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Ethyl 2-(5,6-dimethoxy-2-(methoxycarbonyl)-1H-indol-4-yl)-4-methoxybenzo[d]thiazole-6-

carboxylate (4-4) 

 

To a 7 mL vial were added XPhosPdG2(4 mol%), (5,6-dimethoxy-2-(methoxycarbonyl)-1H-

indol-4-yl) boronic acid (0.021 mmol), ethyl 2-bromo-4-methoxybenzo[d]thiazole-6-carboxylate 

(0.0216 mmol, 1.03 eq.). The vial was evacuated and purged with N2 followed by addition of 

1,4-dioxane (0.35 mL) and 0.5 M potassium phosphate tribasic (3 eq.). The reaction mixture was 

heated at 75 ℃ for 5 hrs. The reaction mixture was quenched with water (4 mL) and extracted 

with ethyl acetate (5x4 mL), dried with sodium sulfate and solvent was evaporated under 

reduced pressure. The crude product was purified with silica gel flash chromatography (50:50 

EtOAc:Hex). 9 mg, 96%. 1H NMR (500 MHz, CDCl3) δ 9.10 (s, 1H, N-H), 8.43 (d, 1H, J=2.0 

Hz), 8.29 (d, 1H, J=1.5 Hz), 7.59 (d, 1H, J=1.5 Hz), 7.04 (s, 1H), 4.43 (q, 2H), 4.17 (s, 3H), 

3.99 (s, 3H), 3.98 (s, 3H), 3.95 (s, 3H), 1.43 (t, 3H) ppm. 13C NMR (125 MHz, CDCl3) δ 

166.52, 164.23, 162.45, 153.23, 152.37, 145.89, 145.52, 137.08, 133.95, 128.10, 127.28, 119.63, 

119.17, 115.72, 112.14, 107.34, 97.32, 61.28, 60.96, 56.41, 56.22, 51.92, 14.42 ppm. HRMS 

(TOF MS ES+) m/z calculated ([M+H]+) 471.1226 Da, found 471.1226 Da. 

 

 



134 

 

Methyl 4-(6-(cyanomethyl)-4-methoxybenzo[d]thiazol-2-yl)-5,6-dimethoxy-1H-indole-2-

carboxylate (4-11) 

 

To a 7 mL vial were added XPhosPdG2(4 mol%), (5,6-dimethoxy-2-(methoxycarbonyl)-1H-

indol-4-yl) boronic acid (0.021 mmol), 2-(2-bromo-4-methoxybenzo[d]thiazol-6-yl)acetonitrile 

(0.0216 mmol, 1.03 eq.). The vial was evacuated and purged with N2 followed by addition of 

1,4-dioxane (0.35 mL) and 0.5 M potassium phosphate tribasic (3 eq.). The reaction mixture was 

heated at 75 oC for 6 hrs. The reaction mixture was quenched with water (4 mL) and extracted 

with ethyl acetate (5x4 mL), dried with sodium sulfate and solvent was evaporated under 

reduced pressure. The crude product was purified with silica gel flash chromatography (50:50 

EtOAc:Hex). 8 mg, 88%. 1H NMR (500 MHz, CDCl3) δ 8.85 (s, 1H, N-H), 8.41 (d, 1H, J=2.0 

Hz), 7.52 (d, 1H, J=1.5 Hz), 7.02 (s, 1H), 6.85 (d, 1H, J=1.5 Hz), 4.16 (s, 3H), 4.00 (s, 3H), 3.99 

(s, 3H), 3.96 (s, 3H), 3.91 (s, 2H) ppm. 13C NMR (125 MHz, CDCl3) δ 152.44, 142.72, 128.99, 

128.97, 128.77, 128.40, 127.86, 127.19, 126.02, 119.73, 112.53, 112.10, 106.82, 96.90, 61.00, 

56.47, 56.20, 51.90, 24.11 ppm. HRMS (TOF MS ES+) m/z calculated ([M+H]+) 438.1124 Da, 

found 438.1112 Da. 
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Methyl 7-(6-(cyanomethyl)-4-methoxybenzo[d]thiazol-2-yl)-5,6-dimethoxy-1H-indole-2-

carboxylate (4-11) 

  

To a 7 mL vial were added XPhosPdG2(4 mol%), (5,6-dimethoxy-2-(methoxycarbonyl)-1H-

indol-7-yl) boronic acid (0.015 mmol), 2-(2-bromo-4-methoxybenzo[d]thiazol-6-yl) acetonitrile 

(0.0155 mmol, 1.03 eq.). The vial was evacuated and purged with N2 followed by addition of 

1,4-dioxane (0.35 mL) and 0.5 M potassium phosphate tribasic (3 eq.). The reaction mixture was 

heated at 75 ℃ for 6 hrs. The reaction mixture was quenched with water (4 mL) and extracted 

with ethyl acetate (5x4 mL), dried with sodium sulfate and solvent was evaporated under 

reduced pressure. The crude product was purified with silica gel flash chromatography (50:50 

EtOAc:Hex). 5 mg, 70%. 1H NMR (500 MHz, CDCl3) δ 8.83 (s, 1H, N-H), 8.43 (d, 1H, J=2.0 

Hz), 7.49 (d, 1H, J=1.5 Hz), 7.06 (s, 1H), 6.90 (d, 1H, J=1.5 Hz), 4.11 (s, 3H), 3.99 (s, 3H), 3.98 

(s, 3H), 3.94 (s, 3H), 3.92 (s, 2H) ppm. 13C NMR (125 MHz, CDCl3) δ 153.16, 143.50, 129.79, 

129.42, 128.27, 128.05, 126.89, 127.19, 126.51, 118.93, 112.95, 112.50, 107.20, 96.90, 61.49, 

56.92, 56.65, 52.15, 24.60 ppm. HRMS (TOF MS ES+) m/z calculated ([M+H]+) 438.1124 Da, 

found 438.1112 Da. 
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5 SYNTHESIS, STRUCTURE AND PHOTOPHYSICAL PROPERTIES OF METAL 

DICYANIDE DONORS COORDINATED TO AZA[5]HELIZENE VIOLOGEN 

ACCEPTORS 

5.1 Introduction  

This chapter describes our collaborative work with HHP group (UMaine) on synthesis and study 

of 2D network of gold-heli viologen as published in Dalton Transactions.199 Viologens are redox 

active, strong electron accepting diquaternary salts of 4, 4’-bipyridine with the ability to form ion-

pair charge transfer complexes (IPCT) with donors such as dicyanoaurate. Charge transfer 

properties of IPCT can be applied in photochromic and electrochromic devices.200–203 The 

photoreduction properties of viologens have been known for several years with applications as 

herbicides, photocleaving agents, and electronic devices. However, the photophysical and 

photochemical properties of viologens are mostly unexplored.141 Phenylviologens such as 1,1’-

bis-(2,4-dinitrophenyl)-4,4’-bipyridinium (DNP2+) have shown desirable optical and electronic 

properties due to extended π conjugation.150,204 The π–π stacking interactions of phenyl viologens 

are being explored in chemistry and biology due to its effect on the photophysical properties of 2D 

and 3D networks.205 In conjunction, dicyanoaurate(I) complexes are also of interest as they form 

one of the most stable two coordinate complexes, with reports of high stability constants as well 

as potential applications in semiconductor materials and photonic devices.147,148 Dicyanoaurate(I) 

has also unique geometric and charge-transfer properties as the d10 Au(I) metal center favors 

aurophilic interactions and aggregation of [Au(CN)2
−]n

−, which allow tuning of the optical 

properties.149,150 Due to their strong electron accepting potential, viologens are luminescence 

quenchers of triplet metal-to-ligand charge transfer (MLCT) luminescence in complexes 

containing Au(I).  
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Figure 5-1 Previously studied DNP viologen and target Gold-heli viologen (5-13). 

In previous studies by HHP group at University of Maine, low energy phosphorescence was 

observed from a 3D network consisting of DNP2+ coupled with dicyanoaurate(I) dimers (Figure 

5-1).150 These results were surprising given that DNP2+ is non-luminescent in its free state. The 

observed luminescence in this complex revealed unique photophysical properties that were 

attributed to an IPCT transition arising from the heavy atom effect due to gold-viologen orbital 

overlap.150,206 It would be interesting to study the photochemical interaction of other methylated 

phenyl viologens which possess extended π conjugation and are luminescent in the free state with 

dicyanoaurate(I).  

5,10-dimethyl-5,10-diaza[5] helicene bis-tetrafluoroborate viologen was synthesized a few years 

ago and the synthetic route has recently been optimized.141,206 In addition, it is one of the few 

viologens known which has chirality due to the helical aromatic heterocycle.141,207 It was shown 

that this compound has energy holding abilities and is a good electron transfer contender due to its 

Ve being greater than Vh (electronic coupling for electron and hole respectively).208 The 

conductivity spectra and refractive index of this viologen highlighted its ability of high intra/inter 

molecular charge transfer within the crystal and ability to yield significant outputs with low input.  
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In this work, we extend the previous work of HHP group on methyl viologen (MV2+) systems by 

synthesizing 5,10-dimethyl-5,10-diaza[5]helicene (heli-viologen2+) and coupling it with two 

molecules of [Au(CN)2]
− to form complex 8 as shown in Figure 5-1. Synthesis and characterization 

of the N,N-dimethylaza[5]helicene dicyanoaurate (Au and Ag salts) complex was done using 

nuclear magnetic resonance (NMR). The crystal structure of Au heli-viologen was determined by 

single crystal X-ray diffraction. Optical properties of this complex were studied using temperature 

variable photoluminescence, diffuse reflectance spectroscopy (DRS), and Stern–Volmer analysis. 

Density Functional Theory (DFT) calculations were performed to assist with interpretation of the 

experimental data. 

5.2 Results and Discussion 

5.2.1 Synthesis 

 

Scheme 5-1 Retrosynthetic scheme for viologen synthesis. 

In order to access the Gold and silver heli-viologens, the key intermediate was quinolyl-E-stilbene, 

which can be cyclized to form the aza-helicene structure. As shown in Scheme 5-1, aza-helicene 

can be methylated to get MV2+ species of the desired viologen, which can be coupled with gold or 

silver anionic species to get the desired metal-heli viologens. The key intermediate, quinolyl-E-

stilbene was initially synthesized from stepwise wittig route, and the method was improved by 

utilizing Pd catalyzed Stille coupling or Hiyama-Heck coupling.  
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Scheme 5-2 Step-wise Wittig route to access quinolyl-E-stilbene (5-5). 

As shown in Scheme 5-2, stilbene intermediate (5-5) was synthesized in four steps from quinoline-

3-carbaldehyde (5-1) via Wittig reaction.13 5-1 was reduced with sodium borohydride to yield 

primary alcohol of quinoline followed by chlorination using thionyl chloride to access 5-3. In order 

to perform Wittig reaction, Wittig salt (5-4) was synthesized from 5-3. Wittig reaction of 5-4 with 

aldehyde 5-1 resulted in formation of the new C-C bond resulting in quinolyl-E-stilbene (5-5). 

Overall yield of this four-step route was ~20% due to poor yields at Wittig salt synthesis and Wittig 

reaction steps. One of the major reasons for product loss was due to difficulty in silica gel 

purification of product 5-5 due to presence of triphenylphosphine oxide. To improve the yield and 

efficiency of stilbene (5-5) synthesis, Pd catalyzed Stille coupling was explored. To perform Stille 

coupling, bis-tributylstannyl ethylene linker (5-8) was required, which was synthesized from 

tributylstannyl hydride (5-6) and tributylstannyl acetylene (5-7) in good yield (90%).   
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Table 5-1 Catalyst optimization for Stille coupling. 

Pd(0) Catalyst Ligand Yield 

Tetrakistriphenylphosphine palladium 

Pd(PPh
3
)
4 

 

- 20% 

Triphenylphosphine PPh3 

 

  

25% 

Tris(dibenzylideneacetone)dipalladium 

Pd
2
(dba)

3 

 

Triphenylphosphine PPh3 

 

27% 

Tris(o-tolyl)phosphine P(o-tolyl)
3 

 

49% 

2-dicyclohexylphosphino-2’,4’,6’-

triisopropylbiphenyl X-phos 

 

57% 
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Reaction condition optimizations were done in order to improve the yield of 5-5. Table 5-1 shows 

the reaction conditions and catalyst optimization reactions for Stille coupling. Reaction conditions 

shown above with Pd2(dba)3 as Pd(0) catalyst and X-phos as the ligand were the optimized 

condition resulting in 57% of the desired product. Later, Pd(II) catalyzed Hiyama–Heck cross-

coupling was used with triethoxyvinylsilane to get better scalability and higher yield (91%) as 

shown by Clennan and coworkers in 2016.141 

 

Figure 5-2 Photocyclization mechanism of 5-5. 

Following the synthesis of Stilbene intermediate (5-5), photocyclization was done to synthesize, 

5,10-Diaza[5]helicene (5-9). As described by Woodward-Hoffman rules of cyclization, 4n+2 

cyclization of 5-5 is conrotatory and as a result is photochemically allowed.209 Figure 5-2 

described the mechanism of photocyclization to synthesize 5-9. Several photocyclization 

conditions were explored based on UV-Vis absorption spectrum (Figure 5-3).   
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Figure 5-3 UV-Vis absorption spectrum of 5-5 

Table 5-2 Light source optimization for photocyclization of 5-5 

Light Source Intensity 

(lumens) 

Time 

(Hours) 

%Conversion %Yield(major 

product) 

Incandescent Lamp 600 48-52  90% 65% 

Halogen Flood lamp 5000 55-60 86% 63% 

Photo reactor (350 nm) 24000 4-6  100% 73% 

 

Table 5-2 shows different light sources used to optimize photocyclization reaction yields. 

Photocyclization generates desired product 5-9 and a side product 5-10. As shown in Table 5-2, 

incandescent lamp and halogen flood lamp gave good conversion and yield of the desired 

product, however the reaction times were longer, and reproducibility was inconsistent due to low 

amount of UV emitted by these light sources. Photocyclization in a photoreactor (350 nm), 
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which was equipped with a magnetic stir plate, and cooling fan to minimize the heating resulted 

in 100% conversion and 71% yield of the desired product in 4 to 6 hours.  

 

Scheme 5-3 Gold-heli viologen (5-13) synthesis. 

Subsequently, Methylation of 5-9 with trimethyloxonium tetrafluoroborate under nitrogen 

produced the BF4 salt of heli[5]viologen (5-11) which was purified with preparative HPLC. In 

order to couple the heli viologen with gold or silver dicyanide, the reaction needed to be done in 

aqueous solution. Due to the limited solubility of 5-11 in aqueous solvents, the tetrafluoroborate 

counterion was exchanged for chloride counterions using DOWEX ion-exchange resin. The 

chloride heli-viologen (5-12) showed high solubility in aqueous solvents and was further reacted 

with potassium dicyanoaurate to produce gold-coupled viologen, 5-13 in powder form. The 

powder was dried and used for luminescence experiments. Three crystallization methods were 

attempted in order to get single crystals for X-ray crystallography: Slow evaporation, liquid-liquid 

diffusion, and vapor diffusion method. Among which vapor diffusion using the solvent 

combinations below gave small single crystals for X-ray crystallography. 
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Figure 5-4 Single crystal synthesis via vapor-diffusion method. 

The crystallization conditions via a vapor diffusion method for Au heli-viologen (5-13) were 

optimized and methanol: n-hexane and ethanol: cyclohexane were used as solvent : anti-solvent to 

get single crystals for X-ray diffraction analysis.210  

5.2.2 Single crystal X-ray diffraction 

The solid state structure of Au heli-viologen crystallized in the centrosymmetric monoclinic space 

group C2/c and contained one viologen dication and two [Au(CN)2]
- anions on general positions 

as the elements of the asymmetric unit (Figure 5-5). When looking into the bc-plane of the unit 

cell, one of the [Au(CN)2]
- anions lies perpendicular to this plane (and parallel to the a-axis) at a 

distance of 3.3773(6) Å between the Au(I) atom of the dicyanoaurate anion and the centroid of the 

aromatic ring sitting at the turn of the right-handed helical viologen. Typically, dicyanoaurate 

anions are linear with N–Au–N angles approaching 180°; however within the structure of Au heli-

viologen, the [Au(CN)2]
- anion lying above the turn of the helicate deviates from linearity, showing 

an N–Au–N angle of 174.0(3)°.211 Such a deviation from linearity can be rationalized upon the 

application of symmetry to the asymmetric unit. After applying crystallographic symmetry, this 

dicyanoaurate anion dimerizes with itself and supports the formation of a bond between the 

monovalent gold atoms at a distance of 3.3098(11) Å, a value on par with those published in a 

previous report.212  
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Figure 5-5 View along the a-axis of Au heli-viologen crystal. The dotted lines show dimer 

interactions among adjacent [Au(CN)2]
- anions. 

As a direct consequence of the binding of the neighboring, symmetry-equivalent [Au(CN)2]
- 

anions to one another, their dimerization imparts some structural rigidity as evidenced by the 

smaller size of the thermal parameters of the dimer’s constituent gold, carbon and nitrogen atoms. 

Projections of the asymmetric unit along the b-axis (Figure 5-5) demonstrated strong one-

dimensional overlap between the dimerized [Au(CN)2]
- anions and the nearly-planar region of the 

viologen dications parallel to that axis. Such an orientation of these moieties relative to one another 

within the solid-state structure may provide evidence for the onset of interesting spectroscopic 

properties. Despite the potential for the dicyanoaurate anion located above the turn of the helical 

viologen in concert with its propensity to dimerize upon the application of crystallographic 

symmetry to generate interesting spectroscopic features, the second [Au(CN)2]
- anion in the 

asymmetric unit does not dimerize upon the application of crystallographic symmetry. Unlike the 

anion in the asymmetric unit which does dimerize, the second anion has much more linear 

geometry as evidenced by its N–Au–N angle of 176.5(5)°. Thermal parameters for the second 

dicyanoaurate anion also demonstrate more thermal motion as evidenced by the larger anisotropic 
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displacement ellipsoids for its constituent gold, carbon and nitrogen atoms. Between the anion and 

the helical viologen, the closest contact occurred between the centroid of the phenyl at the turn in 

the helix and N4 from the terminal nitrile at a distance of 3.351(19) Å. This distance suggests the 

onset of a potential dipole–dipole interaction given the positioning of the electron-rich nitrile 

relative to the electron deficient phenyl ring of the dication.31 Also, given the less intimate 

molecular orbital overlap between this latter dicyanoaurate and the planar surface of the viologen, 

suggests that unlike the former [Au(CN)2]
-, the latter is more spectroscopically innocent. As a 

consequence, Au heli-viologen can be described as a 2D network consisting of a series of 

noninteracting stacked [Au(CN)2]2
2-/ heli-viologen2+ slabs. 

 Analysis of the bond distances within the different [Au(CN)2]
- anions as a function of their being 

free or dimerized in the solid state also revealed subtle differences. Within the dicyanoaurate anion 

that dimerizes, the bond distances between the nitriles and the Au(I) were measured at distances 

of 2.007(16) and 2.011(15) Å while those in the free anion were measured at 1.98(2) and 1.94(2) 

Å respectively. The nitrile distances from the different anions also revealed differences as those 

from the dimerized anion were measured at 1.09(2) and 1.132(19) Å while their analogues from 

the free [Au(CN)2]
- revealed distances of 1.12(3) and 1.17(3) Å between the constituent carbon 

and nitrogen atoms. Such a difference can be hypothesized on the basis of dimerization between 

the neighboring dicaynoaurate anions upon the application of symmetry. Electron density is 

donated from the nitrile into the corresponding Au–C bond, resulting in a shortening of the former 

and a lengthening of the latter. This build-up of electron density on the monovalent Au atom, in 

concert with the nearby positioning of a symmetry-related anion, supports bond formation between 

the gold atoms. Relevant bond distances within the free dicyanoaurate anion are similar to those 
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reported in the literature as no intramolecular donation of electron density to support Au–Au bond 

formation occurs.211 

5.2.3 Infrared spectroscopy 

 

Figure 5-6 Infrared spectrum of Au heli viologen (5-13). 

Au heli-viologen (5-13) is a coordination polymer, where a dominant vibrational feature is the 

cyanide stretch. The νs(CN) of the gold(I) dicyanide anions are observed at 2140 cm-1, 2152 cm-1, 

2160 cm-1, and 2165 cm-1, indicating that the CN ligands are slightly inequivalent throughout the 

crystal motif. This split is in agreement with the structural data which shows the presence of 

monomer [Au(CN)2]
- and dimer [Au(CN)2]2

2- units. For oligomer units of metal cyanides, the 

νs(CN) vibrational mode moves to lower energies as the oligomer size increases due to the 

increased electron density of the CN π* LUMO.213 In keeping with this, we have assigned the 
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bands at 2140 cm-1 and 2152 cm-1 to the νs(CN) vibration modes of the dimers and the 2160 cm-1 

and 2165 cm-1 bands to the vibrational modes of the monomer subunits. 

5.2.4 Photophysical studies 

To investigate the absorption of Au heli-viologen, we have performed diffuse reflectance 

measurements of solid microcrystalline samples of both Au heli-viologen (5-13) and MV2+ at 298 

K (Figure 5-7). Solid samples of gold coordinated MV2+ are yellow in color and absorb strongly 

in the UV. 

 

Figure 5-7 Solid state DRS absorption spectrum of solid samples of Au heli-viologen and MV2+ 

at 298 K converted via Kubelka-Munk. 

As seen in the spectra, the absorption falls off sharply around 475 nm with an optical absorption 

edge of 2.39 eV. This edge is slightly more variable for the gold free heli-viologen2+ which slowly 

tappers off through the visible range and is identical to previous reports of MV2+ which are 

assigned to a π → π* state.141 Introduction of [Au(CN)2]
- results in few changes in the DRS spectra 

in comparison to heli-viologen2+.  
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Figure 5-8 Luminescence spectra of Au heli-viologen between 10 K and 298 K. Excitation 

(dashed) and emission (solid). 

The appearance of higher energy bands at 268 nm not observed in the gold free heli-viologen2+ are 

assigned to a metal to ligand charge transfer (MLCT) localized to the [Au(CN)2]
-/[Au(CN)2]2

2- 

subunits consistent with reports elsewhere.214 The majority of the band remains a π → π* state of 

the heli-viologen2+. 

As an aromatic cation, heli-viologen2+ is well equipped to accept electrons from the electron rich 

gold(I) dicyanide anions as reported for other viologen like molecules. To probe this temperature 

variable photoluminescence measurements of microcrystalline samples of Au heli-viologen 

between 298 K and 10 K were performed. The spectra are shown in Figure 5-8 and are overlaid to 

demonstrate the change in peak shape and relative intensity with respect to temperature. We 

observe that the excitation spectrum of Au heli-viologen (5-13) consists of two bands: one high 

energy band at 375 nm, and one low energy band at 470 nm. A shift in the relative intensity towards 

the high energy band is observed upon temperature change. No significant shift in the position of 
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either excitation band is observed at lower temperatures. At room temperature, compound 5-13 in 

microcrystalline form shows one broad triplet emission band at 580 nm (τ298 K = 1.01 μs, τ78 K = 

1.12 μs). At lower temperatures the relative emission intensity increases and a second, lower-

energy band appears at 608 nm. This band first appears at 129 K and does not shift during cooling. 

Time-dependent measurements show much shorter lifetime of this band (τ78 K = 130 ns) in 

comparison to that of the band at 580 nm.  

 

Figure 5-9 Energy diagram of emission pathways for Au heli-viologen. At higher temperatures 

the heli-viologen2+ emission by T1→S0 is favored along with quenching of [Au(CN)2]
-2 via the 

excited S1 to heli-viologen2+ S1. At low temperatures (<129 K) electron transfer is absent resulting 

in [Au(CN)2]
-2 S1→S0 emission. S0, ground state; S1, first excited state; T1, first triplet state; NR, 

nonradiative decay; ET, electron transfer 

Based on previous reports of heli-viologen2+ the data reported here, the 580 nm band is assigned 

to a triplet π → π* localized to heli-viologen2+. The emission band observed at 608 nm is a new 

feature and was not observed in previous reports of heli-viologen2+. Both the life-time and 

Heli-viologen2+ 
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wavelength of this band are too long for cation S1→S0 emission. Instead, these values better fit 

expected values for [Au(CN)2]
- emission. We have observed similar behavior in Au(CN)2

-/DNP2+ 

structures where low temperature emission is dominated by [Au(CN)2]
- bands but quenched at 298 

K.150 The absence of [Au(CN)2]
- emission above 129 K indicates quenching by heli-viologen2+ at 

high temperatures. It is attributed to an oxidative electron transfer in the excited state at higher 

temperatures between [Au(CN)2]
- and heli-viologen2+ (Figure 5-9). 

5.2.5 Electron transfer analysis 

An analysis of this system was performed via Stern–Volmer and a Rehm–Weller to support the 

proposed electron transfer. First, a Stern–Volmer analysis was performed in order to examine the 

nature of heli-viologen2+ quenching of [Au(CN)2]
-, specifically to determine if the observed 

quenching is due to electron transfer or resonance.215 First, the ground state absorption spectra of 

the components were compared to the combined mixture.  

 

Figure 5-10 Absorption spectra of potassium dicyanoaurate, heli[5]viologen, and Au heli-

viologen in methanol (5 x 10-4 M). 

Figure 5-10 shows that the absorption spectrum of a mixture of heli-viologen2+ and potassium 

dicyanoaurate is the simple sum of the two component absorption spectra. The lack of an additional 
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absorption band in the mixed spectrum indicates that no ground state electronic interaction occurs 

between the two species. From this observation, we conclude that no static quenching occurs in 

this system. While our previous experiment indicates no ground-state quenching, the possibility of 

quenching in the excited-state was further investigated. The effect of heli-viologen2+ as a dynamic 

quencher of [Au(CN)2]
- photoluminescence was investigated by measuring the photoluminescence 

of a series of heli-viologen2+/dicyanoaurate solutions. Luminescence intensity associated with 

[Au(CN)2]
- was observed to decrease as the concentration of heli-viologen2+ was increased. Since 

we observe photoluminescence quenching upon addition of heli-viologen2+, this data can be fit to 

the Stern–Volmer equation to further analyze the photophysical kinetics of the system.  

 

Figure 5-11 Stern-Volmer plot for aqueous Au heli-viologen. 

Figure 5-11 shows the Stern–Volmer plot constructed for this experiment. From this plot a KSV 

value can be determined (KSV = 5170 M-1). The data show that quenching is observed for this 

system. This indicates that there is a significant interaction between gold dicyanoaurate species 

and heli-viologen2+ during the photophysical excitation and relaxation process. This observation 
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provides further support for our assignment of the emission band observed at 608 nm as a 

[Au(CN)2]
- →heli-viologen2+ electron transfer. 

The Rehm–Weller equation35 can be used to support the proposed electron transfer by determining 

whether the process is thermodynamically favorable. 

 

In the Rehm–Weller equation shown above, ΔGET is the free energy change associated with the 

electron transfer process, Ered and Eox are the reduction potential of the viologen heli-viologen2+ 

acceptor and oxidation potential of the [Au(CN)2]2
2- donor respectively. Es represents the energy 

of the singlet state energy at 78 K (average of the lowest energy excitation band and highest energy 

emission band), and eo
2/εa is taken as the attraction that the ion pair experiences.206,216 We have 

calculated the Eox (1.74 eV) via DFT by taking the difference in energy between an optimized 

structure of [Au(CN)2]2
2- and [Au(CN)2]

-. For the Au heli-viologen, ΔGET is therefore calculated 

as: ((1.74 + 0.22)-2.32-0.15) = -0.51 eV, indicating the electron transfer is spontaneous. This 

calculated free energy change supports an electron transfer process as a feasible explanation for 

the observed quenching system. 

5.2.6 Ag-Heli Viologen (5-14) 

Chloride-heli viologen (5-12) was coupled with potassium dicyanoargentate in order to synthesize 

silver-heli[5] viologen (5-14). Several attempts were made to synthesize and recover 5-14, which 

were semi-successful as the powder did not precipitate out of solution as easily. When precipitation 

was induced by solvent evaporation, inorganic salts precipitated out along with the desired metal 

organic complex and isolation of 5-14 could not be confirmed. As shown in Figure 5-12, potassium 

dicyanoargentate showed that νs(CN) vibration mode is observed at 2136 cm-1. Synthesized and 

precipitated potential Ag-heli viologen sample showed νs(CN) vibrational mode at 2162 cm-1 
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similar to Au-heli viologen. In addition low energy vibrational modes of aza-helicine system are 

observed below 1600 cm-1. 

 

Figure 5-12 Infrared spectra of KAg(CN)2 (upper) and potential Ag-Heli viologen (lower) 

However, this product could not be confirmed with 1H NMR, 13C NMR or MS. Single crystal 

synthesis was attempted on precipitated powder using vapor-diffusion methods but these attempts 

were unsuccessful. Synthesis and photophysical properties of Ag-heli viologen need to be studied 

in a future to compare the 2D structure of Ag-heli viologen to the synthesized Au-heli viologen. 

5.3 Conclusion and Future direction 

Au-heli viologen (5-13) was synthesized from 4-bromoquinoline via Pd catalyzed Stille 

coupling/ Pd catalyzed Hiyama-Heck coupling, photocyclization, methylation and metal 
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coupling reactions with overall yield of 22%. Single crystals of Au-heli viologen (5-13) were 

accessed via vapor-diffusion, and characterized by single crystal X-ray diffraction. The 2D 

network was found to consist of [Au(CN)2]
− dimers and monomers trapped within heli-

viologen2+ units. Photophysical studies show that at 298 K this complex emits at 580 nm via a 

triplet π → π* transition localized to the heli-viologen2+. Cooling to low temperatures results in a 

new emission band at 608 nm. Lifetime measurements and DFT calculations indicate that this 

new band is the appearance of [Au(CN)2]2
2− emission. The lack of this emission at temperatures 

higher than 129 K indicates that quenching occur from heli-viologen2+. Stern–Volmer and 

Rehm–Weller analysis of this transition supports our assignment by revealing that quenching of 

[Au(CN)2]2
2−by heli-viologen2+ involves the transfer of an electron between ion pairs. Synthesis 

of Ag-heli viologen was attempted but crystallization and structure confirmation were 

unsuccessful. In a future study 2D/3D networks of Ag-heli viologen involving better electron 

donors such as dicyanoargentate would provide insight into the electron-transfer phenomenon 

investigated here. 

5.4 Experimental 

5.4.1 General Information 

All reagents were purchased from Sigma-Aldrich and Fisher Scientific and used directly 

without further purification. All products were purified with silica-gel flash 

chromatography or preparative HPLC. HPLC was performed on a Gilson analytical to 

semi-preparative system using Kinetex 5 µm EVO C18 100Å 4.6 x 150 mm for analytical 

and Kinetex 5 µm EVO C18 100Å 21.1 x 150 mm for preparative purpose. Products were 

characterized by 1H and 13C NMR and mass spectrometry. NMR characterization results 

and J values were compared with published results. 1H and 13C NMR spectra were recorded 

on Agilent/Varian 400 MHz and 101 MHz NMR spectrometer respectively. Mass spectra 


