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Abstract

N-Heterocyclic carbenes (NHCs) are strong o-donating ligands and thus, promising can-
didates for decorating and stabilizing metal-phosphide nanoclusters. While much research
has been focused on the coordination of NHC ligands to different coinage metal centers in
order to synthesize mononuclear organometallic complexes, their application in nanoclus-
ter chemistry has been relatively unexplored. The work described in this thesis involves
employment of NHC ligands for stabilizing coinage metal t-butylthiolate and si-
lylphosphido complexes. These complexes are promising molecular precursors for for-
mation of larger NHC-stabilized nanoclusters.

In particular, the ligation of NHCs to [CuS'Bu] and [AgS'Bu] was developed as an alter-
native to PR, ligands as solubilizing reagents for these coordination polymers in order to
form  polynuclear copper and silver  t-butylthiolate  clusters.  1,3-Di-
isopropylbenzimidazol-2-ylidene (‘Pr,-bimy) and 1,3-di-isopropyl-4,5-dimethylimidazol-
2-ylidene (‘Pr,-mimy) were ligated to [CuS'Bu] and [AgS'Bu] forming [Cu,(SBu),('Pr,-
bimy),] (1), [Cu,(SBu),(Pr,-mimy),] (2), [Ag,(SBu),(Pr,-bimy),] (5) and
[Agy(S'Bu)¢][Ag(Pr,-mimy),] (6). For comparison, the trialkyl phosphines P"Pr, and P'Pr,
were also used to solubilize [AgSBu] and [CuS'Bu] to form copper and silver t-
butylthiolate clusters. [Cu,(SBu),(P"Pr;),] 3), [Cu,(S'Bu),(P'Pr;),] 4),
[Ag,(SBu),(P"Pr;),] (7), and [Ag,(S'Bu)¢(P'Pr;),] (8) were thus formed upon reaction with
[CuS'Bu] and [AgS'Bu]. The synthesized complexes have been characterized via spectro-
scopic and crystallographic methods. The molecular structures of the clusters, which can
vary according to the ligand type, are described.

Moreover, the facile preparation and structural characterization of [M {P(SiMe;),}¢] (M =
Ag, Cu) is reported. These complexes show limited stability towards solvent loss at ambi-
ent temperature; however, NHC ligands were used to synthesize more thermally stable
metal-silylphosphido compounds. 'Pr,-bimy and 1,3-bis(2,6-diisopropylphenyl)imidazol-
2-ylidene (IPr) are found to be excellent ligands to stabilize silylphosphido-copper com-
pounds that show higher stability when compared to [Cu{P(SiMe;),}] (9).

Furthermore, 'Pr,-bimy is found to be an excellent ligand for the stabilization of silver—
phosphorus polynuclear complexes. The straightforward preparation and characterization

of the clusters [Ag,,(PSiMe,)('Pr,-bimy)] (13) and [Ag,P,(PSiMe,),,(Pr,-bimy),] (14)
ii
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are described, representing the first examples of such structurally characterized, higher
nuclearity complexes obtained using this class of ligands.

Lastly, 'Pr,-bimy and IPr were successfully utilized in the facile preparation of four gold
silylphosphido complexes: [IPrAuP(Ph)SiMe,] (15), [IPrAuP(SiMe,),] (16), [(‘Pr,-
bimy)AuP(Ph)SiMe,] (17), and [('Pr,-bimy)AuP(SiMe,),] (18). Furthermore, reactivity of
the P—Si bond in 15 and 17 was explored via the addition of PhC(O)CI. The product of
such reactions was the formation of [(IPrAu),PPhC(O)Ph][AuCl,] (19) and PPh(C(O)Ph),

(20), respectively, as well as the elimination of CISiMe;,

Keywords:
N-heterocyclic carbene, silylphosphido, copper, silver, gold, nanocluster, X-ray crystal-

lography, t-butylthiolate, silver phosphide
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Chapter 1

NHCs as Stabilizing Ligands for Coinage Met-
al Clusters

1.1 Introduction

N-heterocyclic carbenes (NHC) have been the subject of explosive interest in the past
decades due to their surprisingly high stability." An NHC is defined as a divalent carbon
with an electron sextet that is incorporated in a nitrogen-containing heterocycle.”* In
1968, Wanzlick et al.* and Ofele’, separately reported two different metal complexes of
NHCs for the first time, and since then, numerous metal-NHC compounds have been
synthesized® and employed as catalyst in various organic and inorganic reactions.” The
first successful isolation of a free N-heterocyclic carbene in 1991° gave the research of
this class of chemistry great momentum. Due to the presence of an electron-rich carbon
center, NHCs are very good o-donating ligands that form stronger bonds with metal
atoms, compared to the tertiary phosphines.’

Coinage metal-NHC complexes have been widely studied.'”"* In particular, Ag(I)-NHC
complexes'™'® have attracted great attention due to their facile preparation and application
in synthesis of other metal-NHCs through transmetalation reactions.'” However, unlike
mononuclear compounds, multinuclear complexes and clusters of coinage metals

coordinated with NHC ligands have been less explored. In this chapter, NHC-stabilized
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multinuclear complexes of group-11 metals with three or more metal centers are

reviewed.

1.2 Structure and Properties of NHCs

As mentioned above, N-heterocyclic carbenes refer to heterocyclic species that contain a
divalent carbon with six electrons in its valance shell as well as at least one nitrogen atom
in the ring structure.> > Despite their incomplete electron octet and coordination
unsaturation, NHCs can exhibit remarkable stability that is a result of the combination of
electronic and steric effects of the nitrogen substituents.' Bulky substituents on nitrogen
(R groups), adjacent to the carbene carbon, can sterically shield the carbene centre and
avoid dimerization reactions. More importantly, NHCs are electronically stabilized by o-
electron-withdrawing and mt-electron-donating nitrogen atoms (Figure 1-1). NHCs contain
a carbene carbon atom whose bonding can be described as consisting of three sp* (0) and
one p (p,) orbitals. The two nonbonding electrons on the sextet carbon atom can occupy
two empty orbitals with parallel spins (o'p,'), which leads to a triplet ground state.
Alternatively, those electrons may fill the o orbital with antiparallel spins (0°p,’), leaving
the p, orbital empty, which leads to a singlet ground state. o-electron-withdrawing
nitrogen atoms lower the energy of the nonbonding o orbital on the carbene centre and
hence favor the more stable singlet ground state."'® Nitrogen atoms also stabilize NHCs
mesomerically by donating electron density to the empty p, orbitals on the sextet carbon

atom.'”%

Figure 1-1 o-withdrawing (blue arrows) and m-donating (red arrows) effects of the nitrogen

heteroatoms to stabilize the singlet carbene structure in NHCs.'
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The cyclic structure of the heterocycle forces the carbene carbon atom to a bent geometry
(sp® hybridization) and therefore favors a singlet ground state. The backbone of the
heterocycle can also affect the stability of the NHC by being a part of the conjugated
system or by means of substituents that impose electronic effects on the carbene centre.
Due to the presence of a NHC’s stabilized lone pair in the plane of the heterocycle (sp
orbital), they are nucleophilic species that act as a 0-donor when bound to metallic or
non-metallic moieties. Hence N-heterocyclic carbenes compete with phosphines as
ligands in the area of organometallic chemistry and in general are more electron-donating
than the latter.' It is more effective to describe steric and electronic properties of these

ligands by the means of quantitative measurements.

1.3 Quantitative Measures of Steric and Electronic

Properties

The steric demand of different NHCs can be quantified by the ‘buried volume’ method
that has been developed and refined by Nolan, Cavallo, and co-workers.*"** The buried
volume (%V,,,) represents the percentage of a sphere that is occupied by the atoms of the
ligand upon coordination to the metal at the center of the sphere (Figure 1-2) with fixed
metal to ligand bond length (e.g. d =2.0 A) and radius for the sphere (e.g. r=3.0 or 3.5
A). The %V,, value can be derived from crystallographic or quantum chemically
calculated data. The more sterically demanding the ligand of interest, the larger the %V,
value. This method is not limited to a certain class of ligands and can also be used to
compare steric properties between different classes of ligands such as NHCs and

phosphines. *

Figure 1-2 Graphical illustration of the buried volume (%V,,,) parameter.”
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There are different methods to describe the electronic characteristics of ligands*"*** but
the most established one is monitoring the A, stretching frequency of CO ligands in
tetrahedral [Ni(CO),(L)] complexes. This frequency that is known as Tolman’s electronic
parameter (TEP) was originally developed by Tolman for phosphine ligands.”” Later, less
toxic cis-[IrCI(CO),(NHC)] and cis-[RhCI(CO),(NHC)] complexes were investigated by
Crabtree® and Nolan” to determine TEP values for NHC ligands. It is possible to
correlate the values obtained from the iridium or rhodium complexes to the nickel-based
TEP values through the use of simple equations™:

Ir to Ni: TEP [cm™'] = 0.8475v,™" [ecm™] + 336.2 [cm™']

Rh to Ni: TEP [cm™] = 0.8001v,™"®" [em™'] + 420.0 [cm]

The more electron-donating the NHC ligand of interest, the lower the infrared stretching
frequency of CO ligands (TEP). TEP values that are obtained for NHC ligands illustrate

that most of them are significantly more electron rich than phosphines.”

1.4 Polydentate NHC Ligands

NHCs with several sites of coordination enhance the possibility of the formation of
polynuclear complexes, since they can interact with different metal centers and gather
them together. There are several examples of multinuclear coinage metal-NHC
complexes reported in the literature that gain advantage from the multiple coordination
sites of the ligands but do not show any significant metal-metal interactions.””’ Although
these compounds are very interesting and show different applications such as in catalysis,
clusters with more condensed cores will be focused on here.

N-phosphanyl-functionalized NHC ligands have P and C coordination sites and have been
utilized for the preparation of polynuclear complexes.” Hofmann and coworkers have
synthesized dinuclear and tetranuclear copper complexes using this class of ligand.”” A
tetranuclear copper bromide complex has been formed as a result of treating the
VeSNHCP™" ligand with [CuBr{S(CH;),}]. This complex exhibits a nearly planar
centrosymmetric Cu, square cluster, which, with two u,-bridging bromido ligands forms

an octahedral substructure (Figure 1-3).
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Figure 1-3 Molecular structure of [Cu,{p-(M*NHCP"™")-%’C P},(u,-Br),(u,-Br),].”

Furthermore, tri-dentate P-Cy,—P donor ligands have been investigated for the
preparation of polynuclear coinage metal clusters. Recently Ai and coworkers reported
the successful synthesis of linear M; (M = Cu, Ag, Au)* using the rigid N,N’-
diphosphanylimidazol-2-ylidene (P-Cy,—P) ligand. Cyclic penta- and hexanuclear gold
complexes’ with metallophilic interactions were also prepared. They found that the
nature of the gold(I) precursor had dramatic effect on the final product, and in the case of
[AuCl(tht)] (tht = tetrahydothiophene) novel cyclic hexanuclear gold(I) complex was

formed after the cleavage of one (‘Bu),—P-N, ., group of the P-C—P ligand. The authors

imid
have been also able to isolate a cationic Au,, cluster from the reaction of a P-C-Li
precursor with two equivalents of [AuCl(tht)]. This complex contains two [Aus(u,;-P—C-
#P xC xN)]" cations that display d'°—d' interactions with a central [AuCL,]" anion. This
Au,, monocation is charge balanced by another [AuCl,]” anion. Some short distances

between the gold centers in the latter two clusters cannot be solely due to the short-bite

effect of the ligand and are described as peripheral Au...Au interactions by the authors.

(‘Bu), gBu)2
N /TTAu—cl
AN N
(B ; /k C)\
\‘AU ‘N N AU
N \ J< , Ny
@/ Au---eoe AU--=mee Au D
N ’ cl \ N
AU\(N N Al:l‘ \
| P(Bu),
J &/ Au/
Cl Au\p/ A
(Bu), (Bu),

Figure 1-4 molecular structure of [Aus(us-P—C-%xPxC xN)],[AuCl,]*.”
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Bis-imidazolylidene ligands bridged by a N-heteroarene are tetradentate ligands that offer
a great tool for design and synthesis of polynuclear metal complexes. From the reaction
of phenanthroline-bridged diimidazolium salts with copper powder at room temperature,
Liu and coworkers have synthesized di-, tri-, and tetranuclear copper(I)-NHC
complexes.” The structure of these clusters depends on the N-substituents as well as the
counterions. The phenanthroline dicarbene ligands with less bulky N-substituents such as
allyl and benzyl groups favor Cu, and Cu, chain complexes, compared to more sterically
hindered groups that tend to form cyclic Cu; clusters as is shown in Figure 1-5. Several
triangular Cu; complexes ligated by NHC ligands have been reported that all show

Cu—Cu distances among 2.4-2.9 A¥* as well as similar triangular Ag, clusters.”
g g g

/

Figure 1-5 Examples of chain (left) and cyclic (right) Cu; complexes ligated by phenanthroline

linked dicarbene ligands.™

Another example from this category of complexes is the light and air stable [Ag(L,](PF),
cluster (L = 3,5-bis(N-picolylimidazolylidenylmethyl)pyrazolate) that is formed from
treating the corresponding imidazolium salt with Ag,O in acetonitrile.* The core of this
cluster consists of two symmetrically related trisilver units that form a triangular ring
(bolded in figure) due to the Ag—Ag interactions. Six silver atoms arranged themselves
into a chair-like ring structure, although the two triangles are largely separated (dashed
lines in figure) and don’t exhibit any metal-metal interactions (Figure 1-6). This cluster
has been further used to synthesize di- and tetranuclear copper(Il) hydroxide complexes
ligated with the corresponding NHC that are efficient catalysts for N-arylation of

imidazoles and aromatic amines under very mild conditions.
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Figure 1-6 molecular structure of [AgeL,]* (L = 3,5-bis(N-
picolylimidazolylidenylmethyl)pyrazolate).*’

The first series of tetra-NHC-Ag(I)-halide cubane-type clusters were synthesized by Clark
and coworkers from the addition of bis-imidazolium dihalide salts to Ag,O. Although
Ag—Ag distances vary significantly in the formed clusters, there are several short Ag—Ag
distances that are evidence for argentophilic interactions between silver centers. In each
of the five reported clusters in this series, the silver-halide core exhibits a distorted cubic
structure that is stabilized by phenyl bridged bis-N-heterocyclic carbene ligands (for

example see Figure 1-7)."

Figure 1-7 Molecular structure of bis(p-1,3-bis(3'-butylimidazol-2'-ylidene)benzene-»-C)tetra- ;-

iodotetrasilver(I)."”
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1.5 Monodentate NHC Ligands

It has been shown that NHCs are excellent ligands to stabilize clusters that are otherwise
difficult to isolate with other type of ligands, such as an octahedral neutral Ga, cluster that
exhibits five-coordinate gallium centers.”® N,S-heterocyclic carbenes (NSHC) have
recently been utilized to stabilize multinuclear Cu(I) complexes that show significant
range of stoichiometry-dependent coordination geometries. Di- and tetra-nuclear
compounds were formed via aggregation of copper atoms through bridging and capping

halides.”

Figure 1-8 Molecular structure of a Cu,l, core stabilized by four NSHC ligands.*

Monodentate NHC ligands have been further explored for the synthesis of multinuclear
copper and silver ring clusters.” Di-, tri-, and tetra nuclear Cu—ClI cyclic complexes were
formed from the reaction of N-mesityl-substituted diamidocarbene (6-MesDAC) ligand
with different ratios of CuCl (Figure 1-9). Utilizing either the isolated free or in situ
generated carbene has influence on the formulation of the final product.”

Copper- and silver-phenylchalcogenolate ring clusters were similarly prepared from the
reaction of [CuCl('Pr,-bimy)], and [Ag(OAc)(Pr,-bimy)] with E(Ph)SiMe, (E = S, Se).”!
Tri-nuclear [Cu;(u-EPh),(‘Pr,-bimy),] and tetra-nuclear [Ag,(u-EPh),(Pr,-bimy),] ring
clusters were formed, in which all of the metal centers are coordinated by NHCs,
compared to the above examples where some of the metal centers are not ligated by NHC
ligands.”

These recent examples of polynuclear clusters show that N-heterocyclic carbenes are
excellent candidates to substitute tertiary phosphine ligands in the synthesis of larger
condensed group 11 clusters.” Group 11 phosphide nanoclusters stabilized by phosphine

ligands are specifically rare, with only a few structurally characterized examples
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reported.”*™

Figure 1-9 NHC ligated cyclic Cu—Cl complexes.”
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1.6 NHC-stabilized Nanoparticles

N-heterocyclic carbenes have been used as capping ligands for Ru,”**” Pd,”®* and Ir®

nanoparticles. Due to the strong 0-donating properties of NHCs, one would expect NHC-

stabilized nanoparticles to be resistant to degradation and show catalytic properties

similar to previously prepared nanoparticles. The first attempt on the preparation of NHC-

protected gold nanoparticles was done by Hurst and coworkers via a ligand exchange

reaction.”’ Bis-tert-butylimidazol-2-ylidene was reacted with the Au nanoparticles

protected by a thioether (Figure 1-10). Characterization methods confirmed that the

ligand exchange was complete after 12 h and nearly spherical NHC-coated Au

nanoparticles with an average diameter of 2.6 + 0.5 nm were formed. Although the

synthesized nanoparticles were stable at —4 °C in the solid state, they exhibit limited

stability in solution and released lower nuclearity NHC—Au complexes.
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Figure 1-10 Ligand exchange reaction on the Au nanoparticles.”'

In a one phase synthesis method, AuNPs were also prepared via the reduction of
NHC-AuCl complexes which lead to their self-assembly into nanoparticles with
markedly different sizes. The nature of the N substituent on the NHC ligands had
remarkable influence on the size of the formed AuNPs to the point where reduction of the
very bulky [IPrAuCl] (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) complex
did not lead to the formation of nanoparticles. On the other hand, [AuCl(‘Pr,Im)] formed
AuNPs with a diameter of ~2 nm via reduction, while a long linear chain substituent
(C,,H,) on NHC resulted in the formation of ~6—7 nm AuNPs.* Hence, the size of the N-
substituent in the NHC ligand is another tool to control the size of the nanoparticles
beside ligand-to-metal ratio in general NP preparation methods.

Recently a solvent free thermolysis method was reported for the synthesis of ultra-small
gold nanoparticles (Au UNPs: 1 to 2 nm in size). In this method two types of Au(I)—C¢F;
complexes, [C,;Hy,-MIM][Au(CFs),] (C,sH;,-MIM = 1-methyl-3-octadecyl-imidazolium)
and [Au(C.Fs)-(C;sH;,-NHC)] (C{H;,-NHC = 1-methyl-3-octadecyl-imidazol-2-ylidene)
were heated separately at optimized temperatures and time to form the nanoparticles.
After the thermolysis of [C,sH;,-MIM][Au(CFs),], a mixture of Au UNPs with diameter
of 1.5 nm and larger nanocrystals (> 50 nm) were formed while the thermolysis of
[Au(C(F;s)-(C,sH;,-NHC)] lead to the isolation of 1.0 nm Au UNPs. These nanoparticles
display stability in solution for several weeks and characterization techniques confirm the
presence of the NHC ligands on their surface.”

Taking a different synthetic approach, Serpell and co-workers have recently reported the
preparation of Pd and Au nanoparticles from the reduction of the metallate imidazolium
ionic liquids. Au- and Pd-containing imidazolium salts were first deprotonated with NaH

and then reduction by NaBH, resulted NHC-coated nanoparticles. These gold
10
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nanoparticles were large and polydisperse at 16.6 nm + 6.5. Although theses NPs were
stable enough to be characterized, the authors comment that the “NHCs are comparatively
poor pacifying agents for metal NPs” .**

A comparative study has been done on the formation of Au and Ag nanocrystals when
NHC-M-CI (M = Au, Ag) complexes with different NHC ligands were used as
precursors and dodecanethiol (DDT) was added as stabilizer. In all of the cases, metal
nanocrystals were prepared from optimizing the reducing reagents. Ag—NHC precursors
reacted with a thiol and lead to the formation of silver thiolates while Au—NHCs
remained unchanged and lead to the formation of well-defined nanocrystals of narrow
size distribution (4.6—-6.7%). The steric hindrance of the NHC ligands did not have any
effect in the case of silver derivatives while it becomes important for the gold
nanocrystals when a very bulky NHC is used. This study showed that different reaction
pathways and species are involved in the formation of silver and gold nanocrystals from
NHC-M-Cl precursors.”

Recently, a NHC polymer-supported silver nanoparticle catalyst has been prepared from
the reaction of poly-imidazolium with AgNO; in hot dimethyl sulfoxide. This system is a
dispersion of silver nanoparticles (3—5 nm) in the poly-NHC polymer material, which
exhibits very high activity, stability and reusability in the carboxylation of terminal
alkynes with CO, at ambient conditions.”® It has also been reported that Ag(I)-NHC
complexes with long N-alkyl chains formed Ag nanoparticles upon reduction by NaBH,.
The prepared silver nanoparticles show spherical and rectangular morphologies and are

probably capped with imidazolium moieties.”’

1.7 Metal-Phosphide Chemistry

Transition-metal phosphides, in the form of nanoparticles and nanoclusters, are in a class
of compounds for which few synthetic methods have been explored. Since these materials
can adopt a wide range of stoichiometries and structures, their controlled synthesis has
been a challenge for chemists. The high reactivity of phosphide sources used in accessing
these materials is often a difficulty in this field. Despite these challenges, these materials
attract interest due to the novel properties shown in the corresponding bulk transition-

metal phosphides, and the potential of unique, size-tunable properties in nanoscale

11
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phases.®® In addition, transition-metal phosphides show high catalytic reactivity for
hydroprocessing” and their magnetic properties can vary from antiferromagnetic to
paramagnetic, leading to great scientific interest in materials science and chemistry.*®

Our interest lies in the semiconductor properties of metal-phosphides. For example, the
group 12-15 semiconductors, with narrow band gaps, are very interesting materials that
have applications in infrared detectors, lasers and solar cell materials.”” The electronic
characteristics of metal phosphides vary from displaying metallic to large band gap
semiconductor properties. There are thus metallic phosphides (e.g. FeP) reported as well
as semiconductors with very low (e.g. MnP, with E, = 0.14 ¢V), medium (e.g. Zn;P, with

E, =132 ¢eV) and higher band gap energies (e.g. AIP with E, =2.50 eV)."

1.8 Semiconductor Nanomaterials and the Quantum

Confinement Effect

Materials that have at least one dimension in the range of 1-100 nm are often called
“nanomaterials” which can be further classified in different subgroups such as
nanoparticles, nanoclusters and nanowires.”” ”* Semiconductors exhibit unique, size-
dependent optical and electronic properties in the transition from bulk material to
molecular solid. The properties result from the quantum confinement effect. By transition
from bulk semiconductor to nanoparticle and then molecular material, the size of the band
gap increases. The quantization of levels of energy within the bands also occurs when the

size of the particles is decreased (Figure 1-11).*

CB LUMO

Energy

Bulk Semiconductor Nanoparticle Molecule

Figure 1-11 Schematic representation of the electronic structure of bulk semiconductors,

nanoparticles, and molecules. VB = valence band, CB = conduction band, E, = band gap energy.

12
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Phosphide semiconductors display these quantum-confined features. For example, it has
been reported that InP nanoparticles with an average size of 7.2 nm have a band gap of
1.92 eV, which is larger than the corresponding band gap (1.27 eV) of the bulk material.”
It has been shown that 12—15 semiconductors, such as Cd,P, nanoparticles, exhibit very
pronounced quantum confinement effects, such that with a small change in the size of the
particle the band gap changes significantly with a distinct effect on the optical spectra of
these materials.”””” Figure 1-12 shows the effect of size and core composition of InP and

Cu-doped InP nanocrystals on their PL spectra.”

N\-® ®
~~ ¥

(I - T
400 575 750 925 1100 1275
Wavelength (nm)

PL intensity (a.u.)

Figure 1-12 PL spectra of differently sized InP g-dots and Cu:InP d-dots”

1.9 Synthesis of Metal Phosphide Clusters, Nanoclusters

and Nanoparticles

Scientists have pursued different approaches to prepare a wide variety of phosphide
complexes. In this vein, different sources of phosphorus (such as P,, PH;, Na,P and
P(SiMe,),) have been reacted with a variety of main group and transition metal salts and
complexes under different conditions. Following is described some of these approaches
and examples of phosphides that are synthesized using these methods.

Solvothermal synthesis is one of the methods which has been reported for the preparation
of nanocrystalline phosphides. This process is done at a temperature higher than the

normal boiling point of the solvent and under high pressure. FeP, CoP, Co,P and Ni,P

: Reprinted with permission from R. Xie and X. Peng, J. Am. Chem. Soc., 2009, 131,
10645-10651. © American Chemical Society 2009
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nanoparticles are some of the examples that have been prepared using a solvothermal
approach. Reactive phosphide sources (Na;P or P,) have been used for these syntheses. In
most of the solvothermal syntheses, the prepared crystalline particles show a large
polydispersity. Since the first report by Qian and co-workers in 1997 using this
methodology for metal-phosphide nanoparticle preparation, different mechanisms have
been postulated for their formation, but it is still not well-understood how to particularly
control the particle phase and size.*®

It is generally difficult to classify P, reactions as proceeding via electrophilic,
nucleophilic or redox activation as each of these is possible. Figure 1-13 displays the
general reactivity pattern of P, phosphorus showing electrophilic and nucleophilic
reactivity as well as radical bond breaking.”

Main group elements and compounds activate P, to form cage phosphides by degradation
of the tetrahedral structure. For example Roesky et al. used bulky nacnac Al(I) species
[HC(CMeN Ph'),Al] (Ph' = 2,6-iPr,C¢H;) and inserted them into two opposite P—P bonds
of the P, tetrahedron (Figure 1-14).** Ga,[C(SiMe,),], also reacts with P, phosphorus and
the addition of monovalent Ga unit into P—P bonds to give a nortricyclane-like molecule,

as shown in Figure 1-15.%

o

:P\F.’/P:
LNy k: o @P\ .
N7 e\

Figure 1-13 General reactivity of P,.”
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Figure 1-14 Molecular structure of P,[HC(CMeNPh'),Al],.*
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Figure 1-15 Molecular structure of P,[GaC(SiMe5);];."!

Although activation of P, has been done using different elements and compounds and
numerous complexes have been synthesized, usually they stay in the molecular size
regime and thus, this method is not very powerful to prepare larger systems such as
nanoclusters.” By taking advantage of the coordinative flexibility of cyclo-phosphorus
species (such as P, P,S and P,S; units), it has been possible to synthesize supramolecular
systems.*”** For example, Scheer and co-workers have used the cyclo-Ps ligand complex
[(M-CsMes)Fe(1-P5)] as linking units between copper(I) halides to form fullerene-like
supramolecular aggregates (Figure 1-16). By variation of solvents and stoichiometry they
have been able to control the size and shape of their resultant complexes.**

The chemistry of molecular compounds containing Si—P bonds has been developed since
the middle of the 19" century. Since then, these materials have played an important role
in the synthesis of different compounds. Common reaction proceeds by cleavage of the
Si—P bond.*” Reaction of tris(trimethylsilyl)phosphine with metal salts or complexes in
the presence of a coordinating solvent gives metal phosphide particles. By coordinating to
the surface of the growing particles, coordinating solvents prevent aggregation of metal-

phosphide particles into the bulk solid phases.
15
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MX; + P(SiMe3); —— MP + 3XSiMe;

This method has been used to synthesize main-group-metal-phosphides (InP, GaP)*** as

well as transition-metal-phosphides (FeP, MnP, Zn,P,).¥*' In the formation of some of
these particles, co-surfactants have been needed in addition to fine temperature and time
control. The result is that the formed nanoparticles show more solubility and lower
polydispersity compared to those prepared using other methods such as solvothermal
synthesis.*®

Despite these recent successes, there is still little structural information on the formation
of these nanoscopic assemblies. This is in stark contrast to 11-16, 12-16, and related
systems for which the transition molecule =cluster = nanocluster = nanoparticle has
been well developed.®*® To the best of our knowledge, there are only a few condensed

group 11-phosphide clusters that have been prepared and characterized

53-55

crystallographically.

Figure 1-16 Molecular structure of nanometer-sized capsule consisting of cyclo-Ps units and Cu(l)
ions. ([Cp*Fe(n™-Ps),@[{CuCl}o{Cp*Fe(m’m'm'm"m"m'-Ps)}:{Cp*Fe(n’m"m"m'-P5)};{Cp*Fe
M’M"M'-P5)};],, Cp*= 1’-CsMes). Cu: teal, P: yellow, Fe: orange, Cl: purple, C: grey.*
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1.10 Scope of the Thesis

The demonstrated ability of N-heterocyclic carbenes to stabilize polynuclear group 11
clusters and nanoparticles prompted us to synthesize silylated NHC-metal precursors for
the preparation of metal-phosphide nanoclusters that have been difficult to stabilize using
more classical (phosphine) ligands. As discussed earlier, nanoscale metal-phosphide
semiconductors promise to show unique properties that lie between those of the bulk
material and molecular units. In addition, these properties should be tunable by differing
the surface or the core composition. This area of research is virtually unexplored, unlike
other nanomaterial semiconductors such as metal chalcogenides. The focus of this
research was to target silylated group 11 phosphido compounds ligated with NHC ligands
for nanocluster assemblies. Metal phosphido complexes as precursors can be reacted with
a different metal source to synthesize new ternary metal-phosphide clusters.

Chapter 2 of this thesis reports the ligation of N-heterocyclic carbenes to [CuS'Bu] and
[AgS'Bu] as an alternative to PR;ligands as solubilizing reagents for these coordination
polymers in order to form copper and silver t-butylthiolate clusters. 1,3-Di-
isopropylbenzimidazol-2-ylidene (‘Pr,-bimy) and 1,3-di-isopropyl-4,5-dimethylimidazol-
2-ylidene (‘Pr-mimy) were ligated to [CuS'Bu] and [AgS'Bu] forming four polynuclear
copper and silver clusters. For comparison, the trialkyl phosphines P"Prs; and P'Pr; were
also used to solubilize [AgS'Bu] and [CuS'Bu] to form copper and silver t-butylthiolate
clusters.

Chapter 3 describes the facile preparation of [M{P(SiMe;),}s] M = Ag, Cu) as well as
their structural characterization. Since these complexes show limited stability towards
solvent loss and ambient temperature, N-heterocyclic carbene ligands were used to
synthesize more stable silylphosphido compounds. 1,3-Di-isopropylbenzimidazole-2-
ylidene (‘Pr,-bimy) and 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (IPr) are found
to be excellent ligands to stabilize silylphosphido-copper compounds that show higher
stability when compared to [Cu{P(SiMe,),}¢]. The 'Pr,-bimy is found to be also an
excellent ligand for the stabilization of silver—phosphorus polynuclear complexes. The

straightforward preparation and characterization of the clusters [Aglz(PSiMe3)6(iPr2—

bimy)s] and [Ag26P2(PSiMe3)10(iPr2—bimy)g] are described in Chapter 4, representing the
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first examples of such structurally characterized, higher nuclearity complexes obtained
using this class of ligand.

NHC-gold complexes have been studied extensively but there is only one NHC-Au-PR,
compound known to date.” In Chapter 5 the synthesis and characterization of four new
NHC-Au-PR, complexes, that contain SiMe, groups attached to the phosphorus center,
are described. These silylphosphido gold complexes are good candidates for the
preparation of larger gold-phosphide clusters. The reactivity of these complexes towards
the addition of PhC(O)CI are also described.

The final chapter (Chapter 6) summarizes the results obtained and provides thoughts on
the use of the synthesized molecular precursors and suggestions for future research in this

area that could be pursued.
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Chapter 2

N-Heterocyclic Carbenes as Effective Ligands
for the Preparation of Stabilized Copper- and
Silver-t-Butylthiolate Clusters’

2.1 Introduction

Copper-thiolates have received much attention due to their interesting photochemical
properties,'” their presence in biological systems (cysteine-rich copper (I) proteins)* and
their use in synthetic® and materials chemistry, such as in the preparation of organocu-
prate reagents’, as precursors for copper sulfide thin films*® or as p-type charge carriers."
In addition, homoleptic silver(I)-thiolates [AgSR] have demonstrated use as precursors
for the synthesis of silver-chalcogenide nanoclusters via the addition of the chalcogenide
sources (S(SiMe,), and Se(SiMe,),),'""* as well as well defined coordination polymers
and biological sensors."” Since [CuSR] and [AgSR] are generally insoluble in common
solvents and have poor crystal habit, their crystal structures are not typically well-known;
however, they are generally considered to be coordination polymers.'* Dance predicted a
chain structure consisting of M,(SR), cycles for [CuSR] and [AgSR] compounds" and

powder X-ray diffraction refinements have illustrated chain'® structures, although lamellar

" B. Khalili Najafabadi, J. F. Corrigan, Dalton Trans., 2014, 43,2104-2111. Reproduced
by permission of The Royal Society of Chemistry.
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structures have also been proposed depending on the organic substituent on sulfur.”" In
order to solubilize the tert-butylthiolates [CuS'Bu] and [AgS'Bu], different phosphines
have been used and in most cases cyclic, molecular clusters are obtained.””'*'* Such
[CuS'Bu]/[AgS'Bu]:phosphine adducts are the key components in the synthesis of the
nanoclusters, nanoparticles and thin films that were described above.

N-heterocyclic carbenes (NHCs), divalent species with an electron sextet carbon, contain
a carbene carbon incorporated in a nitrogen-containing heterocycle.” Their importance is
reflected in the ever growing number of review articles concerning the preparative chem-

istry and properties of metal-NHC complexes,” including those of silver and copper.

27-36
Compared with phosphines, NHCs can form stronger bonds with most metals due to their
excellent o-donating properties.”’”’ Recently we have shown that the NHC 1,3-di-
isopropylbenzimidazol-2-ylidene (‘Pr,-bimy) can be used to stabilize polynuclear Cu(I)
and Ag(I) phenylchalcogenolate clusters prepared from phenylchalcogentrimethylsilanes,
which are the first examples of using this class of ligand in the preparation of such metal-
chalcogen cluster complexes.” Since copper-thiolate ring complexes prepared from the
reaction of [CuS'Bu] with phosphines are reported to have limited stability in ambient
light,**'* we were interested in probing the stability of this class of clusters using NHCs
instead of phosphines as ancillary ligand. In the present work it is shown that N-
heterocyclic carbenes can be used as ligands to solubilize [CuS'Bu] and [AgS'Bu] poly-
mers to form copper and silver cyclic cluster structures. Two different NHCs ('Pr,-bimy
and 'Pr,-mimy) are used to solubilize [CuS'Bu] and [AgS'Bu] polymers in order to form
polynuclear copper and silver t-butylthiolate clusters. We have also performed the same
experiments with two phosphines of approximately similar size (P"Pr, and P'Pr;) for com-
parison.

Nolan, Cavallo and co-workers have developed and refined the “buried volume” method
to quantify the steric demand of different NHCs and phosphines.”* The percent buried
volume (%V,,,) represents the percent of the total volume of a sphere around the metal
atom, which is occupied by a specific ligand. More sterically demanding ligands have
larger %V,,. Pr,-bimy and Pr,-mimy that were chosen for this work, show different
%V, values, hence introducing the potential for the formation of different structures up-

on their reaction with [CuS'Bu] and [AgS'Bu] due to differing steric demands. P"Pr; and
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P'Pr, were selected since they have similar %V, values close to 'Pr,-bimy and 'Pr,-mimy,

respectively.”

2.2 Experimental

All synthetic and handling procedures were carried out under an inert atmosphere of high
purity dried nitrogen using Schlenk line techniques and inert atmosphere glove boxes.
Non-chlorinated solvents were dried using an MBraun MB-SP Series Solvent Purification
system with tandem activated alumina (THF) or activated alumina-activated copper redox
catalyst (pentane). Chloroform-d and dichloromethane were dried and distilled over P,O;.
Benzene-d was dried and distilled over Na/K alloy. [AgS'Bu] and [CuS'Bu] were pre-
pared according to literature procedures.>* 1,3-Diisopropyl-4,5-dimethylimidazol-2-
ylidene (‘Pr,-mimy) was synthesized by reduction of corresponding imidazole-2(3H)-
thione.” 1,3-Di-isopropylbenzimidazole-2-ylidene (‘Pr,-bimy)** was prepared from 1,3-
di-isopropylbenzimidazoliumiodide® with a minor modification of a literature procedure.

NMR spectra ['H (399.763 MHz), "C{'H} (100.522 MHz)] were recorded on a Varian
Mercury 400 NMR spectrometer. 'H and "°C chemical shifts are referenced to SiMe, (8 =
0 ppm) using the solvent peaks as a secondary reference. *'P{'H} (161.827 MHz) NMR
spectra were recorded on the same spectrometer and are referenced to 85% H;PO, (0 =0
ppm). Elemental analysis was performed by Laboratoire d’Analyse Elementaire de
’Universite de Montréal, Canada. Residual lattice solvents were included in the formulae
according to the '"H NMR spectra of dried samples (see Supporting Information for Chap-
ter 2).

Single crystal X-ray diffraction measurements were performed on a Bruker APEXII or a
Nonius KappaCCD diffractometer, with the molecular structures determined via direct
methods using the SHELX suite of crystallographic programs.*® Cluster 4 was refined as a
2-component twin (HKLF 5), with a twin component of 0.3771(3). Complex 6 was satis-
factorily refined as an inversion twin (twin component 0.31(5)). Residual electron density
in the difference Fourier map for 6 indicated additional (disordered) solvent in the lattice;

a suitable model was not able to be refined.
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2.2.1 [Cu,(S'Bu),(Pr,-bimy),] (1)

Pr,-bimy (0.06 g, 0.33 mmol) was dissolved in 10 ml of THF together with [CuS'Bu]
(0.10 g, 0.66 mmol). The solid dissolved after a few seconds to yield a clear yellow solu-
tion. It was mixed with 8 ml of hexanes and kept at —40 °C for 3—4 days to form colour-
less crystals. The crystals were washed with hexanes and dried under vacuum. Reactions
were also performed in CH,Cl, with similar yields. Yield: 0.070 g, 0.069 mmol (42%)
NMR 'H (C,Dy, 293K) 6 = 7.16 (m, 4H, overlapping with the solvent peak), 6.93 (m,
4H), 5.66 (br, 4H), 1.73 (s, 36H), 1.59 (d, 24H, °J,;,, = 6.64 Hz); "C{'H} (C,Ds, 293K)
=134.04,121.99,112.91, 53.81, 38.38, 21.80. Anal. Calcd: C,49.67; H, 7.15; N, 5.52; S,
12.60. Anal. Calcd 1.(CH,Cl,),: C,44.58; H, 6.47; N,4.73; S, 10.82. Found: C, 44.22; H,
6.62; N,4.64; S,11.24.

2.2.2 [Cu,(S'Bu),(‘Pr,-mimy),] (2)

Compound 2 was prepared analogously to 1 except that 'Pr,-mimy was used as the car-
bene. Yield: 0.075 g, 0.077 mmol (47%)

NMR 'H (CDCl,, 293K) 6 = 4.61 (br, 4H), 2.15 (s, 12H), 1.63 (d, 24H, °J,,,, = 6.6 Hz)
1.54 (s, 36H); NMR "“C (CDCl,, 293K) 6 = 123.8, 50.5, 38.4, 30.6, 24.4,21.2,9.4. Anal.
Calced: C,4698; H,7.89; N, 5.77; S, 13.18. Found: C,46.91; H,7.89; N, 5.72; S, 13.29.

2.2.3 [Cu,(S'Bu),(P"Pr;),] 3)

[CuS'Bu] (0.050 g, 0.33 mmol) was suspended in 10 ml of THF. P"Pr; (0.03 ml, 0.16
mmol) was then added to the suspension, which caused the solid to dissolve to yield a
clear light yellow solution. The volume of the solution was reduced to ~5 ml in vacuo and
5 ml of hexanes was added. This mixture was kept at —40 °C for crystallization. Colorless
single crystals were formed after 3—4 days. The liquid was removed with a pipette and the
crystals were washed with hexanes and dried under vacuum. Reactions were also per-
formed in CH,Cl, with similar yields. Yield: 0.055 g, 0.059 mmol (72%)

NMR 'H (C¢Dq, 293K) 6 = 1.76 (s, 36H), 1.52 (m, 24H), 0.98 (t, 18H, *J,,,, = 6.8 Hz);
PC{'H}(CDy, 293K) 6 = 44.48, 38.45, 28.11 (d, 'Jp- = 13.04 Hz), 18.19 (d, °J,. = 3.83
Hz), 16.48 (d, *J,. = 13.04 Hz).”'P{'"H}(CDCl,, 293K) 6 = —22.9. Anal. Calcd: C, 43.84;
H, 8.45; S, 13.74. Anal. Calcd 3.(CH,Cl,),5: C,43.05; H, 8.32; S, 13.34. Found: C, 42.71;
H, 8.86; S, 12.97.
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224 [Cu,(S'Bu),(PPr,),] (4)

Complex 4 was synthesized via the same method used for 3, using P'Pr; instead of P"Pr;.
Yield: 0.051 g, 0.055 mmol (67%)

NMR 'H (C,D, 293K) 6 = 1.91 (m, 6H), 1.79 (s, 36H), 1.19 (dd, 36H, *J,, = 13.29 Hz,
*Juu = 703 Hz); "C{'H} (CDCl,, 293K) ¢ = 38.25, 30.56, 20.40, 16.61 (d, J = 3.07Hz);
'P{'H} (C(Dg, 293K) 6 = 21.14. Anal. Caled: C, 43.84; H, 8.45; S, 13.74. Found: C,
43.72; H,8.44; S, 13.72.

2.2.5 [Ag,(SBu),(Pr,-bimy),] (5)

Complex 5 was prepared analogously to 1 but [AgS'Bu] was used instead of [CuS'Bu].
Product was dissolved in ~5ml of toluene and cooled to —40 °C for crystallization. Yield:
0.10 g, 0.084 mmol (51%)

NMR 'H (CDy, 293K) 6 = 7.07 (m, 4H), 6.93 (m, 4H), 5.29 (br, 4H), 1.84 (s, 36H), 1.52
(d, 24H,°J,,; = 7.03 Hz); "C{'H} (C(D, 293K) 6 = 133.93, 122.52, 112.95, 54.39, 42.76,
39.88,22.05. Anal. Calcd: C,42.28; H,6.09; N, 4.70; S, 10.73. Anal. Calcd. 5.(THF),, C,
42 .87, H, 6.20; N, 4.59; S, 10.50. Found: C,43.05; H,6.34; N, 4.29; S, 11.08.

2.2.6 [Ag(S'Bu),][Ag(Pr,-mimy),] (6)

Compound 6 was synthesized via the same method as complex 1 except that [AgS'Bu]
was reacted with 'Pr,-mimy. Yield: 0.093 g, 0.060 mmol (55%)

NMR 'H (CD;CN, 293K) 6 = 4.61 (sep, 4H, *J,,;, = 6.84 Hz), 2.18 (s, 12H), 1.56 (d, 24H,
*Jun = 703 Hz) 1.42 (s, 54H); "C{'H} (CD;CN, 293K) 6 = 39.99, 24.95, 9.98. Anal.
Caled: C, 35.80; H, 6.14; N, 3.63;S, 12.44. Anal. Calcd. 6.(THF),, C, 37.05; H, 6.34; N,
3.48:;S,11.97.Found: C,37.58; H,644;N,347;S,12.72.

2.2.7 [Ag,(SBu),(P"Pr,),] (7)

Complex 7 was prepared in the same way as 3 except that [AgS'Bu] was used as the start-
ing material. Yield: 0.064 g, 0.058 mmol (70%)

NMR 'H (CDCl,, 293K) 6 = 1.58 (m, 24H), 1.51 (s, 36H), 1.02 (t, 18H, *J,,;, = 6.84 Hz);
“C{'H} (CDCl,, 293K) 6 = 43.85,39.28,28.11 (d, 'J,- = 10.74 Hz), 19.08 (d, *J,- = 6.13
Hz), 16.13 (d, *J,c = 13.8 Hz); *'P{'H} (CDCl,, 293K) 6 = —12.63. Anal. Calcd: C, 36.83;
H,7.10; S,11.54. Found: C,36.77; H,7.23; S, 11.49.
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2.2.8 [Agy(SBu)(P'Pr,),] (8)

8 was synthesized using the same method that was used for the preparation of 3 except
that [AgS'Bu] was reacted with P'Pr;. Yield: 0.090 g, 0.060 mmol (73%)

NMR 'H (CDCl,, 293K) 6 = 2.15 (m, 6H), 1.54 (s, 54H), 1.28 (dd, 36H, *J,;, = 14.65 Hz,
*Jun = 7.23 Hz); "C{'H} (CDCl,, 293K) 6 = 44.53, 39.43, 22.74 (d, 'Jpc = 11.5 Hz),
20.75 (d, *Jpe = 5.37 Hz); *'P{'H} (CDCl,, 293K) 6 = 40.91. Anal. Calcd: C, 33.56; H,
6.44;S,12.77. Found: C, 33.66; H, 6.48; S, 12.77.

2.3 Results and Discussion

[CuS'Bu] and [AgS'Bu] have a polymeric chain structure and are insoluble in most organ-
ic solvents.” One of the approaches to solve the problem of insolubility is to treat these
coordination polymers with good Lewis bases such as phosphines in order to break up the
bridging thiolate interactions and thus the chain. A few phosphines have been used for
this purpose previously.” ' In this work, N-heterocyclic carbenes have been used as alter-
native solubilizing ligands which, due to their strong Lewis basicity, form stable clusters
with both [CuS'Bu] and [AgSBu].

Two NHC ligands, 'Pr,-bimy and 'Pr,-mimy, were chosen due to their ease of preparation
and optimum steric effect such that ‘Pr groups have been shown to avoid dimerization of

these carbenes?:37-4:47

while they are still small enough to allow the formation of u-SR.*
Polynuclear complexes [Cu,(SBu),(Pr,-bimy),] 1, [Cu,(SBu),(Pr,-mimy),] 2,
[Cu,(SBu),(P"Pr;),] 3 and [Cu,(S'Bu),(P'Pr;),] 4 were synthesized via ligation of the cor-
responding ligands to [CuSBu] at room temperature in 1:2 ratio, breaking the chain
structure of the polymer (Scheme 2-1). All of the reactions with phosphines were per-
formed in subdued light. Obtaining a clear solution from the starting suspension is a sim-
ple means of indicating the completion of the reactions. Complexes 3 and 4 were crystal-
lized and kept in subdued light since a color change from colorless to brown was ob-
served upon leaving the reaction solutions in ambient conditions; which has been reported
previously for the complexes formed from the reaction of [CuS'Bu] with other phos-
phines.>* ' Of note is that evidence for this decomposition was not observed for com-

plexes 1 and 2 with NHC ligands attached to the copper atoms. Because of the lone pair

donation from the nitrogen atoms to the divalent carbon atom in NHCs, they are electron
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rich nucleophilic compounds that are better 0-donors compared to phosphines” and
would bind the metal atoms more strongly. Presumably, this strong coordination avoids
the dissociation of the NHC ligands, hence photo activated decomposition is not ob-
served. It was found that solutions of 1 and 2 could be kept under ambient conditions af-
ter their formation without any discoloration observed. Ultimately, however, isolated
yields were higher for the phosphine-ligated clusters synthesized compared to those with
ancillary NHC ligands. Solution 'H NMR spectra of clusters 1-4 show a singlet peak at
~1.7 ppm for the hydrogen atoms of S'Bu groups together with the characteristic peaks of
the ancillary ligand used, the ‘Bu rendered equivalent on the NMR timescale in solution.
Integration values versus the methyl resonance of the S'Bu groups confirm the 1:2 ligand
to metal ratio for the synthesized complexes. These NMR spectra also indicate that the

solid-state structures are stable in the solution with no evidence of ligand exchange or

contractions.
L '‘Bu —'Bu
C\)u / Cu/S
[CuSBu] + 1/2 L > \SS/
i N _ /Cu// ——Cu
L= Prz-plmy, 'Pro-mimy, tBu/S B \L
P”Prg, P'Pr3 1-4

Scheme 2-1 Preparation of 1-4

The silver-thiolate clusters [Ag,(S'Bu),(‘Pr,-bimy),] 5, [Ags(S'Bu)s][Ag(’Pr,-mimy),] 6,
[Ag,(SBu),(P"Pr;),] 7 and [Ag,(S'Bu)y(PPr;),] 8 were similarly prepared by reacting the
[AgS'Bu] polymer with the corresponding carbene or phosphine ligands in a 1:2 ratio
(Scheme 2-2). The syntheses were done at room temperature and in subdued light. Isolat-
ed crystalline yields for the silver thiolate clusters were generally higher than those for
copper thiolate clusters when using the same ancillary ligand. Complexes S and 7 show
the same 8-membered ring structure as for the copper clusters but for 6 and 8 different
structures were obtained (vide infra). NMR data for solutions of these clusters confirm the
ratio of ‘Bu groups to the ancillary ligands via integration of the phosphine/NHC ligands
versus the methyl resonance of the S'Bu groups, which appear as a singlet at ~1.5 ppm.
The observed S'Bu to ligand ratio for 5 and 7 is 2:1 and for 6 and 8 it is 3:1.

The formation of these clusters clearly demonstrates that N-heterocyclic carbenes can be
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effectively used to enhance the solubility of insoluble [AgS'Bu] and [CuS'Bu] polymers.

One advantage of using NHCs as stabilizing ligands is that the formed clusters are more

stable than similar complexes prepared using phosphine ligands.

L\ 'Bu S/tBu
L="Pry-bimy Ag\S/Ag
PnPI'3 A /S\A
S/ g / g\
Bu—" Bu L
57
=i -mi . .
[AgS'Bu] + 1/2L Y o [Ags(S'BU)GIAG(Prz-mimy),]
6
PPl > Agg(SBU)6(PPr),
8
Scheme 2-2 Preparation of 5-8
Table 2-1 Crystallographic data for 1-4
1-(CH,CL), 2-(CH,CL), 3 4
Formula C,H,;,Cl,Cu,N,S, C,oHg,C1,Cu,N,S, C;,H,;Cu,P,S, C;,H,;Cu,P,S,
Formula Weight 1185.28 1141.28 931.30 931.30
Crystal System Monoclinic Monoclinic Triclinic Monoclinic
Space Group P2,/c P2,/c P1 P2,/c
Temperature, K 110(2) 110(2) 150(2) 110(2)
a, A 10.315(2) 10.363(2) 9.468(3) 10.2300(14)
b, A 24.927(7) 23.568(6) 10.869(4) 13.023(2)
c, A 11.256(2) 11.579(3) 12.157(5) 18.533(3)
al 90.00 90.00 68.774(14) 90.00
Be 104.654(10) 106.670(4) 78.351(10) 114.317(4)
7.° 90.00 90.00 82.542(12) 90.00
v, A? 2800.0(12) 2709.0(12) 1139.9(7) 2250.0(6)
Z 2 2 1 2
F(000) 1232 1192 492 984
p (g/em’) 1.406 1.399 1.357 1.375
u (mm™) 1.871 1.930 2.115 2.143
Reflections measured 118869 126773 25671 19802
Unique reflections 15872 10352 8769 19802
R, (I>2s(])) 0.0315 0.0288 0.0368 0.0298
wR, (I > 2s(]) 0.0680 0.0702 0.0735 0.0592

Complexes 1-8 were isolated as single crystals and their molecular structures in the solid

state were determined using single crystal X-ray diffraction. A summary of the crystallo-

graphic data is provided in Table 2-1 and Table 2-2. In the solid state these clusters are

31

www.manaraa.com



stable at room temperature and could be exposed to air without any noticeable discolora-
tion or decomposition. With a constant ratio of [MS'Bu] to ligand of 2:1, the structure of
the formed cluster depends on the steric demands of the ligand as well as the size of the
metal centers. The selected NHC and phosphine ligands in this study form a similar Cu,S,
structure (1-4) upon reaction with [CuS‘Bu]; the metal centers accommodate this geome-
try with the ligands even though the latter have different steric requirements (Table 2-3).
%V, values shown in Table 2-3 are determined from the crystal structures of the
(NHC)AuCl complexes and, in the case of trialklyphosphines, a calculated R;P-M model
based on the crystal structure of the phosphines (P"Pr; and P'Pr,).*" For the silver-thiolate
clusters three different structures are observed. 'Pr,-bimy and P"Pr, have smaller %V,
values and coordinate silver atoms in a manner to form an Ag,S, cluster core structure (5
and 7) while 'Pr,-mimy and P'Pr,, with larger %V, values, force the complexes to adopt

more complicated structures (6 and 8).

Table 2-2 Crystallographic data for 5-8

5-(C;Hy) 6-(C,HgO)o 34 7 8
Formula CosH160AgsNsSg Cy738Ho675A8N,O0 3456 C3H7sALP,S, CiHosAgeP,S6
Formula Weight 2569.77 1567.61 1108.62 1502.70
Crystal System Triclinic Monoclinic Triclinic Orthorhombic
Space Group P1 C2 P1 Pnna
Temperature, K 110(2) 150(2) 110(2) 110(2)
a,A 9.990(3) 29.293(11) 9.538(4) 24.641(9)
b, A 12.648(4) 12.976(5) 10.919(3) 15.066(5)
c, A 23.429(9) 19.198(8) 12.288(4) 16.081(5)
al 78.597(13) 90 69.848(19) 90
Be 78.069(9) 98.423(7) 78.879(13) 90
7.° 80.553(12) 90 83.194(9) 90
V, A3 2815.7(17) 7219(5) 1177.0(7) 5970(4)
Z 1 4 1 4
F(000) 1308 3159 564 3024
o (g/em?) 1.516 1.442 1.564 1.672
u (mm™) 1.553 1.798 1.905 2219
Reflections measured 52327 101010 26384 83082
Unique reflections 13901 18753 8855 5693
R, (I>2s(])) 0.0455 0.0522 0.0191 0.0398
wR, (1> 2s(])) 0.1038 0.1461 0.0374 0.0834

The clusters exhibit similarities in the atom connectivity and local geometry, although
compounds 6 and 8 have different structures compared to the 8-membered rings for the
other complexes. Clusters 1-5 and 7 have a cyclic, molecular structure that consists of a

M,S, ring (M = Ag, Cu). This cyclic structure has been observed for different copper
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thiolates.”*" Due to the presence of two linear —SMS— segments, the overall structure
simulates that of a six-membered ring; in 1-5 and 7, this manifests itself in the rings dis-
playing a chair conformation. Unlike some of the previously reported ring clusters formed
from [CuS'Bu], all of these compounds show a symmetric structure. According to how
Dance describes this class of molecule,'" in the M,S, ring, there are two types of metal
atoms that are linked together with sulfur atoms, linear digonal metal centers (M1) and
trigonal metal atoms (M2) with one ligand (L = NHC or phosphine) attached to them
(Figure 2-1). Since the structure of the ring can be described similarly to that of a chair
conformation for a six-membered ring, there are corresponding axial and equatorial posi-
tions for the groups attached. In the present clusters, the NHC and phosphine ligands at-
tached to the metal centers adopt axial positions, located above and below the cluster
plane. In the structures of 3, 4 and 7, two S'Bu groups are also axial while the other two
S'Bu groups have equatorial positions (the molecular structure of 7 is illustrated as an ex-
ample in Figure 2-1), which is the common orientation in previously reported clusters in
this class of compounds."* In contrast, for complexes 1, 2 and 5 all four S'Bu groups oc-
cupy equatorial positions; the molecular structure of 2 is shown in Figure 2-2.

Table 2-3%V,,, for selected NHCs and phosphines®'
9%V, for M—P length at

Ligand 2.00 A 228 A Reference
"Pr,-bimy 279 239 48
"Pr,-mimy 384 339 49
P"Pr; 30.6 26.0 50
P'Pr, 37.6 32.3 50

For all of the clusters, all metal atoms are positioned in a single plane. The coordination
around the sulfur atoms is pyramidal and each S atom is bridging between two metal cen-
ters. The M2-S (Figure 2-1) bond lengths in 1-4 range from 2.2951(10)-2.3093(4) A and
2.4463(7)-2.5361(16) A for the larger metals in § and 7; there is no clear trend as a func-
tion of the nature of L. Selected bond lengths and angles for compounds 2 and 7 are listed
in Table 2-4. Independent of the size and geometry of the supporting ligand used, all of
the synthesized copper thiolate clusters exhibit the Cu,S, framework in their solid-state
structure. An eight membered ring with this chair conformation has shown to be one of
the favorable structures for supported complexes with formula of M,(SR),L, although a

related, twisted boat conformation has been described using computational calculations.”
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Krautscheid and co-workers have reported that structures of copper-phenylthiolato clus-
ters can be influenced when extremely large or small phosphine ligands are employed, or

when excess ligand is added.”

Figure 2-1 Left: The molecular structure of 7 in the solid state. Hydrogen atoms are omitted for

clarity. Thermal ellipsoids are drawn at the 50% probability level. Right: M,S, ring.

Figure 2-2 The molecular structure of 2 in the solid state. Hydrogen atoms are omitted for clarity.

Thermal ellipsoids are drawn at the 50% probability level.
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Table 2-4 Selected bond lengths (A) and angles (°) for 2 and 7

Compound 2 Compound 7

Cul-S1 2.1539(5) Agl-82? 2.3512(8)
Cul-S2! 2.1587(5) Agl-S1 2.3710(8)
Cul-Cu2' 2.8131(7) Agl-Ag2 3.1235(10)
Cul-Cu2 3.0447(5) Agl-Ag2? 3.3204(10)
Cu2-C9 1.9410(13) Ag2-P1 2.4172(7)
Cu2-S1 2.2655(6) Ag2-S1 2.4463(7)
Cu2-S2 2.2973(6) Ag2-S2 2.5383(8)
N1-C9 1.3577(16) Ag2-Agl? 3.3204(10)
N2-C9 1.3581(17) S1-C1 1.8563(14)
S1-Cul-S2! 174.313(14) S2-C5 1.8540(14)
S1-Cul-Cu2' 130.136(16) S2-Agl? 2.3512(8)
S2'-Cul-Cu2' 53.078(15) S2%-Agl-S1 169.999(12)
S1-Cul-Cu2 47.996(16) S2*-Agl-Ag2 137.924(15)
S2'-Cul-Cu2 136.928(16) S1-Agl-Ag2 50.639(15)
Cu2'-Cul-Cu2 113.164(13) S2*-Agl-Ag2? 49.645(17)
C9-Cu2-S1 133.05(4) S1-Agl-Ag2? 137.845(14)
C9-Cu2-S2 129.03(4) Ag2-Agl-Ag2? 108.93(2)
S1-Cu2-S2 97.853(13) P1-Ag2-S1 142.611(18)
C9—Cu2-Cul' 116.62(4) P1-Ag2-S2 104.08(2)
S1-Cu2—Cul' 94.828(12) S1-Ag2-S2 113.07(2)
S2—Cu2—Cul' 48.696(13) P1-Ag2-Agl 125.34(2)
C9—Cu2—-Cul 115.42(4) S1-Ag2-Agl 48.54(2)
S2—Cu2—Cul 101.81(2) S2-Ag2-Agl 105.26(2)
Cul'-Cu2-Cul 66.834(13) P1-Ag2-Agl? 101.29(3)
C1-S1-Cul 106.35(5) S1-Ag2-Agl? 107.72(2)
C1-S1-Cu2 113.48(5) S2-Ag2-Agl? 44.900(18)
Cul-S1-Cu2 87.054(15) Agl-Agl-Agl? 71.07(2)

1. 2—x,-y,-z 2.1-x,1-y,2-z

Unlike the copper thiolate clusters, the structures of the silver thiolate complexes reported
herein are influenced by the sizes of the supporting ligand used, even with a fixed met-
al:ligand reaction ratio. Cluster 6 consists of a [Ag,(S'Bu)s]” anion and a [Ag(Pr,-
mimy),]" cation and shows no Ag—S contact distances between the ion pairs that are
shorter than the sum of the respective van der Waals radii. In the asymmetric unit of this
cluster, one [Ags(S'Bu),]” is sitting on a general position while two independent [Ag('Pr,-
mimy),]" cations sit on special positions (2-fold rotation axes). In the cation, the geometry
around the silver atom is slightly bent with a mean C—Ag—C angle of 178.3(7)°. Such a
[M4(SBu)]” fragment has been observed previously using PMe, as a stabilizing ligand
for the complex cation [Cu(PMe,),][Cus(SBu),]’ as well as for [NEt,;R]*'[My(S'Bu),]",R =
Et when M = Ag and R = H, Et when M = Cu.**” In this work, the anionic motif has
been formed for silver with 'Pr,-mimy carbene as the stabilizing ligand for the cation

complex. The structure of the core can be described as an expansion of the Ag,S, rings in
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S and 7. The 8-membered ring is folded about an Ag—Ag diagonal and another S—Ag—S
group is added, which formed another Ag,S, cycle.'"* The silver atoms in the core create
an Ags trigonal bipyramid in which each apical-equatorial edge is bridged by a S'Bu with
no bridging ligand along the equatorial-equatorial edges. Hence the equatorial Ag atoms
are two-coordinate (mean S—Ag-S angle: 173.59(11)°) and the two apical Ag atoms are
symmetrically bonded to three S'Bu, with near planar coordination geometry (mean sum
of the angles: 359.25(10)°). The sulfur centers define a trigonal prismatic S, cage that
shows almost perfectly eclipsed triangular bases. Of the previously reported anions from
this class only [Cu(PMe,),][Cus(S'Bu);] shows an almost perfect prismatic S, cage’
whereas the others exhibit large antiprismatic twists.***® The orientation of the silver and
sulfur atoms in the core and the tert-butyl on the S centers gives an overall D; symmetry

to the anion in 6.

Figure 2-3 The molecular structure of the anion [Ags(S'Bu)e]” in the solid state structure of 6. Hy-
drogen and carbon atoms are omitted for clarity. Thermal ellipsoids are drawn at the 50% proba-

bility level.

The structure of the higher nuclearity cluster 8 is a new motif in this system. Although
different from the others reported here, it expands upon some of the features present in

the smaller ring systems (Figure 2-4). In the core of this cluster, an 8-membered ring of
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silver and sulfur atoms (Ag,S,) is capped with a 4-membered ring (Ag,S,). Unlike the
Ag,S, rings in 5 and 7, the 8-membered ring does not show a chair conformation in 8; In-
stead a butterfly conformation is observed where the Ag,S, fragment acts as two ligands
for Agl and Agl’, and force the lower ring to bend to a butterfly conformation. The
Ag,S, also demonstrates a butterfly conformation. Two of the silver atoms in the 8-
member ring (Ag2 and Ag2’) are two-coordinated with sulfur atoms while the other two
silver centers (Agl and Agl’) are three-coordinated (longer distances with S3 and S3’).
Both of the silver atoms in the Ag,S, ring are three-coordinated with two S'Bu and one
PPr, groups. The mean Ag—S bond length for the Ag,S, ring is 2.4047(18) A while it is
2.5534(16) A for the Ag,S, ring. The shortest Ag—S distance between the atoms of these
two rings is 2.8183(17) A, which is the distance between Agl and S3 and its symmetry
equivalent. In a different way, the core of this cluster is made of two 8-membered rings
that share four of their atoms. The first ring consists of S3, Agl, S1, Ag2’, S2A’, Agl’,
S3’ and Ag3’ while the second one is formed by S3, Agl, S2A, Ag2, S1°, Agl’, S3’ and
Ag3. Both of these rings show a distorted boat conformation and each has a P'Pr; group

coordinating one of the silver centers.

Figure 2-4 The molecular structure of 8 in the solid state. Hydrogen and carbon atoms are omitted
for clarity. The center of the molecule is sitting on a 2-fold rotation axis. Thermal ellipsoids are

drawn at the 50% probability level.
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2.4 Conclusions

It was shown in this work that N-heterocylic carbenes can act as solubilising and stabilis-
ing reagents for [AgS'Bu] and [CuS‘Bu] to form polynuclear copper and silver t-
butylthiolate clusters, and can be considered as excellent alternatives for PR, in this area
of chemistry. The clusters that are formed using NHCs are more stable under ambient
lighting conditions compared to those that have PR, as a stabilizing ligand. The cluster
frameworks are structurally related to those observed for copper and silver t-butylthiolate
clusters stabilized with PR,*>*'* and are affected by the nature of the ligand that is used.
These clusters may be suitable molecular precursors in the synthesis of larger nanoclus-

ters, nanoparticles and thin films. We are pursuing these possibilities actively.
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Chapter 3

Enhanced  Thermal  Stability of  Cu-
Silylphosphido Complexes via NHC Ligation

3.1 Introduction

d-Block metal complexes containing —P(SiMe,), moieties have been shown to be useful
precursors in solution-based routes to metal phosphide solid materials.! For example,
Buhro and coworkers have reported the synthesis of Cd;P, by alcoholysis and polycon-
densation of the molecular precursor [Cd{P(SiMe;),},],,”” such reactions proceeding by
cleavage of the Si—P bonds and elimination of SiMe,; groups.* Furthermore, such metal-
phosphido complexes (M—P(SiMe;),) have been used successfully for the synthesis of
ternary metal-phosphide semiconductors in both crystalline and glassy form, taking ad-
vantage of the preformed metal-phosphorous bond, and the reactivity of the two remain-
ing P-SiMe, towards a second metal salt.” Such metal-phosphido molecular precursors
result in the formation of pure semiconductor solids; these materials attract interest due to
the magnetic and electronic properties shown in the bulk, and the potential of unique,
size-tunable properties in related nanoscale materials.’ Transition-metal phosphides show

high catalytic reactivity for hydroprocessing’ and their magnetic properties can vary from

* B. Khalili Najafabadi, J. F. Corrigan, Dalton Trans., 2015, 44, 14235-14241. Repro-
duced by permission of The Royal Society of Chemistry.

42

www.manaraa.com



antiferromagnetic to paramagnetic, leading to great interest in materials science and
chemistry.® The electronic conductivity of metal phosphides vary from displaying metal-
lic properties to semiconductor behavior with a corresponding band gap energy .*

It has been shown that metal chalcogenolates (M—ESiMe, E = S, Se, Te) can be used as
precursors to prepare ternary metal-chalcogenide clusters.” In this vein, metal-P(SiMe;),
complexes are promising candidates as precursors for the preparation of ternary metal-
phosphide clusters using solution-phase methods and access to different “bottleable” rea-
gents is desirable. In this report, the synthesis and characterization of homoleptic copper-
and silver-bis(trimethylsilyl)phosphido compounds are described together with the more
thermally stable mononuclear copper-phosphido complexes with differing N-heterocyclic
carbene (NHC) ligands. It was found that the use of NHC ligands helps to stabilize cop-

per-phosphido complexes when compared to their homoleptic counterparts.

3.2 Experimental

All syntheses were performed under an argon or N, atmosphere using standard Schlenk
line and glovebox techniques unless otherwise stated. Chemicals were used as received
from Strem Chemicals and/or Aldrich. Tetrahydrofuran, diethyl ether, hexanes, and pen-
tane were purchased from Caledon and dried by passing through packed columns of acti-
vated alumina using a commercially available MBraun MB-SP Series solvent purification
system. Dichloromethane (DCM) was purchased from Caledon and/or Aldrich and dis-
tilled over P,0s. Benzene-d, was dried and distilled over Na/K alloy. P(SiMe,),,"” [Ag-
SBu],'" and [CuSBu],” were prepared following literature procedures. 1,3-Di-
isopropylbenzimidazole-2-ylidene ~ (‘Pri-bimy)"*  was  prepared from  1,3-di-
isopropylbenzimidazoliumiodide." [(IPr)CuOACc] (IPr = 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene) was prepared according to published methods."

'H and "C{'H} NMR spectra were obtained on a Varian Inova 400 MHz spectrometer
and are reported in ppm. These spectra were referenced internally to solvent peaks rela-
tive to SiMe, (& = 0 ppm). *'P{'H} NMR spectra were recorded on the same spectrometer
and are referenced to 85% H;PO, (& = 0 ppm). Although the complexes are temperature
sensitive in solution, all of the NMR spectra were collected at room temperature due to

the limited solubility of the complexes in common deuterated solvents.
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Single crystal X-ray diffraction measurements were performed on Bruker APEXII and
Nonius KappaCCD diffractometers, with the molecular structures determined via direct
methods using the SHELX suite of crystallographic programs.'® X-ray diffraction data
resulting from a twinned crystal of 11 were analyzed with CELL_NOW to assign the re-
flections to different domains. The data were integrated using two major domains with a
twin law of (0.999 -0.003 0.001,-0.511 -1.000 -0.001, -0.001 0.001 -1.000); the rest were
discarded since they did not fit well into any specific cell. This resulted in an incomplete
data set and larger thermal parameters for lighter atoms. Data were scaled and corrected
for absorption using TWINABS. This structure was solved using the hklf4 file (reflec-
tions from the major domain) and refined with hklf5 file (reflections from both domains)
with a BASF of 0.45932. Complex 12 crystallized in the form of very thin plates that dif-
fracted poorly and were not suitable for X-ray diffraction analysis. After several attempts
we were able to crystallize thicker plates of 12 but the poor quality of the crystals (reflec-
tions) suggested multiple contact twins and resulted in large thermal parameters for some
atoms as well as a high weighted R factor of 0.263. Powder X-ray diffraction measure-
ments were made on a Nonius KappaCCD diffractometer updated with a Bruker Apex?2
detector at a temperature of 110 K and CuKa radiation. Crystals were crushed in a min-
imum amount of Paratone oil and mounted on a Mitegen polyimide micromount. The data

collection strategy was a number of 360° ¢ scans which collected data over —10°<

20 <90° resulting images with the detector at the maximum distance of 165 mm. The

frame integration was performed using XRD’ Eval from the APEXII package.

3.2.1 [Cu{P(SiMe,),}] (9)"

In subdued light, [CuS'Bu], (0.10 g, 0.65 mmol) was suspended in ~12 ml of DCM.
P(SiMe;); (0.19 ml, 0.65 mmol) was added to this colourless suspension. The suspension
turned to a golden orange, clear solution after a few minutes. 10 ml of pentane was added
to the solution, mixed and kept at —25 °C. Colourless crystals formed after 1 week. Yield
(isolated crystals): 0.10 g (48%). Crystals of isolated samples discolour significantly,
even under inert atmosphere, at low temperatures in the absence of light. Sample homo-

geneity was confirmed via PXRD (See Results and Discussion).

"H NMR (400 MHz, C,D,, 23 °C) & = 0.50 (br).*'P{'"H} NMR (C,D,, 23 °C) & = —149.
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3.2.2 [Ag{P(SiMe;),}¢] (10)

[AgSBu], (0.10 g, 0.51 mmol) was suspended in 20 ml of THF. To this suspension,
P(SiMe;); (0.15 ml, 0.51 mmol) was added at r.t. After ~10 min of stirring the solution
started to change colour, yellow first and then orange. After the solid dissolved to yield a
clear orange solution, it was cooled to =25 °C for crystallization. Colourless, cubic crys-
tals formed after 1 day. Similar results were obtained using DCM as a solvent. Yield (iso-
lated crystals): 0.12 g (66%). Crystals of isolated samples discolour significantly, even
under inert atmosphere, at low temperatures in the absence of light. Sample homogeneity

was confirmed via PXRD (See Results and Discussion).

'"H NMR (400 MHz, C,Dy, 23 °C) & = 0.48 (br). *'P{'"H} NMR (C,D,, 23 °C) & = —236.

3.2.3 [(‘Pr,-bimy),CuP(SiMe,),] (11)

Copper(I) acetate (0.50 g, 4.02 mmol) was suspended in 10 ml of THF and cooled to O
°C. Freshly prepared Pr,-bimy (1.36 g, 8.05 mmol) in THF was added to the solution at O
°C. The reaction was stirred until it reached room temperature and was filtered to remove
turbidity and obtain a clear light orange solution. This solution was cooled to —40 °C and
P(SiMe;); (1.17 ml, 4.02 mmol) was added: after a few minutes, a pale yellow solid
formed. The reaction mixture was stirred in the bath until the temperature gradually
reached O °C. It was stirred at 0 °C for 30 min and the solid was isolated via filtration and
washed with pentane. The yellow, hair-like crystalline solid was dried in vacuo yielding
0.62 g (25%) of 11. Crystals suitable for X-ray analysis of 11 were obtained by layering a
dilute solution in THF with pentane at -25 °C.

'H NMR (400 MHz, C,D,, 23 °C) 6 = 7.16 (br m, 4 H) (overlapping with the solvent
peak), 6.96 (m, 4 H), 5.50 (br, 4 H), 1.48 (d, /=7 Hz, 24 H), 0.52 (d, /=3 Hz, 18 H).
“C{'H} NMR (100.5 MHz, C,Dy) 6 =215.4,112.4,52.9,42.1,7.4.'P{'H} NMR (C,Dq,
23°C) 0 =-261.m.p.: 72°C (dec.).

3.24 [(IPr)CuP(SiMe,),] (12)

[(IPr)CuOAc] (0.10 g, 0.20 mmol) was dissolved in 10 ml of toluene and cooled to —60
°C. P(SiMe;), (0.06 ml, 0.20 mmol) was added to this solution and stirred with gradual
warming to —25 °C. The solvent was reduced to about half in volume at this temperature

and ~15 ml pentane was added to precipitate the product as a white solid. The solvent was
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decanted and the solid was dried in vacuo yielding 0.06 g of 12 (47%). Colourless plate
crystals were formed from cooling a concentrated toluene solution of 12 at —25 °C over
~2 weeks.

'H NMR (400 MHz, C,Dy, 23 °C): & = 7.25 (t, J=8 Hz, 2 H), 7.10 (d, /=8 Hz, 4 H), 6.28
(s,2 H),2.61 (m,4 H), 145 (d, J=7 Hz, 12 H), 1.07 (d, /=7 Hz, 12 H), 0.28 (d, J=3 Hz,
18 H). "C{'H} NMR (100.5 MHz, C,D;) 6 = 186.6, 145.7, 135.2, 130.5, 124.3, 1222,
29.0,25.1,24.0,7.5 (d, J=11 Hz). *'P{'"H} NMR (C(Dy, 23 °C) & = —268. m.p.: 85.5 °C
(dec.).

3.3 Results and Discussion

Due to the potential reactivity and application of copper-phosphido complexes in organic
and organometallic synthesis, a few homoleptic copper—PR, compounds have been pre-
pared and structurally characterized."** In most of these complexes, the PR, groups act as
a bridge between the copper centers and form cyclic structures such as [CuP'‘Bu,],.”” On
the other hand, different homoleptic metal-P(SiMe;), complexes have been reported with
both terminal and bridging P(SiMe,), (metal = Zn, Cd, Hg, Sn, Pb, Mn)"?, among them
[Cu {P(SiMe,),}s] 9 by Buhro and co-workers."” Unfortunately we were unable to locate
detailed preparation or characterization data for this complex. We were able to success-
fully synthesize and characterize [Cu,{P(SiMe;),}s] 9 and the isostructural
[Ag.{P(SiMe,),}¢] 10 from the straightforward reaction of polymeric [CuS'Bu], and [Ag-
S'Bu], with P(SiMe,);, respectively (Scheme 3-1). These metal thiolate complexes show
an ideal, slow reactivity towards the addition of P(SiMe,), at ambient conditions with lit-
tle competition for the formation of higher nuclearity complexes via activation of addi-
tional P—Si bonds. Reactions progress by the cleavage of S'Bu groups and formation of

‘BuSSiMe, as a byproduct, while solubilizing the coordination polymers.

(SiMe3)2
P.
/M/ \M\
(Me3Si),P ||°(SiM33)2
6/n [MS'Bu], + 6 P(SiMe3); —» M M + 6 SiMe;S'Bu
|
M= Cu, Ag (MegSi)P_ M/P(SlMe3)2
~p-
(SiMe3),
M=Cu9
Ag 10

Scheme 3-1 Preparation of 9 and 10
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We have recently shown that [CuS'Bu], and [AgS'Bu], can be used to synthesize corre-
sponding metal-thiolate ring complexes when ligated with carbene ligands.” It has also
been reported that [AgS'Bu], can be used as a source of Ag(I) in the reaction with
S(SiMe;), and Se(SiMe,), to prepare large polynuclear silver-sulfide and selenide clusters
under mild conditions.”? The addition of P(SiMe,); to a suspension of [CuS'Bu], or [Ag-
S'Bu], in THF (or DCM) at room temperature resulted in the formation of 9 and 10 as
white solids. Single crystals of 9 and 10 were obtained from cooling the reaction mixtures
to —25 °C. X-ray diffraction analysis of colourless crystals of 9 and 10 (space group P1)
indicated hexagonal molecules residing about an inversion center in the unit cell. The
crystal structure of 10 is shown in Figure 3-1 and bond lengths and angles ranges are
mentioned in the caption. In these isostructural molecules, the phosphorus atoms are posi-
tioned on the corners of the hexagon and the two-coordinate, near linear metal atoms re-
side on the edges. Each of the P(SiMe,), groups bridges two metal atoms symmetrically
(P—Cu bond lengths of 2.2043(16)-2.2094(15) A). The metal atoms exhibit a slightly
bent geometry (P-Ag—P ~177° and P-Cu—P ~178°) in these structures and, together with
the phosphorus atoms, form a planar M P, array. P-Cu—P angles are less distorted from
linear (177.97(4)-178.29(4)°) in 9 compared to the smaller cyclic copper-phosphido
complexes (e.g. 169° in [Cu,(P'Bu,),]"’) due to the formation of the larger polygon (hexa-
gon compared to square). As a consequence of the overall geometry the Cu—P-Cu angles
are also larger in 9 (~118°) compared to those in [Cu,(PBu,),] (~100.5°)."” The atoms
bonded to each phosphorus center form a distorted tetrahedral geometry in such a way
that SiMe, groups are arranged above and below the plane defined by MP, of the mole-
cule (Figure 3-1). Metal-metal distances are in the range of 3.779-3.810 A and
4.084—4.134 A in 9 and 10 respectively, which preclude metallophilic interactions in the-

se structures.”

Table 3-1 Ranges of bond lengths (A) and angles (°) for 9 and 10

Compound [Cug{P(SiMe;),}6l (9) [Age{P(SiMe;),}] (10)
M-P 2.2043(16)-2.2094(15) 2.3930(14)-2.4107(15)
P-Si 2.2326(16)-2.2431(19) 2.2457(17)-2.253(2)
Si-C 1.814(8)—1.862(6) 1.843(6)—1.894(6)
P-M-P 177.97(4)-178.29(4) 177.28(4)—177.64(4)
M-P-M 117.79(4)—-119.40(6) 117.04(6)—-118.75(5)
Si—P-Si 106.60(7)—-107.20(7) 108.73(7)—-109.78(7)
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Figure 3-1 Molecular structure of [Ags{P(SiMe;),}¢] (10) (two different views). Ellipsoids are at
the 50% probability level and hydrogen atoms were omitted for clarity. The molecule resides
about a crystallographic inversion centre. Ag: silver, P: orange, Si: yellow, C: grey. Bond lengths
(A) and angles  (°) ranges: 2.393(1)<Ag-P<2411(2), 2.246(2)<P-Si<2.253(2),
177.28(4)<P-Ag—P<177.64(4), 117.04(6)<Ag—-P-Ag<118.75(5), 108.73(7)<Si—P-Si<109.78(7).

In both of these structures the voids directly above and below the center of the hexagon
(side length = 4.4 A (for 9) and 4.8 A (for 10)) are filled with (disordered) THF solvent
molecules of crystallization. We believe that the presence of solvent is crucial for the
formation of these structures and may explain their sensitivity to the loss of solvent, evi-
denced by discolouring and decomposition of 9 and 10 in the solid state even at low tem-
peratures when removed from their mother liquor. In comparison, crystals of 9 and 10 are
stable while they are kept under reaction solvent at low temperature, with no sign of de-
composition or desolvation. Crystals of the Cu, and Ag, complexes both contain THF
solvent molecules of crystallization that were satisfactorily modeled in the refinement of
structures 9 and 10.

Despite their marked sensitivity to air and lattice solvent loss resulting in decomposition
of the molecular species (as evidenced by a rapid darkening of the solids from colourless
to black) sample homogeneity of 9 and 10 can be confirmed via powder X-ray diffraction
data. Data collection at low temperature of crystals that were partially crushed and ground
into a minimum amount of Paratone oil to minimize decomposition yielded powder pat-

terns that were compared with those simulated from the single crystal diffraction data.
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The higher sensitivity of 9 is reflected in poorer quality of powder diffraction data.

(Figure 3-2 and Figure 3-3).

.
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Figure 3-2 Powder X-ray diffraction pattern of [Cu{P(SiMe;),}¢] (9), blue: simulated, red: ob-

served.

i

Intensity

)

5 10 15 20 25 30 35
20

Figure 3-3 Powder X-ray diffraction pattern of [Ag«{P(SiMes),}] (10), blue: simulated, red: ob-

served.
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As in the solid state, 9 and 10 are thermally sensitive when redissolved in solvent. Com-
pounding this situation is their limited solubility in common solvents at low temperatures.
However, NMR data could be obtained prior to visible signs of decomposition (darken-
ing) from freshly prepared solutions at room temperature. The presence of only one peak
in the solution 'H NMR spectrum of 9 (0.50 ppm) and 10 (0.48 ppm) shows that a sym-
metrical structure is retained in solution. Similarly, *'P{'"H} NMR spectra display only
one peak for each of these complexes (8 = —149 ppm for 9 and —236 ppm for 10), with no
Ag—P J-coupling resolved for 10. The observed chemical shifts are in agreement with
those reported for other metal bis(trimethylsilyl)phosphido compounds, where chemical

1,24,25

shifts are in the range of —60 to —290 ppm for 3d and 4d metal-P(SiMe,), complexes.

Table 3-2 Crystallographic information for compounds 9-12

Compound 9-THF 10-THF 11 12

Formula CyH,1651,,POCus C,H,(S1,,PcOAgs C5,H,N,Si,PCu  C,Hg,CuN,PSi,
Formula weight 1517.46 1783.44 64548 721.60
Temperature/K 150 150 150 110

Crystal system Triclinic Triclinic Triclinic Monoclinic
Space group P1 P1 P1 P2,/c

alA 9.813(7) 9.836(2) 9.611(4) 22.988(7)
b/A 15.477(10) 15.683(3) 20.206(8) 10.325(3)
c/A 16.325(9) 16.709(3) 20.631(6) 18.132(4)
al® 62.453(15) 63.81(3) 102.042(13) 90

pI° 73.25(2) 74.78(3) 89.995(9) 94.917(8)
y/° 77.325(18) 79.34(3) 96.848(8) 90
Volume/A® 2094(2) 2224.6(10) 3889(2) 4288(2)

Z 1 1 4 4

p (g/lem?) 1.203 1.331 1.102 1.118

w (mm-") 1.806 1.587 0.688 0.629
F(000) 796.0 904 1384.0 15520
Reflections col- 45531 18731 9151 57174
lected

GooF on F? 1.033 1.048 1.323 1.110

Final R indexes R, =0.0585 R, =0.0490 R, =0.1280 R, =0.0925
[I>=20 (D] wR, =0.1510 wR, =0.1319 wR, =0.3310 wR, =0.2521

The use of NHC:s as stabilizing ligands for the synthesis of the mononuclear copper phos-
phido complexes [(‘Pr,-bimy),CuP(SiMe;),] 11 and [(IPr)CuP(SiMe;,),] 12 leads to a
marked, enhanced stability of the Cu—P(SiMe,), moiety. 1,3-Di-isopropylbenzimidazole-
2-ylidene ('Pr,-bimy) and 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (IPr) were
chosen as stabilizing ligands for the formation of mononuclear copper phosphido com-

plexes. Terminal copper-phosphido complexes are rare, with only one structurally charac-
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terized complex reported.'” We have recently shown that NHCs, and specifically 'Pr,-
bimy, can be used to prepare cyclic clusters of copper and silver with chalcogenolate lig-
ands.”"** 'Pr,-bimy has an ideal size that is not too large to limit the coordination number
around the metal to which it ligates and has shown to be appropriate for stabilizing large
metal-phosphide clusters.”

[(‘Pr,-bimy),CuP(SiMe,),] (11) was synthesized by the reaction of CuOAc, solubilized by
two equivalents of 'Pr,-bimy, with P(SiMe;), (Scheme 3-2). The formation of 11 results in
its precipitation in the form of a pale yellow solid. Attempts to synthesize the analogous
Cu-P(SiMe,), complex with only one 'Pr,-bimy ligand on the copper center also result in
the formation of 11, although a darkening of reaction solutions suggests competition for
the formation of larger Cu—P cluster complexes.*”* Crystals of 11 for X-ray diffraction
were obtained by layering a dilute solution in THF with pentane. The formation of
twinned, needle shaped crystals resulted in highly twinned X-ray diffraction data sets. Af-
ter several attempts, a usable, un-twinned data set was obtained. However, the lower qual-
ity of the diffraction data is such that we limit the discussion of the structural parameters
to the overall molecular features (Figure 3-4). The structure was refined as a two-
component twin and SQUEEZE/PLATON® was used to treat the electron density result-
ing from disordered solvent molecules present in the unit cell. PLATON calculates a sol-

vent accessible volume of 399 A’ , which contains 82 electrons.

71 F’
Cu—OAc *P(SiMeg)s —— N*>/Cu/ \/ + Me3SiOAc
N

Tl T

(1)

= 4 MesSi
3V .
N\\/"N \( £ ,SlMeg

Scheme 3-2 Preparation of 11
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This air sensitive but thermally stable molecule 11 crystallizes in the triclinic space group
P1 with a Z = 4. In both crystallographically independent but otherwise identical mole-
cules, the copper centre displays a distorted, trigonal planar geometry and the coordina-
tion about phosphorus is distorted trigonal pyramidal. The terminal coordination of
P(SiMe,), is the first example reported for copper. Crystallographically characterized ex-
amples of M—P(SiMe,), have been described for other d-block metals, where the addi-
tional electron pair on phosphorus can also contribute to metal-P bonding.**** Similar to
the formation of the silyl-chalcogenolato complexes (R;P),Cu—ESiMe,*"** as intermedi-
ates in the formation of copper-chalcogenides, complex 11 is representative of the first
step en route to the formation of polynuclear copper-phosphide clusters using
P(SiMe,),.* ** The isolation of similar, terminally bonded phosphido complexes when
CuOAc was ligated with PR, has, to date, not proven to be possible in our hands, demon-

strating a significant benefit of using a NHC in this area.

Figure 3-4 Left: molecular structure of one of two independent molecules of [('Pr,-
bimy),CuP(SiMe;),] (11). Ellipsoids are at the 50% probability level and hydrogen atoms omitted
for clarity. Right: space filling model of 11. Cu: red, P: orange, Si: yellow, N: blue, C: dark grey,
H: light grey. Selected bond lengths (A) and angles (°): Cul2-P12 2.284(5), Cul2-C16
1.994(13), Cul2-C29 1.923(15), P12-Sil12 2.195(6), C29—-Cul12—-C16 123.4(6), C29-Cul2-P12
125.8(4), Si12—P12—Cul2 103.9(2), Si12-P12-Si22 102.3(2).
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NMR spectra of 11 in solution correlate with the molecular structure observed in the solid
state. Integration values of the peaks related to the protons of 'Pr,-bimy ligands with the
peak related to the SiMe, groups shows a 2:1 ratio of 'Pr,-bimy:P(SiMe;),. Only one peak
was observed in *'P NMR spectrum of 11 (8 = —261 ppm), shifted upfield compared to
the signal for the pu-P(SiMe,), in 9 (& = —149 ppm). This chemical shift is close to those
observed for the other terminally bonded metal-P(SiMe,), groups in related complexes.'
Compound 11 is thermally sensitive in solution, however, it is far more stable than 9 in
the solid state and decomposes only above 72 °C.

Using a much larger NHC, [(IPr)CuP(SiMe,),] (12) was synthesized by reacting
[(IPr)CuOAc]"” with P(SiMe,), in toluene (Scheme 3-3). Cooling a concentrated toluene
solution of 12 resulted in the formation of thin, plate-like, colourless crystals, which were

used for single crystal X-ray diffraction.

Pr
~SiMes

Pr Pr
N

[ >—Cu—OAc + P(SiMeg); —>» > Cu—. i + Me3SiOAc
/7 iMe3

N

(12)

Scheme 3-3 Preparation of 12

This molecule crystalizes in space group P2,/c with a Z = 4. Due to the presence of larger
groups attached to nitrogen atoms (%V,,, for M—=NHC length at 2.00 A: 'Pr,-bimy = 27.9
and IPr = 44.5)* the copper center in 12 has a coordination number of two and exhibits
slightly distorted, linear coordination geometry (P-Cu—C = 173.39(17)°). This value is
similar to reported mononuclear complex [Cu(IPr)(P'Bu,)][BF,], the copper coordinated
to one IPr and one phosphine ligand (P-Cu-C = 178.38(17)°). Interestingly the Cu-C
and Cu-P bond lengths in 12 (1.898(5) and 2.1913(15) A respectively) are also very simi-
lar to those reported in [Cu(IPr)(P'Bu,)][BF,] (1.918(5) and 2.2147(15) A respectively)®.

The Cu—P bond length in 12 is somewhat shorter than those observed in the linear

53

www.manaraa.com



bis(dialkylphosphido) complex [Cu(P'Bu,),]” (2.266(4) and 2.246(5) A) and longer than
those observed in 9 (2.2043(16)-2.2094(15))." Together with phosphorus centre in 12
displaying a distorted trigonal pyramidal geometry similar to that observed in 11, the met-
rical parameters illustrate that the additional electron pair on phosphorus in 12 does not
contribute to copper-phosphorus bonding. The possibility of protonation of the P centre in
12 is ruled out by examining the IR and '"H NMR spectra of this complex, which confirm
the lack of an identifiable P-H stretch and P—H related chemical shift, respectively (see
Supporting Information in section 7.2).

'H NMR spectroscopy of 12 shows that the solid-state connectivity is maintained in solu-
tion. The integration of the peaks confirms a 1:1 ratio of IPr:P(SiMe,),. Only one peak
was observed in *'P NMR spectrum of 12 (& = —268 ppm), which is related to the one
phosphorus centre present in its structure and is in good agreement with the value report-
ed for 11. Although 12 is relatively reactive and sensitive in the solution state, it too is

thermally stable to 85 °C as a crystalline solid, decomposing above this temperature.

Figure 3-5 Left: Molecular structure of [(IPr)CuP(SiMe;),] (12) with ellipsoids at the 50% proba-
bility level and hydrogen atoms omitted for clarity. Right: Space filling model of 12. Cu: red, P:
orange, Si: yellow, N: blue, C: dark grey, H: light grey. Selected bond lengths (A) and angles (°):
Cul-CI1 1.898(5), Cul-P1 2.1913(15), P1-Sil 2.219(2), C1-Cul-P1 173.39(17), Cul-P1-Sil
97.90(7), Si1-P1-Si2 104.95(9).
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We have recently communicated that the NHC 'Pr,-bimy can be employed as a ligand
with the reaction of AgOAc with P(SiMe,),, ultimately yielding the polynuclear complex-
es [Ag,,(PSiMe,)(('Pr,-bimy),] and [Ag,,P,(PSiMe,),,('Pr,-bimy),].”’ To date, our attempts
at isolating the (expected) first formed, mononuclear complexes of NHC ligated Ag-
P(SiMe,), with either 'Pr,-bimy or IPr have not proven to be possible. Whilst the clusters
above are isolated with 'Pr,-bimy, reaction of (IPr)AgOAc™ or [AgSBu], solubilized by
free IPr’”’ with P(SiMe;), ultimately yield [(IPr),Ag]* as the identifiable silver complex,
confirmed by NMR spectroscopy and mass spectrometry.* Although the initial formation
of [(IPr)AgP(SiMe,),] is suggested by the appearance of a new doublet at 0.27 ppm (for —
P(SiMe,), which compares well with the corresponding peak in the 'H NMR of 12, a shift
of the peaks assigned to the IPr ligand as well as the disappearance of the Ag—OAc and
formation of Me,;SiOAc in in situ '"H NMR studies, rapid decomposition was invariably
observed through darkening of the reaction solution and isolation of [(IPr),Ag]" species.
This decomposition likely proceeds by the formation of [Ag,{P(SiMe,),}] as observed
transiently in the *'P{'H} NMR spectrum of these solutions. Similarly, the attempted re-
action of IPr with [Ag,{P(SiMe,),},] in order to prepare IPr ligated Ag-P(SiMe,), only

lead to decomposition.

3.4 Conclusions

The NHC ligated coordination complexes 11 and 12 are easily synthesized and thermally
stable in the solid state under inert atmosphere. Although they are temperature sensitive in
solution, their enhanced stability may make them better candidates for binary and ternary
copper-phosphide cluster assembly compared to 9, which is markedly more sensitive to
temperature and solvent loss, decomposing at very low temperatures (~ =40 °C). By em-
ploying NHC ligands that have dramatically different sizes (%V,,, for M-NHC length at
2.00 A: 'Pr,-bimy = 27.9 and IPr = 44.5)* together with different NHC ligand to metal

ratios, 11 and 12 may be useful precursors for ternary phosphide nanocluster assembly.

We are actively exploring the chemistry of these complexes in our laboratories.
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Chapter 4

N-Heterocyclic Carbene Stabilized Ag-P
Nanoclusters®

4.1 Introduction

Compared with tertiary phosphines, NHCs have been shown to form stronger bonds with
coinage metals due to their excellent o-donating property' and may thus be developed for
the stabilization of new coinage metal containing cluster frameworks.” Indeed, their ex-
cellent ligating properties have been exploited recently for the preparation and stabiliza-
tion of novel polymetallic main group cluster complexes® and have emerged as viable lig-
ands for the tailored surface functionalization of precious metal nanoparticles.*

Stabilizing ligands are also often required on the surface of semiconductor nanoclusters in
order to prevent their aggregation and formation of bulk material. It has been shown that
tertiary phosphines’ and amines® are good ancillary ligands for the preparation of metal-
chalcogenide clusters. The incorporation of ancillary ligands on the surface of a cluster
restricts the number of vacant coordination sites about the metals and stabilizes the cluster
core. Despite these successes, these two classes of ligands have demonstrated only limited

utility at passivating high nuclearity group 11-phosphide architectures.’

¥ B. Khalili Najafabadi, J. F. Corrigan, Chem. Commun., 2015, 51, 665-667. Reproduced
by permission of The Royal Society of Chemistry.
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Due in part to the coordination flexibility of the metal, the preparation of a series of na-
noscale Ag phosphide clusters represents an excellent opportunity to explore the molecule
to nanocluster evolution but such a series has yet to be developed.® The NHC 1,3-di-
isopropylbenzimidazole-2-ylidene (‘Pr,-bimy) can be used as a ligand to coordinate Ag(I)
centres but where its steric requirements are not so large as to limit the coordination num-
ber around the metal to a point where cluster formation would not be possible.”® Herein
we describe initial results on the formation of AgP architectures stabilized by this NHC,
with the facile preparation and structural analysis of [Ag,,(PSiMe,)('Pr,-bimy),] (13) and
[Ag,oP,(PSiMe;),,(‘Pr,-bimy),] (14).

4.2 Experimental

All syntheses were performed under an inert atmosphere using standard Schlenk line and
glovebox techniques. Chemicals were used as received from Strem Chemicals and/or Al-
drich. Tetrahydrofuran, diethyl ether, and pentane were purchased from Caledon and
dried by passing through packed columns of activated alumina using a commercially
available MBraun MB-SP Series solvent purification system. (‘Pr,-bimy),AgOAc™ and
P(SiMe,),,” were prepared according to published methods.

*'P{'"H} NMR spectrum was recorded on Inova 400 MHz spectrometer and is referenced
to 85% H,PO, (8 =0 ppm).

Data collection for X-ray structure determination was performed on a Bruker APEX-II
CCD diffractometer at 110(2) K (for 13) and 150(2) K (for 14) using graphite-
monochromated MoKa: radiation (A = 0.71073 A). Frame integration was performed with
SAINT software (Bruker AXS Inc., Madison, Wisconsin, USA, 2007). The structures we-
re solved by direct methods and refined by full-matrix least-squares cycles.' The result-
ing raw data were scaled and corrected for absorption using a multi-scan averaging of
symmetry equivalent data using SADABS (Bruker-AXS, SADABS version 2012.1, 2012,
Bruker-AXS, Madison, WI 53711, USA).

4.2.1 [Ag,,(PSiMe,)(Pr,-bimy).] (13)
(‘Pr,-bimy),AgOAc™ (0.35 g, 0.60 mmol) was dissolved in 25 ml of diethyl ether and
cooled to =67 °C. P(SiMe,);”" (0.09 ml, 0.30 mmol) was added at —67 °C. The solution
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was stirred as the acetone-dry ice bath warmed gradually to =25 °C. The clear red solu-
tion was stirred for ~30 min at this temperature and then kept at =25 °C over night. This
solution was layered with cold pentane for crystallization at —25 °C. Orange crystals of 13
formed after a few days beside some black powder. Yield: ~10 %. *'P{'H} (C,Dg, 200 K)

+31.8 ppm. EDX analysis of the black material was consistent with formulation Ag,P.

4.2.2 [Ag,P,(PSiMe,),,(Pr,-bimy),] (14)

(‘Pr,-bimy),AgOAc* (0.37 g, 0.65 mmol) was dissolved in 25 ml of THF and cooled to
—67 °C. P(SiMe,);” (0.09 ml, 0.30 mmol) was added at —67 °C. The solution was stirred
as the acetone-dry ice bath warmed gradually to =25 °C. The clear dark-red solution was
stirred for ~30 min at this temperature and then kept at =25 °C over night. The solvent
was removed cold in vacuo and 25 ml of diethyl ether was added to dissolve the solid.
This solution was layered with cold pentane for crystallization at =25 °C. Dark-red crys-

tals of 14 formed after two weeks beside some black powder. Yield: ~5 %.

4.3 Results and Discussion

The reaction of (Pr,-bimy),AgOAc™ and P(SiMe;),” in a 2:1 ratio yields
[Ag,,(PSiMe,),(Pr,-bimy),] (13) (diethyl ether as solvent). [Ag,P,(PSiMe,),,('Pr,-bimy),]
(14) (with THF as solvent) is isolated from these reagents when a higher (‘Pr,-
bimy),AgOAc to P(SiMe,), ratio (2:0.9) is used. Both products arise via activation of
P-Si bonds and illustrate the use of 'Pr,-bimy as a stabilizing ligand on the surface of
metal-phosphide clusters. The presence of both SiMe, and 'Pr,-bimy groups on the surface

of the formed clusters prevents their aggregation to extended solids.

[Ag12(PSiMes)s("Pra-bimy)g]
(13)

x(PPro-bimy),AgOAC + yP(SiMes); + AcOSiMes + ...

[Ag26P2(PSiMes)1o(Pro-bimy)g]
(14)

+ AcOSiMej + ...

Scheme 4-1 Preparation of 13 and 14
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Single crystals of 13 and 14 were formed by layering their solutions in diethyl ether with
pentane. Molecules of 13 crystallize in the monoclinic space group P2, with a Z of 2
(Table 4-1). This structure was refined as an inversion twin (R =(-100,0-10,00 -1))
with a Flack parameter of 0.29(5). The molecular structure of 13 in the solid state is
shown in Figure 4-1 with selected ranges of bond lengths listed in the caption. The
PSiMe; centres, formed via the cleavage of two —SiMe; moieties per phosphorus, arrange
themselves at the vertices of a (non-bonded) distorted P, trigonal prism where the two
normally congruent P, triangles are offset by ~18° from one another; the silver atoms are
positioned above the edges of this arrangement. The three inter-triangle edges are each
linked by two Ag(I). These are each coordinated by two PSiMe;, as well as one 'Pr,-bimy
ligand and display distorted trigonal planar geometries (average sum of the angles =
359.0(4)°) with the average C—Ag—P and P-Ag—P angles of 133.9(5) and 91.28(17)°, re-
spectively. Coordination by 'Pr,-bimy forces these silver atoms to move out from the trig-
onal prism arrangement of the phosphorus centres. The additional six Ag(I) are located
along the intra-triangular edges of the trigonal prism, coordinated by two PSiMe;. These
latter silver centres adopt bent geometries with an average P-Ag—P angle of 165.2(2)°.
The twelve silvers form a distorted anti-cuboctahedron (Figure 4-1, bottom) and each of
the PSiMe, is bonded to four Ag(l).

Molecules of 14 represent the first example of a condensed silver-phosphide nanocluster
with NHC ligands on the surface. Indeed, such condensed, molecular AgP frameworks
are exceptionally rare with only one other structure reported.” Nanocluster 14 crystallizes
in the triclinic space group P1 with a Z of 2 (Table 4-1). Although the preparative proce-
dure for 14 is similar, to that for 13, the higher Ag:P reaction stoichiometry results in the
formation and incorporation of two P* and the assembly of a larger framework. The mo-
lecular structure of 14 is illustrated in Figure 4-2 (top) as is the construction of the AgP
core (bottom); a selection of bond length parameters is listed in the caption. This binary
silver phosphide cluster consists of an Ag,P,, core, which has 8 'Pr,-bimy ligands on its
surface. 10 of the P centres retain one (surface) SiMe, moiety. As observed for 13, the
presence of SiMe, on the surface of 14 makes this cluster extremely sensitive to air and
moisture. On the other hand, these groups may lend themselves to further functionaliza-

tion of the cluster surface.
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Table 4-1 Crystallographic information for compounds 13-14

Compound 13-(C4H,,0)y 5 14-(CsH)p) 4
Formula CosH 67A21,N 1,00 50P6Sig C41Has0 50A 826N 6P 12515
Formula Weight (g/mol) 3170.23 5627.52
Crystal Color and Habit orange plate red plate
Crystal System monoclinic triclinic
Space Group P2, P1
Temperature, K 110(2) 150(2)

a, A 15.889(8) 17.285(4)
b, A 18.207(12) 20.433(5)
c, A 23.994(15) 29.512(8)
al 90 95.465(12)
Be 95.206(15) 91.603(9)
7.° 90 90.317(19)
v, A? 6913(7) 10371(4)
Z 2 2

F(000) 3162 5502

p (glem’) 1.523 1.802

u (mm™) 1.821 2.582
Max 26 for data collection, © 51414 49 556

R neree 0.0616 0.0846

R, 0.0572 0.0555
wR, 0.1149 0.1142
GOF 1.024 1.016
Maximum shift/error 0.041 0.001

In the structure of this cluster, there are two phosphorus centres that are present as phos-
phide ligands and each bridges six silver atoms. Both display one longer contact to a sil-
ver atom, which is in the middle of the core. The other 10 phosphorus atoms are present
as phosphinidines that retain one SiMe; group connected to them. Each of these 10 phos-
phorus atoms bridge 4 silver atoms. There are two types of silver atoms in this structure:
18 Ag are coordinated with only two phosphorus and show a bent geometry (153.58(10)
< P-Ag-P < 177.50(10)°). The other 8 Ag atoms have one 'Pr,-bimy coordinated to them
as well as two phosphorus, similar to the Ag(I) present in 13. These silver atoms exhibit
distorted trigonal planar geometry albeit with markedly differing P-Ag—P angles of ~93
to 130°. All of the Ag...Ag contacts are greater than 2.8 A, which is consistent with +1
oxidation state for the silver centres.™ To confirm the homogeneity of the compounds 13
and 14 (for which combustion analyses was not possible due to their sensitivity), EDX
analysis was performed on single crystals and the atomic ratio of Ag:P and P:Si were cal-
culated. The determined ratios are in agreement with the information obtained from single

crystal X-ray diffraction analysis (Figure 4-3 and Figure 4-4).
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Figure 4-1 Top: Molecular structure of 13 in the solid state. Bottom right: Line diagram of the
molecular structure of 13. Bottom left: Side view of the molecular structure of 13 where Pr-bimy
groups are omitted for clarity. Ag: silver, P: orange, Si: yellow, N: blue, C: grey. The hydrogen
atoms are omitted for clarity. Selected bond length ranges: 2.406(6) < Ag—P < 2.480(6) (two co-
ordinate Ag), 2.509(5) < Ag—P < 2.605(5) (3 coordinate Ag), 2.145(18) < Ag—C < 2.194(19),
2.198(7) < P-Si < 2.223(8) A.

63

www.manharaa.com



Figure 4-2 Top: Molecular structure of 14 in the solid state. Bottom right: Line diagram of the
molecular structure of the AgP core of 14. Bottom left: structure of the AgP core of 14. Ag: silver,
P: orange, Si: yellow, N: blue, C: grey. The hydrogen atoms are omitted for clarity. Selected bond
length ranges: 2.375(3) < Ag-P < 2.579(3), 2.169(12) < Ag-C < 2.215(11), 2.203(4) < P-Si <
2.230(4) A.
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Spectrum 1

ull Scale 5166 cts Cursor: -0.028 (1412 cts)

Figure 4-3 SEM image (left) and EDX spectrum (right) for the crystals of [Ag;,(PSiMes)s('Pr,-
bimy),] (13). Similar spectra were collected over three areas and the average Ag/P/Si ratios obtai-

ned are tabulated below.

Table 4-2 Average Ag/P and P/Si ratios for crystals of 13

Ag/P P/Si
Calculated 2.00 1.00
Observed 1.80 0.99

Spectrum 1

Eull Scale 3724 cts Cursor: 0.003 (3071 cts)

Whpm Electron Image 1

Figure 4-4 SEM image (left) and EDX spectrum (right) for the crystals of [Ag,sP,(PSiMes),o(‘Pr,-
bimy)g] (14). Similar spectra were collected over three areas and the average Ag/P/Si ratios obtai-

ned are tabulated below.

Table 4-3 Average Ag/P and P/Si ratios for crystals of 14

Ag/P P/Si
Calculated 2.16 1.20
Observed 2.04 1.18
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4.4 Conclusions

The synthesis of nanoscale metal-phosphide architectures remains an active area of re-
search, with a focus on developing new methods of preparation.'" This research area is
less developed when compared to the materials chemistry of other nanocluster semicon-
ductors such as the metal-chalcogenides.® '> Approaches that can be used to prepare
polymetallic phosphide complexes with sources of phosphorus include P,, PH;, Na,P and
P(SiMe,),."" " In a complementary vein, Scheer and coworkers have elegantly developed
fullerene-like metal-phosphorous materials using the cyclo-P5 ligand complex ((1’-
CsMes)Fe(1)’-P;)) as linking units between copper(I) halides.'* The formation and struc-
tural characterization of 13 and 14, which are the first examples of using NHCs to stabi-
lize such nanoscopic AgP clusters, shows that NHCs are excellent ancillary ligands to be
exploited in the synthesis of high nuclearity metal-main group clusters and expands the
accessibility of well-defined metal-phosphide architectures. We are actively developing
this area of nanocluster chemistry in order to develop and cement structure/property rela-

tionships for this system.
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Chapter 5

Silylphosphido Gold Complexes Coordinated
by NHC Ligands

5.1 Introduction

It has been shown that metal complexes that contain main group elements retaining
—SiMe; groups are suitable molecular precursors for the preparation of metal-
chalcogenide'* and metal-phosphide®* polynuclear materials. As described in Chapter 4,
NHC-Cu—-P(SiMe,), complexes are much more stable than homoleptic copper phosphido
complex with —P(SiMe,),. NHC-gold complexes’ are widely synthesized and their appli-
cation as catalysts”’ and anticancer agents® has been studied. Despite the several reports
of bridging gold phosphidos in the literature,”"" only few structurally characterized termi-
nal L-Au-PR, complexes (L = IPr'?, PPh,", PCyp,'*) are reported, with gold being coor-
dinated by NHC only in one report."

Gold polynuclear clusters have attracted a lot of research interest due to their fascinating
supramolecular architectures and optical properties arising from noncovalent metal-metal
interactions."”"* Despite these interesting characteristics, the chemistry of gold phosphide
clusters is not well established.'”*® Phosphine ligands are the dominant stabilizing ligands
for the formation of group 11 nanoclusters while N-heterocyclic carbenes (NHC) have

emerged as strong substituents for phosphines recently.”
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Herein we report the synthesis and characterization of a series of mononuclear gold com-
plexes that are coordinated with NHC ligands as well as —P(SiMe,), or —P(Ph)SiMe,.
These complexes are potential molecular precursors for the preparation of larger gold-
phosphide clusters since they carry —SiMe; groups attached to the phosphorus center that
can be eliminated upon the reaction with suitable polar compounds.”” We have tested the
reactivity of the P—Si bond in two of the synthesized complexes by the addition of an acyl
chloride and elimination of CISiMe; via the cleavage of P—Si bonds and the formation of

new P—C interactions.

5.2 Experimental

All syntheses were performed under an inert atmosphere using standard Schlenk line and
glovebox techniques unless otherwise stated. Chemicals were used as received from
Strem Chemicals and/or Aldrich. Tetrahydrofuran and pentane were purchased from Cal-
edon and dried by passing through packed columns of activated alumina using a commer-
cially available MBraun MB-SP Series solvent purification system. Chloroform-d was
purchased from Aldrich and distilled over P,O5. Benzene-d, was dried and distilled over
Na/K. PPh(SiMe;),,”" P(SiMe;),,” IPrAuCl” (IPr = 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene) and 'Pr,-bimyAuCl** (Pr,-bimy = 1,3-di-
isopropylbenzimidazole-2-ylidene) were prepared following literature procedures.

'H and "C{'H} NMR spectra were obtained on a Varian Inova 400 MHz spectrometer
and are reported in ppm. These spectra were referenced internally to solvent peaks rela-
tive to SiMe, (& = 0 ppm). *'P{'H} NMR spectra were recorded on the same spectrometer
and are referenced to 85% H;PO, (0 = 0 ppm).

Single crystal X-ray diffraction measurements were performed on a Bruker APEXII or a
Nonius KappaCCD diffractometer, with the molecular structures determined via direct

methods using the SHELX suite of crystallographic programs.” >

5.2.1 [(IPr)AuP(Ph)SiMe,] (15)
IPrAuCl (0.10 g, 0.16 mmol) was dissolved in 10 ml of THF. This cloudy solution was
cooled to 0 °C and PPh(SiMe,), (0.05 ml, 0.16 mmol) was added. The solution turned to a

yellow suspension by this addition. It was stirred at O °C for 15 min until the solid materi-
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al dissolved and yielded a clear solution. The volume was reduced to about half and 20 ml
of pentane was added, which precipitated out the product as an orange solid. The solvent
was removed with a pipette and the solid was washed with pentane (2x10 ml) and dried in
vacuo. Yield =0.08 g (62%)

'H NMR (400 MHz, C,Dy, 23 °C) 6 = 7.48 (m, 2 H), 7.27 (t, J=8 Hz 2 H), 7.09 (d, J=8
Hz, 4 H), 7.03 (overlapping peaks, 3 H), 6.30 (s, 2 H), 2.62 (sep, /=7 Hz, 4 H), 1.43 (d,
J=7 Hz, 12 H), 1.06 (d, J=7 Hz, 12 H), 0.24 (d, J=4 Hz, 9 H). "C{'H} NMR (100.5 MHz,
CiDy) 0 =179.5,1459, 137.1 (d, J=13 Hz), 134.8, 130.6, 126.9, 124.3,122.4,29.1, 247,
24.1,3.4(d,J=11 Hz).'P{'H} NMR (C(Ds, 23 °C) & = —-95.5. m.p.: 140 °C (dec.)

5.2.2 [(IPr)AuP(SiMe,),] (16)

Complex 16 was prepared analogously to 15 except that P(SiMe,); was used instead of
PPh(SiMe;),. Yield =0.13 g (70%).

'H NMR (400 MHz, CD, 23 °C) 6 = 7.26 (t, J=7 Hz, 2 H), 7.09 (d, J=7 Hz, 4 H), 6.27
(s,2H),2.61 (sep,J=7 Hz,4 H), 1.49 (d, /=7 Hz, 12 H), 1.06 (d, J=7 Hz, 12 H), 0.30 (d,
J=4 Hz, 18 H). "C{'H} NMR (100.5 MHz, C;D,) 8 = 186.6, 145.8, 135.0, 130.5, 124.2,
122.2,29.0,24.7,24.1,69 (d, J=11 Hz). *'P{'"H} NMR (C,D,, 23 °C) & = -235.7. m.p.:
136 °C (dec.)

5.2.3 [(Pr,-bimy)AuP(Ph)SiMe,] (17)

Pr,-bimyAuCl (0.10 g, 0.23 mmol) was dissolved in 10 ml of THF and cooled to 0 °C.
PhP(SiMe,), was added to this solution, which resulted in a suspension. It was stirred in
the ice bath for ~15 min until the solution turned clear. The volume of the solution was
reduced to half under vacuum and then 20 ml pentane was added to precipitate complex
17 as a yellow solid. Yield = 0.09 g (67%)

'H NMR (400 MHz, C,Dy, 23 °C) & = 8.29 (t, J=7 Hz, 2 H), 7.26 (t, J=7 Hz, 2 H), 7.15
(overlapping with solvent peak, 1 H), 6.94 (overlapping peaks, 4 H), 5.17 (br, 2 H), 1.31
(d, J=5 Hz, 12 H), 0.67 (d, J=4 Hz, 9 H)."C{'H} NMR (100.5 MHz, C;D,) & = 179.5,
1379, 137.2 (d, J=13 Hz), 133.0, 1274, 1235, 112.8, 52.9, 21.8, 3.0 (d, J=11 Hz).
*'P{'H} NMR (CDy, 23 °C) 6 =-94.9. m.p.: 128 °C (dec.)
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524 [(Pr,-bimy)AuP(SiMe,),] (18)

18 was synthesized via the same method as for 17 where P(SiMe;), was used instead of
PPh(SiMe,),. Yield =0.08 g (56%)

'H NMR (400 MHz, C,D,, 23 °C) 8 = 6.91 (overlapping peaks, 4 H), 5.23 (sep, J=7 Hz, 2
H), 1.31 (d, J=7 Hz, 12 H), 0.73 (d, J=4 Hz, 18 H)."C{'H} NMR (100.5 MHz, C,D,) & =
185.5, 1229, 112.3, 523, 212, 6.9 (d, J=11 Hz). *'P{'H} NMR (C/D,, 23 °C) & =
-235.0. m.p.: 122 °C (dec.)

5.2.5 [(IPrAu),PPhC(O)Ph][AuCL] (19)

0.14 g (0.18 mmol) of 15 was dissolved in 10 ml of THF and cooled to 0 °C. PhC(O)Cl
(0.02 ml, 0.18 mmol) was added to this solution which was stirred at 0 °C for 30 min.
Some black solid formed which was filtered and the filtrate collected. The solvent was
removed in vacuo and then the white solid was washed with pentane (3x10 ml). Layering
of a THF solution of this solid with pentane resulted colourless crystals of 19. Yield =
0.06 g (60%, based on Au).

'H NMR (400 MHz, CDCl,, 23 °C) & = 7.55-7.48 (overlapping peaks, 6 H), 7.40-7.27
(overlapping peaks, 16 H), 7.17 (s, 4 H), 2.56 (sep, J=7 Hz, 8 H), 1.34 (d, J=7 Hz, 24 H),
1.22 (d, J=7 Hz, 24 H). "C{'H} NMR (100.5 MHz, CDCL,) & = 220.1, 186.3, 145.6,
1340, 130.7, 124.2, 124.0, 123.3, 123.06, 28.8, 24.5, 24.0. *'P{'"H} NMR (CDCl,, 23 °C)
0 =27.4. Anal. Calcd 19.(C,H;0),: C, 50.78; H, 5.72; N, 3.00. Found: C, 50.36; H, 5.88;
N, 3.18. HRMS: Calc. for [CHg,Au,N,OP]" m/z = 1383.55576. Found. m/z =
1383.55571.

5.2.6 PPh(C(O)Ph),” (20)

Freshly made 17 (0.10 g, 0.17 mmol) was dissolved in 10 ml of THF. PhCOCI (0.04 ml,
0.34 mmol) was added to this solution. A white solid was formed right after this addition.
The solution was stirred at r.t. for 1 hr and then the solid was separated via filtration.
NMR spectroscopy and mass spectrometry confirmed the solid to be 'Pr,-bimyAuCl.** 20
ml of pentane was added to the filtrate and filtered again in order to remove all 'Pr,-
bimyAuCl from the solution. The solvent was removed in vacuo to yield 20 as a yellow

solid. Crystals suitable for X-ray crystallography were formed from cooling the

THF/pentane solution to —25 °C. Yield =0.04 g (75%)
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'H NMR (400 MHz, C,D,, 23 °C) & = 8.06 (d, J=7 Hz, 4 H), 7.61 (t, J=8 Hz, 2 H),
7.00-6.91 (overlapping peaks, 9 H). "C{'H} NMR (100.5 MHz, C,D,) 6 = 208.51 (d,
J=34 Hz), 140.23 (d, J=36 Hz), 137.57 (d, J=19 Hz), 133.47, 130.74, 129.11-128.95
(overlapping peaks). *'P{'H} NMR (C,Dy, 23 °C) 6 = 29.42. HRMS: Calc. for C,,H,;PO,
m/z = 318.0809. Found. m/z = 318.0806.

5.3 Results and Discussion

Recently a NHC ligated digold(I)-di(bis(trimethylsilyl)phosphido complex of [Auy("Bua-
benzo(imy),){P(SiMe;),}2] ("Bug-benzo(imy), = tetrakis(nbutyl)benzobis(imidazolium))
has been prepared in our group from the reaction of [Au,Cly("Bug-benzo(imy):)]*® with
Li[P(SiMe;3),].** We have also shown that NHC ligated copper-trimethylsilyl phosphido
complexes can be synthesized via the reaction of NHCCuOAc with P(SiMe,),. In this
Chapter we report a convenient route to synthesize 15-18, which involved the simple ad-
dition of phosphine (P(SiMe,), or PhP(SiMe,),) to a solution of NHC—Au-Cl (NHC =
Pr,-bimy or IPr) at 0 °C and elimination of CISiMe, via the cleavage of a P-Si bond
(Scheme 5-1 to Scheme 5-4). Formation of these complexes was confirmed by 'H,
PC{'H} and *'P{'H} NMR spectroscopy. It was found that the byproduct (CISiMe,)
should be removed as soon as the reaction is done due to the competitive reactions that

result in other NHC containing compounds (e.g. NHC.HCI, [(NHC),Au]").

-

E >—AuC| + PPh(SiMe;), ———— [ >7AuP(Ph )SiMe; + CISiMe,

Realilinen

Scheme 5-1 Preparation of 15
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B 2

AuCl + P(SiMe3)3 AuP(SiMej), + CISiMe;

AT

Scheme 5-2 Preparation of 16

N 7 N
@i >—AUCI + PPh(SiMe3)y ——— > (I >7AUP(Ph)SiMe3+ CISiMes

17

Scheme 5-3 Preparation of 17

N Z N
| >—AuCI + P(SiMes); —— > | >—AuP(SiMe3)2 + CISiMes
N x N

18

Scheme 5-4 Preparation of 18

Complexes 15-18 could also be synthesized from the reaction of ['Pr,-bimyAuOAc] or
[IPrAuOAc] with the corresponding silylphosphines, starting at =25 °C and gradually
warming the reaction solution to r.t. This method adds another step to the preparation of
the starting materials since [NHCAuOAc] (NHC = Pr,-bimy or IPr) compounds are syn-
thesized from [NHCAuCl] complexes.*”*'
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The reaction of silylphosphines with acid chlorides in order to prepare related
acylphosphides has been well established.” ** Becker has also demonstrated the formation
of P=C bonds from the reaction of RP(SiMe,), with pivalic chloride and elimination of
one of the —SiMe, moieties followed by rearrangement of the second silyl group.* Our
group has successfully applied this method for the preparation of [MI(Pr,-
bimy),P{C(O)Ph},] complexes (M = Pd, Ni) from [MI(Pr,-bimy),{P(SiMe,),}] (M = Pd,
Ni) and two equivalents of benzoyl chloride.”

Complexes 15 and 17 were reacted with PhC(O)CI to investigate the accessibility of the —
SiMe, groups via the elimination of CISiMe,. [(IPrAu),PPhC(O)Ph][AuCl,] (19) was
formed from the reaction of 15 with benzoyl chloride. Although isolation of this product
confirms the reactivity of the —SiMe,; group in 15, it also illustrates the elimination of
some of the IPr ligands and breakage of some of the Au—P bonds.

When 17 was reacted with PhC(O)C1, PPh(C(O)Ph),” (20) was isolated as product, which
exhibits the reactivity and accessibility of the —SiMe; group in 17. However, this experi-
ment also demonstrates the cleavage of all of the Au—P bonds. This could be the result of
a consequent nucleophilic attack to the gold centre in a pre-formed
NHC-Au-P(Ph)C(O)Ph and breakage of the Au—P bond. In order to explore this hypoth-
esis, the reaction of in situ prepared [(‘Pr,-bimy)AuP(Ph)SiMe,] (17) (using [Pr,-
bimyAuOAc]) with PhC(O)CI (Scheme 5-5) was monitored by NMR spectroscopy. After
the addition of one equivalent of PhC(O)CI, the peak related to —SiMe; group in 17 dis-
appeared and an intermediate was detected along with the PPh(C(O)Ph), (Figure 5-1) and
precipitation of a small amount of solid (['Pr,-bimyAuCl]). This intermediate, that is be-
lieved to be [(‘Pr,-bimy)AuP(Ph)C(O)Ph] *'P{'H} NMR (C,D,, 23 °C) 6 = 146.7), could
not be isolated and fully characterized. After the addition of the second equivalent of ben-
zoylchloride, all of that intermediate was converted to [Pr,-bimyAuCl] and

PPh(C(O)Ph),.
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’ >7AUP(Ph)SIMe3+ 2PhC(O CI—»(I >7AuCI + PPh(C )Ph)2
)\ + ClSiMes

17

Scheme 5-5 Activation of 17 with PhC(O)Cl
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Figure 5-1 "H NMR spectrum of the reaction of 17 with PhC(O)CI.

The 'H chemical shifts of the P-SiMe, moieties of 15 and 16 (0.24 ppm and 0.30 ppm
respectively) don’t exhibit a significant difference compared to those for PhP(SiMe;), and
P(SiMe,); (0.25 ppm and 0.30 ppm, respectively). "C{'H} and *'P{'H} chemical shifts of
the aforementioned groups however, show significant changes versus the corresponding
chemical shifts in their starting materials. Both "C{'H} and *'P{'H} chemical shifts of the
P-SiMe, groups in 15 (3.4 ppm and —95.5 ppm, respectively) appear to lower field when
compared to the corresponding peaks in the NMR spectra of PhP(SiMe;), (1.34 ppm and
—137.6 ppm, respectively). The same trend is observed in the NMR spectra of 16 where
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PC{'H} (6.9 ppm) and *'P{'H} (-235.7 ppm) NMR spectra show higher chemical shift
values versus P(SiMe,), (4.25 ppm and —252.4 ppm, respectively). 'H NMR chemical
shifts related to the IPr carbene have shifted to lower field for both 15 and 16 compared to
the corresponding peaks in the spectrum of [IPrAuCl].

On the other hand, differences in the chemical shifts of the P-SiMe, moieties of 17 and
18 versus their starting materials are pronounced in all NMR spectra. 'H, "C{'H} and
*'P{'"H} NMR spectra of 17 exhibit chemical shifts at 0.67, 3.0 and —94.9 ppm respective-
ly that are moved to the lower field when compared to the corresponding peaks in the
NMR spectra of PhP(SiMe;),. Complex 18 also shows peaks with more positive chemical
shift values in its 'H, "C{'H} and *'P{'H} NMR spectra (0.73, 6.9 and —235.0 ppm)
compared to P(SiMe,),. These comparisons show that 'Pr,-bimy has more effect on the 'H
NMR chemical shifts of the groups that are attached to the P center compared to IPr at the
same position. This has been also observed previously in the 'H NMR spectra of [(‘Pr,-
bimy),CuP(SiMe,),] (11) and [(IPr)CuP(SiMe,),] (12). The peaks corresponding to the
"Pr,-bimy ligand in 17 and 18 have also shifted to higher chemical shift values when com-
pared to the NMR spectrum of ['Pr,-bimyAuCl]. All of the observed chemical shifts in the
NMR spectra of 15-18 are in close agreement with those reported for metal-
(trimethylsilyl)phosphido complexes with a terminal —P(SiMe;)***
recently reported NHC-M-P(SiMe,), complexes (M = Cu (Chapter 4), Au™).

Complex 19 also exhibits characteristic chemical shifts in 'H, "C{'H} and *'P{'H} NMR

especially with our

spectra. Peaks corresponding to the silyl group in the starting material (complex 15) have
disappeared from 'H and "C{'H} NMR spectra and the only *'P{'H} resonance has shift-
ed from —95.5 ppm in 15 to 27.4 ppm in 19. This significant downfield shift of 123 ppm
confirms the replacement of the electron-donating trimethylsilyl moiety with the electron-
withdrawing benzoyl group. The phosphine 20 has been synthesized previously”’ but no
NMR chemical shifts were reported. 'H and "C{'H} NMR spectra for this compound ex-
hibit characteristic peaks in the aromatic region and one peak at 29.42 ppm is observed in
the *'P{'"H} NMR spectrum.

Molecular structures of 15, 16, 19, and 20 in the solid state have been determined by sin-
gle crystal X-ray diffraction technique. Suitable single crystals of 15 and 16 were formed

from layering of their solutions in THF with pentane at —25 °C while crystals of 19 were
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prepared via the same method at room temperature. Single crystals of 20 were formed
from cooling its solution in THF/pentane to —25 °C. Molecules of 15 were crystallized in
the space group P1 with Z = 4. In this structure two independent molecules are present in
an asymmetric unit that are otherwise the same. Molecule 1 is considered here for the
structural discussion. The gold center in this molecule exhibits a slightly bent geometry
with an angle of 177.19(4)° and the coordination around the phosphorus atom is distorted
trigonal pyramidal with a slightly larger Au—P—C(Ph) angle. The angles around this
phosphorus centre range from 95.09(3)° to 105.95(6)° which are in average smaller than
those reported for angles around the phosphorus in IPrAuP(Mes), (101.22(11)° to
117.98(13)°) with bulkier mesityl groups.'> However, the Au—C and Au—P bond lengths
for 15 (2.0342(17) and 2.3225(8) A respectively) are almost the same as those in
IPrAuP(Mes), (2.043(3) and 2.3195(9) A respectively).'” A comparison of these bond
lengths with Au—C and Au-P bond lengths in [IPrAuPPh;][BF,] (2.039(5) and
2.2939(15) A respectively)® in addition to the trigonal pyramidal geometry around the
phosphorus center, confirms that the lone pair on the P center is not contributing to the
Au-P bond. Having three different groups coordinated to the P atom in 15, in addition to
the lone pair, phosphorus is considered to be a chiral centre. Although the environment
around the isopropyl groups on the IPr ligands are different in the solid state, but in the
solution NMR there are only two chemical shifts observed for the protons of the isopropyl
moieties, which is the same as more symmetrical IPr ligated complexes.”* Table 5-1

lists selected bond lengths and angles for 15.
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Figure 5-2 Left: Molecular structure of one of two independent molecules of [[PrAuP(Ph)SiMes]
(15). Ellipsoids are at the 50% probability level and hydrogen atoms were omitted for clarity.
Right: Space filling model. Au: dark red, P: orange, Si: yellow, N: blue, C: grey.

Table 5-1 Selected bond lengths (A) and angles (°) for 15

Aul-Cl 2.0342(17) Cl-Aul-P1 177.19(4)
Aul-P1 2.3225(8) C28-P1-Sil 99.02(6)
P1-C28 1.8514(19) C28-P1-Aul 105.95(6)
P1-Sil 2.2337(9) Sil-P1-Aul 95.09(3)

Complex 16 also crystallizes in the space group P1 with Z = 4 and thus two independent
molecules in the asymmetric unit as well as a disordered pentane molecule that sits on a
centre of symmetry. In molecule 1, the coordination around the gold centre is bent with a
C—Au-P angle of 175.74(4)°, which is slightly smaller than the corresponding angle in
15. Phosphorus atom also displays distorted trigonal pyramidal geometry with angles
around the phosphorus ranging from 100.54(3)° to 105.74(3)°. Au—C and Au-P bond
lengths for 16 are 2.0326(14) A and 2.3197(6) A respectively that are very similar to the
corresponding angles in 15 and IPrAuP(Mes),'” as described above. Selected bond lengths

and angles for complex 16 are listed in Table 5-2.
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Figure 5-3 Left: Molecular structure of one of two independent molecules of [IPrAuP(SiMes),]
(16). Ellipsoids are at the 50% probability level and hydrogen atoms were omitted for clarity.
Right: Space filling model. Au: dark red, P: orange, Si: yellow, N: blue, C: grey.

Table 5-2 Selected bond lengths (A) and angles (°) for 16

Aul-Cl 2.0326(14) Cl-Aul-P1 175.74(4)
Aul-P1 2.3197(6) Sil-P1-Si2 105.74(3)
P1-Sil 2.2228(8) Sil-P1-Aul 101.50(2)
P1-Si2 2.2244(7) Si2—P1-Aul 100.54(3)

Complex 19 was also structurally characterized by single crystal X-ray diffraction tech-
nique. This compound crystallizes in the space group Pca2, with Z = 4 with two THF
molecules of crystallization. Two gold centers in the cation display bent geometry with an
average angle of 173.3° while the phosphorus center has a distorted tetrahedral coordina-
tion around it with the angles ranging from 105.4(8)° to 121.46(15)°. In this cation, gold
atoms show a distance of 3.996 A, which is close to other non-cyclic phosphido bridging

11,50

complexes, and illustrates that there is no significant aurophilic interaction between

these gold centers.”' Selected bond lengths and angles for 19 are listed in Table 5-4.
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Table 5-3 Crystallographic information for 15, 16, 19, 20

Compound 15 16-(CsH,5)055 19-(C,H;0), 20
Formula C;¢HsoAuN,PSi Cs405Hs675AuN,PSi,  C;sHggAu;CLN,O5P CH sO,P
Formula Weight (g/mol) 766.80 780.68 1796.34 318.29
Crystal Color and Habit  colourless block yellow block colourless plate yellow needle
Crystal System triclinic triclinic orthorhombic triclinic
Space Group P1 P1 Pca2, P1
Temperature, K 110 110 110 110

a,A 13.049(3) 12.547(3) 20.843(4) 5.9715(6)
b, A 16.047(5) 16.043(4) 14.477(3) 8.3046(9)
c, A 17.969(5) 20.509(5) 24.559(5) 16.379(2)
al 77.745(14) 89.721(9) 90 79.725(5)
Be 89.241(10) 78.309(12) 90 87.641(4)
7.° 86.737(10) 77.757(15) 90 78.852(5)
vV, A3 3671.1(17) 3947.8(16) 7411(2) 784.11(15)
zZ 4 4 4 2

F(000) 1552 1593 3544 332

p (g/em’) 1.387 1313 1.610 1.348
u(mm™) 4.108 3.850 12.170 1.606

R, 0.0367 0.0326 0.0540 0.0330
wR, 0.0657 0.0613 0.1546 0.0868
GOF 0.985 0.995 1.047 1.072
Maximum shift/error 0.004 0.007 0.348 0.000

Although compound 20 was reported in a patent previously,” it has not been structurally
characterized. This molecule crystallizes in the space group P1 with Z = 2. The geometry
around the P center is distorted trigonal pyramid with angles range from 96.74(7)° to
102.83(7)° where C7-P1-C14 is the smallest. The P1-C1, P1-C7, and P1-C17 bond
lengths are 1.8195(15), 1.8822(16), and 1.8841(15) A respectively (Figure 5-5).

Table 5-4 Selected bond lengths (A) and angles (°) for 19

Aul-Cl 2.024(13) Cl-Aul-P1 175.5(4)
Aul-PI 2.288(3) C28-Au2-P1 173.1(4)
Au2-C28 2.067(14) C62-P1-C55 105.4(8)
Au2-P1 2.292(3) C62-Pl1-Aul 111.2(6)
P1-C62 1.833(17) C55-P1-Aul 104.6(6)
P1-C55 1.856(18) C62-P1-Au2 107.5(5)
01-C55 1.232) C55-P1-Au2 105.5(6)
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Figure 5-4 Molecular structure of [(TPrAu),P(Ph)C(O)Ph]* in the solid state. Ellipsoids are at the
50% probability level and hydrogen atoms were omitted for clarity. Au: dark red, P: orange, O:
red, N: blue, C: grey.

Figure 5-5 Molecular structure of 20 in the solid state. Ellipsoids are at the 50% probability. P:
orange, O: red, C: grey, H: white.
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5.4 Conclusions

Four new NHC coordinated gold silylphosphido complexes were successfully synthesized
and characterized. Although the consequent reaction of 15 and 17 with benzoyl chloride
confirmed the reactivity and accessibility of —SiMe, groups, the cleavage of Au—P bond
occurred which resulted in the elimination of NHC—Au moieties. This may not be an is-
sue when these complexes react with other metal sources (such as metal acetates) that do
not contain strong nucleophiles (such as CI") and hence those reactions should be investi-
gated to take advantage of the accessible —SiMe; groups in 15-18, in order to synthesize
multinuclear complexes coordinated by NHC ligands. On the other hand, NMR studies
showed that reaction of 17 with benzoyl chloride is a stepwise reaction. So it might be
possible to synthesize asymmetric phosphines (PRR’R”) by the addition of a different

acylchloride in the second step of the reaction.
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Chapter 6

Conclusions and Future Directions

N-Heterocyclic carbenes have been extensively studied during the past few decades, high-
lighting their unique characteristics in organometallic synthesis and their numerous appli-
cations as catalysts. However, their usage as ligands in stabilizing nanoclusters has been
much less explored. On the other hand, metal silylphosphido complexes have been proven
to be efficient molecular precursors for the formation of metal-phosphides. This thesis
discussed the synthesis and characterization of coinage metal silylphosphido and t-
butylthiolate complexes that are coordinated by NHC ligands and are promising molecu-
lar precursors for the synthesis of larger nanoclusters.

Chapter 2 illustrates a comparison between NHC and PR3 ligands in solubilizing and sta-
bilizing [CuS'Bu] and [AgS'Bu] coordination polymers to form polynuclear copper and
silver t-butylthiolate clusters. It was found that NHCs are excellent alternatives for PR,
ligands; furthermore, polynuclear clusters that had NHCs as stabilizing groups were more
stable under ambient lighting conditions compared to those that were coordinated by PR,
ligands. Molecular structures of the eight synthesized polynuclear clusters were character-
ized by X-ray diffraction technique, and were found to be related to the previously report-
ed copper and silver t-butylthiolate clusters stabilized with PR, ligands. The cluster
frameworks were found to be structurally affected by the steric demands of the ligands

that were used to stabilize them.
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It was shown in Chapter 3 that NHC coordinated copper silylphosphido complexes, ['Pr,-
bimy),CuP(SiMes),] (11) and [(IPr)CuP(SiMe,),] (12), exhibit enhanced thermal stability
in the solid state, compared to the very sensitive homoleptic copper silylphosphido com-
plex [Cus{P(SiMe;),}] (9). Their improved stability makes them better candidates for
binary and ternary copper-phosphide cluster assembly, compared to the homoleptic cop-
per silylphosphido complex (9). By means of employing two NHC ligands with very dif-
ferent steric characteristics, and different ligand-to-metal ratios, 11 and 12 become poten-
tial precursors for ternary phosphide nanocluster assembly.

Although similar mononuclear NHC ligated silver silylphosphido complexes were not
isolated from analogous reactions with silver, two polynuclear AgP clusters
[Ag,,(PSiMe,),("Pr,-bimy),] (13) and [Ag,P,(PSiMe,),,('Pr,-bimy),] (14) were formed by
applying the 'Pr,-bimy ligand. These were the first examples of NHC-stabilized nano-
scopic AgP clusters, whose synthesis and characterizations were discussed in Chapter 4.
Formation and structural features of these isolated clusters indicate that NHCs are excel-
lent ancillary ligands to be exploited in the synthesis of high-nuclearity frameworks.
Chapter 5 describes the synthesis of gold silylphosphido complexes coordinated with two
NHC ligands: 'Pr,-bimy and IPr. They both were successfully utilized in the facile prepa-
ration of gold complexes coordinated with either —P(SiMes), or —P(Ph)SiMe; moieties.
Furthermore, reactivity of the P—Si bond in [IPrAuP(Ph)SiMes;] (15) and [(Pr,-
bimy)AuP(Ph)SiMe;] (17) was explored via the addition of PhC(O)Cl. The product of
such reactions was the formation of [(IPrAu),PPhC(O)Ph][AuCl,] (19) and PPh(C(O)Ph),
(20), respectively, as well as the elimination of Cl1SiMe;. This confirms that the P—Si bond
is indeed accessible, and thus, synthesized gold silylphosphido complexes are promising
candidates for preparation of larger gold-phosphide clusters.

Further investigation in this area involves the application of the aforementioned synthe-
sized molecular precursors in order to form large nanoclusters. This can be accomplished
by reacting the copper and gold silylphosphido complexes with other metal salts in target-
ing ternary metal-phosphide clusters. It was shown in Chapter 5 that the chloride ion
might result in the cleavage of Au—P bond as a result of its high nucleophilicity. Acetate
ion, on the other hand, has lower nucleophilicity and thus, metal acetates could be more

suitable reagents. Metal acetates have the potential to be coordinated by phosphine or
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carbene ligands, which could further help stabilize the formed nanoclusters.

(NHC)MP(SiMe3); + 2LMOAC — > [(NHC),L,MM,P], + 2SiMesOAC + ...

NHC = ‘Prz-bimy, IPr L = NHC, phosphine 0<x,y<1
M =Au, Cu M'=CU,AQ,AU

Scheme 6-1 General reaction of metal silylphosphido complexes with metal acetates to form met-

al phosphide clusters.

Molecular precursors containing —P(Ph)SiMes are expected to form smaller multinuclear
complexes via the reaction with other metal salts. This is due to the presence of only one
SiMe; group attached to the phosphorus center in such precursors, to be eliminated via
the activation reaction. Such smaller multinuclear complexes should be targeted as a start-

ing point for this new area of cluster chemistry.

(NHC)AUP(Ph)SiMe; + LM'OAc — » [(NHC),L,AuUMP(Ph)], + SiMezOAc + ..
NHC = 'Pry-bimy, IPr L = NHC, phosphine 0<x,y<1
M' = Cu, Ag, Au S=1 2

Scheme 6-2 General reaction of gold complexes containing —P(Ph)SiMe,; with metal acetates to

form multinuclear metal phosphide complexes.

During the course of this study, it was observed that IPr and especially iPrz-bimy are not
suitable ligands in terms of the formation of single crystals. Thus, exploration of other
NHC ligands that improve crystallization of formed complexes is suggested. Employment
of other NHC ligands with different steric demands should affect the size and stability of

the formed clusters and even mononuclear complexes.
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D. X-ray Crystallographic Data Parameters for
Compounds 1-16, 19, and 20
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Table D. 1 Summary of Crystal Data for 1

Formula C,H,.Cl,Cu,N,S,
Formula Weight (g/mol) 1185.28

Crystal Dimensions (mm ) 0.352 x 0.333 x 0.198
Crystal Color and Habit colourless block
Crystal System monoclinic
Space Group P 2,/c
Temperature, K 110(2)

a, A 10.315(2)

b, A 24.927(7)

c, A 11.256(2)

o,° 90

B.° 104.654(10)

Y,° 90

Vv, A’ 2800.0(12)
Number of reflections to determine final unit cell |5711

Min and Max 20 for cell determination, ° 19.1,66.34

Z 2

F(000) 1232

), A, (MoKa) 0.71073

w (mm™) 1.871
Diffractometer Type Bruker APEX-II CCD
Scan Type(s) @ and w scans
Max 20 for data collection, ° 77.448

Measured fraction of data 0.998

Number of reflections measured 118869

Unique reflections measured 15872

| 0.0408

Number of reflections included in refinement 15872

Cut off Threshold Expression [ >20(])

Structure refined using

full matrix least-squares using F*

Number of parameters in least-squares

331

R, 0.0315

WR, 0.0680

R, (all data) 0.0518

WR, (all data) 0.0743

GOF 1.034
Maximum shift/error 0.002

Min & Max peak heights on final AF Map (e/A) 0.623,0.851

www.manaraa.com
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Table D. 2 Summary of Crystal Data for 2

Formula C40H80C14CU4N4S4
Formula Weight (g/mol) 1141.28

Crystal Dimensions (mm ) 0.32 x 0.14 x 0.10
Crystal Color and Habit colourless tetragonal prism
Crystal System Monoclinic

Space Group P2(1)/c
Temperature, K 110(2)

a, A 10.363(2)

b, A 23.568(6)

c, A 11.579(3)

o.,° 90.00

B.° 106.670(4)

v,° 90.00

v, A’ 2709.0(12)
INumber of reflections to determine final unit cell [2759

Min and Max 20 for cell determination, ° 6.46, 64.9

V4 2

F(000) 1192

p (g/em’) 1.399

N, A, (MoKa) 0.71073

w (mm’™) 1.930
Diffractometer Type Bruker APEX-II CCD
Scan Type(s) ¢ and o scans
Max 20 for data collection, ° 66.4

Measured fraction of data 0.998

INumber of reflections measured 126773

Unique reflections measured 10352

R neree 0.0381

INumber of reflections included in refinement 10352

Cut off Threshold Expression >20(1)

Structure refined using

full matrix least-squares using F

Number of parameters in least-squares

284

R 0.0288

WR, 0.0702

R (all data) 0.0401

wR, (all data) 0.0744

GOF 1.032
Maximum shift/error 0.002

Min & Max peak heights on final AF Map (e/A) |0.567, 1.536
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Table D. 3 Summary of Crystal Data for 3

Formula C34H78CU4PQS4
Formula Weight (g/mol) 931.30

Crystal Dimensions (mm ) 0.206 x 0.158 x 0.151
Crystal Color and Habit colourless block
Crystal System triclinic

Space Group P -1
Temperature, K 150(2)

a, A 9.468(3)

b, A 10.869(4)

c, A 12.157(5)

o.,° 68.774(14)

B.° 78.351(10)

v,° 82.542(12)

v, A’ 1139.9(7)
INumber of reflections to determine final unit cell (7723

Min and Max 2q for cell determination, ° 5.58, 61.02

V4 1

F(000) 492

p (g/em’) 1.357

N, A, (MoKa) 0.71073

u (mm™) 2.115
Diffractometer Type Bruker APEX-II CCD
Scan Type(s) ¢ and o scans
Max 20 for data collection, ° 71.81

Measured fraction of data 0.955

INumber of reflections measured 25671

Unique reflections measured 8769

R neree 0.0314

INumber of reflections included in refinement 8769

Cut off Threshold Expression [>20(])

Structure refined using

full matrix least-squares using F

Number of parameters in least-squares 208

R, 0.0368

wR, 0.0735

R, (all data) 0.0647

wR, (all data) 0.0821

GOF 1.005
Maximum shift/error 0.002

Min & Max peak heights on final DF Map (e/A) -0.451, 0.511
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Table D. 4 Summary of Crystal Data for 4

Formula C34H78CU4PQS4
Formula Weight (g/mol) 931.30

Crystal Dimensions (mm ) 0.612 x 0.233 x (0.223
Crystal Color and Habit colourless needle
Crystal System monoclinic
Space Group P2/c
Temperature, K 110(2)

a, A 10.2300(14)

b, A 13.023(2)

c, A 18.533(3)

a,’ 90

B.° 114.317(4)

Y,° 90

V,A° 2250.0(6)
Number of reflections to determine final unit cell | 4623

Min and Max 20 for cell determination, ° 5.74,71.3

Z 2

F(000) 984

p (g/em’) 1.375

A, A, (MoKa) 0.71073

w (mm™) 2.143
Diffractometer Type Bruker APEX-II CCD
Scan Type(s) ¢ and o scans
Max 260 for data collection, ° 78.722
Measured fraction of data 0.997

Number of reflections measured 19802

Unique reflections measured 19802

Number of reflections included in refinement 19802

Cut off Threshold Expression 1>20(I)

Structure refined using

full matrix least-squares using F

Number of parameters in least-squares 212

R, 0.0298

WR 0.0592

R, (all data) 0.0442

wR; (all data) 0.0625

GOF 1.016
Maximum shift/error 0.003

Min & Max peak heights on final AF Map (e/A) | -0.477, 0.465
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Table D. 5 Summary of Crystal Data for §

Formula

CogH160AgsNgSg

Formula Weight (g/mol) 2569.77

Crystal Dimensions (mm ) 0.138 x 0.083 x 0.076
Crystal Color and Habit colourless prism
Crystal System triclinic

Space Group P -1
Temperature, K 111(2)

a, A 9.990(3)

b, A 12.648(4)

c, A 23.429(9)

oL,° 78.597(13)

B.° 78.069(9)

v,” 80.553(12)

vV, A’ 2815.7(17)
INumber of reflections to determine final unit cell (9986

Min and Max 20 for cell determination, ° 4.86, 53.48

V4 1

F(000) 1308

p (g/em’) 1516

N, A, (MoKa) 0.71073

w (mm’™) 1.553
Diffractometer Type Bruker APEX-II CCD
Scan Type(s) ¢ and o scans
Max 20 for data collection, ° 56.574
Measured fraction of data 0.999

Number of reflections measured 52327

Unique reflections measured 13901

R neree 0.0362

Number of reflections included in refinement 13901

Cut off Threshold Expression [ >20(D)
Structure refined using full matrix least-squares using F
Number of parameters in least-squares 616

R, 0.0464

wR, 0.1068

R, (all data) 0.0778

wR, (all data) 0.1234

GOF 1.051

Maximum shift/error 0.002

Min & Max peak heights on final AF Map (e/A) |-1.243, 1.728
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Table D. 6 Summary of Crystal Data for 6

Formula

C47.38H06.75A26N400 3436

Formula Weight (g/mol) 1567.61

Crystal Dimensions (mm ) 0.210 x 0.170 x 0.115
Crystal Color and Habit colourless needle
Crystal System monoclinic
Space Group C2
Temperature, K 150(2)

a, A 29.293(11)

b, A 12.976(5)

c, A 19.198(8)

o,° 90

B.° 08.423(7)

Y,° 90

vV, A’ 7219(5)

INumber of reflections to determine final unit cell (9974

Min and Max 20 for cell determination, ° 5.44, 43.96

V4 4

F(000) 3159

p (g/cm3) 1.442

N, A, (MoKa) 0.71073

u (mm™) 1.798
Diffractometer Type Nonius Kappa-CCD
Scan Type(s) ¢ and o scans
Max 20 for data collection, ° 57.698
Measured fraction of data 0.998

Number of reflections measured 101010

Unique reflections measured 18753

Rmerge 0.0763

Number of reflections included in refinement 18753

Cut off Threshold Expression [>20(])

Structure refined using

full matrix least-squares using F

Number of parameters in least-squares

638

R 0.0523

wR, 0.1457

R, (all data) 0.0784

wR, (all data) 0.1648

GOF 1.043
Maximum shift/error 0.000

Min & Max peak heights on final DF Map (e/A) -0.896, 1.909
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Table D. 7 Summary of Crystal Data for 7

Formula C34H78Ag4PZS4
Formula Weight (g/mol) 1108.62

Crystal Dimensions (mm ) 0.37 x 0.23 x 0.21
Crystal Color and Habit colourless block
Crystal System Triclinic

Space Group P-1
Temperature, K 110(2)

a, A 9.538(4)

b, A 10.919(3)

c, A 12.288(4)

o.,° 69.848(19)

B.° 78.879(13)

v,° 83.194(9)

v, A’ 1177.0(7)
INumber of reflections to determine final unit cell 9932

Min and Max 20 for cell determination, © 5.16, 69.7

V4 1

F(000) 564

p (g/em’) 1.564

N, A, (MoKa) 0.71073

u (mm™) 1.905
Diffractometer Type Bruker APEX-II CCD
Scan Type(s) ¢ and o scans
Max 20 for data collection, ° 71.16

Measured fraction of data 0.991

Number of reflections measured 26384

Unique reflections measured 8855

R neree 0.0169

Number of reflections included in refinement 8855

Cut off Threshold Expression >20(1)

Structure refined using

full matrix least-squares using F

Number of parameters in least-squares 208

R, 0.0191

wR, 0.0374

R, (all data) 0.0253

wR, (all data) 0.0396

GOF 1.024
Maximum shift/error 0.004

Min & Max peak heights on final DF Map (e-/A) |-0.502, 0.470
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Table D. 8 Summary of Crystal Data for 8

Formula C42H96Ag6PQS6
Formula Weight (g/mol) 1502.70

Crystal Dimensions (mm ) 0.066 x 0.052 x 0.039
Crystal Color and Habit colourless tetragonal prism
Crystal System orthorhombic

Space Group Pnna

Temperature, K 110(2)

a, A 24.641(9)

b, A 15.066(5)

c, A 16.081(5)

o,° 90

B.° 00

Y,° 90

v, A’ 5970(4)

INumber of reflections to determine final unit cell (9456

Min and Max 20 for cell determination, °© 6.06, 51.34

V4 4

F(000) 3024

p (g/em’) 1.672

N, A, (MoKa) 0.71073

u (mm™) 2.219

Diffractometer Type Bruker APEX-II CCD
Scan Type(s) ¢ and o scans

Max 20 for data collection, ° 51.424

Measured fraction of data 0.998

Number of reflections measured 83082

Unique reflections measured 5693

R neree 0.0927

Number of reflections included in refinement 5693

Cut off Threshold Expression [>20(])

Structure refined using

full matrix least-squares using F

Number of parameters in least-squares

320

R 0.0411

wR, 0.0878

R, (all data) 0.0792

wR, (all data) 0.1056

GOF 1.026
Maximum shift/error 0.001

Min & Max peak heights on final AF Map (e/A) |0.750, 0.850
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Table D. 9 Summary of Crystal Data for 9

Formula C40H1 16Cu60P6Si12
Formula Weight (g/mol) 1517.46

Crystal Dimensions (mm ) 0.270 x 0.210 x 0.200
Crystal Color and Habit colourless prism
Crystal System triclinic

Space Group P -1

Temperature, K 150

a, A 9.813(7)

b, A 15.477(10)

c, A 16.325(9)

oL,° 62.453(15)

B.° 73.25(2)

v,” 77.325(18)

vV, A’ 2094(2)

INumber of reflections to determine final unit cell [9975

Min and Max 20 for cell determination, ° 4.68, 54.46

V4 1

F(000) 796

p (g/em’) 1203

N, A, (MoKa) 0.71073

w (mm’™) 1.806
Diffractometer Type Bruker Kappa Axis Apex2
Scan Type(s) ¢ and o scans
Max 20 for data collection, ° 62.426

Measured fraction of data 0.999

Number of reflections measured 46231

Unique reflections measured 12781

R neree 0.0465

Number of reflections included in refinement 12781

Cut off Threshold Expression [ >20(D)

Structure refined using full matrix least-squares using F
Number of parameters in least-squares 334

R, 0.0585

wR, 0.1510

R, (all data) 0.1119

wR; (all data) 0.1833

GOF 1.033

Maximum shift/error 0.023

Min & Max peak heights on final AF Map (e/A) [-0.900, 1.969
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Table D. 10 Summary of Crystal Data for 10

Formula

CaoH116Ag60P6Si112

Formula Weight (g/mol) 1783.44
Crystal Dimensions (mm ) 0.200 x 0.150 x 0.020
Crystal Color and Habit colourless block
Crystal System triclinic
Space Group P -1
Temperature, K 150(2)

a, A 9.836(2)

b, A 15.683(3)

c, A 16.709(3)

o.,° 63.81(3)

B.° 74.78(3)

v,° 79.34(3)

vV, A’ 2224.6(10)
INumber of reflections to determine final unit cell (9772

Min and Max 20 for cell determination, ° 4.08, 54.96

V4 1

F(000) 004

p (g/em’) 1331

N, A, (MoKa) 0.71073

w (mm’™) 1.587
Diffractometer Type Bruker P4
Scan Type(s) ¢ and o scans
Max 20 for data collection, ° 55.05
Measured fraction of data 0.998
INumber of reflections measured 18731

Unique reflections measured 10063

R neree 0.0373
INumber of reflections included in refinement 10063

Cut off Threshold Expression [>20(])

Structure refined using

full matrix least-squares using F

Number of parameters in least-squares 326

R, 0.0490

WR» 0.1319

R, (all data) 0.0780

wR, (all data) 0.1489

GOF 1.048
Maximum shift/error 0.000

Min & Max peak heights on final AF Map (e/A) |-1.062, 1.092
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Table D. 11 Summary of Crystal Data for 11

Formula C32H54CU.N4PSi2
Formula Weight (g/mol) 645.48

Crystal Dimensions (mm ) 0.252 x 0.248 x 0.076
Crystal Color and Habit colourless plate
Crystal System triclinic

Space Group P -1
Temperature, K 150(2)

a, A 0.611(4)

b, A 20.206(8)

c, A 20.631(6)

o.,° 102.042(13)

B.° 89.995(9)

v,° 06.848(8)

v, A’ 3889(2)
INumber of reflections to determine final unit cell {4842

Min and Max 20 for cell determination, ° 4.52,49.42

V4 4

F(000) 1384

p (g/em’) 1.102

N, A, (MoKa) 0.71073

w (mm™) 0.688
Diffractometer Type Bruker Kappa Axis Apex2
Scan Type(s) ¢ and o scans
Max 20 for data collection, ° 51.186
Measured fraction of data 0.607

INumber of reflections measured 0151

Unique reflections measured 0151

INumber of reflections included in refinement 0151

Cut off Threshold Expression [ >20(I)

Structure refined using

full matrix least-squares using F

Number of parameters in least-squares 755

R, 0.1280

WR 0.3310

R, (all data) 0.1476

wR, (all data) 0.3411

GOF 1.323
Maximum shift/error 0.001

Min & Max peak heights on final AF Map (e/A) |-1.933, 1.077
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Table D. 12 Summary of Crystal Data for 12

Formula C40H62CU.N2PSi2
Formula Weight (g/mol) 721.60

Crystal Dimensions (mm ) 0.441 x 0.423 x 0.151
Crystal Color and Habit colourless plate
Crystal System monoclinic
Space Group P 2,/c
Temperature, K 110

a, A 22.988(7)

b, A 10.325(3)

c, A 18.132(4)

o,° 90

B.° 04.917(8)

Y,° 90

vV, A’ 4288(2)
INumber of reflections to determine final unit cell (9967

Min and Max 20 for cell determination, © 5.32,53.9

V4 4

F(000) 1552

p (g/em’) 1118

N, A, (MoKa) 0.71073

w (mm™) 0.629
Diffractometer Type Bruker Kappa Axis Apex2
Scan Type(s) ¢ and o scans
Max 20 for data collection, ° 56.73

Measured fraction of data 0.996

Number of reflections measured 57174

Unique reflections measured 10642

R neree 0.0538

Number of reflections included in refinement 10642

Cut off Threshold Expression [ >20(D)
Structure refined using full matrix least-squares using F
Number of parameters in least-squares 430

R, 0.0925

WR» 0.2521

R, (all data) 0.1145

wR; (all data) 0.2631

GOF 1.110
Maximum shift/error 0.000

Min & Max peak heights on final AF Map (e/A) |-0.891, 1.200
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Table D. 13 Summary of Crystal Data for 13

Formula

CogH167A812N1200.50P6Si6

Formula Weight (g/mol) 3170.23
Crystal Dimensions (mm ) 0.154 x 0.117 x 0.040
Crystal Color and Habit orange plate
Crystal System monoclinic
Space Group P2,
Temperature, K 110(2)

a, A 15.889(8)

b, A 18.207(12)

c, A 23.994(15)
o,° 90

B.° 95.206(15)
Y,° 90

v, A’ 6913(7)
INumber of reflections to determine final unit cell [9878

Min and Max 20 for cell determination, © 4.66, 39.56

V4 2

F(000) 3162

p (g/em’) 1523

N, A, (MoKa) 0.71073

u (mm™) 1.821
Diffractometer Type Bruker APEX-II CCD
Scan Type(s) ¢ and o scans
Max 20 for data collection, ° 51.414
Measured fraction of data 0.932
Number of reflections measured 64639
Unique reflections measured 22050

Rmerge 0.0616
Number of reflections included in refinement 22050

Cut off Threshold Expression [>20(])

Structure refined using

full matrix least-squares using F

Number of parameters in least-squares

1245

R 0.0572

wR, 0.1149

R, (all data) 0.1165

wR, (all data) 0.1359

GOF 1.024
Maximum shift/error 0.041

Min & Max peak heights on final AF Map (e/A) [-0.996, 1.259
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Table D. 14 Summary of Crystal Data for 14

Formula

C141H250 30A226N16P12S110

Formula Weight (g/mol) 5627.52
Crystal Dimensions (mm ) 0.119 x 0.113 x 0.005
Crystal Color and Habit orange plate
Crystal System triclinic
Space Group P -1
Temperature, K 293(2)

a, A 17.285(4)

b, A 20.433(5)

c, A 29.512(8)

o.,° 05.465(12)
B.° 01.603(9)

v,” 90.317(19)
v, A’ 10371(4)
INumber of reflections to determine final unit cell (9762

Min and Max 20 for cell determination, ° 5.08, 49.24

V4 2

F(000) 5502

p (g/em’) 1.802

N, A, (MoKa) 0.71073

w (mm’™) 2.582
Diffractometer Type Bruker APEX-II CCD
Scan Type(s) ¢ and o scans
Max 20 for data collection, ° 49.556
Measured fraction of data 0.933
Number of reflections measured 128323
Unique reflections measured 35023

R neree 0.0846
Number of reflections included in refinement 35023

Cut off Threshold Expression [ >20(D)

Structure refined using

full matrix least-squares using F

Number of parameters in least-squares

1940

R, 0.0555

wR, 0.1142

R, (all data) 0.1234

wR, (all data) 0.1372

GOF 1.016
Maximum shift/error 0.001

Min & Max peak heights on final AF Map (e/A) |-0.866, 2.185
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Table D. 15 Summary of Crystal Data for 15

Formula C36H50AUN2PSi
Formula Weight (g/mol) 766.80

Crystal Dimensions (mm ) 0.235 % 0.182 x 0.171
Crystal Color and Habit colourless block
Crystal System triclinic

Space Group P -1
Temperature, K 110

a, A 13.049(3)

b, A 16.047(5)

c, A 17.969(5)

oL,° 77.745(14)

B.° 89.241(10)

v,° 86.737(10)

vV, A’ 3671.1(17)
INumber of reflections to determine final unit cell (9622

Min and Max 20 for cell determination, ° 5.94, 73.34

V4 4

F(000) 1552

p (g/em’) 1387

N, A, (MoKa) 0.71073

w (mm’™) 4.108
Diffractometer Type Bruker Kappa Axis Apex2
Scan Type(s) ¢ and o scans
Max 20 for data collection, ° 85.082
Measured fraction of data 0.996

Number of reflections measured 229426

Unique reflections measured 52085

R neree 0.0603

Number of reflections included in refinement 52085

Cut off Threshold Expression [ >20(D)
Structure refined using full matrix least-squares using F
Number of parameters in least-squares 761

R, 0.0367

wR, 0.0657

R, (all data) 0.0765

wR, (all data) 0.0744

GOF 0.985
Maximum shift/error 0.004

Min & Max peak heights on final AF Map (e/A) |1.129, 1.511
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Table D. 16 Summary of Crystal Data for 16

Formula Cs4.5H56.75AuN,PSiy
Formula Weight (g/mol) 780.68

Crystal Dimensions (mm ) 0.345 x 0.315 x 0.223
Crystal Color and Habit yellow block

Crystal System triclinic

Space Group P -1

Temperature, K 110

a, A 12.547(3)

b, A 16.043(4)

c, A 20.509(5)

oL,° 89.721(9)

B.° 78.309(12)

v,° 77.757(15)

v, A’ 3947.8(16)

INumber of reflections to determine final unit cell [9181

Min and Max 20 for cell determination, © 5.66, 68.1

V4 4

F(000) 1593

p (g/em’) 1313

N, A, (MoKa) 0.71073

w (mm™) 3.850
Diffractometer Type Bruker Kappa Axis Apex2
Scan Type(s) ¢ and o scans

Max 20 for data collection, ° 86.164

Measured fraction of data 0.997

Number of reflections measured 252467

Unique reflections measured 57841

R neree 0.0407

Number of reflections included in refinement 57841

Cut off Threshold Expression [>20(])

Structure refined using full matrix least-squares using F
Number of parameters in least-squares 759

R, 0.0326

WR, 0.0613

R, (all data) 0.0727

wR, (all data) 0.0697

GOF 0.995

Maximum shift/error 0.007

Min & Max peak heights on final AF Map (e/A) |-1.266, 2.303
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Table D. 17 Summary of Crystal Data for 19

Formula C75H98AU3C12N403P
Formula Weight (g/mol) 1796.34

Crystal Dimensions (mm ) 0.387 x 0.202 x 0.106
Crystal Color and Habit colourless plate
Crystal System orthorhombic

Space Group Pca?2;
Temperature, K 110

a, A 20.843(4)

b, A 14.477(3)

c, A 24.559(5)

o,° 90

B.° 90

Y,° 90

v, A’ 7411(2)

INumber of reflections to determine final unit cell [9935

Min and Max 20 for cell determination, © 8.26, 133.52

V4 4

F(000) 3544

p (g/em’) 1.610

N, A, (CuKo) 1.54178

w (mm’") 12.170
Diffractometer Type Bruker Kappa Axis Apex2
Scan Type(s) ¢ and o scans

Max 20 for data collection, ° 133.59

Measured fraction of data 0.994

Number of reflections measured 70093

Unique reflections measured 12940

R neree 0.0511

Number of reflections included in refinement 12940

Cut off Threshold Expression [ >20(D)

Structure refined using full matrix least-squares using F
Number of parameters in least-squares 822

R, 0.0540

wR, 0.1546

R, (all data) 0.0553

wR, (all data) 0.1562

GOF 1.047

Maximum shift/error 0.348

Min & Max peak heights on final AF Map (e/A) |-5.905, 2.385
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Table D. 18 Summary of Crystal Data for 20

Formula CaoH;50,P
Formula Weight (g/mol) 318.29
Crystal Dimensions (mm ) 0.719 x 0.263 x 0.114
Crystal Color and Habit yellow needle
Crystal System triclinic
Space Group P -1
Temperature, K 296

a, A 5.9715(6)

b, A 8.3046(9)

c, A 16.379(2)

oL,° 79.725(5)

B.° 87.641(4)

v,° 78.852(5)

v, A’ 784.11(15)
INumber of reflections to determine final unit cell 9986

Min and Max 20 for cell determination, °© 5.48, 133.88
V4 2

F(000) 332

p (g/cmj) 1.348

N, A, (CuKo) 1.54178

w (mm’™) 1.606
Diffractometer Type Bruker Kappa Axis Apex2
Scan Type(s) ¢ and o scans
Max 20 for data collection, ° 134.824
Measured fraction of data 0.960
Number of reflections measured 4094

Unique reflections measured 2705

R neree 0.0248
Number of reflections included in refinement 2705

Cut off Threshold Expression [>20(])
Structure refined using full matrix least-squares using F
Number of parameters in least-squares 208

R, 0.0330

wR, 0.0868

R, (all data) 0.0367

wR, (all data) 0.0895

GOF 1.072
Maximum shift/error 0.000

Min & Max peak heights on final AF Map (e/A) |0.223, 0.446
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