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The synthesis and molecular structure of a novel iron(II) com-
plex of an acyclic non-NHC bis(2-pyridylthio)carbene ligand
containing a S-N-C facial triad are discussed. The iron carbene
complex is formed in situ during the reaction of tris(2-pyridylthio)-
methane with an iron(II) salt. In the six-coordinate iron(II) com-
plex, a strong Fe-C interaction (1.776 Å) is observed crystal-
lographically and the complex exhibits a singlet-spin ground
state. Density functional theory calculations that reproduce the
geometry as well as the spin ground state indicate that the
electronic structure of the complex is best described as an iron(II)
carbene. The carbene center is stabilized by extensive back-
bonding from iron(II) and delocalization into the adjacent thiopyri-
dine units.

Transition-metal carbenes are an important class of com-
pounds in organic and organometallic chemistry.1 Generally,
metal carbene complexes (both N-heterocyclic and acyclic
carbenes) are normally supported by π-acceptor ancillary
ligands like CO, Cp, and phosphines.2,3 There are reports of
N-heterocyclic carbene complexes with π-donor ligands;3-7

such complexes for acyclic carbene complexes are hard to
find.
Metal-carbon bonding interactions have been shown to

play an important role in biological systems. In iron por-
phyrin systems, they have been invoked in catalytic oxidative
processes.8 Structurally characterized model iron carbene

complexes of porphyrins,9 calix[4]arene,10,11 and azamacro-
cyclic ligand12 have been reported in the literature. Inmost of
the cases, the carbenes were generated in situ from diazoalk-
anes, followed by their complexation with iron. In nonheme
systems, an organoiron-mediated oxygenation of polyunsa-
turated fatty acids by lipoxygenases has been proposed.13-15

Recently, the crystal structure of Fe-S cluster-free mono-
nuclear iron hydrogenase (Hmd) revealed an Fe-C bond in
the active site.16,17 The enzyme was crystallized, and the
structure showed an octahedral iron center with a facial triad
consisting of a thiolate sulfur, a pyridine nitrogen, an acyl
carbon. A water and two CO donors complete its coordina-
tion sphere.17 So far, there are only a few reports of related
model complexes, but none of them successfully models the
S-N-C facial triad.18

During the course of our study on the C-H bond activa-
tion of tris(2-pyridylthio)methane (L1)19-22 by iron(II), we
have isolated a mononuclear iron(II) complex of an acyclic
bis(2-pyridylthio)carbene (L2) ligand (Scheme 1). The repor-
ted iron complexes of the dithiocarbene ligand [C(SR)2 ; R=
alkyl or aryl], with either a terminal or bridging carbene, are

*To whom correspondence should be addressed. E-mail: icad@iacs.res.in
(A.D.), ictkp@iacs.res.in (T.K.P.).

(1) Crabtree, R. H. The organometallic chemistry of the transition metals;
4th ed.; John Wiley & Sons: New York, 2005.

(2) Yuki, M.; Matsuo, T.; Kawaguchi, H. Angew. Chem., Int. Ed. 2004,
43, 1404–1407.

(3) de Fr�emont, P.;Marion, N.; Nolan, S. P.Coord. Chem. Rev. 2009, 253,
862–892.

(4) Louie, J.; Grubbs, R. H. Chem. Commun. 2000, 1479–1480.
(5) Deng, L.; Holm, R. H. J. Am. Chem. Soc. 2008, 130, 9878–9886.
(6) Danopoulos, A. A.; Tsoureas, N.; Wright, J. A.; Light, M. E.

Organometallics 2004, 23, 166–168.
(7) Nieto, I.; Cervantes-Lee, F.; Smith, J.M.Chem. Commun. 2005, 3811–

3813.
(8) Mansuy, D.; Mahy, J. P. Metalloporphyrins Catalyzed Oxidations;

Kluwer: Dordrecht, The Netherlands, 1994.
(9) Mansuy, D.; Lange, M.; Chottard, J. C.; Bartoli, J. F.; Chevrier, B.;

Weiss, R. Angew. Chem., Int. Ed. Engl. 1978, 17, 781–782.

(10) Giusti, M.; Solari, E.; Giannini, L.; Floriani, C. Organometallics
1997, 16, 5610–5612.

(11) Esposito, V.; Solari, E.; Floriani, C.; Re, N.; Rizzoli, C.; Chiesi-Villa,
A. Inorg. Chem. 2000, 39, 2604–2613.

(12) Klose, A.; Solari, E.; Floriani, C.; Re, N.; Chiesi-Villa, A.; Rizzoli, C.
Chem. Commun. 1997, 2297–2298.

(13) Corey, E. J.; Nagata, R. J. Am. Chem. Soc. 1987, 109, 8107–8108.
(14) Corey, E. J.; Walker, J. C. J. Am. Chem. Soc. 1987, 109, 8108–8109.
(15) Neidig,M. L.;Wecksler, A. T.; Schenk,G.; Holman, T. R.; Solomon,

E. I. J. Am. Chem. Soc. 2007, 129, 7531–7537.
(16) Shima, S.; Pilak, O.; Vogt, S.; M., S.; Stagni, M. S.; Meyer-Klaucke,

W.; Warkentin, E.; Thauer, R. K.; Ermler, U. Science 2008, 321, 572–575.
(17) Hiromoto, T.; Ataka, K.; Pilak, O.; Vogt, S.; Stagni, M. S.;

Meyer-Klaucke, W.Warkentin, E.; Thauer, R. K.; Shima, S.; Ermler, U.
FEBS Lett. 2009, 583, 585–590.

(18) Royer, A. M.; Rauchfuss, T. B.; Gray, D. L. Organometallics 2009,
28, 3618–3620.

(19) de Castro, V. D.; de Lima, G.M.; Filgueiras, C. A. L.; Gambardella,
M. T. P. J. Mol. Struct. 2002, 609, 199–203.

(20) Kinoshita, I.; Wright, L. J.; Kubo, S.; Kimura, K.; Sakata, A.; Yano,
T.; Miyamoto, R.; Nishioka, T.; Isobe, K. Dalton Trans. 2003, 1993–2003.

(21) Vieira, F. T.; de Lima, G. M.; Wardell, J. L.; Wardell, S. M. S. V.;
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all supported by π-acceptor ligands.23-26 They show a wide
range of reactivity, but structurally characterized dithio-
carbene complexes are rare.25We report in this Communica-
tion the synthesis, molecular and electronic structure of a
novel low-spin iron(II) complex of a new tridentate dithio-
carbene ligand thatmimics the S-N-C facial triad present in
the active site of Hmd.
The reaction of Fe(OTf)2 3 2CH3CN and ligand L1 in

dichloromethane at room temperature yields a red iron(II)
complex [(L2)FeII(PySH)(PyS)]þ (1).27 The X-ray crystal
structure of the monocationic complex 128 reveals a six-
coordinate distorted octahedral coordination geometry at
the iron center consisting of the tridentate L2 ligand, a
bidentatemonoanioic PyS, and a neutralmonodentate PySH
(Figure 1). In themeridional arrangement of L2, two pyridine
nitrogens are coordinated to the iron center trans to each
other, occupying the axial position with a N1-Fe1-N2
angle of 173.64(6)�. In the equatorial plane, a four-membered
chelate ring is formed at the iron center through the coordi-
nation of S4 and N4 of the 2-pyridinethiolate anion with a
N4-Fe1-S4 angle of 70.36(4)�. The other sulfur donor, S3,
from the monodentate PySH ligand occupies the equatorial
position trans to S4 at a S3-Fe1-S4 angle of 162.93(2)�.
This leaves the carbon donor C6 of L2 to occupy the
equatorial position trans to the pyridine nitrogen donor N4
with a N4-Fe1-C6 angle of 161.74(6)�. The equatorial
Fe1-N4 bond distance (2.05 Å) is longer than the axial

Fe-N(pyridine) bond distances (average 1.967 Å) most
likely because of the trans influence of the carbene ligand.
The Fe1-C6 bond distance of 1.776(2) Å is a clear

indication of a strong Fe-C interaction, and the trigonal-
planar geometry at C6 strongly suggests that it is a carbene
carbon (Table S1 in the Supporting Information, SI). The
Fe-C bond length is among the shortest reported for iron
carbene complexes.2,11 The average Fe-N and Fe-S bond
distances are comparable to those reported for low-spin
iron(II) complexes2,29 rather than high-spin iron(II) com-
plexes.30 The C-S bond lengths in the tridentate carbene
ligand are shorter than the C-S single bond for thioethers.
The shortening of C(carbene)-S bonds and concomitant
elongation of C(py)-S bond suggest the involvement of a
sulfur atom in stabilizing the carbene center. The triflate
counterion is in hydrogen-bonding interaction with the
protonated pyridine nitrogen (N3) of themonodentate PySH
ligand [N3 3 3 3O2distance of 2.831(2) Å; Table S2 and Figure
S1 in the SI).
The electrospray ionization mass spectrometry spectrum

of 1 in acetonitrile shows signals at m/z 508.12 and 398.10
with the expected isotope distribution pattern calculated for
[{(L2)Fe(PySH)(PyS)}-H]þ and [(L2)Fe(PyS)]þ, respectively
(Figure S2 in the SI). The diamagnetic complex was further
characterized by 1H NMR spectroscopy in CD2Cl2 at room
temperature, which shows sharp peaks for the pyridine
protons without any paramagnetic shift of these resonances
(Figure S3 in the SI).
The electronic structure of complex 1 could be an ferrous

carbene (FeII-Cþ), an antiferromagnetically coupled ferric
methylene radical (FeIII-C 3 ), or an iron(IV) carbanion
(FeIV-C-), all of which can have a diamagnetic ground state
(GS). Geometry-optimized, spin-unrestricted, density func-
tional theory (DFT) calculations32 have been performed to
evaluate these possibilities. The S=0 GS is predicted to be
more stable relative to the S=2 GS by 31.7 and 3.8 kcal

Scheme 1. Ligands and Synthesis of Complex 1

Figure 1. Molecular structure of 1. All hydrogen atoms except that
attached to N3 on 1 have been omitted for clarity. Selected bond lengths
[Å] and angles [deg] for 1: Fe1-N1 1.9756(13), Fe1-N2 1.9594(14),
Fe1-N4 2.0501(14), Fe1-S3 2.3160(4), Fe1-S4 2.3279(4), Fe1-C6
1.7762(17), C6-S1 1.7319(18); N1-Fe1-N2 173.64(6), C6-Fe1-N4
161.74(6), N4-Fe1-S4 70.36(4), C6-Fe1-S3 105.56(5).
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mol-1 using BP8633,34 and B3LYP35 functionals, respec-
tively. However, the optimized structures indicate that the
BP86 functional reproduces the experimental geometry
better than the B3LYP functional (Table 1). In particular,
the Fe-N bond lengths are overestimated using B3LYP.
The molecular orbital (MO) diagram of the S=0 state

(Figure 2) indicates a dxy
2dxz

2dyz
2dz2

0dx2-y2
0 configuration of

the iron center. This is consistent with a tentative low-spin
iron(II) assignment. Additionally, there is a low-lying un-
occupied π* orbital on the carbon bonded to the iron
(Figure 2, dashed-red border) characteristic of a carbene
center. The dx2-y2 orbital of the iron is involved in σ bonding
with the carbene (Figure 2, top left). There is a very strong
π-back-bonding interaction between the filled dxz orbital on

the iron and the unoccupied carbene π* orbital, as indicated
by their contours with red and dashed-red borders, respec-
tively. TheMulliken populations36 indicate that 39%Fedxz is
mixed into the carbene π* orbital; i.e., 0.78e (R and β orbitals
summed up) charge density is shifted from the iron center to
the carbene. Furthermore, the carbene is stabilized via its
delocalization into the thioether sulfur atoms (Figure 2, green
arrows) aswell as into the aromatic pyridine ring, as indicated
by the contour (Figure 2, dashed-red border). Thus, the
electronic structure description of this complex is consistent
with an iron(II) carbene GS for this molecule with signi-
ficant π-back-bonding interaction between the iron dxz and
the carbene π* orbital.
In summary, we have isolated and characterized a novel

iron(II) complex of an acyclic bis(2-pyridylthio)carbene
ligand. A strong Fe-C interaction is observed crystallogra-
phically, and the complex exhibits a singlet GS.DFT calcula-
tions that reproduce the geometry as well as the spin GS
indicate that the electronic structure of the complex is tenta-
tively described as an iron(II) carbene. The carbene center is
stabilized by extensive back-bonding from iron(II) and
delocalization into the adjacent thiopyridine units. The facial
coordination of N, C, and S donors and the respective M-L
bond distances closely mimic the structural aspect of an
octahedral iron complex inmononuclear iron hydrogenase.17

To the best of our knowledge, this is the only report of
a stable iron(II) carbene complex of a non-NHC ligand
supported by π-donor and not π-acceptor ancillary ligands.
A detailed reactivity study of complex 1 is presently under
investigation.
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Table 1. DFT Results Calculated Using Gaussian 0331

Fe-S (PySH), Å Fe-S (PyS), Å Fe-N (PyS), Å Fe-Nax,
a Å Fe-C, Å S-C,a Å ΔE, kcal mol-1

S = 0 2.32 2.33 2.05 1.97 1.78 1.74

BP86 2.33 2.34 2.06 1.97 1.78 1.76 0
B3LYP 2.40 2.30 2.08 2.02 1.8 1.73 0

S = 2
BP86 2.62 2.39 2.18 2.19 1.96 1.73 31.7
B3LYP 2.67 2.47 2.17 2.22 2.02 1.71 3.8

aAverage distances.

Figure 2. Calculated (UBP86, 6-311þG*) GS MO diagram for 1. The
orbitals involved in back-bonding are indicated using red borders. The
molecular Z axial is along the Fe-SPySH bond, and the X and Y axes are
along Fe-S and Fe-Nax, respectively.
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