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Abstract 
The preparation, structures, and spectroscopic properties of several molecular complexes and a one dimensional chain are described. One-
dimensional {trans-CrII(DMF)2(OTs)2}n (1) chain and mononuclear complexes of trans-[MII(OTs)2(DMF)4] (MII = Fe, 2; Co, 3) and 
[NiII(DMF)6][OTs]2 (4) stoichiometry are readily obtained from DMF/Et2O solutions containing the parent anhydrous tosylate salts. A hydrated 
analogue, trans-[FeII(OTs)2(OH2)2(DMF)2] (5), is obtained in minor quantities from solutions containing 2. Electronic spectra indicate all of the 
complexes adopt octahedral geometries in dimethylformamide solution. Room temperature susceptibility data indicates that high spin electronic 
configurations are preferred for 1 (S = 2), 2 (S = 2), and 3 (S = 3/2) while 4 adopts an S = 1 spin ground state. The solubility properties of the salts 
are also described. 
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1. Introduction 

Binary complexes containing weakly-coordinating anions [1-
9] are useful reagents for elaboration into more complex starting 
materials under a range of synthetic conditions [10-13]. Among 
these are the venerable perchlorate salts which are known for 
many alkali/alkaline earth [14-30], main group [14,15,31-36], 
early [14,15,17,26,33,37-54] and late [14,15,26,33,55-62] 
transition metal, and several lanthanide and actinide cations 
[14,15,54,63-66]. Unfortunately these highly soluble salts 
[14,15,49-51,67-72] all are potentially explosive in the presence 
of organic ligands and solvents [7,14,15,40,69].  Consequently 
there has been continuing interest in developing synthetic 
methods that exploit other weakly-coordinating and non-
oxidizing counteranions such as tetrafluoroborate [1,7,8,49-
51,72-79], hexafluorophosphate [7,8,49-51], hexafluorosilicate 
[1,80-85], and tetra(aryl)borates [1,9,86-90] to eliminate the 
inherent dangers associated with perchlorate use. However, 
while these anions are not considered as oxidants both BF4

– and 
PF6

– have a propensity to undergo hydrolysis in aqueous media 
and generate corrosive HF solutions [1-9,91]. In contrast, 
tetra(aryl)borates can coordinate metal ions via π bonding, are 
light-sensitive, and contain cleavable B-C bonds [1,86-89]. 

Despite their redox and hydrolytic stability the well-known 
sulfates [16,92-106] and Tutton’s [16,100-122] salts are 
unsuitable for many transformations owing to their insolubility 
in most organic solvents [16,40,103]. In an effort to increase 
their general utility chemists naturally sought to modify the 
solubility of the dianionic sulfates via insertion of functional 
groups to afford monoanionic sulfonate derivatives. Examples 
include halo- [1,4,123-128], methane- [1,4-6,129-135], 
trifluoromethyl- [1,4-6,134-165], and various arylsulfonate [1,4-
6,122,132,133,161-182] analogues. The higher solubility and 
rapid substitution kinetics are often exploited to afford clean 
reaction products and higher chemical yields [1,4,169,183-190]. 

There has been increasing interest in the use of binary 
transition metal trifluoromethanesulfonates (“triflates”) and p-
toluenesulfonates (“tosylates”) as starting materials in inorganic 
syntheses owing to their high redox and hydrolytic stability 
under a range of chemical conditions [1,3-6,10-13,183-189]. The 
preparations of both salts generally involve: (1) acid addition to 
metal carbonates, hydroxides, or carboxylates or (2) treatment of 
metal halides with silver salts [4,135]. General procedures for 
their preparations from metal powders and aqueous acids were 
also recently reported [5,6]. Although the synthetic utility of 
triflates are well appreciated the corresponding tosylate 
analogues receive comparatively less attention in the chemical 
literature which may be related to their lower solubility than the 
corresponding triflates [4-6,171,174,178,186,190].  

Hydrated tosylate salts are inexpensive to prepare, can be 
isolated in high crystalline yields, and are soluble in many polar 
solvents (e.g. methanol, water, and dimethylformamide) 
[5,6,171,175,184,187]. In an effort to increase their solubilities 
in a range of solvents we sought to replace coordinated aqua 
ligands for those that do not engage in intermolecular hydrogen 
bonding interactions. We reasoned that substitution for 
dimethylformamide (DMF) would encourage the formation of 
anhydrous molecular complexes with higher solubilities than the 
hydrates [156,185-187].  

Structural reports describing sulfate and sulfonate derivatives 
are commonplace in the chemical literature. Among these are the 
Tutton [16,100-121], halosulfonates [123-128], methane- [129-
136], and arylsulfonate salts [133,135,166-183]. These generally 
adopt very complicated structures owing to extensive hydrogen 

bonding interactions between anions and water molecules 
present. In comparison the structures of binary transition metal 
p-toluenesulfonates are less explored and have been described 
for relatively few alkali [173,174], transition [122,133-135,175-
180,182,183,185-187], and lanthanide metal derivatives [169]. 
In an effort to better understand the coordination chemistry of 
tosylate anions and how donor ligands act to influence crystal 
packing in the solid state we chose to investigate a series of 
DMF solvates. We now describe the syntheses and X-ray 
structures of three mononuclear complexes and a one 
dimensional p-toluenesulfonate chain.  

 
2. Experimental 

  
2.1. General Considerations 

 
All operations were conducted under an argon atmosphere 

using standard Schlenk and drybox techniques. Solution 
transfers utilized stainless steel cannulas. The preparation of 
anhydrous tosylate salts were previously described [5,6]. 
Solvents were distilled under dinitrogen from Na/benzophenone 
(diethyl ether) or dried over activated alumina (N,N´-dimethyl-
formamide, DMF) and sparged with argon prior to use. 
Elemental analyses were performed by Robertson Microlit 
Laboratories.  

 
2.2. Preparation of Complexes 

 
2.2.1 Synthesis of {trans-CrII(OTs)2(DMF)2}n nH2O (1) 

Solid Cr(OTs)2 (2.00 g, 5.07 mmol) was dissolved in DMF (10 
mL) with stirring and the pale blue-green solution was layered 
with Et2O (30 mL). After 7 days the pale blue crystals were 
isolated via suction filtration, washed with Et2O (2 × 5 mL), and 
dried under vacuum for 2 min. at room temperature. Yield: 1.68 
g (59.4%). Anal. Calcd for C20H30N2O9S2Cr (1): C, 43.00; H, 
5.42; N, 5.01. Found: C, 42.67; H, 5.22; N, 4.67. IR (Nujol, cm-

1): 3304 (w), 3148 (w), 1919 (w), 1655 (vs), 1497 (s), 1419 (s), 
1240 (vs), 1164 (vs), 1120 (vs), 1039 (vs), 1015 (vs), 950 (m), 
819 (vs), 801 (s), 703 (vs), 685 (vs), 588 (s), 559 (vs), 420 (m). 
UV-vis (DMF): λmax/nm (εM/M-1 cm-1) 725 nm (19). μeff (μB) = 
5.02 

 
2.2.2 Synthesis of {trans-[FeII(OTs)2(DMF)4]} H2O (2) 

Solid Fe(OTs)2 (2.00 g, 5.02 mmol) was dissolved in DMF (10 
mL) with stirring and the pale green solution was layered with 
Et2O (30 mL). After 7 days the white crystals were isolated via 
suction filtration, washed with Et2O (2 × 5 mL), and dried under 
vacuum for 2 min. at room temperature. Yield: 1.44 g (40.4%). 
Anal. Calcd for C26H44N4O11S2Fe (2): C, 44.06; H, 5.91; N, 7.21. 
Found: C, 44.07; H, 6.26; N, 7.91. IR (Nujol, cm-1): 3291 (m, 
br), 3012 (m), 3000 (m), 2951 (vs), 2923 (vs), 2854 (vs), 1693 
(m), 1648 (vs, br), 1616 (s, sh), 1600 (m, sh), 1497 (s), 1457 (s), 
1440 (s), 1411 (s), 1376 (vs), 1285 (w), 1248 (vs), 1216 (s), 
1169 (vs), 1119 (s), 1106 (s), 1097 (s), 1063 (m), 1047 (m), 
1011 (vs), 865 (w), 854 (w), 825 (s), 815 (m), 799 (w), 714 (w), 
682 (s), 575 (m), 567 (s), 560 (s), 492 (w), 411 (m), 401 (m). 
μeff(μB) = 4.82   

 
2.2.3 Synthesis of trans-[CoII(OTs)2(DMF)4] (3) 

Solid Co(OTs)2 (2.00 g, 4.98 mmol) was dissolved in DMF 
(10 mL) with stirring and the pink solution was layered with 
Et2O (30 mL). After 7 days the pink/orange crystals were 
isolated via suction filtration, washed with Et2O (2 × 5 mL), and 
dried under vacuum for 2 min. at room temperature. Yield: 1.77 
g (51.2%). Anal. Calcd for C26H42N4O10S2Co: C, 45.02; H, 6.10; 



  

N, 8.08. Found: C, 44.45; H, 5.70; N, 7.74. IR (Nujol, cm-1): 
3013 (m), 3001 (s), 2952 (vs), 2923 (vs), 2867 (vs), 2854 (vs), 
1693 (m), 1648 (vs, br), 1613 (s, sh), 1602 (s), 1497 (s), 1457 
(s), 1439 (s), 1416 (s), 1411 (s), 1375 (vs), 1284 (w), 1245 (vs), 
1228 (s), 1183 (s), 1169 (vs), 1120 (vs), 1107 (vs), 1096 (vs), 
1063 (w), 1039 (s), 1011 (vs), 866 (vs), 854 (vs), 826 (s), 815 
(m), 800 (w), 713 (w), 689 (vs), 682 (vs), 576 (s), 656 (vs), 559 
(vs), 414 (m), 401 (m). UV-vis (DMF): λmax/nm (εM/M-1 cm-1) 
479 (11), 497 (14), 527 (19). μeff (μB) = 3.87 

 
2.2.4 Synthesis of [Ni(DMF)4][OTs]2 (4) 

Solid Ni(OTs)2 (2.00 g, 4.98 mmol) was dissolved in DMF (10 
mL) with stirring and the green solution was layered with Et2O 
(30 mL). After 7 days the pale green crystals were isolated via 
suction filtration, washed with Et2O (2 × 5 mL), and dried under 
vacuum for 2 min. at room temperature. Yield: 2.10 g (60.9%). 
Anal. Calcd for C26H42N4O10S2Ni (4): C, 45.03; H, 6.10; N, 8.08. 
Found: C, 44.75; H, 6.06; N, 7.91. IR (Nujol, cm-1): 3143 (m), 
3083 (m), 3062 (m), 3048 (m), 3015 (s), 3003 (s), 2955 (vs), 
2924 (vs), 2867 (vs), 2855 (vs), 1690 (s, sh), 1653 (vs, br), 1611 
(vs, sh), 1601 (s, sh), 1497 (vs), 1455 (vs), 1439 (vs), 1417 (s), 
1410 (vs), 1402 (vs), 1372 (vs), 1283 (s), 1244 (vs), 1227 (vs), 
1213 (vs), 1170 (vs), 1119 (vs), 1108 (vs), 1098 (vs), 1063 (s), 
1048 (s), 1035 (vs), 1012 (vs), 868 (m), 855 (m), 849 (m), 825 
(vs), 800 (s), 713 (s), 691 (vs), 681 (vs), 636 (w), 578 (s), 565 
(vs), 558 (vs), 498 (w). UV-vis (DMF): λmax/nm (εM/M-1 cm-1) 
402 (11), 679 (4.2), 739 (4.3). μeff(μB) = 2.71 

 
2.3 IR and UV-vis Spectroscopies and Magnetic Measurements  

 
Infrared spectra were recorded as Nujol mulls between KBr 

plates on a Thermo-Fisher 6700 FTIR instrument in the 400-
4000 cm-1 region. Electronic spectra were obtained on an Ocean 
Optics Flame-S-UV-VIS-ES spectrophotometer equipped with a 
DH-2000-BAL balanced deuterium tungsten source in the 200 to 
850 nm range as DMF solutions. Magnetic susceptibility data 
was collected on a Johnson-Matthey susceptometer using solid 
Hg[Co(NCS)4] as a reference standard. Diamagnetic corrections 
were estimated using Pascal’s constants [190]. 

 
2.4 Structural Determinations and Refinements 

 
X-ray diffraction data for 1 and 3 were collected at 90.0(2) K 

on a Nonius kappaCCD diffractometer from irregular shaped 
crystals mounted in Paratone-N oil on glass fibers. Initial cell 
parameters were obtained (DENZO) [191] from ten 1° frames 
and were refined via a least-squares scheme using all data-
collection frames (SCALEPACK) [191]. Lorentz/polarization 
corrections were applied during data reduction. The structures 
were solved by direct methods (SHELXS97) [192] and 
completed by difference Fourier methods (SHELXL97) [192]. 
Refinement was performed against F2 by weighted full-matrix 
least-squares (SHELXL97) [192], and empirical absorption 
corrections (either SCALEPACK [191] or SADABS [193]) were 
applied.  

Single crystal structural data for 2, 4, and 5 were collected at 
100(2) K on a Bruker Apex-II CCD diffractometer using 
graphite-collimated MoKα radiation. All crystals were mounted 
in Paratone-N oil on glass fibers. The structures were solved by 
direct methods (SHELXS97) [192] and completed by difference 
Fourier methods (SHELXL97) [192]. Refinement was 
performed against F2 by weighted full-matrix least-squares 
(SHELXL2013) [194] and empirical absorption corrections 
(SADABS) [193] were applied. The phenyl rings in 5 are 

disordered and were modelled with two partial occupancy rings 
at 50% each. The C4-C3´ bond was refined with rigid bond 
constraint (DELU) while an EADP displacement parameter 
constraint was used for the C4-C3 one. Hydrogen atoms for 1-5 
were found in difference maps and subsequently placed at 
calculated positions using suitable riding models with isotropic 
displacement parameters derived from their carrier atoms. Non-
hydrogen atoms were refined with anisotropic displacement 
parameters. Atomic scattering factors were taken from the 
International Tables for Crystallography Vol. C. 82 [195]. All 
figures were generated using CrystalMaker® (CrystalMaker 
Software Ltd, www.crystalmaker.com). 

 
3. Results and discussion 

 
3.1 Synthesis and spectroscopic characterization 

 
Under an inert atmosphere a series of six-coordinate divalent 

transition metal salts are easily prepared by aqueous digestion of 
finely divided metal powders with p-toluenesulfonic acid [5,6]. 
The crystalline hexaaquo salts readily crystalize from aqueous 
solution and their structures have been previously reported 
[6,133-138,172,175-180,182,183,185-187]. The salts are easily 
dehydrated under vacuum [5,6] and may be dissolved in 
dimethylformamide (DMF)/diethyl ether mixtures to form either 
a solvated chain, {trans-CrII(OTs)2(DMF)2}n nH2O (1) or 
mononuclear complexes of trans-[MII(OTs)2(DMF)4] nH2O (M 
= Fe, 2; n = 1; Co, 3; n = 0) and [NiII(DMF)4][OTs]2 (4) 
stoichiometry. Small quantities of trans-[FeII(OTs)2(OH2)2-
(DMF)2] (5) may also be crystallized in minor quantities from 
wet DMF/Et2O mixtures of 2, but efforts to purposely prepare 
larger quantities of 5 have consistently met with failure. The 
complexes are highly soluble in H2O, dimethylformamide, 
dimethylacetamide, methanol, and pyridine and lower solubility 
is found for tetrahydrofuran, ethyl acetate, ethanol, dimethyl 
sulfoxide, acetonitrile, and acetylacetone (Table 1); 4 displays 
the highest solubility of the series. Interestingly treatment of 1-4 
with nitromethane, acetone, chloroform, and dichloromethane 
rapidly precipitates fine M(OTs)2 powders suggesting these may 
initially solubilize and rapidly eliminate coordinated DMF 
ligands. This behavior confirms that the DMF ligands are 
substitutionally labile under a variety of conditions 
[133,172,173,181-187,196,197]. 

The infrared spectra of 1-4 display strong absorptions 
consistent with the presence of p-toluenesulfonate anions and 
DMF chromophores. For 1 weak aromatic overtones (1919 and 
1922 cm-1) are seen in its spectra while the other analogues do 
not display these absorptions [5,6,196,198]. Additional high 
intensity absorptions attributed to lattice water νOH (ca. 3300 cm-

1) and DMF νCO (ca. 1690 cm-1) and νCN stretches (ca. 1620 and 
1497 cm-1) are also seen. Additional medium and weak intensity 
νOH and δHOH absorptions are also seen near ca. 3300 and 1650 
cm-1 for 1 and 2, respectively. These δHOH scissor modes have 
similar energies and are comparable to those reported for a 
variety of [MII(OH2)6][OTs]2 nH2O hydrates [5,6,198]. The 
tosylate antisymmetric νa(SO2) and symmetric νs(SO2) stretches 
are in the ranges seen for hexaaquo complexes and are found at 
ca. 1170 and between ca. 1119-1130 cm-1, respectively. The 
tosylate δCS bands are between 559 and 569 cm-1 for 1-4 and are 
similar to those reported for the [MII(OH2)6][OTs]2 series, and 
are shifted by ca. 10 cm-1 to lower energies relative to anhydrous 
MII(OTs)2 salts [5,6,198]. Additional aromatic CH bending 
modes (e.g. out-of-plane CH wag, δCH) are found between 1040 



  

and 801 cm-1 verifying that aromatic tolyl rings are present in 1-
4.   

Electronic spectra collected as DMF solutions for 1-4 
generally show absorptions that resemble those of octahedral 
aqua complexes [43,48,80-82,199-214]. The UV-vis spectrum of 
1 shows a single broad absorption that is consistent with the 
presence of an octahedral high spin CrII

HS (S = 4) complex. The 
absorption is assigned to the spin-allowed 5T2g  5Eg transition 
(725 nm) while an additional and weaker intensity absorption 
(428 nm) is ascribed to small solution quantities of CrIII [43,80-
83,203,204]. In comparison, the UV-vis spectrum of trans-
{MnII(DMF)2(OTs)2}n (6) does not exhibit a discernable 
absorption owing to the spin- and Laporte-forbidden nature of 
optical transitions from the 6A1 ground state [196]. The data 
indicates that the chains fragment in solution and afford 
octahedral complexes. 

For compound 2 a single spin-allowed 5Eg  5T2g electronic 
transition (ca. 1000 nm) is expected for the FeII

HS cations but the 
absorption lies outside the energy range investigated. Consistent 
with this assumption a small shoulder (850 nm) is seen in the 
optical spectrum of 2 [201,205,206]. Compound 3 displays 
electronic transitions that are typical of high spin octahedral d7 
complexes [186,199-206]. In six-coordinate CoII

HS complexes 
the 4A2g ground state can participate in three light-induced 
excitations to afford higher energy quartet states [4T2g, 

4T1g, 
4T1g], 

whose origins arise from lowering the symmetries of the 4F and 
4P terms, respectively. For high spin d7 [CoII

HS(OH2)6]
2+ ions 

three optical transitions are expected, 4T2g  4T1g(F)  (ν1, 1,235 
nm), 4A2g  4T1g(F)  (ν2, 625 nm), and 4T1g  4T1g(F) (ν3, 515 
nm), where spin-allowed transitions from the 4T1g(F) ground 
state leads to three spin-allowed transitions to 4T2g, 

4A2g, and 
4P1(P) excited states [200,201,204,206]. The lowest energy one 
(ν1) occurs in the near-infrared and lies outside our experimental 
window (350-850 nm) [200-206]. The ν3 transition dominates 
the optical spectrum and lower energy shoulders (479 and 497 
nm) are found relative to the aqua complex (515 nm) [16,206]. 
The shoulder origins are ascribed to either spin-orbit coupling, 
mixing of spin-forbidden transitions, or the presence of lower 
symmetry complexes in solution [201]. Likewise the 
intermediate energy absorption (650 nm) is also found at lower 
energy than the corresponding aqua complex possibly suggesting 
that DMF is a better donor ligands than water. Comparing the 
relative energies of optical transitions in three [CoII

HSL6]
2+ 

complexes, where L is an aqua, DMF, or DMSO ligands, we 
find that absorptions for DMSO solvates (1350, 684, 534 nm) 
[206] are the lowest in the series, suggesting that DMF is an 
intermediate strength donor ligand. We note aqueous solutions 
of 3 and Co(OTs)2 give identical spectra and reports of 
complexes known to contain [CoII(OH2)6]

2+ cations, confirming 
that tosylates are easily displaced weakly coordinating anions 
[5,6,201-205]. 

Under the assumption 4 contains divalent nickel ions in an 
octahedral environment the electronic spectra are expected to 
exhibit three absorptions in the UV-visible (350-850 nm) range 
[201,203-211]. As is typically found for weak-field ligands the 
ν2 and ν3 transitions lead to a green appearance for many 
[NiIIL6]

2+ complexes in solution. The absorption maxima may be 
used to estimate both Δo and B in the frame of the 
spectrochemical series considering spin-allowed transitions for 
d8 ions. For [NiII(OH2)6]

2+ there are three electronic transitions: 
3T2g  3A2g (ν1, 1026 nm), 3T1g(

3F), 1Eg  3A2g (ν2, 741 nm), 
and 3T1g(

3P)  3A2g (ν3, 395 nm). The energy difference 
between the A2g and T2g states gives Δo = 1026 nm [199-211] and 
the unsymmetrical nature of the lowest energy band is generally 
ascribed as intensity stealing from the 1Eg  3A2g transition via 

configurational interactions with the 3T1g(F) level. Unfortunately 
the lowest energy (ν1) transition for 4+2DMF lies outside the 
experimental window and effectively prevents a direct 
estimation of Δo [198,209]. These absorptions arise from 3T1g(P) 
and split 1T1g(F) transitions from the 3A2g ground state [201]. 
Within the experimental range investigated [NiII(DMF)6][ClO4]2 
displays absorptions at 400, 691, and 735 nm and resembles data 
collected for 4 in DMF (402, 679, and 739 nm) suggesting they 
adopt identical solution structures [206,209,211]. Likewise 
aqueous solutions of Ni(OTs)2 (393, 659, 721 nm) and 
[Ni(OH2)6][OTs]2 display comparable spectra [402, 679, and 739 
nm] confirming that the tosylates are outer-sphere anions. In 
comparison to other [NiIIL6]

2+ complexes, where L is MeOH 
(1186, 703, 400 nm) and DMSO (1294, 700, 771, and 416 nm), 
the highest energy optical transitions are seen for the weakest 
donor ligand [206,209,211,212], indicating that DMF is an 
intermediate strength donor as expected.  

 
3.2 Crystallographic studies 

 
Compound 1-H2O crystallizes as one-dimensional ribbons in 

the monoclinic P21/n space group [Table 2]. The chains bear a 
structural resemblance to those of {trans-M(L)2(OTs)2}n 
stoichiometry, reported by Loiseleur and Holmes, respectively, 
where M = Cd2+ and MnII and L = OH2 and DMF [6,191,213]. 
The chains are composed of embedded and corner shared cis-
[CrII

2(μ-O3SC6H4Me)4(DMF)4] squares, where alternate corners 
are occupied by chromium(II) and tosylate anions [Fig. 1]. The 
tosylate tolyl rings adopt anti-orientations with respect to the 
distorted {Cr2S2} squares and are in close proximity [ca. 
5.224(2) Å] to adjacent chains along the crystallographic y-
direction, suggesting π-stacking interactions are operative 1 [Fig. 
2]. 

In structures of 1-H2O the tolyl rings lie parallel to 
coordinated DMF ligands and terminal sulfoxide S-O units and 
bear structural features that are reminiscent of many 
[MII(OH2)6][OTs]2 salts [6,133-138,175-180,182,183,185-
187,191,213]. The tosylate bonds in 1-H2O and {trans-
Mn(DMF)2(OTs)2}n (6) are remarkably similar with S1-C 
[1.773(3) and 1.767(2) Å] and average S1-O bonds [1.457(2) 
and 1.456(1) Å] seen. Interestingly the M-OOTs distances in 
{trans-Mn(DMF)2(OTs)2}n are considerably longer [2.156(1) 
and 2.194(1) Å] than those in 1-H2O suggesting bonding 
predictions are more complicated than those using only simple 
electrostatic arguments [Table 3]. We note the Cr1-O distances 

 
 
Fig. 1. X-ray structures of one-dimensional chains present approximately along the 
crystallographic c-direction in 1-H2O. Hydrogen atoms are eliminated for clarity and 
ellipsoids are at the 50% level. 



  

in 1-H2O are longer than those found in tosylate-bridged 
molecular {CrIII

2(μ-OTs)6(THF)4} squares [1.973(2) Å avg.] 
being entirely consistent with the presence of divalent chromium 
centers [215]. The Cr1-O distances in 1-H2O range between 
2.038(2) and 2.403(2) Å [Cr1-O4 and Cr1-O3] suggesting Jahn-
Teller distortions are operative [Table 3]. The elongated axes are 
oriented parallel to the crystallographic a-direction and resemble 
structures of [CrII(OH2)6][OTs] [2.035(1) and 2.487(1) Å] and 
[NH4]2[CrII(OH2)6][SO4]2 [2.052(1) to 2.327(1) Å] where Jahn-
Teller distortions were also seen [6]. This sharply contrasts those 
in  [CrII(OH2)6][SiF6], [CrII(OH2)4][SiF6],  

 
and [CrII(OH2)4][SO4]•H2O [2.106(2), 2.041(1), and 2.053(1) Å], 
which display little variation in their Cr-O bond lengths [80-82]. 
However, the latter two salts do have rather long Cr•••F contacts F contacts 
[ca. 2.40(1) Å] reflecting tetragonal elongation associated with 
Jahn-Teller distortions may indeed be present. The 
crystallographic data suggests that minimization or elimination 
of hydrogen bonding interactions in CrO6 coordination 
environments may encourage Jahn-Teller distortions to be seen 
[6,80,82].  

Compounds 2-H2O and 3 crystalize as neutral and tetragonally 
compressed mononuclear complexes in the monoclinic P21/n 
space group [Table 2]. The C2-symmetric trans-[MII(OTs)2-
(DMF)4] complexes contain axial tosylate anions in addition to 
four coordinated DMF ligands that reside their equatorial planes. 
The MII-ODMF [2.237(7), Fe1-O1; 2.1574(7) Å, Fe1-O2] bonds 
in 2-H2O are nearly equivalent, while those in 3 [2.231(2), Co1-
O1A; 2.049(1) Å, Co1-O1B] are markedly different, suggesting 
steric crowding or weak Jahn-Teller distortions may be present 
in the latter. The MII-OOTs [2.0958(7) and 2.028(1) Å] bonds 
appear to be shorter than the corresponding MII-ODMF ones 
suggesting significant electrostatic interactions which scale with 
MII electronegativity are operative in 2-H2O and 3, respectively 

[Table 3].  
 
The Fe-O and Co-O bonds in 2-H2O and 3 are similar to those 

found in two dimensional grids of [MII(BDS)(NMP)3] (MII = 
Mn, Fe, Co] stoichiometry, where BSD = 1,4-
benzenedisulfonate and NMP = N-methylpyrrolidone [216]. The 
structures are composed of two mer-[MII(NMP)3]

2+ fragments 
that share common and 4-connected BDS dianion to form 
cationic one dimensional chains, {[MII(NMP)3]2(μ-1,2-
O3SC6H4SO3-μ-1,2)}n

2+, that propagate along the 
crystallographic a-direction. The chains are linked by additional 
perpendicular bis(μ-BDS) units along the b-direction to give a 
two dimensional grid of parallel ribbons [216]. The metal 
coordination spheres have rather long Fe-OBDS [2.1396(5) to 
2.1465(5) Å] and Co-OBDS [2.0944(6) to 2.1023(6) Å] distances 
while the Fe-ONMP and Co-ONMP ones span a larger range 
[2.0927(5) to 2.1649(5) Å] and [2.0453(6) to 2.1275(6) Å]. In 
comparison to the Christoffers and Wickleder data the M-ODMF 
distances are longer in 2-H2O [2.237(7) and 2.1574(7) Å] while 
the Co-ODMF ones in 3 [Table 3] vary considerably [2.231(2) and 
2.049(1) Å] [216]. In another structurally characterized chain, 
{trans-Co(BS)2(EtOH)2}n, where BS is a benzenesulfonate anion 
the Co-OBS [2.132(8) and 2.108(7) Å] and Co-OEtOH bonds 
[2.049(8) Å] are slightly shorter than the Co-OOTs [2.231(2) and 
2.049(1) Å] and Co1-ODMF ones [2.028(1) Å], consistent with 
ethanol being a weaker donor than DMF as expected. 
Intramolecular hydrogen bonding interactions between 
coordinated EtOH and benzenesulfonate ligands are also found 

and also probably contribute to shorter Co-O distances in their 
structure [217]. 

 

  
 
Fig. 3. X-ray structures of (left) 2-H2O and (right) 3. Thermal ellipsoids are at 
the 50% level and all hydrogen atoms are removed for clarity. 

 
 

 
 
Fig. 4. (top) Molecular structure of 5. (bottom) X-ray structure of 5 
highlighting intra- and intermolecular hydrogen bonding interactions (dotted 
lines). Hydrogen atoms are eliminated for clarity and ellipsoids are at the 50% 
l l

 
 
Fig. 2. Packing diagram for 1-H2O in the bc-plane. Hydrogen atoms are 
eliminated for clarity and thermal ellipsoids are at the 50% level . 



  

Compounds 2-H2O and 3 also bear notable structural 
similarities to hexaaqua complexes described by Cotton. The M-
O bonds in 2 and 3 have average lengths that resemble those 
observed in [NH4]2[M

II(OH2)6][SO4]2 Tutton’s and 
[MII(OH2)6]SiF6 salts [82]. Interestingly the S1-O3 and S1-O1 
distances [1.4793(8) and 1.490(2) Å] are the longest of the 
sulfonate S-O bonds, suggesting that some charge localization 
may be operative within the tosylate anions of 2-H2O and 3 
[Table 3]. Further analysis shows that the O-MII-O angles in 2-
H2O and 3 deviate significantly from ideal octahedral geometries 
further indicating steric interactions may lead to structural 
distortions. The [MII(OH2)6]

2+ cations have O-MII-O angles that 
range between 89.25(6) and 91.1(1)° (for FeII) and 88.94(94(3) 
and 89.69(4)° (for CoII) Tutton’s salts, while the 
hexafluorosilicates are between 88.93(8) and 89.53(4)° [82]. 
However in both complexes the O-MII-O angles range from 
slightly acute [88.34(3), O1-Fe1-O2; 83.74(6)º, O1-Co1-O1A] to 
linear suggesting that steric congestion is more pronounced in 
the latter complex. This is entirely consistent with the presence 
of smaller cobalt(II) ions [Table 3].  

The molecular tosylates (2-H2O and 5) may be considered as 
structural analogues of trans-[Fe(O3SR)2(py)4] complexes 
originally described by Thompson, where R = CF3, Me, and 
C6H4Me [127,135,176]. The tetragonally compressed trans-
[FeII(OTs)2(py)4] complexes adopt idealized D4h symmetric 
FeO2N4 coordination environments, where the Fe-Npy [2.221(3) 
and 2.245(3) Å] and Fe-OOTs [2.076(2) Å] bonds are longer and 
slightly shorter than the corresponding Fe1-ODMF [2.1237(7) and 
2.1574(7) Å] and Fe1-OOTS [2.0958(7) Å, Fe1-O3] ones in 2-
H2O [Table 3]. In structures of 2-H2O the M-OOTs bonds are 
longer than those seen for the entire trans-[FeII(O3SR)2(py)4] 
series (R = CF3, Me, C6H4Me;  2.11, 2.06, and 2.08 Å] 
suggesting DMF ligands are slightly better σ donors than 
pyridine for oxophillic iron centers. Likewise the S-O distances 
are between 1.421(3) and 1.474(2) Å, with the shortest one 
corresponding to a terminal sulfoxide unit. In comparison, the S-
O bonds in 2-H2O range between 1.4466(8) and 1.4793(8) Å, 
with the coordinated tosylate oxygen [S1-O3] displaying the 
longest bond of the three. 

 

 
The corresponding Fe-O distances in 5 also display noticeable 

differences when compared to other iron sulfonate complexes 
[127,135,140]. Compound 5 crystallizes as a mononuclear 
complex in the triclinic P-1 space group [Table 2 and Fig. 4]. 
The tosylate bonds are related via rotation and give a C2-
symmetric complex of trans-[FeII(OTs)2(OH2)4] stoichiometry. 
The tosylate Fe1-O3 bonds [2.1428(8) Å] are between the Fe-
Oaqua [2.1498(9) Å, Fe1-O1] and Fe-ODMF [2.0804(7) Å] ones in 
3 [Table 3] and are similar to the Fe-Osulfate distances seen for 
cis-[FeII(μ-OSO3)2(OH2)4] units [avg. 2.12(5) Å] in structures of 
FeSO4 4H2O [96]. Under the assumption coordinated aqua and 
DMF ligands are respectable σ donors the Fe-O distances will be 
dependent on both donor strength and ligand size. Surprisingly, 
the smaller aqua ligands display rather long Fe-O distances in 
comparison to the Fe-ODMF ones, suggesting additional effects 
may be operative (vide infra). Upon further inspection both 
intra- and intermolecular hydrogen bonding contacts [ca. 
2.687(3) Å] are present linking coordinated aqua and tosylates 
along the crystallographic b-direction [Fig. 4, right]. We propose 
these secondary interactions act to decrease aqua ligand basicity 
and concomitantly elongates their Fe-Oaqua bonds. Consistent 
with this assumption the S1-O3 and S1-C7 bonds [1.4720(9) and 
1.767(1) Å] are also comparable to those in 2, while the 
remaining S1-O ones are slightly longer, further indicating that 
hydrogen bonding is important in structures of 5 [Table 3]. 

 

Complex 4+2DMF crystallizes as a six coordinate complex in 
the monoclinic P21/n space group [Table 2]. The homoleptic 
[NiII(DMF)6]

2+ cation has Ni-O bonds that range from 2.042(2) 
to 2.062(1) Å [Ni1-O3 and Ni1-O2] and are in the typical range 
seen for six coordinate nickel complexes, being identical to 
those in  [NH4]2NiII[SO4]2 6H2O [avg. 2.04(3) Å] [82,106]. The 
outer sphere tosylate anions exhibit nearly identical S1-O 
distances [ca. 1.452(2) Å] and slightly longer S1-C bonds in 
comparison to the other structures supporting the assumption 
that charge is efficiently delocalized over the SO3

- fragment 
[Table 3]. The S-O bonds in 4+2DMF are only slightly shorter 
than those seen in Tutton’s salt analogues [avg. 1.49(3) Å]. The 
O-Ni1-O angles range between 89.43(5) and 92.86(5)º and are 
comparable to those in [NH4]2NiII[SO4]2 6H2O [89.5(1) to 
92.7(2)°, indicating 4+2DMF adopts a nearly ideal octahedral 
coordination geometry [82]. 

Magnetic measurements confirm the tosylate complexes are 
paramagnetic and contain divalent transition metal centers. 
Consistent with previously described spectroscopic data we find 
orbital contributions are nearly quenched for the octahedral 
complexes with each adopting effective magnetic moments that 
are close to the expected spin-only values [190]. The magnetic 
data indicate that CrII

HS (S = 2, 5.02 μB), FeII
HS (S = 2, 4.82 μB), 

and CoII
HS (S = 3/2, 3.87 μB) and NiII (S = 1, 2.71 μB) spin centers 

 
 
Fig. 6. X-ray structure of the cationic portion of 4+2DMF. Ellipsoids are at the 
50% level and all hydrogen atoms and tosylate anions are removed for clarity. 

 
 

Fig. 5. Packing diagram for 5 viewed along the crystallographic b-direction. 
Intermolecular hydrogen bonding (dotted lines) are found between 
coordinated aqua and tosylate ligands along the crystallographic a-direction. 
Hydrogen atoms are eliminated, thermal ellipsoids are at the 50% level, and 
only iron (orange), sulfur (yellow), oxygen (red), nitrogen (blue), and carbon 
(black) atoms are shown for clarity. 



  

are present in 1-4, respectively, where μB is the Bohr magneton 
[190,214]. These data are consistent with charge balance 
considerations and confirm the validity of previously described 
spectroscopic and structural data. 

 
4. Conclusions 

 
A series of solvated divalent p-toluenesulfonate complexes 

and chains may be readily prepared and isolated as crystalline 
materials. The complexes are highly soluble in polar organic 
media and easily afford desolvated materials in the presence of 
non- or weakly-coordinating solvents. The spectroscopic 
properties of dissolved tosylates are similar to mononuclear 
octahedral aqua complexes indicating that the anions are outer 
sphere in solution. Magnetic studies confirm the isolated 
materials contain divalent metal ions with high spin states 
favoured for the chromium, manganese, iron, and cobalt 
complexes. 
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The structures, magnetism, and spectroscopic properties of several 3d transition 
metal p-toluenesulfonate complexes and chains are described. A one-
dimensional chain {trans-CrII(DMF)2(OTs)2}n nH2O (1) and mononuclear 
complexes of {trans-[MII(OTs)2(DMF)4]} nH2O (MII = Fe, 2; Co, 3; n = 1, 0) and 
[NiII(DMF)4][OTs]2 (4) stoichiometry are described. 
  



  

 


