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The cytotoxic series of cis-platin mimics “[AuX(dtc)]” (X = Cl, Br; dtc = dithiocarbamate) were recently
patented as promising anticancer metallotherapeutics. Using a range of dialkyl-, cyclic alkyl- and diaryl-
dithiocarbamate ligands, we have discovered that “[AuX,(dtc)]” actually exist in solution as a mixture con-
taining neutral [AuX»(dtc)] and cationic [Au(dtc),]*. For the latter, single crystal X-ray crystallography
proved that a variety of halide-containing anions such as [AuX4]™, [AuXz]™ and even X~ balanced the
charge. Based on a thorough investigation into the synthesis of these compounds, we discovered that
literature syntheses which claim to produce pure material in fact generate mixtures. In some cases the
major component of the mixture is actually the cationic [Au(dtc),]* rather than the claimed neutral
[AuXz(dtc)l. Refinement of the synthetic conditions led to a mixture where the neutral [AuX,(dtc)] was the
dominant component, from which pure solid [AuX,(dtc)] could be obtained by fractional crystallisation.
However, the isomerisation process immediately restarted upon dissolution of the crystalline material,
thus it is not possible to obtain pure [AuX;(dtc)] in solution. This discovery has important ramifications for
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any future use of these compounds, especially as therapeutics since the solution-phase speciation means
that “pure” [AuXx(dtc)] cannot exist under biologically relevant conditions. A critical reinterpretation of
existing literature data demonstrates that there is already significant uncertainty surrounding which com-

rsc.li/dalton ponent(s) of this mixture are biologically active.

Introduction

Since the Thalidomide disaster it has been discovered that
many pharmaceutically active molecules have isomers which
are highly toxic, and there are plenty of documented cases
where a licensed pharmaceutical can convert to a toxic isomer
in vivo. Thus, a thorough understanding of the solution-phase
speciation of therapeutic molecules is required to ensure that
no toxic isomers are formed under biologically relevant con-
ditions. Recently, compounds of the general formulation
[AuX,(dtc)] (X = Cl, Br; dtc = dithiocarbamate; Fig. 1) have
gained a lot of attention as potential new metallopharmaceuti-
cals." Structurally these compounds are very similar to cis-
platin and they are considered extremely active antitumour
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agents against cultured human cancer cell lines.>® Although
this family of compounds has been known for decades, their
applications have only just started to emerge: in addition to
metallopharmaceuticals, they have also found potential uses
as ''C-radiolabelled PET tracers,” homogeneous catalysts,® and
molecular precursors for the deposition of gold monolayers by
Atomic Layer Deposition.’

The established syntheses of “[AuX,(dtc)]” are supposedly
straightforward and have been known since the 1960s
(Scheme 1).'° The generally accepted understanding of the
reactivity, across a vast range of dtc ligands, posits that the

X, WS _ R = Me: [AuX,(Meydtc)]
7 U\S) NR, R = Et: [AuX,(Etydtc)]
X, \S /Me

11y, W R = Me: [AuXo(MSDT)]
X(A” ~ s)>__ =N OR R = Et: [AuX,(ESDT)]

o

Fig. 1 A selection of “[AuX,(dtc)]” complexes which have demonstrated
anti-cancer activity (X = CL, Br).
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Scheme 1 The two most common synthetic routes towards

“[AuXz(dtc)]” by salt metathesis (top) and oxidative addition (bottom). X =
Cl or Br; R, = dialkyl, cyclic alkyl, diaryl.

addition of one molar equivalent of M(dtc) (M = Li", Na', etc.)
to a solution of “AuX;” (X = Cl, Br)§ leads to the sole formation
of neutral “[AuX,(dtc)]”, whereas addition of two molar equiva-
lents of M(dtc) results in formation of the cationic
“[Au(dtc),]™, supposedly with X~ as anion.'’ Alternatively,
oxidation of the Au(i) species [Au(dtc)], with elemental X, is
claimed to generate “[AuX,(dtc)]” as a single product.’
Reported yields are almost quantitative but characterisation
data are often sparse, especially in the older literature where
high resolution NMR spectroscopy was not routinely available.

Although the existing data are generally consistent with the
proposed product formulations, solution-phase anomalies
have been noted in some recent publications. For example,
“[AuBr,(MSDT)]” (MSDT = methylsarcosinedithiocarbamate)
clearly showed two sets of resonances in its 'H and
BC{'H} NMR spectra."”> The second set of resonances were
initially misassigned as a “hypothesized isomerism in solu-
tion” caused by restricted rotation around the C-N bond of the
dtc ligand,"”® but were later reassigned as the putative
dimeric species [AuBr,(pu>-dtc)], on the basis of infra-red spec-
troscopic evidence.'* Similarly, the reported synthesis of
“[AuCl,(Bz,dtc)]” (Bzpdte = dibenzyldithiocarbamate) clearly
showed two sets of dtc-based resonances in the 'H and
BC{'H} NMR spectra (see Fig. $5-S7 from the ESI of ref. 8)
although no explanation was given.® Finally, [Au(dtc),]" was
observed in the mass spectra of some [AuX,(dtc)] species; this
was explained as decomposition in solution, although no NMR
data was presented to corroborate this.

We were seeking a high-yielding synthesis of pure
[AuX,(dtc)] using dialkyl-, cyclic alkyl-, and diaryl-dithiocarba-
mate ligands (Fig. 2). Following the published synthetic pro-
cedures we also observed anomalies with the generally under-
stood reactivity of this family of compounds. Hence, we con-
ducted a detailed study into the synthesis of “[AuX,(dtc)]”, the
results of which are reported herein. The solution-phase
behaviour of this long-established series of supposedly pure

§ Where the formula of a compound is given inside quotation marks, it indicates
that the exact speciation of this compound is not known. Gold dithiocarbamate
complexes are discussed extensively in the main text, but “AuX;” indicates that
the exact nature of the gold(m) halide reagent is not clear. Many publications
interchangeably refer to anhydrous AuX;, hydrated AuX;, AuX; dissolved in
aqueous HX, H[AuX,], and even [AuX,]” salts, and it is not always clear which of
these Au(m) compounds have been used. To avoid lengthy discourse, these have
been simplified to “AuX;” as a generic term for a source of gold(u) halide.
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R = Me: [AuX5(Me,dtc)]
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X, W\ p-toly
(Au\ D==N [AuXo(p-tolyl,dtc)]
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Fig. 2 “[AuX,(dtc)]” complexes synthesized in this paper (X = Cl, Br).

compounds is not as simple or as well-understood as pre-
viously thought, and our findings have important implications
for any future application of these compounds, especially as
metallopharmaceuticals.

Results and discussion
Identifying the mixture

There are many reported syntheses of “[AuX,(dtc)]” using a
range of reaction conditions. Chlorinated solvents e.g. CH,Cl,,
CHCl;,"® and CCl,® can be employed (sometimes in combi-
nation with other solvents such as acetone), but addition of an
antisolvent is required to precipitate the “[AuX,(dtc)]” product.
Alternatively, water can be used as solvent: a yellow powder,
claimed to be “[AuX,(dtc)]”, precipitated upon addition of an
aqueous solution of Na(dtc) to an aqueous solution of
“AuX3”.12_14

Thus, following the method of Nilakantan et al.,'® addition
of an aqueous solution of Na(Et,dtc) to aqueous K[AuCly]
immediately led to the precipitation of a yellow solid
(Scheme 2). However, close analysis of the "H NMR spectrum
of this solid clearly showed the presence of two overlapping
Etydtc-containing products at very similar chemical shift
values (Fig. 3). The major set of peaks matched the data
reported by Nilakantan et al. for “[AuCl,(Et,dtc)]”*® but the
minor set did not match any residual starting material
(Na(Et,dtc)), or plausible byproducts such as tetraethylthiuram
disulfide. Repeated syntheses varying conditions such as con-
centration and temperature always resulted in a mixture of pro-
ducts being formed (albeit in slightly differing ratios), and the
same product mixture was also observed in the NMR spectra
obtained in a variety of deuterated solvents, confirming this
mixture was the outcome of the synthetic procedure.

s
~
Na\s) ==NEt,

H,0O Cluy,,, “\\\\S) NE 9
B u —NEt, +
+ oNacl " Vg .

Na[AuCly]

Scheme 2 Synthetic route to “[AuCl,(Et,dtc)]” in aqueous conditions.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 The H NMR spectrum (in CDCls) of the as-synthesized
[AuCl,(Etodtc)] mixture focused on the CH, and CHs regions of the
spectrum.

Attempts to purify this mixture by column chromatography
were partially successful. The components were clearly separ-
able on silica, forming distinct orange and yellow bands which
eluted at different retention times. However, "H NMR spectro-
scopic analysis of the “pure” fractions obtained from the
column revealed that a mixture was still present, albeit the
ratio of products had altered significantly to favour one com-
ponent of the mixture. When these NMR sample solutions
were rerun after standing for several days, the ratio of products
had changed again. Repeated separations on silica resulted in
the same outcome. This indicated that “[AuCl,(Et,dtc)]” iso-
merises in solution, rather than undergoing a decomposition
process.

To investigate this anomaly further, syntheses of some ana-
logous complexes were conducted under the same reaction
conditions. A yellow solid was isolated from the synthesis
of “[AuCl,(Me,dtc)]” in water, and the 'H NMR spectrum
(DMSO-de) contained two resonances which overlapped with
the residual HDO peak. In other deuterated solvents
(acetone-dg, CD3;CN) it was clear that two distinct products
at very similar chemical shift values were present (see
ESI, Fig. S5-S7f). Similarly, the aqueous synthesis of
“[AuCl,(‘Pr,dtc)]” and “[AuCl,('Bu,dtc)]” both yielded products
with "H NMR spectra clearly showing two distinct components.
For “[AuCl,('Pr,dtc)]”, comparison of our data to that reported
by Angeloski et al. suggested that the mixture contained
[AuCl,('Pr,dtc)] and [Au(‘Pr,dtc),][AuCl,],’” and an X-ray crystal
structure of the former (see ESI, Fig. S1f) was obtained.'®
Fractional crystallization of the “[AuCl,(‘Bu,dtc)]” product
mixture afforded two distinct coloured crystals with different
morphologies (orange rods and yellow blades) as viewed under
an optical microscope. The orange rods corresponded to
[AuCl,(‘Bu,dtc)] (Fig. 4a) whereas some of the yellow blades
were [Au('Bu,dtc),JAuCl,] (Fig. 4b).

[AuCl,(‘Bu,dtc)] is a 4-coordinate square planar species
with two symmetry-independent molecules in the asymmetric
unit. The Au-S and Au-Cl distances are consistent with analo-
gous distances in other [AuCl,(dtc)] structures,'® but there are
no aurophilic interactions.'® Instead, there are short CH---Au

This journal is © The Royal Society of Chemistry 2025
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Cci

Au1

CI2

Fig. 4 (a) Solid-state molecular structure of [AuCly(Bu,dtc)] showing
the Aul-centred molecule. Selected bond lengths (A): Au-S1 2.2946(14);
Au-S2 2.2948(13); Au—Cl1 2.3240(14); Au—-CI2 2.3092(14); (b) solid-state
molecular structure of [Au(Bu,dtc),][AuCl,]. Range of Au-S bond
lengths (A): 2.3236(6)-2.3414(6).

intermolecular contacts between neighbouring pairs of mole-
cules. The approximate CH---Au distances of 2.951 and 3.223 A
are 0.3-0.6 A less than the sum of van der Waals radii for Au
and H,”° and are consistent with stated literature examples of
CH---Au(m) hydrogen bonding.>' The concept of CH---Au(m)
hydrogen bonding is still controversial,*>>* but the approxi-
mate CH---Au angles in [AuCl,('Bu,dtc)] of 153.16° and 149.50°
indicate significant directionality to this interaction.

[Au(‘Bu,dtc),][AuCl,] contains two symmetry-independent
ion pairs in the asymmetric unit, with distinct square planar
Au(m) and linear Au(i) environments. The Au-S bonds are
slightly longer than those found in [AuCl,(‘Bu,dtc)], but are
consistent with other Au-S bonds from various [Au(dtc),]"
cations.”> No CH---Au interactions or aurophilic interactions
are present in this structure. Both compounds are unknown in
the literature, but the related species [Au('Bu,dtc),][AuCl,] was
isolated by Rodina et al. from the reaction of [Cd(‘Bu,dtc),]
with “AuCl;” and we were able to match the unit cell para-
meters from other yellow blade crystals in the same batch to
this structure.”® The [AuCl,]” anion likely originated from a
background redox process where the dithiocarbamate ligand is
oxidized to a thiuram disulfide with concomitant reduction of
Au(m) to Au(y).

Similar experiments with other types of dtc ligand were con-
ducted: “[AuCl,(pyrr-dtc)]” and “[AuCl,(pip-dtc)]”, with cyclic

Dalton Trans., 2025, 54, 7627-7640 | 7629
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dtc ligands based on pyrrolidine and piperidine respectively,
were synthesized by reacting K[AuCl,] with the respective
Na(dtc) salts in water.”® The complex multiplets observed for
the methylene protons in the "H NMR spectra of the products
precluded the identification of a mixture, although they were
consistent with literature data for “[AuCl,(dtc)]”.>® However,
the ">C{"H}NMR spectra of both mixtures clearly showed the
presence of two distinct environments for each of the methyl-
ene carbons in the ring (see ESI, Fig. S16 and S18%). It was also
possible to obtain crystals from both reaction products and
the synthesis of [AuCl,(dtc)] was confirmed by matching our
unit cell parameters to literature data.””*® Poor-quality crystals
of the corresponding [Au(dtc),]" cations with anions such as
[AuCl,]™, [AuCl,]” and CI” were also grown. These datasets
were not of great quality, but the atomic connectivity was
unambiguous and we were able to match our unit cell para-
meters to existing data for some cationic structures.’®
Therefore “[AuCl,(dtc)]” with cyclic dtc ligands also exist as
mixtures of products rather than a single species.

Diaryl dithiocarbamates are much less widely studied than
their dialkyl analogues, although they are of interest as ligands
in coordination chemistry, notably as single-source precursors
for metal sulfide materials.>* ' The reaction of Li(p-tolyl,dtc)
with K[AuCl,] afforded a brown solid with a 'H NMR
spectrum clearly showing two distinct compounds. From this
mixture two crystal morphologies, orange blocks and yellow
plates, were grown. The orange blocks corresponded to
[AuCl,(p-tolyl,dtc)], whereas the yellow plates gave the struc-
ture of [Au(p-tolyl,dtc),][AuCl,] (Fig. 5).

[AuCl,(p-tolyl,dtc)] exists as a square planar Au(m)
species with Au-S and Au-Cl bond lengths consistent
with bond lengths from other [AuCl,(dtc)] structures.'®
[Au(p-tolyl,dtc),][AuCl,] contains two symmetry-independent
square planar Au(i) cations and two linear Au() anions in the
asymmetric unit, with Au-S bond lengths being consistent
with other examples of Au-S bonds in gold dialkyldithiocarba-

Aut

cH

Fig. 5 Solid-state molecular structure of (a) [AuCly(p-tolylydtc),].
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mate complexes. Neither complex exhibits aurophilic inter-
actions, but more interestingly the Au(r) anions appear to be
acting as hydrogen bond acceptors to an aromatic CH on a
neighbouring cation. The approximate CH---Au distance of
2.760 A is substantially within the sum of van der Waals radii
for H and Au (3.52 A),?° albeit the approximate CH---Au angle
of 148.64° is not consistent with a strongly directional inter-
action. It is, however, a significantly more linear interaction
than the majority of CH---Au(1) hydrogen bonds which have
been noted in the literature.>?

A similar reaction between AuBr; and Li(p-tolyl,dtc) also
afforded a brown precipitate of “[AuBr,(p-tolyl,dtc)]” with two
distinct compounds in its "H NMR spectrum. Two crystalline
products were isolated, orange rods and yellow plates, with
both morphologies giving viable structure solutions. Further
crystallographic discussion of these compounds is in the ESI
(Fig. S37).

In light of the X-ray diffraction results, it is clear that both
the neutral (orange) [AuX,(dtc)] and the cationic (yellow)
[Au(dtc),]” can be co-crystallized from the same reaction
mixture with a variety of different dtc and halide ligands. To
the best of our knowledge, both series of compounds are inde-
finitely stable in the solid phase.

Assigning the components of the mixture

Wwith these results in mind, we re-examined the 'H NMR
spectroscopic data of the “[AuCl,(Et,dtc)]” mixture (Fig. 3).
Although "H NMR spectroscopic data for [Au(Et,dtc),]Cl had
been reported in the literature,'® to avoid any potential isomer-
isation issues we synthesized [Au(Et,dtc),][BF,] as a single
pure compound, including its crystal structure (see ESI,
Fig. S4f), by addition of two equivalents of Na(Et,dtc) to K
[AuCly] in the presence of Na[BF,] as a halide abstractor
(Scheme 3).

We monitored [Au(Et,dtc),][BF,] in solution and discovered
that it is indefinitely stable as a single species (i.e. it does not

Au2

(b)

Selected bond Au-Cl Au-S 2.2979(12) A;

2.3167(11),

lengths:

(b) [Au(p-tolyl,dtc),][AuCl,). Range of Au-S bond lengths (A): 2.3326(6)-2.3399(6).

7630 | Dalton Trans., 2025, 54, 7627-7640
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[Au(Etadtc),][BF 4]

isomerise in solution), but to our surprise we matched its
"H NMR spectrum to the major peaks in the “[AuCl,(dtc)]”
mixture (Fig. 6). This indicated that — under the reaction con-
ditions reported by Nilakantan et al. - the major product
which precipitated from aqueous solution is actually cationic
[Au(Etydtc),]” rather than the stated neutral product
[AuCl,(Et,dtc)]."® It is worth noting that the solid product
which precipitated from water was yellow (both in our hands
and also as reported by Nilakantan et al), and all crystals
of cationic [Au(dtc),]" that we obtained were also yellow.
This contrasts to the neutral species which formed orange
crystals. Partial integration of the non-overlapping peaks
suggested that the ratio of products was roughly 5:3
[Au(Et,dtc),]" : [AuCl,(Et,dtc)].

Although we had spectroscopic evidence for the formation
of a mixture in the “[AuCl,(Me,dtc)]” system, it is noteworthy
that the reported '"H NMR data for ionic [Au(Me,dtc),]Cl is
identical to that for neutral [AuCl,(Me,dtc)],"> and it also over-
laps with the HDO signal in DMSO-de. Given the importance
of both [AuCly(Me,dtc)] and [AuBr,(Me,dtc)] as potential
metallopharmaceuticals, we revisited the “[AuX,(Me,dtc)]”
(X = Cl, Br) system using AuBr; rather than K[AuCl,] as starting
material. Two distinct peaks in the 'H NMR spectrum of the
“[AuBr,(Me,dtc)]” mixture synthesized by precipitation from
water, as well as two CH; peaks in the "*C{'H} NMR spectrum
(which were correlated by HMBC spectra) were observed, con-

_/\_jLA_/L [Au(Etadtc)][BFa] M

[Auclz(EtzdtC)]

[ ] [ ]
[ ] [ ] o o
o ° Mixture
3.95 3.90 1.50 1.45 1.40
Chemical Shift (ppm)
Fig. 6 Portions of the M NMR spectra (acetone-dg) of

[Au(Etodtc),][BF,4] (blue, top); [AuCl,(Et,dtc)] (green, middle) and the as-
synthesized mixture which precipitated from water (red, bottom) with
the coloured circles indicating which peaks correspond to which com-
ponent of the mixture.

This journal is © The Royal Society of Chemistry 2025
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firming that the Me,dtc system also forms a mixture (see ESI,
Fig. S21 and 22; also Fig. S6 for X-ray structurest). Here we
note that the “[AuX,(Me,dtc)]” system is not particularly
soluble and we were unable to see the '*C signal for the dithio-
carbamate carbon by C{"H} NMR spectroscopy. However,
HSQC spectra on the “[AuCl,(Me,dtc)]” system exhibited two
distinct correlations between a broad peak for the CH; protons
(overlapping neutral and cationic) and the separate dithiocarba-
mate carbons which could not be seen by “*C{'"H} NMR spec-
troscopy (see ESI, Fig. S497).

To explain these findings, we monitored the synthesis of
“[AuCl,(Et,dtc)]” by "H NMR spectroscopy. A solution of Na
(Et,dtc) in DMSO-ds was added portionwise to a solution of K
[AuCl,] in DMSO-d at RT, and a series of "H NMR spectra
were obtained (Fig. 7). The spectra clearly show that as soon as
Na(Et,dtc) is added a mixture of neutral [AuCl,(Et,dtc)] and
cationic [Au(Et,dtc),]” is formed, even though K[AuCl,] is in
excess, and that the majority product is the cationic species
[Au(Et,dtc),]" rather than the desired neutral [AuCl,(Etydtc)].
Further additions of Na(Et,dtc) do not significantly affect the
ratio of products formed, and after complete addition of
Na(Et,dtc) a product ratio of 7 : 5 cationic : neutral was obtained.

A critical reinterpretation of existing literature data shows
that there are indications, even in the older literature, that the
synthesis of “[AuX,(dtc)]” always forms a mixture rather than a
pure compound. For example, van der Kerk and co-workers
identified that the oxidation product of [Au(R,dtc)], with
elemental I, (R = Me, Et, "Pr, "Bu) led to the formation of a
putative Au(u) species [Aul(R,dtc)].'® In reality this was likely to
be a mixture of [Aul,(R,dtc)] and [Au(R,dtc),][Aul,]. Oxidation
of [Au(R,dtc)], with an excess of the other halogens led to
the isolation of yellow solid material, assigned as
“[AuX,(R,dtc)]”."® Based on our observations (above), yellow
compounds indicated the presence of cationic [Au(dtc),]’
hence we repeated this reaction using [Au(Et,dtc)], and an
excess of Br, in CH,Cl,. After complete addition of Br,, the

1.0 eq.
MZM\J/\JW
0.64 eq.
0.45eq.
0.27 eq.

0.09 eq.

3.80 3.75 3.70 1.35

Chemical Shift (ppm)

1.30 1.25

Fig. 7 Stacked plot of H NMR spectra (DMSO-de) following the
portionwise addition of Na(Et,dtc) to Na[AuClyl. The majority product is
[Au(Et,dtc),]* and the minority product is [AuCl,(Et,dtc)l.
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"H NMR spectrum of the product mixture clearly showed two
distinct sets of peaks, one of which was matched to
[Au(Et,dtc),][BF,] (vide supra). We were able to grow two dis-
tinct crystal morphologies from the mixture: orange rods
corresponding to [AuBr,(Et,dtc)] and yellow plates of
[Au(Et,dtc),][AuBr,] (Fig. 8, also see ESIf for further discus-
sion). These structures provide further confirmation that both
the neutral and cationic products are always present when
“[AuX,(dtc)]” is synthesized.

Other authors have isolated both neutral [AuX,(dtc)] and
cationic [Au(dtc),]" components from the same reaction
mixture. Radanovi¢ et al obtained [AuX,(Me,dtc)] and
[Au(Me,dtc),]X (X = Cl, Br) from the oxidative addition of tetra-
methylthiuram  disulfide to [AuXz(N-methylimidazole)].*?
Loseva et al. structurally characterized a co-crystal containing
two molecules of [AuCl,(‘Pr,dtc)] and three [Au('Pr,dtc),]"
cations, with one [AuCl,]” anion and two [ClO,]” anions to
balance the charge.>® Finally, during the course of this work,

Fig. 8 (a) Solid-state molecular structure of [AuBr;(Et,dtc)] showing the
Aul-centred molecule. Range of selected bond lengths (A): Au-S
2.288(6)-2.329(6); Au—Br 2.440(3)-2.451(3); (b) solid-state molecular
structure of [Au(Et.dtc),][AuBr,]. Selected bond lengths (A): Aul-S1
2.3261(6); Aul-S2 2.3216(5).
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Angeloski et al. reported that the addition of auric acid
to a solution of Na(Prydtc) in a 1:1 ratio formed
“[Au(*Pr,dtc),]JAuCl,]”. Their "H NMR spectra clearly show a
mixture of the cationic species and [AuCl,(‘Pr,dtc)] was
formed, with the cationic species as the majority product.’”

We were able to conclusively demonstrate that the
“[AuX,(dtc)]” system always exists as a mixture by reacting pure
[Au(Et,dtc),][BF,] (synthesized as above) with one equivalent of
K[AuCl,], forming [Au(Et,dtc),]JAuCly] in situ (Scheme 4). The
reaction was monitored by "H NMR spectroscopy: after 1 day
small shoulders corresponding to the neutral species had
appeared and, over time, the peaks corresponding to the cat-
ionic species dropped in intensity and peaks corresponding to
the neutral species grew (Fig. 9). This indicates that the
[AuX,(dtc)]/[Au(dtc),]" system - with Au-containing anions that
can interconvert — always exists as a mixture rather than as a
single pure species, irrespective of how it is synthesized.

It is clear that - in solution - the series of supposedly
“pure” compounds “[AuX,(dtc)]” actually exist as a mixture
containing [AuX,(dtc)] and [Au(dtc),]" (with the charge
balanced by a variety of anions), presumably a result of the dis-
sociation of labile dithiocarbamate ligands. A critical reapprai-
sal of existing literature data, coupled to repeated syntheses of
selected published procedures, is strongly indicative that the
series of compounds “[AuX,(dtc)]” have always been syn-
thesized as mixtures rather than as pure individual species,
despite many claims to the contrary. Indeed, some reported lit-
erature syntheses of “pure” [AuX,(dtc)] actually generate a
mixture where the [Au(dtc),]" cation is the major component!

Identification of this mixture is not straightforward, even
with routine access to high-resolution NMR spectroscopy, as
the signals for neutral and cationic species often overlap.
However, 2D NMR spectroscopy (notably HSQC) allows for the
observation of distinct correlations between the alkyl/aryl sub-
stituents and the dithiocarbamate carbons for both neutral
and cationic compounds, and this can be used as a diagnostic
indicator for the presence of both species in a sample even if
the dithiocarbamate carbon cannot be observed using 1D
BC{"H} NMR spectroscopy. UV-vis spectroscopy can also be
used as a diagnostic tool since the UV-vis spectrum of the cat-
ionic species has a characteristic secondary maximum absorp-
tion (Amax ~ 287 nm) which is much less pronounced in the
neutral complex (see ESI, Fig. S66-S687). However, it cannot be
used to accurately quantify the components of the mixture

)
[BF4] AuCl
ELN (S//I/,,(-D“\\\\S) * Na[AuCl,] S//I/,,':D‘\\\\\S) [ 4l

N== u ==NEt, ——» Et,N=—= u ==NEt,
SIS Na[BF,] 571 g
CI//,”“AL \\\\\S

==NEt,
a¥ g

Scheme 4 Regeneration of the [AuCl,(Et,dtc)l/[Au(Et,dtc),]™ mixture by metathesizing stable [Au(Et,dtc),][BF4] with Na[AuCl,l.
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Fig. 9 Stacked plot of *H NMR spectra in acetone-dg following the
addition of K[AuCly] to [Au(Et,dtc),][BF,4] (red, bottom) at 4 day intervals.

since the mixture contains multiple anions ([AuCl,]™, [AuCL],
Cl7) in unknown concentrations.

Here, we also note that elemental analysis (EA) is not an
appropriate bulk characterisation method for these com-
pounds since the neutral and cationic species with [AuX,]”
anion have identical empirical formulae, thus they cannot be
distinguished by EA. We demonstrated this by obtaining
‘acceptable’ EA data (i.e. +0.4%) for “[AuCl,(dtc)]” using 'Pr,dtc
and 'Bu,dtc ligands, despite submitting a mixture of
[AuCl,(dtc)] and [Au(dtc),][AuCl,] for analysis. A recent patent
from Nardon et al. also acknowledged this fact: “However, the
syntheses therein proposed [of [AuX,(dtc)]] do not permit to
obtain the compounds in pure form, but as a mixture of two
different complexes having the same empirical formula. This

result was not evident from the elemental analysis”.**

Selective formation of [AuCl,(dtc)]

In 2005, Ronconi et al. observed a minor impurity in their "H
NMR spectrum of “[AuX,(dtc)]” (dtc = MSDT or ESDT),"* which
was assigned as the dimeric species [AuBr,(p>-dtc)], based on
the observation of a linear “AuBr,” moiety in infra-red spectral
data."* Given our findings above, it is clear that the minor
impurity is actually [Au(dtc),], most likely with an [AuBr,]”
anion which would account for the linear “AuBr,” moiety
observed by IR spectroscopy. Interestingly, this supposed
“dimer” slowly converted to the “monomer” upon leaving a
solution of the mixture in acetone-dg to stand for 24 hours.
Complete conversion did not occur, but a strong solvent
dependence on the interconversion between majority and min-
ority products was noted. Certain solvents (CDCl;, CD,Cl,,
acetone-dg) enabled conversion to the majority product but
other solvents (DMSO-ds, CD;0D) showed no obvious change
after 24 hours.' This observation prompted us to investigate
the “[AuCl,(Et,dtc)]” system in more detail with the aim of
converting the mixture towards the desired [AuCl,(Et,dtc)]

This journal is © The Royal Society of Chemistry 2025
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complex, and ultimately isolating this compound as a single
species.

Our as-synthesized mixture of “[AuCl,(Et,dtc)]” (with a
product ratio of 5:3 cationic: neutral) was dissolved in both
acetone-dg and DMSO-de, and the behaviour of the system was
monitored by 'H NMR spectroscopy at room temperature
(Fig. 10). After 24 hours a shift in the ratio of the two com-
ponents had taken place, although complete conversion to
[AuCl,(Et,dtc)] had not occurred. Long-term monitoring by
'"H NMR spectroscopy indicated that the system stopped con-
verting after 39 days in acetone-de (final product ratio 1:2.6
cationic : neutral) but for DMSO-d¢ the process was faster,
reaching the end point in 19 days (final ratio 1:7.3 cationic:
neutral). We were unable to completely convert the system to
[AuCl,(Et,dtc)] in either solvent, although it was noted that
heating the mixture did increase the rate of conversion.

The precipitation of orange crystals was observed during
the isomerisation process in acetone-ds (and also CD,Cl,) but
not in DMSO-de. Unit cell parameters of all the crystals we
measured matched the cell parameters of [AuCl,(Et,dtc)] and
no evidence for any other compound was observed. This indi-
cated the neutral species [AuCl,(Et,dtc)] was less soluble
in acetone-ds than the cationic [Au(Etydtc),]", potentially
enabling the synthesis of pure [AuCl,(Et,dtc)]. Thus, addition
of an acetone solution of Na(Et,dtc) to an acetone solution of
Na[AuCl,] at 30 mM concentration led to the formation of a
dark yellow precipitate. Although the amount of precipitate
was less than that obtained from the reaction conducted in
water, it was clear from the "H NMR spectrum of the product
that a mixture of [AuCl,(Et,dtc)] and [Au(Et,dtc),]" was still
present. Gratifyingly, the ratio was now 9:4 in favour of the
neutral complex.

o
_delse i L L

LN J
o‘..o‘ T =1 day

[ N J
/e T = 0 days

3.85 3.80 3.75 3.70 3.65 1.40 1.35 1.30 1.25
Chemical Shift (ppm)

Fig. 10 Comparison of *H NMR spectra (in DMSO-d) following con-
version of the "[AuCl,(Etodtc)]” mixture, synthesized from water. Blue
dots correspond to peaks from the cationic [Au(Et,dtc),]* species and
green dots correspond to peaks from neutral [AuCl,(Et,dtc)].
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The synthesis of “[AuCl,(Et,dtc)]” reported by Cordén et al.
was also conducted in acetone, but notably no precipitate was
observed when Na(Et,dtc) was added to in situ-generated
“AuCl;”.® Repeating their procedure did not result in the for-
mation of any precipitate, but 'H NMR spectroscopy
showed the product we obtained was clearly a mixture of
[AuClL,(Et,dtc)] and [Au(Et,dtc),]’, contrary to the claim of a
pure product by Cordéon et al Close examination of the
"H NMR spectra supplied in their ESI (Fig. S3 and S4 from
ref. 8) does appear to show small shoulders on the signals
associated with the ethyl groups, likely corresponding to
minor amounts of [Au(Et,dtc),]" which indicates that they did
not obtain pure [AuCl,(Et,dtc)] either.

We speculated that the lack of precipitate was likely due to
a co-solvent (CCl,) which was able to solubilise all the reaction
products, rather than 3 mL of residual acetone. We adapted
this synthesis to replace the toxic acetone/CCl, mix with
DMSO, since both [AuCl,(Et,dtc)] and [Au(Et,dtc),]" exhibited
high solubility in DMSO-ds, as well as exhibiting a high
neutral : cationic ratio. Thus, upon addition of Na(Et,dtc) to K
[AuCl,] in DMSO, no precipitate was observed. To precipitate
the product a significant amount of water was added, but this
resulted in a reduced isolated yield (41%). The "H NMR spec-
trum of the precipitated product showed that a mixture was
still present, albeit the ratio of [AuCl,(Etydtc)]:[Au(Et,dtc)]"
was now 9:1, higher than our previous syntheses conducted
in water and acetone.

Since the strategy of keeping everything dissolved did result
in a higher amount of neutral product, albeit a reduced iso-
lated yield with DMSO as solvent, we returned to acetone but
at a tenfold-lower concentration of reactants. During the
course of this work, Angeloski et al. reported that refluxing a
mixture of [AuCl,(‘Pr,dtc)] and [Au(‘Pr,dtc),]" in acetone
rapidly converted the mixture to the point where
[AuCl,(*Pr,dtc)] was the dominant component.'” Thus, slow
addition of Na(Et,dtc) to K[AuCl,] at 3 mM concentration did
not generate any precipitate. Refluxing this reaction for
16 hours resulted in a mixture of [AuCl,(Et,dtc)] and
[Au(Et,dtc),]" with the vast majority (~17 : 1) being the neutral
species (Fig. 11). Slow evaporation of the solvent led to the pre-
cipitation of orange crystals of pure [AuCl,(Et,dtc)]: these are
indefinitely stable in the solid state, but upon dissolution the
isomerisation resumes and the mixture reforms (see ESI,
Fig. S657).

The synthesis detailed above, conducted in dilute reflux-
ing acetone, represents the best approach to generating pure
solid [AuX,(dtc)]. We have used this method to demonstrate
that pure, crystalline material of all [AuX,(dtc)] mentioned
in this paper can be isolated and ‘clean’ NMR spectra can be
obtained if the pure crystalline solids are dissolved in a
deuterated solvent and data obtained immediately (see ESI{
for spectra). This may explain the observation of Pettenuzzo
et al. who claim to have isolated a single species of
“[AuBr,(dtc)]” (where dtc is derived from the ethyl ester of
4-carboxypyrrolidine) by transmetallation from [Zn(dtc),]
using AuBr;.%’
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Fig. 11 'H NMR spectrum (in acetone-dg) of the product obtained from
the synthesis of “[AuCl,(Et,dtc)]” in dilute refluxing acetone. The majority
product is [AuCl(Et,dtc)].

Although the nature of the dtc ligand does have an effect
on the ratio of neutral : cationic species observed after heating
the reaction mixture (i.e. poorly soluble dtc ligands such as
Me,dtc and pyrr-dtc require longer heating to convert the
mixture; see ESI} for details), in all cases we saw a majority of
the desired neutral compound from which pure material can
be fractionally crystallized. However, it is important to note
that if the crystallisation process is too quick (e.g. the vessel
has too many nucleation points such as scratches on the glass,
or the compound is not especially soluble in acetone) the yellow
cationic complex co-crystallises with the orange neutral species.
In particular, we observed this for the “[AuBr,(Me,dtc)]” system,
where fractional crystallisation of a postrefluxed mixture
yielded crystals of both neutral [AuBr,(Me,dtc)] and ionic [Au
(Me,dtc),][AuBr,] (see ESI, Fig. S67).

Finally, we note that gold dithiocarbamate complexes in
both the +1 and +3 oxidation state are compounds of interest
as potent new metallopharmaceuticals." Whilst the speciation
of Au() dithiocarbamates in solution is not in question,*® we
have demonstrated that the same cannot be said about
“[AuX,(dtc)]”. The use of “[AuX,(dtc)]” as a structural mimic of
cis-platin, using various dtc ligands, has been thoroughly
investigated and neutral “[AuX,(dtc)]” compounds with simple
ligands such as Me,dtc and Et,dtc have been shown to be
active against cultured human cancer cell lines.*'*?%37:38
Conversely, a recent publication from Fregona and co-workers
observed conversion from the neutral “[AuBr,(dtc)]” to cationic
[Au(dtc),]" (where dtc is derived from proline alkyl esters) in a
1:9 DMSO/H,0 mix,*® and it was asserted that the cationic
species [Au(dtc),]" were more cytotoxic than the neutral
species owing to “decomposition” of the neutral species sup-
posedly generating the cationic species in situ."> Clearly the
presence of both components in a product mixture has led to
confusing and contradictory cytotoxic data. More work is
needed to deconvolute the effects of inadvertently studying the
cytotoxicity of a mixture containing both compounds where
one, or even both, components of the mixture may be biologi-
cally active.
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Derivatives of [AuX,(dtc)] where X = Me,” C¢Fs,® mesityl,*
thiolate,” etc. appear to be significantly more stable and do not
seem to exist as solution-phase mixtures. Presumably this is
due to the reduced stability of the corresponding [AuX,]” and
[AuX,]” anions when X is not a halide. Although we have
demonstrated that it is possible to isolate pure [AuX,(dtc)]
(X = halide) in the solid phase by fractional crystallisation,
despite many literature reports to the contrary it is not possible
to generate pure [AuX,(dtc)] in solution since mixtures of
[AuX,(dtc)] and [Au(dtc),]" are always obtained.

Conclusions

A detailed investigation into the synthesis of the supposedly
pure series of compounds “[AuX,(dtc)]” (X = Cl, Br; dtc = dithio-
carbamate) has been conducted. Contrary to the prevailing
understanding of this series of compounds, we discovered that
they actually exist as a mixture of multiple species in solution:
the desired [AuX,(dtc)] alongside the [Au(dtc),]" cation with a
variety of different anions such as [AuX,]”, [AuX,]” and X~ to
balance the charge. In some cases, reported literature syntheses
of “pure” neutral [AuX,(dtc)] actually result in the formation of
a mixture where cationic [Au(dtc),]" is the majority product.

It is possible to vary the synthetic conditions to convert the
mixture such that neutral [AuX,(dtc)] is the majority product
but it is not possible to synthesise it as a single species in solu-
tion. Fractional crystallisation does yield pure [AuX,(dtc)] as
a crystalline solid. However, it is important to note that
[Au(dtc),]" is stable as a single species in solution so long as
the counteranion is not a haloaurate species. Anion metathesis
to [AuCly]” subsequently results in the mixture reforming.
Many of these compounds exhibit CH:--Au interactions in the
solid state which are strongly indicative of hydrogen bonding
to both Au(r) and Au(m), and will be of interest to researchers
studying these still somewhat controversial interactions.

The supposedly pure “[AuX,(dtc)]” (X = Cl, Br, I) have been
employed in a variety of different applications, but most
notably as highly promising metallodrugs against cultured
human cancer cell lines. In view of our new insights into the
synthesis and speciation of this series of compounds in solu-
tion, great care needs to be taken with any future studies into
this mixture. A critical reappraisal of the literature has already
highlighted uncertainties surrounding the precise nature of
the biologically active species and future studies may need to
focus on analogues which do not isomerise in solution in
order to generate reliable cytotoxic data.

Experimental
The aqueous synthesis of [AuX,(dtc)]/[Au(dtc),]" mixtures

A slight modification of the method published by Nilakantan
et al. was used."®

General procedure. An aqueous solution of Na(dtc) or Li(dtc)
(1.0 eq., 0.22 M) was added dropwise to an aqueous solution of

This journal is © The Royal Society of Chemistry 2025
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M[AuCl,] (M = Na, K; 1.0 eq., 0.22 M) with vigorous stirring
(AuBr; was used for the analogous bromide compounds).
A yellow-orange precipitate formed immediately upon addition
of the dithiocarbamate salt. After the addition was complete the
solution was stirred for 1 h, then isolated by vacuum filtration,
washed with distilled water (10 mL) and Et,O (5 mL). On smaller
scales the solid product was dried in vacuo, but on larger scales
the product was dissolved in CH,Cl,, dried with MgSO,, filtered
and then reisolated by removing all volatiles in vacuo.

In most cases, two distinct products were observed in NMR
spectra. These have simply been assigned as ‘major’ and
‘minor’ components. The analytically pure samples syn-
thesized by a different method have been definitively assigned.

“[AuCl,(Me,dtc)]” mixture. Na(Me,dtc)-2(H,0) (118 mg,
0.66 mmol, 1.0 eq.) was dissolved in water (5 mL) and added
dropwise to a vigorously stirred solution of K[AuCl,] (250 mg,
0.66 mmol, 1.0 eq.) in water (3 mL) over 15 minutes. The solu-
tion was then stirred for 1 h. A yellow precipitate was isolated
by vacuum filtration, washed with distilled water (3 x 5 mL) fol-
lowed by Et,O (2 x 5 mL) and dried in vacuo. Yield: 215 mg of a
yellow solid. "H NMR (400.1 MHz, DMSO-d,): 6 3.38 (s, overlap-
ping with H,O peak, 12H, CH;, major product), 3.35 (s, 6H,
CHj;, minor product). "H NMR (400.1 MHz, CD;CN): § 3.33 (s,
12H, CHj3, major product), 3.31 (s, 6H, CH;, minor product).
"H NMR (400.1 MHz, (CD3),CO): § 3.55 (s, 12H, CH;, major
product), 3.55 (s, 6H, CH;, minor product). *C{'H} NMR
(100.6 MHz, DMSO-dg): 40.29 (s, CH;), 40.00 (s, overlapping
with solvent peak, CH3). No peak was observed for the quatern-
ary carbon centre.

“[AuCl,(Et,dtc)]” mixture. Na(Et,dtc)-3(H,O) (119 mg,
0.53 mmol, 1.0 eq.) was dissolved in water (3 mL) and added
dropwise to a vigorously stirred solution of K[AuCl,] (200 mg,
0.53 mmol, 1.0 eq.) in water (2 mL) over 15 minutes. The sus-
pension was then stirred for 1 h. A yellow precipitate was iso-
lated by vacuum filtration, washed with water (3 x 5 mL) and
Et,0 (2 x 5 mL) then dried in vacuo. Yield: 152 mg of a yellow
solid. "H NMR (400.1 MHz, DMSO-d,): § 3.79 (overlapping q,
*Jun = 7.2 Hz, 4H, CH,, minor product), 3.78 (overlapping q,
3Juu = 7.2 Hz, 8H, CH,, major product), 1.3 (t, *Jyy = 7.2 Hz,
12H, CH;, major product), 1.27 (t, *Juy = 7.2 Hz, 6H, CHj,
minor product). "H NMR (400.1 MHz, CDCl,): § 3.81 (overlap-
ping q, *Jun = 7.3 Hz, 8H, CH,, major product), 3.76 (overlap-
ping q, *Jun = 7.3 Hz, 4H, CH,, minor product), 1.46 (t, *Jyy =
7.3 Hz, 12H, CH;, major product), 1.43 (t, *Juy = 7.3 Hz, 6H,
CH;, minor product). "H NMR (400.1 MHz, (CD;),CO): § 3.94
(overlapping q, *Jun = 7.3 Hz, 8H, CH,, major product), 3.93
(overlapping q, *Jyu = 7.3 Hz, 4H, CH,, minor product), 1.44 (t,
3Juu = 7.3 Hz, 12H, CH;, major product), 1.43 (t, *Juy = 7.3 Hz,
6H, CH;3, minor product).

An alternative synthesis for “[AuCl,(Et,dtc)]” was also
attempted whereby all reagents were added together in EtOH/
water (1:1 volume), then heated to reflux for 1 h at 110 °C."®
The solution was then cooled and the solid isolated by fil-
tration. This was washed with distilled water and Et,O, then
dried in vacuo. "H NMR spectroscopy indicated the presence of
the same product mixture.
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“JAuCl,(*Pr,dtc)]” mixture. Na('Pr,dtc) (120 mg, 0.60 mmol,
1.0 eq.) was dissolved in water (5 mL) and added dropwise to a
vigorously stirred solution of K[AuCl,] (250 mg, 0.60 mmol,
1.0 eq.) in water (2 mL) over 15 minutes. The solution was
then stirred for 1 h. A yellow precipitate was isolated by
vacuum filtration, washed with water (3 x 5 mL) followed by
Et,O (2 x 5 mL) and dried in vacuo. Yield 235 mg of a yellow
solid. X-ray quality crystals were obtained through vapour
diffusion of pentane into a concentrated CH,Cl, solution.
"H NMR (400.1 MHz, DMSO-d¢): § 4.64 (overlapping sept,
3J4u = 6.8 Hz, 4H, CH, major product) 4.55 (overlapping sept,
3Juu = 6.7 Hz, 2H, CH, minor product), 1.48 (d, *Jyy = 6.8 Hz,
24H, CH;, major product), 1.44 (d, *Juy = 6.8 Hz, 12H, CH;,
minor product). *C{'H} NMR (100.6 MHz, DMSO-d,): § 193.06
(s, quaternary), 185.69 (s, quaternary), 55.05 (s, CH), 54.72
(s, CH), 19.60 (s, CHj). Elemental analysis: calc. for
C,H,,AuCL,NS, (444.16): C 18.93%, H 3.18%, N 3.15%. Found:
C 18.68%, H 2.93%, N 3.30%.

“JAuCl,(‘Bu,dtc)]” mixture. K(‘Bu,dtc) (161 mg, 0.66 mmol,
1.0 eq.) was dissolved in water (3 mL) and added dropwise to
an aqueous solution (2 mL) of K[AuCl,] (250 mg, 0.66 mmol,
1.0 eq.) whilst vigorously stirring. A yellow precipitate formed,
and the suspension was further stirred for 1 hour. The solid
was filtered, washed with water (3 x 5 mL) and Et,O (2 x 5 mL)
then dried in vacuo. Yield: 171 mg of a yellow solid. X-ray
quality crystals were obtained through vapour diffusion of
pentane into a concentrated CH,Cl, solution. 'H NMR
(400.1 MHz, CDCl): § 3.56 (d, *Jun = 7.6 Hz, 4H, CH,, minor),
3.48 (d, *Juy = 7.6 Hz, 8H, CH,, major), 2.31-2.18 (overlapping
m, 3H, CH, major and minor), 1.03 (overlapping d, */uyy = 6.7
Hz, 12H, CH;, major), 1.02 (overlapping d, *Jyy = 6.7 Hz, 24H,
CHj;, minor). "*C{'H} NMR (100.6 MHz, CDCl;): § 194.79 (s,
quaternary), 58.52 (s, CH,), 27.26 (s, CH), 20.17 (s, CHj).
Elemental analysis: cale. for CgH;3AuCL,NS, (472.21):
C 22.89%, H 3.84%, N 2.97%. Found: C 23.06%, H 3.95%,
N 2.96%.

“[AuCl,( pyrr-dtc)]” mixture. Na(pyrr-dtc) (56 mg, 0.33 mmol,
1.0 eq.) was dissolved in water (6 mL) and added dropwise to
an aqueous solution (4 mL) of K[AuCl,] (125 mg, 0.33 mmol,
1.0 eq.) with vigorous stirring. A yellow precipitate formed, and
the suspension was further stirred for 1 hour. The solid was
then isolated by filtration, washed with water (3 x 5 mL) and
Et,O (2 x 5 mL) and dried in vacuo. Yield: 123 mg of a yellow
solid. The "H NMR spectrum for this product agrees with the
chemical shift assignments in previously reported spectra,*
although the authors describe singlet multiplicity in both
peaks instead of the expected complex multiplets observed
here. Crystals were obtained through vapour diffusion of
pentane into a concentrated CH,Cl, solution. 'H NMR
(400.1 MHz, DMSO-d): & 3.85-3.80 (m, 4H, NCH,), 2.08-2.04
(m, 4H, CH,). **C{'"H} NMR (100.6 MHz, DMSO-d¢): § 51.11
(s, NCH,), 51.04 (s, NCH,), 23.55 (s, CH,), 23.33 (s, CH,). No
peak was observed for the quaternary carbon centre.

“[AuCl,( pip-dtc)]” mixture. Na(pip-dtc) (121 mg, 0.66 mmol,
1.0 eq.) was dissolved in water (3 mL) and added dropwise to
an aqueous solution (2 mL) of K[AuCl,] (250 mg, 0.66 mmol,
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1.0 eq.) whilst vigorously stirring. A yellow precipitate formed,
and the suspension was further stirred for 1 hour. The solid
was filtered, washed with water (3 x 5 mL) and Et,O (2 x 5 mL)
then dried in vacuo. Yield: 232 mg of a yellow solid. The
'"H NMR spectrum for this product agrees with the chemical
shift assignments in previously reported spectra,® but the
multiplets obscure the signals corresponding to the expected
minor byproduct. Crystals were obtained through vapour
diffusion of pentane into a concentrated CH,Cl, solution.
'"H NMR (400.1 MHz, DMSO-de): § 3.85-3.82 (m, 4H, NCH,),
1.74-1.72 (m, 6H, CH,). *C{"H} NMR (100.6 MHz, DMSO-d,):
5 191.68 (s, quaternary), 50.63 (s, minor, NCH,), 50.32
(s, major, NCH,), 25.14 (s, major, 3,5-CH,), 24.93 (s, minor,
3,5-CH,), 23.41(s, 4-CH,).

“[AuCl,y(p-tolyl,dtc)]” mixture. Li(p-tolyl,dtc) (185 mg,
0.66 mmol, 1.0 eq.) was dissolved in water (12 mL) and added
dropwise to an aqueous solution (8 mL) of K[AuCl,] (250 mg,
0.66 mmol, 1.0 eq.) whilst vigorously stirring. A brown precipi-
tate formed and the suspension was further stirred for 1 h.
The solid was isolated by filtration, washed with water
(3 x 5 mL) and Et,O (2 x 5 mL) and dried in vacuo. The solid
was then redissolved in a minimum amount of CH,Cl, and
purified by flash chromatography through a silica plug (eluent:
CH,Cl,) to remove the brown contaminant. Yield: 177 mg of
an orange solid. X-ray quality crystals were obtained through
vapour diffusion of pentane into a concentrated CH,Cl, solu-
tion. *H NMR (400.1 MHz, DMSO-d¢): § 7.64 (m, 4H, C,,—H,
minor product), 7.62 (m, 8H, Ca,~H, major product), 7.45-7.43
(m, 4H, Ca-H, minor product), 7.42-7.40 (m, 8H, C,—H,
major product), 2.37 (s, 6H, CHz, minor product), 2.34 (s, 12H,
CH;, major product). **C{*"H} NMR (100.6 MHz, DMSO-d): &
141.44 (s, quaternary, major), 140.88 (s, quaternary, minor),
136.43 (s, quaternary, minor), 135.42 (s, quaternary, major),
131.22 (s, CH, major), 131.01 (s, CH, minor), 126.57 (s, CH,
minor), 126.32 (s, CH, major), 20.83 (s, CH;z, major), 20.78 (s,
CHj3, minor).

“[AuBr,(Me,dtc)]” mixture. Na(Me,dtc)-2(H,O) (66 mg,
0.46 mmol, 1.0 eq.) was dissolved in water (3 mL) and added
dropwise to an aqueous solution (3 mL) of AuBr; (200 mg,
0.46 mmol, 1.0 eq.) whilst vigorously stirring. An orange pre-
cipitate formed and the suspension was further stirred for 1 h.
The solid was isolated by filtration, washed with water (5 x
1 mL) and Et,0 (5 x 1 mL) and dried in vacuo. Yield: 128 mg of
an orange solid. "H NMR (400.1 MHz, DMSO-de): § 3.38 (s, 6H,
major product), 3.35 (s, 6H, minor product). *C{*"H} NMR
(100.6 MHz, DMSO-d): § 194.27 (s, quaternary, major), 188.69
(s, quaternary, minor), 40.73 (s, CH;, major), 40.09 (s, CHs,
minor).

“[AuBr,(Et,dtc)]” mixture. [Au(Et,dtc)], (172 mg, 0.5 mmol,
1.0 eq.) was suspended in CH,Cl, (25 mL). A solution of Br,
(80 mg, 0.5 mmol, 1.0 eq.) in CH,Cl, (10 mL) was added drop-
wise over 15 minutes with vigorous stirring. The solid dis-
solved, resulting in a dark orange solution. X-ray quality crys-
tals were obtained by allowing this solution to slowly evaporate
to dryness. Yield: 217 mg of orange crystals. 'H NMR
(400.1 MHz, CDCL): § 3.79 (q, *Juu = 7.3 Hz, 8H, CH,, major
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product), 3.70 (q, *Jun = 7.3 Hz, 4H, CH,, minor product), 1.44
(overlapping t, *Jy = 7.3 Hz, 12H, CH;, major product), 1.41
(overlapping t, *Jjuy = 7.3 Hz, 6H, minor product). “*C{'H}
NMR (100.6 MHz, CDCl;): § 46.86 (s, CH,, major product),
45.63 (s, CH,, minor product), 12.61 (s, CH;, major product),
12.41 (s, CH3, minor product).

Note: “[AuBr,(Et,dtc)]” was also synthesized using the
general procedure to provide an authentic sample for compari-
son of NMR spectra: Na(Et,dtc)-3(H,0) (119 mg, 0.67 mmol,
1.0 eq.) was dissolved in water (3 mL) and added dropwise to a
vigorously stirred solution of AuBr; (291 mg, 0.67 mmol, 1.0
eq.) in water (3 mL) over 15 minutes. The suspension was then
stirred for 1 h. An orange precipitate was isolated by vacuum
filtration, washed with water (3 x 5 mL) and Et,O (2 x 5 mL)
then dried in vacuo. Yield: 230 mg of an orange solid.

“[AuBr,(p-tolyl,dtc)]” mixture. Li(p-tolyl,dtc) (185 mg,
0.66 mmol, 1.0 eq.) was dissolved in water (12 mL) and added
dropwise to an aqueous solution (8 mL) of AuBr; (291 mg,
0.66 mmol, 1.0 eq.) whilst vigorously stirring. A brown precipi-
tate formed and the suspension was further stirred for 1 h.
The solid was isolated by filtration, washed with water (3 x
5 mL) and Et,O (2 x 5 mL) and dried in vacuo. The solid was
dissolved in CH,Cl, and filtered through a plug of silica to
remove the brown contaminant. Yield: 295 mg of an orange
solid. X-ray quality crystals were obtained through slow evapor-
ation of a concentrated CH,Cl, solution. '"H NMR (400.1 MHz,
CDCLy): 6 7.42 (d, *Jyy = 8.4 Hz, 4H, C,-H, minor product),
7.34 (d, *Jyu = 8.4 Hz, 8H, C,~H, major product), 7.31-7.27
(overlapping m, 12H, C,,—H, major and minor product), 2.41
(s, 6H, CHjz, major product), 2.37 (s, 12H, CHj, minor
product). *C{'"H} NMR (100.6 MHz, CDCl;): § 141.66 (s, qua-
ternary, major), 141.04 (s, quaternary, minor), 136.37 (s, qua-
ternary, minor), 135.17 (s, quaternary, major), 131.35 (s, CH,
major), 131.11 (s, CH, minor), 126.40 (s, CH, minor), 125.99 (s,
CH, major), 21.34 (s, CH3, major), 21.32 (s, CHz, minor).

The acetone synthesis of [AuX,(dtc)]/[Au(dtc),]" mixtures
(X = Cl, Br) and the isolation of pure [AuX,(dtc)]

General procedure. “AuX;” (1.0 eq.) was dissolved in acetone
to give a clear yellow solution. A solution of M(dtc) (1.0 eq.) in
acetone was added dropwise to the “AuX;” solution over a
period of 2 hours. The resulting slightly cloudy yellow solution
was refluxed for 24 hours, then cooled to RT and filtered, fol-
lowed by removal of all volatiles to yield an orange solid.

Orange crystals of analytically pure [AuX,(dtc)] were
obtained by redissolving the crude orange solid in a minimum
volume of acetone, then allowing the solvent to slowly evapor-
ate. Before complete solvent loss occurred, the remaining
liquid was decanted away from the orange crystals. These were
then washed with water and Et,O, and dried in vacuo. Note:
the vessel used for slow evaporation needs to be clean and free
from excessive nucleation points (e.g. scratches) otherwise
yellow crystals of [Au(dtc),]" co-crystallize with the desired
orange solid.

The analytical data below are based on the orange crystal-
line material obtained by slow evaporation of an acetone solu-
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tion. Unless stated otherwise, the percentage yields given are
those of pure orange crystalline material based off a crystalliza-
tion run starting from 50 mg of crude orange solid.

[AuCl,(Me,dtc)]. Following the general procedure, K[AuCl,]
(173 mg, 0.46 mmol) was dissolved in acetone (125 mL) and
Na(Me,dtc)-2H,0 (66 mg, 0.46 mmol) was dissolved in acetone
(125 mL). Yield: 114 mg of crude solid. 24 mg of the crude
product was redissolved in acetone and recrystallized as
described above, affording 8 mg of orange crystals (35%).
"H NMR (400.1 MHz, DMSO-d¢): & 3.38 (s, 6H, CHj).
BC{*H} NMR (100.6 MHz, DMSO-d): § 40.02 (s, CH3).

[AuCl,(Et,dtc)]. Following the general procedure, K[AuCl,]
(251 mg, 0.66 mmol) was dissolved in acetone (45 mL) and
Na(Et,dtc)-3H,0 (149 mg, 0.66 mmol) was dissolved in acetone
(55 mL). Yield: 151 mg of crude solid. The entire crude product
was redissolved in acetone and recrystallized as described
above, affording 84 mg of orange crystals (55%). 'H NMR
(400.1 MHz, DMSO-d,): & 3.78 (q, *Jun = 7.2 Hz, 4H, CH,), 1.27
(t, ¥Juu = 7.2 Hz, 6H, CH;). C{"H} NMR (100.6 MHz, DMSO-
de): 6 186.96 (s, quaternary), 46.52 (s, CH,), 11.99 (s, CHy).

[AuClL,(‘Pr,dtc)]. Following the general procedure, K[AuCl,]
(200 mg, 0.53 mmol) was dissolved in acetone (45 mL) and
K('Prodtc) (114 mg, 0.53 mmol) was dissolved in acetone
(55 mL). Yield: 228 mg of crude solid. 50 mg was recrystallized
from acetone, affording 25 mg of orange crystals (50%).
'H NMR (400.1 MHz, DMSO-d,): § 4.55 (septet, J = 6.7 Hz, 2H,
CH), 1.44 (d, J = 6.7 Hz, 12H, CH3). *C{"H} NMR (100.6 MHz,
DMSO-dg): 6 185.20 (s, quaternary), 54.57 (s, CH), 19.12 (s,
CH,).

[AuCl,(‘Bu,dtc)]. Following the general procedure, K[AuCl,]
(200 mg, 0.53 mmol) was dissolved in acetone (45 mL) and
K('Bu,dtc) (120 mg, 0.53 mmol) was dissolved in acetone
(55 mL). Yield: 226 mg of crude solid. 50 mg was recrystallized
from acetone, affording 29 mg of orange crystals (57%).
'H NMR (400.1 MHz, DMSO-d): 6 3.60 (d, J = 7.6 Hz, 4H,
CH,), 2.30-2.20 (m, 2H, CH), 0.92 (d, J = 6.6 Hz, 12H, CH3;).
BC{'"H} NMR (100.6 MHz, DMSO-d,): § 189.51 (s, quaternary),
58.00 (s, CH,), 26.35 (s, CH), 19.44 (s, CHj).

[AuCl,( pyrr-dtc)]. Following the general procedure, K[AuCl,]
(200 mg, 0.53 mmol) was dissolved in acetone (45 mL) and Na
(pyrr-dtc) (90 mg, 0.53 mmol) was dissolved in acetone
(55 mL). Yield: 166 mg of crude solid. 23 mg was recrystallized
from acetone, affording 9 mg of orange crystals (39%). 'H
NMR (400.1 MHz, DMSO-d¢): & 3.83-3.80 (m, 4H, NCH,),
2.07-2.03 (m, 4H, CH,). C{'H} NMR (100.6 MHz, DMSO-d,):
5 51.07 (s, NCH,), 23.36 (s, CH,). No peak was observed for the
quaternary carbon centre.

[AuCl,( pip-dtc)]. Following the general procedure, K[AuCl,]
(200 mg, 0.53 mmol) was dissolved in acetone (45 mL) and Na
(pip-dte) (97 mg, 0.53 mmol) was dissolved in acetone
(55 mL). Yield: 204 mg of crude solid. 53 mg was recrystallized
from acetone, affording 47 mg of orange crystals (89%).
'H NMR (400.1 MHz, DMSO-d¢): 6 3.83-3.80 (m, 4H, NCH,),
1.72-1.70 (m, 6H, 3,4,5-CH,). “C{'H} NMR (100.6 MHz,
DMSO-dg): 5 184.66 (s, quaternary) 50.66 (s, NCH,), 24.95 (s,
NCH,CH,), 23.47 (s, CH,CH,CH,).
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[AuCL,(p-tolyl,dtc)]. Following the general procedure, K
[AuCl,] (200 mg, 0.53 mmol) was dissolved in acetone (45 mL)
and Li(p-tolyl,dtc) (148 mg, 0.53 mmol) was dissolved in
acetone (55 mL). The crude product from this synthesis was
contaminated with a brown residue, which was removed by
dissolving the crude product in CH,Cl, and passing through a
silica plug before removing all solvents. Yield: 162 mg of crude
solid. 50 mg was recrystallized from acetone, affording 29 mg
of orange crystals (59%). "H NMR (400.1 MHz, DMSO-dg): &
7.63 (m, 4H, Ca~H), 7.45-7.43 (m, 4H, C,~H), 2.37 (s, 6H,
CH;). *C{'H} NMR (100.6 MHz, DMSO-d,): § 196.54 (s, qua-
ternary), 141.42 (s, quaternary), 135.40 (s, quaternary), 131.21
(s, CH), 126.31 (s, CH), 20.82 (s, CH;).

[AuBr,(Me,dtc)]. Following the general procedure, AuBr;
(217 mg, 0.50 mmol) was dissolved in acetone (125 mL) and
Na(Me,dtc)-2H,0 (71 mg, 0.50 mmol) was dissolved in acetone
(125 mL). Yield: 62 mg of crude solid. 20 mg of the crude
product was redissolved in acetone and recrystallized as
described above, affording 12 mg of orange crystals (60%).
'"H NMR (400.1 MHz, DMSO-dg): & 3.35 (s, 6H, CH;). ">C{'H}
NMR (100.6 MHz, DMSO-dg): 6 39.59 (s, CH;).

[AuBr,(Et,dtc)]. Following the general procedure, AuBr;
(158 mg, 0.36 mmol) was dissolved in acetone (45 mL) and Na
(Et,dtc)-3H,0 (82 mg, 0.36 mmol) was dissolved in acetone
(55 mL). Yield: 166 mg of crude product. 50 mg was recrystal-
lized from acetone, affording 31 mg of orange crystals (62%).
'H NMR (400.1 MHz, DMSO-de): 6 3.75 (q, *Juu = 7.2 Hz, 4H,
CH,), 1.27 (t, Juu = 7.2 Hz, 6H, CH;). “C{'H} NMR
(100.6 MHz, DMSO-d,): 6 188.38 (s, quaternary), 46.04 (s, CH,),
11.98 (s, CH;).

[AuBr,(p-tolyl,dtc)]. Following the general procedure, AuBr;
(150 mg, 0.34 mmol) was dissolved in acetone (45 mL) and Li
(p-tolyl,dtc) (96 mg, 0.34 mmol) was dissolved in acetone
(55 mL). The crude product from this synthesis was contami-
nated with a brown residue, which was removed by dissolving
the crude product in CH,Cl, and passing through a silica plug
before removing all solvents. Yield: 124 mg of crude solid.
53 mg was recrystallized from acetone, affording 36 mg of
orange crystals (68%). "H NMR (400.1 MHz, DMSO-d): & 7.64
(m, 4H, C-H), 7.45-7.43 (m, 4H, Cx—H), 2.36 (s, 6H, CH3).
BC{'H} NMR (100.6 MHz, DMSO-d,): § 197.87 (s, quaternary),
141.39 (s, quaternary), 135.17 (s, quaternary), 131.21 (s, CH),
126.43 (s, CH), 20.83 (s, CH;).

[Au(Et,dtc),][BF,]. K[AuCl,] (250 mg, 0.66 mmol, 1.0 eq.) was
dissolved in acetone (100 mL). Na[BF,] (72.6 mg, 0.66 mmol,
1.0 eq.) was dissolved in acetone (20 mL) and added dropwise
to the KJ[AuCl,] solution. A solution of Na(Et,dtc)-3H,0
(298 mg, 1.32 mmol, 2.0 eq.) in acetone (120 mL) was then
added dropwise over a period of 2 hours. After complete
addition, the slightly cloudy yellow mixture was allowed to stir
at RT for 4 hours, before the mixture was filtered to remove the
white precipitate. The filtrate was concentrated under reduced
pressure to a volume of ~20 mL, followed by addition of
120 mL of hexane to the solution causing precipitation of an
orange solid. The supernatant liquid was removed, and the
product was dried under vacuum for 2 days. Yield: 248 mg
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(64.6%) of an orange solid. Crystals were obtained by slow
evaporation of a concentrated acetone solution. 'H NMR
(400.1 MHz, (CD3),CO): & 3.94 (q, *Juu = 7.2 Hz, 8H, CH,), 1.44
(t, *aa = 7.2 Hz, 12H, CH;). C{'H} NMR (100.6 MHz,
(CD3),CO): & 195.53 (s, quaternary), 47.83 (s, CH,), 12.48 (s,
CH3). "H NMR (400.1 MHz, DMSO-dg): & 3.77 (q, *Jun = 7.2 Hz,
8H, CH,), 1.30 (t, *Jjun = 7.2 Hz, 12H, CH;). “C{'H} NMR
(100.6 MHz, DMSO-d): 6 193.88 (s, quaternary), 46.56 (s, CH,),
12.10 (s, CH;). Elemental analysis: calc. for C;oH,0AuBF,N,S,
(580.27): C 20.70%, H 3.47%, N 4.83%. Found: C 20.79%,
H 2.99%, N 4.58%.

Data availability

The data supporting this article have been included as part of
the ESLY

Crystallographic data: CCDC reference numbers 2374277
[AuCL,("Prpdtc)], 2374278  [AuCL(‘Bu,dtc)], 2374279
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