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Abstract: The steric protection offered by the macrobinucleating hexaaza-di    tiophenolate ligand (L) allows for the 
preparation of the fi rst stable dinuclear nickel(II) borohydride bridged complex, which reacts rapidly with elemental 
sulphur producing a tetranuclear nickel(II) complex [{(L)Ni2}2(μ-S6)]

2+ bearing a helical μ4-hexasulfi de ligand. The 
[(L)CoII

2]
2+ fragment have been able to trap a monomethyl orthomolybdate in the binding pocket. Unusual coordination 

modes of substrate in dinuclear macrocyclic compounds was demonstrated.
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Introduction1. 
 The study of the coordination chemistry of classical coordination compounds with deep binding cavities 
is an active research area [1,2]. Motivations in this area are diverse and include molecular recognition of neutral or 
charged guest molecules, [3,4] stabilization of unusual substrate coordination modes, isolation of reactive species, [5] 
promotion of reactions within their interiors, [6-11] and construction of more effective enzyme active site mimetics, [12] 
to name but a few. Various types of supporting ligands for such complexes have been developed. Most of them represent 
mononucleating systems derived from cyclodextrines, [6] calixarenes [13], Schiff-base calixarene hybrids, and some 
highly functionalized tripod ligands [14-18]. Much less is known of ligand systems that encapsulate polynuclear core 
structures, and the chemistry of such systems is not well explored [19-21]. The coordination chemistry of binucleating 
hexaazadithiophenolate macrocycles has been reviewed [22-24]. 
 The ligand H2L is effective dinucleating ligand towards various divalent metal ions. Complexes of composition 
[(L)MII

2(μ-L')]+ (M = Mn, Fe, Co, Ni, Zn, Cd) bearing Cl‾ and OAc‾ coligands (L') (Fig. 1) can be readily obtained by 
the treatment of the free ligand H2L with two equivalents of the corresponding metal(II) dihalogenides (MCl2) or acetates 
(M(OAc)2) in methanolic solution in the presence of a base [24]. Interestingly, the macrocycles can adopt two different 
conformations A and B (Fig. 1), which are reminiscent of the “partial cone” and “cone” conformations of the calixarenes. 
The complexes of the 3d elements of the type A conformation is only seen for small monoatomic bridging ligands such 
as L' = OH‾ and Cl‾. For large coligands (such as N3‾) or a multiatom bridging ligand (such as OAc‾) the bowl-shaped 
conformation B is assumed, the driving force being the more regular octahedral coordination environments about the MII 
ions.
 

Fig. 1. Cationic [MII
2(L)(μ-L')]+ complexes supported by the ligands (L)2− and schematic
representation of their structures (L' = coligand)

 These complexes have a rich coordination chemistry since the [(L)M2]
2+ fragments are able to coordinate a large 

variety of coligands such as Cl‾ [26 ], OH‾ [27], NO2‾ , NO3‾, N3‾ [28], and various carboxylates [29-33]. Some of the 
complexes feature unusual ligand coordination modes. The azide complex [(L)Ni2(μ-N3)]

+ is a representative example. 
The planarity of the Ni–N3–Ni assembly (torsional angle τ = 0o) together with the remarkably obtuse Ni–N–N angles 
at 109.9(2)o has never been observed before for M–μ1,3-N3–M linkages [34-36]. The presence of this distinct binding 
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mode can be traced to the complementary size and form of the binding pocket of the [(L)Ni2]
2+ complex. The hydrazine 

complex [(L)Ni2(μ-N2H4)]
2+ is an example for a complex that features an unusual conformation of a small neutral 

inorganic molecule. Free hydrazine exists predominantly in the gauche conformation at room temperature (dihedral 
angle τ ~100o) [37], also most commonly seen in dinuclear hydrazine complexes [38,39]. In [(L)Ni2(μ-N2H4)]

2+ the 
N2H4 ligand can only adopt the cis (ecliptic) conformation (τ = 3.7o). To the best of our knowledge, such a coordination 
mode is without precedence in dinuclear transition metal hydrazine complexes [40–44], albeit it is documented for 
mononuclear species [45,46]. The ecliptic N2H4 conformation is presumably a consequence of repulsive NH···Caryl van 
der Waals interactions between the N2H4 molecule and (L)2−. 
 Table 1 lists the synthesized complexes and their labels. Of these, the complexes 1, 2, 3 and 9 have been 
reported earlier [26,27,30,47].

Table 1
Synthesized complexes and their labels [a]

                [(L)Ni2(μ-L')]+                  L'
1b [(L)Ni2(μ-Cl)]+ Chloride, Cl‾
2c [(L)Ni2(μ-OH)]+ Hydroxide, OH‾
3d [(L)Ni2(μ-ClO4)]

+ Perclorate, ClO4‾
4 [(L)Ni2(μ-BH4)]

+ Borohydride, BH4‾
5 [(L)Ni2(μ-HCOO)]+ Formiate, HCOO‾
6 [(L)Ni2(μ-SH)]+ Hydrosulfi de, HS‾
7 [{(L)Ni2}2(μ-S6)]

2+ Hexasulfi de, S6‾
8 [(L)Ni2(μ-SPh)]2+ Thiophenol, C6H5S‾
9e [(L)Co2(μ-Cl)]+ Chloride, Cl‾
10 [(L)Co2(μ-MoO4)]

+ Molybdate, MoO4
2‾

11 [(L)Co2(μ-MoO3(OMe))]+ Methylmolybdate, MoO3(OMe)‾
                                                            [a] The complexes were isolated as ClO4‾ or BPh4‾ salts. [b] Ref. [26].
                                   [c] Ref. [27]. [d] Ref. [47]. [e] Ref. [30]. 

 In the following, selected examples of unusual substrate coordination modes originating from this work will 
be presented and discussed.

Stabilisation of  a bridging borohydride co-ligand in dinickel(II) macrocyclic complex2. 

 The search for dinuclear dithiolato-bridged complexes which model key features of the active site of 
hydrogenase enzymes is an active research area [48,49]. Two main strategies exist to access such compounds. One 
involves the addition of an electrophilic metal-carbonyl fragment to a nucleophilic metal complex with cis-oriented 
thiolate functions [50]. The resulting [NiFeS2], or [Fe2S2], assemblies are co-ligated with CO and CN‾ and represent 
good structural analogues of the proposed active site structures, as demonstrated recently by a number of research groups 
[51–54]. In the other strategy, macrocyclic dinucleating polyaza-dithiolate ligands are used for the cluster assembly 
[55]. Until now this strategy has only allowed for the production of homodinuclear nickel complexes, and it is unclear 
at present whether these more classical Werner type coordination compounds will ever be able to bind the biologically 
relevant co-ligands CO, CN‾ and H‾. Herein we provide the fi rst evidence for nickel–hydrogen interactions in such 
compounds. Our study was initiated by the recent discovery of Desrochers et al. [56], who demonstrated that the sterically 
encumbered hydrotris-(3,5-dimethyl-pyrazolyl)borate ligand (Tp*‾) can stabilize a hydrogen-rich nickel environment in 
[Tp*NiII(μ1,3-BH4)]. In order to test whether similar dinickel(II) complexes with a bridging borohydride coligand are 
supported by the dinucleating hexaaza-dithiophenolate ligand (L)2‾ [26] an acetonitrile solution of the chloro-bridged 
complex [(L)NiII

2(μ-Cl)] ClO4 (1-ClO4) was treated with n-Bu4NBH4 under an argon atmosphere at ambient temperature. 
Unlike [Tp*NiIICl], [56] however, no reaction occurred. In a second approach, the reaction was carried out using the 
dark green perchlorato-bridged complex [(L)NiII

2(μ-ClO4)]ClO4 (3·ClO4) which was prepared by Cl‾ abstraction from 
1-ClO4 with Pb(ClO4)2. This gave a pale-green solution of the desired borohydrido-bridged complex 4, which was 
isolated as its BPh4‾ salt in ca. 75% yield. In the absence of air and protic reagents this compound is stable for weeks, 
both in the solid state and in solution. This stability is quite remarkable given that nickel(II) complexes of sterically less 
demanding ligands are readily reduced to nickel boride [57]. 
 IR measurements of solid 4·BPh4 showed intense absorption bands at 2390, 2360, 2153 and 2071 cm‾1 indicative 
of terminal B–H and bridging B–H···Ni functions [58]. The UV-Vis spectrum recorded in acetonitrile suggested the 
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presence of octahedral Ni(II) ions [λ = 650 (ν2) and 1074 nm (ν1)] [29]. Final confi rmation came from an X-ray crystal 
structure determination of 4·BPh4·2MeCN (Fig. 2). As can be seen, the BH4‾ ion bridges the two Ni(II) centres in a 
symmetrical fashion to generate a bioctahedral N3NiII(μ-S)2(μ-BH4)NiIIN3 core structure that has never been observed 
before in nickel–thiolate chemistry. There are no interactions between the MeCN of solvent of crystallization and 
the [(L)NiII

2(μ-BH4)]
+ cations. The average Ni–H distance at 1.89(4) Å compares well with that in the mononuclear 

NiS4H2 complex [NiII(bmp)2] (bmp = bis(2-mercapto-1-methyl-imidazolyl)-borate), [59] the only other sulfur-rich Ni(II) 
complex with B–H···Ni interactions that has been structurally characterised.

Fig. 2. ORTEP representation of the structure of 
complex 4 at 50% probability ellipsoids. Hydrogen 
atoms, except those of the BH4‾ coligand, have 
been omitted for clarity.

Fig. 3. ORTEP representation of the structure of 
the formato complex 5 with thermal ellipsoids 
drawn at the 50% probability level. Hydrogen 
atoms, except that of the formato coligand, have 
been omitted for clarity. 

  Preliminary results show that 4 reacts with protic reagents HA, such as HCl, H2O, or HCO2H with liberation of 
H2 and formation of the respective [(L)NiII

2(A)]+ species (A = Cl‾ 1, OH‾ 2 and HCO2‾  5). The new complex 5 is also 
readily produced by the reaction of 3 with CO2. IR measurements of 5·BPh4 showed two absorption bands at 1602 and 
1424 cm‾1, attributable to the symmetric and antisymmetric stretching frequencies of a μ1,3-bridging formate ion. This 
was also confi rmed by an X-ray crystal structure determination of 5·BPh4 (Figure 3). The electronic absorption spectra 
of 5 exhibits two weak absorption bands at 651 and 1114 nm which can be assigned to the spin-allowed 3A2g → 3T1g (ν2) 
and 3A2g → 3T2g (ν1) transitions of a nickel(II) (S = 1) ion in Oh symmetry [37]. There is also a weak shoulder around 910 
nm attributable to a spin-forbidden 3A2g → 1Eg(D) transition which gains intensity due to the lowering of the symmetry. 
The 3A1g → 3T1g(P) transition (expected below 400 nm) is obscured in each case by the strong thiolate-to-Ni(II) LMCT 
transitions which occur in the same spectral region. 
 In summary, we have prepared the fi rst stable dinuclear nickel(II) borohydrido-bridged complex of a 
macrodinucleating hexaaza-dithiophenolate ligand. Work in progress is directed towards the synthesis of related 
compounds with bridging hydride ligands by taking advantage of the steric protection offered by the supporting ligand. 
Such compounds may also aid in understanding the electronic structures and the reactivities of the dinuclear active sites 
of the hydrogenase enzymes.

Macrocyclic dinickel(II) complexes colligated by hydrosulfi de and hexasulfi de ions3. 

 So far, our studies have been confi ned to complexes bearing different coligands, we have now examined the 
capability of the [(L)Ni2]

2+ fragment to bind as coligand  hydrosulfi de (HS‾). Our motivation in this area are diverse and 
include: a) hydrosulfi de complexes of labile transition-metal ions are rather scarce [60–64]; b) the hydrosulfi de ion is a 
biologically relevant molecule [65]; c) nickel sulfur bonding is of importance in bioinorganic [66–68] and biomimetic 
chemistry [69–70]; d) the chemistry of SH‾ - containing complexes is of relevance to metal sulfi de hydrosulfurization 
catalysts [71-73]; and e) coligands with “soft” donor atoms have not been incorporated in the binding pocket of the 
[MII

2L]n+ complexes.
 A general problem associated with the preparation of hydrosulfi de complexes is further aggregation which leads 
to the formation of polynuclear sulfi do complexes and eventually to insoluble metal sulfi des. Herein we demonstrate that 
the sterically demanding supporting ligand L2‾ enables the isolation and characterization of the stable hydrosulfi de. The 
synthetic procedures are depicted in Scheme 1. 
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[(L)NiII2(μ-Cl)]+ [(L)NiII2(μ-OH)]+[nBu4N]OH

CH3CN

[(L)NiII2(μ-BH4)]+ [(L)NiII2(μ-SH)]+

[(L)NiII2(μ-BH4)]+ [{(L)NiII2}2 (μ-S6)]2+

[(L)NiII2(μ-ClO4)]+

1. 3 equiv S
CH3CN

2. MeOH

1. 1 equiv S
CH3CN

2. NaBPh4
MeOH

Na2S 9H2O

RT, CH3CN, MeOH
77%

1 2

4

3

7

6

Scheme 1. Preparation of complexes 6 and 7.

 Initial attempts aimed at the synthesis of the hydrosulfi de complex [Ni2L(SH)]+ (6) followed the method of 
preparing the hydroxide complex [Ni2L(OH)]+ (2) from [Ni2L(Cl)]+ (1) and (n-Bu4N)OH, [27] but surprisingly, 1 proved 
to be substitutionally inert in reactions with Na2S·9H2O or (Et4N)SH [74]. The reduction of elemental sulfur by the 
borohydride complex [NiII

2L(BH4)]
+ (4) [75] was sought as an alternative procedure. Indeed, when green 4·ClO4 was 

treated with 1 equiv of S powder in CH3CN, a yellow-brown solution forms immediately, and the desired hydrosulfi de 
complex 6 can be isolated from methanol as a brown-yellow ClO4‾ salt in >70% yields. This reaction presumably 
involves thioborate/polysulfi de intermediates (as in the LiBH4/S8 system) [76,77] which hydrolyze during workup to 
produce hydrosulfi de anions which are trapped by the [NiII

2L]2+ fragment. It should be noted that complex 6 is also 
obtained, in similarly high yields, from reactions in acetonitrile of the extreme labile perchlorato complex [Ni2L(ClO4)]
ClO4 (3·ClO4) with 1 equiv of Na2S·9H2O, followed by workup from methanol. That polysulfi de ions are indeed involved 
in these transformations was confi rmed by the isolation of the hexasulfi de complex [{Ni2L}2(μ-S6)] (BPh4)2 (7·(BPh4)2). 
This material could be reproducibly obtainned in yields as high as 70% when elemental sulfur is reacted with 4·ClO4 in 
MeCN in a 3:1 molar ratio followed by workup from wet methanol as indicated in Scheme 1. At larger (4:1) or smaller 
(2:1) S/3 ratios a yellow-brown solid of unknown composition precipitates. The complexes 6 and 7 are stable for weeks 
in the absence of air and protic reagents both in the solid state and in solution. This stability is quite remarkable given 
that hydrosulfi de complexes of sterically less demanding ligands are readily transformed into polysulfi des or metal 
sulfi des [63]. In the presence of air the yellow-brown color of solutions of 6 and 7 fades away within about 24 h and 
green products of unknown compositions precipitate. 
 The ESI-MS of a freshly prepared acetonitrile solution of 6 shows two nickel-containing fragments at 
m/z = 472.68 and 412.68 neither of which is the parent peak. The infrared spectrum of 6·BPh4  shows a weak sharp ν(SH) 
band at 2552 cm-1 typical for complexes with SH‾ groups [78]. For 7·(BPh4)2 two weak IR bands appeared at 468 and 440 
cm-1, attributable to the S-S stretching modes of the S6

2‾ unit. These values agree well with those reported for K2S6 and 
other compounds with a S6

2‾ unit [79]. Electronic absorption spectra for 6·ClO4 and 7·(ClO4)2 complexes feature three 
intense absorption maxima in the UV at ~270 nm, ~300 nm, and 330 nm. These are characteristic for nickel complexes 
of L2‾. The former two can be attributed to π-π* transitions within the aromatic rings of the supporting ligand whereas 
the latter corresponds to a thiophenolate → NiII charge transfer absorption. Unfortunately, the ligand-to-metal charge 
transfer (LMCT) bands involving the SH‾ and S6

2‾ groups are not resolved. Above 500 nm complex 4 exhibits two weak 
absorption bands at 663 and 1175 nm which can be assigned to the spin-allowed 3A2g →

3T1g (ν2) and 3A2g →
3T2g (ν1) 

transitions of a nickel(II) (S = 1) ion in Oh symmetry [80]. The corresponding values for 6 are signifi cantly blue-shifted 
to 647 and 1102 nm, respectively. The 3A1g →

3T1g (P) transition (expected below 400 nm) is obscured in each case by the 
strong LMCT transitions. From the ν1 transition one can obtain rough estimates of the octahedral splitting parameters 
Δoct for 4 (≈8511 cm-1) and for 6 (≈9074 cm-1), respectively. Such low values for Δoct (i.e., Δoct (4, 6) < Δoct [Ni(H2O)6]

2+) 
8500 cm-1) are quite typical for N3NiII(μ- SR)3 chromophores [81]. In general, thiolates induce only weak ligand fi eld 
strengths because of their poor σ-donor bonding abilities. The same is true for the SH‾ and S6

2‾ ligands as indicated by 
the data in Table 2. Complexes 4 and 6 have the lowest Δoct values. The Δoct value for the [(L)Ni2(μ-SPh)]+ complex 8 
(8764 cm-1) lies between the values of 4 and 6. On the basis of these data, the σ-donor bonding ability of the SR-groups 
can be ranked as follows: S6

2‾ > SPh‾ > SH‾.
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                             Table 2
Selected UV/Vis Data for complexes 1-4 and 6-8

complex coligand ν2/nm ν1/nm ∆0/cm-1

1a Cl‾ 658(41) 998(67) 10020
2a OH‾ 655(52) 1056(40) 9470
3b ClO4‾ 578(129) 1066(86) 9381
4a BH4‾ 650(43) 1074(77) 9311
6b SH‾ 663(32) 1175(49) 8511
7b S6

2‾ 647(56) 1102(72) 9074
8a SPh‾ 667(52) 1141(68) 8764

                                                                      a Data refer to the BPh4‾ salts. b Data refer to the ClO4‾ salts

 The structures of complexes 6 and 7 were further substantiated by X-ray crystallography. The atomic numbering 
scheme used for the central N3Ni(μ-S)3NiN3 core in 6 was also applied for 7 to facilitate structural comparisons. The 
structure determination of [Ni2L(SH)]BPh4·MeOH·2H2O unambiguously confi rmed the presence of the cationic 
hydrosulfi de complex [Ni2L(μ-SH)]+ (Figure 4). 

Fig. 4. Structure of the hydrosulfi de complex 6 in crystals of 6·BPh4·MeOH·2H2O. Hydrogen atoms are omitted 
for reasons of clarity. The dashed line indicates a hydrogen bond between the SH moiety and the MeOH solvate 

molecule (S(3)···O(1b) 3.285 Å).

 Although the SH hydrogen atom could not be located from difference Fourier electron density maps, its presence 
is implied by IR spectroscopy and charge considerations (assuming the presence of one dianionic L2‾, one BPh4‾, one 
SH‾, and two Ni2+ ions). There is also a MeOH solvate molecule that lies in the vicinity of the SH unit (S···OMeOH 
3.285 Å) indicative of a weak SH···OMeOH hydrogen bond [82,83]. Unlike in isoelectronic [(L)Ni2(μ-Cl)]+ (1) or in 
[(L)Ni2(μ-OH)]+ (2), the macrocycle adopts the bowl-shaped conformation B as observed in [(L)Ni2(μ-ClO4)]

+ (see 
Figure 1 for a schematic representation of the two conformations) [47]. The presence of the type B conformation of 
L2‾ in 4 presumably relates to the larger ionic radii of the SH-group (OH‾: 1.19 Å, Cl‾: 1.67 Å, SH‾: 1.93 Å) [84]. 
Previous work has shown that the conformation of L2‾ is coupled to the size of the coligand L′ in the [Ni2L(L′)]+ 
complexes [28,85] L2‾ adopts the bowl-shaped conformation when L′ is large, the driving force being the more regular 
octahedral coordination environment about the Ni2+ ions. Similar arguments can be used to explain the different 
structures of 1, 2, and 6 (which bear all single-atom bridging ligands). Thus, upon going from the μ-OH complex 2 to 
the μ-Cl complex 1 the macrocycle maintains conformation A and the deviations of the L-M-L angles from the ideal 
values increase; particularly affected are the N-M-X trans angles. On the other hand, upon going from 2 to the SH 
complex 6, L2‾ changes its conformation and the NiN3S3 polyhedra become more regular. A number of dinuclear nickel 
complexes with μ-SR groups have been reported in the literature [86,87]. Pohl has reported a dinickel complex with two 
bridging SH groups [88]. As far as we are aware, 6 is the fi rst dinickel complex with a single μ-SH group. The average 
Ni-SR (thiolate) bond length of 2.479(1) Å in 6 is quite typical for six-coordinate NiII thiolate complexes. For example, 
the Ni-μ-SPh bonds in the octahedral complexes [Ni(terpy)(μ-SPh)2]2·6MeOH [89] and [(L)Ni2(μ-OAc)]BPh4 [90] are 
2.465(2) Å and 2.471(1) Å long, respectively. However, the Ni-μ-SH distances in 6 (mean 2.527(1) Å) are signifi cantly 
longer than the Ni-μ-SR(thiolate) bonds. This is in good agreement with the notion that the SH‾ ligands are weaker 
σ-donors than thiophenolates. It should be noted that the Ni···Ni distance in 6 at 3.295(1) Å is quite long for complexes 
containing face-sharing N3Ni(μ-SR)3 NiN3 structures. In the trinuclear complexes [{Ni2L′′}2Ni]+ and [{Ni2L′′}2Ni]2+ 
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(L′′- octadentate N3S3 ligand), the nickel atoms are separated by only 3.008(2) and 3.029(1) Å [91]. Likewise, for 
[Ni2L′′′3]

2+ (L′′′ - tridentate N2S ligand) the Ni···Ni distance is 3.064(1) Å [92]. The Ni-S-Ni angles in these complexes 
range from 78.9 to 80.16° and are thus more obtuse than in 6 (83.3-81.4°).
 The crystal structure of [{Ni2L}2(S6)]·(BPh4)2·5MeCN (7·(BPh4)2·5MeCN) consists of discrete tetranuclear 
[{Ni2L}2(μ-S6)]

2+ dications, tetraphenylborate anions, and acetonitrile solvate molecules. Figure 5 provides an ORTEP 
view of the structure of 7. Two dinuclear [Ni2L] subunits are linked via a helical S6

2‾ chain. Again, both [Ni2L]2+ subunits 
feature a bowl-shaped conformation for reasons likely to be similar to those detailed above for 6. The average S-S bond 
length is 2.065(2) Å, and the dihedral S-S-S-S angles range from 76.4 to 94.3°. Similar values are observed in plastic 
sulphur [93] and other S6

2‾ systems [94,95]. It should be noted that the Ni-μ-S6 bond lengths in 7 (mean 2.479(2) Å) are 
signifi cantly shorter than the Ni-μ-SH bonds in 6 averaging 2.527(1) Å, an observation that correlates nicely with the 
stronger σ-bonding ability of the S6

2‾ ion (vide infra). There are no unusual features as far as bond lengths and angles 
of the [Ni2L]2+ units are concerned. The average Ni-N (2.262(7) Å) and Ni-S (2.498(2) Å) bond lengths in 6 are similar 
to the values of the compound above. There are no signifi cant intermolecular interactions between the NiII

4 complexes 
within the lattice. The shortest intermolecular Ni···Ni distance is at 7.711(1) Å. The present coordination mode of the 
S6

2‾ dianion linking two binuclear N3Ni(μ-SR)3NiN3 cores is also without precedence in the literature.

Fig. 5. Structure of the [{(L)Ni2}2(μ-S6)]2+ dication in crystals of 7·(BPh4)2·5MeCN. Thermal ellipsoids are drawn 
at the 30% probability level. Only one orientation of the disordered S6

2‾ unit is displayed. Hydrogen atoms are 
omitted

 
 The main fi ndings of these investigations can be summarized as follows: (a) the steric protection-offered by the 
supporting ligand L2‾ allows for the preparation and isolation of stable hydrosulfi de complexes of labile transition metal 
ions; (b) the [(L)Ni2(μ-ΒΗ4)]

+ complex reacts rapidly with elemental sulfur and represents a versatile starting material 
for [(L)Ni2(μ-SH)]+; (c) polysulfi de complexes such as [{(L)Ni2}2(μ-S6)]

2+ are also accessible from [(L)Ni2(μ-ΒΗ4)]
+ and 

S8; (d) unlike in [(L)Ni2(μ-Cl)]+ or in [(L)Ni2 (μ-OH)]+, the larger SH‾ and S6
2‾ ions induce the bowl-shaped macrocycle 

conformation of type B; (e) the SH‾ and S6
2‾ ions groups are characterized by their poor σ-donor bonding abilities. 

Trapping of monomethyl orthomolybdate in the binding pocket of the [(L)Co4. II
2]2+ fragment

 The synthesis and structural characterization of a large number of polynuclear oxo-alkoxo species of hexavalent 
Mo have been reported. Typical examples are polymeric [Mo2O5(OMe)2] [96], tetranuclear [Mo4O10(OMe)6]

2‾ [97], and 
octanuclear [Mo8O24(OMe)4]

4‾ [98], which can be readily prepared by solvolysis reactions of soluble isopolymolybdate 
anion precursors, such  as (n-Bu4N)2[Mo2O7] and (n-Bu4N)4[Mo8O28], in methanol [99]. While the coordination chemistry 
of the polynuclear oxo-alkoxo molybdates is now fairly well-understood [100], surprisingly little is known about their 
monomeric MoVIOx(OR)y congeners. In particular, four coordinate molybdenum oxoalkoxides are diffi cult to stabilize. 
The neutral alkyl esters, MoO2(OR)2, bearing primary alkoxy groups (R = Me, Et, Pr) are Lewis acidic [101] and 
tend to oligomerize in the solution as well as in the solid state [102]. Monomeric, four-coordinate species, such as 
MoO2(O-t- Bu)2 [103], MoO2(OSiPh3)2 [104], and MoO2(O-2,6-t-Bu2C6H3)2 [105], are only accessible with bulky 
alkoxides. The same is true for the anionic MoO3(OR)- compounds. Stable species, such as [MoO3(OSi-t-Bu3)]‾ [106], 
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do exist but only with bulky ligands [107,108]. Our study was initiated by the fi nding that tetrahedral oxoanions, such as 
ClO4‾ [47] and H2PO4‾ [29] can be readily accommodated in the binding pocket of the dinuclear [(L)M2]

2+ complexes. 
This led us to study the ability of the [(L)M2]

2+ fragment to bind tetrahedral oxoanions of the transition metals [109]. In 
the course of our studies, we have been able to trap the elusive MoO3(OMe)‾ ion. 
 The neutral CoII

2 complex 10 was chosen as the target compound. Following the method of preparation of [(L)
Ni2(O2P-(OH)2)]

+ from [(L)Ni2(Cl)]+ and (n-Bu4N)H2PO4 [29], 1 was treated with (n-Bu4N)2MoO4, [110, 111] in CH3CN 
at ambient temperature for 12 h, as indicated in Scheme 2, to yield 10 as a pale-red powder. Recrystallization from 
dichloromethane/ethanol produced analytically pure material in 84% yield. 

[(L)CoII
2(μ-Cl)][ClO4] [(L)CoII

2(μ-MoO4)]
(nBu4N)2MoO4

CH3CN

[(L)CoII
2(μ-MoO3(OMe)]2[Mo4O10(OMe)6]

MoO3 2H2O

NEt3 / MeOH

9 10

11

Scheme 2. Synthesis of complexes 10 and 11.

 In another attempt, we tried to synthesize 10 by the direct reaction of 9 with an excess of (HNEt3)2MoO4 
(prepared in situ from MoO3·2H2O and NEt3) [112,113] in methanol, but this resulted in the formation of 11, which 
was reproducibly obtained as a dark-red-brown microcrystalline solid in ca. 45% yield. Attempts to generate a similar 
product by methanolysis of 9 have failed. Thus, the formation of 11 is simply a matter of trapping this species from 
solution. 
 The IR spectrum of 10 in KBr shows three strong absorptions at 861, 848, and 807 cm-1, which are tentatively 
assigned to the ν1(A1) and ν3(F2) stretching modes of the MoO4

2‾ unit [114]. The splitting of ν3 can be traced back to 
the lower local symmetry of the η2-bonded MoO4

2‾ ion (see the crystal structure described below). The IR spectrum 
of 11 exhibits several absorbances in the 950-678 cm‾1 region. The bands at 941, 913, 880, 751, and 678 cm‾1 can be 
assigned to the various Mo-O stretching frequencies of the [Mo4O10(OMe)6]

2‾ anion. Similar values have been reported 
for [Ph3MeP]2[Mo4O10(OCH3)6] [100]. The two remaining absorptions at 803 and 818 cm‾1 can then be attributed to 
the Mo-O stretching modes of the [MoO3(OCH3)]‾ unit, but these values should be taken as indicative rather than 
defi nitive. There may be further bands associated with the coligand that are obscured by the [Mo4O10(OMe)6]

2‾ 
absorptions. The UV/vis spectrum of 10 is very similar to that of 9, displaying typical weak d-d transitions of 
octahedral high spin CoII in the 300-1600 nm range [90]. The weak broad band at 1307 nm can be assigned to the 
4T1g(F)→ 4T2g transition. The features in the 500-630 nm region are attributable to components of the parent octahedral
 4T1g(F)→ 4T1g(P) and 4T1g(F)→ 4A2g ligand fi eld transitions split by lower symmetry.
 In view of the air stability of 10, it was of interest to determine its redox properties. Figure 6 shows its cyclic 
voltammogram in a dichloromethane solution. Two waves, one at E1

1/2 = + 0.10 V (vs SCE) with a peak-to-peak 
separation of 140 mV and one at E2

1/2 = + 0.55 V with a peak-to-peak separation of 146 mV, are observed. These 
oxidations correspond to metal-centered oxidations of the CoIICoII species 10 to its mixed-valent CoIICoIII and fully 
oxidized CoIIICoIII forms (eqs 1 and 2, respectively). Thus, as was observed previously for 9, the divalent CoII oxidation 
level is enormously stabilized over the trivalent state. Likewise, within our potential window, no reductions of theMoO4

2‾ 
ion are detected.

[(L)CoIIICoII(MoO4)]
+   + e‾      ↔      [(L)CoII

2(MoO4)]                       E1
1/2     (1)

[(L)CoIIICoIII(MoO4)]
2+ + e‾     ↔      [(L)CoIIICoII(MoO4)]

+                 E2
1/2     (2)

 The normal potentials for 10 are slightly shifted to more negative potentials when compared with those of the 
acetate-bridged complex [(L)CoII

2(μ-OAc)]+ (E1
1/2 = 0.21 V; E2

1/2 = 0.60 V) [30]. These differences are likely a consequence 
of the charge differences. Recall that 10 is a neutral species whereas [(L)CoII

2(μ-OAc)]+  is a mono-cation. It should be 
noted that the oxidized species are only stable on the time scale of a cyclic voltammetry experiment. All attempts to 
prepare these compounds by electrochemical or chemical oxidation led to unidentifi ed decomposition products. Thus, 
while some of the above oxidations appear electrochemically reversible, they are all chemically irreversible.
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Fig. 6. Cyclic voltammogram of 10 in dichloromethane at 295 K.
 
 The X-ray crystal structures of complexes 10 and 11·6MeOH were determined to establish the geometries about 
the metal ions as well as the bonding modes of the coligands. 

Fig. 7. Structure of the neutral complex 10 in 
crystals of 10·CH2Cl2. Thermal ellipsoids are drawn 
at the 50% probability level. H atoms are omitted 
for reasons of clarity.

Fig. 8. Structure of the 
[(L)CoII

2(MoO3(OCH3))]+ cation in crystals 
of 11·6CH3OH. Thermal ellipsoids are drawn 
at the 50% probability level. H atoms are 
omitted for reasons of clarity.

 The structure of 10·CH2Cl2 consists of neutral complexes 10 and CH2Cl2 solvate molecules. There are no 
intermolecular interactions between the components. Figure 7 provides an ORTEP view of the structure of 10. The 
macrocycle adopts a bowl-shaped conformation, as observed in [(L)CoII

2(OAc)]+ [30]. Each Co atom is coordinated by 
two S and three N atoms from the supporting ligand and an O atom of a μ1,3-bridging MoO4

2‾ ion in a severely distorted 
octahedral fashion. The distortions from the ideal octahedral geometry are manifested in the cis and trans L-Co-L bond 
angles, which deviate by as much as 24.9o from their ideal values. The Co-metal ligand bond lengths in 10 are very 
similar to those in 9, indicative of a high-spin confi guration for the Co2+ ions [90]. The MoO4

2‾  unit is slightly tilted 
out of the Co2O2 plane, with the oxo atom O(3) pointing in the direction of one benzene ring [distance O(3)···centroid 
of phenyl ring = 3.612 Å]. The coordination about Mo is not perfectly tetrahedral. The mean Mo=O [1.712(7) Å] 
and Mo-O [1.761(6) Å] bond lengths differ by ca. 0.05 Å, and the O-Mo-O bond angles range from 106.3(3) to 
111.5(3)o. Similar values have been observed for other molybdato-bridged complexes[115] and for the oxo-alkoxo 
compounds MoO2(OSiPh3)2 [104] and MoO2(O-2,6-t- Bu2C6H2)2 [105]. It is also worth mentioning that the Co-O 
distances in 10 [mean 1.988(6) Å] are shorter than those in 11 [2.027(4) Å], an effect that may be traced to stronger 
electrostatic coligand-metal interactions in 10.
 The crystal structure determination of 11·6MeOH unambiguously confi rmed the presence of a η2- coordinated 
monomethyl orthomolybdate situated in the pocket of the [(L)CoII

2]
2+ fragment (Figure 9). Further components are a 

centrosymmetric [Mo4O10(OCH3)6]
2‾ counterion and MeOH solvate molecules. Note that the asymmetric unit contains 

only half of the atoms of the formula unit. The three independent MeOH molecules are H-bonded to each other (O···O) 
2.81-2.87 Å). One of them is also H-bonded to the polymolybdate ion, but there are no H bonds with the MoO3(OMe)‾ 
unit. The tilting of the latter toward the t-Bu group of the supporting ligand is indicative of an intramolecular Van der 
Waals interaction [H(39a)···H(36b) ) 2.313 Å]. 
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 The Mo-O distance to the methoxide ligand [1.852(5) Å] is signifi cantly longer than the Mo=O distance 
[1.685- (5) Å] to the terminal oxo function. The Mo-O distances to the bridging oxides (mean value 1.734 Å) lie between 
these two extreme values. This is in contrast to the free MoO3(OSiCPh3)3‾ ion for which one long, one intermediate, and 
two short Mo-O distances have been reported [106]. The bonding situation in the MoO3(OMe)‾ ion may be described 
by the resonance structure depicted below, where bond orders of 2, 1.5, and 1 have been assigned to the individual M-O 
bonds.

 It can be seen from Figure 9 that the centrosymmetric [Mo4O10(OMe)6]
2‾ counterion in 11 (Figure 8) is 

isostructural with that in (MePPh3)2[Mo4O10(OCH3)6] [97]. There are no unusual features as far as bond lengths and 
angles are concerned. The average Mo-(μ-O) [1.923(4) Å], Mo-OCH3 [1.919(4) Å], Mo-(μ-OCH3) [2.135(4) Å], 
Mo-(μ3-OCH3) [2.287(4) Å], and Mo-Ot [1.692(4) Å] bond lengths are similar to the values of the compound above 
[100].

Fig. 9. Structure of the [Mo4O10(OCH3)6]2‾ anion in crystals of 11·6CH3OH. Thermal ellipsoids are drawn 
at the 50% probability level. H atoms are omitted for reasons of clarity.

 
 In summary, we have been able to trap a monomethyl orthomolybdate in the binding pocket of the [(L)Co2]

2+  
fragment. Work in progress is directed toward the synthesis of other ortho esters of the transition metals by taking 
advantage of the steric protection offered by the supporting ligand. These compounds may also exhibit novel reactivity 
features that are not seen for the free oxoanions.

5. Conclusions

 The main fi ndings of these investigations can be summarized as follows: a) It was prepared the fi rst stable 
dinuclear nickel(II) borohydrido-bridged complex of a macrodinucleating hexaaza-dithiophenolate ligand (L2‾); b) the 
steric protection-offered by the supporting ligand L2‾ allows for the preparation and isolation of stable hydrosulfi de 
complexes of labile transition metal ions; c) the [(L)Ni2(μ-BH4)]

+ complex reacts rapidly with elemental sulphur and 
represents a versatile starting material for [(L)Ni2(μ-SH)]+ and polysulfi de complexes such as [{(L)Ni2}2(μ-S6)]

2+; d) 
it was demonstrate that the parent MoO3(OCH3)‾ complex can be stabilized by the steric protection of the supporting 
ligand L2‾ in the dinuclear cobalt complex [(L)CoII

2]
2+. Work in progress in this area directed toward the synthesis of new 

macrocyclic complexes with more deeper binding cavities.
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