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Multiple metal-metal bonds are uncommon in heterobime-
tallic complexes.['l Rare examples of heterobimetallics with
short metal-metal bonds include [TiRh(OCMe,CH,PPh,),],
[CoZr(MesNPiPr,)(thf)],! and [CrMo(O,CCH,),]."! We
report the first isolable examples of metal-metal multiple
bonds between two different first-row transition metals,
namely iron and chromium.”) We have conducted spectro-
scopic and theoretical investigations of two Fe—Cr coordina-
tion complexes to understand the nature of these unprece-
dented metal-metal bonds.

We previously reported a dinucleating, double-decker
ligand that was designed to enable the synthesis of hetero-
bimetallic complexes in a modular manner.! To prepare the
iron—chromium complexes herein, the ligand was first depro-
tonated and metalated with CrCl;. The resulting monometal-
lic species, [Cr(N(o-(iPr,PCH,N)CsH,);)], which was con-
firmed by combustion analysis, acts as a metalloligand in
a subsequent metalation (Scheme 1). For example, reaction of
[Cr(N(o-(iPr,PCH,N)C¢H,);)] with FeBr, and two equiv KCq
resulted in a color change from dark brown to green brown
within minutes. The product, [FeCr(N(o-
(iPr,PCH,N)CsH,);)] (1), is paramagnetic, and its proposed
structure has been confirmed by X-ray crystallography.

The redox properties of 1 were examined by electro-
chemical methods. The cyclic voltammogram (CV) of 1 (Sup-
porting Information, Figure S3) reveals a rich redox profile,
including: 1) a reversible reduction at —2.33 V; 2) a reversible
oxidation at —1.32V; and 3)a second, quasi-reversible
oxidation at —0.62 V (versus FeCp,/FeCp,*, 0.1Mm N(nBu),PF,
in THF, 10mVs™). In contrast, the redox profile of the
related iron-alane adduct, [FeAl(N(o-(iPr,PCH,N)CsH,);)],
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Scheme 1. Synthesis of iron—chromium complexes.

is much more limited.”! It is characterized by a single
reversible event, a reduction at —2.08 V (vs FeCp,/FeCp,").

Reduction of 1 with 1 equiv KC; generates a red-brown
solution of paramagnetic [K(solv),][1] (2). Alternatively, 2
can be directly prepared by mixing [Cr(N(o-
(iPr,PCH,N)C,H,);)] with FeBr, and three equiv KC;. Encap-
sulation of the potassium ion with either [18]crown-6 or crypt-
222 enabled the isolation of crystalline [K([18]crown-6)][1]
(2a) or [K(crypt-222)][1] (2b), respectively.

X-ray diffraction studies were conducted on single crystals
of 1 and 2b (Figure 1; Supporting Information, Table S1). The

Figure 1. Solid-state structures of 1 (left) and 2b (right). Ellipsoids set
at 40% probability; H atoms and K(crypt-222) were omitted for clarity.
For 1, one of two independent molecules is shown with average bond
distances [A].
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solid-state structures revealed surprisingly short Fe—Cr bond
lengths of 1.94 A in 1 and 1.97 A in 2b. Based on a CSD
search,”! the only shorter metal-metal bonds are found in the
large family of dichromium compounds with quadruple and
quintuple formal bond orders,”®! and in a handful of divana-
dium compounds.”’ A multiply bonded diiron complex with
a short Fe—Fe distance of 2.13 A is longer relative to 1 and
2b.1% Indeed, complexes 1 and 2b have the shortest M—M
bond length of all heterobimetallic species in terms of
absolute distance. The previous record, 2.14 A, was reported
by Greenwood, Thomas, et al. for their Co—Zr complex.F!
Our finding is a consequence of the fact that compounds 1 and
2b are the first reported heterometallics with multiple bonds
between first-row transition metals.

A better measure for comparing M—M bonds is the
covalent ratio r, the ratio of the M—M bond length to the sum
of covalent radii of the metals, which reveals similar values for
the Co—Zr complex (r=0.82),"! 1 (r=0.83), and 2b (r=
0.84). For comparison, the expected r value for a single
bond is unity. Together, these compounds join a small group
of heterobimetallics containing ultra-short M—M bonds.

The solid-state structures of 1 and 2b revealed significant
perturbations upon the addition/removal of an electron
(Table 1). While 2b is C;-symmetric, 1 deviates slightly from

Table 1: Geometric parameters, including bond lengths [A] and angles
[°], for 1 and 2b.

16 2b
Fe—Cr [A] 1.943(1) 1.974(1)
1.944(1)
Fe—P [A] 2.256(2), 2.265(1), 2.265(1) 2.2444(8)
2.266(2), 2.266(1), 2.270(2)
Cr—N, [A] 1.925(3), 1.964(3), 1.990(3) 2.027(2)
1.948(3), 1.962(3), 1.969(3)
Cr—N,a [A] 2.275(3) 2.348(4)
2.292(3)
P-Fe-P [°] 118.06, 118.78, 121.37(6) 119.838(4)
118.08, 118.34, 121.05(6)
Ne-Cr-Neg [°] 112.2,116.4, 118.6(1) 113.68(5)
113.5, 114.2, 119.3(1)
Fe-Cr-N, 176.36(7) 180
] 178.71(7)

[a] Two sets of values are given for the two unique molecules in the
asymmetric unit.

three-fold symmetry, especially about the Cr center (max. A¢,_
Neg =0.065 A, max. Axeq.crneg=6.4°). The {FeCr}'"! electronic
configuration of 1 should promote Jahn-Teller distortion,
which is most evident in the significant splitting of the Cr d,,
and d,._,. orbitals (see below). In reducing 1 to 2b, several
bonds elongate, including the Fe—Cr bond by 0.03 A. The
greatest elongations occur in the Cr—L bond distances: Cr—
N, and Cr—N,, increase by 0.06 and 0.07 A, respectively. The
Fe—P bond contracts by 0.02 A from 1 to 2b, which is
consistent with a more reduced metal center in 2b that can
better backbond.

Based on these structural changes, the one-electron
reduction of 1 is localized primarily at chromium. Therefore,
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we tentatively propose the formal oxidation states of Fe%/Cr™
for 1 and Fe”/Cr" for 2b. Unfortunately, there are few existing
coordination complexes that can corroborate our assignment
of oxidation states. The most relevant complexes we could
find for comparison are a pair of low-spin iron complexes,
[Fe(N,)(Si(o-(PiPr,)C¢H,)5] and [Na([12]crown-4),]
[Fe(N,)(Si(o-(PiPr,)C¢H,);], with formal oxidation states of
Fe' and Fe’, respectively.'! The average Fe—P bond lengths in
1 and 2b are between those reported for this Fe' (2.29 A) and
Fe” (220 A) pair. Based on these values, the Fe oxidation
states in 1 and 2b would be consistent with Fe’, but also Fe'.
Likewise, the anionic chromium triamidoamine complex,
[Cr(N(CH,CH,NSiMe;);)] ", possesses similar  Cr'-N,,
(2.04 A) bond lengths to 2b, although the neutral analogue
has admittedly shorter Cr''-N,, (1.88 A) bonds than 1.1

The electronic structures of the Fe—Cr complexes have
been elucidated by spectroscopic methods. Compound 1 has
an S='/, ground state based on the observation of a broad,
axial signal in the EPR spectrum with g=(1.944, 1.935, and
1.759) and g,,.=1.88 (Supporting Information, Figure S5;
80 % based on spin quantification). The magnetic moment of
2a is 2.65 yg and is temperature-independent from 20 to
290 K (Supporting Information, Figure S7). Thus, complex 2a
has an S=1 ground state that is energetically well-isolated
with g,.=1.91. The g,. values less than 2.0 are more
consistent with unpaired spin density residing at chromium
opposed to iron (see below).l!

Complexes 1, 2a, and 2b have been further investigated
by Mdssbauer spectroscopy (Figure 2). The isomer shifts
measured for 1, 2a, and 2b are all quite similar with values of
0.25, 0.26, and 0.29 mms !, respectively (Supporting Infor-
mation, Figures S8-S10), which seems to indicate that the iron
oxidation state remains relatively constant in 1 and 2. The
actual isomer shift values are consistent with Fe’,P® 1251 byt
a definitive assignment is problematic because of: 1) the
dearth of non-carbonyl Fe’ species suitable for comparison
and the consequent lack of appropriate Mossbauer parame-
ters; and 2) the general loss of isomer shift correlation for low
oxidation states of iron that result from the strong compen-
satory effects of Fe—L mt-back-bonding.'¥!

0.99 1

0.98

relative transmission

0.97

4 3 22 1 0 1 2 3 4
velocity / mm s'—

Figure 2. Méssbauer spectra overlay of 1 (dark gray) and 2b (light
gray) at 80 K. The major species were fitted with 6 =0.25 and
AEq=5.92mms™" for 1, and 6=0.29 and AE;=5.20 mms' for 2b.
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Most remarkably, these complexes exhibit unusually large
quadrupole splittings | AEg | of 5.92, 5.04, and 5.20 mms ™ for
1, 2a, and 2b, respectively. Quadrupole splittings of this
magnitude have only been previously observed for high-
valent iron nitrides, that is, Fe=N, in pseudotetrahedral ligand
fields.'”! The large | AE, | value was attributed to the strong
axial electric field gradient (EFG) created by the placement
of a hard nitride near the low-spin iron center.'’™ Using
aligand field rationale, the main contributor to the EFG is the
high charge density in the xy-plane that arises from the
localization of iron d-electrons in the d,, and d. . orbi-
tals."'® The localization of d-electrons along a Cartesian axis
or plane is difficult to visualize for 1 and 2 because their d-
electrons are highly delocalized between the two metal
centers (see below). A strong covalent contribution to the
EFG is clearly present in 1 and 2, wherein the nitride is
substituted by a hard chromium atom in a highly covalent Fe=
X linkage. The formal oxidation states within the Fe=X
linkages are practically opposite in nature: Fe*'=N*" versus
Fe’=Cr’". To our knowledge, this is the first report of
exceedingly large quadrupole splittings (>5 mms™) for any
low-valent iron species.

To gain more insights into the electronic structure of
compounds 1 and 2, we turned to theoretical calculations
using both density functional theory (DFT) and multi-
configurational quantum chemical methods (CASSCF/
CASPT2). Geometry optimizations were performed at the
DFT level for several possible spin states of each complex.
The DFT and CASPT2 energies confirm the doublet and
triplet ground states of 1 and 2, respectively; the optimized
structures of the ground states are reasonably close to the
experimental structures (Supporting Information, Tables S2—-
S4). A qualitative MO diagram of the d-orbital manifold is
shown in Figure 3 with the dominating electronic configura-
tions of 1 (58%) and 2 (60%) (CASSCF). The d-orbital
manifold is comprised of delocalized o/0* and nt/n* MOs as
well as localized d,._./d,, orbitals. No &-bonding is evident.
Though 1 and 2 each have a formal Fe—Cr bond order of 3.0
(from occupation of 1lo+42mx MOs), the effective bond
order,™ which takes into account the partial occupation of
the o* and mt* orbitals, is lower at 2.21 for 1 and 2.30 for 2
(Supporting Information, Figures S14 and S15).

The calculated spin densities corroborate that the reduc-
tion is chromium-based in that the spin density at Cr increases
by exactly one electron from 1 to 2 (Supporting Information,
Table S6). For 1 and 2, the spin-density values affirm the
proposed oxidation states of Fe’/Cr'™ and Fe®/Cr", respec-
tively, with the overall spin density residing at Cr. The
calculations also show that the MOs are asymmetrically
delocalized over the Fe—Cr unit, as might be expected given
the disparity in d-electron count between these two metals. A
decomposition analysis of the MOs reveals that the d-electron
count in 2 is Fe d® and Cr d*, which supports the proposed
oxidation states of Fe’ and Cr", respectively (Supporting
Information, Table S8). The situation for 1 is more compli-
cated, with the resulting electron count favoring non-integer
oxidation states, namely Fe(0.5)—Cr(2.5), which may be
a more accurate electronic picture for 1 (Supporting Infor-
mation, Table S9).
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Figure 3. Qualitative MO diagram of the d-orbital manifold for 1 and
2, shown with the dominant electronic configurations (CASSCF).

Compounds 1 and 2 belong to a rare class of formally
zero-valent iron complexes with a ligand scaffold comprising
three equatorial phosphine donors and a variable axial donor
that has included B,? AL PP and Si-['>?2 and is now
extended to Cr. The Fe’/Fe(—1) redox potential is nearly
identical for the Lewis pairs Fe —B and Fe—Al, but is not
observed for Fe—Si~ or Fe=Cr. Instead, Fe—Si~ and Fe=Cr
each have two reversible oxidations, which are not observed
in the Lewis pairs. Current efforts are directed at completing
the four-member Fe—Cr redox family and evaluating their
competence in multi-electron reactivity.*!
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