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ABSTRACT: The functionalized allylidene complex [Fe2Cp2(CO)(μ-CO){μ-η1:η3-Cγ(Fc)-
CβHCα(CN)NMe2}], 1 [Cp = η5-C5H5; Fc = CpFe(η5-C5H4)], reacted with isocyanides (CNR),
in isopropanol solution at ca. 100 °C, to give the CO-substitution products [Fe2Cp2(CO)(μ-
CNR){μ-η1:η3-Cγ(Fc)CβHCα(CN)NMe2}] [R = CH2P(O)(OEt)2, 2a; R = 2-naphthyl, 2b; R =
CH2C(O)(OEt), 2c], which were isolated in 61−84% yields. The bridging coordination of CNR in
2a−c is forced by a stabilizing electrostatic interaction between the nitrogen lone pair belonging to
the {NMe2} group and the terminal CO ligand. Isocyanide methylation with methyl triflate
proceeded with the inversion of stereochemistry at the Cα carbon and led to [Fe2Cp2(CO){μ-
CN(Me)R}{μ-η1:η3-Cγ(Fc)CβHCα(CN)NMe2}]CF3SO3 (R = CH2P(O)(OEt)2), ([3a]CF3SO3; R
= 2-naphthyl, [3b]CF3SO3), containing bridging allylidene and aminocarbyne ligands (68−74%
yields). All products were fully characterized by IR and multinuclear NMR spectroscopy, and the
structures of 2a and [3a]CF3SO3 were elucidated by X-ray diffraction studies. Density functional
theory (DFT) calculations were extensively carried out to shed light on structural, mechanistic, and
thermodynamic features.

1. INTRODUCTION
Dimetallic complexes featuring two adjacent metal centers
constitute unique systems in coordination chemistry, in that
such a dimetallic core is the simplest framework which benefits
from cooperative effects, enabling peculiar reactivity patterns
(especially on bridging ligands) otherwise not viable on
monometallic complexes.1−5 Thus, dimetallic complexes have
been widely investigated as convenient models to clarify and
develop chemical transformations mediated by more complex
structures wherein the metal−metal synergy plays a key role,
such as natural enzymes and metal surfaces.6,7 In this setting,
the interest in the reactivity of hydrocarbyl ligands, bridging
coordinated in dinuclear metal complexes, ranges from the
elucidation of the mechanisms of carbon−carbon bond
formation processes (e.g., the Fischer−Tropsch synthesis),8−12
the metal-mediated synthesis of organic compounds,13,14 new
organometallic motifs not accessible from conventional
procedures,15−18 and the formation of complexes with
functionalized ligands supplying useful properties for applica-
tions in catalysis, electronics, and medicinal chemistry.19−23

The huge and urgent demand for the development of
sustainable synthetic methodologies renders diiron complexes
an ideal choice to explore novel organometallic reaction
pathways based on the abundance and environmental
benignity of iron.11,24−27

Our experience with the chemistry of diorganoiron
complexes concerns the use of the easy-to-handle and
inexpensive [Fe2Cp2(CO)4] (Fp2, Cp = η5-C5H5) as a starting
material. The stepwise replacement of one or two carbonyl
ligands allows the assembly of small organic units affording

derivatives with a bridging unsaturated CHN ligand (amino-
carbyne or vinyliminium; Scheme 1), displaying a rich and
versatile reactivity that opens the doors to a diversity of
structural modifications.20,28,29 In particular, diiron vinyl-
iminium complexes (structure II in Scheme 1) compose a
class of potentially unlimited organometallics due to the broad
availability of alkynes, R2C�CR3, employed for their synthesis
from aminocarbyne precursors (I). A family of allylidene
derivatives of II is obtained by cyanide addition (Scheme 1),
which usually occurs at the iminium carbon, unless a sterically
demanding group is placed on the nitrogen.30,31 Notably, this
reaction is general, working with a variety of substituents R1−3,
and proceeds in a stereoselective mode, i.e., locating the cyano
group in the syn position with respect to the adjacent R2. DFT
investigation on a complex of type III (R1 = Me, R2 = H, R3 =
Ph) outlined that the observed stereoselectivity is due to the
interaction between the nitrogen lone pair belonging to the
amine group and the carbon of the terminal CO ligand
(calculated C···N distance = 2.425 Å).31 In principle, such an
interaction provides a stabilization to the overall structure;
otherwise, it is expected to weaken the Fe−CO binding, thus
potentially favoring the CO replacement by other ligands. Our
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interest was focused on isocyanides, which may be
incorporated in organometallic structures by the substitution
of CO ligands and are versatile substrates susceptible to further
transformations once coordinated to a metal center.32−37

Herein, we report a study on the reactivity of a selected
complex of type III, showing that the complexity of the system
is crucial to finely drive the reaction outcomes, leading to an
example of a dimetallic structure comprising two hetero-
functionalized hydrocarbyl ligands occupying the two bridging
coordination sites.

2. RESULTS AND DISCUSSION
2.1. Carbon Monoxide-Isocyanide Substitution Re-

action.We selected for the present study the recently reported
ferrocenyl-decorated (cyano)amino-allylidene complex 1.38,39

The reactions of 1 with a series of isocyanides, in isopropanol
solution at ca. 100 °C, proceeded with CO-CNR replacement
to give the novel compounds 2a−c, which were isolated after
workup in moderate to high yields (Scheme 2).
Products were fully characterized by IR and multinuclear

NMR spectroscopy; moreover, the structure of 2a, containing
a bridging diethyl isocyanomethylphosphonate ligand, was

ascertained by X-ray diffraction (Figure 1 and Table 1). The
replacement of μ-CO by μ-CNCH2P(O)(OEt)2 in the
structure of 2a does not significantly alter the geometry and
bonding parameters of the (cyano)amino-allylidene ligand,
compared to the parent compound 138 and related complexes
lacking the ferrocenyl unit.30,31 In particular, both C(2)−C(3)
[1.447(14) Å] and C(3)−C(4) [1.418(13) Å] contacts display
some π-character, whereas C(2)−N(1) [1.426(12) Å] is
essentially a single bond. In agreement with this, N(1) [sum
angles 334.4(14)°] shows a considerable pyramidalization,
indicative of sp3 hybridization. A weak sub van der Waals
contact is present between N(1) and the terminal carbonyl
carbon atom [N(1)···C(1) 2.65(2) Å], as also found in 1
[2.71(2) Å]. Previously, [FePt(CO)3(PPh3)(dppm){μ-
CNCH2P(O)(OEt)2}] was the only compound structurally
characterized containing the same bridging isocyanide ligand,
and the bonding parameters of μ-CNCH2P(O)(OEt)2 are
similar to those found in 2a.40 In 2a, the C(11)−N(2) contact
[1.202(13) Å] is rather short, suggesting a relatively scarce π-
back-donation from the iron centers to the bridging isocyanide,
in comparison with that documented for other diiron μ-CNR
systems.41,42

Scheme 1. General Structures of Diiron Complexes Derived from [Fe2Cp2(CO)4] Containing a Bridging Aminocarbyne (I) or
Vinyliminium (II) Ligands, and Regio- and Stereoselective Cyanide Addition to the Iminium Carbon Affording
(Cyano)amino-allylidene Complexes (III)a

aRed dashed line: interaction between amine-nitrogen lone pair and carbonyl carbon.

Scheme 2. Installation of Bridging Isocyanide Ligand in Ferrocenyl-Decorated Diiron (Cyano)amino-allylidene Complexes via
Thermal CO Replacement
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The structure of 2a was also DFT-calculated, and six
different isomers were optimized (2aA−2aE; see Table 2 and
Figure S13). The most stable isomer (2aA) displays the cis
configuration of the Cp rings and the methylphosphonate
group pointing to the carbonyl ligand, coherently with the
structure of 2a experimentally detected in the solid state.
In 2aA, the nitrogen of the NMe2 group (NA) points to the

carbon of the terminal CO (Ct), with a NA···Ct distance of
2.596 Å (experimental 2.653 Å) (see Table 1). This interaction
can be studied in more detail using the natural bond orbital
(NBO) framework and, specifically, the second-order
perturbation theory interaction energy analysis (E(2)). The
latter characterizes the interaction between occupied and
unoccupied NBO-typed Lewis orbitals that contribute to the
electron delocalization from bonding (BD) or lone pair (LP)
orbitals to antibonding orbitals (BD*) or unfilled valence-type
nonbonding orbitals (LV). In 2aA, there is a stabilizing
contribution from the donor−acceptor (D−A) pair LP1(NA)
→ LV1(Ct), the corresponding E(2) value being 23.1 kcal/mol
(Table 3). A similar contribution exists for the D−A pair
LP1(NA) → BD*1(CtO), where BD*1(CtO) is the most
stable unoccupied antibonding orbital of the CO moiety (E(2)
= 0.9 kcal/mol). These contributions compete with the Fe1 →
CO back-donation, which involves the LP1(Fe1) → LV1(Ct),
E(2) = 27.3 kcal/mol, LP1(Fe1) → BD*1(CtO), E(2) = 4.4
kcal/mol, LP2(Fe1) → LV1(Ct), E(2) = 13.5 kcal/mol, and
LP2(Fe) → BD*1(CtO), E(2) = 16.8 kcal/mol, where
LP1(Fe1) and LP2(Fe1) are two different lone pairs centered
on the metal.
On the other hand, the NBO analysis of 2aB, wherein the

Me2NA···CtO interaction is hampered by the trans arrangement
of the Cp ligands, shows that the Fe1 → CtO back-donation

components are much larger, especially LP1(Fe1) → LV2(Ct),
whose E(2) results in 64.0 kcal/mol (Table 3).
In 2aE, bearing a bridging CO and a terminal CNR ligand,

the isocyanide and the amine group can interact in principle,
but all parameters indicate that this potential interaction is
weak. Indeed, the Me2N···CNR distance is 2.820 Å, sensibly
longer than the analogous one in 2aA (Me2N···CO, 2.596 Å).
The corresponding NBO D → A pair (LP1(NA) →
BD*2(CN)) has an E(2) of only 3.3 kcal/mol, whereas in
2aA the pairs involving the amine and the terminal CO have a
total value of E(2) of 24 kcal/mol. The relatively weak amine···
terminal CNR interaction, compared to amine···terminal CO,
accounts for the lower stability of 2aE with respect to 2aA.
The spectroscopic data related to 2a−c in organic solvents

are fully consistent with the solid-state structure ascertained for
2a (Table S1). The IR spectra, recorded in the 2300−1500
cm−1 range (CH2Cl2 solutions), share a common pattern
consisting of three bands, attributed to the cyano moiety (ca.
2190 cm−1), the terminal carbonyl ligand (ca. 1960 cm−1), and
the bridging isocyanide ligand (ca. 1705 cm−1). Thus, infrared
data clearly indicate that the carbonyl-isocyanide substitution
reaction proceeds with the selective occupation of the bridging
coordination site by CNR and confirm the presence of the
relatively strong isocyanide C−N bond (see the discussion of
the X-ray structure of 2a). For sake of comparison, the
stretching vibration related to the bridging isocyanomethyl-
phosphonate ligand falls at 1705 cm−1 in 2a and at 1648 cm−1

in the iron-platinum complex [FePt(CO)3(PPh3)(dppm){μ-
CNCH2P(O)(OEt)2}].

40 The carboxylato group in 2c gives
rise to an absorption at 1723 cm−1. In the bis-carbonyl
precursor 1, the stretching vibration related to the terminal
carbonyl falls at 1967 cm−1;38 therefore, the replacement of μ-
CO with μ-CNR on going from 1 to 2a−c determines a slight
increase of the Fe → t-CO π-back-donation.
In agreement with the X-ray evidence collected for 2a, NMR

spectra point out that the bridging allylidene ligand in 2a−c is
substantially unchanged with respect to the parent compound
1 (Table S1). In particular, the resonances related to the CβH
unit have been found in the narrow intervals 5.38−5.42 ppm
(1H) and 82.9−83.7 ppm (13C), while the corresponding
values for 1 are 5.42 and 83.3 ppm, respectively. Similarly, the
Cα and Cγ resonances undergo a minor shift on going from 1
to 2a−c, and in 2a−c they occur at 63.5−65.9 and 196.6−
197.6 ppm, respectively. The Cγ carbon is almost equidistant
between the two iron centers and possesses a bridging
alkylidene nature, which is reflected in the low-field 13C
NMR signal.43−46 Likewise in 1, the N-methyl groups are
nonequivalent in 2a−c, confirming the occurrence of intra-
molecular amine−CO interaction in solution [e.g., for 2a:
δ(1H) = 2.27, 1.75 ppm; δ(13C) = 50.3, 41.5 ppm]. The
phosphorus nucleus belonging to the isocyanide substituent in
2a is considerably affected by coordination, as witnessed by the
shift of the related 31P NMR resonance (from 14.0 ppm in
uncoordinated isocyanide to 24.0 ppm in 2a).
While the NMR spectra of 2a,c consist of single sets of

resonances, the spectra of 2b reveal the presence of two
isomeric species. We hypothesize that the two isomers are cis
and trans (with reference to the mutual arrangement of the Cp
rings with respect to the Fe−Fe axis), the cis isomer being
largely prevalent in accordance with DFT outcomes (vide
infra). More precisely, the Cp resonances are found, in the 1H
NMR spectrum, at 4.88 and 4.37 ppm (cis) and 4.84 and 4.54
ppm (trans). A comparative view of the 1H NMR data of 2a−c

Figure 1. View of the molecular structure of 2a. Displacement
ellipsoids are at the 30% probability level. H atoms have been omitted
for clarity.
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points out that 2a and 2c adopt the Cp-cis geometry,
according to the X-ray evidence for 2a.
The structure of 2b was optimized by DFT calculations,

evaluating the relative stability of possible structures (2bA-F)
(see Table 4 and Figure S14). The most stable isomer (2bA) is
homologous to 2aA and thus exhibits a cis geometry of the Cp
ligands and the naphthyl group on the same side as the CO
ligand. In 2bA as in 2aA, the NMe2 moiety directs the nitrogen
lone pair toward the CO carbon (N···C distance 2.635 Å, C−

O distance 1.172 Å), and the NBO analysis reveals a weak N···
C interaction at the expense of the Fe → CO π back-donation.
The substitution reaction affording 2a−c deserves further

comments. It is a common feature in organometallic chemistry
that isocyanides replace carbonyl ligands, and thermal
treatment is often used as an effective method.32,47,48

Nevertheless, here the presence of the bridging unsaturated
hydrocarbyl ligand (allylidene) might favor the formation of
C−C coupling products,49 which, however, have not been
observed.
In dinuclear metal systems, mixtures of isomers may be

obtained as CO-CNR substitution products, resulting from the
competition for bridging coordination between CNR and
residual CO ligand(s). For instance, carbonyl-isocyanide
replacement from [M2Cp2(CO)4] (M = Fe, Ru) usually
generates a mixture of μ-CNR and t-CNR isomers, which
interconvert in solution,41,50,51 and the bridging coordination is
favored with electron-withdrawing R groups.41,52 In a series of
dppm-bridged heterobimetallic (Pt-M) μ-carbonyl complexes,
CO-CNR replacement addresses isocyanides with electron-
withdrawing substituents to the bridging site and isocyanides

Table 1. Comparative View of Selected Bond Lengths (Å) and Angles (°) for 1 (Experimental),38 2a (Experimental and
Calculated), and [3a]+ (Experimental and Calculated)

1 (X-ray) 2a (X-ray) 2aA (DFT) [3a]+ (X-ray) [3a]+ (DFT)

Fe(1)−Fe(2) 2.5379(6) 2.5380(17) 2.528 2.5324(14) 2.502
Fe(1)−C(1) 1.771(3) 1.777(10) 1.738 1.787(8) 1.736
Fe(2)−C(2) 2.071(3) 2.098(9) 2.109 2.118(7) 2.162
Fe(2)−C(3) 2.025(3) 2.016(10) 1.995 2.037(7) 2.021
Fe(2)−C(4) 2.025(3) 2.007(10) 2.002 2.025(7) 1.998
Fe(1)−C(4) 1.964(3) 1.963(9) 1.963 1.975(6) 1.966
Fe(1)−C(11)a 1.922(3) 1.962(11) 1.917 1.899(7) 1.855
Fe(2)−C(11)a 1.911(3) 1.927(10) 1.879 1.878(6) 1.847
Fe(1)−CpCtb 1.747(5) 1.748(5) 1.781 1.760(5) 1.779
Fe(2)−CpCtb 1.716(5) 1.721(7) 1.724 1.732(2) 1.731
Fe(3)−CpCtab 1.651(3) 1.654(2) 1.639 1.662(2) 1.642
Fe(3)−CpCtbb 1.653(5) 1.648(2) 1.632 1.654(2) 1.628
C(1)−O(1) 1.142(4) 1.143(12) 1.171 1.131(9) 1.162
C(2)−N(1) 1.447(4) 1.426(12) 1.434 1.447(10) 1.439
C(2)−C(3) 1.446(4) 1.447(14) 1.449 1.423(11) 1.440
C(3)−C(4) 1.414(4) 1.418(13) 1.424 1.424(11) 1.425
C(2)−C(7) 1.467(5) 1.469(13) 1.448 1.476(9) 1.444
C(7)−N(3) 1.145(4) 1.142(13) 1.175 1.136(10) 1.174
C(11)−N(2) 1.202(13) 1.249 1.292(9) 1.315
N(2)−C(12) 1.477(9) 1.477
N(2)−C(13) 1.445(13) 1.436 1.469(10) 1.464
C(13)-P(1) 1.809(11) 1.837 1.821(7) 1.842
P(1)−O(2) 1.468(7) 1.507 1.463(5) 1.506
P(1)−O(3) 1.563(8) 1.638 1.562(7) 1.612
P(1)−O(4) 1.556(8) 1.626 1.574(8) 1.628
Fe(1)−C(1)−O(1) 169.1(3) 167.8(9) 163.17 171.9(9) 172.75
Fe(1)−C(11)−Fe(2) 82.94(13) 81.5(4) 83.49 84.2(3) 85.04
Fe(1)−C(4)−Fe(2) 79.01(11) 79.5(4) 79.18 78.5(2) 78.28
Fe(1)−C(4)−C(3) 125.0(2) 124.5(8) 124.36 123.3(5) 123.85
C(4)−C(3)−C(2) 123.6(3) 123.3(9) 122.93 127.4(6) 128.38
C(3)−C(2)−N(1) 121.2(3) 123.0(8) 120.32 113.8(6) 115.13
Sum at N(1) 334.4(4) 334.4(14) 341.70 335.2(10) 342.55
C(2)−C(7)−N(3) 179.3(4) 176.4(12) 174.60 172.5(10) 169.13
C(11)−N(2)−C(13) 127.4(9) 127.93 122.8(6) 122.26
N(2)−C(13)-P(1) 109.0(7) 110.00 113.2(5) 112.20

aC(11) is bonded to O in 1 and to N in [2a]+ and [3a]+. bCpCt is the centroid of the cyclopentadienyl ligand. For Fe(3), Cpa is the substituted
cyclopentadienyl and Cpb�Cp.

Table 2. Gibbs Free Energies (in kcal/mol) and Descriptors
for the Spatial Arrangement of 2a-Related Structures

isomer ΔG Cp/Cp R/CO CNR

2aA 0.0 cis cis bridging
2aB 6.2 trans cis bridging
2aC 1.1 cis trans bridging
2aD 5.4 trans trans bridging
2aE 5.2 cis cis terminal
2aF 6.4 trans trans terminal
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with donor substituents to one terminal site.53 Note that
different outcomes (bridging or terminal coordination of
CNR) were observed with R = CH2PO(OEt)2, depending on
the nature of one of the two metal centers.40 It is noteworthy
that, in tris-carbonyl aminocarbyne complexes of type I
(Scheme 1), CO-CNR monosubstitution locates any type of
isocyanides in terminal coordination,54 while two terminal
coordination sites are selectively occupied by aryl-isocyanides
(with a residual μ-CO) following disubstitution reactions.55 In
2a−c, the isocyanide ligand is exclusively found as bridging
coordinated to the two iron centers, irrespective of the electron
properties of its substituent R: this appears the consequence of
the intramolecular interaction favoring the terminal coordina-
tion of the CO ligand (see above).
It is reasonable that CO-CNR substitution from 1 proceeds

with a dissociative mechanism since the iron atoms are
coordinatively saturated. On account of the weaker metal
binding of t-CO compared to that of μ-CO, the former is
expected to be preferentially released upon thermal treatment,
generating a coordination vacancy (structure Int1 in Figure 2)
that can be readily filled with the isocyanide. This situation was
simulated using CNMe as a model isocyanide (structure Int2,
corresponding to 2aE; see Figure S13). Since the migration of
the bridging CO to the terminal site of Int1 is not viable, Int2
should be the kinetic product of the substitution process;
despite being less stable than 1, the formation of Int2 is
probably pushed by the gaseous nature of released CO. A
subsequent, plausible intermediate structure (Int3) was DFT-
recognized, bearing bridging CO and CNMe ligands: its

energy is high but accessible at room temperature. A view of
the DFT-optimized structure of Int3 is shown in Figure S15.
Then, opening of the bridging CO leads to the most stable
structure 2d, homologous to 2a.
The reactions of 1 with cyclohexyl isocyanide (CNCy) and

2,6-dimethylphenyl-isocyanide (CNXyl) resulted in prevalent
decomposition. It was previously demonstrated that these
isocyanides react with [Fe2Cp2(CO)4] to give cis and trans
isomers of [Fe2Cp2(CO)(μ-CO)2(CNR)], and terminal to
bridging migration of the isocyanide is hampered even under
high-temperature conditions.41 In particular, the steric
hindrance exerted by CNXyl is mainly imputable to the two
ortho-methyl groups,56 a situation not found in naphthyl
isocyanide. Thus, it is possible that CO-CNR (R = Cy, Xyl)
substitution from 1 affords μ-CO intermediates analogous to
2aF, decomposing at the high temperature required for the
reaction, in the absence of a viable mechanism enabling the
CNR migration from terminal to bridging site and, thus, the
establishment of a stabilizing amine-terminal CO interaction.
On the other hand, the stable bridging bonding of CNXyl has
been demonstrated for dinuclear Fe−Pt complexes.57
2.2. Synthesis of Aminocarbyne Ligands. Isocyanide

ligands in transition-metal complexes may be prone to the
addition of electrophiles to form the corresponding amino-
carbyne ligands.20,32,43,58,59 In general, the Lewis basicity of the
nitrogen atom is enhanced on increasing the electron π back-
donation from the metal center(s) to the isocyanide; therefore,
in dinuclear complexes, the bridging coordination may be
crucial to permit the conversion into aminocarbyne.60−64

In light of the presence of a bridging isocyanide ligand in the
neutral complexes 2a−c, we moved to investigate their
reactivity with an easily available alkylating agent such as
methyl triflate.
Hence, the reactions of 2a−b with a slight excess of

MeCF3SO3 were effective to produce the isocyanide-
methylated products [3a−b]CF3SO3, which were isolated in
good yields after workup (Scheme 3). Notably, the
methylation of 2a−b takes place selectively at the isocyanide:
this outcome is not trivial because the allylidene fragment,

Table 3. NBO Second-Order Perturbation Stabilization
Energies (E(2), kcal mol−1) for Donor (D) → Acceptor (A)
Pairs

isomer D → A E(2)

2aA LP1(NA) → LV1(Ct) 23.1
LP1(NA) → BD*1(CtO) 0.9
LP1(Fe1) → LV1(Ct) 27.3
LP1(Fe1) → BD*1(CtO) 4.4
LP2(Fe1) → LV1(Ct) 13.5
LP2(Fe1) → BD*1(CtO) 16.8

2aB LP1(Fe1) → LV1(Ct) 11.6
LP1(Fe1) → LV2(Ct) 64.0
LP2(Fe1) → LV1(Ct) 45.1
LP2(Fe1) → LV2(Ct) 24.0
LP3(Fe1) → LV1(Ct) 49.9

2bA LP1(NA) → BD*1(CtO) 1.7
LP1(NA) → LV1(CtO) 17.9
LP1(Fe1) → LV1(Ct) 19.1
LP1(Fe1) → BD*1(CtO) 6.7
LP2(Fe1) → BD*1(CtO) 26.0
LP2(NA) → BD*1(CtO) 13.5

Table 4. Gibbs Free Energy (in kcal/mol) and Descriptors
for the Spatial Arrangement of 2b-Related Structures

Isomer ΔG Cp/Cp R/CO CNR

2bA 0.0 cis cis bridging
2bB 6.0 trans cis bridging
2bC 1.0 cis trans bridging
2bD 12.0 trans trans bridging
2bE 4.6 cis cis terminal
2bF 6.7 trans trans terminal

Figure 2. Gibbs energy profile of the proposed reaction pathway for
carbon monoxide-isocyanide substitution from complex 1.
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comprising an extensive unsaturation and two nitrogen
functions, could in principle take part in the alkylation process.
Spectroscopic data suggest that the methylation of 2c was
unclean, affording the corresponding aminocarbyne derivative
in admixture with impurities, which could not be removed.65

The structure of [3a]CF3SO3 was ascertained by X-ray
diffraction, and a view of the structure is shown in Figure 3,
while relevant bonding parameters of 1, 2a, and [3a]CF3SO3
are comparatively reported in Table 1. The structure of [3a]+ is
composed of a cis-Fe2Cp2 core bonded to a μ-η1:η3-

C(Fc)CHC(CN)NMe2 allylidene, a μ-CN(Me)CH2P(O)-
(OEt)2 aminocarbyne, and a terminal CO ligand. Notably,
the configuration of the NMe2 and CN groups at C(2) of [3a]+
is inverted compared to the parent compound 2a. Apart from
this, the bond distances related to the bridging allylidene are
very similar in [3a]+ and 2a, as well as 1 (Table 1). The
transformation of the bridging isocyanide into bridging
aminocarbyne ligand causes the shortening of both Fe(1)−
C(11) and Fe(2)−C(11) bonds, passing from 2a [1.962(11)
and 1.927(10) Å, respectively] to [3a]+ [1.899(7) and
1.878(6) Å], whereas C(11)−N(2) [1.202(13) Å in 2a;
1.292(9) Å in [3a]+] is sensibly elongated. These data are in
keeping with the bonding parameters previously reported for
related diiron complexes containing bridging aminocarbyne
ligands.20,66 It is remarkable that the isocyanide methylation is
accompanied by an apparent inversion of orientation of the
CH2P(O)(OEt)2 substituent.
Based on X-ray data, the bridging (hetero)hydrocarbyl

ligand derived from isocyanide methylation in [3a−b]+ may be
viewed as a hybrid between aminocarbyne and iminium
structures (Scheme 4), analogously to the description of
several dimetallic aminocarbyne complexes in the literature.20

Note that aminocarbyne ligands commonly adopt bridging
coordination in polymetallic carbonyl complexes due to the
strong electron-withdrawing character of the aminocarbyne
exceeding that of carbon monoxide.67,68

The structure of the cation [3a]+ was optimized by DFT
calculations (3aA), leading to a similar geometry to that
experimentally determined, with the Me2N group not oriented
toward the terminal CO ligand. Isomers of 3aA are
theoretically predictable, and in particular 3aB, containing
the methylphosphonate group on the same side with respect to
the CO ligand, and 3aC, displaying the Me2N moiety pointing
toward the CO (see Figure S16). Thus, 3aB resulted in 1.2
kcal/mol less stable than 3aA, presumably due to small steric
differences, while 3aC is less stable than 3aA by only 1.7 kcal/
mol. Although the stereoisomers 3aA, 3aB, and 3aC are
energetically similar, their interconversion is not obvious, and
therefore the inversion of configuration at Cα and CNR during
the methylation of 2a is not easy to explain. In particular, Cα is
bound to three carbon atoms (bond orders 1.08, 1.04, and 1.06
in 3aA) and one iron (bond order 0.65); thus, we hypothesize

Scheme 3. Isocyanide Methylation Affording Complexes with Two Functionalized Bridging Hydrocarbyl Ligands

Figure 3. View of the molecular structure of [3a]+. Displacement
ellipsoids are at the 30% probability level. H atoms have been omitted
for clarity.
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that the inversion of configuration at Cα proceeds via
intermediate species in which the Cα−Cβ−Cγ chain adopts a
significantly different coordination to the diiron scaffold. Note
that bridging allylidene ligands might exhibit fluxional behavior
under certain conditions.69,70 No NBO D → A interaction
between the Cα−CN unit and the terminal carbonyl was found
in 3aA, the distance between N(3) and C(1) (2.912 Å) being
too long. Conversely, in 3aC, the interaction between the
Me2N unit and the terminal carbonyl is allowed, the NBO
analysis leading to LP1(NA) → LV 1(Ct) with E(2) = 32.25
kcal/mol. However, in 3aC, there is a relevant steric hindrance
between Me2N and the aminocarbyne, which disfavors this
isomer with respect to 3aA.
The spectroscopic data of [3a−b]CF3SO3 are in alignment

with the above considerations concerning the structure of
[3a]+. Thus, the IR spectra display absorptions ascribable to
the Cα-bound cyano group (at 2192 cm−1), the terminal
carbonyl (∼50 cm−1 shifted to higher wavenumbers with
respect to 2a−b because of the net positive charge acquired by
[3a−b]CF3SO3), and the μ-CN moiety (at 1541−1552 cm−1).
The latter values fall within the interval of C−N bonds in
bridging aminocarbyne complexes (Scheme 4).20,71

The NMR spectra of [3a−b]CF3SO3 show the presence of
two isomers in solution, one of them being largely
predominant. Based on the DFT outcomes, it is probable
that such pairs of isomers differ in the orientation of the
substituents on the aminocarbyne moiety (E and Z isomers).
Accordingly, the signals related to the aminocarbyne methyl
differ significantly in the two isomers (e.g., at 5.16 and 4.49
ppm in the 1H NMR spectrum of 3b). In both complexes, the
salient spectroscopic feature is the 13C NMR resonance of the
bridging {μ-CN} carbon, falling at approximately 327 ppm, in
full alignment with the aminocarbyne nature.20

The inversion of the stereochemical configuration at the Cα

determines a significant effect on the adjacent {Cβ−H} group,
which experiences a substantial downfield shift. For instance,
the related NMR signals fall at 6.27 (1H) and 76.6 ppm (13C)
in [3a]CF3SO3 and at 5.42 and 63.5 ppm in the parent
compound 2a (Table S1). Similar chemical shift variations
regard the Cα and Cγ carbons within the C3 chain of the
allylidene ligand. Key information provided by NMR spectra
concerns the amine group since the two methyl groups
resonate as a unique singlet, e.g., at 2.55 ppm (1H) and 44.7
ppm (13C) for the major isomer of [3a]CF3SO3. This feature
confirms that the rotation around the Cα−N bond is permitted
in [3a−b]+, coherently with the stereochemical configuration
of Cα revealed by the X-ray structure of [3a]CF3SO3. The 31P
resonance for the phosphonate shifts from 24.0 to 19.8 ppm
ongoing from 2a to [3a]CF3SO3.
In summary, complexes [3a]CF3SO3 show the coexistence

of two functionalized hydrocarbyl bridging ligands, constructed

from [Fe2Cp2(CO)4] through the progressive elimination of
three carbonyl ligands and the assembly of small organic units
and, in this respect, they break the most common scheme
whereby the growth of an organometallic architecture in a
dinuclear metal complex is centered on a single bridging site.72

Looking back at Scheme 1, the C1 to C3 growing on a diiron
platform, starting from an aminocarbyne ligand (structure I), is
followed by the construction of a second aminocarbyne
affecting the stereochemistry of the C3 fragment.

3. CONCLUSIONS
We carried out a synthetic work aimed to explore the reactivity
of a diiron scaffold with a bridging functionalized ferrocenyl-
allylidene ligand, leading to the two-step formation of an
additional aminocarbyne ligand by the assembly of CNR and
Me+ units. The construction of the aminocarbyne moiety is
highly selective, in that the allylidene fragment is not directly
involved, despite the potential reactivity associated with its
extensive unsaturation and the presence of amine and cyano
groups. On the other hand, the allylidene is sensitive to the
structural modifications on the other side of the dimetallic
framework and plays a crucial role in the selectivity of the
process by means of the stabilizing intramolecular interaction
with the terminal CO and the subsequent inversion of
configuration at one allylidene carbon. The finally obtained
allylidene−aminocarbyne complexes represent remarkable
examples of dimetallic species comprising two functionalized
hydrocarbyl ligands, which occupy two bridging coordination
sites (two-faced). Our results demonstrate the potency of
cooperative effects mediated by the {Fe2Cp2} core and
exalted�rather than hindered�by the preliminary formation
of one bridging structured ligand, thus confirming the
versatility of diiron carbonyl systems for synthetic purposes.

4. EXPERIMENTAL SECTION
4.1. General Experimental Details. 4.1.1. Materials and

Methods. Reactants and solvents were purchased from Alfa Aesar,
Merck, Strem, or TCI Chemicals and were of the highest purity
available. Complex 1 was prepared according to the literature
procedure.38 Reactions were conducted under a N2 atmosphere
using standard Schlenk techniques and monitored by liquid IR
spectroscopy. Products were conserved under a N2 atmosphere once
isolated. Dichloromethane, tetrahydrofuran, and diethyl ether were
dried with the solvent purification system mBraun MB SPS5, while
isopropanol was deaerated by bubbling N2 into the liquid (ca. 2 L) for
20 min. Chromatography separations were carried out under a flux of
N2 on columns of deactivated alumina (Merck, 4% w/w water) using
solvents from the bottle. IR spectra of solutions were recorded using a
CaF2 liquid transmission cell (2300−1500 cm−1) on a Perkin Elmer
Spectrum 100 FT-IR spectrometer. IR spectra were processed with
Spectragryph software.73 NMR spectra were recorded at 298 K on a
Jeol JNM-ECZ500R instrument equipped with a Royal HFX

Scheme 4. Aminocarbyne (A, B) and Iminium (C) Canonical Forms for the Bridging Ligand Derived from Isocyanide
Alkylation in the Diiron Complexes [3a−b]+ and Representative Delocalized Structure (D)
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Broadband probe. Chemical shifts (expressed in parts per million) are
referenced to the residual solvent peaks74 or to an external standard
(31P to 85% H3PO4). NMR spectra were assigned with the assistance
of 1H−13C (gs-HSQC and gs-HMBC) correlation experiments.75

NMR signals due to secondary isomeric forms (where it has been
possible to detect them) are italicized. Elemental analyses were
performed on a Vario MICRO cube instrument (Elementar).
4.2. Synthesis and Characterization of Allylidene Isocya-

nide Complexes. General procedure. A solution of complex 1 in
isopropanol (ca. 15 mL) was treated with the selected isocyanide, and
the resulting solution was stirred at ca. 100 °C for ca. 2 h. Then, the
volatiles were removed under vacuum, and the residue was dissolved
in the minimum volume of diethyl ether. This solution was charged
on an alumina column packed with petroleum ether. The fraction
containing the product was dried under vacuum affording a solid

residue. In the case of 2a, prior chromatography and in order to
remove the excess of isocyanide, the reaction mixture was
concentrated to ca. 5 mL, and Et2O (15 mL) and H2O (15 mL)
were added and vigorously shaken. The organic phase was separated,
and the extraction procedure was repeated twice. The final organic
solution was directly charged on the alumina column (Chart 1).

4.2.1. [Fe2Cp2(CO){μ-CNCH2P(O)(OEt)2}{μ-η1:η3-Cγ(Fc)CβHCα(CN)-
NMe2}], 2a (Chart 1). From 1 (120 mg, 0.203 mmol) and diethyl
isocyanomethylphosphonate (2.5 equiv). Eluent for chromatography:
THF. Brown solid, yield 105 mg (70%). Anal. calcd. for
C33H38Fe3N3O4P: C, 53.62; H, 5.18; N, 5.68. Found: C, 53.51; H,
5.26; N, 5.49. IR (CH2Cl2): ν̃/cm−1 = 2186w (C�N), 1958s (CO),
1705m (μ-C�N). 1H NMR (CDCl3): δ/ppm = 5.42 (s, 1H, CβH);
4.75, 4.64 (s, 10H, Cp); 4.51, 4.47, 4.40 (m, 4H, C5H4); 4.33 (s, 5H,
CpFc); 4.10, 4.08 (d, 2JHH = 14.5 Hz, 2H, NCH2); 4.24 (m, 2H,
CH2CH3); 2.27, 1.75 (s, 6H, NMe2); 1.49, 1.42 (t, 6H, CH2CH3).
13C{1H} NMR (CDCl3): δ/ppm = 258.0 (μ-CN); 213.4 (CO); 196.8
(Cγ); 121.1 (C�N); 112.9 (ipso-C5H4); 83.7 (Cβ); 88.6, 86.3 (Cp);
72.6, 67.3, 67.1, 67.0 (C5H4); 69.2 (CpFc); 64.1 (d, J = 26 Hz,
NCH2); 63.5 (Cα); 62.9, 62.3 (d, CH2CH3); 50.3, 41.5 (NMe2); 16.9
(CH2CH3). 31P{1H} NMR (CDCl3): δ/ppm = 24.0.76 Crystals
suitable for X-ray analysis were obtained by the slow diffusion of
heptane into a solution of 2a in CH2Cl2, at −30°C (Chart 2).

4.2.2. [Fe2Cp2(CO){μ-CN(2-Naphthyl)}{μ-η1:η3-Cγ(Fc)CβHCα(CN)-
NMe2}], 2b (Chart 2). From 1 (90 mg, 0.153 mmol) and 2-naphthyl
isocyanide (2.5 equiv). Eluent for chromatography: Et2O. Brown
solid, yield 92 mg (84%). Anal. calcd. for C38H33Fe3N3O: C, 63.81; H,
4.65; N, 5.88. Found: C, 63.65; H, 4.75; N, 5.89. IR (CH2Cl2): ν/̃
cm−1 = 2187w (C�N), 1961s (CO), 1703m (μ-C�N). 1H NMR
(CDCl3): δ/ppm = 7.84−7.40 (m, 7H, C10H7); 5.38 (s, 1H, CβH);
4.88, 4.84, 4.54, 4.37 (s, 10H, Cp), 5.01, 4.75, 4.61, 4.46 (br, 4H,
C5H4); 4.26 (s, 5H, CpFc); 2.55, 2.27, 1.98, 1.85 (s, 6H, NMe2).
Isomer ratio (cis/trans) = 5. 13C{1H} NMR (CDCl3): δ/ppm = 252.6
(μ-CN); 214.5 (CO); 197.6 (Cγ); 144.6 (ipso-C10H7); 134.5, 130.3,

Chart 1. Structure of 2a

Chart 2. Structure of 2b

Chart 3. Structure of 2c

Chart 4. Structure of [3a]+

Chart 5. Structure of [3b]+
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129.1, 127.9, 127.6, 126.4, 125.6, 124.5, 116.5 (C10H7); 121.9 (C�
N); 112.1 (ipso-C5H4); 88.6, 88.4, 87.3, 85.7 (Cp); 82.9 (Cβ); 72.6,
68.1, 67.6, 67.1 (C5H4); 69.3 (CpFc); 65.9 (Cα); 50.6, 42.4 (NMe2)
(Chart 3).

4.2.3. [Fe2Cp2(CO){μ-CNCH2C(O)(OEt)}{μ-η1:η3-Cγ(Fc)CβHCα(CN)-
NMe2}], 2c (Chart 3). From 1 (64 mg, 0.109 mmol) and ethyl 2-
isocyanoacetate (4.0 equiv). Eluent for chromatography: Et2O/
CH2Cl2 9:1 v/v. Brown solid, yield 45 mg (61%). Anal. calcd. for
C32H33Fe3N3O3: C, 56.93; H, 4.93; N, 6.22. Found: C, 56.83; H,
5.02; N, 6.15. IR (CH2Cl2): ν/̃cm−1 = 2186w (C�N), 1957s (CO),
1723m (OCO), 1711m (μ-C�N). 1H NMR (CDCl3): δ/ppm = 5.41
(s, 1 H, CβH); 4.79, 4.56 (s, 10H, Cp); 4.54, 4.49, 4.41, 4.23 (m, 4H,
C5H4); 4.62, 4.43 (d, 2JHH = 16.7 Hz, 2H, NCH2); 4.34 (s, 5H, CpFc);
4.31 (q, 3JHH = 7.07 Hz, 2H, CH2CH3); 2.30, 1.77 (s, 6H, NMe2);
1.36 (t, 3H, CH2CH3). 13C{1H} NMR (CDCl3): δ/ppm = 257.3 (μ-
CN); 213.4 (CO); 196.6 (Cγ); 171.2 (CO2Et); 120.9 (C�N); 112.8
(ipso-C5H4); 88.3, 86.6 (Cp); 83.7 (Cβ); 72.7, 69.1, 67.4, 67.1
(C5H4); 69.3 (CpFc); 64.1 (Cα); 61.4 (CH2CH3); 59.8 (NCH2); 50.4,
41.6 (NMe2); 15.4 (CH2CH3).
4.3. Synthesis and Characterization of Allylidene−Amino-

carbyne Complexes. 4.3.1. General Procedure. The appropriate
isocyanide complex, 2a−b, was dissolved in CH2Cl2, and this solution
was treated with CH3SO3CF3 (ca. 1.5 equiv). The resulting mixture
was stirred at room temperature for 2 h, during which a progressive
color turning from brown to green was observed. The final product
was purified by alumina chromatography, and a green band was
collected. Purification of [3a]CF3SO3 was performed by washing the
solid with diethyl ether and subsequent filtration through celite of a
dichloromethane solution, while purification of [3b]CF3SO3 was
achieved via alumina chromatography. Removal of the volatiles under
vacuum from the respective solutions allowed us to isolate the
products as dark-green powders (Chart 4).

4.3.2. [Fe2Cp2(CO){μ-CN(Me)CH2C(O)(OEt)}{μ-η1:η3-Cγ(Fc)-
CβHCα(CN)NMe2}]CF3SO3, [3a]CF3SO3 (Chart 4). From 2a (105 mg,
0.142 mmol). Dark-green solid, yield 95 mg (74%). Anal. calcd. for
C34H36F3Fe3N3O6S: C, 48.66; H, 4.32; N, 5.01; S, 3.82. Found: C,
48.75; H, 4.22; N, 4.96; S, 3.69. IR (CH2Cl2): ν/̃cm−1 = 2192w (C�

N), 2012s (CO), 1552m (μ-CN). 1H NMR (acetone-d6): δ/ppm =
6.34, 6.27 (s, 1H, CβH); 5.62, 5.56, 5.30, 5.28 (s, 10H, Cp); 5.06,
4.78, 4.66, 4.58 (m, 4H, C5H4); 4.51, 4.50 (s, 5H, CpFc); 4.92, 4.12 (s,
3H, NMe); 4.48−4.34 (m, 4H, OCH2); 4.92 (m, 2H, NCH2); 2.66,
2.55 (s, 6H, NMe2); 1.49, 1.40 (t, 6H, CH2CH3). Isomer ratio = 4.
13C{1H} NMR (acetone-d6): δ/ppm = 327.6, 327.5 (μ-CN); 210.1
(CO); 207.8 (Cγ); 112.1 (ipso-C5H4); 93.5, 88.3, 88.0 (Cp); 90.9,
89.1 (Cβ); 76.6 (Cα); 73.8, 73.5, 69.4, 69.3, 68.6, 68.4, 67.2 (C5H4);
70.0, 69.9 (CpFc); 69.9 (NCH2); 63.5 (d, CH2CH3); 56.7, 52.7
(NMe); 44.7 (br, NMe2); 16.1 (CH2CH3). 31P{1H} NMR (acetone-
d6): δ/ppm = 19.8, 16.5. Crystals suitable for X-ray analysis were
obtained by the slow diffusion of diethyl ether into a solution of
[3a]CF3SO3 in methanol at −30°C (Chart 5).

4.3.3. [Fe2Cp2(CO){μ-CN(Me)(2-Naphthyl)}{μ-η1:η3-Cγ(Fc)-
CβHCα(CN)NMe2}]CF3SO3, [3b]CF3SO3 (Chart 5). From 2b (37 mg,
0.052 mmol). Eluent for chromatography: MeCN. Dark-green solid,
yield 31 mg (68%). Anal. calcd. for C40H36F3Fe3N3O4S: C, 54.64; H,
4.13; N, 4.78; S, 3.65. Found: C, 54.46; H, 4.04; N, 4.86; S, 3.56. IR
(CH2Cl2): ν̃/cm−1 = 2192w (C�N), 2007s (CO), 1597w, 1541m
(μ-CN). 1H NMR (acetone-d6): δ/ppm = 8.22−7.29 (m, 7H,
C10H7); 6.44, 6.28 (s, 1H, CβH); 5.76, 5.43, 4.53, 4.53, 4.51, 4.48 (s,
15H, Cp); 5.00, 4.94, 4.76, 4.74, 4.67, 4.63, 4.61, 4.58 (m, 4H, C5H4);
5.16, 4.49 (s, 3H, NMe); 2.68, 2.43 (s, 6H, NMe2). Isomer ratio = 6.
13C{1H} NMR (acetone-d6): δ/ppm = 326.2 (μ-CN); 210.7 (CO);
207.7 (Cγ); 143.1 (ipso-C10H7); 133.6, 133.4, 133.7, 130.9, 130.7,
128.6, 128.4, 128.3, 128.1, 128.0, 127.9, 127.7, 127.6, 127.5, 123.9,
123.8, 115.9, 114.5 (C10H7); 122.7, 122.6 (C�N); 111.7, 111.4
(ipso-C5H4); 93.9, 93.2, 88.5, 88.2 (Cp); 91.1, 89.9 (Cβ); 75.3 (Cα);
73.6, 73.1, 69.5, 69.2, 68.5, 68.4, 67.2, 66.9 (C5H4); 73.6, 69.9 (CpFc);
56.0 (NMe); 45.2, 44.8 (NMe2).
4.4. X-ray Crystallography. Crystal data and collection details

for 2a·CH2Cl2 and [3a]CF3SO3·H2O are reported in Table 5. Data
were recorded on a Bruker APEX II diffractometer equipped with a
PHOTON2 detector using Mo−Kα radiation. The structures were
solved by direct methods and refined by full-matrix least-squares
based on all data using F2.77 Hydrogen atoms were fixed at calculated
positions and refined isotropically using a riding model. The structure

Table 5. Crystal Data and Measurement Details for 2a·CH2Cl2 and [3a]CF3SO3·H2O

2a·CH2Cl2 [3a]CF3SO3·H2O

formula C34H40Cl2Fe3N3O4P C35H43F3Fe3N3O8PS
FW 824.11 921.30
T, K 100(2) 100(2)
λ, Å 0.71073 0.71073
crystal system triclinic triclinic
space group P1̅ P1̅
a, Å 9.8976(18) 11.9074(7)
b, Å 14.069(3) 13.4740(8)
c, Å 14.208(3) 13.8818(8)
α, deg 66.748(7) 108.046(2)
β, deg 88.160(7) 102.104(2)
γ, deg 72.599(7) 111.591(2)
cell volume, Å3 1726.1(6) 1832.34(19)
Z 2 2
Dc, g·cm−3 1.586 1.670
μ, mm−1 1.488 1.344
F(000) 848 948
crystal size, mm 0.15 × 0.11 × 0.08 0.18 × 0.15 × 0.10
θ limits, deg 1.568−25.000 1.658−25.100
reflections collected 10,579 18,978
independent reflections 6003 [Rint = 0.0706] 6507 [Rint = 0.0599]
data/restraints/parameters 6003/132/428 6507/365/486
goodness on fit on F2 1.076 1.034
R1 (I > 2σ(I)) 0.1055 0.0845
wR2 (all data) 0.2966 0.2318
largest diff. peak and hole, e Å−3 2.557/−1.267 1.671/−1.162
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of [3a]CF3SO3·H2O presents some minor disorders mainly
concerning the CF3SO3− anion, the unsubstituted Cp rings, and the
Et groups of the cation. Such a disorder is rather common for such
groups.
4.5. DFT Calculations. All geometries were optimized with

ORCA 5.0.1 using the B97 functional78 in conjunction with a single-ζ
quality basis set (def2-sVP).79 To reduce the computational effort, the
EtO units in 2a and [3a]+ were replaced by MeO units due to the
similar electronic properties and peripheral location of these groups.
The dispersion corrections were introduced using the Grimme D3-
parameterized correction and the Becke−Johnson damping to the
DFT energy.80 All of the structures were confirmed to have no
imaginary frequencies. The final energy has been computed with a
single-point calculation using a triple-ζ quality basis set (def2-
TZVP).79 The polar environment of the ionic crystal lattice solvent
was considered through the continuum-like polarizable continuum
model (isopropanol). Anyway, it has been verified that the ΔG
between different isomers does not depend on solvent correction.
Natural bond analysis (NBO) has been performed using the NBO 7.0
suite of software.81
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