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a b s t r a c t

Disubstituted phosphorodithioates of the type [{(2,5-CH3)2C6H3O}2PS2HNEt3] (1) and [{(3,5-
CH3)2C6H3O)2(PS2)}2] (2) were synthesized and characterized by IR and NMR (1H,13C and 31P) spectro-
scopic studies and as single crystal X-ray analysis. The compound 1 crystallizes in monoclinic space
group P21/c whereas compound 2 crystallizes in triclinic space group P1. The X-ray analysis reveals that
in compound 1 phosphorus atom is coordinated to the two S and two O atoms to form tetrahedral
geometry. The structure is stabilized by cationeanion NeH/S hydrogen bonded interactions. In com-
pound 2, the two phosphorus atoms have a distorted tetrahedral geometry coordinated to two (3,5-
CH3)2C6H3O groups. The molecule possesses a crystallographic center of symmetry and consists of zig-
zag array of S]PeSeSeP]S linkages with two diphenyldithiophosphate moieties in the trans config-
uration. Molecular geometries, HOMO-LUMO analysis and molecular electrostatic potential of com-
pounds 1 and 2 are investigated by theoretical calculations using B3LYP functional with the 6-311G basis
combination set in the ground state and compared with the experimental values.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Phosphorus-sulfur bonds within the dithiophosphato de-
rivatives of transition metals have been shown to be strongly
influenced by their extensive applications for the vulcanization of
rubber [1], corrosion inhibitor [2] and analytical reagents [3]. Such
novel ditolyldithiophosphate ligands appear to be potential
chelating ligands to the metals, metalloids and non-metals akin to
the dialkyl- and alkylene dithiophosphate ligands. Different modes
of coordination shown by such soft donor ligands and are known to
exist both chelating bidentate [4,5] and less commonmonodentate
linkage [6,7]. In our laboratory, we were successful in isolating a
number of triethylammonium salt of disubstituted diphenyldi-
thiophosphates [8].

Structural studies by X-ray diffraction of several organo-
thiophosphoryl disulfide have been reported, including [(p-
dey).
MeC6H4O)2PS2]2 [9], [(i-C3H7O)2PS2]2 [10], [Ph2PS2]2, [(PhO)2PS2]2
[11] and [OCMe2CMe2OPS2]2 [12]. The reactive functional moiety
eSeSedetermines the chemical properties of these thermally sta-
ble disulfides and their photolytic properties are important in
photochemically activated reactions. These disulfide were recom-
mended for practical uses such as antioxidant and antiwear addi-
tives in ashless and extreme-pressure engine lubricant oils and are
involved in the mechanism of antioxidant action of metal dithio-
phosphate lubricant oil additives, as stabilizers for polymer com-
positions and as vulcanization accelerators. Some disulfides also
show fungicidal activity due to the significance of the disulfide
bond in natural products [13]. However, there is no report available
on the X-ray structure and theoretical calculations of disulfide of
3,5-dimethyldiphenyl dithiophosphate. The present work demon-
strates the crystal structures and DFT analyses of disubstituted
phosphorodithioates of 3,5-dimethyl diphenyldithiophosphate and
former reported triethylammonium salt of 2,5-dimethyl
diphenyldithiophosphate.

mailto:kpsushil@rediffmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2017.12.103&domain=pdf
www.sciencedirect.com/science/journal/00222860
http://www.elsevier.com/locate/molstruc
https://doi.org/10.1016/j.molstruc.2017.12.103
https://doi.org/10.1016/j.molstruc.2017.12.103
https://doi.org/10.1016/j.molstruc.2017.12.103
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2. Experimental

2.1. Materials and instrumentation

All chemicals and solvents used in this studywere of high purity.
Solvents were distilled and dried using standard methods before
use. Chloroform (Thomas Baker, b.p. 61 �C) was dried over P2O5. All
the disubstitued phenols were procured from Sigma Aldrich and
used without puriFIcation. Moisture was carefully excluded for the
synthesis of compounds throughout the experimental manipula-
tions by using standard Schlenk techniques. Elemental analyses (C,
H, N, S) were conducted using the Elemental Analyser Vario EL-III
(Indian Institute of Integrative Medicine, Jammu). Infrared spectra
were recorded in the range of 4000e340 cm�1 on a Shimadzu FT-IR
spectrophotometer (Department of Chemistry, University of
Jammu, Jammu). The 1H and 13C NMR spectra were recorded in
CDCl3 using TMS as internal reference. The 31P NMR spectra were
recorded in CDCl3 using H3PO4 (85%) as external reference on a
Bruker Avance III 400MHz (Department of Chemistry, University of
Jammu, Jammu). All chemical shifts are reported in d units down-
field from TMS i.e. d 0 ppm.
2.2. Crystallography data collection, refinement and computational
details

Crystallization of compounds 1 and 2was executed by very slow
evaporation of their saturated solution in chloroform/n-hexane
mixture (3:1) at room temperature which yielded suitable single
crystals for X-ray analysis. X-ray data of compound 1were collected
on an X'calibur-Oxford Diffraction single crystal diffractometer
with CCD area-detector (graphite-monochromator, Mo-Ka radia-
tions, l¼ 0.71073Å). Data were corrected for Lorentz, polarization
and absorption factors. The structure was solved by direct methods
using SHELXS97 [14]. All non-H atoms were located in the best E-
map. Full-matrix least-squares refinement was carried out using
SHELXL97 [14]. The geometry of the molecule was calculated using
WinGX [15], PARST [16] and PLATON [16]. Atomic scattering factors
were taken from the International Tables for X-ray Crystallography
Table 1
Summary of the crystal structure, data collection and structure refinement parameters f

Compound 1

Chemical formula C16H18

Mr 439.59
Crystal system, space group Monoc
Temperature (K) 293
a, b, c (Å) 7.8463
b (�) 112.62
V (Å3) 2456.5
Z 4
m (mm�1) 0.30
Crystal size (mm) 0.30�
Diffractometer Xcalibu

diffrac
Absorption correction Multi-
Tmin, Tmax 0.929,
No. of measured, independent and observed [I > 2s(I)] reflections 6532, 4
Rint 0.022
(sin q/l)max (Å�1) 0.617
R[F2> 2s(F2)], wR(F2), S 0.051,
No. of reflections 4291
No. of parameters 287
(D/s)max 0.209
Drmax, Drmin (e Å�3) 0.25, �
a Experiments were carried out withMo Ka radiation. Refinement was with 0 restraints

SAINT, SHELXS97 (Sheldrick, 2008), SHELXS97 (Sheldrick, 2008), SHELXL97 (Sheldrick,
PLATON (Spek, 2009).
(1992, Vol. C, Tables 4.2.6.8 and 6.1.1.4).
X-ray data of compound 2 were collected on a Bruker's Apex-II

CCD diffractometer using Mo Ka (l¼ 0.71069Å) at room temper-
ature. The data were processed by SAINT correcting for Lorentz and
polarization effects. An empirical absorption correctionwas applied
using SADABS [17]. The solution was obtained by direct methods,
using SIR-92 [18] and refined by fullematrix least squares refine-
ment methods [14] based on F2, using SHELX-97. All nonehydrogen
atoms were refined anisotropically. All calculations were per-
formed using Wingx package [19]. Molecular drawings were ob-
tained using DIAMOND. Version 2.1 [20]. Crystallographic data,
details of the data collection, structure solution and refinements are
listed in Table 1.

All the DFT calculations were performed using the Gaussian 09
[21] and the Gauss view 5.08 [22] programs. The geometrical pa-
rameters in the ground state (in gas phase) were computed using
the B3LYP functional in combination with 6-311G(d,p) basis set
[23e25]. The vibrational frequencies were computed in order to
ensure that the optimized geometries correspond to a global
minimum energy structures of the two compounds. The electronic
properties, such as HOMO-LUMO, Mulliken charge populations and
molecular electrostatic potential have been calculated using the
same levels of theory.
2.3. Synthesis of compounds 1e2

2.3.1. [{(2,5-CH3)2C6H3O}2PS2HNEt3] (1)
Compound 1 was synthesized by using 2,5-dimethylphenol

(4.39 g, 35.93mmol) as white crystalline solid according to the
literature reported [8]. Yield: 96% (7.52 g); m.p. 62e64 �C; Anal.
Calcd for C16H18O2PS2HNEt3 (M.W. 439.61): C, 60.11; H, 7.80; S,
14.59, N, 3.19%. Found: C, 60.08; H, 7.75; S, 14.55; N, 3.14%. IR (KBr):
3413 b [NeH], 1150 s [v(P)eOeC], 877 s [vPeOe(C)], 688 s [vP]S],
575m [vPeS] cm�1. 1H NMR (CDCl3, ppm): 1.25 (t, J¼ 14.4 Hz, 9H,
CH3 of Et3N), 2.17 (s, 6H, 2eCH3), 2.22 (s, 6H, 5-CH3), 3.12 (q, 6H,
CH2 of Et3N), 6.77 (d, J¼ 7.6 Hz, 2H, H3), 7.02 (d, J¼ 7.6 Hz, 2H, H4),
7.41 (s, 2H, H6), 9.03 (s, 1H, eNH); 13C NMR (CDCl3, ppm): 8.53 (CH3
of Et3N), 16.63 (2eCH3),20.90 (5-CH3), 46.28 (CH2 of Et3N), 121.46
or compounds 1 and 2a.

2

O2PS2$C6H16N C32H36O4P2S4
674.83

linic P21/c Triclinic, P1
296

(4), 16.6316 (8), 20.3943 (14) 10.2722 (7), 11.1236 (8), 17.8011 (8)
7 (2) 80.627 (5), 77.259 (5), 63.473 (7)
(3) 1770.2 (2)

2
0.39

0.20� 0.20 0.13� 0.10� 0.08
r, Sapphire3
tometer

Bruker APEX-II CCD
diffractometer

scan Multi-scan
1.000 0.608, 0.745
291, 3006 14601, 8020, 4430

0.038
0.683

0.128, 1.04 0.052, 0.122, 0.95
8020
387
0.019

0.30 0.32, �0.33

. Computer programs: CrysAlis PRO (Oxford Diffraction, 2010), Bruker APEX2, Bruker
2008), SHELXL2014 (Sheldrick, 2014), ORTEP-3 (Farrugia, 2012), Bruker SHELXTL,
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1. R1, R4 = CH3, R2 = H3, R3 = H4, R5 = H6
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Scheme 3. Ring labelling for NMR spectroscopic assignments of compounds 1 and 2.
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(C6), 126.64 (C4), 127.32(C2), 131.11 (C3), 136.83 (C5), 131.11 (C1eO);
31P NMR (CDCl3, ppm): 106.40 (s).

2.3.2. [{(3,5-CH3)2C6H3O)2(PS2)}2] (2)
[{(3,5-CH3)2C6H3O)2PS2}Na] was prepared by using literature

method [8]. The compound 2 of the formula [{(3,5-
CH3)2C6H3O)2(PS2)}2] was synthesized by the oxidation of [{(3,5-
CH3)2C6H3O)2PS2}Na], (5.68 g, 15.76mmol) with iodine (1.00 g,
7.88mmol) in chloroform under inert and anhydrous conditions
resulted in the formation of [{(3,5-CH3)2C6H3O)2(PS2)}2] as yellow
crystalline compound. Yield: 97% (7.60 g); IR (KBr): 1159 s [v(P)
eOeC], 846 s [vPeOe(C)], 670 s [vP]S], 556m [vPeS], 510 s [vSeS]
cm�1. 1H NMR (CDCl3, ppm): 2.29 (s, 24H, 3,5e(CH3)2), 6.54 (s, 8H,
H2,6), 6.73 (s, 4H, H4); 13C NMR (CDCl3, ppm): 23.12 (3,5e(CH3)2),
122.56 (C2,6), 128.64 (C4), 142.33(C3,5), 154.53 (C1eO); 31P NMR
(CDCl3, ppm): 78.74 (s).

3. Results and discussion

[{(2,5-CH3)2C6H3O}2PS2HNEt3] (1) was isolated as white crys-
talline solid in quantitative yield according to the literature report
[8]. (Scheme 1).

[{(3,5-CH3)2C6H3O)2(PS2)}2] (2) was synthesized by the oxida-
tion of the sodium salt of 3,5-dimethyl diphenyldithiophosphate
with iodine in chloroform as yellow crystalline (Scheme 2). The
pure disulfide was obtained after the isolation of sodium iodide
thus formed during the course of reaction. The disulfide is soluble
in common organic solvents viz benzene, toluene, chloroform,
acetone, dichloromethane etc., but are insoluble in n-hexane and
carbon tetrachloride.

3.1. IR spectra

IR spectrum of compound 1 has a broad absorption band for
[vNeH] at 3413 cm�1. IR absorption spectra, of compound 1 and 2
have shown two strong intensity bands in the regions
1111e1026 cm�1 and 960e864 cm�1 for [v(P)eOeC] and [vPe
Oe(C)] vibrations respectively, whereas the bands for [vP_S]asym
and [vP_S]sym of the diphenyldithiophosphate moiety were
observed in the regions 750e677 and 580e530 cm�1, respectively
[8]. The appearance of a new band for [vSeS] in the region 510 cm�1
+4 (2,5-CH3)2C6H3OH P2S5 2Et3N
To
-2H

+

Scheme 1. Preparation of [{(2,5-

2[{(3,5-CH3)2C6H3O}2PS2Na] + I2
CH3Cl
-2NaI

Scheme 2. Preparation of [{(3,
in the spectrum of compound 2 is also signifying of the formation of
a sulfur-sulfur bond of the two dithio moiety [26].

3.2. 1HNMR

In the 1H NMR spectra of the compounds (1e2) show the
characteristic proton resonances of the corresponding substituted
phenyl protons. The splitting patterns of the peaks in the spectra of
the complexes were found to be consistent with the structures. The
chemical shift of themethyl (eCH3) protons of the phenyl rings was
observed as a singlet in the region 2.17e2.29 ppm. The peaks for
aromatic protons of the phenyl group were observed in the region
6.54e7.41 ppm with their characteristic splitting patterns. The
chemical shift of CH3 and CH2 protons due to Et3N were observed at
1.25 and 3.12 ppm, respectively. Three resonances were observed
for the phenyl protons in compound (1), whereas compound (2)
exhibited two resonances for the phenyl protons (Scheme 3).

3.3. 13C NMR

The 13C NMR spectra (CDCl3) of compounds (1e2) showed the
chemical shifts for the methyl (eCH3) carbons attached to the
phenyl rings were found in the region 16.63e23.12 ppm. The car-
bon nuclei of the aryl groups displayed their resonances in the
luene
2S 2 [{(2,5-CH3)2C6H3O}2PS2HNEt3]

(1)

CH3)2C6H3O}2PS2HNEt3](1).

P
S O

O S

H3C

H3C

H3C

CH3
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O
S

CH3

CH3

CH3H3C

(2)

5-CH3)2C6H3O)2(PS2)}2](2).
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region 121.36e131.11 ppm. The chemical shift for CeO carbon
nuclei was found in the region 131.11e154.53 ppm. The chemical
shifts for the Ce(CH3) carbon nuclei were observed in the region
127.32e142.33 ppm.
3.4. 31P NMR

The 31P NMR (CDCl3) spectra of the compounds (1e2) (proton-
decoupled) displayed a single resonance in each case. The chemical
shift of phosphorus atoms for the compounds 1 and 2was found as
a singlet at 106.40 and 78.74 ppm, respectively [27]. The occurrence
Table 2
Selected bonds lengths (Å) and angles (�) for compound 1.

Parameters X-ray DFT Parameters X-ray DFT

P1eO2 1.624 (2) 1.732 P1eS2 1.9461 (11) 2.147
P1eO1 1.6115 (18) 1.778 N1eH1 0.9651 1.063
P1eS1 1.9667 (11) 2.122

O2eP1eO1 96.23 (10) 95.02 O2eP1eS2 110.95 (9) 111.56
O2eP1eS1 110.24 (9) 113.54 O1eP1eS2 112.98 (8) 109.80
O1eP1eS1 104.89 (8) 104.94 S1eP1eS2 119.06 (5) 119.17

Table 3
Selected bonds lengths (Å) and angles (�) for compound 2.

Parameters X-ray DFT

P1eO1 1.578 (2) 1.735
P1eO2 1.5811 (18) 1.731
P1eS1 1.8996 (11) 2.065
P1eS2 2.0758 (12) 2.322
P2eO3 1.5785 (18) 1.718
O1eP1eO2 94.79 (11) 92.32
O1eP1eS1 120.02 (8) 120.34
O2eP1eS1 119.07 (9) 119.27
O1eP1eS2 107.90 (9) 106.31
O2eP1eS2 109.33 (9) 105.92
S1eP1eS2 105.12 (5) 110.49
O3eP2eO4 100.32 (10) 98.62
O3eP2eS4 112.42 (8) 113.53
O4eP2eS4 120.47 (9) 119.56
O1eP1eS2eS3 40.58 (8) 39.97
O2eP1eS2eS3 �61.32 (10) �57.35
S1eP1eS2eS3 169.77 (5) 172.13
P1eS2eS3eP2 110.40 (5) 93.69

)a(

Fig. 1. Molecular structure of [{(2,5-CH3)2C6H3O}2PS2HNEt3
of singlet for two phosphorus atoms in compound 2 is due to the
chemically equivalent nature of both the phosphorus atoms of each
halfmers. Further the apperance of a singlet is also justifying the
purity of the compounds.
3.5. Crystal and molecular structures of compounds 1 and 2

The compounds 1 and 2 were crystallized in the monoclinic
space group P21/c and triclinic space group P1, respectively.
Selected bond distances and bond angles for the compounds 1 and
2 are listed in Tables 2 and 3. The optimized geometrical parameters
(bond lengths and angles) for the two compounds have been
calculated using the density functional theory (DFT/B3LYP/6-311G)
method. The experimental structural parameters obtained from X-
ray crystal structures are compared with those of optimized
geometries.

A distorted tetrahedral environment around phosphorus can be
clearly seen with two sulfurs and two oxygens bonded to phos-
phorus (Fig. 1). The compound 1 consists of triethylammonium and
dithiophosphate moiety which is connected through NeH/S
(Table 4) intermolecular hydrogen bond. The NeS bond distance for
compound 1 is 3.313(4) Å (3.159Å with DFT) is in close proximity
with the reported value i.e. (3.248(6) Å) [28] for
Parameters X-ray DFT

P2eO4 1.5811 (19) 1.747
P2eS4 1.8902 (12) 2.058
P2eS3 2.1061 (10) 2.345
S2eS3 2.0549 (11) 2.225

O3eP2eS3 107.59 (8) 106.26
O4eP2eS3 98.12 (8) 95.93
S4eP2eS3 115.85 (5) 119.66
C25eO1eP1 122.57 (17) 124.64
C1eO2eP1 123.72 (18) 124.19
C9eO3eP2 124.31 (16) 125.55
C17eO4eP2 125.66 (17) 124.55
S3eS2eP1 105.76 (5) 107.70
S2eS3eP2 103.77 (5) 105.02
O3eP2eS3eS2 �98.68 (9) �102.09
O4eP2eS3eS2 157.72 (8) 157.09
S4eP2eS3eS2 28.05 (7) 28.05

)b(

] (1): (a) X-ray structure and (b) optimized structure.



Table 4
Selected hydrogen bonding interactions for compound 1 (The first line indicates the
experimental values; the second line indicates the values obtained from the theo-
retical calculation).

D�H/A H/A (Å) D/A (Å) D�H/A (�)

N1eH1/S1 2.391(2)
2.102

3.313(4)
3.159

159.49(20)
170.29

(a)

(b)

(c)

Fig. 2. Molecular structure of [{(3,5-CH3)2C6H3O)2(PS2)}2] (2); (a) X-ray structure (b)
optimized structure and (c) zig-zag array of S]PeSeSeP]S.
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[Et3NH]þ[(OCH2CMe2CH2O)PS2]�. The values for the remaining
hydrogen bonding parameters in compound 1 of H/S is 2.391(2) Å
(2.10Å) and NeH/S is 159.49(20)� (170� with DFT), compared to
(2.44Å and 160�) [28]. It is clear that the sulfur atom, involved
hydrogen bonding, has the longer PeS bond (1.9667(11) Å)
(2.0137Å with DFT) in compound 1 whereas the sulfur atoms not
involved in hydrogen bonding has shorter PeS bond length
(1.9461(11) Å) (1.9864Å with DFT). These bond lengths are longer

than the terminal P]S bond observed inHS2POCMe2CMe2O
and HS2POCH2CMe2CH2O (1.923(2) and 1.908(2) Å) [29],

respectively, but shorter than those of K2
þ[(MeO)OPS2]�.H2O

(2.007(6) and 2.011(5) Å) [30] i.e. reflecting partial double bond
character. The average PeO bond length in compound 1 is
1.6115(18) Å (1.648Å with DFT) which is akin to those of
[Et3NH]þ[(2-MeC6H4O)2PS2]� (1.6115(18) Å) [31]. However, these
bonds are slightly longer than found in the free acids

HS2POCMe2CMe2O (1.5915(3) Å) and

HS2POCH2CMe2CH2O (1.5825(3) Å) [29].

The SePeS bond angle for the compound 1 is 119.06(5)�

(119.05� with DFT) is at par to those in [Et3NH]þ[(2-
MeC6H4O)2PS2]� (118.62(4)�) [31] and smaller than in
[Et3NH]þ[CH2{6-t-Bu-4-Me-C6H4O}2P(S)(S) ]� (120.49(8)�) [28]
while longer compared to the ligands like

HS2POCMe2CMe2O   (112.78(8)�),

HS2POCH2CMe2CH2O (115.64(8)�) [29] and K2
þ[(MeO)

OPS2]�.H2O (113.67(3) �) [30]. The OePeO bond angle of 96.23(10)�

(96.69� with DFT) in compound (1) is similar to [Et3NH]þ[(2-
MeC6H4O)2PS2]� (97.07(8)�) [31] but slightly larger in the com-
pounds [Et3NH]þ[CH2{6-t-Bu-4-Me-C6H4O}2P(S)(S)]� (103.5(4)�)

[28], HS2POCMe2CMe2O (105.1(1)�) [29], K2
þ[(MeO)

OPS2]�.H2O (100.93(7)�) [30] and
[Et3NH]þ[(OCH2CMe2CH2O)2PS2]�(101.4(2)�) [28].

The NeH bond length in compound (1) is 0.9651Å (1.06Å with
DFT), which is in reasonable agreement with the values found in
[{(3,5-CH3)2C6H3O}2PS2HNEt3] (0.94(4) Å) [8] (Table 3). P1eS1 and
P1eS2 bond lengths for compound (1) are 1.9463(11) (2.013Åwith
DFT) and 1.9665(11)Å (1.986Å with DFT). These bond lengths are
comparable with [{(3,5-CH3)2C6H3O}2PS2HNEt3] (1.9389(12) and
1.9586(12) Å) [8].

In compound 2, the two phosphorus atoms have a distorted
tetrahedral geometry (Fig. 2) coordinated to two (3,5-CH3)2C6H3O)
groups. The molecule possesses a crystallographic center of sym-
metry. Its backbone consists of zig-zag array of S]PeSeSeP]S
linkages with two diphenyldithiophosphate moieties in the trans
configuration. In compound 2, the SeS bond length [2.0549(11) Å
(2.225Å with DFT)] is comparable to the bond length found in
[OCMe2CMe2OPS2]2 [12] (2.058(7)Å) and [(PhO)2PS2]2 [11]
(2.070(1)Å). However, this bond length is found shorter as
compared to the [{(i-Pr)O}2PS2]2 [10] (2.109(4)Å) and [(p-
MeC6H4O)2PS2]2 [9]. The P1eS2(bridge) and P1eS1(terminal) bond
distances in compound 2 are 2.0758(12) (2.322Å with DFT) and
1.8996(11)Å (2.065Å with DFT), respectively, are comparable to
values found in [(p-MeC6H4O)2PS2]2 [9] (2.0693(8) and 1.9022(8)),
[{(i-Pr)O}2PS2]2 [10] (2.072(2) and 1.908(3) Å), [(PhO)2PS2]2 [11]
(2.076(2) and 1.899(2)Å) and [OCMe2CMe2OPS2]2 [12] (2.082(6)
and 1.908(8) Å). The P2eO3 and P2eO4 bond lengths in compound
2 are 1.5785(18) (1.718 with DFT) and 1.581(19) Å (1.747Å with
DFT) which are identical to [(p-MeC6H4O)2PS2]2 [9] (1.578(2) Å),
but differ in [{(i-Pr)O}2PS2]2 [10] (1.564(4) and 1.557(4) Å), in
[(PhO)2PS2]2 [11] (1.600(3) and 1.567(3)Å), in [OCMe2CMe2OPS2]2
[12] (1.54(2) and 1.59(2) Å), in [{3,4-CH3)2C6H3O}2PS2]2Co(C5H5N)2
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(1.601(3) and 1.595(2) Å) [32] and in [{(o-CH3C6H4O)2PS2}3V]
(1.71468Å) [33]. All of these distances are consistent with the ex-
pected double-bond character associated with (p-d)p-bonding
falling between the typical values for PeO (1.76Å) and P]O
(1.44Å).

The S1]P1eS2 bond angle of compound 2 is 105.12(5)�(110.49�

with DFT) lies between the values found in [OCMe2CMe2OPS2]2 [12]
(103.3(4)�), [{(i-Pr)O}2PS2]2 [10] (104.8(1)�) and those in [(PhO)2PS2]2
[11] (107.92(8)�and 108.39(7)�), the latter being closest to the all
tetrahedral angle of 109.47�. The remaining bond angles around
phosphorus in compound 2 range from the smallest, O1eP1eO2
(94.79(11)�) (92.32� with DFT), to the largest, O2eP1]S1 (119.07(9))�
(119.27� with DFT) and O4eP2]S4 (120.47(9)) (119.55� with DFT)
with O1eP1eS2 (107.90(9)�) (106.31� with DFT) and O2eP1eS2
(109.33(9)�(105.92� with DFT) closest to 109.47�. Identical patterns
can be seen in the reported disulfides [9e12]. The S2eS3eP2 bond
angles in compound 2 are similar to those in [(PhO)2PS2]2 [11]
(101.38(6)� and 104.26(6)�) larger than value found in [{(i-Pr)
O}2PS2]2 [10] (100.5(1)�), [(p-MeC6H4O)2PS2]2 [9] (100.42(4)�)
whereas smaller than those in [OCMe2CMe2OPS2]2 [12] (108.5(3)�).

The SeSeP]S units in disulfides can be described as possessing
an anti-anti or transoid [11] geometry in which the SePeSeS tor-
sion angle tend towards 180� or, by contrast, a syn-syn or cisoid [11]
geometry in which the SePeSeS torsion angle tends towards 0�.
Clearly, compound 2 has an anti-anti or transoid geometry [11] with
the (3,5-CH3)2C6H3O) groups of the tetrahedrally coordinated
HOMO

(

HOMO

(

Fig. 3. HOMO and LUMO plot: (a)
phosphorus atom. A relationship between the torsion angle, the
SePeS bond angle and the PeS bond length has been indicated. The
bond angle SePeS in the compound 2 is 105.12(5)�, where the ge-
ometry is transoid, however, in [(PhO)2PS2]2 [11], which has a cisoid
geometry, this angle is 114.44(4)�. The opening of this SePeS angle
in the cisoid form is associated with a lengthening of the PeS single
bond and a shortening of the SeS bond in [(PhO)2PS2]2 [11]
(2.139(1) and 2.0271(9)Å), respectively, compared with those in
compound 2, 2.106(10) and 2.0549(11) Å, respectively.

Finally, these results confirmed the good agreement between
calculated and experimental parameters. The small differences can
be due to the fact that calculated geometrical parameters are ob-
tained in gas phase while the experimental data are acquired in the
solid state [34].
3.6. Frontier molecular orbitals

Frontier molecular orbitals contain most important quantum
chemical parameters such as the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) are related to the ionization potential and the electron
affinity of molecules, respectively. These two particular orbitals
play a crucial role in the chemical stability of the molecules.
Numerous studies are available indicating that the HOMOeLUMO
gap can be used as a quantum descriptor in establishing correlation
in various chemical and biochemical systems [35,36]. The frontier
LUMO

a)

LUMO

b)

compound 1, (b) compound 2.
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Fig. 4. MEP surfaces: (a) compound 1, (b) compound 2.
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orbital, HOMO and LUMO energies help to characterize the chem-
ical reactivity and kinetic stability of a molecule [37,38]. The dis-
tributions of HOMO and LUMO orbitals for compounds 1 and 2
calculated at B3LYP functional with 6-311G basis set are shown in
Fig. 3. For compound 1, the HOMO orbital is delocalized over the S
atoms and distributed over the conjugation plane of the C1 e C6
ring.Whereas, the LUMO orbital is localized on the P, S and O atoms.
For compound 2, the HOMO orbital is distributed over the conju-
gation plane of the C1e C6 aromatic ring, while the LUMO orbital is
localized on the P, S and O atoms. The band gap energies calculated
at B3LYP functional with 6-311G basis set are 4.34 and 3.28 eV for
compounds 1 and 2, respectively, which indicate the molecular
stability. In addition, the calculated LUMO of compound 2 showed
that antibonding the LUMO is localized on the disulfide bond.
Therefore, cleavage of the disulfide bond is expected upon nucle-
ophilic attack and/or reduction.
3.7. MEP surface

Molecular electrostatic potential (MEP) provides a visual
method to understand the reactivity of the molecules and corre-
lates with dipole moment. Using B3LYP/6-311G optimized geome-
try, the MEP maps of compounds 1 and 2 are computed and their
surface maps are shown in Fig. 4. Fig. 4(a) shows that for compound
1 the nucleophilic region (red) is located entirely on the oxygen and
sulfur atoms, while the electrophilic region (blue) is located over
the hydrogen atoms of the triethylammonium group. Fig. 4(b) in-
dicates that for compound 2 the nucleophilic region is located
mainly on O and S atoms, while the electrophilic region is located
over the hydrogen atoms of all the methyl groups.
4. Conclusion

We have reported the spectroscopic, single crystal X-Ray and
DFT analysis of two phosphorodithioates namely triethylammo-
nium salt of 2,5-dimethyl diphenyldithiophosphate and disulfide of
3,5-dimethyl diphenyldithiophosphate. The optimized geometrical
parameters are found in good agreement with the obtained single
X-ray diffraction parameters. The X-ray analysis reveals that in
triethylammonium salt of 2,5-dimethyl diphenyldithiophosphate
phosphorus atom is coordinated to the two S and two O atoms to
form tetrahedral geometry. The structure is stabilized by cati-
oneanion NeH/S hydrogen bonded interactions. In disulfide of
3,5-dimethyl diphenyldithiophosphate, the two phosphorus atoms
have a distorted tetrahedral geometry coordinated to two (3,5-
CH3)2C6H3O groups. The molecule possesses a crystallographic
center of symmetry. Its backbone consists of zig-zag array of S]
PeSeSeP]S linkages with two diphenyldithiophosphate moieties
in the trans configuration. The HOMO-LUMO calculation allowed to
obtain energy gaps for compounds 1 and 2, which have been found
to be 4.34 and 3.28 eV, respectively. According to MEP surfaces,
oxygen and sulfur atoms have relatively the most negative poten-
tial, while hydrogen atoms carry the most positive potential.

Acknowledgments

The authors are grateful to the NMR laboratory Department of
Chemistry, University of Jammu, Jammu for providing NMR spectral
facilities (PURSE program). One of the authors (Rajni Kant) ac-
knowledges the DST for the single crystal X-ray diffractometer as a
National Facility under Project No. SR/S2/CMP-47/2003.

Appendix A. Supplementary data

CCDC 1545453 and 1545454 contain the supplementary crys-
tallographic data for compounds 1 and 2, respectively. These data
can be obtained free of charge via http://www.ccdc.cam.ac.uk/
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