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Introduction

Gold(1) alkoxide and thiolate complexes as
potential atomic layer deposition precursors

Nicholas A. Hoffman “2) and David J. H. Emslie @2/ *

Reactions of AuCLl(PRs) with NaOC(CFs)s in the presence of 1 equiv. of Ag[BF,4] or Ag[PFg] afforded the
gold(1) alkoxide complexes [(Au{OC(CF3)3sH{PRs}),] (R = Me (1), Et (2), iPr (3) and ‘Bu (4)). In our hands, ana-
logous reactions using NaOBu (for R = 'Pr) did not yield a thermally robust product. However, the thiolate
complexes [{Au(S'Bu)(PR3)},] (R = Me (5) and 'Pr (6)) were accessed by reaction of [{Au(S‘Bu)},] with PRs.
Compound 1 is a trimer featuring linear Au{OC(CFz)3}(PMes) units connected through unsupported auro-
philic interactions, whereas more sterically hindered 3 and 4 are monomers in the solid state. Compound
5 is a dimer connected via an aurophilic interaction, while 6 is a monomer. In solution, 1 and 3 reacted
almost instantly with HBpin or HsSiPh to afford metallic gold and volatile byproducts (free PRs and H,
accompanied by {(F3C)3sCO}Bpin or a mixture of {(F3C)sCO}SiH,Ph and {(FsC)sCO},SiHPh). By contrast,
analogous reactions with thiolate complex 5 required over 24 hours to reach completion. Complexes 1-4
melted at 105-106, 19-21, 59-61 and 181-183 °C, respectively, and sublimed cleanly between 50 and
80 °C at 5 mTorr. By contrast, 5-6 decomposed (completely or partially) during attempted sublimation at
5 mTorr; in the case of 5, decomposition was shown to occur via phosphine dissociation to re-form [{Au
(S'Bu)},l. Of the complexes in this work, 3 offers the best combination of thermal stability and volatility,
and the relatively low melting point is attractive. However, 3 was ~4% decomposed after 72 h at 85 °C,
and ~10% decomposed after 96 h at 100 °C, forming soluble [AU(P'Prs),] [H{OC(CF3)s},] (7), gold metal,
and other insoluble product(s). Preliminary ALD reactor experiments using 3 (with a delivery temperature
of 85 °C) and HBpin showed gold deposition at 124 °C, and no deposition was observed at this tempera-
ture using 3 without HBpin.

sor molecule typically contains the most electropositive
element to be deposited (e.g. the metal in a metal-containing

Thin gold films have high conductivity (2.21 pQ em for bulk
Au),' can exhibit surface plasmon resonance at wavelengths
relevant to sensing applications, and are exceptionally resist-
ant to oxidation, leading to a range of applications in photonic
and microelectronic devices, including as electrical contacts
and interconnects, chemical/biological sensors, and anticorro-
sion coatings.>”® Various techniques can be used to deposit
thin (e.g. <100 nm) metal films, and of these, Atomic Layer
Deposition (ALD) can provide access to films with unparalleled
thickness uniformity and conformality, making it essential for
microelectronic and photonic device fabrication, especially for
deposition on high-aspect ratio substrates.””®

ALD relies upon self-limiting surface-based reactions
between a precursor molecule and a co-reactant, which are
delivered sequentially to the surface of a substrate in the
vapour phase, separated by inert gas purge steps. The precur-
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film), whereas the co-reactant is selected to react with the pre-
cursor to deposit the desired material (e.g. metal vs. metal
oxide vs. metal nitride). Precursors for ALD should be ther-
mally robust and volatile at the delivery temperature, to ensure
adequate vapour pressure and to prevent decomposition (on a
timescale of weeks or months) within the delivery vessel. An
ALD precursor must also be thermally stable at the deposition
temperature (to prevent thermal decomposition leading to
Chemical Vapour Deposition (CVD)) and engage in rapid
surface-based reactivity with the co-reactant to afford the
target material.”™"* Liquid or low-melting precursors are also
preferable from a practical perspective.'**

ALD processes for metallic gold have been reported using
(i) [AuMe,(k*-S,CNEt,)] with 03, (ii) [AuMe,{Kk*-S,P(O'Pr),}]
with 03,'® (iii) [AuCI(PEt;)] with 1,4-bis(trimethylgermyl)-1,4-
dihydropyrazine {(Me;Ge),DHP},®> (iv) [AuMe;(PMe;)] with
hydrogen plasma,'” and (v) [AuMe;(PMe;)] with (sequentially)
oxygen plasma then H,0"® (see A-D in Fig. 1 for the structures
of the gold precursors). Non-self-limiting deposition of Au thin
films has also been described using sequential pulses of [Au{N

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Gold precursor complexes used for gold deposition via ALD or
an ALD-like process: (A) [AuMey(k2-S,CNEt,),Y® (B) [AuMe{x3-S,P
(O'Pr),}1*® (C) [AUCI(PEts)]® (the solid state structure consists of 1D chains
of AuCI(PEts) units with long Au—Au distances),?* (D) [AuMe3(PMe3)], Y18
and (E) [Au{N(SiMesz),}(PEt3)].*°

(SiMe;),}(PEt;)] (E in Fig. 1) and BH;(NHMe,)," and Au nano-
particle deposition was achieved using [AuMe;(PMe;)] followed
by O; and then H,0.?° Precursors A, B and D in Fig. 1 are
square planar gold(m) methyl complexes, whereas C and E are
gold(1) complexes with a linear coordination geometry (the
solid state structure of C consists of 1D chains of AuCl(PEt;)
units with long Au-Au distances of 3.57-3.62 A).>

Processes i-iii are examples of thermal ALD, where the co-
reactant (O;z or (Me;Ge),DHP) is not plasma-generated. By con-
trast, processes iv-v use plasma-generated hydrogen or oxygen
radicals, and are examples of plasma-enhanced ALD (PEALD);
PEALD can enable ALD at low temperature and generate films
with low impurity content, but increases reactor cost and com-
plexity, is not easily compatible with batch processing, can
cause substrate damage, and struggles to achieve conformal
metal deposition within high aspect-ratio features (due to
rapid recombination of radicals on metal surfaces).*>*
Processes i, ii and v also use highly oxidizing O; or oxygen
plasma as the co-reactant, which are incompatible with many
substrates, and the minimum deposition temperature for
process iii is limited by the volatility of the [AuCl(PEt;)] precur-
sor (delivered at 160 °C). Thus, the development of gold pre-
cursors which offer increased reactivity, thermal stability and/
or volatility relative to those currently available, as well as the
development of new reaction chemistries which might facili-
tate gold deposition at lower temperature under non-oxidizing
conditions, would be of value.

In this work, we describe linear gold(i) alkoxide (OC(CF3)s;
perfluoro-tert-butoxide) and thiolate (tert-butylthiolate) com-
plexes with trialkylphosphine neutral donors. Their solution
reactivity with potential ALD co-reactants (HBpin and H;SiPh;
pin = OCMe,CMe,0) and thermal properties (thermal stability,
volatility and melting points) are also described, along with
preliminary thin film deposition experiments.

Gold(i) alkoxide complexes were targeted in this work due
to anticipated high reactivity stemming from the mismatch
between hard alkoxide ligands and a soft gold(i) centre;**™>°
the aversion of gold(i) towards hard oxygen donors (and the
strong preference of gold(i) to adopt a linear coordination geo-
metry) is well illustrated by the structures of gold(i) acetyl-
acetonate (CH{C(O)R},) complexes, in which the acetyl-
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acetonate ligand is x'C-coordinated®”>° rather than adopting
a typical x*0,-coordination mode (an X-ray crystal structure
of [Au(k'C-hfac)(P'Pr;)] (hfac = hexafluoroacetylacetonate =
CH{C(O)CF3},) is provided in Fig. S34). Alkoxides without H or
F substituents in the p-position were employed in this work to
avoid the potential for p-hydride or p-fluoride elimination at
elevated temperature.

For ALD of gold metal, reactions of the alkoxide complexes
with hydroborane and hydrosilane reducing agents are envi-
saged. These reactions could potentially proceed as shown in
Scheme 1, via stepwise (a) precursor chemisorption to the sub-
strate surface (likely with loss of the neutral PR; ligand), (b)
reaction with a hydroborane or hydrosilane co-reactant to
exchange the alkoxide ligand on Au with an H substituent on
B or Si, forming an unstable Au-H linkage, and (c) H, reduc-
tive elimination from the surface to afford gold metal. Notably,
step b in this process can be expected to be thermo-
dynamically favourable due to cleavage of a hard-soft mis-
matched Au-O bond and formation of a very strong B-O or Si-
O bond (BDEs of approx. ~500-550 k] mol~*).>**! Conversion
of [Au(O*Bu)(IPr)] (IPr = 1,3-bis(2,6-diisopropylphenyl)imida-
zol-2-ylidene) to [AuH(IPr)] using HSi(OMe;); has also been
reported.** With respect to step c, binary gold hydrides such
as AuH are only stable under matrix isolation conditions or at
extreme temperature and pressure,*** and molecular gold()
hydride complexes (neutral and monometallic examples) have
only been stabilized by very bulky and/or highly donating
carbene,’*>3®  NHC-coordinated diphosphene (RP(NHC)-
PR),%” and phosphine?® ligands.

Gold(r) alkoxide complexes are relatively scarce, and have
been isolated with N-heterocyclic carbene (NHC)>*3*39742
cyclic alkylamidocarbene (CAAC),** phosphine,?*?***7 or car-
bidodiphosphorane*® neutral donors, with crystallographically
characterized examples limited to [Au(OR)(NHC)] (NHC =
N-heterocyclic carbene; OR = OBu,”” OCF;*' or OCH
(CF3),)*>*° and [Au(OBu){C(PR;),}] {C(PR3), = a cyclic carbido-
diphosphorane ligand}.*® Gold(1) thiolate complexes are far
more common,*® and were synthesized in this work to investi-
gate the effects of softer thiolate ligands on precursor thermal
stability, volatility, and reactivity.

@) OR OR
OR' | |
| substrate surface Au  Au
2 Alu
-2PR
PR3 3
___________________ (b)
! (E = Bpin, PhSiH,, | 2E-H |-2E-OR'
; SiH; etc.) '
moq
Au  Au (c) Au  Au
ooy TR b

Scheme 1 Potential surface-based reactivity for gold ALD using a
phosphine-coordinated gold(i) alkoxide precursor Au{OR}(PR3) in com-
bination with a hydroborane or hydrosilane co-reactant (e.g. HBpin,
H3SiPh or SiH,).
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Results and discussion

Reactions of the gold(r) chloro phosphine complexes AuCl(PR;)
(R = alkyl) with NaOC(CF;); at room temperature in CH,Cl,
did not proceed to a significant extent (and comparable results
were obtained using AuCl(PMe;) with KOC(CF;);). However, in
the presence of 1 equiv. of Ag[BF,] or Ag[PF¢] as a halide
abstraction agent, these reactions proceeded within several
hours to afford the gold(r) alkoxide complexes [(Au{OC(CF;)s}
{PR3}),] (R = Me (1), Et (2), "Pr (3) and ‘Bu (4); Scheme 2(a)).
Phosphine ligands were selected as the neutral donors in this
work due to readily tuneable steric and electronic properties,
with a focus on trialkylphosphines (rather than aryl-substi-
tuted phosphines) to maximize ligand volatility and donor
ability. The steric bulk and overall electron donor ability of the
phosphines in 1-4 increases in the order PMe; < PEt; < P'Pr; <
P'Bu;, with Tolman cone angles of 118, 132, 160 and 182°,
respectively.’® These phosphines also allow exploration of the
potential for longer chain alkyl groups (e.g. R = Et vs. Me) to
afford complexes with lower melting points.>*~®3

Compounds 1-4 were isolated in 69-89% yield as colourless
solids or oils after removal of insoluble material followed by
sublimation/distillation, and products arising from alkoxide
transfer to silver were not observed.®® Compounds 1-4 were
characterized by 'H, C{'H}, "*C{"°F}, "°F and *'P{'H} NMR
spectroscopy and combustion elemental analysis, and it is
notable that while the °F NMR chemical shifts are similar for
all four complexes (—74.5 to —74.8 ppm), the *'P NMR chemi-
cal shift varied substantially, from —19 ppm in 1, to 26 ppm in
2, 59 ppm in 3, and 84 ppm in 4 (¢f —62 ppm, —20 ppm,
19 ppm and 61 ppm for the free phosphines).®®

Reactions of AuCl(PR;) with NaOBu and AgX (X = BF,~ or
PF¢~) were also attempted in an effort to prepare non-fluori-
nated analogues of 1-4. However, the products of these reac-
tions appear to be unstable. For example, the reaction with R
and X equal to 'Pr and PF,, respectively, proceeded within
30 minutes in C¢Dg to form a product with NMR data (see

a
@ NaOC(CF3); R
AgIX] O—Au—-PR,
AuCI(PRs) g 1in R
CH,Cly, -78 °C FaCiry R
- AgCl FC” CF, )
- Na[X] .
X = BF,4 or PFg R =Me (1), Et (2), Pr (3), ‘Bu (4)
(b) R
/
1z [{AU(SBU)L] PRs 1 STATR R
z u u D ——
z toluene HiCimy, R
HC' CH, n

R = Me (5), Pr (6)

Scheme 2 Synthesis of (a) gold() perfluoro-tert-butoxide complexes
1-4 and (b) gold() tert-butylthiolate complexes 5-6. In the solid state,
trimethylphosphine compounds 1 and 5 are a trimer and a dimer,
respectively, due to aurophilic interactions. Compounds 3, 4 and 6 are
monomers. The nuclearity of 2 is unknown.
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Experimental section) consistent with [{Au(O’Bu)(P'Prs)},], but
new *'P NMR peaks grew in during attempts to purify the
product by filtration/drying or crystallization at —33 °C. Similar
results were observed for reactions using Ag[BF,| as the
abstracting agent, and in both instances (reactions with
Ag[PF¢] or Ag[BF,]), the fluorinated anion could not be comple-
tely removed from the product mixture without accompanying
decomposition of the [{Au(O’Bu)(P'Pr;)},] moiety. The phos-
phine-coordinated gold(1) alkoxide complexes [Au(O‘Bu)
(PPh;)]*” and [Au(O‘Bu)(‘Bu-xantphos)]** were also reported to
decompose at room temperature in solution. As an alternative,
non-fluorinated thiolate (S‘Bu) analogues were pursued, to test
whether these softer donors would afford more thermally
stable species. The target compounds [{Au(S‘Bu)(PR;)},] (R =
Me (5) or 'Pr (6)) were isolated as analytically pure white solids
in 67 and 90% yield via reactions of [{Au(S‘Bu)},] with PR; (R =
Me or 'Pr; Scheme 2(b)), and gave rise to *'P NMR chemical
signals at —1 and 66 ppm, respectively. However, unlike 1-4,
they underwent complete (for 5) or partial (for 6) decompo-
sition upon attempted sublimation at 5 mTorr (vide infra).
X-ray quality crystals of 1, 3 and 4 were grown by slow
diffusion of hexanes into concentrated CH,Cl, solutions at
—33 °C. In the solid state, compound 1 is a trimer (n = 3) due
to aurophilic interactions (Au-Au = 3.337(1)-3.340(1) A) which
link three linear Au{OC(CF;);{PMe;} units (O-Au-P = 175.2
(1)-178.0(1)°); Fig. 2(a). Compound 1 is a relatively uncommon
example of a trimer connected via unsupported aurophilic
interactions,®® and the Au-Au distances fall within the typical

3(n=1)

Fig. 2 X-ray crystal structures of (a) trimeric [(Au{OC(CF3)s:}{PMes})s] (1)
and (b) monomeric [AuU{OC(CF3)sHPPrs} (3). In compound 1, the CFs
groups of the OC(CFs); ligands on Au(2) and Au(3) are disordered over
two positions, and only the major disorder component (83.3(5)% for the
ligand on Au(2), and 61.0(8)% for the ligand on Au(3)) is shown.
Hydrogen atoms are omitted for clarity and thermal ellipsoids are at 50%
probability.

This journal is © The Royal Society of Chemistry 2026
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range.®® The Au-O distances in 1 are 2.044(3)-2.074(3) A,
placing them at the upper end of the range reported for
neutral, monometallic  Au-alkoxides  (1.990(7)-2.061(5)
A).*07*>8 The Au-P distances are 2.205(1)-2.220(1) A, which
are shorter than those in the respective AuCl(PR;) derivatives
(2.233(3)-2.253(6) A),*”*® but are similar to those in other
monometallic, neutral gold(1) phosphine complexes.®® By con-
trast, more sterically hindered 3 (Fig. 2(b)) and 4 are linear
monomers in the solid state (O-Au-P = 176.0(1) and 178.0(1)°,
respectively). The Au-O distances in 3 (2.055(1) A) and 4 (2.041
(2) A) are similar to those in 1, whereas the Au-P distances
(2.229(1) and 2.233(1) A, respectively) are slightly longer, pre-
sumably due to increased phosphine steric bulk. Crystals of 2
were not obtained due to the low melting point of this deriva-
tive, so the solid state nuclearity of 2 is unknown. It is notable
that the structure of 4 is analogous to that of the monomeric
silver analogue [Ag{OC(CF;);}(P‘Bus)], whereas the silver ana-
logues of 1 and 3 are dimers with bridging alkoxide groups, [(Ag
{-OC(CF3);H{PR3}),] (R = Me or 'Pr),** highlighting the lower
preference of silver(1), versus gold(1), for a linear geometry.”®
X-ray quality crystals of 5-6 were obtained by cooling hot
hexanes solutions to —33 °C. Compound 5 is a dimer com-
prised of linear Au(S‘Bu)(PMe;) units (S-Au-P = 173.1(1)-177.9(1)°)
linked by aurophilic interactions (Au-Au = 3.358(1) and 3.392
(1) A); Fig. 3(a). The Au-S distances of 2.303(3)-2.310(3) A are
similar to those in [Au(S‘Bu)(PMePh,)],”* and the Au-P dis-
tances of 2.254(3)-2.266(3) A are longer than those in 1 (and 3
and 4), likely due to diminished electrophilicity at gold
(arising from the greater electron-donor ability of S‘Bu versus
OC(CFj3); ligands). By contrast, more sterically hindered 6 is a

(a)

(b)

6(n=1)

Fig. 3 X-ray crystal structures of (a) dimeric [{Au(S'Bu)(PMes)},] (5) and
(b) monomeric [Au(S‘Bu)(P'Prs)] (6). The unit cell for compound 5 con-
tains two independent but essentially isostructural dimers, only one of
which is shown. Hydrogen atoms are omitted for clarity and thermal
ellipsoids are at 50% probability.
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linear monomer (Fig. 3(b); S-Au-P = 178.3(1)°) with Au-S and
Au-P distances (2.301(1) and 2.273(1) A, respectively), similar
to those in 5.

The longer Au-Au distances in 5 versus 1, and the fact that
5 is a dimer whereas 1 is a trimer, is intriguing, considering
the far greater steric bulk of the OC(CFs); ligands in 1 versus
the S‘Bu ligands in 5. This could potentially be the result of
crystal packing effects combined with the known cooperativity
of aurophilic interactions, where the existence of multiple aur-
ophilic interactions to the same metal centre increases their
individual strength.”® The increased electrophilicity (at Au) of
the monomeric units in 1 could also play a role. For example,
particularly short Au-Au distances in the auracarborane 1,1'-
{Au(PPh;)},-2,2"-(ortho-C,B10Hy,), were attributed to high elec-
tron-deficiency.”® Additionally, an experimental study of AuXL
complexes (L = CN‘Bu or CNMe; X = Cl, Br or I) showed stron-
ger aurophilic interactions (shorter Au-Au distances) for the
lighter more electronegative halides, resulting in lower subli-
mation temperatures for the iodide complexes, and similar
trends were observed for phosphine analogues.”

For the development of new ALD methods, solution reactiv-
ity studies'>”>”"” are a valuable tool to probe (rapidly, using
small amounts of material) whether a particular precursor/co-
reactant combination exhibits high reactivity, as well as to
determine whether this reactivity leads, in solution, to the
target material (in this work, Au). They can also provide
insight into fundamental reaction steps which may be relevant
to the envisaged ALD process, as well as the nature and vola-
tility of likely reaction byproducts generated during ALD. Given
the envisaged ALD reactivity with hydroborane or hydrosilane
co-reactants (Scheme 1), the solution reactivity of compound 1
with a slight excess (1.1 equiv. per Au) of pinacolborane
(HBpin) and phenylsilane (H;SiPh) was investigated in Ce¢Dg
and monitored by 'H, "°F, *'P{'H}, "'B{'H} and "H-*°Si HMBC
NMR spectroscopy (Fig. 4 and Fig. S42-549).

For each reaction (1 with HBpin and H;SiPh), an immediate
colour change occurred, from a clear colourless solution to an
opaque brown-black mixture containing a fine black precipi-
tate. NMR spectroscopy showed the formation of H, and free
PMe;, accompanied by (a) {(F3C);CO}Bpin in the reaction with
HBpin, or (b) an approximate 1:1 mixture of {(F;C);CO}
SiH,Ph and {(F;C);CO},SiHPh in the reaction with H;SiPh.
These products were identified by comparison to the literature
({(F;C);CO}Bpin),** and by multinuclear and 2D NMR spec-
troscopy for {(F3;C);CO}SiH,Ph and {(F;C);CO},SiHPh
(Fig. S46-S51). The reaction mixtures were evaporated to
dryness in vacuo at room temperature, whereupon re-addition
of C¢Ds and NMR spectroscopy revealed near-complete
removal of all reaction byproducts, indicative of appreciable
volatility. The precipitates were washed with toluene, dried in
vacuo, and identified as gold metal by PXRD (Fig. 5(a and b)).
Analogous rapid reactivity was observed for 3 with HBpin and
H;SiPh. By contrast, thiolate complex 5 reacted very slowly
with an excess (5 equiv.) of HBpin or H;SiPh at room tempera-
ture (no reaction was apparent after 1 hour, and the reactions
required >24 hours to reach completion).
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Fig. 4 H (left) and *°F (right) NMR spectra (C¢Dg, 298 K; 600 and
565 MHz, respectively) for: (a) compound 1, (b) the reaction of 1 with 1.1
equiv. (per Au) of HBpin, and (c) the reaction of 1 with 1.1 equiv. (per Au)
of HsSiPh. ORF = OC(CF3)5 and pin = OCMe,CMe,0.

(@)

=y
‘ \ A A~

(c)

o 4

20 30 40 50 60 70 80 90
2O (degrees)

100

Fig. 5 Powder X-ray diffractograms (4 = 1.5406 A) of the precipitate de-
posited during reactions of 1 with (a) HBpin and (b) H3SiPh, (c) X-ray
diffractogram (1 = 15406 A) of a gold film deposited by sequential
pulses of 3 (10 s pulses, delivered at 85 °C) and HBpin (0.03 s pulses,
delivered at 8 °C) for 1000 cycles at 124 °C on a SiO,/Si substrate (using
60 s Ar purges, and a reactor pressure of ~250 mTorr), and (d) the
powder diffraction pattern for crystalline gold from the Crystallography
Open Database (COD 1100138).”® For clarity in (c), an integration mask
(a wedge mask spanning 20 = 54-59°) was applied during data proces-
sing (using Bruker DIFFRAC.EVA software) to exclude the underlying
silicon substrate peak at 20 = 56° from the diffractogram.

The potential suitability of 1-6 as CVD or ALD precursors
was further assessed through comparison of sublimation
(5 mTorr) temperatures and melting points, and in some cases
thermogravimetric analysis (TGA), differential scanning calori-
metry (DSC), and heating for days in a sealed flask under
argon in the dark.

In the absence of light, perfluoro-tert-butoxide complexes
1-4 sublimed cleanly at 5 mTorr with minimal residue in the
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Table 1 Sublimation temperatures and melting points for alkoxide
complexes 1-4 (X = OC(CFs)3) and thiolate complexes 5—6 (X = S'Bu)

Compound Sublimation (5 mTorr) Melting
[{Au(X)(PR3)},] temperature (°C) point® (°C)

1 (R = Me) 55-60 105-106 (in the dark)
2 (R=Et) 65-70 19-21

3(R=Pr) 50-55 59-61

4 (R ="Bu) 75-80 181-183

5 (R=Me) None (decomp. 80-100)” 158-160

6 (R="Pr) 75-80 (with partial decomp.)  85-87

“Melting points from DSC (1), slowly warming a frozen drop (2),
melting point apparatus (3 and 6), and DSC and melting point appar-
atus (4 and 5). Note: for 1 in a melting point apparatus (under bright
light), melting is accompanied by partial decomposition with an
associated colour change from colourless to pink-red. ?Although 5
decomposed at 80-100 °C during attempted sublimation in vacuo (due
to loss of PMejs), an exothermic peak was not observed by DSC (in a
sealed capsule) up to 200 °C (Fig. S37).

temperature range 50-80 °C (Table 1), and the sublimation
temperature increased in the order 3 < 1 < 2 < 4. The mono-
meric structure of 3 (L = P'Pr,) versus the trimeric structure of
1 (L = PMe;) presumably leads to the increased volatility of 3
versus 1, despite the substantially greater molecular mass of
the phosphine in 3, and the higher sublimation temperature
for 4 (L = P‘Bu;) versus 3 is consistent with the higher molecular
mass of 4 (given that both compounds are monomers in the
solid state). The higher sublimation temperature of 2 (L = PEt;)
versus 3, despite its lower molecular mass, suggests that 2 is not
a monomer. Compared to 1-4, the thiolate complexes are less
thermally stable: 5 decomposed at 80-100 °C without sublima-
tion (5 mTorr), whereas 6 sublimed at 75-80 °C (at 5 mTorr) in
the dark with partial decomposition (to provide a direct com-
parison between 1 and 5, a sample of 1 was heated in the dark
at 100 °C for 5 hours under dynamic vacuum at a pressure of 5
Torr (sufficient to remove free PMe;, but not to volatilize 1),
resulting in negligible decomposition; Fig. S72-574).

The insoluble residue from attempts to sublime 5 was
identified as [{Au(S’Bu)},,] by (a) the mass of the residue, which
exactly matches that expected from PMe; loss, (b) PXRD
(Fig. S77 and S78), and (c) reaction of the residue with excess
PMe; to cleanly re-form 5 leaving no residual solid (Fig. S76).
The diminished thermal stability of the thiolate complexes
relative to the alkoxide complexes may be due to weaker phos-
phine coordination to the less electrophilic gold centres
(reflected in the longer Au-P distances in the solid state struc-
tures of 5-6 vs. 1 and 3-4) combined with more favourable
phosphine substitution by a soft thiolate ligand (to form a
bridging thiolate ligand) compared to a hard alkoxide anion.

Given that 1-4 sublimed cleanly in vacuo, their volatility
and thermal stability was further evaluated through thermo-
gravimetric analysis (TGA; Fig. 6). These measurements were
carried out within an inert-atmosphere glovebox at ~760 Torr,
which is a far higher pressure than the previously described
sublimation experiments (5 mTorr) or the operating pressure
of a typical ALD reactor (e.g. 0.1 to 10 Torr); under these
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Fig. 6 Thermogravimetric analysis (TGA) mass loss curves for com-
pounds 1-4 with a heating rate of 10 °C min~! at approximately atmos-
pheric pressure in an argon-filled glovebox. Sample masses were: 1 =
3.626 mg; 2 = 2.930 mg; 3 = 3.728 mg; 4 = 3.069 mg. The residual
masses for 1-4 are 34.9, 22.4, 8.1, and 14.5%, respectively.

conditions, residual masses of 34.9, 22.4, 8.1 and 14.5% were
obtained for 1-4, respectively. These residual masses are lower
than the gold content of the samples (38.8, 35.8, 33.3 and
31.1 mass%, respectively), suggesting mass loss via combined
thermal decomposition and sublimation, where compound 3
afforded the cleanest-looking TGA trace and the lowest residual
mass (8.1%).

Melting points were also measured (Table 1), since CVD/
ALD precursors which are liquid at the delivery temperature
are desirable from a practical perspective.”>'* The melting
points for 1-4 increased in the order 2 < 3 < 1 < 4, where 2
melts at 19-21 °C, 3 melts at 59-61 °C, and 1 melts
105-106 °C. Compound 4 melted at much higher temperature
(181-183 ©°C), but decomposed slowly at this temperature
(heating a solid sample of 4 to 190 °C for 10 minutes in the
absence of light led to ~6% decomposition by NMR
spectroscopy).

The thermal stability of 1, 3 and 4 was further evaluated by
heating for several days in a sealed glass tube under argon at
100 °C in the absence of light or solvent (100 °C was selected
because a temperature significantly higher than the 5 mTorr
sublimation temperature will be required for delivery on a
typical ALD reactor due to a higher operating pressure (e.g.
~250 mTorr for our reactors)). These reactions were carried out
in the presence of approx. 1 equiv. of 4,4"-difluorobenzophe-
none as an internal NMR standard which contains both 'H
and '°F, and is not volatile at room temperature. Under these
conditions, complex 1 was ~8% decomposed after 24 hours
and 100% decomposed after 96 hours. By contrast, 3 was only
3% decomposed after 24 hours at 100 °C, and ~10% decom-
posed after 96 hours (and comparable results were obtained in
the absence of 4,4'-difluorobenzophenone). Repeating this test
for 3 at 85 °C led to ~4% decomposition after 72 hours. In
addition, ~3% decomposition of 4 was observed after 24 hours
at 100 °C, increasing to ~11% after 96 hours.

For thermal decomposition of 3, [Au(P'Pr;),][H{OC(CF;);},]
(7) was identified as the major soluble decomposition product
by NMR spectroscopy and X-ray diffraction (Fig. 7), with
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Fig. 7 X-ray crystal structure of [Au(PPrs),][H{OC(CF3)s},] (7). All hydro-
gen atoms except for H(1)A are omitted for clarity and thermal ellipsoids
are at 50% probability. The difference Fourier map showed residual elec-
tron density between O(1) and O(2), offset towards O(1), thus an AFIX
147 command was used to place the H atom on O(1) in an idealized
position, with a torsion angle chosen to locate the H atom at the posi-
tion of maximum electron density.

accompanying formation of metallic gold (Fig. S71). Relative to
two molecules of 3, compound 7 contains the same number of
OC(CF;); and P'Pr; groups, but one gold(i) centre has been
replaced by H'. This proton (H(1)A) is located between two
oxygen centres which are 2.418(3) A apart, and the location of
the electron density in the Fourier map suggests that H(1) is
primarily associated with O(1), forming an O(1)-H(1)A---O(2)
hydrogen bond, although hydrogen atom locations from X-ray
diffraction should be viewed with caution.”” In the 'H NMR
spectrum of 7, a broad singlet is observed at ~17 ppm,
assigned to the proton in the H{OC(CF;);}, anion. This chemi-
cal shift is similar to that observed for the HF, ™ anion.®°™®

To probe whether the proton in the [H{OC(CF;)s},]” anion
in 7 could originate from the Si-OH groups on the surface of
the glass, the thermal stability of 3 was re-evaluated by heating
to 100 °C for 3 days within a PTFE tube (inserted into a
J-Young NMR tube) under argon. However, this test revealed a
similar degree of decomposition to form 7, suggesting that the
proton must originate from a P'Pr; ligand. To test the feasi-
bility of this hypothesis, a sample of 3 was heated as described
above for 10 days to effect complete decomposition of 3, and
an internal standard (4,4'-difluorobenzophenone) was added
in a known quantity, followed by dissolution in dg-THF. This
revealed 'H and '°F NMR integrations for 7 that are only 65%
of the expected intensity (if all P'Pr; groups remained intact
and soluble), indicating that although 7 is formed cleanly by
NMR spectroscopy, it is accompanied by the formation of one
or more unidentified insoluble products.

Overall, the high solution reactivity of 1 and 3 towards
HBpin and H;SiPh, forming metallic gold and volatile bypro-
ducts, highlights the potential of perfluoro-tert-butoxide com-
plexes as precursors for gold thermal ALD using reducing co-
reactants. Of the complexes in this work, 3 offers the best com-
bination of thermal stability and volatility, and the relatively
low melting point is attractive. Furthermore, preliminary ALD
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Fig. 8 AFM images of different regions of a gold film deposited on an
SiO,/Si substrate at 124 °C within an ALD reactor using 1000 cycles con-
sisting of 10 s pulses of 3 and 0.03 s pulses of HBpin separated by 60 s
purge steps. By AFM (Fig. S86), the film in location ‘a’ is ~15 nm thick,
whereas the film in location ‘b’ is ~12 nm thick. These images were
chosen to demonstrate the variations in particle size, particle density,
and film thickness at different locations on the substrate.

reactor experiments using 3 (delivered at 85 °C) and HBpin
resulted in gold deposition (identified by PXRD; Fig. 5(c)) at
124 °C, and film deposition was not observed (by AFM or XRD)
at this temperature using 3 without HBpin. AFM images of
this film revealed significant nanoscale non-uniformity; some
regions exhibited densely packed, nearly continuous Au nano-
particle layers, whereas others showed larger particles, lower
particle density and reduced local film thickness (Fig. 8 and
S86). Increasing the pulse duration of 3 by 50% did not result
in more uniform deposition (Fig. S87).

Non-uniform film growth could potentially be due to chal-
lenges associated with P'Pr; removal from the gold surface at
the low deposition temperature. Incomplete removal of PMe;
from the surface during gold ALD at 120 °C using
[AuMe;(PMe;)] and oxygen plasma was previously reported.'®
However, at higher temperature (180 °C), thermal ALD of gold
was achieved without issue using the phosphine-containing
precursor [AuCl(PEt;)] in combination with {(Me;Ge),DHP}
(vide supra),® and gold PEALD using [AuMe;(PMe;)] and hydro-
gen plasma has been reported at 50-120 °C in a reactor operat-
ing at low pressure (~5 mTorr during pulses)."” Studies to test
for self-limiting growth were not carried out due to the
observed variation in film thickness across the wafer, so ALD
cannot be claimed with the data that is presented. Future work
will investigate [Au{OC(CF;);}L] complexes with a broader
array of neutral donor ligands (L), with the goal of achieving
sufficient thermal stability to allow the high reactivity of gold(i)
perfluoro-tert-butoxide complexes to be harnessed for thermal
ALD of gold using reducing co-reactants.

Summary and conclusions

This work describes the development of potential precursor
molecules and reactivity for gold ALD under non-oxidizing
conditions, with a focus on alkoxide complexes due to the
anticipated high reactivity of the bonds between a soft gold(1)
centre and a hard oxygen donor.

The gold(1) alkoxide complexes [(Au{OC(CF;);{PRs}),] (R =
Me (1), Et (2), 'Pr (3) and ‘Bu (4)) were synthesized via reactions
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of AuCI(PR;) with NaOC(CF;); in the presence of 1 equiv. of Ag
[BF,4] or Ag[PF], and the thiolate complexes [{Au(S‘Bu)(PR;)},]
(R = Me (5) and 'Pr (6)) were prepared for comparison; attempts
to prepare an O'Bu analogue of 3 did not yield a thermally
stable product. The volatility, melting points, and thermal
stability of 1-6 were evaluated, and solution reactivity studies
with HBpin and H3;SiPh, as well as preliminary ALD reactor
studies using 3 and HBpin, were carried out. Gold(r) alkoxide
complexes are relatively scarce, with only six crystallographi-
cally characterized examples prior to this work,*****® HBpin
has only recently been reported as a co-reactant for metal ALD
(of Cu, Bi and Ag),**** and gold(1) alkoxide complexes have not
previously been used as ALD precursors.

In the solid state, 1 is a trimer and 5 is a dimer due to auro-
philic interactions, whereas more sterically hindered 3, 4 and 6
are monomers. Alkoxide complex 3 underwent slow thermal
decomposition at 100 °C (~10% after 96 h) to form [Ag
(P'Pr;),JH{OC(CF3)s},] (7) accompanied by gold metal and
other insoluble product(s), whereas the S‘Bu complex 5 decom-
posed over several hours at 80-100 °C to form [{Au(S‘Bu)},]
and free PMe;. Reactions of 1 or 3 with HBpin or H;SiPh pro-
ceeded within seconds at room temperature to afford gold
metal (accompanied by H,, free PR;, and either {(F;C);CO}
Bpin, or {(F;C);CO}SiH,Ph and {(FsC);CO},SiHPh), whereas
analogous reactions with thiolate complex 5 required
>24 hours to reach completion. Preliminary ALD reactivity
studies using 3 and HBpin afforded gold thin films at 124 °C.

These findings highlight the value of strongly electron-with-
drawing OC(CF;); ligands to obtain gold(r) phosphine com-
plexes which are (a) less prone to decomposition via phos-
phine dissociation than O‘Bu or S$'Bu analogues, likely due to
higher electrophilicity at gold, combined with less favourable
phosphine substitution by a hard alkoxide ligand compared
with a soft thiolate ligand (to form a bridging alkoxide or thio-
late ligand), and (b) far more reactive towards hydrosilanes
and hydroboranes than their thiolate (S‘Bu) counterparts due
to the high reactivity of the hard-soft mismatched Au-O bond,
and the formation of a very strong B-O or Si-O bond (rather
than a B-S or Si-S bond). Variation of the phosphines also pro-
vided access to complexes with low melting points (e.g. approx.
20 °C for 2 and 60 °C for 3), which is beneficial from a practi-
cal perspective: precursors which are liquid at the ALD delivery
temperature minimize issues with particulate formation, deliv-
ery system blockages due to sublimation, and evaporation rate
variation caused by changes in average particle size and/or
concentration of impurities on the solid surface as the precur-
sor is consumed.

The solid state structures of 1 and 3-6 reveal the influence of
ligand selection on the presence/strength of aurophilic inter-
actions, which significantly influence the volatility of the com-
plexes. Longer Au-P distances in the thiolate versus the alkoxide
complexes (despite substantially reduced steric hindrance) also
confirm weaker phosphine coordination to the less electrophilic
gold centres in the former, which is reflected in the thermal
behaviour of the thiolate vs. alkoxide complexes (5 decomposed
much more rapidly than 1 or 3, via phosphine dissociation).
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Isolation/identification of products formed in solution reac-
tions with hydroboranes and hydrosilanes, and from thermal
decomposition studies, provides insight into the types of reac-
tion that may be operative during ALD or CVD. Furthermore,
preliminary ALD reactor experiments using 3 with HBpin
support the viability of gold(i) [(Au{OC(CF;);}L),] complexes
for metal ALD, providing impetus for future studies exploring
a broader array of neutral donors (L) to further increase the
thermal stability and/or volatility of this class of complexes, so
that their high reactivity can be harnessed for ALD.

Experimental
General methods

An argon-filled MBraun UNIlab or Innovative Technology
PureLab HE glove box equipped with a —33 °C freezer was
employed for the manipulation and storage of all air-sensitive
compounds, and reactions were performed on a double mani-
fold vacuum line using standard techniques.®* The vacuum
was measured periodically using a Kurt J. Lesker 275i convec-
tion-enhanced Pirani gauge. Residual oxygen and moisture
were removed from the argon stream by passage through an
Oxisorb-W  scrubber from Matheson Gas Products.
Centrifugation was carried out using a Benchmark Hermle
Z206A centrifuge housed within a glove box. Note: syntheses of
1-4 using Ag[PF¢] proceeded more rapidly and slightly more
cleanly than those using Ag[BF,]. However, the lower-solubility
Na[BF,] byproduct from reactions with Ag[BF,] was more com-
pletely removed by filtration or centrifugation.
Dichloromethane, diethyl ether, hexanes, tetrahydrofuran,
and toluene were purchased from Sigma-Aldrich, deuterated
solvents (C¢Dg¢ or dg-THF) were purchased from Cambridge
Isotope Laboratories. These solvents were initially dried and
distilled at atmospheric pressure from sodium/benzophenone
(deuterated benzene, diethyl ether, hexanes, tetrahydrofuran),
sodium (toluene), or 4 A molecular sieves (dichloromethane).
All dried solvents were stored over sodium/benzophenone
except for dichloromethane, which was stored over 4 A mole-
cular sieves. Ethanol and methanol were purchased from
Sigma-Aldrich; ethanol was used as purchased, whereas
methanol was dried and stored over 4 A molecular sieves. Dry
solvents were introduced to reactions or solvent storage flasks
via vacuum transfer with condensation at —78 °C.
Trimethylphosphine, triethylphosphine and tri-tert-butyl-
phosphine were purchased from Strem Chemicals; the former
two were transferred to a solvent storage flask under inert con-
ditions, and the latter was stored in a —33 °C freezer in an Ar-
filled glovebox. Chlorodiisopropylphosphine (P'Pr,Cl) was
obtained from Sigma-Aldrich or Thermo Fisher Scientific,
dried over 4 A molecular sieves and distilled into a storage
flask. Magnesium powder was obtained from Merck KGaA and
stored in an Ar-filled glovebox. Perfluoro-tert-butanol (HOC
(CF3)3) was obtained from Oakwood Chemical and dried over
4 A molecular sieves prior to distillation into a storage flask.
Hexafluoroacetylacetone (hfacH), 2-chloropropane and tetrahy-
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drothiophene (THT) were obtained from Sigma-Aldrich.
Sodium hydride (NaH) was obtained from Sigma-Aldrich and
stored in an Ar-filled glovebox. Silver tetrafluoroborate and
silver hexafluorophosphate were obtained from Sigma-Aldrich
and stored under inert conditions in the absence of light. tert-
Butylthiol was obtained from Oakwood Chemical. Gold(u)
chloride hydrate (HAuCl,-xH,O; 48% Au content by weight)
was obtained from AmBeed Inc.

Other starting materials were synthesized via literature pro-
cedures, or slight modifications of these procedures. AuCl
(THT) was prepared by treatment of HAuCl,-xH,O with excess
tetrahydrothiophene (THT) in a 5:1 mixture of ethanol and
water.'® Triisopropylphosphine (P'Pr;) was prepared by
addition of isopropylmagnesium chloride (freshly prepared by
sonicating a stoichiometric amount of magnesium powder
suspended in Et,O for 10 minutes, followed by addition of
2-chloropropane and gentle heating to 35 °C for approximately
2 hours with continuous stirring) to a solution containing one
equivalent of chlorodiisopropylphosphine in Et,O at 0 °C. This
was allowed to warm to room temperature and stir overnight,
whereupon the reaction mixture was distilled at reduced
pressure and the solvent removed at —78 °C under reduced
pressure. *'P{"H} NMR (C¢Ds, 242 MHz, 298 K): 19.4 ppm.*°
AuCI(PR;) (R = Me, Et, 'Pr) starting materials were prepared by
treatment of AuCl(THT) with one equivalent of the corres-
ponding phosphine in dichloromethane.'® AuCl(P‘Bu;) was
prepared by direct treatment of HAuCl,-xH,O with excess
PBu; in dry methanol.’” Sodium perfluoro-tert-butoxide
(NaOC(CF3);3) and sodium hexafluoroacetylacetonate (Na(hfac))
were prepared by deprotonation of perfluoro-tert-butanol (HOC
(CF;);) and hexafluoroacetylacetone (hfacH), respectively, with
sodium hydride in THF.®*°° Polymeric Au(S‘Bu) was prepared
by treatment of HAuCl,-xH,O with excess tert-butylthiol
(HS'Bu) in a 4 : 1 mixture of methanol and water.”"

NMR spectroscopy was performed on a Bruker AV-600
spectrometer. All "H NMR and *C NMR spectra were refer-
enced relative to SiMe, through the C¢Ds or dg-THF resonance
or the protio impurity in the C¢D¢ and dg-THF: 7.16 and
3.58 ppm, respectively, for 'H NMR and 128.06 and
67.21 ppm, respectively, for >’C NMR. '°F, *'P and ''B NMR
spectra were referenced to CFCl; (£ = 94.094011%), 85%
aqueous H;PO, (£ = 40.480742%), and BF;(OEt,) (£ =
32.083974%), respectively, by indirect referencing from a
'H NMR spectrum.’® Peak assignments in the spectra of all
new diamagnetic compounds were made with the aid of
HSQC and HMBC experiments. NMR chemical shift abbrevi-
ations: s = singlet, d = doublet, t = triplet, q = quartet, sept.
septet, m = multiplet, app. = apparent, br. = broad, virt. =
virtual.

Single-crystal X-ray crystallographic analyses were per-
formed on crystals coated in Paratone oil and mounted on
either a STOE IPDS II diffractometer with an image plate detec-
tor, or a Bruker Dual Source D8 Venture diffractometer using
the IpS 3.0 Mo source at 70 W with a HELIOS Mo focusing
optic (ELM33) in the McMaster Analytical X-ray (MAX)
Diffraction Facility. Raw data was processed using XPREP
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(as part of the APEX v2/4/5 software) and solved by intrinsic
phasing (SHELXT).>® In all cases, non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were generated in
ideal positions and then updated with each cycle of refine-
ment, which was performed with SHELXL in OLEX2-1.5.°4%°

Powder X-ray diffraction (PXRD) and thin film X-ray diffrac-
tion (XRD) was carried out on a Bruker Dual Source D8
Venture diffractometer equipped with a PHOTON CMOS
(Complementary Metal Oxide Semiconductor) area detector
and an Incoatec IpS Cu source (Ko radiation; A = 1.54184 A],
operated at 50 kV and 1.10 mA in the MAX Diffraction Facility.

Combustion elemental analyses were performed by
Midwest Microlabs in Indianapolis, Indiana or at the
University of Calgary using a PerkinElmer Model 2400 series II
analyzer. Thermogravimetric analysis was performed by Green
Centre Canada (now Impact Chemistry), in Kingston, Ontario
using a TA Instruments Discovery TGA located within an
argon-filled glove box. Melting point determinations were per-
formed by packing the analyte into a flame-sealed pipette and
sealing the open face of the pipette with Apiezon H-grease
inside an argon-filled glovebox. The pipette was then removed
from the glovebox and quickly flame-sealed (below the grease
but sufficiently distant from the analyte) to form a sealed capil-
lary, which was in turn used for analysis using a DigiMelt
Melting Point Apparatus.

Atomic force microscopy (AFM) imaging was performed at
the McMaster Centre for Advanced Light Microscopy (CALM)
facility using a Bruker Dimension iCon AFM equipped with a
Bruker TESPA-V2 probe, operated in tapping mode. AFM data
analysis was performed using Bruker NanoScope Analysis 3.00.

The ALD reactor used for preliminary studies has previously
been described.’® However, in this work, the oven surrounding
the ALD reaction chamber was heated to 100 °C, and argon
flows of 20 sccm were used on each of the four inlet lines,
affording a reactor pressure of ~250 mTorr during deposition.
Compound 3 was contained in a flow-through delivery vessel
maintained at 85 °C, while HBpin was in a non-flow-through
delivery vessel maintained at 8 °C by immersing it in a beaker
of water on a thermoelectric cooling plate. The experiment
used 10 s pulses of 3, 0.03 s pulses of HBpin, 60 s purges, 1000
cycles, and a substrate temperature of 124 °C. Attempted CVD
using 10 s pulses of 3 (without any co-reactant, using 1000
pulses separated by 60 s purges) at 124 °C did not result in any
film growth. Long purge durations (e.g. 60 s) are required on
this ALD reactor due to a large reactor volume (the heated sub-
strate stage is located within a 4.5” Conflat cube).

[(Au{OC(CF;);H{PMe;});] (1)

167 mg (0.54 mmol) of AuCl(PMe;), 141 mg (0.54 mmol) of
NaOC(CF;)3, and 106 mg (0.54 mmol) of Ag[BF,] were added to
a 50 mL flask wrapped in foil. The flask was cooled to —78 °C,
whereupon 15 mL of CH,Cl, was introduced via vacuum distil-
lation. The resulting solution was warmed to room tempera-
ture over the course of ~30 minutes, and the reaction was
stirred for an additional 4 hours. The solution was evaporated
to dryness in vacuo, and the resulting solid was redissolved in
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toluene. Insoluble material was removed by centrifugation,
and the supernatant solution was evaporated to dryness in
vacuo to yield analytically pure 1 (245 mg, 0.16 mmol, 89%) as
a white, crystalline solid. The product can be sublimed in
vacuo (5 mTorr) at 60 °C in the absence of light, leaving
minimal residue. Crystals suitable for single crystal X-ray diffr-
action (SCXRD) were grown by vapour diffusion of hexanes
into a concentrated CH,Cl, solution at —33 °C. "H NMR (C¢Dj,
600 MHz, 298 K): § 0.31 (d, P(CHj)s, >Jup = 12 Hz). *C{'H}
NMR (CgDg, 151 MHz, 298 K): § 123.92 (q, CF3, YJcr = 294 Hz);
84.39 (C(CF;););t 14.52 (d, P(CH,);, Ycp = 43 Hz). °F NMR
(CeDs, 565 MHz, 298 K): § —74.78 (s, CF3). >'P{"H} NMR (C¢Ds,
243 MHz, 298 K): 6§ —18.95 (s, PMe;). Melting point:
105-106 °C by DSC (note: in a melting point apparatus, under
bright illumination, melting was accompanied by partial
decomposition). Anal. caled for C,;H,;AuzF,,03P; (%): C,
16.55; H, 1.79. Found: C, 16.81; H, 1.81. Note: a reaction of
AuCl(PMe;) with 3 eq. K,CO; and 2 eq. HOC(CF;); in EtOH (in
air) was also attempted, following methods developed for the
synthesis of [M(OC{RH{CF;},)(L)] (M = Cu®”*° (R = CF; or H, L
= NHC) or Au***® (R = H and L = NHC or PR;)) complexes.
This reaction was stirred for 24 hours, followed by evaporation
to dryness in vacuo, and redissolution in CD,Cl,. However, *'P
{'"H} NMR spectroscopy showed a mixture of remaining AuCl
(PMe;) (49%), two unidentified species (*'P § 7.3 and
—17.8 ppm; 19 and 23%, respectively), and only a small
amount of 1 (9%).

[(Au{OC(CF;);H{PEts}),] (2)

Compound 2 was prepared analogously to 1 using 320 mg
(0.91 mmol) of AuCl(PEt;), 235 mg (0.91 mmol) of NaOC
(CF3)3, 177 mg (0.91 mmol) of Ag[BF,], and 20 mL of CH,Cl,.
After evaporation of the reaction solution, a waxy solid was
obtained, centrifugation in toluene and evaporation to dryness
afforded an amber oil, and distillation in vacuo (5 mTorr) at
70 °C afforded 2 (360 mg, 0.65 mmol, 71%) as a colourless,
low melting solid (which begins to melt upon handling at
room temperature). "H NMR (C¢Dg, 600 MHz, 298 K): § 0.74
(br s, 6H, P(CH,CH3;);), 0.51 (br s, 9H, P(CH,CH,);). C{'H}
NMR (Cg¢De, 151 MHz, 298 K): 5 124.10 (g, CF3, YJcr = 295 Hz);
84.83 (C(CF;)3);f 17.54 (d, P(CH,CH,);, Yep = 37 Hz); 8.77 (s,
P(CH,CH3);). '°F NMR (CgDs, 565 MHz, 298 K): § —74.75 (s,
CF;). *'"P{'"H} NMR (C¢Dg, 243 MHz, 298 K): § 25.66 (s, PEt;).
Melting point: 19-21 °C. Anal. caled for C;,H;5AuFyOP (%): C,
21.83; H, 2.75. Found: C, 22.09; H, 2.83.

[Au{OC(CF;):}(P'Pr3)] (3)

Compound 3 was prepared analogously to 1 using 247 mg
(0.62 mmol) of AuCI(P'Pr;), 160 mg (0.62 mmol) of NaOC
(CFs)3, 120 mg (0.62 mmol) of Ag[BF,], and 15 mL of CH,Cl,.
After evaporation of the reaction solution, a waxy solid was

+Located as a singlet by **C{*°F} NMR spectroscopy.
tPeak identified/confirmed by the presence of a cross peak in the *C-'°F
HMBC NMR spectrum.

This journal is © The Royal Society of Chemistry 2026
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obtained, centrifugation in toluene and evaporation to dryness
afforded an off-white solid, and pure 3 (274 mg, 0.46 mmol,
74%) was obtained as a colourless crystalline solid by recrystal-
lization from a 3 : 1 mixture of hexanes and toluene at —33 °C.
The product can be sublimed in vacuo (5 mTorr) at 50-55 °C in
the absence of light, leaving minimal residue. Crystals suitable
for SCXRD were grown by vapour diffusion of hexanes into a
concentrated CH,Cl, solution at —33 °C. "H NMR (CgDs,
600 MHz, 298 K): 6 1.30 (d sept., 3H, P(CH(CHs),)s, JJup = 9
Hz, *Juu = 7 Hz), 0.62 (dd, 18H, P(CH(CH}),)s, *Jup = 16 Hz,
*Jun = 7 Hz). *C{'H} NMR (C¢Ds, 151 MHz, 298 K): § 124.04
(q, CFs, Yor = 295 Hz); 84.51 (C(CFs)s);""* 23.27 (d, P(CH
(CH3),)s, Yep = 34 Hz); 19.70 (s, P(CH(CHs),);). F NMR (CeDs,
565 MHz, 298 K): § —74.64 (s, CF;). *'P{'H} NMR (C¢Ds,
243 MHz, 298 K): 6 58.52 (s, P'Pr3). Melting point: 59-61 °C.
Anal. caled for Cy3H,;AuF9OP (%): C, 26.36; H, 3.58. Found: C,
26.59; H, 3.97.

[Au{OC(CF;):}(P‘Bus)] (4)

Compound 4 was prepared analogously to 1 using 79 mg
(0.18 mmol) of AuCIl(P'Bu;), 46 mg (0.18 mmol) of NaOC
(CF3)3, 35 mg (0.18 mmol) of Ag[BF,], and 10 mL of CH,Cl, in
a 25 mL flask. After evaporation of the reaction solution, a
pinkish off-white solid was obtained, centrifugation in toluene
and evaporation to dryness afforded an off-white solid, and
pure 4 (79 mg, 0.12 mmol, 69%) was obtained as a colourless
crystalline solid by recrystallization from a 3:1 mixture of
hexanes and toluene at —33 °C. The product can be sublimed
in vacuo (5 mTorr) at 75-80 °C in the absence of light, leaving
minimal residue. Crystals suitable for SCXRD were grown by
vapour diffusion of hexanes into a concentrated CH,Cl, solu-
tion at —33 °C. 'H NMR (C¢Ds, 600 MHz, 298 K): § 0.91 (d,
P(C(CH3)3)s, Jup = 14 Hz). “C{'H} NMR (CeDe, 151 MHz,
298 K): 6 124.09 (q, CF3, YJcr = 293 Hz); 84.61 (C(CF3););T 38.62
(d, P(C(CH3)3)s, Yep = 23 Hz); 31.60 (s, P(C(CHj3)3);). *°F NMR
(C¢Ds, 565 MHz, 298 K): § —74.53 (s, CF3). >*'P{"H} NMR (C¢Ds,
243 MHz, 298 K): § 84.12 (s, P'Bu;). Melting point: 181-183 °C.
Anal. caled for C;6H,,AuF,OP (%): C, 30.29; H, 4.30. Found: C,
30.28; H, 4.37.

[{Au(s‘Bu)(PMe;,)}] (5)

Polymeric Au(S’Bu) (83 mg; 0.29 mmol) was suspended in
6 mL of toluene in a 25 mL flask, and 30 pL (22 mg,
0.29 mmol) of PMe; was added under a flow of dynamic
argon. The reaction mixture was stirred at room temperature
for 2 hours and evaporated to dryness in vacuo. The resulting
solid was redissolved in toluene, insoluble material was
removed by centrifugation, and the supernatant was evapor-
ated to dryness in vacuo to yield 5 (103 mg, 0.13 mmol, 90%
yield) as an analytically pure white powder. Crystals suitable
for SCXRD were grown by dissolving 5 in hot hexanes, followed
by cooling the solution to —33 °C. "H NMR (C¢Dg, 600 MHz,
298 K): 6 1.93 (s, 9H, SC(CH3);); 0.48 (d, 9H, P(CH3)3, *Jyp = 10
Hz). “C{'H} NMR (C¢Ds, 151 MHz, 298 K): & 44.21 (s,
SC(CHj,);); 40.54 (s, SC(CH;)3); 14.96 (d, P(CH5)3, Jcp = 34 Hz).
*1p{'H} NMR (C¢Dg, 243 MHz, 298 K): § —0.51 (s, PMe;).

This journal is © The Royal Society of Chemistry 2026
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Melting point: 158-160 °C within a sealed tube/capsule which
prevents loss of PMe; (attempted vacuum sublimation resulted
in decomposition to form phosphine-free [{Au(S‘Bu)},] at
80-100 °C). Anal. caled for C;4Hz6AU,S,P, (%): C, 23.21; H,
5.02. Found: C, 23.61; H, 5.29.

[Au(S“Bu)(P'Pr;)] (6)

Compound 6 was prepared analogously to 5 using 129 mg of
Au(S'Bu) (0.45 mmol), 86 uL (72 mg, 0.45 mmol) of P'Pr;, and
6 mL of toluene. The resulting white solid (after centrifugation
in toluene and evaporation to dryness) was washed with
hexanes and dried in vacuo to yield 6 (134 mg, 0.30 mmol,
67% yield) as an analytically pure white powder. Crystals suit-
able for SCXRD were grown by dissolving 6 in hot hexanes, fol-
lowed by cooling the solution to —33 °C. 'H NMR (CgDs,
600 MHz, 298 K): & 1.94 (s, 9H, SC(CH;);); 1.57 (app. octet, 3H,
P(CH(CH3),)s, J ~ 8 Hz), 0.81 (dd, 18H, P(CH(CHj),)3, *Jup = 7
Hz, *Jun = 8 Hz). *C{'H} NMR (C4¢Ds, 151 MHz, 298 K): § 44.16
(s, SC(CH3;)3); 40.68 (s, SC(CH,),); 23.65 (d, P(CH(CH3),)s, Jep
= 26 Hz); 19.95 (s, P(CH(CH,),);). *'P{H} NMR (C¢D,
243 MHz, 298 K): § 66.44 (s, P'Pr;). Melting Point: 85-87 °C
within a sealed tube (note: attempted sublimation at 5 mTorr
led to a mixture of sublimation and decomposition at
75-80 °C). Anal. calcd for Cy3H30AuSP (%): C, 34.97; H, 6.79.
Found: C, 34.84; H, 7.02.

In situ synthesis of [{Au(O’Bu)(P'Pr;)},]

11 mg (0.03 mmol) of Au(Cl)(P'Pr;) was dissolved in 500 mg
CeDg in an NMR tube, and 3 mg (0.03 mmol) of NaO'Bu and
7 mg (0.03 mmol) of Ag[PFs] were added. The tube was shaken
and sonicated for approximately 5 minutes, whereupon the
solution took on a translucent, beige colour. NMR spec-
troscopy was conducted approximately 30 minutes after
addition, affording peaks consistent with a stoichiometric
product of [{Au(O‘Bu)(P'Prs)},]. A PFs-containing moiety was
also present in solution in an approximately 3 : 1 ratio with the
P'Pr; signal. '"H NMR (C¢Ds, 600 MHz, 298 K): 6 1.66 (s, 9H,
OC(CH3;)3); 1.60 (app. octet, 3H, P(CH(CHj;),)3, / ~ 8 Hz), 0.88
(dd, 18H, P(CH(CH,),)s, *Jup = 7 Hz, °Juu = 8 Hz). “C{'H}
NMR (CeDs, 151 MHz, 298 K): 6 72.27 (s, OC(CHjz)3); 37.01 (s,
OC(CH,);); 23.44 (d, P(CH(CHs),)s, Yop = 32 Hz); 20.00
(s, P(CH(CHj3),)5). *"P{'H} NMR (C¢Ds, 242 MHz, 298 K): §
56.51 (s, 3P, PiPrs), -142.82 (sept., 1P, PFe, “Jpr = 713 Hz).
Attempts to isolate the [{Au(O‘Bu)(P'Pr;)},] product from this
reaction, as well as repeat reactions on a larger scale, were
unsuccessful.

Thermal stability tests for [Au{OC(CF;);}(PR;)] (R = Me (1), 'Pr
(3) or ‘Bu (4))

Long-term thermal stability tests were conducted by obtaining
NMR spectra (*H, '°F, in Cg¢Dg) of the precursor of interest and
an internal standard (4,4"-difluorobenzophenone) in a J-Young
NMR tube to serve as a baseline. The solvent was then
removed in vacuo, and the dried solids were placed under 1
atm of argon. The sample was wrapped in aluminium foil and
placed in an oil bath which had been heated to the target

Dalton Trans., 2026, 55,1234-1247 | 1243
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temperature. The tube was left at this temperature for a given
time, following which the tube was cooled in the absence of
light, the contents were redissolved in C¢Ds, and NMR spectra
were acquired. Integration of the precursor and decomposition
product peaks relative to the internal standard yielded approxi-
mate decomposition percentages. Comparable results (based
on integration of starting material and product peaks) were
obtained carrying out the thermal decomposition of 3 at
100 °C in the absence of the internal standard.

Thermal decomposition of 3 to form [Au(P*Pr;),JH{OC(CF;);},] (7)

In all instances regarding the thermal decomposition of 3, one
major soluble product (7) was identified by NMR spectroscopy.
Method A: to obtain crystals of 7 suitable for SCXRD, 26 mg of
3 was added to a 50 mL Schlenk flask and sealed under 1 atm
of argon. The flask was heated to 100 °C in the dark for
96 hours, and the contents of the flask were extracted with 2 x
3 mL portions of toluene and centrifuged. The toluene solu-
tion was concentrated and placed into a —30 °C freezer to yield
colourless crystals of 3 and 7. The residual solids were dried in
vacuo and PXRD was performed, showing broad peaks for
metallic gold accompanied by sharper peaks due primarily to
3 and 7 (the latter of which is only sparingly soluble in
toluene) (Fig. S71). Method B: a sample of 3 was completely
decomposed by heating as described above for 10 days, where-
upon 7 was identified as the major soluble product by NMR
spectroscopy, with trace signals (<3%) attributed to an
unknown product with *'P{'H} NMR & = 62.85 (C¢Ds,
243 MHz, 298 K) (Fig. S70). NMR spectroscopic data for 7: 'H
NMR (Ce¢Dg, 600 MHz, 298 K): § ~ 17 ppm (br s, 1 H, H{OC
(CF3)3},), 1.85 (sept. virt. t, 6H, P(CH(CH3),)3, 2Jup ~ 7 Hz,§
*Jun = 7 Hz); 0.89 (d virt. t, 36H, P(CH(CH3),)3, “Jup ~ 16 Hz,§
uu = 7 Hz). *C{'H} NMR (C¢Ds, 151 MHz, 298 K): § 82.03}
(H{OC(CF3)3},), 23.76 (virt. t, *Jop = 28 Hz,§ P(CH(CH,),)3),
23.38 (s, P(CH(CHz;),)3); the CF; peak was not observed in the
BC{'H} NMR spectrum, but was located in the "*C{"°F} NMR
spectrum as a singlet at 123.88 ppm. 'F NMR (CgDs,
565 MHz, 298 K) & —73.82 (s, H{OC(CF;);},). *'P{'"H} NMR
(CeDg, 243 MHz, 298 K): 6 75.62 (s, P'Pr;).] 'H NMR (d,-THF,
600 MHz, 298 K): § ~ 16.5 ppm (br s, 1 H, H{OC(CF3)3},), 2.64
(sept. virt. t, 6H, P(CH(CHs),)3, Jup ~ 7 Hz,§ *Juu = 7 Hz); 0.89
(d virt. t, 36H, P(CH(CH3),)3, *Jup ~ 16 Hz,§ *Juy = 7 Hz). *°F
NMR (dg-THF, 565 MHz, 298 K) § —75.22 (s, H{OC(CF;)3},). *'P
{*"H} NMR (ds-THF, 243 MHz, 298 K): § 76.16 (s, P'Pr3).9

X-ray crystal Structure of [Au(k"C-hfac)(P'Pr;)]

This compound was prepared analogously to 1 using 106 mg
(0.27 mmol) of AuCI(P'Pr;), 61 mg (0.27 mmol) of Na(hfac),
52 mg (0.27 mmol) of Ag[BF,], and 10 mL of CH,Cl, in a
25 mL flask. After evaporation of the reaction solution, a pur-

§ The signal contains a virtual triplet arising from an AA'X spin system. The
apparent coupling constant (observed) for the triplet is the average of J,x and Ja
x, where Jax = 0 Hz.

9similar *'P chemical shifts were observed for [Au(P'Prs),][CI]'® and [Au
(Piprs)z][BFAl}ml
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plish off-white solid was obtained. Soluble products were dis-
solved in toluene, the mixture was centrifuged, and the filtrate
was evaporated to dryness to afford a waxy orange oil. This oil
was sonicated for 5 minutes (until it dissolved) in 5 mL of
hexanes, and the solution was evaporated to dryness in vacuo
to yield a white, waxy solid. A pure bulk sample of this
complex was not obtained due to an apparent lack of thermal
stability, but X-ray quality crystals were obtained by layering a
toluene solution with hexanes in a 1:2 ratio and cooling to
—33 °C.
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