
 

 

 University of Groningen

Gold(I) Catalysis
Taschinski, Svenja

DOI:
10.33612/diss.126022756

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2020

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Taschinski, S. (2020). Gold(I) Catalysis: Mechanistic Insights, Reactivity of Intermediates and its
Applications. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.
https://doi.org/10.33612/diss.126022756

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.126022756
https://research.rug.nl/en/publications/2d2a4a6b-a990-4422-9576-3adeb5125af6
https://doi.org/10.33612/diss.126022756


   

Chapter 4 

Synthesis of Substituted 

Benzo[b,b’]difurans using Gold(I) 

Catalysis 

Abstract: In this chapter, the gold-catalyzed synthesis of substituted benzo[b,b´]difurans 

starting from diynediols and diazonium salts is reported. 

In contrast to a previously reported synthesis, the desired products can be obtained with halide 
substitution by using the gold-catalyzed arylation reported in Chapter 2. Furthermore, neither 
a photo catalyst, nor an additional precious metal catalyst for transmetallation is required and 
the reaction can be performed under ambient conditions.  

While the light-mediated C-C-bond formation, reported in Chapter 2, can be easily transferred 
to bifunctional materials, the formation of a substituted diazo compound was not observed. 
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4.1) Introduction 

 

Benzodifurans 50 (BDFs) can be used as hole-transport materials (HTMs) in layered 

OLEDs.[1] They are highly luminescent with a deep blue emission and can be reversibly 
chemically oxidized to form stable cation-radical salts (BDF+SbCl6-) that can be isolated.[1b] 
Being structural analogues to poly(p-phenylene vinylene) 51 (PPV, see Figure 15), BDFs 

have a wide HOMO-LUMO gap and the BDF-skeleton itself acts as a hole-transporting 
material that can be tuned by substituents.[1] 

 

Figure 15: BDF 50, PPV 51 and their structural similarities.[1b] 

 

The first synthesis of a substituted benzo[b,b’]difuran was reported in 1899, Meldrum[2] and 
co-workers synthesized 50H,H starting from benzoin 52 and hydroquinone 53 (see Scheme 
32). 

 

Scheme 32: Synthesis of tetraphenyl-substituted BDF 50H,H starting from benzoin 52 and 
hydroquinone 53.[2] 

Although the field has been unexplored for a long time due to the limited scope and yields,[2-

3] there are some recent reports which access BDFs in moderate to high yields[1, 4] and 
demonstrate their application as semiconductors in layered OLEDs with high hole mobilities 
(up to 10-3 cm2 V-1 s-1) for amorphous films.[1b, 1c, 4b, 5] 

Domschke,[6] and later on Rathore and co-workers,[1b] followed the same strategy by melting 
benzoin 54 with hydroquinone 53 in the presence of ZnCl2 to afford substituted BDFs in high 

yields. 
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Introduction 
 

 

Scheme 33: Synthesis of tetraaryl-substituted BDF starting from benzoin 54 and 
hydroquinone 53.[1b] 

With this strategy, a facile synthesis of a series of BDF substrates has been reported with 
pre-designed benzoin substrates 54.[1b] While some of those used are commercially available, 

such as benzoin featuring R = OMe, the synthesis of benzoins with other substitutions require 
a protection / deprotection sequence[1b] to functionalize the benzoin efficiently or 
benzoin-addition of different aldehydes to synthesize mixed-substituted benzoins. The 
reactivity of varying the substitution pattern to different R-groups at benzoin has not been 
reported so far which might be related to the limited commercial availability and a possible 
mixture due to homo-coupling when synthesizing the starting materials. Another synthetic 
route was explored by Nakamura and co-workers[1c] who used 2,5-bis(phenylethynyl)-
benzene-1,4-diol 55H as a starting material. The group demonstrated the synthesis of 
tetraaryl-substituted benzo[b,b’]difurans with different R-groups at the benzofuran core and 
the aryl moiety by using a zinc-mediated annulation strategy with subsequent Negishi 
cross-coupling of arylhalides and a few examples of substituted BDFs have been isolated in 
good yields (see Scheme 34).[1c, 4b] 

 

Scheme 34: Zinc mediated synthesis of substituted benzodifurans 50H,R according to 

Nakamura and co-workers.[1c, 4b] 
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This strategy was also transferred to achieve meta-substituted BDF.[5] Using Pd catalysis to 
transmetallate from the zinc intermediate which is formed during the reaction, the substrate 
scope is limited to aryl-compounds 55 that do not contain a second halide which could be 

used for late-stage modification.  

Inspired by this synthetic route and considering the previous reported results, the question 
arose if the previously reported strategy of a (light-mediated) gold-catalyzed reaction can be 
transferred to 2,5-bis(phenylethynyl)benzene-1,4-diols 55 to access substituted BDFs 56 (see 
Scheme 35). 

 

Scheme 35: Schematic overview of a possible transfer of the light-mediated gold-catalyzed 
reaction to BDFs 50.[7] 

 

Considering a transferrable reactivity to the extended systems, one may speculate the 
involvement of a possible bisvinyl gold(I) complex Q which is a structure analogue to the zinc 

intermediate reported by Nakamura and co-workers and which might feature similar reactivity. 

In the following chapter, the gold-catalyzed (light-mediated) preparation to substituted 
benzo[b,b’]difurans 50 / 56 is explored.  
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Results and Discussion 
 

4.2) Results and Discussion 

 

Substituted diynediols 55 were synthesized according to a previously published procedure by 
Tsuji et al [1c] to explore whether or not the previously demonstrated divergence of the gold 
catalysis can be transferred to extended systems. The OH-groups of dihalogenbenzenediol 57 
were protected with DHP (3,4-dihydropyran) and the THP-protected substrates 58 
(THP = tetrahydropyranyl) were Sonogashira coupled with different alkynes 68R to avoid a 
premature cyclization process. Deprotection of the substrates 59R yielded the desired 
products (see Scheme 36). 

 

Scheme 36: Synthesis of starting materials for the gold-catalyzed reactions. [a] Synthesized 

by Kistner.[8] 

The alkynediols 55R could be isolated in moderate to high overall yields with the 
electron-donating OMe-group or the withdrawing F-group, respectively. 55OMe featuring an 

electron-donating substituent was tested as the starting material for the gold-catalyzed 
formation of bisazo compounds 56OMe,R due to the previously examined scope for the 

synthesis of azobenzofurans in Chapter 2. The starting material with an electron-withdrawing 
group 55F was tested for the gold-catalyzed arylative coupling to BDF 50F,R.  

If the formation of substituted BDFs follows the same mechanism explored in Chapter 2, 
possible intermediates can either be a mono-nuclear gold(I) complex R with one ring closed 
(grey; step-wise) or a binuclear gold(I) complex S with both rings formed (black; concerted) 
as shown in Scheme 37. The isolation of a binuclear gold(I) complex Q was not possible with 
the previously examined method (TS-699).[7, 9] With protodeauration as known side reaction, 
a mixture of compounds might be formed during catalysis (see Scheme 37) which could 
possibly be prevented by using THP-protected diynes 59 to yield BDFs more efficient. 
Unfortunately, the reaction of the mono THP-protected alkyne 45H with the diazonium 
salt 34Me to substituted azobenzofuran 32H,Me yielded in low amount of product as shown in 

Chapter 2.  
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Scheme 37: Gold-catalyzed synthesis of BDFs with possible intermediates and 
protodeaurated side-products 57 and 58. 

Therefore, the THP-deprotected substrates 55 were used as starting materials. The 
F-substituted diynediol 55F was treated with diazonium salts 34 and irradiated at 450 nm and 
the corresponding BDFs 50F,R were isolated in moderate yields (see Scheme 38).  

 

Scheme 38: Light-mediated, gold-catalyzed arylation of diynediol 55F of tetraaryl-substituted 
benzo[b,b’]difurans 50F,R.  
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Results and Discussion 
 

According to a previously published procedure,[7] the reaction of F-substituted alkynediol 55F 
with the non-substituted diazonium salt 34H accesses the corresponding BDF 50F,H which was 

isolated as a colorless solid. Changing the substitution pattern of the diazonium salts to the 
electron-withdrawing groups F and CF3 did not change the reactivity of the system giving 
yields of 35% (50F,F) and 33% (50F,CF3), respectively. The tetra F-substituted BDF 50F,F was 
characterized by single-crystal X-ray crystallography (see Figure 16). 

 

 

Figure 16: Single-crystal X-ray structure of BDF 50F,F. Thermal ellipsoids are shown at 90% 

probability, hydrogen atoms are omitted for clarity. 

In a previous reaction system under an atmosphere of nitrogen with degassed, anhydrous 
acetonitrile a comparable yield of 29% was obtained for the F,F-substituted BDF 50F,F.[10] 

Adding an additional photo catalyst to the gold-catalyzed reaction did not have a significant 
beneficial effect, increasing the yield to 47% using [Ir(dF(CF3)ppy)2(dtbbpy)]PF6 and 
decreasing the yield to 23% using [Ru(bpy)3](PF6)2 (see Scheme 38). The reaction might 

proceed more efficiently when adding the photo catalyst to a previously degassed system 
under water-free, inert conditions, as seen for the formation of benzofurans according to 
Fensterbank and co-workers.[11] 

The reaction can be performed under aerobic and ambient conditions which contrasts the 
reaction conditions for the zinc-mediated annulation shown in Scheme 34.[1c] While the zinc 

annulation strategy is performed with temperatures of 120 °C and a minimum reaction time of 
18 hours, the gold-catalyzed reaction is performed within two hours at room temperature. 
Furthermore, the reaction can be carried out at ambient conditions and no additional precious 
metal catalyst is required for a second transmetallation step such as the Negishi 
cross-coupling reaction of the dizinc intermediate P with an aryl halide.[1c] By simple variation 

of the previously synthesized diazonium salts and alkynes, a variety of substitution patterns 
could be used for the synthesis, such as halides. This functionalization allows late-stage 
substitution at the aryl groups of the synthesized BDF, such as cross coupling or 
polymerization. 

Although the present method is more atom economic and easier to handle than the previously 
shown strategy, there are still some challenges where the reaction should be optimized. The 
low yields in the gold-catalyzed approach are mainly resulted in the consumption of the 
product by the diazonium salt (see Scheme 39) such as shown in Chapter 2[7] which has been 

demonstrated earlier and was confirmed by HR MS measurements.[10] 



 

Gold(I) Catalysis: Mechanistic Insights, Reactivity of Intermediates and its Applications 

 

74 

 

 

 

 

 

Scheme 39: Schematic overview of the consumption of synthesized BDF by the excess of 

diazonium salt.[10] 

 

The resulting reaction mixture of desired product 50F,F and its arylated 50F,F+F or double 
arylated 50F,F+2F congeners were in our hands inseparable by column chromatography which 

further decreased the yield of the reaction. No further attempts were made to optimize the 
gold-catalyzed reaction. The absorption maxima and molar absorptivities of the synthesized 

products in CH2Cl2 were determined with max.Abs.(50F,F) = 352 nm and 352 = 5.2  104 M-1cm-1 

(max.Emis.(50F,F) = 405 nm, with Irr.Emis. = 370 nm, see Figure 17).[10] This is a hypsochromic 
shift in absorption compared to the non-substituted or electron-withdrawing 50H,H, 50OMe,OMe 
and 50Ohex,Ohex analogues synthesized by Rathore and co-workers (see Table 9).[1b] 

 

 50F,F
[10] 50H,H

[1b] 50OMe,OMe
[1b] 50Ohex,Ohex

[1b] 

max.Abs. [nm] 352 354 363 365 

M-1cm-1] 5.2  104 7.8  104 7.29  104 8.4  104 

Table 9: Absorption maxima and molar absorptivities of 50R,R. 

 

The quantum yield for the F,F-substituted BDF 50F,F has been determined earlier with a value 

to be  = 0.94 + 0.01[10] and is as high as the highest value determined by Nakamura and 
co-workers for meta-substituted BDFs and higher than those for the previously synthesized 
para-substituted ones.[1b, 1c, 5] 
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Results and Discussion 
 

 

  

Figure 17: UV-VIS absorption (blue) and emission spectra (purple) of F,F substituted 

benzodifuran 50F,F at ambient conditions (10.5 µM in CH2Cl2, with Irr.Emis. = 370 nm).[10] 

The OMe-substituted diynediol 55OMe was treated with the OMe-substituted diazonium 
salt 34OMe (see Scheme 40) to investigate the potential accessibility of diazobenzofurans 

using the reaction conditions shown in Chapter 2.  

 

Scheme 40: Gold-catalyzed synthesis of bisazobenzo[b,b’]-furan 56OMe,OMe. 

After full conversion of the OMe-substituted alkyne 55OMe, there were two yellow spots on the 

TLC plate which were isolated. The 1H NMR spectra of the isolated compounds are shown in 
Figure 18 and Figure 19. The spectrum in Figure 18 shows three different OMe-groups at 

3.82 ppm, 3.85 ppm and 3.89 ppm (red and deep red), respectively. In the aromatic region is 
the characteristic singlet for the core protons at 7.01 ppm observed (purple) as well as a 
singlet at 6.99 ppm which is attributed to the proton at the non-substituted benzofuran ring 
(grey). The spectrum shows doublets, triplets and multiplets at 6.82-6.92 ppm, 7.36 ppm and 
7.57 ppm which are attributed to the phenyl rings (green and blue). 
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Figure 18: 1H NMR spectrum (399.82 MHz, CDCl3) of the possible formed 
monoazobenzo[b,b’]difuran 56aOMe,OMe. 

The spectrum in Figure 19 shows only one singlet at 3.85 ppm which is the signal for the 

OMe-groups (red). The signal for the core protons is located at 6.94 ppm (purple). There are 
two more signals which can be interpreted as multiplet at 6.89-6.93 ppm and as doublet at 
7.55 ppm for the protons at the phenyl rings (blue and green). 

 

Figure 19: 1H NMR spectrum (399.82 MHz, CDCl3) of the possible formed 
bisazobenzo[b,b’]difuran 56bOMe,OMe. 

Although the NMR spectra after isolation of the two yellow spots on the TLC plate both looked 
promising, the HR MS measurements could not confirm the desired mass and give a clear 
indication about the formed product. The gold-catalyzed formation of substituted 
bisazobenzo[b,b’]difurans should be further explored in future.   
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Conclusions 
 

4.3) Conclusions 

 

In this chapter, the gold-catalyzed synthesis of tetraaryl-substituted benzo[b,b’]difurans 50 
starting from diynediols 55 and diazonium salts 34 according to the previously examined 

procedure[7] (see Chapter 2) has been explored. 

The starting materials 55R were synthesized by Sonogashira cross coupling of the 
THP-protected dihalogenbenzenediols 58 and after deprotection the desired products 55 with 

electron-donating and electron-withdrawing groups were isolated in moderate to high yields. 

C-C-bond formation could be reached by irradiation of the F-substituted dyinediol 55F in 
presence of diazonium salt 34 and base at 450 nm without an additional photo catalyst under 
ambient conditions. Three compounds 50F,H, 50F,F and  50F,CF3 were isolated with moderate 

yields and no beneficial effect by adding a photo catalyst was observed. The catalysis 
proceeds with several side products which could hardly be separated. Further effort needs to 
be done to optimize the reaction conditions and a separation procedure. The spectroscopic 
values of BDF 50F,F containing four fluorines has been determined previously[10] with a 

hypsochromic shift of the absorption and emission spectra demonstrating its potential as HTM 
for layered OLEDs with high quantum yield.[10] 

Although first attempts looked promising, the gold-catalyzed C-N-bond formation of the 
OMe-substituted diynediol 55OMe and diazonium salt 34OMe to diazo compound 56OMe,OMe with 

N2-retention was not clearly observed.  

Nevertheless, the gold-catalyzed synthesis of substituted BDFs opens up a new synthetic 
route with an easy access to a variety of substrates. The starting materials can be synthesized 
from commercially available substances in a simple three-step synthesis and arylative 
coupling can be done without additional photo catalyst or precious transmetallation catalyst. 
With the applied conditions, BDFs can be achieved in moderate yields under ambient 
conditions at room temperature with high functional group tolerance, for example halogen 
substituents, for late-stage modification.  
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