Functionalization of aromatic and heteroaromatic compounds in
copper-catalyzed reactions utilizing hypervalent iodonium salts

Doctoral Thesis

Zsombor Gonda
certified chemist

Eötvös University, Chemistry Doctoral School,
Program of Synthetic Chemistry, Materials Science and Biomolecular Chemistry

Head of Chemistry Doctoral School: Dr. György Inzelt, DSc
full professor
Head of Program: Dr. András Perczel, DSc
full professor
Supervisor: Dr. Zoltán Novák, PhD
assistant professor

Budapest, 2016

Introduction
One of the main goals of my doctoral research was to develop an efficient, widely
applicable copper-catalyzed trifluormethylation reaction, which can be extended to several
aromatic and heterocyclic substrates. The other aim was the study of a hypervalent iodine
mediated oxidative coupling reaction of diaryliodonium salts and pyrazoles for the
preparation of N-arylated pyrazole derivatives.
The previously published C-H activated trifluoromethlyation reactions, which usually
follows radical mechanism have several disadvantages, e.g. high temperature is needed, or
usually are not selective. Thus, this approach is applicable only in special cases.1 In the case
of transition metal catalyzed reactions the CF3 source is either applied in high excess or
expensive.2 The most commonly used noble metals significantly increase the cost of the
procedures. To decrease the cost, the need for cheaper and in greater amount of available
metals is highly desired, such as copper3 or iron.4 Another solution to the economic problems
can be the utilization of a metal free coupling reaction, but this is really challenging even
nowadays. We have to consider that these types of reactions can be very sensitive of the trace
transition metals occurring in the components. Recently several hypervalent iodine mediated
carbon-carbon and carbon-heteroatom bond forming reactions were published, but in some
cases the transformation could be carried out in the absence of transition metal catalys.5
Results
1. Study of copper catalyzed trifluoromethylation of aryl iodides
According to literature a promising trifluoromethylation reagent, the potassium salt of
trifluoromethyl-trimethylborate was studied in trifluoromethylation reaction. For the
experiments, we have synthesized the trifluoromethyl borate salt from the proper trialkoxy
borates (Figure 1).6

Figure 1 Synthesis of trialkoxyborates and the potassium trifluoromethyl trialkyl borates
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The reactivates of the trifluoromethyl trialkyl borate salts were compared in the
trifluoromethylation reaction of 1-iodonaphtalin (Figure 2). We have determined that
increasing the length of the alkyl chain decreases the reactivity of the salt and the most active
and most effective trifluoromethylation reagent was the trifluoromethyl trimethyl potassium
salt.

Figure 2 The reaction of trilfuoromethyl trialkyl borate salt with iodonaphtalin

We carried out the study of reactivity of potassium trifluoromethyl trimethyl borate in the
presence of copper(I) compounds and ligands in coupling reactions. It was found that
phenantroline as ligand ensures the most effective catalytic system for the desired
trifluoromethylation reaction.
During the examination of reproducibility of the reaction we found that the coupling
reaction is sensitive to the presence of water. Studying the stability of the borate salts we have
proved that under unsuitable storing conditions the trifluoromethyl borate salt rapidly
transforms and loses its activity. The results of the comparing experiments showed that the
prepared salt should be stored in freezer (-20°C) under inert gas (Ar), thus its activity can be
conserved for weeks.
Solving the problems of the storage of the borate salt, we developed a novel coppercatalyzed method in which the trifluoromethylating reagent can be prepared in situ in the
reaction mixture. Examining this possibility we have found that in dimethylsulfoxide from
trifluoromethyl trimethyl silane and trimethylborate in the presence of potassium fluoride the
trifluoromethyl trimethyl borate can be generated. The generation of the borate salt under the
reaction conditions is not disturbed even by the catalyst or the ligand. We have found that in
this case in the presence of aryl iodides the trifluoromethylation takes place faster and with
higher efficiency than in the reaction performed with freshly isolated salt. We have optimized
the conditions of the reaction using the in situ generated borate salt and found that in the
model reaction, in the presence of 20-20 mol% catalyst and ligand in DMSO as solvent full
conversion could be reached after 4 hours stirring at 60°C (Figure 3).

Figure 3 Trifluoromethylation with in situ generated borate salt
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We determined that the reaction time can be further decreased with slow addition of
TMSCF3 and B(OMe)3 and that in the case of more reactive iodo compounds 2 equivalent of
the reactants is sufficient for reaching full conversion. We examined the reason for necessity
of large excess of reactants and found that the potassium fluoride not only influences the
decomposition of the TMSCF3 and this way promotes the generation of the trifluoromethyl
borates, but also decomposes the alkylborate. Consequently the 3 equivalent of the borate salt
or the reagents for in situ generation are necessary because of the two rival process.
During the study of trifluoromethylation reaction in preparative scale using the in situ
generated borate salt we have found that the transformation can be effectively done in case of
aryl iodides containing both electron donating and electron withdrawing groups as well.
Testing the functional group tolerance it was found that free –NH and –OH groups should be
protected before the trifluoromethylation (Figure 4).

Figure 4 Synthesis of aromatic and heteroaromatic trifluoromethylated derivatives

The applicability in organic snytheses of our new method, the trifluoromethylation
procedure was tested on aromatic and heteroaromatic iodides. As the result of the syntheses
28 trifluoromethylated aromatic and heteroaromatic compounds were isolated in 21-95%
yield. The results were published in Organic Letters.
2. Study of the preparation of N-arylpirazoles
For the arylation study we have synthesized the proper diaryliodonium salts according to
literature procedures.7
During the synthesis of diaryliodonium salts our main goal was to select reactions, which
provide the best yield with the least reaction steps. Utilizing five methods we have prepared
49 different symmetrically or asymmetrically functionalized diaryliodonium salts. (Figure 5).
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Figure 5 Methods for the preparation of diaryliodonium salts

2.1. Preparation of N-arylpirazoles with the help of iodonium salts
Our research group has already studied the copper-catalyzed transformations alkynes in the
presence of diaryliodonium salts.8 In these procedures not only ring-closure occurs between
the nucleophilic amide group and electrophile triple bond, but the presence of diaryliodonium
salt anables carboarylation of the carbon center. During my PhD work I also examined a new
ring-closure reaction and the arylation reaction of N heterocyclic compounds.
In the beginning of our researches we studied the reaction of N-acetylhydrazon bearing
triple bond and iodonium salts under the conditions utilized in the previously developed
copper catalyzed ring-closure reactions. We observed the formation of N-arylpyrazole instead
of the expected oxadiazole ring. The structure of the product was determined by NMR
measurements as well (Figure 6).

Figure 6 The test reactions executed with phenylbutynyl hydrazone

Comparison of the NMR spectra of the obtained product with literature also proved the
formation of the pyrazole product. Thus, the product was not formed through 6-exo-dig ringclosure with the assistance of the oxygen of the acetyl group. In contrast, deacetylation took
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place through 5-endo-dig ring-closure similarly to the indole syntheses triggered by the
diaryliodonium salts.
The study of the effect exerted by the functional groups located on different positions of
the aromatic groups of the iodonium salt determined the outcome of the transformation. Only
meta- and para-substituted phenyl ring of the aryl(mesityl)iodonium salts enables the N
arylation. In case of ortho-substituted aryl(mesityl)iodonium triflates no product was obtained
and the starting material remained unchanged. Moreover, we could reach only with 43% yield
the desired product in the iodonium salt mediated transformation.
We developed more effective procedure for the preparation of N-arylpirazoles with
iodonium salts modifying the reaction conditions and the work-up of the reaction mixture. We
found that the addition of aqueous ammonia solution significantly increases the yield. Further
optimization of the reaction parameters of the ring-closure reaction revealed that the reaction
performed under slightly basic conditions does not require the presence of copper catalyst.
Changing the parameters of the reaction significantly modifies the selectivity. The results
show that the selectivity of the phenyl(mesityl)iodonium salt is just the opposite of the
selectivity of the previously recognized copper-mediated arylation reaction.

Figure 7 Protecting-group elimination and arylation in 20 minutes

After the study of ring-closure mediated arylation reaction we have turned our attention to
the possibility of N-arylation of pirazole derivatives. We have found that the most suitable
solvents for the N-arylation of NH or N-acyl-pyrazoles are the ones, which can not be mixed
with water (toluene, DCM, DCE). As a base, not only ammonia, but other inorganic bases in
appropriate concentrations (1 M NaOH, 1 M tBuOK, 25 w/w% K2CO3 solvent) can also be
utilized (Figure 7).
The possible radical mechanism of the reaction was tested by tetramethylpiperidine-oxide
(TEMPO). The radical path was excluded, because in the presence of TEMPO we have not
observed considerable decline in the conversion compared to the transformation performed in
the absence of radical scavenger.
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The factors determining the selectivity of the reaction were studied by utilizing several
diaryliodonium salts. According to the results we could conclude that the selectivity of the
arylation reaction is considerably influenced by the electronic and steric properties of the
aromatic rings of the diaryliodonium salts. We have found that the aromatic ring connecting
to the pirazole is the one on the iodonium salt, which contains more ortho-substituents.
However, if one of the aryl groups is an adequately electron rich anisole, trimethoxybenzene
or thiophen, then this is a suitable “no to be transferred” group. This is beneficial in case of
heterocyclic iodonium salts, because the preparation of their symmetrical variation is difficult
or not possible.
We carried out the arylation reactions with the iodonium salts, which promised high
selectivity in the transformation on preparative scale. In case of 3,5-diphenyl-pirazole 80-90%
yields were reached in room temperature after 20 minutes to 4 hours. (Figure 8, A). Other
symmetrically substituted pirazoles were tested in the reactions as well. Amongst them, not
only the N-mesityl-derivatives were prepared after 20 minutes reaction time with 56-96%
yield (Figure 8, B), but wherever it was possible the 1,3,5-triaryl pirazoles were also prepared
as well (Figure 8, C). Utilizing the novel arylation method we prepared 32 N-arylpirazole
derivatives, containing large number of new derivatives.

Figure 8 Preparation of N-arylpirazoles

It was also shown that the iodonium salt containing pirazolyl moiety can react in an
intramolecular fashion (Figure 8, D) and provides the appropriate N-mesityl-3,5-dimethyl-4iodopirazole in good yield without the formation of aryliodide side product. We have
published the results of this topic in the journal Chemistry - A European Journal.
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