
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/7
/2

02
2 

4:
46

:4
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Orbital analysis o
aDepartment of Chemistry, Portland State

E-mail: dstuart@pdx.edu
bDepartment of Chemistry, University of Por

† Electronic supplementary information (
For ESI and crystallographic data in
https://doi.org/10.1039/d2sc02332f

Cite this: Chem. Sci., 2022, 13, 6532

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 3rd February 2022
Accepted 10th May 2022

DOI: 10.1039/d2sc02332f

rsc.li/chemical-science

6532 | Chem. Sci., 2022, 13, 6532–65
f bonding in diarylhalonium salts
and relevance to periodic trends in structure and
reactivity†

Shubhendu S. Karandikar,a Avik Bhattacharjee,a Bryan E. Metze,a Nicole Javaly, a

Edward J. Valente,*b Theresa M. McCormick*a and David R. Stuart *a

Diarylhalonium compounds provide new opportunities as reagents and catalysts in the field of organic

synthesis. The three center, four electron (3c–4e) bond is a center piece of their reactivity, but structural

variation among the diarylhaloniums, and in comparison with other l3-iodanes, indicates that the model

needs refinement for broader applicability. We use a combination of Density Functional Theory (DFT),

Natural Bond Orbital (NBO) Theory, and X-ray structure data to correlate bonding and structure for a l3-

iodane and a series of diarylchloronium, bromonium, and iodonium salts, and their isoelectronic

diarylchalcogen counterparts. This analysis reveals that the s-orbital on the central halogen atom plays

a greater role in the 3c–4e bond than previously considered. Finally, we show that our revised bonding

model and associated structures account for both kinetic and thermodynamic reactivity for both acyclic

phenyl(mesityl)halonium and cyclic dibenzohalolium salts.
Introduction

Diarylhalonium salts continue to emerge as molecular scaffolds
of importance in organic synthesis.1 Diaryliodonium salts have
historically dominated research in this area and the hypervalent
bond is a central design element for new reactions with these
reagents/catalysts (Fig. 1a).2 Although known for some time,3

advances with the lighter halonium salts have only appeared in
recent years,1c–g and notable differences in reactivity between
diaryliodonium and lighter diarylbromonium and diary-
lchloronium compounds have been reported (Fig. 1b). For
instance, Uchiyama and co-workers reported mesityl transfer to
pyridine at room temperature via a chlorobenzene leaving
group (Fig. 1b).1f Analogous aryl transfer from diaryliodonium
salts to pyridine has not been reported under metal-free
conditions, but rather requires higher temperature and
a copper catalyst.4 Additionally, Wencel-Delord and co-workers
recently described the generation and trapping of arynes with
mild base from cyclic dibenzobromolium salts (Fig. 1b);1c and it
was reported that the corresponding dibenziodolium salt was
unreactive under identical conditions. Finally, Yoshida and co-
workers recently demonstrated that dibenzobromolium triate
is an effective Lewis acid catalyst for the conjugate addition of
University, Portland, OR 97201, USA.
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indole to enones, whereas the corresponding iodolium salt does
not act as a catalyst (Fig. 1b).1b In each case, substantial differ-
ences in reactivity are observed, and here we bring together
empirical observations and theoretical insight to reconcile
these differences.

The hypervalent bond is a focal point of diarylhalonium
chemistry. The three centre, four electron (3c–4e) bonding
model is historically used to describe the orbital interactions in
hypervalent compounds,5 including generally hypervalent iodi-
ne2a,c,6 and specically diaryliodonium salts.2b In this model,
when applied to hypervalent iodine, an unhybridized p-orbital
on iodine interacts with two ligands in a linear L–I–L triad
(Fig. 1c, dashed box). The part of the molecular orbital (MO)
diagram for the L–I–L triad shows that, because of symmetry
considerations, the iodine p-orbital interacts with the F2 ligand
fragment, but not the F1 ligand fragment (Fig. 1c). Conse-
quently, there are two electrons in a bonding MO and two
electrons in a non-bonding MO that is ligand based (Fig. 1c). In
1, in which L ¼ Cl and the Cl–I–Cl triad is symmetrical, similar
Cl–I bond lengths (�2.5 Å) are observed and the ligand-centred
non-bonding electrons are shared equally between the two Cl
atoms.7 Valence bond resonance is an alternative model used to
describe the distribution of electrons in these systems.8 More-
over, the bond angles observed in the solid state for 1 reect the
p-orbital contribution in the 3c–4e bond. The Cl–I–Cl bond
angle in 1 is 179.9� and the C–I–Cl bond angle is 89.9�,7

consistent with the iodine p-orbital dominating the orbital
interaction with the chlorine ligands. Diaryliodonium salts
broadly emulate these features and therefore are generally
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structure of diarylhalonium salts and bonding models.
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considered to be well described with the 3c–4e bond model,
though some structural deviations have been observed.

The recent work of Uchiyama brings to light key structural
differences between diaryliodonium and diarylchloronium
salts, and a breakdown of the hypervalent bond was suggested
for the latter.1f In diphenyliodonium salts 2–7 the solid-phase
C–I–C bond angles, determined by single crystal X-ray diffrac-
tion, range from 91.8� (X ¼ Br), which is similar to the C–I–Cl
bond angle of 1, to 97.4� (X ¼ PF6) depending on the counter
anion (X� in Fig. 1d).9 Additionally, typical X/I and I–Cphenyl

bond distances for the almost linear X/I–C fragment are �3 Å
and 2 Å, respectively. Therefore, diaryliodonium salts 2–7 are
believed to have highly unsymmetrical 3c–4e bonds in which
the non-bonding electrons are expected to be located on the
counter anion X.10 Very few of the lighter diarylhalonium salts
have been characterized by X-ray diffraction, but two represen-
tative members provide evidence for periodic deviations from
the 3c–4e bond. Diphenylbromonium bromide 8 has a C–Br–C
bond angle of 97.0� and diphenylchloronium tetrauoroborate
9 has a C–Cl–C bond angle of 104.0� (Fig. 1d).3a Collectively,
there is considerable variation in C–X–C bond angles (12.2�) of
the diphenylhalonium salt series,3a,9 which we suspect is the
result of differences in bonding among this series and may also
describe the aforementioned differences in reactivity.

Given the variation observed in C–X–C bond angles for dia-
rylhalonium cations, we have investigated the halonium
orbitals used for bonding and show a departure from the
traditional 3c–4e bonding model that is typically suggested for
these compounds. We used Density Functional Theory (DFT)
and Natural Bond Orbital (NBO) Theory approaches to correlate
bonding and structure in diarylhalonium salts and diary-
lchalcogens, which are isoelectronic to the diarylhalonium
cations. In addition, we synthesized a series of analogous phe-
nyl(mesityl)chloronium, bromonium, and iodonium salts, and
cyclic dibenzochlorolium, bromolium, and iodolium salts, and
© 2022 The Author(s). Published by the Royal Society of Chemistry
assessed their kinetic and thermodynamic reactivity as a func-
tion of structure and bonding.
Results and discussion
Computational studies

The link between orbitals used in bonding and molecular
geometry is a pillar of organic chemistry, which is largely based
on Pauling's theory of orbital hybridization.11 A more nuanced
view on the role of atomic orbitals in bonding was developed by
Bent,12 and accurately describes deviations from ideal geometry
(i.e., tetrahedral ¼ 109.5�). The IUPAC Gold Book denes Bent's
rule as: “In a molecule, smaller bond angles are formed between
electronegative ligands since the central atom, to which the
ligands are attached, tends to direct bonding hybrid orbitals of
greater p-character towards its more electronegative substitu-
ents”.13 In other words, bond angles become larger as more s-
orbital (spherical, non-directional) character is involved in
bonding. Bent's rule has been used effectively to analyse
bonding in othermain group compounds,14 and here we explore
its use to describe structure/reactivity periodic trends in the
diarylhalonium series.

We selected a range of compounds to test our hypothesis
that the composition of orbitals can explain trends in the
structure of diarylhalonium compounds (i.e., C–X–C bond
angle). In addition to diarylhalonium salts, compound 1 was
included in this study as the prototypical hypervalent iodine
compound engaging in a traditional 3c–4e bond proposed to
involve an unhybridized p-orbital (Fig. 1). A variety of diphe-
nyliodonium salts are known with different counter anions and
we included both halide and non-halide counter anions to
assess their potential impact on structure (2–7, Fig. 1). Diphe-
nylbromonium and diphenylchloronium 8 and 9 were selected
to assess how the identity of the central atom impacts structure
(Fig. 1). Finally, Bent previously discussed the relationship
between isoelectronic molecules and structure,12 and
Chem. Sci., 2022, 13, 6532–6540 | 6533
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Table 1 DFT analysis of bond angles and bonding orbitals for
compounds 1–15

Compound E A
C–E–C
bond angle (DFT, �)

% s-orbital
on E (NBO)

% p-orbital
on E (NBO)

1 I — 89.8a 0.05 99.95

2 I Cl 91.7 5.5 94.5
3 I Br 91.0 5.6 94.4
4 I I 90.5 5.6 94.4
5 I ClO4 94.6 7.7 92.3
6 I BF4 95.9 8.6 91.5
7 I PF6 96.6 9.2 90.8
8 Br Br 94.4 7.4 92.6
9 Cl BF4 106.4 19.1 80.9
10 Te — 97.7 11.6 88.4
11 Se — 101.2 14.8 85.2
12b S — 101.2 16.5 83.5
13c O — 122.2 32.6 67.4
14d O — 122.0 32.6 67.4
15 O — 121.2 32.2 67.8

a C–I–Cl bond angle. b R ¼ 2-NO2.
c R ¼ 4-NO2.

d R ¼ 4-CO2H.
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accordingly we included several diphenyl and diaryl chalcogens,
10–15, which are isoelectronic with the diphenylhalonium
cations. By design, compounds 1–15 used in our computational
study have been previously characterized by X-ray diffraction
and the C–E–C bond angle is known.3a,7,9,15

Energy minimized structures for compounds 1–15 were ob-
tained in Gaussian 09,16 by DFT using B3LYP/cc-PVTZ, for the
lighter atoms, and Def2QZVPP for Te and I.17 The computed
C–E–C bond angles correlate well with the known bond angles
from X-ray crystal structures.18 NBO analysis quanties the
composition of orbitals used in bonding.19 Using the NBO 3.1
module in Gaussian 09,16 we specically assessed the orbitals
on the central halogen (or chalcogen) directed toward the
ligands involved in the hypervalent bond.20 We observed
a negligible contribution from d-orbitals in our NBO analysis,
which is consistent with previous studies on bonding in main
group elements.14 Notably, the contribution from s- and p-
orbitals to bonding with the ligand varies depending on the
position of the central halogen, or chalcogen, in the periodic
table (Table 1). The bonding in compound 1, which is a proto-
typical hypervalent l3-iodane, is consistent with the traditional
3c–4e bond as the iodine orbital directed at the Cl ligands is
essentially an unhybridized p-orbital (99.95% p-character; Table
1). This is also consistent with the 89.8� bond angle formed by
the C–I–Cl linkage (Table 1). Our calculations reveal that the
diaryliodonium salts 2–7 incorporate 5.5–9.2% s-character in
the orbital on iodine that is directed at the phenyl group trans to
the anion (X�), and consequently the C–I–C bond angle
becomes more obtuse, consistent with Bent's rule (90.5–96.6�,
Table 1). Notably, the identity of the counter anion (X�) does
effect the C–I–C bond angle, which will be discussed in more
detail below. The bromine atom of diphenylbromonium cation
uses more s-character in bonding than the iodine in the anal-
ogous iodonium (cf. 8 and 3, Table 1), and consequently a wider
C–Br–C bond angle is observed. Likewise comparison of anal-
ogous diphenyliodonium and diphenylchloronium compounds
with tetrauoroborate counter anions reveals differences in s-
orbital character and bond angles. The chlorine atom of 9
uses 19.1% s-character in bonding with the phenyl groups
compared to 8.6% in 6, which results in C–Cl–C bond angle of
106.4� (Table 1). The periodic trend observed for the diphe-
nylhalonium salts is that the lighter halogens use more s-orbital
character in bonding with the phenyl groups which results in
wider C–E–C bond angles. This trend is also observed for the
chalcogens (10–15, Table 1). Of the chalcogen series, 10 has the
most acute C–E–C bond angle, which is also only slightly larger
than the iodoniums (97.7�, Table 1). The extent of s-character
involved in bonding increases moving up to lighter chalco-
gens and the C–E–C bond angle increase accordingly. Our
calculations show that the oxygen atom of diphenyl ether 15 use
more than 30% s-character in the bond to the phenyl groups
and the C–O–C bond angle is 121.2� (Table 1). Collectively, we
observed a linear correlation between the extent of s-character
used by the central atom (E) and the C–E–C bond angle (Fig. 2).

The impact of counter anion on structure and bonding
warrants closer inspection (Fig. 3). First, analysis of the orbitals
on iodine used to form the bonds a and b in compound 3 show
6534 | Chem. Sci., 2022, 13, 6532–6540
that there is less s-orbital character and therefore greater p-
orbital character in bond a, which participates in a 3c–4e
bond with the counter ion, Br (Fig. 3). This trend is also
observed in compounds 6 and 8 (bonds c/d and e/f, Fig. 3).
However, NBO analysis on the DFT-computed structure of 9
indicates that the s-character of the orbitals on the central
chlorine atom are equal (Fig. 3). In solution, the interaction of
the counter anion with different regions of the cation are ex-
pected to be muchmore dynamic and inuenced by the identity
of the solvent. Second, comparison of 3 and 6 suggest that less
coordinating ligands (cf. Br vs. BF4) participating in the 3c–4e
bond result in more s-character and less p-character on the
iodine orbital involved in the 3c–4e bond (cf. c ¼ 8.6% s and a¼
5.6% s; Fig. 3). Extrapolating this trend to diphenyl telluride 10,
which does not have a counter anion, shows even more s-
character and larger C–Te–C bond angle (Table 1). Therefore,
the orbitals used by the central halogen in bonding depend on
the relative ability of the counter anion (or other Lewis base) to
donate electrons; more p-character on the halogen is used to
accommodate stronger coordination by the anion. Third, the
positive charge of the diarylhalonium cation is primarily, but
not exclusively, concentrated on the central halogen atom. We
calculated Hirshfeld charges to determine the distribution of
positive charge on the central halogen atoms. This analysis
revealed that there is greater positive charge concentrated on
the iodine relative to bromine or chlorine (cf. 3with 8 and 6 with
9, Fig. 3). The magnitude of the Hirshfeld charge is also
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Correlation of s-orbital character in bonding and bond angle.

Fig. 3 Impact of counter anion on structure and bonding in diphe-
nylhalonium salts.

Scheme 1 Synthesis and structures of 16–18.
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impacted by the identity of the counter anion, and less coor-
dinating counter anions result in more positive charge on the
central halogen (cf. 3 with 6, Fig. 3).
Synthetic and reactivity studies

Parallel to synthetic applications of diarylhalonium salts,1

systematic studies that unify theoretical bonding models and
reactivity provide key insight into the most salient features of
these systems for future advances.21 Toward this end, we
synthesized a series of phenyl(mesityl)halonium BArF salts
(BArF ¼ tetrakis[3,5-bis(triuoromethyl)phenyl]borate) 16–18
(Scheme 1). Although salts containing phenyl(mesityl)halonium
cations have been recently synthesized,1f the structural charac-
terization of an analogous series via X-ray diffraction and study
of the relative reactivity has not been reported. We obtained X-
ray quality crystals of 16–18 and the structure of the cations are
shown in Scheme 1 (see the ESI† for full structures). The C–X–C
bond angles observed for this series are consistent with the
periodic trends described above; C–X–C increases moving up
toward the lighter the halogens (X ¼ I < Br < Cl; Scheme 1). The
C–Cl–C bond angle observed for 18 is almost identical to that
obtained previously for phenyl(mesityl)chloronium salts con-
taining a different tetraaryl borate counter anion (107�).1f

However, the C–I–C bond angle obtained for 16 is larger than
that obtained previously for phenyl(mesityl)iodonium tetra-
chloroaurate salt,22 and may be the largest C–I–C bond angle
recorded to date for a diaryliodonium salt (cf., 102.3� vs. 98.3�).
The discrepancy in C–I–C bond angle between 16 and phenyl(-
mesityl)iodonium tetrachloroaurate may be a result of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
phenyl torsion angle and the phenyl C–Hbond pointing into the
mesityl ring in 16 (Scheme 1). Incidentally, a similar torsion
angle is also observed in the X-ray structures of 17 and 18
(Scheme 1). The orbital contribution on X (I, Br, Cl) directed at
the aryl ligands was determined by NBO analysis for BF4
analogues of 16–18. The calculated s-character on I, Br, and Cl is
�10%, 14%, and 20% for 16, 17, and 18, respectively; values that
correlate well with both the calculated DFT and experimental X-
ray C–X–C bond angles (see Table S1† in the ESI). With
compounds 16–18 in hand, we investigated both the kinetic and
thermodynamic reactivity of these species in order to identify
possible correlations with structure and bonding.

Diaryliodonium salts are extensively used as aryl transfer
reagents,2b,d and there are a few reports of aryl transfer from
a diarylchloronium and bromonium salts.1f,3b,21 We considered
both ipso-substitution and aryne formation as aryl transfer
reactions to investigate periodic trends and the connection
between structure, bonding, and kinetic reactivity. Notably, in
both cases dramatic differences in reactivity have been observed
between diaryliodonium and the lighter halonium salts
(Fig. 1b). First, pyridine was selected as a representative nucle-
ophile for this study because Uchiyama established precedent
for mesitylation of pyridine with 18.1f We initiated a systematic
study of kinetic reactivity by repeating Uchiyama's protocol and
observed a very clean, albeit slow, mesityl transfer from 18 to
pyridine to yield 19 (Scheme 2a).1f The mechanism of arylation
with diaryliodonium salts generally proceeds through a ligand
coupling pathway mediated by iodine(III),2 although direct ipso
Chem. Sci., 2022, 13, 6532–6540 | 6535
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Scheme 2 Mesitylation of pyridine. (a) Full reaction profile with for the
reaction of 18 with pyridine. (b) Initial rates of reaction for 17 and 18
with pyridine.

Scheme 3 Relationship between s-orbital character and leaving
group ability of PhX.
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substitution has also been proposed (Scheme 3).23 In either case
a bimolecular reaction would be expected, in which the rate
depends on both halonium electrophile and pyridine nucleo-
phile concentrations. We observed that the rate of formation of
19 was indeed dependent on the concentration of pyridine
consistent with a bimolecular reaction and further rules out the
very unlikely possibility of an SN1Ar mechanism, in which aryl
cation formation would be rate determining (Scheme 2b, cf.
orange triangles and blue squares). Therefore, we favour
a ligand coupling pathway or direct ipso-substitution. We
6536 | Chem. Sci., 2022, 13, 6532–6540
observed a signicantly slower rate of formation of 19 when we
subjected bromonium salt 17 to identical reaction conditions
(Scheme 2, grey circles), and use of iodonium 16 did not result
in observable formation of 19 under these metal-free condi-
tions.4 The relative kinetic arylation reactivity follows that 18
reacts faster than 17 and 16 is unreactive. This trend aligns with
the s-orbital contribution to bonding observed in 16–18.
Specically, the X-orbitals directed toward the mesityl group
have 9.3%, 13.7%, and 19.7% s-character for 16, 17, and 18,
respectively (Scheme 3). Therefore, when cleavage of the X–
Cmesityl bond occurs in a heterolytic manner the electron pair
migrating onto the halogen of the aryl halide leaving group is
better stabilized by an orbital with higher s-character (Scheme
3).

Diaryliodonium salts are now established aryne precursors
and operate via deprotonation with relatively strong base (NaOt-
Bu) at the ortho-position to an aryl iodide leaving group.24 More
recently, Wencel-Delord and co-works reported that cyclic
dibenzobromolium salts extrude arynes when treated with
milder base (Cs2CO3),1c,e and the corresponding cyclic diben-
zoiodolium salts were unreactive under these milder conditions
(Fig. 1b). Although the C–X–C bond angles are constrained by
the cyclic nature of dibenzohalolium salts, we were intrigued to
see if there was a periodic trend in the composition of orbitals
used by the central halogen and if this trend is reected in the
kinetic reactivity of aryne formation. We synthesized an analo-
gous series of dibenzohalolium mesylate salts 20–22 and per-
formed DFT and NBO calculations to determine the percentage
of orbitals used by the central halogen in bonding to the aryl
carbon ligands (Table 2). Indeed, the C–X–C bond angles of 20–
22 are smaller than 16–18 due to the cyclic structures of the
former, but the trend in bond angles is preserved in this series
(Table 2). Additionally, the periodic trend observed for the
acyclic diarylhalonium salts is also observed here: the lighter
halogens use more s-character in bonding to the carbon ligands
(Table 2). Under conditions previously developed by Wencel-
Delord, we used furan as an aryne trap so that the mechanism
of the reaction was unambiguous (Table 2).1c,e Consistent with
previous observations, no product 23 was observed when
iodolium 20 was used in the reaction. The bromolium 21 is
reactive under these conditions and biaryl 24 is obtained in
60%, 78%, and 80% aer 1, 2, and 8 hours, respectively (Table
2). In line with the kinetic reactivity observed for ipso-substitu-
tion, chlorolium 22 reacts faster than 21 under these conditions
and the yield of 25 is 86%, 87%, and 91% aer 1, 2, and 8 hours
time points. Therefore, this is another example where hetero-
lytic cleavage of the C–X bond is accelerated when the bonding
orbitals from the X-atom have greater s-orbital character.
Conceptually, the leaving group ability of aryl halides, in both
ipso-substitution and aryne formation, is analogous to the
increasing kinetic acidity of hydrocarbons with increasing s-
orbital character in hybrid orbitals: sp3 (25% s) < sp2 (33% s)
< sp (50% s).

The Lewis acidity of diarylhalonium salts is an emerging
property of particular relevance to catalysis.1b,d,25 Pioneering
studies by Ochiai and more recent developments by Legault
have established an empirical relative Lewis acidity scale.26
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Orbital composition and aryne formation reactivity of 20–22a

Reactant/
product

C–X–C
bond angle
(DFT, �)

% s-orbital on X
(NBO)b

Yield
at
1 h

Yield
at
2 h

Yield
at
8 h

20/23 (X ¼ I) 80.7 10.1 n.r.
21/24 (X¼ Br) 85.8 12.2 60% 78% 80%
22/25 (X ¼ Cl) 90.5 16.5 86% 87% 91%

a Conditions: 20–22 (0.1 mmol, 1 equiv.), furan (0.5 mmol, 5 equiv.),
Cs2CO3 (0.3 mmol, 3 equiv.), DCM (1 mL), r.t., 1–8 h. b Average % s-
orbital character on X over both X–C bonds.

Table 3 Association constants of 16–18 and 26–28 with pyridine in
dichloromethanea

Compound % s-orbital on X (NBO)b % p-orbital on X (NBO)b Ka/M
�1

16 (X ¼ I) 10.6 89.4 22.8
17 (X ¼ Br) 13.8 86.2 1.4
18 (X ¼ Cl) 18.9 81.1 0.4
26 (X ¼ I) 9.8 90.2 129.5
27 (X ¼ Br) 14.3 85.7 25.7
28 (X ¼ Cl) 17.5 82.5 7.0

a Conditions: 16–18 and 26–28 (10 mM), pyridine (0–40 equiv.), DCM-d2
(for 16–18) or CDCl3 (for 26–28), r.t.

b Average orbital contribution used
by central atom X for the corresponding BF4 salt.
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Additionally, Legault and Huber have conducted theoretical
studies to glean insight into the fundamental basis for the
strength of halogen bond donors.27 Common bonding models
for secondary bonding, which includes both hypervalent and
halogen bonding have been summarized by Crabtree.28 Given
the similarities in orbital interaction between hypervalent and
halogen bonding, especially with regard to charge transfer,29 we
assessed the relevance of orbital contribution on the central
halogen to periodic trends in Lewis acidity of diarylhaloniums.
To the best of our knowledge no direct experimental compar-
ison of Lewis acidities for an analogous series of diary-
lhalonium or cyclic diarylhalolium salts has been previously
reported based on association constants with Lewis bases. We
started with the acyclic series 16–18 and measured their ther-
modynamic reactivity by quantifying association constants with
pyridine via 1H NMR titration. We are cognizant that pyridine
could bind opposite the phenyl and mesityl groups and that
both are likely present in solution due to the dynamic nature of
these interactions (Table 3). However, the 1H NMR titration
experiment does not distinguish these two possible binding
interactions, and the trends in the composition of orbitals on X
that are directed toward the phenyl and mesityl groups are
similar.18 We present the average % s- and p-orbital contribu-
tion on X directed toward the aryl groups in Table 3. Notably, in
16–18 the s-orbital contribution increases and p-orbital contri-
bution decreases moving from heavier to lighter halogens
(Table 3, 16–18). There is also an observed decrease in associ-
ation constant (Ka) that trends with decreasing p-orbital char-
acter on X for compounds 16–18 (Table 3). This aligns with
greater charge transfer (n/ s*) in secondary bonding, halogen
bonding in this case, occurring for orbitals with greater p-
character.

The cyclic dibenzohalolium salts display a similar periodic
trend in orbital composition as the acyclic compounds (cf. 26–
28 vs. 16–18, Table 3). The s-orbital character increases and p-
orbital character decreases on moving from iodolium 26 to
chlorolium 28 (Table 3). Similar to the acyclic series a decrease
© 2022 The Author(s). Published by the Royal Society of Chemistry
in the Ka value measured with pyridine is observed in the order
26 > 27 > 28, which aligns with the extent of p-orbital character
and charge transfer (Table 3). However, there are marked
differences in measured Ka values between the acyclic halo-
niums and their cyclic halolium counterparts despite having
similar p-character in orbitals engaged in secondary bonding
(Table 3). While the C–X–C bond angle correlates with orbital
composition, it may also play a role in steric repulsion of Lewis
bases (Fig. 4a). The DFT calculated C–X–C bond angle in the
acyclic series 16–18 is between 97–107�, therefore there is�253–
263� of available space within the C–X–C plane for a Lewis base
to bind (Fig. 4a). On the other hand, the C–X–C bond angle in
the cyclic series 26–28 ranges from 81–91�, and therefore these
more acute bond angles allow a larger portion of the arc on the
C–X–C plane (269–279�) exposed for binding with Lewis bases.
In summary greater steric repulsion by the aryl groups in 16–18
may partially account for the reduced Lewis acidity observed
relative to cyclic analogues 26–28. Bolotin has also suggested
that cooperative hydrogen bonding by ortho-Hs with Lewis
bases in 26 contributes to greater Lewis acidity relative to
diphenyliodonium 2–7.25g Collectively these results point
toward the likely-hood that this phenomenon will be best
described by a multi-variate model.

The Lewis acidity (LA) scale previously determined by
Legault and co-workers provides Lewis acidity parameters for
the diphenyliodonium cation 2–7, 16, and 26 (Fig. 4b).26d Using
these values, we estimated the Lewis basicity (LB) and sensitivity
(sI) of pyridine in DCM, which agreed well with related spe-
cies.26d The LB values for pyridine, together with the Ka values
measured with pyridine, allowed us to estimate the relative
Chem. Sci., 2022, 13, 6532–6540 | 6537
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Lewis acidity of 17, 18, 27 and 28 (Fig. 4b). Notably, the cyclic
bromolium 27 has a similar LA value to the diphenyliodonium
cation, but the cyclic chlorolium 28 and the acyclic bromonium
17 and chloronium 18 cations have negative LA values (Fig. 4b).
Revised bonding model and implications for reactivity

The 3c–4e bond has remained a useful model for hypervalent
main group compounds because it accurately predicts both
structure and reactivity. Indeed, our NBO analysis of compound
1 reveals 99.95% p-orbital contribution to the orbital on iodine
directed at the chlorine ligands consistent with the 3c–4e bond
model (Fig. 1). However, the large deviations in structure for the
diarylhalonium series indicates that this model, as originally
proposed, involving an unhybridized p-orbital, is not adequate
for this class of formally hypervalent compounds. Zhdankin
aptly described the geometry of the diaryliodonium cation as
“pseudo-tetrahedral”,2c and indeed there is signicant distor-
tion from the ideal tetrahedral geometry of 109.5� among the
diarylhalonium salts investigated here. Incidentally, there are
similar levels of tetrahedral distortion in the diaryl chalcogens.
It is intriguing to note that the C–Cl–C bond angle of 9 (106�) is
similar to the H–O–H bond angle of water (105�) and both
central atoms (Cl and O) use 19% s-orbital and 81% p-orbital in
the orbitals used for bonding with the C- or H-groups.30

Therefore, it is appropriate to consider the symmetry and
bonding in diarylhalonium cations to be similar to that of water
and the related chalcogens in which the periodic trend of
decreasing contribution of the s-orbital in bonding is observed
moving down the halogens and chalcogens.

A bonding model involving both s- and p-orbital contribu-
tion to the orbitals on the central halogen atom directed at the
carbon ligand impacts both kinetic and thermodynamic reac-
tivity. Although this model may not account for minute differ-
ences in reactivity within the individual halogens (i.e., aryl
transfer selectivity),31 it clearly describes periodic trends in
reactivity over the synthetically accessible halogen series.32

Greater s-orbital character on diarylchloroniums than on the
heavier halogens results in signicantly higher leaving group
Fig. 4 Comparison of Lewis acidity of acyclic and cyclic halonium
cations.

6538 | Chem. Sci., 2022, 13, 6532–6540
ability of aryl chloride, and faster reactions in both ipso-
substitution and aryne formation. Therefore, synthetic chemists
with an eye to arylation of very weak nucleophiles or generation
of arynes under exceedingly mild (and rapid) conditions may
look to use diarylchloronium salts, and improved synthetic
access to these compounds will make such transformations
a reality. Additionally, consistent with non-hypervalent halogen
bond donors,33 we provide the rst experimental evidence that
diaryliodoniums are stronger halogen bond donors than the
corresponding bromoniums and chloroniums based on asso-
ciation constants with pyridine. This trend correlates with the
extent of p-character in the orbital on the central halogen X
directed at the aryl ligands and aligns with the n / s* charge
transfer component of halogen bonding.29 Although the orbital
composition does not account for the signicant difference in
Lewis acidity between cyclic and acyclic diarylhalonium
compounds, the increased steric repulsion between the aryl
ligands and approaching Lewis bases that is a result of a more
obtuse C–X–C bond angle in acyclic compounds 16–18 may be
an important factor.34 Considering the design or selection of
Lewis acid catalysts, one might anticipate that a stronger Lewis
acid is more advantageous, and therefore the iodoniums would
be favoured. However, there is at least one reported case in
which a bromonium catalyst resulted in a higher yield of
product than the corresponding iodonium catalyst highlighting
the complexity of catalytic cycles.1b Therefore, knowledge of the
relative Lewis acidities of the diarylhalolium series, as provided
here, empowers synthetic chemists to dial-in the appropriate
Lewis acidity for a given reaction.

Conclusions

On the basis of this study, we nd that the central halogen atom
of diarylhalonium salts uses, not only p-orbitals, but rather
mixed s/p orbitals in bonding with both aryl ligands. Moreover,
a periodic trend is observed such that the extent of s-character
decreases down the halogen group, paralleling the chalco-
gens, so that diaryliodonium bonding approaches the tradi-
tional 3c–4e bond. This revised bonding model accurately
predicts trends in structures determined by X-ray crystallog-
raphy and DFT. The kinetic reactivity, assessed by rate of pyri-
dine mesitylation and aryne formation, also correlates with the
extent of s-character in the mixed s/p orbital of the aryl halide
leaving group. The thermodynamic reactivity of phenyl(mesityl)
halonium salts 16–18 and cyclic dibenzohalolium salts 26–28,
manifested as the strength of a Lewis acid–base interaction,
correlates with the extent of p-character in the mixed s/p orbital
on the central halogen, which is consistent with Bent's rule.
This work illuminates p-orbital character as a parameter to
describe halogen bonding, and may be applied to other types of
secondary bonding (i.e., chalcogen, pnictogen, and tetrel) in
main group compounds.

Data availability

All of the relevant experimental data is in the ESI.† Crystal
structures have been deposited with CCDC.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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