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Abstract. Three new compounds, CdEMe)(hmta) (),
Cd(SCOEtp(hmta) s (2) and Cd(2COiPry(hmta) @), have
been isolated from a systematic study of adducehétion
between Cd(£OR) , R = Me, Et and iPr, precursors and
potentially polydentate hmta; hmta is urotropinex@meth-
ylenetetramine). The compounds have been chaiseddyy
a variety of spectroscopic techniques includingpatplumi-
nescence study in both solution and the solid-statavell as
by thermal methods. Crystallography shalv® havep,-
bridging hmta leading to a one-dimensional cooriitima
polymer. This framework is essentially repeate@ ibut
with a pa-bridging hmta so that Cd{SOEt) entities deco-
rate the chain. By contrast, a binuclear zero-dsional ag-
gregate with terminally bound hmta is foundinThe influ-
ence of steric bulk of the alkyl substituents i(&€€OR)
is pivotal in determining the ultimate structuratcome.

* Correspondence author: edwardt@sunway.edu.my (E.R.T.

Introduction

Dithiocarbonates (xanthates), dithiocarbamates ditido-

phosphates are important members of the 1,1-dittaalass
of compounds, Fig. 1 [1-7]. Being easy to prefzare hav-
ing a great propensity for complexing heavy elemeahg-
ing from the transition metals, lanthanides, ardvant to
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the present study, main group elements, it is ogirsing
that there is an enormous wealth of structural éatanetal
1,1-dithiolates [1-7]. Amongst these, the struakwhemis-
try exhibited by the binary cadmium xanthates, GG(ER)
is remarkable for its diversity and complexity [1].
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Fig. 1. Generic chemical structures for the (a) xanth@e,
dithiocarbamate and (c) dithiophosphate anionssoR&nce
structures for the (d) xanthate and (e) dithiocandiz ani-
ons. (f) Chemical structure of urotropine (hmta).

As seen from Fig. 2, three quite distinct strudtamatifs
are observed for these compounds, ranging from-diero
mensional in the case of the mononuclear compoaunddf
for R = CHCH,OMe [8], one-dimensional in the form of a
supramolecular chain when R = Me [9], and two-dimen
sional, as extended sheets, when R = Et, iPr aBd [10-

15].
T/-

Fig. 2. The three different structural motifs adoptedblpy
nary cadmium xanthates (a) zero-dimensional, mocieau
found for R = CHCH,OMe, (b) one-dimensional supramo-
lecular chain found for R = Me, and (c) two-dimemsil su-
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pramolecular layer found for R = Et, i-Pr and n-Bail hy-
drogen atoms and all but the alpha-carbon atomadtm
oxygen have been omitted.

Contrasting the behaviour of the cadmium xanthates
the structural chemistry of the binary cadmium idithrba-
mates, CA(8CNRy)2, which normally features a binuclear,
zero-dimensional aggregate as a result of two thglég-
ands and two ligands which simultaneously chelateaad-
mium centre while bridging another, i@4>tridentate [16-
34]. This dramatic difference in structural out@snis ra-
tionalised in terms of the significant contributiohthe ca-
nonical structure shown in Fig. 1e, up to 40%, Wwhitakes
dithiocarbamate ligands effective chelating ageetsainly
compared with the xanthate ligand where the egentata-
nonical structure, Fig. 1d, contributes no morentB@% to
the overall electronic structure of the anion [I]he above
notwithstanding, the relatively “staid” coordinatichemis-
try for Cd(SCNRy)2 has been challenged recently by the
characterisation of supramolecular isomers [35, &5the
one-dimensional coordination polymers,
[{Cd[S2CN(iPr)CH.CH,0OH]2} 3- MeCN], [37] and
[{Cd[S2CN(iPr)CHCH;OH]} 3- 2EtOH], [38] for which alll
dithiocarbamate ligands agg«®-tridentate. Further, a zero-
dimensional trinuclear aggregate has been isolateehtly,
{Cd[S:CN(methylbenzyl)(methylfurfuryl}} 5, where the ra-
tio of zk?-tridentate to chelating ligands is 2:1 leadingto
central octahedrally coordinated cadmium flankedtlg
square pyramidal cadmium atoms [39]. The struttlvam-
istry of the binary cadmium dithiophosphates redemthat
of Cd(SCNRy); in that both zero- (binuclear) [40-42] and
one-dimensional [43-45] aggregation patterns aseoied.

While the mainstay of the construction of coordioat
polymers of metal carboxylates has been to incateareu-
tral and multidentate pyridine-donor ligands of e¥hi,4-
bipyridine (4,4bipy) is a prominent exemplar, the analo-
gous chemistry of 1,1-dithiolates is far less depet. In
fact, there is only one example of structurallyrelcterised
cadmium xanthate with bridging bipyridine-type ligks,
namely [Cd(SCOiPry(4,4-bipy)],, which is a linear poly-
mer [46], even though structures with bidentateytiine
donors are well known [47-49]. A linear coordinatipoly-
mer is also noted in the structure of
{Cd[S2CN(CH:PhY]2(4,4-bipy)}n [50]. This structure is
complemented by highly flattened zig-zag polymersach
of {Cd(S:CNEt)[1,2-bis(4-pyridyl)ethanel} [51] and
{Cd(S:CNEb),[1,2-bis(4-pyridyl)ethylene]} [52]. By con-
trast to the aforementioned, the chemistry of cadmdlithi-
ophosphates with bridging bipyridine-type ligands far
more developed [53-58], with 17 different structufeund
in the Cambridge Structural Database [59]. A sysiiic
study focussed on the influence of the steric faif the
remote organic substituents upon coordination pelyfor-
mation and, when polymers were formed, their togp[&3-
55]. The controlling influence of steric bulk influencing
supramolecular aggregation patterns, in partigolanilitat-
ing secondary interactions [60, 61], in main grdyp-dithi-
olate chemistry is now well established [62-66]isInoted
that in none of the cadmium structures with bridduipyri-
dine-type ligands were the 1,1-dithiolate liganddding so
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that only one-dimensional architectures were formkdan
attempt to increase the dimensionality of the ergsapordi-
nation polymer, attention was directed to the piiddn pol-
ydentate ligand urotropine (hexamethylenetetrantinegaf-
ter hmta), Fig. 1f.

The utility of hmta in the construction of coordiiag
polymers has been reviewed recently which sumnthi@se
variety of “inverse coordination modes”, i.e. whémata is
regarded as the coordination centre [67]. Bridgire -,
Ms- and evenu-hmta, predominates with terminal coordina-
tion of hmta observed in less than 5% of the dised<oor-
dination polymers (excluding those containing s)é7].
With this background in mind, an exploration of addfor-
mation between each of Cd(BOR), R = Me, Et and iPr,
and hmta is described in which the ratio of GE(SBR), to
hmta was varied from 1:1, 2:1 and 1:2, was undertalRe-
markably, from the nine possible products only ¢hcem-
pounds could be prepared, namely GE&E@Me)(hmta) (),
Cd(SCOEtp(hmta)s (2) and Cd(SCOiPrk(hmta) @), i.e.
each with a different composition. Even more redhly,
the crystallographically determined structuresleB are
quite different owing to the different coordinatiorodes of
hmta,i.e. monodentatgy»-bidentate angis-tridentate so that
different architectures are generated. The resflthis in-
vestigation are reported herein.

Experimental

Instrumentation

All chemicals and solvents were used as purchasaut
purification and reactions were carried out undabient
conditions. Elemental analyses were performed Ber&in
Elmer PE 2400 CHN Elemental Analyséid and'3C{'H}
NMR spectra were recorded in DMS@-sblutions on a
Bruker Avance 400 MHz NMR spectrometer with cherica
shifts relative to tetramethylsilane; abbreviatidos NMR
assignments: s, singlet; d, doublet; t, tripletggartet; sept,
septet. IR spectra were measured on a Perkin Ebpec-
trum 400 FT Mid-IR/Far-IR spectrophotometer fron©8Qo
400 cmt; abbreviations: vs, very strong; s, strong; m, me-
dium; w, weak The optical absorption spectra were meas-
ured on 10 and 10@M ethanol:acetonitrile (1:1) solutions in
the range 190-1100 nm on a single-beam Agilent Géry
UV-Vis spectrophotometer. Photoluminescence (Péasn
urements were carried out at room temperature /lin
acetonitrile:ethanol (1:1) solutions using an Agil&arian
Cary Eclipse Fluorescence Spectrophotometer witareon
flash lamp as the excitation source. Solid-staten@asure-
ments were carried out using the same instrum&lid
samples were loaded on a SH1 plain sample holdan Qfp-
tistat DN2 (Oxford Instrument Nanoscience) attachiylég-

uid nitrogen was loaded into the cryostat systemiofe tem-
perature (77 K) measurements. Thermogravimetatyans
were performed on a Perkin EImer TGA 4000 Thermegra
imetric Analyzer in the range of 35-900 °C at thterof 10
°C/min.
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Synthesis and characterization

Preparation of xanthate salts

The potassium salts of the three xanthate ligahBCOR]
for R = Me, Et and iPr, were prepared by dissolvk@H
(ca 0.05 mol) in an excess of the respective aldoiowed
by the slow addition of an equivalent amount ot.CShe
precipitate which immediately formed was filterel dried
in vacuo at room temperature and used as prepared.

Synthesis of binary cadmium xanthates

The same method was employed for the preparatieact
of Cd(SCORY), for R = Me, Et and iPr. An aqueous solution
(25 ml) of CdC4 (99.0% purity; Acros Organic; 2.75 g) was
added to 2 molar equivalents of the respectivehatattaken
up in ethanol (R = Me: 25 ml) or water (R = Et,:iR5 ml).
The resulting mixture was stirred for 1 h and thecjpitate
that formed was suction filtered and air-dried.e Tinoducts
were characterised spectroscopically and used ubses
guent reaction with hmta (Acros Organic).

Cd(SCOMe),: Yield 4.26 g (87 %) as pale-yellow needles.
'H NMR (DMSO<s, 25° C):8 3.95 & 3H, OCH) ppm.
13C{*H} NMR (DMSO-ds, 25° C):5 230.1 (G), 62.7 (OCH)
ppm. IR (cm'): 1218 (vs)(C-0), 1029 (vsy(C-S).
Cd(SCOEt)2: Yield 4.74 g (89 %) as a milky-white powder.
H NMR (DMSO-s, 25 °C):5 4.34 @, 2H, OCH, J = 7.07
Hz), 1.30 {, 3H, CH;, J = 7.08 Hz) ppm.:*C{!H} NMR
(DMSO-dg, 25 °C):8 229.2 (@), 72.3 (OCH), 14.0 (CH)
ppm. IR (cmY): 1195 (vsy(C-0), 1029 (vsy(C-S).
Cd(SCOQiPr),: Yield: 4.48 g (78 %) as a yellow powdéeH
NMR (DMSO-ds, 25°C): 6 5.12 €ept, 1H, OCH, J = 6.17
Hz), 1.30 {, 6H, CH;, J = 6.20 Hz) ppm.B*C{*H} NMR
(DMSO-dg, 25 °C): 6 228.2 (G), 80.4 (OCH), 21.3 (Ckl
ppm. IR (cmY): 1202 (vs)(C-0), 1021 (vsy(C-S).

hmta: *H NMR (DMSO-ds, 25°C):5 4.52 §, 12H, CH) ppm.
13C{*H} NMR (DMSO-ds, 25°C): 6 73.8 (CH) ppm. IR
(cnY): 1456 (m)vad C—H), 1369 (sy(C—H), 1234 (vsy(C—
N).

Synthesis of Cd(8COR)z(hmta)n adducts, R = Me (1), Et
(2) and iPr (3)

The methods employed for the preparation of theahsait
ducts were similar and hence, only details for e¢kperi-
ments involving the R = Me precursor will be given.sep-
arate experiments, to a suspension of gd(8ve) (0.65 g)
in ethanol (25 ml) was added 0.5, 1.0 and 2.0 mexdaiva-
lents of hmta in ethanol (25 ml). The resultingituies were
stirred for 1 h at 50 °C on a hot-plate. Afterlaggpto room
temperature, the solution was filtered and theafit left for
slow evaporation, yielding crystals typically aftgrdays.
The crystals obtained from each reaction were secbdy
PXRD. From the nine experiments, three new comg@sun
were isolated.

Cd(SCOMe),(hmta) (1). Yield: 0.51 g (55 %) as colourless
crystals. Anal. Calc. for {gH1sCdNsO-Ss: C, 25.72; H, 3.89;
N, 12.00. Found: C, 25.44; H, 3.87; N, 11.6%4 NMR
(DMSO-a;, 25 °C):6 4.60 6, 12H, Ch), 3.95 §, 6H, OCH)
ppm. BC{*H} NMR (DMSO-ds, 25 °C):5 230.0 (G), 73.4
(CHy), 62.6 (OCH) ppm. IR (cmt): 1460 (m)vadC—H),
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1375 (w)vs(C—H), 1238 (sy(C-N), 1200 (vsy(C-0), 1016
(vs) v(C-S).

Cd(SCOEt)2(hmta)os (2). Yield: 1.26 g (74 %) as pale-yel-
low crystals. Anal. Calc. for gH3.ChN4O4Ss: C, 25.44; H,
3.80; N, 6.59. Found: C, 25.12; H, 3.70; N, 6.34.NMR
(DMSO-as, 25 °C):6 4.58 &, 12H, CH), 4.34 ¢, 8H, OCH,

J =7.05 Hz), 1.30t(12H, CH, J = 7.06 Hz) ppm**C{‘H}
NMR (DMSO-d, 25 °C):8 229.2 (G), 73.7 (CH), 72.3
(OCHy), 14.0 (CH) ppm. IR (cmY): 1461 (m)vadC—H),
1365 (w) vs(C—H), 1232 (m)v(C-N), 1197 (vs)v(C-0),
1014 (vs)v(C-S).

Cd(SCOQiPr)(hmta) (3). Yield: 0.81 g (77 %) as pale-yel-
low crystals. Anal. Calc. for £Hs,ChNsO4Ss: C, 32.15; H,
5.01; N, 10.71. Found: C, 31.97; H, 5.07; N, 10 49NMR
(DMSO-d;, 25 °C):6 5.13 gept, 2H, OCH, J=6.17 Hz), 4.58
(s, 12H, CH), 1.30 ¢, 12H, CH;, J = 6.20 Hz) ppm*3C{H}
NMR (DMSO-d;, 25 °C):8 228.3 (G), 80.6 (OCH), 73.7
(CHp), 21.3 (CH) ppm. IR (cmb): 1459 (m)vadC—H), 1370
(w) v(C-H), 1246 (sy(C—N), 1206 (vsy(C-0), 1013 (vs)
v(C-S).

Crystal structure determination

A Rigaku AFC12/SATURN724 diffractometer fitted with
Mo Ka radiation § = 0.71073 A) was employed to measure
intensity data fol at 98 K. Data processing and absorption
corrections were accomplished with CrystalClear] [&8d
ABSCOR [69], respectively. Intensity data fband3 were
measured at 100 K on an Agilent Technologies SupeaN
Dual CCD with an Atlas detector also fitted with Mo ra-
diation. Data processing and absorption correctiere ac-
complished with CrysAlis PRO [70]. With the use of
SHELXS-97 [71] and SHELXL-2014/7 [72] programs inte
grated into WinGX [73], the structures were solbgdirect
methods and refined df? by full-matrix least-squares with
anisotropic displacement parameters for all norrtyen at-
oms. The C-bound H atoms were placed on stereachem
grounds and refined in the riding model approxiorativith
Uiso = 1.2-1.8Jc(carrier atom). A weighting scheme of the
formw = 1/[o%(F.?) + (@P)? + bP] whereP = (F,* + 2F2)/3
was introduced in each case. Bprowing to poor agree-
ment, perhaps due to the effect of the beam-stap,ldw
angle reflections, i.e. (1 0 0) and (0 1 0), wematted from
the final refinement. Generally, relatively higtotion was
observed for the terminal methyl groups and inipaldr for
C4. However, multiple sites could not be resoluedhis
low temperature (100 K) study. This was despitedbser-
vation that the maximum residual electron densiaks
were located in this region of the structures, the. maxi-
mum and minimum residual electron density peaks.20
and 1.00 &, respectively, were located 0.48 and 0.44 A
from the H4a and C4 atoms, respectively. Unit dath, X-
ray data collection parameters, and details ofsthecture
refinement are given in Table 1. The programs OR-BHor
Windows [73], PLATON [74] and DIAMOND [75] were
also used in the analysis.

Author Title File Name
Yee Seng Tan, Aliaa DiyanaSerendipitous compositional and structural divgnsiturotropine adducts of binari4.docx
Azizuddin, Marius V. Campian, cadmium xanthates

lonel Haiduc and Edward R. T.

Tiekink

Date
30.10.2017

Page
6 (29)



Table 1. Crystallographic data and refinement detailslf@:*

Formula
Formula weight
Crystal size (mm)

Crystal system

Space group
alA

b/A

c/A

al°

a°

J°

VIA2

4

DJg cnt®
mnrt
frange/®

Reflections measured

Independent reflection&int

Reflections withl > 24(1

)

Number of parameters

R(F) [I > 2a(1) refins]

Author

Title

1

GoH1sCdN4sO2Ss

466.92

0.10x0.10 x 0.30

monoclinic

C2/c
17.321(4)
10.3733(18)
11.744(2)
90
129.836(2)
90
1620.3(6)
4
1.914
1.871
2.5-27.5
5452
1855; 0.020
1812
99
0.019

2

C1eH32ChN4O4Se

849.75

0.08 x 0.10.24

triclinic
P1
9.8286(3)
11.7331(3)
13.3667(3)
90.639(2)
90.981(2)
105.455(2)
1485.29(7)
2
1.900
2.027
2.2-27.5
25768

6812; 0.028

6170
332
0.019
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3
C14H26CdN4O2Sy
523.03
0.20 x 0.20 x 0.20
triclinic
P1
9.6453(4)
9.7342(5)
11.9457(4)
85.258(3)
78.488(3)
69.138(4)
1026.88(8)
2
1.692
1.486
2.6-27.6
17439
4745; 0.047
4221
230
0.029
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A; b in wght scheme 0.021; 2.409 0.014; 0.599 0.026; 0.251

WR(F?) (all data) 0.046 0.042 0.063
GoF F?) 1.07 1.04 1.04
DpPmax, min(€ A3) 0.54, -0.62 0.51, -0.43 1.20, -1'&upplementary Material: Crystallographic data ligting structure factors) for the structures repaiin this paper have

been deposited with the Cambridge Crystallographita Centre as supplementary publications no. CCB@3580 to 1409582. Copies of available materiallmobtained free of charge, on
application to CCDC, 12 Union Road, Cambridge CBZ 1UK, (fax: +44-(0)1223-336033 or e-mail: dep@icdc.cam.ac.uk). The list of Fo/Fc-data is avél&iom the author up to one year
after the publication has appeared.
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Powder X-ray Diffraction

Powder X-ray diffraction (PXRD) data were recordégth a
PANalytical Empyrean XRD system with CwK radiation
(A = 1.54056 A) in the @range of 5 to 50° with a step size
of 0.026°. The comparison between experimentakaii-
lated (from CIFs) PXRD patterns was performed WitRert
HighScore Plus [76].

Results and Discussion

Syntheses and spectroscopy

The reactions between Cd(3DR), R = Me, Et and iPr, and
hmta yielded three new compounds regardless ofdtie
between the reagents, i.e. 1:1, 2:1 and 1:2. Whetares of
Cd(SCOMep(hmta) (), Cd(SCOEtp(hmtaps (2) and
Cd(SCOiPrp(hmta) @) were established by single crystal
X-ray crystallography as discussed below. PowdeayK
patterns (PXRD) were measured on the powdered sampl
of the crystals isolated from all reactions. Thesee com-
pared with the simulated patterns calculated bardHe sin-
gle crystal data (using the respective CIF’s) atedifor1—
3[76]. The agreement between the experimentakatwli-
lated patterns fot—3 indicates the single crystal results are
representative of the isolated materials, see Supghtary
Material Fig. S1.

The multiplicity and integration observed in tiieNMR
spectra were consistent with the expected formulde. res-
onances due to the Ghrotons of hmta were observed as
singlets ab 4.60 (1) and 4.58 (2 and 3) compared With52
ppm for hmta measured under the same conditiomaps
indicating a small downfield shift upon coordinatioVery
small upfield shifts were noted in th#&€{*H} NMR spectra
with 3(NCHy) being 73.4 1) and 73.7 Z and3) compared
with 6 73.8 ppm for hmta. By contrast, in terms of th@x
thate ligands, théH and*3C{'H} NMR of 1-3 were practi-
cally indistinguishable from those recorded for GAOR),

R = Me, Et and iPr. Further discussion relatingh® ques-
tion whether hmta remains coordinated in solut®found
below. At least, the appearance of a single rasmnfor the
hmta molecules in théH and**C{*H} spectra of1-3 indi-
cates fluxional behaviour. The IR spectra (seepfupen-
tary Material Fig. S2) showed characteristic absong, i.e.
vad C—H), v{(C—H) andv(C-N), due to hmta. In the same
way, characteristic xanthate absorptions, v&-0O) and
v(C-S), were observed, with systematic blue-shiftea for
the latter.

Crystal and molecular structures

The crystal structures of [CHSOMelp(hmta)l, (1),
[CA(SCOEtp(hmtapn (2) and Cd(ECOiPrp(hmta) @)
were established by X-ray crystallography; selegeaimet-
ric parameters are given in the respective figurptions.
The crystallographic asymmetric unit in the crystalicture
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of 1 comprises half of Cd¢EOMe), withthe Cd atom lo-
cated on a crystallographic centre of inversiom, alf of a
molecule of hmta, as this is located about a 2-&id, Fig.
3a, so that there is a 1:1 ratio between @d(8Vie} and
hmta. The methylxanthate ligand chelates the cawhnaind
forms almost symmetric Cd-S bond lengths. From-sym
metry, the cadmium atoms is six-coordinate withiN &
donor set with the nitrogen atoms being mututbips. Dis-
tortions from the ideal octahedral geometry aratesl to the
acute bite angle of the xanthate ligand, S1-Cd-52 i
68.572(13)°. The N4 ligand j®&-bidentate, spanning two
cadmium atoms so that a one-dimensional coordimgutid-
ymer is formed. This is orientated along the [1@itgction
and has a zigzag topology, Fig. 3b. In the crys#alking,
chains pack with no specific intermolecular int¢i@ts be-
tween them according to the criteria embodied iAPQN
[74]; the unit cell contents fdk are shown in Fig. 3c.

(€)
Fig. 3. (a) The asymmetric unit in the crystal structoféd
showing atom-labelling and displacements ellipsa@itithe
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50% probability level; the Cd atom is located arrystallo-
graphic centre of inversion and N4 is located alzoftfold
axis. Selected geometric parameters: Cd—S1 2.8135¢—
S2 2.6844(6) and Cd-N1 2.5476(15) A. (b) The ocineed-
sional coordination polymerith hydrogen atoms removed
for reasons of clarity (c) A view in projection down the b-
axis of the unit cell contents, showing the supracdar
chains to pack without specific interactions betweem.

The asymmetric unit in the crystal structure2ofom-
prises three distinct cadmium atoms, two of whiehon a
centre of inversion with the other in a generalifims, six
distinct ethylxanthate ligands and an entire mdeioof
hmta, Fig. 4a, so that there is a 2:1 ratio between
Cd(SCOEty and hmta. Each cadmium atom is chelated by
two ethylxanthate ligands with the Cd—S bond lesdying
in a relatively narrow range, i.e. 2.6056(5) to6&8(4) A.
The Cd1 atom is also coordinated by a nitrogen dtom
hmta, and from symmetry, each of the Cd2 and Cdfsit
are coordinated by two nitrogen atoms. The Cdhat
penta-coordinated, the N$lonor set defining a distorted
square pyramidal geometry with the valueref 0.12, cf1
= 0.00 and 1.00 for ideal square pyramidal andiréy bi-
pyramidal geometries, respectively [77]. Distorteddahe-
dral geometries defined hyans-N»Ss donor sets, as fdt,
are found for theCd2 and Cd3atoms. TheCd2 and Cd3
atoms are bridged by hmta ligands to form a onesdsional
zigzag chain along the-axis, akin to that seen ih The
clear difference ir2 arises with the hmta ligand also con-
nected to terminally bound CA{SOEt) entities, indicating
that the hmta ligand igs-tridentate, Fig. 4b. The terminally
bound residues are crucial in assembling chainsarstupra-
molecular layer in theac-plane by C-HS interactions,
which each forming two donor and two acceptor CSHn-
teractions, see Fig. 4c and the figure captiorifergeomet-
ric details characterising the interactions. Téwgets stack
along theb-axis, being separated by hydrophobic interac-
tions, see Fig. 4d.
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(d)

Fig. 4. (a) The asymmetric unit in the crystal structof@
showing atom-labelling and displacements ellipsaitithe
70% probability level; the Cd2 and Cd3 atoms acated on
crystallographic centres of inversion. Selecteshgetric pa-
rameters: Cd1-S1 2.6056(5), Cd1-S2 2.6502(5), Cal1-S
2.6130(5), Cd1-S4 2.6671(5), Cd1-N1 2.4244(15)-Sé2
2.6189(5), Cd2—-S6 2.6683(4), Cd2—N2 2.5682(14),-Sd3
2.6370(4), Cd3-S8 2.6574(4), Cd3—-N3 2.5836(14) (B)
The 1-D coordination polymer. (c) The supramolacidyer

Author Title File Name
Yee Seng Tan, Aliaa DiyanaSerendipitous compositional and structural divgnsiturotropine adducts of binar4.docx
Azizuddin, Marius V. Campian, cadmium xanthates

lonel Haiduc and Edward R. T.

Tiekink

Date
30.10.2017

Page
12 (29)



in the ac-plane sustained by C-H...S interactions shown as
orange dashed linesn (b) and (c), the non-interacting hy-
drogen atoms removed for reasons of clariig) A view in
projection down the b-axis of the unit cell contgrshowing
the supramolecular layers pack alongdfexis without spe-
cific interactions between them. The geometriapaaters
for the C—H...S interactions: C5-H5a...S1i=2.7€A...S1i

= 3.4813(19) A, with angle at H5a = 130° for i: -¥, 1-z;
C5-H5a...S5i = 2.83 A, C5...S5i = 3.544(2) A, vattgle at
H5a = 130°; C8—H8b...S1ii = 2.78 A, C8...S1ii =8R) A,
with angle at H8b = 134° for ii: -1+x, y, z.

The crystal structure & comprises binuclear molecules
disposed about a centre of inversion, Fig. 5a. @rbe in-
dependent isopropylxanthate ligands is chelatisgfoa 1
and2, but the other chelates one cadmium atom while sim
ultaneously bridging another incax?-tridentatemode. The
resulting NS donor set defines an approximate octahedral
geometry with distortions again being traced tordwricted
bite angle of the xanthate ligands. In the cryptatking,
molecules self-assemble into a supramolecular layéne
ab-plane being connected by C-<MN and C-H-S interac-
tions, see Fig. 5b. The layers stack alongetheis, with no
specific intermolecular interactions between theee Fig.
5c.

(@)
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(c)

Fig. 5. (a) The binuclear molecule in the crystal streetof
3 showing atom-labelling and displacements ellipsaitithe
50% probability level. The molecule is located @t crys-
tallographic centre of inversion; unlabelled at@aresrelated
by the symmetry operatianlx, 1+, 1-z. Selected geomet-
ric parameters: Cd-S1 2.6348(6), Cd—S2 2.7107(@}S3
2.7594(6), Cd-S32.7101(6), Cd-S42.7065(6), Cd-N1
2.395(2) A. (b) The supramolecular layer in tieplane
sustained by C—HN and C-H'S interactions shown as blue
and orange dashed lines, respectively. Only tlirdgen
atoms participating in the intermolecular interacf are
shown. (c) A view in projection down theaxis of the unit
cell contents, showing the supramolecular layeck jgédong
the c-axis without specific interactions between the@eo-
metric parameters: C10-H1@W3" = 2.57 A, C16N3' =
3.440(3) A with angle at H10b = 147° for 2x, 1y, 1z
C9-H9bSZ = 2.77 A, C9S2 = 3.725(2) A with angle at
H9b = 163° foii: 1-x, 2+, 1z
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The structures of one-dimensional, zigzag coordinat
polymersl and2 complement the sole previous example of
a linear coordination polymer constructed from
Cd(SCOIiPrr and a bridging 4!bipyridine ligand,
[CA(SCOIiPry(4,4-bipy)] [46]. The zero-dimensional ag-
gregate seen in 3 has only one precedent in theatiitre,
namely in the structure of [{Cd§SOEt)}.L 2], where L is
the S-bound thiourea derivative, bis(4-methoxyphmp-
urea [78] but resembles the almost universally sstbgtruc-
tural motif adopted by binary cadmium dithiocarbtesa
[16-34]. As revealed in the previously mentionediew of
the inverse coordination propensities of hmta in-siver
containing coordination polymers [6 k-, pls- andus-bridg-
ing modes have been observed but terminally bovade
ples are comparatively rare in this context. dithiolate
chemistry, there are no literature precedents dfmiam
xanthates or dithiocarbamates with hmta but thezettaee
examples of zero-dimensional aggregates for cadrdithiz
ophosphates and dithiophosphinatesRR,) with hmta.
Thus, a mononuclear bis adduct with hmta coordigati a
monodentate fashion was reported in the structure o
Cd[SP(OEt}y]o(hmta) [79]. There are two binuclear hemi
adducts with hmta, namely {CAB(O-sBuj]2} o(hmta) [80]
and {Cd[SP(O-iBu)].}2(hmta) [81], each having hmta in
the yz-bidentate bridging mode.

Rationale for the adoption of different struc-
tural motifs in 1-3

Having discussed the structures 1643, the challenge re-
mains to rationalise their formation. First ancefoost, DFT
calculations show that the electronic profiles ykan-
thate ligands are independent of R presedt$[82]. The
difference between coordination polymé&msnd2 on the one
hand, and that a3 is readily explained in terms of relative
size of the iPr substituent. Simply, and conststath liter-
ature precedents [62-66], the bulk of the iPr nasigre-
cludes the supramolecular association adoptedgttiic-
tures with the smaller R groups. The rationalisanf the
different compositions ol and 2 is more subtle. Fig. 6
shows end- and side-on views of the coordinatidgmers.
To a first approximation, the coordination polymars very
similar and the Cd...Cd separations vindicate thischo
sion, being 6.66 and 6.68 A farand2, respectively.To a
first approximation, successive Cd®sidues are rotated by
approximately 90° id by contrast to approximately 30°2n
The end-on view of, Fig. 6a, is instructive in that is reveals
a very compact arrangement with the methyl grotpsld-
ing the non-coordinating nitrogen atoms of hmtarfriur-
ther interaction. By contrast, a more open arraregd is
noted in the end-on view @& see Fig. 6¢c. Presumably, the
larger ethyl groups i2 preclude the adoption of the tight-
knit structure inl. The common feature immediately appar-
ent from the side-on views in Figs 6b and d isridative
orientation of the —hmta—Cd—hmta—Cd- backbonesth b
structures. The clear difference relates to thetive orien-
tations of the xanthate ligands. While successaethate
ligands must be twisted in order to avoid sterashkes be-
tween the R substituents, the successive xanthegdasot in
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opposite orientations idand this opens voids in the polymer
to allow the additional coordination of the pendent
Cd(SCOEt) entities. The crystal packing efficiencies were
calculated with PLATON [17g]. These are 72.4, 7&rfd
69.2%, respectively, again highlighting the relatyvcom-
pact structure and efficient packinglin

(d)
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Fig. 6. End-on and side-on views of the coordination poly
mers in (a) and (), and (c) and (4. In the side-on image
for 2, only the cadmium atoms of the pendent GESEt):
entities are shown for reasons of clarity.

Thermogravimetric analysis

Traces for the thermogravimetric analysis feB are given

in Supplementary Material Fig. S3. The decompositi
mechanisms 0f-3 were relatively straightforward and led
to CdS. Decomposition dfto CdS was in one step between
109 and 346 °C, with weight loss of 69.7 % cf. daB9.1%.
Two discernible steps were noted for The first step be-
tween 120 and 650 °C correlated with the loss i&fettxan-
thate anions and hmta with a weight loss of 57 ¢f.%alcd.
59.3 %. The second step between 650 and 866 & 32£9

% residuecf. calcd. 34.0 % corresponding to CdS. The de-
composition mechanism 8fwas basically the same as for
with three xanthates and two hmta molecules beiagihi-
tially between 132 and 421 °C (weight loss 64.8f%aicd.
65.6 %). The following step between 421 and 68&%Ca
28.0 % residue cf. calcd. 27.6 % correspondingd8.CCad-
mium xanthates and their nitrogen adducts are kvedivn

to be useful as synthetic precursors for CdS natiofes
[37, 83-85], and the results herein suggest thaaladducts
are able to produce CdS relatively cleanly.

UV-visible and photoluminescence studies
In order to probe further whether N4 remained cowigd
in solution, the UV-visible characteristics B3 were com-
pared with those of the parent CA{®R), compounds, see
Table 2 for data. The spectra were obtained iarethace-
tonitrile (1:1) solutions, each at concentratioht®and 100
uM, and were very similar to each other. An intertsgh-
energy band was observed at 296 nm for eadkr-&f This
transition is assigned as an intra-liganeb> ¢ charge trans-
fer [89] Low intensity bands were observed aroB68 nm
which are assigned to ligand metal charge trar(&fiCT)
bands[89]. The similarity of the spectra is cotesis with
lack of significant influence of the alkyl group etectronic
transitions [82, 89, 90]. The spectra of the GE(SR), com-
pounds exhibit very similar absorptions but witktitictive
values ofe in the case of the R = Me and Et compounds but,
with near equivalence when R = iPr. More distvetre-
sponses were evidenced from a photoluminescendg. stu
Photoluminescence measurements were carried out at
room temperature on 1 mM solutions in acetonigtleanol
(1:1) with excitation wavelengths of 295 and 360, fiable
2. WithAex =295 nm, only the R = Me compounds showed
emissions at around 710 nm. Wik = 360 nm,1 and2
showed strong emissions at 554 13mas non-emissive. By
contrast, the Cd¢EOR) compounds showed emissions at
wavelengths greater than 610 nm. This distindisteaviour
suggests that the N4 ligands remain coordinate-& at
least in acetonitrile:ethanol (1:1) solutions.
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Table 2. UV-visible Amax Nm;e, Lenm'mol?) and photoluminescence dada m;Aex = 295 and 360 nm) for CH{SORY), R = Me, Et and iPr, anti-3.

Compd solution solid-&td7 7 K)

UV-vis photoluminescence

Amax Aem (295) Aem (360) Aem (295) Aem (360)
Cd(SCOMe) 296 (11,594) 707 612 589 598

358 (254) 693 694
Cd(SCOEty 298 (18,295) - 642 703 490

362 (137) 650

698

Cd(SCOIPr) 299 (20,471) - 612 493 614

362 (145) 605

697

1 296 (20,270) - 554 609 586

362 (155) 701
2 296 (35,150) 710 554 489 542

360 (386) 709
3 296 (21,680) - - 661 602

363 (146) 693
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Photoluminescence measurements were also carrted ou
in the solid-state at the same excitation wavelegtable
2. Consistent with expectation, blue-shifts arateéasing in-
tensities of the bands were observed as the tetopesaat
which the experiments were measured were decre&kegat.
resentative spectra recorded at 77 Klfeg are given in Sup-
plementary Material Fig. S4 and show that whildidiive
bands for2 and, especially, zero-dimensiorlwere ob-
served, those fdr were poorly resolved. Witkex =295 nm,
two bands were observed for eachle8 with the high-en-
ergy band varying from a low 489 f@rto a high 661 foB.

A low-energy band, which was significantly morecinse in

2 but had comparable intensities loand3, appeared around
700 nm. A single emission appeared whgrnwas 360 nm.
The solid-state spectra f@&+3 are quite distinct from those
observed for Cd(&EORY), indicating that the presence of the
hmta ligand influences the electronic transitiongoiving
the xanthate chromophores.

Conclusions

Three new compounds have been isolated from 121arid
2:1 solutions containing Cd{SOR), R = Me, Et and iPr,
and hmta. Compouridis a coordination polymer with a zig-
zag topology. The basic structure2fs as forl but with
pendant Cd(£OEt) entities, indicating the hmta ligand is
ps-tridentate. A binuclear molecule is observediwith
terminally bound hmta ligands. The zero-dimendiamp
gregate in3 is correlated with the steric bulk of the iPr
groups. The compact arrangemerit tcannot accommodate
the larger ethyl groups which enables additional coordi-
nation of Cd(8COEt) entities. This study expands the
range of cadmium xanthates with potentially bridglig-
ands and reveals unexpected and interesting staliciver-
sity suggesting further investigations are well naated.
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Figure S1. Experimental (red trace) and simulated based ositigte crystal structure (blue trace) PXRD patdan (a)l, (b)2 and (c)3. These
show that the single crystal data reported hewie&ch ofl-3 match the structure of the bulk material in eagbec
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Figure S2. IR data for (a) Cd(#&OMe) (left-hand image) and (right-hand image), (b) Cd{SOEt} and2, and (c) Cd(ZCOiPr) and3.
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Figure S3. TGA (red trace) and DTA (blue trace) for (@)(b) 2 and (c)3.
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Figure S4. Solid-state emission spectra B#3: (a) Aex = 295 nm and (b)ex = 360 nm. The red spectrum corresponds @ = Me), blue t&®
(R = Et) and green 18 (R = iPr).
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