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Graphical abstract

Three anthracene based binuclear Au(l) complex syathesized and characterized, out of
threel was found to be highly fluorescent with good quamtyield and also exhibits non-
covalent intermolecular AuH-C interactions, leads to the formation of unique
supramolecular 2D-network.
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Abstract

New anthracene derived dinuclear Au(l)-diacetyldenplex @) has been synthesized in which
two Au(l) units are attached at 9,10- positiongthfynyl anthracene moiet¥.exhibits rare non-
covalent intermolecular AuH-C interactions, leading to the formation of arsumpolecular 2D-
network. Further, to understand the effect el0BuPPh units at different position, complexes
(2) and B) were synthesized, wheresCAuPPh units are attached to 2,6- and 1,8- positions of
anthracene, respectively. The absorption and eonisspectra ofl-3 have been studiednd
surprisinglyl was found to be highly fluorescent with high quentyield compared t@ and3,

this may be due to more perturbation of Au(l) snsystem. Complexe4-3 have been
characterized by elemental analysis, NMR and Mag€tsoscopy and authenticated by their

single-crystal X-ray structures.

Keywords: Anthracene, Gold(l) diacetylide, Fluorescence, edmlecular Au-H-C

interactions.



Introduction

Polyaromatic hydrocarbons (PAHs) with extended wgajion have gained much
attention in past decades due to their strong Iasibt* absorption, intense luminescence and
high charge mobility in the solid state [1-3]. Thiegtve got applications in advanced materials
for organic light-emitting diodes (OLEDS), fieldfett transistors (FETs) and solar cells [4-5].
Connecting PAH to the metal center through the ragkynit as a spacer introduces additional
features to be used as molecular wires, nonlinpticad materials and molecular electronics [6-
8]. It is well known that metallation of PAH ring systehas significant effect on its
photophysical properties and structural dimensitiaal[9-14].

Alkynyl gold complexes have drawn considerablerggein recent years [15] because of
their aurophilic properties, exciting photophysicpfoperties and their ability to build
supramolecular array [16-17Recent reports on PAH linked with platinum(ll) agdld(l) via
the alkynyl spacer show interesting structural prop photophysical properties and their
structural reactivity [18-23]. The organoAu(l) syt shows enhanced luminescent properties
for alkynylAu(l) phosphines complexes comparedttteo gold complexes [24-33].

Non-covalent interactions are the primary drivirogce in constructing supramolecular
architectures as well as in determining the camsth and conformation of molecules.
Although, in gold chemistry extensive literaturag available to understand the aurophilic
interaction (Au-Au) [34], however, the non-covalent At-C interactions are less explored
[35-37]. The Au-H-C interactions are mainly observed in Au(l) pHusp and thione
complexes where gold atoms are in almost lineamg#y and leaving behind coordination site

for gold hydrogen interactions. Usually, AH-C contacts in Au(l) complexes are



intramolecular in nature and in case of intermal@&cAu---H-C interactions they are restricted to
supramolecular 1D-chain [38-48].

Herein we report the synthesis, characterizatiah @rotophysical properties of a series
of three new anthrylAu(l) diacetylidg,-3 complexes in which the Au(l) acetylide units are
attached at 9,10-, 2,6- and 1,8-positions of antma.l display more red shift and stronger
fluorescence with high quantum yield probably duenbre perturbation of Au(l) om system in
1 compared t® and 3. Additionally, the single crystal studies d3 reveal thatl shows rare
noncovalent intermolecular AtH-C interactions that leads to the formation of a aomilecular

2D-network, whereas, i8 intramolecular Au-H-C interactions have been observed



Results and Discussion

1 was synthesized by reaction of 2 mol equivalerRBRAUCI with ethynyl anthracene
at 9,10-positions in presence of NaOEt in ethaBohéme 1). Compouridwas characterized by
various spectroscopic techniques. UV/Vis absorpaod emission spectra df reveals high
fluorescence property with excellent quantum yi&lishgle crystal X-ray diffraction studies bf
indicate the existence of intermolecular-Ad—C interactions creating a supramolecular 2D-

network.

1 was crystallized inP2;/n space group, with crystallographically imposegersion
center (Figure 1 and Table S1).Inthe GCCAuPPh units are attached to the planar anthracene
ring at the 9,10-positions. The Au-P and Au-C disés of 2.281(1) A and 2.004(5) A,
respectively, are similar to that reported for akyll) phosphine complexes (Table S2) [49-50].
The slight deviation from linearity has been obsdnin P-Au-C angle of 175.1(2)° if,

consequently the=€C (C1-C2) bond lies 4° out of the anthracene plane.

It is interesting to note that the linear coordimatgeometry around Au(l) it makes it
susceptible for additional non-covalent interactiomhe packing diagram df reveals that the
coordination environment of Au(l) is extended fentlby an intermolecular AuH-C interaction
between the metal ion and one of the aromatic tgaire of PPh of adjacent molecule
Au(1)-H(11)-C(11) 2.87 (1) A with the Au(1)}H(11)-C(11) bond angle of 170(1)°. It has
been observed that neighboring molecules link teggethrough these interactions along bie
axis, yielding one-dimensional polymeric chain [51].iFAD chain further extendsa the same
Au--H-C interactions along the-axis, forming herringbone like 2D-network. Thus, bottet

gold atoms irl are involved in Au-H-C supramolecular interactions (Figure 2, S1 a2d S



The considerably short AtH-C bond distance and larger Abll—C bond angle develop
regular directionality, which suggest that thederiactions are hydrogen bonding in nature [43-
45]. To the best of our knowledgerepresents the first example of supramoleculan2ivork

involving intermolecular Au-H-C non-covalent interactions.

The above interesting features show the influeifcanf) of the binding of ECAuPPh
at the 9,10-positions of the anthracene moiety tdsvahe formation of 2D-networkia
Au--H-C interactions. This prompted us to synthesizedilar complexes by varying the
position of alkynyl group attached to anthracenghsas 2,6- and 1,8-positions. In this regard, we
obtained compound® and3 with the linkage of ECAuPPh at 2,6- and 1,8-positions (Scheme

2).

Complexe2 and3 were synthesized by following the same procedsrefd and along
with usual spectroscopic techniques analysed byVis$vabsorption/fluorescence spectra and
were established to be fluorescent albeit less th&oth compounds were further analysed by
single crystal X-ray diffraction studies ensuing firesence af---x and CH-= interactions ir2

while intramolecular Au-H-C interaction irS.

2 and 3 were crystallized ifP1 andP2,2,2; space group, respectively, (Figure 3, 4 and
Table S1)2 shows a planar anthracene ring on whiegfCBuPPR units are attached to its 2,6-
position. Unlike2, where substitutions were tans positions, in3, the GGCAuUPPh units are
attached to its 1,8- position i.eis-position to the planar anthracene ring. The distdmetween
Au-P and Au-C are 2.275(5) A, 2.00(2) A2nand 2.271(7) A, 2.282(6) A, 1.94(3) A, &
respectively(Table S2). Which are similar to the reported arylAphosphine complexes. The

P—Au—C and Au-C-C angles thwere found to be 176.9(4)° and 172.4(17)° whichgast



slightly distorted geometry around Au(l) from lim#g. The G=C (C1-C2) bonds ir2 and 3
were also slightly deviated from the anthracenalay 5° and 2°, respectivelgompound3
found to be highly strained due to the presendauty PPR groups atis position which results

both the Au(l) centers to move slightly outward diftedd from the anthracene plane (Table S2).

The packing diagram dt reveals the existence of Cit andn & interactions. CH=n
interactions involve H(13) of phenyl ring of PPlnit andn electrons of acetylenic bond,
forming a wave like 1D polymeric chain (Figure 5a®3). The packing features ®establishes
intramolecular Au-H-C interactions involving hydrogens of RPtwhere Au-H-C bond
distances and bond angles are Au(2)-H(48) 3.01(1AK2)-H(54) 2.86 (1)A, Au(1)-H(20)
3.00 (1) A and Au(2)-H(54)-C(54) 123.00(1)°, Au(B)48)-C(48) 118.31(1)°, Au(1)-H(20)-

C(20) 111.66(1)° (Figure 6).

Unlike 1 or 2, the observed intramolecular A#—C interactions ir8, originate due the
cis orientation of ECAuUPPh moieties. The steric repulsion between the twozRfabups in the
cis orientation facilitates the C—H of the phenyl ritagmove closer to the gold. The packingof
is further extended by C—Hr, interactions C(4)-H(34)-n 3.359 A, resulting in 1D polymeric
chain (Figure 7, and S4). The synthesi8 édund to be unique, as to the best of our knowdedg
there are no reports of 1,8-anthracenyl complexés bulky PPR group substitution at Au(l)
center. So far only few reports of 1,8-anthracesupstituted Pd(Il) / Pt(Il) complexes with less

bulkier triethyl phosphine group at Pd(ll) centexa been reported [52-55].

The absorption and emission spectroscopic studiesroplexesl-3 and their respective
ligandswere recorded in Ci€l, (1.0 x 10° M) at room temperature (Figure 8, 9, S5-S6 and

Table 1, S3)1-3 complexes display two absorption bands (i) wittr@ad intense vibronic band



between 326470 nm (A), and (ii) very intense, band between-38® nm (B). Since the spectra
of anthracene and diethynyl anthracene displayl@irabsorption patterns, the absorption bands

are assigned to — z* transitions primarily localized in the anthracefi@@e absorption bands of
anthracene are due to the LUMO HOMO (By, < 'Ag), LUMO < HOMO-1 (By," <'Aqg),
LUMO+1 < HOMO (B2 < 'Ag), The second and third transitions lead to the degenerate

B,, excited states, which undergo strong configuraiimeraction to give the high-energy

“plus” state'B,," and the low-energy “minus” stal®,,. The very intense band at around 250
nm corresponds to théRy," < *Ag) transition. Whereas the transitio{, < 'Ag) is slightly
higher in energy than théBy«— *Ag) transition {B1y is lower than'B,, ~ by ~1500 cm?) is

forbidden ¢ ~ 10 M* cm*) and hidden under the latter.[ 10, 56]

Though the symmetries of the Au(l) complexes anithracene are quite different, still
there exist a similarity between absorption bandplayed by the complexes and the electronic
transitions of anthracene. Band A in the spectrthefcomplexes corresponds to the LUMO
HOMO (‘B < 'Ag) transition, which is also known as an-S0S1 transition. The intense band

B correspond to the transition to the “plus” st&g," (‘B2y" — 'Ag).

The transition is significantly intensified in tispectra of the complexes, indicating that
the electronic structure of the anthracenyl ringignificantly perturbed by the Au(l) ions and
the ethynyl groups.[10, 57] Further, absorptiondsaof complexeg, 2 and3 are found to be
red shifted compared to respective ligands. Absmmphaxima ofl shows red shifts of ~50 nm
compare t® and3, which indicates that substituents have more gaation on the anthracenyl
rings when they are at 9,10 position. In cas®2 afd3 the bands are observed almost in the same
range. In addition to this, complexes display iste@bsorption in near-UV regio.shows a
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intense absorption band at 310 nm wheredsand3 show around 274 and 267 nm, similar to

that of previously reported complexes [12].

Complexesl-3 were found to be emissive in solution as their eeipe ligands. On excitation of
complexesdl, 2 and3 at 434 nm, 389 nm and 398 nm, respectively, theglay similar emission
pattern to their corresponding ligands (Figuresnfl 86. Table S3). The fluorescence of the
complexesl and 3 were found to be red shifted from their respectigands around 15-20nm
while marginal blue shift (5nm) is observed in cdexp2. Emission spectra df shows very
strong fluorescence with quantum yield of 0.89 carefd to2 and3 (quantum yield = 0.02 fa2
and 0.04 for3). 1 shows high fluorescence probably due to the suwitistit at 9,10 position
which is in contrast witt2 and3 [58-59]. Complexl alsoshowsemissive nature in solid-state

(Figure S7).

Table 1 Absorption and emission spectroscopic details @fand3.

. 4 Emission Emission Quantum
5
2'0 f'?\jﬂ;pt'o” Anao M 10778 s (CM M Life Time yield
' (nm) (t)ns ()
| | 462(1.01), 434(0.781), 410(0.387), 499 4.06 0.89
275(1.87), 230(2.07)
2 412(1.17), 389(1.36), 445 4.02 0.02
366(0.897), 310(8.77), 238(4.30
3 422(.976), 398(.936), 376(.583), 455 0.57 0.038
267(5.67), 228(4.69)

To get an insight into the nature of electroniagitions, density-functional theory (DFT)
and time dependent density-functional theory (TDPE&Iculations were performed with the

Gaussian09 program package [60]. All the calcutativere performed at B3LYP [61-G2)el



of theory using the Stuttgart/Dresden effectiveecpotential (SDD) basis set [6f)r the gold
atoms and 6-31G** basis set [6#]r remaining atoms. Geometries were optimized eouth
imposed symmetry or other restraints. On the bakihe ground state optimized geometries,
TD-DFT calculations were performed in presence ichldromethane using the conductive

polarizable continuum model (CPCM) [65-66].

In all three cases, the calculated bond distanmethé optimized structures are in good
agreement to those obtained in their crystal strest (Figure S8, S9 and S10). For all three
complexes, the highest-occupied molecular orb{tdl8MOs) arern-type MOs while the lowest-
occupied molecular orbitals (LUMOSs) ax&-type, delocalized on the anthracene unit. The TD-
DFT predicted spectra are in good agreement wélekperimental data and clearly suggest that
the band observed in the visible range is dominaedOMO to LUMO excitation (Figure
S11). Further, in comparison to 2,6- and 1,8- d@eive, there is red-shift in case of 9,10-
anthracene derivative, which is supported by catas as the calculated HOMO-LUMO gaps
are 0.102 eV, 0.117 eV and 0.115 eV 1912 and 3 respectively (Figure 10 and S11). Since
perturbation on anthracene lower the symmetry efrtsystem which leads to a bathochromic
shift in HOMO to LUMO transition, the results sugg¢hat substituents have more perturbation

on the anthracenyl rings when they are at 9,1Qtiposi

Conclusion

In summary, complext with CGCAuPPh moieties attached to the 9,10-positions of
anthracene selectively yields the strong fluoresaame 2D-network featuréa intermolecular
Au--H-C interactions. However, the analogous compouhdad 3 with CCAuPPh moieties

attached to the 2,6- and 1,8- positions of antmacesult in weakly fluorescent 1D-polymeric

10



chainvia C-H--m andn--x interactions and intramolecular Atl—C interactions, respectively.
The present work thus highlights the -Ad—C interactions as well as the impact of linkage o
Au(l) acetylide groups at the selective sites aé fhlanar anthracene on the photophysical

properties.
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Experimental

General Methods: All manipulations were carried out at room tempam@ under a nitrogen
atmosphere. Solvents were predried, distilled ardadsed prior to use, except those for
spectroscopic measurements, which were of speopasgrade. The starting materials 9,10-
dibromoanthracene, 1,8-diiodoanthracene and AgBIPtvere commercially available. The
starting material 2,6-diiodoanthracene was prephyetthe procedures described in the literature
[67] 9,10-Bis((trimethylsilyl)ethynyl) anthracene, [588-70] 2,6-Bis((trimethylsilyl)ethynyl)
anthracene,[59,71]  1,8-Bis((trimethylsilyl)ethynyl) anthracene,[59,72-73] and their

corresponding acetylenes were synthesized by esgperted method [27].

Instruments: Elemental analyses were carried out with a FlasB028lemental analyzer.
UV/Vis absorption and emission spectrere recorded on a Cary-100 Bio YVis
spectrophotometer and a Horiba Jobin-Yvon Florodfspectrophotometer respectively. 9,10-
bis(phenylethynyl) anthracene was used as a s@fmianeasuring the quantum yieldsl NMR
and*'P NMR spectra were recorded on Bruker Avance(li)MHz spectrometer. HRMS was
recorded on a Brucker-Daltonics, micrOTOF-Q II maggctrometer. Single-crystal X-ray
structural studies were performed on an Agilenthhetogy Supernova CCD diffractometer

equipped with a low-temperature attachment.
X-ray Crystallography

Data were collected at 150 K f@rand at 293 K fofl and3 using graphite-monochromated Mo
Ka (Ao = 0.71073 A) and Cu & (ha =1.54814 A). The strategy for data collection waaluated
using the CrysAlisPro CCD software. The data weodlected by the standard-o scan

technigues and scaled and reduced using CrysAlREI® software. The structures were solved

12



by direct methods using SHELXS-97 and refined Bisrhatrix least squares with SHELXL-97
on F [74]. The positions of all of the atoms were obéai by direct methods. All non-H atoms
were refined anisotropically. 1B SQUEEZE was applied by using platon programmestoove

3 disorder chloroform solvent molecules. All Hydrogatoms were placed in geometrically
constrained position and refined with isotropic pemature factors, generally 1.2 Xdbf their
parent atoms. Moreover, despite several attemptsowiel not get better quality of crystals fr
and3. All the short contacts and interactions, meam@lanalyses, and molecular drawings were
obtained using the Diamond program (version 3.Iu) Mercury (v 3.5.1). The crystal and
refinement data are summarized in Table S1, aretteel bond distances and angles are shown

in Table S2.
(1) Synthesis of (PEPAU")»-9,10-anthracenyldiacetylide 1.

To a suspension of ERAUCI (100 mg, 0.20 mmol) in ethanol (20 ml) NaOi&eshly prepared
from sodium (4.87 mg, 0.21 mmol) in ethanol (5 aald 9,10- bis (ethynyl anthracene) (22.6
mg, 0.10 mmol) were added. The solution was reflufce 1 h, cooled and concentrated after
which a yellow precipitate formed. The yellow ca@drsolid was isolated by simple filtration
method. The precipitate was further washed witlamvhand dried at room temperature to afford
1. X-ray quality crystals oflL were obtained from CH@lhexane at room temperature. Yield:
60% Anal Calcd forl (CssHsgAuP,) C 56.76, H 3.35. Found: C 56.81, H 3135 NMR (400
MHz, CDCk) & = 8.86 (dd, J=3.2, 4H ant), 7.49-7.65(m, 34H aantd PPE), °*C NMR (100
MHz, CDCk) 6 = 96.51, 125.73, 128.17, 129.14, 129.26, 131.82,7D, 134.36, 134.48'P

NMR (165.561 MHz, CDG) 42.38 s ESI-MS: 1142[M].

(2) Synthesis of (PEPAU"),-2,6-anthracenyldiacetylide 2.

13



Complex 2 was synthesizes by following the same method lasusing 2,6-bis(
ethynylanthracene). Light yellow color crystals dfwere grown in CHCl,/hexane at room
temperature. Yield: 38% Anal Calcd far(Cs4HssAu,P,) C 56.76, H 3.35. Found: C 57.12, H
2.89'H NMR (400 MHz, CDCJ) 6 = 8.22(s,2H ant), 8.13( s, 2H ant), 7.85 @ 10.28, 2H
ant), 7.45-7.60(m, 32H ant and RPA’C NMR (100 MHz, CDG)) § = 91.92, 125.56, 127.71,
129.13, 129.24, 129.35, 130.72, 131.58, 131.93,2834134.43*'P NMR (165.561 MHz,

CDCl;) 42.31 s ESI-MS: 1142[M].
(3) Synthesis of (PEPAU'),-1,8-anthracenyldiacetylide 3.

Complex 3 was synthesizes by following the method descriabdve forl using 1,8-bis(
ethynyl anthracene). Golden yellow color crystals3avere grown in CHGlhexane at room
temperature. Yield: 48% Anal Calcd f8r(Cs4H3gAu.P,) C 56.76, H 3.209. Found: C 57.01, H
3.508'H NMR (400 MHz, CDCJ) & = 9.83(s 1H anthracene), 8.35 (s 1H anthracei®$) (@,
J= 8.5, 2H ant), 7.80 (d, J= 6.7, 2H ant), 7.5%{% 32H ant and PR} *°*C NMR (100 MHz,
CDCl;) 6 = 87.56, 124.96, 126.90, 127.22, 129.01, 12918935, 131.34, 131.57, 132.07,

134.33, 134.46'P NMR (165.561 MHz, CDG) 42.19 s ESI-MS: 1165[M + 23].
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Fig. 1.Perspective view df. (Solvent molecules are omitted for claritgelected bond
distances (A) and bond angles (deg): Au(1)-P(2BR3), Au(1)-C(1) 2.004(5), P(1)-Au(l)-

C(1) 175.1(2), Au(1)-C(1)-C(2) 173.7(4)
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Fig. 2. Au--H-C bonded supramolecular 2D networkldhrough tilteda axis.
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Fig. 3. Perspective view . Selected bond distances (A) and bond angles:(deg})-P(1)

2.277(5), Au(1)-C(1) 2.03(3R(1)-Au(1)-C(1) 176.8(6), Au(1)-C(1)-C(2) 172.4(17)
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Fig. 4. Perspective view @. distances (A) and bond angles (deg): Au(1)-P(13D), Au(2)—
P(2) 2.282(6), Au(1)-C(1) 1.94(3), Au(2)-C(3) 1L.I4(C(1)-C(2) 1.21(3), C(3)-C(4) 1.23(3);
P(1)-Au(1)- C(1) 173.0(6), P(2)-Au(2)-C(3) 175.7¢@®)(1)-C(1)-C(2) 168.1(19), Au(2)—

C(3)-C(4) 169(2).
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Fig. 5. Wave like 1D polymeric chain & showing CHr and=n-= interactions.
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Fig. 6. Intramolecular Au...HC interactions $
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Fig. 7.1D chain of3 showing CH= interactions.
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Fig. 8. Electronic absorption spectra of complexes (1-3) in CH,Cl,.
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Fig. 9. Emission spectra of complexetsd) in CH,Cl,. Inset shows the expanded emission
spectra oR and3.
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Fig. 10.HOMO and LUMO of complexes, 2 and3 and their band gap.
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Highlights

1.

Synthesis and characterization of three new anghebased gold (I) diacetylide
complexesl-3.

Photo physical studies df-3reveal thafl was found to be highly fluorescent and
having good quantum yields as comparg émd3.
Single crystal studies dfshows intermoleculaku---H-C interactions which have been

less explored, involve in the formation of rardBsigned supramolecular 2D-network.

Single crystal studies a2 and3 reveal the existence of Chl; n-nr and intramolecular
Au---H-C interactions





