 Hz), —74 ppm (1
310 Hz).

[FeCp*CI(IPr)] (1). [FeCp*{N(SiMe;),}] (157 mg, 0.45 mmol)
and  1,3-bis(2,6-diisopropylphenyl)imidazolium  chloride
(189 mg, 0.45 mmol) were placed in a Schlenk tube, which was
subsequently evacuated and placed in a liquid nitrogen bath.
Toluene (ca. 5 mL) was added by vacuum transfer (ca. 107>
mbar). The cooling bath was removed, and the mixture was
allowed to warm up to ambient temperature with stirring.
Stirring was continued for 30 min. Volatile components were
removed under vacuum, leaving a brown residue.
Crystallisation from diethyl ether furnished the product as a
brownish orange crystalline solid. Yield 192 mg (70%).
C3,H;5;N,ClIFe (615.11): caled C 72.25, H 8.36, N 4.55%; found
C 71.57, H 8.21, N 4.28%. Crystallisation from benzene instead
of diethyl ether afforded the solvate 1-0.5 benzene. "H NMR
(500 MHz, C¢Dg): & = 158 (v 270 Hz), 54 (13 100 Hz), 1 (3 16
Hz), —12 (v 24 Hz), —13 (3 120 Hz), —14 ppm (v, 420 Hz).

[FeCp*1(BzIMe)] (2). [FeCp*{N(SiMe;),}] (90 mg, 0.26 mmol)
and 1,3-dimethylbenzimidazolium iodide (71 mg, 0.26 mmol)
were placed in a Schlenk tube, which was subsequently cooled
to —60 °C. Cold THF (2 mL) was added. The mixture was
stirred at —60 °C for 1 h. The cooling bath was removed, and
the mixture was allowed to warm up to ambient temperature
with stirring. Volatile components were removed under
vacuum. The brown residue was extracted with diethyl ether
(10 mL). Slow evaporation of the extract afforded the product
as a brownish yellow crystalline solid. Yield 76 mg (63%).
C19H,5N,Fel (464.17): caled C 49.16, H 5.43, N 6.04%; found C
48.45, H 5.38, N 5.80%. 'H NMR (400 MHz, C¢Dq): & = 36 (11
130 Hz, 15 H, Cp*), 15 (11 27 Hz, 2 H, p-C¢H,), 12 (11 21 Hz, 2
H, p-C¢H,), —41 ppm (v; 160 Hz, 6 H, NMe).

This journal is © The Royal Society of Chemistry 2025
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[FeCp*(BzIMe),|[FeCp*L,] (3). The synthesis was performed
in a way identical to that described for 2, except that the brown
residue obtained after removing volatile components under
vacuum was extracted with benzene (2 mL). The extract was
layered with n-hexane (2 mL), which furnished the product as
brownish yellow crystals after several days. Yield 86 mg (72%).
C3sH50N Fe,1, (928.33): caled C 49.16, H 5.43, N 6.04%; found
C 48.65, H 5.83, N 5.91%. Single crystals suitable for XRD
turned out to contain benzene (1.5 equivalents) as lattice
solvent. The "H NMR spectrum (400 MHz, C¢Ds; see Fig. S5 in
the ESIt) revealed the presence of the isomeric compound 2 as
the dominant species in solution.

[FeCp*CK{fc[(NCH,Mes),C]}] (4). Attempts to obtain this
compound by reacting [FeCp*{N(SiMes),}] with fc
[(NCH,Mes),CH]CI were not successful, unexpectedly affording
fc[(NCH,Mes),CH][FeCp*Cl,] (5) as the main product
(vide infra). Therefore, the following procedure was developed,
which utilises compound 7 (vide infra). THF (2 mL) was added
to N"Pr,[FeCp*C{N(SiMe;),}] (7; 53 mg, 0.09 mmol) and fc
[(NCH,Mes),CH][BF,] (53 mg, 0.09 mmol). The mixture was
stirred for 2 h. Volatile components were removed under
vacuum. The residue was extracted with diethyl ether (2 mL).
Insoluble material was removed by filtration through a Celite
pad. Slow evaporation of the filtrate afforded orange crystals,
which were washed with diethyl ether (3 x 0.3 mL) and sub-
sequently dried under vacuum. Yield 11 mg (17%).
C41H49N,ClFe, (716.99): caled C 68.68, H 6.89, N 3.91%; found
C 67.99, H 7.19, N 3.92. The "H NMR spectrum (see Fig. S6 in
the ESIt) is very complex and does not allow a meaningful
interpretation (vide supra).

fc[(NCH,Mes),CH][FeCp*Cl,] (5). A solution of [FeCp*{N
(SiMes),}] (70 mg, 0.20 mmol) in toluene was cooled to —50 °C
and added to a stirred suspension of fc[(NCH,Mes),CH]CI
(105 mg, 0.20 mmol) in toluene (20 mL) kept at —50 °C. The
stirred mixture was allowed to warm up to ambient tempera-
ture over the course of 3 h. Volatile components were removed
under vacuum. The residue was extracted with diethyl ether
(2 mL). Small amounts of insoluble material were removed by
filtration through a Celite pad. Slow evaporation of the filtrate
afforded the product as green crystals, together with a small
amount of orange crystals (4 according to XRD). Yield 47 mg
(ca. 60%, considering a ca. 5% contamination by 4, which was
estimated by visual inspection). Single crystals suitable for
XRD turned out to contain toluene (2 equivalents) as lattice
solvent. The "H NMR spectrum (see Fig. S7 in the ESI{) is very
complex and does not allow a meaningful interpretation (vide
supra).

[FeCp*{N(SiMe;),}(DMAP)] (6). n-Hexane (1 mL) was added
to [FeCp*{N(SiMe;),}] (340 mg, 0.97 mmol) and DMAP
(118 mg, 0.97 mmol). The mixture was stirred for 1 h. The
green solid was filtered off using a Celite pad and washed with
n-hexane (4 x 2 mL). It was subsequently extracted with
toluene (10 mL), and the extract was filtered through the Celite
pad. The extract was reduced to dryness under vacuum.
Crystallisation of the residue from n-hexane afforded the
product as a green crystalline solid. Yield 109 mg (24%).
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Ca3H,3N5FeSi, (473.62): caled C 58.33, H 9.15, N 8.87%); found
C 58.20, H 9.10, N 8.85%. "H NMR (400 MHz, C¢D): 5 = 85 (1
540 Hz, 15 H, Cp*), 4 (12 420 Hz, 18 H, SiMe;), 3 ppm (vz 100
Hz, 10 H, DMAP).

N"Pr,[FeCp*CK{N(SiMej;),}] (7). Toluene (2 mL) was added to
[FeCp*{N(SiMe3),}] (239 mg, 0.68 mmol) and N"Pr,Cl (151 mg,
0.68 mmol). The mixture was stirred for 2 h. Diethyl ether
(10 mL) was added. A small amount of colourless insoluble
material was filtered off using a Celite pad and was washed
with diethyl ether (5 mL); the washing solution was passed
through the Celite pad into the green filtrate. The diethyl ether
solution was stored at —40 °C, leading to crystallisation of the
product. The green crystals were separated from the mother
liquor and dried under vacuum. Yield 291 mg (75%).
C,3He N,ClFeSi, (573.27): caled C 58.66, H 10.73, N 4.89%;
found C 59.51, H 11.30, N 4.45%. '"H NMR (500 MHz, CgDg): &
=162 (v 700 Hz, 15 H, Cp*), 5 (11 240 Hz, 16 H, CHy,), 2 (11 240
Hz, 12 H, CH3), —8 ppm (v; 660 Hz, 18 H, SiMe;).

N"Pr,[FeCp*Br{N(SiMe;),}] (8). Toluene (1.5 mL) was added
to [FeCp*{N(SiMes),}] (333 mg, 0.95 mmol) and N"Pr,Cl
(252 mg, 0.95 mmol). The mixture was stirred for 30 min,
affording a green solution. Diethyl ether (10 mL) was added,
leading to the formation of a green precipitate, which was fil-
tered off using a Celite pad and washed with diethyl ether (5 x
2 mL). The green precipitate was subsequently extracted with
toluene (10 mL), and the extract was passed through the Celite
pad. The extract was reduced to dryness under vacuum, which
afforded the product as a green, microcrystalline solid. Yield
520 mg (83%). Single crystals suitable for XRD were obtained
by recrystallization from benzene and turned out to contain
benzene (0.5 equivalents) as lattice solvent. C,gHg;N,BrFeSi,
(617.72): caled C 54.44, H 9.95, N 4.53%; found C 54.33, H
10.52, N 4.33%. "H NMR (400 MHz, C¢Dg): 6 = 165 (11 780 Hz,
15 H, Cp*), 3 (1 350 Hz, 16 H, CHy), 2 (12 210 Hz, 12 H, CH3),
=5 ppm (v; 710 Hz, 18 H, SiMe;).

fc[(NCH,Mes),CH|[FeCp*Br{N(SiMe;),}] (9). Toluene
(10 mL) was added to 8 (65 mg, 0.11 mmol) and fc
[(NCH,Mes),CH][BF,] (61 mg, 0.11 mmol). The mixture was
stirred for 1 h. Volatile components were removed under
vacuum. Diethyl ether (5 mL) was added to the solid residue.
The resulting suspension was filtered to remove colourless in-
soluble material. The volume of the filtrate was slowly reduced
to ca. 0.5 mL under vacuum, resulting in the formation of
orange crystals, which were separated from the mother liquor,
washed with a minimal amount of diethyl ether and dried
under vacuum. Yield 48 mg (49%). C47HgsN3BrFe,Si, (922.83):
caled C 61.17, H 7.43, N 4.55%; found C 60.31, H 7.88, N
4.39%. Due to the low solubility of 9 in benzene, the "H NMR
spectrum (400 MHz, C¢Dg; see Fig. S11 in the ESIt) of an ana-
Iytically pure sample suffered from a poor signal-to-noise ratio
and a meaningful interpretation was not possible. However,
heating of the NMR sample to 60 °C led to efficient conversion
to 10 (vide infra, Method A).

[FeCp*Br{fc[(NCH,Mes),C]}] (10). Method A. A sealed 5 mm
J. Young valve NMR tube containing 9 (45 mg, 0.05 mmol) and
C¢Ds (0.7 mL) was heated to 60 °C for 45 min and was sub-
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sequently allowed to cool to ambient temperature, which
resulted in the formation of orange crystals of 10, which were
separated from the mother liquor and dried under vacuum.
Yield 22 mg (59%). Method B. THF (2 mL) was added to 8
(85 mg, 0.14 mmol) and fc[(NCH,Mes),CH][BF,] (80 mg,
0.14 mmol). The mixture was stirred for 2 h. Volatile com-
ponents were removed under vacuum. Diethyl ether (2 mL)
was added to the residue. Insoluble material was removed by
filtration through a Celite pad. Slow evaporation of the filtrate
afforded orange crystals, which were washed with diethyl ether
(3 x 0.3 mL) and dried under vacuum. Yield 43 mg (41%).
C41H4oN,BrFe, (761.44): caled C 64.67, H 6.49, N 3.68%; found
C 64.90, H 6.73, N 3.37%. The "H NMR spectrum (see Fig. S12
in the ESI}) does not allow a meaningful interpretation (vide
supra).

[FeCp*CK{fc[(NCH,Ph),C]}] (11). THF (3 mL) was added to
[FeCp*{N(SiMe;),}] (70 mg, 0.20 mmol), N"Pr,Cl (44 mg,
0.20 mmol) and fc[(NCH,Ph),CH][BF,] (98 mg, 0.67 mmol).
The mixture was stirred for 2 h. Volatile components were
removed under vacuum. The residue was extracted with diethyl
ether (2 mL), and the extract was filtered through a Celite pad
to remove insoluble material. Slow evaporation of the filtrate
afforded orange crystals, which were washed with diethyl ether
(3 x 0.3 mL) and dried under vacuum. Yield 64 mg (51%).
C35H;,N,ClFe, (632.83): caled C 66.43, H 5.89, N 4.43%; found
C 66.26, H 6.33, N 4.26%. "H NMR (500 MHz, C¢Dy): 8 = 39 (s
100 Hz), 31 (v; 140 Hz, 2 H), 18 (11 29 Hz), 15 (v: 24 Hz), 8 (1n
22 Hz), 5 (11 16 Hz), 2 (11 13 Hz), —1 (v 15 Hz), —14 ppm (1; 24
Hz). If the signal with the largest integral at § = 39 ppm is
assigned to Cp* (15 H), the sum of the integrals of the other 8
signals corresponds to ca. 18, instead of the expected 22, H
(see Fig. S13 in the ESI;t vide supra).

[FeCp*Br{fc[(NCH,Ph),C]}] (12). THF (2 mL) was added to 8
(69 mg, 0.11 mmol) and fc[(NCH,Ph),CH]|BF,] (55 mg,
0.11 mmol). The mixture was stirred for 2 h. Volatile com-
ponents were removed under vacuum. The residue was
extracted with diethyl ether (2 mL), and the extract was filtered
through a Celite pad to remove insoluble material. Slow evap-
oration of the filtrate afforded orange crystals, which were
washed with diethyl ether (3 x 0.3 mL) and dried under
vacuum. Yield 51 mg (68%). C35H;3,N,BrFe, (677.28): caled C
62.07, H 5.51, N 4.14%; found C 61.93, H 5.82, N 4.06%. 'H
NMR (500 MHz, C¢Dy): 6 = 32 (11 90 Hz), 26 (11 90 Hz), 19 (11 21
Hz), 14 (11 16 Hz), 5 (1 7 Hz), 3 (13 7 Hz), 1 (11 7 Hz), 0 (11 7
Hz), —13 (12 14 Hz). If the signal with the largest integral at 6 =
32 ppm is assigned to Cp* (15 H), the sum of the integrals of
the other 8 signals corresponds to ca. 16, instead of the
expected 22, H (see Fig. S14 in the ESI;} vide supra).

X-ray crystallography

For each data collection, a single crystal was mounted on a
micro-mount and all geometric and intensity data were taken
from this sample by w-scans at 100(2) K. Data collections were
carried out using either a Stoe Stadivari diffractometer
equipped with a 4-circle goniometer and a DECTRIS Pilatus
200K detector or a Stoe IPDS2 diffractometer equipped with a
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2-circle goniometer and an area detector. The data sets were
corrected for absorption (by multi scans), Lorentz and polaris-
ation effects. The structures were solved by direct methods
(SHELXT) and refined using alternating cycles of least-squares
refinements against F* (SHELXL-2014/7)." H atoms were
included in the models at calculated positions with an isotro-
pic displacement parameter 1.2 times that of their bonding
partner. Experimental details for each diffraction experiment
are given in Table S1 (see the ESIY).
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