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Structural and conformational properties of twoagithogen molecules, [GHCH,),OC(S)S} and
[(CH3),CHOC(S)S}, have been analyzed using a combined experimantbtheoretical approach, with
data obtained from structural X-ray diffraction meds, IR, Raman and UV-visible spectroscopies, and
DFT calculations. [(CE,CHOC(S)S} crystallizes in the monoclinie2,/c space group with a=9.735(1),

10 b= 12.588(3), c= 12.131(2) A= 112.65(1)°, and Z=4 molecules

per unit cell. Titeractions in the

crystal were modelled and interpreted by NBO analf§lH(CH,),OC(S)S} is liquid at room
temperature, and the vibrational spectra werefaat@ily explained in terms of the equilibrium tveten
three conformers, originated from the rotationhaf two terminal Ckt- groups, in agreement with the

DFT predictions. The electronic spectra of bothadtkogens were
15 TD-DFT calculations.

Introduction

Dixanthogens, also known as bisalquilxanthogenee ladtracted

the attention of chemists since long time ago duéheir wide

variety of applications, ranging from medicine, usttial uses,
20 and mining.

Dixanthogens, (ROCSg)were first prepared in 1824 by
Zeisé by the mild oxidation of alkali metal xanthatesveR
nowadays, the oxidation of xanthates, giving res¢he formation
of molecules with a symmetrical disulfide bond, tle most

25 efficient and practical way for the preparationditanthogens.
Sodium tetrathionate, cyanogen bromide, nitroud,asid iodine,
are some of the oxidizing agents currently usetf:

Several studies on the biological activities af tfamily of
compounds have suggested its potential applicat@s

30 antitumoral or antiviral agents, among others. &mmple, the
ability of bisethylxanthogen as inhibitor of carogenesis was

assigned with the assistance of the

derivative was only characterized by its b.p. (550€ / 0.5
torr)!® and some IR absorptioA0On the other hand, some UV-
visible21??2 |R%®2* and NMR® spectroscopic studies on the

so isopropoxy derivative were reported. More recentijis
compound has been the subject of Raman studiesatexiin the
investigation of the surface products produced ine t
chalcopyrite-sodium isopropylxanthate flotationtsys, since it
is formed on the chalcopyrite surface at high catregion of the

ss collector?® However, the reported studies did not provide any
indication about the structural properties of thelseanthogen
compounds.

In this paper we present a structural and confoomal study

of two dixanthogen molecules, (ROC(S)S)ith R = n-propyl

0 and isopropyl, based on single-crystal X-ray difian (for the
isopropyl derivative) and DFT methods. Results frabrational
(IR and Raman) and electronic (UV-visible) spectrps® were
also interpreted in terms of the molecular confdroms and
structures.

proposed by different auth8rs® and their use in the treatment of

dermatological infections was reported®!! These compounds
have also significant commercial applications agul&ors to
3s control the polymerization in the manufacture ofrizas
synthetic rubbers, resistant to burning and adig***°
Although dixanthogens are also used for collectargroth
flotation processes of sulphide miner#td’ the xanthates salts

s Methodology
Synthesis

Reagents and solvents were purchased reagent gnadesad
without further purification. Xanthate salts, ROC(S)§ were
roduced from KOH, C§ and the corresponding alcohol,

(ROC(S)S'M) are most widely employed for these applicationsn.) ROHZ [ROC(S)S}, R = CH(CH,),~ and (CH),CH- were

40 However, dixanthogen compounds, proposed as intBates
during the surface interaction between the xanthated the
sulfide minerals, have been suggested as respengibl the
flotation process®

[CH3(CH,),0C(S)S}, and [(CH),CHOC(S)S} were first

45 synthesized by Whitby and Greenberg by the oxidatib the

corresponding potassium xanthate with iodh&he n-propoxy

synthesized by the oxidation of ROC(S¥swith I,, according to
the technique reported in the literatt?dCH3(CH,),0C(S)S}
was obtained as a yellow oil and purified by susites
extractions using diethyl ether. [(@HCHOC(S)S}, a white
75 crystalline solid, was purified by successive @iftations using
isopropyl alcohol at 45 °C. The final purity of batbompounds
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was checked by GC-MS and NM&H( *°C). comparison with related molecules are presentedainles S7

X-ray diffraction analysis and S8.

Single crystal X-ray diffraction data of [[GHCHOC(S)S} were Gas chromatography - mass spectrometry

collected on an Enraf-Nonius CAD4 diffractometer 286 K The GC-MS analysis of both samples was carried auta

(graphite monochromatic CuKradiation,. = 1.54184 A) with « Shimadzu QP-2010. Details are given in Table SO thuf

the program EXPRES%and reduced with XCAD# The unit Supplementary Material. Only one peak was obseivethe

cell parameters were obtained by least-squareseratnt (based chromatograms of either [GKCH,),OC(S)S} or
on the angular setting of 25 reflections in imnge from 18.45  [(CH3),CHOC(S)S}, with tz = 10.0 and 13.5 min., respectively,
to 87.14°) using EXPRESS. The data were correced f denoting the purity of the samples. The completssrspectra of

10 absorption with PLATON® The structure was solved by directs the compounds are presented as Supplementary Bafeig. S3
methods with the program SHELXS of the SHELX paeRhg and Table S10). Following electron impact ionizat{@0 eV, ion
and the corresponding molecular models developealtbynated  source temperature = 200 °C) of the n-propyl desieaC;H;"
cycles of Fourier methods and full-matrix leastags (m/z=43), GHs" (m/z=41), and gH;" (m/z=27) were found to be
refinement onF? with SHELXL of the same suite of programs. the most abundant fragments. The molecular icn(1z=270)

15 The hydrogen atoms were positioned stereo-chemicalld 7 was also detected with an abundance below 1%. Thesm

refined with the riding model. The methyl H-posit® were  spectrum of [(CH),CHOC(S)S} taken at the same experimental

optimized by treating them as rigid groups whichevallowed to  conditions shows the fragments (§3€H" (m/z=43), GHs"
rotate during the refinement around the correspan@-C bonds  (m/z=41), SSC(S)(m/z=108), GH3" (m/z=27), OC(S)SSC(5)
such as to maximize the residual electron densitiyeacalculated  (m/z=168), and SCEm/z=76), beside the Mpeak at m/z=270.
positions..As a result, all @l—!groups converged to staggered75 UV-visible spectroscopy
conformations. Crystallographic structural data aresented as

Supplementary Material (Tables S1-S6). UV-vis spectra in the 200-800 nm range of solutiafisboth

samples in solvents of different polarity were melenl at room

temperature on a Hewlett Packard UV-VIS spectromaséng a
The FTIR spectra were recorded on a Nexus Nicoktument 1 cm-quartz cell.

25 equipped with either an MCTB or a DTGS detector (fioe
ranges 4000-400 chor 600-100 cm, respectively) at room
temperature and with a resolution of 4'trithe solid compound Al of the quantum chemical calculations were perfed using
was measured in KBr (range 4000-400%nCsl (range 600-180 the Gaussian 03 program syst&nusing the B3LYP method in
cm?) and polyethylene (range 600-100 Hnpellets, while the  combination with a 6-3iG* basis set. Geometry optimizations

&

20

o

FTIR spectroscopy

so Theoretical calculations

30 spectra of the liquid compound were measured ukiBg Csl were sought using standard gradient techniquesnltaneous
and polyethylene windows, to cover the range betw&#0 and s relaxation of all the geometrical parameters. Tledcutated
100 cnt. vibrational properties correspond in all casesdteptial energy

minima for which no imaginary vibrational frequenegs found.
The electronic spectra were simulated using the DFJ-
The FTRaman spectra were measured in a Bruker IFS 66ormalisms over the previously optimized structuredéth a
FTRaman spectrometer, using a resolution of 4,émthe region s maximum of 100 states and SE£*

between 3500 and 100 &mThe samples, placed in a sealed 2

mm glass capillary, were excited with a 1064 nm¥Y¥ds laser. Results and discussion

The resonance or pre-resonance Raman effect waardiisdter
the investigation of both samples using an HoriblairdYvon
40 T64000 Raman spectrometer, with a confocal micrcscand R?

FTRaman spectroscopy

3!

a

Structural theoretical calculations

S S
CCD detection, when excitation light of Ar and Kr tilides \ t // T T //
lasers was used. 0-&-C — 0—€-C
R2 / R2
NMR spectroscopy s—s/ R? S—S/
The H (200 MHz) and®C (50 MHz) NMR spectra of syn anti
45 [CH3(CH,),0C(S)S} were measured at 298 K on a Varian
Mercury Plus 200 spectrometer. The sample was ldedan - -
CDClLin a 5 mm NMR tube. Chemical shifts,are given in ppm /S 5 \ /S
relative to TMS § = 0 ppm). The'H NMR spectrum presents a O_C/ - O—C/
triplet at 0.98 ppm (J = 7.3 Hz), a multiplet betmel.73-1.91 &"'2 R & T
so ppm, and a triplet at 4.55 ppm (J = 6.3 Hz) thatepond to the sS—sS S
hydrogen atoms of the GH -CH,— and -CH,O- groups, REeS
respectively. Thé*C{*H} NMR spectrum shows four signals at .
10.7, 21.8, 76.7 and 207.6 ppm assigned to;-CHCH,—, syn anti
-CH,O- and —C(S)S-, respectively. The spectra are shown in  Scheme 1Schematic representation of yeandanti orientation in
ss Figs. S1 and S2 of the Supporting Information, whi 9 terms of the dihedral anglesand..
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Molecules having the framework!®@C(S)S- can, in principle, 20 Fig. S4, while the relevant dihedral angles andiioted relative
adopt different conformations through internal tiota around energy differences (corrected by zero-point eneagg)presented
either the €O () or C-S (ry) single bonds (see Scheme 1). in Table S11. The different conformers can be aaset into
Previous structural studies on molecules containitige three groups, according to their energy differendesng the
5 —OC(S)S moiety reported by our group show that the mostrelevant parameter for this classification the eaddlopted by the
stable conformation isynanti (syn with respect to the €0 s torsional angle around each of theSCsingle bonds. In the first
single bond ananti with respect to the C-S single boritf® On group, composed by structures I-1ll depicted in. Rigboth GS
the other hand, it is well known that taucheconformation is  torsional angles are close to 180°, denotingAbyanti) in the
adopted around a disulphide single bdhd. figure. The differences between these three strestare the
1 For the n-propyl dixanthogen, [GICH,),OC(S)S}, besides conformations adopted by the terminal £gtoups, which may
the torsional angles around each of theOCand G-S single 30 beanti or gauchewith respect to the €D single bond. Structure
bonds, the values of two other torsions relatedh wiich of the I, with both terminal methyl groups imanti orientation, is
propoxy groups, i.etf(CCOC) andt(CCCO), are necessary to predicted to be the more stable one. Structur@hich maintain
describe the conformational properties of the mdicTaking one terminal methyl groupnti while the second is igauche
1sinto account all possible conformations as staratigictures,  position, is predicted only 0.08 kcal rifohigher in energy.
eleven forms were found as energy minima, for whith s Structure I, with an energy difference of 0.26akenol* from
imaginary frequencies occur, when the B3LYP/6-31+G* structure |, possesses both terminal methyl groapgauche
approximation was employed for the calculationse Tiolecular  orientation.
models of the conformers of [GICH,),OC(S)S} are shown in

Fig 1 Molecular models of the three most stable confosnoé [CH;(CH,),OC(S)S} calculated with the B3LYP/6-31+G* approximation.

w0 The second group formed by structures IV-VIII, lwignergy s are close tanti. The second conformer (Il), about 1.6 kcal/mol
differences between 1.5-1.8 kcal/mol with respectttte most  higher in energy, presents one&torsion close tanti while the
stable form (structure 1), possess one C-S tortimngle close to  other one is almostyn and the third form (Ill), with an energy
anti conformation and the other closesym As in the first group,  difference of 2.9 kcal/mol with respect to the megible one,
in this case the differences in the structureseaaiso from the  presents both dihedral angles around the C-S bclods to 0°.

4s orientation adopted by the terminal methyl groulpsthe last 0 The molecular models of the three stable structucés
three structures (IX-XI), with computed energy eiffinces [(CH3),CHOC(S)S} are presented in Fig. S5 of the
between 2.8 and 3.0 kcal/mol with respect to thmfp both C-S  Supplementary  Information. As in the case of
torsions are close t®ynconformation. All the structures depicted [CH3(CH,),OC(S)S}, all the structures present -O-C=S
in Fig. S4 and listed in Table S11 present th€€0-C torsional dihedral angles close to 8yf).

so angles close to 180aift)) and the €O-C=S angles close to 0°7s The calculated dipole moments and net atomic @sarg
(syn. obtained by Mulliken population analysis for the shatable

The theoretical conformational study of the is@ylo  structures of both disulphides are presented irleT843 of the

derivative was simpler than that of the n-propyagithogen, due  Supplementary Information.
to the reduced number of torsional angles in théeoute. Table

ss S12 of the Supplementary Information presents tiees of the
relevant dihedral angles and relative energy diffees (corrected eo Bis[isopropoxy(thiocarbonyl)]disulfane,  [(GHCHOC(S)S},
by zero-point energy) for the forms founded as rtiest stable  Crystallizes in the monoclinic P2 space group with a =
structures of [(CH),CHOC(S)S}, according to the B3LYP/6- 9.735(1), b = 12.588(3), ¢ = 12.131(2R= 112.65(1)°, and Z=4
31+G* approximation (see Fig. S5). As in the casghe n-  molecules per unit cell. The [(GHCHOC(S)S} consists of two

e propyl derivative, the structures differ only inetivalue of the  un-equivalent (CH,CHOC(S)S groups linked by a-S single
torsion around the €S single bonds. The stability order, as wells bond [d(S-S)=2.042(2) A]. The dihedrat§-S-C angle is 85.0
as the energy differences, is also in agreemehtthvit structures  (2)°. For full crystallographic data and refineménformation,
predicted for the molecule described previously.thie most  see Supporting Information.
stable form (1) the conformation around botRSCsingle bonds The molecule [(CH,CHOC(S)S} is at a general crystal

Crystal structure

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 |3
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position and only the conformaticsyn-anti-gauche-anti-syis Table 1Sele_cted experimental (X-ray dif_fraction) and adted (for the
observed in a single crystal at 296(2) K, in cadecice with the structure | with B3LYP/6-31+G*) bond distancesAfl)and anglesd
prediction of the quantum chemical calculations foe most andr [7)) of [(CH):.CHOC(S)S}

stable form of the isolated molecule. Fig. 2 shansORTEF® Geometrical parameters  X-ray diffraction B3LYP/6+&
5 plot of the molecule. Selected geometrical pararaetee listed in r [C(8)-C(4)] 1.487(6) 1521
r [C(6)-C(4)] 1.504(5) 1.523

Table 1 where they are compared with the correspgndnes

calculated with DFT methods for the theoreticallpst stable :{gg)):gg;} ig?gg 1313
conformer. r[C(2)-S(4)] 1.635(4) 1.651

If compared with his[ethyl(thiocarbonyl)]disulfarie,the S-S r[S@)FC)] 1.767(4) 1.786
10 distance of [(CH),CHOC(S)S} is slightly shorter: 2.042(2) and r [S(1)-S(2)] 2.042(2) 2.110
2.054(4) A for the isopropyl and ethyl dixanthogerspectively. r[C(1)-S(1)] 1.758(4) 1.786
The disulphide dihedral angle is also smaller ia thopropyl r[S()-C(1)] 1.619(4) 1.651
- ; r [O(1)-C(1)] 1.298(4) 1.318
derivative, 85.0(2)°, than in the ethyl compound, r [C@)-0(1)] 1.488(5) 1476
107.2(1)°iError! Marcador no definido. r [C(B)-C(3)] 1.475(8) 1.523
15 The crystal packing of the molecules, shown in Bigconsists r [C(7)-C(3)] 1.493(8) 1.521
of zig-zag chains of molecules held together by@ & —C=SIIH o [0(2)-C(4)-C(6)] 107.8(3) 108.48
interactions, 0.05 A shorter than the sum of the dar Waals o [C(2)-0(2)-C(4)] 119.3(3) 121.30
radii.®® Each disulphide molecule interacts through a swiph “[g(g):g(g)—g(g)] ﬁgig; ﬁi'gé
atom of one of the thiocarbonylic group with a rogkn of a (;[[ngg—SEZ)):S((l))]] 106:0(1) 107"34
20 methyl group of another molecule, and also throagh of the o [C(1)-S(1)S@)] 106.1(1) 107.34
terminal hydrogen atom with a S of a third molecudt@ming a [S(1)-C(1)-S(3)] 116.1(2) 116.47
endless zig-zag chains (schematized in light-bfu€ig. 3). The a [S(1FC(1)-0(1)] 114.5(3) 114.02
crystal framework is completed through a seconde tyf o [C(1)-O()-CE)] 120.9(3) 121.30
interaction: sulphufsulphur contacts that held a couple of a[g(i):g(g)—g(g)] ﬂgig iggig
2s enantiomeric molecules together at a distance @fB.A T [g([Z)—(O)(Z)SC)(—4)£C)28)] 152:5(3) 148..6
(schematized in green in Fig. 3).  [C(2-O(2)-C(4)y-C(6)] -85.7(4) -88.9

1 [C(4)-O(2)-C(2)-S(4) 0.1(5) -3.1

T (S(1)S(2)-C(2)-S(4)] -176.4(2) 178.1

T [C(1)-S(1)-S(2-C(2)] -85.0(2) -86.2

T [S(2)-S(1)-C(1)-S(3)] -178.4(2) 178.1

7 [C(BFO(L)-C(1)-S(3)] 2.3(6) -3.1

T [C(1)-O(1)y-C(3)-C(5)] -128.8(5) -88.9

1 [C(1)-O(1)-C(3)-C(7)] 109.8(5) 148.6

35

To help in the interpretation of the interactigoresent in the
crystal packing, the charge transfer and also tkeetrestatic
interactions were studied using theoretical appnaxions. The
former type of interactions was modelled includiymolecules

0 and with the help of Natural Bond Orbital (NBO) arsid**2 at
the B3LYP/6-31+G* level of approximation. Table 2epents
some significant donor-acceptor orbital interactiofor the
C=9IH-C and C=8B-C contacts and their second-order
perturbation stabilization energieAH)), the energy difference

45 between the interacting orbitals E(j)-E(i) and tlzéue of Fock’s
integral F(i,j). Fig. 4 shows the orbital interactipicture of the
most important contributions (for clarity purposesly three
molecules were depicted to show each type of iotiena).

Fig. 2 Drawing of the solid state [(G}#CHOC(S)S} molecule showing
30 the labeling of the non-H atoms and their displaeenellipsoids at the
30% probability level.

4|Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Crystal packing of [(CE.CHOC(S)S; obtained by X-Ray
crystallography.

s Vibrational study

Figs. 5 and @lepict the experimental IR and Raman spectt
both dixanthogemolecules. A complete list of the wavenumkt
is presented as Supplementary Material (Ts S14 and S15).
Although some bands of the IR  spectra
10 [(CH3),CHOC(S)S}?®*?*  and [CH(CH,),0C(S)S}° were
previously reported in the literature, a completbrational
analysis was not yet published.
The IR and Raman spectra of [&BH,),OC(S)S} can be
clearly interpreted interms of the conformational equilibriu
15 previously discussed in this pap&he most intense absorption
the experimental IR spectrum of [QI€H,),OC(S)S} occurs at
1018 cnit, with shoulders at 1036 and 1049. The first two
bands are assigned to thwe C=S out-of-phase and in-phase
vibrational modes, respectively. Accordirto the B3LYP/6-
20 31+G* approximation, these vibrations are predicted
1042/1060, 1036/1055 and 1032/1047 ‘¢rfor structures |, Il
and Il respectively, with theut-of-phasenode more than three
times more intense than tle-phasevibration. In this spectr:
region two other lessitense absorptions of conforr Il and
2s0ne of conformer llare also expected, arising from thv,g

C-C-C modes (see Tables Sl4hat can be correled with the
1049 crt band.

Table 2 Donoracceptor orbital interactions for the CIIB-C and the

35 C=9MH-C contacts of [(Ck),CHOC(S)S; and their second-order
perturbation stabilization energiesH,, kcal.mol®), the energy difference
between the interacting orbitals EEJ#) and the value of Fock’s integ
F(i,j), both in atomic units (a.y.alculated with thB3LYP/6-31+G*
approximationlatom numbering is presented in Fig4)

Donor Acceptor E(2) E()-E(i) F(i,))
NBO (i) NBO (j) kcal/mol a.u. a.u.
C=S(31JM(1)y>C
from unit 1 to unit .

LP, S(1) n* S(31)- C(35) 0.10 0.66 0.008
LP,S(1) m* S(31}C(35) 0.11 0.26 0.005
from unt 2 to unit :
7 S(31)=C(35) o* S(1)-C(6) 0.24 0.57 0.011
LP, S(31) o* S(1)-C(6) 0.10 0.37 0.006
C=S(3)II5(28)-C
from unit 1 to unit .
n S(3)=C(7) 0*S(28)-C(34) 0.23 0.58 0.010
LP, S(3) o* S(28)-C(34) 0.10 0.38 0.006
from unit 2 to unit
LP S(28) w* S(3)- C(7) 0.11 0.67 0.008
LP S(28) ™ S(3)-C (7) 0.11 0.26 0.005
C=S(4)IH’(74)-C(72)
from unit 1 to unit
LP, S(4) o* C(72-H(74) 0.65 1.42 0.027
LP, S(4) o* C(72)-H(74) 0.94 0.90 0.027
o0 C(6)=S(4) o* C(72)-H(74) 0.08 1.03 0.008
n C(6)=S(4) RY* H(74) 0.13 1.55 0.013
LP, S(4) RY* H(74) 0.08 1.53 0.010
from unit 3 to unit
o C(72y-H(74) n*C(6)=S(4) 0.10 0.81 0.008

35

The second intense feature in the IR spectrum oi5 appears
ss at 1266 cnit, and can be assigned to the unresoout-of-phase
and in-phasev C-O modes (corresponding to the-C(S)-

group). Theoretical calculations prec a small wavenumber

difference for these two vibrational modes, ana amost nc

difference between the three conformers (1292/129%2/1298
soand 1293/1298 cihy for structures I, Il and I, respective,
which is in accordance with the experimenteservation.

The most intense bands of theRaman spectrum of
[CH3(CH,),0C(S)S} correspond to the —H stretching modes of
the npropyl groups. In the low energy region, the 49¢* band
can be associated with the S-S mode, characteristic of
disulphide nolecules. For the most stable conformer this mei
es predicted as the most intense one for this spemibn, at 44

et In forms 1l and Ill, thetheoreticalv S-S vibrations are at

461 and 471 cih respectively.In both cases this mode is

predicted with lowemtensity than in form I, but accompanied

two other modewiith comparable intensiti, at 419 and 442 ch
70 (for structure 1) and 413 and 442 * (for structure IlI), that

explain the complex pattern observed in the expartal Ramar

spectrum(for more detail see TablS14 of the Supplementary

Information). The Raman band at 1036 , assigned to the

C=Sin-phasevibrational mode of structure |, present a shou
7sat 1018 cnt, that can be attributed to thv C=S out-of-phase

60

This journal is © The Royal Society of Chemistry [year]
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modes of thethree conformers and also to tv,; C-C-C of

forms I. A complete list of the IR and Raman experimental ki 104
of [CH3(CH,),OC(S)S} and proposed assignment is presente 2 s
Table S14. S
2 06-
<
AE 0.4 4
=
= 024
C=5(31)-8(1)-C
0.0
1.04
o
0.8
z
5064
£
g 0.4 4
<
0.24
0.0
30|00 25|00 20|00 1 SIOO 1 OIOO S(I)O
‘Wavenumbers (cm")
k| :.\ = Fig. 5IR (black trace between 350®0 cn™ and red trace between 600—
#

15100 cnt) and Raman (lower blue tre, between 3500-100 chhspectra
of liquid [CHs(CH2).0C(S)S}.

f-d-

1.0 4
C=5{3)-5(28)-C ©
2 0.8+
g
2
o
2 0.6 4
<
3
2 0.4
=
&
024
0.0 o
* T T T T T T
i 1.0 4
0.8
2
806
=
=
g044
<
[
024
0.0 o
30IOO 25IOO 20IOO 1 SIOO 1 ()IOO 5(I)0
15 Wavenumbers (cm’')
1 Fig. 6 IR (black trace between 350®0 cn* and red trace between 600—

180 cm?) and Raman (lower blue tre, between 3500-100 cthspectra
2 of solid [(CHy),CHOC(S)S:.

On the other hand, the \vibrational spectrof
[(CH3),CHOC(S)S} shown n Fig.6 can be completely explained
in terms of theonly one conforme found in the crystal. The

30 molecule belongs to th@&, symmetry point group, with their i
normal modes of vibration active in both IR and Ran
classified as 40A + 38B. able S15 of the Supplementary

Fig. 4 NBO interaction picture of the most important cimitions Information compiles all vibrational wavenumbersgether witr

observed in the crystal packing of [(QECHOC(S)S; calculated with the proposed assignment.
the B3LYP/631+G* approximatior

6|Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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Table 31R and Raman wavenumbers of both disulphides asgitmthe
nine stretching modes of the ROC(S)SSC(S)OR m

[CH3(CH,),0C(S)S} [(CH3).CHOC(S)S}
Experimental B3LYP/ Experimental B3LYP/ Assignment
IR Raman 6-31+G* IR Raman 6-31+G*
1283 1298 1297 - 1278 1306 Vc-0ip.
1266 1265 1292 1272 1268 1301 Vc-0odp
1036 1036 1060 1027 1019 1032 Vessip.
1018 1018 1042 1004 1002 1016 Vc=Sof.p-
952 795 - 806 VOo-Rotp
920 918 gy ) 795 804  vorip
690 688 699 690 - 694 Vc-Sofp
- 670 699 - 691 693 Ve-sip.
498 444 - 501 478 Ve-g

Table 3 presents only the IR and Raman wavenumbédystb
disulphides assigned to the nineresthing modes of th
ROC(S)SSC(S)OR moietypgether with the predicted ones
the B3LYP/631+G* approximation. It is worth to mention t

10 wavenumber differences of more than 30(* betweerv C-O
andv O-R normal modes, indicative ofrmdelocalizatio of the
C=S doble bond through the adjacentCCsingle bond. Thi
assignment is in accordance with theay- diffraction values ¢
1.291 and 1.478 A for the-© and GR distances, respectivel

15 for [(CH3),CHOC(S)S} (see Table 1). It is also interesting
note that the wavenumbers of the vibrational dtiaty modes o
the ROC(S)SSC(S)OR moiety are very similar for
dixanthogens, with the only exception of the baadsigned t
thev O-R normal modeghat appear at lower wavenumber in

20 isopropyl derivative, indicating longer - distances in this
molecule with respect to same distances in -propyl species.
These differences can be interpreted in terms afcseffects
relevant for R = isopropyl.

Electronic absorption spectroscopy

2s The UV-visible spectra of both disulphides in solution
different solvents were measurediable 4 compiles the
wavelength of the absorption maxima of the spdoigather witr
the extinction coefficients. The spectra are charaed by thret
bands, presenting a farabsorption in some solvents can be
30 observed in the table.

To help in the interpretation of the electronicpe TC-DFT
calculations were performed. Tables 6Sand S17 list the
wavelength and oscillator strength of the predi
monoelectronic ansitions for both dixanthogens, while Figs.

ss and S7 depict the calculated electronic spectrahAssimulatec
spectra are very similar for the three most stableformers o
[CH3(CH,),0C(S)S}, the presented results correspond onl
structure |. Corparison between experimental and calculi
electronic spectra, and the calculated moleculhitals relevan
40 for the electronic transitions, are presented gsFr and ¢

1.8 4
] [CHyCHCH,OCHE)S); In CHyCN salusan
b W Ciscifalor strengh SILYRE-1145
(T
07
3
§ 05 -
5 05
= E
g
E 4.
E‘ J
03
02
0t
"1 iy | 1T | iE——
00 230 240 260 280 300 320 340 360 380 400
warvislenhd (nimj
Lad Ju— L+5
- L=3
L2 — Lot
LUMD
& :
F, ¥ 8
; | . w ,
o | ¥
w e A= BT 8
1
HOMO
= 4

Fig. 7 Experimental UV spectrum (in GCN, full trace), calculated
oscillator $rength of the electronic transitions (B3LY-31+g(d), black
bars) and schematic representation of the moleoutstals involved ir

the most intense electronic transitions of 3(CH,),OC(S)S}. The
energy scale is only qualitati

Table 4. Absorptionmaxima (nm) of the UV spectra of both disulphi
in solution of different solvents. Extinction cdefénts &, Lmol*cm?)
are given between parentheses

CHsCN
206 (18000)
242 (19100)
288 (7690)

354 (80)

H0
226
258
300

[CH3(CH,),0C(S)S;
CH;(CH,).OH CHCl,

244 (11820)

286 (4830) 290 (4900

358 (40) 356 (105
[(CH3).CHOC(S)S;
(CH),CHOH  CCl,
226 (15690)
242 (17060)
286 (8250)

360 (60) 362 (80

Assignment
CCl,

N—6*c=c
288 (9500) m—7* oo
360 (100) A>T oc(s)s

N—o*c=¢
N—0%c=¢
T—T* oc(s)s
N—1* oc(s)s

This journal is © The Royal Society of Chemistry [year]
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({CH; L CHOCIZ)E): In (£H,).CHOH Boiution

0.9 4 mmm O=clistor sirangh S3LYRIE-31+5°
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Fig. 8 Experimental UV spectrum (in (GHCHOH, full trace), calculate
oscillator strength of the electronic transitioBSI(YP/6-31+g(d), black
bars) and schematic representation of the moleoutstals involved ir

s the most intense electronic transitions of [(EEHOC(S)S,. The energy
scale is only qualitative.

As can be observed in Figs. 7 ana@ in Table 4, the U'
spectra of both molecules are very similar, relatétt the fact
that the electronic transitions respoteifor the absorptions a

10 mostly related with theOC(S)S- groups, which are, at least
the evidence of the vibrational spectra, almosejpahdent of th
R substituent.

Conclusions

The most remarkable difference between the twe ftitblecule:
15iS their aggregation state at ambient temperaturWhile
[(CH3),CHOC(S)S]} is solid, [CH(CH,),0C(S)S, is a liquid,

with a melting point difference greater tha® 4. One possible
this distinctivebehaviou could be the

explanation for
conformational flexibility of the rpropyl derivative. A
20 discussed previously, three different conformerthwiery low
energy differences are expected for 3(CH,),OC(S)S},
according tathe orientation adopted by the terminal ; groups.

On the other hand, theoretical caltion predict only one
s conformer for [(CH),CHOC(S)S,, in agreement with the
structure determined by My diffraction. Other factors can
contribute to the differences in the melting pooft related
analogous compounds. One of them can be attribtdethe
arrangement capabilities of the molecules, accgrdim their
40 shape and electrostatic potential (see for examgfie 43 and
44). However this does not seem to be the reason for
observed difference, since the calculated electiospotentials
and nolecular shapes are not very different for both pound,,
as well as the stabilization for intermoleculaenaictions
A detailed analysis of the vibrational (IR and Rajnsectra
4s with the assistance of the results of DFT calcaotetjis also
consisent with the conformational study. While the spaobf
[(CH3),CHOC(S)S]} werecompletely explained in terms of o
form, for the assignment of all the observed bands inkhand
Raman spectra of [GCH,),OC(S)S, the contribution of the
s0 three conformes were necessary. The lvisible spectra of both
molecules are very similar, and independent ofcthrformatior
for the npropyl derivative, due to the fact that the elewi
transitions are mostly related with t-OC(S)S- moieties.
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