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ABSTRACT

This thesis explores the synthesis, characterisatimd reactivity of catalytically relevant
gold(lll) species supported by pincer ligands. Thdentate diphenylpyridine ligand was
found to stabilise monomeric, terminal hydroxidégold(lll) which are reactive synthons

for new metal complexes.

Chapter 1 explores the chemistry of terminal gélidflydroxides and their usefulness in the

synthesis of photoluminescent materials.

In Chapter 2 we show that pincer-supported terngadd (111) hydroxides can also be used
in combination with a hydride source to access @djcydride complexes, a fundamentally
important complex type which has until now eludsalation and characterisation. We show
that gold(lll) hydrides can also be readily redutedjive dimeric, gold(ll) complexes with
an unsupported Au-Au bond, which possess unpretedi¢hermal stability. A comparison

with the one electron reduction of gold(l) hydrideslso presented.

Gold(lll) hydroxides are useful synthons for pregiEm of gold(lll) peroxide complexes,
another class of gold complexes which are hithertexplored. Chapter 3 presents the first
data on the characterisation and chemistry of tepseies. While studying their reactivity,
we found that gold(lll) peroxides can be converiteih gold(lll) hydridesvia successive
phosphine mediated oxygen transfer reactions. Shisetype of reactivity was not known
for any other metal, kinetic investigations are serded. We show that in contrast to
gold(lll) hydrides, NHC supported gold(l) hydridesdergo the reverse reaction, namely
oxygen insertion into the Au—H bond, giving risegmld(l) peroxides.

In the last chapter of this work, Chapter 4, wevshizat tridentate pincer ligands can stablise
gold(lll) cations in the presence of olefin commexWe present for the first time strong
NMR evidence of the existence of gold(lll) olefioraplexes and reactivity studies towards
nucleophiles. Chapter 4 also describes the systlodgjold(lll) azides and our attempts to

use highly fluorinate@-diketiminate ligands in gold(lIl) chemistry.
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INTRODUCTION



[.1 “Gold chemistry is different”

This is the title of an early review article writtdoy Schmidbaur some 20 years ago, in
1992! Elemental gold has a long history in human cisiiisn, occupying an important role

for more than 7000 years.

The physical properties of the metal have made gtitdctive over the centuries. Some key
features make it so versatile and thus a prefesheite over the other 117 elements in the
periodic table when it comes to specific applicasioranging from art to medicine,
electronics or monetary exchange. Its relatively toelting point (1064C) makes it easy to
smelt and thus easy to extract from its ores antetambtained in high purity. Its high
ductility (one gram of gold can be beaten out shaet of 1.0 fonly 230 atoms thick) and
low electrical resistivity (23.5@ m) make it ideal for applications in electronichil its
distinctive colour and relatively low abundanceO@®! ppm in Earth’s crust) make it

especially suitable for use in the financial market

Nevertheless, at a first glance, what really majald stand out from the rest of the metals
in the periodic table is its reduced reactivityeThoble’ character of gold is translated into
the fact that its compounds are generally metastabt apart from the combinations with
highly oxidising halogens, reduction of gold compds to elemental gold is usually the
thermodynamically preferred process. This mirrarthe fact that, with very few exceptions,
in its natural deposits, the gold occurs in elemefirm? The chemical inertness of the
metal seemed to offer only very limited opportwestin terms of its chemistry and, as a

consequence, until recently, gold chemistry haseeh a major focus aréa.

When gold chemistry began to be established a¢nldeof the 19 century, it soon became
obvious that rather than being a mere analogubeobther two coinage metals, copper and
silver, gold has some rather unique and extrempepti@s. Notable differences include the
specific colour of gold, the resistance towardsrggroxidising agents such as nitric acid, the
ability to access high oxidation states and als® ferile reduction of the metalin the
presence of caesium, to form stable auride saltsh as C¥Au’, which were reported as
early as the 1930sNevertheless, these properties were only undetsidih the advent of
the concept of relativity in the quantum theory ethiwas adopted in the theoretical

chemistry circles in the 1976s.

As the nuclear charge increas&>7{0), electrons that penetrate to the nucleus gthe
electrons and to a lesser extent thelectrons) increase their average velocity, which,
according to the theory of relativity leads to aorease in their mass. The effect leads to a

contraction of the s orbitals and decrease in energyeffect calledrelativistic contraction



in heavier elements when compared to lighter elésnevhich are not affected. This

determines the electrons located in the contrastetitals to be more strongly bound and to

screen the nuclear charge from other electron®¢esfy d andf electrons) more effectively
than if the relativistic effects were absent. Adiiact consequence is therefore ttrag d

and f orbitals expand in size and increase in energfeffect calledrelativistic expansion
in heavier elements(Figure 1, left)

The contraction of the orbital increases considerably while theodbitals is being filled
(also because of the lanthanide contraction) ancerdoastically when thedborbitals are
filled. The maximum contraction occurs in the casfe gold (ground state electron
configuration [Xe]4*%5d'%s"), with platinum (8°6s') and mercury (8'%s°) also

experiencing significant contributions from relésiic contraction effects® (Figure 1, right)
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Figure 1 Comparison of calculated sizes and energiesaind %l orbitals of gold with and
without relativistic effectsl¢ft, adapted from referente Calculated relativistic contraction

of the & orbital radii, underlying Pt, Au and Hg as markeitifluenced (ight, adapted from
referencé

.2 Important consequences of relativity on the chaistry of gold

The most obvious effect of thes @rbital contraction anddorbital expansion is on the
optical properties of gold especially when compdwesdilver. Since thessshell is stabilised
(decreases in energy) and tleshell is destabilised (increases in energy), Hye lgetween
the energy levels of the two frontier orbitals isadler accounting for the absorption of light
corresponding 2.38 eV (blue light) thus reflectiygjlow light. In the case of silver, the
contraction and stabilisation of the &rbital is not significant, thus the related alption is
3.7 eV (ultraviolet light)?



The sum of the three effects (a) stabilisation emtraction of 6 orbitals (b) destabilisation
and expansion ofdborbitals and (c) smaller energy gaps betweenkegy levels of 8, 6s

and @ orbitals which as a consequence can favourablyntiteand overlap, has profound
influences on the chemistry of gold. These inflendave been extensively analysed
employing computational methods by PyyKKdand a number of the consequences on the

chemistry of gold are summarised below:

81 Because of the pronounced stabilisation of Harléital, thefirst ionisation energy
of gold is very higt{9.23 eV)? A direct consequence of this is that thduction potential
of gold is higher than the one of any other metgAu*/Au® +1.83 V)* making most gold

compounds metastable and prone to reduction.

82 The drop in energy of thes @rbital also means that unlike most metals, geld c
easilyaccept an electrgrforming the auride anion A¢5d'%s?). This implies that gold has
a high electron affinity (2.039 eV compared to 2.2 for Ag)* which is fact ranks the
highest amongst metals. This also makes tf@dnost electronegative metalypauing 2.54),
placing it close to iodin€yfauing 2.66) and carbongauing 2.55).11 As a resultAu—H and

Au—C bonds have low polarity and are highly covalen”*?

83 In the gas phase, gold exhibits a halogen-l&aliour, forming stable dimeric Au
molecules with a dissociation energy of 228 kJ framd bond length of 2.472 & The
tendency towards association is more obvious in gbid state wheregyold tends to
associate in cluster compoundgAu,-,)™" typically stabilised by phosphine ligands, where
the oxidation state of gold is intermediate betwéel) and (0). Gold clusters have proved
to be very efficient as oxidation catalysts, mastably the low temperature oxidation of CO

which is currently one of the most extensively &ddareas in gold chemistty.

84 Similar to the other coinage metals, gold tyfpydarms complexes in the oxidation
state +1 @%). However, in contrast to copper and silver, beeaf the expansion and
destabilisation of thedborbitals due to relativistic effects, gold canesgshigher oxidation
states making gold(Ill) &) compounds relatively common. Furthermore, dicedtlation

of gold withaqua regiaor with halogens typically generates gold(lll) caupds.

(Au®*/Au* 1.36 V, Ad'/AU° 1.69 V)

85 Because of the diminished gap between the68s and &, closed shell, gold(l)
complexes (89, isoelectronic and isostructural to Higtypically form two-coordinated
complexes which adopt linear coordination geometri This geometry can be rationalised

in terms ofsd hybridisations at the gold(l) centf¥(see also §11)



Open shell gold(lll) complexes @) are isoelectronic and isostructural with
platinum(ll) complexes and adopt a square planar gemetry around the metal centre.
(Figure 2)

//////, o & n, \\\\‘\\\
“in T “pdl’
1 I Au
[ Au Hg J 7 N - N\
d" closed shell, d® open shell,
14 ¢ linear complexes 16 e square planar complexes

Figure 2 Comparison between geometries around gold(l), nmeficy gold(lll) and

platinum(ll)

86 Gold(l) derivatives, especially the Au(PfR fragment can form hypervalent
compounds of main group elements and species such as [C{RufPs]*,
[IN{Au(PPhs)}s]** or [O{Au(PPh)}4]** have been long knowrd* These complexes exhibit
short Au--Au interactions which can be rationalised on thsidaf the small energy gap
between the HOMO (§ and LUMO (&) in the Ad fragments so that overlap between the
HOMO and LUMO of neighbouring gold(l) centres isvdarable. Thus,intra- and
intermolecular “closed-shell interactions” betweentwo positively charged Ad centres
are common and are calledaurophillic interactions. They may overrule substantial
repulsive forces and are typically between 2.8 816ng, well below the sum of the van
der Waals radiida. 3.6 A). Their strength is comparable to the onénafrogen bonding
(typical measurements range from 21 — 63 kJ dijnemd while they are typically
encountered in solid state, in some selected thsgsare retained even in solutidt. These
interactions are thought to beesponsible for the photoluminescent propertie®f some
gold(l) complexes, where emission has been assigneghetal-metal-to-ligand charge-
transfer (MMLCT) excited statées.

On the other hand, aurophilic interactions involving open shell, gold(lll) centres are a
matter of debate especially when compared to Au{Bu(l) or Pt(I)---Pt(ll)
interactions, #* despite the fact that intermolecular Au@tAu(lll) short contacts have
been predicted by Pyykké and co-worké&rsSince metallophillic interactions play an
important role in determining the photoluminescg@mbperties of the complexes, this
suggests thagold(lll) complexes showing photoluminescent behasur are more scarce
than those of Au(l) and Pt(ll). Nevertheless, the study of the photoluminescerpgrties

of gold(lI) complexes is one of the emerging arefaiesearch in gold chemistfy.

87 Due to “relativistic contraction”the gold(l) cation falls between copper and
silver.(ayg = 1.25 A, kg = 1.33 A, &y = 1.13 A § > If the size of gold(l) were only



affected by the lanthanide contraction, the rafliho(l) and Ag(l) would have been merely
equal or comparable, similar to the situation obdd Hf.A comparison between the radii
of Au(lll) and Ag(lll) was not possible experimentdly since silver does not typically

form compounds in oxidation states L.

88 Since the & orbitals are more diffuse in the case of goldrehis a decreased
electron/electron repulsion which implies that Hukeelectrons are held with greater energy
when compared to the case of tlieelectrons in Ag or @ electrons in Cu. This translates
into asmaller degree of nucleophilicity of gold comparedo the other coinage metals
which makes them less susceptible to oxidativetmadieactions. This is also mirrored in
the high oxidation potential of gold(l) (see alsod&hd 84) and, as a consequemyodd does
no typically cycle between +I and +lIl oxidation sates even though some exceptions

have been reportéd.

89 A consequence of thes @UMO in the case of Au(l) ) andp6orbital contraction
and stabilisation (Figure 1) is altlte increased Lewis acidity in Au(l) complexeswhich

is much more pronounced than the one of the othiaage metals. The strong Lewis acidity
is also mirrored in the high electronegativity afld/ (See also §2) Also, computational
studies performed on the (Bu” fragment suggest rehybridisation of the phosphir{BA
molecular orbitals so that the occupancy of th@mital is greatly increased. (see also 8§11
and Figure 3 ) Since the Au(@gtion is also large and shares the positive chartiethe
ligand, it is likely that orbital, rather than charinteractions would be dominant in binding a

second ligand, thus makirg(l) a ‘soft’ Lewis acid.

Since interaction of gold(l) centres with ‘soft’ eéctrophiles is favourable, gold(l)
complexes have become catalysts of choice for thetigation of a-systemswith the most
popular substrates being alkynes. The versatilitygad(l) reagents together with their
resistance to oxygen and moisture has made theispemsable for an important number of
transformations such as hydration, hydroaminatiyarogenation or oxidation reactioifs.
The increased attention given to gold homogenousheterogeneous catalysis from both
the organic and organometallic communities hasttedhe coining of the phrase “21th

century gold rush®

Gold(lll) on the other hand is comparatively ‘harder’ Lewis acid. Historically, the
activation ofr-systems by gold has first been attempted usinglsimold(Ill) compounds
such as AuGl and HAuUC] or its salts which are commercially availabieThe first
experiments have been reported as early as 19#@hwhiolved the reaction of alkynes with
methanol/water in the presence of substoichiometnwunts of HAuCl to give the

corresponding ketoné8. The applications were extended to the hydrochétiom of

6



acetylene in the presence of HAW@ give vinyl chloride. In this case, the gold algst
replaced HgGlwhich is more toxié® In contrast to gold(l) mediated catalysis, gold(ll)
catalytic chemistry is less developedNevertheless, since gold(lll) complexes adopt
tetracoordinate square-planar geometry, a largeicehfrom influences from neutral or
anionic ligands incis- or trans positions relative to the incoming substrate wlobke

available?’

810  The relativistic contraction oE@rbitals has also been invoked for the shortening
the Au—L bonds (L = ligand}> There is limited data fdigand exchangeprocessesoth

in gold(l) and gold(lll) chemistries, but the information available supports the notioat
an associative mechanisnis favoured In the case of Au(lll), the rate of ligand exchan
has been reported to be lower than the correspgrufiiadium and platinum but higher

than the corresponding nickel complex®s.

811 Since the frontier orbitals of Au{ljinits are typically regarded assymmetrysp, or
sd2 hybdrids, these fragmenise related to a proton H (s orbital) through isolobality.
In the case of the frontier orbitals of both*Aand the H, similar symmetries, shapes and

comparable energies are preséfiigure 3)

L—=O
sp-(Au) T» O (s, H)
L—=O)

sd.2(Au™®)
Figure 3. Isolobal analogies between the frontier orbitdlaw(l)* and H

[.3. Gold(lll) chemistry

As a result of the vast interest in gold(l) mediatmogenous catalysis (See §9), major
progress has been made in the coordinative chgmastAu(l) in order to facilitate the
understanding of various reaction mechanisms angtdpose the structures of the active
species. With the development of suitable stahtisincillary ligands for gold(l) chemistry
such as N-heterocyclic carbenes or phosphines, @dgntly have examples of gold(l)
hydrides, arenes or terminal hydroxides been redor{Table 1) Most of these species

proved to be highly active catalysts or useful lgeitamodels for various transformatiof's.

In contrast, the coordination chemistry of gold(i8 far less developéddespite the fact
that gold(lll) organometallic compounds are amohg bldest ever to be reported, some

more than 100 years ago. Since the +lII oxidattateswas readily accessible by dissolving



gold in aqua regiato obtain HAuUC/, (see 84) the very first examples contain exclugivel

gold(lll) centres.
Generally, four methods can be summarised for theysithesis of gold(lll) complexes®

(i) Transmetallation reactionslnitially, transmetallation agents such as alkgiim or
Grignard reagents have been used but since thesglexes also facilitate electron transfer
reactions, milder transmetallating agents such sganomercury, organothallium or

organotin compounds have proven to give bettedyiel

The reports of dialkyl and trialkyl complexes ofl@dll) dominated the early literature since
they were readily accessible by reacting HAWEIAuX; (X = Cl, Br, 1) with lithium alkyls

or Grignard reagent§.The first reported examples were the dialkylgdljitialide species
by Pope and Gibson in 196% while trialkylgold complexes could only be isoldt the
presence of Lewis bases such as phospfinisthese species are susceptible to reductive
elimination; for example trialkylgold complexes buas [AuMg], show signs of
decomposition above -40C with deposition of gold film and liberation ofhaine, while
phosphine adducts such ass-MeEtAu(PPh) undergo the same reaction only above
70°C.*®

(i) Electrophilic substitution by gold(lll) of onaromatic ring (metallation)The first
method for obtaining arylgold(lll) complexes is thigect auration of aromatic derivatives
with AuCls to give [ARAUCI],. In the absence of a stabilising Lewis base, peeies then
undergo reductive elimination to generate the spwading chloroaryl derivativés.A
succession of transmetallation reactions followgdabration of a neighbouring aromatic
ring is often employed for the synthesis of cycltatiated gold(lll) complexes which are
especially attractive because they suppress reguetimination reactions on the metal

centre’’ (vide infrg)
(i) Oxidative addition of halogen to the respeetigold(l) complex
(iv) Substitution reactions on gold(lll) derivats/e

The development of the chemistry of gold(lll) cliysellowed the one of its isoelectronic
and isostructural neighbour, platinum @)° (see also §5) Nevertheless, while there are a
number of similarities between the two metals i@irthhespective oxidation states, such as
similar symmetries of their frontier orbitals, th@reference for associative mechanisms in
ligand exchange reactions or their reluctance tonfpentacoordinated species, important
differences arise in their reduction potentialsu{AAu* 1.36 V, Ad*/Au’ 1.69 V while
PE*/PP 1.19 V2 see also §4)



Au’t == Au

Pttt < Pt* ~ Ptf

Figure 4. Standard electrode reduction potentials in acidiceaus solutions at 2&

The high reduction potential of gold(lll) comparedthe one of platinum(ll) is reflected in
the timeline of some of their fundamental classésceampounds.(Table 1) Notably,
r-complexes such as the platinum(ll) olefin comptexeported by Zeise in 18%7and
platinum(ll) carbonyl complexes reported by Schiibexger in 1868 are the first olefin
and carbonyl complexes to be reported for any mlatinum hydride complexes are also
well known since their first report more than 5Casge agd' and since then have been

thoroughly investigated.

In contrast, attempts to generate the gold(lll)l@maes led instead to reduction to gold
metal or in some cases, to gold(l) and their siefaésynthesis and isolation were still

unreported prior to the commencement of this work.

Table 1. Characterisation of key examples of gdld(complexes prior to the
commencement of this wdrk

Pt(ll) Year Ref Au(l) Year Ref Au(lll)
L.Pt"H V| 1958 41 LAu'H V| 2008 44 LAUH X
L,Pt"(CO), | Vv | 1868 40 LAu'CO | V| 1925/1982 | 45 L,Au"'cO X
L,Pt"(arene) | v | 1973/1977 | 42 | LAu'(arene) | V| 2006 46 | L,Au"(arene) | X
L.Pt"(olefin) | v | 1827/1954 | 43 || LAu'(olefin) | v| 1966/1987 |47 | L.Au"(olefin) | X

a L dentotes here both neutral and anionic ligands

Nevertheless, despite the lack of data on theseglexes, they are frequently proposed as
key intermediates in various gold(lll) mediatedanig reactions. While there are increasing
reports on gold(lll) complexes acting as catalystpre-catalystanost investigations have
followed programmes advancing by trial and errokimg it hard to identify any specific
action or active specié§Also, in contrast to gold(l) mediated catalysisenha plethora of
fine-tuned complexes have been reported for spegifiposed’*® there are, to the best of
our knowledge, no reports of any successful appréaca completely rational design of a
gold(lll) catalyst, with most reactions employirfgetcommercially available gold trihalides

or HAuUCl, and its salts as (pre)catalysts.



With the recent advances in gold(lll) mediated hgemous catalysis, in order to
differentiate between experimental evidence andidpgon, it is necessary to obtain insight
into the chemistry of the proposed catalytic intedmtes. In this respect, this work aims to
provide spectroscopic and crystallographic data donumber of catalytically relevant
intermediate models that have so far eluded ismiatlVe hope that the information obtained
would benefit researchers working in the field ohfogenous catalysis in the proposition of

reaction mechanisms and in the rational desigrolof(§l) catalysts.

1.4 Pincer C, N ligands in the stabilisation of gold(Ill) compounds

In order to prevent reductive elimination reactiookelating ligands around the gold(lll)
centre are commonly employed. Early reports (1988) shown for example that O-type
chelates such ag-acetylacetonato (acac) ligands can stabiliseAv& fragments? More
recent work focused on 2,2’-bipyridyl (N,N) or 2gtylpyridine (C,N) type pincer ligands
which have been successfully proven to be efficiergtabilising species such as bridging
oxo complexes, terminal anilides, acetylides aigediarylgold(lll) species and this work

has been reviewed by Henderson and otHér¢Figure 5)

N R R
i \ \ o
Sau” N =N N ZN
Au e ~, -

M’ Me AU Aug e’ el

c’” ‘c c’ ‘¢l

Cl

Figure 5. Selected examples of chelating ligands for theilsgabon of gold(lll) centres

Among these ligands, the tridentate, 2,6-diphemdioye gold(lll) complexes first

synthesised by CAtand Yam' are remarkable for their thermal stability with som
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compounds withstanding reflux in toluene for mdrant 24 h without any decomposition.
The thermal stability probably arises from the fioett the gold(lll) centre is flanked by the
two opposite phenyl groups which ligate the megaite through thermodynamically stable
Au—C bonds. (See also 82) Moreover, the aromatougs are arranged in such a
conformation that disfavours reductive eliminatitmee common decomposition pathway for
gold(lll) complexes. This also leaves the forth rcimation site (in Figure 5 occupied by a
chloride ligand) conveniently available for functadisation. In this respect the (C*N"C)
diphenylpyridine ligand was chosen for our work. \Wave also decided to decorate the
flanking phenyl groups witlert-butyl substituents in order to improve the solipibf the

complexes in common organic solvents.

This work presents our investigation using tridentdiphenylpyridine ligands to stabilise
gold(lll) hydroxides, hydrides, peroxides and alefiomplexes. Reactivity studies and in

some cases comparison with gold(l) analogues aretikistudies are also presented.

11



CHAPTER 1

Cyclometallated Gold(lll) Hydroxides as Precursorsfor
Au—N, Au—C and Luminescent Compounds

A portion of this chapter has appeared in print:

D.-A Rosca, D. A Smith, M. Bochmann "Cyclometallated Goltj(Hydroxides as
Versatile Synthons for Au-N, Au-C Complexes and linescent Compounds”
Chem. Commun2012 48, 7247.

D. A. Smith, D.-A. Rgca, M. Bochmann "Selective Au-C Cleavage in

(CANAC)Au(I) Aryl and Alkyl Pincer ComplexesOrganometallics2012 31,
7600.
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INTRODUCTION

Late transition metals are generally consideredpbgbic. The weakness of the M—OH
bond is often explained by the mismatch in hard/istéraction between the hydroxo ligand,
regarded as a hard base and the metal centre Wimctions as a soft acid. While compared
to other metal hydroxides, reports of late traositmetal hydroxides are still scarce, recent
studies have shown their versatility as synthomsibkng access to different classes of

organometallic complexes in an expedient fasffon.

Gold complexes bearing oxygen ligands have atwlaatdot of attention over the years.
Initial interest was prompted by the unusual proeerof the synthesised complexes. Since
the LAu(l)" fragment is isolobal to a protdhspecial attention was attributed to species of
the type [(LAuWYO]" (L = PRy),® [(LAu),OH]" (L = N-heterocyclic carber& or
phosphing®9, isolobal to HO" and [(LAu)xOJ** (L = PR),” isolobal to the doubly
protonated water, J@**. (Figure 6) Some of the oxo-species have beendfdarundergo
facile reduction in the presence of CO to give machght-after small size gold clustéts.
Surprisingly perhaps, a terminal LAu(l)OH (L = Ntbeocyclic carbene) has only recently
been isolate® employing 1,3-bis(2,6-diisopropylphenyl)imidazdedidene (IPr) as an
ancillary ligand which possesses the steric andtreleic characteristics needed for
stabilising such species. Both bridging and terinigald(l) hydroxides have found
applications in silver-free gold(l) mediated casiy’ >* “°or as synthons for other classes of

gold(l) complexee.garyl$®, N-heterocyclic carben®or amides?

PR, ) 2+

, 3 RsP ’u PR, L |
R4P RyP L =NHC o
Nesmeyanov et al. : Nolan et al. Nolan et al.
J. Organomet. Chem. l%/gi;{rjr;;d:)gg;eé% 503 Chem. Eur. J. Chem. Commun.
1980, 201, 343. ’ T 2010, 16, 13729. 2010, 46, 2742.

Figure 6. Examples of Gold(l) oxo and hydroxo complexes

In the case of gold(lll) chemistry, gold complexestaining singl§* and doubly bridgin®
oxygen ligands have received increasing attengmently®® Studies by Cinellet al. have
found that double oxo bridged [(bipy)AuQ),]** complexes (Figures 7) can oxidise olefins
such as styrefié ®® or norbornene where the auraoxoetane intermediateisolated and

structurally characterised.
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Figure 7. Gold(lll) mediated olefin oxidatiomia auraoxoethane species

The same group has also reported studiesnovitro cytotoxic activity of this class of
complexes on several cancer cell lifé3hese complexes are stable to air and moisture
which also make them attractive for use in catalygery recent studies report the use of the
cations [(bipy)Auf-O),]** as catalysts for intramolecular hydroamination hwthe future
aim to make them suitable for asymmetric catalysisintroducing substituents in the

6,6’ positions’’

R
Me, Me, = | | A
Au Au-Ve
Me _ N
\\O// . ™ \ O\ /
b HO OH i A/ )
PR P LA
e / / \ HO OH I N
e Al\J A,U“Me
Me Me Z R A
Tobias et al. Scheldrick et al. Pitteri of al - Cinellu et al.
J. Am. Chem. Soc. Acta. Crystallogr. . J. Chem. Soc. Dalton. Trans.
1968, 90, 1131. 1984, 1776, J. Chem. Soc. Dalton. Trans. 1998 1735

1999, 677.

Figure 8. Gold(lll) hydroxo and oxo complexes.

Med. Chem. Lett. 2010, 1, 336.

Compared to the gold(l) and gold (Ill) oxo specigald(lll) hydroxides have received less

attention over the years, despite the fact that tirere among the first oxygen bearing gold

complexes ever to be isolated. Early examples decitne tetrameric [MAUOH], which

was reported to detonate easily upon impaand various salts containing the [Au(QH)

anion/? (Figure 8) Significant stabilisation was achievedusing cyclometallating ligands

but reports on isolated gold(lll) terminal hydroxkomplexes are still scarce. Examples
include the cationic hydroxides supported by bidtnt[(bipy)Au(OH)]" (bipy = 2,2-
bipyridyl)”® and tridentate [(N*N~N)Au(OHJ[ (N*N~N = terpyridine}* N-donor ligands,

with only the latter being structurally charactedsBoth types of complexes were prepared



by ligand exchange from the corresponding chloriies, in the case of [(bipy)Au(O#§),

also by hydrolysis from of the di-bridging oxo complex.

Despite their potential applications as synthonsdimer classes of gold(lll) complexes,
reports on the reactivity of gold(lll) hydroxidesedimited. The only studies known to us
include the reactions of mono- and dicationic gélidhydroxides or methoxides with
anilines to give gold(ll) amidé3’ or with terminal acetylenes and thiols to givedgbl)
acetylides and thiolat€8 A study is also reported on threvitro cytotoxic activity of several

gold(lll) hydroxides against various cancer celek’’

Given the reported remarkable stability of diphegyidine supported gold(lll)
species’’® we envisaged they would also fulfil the electrorind conformational
requirements to stabilise terminal neutral goldi(hilydroxides. This chapter summarises our
results on the synthesis, reactivity and applicetiof gold(lll) hydroxides, methoxides and
trifluoroacetates. The basicity of the hydroxidexplored in a series of acid-base reactions,
giving rise to a plethora of gold(lll) complexesntaining N-heterocyle, acetylide or
acetonato ligands. A particularly versatile metfardgenerating gold(lll) aryl complexes by
reacting gold(lll) hydroxides with arylboronic asids also described. Bis-cyclometallated
pincer complexes are prone to acid mediated Au—@ilpotolysis, giving rise to bidentate
complexes. To illustrate the potential applicati@highe new classes of compounds, their

photoluminescent properties have been studied.

RESULTS AND DISCUSSION

1.1 Synthesis and characterisation of complexes

Synthesis of precursors

The reported synthesis of the pro-ligah@hvolves a four step reaction which implies the
conversion of methyl ketones to substituted pyedifi We have found that the same
compound can be more easily synthesised in goddsy{@5%)via a single step Suzuki

cross coupling of the commercially availabléedt-butylphenylene boronic acid and 2,6-

dichloropyridine and employing Pd(Pfhas a catalyst. (Scheme 1)

B(OH),
| AN Pd(PPh)4 2 mol %
+ —>
Cl N/ cl 'PrOH, reflux

K3PO, (1) (85%)

Scheme llmproved synthesis for the pro-ligathd
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The ligand is then subjected tortho-mercuration with Hg(OAg) followed by salt
metathesis with LiCl to yield the organomercury@pecies (HC-N-C)HgCI. The mercury
salt then undergoes transmetallation and C-H aaivawith KAuCl, in refluxing
acetonitrile following a protocol first describegt Eheet al*® to give the cyclometallated
gold(lll) chloride (CAN~C)AuCI2 in moderate yield (40%). (Scheme 2)

| X
| c Z
— N
Sl oy e
Alu
(1) @ ©
(a) Hg(OACc), EtOH, reflux, 7 days; (b) LiCl, MeOH; (c) KAugIMeCN, reflux, 24 h.

AN
a, b
~

Scheme 2Synthesis of (C*"N*C)AuCI2j)

Given the established high affinity of gold ions fohloride, cyclometallated gold(lll)
chloride complexes are known to be resistant totig with various substrates under mild
conditions. We envisaged that replacing the chipligand with more labile oxygen based
ligands would overcome the inertness2ofThe established protocol of chloride removal
from gold often involves using a halide abstractgait of soft metals such as silver or
thallium which are expensive or toxic. We have fbuhat reacting? with an excess of
CsOH in a water/toluene/THF mixture at 80 over a period of 24 h affords the desired
(CAN~C)AUOH 3 as yellow powder in high yields (80%). (SchemeT8 established
protocol proved to be fully scalable to a 1 g schig in this case, owing to the heterogenous
composition of the reaction mixture, longer reatttomes (3 days) are required for full

conversion.

Since trifluoroacetate fragments are good leavingugs, we have also prepared the
trifluoroacetate complex (C*N~C)Au(OAx4, which can be isolated in high yields (88%) as
yellow-green crystals by treating the (C*N~C)AWivith AgOAC in CH,Cl, over 24 h.
Reacting4 with potassium methoxide in dry methanol gives tiad(lll) methoxide
(CANAC)AuOMe 5 in moderate yields (55 %). (Scheme 3) Dry solveatsl inert
atmosphere are required in this case to preventytimlysis of5 to 3. Complex4 can also

be reacted with KOH in toluene/water at®Dto give3 in good yields.

Complexes3—b5 are thermally stable; no change in compositiorbiserved if refluxed for 2
days in toluene. They are also stable to lighhionths in the solid state. Complex@&and4
are stable to air and moisture while comptesglowly hydrolyses t® in the presence of

moisture.
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Since the triflate group is known as an even moetteb leaving group than the
trifluoroacetate, we have also attempted the swithef (CAN*C)Au(OTf). Reacting the
(CAN"C)AUCI 2 with AgOTT at low temperature (-78 to -30°C) resulted in incomplete
halide removal, and visible decomposition to caolédigold was observed upon warming to
room temperature. The decomposition is attributethé high lability of the Au-O bond in
the triflate complex which generates the (CAN~C)Aation in solutio® The high
tendency of the triflate ion to dissociate fromdfdl) is illustrated by the fact that to this

date, only two complexes bearing a Au(lll) centtaghed to a triflate moiety have been

structurally ~ characterised,  (tpy)AuMe(OTf) (tpy = -polylpyridine)® and
AuMe,(OTf)(H,0) .2
Bu* CsOH N Au—OH
Q toluene/ (3)
THF/water
60°C
85% KOH
A\ \ toluene/water
/' N—hu—ci 60°C

e ]

AgO,CCF N——Au—0O_ _CF, KOMe
88% \n/ ———> N Au—OMe

\_‘ o) MeOH, RT
2 Byt ) 55 % (5)

Scheme 3Synthesis of chloride free gold(lll) starting midals.

The 'H NMR spectra of complexeés—5 show the typical resonances of a symmetrically
bound diphenylpyridine ligand and of a diagnostjcatlevant'Bu group with a resonance
in thedy 1.33 — 1.38 region. In the case3dhe dy resonance of the OH moiety could not be
observed by NMR but an IR (ATR) investigation shdwmequivocally a band at 3480 ¢m
attributed to thesoy stretching mode. In the case ®fa typical singlet resonance for the
methoxy group was observed By NMR (5, = 4.14, CDCI,) while 4 gave a characteristic
CF; singlet resonance mF NMR (6 = -73.74, CICly).

Complexes2 — 4 have also been characterised in the solid statsirigle crystal X-ray
diffraction. As shown in Figure 9, the complexe®wha slightly distorted square planar
coordination geometry around the metal centre xpeaed for ad® metal. Selected bond
lengths and angles summarised in Table 2. The bdistnces are typical for
cyclometallated gold complex&%>! (CAN*C)Au(OH) 3 is a rare example of a structurally
characterised Au(lll) hydroxid@he Au—O bond length i8 (2.010(2) A) is slightly longer
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than in the closely related terpyridine based [&u)OH](CIQ),"® (2.000(4) A) and in the
tetrahydroxoaurate(lll) salt Sr{Au(ORJ* (1.980(8) A). The packing diagram reveals that
molecules of2—4 stack in a head-to-tail fashion in such a way asnioimise mutual
repulsion between the sterically demandig-butyl groups. The shortest Au distances
vary between 4.673 A iB to 5.620 A in4, longer than the sum of the van der Waals radii
(3.32 Af? indicating insignificant gold-gold interactions ihe crystal lattice. The shortest
interplanar distances Band4 ranged from 3.686 A to 3724 A between the aronmitigs

of neighbouring molecules.
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Figure 9. Molecular structures of (C*N"*C)AuCe), (C*"N*C)Au(OH)-H,0O (3) and
(CAN"C)AuU(OAC) (4) (50% probability ellipsoids shown). Hydrogen atofaxcept of the
OH group in3) and the water molecule (8) were omitted for clarity. Packing
depicting head-to-tail arrangements (bottom, right)
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Table 2. Selected bond lengths (A) and andlefot complexeg - 4

Complex (C°NAC)AUCI ) | (C*NAC)Au(OH) @) (CANAC)AU(OACG) (4)°
Au-E 2.279(3) 2.010(2) 2.019(3)
Au-N 1.965(10) 1.974(3) 1.959(3)
C(1)-Au 2.062(12) 2.064(3) 2.060(4)
C(17)-Au 2.052(12) 2.074(3) 2.069(4)
N(1)-Au-E° 179.6(3) 177.89(11) 175.46(7)
(C1)-Au-C(17) 162.3(5) 163.38(14) 163.07(10)
Au--AU 4.734 4.673 5.620

Data for one of the two molecules in the asymmemic.” E = Cl or O

The reactivity of (C*"N*C)AuOH 3 as a base

An initial test of basicity involved reactir@ with a slight excess of Brgnsted acid such as
acetic acid or formic acid. Rapid complete conwmrsio the corresponding acetate
(CAN"C)Au(OOCH) 6 and formate (C°N~C)Au(OAcY complexes was observed D
NMR spectroscopy. (Scheme 4)

In order to establish a rouglKpfor 3, the basicity was tested towards highly fluoridate
benzene derivatives. The hydroxide reacts withs€ (pK. 29, DMSO§* in refluxing
toluene and full conversion to (C*N~C)Auf) 8 could be noted after 48 h B NMR
spectroscopy. No reaction was observed with 1 2etr&fluorobenzene. The methoxiBle
was found react with 1,2,4,5-tetrafluorobenzengit@ 9 after 72 h in refluxing toluene.
From the known K, values of the used fluoroareff@sve could estimate th& should be
reactive towards substrates with a pKa less thanT2@ reactivity of the hydroxide
(C"N"C)AuOH 3 resembles Nolan’s (NHC)Au(l)O® although3 seems to behave as a

milder base.
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)

N——Au—o g R=H(8), CHy (7)

CgF5H, toluene
O reflux, 48
or B(CgF5)3, toluene
RT,12h

N—Au—OH HN-heterocycle, toluene \
60°C, 12 h O A
N

Q N——Au—NHet
H—=—=—Ph \J “NHet =

H N—Au—==—pPh (10)

Scheme 4Acid-base reactions involving (C*N~C)Au(ll)OH.

To test this, reactivity was attempted with pheogtglene (. in DMSO 28.8J* and the
gold(lll) acetylide10 was obtained after 12 h with water as the onlydapct. Compound
10 had been previously reported by Yaeh al® but its purification involved column
chromatography which is not needed when employmeggold(lll) hydroxide3 as a starting
material. The hydroxid8 also reacts with refluxing acetonekgin DMSO 26.5¥°to give a
single compound identified as the acetonato comp@M C)Au(CHCOCH;) 11 by H
NMR spectroscopy. An alternative route for accepsgold(lll) acetonates by reacting
[(NAN~AC)AUCI]* complexes with silver salts in the presence ofaaeehas been reported by
Minghettiet al®* "

The hydroxide3 is also capable of activating N—H bonds in N-hetgcles such as
3,5-dimethylpyrazole, imidazole or benzotriazoleegasmplified by the synthesis &P—14.

Compoundl4 was isolated as a mixture of the 1- and 2- beremttato isomers in a 6:1
ratio (by '"H NMR spectroscopy). The 1-benzotriazolato isomes &lso characterised by

single crystal X-ray diffraction. (Figure 10).
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Figure 10 Molecular structure 0i4 (1-benzotriazolato isomer) (50% probability elbjs
shown) Hydrogen atoms were omitted for clarity.eBtdd bond lengths (A) and anglé} (
Au-N1 1.984(5); Au-N2 2.010(5); Au-C1 2.074(6); AR 2.067(6); N1-Au-N2 177.02(16);
C1-Aul-C17 162.5(3); AuAu 5.062(4).

The formation of an adduct betwe2mand B(GFs); was also attempted, which in a presence
of a non-nucleophilic base such as K[N(SiMg could give an anionic gold(lll) oxo
complex. (Scheme 5) Instead g§OH ligand exchange occurred to give cleanly thiel go
aryl (C"N"C)Au(GFs) 8. While this seems to be the first report of anl agnsfer from
fluorianed triaryl borates to a gold(lll) centrerylatransfer from boron to gold(l) has
precedence. For example, the ability of Au(l) coempk to cleave B—C bonds in BPand

even BAf, (Ar" = 3,5-bis(trifluoromethyl)phenyl) has recently haeported®

B(C¢Fs)3

@) Bu'
Scheme BAryl transfer from B(GFs)s to the (CA*N*C)Au fragment
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Synthesis of gold(lll) alkyl and aryl complexes

Since the alkylation or arylation of a gold(lll) nitee often involves highly toxic
organomercury(ll) or organotin(lV) reagents and jfelds of the reactions are generally
low, we decided to explore alternative pathwaysdocessing these classes of compounds
using gold hydroxides and carboxylates as startingterials. We found that the
cyclometallated gold(lll) complexes containing ogpgbased ligand3 and4 proved indeed

to be excellent and high-yielding entry points fbe synthesis of gold(lll) aryl and alkyl

complexes.

The reaction between the trifluoroacetato compl@&N C)Au(OAcd) 4 and aluminium
alkyls AIR; (R = Me, Et) generated the corresponding goldlatkynplexes cleanly in 40-
60% vyields. (Scheme 6). The moderate yields arefl@ction of the complexes high
solubility in light petroleum (used to remove thmal amount of diphenylpyridine pro-
ligand 1 generated over the course of the reaction), rathan to reduction or
decomposition. The identity of compourid could be readily confirmed bjH NMR
spectroscopy through the typical resonance foAt€H; protons &y 1.33, CBCL).

But BUt
AIR3
C o / N—Au—R

N—Au—O F
! \n/ % toluene, RT, 10 min —
R = Me (15): 60%

o
Q R=Et (16): 40% Q
4)
B t

u BUt

Scheme 6General protocol for the preparation of the gélidéalkyl complexes.

Gold(lll) aryl complexes can easily be accesse@xoellent yields (> 80%, Table 3) by
reacting the gold hydroxide (C*"N"C)Au(OR)with stoichiometric amounts of arylboronic
acids in toluene at 68C. As 3 already has a base function on board, no additibasé or

water addition is required for the reaction to med; this thus reduces the possibility of
B-aryl bond hydrolysis which is often competitivetlwaryl transfer to the metal centre.
Purification is straightforward, requiring filtrat through a short silica plug only in a small
number of cases. To test the generality of the atktlaryl complexesl7—25 were

synthesised (Scheme 7). It was found that the riratadlation reaction proceeds with the

same efficiency both for substrates with electromading (9) and electron withdrawing
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(18, 21) groups. The arylation protocol is also tolerahfumctional groups such as vinyl
(20) or formyl groups 21) which would otherwise exclude the use of tradiioarylating
agents such as organolithium or Grignard reag@is.presence of such reactive functional
groups suggests the opportunity for the incorponatif cyclometallated gold(lll) complexes

as building blocks for various gold(lll) based n@uoolecular complexes.

The protocol can also be extended to aromatic befeles as exemplified by the synthesis
of 23—25. The reactions of gold(l) hydroxides or gold(lJarides in the presence of a base

with aryl boronic acid was also explored by No#ral®® and Grayet al®®

But But

() ()

Ar-B(OH)
\ \
/ N—Au—OH ——>» / N—Au—Ar
toluene, 60 °C —
12 h

ar (D s
But

But

Scheme 7 General protocol for the preparation of the gdlidaryl complexes
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Table 3. Aryl gold(lll) products, isolated yields

Boronic acid Product Yield
17 90%
QB(OH» N_Au@
18 92%
FOB(OH)Z N—AUO'
ﬂ 19 | 92%
By B(OH), N—Au-QtBu
\ 20 | 88%
L<j>7|3(om2 NCL _@_/
@) 21 85%
N\
ﬂB<OH>2 NCLO_/O
22 | 88%
'O B(OH), N A O
U\ ﬂ 23 | 85%
/ \
N—A
0~ “B(OH), \J"‘Q
@ 24 | 95%
S° 'B(OH), N—AUQ
25 | 92%

&

B(OH),

dWs®
u /
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All synthesised alkyl and aryl complexes were iwdaas air and moisture stable green-
yellow powders and do not present any signs of migosition under ambient laboratory

lighting.

The new alkylation and arylation methods explorestevalso compared with traditional
routes. Upon attempting the synthesis of (C*N~C)A&uls by reacting the trifluoroacetate
(CA"N"C)Au(OAC) with the Grignard reagent MeMgBr, the bromide NCC)AuBr was
isolated instead alongside free ligand and collaiydéd. No reaction was observed between
HgPh and (CA"N~C)AuCR.

Complexesl5 and 18 can be readily recrystallised from a mixture afhdiboromethane and
light petroleum solutions. The crystals were su@dbr single X-ray diffraction studies. The
crystal structures are depicted in Figure 11. Téwmnetrical parameters (Table 4)1& and

18 are mostly similar, showing an expected distodgdare planar geometry around the
metal centre. The Au—N bond (2.018(4) A1 and 2.023(3) A irl8) is elongated when
compared with oxygen-based precursors (1.974(3) *N*C)AuOH3 and 1.959(3) A in
(CA"N"C)AuU(OAC) 4). This is in line with the strongéransinfluence exerted by the methyl
and phenyl groups compared to a trifluoroacetateydroxide moiety. In the crystal lattice,
the Au-Au distances are longer than the sum of the vals radii (4.770(2) A fot5,
4.524(2) A for18) and the molecules are stacked in a head-tolt)iqr partial head-to-tail

arrangementl(8).
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Figure 11 Molecular structures df5and18. (50% probability ellipsoids shown) Hydrogen
atoms were omitted for clarity.
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Table 4. Selected bond lengths (A) and andlefot complexed 5 and18

Complex (C*N"C)AuMe (15) (CANAC)Au(p-F-CeH,) (18)
Au-C(26) 2.022(5) 2.014(3)

Au-N 2.018(4) 2.023(3)
C(1)-Au 2.071(5) 2.086(3)
C(17)-Au 2.077(5) 2.076(3)
N-Au-C(26) 178.03(19) 178.23(13)
C(1)-Au-C(17) 161.3(2) 161.01(14)
Au-Au 4.770(2) 4.524(2)

Acid mediated Au—C bond cleavage: Synthesis of cymhetallated bidentate
gold complexes

Cyclometallated gold(lll) complexes bearing a (C@)4ridentate ligand are remarkable for
their thermodynamic and kinetic stability and inmgoparticular cases resist decomposition
even in refluxing toluene for 72 kifle supra. The stability is enhanced by the ability of the
ligand to block reductive elimination pathways. pigs this, we have also found that these
robust tridentate systems can be used as prectisdige synthesis of more labile and thus

more reactive gold systems in which the ligand dimates in a bidentate fashion.

Treatment of (C*N~C)AUR (R = Alkyl, Aryl) with anxeess of trifluoroacetic acid (HOAc
leads to Au—C bond protolysis, to yield the bidémsystems (HC-C*N)AuR(OAL Clean
and instantaneous conversion could be observéH INMR spectroscopy. The electrophilic
attack occurs exclusively on the Au—C bond of thecer ligand, while the Au—C bond
trans to the pyridine is not attacked. Once Au—C bondtgysis has occurred, the
generated bidentate systems are stable in neat F®Aseveral hours at room temperature.
Indeed, generally Au—C bonds are known to be rasidb protolysis and some protocols
for the synthesis of bidentate phenylpyridine gdbdearing systems even employ
trifluoroacetic acid as a reaction solvent at higmperature&’ In the case of the
(CANMC)Au(II systems, Au—C bond protolysis onlgaurs with stronger acids such as
HCI or HOAC. No reaction was observed with weaker acids suhacetic, formic or
benzoic acid. The reactivity of several tridentgd alkyl and aryl complexes towards

HOAC was tested and the outcome is summarised in ScBeme

To our surprise, complexé8—30can also be obtained by reacting (C*"N~C)Au(©OAt

with aryl-boronic acids in the presence of AgOAGScheme 8) No reaction occurred in the
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absence of AgOAc While the role of AgOATis not clear, we believe that the cleavage
reaction can be explained by the generation of HOM¢the presence of adventitious water.
The reaction proceeded only with specific boromits; for example, while reaction of the
trifluoroacetato complex4 with p-fluorophenyl- or p-Bu-phenylboronic acids is
straightforward, treatment dfwith 2-thienylboronic acid in the presence of AgAailed

to give (HC-N~C)Au(GH;S)(OAC) 32 after stirring for 7 days at room temperature el

starting materials were recovered unchanged. Tigenaf this variation is yet unclear.

But
VAR xs HOAC™
N—Au—R
— CH20|2
90-95 %
Q HOAc
or HOOCH
Bu' No rxn
But
AgOAcH
VAR Pp-X-CgH4B(OH),
N—Au—OAcF
— CH2C|2, RT
70-80 %
(4) _ 4 .
X = F (28), 1Bu (29), vinyl (30)
But

Scheme 8H" and Ad mediated Au—C cleavage in tridentate gold(lll) coemes

Compounds26 and 28 were recrystallised by evaporation of a benzeratisa and
dichloromethane/light petroleum mixtures, respedyiv The crystal structures (Figure 12)
confirm the regioselectivity of the electrophilittack, leading to the isomer where the
methyl or p-fluorophenyl substituent igrans to the pyridine donor. The selectivity is a
consequence of the strongeans influence exerted by thebutylphenyl fragment when
compared to the pyridyl fragment. As a result, the-O(1) bond in both complexes
(2.112(2) A in26 and 2.130(5) A i28) is significantly elongated when compared to the
tridentate trifluoroacetate (CN"C)Au(OBc 4 (2.019(3) A) suggesting a significant
weakening of the gold—trifluoroacetate interactiffable 5) The Au—O(1) bond length is
comparable to the one found in the closely relétieg)Au(Me)(OTf) (2.1382(17) A) (tpy =
p-tolylpyridinef or in the bis(trifluoroacetato) gold complex (tdy(OAc") (OACT group
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transto the phenyl group 2.111(5) A)The Au—N bond in the bidentate complexes is also
labilised by thetrans influence of the strong methyl amfluorophenylc-donors. This is
illustrated by the elongation of the Au—N 26 (2.158(3) A) and28 (2.164(6) A) when
compared to the tridentate analogus (2.018(4) A) and18 (2.023(3) A). As a
consequence, the bidentate gold(lll) systems géyeeahibit reduced thermal stability
compared to their tridentate analogueild infrg. In the extended structure @B, the
molecules are associated as dimers through ldontacts (2.606 A aw (H, F): 2.67 A
between the fluorine group of theC¢H,4 group and the hydrogen atom which neighbours
the fluorine atom in the-C¢H,4 group of an adjacent molecule. There are alsd sitecking

interactions (3.685 A) between the planes of trengipyridine fragments.

PN N 8
A ," !‘J \J\ ’h,{' — ’\
7 NAw Vvd T )
Y & Il ) 2ma /N "X / ¢
[ & TN 0C17 / \p=——sta 4 @ " /Au
) &_,’\Au - M\ 4 Q /¢ Co1 028{ \J
VAR SEE o N \ & g A\
‘/"// \W " \\ ’,:f:': /7" \\J
. or ¥ | ' @ Fa¥
ca28 _“ j“ M j/ \ J\:}a\\
[/ 4 &
26 28

Figure 12. Molecular structures &6CH,Cl, and28. (50% probability ellipsoids shown)

Hydrogen atoms and co-crystallised solvents werigtednfor clarity.

Table 5. Selected bond lengths (A) and andlef( complexef6 and28

Complex 26CH.CI, 28

N-Au 2.158(3) 2.164(6)
Au-C(28) 2.031(4) 2.029(7)
Au-O(1) 2.112(2) 2.130(5)
Au(C17) 2.011(3) 2.017(7)
N-Au-C(28) 172.12(13) 172.4(2)
C17-Au-O(1) | 177.08(12) 174.4(2)
Au--Au 6.911 6.957
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All complexes were isolated as pale yell®t 329 or colourlessZ6—30 solids. They are
air and moisture stable at *€ in the dark for months but slowly degrade if esgubto light.
Deposition of gold film can be observed over tharse of 16 h at room temperature. The
decomposition pathway most likely involves arylnster from the gold centre to the
phenylpyridine backbone and reductive eliminatiorgold(l) trifluoroacetate which further
undergoes reduction to gold metal. The reactioactelerated by the presence of neutral
donor ligands. Treating dichloromethane solutiofisC-N~C)Au(p-F-CsH.)(OAC)) 28
with excess PMgor SMe quickly gives the C—C coupling product (HC-N-GX-CsH,)

33 concomitant with the loss of ligated gold. (Schepe

LorA
/AU - LAu(OAcF)
o ﬁ L = SMe,, P
B! (18) F Bu' (33)

Scheme 9Reductive elimination of cyclometallated bidentgedd(IIl) complexes

The molecular structure was also confirmed by Xagsstallography. (Figure 13)
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Figure 13 Molecular structure d33. (50% probability ellipsoids shown) Hydrogen atoms

were omitted for clarity.

1.2 Photoluminescence studies

Traditionally, gold(lll) complexes have been rarelgserved to exhibit photoluminescent
properties at room temperature. The probable regsides with high electrophilicity of the
gold centre and as a consequence renders low-enmat centred d—d ligand field states
which would quench luminescence excited stateswiaradiative deca¥’: ®Despite this,
recent reporfs ®show that cyclometallated gold(lll) complexes haeen found to exhibit
photoluminescence properties at room temperaturees&ential requirement however is the

presence of strong-donors which would lead to an increase of electtensity around the
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metal centre and also to the rising of d—d ligaiettifstrength. This in turn increases the

chances for population of the emissive state. (ieid4)

IL/MLCT d-d
— increasing —
V‘,L\ d-d ligand field  |L/MLCT
— strength —
)
hv
ground state m—————— ground state

(a) (b)

Figure 14. Energy level diagram for d-metal complexes in \gak field environments
showing non-radiative decay and (b) strong fieldimmments showing photoluminescent

emission. Adapted from ref. 23
Photoluminescence of tridentate complexes

Most reported studies have focused on using Arduye N-heterocyclic carbenes
(NHCs)® ®or acetylide ligad®' *as strongs-donors. Limited work has been reported on
cyclometallated bidentate gold(lll) systems beariwg aryl ligands™®* this is probably
because the imposeiks configuration of the unconstrained aryl moietiesuad the metal
centre make the complexes susceptible to redudiweination. Given the remarkable
thermal stability of the gold alkyls and aryls (C*DJAUR (8, 9, 15—25) and the convenient
synthesis protocol developed, we decided to ingatdi the photophysical properties of a

number of the complexes.

Since the nitrogen and oxygen based ligands arsuffitiently strongs-donors, complexes
2—7 and 10—14 show no discernible photoemission. In contraststradkyl and aryl
complexes exhibit photoluminescent properties atréemperature both in solid state and
in dichloromethane solutions. Upon excitatioria 350 nm, the solution emission spectra
of most complexes show well resolved vibronic-dimied bands with maxima at similar
wavelengths in the green regidn.{= 474 — 498 nm). (Table 6) This correlates welthwi
the emission wavelengths of most cyclometallatetN(C)gold(Ill) complexes bearing a
strongo-donor®"®%*The vibrational spacings afa 1200 crit (Figure 15) correlate well
with the ligand-based stretching modes (C=C and C=blggesting a significant
contribution of the diphenylpyridine ligand in tescited-state. The similarity in emission
bands together with the submicrosecond lifetimegyssts that luminescence arises from a
metal-perturbedn—n*(C*NAC)] intraligand (IL) state. Similar assignmterhave also been

made in other (C*N~C)AuX complex&%""®These findings suggest that the photoemission
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wavelength in complexe8, 15, 18, 22 and 25 are insensitive to the nature of the aryl
substituent. Similarities between the emission wengths irrespective of the nature of the
aryl substituent were also reported by Venkatesaal. for cyclometallated phenyl- and

thiophenylpyridine (C*N)AuRcomplexes (R = Pip-CFs-CgH,, CsFs or 2-thiophenylf?

\ —R=C6FAH O
A ——R=p-F-C6H418
R = Benzothiophenyl 25
=R = acenaphtyl 22
R=Me15

400 500 600 700
Wavelength/ nm

MNormallised Emission Intensity

O

Figure 15. Emission spectra of gold(lll) aryl and alkyl compés in solution.

Unlike the aryl complexes discussed above, dichhethane solutions of complex8sand

24 show significantly different emissions in the blared yellow regions respectivelyef, =
439 nm for8 and 532 nm for24). (Figure 16). The considerable shift in the emiss
maxima as a function of the aryl substituent aladgyghe structureless emission band
strongly suggests that photoemission process is pnetdominantly derived from an
intraligand ¥[x — n* (C"N~C)] transition. This appears to be the firsport of a strong
modulation of photoluminescence response in Auflf)a function of non-chelatingaryl
ligands. The modulation is only observed in soltiavhile in the solid state the
photoemission maxima of all studied complexes arsirailar wavelengths, in the green
region, and in these cases derive from ligand-bagadt states. Computational studies are
underway to elucidate the nature of this differentiee contrast between thiopher4
(Aem= 532 nm, CHCI,) and benzothiophenyl{,= 482 nm, CHCI,) is particularly striking.

Another noteworthy difference could also be obsgrvetween the thiophenyl and furanyl
ligands. While the thiophenyl compl@4 displayed quite intense photoemissidp € 9.8 x
102 CH,CL,), the furanyl complex displayed negligible photégsion at room temperature

both in solution and in solid state.
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Table 6. Photophysical properties of (C*N~C)Au(HFyl and alkyl complexes.

Absorbtion Solid state Solutlion Op°
. L emissionen, emissiofi Aem

AmadNM (ma/dmM” mol™ ci) (hm) (nm)

8 | 320(12997), 379 (3780), 388 | 445, 458, 482 439 1.04 x 107
(4929), 408 (4572)

9 | 314(6528), 321 sh (6108), 377| 485, 516 483, 511 0.62 x 10
sh (2045), 388 (2953), 408
(2779)

15 | 320 sh (10190), 357 (3070), 378189, 513 474, 506 2.30 x 10
(3040), 396 (2510)

18 | 320 (19867), 365 (5165), 383 | 459, 479 478, 507 1.29 x 10
(5709), 403 (4811)

22 | 315 (16084), 362 (4522), 382 | 458, 476 498, 531 0.50 x 10
(4566), 398 (4024)

24 | 313 (10033), 371 sh (3188), 385 | 445, 458, 481 532 9.80 x 10°
(3963), 406 (3259)

25 | 310 (21471), 373 sh (7314), 38650, 476 sh 482, 510 0.24 x14
(9006), 405 (7176)

%1n degassed dichloromethane solutions at 298 Ks&anm lifetimes were determined to be

<50 ns” PL quantum yields recorded in degassed dichlorieamet solution at 298 K using
[Ru(bipy)]Cl, as standard.

25

€/ 103dm3 mol 1 cm?

o

R

_

335 435 535 635

Wavelength / nm

ANSU31U| UOISSIWS PasI[ELION

R=  C4HsS (24) p-F-CeH4 (18) CeFs (8)

Figure 16. Absorbtion (- -) and emission (-) spectra of ctares8 (blue) and24 (black)

(left) and PL emission fd24, 18 and8, A 365 nm (right)
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The UV-Vis spectra of the studied aryl and alkyinpdexes spectra in dichloromethane at
298 K are similar and were found to resemble thectsp of other (CANAC)Au(lI)
complexes bearing different auxiliary ligands suek phosphine®, carbene$ or
acetylides There is a very intense absorption band at 3TD+®n ¢ =10° dnt mol* cm*)
and a moderately intense ¥ 3000 dm mol* cmi?) vibronic-structured absorption in the
357- 408 nm region.(Figurel7 and Table 6). Thetmwsbf the absorption maxima for the
vibronic-structured absorption is rather insensitito the nature of the aryl or alkyl
substituent and is therefore assigned to a metalrpedr—r* intraligand transition of the
diphenylpyridine ligand. The vibration progressifrca. 1200 cnil, in close agreement with

C=N and C=C vibration modes of the C*N"C ligandalg® consistent with this assignment.

A0000

—Thispheanyl
—=Benrothiopheny

—fcenaphtyl

e/ dm' molt cm?

—CGF5
CEH4F
—C&FAH

Wavelength [ nm

Figure 17. Absorbtion spectra of gold(lll) aryl complexes
Photoluminescence of bidentate complexes

Given that the tridentate(lll) aryls and alkyls played interesting and in some cases
surprising photoluminescence properties, we decideihvestigate the impact of Au—C
bond cleavage on the photoemission propertieshitrespect representative examples of
bidentate gold complexes (HC-NAC)Au(R)(OAc(R = Me 26, p-F-CsFs 28) were
investigated. Since in the case of the tridentatmptexes, the g 8 and thiophenyRk4
complexes also displayed modulation of photoemmssi@velength as a function of the
substituent, the corresponding Au—C cleavage prisd{itC-N"C)Au(R)(OAE) (R = GFs

31 and thiophenyB2) were also investigated. The results are sumnehans&able 7.
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Table 7. Photophysical properties of bidentate @ib)caryl and alkyl complexes

Absorbtion Solid state Solution emissioh| ®p°

emissioMe{NM) | Aen{nmM)
AmaNM Emaddm® molt cni?) © ©

26 | 341(26940) 478, 501 467, 498 7.8x 107
28 | 344(15040) 480, 504 477,508 10 x 102
31 | 320 sh (10190), 357 (3070), 38184, 516 443 23x 10

(3040), 396 (2510)

%In degassed dichloromethane solutions at 298 Ks&am lifetimes were determined to be
<50 ns.” PL quantum yields recorded in degassed dichlorsamet solution at 298 K using
[Ru(bipy)]Cl, as standart.

In the case of complexes where R = MepefF-CiH,, the bidentate complexes show a
surprise increase in emission intensity comparedhéir tridentate analogues while the
photoemission wavelengths of all the complexes mmaentical. The solution
photoemission quantum yields increase fibpF 2.3 x 10 (R = Me15) and 1.3 x 18(R =
p-F-CsH4 18) in the tridentate complexesdg= 7.8 x 10° (R = Me26) and 10 x 18 (R =p-
F-CH; 28) in the bidentate analogues. (Figure 18, left) ddntrast, the trifluoroacetato
complex (CN"C)Au(OAE) 4 which has the same number of C, N, and O donoi8as
shows no photoluminescence. The emission bandstbfliidentate26 and28 are vibronic-
structured with vibrational progression c&1200 cn' as in the case of the tridentate
analogues. We therefore tentatively assign themmétal perturbed intraligand (C~N”C)

triplet based emission.

€/10° dm?® mol'*ecm?
UOISSIWIB030Yd Pas]eWIoN

Normalised Photoemission

300 500 700

350 400 450 500 550 600 650 700 Wavelength / nm
Wavelength / nm

Figure 18 Normalised photoemission of tridentate (C*N*C){pur-CsH,) (18) (red) and
bidentate complef8 (blue). (left); Absorption (red) and emission @jspectra of bidentate
CeFs complex3L.(right).
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In contrast with complexe26 and 28,in CH,CI, solutions, the g5 bidentate comple81
shows alecreasén quantum yield fron®p = 10.4 x 1¢ in the tridentate (C*N*C)Au((Es)
810 ®p = 2.3 x 10 in (HC-NAC)Au(GFs)(OACh) (31) while the thiophenyl derivativ82
does not emit at room temperature. In the caseoonfptex 31, the photoemission band
maintains its non-vibronic structure as in thedntate analogu8. (Figure 18, right). The
nature of these differences is still unexplained aamputational studies are underway to

shed light in the photophysical mechanisms of tivesiations.

CONCLUDING REMARKS

The research summarised here shows that the iatdre(C*N*C)AuCI2 can be converted
into more reactive species by replacing the chéotigand with oxygen ligands such as
hydroxides 3, trifluoroacetates4 and methoxidess. Making use of the lability of the
introduced Au—O bond, these complexes are usefitheys for other classes of gold(lll)
compounds. An acid-base reactivity assay showet] thgorinciple, (C*N~C)Au(OH)3
should react with most substrates withkg, ppwer than 29 (DMSO). Treating compl&x
with substrates with an acidic proton functionalitych as 5 membered N-heteroycles or
acetylenes gave quantitatively the corresponding gomplexes with water as the only
by-product. A particularly versatile protocol istiheaction of3 with boronic acids to give
gold(lll) aryl complexes. The high-yielding reactican be extended from simple aryls to
heterocycles and is tolerant to the presence aoftimmal groups such as-vinyl and p-

formyl on the introduced aryl group.

Similarly, the trifluoroacetate (C"N~C)Au(OAc4 was found to be a useful synthon to

gold(lll) alkyls by transmetallation from aluminiuatkyls.

The isolated aryl and alkyl groups readily undemggioselective acid mediated Au—C bond
protolysis to give the bidentate (HC-N~C)Au(R)(CAspecies.

Most aryl and alkyl containing complexes generabgdthe protocols described above
showed photoluminescence properties. We have fthatdn the case of the tridentate aryl
and alkyl complexes (CA"N~C)Au(R), variation of tResubstituent has no influence on the
photoemission maxima.{, = 474 — 498 nm, green region). Two notable exoeptiare the
CsFs and thiophenyl complexes which show a modulatibthe photoemission wavelength
in solution alone from blueA{, = 439 for R = @Fs 8) to yellow Qem = 532 for R =
thiophenyl24). This appears to be the first report of the matioh of the photoemission
wavelength in solution for gold(lll) aryl complex@s a function of non-chelatingtaryl

ligands.
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The cleavage of an Au—C bond does not seem to havinpact on the photoemission
wavelength but leads to an increase of the photsam intensity of some compounds (R =
Me (26), p-F-GsH, (28) ) and to a decrease in others (RgE{31), thiophenyl 82) ).
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CHAPTER 2

Chemistry of Gold(lll) Hydrides and Unsupported Gold(ll)
dimers Containing Cyclometallating Pincer Ligands

A portion of this chapter has appeared in print:

D.-A. Rosca, D. A. Smith, D. L. Hughes, M. Bochmann “A Thailiy Stable
Gold(lll) Hydride: Synthesis, Reactivity, and Retue Condensation as a new
Route to Al Complexes’Angew. Chen2012 124, 10795Angew. Chem. Int. Ed.
2012 51, 10643.

T. Dann, D.-A. Reca, J. A. Wright, G. G. Wildgoose, M. Bochmann

“Electrochemistry of Ali and A" pincer complexes: determination of the'AAu"
bond energy’Chem. Commur2013 49, 10169.
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INTRODUCTION

Transition metal hydrides have excited considerafierest both from the perspective of
fundamental M—H bonding and also as well estabtiskey intermediates in numerous
homogenously and heterogeneously catalysed reaétiBratinum(ll) hydrides for example
have been extensively investigatedince their first report in the late 195GsHowever,
isolable hydrides of the isoelectronic gold(lll) ttee best of our knowledge are unknown.
Their instability was often explained by the strigngxidising nature of the metal centre
(Au®*/Au* 1.36 V; Ad*/AU° 1.69 V)2 which would readily be reduced in the presencief
electron-rich hydride ligandAs a consequence, the formation of gold hydridés
B-hydride elimination in various catalytic cycles svéhought to be unfavourable, even
though this pathway is readily accessible to othensition metal$® Nevertheless, both
gold(l) and gold(lll) hydrides have been long pregd to be key intermediates in gold
mediated hydrogenatiof$, hydrosilylations”’ dehydrogenative alcohol siliylation®,

oxidative C—C coupling reactiolf$ and other organic transformatiofis.

In terms of experimental data, reports on charisetéon data on gold hydrides are scétce
especially when compared to other transition meygdrides. Early reports on structural data
were limited to vibrational spectroscopy studiesborary hydrides such as AuH, {JAuH,

(H,)AuH; and [AuHy]’, generated in frozen gas matrices below % K?

Heterobimetallic gold- transition metal complexesttiring bridging hydride ligands have
been known for a long time and their synthesis lve the reaction between M—H species
(M= Ir, Rh, Pt, Co, Winter alia) and Au(l) cations:®® (Figure 19). More recently, Le Floch
et al reported well-defined examples of Xhantphos-phose supported cationic digold(l)
complexes containing Au—H—Au fragmetfts which are catalytically active in

dehydrogenative silylation of alcohdfS.

COy [\
OC,, | /"\ N\rN
Co—Au_ [
v PN =P PSS
b X N Qpn\ AUl PP Au'
’) ' Ph \-/’lH Ph I
W) — P/Al«l\p S— H
Stone et al. Le Floch et al. Sadighi et al.
J. Chem. Soc. Dalton Trans. Inorg. Chem. Angew. Chem. Int. Ed.
1984, 2497. 2009, 48, 8415. 2008, 47, 8937.

Figure 19 Examples of characterised complexes containing Auseftls.
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Attempts to use phosphine ligands in the preparatib well-defined terminal gold(l)
hydrides of the type (R)AUH resulted in reduction to Au(0), but the shoretivgold(l)
hydride species could be characterised in the basepby mass spectromelfySadighiet

al. showed that replacing phosphine ligands with mkireetically inert and stronger
o-donating N-heterocyclic carbene ligands affordbd tsolation of a thermally stable
terminal Au(l) hydride which was characterised By NMR and X-ray crystallograpHy.
(Figure 19, right) The complex was synthesised kwacting the (IPr)AutBu™
(IPr)Au(OH)*®* with a hydride source such as (Mg&IH.(Scheme 10) Reactivity studies
showed the complex to be inert towards substratels as 1-hexyne or diphenylacetyléhe.
No reaction was reported to occur with ethylenenaweder elevated pressure (8 bar, RY).
The complex does however react with the more neaaimethylacetylenedicarboxylate
(DMAD) giving the trans insertion product! Attempts to generate the (IPr)Autda
B-hydride elimination from (IPr)AuEt were unsuccessfand upon computational
investigations it was concluded that the high ation barrier of this reactioncg.
209 kJ mof) would require high temperatures (>120D), far beyond the thermal stability
limit of the product:®® A recent stud¥’ showed that the N-heterocyclic carbene-supported
hydride (IPr)AuH can act as a C—F activation cahlyor the defluorination of
perfluoroarenes in the presence oSt as a hydride source. (Scheme 10) In the
investigation of the reaction mechanism of thictiea, the authors also postulate gold(lll)
hydride species as possible intermediates whichbeaformed by oxidative addition of the

fluoroarene to gold(1}”’

h
N/=\N (MeO);SiH N N /
T NN
Au' Au
" T

O'Bu MeO,C—=—CO,Me Au
Sadlghl etal
Angew. Chem. Int. Ed Me02C Xy C0:2Me
2008, 47, 8937. H

H H
F F . 10mol% F F
+ Et;8iH—— > + Et;SiF
F F DMAP F F

Zhang et al. NO,
J. Am. Chem. Soc.
2012, 134, 16216.

Scheme 1(Bynthesis, reactivity and catalytic activity of tHelC supported Au(l) hydride
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In addition to the defluorination of perfluoroaren&ormaet al. proposed that gold(lIl)
O”N~N chelates immobilised on silica supports apgvgrful hydrogenation catalysts and
operatevia heterolytic hydrogen activation to give rise tddfdl) hydride and dihydrogen
complexes as active catalytic species. (FigureT2@gse results have also been supported by
computational studie® More recently® Alcaide et al. proposed the involvement of
gold(lll) hydride complexes formed bg-hydride elimination from gold(lll) oxetane

complexes in the gold(lll) mediated oxycyclisatmi-allenols.

—Nm pre-catalyst
oA=NT
<\ /NS

o ¢l

H,, EtOH
H dihydrogen activation
Et8H
_N/ﬁ olefin
\ N— coordination
Au™“
\ /e > ‘%
(o] H
—N gold(lll) hydride

\@%\ ~
gold(lil) dlhyd rogen complex

_N
N_
olefin
insertion

Corma et al. J. Am. Chem. Soc 2006, 128, 4756.
Figure 20.Proposedjold(lll) hydrides as intermediates in olefin hygematior*

Judging from their relevance as key catalytic midiates it is perhaps surprising that
gold(lll) hydrides remain unknown. Early attempts the synthesis of Auii Au,Hgs or
tetrahydridoaurates(lll) M[Aul] by reacting AuQ or HAuUCl, with strong hydride sources

such as LiBH were unsuccessful, yielding colloidal gofé.

Since dianionic diphenylpyridine pincer ligands fnremarkable thermal stability to
gold(lll) centres by blocking reductive eliminatignathways, we decided to explore their
ability in stabilising gold(lll) hydride species.his chapter summarises our efforts with
regards to the synthesis, characterisation andivipof the first thermally stable gold(lll)

hydride. During our reactivity studies, we haveeasd that gold(lll) hydrides also offer a
convenient pathway for the synthesis of a remaykabdble, unsupported gold(ll) dimer,

which upon photolytic disproportionation gives rigea unique mixed-valence AAu" ,
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macrocycle. Various aspects of the chemistry ofdhspecies explored by experimental and

computational methods are discussed.

RESULTS AND DISCUSSION

2.1 Synthesis and characterisation of a thermallytable Gold(lIl)
hydride

Treatment of (C*"N”C) supported gold(lll) hydroxi@evith a strong hydride source such as
Li[HBEt;] in toluene at low temperature in the dark, folemvby stirring for 15 minutes at
room temperature rapidly yielded a single produbiclv was identified as the gold(lll)
hydride B44). (Scheme 11) The complex was isolated in goottyi€75 %) as air- and
moisture-stable crystals. Employing a similar pecoldor the synthesis of the first terminal
IPrAu'H,* Sadighiet al. reported concomitant alkyl transfer from Li[DBEto the Au(l)
centre confirmed by the isolation of the LAu(l)E& a minor product (10%). In contrast, a

similar protocol for the synthesis 84, produced no traces of the (C*N*C)AuE&

tBu tBu
_ Li[H(D)BEts] _
< N—Au—OH > < _N—Au—H(D)

toluene, -78 °C

2 - LHOBEY] 2

Bu 75 % Bu
(3) (34y, 34p)

Scheme 11Synthesis of the (C"N~C) supported gold(lIl) hydrid

Characterisation in solution

The'H NMR spectrum oB4, displays a singlet resonance3at-6.51 in CQCl, (3 -5.73 in
CsDe) While the protons attached to the carbon atothefs position with respect to the gold
centre give rise to a poorly resolved pseudo-tripialtiplicity suggesting a weald (1 Hz)
coupling to the hydride ligand. (Figure 21). Theigsment was confirmed by preparing the
analogous deuterid&, by reacting the gold(lll) hydroxid@ with Li[DBEt;] (Scheme 11).
The'H NMR spectrum oB4, was similar to the one &4, with the absence of the hydride
resonance. The proton attached to ffhrearbon with respect to the gold centre shows the
expected doublet multiplicity’{ = 2 Hz). The’H NMR spectrum of the complex shows a

singlet resonance &g -6.58, consistent with the hydride assignmerg4n

41



T
8.0 7. 7 3

W ow W WK g,;

=

M%%M Y

-6.5117

\ -

\ 7
" 9
Alu ‘Bu
" [
| )

; N

o T
8 7 6 5 4 3 2 1 0 -6 ppm

Figure 21 'H NMR spectrum o84,. (CD;Cl,, 300 MHz, RT) The hydride resonance
(green) and hydrogen attached to ffhearbon with respect to the gold (red) are highkgh

By contrast, the Au—H chemical shift in (IPr)fd) (IPr = 1,3-bis(2,6-
diisopropylphenyl)imidazole-2-ylidene) was found &t +3.38 in CDCl, (64 +5.11 in
CsDe),”* about 10 ppm downfield from the resonance in db)dhydride 34,. This
considerable difference in chemical shifts betw#engold hydrides in the two oxidation
states was predicted by theoretical studies atitbisght to be caused by a combination of

paramagnetic ring current effetfsand relativistic spin-orbit effects’

Spin-orbit coupling effects are expected to havarge influence on hydrogen chemical
shifts in the complexes where the hydrogen is bdrieectly to heavy metal centres since
the hydrogen uses exclusively itsdrbital in bonding. A dominant contribution of agued
orbitals with an approximaiesymmetrywith respect to the bond between the NMR nucleus
(hydrogen) and the attached heavy atery.@d™ andd® metals) will caus@eshieldingspin-
orbit coupling effects. At the same time, orbitaléh approximater-symmetry(e.g.in d
and d metal complexes) will providehielding contributions:*® *** A consequence of the
above is that thef gold(lll) hydride complexes, along with almost athmplexes with
partially filled d-shells, exhibit negative (high field) hydride NMRifts, while complexes
with fully filled d-shells (thed™ gold(l) included) exhibit positive (low field) checal
shifts. A comparison of the gold(l) and gold(lilydride chemical shifts compared to other

d-block metal§* **4s shown in Figure 22.
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Figure 22 d-block metal hydrides NMR chemical shifts, basedhranstudy by Hrobarikt
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Characterisation in solid state

Both hydride and deuterid®&,p) were also investigated by IR (ATR) spectroscodye TR
spectrum of the hydride showed a strong sharp bad88 crit which is higher than the
Au—H stretch in (IPr)AtH (1976 cn)* but similar to that reported for AuH and JBuH

in frozen argon matrix (2226 and 2173 tmespectively)’*®or to the band reported for
AuH in the gas phaseé® The value also compares well with the one founthin closely
related platinum(ll) hydrides (NANC)PtH (NAN~C =-ayl-2,2’-bipyridine) (2157-
2126 cnt).*** The IR spectrum of the deuteriBd, was similar to the one of the hydride
34, but with the absence of the band at 2188'.ciithe Au-D stretch, expected e 1550
cm* was not found and is likely to be obscured by pigaibration modes. Based on the

comparison witt84, we assign the 2188 ¢hiband in34y to the Au—H stretching mode.

Dichloromethane solutions &4y kept at -28°C produced single crystals suitable for an
X-ray diffraction study. The solid state structwenfirms 344 as a monomeric, terminal
gold(lll) hydride. (Figure 23, left) The crystal aity allowed for hydride ligand to be
located on the difference density map. The Au—Ndtength (2.035(3) A) is slightly
elongated when compared with the one of the stahymlroxide3 (1.974(3) A) (Table 2) as
a consequence of the stronggems influence of the hydride ligand compared to the ohe
the hydroxide ligand. In the crystal packing, the-u distances are 4.635 A and the
molecules are stacked in a head-to-tail fashiom witort (3.407 A) interplanar contacts.
(Figure 23, right)
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Figure 23 Molecular structure of (C*"N*C)AuH34,). Thermal ellipsoids are set at 50%
probability level. Hydrogen atoms (except for thaund to the gold atom) are omitted.
Selected bond distances (A) and angRs Au-N 2.035(3), Au-C(17) 2.073(4), Au-C(1)
2.074(4), C(17)-Au-C(1) 161.63(16). Head-to-taitamigement depicting contacts between
stacking aromatic rings. (right)

Complex 34, is stable to moisture and air at room temperatur@ shows no signs of
decomposition under ambient laboratory lighting feonths in the solid state. However,
toluene and dichloromethane solutions34f; darken rapidly when exposed to light without
any noticeable change in tHel NMR spectrum. Prolonged exposure to sunlight of a
dichloromethane solution &4y gave the (CAN*C)AUCR (t;,~ 4 h). The hydride is very
soluble in polar solvents such as dichloromethanelldF, in aromatic hydrocarbons
(toluene, benzene) and only sparingly soluble ghtlipetroleum. Despite its remarkable
thermal stability, heating a benzene solutior84f at 60°C for 12 h resulted in the loss of
the hydride resonance B NMR spectroscopy and gave a mixture of products af
which 30 % free ligand could be quantified. No products of aromatic C—dthation such

as (C"N"C)AuPH.7 could be identified.

It is also worth mentioning that even thougfydride elimination has been known fdt
metals for a long tim& samples of (C*N~C)AuEL7 failed to produce the hydrid@4,
under thermolysis or photolysis. The explanatiombpbly resides with the fact that
(CAN"C)AuH 34, is coordinatively saturated® whereas a vacant coordinative site is a
pre-requisite fop-hydride elimination to occur. This behaviour reséss the one of gold(l)
alkyl complexes wher@-hydride elimination from (IPr)Ai(Et) has been reported to be an
un-favourable process by various computational istudiue to the high energy of the

gold(l)-alkene-hydride intermediaté.
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2.2 Reactivity of the (C*"N*C)AuH

Reactions with unsaturated hydrocarbons

Initial reactivity screening was performed with strtes known to react with typical metal
hydrides such as aldehydes or olefifsCompound4, proved to be inert towards ethylene,
norbornene, 3-hexyne, diphenyl acetylene,,@@d benzaldehyde. The reactivity 34,
seems to be less pronounced than of the gold(ljide/dIPr)AuH#** for instance, while
(IPr)AuH is reported to readily insert dimethyl denedicarboxylate (DMAD) to give the
gold(l) vinyl analogue via &ransinsertion, the gold(lll) hydrid&4, displayed no reactivity

towards DMAD and the starting materials could bmwered unchanged.

However,34, does readily insert more reactive unsaturateddogtbons such as allenes to
give rise to gold(lll) vinyl complexes. In recergars there has been an extended interest in
gold vinyl complexes. The reason lies in their witfious presence as proposed intermediates
in catalytic cycles involving gold(l) and gold(llthediated transformations of unsaturated
hydrocarbons. While in the case of gold(l) thergehbeen a number of these complexes

isolated and studied® reports of gold(lll) vinyl complexes is still vescarce”

The reaction with 1,1-dimethylallene produced gld(vinyl complex 35 with >90%

conversion being reached after 20 h. (Scheme 12).

‘Bu
i @
H

-

Cy
— CeDg, RT

\ /N_AU_H /_7 /

o
‘Bu

90 - 92 % conversion

Scheme 12Reactivity of34, towards allenes: synthesis of gold(lll) vinyl coms

Complex35 could be readily recrystallised from dichlorometéaolutions at -28C and the
crystals were subjected to a single crystal X-rapestigation. The molecular structure3&f
(Figure 24) represents a rare example of a straityurharacterised gold(lIl) vinyl complex.
To the best of our knowledge, the only other regmbitrystal structure depicting a gold(lll)

vinyl complex is the gold oxazoline-based zwittarimbtained by the Augkyclisation of a
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benzamide-bearing substrate reported by el ™ In the crystal 085, the vinyl moiety is
disordered over two positions. The Au—C bond ler{@tB4(3) A) is comparable to the one
in the vinyl complex reported by Ahn (2.004(19) A).The extended structure @5
displays a head-to-tail arrangement with shortadisés between the planes (3.540 A) and
long Au--Au separations (6.922 A).

Figure 24. Molecular structure 085. Thermal ellipsoids are set at 30% probabilityelev
Hydrogen atoms are omitted. Selected bond distafd@sand angles °J: Au-N(1)
2.047(17), C(10)-C(11) 1.16(4); Au-C(10) 2.04(3-&(17) 2.073(4), Au-C(1) 2.089(17),
C(1)-Au-C(1’) 162.8(10). N-Au-C(10) 171.1(6); C(1i3 a crystallographic equivalent of
C(1) generated by the operator —X, y, ¥2-z. Thelvimgiety shows positional disorder. Only
one position is shown.

When using cyclohexylallene as a substrate, thetiogais regioselective, producing a single
compound36, as established b{H NMR spectroscopy. However, the reaction is slower
with >90% conversion noted after 3 days. Sincect®pound resisted crystallisation, the

absolute configuration of the diastereoisomer cowldbe established.

The (CAN~C) supported gold hydride does not dispksctivity towards functional groups
such as aldehydes, common olefins or even adid (nfra) In this respect, the allene
insertion reaction opens the possibility for thathgsis of gold(lll) vinyl complexes bearing

reactive functional groups which can be furtherleigd.

Reactivity with acids

The reaction 084, with acids was also investigated. To our surptise hydride was stable
towards weak acids such as acetic acid; addingkeese of acetic acid to solutions 34,
resulted in no reaction and the hydride could leevered unchanged. On the other hand an

instantaneous reaction was observed with the strami§uoroacetic acid (HOAS to give a
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mixture of products, with the expected complex (CCMAUOAC 4 not being identified

among the reaction products.

Indeed, the protonation of transition metal hydsidemetimes involves processes which are
more complicated than classical acid-base reactd@gending on the protonation site, for a
given metal, three reaction pathways can in priaciie envisaged: hydride protonation to
give a dihydrogen complex, protonation of the metaitre to give a dihydride, or proton

electrophilic attack on a basic centre on the stpmpligand*?°

It was previously discussed (Section 1.1) that ngfracids are capable of cleaving
phenylC—Au bonds in (C*N~C) tridentate pincer ligario give rise to (HC-N"C) bidentate
environments around the metal centre. In the cheedydride34, , theoretically there are
two possible sites for electrophilic attack of:HA) the Au—H bond to generate a
(CANAC)AU" cation with the liberation of Hor (B) the phenyl—Au bond to give the
bidentate [(HC-N"C)Au(H)] with the protonation of the cyclometallating ligand
(Scheme 13)

Pathway A _ W dissociation

N—Au—H
\ /
H* But reductive
elimination

Pathway B -Au(l)*

Bu

But

Scheme 13Potential pathways for the reactions of gold(ljprdes with H.

Treatment of dichlorometharh-or tolueneds solutions of34, with the Brgnsted acid
[H(OEt,),][H ,N{B(C¢Fs)s} -] *** at low temperatures (-AT) lead to the disappearance of the
hydride resonance &4, (6 -6.51 CDClI,, -5.52 in toluenal) and gave rise to a broad set
of resonances which resemble the ones of the kitkegbld(lll) species [Au(HC-N"C)]
No resonance that could be assigned idexpectedy 4.59 COCl,, 4.50 toluenads) was
observed. Similarly, upon reacting the deuterddg and [H(OE$),][HN{B(C¢Fs)s}2] or
HOAC at -70°C no triplet characteristic of a HD complex or oéd HD was observed.

Upon warming the reaction mixture up to room terapge, darkening of the solution could
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be observed and a brown precipitate formed. At reemperature, the free ligaridwas
quantified as the major product (65 %). Based enettperimental evidence we propose that
in the case of the (CAN"C)AuR4, Au—C protolysis (Pathway B) is preferred over
electrophilic attack at the Au—H bond. This prefere is a probably due to the strain
imposed by the tridentate pincer ligand and alsthefcovalent nature of the Au—H bond, a
consequence of the high electronegativity of thiel gentre:* There are no reports on gold
dihydrogen complexes in any oxidation state butigseof the type (b)JAuH and (H)AuH;

have been observed by vibrational spectroscopsozeh gas matrice$>{vide supra)
Reactivity with (C*"N~C)AuOH 3: Reductive condensation

Surprisingly, the hydrid84 also reacts slowly with the hydroxi@do give the unsupported
gold(ll) dimer37. The reaction proceeds at room temperature idahe and full conversion
is noted after 60 h. (Scheme 14). The hydiddg also reacts with the trifluoroacetate
(CA"N"C)AuU(OAC) 4 to give 37. After 3 minutes, the composition of the reactiorxtonie
consisted of37 (75 %) alongside some unidentified products (25%)e presence of
secondary products is a consequence of the fadthaeaction by-product is trifluoroacetic
acid (HOAC) which is capable of Au—C bond protolysis (Sediseacl.1).

t
Bu ‘Bu ‘Bu

() ()

CD,Cl,, RT, 60 h

N—Au—H — Au— — Ayl 1IN
\ / u + \ /N Au—OH HOH \ /N Au"—Au"-N
Q (344) Q 3) Q By (37)
Bu tBu ‘Bu

Scheme 14Reductive condensation pathway for the synthesiseo§old(Il) dimer37

The reaction of a metal hydroxide (or carboxylatéh a metal hydride with the elimination
of water (or acid) thus amounts teductive condensationCommon protocols for the

preparation of Al—Au" dimers typically involve oxidation of a Aucentré®*'®

or
reactions of between Auand Al complexes (comproportionatiotff. An inverse reaction
of reductive condensation is the oxidative cleavafja P4—Pd bond byH,O and NH

which has recently been reported by Ozexbal %’

Complex37was isolated as a yellow air- and moisture-stableder and does not show any
signs of decomposition in benzene and dichloronmetheolutions kept in the dark over a

period of at least 7 days. As a solRY is stable for months at room temperature in the
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presence of ambient laboratory lighting. The charégation and chemistry &7 will be

discussed below. (Sections 2.3 and 2.4)
Bond dissociation energy in 34

The dimeric Al complex37 can also be prepared by direct He radical abstradtom
(CAN~C)AuH 34, mediated by radical scavengers such as galvinokiyeé reaction is
quantitative after 5 minutes as noted Y NMR spectroscopy. On the other hand, the

reaction does not proceed if TEMPO is employed asligal scavenger. (Scheme 15)

BOAS
Au''N

\ /N—Au"
Galvinoxyl O
aF
—Au—H
‘Bu

(344) no reaction
N

O.
TEMPO

\/N

Scheme 13Reaction of gold(lll) hydrid&4, with radical scavangers

Since galvinoxyl is capable of He abstraction whil&EMPO is not, the Au—H bond
dissociation energy (BDE) could be estimated expenitally. The reported BDE (measured
by calorimentry) for TEMPO-H is 291.34 kJ rifolvhile the BDE of galvinoxyl-H is
328.7+2.1 kJ mal which provides an estimate of the Au—H bond diggam energy in
34, between these two valuE&.The value is consistent with the BDE determinedthie
diatomic compound AuH in the gas phase (292+2 Ki*)td and is also in close agreement
with the value determined by us for (C*"N*C)AW®B4, through DFT calculations (317 kJ
mol™?) in collaboration with Dr Joseph Wright. For comparison with Pt we have also
determined the BDE of the closely related pincgopsuted (N*"N""C)PtH (N*N~C = 6-
phenyl-bipyridyl). The determined BDE (350 kJ fMplalso in close agreement with the one
determined for the diatomic molecule PtH (352 kJhb&® is comparable but slightly

greater than for the one 84,. The results are summarised in Table 8.
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Table 8. Comparison of Aland Pt hydride complexes: Calculated and experimentatibon

dissociation energies (values in kJ ol

Complex Experimental | Calculated Diatomic BDE®
BDE? BDE" Compound
(CANMC)AuUH | 291.34 —-328.7 317 Au—H 29248
(N~N~C)PtH — 350 Pt—H 352

2 Approximated from the reactions with Hcceptord Determined by DFT and taken from
ref 130° Determined in gas phase, taken from ref 129

2.3 Synthesis and characterisation of an unsupporte Au" —Au"
dimer

Gold(ll) complexes are still considered rather exand still uncommon compared to the
number of compounds in oxidation states | andDBspite this, recent reports propose that
monomeri¢®* and dimerit® gold(ll) complexes play key roles in the catalytigcles of
various organic transformations such as heterd@pleof alkenes. There are very few
monomeric, paramagneti@® Au(ll) complexes reported to this ddf@, but in some
cases® the assignment of the true oxidation state has Hebated due to the non-innocent
nature of the ligand environment§!®* Unexpectedly and perhaps ironically, a ‘true’
example of structurally characterised monomericd@b! species, bearing non-innocent
ligands, is the tetraxenongold(ll) species '[Kas](ShFi1),.*® The compound was
synthesised by the reduction of the Aufth xenon in the presence of fluoroantimonic acid
and was crystallised at low temperature. Thesaifeatmake this a uniqgue example of a
combination of a noble metal with an inert gas whtre noble metal is in an unusual

oxidation state.

Most monomeric gold(ll) species undergo dimerigatis a way of achieving stabilisation,
to form diamagnetic complexes containing Au—Au demabonds frequently supported by
bridging ligands. Without such ligands, dispropmmtition reactions of Au(ll) centres to
Au(l) and Au(lll) becomes very facile. As a conseqce, there are only a very small

number of examples of compounds containingasupportediu’—Au" bond!24°¢126:137

From the reactivity studies of the hydri@dy we have found that the generation of a
remarkably stable unsupported gold(ll) dimer (C*NAG—AU(CAN"C) 37 was quite
facile. In fact, the formation &7 is observed as a side reaction in several tramsfitons of

34y and is possibly indicative of competing one eletireduction pathways.
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The unusual stability a7 towards disproportionation and oxidation causetbusvestigate

its structure and chemistry in more detail. Sinte teductive condensation reaction was
quite slow (60 h) (Scheme 14) and the He abstractioute produced byproducts
(GalvinoxylH) which were difficult to separate (Sehe 15) we decided to explore other
synthetic routs for the generation3#. We have found that the one electron reducticthef
trifluoroacetato (C"N~C)AuOAkt 4 in toluene, employing cobaltocene as a reductant
afforded37 in good yields. The ionic byproduct [@po](OAC) is insoluble in less polar
organic solvents and can be easily separated thgtiin. (Scheme 16) Compl&X¥ is very
soluble in polar solvents such as dichloromethamg¢ &HF, in aromatic hydrocarbons

(benzene, toluene) and only sparingly solubleghtlpetroleum.

‘Bu

.
ot
-

— toluene, RT —

— Ay— N—A
\ /N Au—0O" CF; Y \ y u
=2 - $
Co" OAcF ¢
& <7 ()
85 %

Scheme 16Synthesis 087 via one electron reduction of (C*N~C)A(OAC) 4

Characterisation in solution

Investigation by'H NMR spectroscopy 087 revealed a single set of typical resonances for
the symmetrically bound diphenylpyridine pincer gesfing that the two (CAN”C)
fragments are equivalent in solution. The protaiacited to the carbon atom in the
position with respect to the gold centre exhibitg@nounced downfield shift 8.14) when
compared to the hydrid84, or to other mononuclear species bearing the (C"NOC)
fragment §, 7.98 in34,). A similar difference is observed for thert-butyl groups which
exhibit a upfield shift in the dinucle&@7 (64 1.01) when compared to other mononuclear
(CAN?C)Au speciesdy 1.36 in34y). (Figure 25) Indeed, this difference is also obsé in
other dinuclear species containing the (CAN*C)Aginent. (See also Chapter 3)
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Figure 25."H NMR spectra (300 MHz, CITl,, RT) of (C*N~C)Au—H34, (red, bottom)

and (C*"NC)Au—AuU(CNACRB7 (blue, top). CDHGland silicone grease also present.
Hydride resonance -6.51) in34y not shown.

The diffusion coefficient in dichloromethane sobuis for compound7 has also been
measured by DOSY NMR spectroscopy and by electrociz¢ methods and was compared
with the ones of the hydrid&4; and the hydroxid8. The results are summarised in Table 9.
The data confirm that compl&¥ diffuses slower than complex84, and 3, consistent with
the higher nuclearity of the (C*"N*C)Au—Au(C*"N"*Q7).

Table 9. Diffustion coefficientdy/10° cnfs™) for complexess, 34, and37.

Method (C"N~C)AuOH3 (CANAC)AuH34,; | [(C™N~C)Au],37
DOSY NMR 1.24+0.1 1.13+0.1 0.87+0.1
Electrochemistry 1.51+0.1 1.60+0.1 0.7+0.1

®Average of the values &, found for 3 or more separate peaks in the DOSY NMR
spectrum using dioxaneD as standartData obtained from digital simulations based on
electrochemical data by Dr Gregory Wildgod¥e.

Characterisation in solid state

Complex37 could be recrystallised from benzene solutions thedcrystals were subjected
to a single crystal X-ray diffraction study. The lewular structure confirm87 as an
unsupported gold(ll) dimer with a short AaAu" bond (2.5169(4) A). (Figure 26, left).

The geometry around the gold centre is slightlytadiied square-planar with an almost
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perfect linear N(1)—Au(1)—Au(2) (179.39(I)) arrangement. In the extended crystal
lattice, the molecules are stacked in a head-tdaahion with short interplanar distances
(3.503 A). (Figure 26, right) The shortest interemllar Au-Au separations between

neighbouring molecules in the crystal are 6.694 A.

Figure 26. Molecular structure 087-2C¢Hg. Thermal ellipsoids are set at 50% probability
level. Hydrogen atoms are omitted. Selected bosthdces (A) and angle®):Au(1)-Au(2)
2.5169(4); Au(1)-N(1) 2.071(4); Au(1)-C(17) 2.07},(Bu(1)-C(1) 2.080(5), C(1)-Au-C(17)
160.99(18); N(1)-Au(1)-Au(2) 179.39(11) (top-lefthead-to-tail arrangement between
stacking aromatic rings. (top-right); packing alotite b-axis (bottom, left); space fill
representation (bottom right)

Gold—Gold distances in Au(ll) complexes range fram47 A — 2.501 A in some selected
supported Au(ll) complexé¥?e13*to 2.5062(9) — 2.6405(8) A in unsupported Au(ll)
systems. (Table 10). In general, gold—gold bondsl t® be shorter in supported systems
due to the effect of the bridging ligands. In ursaped systems, an important influence on
Au—Au distance is exerted by the ligaimdns to the metal centres. As a consequence,
Au(ll) complexes with nitrogen donors in ttrans positions (pyridines or quinolones, weak
transinfluence) (entries 1-3 Table 10) tend to be shd2e5062(9) — 2.5355(5) A). At the
same time, the Au—Au bond is elongated (2.5679(2).6405(8) A) in complexes with
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sulphur or phosphorus donorstiians position (tht or dppn, strongérans influence) with

respect to the metal centre (entries 4-7 Table 10).

In the light of the above, compleédZ shows a short Au—Au bond (2.5169(4) A) for an

unsupported dimeric gold(ll) system which is ireliwith the weaketrans influence of the

pyridine ligand. A theoretical Au—Au distance care lestimated based on the
crystallographic data for the (CAN~C)AuMg5. The effective covalent radius of the
(CAN~C)Au fragment can be deduced by subtractii@ & (covalent radius of CHas half
of C—C distance in ethane) from the Au—gHistance (2.022(5) A) il5. Thus, the
expected Au—Au in the dimer should ba 2.504 A. The experimental value of 2.5169(4)

A is in close agreement with the predicted onethedslight deviation can be rationalised in

terms of steric repulsion of thert-butyl substituents of the cyclometallated backbtfie
The bond length iB7 (2.5169(4) A, Table 10, entry 2) is very similar the one in
[Auy(CFs)4(Py)]*®’ (2.5062(9) A, Table 10, entry 1) which suggestat tthe repulsion
effects of théBu groups of the (CAN*C)Au fragments exerts onlgnaall influence on the
Au—Au bond length.

Table 10. Au—Au bond lengths observed in the regbunsupported dimeric gold(ll)

compounds.
No. Compound Donor ontransto Au d(Au, Au) (A) Reference
1 [AU(CFs)a(PY))] N (Pyridine) 2.5062(9) 137
2 [Au,(CANAC),] 37 N (Pyridine) 2.5169(4) This work
3 [AuCl,(quinolin-8-ylthio)) N (quinoline) 2.5355(5) 141
4 [Auy(CgFs),(tht)] S (tht) 2.5679(7) 126
5 [Au,Br,(dppn}][PFel> P (PAE) 2.6035(8) 125¢
6 [AuClx(dppn)][PFe)2 P (PAg) 2.6112(7) 124b
7 [Au,l(dppn)][PFe)2 P (PAg) 2.6405(8) 125c

(dppn = 1, 8-bis(diphenylphosphino)naphthalenesttgtrahydrothiophene, Py = Pyridine)

Gold—Gold bond dissociation energy in 37

In order to understand better the unusual stalwfi7 compared to other unsupported

gold(ll) dimers we were interested in determining Au—Au bond dissociation energy

(BDE) in (CAN"C)Au—Au(CN~C).

Initial reports obtained by effusion mass spectroyngredict an atomisation energy of Au
molecules in the gas phase of 226.2+0.5 kJ'rtibhble 11). This positions the value of the
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Au—Au bond dissociation energy between the onéb@Pt—Pt bond (306.7+1.9 kJ il
and the one of Pd—Pd borel36 kJ mof) obtained by the same methods.

Table 11. M—M bond dissociation energies measurdte gas phase by mass

spectrometry of diatomic AuP%, Ag, and Pt molecules.

Compound | BDE (kJ mol%) Reference
Au—Au 226.240.5 14, 142
Pt—Pt 306.7+1.9 143
Ag—Ag 162.9+2.9 143
Pd—Pd ~136 143

The bond dissociation energy (BDE) of the Au—Au thdior 37 could be estimated
experimentally employing electrochemical methodsaircollaboration with Dr Gregory
Wildgoose. Based on formal reduction potentialsamigd from cyclic voltametric data on
(CAN"C)AUOH @) and (C”N~C)AuH 84,) and digital simulations, the AvAu" bond

enthalpy in37 could be estimated to be 198+1 kJ t6f The value compares well with the
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value determined by DFT methods for the same sy$2&% kJ mof)**®and is also in line

with the value reported by Xiong and PyyKKfor the structurally similar [AUX,(Py),]**’
systems 200 kJ mof). These values are also very similar to the ataftigis energies of

gaseous Aumolecules**2'*3(Table 11).

Despite the fact that both the systems reporteMathur et al’*’ [Au,(CF;),(Py)] and the
one reported by us [A(C*N"C),] 37 have similar Au—Au BDEs~ 220—225 kJ mé! by
DFT) and similar Au—Au bond lengthsZ.51 A) (entries 1 and 2 in Table 10) there is a
significant difference in stability of the two sgets towards disproportionation. While
[Au,(CR)4(Py)] is reported to undergo spontaneous dispropottiomainto Au(l) and
Au(lll) in solution at room temperature (Scheme, JAU(C*N~C),] 37 is stable in benzene
solutions for at least 4 h in the presence of antbaboratory light and at least 5 days in the
dark. In the case @7, for disproportionation to take place, the twoessary steps would
consist of the cleavage of the Au-Au and of a AubeDd. We propose that the remarkable
inertness of37 is explained by the thermodynamic stability oftetey the rigid tridentate
pincer system - under usual conditions, we do hseove Au—C cleavage other (C*"N~C)
Au systems. Additional kinetic stability is alsonterred by theert-butyl substituents which
envelope the Au—Au bond. (Figure 26, bottom right)
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Scheme 17Comparison between the stability3@ and [Aw(CRs)4(Py)]

2.4 Reactivity of the Al'—Au" dimer: Synthesis of a mixed valence

Au'JAu" ;macrocycle

Given the reported lability in solution of unsupi@ar Au(ll) systems, limited studies of their
reactivity (other than disproportionation) have fap been reported. To the best of our
knowledge, the only report concerning the reagtioit such compounds was communicated
by Yamet al and features the reduction of the (dppn)(ClyAwu"(Cl)(dppn) (dppn = 1, 8-
bis(diphenylphosphino)naphthalene) with benzyl atdoto give the [Al(dppn}]* cation
and benzaldehyd®?® (Scheme 18)

h
—pn© S
Ph/P \Ph P A‘u' Ph
Au" P

/P_AU“
PRy P - Ph

Yam et al.
Chem. Commun. 1996, 1173.

Scheme 18Reduction of (dppn)(Cl)A—Au"(Cl)(dppn) in the presence of benzylic

alcohol?*
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Since our previous reactivity studies have shovat tomplexes bearing the (C*"N"C)Au
moiety are resistant to reduction, we decided mar the stability of the Au—Au bond in
37 towards different oxidants. We have found thabrgr oxidants like iodine indeed
oxidatively add across the Au-Au" bond to give the (C*N~C)AU 38 cleanly and in
gquantitative yield. (Scheme 19)

Despite the fact that our DFT calculations predict the reaction with oxygen is also
thermodynamically favourable to give the correspogd p-peroxo species
(AH = -136 kJ mot),"*° storing37 under Q (1 atm) left the starting materials unchanged, as
noted by'H NMR spectroscopy. The lack of reactivity is pably a reflection of the steric
shielding by the foutert-butyl substituents that envelope the Au—Au bongstproviding
additional kinetic stabilisation. Nevertheless, tt@mresponding peroxo species could be
accessedia an alternative route. (See Chapter 3) Oxidatolditeon of G, across metal—

metal bonds has been recently reported for Pdgipdit*®

Similarly, complex37 does not react with sulphur in refluxing benzemerdhe course of
24 hprobably due to the very limited solubility of & the reaction medium. A reaction was
observed with PJCCI and with AgOAE but the reaction outcome is not yet clear and the
expected (C NAC)AuCB and (C*N~C)AUOAE 4, respectively, were not observed among
the reaction products b NMR spectroscopy.

l, ,CD,Cl,

t
oxidation Bu
But —
hv QA“{"/ But
365 nm N—Au'—C
24 h CgDg f N
12 ] N A
disproportionation A\u"' ;?«u' ?u' &_\
N
c—au-N—
O, or Ss But Ayl
& But
(39)
no
) reaction

Scheme 19Reactivity of37.
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The remarkable resistance towards thermal disptiopation of the pincer support&d vs.
unsupported Au(ll) complexes with non-chelatingatigs has been discusseddé supra
Nevertheless, we observed that exposigDsGolutions of37 under a nitrogen atmosphere
to ambient light for long periods of time (>24 leatls to a colour change from yellow to
orange. Being interested in the structure of thetgdissis product, a {Ds solution of37 was
exposed to UV light (365 nm) and the reaction wamitored by'H NMR spectroscopy.
Full conversion oB7 was noted after 24 h. By comparison, exposing gkaonf37in GDe

to ambient laboratory lighting resulted in only @0conversion over a period of 48 h.

The'H NMR spectrum of the resulting products (CI) reveals the disappearance of the
signal characteristic for theert-butyl group of the dinuclear gold(ll) specidg (6, 1.01)

and the appearance of two new singlets in the aiiphregion §y 1.08 and 1.33) in an
approximate 1:1 ratio. The conversion3afis also characterised by the disappearance of the
high-field doublet assigned to the hydrogen attdctoethe carbon atom in theposition

with respect to the gold centre. (Figure 27) Weisaged that since photolysis was
conducted in gDs or GHe, the formation of (C*"N*C)AuPRA7 as a result of radical attack
on the reaction solvent would be possible. Nevég#ise conducting the reaction inHg
revealed no traces of the gold(lll) phenyl comglékN~C)AuPhl17.

1.33 ‘ 1.01
)
8.14 ‘
5 al
S \
N < \
Photolysis product S \ ,'1 Wy
~ Y y
N
A
~
s N
(CANAC)Au—Au(CANAC) (37) ~
W, S

T T T -7 T T T T
8.0 75 7.0 65 6.0 55 5.0 45 4.0 35 3.0 25 2.0 15 10 0.5
f1 (ppm)

Figure 27.Stacked NMR spectra of (C*"N*C)Au—Au( C*N"@J (CD.Cl,, RT, red) and
photolysis product (CELI,, RT, blue). Changes in the aromatic and aliphatjtons are
highlighted.

The reaction solvent (Dg) and the reaction conditions (nitrogen atmospheesm to

influence the outcome of the reaction. Conducting photolysis in dichlorometharm-

58



solutions quickly produces a mixture of productsiolthexhibit photoemission in the red
region upon irradiation with UV lighf\{,c = 365 nm). ThéH NMR revealed a complicated
pattern suggesting a mixture of products out, alfio the solvent-activation product
(CAN~C)AUCI 2 could not be found. Conducting the irradiatiorCiDs in the presence of air
produces a mixture of products as revealedtbNMR spectroscopy. The origin of these

variations is still under investigation.

In our attempts to decipher the outcome of the giisis reactions we have managed to
obtain orange coloured single crystals from a pdigetal sample of37 in CsDgs under
nitrogen atmosphere. The crystals were grown bgrlag a dichloromethane solution 39
with light petroleum. An X-ray diffraction studywealed the formation of a mixed valence
gold()/gold(lll) macrocycle39 as a result of the disproportionation3¥. (Figure 28 and
Scheme 19). Comple39 consists of a 20-membered metallacycle formedoly pyridine-
gold(l)-aryl moieties of the 2,6-diphenylpyridingdnd with one ¢H,'Bu being decorated
with a (C*"N~*C)Al' fragment. The geometry around the metal centistorted square
planar, typical for a Au(lll) centre. The Au—N bonengths in the All fragments are
comparable to the ones found in other (CAN~CjAu (Ar = Aryl) complexes (Au(la)—
N(1a) 2.048(2) A irB7 and 2.023(3) A in (CANAC)ApLF-CgH,) 18).

The organic moieties that form the cavity (pyridiaed aryl groups) are arranged in an
alternated “up-down” orientation in order to avsiéric repulsion between the two aromatic
rings. The 3Bu-GH, fragment are always pointing in the same diregticausing a
narrowing of the lower rim of the cavity by thert-butyl groups to about 3.9 A. (Figure 29)
The diameter of the larger rim of the cavity (definby the distance between N(2a) and
N(2c)) measures 8.7 A and the cross channel distank-Au' measures 7.7 A. In the
crystal of 39, the cavity is probably occupied by crystallisatisolvents but attempts to
model the residual electron density were unsucoksaf stacked view depicting solvent
accessible channels is presented in Figure 29.([Efte pyridine-Au-aryl units are linear
(£ C(37b)—Au(2c)—N(2c) 172.98(12) Figure 29), in accordance with the preferred
geometry of Ali(d™®). The Al—N bond lengths is significantly elongated when paned

to the Al'—N bond lengths in the (C*N~C)Aufragment (Au(2a)—N(2a) 2.138(4) A in
the metallacycle and Au(la)—Au(2a) 2.048(2) A ia éxterior (C*N~C)All fragment).

The intramolecular Au-Au" contacts (3.604(5) A) are longer than the surrhefwan der
Waals radii (3.4 A) and slightly longer than thexgae of general aurophillic interactions
(2.50 — 3.50 A}° The molecule also displays long intramolecular-AAu' distances
(5.471 A) likely due to geometrical constraintsmpmrable distances can also be measured

between gold(lll) centres of neighbouring molecyles" --Au" 5.425 A), similar to other
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gold(lll) bearing the cyclometallated diphenylpynid ligand. In the crystal packing, the
(CAN~C)AU" planes are arranged in a head-to-tail fashion.

() (b)

Figure 28 (a) Molecular structure d39. Hydrogen atoms methyl groups tbutyl
fragments have been omitted for clarity. Selectmbldistances [A] and angle§:[Au(1a)-
Au(2a) 3.6036(6); Au(2a)-Au(2b) 5.4708(6); Au(2a){&c) 7.7369(6) ; N(2a)-N(2c)
8.772(11); C37b-Au2b-N2a 173.0(4 ); Au(1b), Au(dad Au(1d) are the crystallographic
equivalent of Au(1a). Au(2b), Au(3b), Au(4b) arettrystallographic equivalent of Au(2a).
Symmetry operations: ¥2-y, X, z; ¥2-X, ¥2-y, zl y, ¥&Xb) View of 39 showing the
alternating top-bottom arrangement of the arylfhylrimoieties forming the cavity together
with the closingert-butyl groups. Only the fragments directly takiragtan the cavity are in
red. The (C*N*C)Au(lll) fragments have been omitted

(@) (b)

Figure 29.(a) Stacked view comprising of molecules3fshowing solvent accessible
channels(b) Space filling view along axis showing narrowing of the channel by the
t-butyl substituents which reduce the opening to43.9
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Gold(l) macrocycles have been previously reporfduekir synthesis generally involves the
addition of bidentate ligands to Au(l) precursohs. some examples a supramolecular
assemblyvia Au'-Au' aurophilic interactions holds the structure togettsuch as the
recently reported carbido-bridged Awycle, [Au{u-CEW(CO)L(Tp*)}] s**° and other
thiolato- and formamidinato- containing exampi&sin other reported examples, the
assembly is guided by-BAu (D = Donori.e. N, P, G=C) coordinative interaction$® In
this case, the larger macrocycles (containing rtteaxa four gold atoms) are characterised by
the absence of AuAu aurophilic interaction®®*" Strictly speaking, comple89 can be
viewed as an example of the latter, the donor masetmprising of a pyridyl fragment to
gold(l) with long Au--Au contacts. Nevertheless, the incorporation ofigtd) centres in the
form of (C*NAC)AU" fragments make comple39 a unique example of a mixed valence
Au”™ macrocycle. Also, to the best of our knowledgés th the first example of a gold

macrocycle generated by disproportionation of a@plcomplex.

2.5. Attempts to synthesise a dimeric, unsupportediu(0) complex

Sub-nanometre phosphine and thiol supported gofibalasters have found numerous
applications in processes such as fluorescencersgmsitalysis and biological imagifign
some key chemical processes such as CO oxid4fiqmropene oxidatioft? ethylene
hydrogenatiori>* or thiophenol oxidatiori* a strong dependence of the catalytic activity was
reported to be a function of the cluster size amarge. Typically, metal clusters of less than
10 atoms tend to show increased catalytic actfify’>* or enhanced selectivity
compared to larger clusters. For instance, a raepart by Cormat al*> shows that while
isolated gold atoms on multi-walled carbon nanctuigow no catalytic activity towards the
oxidation of thiophenol, gold clusters of 5-10 atoshow high oxidation activity (TOFs

10° hY). The activity clearly decreases as aggregatiameases with nanoparticles of

diameter> 1nm showing no activity.

The use of ligands with good-donating properties such as N-heterocyclic carbeme
phosphines reduces the electrophilicity of the gmdtre and thus prevents aggregation.
Few examples of well-defined small sized cationitdgeclusters have been reported in the
literature. These consist of the recently repogikhar trigonal A" cluster supported by
NHC ligands'*>® and the phosphine supported tetrahedral’ Aut>* and Au?* clusters’
(Figure 30) Ay** clusters have been found to arrange in either -eHgeng tetrahedral
geometries® or octahedral geometrigddepending on the surrounding ligands. The formal

charge in all discussed clusters is mixed-valenad)Au(0) and the bonding arises from
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symmetrically adapted combinations of partiallyefil 6s orbitals? In contrast, the bonding

in the Au(ll) dimers Yide supra arises from interactions of the half-filled d-aas >’

I
NHN | AJ\ /Au
A \/\r Au R3P\ / \ Au PR
At Auz=<]==> Au—PR3 a”
Ar Ar Z VNV -
N / \ \N RgP=Alsespwn= Au—PR R;P Au=—i—Au RsP—Au---|"--~ A“\I
[ >—AL. 7 ~< ] ': N / Au .
N, N N Au PR A
Ar A R [ R4P
PR3
(LAu);* (LAu);* (LAu)** (LeAug)**
Planar trigonal Tetrahedral Bitetrahedral Tetrahedral core
Sadighi et al. Schmidbaur et al. Mingos et al. Sharp et al.
Angew. Chem. Int. Ed. Inorg. Chem. J. Organomet. Chem. J. Am. Chem. Soc.
2012, 51, 12077. 1993, 32, 3203. 1983, 254, C18. 1994, 116, 6893.

Figure 30.Examples of structurally characterised sub-nanaetionic gold clusters.

Despite the extended interest in small size golibnksters, there were no reports on

ligand-stabilised Auspecies in formal oxidation state O.

Attempts to generate neutral Aclusters supported by N-heterocyclic carbeneslvwexabthe
deprotonation of a IPr supported hydride bridgingyotti specie$! Unfortunately,
employing bases like NaBu or "BuLi failed to give the dimeric gold(0) complex.
(Scheme 20) Similarly, attempted electrochemicaluction of the IPr supported Au

produced no reduction wave within the electrochamiéndow of CHCN or THF!*3

Ar

A \
H
t n ; N N
\ AU—AuU NaO'Bu or "BulLi
N\( T/N )y . \ AU_AU I
&4 [
N N
\
/N\} Ar /

AT Ar Sadighi et al. AT
Angew. Chem. Int. Ed
2008, 47, 8937.

Scheme 2Mttempted deprotonation of [(IRAu(u-H)]*

Since we have previously observed that galvinoxyddpable of abstracting a hydride from
the (C*N"C)AU'(H) 34, to give the dimeric (C*N"C)Au—Au"(CN"C) gold(ll) species
37 (Scheme 15), we envisaged that hydride abstrabtjam free radical would be a suitable

route for the generation of a dimeric gold(0) speciln this respect, the reaction of the
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(IPr)Au'H with galvinoxyl was attemped. (IPr = 1,3-bis(2li&sopropylphenyl)imidazole-2-
ylidene).

Recent computational studies have confirmed that rthicleophilicity of the supporting
ligand has a direct influence on the atomicityhe gold cluster§?® We therefore chose the
carbene IPr as an ancillary ligand. We envisagetl smce IPr is more electron donating
than the phosphines but less electron donating tiwrcyclic(alkyl)(amino)carbenés’ it
may allow access to neutral clusters with two orargold atoms. The IPr carbene was also
chosen because of synthetic accessibility for cethodology: IPrAlH is currently the only

gold(l) reported terminal hydrid@.

Treating IPrAlH 40 with galvinoxyl gave rise to a colour change fratark blue
(galvinoxyl in GDg) to purple. An initial reaction in an NMR tube @D¢ also revealed the
rapid disappearance of the hydride resonancdddpy 5.11) and the formation of a new
complex. Conducting the reaction on a larger saabk subsequent washing with petroleum
ether to remove the excess galvinoxyl and the fdrgavinoxylH finally afforded a purple
powder. The NMR spectrum (GOl,) of the formed complex showed no traces of the
starting hydride and revealed a ratio between éibene moiety and Galvinoxyl fragment of
2:1. (Figure 31). Based on the fact that the formehplex is insoluble in light petroleum
and based on th&H NMR resonances, the ionic structure [(JRD][Galvinoxyl] 41

structure seemed likely. (Scheme 21)

Scheme 21Reactions of IPrAuH0 with Galvinoxyl.
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Figure 31.Stacked spectra of the (IPr)AL40 (CD.Cl,, RT, red) and [(IPEAu](RO)
(CD2C|2, RT, blue)

The solid-state structure of the complex was ddtexdh by X-ray crystallography.
(Figure 32) Crystals 041:2CsHs were obtained by slow evaporation of a benzenatisal

of 41 at room temperature. Despite the modest qualitythef crystals, unequivocal
connectivity could be established and confirms dempllas a gold(l) cation with a
Galvinoxyl phenolate acting as an anion. In théocit fragment, the geometry around the
Au(l) centre is linear {C1—Au—C28 177.33(48) with the C1—Au and C28—Au of
similar length (2.030(9) A and 2.061(7) A). T groups are arranged in such a fashion to
minimise sterical repulsion between the two carbieagments. The torsion angle between
the two imidazolyl planes is 46.6- a reflection of the steric bulk around the mettre.
The structural parameters of the (HAQ)" fragment are generally similar to those of
[(IPr),Au][BF ] previously described by Nolaat al®*
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Figure 32 Molecular structure of [(IPsAu][galvinoxyl] (41). Hydrogen atoms are omitted.
Selected bond distances (A) and angtsAu-C(1) 2.030(9), Au-C(28) 2.061(7), C(1)-Au-
C(28) 177.33(45), N1-C1-C28-N3 46.6

A proposed mechanism for the ligand rearrangemathf@rmation of41 is given below. In
the first instance (1), a hydride abstraction by thdical scavenger Galvinoxyl (RQakes
place giving rise to a short-lived monomeric Au@ylical (IPr)Au. In the subsequent step
(2), a radical attack of the IPrAaon the IPrAuH would promote carbene andiskociation
from the IPrAuH fragment alongside formation oflomal Au(0). N-heterocyclic carbenes
have been known to produce tight C—Au bonds and rategenerally thought to be
kinetically labile, in contrast with phosphines waihireadily undergo dissociation and re-
coordination to a metal centre. Despite that, tla@eesome rare instances when irreversible
carbene dissociation and transfer from a gold eetttranother one is favoura3f8. The
ligand supported Au(0) species (IPr)Au(IPr) themnsfers one electron to another
galvinoxyl radical (RQ to give rise to the gold(l) species [(IFXW][RO] 41 (3). The
mechanism thus suggests the formation of the Aof@y as a transient species which

readily oxidises in the presence of free persistadicals.

IPrAuH + RO* ———— > |[PrAus + ROH 1)
IPrAus + IPrAuH —— > IPrAulPr + Au(0)+ H- 2)

IPrAulPr + RO+ ——— > [IPrAulPr]* + [RO] 3)

2He — > H, (@)

2IPrAuH + 2 RO* — [IPrAulPrf[RO] + 1/2 H, + Au(0) + ROH
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While this work was in progress, the first examptdsAu(0) complexes supported by
strongly electron-donating cyclic(Alkyl)(amino)cares (CAACs) were reported by
Bertrand and coworker§!(Scheme 22).

Bertrand et al.
Angew. Chem. Int. Ed.
2013, 52, 8964.

Scheme 22Synthesis of the first dimeric Au(0) species supgubby CAAC ligands.

CONCLUDING REMARKS

In conclusion, we have shown that gold(lll) hydddare indeed isolable and thermally
stable provided a rigid ligand capable of blockireguctive elimination pathways is

employed. In the case presented, the tridentat@edippyridine ligand fulfils these

requirements. The gold(lll) hydride (C"N"C)AuB4, can be accessed by treating the
corresponding hydroxide (C*"N"C)AuCO&with a strong hydride source.

Reactivity studies show that while the hydridedsistant towards substrates such as simple
olefins or aldehydes, it does readily insert alfenegiospecifically giving rise to gold(lll)
vinyl complexes. The 1,1’-dimethylallene insertioroduct,35 represents a rare example of
a gold(lll) vinyl complex characterised by X-rayystallography. The resistance of the
hydride 34, towards simple olefins also illustrates the higlvadent nature of the Au—H
bond. Since the reactivity of the metal hydridalso highly dependent on the choice of the
stabilising ligand, it can be envisaged that rapathe pyridine donor with a ligand with a
much strongetrans influence might labilise the Au—H bond enough talergo insertion

reactions with simpler substrates.

The gold(lll) hydrides have also proved to be uksfunthons for accessinginsupported
gold(ll) dimers such as (C"N*C)Au—Au(C~N*Q@y via a reductive condensation reaction
with gold(lll) hydroxides. The remarkable stability the gold(ll) dimer37 suggests that if
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disproportionation pathways are blocked by emplgwrrigid tridentate ligand, unsupported
gold(ll) dimeric species are very stable at roompgerature under normal conditions. Under
more forceful conditions such as irradiation with/ Uight, the complex does however

undergo disproportionation reactions to give a mhixalence Al/Au", macrocycle which

represents the first gold macrocycle obtaimeddisproportionation of a gold(ll) species.

In an effort to synthesise a N-heterocyclic carbaogported gold(0) dimer, hydride
abstraction from the gold(l) hydride (IPr)Au40in the presence of a radical scavenger such
as galvinoxyl was attempted. Our studies showtti@atshort lived gold(0) species (IPr)Au
undergoes rapid rearrangement to give the ionicispe[(IPr}AuU][RO] 41 where the
galvinoxyl acts as an anion, suggesting that perimapre electron donating N-heterocyclic

carbenes are required to stabilise dimeric golgeries.
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CHAPTER 3

Chemistry of Cyclometallated Gold(lll) Peroxides

A portion of this chapter has appeared in print:

D.-A. Rosca, J. A. Wright, D. L. Hughes, M. BochmaiGold peroxide complexes
and conversion of hydroperoxides into gold hydridgssuccessive oxygen-transfer
reactions’Nat. Commur2013 4, 2167. doi: 10.1038/ncomms3167
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INTRODUCTION

The chemistry of late transition metal complexestaming M—O bonds has been studied
extensively due to their involvement in biological biomimetic oxidations®®> More

specifically, late transition metal oxo, peroxo asuperoxo complexes (Figure 33) have
been found to be efficient oxygen atom transfernegydéeading to oxidation of various

substrates such as alkenes, alcohols or to C—kagictn reactions®3*°°

M n+1
5 MM M-O . —~ MO
H O. o
droxid superoxo
ydroxide Ao 3 ‘end '
bridging oxo end on M=0
M o 0 terminal oxo
[ /0 M o n
o. Mo Mez | - MY
OH N 0
hydroperoxide bridging peroxo n’-peroxo

'side on'
Figure 33 Coordination modes for Metal-Oxygen species.

However, reports of late transition metals beahfig-O fragments still remain scarce when
compared to early transition metal compounds with-®1 bonds. This can be explained by
the fact that oxygen atoms are hard Lewis baseke Wdie transition metals are soft Lewis
acids™®® In the case of early transition metals, M—O borate stabilised by the
delocalisation of oxygen lone pairs into the vaahntbitals of the metal(— donation)*’
However, with the increase of electron count arttebnegativity of the metal centre, the
stabilisation of the M—O bond through oxygen-to-atet-donation decreases because of
the repulsion between the oxygen lone pairs andilted metald orbitals. This causes the
stability of the M—O bond to decrease and its ligdgtto increase as one moves from left

to right across the transition metals in the pecidable.

This effect is even better reflected in the casteohinal metal oxo M=O complexes which
are thought to be stabilised at metal centres nittmore than foud electrons?®’ In this
respect, while early transition metal oxo compleges a common occurrence and quite
unreactive, late transition metals are behind th® ‘wall’ (group 8 elements) and terminal
M=0 bonds are usually thought to be too unstabkxist. In 2008, Milsteiret al.reported a
(PAC”N) stablised Pt(IV)O specied®) characterised by spectroscopic methods in selutio
at low temperatur€® By contrast, earlier claims of room temperatureablet
polyoxometallate stabilised® metal oxo species such as Pd=0, Pt=0 and Au=O have

recently been retractétf. Nevertheless, in the case of gold, Au=O species Haaen
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proposed as intermediates in a variety of gold-atedi organic transformations such as

oxidative C—C coupling§® or olefin epoxidation&®*"°

Even though there are no reports of terminal AueBgexes, oxo complexes containing
singly or doubly-bridging oxygen ligands have bésiated*®and their ability to oxidise
olefins has been testét®(See Introduction to Chapter 1)

Perhaps the most important reaction that is prapase involve intermediates with
Au-O-Au, Au—O—O—Au or Au—O—oO0 linkages is the lownmgerature oxidation of CO
mediated by gold nanoclusters. Since the firstnteipal987 by Harut@t al,'"*the research
in gold mediated oxidation catalysis using molecwaygen as an oxidant has grown
dramatically’®'" The activity of the gold nanoclusters is thoughthie dependent on
multiple factors, such as the support depositiothoe; the size of the nanoparticles (See

also Section 2.5), cluster charge and other factors'”

While *®0/*°0 isotope labelling studies recently showed thatciiz gold nanoparticles-
support interactions play an important role ip @tivation'™® the mechanism of oxygen
activation on the gold surface still remains uncl&nce Au—O bonds are considered to be
intrinsically unstablé’® the absorption of dioxygen on gold surfaces isugim to be
limited.*”® Effort to construct catalytic cycles for the oxida of CO on gold surfaces have
led to the proposition that in the case ofd8tivation by negatively charged gold clusters,
O, absorption can be enhanced by electron transfar §old to ther* orbital of O, , thus
weakening the O—O bond and leading to surface bsupéroxo-bound speci&€”*5This
mode of activation has been supported by vibratispactroscopy; while free Qlisplays a
stretching frequency of 1556 cmthe formation of a superoxo species is charasdrby a
lowering of the frequency to 1074 énffor a superoxo species,{D Some reports also
postulate the formation of bridging peroxo speeisslternative modes for activating i@

larger clusters (n = 4, 5), as postulated by a etatpnal study’®°(Figure 34, right)

The bound activated oxygen species are then siisieepd nucleophilic attack by a CO
molecule leading to a bound carbonate species whpdn reaction with an extra CO
molecule releases two equivalents of ,Gdd regenerates the Afragment. (Figure 34,
left) The steps of this mechanism have been adehlessomputationally and
spectroscopically’® A similar mode of activation was proposed by naugold clusters
where a charge transfer from the central metaldadwa positive charge on the gold centre
which binds a superoxo fragmént.A cooperation between positively charged {Aand

Au*") and neutral gold nanoparticles is also suppdiied-ray absorption studigg’*73*17
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Figure 34. Proposed mechanism for the @ediated CO oxidation by gold nanoparticles.
(left)'"®* Computational models of the active species inwhir gold nanoparticles
oxidation catalysis. (right) (reproduced from ré&fr}

The presence and interconversion of surface boendxjgles, superoxides and oxides on
gold nanoclusters have been invoked in a numbestluér important oxidation reactions

such as propene oxidatiofi,alcohol oxidatiofr?**°and water splitting®*

Since the interaction between molecular oxygen galdl nanoparticles is difficult to
investigate using the available techniques, thehggns of molecular models of the key
surface species is highly desirable. However, ®libst of our knowledge, isolable gold

species with Au—OOH, Au—OO or Au—O—O—AuU linkageg amknown.

We have shown that despite the intrinsic instabditthe Au—O bond, gold(lll) hydroxides
supported by tridentate pincer ligands such aseattipipyridine can be synthesised and are in
fact useful synthons for the preparation of gold(Hryl and N-heterocyclic complexes
(Chapter 1). We have also shown that employind@&"*"C)AuOH3 as a starting material,
we can access gold(lll) hydrides, a type of compisuwhich was long thought to be
thermally unstable (Chapter 2). The present chaptesents the synthesis, characterisation
and reactivity of the first reported gold peroxid€air investigation on the oxygen transfer
reactions involving gold peroxides revealed thatnegold(lll) hydroxides can undergo
oxygen transfer reactions yielding gold(lll) hydesd Various mechanistic aspects of the
chemistry of these species have also been exployespectroscopic and computational

methods.
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Towards the end of the chapter we also reportrgstigations in the ability of gold(l) and
gold(lll) hydrides to activate oxygen which lead tlee isolation of a NHC supported
bridging gold(l) (-k*:x") peroxide. Our interest was fuelled by the faet the Q activation

by an oxophobic metal such as gold would make ésealting peroxo complexes efficient
oxygen transfer catalysts. Since molecular oxygeimeéxpensive, environmentally friendly
and abundant, it is in many ways regarded as aal mdedant, especially on an industrial
level.However, often the reactivity of oxygen is difficth control leading to overoxidation
or low selectivity:®° In this respect, selectivity could be achievedtbg activation of
dioxygen by transition metal complexes to give $faon metal peroxides and subsequent

oxygen atom transfer to various substrates.

The interest ird-block elements mediated oxidation employing madiecoxygen as a sole
oxidant is illustrated by the development of differ catalytic systems where the oxygen
insertion into a M—H bond (typically Pdr Ru) is a key steff*****For a number of® and

d® elements, the M—H — M—OOH transformation has been studied by

spectroscopicdl*'**and computational method¥.

RESULTS AND DISCUSSION

3.1. Synthesis and characterisation of the first @dated Gold

peroxides

In Section 1.1 it was shown that the cyclometatiajeld(lll) hydroxide (C*"N*C)Au(OHB
can react with weak acids such as acetylenes, aoiiz acids (phenylboronic acid
pK, 8.83)® or N-heterocyles to give the corresponding Au—@o+—N complexes. Since
hydrogen peroxide (. 11.75}%° andtert-butyl peroxide (. 12.25§% can also act as weak
acids, we envisaged that the gold(lll) hydroxi@evould be a good synthon for these

species.

Treatment of toluene solutions &fwith a slight excess (1.4 eq) tfrt-butyl hydroperoxide
in toluene at room temperature resulted in watémiehtion and formation of the
corresponding gold(llljert-butyl peroxide (CAN~C)Au(Ou) 42 which was isolated as a
yellow crystalline solid. (Scheme 23) The identitf the complex was confirmed by
'H NMR spectroscopy where a characteristic singbettfie'Bu group of the gold peroxo
moiety @y 1.40, CDCI,) could be observed. The value of the chemicat &da. 0.2 ppm
downfield from the resonance of thBu group in thetert-butyl hydroperoxide starting
material 6y 1.22, CRCL,).
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Very recently, Nolaret al. reported the isolation of the NHC supported golt€it-butyl
peroxide, (IPr)A{(OOBu), made by the same meth8Here the chemical shift for thBu
group was observeda. 0.3 ppm upfield of free t-butyl hydroperoxide & 0.87 vs
1.22, CQCly).

An analogous reaction of solution ®fin toluene with an excess of 30% aqueous hydrogen
peroxide rapidly gave rise to the formation of a*NCC)Au(OOH) 43 as a yellow
precipitate (Scheme 23) which was washed with tedugnd acetonitrile in order to remove
trace amounts of the starting materials. THENMR spectra o8 and43 are very similar,
with the notable exception that fresh samplegl®tlisplay a broad resonance éat 8.26
(CD.Cly) which is absent in the case of (C*N*C)Au(OHB) The resonance, which
disappears upon addition ob@, was assigned to the GIQroup of the (C*"N*C)Au(OOH)
43. A 3y resonance for the starting gold(lll) hydroxide Z€)Au(OH) 4 could not be
located by'"H NMR spectroscopy. (See Section 1.1) The cherstuii of the peroxo moiety
in otherd® metal hydroperoxides range from 4.43 ppntrams-(PPhMe),Pt(Ph)(OOH}*® to
8.93 ppm in (Tp)(PPHPA(OOH) (Tp = hydrotris(pyrazolyl)boratey.

‘Bu tBu Bu
S ‘BuOOH S 0, -
— toluene, RT — toluene, RT —
N—Au—OOBu = N—Au—OH i N—Au—OOH
N\ 7 u -HOH N\ 7 u “HOH N\ 7
Q (42) 80 % Q (3) 65 % Q (43)
‘Bu Bu ‘Bu

Scheme 23ynthesis of the alkylperox&®? and hydroperoxd3 gold(lll) complexes

Storing the hydroperoxidd3 in dry CD,Cl, or THF produces yellow crystalline blocks
identified as the bridginguéx®:x") peroxide (C*N~C)Au—OO—Au(C N C¥#4, which is
produced by a condensation reaction. Since latsitran metal hydroperoxides commonly
undergo disproportionation to give the correspogdigdroxides and molecular oxyg€h,
we can envisage two possible pathways for the cwadiomn reaction to yield4: i) the
reaction between two molecules of hydroperoxid¢o give44 and hydrogen peroxide oy
disproportionation oft3 into O, and the gold(lll) hydroxide (C*"N*C)AuOB which reacts
with the starting hydroperoxidé3 to give water andi4. (Scheme 24) The condensation
reaction is however reversible and storidg in water-saturated GICl, solutions

regenerated3 and3 as indicated byH NMR spectroscopy.
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dry THF or CD,Cl, \__7

-H,0,
65 % Q

/2 0,

@ZOOH

dry THF or CD,Cl,
-H,0

3

Bu

Scheme 24ossible hydroperoxide condensation pathways ®43v

A similar condensation reaction takes place wherhtfdroxide3 is stored in dry acetone or
THF where the bridging oxide (C"N*C)Au-O-Au(C~N"&% precipitates. (Scheme 25) The
reaction is reversible, and storing the oxidd in water-saturated G, solution

regenerates the hydroxi@e

‘Bu
)
t
N—Au—OH "H,0 \ /N—AU_O\A§ N
dry THF or acetone v
tBu () 50 % Q
By ‘Bu

Scheme 25Hydroxide condensation reaction to g%

Compoundst4 and45 were characterised by NMR spectroscopy. Th&lMR spectrum for
both digold species showed a single set of res@saftar the symmetrically bound pincer
ligand, suggesting that both (CAN”C) fragments ageivalent in solution. The proton
attached to the carbon atom in tRgosition with respect to the gold centre exhilits
significant dowfield shift ¢, 8.23 in44 and 8.32 in45) compared to3 (64 7.62, red
highlight in Figure 35). A similar effect is obsen/for thetert-butyl groups which exhibit
an upfield shift in the dinuclear species; (1.14 in44 and 1.08 in45) compared to3
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(64 1.37). The same characteristic pattern for digplecies is also observed for the dimeric
gold(Il) complex (C*"N*C)Au—Au(C*N*CB7. (See Section 2.3)

1
Iy

(CANAC)Au—O—Au(CANAC) (45) LU

1.37

(CANAC)Au—O0—Au(CANAC) (44)

I (CANAC)Au—OH (3)

8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

Figure 35. 'H NMR spectra (300 MHz, CRZl,, RT) of (CANAC)AuOH 3 (red),
[(CANAC)Au](u-O0) (green) and [(CANAC)Auu-O) (blue)

The tert-butylperoxide42 readily dissolves in polar solvents (THF, £H) and aromatic
hydrocarbons (toluene, benzene) and is poorly oinldight petroleum. The hydroperoxide
43 and the digold specieBt and45 are on the other hand only poorly soluble in atmena
hydrocarbons, which facilitates their purificatiomom the starting gold hydroxide
(C"N~C)AUOH3.

Thetert-butylperoxide42 and the bridging peroxidé4 show remarkable thermal stability —
heating THF solution o#2 and44 at 60°C for 16 h leaves the compounds unchanged as
verified by '"H NMR spectroscopy. Similar stability is also ober towards ambient
laboratory lighting with solid samples of2 and 44 showing no obvious signs of

decomposition.

The hydroperoxidet3 shows only moderate stability both in solid statel in solution.
Storing solid samples a&f3 for 5 days at room temperature followed by dissotuin dry
acetone or THF produces the bridging oxddeas the only identified complex BiA NMR
spectroscopy, suggesting théB8 readily undergoes disproportionation to gi8ewhich
condenses to the bridging oxidg. (Scheme 26)
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CH,Cly, + H,0

dry THF
or acetone
-H,0

Scheme 2@isproportionation oft3 followed by condensation to givid

Direct O, insertions into metal-hydrogéff***#*metal-carbolt>*** or metal-metaf* bonds
are well established pathways for the synthesisaoisition metal peroxides. Activation of
molecular oxygen by late transition metals is pattirly appealing because their low
oxophilicity makes them reactive towards O-transfersubstrates like olefin§® The
resulting peroxo complexes would be key intermediain transition metal catalysed

oxygenation reactions using molecular oxygen asoémoxidant®*® (See also section 3.5).

There are numerous examples of ifsertion reactions of Pt(ll) and Pd(ll) complex&§
By contrast, no reaction was observed between (C)A\AH 34, (C*N*C)AuMe 15 and
(CAN"C)Au—Au(C*N~C)37 and molecular oxygen (1 atm), and the gold congdeoould
be recovered unchanged. (Scheme 27) While in tee 0834, the resistance of the,O
insertion into the Au—H bond may be a reflection thie high BDE of Au—H,
(317 kJ mof, see Table 8), computational studies suggesQhatsertion into the Au—Au
bond is thermodynamically favourablaH = -136 kJ moh).** It is likely that the kinetic
shielding of thetert-butyl groups of the (C*"N~C) supporting ligand @sponsible for this

lack of reactivity.

0
7 (1 atm)
Ai—R , AG—OOR
U CeDe U
R=H 34,
Me 15

©
% 1) o N@u o [N

(37)

Scheme 2Attempted Q insertion reactions into the Au—H, Au—C and Au—Baonds
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IR Spectroscopy

Since the O—O stretching vibration is of interasttihe study of @ activation by gold
nanoclusters, (See Introduction to the Chapter) gblel peroxides42 — 44 have been
characterised by IR (ATR) spectroscopy. The resadtsssummarised in Table 12. The IR
spectrum of the hydroperoxidi8 is very similar to that of the hydroxid® but shows an
additional medium intensity band at 825 tnThe tert-butylperoxo complex42 and the
(u-k“:k*-peroxo)digold compleX4 show three weak vibration modes in the O—O stirtch
region (Table 12, entries 1 and 3). The observédegaare similar to the O—O stretching
vibrations reported for the carbene supported ¢jotdkyl peroxides?’ palladium(ll)*® and

platinum(l1)*#

peroxide'®® A recent study on gold nanocluster catalysis regbity Yeoet a

peroxo complexes and to the vibration modes regoffor hydrogen
1192 also
assigned a Raman band at 820'¢msurface-bound OOH species (Table 12, entryt8ghwv
is in excellent agreement to the band we tentatiassigned to the O—O stretch in

(CANAC)Au(OOH)43.

Table 12. Selected O—O IR stretching frequenciesuinPt and Pd peroxo compounds

No. | Complex vo_o (cm™) | Reference

1 (CAN"C)Au(OCBuU) 42 831, 844, This work
878

2 (CAN*C)Au(OOH)43 825 This work

3 [(CANAC)AuL(u-00) 44 823, 828,| This work
844

4 | (IPr)Au(OOBuU) 803 187

6 [(Tp)(Py)Pd}(u-OO) 838 189

7 trans-(PPh)(Ph)Pt(OCBu) 890 188

8 | Au(OOH)nanocluster surface | 820 192

9 H,O, 866 191

#Raman stretch
X-ray crystallography

The structures of complexd® — 45 have been confirmed by X-ray crystallography and
relevant bond lengths and angles are summarisédhle 13. Compound42 —44 represent
the first gold peroxide complexes (in any oxidatitate) to be characterised. The O—O
bond distances 42 and44 (1.416(6) A and 1.448(4) A respectively) are wittte typical
range of distances recorded for transition metedymecomplexes®*83181%rhe Au—N in
complexesA2, 44and45 vary from 1.985(4) C (im2) to 2.001(4) A (in44), and slightly
shorter but comparable distances are found in ¢®&N~C)Au-O compounds (1.974(3) A
in (C*N~C)AuOH3 and 1.959(3) A in (CAN*C)AuOAds, Table 2).
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Figure 36. Molecular structure of (CAN~C)Au(CBu) 42:0.3 CH,Cl, (50% probability
ellipsoids shown). Hydrogen atoms and solvent madéeomitted. (left) Depiction of the
asymmetric unit oi2 showing the normal to the planes of the three (@Yu fragments
mutually perpendicular. (right) Disorder®l groups which contain atoms which have less-
than-complete occupancies were refined isotropicall

Crystals 0f42:0.3 CH,Cl, were obtained by layering a dichloromethane satutib42 with
light petroleum at -20°C. The complex crystallises as thee independentcutds per
asymmetric unit with slight variations in the Au—@—C torsion angles at -119.8{6)
115.1(6] and -129.3(4) in the three molecules. (Figure 36) The normaltied three
(CAN"C)Au planes are mutually approximately perpeuldr. The arrangement is different
from most complexes bearing a (C*"N”C) fragment whére stacking between the
(CAN"C)Au planes with a head-to-tail arrangemenussially preferred. The O—O bond
length (1.416(6) A) appears to be significantlyrséothan the ones in the recently reported
gold(l) alkylperoxides (IPr)Au(OBu) and (SIPr)Au(O@u)'®’ (1.496(16) A and 1.51(2)
A, respectively) most probably due to the smallee ®f the AJ* centre compared to the

Au’ centre.
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Figure 37. Molecular structure of (C*N"C)Au(OOHX%3 (50% probability ellipsoids
shown). Hydrogen atoms (with the exception of tH@H) are omitted. (left) Depiction of
the asymmetric unit o#3 showing stacking between the (C*N"C)Au fragmemtd.
hydrogen atoms are omited(right)
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The hydroperoxide43 was crystallised from dichloromethane solutionptkat -20 °C.
Despite the modest quality of the crystals whictfesed from possible twinning,
unequivocal connectivity could be established. Fg37) The asymmetric unit consists of
two molecules o043 which are stacked in a head-to-tail fashion. Thetqm of the O®!
moiety does not seem to be involved in hydrogendiman Repeated attempts to obtain
better quality crystals o#3 resulted in the crystallisation of the bridging @dde
(CANMC)AU-O0-Au(CANMCHM4, as a result of the facile condensation reactiwnliving 43.
(See Scheme 27)
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Figure 38 Molecular structure of the digold peroxide [(C*"NA@Q].(u-O0) 44-0.56 CH,ClI,
(left) and oxide [(C*N*C)AuSu-O) 45 (right) (50% probability ellipsoids shown).
Hydrogen atoms and disordered solvent moleculesraitted

Crystals of the peroxidd4 were obtained from dry THF solution. (Figure 3@ht) The
O—O distance (1.448(4) A) and the Au—O—O—Au torsamgle (-102.2(2) are similar
to the ones reported for,8, (1.49 A and 12%).)** There is no stacking of parallel

(CAN~C)Au fragments in the crystal.

The oxide45 (Figure 38, left) has a bent structure with an AD—Au angle of 113.5(2)
typical for ansp hybridised oxygen atom. These results suggestigielgl Au—O
m interactions, a feature also confirmed by companal studies \(ide infrg. A similar
value of the Au—O—Au angle (121.2¢3)was also reported by Cinellet al®* for the
cationic 6-benzyl-2,2’-bipyridine supported goldll  bridging oxide
[{(NAN~C)Au}( u-O)J**. For a general review on the influence of M—&@ontribution on

the M—O—M angles in transition metals , see ref.167
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Table 13. Comparison of geometric parameters af(ft)l peroxide and oxide complexes

(CAN~C)AuOOBU | (C"N*C)AUOOH [ [(C*NAC)AuO], | [(C*NAC)AU],O
(42 (43° (49 (49
Aul-0O 1.983(4) 2.085(9) 1.975(3) 1.992(5)
Au2-0O 1.977(3) 1.989(5)
N-Au 1.985(4) 2.052(8) 2.001(4) 1.993(6)
01-02 1.416(6) 1.555(18) 1.448(4)
N-Aul-O | 172.84(17) 178.8(4) 170.92(15) 177.2(2)
Aul-01-02 | 115.4(3) 111.9(8) 116.0(2)
Au-O-Au 113.5(2)
Aul---Au2 4.204(4) 3.3301(4)

& Crystals of43 suffered from modest quality possible twinning.

Bonding in the gold peroxides: DFT insights (collabration with Dr Joseph
Wright)

The structures and bonding of complex@s 42 - 45 was further investigated by
computational modelling using density functionaédhy (DFT) methods. Optimisation of
the gas phase geometries of compounds allowed |lattou of Au—O and O—O bond
energies (Table 14).

The Au—O bonds in the peroxidd@—A44 (126 — 168 kJ md) are significantly weaker
than for the gold(lll) hydroxid® and oxide45 (279 and 206 kJ mdlrespectively). For the
peroxides42 — 44 the O—O bonds weaken with increasing electronaton of the
substituents. (Table 14) A similar trend was fodmdthe O-O bond strengths in the series
H,0, > MeOOH > MeOOMe (204, 186 and 158 kJ hakspectively)?*

Table 14. Calculated Bond Energies (kJ Walf gold(lIl) peroxide and oxide complexes

Compound| 3 42 |43 | 44 | 45
Au-O 279 | 150/ 168 126206
AuO-O - 130| 166] 138 -

A consideration of the molecular orbitals showd thea HOMOs do not show a consistent
Au—O bonding component, whilst the HOMO-1 orbitalsow a variety of out-of-phase
relationships between the oxygen lone pairs andytiheéd-orbitals,i.e. the interactions are
anti-bonding (Figure 39). This confirms the abseoice-interactions between the metal and
the oxygen ligands that were already suggestetidogpcute Au-O-Au and Au-O-O angles in
the solid state structuresvige supra)This observation is in line with the fact that, in

general, for late transition metals M—O complex@s/gen p-electron delocalisation into
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vacantd orbitals on the metal is disfavoured due to etectepulsion between the oxygen

electrons and the filled metdlorbitals®’

u &W e 3;@‘1%

(CANAC)AUOH 3 ¢ (CANAC)AUOOH 43 °
HOMO HOMO-1 HOMO HOMO-1
[ ®
k» o~ ¢ ~ * »
o t ‘ N::‘ &:ﬂ Fe -
, (“6 P Lo .
v ¢ . Y
.- i ;ﬁ . »(-* :
> e R
v % LA
’ J ¢ ANA ANA ‘I
(CANAC)AUOOAU(CANAC) 44 (CANAC)AUOAU(CANAC) 45
HOMO HOMO-1 HOMO HOMO-1

Figure 39.HOMO (left) and HOMO-1 (right) depictions of coreples3, 43 — 45

3.2 Reactivity of peroxides 42—45: oxygen transfaeactions

Since the Au—O and O—O bonds are relatively weakthie peroxidesA2—44, we
envisaged they would efficiently transfer an oxygémm to an oxidisable substrate such as
phosphines. In this respect, the reactivity of coomus42 — 45 towards Pg-tolyl); as
reductant was tested. Treating the hydropero#Riwith the phosphine (0.8 equivalerts)

in CD.CI, solutions instantly led to the disappearance efproxo OOH resonancé §.26)
and formation of O=R¥tolyl); alongside the hydroxid®, as observed byH NMR
spectroscopy. (Scheme 28) The oxygen transfer wss @nfirmed by*'P{*"H} NMR
spectroscopy where reaction w8 led to a shift fron®p-8.1 (for Pp-tolyl)s) to 6 30.5(for
O=P(-tolyl)s).

Similarly, treatment of théert-butylperoxide2 with one equivalent of phosphine led to the
formation of the phosphine oxide together with (COYAUOBU (46). The reaction was
found to be much slower than in the casé®find full conversion was reached only after
16 h. The conversion could be monitored by the pfiearance of the singlet signal
characteristic for theert-butyl group of the OBu group in (C*N~C)AuO@Bu 42 (3, 1.40,
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CD,Cl,) concomitant with the appearance of a new singjgnal for the Bu group in
(CAN~C)AuOBU 46 (5 1.49, CDCL,).

The identity of46 was also confirmed by its independent synthesiglwimvolved the
reaction between the trifluoroacetato (C*N~C)Au(©A¢ and potassiuntert-butoxide in
'‘BUOH : toluene mixtures. (See Experimental, Chapjefhe protocol is analogous to the
one used for the methoxide derivative (C*"N*"C)Au(QMe(See Section 1.1)

tjAu?_OOH TUDA"S CjA:lZOH
(43) O=PArs (3)

/A7 00'BY %’ //_\7 0By
u——— u———

U (42) O=PAr, U (46)

Scheme 28xygen transfer reactions involvid@ and43

The @-«":k'-peroxo)digold complex4 in CD,Cl, oxidises Pg-tolyl); more slowly, with
guantitative formation of O=B{tolyl); after 36 h. (Scheme 29) After 16 h the reaction
mixture showed a number of gold products, includddg(21%), (C*"N*C)AuCI2 (17%),
and the gold(ll) dimer (C*N*"C)Au—AuU(C*N"CBT) (25%), as well as other unidentified
products. Interestingly, the peroxidé and the gold(ll) dimeB7 co-exist in solutioni.e. the

peroxide is evidently unable to oxidise the' Awmpound to the Alioxide.

We assume that the reaction4zf with phosphines proceeds by stepwise O-abstraditon
give first the oxidet5. However, monitoring the reaction By NMR spectroscopy failed to
show traces of5, which suggests that the second reduction stgpltill) is fast. This was
confirmed independently by treatings with P(-tolyl)s which cleanly gives37 and
phosphine oxide. (Scheme 29)
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Scheme 290xygen transfer reactions involvidg and45

Thetert-butylperoxide42 in G;Dg at 60°C also oxidises acetaldehyde, giving initially
acetic acid and (C*N"C)AuUBu (46). Subsequently protolysis led to the isolation of
(CAN"C)AUOAC 7, the identity of which was confirmed by its indegent synthesis (see
Section 1.1). (Scheme 30)

The reactivity of gold peroxide42 and 44 was also tested olefins like 1-hexene or
towards vinylethyl ether with the aim to obtain t@responding epoxide or ethyl acetate
respectively. Despite varying the reaction condgi¢reaction time, solvent, temperature) no
reactivity was observed and the starting materéaisld be recovered unchanged. The
reactivity of 42—44 towards alkenes is reminiscent of the one of & B°and P&’

peroxides with the peroxo fragmedrinsto a group which exerts a weak trans influence.

Peroxide ligands are readily cleaved by electreshié.g 44 reacts instantly with
MesSiBr to produce the (CAN~C)AuB#®7 along with MgSiOOSiMeg (65 %) and
Me;SiOSiMe (25 %) as confirmed biH NMR spectroscopy. (Scheme 30) The presence of
the oxide MgSiOSiMe is probably due to the disproportionation of theropale
Me;SiOOSiMein the presence of MBiBr. This was also observed by oth¥rs.
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Scheme 3@xidation of acetaldehyde 2 followed by electrophilic attack to give(top)
and electrophilic attack of¥ to give47 (bottom).

3.3 Au—OH to Au—H conversion

Upon our initial investigation of the oxygen tragistbility of peroxidegl2—A44,we carried
out the reduction of the hydroperoxid8 with an excess of phosphine (>2 eq). We could
establish byH NMR spectroscopy (CIZl,) that after 3 minutes, the reaction mixture was
found to contain no trace of the expected gold btyide (C*NC)AuOH3. Instead the
composition suggested a mixture between the gdldipher (C*"N*C)Au—Au(C*N~C)37
and the gold hydride (C*N*C)AuBi, in a ratio of 3:1. The latter was identified by liigh-
field chemical shift. §4 -6.5 in CQCl,). The same outcome was observed when

(C"N~C)AUOH 3 was reacted with an excess of phosphine.

We have found that the selectivity of the reactiowards the formation of the gold
hydride 34, could be increased to 95% Ky exchanging the polar GBI, reaction solvent
for a less polar solvent (toluen@i) lowering the reaction temperature to 1D or below,
and (iii) using a larger excess of phosphine (> 5eq). Hadactivity was also achieved at

room temperature but a larger excess of phosphi@ €q) was necessary. (Scheme 31)
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P(p-tolyl); P(p-tolyl)3 XS

e
E?ZOOH Q/Au/ OH \ E/AU—H
(43) (3) (344)

O=P(p-tolyl); O=P(p-tolyl); 595 9,

Scheme 310xygen transfer reactions linking Au—OOH to Au—Hedction carried in

toluene)

The formation of metal hydrides from oxygen-bouighhds is known. For example, in
palladium methoxide§-H elimination of formaldehyde leads to Pd-H spsgigwhile in
rhenium hydroxides, the isomerisation of a hydrexitto a metal oxo-hydride product, as in
the conversion of (§Et,);ReOH into (GEt)s;Re(H)(0) was observed® Other examples
also include generation of palladium(ll) hydridesni metal hydroxides or alkoxides by

reaction with dihydrogeff°

The simple transformation of a metal hydroxide tanetal hydride presents interest as a
potential key step in a water splitting cycle. Ttadally, metal mediated water splitting
catalytic cycles were based on the metal abilityetadily change its oxidation stafésln
this case, the formation of a metal hydrido hyddexM(H)(OH) is a key step, as realised by
Milstein et al. using ruthenium pincer complexes [M = (PNN)Ru; PNN 2,6-
CsHsN(CH,PBU,)(CH,NE,)] (Figure 40)*%

H;

U2 HZ;}' e
hv
H oH T~

B
\ N—Ru—CO Ru + H,0,
A

successive thermal and H,0
photolytic elimination steps

Figure 40 Redox mechanism for water cleavatfe.

On the other hand, an alternative and potentiathpker pathway is available that does not
require changes in oxidation states. This cycl®lwves the reaction of a metal cation with
water to give a metal hydroxide. The following lstgp implies the conversion of the metal
hydroxide into a metal hydride which, in the suhsey protonation step regenerates the

metal cation and releases hydrogen. (Figure 41)

85



M—OH

- " l\ [0]
M—H

Figure 41.Non-oxidative cycle for water splitting

However, to the best of our knowledge, the repbd transformation of a metal hydroxide
M—OH to a metal hydride M—Hia simple oxygen atom transfer reactions has not been
previously observed for any metal. This can bdaspd by the fact that for most metals
the hydroxides are thermodynamically more stablanttthe hydrides, so that the

M-OH — M—H transformation is not usually possible withaut external hydride donor.

On the other hand, for gold, a Au-OH AuH transformation can be envisaged since the
gold centre(i) has a high electronegativity which is actually pamable to that of carbon
and hydrogen, angii) is capable of forming highly covalent Au—H anddesable Au—O

bonds.

Kinetic Studies

To gain more insight on the phosphine mediated AU-© AuH transformation, we have
used kinetic studies in order to gain more insighhe reaction mechanism. The kinetic data
were obtained byH NMR spectroscopy. In order to supress the foromatf the Al by-
product [(C"N"C)Au} 37, the studies were conducted at low temperatui@ tG1-55°C).
The conversion was followed under pseudo-first oroenditions. It was convenient to
monitor the disappearance of the signal correspgridi the proton attached to thearbon
atom with respect to the gold centre in the hydiex(C*N*C)Au(OH)3 (o4 8.13, see
Figure 42 and 43, red highlight) and the increatehe signal corresponding to the
analogous proton resonance in the hydride (C*"N*€)Ad, (5, 8.40, Figure 42 and 43,
blue highlight).
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Figure 42 (a) Conversion 08 into 344 and (b) Changes in the concentrations of LAUDH
(m) and LAUHS (¢ ) in the reaction with P¢MeCsH,)s (10.6 eq) as a function of time (JAu]
= 3.5 mM) at -4CC. Due to the nature of the low temperature measuresnthe first few
data points could not be accurately obtained.
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Figure 43 (a)Stacked plot ofH NMR spectra (toluends, -40°C) showing the conversion
of the (C*N"C)AuOH3 (red highlight) into (C*N*C)AuHB4, (blue highlight) and O=p¢
Me-CsH,)s (green highlight) (10 fold excess BRInternal standards 18-crown-6 (grey
highlight) and silicone greaséh) Detail of the aromatic (8.8 -7.3 ppm) and hydride regions

of the'H NMR spectra (toluends, -40°C). Colour coding corresponds to the one in Figure
42
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In order to establish the rate law, the conversib8 into 34, was conducted at fixed gold
concentrations ([Ay]= 14.4 mM) and under variable phosphine conceatrst([Pf-Me-
CeHa)slo = 150 — 600 mM). A first-order dependence in [(C@JAUOH] 3 was observed in
each case, suggesting a partial order in [(C*"N*©WMpof 1 (Figure 44, left). The plot of
IN(Kobg VS. IN([P(p-Me-CsH4]o) was linear with a gradient of 0.94(4), suggestihgt the
partial order in phosphine is also 1.0, within ekpental errors (Figure 44, right). Hence,

this gives the rate law:

—d[(CAN~C)AUOH]/d = k - [(C*N~C)AUuOH]*? - [P(p-Me-CeH.)4]*° (eq 1)
reaction time (s) -8
0 8.2 A
0 2000 4000 6000 8000 10000 84 y= (r){}gfgsg)(g;olfzz *
=05 86 o
] —838 _—*
I y=-2.06-10%x-0.3441 S
=) : x «
? . e R?=0.9948 s
2 \\‘ 9.4 P -
= 96
£ 9.8
25 -10
43 53 5.8 6.3

In[P(p-Me-CgH,)slo
Figure 44 a) Plot of In([LAUOH]/[LAuUOH]) versus time at -50C. Each data point is an
average of 5 measurements. b) Plot ok versus In [PR at various phosphine
concentrations at -5tC .
The activation parameters of the reaction wereiobthby observing the conversion of
[LAUOH] at fixed gold and phosphine concentratiqfisAuOH], = 14.4 mM, [Pp-Me-
CeHys)slo = 152.3 mM) while varying the temperature (“&Dto -10°C). The Eyring plot
gave the activation parametexsl* = 35.0(7) kJ mot andAS' = -105.7(2) J mot K. The
negative value oASfimplies that the reaction proceeds via an asswgeiatiechanism in the
transition state. Similarly, using the Arrheniusiation, the activation energy was found to
be E = 36.78(8) kJ mal. (Figure 45, right)

1/T(K?)
1/T(K?) 0.0037 0.0038 0.0039 0.004 0.0041 0.0042 0.0043 0.0044 0.0045 0.0046
45 1
0.0036 0.0038 0.004 0.0042 0.0044 0.004¢
5 ¢ 0.5 L
55 0
P L4 y=-4458.1x+ 17.493
. =-4216.2x+11.003 —05 R?=0.9962
g ° Y Y R=090s7 4 e
~ . o
2 .65 x -1
3 6.
x £
= 5 * 15 *
2
7.5
25
-8 ® L4

-8.5

Figure 45. (a) Eyring plot of the reaction a&fwith P{-MeCsH,)zin tolueneds between 223
and 263 K (8]o = 14.4 mM, [Pp-MeCeH,)s]o = 152.3 mM). (b) Arrhenius plot for the
determination of the activation energy.
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The reaction of the deuteroxide analodiid; with P(p-Me-CsH,); resulted in a slight
retardation of the reaction ([LAUOH(B)IP(p-Me-CsHy)s]o 1:10.8, -20°C, ko LAUOH) =
8.07(6)- 10* s*, kondLAUOD) = 5.49(3)- 10* s*) which corresponds to a kinetic isotope
effect (u/ko) of 1.45(3)?°® Based on the IR stretching frequencies3¢8476 cnl) and3-d,
(2553 cnt), a maximum theoretical kinetic isotope effectEKt -20°C of 14.7 could be
calculated® The value of the measured KIE suggests that O-hdbdeavage is only
indirectly involved in the rate determining stepddmplies an out-of-plane bending of the
O-H bond in the rate-limiting stéf

The reaction rates are insensitive to the preseficadical inhibitors. No significant effect
on the rate constants was observed when the reacti¢C*"N*C)AuOH 3 with P{p-Me-
CeHa)swas carried in the absence (toluele{ C*"N*C)AuOH], : [P(p-Me-CeHy)3]o= 10.6, -
30°C, kyps= 4.34(5)- 10* s?) or in the presence of 2,2,6,6-tetramethyl-1-piiryloxy free
radical (TEMPO, toluenés, [LAUOH], : [P(p-Me-CeHa)s)o = 12.3, -30°C, kops= 5.01(9)-
10* s1). Galvinoxyl was found to react with the hydrideuantitatively giving the gold(ll)
dimer [(C*"N~C)Au} 37. (See Section 2.2)

Effect of p-X-CgH,4 substituents of the phophines: Hammett correlation

We proceeded to examine the kinetics of the oxygstraction by using various phosphines
with electron withdrawing (F) and donating (OMe, )Mesubstituent$’® The reaction rates
were determined byH NMR under rigorously identical conditions (-3€, tolueneds,
([3]o: [PRe]o = 1 : 10.58). The Hammet correlation shows thatphra substituent on the
aryl phosphine has a major influene = -3.15, B = 0.94) on the reaction rate, with
electron donating groups (such as Me or OMe) sobatly accelerating the reaction. (See
Figure 46) The negative value (-1.05 per aryl ring) suggests that positivarge is built on

the reaction centre and is in good ageement withitierionic transition state.

1 (p-MeO-CgH,),P
0.8 g (p-Me-C¢H,),P
0.6 *
2 04
§ . y=-3.1553x+0.0363
x R?=0.9411
2 02

(p-H-CgH,),P
L

o

& (p-H-CH,).P

©
N

°
=

-0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1

Figure 46. Hammett correlation ([JLAUOH] : [P{R=1: 10.58, tolueneég, -30°C)
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Mass spectrometry

In order to establish that the oxygen atom tranpfeceeds from the hydroxid&to the
phosphine, af®O labelled sample a8 was prepared by reacting the (C*N~C)AuOAé
with Na®OH. An IR investigation showed that th#H vibration of3-**0 is shifted to
lower energy by 20 wavenumbers, to 3456'amhile the'H NMR spectrum was identical
to 3. P(p-Me-C¢H,)s was reacted witB-20 and extracted with acetonitrile. The extract was
subjected to APCI(+) MS analysis showing the foioratof *0=P{p-Me-CsH,); as the
predominant produd®” (Figure 47)

(p-Me-CoH.);P=0

+H* (p-Me-CgH,);P=120
{p—Me—CEH4}3P=1EO\ / +H*
+H*

b
i
s
L=]

m/z si£0 200 120 =Y 1280 m/z 315.0 320.0 3250 330.0 2350

Figure 47 Mass spectrum ofO=P{p-Me-CsH.); (left) and mixture of®*O=P{p-Me-CeH.)s
and*®0=P{p-Me-CgH.)s (right) resulted from the reaction betweand Pp-Me-CeH.)s.

Bond dissociation energies (collaboration with Dr dseph Wright)**°

A calculation of bond dissociation energies (BDE)FT methods also confirmed that the
Au—OH — Au—H transformation is thermodynamically favoumblThe results, which
correlate well to the BDE gas phase measuremerntgeafiatomic AuO and AuH molecules
suggest that the Au—H bond 34, (BDE 317 kJ mal) is stronger than the Au—O bond in
3 (279 kJ mal). (Table 15) Moreover, when the gold(lll) (CAN~Q)Asystems were
compared with the closely related platinum(ll) (NM@yPt systems (N*N~C = 2-phenyl-
6,6'-bipyridine), the BDE calculations suggestedaposite trend. This implies that since in
the case of platinum(ll), the Pt-H bond (350 kJ His weaker than the Pt—O bond (367 kJ
mol), a Pt—OH—Pt—H transformation is thermodynamically unfavoleabrhe BDE
calculations also correlate well with the gas phasasurements in the diatomic PtO and
PtH molecules. (Table 157 The results are perhaps surprising since thedstiehic and

isostructural gold(lll) and platinum(ll) were oftémough to display similar chemistf$.
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Table 15.Comparison of calculated and experimental bonsbdistion energies (BDE) (kJ

mol™?)

Complex Calculated BDE Diatomic compound BDE
(CAN"C)AU"-H 34y 317 Au-H 292+8
(CNAC)AU"-OH 3 279 Au-O 223
(CAN~N)Pt'-H 350 Pt-H 352
(CAN~N)P{'-OH 367 Pt-O 391

2 Data taken from ref 129

Reaction mechanism

Attempts to computationally identify an intermedian the reaction of LAUOH with BR
such as a 5-coordinate phosphine adduct of goldaorzwitterionic intermediate
[(CANAC)AUP)(u-OH)-PR®Y] were unsuccessful. The results suggest a comkcerte
mechanism for O-abstraction by PRith simultaneous hydride transfer from oxygen to
gold, as would be represented by a bending modeecfAu-O-H moiety as PRapproaches.
The formulation is in line with the observed modéstetic deuterium isotope effect.
(Scheme 32)

PR, PR3

"0 > N—Au—H
4 \ \J

) - . 180=PR, (34p)

N—Au—"180H

Scheme 32Mechanistic pathway for the O-abstraction frondgidl) hydroxide by
phosphines, based on the observed kinetic isotibpet @nd DFT calculations

Conducting the reaction in CHCl,

Employing the more polar GBI, as solvent results in the conversion to the ghldfiecies
[(CAN~C)Au], 37 as the major product (75 %) both at 20 or at low temperature,
regardless of the amount of phosphine used. SEUE{C)AuCl 2 — the product of a typical
radical attack on the chlorinated solvent is nosesbed, a competing ionic pathway is

possible, favouring the formation of the gold(lijngr 37. (Scheme 33)
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K' PR3 /’ o d/Au—OH

PR;

N——Au—OH N—Au®
u CH2C|2 \J (l)H \v\« U

(3) 0=PR; H20 (37)

Au''—N

Scheme 33roposedonic pathway for the reaction 8fwith phosphines (reaction carried in
CH.CIy)

Reaction of LAUOMe with PR3

In the light of the facile Au—OH-Au—H phosphine mediated transformation, the reactio
of the gold(lll) methoxide (C*"N*C)Au(OMd&) with (p-tolyl)sP in GDe at room temperature

was also attempted.

Monitoring the reaction by*'P{*H} NMR spectroscopy (under nitrogen atmosphere)
revealed a decrease in the intensity of the sigi&l -8.1 (corresponding tg4tolyl)sP) and
the appearance of a signal &t 30.6 (corresponding top{tolyl)sP=0) suggesting the

oxidation of the phosphine, with full conversiorifzereached after 36 h.

P(p-Me-CgHy); /7 7 l_\ )

/u?—— e > Au—NMe + Au' u'—N +
N % % U

(5) O=P(p-Me-C¢Hy)s (15) (37)
35 % 35 % 30 %

Scheme 340xygen transfer reactions from (C*"N*C)AuOM¢o phoshines

The consumption of the (CANAC)AuOMS8 could also be followed byH NMR by
monitoring the decrease of the resonance corresmpal the proton atoms attached to the
methoxy group &4 4.69, GDe). Analysing the reaction mixture after 36 h reeeathe
consumption ob and the formation of the gold methyl complex (C@JAuMe 15 (35 %
conversion) which was identified by the charactErisu—Me resonanced(; 1.85, GDs).
(Scheme 34) The other product appears to be thiiIgadimer [(C*"N*C)Au} 37 (35 %),
alongside unidentified reaction products, as caordil by observing the new resonances at
oy 3.10, 2.74, 2.71 and 0.21. (Figure 48)

92



The transformation Au—OMe> Au—Me by an oxygen transfer reaction is still sising
since in principle it involves breaking O—GHMHonds are usually regarded as strong. The
reaction of the methoxide (C*N"C)AuOM& with phosphines is currently under
investigation in order to elucidate the reactiorchanism and the nature of the unidentified

products.
[(CANAC)JAuMe

OH OH s

Ww.’ hLvﬂU’“L 24 hours || | 5+ (p-tolyl);P| |

/ 3 0.|21

| @
[(CANAC)]AuMe
‘ . OMe
|| | \\( ),I\‘l[ \ & || 10 minutes ai 75 + (p't,OIY,I)%P, K - “‘n.'u.,,, ) “I«_J e
(CANAC)Au(OMe) |
/ ‘ 54.69 63.10
L.
- __"M\th)_l“ | | (cANAc)AuOMe (5) M‘ L

[(cANAC)AU],

T T T T T ) T T T T T T T T T T T

8.5 8.0 7.5 7.0 6.5 6.0 5.5 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5
f1 (ppm)

Figure 48 Stacked'H NMR spectra (300 MHz, §D, RT) showing the reaction of

(CAN*C)AuOMe5 (red) with phosphines at various reaction times.
Attempted reaction of (IPr)Au' OH with PR3

In order to check if the phosphine mediated Au—OHAu—H transformation is also
possible for gold(l) centres, (IPr)AuO#8™® was reacted with excesspRolyl); phosphine
(25 eq) at room temperature. (Scheme 35) No reaet@ms observed after 24 h By and
¥P{*H} NMR spectroscopy.

Since the nature of the donating ligand on the gelatre significantly affects the reactivity
of the ligand locatedrans to the L—Au bond, the LAu—OH — LAu'—H conversion is

currently under investigation by employing differemcillary ligands.
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P(p-tolyl)s \/ —
T T e
Au '7 Ilku'
OH H
(48) (40)

Scheme 3B5Attempted oxygen transfer reactions from (IPr)Au(@ig

3.4 Attempted synthesis of a gold(lll) superoxide

In an attempt to generate a gold(lll) superoxidé&NTC)AuOOe, the trifluoroacetate
(C*NAC)AU(OAC) 4 was allowed to react with KQn THF/toluene mixtures (1:1) under an
atmosphere of dioxygen at room temperature.ArNMR analysis of the crude reaction
mixture reveals the formation of a mixture of compds out of which theu-k“:!
peroxo)digold compleX(C*"N*C)Au],(u-O0) 44 could be identified. This may suggest the
initial formation of the superoxide (C*"N*C)AuOQe- igh seems to be unstable even under
one atmosphere of dioxygen and undergoes dispiopation to give the the
u-kht-peroxo)digold compleX(CANAC)Aul,(n-O0) 44 and dioxygen. (Scheme 36). This
decomposition pathway has also been reported fugrdate transition metal superoxide

complexes under deficiency of dioxygén.

T | (] od
u Ai—o0 f» N—Au—O /_)
0y, THF o)
(4) RT, 16 h ° 0, (44)
-KOAcF

Scheme 3@&Reaction o# with KO, under Q at RT

Upon conducting the reaction at 20, a single product could be observedHyNMR,
which upon recrystallisation from GAI, : light petroleum mixtures at -2 produced the
tetrahydrofuranolato complex (C*"N/AC)Au(Q#dzO) 49 as yellow crystals. Its structure was
confirmed by X-ray diffraction (see Figure 47). &rthe reaction was carried out under one
atmosphere of dioxygen in the presence of THEjrm®ertion into one C—H bond of the
a-carbon atom of THF to give a tetrahydrofuranyl toykroxide is plausible. The

subsequent reaction of the hydroperoxide witim the presence of K{Q(base) gives the
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gold(lll) tetrahydrofuranyl peroxide which upon piisportionation liberates £and gives
the tetrafuranolato gold compld®. (Scheme 37)

KO,
0,, THF
/AU?_OACF 40°C, 16 h /AU?—O\ /AU?——O
Q/ d/ 0O ; Q/ @
Q) KOACF D 0, (49)

QH 22 Q/O—OH

Scheme 3Reaction of4 with KO, under Q at 40°C

The solid state structure of (C*N*C)Au(QFEO) 49 is depicted in Figure 49. The Au—O
bond length (1.983(6) A) is similar to the one ther (C*N*C)Au complexes with oxygen
ligands (2.010(2) A in (CAN~C)AuOR, 1.975(3) A in [(C*N~C)AuQj 44) and the Au—
O—C angle between the gold centre and the furarjeiy (116.2(8) A) reflects the $p
hybridisation of the oxygen atom with negligible-A® = interactions. The molecules stack
through overlapping (C*"N*C)Au fragments along thaxis. (Figure 49, right) In the crystal
packing, the intermolecular AtAu distances are long (6.114(3) A)

Figure 49. Molecular structure ofi9. Thermal ellipsoids are set at 50% probabilityelev
Hydrogen atoms are omitted. Selected bond dista@desnd angles°): Au-N(1) 1.972(5),
Au-C(17) 2.061(8), Au-C(1) 2.072(8), Au-O(1) 1.98B8(C(17)-Au-C(1) 161.63(16), N-Au-
O(1) 179.1(2), Au-O(1)-C(26) 116.2(8). The,HzO unit shows disorder over two
orientations: only one orientation shown. Atomshwéss than full occupancy were refined
isotropically.(left) Stacking along tHeaxis (right)

While there are no reports of ‘side om™{0,) gold or platinum compounds, in 2011 the
groups of OzerdV® and Hoff* reported examples of palladium(ll) superoxo comgde
synthesised by Omediated oxidation of a Pd(Il) bridging peroxo gbex or a carbene
supported Pd(0) centre respectively.
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3.5 Insertion of molecular oxygen into gold(l) hydide bond:

Synthesis of gold(l) peroxides

We have shown above that despite the fact thatlithe/gen insertion into the Au—Au"
bond would be thermodynamically favourablaH(= 136 kJ mdl) (See Section 2.4) the
gold(ll) dimer (C*N*C)Au—Au(C*N"*C)37 shows no reactivity towards dioxygen (1 bar).
The same behaviour was observed for the gold(dyide (C*N"C)AuH34,. Nevertheless,
the corresponding hydroperoxid@ and bridging -«":x") 44 were isolatedsia acid-base
and dehydrocondensation reactions. Compared togehe(lll) hydride 34, the NHC-
supported gold(l) hydride (IPr)AulO is more reactive. (See Section 2.2) Consequendy,

decided to explore the reactivity 40 towards dioxygen.

Recently, the involvement of a M—H> M—OOH step in catalytic cycles has also been
postulated in gold(l) chemistry. For example Zbu al. demonstrated that bipyridine
supported gold(lll) cations are active in the ok C—C coupling from unactivated C-H
bonds, using air as a sole oxid&htin the proposed catalytic cycle (Figure 50), thseition

of O, into the AUH bond is a critical step for the activation of xiigen. However, to the
best of our knowledge the insertion of dioxygeroitite Au—H bond has so far not been

reported.

[LAu"CI,]X

reduction

LAU'
CH;3NO,

+
. "Ph N
LAu'-OH rPh

LAu
hydride transfer
©:> from substrate to Au
N. Ph

LAu"O
Nt
“"" “Ph

H,0 LAu'-H
0,

LAu'-O0H

Dioxygen insertion
CHNO, m ¢ into Au-H
N % "Ph
‘Ph

NO, L = 2,2"-bipyridine

Figure 50 Proposed catalytic cycle for the gold mediated athe C—C coupling

reaction*** Dioxygen insertion step highlighted in yellow.
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Exposure of a §Ds solution of the gold(l) hydrid& (IPr)AuH 40 to an atmosphere of
dioxygen (1 bar) for 36 h lead to the disappearasfcthe resonance associated with the
Au—H fragment §y 5.11) and to the formation of a new product, tloéd@) peroxide
(IPr)AuOOH 50. The conversion ofl0 into 50 can also be observed by monitoring the

carbene proton resonances. (Purple highlight inrei¢1)

After the first half-life of the reaction, a resona até -0.26 can be observed which is
consistent with the formation of the gold(l) hydiae® (IPr)AuOH 48. The spectrum of the

hydroxide48is very similar to the one of the hydroperox&l®with the notable presence of
the CH atd -0.26 in48. The resonance for the OOH groupbihcould not be located under

the present conditions.

At full conversion of the starting Athydride (IPr)AuH40 (after 48 h), the final ratio of
50:48 is about 1:2 and ultimately, upon standing at raemperature the hydroxid&8 can
be obtained quantitatively. This suggests that e readily forms under 1 atmosphere of
oxygen, the disproportionation reaction is faciled an time 50 converts into48 while
releasing @ (Scheme 38) This decomposition pathway has adem beported for similar
Pd(Il) and Pt(IV) hydroperoxidé§?*®In those cases, the disproportionation reactiaridco

be supressed by increasing the dioxygen conceonirati

\‘/ N/=\N 02 (1 bar) ? N- 5
\r CDg, RT q T ; 7/\

\

Au' A
H OO H
(40) (50) (48)

Scheme 380xygen insertion into the Au-H bond followed by disproportionation of the

resulting hydroperoxide

The ability of the hydroperoxidg0 to transfer oxygen atoms was tested by reactingtlit
phosphines. Treating0 with an excess offtolyl)sP ©p -8.1)(1.5 eq) showed the formation
of (p-tolyl);P=0 530.6) as revealed ByP{*H} NMR spectroscopy. The mechanism of the
dioxygen insertion into the Au—H bond and the rivdtgt of the formed peroxide is

currently under investigation.
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Figure 51 StackedH NMR spectra (300 MHz, D, RT) showing the reaction of (IPr)AuH
40 (red) with Q (1 bar) at various reaction times.

Attempts to crystallise the hydroperoxi@® under an atmosphere of oxygen gave single
crystals of the bridginguék':x') peroxide [(IPr)Au}(u-O0) 51 instead, as confirmed by
single crystal X-ray crystallography. (Figure 52)eTcondensation of a molecule 5§ and

the corresponding hydroxidd8 obtained through disproportionation (Scheme 39) is
reminiscent to the behaviour of the gold(lll) hydeooxide43 towards the corresponding
hydroxide3 to give the bridgingu(-k*:x") peroxide [(C*N*C)Au)(u-O0) 44. (See Scheme
24) This behaviour is also similar to the one dfeot-block hydroperoxides.
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Scheme 3Disproportionation 060 followed by dehydrocondensation to give

Crystals 0f51-:2(C¢He) were obtained by storing a benzene solutiorbblunder oxygen.
Despite positional disorder of the carbene ligaamits peroxo fragment which are disordered
over two positions, the connectivity could be assy unambiguously and confirms the
identity of 51 as a digold {-«*:x") bridging peroxide.(Figure 52) However the pooaliy

of the data precludes any discussion of the bamgtte. For instance, the O—O bond length
(1.26 A) appears much shorter than the one of #&pidransition metal
peroxides(1.41 - 1.50 A% 183 18719°The C—Au—O fragment is linear which is a typical
geometry around a gold(l) centre.

Figure 52 Molecular structure 061:2(C¢Hg). For disordered imidazolyl rings and peroxo
groups, only one orientation is shown.
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Upon attempting to obtain better quality crystalssé from a solution of THF under air,
single crystals of the carbonad@ 3(THF) were obtained, as confirmed by single crystal
X-ray diffractometry. (Figure 53) For the bridgimggold carbonato cation [{(IPr)Au}(-
COy)]", the geometry at the gold centre is linear as eepe(C2—Au—O0 176.76(32) and
the carbonate moiety is essentially planar (O1—C2-118.93(43)). The geometry around
the oxygen atom is bent (Aul—O1—C1 115.54{B1Jhe modest quality of the reflection
data did not allow for an anion to be located andbknsity map but it is assumed that, owing

to the composition of the reaction mixture, a hygt@nion may be plausible.
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Figure 53 Molecular structure 062. Thermal ellipsoids are set at 50% probabilityelev
Hydrogen atoms are omitted. The anion fragmentccowit be located on the difference
density map. Selected bond distances (A) and ar@jie Aul-C(2) 1.942(3), Aul-O(1)
2.045(3), O(1)-C(2) 1.272(5), C(2)-Au(1)-O(1) 17&32), O(1)-C(1)-O(2) 118.93(43), Au-
0O(1)-C(1) 115.54(31).(left) View along the axis highlighting solvent accessible voids
(right)

The formation of a (-COs) trigold complex can be explained by the reactainthe
hydroxide 48 or hydroperoxide50 with atmospheric CO which in time lead to the
crystallisation of52. However, we cannot exclude the formation of aolighydroxy-
bridged catiorf [{(IPr)Au}( p-OH)]" as a key intermediate. A recent report by Sadéghi
al.™*® describes the synthesis of the same NHC suppounte@@,) carbonato trigold cation
by a different route, stabilised by a triflate amioThe synthesis proceeds from the
siloxy-bridged digold cation {(IPr)Au}¢-OSiMe;)]" under one bar of CO The parent
siloxide (IPr)Au(OSiMg) was reported to be inert in the presence of. €0
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Scheme 4Reaction pathways for the formation# (top) Literature method for the

synthesis 062. (bottom}°*

CONCLUDING REMARKS AND PERSPECTIVE

We have shown for the first time that even in thsecof gold, which is often regarded as
very oxophobic, dioxygen activation is possible enthild conditions (1 atmyia insertion
into the Al—H bond, leading to the formation of the gold(I)}dngperoxide (IPr)Au(OOH)
50 which readily transfers an oxygen atom unto phwsplacceptors (Stepsandll in
Figure 54). A dehydrocondensation reaction invagvb0 also led to the isolation of a

bridging (-«:x") peroxo digold comple%1.

In the case of gold(lll), the Au—H and Au—Au bonds (C"N*C)AuH 34, and
(CANAC)Au—AU(CANAC) 37 proved to be resistant towards @sertion under 1 atm O2
pressure; the gold(lll) peroxides where insteaces®edvia acid base reactions from the
gold(ll) hydroxide (C*N*C)AuOH3. The gold(lll) peroxides readily transfer oxygeoras

to phosphines with low activation barriers. Morepsisingly, even the gold(lll) hydroxide
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proved capable of oxygen atom transfer and gisestd the gold(lll) hydride (C*"N~C)AuH
34y, in the presence of phosphines, a key transfoomati a potential new water splitting
cycle. Mechanistic investigations suggest the feactproceeds via an associative
interchange (concerted) mechanism. DFT studies lase confirmed that while the
transformation of M—OH— M—H is thermodynamically favourable for gold(liihis is
not the case for the isoelectronic and isostrutfpleginum(ll), suggesting that only in the

envisaged water cleavage may only be realisablgdiat.

Attempts to generate a gold(lll) superoxide frora € N*C)AuOA¢ 4 and KQ in the
THF under an atmosphere of oxygen resulted in sbhéation of the furanolato complex
(CAN"C)Au(O-GH-0) 49. The reaction produced variable amounts of the'fc’) peroxo
digold complex44, which suggests that if the gold(lll) superoxide (SMC)Au(OOe) is

indeed formed, it readily disproportionates evedasran oxygen atmosphere.

Based on the Awand Ad' transformations described, the catalytic cycleicted in Figure
54 can be constructed. The first step would invdlve activation of dioxygen by gold
hydrides leading to the formation of gold hydropédes. This step has so far been
demonstrated for gold(l) but not for gold(lll). leué work would involve initial reaction of
the (C*N"C)AuH34, with dioxygen under various gas pressures to vdfrifige activation
of dioxygen by Al —H is indeed possible. The second step, the oxpdfem transfer from
peroxides to a substrate has been verified for Botrand Ad' centres. The third step, an
oxygen transfer from Au—OH— Au—H, has been demonstrated for "Awvhile
IPr-supported Au centres do not undergo this transformation. Iti sémains to be
established whether varying the ancillary ligandtms Al centre would labilise the Au—O

bond in gold(l) hydroxides so that an oxygen transkecomes favourable.

In the great majority of catalytic cycles involvingetal peroxo species, one oxygen atom is
transferred unto substrates whereas the other ®ri®ost” as water. The sequence of
transformations (Figure 54) would therefore alsoab@m economical, since both oxygen
atoms would be transferred unto substrates. It irsm be established however i} (
gold(lll) hydrides could activate £ (ii) gold(l) hydroxides can transfer an oxygen atom
unto substrates to give gold(l) hydrides aiig (nder which conditions the oxidation of

oxygen-acceptor substrates which are lower in gnisrgossible.
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Figure 54 Proposed catalytic cycle for gold mediated oxidatieactions based on the work
discussed in this chapter.
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CHAPTER 4

Gold(Ill) olefin complexes, gold azide complexes ah
attempts to useff-diketiminate ligands in gold(lll)

chemistry

A portion of this chapter has appeared in print:

N. Savjani, D.-A Reca, M. Schormann, M. Bochmann "Gold(lIl) Olefin
Complexes’Angew. Chem. Int. EQR0Q13 52, 874.
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TOPIC 1. Synthesis and characterisation of Gold(lll) alkene

complexes

INTRODUCTION

Platinum(ll) olefin complexes were amongst thetfosganometallic complexes ever to be
reported. The very first example, known as Zeisal, K[Pt' Cl;(C,H,)], was published as
early as 1827 and was obtained serendipitously diluxing an ethanol solution of
H,[PtClg] in the presence of KCE.Since early on it was recognised that complexatioan
olefin to a metal centre leads to significant aion of the C=C bond, as illustrated by the
Dewar-Chatt-Duncanson mo&&f°and this feature was further explored in metal iated

olefin transformation&®®

Olefin complexes of gold(l) were isolated and dinally characterised in the 1970s and
1980s by Hittel and othets?®® and the first arene complexes of gold(l) were médge
reported”® Since the mid-1990s the interestrircomplexes of gold underwent significant
growttt®® due to their involvement as active catalytic seeciin gold mediated
transformation of olefind’ Most of these transformations propose the coordinaif gold

to the olefin as a first step of activation, folledvby nucleophilic attack on the coordinated
olefin and subsequent protodeauration to libefaseftinctionalised substrate and regenerate
the catalyst®(See Scheme 41)

[Au]
+ [Au] ;
olefin coordination

Nu-H nucleophilic attack

\ S " [Au]
Nu/ \ Au] ; > <

protodeauration HNu

Scheme 41General scheme for gold mediated activation ofirdef

In the case of gold(lll), which is isoelectronicdaisostructural to platinum (1), a number of
organic transformations of olefins propose geldomplexes, most notably gold alkene and
alkyne complexes as key intermedigte§Nevertheless, surprisingly, no alkene, alkyne or
arene complexes of gold(lll) have been isolated emaracterise®® Earlier attempts to

generatet-complexes of gold involved treating gold(lll) radis directly with olefins, but a
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gold n-complex could not be identified and the outcomethaf reactions was invariably
reduction to gold(l) or gold metd? Claims of the synthesis of a
AuCl;(n*1,5-cyclooctadiene) by reacting HAuQOWith 1,5-cyclooctadierfe® have been
contested®®?'% Nevertheless, gas phase calculations suggest tiieatformation of a
AuCly(n%-C,H,) complex would be exotherm@f while the formation of a neutral gold(lll)
acetylene complex, Augh’C,H,) complex would be endothermal. A comparison betwee
bond dissociation energies in Au(l) and Au(lll) Wdne and acetylene complexes and
relative calculated Au—C and C—C bond lengths gicted in Table 16.

Table 16. Bond dissociation energies (kJ Hébr gold ethylene and acetylene complexes

Complex BDE d(C,C)(A) | d(Au,C) (A)| Reference
CH, — 1.31(1) — 213
[(n*-CHy)AUT -259 to -297 213a
[(n*-C.H,)AU'CI -161 1.382 2.248 213b
(n>-CHy)AU" CI -33.1 1.377 2.364 213b
CH, — 1.202(3) — 213b
(n>-C,H,)Au'Cl -143 1.235 2.221 213b
(n*-C,H,)Au"Cl, +6.32 1.223 2.486 213b

We envisaged that since reduction of the Au(llintee is a common pathway for the
decomposition of organogold derivatives, stabilgabf a gold(lll) olefin complex could be

achieved if a ligand capable of blocking reductiienination pathways is employed. We
have shown that the tridentate diphenylpyridinanigj fulfils the stabilisation requirements
and allowed us to isolate species that were prelyazonsidered to be too kinetically labile
to be isolated such as gold(lll) hydrides. (Cha@eWe therefore decided to attempt to
generate C"N"C supported gold(lll) cations in thespnce of olefins in the hope of

isolating gold(lll) olefin complexes.

The present section presents the synthesis and NkkRacterisation of a gold(lll)
norbornene complex which is the first example gb&i(l1l) olefin complex unambiguously
characterised in solution. The reactivity of thenptex with nucleophiles such as water is

also explored.

After the publication of this work, Tilseet al. reported the first example of a
crystallographically ~characterised cationic  goll(Il alkene complex, f{{*-1,5-
cyclooctadiene)AuMg* ™ The complex was prepared by the protolysis of a-8ubond in

a (PhPy)AuMe complex in the presence of COD. (Scheme 42) Upmrdination, each
olefin C=C bond is asymmetrically bonded to Au sashone Au—C bond is significantly
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longer than the other. The C=C bonds in COD are alsly slightly elongated upon
coordination (1.364(5) and 1.348(5) in tfeCOD gold complexs 1.340(3) in free COD).

[H(OE,),1[B{(3,5-(CF3)2-CeHs}4l

Me CD,Cl, |

Scheme 42Preparation of |{*-1,5-cyclooctadiene) AuMg" 2
RESULTS AND DISCUSSION

4.T1.1 Initial attempts — SMe reactions

Initial attempts were made to generate gold(lihia®s in the presence of weakdonors
which can act as neural ligands. For our initial&s, due to its commercial availability, the
non-substituted 2,6-diphenylpyridine ligand was duses a cyclometallating ligand for
gold(lll) centres. The (CNACAuCI (53) where (CANAC) denotes the non-substituted
diphenylpyridine ligand, was prepared in an analesgfashion to theert-butyl substituted
phenylpyridine supported (C*"N~C)Au@3)(following a published protoca!.

In order to abstract the chloride ligand, two polespathways were explored) & one step
chloride abstraction with thallium(l) or silver &alof non-coordinating anions in the
presence of SMdo give the aduck5 (Pathway 1) andii) a two step pathway where the
chloride ligand would be removed by the silver safita coordinating anion such as
trifluoroacetate, to give the gold(lll) trifluoroatate complex H4), followed by
trifluoroacetate group abstraction by BEg); in the presence of SMdo give the gold-
dimethyl sulphide adud&6 (Pathway I1). (Scheme 43)

While both pathways ultimately proved to be effitigdo generate gold(lll) cations, the
chloride removal reaction proved to be the ratemening step which resulted in long
reaction times (> 48 h). The reduced solubilitf( @*N~C)"AuCI 53 in the reaction solvent
(CH.CI,) also contributed to the slow reaction rates. tdeo to optimise the reaction,
heating the reaction mixtures was attempted. Incdme of Pathway |, heating the gold
chloride 63) in the presence of the thallium(l) amidodiboraadf’> and SMe yielded a
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mixture of products probably as a result of therttad instability of the resulting cationic

product55.

On the other hand, heating mixtures of the (C*NFAQ)CI (53) and AgOAC€ at 40°C for
16 h resulted in clean conversions to the goltltiibacetate (C*NACAU(OAC (54). No
side products were observed, probably due to tleatgr thermal stability 054 when
compared to the dimethyl sulphide aducts. The sples# trifluoroacetate group abstraction
by B(GFs)s in the presence of SMeénstantaneously generates the gold-dimethylsughid
adduct55 as observed bfH NMR spectroscopy. In this respect, Pathway Il waeferred to

generate gold(lll) olefin complexes by employingeales as neutral ligands.

H +
Pathway | H
> e S

—N—Au——cl [TI(OEL)2][[H2N{B(CeF5)3}2] Me
— Au— _
N SMe,, CH,Cl, Q /N—Au—s,\wI A
> (83 TIC - e
H H
AgOAcF
A = [H->N{B(CgF 55
MeCN [HoN{B(Cg 5)3}':2]( )
or [B(CeF5)3(OACT)] (56)
AgCl
H toluene

Pathway Il

& N—Au—OAcF

> ©¥

H

Scheme 43athways for the synthesis of gold(lIl) dimethytshitle aducts

Complexes54 — 56 have been characterised B NMR spectroscopy and X-ray
crystallography. The dimethylsulphide aduBt&and56 display a characteristic singlet for
the SMe group atéy 3.23 (CRCI,) which is shifted downfield from the one of ‘free’
dimethylsulphide &, 2.37, CDCl,). The'*F NMR spectrum 066 also suggests a 1:1 ratio
between the resonances corresponding to the gBsup of OAE (8¢ -76.94) and the

resonances of thesks groups in B(GFs)s (See also Experimental, Chapter 5).

The trifluoroacetat®4 was recrystallised by slow evaporation of a,CH solution at room

temperature and its structure was determined bwyXerystallography. The geometrical
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parameters are very similar to the gold trifluoetate4 bearing theert-butyl substituted
(CAN”C) ligand. The distance between two fluorinmnas (of the CF groups) of
neighbouring molecules is 2.910(3) A, slightly gkorthan the sum of the van der Waals
radii (2.94 A)® (Figure 55)

Figure 55 Molecular structure of (CNACAuU(OAC) (54) (50% probability ellipsoids
shown). Hydrogen atoms were omitted. Selected listdnces (A) and angle®):(Au—N
1.961(3), Au—C(1) 2.072(4), Au—C(17) 2.063(3), Au-+@.025(4), N—Au—O(1),
174.99 (23) C1—Au—C17 162.97(41). (left)-F contacts between the CEroups of
neighbouring molecules. (right)

Both gold(lll) dimethylsuphide adduc&5 and56 were recrystallised by layering GEl,
solutions with light petroleum (1:1). The geomadlic parameters for the
[(CANAC)'Au(SMey)]* fragment in55 and56 are very similar having the Au—S distances of

2.294 A and (C18)—S(1)—C(19) angle of9@hich is typical for BS fragments. (Fig. 56).
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Figure 56 Molecular structure of [(C*N*CAu(SMe)][A] where A = HN{B(C¢Fs)s}»
(55CH,Cl,) and (OAE){B(CeFs)s} (56) (50% probability ellipsoids shown). Hydrogen
atoms and solvent molecules were omitted. Onlyasriee two molecules in the asymmetric
unit shown. Selected bond distances (&) and an@)es5 : Au(1)—N(1) 1.984(6), Au—
C(1) 2.071(10), Au—C(17) 2.093(8), Au—S1 2.293(RJ1)—Au(1)—S(1), 170.10 (19)
C1—Au—C17 163.2(3), C(18)—S(1)—C(19) 98.2(6h6 : Au—N 2.003(3), Au—C(1)
2.102(4), Au—C(17) 2.081(3), Au—S1 2.2978(9), N—AB8{), 170.31 (9) C1—Au—C17
162.87(51) , C(18)—S(1)—C(19) 100.10(19).
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4.T1.2 Reactions with olefins

Since tridentate diphenylpyridine ligands are atiestabilise gold(lll) cations in the
presence of weak-donors, we decided to generate gold(lll) catisiasPathway Il (Scheme
41) in the presence of alkenes. Cyclic alkeneskamvn to have an enhanced ability to
coordinate to a metal centre due to their ringisttawhich upon coordination is released.
Coordination ability is also enhanced by the pydaigation of the alkene carbon atom
which is accompanied by a decrease in energy dfthO n* and an increase in energy of
the HOMO . In this respect, norbornene was chosen for tit@linests. The diphenyl
pyridine ligand seems suitable for the stabilisatid a gold(lll) olefin complex since the
ligandtransto the (>olefin)Au fragment would be pyridine which onlyests a moderate
trans influence. Since the substituted 2,6-bif4EsH-), pyridine supported trifluoroacetate
shows better solubility in the reaction solvent ¢CB), (C*N~C)Au(OAC) 4 was further

chosen as the starting gold precursor.

Therefore, treating a mixture of (C*N~C)Au(OA¢t and norbornene (1.2 eq) in gL,
with B(CgFs)s instantly gave rise to a nhew compound which wenfdate as the cationic
gold(lll)-norbornene comple%7 as observed byH NMR spectroscopy. (Scheme 44) We
also noted that adding B{E); to (CN~C)Au(OAC) 4 solutions in CBCl, at room
temperature without norbornene or any other ligamgssent gives rise to a complicated
'H NMR spectrum consisting of broad, undefined resmes. We therefore rationalise that
the reaction solvent alone (@Cl,) is not capable of stabilising the [(C*N~C)Awdation at
room temperature, even though stabilisation caradigeved below -20C to give the
dichloromethane aduct [(C*N~C)Au(GEl,)]*.2°
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+ B(CgFs)3 , ﬂb

CD,Cl,
1 minute

[B(C6F5)3(OACT)

L
y

[B(CoF5)3(OACT)

Scheme 445ynthesis 067 and reaction with SMe

Upon addition of B(GFs);to a mixture o and norbornene, an immediate change irfithe
NMR pattern of the (C*N"C) ligand was observed. Mostably, the doublet resonance
corresponding to the protons attached todt@arbon atom with respect to the gold centre
(Red in Figure 57 and expansion) is significantlifted downfield Aéy = 0.9). A downfield

shift is also observed for the resonance correspgrid thetert-butyl groups Ady = 0.11).

Upon coordination, the chemical shift of the olafisignals of norbornene 7 does not
change significantly when compared from the on&raee’ norbornene (Rlin Figure 57).
The chemical shift of Mis influenced both by the-donation of the olefin to the cationic
gold centre and also by the back-donation fromntie¢al centre to the* (LUMO) of the
norbornene. Since the change is negligible, ismumed that both thedonation and back
donation cancel each other out (see also subsedigmission). Unequivocal evidence for
coordination could be provided by the chemicaltstiitheprotons in the 5- and 6- positions
(H°) which display a pronounced downfield shifts(, = 0.72 for H) in complex57 when
compared to free norbornene. A similar shift isoaddserved for the bridgehead protons
(H") which are shifted downfield upon coordinatia = 0.42). (Table 17, Entries 1 and 3;
Figure 57)

The olefin is readily displaced by SMehe reaction of [(C*N"C)Auf-C;H10)]* 57 with
SMe instantly produces [(C*N~C)Au(SM#g" together with free norbornene as established
by 'H NMR spectroscopy. (Scheme 44)
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The difference in chemical shift of the olefiniopmns Ady,) alongside the shift in olefinic
carbon atomsAdc) has been proposed to be diagnostic of the exterback donation in
Pd, Pt and Au(l) complexe$®?*® Thus, a higher degree in back-donation results in
olefinic protons further being shifted upfield. $hicorrelation is also supported by
computational studied'®**®In this respect, upon comparing the spectroscdata for the
olefinic protons in coordinated norbornene to godhtres in57 (Ady = -0.03, Table 17,
entry 6) with the data from platinum(ll) complex@s, -1.94, Table 17, entry 5] it can
be inferred that back donation from platinum(llyrgaexes is significantly greater than in
gold(lll) complexes. This trend has also been coréd by DFT studies performed by Tilset
et al. on [MeAu(n*-COD)]" and [MePt(*-COD)] complexed****° Since back donation
contributes significantly to the stability of theetal-@*-alkene) bond, it can be inferred that
platinum(ll)-olefin complexes should have increasgdbility when compared to their
gold(lll) analogues. This is indeed verified by thect that while platinum(ll) olefin
complexes are known to be thermally stable, andrefact the first metal olefin complexes
to be isolated, the gold(lll) norbornene comptkshows limited stability in solution and
noticeable decomposition is observed after 12 Ie lirhited stability of gold(lll) olefins in
solution at room temperature was also observedilsgtTet al. in a subsequent study on
[Me,Au(n*-COD)][OTf] complexes*

Table 17. Comparison of chemical shifég CD.Cl,) of coordinated norbornene in selected
gold(l), silver(l), plantinum (1) and gold (lll)ationic complexes

Entry | Complex H | AS4(H) | H° H® | Ref
1 ‘free’ norbornene 5.99 - 284 161 -
2 | [Ag*CH1o)3]" 6.42 | +0.43 | 3.20| 1.77] 221
3 | [Aum*CHyo)sl" 553 | -0.46 | 3.30| 1.88 221
4 | [(IPrAu(m*CHy1) 1 5.71 -0.28 | 2.90| 2.40] 222
5 | [PtH®*C/H1o)(PEE),]" 4.05 -1.94 | 299| 2.13] 219
6 | [(C"NAC)Au(n*C;H.0)]* 57 5.96 | -0.03 | 3.56| 2.03 This worl

Ady = dy(metal-norbornene complex)ox(free norbornene)
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Figure 57 *H NMR spectra (300 MHz, RT, GDBI,) of a mixture of (C*N~C)Au(OAD 4
and norbornene (red) and of comp&#k(blue). R = OAE or norbornene

In a continuation of this wor#® Dr Nicky Savjani in our group showed that the same
protocol that afforded the generation of [(C*NACJAGWC;H.0)][(OAcH{B(CeFs)s}] 57 can

also be used to generate the ethylene and cyckpemomplexes which, after subsequent
solvent evaporation, were washed with light petroleand isolated as solids. By performing
'H NMR studies on the gold(lll) norbornene, cyclofere and ethylene complexes we
established that while the norbornene complexablstfor hours at room temperature, the
cyclopentene complex is stable up to°© and the ethylene complex shows signs of

decomposition above -2@. This observation is consistent with the fact tiabornene is a
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betterrracceptor than cyclopentene and both coordinateganetal centre more strongly
than ethylene due to the release of ring straimwgumrdination. The strong coordination is
also revealed byH NMR titration experiments where adding an exaefsBee olefin does
not promote exchange between free and coordinakefih.oln contrast, the gold(lll)
ethylene complex is more thermally and kineticédlyile and olefin exchange between free

and coordinated ethylene was observed over theetiextyse range of -70 to -EC.

4.71.3 Olefin Hydration

Attempts to obtain crystallographic confirmation of the complex
[(CANAC)AUM*-CH10)][(OACHB(CeFs)sl] 57 were so far unsuccessful. Since the anion
can have an effect on packing modes in the cryatate, in an attempt to obtain single
crystals of the cationic gold olefin complex we ided to generate the complex
[(CANAC)Au(n*C:H10)](SbR) by chloride abstraction from (C*N~C)Au@lin the presence
of AgSbFk; and norbornene.

Treating a mixture of (C*"N*C)AuC3 and norbornene in GBI, with AgSbk under the
exclusion of light rapidly gave rise to a white @patate (AgCl). After the removal of the
precipitate by filtration, the solution was concet#d under vacuum, layered with light
petroleum and stored at low temperature (*€). The resulting white crystalline blocks
where then subjected to an X-ray diffraction studhych revealed the structure of compound

as the cationic gold norbornolyl compl&& (Scheme 45 and Figure 58)

A plausible route for the formation 6B involves the initial coordination of norbornene to
gold to give a cationic gold norbornene complexalihivould be susceptible to nucleophilic
attack. Subsequent reaction with adventitious wigtgirto a nucleophilic attack of H@n

the coordinated norbornene while the gold—phenyldoeas protolysed. We have observed
cleavage of the gold—phenyl bond in neutral (C*"N4@pported gold complexes but the
reaction proceeded only with strong acids such@#di while weaker acids such as HOAc

left the starting material unchanged. (See Chdlter
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+ AgSbFg, ﬂb

CD,Cl,
16 h
_AgCl

Scheme 45Reaction of the gold(lll) norbornene complex withCHto give the gold

norbornolyl58.

While a number of transition metals, including Atftf**and Au(lI1)** have proved to be
efficient catalysts in alkyne or allene hydrati@actions, alkene hydration still remains a
challenging topic in terms of activity and seleit$iy**® Often reaction protocols for alkyne
hydration are not efficient for alkene hydratiomatons®® Nevertheless, heavy metal (Hg,
TI, Pb) mediated alkene hydration reactions ard ‘wabwn, andp-hydroxylalkyl metal
complexes have been long proposed as key intertesdiais procesg! p-hydroxylalkyl
palladium(ll) complexes have also been proposenhtasmediates in the Wacker process,

but were considered too reactive to be isolated.

Gold(l) mediated intermolecular alkene hydroalkatigin has been reporféd and is
proposed to follow the general mechanism depiateScheme 41 where the alcohol acts as
nucleophile. The only example of a structurally relaterised olefin activation intermediate
by a gold(lll) complex was reported by Cineditial *® where the double oxo bridged Au(lll)
[(bipy)Au(u-O),]** oxidises norbornene to give rise to an auraoxeeté®ee Chapter 1,

Introduction)

In this respect, the gold(lll) norbornolyl complé8 represents the first structurally
characterised water addition product to a gold@léfin complex. We do note however that
solution characterisation of gold (lIJ-hydroxyalkyl complexes obtained by addition of

water toin situ generated gold(lll)-propylene and gold(lll)-ethyéenomplexes have also
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recently been reportédIn principle, in the case &8, the alkene hydration reaction should
be capable of proceeding under catalytic conditipnsvided of course that the Au-C bond
can be efficiently protolysed. In practise howevér, was shown for Au(l) that

protodeauration is often the rate determining stepu(l) mediated organic transformations
and it is strongly dependent on the ligarahs to the Au—C bond® For 58 we suspect

however that the pyridine N-donor is not stronguggioto facilitate Au—C bond cleavage.
This is confirmed by the fact that bidentate (HO@YAu(Ar)(OAch) complexes are stable

for hours at room temperature in HOABH,CI, solvent mixtures (1 : 2). (See Section 1.1)

The solid state structure 68 (Figure 58) shows that the norbornolyl fragmenbasided
through itsexoface, as it is usually observed. The OH functiaralup coordinates to the
gold centre and the Au—O distance (2.159(2) A)isparable to the one in other gold(lll)
bidentate (HC-N~C) complexes where the O-liganttdasto a phenyl group (for example
Au—O in (HC-N~C)Au(Me)(OAE) 26: 2.112(2) A). The hydrogen atom of the OH group
was located on the difference density map and showgong interaction with the ShF
anion (H(111)—F(6) : 1.1817 A4 (H, F) : 2.67 A). H-F distances smaller than the sum
of the van der Waals radii (2.484- 2.647 A) caw &ls measured between the fluorine atoms
of Sbk and aromatic hydrogen atoms of the neighbouringN(C) fragments. The
Au-C(26) distance (2.049(3) A) is typical for a At-bondtransto a pyridine ligand (for
example Au—C in (HC-C*"N)Au(Me)(OAY 26: 2.031(4) A).

VARG $

Figure 58 Molecular structure 068 (50% probability ellipsoids shown). Hydrogen atoms
(with the exception of the norbonolylH) were omitted. Selected bond distances (A) and
angles {): Au—C(1) 1.995(3), Au—C(26) 2.049(3), Au—O(1) 8342), Au—N 2.180(2),
C(1)—Au—C(26) 98.23(11), C(1)—Au—O(1) 166.31(10)(1>—Au—N 81.20(10), N—
Au—C(26) 176.26(10), O(1)—Au—N 112.42(8)
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This work was continued by Dr Nicky Savjani who wled that methanol can also act as a
nucleophile and its reaction with [(C*NAC)AHCH10)][(OACT){B(CsFs)s}] 57 generated
the gold(lll) norbornyl methyl ether derivative whi is an analogue of the norbornolyl

complex58.%%

4.T1.4 Attempted Phthalimide Route

In order to obtain crystallographic confirmationr fthe [(C"N~C)Au{*C;H)]" we
envisaged that replacing the [{B{&):}(OAcH)]” with perfluorophthalimido-bridged
diborane anion [{B(GFs)s} o("phthalimide)] would aid the crystallisation of the resulting
complex. Since the perfluorophthalimide fragmenessentially flat, it may allow better
packing in the crystal lattice. This approach wesvpusly used successfully to generate a
gold(l) trisnorbornene complex [Aw*CH10)3][{B(C Fs)s} 2("phthalimide)] by B(CeFs)s
mediated perfluorophthalimide abstraction from a(lAucentre in the presence of

norbornené®?(Scheme 46, top)

In this respect, the Au(lll) phtalimido (C*N~C)Aiphthalimide)59 was synthesised by
reacting the (CAN"AuUCB with the silver salt of the perfluorophthalimidgcheme 46,
bottom) The identity of the phthalimido complé® was confirmed by'H and *F

spectroscopy. (See Experimental, Chapter 5)

The phthalimido comples9 was then treated with B{Es)s in the presence of norbornene
in an attempt to generate the complex [(C*NAC)A4L/H10)][{B(C sFs)s} o( phthalimide)].

A 'H and™F NMR investigation of the reaction mixture after I2 revealed that no reaction
had occurred and the starting materials were umggthnt is known that while gold(l) is

considered a ‘soft’ metal and binds nitrogen doligands (hard ligands) more weakly,
gold(lll) is harder according to the HSAB theorydathus would bind nitrogen donor

ligands better.

Our observation therefore confirms that the Lewisl 88(GsFs)s is not strong enough to
abstract the perfluorophthalimido ligand from (CYAu("phthalimide)59. (Scheme 46)
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Scheme 46Abstraction of the perfluorophthalimido ligand frolu(l) centres in the
presence of norbornene (top) and synthesis ofeéhuprophthalimido gold(lll) comples9
and attempted reaction with Bf&)s in the presence of norbornene (bottom).

CONCLUDING REMARKS AND PERSPECTIVES

We have shown that gold(lll) olefin complexes candifficiently generated in solution and
are stable enough to be characterised, provideddhlll) centre is efficiently stabilised.
Based on'H NMR characterisation of the [(C*"N~C)MAftnorbornene)] complex and on
the small difference in chemical shift of the ahétiresonances between the coordinated and
free norbornene we suggest thaback donation from gold to the MO of norbornene is
less strong than in platinum(ll) cationic complex€ke observation correlates directly with
the reduced thermal stability of the gold olefinmgdexes when compared to the

platinum(ll) analogues.

Upon coordination, norbornene is susceptible tdamahilic attack which was demonstrated
by the crystallographic characterisation of a déldforbornolyl complex. The gold-
hydroxylalkyl complex is stable towards further falgsis which precludes the olefin

hydration reaction to proceed under catalytic ctoil.
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Attempts to obtain crystallographic confirmationr fthe [(C*N~C)Aug?-norbornene)]
complex led us to investigate whether phthalimigpldcement from a gold(lll) centre in
the presence of BgEs); and norbornene would be a viable route for theth®gis of a
Au-olefin complex that could be recrystallised. Gtudies showed that despite the fact that
this type of reaction proceeds smoothly for AuBJCsFs)s is not Lewis acidic enough to

displace a N-donor from a gold(lll) centre.

Since gold(lll) olefin complexes are often proposedimportant intermediates in various
catalytic cycles where ligand exchange reactioay jpl key role as a means of achieving
selectivity, competition studies involving a vayi@if olefins and binding affinity studies are
highly desirablé?*®® In particular, the olefin exchange reaction ratesd reaction

mechanism would shed more light in the nature efgbld(IIl) olefin interactions.

TOPIC 2: Gold azides

INTRODUCTION

Homoleptic anionic gold azides of the type [AgdN and [Au(N)4 have been long known
and have variable stability to detonation dependinghe stabilising cation employ&4.In

the case of gold(l), neutral heteroleptic complesesh as the phosphine supported
RsPAuUN; have been reported as early as the 187@s stable, non-explosive solids and
their structure has been probed by IR spectrosedmre they display strong characteristic
asymmetric (2020 — 2060 ¢hand symmetric (1150-1300 &instretching frequencies.
(Figure 59) Alongside the recently developed cagbempported analogu&$?®’ the
usefulness of gold(l) azides in building molecudachitectures has been demonstrated in
‘click’ reactions with organic terminal acetylenasisonitriles to give gold(l) C-triazoles or

tetrazoles, in the absence of a catalyst.
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Figure 59 Homoleptic anionic Au(l) and Au(lll) azides (topydiheteroleptic gold(l) azides
(bottom)

Veige et al. also extended the cycloaddition ‘click’ reactioofs gold(l) azides to metal
acetylides and demonstrated that gold(l) azidesapable of reacting with gold acetylides

to give di-gold functionalised triazoles in quaatite yields>(Scheme 47)

Veige et al.
Dalton Trans.
2011, 40, 8140.

Scheme 47Inorganic version of the click reaction@lick’) between gold(l) azides and

gold(l) acetylides

Phosphine supported gold(l) azides can also perfayoloaddition reactions with
nitrosonium cations to give rise to gold supportexhtetrazoles which immediately
decompose to Nand NO to generate a ‘naked’ gold cation which can lapged by a

nucleophile such as a porphififf.
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Since previous work on gold(l) azides show thatallgtheteroleptic complexes are safer to
manipulate and display interesting chemistry, weidbdl to employ the tridentate (C*N~C)
pincer ligand to stabilise heteroleptic gold(lIBides, which to the best of our knowledge
are so far not described. This section summariseseasults in the synthesis of the first
heteroleptic gold(lll) azide. We also report thentkyesis and initial reactivity studies of

nitrosonium ions towards a carbene supported gadd(te.
RESULTS AND DISCUSSION

4.T2.1. Synthesis and characterisation of Au(l) andu(lll) azides

The gold azides6l and 62 were prepared by salt metathesis reactions from th
corresponding gold(l) triflatéé0*>* and gold(lll) trifluoroacetatet, respectively. In both
cases the azides precipitate from the reactionum@st enabling their isolation in nearly
quantitative yields. (Scheme 48) In a separatengiteDr Dan Smith obtained the gold(lll)
azide 62 by reacting the dimethylsulphide aduct [(C*"N"C)8Me&)](OTf) with NaN; in

methanol.

Carbene and phosphine supported gold(l) azides e known and studied (see Topic 2,
Introduction in this Chapter) and their reportedtpcols often involve reactions of the gold
precursors with Aghwhich is known to detonate easify® or with (M&Si)N; which is
expensivé>® In this respect, our reported protocol for thetkgais of (IPr)Aul 61 is
simpler since it affords the isolation of the azidéghout subsequent purification and uses

NaN; as an azide transfer agent.

The (C*N"C) supported Au(lll) comple&2 represents, to the best of our knowledge, the
only reported heteroleptic gold(lll) azide. Compmhte the [Au(N)4 complexes which are
known to detonate if not efficient stabilisationpsovided by the cation, (C*N*C)AuNs
remarkably stable for at least 16 h even in reflgxifHF solutions. No detonation was

observed upon impact or irradiation with UV ligB66 nm).
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Scheme 48&ynthesis of gold(l) and gold(lll) azides

Both gold(l) and gold(lll) azides were charactedidsy NMR spectroscopy where the
resonances corresponding to the supporting ligdfadgor 61 and (C*N~C) for62) show a
significant shift when compared to the starting enats while the pattern remains
essentially the same. A diagnostic method for dtarsing azide complexes was IR
spectroscopy. The results are summarised in Tahlddth complexes exhibited a strong
absorption band around 2040 tif2045 cni for 61 and 2042 ci for 62) which we assign
to the (N) asymmetric stretching. Upon comparison with thesifectra of the starting
materials, we could also tentatively assign the regtnic stretching modes of the 4N
ligand at 1279 cthfor 61 and 1284 cif for 62. The stretching frequencies are typical for

complexes bearing a terminal azide ligand and emgparable with the values for other gold

azide complexes. (Table 18)

Table 18. Selected stretching frequencies for galdo complexes

Entry | Complex vas(Na) (cmY) | vg(N3) (cm?) | Reference
1 (PhP)AUN, 2050 1175 234b
2 (SIPr)AuN® 2035 1271 236b
3 (IPr)AuN; 61 2045 1279 This work
4 [PhAS][AUN2)] 2027 1250 234b
5 (CANMC)AUN; 62 2042 1284 This work

4 Assigned by comparison with the IR spectra of taetisg materials
® (SIPr) = 1,3-bis(2-6-diisopropyl-phenyl)imidazatie
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The molecular structure of complexés and62 was determined by X-ray crystallography.
(Figure 60) In the crystal, the gold(l) azi6é& shows a linear geometry around the gold
centre and the geometrical parameters are closklied to the ones of the (SIPr) supported
gold azide reported by Gray al>**® The Au—N(3) distance in (IPr)Aul61 is shorter than

in the corresponding (SIPr)AuN2.057(6)vs. 2.068(3) A) which is a consequence of the
strongero-donating capacity (thus strongeans influence) of the saturated SIPr vs. the
unsaturated IPr carbene ligand. The packing diagrrél displays hydrogen bonding
between the terminal nitrogen of the azide groug #re methylene protons of a NHC

moiety from a neighbouring molecule. (Figure 6@ht)

Figure 60 Molecular structure 061 (50% probability ellipsoids shown). Hydrogen atoms
were omitted. Selected bond distances (A) and an@)e C(1)—Au 1.977(6), Au—N3
2.057(6), N3—N4 1.238(10), N(4)—N(5) 1.165(11), ¥EAu—N(3) 178.2(3), Au—
N(3)—N(4) 115.6(5) (left); crystal packing showihgdrogen bonding between the N(5) of
the Ny’ group and the carbene G4-atoms of a neighbouring molecule N(5)—H(24)
2.712(3)(right)

The crystal structure of the gold(lll) (C*"N"C)AYN62 (Figure 61) displays similar
geometrical parameters for the Aufdagment as comple&l. In the case of the structurally
characterised homoleptic [Aug)Y]” complexes, the Au—N bond length varies with the
nature of the cation and typically ranges betwe®96(9) A in [NMe][Au(N3),]**** and
2.033(2) A in [PBAS][Au(N3)4].2*° Nevertheless, by comparison, the Au—N(2) distance
62 is marginally longer. In the (CAN"C)Au fragmenttet Au—N(1) distance between the
metal centre and the pyridine ligand (1.955(10)sA3imilar to the Au—C(l) (1.965(10) A)
singinifcantly longer than Au—Me (2.018(4) A) distas in the isostructural (C"N~C)AuCl
2 and (C"N~C)AuMel5 which suggests that theans influence of the azide ligand is
similar to the one of the chloride ligand and weatkan the one of a methyl ligand. The

packing diagram 062 displays hydrogen bonding between the terminabgén of the azide
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group and the aromatic protons from a pyridine rfragt of a neighbouring molecule.
(Figure 61, right)
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Figure 61 Molecular structure 062 (50% probability ellipsoids shown). Hydrogen atoms
were omitted. Selected bond distances (A) and angeAu—C(1) 2.042(16), Au—N(1)
1.955(10), Au—N(2) 2.057(11), N(2)—N(3) 1.134(17N(1)—Au—N(2) 176.2(5),
Au-N(2)—N(3) 120.0(9), C(1)—Au—C(17) 161.9(5) (left crystal packing showing
hydrogen bonding between the N(4) of thg §roup and the pyridine CH-atoms of a
neighbouring molecule N(4)—H(10) 2.678(3) (right)

4.T2.2 Initial reactivity studies

Since gold(l) azides are known to give triazolatmplexes when reacted with terminal
alkynes, we sought to extend this methodology bingudNO" as a [3+2] cycloaddition

partner. Previous studies performed by Getyal?*

showed that phosphine supported
gold(l) azides such as (6B)AuN; are indeed able to react with nitrosonium catitangive

a gold supported oxatetrazole which immediatelyodgmses to PO and N to generate the
a free gold(l) cation. The cation could be trapg®d employing porphyrins such as

octaethylporphyrif*

Since N-heterocyclic carbenes have been showrowada stabilisation gold(l) species such
as terminal hydrides and hydroxides where phosphipmved to be inefficient, we
envisaged that they would be good ancillary ligafatsthe isolation of highly reactive,
energy rich species such as oxatetrazoles. Furthierrdecomposition of gold oxatetrazole
complexes would be a clean pathway to generatesttiagold(l) cations’ (the by-products
are gaseous) which are often invoked as primaciliye species in catalytic transformations.

Despite that, there is no structural evidence fmhsstable, isolable speci®d.Solution
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characterisation of a ‘naked gold cation’ suppotigd sterically demanding carbene ligand
and a large borate anion [IPr**Au][BAg] (IPr** = 2,6-bis(di-4-tert-butylphenyl)methyl-4-

methylphenyl] was propos&dut was not structurally confirmed.

Treatment of carbene supported gold(l) azédewith an excess of the nitrosonium salt
[NOJ[BF.] rapidly leads to the clean formation of a newginproduct as indicated BiA
NMR spectroscopy. Since the identity of the compdexild not be established by NMR

spectroscopy, we set forth in obtaining single taigsfor X-ray diffraction studies.

Layering a CHCI, solution of a mixture betweesil and [NO][BF] with light petroleum at
room temperature afforded the isolation of colmslerystals. X-ray diffraction studies
established the identity of the complex as theooati chloride-bridged digold complex
[{(IPr)Au} »(u-Ch][BF4] (63). The cationic complex is the product of the efmghilic attack
of the gold(l) cation [(IPr)Au] on the reaction solvent, GEl,. (Scheme 49)

-+

QAIN/T% - qtf(h?é q T, \6 [BF4]

61) N ,/N\ Au /\
\\N+ \ / ClCHzC'
N N=N
not isolated not isolated

J CH,Cl,
.
_l

cl _
VY PQ [BF,]
/ 4 N /a

E/N i N2

= @;/ (63)

Scheme 4Reaction 061 with NO', synthesis of a chloro-bridged Au(l) cation.

The crystal structure ob3 (Figure 62) confirms the identity of the comples a
chloro-bridged digold cation. The geometry arouadhegold(l) centre is linear (C(1)—
Au(1)—CI(1) 174.7(2)). The Au(1)—CI(1)—Au(2) angle is considerably widian in
related chloro-bridged phosphine supported golctjon$** (109.94(8) vs. 94.7 — 97.9
and narrower than the Au—O(H)—Au angle in the bindghydroxide digold cation
reported by Nolaet al.(129.5(3)).>* As a consequence, the AAu distance in the carbene

supported catioB3 (3.823 A) appears much longer than in phosphippatied analogues
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(3.48—3.54 AY* where the AuAu contacts have been classified as aurophilic

interactions.

Figure 62Molecular structure 083 (50% probability ellipsoids shown). Hydrogen atoms
and disordered BFanion were omitted. Selected bond distances (&)aagles {): C(1)—
Au(1) 1.986(8), Au(1)—ClI(1) 2.336(2), Cl(1)—Au(2)385(2), C(1)—Au(1)—CI(1)
174.7(2), Au(1)—CI(1)—Au(2) 109.94(8) (left) , Auét Au(2) 3.823

CONCLUDING REMARKS AND PERSPECTIVES

We have shown that heteroleptic gold(l) and golg(@zides could be readily obtained
through salt metathesis reactions with soldiumeazdd can be safely manipulated at room
temperature in small quantities. The gold(lll) (CTYAuN; complex62 is to the best of our
knowledge the first heteroleptic gold(lll) azidenmolex to be reported.

Initial reactivity studies on the reactivity of b@ne supported gold(l) azides shows that
[3+2] cycloaddition reactions with NOrepresents a clean way of generating carbene
supported gold(l) cations which are often invokedatalytic transformations. The reaction
possibly proceeds via a gold oxatetrazole interatedPN labelling studies are necessary to
study the stability of the oxatetrazole species. #e also investigating whether this
methodology can be extended to the (C*N"C) suppatdd(lll) azide.

While it has been established that gold(l) azidet with terminal alkynes to give rise to
gold(l) triazole complexe$? our preliminary tests show that this is not thesecdor
(CANMC)AuUN; 62 in the absence of a catalyst. Gold(lll) complexese established

anti-tumour activity, and gold(lll) aminoacid coragks may be suitable for anti-cancer cell
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testing due to their solubility in polar solvenks.this respect, it remains to be established
whether copper catalysed click reactions betwedd(igf¢p azides and alkyne functionalised

aminoacids would be a viable method of obtaininigl-ganinoacid complexes.

TOPIC 3: p-Diketiminato Ligands in Gold(lll) Chemistry
INTRODUCTION

p-Diketiminato ligands have been widely used to iisand tune the reactivity of most
metallic elements across the Periodic Talflélhey are particularly attractive because of
their ease of synthesis and because of their eagiBable steric and electronic properties.
Traditionally, the investigation of metal complexet -diketiminate anions have been
focussed on non-functionalised ligand imino-enintiagkbones but recent reports show that
incorporating electron withdrawing ggroups can aid in the stabilisation of severalainet

species.

For example, Daugulis and co-workers showed thadev@H; functionalised imine-enamine
backboneB-diketiminates ligands were incapable of stabitismonomeric Ag(l) speci€é?
the CkR analogues were employed successfully in the isolabf thermally stable
monomeric stable silver specfé8 A similar stabilisation effect was observed byl il al.

in the isolation of indium(Ig-diketiminate complexe$3(Figure 63) A DFT analysis of the
frontier orbitals in the non-fluorinated and flumsited indium(l) complexes show additional
stabilisation of the HOMO by 21 kcal nibin the case of the latt&f"

CH3 F3C AN CF3

(
(
(

thermally labile stable in THF solutions at RT
disproportionates to In(0) and In(lll) disproportionates in the presence of light
Hill and Hitchcock Hill et al.
Chem. Commun. Dalton Trans.
2004, 1818. 2005, 273.
A H F C CF3
PPh3 } PPh3 *
not isolable isolated 61 % yield

immediate reduction to Ag° Daugulis e al. stable at RT for several days
Organometallics

2006, 25, 4054.

Figure 63 Stabilisation of In(l) and Ag(l) centres by electraithdrawingg-diketiminate
complexes
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In the case of golgi-diketiminate anions have been generated usedpp®rting ligands in
the Au(l) mediated catalytic oxidation of alcohdi@wever thes-diketiminate complex has
been generatdd situ and not characterisé®. Limited work has been reported on golg{d)
diketiminate and the isolated complexes are depicteé-igure 64. All reported complexes
are thermally robust, some even above A00The degree of fluorination of the supporting
ligand has a substantial influence on the confaonaof the isolated gold(l) complex.
Similar to the case of silvé#® non-functionalised imine-enamine backbones gige D
dimeric gold(l) specie&} while incorporation of CFgroups in the ligand backbone dictates
a monomeric, chelate structdf€Further incorporation of GFgroups in the flanking aryl

groups gives rise to a monomeric, open U-shapefbooation®*?

CF3

FSC{=< N—Au—PPh,
-5 Q
F3C™ N""CF,

F 3 C///,,

N. N
A|u Vs.
PPh; ;

CF;
dimeric W shaped conformation monomeric, chelate structure monomeric, U-shaped conformation
light and temperature stable light, temperature stable (>100 °C) light, temperature stable (>100 °C)
Dias and Flores Bochmann et al. Bochmann et al.
Inorg. Chem. Polyhedron Dalton Trans.
2007, 46, 5681. 2012, 32, 137. 2011, 40, 1016.

Figure 64 Isolated Au(l)s-diketiminato complexes showing conformation vaoiatas a
function of electronic properties of the ligand

The only previously reported gold(lll) centre steseid by a methyl functionalised-
diketiminate ligand (Scheme 50) had limited therstability, with decomposition occurring
at room temperature even in solid state after 3rdfoU Attempts to further cleave the
Au-Me bond by employing a series of electrophilesvpd unsuccessful and lead instead to

attack on the supporting ligand or to reductioAtg0).

,,/A\\\ r,,/’\\\\
- r !
[Me,AuCll, W

N : N

: L’ : A
Me Me

stable in solution up to 10 °C

|
—_——
o)

decomposes both in solution and solid state at RT
Tilset et al.
Organometallics
2010, 29, 2248.

Scheme 50Synthesis of a gold(l1p-diketiminate compleX°
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Given the tunability and steric versatility and ea$ synthesis gf-diketiminato ligands, we
decided to extend the our studies performed onediglpyridine gold(lll) species to this
class of ligands. Since electron deficigadiketiminato complexes tend to be more stable
than their more electron-rich counterparts, we distito incorporate GFyroups on the
ligand backbone and on the aryl flanking groupss Bection summarises our attempts in
the synthesis of these gold(lll) complexes togettién the synthesis of the transmetallation

precursors.

RESULTS AND DISCUSSION

4.73.1. Synthesis of precursors

The heavily fluorinated, electron pod¥-diketiminato ligand64 was prepared by an

aza-Wittig condensation reaction following a prataeported by Sadighst al?>*

In our efforts to synthesigg-diketiminate supported gold(lll) complexes, a eerof salts
capable to act as transmetallating agents werehesised. The potassium s&b was
obtained by deprotonating tHediketiminate compound4 in the presence of potassium
hydride following a reported protoc8f In a similar fashion, the pro-ligaré% could be
deprotonated by A@ following the method of Daugulet al, to give rise to the silver salt
66.** (Scheme 51)

F3C__~__CF3

KH FsC

TIOEt 3

h)
N_ + N (67)

Scheme 51Synthesis of K, Ag, and Ji-diketiminate salts as transmetallating agents

129



There is an increasing interest in the heavier grd8 B-diketiminate compounds since
indium and especially galliunp-diketiminato compounds have been shown to be
isostructural and isolobal to N-heterocyclic cagsfY’ Thallium analogues on the other
hand are less studied and are not expected to sbokdination or redox chemistry due to
the low energy of their lone paits. Nevertheless, probably because of their toxittgy

are not isolated but often generatedsitu and used as transmetallating agents to take
advantage of the insolubility of TICI as a drivifigrce for the formation of the desired

product®>*

In 2005, Hill and co-workers reported the synthesia f-diketiminate thallium(l) complex
by reacting the free ligand with thallium(l) iodidtethe presence of a K[N(SiMg].** The
complex was reported to be light and thermally giees C¢Dg solutions of the complex are
reported to deposit Tl metal over short periodsirae. Furthermore, attempt to extend the
reaction protocol top-diketiminate ligands with a fluorinated backbonecls as
[(CH{(CF3),.CN-2,6!Pr,CcHs] led to the recovery of the starting materials rewafter
prolonged heating to 7C 2"

In contrast, we have found that thallium salts e&vily fluorinatedp-diketiminate ligands
can be cleanly accessed in high yield by deprotomadf 64 in the presence of thallium
ethoxide?®® to give the thallium sal67 as a yellow-orange powder. In contrast to the
thallium salt isolated by Hilet al,>**®® complex67 is stable at room temperature in the
presence of ambient laboratory lighting in solidistand shows stability in solution for at
least 16 h in the dark. The increased stability tonsequence of electron deficiency of the

ligand backbone which is more capable of stabdiglectrophilic metal centres.

The F NMR spectrum of thallium comple&7 displayed a single resonance for the; CF
groups of the back-bone and a single resonanciadéoCR groups attached to the aromatic
rings, confirming theC,,-symmmetric structure in solution, as expected dochelating

«>-B-diketiminate TI(l) complex.

The identity of the complex was also confirmed liygke crystal X-ray diffractometry.

Complex67 was recrystallised from a concentrated light getnm solution at -20C and

the molecular structure is depicted in Figure 6Bspite crystal twinning which precluded
detailed analysis of bond lengths, unambiguous ectinty could be established. In solid
state, complex67 has a monomeric structure with no-Tl or Tl--x arene interactions
which are usually characteristic for thallium comy@s®™® The mononuclear constitution is
probably a consequence of the steric demands di-thiketiminate ligand which contains

bulky 3,5-CRCgHs flanking groups. The individual monomer units pEsss V-geometry
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around the thallium centre. The geometrical pararsetf67 are, within error, similar to the

non-fluorinatedB-diketiminate thallium(l) complex reported by Héft al?**°

Figure 65Molecular structure 087 (thallium atom represented as 50% probability
ellipsoid, the rest of the atoms were modelledragmtally due to twinning). Hydrogen
atoms were omitted. Only one of the two molecutethe asymmetric unit shown. Selected
bond distances (A) and angl&¥ (TI(1)—N1(1) 2.55(3), TI(1)—N2(1) 2.39(3), N(1)—C)
1.39(4), C(1)—C(2) 1.28(6), C(2)—C(3) 1.56(5), NEE(1)—C(2) 130(3), TI(1)—N(1)—
C(1) 126.7(17), C(1)—C(2)—C(3) 130(4) N(1)—TI(1)—2(72.6(8), TI-TI 8.30

4.7T3.1. Reactivity towards Au(lll)

The highly fluorinate@-diketiminate salt$5— 67 were tested as transmetallating agents to
gold(lll). Since the reaction of the potassium €ltwith the AUCI(PPh) proved to be a
suitable way to obtain gold(f-diketiminate complexe¥? we envisaged that the potassium
B-diketiminate would be a suitable material for gymthesis of the gold(lll) analogue. A
reaction between alkali salts pfdiketiminate ligands and [MAuUCI], was also used by
Tilset et al. in the synthesis of non-fluorinategtdiketiminate of gold(llif*° (see also
Introduction to Topic 3). Compour@b was reacted with [M@u" CI],*" at-78°C followed

by warming the mixture to room temperature. (Sches@ig During the course of the
reaction, precipitation of gold metal was observadestigation of the reaction outcome by

'H NMR spectroscopy revealed the free ligand asrar reaction product.
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Scheme 52Attempted reaction between the potassititiketiminate and [MguCl],

Since the potassium salt may be too electrophilectaus facilitates reduction of the Au(lll)
centre we have switched to the siNg§ and thallium67 salts as milder transmetallating
agents. Also, we decided to employ the potassiumadieloroaurate as a gold starting
material since it is more thermally robust than }MeCl],. Treatment of acetonitrile
solutions of the salt66 and67 with KAuCl,; at room temperature in the dark rapidly gave
rise to a purple precipitate. Continuous stirrimy fl6 h and filtration followed by
recrystallisation from light petroleum at low temgieire afforded the isolation &8 as a

colourless crystalline material.

A F NMR investigation 068 revealed the presence of four distinct signalsefich CE
group suggesting that the compound generated doegassesLs, symmetry, which
implies that it does not adopt a chelate structasewould be expected for a gold(lll)
B-diketiminate complex. Th&H NMR spectrum of the isolated material suggesked the
reaction outcome was not simple hydrolysis of tiyeoA Tl salts as indicated by the absence
of the characteristic low field resonanég (1.11, GDg) assigned for the N group in the
ligand 64 (H1, Scheme 53 for numbering scheme). THeNMR spectrum of68 also
revealed the absence a singlet resonance aroung a8 which was previously assigned to
the H3 in64 and a doubling of the expected aromatic resonaftt#sand H5 are no longer
equivalent to H4' and H5’). This led us to propdbat 68 is a C-ligated-diketiminate

which does not adopt a chelate structure.
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Scheme 53Reaction of Tl and Ags-diketiminate salts with KAuG) synthesis of a

C-chloro-functionalise@-diketiminate ligand.

The molecular structure @8 confirmed its identity as C-ligatefgidiketiminate analogue,

with a chlorine atom attached to tiff) C3 atom, adopting 2, Z configuration. (Figure 66,

top) The amine N is engaged in strong intermolecular hydrogen bandiith the Ck
attached to the aromatic ring of an adjacent méde¢d-F 2.193 A Z.qw(H,F) 2.67).

(Figure 66, bottom) This arrangement is possibtyaded by the steric repulsion between the

Cl atom and the GFgroup which prevents the compound from adoptinglatb-type

structure. In contrast, thfediketiminate ligand containing a hydrogen atonactied to the

C3 () (64) adopts aCs, symmetry and engages in intramolecular hydrogending

between the amineHNand imine nitrogen atoAt”*{Figure 67) This difference in structure

is also reflected byH NMR spectroscopy in the chemical shift of thel §roup. Therefore,

in 68 which adopts an open structure, thid Bhemical shift appears significantly at a lower

frequency when compared &8 which adopts a closed structuég ¢.5vs.11.11).
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Figure 66 Molecular structure 088 (Z,Z isomer) (50% probability ellipsoids shown).
Hydrogen atoms except the H atom bound to N(1) weriéted. Selected bond distances
(A) and angles®): N(1)—C(1) 1.381(3), C(1)—C(2) 1.324(3), C(2)—¢1496(3), C(3)—
N(2) 1.266(2), N(1)—C(1)—C(2) 126.92(19), C(1)—C2EI(1) 110.77(15) (top); view
alongc axis depicting M---F intermolecular hydrogen bonding

H FsC,

Z
FsC 2 _CFs F3C ] 2\
|@ - H B
F3C N\H/N CF3 N Cl CF3
FsC
3 FsC
(64 (69)
CF3

CF3 CF3

Figure 67 Openvs.closed conformation ifi-diketiminates as a function of the substituent
in at 3)C

While we have not been able to isolate any intefated in the synthesis &8, it seems
reasonable to propose an activation offtfimrbon atom (C3, Scheme 53)pafliketiminate
salt by KAuCl to give rise to an anionic C-ligateg@?{¢liketiminate)(AuC})] complex. The
complex can then undergo reductive elimination camitant with diimine to imine-enamine
isomerisation, to give complé8 and Au(l). (Scheme 53) However, we cannot exchhde
reduction of KAuCJ to Au(l) in the presence of sai§ and67 which can then attack the C3

position as observed for the isoelectronic Cu(ptexes. yide supra
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No gold mediated activation of thgcarbon atom (C3, Scheme 54) pfdiketiminate
ligands or complexes has been previously repottatl,similar activation pathways have
been shown for other late transition metals. It b@sn reported that GeGlomplexes can
react with g-diketimintate pro-ligands to give rise tg8)C-ligated GeQd diimine
complexe&® while HgCh and Cul react with lithiuns-diketimintate complexes to give rise
to B-C-ligated metal heterobimetallic or diimine com@e®° Chloride functionalisation of
the B)C3 position has been reported in the presencergdnec reagents such as triflyl
chloridé®® or as a product of the reaction between the Ndida Pd(ll)

[(B-diketimintate)Pd]¢-Cl,) and an oxidising agent such as Phi(Q&EY

CONCLUDING REMARKS

We have shown that thalliufi+diketiminato complexes are useful transmetallatuggnts
and can be stabilised by functionalising the imememine ligand backbone with electron

withdrawing Ck groups.

Attempts to use the same electron withdrawrdjketiminato ligand to stabilise gold(lll)
centres lead to reduction if the potassium saltwgasl as a starting material, whereas milder
transmetallating agents such as thallium or siBdiketiminates lead to the isolation of a
chloride C-boundB-diketiminate proligand. The reaction possibly meded by the gold

activation of the3-carbon atom of the ligand backbone followed byuntide elimination.
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CHAPTER 5

EXPERIMENTAL
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GENERAL CONSIDERATIONS

Unless otherwise stated, all experiments were pedd in air using bench solvents. In such
exceptions, manipulations were performed usingdstah Schlenk techniques under dry
nitrogen or a Saffron Scientific glovebox. Nitrogeas purified by passing through columns
of supported FOs, with moisture indicator, and activated 4 A molecisieves. Anhydrous
solvents were freshly distilled from appropriateyidg agents. (C*N~C)AuCl 2),>!
(CANACY'AUCI (53),°° IPrAuH (40),** IPrAUOH @8),>® IPrAuOTf (60),** 64, 657 66,°*
[TI(OEt,)][[H 2N{B(C¢Fs)s} 5]**° and tris(pentafluorophenyl)borih were prepared using
literature methods. AgOAc (Aldrich), AgOTf (Aldrich), CsOHH,O (Aldrich),
phenylacetylene (Aldrich), pentafluorobenzene (iskly, 1,2,4,5- tetrafluorobenzene (Alfa
Aesar), the boronic acids (Aldrich),. LIHBH{LM solution in THF)YAldrich) LIiDBEt; (1M
solution in THF) (Aldrich) cobaltocene (Aldrich), phenylacetylene (Aldrichyh&yne
(Lancaster Synthesis), dimethyl acetylenedicartairyl (Aldrich), cyclohexylallene
(Aldrich), 3,3—dimethylallene (Alfa Aesar), tBuOOg3-6 M in dodecane, Aldrich), 1D,
(30% aq, Fisher), Galvinoxyl (Aldrich), TEMPO (Aldh), H,"®0 (Apollo Scientific) and
the phoshines (Aldrich)were commercially available and used as receidatfOH was
prepared by reacting sodium with'fO in THF. Complexe45, 16, 20, 30, 33and62 were
first synthesised by Dr Dan Smith with suitablestays for X-ray diffraction obtained by the

author.

'H, **C{*H} and *F NMR spectra were recorded using a Bruker DPX3@&someter’D
(77 MHz) and DOSY NMR spectra were recorded onwk&r 500 Avance spectrometétl
NMR spectra (300.13 MHz) were referenced to thedved protons of the deuterated
solvent used*C{'H} NMR spectra (75.47 MHz) were referenced intelnab the D-
coupled™C resonances of the NMR solvehE (282.4 MHz) NMR spectra were referenced
externally to CFGl and internally to €Fs (6 -164.9 ppm). Elemental analyses were

performed by London Metropolitan University.

UV-Vis spectra were collected on a Perkin Elmer bdm 34 UV-Vis spectrometer.
Photoluminescence measurements were recorded aerkin FEImer LS55 Fluorescence
Spectrometer with a solids mount attachment whepeagpriate. Time resolved fluorescence
data were collected on a TCSPC Fluorolog Horibanidvon spectrofluorimeter using
Horiba Jobin Yvon DataStation v2.4 software. A NaBD of 370 nm was used as
excitation source with a repetition rate of 1 MHa full width at half maximum of 1.2 ns.

The collected data were analysed using a Horiban Jolon DAS6 v6.3 software.
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Figure E1: Numbering scheme fdH and™C peak assignment in tridentate (C*N~C)Au,
bidentate (HC-N*C)Au, (NHC)Au antdiketiminate complexes

SYNTHESIS OF COMPLEXES

1. Synthesis of chloride-free gold precursors
(C*N"C)H 2 (1)

Under an atmosphere of dry nitrogen, 4-tertbutydbar acid (15 g, 84 mmol), 2,6-
dichloropyridine (4.15 g, 28 mmol) andRO, (11.92g, 56 mmol) were mixed together in a
flask. To this Pd(PRy (1.4 mol%, 480 mg, 0.4 mmol) and 300 mg degassgutopanol
were added and the mixture was heated to reflutZdn. The volatile components were
then removedh vacuoand the solid residue was dissolved in dichloroeme¢hand passed
through a silica plug. The solvent was removed themcuoyilelding 1 as a white powder.
(8.2 g, 85%) ThéH NMR data matched the one reported in the liteedtu

(CAN"C)AUOH (3)
Method 1:

(®*“Ph,Py)AuCl (500 mg, 0.871 mmoB and CsOHH,0 (731 mg, 4.33 mmol) were charged
in a flask and a mixture of THF, toluene and w@1€0 mL, 1:1:1) was added. The mixture
was stirred for 16 h at 80 after which the organic layer was separated aashed with 2 x

100 mL water. The volatiles were then removed ung@&uum resulting in a mixture &f
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and the analogous anhydridd5 [(CA"N*C)Aulx(u-O). Stirring the mixture in

dichloromethane/water (60 mL, 1:1) for an additiob2 h followed by separation of the
organic layer and removal of the volatiles yieRlas a yellow powder (411 mg, 85%).
Single crystals suitable for X-ray diffraction H,0 were obtained by slow evaporation of

a dichloromethane solution 8f
Method 2:

(CANAC)AUOAC 4 (100 mg, 0.153 mmol) and KOH (45 mg, 0.802 mmayevcharged in
a flask and a mixture of toluene and water (30 finll) was added. The mixture was stirred
for 16 h at 6(C after which the organic layer was separated amshed with water (2 x 10
mL). The volatile components were then removed urdeuum resulting in a mixture 8f
and the analogous anhydride [(CANAC)Au}O). Stirring the mixture in
dichloromethane/water (20 mL, 1:1) for an additiobhah followed by separation of the
organic layer and removal of the volatile composejiklds3 as a yellow powder (69 mg,
81%)).

'H NMR (300 MHz, CDCl,) 6 7.83 (t, 8.0 Hz) = 1H, H', pyridyl), 7.62 (dJ = 1.9 Hz, 2H,
H8, phenyl), 7.54 (dJ = 8.2 Hz, 2H, H, phenyl), 7.42 (d) = 8.0 Hz, 2H, H, pyridyl), 7.31
(dd, J = 8.2, 2.0 Hz, 2H, B phenyl), 1.37 (s, 18H, ¥ 'Bu). **C{*H} NMR (75 MHz,
CD.Cly) 6 169.30 (CAN"C ips0), 164.74 (CAN/C ipso), 155.1D"N~C ipso), 145.63
(CAN~C ipso), 142.43 (5, 128.74 (6), 125.18 (C), 124.46 (€), 116.48 (€), 35.72 (CY),
31.33 (CY).). IR (ATR, cni') 2480 (br, Vo). Anal. Calcd. (found) for §H,6AUNO: C,
54.06(54.17); H, 5.08(5.17); N, 2.52(2.46).

Preparation of (C*"N*C)AuQOD (3-d,)

To a solution of (C*"N*C)AuOH (200 mg, 0.36 mmol)@H,Cl, (40 mL) was added D
(15 mL, 833 mmol) and the mixture was stirred atmatemperature for 16h. The organic
layer was separated, O (15 mL, 833 mmol) was added and the mixture wiased again
for 16 h. After separation of the organic layer tfolatile components were removied
vacuq vielding (C*"N*C)AuOD (180 mg, 0.32 mmol, 90 %,9%89) as a yellow powder.
The compound was identical i NMR spectroscopy to the previously reported L5QH.
The deuterium percentage was determined by rea@iitiy~C)AuOD with Pp-Me-CsH,)3

in tolueneds to give34 and integrating the residual hydride resonaice {5.62) versus the
H® resonance of the (C"N~C)AuOD(H) € 8.40). IR (ATR, cril) 2553 cn (v br, vop).
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Preparation of (C*N~C)Au **0OH (3-'*0)

To a solution of (C*N~C)Au(OA9 (200 mg, 0.306 mmol) in a mixture of THF and e
(20 mL, 1:1) was added K®H (38.5 mg, 0.918 mmol). The mixture was stirred¥6h at
60 °C. Removal of the volatile componentsvacuoand extraction with CkCl, yielded
(CAN"C)AuO™®H as a yellow powder (136 mg, 0.245 mmol, 80 %)e Bompound was
identical by'H NMR spectroscopy (CAZl,) to the previously reported (C*N~C)X0OH. IR
(ATR, cmi') = 3456 (v bryison)

(C*"N"C)AuOACc F (4)

(CAN~C)AuUCI (500 mg, 0.871 mmoB and AgOA€ (192.4 mg, 1.31 mmol) were charged
in a flask and dichloromethane (100 mL) was addée: mixture was shielded from light
and was stirred at room temperature for 2 h dusidch precipitation of AgCl was
observed. The mixture was filtered, the volatilenponents were removed vacuoand the
resulting yellow powder was dissolved in toluen® (BL) and stirred for 12 h in the
presence of light. Filtration and removal of theatile componentén vacuoyielded4 as a
bright yellow powder (499 mg, 88%). Single crystsistable from X-ray diffraction were

obtained by layering a concentrated dichlorometisahgation of4 with light petroleum.

'H NMR (300 MHz, CDCl,) & 7.71 (t,J =8.0 Hz, 1H, H, pyridyl), 7.33 (dJ =1.7 Hz, 2H,
H®, phenyl), 7.30 — 7.11 (m, 6H, phenyl + pyridyl eokapping), 1.33 (s, 18H,H. *C{'H}
NMR (75 MHz, CDC}) 6 (C=0O andCF; not observed) 169.93 (C*N~C ipso), 165.62
(CAN~C ipso), 155.99 (C”NAC ipso), 143.98 (C N Gsap, 143.78 (&), 129.72 (&),
125.13 (C), 124.76 (€), 116.34 (6), 35.56 (CY, 31.17 (CY. F NMR (282 MHz,
CD.Cly) & -73.74 (s). Anal. Calcd for &H,7AuFRNO, (found): C, 49.78(49.85); H,
4.18(4.21); N, 2.15(2.02).

(CNAC)AuOMe (5)

Under a dry N atmosphere, (C*"N~C)AuOA& (100 mg, 0.153 mmol) and dry KOMe (54
mg, 0.765 mmol) were charged in a Schlenk flask dmydVieOH (30 mL) was added. The
mixture was stirred at room temperature for 12 hirduwhich a black precipitate was
observed. The solvent was removed under vacuunthenchixture was extracted with dry
dichloromethane (30 mL). Removal of the solventamdacuum yielded as a yellow
powder (48 mg, 55%)
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'H NMR (300 MHz, CDCl,) & 7.82 (d, 1.9 Hz) = 2H, H’, phenyl), 7.79 (t) = 7.9 Hz, 1H,
H* pyridyl), 7.52 (d,J = 8.1 Hz, 2H, H, phenyl), 7.40 (dJ = 8.0 Hz, 2H, H, pyridyl), 7.30
(dd,J = 8.2 Hz, 2.0 Hz, 2H, H phenyl), 4.14 (s, 3H, Qd3), 1.38 (s, 18H, H). C{*H}
NMR (75 MHz, CQCl,) & 170.84 (CANAC ipso), 164.75 (C N~C ips0), 155. PN C
ipso), 145.49 (C NAC ipso), 142.49%C129.61 (¢), 124.90 (€), 124.39 (6), 116.35 (6),
61.48 (CCH3), 35.68 (C%, 31.34 (CY). Anal. Calcd. (found) for GH3AUNO: C,
54.83(54.77); H, 5.31(5.25); N, 2.46(2.53).

(CANAC)Au(OCOH) (6)

To a solution of (C*N~C)AuOH (100 mg, 0.18 mmaB) {n dichloromethane, formic acid
(2 eq, 13.6uL, 0.36 mmol) was added. The mixture was stirred Sominutes at room
temperature and the volatile components were rethoveracuo The resulting solid was
triturated with light petroleum (3 x 5mL) affordingas a yellow powder. (89 mg, 85%)

'H NMR (300 MHz, CDCl,) & 8.60 (s, 1H, OC@), 7.83 (t,J = 8.0 Hz, 1H, H), 7.48 (d,
J=2Hz, 2H, H), 7.42 (dJ = 8 Hz, 2H, H), 7.33 (d,J = 8.0 Hz, 2H, H), 7.28 (dd,J = 8,

2 Hz, 2H, H), 1.38 (s, 18H, H). **C{*H} NMR (75 MHz, CD;Cl,) 5 170.74 (QCOH)

169.35 (C), 165.25 (C), 155.41 (C), 144.52 (), 143.27 (&), 130.01 (&), 124.91 (C),
124.41 (€), 116.31 (€), 35.28 (C), 30.86 (C"). Anal. Calcd. (found) for GH,sAUNO,: C
53.52 (53.61), H 4.84 (4.72), N 2.40 (2.48).

(CANAC)AUOAC (7)

Method 1:A mixture of (CA"N*C)AuCI (152 mg, 0.349 mmol) andj@Ac (45 mg, 0.384
mmol) in dichloromethane (100 mL) was stirred atmatemperature for 36 h in the dark.
The precipitate of AgCl was filtered off and volaes were removeih vacuoto yield
(CAN~C)AUOAC as a bright yellow powder (196 mg, 88%

Method 2:To a solution of (C*"N*C)AuOH (100 mg, 0.18 mmaB) (n dichloromethane,
HOAc (2 eq, 2QuL, 0.36 mmol) was added. The mixture was stirradsfaninutes at room
temperature and the volatile components were rethoveracuo The resulting solid was
triturated with light petroleum (3 x 5mL) affordiifgas a yellow powder. (95mg, 88 %)

'H NMR (300 MHz, CDCl,) & 7.85 (t,J = 8 Hz, 1H, H), 7.54 — 7.45 (m, 4H, H+ H°), 7.39
(d,J =8 Hz, 2H, H), 7.32 (ddJ = 8.2, 2 Hz, 2H, B, 2.34 (s, 3H, OCORB;), 1.38 (s, 18H,
H™). C{*H} NMR (75 MHz, CD,Cl,) 5 174.25 (O<€), 169.50 (€), 165.21 (C), 155.22
(C"), 144.56 (C), 143.15 (&), 129.80 (&), 124.82 (C), 124.37 (C), 116.24 (G), 35.23
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(C"), 30.86 (CY), 22.36 (OC@H,). Anal. Calcd. (found) for GH3AUNO,: C 56.34
(56.45), H 5.67 (5.50), N 2.19 (2.31).

2. Synthesis of Au(lll) aryl and alkyl and Au—N conplexes
(CAN"C)AUC ¢F5 (8)

Method 1 Under a dry N atmosphere, (C*"N*C)AuOMé& (47 mg, 0.082 mmol) was
dissolved in dry toluene (20 mL) andFH (18.5 pL, 28 mg, 0.164 mmol) added. The
mixture was stirred at 110°C for 48 h after whible wolatile components were removed
under vacuum and the resulting solid was washeld kght petroleum (5 mL). The solid

was dried under vacuum givildgas a pale yellow powder (55 mg, 95%)
Method 2:

(CAN~C)AUOH 3 (30 mg, 0.054 mmol) was dissolved in toluene (20 and GFsH (12 L,
18 mg, 0.108 mmol) was added. The mixture wasestiat 110°C for 48 h after which the
volatile components were removed under vacuum heddsulting solid was washed with
10 mL light petroleum. The solid was dried undecuam giving8 as a pale yellow powder
(36 mg, 95%)

Method 3

Under a dry N atmosphergC*"N*C)AuOH 3 (40 mg, 0.072 mmol) and B{Es)s (37 mg,
0.072 mmol) were charged in a Schlenk flask and diegassed toluene (20 mL) added. The
mixture was stirred for 12 h at room temperatuteraihich the volatile components were
removedin vacuo The solid residue was dissolved in £ (10 mL) and passed through a

silica plug. Removal of the solvent yield@ds a pale yellow powder (46 mg, 90%)

'H NMR (300 MHz, CDCl,) & 7.83 (t,J =8.2 Hz, 1H, H, pyridyl), 7.53 (d,J =8.1 Hz, 2H,
H®, phenyl), 7.43 (dJ = 8.1 Hz, 2H, H, pyridyl), 7.26 (ddJ = 8.1 Hz, 2.2 Hz, 2H, H
phenyl), 7.15 (dJ = 2.0 Hz, 2H, H, phenyl), 1.22 (s, 18H, . *C{*H} NMR (75 MHz,
CD.Cl,) 6 C(ipso, pentafluorophenyl, not observed) 165.98NT ipso), 164.52 (C*N"C
ipso), 155.56 (CN~C ipso), 147.22 (CAN~C ips0)3D6 (C), 133.09 (€), 124.98 (©),
124.28 (€), 116.83 (6), 35.37 (Y, 31.25 (CY). (C-F not observedfF NMR (282 MHz,
CD.Cl,)  -118.18 — -120.91 (m, 2F), -159.76 (t, 19.7 Hz, AfF), -162.35 — -163.59 (m,
2F).
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(CANAC)AUC ¢FH (9)

Under a dry N atmosphere, (C*N*C)AuOMg (15 mg, 0.027 mmol) was charged in a J-
Young NMR tube and dry toluerdg-(0.6 mL) and 1,2,4,5 — tetrafluorobenzene (6.0 1L,
mg, 0.054 mmol) were added. The mixture was heated10°C and the reaction was
monitored by"*F NMR spectroscopy. Complete conversion was obseafstt 72 h. The

volatile components were removiedvacuoand the mixture was redissolved in LI

'H NMR (300 MHz, CCl,) & 7.88 (t,J =8.0 Hz, 1H, H, pyridyl), 7.56 (dJ =8.3 Hz, 2H,
H®, phenyl), 7.48 (d, 8.0 Hz, 2H,*Hpyridyl), 7.28 (ddJ = 8.2, 2.0 Hz, 2H, H6, phenyl),
7.20 (d,J = 1.8 Hz, 2H, H8, phenyl), 7.17 — 7.10 (m, 1H;1 @om GF,H) 1.23 (s, 18H,
H11). **c{*H} NMR (75 MHz, CD.Cl,) & (C ipso GF,H carbon atoms not observed),
165.61 (CA"NAC ipso), 164.12 (CANAC ipso), 155.08NCC ipso), 146.86 (C N"C ipso),
142.53 (C), 132.80 (¢), 125.21 (C), 123.82 (€), 116.36 (6), 34.92 (¢, 30.72 (CY.
(C-F not observedF NMR (282 MHz, CRCl,) § -121.93 (qt, 60.1, 30.0 Hz, 2F), -140.29
—-141.37 (m, 2F).

(CANAC)AUCCPh (10)

(CAN*C)AUOH 3 (97 mg, 0.175 mmol) was dissolved in toluene (2Q) nand
phenylacetylene (40 pL, 18 mg, 0.350 mmol) was dddibe mixture was stirred at 110°C
for 12 h after which the volatile components wesmoved under vacuum and the resulting
solid was washed with light petroleum (10 mL). Huwd was dried under vacuum giving
10 as a yellow powder (100 mg, 909 NMR spectroscopy matches the one reported by

Yamet al*!

(CAN~C)Au(acetonate) (11)

CAN~C)AuUOH 3 (100 mg, 0.18 mmol) was dissolved in acetone (20 amd was refluxed

for 16 h during which a yellow precipitate was feun Isolation of the precipitate by
filtration followed by dryingin vacuoafforded the isolation ofl as a yellow powder (75
mg, 70%)

'H NMR (300 MHz, CDCl,) 8 7.96 (dJ =2 Hz, 2H, H), 7.76 (tJ =8 Hz, 1H, H), 7.52 (d,
J =8 Hz, 2H, H), 7.39 (d, 8 Hz) =2H, H'), 7.27 (ddJ = 8.0, 2 Hz, 2H, 1§, 3.01 (s, 2H,
Au-CH,), 2.22 (s, 3H, OC-B;), 1.39 (s, 18H, H). °*C{*H} NMR (75 MHz, CD,Cl,) &
209.42 C=0), 166.45 (€), 162.90 (C), 154.37 (C), 147.56 (C), 141.76 (C), 130.94 (C),
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124.98 (C), 123.41 (€), 116.06 (&), 35.38 (C?), 34.63 (Au-CH), 31.01 (C%), 30.43 (OC-
CHa). Anal. Calcd. (found) for EHsAuNO: C 55.77 (55.02), H 5.20 (5.10), N 2.41 (2.66)

(CANAC)Au(3,5-dmpyr) (12)

(®"Ph,PY)AuOH 3 (40 mg, 0.072 mmol) and 3,5-dimethylpyrazole (7 5§72 mmol) were
charged in a flask and toluene (30 mL) was addbid.nixture was stirred at 110°C for 12 h
after which the volatile components were removedienvacuum and the resulting solid was
washed with light petroleum (5 mL). The solid waed under vacuum giving2 as a light

yellow powder (44 mg, 95%).

'H NMR (300 MHz, CDCl,) & 7.84 (t,J = 8.0 Hz, 1H, H), 7.47 (d,J = 8.1 Hz, 2H, H,
phenyl), 7.39 (dJ = 8.1 Hz, 2H, H), 7.24 (dd,J = 8.0 Hz, 2.1 Hz, 2H, B, 7.19 (d,
J=2.0 Hz, 2H, H, phenyl), 6.00 (s, 1H, pyrazolyl) 2.34 (s, 3H, M2R6 (s, 3H, Me), 1.24
(s, 18H, H%). °C{*H} NMR (75 MHz, CD,Cl,) & 169.69 (C N~C ipso), 165.60 (C N C
ipso), 155.61 (CN"C ipso), 149.87 (CAN~C ipso)5B2 (C ipso pyrazolyl), 143.44 (C1),
143.10 (pyrazolyl), 131.94 (C8), 125.08 (C5), 174(@6), 116.66 (C2), 103.60 (pyrazolyl),
35.50 (C10), 31.16 (C11), 14.42H., pyrazolyl), 14.12CHs, pyrazolyl).

(CAN~C)Au(imidazole) (13)

(CAN~C)AUOH 3 (40 mg, 0.072 mmol) and imidazole (5 mg, 0.072 mmare charged in
a flask and toluene (30 mL) was added. The mixwas stirred at 110°C for 12 h after
which the volatile components were removed undeuwm. The solid was dried givirl

as a light yellow powder (40 mg, 92%)

'H NMR (300 MHz, CQCl,) & 7.85 (t,J = 8.0 Hz, 1H, H, pyridyl), 7.65 (br s, 1H,
imidazolyl), 7.50 (d,) = 8.0 Hz, 2H, H), 7.40 (d,J =8.0 Hz, 2H, H), 7.33 (ddJ =8.3, 1.9
Hz, 2H, H), 7.28 (d,J = 1.9 Hz, 2H, H), 7.20 (br s, 2H, imidazolyl), 1.28 (s, 18H'H
¥C{*H} NMR (75 MHz, CDCl,) § 168.91 (C*N~C ipso), 165.50 (C*N~C ipso), 156.01
(CAN"C ipso0), 145.82 (C*N~C ipso), 143.48 (C1), B8l (ipso, imidazolyl), 130.89 (C8),
128.46 (imidazolyl), 125.48 (C5), 124.81 (C6), 14 (imidazolyl), 116.84 (C2), 35.72
(C10), 31.22 (C11). Anal. Calcd. (found) fopgB30AUNs: C, 55.54(55.56); H, 4.99(4.93);
N, 6.94(7.05).
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CAN"C)Au(Benzotriazole) (14)

(CAN*C)AUOH3 (42 mg, 0.076 mmol) and benzotriazole (9 mg, 0.@ngol) were charged
in a flask and toluene (30 mL) was added. The mixiuas stirred at 60°C for 12 h after
which the volatile components were removed undeuwm. The solid was redissolved in a
minimum amount of dichloromethane (2 mL), layerathvight petroleum and left at -20°C
overnight.14 was isolated light yellow crystals consisting ahiture of both 2H 144 and
1H (14b) isomers in a 6:1 ratio (44 mg, 89%).

'H NMR (300 MHz, CDC}) & 8.25 — 8.16 (m, 1H), 8.02 — 7.84 (m, 3H), 7.72.597(m,
1H), 7.50 — 7.38 (m, 2H), 7.39 — 7.24 (m, 7H), 7(dd, 8.2, 1.9 Hz, 2H, Bl 7.11 (d, 1.9
Hz, 2H, H), 1.38 (s, 3H!Bu, isomer 14b), 1.12 (s, 18HBu, isomer 14a)**C NMR (75
MHz, CDCk) 6 170.62 (C*N"C ipso 14b), 168.52 (CAN~C ipso 14#5.52 (CNC ipso
14b), 165.10 (CN~C ipso 14a), 155.83 (CN"C ipsta)l 155.74 (CN~C ipso 14b),
145.68 (benzotriazol€H), 145.14 (benzotriazol€H), 145.11 (CN"C ipso 14a), 145.04
(CAN~C ipso 14b), 143.83 {C14a), 143.07 (€ 14b), 139.34CH benzotriazole), 131.94
(C®, 14a), 130.91 (& 14b), 125.22 (E or CH benzotriazole), 124.97 {Cor CH
benzotriazole), 124.82 f@r CH benzotriazole), 124.49 f{®r CH benzotriazole), 124.26
(C® or CH benzotriazole), 123.08 fGr CH benzotriazole), 119.12 L benzotriazole),
116.62 (C, 14a), 116.32 (€ 14b), 114.37QH, benzotriazole), 113.6&H benzotriazole),
35.75(C° 14b), 35.40(&, 14a), 31.37 (€, 14b), 31.04 (€, 14a). Anal. Calcd. (found) for
CsiH3:AuNy: C, 56.71(56.77); H, 4.76(4.70); N, 8.53(8.45).

(CAN~C)Au(Me) (15)

Under a dry nitrogen atmosphere a toluene solufocomplex4 (85 mg, 0.13 mmol) was
added to trimethylaluminium (0.075 mL, 1.4 mmoldatihe reagents shaken briefly upon
transfer. After 10 min, with the reaction remainimgder nitrogen, distilled water (10 mL)
was slowly added, shaken and allowed to settl@®mins. Separation of the organic phase,
removal of the volatile components and washing Wwiékanes gave5 as a pale yellow solid
(43 mg, 60 %). Single crystals suitable for X-raiffrdction were obtained by slow

evaporation of a C}l, solution ofl5 at room temperature.

'H NMR (300 MHz, CDCly) &: 7.81 (1H, tJ = 8 Hz, H), 7.74 (2H, dJ = 2 Hz, H), 7.60
(2H, d,J = 8 Hz, H), 7.49 (2H, d,) = 8 Hz, H), 7.28 (2H, ddJ = 8, 2 Hz, H), 1.37 (18H, s,
HY), 1.33 (3H, s, AuBl;). *C{*H} NMR (75 MHz, CD,Cl,) &: 167.2 (s), 162.7 (s), 154.1
(s), 148.5 (s), 141.5 {F 130.5 (&), 125.4 (s, €, 1235 (s, €), 116.3 (s, ©), 35.6 (s,
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CCHg), 31.5 (s, ©Hsy), 2.6 (s, AuCH). Anal. calc (found) C, 56.42 (56.52); H, 5.464(),
N, 2.53 (2.64).

(CNAC)AuU(EY) (16)

Under a dry nitrogen atmosphere a toluene solufa@omplex3 (110 mg, 0.19 mmol) was

added to a stirred solution of triethylaluminium1® mL, 1.4 mmol) in toluene (10 mL) at
0 °C. After 20 min, with the reaction remaining enaitrogen, distilled water (10 mL) was
slowly added with stirring. Separation of the orgaphase, removal of the volatile
components and washing with cold hexanes gaveeayp#bw solid. Due to the compounds
partial solubility in hexanes additional materiautd be obtained recrystallisation of the

washings. Total yield (53 mg, 40 %).

'H NMR (300 MHz, CDRCly) &: 7.80 (2H, dJ = 2 Hz, H), 7.67 (1H, tJ = 8 Hz, H), 7.52
(2H, d,J = 8 Hz, H), 7.36 (2H, dJ = 8 Hz, H), 7.26 (2H, ddJ = 8,2 Hz, H), 1.98 (2H, q,
J =8 Hz, CH of Et), 1.56 (3H, tJ = 8 Hz, CHCHj), 1.42 (18H, s, H). *C{'H} NMR (75
MHz, CD,Cl,) &: 167.8 (s), 162.5 (s), 154.2 (s), 148.4 (s), 144,%), 130.5 (s, €), 125.4
(s, ©), 123.5 (s, €, 116.3 (s, €), 35.6 (s,CCHs), 31.5 (s, ©H3), 19.4 (s,CH,CH3), 15.9
(s, CHCHs). Anal. calc (found) C, 57.14 (56.96); H, 5.685B); N, 2.47 (2.57).

General protocol for the reactions of (C*"N*C)AuOH with ArB(OH) ,

(CAN~C)AUOH 3 (1 eq) and ArB(OH) (1 eq) were charged in a flask and toluene (20 mL)
was added. The mixture was stirred at 60°C for I&#ftér which the volatile components
were removed under vacuum. The resulting solid washed with light petroleum (2 x 3
mL) and dried under vacuum, yielding the corresjramdold aryl. Additional purification
can be achieved by passing a dichloromethane splofi the isolated gold aryl through a

silica plug.
(CANMC)AU(C 6Hs) (17)

(CAN*C)AUOH 3 (70 mg, 0.126 mmol) and £8s)B(OH), (16 mg, 0.13 mmol)18 isolated
as a yellow powder (70 mg, 90%).

'H NMR (300 MHz, CDC}J) § 7.81 (t,J = 8.0 Hz, 1H, H), 7.73 (ddJ = 9.5, 8.4 Hz, 2H,
H®), 7.58-7.54 (m, 4H), 7.47 (d,= 8.0 Hz, 2H, B), 7.40 — 7.21 (m, 4H, is), 1.28 (s,
18H, HY). **C NMR (75 MHz, CDCJ) & 168.45 (CAN~C ipso), 163.26 (CN~C ipso),
154.42 (GHs), 147.97 (€),147.17 (GHs), 141.42 (C), 134.29 (GHs), 132.71 (€), 128.54
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(CeHs), 124.73 (€), 123.27 (€), 115.79 (&), 35.30 (G, 31.16 (CY. Anal. Calcd. (found)
for Ca;HaAuN: C, 60.49(60.58); H, 5.24(5.25); N, 2.28(2.30).

(CANAC)AU( p-F-CeH.) (18)

(CAN~C)AUOH 3 (40 mg, 0.072 mmol) and (8,F)B(OH), (10 mg, 0.072 mmol)18
isolated as a yellow powder (42 mg, 92%). Suitatrigstals for X-ray analysis were

obtained by layering a GBI, solution of18 with light petroleum.

'H NMR (300 MHz, CDC}) § 7.81 (t,J = 8.0 Hz, 1H, H), 7.64 (ddJ = 8.5, 6.4 Hz, 2Hm-
CeH4F), 7.56 (dJ = 8.2 Hz, 2H, B), 7.47 (d,J = 8.0 Hz, 2H, H), 7.45 (d,J = 1.8 Hz, 2H,
H®), 7.23 (ddJ = 8.0 Hz, 2.1 Hz, 2H, ®, 7.07 (t,J = 9.1 Hz, 2H0-C¢H.F), 1.26 (s, 18H,
H™). BC{*H} NMR (75 MHz, CDC}L) & 168.24 (CAN~C ipso), 166.81 (CF, 259 Hz), 163.34
(CNAC ipso), 154.57 (CANAC ipso), 147.17 (C"N~Gap, 141.52 (€), 135.00 (d, 6 Hz,
PH), 132.50 (&), 129.07 (PR, 124.81 (C), 123.40 (¢), 115.86 (€), 115.28 (d,J = 20 Hz,
PH), 35.31 (C%, 31.14 (CY). °F NMR (282 MHz, CDGCJ) § -119.62 (m). Anal. Calcd.
(found) for G,Ha;AUFN: C, 58.77(58.64); H, 4.93(4.84); N, 2.21(2.23)

(C*"NAC)Au( p-'Bu-CgH.) (19)

(CANAC)AUOH 3 (40 mg, 0.072 mmol) andBu-CsH,)B(OH), (13 mg, 0.072 mmol)19

isolated as a yellow powder (46 mg, 92%).

'H NMR (300 MHz, CDC}) § 7.76 (t,J = 7.9 Hz, 1H, ¥, 7.65 (ddJ = 7.1 Hz, 5.5 Hz, 2H,
m-C¢H,Bu), 7.59 (dJ = 2 Hz, 2H, H), 7.54 (d,J = 8.1 Hz, 2H, K), 7.49 — 7.35 (m, 4H, H
and H, overlapping), 7.25 (d, 2k-CsH,'Bu, overlapping with residual CHgJ 1.45 (s, 9H,
CeH4BU), 1.31 (s, 18H, ). *C{*H} NMR (75 MHz, CDCE) 5 168.54 (C N~C ipso),
163.11 (CAN~C ipso), 154.21 (CANAC ipso), 147.17NCC ipso), 147.06'{"Ph), 143.99
(®“Ph), 141.33 (C1), 133.88Ph), 132.68 (&), 125.34 (C or ®'Ph), 124.68 (€or C or

®iph), 123.19 (€ or ®'Ph), 115.73 (&, 35.29 (GH,C(CHs)s), 34.32 (C%, 31.52

(CeH4C(CHs)s), 31.14 (CY) .
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(CANAC)AU( p-vinyl-CgHy) (20)

(CAN"C)AUOH 3 (40 mg, 0.072 mmol) ang{viny}CsH,)B(OH), (11 mg, 0.08 mmol)20

isolated as a yellow powder (41 mg, 88%).

'H NMR (300 MHz, CBCl,) & 7.77 (t,J = 7.9 Hz, 1H, M), 7.68 (d,J = 8 Hz, 2H, H), 7.54
—7.49 (m, 2H), 7.42 (dd, 2H, J = 8, 2 HZ) A.27 — 7.21 (m, 4H), 5.84 (d= 17.6 Hz, 1H,
vinyl), 5.32 — 5.24 (m2H, CH=CH,), 1.27 (s, 18H, H). *C{*H} NMR (75 MHz, CD,Cl,)

8 168.62 (C*NAC ipso0), 163.49 (C N/C ipso), 154.68N"C ipso), 148.57 (CN~C ipso),
147.60 (™'Ph), 142.04 (& 137.93 (™'Ph), 134.99'("'Ph), 134.28 (HC=C}), 132.72 (),
129.38 ["™'Ph s), 128.57'(*'Ph), 126.70 (Eor "™'Ph), 125.21 (Eor C° or "™'Ph), 123.64
(C® or “"™'Ph), 116.41 (€, 111.97 (HC=CH), 35.58 (C%, 31.34 (GY. Anal. Calcd.
(found) for GsH3AUN: C, 61.78(61.85); H, 5.34(5.37); N, 2.18(2.20).

(CANAC)AU( p-formyl -CeH,) (21)

(CANAC)AUOH 3 (150 mg, 0.27 mmol) angb{formytCe¢H4)B(OH), (41 mg, 0.30 mmolR1
isolated as a yellow powder (147 mg, 85%).

'H NMR (300 MHz, CQCl,) & 10.03 (s, 1HHC=0), 7.88 (dJ = 8.2 Hz, 2H,p-formyt
phenyl), 7.81 (ddJ = 8 Hz, 2 Hz, 2Hp-formytphenyl), 7.53 (dJ = 8 Hz, 1H, H), 7.44 (d,
J =8 Hz, 2H, H), 7.32 (t,J = 8 Hz, 1H, H), 7.25 (ddJ = 8.1, 2.1 Hz, 2H, B, 1.22 (s,
18H). *C{*H} NMR (75 MHz, CD.Cl,) § 192.74 (KC=0), 167.68 (&), 163.21 (C), 158.13
(C-p-formytphenyl), 154.51 (§, 147.06 (C), 141.84 (C), 134.95 (€), 133.56 Cp-formyt
phenyl), 132.23 (®-formykphenyl), 129.49 (@-formytphenyl), 124.92 (&, 123.45 (6),
116.14 (G), 35.14 (C%, 30.85 (GY. Anal. Calcd. (found) for §H3,AuNO: C 59.72(59.57),
H 5.01 (4.93), N 2.18(2.07)

(CAN~C)Au(5-acenapthene) (22)

(CAN*C)AUOH 3 (40 mg, 0.072 mmol) and (5-acenaphtene)B(O## mg, 0.072 mmol).
22isolated as a pale yellow powder (44 mg, 88%).

'H NMR (300 MHz, CCl,) & 7.86 (t,J = 8.0 Hz, 1H, H1, pyridyl), 7.75 (d,= 7.0 Hz, 1H,
acenaphtene), 7.65 (d,= 7.2 Hz, 1H, acenaphtene), 7.60 Jd& 8.1 Hz, 2H, H5, phenyl),
7.53 (d,J = 8.0 Hz, 2H, H2, pyridyl), 7.31 (d,= 7.0 Hz, 1H, acenaphtene), 7.27 — 7.21 (m,
3H, phenyl + acenaphtene, overlapping) 7.21 — 76 3H, phenyl + acenaphtene,
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overlapping), 3.44 (br s, 4H,H; acenaphtene), 1.07 (s, 18H, HRy). *C{*H} NMR (75
MHz, CD,Cl,) 6 167.88 (C"N~C ips0)), 163.18 (CAN"C ipso), 154(05N"C ipso), 147.46
((CANAC ipso orCH acenaphtene), 145.78 ((CAN~C ipso ©H acenaphtene), 143.90
((CANAC ipso orCH acenaphtene), 142.20 ((CMN~C ipso ©f acenaphtene), 141.67
((CANAC ipso orCH acenaphtene), 140.58H acenaphtene), 134.48H acenaphtene),
133.32 (C8), 132.04 GH acenaphtene), 127.69CH acenaphtene), 125.70CH
acenaphtene), 124.70 (C5), 123.07 (C6), 120.@¥ (acenaphtene) , 118.20CH
acenaphtene), 116.02 (C2), 34.87 (C10), 30.67 (GA0L»0 CH, acenaphtene), 29.9THKi,
acenaphtene). Anal. Calcd. (found) fogM3zsAuN: C, 64.25(64.09); H, 5.25(5.36); N,
2.03(2.14).

(CANAC)Au(2-furanyl) (23)

(CAN~C)AUOH 3 (40 mg, 0.072 mmol) and (2-furanyl)B(OHB.7 mg, 0.072 mmol). The
isolated powder was redissolved in dichloromethame passed through a silica plug. The

solvent was removed under vacuum, yield®3gs a pale yellow powder (37 mg, 85%).

'H NMR (300 MHz, CQCl,) & 8.08 (d,J = 8.6 Hz, 1H, furanyl), 7.91 (d, = 2.0 Hz, 2H,
H8, phenyl), 7.84 (t) = 8.0 Hz, 2H, H1, pyridyl), 7.68 (d,= 7.5 Hz, 1H, furanyl), 7.47 (d,
J = 8.2 Hz, 2H, H5, phenyl), 7.40 (dz= 8.0 Hz, 2H, H2, pyridyl), 7.29 (dd,= 8.2 Hz, 2.0
Hz, 2H, H, phenyl), 1.37 (s, 18H, 'Bu). *C{*H} NMR (75 MHz, CD,Cl,) 3 C(ipso and
a CH furanyl resonance not observed) 170.29 (CM"W¥0) 164.93 (CAN”C ipso), 155.52
(CAN~C ipso), 145.22 (C*N~C ipso), 142.91%C130.41 (&), 126.51 CH furanyl), 125.57
(CH furanyl), 124.90 (€), 124.26 (€), 116.41 (&), 35.46 (C°%, 30.92 (CY.

(CANAC)Au(2-thienyl) (24)

(CAN~C)AUOH 3 (40 mg, 0.072 mmol) and (2-thienyl)B(OH(9.2 mg, 0.072 mmol)24
isolated as a bright yellow powder (48 mg, 95%).

'H NMR (300 MHz, CDCl,) § 7.86 (t,J = 8.0 Hz, 1H, H1, pyridyl), 7.72 — 7.63 (m, 3H, H8
phenyl + G thienyl, overlapping), 7.56 (d,= 8.2 Hz, 2H, H5, phenyl), 7.48 (di= 8.0 Hz,
2H, H2, pyridyl), 7.35 — 7.26 (m, 3H,°HCH thienyl, overlapping), 7.23 (dd,= 3.4Hz, 1.0
Hz, 1H, CH thienyl), , 1.31 (s, 18H, ¥). ®*C{*H} NMR (75 MHz, CD.Cl,) & 167.83
(CANAC ipso0), 164.02 (C"N/C ipso), 154.86 (C"N*Gap, 147.52 (C"N~C ipso), 142.39
(CY, 140.18 (C ipso, thienyl), 132.83%C129.17 CH thienyl), 127.76 CH thienyl), 126.31
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(CH thienyl), 125.32 (€), 123.88 (€), 116.51 (€), 35.59 (¢%, 31.30 (Y. Anal. Calcd.
(found) for GgH30AUNS: C, 56.04(55.90); H, 4.86(5.00); N, 2.25(2.29)

(®“Ph,Py)Au(benzob]thienyl) (25):

(®“PhPy)AuOH 3 (92 mg, 0.166 mmol) and (2-benzo[b]thienyl)B(QH29.5 mg, 0.166
mmol). The isolated powder was redissolved in didrhethane and passed through a silica
plug. The solvent was removed under vacuum, yigl@® as a pale yellow powder (102
mg, 92%).

'H NMR (300 MHz, CDCl,) § 7.93 (d,J = 8.0 Hz, 1H, benzo[b]thienyl), 7.86 {t= 8.1 Hz,
1H, H1#), 7.85 (dJ = 8.1 Hz, 1H, benzo[b]thienyl), 7.65 @z= 2.0 Hz, 2H, &), 7.57 (d,
J=8.2 Hz, 2H, B phenyl), 7.49 (d) = 8.0 Hz, 2H, H), 7.40 (s, 1H, benzolb]thienyl), 7.36
— 7.30 (m, 2H, benzo[b]thienyl), 7.27 (dii= 8.1 Hz, 2.1 Hz, 2H, B, 1.23 (s, 18H, H).
¥C{*H} NMR (75 MHz, CDCk) & 167.63 (C N~C ipso), 163.88 (C"N~C ipso), 154.96
(CAN"C ipso), 147.09 (CNAC ipso), 143.82H benzothienyl), 143.030H benzothienyl),
142.26 (C or CH benzothienyl), 142.08 (Qr CH benzothienyl), 133.04 &; 125.31 CH
benzothienyl), 125.08 @; 123.67 (€), 123.39 CH benzothienyl), 122.18 QH
benzothienyl), 121.97GH benzothienyl), 121.94CH benzothienyl) , 116.10 @ 35.47
(C"), 31.31 (CY. Anal. Calcd. (found) for §H3;,AUNS:C,59.01(59.13); H, 4.80 (4.69); N,
2.09(2.15).

3. Synthesis of gold bidentate complexes
(HC-N~C)Au(Me)(OAcF) (26)

To a solution ofl5 (20 mg, 0.036 mmolin CH,Cl, (20 mL), 10 eq HOAT (20 L, 0.36
mmol) were added and stirred for 3 min at room terature. The solvent was removed and
the residue was dissolved in toluene (5 mL). Rerhof/ghe volatile components vacuo

afforded the isolation d26 as a colourless solid. (22 mg, 91 %)

Single crystals suitable for an X-ray diffractiondy were obtained by slow evaportation of

a GDe solution of26 at room temperature.

'H NMR (300 MHz, CDCl,) &: 8.02 (1H, tJ = 8 Hz,H), 7.94 (1H, ddJ = 8,J = 1, H),
7.74 (1H, dJ = 8 Hz, H), 7.48-7.60 (6H, m, ArH), 7.43 (1H, ddi= 8, 2 Hz, M), 1.47 (3H,
s, AuCHy), 1.38 (9H, s, M), 1.36 (9H, s, H). *C{*H} NMR (75 MHz, CD,Cl,) 5: 161.4
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(s), 161.0 (s), 154.7 (s), 153.7 (s), 141.8 (s}..a4s, @) 135.5 (quatern), 135.1 (quatern),
128.7 (CH), 126.2 (&), 126.2 (CH), 126.2 (CH), 125.4 (s, CH), 125.4@9, 118.1 (s,
C?), 35.8 (s,CCHs), 35.1 (s,CCHs), 31.3 (s, ©H,), 31.3 (s, ©H,), 14.7 (s, AuCh). *F
NMR (282 MHz, CR)Cl,) 6: -74.0 (s). Anal. calc (found) C, 50.38 (50.46);4467 (4.68);
N, 2.10 (2.19).

(HC-NAC)AuU(Et)(OAc F) (27)

Same method as for compl@6. Complex27 (47 mg, 0.083 mmol), 3 equivalents of
HOAC. Yield (53 mg, 94 %).

'H NMR (300 MHz, CDCl,) 8: 8.00 (1H, tJ = 8 Hz, H), 7.94 (1H, dJ = 8 Hz, H), 7.75
(1H, d,J = 8 Hz, H), 7.63 (1H, d,J = 2 Hz, H), 7.48-7.61 (5H, m, ArH), 7.44 (1H, dd=
8,J =2 Hz, H), 2.25 (2H, q,) = 8 Hz, CH), 1.40 (9H, s, H11), 1.37 (9H, s/}, 1.15 (3H,

t, J = 8 Hz, CHCH,). *C{*H} NMR (75 MHz, CD,Cl,) &: 161.1 (s), 161.0 (s), 154.9 (s),
153.6 (s), 141.7 (s), 140.8 (s)A35.5 (s), 135.2 (s), 128.7 (s), 128.5 (8, @26.1 (s),
125.9 (s, €), 125.3 (s, €), 125.1 (s), 118.1 (s,3 35.7 (SCCHs), 35.1 (SCCHs), 34.3 (s,
CH,CHs), 31.3 (s, ©H3), 31.3 (s, CHs), 15.5 (s, CHCH3). *F NMR (282 MHz, CCly,)

8: -74.0 (s). Anal. calc (found) C, 51.11 (51.26);4:B8 (4.94); N 2.06 (2.13).

(HC-NAC)AuU(C ¢H.4F)(OACF) (28)
Method 1:

To a mixture of complext (140 mg, 0.215 mmol), AgOAc(24 mg, 0.108 mmol) and
(HO),BCsH4F (32 mg, 0.226 mmol) was added DCM (20 mL) andtsmh stirred for 24 h.
Removal of the volatile components and extractibrthe residue with toluene gave a
colourless solution. Recrystallisation of toluem¥pl solutions at low temperature gave a
colourless crystalline solid (122 mg, 76 %). Singtgstals suitable for an X-ray diffraction

study were grown from dichloromethane solution tagewith petroleum ether.
Method 2:

To a solution ofl8 (100 mg, 0.158 mmolin CH,Cl, (20 mL), 10 eq HOAT(0.9 mL, 1.58
mmol) were added and stirred for 3 min at room terature. The solvent was removed and
the residue was dissolved in toluene (5 mL). Rerho¥ighe volatile components vacuo

afforded the isolation @8 as a colourless solid. (112 mg, 95%)
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'H NMR (300 MHz, CDCl,) &: 8.06 (1H, tJ = 8 Hz, H), 7.97 (1H, dJ = 8 Hz, H), 7.35-
7.74 (9H, m, ArH), 6.90-7.03 (2H, m, Bh6.85 (1H, dJ = 2 Hz, H), 1.35 (9H, s, Ch),
1.14 (9H, s, CH. **C{*H} NMR (75 MHz, CD,Cl,) &: 162.0 (s), 161.6 (s), 154.9 (s), 153.8
(s), 141.4 (s, §, 140.9 (s), 134.8 (s), 133.0 (s), 132.6 (§, €29.3 (s), 128.7 (s), 128.5 (s),
126.2 (s), 125.6 (s), 125.6 (s), 125.4 (s), 118.%)), 115.8 (d,) = 76, Pf), 35.4 (SCCHb),
35.1 (s,CCHs), 31.2 (s, CH), 30.9 (s, Ch). F NMR (282 MHz, CIRCl,) &: -74.07 (3F, s,
CR), -117.27 (1F, m, 4,F). Anal. calc (found) C, 53.02 (52.87); H, 4.314@); N, 1.87
(1.76).

((HC-NAC)Au( p-'Bu-CsH.F)(OACF) (29)

Following Method 1 for the synthesis of8 compound4 (150 mg, 0.236 mmol),
AgOACcF(26 mg, 0.118 mmol) angp{Bu-CsH,)B(OH), (43 mg, 0.240 mmoljvere reacted
in CH,CI, (30 mL) to give29 as a colourless powder. (139 mg, 75%)

'H NMR (300 MHz, CBCl,) & 8.04 (t,J = 8 Hz, 1H, H), 7.97 (dJ = 8 Hz, 1H, H), 7.72 —
7.61 (m, 9H, ArH ), 7.59 — 7.49 (m, 2H,'Bh, 7.38 — 7.29 (m, 2H, B¥), 7.23 (ddJ = 8.8,
2.0 Hz, 2H), 6.79 (dJ = 1.9 Hz, 1H, B), 1.36 (s, 9H, PBu), 1.31 (s, 9H, H or H''), 1.10

(s, 9H, H" or H). *C{*H} NMR (75 MHz, CD;Cl,) & 161.88 (s), 161.50 (s), 154.68 (S),
153.78 (s), 149.76 (s), 142.48 (s), 141.21),(@40.81 (s), 138.32 (s), 134.93 (s), 132.91
(C?, 131.29 (s), 128.72 (s), 126.35 (s), 126.191(8%5.49 (s), 125.39 (s), 125.22 (s), 118.27
(C?, 35.43 (CY, 35.09 (C'), 34.58 (CH), 31.45 (CH), 31.25 (CH), 30.89 (CH). F
NMR (282 MHz, CR)Cl,) § -73.87 (s).

(HC-NAC))Au( p-vinyl-CeH4F)(OACH) (30)

Following Method 1 for the synthesis o8 compound4 (150 mg, 0.236 mmol),
AgOACT (26 mg, 0.118 mmol) andp{vinyl-CsH,F)B(OH), (35.5 mg, 0.240 mmolere
reacted in ChLCl, (30 mL) for 3 days to giv80 as a colourless powder. (125 mg, 70%)

'H NMR (300 MHz, CDCL,) & 8.09 (t,J = 7.8 Hz, 1H, H), 8.00 (d,J = 8.0 Hz, 2H, H),
7.80 — 7.50 (m, 9H, ArH), 7.50 — 7.25 (m, 41¥'Ph), 6.98 (dJ = 1.8 Hz, 1H, H), 5.82 (t,J
= 18.3 Hz, 2H), 5.25 (dl = 10.9 Hz, 1H), 1.39 (s, 9H,'Hor H'Y), 1.16 (s, 9H, & or H'Y).
%F NMR (282 MHz, CDCl,) 5 -73.85 (s).
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(HC-NAC)AuU(C ¢Fs)(OACH) (31)

To a deuterated dichloromethane solution (0.8 nilgomplex (HC-N"C)Au(GFs) (25 mg,
0.037 mmol) was added HOAE8 L, 0.37 mmol) and shaken briefly. After 5 mins the
NMR spectrum was recorded and complete consumpgifostarting material observed.
Toluene was added to the solution and the volatl®ponents removed. The addition and
removal of toluene was repeated once more to etisat@xcess acid was no longer present.
Dissolution, filtration through Celite and remowat the volatile components gave a pale
yellow solid (26 mg, 90 %).

'H NMR (300 MHz, CBCly) &: 8.13 (1H, tJ = 8 Hz, H), 7.95 (1H, dd)]) = 8 Hz,J = 1 Hz,
H?), 7.52-7.70 (6H, m, ArH), 7.44 (1H, dd= 8, 2 Hz H), 6.68 (1H, dJ = 2 Hz, H) 1.35
(9H, s, HY, 1.18 (9H, s, H). *C{*H} NMR (75 MHz, CD,Cl,) &: 162.7 (s), 161.7 (s),
155.6 (s), 154.6 (s), 142.3 (s})C137.0 (s), 134.3 (s), 131.5 (s), 129.4 (s), 828), 126.6
(s), 126.5 (s), 126.4 (s), 126.2 (s), 118.6 (3, 85.5 (s,CCHs), 35.2 (S,CCHy), 31.2 (s,
CHs), 30.1 (s, CH). F NMR (282 MHz, CRQCl,) &: -73.81 (3F, s, CF, -122.69 (2F, m,
CF), -156.54 (1F, tJ = 20, p-CF), -161.37 (2F, m, CF). Anal. calc (fdu, 48.36 (48.44);
H, 3.44 (3.51); N, 1.71 (1.82).

(HC-NAC)AuU(C 4H3S)(OAC) (32)

Same method as for compl&® (HC-N*C)Au(GHsS) (25 mg, 0.036 mmol), 10 equivalents
of HOAC, yellow solid. Yield (23 mg, 88 %).

'H NMR (300 MHz, CDCl,) &: 8.07 (1H, tJ = 8 Hz, H), 7.96 (1H, dd,) = 8, 1 Hz, ArH),
7.49-7.70 (7H, m, Ar), 7.38 (1H, dd= 8,J = 2, ArH), 7.06-7.16 (2H, m, Ar), 6.88 (1H, d,
J=2Hz H), 1.36 (9H, s, H), 1.16 (9H, s, &). **C{*H} NMR (75 MHz, CD,Cl,) &:
162.5 (s), 161.7 (s), 155.2 (s), 154.1 (s), 148, T), 140.9 (s), 138.2 (s), 136.2 (s), 134.7
(s), 132.7 (s), 128.7 (s), 128.1 (s), 127.0 (sh.12s), 126.3 (s), 126.0 (s), 125.8 (s), 125.7
(s), 118.4 (s, &, 35.5 (s, ¢, 35.1 (s, &), 31.2 (s, CH), 31.0 (s, CH). F NMR (282
MHz, CD,Cl,) &: -73.9 (s). Anal. calc (found) C, 50.62 (50.70),; 425 (4.29); N, 1.90
(1.86).
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(33

To a solution of (HC-N"C)Au(gH,F)(OAC) (50 mg, 0.067 mmol)28) in CH,Cl, (30 mL),
an excess of SMd5 eq, 25.6.L, 0.334 mmol) was added. The mixture was stirrfexdbam
temperature and the volatile components were rechaveracuo The residue was then
extracted with light petroleum and was taken tondsg yielding32 as a white powder.
Crystals suitable for X-ray analysis were obtaibgdslow evaporation of a light petroleum

solution of32 at room temperature.

'H NMR (300 MHz, CDCJ) § 7.81 — 7.83 (m, 4H), 7.62 — 7.43 (m, 6H), 7.31.187(m,
3H), 7.08 — 6.91 (m, 3H), 1.43 (s, 9H), 1.38 (s).98C{*H} NMR (75 MHz, CDCE) &
163.52 , 160.26, 158.64, 156.71, 152.08, 151.69,483 138.35 (dJ = 3.3 Hz), 136.83,
136.41, 131.35, 131.24, 130.50, 127.63, 126.71,5825124.79, 122.98, 117.81, 115.07,
114.79, 34.74, 34.67, 31.37, 31.5E (282 MHz, CDCJ) 121.45 (m, GH.F)

4. Synthesis and chemistry of the (C*"N*"C)AuH
(CA"NMC)AUH (34 )

(CAN"C)AUOH (287 mg, 0.51 mmol)3( was dissolved in toluene (30 mL) and at°&@8
LiHBEtz (517 uL, 0.51 mmol, 1M solution in THF) was added. Thexmie was stirred in
the dark at -7& for 5 min and at room temperature for anothemi’d. The colour of the
mixture changed from yellow to dark yellow and aitetprecipitate was observed. The
supernatant was filtered off, the solvent was rezdon vacuoand the yellow powder was
washed with light petroleum (10 mL), to gi@d, as a dark yellow powder (209 mg, 0.38
mmol, 75 %). Crystals suitable for X-ray diffractiovere grown from a concentrated
CH,CI, solution at -28C.

'H NMR (300 MHz, CDQCl,) § 8.05 — 7.92 (m, 2H, #, 7.83 (t,J = 8 Hz, 1H, H), 7.59 (d,J
=8 Hz, 2H, H), 7.47 (ddJ = 8 Hz,J = 1 Hz, 2H, H), 7.29 (ddJ = 8 Hz,J = 2 Hz, 2H, H),
1.38 (s, 18H, M), -6.51 (s, 1H, AuH). *C{*H} NMR (75 MHz, CD,Cl,) 5 165.77 (C),
163.19 (C), 154.82 (C), 147.78 (C), 141.54 (C), 137.62 (C), 124.81 (©), 122.75 (©),
115.89 (G) , 34.85 (€9, 30.92 (CY). IR: vaun = 2188 cril. Anal. Calcd. (found) for
CosHagAUN: C, 55.66 (55.46); H, 5.23 (5.16); N, 2.60 @.4
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(CANAC)AUD (34 )

Following the protocol foB4,, (C*"N*C)AuOH (100 mg, 0.18 mmolB)fwas treated with
LiDBEt; (180 L, 0.18 mmol, 1M solution in THF) in toluene (15 inat -78C. 34, was
isolated as a dark yellow powder (28 mg, 0.11 m®@[%).

'H NMR (300 MHz, CRCl,) § 7.98 (d,J = 2 Hz, 2H, H), 7.83 (t,J = 8 Hz, 1H, H), 7.59
(d,J=8Hz, 2H, H), 7.47 (dJ = 8 Hz, 2H, H), 7.29 (ddJ = 8 Hz,J = 2 Hz, 2H, H), 1.38
(s, 18H, HY). °H NMR (77 MHz, CHCl,) & -6.58 (s, Au-D).

(CAN*C)Au(CMe=CMe ,) (35)

In a J-Young NMR tube, to a solution of (C*"N*C)A@4, (7.5 mg, 0.014 mmol) in §Ds
(0.8 mL), 3,3-dimethylallene (gL, 0.020 mmol) was added and the NMR tube was shake
and kept in the dark. The reaction was monitoredr-b)}MR spectroscopy. After 20h, full
conversion to35 was noted. The volatile components were remadwedacuoyielding a
yellow solid (7.7 mg, 0.013 mmol, 92%). The soksidue was dissolved in GOl,. Single
crystals were obtained by layering a solutio@®fvith light petroleum at -28C.

'H NMR (300 MHz, CDCL,) & 7.80 (t,J = 8 Hz, 1H, H), 7.66 (d,J = 2 Hz, 2H, H), 7.57
(d,J =8 Hz, 2H, H), 7.48 (dJ = 8 Hz, 2H, H), 7.25 (ddJ = 8, 2 Hz, 2H, 18), 2.30 (s, 3H,
CHs), 1.87 (s, 3H, Ch), 1.76 (s, 3H, Ch), 1.33 (s, 18H, H). *C{*H} NMR (75 MHz,
CD.Cl,) & 167.90 (€), 163.09 (C), 154.54 (C), 147.84 (¢), 141.68 (&), 138.28 (vinyl),
133.35 (6), 125.13 (€), 123.32 (€), 122.12 (vinyl), 116.24 (&, 35.32 (CY), 31.37 (CY,
29.81 (Me), 22.89 (Me), 20.05 (Me). Anal. Calcauifid) for GoHsgAuN: C, 59.30 (59.27);
H, 5.97 (6.01); N, 2.31 (2.41).

(CAN~C)Au(CMe=CHCy) (36)

To a solution of (C*N*C)AuHB4, (10 mg, 0.018 mmol) in s (0.8 mL) in a J-Young
NMR tube was added cyclohexyl allene (3.5 0.024 mmol). The mixture was shaken
briefly and then kept in the dark. The reaction wamitored by'H NMR spectroscopy and
after 72 h, the conversion 8a was found to be 90%. The remaining 10% of theti@ac
mixture consisted of unreact&d,; and 37 which formed during the reaction. The volatile

components were remov@dvacuoand the solid residue was dissolved in,CB.
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'H NMR (300 MHz, CDCL,) & 7.80 (t,J = 8 Hz, 1H, H), 7.74 (dJ = 2 Hz, 2H, H), 7.58
(d,J =8 Hz, 2H, H), 7.48 (d,J = 8 Hz, 2H, H), 7.25 (ddJ = 8 Hz,J = 2 Hz, 2H, H), 6.02
(d,J = 8 Hz, 1H, vinyl), 2.29 (s, 3H, &), 1.83 — 1.45 (m, 6H, Cy), 1.34 (s, 18HH1.26
— 1.03 (m, 5H, Cy)®C{*H} NMR (75 MHz, CD.Cl,) & 167.70 (&), 163.06 (C), 154.63
(C"), 147.85 (€), 145.41 (€), 141.75 (&), 133.64 (vinyl), 129.88 (vinyl), 125.16 (G
123.23 (€), 116.29 (€), 44.32 (Cy), 35.47 (©), 33.53 (Cy), 31.37 (&), 28.25 CH,),
26.68 (Cy), 26.33 (Cy). Anal. Calcd. (found) fog@.,AuN: C, 61.72 (61.62); H, 6.40
(6.51); N, 2.12 (2.15).

5. Synthesis and reactivity of the Au(ll) dimer
[(CANAC)AU] 2 (37)

Method 1:(C*N"C)AuH @B4y) (7.0 mg, 0.013 mmol), fes (1.5 mg, 0.009 mmol, internal
standard) and (C*"N*C)AuOKB) (7.2 mg, 0.013 mmol) were charged in a J-Young NMR
tube and €Dg (0.8 mL) was added. The mixture was kept in thé dad was monitored by
'H NMR spectroscopy. Full conversion was observeer &0 h. The solvent was removed
in vacuoand the yellow solid was dissolved in &Hp and passed through a silica plug to
remove trace amounts & Removal of the solverin vacuo followed by washing the
residue with light petroleum (5 mL) yield&¥ as a yellow powder (9 mg, 0.008 mmol,
64%). Crystals suitable for X-ray diffraction wesbtained by storing a¢D¢ solution of37

at room temperature.

Method 2: (CANAC)AuH 34, (7 mg, 0.013 mmol) and (C*N~C)AuOA¢8.2 mg, 0.013
mmol) @) were charged in a J-Young NMR tube and,CB(0.6 mL) was added. The NMR
tube was shaken and kept in the dark. After 5 resi34, had been fully consumed with

75% conversion t87.

Method 3:To a toluene (25 mL) solution of (C*N~C)AuORAEL65 mg, 0.26 mmol)4) was
added a toluene solution (15 mL) of cobaltocene ) 0.26 mmol). The mixture was
stirred in the dark for 4 h. After filtration thrgh Celite, the volatile components were
removedin vacuo The solid residue was washed with light petrolé@tmL) to give37 as

a yellow powder (118 mg, 0.22 mmol, 85%).

'H NMR (300 MHz, CQCl,) § 8.12 (d,J = 2 Hz, 1H, H), 7.85 (t,J = 8 Hz, 1H, H), 7.57
(d,J =8 Hz, 2H, H), 7.53 (dJ = 8 Hz, 2H, H), 7.14 (ddJ = 8 Hz,J = 2 Hz, 2H, H), 1.01
(s, 18H, BY. °C{'H} NMR (75 MHz, CD,Cl,) & 171.84 (€), 164.69 (C), 155.68 (C),
149.77 (C), 143.40 (), 142.66 (C), 126.06 (C), 123.69 (€), 117.39 (G), 36.49 (C),
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32.69 (CY. Anal. Calcd. (found) for GHssAuN,: C, 55.76 (55.63); H, 5.05 (5.17); N, 2.60
(2.73).

Control reaction:

(®*“Ph,Py)AuH 2-H (7 mg, 0.013 mmol) and®les (3 mg, 0.018 mmol, internal standard)
were charged in a J-Young NMR tube anfDg30.6 mL) was added. The mixture was kept
in the dark and was monitored By NMR spectroscopy. No conversion4avas observed
after 60 h.

(CANAC)Aul (38)

In a J-Young NMR tube, (2.5 mg, 0.01 mmol) was added to a solutioBf10 mg, 0.009
mmol) in CD.Cl, (0.6 mL). The NMR tube was shaken briefly. Aftér rhinutesH NMR
spectroscopy indicated full conversion3afto (B'Ph.Py)Aul.

'H NMR (300 MHz, CDCl,) § 7.98 (d,J = 2 Hz, 2H, H), 7.85 (t,J = 8 Hz, 2H, H), 7.53
(d,J = 8 Hz, 2H, H), 7.53 — 7.49 (m, 4H, Hand H), 1.35 (s, 18H, H). °C NMR (75
MHz, CD.Cl,) & 168.36 (€), 164.82 (), 155.98 (C), 146.49 (¢), 142.42 (&), 130.08
(CY), 125.24 (C), 123.52 (€), 116.27 (&), 35.47 (%, 30.91 (CY.

Au" JAu', Macrocycle (39)

[(CAN~C)AU], (37) (40 mg, 37.1umol) was placed in a Schelenk flask sealed with a J-
Young valve and dissolved in 30 mlgHs. The solution was degassed by three freeze-pump-
thaw cycles and then placed under a UV lamp (36% fom30 minutes. The color of the
mixture changed from pale yellow-green to orangmsor. The solvent was removed
vacuoand the dark orange residue extracted with lightopeum (2 x 30 mL, bp 40-6%TC).

The solvent was then evaporatedvacuq affording the isolation oR as a pale-yellow
powder. (26 mg, 65 %) Layering a dichloromethaneatsm of 2 with light petroleum and
cooling to -20 °C gave 5 as yellow blocks which were characterised by X-ray

crystallography.
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IPrAulPr *(Galvinoxyl)™ (41)

To a solution of IPrAuH40) (100 mg, 0.171 mmol) in C&l, (30 mL) galvinoxyl (72 mg,
0.171 mmol) was added. The mixture immediately gedrcolour from pale yellow to
purple. Stirring was continued at room temperatar&0 min followed by solvent
evaporation. Trituration of the resulting solid lvitght petroleum (3 x 5 mL) afforded the
isolation of41 as a purple solid (73 mg). Crystals suitable fena}( diffraction were

obtained by storing benzene solutionglbfat room temperature.

'H NMR (300 MHz, CDCl,) & 7.51 (t,J = 8 Hz, 4H, C), 7.40 (s, 4H, phenyH in
galvinoxyl), 7.25 (s, 4H, B, 7.22 (dJ = 4.0 Hz, 4H, ¥) 7.03 (s, IHHC=C bridge in
glavinoxyl), 2.36 (sept) = 7 Hz, 8H, H), 1.36 (s, 36Ht-butyl of galvinoxyl), 1.16 (dJ =
6.9 Hz, 24H), 1.03 (d] = 6.9 Hz, 24H).

6. Synthesis and reactivity of gold(lIl) peroxides

(CANAC)AUOO 'Bu (42).

Under at atmosphere or nitrogen, (C*N~C)AuC{ (200 mg, 0.36 mmol) and 4 A
molecular sieves were charged into a Schlenk #asktoluene (20 mL) was added.
‘BUOOH (5 M in dodecane, 1Q@., 0.5 mmol) was injected and the mixture was stirat
room temperature for 12 h. The mixture was filtemed the volatile components were
removedn vacuo The solid residue was washed with light petrol¢@m 5 mL) and dried
under vacuum to give as a yellow powder (180 mg, 80%). Recrystallizafrom CHCl,:

light petroleum (1:1) at — 20C gave2 as yellow blocks.

'H NMR (300 MHz, CQCl,) & 7.91 (d,J = 2 Hz, 2H, H), 7.79 (t,J = 8.0 Hz, 1H, H), 7.49
(d,J =8 Hz, 2H, H), 7.38 (dJ = 8 Hz, 1H, H), 7.28 (ddJ = 8, 2 Hz, 2H, 19, 1.40 (s, 9H,
OOQMe; ), 1.36 (s, 18H, €). *C{*H} NMR (75 MHz, CD,Cl,) 5 170.80 (C), 164.41 (C),
154.96 (C), 145.45 (C), 142.42 (&), 130.65 (&), 124.82 (), 124.36 (€), 116.30 (&),
79.68 (OGCMe;), 35.75 (CY), 31.33 (G}, 26.49 (OO®/e;). IR: 831, 844, 878 cth Anal.
Calcd. (found) for gH3sAUNO,: C, 55.50 (55.59); H, 5.78 (5.80); N, 2.23 (2.34).
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(CANAC)AUOOH (43).

(CAN~C)AUOH (200 mg, 0.26 mmolB) was dissolved in toluene (30 mL) angd4 (30%

aq, 82uL, 0.52 mmol) was added. A yellow precipitate wasniediately observed. The
mixture was stirred for 30 minutes at room tempemtafter which the supernatant was
decanted and the yellow precipitate was washedaa¢onitrile (5 mL) and light petroleum
(5 mL) to afford3 as a yellow powder (95.6 mg, 65%). . Recrystallisatrom CHCI,:

light petroleum (1:1) at +3C overnight gavé as yellow blocks which were analysed by X-

ray diffraction.

'H NMR (300 MHz, CDCl,) & 8.26 (s, 1H, O®), 7.83 (tJ = 8 Hz, 1H, H), 7.62 (dJ =2
Hz, 2H, H), 7.52 (dJ = 8 Hz, 2H, H), 7.41 (dJ = 8. Hz, 2H, H), 7.30 (dd,) = 8, 2 Hz,
2H, H), 1.36 (s, 18H, H). *C data could not be obtained because of the detipads
(CAN~C)AUOONH in solution. IR: 825 cimAnal. Calcd. (found) for ¢gH,sAUNO,: C, 53.54
(52.91); H, 4.94 (4.80); N 2.45 (2.35).

(CNAC)AUOOAU(CANAC) (44).

Under nitrogen, a solution of (C*"N*C)AuOOH (150 g5 mmol) 43) in dry THF (10

mL) was kept in the dark at room temperature. Alteays, yellow crystalline blocks were
observed. The supernatant was filtered off anddhlue driedn vacuq giving4 as yellow
crystals. An additional crop of crystals could liained by concentrating the mother liquor
and leaving the solution to stand at room tempeeailotal yield: 81 mg, 55%. The crystals

obtained were suitable for X-ray diffraction.

'H NMR (300 MHz, CDCl,) & 8.23 (d,J = 2 Hz, 2H, H), 7.80 (tJ = 8 Hz, 1H, H), 7.51
(d,J=8Hz, 2H, H), 7.41 (dJ = 8 Hz, 1H, H), 7.23 (ddJ = 8, 2 Hz, 2H, B, 1.14 (s, 18H,
HY). *C{*H} NMR (75 MHz, CD,Cl,) § 170.14 (C), 163.45 (€), 154.41 (C), 145.48 (C),
141.63 (C), 129.99 (6), 124.35 (€), 123.71 (€), 115.73 (€), 35.27 (€%, 30.91 (CY. IR:
823, 828, 844 cih Anal. Calcd. (found) for GHs,AUN,O,: C 54.16 (54.00); H 4.91 (5.01);
N, 2.53 (2.59).

(CANAC)AUOAU(CNAC) (45).

A solution of (C*"N~*C)AuOH (100 mg, 0.18 mmoB)(in dry acetone (20 mL) was stirred
for 16 h at 60C. The resulting precipitate was collected and washed with acetone (5
mL) and light petroleum (5 mL) to giveas a yellow powder (49 mg, 50%). Crystals
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suitable for X-ray diffraction were obtained by ¢aing a dichloromethane solution®fvith

light petroleum at -258C.

'H NMR (300 MHz, CDCl,) & 8.32 (d, 2.0 Hz, 2H, pyridyl), 7.77 &= 8.0 Hz, 1H,
pyridyl), 7.50 (dJ = 8 Hz, 2H, phenyl), 7.41 (d, 8.0 Hz, 2H, phenylR0 (ddJ =8, 2 Hz,
2H, phenyl), 1.08 (s, 18FBu). *C{*H} NMR (75 MHz, CD,Cl,) & 173.73 (C), 164.16
(C3), 154.85 (), 145.26 (€), 141.33 (¢), 131.18 (&), 124.16 (C), 123.22 (6), 115.57
(C?, 35.18 (€%, 30.80 (GY. Anal. Calcd. For §Hs,Au,N,O (found): C 54.95 (55.03); H
4.98 (5.09); N, 2.56 (2.66).

Reaction of (C*"N~C)AuOAc" with KO, and isolation of (C*N*C)AuO(C,H-0) (49)

Under an atmosphere of oxygen, to a solution oNEZYAUOAC™ (100 mg, 0.157 mmol)
(4) in a toluene/THF mixture (1:1 v/v) were addedgssium superoxide (23 mg, 0.32
mmol) and 4 A molecular sieves. The mixture wasesdiat 40°C for 16 h in the absence of
light. Filtration, evaporation of the volatilda vacuo followed by washing with light
petroleum (5 mL) afforded a white powder. Recryiation from CHCI, : light petroleum
(1:1) at -20°C afforded the furanolato compl@&xas yellow blocky crystals (20 mg, 20 %).

The crystals were suitable for X-ray diffractiondies.

'H NMR (300 MHz, CDCl,) § 7.88- &.82 (m, 3H, B+ H®), 7.55 (dJ = 8 Hz, 2H, H), 7.44
(d,J = 8 Hz, 2H, H), 7.33 (dd,J = 8, 2Hz, 2H, B9, 5.75 — 5.72 (m, 1H, i& furanolate),
3.85 — 3.81 (m, 2H,8,, furanolate), 2.16 — 1.95 (m, 3HHg; furanolate) 1.86 — 1.76 (m,
1H, CH,, furanolate) 1.39 (s, 18H,'H. *C{*H} NMR (75 MHz, CD.Cl,) § 170.21 (C),
164.15 (C), 154.63 (C), 145.00 (¢), 142.20 (€), 129.89 (6), 124.53 (€), 124.09 (6),
116.00 (&), 108.02 (furanolate), 67.24 (furanolate), 35.30/% 30.98 (G, 29.49

(furanolate).

Reaction of (C*N~C)AuOOBuU' 42 with HOAc

To a solution of C*NAC)AuOCBuU 42 (5 mg, 7.96umol) in GDg (0.5 mL), HOAc (5uL,
83.82 umol) was added. Full conversion to the (C"N"C)AuOAlongside with the
formation of HOCBuU was observed after 6 h Byt NMR spectroscopy.
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Reaction of LAUOOAUL 44 with Me;SiBr

Adding M&SiBr (3uL, 23 umol) to a solution of (C*"N*C)AuUOOAuU(CN*GM (7 mg, 6.31
umol) in CD.CI, (0.5 mL) gave an instant quantitative conversiomAwBr together with
Me;SiO0SiMe (65%) and MgSiOSiMe; (35%), identified byH NMR spectroscopy.

Reaction of (C*"N~C)AuOO'Bu (42) with acetaldehyde

A mixture of42 (10 mg, 15.93umol) and acetaldehyde (&, 160 umol) in GDe (0.5 mL)
was kept at 60C for 16h.'"H NMR spectroscopy confirmed quantitative conversio
(CAN~C)AUOAC (7).

Reaction of (C*"N"C)AuOOtBu (42) with P(p-tolyl) 3

To a solution of (CAN~C)AuOBu 42 (10 mg, 15.93umol) in GDg (0.5 mL) at room
temperature was added a solution gb-@yl); (145uL, 110 mM, 12.74umol) in GDs.

Quantitative conversion to (C*N~C)ALBl (46) and O=Pg-tolyl); was observed b{H and
¥p{H} NMR spectroscopy after 16 h.

Reaction of (C*"N*C)AuOOH (43) with P(p-tolyl) 5

Adding a solution of Rftolyl)s (127 uL, 110 mM, 14umol) in CD.Cl, to a solution of
(CANAC)AUOOH @3) (10 mg, 17.5umol) in CD.Cl, (0.5 mL) resulted in an immediate
quantitative conversion to (CAN~C)AuOHB)(and O=Pg-tolyl);, as confirmed by'H
(disappearance of the ®esonance) arfdP{*H} NMR spectroscopy.

Reaction of (C*"N*C)AuOOAuUL (44) with P(p-tolyl) 3

To a solution of (CA*NAC)AuOOAU(CANCHE) (10 mg, 9umol) in CD,.CI, (0.5 mL), a
solution of Pp-tolyl); (123 uL, 110 mM, 4.3umol) in CD,Cl, was added. After 16 h, a
mixture of products was observed which containedN(C)AUOOAU(CANAC) (21 %),
(CANMC)AUCI ) (17%) and the gold(Il) complex [(C*"N*C)AU[37) (25 %) as the major
components, alongside OfRplyl); and Pp-tolyl); (ratio 1:1).
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Reaction of (C*"N*C)AuOAuUL (45) with P(p-tolyl) s

To a solution of LAUOAUL 45 (10 mg, 9.14umol) in CD.Cl, (0.5 mL) was added a
solution of Pp-tolyl); (100 pL, 110 mM, 11pmol) in CD.Cl. 'H and *P{"H} NMR
spectroscopy showed quantitative conversion to jL&wnd O=Pg-tolyl); after 16 h.

7. Synthesis of gold(l) peroxides
IPrAUOOH (50)

A solution of IPrAuH 40) (2 mg, 3.41umol) in GDs (0.5 mL) was subjected to three
freeze-pump-thaw cycles and was backfilled wigi{Z0atm). The reaction was monitored by
'H NMR spectroscopy showing the disappearance diiytdeide resonancéy 5.11) and
clean conversion to a new compound. Storing disalwf 40in CsDs under Q produced
single crystals 0b1 while storing a solution of0in GsDe under air produced crystals of the

carbonaté?2.

'H NMR (300 MHz, GDg) & 7.18- 7.16 (t, overlapping with residua}Hg signal, H) 7.15
(d,J=7.3Hz, 2H, B), 6.36 (s, 1H, B, 2.71 (sept) = 8 Hz 1H), 1.53 (d] = 6.5 Hz, 12H),
1.18 (d,J = 6.5 Hz, 12H)*3C Specra could not be obtained due to the fastafisptionation
of 50into 48.

8. Synthesis of chloride-free starting materials baring the non-substituted
(C*N~C) "Au fragment

(C"N~C) "AUOACF (54)

The protocol for the synthesis #fvas followed, starting from (CANACAuCI (53) (200
mg, 0.433 mmol) and AgOAdn MeCN (40 mL). Isolated yield : 175 mg, 80%. €.ls
suitable for X-ray diffraction were obtained by ¢aing a CHCI, solution 0f54 with light

petroleum at room temperature.

'H NMR (300 MHz, CDCl,) & 7.90 (t,J = 8.0 Hz, 1H), 7.52 (dd = 7.7, 1.2 Hz, 2H), 7.43
(d,J=8.0 Hz, 1H), 7.37 (dd} = 7.3, 1.3 Hz, 1H), 7.31 (d,= 1.3 Hz, 2H), 7.28 (1 = 1.6
Hz, 1H), 7.25 (dJ = 1.4 Hz, 1H), 7.23 (dl = 1.4 Hz, 1H)."*C NMR (75 MHz, CDQCl,) &
143.76 (s), 132.34 (s), 131.88 (s), 127.67 (s),328s), 117.23 (s}*F NMR (282 MHz,
CD.Cl,) 6 -73.62 (s). due to the reduced solubility of tample, the ipsoC signals were not

observed

162



[(C"N"C) HAUSMGZ][(NH 2HB(CeFs)3t2] (55)

A solution of (C*"N~CYAuCI (53) (100 mg, 0.216 mmol) in Ci&l, (40 mL) was treated

with [TI(OEL,),][[H 2N{B(C¢Fs)3} 2] (294 mg, 0.216 mmol ) and SME mL). The mixture
was stirred at room temperature for 16 h duringcivlai white precipitate (TICI) was
observed. The mixture was filtered and the supamatas taken to dryness giving a yellow
waxy solid. The solid was then triturated with ligietroleum (3 x 10 mL) to afford the
isolation of55 as a yellow powder. (254 mg,75%) Single crystaisable for an X-ray
diffraction study were obtained by layering a£LHsolution ods5 with light petroleum at

room temperature.

'H NMR (300 MHz, CDCl,) & 8.09 (t,J = 8.0 Hz, 1H), 7.75 (dd} = 7.7, 1.3 Hz, 2H), 7.73
—7.62 (m, 4H), 7.56 (td} = 7.4, 1.4 Hz, 2H), 7.53 — 7.41 (m, 2H), 5.712(d), 3.25 (s, 6H).
%F NMR (282 MHz, CDCl,) 6 -133.28 (tJ = 137.4 Hz), -160.19 ( = 20.3 Hz), -165.72
(d,J=19.7 Hz).

[(C*N"C) "AuSMe][(OAc }{B(CeFs)a}] (56)

To a suspension of (CNMAUOAC™ (54) (150 mg, 0.298 mmol) and SME mL) in
toluene, B(GFs); (153 mg,0.298 mmol) was added. The solution imatetli became clear
and was stirred for 16 h at room temperature. Tatle components were removied
vacuoand the resulting waxy solid was washed with ljgétroleum (3 x 5 mL) to give6

as a yellow powder. (276 mg ,80%) Single crystaitable for an X-ray diffraction study
were were obtained by layering a {Hbsolution od56 with light petroleum at room

temperature.

'H NMR (300 MHz, CDCl,) § 8.09 (t,J = 8.0 Hz, 1H), 7.75 (dfl = 7.8, 3.9 Hz, 2H), 7.71 —
7.62 (m, 4H), 7.56 (td] = 7.4, 1.4 Hz, 2H), 7.47 (td,= 7.5, 1.3 Hz, 2H), 3.23 (s, 6HfF
NMR (298 MHz, CDQCL): § -76.8 (3F, s, OAc), -135.3 (6F, dJsr = 21.7 Hz,0-
CeFs), -160.8 (3F, tJer = 20.9 Hzp-CeFs), -165.9 (6F, mm-CFe).
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9. Synthesis and reactivity of a gold(lll) norbornene complex

[(CANAC)Au( n*norbornene)][(OAC"){B(C¢Fs)s}] (57)

14
+ Ab + 2 B(CeFo)s C0-B(CeFs)s

Fsc—<O
A 5 mm NMR tube with a J. Young valve was chargdathvB(CsFs)s (15.4 mg, 0.030
mmol) and norbornene (2.0 mg, 0.020 mmol) and cbtde-78 °C. A solution oft (10.0
mg, 0.015 mmol) in dichloromethamnk-(0.6 mL) was added slowly. The mixture was
warmed to room temperature. Dichloromethdneand excess norbornene were then
removedin vacuoat 0 °C. The residue was left under reduced pressu 10 min. Nitrogen
was admitted, and the solids were washed with |igittoleum (6 x 3 mL) at 0 °C and dried

in vacuo to yieldb7 (17.6 mg, 0.014 mmol, 94 %) as a yellow solid.

'H NMR (CD,Cl,,-40 °C):8 8.22 (2H, s, B), 7.98 (1H, tJ.y = 8.0 Hz, H), 7.63-7.48 (6H,
m, 2,5, H), 5.97 (2H, s, 1), 3.49 (2H, s, I), 1.94 (1H, s, £F9, 1.90 (1H, s, " 1.41
(18H, s, HY: note, the signals corresponding to 13 and 14eewvtoo difficult to distinguish
from the residual norbornene algl signals.*F NMR (CD:Cl,, -40 °C):$ -76.8 (3F, s;
OACh), -135.3 (6F, dJer = 21.7 Hz,0-CeFs), -160.8 (3F, tJer = 20.9 Hz,p-CeFs), -165.9
(6F, m,m-CgFs). *C{*H} NMR (CD,Cl,, -40 °C):5 164.5 (9-C), 163.6 (3-C), 157.1 (7-C),
146.9 (4-C), 144.3 (1-C), 133.3 (12-C), 133.0 (8127.0 (5-C), 126.0 (6-C), 118.p%0-C,
CeFs), 116.7 (2-C), 45.5 (15-C), 41.9 (13-C), 35.9 (@N-30.8 (11-C), 24.2 (14-C); no

defined signals were observed corresponding toedhgon atoms of C-F or C=0 bonds.
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[HC-N~C)Au( x*norbornol)]SbF (58)

=

o
CrY e

Au 7 . '

| <

cl 13 o

a SbFy
+ AgSbFg + /7 14 16
+ H20

To a solution of (C*"N*C)*AuCl (100 mg, 0.186 mmaf) CH,Cl, (15 mL) was added
norbornene (41 mg, 0.435 mmol) followed by Ag$i{E4 mg, 0.186 mmol). A white
precipitate (AgCl) formed slowly. The mixture wagred in the dark for 16 h. The white
precipitate was then filtered off. The filtrate wamcentrateth vacuoto 5 mL, layered with
light petroleum (10 mL) and kept at -2&. After 48 h colourless prisms were collected,

suitable for X-ray diffraction.

'H NMR (CD.Cl,) & 8.12 (1H, tJuu = 8 Hz, H), 7.98 (1H, ddJu = 8, 1 Hz, H), 7.73-7.54
(6H, m, 5, 5 6, 6, 8 and 9-H), 7.49 (1H, ddJ = 8, 2 Hz, H), 7.35 (1H, d,J = 2 Hz, H),
3.06 (1H, dJ = 4 Hz, H?), 2.71 (1H,J = 4 Hz, H%, 2.48 (1H, ddJ = 6, 3 Hz, H?), 2.20
(1H, s, H®), 2.14 (1H, s, &Y, 1.74-1.11 (4H, 4 x m, 15, 16 and 17-H), 1.40,(8HH"),
1.37 (9H, s, M); note, the proton signals for 15, 16 and 17-Htqe of the norbornol
moiety could not be unambiguously assigned. IR (AGRY): 3379 cnil (vop)

(C*"N~C)Au( Fphtalimide) (59)

Silver perfluorophtalimide [Ag(MeCN) [("phthalimide)Ag] (64 mg, 0.087 mmol) and
(CAN"C)AuUCI 2 (100 mg, 0.174 mmol) were charged in a Schlergkfend CHCI, (40

mL) was added. The formation of a white precipi{@gCl) was immediately observed. The
mixture was stirred at room temperature for 16llofeed by filtration. The supernatant was

then taken to dryness to afford the isolatio®®hs a yellow powder. (112 mg, 85 %)

'H NMR (300 MHz, CDCl,) & 7.87 (t,J = 8.0 Hz, 1H, H), 7.45 (d,J = 8.0 Hz, 2H, H),
7.38 (dJ = 8.0 Hz, 2H, B), 7.27 — 7.24 (m4H) 1.25 (s, 18H, H). F NMR (282 MHz,
CD,Cl,) & -139.39 — -139.63 (m, 2F), -146.24 — -146.45 (R), 2
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10. Synthesis of gold azides

IPrAuN 5 (61)

A solution of IPrAuOTf 60) (100 mg, 0.136 mmol) in MeOH (20 mL) was treatdth

NaN; (13 mg ,0.200 mmol). The mixture was stirred fdr & room temperature during
which the formation of a white precipitate coulddi#served. The precipitate was collected
by filtration and washed with light petroleum tow@b1 as a colourless powder. (77 mg,
90%) Crystals suitable for X-ray diffraction weretained by layering a Ci€l, solution of
61 with light petroleum at 8C.

'H NMR (300 MHz, CQCl,) § 7.58 (t,J = 8Hz, 2H, H), 7.35 (d,J = 8 Hz, 2H, H), 7.23 (s,
2H, CY), 2.53 (sept) = 7 Hz, 2H, €), 1.32 (d,J = 7 Hz, 12H, ©), 1.22 (d,J = 6.9 Hz, 12H,
H®). *C{*H} NMR (75 MHz, CD,Cl,) 5 172.89 (€), 145.71 (C), 133.92 (¢), 130.71 (©),
124.27 (C), 123.50 (©), 28.78 (C), 24.17 (C), 23.72 (). IR (ATR, cni’): 2045 ¢.9,
1279 ¢ Anal. Calcd. (found) for §HsAuNs: C 51.59 (51.63), H 5.93 (6.15), N 11.14
(10.23)

(CANAC)AUN ; (62)

A solution of (CAN~C)AuUOAE (4) (100 mg, 0.157 mmol) in MeOH (20 mL) was treated
with NaNs.(13 mg ,0.200 mmol) The mixture was stirred fdr 4t room temperature during
which the formation of a yellow precipitate was ebv&d. The precipitate was collected by
filtration and washed with light petroleum to gi&2 as a yellow powder. (84 mg ,92%)
Crystals suitable for X-ray diffraction were obtaéhby layering a THF solution 6fL with
light petroleum at SC.

'H NMR (300 MHz, CQCl,) § 7.92 — 7.78 (t+d, 3H, H+ H?), 7.51 (dJ = 8.1 Hz, 2H, ),
7.41 (d,J=8.0 Hz, 1H), 7.31 (ddl = 8.1, 1.9 Hz, 2H, B 1.37 (s, 18H). IR (ATR, cih):

2042 {.9, 1284 ¢5) Anal. Calcd. (found) for &H>7AUN,: C 51.73 (51.82), H 4.69 (4.72), N
9.65 (9.70)
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[(IPrAu) 2](n-Cl) (63)

Under a dry atmosphere of nitrogen, in a J-YoungR\idbe, a solution of IPrAuN61) (10
mg, 0.016 mmol) in CECl, (0.6 mL) was treated with [NO]BR2 mg, 0.017). The mixture
briefly shaken and th#d NMR spectrum was recorded. An instant conversiche azide
61 was noted. The CICI, solution was then layered with light petroleun® &€ to afford

colourless needles suitable for an X-ray diffractsudy.

'H NMR (300 MHz, CDCl,) § 7.62 (t,J = 7.8 Hz, 2H, B), 7.45 — 7.29 (m, 6H, @C%,
2.52 (d,J=6.2 Hz, 2H, ), 1.36 (dJ = 7 Hz, 12H, H), 1.27 (dJ = 7 Hz, 12H, ).

11. Betadiketiminate complexes
p-diketiminate thallium(l) (67)

Under a dry dinitrogen atmospghere and in the afgseflight, to a solution of thg
diketiminate proligan®4 (300 mg,0.476 mmol) in THF (40 mL) a solution lo&llium
ethoxide (118.73 mg, 0.476 mmol) in THF (10 mL) wasled. A colour change from pale
yellow to intense orange was noted. The mixture stiaed at room temperature for 16 h
followed by evaporation of the volatile componeintsacuoto give67 as an orange powder
(293 mg, 74%). Single crystals suitable for X-réfjrdction were obtained from a

concentrated solution &7 in light petroleum at 8C.

'H NMR (300 MHz, GDe) & 7.58 (s, 2H, B, 7.21 (s, 4H, B, 5.90 (s, 1H, B. 'F NMR
(282 MHz, GDs) & -60.06 (6F, s), -62.63 (6F, S).

FaC
FsC o =N
H —
N cCI C
Fs
F3CQ FsC
CF3 (69)

Under a dry dinitrogen atmosphere, to a solutiopr-diketiminate silver salt (146.2 mg,
0.198 mmol) 66) or thallium salt (165 mg, 0.198 mmo@7) in acetonitrile, KAuCJ (75
mg, 0.198 mmol) was added. The mixture was stiiwmed6 h at room temperature during
which a purple precipitate was formed. The soluti@s filtered and the supernatant was
taken to dryness. Extraction with light petrolel2f L) followed by evaporation of the

volatile component® vacuoafforded the isolation @8 as a colourless powder. (26 mg,
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20%) Crystals suitable for X-ray diffraction weretained from a concentrated solution of

68 in light petroleum at -20C.

'H NMR (300 MHz, GDg) & 7.71 (s, 1H, Flor H), 7.36 (s, 1H, Blor H°), 7.13 (s, 2H,
or H"), 6.36 (s, 2H, B or HY, 4.42 (s, br, NH, 1H\:F NMR (282 MHz, GDy) 6 -62.92 (s,
6F, CR), -63.03 (s, 6F, G}, -65.49 (qJ = 3.0 Hz, 3F), -69.50 (dj,= 3.2 Hz, 3F).

KINETICS

Kinetics of O-abstraction from 1 with phosphinesStock solutions o8 (14.4 mM), PR
(151 mM) and 18-crown-6 (internal standard, 300 nMviplueneds were prepared. To a
solution of3 (0.5 mL, 14.4 mM, 7.2mol) in tolueneds was added a solution of 18-crown-6
(20 uL, 300 mM, 6umol). The mixture was cooled at -78. Under light exclusion an
appropriate amount of a pre-cooled solution ofolghsP (151 mM) was added. The NMR
tube was briefly shaken before being insertedtimoNMR probe which was pre-cooled to
the appropriate temperature. The reaction was meuitoy'H NMR spectroscopy. Data
points were collected at regular intervals (tydicaPO s, with D1 =1 s, AQ= 5.3 s and NS
= 16 scans) Observed rates were determined undedpsirst order conditions by
monitoring the disappearance of the resonancé @18, (5 = 8.13), the increase of the
resonance of Hfor (C*N~C)AuH 34, (5 = 8.40) and aromatic proton signals for
O=P(-tolyl); (6 = 7.79) versus the resonance of the internal atan@ = 3.51). Spectra
were integrated automatically using the multi_iBtegmmand in TopSpin and the baseline

correction was done manually.

2.4 Presence vs absence of radical inhibitors

Presence of TEMPO

To a solution of LAUOH3 (0.5 mL, 14.4 mM, 7.2Imol) in toluenedg was added a solution
of internal standard 18-crown-6 (20, 300 mM, 6umol) and TEMPO (1.2 mg, 7 {mol).
The mixture was cooled at -7&. Under exclusion of light, a pre-cooled solutimnP (o-
MeCsHy)s (151 mM) was added. The NMR tube was shaken prieffore being introduced

into the NMR probe which was pre-cooled at -3D. The observed rate constant was
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extracted from the plot of IN([LAUOK[LAUOH] ) vs reaction timekyps = 5.01(9)x 10* s*
([LAUOH]o: [ P(p-Me-CeHy)zlo = 1 : 12.3 determined by NMR).

Absence of TEMPO

Following the protocol described above but withitnat addition of TEMPO, at -3TC, Kops =
4.82(5)x 10* s* ([LAUOH],: [PRy]o = 1 : 10.5 determined by NMR).

Control reactions

Under exclusion of light, in an NMR tube, to a d¢mn of LAUOH 3 (4 mg, 7.2uM) in
toluene-g (0.5 mL) was added TEMPO (1.2 mg, mol). No reaction was observed over

the course of 24 h.

P(p-Me-CsH,)3 (10 mg, 32.8umol) was loaded into an NMR tube and toluep€fd5 mL)
was added. Under light exclusion, TEMPO (5.2 mg283mol) was added. No reaction

was observed bfH NMR spectroscopy over the course of 24 h.

LAuH 344 (7 mg, 13.0umol) was loaded in an NMR tube and toluegded5 mL) was
added. Under light exclusion, TEMPO (2 mg, 12/80l) was added. No reaction was
observed byH NMR spectroscopy over the course of 24 h.

LAuH 34, (7 mg, 13.Qumol) was loaded in an NMR tube and tolueg€ddb mL) was
added. Under light exclusion, galvinoxyl (5.5 mg,dumol) was added. Full conversion of
the LAuH 34, to the (LAu) 37 was noted after 5 h as indicated'ByNMR spectroscopy.
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Table 19. Kinetic data for the reaction between LA®OH and PRy

Temp [3]o [PR3], | [3]0:i[PR3] | kops x10* Obs
K | mm) | (mm) i (s)
223 14.4 599 41.6 2.82(3) RpMe-CiH,
223 14.4 482.8 33.53 2.45(1 RoMe-CsH,
223 14.4 351.36 24.4 1.62(4 RoMe-CsH,
223 14.4 151.2 10.5 0.78(1 RoMe-CeH,
263 14.4 152.3 10.58 | 17.33(3) RMe-CoH,
253 14.4 152.3 10.58 8.23(6 RoMe-CoH.,
243 14.4 152.3 10.58 4.34(5 RoMe-CsH,
233 14.4 152.3 10.58 2.06(1 RoMe-CoH.,
243 14.4 177.12 12.3 5.01(9 RoMe-CsH, TEMPO added
243 14.4 152.3 10.58 6.43(6 Ro-MeOGH,
243 14.4 152.3 10.58 0.94(1 R sHg
243 14.4 152.3 10.58 0.621(7) R+FCH,
253 14.4 155.2 10.8 5.49(3 LAuOD used

Mass Spectrometry sample preparation

To a precooled (-60C) tolueneds (0.5 mL) solution of LAG°OH or LAU*®*OH (5 mg, 9
umol) 3 was addedpttolyl)sP (2.8 mg, umol). The reaction was kept at low temperature
until all the (p-tolyl}P was oxidised, as confirmed By NMR spectroscopy. The volatile
components were then removéad vacuo and the phosphine oxide was extracted with
acetonitrile. The extract was analysed by atmosphmessure chemical ionisation mass
spectrometry (APCI(+)-MS). Since the sample prefiamadid not allow for rigorous
exclusion of oxygen, somé0 contamination of th&0 labelled sample may have occurred
while the sample was nebulised in the mass speeten{T = 673 K). Nevertheless, the

mass spectrum shows unequivoé@l incorporation.

For the'®0O sample, m/z: 321.1 (100980=P{p-MeCsH,); + [H']), 322.1 (60%°0=P -
MeCeH.)s + [H']), 323.1 (8% °0=Pp-MeCsHy); + [H']).
For the'®0 sample, m/z: 321.1 (94%60=P{p-MeCgH.,); + [H']); 322.1 (25%°0=P -

170



MeCsH.)s + [H']); 323.1 (100% 0=Pp-MeCsH.); + [H']); 324.1 (25%20=P -
MeCeH.)s + [H']), 325.1 (4% 20=Pp-MeCsH,); + [H']).

X-RAY CRYSTALLOGRAPHY

Crystals of each sample were mounted in oil onsgféses and fixed in the cold nitrogen
stream on a diffractometer. Diffraction intensitfies compound—5, 14, 15, 26, 33, 34,
37, 42, 44, 45, 58, 61, 6and 68 were recorded at 140(2)K on an Oxford Diffraction
Xcalibur-3/Sapphire3-CCD diffractometer, equipped¢hwMo-Ka radiation and graphite
monochromator. Data were processed using the CligBd-CCD and —RED softwaf&.
Intensities for compoundE3, 35, 39, 41, 5and67 were collected at 100(2)K on a Bruker-
Nonius Roper CCD diffractometer, equipped with Mae-Kadiation and graphite
monochromator at the EPSRC National Crystallograggityice, Southampton, UK

Data were processed using CrystalClear-SM Exp&i31 (Rigaku, 20112) programs.

The structures of all samples were determined &y direct methods routines in the
SHELXS programand refined by full-matrix least-squares methodsFoin SHELXL 2%
Non-hydrogen atoms were generally refined with @nigic thermal parameters. Hydrogen
atoms were included in idealised positions. No edssymmetry was reported by
PLATON.2®® Computer programs used in this analysis were ruouth WinGX*%®

Scattering factors for neutral atoms were takemfreference 267.
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Compound 2 3 4 14
Reference Dragos15 RD-237 RD-217 RD-260
Formula weight 573.68 555.13 651.25 656.32
Crystal system Triclinic Monoclinic Triclinic Triglic
Space group P-1 P21/c P-1 P-1
Unit cell dimensions  a (A) 6.9059(3) 14.9668(4 10.822(3) 9.0201(7)
b 10.0278(7) 11.3514(3) 15.703(5) 10.8043(10)
c 16.1442(9) 12.9152(4) 16.449(5) 13.2449(11)

a(®) 82.537(5) 90 111.656(4) 88.580(7)

B 78.028(5) 99.366(3) 91.252(2) 89.946(7)

Y 81.304(5) 90 109.791(4) 81.414(7)
Volume (&) 1075.49(11) 2164.97(11) 2409.9(13) 1275.93(19)
z 2 4 4 )
Calculated density (Mg/f 1.772 1.753 1.795 1.708
F(000) 560 1120.0 1272 648
Absorption coefficienft (mmi*) 6.974 6.816 6.152 5.793
Crystal colour Yellow needle Yellow block Yellowdak Yellow block
Crystal size (mr) 0.40 x 0.04 x 0.03 0.20x0.15x 0.10 0.3 x 02X 0.20x 0.20 x 0.10
0 range {) 3.40t0 29.23 3.46 to 27.48 2.94 to0 27.48 3.52/td @
No. of unique reflectionsR 5088 [R(int) = 0.0970] 4938 [R(int) = 0.0457] 10964 [R(int) = 0.0233] 5732 [R(int) = 0.1168]
Data/restrains/parameters 5088 /0/223 493810/ 263 10964 /0/625 5732 /0 /325
FinalRindices (observed’ data)l p1 = g 9707, wrR2 = 0.1768] R1 = 0.0236, wR2 = 0.0b&Z = 0.0195, wR2 = 0.037PR1 = 0.0483, WR2 = 0.114$
FinalRindices (all data) R1=0.0809, wR2 = 0.1806] _R1 = 0.0277, wR2 = 0.0564 = 0.0246, wR2 = 0.03gpR1 = 0-0849, WR2 = 0.120p
Largest diff. peak and hole (€)A] 5.384 and -2.863 1.375 and -1.083 0.710 and €0.94 2.871 and -3.456
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Compound 15 18 28
Reference Dragos53 2012ncs0289a-sr rd-226
Formula weight 553.48 633.53 718.36
Crystal system Triclinic Triclinic Triclinic
Space group P-1 P-1 P-1
Unit cell dimensions  a (A) 7.0563(2) 12.5555(3 11.3438(9)
b 10.0663(3) 15.8095(4) 11.7899(7)
c 16.1346(4) 15.9066(11) 13.5826(7)

a(®) 81.314(2) 116.260(8) 114.937(5)

B 77.672(2) 93.596(7) 91.198(5)

Y 77.709(2) 112.304(8) 112.676(7)
Volume (&) 1087.25(5) 2516.44(19) 1482.90(17)
z 2 4 2
Calculated density (Mg/h 1.690 1.672 1.609
F(000) 544 1248 678
Absorption coefficientt (mmi*) 6.776 5.873 5.000
Crystal colour Yellow needle Colourless block
Crystal size 0.40x0.40x0.10 0.27x0.17 x0.16 0.20x0.20x 0.10
0 range {) 3.01to 27.48 3.03t0 27.49 3.48 t0 29.39
No. of unique reflectiongR 4977 [R(int) = 0.0464] 11468 [R(int) = 0.0425] 70fAint) = 0.0811]
Data/restrains/parameters 4977 /0/ 253 11468 / 66 / 613 7067/ 0/ 370
FinalRindices (‘observed’ data)] R1=0.0259, wR2 = 0®7] R1 =0.0277, wR2 = 0.0614, _ 0.0513, WR2 = 0.1263
Final Rindices (all data) R1=0.0271, wR2 = 0.078lp, _ 9 0318, wR2 = 0.062PR1 = 0.0609, wR2 = 0.1341
Largest diff. peak and hole (€)A] 1.485 and -1.817 1.179 and -1.937 3.454 and 62.46
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Compound 33 34y 35 37 - 2CgHg
Reference das_009 rd-293a rd-339 Dragos51
Formula weight 437.32 539.23 607.56 1233.11
Crystal system monoclinic monoclinic Monoclinic noatinic
Space group C2/c P 21/c C2/c P 21/c
Unit cell dimensions  a (A) 32.491 13.0685(4) 2.25(3) 12.609(2)
b 6.466 1B’3(3) 12.790(14) 26.9775(15)
c 28.498 2361(4) 9.053(10) 17.476(2)

a(®) 90 90 90 90

B 124.23 101.582(3) 98.763(19) 121.135(8)

Y 90 90 90 90
Volume (&) 4949.5 2084.61(10) 2547(5) 5088.3(10)
z 8 4 4 4
Calculated density (Mg/f 1.174 1.718 1.584 1.610
F(000) 1872 1056 1208 2440
Absorption coefficienft (mmi*) 0.072 7.066 5.792 5.798
Crystal colour Colourless block Yellow block Yelldock Yellow needle
Crystal size 0.20x0.15x0.10 0.20x0.15x0.10 0.14 x 0.10 x 0.06 0.15x 0.05 x 0.05
0 range {) 3.46 to 27.48 3.40 to 27.48 3.04 to 27.48 2.940@
No. of unique reflectiongR 5651 [R(int) = 0.0650] 4727 [R(int) = 0.0398] 2790 [R(int) = 0.0854] 8940 [R(int) = 0.0610]
Data/restrains/parameters 5651/0/354 4727 12 | 254 2790/ 15 / 157 8940/ 66 / 595
FinalRindices (observed’ data)l py - 4 9537, wr2 = 0.1076| R1 = 0-0273, WR2 =0.059p1 = g 1029, wR2 = 0.268FR1 = 0.0347, wR2 = 0.081§
Final Rindices (all data) R1=10.0898, wR2=0.1241  R1G329, wR2=0.061} o, _ 0.1198, WR2 = 0.29413R1 = 0.0417, WR2 = 0.084%
Largest diff. peak and hole (€)A] 0.161 and -0.206 1.944 and -0.974 1.190 and 43.31 2.812 and -1.474
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Compound 39 41 42-0.3 CH,Cl, 43
Reference 2012ncs0923 2013ncs0543 rd-277 2013ncs0112p
Formula weight 4081.84 1173.11 1909.16 1142.91
Crystal system tetragonal Monoclinic Triclinic Tinngc
Space group P 4/n P2 P-1 P-1
Unit cell dimensions  a (A) 26.9936(10) 15.184]) 16.4552(2) 7.161(3)
b 26.9936(10 24.4609(17) 16.4939(3) 18.056(8)
c 12.952(5) 24.3362(17) 17.0121(3) 19.494(8)

a(®) 90 90 75.695(2) 111.221(6)

B 90 94.2700(10) 79.5930(10) 92.691(6)

Y 90 90 87.6340(10) 97.596(6)
Volume (&) 9438(4) 9016.5(11) 4400.47(12) 2316.7(17)
V4 2 8 2 )
Calculated density (Mg/M 1.436 1.728 1.441 1.635
F(000) 3767 4672 1861.8 1120
Absorption coefficientt (mmi*) 6.239 6.543 5.051 6.369
Crystal colour Yellow block Pink needle Yellow bloc Yellow needle
Crystal size 0.6x0.6x0.3 0.16 x0.3x0.1 0AXx 0.2 0.16 x 0.08 x 0.02
0 range {) 3.02 to 27.48 2.93t0 27.48 3.38 t0 25.00 3.5%Ht0@
No. of unique reflectiongR 10770 [R(int) = 0.1255] 19858 [R(int) = 0.1166] 15473 [R(int) = 0.0477] 8069 [R(int) = 0.0424]
Data/restrains/parameters 19858 /0 /850 15473 /0/936 8069 /0/560

10770/0/520

Final R indices (‘observed’ data)

R1 =0.0726, wR2 = 0417

R1 =0.1240, wR2 = 0.346pR1 = 0.0317, wR2 = 0.077

HbR1=0.0677, wR2 = 0.156

Final R indices (all data)

R1 =0.0806, wR2 = 0.1778

R1=0.1715,wR2 = 0.3

BE].l =0.0433, wR2 = 0.080

bR1 = 0.0784, wR2 = 0.163%

Largest diff. peak and hole (€)A

3.269 and -2.122

7.781 and -3.549

1.260 and 90.57

5.864 and -5.338
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Compound 44-0.56CH,Cl, 45 49 51-2C¢Hs
Reference 2012ncs0922 2013ncs0034 dragos50-sr
Formula weight 1219.74 1146.51 609.41 1281.20
Crystal system Monoclinic Orthorhombic Monoclinic olbclinic
Space group P 21/c P bca P 21/c | 2/a
Unit cell dimensions  a (&) 14.3276(2) 17.58)6( 14.8206(18) 15.3438(11)
b 18.9625(3) 16.4061(5) 7.1285(3) 19.5250(14)
c 17.9763(12 33.695(2) 25.4028(10) 19.6769(14)

a(®) 90 90 90 20

B 102.313(7) 90 104.134(7) 92.122(5)

Y 90 90 90 90
Volume (&) 4771.6(3) 9683.8(7) 2602.5(3) 5890.9(7)
z 4 8 4 4
Calculated density (Mg/M 1.698 1.573 1.555 1.445
F(000) 2386.2 4487 1176 2560
Absorption coefficienft (mmi*) 6.249 6.091 5.676 5.017
Crystal colour Yellow block Yellow block Yellow Btk Colourless block
Crystal size 0.06 x 0.05 x 0.05 0.07 x 0.03 x 0.02 0.2x0.1x0.1 0.1 x 0.1x 0.07
0 range f) 3.09 to 25.00 3.00 to 27.48 2.91t0 32.65 2.075t0@
No. of unique reflectiongR 8379 [R(int) = 0.0355] 11068 [R(int) = 0.0866] 89Rgint) = 0.0712] 5175 [R(int) = 0.0355]
Data/restrains/parameters 8379/0/576 1106860 8928 /0/261 5175/11/297

Final R indices (‘observed’ data)

R1 =0.0278, wR2 = 0964

| R1 = 0.0448, wR2 = 0.108

ODR1 = 0.0963, wR2 = 0.107

DR1 = 0.0760, wR2 = 0.176%

Final R indices (all data)

R1 = 0.0339, wR2 = 0.0676

R1 =0.0667, wR2 = 0.117

bR1 =0.1384, wR2 = 0.1101LR1 = 0.0775, wR2 = 0.176

Largest diff. peak and hole (€)A

1.364 and -0.633

1.688 and -2.675

3.408 and 22.02

4,772 and -3.310
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Compound 52 54 55- CH,CI, 56
Reference 2013ncs0542 dragosi11-sr-sr 2011ncs0069 dragos10d
Formula weight 982.13 539.17 1440.90 2926 50
Crystal system monoclinic Triclinic Triclinic Monbiic
Space group P 21/n P-1 P-1 P 21/c
Unit cell dimensions  a (A) 12.4797(9) 8.5879(7 11.5727(2) 20.4811(2)
b 41.783(3) 10.4975 14.4911(3) 15.95290(10)
c 21.4315(15 11.8059(6) 18.4696(4) 26.5706(3)

a(®) 90 67.286(5) 107.1780(10) 90

B 94.2010(10) 81.627(5) 90.8280(10) 123.0080(10)

Y 90 87.046(6) 91.6190(10) 90
Volume (&) 11145.2(14) 971.30(11) 2957.18(10) 7280.24(12)
z 8 2 2 4
Calculated density (Mg/Mh 1.171 1.844 1.618 2.031
F(000) 4072 508 1372 4287
Absorption coefficienft (mmi*) 2.675 7.611 2.825 4.232
Crystal colour Colourless needle Yellow needle delblock Yellow block
Crystal size 0.26 x 0.06 x 0.04 0.18 x 0.12 x 0.05 0.25x0.2x0.12 0.35x0.21 x0.15
0 range {) 2.93t0 27.49 3.45t0 29.08 2.93t0 27.48 3.4mta2
No. of unique reflectiongi 25376 [R(int) = 0.0983] 4552 [R(int) = 0.0871] 25043 [R(int) = 0.0573] 18143 [R(int) = 0.0446]
Data/restrains/parameters 25376/0/921 4552 10/ 235 25043/ 3/ 1762 18143/0/ 1163
FinalRindices (observed’ data)] ~ R1=0.0737, wR2 = 0119 1 - 0456, wR2 = 0.105}LR1 = 0.0552, wR2 = 0.135FR1 = 0.0329, wR?2 = 0.068§
FinalRindices (all data) R1=0.1172, wWR2 = 0.2236, _ 0.0585, wR2 = 0.111pR1 = 0.0682, WR2 = 0.142PR1 = 0.0446, wR2 = 0.073§
Largest diff. peak and hole (€)A] 2.230 and -3.037 2.635 and -2.751 4.657 and51.58 4.200 and -3.530
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Compound 58 61 62 63
Reference dragos19-sr dragos69 dragos62 2013ncs0371
Formula weight 886.06 583.39 553.26 717.45
Crystal system Monoclinic Monoclinic Triclinic moalinic
Space group P 21/c P 21/a P-1
Unit cell dimensions  a (A) 11.6305(2) 16.7296( 6.9221(6) 18.2569(13)
b 19.8302(2) 9.42270(10) 10.0600(13) 16.7694(11)
c 14.7618(2) 19.6220(4) 16.109(2) 20.7931(15)

a(®) 90 90 85.875(12) 90

B 108.5560(10) 105.000(2) 77.626(10) 115.624(4)

Y 90 90 86.297(9) 20
Volume (&) 3227.59(8) 2986.88(8) 1091.5(2) 5739.9(7)
4 4 5 2 8
Calculated density (Mg/h 1.823 1.622 1.683 1.660
F(000) 1720 1400 514 2738
Absorption coefficienft (mmi*) 5.437 6.176 6.755 5.181
Crystal colour Colourless block Colourless block llole needle Colourless needle
Crystal size 0.20x 0.20 x 0.10 0.25x0.23x0.15 0.15x 0.05x 0.03 0.1 x0.03 x0.03
0 range f) 3.39t0 27.48 2.99 to 27.48 3.02 to 26.37 2.931td 2
No. of unique reflectionsRm 7340 [R(int) = 0.0410] 6847 [R(int) = 0.0787] 4464 [R(int) = 0.1453] 1274R(int) = 0.0563]
Data/restrains/parameters 7340/0/385 6847 /0 /318 446416/ 271 121780570
FinalRindices (‘observed’ data)| o4 - 00217, wR2 = 0.0443] R1 =0.0430, WwR2 = O.ln% =0.0755, wR2 = 0.166|1R1 =0.0480, wR2 = 0.128
Final Rindices (all data) R1 = 0.0255, wR2 = 0.0458| R1 = 0.0606, WR2 = 0.127]LR1 = 0.1042, wR2 = 0.183|1Rl — 0.0823, WR2 = 0.145
Largest diff. peak and hole (€)A] 0.941 and -0.684 2.362 and -1.126 4.600 and 32.39 5.956 and -2.373

178




Compound 67 68
Reference d73 dragosrl
Formula weight 78457 1329.47
Crystal system triclinic orthorhombic
Space group P1 P bca
Unit cell dimensions  a (A) 8.0144(7) 16.2766(9
b 9.6552(10) 12.0597(8)
c 16.8626(17 24.0159(14)
a(°) 91.793(3) 90
B 93.038(5) 90
Y 112.876(4) 90
Volume (&) 1198.6(2) 4714.1(5)
Z 2 4
Calculated density (Mg/M 2.174 1.873
F(000) 724 2608
Absorption coefficienft (mmni®) 6.886 0.321

Crystal colour

Orange block

Colourless block

Crystal size 0.2x0.22x0.18 0.22x0.21x0.13
0 range f) 3.04 to 27.48 3.46 to 25.00

No. of unique reflectiong; 5427 (twin) 4146 [R(int) = 0.0781]
Data/restrains/parameters 5427 /3 /398

4146/0/463

Final R indices (‘observed’ data)

R1 =0.0811, wR2 = 020§ R1 = 0.0323, wR2 = 0.062

w

Final R indices (all data)

R1 =0.0852, wR2 = 0.213

B

R1 = 0.0658, wR2 = 0.069

(=)

Largest diff. peak and hole (€)A

3.944 and -5.738

0.222 and -0.190
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