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N-heterocyclic carbenes[1] (NHCs) form robust complexes
with nearly every transition metal. In many instances, these
complexes function as catalysts with superior activities and
selectivities.[2] The broad utility and application of NHCs can
be traced to synthetic advancements which enable access to
derivatives with novel N substituents and architectures.[3] We
envisioned that it would be possible to create a new class of
carbene-based ligands with relatively wide N-C-N angles and
redox-switchable functions[4] by linking diaminocarbenes to
1,1’-disubstituted metallocenes.[5] In view of the affinity of
carbenes for transition metals, the use of such ligands may
lead to new redox-active complexes with tunable electronic
properties. Herein, we describe a novel carbene architecture
that contains a 1,1’-disubstituted ferrocene moiety and

demonstrate its ability to engage in unique electronic
interactions with coordinated transition metals.[6]

The formamidinium salts 1a and 1b were synthesized in
up to 95 % yield by the formylative cyclization of the
respective 1,1’-dianilino-[7] or 1,1’-dialkylaminoferrocene pre-
cursor upon treatment with trimethylorthoformate and
HBF4.

[8] Diagnostic formamidinium signals were found at
d = 9.3 and 8.8 ppm ([D6]DMSO), respectively, in the
1H NMR spectra of these compounds. The solid-state struc-
ture of 1a reveals eclipsed cyclopentadienyl (Cp) ligands,
which are tilted toward each other (f = 15.78) as a result of
the tethering effect of the diaminocarbene fragment
(Figure 1, left). This strain is manifested in a relatively large
N-C-N angle of 129.6(3)8, a value that is comparable to those

commonly found for tetrasubstituted formamidinium ions
(around 1308).[9]

Attempts to generate a free carbene in situ through the
deprotonation of 1a with various bases in different solvents
resulted in rapid decomposition. However, treatment of 1b,
which contains N-isobutyl groups,[10] with sodium
hexamethyldisilazide (NaHMDS) in C6D6 resulted in a
solution of the diaminocarbene[3]ferrocenophane 2 that was
sufficiently stable to be analyzed by NMR spectroscopy
(Scheme 1). The 13C NMR spectrum of 2 revealed a signal at
d = 260 ppm, which is slightly downfield of the correspond-

Figure 1. ORTEP views of 1a (left), 3a (middle), and 4a (right). Ellipsoids are drawn at the 50% probability level. Hydrogen atoms and
counterions have been omitted for clarity. Selected bond lengths [/] and angles [8]: 1a : C1–N1 1.437(4), C1’–N2 1.442(6), C2–N1 1.327(4), C2–N2
1.311(4); N1-C2-N2 129.6(3). The Fe–C2 distance is 3.284(3) /. 3a : C1–N1 1.443(5), C1’–N2 1.433(5), C2–N1 1.359(5), C2–N2 1.349(5), Rh–C2
2.044(4); N1-C2-N2 120.7(3). The Fe–C2 distance is 3.438(5) /. 4a : C1–N1 1.446(4), C1’–N2 1.441(4), C2–N1 1.348(4), C2–N2 1.345(4), Rh–C2
2.081(3), Rh–C4 1.900(4), Rh–C5 1.827(4); N1-C2-N2 120.4(3). The Fe–C2 distance is 3.406(4) /.
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ing signal for known acyclic diaminocarbenes (d = 237–
256 ppm).[9] Unfortunately, 2 was found to decompose upon
concentration, which precluded its isolation.[11]

Having demonstrated that free carbenes can be generated
in situ, we focused subsequent efforts on the coordination of
these Fe-containing ligands to various transition metals as
well as the detection of electronic interactions between the
two moieties. Previously, it was shown that Rh–olefin com-
plexes ligated to NHCs are excellent systems for the latter.[12]

In particular, the olefinic ligand can be replaced with carbon
monoxide without disrupting other physical characteristics of
the complex. For the systems reported herein, this exchange
should result in detectable changes in the oxidation potential
of the ferrocene moiety and support communication between
the Rh and Fe centers.

The Rh complex 3a was prepared in 53 % yield by the in
situ deprotonation of 1a in the presence of [{RhCl(cod)}2]
(Scheme 1). Alternatively, addition of [{RhCl(cod)}2] to a
solution of 2 in benzene at ambient temperature resulted in
the formation of the Rh complex 3b as a yellow solid, which
was subsequently isolated in 50% yield. When carbon
monoxide was bubbled through solutions of 3a or 3b in
CH2Cl2, the respective complexes 4a and 4b were obtained in
excellent yield (> 99 %). The carbonyl stretching frequencies
for complexes 4a and 4b in CH2Cl2 were found to be ñCO =

2074, 1994 cm�1 and ñCO = 2075, 1995 cm�1, respectively,[13]

and therefore in accord with those observed for known
complexes of the type [(NHC)RhCl(CO)2].[12]

The solid-state structures of 3a and 4a were determined
by X-ray crystallography (Figure 1, middle and right).[14] As
expected, the N-C-N angles in these complexes are relatively
wide (3a : 120.7(4)8 ; 4a : 120.4(3)8) and comparable to the
analogous angle found in [(bis(diisopropylamino)carb-
ene)RhCl(CO)2]

[15] (1188). Furthermore, these complexes
exhibit relatively long C�N bond lengths (average value for
3a : 1.36 C; average value for 4a : 1.35 C) with respect to those
observed in 1a (1.32 C). The existence of longer C�N bonds

in 3a and 4a may be attributed to the relief of ring strain, Rh–
carbene p backbonding,[12, 16] or a combination thereof.

Following the synthesis and characterization of 3 and 4,
we studied the effect of ancillary-ligand exchange (i.e.,
replacing an olefin for a carbonyl ligand) on the electronic
properties of these complexes using cyclic voltammetry.[17]

Complex 3a exhibited two reversible redox processes, at E1=2

= + 1.00 and + 0.54 V, which were attributed to RhI/RhII and
FeII/FeIII couples, respectively.[18] As expected, the analogous
redox couples detected for 4a, which bears two carbonyl
ligands, were found at relatively high potentials:E1=2(RhI/RhII)
= + 1.07 V and E1=2

(FeII/FeIII) = + 0.91 V. Although s induc-
tive effects are possible,[19] the large difference inE1=2

observed
for the FeII/FeIII couples in 3a and 4a may be rationalized in
part by unique through-space interactions[20] between the Fe
center and the diaminocarbene moiety. Close analysis of the
crystal structures of these two complexes supports this view.
The Fe�Ccarbene distances observed in 3a (3.438(5) C) and 4a
(3.406(4) C) are within the van der Waals radii of the two
atoms, and the respective Rh�Ccarbene bond lengths (3a :
2.044(4) C; 4a : 2.081(3) C) coincide with established
p-backbonding capabilities of (NHC)RhCl–olefin and
(NHC)RhCl–carbonyl complexes.[12,21]

Additional support for the existence of through-space
p-backbonding interactions in 3a and 4a was obtained from
the cyclic voltammogram of 3b, which revealed two redox
processes, at E1=2

(RhI/RhII) = + 0.98 V and E1=2
(FeII/FeIII) =

+ 0.69 V.[17] The FeII/FeIII couple occurred at a significantly
higher potential in 3b than in its N-aryl analogue 3a. We
attribute the difference to diminished Rh!Ccarbene p dona-
tion, as evidenced by the relatively long Rh�Ccarbene bond
observed in the solid-state structure of 3b (2.059(4) C;
Figure 2),[14] as a result of the increased steric bulk of the
N-isobutyl substituents.[22, 23]

Finally, the ability of these redox-active diaminocarbenes
to electronically modulate ligated transition metals was
evaluated by examining the carbonyl stretching frequency

Scheme 1. Synthesis of diaminocarbene[3]ferrocenophanes and related
bimetallic complexes: a) NaHMDS, benzene; yield determined by
1H NMR spectroscopy; b) [{RhCl(cod)}2], benzene; c) from 1a : KOtBu,
[{RhCl(cod)}2], THF; from 1b : NaHMDS, [{RhCl(cod)}2], benzene; the
yields reported for 3 are based on 1; d) CO (1 atm), CH2Cl2. cod =
1,5-cyclooctadiene.

Figure 2. ORTEP view of 3b. Ellipsoids are drawn at the 50%
probability level. Hydrogen atoms have been omitted for clarity.
Selected bond lengths [/] and angles [8]: C1–N1 1.441(5), C1’–N2
1.434(5), C2–N1 1.358(4), C2–N2 1.356(4), Rh–C2 2.059(4); N1-C1-N2
121.2(3). The Fe–C2 distance is 3.434(4) /.
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of 4 as a function of the Fe oxidation state.[24] Since the
addition of strong oxidants to 4 resulted in decomposition,[25]

we devised a spectroelectrochemical experiment that com-
bined bulk electrolysis with time-resolved FTIR spectrosco-
py.[26] A thin-layer cell was assembled, and a solution of
complex 4a was recorded as the background.[27] To selectively
oxidize the Fe center, a potential of + 0.9 V was applied while
FTIR spectra were recorded over time. Signals attributable to
4a disappeared as a new material (assigned as 4a+) with the
carbonyl stretching frequencies ñCO = 2088 and 2015 cm�1

formed (Figure 3).[28] These changes may be explained by the

formation of stronger CO bonds and are consistent with
diminished electron density at the Rh center induced by the
development of a positive charge at the Fe center (i.e., FeII!
FeIII). To place this result into context, the ñCO values
exhibited by the 4a/4a+ couple correspond to those observed
for a broad range of known Rh carbonyl complexes contain-
ing electron-rich and electron-deficient NHCs.[12]

In conclusion, we have synthesized transition-metal com-
plexes of novel N-aryl and N-alkyl diaminocarbenes which
each contain a 1,1’-disubstituted ferrocene moiety in its
backbone. The well-known electrochemistry of ferrocene was
utilized to confirm long-range, but significant, electronic
communication between the Fe center in the redox-active
carbenes and coordinated transition metals.
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