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Abstract. Crystallization of Cd[ZCN(iPr)CH.CH,OH].
from ethanol vyields the coordination polymer
[{Cd[S2CN(iPr)CHCH,0OH]2}- EtOH].. (1) within three
hours. When the solution is allowed to stand foother
hour, the needles begin to dissolve and prisms ganef
the supramolecular isomer (s, binuclear
{Cd[S:CN(iPr)CH:.CHOH]2} 2 2EtOH Q). These have
been fully characterized spectroscopically and byayx
crystallography. Polymerid has 2-fold symmetry and
features dithiocarbamate ligands coordinating twialoe-
dral Cd atoms in gak?-tridentate mode. Binucledt is
centrosymmetric with two ligands being®-tridentateas
for 1 but the other two being?-chelating leading to square
pyramidal geometries. The conversion of the kinetiys-
tallization product,1, to thermodynami@ is irreversible
but transformations mediated by recrystallizatieth&nol
and acetonitrile) to related literature S| specieamely
coordination polymer
[{Cd[S:CN(iPr)CHCH,OH]2}3- MeCN], and binuclear
{Cd[S2CN(iPr)CHCHOH]2} 2- 2H:0O- 2MeCN, are demon-
strated, some of which are reversible. Three athestalli-
zation outcomes are described whereby crystal tstes
were obtained for the 1:2 co-crystal
{Cd[S2CN(iPr)CHCH:0H]2} 2:2[3-(propan-2-yl)-1,3-
oxazolidine-2-thione]  J), the salt co-crystal
[iIPrNH2(CH2CH20H)]4[SO4] o{ Cd[SCN(iPr) CHCH,OH]2

}2 4 and the salt
[iIPrNH2(CHCHOH){Cd[S2CN(iPr)CH.CH,OH]s}  (5).
These arise as a result of decomposition/oxidatibthe
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dithiocarbamate ligands. In each3fnd4 the binuclear
{Cd[S2CN(iPr)CHCHOH]2}2 SI, as in2, is observed
strongly suggesting a thermodynamic preferencettic
form.

* Correspondence author: edward.tiekink@gmail.coR.(ET.)

Introduction

Contemporary applications, e.g. medicinal [1] andsiagle
source precursors for nanoparticle generation afcclyen-
ides [2], complement well established uses, e.gubs-
cants, in the vulcanization of rubber, as flotatgents, etc.
[3-5] of metal 1,1-dithiolates comprising ligandsch as
dithiocarbamate §CNR,), xanthate ‘§&;COR), and dithio-
phosphate §,P(OR}]. Therefore, it is not surprising that a
vast amount of structural data for this class ahpound
exists as summarized in a number of bibliograpbiéews
[6-10]. These prove that an enormous range ottires
have been characterized, ranging from zero- toethre
dimensional architectures, and their adoption ofé¢ional-
ized in terms of the role of steric bulk of the m@msubstit-
uents in mitigating secondary -Ns interactions [11, 12],
offering a new paradigm in the design of supramabec
assembly [13-16]. In the context of the preseuntl\st the
structural diversity of these systems is very \ilklktrated
in the binary cadmium xanthates, CA{®R), where zero-
(mononuclear) [17], one- [18] and two-dimensiorid-P4]
aggregation patterns are observed, depending obrithg-
ing propensity of the xanthate ligands. For thdnzam
dithiophosphates both zero- (binuclear) [25-27] ama:-
dimensional [28-30] aggregation is found. By castrto
this diversity, the structural chemistry of cadmiulithio-
carbamates is remarkably less varied. In the &lrB0s
years since the original report of the crystal cttiee of
binuclear [Cd(8CNEL),]. [31], a large number of related
dialkyl species have been described as having dmees
binuclear structural motif, i.e. with two eachfchelating
and tex>-tridentate dithiocarbamate ligands leading to pen-
ta-coordinate geometries, regardless of whether Rhe
groups were the same [31-44], dissimilar [39, #dprpo-
rated within a cyclic system [46-49], or whethee ttom-
pound was co-crystallised with another species 33547],
or that the R group carried additional potentialygen
donor atoms [44, 49]. However, this situation gehin
2013 with the report of a coordination polymer,
[{Cd[S2CN(iPr)CHCH,OH]2} - MeCN],  [50]. Further
diversity was described in 2014 with the reporaafentro-
symmetric trinuclear species having an octahedredigr-
dinated cadmium centre flanked by two square pydami
centres [51]. For completeness, it is noted that rion-
alkyl species, {Cd[ZCN(H)R]}». R = n-CsHi1 and n-
Ci2Hos, are linear coordination polymers with octahegrall
coordinated cadmium atoms [52].

The linear polymeric
[{Cd[S2CN(iPr)CH.CH,OH]2} 3- MeCN], structure was of
particular interest as when it was allowed to standhe
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mother liquor over a period of several days it $farmed
to {Cd[S,CN(iPr)CHCH.OH].}»- 2H,0-2MeCN, which
has the normally adopted binuclear motif [50]. Toaver-
sion from the polymer to dimeric form was proposede
mediated by adventitious water [50]. These twaEzeare
examples of supramolecular isomers (Sl) being snpra
lecular variants of the basic building block
Cd[SCN(iPr)CH.CH,OH],. Sl originally referred to the
phenomenon whereby distinct supramolecular arrange-
ments are constructed from the same building bl¢sR%
While this definition allowed for the presence dfiéional
species such as solvent, a more recent definigfers to
“genuine SI” where the molecular formula of eaamigr is
identical [54]; for a discussion on Sl terminologge [55].
It should be noted that the terms polymorphism/geeu
polymorphism for the above species are excludedhas
nature of the Cd-S bonding is quite distinct in th®
structures. Several factors are known to influetheefor-
mation of SI with the most significant being solt/§6-61]
and temperature [62-66] but other factors such w@essty
molecules [67], concentration of reagents [68, @8hfor-
mation of molecules [70], molar ratio of reactajms], and
pH of reaction [72, 73] are also known to lead ko S

The transformation of
[{Cd[S2CN(iPr)CHCH.0OH]2} 3 MeCN], to
{Cd[S2CN(iPr)CHCHOH]2} 2 2H0-2MeCN  mentioned
above is an example of solvent induced Sl [56-68&]ven
the great interest in Sl, including recent studiésSI in
dithiocarbamates [74-76], it was thought of intéresex-
plore the influence of other solvent systems updnnS
Cd[SCN(iPr)CHCH,OH],. With ethanol as the solvent
two new Sl, polymeric
[{Cd[S.CN(iPr)CHCH,OH]2}- EtOH].. (1) and binuclear
{Cd[S:CN(iPr)CH.CH,OH]2} 2- 2EtOH @), were character-
ized; their interconversion has also been invesyalong
with their relationships with the original
[{Cd[S2CN(iPr)CHCH.0OH]2} 3 MeCN], and
{Cd[S2CN(iPr)CHCH20H]2} 2- 2H0-2MeCN SI.  From
other solvent systems/crystallization conditionsoecrystal
(3) and a co-crystal saltd), each containing binuclear
{CA[S:CN(iPr)CHCHOH]2}2, and a salt §), with
{Cd[S:CN(iPr)CHCH,OH]3} ", were also studied crystallo-
graphically. The results of this investigation aeported
herein.

Experimental

Instrumentation

All chemicals and reagents were used as receivétbwuli
purification: N-isopropyl ethanol amine (70% purity; Al-
drich), carbon disulfide (99.9% purity; Merck), $mach
hydroxide £99.0% purity; Merck), CdGI(99.0% purity;
Across Organic), Cd(acetat®HO (Fluka), 4-DMSO
(MagniSolv™, Merck), and Emstiteethanol, acetone,
chloroform, hydrochloric acid (37%), and acetotstri
(Merck). Acetonitrile and ethanol used in the solvme-
diated transformation experiments were dried ovelenu-
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lar sieve 3 A (Merck). For the gel experimentsgism
silicate hexahydrate (99.0% purity; R&M Chemicalgs
employed.

Melting points were determined on a Kriss KSP1N
melting point meter. Elemental analyses were paréal
on a Perkin Elmer PE 2400 CHN Elemental Analyskt.
and BC{*H} NMR spectra were recorded in>-BMSO
solution on a Bruker Avance 400 MHz NMR spectromete
with chemical shifts relative to tetramethylsilaas the
internal reference; abbreviations for NMR assigntsies)
singlet; d, doublet;t, triplet; sept septet;m, multiplet; dg,
doublet of quartets. The optical absorption spegtere
measured in the range 190-1100 nm on an Agileny 6ar
UV-Vis spectrophotometer. IR spectra were measared
Perkin Elmer Spectrum 400 FT Mid-IR/Far-IR spectrop
tometer from 4000 to 400 cin Thermogravimetric anal-
yses were performed on a Perkin- Elmer TGA 4000rThe
mogravimetric Analyzer in the range of 30 — 900 &Ca
rate of 10 °C/min.

Synthesis and crystal growth

All reactions were carried out under ambient caods.
The sodium salt afS;CN(iPr)CH.CH,OH was prepared by
reacting NaOH,N-isopropyl ethanol amine and £%s
detailed earlier [50]. To prepare the
Cd[SCN(iPr)CH.CH.OH]> precursor,
Na[SCN(iPr)CHCH,OH] (5.000 g, 0.0248 mol) and
CdCh (2.273 g, 0.0124 mol) were separately dissolved in
water (50 ml). The Cdglsolution was added slowly into
the solution containing the dithiocarbamate anioithw
stirring. A milky white precipitate formed immedidy.
This was extracted into chloroform (100 ml), a @sx
repeated several times. The chloroform extract filtesed
and dried on a hotplate at 80 °C overnight (yibldsed on
Cd): 4.460 g, 76.7%). The compound exhibited e
spectroscopic features as reported earlier [50js materi-
al was used for the generation of each-€.

Compoundsdl and2 were obtained by crystallization of the
Cd[SCN(iPr)CHCH,OH], precursor in Emsufeethanol
with 1 being the first crystals formed. With tindetrans-
formed to2 as detailed below in the Results and Discus-
sion.

To obtain a sufficient quantity of for physiochemical
characterization CdEN(iPr)CH.CH,OH], (0.5 g) was
dissolved in Emsufeethanol (50 ml). Needles daf with
composition [{Cd[SCN(iPr)CH.CH,OH]2}- EtOH]. (see
later), were harvested after 3 h (yield (based dnh C.3894
g, 77.9%); M.pt: 152.5-156.1 °C. Elemental analy€i,
32.43; H, 5.83; N, 5.11. H3CdN,OsS4 requires: C,
32.65; H, 5.87; N, 5.44. IR (cHt 1446 mv(C-N), 1162
m, 964 mv(C-S). 'H NMR {d®-DMSO}: § 5.21 éept CH,
2H, 6.67 Hz), 4.81t( CH.CH,OH, 2H, 5.52 Hz), 4.35t(
CHsCH;OH, 1H, 5.08 Hz), 3.60-3.80n{ NCH.CH,O, 8H),
3.44 dgq, CHsCH,OH, 2H, J; = 6.98 Hz,Js = 5.10 Hz),
1.17 @, CHCHs, 12H, 6.72 Hz), 1.06t( CH;CH.OH, 3H,
7.00 Hz) ppm. C {*H} {d°®-DMSO}: & 205.12 (C9),
58.09 (OCH), 56.46 (NCH), 55.92 (CHCH.OH), 50.33
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(CH), 19.76 (CH), 18.45 (CHCHOH ) ppm. UV/vis
(EtOH:MeCN 1/1v/v; 10 pM): Amax = 261 nm § = 28450
cnt! M1); 283 (17830); 338 (199).

Under the same crystallization conditions, blocKs 2o
(vield (based on Cd): 0.3392 g, 67.8%) were haeckafter
three days with composition
{Cd[S2CN(iPr)CH.CH20H]2} o 2EtOH; M.pt: 149.0-149.5
°C. Elemental analysis: C, 32.30; H, 5.74; N, 5.45
CasHsoChN4OsSe requires: C, 32.65; H, 5.87; N, 5.44. IR
(cnml): 1451 mv(C-N), 1160 m, 969 m(C-S). 'H NMR
{d®-DMSO}. & 5.21 &ept CH, 2H, 6.66Hz), 4.81t(
CH.CH;OH, 2H, 5.52 Hz), 4.35t( CH;:CH,OH, 1H, 5.08
Hz), 3.60-3.80rf, NCH.CH,0O, 8H), 3.44 dq, CH:CH-OH,
2H, Jq=6.69 Hz,Jy= 5.08 Hz), 1.17q, CHCH;, 12H, 6.72
Hz), 1.06 {, CHsCH,OH, 3H, 7.00 Hz) ppm3C {H} {d °-
DMSO}: o 205.11 (C9, 58.09 (OCH), 56.46 (NCH),
55.92 (CHCH,OH), 50.32 (CH), 19.76 (Ci 18.45
(CHsCH,OH) ppm. UV/vis (EtOH:MeCN 1/¥/v; 10 pM):
Amax = 261 nm (30200 cth M1); 283 (18860); 340¢(=
213).

Crystals of3, characterised crystallographically as a 1:2 co-
crystal comprising {CdA[ZN(iPr)CH.CH;OH]2} 2:2[3-
(propan-2-yl)-1,3-oxazolidine-2-thione], were obd by
slow evaporation of a portion of one the chlorofosoiu-
tions (100 ml) used for the extraction of the
Cd[SCN(iPr)CH.CH,OH)]. precursor.

Crystals of 4 were obtained by dissolving
Cd[SCN(iPr)CH.CH,OH], (0.5 g) in acetone (100 ml).
The solution was stirred at 50 °C for 1 h. Afiérdtion the
solution was kept under ambient conditions whictded a
small number of crystals after 2 days. These i@enau-
lated on the basis of X-ray crystallography as k& sa
crystal [IPrNH(CH2CH20H)]2[SO4]-
{Cd[S2CN(iPr)CH.CH20H]2} ».

Crystals of5 were isolated from a crystallization experi-
ment in a sodium silicate gel. Cd(acetagh,O (0.5683 g,
2.13 mmol) was dissolved in a sodium silicate gdltion
(35 ml of 1.03 g ml). The pH of the solution was adjusted
to 6.0-7.0 by 5M hydrochloric acid. The gel sabatiwas
transferred to an 80 ml test tube and allowed dadsbver-
night. Na[SCN(iPr)CHCH,OH] (0.8584 g, 4.26 mmol)
dissolved in water (35 ml) was carefully layeredtop of
the gel. A small number of crystals formed aftemdnth.
These were formulated as the salt
[iIPrNH2(CH2CH2OH){Cd[S2CN(iPr)CH.CH2OH]3} by X-
ray crystallography.

As only a matter of a few crystals were obtainadefach of
3-5 there was insufficient sample for additional phbysi
chemical characterization.

Crystal structure determination

Single crystal X-ray diffraction data for colourselks(0.06 x
0.08 x 0.12 mm; cut from a needl€)(0.15 x 0.20 x 0.25
mm) and3 (0.13 x 0.20 x 0.20 mm) were measured on a
Bruker SMART APEX CCD diffractometer. Data for €ol
ourless4 (0.05 x 0.10 x 0.20 mm) and yelldd(0.20 x 0.25

x 0.30 mm) were measured on an Agilent Technologies
SuperNova Dual diffractometer fitted with an Atl@do)
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detector. Data collections were measured at 108nH
employed Mo K radiation £ = 0.71073 A) t0Bmax of
27.5°. A multi-scan absorption correction was eggpin
each case [77, 78]. The structures were solveditact
methods (SHELXS97 [79]) and refined (anisotropis-di
placement parameters (ADP), C-bound H atoms in the
riding model approximation and a weighting scherhthe
formw = 1/[o%(F?) + aP? + bP] whereP = (F,* + 2F?)/3)
with SHELXL2014 onF? [80]. The O-bound H atoms
were located from difference maps and generaljudexd
in the refinement with O—H = 0.84+0.01 A. When gaet
N-bound H atoms were refined with N-H = 0.91+0.01 A
Crystal data and refinement details are colleate@able 1.
Several of the refinements were non-trivial. 1Jrthe meth-
ylene group of the ethanol molecule was statidtiadisor-
dered. The ADP for both components of the disordete
constrained to be equal and along with the termimethyl
group to be approximately isotropic. Further, sosodt
distance restraints were employed for this moleceleC—
0O, C-C, and O...C(methyl) were refined with 1.47+0.01
1.50+0.01 A, and 2.45+0.01 A, respectively. Allichc
protons were found to be disordered over two pmsstiin
locations consistent with hydrogen bonding to Qreto In
the final refinement O—H bond lengths were fixedheir
as located positions i.e. 0.83-0.85 A. Three ctiftes, i.e.
(00 2), (-1 010) and (-3 0 30), were omitted frtma final
cycles of refinement owing to poor agreement,the. “er-
ror/esd” calculated by SHELXL2014 was greater thén
Finally, the maximum and minimum residual electdan-
sity peaks, Table 1, were located 0.75 and 0.72% érédm
the Cdl and Cd2 atoms, respectively. 2Jroth the etha-
nol- and O1-hydroxyethyl-OH groups were statistical
disordered; ADP for the chemically equivalent dismed
components were constrained to be equal. Forttienel
molecule both O atoms were connected to the saaten.
For the O1-hydroxyl group only one position wasrfddor
the hydroxyl-H atom (assigned full weight) basedanttic-
ipated O-H...O hydrogen bonding. Four reflectionsene
omitted from the final refinement & i.e. (-6 -5 1), (12 -1
1), (-6 -5 14) and (-2 6 1), again owing to pooreggnent.
For 4, the O2-hydroxyethyl residue, with the exceptidn o
the hydroxyl-H atom, was disordered over two possgiin
a ratio 0.851(2):0.149(2). The ADP of matchingrpaf
atoms were constrained to be equal and nearlyojsiotr
Further, chemically equivalent bond lengths werer-co
strained to be nearly equal. The residual electtemsity
peaks, Table 1, were located 1.46 and 0.673drdm the
S4 and S5 atoms, respectively. Two low angle cdfias
were omitted from the final refinement 5fi.e. (0 2 0) and
(-1 0 1), as these were affected by the beam-gtdesghib-
ited poor agreement. The displacement ellipscédydims
were drawn with ORTEP-3 for Windows [81] at the 50%
probability level and other crystallographic diagsawere
drawn with DIAMOND [82] and QMol [83].
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Table 1.Crystallographic data and refinement detailslfér!

Parameter

Formula

Formula weight
Crystal system
Space group
alA

b/A

c/A

a/l°

pre

y°

VIA3

Z

Dc/g cm?®
(MoK a)/mmnt

Reflections collected

Author Title

1
G2H24CAN.O2S4
CHs;CH:OH
515.04
monoclinic
P2/c
10.2768(2)
7.6850(2)
27.9859(6)
90
90.839(1)
90
2210.01(9)
4
1.548
1.380
20074

2 3
CoaHasChN4OsSs CoaHasChN4OsSs
2CHCH.OH 2(GH1NOS)
1030.10 1228.50
triclinic triclinic
P1 P1
9.2310(18) 10.419(2)
9.2847(19) 11.120(2)
13.671(3) 13.119(3)
83.15(3) 106.64(3)
82.22(3) 102.07(3)
71.73(3) 107.68(3)
1098.7(4) 1312.5(5)
1 1
1.557 1.554
1.388 1.253
13965 16418
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4
CoaHasCbN4O4Se

5
C18H36CdN:O3Ss

4(GH14NO), 2(SQ) CsH1NO

1546.75
monlaaic
C2/c
29.3471(6)
11.2512(2)
21.9269(4)
90
101.959(2)
90
7082.9(2)

1.450
0.956
28643

Page
7@37)

Hl.4
monoclinic
P2:/n

16142)
17082
176ap
90
91.2y4(2
90
3364.26(1

1.483
1.055
22504



Independent reflections 5069 4962 5907 8005 7715

Reflections withl > 25(1) 4033 4526 5085 7010 6382

R (observed data) 0.037 0.023 0.025 0.025 0.027

a; b in weighting scheme 0.018; 6.753 0.026; 0.169 4.03 0.029; 7.020 0.017;0.735
Rw (all data) 0.076 0.054 0.064 0.062 0.057
Largest diff. peak and hole e3A 1.46; -1.40 0.40; -0.50 0.69; -0.48 1.41; -0.40 420-0.42

1 Supplementary Material: Crystallographic data jgding structure factors) for the structures regarin this paper have been deposited with the CdgeCrystallographic Data Centre as
supplementary publications no. CCDC-1405102 to 1865 Copies of available material can be obtaimed 6f charge, on application to CCDC, 12 Union®d&ambridge CB2 1EZ, UK,
(fax: +44-(0)1223-336033 or e-mail: deposit@ccdn.ea.uk). The list of Fo/Fc-data is available fribra author up to one year after the publicationdmmeared.
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Powder X-ray Diffraction

Powder X-ray diffraction (PXRD) data were recordeith

a PANalytical Empyrean XRD system with CwXradia-
tion (\ = 1.54056 A) in the @range of 5 to 40° with a step
size of 0.026°. The comparison between experirhamiz
calculated (from CIFs) PXRD patterns was performeith
X’'Pert HighScore Plus [84].

Results and Discussion

Synthesis and solution characterization

As reported earlier [50], the metathetical reacti@tween
CdCb and 2 molar equivalents of
Na[SCN(iPr)CHCH,OH)] yielded the anticipated cadmi-
um bis(dithiocarbamate) compound (basedidnand *3C
NMR), Cd[SCN(iPr)CHCH,OH]»; this was isolated as an
analytically pure powder. Recrystallization frormg&uré
ethanol solution resulted in X-ray quality acicutaystals
of 1 within 3 h, Fig. 1a. After only an additional hoof
crystallization, blocks of started to appear with the nee-
dles of1 being subsumed, Fig. 1b, with the transformation
nearly complete after 6 h, Fig. 1c. After 3 dalysré was
no evidence for acicular crystals, Fig. 1d. Suemgfor-
mation and change in morphology indicates disasbeofb
the original crystals and reassembly into the nennf[85].

0

(d)

Fig. 1. Formation of crystals of needles band blocks of
2 in Emsure® ethanol solution after: (a) 3 h, (4),4c) 5 h
and (d) 3 days.

The IR spectra recorded on freshly isolated crygtad-
sented a very similar pattern of absorptions wittnan
differences in wavenumberstH NMR spectroscopy con-
ducted on analytically pure crystals bfand2 were indis-
tinguishable in terms of chemical shifts, integratiand
multiplicity indicating they have the same chemicainpo-
sition confirmed by X-ray crystallography (see elo
Remarkably, both hydroxyethyl- and ethanol-OH pnsto
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appeared as well defined triplets. Similarly, tf@ NMR
were indistinguishable as were the UV/vis spectra.
The crystal and molecular structuresland2 were de-

termined showing the compositions of the needled an

blocks to be polymeric
[{Cd[S2CN(iPr)CHCH,OH]2}- EtOH].. (1) and binuclear
{Cd[S2CN(iPr)CH:CHOH]2} 2- 2EtOH @), respectively i.e.
to be (genuine) supramolecular isomers in the stvadehe
empirical formula of each df and?2 is identical. The simi-
larity of the solution characterizatiotH and °C{'H}
NMR and UV/vis) for both species proves the obser8é
to be a solid-state phenomenon.

Single crystal X-ray crystallography

The crystallographic asymmetric unit of
[{Cd[S.CN(iPr)CH.CH,OH]2}- EtOH].. (1), comprises two
independent Cd atoms, each located on a 2-fold awis
dithiocarbamate ligands and an ethanol moleculg, Fa.
Both dithiocarbamate ligands coordinate in ax>*
tridentate mode, simultaneously chelating one ©thaand
bridging another. This results in octahedrally rctated
Cd atoms and the formation of a 1-D coordinatiotymper
comprising alternating Cd1l and Cd2 atoms alignexhgal
theb-axis, Fig. 2b. The Cd-S bond lengths, Table ansp
relatively narrow range with the range for the Gdidm, i.e.
2.6331(8) to 2.7412(9) A, being wider than for Cd2,
2.6556(9) to 2.7122(9) A. Distortions from the atlecta-
hedral geometry can be related to the restrictezl dnigles
of the dithiocarbamate ligands, i.e. 67-68°. Tiand-S—
Cd-S angles lie in a narrow range i.e. 167-168°.
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7Cd2

Fig. 2. (a) The asymmetric unit fdr showing atom label-
ling scheme; only one orientation of the disorderedhpo-
nents is shown, and (b) the 1-D coordination polymith
ethanol molecules omitted. In all images only onienta-
tion of the acidic-H atoms is shown.

Table 2. Summary of key geometric parameters (A, °©) faand
21

Compound Parameter

1

Cd1-S1, S2, S4 2.6331(8), 2.7412(9), 2.6890(9)
Cd2-S3, S4, 32 2.6556(9), 2.7122(9), 2.6811(9)
2

Cd-S1,82 2.5462(8), 2.6152(9)

Cd-S3, S4, 94 2.5289(8), 2.8067(8), 2.6090(9)

1 Symmetry operations, x, -1+y, z; ii: 1-x, 1y, .

In the crystals ol supramolecular chains are formed by
O-H...O hydrogen bonding involving the hydroxylethyl-
and ethanol-hydroxyl groups with one orientationtledse
interactions illustrated in Fig. 3a; the geometfh@aracteris-
tics of the intermolecular interactions operatinghe crys-
tal structures ofl and2 are listed in Table 3. As the 1-D
coordination polymers are connected by hydrogerdimgn
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along both the- andc-axes so that a 3-D architecture aris-
es, Fig. 3b.

Fig. 3. (a) A supramolecular chain ih mediated by O—
H...O hydrogen bonding (orange dashed lines) withtmos
atoms omitted, and (b) a view of the unit cell emis$ in
projection down thé-axis. In all images only one orienta-
tion of the acidic-H atoms is shown.
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Table 3. Summary of intermolecular interactions (A=B; A, ©) operating in the crystal structuresiaind2.

A
1

(OX}
(OX}
02
02
03
o3
2

o1
02
02
o3
(0K}

Author

Yee Seng Tan, Siti NadiahExploring the crystallization landscape of cadmiois(N-hydroxyethyl,

H

Hlo
Hlo'
H20o'
H20
H3o
H3o'

Hlo
H20
H20
H30
H3o0'

B

02
o1
o1
03
03
02

03
o1
or
02
02

Title

H-B

1.93
2.00
1.89
1.89
191
1.90

1.94(2)
1.939(14)
1.975(17)
1.96(5)
1.88(4)

2.716(4)
2.717(4)
2.716(4)
2.718(5)
2.744(5)
2.718(5)

2.739(6)
2.769(6)
2.785(6)
2.787(4)
2.713(3)
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163 X, Y, Z
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174(2) X, 1+, -1+z
164(3) X, 1+, -1+z
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As illustrated in Fig. 4a, the asymmetric unittom-
prises half a molecule of {Cd}SN(iPr)CH.CH.OH]2}>
and an ethanol molecule. The full molecule of
{Cd[S2CN(iPr)CH:CH,OH]2} 2 is generated by the applica-
tion of a centre of inversion, Fig. 4b, i.e. bethg common
structural motif for molecules of the general foftanu
{Cd[S:CNRR]2}2 [31-49]. In this structure the S1- and S3
dithiocarbamate ligands arex’-chelating and gek®-
tridentate, respectively, resulting in five coomtimn geome-
tries based on square pyramidal geometries asisdba r
value of 0.08 which compares tovalues of 0.00 and 1.00
for ideal square pyramidal and trigonal bipyramigabme-
tries, respectively [86]. In this description thedging S4
atom occupies the axial position.

Fig. 4. (a) The symmetric unit fo2 showing atom label-
ling scheme, and (b) a view of the centrosymmeiiu-

clear molecule with ethanol molecules omitted. alihim-

ages only one orientation of the disordered comptsnis

shown.

The most prominent feature of the molecular paclsng
the formation of centrosymmetric 12-memberedH{Q}¢
synthons with both hydroxyethyl- and ethanol-hygtox
groups participating in donor and acceptor O€Hhydro-
gen bonds, Fig. 3a and Table 3. The hydrogen bgndi
leads to the formation of layers parallel to (0)2Hig. 3b;
layers stack without specific interactions betweham,

Fig. 3c.
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Fig. 5. (a) A supramolecular 12-membered rinRimedi-
ated by O-HO hydrogen bonding (orange dashed lines)
with most atoms omitted, (b) a view of the supraenalar
layer parallel to (0 2 1), and (c) a view of thatwell con-
tents shown in projection down tlaeaxis highlighting the
stacking of layers. In all images only one ori¢éintaof the
disordered components is shown.
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Powder X-ray diffraction (PXRD)

PXRD experiments were performed on freshly isolated
and2 and compared with the simulated patterns caladilate
from the single crystal (SCXRD) experiments meagae
100 K. As both pairs of patterns matched, the SDXR
results are representative of the bulk materiae, Fg. S1

of the Supplementary Material. The stability bfand 2
with respect to loss of ethanol was also investigaising
PXRD. Thus, time-dependent PXRD were measured on
freshly harvested crystals and subsequently at 22 6and
24 h; the experimental traces are given in Supphtang
Material Fig. S2. For botlh and2 changes were apparent
before 2 h indicating loss of the original cryssalucture.
The patterns obtained fdrand2 after 24 h were distinct
from each other and different from the original emtl
used for recrystallization, i.e. CHSN(iPr)CHCH,OH]y;
see Supplementary Material Fig. S2c.

Thermal degradation

The TGA traces fold and2 are shown in Supplementary
Material Fig. S3. Each decomposes in two wellyuedi
steps to yield CdS. Fdrthe desolvation of lattice ethanol
occurred in the first step between 57 and 120 °® wai
weight loss of 7.1%f. calc'd. 8.9%. The second step be-
tween 120 and 338 °C left a residue of 27.Zf%calc'd.
28.0% corresponding to CdS; cadmium dithiocarbamate
[2, 50] and the nitrogen adducts [87, 88] are kndwibe
excellent synthetic precursors for the depositidnCdS
nanoparticles. The corresponding temperature safage
are 65 to 149 °C (obs., calc’'d. weight loss: 8.098 and
149 to 356 °C (29.6, 28.0%). The stabilityloAnd2 was
also monitored by time dependent TGA where scang we
performed on a fresh sample and then at 2, 6,ri® 24 h;
see Supplementary Material Fig. S3. By 6 h, pcadii all

of the lattice ethanol had evaporated, a proceds¢sulted

in a change in crystal structure as indicated kg time
dependent PXRD study (see above).

Relationship between SI formed from
Cd[S2CN(iPr)CH 2CH20H] 2

With the characterization df and 2, there are now three
distinct Sl derived from the basic building block,
Cd[SCN(iPr)CH.CH-0H],, with the third being the previ-
ously reported [{CdA[SCN(iPr)CH.CH20H]2} 3- MeCNL (6)
[50]; the Sl in
{Cd[SCN(iPr)CHCHOH]2} 2- 2H,0-2MeCN )  [50]
matches that 02. Fig. 6 shows simplified representations
of the three SlI, i.e. the dimer th(and7), and the linear
coordination polymers in each bfand6. The relationships
between the Sl are quite straight forward. 2Jronly one
dithiocarbamate ligand forms Cd-S bridges so ttditrer-

ic aggregate is formed. By contrast, in eachl aind 6,
both dithiocarbamates form Cd—S bridges leadinfintar
coordination polymers. The primary difference bedwl
and 6 rests with the relative orientation of the dithédea-
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mate ligands. Irl, with crystallographically imposed 2-
fold symmetry, the dithiocarbamate ligands arernt€éd in
the same direction whereas6@nwith neighbouring cadmi-
um atoms related by centres of inversion, alteruigtt@o-
carbamate ligands are oriented in opposite direstio

b

/)

(c)

Fig. 6. Schematic images of the three Sl derived from
Cd[SCN(iPr)CH.CH-OH]2: (a) dimeric2, and linear coor-
dination polymers (b}l and (c)6. Alkyl substituents have
been removed for clarity.

Conversion between Sl

Conversion between coordination polymers, includ8lg
in the solid state has been reviewed [89]. Examplast
whereby reversible single crystal single crystansfor-
mations mediated by solvent guests [90, 91], reaHiza-
tion [92] and microwave irradiation/rehydration [934].
Given the similarity in the Sl derived from
Cd[SCN(iPr)CH.CH-0OH],, it was thought of interest to
investigate whether solvent mediated interconverdie-
tween them was possible.

The in situ conversion of
[{Cd[S2CN(iPr)CH.CH,0OH]2} EtOH].. (@) to
{Cd[S:CN(iPr)CH.CH,OH].} 2.2EtOH @) indicates that the
kinetic Sl, 1, transforms to the thermodynamic forid,
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with  time. In the previous study of
[{Cd[S2CN(iPr)CHCH.0OH]2} 3 MeCN], (6) and
{Cd[S:CN(iPr)CHCH.OH]2} 2: 2H0-2MeCN {) it was
concluded that adventitious water mediated the ifo s
transformation ob to 7 [50]. In order to investigate if was
possible to interconvert the S, additional expeirits were
conducted. In these experiments freshly isolatadpdes
(0.1 g) of1, 2, 6 and7 were taken up in dry (3 A molecular
sieves) and laboratory grade Emsure® MeCN or EtOH,
covered with parafilm (with a few holes), and alexvto
crystallise over seven days. The resultant crystetre
analysed by PXRD (see Supplementary Material Ff. S
Fig. 7 summarizes the observed conversions betttees|
achieved under these conditions.

(b)

7

(e)

©||) '™

@\ |(h)
- =2

(a)
Fig. 7. Solvent mediated interconversion between
[{Cd[S2CN(iPr)CHCH,OH]2}- EtOH]., D),
{Cd[S2CN(iPr)CH.CH-0OH]2} 2.2EtOH @),
[{Cd[S2CN(iPr)CHCH,0OH].} 3- MeCN]. (6), and
{Cd[S:CN(iPr)CHCH:0H]2} 2: 2MeCN-2HO (7). (a) in
dry or lab. grade EtOH under ambient condition$, dty
MeCN and adventitious water, (¢) dry MeCN and stdre
a desiccator, (d) dry EtOH in a desiccator, (e) aryjab.
grade MeCN under ambient conditions, (f) lab. Etider
ambient conditions, (g) dry MeCN in a desiccatorg gh)
dry or lab. grade MeCN under ambient conditions.

N — )

A reversible transformations between polymdrand6
was accomplished by recrystallization from dry aoétile
and ethanol, respectively. When water was preseiven-
titious or otherwisel could be converted to dimeritbut
this was reversible in an excess of dry ethanaotyprably
as the water released fromwas associated with the bulk
solvent; evidence for a small amount of origifialias seen
in the PXRD for the transformation @fto 1 (see Supple-
mentary Material Fig. S4e). Dimerizwas mainly (there
was also a trace of an unknown species, see Supptary
Material Fig. S4f) transformed to polymefcin an excess
of dry acetonitrile bu6 could not be converted back2dy
simple recrystallization. Similarlg was transformed irre-
versibly to dimeric7. A noteworthy observation is thaf
which is thermodynamically unstable with “genuiné 3,
can be maintained in the presence of MeCN. In samm
the above observations are consistent with theativeref-
erential formation of dimeri@ and 7, a result consistent
with the literature precedents which overwhelmingtiopt
the dimeric motif [31-49].

Complementary crystallization experiments

Given the interesting supramolecular isomerism oél a
interrelationships betweeh 2, 6 and7, it was thought of
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interest to explore other crystallizing solventd aech-
nigues to investigate whether other supramoledstaners
could be revealed. In all, three additional commts)
namely 3-5, two of which contain binucle-
ar{Cd[SCN(iPr)CH.CH.OH]2} 2 (3 and4) and one with the
{Cd[S2CN(iPr)CH:.CH,OH]s}~ anion §), were discovered
and these are described in turn below.

Compound3 was isolated from the slow evaporation of
a chloroform extract and is formulated as a 1:Zmystal,
{Cd[S2CN(iPr)CH.CH-0H]2} 2:2[3-(propan-2-yl)-1,3-
oxazolidine-2-thione], with the asymmetric unit qanising
half a molecule of the former and a full moleculetle
latter, Fig. 8a. The binuclear molecule, Fig. Bbgentro-
symmetric and to a first approximation exhibits game
features as seen in 2 with the most notable diffexdbeing
the weakening of the transannular interaction fatimg the
bridging S2 atom to 3.0448(9) A, Table 4, cf. tgigalent
bond in2, Table 2. This has the result that the eight-
membered {CdSCS}ring lacks the internal G8, square.
The reason for this structural difference is nomiadiately
clear but the bridging bond formed by S2 has shedeo
2.5545(11) A. The oxazolidine molecule is knowrbta
decomposition/cyclization product derived from the
~ SCN(iPr)CHCH,0H anion [95], a phenomenon reported
for related species [96, 97], and its moleculaudcitire [95]
matches closely that observed3ras seen the overlay dia-
gram in Fig. 9.

13 N3 (9] \

ox@i\ e
(@) e 7

~

Fig. 8. (a) The asymmetric unit for co-crystalshowing
atom labelling scheme, and (b) a view of the cesytmumet-
ric binuclear molecule with oxazolidine moleculesitted.
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Table 4. Summary of key geometric parameters (A, °)3ax!

Compound Parameter

3

Cd-S1, S2, 82 2.4236(7), 3.0448(9), 2.5545(11)
Cd-S3, S4 2.5109(8), 2.7159(10)

4

Cd-S1, s2 2.5590(5), 2.5952(5)

Cd-S3, S4, 94 2.5619(5), 2.7915(5), 2.5879(5)
5

Cd-S1, S2 2.6534(6), 2.7040(6)

Cd-S3, S4 2.6787(6), 2.7039(6)

Cd-S5, S6 2.7079(5), 2.7279(5)

1 Symmetry operations;, -x, 1%y, 1z, andii: 1, 2+, 1z

Fig. 9. Overlay diagram of the 3-(propan-2-yl)-1,3-
oxazolidine-2-thione molecules Bi(red image) and in the
free form (blue image). The molecules have beegr-ov
lapped so that the SCO atoms are coincident.

In the molecular packing, hydroxyl-O=t(hydroxyl)
hydrogen bonds link the binuclear molecules inforamo-
lecular chains aligned along theaxis. Connected to either
side of the chain via hydroxyl-O-+8(oxazolidine) hydro-
gen bonds are the 3-(propan-2-yl)-1,3-oxazolidirtbigne
molecules, Fig. 10a and Table 5. The chains aneexied
into a supramolecular layer parallel to (0O 1 1) @iatrong
methyl-C—H...O(hydroxyl) and several C-
H...S(dithiocarbamate) interactions; see Fig. 10b.
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(b) 4

Fig. 10. (a) A supramolecular chain B1mediated by O-
H-O hydrogen bonding (orange dashed lines) being con-
nected to molecules via O+=t$ hydrogen bonds (blue
dashed lines) with non-participating H atoms ordittend

(b) a view of the unit cell contents shown in potien
down thea-axis highlighting the stacking of layers; one
layer is shown in space filling mode.

When a sample of Cd§SN(iPr)CHCH,OH], was tak-
en in acetone and left to evaporate a small nuroberys-
tals formed and these were formulated from X-raystai-
lography as the salt co-crystal
[iIPrNH2(CH2CH20H)]4[SO4] o{ Cd[SCN(iPr) CHCHOH]2
}2 (4). The asymmetric unit, Fig. 11, comprises hatea-
trosymmetric {Cd[SCN(iPr)CH.CH,OH].}> molecule, two
ammonium [iPrNH(CH,CH,OH)]* cations and a sulfate
dianion. Presumably the ions are derived fromdéeom-
position and subsequent protonation and oxidatfodithi-
ocarbamate residues, respectively. The neutraliepés
binuclear and features the same pattern of Cd-l bon
lengths as foR, Table 4. There are no literature precedents
[98] for the structure of the cation (see discusdielow).
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Table 5. Summary of intermolecular interactions (A=Bi; A, °) operating in the crystal structures of 3e5.1

A H B H-B A-B A-H-B symmetry operation
3

01 Hlo S5 2.56(2) 3.349(2) 158(2) Xy, -14z

02 H20 o1 1.96(2) 2.781(3) 172(4) x11y, 1z

c6 Héc 02 2.19 3.104(3) 155 A, -14z

c9 H9a S1 2.64 3.536(2) 151 x11y, 1z

Cl14 Hl4a S2 2.77 3.744(3) 169 x1ty, 1z

C18 H18b S4 2.78 3.629(3) 146 x11y, 1z

4

01 Hlo 04 2.02(2) 2.850(2) 174(2) Kp1vsy, 12
02 H20 05 2.03(2) 2.815(2) 157.7(16) x, Y, Z

03 H30 06 1.904(14) 2.7258(18) 167(2) XY,z

04 H4o o7 1.968(14) 2.7757(19) 164(2) XY,z

N3 H1n 08 1.851(18)  2.727(2) 162.9(17) x, 1+, Ya4z

N3 H2n 07 1.982(18)  2.8199(19) 153.6(17)X,Y, z

N4 H3n 05 1.905(15)  2.804(2) 172.3(19) x, y, z

N4 H4n 08 1.865(16) 2.761(2) 168.6(19) x, 1+, Ya4z

5

01 Hlo S3 2.545(13)  3.3189(17) 156(2) KoAVoy, Yotz
02 H20 S6 2.538(17)  3.3283(16) 160(2) X1y

03 H30 S5 2.350(13)  3.1475(15) 162(2) XY,z

04 H4o 02 1.971(19)  2.758(2) 159(2) Xy, z

N4 Hin 04 2.38(2) 2.835(3) 111.5(14) x,y, z

N4 H1in 04 2.329(18)  2.964(2) 127.4(17) x2ty, 1z

N4 H2n o1 1.916(13) 2.781(2) 158(2) x11y, 1z

c9 H9a 03 2.51 3.423(3) 153 Yol Yoy, Yotz
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Fig. 11. The asymmetric unit for salt co-crystakhowing
atom labelling scheme

The key feature of the supramolecular connectians b
tween the components 4fis the formation of chains along
the b-axis sustained by charge-assisted N—H...O(sulfate)
and hydroxyl-O-H-O(sulfate) hydrogen bonds, Fig. 12a
and Table 5. The neutral molecules are connectetet
chainvia hydroxyl-O—H...O(ammonium-hydoxyl and sul-
fate) hydrogen bonds. In this scheme each of tiffats-

05, O7 and O8 atoms is bifurcated. The resulthefdg-
gregation between the chains and neutral moledsilas3D
architecture, Fig. 12b.
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Fig. 12. (a) A view of the supramolecular chain along the
b-axis sustained by charge-assisted N€Hsulfate) (blue
dashed lines) and O-=HD(sulfate) hydrogen bonds, and the
hydroxyl-O—H-O(hydroxyl) hydrogen bonds (orange)
linking the chains to the neutral molecules, andalview

of the unit cell contents in projection down thaxis show-
ing the links between the chains of ions and thetraé
molecules with non-participating H atoms omitted.

%.:i

In another attempt to expand the structural laruisad
Cd[SCN(iPr)CH.CH,OH],, a crystallization reaction be-
tween Cd(acetatePH,O and two molar equivalents of
Na[SCN(iPr)CHCH;OH] was attempted in a sodium
silicate gel. X-ray crystallography showed the Bmam-
ber of crystals that formed had composition
[iIPrNH2(CHCHOH){Cd[S:CN(iPr)CH.CH20H]3}  (5).
The asymmetric unit comprises a [iPr{8H.CH,OH)]*
cation and a {Cd[£N(iPr)CHCH,OH]s} - anion, Fig. 13.
The Cd atom in the anion is coordinated by thréleiatiar-
bamate ligands and forms a relatively narrow rasfg€d—
S bond lengths, Table 4, indicating a decidedlyarsym-
metric mode of coordination than observedlist. The
coordination geometry is distorted from the ideatbbedral
geometry owing to the restricted bite distance taf lig-
ands. The twist angle between the two trigonakdais
estimated to be 38°, compared with 60° in an idetdhe-
dron, indicating a twist towards a trigonal prisinafeome-
try. The {Cd[SCN(iPr)CHCH,OH]s} anion has prece-
dents in the literature being formed when reacting
{Cd[S:CNEY]2} > with aliphatic Lewis bases [99-101].
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o2,

Fig. 13. The symmetric unit for sat showing atom label-
ling scheme

There are no structurally characterized structofethe
cations found ind4 and5. As seen from Fig. 14, which
presents overlay diagrams for the cations, thergréat
conformational flexibility in these species wittethydrox-
yl adopting three very distinct conformations wheewed
down the CH-CH, bond.

Fig. 14. Two views of the overlay diagram of the catioms i
4, N3-molecule (red image) and inverted-N4-catioreéq),
and inverteds (blue). The cations have been overlapped so
that the central C—N—C residues are coincidentordier to
ensure the isopropyl groups have the same orientati
highlight the important differences between the foon
mations, inverted versions of the N4-cationdirand the
cation in5 are illustrated. The key torsion angle data quan-
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tify the differences in the cations, i.e. N-C-C-s018.5(2),
-73.6(2) and 59.3(2)° for the N3-cation and N4 aratiin 4,
and 5-cation, respectively. The wide variety in confor-
mations is especially highlighted in the lower ireaghich

is a projection down the GEBH, bonds of the hydroxyethyl
groups.

In crystals of5, centrosymmetrically related cations as-
sociate via charge-assisted N=®l(hydroxyl) bonds, form-
ing two interactions to the O4 atom. The dimemyre-
gates are linked to anions via charge-assisted N-—
H--O(hydroxyl) and hydroxyl-O—HO(hydroxyl) hydrogen
bonds, Fig. 15a and Table 5. The anions are linkez
supramolecular layers in ttac-plane by a network of O—
H...S hydrogen bonds and incorporating strong CSH
interactions, Fig. 15b and Table 5. Anionic laystack
along theb-axis and are linked into a 3-D structure by the
interactions with the interdigitated cationic aggates, Fig.

15c.
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Fig. 15. (a) A view of the bifurcated N—=HD(hydroxyl)
hydrogen bonds (blue dashed lines) between atochshen
interaction of theseia N—H-O(hydroxyl anion) (blue) and
hydroxyl-O—H-O(anion hydroxyl) (orange) hydrogen
bonds, (b) a view of the supramolecular layer ia dlo-
plane comprising anions connected by O-SHand incorpo-
rating strong C-HS hydrogen bonding (brown and green
dashed lines, respectively) with non-participatihgatoms
omitted, and (c) a view of the unit cell conterntt®wn in
projection down thea-axis highlighting the stacking of
anionic layers along thie-axis being interdigitated by cati-
onic dimeric aggregates.
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Conclusions

Needles of coordination polymer

[{Cd[S.CN(iPr)CH.CH,OH].}- EtOH].. (1) were isolated
within three hours of recrystallization of
Cd[SCN(iPr)CH.CH-OH], from ethanol. If the solution is
left standing for longer periods the needles tramsfinto
blocks which is a genuine Sl [54], having the sampiri-
cal formula including solvent, being binuclear
{Cd[S2CN(iPr)CHCHOH]2} 2- 2EtOH @). These results
complements the previous characterization “non-geziu
Sl, i.e. [{CA[SCN(iPr)CHCH,OH].}s-MeCN}. (6) and
{Cd[S2CN(iPr)CH.CH0H]3} 2- 2H0-2MeCN {) with the
former transforming into the binuclear compoundtlie
presence of water [50]. The initial appearancé¢hef1-D
coordination polymers is correlated with reducellisitity
of these species, and the ultimate appearanceeo4d
binuculear species is correlated with it beingttrermody-
namically more stable, proven in the casel@&nd2, and
implied in the case 06 and7, solvent mediated transfor-
mations betweend, 2, 6 and7, and the appearance of the
binuclear species in 1:2 co-crystal
{Cd[S2CN(iPr)CH.CH-0H]2} 2:2[3-(propan-2-yl)-1,3-
oxazolidine-2-thione]  3) and salt co-crystal
[i(PrNH2(CH.CH20H)]2[SO4s){Cd[S2CN(iPr)CHCH20OH]2}
2 (4). In summary, despite the unvaried structurahdkty
for the binary cadmium dialkyldithiocarbamates sirtbe
report of the first structure in 1968 [31], recshidies [50,
51] indicate that varied crystallization conditiossd care-
ful observation can reveal fascinating crystal cisény for
this class of compound.
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Figure S4. PXRD for solvent mediated transformations of 8IXRD showing the formation &

from recrystallization ofl from dry MeCN in a desiccator (al from 6: Dry EtOH, dessicator (b).

7 from 1. Ambient, left — dry MeCN and right — laboratorsgade MeCN, (c).1 from 7: Ambient,

laboratory grade EtOH; the small extra peaks aeetdwriginal7 (d). 6 from 2: dry MeCN, desic-

cator (e).7 from 2: Ambient, left — dry MeCN and right — laboratorsage MeCN; the small extra

peaks in the right-hand image are due to an unitehispecies (f). The top (red) trace is of the

product of the recrystallization and the bottonu@)ltrace is of an authenticated sample.
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