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ABSTRACT: Despite their potential relevance as molecular models for
industrial and biological catalysis, well-defined mononuclear iron carbide
complexes are unknown, in part due to the limited number of appropriate C,
synthons. Here, we show the ability of the cyaphide anion (C=P") to serve
as a C, source. The high spin (S = 2) cyaphide complex PhB(‘Bulm);Fe—
C=P (PhB('Bulm);~ = phenyl(tris(3-tert-butylimidazol-2-ylidene)borate) is
readily accessed using the new cyaphide transfer reagent [Mg(""""NacNac)-
(CP)], (P*PNacNac = CH{C(CH,;)N(Dipp)}, and Dipp = 2,6-di(iso-propyl)phenyl). Phosphorus atom abstraction is effected by
the three-coordinate Mo(III) complex Mo(N‘BuAr); (Ar = 3,5-Me,C¢H;), which produces the known phosphide (‘BuArN);Mo=P
along with a transient iron carbide complex PhB(‘Bulm);Fe=C. Electronic structure calculations reveal that PhB(‘Bulm);Fe=C
adopts a doublet ground state with nonzero spin density on the carbide ligand. While isolation of this complex is thwarted by rapid
dimerization to afford the corresponding diiron ethynediyl complex, the carbide can be intercepted by styrene to provide an iron

alkylidene.

B INTRODUCTION

Transition metal carbides (formally C*") are integral to the
development of alternative energy sources." For example,
oxygenated feedstocks such as biomass, organic waste, coal,
and natural gas are a source of synthesis gas (CO and H,) that
is subsequently converted to a mixture of hydrocarbons by the
Fischer—Tropsch (F-T) CO hydrogenation process.” Mecha-
nistically, heterogeneous F-T catalysts (typically Fe, Co, Nj,
Ru) are proposed to cleave the strong C=O bond to provide
surface carbides’ that are precursors to the C—C bond forming
steps.”* Transition metal carbides are also relevant in biology,
most notably as interstitial atoms in the active site clusters of
the nitrogenase enzymes, FeMoco® and FeVco.’ Isotopic
labeling and crystallographic studies have led to the suggestion
that the carbide ligands provide structural integrity,” although
they have also been proposed to play an electronic role by
facilitating the delocalization of electron density.
Well-defined model complexes can provide insight into the
properties of the [M=C] unit, however only a handful of
terminal carbide complexes are known (Figure 1, top) This
rarity is due in large part to the limited scope of known
synthetic routes.” While multiple strategies toward metal
carbide complexes have been reported, all have significant
limitations that limit more widespread adoption. The most
common strategy for installing terminal carbides involves C=
E bond cleavage of carbonyl and thiocarbonyl ligands.'’~"*
Indeed, the carbide ligand in the first reported example,
[(‘BuArN);Mo=C]"~ (Ar = 3,5-Me,C¢H,), was sourced from
carbon monoxide.'’ Bond cleavage reactions of other C,;
ligands (e.g., halocarbynes) have also been used to prepare
other terminal carbides."” However, the specific challenges
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associated with these C; sources limit their general
applicability."*

An alternate synthetic strategy involves carbon atom transfer
from an appropriate reagent (Figure 1, bottom). These
reagents are driven by the formation of highly stable
product(s). While there are a small number of agents for C,
transfer,"” including to transition metal ions, the challenges
associated with each of these compounds limits their more
general use.'®

To date, complexes with terminal carbide ligands are
restricted to 4d and Sd transition metal ions, with no examples
for any 3d metal ion.” Despite theoretical predictions
suggesting the stability of terminal iron carbides,"” attempts
to deoxygenate or desulfurize C=O and C=S ligands in iron
complexes have so far been unsuccessful.'® The limited
number of synthetic routes hinders access to terminal iron
carbide complexes.

Inspired by the recent developments in cyaphide (C=P")
chemistry,"” we hypothesized that this anion could serve as a
convenient synthon for the carbide ligand. Importantly for its
deployment as a C; source, the bond strength of cyaphide is
lower than that of C=O, and new transfer agents make its
complexes more accessible than those of C=S.
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Figure 1. Top: Transition metal complexes with terminal carbide
ligands, along with the source of the carbide ligand. Bottom: Examples
of carbon atom transfer reagents.

We have demonstrated the utility of bulky tris(carbene)-
borates as a platform for stabilizing multiply bonded atomic
ligands on iron, with examples of isolable nitrido,”” oxo”' and
sulfido™ complexes. As part of these studies, we targeted a
reductive cleavage strategy for accessing a carbide ligand,
where a synthetic roadmap is provided by the assembly of
PhB('‘Bulm);Fe=N=C=Mo(N'BuAr); from PhB-
(‘Bulm);Fe—C=N and Mo(N'BuAr),.>> While the procliv-
ity of the cyaphide ligand to bridge metals through a u—7":1-
C=P coordination mode is a potential challenge to this
strategy,'” we anticipated that bulky supporting ligands would
favor the n':n' mode as a precursor to cleavage.

B RESULTS AND DISCUSSION

The use of in situ generated Mg("PPNacNac)(CP)(dioxane) as
a cyaphide transfer reagent (""’PNacNac = CH{C(CH,;)N-
(Dipp)}, and Dipp = 2,6-di(iso-propyl)phenyl) has previously
been reported.”** While operationally simple, this protocol is
not without its limitations; the in situ generation of the
"PrySiOCP precursor can only be done in benzene or toluene,
and its reduction results in the presence of equimolar
quantities of a siloxymagnesium byproduct which often
complicates product isolation. We have found that performing
the reduction in the absence of coordinating solvents results in
the formation of a solvent-free dimer with bridging cyaphide
ions, [Mg(?P"PNacNac)(CP)], (Mgcp; see the Supporting
Information for details). Mgcp has drastically reduced
solubility compared to its solvent adducts, allowing facile
isolation on gram scale in good yields. The addition of Lewis
bases (whether equimolar or in excess) results in quantitative
conversion to previously reported hydrocarbon-soluble solvent
adducts.
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Figure 2. (a) Synthetic scheme leading to cyaphide ligand cleavage in an iron(II) complex. X-ray crystal structures of (b) PhB(‘Bulm);Fe—C=P
and (c) PhB(‘Bulm),;Fe—C=C—Fe(‘Bulm);BPh along with selected bond lengths (A) and angles (deg). Thermal ellipsoids are shown at 50%,
probability, hydrogen atoms omitted and most of the tris(carbene)borate ligand shown as wireframe for clarity. Black, orange and gold ellipsoids

represent carbon, iron, and phosphorus atoms, respectively.
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This new cyaphide transfer reagent reacts cleanly with
PhB(‘Bulm);FeCl to afford the four-coordinate high spin (S =
2) complex PhB(‘Bulm);Fe—C=P in high yield (Figure 2a),
which has been fully characterized, including by single crystal
X-ray diffraction (Figure 2b). To the best of our knowledge,
this is the first example of a paramagnetic transition metal
cyaphide complex.”” Nonetheless, the structural (C=P
1.560(2) A) and spectroscopic (vcp = 1265 cm™ by Raman
spectroscopy) metrics of the cyaphide ligand are comparable
with those observed in diamagnetic complexes.”* The zero-
field *’Fe Mdssbauer spectral parameters (5 = 0.42 mm/s, AEq
= 1.21 mm/s) are similar to those reported for related iron(1I)
tris(carbene )borate complexes.*

At room temperature, PhB(‘Bulm);Fe—C=P rapidly reacts
with equimolar Mo(N'BuAr); (Ar = 3,5-Me,C¢H;)” to
quantitatively afford (‘BuArN);Mo=P”® and the diiron u,-
ethynediyl complex, PhB(‘Bulm);Fe—C=C—Fe(‘Bulm);BPh
(Figure 2a).”’ The diiron complex has been structurally
(Figure 2c) and spectroscopically characterized (C=C
1232(6) A, voe = 1872 cm™' by Raman spectroscopy).
These metrics are most consistent with two high spin (S = 2)
iron centers linked by a p—n':'-C,*" ligand, which is also
supported by the zero-field *"Fe Mossbauer spectral parameters
(6 = 0.45 mm/s, AEq = 0.84 mm/s).

Mechanistically, phosphorus atom abstraction from PhB-
(‘Bulm);Fe—C=P implicates formation of the terminal
carbide complex PhB(‘Bulm);Fe=C that undergoes rapid
C—C coupling to afford the diiron ethynediyl product.
Electronic structure calculations provide insight into the nature
of the carbide complex, PhB(‘Bulm),;Fe=C. A doublet (S =
1/2) ground spin state is favored by DFT calculations for a
range of functionals. The optimized structure reveals a C-
symmetric complex in which the four-coordinate iron center is
bound to the tris(carbene)borate and carbide ligands. The very
short Fe=C bond (1.521 A) is consistent with considerable
iron—carbon multiple bond character. This distance is at least
about 0.1 A shorter than in crystallographically characterized
diiron carbide-bridged complexes.’® As with the isoelectronic
iron(V) nitride complex, [PhB(*Bulm);Fe=N7]*,*" which also
has a doublet group spin state, PhB(‘Bulm);Fe=C is distorted
from Cj;, symmetry. Notably, the B—Fe=C angle (173.6°) is
bent, while two longer (2.019 A, 2.012 A) and one shorter
tris(carbene)borate Fe—C distance (1.966 A) is observed. This
distortion likely arises from a pseudo Jahn—Teller distortion, as
observed for [PhB(‘Bulm),Fe=N7]*>'

The doublet ground state is also supported by CASSCF/
NEVPT?2 calculations. To a first approximation, the dominant
configuration (75%) of the doublet state, as determined by
CASSCF(9,8) calculations for PhB(‘Bulm);Fe=C, corre-
sponds to a (dxy, de yz)z(dzl)l(dw dyz) configuration (z axis
along the B—Fe vector) of a formally Fe(V) center. Although
weighted toward the iron center, the - and #-bonding SOMO
— 4 and SOMO - 5 orbitals have a large degree of covalency.
The metal based SOMO and SOMO — 1 orbitals are largely
nonbonding (Figure 3, Figure S35). No Fe—C antibonding
orbitals are occupied, suggesting an iron—carbon triple bond.
This is consistent with NBO calculations®” that reveal a
covalent Fe=C bond composed of one ¢ and two 7-bonds
(Table S4).

The CASSCF(9,8) calculations also reveal configurations
(10% total) containing a triplet carbide ligand (Figure S54).
These configurations transfer non-negligible spin density to the
carbide ligand (Lowdin spin density = 0.22). These triplet
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Figure 3. Dominant electronic configuration for PhB(‘Bulm);Fe=C
(S = 1/2), as determined by CASSCF(9,8) calculations. Total
electron occupancy for each orbital shown in green and Fe—C orbital
interactions indicated in red. Isodensity 0.0S.

resonances also enable facile ethynediyl formation via a radical
coupling mechanism. Similar carbide radical character is
observed in the reduced complex [(2,2”-Pr,P-terph)(OC)-
Mo=C]", which likewise undergoes C—C bond coupling.*’

Monitoring the reaction between PhB(‘Bulm),Fe—C=P
and Mo(N'BuAr); by low temperature UV—vis spectroscopy
provides spectral evidence for a reaction intermediate.
Specifically, at —60 °C we observe the reversible formation
of a red species with bands at 485, 525, and 725 nm. These
bands are tentatively assigned to the cyaphide-bridged complex
PhB(‘Bulm);Fe-CP-Mo(N'BuAr);, akin to our previously
reported complex PhB(‘Bulm);Fe=N=C=Mo(N'BuAr);""*
Importantly, none of the reagents, products, or potential side
products (e.g., Mo(tBuArN)3=N=N=M0(NtBuAr)3,35
which is formed by reaction of Mo(N'BuAr); with N,) have
bands at these wavelengths. Variable temperature UV—vis
spectroscopy reveals that this complex is in equilibrium with
PhB(*Bulm);Fe—C=P and Mo(N'BuAr ), with estimated AH
= 1.4 kcal/mol and AS = =7.0 e.u. (AG =~ 0 kcal/mol at —60
°C). At temperatures above ca. — 30 °C, irreversible bleaching
of the bands is observed, which we attribute to cyaphide ligand
cleavage.

Attempts to trap PhB(‘Bulm);Fe=C are hindered by the
facile formation of the ethynediyl product as well as the
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reactivity of Mo(N'BuAr); toward common trapping agents
(e.g, CO). Nonetheless, in an initial result, we have found
that the carbide ligand can be intercepted by an activated
alkene. Specifically, conducting the reaction of PhB-
(*‘Bulm);Fe—C=P with Mo(N'BuAr); in the presence of
excess styrene yields the iron cyclopropylidene complex
PhB(‘Bulm);Fe(C;H;Ph) as the major iron-containing prod-
uct (Figure 4a). The ethyndiyl complex PhB(‘Bulm);Fe—C=
C—Fe('Bulm);BPh accounts for the balance of the iron-
containing material.

(a) /4 200 eq. < ph %\ /4
7NN t NN Py
N (Ar'BuN);Mo /N*(

ph-g. e Ph-g o O
N N‘{ - (ArBUN);Mo 4 NS
%Nw N-tgy
% “ig P ~'Bu

A
Fe=C 17878(9) A
Fe-C 2.076(3)-2.085(3) A
N
Figure 4. Synthesis and characterization of PhB(‘Bulm);Fe(C;H;Ph).
(a) Styrene traps an iron(V) carbide to provide an alkylidene
complex; (b) X-ray crystal structure with selected bond lengths (A)
and angles (deg).Thermal ellipsoids are shown at 50% probability,
hydrogen atoms and disorder omitted for clarity. Most of the
tris(carbene)borate ligand shown as wireframe. Black and orange
ellipsoids represent carbon and iron atoms, respectively; (c) spin
density as determined by a CASSCF(7,6) calculation. Isodensity
0.001.

The molecular structure of PhB(‘Bulm);Fe(C;H;Ph)
reveals a four-coordinate iron center with a short Fe=C
bond (1.878(9) A) to the cyclopropylidene ligand. This bond
length is shorter than is observed in the open shell iron
alkzlidene complexes (calix[4]-arene)Fe=CPh, (1.946(8)
A)*® and (®PDI)Fe=CPh, (1.936(2) A),”” but similar to
that observed in (M*PDPPh)Fe=CPh, (1.850(2) A).** All
three C—C bond lengths of the cyclopropylidene ligand are
similar (1.530(18)—1.558(14) A), excluding the possibility of
cyclopropenylidene ligand formation. This complex has also
been spectroscopically characterized by 'H NMR spectrosco-
py, with a solution magnetic moment (u.g4 = 4.92 )
suggesting an S 3/2 ground state having significant
unquenched orbital angular momentum.

DFT calculations support an S = 3/2 ground state. The wave
function converges to a broken symmetry state in which an S =
2 iron(II) center is antiferromagnetically coupled to a
cyclopropylidene radical anion (Figure S34). This electronic
structure is related to those reported for other open shell iron
alkylidene complexes, where multiconfigurational character is
invoked.””*® Further support for multiconfigurational charac-
ter in PhB(‘Bulm);Fe(C;H;Ph) comes from CASSCF(7,6)
calculations (Figures S35). The ground spin state contains two
configurations with appreciable weights, which can be
formulated as S = 3/2 Fe(I) bound to a singlet carbene

27176

(55%) and S = 2 Fe(Il) antiferromagnetically coupled to a
carbene radical (27%), respectively. The latter configuration
corresponds to the broken symmetry wave function
determined by DFT. This configuration transfers spin density
to the carbene carbon atom, where the Lowdin spin density =
—0.35 (Figure 4c). Finally, a configuration formulated as § =
3/2 Fe(lll) with an alkylidene ligand makes up 6% of the
weight (Figure S37).

Bl CONCLUSIONS

In this work, we have shown the utility of the cyaphide anion
as a new carbon (and phosphorus) atom source. Here,
cyaphide cleavage at a 3-fold symmetric iron site provides a
transient iron carbide complex whose isolation is thwarted by a
rapid dimerization reaction. We anticipate that this reaction
will be less likely for closed shell analogues based on other
transition metal ions. Nonetheless, the carbide ligand can be
trapped by styrene in the form of an alkylidene ligand, a two
electron transformation that is akin to alkene epoxidation by
oxo complexes.
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