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Square Planar Gold(lll) bis-(1,1’-dimethyl-3,3’-methylene-
diimidazol-2,2’-diylidene) Trication as Efficient and Selective
Receptor Towards Halogen Anions: Cooperative Effect of Au---X
and X---HC Interactions

Marco Baron,® Anna Dall’Anese,? Cristina Tubaro,** Laura Orian,® Valerio Di Marco,® Sara Bogialli,?
. . b .
Claudia Graiff,” Marino Basato®

Treatment of the tricationic gold(lll) [Au(MelmCH,ImMe),](PF¢); complex 1-3PFs (Im = imidazol-2-ylidene) with excess
halides affords complexes 1-3X (X = Cl, Br, 1), resulting from counter anion PF¢/X exchange. The 'H chemical shift of the
CHj3 groups and particularly of the CH, linker in DMSO-d¢ are different in the three complexes, thus suggesting selective
X-+-HC interactions. Complex 1% can be therefore used as halide sensor in DMSO and water. The host-guest interaction
between the tricationic gold(lll) complex and the halides CI, Br and I' in solution and in the solid state has been
investigated by means of NMR titration experiments, DFT calculations and X-ray structure analysis. The electrostatic
interaction between the halides and the triple formal positive charge on the metal centre, together with the CH---X
hydrogen bonding between NHC ligand and halides contributes to forming stable supramolecular aggregates in solution
and in the solid state. The complexing properties of 1* are strongly influenced by the nature of the solvent. Formation of
the 1:1 and 1:2 species (1X* and 1X,') is observed in DMSO-dg, while only the 1:1 aggregates (1X*) are observed in D,0O (X
= Cl, Br, I). Moreover, the selectivity towards the various halides is reversed in the two solvents, being in the order CI'>Br
>|" in DMSO-dg and I'>Br>Cl" in D,0. The formation constants of the species 1X* and 1X," in DMSO and 1X*" in water have
been determined by fitting the NMR titration curves.

distorted octahedral geometry. Most interesting, this strong
axial electrostatic interaction between the square planar
gold(lll) cation and the halides is maintained in DMSO solution

Gold complexes with N-heterocyclic carbene (NHC) ligands
have a broad range of applications which nowadays include
homogeneous catalysis,1 luminescent materials>®  and
medicinal chemistry.5 Furthermore, using NHCs ligands it is
possible to synthesize stable gold complexes in high oxidation
states (lI+ and |||+).6'7

We have recently reported on the straightforward synthesis of
stable tricationic gold(lll) complexes by transmetalation of
silver carbene complexes with KAuBr, in mild conditions.? The
obtained [Au(MeImCHZImMe)Z]3+ (Im = imidazol-2-ylidene)
tetra-NHC cation 1%* (Chart 1, a)) interacts with Br or silver
bromides to afford in the solid state gold(lll) centres with a
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b Dipartimento di Scienze Chimiche, della Vita e della Sostenibilita Ambientale,
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Italy.
Electronic Supplementary Information (ESI) available: 'H and *C NMR spectra of
complexes, titration experiments, Job Plots, computational details, crystallographic
details, Cartesian coordinates for  the computed species. See
DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

as recently reported also by Baker et al. (Chart 1, b).°

These findings prompted us to investigate the use of the tetra-
NHC cation 1** as halides sensor in solution. The anion
receptors chemistry is a very active and important research
field,10 which covers, for example, sensing, extraction,
transport, catalysis, self-assembling, and applications spanning
from treatment of industrial waste to anion transport
processes in the human body.11

Nowadays the application of organometallic complexes as
anion sensors is very limited.*? However, the tetra-NHC cation
13 likely presents the right features for behaving as efficient
sensor: i) high stability due to the presence of four NHC donors
bonded to the gold(lll) complex; ii) square planar coordination,
which ensures an easy accessibility for the anionic substrates
to the metal centre which, with its formal triple positive
charge, is the core of the sensor; iii) water solubility,
fundamental in environmental and biological studies.

J. Name., 2013, 00, 1-3 | 1
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Chart 1. Pseudo-octahedral gold(lll) NHC complexes reported by us (a)[8] and
Baker (b).[9]
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In this paper, we report on the application of 1%* as halides (cr,
Br and I') sensor in DMSO and in D,0. We also examined in
detail the interaction between the gold(lll) complex and the
halides by means of NMR spectroscopy, DFT calculations and
X-ray single crystal analysis. Notably, from the analyses it
emerges that the interaction between the gold(lll) complex
and the halides is not purely electrostatic and involves Au---X
and CH---X bonding.

RESULTS AND DISCUSSION

Synthesis of 1-3X complexes and use of 1-3PF¢ as halide sensor

We started by synthesizing and isolating the gold(lll) NHC
complex 1% having the halides CI’, Br and |” as counter anions.
This was easily achieved by exchange of the PFg anion in 1-
3PFg in acetonitrile solution with an excess of R;NX (X = Cl, Br,
1) to afford the immediate precipitation of the white complex
[Au(MelmCH,ImMe),]X; (1-3X), in which the three PFg anions
have been replaced by three halides X~ (Scheme 1). The HRMS
are in agreement with the proposed stoichiometry; in
particular, they show the signals related to the gold(lll) metal
tricationic complex interacting with one or two halides (Figures
$11-S19). The 'H NMR spectra in DMSO-dg are similar to that
of 1-3PFg, except for a significant chemical shift difference for
one proton of the bridging CH, group (Figure 1). Complex 1-3Cl
was recently reported by Baker and co-workers with a
different synthetic procedure, starting from KAuCl, and the
diimidazolium dichloride salt in the presence of lithium acetate
as base.’

Scheme 1. Synthesis of complexes 1-3X (X = Cl, Br, 1) by counter anion exchange.”

(;K )\3 3PF6 i) f* )\/3 3X
oo S9!

1-3PFg 1-3X

Reagents and conditions: Et;NCI-H,O (or Et;NBr or "BusNI) in CH3CN (0.5 mmol in
10 mL), 1-3PFg in CH3CN (0.05 mmol in 10 mL), rt, 1h.
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Figure 1. *H NMR spectra of complexes 1-3PFg, 1-3Cl, 1-3Br and 1-31 in DMSO-d¢
in the region of the CH, protons of the bridge.

The difference in the signals of the methylene bridge in the
NMR spectra of complexes 1-3X (X = PFg Cl, Br, 1) may be
attributed to the interaction of the cationic NHC complex with
the anions (Figure 2). The H., and H.,, protons of the
methylene bridges experience a different chemical
environment, pointing in opposite directions with respect to
the gold-halogen position. Furthermore, the Hegndo-Hexo
exchange processes very slow in the NMR time scale: in fact,
we have recently demonstrated with NMR spectra at different
temperatures that for 1-PFg the AB system of the methylene
bridge remains unchanged up to 150 °C in DMSO—dG.8 As a
consequence, H,,, chemical shift is very similar for all the 1-3X
complexes while H,,q4, chemical shift strongly depends on the
anion present in solution. Also the protons of the methyl
wingtip groups are in proper position to interact with the
anion (Figure 2). In this case however, the methyl groups are
free to rotate and in the 'H NMR spectrum, an averaged signal
for the protons pointing to the anion and the other two
pointing away is recorded.

We then performed NMR titration experiments, following the
chemical shift of the H,,q4, protons in the 'H NMR spectra upon
addition of halide aliquots to a solution of 1-3PFg in DMSO-dg
(Figure 3a and 520—525).i Figure 3b reports the & values for
Hendo Signal against the concentration of the three investigated
halides (CI, Br and I).

Figure 2. Representation of the molecular interactions in the complexes 1-3X:
Au---X, X-*Hengo and X---HCcs.

This journal is © The Royal Society of Chemistry 20xx
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Considering its molecular shape, complex 1%* has two identical
sites for binding anions, with the possibility of forming 1:1 and
1:2 adducts (Scheme 2). The rate of conversion between these
N Y species is fast in the NMR time scale, so that a single averaged
Oy ® Ble averag
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Scheme 2. Equilibria involving cation 1* and halide ions. The protons of the ligand have
been named in order to easily identify their signals in Figure 3.
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Figure 3. a) NMR titration of 1-3PFg (initial concentration 7.26 mM) with different amounts of chloride ions (Et;NCI-H,0) in DMSO-dg. b) Variation of the chemical shift of the He,q0
of the CH, bridge as a function of the added X (1H NMR in DMSO-dg): X=CI, black line; X=Br, red line; X=I', blue line. c) Job plot in DMSO-d; for the interaction of 1*and X' ([1-3PFg
+ X']='5 mM): X=CI,, black line; X=Br’, red line; X=I', blue line. d) Distribution curves for the complexes formed by treatment of 1* with CI" in DMSO at a typical 1* concentration
(0.003 M).

Table 1. Stability constants (logf) and chemical shift (A3 of CH, protons, ppm, with reference to 1-3PFs) for 1X** and 1X," complexes, as obtained from "H-NMR titrations and Job
plots at 25 °C. log/3 refers to the reaction 1** + iX = 1X*™ (/=1 or 2).°

Solvent Anion logfx2+ A8 CH(1x2) logByxs AS Cagaxd
DMSO c 4.062 (0.093) 0.6153 (0.0053) 6.390 (0.097) 1.3029 (0.0035)
DMSO Br 3.685 (0.074) 0.4368 (0.0047) 5.775 (0.075) 1.0969 (0.0011)
DMSO | 2.552 (0.045) 0.488 (0.016) 3.876 (0.075) 0.847 (0.028)

H,0 cl 1.666 (0.021) 0.2843 (0.0068) n.d. n.d.

H,0 Br 1.8694 (0.0089) 0.3959 (0.0032) n.d. n.d.

H,0 | 2.156 (0.018) 0.4278 (0.0069) n.d. n.d.

2|t is assumed that PFg, albeit slightly interacting with the ligand, is not coordinated to the gold centre. In fact, addition of PFs does not modify the *H NMR spectrum
of 1-3PFg (see Figure $32). ® Standard deviations for logfand AS are reported in brackets.

This journal is © The Royal Society of Chemistry 20xx
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In particular, the experimental data (NMR titrations and JOB
plot experiments) were elaborated for each 1-halide system by
assuming different speciation models, which included the
presence of the following complexes (taken alone or as
mixtures): 12X5+, 1X2+, 12X24+, 1X,%, 1X3. The best fitting results
(i.e. the lowest sum of squares) were obtained considering the
presence of a mixture of 1:1 (complex 1X2+) and 1:2 (complex
1X,") host:halide species (Figures 3 and S$20-528). Data
elaboration®® allowed also to compute the stability constants
and the chemical shifts of the complexes; the data obtained
are reported in Table 1.

As an example, the distribution curves for the complexes
formed by 13 with CI” in DMSO at a typical 1** concentration
(0.003 M) used in these NMR experiments are reported in
Figure 3d; distribution curves for Br and | are reported in the
Supporting Information (Figures S30 and S31). According to
these curves, the complexes start to form when the total
halide concentration approximately exceeds 10 M, and all 13
is completely bound when the total halide concentration
exceeds 107" - 107 M. A covalent coordination of the halides
to the metal cationic complex is limited by electronic reasons,
considering the d® electronic configuration of gold(lll) which
stabilizes a square planar coordination geometry. Nonetheless,
the high positive charge on the complex (3+) favours a strong
mostly electrostatic interaction with the incoming halide to
form the five and six-coordinated complexes 1X** and 1X,".
These findings compare well with the structural and
conductibility data on [1CI2]CI.9 We have observed, for 1-3Cl,
signals of the CH, bridging group at 6.74 and 7.87 ppm to be
compared to those at 6.79 and 8.09 ppm for [1CL,]CI. This may
be justified assuming that some solvolysis occurs in our
conditions and, as confirmed by the titration curves, further
addition of CI" leads ultimately to the exclusive presence of
1Cl," in solution (chemical shifts identical to those reported for
[1Cl,]cl).

These combined effects (high metal charge and X---HC
interactions) justify the high values of the stability constants in
DMSO (up to 4.062 and 6.390 for logB;gz+ and logBycy;
relative to chloride) and the decrease of the complex strength
from CI' to Br (logBg,2+ = 3.685) and I' (logf2+ = 2.552).
These values of logf3 can be compared to those found for
organic anion receptors”'16 based on polyimidazolium salts (Cl,
2.67; Br, 2.33 and |, 1.85;"* Cl, 4.27; Br, 4.21"”) ammonium (Cl,
2.06'®), polyamides (Cl, 3.47; Br, 1.60)".

Metal based receptors are less common® and normally may
involve anion coordination, like in a zinc dinuclear complex
based on pyrrole macrocylic ligands (Cl, log/34.51 in DMF)M.
Turning to our gold based anion receptor, the second halide
addition is less favoured (ca. 2 log units difference) compared
to the first one, as expected for the X interaction with a less
charged 1X** complex.

Analogous experiments have been run also in deuterated
water as solvent (Figures 4 and S32-S38), considering the
increasing interest towards anion sensing in water.'%?° The
stability constants are lower in water (logf;xz+ = 1.666 (CI'),
1.869 (Br’) and 2.156 (I')) than in DMSO, as expected, due to a

4| J. Name., 2012, 00, 1-3
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higher dielectric constant of the solvent and to its competition
on the Au and CH electrophilic centres. Moreover, the order of
stability constant in water is reversed, being higher for the
iodide anion, and no evidence is found in the explored
concentration range for the formation of 1X,". Titration with
HCl instead of Et,;NCI-H,O does not show any significant
variation in the distribution of products, indicating that the
acceptor system is stable and very slightly affected by change
of acidity in the pH range 1-7 (Figure 4). This is an interesting
result as, in general, organic receptors are very sensitive to pH
variation, being often protonated systems,mc’14b and working
properly in buffered solvent.

Some insight on the factors influencing the observed
behaviour can be derived from the analysis of the data in Table
1. The observed trend in DMSO appears to reflect mainly the
electronegativity of the involved halogens, so that the highest
formation constant is observed for CI, which gives also the
strongest interaction with one CH, hydrogen, as indicated by
the highest values of induced chemical shift (Ad¢., 0.615 ppm
for 1X* and 1.303 ppm for 1X,").

The situation remarkably changes in water, where competition
with solvent becomes very important. Water in fact may
behave as an electrophile towards X" weakening its interaction
with the Au®* and HC centres. This is confirmed by the lower
values of the observed A3 compared with DMSO. It is expected
that water interacts better with CI' than with Br and I,
following the order of the solvation energy. The net result is a
greater stability constant for 1I2+, i.e. the complex of the less
solvated anion (iodide), which is also less sensitive to H,0
competition, giving the strongest X:--HC interaction (Adcy;
0.428 ppm).
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Figure 4. Chemical shift variation of the Hepg of the CH, bridge (lH NMR in D,0)
as a function of the added halides: (®) titration with Et;NCI; (O) titration with
HCI; titration with Et;NBr (4A); titration with BusNI (®).

DFT calculations

The C,, geometry of the isolated Au(lll) complex has been
recently calculated and reported by some of us, in nice
agreement with the crystallographic parameters.8 The frontier

This journal is © The Royal Society of Chemistry 20xx
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molecular orbitals, i.e. the HOMO and the LUMO, which span
the irreducible representations B, and B, respectively, exhibit
significant differences: the former is mainly ligand centred
with a small contribution of Au d,,, while the latter has a large
Aup, lobe.?

In order to gain insight into the nature of the interaction
between the gold centre and one and two halide ion(s) X, the
series of complexes 1CI**, 1Br**, 11** and 1Cl,*, 1Br," and 11,"
were built and optimized under C; symmetry constraint. Then,
the bonding analysis was performed partitioning the molecules
into two fragments, i.e. the 13 complex and the halide(s); the
results are shown in Table 2.

The 1X*" series is discussed first. The molecular structures with
Cl and | are very similar to lBr2+, recently reported by some of
us.2 A close proximity between the coordinated halogen atom
and one proton of the methylene bridge oriented on the same
side is evident; all distances are much shorter than the sum of
the atomic Van der Waals radii, i.e. at 2.29 A (Cl---H), 2.42 A
(Br-+H) and 2.61 A (I--H), respectively. Slightly larger
separations, but also in this case much below 3.0 A, are
measured between a proton from each of the two methyl
groups pointing toward the halogen and the halogen itself, i.e.
2.43 A (Cl---H), 2.56 A (Br---H) and 2.75 A (I---H), respectively.
These intramolecular interactions provide extra-stabilization to
the complexes and influence the overall structure, as observed
in other cases in combined crystallographic and computational
studies.”* The charge on the gold centre decreases with
increasing halogen size, i.e. +0.3662, +0.3590 and +0.3494 for
Cl, Br and I, respectively. The trends of AE values for the x>
complexes can be directly compared to the trend of the
experimental f8;x2+ constants, being the gas-phase energies of
the reactions reported in equation (1).

13+ X > X (1)
13"+ 2X > 1x," (2)

They nicely match to the experimental trend found in DMSO,
opposite to the trend found in the highly polar water.
Important, upon increasing the halogen size, the halide
coordination to the gold centre leads to an energetically less
stabilized product.§ From the analysis it appears that this is not
ascribed to strain which remains almost constant, due only to

the 1%* deformation, but rather to the interaction term, which
decreases by 6.05 and 10.71 kcal mol™? when going from
chloride to bromide and iodide, respectively. From EDA, it
emerges that the difference between chloride and bromide is
due to the increase of Pauli repulsion with increasing halogen
size by 7.71 kcal mol'l, which is not compensated by the more
stabilizing dispersion interaction contribution which increases
(in absolute value) from -9.25 to -11.06 kcal mol™. In fact, no
appreciable variation of the electrostatic and orbital
interaction terms is computed. In contrast, when going from
bromide to iodide, the larger dispersion contribution and the
increase (in absolute value) of the orbital interaction
compensate the increased Pauli repulsion. Nevertheless, the
electrostatic term weakens by 4.91 kcal mol'l, since the
negative charge becomes more diffuse when going from
bromide to iodide, thus accounting for the overall
destabilization.

By inspecting the occupied frontier MOs one finds that in c*
and 1Br** HOMO-2, HOMO-1 and HOMO are close in energy,
spanning the irreps A’, A” and A’, respectively (Table S13).
HOMO and HOMO-2 are a combination of p, and p, orbitals of
the halide with a small contribution of the LUMO of the 13+;
this last MO is a combination of p, atomic orbitals of the metal
centre and of the imidazole N and C atoms.® HOMO-1
composition is dominated by the halide p, orbital combined
with the LUMO of 1**. When going from Cl to Br and | the p
filled halide orbitals are pushed to higher energy.

In HOMO and HOMO-1 of 1X2+, p, and p, contributions
increase along the group. In contrast, in HOMO-2, the p,
percentage increases and in 11* it is shifted to a lower energy
than HOMO and HOMO-1, due to combination also with
LUMO+9 of the 1** fragment which has almost 20% Au p,
character.

Moving to the 1X," series, for which the optimization was
carried out imposing C,, symmetry constraint, structural
features similar to those commented for the 1X** complexes
are observed. For example, close proximity is evident between
the halogen atom and the methylene and methyl protons
pointing toward it. Distances are 2.23 and 2.43 A, 2.37 and
254 A, 2.57 and 2.71 A for Cl, Br, and | derivatives,
respectively.

Table 2. Energy decomposition analysis of the C, optimized 1X** complexes (X= Cl, Br, I) and of the C,, optimized 1X," complexes (X= Cl, Br, 1); all values are in kcal mol; level of

theory: ZORA-BLYP-D3(BJ)/TZ2P sc.

1c® 1Br*" 1> 1cl,’ 1Br," 11,

AVeigear -254.01 -253.78 -248.87 AVt -463.65 -457.02 -442.40
AEpaui 76.38 84.09 89.47 AEpoui 104.80 113.91 119.47
AEy; -50.28 -50.35 -53.39 AE,; -77.31 -74.89 -77.40
A -38.60 -39.21 -42.60 A -21.25 -19.78 -19.84
A -11.68 -11.14 -10.80 A -12.15 -11.41 -10.98
B, -12.09 -11.49 -11.23

B. -31.81 -32.22 -35.35

AEgisy -9.25 -11.06 -13.66 AEgisp -16.72 -19.83 -24.32
AEi -237.16 -231.11 -226.45 AEir -452.88 -437.83 -424.65
AEgain 1.93 2.03 2.40 AEain 55.51 52.71 50.17
AE -235.23 -229.08 -224.05 AE -397.37 -385.12 -374.48

This journal is © The Royal Society of Chemistry 20xx
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These findings fully justify the trend exerted by the halides in
the chemical shift of the endo proton of the methylene bridge,
and are in discrete agreement with solid state structures (see
further in the text).

From the values of Table 2, one can notice that strain as well
as interaction contribute to the total energy. The contribution
to strain becomes larger in the doubly negative charged
fragment formed by the two halides, decreasing from Cl to Br
and I. It is worth to notice that the strain contribution due to
the deformation of the 13" fragment is almost constant, i.e.
2.97, 2.60 and 2.65 kcal mol'l; in contrast, the strain
contribution of the bis-halide fragment drops by 9.23 kcal mol
! from Cl to I, and is thus responsible of the decrease of the
total strain. The interaction decreases remarkably too, leading
to an overall large destabilization of the 1X," complex when
increasing halogen size, with energy changes being roughly
twice those computed for the x> analogues. From EDA, when
going from Cl to Br, the only stabilizing term is the dispersion.
The overall destabilization is 15.05 kcal mol™. Conversely,
when going from Br to I, AE,; becomes more negative by 2.51
kcal mol™. Despite additional 4.49 kcal mol™ due to dispersion,
the total interaction decreases by 13.18 kcal mol™. Also in this
case, the charge on the gold centre decreases with increasing
halogen size, i.e. +0.3875, +0.3776 and +0.3649 for Cl, Br and |,
respectively.

The frontier molecular orbitals HOMOs of the Cl and Br
complexes are mainly formed by the halides’ p, orbitals
spanning the irreducible representation X, and Au d,;.,,/d,,,
while LUMOs have large contribution from the C and N p, and
a small percentage of X, (p,) of the halides. In the case of
iodine, the HOMO composition is analogous, but the LUMO is
formed by Au d,, lobes and ligand p, and p,, without any
contribution by the halides.

In order to rationalize the trends for the thermodynamic
constants £, we have computed the energies of reactants and
products of the reactions of equations (1) and (2) in the two
different solvents, i.e. DMSO and water. Calculations have
been done using the geometries optimized in gas-phase as
well as re-optimizing the species in solvent, with and without
symmetry constraint, but no appreciable difference was
obtained in the structures and consequently in their energies
(Table S14).

Focusing on the formation of 1X2+, for which experimental
data are available in both solvents, it is evident that the trend
in water is well reproduced and is opposite to the trend in gas-
phase. However, the B x2+ trend in DMSO is not recovered:
calculated values suggest a more and more stabilized product
with increasing halogen size. The solvent, treated in our model
as a bulk dielectric medium, cannot have a molecular role in
the reactions in DMSO: this was verified by performing some
geometry optimizations which excluded the coordination of
DMSO to the metal centre. This case was already discussed in
literature® and, in agreement, our calculations do not predict
coordination of DMSO to Au(lll). Another hypothesis is that, at
the employed level of theory, the energy of the solvated halide
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is overestimated in solvent, an error which decreases with
. . . . . . ,23
increasing halogen size and increasing solvent polarlty.§§

Crystallographic characterization

The simple PFg/X exchange reaction employed in the
syntheses of 1-3X in acetonitrile quickly afforded very
insoluble powders, thus, considering the importance of
crystallographic evidences on Au---X and X:--HC interactions,
we decided to obtain and crystallize them in the presence of
iodine in excess. The addition of iodine reduces the
concentration of free halide through formation of
polyhalogenic anions, thus preventing precipitation and
allowing the obtainment of clear solutions. Moreover this
procedure may be useful in testing the ability of the tricationic
complex to stabilize new and extended counter anions
(polyhalides in particular),24 as already shown with the silver
polybromides chain we reported in a previous work.2 All
syntheses involved the slow diffusion of diethyl ether into an
acetonitrile solution of 1-3PFg and X'/I, in approximate 1:30:40
molar ratio. The resulting microcrystalline precipitate as a rule
contained few crystals suitable for X-ray analysis.

The crystal structure of the three compounds is characterised
by the [Au(MeImCHZImMe)z]3+ tricationic unit, in which the
gold atom shows a square planar environment with Au-C bond
distances that are in good agreement with those found in 1-
3PFg and in similar compounds.&g’25 The C1-Au-C2 bond angle,
as expected, is slightly narrower than 90° as observed in 1-
3PF¢. In Table 3, the most important bond distances and angles
of the cationic complexes are reported, and compared to the
analogous ones in 1-3PFg.

In all the compounds, the two chelating ligands are disposed in
opposite site with respect to the AuC, coordination plane. In
compounds 1-Cl,2l3 and 1-3Br’l,, this inversion is imposed by
the crystallographic symmetry of the space group. The AuC,
coordination is not deviated from planarity. The value of the
dihedral angle between the imidazole rings (A and B) and the
coordination plane AuC, is approximately the same and slightly
smaller than the values observed in 1-3PF.

In the crystal packing of the compounds, two halogen atoms in
the form of monoatomic anion (Cl and Br) in 1-Cl,2l; and 1-
3Br’l, respectively, or in the form of the terminal | atom of the
I3~ anions in 1-3l3, occupy unusual additional axial coordination
sites. The distorted octahedral coordination is rather rare for
Au(lll) complexes.9 The Au---X distance is 3.169, 3.631 and
3.684 [4.018] A for 1-Cl,21; 1-3Brl, and 1-3I;3 respectively
(3.148(2) and 3.192(2) A for 1-3CI)9. Those distances are longer
than Au-X covalent bonds, but are significantly shorter than
the sum of the van der Waals radii of the atoms (4.14, 4.18 and
4.36 A for Au-Cl, Au-Br and Au-l respectively).26 Also in the
crystal packing of compound 1-3PF6,8 F atoms of the PFg
anions occupy largely distorted axial octahedral coordination
sites. The Au--F distance is 3.414 A slightly shorter than the
sum of the van der Waals radii which is 3.78 A.

Considering the crystal packing of all the compounds, it can be
observed that the halogen atoms are involved in interactions

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 12


http://dx.doi.org/10.1039/C7DT03672H

Published on 05 December 2017. Downloaded by Universitadi Parmaon 05/12/2017 09:59:23.

== Dalton Tr

Journal Name

with the methylene hydrogen atoms of the ligands, and this
interaction is stronger in 1-Cl,2l; and 1-3Br’l,. The distance
between the endo H atom of the methylene bridge and the
gold atom is 3.997, 2.592, 2.564 and 3.168 [3.405] A
respectively for 1-3PFg, 1-Cl,2l5, 1-3Br’l, and 1-3l3. The H-C---X
interaction angle is 140.08, 146.44, 160.39 and 154.73
[157.99]°, respectively. An ORTEP view of the distorted
octahedral compounds in 1-Cl,2l3, 1-3Br’l, and 1-3I3 is reported
in Figure 5. It is evident that in the case of 1-Cl,21; and 1-3Br'l,,

ARTICLE

the coordination plane AuC, and the segment X---Au---X are
nearly orthogonal while in 1-31; deviation from orthogonality is
evident.

The crystal packing of the compounds is completed by I3
anions in the case of 1-Cl,2l;, I, molecules in the case of 1-
3Br’l, and acetonitrile solvent molecules in the case of 1-3I;
(see Section 17 in the Supporting Information file).

Table 3: Selected bond distances (A) and angles (deg) for cationic units in compounds 1-Cl, 213, 1-3Brl, and 1-3I; compared with the analogous ones found in 1-3PF. A diagram of

the cationic complex is represented, together with a simplified labelling scheme.

1-3PF¢° 1-Cl,215 1-3Brl, 1-31;
Au-C1 [Au-C1’] 2.019(14) [2.075(15)] 2.049(9) 2.045(3) 2.046(9) [2.052(10)]
Au-C2 [Au-C2’] 2.046(13) 2.033(15)] 2.042(8) 2.045(3) 2.041(9) [2.045(10)]
C1-N1 [C1’-N1’] 1.337(19) 1.348(18)] 1.339(11) 1.344(4) 1.352(12) [1.348(13)]
C1-N3 [C1’-N3’] 1.367(17) [1.304(19)] 1.320(11) 1.358(4) 1.325(12) [1.348(13)]
C2-N2 [C2’-N2’] 1.345(17) [1.34(2)] 1.329(11) 1.344(4) 1.340(13) [1.352(13)]
C2-N4 [C2’-N4’] 1.360(17) [1.33(2)] 1.355(11) 1.358(4) 1.353(12) [1.332(12)]
C1-Au-C2 [C1’-Au-C2’] 83.5(5) [83.0(6)] 84.6(3) 83.50(19) 84.8(3) [84.9(4)]
C1-Au-C2’ [C2-Au-C1’] 97.0(5) [96.4(7)] 95.4(3) 96.50(19) 95.1(4) [95.2(4)]
AUC, A [AUC, '] 43.44 [42.46] 41.47 39.53 40.38 [39.20]
AuC,"B [AuC,"B’] 42.32 [44.52] 41.07 39.53 40.24 [39.81]

a See reference 8.

Figure 5. ORTEP views of compounds 1-Cl,2l; (left) 1-3Br'l, (centre) and 1-3l; (right) evidencing the distorted octahedral coordination. Ellipsoids are shown at 50% probability level.
Hydrogen atoms are omitted for clarity excepting exo and endo H atoms of the methylene bridge.
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EXPERIMENTAL SECTION

General Remarks. All manipulations were carried out using
standard Schlenk techniques under an atmosphere of argon or
dinitrogen. The reagents were purchased by Aldrich as high-
purity products and generally used as received; all solvents
were used as received as technical grade solvents. The gold(lll)
complex [Au(MelmCH,ImMe),](PFs); (1-3PFg) was prepared
according to literature procedures.8 NMR spectra were
recorded on a Bruker Avance 300 MHz (300.1 MHz for 4 and
75.5 MHz for 13C); chemical shifts (8) are reported in units of
parts per million (ppm) relative to the residual solvent signals.
For the HRMS measurements, solutions of the complexes 1-3X
in DMSO at concentration of ca. 0.3 mM were injected at 10
pl/min by using a syringe pump. The HRMS measures were
carried out with a Q-Exactive hybrid quadrupole-Orbitrap™
mass spectrometer (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). MS conditions were as followed:
electrospray ionization in positive mode, resolution 70,000,
AGC target 1-106, max injection time of 30 ms, scan range 150-
2000 a.m.u, capillary voltage 3.5 kV and RF voltage at 50 V,
capillary temperature 320°C and probe temperature 350°C;
nitrogen was used as shealth gas at 11 psi. Calibration was
performed with a standard solution purchased by Thermo
Fisher Scientific (Pierce® ESI positive lon Calibration Solution).
The software for analysis of MS data was Xcalibur 3.1 (Thermo
Fisher Scientific).

The identity of the compounds was determined by
multinuclear NMR spectroscopy and HRMS spectrometry,
considering that the CHN elemental analysis are slightly off
because of residual water.

Synthesis of 1-3Cl. A solution of Et,NCI-H,0 (0.5 mmol in 10 mL
of CH3CN) was slowly added to a solution of complex 1-3PFg
(0.05 mmol) in CH3CN (10 mL), leading immediately to the
formation of a white precipitate. The reaction mixture was
maintained under stirring for 1 hour and subsequently the
product (white solid) was recovered by filtration, washed with
Et,0 (3 mL) and finally dried under vacuum. White solid (yield
73%). Anal. Calcd for CigHs4AuClsNgOs: C, 29.70; H, 4.43; N,
14.61%. Found: C, 28.54; H, 4.16; N, 15.08%. 'H NMR (DMSO-
dg, 25 °C, ppm): 6 = 3.65 (s, 12H, CH3), 6.74 (d AB system, 2H,
CH,), 7.76 (s, 4H, CH), 7.87 (d AB system, 2H, CH,), 8.00 (s, 4H,
CH). *C NMR (DMSO-ds, 25 °C, ppm): & = 37.8 (CHs), 62.8
(CH,), 123.7 (CH), 125.0 (CH), 146.8 (NCN). MS (HRMS, base
peak, m/z) = 274.0842 [1]2+ (required for C18H23N8Au2+=
274.0850), 292.0724 [1CI** (required for CigH,sNgAuCl*'=
292.0733), 619.1144 [1Cl,]" (required for CgH,4NgAuCl,’=
619.1161).

Synthesis of 1-3Br. Same procedure described for 1-3Cl, but
using Et;NBr. White solid (yield 73%). Anal. Calcd for
CigHysAUBrsNgO,: C, 26.20; H, 3.42; N, 13.58; Br, 29.05%.
Found: C, 25.80; H, 3.49; N, 14.31; Br, 28.48%. 'H NMR (DMSO-
dg, 25 °C, ppm): 6 = 3.64 (s, 12H, CH3), 6.78 (d AB system, 2H,
CH,), 7.68 (d AB system, 2H, CH,), 7.77 (s, 4H, CH), 8.01 (s, 4H,
CH). *C NMR (DMSO-ds, 25 °C, ppm): & = 38.3 (CHs), 63.3
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(CH,), 123.9 (CH), 125.2 (CH), 146.1 (NCN). MS (HRMS, base
peak, m/z) = 274.0833 [1]*" (required for CigH,3NgAu’'=
274.0850), 314.0462 [1Br]** (required for CgHsNgAuBr’'=
314.0481), 709.0091 [1Br,]" (required for CjgH,,NgAuBr,'=
709.0131).

Synthesis of 1-3l. Same procedure described for 1-3Cl, but
using "BusNI. White solid (yield 73%). Anal. Calcd for
CigH 6AUlNgO: C, 22.80; H, 2.76; N, 11.81%. Found: C, 22.24;
H, 2.71; N, 12.82%. 'H NMR (DMSO-dg, 25 °C, ppm): & = 3.58 (s,
12H, CH3), 6.81 (d AB system, 2H, CH,), 7.29 (d AB system, 2H,
CH,), 7.78 (s, 4H, CH), 8.02 (s, 4H, CH). **C NMR (DMSO-dg, 25
°C, ppm): 6 = 39.6 (CH3), 63.4 (CH,), 124.3 (CH), 125.3 (CH),
145.8 (NCN). MS (HRMS, base peak, m/z) = 274.0840 [1]2+
(required for CygHysNgAu?*'= 274.0850), 338.0403 [11]*"
(required for CigHyNgAul®'= 338.0412), 802.9845 [1l,]"
(required for CygH,,NgAul, = 802.9873).

Crystallization of 1-3PF; with halide/iodine mixtures.
Procedure for the Cl'/l, sample. Acetonitrile solutions of 1-3PFg
and NaCl/l, in an approximate concentrations 1:30:40 mM
were prepared separately and then mixed. Crystals of 1-Cl,2I;
suitable for X-ray analysis were obtained by slow diffusion of
diethyl ether into this mixture. The same procedure was also
applied for the mixtures KBr/l, and Nal/l,, obtaining complexes
1-3Br’l, and 1-3I; respectively.

Titration and Job Plot experiments. Method A. Solutions of 1-
3PFs and of tetraalkylammonium halide were prepared in
DMSO—dg (7.26 mM and 726 mM, respectively) or D,0O (0.42
mM and 42 mM). Increasing amounts of the halide solution
have been added to the solution of the complex, and the
resulting 'H NMR spectrum was recorded at 25 °C. The
variation on 1®* concentration at the end of the titration
experiments was around -10% for the experiments in DMSO-dg
and -20% for those in D,0. Method B. In order to exclude the
possibility that the observed variation of chemical shift was a
consequence of aggregation/disaggregation of the complex in
solution, some titrations at constant concentration of 1-3PFg
were performed. A solution of complex 1-3PFg was prepared
(1.25 ml, 7.26 mM in DMSO-dg or 0.42 mM in D,0). An aliquot
(0.40 ml) of this solution was then transferred in a second vial,
where Et,NCI-H,0 was added (9.1 10 mol for the experiment
in DMSO-dg and 1.05 10 mol for that in D,0). The *H NMR
titrations were then performed by sequential additions of this
solution directly into the NMR tube containing the solution of
the sole complex. The results perfectly matched those
obtained with the first method, because the same speciation
was obtained, and the stability constants differed by less than
0.1 log units.

For the Job Plot experiments two solutions of complex 1-3PFg
(5 mM) and tetraalkylammonium halide (5 mM) in DMSO—-dg
were prepared. These solutions were mixed to give ten
samples at different yx maintaining the [1-3PFs + X] = 5mM.
The *H NMR spectrum of every sample was recorded at 25 °C.
Calculation of stability constants and of the chemical shifts
for the 1-halide complexes. The 'H-NMR titrations and the job
plots data (chemical shift vs. solution composition) were
elaborated by the computer program PITMAP® to obtain the

This journal is © The Royal Society of Chemistry 20xx
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stability constants (logf) and the chemical shifts of each
complex. The program calculates the theoretical value of Ad
(i.e. the chemical shift difference between 1** in the presence
of the halide and 1** alone) at each experimental point; for
example, if the complexes 1X** and 1X," form, the AS of CH, is
given by the equation:

2+ +
A8 = ASchy(axoey o+ B8ci oy

Ci3+ Ci3+ (3)
where Cy3+ is the total concentration of 1 (experimentally
known), and A8CH2(1X2+) and ASCHz(lx;) are the chemical
shifts of CH, for each complex. Species concentration at
equilibrium (e.g. [1X2+] and [1X,']) are calculated by solving the
mass balance equations through the Newton—Raphson
method.”’ Then, the sum of the squares of the differences
between experimental and calculated chemical shift values are
minimized using pitmapping28 or simplex27 as nonlinear least
squares algorithms, by varying ASCHZ (or ASCH3) and logf
values of the complexes. Pitmapping method allows to
compute also the standard deviation of the fitted parameters.
Computational details. Amsterdam Density Functional (ADF)
software suite’®*® was used to perform the density functional
theory (DFT) calculations. Scalar relativistic effects were
accounted for using the zeroth-order regular approximation
(ZORA),31 an optimal approach in presence of heavy nuclei.?
The BLYP® density functional was chosen and the dispersion
contribution term developed by Grimme et al* (BLYP-D3(BJ))
was added. For all the elements we used the TZ2P basis set,
which is a large uncontracted set of Slater-type orbitals (STOs),
is of triple-C quality and was augmented with two sets of
polarization functions on each atom (2p and 3d in the case of
H, 3d and 4f in the case of C and N, 4d and 5f in the case of Cl,
5d and 6f in the case of Br, 6d and 7f in the case of | and 6g
and 7h in the case of Au). Core electrons were treated with the
frozen-core approximation: up to 1s for C and N, up to 2p for
Cl, up to 3p for Br, up to 4p for | and up to 4d in the case of Au,
respectively. The Becke grid was used for the numerical
integration.35 Symmetry constraints were imposed and are
specified in the text. Solvent effects were taken into account
with the Conductor-like Screening Model (COSMO),36 as
implemented in the ADF program. For DMSO and water we
used a solvent-excluding surface with an effective radius of
3.04 and 1.93 A, and relative dielectric constant of 46.7 and
78.39, respectively. The empirical parameter in the scaling
function in the COSMO equation was set to 0.0. The radii of
the atoms were taken to be MM3 radii,37 divided by 1.2, giving
1.350 A for H, 1.700 A for C, 1.608 for N, 1.725 A for CI, 1.850 A
for Br, 1.967 A for | and 2.025 A for Au.*®
In order to gain insight into the nature of the bonding between
the gold complex and the halide ion(s), the activation strain
model (ASM)39 was employed, aiming at a meaningful
description of structural and reactivity properties of the
chemical species.§ In this approach, the energy relative to the
fragments forming the system, i.e. the gold complex and the
halide ion(s), (AE), is decomposed into the strain contribution
AE.4in and the interaction contribution AE;.; (eq. 4):
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AE = AEstrain + AEint (4)
The activation strain AEg.i, is the energy associated with
deforming the fragments from their equilibrium geometry into
the geometry they acquire when forming the complex of
interest. It can be divided into a contribution stemming from
each fragment. The interaction AE;, is the actual interaction
energy between the deformed fragments. AE;,; can be further
analysed in the framework of the Kohn-Sham Molecular
Orbital (MO) model using a quantitative energy decomposition
analysis (EDA) of the bond into electrostatic attraction, Pauli
repulsion (or exchange repulsion), and stabilizing orbital
interactions (eq. 5).39 Dispersion, which is included in our
approach, must also be accounted for in the sum:
AEint = AVelstat + AEPauIi + AEoi + AEdisp (5)
Crystal data. Crystal data for complexes 1-Cl,2l; and 1-31; were
collected at room temperature on a Bruker APEX Il single-
crystal diffractometer, working with Mo-Ka graphite
monochromatic radiator (A = 0.71073 A) and equipped with an
area detector. The raw frame data (20 s per frame scan time
for a sphere of diffraction data) were processed using SAINT
software;40 a correction for absorption was made using SCALE
program41 to yield the reflection data file, R(int) was 0.1821
before and 0.0950 after correction for compound 1-Cl,21;3 and
0.1674 and 0.0661 for compound 1-3l3. The Ratio of minimum
to maximum transmission is 0.2238 and 0.6603 respectively
for the two complexes. The lambda/2 correction factor is
0.0015. Intensity data of compound 1-3Br’l, were recorded at
100K at the Elettra Syncrothron Light Source facility (A =
0.7000 A) (CNR Trieste, Strada Statale 14, Area Science Park,
34149, Basovizza, Trieste, Italy). The raw frame data were
processed using the program package CrysAlisPro
1.171.38.41.% R(int) was 0.1695 before and 0.0488 after
correction. The Ratio of minimum to maximum transmission is
0.6768. The structures were solved by direct methods with
SHELXS-97 and refined against F? with SHELXL-2014/743 using
anisotropic thermal parameters for all non-hydrogen atoms.
The hydrogen atoms were placed in the ideal geometrical
positions. Details for the X-ray data collection are reported in
Table S15. Crystallographic data for the complexes have been
deposited with the Cambridge Crystallographic Data Centre as
supplementary publications CCDC 1563831 (complex 1-Cl,2l3),
1563832 (complex 1-3Br’l,), 1563833 (complex 1-3l3).

CONCLUSIONS

The [Au(MeImCHzlmMe)z]3+ cation behaves as an anion
receptor towards halides in DMSO and water. The stability
constants for the gold-halides adducts are greater in DMSO
following the order CI' > Br > I, whereas the order of
selectivity is reversed in water. The good characteristics
exhibited relay on: i) the high positive charge of the gold
centre, ii) the proper square planar geometry which favours
the anion approach, iii) the cooperative effect of the CH, and
CH; groups, iv) the stacking of the cations which favours a
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lipophilic micro-environment, v) the easy tunability of the
dicarbene ligand. Most interestingly, the receptor system is
thermally very stable and practically unaffected by pH changes
in the 1-7 range. We are actually investigating the possibility of
improving the sensitivity of the complex, by favouring the
X--+HC interaction (substitution of a methylene H with a more
“expanded” CHj3 group) and by increasing its solubility in
water, via introduction of PEG substituents in the imidazole
fragments.44
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