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Intramolecular H···S interactions in metal  
di-(isopropyl)dithiocarbamate complexes 

Alexander Angeloskia, James M. Hookb, Mohan Bhadbhadec, Anthony T. Bakerd and Andrew M. 
McDonagha* 

Networks of C-H···S interactions have been discovered within the molecular structure of sodium di-

(isopropyl)dithiocarbamate pentahydrate with the formula Na(C7H14NS2)·5H2O,  revealed by single crystal X-ray diffraction. 

These interactions have also been investigated by ab initio and Hirshfeld surface analyses which show that the electron 

density is not symmetrical about the molecule.  NMR spectroscopy in the solution and solid state showed temperature 

dependent restricted rotation of the isopropyl groups, which is attributed to the intramolecular C-H···S interactions. The 

ubiquitous nature of C-H···S intramolecular interactions in this class of compound is evident in the structures of other di-

(isopropyl)dithiocarbamate complexes deposited in the CSD. In general, the restricted rotation in di-

(isopropyl)dithiocarbamate complexes can be directly attributed to intramolecular C-H···S interactions, which 

subsequently influence the geometry in association with steric repulsion factors. 

1. Introduction 

Noncovalent interactions can exert significant influence on the 

geometry of molecules and their associated crystal structures.1 

Hydrogen bonding is an important noncovalent interaction 

where the focus has traditionally been on strong acceptors 

such as oxygen and nitrogen.2-7 In contrast, sulfur is considered 

a weak acceptor, and the influence of H···S hydrogen bonds on 

molecular structure has received considerably less attention.8-

11 Such interactions can influence side chain geometries and 

secondary structure in biological systems (such as those 

involving the amino acid cysteine).12-16 Thus, an understanding 

of the nature of H···S interactions is of fundamental 

importance. Here, we examine a low molecular weight 

compound to illustrate the influence of H···S interactions upon 

both solid and solution phase geometries. We demonstrate 

that the H···S interaction has a profound effect in both regimes 

that effectively breaks the symmetry of the molecule and 

creates a restricted rotation about several of the covalent 

bonds within the molecule.   

Dithiocarbamate complexes have been studied extensively 

for their ability to coordinate a range of transition and main 

block elements, and for their interesting and useful 

properties.17, 18 In particular, there is a significant amount of 

data pertaining to di-(isopropyl)dithiocarbamate (dipdtc) 

compounds. The structure of the dipdtc ligand is such that the 

C2NCS2 atoms lie within a plane. It has been known for some 

time that there is a disruption to the symmetry of dipdtc 

complexes whereby the methine hydrogens are oriented in 

different directions relative to the C2NCS2 plane (Figure 1). This 

orientation results in the in-equivalence of the two isopropyl 

groups, which has been ascribed to a steric interaction 

hindering rotation about the N-Cisopropyl bonds based on NMR 

experiments in solution.19-23 The NMR data reveal 

thermodynamic parameters associated with this restricted 

rotation but in isolation, these studies do not elucidate the 

origin of the inequivalence of the two isopropyl groups.  

 

 
Figure 1. Structure of the dipdtc anion showing the important interactions. 

In this work, we have redetermined24  the crystal structure 

of sodium di-(isopropyl)dithiocarbamate pentahydrate, 
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Na(dipdtc)·5H2O, with greater accuracy to allow a detailed 

examination of intramolecular C-H···S interactions. The 

compound was also analysed using variable temperature 

solution state NMR sprectroscopy, which shows features 

associated with restricted rotation about the N-Cisopropyl bonds. 

Using a combination of theoretical calculations and 

experimental observations, we elucidate the origin of the 

inequivalence of the two isopropyl groups and restricted 

rotation. Furthermore, we show that these C-H···S interactions 

are ubiquitous throughout metal dipdtc complexes for which 

structural determinations have been deposited.  

2. Experimental 

Reagents and Instruments 

Chemicals and solvents used in synthetic procedures were 

analytical grade and purchased from Sigma Aldrich and used as 

received. Millipore water (18.4 MΩ cm-1) was used in synthetic 

procedures. A high resolution mass spectrum was acquired 

using an Agilent 6510 Q-TOF with a mobile phase of 70% 

acetonitrile, 30% water. 

Synthesis 

Sodium di-(isopropyl)dithiocarbamate  was prepared as 

described by Angeloski et al.25 An aqueous solution of sodium 

hydroxide (10.00 g in 40 mL) was cooled with stirring to 5 °C. 

Diisopropylamine (25 mL) was added followed by diethyl ether 

(75 mL). The solution was maintained between 5 – 10 °C whilst 

carbon disulfide (25 mL) was added dropwise. A precipitate 

formed upon addition and the resultant mixture was stirred 

for 20 minutes. The crude material was collected by vacuum 

filtration, and the filter cake purified by recrystallization using 

layer diffusion of ether into a methanolic solution of the crude 

material. The colourless crystals were collected by vacuum 

filtration, washed with warm diethyl ether and dried in vacuo 

to produce 15.34 g of Sodium di-(isopropyl)dithiocarbamate 

(31%). HRMS (M + H)+ for NaNS2C7H14 Calculated: 200.0538; 

Found: 200.0549. 1H NMR (600.1 MHz, CD3CN, 258 K): δ 6.21 

(sept, J= 6.8 Hz, 1H, H2), 3.79 (sept, J= 6.9 Hz, 1H, H5), 1.63 (d, 

J = 6.8 Hz, 6H, C6H3, C7H3), 1.06 (d, J = 6.9 Hz, 6H, C3H3, C4H3). 
13C NMR (150.9 MHz, CD3CN, 258 K): δ 212.4 (C1), 56.1 (C2), 

50.0 (C5), 20.9 (C6, C7), 19.6 (C3, C4) 

NMR Spectroscopy and Kinetic Analysis 

Variable temperature proton (1H), carbon (13C), 2D exchange 

spectroscopy  (EXSY, with mixing time 100 ms), heteronuclear 

single quantum correlation (HSQC) and heteronuclear multiple 

bond correlation (HMBC) nuclear magnetic spectroscopy of 

solutions was performed using a Bruker Avance III NMR 

spectrometer fitted with a BBFO Plus solution state probe. The 

frequency was 600.1 MHz for 1H, 150.9 MHz for 13C and 60.8 

MHz for 15N experiments. A Bruker BVT3000 VT unit was used 

in conjunction with a BCU-Xtreme cooler to accurately adjust 

the sample temperature between 293 and 258 °K with 

deuterated acetonitrile as the solvent. Instrument broadening 

was accounted for using acetonitrile residual proton 

resonances. Using this data, experimental rate constants were 

calculated at each temperature using the signal FWHM for the 

methyl peak at 1.63 ppm. Arrhenius and Eyring activation 

parameters were obtained using generalized least squares 

linear regressions of log k vs 1/T and log (k/T) vs 1/T 

respectively. A solid state 1H NMR spectrum was acquired 

using a Bruker Avance III 700 MHz solid state NMR 

spectrometer. Samples were loaded into a 1.3 mm zirconia 

rotor and a MAS rate of 60 kHz was adopted using a Bruker 

MAS 2 unit. 

Crystallographic Analysis 

Crystals of Na(dipdtc)·5H2O suitable for analysis were 

prepared by layer diffusion of ether into a methanolic solution. 

A suitable crystal was selected under a polarising microscope 

(Leica M165Z), mounted on a MicroMount (MiTiGen) 

consisting of a thin polymer tip with a wicking aperture. The X-

ray diffraction measurements were carried out on a Bruker 

Kappa-II CCD diffractometer at 150 K by using IµS Incoatec 

Microfocus Source with Mo-Kα radiation (λ = 0.710723 Å). The 

structure was solved using charge flipping and the full matrix 

least squares refinement was performed using ShelXl26 in 

Olex2.27 Heavy atoms were refined isotropically until R-factor 

convergence, and then an anisotropic model was applied. 

Hydrogen atoms were located using a difference Fourier plot, 

and restrained to neutron diffraction distances where required 

for water molecules. 

CrystalExplorer28 was used to generate Hirshfeld surfaces29-

31 representing dnorm and electron deformation density. The 

latter surface was calculated using TONTO32 which is 

integrated into CrystalExplorer, and the experimental 

geometry was used as the input. The electron deformation 

density was mapped on the Hirshfeld surface using the 6-

311g(d,p) basis set with the Density Functional Theory.   

Crystal Structure Retrieval  

Previous determinations of metal dipdtc crystal structures 

were retrieved from the Cambridge Structural Database 

(CSD)33 with the following specifications: R ≤ 5%, no disorder, 

no errors, no powder structures and complete 3D coordinates. 

This produced a total of 32 crystal structures, which were 

sorted by hand to remove duplicates and non-relevant 

structures. A final number of 28 crystal structures were 

retrieved. Lists of the crystal structure CSD reference codes are 

available in the supplementary information. 

Evaluation of Intramolecular Contacts 

Atoms from the retrieved structures were relabelled to be in 

accordance with the labelling scheme in Figure 2. The presence 

of an intramolecular C-H···S interaction was preliminarily 

assessed by calculation of the S1···H2 distance. Quantitative 

measurements were performed using the heavy atom 

structural parameters to avoid uncertainty due to hydrogen 

atom treatment. The structures were sorted by hand to 

retrieve the following parameters: C1-N1-C2 and C1-N1-C5 

bond angles. The C1-N1, C2-S1 and C5-S2 (Figure 2) distances 

were also extracted. Bond angles were kept to two decimal 

places, and bond lengths to three. All statistical analyses were 

conducted using the statistical analysis software, R 3.2.5.34 
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3. Results and Discussion 

X-Ray structure determination 

Table 1: Crystal data and structure refinement parameters for 
Na(dipdtc)·5H2O. 

Chemical formula 2(C7H14NS2)·H20Na2O10 

Mr 578.76 

Crystal system, space group Triclinic, P1̄  

Temperature (K) 150 

a, b, c (Å) 5.9472 (11), 7.7189 (16), 17.425 (3) 

α, β, γ (°) 92.183 (8), 95.095 (8), 106.851 (8) 

V (Å3) 760.8 (3) 

Z 1 

Radiation type Mo Kα 

µ (mm-1) 0.38 

Crystal size (mm) 0.41 × 0.09 × 0.04 

Absorption correction Multi-scan  SADABS2014/535 was used 

for absorption correction. wR2(int) was 

0.1663 before and 0.0594 after 

correction. The Ratio of minimum to 

maximum transmission is 0.9019. The 

λ/2 correction factor is 0.00150. 

Diffractometer Bruker APEX-II CCD 

Tmin,Tmax 0.672, 0.746 

No. of measured, independent 

and observed [I > 2σ(I)] 

reflections 

18709, 3304, 2666   

Rint 0.060 

(sin θ/λ)max (Å
-1) 0.639 

R[F2 > 2σ(F2)], wR(F2), S 0.032,  0.070,  1.04 

No. of reflections 3304 

No. of parameters 241 

No. of restraints 11 

H-atom treatment All H-atom parameters refined 

∆〉max, ∆〉min (e Å-3) 0.30, -0.25 

 

Table 2: Selected bond lengths (Å) and angles (°) for Na(dipdtc)·5H2O. 

S1—C1 1.7484 (16) Na1—O4 2.3891 (13) 

S2—C1 1.7145 (17) Na1—O1 2.4492 (14) 

N1—C2 1.492 (2) Na1—O2 2.4207 (13) 

N1—C1 1.345 (2) Na1—O5 2.3859 (15) 

C2—C3 1.524 (2) Na1—O3i 2.4278 (14) 

C5—C6 1.522 (2) Na1—O3 2.3879 (14) 

C2—N1—C5 113.38 (12) O4—Na1—O1 92.33 (5) 

C1—N1—C2 122.01 (13) O4—Na1—O2 162.67 (5) 

C1—N1—C5 124.59 (14) O4—Na1—O3i 84.60 (5) 

N1—C2—C3 111.51 (13) O2—Na1—O1 95.54 (5) 

N1—C2—C4 111.23 (13) O2—Na1—O3i 80.40 (5) 

C4—C2—C3 112.74 (15) O5—Na1—O4 96.85 (5) 

S2—C1—S1 118.11 (9) O5—Na1—O1 88.03 (5) 

N1—C1—S1 120.25 (12) O5—Na1—O2 98.83 (5) 

N1—C1—S2 121.63 (12) O5—Na1—O3 97.38 (5) 

N1—C5—C7 113.60 (13) O5—Na1—O3i 175.04 (5) 

N1—C5—C6 113.02 (13) O3—Na1—O4 85.89 (5) 

C6—C5—C7 113.36 (15) O3—Na1—O1 174.47 (5) 

O3—Na1—O2 84.83 (5) O3i—Na1—O1 87.17 (5) 

Na1—O3—Na1i 92.55 (5) O3—Na1—O3i 87.45 (5) 

Symmetry code:  (i) -x+1, -y+1, -z+1 

 

Relevant crystal data, selected bond lengths and angles are 

given in Tables 1 and 2 (see ESI for complete data). These 

values are in good agreement with the previously reported 

structure (CSD-Refcode BUNPIJ), with bond lengths falling in 

the ranges expected on the analysis of the literature.24, 36 The 

asymmetric unit, Figure 2, contains one molecular anion 

together with one sodium cation (Na1) co-ordinated to five 

water molecules (O1-O5) (the sixth octahedral site is occupied 

by O3 on the symmetry related water molecule O3 (1-x, 1-y, 1-

z)). The co-ordination sphere of sodium is distorted octahedral 

with deviations from ideal octahedral geometry of less than 5°. 

The Na-O distances range from 2.3859 (15) Å to 2.4492 (14) Å. 

There is no direct S2-Na1 bond; Na1 is located more than 4 Å 

from S2. Within the dipdtc anion, the maximum deviations 

from the least-squares plane through C2-C5-S2-S1 (with a 

r.m.s. deviation of 0.008 Å) are 0.009 Å for C2 and C5, and 

0.008 Å for S1 and S2. The S2-C1 and S1-C1 bond lengths are 

inequivalent with S1-C1 [1.7484 (16) Å] elongated compared to 

S2-C1 [1.7145 (17) Å]. The N1-C2 and N1-C5 bond lengths are 

equal within experimental error and all bond lengths are 

similar to those in other M(dipdtc) structures, where M = Pb, 

Hg, Ni, In, Co, Be, Cu and Au.37-44  
 

 

Figure 3: Molecular packing diagram as viewed along the a axis, showing layered 

morphology of Na(dipdtc)·5H2O.
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Figure 4: Hirshfeld surface and O-H···S hydrogen bonds (yellow) and O-H···O hydrogen 

bonds (red).  

 

Table 3: Selected hydrogen bond parameters. 

 

From the molecular assembly diagram, Figure 3, a layered 

supramolecular motif is evident parallel to the crystallographic 

b direction (see ESI for images showing packing diagrams 

viewed along b and c directions). The layered structure is 

stabilised by van der Waals interactions between the alkyl 

groups on the anion.  

Sodium ions are positioned between layers of 

symmetrically equivalent ligand anions, forming a two 

dimensional Na-Na array oriented parallel to the 

crystallographic b direction. The sodium ions are separated by 

a distance of 3.4804 (12) Å, significantly longer than the sum of 

ionic radii of 2.32 Å. Alternating sodium ions are linked by a 

bridging water molecules at O3, forming a four membered 

Na1-O3-Na1-O3 ring with vertices of 92.55 (5)° for Na1-O3-Na1 

and 87.45 (5)° for O3-Na1-O3. That is, dinuclear entities 

[Na2(OH2)10] exist in which the distorted NaO6 octahedra share 

an edge. The array of Na cations is stabilised by a network of 

hydrogen bonding45 between alternate and neighbouring 

water molecules where distances and angles are in agreement 

with literature values for O-H···O hydrogen bonds.46-48 The 

ligand anions are linked by O-H···S hydrogen bonds2,49 to the 

water molecules associated with the array of sodium cations. 

These hydrogen bonding contacts are summarised in Table 3.  

Contacts involving intermolecular H···S, H···O and H···H 

interactions were examined using Hirshfeld surface analysis.29-

31, 50, 51 The majority of interactions within the structure are 

dominated by van der Waals H···H interactions (~65%) 

followed by O-H···S (~17%) and O-H···O (~13%) interactions. 

The intermolecular contacts are highlighted in the map of dnorm 

on the Hirshfeld surface, Figure 4. The dark red regions are due 

to hydrogen bonding whilst the blue and white regions reflect 

H···H interactions. C-H···S interactions are also evident.  

Of significance to the current work are the intramolecular 

non-bonding interactions involving sulfur. The S1···H2 

intramolecular interaction has a distance of ~2.4 Å (Table 3), 

which as we show here, exerts influence throughout the entire 

molecular structure. The C1-N1-C2 angle is 2.58 (13)° smaller 

than the C1-N1-C5 angle and the C2-S1 distance is 0.034 Å 

shorter than the C5-S2 distance (Table 4). The S1···H2 

interaction also results in a pair of interactions between S2 and 

the methyl hydrogens attached to C6 and C7 of ~2.7 Å (Table 

3). That is, the S1···H2 interaction creates an inequivalence of 

the two isopropyl groups within the dipdtc anion. The 

intramolecular C-H···S dihedral angles and lengths are similar 

to those involving cysteine (117.4° and 2.51 Å) and methione 

(119.0° and 2.74 Å) residues interacting within proteins.12  

 

Electrostatic deformation density and topological features of the 

intramolecular C-S···H interaction. 

A 3D electrostatic deformation density map (Figure 5) shows 

the electron density about the dipdtc anion. The lone pair 

electron density (LPED) about S1 and S2 is of particular interest 

as this may influence hydrogen bond directionality and the 

capacity of S1 and S2 to form multiple H bonds.2 Our 

calculations show that the S atom LPED adopts a toroidal 

geometry, in agreement with previous analyses of sulfur-

containing compounds.2 Upon closer examination (Figure 6), 

the LPED about S1 and S2 is somewhat distorted as a result of 

S···H interactions. In addition to intermolecular interactions 

with H2O, electron density is directed from S1 towards H2 

D—H···A D—H (Å) H···A (Å) D···A (Å) D—H···A (°) 

C2—H2···S1 0.998 (16) 2.392 (16) 3.0264 (17) 120.8 (12) 

C7—H7A···S2 0.921 (19) 2.714 (17) 3.270 (2) 119.7 (13) 

C6—H6A···S2 0.938 (19) 2.741 (17) 3.280 (2) 117.4 (13) 

O2—H2A···S2 0.85 (2) 2.41 (2) 3.2336 (15) 165 (2) 

O5—H5A···S1i 0.83 (2) 2.53 (2) 3.2831 (14) 151 (2) 

O3—H3D···O4ii 0.83 (2) 2.02 (2) 2.8407 (18) 171 (2) 

O2—H2B···O1ii 0.84 (2) 1.97 (2) 2.8123 (18) 175 (2) 

O4—H4D···O2iii 0.83 (2) 1.95 (2) 2.7796 (19) 176 (2) 

O4—H4E···O5iv 0.83 (2) 2.08 (2) 2.8751 (19) 160 (2) 

Symmetry codes: (i) x, y+1, z; (ii) x+1, y, z; (iii) −x+1, −y+1, −z+1; (iv) −x+1, 

−y+2, −z+1. 

Figure 5: Theoretical 3D electrostatic densities of the Na(dipdtc)·5H2O 

anion at the B3LYP 6-311G(d,p) level. Areas of lower density are shown 

in red, and areas of higher density are shown in blue. 
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while S2 directs electron density towards H6 and H7. A region 

of charge depletion (shown in red) about H2 is oriented 

toward the LPED about S1. This attractive behaviour between 

S1 and H2 is the origin of the unsymmetrical geometry of the 

isopropyl groups about N1. 

 

Figure 6: 3D Static deformation densities of the sulfur tori (viewed down the C-S bond). 

NMR Spectroscopy 

 

The crystallographic intramolecular C-H···S interactions yield 

two inequivalent isopropyl groups which are also manifested 

in solution, evidenced by two sets of signals in solution state 

NMR spectra. 1H and 13C NMR spectra of Na(dipdtc)·5H2O 

recorded using deuterated acetonitrile at room temperature 

revealed broad proton and carbon resonances associated with  

the methyl and methine groups. Two broad signals for the 

methyl protons and two broad signals for the methine protons 

were observed, consistent with two inequivalent 

environments (supplementary information). That is, H2 is 

maintained in synchronous gear-like arrangement relative to 

H5 such that the steric repulsion between the associated 

methyl groups is minimised, Figure 1. A DOSY experiment 

confirmed that the signals arose from only a single molecular 

species (supplementary information).  

The methine protons, H2 and H5, exhibit chemical shifts of 6.2 

and 3.8 ppm, respectively. We attribute the large difference in 

chemical shifts to the influence of the C-H···S interaction upon 

the local electron density about H2, whereby H2 is significantly 

more deshielded than H5. Similarly, the signal assigned to the 

methyl protons associated with C6 and C7 appears at 1.6 ppm 

while the signal assigned to protons on C3 and C4 appears at 

1.1 ppm. Thus, while the influence of the C-H···S interaction is 

still apparent, the difference in chemical shifts between the 

methyl protons on the two inequivalent isopropyl groups is 

less than that between H2 and H5 due to the greater distance 

between the methyl protons and sulfur. In the 13C NMR 

spectrum recorded at 293 K, two sets of signals are also 

observed, which are significantly broadened. 2D-EXSY spectra 

recorded at 293 K contain H2/H5 cross peaks with intensity 

equal to the source peaks indicating a chemical exchange 

process at room temperature (supplementary information).  

Similarly, the high speed MAS solid state 1H NMR spectrum 

(supporting information) contains methyl resonances in the 

range of 0-2 ppm and a signal assigned to the methine C-H···S 

proton H2 at 6.1 ppm. A signal at ~3.7 ppm is assigned to the 

methine proton H5, which is partially obscured by a broad 

peak associated with water molecules. 

Variable temperature 1H NMR (Figure 7) data also provide 

kinetic insights into the rotation about the C2-N1 and C5-N1 

bonds. A 2D-EXSY spectrum recorded at 258 K exhibits H2/H5 

cross peaks of lower intensity than those recorded at 293 K, 

characteristic of reduced exchange between H2 and H5, and 

consistent with a greater restriction of rotation of the 

isopropyl groups at this temperature. Upon cooling from 293 K 

to 258 K, the broad signals observed in the 1D 1H NMR 

spectrum resolve into their respective splitting patterns 

(septets for H2/H5 and doublets for the methyl protons), 

which is also consistent with the slowing rate of concerted 

rotation of the isopropyl groups. From the VT NMR data 

recorded using acetonitrile as solvent, a value of 63 kJmol-1 for 

ΔG‡ was calculated at 283 K and at 263 K, a value of 56 kJmol-1 

was obtained. While the latter value for ΔG‡ agrees with data 

reported by others20 using dichloromethane as solvent, our 

values for ΔH‡ (27 kJmol-1), ΔS (and -117 Jmol-1K-1) and 

activation energy (30 kJmol-1) are all somewhat smaller than 

those reported.20 This indicates that the barrier to rotation 

may be lower in acetonitrile although quantitative comparison 

to the literature data20 is problematic as the exact composition 

of the previously reported compound was uncertain.  

 
  

Figure 7: Selected portion of the 600 MHz 1H spectra for Na(dipdtc)·5H2O in 

CD3CN, showing the change in H2 resonance as a function of temperature. 
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Database survey of intramolecular C-H···S interactions in metal 

di(isopropyl)dithiocarbamate complexes 

 

Table 4: Summary of CSD structural parameters. 

 

Having examined the CH···S interactions in Na(dipdtc)·5H2O, 

we sought to find crystallographic evidence for this interaction 

in other dipdtc complexes. A survey of the Cambridge 

Structural Database was undertaken. A total of 28 suitable 

structure determinations were selected. All structures were 

planar about the S2CNC2 moiety and importantly, showed 

evidence of intramolecular S1···H2 interactions that induce 

differences between the two isopropyl groups. Table 4 

summarises some relevant structural parameters.  

 
Figure 8. Depiction of the important distances and angles discussed in the text. 

 

The C2 to S1 distances, x (Figure 8), were chosen for 

comparison in preference to H2 to S1 distances as the former 

are more accurate data. Values for x are tightly clustered 

about the mean of 3.024 Å. The shortest distance is 2.941 Å 

(Nd(dipdtc)3phen) and the longest is 3.117 Å (Co(dipdtc)3).  

With the exception of Co(dipdtc)3, all values of x fall within the 

2.941-3.054 Å (a range of 0.113 Å). In comparison, the C5-S2 

distances (y) varied more, and ranged from 3.072 to 3.219 Å (a 

range of 0.147 Å) as shown in Figure 9. The mean x distance 

for the 28 structures is significantly shorter (by 0.123 ± 0.01 Å) 

than that of y (t = -12.233, df = 49.412, p < 2.2x10-16).  

 

 
Figure 9: Stacked histogram showing distribution of distances x (blue) and y (red). 

Unsurprisingly, the S1-C1-S2 angles (ψ) are dependent on the 

coordinated metal24 and span the range 106.47 to 117.31°. The 

angle C1-N1-C2 (σ) ranges from 117.0 to 122.3° while the angle 

C1-N1-C5 (φ) has a range of 122.1 to 124.9° and for any 

structure, σ  < φ  (t = -5.058, df = 40.716, p < 2.2x10-16). As 

planarity is maintained across the S2CNC2 moiety for all 

structures, φ  + δ +  σ = 360° and δ > 114° in all cases.  

Our interpretation of these data is as follows. The angle ψ 

is dependent upon the coordinated metal while the distance x 

is a consequence of the C-H···S interaction. There were no 

statistically significant pairwise correlations between x and ψ, 

nor between x and any other structural parameter. Thus, the 

relationships σ  ≠  φ and x ≠ y are a consequence of the C-H···S 

interaction. The C-H···S interaction restricts the rotation of the 

corresponding isopropyl group about the C2-N1 bond. This, in 

turn, influences the rotation of the isopropyl group about the 

C5-N1 bond (through steric effects). Previously published VT 

NMR-based analysis of the unusual geometry of metal dipdtc 

complexes attributed the cause of restricted rotation to purely 

steric effects19-23 but here we have shown that the underlying 

cause of the restricted rotation is the intramolecular C-H···S 

interaction, an electronic effect.  

Conclusions 

We have shown that C-H···S intramolecular interactions are 

present within the molecular structure of Na(dipdtc)·5H2O. 

Theoretical calculations constrained by the experimentally 

derived structural data indicate that these interactions arise 

from the interaction between the lone pair electron density on 

sulfur and regions of electron depletion about a methine 

hydrogen.  

Inequivalent chemical environments about the methine 

protons produced by the C-H···S intramolecular interaction 

were observed using NMR spectroscopy in solution and solid 

samples. Variable temperature solution state NMR 

spectroscopy was used to probe the restricted rotation of the 

isopropyl groups about the N-C single bonds revealing an 

energy barrier for this rotation of 30 kJ mol-1. The Gibbs free 

energy of the transition state (63 kJ mol-1) is in agreement with 

previous studies of restricted rotation in dipdtc structures. 

An analysis of 28 similar structures using the CSD revealed 

the presence of intramolecular C-H···S interactions. In all of the 

analysed structures, the heavy atom geometries supported the 

presence of these interactions. In all cases, the relevant 

intramolecular C-S distances were shorter and less variable 

where intramolecular C-H···S interactions were present. There 

are no significant correlations between the steric factors of the 

structure and the C-H···S intramolecular interaction. 

Thus, the restricted rotation in metal dipdtc structures is 

directly attributable to the intramolecular C-H···S interaction, 

which subsequently influences the geometry in association 

with steric repulsion factors between methyl groups. We 

propose that these interactions are worthy of further 

examination in a wider range of compounds such as those 

found in biological systems (proteins, peptides)  where bonds 

are subject to restricted rotation in proximity to sulfur atoms.  

Parameter Mean ± Standard Error Current Study 

C2-S1 distance 3.024 (6) Å 3.0264 (17) Å 

C5-S2 distance 3.147 (8) Å 3.1014 (18) Å 

S2-C1-S1 angle 111.81 (71)° 118.11 (9)° 

C1-N1 distance 1.321 (2) Å 1.345 (2) Å 

C1-N1-C5 angle 123.78 (11)° 124.59 (13)° 

C1-N1-C2 angle 120.11 (22)° 122.01 (13)° 
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Intramolecular C-H···S interactions create restricted rotation of groups within 

di(isopropyl)dithiocarbate complexes.  
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