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Abstract 

Surface enhanced Raman scattering (SERS) has gained recognition as a 

biomedical imaging technique because of its sensitivity and multiplexing capabilities. By 

sensing multiple disease biomarkers at once, early disease detection improves. Pyrylium 

dyes contain a highly modifiable scaffold that can be used to generate unique, 

spectroscopically distinguishable dyes with applications as SERS reporter molecules. 

High-binding affinity between a reporter molecule and the SERS substrate, typically a 

gold nanoparticle, can be achieved by functionalizing pyrylium dyes with high chalcogen 

content. Sum-frequency generation vibrational spectroscopy (SFG-VS) can be used to 

determine the binding angle between a dye and the gold surface. The position and 

location of the chalcogen atoms in pyrylium dyes affects their binding angle. A new 

library of chalcogenopyrylium dyes containing various combinations of 3-thienyl, 2,6-

dimethylphenyl, and t-butyl substituents was synthesized and analyzed as potential SERS 

reporters for multiplex biosensing studies. These dyes are hypothesized to bind at a 

unique angle compared to previously investigated 2-thienyl pyryliums and will provide 

more insight into how structural modification affect binding surface coverage and SERS 

intensity. 
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Chapter 1 Introduction 

1.1 Raman Spectroscopy 

Raman spectroscopy, named after C. V. Raman, is a type of vibrational spectroscopy 

that measures the way light is scattered by a material1-2. When the wavelength of the 

scattered light is identical to the incident light, Rayleigh scattering is observed. Raman 

scattering is observed when the wavelength of scattered light is different than the incident 

light due to lost or gained energy3. Every atom in a system reacts with electromagnetic 

radiation in a different way producing a unique fingerprint. Raman signals of a 

“reporter” molecule can be used to determine the presence and quantity of analytes; 

differences in Raman signals from several reporters can be used to differentiate the 

presence of multiple analytes. A major downside of Raman spectroscopy is that the 

Raman signals are a forbidden transition and have weak signal strength; only 1 in 10 

million scattered photons are Raman scattered3. To enhance weak Raman signals, 

molecules were absorbed onto metal surfaces4; a phenomenon termed Surface-Enhanced 

Raman Scattering (SERS). SERS involves Raman reporter molecules interacting with a 

roughened metal substrate, usually noble metals such as silver or gold5. SERS has been 

utilized in ex vivo and in vivo tissue diagnostics6-7 and drug-cell interaction studies in 

vitro8-10. An additional enhancement of up to 106, Surface-Enhanced Resonance Raman 

Scattering (SERRS), is observed if the Raman reporter molecule incorporates a 

chromophore that has an electronic transfer excitation wavelength matching the laser 

excitation wavelength11. Tricarbocyanine reporters with varying amine structures are 

near infrared SERRS compounds and have been used with gold nanoparticles at 785 nm 

laser excitation for a SERS-based in vivo cancer detection study12. 
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1.1.1 Using SER(R)S for Multiplex Biomedical Imaging 

SER(R)S has evolved as an adaptable spectroscopic technique with various 

biomedical applications. The application highlighted here is the use of SER(R)S for 

multiplex biomedical imaging13-14. In vivo SER(R)S involves the use of nanosensors11, 

illustrated in Figure 1.1. These nanosensors are prepared by coating metal substrates, 

typically gold nanoparticles, with a Raman reporter, which are then encapsulated with a 

biocompatible coating such as silica. This probe is then functionalized with tumor 

targeting antibodies. Once injected in vivo and upon irradiation, the tumor sites can be 

located. 

Figure 1.1 Illustration of a SER(R)S nanosensors design. Adapted from reference 11. 

The adsorption and complexation of the reporter molecules to the surface of the gold 

nanoparticle can result in band broadening and changes in band intensities in their 

spectra. Molecules can orient themselves in various ways relative to the metal surface 

giving rise to different SERS spectra. In general, multiplexing can be defined as the 

acquisition of multiple signals at once. SERS has multiplexing capabilities compared to 

fluorescence imaging because SERS signals are typically sharper than fluorescence 

peaks11. Additionally, Raman reporter molecules with characteristic fingerprints create 

distinguishable SERS spectra that are useful in detecting multiple disease biomarkers 

simultaneously. 
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1.2 Chalcogenopyrylium Dyes 

Chalcogenopyrylium dyes are a versatile class of dyes. Previously, they have been 

used as photosensitizers in the electrographic industry16 and had applications in 

photodynamic therapy of cancer16-19, immunization of bloodborne pathogens20, and the 

modulation of P-glycoprotein21. A general structure of pyrylium salts A and pyrylium 

dyes B are shown in Chart 1.1. They contain one or two cationic, six-membered 

heterocyclic rings containing a stable chalcogen (X, Y = O, S, Se, or Te). Various 

aliphatic and aromatic functional groups have been added to these structures (R1 – R4). 

The methine backbone of B has been extended from a monomethine (n = 0) to a 

heptamethine (n = 3) dye. 

Chart 1.1 Generic structure of a pyrylium salt A and a polymethine pyrylium dye B. X and Y represent 
chalcogens, R1-R4 represent aliphatic or aromatic substituents, Z is the counterion, and n = 0, 1, 2, or 3. 

1.2.1 Controlling light absorption maxima 

A unique characteristic of these dyes is the ability to select their light absorption 

maxima (lmax) by varying chalcogen atoms, substituents, and backbone length. Previous 

chalcogenopyrylium dyes have been tailored to have absorption spectra that overlap with 

633 nm, 785 nm, and 1064 nm laser; commonly used laser wavelengths for SERS 

imaging applications22. The absorptive properties of chalcogenopyrylium dyes can be 
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varied by the length of the chromophore and substitution of thiophene/selenophene and 

heteroatom variation. First, the extension of the methine backbone from a monomethine 

to a trimethine, pentamethine or heptamethine results in a red-shift of approximately 100 

nm for every two-carbon addition23. In addition, switching the chalcogen atom controls 

λmax. A red-shift of the chromophore results from increasing the chalcogen atom size 

from O < S < Se < Te, due to the energy of the HOMO becoming less negative and the 

LUMO less positive24. 

1.2.2 Chalcogenopyrylium dyes as Raman reporters 

In 2015, Bedics et al. and Harmsen et al. presented work utilizing 

chalcogenopyrylium dyes as Raman reporters25-26. Dr. Matthew Bedics synthesized 

novel chalcogenopyrylium dyes with various combinations of S and Se heteroatoms and 

phenyl, 2-thienyl and 2-selenophenyl substituents. These dyes contain many sulfur- or 

selenium-containing heterocycles that adsorb strongly onto the gold surface of gold 

nanoparticles which maximizes SERS enhancement11. In one study, 14 different 

chalcogenopyrylium dyes, with absorption maxima in the range of 653 to 826 nm, were 

adsorbed onto hollow gold nanoparticles and tested for their Raman spectra25. 4-(3-(2,6-

Di(selenophen-2-yl)-4H-thiopyran-4-ylidene)prop-1-en-1-yl)-2,6-di(selenophen-2-

yl)thiopyrylium hexafluorophosphate, dye C, has an absorption maximum in the near 

infrared region (NIR) (λmax = 826), binds to a gold surface through its selenophene rings, 

gave the strongest SERS signal, shown in Figure 1.2. 
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Figure 1.2 Structure and SERS spectrum for dye C. Adapted from reference 25. 

More sensitive Raman reporter molecules examples are chalcogenopyrylium 

dyes with 2-thienyl-substituted that enable attomolar detection limits26. S. Harmsen and 

coworkers report a study on SERRS intensity as a function of dye affinity for the gold 

surface. This study showed that thiophene serves as an effective anchor to the gold 

surface and with increased numbers of 2-thienyl substituents added to the dye scaffold, 

the SERRS intensity increased, shown in Figure 1.3. These chalcogenopyrylium dyes 

have been used for in vivo tumor imaging and are ideal for in vivo multiplexing due to 

their unique fingerprint spectra25. 
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Figure 1.3 Molecular structures of chalcogenopyrylium dyes (D-H) arranged by increasing number of 2-
thienyl substituents and SERRS spectra. The SERRS spectra were baseline corrected for comparison. 
Inset: Comparison of the intensity of the 1,600 cm-1 peak (n = 3, error bars represent s.d., *P<0.05; an 
unpaired Student’s t-test was performed.) Adapted from reference 26. 

1.3 Summary 

Chalcogenopyrylium dyes have emerged as unique Raman reporter molecules for 

SER(R)S studies, importantly, multiplex biomedical sensing. Herein, a new class of 

chalcogenopyrylium dyes containing various combinations of 3-thienyl, 2,6-

dimethylphenyl, and t-butyl substituents will be described. As previous 

6 



 

  

         

        

             

        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

chalcogenopyrylium dye reporters, these are also tailored to have a high affinity for the 

gold surface in order to decrease nanoparticle-dye distance and increase dye loading on 

the nanoparticle surface. The synthesis of these dyes and a summary of the binding angle 

and SER(R)S results are detailed in the following chapters. 
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Chapter 2 Synthetic Pathways Towards Functionalized Chalcogenopyrylium Dyes 

2.1 Introduction 

The goal of this work is to introduce 3-thienyl substituents to the 

chalcogenopyrylium scaffold in order to analyze binding angles to a gold or silver surface 

and ultimately the performance of these dyes with a new substituent as Raman reporter 

molecules. The synthetic routes are outlined for substituting varying combinations of 3-

thienyl, 2,6-dimethylphenyl, and t-butyl on chalcogenopyrylium dyes scaffolds. For 

detailed synthetic procedures, including complete characterization, the reader is referred 

to Chapter 4 of this document. 

2.2 Previous Chalcogenopyranone Synthesis 

O O O ONCS SeO2H2S 

toluene, ΔNaOAc PyrR R S R R S R R S RR 

I J K L 

Scheme 2.1 The first high yielding synthesis of chalcogenopyranones. Adapted from ref. 27. 

Chalcogenopyranones are important synthetic precursors to chalcogenopyrylium 

dyes. These compounds have been synthesized two different ways. The first high 

yielding synthetic pathway for obtaining thiopyranones, outlined in Scheme 2.1, was 

presented by Chen. et al. in 197727. The synthesis began with the Michael addition of 

H2S across the alkene bonds of ketone I. One of the alkene bonds of thiopyranone K is 

inserted through oxidizing dihydro-4H-thiopyran-4-one J with N-chlorosuccinimide 

(NCS). The second alkene bond of thiopyranone L is installed with a SeO2 oxidation27. 

Another method for synthesizing chalcogenopyranones is shown in Scheme 2.2. 

1,4-Pentadiyn-3-ones M are treated with Na2X (X = S, Se or Te). This reaction gives a 

mixture of the desired chalcogenopyranone N and an isomer containing a central five-
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membered ring O. The isomer was formed by the anti-Michael addition of the chalcogen 

across one of the alkyne bonds28-29. To isolate the major product, a strong basic solution 

is used30. Chalcogenopyranone N can be isolated as the major product by treating M with 

an NaOEt/EtOH solution before reaction with a disodium chalcogenide (Na2X)30. 

Scheme 2.2 shows the Michael addition of EtOH across one of alkyne bonds in M, which 

forms an enol-ether intermediate P. The enol-ether intermediate P reacts with Na2X to 

add the chalcogen across the remaining alkyne bond resulting in the desired 

chalcogenopyranone N. Chalcogenopyranones with varying combinations of functional 

groups, and S, Se, or Te as the heteroatom were synthesized using this method. 

O OO Na2X R 

X = S, Se, or Te X HR R R X R R 

M N O 

NaOEt/
EtOH 

O O ONa2X OEt 

R 
R OEt R XNa R X R

R X = S, Se, or Te 

P Q N 

Scheme 2.2 Synthesis of chalcogenopyranone N, highlighting the role of an enol ether intermediate to 
isolate the major product selectively. Adapted from ref. 28. 
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2.3 Retrosynthesis of Chalcogenopyrylium Dyes 

Monomethine Dyes Trimethine Dyes 

X 

Y 

R4 

R3 

R1 R2 

XR1 R2 

CH3 

Y 

O 

R3 R4 

X 

Y 

R3 

R4 

R1 R2 

XR1 R2 

CH3 

Y 

O 

R3 R4 

PF6 PF6 

PF6 
PF6 

R S 

U 
U

V 
W 

Pentamethine Dyes 

X 

R1 

R2 

Y 

R1 

R2 

XR1 R2 

CH3 

N 

Ph 

H N 
H 

PhPF6 

PF6 

PF6 

T U X 

Scheme 2.3 Retrosynthesis of chalcogenopyrylium dyes R-T showing a common precursor, the 4-
methylchalcogenopyrylium salt U. X and Y represent chalcogens, S or Se, R1-R4 correspond to aliphatic or 
aromatic function groups. 

A retrosynthesis of these dyes shows that the 4-methylchalcogenopyrylium salt U 

is a common precursor for each dye series (Scheme 2.3). The chalcogenopyrylium ring 

allows the 4-methyl group of the 4-methylchalcogenopyrylium salts to be deprotonated. 

This deprotonated 4-methyl group can react with different electrophilic substrates to yield 

chalcogenopyrylium dyes R-T. Reacting U with a functionalized chalcogenopyranone V 

create monomethine dyes R, and trimethine dyes S are formed from a similar reaction 

between U and (chalcogenopyranylidene) acetaldehyde W. The iminium salt X reacts 

with U to give pentamethine dyes T. 

2.4 Forward Synthesis of Polymethine Chalcogenopyrylium SERS Reporters 

Chart 2.1 gives the structures of each of the synthetic precursors that were 

utilized in making the library of surface enhanced Raman scattering (SERS) reporters. 

The chalcogenopyranone 1-2, 4-methylchalcogenopyrylium salt 3-4, and 

(chalcogenopyranylidene)acetaldehyde compounds 5-6 were synthesized with both S and 

10 



 

  

        

      

        

      

           

         

       

 

          
          

          
 

     

       

              

          

       

Se heteroatoms and with 3-thienyl, 2,6-dimethylphenyl, and t-butyl substituents. 

Chalcogenopyranones and 4-methylchalcogenopyrylium salts with 3-thienyl substituents 

have not been described in the literature; their synthesis and characterization are 

included. The 4-methylthiopyryliums bearing 2,6-dimethylphenyl and t-butyl 

substituents are not novel compounds; however, this document outlines a different 

synthetic pathway, discusses improved yields for these compounds, and introduces novel 

4-methlyselenopyrylium salts incorporating 2,6-dimethylphenyl and t-butyl substituents. 

Chart 2.1 Structures of the chalcogenopyranone 1-X and 2-X, 4-methylchalogenopyrylium salts 3-X and 
4-X and (chalcogenopyranylidene)acetaldehyde 5-X and 6-X compounds used to make the library of SERS 
reporters. X represents chalcogens S or Se. 

The 3-thienyl substituted chalcogenopyranones were synthesized beginning with 

the aldol condensation of acetone with 3-thiophenecarboxaldehyde to yield dienone 7 

(Scheme 2.4). The Michael addition of H2S or H2Se to the dienone 7 gave the 

tetrahydropyranones 8-S and 8-Se in 95% yields. The chalcogenopyranones 1-S 73% 

and 1-Se 49% were obtained by reacting the tetrahydropyranones 8-S and 8-Se with 2.5 

11 



 

  

       

           

         

 

         
    

 
     

         

     

         

              

            

           

          

           

                 

        

               

              

 
 

 

  
  

  

  
  

   
  

equivalents of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in refluxing toluene. 

Addition of MeMgBr to the ketone of 1 followed by dehydration gave 4-methylpyrylium 

salts 3-S and 3-Se in 33% and 77% yields respectively. 

O 

H 
S 

H3C CH3 

O KOH 

EtOH, H2O 
rt, 3h 

O 

S 7 66% 

NaHX, K2HPO4 

iPrOH, THF, H2O 
rt, 15 h 

S 

+ 

O O CH3
1. MeMgBr, THF 

DDQ, toluene rt, 3 h 

reflux, 1.5 h X X X 
rt, 0.5 h 

2. 10% HPF6 (aq) 
PF6S S S S S S 

8-S 95% 1-S 73% 
3-S 33%8-Se 95 % 1-Se 49% 
3-Se 77% 

Scheme 2.4 Synthesis of 4-methylthiopyrylium and 4-methylselenopyrylium salts 3-S and 3-Se containing 
3-thienyl substituents. 

The synthesis of unsymmetrical 4-methylthiopyrylium and 4-

methylselenopyrylium salts is described in Scheme 2.5. 2,6-Dimethylbenzaldehyde was 

treated with carbon tetrabromide and triphenylphosphine in a Corey-Fuchs reaction 

yielding a dibromoolefin intermediate 9 in 93% yield. This intermediate was treated with 

2.1 equivalents of n-BuLi to give a terminal alkyne 10 in 62% yield. Deprotonation of 

the terminal alkyne with n-BuLi and addition of methyl formate gave aldehyde 11 in 80% 

yield. To introduce a t-butyl substituent, commercially available tert-butyl acetylene was 

deprotonated with n-BuLi and after addition to aldehyde 11 gave diynol 12 in 89% yield. 

Oxidation of the alcohol with MnO2 produced diynone 13 in 95% yield. Cyclization of 

the diynone was carried out by first adding EtOH across one of the alkyne bonds to form 

enol ether intermediates, followed by refluxing the enol ether intermediates in the 

presence of Na2S or Na2Se to obtain pyranones 2-S and 2-Se in 47% and 46% yields, 

respectively. The cyclization of the diynone to the pyranone is a first-order reaction, so 
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monitoring and adjusting the concentration directly affects the yields of the pyranones. 

The highest yields for this cyclization resulted with an overall reaction concentration of 

0.2 M. Again, addition of MeMgBr to the ketone of 2-S and 2-Se followed by 

dehydration gave the desired pyrylium salts 4-S and 4-Se in 79% and 52% yields, 

respectively. 

Br BrO 
CBr4, PPh3 HCOOCH3, nBuLi 

CH2Cl2 

nBuLi 

THF THF 
-78 °C, 24 h 0 °C, 24 h -78 °C, 1 h 

9 93% 10 62 % 

O OH 
MnO2nBuLiH 

THF CH2Cl2-78 °C, 1 h reflux, 24 h 

11 80% 12 89% 

O CH3O 

X X 

Na2X 

NaOEt/EtOH, THF 

1. MeMgBr, THF
rt, 3 h 

2. 10% HPF6 (aq) 
rt, 0.5 h PF6 

2-S 47% 4-S 79%13 95% 2-Se 46% 4-Se 52% 

Scheme 2.5 Synthesis of 4-methylthiopyrylium and 4-methylselenopyrylium salts 4-S and 4-Se containing 
2,6-dimethylphenyl and t-butyl substituents. 

In order to make trimethine dyes, (chalcogenopyranylidene)acetaldehyde 

compounds 5-X and 6-X must be obtained. The condensation of 4-methylpyrylium salts 

3 and 4 with N,N-dimethylthioformamide in heated Ac2O followed by hydrolysis of the 

iminium salt resulted in the production of (chalcogenopyranylidene)acetaldehydes 5 and 

6. This synthetic pathway is shown in Scheme 2.6 and the yields are listed in Table 2.1 

for the synthesized S and Se derivatives of these compounds. 

13 



 

  

 

        

            

      
 
 
 
 

 
 
 
 

 
 

 
 

 
 
 
 

 
 

  
 

 

          

           

               

          

        

     

       

             

         

                 

         

          

               

Scheme 2.6 Synthesis of (chalcogenopyranylidene)acetaldehyde compounds 5-Y and 6-Y. 

Table 2.1 Functional groups, heteroatom and isolated yields for compounds 5-Y and 6-Y. 

Compound R1 R2 Y Isolated Yield 
5-S 3-thienyl 3-thienyl S 33 % 
5-Se 3-thienyl 3-thienyl Se 42 % 
6-S 2,6-Me-Ph t-Bu S 95 % 
6-Se 2,6-Me-Ph t-Bu Se 76 % 

The precursor 22 to the pentamethine dyes is a known compound and its synthesis 

is described in reference 31; therefore, the synthesis will not be discussed here31. With 

all the starting materials in hand, a library of chalcogenopyrylium dyes was created. This 

library of dyes incorporated S and Se in varying combinations as the heteroatom. 3-

Thienyl, 2,6-dimethylphenyl, and t-butyl groups were used as R1, R2, R3, and R4. 

General reaction conditions are described in Scheme 2.7. 

4-Methylchalcogenopyrylium salt 3-X was reacted with chalcogenopyranone 1 in 

heated Ac2O to form the monomethine dye 14. Reactions of 3-X and 4-X with 

chalcogenopyranylidene acetaldehydes 5-X and 6-X in heated Ac2O gave the trimethine 

dyes 15-18. The reactions of 3-X and 4-X with 22 in a mixture of Ac2O and AcOH 

utilizing NaOAc as a base to deprotonate the 4-methylchalcogenopyrylium salt gave 

pentamethine dyes 19-21. The monomethine and trimethine dye reactions were run at 105 

°C. However, similar reactions to produce the pentamethine dye series were run at a 

14 



 

  

             

               

   

 

            
      

 

 

 

 

 

 

 

 

 

 
  

lower temperature of 95 °C because it has been shown that heating above 95 °C reduces 

the yield31. The yields of chalcogenopyrylium dyes 14-21 are highlighted in Chapter 3 of 

this document. 

O 

O R4
R4 1 5-6 YCH3Y 

R3 Y R4 R3R3 Y R4R3 

Ac2O, 105 °C R1 X R2 Ac2O, 105 °CPF6 PF6 
PF6 

R1 X R2 
3-4 R1 X R214 

15-18 

PF6 
H H NaOAc, Ac2ON N AcOH, 95 °C 

Ph Ph 
22 

R1 R4 

X Y 
PF6 

R2 R3 
19-21 

Scheme 2.7 General synthesis of monomethine 14, trimethine 15-18, and pentamethine 19-21 dyes from 
the parent 4-methylchalcogenopyrylium salts 3-X and 4-X. 
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Chapter 3 Results and Discussion 

3.1 Introduction 

The dyes synthesized and discussed in this document were tailored with 3-thienyl 

substituents to further our knowledge concerning the relationship between dye binding 

angle and SERS intensity. The yields and light absorption maxima (lmax) for these dyes 

are reported. Binding angle studies with a comparison to previous Raman reporter dyes 

bearing 2-thienyl substituents is addressed. Preliminary SERS data for dyes 15 and 16 

are presented and compared to dye 23 to support the discussion concerning the 

relationship between dye-binding angles and SERS intensities. Dye 23 was previously 

synthesized by Dr. Matthew Bedics and differs by the attachment point of thiophene to 

the dye scaffold. Both trimethine dyes, 15 and 23, contain a S heteroatom but 15 has 3-

thienyl substituents attached to the scaffold where dye 23 contains 2-thienyl substituents. 

The structures of these dyes are shown in Chart 3.1. 

Chart 3.1 Structures of trimethine chalcogenopyrylium dyes 15, 16 and 23. 
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3.2 Comparison of light absorption maxima 

As mentioned before, being able to control the lmax of these chalcogenopyrylium 

dyes is beneficial to their use as reporter molecules. If the dye molecule absorbs light at 

the same wavelength as the incident radiation, an enhanced Raman signal is observed 

(Surface-Enhanced Resonance Raman Spectroscopy – SERRS). The isolated yields and 

lmax for chalcogenopyrylium dyes 14-21 are outlined in Table 3.1. Comparing dye 14 to 

15 and 15 to 19, a bathochromic shift of approximately 100 nm for every two-carbon 

addition to the p-backbone is observed23. When the heteroatom of the pyrylium core 

changes from S to Se, a 42 nm bathochromic shift is observed, comparing dye 15 to 16 as 

well as 19 to 20, which follows previous trends for chalcogen substitution24. 
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Table 3.1 Functional groups, heteroatoms, isolated yields, and absorption maxima for chalcogenopyrylium 
dyes 14-21. 

Isolated λmax Dye R1 R2 R3 R4 X YYield (CH2Cl2) 
14 69 % 3-thienyl 3-thienyl 3-thienyl 3-thienyl S S 640 nm 

Dye Isolated 
Yield R1 R2 R3 R4 X Y λmax 

(CH2Cl2) 
15 93 % 3-thienyl 3-thienyl 3-thienyl 3-thienyl S S 765 nm 
16 87 % 3-thienyl 3-thienyl 3-thienyl 3-thienyl Se Se 807 nm 
17 62 % 2,6-Me-Ph t-Bu 3-thienyl 3-thienyl S Se 775 nm 
18 84 % 2,6-Me-Ph t-Bu 3-thienyl 3-thienyl Se Se 762 nm 

Dye Isolated 
Yield R1 R2 R3 R4 X Y λmax 

(CH2Cl2) 
19 14 % 3-thienyl 3-thienyl 3-thienyl 3-thienyl S S 902 nm 
20 15 % 3-thienyl 3-thienyl 3-thienyl 3-thienyl Se Se 944 nm 
21 16 % 2,6-Me-Ph t-Bu 2,6-Me-Ph t-Bu Se Se 859 nm 
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3.3 Comparison of binding angle to a gold surface 

Sum frequency generation vibrational spectroscopy (SFG-VS) is one technique 

for measuring the binding angle between a gold surface and an adsorbate. Our 

collaborators in Dr. Luis Velarde’s research group at the University at Buffalo, 

successfully utilized SFG-VS to measure the binding angle between chalcogenopyrylium 

dyes and a flat gold surface. It was found that the angle with respect to a gold surface for 

previously synthesized dye 23 was 45-60°. The angle between a gold surface and dye 15 

was calculated to be 10-30°. This study shows that by changing how thiophene attaches 

to the dye scaffold from the 2-position to the 3-position, the angle between the gold 

surface and the dye decreases. 

3.4 Surface Enhanced Hyper Raman Spectroscopy (SEHRS) Data 

SEHRS can be utilized as a technique to analyze orientation of surface adsorbates. 

Unlike in SERS, the spectral intensities in SEHRS change with different adsorbate 

geometries32. Our collaborators in Dr. Jon Camden’s research group at the University of 

Notre Dame collected SEHRS spectra for dyes 15 and 23. Figure 3.1 compares the 

SEHRS spectra and SERS spectra for dyes 23 and 15. The SERS spectra for both of 

these dyes show the pyrylium-breathing mode around 1600 cm-1. There are some 

obvious differences between the two dyes. Simply comparing SERS and SEHRS 

intensities, dye 15 gives a less intense SERS signal and more intense SEHRS signal than 

dye 23. It is of interest to point out the similarities in Raman shifts in the SERS spectra 

of the two dyes. In a multiplexing scenario, using the SERS signal to distinguish dye 15 

and 23 might be challenging as they have a similar Raman shift peak pattern. The 
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SEHRS spectra however, appear to have more noticeable differences between the Raman 

peaks and intensities. 
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Figure 3.1 SEHRS spectra (upper) compared against SERS spectra (lower) for dye 15 (left) and dye 23 
(right). 

3.5 SERS Data 

3.5.1 SERS comparison between dye 15 and 23 

SERS is a widely versatile technique in the biomedical fields. Our collaborators 

in Dr. Duncan Graham’s research group at the University of Strathclyde have collected 

SERS spectra for dye 15 and 23, shown in Figure 3.2. These spectra can be used to 

support the open conversation of how binding angles of chalcogenopyrylium dyes to a 

gold nanoparticle affect their SERS intensities. SERS is distance dependent so the closer 

the dye is to the substrate, the stronger the SERS signal. The characteristic pyrylium-

breathing mode at around 1600 wavenumbers is highlighted in Figure 3.3. It is 

important to draw attention to the 200-800 wavenumber regions of both SERS spectra. 

Comparing these dyes from the 1200-2000 wavenumber regions, they appear to have 

similar peaks. However, the 200-800 wavenumber regions of the SERS spectra have 
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obvious differences in the peak pattern. This information could be useful in 

distinguishing similar chalcogenopyrylium dyes in a multiplexing scenario in the future. 

Figure 3.2 SERS spectra for dye 15 (top) and dye 23 (bottom).  Concentrations range from 50-1000 nM. 

Figure 3.3 Zoomed in image of the pyrylium breathing mode in the SERS spectra of dye 15 (left) and dye 
23 (right). Concentrations range from 50-1000 nM. 
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Figure 3.4 Concentration studies for SERS intensities of dye 15 (left) and dye 23 (right). 

Concentration studies were performed to compare SERS spectra of the dyes at 

different concentrations, and the results are shown in Figure 3.4. Dye 15 appears to give 

stronger SERS signals at lower concentrations where dye 23 gives stronger SERS signals 

at higher concentrations. As mentioned previously, dye 15 binds to a gold surface at a 

much flatter angle (10-30°) compared to dye 23 (45-60°). If we think about this in a ‘one 

dye molecule per one nanoparticle’ model, then dye 15 would cover a greater surface 

area than dye 23. We can conclude that dye 15 achieves full monolayer coverage, a 

desirable criterion of SERS, at a lower concentration than dye 23. So, for example, if 

separate 100 nM samples of dye 15 and 23 were tested for their SERS intensities, dye 15 

should produce a more intense SERS spectrum than dye 23. This is beneficial for 

biological applications as lower dye concentrations in cells, the better. 

3.5.2 SERS data for dye 16 

Dye 16 gives similar Raman shifts as dye 15, shown in Figure 3.5. These two 

dyes differ only by the heteroatom in the pyrylium core, dye 15 has S and dye 16 has Se. 

The characteristic pyrylium breathing mode and concentration study for dye 16 are 

shown in Figure 3.6. Dye 16 has less intense Raman signals compared to dye 23 overall. 
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However, dye 16 behaves similarly to dye 15 by giving stronger SERS signals at lower 

concentrations. 

Figure 3.5 SERS spectra for dye 16. Concentration range from 50-1000 nM. 

Figure 3.6 Zoomed in image of the pyrylium breathing mode in the SERS spectra of dye 16 (left), 
concentrations range from 50-1000 nM, and concentration studies for SERS intensity for dye 16 (right). 

3.6 Conclusions and Future Directions 

Novel chalcogenopyrylium dyes bearing various combinations of 3-thienyl, 2,6-

dimethylphenyl, and t-butyl substituents have successfully been synthesized and 

characterized. Introducing 3-thienyl groups as substituents on the chalcogen tripod has 

produced dyes that orient themselves closer to a gold surface. The two symmetric 

trimethine dyes, dye 15 and 16, give distinct SERS spectra compared to previous 
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chalcogenopyrylium dyes bearing 2-thienyl substituents. The preliminary results show 

these dyes have potential for being Raman reporter molecules in future multiplexing 

studies. 

Moving forward, the knowledge gained by this work will be used to further 

optimize chalcogenopyrylium dyes as Raman reporter molecules. First, the synthesis to 

incorporate 3-selenophene substituents into the chalcogen tripod should be explored. The 

reaction conditions for the first step of this synthesis, producing the starting material, 3-

selenophenecarboxalde, must be determined. Inserting the aldehyde at the 3-position is 

kinetically favored. Reaction temperatures will need to be explored and monitored to 

ensure the reaction does not warm, thus inserting the aldehyde at the more 

thermodynamically favored position, the 2-position. Second, the reaction conditions of 

heptamethine dyes should be optimized. Heptamethine dyes with longer wavelength 

absorption maxima could be resonant with the 1064 nm and 1280 nm lasers used in 

SER(R)S studies. This would be beneficial for exploring new SERRS compounds. 

Additionally, chalcogenopyrylium dyes that produce Raman peaks in the 

biologically silent region of the Raman spectrum (approximately 1800 – 2800 cm-1)33-34 

can be investigated. Alkynes and cyano groups have vibrational stretching modes 

between 2100 and 2500 cm-1 which falls in the biologically silent region. The synthesis 

of incorporating a cyano group into the methine backbone of 3-thienyl 

chalcogenopyrylium dyes will be explored. Previous chalcogenopyrylium dyes used as 

Raman reporters all show the characteristic pyrylium breathing mode around 1600 cm-1. 

In the human body, there are many things that have vibrational stretching modes near 

1600 cm-1 which can create noise in Raman spectra, such as a carbonyl around 1700 cm-1. 
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A Raman reporter molecule that gave a peak in the 2100-2500 cm-1 stretching mode 

would give a tremendous increase in the signal to noise ratio. 
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Chapter 4 Experimental 

4.1 General Experimental 

All reagents were purchased from commercial sources and used without further 

purification. Dry tetrahydrofuran (THF) was purchased from commercial sources and 

kept under an inert atmosphere. Other anhydrous solvents were dried over molecular 

sieves prior to use. Reactions run under anhydrous and/or inert conditions are noted in the 

procedure. Concentration in vacuo was performed on a rotary evaporator. Nuclear 

Magnetic Resonance (NMR) spectra were recorded on either a 400 MHz or a 500 MHz 

Varian Inova spectrometer for 1H NMR spectroscopy and either 300 MHz Varian 

Mercury spectrometer operating at 75.5 MHz or a 400 MHz Varian Inova spectrometer 

operating at 100 MHz for 13C NMR spectroscopy. 13C NMR spectra could not be attained 

for dyes due to solubility issues in common deuterated solvents. Residual solvent signal 

was used as the internal standard. UV/Vis-near-IR spectra were recorded in glass or 

quartz cuvettes with a 1-cm pathlength on a Perkin Elmer Lambda 12 spectrophotometer. 

Melting points were determined with a Mel-Temp melting point apparatus and are 

uncorrected. The dye compounds were tested as SERS reporters by the Duncan Graham 

lab (University of Strathclyde), the Jon Camden lab (University of Notre Dame), and the 

Moritz Kircher lab (Sloan-Kettering Memorial Cancer Center). 
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4.2 Synthetic Details 

Synthesis of 2,6-di(thien-3-yl)-4H-thiopyran-4-one (1-S) 

O 

S 

S S 

2,6-Di(thien-3-yl)tetrahydro-4H-thiopyran-4-one (1.50 g, 5.35 mmol) was dissolved in 

anhydrous toluene (46.8 mL) and placed in a flame-dried flask under nitrogen. 2,3-

Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 3.04 g, 13.4 mmol) and MeSO3H (2 

drops) were subsequently added. The resulting reaction mixture was heated at reflux for 

1.5 h and then cooled to ambient temperature and diluted with saturated aqueous 

NaHCO3 (50 mL). The product was extracted with CH2Cl2 (3 × 50 mL). The combined 

organic extracts were washed with brine, dried over MgSO4, and concentrated in vacuo. 

The crude product was purified by column chromatography on SiO2 eluted with 20% 

EtOAc/CH2Cl2 (Rf = 0.70), and recrystallized from CH2Cl2/hexanes to yield 1.09 g (73%) 

of a brown solid, mp 130-134 °C: 1H NMR [400 MHz, CDCl3] δ 7.69 (d, 2 H, J = 1.2 

Hz), 7.45 (m, 2 H), 7.36 (d, 2 H, J = 4.8 Hz), 7.16 (s, 2 H); 13C NMR [100 MHz, CDCl3] 

δ 182.6, 146.5, 136.9, 127.8, 125.6, 125.2, 124.7; HRMS (ESI) m/z 276.9809 (calcd for 

C13H9OS3: 276.9810); Anal. Calcd for C13H8OS3: C, 56.49; H, 2.92. Found: C, 56.21; H, 

2.94. 
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Synthesis of 2,6-di(thien-3-yl)-4H-selenopyran-4-one (1-Se) 

Se 

O 

S S 

2,6-Di(thien-3-yl)tetrahydro-4H-selenopyran-4-one (2.00 g, 6.11 mmol) was dissolved in 

anhydrous toluene (53.5 mL) and placed in a flame-dried flask under nitrogen. DDQ 

(3.47 g, 15.3 mmol) and MeSO3H (2 drops) were subsequently added and the resulting 

mixture was heated at reflux for 1.5 h and then cooled to ambient temperature and diluted 

with saturated aqueous NaHCO3 (50 mL). The product was extracted with CH2Cl2 (3 × 

35 mL). The combined organic extracts were washed with brine, dried over MgSO4, and 

concentrated in vacuo. The crude product was purified by column chromatography on 

SiO2 eluted with a 20% EtOAc/CH2Cl2 (Rf = 0.50), and recrystallized from 

CH2Cl2/hexanes to yield 0.96 g (49%) of a brown crystalline solid, mp 150-156 °C: 1H 

NMR [400 MHz, CDCl3] δ 7.66 (t, 2 H, J = 1.5 Hz), 7.48 (t, 3 H, J = 2.8, 4.4 Hz), 7.36 

(d, 3 H, J = 4.8 Hz); 13C NMR [100 MHz, CDCl3] δ 184.7, 147.9, 138.8, 127.8, 126.8, 

125.2, 124.6; HRMS (ESI) m/z 324.9256 (calcd for C13H9OS280Se: 324.9255). 
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Synthesis of 2-(tert-butyl)-6-(2,6-dimethylphenyl)-4H-thiopyran-4-one (2-S) 

O 

S 

In a flame-dried flask, 1-(2,6-dimethylphenyl)-6,6-dimethylhepta-1,4-diyn-3-one (1.57 g, 

6.57 mmol) was dissolved in a 1:1 mixture of NaOEt/EtOH in dry THF solution (16.4 

mL) and stirred at ambient temperature for 2 h until enol ether formation was complete 

by TLC. Disodium sulfide was prepared by adding sodium borohydride slowly to a 

mixture of sulfur (0.26 g, 8.21 mmol) in a 1:1 mixture of NaOEt/EtOH in dry THF 

solution heated at reflux until all of the sulfur dissolved and the color of the solution 

turned from green to white/clear. Once the disodium sulfide had formed, the reaction 

mixture was cooled to ambient temperature and the enol ether was added via cannula. 

The resulting mixture was stirred at ambient temperature overnight and was then diluted 

with H2O. The organic products were extracted with EtOAc and the combined organic 

extracts were dried over MgSO4 and concentrated in vacuo. The reaction mixture was 

purified on SiO2 eluted with 20 % EtOAc/hexanes (Rf = 0.45 for the desired product). 

The crude product was recrystallized from CH3CN and rinsed with cold hexanes to yield 

845 mg (47 %) of a light orange, crystalline solid, mp 114-115 °C: 1H NMR [400 MHz, 

CDCl3] δ 7.23 (d, 1 H, J = 8.0 Hz), 7.12 (d, 2 H, J = 7.6 Hz), 7.02 (d, 1 H, J = 1.2 Hz), 

6.74 (d, 1 H, J = 1.2 Hz), 2.23 (s, 6 H), 1.39 (s, 9 H); 13C NMR [100 MHz, CDCl3] δ 

182.8, 167.4, 153.1, 136.2, 135.1, 129.3, 129.1, 127.8, 125.1, 38.44, 30.52, 19.93. HRMS 

(ESI) m/z 295.1132 (calcd for C17H20NaOS: 295.1127); Anal. Calcd for C17H20OS: C, 

74.96; H, 7.40. Found: C, 75.23; H, 7.37. 
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Synthesis of 2-(tert-butyl)-6-(2,6-dimethylphenyl)-4H-selenopyran-4-one (2-Se) 

Se 

O 

In a flame-dried flask, 1-(2,6-dimethylphenyl)-6,6-dimethylhepta-1,4-diyn-3-one (1.00 g, 

4.20 mmol) was dissolved in a 1:1 mixture of NaOEt/EtOH in dry THF solution (10.5 

mL) and stirred at ambient temperature for 2 h until enol ether formation was complete 

by TLC. Disodium selenide was prepared by adding sodium borohydride slowly to a 

mixture of selenium (0.4141 g, 5.245 mmol) in a 1:1 mixture of NaOEt/EtOH in dry THF 

solution heated at reflux until all the selenium dissolved and the color of the solution 

changed from red to clear. Once the disodium selenide had formed, the reaction mixture 

was cooled to ambient temperature and the enol ether was added via cannula. The 

resulting mixture stirred at ambient temperature overnight and was then diluted with 

H2O. The organic products were extracted with EtOAc and the combined organic 

extracts were dried over MgSO4 and concentrated in vacuo. The reaction mixture was 

purified on SiO2 eluted with 20 % EtOAc/hexanes (Rf = 0.45 for the desired product). 

The crude product was recrystallized from CH3CN and rinsed with cold hexanes to yield 

617 mg (46 %) of an orange, crystalline solid, mp 120-128 °C: 1H NMR [400 MHz, 

CDCl3] δ 7.21 (t, 1 H, J = 7.6 Hz), 7.09 (m, 3 H), 6.81 (d, 1 H, J = 1.2 Hz), 2.24 (s, 6 H), 

1.39 (s, 9 H); 13C NMR [100 MHz, CDCl3] δ 184.9, 171.6, 155.3, 136.6, 135.6, 129.9, 

129.1, 127.7, 125.9, 39.59, 31.01, 20.13; HRMS (ESI) m/z 321.0753 (calcd for 

C17H21O80Se: 321.0752); Anal. Calcd for C17H20OSe: C, 63.95; H, 6.31. Found: C, 

63.98; H, 6.28. 
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Synthesis of 4-methyl-2,6-di(thien-3-yl)thiopyrylium hexafluorophosphate (3-S) 

CH3 

PF6 

S 

S S 

In a flame-dried flask under nitrogen, 2,6-di(thien-3-yl)-4H-thiopyran-4-one (1.00 g, 3.62 

mmol) was dissolved in anhydrous THF (24.2 mL). A solution of 3.0 M MeMgBr (1.30 

g, 10.9 mmol) was added dropwise and the resulting solution was stirred at ambient 

temperature for 2 h. The reaction mixture was poured into 10% aqueous HPF6 (60 mL). 

The products were extracted with a 9:1 mixture of CH2Cl2 and CH3CN (3 × 50 mL). The 

combined organic layers were dried over NaSO4 and concentrated in vacuo. The crude 

product was recrystallized from CH3CN/ether to yield 506 mg (33%) of a brown solid, 

mp 163-167 °C: 1H NMR [500 MHz, CD3CN] δ 8.54 (s, 2 H), 8.45 (d, 2 H, J = 1.5 Hz), 

7.79 (m, 2 H), 7.76 (d, 2 H, J = 5.0 Hz), 2.84 (s, 3 H); 13C NMR [100 Mhz, CDCl3] δ 

164.7, 138.9, 131.7, 131.5, 130.5, 125.5, 109.5, 25.07; HRMS (ESI) m/z 275.0017 (calcd 

for C14H11S3: 275.0017). 
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Synthesis of 4-methyl-2,6-di(thien-3-yl)selenopyrylium hexafluorophosphate (3-Se) 

CH3 

PF6 

Se 

S S 

In a flame-dried flask under nitrogen, 2,6-di(thien-3-yl)-4H-selenopyran-4-one (0.959 g, 

2.97 mmol) was dissolved in anhydrous THF (25.7 mL). A solution of 3.0 M MeMgBr 

(1.24 g, 10.4 mmol) was added dropwise and the resulting solution was stirred at ambient 

temperature for 2 h. The reaction mixture was poured into 10% aqueous HPF6 (60 mL) 

and the products were extracted with a 9:1 mixture of CH2Cl2 and CH3CN (3 × 50 mL). 

The combined organic extracts were dried over NaSO4 and concentrated in vacuo. The 

crude product was recrystallized from CH3CN/ether to yield 1.06 g (77%) of a pink/red 

solid, mp >260 °C: 1H NMR [400 MHz, CD3CN] δ 8.45 (s, 2 H), 8.41 (m, 2 H), 7.79 (m, 

2 H), 7.71 (dd, 2 H, J = 1.4, 5.4 Hz), 2.75 (s, 3 H); 13C NMR [100 Mhz, CDCl3] δ 166.9, 

137.6, 131.8, 131.3, 130.7, 125.6, 110.0, 26.49; HRMS (ESI) m/z 322.9462 (calcd for 

C14H11S280Se: 322.9462). 
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Synthesis of 2-(tert-butyl)-6-(2,6-dimethylphenyl)-4-methylthiopyrylium 

hexafluorophosphate (4-S) 

CH3 

PF6 

S 

In a flame-dried flask under nitrogen, 2-(tert-butyl)-6-(2,6-dimethylphenyl)-4H-

thiopyran-4-one (0.500 g, 1.84 mmol) was dissolved in anhydrous THF (16.5 mL). A 

solution of 3.0 M MeMgBr (0.214 mL, 6.42 mmol) was added dropwise and the resulting 

solution was stirred at ambient temperature for 2 h and was poured into 10% aqueous 

HPF6 (30 mL). The organic products were extracted with a 9:1 mixture of CH2Cl2 

CH3CN (4 × 50 mL). The combined organic extracts were dried over NaSO4 and 

concentrated in vacuo. The crude product was recrystallized from CH3CN/ether to yield 

605 mg (79 %) of a light blue, crystalline solid, mp 164-166 °C: 1H NMR [400 MHz, 

CD2Cl2] δ 8.59 (s, 1 H), 8.21 (s, 1 H), 7.44 (t, 1 H, J = 7.8 Hz), 7.28 (d, 2 H, J = 7.6 Hz), 

3.02 (s, 3 H), 2.12 (s, 6 H), 1. 68 (s, 9 H); 13C NMR [100 MHz, CD2Cl2] δ 189.6, 169.7, 

168.0, 137.3, 136.5, 134.5, 132.2, 131.7, 128.6, 42.29, 30.88, 26.43, 20.41. HRMS (ESI) 

m/z 271.1511 (calcd for C18H23S: 271.1515); Anal. Calcd for C18H23S×PF6: C, 51.92; H, 

5.57. Found: C, 52.15; H, 5.62. 
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Synthesis of (2-(6-(tert-butyl)-4-methylselenopyrylium-2-yl)-3-

methylphenyl)methanide hexafluorophosphate (4-Se) 

CH3 

PF6 

Se 

In a flame-dried flask under nitrogen, 2-(tert-butyl)-6-(2,6-dimethylphenyl)-4H-

selenopyran-4-one (0.450 g, 1.41 mmol) was dissolved in anhydrous THF (15.9 mL). A 

solution of 3.0 M MeMgBr (0.588 g, 4.93 mmol) was added dropwise and the resulting 

solution was stirred at ambient temperature for 2 h and was then poured into 10% 

aqueous HPF6 (30 mL). The organic products were extracted with a 9:1 mixture of 

CH2Cl2 and CH3CN (4 × 50 mL). The combined organic extracts were dried over NaSO4 

and concentrated in vacuo. The crude product was recrystallized from CH3CN/ether to 

yield 340 mg (52 %) of an off-white solid powder, mp 179-195 °C: 1H NMR [400 MHz, 

CD2Cl2] δ 8.51 (s, 1 H), 8.12 (s, 1 H), 7.43 (t, 1 H, J = 7.6 Hz), 7.27 (d, 2 H, J = 7.6 Hz), 

2.88 (s, 3 H), 2.13 (s, 6 H), 1.70 (s, 9 H); 13C NMR [75.5 MHz, CD2Cl2] δ 204.8, 181.5, 

168.3, 137.6, 135.9, 134.8, 134.6, 131.8, 128.9, 44.55, 31.64, 28.31, 21.07; HRMS (ESI) 

m/z 319.0959 (calcd for C18H2380Se: 319.0959); Anal. Calcd for C18H23Se×PF6: C, 46.66; 

H, 5.00. Found: C, 46.61; H, 5.01. 
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Synthesis of 2-(2,6-di(thien-3-yl)-4H-thiopyran-4-ylidene)acetaldehyde (5-S) 

O 

S 

S 

S 

4-Methyl-2,6-di(thiophen-3-yl)thiopyrylium hexafluorophosphate (0.250 g, 0.595 

mmol), N,N-dimethylthioformamide (DMF, 0.152 mL, 1.78 mmol), and acetic anhydride 

(2.50 mL) were combined in a round bottom flask and heated at 95 °C for 1.5 h. After 

the reaction mixture was cooled to ambient temperature, CH3CN (2.0 mL) was added 

followed by the addition of ether. Chilling the resulting mixture overnight at -20 °C 

precipitated the iminium salt, which was isolated by filtration to yield a brown solid. The 

solid was hydrolyzed with saturated aqueous NaHCO3 (8.0 mL) in CH3CN (8.0 mL) 

heated at reflux for 0.5 h. The solution was cooled to ambient temperature and diluted 

with H2O (20 mL). The product was extracted with CH2Cl2 (3 × 35 mL). The combined 

organic extracts were dried over MgSO4 and concentrated in vacuo. The crude product 

was purified on SiO2 eluted with 10% EtOAc/CH2Cl2 eluent (Rf = 0.50), and 

recrystallized from CH2Cl2/hexanes to yield 0.059 g (33%) of a dark green/brown solid, 

mp 104-108 °C: 1H NMR [400 MHz, CD2Cl2] δ 9.95 (d, 1 H, J = 6.0 Hz), 8.27 (s, 1 H), 

7.67 (d, 2 H, J = 16 Hz), 7.42 (m, 4 H), 6.95 (s, 1 H), 5.68 (d, 1 H, J = 6.0 Hz) ; 13C NMR 

[100 MHz, CD2Cl2] δ 187.8, 127.3, 125.1, 124.8, 123.9, 123.6, 122.9, 117.9, 117.1; 

HRMS (ESI) m/z 302.9967 (calcd for C15H11OS3: 302.9967); Anal. Calcd for C15H10OS3: 

C, 59.57; H, 3.33. Found: C, 59.69; H, 3.33. 
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Synthesis of 2-(2,6-di(thien-3-yl)-4H-selenopyran-4-ylidene)acetaldehyde (5-Se) 

Se 

O 

S S 

4-Methyl-2,6-di(thiophen-3-yl)selenopyrylium hexafluorophosphate (0.500 g, 1.07 

mmol), DMF (0.286 g, 3.21 mmol), and acetic anhydride (5.0 mL) were combined in a 

round bottom flask and heated at 95 °C for 1.5 h. After the reaction mixture was cooled 

to ambient temperature, CH3CN (1.0 mL) was added followed by the addition of ether. 

Chilling the resulting mixture overnight at -20 °C precipitated the iminium salt, which 

was isolated by filtration to yield a brown solid. The solid was hydrolyzed with saturated 

aqueous NaHCO3 (16 mL) in CH3CN (16 mL) heated at reflux for 1.5 h. The reaction 

mixture was cooled to ambient temperature and diluted with H2O (40 mL). The products 

were extracted with CH2Cl2 (4 × 35 mL). The combined organic extracts were dried over 

MgSO4 and concentrated in vacuo. The crude product was purified on SiO2 eluted with 

10% EtOAc/CH2Cl2 eluent (Rf = 0.49), and recrystallized from CH2Cl2/hexanes to yield 

0.157 g (42%) of a brown crystalline solid, mp 99-108 °C: 1H NMR [500 MHz, CDCl3] δ 

10.1 (d, 1 H, J = 5.5 Hz), 8.37 (s, 1 H), 7.59 (s, 1 H), 7.54 (s, 1 H), 7.44 (s, 2 H), 7.39 (d, 

1 H, J = 4.5 Hz), 7.33 (d, 1 H, J = 4.5 Hz), 6.99 (s, 1 H), 5.86 (d, 1 H, J = 6.0 Hz); 13C 

NMR [100 MHz, CDCl3] δ 188.7, 148.3, 139.8, 139.8, 139.5, 138.9, 127.4, 127.3, 125.2, 

124.9, 124.6, 123.7, 123.4, 120.4, 119.5; HRMS (ESI) m/z 350.9413 (calcd for 

C15H11OS280Se: 350.9411); Anal. Calcd for C15H10OS2Se: C, 51.58; H, 2.89. Found: C, 

51.66; H, 2.87. 
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Synthesis of 2-(2-(tert-butyl)-6-(2,6-dimethylphenyl)-4H-thiopyran-4-

ylidene)acetaldehyde (6-S) 

O 

S 

2-(tert-Butyl)-6-(2,6-dimethylphenyl)-4-methylthiopyrylium hexafluorophosphate (250 

mg, 0.600 mmol), DMF (160 mg, 1.80 mmol), and acetic anhydride (2.8 mL) were 

combined in a round bottom flask and heated at 95 °C for 1.5 h. After the reaction 

mixture was cooled to ambient temperature, CH3CN (1.0 mL) was added followed by the 

addition of ether. Chilling the resulting mixture overnight at -20 °C precipitated the 

iminium salt, which was isolated by filtration to yield a dark green solid. The solid was 

hydrolyzed with saturated aqueous NaHCO3 (8.0 mL) in CH3CN (8.0 mL) heated at 

reflux for 1.5 h. The reaction mixture was cooled to ambient temperature and diluted with 

H2O (40 mL). The products were extracted with CH2Cl2 (5 × 35 mL). The combined 

organic extracts were dried over MgSO4 and concentrated in vacuo. The crude product 

was purified on SiO2 eluted with (10 % EtOAc/CH2Cl2) (Rf = 0.55) to yield 172 mg of a 

green oil, 1H NMR [400 MHz, CDCl3] δ 9.88 (d, 1 H, J = 17.6 Hz), 7.19 (d, 1 H, J = 7.2 

Hz), 7.11 (m, 4 H), 5.59 (m, 1 H), 2.27 (s, 4 H), 1.33 (s, 9 H); 13C NMR [100 Mhz, 

CDCl3] δ 202.9, 181.2, 136.5, 129.1, 127.8, 122.0, 110.0, 100.4, 60.56, 53.41, 30.59, 

30.36, 29.67, 20.08; HRMS (ESI) m/z 321.1282 (calcd for C19H22NaOS: 321.1284). 
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Synthesis of 2-(2-(tert-butyl)-6-(2,6-dimethylphenyl)-4H-selenopyran-4-

ylidene)acetaldehyde (6-Se) 

Se 

O 

2-(tert-Butyl)-6-(2,6-dimethylphenyl)-4-methylselenopyrylium hexafluorophosphate 

(250 mg, 0.540 mmol), DMF (144 mg, 1.62 mmol), and acetic anhydride (2.50 mL) were 

combined in a round bottom flask and heated at 95 °C for 1.5 h. After the reaction 

mixture was cooled to ambient temperature, CH3CN (1.0 mL) was added followed by the 

addition of ether. Chilling the resulting mixture overnight at -20 °C precipitated the 

iminium salt, which was isolated by filtration to yield a yellow solid. The solid was 

hydrolyzed with saturated aqueous NaHCO3 (8.0 mL) in CH3CN (8.0 mL) heated at 

reflux for 1.5 h. The reaction mixture was cooled to ambient temperature and diluted with 

H2O (40 mL). The products were extracted with CH2Cl2 (5 × 35 mL). The combined 

organic extracts were dried over MgSO4 and concentrated in vacuo. The crude product 

was purified on SiO2 eluted with (10 % EtOAc/CH2Cl2) (Rf = 0.55) to yield 0.211 g (76 

%) of a dark brown oil, 1H NMR [400 MHz, CDCl3] δ 10.0 (d, 1 H, J = 18.0 Hz), 7.19 (t, 

1 H, J = 7.2 Hz), 7.09 (d, 4 H, J = 7.6 Hz), 5.75 (d, 1 H, J = 18.0 Hz), 2.28 (s, 4 H), 1.37 

(m, 9 H); 13C NMR [100 Mhz, CDCl3] δ.188.8, 136.2, 128.8, 127.8, 121.7, 120.4, 119.3, 

116.7, 59.15, 53.41, 30.91, 30.75, 29.68, 20.14; HRMS (ESI) m/z 347.0904 (calcd for 

C19H23O80Se: 347.0909). 
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Synthesis of (1E,4E)-1,5-di(thien-3-yl)penta-1,4-dien-3-one (7) 

O 

S S 

Thiophene-3-carbaldehyde (5.00 g, 44.6 mmol) and acetone (1.29 g, 22.3 mmol) were 

dissolved in EtOH (40 mL) and KOH (1.25 g, 22.3 mmol) dissolved in H2O was added 

slowly. The resulting mixture was stirred for 3 h at ambient temperature and was then 

diluted with H2O (100 mL). The products were extracted with CH2Cl2 (3 × 50 mL) and 

the combined organic extracts were dried over MgSO4 and concentrated in vacuo. The 

crude product was recrystallized from CH2Cl2/hexanes to yield 3.63 g (66%) of a bright 

yellow, crystalline solid, mp 137-138 °C: 1H NMR [400 MHz, CDCl3] δ 7.71 (d, 2 H, J = 

16.0 Hz), 7.57 (s, 2 H), 7.37 (s, 4 H), 6.87 (d, 2 H, J = 16 Hz); 13C NMR [100 MHz, 

CDCl3] δ 189.3, 138.1, 136.5, 128.8, 127.0, 125.2, 125.2; HRMS (ESI) m/z 247.0244 

(calcd for C13H11OS2: 247.0246); Anal. Calcd for C13H10OS2: C, 63.38; H, 4.09. Found: 

C, 63.11; H, 4.02. 
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Synthesis of 2,6-di(thien-3-yl)tetrahydro-4H-thiopyran-4-one (8-S) 

O 

S 

S S 

(1E,4E)-1,5-Di(thiophen-3-yl)penta-1,4-dien-3-one (2.00 g, 8.11 mmol) was dissolved in 

THF (12 mL). To this mixture i-PrOH (24 mL) and K2HPO4 (2.22 g, 9.74 mmol) 

dissolved in H2O (12 mL) were added followed by the addition of NaHS (0.823 g, 8.94 

mmol). The resulting mixture was stirred overnight at ambient temperature and was then 

diluted with H2O (100 mL). The products were extracted with CH2Cl2 (3 × 50 mL). The 

combined organic extracts were dried over MgSO4 and concentrated in vacuo. The crude 

product was purified on SiO2 eluted with CH2Cl2 (Rf = 0.65) to yield 2.17 g (95%) of a 

light-yellow solid, mp 50-55 °C: 1H NMR [400 MHz, CDCl3] δ 7.31 (m, 2 H), 7.22-7.09 

(m, 4 H), 4.46 (dd, 1 H, J = 3.4, 11.8 Hz), 4.33 (m, 1 H), 3.04 (m, 4 H); 13C NMR [100 

MHz, CDCl3] δ 207.9, 207.2, 140.9, 139.9, 127.3, 126.5, 126.4, 126.4, 122.1, 121.8, 

50.34, 43.27, 40.16; HRMS (ESI) m/z 302.9942 (calcd for C13H12NaOS3: 302.9943); 

Anal. Calcd for C13H12OS3: C, 55.68; H, 4.31. Found: C, 55.93; H, 4.38. 
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Synthesis of 2,6-di(thien-3-yl)tetrahydro-4H-selenopyran-4-one (8-Se) 

Se 

O 

S S 

Selenium powder (0.962 g, 12.2 mmol), NaBH4 (0.922 g, 24.4 mmol), K2HPO4 (2.78 g, 

12.2 mmol), H2O (14 mL), and i-PrOH (28 mL) were combined in a flask that had been 

flushed with nitrogen and stirred until Na2Se formed. (1E,4E)-1,5-Di(thiophen-3-

yl)penta-1,4-dien-3-one (2.00 g, 8.12 mmol) was dissolved in THF (14 mL) and added 

slowly to the other reagents. The resulting mixture was stirred at ambient temperature for 

2 h and was then diluted with H2O (100 mL). Products were extracted with CH2Cl2 (4 × 

25 mL). The combined organic extracts were dried over MgSO4 and concentrated in 

vacuo. The crude product was purified on SiO2 eluted with CH2Cl2 (Rf = 0.70) to yield 

2.80 g (95 %) of a yellow/orange product, mp 99-107 °C: 1H NMR [400 MHz, CDCl3] δ 

7.30 (m, 2 H), 7.18 (d, 1 H, J = 1.6 Hz), 7.09 (m, 3 H), 4.70 (dd, 1 H, J = 3.8, 11.4 Hz), 

4.56 (m, 1 H), 3.19 (m, 4 H); 13C NMR [100 MHz, CDCl3] δ 208.2, 141.9, 140.9, 127.5, 

126.6, 126.3, 121.4, 121.1, 50.39, 49.43, 35.69, 33.28; HRMS (ESI) m/z 350.9388 (calcd 

for C13H12NaOS280Se: 350.9387); Anal. Calcd for C13H12OS2Se: C, 47.70; H, 3.70. 

Found: C, 47.96; H, 3.67. 
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Synthesis of 2-ethynyl-1,3-dimethylbenzene (10)31 

A solution of carbon tetrabromide (12.4 g, 37.3 mmol) in anhydrous dichloromethane 

(CH2Cl2) (50 mL) was added to triphenylphosphine (19.5 g, 74.5 mmol) in anhydrous 

CH2Cl2 (50 mL) over 1 h at 0 °C under N2. 2,6-Dimethylbenzaldehyde (2.50 g, 18.6 

mmol) was added dropwise to the resulting orange solution and the resulting mixture was 

stirred at 0 °C for 0.5 h. The reaction mixture was slowly warmed to ambient 

temperature and stirred overnight. The mixture was diluted with hexanes (50 mL), 

filtered through a pad of Celite® (hexanes) and the filtrate was concentrated in vacuo. 

The crude product was purified on SiO2 eluted with hexanes to yield 5.02 g (93 %) of the 

2-(2,2-dibromovinyl)-1,3-dimethylbenzene intermediate (9). 

Compound 9 (5.02 g, 17.3 mmol) was dissolved in anhydrous THF (107.3 mL). 

n-Butyl lithium (2.5 M, 12.54 mL, 36.34 mmol) was added dropwise at -78 °C. The 

resulting mixture was stirred at ambient temperature overnight. The reaction mixture was 

quenched with H2O (150 mL) and the organic products were extracted with EtOAc (4 × 

30 mL). The combined organic extracts were dried over MgSO4 and concentrated in 

vacuo. The crude product was purified on SiO2 eluted with hexanes to yield 1.40 g (62 

%) of a colorless oil. 1H NMR [400 MHz, CDCl3] δ 7.13 (t, 1 H, J = 7.2 Hz), 7.04 (d, 2 

H, J = 7.6 Hz), 3.51 (s, 1 H), 2.45 (s, 6 H); 13C NMR [100 MHz, CDCl3] δ 140.9, 128.2, 

126.8, 122.1, 85.49, 81.27, 21.08. 
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Synthesis of 3-(2,6-dimethylphenyl)propiolaldehyde (11)31 

O 

H 

n-Butyl lithium (2.5 M, 3.57 mL, 8.92 mmol) was added dropwise to compound 10 (1.00 

g, 7.68 mmol) in anhydrous THF (16 mL) under N2 at -78 °C. The resulting mixture was 

stirred at -78 °C for 0.5 h followed by the addition of methyl formate (0.52 g, 9.20 mmol) 

in anhydrous THF (4 mL). The resulting mixture was stirred for an additional 0.5 h and 

was warmed to ambient temperature for an additional 0.5 h. The mixture was then 

poured into saturated ammonium chloride and the products were extracted with EtOAc (4 

× 30 mL). The combined organic extracts were washed with brine, dried over MgSO4 and 

concentrated in vacuo. The crude product was purified on SiO2 eluted with 5 % 

EtOAc/hexanes to yield 0.972 g (80 %) of yellow oil, which solidified upon cooling. It 

should be noted that this compound is sensitive to air-oxidation and should be stored 

under an inert atmosphere. 1H NMR [400 MHz, CDCl3] δ 9.50 (s, 1 H), 7.24 (t, 1 H, J = 

7.6 Hz), 7.08 (d, 2 H, J = 8.0 Hz), 2.48 (s, 6 H); 13C NMR [100 MHz, CDCl3] δ 176.6, 

142.9, 130.8, 127.1, 119.3, 96.61, 93.07, 20.96. 
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Synthesis of 1-(2,6-dimethylphenyl)-6,6-dimethylhepta-1,4-diyn-3-ol (12)31 

OH 

n-Butyl lithium (1.6 M, 4.0 mL, 6.45) was added drop-wise to a solution of 3,3-

dimethylbut-1-yne (519 mg, 6.32 mmol) in THF (7.0 mL) in a flame-dried flask under N2 

at -78 °C. The resulting mixture was added via cannula to a solution of 3-(2,6-

dimethylphenyl)propiolaldehyde (1.00 g, 6.32 mmol) in THF (14 mL) in a flame-dried 

flask under N2 at -78 °C. The resulting mixture was warmed to ambient temperature and 

stirred for 1 h. The mixture was then quenched with H2O (mL). The organic products 

were extracted with EtOAc (4 × 30 mL). The combined organic extracts were washed 

with brine, dried over MgSO4, and concentrated in vacuo to yield 1.35 g (89 %) of an 

dark yellow/orange oil. 1H NMR [400 MHz, CDCl3] δ 7.12 (t, 1 H, J = 7.4 Hz), 7.03 (d, 2 

H, J = 7.6 Hz), 5.38 (d, 1 H, J = 7.2 Hz), 2.44 (s, 6 H), 2.19 (d, 1 H, J = 7.6 Hz), 1.21 (s, 

9 H); 13C NMR [100 MHz, CDCl3] δ 140.7, 128.1, 128.0, 126.6, 99.80, 95.49, 93.31, 

81.52, 52.92, 30.64, 20.82, 14.10. 
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Synthesis of 1-(2,6-dimethylphenyl)-6,6-dimethylhepta-1,4-diyn-3-one (13)31 

O 

A mixture of 1-(2,6-dimethylphenyl)-6,6-dimethylhepta-1,4-diyn-3-ol (1.35 g, 5.61 

mmol) and MnO2. (5.61 g, 64.5 mmol) in CH2Cl2 (48.6 mL) was heated at reflux with 

MnO2 for 24 h. The reaction mixture was cooled to ambient temperature and filtered 

through a pad of Celite® (CH2Cl2). The filtrate was concentrated in vacuo and the crude 

product was purified on SiO2 eluted with 15 % EtOAc/hexanes to yield 1.27 g (95 %) of a 

light-yellow oil. 1H NMR [400 MHz, CDCl3] δ 7.24 (t, 1 H, J = 7.0 Hz), 7.08 (d, 2 H, J = 

7.6 Hz), 2.49 (s, 6 H), 1.33 (s, 9 H); 13C NMR [100 MHz, CDCl3] δ 165.0, 143.1, 130.6, 

128.1, 127.0, 102.6, 97.70, 89.45, 81.12, 29.93, 20.71, 14.02. 
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Synthesis of 4-((2,6-di(thien-3-yl)-4H-thiopyran-4-ylidene)methyl)-2,6-di(thiophen-

3-yl)thiopyrylium hexafluorophosphate (14) 

S 

S 

PF6 S 

S 

S 

S 

4-Methyl-2,6-di(thiophen-3-yl)thiopyrylium hexafluorophosphate (0.050 g, 0.119 mmol), 

2,6-di(thiophen-3-yl)-4H-thiopyran-4-one (36.2 mg, 0.131 mmol), and acetic anhydride 

(2.0 mL) were combined and heated at 105 °C for 5 min and the reaction mixture was 

then cooled to ambient temperature. The reaction mixture was diluted with CH3CN (1 

mL) followed by diethyl ether (10 mL). The crystalline product was collected by 

filtration to give 55.7 mg (69 %) of a bronze solid, mp >260 °C: 1H NMR [400 MHz, 

CD3CN] δ 8.11 (m, 6 H), 7.72 (s, 4 H), 7.63 (d, 6 H, J = 4.0 Hz), 6.70 (s, 1 H); λmax 

M-1 (CH2Cl2) 640 nm (ε = 1.7 × 104 cm-1); HRMS (ESI) m/z 532.9656 (calcd for 

C27H17S6: 532.9649). 
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Synthesis of (E)-4-(3-(2,6-di(thien-3-yl)-4H-thiopyran-4-ylidene)prop-1-en-1-yl)-2,6-

di(thiophene-3-yl)thiopyrylium hexafluorophosphate (15) 

S 

S 

PF6 S 

S 

S S 

4-Methyl-2,6-di(thiophene-3-yl)thiopyrylium hexafluorophosphate (50.0 mg, 0.119 

mmol) and 2-(2,6-di(thiene-3-yl)-4H-thiopyran-4-ylidene)acetaldehyde (40 mg, 0.132 

mmol) were dissolved in acetic anhydride (2.0 mL). The resulting mixture was heated at 

105 °C for 15 min and was then cooled to ambient temperature precipitating a crystalline 

product. The product was collected by filtration and rinsed with diethyl ether to yield 

77.6 mg (93 %) of a dark green solid, mp > 260 °C: 1H NMR [500 MHz, CD2Cl2] δ 8.83 

(m, 1 H), 8.71 (s, 1 H), 8.33 (m, 2 H), 8.19 (m, 2 H), 7.98 (m, 1 H), 7.89 (s, 1 H), 7.56 

(m, 5 H), 7.38 (m, 5 H), 6.63 (d, 1 H, J = 13.0 Hz); λmax (CH2Cl2) 765 nm (ε= 2.3 × 105 

M-1 cm-1), 698 nm (ε= 4.6 ×104 M-1 cm-1), 428 nm (ε= 2.0 ×104 M-1 cm-1); HRMS 

(ESI) m/z 558.9803 (calcd for C29H19S6: 558.9806); Anal. C29H19S6×PF6: C, 49.42; H, 

2.72. Found: C, 49.69; H, 3.01. 
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Synthesis of (E)-4-(3-(2,6-di(thien-3-yl)-4H-selenopyran-4-ylidene)prop-1-en-yl)-2,6-

di(thiophene-3-yl)selenopyrylium hexafluorophosphate (16) 

S 

Se 

PF6 S 

S 

Se 

S 

4-Methyl-2,6-di(thien-3-yl)selenopyrylium hexafluorophosphate (50.0 mg, 0.107 mmol) 

and 2-(2,6-di(thien-3-yl)-4H-selenopyran-4-ylidene)acetaldehyde (40.0 mg, 0.114 mmol) 

in acetic anhydride (1.76 mL) were heated at 105 °C for 15 min. The reaction mixture 

was cooled to ambient temperature precipitating a crystalline solid. The solid was 

collected by filtered and rinsed with diethyl ether to yield 74.6 mg (87 %) of a dark 

green/brown solid, mp > 260 °C: 1H NMR [500 MHz, CD2Cl2] δ 8.77 (m, 1 H), 8.49 (m, 

1 H), 8.35 (s, 1 H), 8.11 (s, 1 H), 7.98 (m, 2 H), 7.71 (d, 1 H, J = 12.5 Hz), 7.38 (m, 11 

H), 6.79 (d, 1 H, J = 12.5 Hz); λmax (CH2Cl2) 807 nm (ε = 1.6 ×105 M-1 cm-1), 453 nm (ε 

= 1.3 × 104 M-1 cm-1). HRMS (ESI) m/z 654.8713 (calcd for C29H19S480Se2: 654.8695). 
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Synthesis of (E)-2-(tert-butyl)-4-(3-(2,6-di(thiophen-3-yl)-4H-selenopyran-4-

ylidene)prop-1-en-1-yl)-6-(2,6-dimethylphenyl)selenopyrylium hexafluorophosphate 

(17) 

S 

Se 

PF6 S 

Se 

2-(tert-Butyl)-6-(2,6-dimethylphenyl)-4-methylselenopyrylium hexafluorophosphate 

(50.0 mg, 0.108 mmol), 2-(2,6-di(thien-3-yl)-4H-selenopyran-4-ylidene)acetaldehyde 

(41.5 mg, 0.119 mmol), and acetic anhydride (2.26 mL) were heated at 105 °C for 5 min. 

The reaction mixture was cooled to 0 °C, diluted with CH3CN (1 mL) and adding diethyl 

ether (10 mL). The crude product was collected by filtration and was slowly 

recrystallized from CH3CN/diethyl ether to give 65.0 mg (76 %) of a dark green solid, 

mp 179-184 °C: 1H NMR [500 MHz, CD3CN] δ 8.56 (t, 1 H, J = 13.5 Hz), 7.89 (s, 3 H), 

7.58 (s, 3 H), 7.48 (d, 3 H, J = 4.5 Hz), 7.32 (t, 1 H, J = 7.5 Hz), 7.23 (d, 2 H, J = 8.0 Hz), 

6.63 (d, 2 H, J = 13.5 Hz), 5.44 (s, 1 H), 2.24 (s, 6 H), 1.48 (s, 9 H). λmax (CH2Cl2) 775 

nm (ε = 2.2 × 105 M-1 cm-1), 718 nm (ε = 3.9 × 104 M-1 cm-1); HRMS (ESI) m/z 651.0185 

(calcd for C33H31S280Se2: 651.0192); Anal. Calcd for C33H31S2Se2×PF6: C, 49.94; H, 3.61. 

Found: C, 49.77; H, 4.11. 
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Synthesis of (E)-2-(tert-butyl)-4-(3-(2,6-di(thiophen-3-yl)-4H-selenopyran-4-

ylidene)prop-1-en-1-yl)-6-(2,6-dimethylphenyl)thiopyrylium hexafluorophosphate 

(18) 

S 

Se 

PF6 S 

S 

2-(tert-Butyl)-6-(2,6-dimethylphenyl)-4-methylthiopyrylium hexafluorophosphate (50.0 

mg, 0.120 mmol), 2-(2,6-di(thien-3-yl)-4H-selenopyran-4-ylidene)acetaldehyde (46.1 

mg, 0.132 mmol), and acetic anhydride (2.50 mL) were heated at 105°C for 5 min and 

the reaction mixture was then cooled to 0 °C. The reaction mixture was then diluted with 

CH3CN (1.0 mL) and diethyl ether (10 mL). A solid precipitate was collected by filtration 

and was slowly recrystallized from CH3CN/diethyl ether to isolate 55.9 mg (62 %) of a 

dark green solid, mp 171-180 °C: 1H NMR [400 MHz, CD3CN] δ 8.49 (d, 1 H, J = 11.6 

Hz), 7.97 (s, 2 H), 7.85 (s, 3 H), 7.57 (s, 3 H), 7.49 (s, 2 H), 7.38 (t, 1 H, J = 7.6 Hz), 7.28 

(m, 2 H), 6.60 (m, 2 H). 2.25 (s, 6 H), 1.52 (s, 9 H); λmax (CH2Cl2) 762 nm (ε = 1.4 × 105 

M-1 cm-1), 705 nm (sh, ε = 3.3 × 104 M-1 cm-1); HRMS (ESI) m/z 603.0779 (calcd for 

C33H31S380Se: 603.0748). 
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Synthesis of 4-((1E,3E)-5-(2,6-di(thien-3-yl)-4H-thiopyran-4-ylidene)penta-1,3-dien-

1-yl)-2,6-di(thiophen-3-yl)thiopyrylium hexafluorophosphate (19) 

S S 

S
PF6 

S 

S S 

4-Methyl-2,6-di(thiophen-3-yl)thiopyrylium hexafluorophosphate (0.200 g, 0.476 mmol), 

N-((1Z,2E)-3-(phenylamino)allylidene)benzenaminium hexafluorophosphate (90.5 mg, 

0.238 mmol), sodium acetate (39.0 mg, 0.476 mmol), acetic acid (1.46 mL), and acetic 

anhydride (1.46 mL) were combined and heated at 90 °C for 20 min. The reaction 

mixture was cooled to ambient temperature and was then poured into a 10 % HPF6 

solution (10 mL) for 1 h precipitating a solid. The solid was collected by filtration and 

rinsed with ether, ethyl acetate, and acetonitrile. The solid was recrystallized from 

CH3CN/diethyl ether to yield 46.8 mg (14 %) of a dark brown solid. mp 176-183 °C: 1H 

NMR [500 MHz, CD3CN] δ 8.47 (m, 2 H), 8.26 (m, 2 H), 7.99 (s, 1 H), 7.85 (m, 3 H), 

7.66 (m, 4 H), 7.49 (s, 2 H), 7.32 (m, 5 H), 6.56 (m, 1 H), 6.12 (m, 1 H); λmax (CH2Cl2) 

902 nm (ε = 7.7 × 104 M-1 cm-1), 792 nm (sh, ε = 2.0 × 104 M-1 cm-1); HRMS (ESI) m/z 

584.9964 (calcd for C31H21S6: 584.9962). 
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Synthesis of 4-((1E,3E)-5-(2,6-di(thien-3-yl)-4H-selenopyran-4-ylidene)penta-1,3-

dien-1-yl)-2,6-di(thiophen-3-yl)selenopyrylium hexafluorophosphate (20) 

S S 

Se
PF6 

Se 

S S 

4-Methyl-2,6-di(thien-3-yl)selenopyrylium hexafluorophosphate (200 mg, 0.428 mmol), 

N-3-(phenylamino)allylidene)benzenaminium hexafluorophosphate (81.4 mg g, 0.214 

mmol), NaOAc (35.1 mg, 0.428 mmol), AcOH (1.38 mL), and Ac2O (1.38 mL) were 

heated at 90 °C for 10 min followed by cooling to ambient temperature. The reaction 

mixture was diluted with H2O (30 mL) and the organic products were extracted with a 

9:1 mixture of CH2Cl2 and CH3CN (3 × 20 mL), dried over Na2SO4 and concentrated in 

vacuo. The crude product was recrystallized from CH3CN/diethyl ether and collected by 

filtration. The crystals were rinsed with EtOAc to remove impurities. The solid was 

recrystallized again to yield 41.0 mg (12 %) of a dark blue crystals, mp 199-210 °C: 1H 

NMR [500 MHz, CD3CN] δ 8.47 (m, 2 H), 8.27 (s, 1 H), 8.02 (s, 2 H), 7.83 (m, 3 H), 

7.72 (m, 4 H), 7.51 (m, 5 H), 7.25 (s, 2 H), 6.44 (m, 1 H); λmax (CH2Cl2) 944 nm (ε = 1.5 

× 105 M-1 cm-1), 834 nm (sh, ε = 3.7 × 104 M-1 cm-1); HRMS (ESI) m/z 680.8829 (calcd 

for C31H21S480Se2: 680.8851). 
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Synthesis of 2-(tert-butyl)-4-((1E,3E,5Z)-5-(2-(tert-butyl)-6-(2,6-dimethylphenyl)-4H-

selenopyran-4-ylidene)penta-1,3-dien-1-yl)-6-(2,6-dimethylphenyl)selenopyrylium 

hexafluorophosphate (21) 

2-(tert-Butyl)-6-(2,6-dimethylphenyl)-4-methylselenopyrylium hexafluorophosphate 

(80.0 mg, 0.173 mmol), N-((1Z,2E)-3-(phenylamino)allylidene)benzenaminium 

hexafluorophosphate (32.8 mg, 0.086 mmol), sodium acetate (14.2 mg, 0.173 mmol), 

acetic acid (2.0 mL), and acetic anhydride (2.0 mL) were heated at 90 °C for 45 min and 

the reaction mixture was cooled to ambient temperature and poured into a 10 % HPF6 

solution (20 mL). After stirring for 1 h, the reaction mixture was extracted with a 9:1 

mixture of CH2Cl2 and CH3CN (4 × 50 mL). The combined organic extracts were dried 

over Na2SO4 and concentrated in vacuo. The crude product was recrystallized from 

CH3CN/diethyl ether to yield 22.2 mg (16 %) of dark royal blue crystals, mp 175-182 °C: 

1H NMR [400 MHz, CD3CN] δ 8.03 (t, 2 H, J = 12.8 Hz), 7.63 (s, 2 H), 7,42 (s, 2 H), 

7.27 (t, 3 H, J = 7.6 Hz), 7.18 (d, 3 H, J = 7.6 Hz), 6.72 (t, 1 H, J = 12.8 Hz), 6.63 (d, 2 

H, J = 13.0 Hz), 2.18 (d, 18 H, J = 18.0 Hz), 1.44 (s, 12 H); λmax (CH2Cl2) 859 nm (ε = 

2.5 × 105 M-1 cm-1), 757 nm (sh, ε = 3.8 × 104 M-1 cm-1); HRMS (ESI) m/z 673.1848 

(calcd for C39H4580Se2: 673.1846). 
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