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ABSTRACT: A series of monocarbonyl iron complexes in the
formal oxidation states 0, þ1, and þ2 are accessible when
supported by a tetradentate tris(phosphino)silyl ligand (SiPiPr3
= [Si(o-C6H4PiPr2)3]

-). X-ray diffraction (XRD) studies of
these carbonyl complexes establish little geometrical change
about the iron center as a function of oxidation state. It is
possible to functionalize the terminal CO ligand of the most
reduced carbonyl adduct by addition of SiMe3

þ to afford a well-
defined iron carbyne species, (SiPiPr3)FetC—OSiMe3. Single-crystal XRD data of this iron carbyne derivative reveal an unusually
short FetC—OSiMe3 bond distance (1.671(2) Å) and a substantially elongated C-O distance (1.278(3) Å), consistent with Fe-
C carbyne character. The overall trigonal bipyramidal geometry of (SiPiPr3)FetC—OSiMe3 compares well with that of the
corresponding carbonyls, (SiPiPr3)Fe(CO)

-, (SiPiPr3)Fe(CO), and (SiP
iPr

3)Fe(CO)
þ. Details regarding the electronic structure of

the carbyne complex have been explored via the collection of comparative M€ossbauer data for all of the complexes featured and also
via DFT calculations. In sum, these data point to a strongly π-accepting Fischer-type carbyne ligand that confers stability to a low-
valent iron(0) rather than high-valent iron(IV) center.

’ INTRODUCTION

There has been a surge of interest in the chemistry of low-
valent, redox-active complexes of the mid-to-late first-row transi-
tion metals in recent years.1,2 This interest has been in part
motivated by a desire to generate species that feature uncommon
metal-to-ligand multiply bonded species such as oxos, imides,
and nitrides via partial or complete group transfer. The study of
such species will help to expose the respective roles they might
play in small-molecule transformations that include, for example,
nitrogen reduction, C-H oxygenations and aminations, and
aziridinations.3,4 With these goals in mind, our group recently
introduced “(SiPR3)Fe” (where SiP

R
3 = [Si(o-C6H4PPh2)3]

- or
[Si(o-C6H4PiPr2)3]

- for R = Ph and iPr, respectively) as a
versatile low-valent iron scaffold that can accommodate a range
of ligands in an axial fifth site trans to the silyl anchor. A salient
example concerns the ligand N2, where terminally bonded
(SiPiPr3)Fe-N2 complexes can be accessed in three formal iron
oxidation states (0, þ1, þ2), and reductive functionalization of
the terminally bondedN2 ligand is possible.

4,5 It was of interest to
us to explore whether a parallel manifold of chemistry might also
be accessible for carbon monoxide. A conceptual link between
the chemical reduction of CO and N2 is well appreciated within
the organometallic community.6 The very recent discovery that
VFe-nitrogenase enzymes can catalyze CO reduction to higher
order carbon chains when the N2 substrate is replaced by CO
lends new motivation to comparative studies along this line of
inquiry.7

In this paper we establish the utility of the (SiPiPr3)Fe
scaffold in supporting a series of isostructural CO complexes
that span the formal oxidation states Fe0-CO, FeI-CO,
and FeII-CO. Silylation of the terminal Fe0-CO species
affords access to a well-defined and structurally unusual
Fischer-type carbyne complex,8,9 (SiPiPr3)Fe(COSiR3), with a
distinctly short Fe-C bond distance (ca. 1.67 Å). Fischer and co-
workers have reported the singular previous example of a
structurally characterized carbyne complex of iron.10 Because
the mode by which the featured carbyne is generated can, in
principle, be regarded as a net four-electron reduction with
concomitant partial O-atom transfer, it is of interest to consider
the relative states of oxidation of the structurally similar iron CO
and carbyne complexes described herein. Comparative
M€ossbauer and DFT data are presented to shed light on this
issue.

’RESULTS AND DISCUSSION

Monovalent, yellow (SiPiPr3)Fe(CO) (1) is accessible by
ligand substitution (>90% yield) from the previously reported
N2 adduct species (SiP

iPr
3)Fe(N2)

4 by CO(g) (eq 1). An X-band
EPR spectrum of 1 at 77 K in 2-MeTHF/THF (1:9) reveals a
nearly axial signal (see Supporting Information), in accord with
solution magnetic data (μeff = 2.2 μB in C6D6 at 22 �C) for an S =
1/2 species. Complexes in which a terminal carbonyl and a silyl
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ligand are trans disposed, as they are in 1 (—SiFeC = 178.7(2)�),
are uncommon.11,12 The cyclic voltammetry of 1 (Figure 1) is
interesting in that it reveals two reversible one-electron redox
couples, consistent with the electrochemical generation of
the Fe-COþ cation at -0.68 V and its corresponding anion
Fe-CO- at-1.9 V (versus Fc/Fcþ). We were thus encouraged
to pursue the chemical generation of both the anion and the
cation of 1.

ðSiPiPr3ÞFe-N2 þ CO f ðSiPiPr3ÞFe- COþN2 ð1Þ

Chemical reduction of a yellow solution of 1 effects a dramatic
color change to an inky red, and subsequent workup affords the
diamagnetic ion-paired species (SiPiPr3)Fe(CONa(THF)3) (2)
in approximately quantitative yield (Scheme 1). As is to be
expected, the ν(CO) at 1717 cm-1 (KBr pellet; 13CO = 1676
cm-1) is substantially lower than that of neutral 1 (1850 cm-1;
13CO = 1806 cm-1) owing to an increase in π-back-donation.
Addition of two equiv of 12-crown-4 to 2 fully encapsulates the
Naþ cation to afford the terminally bonded, anionic CO adduct,
{Na(12-C-4)2}{(SiP

iPr
3)Fe(CO)} (3) (KBr pellet; ν(CO) =

1757 cm-1; 13CO = 1713 cm-1). The X-ray structures of 1 and 2
are shown in Figure 2. Neutral 1 is isostructural to its corre-
sponding N2 derivative (see Figure 2a and Table 1).

4 Ion-paired
2 reveals a crystallographically imposed three-fold axis and hence
an essentially perfect trigonal bipyramidal (TBP) structure type
(τ = 1.0).13 The Fe-C bond distance contracts appreciably to
1.732(3) Å in 2 compared with that for neutral 1 (1.769(2) Å,
Table 1), and there is modest elongation of the CO bond
(1.188(3) Å in 2 vs 1.169(2) Å in 1).

Derivatization of the CO ligand via addition of trimethylsilyl
trifluoromethanesulfonate to a frozen THF solution of 2 affords
the featured carbyne complex (SiPiPr3)Fe(COSiMe3) (4) as a
red solid. The 1HNMR spectrum of diamagnetic 4 features a new
resonance at 0.34 ppm for the -SiMe3 group. The

31P NMR
spectrum of 4 shows a singlet at 104.6 ppm, which splits into a
doublet in a 13C-enriched sample (2JCP = 16.3 Hz, Figure 3a)
owing to coupling to the -COSiMe3 C-atom. A quartet at

250.3 ppm (q, 2JCP = 16.4 Hz, Figure 3b) in the 13C NMR
spectrum demonstrates 13C coupling to three equivalent phos-
phorus atoms to cement this assignment. This resonance shifts
downfield by∼10 ppm from that of its corresponding precursor
complex 2. Two 29Si NMR signals were detected for 4 at 94.5 (q,
2JSiP = 40Hz) and 20.3 (s) ppm, corresponding to the Si atoms in
the SiPiPr3 and TMS units, respectively. These peaks reveal
29Si-13C coupling in a 13C-enriched sample: 94.3 (dq, 2JSiP =

Figure 1. Cyclic voltammogram of (SiPiPr3)Fe(CO) (1); scan rate =
100 mV/s. FeII/I couple at-0.68 V and FeI/0 couple at-1.93 V vs Fc/
Fcþ were observed in THF with 0.3 M tetra-n-butylammonium hexa-
fluorophosphate as an electrolyte.

Figure 2. Displacement ellipsoid (50%) representations of (a)
(SiPiPr3)Fe(CO) (1), (b) (SiPiPr3)Fe(CONa(THF)3) (2), (c)
(SiPiPr3)Fe(COSiMe3) (4), and (d) {(SiPiPr3)Fe(CO)}{B(Ar

F)4}
(5). Hydrogen atoms and molecules of co-crystallization are omitted
for clarity.
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40 Hz, 2JSiC = 21 Hz) and 20.0 (d, 2JSiC = 7 Hz) ppm.
Representative NMR data are collected in Figure 3.

The solid-state structure of 4 (Figure 2c) establishes the five-
coordinate TBP (τ = 0.91) geometry at the iron center with an
η1-bound “COSiMe3” ligand. The Fe-C bond distance is
unusually short (1.671(2) Å), and the C-O distance is sub-
stantially elongated (1.278(3) Å) in comparison to 1 and 2,
consistent with Fe-C carbyne character. Indeed, the Fe-C
distance in 4 is appreciably shorter than that of Fischer’s original
iron aminomethylidyne complex (1.734(6) Å).10a The Si-O
distance is 1.674(2) Å, consistent with Si-O distances of
structurally related RMe2Si-O-CtN and other terminal silox-
ycarbyne metal complexes,14,15 and the —C-O-Si angle is
155.0(2)�. The 1.278(3) Å C-O bond distance can be com-
pared to C-O single bonds in the few structurally characterized

organic alkynyl ether molecules with a CtC-O-X-type link-
age.16 Stang has, for example, structurally determined that the
acetylenic-oxygen C(sp)-O bond distance in -CtC-O-
SO2R-type derivatives is far shorter (ca. 1.33 Å) than in
corresponding but saturated alkyl C(sp3)-O species, where
the distance is ca. 1.46 Å.16a DFT data for 4 also support the
multiple bond character of the Fe-C bond (vide infra).17

Because the generation of the featured carbyne can, in
principle, be regarded as a net four-electron CO reduction with
concomitant partial O-atom transfer to Si, it is of interest to
consider the relative states of oxidation of the structurally related
Fe-CO and carbyne complexes under present consideration.
The electronic structure of carbyne 4 is perhaps most interesting
in this context. If one assigns an oxidation state to its iron center
by removal of all ligands in their closed-shell configurations (i.e,
{SiPiPr3}

- and {COSiMe3}
3-),18 an Fe(4þ) d4 assignment is

suggested. This scenario draws analogy between 4 and several
three-fold symmetric L3FetNx species that have been charac-
terized, where Nx = NR2- or N3-.3c,19 However, one can
alternatively regard the carbyne ligand as a {COSiMe3}

þ

closed-shell cation, akin to the {CONa}þ ligand of 2, with one
σ-donor and two π-acceptor orbitals at carbon. This formulation
is more suggestive of “Fischer-type” carbyne character, where the
polarization is inverted and the iron center back-donates to
carbon. In this limit, the iron center is better described as low-
valent d8 iron(0). A final scenario worthy of mention is one
where the tris(phosphino)silyl ligand is also regarded as a
cation, {SiPiPr3}

þ. Appreciating the high degree of covalent
bonding in 4, and hence the limited utility of assigning the
number of “d” electrons present, we conducted comparative

Table 1. Physical Parameters for the Species 1, 2, 4, and 5

{FeCO}{B(ArF)4}
d (5) Fe-CO (1) Fe{CONa(THF)3} (2) Fe(COSiMe3)

e (4)

ν(CO) (cm-1)a 1943 1852 1711 -
ν(CO) (cm-1)b 1959 1850 1717 -
C-O (Å) 1.102(4) 1.169(2) 1.188(3) 1.278(3)

Fe-C (Å) 1.842(3) 1.769(2) 1.732(3) 1.671(2)

Fe-Si (Å) 2.3245(7) 2.2942(4) 2.2586(8) 2.2973(6)

C-O-X (�) - - 180.000(1) 155.0(2)

Si-Fe-C (�) 178.69(9) 178.04(5) 180.000(1) 177.90(7)

τ 0.99 0.95 1 0.98

spin-statec 2.7 μB, S = 1 2.0 μB, S = 1/2 diamagnetic diamagnetic
a In THF. b In KBr pellet. c Evans method in THF-d8.

dB(ArF)4 = B(3,5-(CF3)2-C6H3)4.
eContains 1.

Figure 3. Multinuclear NMR data of (SiPiPr3)Fe(COSiMe3) (4):
(a) 31P NMR spectrum of (SiPiPr3)Fe(

13COSiMe3) (4-13CO), (b)
13C NMR spectrum of (SiPiPr3)Fe(

13COSiMe3) (4-13CO), and (c)
29Si NMR spectra of (SiPiPr3)Fe(COSiMe3) (4, top) and (SiPiPr3)Fe-
(13COSiMe3) (4-

13CO, bottom). All spectra were measured in C6D6 at
room temperature.

Scheme 1
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M€ossbauermeasurements on 1-4. We also prepared the cationic,
blue, and S = 1 Fe(II) carbonyl, {(SiPiPr3)Fe(CO)}{B(Ar

F)4}
(5) (μeff = 2.69 μB, benzene, ν(CO) = 1959 cm-1 (13CO =
1915 cm-1), KBr pellet), by oxidation of 1 with H(OEt2)2-
[B(3,5-(CF3)2-C6H3)4] for additional comparison (Scheme 1).
Complex 5 is an unusual example of a terminal carbonyl adduct
that populates a triplet ground state.20

Figure 4 overlays the M€ossbauer spectra for 1-5. Although
the isomer shift can often be identified with a particular Fe
valence state, strong covalency can compress the range of isomer
shifts and thereby not give a definitive indication of the iron
valence. In addition, the local geometry of an iron center impacts
both isomer shift and quadropole splitting parameters.21-23 It is
therefore most instructive to internally compare the present set
of data, where the geometry at iron is highly conserved and only
the axial ligand and overall molecular charge is altered. As can be
gleaned from Figure 4, the isomer shifts of the various com-
pounds are positive and compressed over a rather narrow range.
This fact intimates that much of the redox/charge-transfer
chemistry occurs at the terminal CO/COSiMe3 ligands in this
series of complexes, presumably via relative π-back-bonding
contributions from iron that are compensated by its σ-accepting
contribution. Comparison of the isomer shifts of the terminally
bonded carbonyl adducts Fe-CO- 3, Fe-CO 1, and Fe-COþ

5 expectedly shows that the isomer shift δ for these three
complexes shifts positive (δ þ0.09 (3), þ0.21 (1), þ0.31 (5))
as the overall molecular charge, and hence the relative state of
iron oxidation, shifts positive from formal Fe(0) to Fe(I) to
Fe(II). The trend reflects a decrease in s-electron density at Fe as
electrons are successively removed from the system. The carbyne
complex 4 affords an isomer shift (δ þ0.06) that is almost

indistinguishable from that of 2, supporting the {C-O-Na}þ/
{C-O-SiMe3}

þ analogy drawn above. This fact appears to rule
out the plausibility of the Fe(IV) d4 configuration. It is interest-
ing, therefore, to compare the isomer shifts of 2, 3, and 4 to those
that have been reported for other five-coordinate, d8 TBP
complexes featuring a high degree of covalency due to combina-
tions of CO and phosphine ligands. Such data have been
tabulated in several studies for d8 [Fe(CO)4(L)] species, where
L for example is CO, PR3, and P(OR)3.

21,24-26 The isomer shifts
of such d8 TBP [Fe(CO)4(L)] structure types generally fall within
a range of δ -0.09 (e.g., Fe(CO)5) to -0.18 (e.g., [Fe(CO)4-
(SiCl3)][Bu4N]

27). While the isomer shift values for 2, 3, and 4
are somewhat more positive, they are in a reasonable range for
the d8 configuration given slight geometric variability, in addition
to the presence of a (SiPiPr3)Fe fragment that is chemically
distinct from “Fe(CO)4”. Moreover, comparison of neutral 1
with neutral 4 shows a substantial decrease in the isomer shift
value as the SiMe3 group is added to the CO O-atom, again
consistent with formal reduction of the iron center from d7 to d8.
As a final point of comparison, we have recently reported
M€ossbauer data for an isostructural and isoelectronic series of
Fe-N2 and Fe-N2SiMe3 species supported by the (SiPiPr3)
ligand.5 The complex (SiPiPr3)Fe(N2SiMe3) is isoelectronic with
carbyne 4 and was likewise formulated as d8. Its isomer shift is
appreciably positive (δ þ0.19) relative to 4, presumably reflect-
ing the higher electronegativity of nitrogen relative to carbon,
and hence greater covalency in the Fe-C interaction relative to
the Fe-N interaction. While the isomer shifts of the series Fe-
N2

-, Fe-N2, Fe-N2
þ, and Fe(N2SiMe3) follow the same trend

observed for Fe-CO-, Fe-CO, Fe-COþ, and Fe(COSiMe3),
they are all shifted positive and fall within the range from þ0.18
(Fe(N2SiMe3)) to þ0.53 (Fe-N2

þ). The very similar

Figure 4. Zero-field M€ossbauer spectra of (SiPiPr3)Fe(CO) (1),
(SiPiPr3)Fe(CONa(THF)3) (2), {Na(12-C-4)2}{(SiP

iPr
3)Fe(CO)}

(3), (SiPiPr3)Fe(COSiMe3) (4), and {(SiPiPr3)Fe(CO)}{B(Ar
F)4}

(5) recorded at 77 K.

Figure 5. HOMO - HOMO-4 of (SiPiPr3)Fe(COSiMe3) (4) derived
from the single-point DFT calculations with corresponding Mulliken pop-
ulations (see Experimental Section); energies in cm-1. Lobal represen-
tations correspond to the orbitals indicated by the number with 0.07
isocontours.
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quadrupole splitting values for carbyne 4 (EQ = 1.11 mm/s) and
(SiPiPr3)Fe(N2SiMe3) (EQ = 1.26 mm/s) further establish their
close electronic structure relationship.

On the basis of these experimental data, we favor a simplistic
limiting assignment of iron(0) d8 for 4, but DFT analysis of this
complex forces us to further consider the iron(2-) d10 scenario.
As illustrated by Figure 5, the five highest filled orbitals of 4 all
have significant iron d-orbital character. For example, the
HOMO is ca. 47% Fe and 17% Ccarbyne in character.28 The
HOMO-2 orbital in 4, of approximate a1 symmetry, is strongly
mixed between Fe 3dz2/4s and (SiPiPr3) Si 5pz (ca. 38% Fe and
28% Si) and hence cannot be reliably assigned to either iron or
the (SiPiPr3) ligand. We therefore add the caveat to our d8

formulation for 4 that a d10 configuration also has some merit.
To additionally probe this issue, a natural bond orbital (NBO)

analysis29 of 4 and 2 was performed. This analysis points to
several features worth mentioning. The Wiberg bond index
between two connected atoms provides a measure of their bond
order. Given the {C-O-Na}þ/{C-O-SiMe3}

þ analogy to
which we drew attention above, it was of interest to compare this
index for the C-O bond in the two species. In 4, a Wiberg C-O
bond index of 0.68 is calculated, compared with 1.62 for 2
(Table 2). These values can be compared with that of free CO,
for which the Wiberg bond index has been calculated as 2.18.
These values indicate that the π-bonding of CO has been
obliterated in 4, whereas substantial π-bond character remains
in the C-O linkage of 2. Accordingly, the Fe-C Wiberg bond
index of 4 increases (1.86) in comparison to that of 2 (1.48) to
compensate, implying stronger Fe-C π-bond character in 4. As
for the M€ossbauer data, it is interesting to compare these indices
with the analogous data calculated for the isostructural and
isoelectronic species where N2 is substituted for CO (Table 2).5

A Wiberg analysis of (SiPiPr3)Fe(N2Na(THF)3) provides an
N-N Wiberg index of 2.37, compared with 3.05 for free N2.
Hence, substantial π-bond character remains in (SiPiPr3)Fe-
(N2Na(THF)3). Replacement of Na(THF)3

þ by SiMe3
þ, as in

(SiPiPr3)Fe(N2SiMe3), attenuates the π-bonding (N-NWiberg
index =1.84), but not nearly to the same extent as occurs for the
C-O linkage in 4. Consistent with the X-ray data collected here
and reported elsewhere,5 the axial Fe-Si bond distance remains
within a rather narrow range, regardless of the relative iron
oxidation state and the axially bound ligand for both the N2 and
CO series. The largest discrepancy within the CO series concerns
cation 5, where the Fe-Si bond distance is 2.3245(7) Å, relative
to the distance of 2.2586(8) Å in anion 2. This difference may in
part reflect less σ-donation from Fe to Si as the Fe center is
oxidized. However, the triplet spin state in 5 relative to the singlet
spin state in 2 may be the dominant factor. Consistent with the
latter idea, the average of the Fe-P distances for triplet 5 (2.39
Å) is vastly greater than those for singlet 2 (2.19 Å). Indeed, the
large difference in these Fe-P values underscores that the
difference in Fe-Si bond distances is rather small between 2
and 5. As should therefore be expected, the Fe-Si Wiberg bond
indices for Fe(N2Na(THF)3), Fe(CONa(THF)3), Fe(N2SiMe3),
and Fe(COSiMe3) supported by (SiPiPr3) also fall within a
relatively narrow range, between 0.68 and 0.78, reflecting con-
sistent bond character across the series.

The NBO analysis of 4 identifies an orbital that is σ-bonding
between Fe and the Si atom of the (SiPiPr3) ligand. The bond
orbital occupancy calculated distributes the Fe-Si σ-bond elec-
tron density between Fe and Si in ca. 60/40 ratio, respectively.
For comparison, the electron pairs that are π-bonding between
Fe and the {COSiMe3}

þ ligand are also gleaned from the NBO
analysis, where the π-electron density is ca. 70/30 weighted on

Table 2. Selected Bond Indices and Bond Orbital Occupancies from Natural Bond Orbital Analysis

{FeN2}{NaTHF3} FeN2TMS {FeCO}{NaTHF3} FeCOTMS

Wiberg Bond Index

Fe-L 1.1051 1.4849 1.4845 1.8569

L-L0 2.3702 1.8371 1.6177 0.6766a

L0-Na or Si 0.0856 0.7609 0.0384 0.5236

Fe-Si 0.7294 0.6768 0.7115 0.7808

Bond Orbital Occupancy

Fe-L 1.93622 (20.43% Fe, 79.57% N) 1.94325 (21.03% Fe, 78.97% N) 1.85804 (34.37% Fe, 65.63% C) 1.88259 (35.86% Fe, 64.14% C)

1.79698 (53.11% Fe, 46.89% N) 1.73379 (67.84% Fe, 32.16% C)

1.79025 (49.38% Fe, 50.62% N) 1.73122 (69.19% Fe, 30.81% C)

L-L0 1.99372 (53.73% N, 46.27% N) 1.98931 (47.80% N, 52.20% N) 1.99089 (27.53% C, 72.47% O) 1.98781 (22.88% C, 77.12% O)

1.99372 (53.73% N, 46.27% N)

1.99065 (48.96% N, 51.04% N)

Fe-Si 1.61953 (54.43% Fe, 45.57% Si) 1.63573 (56.44% Fe, 43.56% Si) 1.61800 (55.48% Fe, 44.52% Si) 1.64338 (59.08% Fe, 40.92% Si)

Fe-P 1.81913 (27.88% Fe, 72.12% P) 1.84746 (31.78% Fe, 68.22% P) 1.80671 (30.59% Fe, 69.41% P) 1.84533 (35.09% Fe, 64.91% P)

1.81921 (27.89% Fe, 72.11% P) 1.84705 (31.52% Fe, 68.48% P) 1.80666 (30.59% Fe, 69.41% P) 1.84533 (35.15% Fe, 64.85% P)

1.81920 (27.89% Fe, 72.11% P) 1.85138 (31.21% Fe, 68.79% P) 1.80667 (30.59% Fe, 69.41% P) 1.84533 (35.35% Fe, 64.65% P)

Fe (LP) 1.83706 1.88808 1.84666 1.88179

1.83698 1.88710 1.84652 1.88382

1.64537 1.67127

1.64532 1.67118
aWiberg bond indices of free CO and N2 reveal 2.1834 and 3.0493, respectively. The bond indices for CtC and C-O bonds in propynyl tosylate11a are
2.6761 and 1.0649, respectively. Geometry optimization and NBO analysis for propynyl tosylate were run on the Gaussian03 suite of programs with the
B3LYP level of theory with the 6-311G** basis set for all atoms.
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the Fe, and the σ-bond electron density is ca. 35/65 weighted on
the C-atom. How one uses these data to aid the assignment of a
d-electron configuration is not clear-cut. For example, two almost
pure lone pairs reside on iron in 4 (Table 2), and, as noted above,
two additional electron pairs are π-back-bonding to the
{COSiMe3}

þ but reside heavily on iron. Excluding the latter
two electron pairs leads to a d4 assignment, but such back-
bonding electron pairs are typically accounted for in d-electron
counts, and doing so here leads to a d8 assignment that is better
reflected in the M€ossbauer data, which is most consistent with a
low-valent iron center. But the a1 symmetry orbital that is
energetically within the d-orbital manifold and is σ-bonding
between Fe and Si also resides largely on iron. Hence, it is
somewhat arbitrary to exclude this final pair of electrons from the
d-electron count. Including them instead provides a d10 config-
uration. Hence, the NBO analysis adds a degree of merit to the
d10 configuration, where the mixed frontier orbital of a1 sym-
metry resides largely on iron, as is also true of the two π-bonds
between iron and carbon. A similar argument can bemade for the
diazenido species (SiPiPr3)Fe(N2SiMe3). The placement of a
filled a1 orbital within the frontier set of orbitals, which arises
from a strong orbital mixing scenario, therefore confuses a
straightforward d-electron assignment for carbyne 4. In this
regard, the bonding situation finds analogy to that well appre-
ciated in metal nitrosyl complexes and more recently metalla-
boratranes.30,31 In the limit of the latter extreme, the iron center
acts as a σ-donor to a cationic and Lewis acidic tetravalent silicon
center.32 In sum, the d8 configuration for 4, while not perfect,
seems to fit best the collective data at hand and finds context by
considering its electronic structure as similar to the large family of
d8 Fe(CO)xL5-x structure types. This configuration also respects
Pauling’s principle of electroneutrality.33

Frenking and co-workers have studied extensively by theore-
tical means five-coordinate iron complexes that feature Fe-C
multiple bonds.34 Such species include, for example, (CO)4FeC
with an axial bound C ligand and I(CO)3Fe(CH) with axially
bound I and CH ligands. Both species are isoelectronic with 4.
NBO and Wiberg bond index analyses for these species point to
bonding themes consistent with our own description of 4. The
key issue to highlight concerns the nature of the Fe-C bond. For
both (CO)4FeC and I(CO)3Fe(CH), there is strong Fe-C
multiple bonding, and as for the case of 4, there is a σ-donor
orbital best described as CfFe and two π-bonds best described
as FefC. Hence, even though ligands such as “C” and “CH” are
commonly considered “Schrock-type” in high-valent metal
complexes,35,36 when matched with low-valent iron centers they
are better formulated as “Fischer-type”. It is this property, and
hence reversal of polarization of the π-bonding in relation to a
Schrock-type alkylidyne, that renders such ligands compatible
with high d-count, low-valent metals. Were the axially bound C
or CR ligand to be strongly π-donating, there would be a strong
destabilization of filled d-orbitals.37 While such destabilization
leads to a favorable electronic structure for pseudotetrahedral
L3FetNx species,19 it perturbs favorable π-bonding in TBP
structure types. For the Fe(C), Fe(CR), and Fe(COSiMe3)
species under present discussion, however, there is net stabiliza-
tion via π-back-bonding. Hence, when interacting with an L4Fe
or XL3Fe fragment, both CH and COSiMe3 are best formulated
as “Fischer-type” ligands, and they give very similar Fe-C
Wiberg indices (Wiberg index = 1.73 for I(CO)3Fe(CH) vs
1.86 for 4). A similar overall formulation is true of the Fe-C
interaction in (CO)4FeC, though differences in the orbital

makeup and net polarization of the Fe-C bonds arise due to
rehybridization at carbon. Indeed, given Frenking’s conclusions
and the experimental data presented here for 4, it is reasonable to
hypothesize likely electronic stability for a hypothetical complex
that is isoelectronic with 4, namely “{(SiPiPr3)Fe(C)}

- ”, featur-
ing a terminally bonded C-ligand.38 Efforts are underway to
explore the feasibility of such a species in our laboratories.

’EXPERIMENTAL SECTION

General Considerations. All manipulations were carried out
using standard Schlenk or glovebox techniques under a N2 atmo-
sphere. Unless otherwise noted, solvents were deoxygenated and
dried by thoroughly sparging with Ar or N2 gas followed by passage
through an activated alumina column in the solvent purification
system by SG Water, USA LLC. Non-halogenated solvents were
tested with a standard purple solution of sodium benzophenone ketyl
in tetrahydrofuran (THF) in order to confirm effective oxygen and
moisture removal. HSiPiPr3,

4 (SiPiPr3)Fe(CH3),
5 (SiPiPr3)Fe(N2),

4,5 and
H(OEt2)2[B(3,5-C6H3(CF3)2)4]

39 were prepared according to litera-
ture procedures. All reagents were purchased from commercial
vendors and used without further purification unless otherwise stated.
Elemental analyses were performed by Midwest Microlab, LLC,
Indianapolis, IN. Deuterated solvents were purchased from Cam-
bridge Isotope Laboratories, Inc., degassed, and dried over activated
3-Å molecular sieves prior to use.

X-ray Crystallography Procedures. X-ray diffraction studies were
carried out at the MIT Department of Chemistry X-ray Diffraction
Facility on a Bruker Three-Circle Platform diffractometer, equipped
with a CCD detector. Data were collected at 100 K using Mo KR (λ =
0.71073 Å) or Cu KR (λ = 1.54178 Å) radiation and solved using
SHELX v. 6.14.40 X-ray-quality crystals were grown as described in
below. The crystals were mounted on a glass fiber or nylon loop with
Paratone N oil. Structures were determined using direct methods with
standard Fourier techniques using the Bruker AXS software package.

Spectroscopic Measurements. Varian Mercury-300, Varian Inova-
500, and Bruker AVANCE-400 spectrometers were used to record 1H,
13C, 29Si, and 31P NMR spectra at ambient temperature unless otherwise
indicated. 1H and 13C chemical shifts were referenced to the residual
solvent peaks. 29Si chemical shifts were referenced to external tetramethyl-
silane (TMS) (δ = 0 ppm). 31P chemical shifts were referenced to external
85% phosphoric acid (δ = 0 ppm). Solution magnetic moments were
determined by the method of Evans.41 Optical spectroscopy measure-
ments were taken on a Cary 50 UV/vis spectrophotometer using a 1-cm
two-window quartz cell sealed with a standard closed cap purchased from
Starna Cells, Inc. (catalog no. 1-Q-10-GL14-C). Infrared spectra were
recorded on a BioRad FTS 3000 EXCALIBUR series FT-IR spectrometer
using a solution IR cell or KBr pellet. X-band EPR spectroscopy
measurements were taken on a Bruker EMS spectrometer. The low-
temperature spectra were collected using a liquid nitrogen coldfinger
dewar, and collected spectra were simulated using the W95EPR
program.42 57Fe M€ossbauer spectra were measured with a constant
acceleration spectrometer (SEE Co., Minneapolis, MN). Isomer shifts
are quoted relative to Fe metal at room temperature. Data were analyzed
and simulatedwithWMOSS software (WebResearchCorp., Edina,MN).

Electrochemistry. Electrochemical measurements were carried out
in a glovebox under a dinitrogen atmosphere in a one-compartment cell
using a CH Instruments 600B electrochemical analyzer. A glassy carbon
electrode was used as the working electrode, and platinum wire was used
as the auxiliary electrode. The reference electrode was Ag/AgNO3 in
THF. The ferrocene couple Fcþ/Fc was used as an external reference.
Solutions (THF) of electrolyte (0.3 M tetra-n-butylammonium
hexafluorophosphate) and analyte were also prepared under an inert
atmosphere.
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DFT Calculations. Single-point calculations and NBO43 analysis on
2 and 4 were run on the Gaussian0344 suite of programs with the
RB3LYP45 level of theory with the 6-31þþG** basis set for all atoms.
Geometries for 2 and 4were obtained fromXRD data. To crudely assign
the relative contribution of atomic orbitals to the HOMO, we calculated
the Mulliken atomic spin density of a hypothetical {4}þ species.
Mulliken atomic spin densities of the corresponding virtual cationic
species of 2 and 4 were derived from the original single-point calcula-
tions of each singlet species by assigning 2 and 4 as doublet species
without further optimization.
(SiPiPr3)Fe(CO) (1). (SiPiPr3)Fe(N2) (0.055 g, 0.080 mmol) was

dissolved in THF (20 mL) in a 50 mL sealable Schlenk tube. The
reaction tube was taken out from the drybox and then connected to a
Schlenk line and charged with CO gas (1 atm) after freeze-pump-
thaw degassing three times. The reaction mixture was stirred overnight
at room temperature (3 h at 60 �C). After all volatiles were removed by
vacuum, the resulting product was dissolved in benzene (10 mL) and
filtered through Celite. Product (SiPiPr3)Fe(CO) (1, 0.050 g, 0.072
mmol, 91%) was obtained as a yellow powder after removing volatiles by
vacuum, washing with additional portions of pentane, and drying under
vacuum. 1H NMR (C6D6, ppm): 11.8, 7.2, 6.8, 4.6, 1.6, -3.8. Yellow
X-ray-quality crystals were grown by evaporation of a benzene/pentane
solution of 1: TBP (τ = 0.97). UV-vis (THF, nm {cm-1 M-1}): 260
{9400}, 313 {sh;∼4700}, 375 {sh; 3100}, 990 {280}. μeff (C6D6, Evans
method,41 20 �C): 2.0 μB. IR (νCO, cm

-1): 1848 (KBr pellet), 1852
(THF solution). Anal. Calcd for C37H54FeOP3Si: C, 64.25; H, 7.87.
Found: C, 64.18; H, 8.35.
(SiPiPr3)Fe(

13CO) (1-13CO). (SiPiPr3)Fe(N2) (0.100 g, 0.145 mmol)
was dissolved in benzene (20 mL) in a 50 mL sealable Schlenk tube. The
reaction tube was taken out from the drybox and then connected to a
Schlenk line and charged with 13CO gas (1 atm) after freeze-pump-thaw
degassing three times. The reaction mixture was then stirred overnight at
60 �C. The resulting yellow solution was filtered through Celite, and all
volatiles were removed by vacuum. Product (SiPiPr3)Fe(

13CO) (1-13CO,
0.100 g, 0.144 mmol, 99%) was obtained as a yellow powder after washing
with additional portions of pentane and drying under vacuum. Spectro-
scopic features in the 1H NMR were identical to those for 1-13CO. IR
(ν13CO, cm

-1): 1806 (KBr pellet), 1808 (THF solution).
(SiPiPr3)Fe{CONa(THF)3} (2). A dark green solution of sodium

naphthalide was prepared by stirring a naphthalene solution (18 mg,
0.14 mmol) in THF (10 mL) over excess sodium metal (18 mg, 0.78
mmol) for 3 h at room temperature. The resulting sodium naphthalide
solution was filtered away from any remaining sodium and added
dropwise to the red solution of 1 (51 mg, 0.073 mmol) in THF (10
mL) at -35 �C, causing the color change to dark red over a period of
several minutes. After stirring overnight at room temperature, the
reaction mixture was filtered through Celite. Volatiles were removed
under vacuum to give a dark red powder. The solid was collected on a
medium-porosity glass frit and washed with pentane (5 mL � 2),
benzene/pentane (1/5, 6 mL), and pentane (5 mL � 2). The resulting
product, (SiPiPr3)Fe{CONa(THF)3} (2, 67 mg, 0.072 mmol, 99%), was
obtained as a dark red powder after drying under vacuum. 1H NMR
(THF-d8, ppm): 8.3 (bs, 3H), 7.2 (d, J = 7.5 Hz, 3H), 6.9 (t, J = 6.9 Hz,
3H), 6.7 (bs, 3H), 3.6 (THF), 1.8 (THF), 1.0 (bs, 18H), 0.60 (bs, 18H).
31P NMR (THF-d8, ppm): 94.4 (s, at -70 �C). Dark red X-ray-quality
crystals were grown by diffusion of pentane vapors into a THF solution
of 2: TBP (τ = 1.0). UV-vis (THF, nm {cm-1 M-1}): 260 {13 000},
330 {sh}, 424 {3700},∼990 {120}. IR (νCO, cm

-1): 1717 (KBr pellet),
1711 (THF solution).
(SiPiPr3)Fe{

13CONa(THF)3} (2-13CO). The same procedure
used for 1-13CO was conducted. Spectroscopic features in the 1H
NMR were identical to those for 2. 31P NMR (THF-d8, ppm; measured
at -70 �C): 94.44. 13C NMR (THF-d8, ppm, measured at -70 �C):
239.6 (s). IR (ν13CO, cm

-1): 1676 (KBr).

{Na(12-C-4)2}{(SiP
iPr

3)Fe(CO)} (3). To a dark red solution of 2
(16 mg, 0.017 mmol) in THF (10 mL) was added a solution of 12-
crown-4 (6 mg, 0.034 mmol) in THF (1 mL). The reaction mixture was
stirred for 30 min at room temperature. The resulting darker solution
was filtered through Celite. Volatiles were removed under vacuum to
give a dark violet powder. The solid was collected on a medium porosity
glass-frit and washed with pentane (3 mL�3). {Na(12-C-4)2}
{(SiPiPr3)Fe(CO)} (3, 18 mg, 0.017 mmol, 98%) was obtained as a
dark crystalline solid from recrystallization with THF and pentane at
room temperature. 1H NMR (THF-d8, ppm): 8.0 (bs, 3H), 7.1 (d, J =
6.9Hz, 3H), 6.9 (m, 6H), 3.6 (32H, 12-C-4), 2.0 (bs, 6H), 0.9 (bs, 18H),
0.5 (bs, 18H). 31P NMR (THF-d8, ppm; measured at -70 �C): 94.4.
Anal. Calcd for C53H86FeNaO9P3Si: C, 59.65; H, 8.12. Found: C, 59.72;
H, 8.00. IR (νCO, cm

-1): 1757 (KBr pellet), 1779 (THF solution).
{Na(12-C-4)2}{(SiP

iPr
3)Fe(

13CO)} (3-13CO). The same proce-
dure used for 2-13CO was conducted. Spectroscopic features in the 1H
NMRwere identical to those for 30. 31P NMR (THF-d8, ppm; measured
at -70 �C): 94.4. 13C NMR (THF-d8, ppm, measured at -70 �C):
239.7 (s). IR (ν13CO, cm

-1): 1713 (KBr).
(SiPiPr3)Fe(COSiMe3) (4). To a frozen solution of 2 (80 mg, 0.086

mmol) in THF (50 mL) was added trimethylsilyl triflate (20 mg, 0.090
mmol). The reaction mixture was slowly warmed to room temperature
overnight. All volatiles were removed by vacuum, and the resulting red
oil was dissolved in pentane. The red solution was filtered through
Celite, and volatiles were removed by vacuum. The resulting product,
(SiPiPr3)Fe(COSiMe3) (4, 65 mg, 0.085 mmol, 99%),46 was obtained as
a red powder after drying under vacuum. 1H NMR (C6D6, ppm): 8.14
(d, J = 7.2 Hz, 3H), 7.28 (d, J = 7.5 Hz, 3H), 7.22 (t, J = 6.9 Hz, 3H), 7.06
(t, J = 7.5 Hz, 3H), 2.40 (bs, 6H), 1.04 (m, 18H), 0.58 (bs, 18H), 0.34 (s,
9H). 31P NMR (C6D6, ppm): 104.6 (s). 29Si NMR (C6D6, ppm): 94.5
(q, 2JSiP = 40 Hz), 20.3 (s). Red X-ray-quality crystals were grown by
evaporation of a pentane solution of 4 at-35 �C: TBP (τ = 0.98). UV-
vis (THF, nm {cm-1M-1}): 260 {13 500}, 424 {4100}, 990 {70}. Anal.
Calcd for C40H63FeOP3Si2: C, 62.81; H, 8.30. Found: C, 62.46; H, 7.70.
(SiPiPr3)Fe(

13COSiMe3) (4-
13CO). The same procedure used for

2-13CO was conducted. Spectroscopic features in the 1H NMR were
identical to those for 4. 31PNMR (C6D6, ppm): 104.5 (d, 2JCP = 16.3Hz).
13C NMR (THF-d8, ppm; measured at room temperature): 250.3 (q,
2JCP = 16.4 Hz). 29Si NMR (C6D6, ppm; measured for 10 h at room
temperature): 94.3 (dq, 2JSiP = 40Hz,

2JSiC = 21Hz), 20.0 (d,
2JSiC = 7Hz).

(SiPiPr3)Fe(COSi
iPr3). To a frozen solution of 2 (38 mg, 0.041

mmol) in THF (20 mL) was added trimethylsilyl triflate (13 mg, 0.041
mmol). The reaction mixture was slowly warmed to room temperature
overnight. All volatiles were removed by vacuum, and the resulting red
oil was dissolved in pentane. The red solution was filtered through
Celite, and volatiles were removed by vacuum. The resulting product,
(SiPiPr3)Fe(COSi

iPr3) (35 mg, 0.040 mmol, 98%),46 was obtained as a
red powder after drying under vacuum. 1H NMR (C6D6, ppm): 8.17
(d, J = 6.9 Hz, 3H), 7.34 (d, J = 7.2 Hz, 3H), 7.64 (t, J = 7.5 Hz, 3H), 7.09
(t, J = 7.5 Hz, 3H), 2.47 (bs, 6H), 1.48 (sep, J = 7.2 Hz, 3H), 1.22 (d, J =
7.2 Hz, 18H), 1.10 (m, 18H), 0.67 (bs, 18H). 31P NMR (C6D6, ppm):
102.6 (s). 29Si NMR (C6D6, ppm): 94.7 (q, 2JSiP = 42 Hz), 20.6 (s).
UV-vis (THF, nm {cm-1M-1}): 260 {13 000}, 435 {4100}, 990 {68}.
{(SiPiPr3)Fe(CO)}{B(3,5-(CF3)2-C6H3)4} (5). (SiPiPr3)Fe(CO)

(1, 50 mg, 0.072 mmol) was dissolved in C6H6 (10 mL) and frozen at
-35 �C. After H(OEt2)2[B(3,5-(CF3)2-C6H3)4] (73 mg, 0.072 mmol)
was added to the frozen solution, the mixture was vigorously stirred for
30 min at room temperature, resulting in precipitation of a blue solid.
The precipitate was collected on a medium-porosity glass frit and
washed with benzene (10 mL � 3) and pentane (10 mL � 3). The
resulting powder, {(SiPiPr3)Fe(CO)}{B(3,5-(CF3)2-C6H3)4} (5, 80 mg,
0.051 mmol, 72%), was dried under vacuum for a short time. 1H NMR
(THF-d8, ppm): 15.2, 8.2, 7.6, 6.9, 4.6, -2.9, -6.2. Blue X-ray-quality
crystals were grown by diffusion of pentane vapors into a THF/benzene
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(1/1) solution of 5: TBP (τ = 0.99). UV-vis (THF, nm {cm-1 M-1}):
380 {sh, 980}, 470 {150}, 585 {140}, 700 {sh, 45}, 845 {20}, ∼1,100
{54}. μeff (THF-d8, Evans method,41 20 �C): 2.7 μB. Anal. Calcd for
C69H66BF24FeOP3Si: C, 53.30; H, 4.28. Found: C, 53.05; H, 4.20. IR
(νCO, cm

-1): 1959 (KBr pellet), 1943 (THF solution). H2(g) generated
from the reaction was detected by GC analysis.
{(SiPiPr3)Fe(

13CO)}{B(3,5-(CF3)2-C6H3)4} (5-13CO). The same
procedure used for 1-13CO was conducted. Spectroscopic features in the
1H NMR were identical to those for 5. IR (ν13CO, cm

-1): 1915 (KBr).
{(SiPiPr3)Fe(Cl)}{B(3,5-(CF3)2-C6H3)4}. (SiP

iPr
3)Fe(CH3) (21

mg, 0.031 mmol) was dissolved in CH2Cl2 (5 mL) and cooled to -
35 �C. After H(OEt2)2[B(3,5-(CF3)2-C6H3)4] (30 mg, 0.030 mmol) was
added to the red solution, the mixture was vigorously stirred for 30 min at
room temperature, resulting in a dark green solution. After volatiles were
removed by vacuum, the resulting powder was collected on a medium-
porosity glass frit and washed with benzene (10 mL� 3) and pentane (10
mL� 3).The resulting product, {(SiPiPr3)Fe(Cl)}{B(3,5-(CF3)2-C6H3)4}
(30 mg, 0.019 mmol, 65%), was then dried under vacuum. 1H NMR
(CD2Cl2, ppm): 11.26, 8.27, 7.69, 7.54, 6.85,-13.04.Dark redX-ray-quality
crystals were grown by diffusion of pentane vapors into aCH2Cl2 solution of
{(SiPiPr3)Fe(Cl)}{B(3,5-(CF3)2-C6H3)4}: TBP (τ = 1.0). UV-vis (THF,
nm {cm-1M-1}): 387 {4500}, 430 {sh, 3300}, 512 {930}, 596 {670}, 841
{470}. μeff (CD2Cl2, Evans method,

41 20 �C): 3.9 μB. Anal. Calcd for
C68H66BClF24FeP3Si: C, 52.28; H, 4.26. Found: C, 52.31; H, 4.39.
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