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Abstract

Arylboronic acids and their derivatives have been widely exploited as important synthetic
precursors in organic synthesis, materials science, and pharmaceutical development. In addition to
numerous applications in transition-metal-mediated cross-coupling reactions, transition-metal-free
transformations involving arylboronic acids and derivatives have recently received a surge of
attention for converting the C-B bond to C-C, C-N, C-O, and many other C-X bonds.
Consequently, a wide range of useful compounds, e.g., phenols, anilines, nitroarenes, and
haloarenes, have been readily synthesized. Amongst these efforts, many versatile reagents have
been developed and a lot of practical approaches demonstrated. The research in this promising
field is summarized in the current review and organized on the basis of the type of bonds being
formed.
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1 Introduction

During the past few decades, arylboronic acids and their derivatives (boronate esters,
trifluoroborates and boroxines) have found broad utility in organic synthesis, materials
science, and pharmaceutical development.[1] As a consequence of their many intrinsic
merits, such as high reactivity, low toxicity, and extensive commercial availability,
arylboronic acids have become one of the most prevalent feedstocks for the introduction of
aryl substituents into diverse molecules. Since the first report of palladium-catalyzed cross-
coupling of organoboranes with carbon halides by Suzuki in 1979,[2] the transition-metal-
mediated functionalization of arylboronic acids has burgeoned.[3! In the presence of
transition metals, arylboronic acids are prone to undergo transmetallation, via which the
carbon-boron (C-B) bond is converted into a carbon-carbon (C-C) bond or carbon-
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heteroatom (C-N, C-O, etc.) bond. Despite the robust catalytic capability of transition
metals, some drawbacks have been gradually realized in transition-metal-mediated reactions.
For instance, metal catalysts are often air- and/or moisture-sensitive, expensive, and residual
transition metals can be difficult as well as costly to remove, especially in pharmaceutical
applications. Consequently, transition-metal-free processes have emerged as valuable
alternatives to more conventional transition-metal-catalyzed reactions.

In organoboronic acids, a vacant p-orbital causes the sp2-hybridized boron to behave as a
Lewis acid. Addition of a nucleophile (X-LG) or Lewis base (Scheme 1) generates a
tetravalent boron “ate” complex and induces rehybridization to generate a sp3-boron. The
heightened electron density on the boron and increased steric crowding in the “ate” complex
facilitates R-B bond dissociation and subsequent alkyl/aryl migration to the adjacent
acceptor atom with retention of configuration. The overall process of ipso-substitution is
achieved without the assistance of transition metals (Scheme 1). To better understand this
unique migratory characteristic, Brown and Matteson conducted the seminal studies on the
transformations of alkylboranes.[4] Later, Aggarwal and others contributed many remarkable
studies into the conversion of chiral alkylboranes.[] Complementary to the aforementioned
transformations of alkylboranes, considerable progress has been made recently in transition-
metal-free transformations of arylboronic acids for the construction of C-C, C-N, C-O and
many other C-X bonds. These efforts will be summarized herein and organized on the basis
of the type of bonds being formed. This review is focussed upon an unique viewpoint for the
transformation of arylboronic acids, and complementary to existing reviews on transition-
metal-catalyzed transformations.[3

2 Carbon-Oxygen Bond Formation

Phenols are a privileged structural moiety in numerous natural products, pharmaceuticals
and polymers.[6] They also frequently serve as versatile synthetic intermediates for the
construction of complex molecules. Thus, it is of great utility to develop practical access to
polyfunctionalized phenols. In this regard, transition-metal-free ipso-hydroxylation of
arylboronic acids offers the opportunity to produce phenols in a mild and efficient manner
which otherwise might be difficult to achieve by other means.

The seminal work, reported by Ainley and Challengerl] and later Hawthorne,[8] converted
phenylboronic acids into phenols using alkaline hydrogen peroxide and hydrogen peroxide,
respectively. Only a few examples were provided in low to moderate yields. Nearly a half
century later, this chemistry was extensively studied and numerous practical modifications
were introduced to improved functional group compatibility.

In 1995, Webb and Levy reported the oxidation of arylboronic acids to phenols using
potassium monopersulfate, available commercially as a stable triple salt
(2KHSO5-KHSO,4-K2S04) under the trademark Oxone®.[®] Both electron-rich and deficient
phenylboronic acids gave good yields (Scheme 2). Phenylboronate bis-ester was also a
suitable substrate. The reaction was performed at 2 °C in 10-15% aqueous acetone. Lower
yields were obtained in the absence of co-solvent acetone, suggesting that in situ generated
dimethyldioxirane competed with Oxone® in the oxidation. All of the reactions required
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careful control of reaction time (< 5 min) and temperature. Subsequently, KHSOs, the
putative oxidant in Oxone®, was isolated and employed in the oxidation of phenylboronic
acid. The transformation gave a comparable yield of phenol as did Oxone® itself.[0]

The oxidation of phenylboronic acids with hydrogen peroxide (H,02) was systematically
studied by Prakash, Petasis and co-workers.[*1] In the presence of 30% H,0,, a variety of
phenylboronic acids bearing different substituents were readily converted to phenols in good
yields (Scheme 3). This oxidation along with the following coupling furnished symmetrical
diaryl ethers in one pot. The Kinetics of the reaction between phenylboronic acid and H,O»
were investigated in detail by Kuivila and co-workers.[12]

A modified procedure employing PVD-H»05 and PVVP-H,0, complex was then reported
from the same group (Scheme 4).113] These solid-H,0, equivalents were found to be more
efficient for the ipso-hydroxylation of phenylboronic acids to phenols in terms of chemical
yields and reaction rate. The complex can be reused for three runs without compromising the
chemical yields.

Other variations based on H,0, oxidation were also developed for the ipso-hydroxylation of
arylboronic acids. For example, the addition of catalytic amounts of iodine or recyclable
Amberlite IR-120 resin promoted the reaction to generate a variety of phenols in good yields
under mild reaction conditions.[24]

Other oxidants, such as mCPBA and TBHP, could also accomplish the transformation
efficiently. In aqueous EtOH, mCPBA furnished the corresponding phenols in good
yields,[15] whereas TBHP in water accelerated the reaction and were complete within 10
min.[16]

An interesting example was the hydroxylation of arylboronic acids with hydroxylamine.[17]
The reaction of arylboronic acids or their pinacol esters with in situ generated
hydroxylamine from hydroxylammonium chloride and sodium hydroxide gave the
corresponding phenols in moderate to good yields at room temperature (Scheme 5). The
electronic property of substituents appreciably influenced the reaction outcome. For
electron-deficient substrates, the yields were lower and the reaction failed completely in the
case of p-acetyl. The conversion was much more sluggish, generally 1-2 days, than the
reactions using Oxone® or H,05.

Recently, Zhu and Falck disclosed a highly efficient ipso-hydroxylation of arylboronic acids
by means of tertiary amine N-oxide.[28] The transformation was mild, rapid, and had broad
functional group tolerance. As shown in Scheme 6, regardless of the electronic or steric
character of the substrate, all arylboronic acids afforded phenols in excellent chemical
yields. The examples bearing oxidation-sensitive functionality (4-CHO) and halogens (I,
Br), which could not survive exposure to peroxide or during transition-metal catalysis, are
noteworthy. The reaction conditions were also applicable to heteroarylboronic acids. All
oxygen-, nitrogen-, and sulfur-containing substrates led to the corresponding hydroxylated
products in useful yields. In addition, other boronic acid surrogates such as boronate esters
and trifluoroborate were apt substrates.

Adv Synth Catal. Author manuscript; available in PMC 2015 August 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhu and Falck

Page 4

A mechanism of leaving group-enhanced 1,2-aryl migration was proposed for the
transformation (Scheme 7). Initially, nucleophilic attack of N-oxide at boron forms an “ate”
complex intermediate. Migration of the aryl from boron to the oxygen of the N-oxide with
simultaneous internal displacement (Sy2) ruptures the ammonium-O bond and is an
important driving force for the reaction. Standard aqueous isolation or direct
chromatographic purification on silica gel hydrolyzes the resultant boronate ester to furnish
the corresponding phenol.

An environmentally appealing aerobic oxidation of arylboronic acids promoted by
quinonel®] or thiols has been found.[20] In the presence of catalytic quinone or
stoichiometric aminothiophenol, arylboronic acids were quantitatively converted into
phenols under air. However, the substrate scope was limited.

Under an oxygen or air atmosphere, two similar studies from Fuchigami et al. and Jgrgensen
et al. revealed that the transformation of arylboronic acids to phenols can also take place by
means of electrochemical hydroxylation (Scheme 8).[21] A variety of arylboronic acids were
converted into corresponding phenols in good yields. A pathway involving a superoxide
anion intermediate, generated via one-electron reduction of oxygen at the cathode, was
proposed by both groups.

Recently, Huang and co-workers developed a copper-promoted electrochemical
hydroxylation of arylboronic acids (Scheme 9).122] A variety of phenols from arylboronic
acids in agueous ammonia were generated efficiently in an undivided cell. The formation of
phenols versus anilines could be controlled with good chemoselectivity by simply changing
the agueous ammonia concentration and the anode potential.

Alcohols labelled with 180 are highly valued in biological studies. Most recently, Rozen and
co-workers developed a general method to access phenols containing a heavy oxygen
isotope in excellent yields at room temperature.[23] The 180-labelled phenols were
synthesized by the treatment of arylboronic acids with HI8OF-CH3CN complex (Scheme
10). Both electron-rich and -deficient substituents were well tolerated. The origin of the 180
isotope is H»180; the H18OF-CH3CN complex is prepared by bubbling dilute F5 through
acetonitrile and H,180. The use of fluorine gas requires special precautions and, thus,
detracts from the general utility of the method.

The transformation of potassium aryltrifluoroborates to phenols was investigated by
Molander and Cavalcanti.[?4] Upon treatment with Oxone® in acetone/water, a wide range
of aryltrifluoroborates were efficiently converted to the respective phenols within a few
minutes (Scheme All electron-rich, -deficient, and neutral substrates afforded excellent
chemical yields. Remarkably, heteroaryl trifluoroborates were also compatible with the
reaction conditions, giving the corresponding heterocycles in high yields.

3 Carbon-Nitrogen Bond Formation

3.1. Amination of Arylboronic Acids and Derivatives

The versatility of aromatic amines renders them of broad utility in pharmaceuticals,
agrochemicals, polymers, and dyes.[25] Apart from the conventional preparations via metal-
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mediated processes or at high temperature and pressure, transition-metal-free amination of
arylboronic acids and derivatives provides ready access to aniline derivatives with
susceptible functional groups. In this context, a few examples have been disclosed recently.

Yu and co-workers described the formation of secondary anilines via transition-metal-free
C-N bond formation between arylboronic acids and organic azides.[26] By just heating the
two components in xylene, the corresponding products were obtained in moderate to good
yields (Scheme 12). Electron-deficient arylboronic acids gave better yields than electron-
rich ones. Both alkyl and aryl azides were competent substrates. However, the harsh reaction
conditions, i.e., 140 °C and the use of potentially explosive azides, obviously limit its
attractiveness and scope.

Afterward, the transition-metal-free formation of tertiary anilines through amination of
arylboroxines was developed by Wang and co-workers.[27] O-Benzoyl hydroxylamine was
employed as aminating reagent. A number of tertiary anilines, as well as a few secondary
anilines, were readily generated at 130 °C (Scheme 13). A variety of functional groups such
as halogen, ester, amide, and nitrile were well tolerated.

Very recently, two tactically related studies aimed at the direct primary amination of
aromatic organoboronates were revealed. Attributing the lack of reactivity between the
aminating agent and organoboron to their ineffective association, Morken and co-workers
manipulated the nucleophilicity of methoxyamine by adding 3 equiv nBuL.i to the
reaction.[28] This enabled the lithiated methoxyamine to incorporate with pinacol boronate,
forming an active “ate” complex which ultimately led to the primary amination product. The
reaction proved to be efficient with electron-rich substrates, but electron-deficient ones
generally resulted in low yields (Scheme 14). Heterocyclic substrates failed to react.
Additionally, the amination was demonstrated with alkyl boronates. When chiral boronates
were subjected to the reaction conditions, the corresponding amines were stereospecifically
furnished with retention of configuration at the carbon atom.

A variation for primary amination of arylboronic acids with broader substrate scope was
developed by Zhu et al.[2%] Evaluation of several potential aminating agents revealed O-(2,4-
dinitrophenyl)hydroxylamine (DPH) was the only suitable one for the amination of
arylboronic acids under mild conditions. A diverse array of arylboronic acids was readily
transformed into the corresponding primary anilines in useful yields using only 1.1 equiv
DPH (Scheme 15). Both electron-rich and -deficient substrates were well tolerated. Notably,
some halogenated anilines (1, Br), which might be labile under transition-metal-mediated
procedures, could be made without complications. In a few cases, the addition of 1.2 equiv
Cs,CO3 promoted the amination reaction rates and improved the yields. The authors also
demonstrated the reaction could be scaled up to the multigram-scale without attenuating the
chemical yield. The methodology, however, failed with nitrogen- and sulfur-containing
heterocyclic boronic acids, albeit dibenzofuran boronic acid gave the expected product in
satisfactory yield.
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As shown in Scheme 9, primary anilines could also be prepared through electrochemical
synthesis depending upon the reaction conditions and electrode potential. A range of
functionalized anilines were obtained in good yields and chemoselectivities.

3.2. Nitration/Nitrosation of Arylboronic Acids and Derivatives

Nitroarenes are important building blocks widely used in both fundamental organic
chemistry research and by industry.[39 They are generally produced by electrophilic
aromatic nitration, though this process often employs strong nitrating agent, highly acidic
reaction conditions, and often leads to over-oxidation and/or mixtures of isomers.[30b]
Hence, a mild, chemoselective, and regioselective nitration approach is much in demand.

In 2000, Prakash, Petasis, Olah, and co-workers reported the transition-metal-free formation
of nitroarenes via ipso-nitration of arylboronic acids.[31] In the presence of Crivello’s
reagent (mixture of ammonium nitrate/trifluoroacetic anhydride), arylboronic acids were
converted to the corresponding nitroarenes in moderate yields (Scheme 16). Despite
carefully regulating the reaction temperature at —35 °C, the by-product from undesired di-
nitration could not be suppressed.

Afterward, this procedure was improved via modulation of the nitrating agent.[32] NH,NO5
(sometimes AgNO3) in combination with TMSCI, in lieu of (CF3C0O),0, generated an active
nitrating agent TMS-O-NO, capable of regioselective ipso-nitration of arylboronic acids.
The proposed mechanistic pathway is shown in Scheme 17. The reaction was carried out at
room temperature for 1-3 days, and a variety of nitroarenes were readily afforded in good
yields (Scheme 18). It should be noted that in the case of substrates bearing a strong
deactivating group, e.g., CF3 and NO», yields for the electrophilic nitration decreased
significantly.

Direct ipso-nitration of arylboronic acids using a single reagent, i.e., tert-butyl nitrite, was
recently described by Wu, Beller and co-workers.[33] Both electron-rich and deficient
substrates were well tolerated, furnishing the corresponding nitroarenes in moderate to good
yields (Scheme 19). Regarding the mechanism, it was suggested reaction of the
phenylboronic acids with the nitriting agent initially resulted in nitrosobenzenes, which were
concomitantly oxidized in situ by air to nitrobenzenes. Compared to the above approaches,
this one was operationally simple; however, excessive nitrating agent (10 equiv) was
required for complete conversion.

An efficient nitration of arylboronic acids was reported by Maiti and co-workers, in which
Bi(NO3)3-5H,0/K,S,0g was employed as nitrating agent.[34] This protocol demonstrated a
broader substrate scope than previous reports. A series of nitroarenes possessing electron-
rich and -deficient substituents were synthesized in moderate to good yields (Scheme 20).
Moreover, heteroaryls such as dibenzofuranyl, dibenzothienyl, and quinolinyl boronic acids
were also suitable substrates. Unlike the common 1,2-aryl migration pathway, an aryl radical
mechanism was proposed for the transformation. It was verified by control experiments in
the presence of radical scavengers. With the addition of TEMPO or hydroquinone to the
reaction, the chemical yield dropped significantly.
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Nitrosoarenes comprise a class of highly reactive synthetic intermediates for which
numerous chemical transformations have been reported, inter alia, cycloadditions and aldol
reactions.[3%] However, satisfactory access to functionally diverse nitrosoarenes has been a
challenge. Very recently, based on the strategy of transition-metal-free nitration of
aryltrifluoroborates, Molander and Cavalcanti disclosed an efficient synthesis of variously
functionalized nitrosoarenes.[36] Nitrosonium tetrafluoroborate (NOBF,) served as
nitrosating agent and demonstrated a remarkably high reactivity in the transformation. In the
case of electron-rich aryltrifluoroborates, the reaction was completed in just 30 seconds at
room temperature; electron-deficient substrates were likewise fully converted within 1
minute under the same reaction conditions. All the reactions resulted in good chemical
yields, and displayed broad functional group tolerance (Scheme 21). Impressively, many
heteroary! trifluoroborates including dibenzofuranyl, dibenzothienyl, benzothienyl, indolyl,
pyrimidinyl, and pydidinyl derivatives were compatible, readily generating the
corresponding nitrosoheteroaryls in useful yields.

4 Carbon-Carbon Bond Formation

Carbon-carbon (C-C) bond formation represents one of the most fundamental
transformations in organic synthesis. Along with the booming development of cross-
coupling reactions over the last several decades, organoboron compounds have been mostly
commonly applied for transition-metal-catalyzed C-C bond creation such as the Suzuki-
Miyaura reaction. On the other hand, there has been a growing interest in transition-metal-
free functionalization of organoboronates, which offers a powerful tool for the construction
of C-C bond as illustrated by the Petasis-Borono Mannich reaction (PBM). Considering that
there are already many outstanding comprehensive reviews with respect to PBM and
relevant nucleophilic additions of organoborons to unsaturated bonds,[371 those reactions
will not be discussed herein. In this section, we wish to focus on recent examples in which
C-C bonds are constructed via a 1,2-aryl migration pathway.

Barluenga and co-workers recently reported an efficient transition-metal-free C-C bond
formation between arylboronic acids and tosylhydrazones.[38] The latter were used as an in
situ source of diazo compounds in the presence of base. After a survey of solvents and
bases, the optimized reaction conditions (dioxane, K,CO3, 110 °C) were used to determine
the substrate scope. Importantly, the functional group tolerance was extremely broad. All
transformations readily provided the corresponding coupled products regardless of the
electronic properties of the substituents on both arylboronic acids and hydrazones (Scheme
22). The reaction could be accomplished with hydrazones derived from aldehydes or
ketones, with aryl, heteroaryl, or alkyl substituents. These could be coupled not only with
aryl, but also heteroaryl and alkyl boronic acids. Additional noteworthy features highlighted
were: a) no inert atmosphere or dry solvents were required, a major advantage vis-a-vis most
transition-metal-mediated couplings; b) the reaction can be conducted in one pot directly
from the carbonyl compound without isolating the intermediate tosylhydrazone.

The overall transformation is initiated by the thermolysis of tosylhydrazone | in the presence
of base. This results in the in situ generation of diazo compound I1, which is the actual
reactive species in the subsequent conversion to benzylboronic acid V1. This assumption is
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unambiguously supported by the following control experiments. When ethyl diazoacetate (or
phenyl diazomethane) in lieu of its hydrazone precursor is treated with p-methoxyphenyl
boronic acid under the standard reaction conditions, the same product V1 is obtained. Then,
protodeboronation of VI gives rise to the final product VI1. However, the question remained
as to which of two pathways could possibly lead to V1 starting from I1. The diazo compound
I could react with boronic acid through intermediate 111 to give VI (top pathway, Scheme
23). This one is a commonly accepted mechanistic route via 1,2-aryl migration.
Alternatively, carbene IV might be generated from |1 followed by insertion into the C-B
bond of the boronic acid forming zwitterion V, which could also result in VI (bottom
pathway, Scheme 23).

A similar study involving the C-C bond formation between diazo compounds with
arylboroxines was disclosed by Wang and co-workers.[3%] The addition of diisopropylamine
was needed to neutralize the reaction milieu, thus preventing decomposition of the diazo
substrates. The diazocarbonyl substrates ranged from diazoesters to diazoamides and
diazoketones (Scheme 24). The substituents on the arylboroxines could be electron-rich or -
deficient. A mechanistic pathway initiated by nucleophilic attack of the diazo carbon upon
the boroxine, consistent with the one shown in the top of Scheme 23, was suggested.

Based on a similar mechanism as above, a stepwise reaction of boronate esters with
diazocarbonyl compounds was developed (Scheme 25).[40] Dimethyl boronate ester was first
converted into CF3-substituted borate | by treatment with TMSCF3 and KF. Salt | was then
converted to the corresponding borane |1, thus enhancing its electrophilicity towards
diazocarbonyls. The subsequent addition gave rise to enol ether intermediate 111 which
could be either quenched by a proton or trapped with an imine.

As shown in Scheme 25, the a-diazocarbonyl, generated in situ as a consequence of the 1,2-
aryl migration, suffers deboronation via formation of a boron enolate intermediate. On the
other hand, one might anticipate that retention of the boron at the a-position would be even
more useful as it could be further applied in C-C bond formation or other functionalizations.

This aim was achieved very recently by Molander and co-workers with the use of
trifluorodiazoethane.[1] Trifluorodiazoethane was prepared in situ from the corresponding
ammonium salt. It reacted with arylboronic acids, leading to the a-trifluoromethylated
pinacol boronates after quenching the reaction mixture with pinacol. Although detectable
by H NMR, the products were unstable and prone to oxidation during purification. The use
of aryltrifluoroborates rendered the process practical as the corresponding products were
now more stable. Treatment with TMSCI or p-tolyISiCls as fluorophiles converted
aryltrifluoroborates into dihaloboranes, which were highly reactive towards
trifluorodiazoethane. As shown in Scheme 26, the reaction gave the isolable a-
trifluoromethylated organoboronates in good yields. Both electron-rich and -deficient
substituents were compatible. Heterocyclic substrates likewise proceeded smoothly without
affecting the reaction efficiency. Significantly, the a-trifluoromethylated organoboronates
proved to be extremely useful building blocks for incorporating the CF3 unit at sp3-carbons.
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Kusama and co-workers described a photochemical-promoted transition-metal-free C-C
bond formation between acylsilanes with arylboronic esters to afford ketones at room
temperature.[42] The reaction was irradiated by a 500-W super high-pressure Hg lamp. The
authors hypothesized a carbene-involved pathway. Acylsilane | undergoes a photo-induced
1,2-silyl shift to generate siloxycarbene 11, which is able to insert into the C-B bond of the
boronic ester. The resultant intermediate |11 then undergoes 1,2-migration of R3 to form
boronate 1V. Quenching using an acidic medium releases the corresponding ketone V
(Scheme 27).

Conclusions from optimization of reaction parameters: a) the nonpolar solvent hexane gave
a better outcome than other common solvents; b) TMS-containing substrates are ideal; c)
conversions using neopentyl glycol ester boronates are faster than other boronates; and d)
the chemical yield was further improved by addition of 4A molecular sieves. A wide range
of acylsilanes and boronic esters were compatible in the transformation (Scheme 28). Apart
from many applications with diazo compounds, this was a rare example in which acylsilanes
were efficiently applied in a transition-metal-free C-C bond-formation reaction.

5 Carbon-Halogen (F, Cl, Br, I) Bond Formation

Aryl halides are ubiquitous and have been extensively employed as versatile synthetic
precursors for the formation of carbon-carbon and carbon-heteroatom bonds.[43] Thus, the
chemo-/regio-selective introduction of aryl-halogen bonds into complex polyfunctional
molecules is an important and still challenging subject.

The transition-metal-free ipso-fluorination of arylboronic acids and derivatives was initiated
by Widdowson and co-workers.[44] Cesium fluoroxysulphate (CsSO4F, abbreviated as CFS)
was employed as fluorinating agent. In the reaction, boronic acids were firstly transformed
into their diethanolamine esters as the latter were more stable and generally gave slightly
better yields than the former. Then, treatment of the boronate esters with CFS generated aryl
fluorides in low to moderate yields (Scheme 29). Electron-deficient substrates resulted in
low yields in this electrophilic fluorination. Catalytic amounts of 1,3-dinitrobenzene were
added to the reaction to suppress competitive SET or radical reactions. The direct
fluorination of arylboronic acids could also be accomplished using MeOH as solvent.[45]
However, this preliminary research was still limited by low chemical yields and a narrow
substrate scope.

Inspired by the pioneering research on electrophilic fluorination of alkenyl trifluoroborates
from Petasis, Prakash, and Olah,[46] Lemaire and co-workers recently developed the
Selectfluor™-mediated ipso-fluorination of arylboronic acids and trifluoroborates.[47] Using
Selectfluor™ as fluorinating agent, a few arylboronic acids and trifluoroborates were
converted to the corresponding fluoroarenes in moderate to good yields at room temperature
(Scheme 30). Inexplicably, the example with a 3-BnO substituent failed. Moreover, only
electron-rich substrates were tolerated. Accordingly, a broadly applicable transition-metal-
free fluorination of arylboronic acids and derivatives still remains a challenge.

The mild ipso-bromination and iodination of arylboronic acids with N-halosuccinimides
were achieved by Prakash, Petasis, and Olah.[48] In the presence of NIS, a wide range of
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arylboronic acids were transformed into iodoarenes in moderate to good yields (Scheme 31).
Both electron-donating and -withdrawing functional groups were tolerated. Sulfur-
containing heterocycles such as thienyl and benzothienyl boronic acids were also readily
converted to the corresponding products. Similarly, a series of bromoarenes were obtained
from arylboronic acids using NBS. The presence of the strongly deactivating nitro
substituent resulted in low yields for bromination and iodination.

Later, an efficient access to bromoarenes and chloroarenes via ipso-halogenation of
arylboronic acids was disclosed.l49] By use of 1,3-dibromo-5,5-dimethylhydantoin
(DBDMH) as brominating agent and catalytic amounts of sodium methoxide, arylboronic
acids were converted to bromoarenes with excellent yields (Scheme 32). In contrast to the
above example, nitro-substituted boronic acid gave a 96% vyield. This protocol was then
applied to the chlorination of arylboronic acids using the analogous 1,3-chloro-5,5-
dimethylhydantoin (DCDMH), although yields were lower and more variable.

The transformation of aryltrifluoroborates into aryl bromides and iodides was accomplished
by Kabalka and Mereddy.[59 The iodinating (or brominating) agent was prepared in situ
from a mixture of chloramine-T and sodium iodide (or sodium bromide). For ipso-
iodination, a variety of aryltrifluoroborates including electron-rich and -deficient substrates
were converted at room temperature, generating iodoarenes in good yields (Scheme 33).
Thienyl and benzothienyl iodides were also obtained. Under similar brominating conditions,
lots of aryl, heteroaryl, alkenyl, and alkynyltrifluoroborates were readily reacted, producing
the corresponding bromides in good yields.

The ipso-bromination of aryltrifluoroborates could also be achieved using
tetrabutylammonium tribromide (TBATB) as the brominating agent.[>1] A variety of
arylbromides were obtained in high yields. Oxygen- and nitrogen-containing heterocyclic
substrates were readily brominated without significant dibromination.

The iodinating conditions, Nal/chloramine-T, can also be applied to the ipso-iodination of
other arylboronic acid derivatives. For instance, aromatic neopentylboronates underwent
iodination to afford the desired aryl iodides in modest yields (Scheme 34).1521 Another
example is the iodination of aryl triolborate, a water-soluble complex of arylboronic acid.[53]
Both electron-rich and -deficient derivatives, as well as heterocyclic substrates led to a series
of iodides in good yields (Scheme 35).

The ipso-chlorination of aryltrifluoroborates was explored by Molander and Cavalcanti.[54]
Several chlorination conditions were competent for the transformation of electron-rich
aryltrifluoroborates to the corresponding chloroarenes. For example, in the presence of
NaOCI or NaCl/chloramine-T, an assortment of chloroarenes was conveniently prepared
from precursors bearing electron-donating groups. However, electron-deficient substrates
failed to work. This problem was solved by utilizing trichloroisocyanuric acid (TCICA) as
chlorinating agent (Scheme 36). Not only electron-rich but - deficient aryltrifluoroborates
were readily converted into chloroarenes in excellent yields. Significantly, a diverse array of
heteroaryl chlorides was obtained under mild conditions through this practical approach.
With pyridyl and benzofuryl trifluoroborates, the reactions gave rise to the dichlorinated
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products. Recently, Mayr and co-workers investigated the kinetics and mechanism of
transition-metal-free electrophilic substitution of heteroaryltrifluroborates.[®%! It was
believed that the BF3K group often directed electrophiles to adjacent or remote position, and
substitutions at CH positions were always faster than ipso-substitutions of the BF3K group.
Hence, in the dichlorination process, the introduction of chlorine via electrophilic
chlorination probably occurred before ipso-chlorination of the BF3K group.

Since the electrophilic halogenating agents were employed in the above transformations,
these reactions likely proceed mechanistically via an electrophilic halogenation pathway.
This transition-metal-free halogenation process is mild and enjoys a broad substrate scope. It
can be envisioned that these processes may be particularly useful for the preparation of
radiolabelled haloarenes, which have found wide applications as research tools in diagnoses
and therapies. For example, 1251 labelled arenes could be easily prepared at the late stage
using commercially available and comparatively inexpensive Nal23].

A transition-metal-free synthesis of diaryliodonium sulfonates from arylboronic acids was
disclosed by Widdowson and co-workers.[56] Treatment of electron-rich arylboronic acids
with Ph1(OAc),-2TfOH in CH,ClI, at room temperature produced a set of diphenyliodonium
triflates in moderate to good yields (Scheme 37). The reaction conditions were not
applicable to electron-deficient substrates and heteroarylboronic acids. However, in an
analogous application of Phl1(OH)(OTs) (Koser’s reagent), heteroarylboronic acids were
efficiently transformed into the corresponding heteroarylphenyliodonium tosylates in useful
yields.

The carbon-sulfur bond could also be constructed via the transition-metal-free sulfuration of
phenyltrifluoroborate.5371 In the presence of S,Cl, or (PhSO,),S, phenylsulfide or
phenyldisulfide were formed, respectively, in high chemical yields (Scheme 38). Although
only phenyltrifluoroborate was studied therein, this study shed light on the concept of
building C-S bonds through transition-metal-free ipso-sulfuration of arylboronic acids and
derivatives. This patently underexploited field warrants further investigation.

6. Conclusion

Organoboron compounds have been widely used as synthetic intermediates in fields ranging
from organic and pharmaceutical chemistry to materials science. Despite the dominance of
transition-metal-mediated cross-coupling reactions, recent years have witnessed
considerable progress in transition-metal-free transformations of arylboronic acids and their
derivatives for the construction of C-C, C-N, C-O and many other chemical bonds. As a
consequence, a vast number of useful products were afforded, some for the first time. The
current review summarizes the recent developments in this area, especially the production of
phenols (C-O bond), anilines (C-N bond), nitroarenes (C-N bond) and haloarenes (C-F, C-
Cl, C-Br, C-1 bond). In addition, reactions involving C-C bond and C-S bond formation
were also briefly discussed. Amongst these works, many versatile reagents have been
developed and a lot of practical approaches validated.
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transition-metal-free processes possess many advantages including the avoidance of metals,
thus obviating metal-contamination of the reaction products and the environment, and good
tolerance of functional groups which are otherwise incompatible with transition metals.
Further significant endeavors, such as applications in the synthesis of more complex
molecules, should be anticipated.
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X = nucleophilic moiety

LG = leaving group ate complex

Scheme 1.
General Pathway for Transition-Metal-Free Functionalization of Organoboronic Acids.
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Scheme 2.
Hydroxylation of Arylboronic Acids by Oxone®.

Adv Synth Catal. Author manuscript; available in PMC 2015 August 11.

Page 16



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhu and Falck

I N B(OH)2 H202 (1.0 equiv) . I N OH
R—,/ H,O, rt R P
©/B(OH)2 /©/B(OH)2 OZN\©/B(OH)2
MeO
85% 72% 76%
B(OH)» F

0 cl F

63% 71% 60%

Scheme 3.
Hydroxylation of Arylboronic Acids by H,05.
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4-OMe, 4-Cl, 4-F, 4-COMe PVP: 49-91% yield
\ﬁ/\h n

N__o | X
7 -
N
Poly(N-vinylpyrrolidone) PVD Poly(4-vinylpyridine) PVP

Scheme 4.
Hydroxylation of Arylboronic Acids by Solid-H,0O, Complex.
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Scheme 5.
Hydroxylation of Arylboronic Acids by NH,OH.
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Hydroxylation of arylboronic acids:

-0
e
N B(OH),  n-Oxide (1.2 equiv) X OH N
R—L —_ » R—
> CHoCl, 1t \F Me
N-Oxide

Electron-rich groups:
R = 4-Me, 4-'Bu, 4-OMe, 4-SMe, 3,5-Me, Yield: 86-97%

Electron-deficient groups:
R = 4-CN, 4-CF3, 4-NO,, 4-CHO, 4-CO,Me Yield: 83-95%

Halogens:
R =4-F, 4-Br, 4-1, 3-Br, 2-Br Yield: 86-92%

Steric hindered groups:
R = 2-Ph, 2-CN, 2,6-(OMe), Yield: 85-95%

Hydroxylation of heteroarylboronic acids:

MeO” N N '

|
Boc

Boc
92% 7% 92% substrate
U= (U s0me ) =0 ([T D-som.
O (o] S S
74% substrate 63% substrate

Scheme 6.
Hydroxylation of Aryl/Heteroarylboronic Acids by N-Oxide.
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Proposed Mechanism for N-Oxide-mediated Hydroxylation of Arylboronic Acids
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Scheme 8.
Electrochemical Hydroxylation of Arylboronic Acids.
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Cu anode, Cu anode,
N OH 96V vs Ag/AC R S B(OH):2 0.2V vs AgiAgCI R NH;
i 2 YVWAIRAGY o _De VARG | o7
L~ ag ammonia (0.13M), L __ aq ammonia (2.61 M), L
t rt

70-92% yield R = H, 4-CN, 4-Cl, 4-CHO, 4-OMe, 70-86% yield
up to 30:1 (C-O: C-N) 4-SMe, 4-1Bu, 3-NO,, 2,6-Me, up to 21:1 (C-N: C-O)

Scheme 9.
Chemoselective Electrochemical Hydroxylation versus Amination of Arylboronic Acids.
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Preparation of 180-Labelled Phenols.
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Hydroxylation of aryltrifluoroborates:
X BFsK Oxone (1.0 equiv) X OH
R _— R-+
s acetone/H,0, rt O

Electron-rich and neutral groups:
R =H, 4-OMe, 4-Bu, 4-0Bn, 3-OMe,
2-OMe, 2,5-(OMe),, 2,6-Me, Yield: 93-99%

Electron-deficient groups:
R =4-|, 4-Br, 4-Cl, 4-F, 4-CF3, 4-CN,
4-CHO, 4-CO,Me, 3-NO,, 4-COMe Yield: 85-99%

Hydroxylation of heteroaryltrifluoroborates:

o o 9,
» IO )
Cl N F N O OH S OH

\
91% 94% 97% 95%

(0] (0] S S
97% substrate 99% substrate
0] BF3K
Me <Me { ) &o WBFgK
| \ o o
S S
89% substrate 97% substrate

Scheme 11.
Hydroxylation of Aryl/Heteroaryl Trifluoroborates.

Adv Synth Catal. Author manuscript; available in PMC 2015 August 11.

Page 25



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhu and Falck

Rl X BOH): ) xylene
_ —_ >
= RN 140 °C

R'=H
R'=H
R'=H
R'=H
R'=H
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R' = 4-Me
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Scheme 12.

R? = Benzyl

R? = CH3(CH,)sCH,
R2 = Phenyl

R? = 4-MeOCgH,4
R? = 4-MeCgH,4
R? = 4-MeOCgH,
R2 = 2-BrCgH,4
R2 = 4-N0206H4
R? = 4-CICgH,

R? = Benzyl

R? = Benzyl

R? = Benzyl

Amination of Arylboronic Acids with Organic Azides.
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CO,Me, CF3 X =CN, OMe, CI X =0OMe, Me, Br
Yield: 35-99% Yield: 53-91% Yield: 48-98%

Ph— Ph— Ph—
: Oy T
Ph—/ Ph—/ Q Ph—/

O
99% 88% 80%
\\_\ Et\
(=0 ) MO
— Et’
/
81% 65% 50%
- Et Bu  Me
\NA@ Me—( —{Me
’ _N N
H M )
79% 79% 82%

Scheme 13.
Amination of Arylboroxines with O-Benzoyl Hydroxylamine.
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MeONH2 (3 equiv) NH2

R @/ BPIN) ™ BuLi (3 equiv) N
| - |
Z -78-60°C

NH,

| ¢

NH, /©/NH2
Me MeO

83% 84% 87%
MezN Me3Si F3C
89% 80% <5%
Me
NH, Cl Me
ICAN G acall o
Cl Me
48% 29% 74% 71%

Scheme 14.
Primary Amination of Pinacol Boronates with MeONHs.
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o
O:N No, (BPH)

Ar-B(OH Ar-NH
( )2 1.1 equiv 2
NH, NH,

o
82% 84% 61% 80%
oo Q 2

62% 80% 72% 42%
MeO,C : C” i /C /::
51% 78% 88% 82%
POANGARL SN o
83% 60% 54% 66%
56% 54% 66%

Scheme 15.
Primary Amination of Arylboronic Acids with DPH.
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- B(OH),  NHgNO; + (CF3C0),0 - NO2 NO,
| | AN
% CH4CN, -35 °C = L

NO,

R =H, 4-OMe, 4-Cl, 4-Br, 52-78%
4-F, 3-Br, 3-F by-product

Scheme 16.
Nitration of Arylboronic Acids by Crivello’s Reagent.
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HO_ OH SI(CHs)s

‘\ SI(CH3 © ‘\\

Scheme 17.
Proposed Mechanism for Nitration of Arylboronic Acids.
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NH4NO; or AGNO
@/B(OH)Z 4(2.23equi\S/;) ’ -
R _ TMSCI (2.2 equiv)
DCM, rt
R=H AgNO3
R=4-F NH4NO3
R =4-Cl NH4NO,
R =4-Br NH4NO,
R = 4-CH,Br NH4NO3
R =3-Cl AgNO;
R =3-Br AgNO;
R= 3-N02 AgN03
R= 3-CF3 AgN03

Scheme 18.
Nitration of Arylboronic Acids by TMSCI/Nitrate Salts.
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A BOH2  1BLONO (10 equiv) A NO2
R = Ry
= dioxane, 80 °C, air =

Ph Me MeO

87% 56% 68% 62%
NO»
(I o
76% 75% 57%
E Br OHC
85% 73% 45%

Scheme 19.
Nitration of Arylboronic Acid with tert-Butyl Nitrite.
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Nitration of arylboronic acids:

Bi(NO3)55H,0 (1.0 equiv)
N B(OH), K»S,0g (0.5 equiv) N NO,
Lz toluene or benzene Lz

70 0r 80°C

Electron-rich and neutral groups:
R =H, 4-Ph, 4-OMe, 4-OTBS, 4-Bu, 4-Me, 3-Me,
2-Me, 2-OPh, 2-OBn, 3,4-(OMe),, 2,6-Me, Yield: 63-97%

Electron-deficient groups:
R = 4-F, 4-Cl, 4-CO,Me, 4-COMe Yield: 54-81%

Nitration of heteroarylboronic acids:

() £ S
® ® )
NO, NO, N

] S
83% 86% 35%

Scheme 20.

Nitration of Aryl/Heteroaryl Boronic Acids with Bismuth Nitrate and Perdisulfate.
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Nitrosation of aryltrifluoroborates:

B NoBF, (1.03 equiv) O
R R
= CHLCN, rt =

Electron-rich groups:
R = 4-OMe, 4-'Bu, 4-OBn, 3-OMe, 4-Ph,
2,4-OMe,, 2,4,6-Me;, 3,5-Pr, Yield: 88-95%

Electron-deficient groups:
R = 4-1, 4-Br, 4-Cl, 2,5-F,, 4-CN, 3-COMe
4-CHO, 3-CHO, 2-CHO, 4-CO,Me,
3-CO,Me, 3-OMe-5-CF Yield: 79-96%

Nitrosation of heteroaryltrifluoroborates:

85% 80% 81% 73%

N~ VO OMe NO NO

X o S

= N | X
(NN P& MeO” N7 oM
o

o/ MeO” N € € N

76% 82% 72% 62%

Scheme 21.
Nitrosation of Aryl/Heteroaryl Trifluoro-borates with NOBF4
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NNHTs KzCOg H Ar
+  Ar-B(OH), _—
R1 R2 dioxane R!” "R2
110 °C
R' = aryl, heteroaryl, alkyl Yield: 51-99%
R? = Me, Et, H

Ar= 4-'\/'6()C6H47 4-EtC6H4, “--BT'CGH47
3-CHOC6H4, 3-MeCOC6H4, 3-MeCOZCGH4,
3-NH,CgHj, 4-Pyridyl

Scheme 22.
C-C bond formation between Tosylhydrazones and Arylboronic Acids.
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N
N
RZ,.‘},\\OH
R3—B(Oy i’ LB~oH N
R3 2
il 1 R'
NNHTs B N2 Rﬁ\\\B(po H
—_ -
R1 RZ -Ts R’I R2 R2 R3 R2 R3
! I \ / vi Vil
.N2
R1
| R&B(OH), . _ OH
[R1/\R2] —_— -
Rz A B~oH
R3
v v

Scheme 23.
Possible Mechanistic Pathways for C-C bond formation between Tosylhydrazones with

Boronic Acids.
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O , 0
R1 'ProNH R
\H)LRZ + (ArBO);3 -z . R2
N, DCE Ar”H
60 or 100 °C

R1 = aryl, aIkyI, H Yield: 56-96%

R? = OMe, OEt, N'Pr,, aryl
Ar = 4-MeCgH,, 3-MeCgH,, 3-CICgH,, 3-NO,CgHy,
3-CHOCgH,, 4-CHOCgH,, 1-Naph

Scheme 24.
C-C bond formation between Diazocarbonyl Compounds and Arylboroxines.
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O +

N2 3
+ solvent
K /O'V'e TMSCI | Z\AOEt MeO_ )_/<

Ar—B/O —_— Ar—B/ONIe -B OEt | —
solvent FaC
CF3 CF3 Ar

0
H* Ar
> EtO)K/

MeQ, MeO\B,CFg,
B L . PMP
FsC o) N~
< N O NHPMP
A’ OEt AN Pl
OEt R EO .

mn Ar

Scheme 25.
Stepwise Reaction of Arylboronate Esters and Diazocarbonyl Compounds.
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1) ArBF3K (1 equiv),
TMSCI or p-tolyISiCly

E T NHAC NaNO,, 0 °C [ . C&N (1.1 equiv) BF 3K
3 *¥ DCE/H0(10:1) | ° 2| 2)KHF, (3 equiv) Ar” > CF,
2 equiv
BFsK  R=OMe 71% BFsK R=CN 70%
F o 72% R cl 1%
CF3 CF; 83% CF3
Ph  65%
R vinyl 89%
BF3K BFaK BF3K BFsK
CF3 (/j@)\CFa (/f(:ﬁ ©)\CF3
N s 0
Me
88% 90% 72% 86%

Scheme 26.
Synthesis of Stable a-Trifluoromethylated Organoboronates.
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¢]
!
\B~0 "OSIR2 OSIR?
i ﬂ'FU/N\OSiH R? . ‘\)J\'/S —’R14\ ’8 L )Ok
R'” OSIRZ, (QSIHR% R1R§,B\O) R3 B\O) R1” OR3
I I I v v

Scheme 27.
Postulated Mechanism for C-C bond formation between Acylsilanes with Boronic Esters.
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T o
+ _ -
R” >TMS ' MS 4A
hexane

rt
R = aryl, heteroaryl, alkyl, alkenyl

HCI 0
THF R)J\Ar
rt

Yield: 41-93%

Ar = Ph, 4-CICgH,, 4-BrCgH,, 4-1CgH,, 4-CF3CgH,,

4--CHOC6H4_7 4-N0206H4, 4--'\/|eCOC6H47
4-'BuCgH,, 4-MeOCgH,, 2-MeOCgH,

Scheme 28.
Photocatalytic C-C bond formation between Acylsilanes and
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o X BOH):2 (HOCH,CH,),NMe
- toluene

R = 4-Br
R = 4-Ph

R = 4-OMe
R = 3-NO,
R=24-Cl,

Scheme 29.
Fluorination of Arylboronic Acids with CFS.
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ArB(OH), -N/\CI
rt
or + -
N 2BF ArfF
ArBF K [/@J 4 MeCN
B(OH), BF3K
DOROGN
90% 79% 75% 53%
/@/B(OH)Z @[B(OH)Z BnO B(OH),
BnO OBn \©/
100% 67% 0%

Scheme 30.
Fluorination of Arylboronic Acids and Trifluoroborates with Selectfluor™,
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Br
N NBS N BOHE s X!
R “cncon RU —ch.cn. RT
¥z CH5;CN = CH;CN L
Bromination of arylboronic acids:

R =H, 4-Cl, 4-Br, 4-OMe, 3-Cl, 3-Br, 3-NO, Yield: 19-82%

lodination of arylboronic acids:

Electron-rich and neutral groups:
R =H, 4-OMe, 3-OMe, 2-OMe, 2-Me, 2,6-(OMe),, 4-vinyl  Yield: 46-90%

Electron-deficient groups:

R = 4-Br, 4-Cl, 4-CHO, 3-Br, 3-Cl, 3-NO, Yield: 25-94%
|
o, O D
s~ S S
72% 71% 83%
Scheme 31.

Bromination and lodination of Arylboronic Acids with NBS and NIS.
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O O

\HN—Br \HN—Cl
/N\\< /N\\<
N Br Br N N B(CH), Cl N N cl
R—- -~ R -~ » R-L
2 NaOMe, 2 NaOMe, R =
CH3CN CHsCN
99% R=H 73%
98% R=2-F 88%
99% R = 2-Me 97%
77% R = 2-OMe 18%
95% R = 3-COMe 79%
99% R = 4-COMe 55%
96% R =3-NO, 43%

Scheme 32.
Bromination and Chlorination of Arylboronic Acids with DBDMH and DCDMH.
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NaBr

B BFsK
R@/ " Chloramine-T R—'(j/ 3
A THRIH0 (1) s

rt

Bromination of aryltrifluoroborates:
R =H, 4-Cl, 4-Br, 4-OMe, 2-Me, 2,6-Me;

lodination of aryltrifluoroborates:

Electron-rich and neutral groups:
R =H, 4-OMe, 4-Me, 2-Me, 2,6-Me,

Electron-deficient groups:
R = 4-Br, 4-Cl, 2,6-F5, 3-NO,, 4-COMe

Br

65% 83%

Scheme 33.

Nal

Chloramine-T

THF/ Hy0 (1:1)
rt

72%

x|

Yield: 72-87%

Yield: 84-94%

Yield: 54-87%

Bromination and lodination of Aryltrifluoroborates with Chloramine-T.
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Nal

@‘B/OX Chloramine-T _
R =/ 1 THF/ Hrzto 11) R
R=H
R =4-OMe
R =4-Me
R =4-COMe
R= 3-C02Me
R =3-NO;

Scheme 34.
lodination of Aryl Neopentylboronates.
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Nal

o) .
Ar—E Chloramine-T Arl
| ‘003 THF/ H,0 (1:1)
K rt
o O o O
MeO Me Ph
75% 89% 85% 80%
| |
NC MeO,C ©/
68% 64% 52%
|
Cr, Co OO
Me o} S
80% 68% 72%

Scheme 35.
lodination of Aryltriolbororate Complex.
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Chlorination of aryltrifluoroborates:

xyBFK TCicA (0.33 or 1.0 equiv) e cl
P EtOAc/ H,0, rt L~

Electron-rich groups:
R = 4-OMe, 4-'Bu, 4-OBn, 4-Ph, 2-OBn,
2-CHO-4-OBn Yield: 81-98%

R

Electron-deficient groups:
R =4-Cl, 4-Br, 4-CO,Me, 4-COMe, 3-NO,,
3-CO,Me, 3-CONHjy, 2-F-5-CHO Yield: 80-92%

Chlorination of heteroaryltrifluoroborates:

o, OO (o)

95% 80% substrate

OMe N N N
o8 S ol BOCO*?I O*?j

MeO™ N
91% 89% 95% 90%
Cl
cl ~Cl - BF3K N
| | Ng BF:K
~ ~
Me,N” N Me,N” N o (Y
88% substrate 86% substrate

91% substrate

Scheme 36.
Chlorination of Aryl/Heteroaryl Trifluoroborates.
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PhI(OAG), - 2 TFOH ‘-
Ar-B(OH), W Ar(Ph)l OTf
@L J@ L0 0L
“OTf ~OTf
92% 97% 79%
_OTf 7OTS
86% 74% 47%

PhI(OH)(OTs)

HetAr-B(OH), HetAr(Ph)l . OTs

CH,Cly, rt
’OTs ‘OTs
90% 88% 74%
foj\\ T/@ S@\T/@ O@\T@
N N "OHTs
85% 46% 70%

Scheme 37.
Synthesis of Diaryliodonium Sulfonates from Arylboronic Acids.
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BF3K SxCl,
@ DMF, 130 °C

BF3K (PhSOz)ZS S
©/ DMF, 130 °C ©/ \©

Scheme 38.
Sulfuration of Phenyltrifluoroborate.
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