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Revisiting the reactivity of tetrachloroauric acid
with N,N-bidentate ligands: structural and
spectroscopic insights†
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and

The reactivity of tetrachloroauric acid (HAuCl4) with readily accessible bidentate N-donor ligands aﬀords
N,N-ligated Au(III) center complexes. These compounds are useful precursors of stable catalysts, anticancer agents, and building blocks for materials. This report provides detailed insight into intermediates,
equilibria, the counter anion eﬀect, and structural variability, using spectroscopy, crystallography and
computational tools. Novel mixed-valence Au(I) and Au(III) complexes [Au(o-phen)Cl2]2[AuCl2][AuCl4] and
[Au(o-phen)Cl2][AuCl2] having AuCl2− and AuCl4− anions linearly arranged in the axial sites of the squareplanar Au(o-phen)Cl2 cation were discovered. Other competing side products of the reaction studied
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revealed protonated N,N-bidentate ligands with AuCl4− anions. Quantitative variable temperature NMR
studies reveal that for a mixture of target Au(III) salt and the protonated ligand, the reaction favors the irre-
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versible formation of the side product. Using a rapid (30 min) temperature controlled protocol, the
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desired coordinated species is accessible in respectable yields while avoiding side products.

Introduction
Gold complexes possess enormous utility due to their unique
relativistic and electrochemical behavior.1–4 These complexes
act as carbophilic Lewis acids that readily interact with nucleophilic and π-activated systems, such as alkenes and alkynes.5–7
This has led to an ignition of gold chemistry in catalysis and
biology, with the dominant use of Au(I) and Au(III) complexes.
Gold(III) reagents are isoelectronic to platinum(II) in the 5d8
configuration and can be subjected to ligand variability with
mono- and poly-dentate ligands in ways superior to gold(I).
Owing to this distinguishing feature, bidentate coordinating
ligands to stabilize and tune the reactivity of the Au(III) center
(Chart 1) have become very attractive. The oxalates, phosphines, dithiolates, and heterocyclic N,N-bidentates, including
1,10-o-phenanthroline, 2,2′-bipyridine, and bathophenanthroline, are such ligand systems.8–14 Recent intensified eﬀorts in
redox gold catalysis and gold-containing antiarthritic and anticancer drugs make investigating the chemistry of gold in solution imperative.11,15,16
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In gold catalysis, bidentate N-donor ligands have been used
as additives. These commonplace ligands play crucial roles in
the rudimentary stages of the organogold chemistry including
oxidative addition, trans-metalation, and reductive elimination.17,18 Additionally, square-planar bipyridyl ligated gold(III)
complexes exhibit potent anticancer activity in cells and weak
DNA binding properties.15 The use of dinuclear gold(III) oxo
complexes bearing phenanthroline bipyridyl ligands shows
interesting antiproliferative eﬀects with protein binding to
serum albumin, cytochrome c, ubiquitin, and histone deacetylase inhibition.19,20
The reactions of gold(III) with bidentate coordinating
ligands first reported by Block et al. investigated the use of aliphatic diamines such as 1,2-ethanediamine and 1,2-propanediamine as well as heterocyclic N-donor ligands, including 2,2bipyridine and phenanthroline.21 Ever since, a significant

Chart 1

Bipyridyl ligated Au(III) complexes, 1–7.
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body of work has employed this reaction method with slight
variations using diﬀerent N,N-bidentate ligands.22,23 Initial
mechanistic work to elucidate ligand substitution in goldbased square planar complexes has employed Au(III) amine
complexes. In addition, whereas the aqueous solution chemistry and structural investigations of Au(III) complexes bearing
tridentate amine and terpyridine ligands have been well
studied,15,19,24,25 mechanistic investigation of Au(III) complexes
supported by bidentate ligands will expand our understanding
of their overall reactivity.22,23,26–30
We report the preparation of Au(III) complexes bearing heterocyclic N-donor ligands by a streamlined rapid synthetic protocol
and oﬀer detailed insights into structural characterization via
X-ray crystallography. In this report, we discovered novel mixed
valence Au(I)–Au(III) complexes. Furthermore, isolation of protonated ligands demonstrates that the hydrolysis of HAuCl4 lowers
the pH of the reaction medium leading to protonated ligands as
byproducts. Our temperature-controlled method described in
this report circumvents the formation of byproducts.

Experimental methods
General considerations
All reagents were purchased from Oakwood chemicals, VWR,
Acros Organics, Alfa Aesar, and TCI and used as received. All
reactions were carried out under normal atmospheric conditions in a fume hood. Compounds 1–6 were synthesized by a
rapid temperature-controlled protocol. Protonated compounds
were formed by following literature procedures.31–33
Physical measurements
Deuterated solvents were purchased from Cambridge Isotope
Laboratories (Andover, MA). 1H NMR spectra were recorded on
a Varian Unity 400 NMR spectrometer with a Spectro Spin
superconducting magnet in the University of Kentucky NMR
facility. Chemical shifts in 1H NMR spectra were internally
referenced to solvent signals (1H NMR: DMSO at δ = 2.50 ppm
and CD3CN at δ = 1.94, 13C NMR: DMSO at δ = 39.52 ppm and
CD3CN at δ = 118.7 ppm, 1.39 ppm), and those in 31P NMR
spectra were externally referenced to 85% H3PO4 in D2O (δ =
0 ppm). Electrospray ionization mass spectrometry (ESI-MS)
was performed on an Agilent Technologies 1100 series liquid
chromatography/MS instrument. High-resolution mass spectra
(HRMS) were obtained by direct flow injection (injection
volume = 5 or 2 μL) ElectroSpray Ionization (ESI) on a Waters
Qtof API US instrument in the positive mode (CIC, Boston
University). Typical conditions are as follows: capillary = 3000
kV, cone = 35 volts or 15 volts, source temperature = 120 °C,
and desolvation temperature = 350 °C. Elemental analyses for
2, 4 and 7 were performed by Atlantic microlabs (commercial
laboratory).
Synthesis of [Au( phen)Cl2][AuCl2] (1)
Phenanthroline monohydrate (267 mg, 1.35 mmol) was added
to a solution of tetrachloroauric(III) acid trihydrate (197 mg,
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0.5 mmol) in 10 mL of ethanol. The solution was placed on a
rotary evaporator and heated at 72 °C for 10 minutes. The precipitate that formed changed color from yellow to orange
within the course of the reaction. The precipitate was filtered
and washed with ether (10 mL × 3). Crystals were grown using
DMF/ether. Yield: 307 mg, 80%. 1H NMR (400 MHz, MeCN-d3)
δ 9.66 (d, J = 4.4 Hz, 2H), 9.16 (d, J = 7.2 Hz, 2H), 8.38 (s, 2H),
8.30 (t, J = 7.2 Hz, 2H). 13C NMR (400 MHz, DMSO-d6) δ
148.60, 148.13, 145.01, 132.96, 129.41, 128.03. MS (m/z, EI
HRMS): [M + H]. Calcd for C12H8N2Cl4Au2 716.8821, found
716.8822.
Synthesis of [Au( phen)Cl2]2[AuCl4][AuCl2] (2)
Phenanthroline monohydrate (557 mg, 2.81 mmol) and tetrachloroauric(III) acid trihydrate (539.5 mg, 1.37 mmol) were
added together in 35 mL of ethanol. A yellow precipitate
formed immediately and the solution was placed on a rotary
evaporator and heated at 72 °C for 10 minutes. The color of
the precipitate turned from yellow to orange and the reaction
was stopped after 30 min. Yield: 58 mg, 11%. 1H NMR
(400 MHz, MeCN-d3) δ 9.66 (d, J = 6.0 Hz, 2H), 9.16 (d, J =
8.4 Hz, 2H), 8.38 (s, 2H), 8.30 (t, J = 7.2 Hz, 2H). 13C NMR
(400 MHz, DMSO-d6) δ 156.12, 147.47, 146.07, 130.05, 127.04,
123.40. Anal calcd for C12H8Au2Cl5N2: C, 19.18; H, 1.07; N,
3.73. Found: C, 19.57; H, 1.33; N, 3.93.
Synthesis of [Au( phen)Cl2][ClO4] (3)
Phenanthroline monohydrate (60.4 mg, 0.305 mmol) and tetrachloroauric(III) acid trihydrate (100 mg, 0.254 mmol) were
added to 10 mL of ethanol and sonicated for 10 minutes.
Sodium perchlorate (93 mg, 0.762 mmol) was added to the
mixture and further sonicated for 5 min. The solution was
refluxed at 80 °C for 12 h. The precipitate was filtered and
washed with ether. Crystals were grown by slow diﬀusion of
DMF/ether. Bulk purification was achieved by dissolving the
crude solid in acetonitrile followed by centrifugation of the
undissolved salt. The solution was then decanted out and
dried under vacuum to give complex 3. Yield: 92 mg, 62%. 1H
NMR (400 MHz, MeCN-d3) δ 9.67 (d, J = 4.0 Hz, 2H), 9.15 (d, J =
4.0 Hz, 2H), 8.38 (s, 2H), 8.33 (t, J = 1.6 Hz, 2H). 13C NMR
(400 MHz, DMSO-d6) δ 148.60, 148.1, 145.0, 132.96, 129.41,
128.07.
Synthesis of [Au( phen)Cl2][Cl] (4)
To an ethanolic solution (14 mL) of tetrachloroauric(III) acid
trihydrate (199 mg, 0.51 mmol) was added phenanthroline
monohydrate (202 mg, 1.02 mmol) and placed on the rotovap.
While stirring, the solution was heated to 72 °C for 30 min.
The solution was cooled and then filtered to leave behind a
light-orange colored solid. The collected solid was washed
with ether and ethanol and dried under vacuum. Yield: 76 mg,
31%. 1H NMR (400 MHz, DMSO-d6) δ 9.70 (d, J = 4.0 Hz, 2H),
9.36 (d, J = 4.0 Hz, 2H), 8.53 (s, 2H), 8.43 (t, J = 16.0 Hz, 2H).
13
C NMR (400 MHz, DMSO-d6) δ 148.08, 142.47, 137.87,
130.07, 128.02, 126.21. Anal calcd for C12H8AuCl3N2: C, 29.81;
H, 1.67; N, 5.79. Found: C, 30.05; H, 1.66; N, 5.75.

This journal is © The Royal Society of Chemistry 2019

View Article Online

Dalton Transactions

Published on 08 January 2019. Downloaded by University of Kentucky on 7/19/2019 10:05:26 PM.

[Au(4,7-Dmp)Cl2][PF6] (5)
4,7-Dimethylphenanthroline,
(4,7-dmp),
(319.7
mg,
0.141 mmol), tetrachloroauric(III) acid trihydrate (503 mg,
1.28 mmol), and ammonium hexafluorophosphate (417 mg,
2.56 mmol) were dissolved in 25 mL of an ethanol/water
mixture 2 : 1 and sonicated for 1 min. The mixture was placed
on a rotovap and heated at 72 °C while rotating for
30 minutes. The solution was cooled and filtered to leave
behind a dull yellow solid, which was washed with ethanol
(10 mL × 3) and then with ether (10 mL × 3). Yield: 725 mg,
81%. 1H NMR (400 MHz, DMSO-d6) δ 9.55 (d, J = 8.0 Hz, 2H),
8.57 (s, 2H), 8.27 (d, J = 8.0 Hz, 2H), 3.09 (s, 6H). 13C NMR
(400 MHz, DMSO-d6) δ 156.72, 147.67, 145.47, 132.38, 127.94,
126.34, 19.78. 31P NMR (400 MHz, DMSO-d6) δ −130.66,
−135.05, −139.44, −143.84, −148.23, −152.62.
Synthesis of [Au(bpy)Cl2][PF6] (6)
Bipyridine (207.1 mg, 0.1.33 mmol), tetrachloroauric(III) acid
trihydrate (469.8 mg, 1.19 mmol), and ammonium hexafluorophosphate (392.5 mg, 2.41 mmol) were dissolved in 16 mL of a
2 : 1 ethanol/water mixture and sonicated for 1 min. The
mixture was placed on a rotovap and heated at 72 °C while
rotating for 30 minutes. The solution was cooled and filtered
to leave behind a bright, fluﬀy yellow powder, which was
washed with ethanol (10 mL × 3) and then with ether (10 mL ×
3). Yield: 529 mg, 84%. 1H NMR (400 MHz, DMSO-d6) δ 9.41
(d, J = 4.0 Hz, 2H), 8.93 (d, J = 8.0 Hz, 2H), 8.40 (t, J = 8.0 Hz,
2H), 8.14 (t, J = 8.0 Hz, 2H). 13C NMR (400 MHz, DMSO-d6) δ
156.12, 149.84, 147.70, 147.47, 146.07, 141.99, 130.05, 127.04,
126.91, 123.40. 31P NMR (400 MHz, DMSO-d6) δ −130.66,
−135.05, −139.44, −143.84, −148.23, −152.62.
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tion was refluxed at 85 °C for 4 hours. The solid collected was
dissolved in DMF and ether was slowly diﬀused into the solution. Two types of crystals were isolated and examined by X-ray
diﬀraction. The two structures found were 3 or 7 and the protonated phenanthroline gold salt.
X-ray crystallography
Crystals of 1–6 (Table S1†) were grown at room temperature by
vapor diﬀusion of diethyl ether into a DMF or MeCN solution
of each complex. All crystals were mounted using polyisobutene oil on the tip of a fine glass fibre, which was fastened in a
copper mounting pin with an electrical solder. It was placed
directly into the cold gas stream of a liquid-nitrogen based
cryostat.34,35 A Bruker D8 Venture diﬀractometer with gradedmultilayer focused MoKα X-rays (λ = 0.71073 Å) was used to
collect diﬀraction. Raw data were integrated, scaled, merged,
and corrected for Lorentz-polarization eﬀects using the APEX3
package.36–38 Space group determination and structure solution and refinement were carried out with SHELXT and
SHELXL,39,40 respectively. All non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen
atoms were placed at calculated positions and refined using a
riding model with their isotropic displacement parameters
(Uiso) set to either 1.2Uiso or 1.5Uiso of the atom to which they
were attached. Ellipsoid plots were drawn using SHELXTL-XP41
The structures, deposited in the Cambridge Structural
Database, were checked for missed symmetry, twinning, and
overall quality with PLATON,42 an R-tensor,43 and finally validated using CheckCIF.42

Results and discussion

Synthesis of [Au( phen)Cl2][PF6] (7)

Solution chemistry of HAuCl4

Phenanthroline monohydrate (172.3 mg, 0.870 mmol), tetrachloroauric(III) acid trihydrate (302 mg, 0.767 mmol), and
ammonium hexafluorophosphate (258.8 mg, 1.59 mmol) were
dissolved in 20 mL of a 2 : 1 ethanol/water mixture and sonicated for 1 min. The mixture was placed on a rotovap and
heated at 72 °C while rotating for 1.5 hours. The solution was
cooled and filtered to leave behind a bright yellow solid, which
was washed with ethanol (10 mL × 3) and then with ether
(10 mL × 3). Yield: 287 mg, 63%. 1H NMR (400 MHz, MeCN-d3)
δ 9.69 (d, J = 8.0 Hz, 2H), 9.17 (d, J = 8.0 Hz, 2H), 8.40 (s, 2H),
8.34 (t, J = 6.0 Hz, 2H). 13C NMR (400 MHz, DMSO-d6) δ
148.22, 142.61, 138.01, 130.21, 128.16, 126.36. 31P NMR
(400 MHz, MeCN-d3) δ −135.41, −139.80, −144.19, −152.98,
−157.36. Anal calcd for C12H8AuCl2N2PF6: C, 24.30; H, 1.36; N,
4.72. Found: C, 24.57; H, 1.33; N, 4.73.

Reaction optimization towards the formation of bipyridyl
ligated Au(III) complexes is needed to minimize protonolysis
and increase yield. Furthermore, understanding the reactivity
of tetrachloroauric acids with N-donor ligands in solution is
crucial for eﬀective utilization of these building blocks in gold
chemistry.11,15,44–46 Our quest to elucidate the reactivity of
HAuCl4 or NaAuCl4 with N,N-bipyridyl ligands led to the discovery of new coordinated Au(III) species with gold counter
anions (AuCl2 or AuCl2/AuCl4). Mixed valence Au(I) and Au(III)
complexes following the reaction of HAuCl4 with representative
bipyridyl ligands such as phenanthroline demonstrate the
broad spectrum of possible complexes, which require further
investigation. Previous reports showed the formation of [Au
( phen)Cl2]AuCl4 or [Au( phen)Cl2]Cl complexes. For example,
the reaction by Block et al. was carried out in ethyl alcohol and
heated on a steam cone for 4 h.21 Other methods have also
optimized the methodology by using diﬀerent solvents, such
as acetonitrile or a mixture of water and ethyl alcohol. Here,
we describe a short temperature-controlled method that leads
to the formation of [Au( phen)Cl2]Cl as well as mixed valence
Au(I)/Au(III) complexes of the type, [Au( phen)Cl2][AuCl2], 1 and
[Au( phen)Cl2]2[AuCl2][AuCl4], 2 if no additives are used

Synthesis of [Hphen][AuCl4]
Phenanthroline monohydrate (0.620 mmol) and tetrachloroauric(III) acid trihydrate (0.507 mmol) were added to 10 mL of
ethanol and sonicated for 10 min. Sodium perchlorate or
ammonium hexafluorophosphate (1.524 mmol) was added
and the mixture was further sonicated for 5 minutes. The solu-

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Representative reaction scheme of the previously reported reaction of N,N-bipyridyl ligands and our temperature-controlled method.

(Fig. 1). The solvent used may likely be a reductant for the
described reaction.
When we reacted HAuCl4·3H20 and 1,10-phenanthroline
monohydrate in ethanol under reflux conditions for 4 h, the
yellow-orange precipitates were recrystallized to obtain a coordinated Au(III) complex with Au(I) counter anions, 1. Upon
analysis of the filtrate of this reaction using GC-MS (Fig. S19
and S20†), a m/z value corresponding to free phenanthroline
was found. This reveals that all reduction of Au(III) to Au(I)
occurs by means of the ligand and no other products are
formed. Evidence of any other Au(I) species was not found.
Moreover, the isolated yellow precipitate comprised complex 1,
and a protonated phenanthroline ligand with an [AuCl4]−
counter ion. With the use of NMR, we confirmed the instantaneous formation of bright yellow precipitates following the
addition of an ethanolic solution of HAuCl4 and phenanthroline at room temperature was the protonated ligand. This was
subsequently confirmed by single-crystal X-ray diﬀraction. The
irreversibility of the reaction was therefore established by the
characterization of products and analysis of the filtrate. To
address the issue of unwanted side products, we resorted to
controlling the temperature and duration of the reaction.
Thus, we reasoned that the strong coordinating eﬀect of
N-donor ligands from bidentate species may not warrant high
temperatures and longer reaction times as commonly
reported.21 Thus, to an ethanolic solution of HAuCl4 were
added respective bipyridyl ligands and the yellow solution was
warmed to 72 °C and stirred for 30 min. The reaction generated single crystals of both 1 and 2 (Table S1†). An equimolar
stoichiometric ratio of HAuCl4 and phenanthroline at 70 °C
for 10 min makes the formation of [Au( phen)Cl2]Cl, 4, possible47 as confirmed by X-ray crystallography.
To investigate the eﬀect of alkali salts on the reaction methodology described (supra), we utilized NaAuCl4·2H2O and phenanthroline as reactants. The reaction of equimolar amounts
of NaAuCl4·2H2O and phenanthroline proceeded in ethanol
under reflux conditions for 4 h. A mixture of coordinated Au
(III) and protonolysis of the phenanthroline ligand were
observed (Fig. S21 and S22†). In contrast, the reaction with
phenanthroline and NaAuCl4·2H2O following our methodology
yielded complex 1 exclusively (Fig. S21 and S22†). Regardless
of the Au(III) starting material, protonation of phenanthroline
occurred, which can be attributed to the abundance of protons
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in the solvent or starting materials. To eliminate protonation
from the solvent and the atmosphere, the same reaction was
carried out under inert conditions using dry acetonitrile. The
precipitate obtained again revealed protonation of the phenanthroline ligand, despite the use of dry conditions. The Au(III)
starting material exists as hydrate salts and is the potential
source of protonation.
Control of counter ions in these gold compounds is essential to avoid the presence of precious Au-containing counter
anions. Potentiation of counter ions can be achieved by the
use of additives to improve ionic strength. We therefore considered the use of perchlorate or hexafluorophosphate salts as
additives and their impact on the formation of ligated bipyridyl Au(III). In this approach, we reacted HAuCl4 with phenanthroline in the presence of ethanol and excess [ClO4]− or
[PF6]− salts. The identity of anions in these compounds was
confirmed by X-ray crystallography and NMR in the case of
[PF6]− salt.48 When the reaction was subjected to high temperature, 100 °C for 4 h, the protonated N-donor ligand in
addition to the expected [Au( phen)Cl2][X], where X is [ClO4]−
or [PF6]−, was formed.
Recrystallization from acetonitrile gave pure [Au( phen)
Cl2][X]. This purification approach is not applicable to complexes with gold counter ions; hence there is a need for optimization of reaction conditions to access distinct complexes. To
avoid the purification steps, and improve yields, we subjected
the reaction to our temperature-controlled protocol (72 °C for
30 min), giving rise to the desired complexes in ∼80% yield.
For example, we used [PF6] as the additive in the synthesis of
complexes 5 and 6, which bear 4,7-dimethylphenanthroline
and 2,2′-bipyridine ligands, respectively. The yields of these
reactions were >80%. Overall, using additives such as [ClO4]−,
[PF6]−, or [BF4]− eliminates the presence of gold-containing
sacrificial counter ions.
The pH of a solution of HAuCl4 is acidic, which leads to the
instantaneous formation of the protonated salts. Adjusting the
pH to a more basic solution with a 1 M NaOH(ethanol) solution
to a pH above 7 resulted in reduction to elemental gold. There
is no optimal pH that controls the amount of protonated salt
formed during the reaction; however, maintaining the pH at
2–5 reduced the formation of the protonated salts but not
completely. Mixed valence Au(III) compounds arise predominantly from reactions that utilize a slight excess (2.5 equivalents) of HAuCl4. Keeping this stoichiometric ratio under
acidic conditions ( pH = 2) results in the formation of [Au
( phen)Cl2][AuCl4]. Generally, an equimolar reaction of HAuCl4
and phenanthroline leads to 4 as a bright yellow solid instead
of the yellowish-orange color for mixed valence complexes or
Au(III) compounds with [AuCl2]− or [AuCl4]− counter ions.
Solution chemistry studies using Au(III) dien49 compounds as
well as Au(III) terpyridine24 showed that pH aﬀects product formation. Our present studies provide a comprehensive insight
into the factors that aﬀect the reactivity of HAuCl4 with bipyridyl ligands in solution, diﬀerent products formed, and ways to
access predominantly N,N-bipyridyl Au-ligated complexes. The
methods most widely used to obtain [Au( phen)Cl2]Cl and its

This journal is © The Royal Society of Chemistry 2019
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derivatives in the literature produce protonated bipyridyl
ligands with respective sacrificial gold counter-anions.
Furthermore, we investigated the dependence of pH on
product formation and importantly, the elimination of protonated ligands.
There have been few reports of such protonated ligands in
the literature,46,50–52 but our studies reveal that temperature
shifts the equilibrium more to the protonated ligands. We confirmed this by variable temperature NMR studies using a
mixture of [Au( phen)Cl2]ClO4 and [Au( phen)H]ClO4 or [Au
( phen)Cl2]PF6 and [Au( phen)H]PF6 in DMSO-d6 from 22 °C to
75 °C and X-ray crystallography to unambiguously diﬀerentiate
target compounds from side products.
Temperature dependence and variable temperature studies
Following the reaction of an equimolar ratio of HAuCl4 and
phenanthroline in ethanol for 4 h at 100 °C in the presence of
excess additive [ClO4]− or [PF6]−, 10% protonated ligand was
observed by NMR (Fig. 2 and S23†). Using variable temperature
NMR, we sought to understand the stability of generated
species within the reaction. Variable temperature proton NMR
studies were performed on a Varian Unity 400 NMR spectrometer with a Spectro Spin superconducting magnet.
Complexes 3 and 7 were chosen for VT-NMR studies. The
mixture was subjected to variable temperature NMR in DMSOd6 from 22 °C–75 °C. It was observed that at 75 °C there was
nearly complete conversion to the protonated species. This
can be attributed to the cleavage of the Au–N bonds at high
temperature and subsequent protonation of the ligand by
water in the NMR solvent or reaction medium.
The study reveals conversion of the Au(III) complex to its
corresponding protonated phenanthroline salt. The conversion
of the gold complex to its corresponding salt was not aﬀected
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by the particular counterion present. Taken together, this
explains the presence of protonated ligands when reactions are
subjected to high temperatures (100 °C) for 4 h.
Quantitative variable temperature NMR
Quantitative VT 1H NMR was performed using complex 3 to
study the change in the amount of the Au(III) complex and
corresponding protonated phenanthroline salt using trimethoxybenzene as the internal standard. For quantification,
the most deshielded proton of 3 (9.71 ppm) or [H-phen][ClO4]
(9.32 ppm) was used in reference to the aromatic peak
(6.09 ppm) of trimethoxybenzene (Fig. S24–S28†). The area
under each denoted proton was integrated at the same values
for the duration of the experiment. Initially, 0.038 mmol of 3
and 0.051 mmol of the standard were placed in an NMR tube
and subjected to variable temperature studies. After the
sample had been heated to 80 °C and cooled back to room
temperature, 0.00 mmol of 3 was found and 0.038 mmol of the
corresponding phenanthroline salt was left in the NMR
sample (Fig. 3). This reveals that the Au(III) complex is stoichiometrically converted to the corresponding phenanthroline salt.
A plot of mmol versus temperature reveals rapid conversion
of complex (3) to the corresponding protonated salt. Once the
NMR solution had been re-cooled to 20 °C, the solution was
subjected to direct temperature ramp back to 80 °C to study
the reversibility of the process. The study showed that
0.038 mmol of [H-phen][ClO4] was still observed, indicating
that even with good mass balance, the process is irreversible.
This explains why a substantial amount of protonated salts
can be found in the crude product for reactions performed
under high temperature conditions for 4 h and upon formation, persist in the reaction mixture due to the irreversible
nature of the protonolysis event.
X-ray structures of 1 and 2
The coordinated phenanthroline Au(III) complex bearing the
[AuCl2]−1 counterion, 1, was solved from a yellow slab, dimensions of 0.060 × 0.050 × 0.030 mm, which was grown by slow
diﬀusion of diethyl ether into DMF (Fig. 4). The structure was

Fig. 2 VT H1 NMR study of the complex, 3, at temperatures 22 °C,
40 °C, 60 °C, and 75 °C, followed by a scan once cooled back to 22 °C.

This journal is © The Royal Society of Chemistry 2019

Fig. 3 Q-VT-1H NMR of compound 3. Temperature ramp was as indicated. Total conversion is observed with a decrease in 3 (blue) and formation of [H-phen][ClO4] (green). The plot is an average of two independent experiments with insigniﬁcant error.
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Fig. 4 An ellipsoid plot showing a stack along the c-axis of alternating
cations and anions. All non-hydrogen atoms are drawn with an ellipsoid
of 50% probability. Hydrogen atoms were omitted for clarity.

Dalton Transactions

X-ray crystallography sheds light on the structural character of
these complexes, particularly on those with gold counteranions. Complexes 1 and 2 crystallize in a unit cell with low
symmetry in comparison with 5 and 6, which crystallize in a
monoclinic crystal system. Complex 3 exhibits a much higher
order of symmetry, space group Pbca, and is consistent with 7,
which has been reported by Ferraz de Paiva et al.48 Additionally,
variable temperature NMR studies support the rationale for
the studies as high temperatures shift the equilibrium to the
formation of protonated bipyridyl salts over the desired coordinated products and that the process is irreversible. This
report oﬀers a facile and relatively fast method to access mononuclear Au(III) complexes bearing N,N-bidentate ligands and
reactivity of HAuCl4 in solution without protonolysis.
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Fig. 5 An ellipsoid plot visualized with Mercury56 to show extended linearized placement of gold atoms. Each counterion sits on a crystallographic inversion center. All non-hydrogen atoms are drawn at 50%
probability. H atoms are omitted to enhance clarity.

refined by full-matrix least-squares to give R1 = 0.0193. This
ˉ, with
novel compound also crystallizes in the space group P1
an asymmetric unit containing one coordinated phenanthroline Au(III) complex cation and two half [AuCl2]−1 anions. The
Au1–N1 (2.037(4) Å) and Au1–N2 (2.041(4) Å) bond lengths are
also comparable to the Au–N bond lengths found in other
four-coordinate Au(III) amine complexes, such as [Au(dien)Cl]2
and [Au(en)(SO3)2], which exhibit typical bond lengths between
1.97 and 2.14 Å.53,54 The typical Au–Cl bond distance
(2.26–2.42 Å)53,55 can also be observed for the structure with
each respective Au–Cl bond distance being 2.2571(1) Å and
2.2595(12) Å.
The novel mixed valence Au(III) crystal (0.070 × 0.060 ×
0.030 mm) structure (2) was solved using Mo Kα radiation at
90.0(2)K. Structure refinement by full-matrix least-squares analysis converged to an R1 value of 0.0150. This molecule is
shown to crystallize in the triclinic crystal system, space group
ˉ. The asymmetric unit of the mixed valence compound conP1
tains one [Au( phen)Cl2]+ cation, half of one [AuCl4]−1 counterion and half of a linear [AuCl2]−1 counterion. Each anion lies
on an inversion center, which leads to the formula [Au( phen)
Cl2]2[AuCl4][AuCl2] (Fig. 5).

Conclusion
In summary, we used a rapid temperature-controlled method
to synthesize new N,N-bipyridyl ligated Au(III) centers with
mixed valence character. The approach circumvents protonated bipyridyl salts that compete with the desired product following literature protocols that use high temperature for 4 h.
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