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-Diiminato Gold(ll) - A New

Member for the Gold(ll) Complex Family?

Lukas Sorge,” Julian Link,*

The chemistry of molecular gold compounds is dominated by the
oxidation states +I and +IIl. For the intermediate oxidation state
+ 1l with 5d° electron configuration, dimerization or disproportio-
nation of the gold(ll) radicals is favored, so that only a few
mononuclear gold(ll) complexes have been isolated to date. The
present study addresses the one-electron reduction of the macro-
cyclic gold(lll) complex [Au"L]" of the innocent B-diiminato ligand
L*>~ with a 14-membered macrocycle (L>~=5,7,12,14-tetramethyl-

Introduction

The gold(ll) ion, especially in molecular environments, typically
disproportionates into Au' and Au" or dimerizes to [Au"-Au"]
with a gold(ll)-gold(ll) 6-bond, which can be bridged by a ligand
or which can even be unsupported." The origin of these
typical reaction pathways lies in the strong relativistic expan-
sion and thus destabilization of the 5d orbitals.*” The half-filled
5d,,.,, orbital is especially high in energy for the oxidation state
+11 in square-planar coordination geometry. Suitable environ-
ments to prevent disproportionation or dimerization are gas
phase conditions in the mass spectrometer,® noble gas
matrices®'" or zeolite encapsulation for a kinetic stabilization
of mononuclear gold(ll) species."? Transient gold(ll) species
have also been proposed as intermediates in homogenous
catalysis,>*'?  artificial photosynthesis  systems®??  or
radical®®?® and PCET#? chemistry. In solid state materials,
such as in simple salts AuCl, or AuSO,, either a mixed-valence
situation Au'Au"Cl, or dimerization [Au"(SO,)], occurs."?* A Au"/
Au" mixed-valent perowskite Cs,Au"Au",Cl,, containing a
square-planar coordinated gold(ll) ion has been recently
reported.B” Alternatively, tailored ligand environments are
essential for the kinetic and/or thermodynamic stabilization of
mononuclear gold(ll). Schroder and co-workers exploited the
rigid nature of chelating 1,4,7-trithiacyclononane ligands to
stabilize the gold(ll) ion in [Au"([9]aneS;),]I*" in a six-coordinate
environment.®" A first-order Jahn-Teller effect arising from the
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1,4,8,11-tetraazacyclotetradeca-5,7,12,14-tetraenato). Electrochem-
istry, spectroelectrochemistry and chemical reduction of [Au"L]"
monitored by UV/Vis, NMR and EPR spectroscopy together with
density functional theory calculations reveal disproportionation of
the initially generated but elusive gold(ll) complex Au'L and
provide guidelines for prospective stable mononuclear tetraaza-
macrocyclic gold(ll) complexes.

5d° electron configuration leads to an elongated octahedral
complex geometry.®" Even without the steric protection along
the Jahn-Teller axis (z axis), mononuclear gold(ll) can be
stabilized as shown by the synthesis, isolation and full
characterization of the tetraphenylporphyrinato gold(ll) com-
plex Au'(tpp) as a truly mononuclear four-coordinate gold(ll)
complex (tpp®>~=5,10,15,20-tetraphenylporphyrinato).>?

The gold(ll) ion in Au'(tpp) is located in a [2+2] slightly
distorted square-planar [AuN,] coordination environment with
two shorter and two longer Au—N distances due to a second-
order Jahn-Teller effect (Scheme 1).? Dimerization of Au'(tpp)
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Scheme 1. Structural features of a) AuCl,, b) AuSO,, and molecular structures
of ¢) [Au"([9]aneS;),]*" and d) Au'(tpp) as well as e) the reduction of [AuL]™
studied in this work.
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with formation of a [Au"-Au"] ¢ bond from the half-filled 5d,, ,,
orbitals is inhibited by the rigid porphine macrocycle blocking
the xy plane. The formation of gold(l) as a result of disproportio-
nation is energetically unfavorable due to the rigid coordination
environment preventing the formation of linearly coordinated
gold(l). Instead, the porphyrin ligand is reversibly reduced
forming [Au'(tpp*")]". The latter radical anion is also thermody-
namically comparably unfavorable so that the disproportiona-
tion constant of Au(tpp) amounts to merely K;=3x10"" at
room temperature.®**® As gold(l) is avoided, further potentially
irreversible reduction or disproportionation reactions to gold(0)
species are prevented as well.®?

To question whether the porphine ligand is special in
stabilizing gold(ll) in a square-planar geometry by its rigid
nature and its redox non-innocence prohibiting the formation
of gold(l) and subsequent decomposition to gold(0), we
investigated the redox chemistry of the known gold(lll) complex
[Au"L]" with the redox-innocent dianionic macrocyclic
5,7,12,14-tetramethyl-1,4,8,11-tetraazacyclotetradeca-5,7,12,14-
tetraenato ligand L>~ (Scheme 1). The parent gold(lll) complexes
[Au"(tpp)] ¥ and [AU"L]T®** share a square-planar [AuN,]
coordination geometry with similar Au—N distances. However,
the one-electron reduction of [Au"L]™ to Au'L has not been
reported yet. We describe the electrochemical, spectroelectro-
chemical and chemical reduction of [Au"L]* and analyze the
products by UV/Vis, EPR and NMR spectroscopy along with
density functional theory (DFT) calculations to delineate ligand
design strategies for four-coordinate molecular gold(ll) com-
plexes with respect to ring size, flexibility and redox activity of
the macrocyclic ligand.

Results and Discussion

Synthesis and Spectroscopic Characterization. The gold(lll)
complex [AuL][PF¢] with the 14-membered macrocyclic ligand
L>~ is prepared according to literature procedures®”?® in a
template reaction from [Au(en),]Cl; (en=ethylenediamine)®®
and acetylacetone followed by counter ion exchange with
[NH,I[PF¢] in 60% overall yield. The air and moisture stable
complex [AuL][PF¢] is characterized by multinuclear NMR
(Figures S1-S4), ESI* mass spectrometry (Figure S7), IR spectro-
scopy (Figure S9) as well as UV/Vis absorption spectroscopy
(Figures S20 and S21). The complex is sufficiently soluble in
DMSO and DMF, but only poorly soluble in THF or 2-MeTHF.
The ligand H,L was prepared according to literature
procedures®® and characterized by ESI* mass spectrometry
(Figure S8), 'H and "C{'H} NMR (Figures S5 and S6) and UV/Vis
absorption spectroscopy for comparative reasons (Figures S23
and S24). Coordination of the gold(lll) ion to the ligand is clearly
indicated by the ESI* mass spectrometric data and the 'H NMR
coordination shift of the methylene and methine proton
resonances from 3.31 and 4.44 ppm to 3.79 and 5.05 ppm,
respectively. The PF,~ counter ion is detected by its '°F and
*'P NMR resonances as well as its characteristic IR frequencies
(Figures S3, S4 and S9).
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The UV/Vis absorption spectrum of [AuL][PF¢] in DMSO is
dominated by a band maximum at 286 nm (€=4245M"'cm™),
an intense transition at 372nm (e=10730M'cm™") and a
weaker shoulder located at ca. 450 nm (=652 M~'cm™) (Fig-
ure S20). These band maxima are rather weakly sensitive to the
solvents DMSO vs. DMSO:DMF:2-MeTHF 1:5:5 (v/v) mixture
(Figure S21). This specific solvent mixture combines sufficient
solubility, redox stability of the reduced species for electro-
chemical experiments and formation of glass at low temper-
atures for EPR spectroscopic experiments. According to time-
dependent DFT (TDDFT) calculations on [AuL]® the intense
band arises from a n-n* transition within the p-diiminate units
of the macrocyclic ligand, while the low-energy shoulder arises
from a ligand-to-metal (LMCT; g to 5d,, ) transition
(Figure S20, Table S2). In agreement with this LMCT assignment,
such a band is absent in the pro-ligand H,L (Figures S23 and
S24). The presence of an LMCT band suggests that gold(ll) with
5d° electron configuration might be accessible by one-electron
reduction.

Cyclic and Square Wave Voltammetry. The gold(lll) com-
plex [AuL][PF;] shows a quasireversible reduction wave at
—2.12V and an irreversible wave at ca. —2.7V vs. ferrocene/
ferrocenium in DMSO:DMF:2-MeTHF 1:5:5 (v/v)/["Bu,N][PF]
(Figures 1 and 2). These values shift only slightly in DMSO/
["BuyNI1[PF,] (Figures S12 and S13).

The cathodic peak current /(1) at —2.06 V exceeds that of
its corresponding anodic counterpart [,(1) in the cyclic
voltammogram (Figure 1b). The cathodic peak current /(1) is
also larger than the cathodic current at the second reduction
wave /(2) at —2.7 V (Figure 2). /(1) is twice as large as that of
the reductive FcH"/FcH wave resulting from one equivalent of
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Figure 1. a) Cyclic voltammograms of [AuL][PF] and 1 equivalent ferrocene
as internal standard 1073 M in 0.1 M ["Bu,N][PF4]/DMSO: DMF: 2-MeTHF
1:5:5 (v/v) at different scan rates. Scan direction indicated by a black arrow.
b) Cathodic and anodic peak currents /. and /, plotted against the square
root of the corresponding scan rates. Slope of the linear fits given in italics.
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Figure 2. Cyclic voltammograms of [AuL][PF¢] 107> M in 0.1 M ["Bu,NI[PF4l/
DMSO:DMF:2-MeTHF 1:5:5 (v/v) at different scan rates.

ferrocene as internal standard (Figure 1b). These data suggest,
that [Au"L]" is reduced in a quasi two-electron (2e~) process to
[AuL]” at around —2.06V. The [Au'L]” formed after the 2e~
reduction disproportionates into Au'L and [Au’L]*". The latter
species will irreversibly release the ligand with subsequent
formation of gold(0). Hence, only one half of the current of the
two-electron process is observed in the reverse anodic scan at
—2.04 V (Figure 1). At higher potentials close to the FcH"/FcH
wave, the deposited gold(0) is re-oxidized, so that that the peak
current of the FcH to FcH™ oxidation increases correspondingly.
At —2.7V, residual, i.e. not yet disproportionated [Au'L]™ is
reduced to gold(0).

Assuming a maximum peak difference of 0.1V for the
[Au"L]T/AU'L and AU"L/[AU'L]” processes, a disproportionation
constant of Au'L of K4(Au'L)~0.02 can be estimated. These
estimated values can be compared to the respective potentials
—0.97, —1.65 and —2.34V of the reduction of [Au"(tpp)]* to
Au'(tpp) and to [Au'(tpp*")]~.>' The disproportionation constant
K (Au'(tpp)) =3x107"? is thus smaller by orders of magnitude.
Similarly, the disproportion constants for the anionic species
[Au'Ll” and [Au'(tpp )]~ of K,[AU'L]")~5x107% and Ky([Au'-
(tpp™)1")=2x10"" differ significantly. As the formal gold(0)
complex [Au’L]*" is unstable towards ligand loss, the quite large
disproportionation constants of Au'L and [Au'L]” provide an
efficient and irreversible decay pathway towards gold(0).

A single 3e”™ reduction of gold(lll) to gold(0) has been
observed for [Au"(cyclam)**, while [Au"(Me,cyclam)]*" shows
three 1e™ reduction processes at 0.17, —0.09 and —0.90 V vs.
SCE (cyclam=1,4,8,11-tetraazacyclotetradecane).*” These data
together with the present data and that of [Au"(tpp)]l™
demonstrate, that the macrocyclic ligand determines the
susceptibility of gold(ll) towards disproportionation.

Chemical Reduction. Potassium  graphite  KCg™“"
potassium“? or sodium anthracenide (Figures S17 and S18) are
sufficiently reducing to address the first 2e” reduction wave of
[AU"LI[PF,]. A solution of [AuLl[PF¢] in DMSO:DMF:2-MeTHF
1:5:5 (v/v) was treated with one of these reductants and rapidly
frozen by cooling with liquid nitrogen. Unfortunately, no EPR
resonances (X-band) were observed, irrespective of the reduc-
tant employed. The EPR resonance of sodium anthracenide
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(Figure S18), however, is absent as well, suggesting a successful
electron transfer. Obviously, disproportionation of the initially
formed AU"L and [Au'L]™ is too fast for the duration of sample
preparation and irreversible.

To detect the final products of the one-electron reduction,
the gold(lll) complex was reduced with one equivalent of KC; in
DMSO:DMF: MeTHF 1:5:5(v/v) over 2h. After filtration,
removal of the solvents and dissolution in CD,Cl, a '"H NMR
spectrum was recorded (Figure3). The 'HNMR spectrum
displays resonances, which can be assigned to [Au"L]" (5=
4,98, 3.82 and 2.22 ppm) and the pro-ligand H,L (6 =4.50, 3.38
and 1.87 ppm) in a 2:1 integral ratio. The NH proton resonance
of H,L is observed at d =11.60 ppm. The NH protons likely stem
from the employed solvents. Consequently, one-electron reduc-
tion of [Au"L]" is followed by several disproportionation
reactions leading to gold(0), free ligand and back-formation of
[AU"L]" according to eq. 1.

3[AU"LT +3e +2 HY — Au® + H,L + 2 [Au"L]* m

Using one equivalent of sodium anthracenide as reductant
(Figure S18) similarly leads to the formation of H,L (Figure S19).

The 2:1 ratio of [Au"L]* and H,L after one-electron reduction
of [Au"L]" with KC, is also observed in the UV/Vis absorption
spectrum of the filtered reaction mixture as shown by the sum
spectrum of [Au"L]™ and H,L in a 2:1 ratio (Figure 4).

Clearly, the disproportionation of the gold(ll) and gold(l)
species is fast enough to prevent their spectroscopic character-
ization. This is also consistent with the observation of isosbestic
points during the spectroelectrochemical reduction showing
the decrease of the [Au"L]" absorption band (Figure S22). For
the gold(ll) complex Au'L, TDDFT calculations predict a low-
energy absorption band at 933 nm, which possesses metal-to-
ligand charge transfer (MLCT) character, namely from the half-
filled 5d,,.,, orbital of Au" to one B-diiminate unit of the ligand
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Figure 3. 'H NMR spectrum of the reaction products of [AuL][PF¢] with
1 equivalent KCg in DMSO :DMF:2-MeTHF 1:5:5 (v/v). Spectrum recorded in
CD,Cl,. Atom numbering given for proton assignments.
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Figure 4. Absorption spectrum (red) of the reaction mixture after reduction
of [AuL][PF,] with 1 equivalent KCg in DMSO:DMF:2-MeTHF 1:5:5 (v/v).
Absorption spectra of [AuL][PF¢] (orange), the pro-ligand H,L (blue) and a
sum spectrum of [AuL][PF¢] and H,L in a 2:1 ratio (black).

(Figure S25, Table S3). However, no such absorption band could
be detected during the spectroelectrochemical reduction (Fig-
ure S22). The TDDFT calculated transitions of the aurate(l)
[AU'L]” are uncharacteristic according to TDDFT calculations
(Figure S26, Table S4) and thus [Au'L]™ might not be detectable
in the reaction mixture at low concentrations.

Quantum Chemical Calculations. In order to delineate the
differences between the reversible [Au(tpp)]™®~ redox steps
and the irreversible reductions of [Au"L]™ we optimized the
geometries of [AuL]™~ as well as of [Au(tpp)]™'”~ complexes
for comparison on the same level of theory including relativistic
and solvent effects.

The gold(lll) complex [Au"L]" had been crystallized with
various counter ions.*>*%# |n 3|l cases, a four-coordinate
slightly twisted square-planar environment is found with
essentially planar six-membered chelate rings and twisted five-
membered chelate rings of the ethylene diamine parts of the
macrocycle. The Au-N distances vary from 1.974 to 1.992 A
with  Au—-N=1.974(2)-1.981(2) A  ([AuLl[BPh,]),*® 1.988(4)-
1.992(4) A ([AuLI[ReO,]),** 1.981(3)-1.986(3) A ([AULI[AuB,])"*
and Au—N 1.975(5)-1.9885(5) A ([AuLl[Br]).>¥ In the DFT opti-
mized geometry of [AuL]®, the Au—N distances were calculated
as 1.995-1.996 A in reasonable agreement with the solid state
structural data (Figure 5). The DFT calculated distances of
[Au(tpp)]™ of 2.029 A agree with those of [Au(tpp)IClO,]
(2.032(5)-2.033(5) A) as well.”! The shorter Au—N distances in
[AU"L]" as compared to [Au"(tpp)]™ likely arise from the smaller
ring size of the macrocycle (14 vs. 16-membered rings)
maintaining an essential square-planar [AuN,] coordination. The
stronger Au—N interactions in [Au"L]" substantially raise the
energy of the 5d,, ,, orbital as compared to the energy of the
5d,, ,, orbital in [Au"(tpp)]™ (Figure 6). This rather high energy
of the 5d,, ,, orbital accounts for the more cathodic reduction
potential of [AU"L] " (see above).

Reduction of [Au"L]" and [Au"(tpp)]* leads to the gold(ll)
complexes Au'L and Au'(tpp) with metal-centered spin densities
of 0.374 and 0.328, respectively. In both cases, some spin
density is delocalized onto the coordinating N atoms (0.116-
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[AuL] [Au(tpp)]”

Figure 5. DFT optimized geometries of [AuL]", AuL, [AuL]™ (left) and
[Au(tpp)]*, Au(tpp) and [Au(tpp)]~ (right) with Au—N distances given in A
(red), angles given in deg (blue), Mulliken spin populations given in green
(italics). Spin density plots at an isosurface value of 0.015 a.u. (orange).
Hydrogen atoms and phenyl substituents omitted for clarity.

0.127 and 0.086-0.115, respectively). The metal-centered reduc-
tion of [AU"L]™ to Au'L increases the calculated Au—N bond
lengths to 2.066/2.067/2.104/2.107 A. Similarly, the calculated
Au—N distances of [Au"(tpp)]® increased to 2.083/2.104 A in
Au'(tpp) in agreement with the experimental data (2.0586(24)/
2.0970(23) A).2% The differences between the trans Au—N bond
lengths are significant and reproduced by the calculations in
both cases with the bond length difference in Au'L (0.038 A)
being larger than that calculated for Au'(tpp) (0.021 A). This
symmetry-lowering had been suggested to arise from a second-
order Jahn-Teller effect of the (5d)° electron configuration
achieved by admixture of the (5d)%(6s)' electron
configuration.” Obviously, the L~ macrocycle with ethylene
bridges can better accommodate Au—N bond length changes
than the more rigid tpp?~ macrocycle lacking aliphatic bridges.
This higher flexibility becomes even more obvious in the
aurates [AuL]™ and [Au(tpp)]~.

Due to the presence of a n*(tpp) orbital of appropriate
energy (Figure 6), the electronic structure of [Au(tpp)]™ is
considered as a ligand centered radical anion coordinated to
gold(ll) [Au'(tpp" )]~ with balanced Au—N distances of 2.102/
2.126 A instead of a gold(l) complex with a twofold coordina-
tion. On the other hand, L*>~ lacks suitable ligand-centered n*
orbitals (Figure 6). Consequently, [Au'L]” is a genuine gold(l)
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Figure 6. Molecular orbital diagrams for [AuL]"/[Au(tpp)]™ (left), AuL/Au(tpp) (center) and [AuL] /[Au(tpp)]” (right) and frontier molecular orbitals derived
from DFT geometry optimized structures. Occupied molecular orbitals are indicated by filled, singly occupied o molecular orbitals by half-filled and
unoccupied molecular orbitals by grey bars. Hydrogen atoms and phenyl substituents omitted for clarity. Isosurface values at 0.018 a.u.

species. As gold(l) prefers a linear coordination mode, the
macrocyclic ligand distorts to accommodate gold(l) in a twofold
coordination with Au-N distances of 2.045/2.047 A and an
N—Au—N angle of 163°. With this small angle the coordination
geometry significantly deviates from linear. The other two
Au—N distances increased to 2.601/2.603 A with an N—Au—N
angle of 128°. This leads to a strained out-of-plane coordination
of the gold(l) ion and hence instability with respect to
disproportionation and ligand dissociation.

Consequently, it is the instability of the gold(l) species [Au'L]”
that prevents the observation of the gold(ll) complex Au'L. If the
gold(l) complex would be stable towards disproportionation
followed by ligand loss it should be possible to observe gold(ll) in
the presence of gold(lll) and gold(l) at its equilibrium concen-
tration, even if its concentration might be low. The energies
obtained from DFT calculations of [AuL]*, AuL and [AuL]™ yield a
small positive AG=8 kJmol™' for the disproportionation and K,=
0.04 at 298K. Hence, even though AuU'L might be weakly
stabilized, the adjacent labile gold(l) oxidation state prevents its
observation. In contrast, Au'(tpp) and [Au'(tpp’)]~ are stable
towards disproportionation, which closes the decay path to
gold(0) and allows the isolation of Au'(tpp).?”

Conclusions

The gold(ll) species Au'L with the flexible 14-membered macro-
cyclic ligand L*~ (L>~ =5,7,12,14-tetramethyl-1,4,8,11-tetraazacy-
clotetradeca-5,7,12,14-tetraenato) is slightly stabilized towards
disproportionation. This thermodynamic stability should allow
its in situ characterization at its equilibrium concentration with
[AuL]* and [AuL]™ being present as well. However, the aurate(l)
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[AuL]™ is susceptible towards irreversible disproportionation
followed by ligand dissociation. This leads to an overall
irreversible reduction to gold(0) so that the gold(ll) and gold(l)
complexes of L~ are only transient species and remain elusive.

The moderate thermodynamic stability of Au'L as compared
to Au'(tpp) stems from its higher energy 5d,,,, orbital. The
even more important insufficent kinetic inertness arises from
the reactivity of the strongly distorted essentially two-coordi-
nate aurate [AuL]™ enabled by the flexible and redox-innocent
L~ macrocyclic ligand. The stability and hence the successful
isolation of Au(tpp)®? thus arises from the rigid and non-
innocent 16-membered macrocycle that prevents the formation
of distorted gold(l) species by formation of a ligand-centered
radical with balanced Au—N distances instead.

Keys towards isolable mononuclear gold(ll) complexes are
thus employing i) rigid macrocyclic ligands that protect the
gold(ll) center from dimerization in the xy plane and ii)
kinetically stable adjacent oxidation states. The present study
shows that the macrocyclic ligand should stabilize the lower
adjacent oxidation state, formally gold(l), for example by
accommodating the additional electron in its n* system to
prevent a disproportionation cascade to gold(0).
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