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A cleavage/reorganization reaction at room temperature has 
been detected in three metal organic coordination compounds 10 

synthesized from the DPDS [di(4-pyridyl) disulphide] ligand: 
Mn(NCS)2(DPS)4 (1), [Fe(NCS)2(DPS)2]·2H2O (2) and 
Zn(NCO)2(DPS) (3), [DPS = di(4-pyridyl)sulphide]. The in 
situ reorganization process is explained by a 1,2-nucleophilic 
addition mechanism. 15 

 
The research interest on the well known 4,4’-dipyridine like 
ligands, characterized by their ability to arrange nets with large 
cavities, has grown rapidly in the last few years. Their structural 
flexibility converts them in excellent different-size spacers for 20 

Metal Organic Frameworks (MOFs),1 Coordination Polymers 
(CPs),2 Spin Crossover (SCO)3 and other technologically 
interesting systems whose structures and properties may be 
controlled by choosing appropriate bridging ligands, metal ions 
and counter ions. The structural motifs range from zero- to three-25 

dimensional being the limiting factor the bridging ligand 
flexibility. In most cases the supra-molecular architecture is 
governed by intermolecular directed H-bonds which involve the 
bridging ligands, the counter-ions and, if present, guest molecules 
trapped in voids or channels.  30 

 The less studied ligands of this family are those where the 
outermost pyridine rings are connected through sulphur atoms of 
which the shortest ones correspond to di(4-pyridyl)disulphide 
(DPDS) and di(4-pyridyl)sulphide (DPS). DPDS shows a higher 
rigidity associated to the S-S bond that confers it a characteristic 35 

twisted shape (Figure S1†). Moreover it is known that in the 
resulting packing its two optical isomers are always present thus 
conforming achiral structures.4 DPS is a priori a more versatile 
ligand and therefore should let a richer variety of atomic 
arrangements. However, its presence is scarce although cleavage 40 

of S-S and S-C bonds has been reported under photochemical,5 
electrochemical6 and chemical conditions.7 Above 100ºC, under 
solvothermal conditions, DPDS is also known to transform into 
DPS and other related ligands8 (Scheme S1†) throughout in situ 
disulphide cleavage reactions. The in situ ligand synthesis 45 

possesses a great attractive in fields like Organic and/or 
Coordination Chemistry as long as the understanding of such 
mechanisms would allow the discovery of new reactions and, as a 
consequence, the preparation of new complexes.9 

Fig. 1 (top) Metal environment in compound 1 (similar to those of 50 

compounds 2 and 4) and projection of the structure along the a-axis 

(bottom) showing the packing driven by the H-bond lattice (dotted lines). 

The highlighted atoms are those involved in the most important H-bonds 

listed in Table S2†. 

 55 

 What is rather unusual is the generation of this kind of organic 
frameworks in which the ligand DPDS shows an in situ 
rearrangement of its bonds to DPS during the assembly of a metal 
organic compound via a nucleophilic addition at room 
temperature. DPDS cleavage at room temperature has always 60 

been explained by means of radical mechanisms.10 However a 
nucleophilic reaction would be favoured, in contrast to a radical 
process, to form DPS by the chemical environment, the protic 
conditions of the solutions and the absence of extreme conditions. 
 With the aim of obtaining different DPDS compounds a 65 

synthesis with various transition metals [Mn(II), Fe (II) and 

Page 1 of 4 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 

2 |

Zn
an
pro
ma
reo5 

gro
the
tri
me
co10 

reo
(4)
 
fur
arr15 

fra
sit
tem
sub
 20 

in 
str
un
H…
fou25 

an
17
en

Fig

and30 

(do

 Journal Name

n(II)] in combin
nd thiocyanate 
ocess was driv
aterials 1-3‡ 
organization int
oup of investig
e biological lig
azolo[4,5-d]pyr
etal and DPDS
nditions (reflu
organization in 
)‡, was produce
Herein we repo

rther details) o
rangements of
ameworks. Thre
tu cleavage/reor
mperature. A m
bsequently prop
The reaction o
water/methano

ructure is tricli
nits (Fig. 1) pa
…N bonds (Ta
ur equatorial ni

nd two axial n
79.6(4)º] term
nvironment of M

g. 2 Projection o

d along the b-axi

otted lines) involv

e, [year], [vol], 0

nation with the
(NCS-), was d
ven under soft
showed S-S 
to DPS. Furthe

gation, another 
and DMTP (an
rimidin-5,7-dio
S was detecte
ux) it was cle

this compound
ed by a radical m
ort the synthese
of four new D
f increasing d
ee of them (1-3
rganization of D
mechanism for
posed. 
f Mn(NO3)2·6H

ol affords yello
inic (P1ത) (Tab
acked through 
able S2†). The 
itrogen atoms b
nitrogen atoms 
minal thiocya
Mn(II) ions conf

of the structure o

is (bottom). In bo

ving guest water 

00–00

e pseudo-halide
esigned. Unexp
t conditions, a
cleavage bon

ermore in collab
DPDS-DPS tra

nionic form of 4
one)11 in combin
d. However, g
ear that the S
d, [Zn(DPS)4(H
mechanism.  
es and structure
DPS based co
dimensionality 
3) are the first 
DPDS into DPS
r such syntheti

H2O with DPDS
ow prisms for c
le S1†) and c
intermolecular
Mn (II) ions a

belonging to ter
of almost lin

anate groups. 
forms a compre

of compound 2 a

oth cases the mos

molecules are sho

es cyanate (NC
pectedly, since 
all the synthesi
nd and a fur
boration with o
ansformation us
4,6-dimethyl-1,
nation with Zn 
given the reac
S-S cleavage

H2O)2](ClO4)2]·H

es (see the ESI†
mpounds show
including por
examples of an

S produced at ro
ic process will

S ligand and KN
compound (1). 
onsists of disc
r C-H…S and
are coordinated
rminal DPS liga
near [N1-C1-S

The resul
essed octahedro

along the c-axis (

st prominent H bo

own (Table S4†).

CO-) 
e the 
ized 
rther 
other 
sing 
,2,3-

n (II) 
ction 

and 
H2O 

† for 
wing 
rous 

an in 
oom 
l be 

NCS 
The 

crete 
d C-
d by 
ands 
1 = 
lting 
on.  

(top) 

onds 

. 

 Th
show
of DP
comp70 

locate
packi
bonds

Fig. 3

compo60 

chains

3 indic

 

 Co
infini90 

3) wh
Two 
tetrah
S9†).
(Tabl95 

atoms
(C11)
 Th
4 top)
by fo130 

the e
aqua 
octah
one s
perch135 

Fig. 4
crysta
termi
Aqua
and th140 

(see T
dimen
 

1

This journ

he structure of 
s infinite chain
PS ligands. Th

pound 1 (Fig.
ed in channels
ing of the cha
s (Table S4† an

3 Environment o

ound 3. Projecti

s (bottom). Depth

cate three differen

ompound 3 (or
ite zig-zag chai
here the Zn(II)
terminal N-cy

hedral coordina
 The generate
le S6†) of whi
s of the cyanate
) of the pyridini

he tetragonal (P
) consists of dis

our nitrogen ato
equatorial posit

molecules in 
hedral coordina
shown in Fig. 
hlorate anions a
4 top) giving ne
allization water
nal non-coordin

a molecules also
hose DPS nitro
Table S8† and
nsional network

1

1

al is © The Roy

compound 2 (m
s where the Fe(

he Fe (II) envi
1a and Table
along the b-a

ins in the plan
nd Fig. 2).  

of Zn(II) (top le

on of the struct

h is marked by th

nt chains that are 

rthorhombic, P
ins extending a
) ions are conn
yanate groups 
ation polyhedro
ed chains pack
ch the most si
e groups (O1) a
ic rings in the D
41212) (Table S
screte units whe
oms of four ter
tions. Two oxy

axial sites c
ation polyhedro

1a, after subs
are located in c
eutrality to the 
r molecule that 
nated nitrogen 
o establish H-B

ogen atoms not 
d Fig. 4 bottom
k in the comple

2

3

yal Society of C

monoclinic, C2
(II) ions are con
ironment is sim
e S9†). Water 
axis and are e
ne ab through

eft) and zig-zag 

ture showing th

he degree of trans

e connected by C-

Pcab) (Table S
along the [100]
nected by singl
also bond the

on (see Fig. 3 
k via intermol
ignificant invol
and the hydroge
DPS ligand. 
S7†) crystal stru
here Zn(II) ions 
rminal DPS lig
ygen atoms co
complete a sli
on (Table S9†)
stituting NCS 
channels along
complex. In ad

t establishes H-
atoms of two c

Bonds with bot
linked to cryst

m) conforming 
ex.  

2 

Chemistry [year

2/c) (Table S3†
nnected by pair
milar to that o

molecules ar
essential for th

S…H-O-H…S

chains (right) i

e packing of th

sparency. 1, 2 an

-H…N bonds. 

S5†) consists o
] direction (Fig
le DPS bridges

e ion to give 
top and Tabl

ecular H-bond
lves the oxygen
en of the carbon

ucture of 4 (Fig
are coordinated

gands occupying
orresponding to
ightly distorted
) similar to th
by water. Two

g the c-axis (se
ddition there is 
-Bonds with th
cis DPS ligands
th water oxygen
tallization wate
a global three

r] 

†) 
rs 
of 
re 
he 
S 

n 

he 

d 

of 
g. 
s. 
a 
e 

ds 
n 
n 

g. 
d 
g 
o 
d 

he 
o 
e 
a 

he 
s. 
n 

er 
e-

Page 2 of 4CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00 | 3 

Fig. 4 Projection along the c-axis (top) of the structure of compound 4 

showing the channels where de ClO4
- ions are located. Scheme of the 

most relevant H-Bonds (bottom) represented with dotted lines (Table 

S8†). Crystallization water molecules are represented in red.  

 5 

 Owing to the high adaptability of DPS induced by the 
flexibility of the C-S-C angle and the easiness of C-S torsions, 
DPS compounds show an elevated lability as they can 
accommodate a rich variety of structures with different symmetry 
and supra-molecular design, some of them showing voids or 10 

infinite channels with different cross-sections. Therefore in situ 
cleavage of DPDS and its further reorganization into DPS under 
soft conditions could promote new trends towards controlled 
synthesis directed not only to new compounds but also to new 
properties. However, this can only be achieved if the cleavage 15 

reaction is understood. In the present study, provided the method 
of synthesis, such mechanism has to be based on the reaction 
medium and the reactivity of reagents. In the case of compounds 
(1)-(3) the reaction medium is protic (H2O/CH3OH) and exposed 
to room conditions. In these circumstances DPDS undergoes 20 

electron transfer (ET) reduction to afford the unstable radical 
anion that decomposes into pyridinethiol radical and pyridinethiol 
anion (Step 1 of Scheme 1).12 The pydinethiol radical is in turn 
reduced in the presence of the DPDS radical and generates 
pyridinethiol in neutral conditions (Step 2)13 that, given the protic 25 

medium, is in tautomeric equilibrium with its corresponding 
thione (Step 3)14. Both react trough 1,2-nucleophilic addition to 
yield the DPS ligand and SH2 as a sub-product (Step 4). All the 

syntheses revealed a little amount of a yellow solid residue that 
can be associated to sulphur by a redox reaction (Step 5), in good 30 

agreement with the proposed mechanism. This synthesis route, 
unlike a radical reaction, exhibits a much slower kinetics when 
compared with that of DPDS ligands.4 Compounds with DPS as 
bridging ligand show a very low yield and appear sometimes like 
sub-products in syntheses where their DPDS homologous 35 

develop.  
 
 This work supports and explains a 1,2-nucleophilic addition 
mechanism where an in situ synthetic transformation from DPDS 
to DPS under soft conditions is produced. The versatility of DPS 40 

makes this method of synthesis useful for the design of porous or 
channelled metal-organic materials with potential applications 
derived from their absorption/desorption properties. 
 

Scheme 1 Proposed mechanism for the in situ cleavage and 45 

reorganization of DPDS into DPS in compounds 1-3. 
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† Electronic Supplementary Information (ESI) available: X-ray 
diffraction (Tables S1-S9), TGA data (Figures S2-S5 and Table S10) and 
IR spectroscopy (Figures S6-S9 and Table S11). CIF files deposited with 
the CCDC numbers 885878-885880 and 996526. For ESI and 
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DOI: xx.xxxx/xxxxxxxx/ 
‡ Synthesis of (1): The compound was synthesized by mixing an aqueous 
solution (20 ml) of Mn(NO3)2·6H2O (0.072g, 0.25 mmol) with an aqueous 
solution (10 ml) of KNCS (0.049g, 0.5 mmol). After 15 min of stirring, a 
methanolic solution (20 ml) of DPDS (0.055g, 0.25 mmol) was added. 30 

The resulting solution was left to stand at room temperature (298-303 K). 
Two months later, colourless X-ray quality single crystals were obtained. 
Anal. Calcd for C42H32MnN10S6 (%): C, 54.59; H, 3.49; N, 15.16; S, 
20.82. Found: C, 50.03; H, 3.20; N, 14.49; S, 20.96. Yield, 20%.  
Synthesis of (2): This compound was similarly synthesized by using 35 

FeCl2·4H2O (0.05 g, 0.25 mmol). In this case, the resulting precipitate 
was filtered off. Yellow single crystals suitable for X-ray diffraction were 
subsequently (15 days at 298-303 K) obtained. Anal. Calcd for 
C22H20FeN6O2S4 (%): C, 45.20; H, 3.45; N, 14.38; S, 24.94. Found: C, 
43.23; H, 2.92; N, 14.21; S, 25.56. Yield, 18%.  40 

Synthesis of (3): Compound (3) was synthesized following the same 
procedure as in compounds (1) and (2) and using Zn(NO3)2·6H2O 
(0.074g, 0.25 mmol). In this case colourless X-ray quality single crystals 
were obtained (9 days at 298-303 K). Anal. Calcd For C12H8ZnN4O2S 
(%): C, 42.69; H, 2.39; N, 16.59; S, 9.50. Found: C, 41.60; H, 2.30; N, 45 

16.55; S, 9.11. Yield, 18%.  
Synthesis of (4): To a mixture of Zn(ClO4)2·6H2O (0.1489g, 0.4 mmol) 
and DMTP (0.1209g, 0.8 mmol) in 20 ml of water was added an ethanolic 
solution (15 ml) of DPDS (0.0880g, 0.4 mmol). This solution was 
refluxed during 1 hour and filtered off to eliminate a yellow solid formed. 50 

Three days later, yellow X-ray quality single crystals were obtained. 
Anal. Calcd for C40H38Cl2N8O11S4Zn (%): C, 44.84; H, 3.57; N, 10.46; S, 
11.97. Found: C, 44.60; H, 3.88; N, 10.77; S, 11.92. Yield, 22%.  
Purity of the samples were corroborated by considering their 
microanalyses, thermogravimetric analyses (TGA) (Figures S2-S5 and 55 

Table S10 for compounds (1)-(4), respectively. Microanalyses were 
performed with a LECO CHNS-932 analyser. TGA analyses were 
obtained using a TA-Instruments SDT-2970 DSC-TGA unit at a heating 
rate of 5 ºC under an argon atmosphere. Infrared (IR) spectroscopy was 
performed on a MATTSON FTIR 1000 spectrophotometer as KBr pellets 60 

in the region 400-4000 cm-1. IR spectra for  (1)-(4) are shown in Figures 
S6-S9, respectively, and Table S11. Crystal data for (1)-(4) are included 
in Tables S1, S3, S5, and S7. Data collections were performed, at 298 K, 
on a STOE IPDS I and a STOE StadiVari diffractometer with 
monochromated Mo-K radiation. The structures were solved by direct 65 

methods using the program SIR9715 and refined by full-matrix least-
squares procedure on F2 using SHELXL97.16 
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