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Diaryl hypervalent bromanes and chloranes: synthesis, structures

and reactivities

Matteo Lanzi,®* Joanna Wencel-Delord *°*

In the field of modern organic chemistry, hypervalent compounds have become indispensable tools for synthetic chemists,

finding widespread applications in both academic research and industrial settings. While iodine-based reagents have

historically dominated this research field, recent focus has shifted to the potent yet relatively unexplored chemistry of diaryl

A3-bromanes and -chloranes. Despite their unique reactivities, the progress in their development and application within

organic synthesis has been hampered by the absence of straightforward, reliable, and widely applicable preparative

methods. However, recent investigations have uncovered innovative approaches and novel reactivity patterns associated

with these specialized compounds. These discoveries suggest that we have only begun to tap into their potential, implying

that there is much more to be explored in this captivating area of chemistry.

Introduction

Although the octet rule is a fundamental principle in chemistry,
certain main group elements (Groups 13-18) are prone to
violate the Lewis octet rule by accommodating more than eight
electrons in their valence shell, thus reaching the hypervalent
state. 173 Accordingly, hypervalent molecules exhibit a three-
centred—four-electron (3c—4e) bonding and show a peculiar T-
shape structure as result of a pseudo-Jahn—Teller effect (Figure
1). 45

Figure 1: Halogens based hypervalent molecules feature a 3c—4e bonding
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Such a unique electronic structure of the hypervalent
compounds translates into unusual reactivity, as breaking of X-
L bond results particularly easily. Therefore, the hypervalent
elements may be considered as an extremely powerful leaving
group for example. Besides, the reactivity behaviour of
hypervalent compounds shares numerous similarities with the
reactivity of transition metals. © Indeed, reactions involving
hypervalent iodine reagents are frequently analysed using
concepts such as oxidative addition, ligand exchange, reductive
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elimination, and ligand coupling, all of which are characteristic
features of transition metal chemistry. 7.8

In contemporary organic chemistry, hypervalent compounds
have become essential tools for synthetic chemists, finding
applications in both academia and industry. 210 These
compounds play pivotal roles as oxidants, electrophiles, and
initiators of radical reactions. 112 Among the hypervalent
reagents, iodanes have received extensive attention, due to
their simple synthesis, stability, commercial availability and
diversity of applications. 13-15 In marked contrast and despite
their higher nucleofugality, ionization potential and stronger
electrophilicity the chemistry of hypervalent bromanes and
chloranes have not been thoroughly explored for several
decades (Figure 2). 16-18 Primary reason that hampered their
diffusion lies in the lack of simple, general, and efficient
synthetic methods to access these compounds, as a
consequence of the innate greater ionization potential and
therefore challenging oxidation. 1920 Consequently, despite
their possible increased and complemental reactivity with
respect to the iodine congeners, their applications remain
largely unexplored 421

Figure 2: Halogens periodic table properties
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Pivotal contributions by Ochiai, Miyamoto, and Uchiyama have
significantly influenced the development of these areas, thus
revealing and advancing with the synthesis 2223 and the unique
reactivity of hypervalent bromanes and chloranes as oxidant 24-
27 arylating agent 22 and as metal-free aminating agent of
aliphatic alkanes and alkenes. 29:30

Although numerous reviews have been published discussing
various aspects of the chemistry of hypervalent A3- and A5-
iodanes, 610213132 grticles summarizing other hypervalent
compounds are rare. 16-20

We aim to contribute to this field with the following review
focusing our attention on the most recent development in the
fields of diaryl A3-hypervalent bromanes and chloranes.
Particular attention will be focused on the synthesis, structural
characterization, and their complemental reactivity, with the
intent of providing the readers with a complete overview of this
interesting and yet unexplored field.

Synthesis of hypervalent diaryl bromanes and chloranes

Firstly reported by Sandin and Hay in 1952, cyclic hypervalent
bromanes and chloranes have been obtained via in situ
formation and thermal decomposition of the corresponding
diazonium salts with sodium nitrite in boiling HClI aqueous
solution (Scheme 1). 33 Despite the interesting stability of the
cyclic diaryl bromanes 2 and chloranes 4, harsh reaction
conditions and the low vyields did not
investigations of this field.

incite further

Scheme 1: Sandin and Hay 1952
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A few years later, Less and Heaney succeeded in preparing
tetrafluoroborate (BFs’) and hexafluorophosphate (PF¢’) salts of
2 in high yield, by directly engaging corresponding 2,2’-halo
diazonium salts as the starting material. The thermal
decomposition yielded the corresponding cyclic A3-bromanes
and chloranes in excellent isolated yields (Scheme 2). 34

Scheme 2: Less and Heaney 1968
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In clear contrast, the synthesis of acyclic A3-bromanes 6 and
chloranes 7 turned out to be more challenging. The thermal
decomposition strategy using diazonium salt 7 in presence of an
excess of aryl bromide, studied in 1957 by Nesmeyanov and
Tolstaya, delivered the expected diaryl A3-bromanes 8 and 9
and chloranes 10, albeit only in low yields and with particular
counter anions (Scheme 3 Cond. A). 3536 |n order to improve the
stability of Br(lll) and CI(lll) products, Olah and co-workers have
also exploited such strategy using the tetraphenylborate (Ph4B-
) as counter anion (Scheme 3 Cond. B). 37

Scheme 3: Synthesis of diaryl A3-bromanes and chloranes
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A straightforward and simple approach for the synthesis of 2,
remains the direct oxidation of 15 or 16, although reports have
been presented in literature announcing moderate yields, the
need for strong oxidants and acid conditions, clearly hampered
its application for a synthesis of a diversified library of
hypervalent compounds (Scheme 4).38

Scheme 4: Direct oxidation of 15 and 16
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A remarkable progression of this field of chemistry took place
when Nesmeyanov and his team devised a more versatile
method to access the diaryl A3-bromanes (Scheme 5a) involving
use of the inorganic hypervalent bromide, bromine trifluoride,
(BrFs). 392 Although, corrosive, toxic and highly reactive liquid, it
easily undergoes double ligand exchange on the bromine center
when reacted with tetraarylstannane (ArsSn) or diarylmercury
(AraHg) compounds in the presence of BF3 OEts,.
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Such strategy was then also extended to simple aryl and aryl
silanes respectively by Nesmeyanov and by Frohn groups, 40-45
delivering also the difluoro aryl A3-bromane (ArBrF;), known as
Frohn’s reagent, a widely used precursor for highly adorned
hypervalent bromanes. 46:47

The first X-ray structure of a diaryl hypervalent bromane was
reported in 1974 by Tolstaya and co-workers for the compound
17 and subsequently corroborated in 1996 by Frohn and co-
workers. 4248 The analysis of the crystal structure shows a C-Br-
C angle between 98.08 — 97.79° and Br-F distance of 2.79(6) A,
distinctive for a 3-center 4-electron bond T-shape (Figure 3).

Figure 3: X-ray structure of 17

Taking advantages from this procedure, Grushin and co-workers
have explored the synthesis of peculiar hypervalent bromanes
and chloranes compounds bearing a unique 3D-aromatic 49-51
carboranes structures. (Scheme 5a). 5254 To access the
bromonium derivative, the closo-carboranes were introduced
via double ligand exchange using its mercury precursor and
BrFs. The presence of Lewis acid influences the outcome of the
reaction leading to the difluro carborane or to the biscarborane
bromonium salts. A subsequent ligand exchange from the
difluoro carborane bromane, using the simple arene as solvent,
provides the diaryl A3-bromanes 19 — 21 in moderate to low
yields (Scheme 5b). On the other hand, chloronium compounds
were obtained in low yields following the diazonium salt
thermal decomposition in the presence of the closo-carborane
chloride (Scheme 5c).

Scheme 5: Nesmeyanov, Tolstaya and Grushin preparation of hypervalent A3-bromanes
and chloranes
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While the use of highly reactive and corrosive reagents such as
BrFs warrants high yielding reactions, this strategy suffers from
three major drawbacks, 1) is not applicable for the preparation
of a large library of products due to the strong acidic conditions;
2) highly limited availability of BrFs (not commercially available
or difficult to purchase); and finally, 3) aryl compounds, such as
ArzHg and Ar,Sn are toxic.

In 2021, Miyamoto, Uchiyama and Ochiai have also contributed
to the chemistry of diaryl hypervalent bromanes making use of
Frohn’s reagent (25) 5> as a pivotal platform for various
bromanes structures. 56 Following a multistep synthetic
approach involving an imino-A3-bromane 3057 the unique
diphenyl A3-bromane 28 was obtained in excellent yield via
ligand exchange with phenyl stannate (Scheme 6).

Scheme 6: Miyamoto, Uchiyama and Ochiai synthesis of diaryl A3-bromane 28
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The X-ray structure analysis of the hypervalent bromanes 28
disclosed a peculiar and yet interesting interaction within the
Br(lll) and the carbonyl oxygen, while a comparable C-Br-C angle
is observed if compared with the Ph,BrOTf structures (Figure 4).
Electrochemistry has nowadays ushered fresh opportunities
for organic synthesis, emerging as an innovative and eco-
friendly platform with promising sustainability prospects for the
future. 38 In this context, electrochemical synthesis of
hypervalent iodanes, using electric power as the cheapest, the
most environmentally benign and sustainable oxidant, has been
largely investigated. 5962 Recently, Francke, Suna and co-
workers have reported the synthesis of the
dialkoxyarylbrominane Martin’s reagent 63,64 via
electrochemical oxidation of aryl bromine. 6566

Figure 4: X-ray structure of 28

e C1-Br7-C8 99.91°
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More recently, Suna and co-workers have also disclosed a
methodology toward the electrochemical preparation of 29 as
precursor for the synthesis of a wide range of hypervalent
bromane, such as the peculiar diaryl A3-bromanes 30 67 (Scheme
7).

Scheme 7: Suna synthesis of diaryl A3-bromane 30
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Interestingly, the analysis of the crystal structure of 30 revealed
a smaller C-Br-C angle (97.79°) compared to the anionic analog
28, designing a diaryl semi-perpendicular structure (Figure 5).

Figure 5: X-ray structure of 30
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In 2019, Miyamoto, Uchiyama and co-workers uncovered the
first simple and high yielding approach for the preparation of
diaryl A3-hypervalent chloranes (Scheme 8). 28 The previously
described thermal decomposition of the diazonium salts
strategy has been used by the authors, although, the
introduction of the mesityl moiety and the bulky counter ion,
[B(CsFs)a] enabled to reach high yields. The unprecedent mild
conditions, as room temperature, allowed to isolate and
characterize a series bench stable CI(l1l) compounds and scaled
up the synthesis up to 1 mmol. Interesting, the author also
extended the method to the synthesis of the corresponding A3-
iodane and bromane compounds. The X-Ray analysis of such a
rare diaryl A3-hypervalent chloranes 36 revealed a hybrid nature
of the C-CI-C bonds (Figure 6). %8 Indeed, the angle between
C27-Cl1-C37 resulted 107.30° indicating a partial distortion from
the 3-center-4-electron bond, although the media distance
within the CI1 and the fluorine atoms (3.075 A) of the [B(CeFs)a]
resulted in line with a hypervalent structure compound.

Scheme 8: Diaryl A3-halogens form Miyamoto, Uchiyama 2019
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Recently McCormick, Stuart, Valente and co-workers have analysed
the influence of the AOs in the composition of the MOs of the diaryl
halonium salts and their related effect on the compound’s structure.
2 The characteristic 3c-4e bond and T-shape structure is dictated by
the MOs of the compounds, and iodonium salts are correctly
described as p-AO based. However, a contribution of the s- and p- AO
has been identified for the other halogens. (Scheme 9). A larger
contribution of s-AO with respect to the p- induces a larger L-X-L
angle as observed moving from the I(lll) to the CI(lll). Moreover,
ligands and the identity of the counter anion also influence the
structure of the diaryl halonium salts; less coordinating counter
anions such as BF; and PFg induce a higher s-character thus
influencing the bond angle.

Figure 6: X-ray structure of 36

! C27-CI-C37 | 107.90°

The beginning of this decade was clearly marked by a regain of
interest in the chemistry of rare halocompounds. Yoshida and co-
workers prepared, although in quite low yields, a few examples of
cyclic diaryl A3-bromane compounds (Scheme 10) by treating the 1-
bromo, 1’-amino biaryls with HCI, NaNO; and urea. 62

Scheme 9: Structure and orbitals correlation

X I Br Cl
O~
a a 91.0° 944° 106.4°
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To further improve the efficiency of this reaction, a laborious counter
ion exchange enables the preparation of the desired bromonium
salts 38. Note to worth, counter ion exchange enhanced the
bromonium salt stability towards the decomposition, especially in
the case of the bulky BArF.

Scheme 10: Cyclic diaryl A3-bromanes Yoshida 2021
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In 2021, our group disclosed a simple and high yielding approach to
prepare cyclic diaryl A3-bromanes (Scheme 11). 7° Inspired by the
previously described formation of the diazonium precursors, our
method introduces the use of an organic oxidant, namely tert-butyl
nitrite (TBN) allowing a crucial improvement to the reaction
conditions and outcome. Indeed, milder reaction conditions were
discovered, only 2 equivalents of oxidant and Brgnsted acid were
required to achieve high yields for a large family of bench, air, and
moisture stable products. These new compounds can be stored at
room temperature for months without erosion or alteration of their
chemical properties.

Scheme 11: Cyclc diaryl A3-bromanes Wencel-Delord 2021
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Subsequently, Yoshida and co-workers, taking into account the use
of TBN as oxidant, reported the preparation of the first chiral A3-
bromane salts (Scheme 12). 7t Although, similar reaction conditions
were used, only low yields were reported, presumably due to the
higher molecular complexity of the substrates and the presence of
an oxidable amino group. The method could be further extended to
the isoelectroniciodine and chloride compounds. The X-ray structure
analysis of 46 shows the C-Br-C bond angle of 87° and a torsion angle
between the naphthyl moieties of 73° (Figure 7).

Scheme 12: Chiral cyclic diaryl A3-bromanes Yoshida 2021

1. tBUONO (2.2 equiv.)
HBF, aq. (2 equiv.)
EtOH (0.05 M)
0°C,1.5h
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Following a similar retrosynthetic pathway, Yoshida and co-workers
reported the synthesis of chiral cyclic diary halonium salts bearing an
N-nitrosamine moiety (Scheme 13).72 The increment of the organic
oxidant equivalents led the authors to indirectly oxidize the aryl
bromide and simultaneously introduce the N-nitrosamine function,
albeit only low yields were reached.

Figure 7: X-ray structure of 46

C13-Br1-C9 87.07°

C9-C8-C18-C23 73.58°C

Inspired by our first report on the preparation of hypervalent
bromanes, we recently uncovered the synthesis of cyclic diaryl A3-
chloranes (Scheme 14). 73 Such a strategy relies on the use of 1,1'-
chloro(amino)biphenyl 53 and mild reaction conditions for the in situ
formation and thermal degradation of the diazonium salt. Such a
simple and practical synthetic path enabled the preparation of a
plethora of functional new diaryl A3-chloranes (54 — 57) in moderate
to excellent yields (46 — 99%).
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Scheme 13: Chiral cyclic diaryl A3-halogens Yoshida 2023
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50, 5% 51, 9% 52, 9%

Particularly interesting, varied functional moieties that encompass
electron donating and withdrawing groups, like methoxy 54 and
methyl esters 56 as well as fluoro-contain groups, were well
tolerated under these conditions. Additionally, the procedure
resulted scalable and robust allowing the synthesis of such elusive

structure on grams scale.

Scheme 14: Cyclc diaryl A3-chloranes Wencel-Delord 2023
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The crystallographic information pertaining to the CI(Il1), Br(lll), and
I(I) unveil an intriguing and distinctive structural pattern (Figure 8).
Not surprisingly, the distance between the carbon and the
hypervalent halogen atom demonstrates an ascending trend in the
sequence CI(IIl) < Br(lll) < I(lll). This progression leads to a notable
expansion of the C-X-C angle, resulting in an almost perfect T-
shaped configuration for the chloranes-based compound (I(l11), 81.9°%;
Br(Ill), 86.9°%; CI(Ill), 92.0°), thus revealing the characteristic three-
centre - four-electron bond structure (3c-4e) of A3-hypervalent
compounds.

Figure 8: X-ray structure of 4-BF,;, 2-OMs and 58
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More recently, Cuenca, Shafir and co-workers have announced the
first examples of hetero di-A3-diarylhalonium structures reporting
the iodine(lll)-bromine(lll) and iodine(lll)-chlorine(lll)  bis-
hypervalent compounds (Scheme 15). 74 The synthetic strategy relies
on a series of peculiar steps, an initial formation of the diaryl
hypervalent iodane 59, followed by a one-pot three consecutive
steps of deprotection, oxidation and cyclization reactions to
generate the second hypervalent species. Despite the moderate
efficiency of this methodology, the originality of the new compounds
60 and 61 opens new perspectives in the field.

Scheme 15: Cyclic diaryl bis A3-halogenum Cuenca and Shafir 2023

TsO"
|+
NHBoc +b
SnBug NHBoc c
O 0 60, 26%
+ 1. TsOH
HFIP X —_ or
TsO—I—OH 0°C 2. tBuNO
X then r.t. TsO"
X =Br 59 Q*F
X=Cl
Br*
TsO"
61, 30%

The X-ray analysis of these rare compounds 60 and 61 revealed a
particularly interesting feature (Figure 9). Indeed, the measured
angles within the aryls carbon and the hypervalent atoms are 89.99°,
93.47° and 98.55° respectively for the C-I-C, C-Br-C and C-CI-C, thus
belonging to the three centers four-electrons bond characteristic
structures of hypervalent compounds and generating an almost pure
perpendicular aryl containing surfaces.
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Figure 9: X-ray structure of 60 and 61
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C6-n-C7 89.99°

Reactivity of non-cyclic diaryl hypervalent bromanes and
chloranes compounds

Although considerably less explored, substantial differences
have been described regarding the chemical properties of
hypervalent A3-bromanes and chloranes compounds with
respect to the corresponding hypervalent iodanes. Herein, we
aim to discuss the reactivity of these uncommon reagents
focusing our attention on their orthogonal chemical behaviour.
Firstly, following the fundamental reactivity of hypervalent
iodanes as arylating agents, the potential of diaryl A3-bromanes
and chloranes compounds in the coupling with a wide range of
heteroatom nucleophiles, including O, N, S, halides, under
gentile reaction conditions is surveyed. 17,1820

Preliminary insightful comparison study between the diaryl A3-
bromane and iodane for the arylation of alkolates was
conducted in 1972, by Lubinkowski and McEwen (Scheme 16a).
75 The reaction with sodium ethoxide led to the phenyl ethyl
ether in only 17% with the iodane compound and an
exceptional 96% vyield with the corresponding bromane,
the the
Subsequently, in 1978, Olah and co-workers extended such
comparative studies focusing on nucleophilic
substitution with NaNO, (Scheme 16b).
proceed smoothly leading to similar yields for the bromanes and

demonstrating superior reactivity of latter.
aromatic

37 The reactions

chloranes compounds while only low conversion was observed
in the case of iodane analog, further corroborating the superior
reactivity of Br(lll) and CI(Ill) derivatives. Moreover, the use of
substituted hypervalent chloranes results in the formation of
the ipso-functionalized nitro compounds as unique product,
thus declaiming the formation of benzyne
(Scheme 16c).
delivers preferentially the functionalization on the more
electron poor aryl moiety, while steric effect of a methyl in 2-

intermediate
The nitration of a unsymmetric chloranes

position destabilized the C-Cl bond thus resulting in more prone
toward the nucleophilic substitution (Scheme 16d), analogous
results were also obtained for the reaction of Br(lll).

Scheme 16: Reactivity of diaryl A3-bromanes and chloranes
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acetone/water (5:1) +
67 reflux, 2 h
Me only ipso-funtionalization Me Me
68 69
Me
N NO,
NaNO, (1 equiv.) Me
- +
acetone/water (5:1)
reflux, 2 h
70 Me
Me 7 72
13.5 : 1
Further investigation on the complemental activity of

hypervalent compounds was carried out by investigating their
reactivity versus rhodanide and benzenesulfinate anions in
biphasic media (Scheme 17). 76 The enhanced reactivity is
revealed while considering the reaction time, whilst high yields
of 73-78 were obtained in all of cases, the Br(lll) and CI(lll) led

to the desired product in considerably reduced reaction time.

Scheme 17: Reactivity of diaryl bis A3-halogens with rhodanide and benzenesulfinate

SCN
- 73, X =1,10 h, 95%
NaSCN (5 equiv.) 74, X = Br, 30 min, 95%
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PhSO,Na (5 equiv.) ;? i(( = IIB 6‘; E 5_;32?
» =br, N o
CHClg/H,0 (1:1) 78,X=Cl.5h. 68%
20°C

In 1990, Grushin and co-workers investigated the reactivity of
the peculiar compounds
towards the various nucleophiles (Scheme 18a). 77.78 Fascinating
discoveries have shown that two competitive reaction
pathways can be envisioned: a nucleophilic
substitution (SNas) or a single electron reduction (SET). In the
reaction of aryl(m-carboran-9-yl)halonium compounds with

aryl(m-carboran-9-yl)halonium

aromatic

sodium azide only the nucleophilic substitution pathway can be
awaited, and the formation of a mixture of different products
A+A’ and B+B’ clearly indicates how the nature of the onium
halogen atom can influence the SNar reactivity. For instance,
nucleophilic substitution occurred in the presence of azide
anion and led to the formation of the products A in 99%, 95%
and 65% respectively for I(111), Br(lll) and CI(lll) (Scheme 18b).
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Interestingly, the chemoselectivity decreases moving from the
iodane to the chlorane with concomitant formation of the
product B.

Scheme 18: Reactivity of phenyl(m-carboran-9-yl)haloges compounds with various

nucleophiles
a)

Y-+x Nu X Nu X

g Nu @ J: f

+ + +
A A B B’
Nu =Nz, NO,", OH", F, Py, PPh3

N
X 1 A+A B+B'!
NaNg 179, X =1 99 0
1 80, X =Br 95 5 |
1 81,X=Cl 65 35 |

On the other hand, aryl(m-carboran-9-yl)halonium compounds
react with PPhs via a radical pathway, thus visible light initiated
reaction of I(Ill) and Br(lll) proceeds smoothly delivering
PPh4BF, respectively in 7.5 and 10 hours (Scheme 19). On the
contrary, chlorane compounds required 38 hours and higher
energetic light (UV light). The SET reduction step initiate the
reaction, and the relative rate followed the
1(1N)>Br(111)>CI(1ll) as a result of the decrement of the positive
charge on the halogen atom.

series:

Scheme 19: Reactions of Phenyl(m-carboran-9-yl)halogens tetrafluoroborates with
PPh;

Yig X :' time Yields 3
PhP* ! ;
_PPhs BFY i x=1 75 82 Visblelight :
+ P X=Br 10 95  Visible light
CyBioHy-X | X=Cl 38 95 UVlight

{

Hypervalent chloranes have also been found active in transition
metal-catalysed transformations, as described by Miyamoto,
Uchiyama and co-workers in 2019 (Scheme 20a). 28 Indeed,
palladium catalysed Heck, Suzuki-Miyaura and phosphonium
formation using 36-[B(CsFs)s] disclosed the ability of these
compounds to act as an electrophile. Phenylation of an
activated carbon atom such as enolate was also reported by the
authors proceeding in 62% yield under mild reaction conditions.
Additionally, weak nucleophiles such as pyridine, pyrimidine
and their isomers were arylated using 36-[B(CeFs)a], although in
these cases the most electron rich aryl fragment (mesitylene)
was transferred (Scheme 20b). Mechanistic investigation for
the reaction of hypervalent halogens and pyridine has been
recently reported by McCormick, Stuart, Valente and co-
workers. 2 The arylation involving diaryl hypervalent
compounds is commonly described proceeding via ligands
coupling or direct ipso-substitution. 21 The kinetics studies
related to 34, 35 and 36 showed a relatively slower reactivity for
the 34 with respect to 36 while 35 resulted inactive under these
metal-free conditions. This pattern aligns with the s-character
of the MOs associated with halogens. Therefore, when the X-C
bond undergoes heterolytic cleavage, the electron pair
relocating to the halogen leaving group results better stabilized

due to the presence of the orbitals with increased s-character.
Such reactivity trend was also confirmed for the cyclic diaryl
hypervalent compounds.

Scheme 20: Reactivity of diaryl A3-chloranes with various nucleophiles

a)

Me B(CeFs)a
Jug
w L, O
€ Me
BF;K
_ o Pd(OAG); (5 mol%)
Ph Ph DME, r.t., 3t0 24 h —~
Ph 82
(1.1 - 1.6 equiv.) Yields up to 87%
b Me
) B(C4Fs)
Me cr
36 Me \N+ 655,
N ’\\l\:\§ Me
N or N Me
X \Ph DCM, rt. - 50 °C
24-72h
(1.1 -2 equiv.) /N N = pyridine, pyridazine Me
N pyrimidine, pyrazine
c)
Me . X
B(CgF:
(CeFs)a Me Q Me O
Me N "
Benzene
Me 80°C, 14 h O Me Q Me
Me’ Me
A B
X=1, 0% o
X=Br, 6% %
X=Cl, 75% 19%
d)
Br B(CeFs)s |
_ Mes-CI* o
DCM, 50 °C @ DCM, 30 °C
8 days 16 days
: 36 .
B(CeFs)a B(CeFs)a
Mes—Br* Mes—I*+
34 71% 35 96%

The thermal decomposition of the different hypervalent
compounds carried out in benzene enabled the arylation of the
benzene by the mesityl moiety as major product, although,
following the reductive recombination mechanism also the 2-
halo-biphenyl has been observed. (Scheme 20c). The reaction
yields follow the series CI(l11) > Br(IllI) > I(Ill), as expected by the
nucleofugality of the corresponding halogens. 7578
Furthermore, the aptitude of the 36-[B(CsFs)4] as oxidant was
tested over the oxidation of bromo-benzene and iodo-benzene
leading to the corresponding hypervalent bromane 34 and
iodane 35 (Scheme 20d).

Crivello and Lam have explored the effectiveness of hypervalent
compounds in the photo-induced cation polymerizations of 2-
chloroethyl vinyl ether, THF and cyclohexene Oxide (Scheme
21). 79-81 Photolysis was conducted under UV-light leading to a
mixture of arene, haloarene and recombination products. In
concomitance with the photo-degradation of the hypervalent
compounds an equivalent of HPFs (HY) acid is generated, thus
initiating the cationic polymerization by protonation of
electron-rich monomers.
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Interestingly, photoinitiated polymerization of cyclohexene
oxide and THF respectively with Br(lll) and CI(Ill) required a
short light irradiation time and provided high conversion of the
monomers within 5 min and 4 hours respectively.

Scheme 21: Photo-degradations of diaryl A3-hologens compounds

o380

decomposition
Y- =BFy, PF¢,
AsFg or SbFg

HY  + M
monomer

H-M* Y-
initation

HMS Y-+ M H-(M)-M* Y-

propagation

In 1991, Hacker and Dektar compared the attitude of diaryl
hypervalent compounds under light irradiation. 82 The direct
irradiation of I(Ill), Br(lll) and CI(lll) led to the decomposition of
the compounds with the concomitant formation of the
corresponding halobenzene, as the major product, and minor
amount the combination of the extruded aryl with the
halobenzene (Scheme 22). Interesting, differences in the
recombined distribution of the products were observed.
Indeed, a mixture of 2- to 3- to 4-halobiphenyl was formed in
73:13:14, 51:30:19 and 48:31:21 ratio respectively for I(lll),
Br(l1l) and CI(111).

Scheme 22: Photo-degradations of diaryl A3-hologens compounds

PFe X
X+
hv (248 nm) . )
ACN =\

X=1,Br,Cl A B

26%
19%
16%

=z
RSN
X

At a mechanistic level, upon direct irradiation, the aryl halonium
salts generate the corresponding singlet excited state, which
can undergo a heterolytic cleavage, resulting in the formation
of the aryl cation-haloarene pair. Alternatively, it can be
engaged in intersystem crossing (ISC) pathway leading to the
generation of the triplet excited state. Following this, the triplet
excited state could proceed to undergo homolysis, forming the
triplet aryl radical-haloarene pair. The observed products can be
ascribed to the homolytic and heterolytic cleavage reaction
pathways and follow the trend of the related stability of the
intermediates. Moreover, the the
disappearance of hypervalent compounds upon irradiation at
248 nm is in accordance with the series chloronium,
bromonium, and iodonium salts (0.79, 0.82, 0.54 respectively).
Nevertheless, the direct photolysis of hypervalent compounds
in acetonitrile also provides, in all the cases, the formation of
acetanilide, thus supporting the aryl cation intermediate
formation.

guantum vyield of

Reactivity of cyclic diaryl hypervalent A3- bromanes and
chloranes compounds

Despite being the first examples of hypervalent compounds
prepared, the reactivity of cyclic diaryl A3-bromanes and
chloranes has been scarcely investigated, and only recently a
renewed interest in this field has expanded. Seminal
investigation on the reactivity of hypervalent bromane and
chloranes was reported in 1968 by Lees and Heaney and
subsequently by Sato and co-workers in 1974 for their thermal
decomposition (Scheme 23). 3483 The pyrolysis of 4-Br and 4-|
led to the formation of the 2-chloro, 2’-iodo diphenyl 83 and 2-
chloro, 2’-bromo diphenyl 84.

Scheme 23: Pyrolysis of diaryl A3-bromanes and chloranes compounds

Q- Q. g O
cr* or cI Cl or Br
o O 0 o o
83 84

4-Br 4

Our group has recently discovered a new reactivity for the cyclic
diaryl hypervalent bromine and chloranes.”’%73 Unexpectedly,
these compounds in the presence of a weak base at room
temperature serve as aryne precursors, releasing the
corresponding 2-halo benzyne under an unparallel mild
reaction conditions thus obviating need for fluorinating agents
or strong bases (Scheme 24).84.85

Scheme 24: Mechanistic investigation of cyclic diaryl A3-bromanes and chloranes
compounds reactivity

a) Br. !
O Cs,CO3 (3 equiv)
O g+ MsO" CH,Cly, 16h, r.t. 6

85, 82%

2-OMs
¢]
O K,CO3 (3 equiv) O g
O o T CHCI5 16h, r.t. 6 Me
M
4-0Tf © 86, 90%
b)
o :
F3CO (1.5 equiv.) O
O K2CO3 (3 equiv)
D 959
- D,0, CD;CN °
O ci+ TO rt, 16 h /@/O
- 0,
4-OTf F,CO 87,87%

Interesting, this reactivity turns out to be unique for
hypervalent bromanes and chloranes while the iodane
derivatives remained inert. Experimental and DFT mechanistic
investigations were carried out in collaboration with the group
of Houk to elucidate the different reactivity observed and their
chemoselectivity in the reaction with phenols. Indeed, a
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pronounced effect of nature of the base and the solvent has
been observed for these reactions, and the hypervalent
bromanes and chloranes, thus allowing a chemoselective
control of the reactions. Initially, reacting 2-OMs and 4-OTf with
furans led to the corresponding [4+2] products in excellent
yields. Then, deuterated hypervalent compounds and/or
deuterated coupling partners were used, thus aiming for the
deuterium labelling. The reaction of 4-OTf in DO and CDsCN
delivered the product 87 in good yield and high deuterium
incorporation (up to 95%) at the ortho- position. These
experiments proved the formation of an aryne intermediate
during the reaction. DFT calculations provide us a clear
understanding of the aryne intermediate formation, that
proceeds via an initial anion exchange, followed by a base-
mediated deprotonation and concurrent C-X bond cleavage
(Figure 10). The complemental reactivity of these hypervalent
compounds can be ascribed to the larger stabilization of the
newly formed iodonium salt [I(III)COs]. A larger activation
energy is then requested to deprotonate the stabilised
iodonium species B-1 which translates into the lack of reactivity
of this species. On the other hand, the lower energy barriers
result in a mild reaction condition for the reaction of bromane
and chlorane compounds, with the latter showing an enhanced
reactivity dictated by the “barrierless” activation energy.
Interesting, under our reaction conditions nucleophilic attack
occurs selectively at the meta- position, as rationalized by
experimental and DFT models, the ortho- position resulted
sterically demanding and less stabilized. 86-90

Figure 10: Calculated energy diagram (in kcal/mol) for the formation of arynes from
hypervalent halonium

( H)

TS1Cl
145
(-26.1)

\

HCOjy, OTF

X
ccl
® X 552
S O (41.0)
oTf
B c

Introduction of substituents on hypervalent chloranes structure
affects the regioselectivity of the reaction enabling the
generation of the aryne intermediate on the more electron poor
aryl fragment and additionally altering the meta-/ortho-
selectivity of the nucleophilic addition.

Taking advantageous of the mild reaction conditions for the
generation of the aryne intermediate a diversity of the reactions
could be designed with success, including [4+2] (88, 89), 1,3-

dipolar (90 —-92) and [2+2] cycloadditions (93 —95) (Scheme 25).
Additionally, rare [4+2] reactions involving the [-bromo
styrenes were successfully developed vyielding interesting
tetraphenyl compounds (96 — 98). °1 Carboxylic acids, anilines,
aliphatic amines as well as phenols were also reacted with
hypervalent bromanes and chloranes, resulting in a vast,
diverse, and unprecedented library of compounds (Scheme 26).
70,73 Sterically demanding anilines and amines were well
tolerated (99, 100) and carboxylic acids resulted particular
meta-selective. Conditions-driven chemoselective reaction
between phenol and hypervalent chloranes shown a large
functional group tolerance with high regioselectivity towards
the formation of triphenyl phenol (103, 104) or highly decorated
diphenyl ether (105, 106).

Scheme 25: Cycloadditions with cyclic diaryl A3-bromanes

Cs,CO3 (2 or 3 equiv)
Arynophiles

CH,ClI, or dioxane

rt., 16h
Br O
ey
MeOOC

Selected examples

88, 78%, 7.2:1 89, 90%
OTBDMS
Segpss
NH ,N’Q
N =N N=N

N=N
90, 82%, 1.9:1

B COOMe Br

U, O Y
4 O okt 0
93, 60% 94, 42% 95, 89%, 1.7:1

Br O Br

Br
97, 40%

MeO l

OBn
98, 86%

m
@
=

96, 83%
These metal-free C-O and C-N couplings occur under
surprisingly mild reaction conditions offering an appealing
alternative to the commonly used palladium and copper
catalysed Buchwald-Hartwig and Ullmann couplings.
Taking advantage from the previously described reaction
conditions, Li and co-workers have extended the scope of
nucleophiles in the reaction of cyclic diaryl hypervalent
bromanes, thus exploiting the formation of C-O bonds using
aliphatic alcohols. °2 The reaction proceeds smoothly with a
large variety of primary, secondary, and tertiary alcohols
delivering the corresponding aryl ethers in good to excellent
yields.
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Scheme 26: Reactivity of cyclic diaryl A3-bromanes and chloranes towards carboxylic
acids, anilines, amines and phenols.
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Interestingly, the competition experiment within NaOTs,
NaOMe and NaOAc (1:1:1 equiv. vs 1 equiv. of 2) with 2-BF,
delivered a mixture of products (Scheme 27). The distribution
can be correlated to the nucleophilicity of the anions, thus
following the order: OMe~ > OAc~ > OTs".

Scheme 27. Reactivity of cyclic diaryl A3-bromanes towards alcohols.
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Deuteration experiments further corroborate formation of an
aryne intermediate, thus leading to high level of deuteration at
the ortho-position. Besides acting as a reagent, the catalytic
activity of these compounds could also be expected. 93-9
Following this hypothesis, Yoshida and co-workers have
reported the first halogen-bonding catalysis using cyclic diaryl
A3-bromane 110. 6° The larger electron withdrawing ability of
the bromane, in comparison with the iodane counterpart,
enabled the Michael reaction within indoles and the trans-
crotonophenone (Scheme 30). %4

Scheme 30: Cyclic diaryl A3-bromanes catalysed Michael reaction

Me
. 04 .

TfO
RZ_' A\
LA ~NR (5 mol%) 110 « R4
+ o CHCl; (0.2 M) Rzl DY
R3VLR4 60 °C, 4 - 24h Z~NR!
Selected examples fo)
M Me M
O O "
(0]
oo R T oo
N Me N
111, 88% 112, 89% 113, 68%

Indeed, while Br(lll) leads to complete conversion within 90
min, the corresponding iodane compound turned out to be
completely inactive under these reaction conditions. The
counter anion of the bromanes affected the catalytic activity,
while indeed the strongly coordinating chlorine anion led to
low-yielding reaction, the triflate and BArF, accelerated the
reaction rate and boosted the product formation to high yields
(up to 96%). Later after, Yoshida and co-workers described the
first enantioselective halogen-bonding catalysis using a naphyl-
based chiral cyclic diaryl A3-bromane to pursue the vinylogous
Mannich reaction of cyanomethyl coumarins with ketimines
(Scheme 31). 71 Interesting, the screening of the halogen’s
catalysts (45 - 48) revealed the superior catalytic efficiency of
the bromanes derivatives achieving 91% yield and 90% ee. On
the other hand, chlorane and iodane led to similar enantio-
induction although in moderate and low yields respectively.
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Scheme 31: Enantioselective Mannich reaction catalysed by cyclic diaryl A3-bromanes

BocN (0.5 mol%) Catalyst
o K2COj3 (10 mol%)
.
NBn
S Toluene (0.05 M)
Me o -50 °C, 18h
CN

48, 37%, 83% ee 45,91%, 90% ee

Selected examples

114, 98%, 86% ee

115, 74%, 93% ee 116, 98%, 58% ee

More recently, Yoshida and co-workers have also explored the
use of chiral cyclic diaryl A3-halogens bearing a N-nitrosamine
moiety for the Mannich reaction of malonic esters and
ketimines (Scheme 32). 72 Halogens nitroamine catalysts
promoted this transformation, although only the bromane
catalyst provided high yields and enantioselectivity. On the
contrary, low or no enantioselectivity was observed while using
iodane and chlorane catalysts.

Scheme 32: Enantioselective Mannich reaction catalysed by N-nitrosamine cyclic diaryl
A3-bromanes

[0}

BocN (2.5 mol%) Catalyst j\)LOM .
K2C03 (2 equiv.) MeO Z NHBoc
Toluene (0.036 M) o
-20 °C, 18h
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50, 78%, -17% ee

51, >99%, 68% ee

52, 85%, rac.

Conclusions

As Lubinkowsky and McEwen announced in 1972, “...the
bromonium salts will not achieve a preeminent status in
synthesis until a better method of preparation of the salts than
the one presently available is discovered.”, these words remain
currently true. Indeed, while recent investigations reported
innovative and more efficient synthetic approaches and new
reactivity patterns for these niche compounds, we may have

only uncovered the thin end of the wedge. Within this

perspective, we have analysed and compared the reactivity of
diaryl hypervalent A3- iodanes, bromanes and chloranes with a
particular focus on the relative differences. The bromanes and
chloranes compounds result undoubtedly superior arylating
agents with respect to the iodanes, their enhanced reactivity
emerges from the better-leaving group ability of Br(lll) and
Cl(Il1), as also expressed by the Hammet value, as a direct
consequence of the intrinsic electronegativity of the elements.
New opportunities in the field can be envisioned either in the
use of these compounds as reagents, for instance as oxidants or
aryne precursors for the functionalization and/or construction
as well as catalysts and as
fundamental components in crystal engineering. We are
strongly convinced that further experimental efforts combined
with mechanistic studies will lead to uncovering new reactivity
pathway for hypervalent chlorines and bromines, thus
expanding synthetic toolbox.We may have only uncovered the
thin end of the wedge. We hope to have shed light on a
relatively uncharted hypervalent chemistry of bromanes and
chloranes compounds, and thus having provide to the readers a
complete overview of the field.

of more complex structures,
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