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Quantum chemical calculations as well as crystallographic analyses show that the Nin rings in the tiara Ni
thiolates, [NiS2]n and [Ni(SR)2]n (n ) 3-6), have highly symmetric polygonal structures. We find that such
structural features primarily arise from the effective delocalization of the d-orbital electrons across the Nin

rings leading to bond length equalization and thereby aromaticity. We introduce the d-orbital aromaticity for
the first time to explain the experimentally observed polygonal structures of these cyclic metal rings bridged
by thiol linkages.

Aromaticity is a fundamental concept in chemistry, and the
meticulous success of simple yet effective Huckel rules in
explaining a large body of experimental results in organic
molecules is really commendable.1,2 The recent progress in the
area of experimental characterization of small inorganic mol-
ecules in the form of cyclic Al and Sn atomic clusters has
extended the concept of aromaticity to the realms of metal
systems.3,4 Recently d-orbital aromaticity in coinage metals has
been reported.5 In the same context, metal thiolates exhibiting
symmetric cyclic structures are of great interest, not just because
of their unusual stability, but also because of their biological
importance as active sites in enzymes.6-8 However, there exists
no rationalization for the unusual stability of the metal rings in
these thiolates. In the only theoretical report available on toroidal
Ni thiolates, metal-metal interactions have been claimed to be
quite weak.8 In this communication, based on computational
and structural analysis, we show that the Nin rings of Ni thiolates
have a tendency toward strong d-electron delocalization that
results in aromaticity in these symmetric polygonal structures.
For the first time, we introduce the concept of aromaticity to
critically understand the structural features associated with
stability in these d8 systems. Ni thiolates are used as templates
for nanostructures,9 and the introduction of a central concept
like aromaticity can aid in better understanding and prediction
of the properties of such materials.

In this study, we consider cyclic [NiS2]n and [Ni(SR)2]n (n
) 3, 4, 5, and 6) systems with R) CH3, C2H5, C3H7, C4H9,
and C5H11 The global optimized geometries for these molecules
were derived at the B3LYP/LANL2MB level available with the
Gaussian 03set of programs.10 In Figure 1, we show the
optimized structures of the Ni thiolates for an intermediate alkyl
chain length, R) C2H5. The corresponding structural parameters
are given in Table 1. The cyclic architectures have a planar Nin

backbone, which is perfectly polygonal with the∠Ni-Ni-Ni
very close to the exact (n - 2) × 180/n value (see Table 1). In
both the computed and the experimental structures, the Ni-Ni
distance increases with an increase in nuclearity of the tiara

complex. The differences observed in the Ni-Ni distances
between the computed and the experimental structures are
mainly due to the ligands that are attached to sulfur in the latter
case, in addition to the kinetic factors that are involved in the
stabilization of the crystal structures. The trimeric (n ) 3)
structure represents maximum pyramidal distortion with small
Ni-Ni distance that incorporates ring strain analogous to
cyclopropane. On the other hand, the Ni6 ring is hexagonal,
very similar to benzene. These systems thus themselves offer
for comparison with their organic counterparts.
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Figure 1. Ground-state geometries for cyclic [Ni(SR)2]n (R ) C2H5)
for n ) 3, n ) 4, n ) 5, andn ) 6. Note that Ni atoms share the edges
of a regular polygon.

TABLE 1: Variations of the Ni -Ni Distances (in Å) and
Polygonal Angle and trans S-Ni-S Angle (both in deg) for
the Optimized and Experimental Molecules of [Ni(SC2H5)2]n

a

n
d(Ni-Ni)

computed (exptl)
∠Ni-Ni-Ni

computed (exptl)
∠trans S-Ni-S
computed (exptl)

3 2.61 (2.64) 59.9 (59.72) 160.7 (150.04)
4 3.02 (2.66) 90.17 (89.25) 167.3 (168.89)
5 3.14 (2.82) 107.96 (107.97) 178.48 (171.15)
6 3.35 (2.92) 120.02 (119.99) 179.6 (177.50)

a See ref 11 for CSD codes for the experimental molecules. Only
the cyclic portion of the molecule is considered.
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The∠trans S-Ni-S measures the extent of pyramidalization,
and a value of 180° represents perfect planarity of the Ni atom
with the neighboring S4 ring. Thus, the value, (180-trans S-Ni-
S)° quantifies the pyramidalization. As seen from Table 1. the
pyramidalization angle decreases with increase inn.

Furthermore, with increase in ring size,n, the tendency for
distortion in the S4 ring increases, and as a result, the square-
like S4 ring in the trimer gets distorted into a rectangular
geometry in the case of a hexamer with bond length alternation
(BLA) of 0.73 Å. In fact, such a distortion reduces the
pyramidalization of the Ni atom and brings the Ni atoms in-
plane with the S4 ring. Similar trends have been observed with
a variation of alkyl chain lengths.

To quantify aromaticity in these systems, we have calculated
the magnetic properties, viz., nucleus-independent chemical
shifts (NICS) at the center of the Nin rings at the GIAO/RB3LYP
LANL2MB level (see Figure 2).12

As seen from the Figure 2, the magnitude for NICS in all
these systems is however positive. For a given nuclearity (n),
NICS increases with an increase in the number of alkyl groups
(m). For example, forn ) 3, the magnitude of NICS increases
from 22 to 48 ppm for R) 0 to R ) C5H11. This is revealed
in the Mulliken charges as well. The charge on the S atom
increases from-0.28 e to-0.45 e (R) 0 to C5H11), following
an increase in the+I (inductive) effects of the alkyl groups
resulting in charge localization on the bridged S atoms. This in
turn reduces charge transfer between the Ni atoms, thereby the
diamagnetic current (aromaticity). Also, very interestingly, NICS
tends to decrease with the nuclearity (n), suggesting more facile
delocalization for the larger tiara complexes compared to the
smaller nuclearity systems. This is consistent with the smaller
pyramidalization angles associated with the Ni atoms in larger-
nuclearity rings.

Note that, for simple organic molecules, a positive NICS value
(paramagnetic ring current) suggests antiaromaticity, and they
are expected to be distorted (nonzero BLA). However, the
structures for all the Nin rings are perfectly planar polygonal,
invariably suggesting aromatic characteristics. To have a better
understanding of aromaticity/antiaromaticity in these systems,
we perform a detailed analysis of the contributions of the 3d
orbitals and the core orbitals (3s and 3p) of the Ni atoms and
the 3p and 3s orbitals of the S atoms to all the molecular orbitals.
The squares of these amplitudes summed up for all the Ni and
S atoms separately for each molecular orbital are shown in
Figure 3, for the hexameric Ni6 ring with R ) C2H5.

As can be seen, the frontier orbitals (from HOMO to HOMO
- 5) have very little contributions from the 3d orbitals of the
Ni atoms (∼0.01), and the major contributions arise from the
3p orbitals of the S atoms. The contributions from the core
orbitals for both Ni and S are very small for all the MOs. Thus,
these frontier orbitals do not possess extended conjugation across
the Ni and S atoms and thus essentially show antiaromaticity.
However, as one considers the lower-energy orbitals (HOMO
- 6 and below), the contributions from the 3d orbitals of the
Ni atoms start to increase by more than twofold, and in
particular, the HOMO- 10 and HOMO- 11 have very large
contributions from the 3d orbitals of Ni. Also, very interestingly
for these orbitals, the contributions from the 3p orbitals of sulfur
atoms are also similar (∼0.06). Therefore, it leads to extended
delocalization across the Nin ring with almost equal contributions
from the Ni atoms and the S atoms.

The origin for the antiaromatic nature of the frontier orbitals
is traced back to the symmetry of the d orbitals of the Ni atoms
and the p orbitals of the S atoms involved in MO formation.
For example, in the frontier MOs, the only contributing d orbitals
are the dxz and dyz orbitals, while the major contributions from
the S atoms arise from the 3py and 3pz orbitals. This results in
poor overlap between the Ni and S atoms of the ring. However,
for the low-energy MOs, the major contributions from the 3d
orbitals are from the dz2, dx2-y2, and dxy orbitals. Note that these
orbitals possess the correct symmetry to undergo effective
overlap with the S orbitals because of the square planer geometry
of Ni. Thus, the low-energy orbitals are highly delocalized.

Such multiple aromaticity features (antiaromatic frontier
orbitals and aromatic low-energy orbitals) are also evident from
the plots of the highly delocalized orbitals. We have plotted
the lowest-energy orbitals, which fully share conjugations across
the Nin ring for four n values in Figure 4. This is in sharp
contrast to the pπ conjugated aromatic systems like C6H6, where
the frontier orbitals are highly delocalized.

Thus, the highly symmetric structures in Nin arise from the
greatly favorable delocalization of the d electrons in low-energy
orbitals that lead to equalization of all the Ni-Ni bonds in the
polygon. Here, we would like to point out that such an analysis
is well-established for even simple molecules such as C6H6,
where the low-energyσ orbitals force a highly symmetric

Figure 2. GIAO/NICS values (in ppm) for the tiara complexes with
increasing numbers of methyl groups (m) and increasing nuclearity (n).
Note that all NICS values are positive.

Figure 3. Upper panel: Contributions from the 3p orbitals (open
circles) and the 3s orbitals (open red squares) from the sulfur atoms to
MOs. Lower panel: Contributions from the 3d orbitals (filled circles)
and the core 3s and 3p orbitals (closed red squares) from the nickel
atoms to MOs. Note that the MOs are shown from HOMO to HOMO
- 11, viz., 1st MO) HOMO and 12th MO) HOMO - 11.
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structure, while theπ electrons of the frontier orbitals have an
overwhelming tendency for a distortedD3h structure. The overall
structure is of course governed by the more predominatingσ
equalization over theπ distortion.13 It is interesting to observe
very similar features in these transition-metal complexes as well.
The aromatic nature of these Ni thiolates is also evident from
the fact that these structures do not exhibit the conventional
antiaromatic Jahn-Teller (JT) distorted geometry like that in
C4H4. This is schematically shown in Figure 5, by comparing
the distortion energies for C4H4 and its analogue, tetranuclear
Ni thiolate. JT distortion in theD4h square structure of C4H4

leads to a stabilization of 25.5 kcal/mol and thereby stabilizes
the D2h structure with BLA of 0.24 Å. However, the case for
the Ni4 ring in [Ni(SR)2]4 (R ) C2H5) is exactly opposite. In
fact, JT distortion destabilizes the Ni system by 15.3 kcal/mol
(for the same BLA as in C4H4). Thereby, for Ni thiolates, the
highly symmetric D4h square geometry corresponds to the
ground state.

The binding energies (defined asEtiara - nEsingle) also increase
with an increase of the ring sizes, suggesting larger aromaticity
for the larger Nin rings. For example, for R) C2H5, the binding
energies are-266.43 kcal/mol (n ) 3), -417.08 kcal/mol (n
) 4), -431.05 kcal/mol (n ) 5), and-447.86 kcal/mol (n )
6). Thus, these Ni thiolates are quite stable and are effectively
aromatic. Interestingly, in the larger clusters (n ) 4-6), the
stability increases linearly with cluster size, suggesting the
absence of odd-even effects in these systems as opposed to
alkane chains14 or clusters of atoms with only s or p orbitals.15

To the best of our knowledge, this is the first case of detailed
analysis of the structures in Nin rings based on aromaticity. In
fact, the JT distortion that arises from the electron-phonon

interactions (Ven) is fully quenched in these thiolates, thereby
giving rise to a rectangular planar environment of the NiS4 units,
more so for the larger chain lengths. These structures are
stabilized by the strongly delocalized low-energy d orbitals. The
S atoms above and below the Nin planes fix the metal ions in
a rectangular planar geometry, thereby preventing distortions
in the Nin rings. Our theoretical calculations provide the micro-
scopic understanding of the experimental observation of highly
symmetric tiara Ni thiolates with large but finite nuclearity.
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Figure 4. Highly delocalized MOs for (a) trimer, (b) tetramer, (c)
pentamer, and (d) hexamer.

Figure 5. Representation of favorable JT distortion in C4H4 (upper
panel) and favorableD4h structure of Ni4 (lower panel) compared to
the distortedD2h geometry. Note that the H-atoms in C4H4 and S-atoms/
ethyl groups in [Ni(SR)2]4 are not shown for clarity.
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