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Novel Alkoxide Cluster Topologies Featuring Rare Seesaw Geometry
at Transition Metal Centers
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Molecules with central atoms possessing a coordination
number of four are commonplace in coordination chemis-
try.[1] The majority of four-coordinate compounds display
either tetrahedral or square planar geometry. However, va-
lence shell electron pair repulsion (VSEPR) theory predicts
a third type of four-coordinate geometry—the seesaw, or
sawhorse. Two possible cases of seesaw geometry can be dis-
tinguished—the cis-divacant octahedron (angles of 1808 and
908) and the monovacant trigonal bipyramid (angles of 1808,
1208, and 908).[2] Examples of seesaw geometry can be found
in main-group compounds due to the repulsive presence of
lone pairs.[3] Seesaw transition metal complexes are of inter-
est, as they possess a vacant coordination site that enables
substrate coordination and activation.[2] However, seesaw
transition metal complexes are extremely rare, and the re-
quirements toward their attainment are poorly under-
stood.[4–9] Recent computational work by Alvarez and co-
workers supports the plausibility of seesaw geometry for
first-row transition elements.[10] In particular, it has been
proposed that seesaw geometry at transition metal centers
arises primarily for certain electron configurations, particu-
larly for d6 and closed-shell d10 metal centers.[2,11] Herein we
demonstrate the first example in which the same seesaw ge-
ometry is observed for the series of transition metals (CrII�
CoII) featuring varying electron configurations (d4–d7). This
geometry is enabled by the unique combination of the steric
bulk of the ancillary ligands, alkoxides, combined with the
inclusion of lithium chloride in the structure. Density func-
tional theory (DFT) calculations shed light on the bonding
interactions in these complexes and give insight into their
electronic structures.

The properties and the reactivity of alkoxide-ligated
metal centers depend on the steric and electronic properties
of the alkoxide.[12–15] Bulky ligands have been employed in

low-coordinate complexes containing a plethora of different
transition metals, many of which have shown small molecule
activation capabilities.[16–26] The majority of previously re-
ported bulky alkoxide ligands contain three identical sub-
stituents. We combined two tert-butyl groups with a phenyl
group, attempting to achieve directionality in the alkoxide
coordination, thus inducing higher crystallinity. The ligand
[OC ACHTUNGTRENNUNG(tBu)2Ph] ([OR] henceforth) was prepared by the addi-
tion of phenyllithium to hexamethylacetone. The structure
of the lithium salt of the ligand has been confirmed by X-
ray structure determination. The ligand crystallizes as the
trimer Li3(OR)3 (1; see the Supporting Information for the
crystal structure) from hexane, with two-coordinate geome-
try featured at the lithium centers.

Addition of two equivalents of 1 to a solution of iron(II)
chloride forms transiently the respective three-coordinate
bis ACHTUNGTRENNUNG(alkoxide) complex, 2, in solution. The compound is
structurally similar to a chromium bis ACHTUNGTRENNUNG(alkoxide) complex
previously reported by Power and co-workers.[27] Compound
2 is unstable in the absence of a coordinating solvent
(THF).[28] Dissolution in hexanes and solvent removal under
vacuum leads to the dissociation of THF ligands and subse-
quent dimerization, forming compound 3 (Scheme 1). Fol-
lowing similar protocols, the reactions of manganese(II)
chloride, cobalt(II) chloride, and chromium(II) chloride
with 1 form complexes 4–6, respectively. Compounds 3–6
were characterized by X-ray crystallography. X-ray quality
crystals of 3–6 were obtained upon recrystallization from
hexanes at �35 8C. The structures of compounds 3 and 4 are
depicted in Figure 1 a and b; the structures of 2, 5, and 6 can
be found in the Supporting Information. Complexes 3–6 are
all isostructural clusters featuring an M2Li2Cl2(OR)4 core.[29]

Each chloride is bridging two transition metals. The lithium
centers are two-coordinate as in the structure of 1, whereas
the transition metals are four-coordinate. A Crystal Struc-
ture Database search demonstrates that such a topology is
unprecedented.[30] Further confirmation of the identical con-
nectivity pattern in these structures comes from the virtually
indistinguishable IR spectra of these complexes (Figure S8
in the Supporting Information).

Most significantly, dimeric complexes 3–6 all possess
seesaw geometry at transition metal centers. The space-fill-
ing model of 3 (Figure 1 c) shows the bulky tert-butyl and
phenyl groups on the alkoxides forming a tight cage around
the complex. Thus, we propose that the seesaw geometry
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arises in part due to the steric bulk of the alkoxide ligands.
The immediate coordination environment of the transition
metals is presented in Figure 1 d. The O-M-O angles of the
complexes range from 1718 to 1768, and the Cl-M-Cl angles
are all within the 848–888 range. The M�Cl distances in each
complex are similar to those in related complexes, confirm-
ing that there are M�Cl bonds in these structures.[22,27, 31] In
addition, the Li�Cl distances range from 2.5–3.0 �, which
are longer than those for Li�Cl bonds in related struc-
tures.[22,27,31]

To confirm that the structures obtained by single crystal
diffraction analysis are representative of the bulk material,
complexes 3, 4 and 5 were subjected to metal K-edge X-ray

absorption spectroscopy. The
XANES region of the X-ray
absorption spectra (XAS) all
display pre-edge features cor-
responding to nominal 1s!3d
transitions. The pre-edge fea-
ture of 3 has a peak-area of
8.2(1) % eV relative to the
edge height (Figure 2 a). Al-
though the geometry about the
FeII center is unprecedented,
we can think of the FeII center
as contained in a pseudotrigo-
nal bipyramidal structure. We
find that the area under this
feature compares well with
other 5-coordinate FeII com-
plexes, and is thus consistent
with the seesaw geometry.[32]

High resolution (k= 2.0–
17.5 ��1) EXAFS analysis of
the XAS is also consistent with
the crystallographic structure
of 3. In addition to the two
Fe�O (1.89 �), two Fe�Cl
(2.48 �) and one Fe�Fe
(3.60 �) vectors, there were
also a plethora of multiple
scattering (MS) pathways that
needed to be accounted for to
properly solve the EXAFS
(Figure 2 b). These MS path-
ways are strongly dependent
on the O-Fe-O and Cl-Fe-Cl
bond angles. A best fit to the
data yields an O-Fe-O bond
angle of 1748 and a Cl-Fe-Cl
bond angle of 868. Thus, the
results are consistent with the
crystallographic data. Analysis
of the XAS for complexes 4
and 5 yield similar fits to the
data (see the Supporting Infor-
mation).

Continuous symmetry measurements provide a useful
handle to evaluate the geometry of the metal center.[33, 34]

The continuous symmetry values have been calculated using
the method detailed by Cicera, Alemany, and Alvarez in the
Shape2 software.[2] The continuous symmetry values for the
crystal (computationally optimized) structures (3–6) are 2.2
(2.6), 2.2 (2.4), 2.0 (2.9) and 2.1 (2.5), respectively. As the
continuous symmetry values range from 0 to 100 (0 means
perfect seesaw, whereas 100 means totally distorted), both
crystal and computational structures present geometry close
to that of a perfect seesaw.

To shed light on the bonding and the electronic structure
of these unusual molecules, we conducted DFT calculations

Scheme 1. Synthesis of compounds 2–6.

Figure 1. a) Crystal structure of 3. b) Crystal structure of 4. c) Space-filling model of 3. d) Structure of seesaw
core with O-M-O and Cl-M-Cl angles. For the crystal structures of 3 and 4, 50 % probability ellipsoids are
shown. Hydrogen atoms are omitted for clarity. Selected bond lengths [�] and angles [8] for 3 : Fe1�O1
1.904(4), Fe1�O2 1.917(4), Fe1�Cl1 2.474(2), Fe1�Cl2 2.520(2), O1-Fe1-O2 173.8(2), Cl1-Fe1-Cl2 86.96(8)8.
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(see the Supporting Information for Computational Meth-
ods) on the simplified models of 3–6 (tBu groups replaced
by Me groups). The superposition of the calculated and crys-
tal structures shows good agreement between them (Fig-
ure S16 in the Supporting Information).[35] Combined elec-
tron localization function (ELF)[36]/noncovalent interaction
(NCI)[37,38] analysis[39–41] was performed to gain a better un-
derstanding of interatomic interactions (see the Supporting
Information for ELF results). NCI describes interatomic in-
teractions by peaks of the reduced electron density gradient
at low electron densities. Taking 6 as an example, the strong
metal�ligand (Cr�O and Cr�Cl) interaction is evidenced by
the blue NCI surfaces in Figure 3 a. In addition, the surface
for Cr�O (circled in black) has a darker blue color than the
surface for Cr�Cl (circled in red), indicating that the inter-
action between Cr and Cl is slightly weaker than between
Cr and O. Moreover, the interaction between Li and Cl is
much weaker than the one between Cr and Cl as demon-
strated by the green surfaces (circled in yellow). Next, we
replaced the alkyl substituents R of the OR groups by hy-
drogen atoms to investigate their effect on the stability of
the seesaw geometry in the core. Although the optimized Cr
complex did not retain the seesaw geometry, the other
(Mn�Co) complexes were found to only undergo slight dis-
tortion (Figure S20 in the Supporting Information). These
results underscore the importance of lithium�oxygen inter-
actions (circled in blue) in these structures for the stabiliza-
tion of the seesaw core. To determine the steric effect of the
[tBu2(Ph)CO] ligand, we carried out the NCI analysis on the
full crystal structure of 6 (unoptimized, Figure 3 b). Some of

the notable interactions include a weak attraction between
Cr and ortho-H (circled in red), and a weak attraction be-
tween Cl and H (tBu) atoms (circled in blue). Similar inter-
actions are also present in the optimized simplified struc-
tures bearing Me substituents (Figure S18 in the Supporting
Information). However, the full structure also demonstrates
a weak attraction between the tBu groups and neighboring
phenyl group (circled in violet). This interaction may be re-
sponsible for the formation of the cage-like structure (Fig-
ure 1 c).

We carried out a preliminary investigation of the magnet-
ic properties of 3–6. To probe the solution state effective
magnetic moments of 3–6, the Evans method was conducted
at room temperature.[42] The largest effective magnetic
moment observed was that of 4, which was observed to be
11.6 mB. The expected spin-only magnetic moment for two
uncoupled MnII centers is 11.0 mB. The calculated and ob-
served values were also similar for complexes 3 (8.8 mB,
calcd 8.9 mB), 5 (7.8 mB, calcd 6.9 mB), and 6 (8.4 mB, calcd
8.9 mB). We have also conducted SQUID magnetometry on
compound 3, featuring the largest number of unpaired elec-
trons (Figure S5 in the Supporting Information). SQUID
data are fully consistent with solution measurements. At
room temperature, a magnetic moment of 11.6 mB (cT=

16.8 cm3 (mol K)�1 is observed, indicating two uncoupled

Figure 2. a) XANES region of the Fe K-edge XAS for compound 3.
b) The k3(c) plots of the experimental data, best fit, deconvolved scatter-
ing pathways and residual for 3.

Figure 3. NCI surfaces for complex 6, the isovalue is 0.5. a) The opti-
mized structure with tert-butyl was replaced by methyl (only the core is
shown), �0.07< sign(l2)1<0.07 a.u. b) NCI analysis for the complete
(unoptimized) crystal structure, �0.02< sign(l2)1<0.02 a.u. Regarding
the chosen arbitrary color code, red surface indicates strong repulsion;
blue surface indicates strong attraction; green surface indicates relatively
weak interactions. Different sign(l2)1 ranges may be used to distinguish
the strength of the interactions. Note that one can compare the relative
strength of the interactions based on the colors only when using the same
sign(l2)1 range.
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metal centers. At low temperatures, cT values drop to about
0, indicating antiferromagnetic coupling.

In summary, we have synthesized novel clusters supported
by bulky alkoxide ligands featuring a M2Li2Cl2(OR)4 core
(M= Cr�Co). These clusters exhibit the highly unusual
seesaw geometry at the transition metal centers. Our current
focus is on the synthesis of neutral two-coordinate bis-ACHTUNGTRENNUNG(alkoxide) complexes using these dimers as precursors and
the investigation of their reactivity.

CCDC-939862 (1), 939863 (2), 939864 (3), 939865 (4),
939866 (5), and 939867 (6) contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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