Inorganic Chemistry

Ring-Closing Metathesis and Nanoparticle Formation Based on
Diallyldithiocarbamate Complexes of Gold(l): Synthetic, Structural,
and Computational Studies

Saira Naeem,' Stefano A. Serapian,T Anita Toscani,’ Andrew J. P. White,” Graeme Hogaurth,i
and James D. E. T. Wilton-Ely*"

"Department of Chemistry, Imperial College London, South Kensington Campus, London SW7 2AZ, U.K.
*Department of Chemistry, University College London, 20 Gordon Street, London WC1H 0AJ, UK.

© Supporting Information

=\ N A
\N) k}N\J/
SAS s s
heat | | [Ru] | | NaBH,
u---—--Au Au----- Au
acetone | ‘ | | acetonef
S. S SYS water
i |

PERN

ABSTRACT: The gold(I) complexes [Au{S,CN(CH,CH=CH,),}(L)] [L = PPh;, PCy,;, PMe;, CN'Bu, IDip] are prepared
from KS,CN(CH,CH=CH,), and [(L)AuCl]. The compounds [L,(AuCl),] (L, = dppa, dppf) yield [(L,){AuS,CN-
(CH,CH=CH,),},], while the cyclic complex [(dppm){Au,S,CN(CH,CH=CH,),}]OTf is obtained from [dppm(AuCl),]
and AgOTf followed by KS,CN(CH,CH=CH,),. The compound [Au,{S,CN(CH,CH=CH,),},] is prepared from
[(tht)AuCl] (tht = tetrahydrothiophene) and the diallyldithiocarbamate ligand. This product ring-closes with [Ru(=
CHPh)CL,(SIMes)(PCy;)] to yield [Au,(S,CNC,Hg),], whereas ring-closing of [Au{S,CN(CH,CH=CH,),}(PR;)] fails.
Warming [Au,{S,CN(CH,CH=CH,),},] results in formation of gold nanoparticles with diallydithiocarbamate surface units,
while heating [Au,(S,CNC,Hg),] with NaBH, results in nanoparticles with 3-pyrroline dithiocarbamate surface units. Larger
nanoparticles with the same surface units are prepared by citrate reduction of HAuCl, followed by addition of the
dithiocarbamate. The diallydithiocarbamate-functionalized nanoparticles undergo ring-closing metathesis using [Ru(=
CHC(H,OPr-2)CL(SIMes)]. The interaction between the dithiocarbamate units and the gold surface is explored using
computational methods to reveal no need for a countercation. Preliminary calculations indicate that the Au—S interactions are
substantially different from those established in theoretical and experimental studies on thiolate-coated nanoparticles. Structural
studies are reported for [Au{S,CN(CH,CH=CH,),}(PPh;)] and [Au,{S,CN(CH,CH=CH,),},]. In the latter, exceptionally
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short intermolecular aurophilic interactions are observed.

Bl INTRODUCTION

Highly active catalysts with good functional group tolerance
have made alkene metathesis a powerful and accessible tool in
synthetic organic chemistry." Ring-closing metathesis (RCM)
can be used to create a range of small or medium-sized rings,
including heterocycles.” Some substrates remain problematic,
such as species that are capable of binding to the vacant site of
the coordinatively unsaturated precatalysts of the Grubbs type.
Unprotected amines may be considered in this group of
substrates due to the competition for coordination to the metal
between the amine lone pair and the alkene. This can be
overcome by employing electron-withdrawing substituents on
the amine to favor alkene coordination.***" An allied approach
is the use of Lewis acids such as Ti(OPr), to coordinate the
lone pair before metathesis is carried out.*

Although dithiocarbamate complexes of transition metals
have been known for more than a hundred years,* the NR,
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substituents are often overlooked as a source of further
reactivity.” Our recent work has sought to exploit this potential
while making use of the well-established attributes of
dithiocarbamates, such as their stabilization of a wide range
of oxidation states.’ In the context of this interest in
functionalized sulfur-based ligands,”® we have recently explored
an alternative means of modifying amines with alkene
functionality for metathesis by their incorporation into a
dithiocarbamate ligand, R;NCS,™. Thus, a wide range of metal
complexes of diallyldithiocarbamate undergo RCM catalyzed by
[Ru(=CHPh)C,(SIMes)(PCy;)], including some bearing
surprisingly sterically bulky coligands.”

Sporadic reports of examples of (mostly homoleptic) metal
complexes of the diallyldithiocarbamate ligand have appeared in
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Scheme 1. [Ru cat] = 10 mol % [Ru(=CHPh)Cl,(SIMes)(PCy;)]; SIMes = 1,3-bis(2,4,6-trimethylphenyl)imidazolidin-2-

ylidene; IDip = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene)
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the literature."® However, for gold, only complexes in the
trivalent state are known,'' despite gold(I) and gold(II)
complexes of other dithiocarbamates being numerous. Indeed,
some of the first examples of divalent gold were observed in
dithiocarbamate compounds.®®''

In extending the exploration of the coordination and
subsequent reactivity of the diallydithiocarbamate ligand to
gold(I) complexes, we have discovered that the chemistry of
these complexes departs significantly from that found for the
complexes with metals earlier in the transition series.
Furthermore, some of these compounds provide access to
gold nanoparticles from molecular dithiocarbamate precursors
in an unexpectedly facile and unprecedented fashlon Since the
first reports by Wessels, 12a Wel,12b and Beer,'*° the use of
dithiocarbamates for the surface functionalization of gold
nanoparticles has received increasing attention.**~ 4™ ‘We
also report the first computational studies to probe the
interaction of the dithiocarbamate unit and the gold surface,
which contrasts substantially from what is observed in thiolate-
coated nanoparticles of gold.

B RESULTS AND DISCUSSION

Synthesis of Diallyldithiocarbamate Complexes. In all
reactions, the diallydithiocarbamate ligand was generated in situ
from diallylamine and a slight excess of KOH and carbon
disulfide. This solution was used immediately before any
precipitation of the ligand could occur. An acetone-dichloro-
methane solution of [(PhyP)AuCl] was treated with 1.1 equiv
of KS,CN(CH,CH=CH,), to yield a yellow product in
excellent yield. Mass spectrometry (molecular ion at m/z =
632) and elemental analysis supported the formation of
[(Ph;P)Au{S,CN(CH,CH=CH,),}] (1), formed through
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displacement of the chloride ligand by the dithiocarbamate
donor (Scheme 1). A new singlet was observed in the *'P NMR
spectrum, while analysis by 'H NMR spectroscopy revealed
three multiplet resonances not present in the precursor at 4.59
ppm (NCH, protons), 5.25 ppm (H*®), and 5.98 ppm (H°),
using the numbering scheme in Figure 1. In this example,

HA
s il
®>>—N :Z
) \\S\HB

Figure 1. The diallyldithiocarbamate ligand employed in this Work,
showing the numbering scheme used for spectroscopic purposes.

discrete couplings could not be reliably identified. *C NMR
analysis revealed a resonance at 209.0 ppm for the CS, carbon,
while the diallyl ligand gave rise to resonances at 132.2 (=
CH,), 118.0 (CH,C), and 56.4 (NCH,) ppm. To complete the
characterization of this molecule, single crystals were grown by
vapor diffusion of diethyl ether onto a solution of 1 in
dichloromethane. A crystal was chosen for a structural study
(Figure 2)—see Structural Discussion for further details.

The complexes [(Cy;P)Au{S,CN(CH,CH=CH,),}] (2)
and [(Me;P)Au{S,CN(CH,CH=CH,),}] (3) were also
prepared, bearing phosphines with greater and smaller steric
bulk, respectively, than triphenylphosphine. In contrast to the
case for 1, the coupling between the allyl protons in the 'H
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Figure 2. The molecular structure of 1 (50% probability ellipsoids).
Selected bond lengths (A) and angles (deg); Au—S(1) 2.3456(4), Au—
P(11) 2.2517(4), S(1)—C(2) 1.7436(17), C(2)-S(3) 1.6971(17),
C(2)-N(4) 1.341(2), S(1)—Au—P(11) 174.980(16), S(1)—C(2)—
S(3) 119.97(10).

NMR spectrum was observed clearly in complex 2, with the
NCH, protons resonating at 4.54 ppm as a doublet (Jyy = 5.8
Hz). The doublets of doublets at 5.22 and 5.25 ppm were
attributed to the terminal olefinic protons H* (Jyauc = 15.9
Hz) and H® (Jypuc = 8.8 Hz), respectively, and showed a
mutual coupling of 1.4 Hz. The remaining allyl proton (H®)
was observed as a multiplet at 5.97 ppm. Similar spectroscopic
features were observed in the 'H NMR spectrum of
[(Me;P)Au{S,CN(CH,CH=CH,),}] (3) along with a
doublet for the protons of the trimethylphosphine ligand (Jip
= 11.0 Hz).

Although phosphine ligands are the most common nonsulfur
donors in gold(I) chemistry, isocyanide ligands have been
shown to act as good ligands in many cases. Their relatively
undemanding steric profile (‘BuNC, ‘PrNC, etc.) has led to an

interesting structural diversity, through the creation of favorable
conditions for aurophilic contacts in the solid state.'?

With this in mind, yellow [(‘BuNC)Au{S,CN(CH,CH=
CH,),}] (4) was prepared from [(‘BuNC)AuCl] and KS,CN-
(CH,CH=CH,),. The isocyanide ligand was identified from
the vy absorption at 2203 cm™ in the solid-state IR spectrum
and a singlet at 0.53 ppm in the "H NMR spectrum, in addition
to typical resonances for the dithiocarbamate ligand. No
molecular ion was observed in either electrospray or fast atom
bombardment (FAB) mass spectra, although a fragmentation
was observed in the latter for [M — BuNC]* at m/z 369.
Although care must be taken when correlating reactivity with
the fragmentations observed in the high-energy environment of
a mass spectrometer, the apparent loss of isocyanide is also
manifested in solution. Over a few hours in solution, a yellow
precipitate was observed, which was later identified as the
homoleptic complex, [Au,{S,CN(CH,CH=CH,),},] (9).

To broaden the range of coligands investigated, in particular
from a steric viewpoint (metathesis studies), [(IDip)Au{S,CN-
(CH,CH=CH,),}] (5) was prepared in good yield from
[(IDip)AuCl] using the same method. Typical resonances for
the dithiocarbamate ligand were observed in the 'H NMR
spectrum alongside doublets (1.25, 1.41 ppm) and a septet for
the isopropyl substituents of the IDip ligand. Also observed
were resonances at 7.38 and 7.53 ppm for the aromatic protons,
while the HC=CH unit gave rise to a singlet resonance at 7.77
ppm. The overall formulation was confirmed by elemental
analysis and mass spectrometry (FAB, +ve mode).

Following the successful preparation of monometallic
compounds, attention turned to the synthesis of a number of
digold complexes with the diallydithiocarbamate ligand.
Because of the rigidity of the 1,2-bis(diphenylphosphino)-
acetylene ligand, the complex [dppa(AuCl),] is ideal for the
preparation of linear digold compounds, which cannot show
intramolecular Au---Au contacts. This is the case for bright
yellow [(dppa){AuS,CN(CH,CH=CH,),},] (6), formed by
treatment of [dppa(AuCl),] with 2.2 equiv of the diallyldithio-
carbamate ligand (Scheme 1). Spectroscopic data for the

Figure 3. The molecular structure of 9 (50% probability ellipsoids). Selected bond lengths (A) and angles (deg); Au(1)—S(1) 2.2913(8), Au(1)—
S(11) 2.2967(8), Au(2)—S(3) 2.2958(9), Au(2)—S(13) 2.2950(9), S(1)—C(2) 1.728(3), C(2)-S(3) 1.731(3), C(2)—N(4) 1.338(4), S(11)—
C(12) 1.734(3), C(12)-S(13) 1.727(3), C(12)—N(14) 1.330(4), Au(1)--Au(2) 2.79030(15), Au(1)--Au(2A) 2.98997(15), Au(2)---Au(1A)
2.98997(15), S(1)—Au(1)—S(11) 177.10(3), S(3)—Au(2)—-S(13) 176.41(3), S(1)—C(2)—S(3) 127.1(2), S(11)—C(12)-S(13) 126.5(2).
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Figure 4. Part of one of the chains of 4,-screw related molecules that extend along the crystallographic ¢ axis present in the structure of 9. The intra-
and intermolecular Au--Au separations are 2.79030(15) and 2.98997(15) A, respectively.

dithiocarbamate ligand were similar to the complexes discussed
above, while the presence of two “AuS,CN(CH,CH=CH,),”
units was confirmed by mass spectrometry (molecular ion at
m/z 1133) and good agreement of elemental analysis with
calculated values. Reaction between [(dppf)(AuCl),] and 2.2
equiv of KS,CN(CH,CH=CH,), yielded a pale yellow
compound in 80% yield. In contrast to 6, the flexibility
afforded by the ferrocenyl unit suggested the possibility of a
metallacyclic complex, [(dppf)Au,(¢,-S,CN(CH,CH=
CH,),]*, which was supported by the major peak in the FAB
mass spectrum at m/z 1120. However, integration of the
cyclopentadienyl resonances at 4.49 and 4.92 ppm in the 'H
NMR spectrum with those which are characteristic of the
diallyldithiocarbamate ligand ruled out this possibility, as did
the elemental analysis values. Thus, the product was formulated
as [(dppf){AuS,CN(CH,CH=CH,),},] (7, Scheme 1).
However, a metallacyclic compound was successfully obtained
from [(dppm)(AuCl),]. The resulting product was initially
isolated in poor yield from direct reaction of 1 equiv of the
dithiocarbamate with this precursor. This synthesis was
replaced by an improved route in which the chloride ligands
were abstracted with silver triflate prior to addition of
KS,CN(CH,CH=CH,),. The product [(dppm)Au,{S,CN-
(CH,CH=CH,),}]OTf (8) gave rise to similar spectroscopic
features to those found in the previous complexes, apart from a
multiplet at 4.74 ppm for the PCH,P protons. Unfortunately,
none of these complexes proved sufficiently crystalline for an X-
ray diffraction study.

As mentioned above, [(‘BuNC)Au{S,CN(CH,CH=
CH,),}] (4) was found to lose the isocyanide ligand in
solution to form the homoleptic complex [Au,{S,CN-
(CH,CH=CH,),},] (9). A more direct synthesis of 9 was
provided by reaction of equimolar quantities of [(tht)AuCl]
(tht = tetrahydrothiophene) and KS,CN(CH,CH=CH,),
(Scheme 1). The spectroscopic and analytical data were
unremarkable but confirm the identity of the product. To
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explore the properties of this compound further, single crystals
were grown by vapor diffusion of diethyl ether into a
dichloromethane solution of the complex. A suitable crystal
was chosen for a structural determination (Figure 3 and
Structural Discussion).

B STRUCTURAL DISCUSSION

The structural study carried out for complex [(Ph;P)Au{S,CN-
(CH,CH=CH,),}] (1) reveals the expected linear geometry
at the gold(I) center [174.980(16) A]. The bonding mode of
the diallyldithiocarbamate ligand is best described as
anisobidentate, with the Au—S(1) length of 2.3456(4) A
being much shorter than the distance between the gold and the
other sulfur donor [S(3)], which is 3.0020(5) A. The sum of
the van der Waals radii for gold and sulfur is 3.46 A The
difference in the S(1)—C(2) and C(2)—S(3) distances is
significant at 1.7436(17) and 1.6971(17) A, respectively,
indicating substantial multiple bond character in the non-
coordinating arm of the dithiocarbamate ligand. The C(2)—
N(4) length of 1.341(2) A suggests modest multiple bond
character. The other bond lengths of the 1,1-dithio ligand are
unremarkable.

In contrast to compound 1, the dithiocarbamate ligands are
coordinated in a bridging fashion in the structure of the
metallacyclic complex [Au,{S,CN(CH,CH=CH,),},] (9).
The bonding patterns of the two unique dithiocarbamate
ligands are very similar, the Au—S and S—C bond lengths and
the S—C—S angles all being nearly identical, with the symmetric
C—S bond lengths indicating evenly distributed multiple bond
character in the CS, units, in contrast to compound 1. The
contribution of the thioureide [R,N*=C(S),”] resonance form
is observable in the C(2)—N(4) and C(12)—N(14) distances
of 1.338(4) and 1.330(4) A, respectively.

In such metallacycles, it is common to detect the
contribution of aurophilic interactions in the short intra-
molecular Au---Au distances observed."® In complex 9, a very

dx.doi.org/10.1021/ic402048a | Inorg. Chem. 2014, 53, 2404—2416



Inorganic Chemistry

Scheme 2. SIMes = 1,3-bis(2,4,6-trimethylphenyl)imidazolidin-2-ylidene; tht = tetrahydrothiophene
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short Au(1)--Au(2) distance of 2.79030(15) A is observed.
This is shorter than the distance of 2.9617(7) A found in
[Au,{S,CN(CH,;),},]"¢ and substantially below the sum of
the van der Waals radii of 3.32 A" Although the S—Au-S§
angles are both very close to linear [176.41(3) and 177.10(3)°],
on closer inspection, it can be seen that the gold(I) centers
deviate slightly toward each other, showing that their close
proximity is not solely due to the requirements of the bridging
ligands. In addition to these intramolecular interactions,
surprisingly short intermolecular contacts of 2.98997(15) A
are also observed (Figure 4). This is only slightly longer than
the 2.9617(7) A found in [Au,{S,CN(CsH;;),},], and a search
of the crystallographic literature reveals that the distance in 9 is
among the shortest 20% of intermolecular distances observed
between gold(I) centers."

Given that compound 9 forms gold nanoparticles on
reduction with sodium borohydride, it is attractive to imagine
that the aurophilic contacts present in the precursor may
influence the formation of nanoparticles. This pathway has
been implicated in investigations by Xia and co-workers.'®

Ring-Closing Metathesis Experiments. In previous
work, inspired by the research of Gladysz and co-workers,"?
we demonstrated for the first time that coordinated
dithiocarbamate ligands could be ring-closed even in sterically
encumbered environments.” The linear geometry of gold(I)
compounds should render them open to the approach of the
active species generated from the Grubbs second-generation
metathesis catalyst, [Ru(=CHPh)Cl,(SIMes)(PCy;)] (SIMes
= 1,3-bis(2,4,6-trimethylphenyl)imidazolidin-2-ylidene). How-
ever, after stirring [(Ph,P)Au{S,CN(CH,CH=CH,),}] (1)
for hours and then days under nitrogen, the gold complex was
recovered unchanged. To ascertain whether there was some
inherent instability in the ring-closed product [(Ph;P)Au-
(S,CNC,Hy)] (10), this was prepared directly from a solution
of 3-pyrrolinedithiocarbamate (Scheme 1). 'H NMR analysis
revealed singlet resonances at 449 (NCH,) and $5.96 ppm
(CH=CH) in addition to peaks in the aromatic region for the
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coordinated triphenylphosphine, which were very similar to
those found for [Ni(S,CNC,Hy),].” Mass spectrometry and
elemental analysis data were also in agreement with the
formulation. Having established that the product was viable,
our attention returned to the RCM reaction. It was a possibility
that the PPh; unit could be liberated from 1 and coordinate to
the catalyst, causing deactivation—[Ru(=CHPh)Cl,(SIMes)-
(PPh,)] is known to be far less active. However, no ring-closed
product was observed with the tricyclohexylphosphine complex
[(Cy;P)Au{S,CN(CH,CH=CH,),}] (2) either. Eliminating
phosphines from the gold substrate entirely with [(‘BuNC)-
Au{S,CN(CH,CH=CH,),}] (4) had no beneficial effect, but
did result in deposition of gold metal on the glassware (even
under nitrogen).

It appeared that complex 1 was having a deactivating effect
on the catalyst. The RCM of [Ni{S,CN(CH,CH=CH,),}] to
[Ni(S,CNC,H),] using 10 mol % [Ru(=CHPh)Cl,(SIMes)-
(PCy,;)] was used to test this hypothesis. This reaction
proceeds within an hour at room temperature in dichlor-
omethane®® To explore the deactivating effect of 1, an
equimolar amount of this gold complex was added (under
N,) to the dichloromethane solution of the Grubbs precatalyst
(10 mol % loading). [Ni{S,CN(CH,CH=CH,),}] was then
introduced, and the reaction was stirred and monitored by *'P
NMR. After 1 h, gold complex 1 was no longer observed, but
instead two new resonances at 54.9 (major) and 42.4 ppm
(minor) were observed (as well as some of the original Grubbs
precatalyst at 28.8 ppm). In the '"H NMR spectrum, only 8%
conversion to the ring-closed nickel product was observed.
After 3 d, 58% conversion had been achieved, which thereafter
remained unchanged. After 4 d a new, yet significant, peak was
seen in the *'P NMR spectrum at 25.0 ppm. In the
conventional RCM reaction of [Ni{S,CN(CH,CH=CH,),}]
without any gold complex, the only resonances in the *'P NMR
spectrum were at 28.8 (Grubbs precatalyst) and 22.5
(putatively a solvent-stabilized catalyst species) ppm. There-
fore, it seems that an adduct was formed during the reaction
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d)

50 nm

Figure S. Au@S,CN(CH,CH=CH,), (NP1, a) and Au@S,CNC,H, (NP2, b) nanoparticles prepared directly and Au@S,CN(CH,CH=CH,),
(NP3, ¢) and Au@S,CNC,H, (NP4, d) nanoparticles prepared via a citrate-stabilized intermediate.

between [Ru(=CHPh)Cl,(SIMes)(PCy;)] and [(Ph;P)Au-
{S,CN(CH,CH=CH,),}] (1), which gave rise to a peak at
54.9 ppm (negligible PCy; or O=PCy; were observed in the
spectra). The compound responsible for this peak did not
prove amenable to isolation using polar or non-polar
antisolvents and could not be identified further.

While all the diallyldithiocarbamate complexes of groups 8—
10 investigated in RCM displayed bidentate coordination of the
1,1-dithio ligand,9 the monodentate (or anisobidentate) mode
is adopted in complexes 1—5, which do not undergo RCM.
Thus, preferential coordination of a lone pair on the pendant
sulfur to the vacant site at the ruthenium center could lead to
deactivation of the catalyst toward alkenes. To test this,
[Au,{S,CN(CH,CH=CH,),},] (9), in which both sulfurs are
coordinated, was treated with 10 mol % [Ru(=CHPh)Cl,-
(SIMes)(PCys)] in dichloromethane under nitrogen. After 2 h,
analysis of the product revealed no resonances for 9. Instead,
two new peaks were observed at 4.52 and 6.00 ppm,
corresponding to the NCH, and CH=CH protons of the
ring-closed product [Au,(S,CNC,H,),] (11). The nature of
this product (Scheme 1) was confirmed by mass spectrometry
(ES +ve mode) and elemental analysis. Furthermore, 11 was
also prepared directly from [(tht)AuCl] and 3-pyrrolinedithio-
carbamate.

Preparation of Gold Nanoparticles. The reduction of
well-defined gold(I) precursors containing phosphine,*
amine, %! alkyl,22 calrboxylalte,23 and, most recently, carbene®*
ligands has been shown to yield ligand-stabilized gold
nanoparticles. Direct routes to thiolate-capped gold nano-
particles have also been reported from gold(I) thiolate
precursors, which are often polymeric or cyclic in nature.>**~>%¢

¢ This approach has been extended to patterning using e-beam
lithography/thermolysis protocols.>*® Recently, the thermal
preparation (140 °C) of thiol-coated gold nanoparticles was
reported from molecular methylgold(I) precursors in the
presence of thiol surfactants.”” In contrast, thermolysis of
monometallic dithiolate complexes has been shown to afford
gold nanoparticles stabilized by alkyl groups.*® Along with
others,”> we have demonstrated® ° that dithiocarbamate
ligands make excellent surface units for gold nanoparticles.””
Accordingly, it was decided to explore whether direct
preparation of nanoparticles from [Au,{S,CN(CH,CH=
CH,),},] (9) was possible, using sodium borohydride as the
reducing agent. On addition of this reagent to an acetone
solution of 9, an immediate darkening occurred, leading to
precipitation of a black solid (Scheme 2). After purification, this
material was analyzed by solid-state infrared spectroscopy to
show absorptions similar to those for the dithiocarbamate
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ligand in the precursor. The 'H NMR spectrum revealed
resonances characteristic of the diallyldithiocarbamate ligand at
4.06, 4.94, 4.99, and 5.53 ppm, shifted from the positions found
in 9. Transmission electron microscopy (TEM) showed
nanoparticles (Figure Sa) of Au@S,CN(CH,CH=CH,),
(NP1) of diameter 4.8 (+0.7) nm. The size distribution is
similar to that found for our earlier preparation of
dithiocarbamate-protected nanoparticles, using the Brust-
Schiffrin method (in situ reduction of gold(III) in the presence
of a phase-transfer agent and sulfur ligand).

It was found that a solution of [Au,(S,CNC,Hy),] (11),
formed by ring-closing of 9, spontaneously converted to gold
nanoparticles on gentle warming. The process was complete
after 30 min, and analysis of the black material by IR and 'H
NMR spectroscopy revealed it to be Au@S,CNC,H, (NP2).
The TEM image of this material (Figure Sb) showed dispersed
nanoparticles of diameter 4.0 (+0.7) nm.

The citrate reduction of HAuCl, is a well-known method,
pioneered by Turkevich, used to prepare nanoparticles of
around 15-20 nm diameter.?® In earlier work, we have
demonstrated that the citrate shell can be successfully displaced
by dithiocarbamate units prepared in situ.**"® Using this
approach, Au@S,CN(CH,CH=CH,), (NP3) nanoparticles of
13.7 (+3.6) nm were prepared (Figure Sc). After repeated
washing with water to remove uncoordinated dithiocarbamate,
analysis by infrared and '"H NMR spectroscopy revealed the
presence of the diallydithiocarbamate surface units. TEM
imaging showed a surprisingly large size distribution. Using
the same citrate reduction approach, Au@S,CNC,H; (NP4)
nanoparticles were also prepared (Figure 5d), which showed a
much narrower range of diameters (15.0 + 1.8 nm). Again, the
presence of the 3-pyrroline-dithiocarbamate surface units was
confirmed by 'H NMR and IR spectroscopies.

Under similar conditions, heating 1 or 2 (or treating with
NaBH,) only led to deposition of gold metal rather than facile
formation of nanoparticles. This suggests that there is an
advantage possessed by the metallacyclic compounds (9 and
11) in this process. It is tempting to imagine that the existence
of the Au,(S,CNR,), metallacycle provides a degree of
preorganization, which favors the formation of the nanoparticle
material. This phenomenon has been postulated to play a role
in the formation of gold nanowires from [(oleylamine)AuCl]
complexes.”"

In a similar way in which the fate of the thiol proton is
unclear in many thiol/thiolate-capped gold nanoparticles,29 the
nature of the interaction between the dithiocarbamate and the
gold surface has not been elucidated in detail. Energy dispersive
X-ray (EDX) spectroscopic analysis failed to reveal the
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Figure 6. Charge on key atoms of optimized (top left) Au,, (below) Me,NCS,”, and (top right) face-adsorbed Au,,(S,CNMe, )~. Atoms: brown:
Au; gray: C; white: H; yellow: S; blue: N. Charge numbers: white: near-neutral Au; red: positive Au; blue: negative Au; yellow: S; gray: C.

presence of sodium (NP1) or potassium ions (NP3, NP4)
acting as countercations for the anionic dithiocarbamate. NP2
was obtained directly and spontaneously from heating the
[Au,(S,CNC,Hy),] (11) precursor in the absence of sodium
borohydride. In this case, it was initially postulated that
electroneutrality in this material could be provided by
[H,N(C,Hg)]* cations formed from the decomposition of
excess surface units; however, no evidence for these units (e.g,
IR, '"H NMR spectroscopy) was found. This observation
prompted our theoretical investigations (outlined in the
Computational Section), which suggested electronic charge is
partly transferred to and dispersed throughout the gold
nanocluster, thus obviating the need for a balancing counter-
cation. Also, complete removal of the —1 charge was found to
be energetically more favorable in presence of the dithiocarba-
mate.

Once nanoparticles of different sizes bearing both [S,CN-
(CH,CH=CH,),]” and [S,CNC,H]~ surface units had been
prepared, investigations took place to attempt to ring-close
nanoparticles NP3 to generate NP4. The approximate coverage
of the nanoparticles with the surface units was calculated based
on a 70% coverage using a “footprint” of the ligand drawn from
the crystal structure of compound 9. This allowed a rough
concentration to be ascertained. The diallydithiocarbamate-
capped nanoparticles (NP3) were stirred for 36 h with a
stoichiometric amount of [Ru(=CHPh)Cl,(SIMes)(PCy;)]*°
under nitrogen; however, no reaction was apparent. Repeating
the reaction with the Grubbs—Hoveyda catalyst [Ru(=
CHCH,O'Pr-2)Cl,(SIMes)]*' under the same conditions led
to successful generation of NP4 (Scheme 2) in effectively
quantitative yield ("H NMR). This phosphine-free catalyst is
known to tolerate many functional groups that would

2410

deactivate [Ru(=CHPh)Cl,(SIMes)(PCy;)],>* and this aspect
may be the deciding factor in the differing course of this
reaction. This result illustrates that RCM can be achieved both
in molecular and in nanoparticulate assemblies of the
diallydithiocarbamate ligand. By extension of this approach,
further in situ functionalization of the nanoparticle surface
architecture could be achieved through cross metathesis of
suitable surface units, for example, Au@S,CN(Me)CH,CH=
CH,.

Computational Section. Substantial efforts have been
concentrated on elucidating the nature of the interaction
between thiols/thiolates and the surface of gold nano-
particles.******* Two key aspects which have been probed
successfully are the formally homolytic cleavage of the S—H
bond on addition of thiols to a nanoparticle surface””>*~®* and
the disruption of the gold surface on attachment of the sulfur
unit. In the latter case, [RS—Au—SR] and [RS—Au—S(R)—Au—
SR] “staples” have been observed in systems probed both
crystallographically®*~** and theoretically.**** In these reports,
one or two gold atoms are shown to be lifted from the
crystallographic plane and pinned between RS™ units. In
contrast to the efforts expended on computational studies of
thiolate-coated nanoparticle systems, very little is known about
their dithiocarbamate-covered counterparts.

As a result of this, a series of explorative density functional
theory (DFT) computations were carried out. Our initial focus
was to investigate the lack of countercation observed in the
experimental data discussed above. To this purpose, properties
of pristine Au,, and Au,," nanoclusters were investigated and
compared to those of face-adsorbed
Auy(S,CNMe,) ™ (consisting of formally zerovalent gold
atoms), face-adsorbed Au,y(S,CNMe,) (consisting of one
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Figure 7. The extensive reconstruction upon thiol self-assembly (with formation of [RS—Au—SR] staples on the left) contrasts with the almost
unaffected surface seen upon dithiocarbamate adsorption (center and plan view on the right).

formally monovalent and 19 formally zerovalent gold atoms),
and unbound Me,NCS,". In addition to its convenient size in
terms of c0m4putat10nal efficiency, pristine Au,, is known
experimentally™*® and computationally*~* to feature a highly
stable tetrahedral isomer (T,;) with four Au(111) faces
analogous to those recognized in larger pristine nanoparticles.>’
Dimethyldithiocarbamate (Me,NCS,”) was chosen to replace
the diallyldithiocarbamate, given the smaller size of the former.

Analysis of charge distribution in pristine Au,, (Figure 6)
shows depletion at each of the four vertex atoms (average:
+0.125) and accumulation at each of the 12 central edge atoms
(average: —0.042), with the four atoms at the center of each
face remaining close to neutrality. Comparison of this with the
distribution in Au,,(S,CNMe,)” and Me,NCS,” (Figure 6)
clearly reveals that, upon dithiocarbamate adsorption, a partial
charge transfer from ligand to nanocluster occurs. The loss of
electronic charge is evident when comparing sulfur charges in
the free and bound ligand. Furthermore, our values predict that
the charge depletion extends to the one center-face and two
center-edge gold atoms bonded to the sulfur: the transferred
charge accumulates away from the adsorption site, on the vertex
gold atoms.

Our calculations also revealed that adsorption of a single
dimethyldithiocarbamate ligand on one of the Au,, faces is
enough to significantly lower the ionization potential (IP) from
the 7.31 eV (vertical)/7.28 eV (adiabatic) required for the
conversion Auyy—Au,," to as little as the 3.61 eV (vertical)/
3.34 eV (adiabatic) required for Au,,(S,CNMe,) —
Auy,(S,CNMe,). Thus, the complete removal of one electron,
equivalent to removing the —1 charge in Au,y(S,CNMe,)”, is
greatly facilitated. Applying the findings described above to the
diallyldithiocarbamate system studied here obviates the need
for sodium, potassium, or other countercations to balance the
charge of the anionic surface unit. The absence of these cations
in the EDX data supports this theoretical observation.

The discovery that stapling occurs in thiolate-gold systems
(Figure 7) has caused researchers to depart from the view of
simple chemisorption of such sulfur units at regular sites on the
surface of gold nanoparticles. In the absence of thiols, raising
one gold atom out of the surface comes at a significant
energetic cost, quantified by us at 195 eV for pristine
tetrahedral Au,,. However, when two methanethiyl radicals (-
SCH,) are adsorbed on (frozen) Au,, and the Au,,(SCH;),
system is allowed to relax, staple formation is spontaneous,
affording an energetic gain of 0.97 eV with respect to unstapled
Au,,(SCHj;),. This is a contributing factor to the stability of the
monolayers obtained. We calculate that the total energy change
upon adsorption of two -SCHj units on T, Au,, along with
staple formation is —3.55 eV. Adsorption on Au,, that has
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already been reconstructed is even more favorable (—5.50 V).
By comparison, Jiang et al. report —6.88 eV for the ﬁrst staple
of Auyg and 4 44 eV for a staple on a Au(111) surface.** Also,
Askarka et al.**" have recently conducted a full mechanistic
DFT study, in which they explore reaction pathways when two
methanethiol molecules (HSCH;) are adsorbed on T; Au,:
staple formation and evolution of H, are achieved via a series of
intermediate structures. The calculated net energy gain for this
reaction, which comprises the cost of cleaving two S—H bonds
and forming one H—H bond, is 1.86 eV.

When performing the calculations with Au,y(S,CNMe,)~
and Au,(S,CNMe,) discussed above, we observe radically
different results compared to those obtained for methanethiyl
adsorption. The carbon and sulfur atoms of the dithiocarba-
mate merely undergo a slight out-of-plane displacement (Figure
7), and reconstruction is very limited compared to staple
formation. This lack of disruption of the gold surface would
change the energetics of monolayer formation substantially and
may help to explain the observation'*"® that dithiocarbamate
units are often less easily lost from the gold surface than
comparable thiolate units. For example, our preliminary
calculations predict an energy change of —0.32 eV for the
process of Auy(SCH;), + Me,NCS, —Au,,(S,CNMe,)” +
2H;CS- when Au, is kept frozen in the T,; geometry. Similarly,
the hypothetical process Au,;,(SCH;), + Me,NCS, —
Au,9(S,CNMe,)™ + H3CS—Au—SCHyj (4ran,), Where the dithio-
carbamate replaces a whole neutral staple unit (all species fully
optimized), affords a gain in energy of 0.28 eV.

These preliminary results demonstrate that dithiocarba-
mate—gold nanoparticle systems behave very differently to
thiolate—gold systems, dispelling the suggestion that dithio-
carbamates are simply a disulfur version of conventional
thiolate surface units. Additional investigations from our
computational studies will be presented in more detail in the
near future.

B SUMMARY AND CONCLUSION

The potential for straightforward modification of ligand
architecture within the coordination sphere of a metal using
RCM has been demonstrated using metallacyclic gold(I)
dithiocarbamate complexes. However, the issues which arise
from substrates with available electron pairs are also
demonstrated in the compounds bearing dithiocarbamate
ligands in monodentate or anisobidentate coordination modes.

For the first time, molecular dithiocarbamate precursors have
been used to directly generate functionalized gold nano-
particles. In one case, simple heating is sufficient to generate
these materials with a narrow size distribution. The use of
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gold(I) precursors, rather than trivalent species, renders the
process more facile (c.f. the standard reduction potentials for
Au*/Au and Au*/Au*'"®) and requires only a single-electron
reduction per gold center. It has also been demonstrated that
RCM of these surface units can be achieved successfully. Future
work will extend the potential of metathesis and other
transformations to create more complex architectures from
similar dithiocarbamate ligands both in molecular and nano-
particulate assemblies (e.g., through cross metathesis).

The preliminary computations reported here reveal that
upon adsorption dithiocarbamates transfer and disperse part of
the charge across the nanocluster. Charge depletion is seen to
occur in atoms interacting directly with the ligand, whereas a
slight accumulation of charge is observed on outlying gold
atoms. We also observe that dithiocarbamate adsorption on a
nanocluster facilitates its overall oxidation. Furthermore, the
behavior of the dithiocarbamate surface unit at the gold surface
is significantly different than that observed with thiolates, in
that no stapling is observed and little rearrangement appears to
be necessary after their adsorption.

B EXPERIMENTAL SECTION

General Comments. Unless otherwise stated, all experiments
were carried out in air, and the complexes obtained appear stable
toward the atmosphere, whether in solution or in the solid state.
Reagents and solvents were used as received from commercial sources.
Petroleum ether is the fraction boiling in the 40—60 °C range. The
following complexes were prepared as described elsewhere: [AuCl-
(PRy)], (R = Me,*' Cy,** Ph*®), [dppf(AuCl),] (1,1'-bis-
(diphenylphosphino)ferrocene),** [dppm(AuCl),] (1,1-bis-
(diphenylphosphino)methane),®® [dppa(AuCl),] (1,2-bis-
(diphenylphosphino)acetylene),” [AuCl(tht)],>® [AuCI(CN'Bu)],”’
[AuCI(IDip)] (IDip = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-yli-
dene),>® [Ru(=CHPh)Cl,(SIMes)(PCy,)] (SIMes = 1,3-bis(2,4,6-
trimethylphenyl)imidazolidin-2-ylidene),** and [Ru(=CHCH,O'Pr-
2)CL(SIMes)].*" Electrospray (ES) and fast atom bombardment
(FAB) mass data were obtained using Micromass LCT Premier and
Autospec Q_instruments, respectively. Infrared data were obtained
using a Perkin-Elmer Spectrum 100 FT-IR spectrometer, and
characteristic triphenylphosphine-associated infrared data are not
reported. NMR spectroscopy was performed at 25 °C using Varian
Mercury 300 and Bruker AV400 spectrometers. All coupling constants
are in Hertz. Resonances in the *'P NMR spectrum due to the
hexafluorophosphate counteranion were observed in all cases but are
not included below. Elemental analysis data were obtained from
London Metropolitan University. The procedures given provide
materials of sufficient purity for synthetic and spectroscopic purposes.
Initial TEM measurements were performed at University College
London using a JEOL 100 instrument operating at 100 kV. Further
TEM images and EDX data were obtained at Imperial College using a
JEOL 2010 high-resolution TEM (80—200 kV) equipped with an
Oxford Instruments INCA EDS 80 mm X-Max detector system.

KS,CN(CH,CH=CH,),. Diallylamine (1.00 mL, 8.100 mmol) and
CS, (0.59 mL, 9.810 mmol) were stirred in the presence of KOH (500
mg, 8.933 mmol) in water (40 mL) for 40 min. Assuming complete
conversion, this solution was used (in slight excess) for the subsequent
additions to the metal precursors.”

KS,CNC,Hg. An aqueous solution (30 mL) of 3-pyrroline (34.8 uL,
0.458 mmol) and KOH (32.5 mg, 0.579 mmol) was stirred for 10 min
and then treated with carbon disulfide (41.7 uL, 52.8 mg, 0.693
mmol). After stirring for a further 40 min, complete conversion was
assumed, and this solution was used (in slight excess) for the
subsequent additions to the metal precursors.

[(Ph3P)Au{S,CN(CH,CH=CH,),}] (1). A solution of [AuCl(PPh;)]
(300 mg, 0.605 mmol) in acetone (20 mL) and dichloromethane (10
mL) was treated with 1.1 equiv of KS,CN(CH,CH=CH,), in water
(341 mL), and the reaction stirred for 30 min. All solvent was
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removed, and the residue was dissolved in the minimum volume of
dichloromethane and filtered through diatomaceous earth (Celite) to
remove KCl and excess ligand. All solvent was again removed;
petroleum ether (30 mL) was added, and the solid was triturated
ultrasonically. The yellow product was washed with water (10 mL)
and petroleum ether (10 mL) and dried under vacaum. Yield: 369 mg
(77%). IR (solid state): 1644, 1467, 1399, 1354, 1277, 1221, 1174,
978, 943, 906 cm™'; *'P NMR: § 36.3 (s, PPh;) ppm; 'H NMR: § 4.59
(m, 4 H; NCH,), 5.25 (m, 4 H; =CH*®), 5.98 (m, 2 H; =CH°),
7.44—7.53,7.61-7.67 (m X 2, 15 H; C¢H;) ppm; *C NMR (CD,Cl,,
400 MHz): 6 209.0 (s, CS,), 134.5 (d, Jep = 13.9 Hz; o/m-PCJHy),
1322 (s, =CH,), 131.8 (d, Jcp = 1.7 Hz; p-PC(Hs), 130.7 (d, Jop =
56.8 Hz; ipso-PC¢Hs), 129.4 (d, Jcp = 11.3 Hz; o/m-PC¢Hs), 118.0 (s,
CH,C), 56.4 (s, NCH,) ppm; MS (ES +ve) m/z (%) 632 (22) [M'];
Anal. Caled (%) for C,sH,AuNPS, (M,, = 631.55): C 47.6, H 40, N
2.2. Found: C 47.6, H 4.1, N 2.3.

[(CysP)Au{S,CN(CH,CH=CH,),}] (2). A solution of [AuCl(PCy;)]
(60 mg, 0.117 mmol) in dichloromethane (10 mL) and methanol (5
mL) was treated with 1.1 equiv of KS,CN(CH,CH=CH,), in water
(0.66 mL), and the reaction was stirred for 1 h. All solvent was
removed, and the residue was dissolved in the minimum volume of
dichloromethane and filtered through diatomaceous earth (Celite) to
remove KCl and excess ligand. All solvent was again removed; diethyl
ether (20 mL) was added, and the solid was triturated ultrasonically.
The bright yellow product was washed with petroleum ether (10 mL)
and dried under vacuum. Yield: S§ mg (72%). IR (solid state): 2921,
2850, 1740, 1641, 1466, 1447, 1423, 1390, 1331, 1278, 1222, 1175,
1114, 996, 972, 932, 852, 820 cm™'; 3'P NMR (acetone-dg): & 56.0 (s,
PCy;) ppm; "H NMR (acetone-d): 5 1.25—1.88,2.20 (m X 2,30 H +
3 H; PCyy), 4.54 (d, Jyy = 5.8 Hz, 4 H; NCH,), 5.22 (dd, Jupyc = 8.8
Hz, Jupua = 1.4 Hz, 2 H; =CHP), 5.25 (dd, Jyauc = 15.9 Hz, Jiang =
1.4 Hz, 2 H; =CH?*), 5.97 (m, 2 H; =CHE) ppm; MS (FAB +ve) m/
z (%) 650 (53) [M*]; Anal. Caled (%) for C,sH,AuNPS, (M, =
649.69): C 462, H 6.7, N 2.2. Found: C 46.0, H 6.8, N 2.1.

[(Me3P)Au{S,CN(CH,CH=CH,),}] (3). A solution of [AuCI(PMe;)]
(40 mg, 0.130 mmol) in dichloromethane (10 mL) and methanol ($
mL) was treated with 1.1 equiv of KS,CN(CH,CH=CH,), in water
(0.73 mL), and the reaction was stirred for 1 h. All solvent was
removed, and the residue was dissolved in the minimum volume of
dichloromethane and filtered through diatomaceous earth (Celite) to
remove KCI and excess ligand. All solvent was again removed, and the
oil was triturated ultrasonically with ethanol (20 mL). The bright
yellow product was washed with petroleum ether (10 mL) and dried
under vacuum. Low yield is due to high solubility in ethanol. Yield: 37
mg (64%). IR (solid state): 1640, 1461, 1416, 1392, 1334, 1280, 1222,
1171, 1123, 1065, 942, 925, 858 cm™; 3P NMR (acetone-dg): § —6.3
(s, PMe;) ppm; 'H NMR (acetone-dg): § 1.65 (d, Jyp = 11.0 Hz, 9 H;
PMe;), 4.54 (d, Juy = 5.7 Hz, 4 H; NCH,), 5.19 (dd, Jypuc = 10.1 Hz,
Jupua = 1.4 Hz, 2 H; =CH®), 5.21 (dd, Jyanc = 17.2 Hz, Jyans = 14
Hz, 2 H; =CH?"), 5.94 (m, 2 H; =CHE) ppm; MS (FAB +ve) m/z
(%) 446 (42) [M']; Anal. Caled (%) for C,oH;oAuNPS, (M, =
44537): C 27.0, H 4.3, N 3.2. Found: C 27.1, H 42, N 3.1.

[('BuNC)Au{S,CN(CH,CH=CH,),}] (4). A solution of [AuCl-
(CN'Bu)] (60 mg, 0.190 mmol) in dichloromethane (10 mL) and
methanol (5 mL) was treated with 1.1 equiv of KS,CN(CH,CH=
CH,), in water (1.07 mL), and the reaction was stirred for 0.5 h. All
solvent was removed, and the solid residue was triturated ultrasonically
with diethyl ether (20 mL) and filtered. The yellow product was
washed with water (10 mL), cold ethanol (S mL), and petroleum ether
(10 mL) and dried under vacuum. Yield: 62 mg (72%). IR (solid
state): 3083, 2984, 2203 (vcy), 1641, 1469, 1397, 1344, 1329, 1269,
1219, 1163, 1121, 970, 933, 906 cm™; 'H NMR (benzene-dy): § 0.53
(s, 9 H; ‘Bu), 4.15 (d, Ju = 5.7 Hz, 4 H; NCH,), 4.90 (dd, Jyauc =
17.1 Hz, Jyaus = 1.3 Hz, 2 H; =CH?), 499 (dd, Jupuc = 102 Hz,
Jusua = 1.3 Hz, 2 H; =CHP), 5.58 (m, 2 H; =CH®) ppm; MS (FAB
+ve) m/z (%) 369 (2) [M* — 'BuNC]; Anal. Caled (%) for
C,HpAuN,S, (M,, = 452.39): C 31.9, H 4.2, N 6.2. Found: C 32.1,
45, N 64.

[(IDip)Au{S,CN(CH,CH=CH,),}] (5). A solution of [AuCI(IDip)]
(60 mg, 0.097 mmol) in dichloromethane (10 mL) and acetone (S
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mL) was treated with 1.1 equiv of KS,CN(CH,CH=CH,), in water
(0.55 mL), and the reaction was stirred for 1 h. All solvent was
removed, and the residue was dissolved in dichloromethane (10 mL)
and filtered through diatomaceous earth (Celite) to remove KCI and
excess ligand. All solvent was again removed; petroleum ether (20 mL)
was added, and the solid was triturated ultrasonically. The yellow
product was washed with petroleum ether (10 mL) and dried under
vacuum. Yield: 52 mg (70%). IR (solid state): 2960, 2868, 1456, 1387,
1350, 1331, 1277, 1216, 1177, 1108, 1061, 996, 972, 926, 803, 758
cm™’; "H NMR (acetone-dg): 6 1.25, 1.41 (d X 2, Jyg = 6.9 Hz, 2 X 12
H; Meyp,,), 2.74 (sept, Juu = 6.9 Hz, 4 H; CHMeypy,), 4.36 (d, Juu =
6.9 Hz, 4 H; NCH,), 5.08 (dd, Jiuc = 7-6 Hz, Jipa unresolved, 2 H;
=CHP), 5.09 (dd, Jyauc = 17.9 Hz, Jyaup unresolved, 2 H; =CH?*),
5.80 (m, 2 H; =CHC), 7.38 (d, Juy = 7.8 Hz, 4 H; m-C¢H,), 7.53 (t,
Jun = 7.8 Hz, 2 H; p-C¢H,), 7.77 (s, 2 H; HC=CH) ppm; MS (FAB
+ve) m/z (%) 758 (23) [M*]; Anal. Calcd (%) for C5,H4AuN,S, (M,
= 757.85): C 53.9, H 6.1, N 5.6. Found: C 53.9, H 6.1, N S.5.
[(dppa){AuS,CN(CH,CH=CH,),},] (6). A solution of [dppa-
(AuCl),] (60 mg, 0.070 mmol) in dichloromethane (10 mL) and
methanol (5 mL) was treated with 2.2 equiv of KS,CN(CH,CH=
CH,), in water (0.79 mL), and the reaction was stirred for 1 h. All
solvent was removed, and the residue was dissolved in the minimum
volume of dichloromethane and filtered through diatomaceous earth
(Celite) to remove KCI and excess ligand. All solvent was again
removed; diethyl ether (20 mL) was added, and the solid was
triturated ultrasonically. The bright yellow product was washed with
petroleum ether (10 mL) and dried under vacuum. Yield: 62 mg
(78%). IR (solid state): 1641, 1463, 1436, 1397, 1347, 1278, 1221,
1173, 1119, 1096, 979, 919, 831 cm™; 3'P NMR (acetone-dy): &
—11.9 (s, dppa) ppm; '"H NMR (acetone-dy): & 4.54 (d, Jiy; = 5.8 Hz,
8 H; NCH,), 527 (dd, Jupuc = 10.1 Hz, Jipua = 14 Hz, 4 H; =
CHP), 5.30 (dd, Jyauc = 17.1 Hz, Jyaus = 1.4 Hz, 4 H; =CH?*), 5.99
(m, 4 H; =CHC), 7.50~7.58 (m, 20 H; PPh,) ppm; MS (FAB +ve)
m/z (%) 1133 (1) [M*], 960 (100) [M" — S,CN(CH,CH=CH,),];
Anal. Caled (%) for CyoH,0Au,N,P,S, (M,, = 1132.90): C 42.4, H 3.6,
N 2.5. Found: C 42.6, H 3.4, N 2.4.
[(dpph){AuS,CN(CH,CH=CH,),},] (7). A solution of [(dppf)-
(AuCl),] (60 mg, 0.059 mmol) in dichloromethane (10 mL) and
methanol (5 mL) was treated with 2.2 equiv of KS,CN(CH,CH=
CH,), in water (0.67 mL), and the reaction was stirred for 1 h. All
solvent was removed, and the residue was dissolved in the minimum
volume of dichloromethane and filtered through diatomaceous earth
(Celite) to remove KCI and excess ligand. All solvent was again
removed; diethyl ether (20 mL) was added, and the solid was
triturated ultrasonically. The pale yellow product was washed with
petroleum ether (10 mL) and dried under vacuum. Yield: 61 mg
(80%). IR (solid state): 3067, 2904, 1640, 1454, 1434, 1390, 1333,
1281, 1218, 1173, 1102, 1039, 998, 972, 923, 834 cm™; 3'P NMR
(acetone-dg): 6 30.1 (s, dppf) ppm; 'H NMR (acetone-dg): 6 4.49 (m,
4 H; C{H,), 4.57 (d, Juy = 5.8 Hz, 8 H; NCH,), 4.92 (m, 4 H; C{H,),
5.25 (dd, Jupuc = 10.3 Hz, Jipua = 1.4 Hz, 4 H; =CHP), 5.28 (dd, 4
H; =CH, Juauc = 17.2 Hz, Jyup = 1.4 Hz), 5.99 (m, 4 H; =CH°),
7.52—7.74 (m, 20 H; PPh,) ppm; MS (FAB +ve) m/z (%) 1120 (38)
[M* — DTC]J; Anal. Caled (%) for C,gH,sAu,FeN,P,S, (M, =
1292.90): C 44.6, H 3.7, N 2.2. Found: C 44.5, H 3.6, N 2.3.
[(dppm)Aus{S,CN(CH,CH=CH,),JJOTF (8). [(dppm)(AuCl),] (50
mg, 0.059 mmol) and silver triflate (30.3 mg, 0.118 mmol) were
dissolved in tetrahydrofuran (10 mL). The reaction was stirred in the
dark for 45 min at 0 °C, and then the solution was filtered into a
mixture containing the aqueous solution of the diallyl ligand (0.34 mL,
0.065 mmol) and acetone (10 mL). Stirring was continued for 1 h at 0
°C, and then all solvent was removed. The crude product was
dissolved in dichloromethane (30 mL) and filtered through Celite. All
solvent was again removed, and the residue was triturated ultrasoni-
cally in diethyl ether (10 mL) to give a pale yellow product. Yield: 63
mg (97%). IR (solid state): 1482, 1437, 1409, 1256, 1226, 1156, 1100,
1029, 995, 933, 783 cm™; *'P NMR (acetone-dy): 5 33.9 (s, dppm)
ppm; '"H NMR (acetone-dg): & 4.70 (d, Jyy = 5.7 Hz, 4 H; NCH,),
4.74 (m, Jyp = unresolved, 2 H; PCH,P), 5.38 (d, Jupuc = 10.1 Hz, 2
H; =CH?®), 5.39 (d, 2 H; =CH? Jyauc = 18.0 Hz), 6.05 (m, 2 H; =
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CHC), 7.43—7.56, 7.85—7.87 (m X 2, 20 H; PPh,) ppm; MS (FAB
+ve) m/z (%) 950 (20) [M']; Anal. Caled (%) for
Cy3HyAw,FsNO,P,S; (M, = 1099.69): C 360, H 29, N 13.
Found: C 36.1, H 2.9, N 1.2.

[Au{S,CN(CH,CH=CH,),},] (9). A solution of [AuClI(tht)] (100
mg, 0.312 mmol) in dichloromethane (10 mL) and methanol (S mL)
was treated with 1 equiv of KS,CN(CH,CH=CH,), (0.312 mmol) in
water (1.60 mL), and the reaction was stirred for 1 h. All solvent was
removed, and the residue was dissolved in the minimum volume of
dichloromethane and filtered through diatomaceous earth (Celite) to
remove KCl and excess ligand. All solvent was again removed; diethyl
ether (30 mL) was added, and the solid was triturated ultrasonically.
The yellow product was washed with petroleum ether (10 mL) and
dried under vacuum. Yield: 140 mg (61%). IR (solid state): 1640,
1468, 1399, 1346, 1330, 1270, 1222, 1164, 1122, 1068, 972, 934, 908,
856 cm™; '"H NMR (benzene-dg): 6 4.13 (d, Juy = 5.6 Hz, 8 H;
NCH,), 4.90 (d, 4 H; =CH*, Janic = 17.1 Hz), 4.97 (d, Jipuc = 10.2
Hz, 4 H; =CHP), 5.53-5.63 (m, 4 H; =CH®) ppm; MS (ES +ve)
m/z (%) 739 (2) [M*], 541 (99) [M* — Aul; Anal. Calcd (%) for
C1HyAwN,S, (M, = 738.52): C 22.8, H 2.7, N 3.8. Found: C 22.9,
H 2.6, N 3.6.

[(Ph3P)Au(S,CNC,Hg)] (10). A solution of [AuCIl(PPh;)] (200 mg,
0.404 mmol) in dichloromethane (20 mL) and acetone (20 mL) was
treated with 1.5 equiv of KS,CNC,H, [generated from 3-pyrroline (46
uL) and CS, (44 uL) in the presence of KOH (37 mg)] in water (4
mL), and the reaction was stirred for 30 min. All solvent was removed,
and the residue was dissolved in the minimum volume of
dichloromethane and filtered through diatomaceous earth (Celite) to
remove KCl and excess ligand. All solvent was again removed; diethyl
ether (30 mL) was added, and the solid was triturated ultrasonically.
The pale orange product was washed with petroleum ether (10 mL)
and dried under vacuum. Yield: 205 mg (84%). IR (solid state): 1482,
1400, 1354, 1194, 998, 936, 877 cm™; 3'P NMR (acetone-dy): § 34.1
(s, PPh;) ppm; "H NMR (acetone-dy): & 4.49 (s, 4 H; NCH,), 5.96 (s,
2 H; CH=CH), 7.57-7.73 (m, 15 H; C(H,) ppm; “C NMR
(CD,Cl,, 400 MHz): 5 203.4 (s, CS,), 134.5 (d, Jcp = 14.0 Hz; o/m-
PC¢Hs), 131.8 (d, Jcp = 1.7 Hz; p-PC¢Hy), 130.5 (d, Jop = 56.5 Hz;
ipso-PCgHy), 129.4 (d, Jop = 11.3 Hz; o/m-PC4Hy), 126.0 (s, CH,C),
60.7 (s, NCH,) ppm; MS (ES +ve) m/z (%) 604 (16) [M']; Anal
Caled (%) for Cp3H, AuNPS, (M,, = 603.49): C 45.8, H 3.5, N 2.3.
Found: C 45.8, H 3.4, N 2.4.

[Auy(S,CNC,Hy),] (11). (a) A solution of [AuCl(tht)] (50 mg, 0.156
mmol) in dichloromethane (10 mL) and methanol (10 mL) was
treated with 1 equiv of KS,CNC,H; [generated as a stock solution as
in the synthesis of 10] in water (2 mL), and the reaction was stirred
for 1 h. All solvent was removed; benzene (100 mL) was added to
dissolve the relatively insoluble material, and the solid was triturated
ultrasonically. The bright orange solid was filtered, washed with water
to remove KCl and excess ligand, and dried under vacuum. Yield: 88
mg (83%). (b) Compound 9 (S0 mg, 0.068 mmol) and [Ru(=
CHPh)CL,(SIMes)(PCy3)] (5.9 mg, 0.007 mmol) were dissolved in
dry, degassed dichloromethane (30 mL), and this solution was stirred
for 2 h. All solvent was then removed, and the residue was triturated in
diethyl ether (10 mL) to yield a bright orange product, which was
dried under vacuum. Yield: 33 mg (71%). IR (solid state): 2902, 2848,
1447, 1409, 1351, 1173, 1002, 988, 937, 872, 741 cm™'; '"H NMR
(dmso-dy): 6 4.52 (s, 8 H; NCH,), 6.00 (s, 4 H; CH=CH) ppm; MS
(ES +ve) m/z (%) 680 (2) [M*], 485 (100) [M* — Au]; Anal. Calcd
(%) for CioH,,Au,N,S, (M, = 682.41): C 17.6, H 1.8, N 4.1. Found:
C 17.7, H 1.7, N 4.0.

Au@S,CN(CH,CH=CH,), (NP1). An acetone solution (25 mL) of 9
(60 mg, 0.081 mmol) was treated with an aqueous solution (4 mL) of
sodium borohydride (30 mg, 0.793 mmol), causing an instant
darkening and precipitation of the product. The product was separated
by centrifuging and washed repeatedly with water to give a fine black
solid. Yield 11 mg (69%, based on material being 97.7% Au). IR (solid
state): 1638, 1454, 1385, 1346, 1330, 1290, 1266, 1213, 1166, 1125,
1068, 971, 923, 908, 873, 697 cm™; "H NMR (benzene-dy): & 4.06 (d,
Jun = 5.8 Hz, 4 H; NCH,), 4.94 (dd, Jyanc = 17.1 Hz, Jyays = 1.3 Hz,
2 H; =CH?), 4.99 (dd, Jupuc = 10.2 Hz, Jypua = 1.3 Hz, 2 H; =
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CHP), 5.53 (m, 2 H; =CH®) ppm. TME: analysis of 100
nanoparticles gave a size of 4.8 + 0.7 nm.

Au@S,CNC,Hg (NP2). An acetone solution (25 mL) of 11 (50 mg,
0.073 mmol) was warmed gently with a heat gun, causing an instant
darkening and precipitation of the product. The product was separated
by centrifugation and washed repeatedly with water to give a fine black
solid. Yield: 12 mg (83%). IR (solid state): 1420, 1339, 1257, 1129,
1079, 993, 936, 877, 809, 705 cm™"; 'H NMR (acetone-dg): & 4.36 (s,
4 H; NCH,), 6.88 (s, 2 H; CH=CH) ppm. TME: analysis of 100
nanoparticles gave a size of 4.0 + 0.7 nm.

Au@S,CN(CH,CH=CH,), (NP3). An aqueous solution (280 mL) of
HAuCl, (100 mg, 0.295 mmol) was heated to reflux, and sodium
citrate (346 mg, 1.177 mmol) in water (20 mL) was added, causing a
darkening of the color. The reaction was stirred at reflux for 10 min
and then for a further 15 min at room temperature. A solution of
KS,CN(CH,CH=CH,), (0.883 mmol) in water (10 mL) was added
dropwise, and the reaction was stirred for a further 3 h. The resulting
suspension was left to stand; the supernatant was decanted, and the
solid was washed with water (200 mL) to remove excess sodium
citrate and ligand. The black solid was dried under vacuum. Yield: 57
mg (98%). IR (solid state): 1676, 1484, 1417, 1348, 1242, 1144, 1038,
941, 760, 648 cm™'; '"H NMR (acetone-dg): 6 441, 4.67 (m X 2,2 X 2
H; NCH,), 5.27 (m, 4 H; =CH* + =CH?®), 5.88 (m, 2 H; =CHC)
ppm. TME: analysis of 100 nanoparticles gave a size of 13.7 + 3.6 nm.

Au@S,CNC,Hs (NP4). (a) An aqueous solution (250 mL) of
HAuCl, (100 mg, 0.295 mmol) was heated to reflux, and sodium
citrate (346 mg, 1.177 mmol) in water (10 mL) was added, causing a
darkening of the color. The reaction was stirred at reflux for 10 min
and then for a further 15 min at room temperature. A solution of
KS,CNC,Hy (0.833 mmol) in a mixture of water (10 mL) and
methanol (10 mL) was added dropwise, and the reaction was stirred
for a further 3 h. The resulting suspension was left to stand; the
supernatant was decanted, and the solid was washed with water (200
mL) to remove excess sodium citrate and ligand. The black solid was
dried under vacuum. Yield: SS mg (95%). (b) Under a nitrogen
atmosphere, a suspension of NP3 (25 mg) was stirred in degassed
dichloromethane (20 mL) with [Ru(=CH(C¢H,0Pr-2)Cl,(SIMes)]
(2.5 mg, essentially stoichiometric, based on the estimate of surface
units used—see below) for 36 h. All solvent was removed, and the
residue was washed with cold dichloromethane (2 X 3 mL) to remove
remaining catalyst followed by water (4 X 3 mL) and dried under
vacuum. Yield: 24 mg (quantitative). IR (solid state): 1420, 1339,
1464, 1374, 1345, 1166, 987, 923, 838, 718, 652 cm™'; 'H NMR
(acetone-dg): § 4.57, 476 (m X 2, 2 X 2 H; NCH,), 6.07 (s, 2 H;
CH=CH) ppm. TME: analysis of 100 nanoparticles gave a size of
15.0 + 1.8 nm.

For a nanoparticle with average radius of 6.85 nm (e.g., NP3), the
number of gold atoms is approximately 125 000, with around 10 000
atoms at the surface.*® If there is a surface unit for every four surface
atoms, there are 2500 dithiocarbamate units, contributing around 1.7%
of the mass of the nanoparticle. A similar value arises from calculations
using the “footprint” (obtained crystallographically) of the surface unit
and the (widely used) assumption60 that around 70% coverage is
achieved. This renders the mass of the nanoparticles essentially the
same as that of gold, which is used in the yield calculations above.

B CRYSTALLOGRAPHY

Crystals of compounds 1 and 9 were grown by vapor diffusion
of diethyl ether onto a dichloromethane solution of the
complex in each case. Data were collected using an Oxford
Diffraction Xcalibur 3 diffractometer, and the structures were
refined based on F* using the SHELXTL and SHELX-97
program systems.61

Crystal data for 1: C,5H,sAuNPS,, M = 631.52, monoclinic,
P2c (no. 14), a = 12.94805(15), b = 12.83389(14), ¢ =
14.34358(15) A, B = 91.0548(10)°, V = 2383.12(5) A3, Z = 4,
D, =1.760 g cm™>, u(Mo Ka) = 6428 mm ', T = 173 K, pale
yellow blocks, Oxford Diffraction Xcalibur PX Ultra diffrac-
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tometer; 8080 independent measured reflections (R, =
0.0237), F* refinement, R,(obs) = 0.0180, wR,(all) = 0.0328,
6131 independent observed absorption-corrected reflections |
F, > 46(IF,l), 20, = 66°], 272 parameters. CCDC 830717.

Crystal data for 9: C,H,,Au,N,S,, M = 738.49, tetragonal,
I4;a (no. 88), a = b = 18.4430(2), ¢ = 22.9755(3) A, V =
7815.0(2) A% Z = 16, D, = 2.511 g em ™, u(Mo Ka) = 15.425
mm™, T = 173 K, yellow needles, Oxford Diffraction Xcalibur 3
diffractometer; 6882 independent measured reflections (R, =
0.0376), F* refinement, R,(obs) = 0.0242, wR,(all) = 0.0494,
5670 independent observed absorption-corrected reflections ]
F > 46(IF,l), 20,,,. = 66°], 209 parameters. CCDC 830718.

B COMPUTATIONAL METHODS

DEFT calculations were carried out on a high-performance computing
(HPC) unit using the ab initio software package Gaussian09.> The
density functional of choice was Perdew—Burke—Ernzerhof (PBE).%
Gold electrons were modeled with the LANL2DZ®* basis set (for the
5s?5p®5f%s' valence electrons) and pseudopotential (for the
remaining 60 core electrons). For all other elements, a 6-31G(d,p)
basis set was used. Using the standard implementation of Gaussian09,
all molecules discussed in this Work have been optimized to an
energetic minimum, and ordinary frequency calculations were carried
out on the optimized structures to confirm this. When adsorption of
Me,NCS,” and -SMe, was studied on pristine gold nanoclusters,
ligand molecules were first allowed to optimize on the frozen
nanoclusters; only then were gold atoms unfrozen and optimization
continued.

All systems were assumed to be in their lowest spin state, and the
stability of their calculated wave function was verified prior to
calculation of energetic and electronic properties. Charge distribution
was calculated using the electro-static potential (ESP) fitting method
by Merz, Kollman, and Singh:és’66 because of the absence of a default
value for the van der Waals radius of gold in Gaussian09, the value of
1.66 A calculated by Bondi was used.'* Default Gaussian09 values
were used for van der Waals radii of the remaining atoms.
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