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X�X Through-Cage Bonding in Cu, Ni, and Cr Complexes with M3X2 Cores
(X=S, As)

Rosa Carrasco,[a, b] Gabriel Aull�n,[a] and Santiago Alvarez*[a]

Understanding the structural preferences and redox prop-
erties of sulfur-bridged polynuclear copper complexes is rel-
evant to copper–sulfur active sites, such as the CuZ site in ni-
trous oxide reductase,[1] cupredoxins,[2] or metallothioneins,[3]

considering their importance in several biological processes.
In research devoted to this purpose, Tolman and coworkers
recently reported the reaction of b-diketiminato CuII com-
plexes with (tms)2S (tms:bis(trimethylsilyl)), or of a CuI ana-
logue with S8, to yield disulfido CuII complexes 1 a with a
short S�S bond length.[4] Similar complexes have been ob-
tained by Itoh and coworkers by reaction of CuII species
with sodium disulfide.[5] X-ray absorption spectroscopy and
DFT computational studies by the Solomon group on a re-
lated trispyrazolylborate-capped dinuclear complex have

shown the high covalency and delocalization of the unpaired
electrons in the Cu2S2 core.[6] Related dicopper(II) com-
plexes with an end-on bridging disulfide group have been re-
ported by Karlin and coworkers.[7] To the best of our knowl-
edge, all structurally characterized dinuclear copper com-
pounds with unsubstituted bridging sulfur atoms forming a
Cu2S2 ring have similar structures, with S�S<2.22 �.

Concerned about the possibility of breaking the S�S
bonds in such complexes, we searched in a computational
study for alternative chelating ligands that could favor such
a task and yield a molecular structure 1 b. In spite of the va-
riety of model compounds tried, we were unable to obtain a
single example with the bis ACHTUNGTRENNUNG(sulfido) bridging structure 1 b,
and only two-electron reduction could be proposed as a way
to obtain an open structure 1 c.[8] Such a structure was later
reported by Delgado et al. ; it was obtained through a seren-
dipitous reaction in which the sulfides are generated by C�S
bond cleavage from dipyridyl disulfide.[9]
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Tolman and coworkers carried out a similar reaction of a
dicopper(I) complex bearing substituted ethylenediamine li-
gands 2 with S8, and obtained instead trinuclear complexes 3

with {Cu3S2}
3+ cores and long S�S bond lengths (2.69–

2.72 �).[10] Preliminary computational studies on such com-
pounds allowed us to understand why they present a delo-
calized triplet ground state, in contrast to an oxo-bridged
analogue,[10] which is asymmetric with one CuIII and two fer-
romagnetically coupled CuII ions. In the present work we
report detailed computational studies on a possible pathway
for the formation of the trinuclear compound by reaction of
a dinuclear disulfido-bridged CuII complex with a mononu-
clear CuI one. We then endeavor to provide a qualitative or-
bital model for describing the M�X and X�X bonding in
complexes with similar M3X2 cores, using a delocalized MO
scheme similar to the framework electron counting rules de-
veloped earlier for the simpler M2X2 skeletons. Those rules
have been very successful in interpreting the existence or
nonexistence of through-ring M�M or X�X bonds.[11,12] To
test the qualitative predictions of the framework electron
count rules, we then report calculations on trinuclear com-
plexes with {Ni3S2}

2+ and {Ni3S2}
4+ cores. Analysis of bond-

ing in the related family of compounds with {(L5M)3X2}
cores (M=Mo, W; X=As, Sb, Bi)[13] and bonding X�X
lengths requires consideration of the different orbital topol-
ogy of their L5M fragments. Therefore, in the last section we
present a qualitative MO analysis and the resulting rules for

the framework electron count (FEC), supported by DFT
calculations on [(OC)15Cr3ACHTUNGTRENNUNG(m-As2)].

Results and Discussion

Formation of a trinuclear Cu3S2 complex : The main results
of our DFT calculations for the mono-, di-, and trinuclear
complexes [(tmeda)Cu ACHTUNGTRENNUNG(h-S2)]+ , [(tmeda)2Cu2ACHTUNGTRENNUNG(m-S2)]2+ , and
[(tmeda)3Cu3ACHTUNGTRENNUNG(m-S)2]

3+ (tmeda:tetramethylethylendiamine),
as well as those for the transition state for the formation of
the last of these, are reported in Table 1. The most relevant
molecular structures are shown in Figure 1 and their atomic
coordinates are supplied in the Supporting Information.

Mononuclear complex : The basic building block, a mononu-
clear fragment, was optimized with a side-on coordinated S2

unit, [(tmeda)Cu ACHTUNGTRENNUNG(h2-S2)]+ . We found the calculation on this
fragment of interest for our study of the formation of a tri-
nuclear compound and the ligand exchange reactions. The
coordination geometry of the complex in its triplet state can
be described as trigonal planar with a h2-S2 coordinated
group. The high spin density at the S2 group (+1.51), close
to the two spins expected for an independent neutral S2 mol-
ecule, and the net charges (+0.97 for Cu, �0.28 for S2) sug-
gest a CuI formal oxidation state and a neutral paramagnetic
disulfur ligand. However, an alternative CuII/S2

� description
cannot be ruled out, given the significant delocalization of
the MOs carrying the unpaired electrons, as pointed out by
a referee.

Dinuclear complex : The dinuclear compound could appear
with the unpaired electrons at the copper atoms coupled
either antiferro- (with a net molecular spin S=0) or ferro-
magnetically (S=1). We have therefore optimized this mole-
cule in both its singlet and triplet states. The geometry of
the closed-shell singlet state corresponding to the electron
configuration represented in Figure 2 is in good agreement
with the experimental structures of analogous diket ACHTUNGTRENNUNGiminate
dinuclear complexes,[4] the average bond lengths (10 com-
pounds) of which are S�S=2.19(3), Cu�S=2.21(2), and
Cu�N= 1.91(1) �. The energy of the triplet state is barely
1 kcal mol�1 above the singlet state at the computational
level employed. An important observation is that the opti-
mized Cu2S2 core of this molecule is planar in its singlet
state, but significantly bent in the triplet state, with an angle
between the two CuS2 planes (q) of 1188, indicating that co-
ordination of the bridging sulfur atoms to a third copper
atom requires only a relatively undemanding intersystem
crossing from the planar singlet to the bent triplet state,
which has already the geometry required for interaction
with the incoming CuIL2 fragment. The most significant
changes from the mono- to the dinuclear complex are found
at the S2 bridge, with an increased negative charge and a
drastically decreased spin density in the triplet state
(Table 1). They indicate a partial reduction of the disulfur
unit, approaching the CuICuII/S2

� or CuIICuII/S2
2� formal de-

Abstract in Spanish: En este art�culo se presentan c�lculos
basados en la teor�a del funcional de la densidad (DFT) para
complejos trinucleares con dos �tomos de azufre puente,
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ro de ellos a partir del compuesto dinuclear [(tmeda)2Cu2ACHTUNGTRENNUNG(m-
S2)]2+ y de un fragmento mononuclear [(tmeda)Cu ACHTUNGTRENNUNG(h2-S2)]+ .
Se propone un an�lisis orbital cualitativo del enlace en el es-
queleto M3X2 para el caso en que cada �tomo met�lico M
tenga una esfera de coordinaci�n plano cuadrada, en comple-
jos del tipo [(L2M)3X2]. Se concluye que un nfflmero de elec-
trones de esqueleto (FEC) igual a 12 corresponde a sistemas
con seis enlaces M�X y sin enlace X�X, mientras que un
FEC de 10 favorece la formaci�n de un enlace X�X. Se pre-
sentan tambi�n las reglas de recuento de electrones de esque-
leto para los grupos M3X2 en complejos [(L5M)3X2], basadas
en un an�lisis de orbitales moleculares cualitativo, corrobora-
do por c�lculos DFT para el compuesto [(OC)15Cr3 ACHTUNGTRENNUNG(m-As2)].
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scriptions of such compounds, although the delocalized
nature of the framework MOs makes it sensible not to put
much emphasis on consideration of the formal oxidation
states. We discuss this issue below, with the wider perspec-
tive obtained from calculations on the trinuclear complex
and the transition state.

Although the bent triplet structure has not been observed
experimentally so far, its possible participation in the forma-
tion of trinuclear complexes makes its study interesting.
First, we can explain the bent structure in the triplet state as
a second-order Jahn–Teller distortion that allows mixing of
the full and semi-occupied orbitals of B3u and B1g symme-
tries, as shown schematically for 4 in Figure 2. The structural
differences between the planar singlet and the bent triplet
states are also explained by the topology of the highest-oc-
cupied MOs: 1) the promotion of an electron from the non-
bonding b1g to the Cu�S antibonding 2b2g orbital in the trip-
let state accounts for a significant increase in the Cu�S

bond lengths (0.08 �); 2) the
smaller contribution of S�S p*
orbitals in 2b2g than in b1g, com-
bined with the partial depopu-
lation of b3u through mixing
with b1g, accounts for the short-
ening of the S�S bond length in
the triplet state. Finally, the
strongly delocalized nature of
the two SOMOs depicted in
Figure 2 are responsible for the
spread of the calculated spin
density in the bent triplet state:
34 % at the Cu, 47 % at the S,
and 18 % at the N atoms. It
must be noted that an open-
shell singlet state with the
(b1g)

1ACHTUNGTRENNUNG(2b2g)
1 configuration (see

Figure 2) has also been opti-
mized. As expected from its re-
lationship with the triplet
through a spin flip, its Cu2S2

core is bent and its geometry
and charge distribution are
quite similar to those of the

triplet. This singlet state, however, is 0.4 kcal mol�1

(153 cm�1) above the closed-shell singlet represented in
Figure 2.

Transition state : The transition state for the addition of one
[Cu ACHTUNGTRENNUNG(tmeda)]+ unit to the dinuclear complex has been locat-
ed both for the triplet and open-shell singlet (the atomic co-
ordinates are provided as Supporting Information). The sin-
glet transition state has been found to be nearly 3 kcal mol�1

(1022 cm�1) higher than the triplet one, but their geometries
and electronic structures are quite similar (Table 1). A rele-
vant structural aspect of the transition state is that the S�S
bond is practically unaffected by coordination to the third
copper atom. Additionally, a nonbonding orbital (NBO)
population analysis gives a more negative net charge for the
S2 unit than that in the dinuclear complex (Table 1), consis-
tently with its further reduction toward a coordinated disul-

Table 1. Structural and population analysis (NBO) results for the optimized structures of [(tmeda)Cu ACHTUNGTRENNUNG(h2-S2)]+

(Cu1), [(tmeda)2Cu2 ACHTUNGTRENNUNG(m-S2)]2+ (Cu2), [(tmeda)3Cu3 ACHTUNGTRENNUNG(m-S)2]
3+ (Cu3), and the transition state (TS) of the formation

reaction.[a]

Cu1ACHTUNGTRENNUNG(S=1)
Cu2ACHTUNGTRENNUNG(S=1)

Cu2ACHTUNGTRENNUNG(S=0)
TSACHTUNGTRENNUNG(S=1)

TSACHTUNGTRENNUNG(S=0)
Cu3ACHTUNGTRENNUNG(S=1)

Cu3ACHTUNGTRENNUNG(S=0)

structural data[b]

CuA�S(m2) – 2.352(2) 2.270 2.326(1) 2.343 – –
CuA�S(m3) – – – 2.525 2.46 2.349(1) 2.35(4)
CuB�S 2.351 – – 2.301 2.321 – –
S···S 2.164 2.135 2.202 2.179 2.213 2.594 2.665
CuA�N – 2.065(1) 2.035 2.07(2) 2.07(2) 2.079(2) 2.080(2)
CuB�N 2.068 – – 2.082(5) 2.09(4) 2.10(1) –
q [8] – 118 180 116 117 120 118–123

charges
CuA – +1.00 +0.99 +1.00 +0.94 +1.03 +1.03
CuB +0.97 – – +0.90 +1.04 – –
S2 unit �0.28 �0.72 �0.78 �0.97 �0.99 �1.32 �1.38

spin densities
CuA – +0.34 0.0 +0.31 +0.36 +0.35 2 ACHTUNGTRENNUNG(+0.31)/�0.40
CuB +0.33 – – +0.21 �0.21 – –
S2 unit +1.51 +0.94 0.0 +0.63 +0.08 +0.28 �0.35

[a] ESDs are given in parentheses for average values. [b] All distances are in �.

Figure 1. Optimized structures of the triplet state of the di- and trinuclear complexes [(tmeda)2Cu2 ACHTUNGTRENNUNG(m-S2)]2+ (left), [(tmeda)3Cu3ACHTUNGTRENNUNG(m-S)2]
3+ (right), and the

transition state connecting them (center).
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fide ion. The incoming copper atom (CuB in Figure 1) can
be described formally at the transition state as a tricoordi-
nated CuI ion, both from its trigonal planar geometry (sum
of bond angles=3608) and from its calculated charge. There-
fore, other than the formation of one Cu�S bond with the
mononuclear fragment and the weakening of the Cu�S
bonds to the sulfur atom that becomes triple bridging, the
starting dinuclear complex undergoes no major structural
change.

Trinuclear complex : The trinuclear complex appears to be
more stable in the triplet than in the singlet state (by 1520
and 1406 cm�1 in vacuum and in dichloromethane, respec-
tively), in agreement with the experimental findings. There-
fore, we discuss here only the results for the triplet state. On
going from the transition state to the trinuclear complex,
the most salient changes are 1) a significant increase of the
S�S bond length, from 2.18 to 2.59 �; 2) a corresponding in-
crease in the S-M-S bond angles, from 53 to 678 ; 3) a higher
negative charge on the S2 unit (from �0.97 to �1.32). All
these data are consistent with the reduction of the disulfido
bridge to two sulfide ions which would imply a formal two-
electron oxidation of the entering CuI ion to CuIII and its
adoption of a square planar coordination. However, the
system is highly delocalized and the three copper atoms are
equivalent, with an average oxidation state of +2.33, as dis-
cussed in our preliminary communication.[10] It must be
noted that the two unpaired electrons are delocalized
through the three copper (atomic spin density of + 0.35
each) and donor atoms (+ 0.14 at each S atom and +0.11 at
each N donor atom).

To compare the optimized geometry with experimental
data, we have retrieved from the Cambridge structural data-
base (CSD) the S�S bond length and S-M-S bond angle for
all di- and trinuclear transition metal complexes with M3S2

cores (Figure 3). Those data are clearly separated into two

groups: one with long S�S bond lengths and large S-M-S
bond angles, another with short S�S bond lengths and small
S-M-S angles. These two groups can be associated without
problem to bis ACHTUNGTRENNUNG(sulfido)- and disulfido-bridged complexes, re-
spectively. By comparison with the experimental data, the
calculated S�S bond lengths and average S-Cu-S bond
angles are consistent with the classification of the S2 group
in the dinuclear complex and in the transition state as a di-
sulfide with short S�S bond lengths, whereas in the trinu-
clear compound they agree with the presence of two sulfido
bridges. Whether or not the sulfur atoms should be consid-
ered as bonded in the trinuclear complex has been the sub-
ject of an intense debate with Hoffmann, Mealli, and cow-
orkers, who propose the existence of some degree of bond-
ing in spite of the relatively long bond length, based on the
calculated occupation of the s* ACHTUNGTRENNUNG(S�S) orbital.[14] The details
of this debate will be published elsewhere.[15]

The reaction : In the gas phase, the transition state is calcu-
lated to be 68 kcal mol�1 above the independent di- and
mononuclear complexes with the former in its triplet state.
Given the minute structural changes on going from the di-
nuclear complex to the transition state, it is clear that the
high activation energy is the result of the coulombic repul-
sion between the two positively charged fragments. Indeed,
when the presence of a solvent is taken into account, the
formation of the trinuclear complex is calculated to proceed
with a much smaller barrier (1.3 kcal mol�1 in CH2Cl2) or
even without an energy barrier (in water). Similarly, the for-
mation of the trinuclear complex is calculated to be energet-

Figure 2. Schematic diagram of the framework orbitals of the dinuclear
Cu2S2 core and its second-order Jahn–Teller distortion.

Figure 3. Calculated structural parameters (circles) associated with the S2

fragment in di- and trinuclear complexes, [(tmeda)2Cu2 ACHTUNGTRENNUNG(m-S2)]2+ (a, *),
and [(tmeda)3Cu3 ACHTUNGTRENNUNG(m-S)2]

3+ (c, *), and in the transition state (b, *) that
connects them, compared with the corresponding experimental parame-
ters found for all di- (black crosses) and trinuclear complexes (gray
crosses) with S2 bridges (with or without an S�S bond), as retrieved from
the CSD. The optimized geometry of [(tmeda)3Ni3 ACHTUNGTRENNUNG(m-S2)]4+ (d, ~) is in-
cluded.
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ically uphill (62.2 kcal mol�1) in the gas phase, but favored
thermodynamically by 9.5 and 18.2 kcal mol�1 in the pres-
ence of dichloromethane and water, respectively.

Replacement of the tmeda ligand in the optimized struc-
ture of the trinuclear complex by diketiminato ligands
shows that substituents in the latter experience severe steric
congestion when R= Me, Ph or 2,6-iPr2C6H3. Those substitu-
ents can be held at a nonrepulsive distance only if the two
sulfur atoms remain bonded to each other and the copper
atom at a correspondingly longer distance. This result of
simple molecular modeling provides an explanation for why
the diketiminato derivatives do not form a trinuclear com-
plex but only a dinuclear one with a short S�S length.

Regarding the formal description of the two bridging
sulfur atoms as S2, S2

�, or S2
2� with a sulfur�sulfur bond, or

as two sulfide ions with no bond, we think it is more inter-
esting to focus on the whole series of mono- to trinuclear
complexes (Table 1) rather than on each compound individ-
ually. We analyze the evolution of the net charge and total
spin density at the S2 group as the number of Cu�S bonds
increases (Figure 4, top), and observe a monotonic increase
in the negative charge and a decrease in spin density consis-
tent with a gradual evolution from neutral S2 (no net charge,
spin density = 2.0) to monoanionic persulfide S2

� (one nega-
tive charge, spin density =1.0), to disulfide S2

2� (two nega-

tive charges, zero spin density), to two sulfides (four nega-
tive charges, zero spin density). Interestingly, the same trend
encompasses the neutral independent S2 molecule and the
bridging S2 groups in the copper complexes. Whereas the
trend is clear, the actual numerical values should be treated
with care, given the significant mixing of sulfur and copper
in the MOs relevant for S�S bonding. In particular, the con-
trast is important between the gradual change in the elec-
tronic characteristics of the disulfur bridge and the abrupt
change in the S�S bond length (Figure 4, bottom), which
varies little for compounds with two to five Cu�S bonds, but
increases dramatically when an additional bond is formed in
the trinuclear complex.

Framework orbital analysis for {(L2M)3X2} cores : The S�S
bonding in the Cu3S2 core of the trinuclear complex under
study being intermingled perforce with the Cu�S bonding, a
delocalized MO view of such a core is more adequate than
an attempt to describe it based on two-center–two-electron
Lewis structures. In this section we therefore present a qual-
itative orbital analysis of M3X2 cages of type 3, following the
guidelines of our earlier studies of bonding in simpler M2X2

rings.[11, 12] We consider initially only those systems in which
each metal atom bears either one bidentate or two mono-
dentate terminal ligands (L2) that, together with the two
bridging atoms X, form an approximately square planar co-
ordination sphere around each metal.

Our departure point is the assumption that a naked main
group atom X in the triply-bridging position contributes
three sp3 hybrid orbitals to bonding within the M3X2 frame-
work (5), while a fourth outward-pointing sp3 hybrid holds a
lone pair and is essentially M�X nonbonding (Figure 5).
The location of two lone pairs away from the X···X region

has been verified for the topologically and electronically re-
lated [1.1.1]propellane via an analysis of the electron locali-
zation function[16] (for a discussion on the analogy between
this propellane and the M3X2 compounds, see below).
Therefore, each of the two X atoms participates in the
framework bonding with three lobes and n�2 electrons,
where n is its number of valence electrons (that is, six elec-
trons when X is a sulfide ion). A thiolate bridge would
therefore be isolobal with a sulfide, contributing three sp3

lobes and six electrons to framework bonding.

Figure 4. Top: Calculated net charge (circles) and spin density (squares
and broken line) at the S2 group in the free molecule and coordinated in
copper complexes (Table 1) in their triplet states, as a function of the
number of Cu�S bonds. The limiting case of two sulfide ions is indicated
by arrows. Bottom: Evolution of the S�S distance in an S2 group as a
function of the number of Cu�S bonds it forms.

Figure 5. Orbitals of the X-bridging atoms contributing to framework
bonding in M3X2 cages of type 3.
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Given the D3h symmetry of the M3X2 skeleton, it is better
to use symmetry-adapted versions of those lobes, taking
combinations of the two bridging atoms, shown as 6 in
Figure 5. Similarly, we consider the orbitals of L2M frag-
ments that can complete their square planar geometry with
the two X ligands, each providing two lobes for bonding
with the bridging ligands, which will be empty if the metal
has eight valence electrons. The symmetry-adapted combi-
nations of those orbitals, 7, are shown in Figure 6.

By combining orbitals of the M3 and X2 fragments of the
same symmetry (6 and 7), we can generate six M�X bonding
and six M�X antibonding framework orbitals (Figure 7).
Occupation of the six framework bonding orbitals with a
total of 12 electrons would therefore account for six two-
electron M�X bonds. In other words, leaving aside the elec-
trons that do not participate in framework bonding (eight
nonbonding valence electrons of each d8 metal atom and the
two outward-pointing lone pairs of the bridging atoms), we
need the three metals and two bridging ligands to provide a
total of 12 electrons in order to have optimum bonding for
the M3X2 core. We may thus conclude that the framework
electron count required for such a regular core is 12 (in
short, FEC =12), as in the hypothetical complex
[(tmeda)3Ni3ACHTUNGTRENNUNG(m-S)2]

2+ (see below).
Consider now the possibility of X�X bonding. Our orbital

analysis indicates that the s bonding orbital of the X2 group
is shared by the occupied and empty framework orbitals 1a1’
and 2a1’ (Figure 7) and should be roughly half occupied.
Similarly, the antibonding s*(X2) combination is shared by
the occupied 1a2’’ and empty 2a2’’ orbitals. If the net occupa-
tions of s(X2) and s*(X2) are similar, the X�X bond order
would be close to zero. Therefore, a reasonable description
of the FEC= 12 complexes of type [(L2M)3ACHTUNGTRENNUNG(m-X)2] is similar
to that shown in 3, with six M�X bonds and no through-
cage X�X bond. Consistently, more than 40 such com-
pounds found in the CSD with a variety of metals, terminal
ligands, and bridges (M= Ni, Pd, Pt, Rh, and Ir; X=NR, O,
OH, S, SR, Se, or Te), and having the same electron count,
present X···X lengths that are at least 0.5 � longer than
twice the atomic radius[17] of X (see the Supporting Informa-
tion for details). For comparison, in all dinuclear complexes
with a disulfido bridging ligand,[4,18] the S�S bond lengths
exceed twice the sulfur covalent radius by at most 0.1 �.

If we squeeze the M3X2 core to get the two X atoms
closer, the 1a2’’ orbital (Figure 7) is strongly destabilized,
due to its s*(X2) contribution. What is required, then, to
make a short X�X bond length possible is to empty that or-

bital by changing the total electron count: that is, by moving
to a system with FEC =10. Although we have found no ex-
amples of structurally characterized trinuclear complexes
built up from d8 square planar centers with this electron
count, calculations on the hypothetical nickel compound
[(tmeda)3Ni3ACHTUNGTRENNUNG(m-S2)]4+ , reported below, suggest that such an
architecture should be possible. A related reversible forma-
tion of a Te�Te bond upon two-electron oxidation of
[(PEt3)4Pt2ACHTUNGTRENNUNG(m-Te)2] is noteworthy,[19] but the corresponding

oxidation of the analogous tri-
nuclear complex, [(PEt3)6Pt3ACHTUNGTRENNUNG(m-
Te)2]

2+ , with FEC= 12, has not
been reported.

Conversely, adding one more
electron per metal atom would
achieve a framework electron
count of 15, partially occupying
three framework antibonding
orbitals (2e’’ and 2a2’’, Figure 7,

Figure 6. Symmetry-adapted combinations of the metal orbitals participating in framework bonding in M3X2

cages of type 3.

Figure 7. Schematic diagram for the framework orbitals of trinuclear
complexes of d8 square planar fragments forming M3X2 cores. For sim-
plicity, only one orbital of each degenerate set is depicted; the orbital oc-
cupation shown corresponds to [(tmeda)3Ni3 ACHTUNGTRENNUNG(m-S)2]

2+ .
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with important contributions from the metal dx2�y2 orbitals),
as expected for three square planar (or severely Jahn–Teller
distorted six-coordinate) CuII centers. In the case of the
[(tmeda)3Cu3ACHTUNGTRENNUNG(m-S)2]

3+ complex discussed above, FEC= 14
corresponds to a formal oxidation state of Cu2.33+ .

When we consider M3X2 cores in which the d8 ML2 frag-
ments are replaced by other dn MLx fragments, we need to
take into account how many nonbonding d electrons must
be counted for such fragments and the nature of the metal
orbitals available for framework bonding.[12,20] For instance,
a d6 ML4 fragment would complete an octahedral coordina-
tion with the two bridging ligands, using the two empty orbi-
tals 8 (Figure 8) for framework bonding. Two examples of

such systems found in the literature, with Os3Se2 and Co3S2

cores[21] and FEC=12, show clearly nonbonding X�X
lengths (3.22 and 2.95 �, respectively). The different situa-
tion that appears when the metal fragment has only one or-
bital available for framework bonding, as in d6 ML5 groups
(9), is discussed in a later section.

Another interesting system results when the three metal
atoms are tetrahedrally coordinated, since in that case the
five d orbitals become formally nonbonding,[22] and the
metal atom employs sp3 hybrids for bonding with the li-
gands. Thus, the same metal atom may hold eight or ten
nonbonding electrons, depending on whether the orientation
of the terminal ligands is coplanar with or perpendicular to
the MACHTUNGTRENNUNG(m-X)2 unit and giving rise to an interesting series of
isomers in the case of dinuclear systems with M2X2 cores.[8]

Returning to trinuclear systems, we therefore expect opti-
mum bonding within the framework for d10

ML2 fragments
to which the two bridges donate 12 electrons (that is, FEC =

12). This is the case for a CuI compound reported by Han
et al. ,[23] with two SH� bridges, each of which provides six
framework electrons, as well as for a related AgI compound
with SH� bridges.[24]

X�X bond formation in M3X2 complexes with FEC=10 :
According to the MO scheme (Figure 7), a trinuclear com-
pound with FEC =10 should present a short X�X bond
length, owing to the emptying of the 1a2’’ orbital with signifi-
cant s* ACHTUNGTRENNUNG(X�X) character. To check this prediction, we have
optimized the geometry of a trinuclear Ni complex in two
different oxidation states, [(tmeda)3Ni3ACHTUNGTRENNUNG(m-S)2]

2+ /4+ , corre-
sponding to 12 and 10 framework electrons, respectively.
The optimized structures are shown in Figure 9. As expected
from the FEC rules discussed above, the [(tmeda)3Ni3 ACHTUNGTRENNUNG(m-
S)2]

2+ cation, with FEC =12, shows a long S�S bond

(2.87 �). A two-electron oxidation of that complex results
in the FEC =10 analogue, [(tmeda)3Ni3ACHTUNGTRENNUNG(m-S2)]4+ , with a
short S�S bond length of 2.26 �, and correspondingly
longer Ni�S bonds (from 2.28 to 2.45 �) owing to the Ni�S
bonding character of the 1a2’’ orbital that is emptied. Oxida-
tion seems to affect mostly the bridging atoms, according to
the population analysis, since the formal charge of �0.80 at
each S atom drops to �0.56 while the charge on each Ni
atom increases only slightly (from +0.82 to +0.90). There is
a precedent for a bridge-centered oxidation accompanied by
a shortening of the X�X bond in a Cu2P2 core,[25] which has
been determined by X-ray absorption spectroscopy[26] and
theoretical calculations.[27]

It is appropriate here to make a connection between the
two Ni complexes shown in Figure 9 and purely organic ana-
logues that result from isolobal analogies. Thus, formal re-
placement of the d8 NiL2 fragments with isolobal CH2

2+ and
of sulfide ions by CR3� ones converts [(tmeda)3Ni3ACHTUNGTRENNUNG(m-S)2]

2+

into the neutral bicycloACHTUNGTRENNUNG[1.1.1]pentane (10 a) with 12 frame-
work electrons and a correspondingly long C�C bond length
between the apical carbon atoms (1.86–1.91 � in 26 structur-

Figure 8. Acceptor orbitals of d6 ML4 (8) and d6 ML5 (9) fragments. Figure 9. Optimized structures for the [(tmeda)3Ni3ACHTUNGTRENNUNG(m-S)2]
2+ (top)

and [(tmeda)3Ni3 ACHTUNGTRENNUNG(m-S2)]4+ (bottom) cations with FEC =12 and 10,
respectively.

www.chemeurj.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2009, 15, 536 – 546542

S. Alvarez et al.

www.chemeurj.org


al data found in the CSD). If the apical atoms are replaced
by two bare C3� anions instead, these provide only five
framework electrons each, keeping an outward-pointing
lone pair.[16] Therefore, the total FEC is now 10, as in
[(tmeda)3Ni3ACHTUNGTRENNUNG(m-S2)]4+ , and the expected short distance be-
tween the apical carbon atoms corresponds with the molecu-
lar structure of [1.1.1]propellane (10 b),[28] the derivatives of
which have C�C distances between 1.55 and 1.60 � (10
structural data found in the CSD).

Analysis of the electron density : To characterize further the
electronic structure of the compounds studied, we analyzed
the electron density 1(r) topologically for the optimized ge-
ometries of trinuclear complexes, within the framework of
the atoms in molecules (AIM) theory.[29] A similar analysis
of dinuclear species was reported earlier.[8] According to this
theory, the main properties of the electron density can be
summarized in terms of critical points. A bond critical point,
also called a (3,�1) critical point, corresponds to two nega-
tive and one positive curvature of the electron density be-
tween two atomic nuclei and is taken as an indication of the
presence of a chemical bond. Ring critical (3,+ 1) points are
characterized by a single negative curvature and indicate a
cyclic path of chemical bonds around it, and cage critical
(3,+3) points with three positive curvatures correspond to a
tridimensional cage of chemical bonds surrounding them.

For the trinuclear complexes analyzed, [(tmeda)3Cu3ACHTUNGTRENNUNG(m-
S)2]

3+ , [(tmeda)3Ni3ACHTUNGTRENNUNG(m-S)2]
2+ , and [(tmeda)3Ni3ACHTUNGTRENNUNG(m-S2)]4+ , the

expected (3,�1) bond critical points for all M�S and M�N
pairs have been found, consistently with the presence of
single bonds, according to their ellipticities (e=0.11; see the
Supporting Information). The positive values of 521(r)
(0.12–0.14 for M�S and 0.30–0.38 for M�N bonds) point to
shared interactions characteristic of donor–acceptor X�M
bonds and indicate a higher covalent character for the M�S
than for the M�N bonds.

The optimized structure of [(tmeda)3Ni3ACHTUNGTRENNUNG(m-S)2]
2+ presents

a (3,+3) cage critical point at the center of the Ni3S2 skele-
ton and no S�S bond critical point, consistently with an
FEC= 12 system for which six Ni�S bonds and no S�S bond
are expected, a situation analogous to that depicted in 3.
For each of the two other trinuclear complexes,
[(tmeda)3Cu3ACHTUNGTRENNUNG(m-S)2]

3+ and [(tmeda)3Ni3 ACHTUNGTRENNUNG(m-S2)]4+ , an extra
(3,�1) bond critical point between the two sulfur atoms has
been found, which might be indicative of S�S bonding. The
difference between these two complexes, however, is that
the electron density at the bond critical point is significantly
lower in the copper (0.046) than in the nickel compound
(0.084), consistently with the formal description of the latter
as bearing an S�S bond. The existence of S�S bonding in
the copper complex according to the AIM analysis, surpris-
ing as it may seem at first sight, could be the result of the
different participation of the s and s* ACHTUNGTRENNUNG(S�S) combinations in
the occupied framework orbitals. On the other hand, com-
parison of the AIM parameters calculated for the trinuclear
Cu compound and those for simple S2

n� species (Table 2)
may cast some doubt on the real meaning of the existence

of an S···S bond critical point. In fact, both the electron den-
sity at that critical point and its Laplacian have nearly iden-
tical values for the S···S contact within the copper complex
and for two bare sulfide ions placed at the same distance.

In the light of the FEC rules, it is interesting that the elec-
tron density at the M�S bond critical points in the Ni com-
pound with all framework bonding orbitals occupied
(FEC= 12) is 0.078. Occupation of framework antibonding
orbitals in the Cu compound (FEC= 14) results in a de-
crease in that electron density (1(rc)=0.066) and a similar
effect is observed when one framework bonding orbital is
emptied in the reduced Ni complex (1(rc)= 0.051). Further-
more, 1(rc) for the M�S bonds shows an excellent negative
linear correlation with the M�S bond lengths and a positive
linear correlation with the S�S bond length. Thus, the varia-
tion of those three parameters with the framework electron
count indicates that the FEC= 12 situation corresponds to
the strongest M�S and weakest S�S bonding.

Framework electron counting for complexes with ML5 frag-
ments : In this section we analyze the similarities and differ-
ences in bonding within a M3X2 core when each metal atom
has five peripheral ligands and formula [(L5M)3 ACHTUNGTRENNUNG(m-X)2],
which is represented schematically in 11. A d6 ML5 fragment
is isolobal with the CH3

+ cation.[30] Each such fragment has
one lobe available (that is, 9 for d6 ML5 as in Figure 8 or an
sp3 hybrid for CH3

+) for an extra bond, and forms the elec-
tronically saturated d6 XML5 or
XCH3 species by interaction
with a two-electron donor X. In
that case, three of the symme-
try-adapted combinations of the
bridging atom orbitals in the
M3X2 core (e’’ and a2’’; see
Figure 5) do not interact signifi-
cantly with metal orbitals of the
same symmetry, and the rele-
vant MOs are as shown in Figure 10. This leaves only three
MOs of M�X bonding character (1a1’ and the degenerate
pair 1e’). These orbitals also incorporate X�X s (1a1’) and p

(1e’) bonding character. The optimum bonding between
those five atoms is reached for systems that have 18 elec-
trons at the metal d orbitals (corresponding to d6 configura-

Table 2. Results of the AIM analysis at the S···S bond critical points:
total electron density, 1(rc), and Laplacian of the electron density,
521(rc).

S···S [�][a] 1(rc) 521(rc)ACHTUNGTRENNUNG[(tmeda)3Cu3 ACHTUNGTRENNUNG(m-S)2]
3+ 2.594 0.046 +0.112ACHTUNGTRENNUNG[(tmeda)3Ni3 ACHTUNGTRENNUNG(m-S2)]4+ 2.256 0.084 +0.044

S2 1.931 0.179 �0.213
S2
� 2.060 0.138 �0.094

S2
2� 2.281 0.089 +0.010ACHTUNGTRENNUNG(S2�)2 2.594 0.044 +0.105

[a] Optimized distances, except for (S2�)2, for which the two sulfide ions
were kept fixed at the value found in the copper complex.
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tions), four electrons for the outward-pointing X lone pairs,
and six electrons occupying the framework and X�X bond-
ing orbitals 1a1’ and 1e’. This thus corresponds to FEC =6.

The situation regarding X�X bonding is very different
from that found above for the systems built up from d8 ML2

fragments. Even if the s(X2) and p(X2) orbitals are delocal-
ized throughout the M3X2 framework, their antibonding
counterparts (1a2’’ and 1e’’) are empty, as required by their
net antibonding character. Consequently, a formal X�X
triple bond can be invoked appropriately.

The qualitative orbital scheme in Figure 10 is supported
by the topology and relative energies of Kohn–Sham orbi-
tals in DFT calculations performed for [(OC)15Cr3ACHTUNGTRENNUNG(m-As2)].
In the optimized structure of that compound (atomic coordi-
nates of which are provided as Supporting Information) the
As�As bond length is short (2.246 �), as predicted for its
framework electron count of six. The through-ring distance
is practically coincident with that found experimentally in
the W analogue (2.278 �).[31]

Other members of the family discussed here were synthe-
sized in the 1980s by Huttner and coworkers.[13] [(OC)15W3-ACHTUNGTRENNUNG(m-Bi2)] and [{(MeCp)(OC)2Mn}3ACHTUNGTRENNUNG(m-Bi2)] were structurally
characterized. Electron counting can verify that all these

compounds have an FEC of six, and the Bi�Bi distances
close to 2.81 � are consistent with the existence of X�X
chemical bonds, by comparison with the sum of covalent
radii of 2.96 �.[17]

Conclusion

The [(tmeda)2Cu2ACHTUNGTRENNUNG(m-S2)]2+ dinuclear complex appears to
have similar energies in its singlet state with a planar Cu2S2

core and in the bent triplet state. Its reaction with a mono-
nuclear [(tmeda)Cu]+ fragment to give the [(tmeda)3Cu3ACHTUNGTRENNUNG(m-
S)2]

3+ trinuclear complex is found to have a very low activa-
tion energy in the triplet energy surface. The S2 unit in the
copper complexes undergoes a gradual reduction as the
number of bonded copper atoms increases, along the path
S2!S2

�!S2
2�! ACHTUNGTRENNUNG(S2�)2. In contrast, the S�S bond length in-

creases abruptly only after formation of the trinuclear com-
plex. The FEC scheme for [(L2M)3ACHTUNGTRENNUNG(m-X)2] compounds indi-
cates that optimum M�X bonding is achieved for FEC= 12,
whereas for FEC=10 systems weaker M�X bonds and a
short X�X distance are to be expected. The results of geom-
etry optimization for [(tmeda)3Ni3ACHTUNGTRENNUNG(m-S)2]

2+ and
[(tmeda)3Ni3ACHTUNGTRENNUNG(m-S2)]4+ and comparison with those for
[(tmeda)3Cu3ACHTUNGTRENNUNG(m-S)2]

3+ are in agreement with those predic-
tions and with the results of a topological analysis of the
electron density, which is nevertheless inconclusive regard-
ing the bonding nature of the S�S interaction in the copper
trinuclear complex.

Framework electron counting rules based on a qualitative
MO analysis for related M3X2 cores formed by d6 ML5 frag-
ments indicate that [(L5M)3X2] complexes have only three
framework bonding orbitals and the optimum M�X and X�
X bonding corresponds to an FEC =6 case, for which a
short X�X distance should be expected, consistently with a
formal triple bond, thus providing a rationale for the struc-
tures of Huttner	s compounds [(OC)15W3 ACHTUNGTRENNUNG(m-Bi2)],
[(OC)15W3ACHTUNGTRENNUNG(m-As2)], and [{(MeCp)(OC)2Mn}3ACHTUNGTRENNUNG(m-Bi2)].

Experimental Section

Computational methods : Unrestricted density functional calculations
were carried out using the Gaussian 03 package,[32] with the B3 LYP
hybrid method that employs the Becke three-parameter exchange func-
tional[33] and the Lee–Yang–Parr correlation functional.[34] An Ahlrichs
all-electron triple-z basis set was used for the Cu, Ni, and Cr atoms,[35]

supplemented with two polarization functions.[35, 36] A similar basis set
was used for the S and As atoms,[35] supplemented with an extra d-polari-
zation function.[36] A double-z basis set was used for H, C, N, and O.[36]

All optimized structures reported have been verified by vibrational anal-
ysis to be true minima or transition states. The influence of the dielectric
environment provided by a solvent was studied using the nonequilibrium
implementation of the polarizable continuum model in its conductor ver-
sion (CPCM) when the medium is water (dielectric constant 78.39) or
dichloroACHTUNGTRENNUNGmethane (8.93).[37] The evaluation of singlet–triplet energy gaps
was carried out by nonprojected DFT calculations using the methodology
described elsewhere.[38] For the topological analysis of the electron densi-
ty, critical points have been generated with the Xaim routine.[39]

Figure 10. Qualitative diagram of the framework orbitals in trinuclear
complexes of d6 ML5 fragments forming M3X2 cores. The orbital occupa-
tion shown corresponds to FEC =6.
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Structural analysis : Experimental structural data were retrieved from the
Cambridge Structural Database (Version 5.29 with one update, January
2008)[40] and the Inorganic Crystal Structure Database (Release 2006-
1).[41] A search for structures with {(L2M)3X2} cores was extended to all
group 3–10 transition metals and to X atoms belonging to periodic
groups 14–17 and restricted to trinuclear complexes with square planar
coordination of the metal atom and unsubstituted bridging atoms X. A
total of 49 fragments corresponding to 42 different chemical compounds
were found, with M=Ni, Pd, Pt, Rh, or Ir, and X =O, S, Se, Te, or Cl,
and X···X distances at least 0.3 � greater than the sum of the atomic
radii. A less restrictive search for S···S interactions in {M2X2} and {M3X2}
cores (Figure 3) included all transition metals with any coordination
number and geometry. A total of 2696 crystallographically independent
fragments in 1953 structures were found for dinuclear complexes, in 82 of
which S�S bond lengths were shorter than 2.22 � while in the rest they
were longer than 2.58 �. For trinuclear complexes 238 fragments were
found in 203 crystal structures, all of which had S�S distances longer
than 2.66 �.
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