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The synthesis and characterization of two dinuclear and five tetranuclear gold(1) complexes bearing the
2,6(diphenylphosphinomethyl)pyridine ligand (DPPMPY) are herein reported. The reaction between the
dinuclear complexes, DPPMPY (AuCl), (1) or DPPMPY (AuBr), (2), with 1 or 2 equivalents of Ag salts yielded 20
five tetranuclear gold(1) complexes, DPPMPY Au.X, (3-7), differing in the terminal ancillary ligands (X =

Cl, Br, acetonitrile) and the counter ions (SbFs~ or BF4-). The structures of complexes 1, 2, 3, and 5 were
confirmed by single-crystal X-ray diffraction studies. The Au--Au distances found in com- plexes 3 and 5

are in the range of aurophilic interactions and the arrangement of the Au atoms varies from a linear
arrangement in complex 3 to a zigzag arrangement in complex 5. The photophysical characterization of the -5
compounds was performed both in solution and in the solid state. Very high emission quantum yields were
observed for the acetonitrile complexes 4 and 6 in the solid state. The use of this family of gold(i)
complexes as catalysts for lactone synthesis via oxidative heteroarylation of alkenes was investigated and
yields up to ca. 65% were obtained. Dicationic halide complexes 3 and 5 showed a slight enhancement of the
yield of the catalytic reaction, indicating that there is no influence of the counter ion employed on 30
the reaction outcome. Luminescence techniques have been also used to follow the progress of the catalytic

rsc.li/dalton reaction.

Introduction

Luminescent compounds are of great interest because of their
multifaceted use in different research topics such as probes

40 for biological applications, molecular sensors and opto- electronic

45

50

55

devices.! In particular, luminescent metal com-

plexes with relatively high emission quantum yields have

attracted considerable attention as light-emitting molecular

based devices.? The intrinsic luminescence of metal complexes
may arise because of and be affected by several factors, such as

the chromophore, ancillary ligands, geometry, rigidity, solvent,
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counter ions, type of metal and, in some particular metals
(mainly those with a d® or d!° configuration), metal---metal
interactions. The latter metallophilic contacts also facilitate
supramolecular assemblies that enhance the photoluminescent
properties. For example, gold complexes with aurophilic inter-
actions are especially interesting due to their potential appli-
cations in a wide array of disciplines, including biology, optical
sensors, supramolecular chemistry and photochromism.?

Gold-based catalysis is another well-known application of
this type of complex and is recognized as a popular topic in
organic synthesis.* In particular, polynuclear gold(i) complexes
with aurophilic contacts have received increasing attention
since their cooperative properties and reactivity have been evi-
denced in a variety of catalytic processes (Scheme 1):> (i) cycloi-
somerization of low-substituted 1,6-enynes;° (ii) intramolecular
hydroamination of a urea-functionalized alkyne;” (iii)
carbonylation of primary amines to form ureas;® and (iv) oxi-
dative heteroarylation of alkenes.’

Taking these precedents into consideration, we decided to
synthesize di- and tetranuclear gold(I) complexes bearing the
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2,6(diphenylphosphino)pyridine diphosphane ligand (DPPMPY) in

order to study the impact of the flexibility of the ligand on the
structural features of the gold complexes and
Dalton Trans., 2022, 00, 1-8 | 1
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Scheme 1 Selected examples of reactions by polynuclear gold().

their luminescence properties. Following previous develop-

ments reported by Echavarren® and Toste,” we decided to
study the catalytic activity of these complexes for oxidative het-
eroarylation of alkenes to obtain lactones!® since these com-
pounds are embedded within the structure of bioactive natural

products!!' with biological functions.!?

Results and discussion
Synthesis and structure of DPPMPY gold(1) complexes

The mononuclear DPPMPY (AuCl)2 complex 1 was synthesized by
the reaction of [AuCl(tht)] with DPPMPY (DPPMPY = 2,6-bis
(diphenylphosphinomethyl)pyridine) in a 2 : 1 ratio in CH2Cl2
(Scheme 2) at room temperature. This complex was character-
ized by NMR spectroscopy. For example, a doublet is observed

at 4.04 ppm (3Jup = 12.7 Hz) corresponding to the four equi- valent
protons of the methylene groups of the DPPMPY ligand
in the 'H NMR spectrum (see ESIt). Accordingly, a single reso-
nance appears at 33.4 ppm for the two equivalent phosphorus
nuclei in the 3'P{'H} spectrum. The structure of 1 was con-
firmed by single-crystal X-ray diffraction (Fig. 1). The Au--Au
distance (3.3558(4) A) is less than the sum of the van der Waals
radii (3.6 A),'? similar to that found for the gold(1) complex
bearing the PNP ligand (PNP = pyridine-2,6-diylbis
(diphenylphosphino)methanone,  2,6-{Ph2PC(0O)}2(CsH3N)).14
The gold-phosphorus and gold-chloride bond lengths are in
the range of those reported previously for other gold—phos-
phine complexes.”!*!3> Both P(1)-Au(1)-Cl(1) and P(2)-Au(2)—
CI(2) bond angles are close to the typical linear coordination.!

2 | Dalton Trans., 2022, 00, 1-8
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Fig. 1 Crystal structure of complex DPPMPY (AuCl)2, 1. Hydrogen atoms
and dichloromethane molecules are omitted for clarity. Selected bond
distances (A) and angles (°): Au(1)-P(1), 2.2366(7); Au(2)-P(2), 2.2320(6);
Au(1)-CI(1), 2.3078(7); Au(2)-ClI(2), 2.3078(8); CI(1)-Au(1)-P(1), 175.60
(2); CI2)-Au(2)-P(2), 177.17(2).

The bromine complex, DPPMPY(AuBr), 2, was obtained by
treating a solution of 1 in CH2Cl> with an aqueous solution of
potassium bromide (Scheme 2). The NMR spectroscopic data
of 2 were similar to those described above for 1. Thus, the 'H
NMR spectrum shows a doublet at 4.09 ppm (>Jup = 12.7 Hz)
and a singlet at 35.1 ppm is observed in the 3'P{'H} NMR spec-
trum. X-ray quality crystals were grown for 2. Fig. 2 depicts the
structure of this complex. The Au--Au distance (3.7798(4) A)
found for 2 is longer than in the case of 1, which may be due to
the halide influence. The gold—bromide bond distances are in
the range normal for this type of compound.!® The other
structural characteristics of 2 are similar to those described for
1 and do not deserve further discussion.

Subsequently, 1 was reacted with 1 or 2 equivalents of
AgSbFs in CH2Cl2 or a mixture of CH2Cl2/CH3CN at room
temperature to generate tetranuclear complexes 3 and 4 in good
yields (Scheme 3). Analogous to other similar tetranuc-
lear [(Phz2P)2Py]gold(i) compounds previously described by
Echavarren and co-workers ([(Ph2P)2Py] = (2,6(diphenylpho-
sphino)pyridine)),® both complexes show fluxional behavior.
Therefore, the 'H NMR spectrum of 3 shows two broad signals

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Crystal structure of the complex DPPMPY(AuBr)2, 2. Hydrogen
atoms and dichloromethane molecules are omitted for clarity. Selected
bond distances (A) and angles (°): Au(1)-P(1), 2.239(1); Au(2)-P(2), 2.232
(1); Au(1)-Br(1), 2.4128(6); Au(2)-Br(2), 2.4057(7); Br(1)-Au(1)-P(1),
176.30(3); Br(2)-Au(2)-P(2), 176.51(4).
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Scheme 3 Synthesis of tetranuclear complexes 3—7.

at 4.62 and 4.25 ppm due to the two chemically inequivalent
methylene groups attached to the phosphorus (ESIT).

In good agreement with these observations, in the 3'P {'H}
NMR spectrum, two broad singlets are observed at 35.0 and
28.0 ppm due to the two types of inequivalent phosphorus
nuclei in the molecule. Analogously, 4 displays two very broad
signals that appear at 4.98—4.74 and 4.48—4.18 ppm corres-
ponding to the methylene protons in the 'H NMR spectrum and
two resonances are observed at 30.4 and 25.6 ppm in the
3Ip{!H} NMR spectrum. The structure of 3 was analysed by a

single-crystal X-ray study (ESIt). The poor diffraction of the
crystals and the polycrystalline nature of the sample make the
structure not suitable for publication, although some struc- tural
aspects can be discussed. The molecular structure of 3
seems to be an almost linear string arrangement of four Au
atoms connected by three Au—Au contacts involving aurophilic
interactions.!”
Tetranuclear complexes with BF4— as the counter anion, 5
and 6, were prepared using AgBF4 following the procedure

This journal is © The Royal Society of Chemistry 2022

described in the ESItT (Scheme 3). The spectroscopic character-
istics of these two complexes were similar to those of com-

Paper

plexes 3 and 4, so they do not deserve further discussion

(ESIt). The crystallographic structure of 5 is shown in Fig. 3. In
contrast to 3, complex 5 presents a zigzag arrangement of the
four gold atoms with a small intermetallic angle of 95.6(0)°.'8
This observation is in concordance with previously reported
data that showed that the counter anion may influence the

1

5

type of arrangement adopted in the molecule, which can also

affect!® the photoluminescence properties of the complexes in
the solid state.?’ The external Au--Au distances, A1—A2 and A3—
A4 (ca. 3.2880 A) are longer than the internal one, A2—A3
(2.9904(9) A). The other bond distances and angles are similar
to other previously reported PNP-gold(1) complexes® (see the

ESIY).

Finally, the complex [DPPMPY2Au4Br2][BF4]2 7 (Scheme 3) was
obtained by a similar procedure to that for complex 5 (see the

ESI for its synthesis and characterizationt).

Photophysical characterization

The photophysical properties of the DPPMPY-gold complexes
were studied. First, absorption and emission spectra were
recorded in 1 x 10-5 M dichloromethane solutions and the
results are summarized in Table 1. The absorption spectra of
all the compounds display a band at ca. 275 nm that can be
attributed to intraligand TT—TT* transitions of the aromatic rings

Fig. 3 Crystal structure of complex [(DPPMPY)2(Au4Cl2)][BFa4l2,
Hydrogen atoms are omitted for clarity. Structure (a) with the BF4~ anion and
(b) with the BF4~ anion are omitted. Selected bond distances (A) and angles

(°): Au1-Au2, 3.288(0); Au2-Au3, 2.9904(9); Au3—Aud, 3.288(3);
Aul-Au2-Au3, 95.7(1); Au2-Au3—Aud, 95.6(0).

Table 1 Absorption and emission data of the compounds in dichloro-
methane at 1 x 10-° M (Aexc = 350 nm) and in the solid state

5.

Solution Solid
Amax Abs, nm Amax Em, NM Anax Es

Complex (e,cm~'M-110% (N;-sat) nm

1 270 (17.77) — (403, 545) —

Z Z/1(13.13) _ _

3 275 (24.71), 350 (12.90) 513 (404, 513) 504

4 278 (31.60), 350 (20.74) 496 (496) 500

5 278(29.31), 350 (18.91) 515 (404, 515) 508

6 277 (55.38), 350 (28.61) 498 (405, 498) 510

7

271 (22.87), 350 (5.72)

514 (401, 514)

Dalton Trans., 2022, 00, 1-8| 3
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of the DPPMPY phosphane (Fig. S1 and 21). A second band at
350 nm is only present in the tetranuclear complexes 3—6 and
can be attributed to spin allowed Au(d) — Au(p) transitions
such as 5do* — 6po and singlet MLCT transitions.?! The energy
levels of these excited states are expected to be directly affected
by the cluster core structure, the Au--Au interactions and the
ligands.! Excitation of air-equilibrated samples at 350 nm gave
rise to a broad emission band centred around 500—515 nm for
all tetranuclear compounds in solution. This is also recorded
in the solid state for compounds 3—6 (Fig. 4 and S47). This
emission band can arise from the mixed nature LMCT/
LMMCT + metal centred transitions and is more favoured in
the solid state with quantum yields one order of magnitude
larger.??> The large Stokes shift and lifetimes in the order of
microseconds (Table 2) support a triplet state origin and,
therefore, phosphorescence emission. Dual emission (fluo-
rescence + phosphorescence) is observed for 3, 5 and 7 when
the oxygen is removed from the solution (N2-saturated) with
the presence of a new fluorescence intraligand emission band
('IL) at ca. 400 nm (Fig. S471). Only fluorescence emission can
be detected for the dinuclear precursor 1 when oxygen is
removed from the solution, while no significant emission was
recorded for the analogous dinuclear bromide complex 2. The

gold(1) terminal ancillary ligand halide or acetonitrile ligands have

some influence on the emission maxima. The maxima for the
halide complexes, 3, 5 and 7, were ca. 20 nm red- shifted with
respect to their analogous compounds containing acetonitrile.
No significant effect of the counter anion can be

norm

0.5+

0.0
T T T T T T
350 400 450 500 550 600 650 700

Wavelength (nm)

Fig. 4 Normalized emission spectra of the tetranuclear complexes in
the solid state (Aexc = 350 nm).

Dalton Transactions

observed in solution, while it seems to have a greater effect in

the solid state where closer contacts may be expected for BF4-
derivatives 5 and 6, with more red-shifted emission, in agree-
ment with the closer contact of this counter anion with respect
to SbFe¢~ observed in the X-ray crystal structure data.
Interestingly, the metal centred emission band at 500 nm is the
only dominating emission pathway in the solid state for 3—6, as
expected for more efficient packing and close contact

of the metal centres. This band cannot be detected for dinuc-
lear compounds 1 and 2 or for the bromide tetranuclear
complex 7 (Fig. 4).

Emission lifetime values collected at 550 nm exhibit biexpo-
nential decays with a major component around 0.5—1 us (with
>95% amplitude) in solution (Table 2). The minor component
presents a lifetime value around 6 s that corresponds to the
parent compound 1 that could be formed from some
decomposition of the tetranuclear compounds during the
measurements. These behaviours are similar to those pre-
viously reported for other phosphane gold(1) complexes.?+?2-23
Lifetime values become much larger, about 100 us, in the solid
state. The quantum yields recorded in the solid state are much
larger than in solution, as previously reported for other analo-
gous compounds.?®* Of particular note are the values of 4
(64%) and 6 (44%), making the compounds promising for the
development of highly emissive materials.

The radiative and non-radiative rate constants, A and kur,
were calculated from ¢ and T (see Table S27), and we can
observe that the increase in quantum yields is due to a
decrease in the knr values in deoxygenated samples in solution,

and mainly in the case of acetonitrile derivatives 4 and 6 in the
solid state.

Catalytic activity of the DPPMPY-gold(i) complexes

Gold(1) complexes bearing diphosphane ligands have been suc-
cessfully used as catalysts in different systems, such as homo-
geneous carbonylation of amines,? intramolecular hydroalkox-
ylation reactions of allenes,”* hydroamination of allenes,?’
conjugated diene hydroamination,?® oxidative reactions of pro-
pargylic acetates and benzoates,”’” and intramolecular ami-
noarylation of alkenes.’ Previously to these catalytic systems,
Hashmi and coworkers studied oxidative coupling using orga-
nogold(i) compounds and several electrophiles commonly
employed in gold catalysis.?® In the case of intramolecular

Table 2 Lifetimes (T) and quantum yields (@) recorded in air-equilibrated and N2 saturated solutions and in the solid state together with the calcu-

lated radiative (kr) and non-radiative (knr) rate constants

Solution Solid state
Compound T (air eq./N; sat, Us) ©® (air eq./N, sat) k: (air eq./N; sat) ke (air eq./N; sat) T (Ms) ® ke .-
1 —/5x10-3 —/0.042 —/9.77E6 —/2.23E8 — — — —
2 —— —— —— —/— — — — —
3 0.3/0.6 0.01/0.02 3.24E4/2.95E4 2.92E6 /1.70E6 126 0.16 1.29E3 6.66E3
4 0.4/0.9 0.01/0.02 2.75E4/2.00E4 2.47E6 /1.16E6 139 0.64 4.60E3 2.59E3
5 0.3/0.6 0.01/0.02 2.62E4/2.52E4 2.89E6/1.77E6 101 0.13 1.22E3 8.68E3
6 0.3/0.7 0.01/0.03 4.00E4/4.09E4 3.29E6 /1.42E6 100 0.44 4.36E3 5.57E3
7 0.06/0.09 0.006/0.01 1.00E5/8.89E4 1.66E7/1.10E7 — — — —

4 | Dalton Trans., 2022, 00, 1-8
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aminoarylation of alkenes, the Toste group carried out a
mechanistic study to explain why the dinuclear [dppm(AuBr):]
(dppm = diphenylphosphinemethane) complex showed better
catalytic activities than mononuclear gold complexes. The
results of these investigations seemed to indicate that a poss-
ible aurophilic interaction could regulate the redox potential of
the dinuclear gold complex, making the process more acces-
sible than in the case of mononuclear complexes.” Based on
this latter contribution, we decided to test the catalytic
capacity of the DPPMPY-gold(i) complexes in the intra-
molecular arylation of alkenes, but instead of using a sulfona-
mide (Scheme 1, iv), the commercially available 2-vinylbenzoic
acid was employed to obtain the lactone derivative (Table 3). In

our study, we intended to compare the performance of the dinuclear

and tetranuclear complexes. We initially tested the
catalytic capabilities of complex 1 in the reaction of 2-vinylben-
zoic acid with 1 equivalent of phenylboronic acid?® and 1.5
equivalents of Selectfluor in MeCN at room temperature. Only

a 15% yield was obtained after 18 h (entry 1). The yield was
improved upon increasing the reaction temperature (entries 2
and 3), with the optimum yield obtained at 70 °C (50%). The
possible participation of gold nanoparticles was ruled out since
the mercury test gave a negative result (see the ESIt). We

then studied the rest of the DPPMPY-gold complexes as cata-
lysts under the latter conditions. The yield with the bromide
dinuclear complex 2 was comparable to that obtained with 1
(52%, entry 5). Therefore, in contrast to the observations of
Toste and co-workers,’ the coordinated halide has a nonsigni-
ficant effect on the reaction outcome. Higher yields were
obtained when using the dicationic complexes 3 and 5 as cata-
lysts (55 and 61%, entries 5 and 6), which shows that the

Table 3 Study of the oxyarylation reaction catalyzed by DPPMPY-gold
(1) complexes

(o}
@:\U\OH 2 & IR, Catalyst (3 mol%) b
\ 1.5 Selectfluor
CH4CN, 18 h Ph
Entry Catalyst Yield’ (%) T (°C)
1 1 15 RT
2 1 30 40
3 1 50 70
4 2 52 70
5 3 55 70
6 5 61 70
7 5 23 RT
8 5 40 40
9 4 54 70
10 6 60 70
11 7 61 70
12 dppm(AuCl), 51 70
13 dppm(AuBr), 63 70
14 — 0 70
15° 1 56 70
16¢ 7 50 70

“Yields obtained by 'H NMR spectroscopy of the reaction mixture (tri-
phenylmethane as internal calibration standard). 6 mol%.
¢ 1.5 mol%.

This journal is © The Royal Society of Chemistry 2022
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counter anion employed does not have an important influ-
ence. The slight enhancement of the yield in the case of the
dicationic complexes is perhaps due to a more facile oxidation
of the aurophilic Au(1)—Au(1) complexes with Selectfluor as pre-
viously proposed by Toste and co-workers. As already observed
in the case of 1, the yield was reduced when the reaction was
carried out at room temperature or 40 °C in the presence of 5
(entries 7 and 8). Tetracationic complexes 4 and 6 (entries 9
and 10, respectively) showed activities similar to those of 3 and
5. As already observed for the neutral complexes, the co-
ordinated anion does not influence the catalytic performance as
inferred from the result obtained when complex
[DPPMPY:Au4Br2][BF4]2 7 was used as a catalyst (entry 11). In
addition, we compared the catalytic performance of the
DPPMPY-gold complexes with those of dinuclear [dppm
(AuCl)2] and [dppm(AuBr)2] used by the Toste group in this
type of system (entries 12 and 13). The yields were similar to
those obtained with our tetranuclear complexes 3—7, which
shows the potential application of these complexes for other
oxidative arylation processes. The reaction yield was very low
in the absence of the catalyst at 70 °C. Finally, with the aim to
evaluate the impact of the gold loading on the reaction outcome,
two different reactions were performed (entries 15
and 16). The first one was carried out with 6 mol% of complex
1 as catalyst, while 1.5 mol% of complex 7 was used in the
second one. Yields of 56% and 50% were obtained, respect-
ively. These results suggest the participation of a similar inter-
mediate in the reaction regardless of whether a dinuclear or a
tetranuclear complex was used as a catalyst precursor.

In order to gather some information about possible similar
intermediates in the catalytic process we performed the reac-

tion of 1 and 7 with 10 equivalents of Selectfluor at room
temperature. In both cases two new peaks (ratio 1:1) were

observed in the 3'P{!H} NMR of the reaction mixture (see the

ESIt), which could suggest the formation of tetranuclear
species. The chemical shift moved to higher frequencies, poss-
ibly due to gold oxidation as described by Toste.’

Catalytic assays followed by luminescence

The intrinsic luminescence properties of the final lactone
product (see ESIT) encouraged us to use emission as a tool to
detect the reaction progress and success. In this way, we chose
the best experimental conditions previously found (aceto-
nitrile, 70 °C and same % of catalyst) and the reaction was fol-
lowed by recording emission spectra of the solution mixture at
different times. Fortunately, we could identify the formation of
the lactone with the appearance of an emission band at ca.
430 nm corresponding to this species almost immediately
after 1 h of reaction, and the emission intensity was observed to
increase up to 24 h of reaction (Fig. 5). Importantly, the low
emission intensities of the catalysts in solution do not overlap
the emission of the lactone andy make these compounds ideal
candidates for this type of experiment.

Interestingly, monitoring catalytic reactions through emis-
sion experiments can become an advantageous methodology

due to the high sensitivity of this technique.
Dalton Trans., 2022, 00, 1-8| 5
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Fig. 5 Emission spectra of the catalytic reaction using complex 3 as a
catalyst at different times. Experimental conditions: 70 °C, acetonitrile,
Selectfluor (1.5 equivalents) and 3 (3%).

Conclusions

Tetranuclear gold(1) complexes containing aurophilic inter-
actions have been synthesized with the ligand DPPMPY.
Single-crystal X-ray diffraction studies have shown that the
arrangement of Au atoms varies from a linear to a zigzag
arrangement depending on the counteranion. Di- and tetra-
25 nuclear gold(1) complexes containing DPPMPY
diphosphane ligands are a good choice for use as catalysts in
oxyarylation reactions with moderate-high yields. The core,
consisting ofAu--Au contacts, may play a direct role in the
catalytic behaviour. Additionally, the terminal ancillary ligands
also affect the catalytic activity with better results for the
compounds contain- ing a halide at the terminal position.
Strong luminescence has been recorded for the compounds in
the solid state, mainly for the tetracationic compounds, i.e.,
those containing acetonitrile at the terminal position, being
excellent candidates for luminescent materials. On the other
hand, their low emission quantum yields recorded in solution
introduce a new possibility to control the progress of catalytic
reactions for the synthesis of aromatic compounds that can
display intrinsic luminescence (such as lactones). This method
is promising as a first attempt to monitor the progress of a
catalytic reaction using very small quantities of catalysts.
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