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ABSTRACT: Hypervalent iodine compounds formally fea-
ture expanded valence shells at iodine. These reagents are
broadly used in synthetic chemistry due to the ability to
participate in well-defined oxidation−reduction processes and
because the ligand-exchange chemistry intrinsic to the
hypervalent center allows hypervalent iodine compounds to
be applied to a broad array of oxidative substrate
functionalization reactions. We recently developed methods
to generate these compounds from O2 that are predicated on
diverting reactive intermediates of aldehyde autoxidation toward the oxidation of aryl iodides. Coupling the aerobic oxidation of
aryl iodides with catalysts that effect C−H bond oxidation would provide a strategy to achieve aerobic C−H oxidation
chemistry. In this Forum Article, we discuss the aspects of hypervalent iodine chemistry and bonding that render this class of
reagents attractive lynchpins for aerobic oxidation chemistry. We then discuss the oxidation processes relevant to the aerobic
preparation of 2-(tert-butylsulfonyl)iodosylbenzene, which is a popular hypervalent iodine reagent for use with porous metal−
organic framework (MOF)-based catalysts because it displays significantly enhanced solubility as compared with unsubstituted
iodosylbenzene. We demonstrate that popular synthetic methods to this reagent often provide material that displays
unpredictable disproportionation behavior due to the presence of trace impurities. We provide a revised synthetic route that
avoids impurities common in the reported methods and provides access to material that displays predictable stability. Finally, we
describe the coordination chemistry of hypervalent iodine compounds with metal clusters relevant to MOF chemistry and
discuss the potential implications of this coordination chemistry to catalysis in MOF scaffolds.

■ INTRODUCTION

Background and History. Iodine was discovered in 1811
by Bernard Courtois and was named by Joseph Louis Gay-
Lussac in 1813 (the name “iodine” derives from the Greek
word ιώ̀δης, which means “violet colored”).1 The chemistry of
iodine, which is the largest, least electronegative, and most
ionizable of the nonradioactive halogens,2 is dominated by the
(0) and (−1) oxidation states (i.e., I2 and I−). Facile
interconversion of I(0) and I(−1) by oxidation−reduction
chemistry underpins the I−/I3

− redox couple that is critical to
the chemistry of dye-sensitized solar cells.3 The ionizability of
iodine is manifest in a rich body of iodine-centered redox
chemistry and the availability of families of compounds
featuring iodine in oxidation states greater than zero (Figure
1). For example, exposure of I2 to SbF5 results in the formation
of the [I2

+]-containing salt [I2][Sb2F11] (Figure 1a).4,5

Dimerization of I2
+ to afford I4

2+ has been observed,6,7 and
higher-order iodine cations such as I3

+, I5
+, I7

+, and I15
+ have

been characterized.6 Higher oxidation state iodine species are
also commonly encountered in iodine oxyacids of I(I), I(III),
I(V), and I(VII) (i.e., HIO, HIO2, HIO3, and HIO4), iodine
oxides, and iodine fluorides (i.e., IF7) (Figure 1b).
Higher oxidation states of iodine are also encountered in

organoiodine chemistry (Figure 1c). In 1885, Willgerodt
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Figure 1. The low ionization potential of iodine is manifest in families
of oxidized iodine compounds. Examples include (a) polyiodine
cations, (b) iodine oxyacids and fluorides, and (c) λ3- and λ5-iodanes.
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reported the preparation of PhICl2, which features an I(III)
center, upon passage of Cl2 through a solution containing PhI.

8

Since this original discovery, an enormous array of I(III)
derivatives has been prepared.9 PhICl2 is a T-shaped molecule
and formally features a dectet electronic configuration at
iodine. As such, these compounds are termed hypervalent,
which Musher defined as “atomic centers which exceed the
number of valences allowed by the traditional theory, and thus
utilize more electron-bonding pairs than provide stability in the
Lewis Langmuir theory.”10 Various nomenclature schemes
have been utilized to describe hypervalent I(III) compounds.
According to IUPAC convention for compounds with
nonstandard coordination numbers, organic compounds
containing I(III) centers are referred to as λ3-iodanes.11

Martin-Arduengo N-X-L nomenclature, in which N is the
number of valence electrons formally assigned to iodine, X is
the identity of the hypervalent element, and L is the number of
ligands attached to the hypervalent atom, is also frequently
used to describe higher valent organoiodides.12,13 In addition
to compounds of I(III), a large array of I(V)-containing
compounds (i.e., Dess−Martin periodinane and IBX; λ5-
iodanes), which feature a dodectet electronic configuration at
iodine, have been prepared.14−19 There are no examples of
organic I(VII)-containing compounds.
Historically, bonding models based on either (1) partic-

ipation of vacant iodine-centered d-orbitals in hybridization or
(2) bonds with greater than 50% ionic character, which would
result in localization of electron density on ligand-borne
orbitals, have been advanced to rationalize the apparent
valence expansion at iodine in λ3- and λ5-iodanes.20 In 1951,
Rundle and Pimentel advanced the now-accepted model for
hypervalent iodine bonding based on overlap of the 5p orbital
at iodine with ligand-centered orbitals to give rise to the
electron-rich 3c−4e bonding picture illustrated in Figure 2.21,22

Population of bond ψ1 and nonbonding ψ2 gives rise to the
observed linear L−I−L triads. Violation of the octet at iodine
is avoided by localization of two electrons in ligand-borne ψ2.
In addition to avoiding violation of the octet rule, this picture
rationalizes the observation of highly ionic bonding in
hypervalent iodine compounds and the preference for
electronegative substituents to occupy the hypervalent bond.
Further experimental support for the ionic bonding in
hypervalent iodine molecules is the observation that the
iodine center can serve as an acceptor in halogen bonding
interactions.23,24 Due to population of both bonding and
nonbonding orbitals, the I−L bond lengths in hypervalent
iodine species are typically intermediate between the sum of
the covalent and ionic radii of the relevant atoms.25 The
bonding picture of I(V) derivatives mirrors that of I(III)

compounds except that there are two (orthogonal) hypervalent
3c−4e bonds.
Iodosylbenzene derivatives (i.e., 8-I-2 species) also feature

I(III) centers. While these species are often drawn with I−L
multiple bonds (i.e., PhIO), the large radius of iodine results
in insignificant π-bonding.26 Poor π-overlap results in highly
polarized bonding, (i.e., PhI+−O−). The extensive polarization
of the I−O bond often results in solid-state − I−O−I−O−
polymerization driven by charge pairing,27−29 which results in
poorly soluble materials. Iodosylbenzenes are metastable with
respect to disproportionation to I(I) and I(V) species,
although sufficiently large kinetic barriers to disproportionation
often allow for straightforward handling of I(III) species. For
example, the disproportionation of (PhIO)n to generate
iodobenzene and iodylbenzene is spontaneous30 but requires
either catalysts (i.e., RuCl3

31) or elevated temperatures32 to
proceed at appreciable rates. The mechanism of disproportio-
nation has not been extensively investigated but has been
suggested to proceed via oxygen atom transfer chemistry in an
O-bridged diiodine intermediate.33 As a result of the
aforementioned disproportionation thermodynamics, iodyl-
benzenes are weaker oxidants than iodosylbenzenes.
The reaction chemistry of hypervalent iodine compounds

resembles that of the more toxic main-group analogues based
on Hg(II), Tl(III), and Pb(IV)15 and is frequently described
using terminology common to organometallic mechanisms.34

The oxidation of PhI to PhICl2 described above represents an
oxidative addition reaction at the iodine center (Figure 3a).8

Ligand exchange chemistry is often facile at iodine; for
example, the alkoxide ligand exchange at iodine pictured in
Figure 3b is rapid at room temperature.35 Both associative and

Figure 2. Orbital picture for the 3c−4e bonding in hypervalent iodine
compounds. Population of ψ2, which is ligand centered, allows
accommodation of the formal octet violations at iodine without
utilizing d-orbital hybridization. In neutral I(III) derivatives, L
represents an anionic donor ligand.

Figure 3. The chemistry of hypervalent hypervalent iodine
compounds is often described using terminology common to
organometallic catalysis because hypervalent iodine compounds
participate in (a) two-electron iodine-centered oxidation, (b) ligand
exchange chemistry, (c) reductive elimination reactions, and (d)
group-transfer processes. R = N(CH3)3; S = CH3CN;

sPhIO = 2-(tert-
butylsulfonyl)iodosylbenzene (1).
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dissociative exchange mechanisms have been proposed.36

Reductive elimination, in which ligand coupling from the
hypervalent iodine center is accomplished with concurrent
formation of an aryl iodide, is ubiquitous (Figure 3c). Both
inner-sphere ligand coupling and outer-sphere nucleophilic
aromatic substitution pathways have been suggested for the
observed elimination reactions.37,38 Reductive elimination
processes are driven by the hypernucleofugacity of PhI.
Finally, group-transfer chemistry of iodosylbenzenes, for
example in the synthesis of metal oxo complexes37,39,40 as
well as in hydroxylation catalysis, is very frequently
encountered (Figure 3d).41,42 The importance of hypervalent
iodine compounds has resulted in an extensive review literature
of the chemistry and react iv i ty of these com-
pounds.15,16,18,19,43−45 Similar to the oxidation−reduction
cycling that underpins hypervalent iodine catalysis, oxida-
tion−reduction cycling with other main-group elements such
as phosphorus has recently emerged as an opportunity in
metal-free catalysis.46−49

Interest in hypervalent iodine chemistry has, in large part,
been motivated by the utility of these reagents as nontoxic,
selective oxidants in synthetic chemistry. Iodosylbenzene
derivatives have been applied to α-oxidation of carbonyls,50

oxidative 1,2-difunctionalization of olefins,51 oxidative dear-
omatization chemistry,52−55 and cross-coupling reactions56,57

and have found important application as group-transfer
reagents in organometallic catalysis.18,58 The facility of ligand
exchange at hypervalent iodine centers underpins the breadth
of substrate functionalization chemistry that can be achieved
with hypervalent iodine compounds: in addition to oxygen
transfer, halogen, nitrogen, and hydrocarbyl transfer reactions
are all common. I(V) reagents display complementary
substrate functionalization chemistry, most notably toward
alcohol and amine dehydrogenation reactions.14−19

Toward Hypervalent Iodine Mediated Aerobic Hy-
drocarbon Oxidation. The proclivity of iodosylbenzene
derivatives to participate in group-transfer chemistry has
stimulated substantial interest in using these reagents as
terminal oxidants in oxidation catalysis. Motivated by (1) the
potential to utilize metal−organic frameworks (MOFs) to
prevent bimolecular decomposition chemistry by site-isolating
catalyst sites and (2) the potential to leverage network porosity
as an opportunity to noncovalently colocalize substrate in
proximity of reactive intermediates,59 iodosylbenzenes have
found widespread application as terminal oxidants in MOF
catalysis: the facility with which ligand exchange proceeds at
the hypervalent iodine center has enabled both C−H
oxygenation60−62 and C−H amination63 reactions using
MOF catalysts. The solubility of hypervalent iodine reagents
is critical to proposals of substrate functionalization in the
interstices of porous materials. In this context, 2-(tert-
butylsulfonyl)iodosylbenzene (1),60−62,64 in which secondary
bonding between the hypervalent iodine center and the
proximal Lewis base promotes iodosylbenzene depolymeriza-
tion and solubilization of monomeric species,65 has emerged as
an important terminal oxidant in MOF catalysis.
We have been motivated by the potential to develop aerobic

hydrocarbon functionalization chemistry by coupling the
aerobic generation of hypervalent iodine reagents with
appropriate catalysts. In 2018, we reported the aerobic
synthesis of hypervalent iodine compounds based on
intercepting reactive oxidants generated during aldehyde
autoxidation with aryl iodides.66 In concept, the development

of aerobic synthetic approaches to hypervalent iodine species
contributes to sustainable synthetic chemistry by avoiding the
metal-based oxidants that are often encountered in hypervalent
iodine chemistry. To the extent that the developed aerobic
oxidation methods can be coupled with iodine catalysis, the
methods also contribute to relieving the requirement for
(super)stoichiometric loading of hypervalent iodine reagents.
Initial efforts to aerobically generate soluble iodosylarene 1
failed to provide access to I(III) species and instead afforded
iodylarene 2. The aforementioned disproportionation thermo-
dynamics of I(III) species imply that I(V) reagents are less
strongly oxidizing than the related I(III) derivatives. The
differing oxidation behaviors of 1 and 2 are manifest in the
Mn(salen) catalyzed epoxidation of styrene (Figure 4). In the

original report of the synthesis of 1, Protasiewicz and
coworkers showed that 1 is an effective terminal oxidant for
this transformation,67 and this report has been reproduced in
our laboratory. In contrast, replacement of I(III) reagent 1
with I(V) reagent 2 results in the observation of no
epoxidation.
To rationally advance our goals of aerobic oxidation

catalysis, we are critically interested in understanding the
disproportionation behavior of soluble iodosylbenzenes in
greater detail and in understanding potential interactions of
those iodosylbenzene reagents with the transition metal nodes
that comprise critical structural units in MOFs. We originally
proposed that disproportionation of initially formed I(III)
species was promoted by AcOH, which is an obligate
byproduct of acetaldehyde-promoted aerobic oxidation chem-
istry. Continued investigations have suggested that AcOH-
promoted disproportionation is not a viable pathway for
synthesis of 2 (vide inf ra). Here, we describe preparation-
dependent behavior of reagent 1 and show that popular
methods to prepare this reagent can provide access to material
that displays unpredictable disproportionation rates. In
addition, we examine the chemistry of iodosylarenes with
soluble models of the transition metal clusters common to Zr6-
and Zn2-based MOFs and show that both ligand-exchange
reactions as well as the formation of acid−base adducts are
available. These observations may provide insight into
potential interactions between iodosylarenes and structural
nodes common to metal−organic framework catalysts.

■ RESULTS AND DISCUSSION
Structure and Bonding of 2-(tert-Butylsulfonyl)-

iodosylbenzene (1). Consistent with the analysis of a
hypothetical monomeric PhIO by Zhdankin, Boldyrev, and
coworkers,25 natural bond order (NBO) analysis indicates the

Figure 4. Oxidation of styrene to styrene oxide proceeds from
iodosylarene 1 but does not proceed with iodylarene 2.
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lack of meaningful I−O π-bonding in 1. In addition to the I−O
σ-bond, the valence at oxygen is completed with three
nonbonding electron pairs (Figure 5; coordinates of computed

structures are collected in Tables S1 and S2). The calculated
Wiberg I−O bond order is 1.05 and analysis of the natural
charges of iodine (+1.33) and oxygen (−1.06) is consistent
with highly ionic I−O bonding. Comparison of the computa-
tional results for 1 with those for a hypothetical monomeric
PhIO unit indicates the natural charge of the iodosyl oxygen
atom is slightly more negative in 1 than in PhIO (−1.06 vs. −
1.01), which is consistent with the presence of a trans-
influencing sulfonyl ligand at iodine.25,68

The highly polarized I−O bond in 1 manifests in oxygen-
centered Lewis basicity, which is evidenced by a hydrogen-
bonded chloroform molecule in the original crystal structure of
this molecule (distance between H-bond donor and acceptor is
3.046 Å).67 Examination of the 1H NMR spectrum of 1 in the
presence of hexafluoroisopropanol (HFIP), which is frequently
employed as a solvent or additive in iodine-mediated group-
transfer catalysis,69−74 revealed [HFIP]-dependent chemical
shifts (Figure S1). Crystallization of 1 in the presence of excess
HFIP resulted in the isolation of 1·HFIP in which the HFIP
molecule is H-bonded to the iodosylbenzene oxygen (Figure 6,
X-ray data tabulated in Table S6). The distance between H-

bond donor and acceptor in 1·HFIP is 2.586 Å. The relative
shortness of the H-bonding in 1·HFIP versus between 1 and
chloroform is consistent with the relative acidities of HFIP and
CHCl3 (pKa = 9.3 and 15.5, respectively). Upon binding to
HFIP, the I−O bond (I(1)−O(1)) elongates from 1.848(6) to
1.873(4) Å, and the I−O distance to the sulfonyl oxygen
(I(1)−O(2)) contracts from 2.707(5) to 2.668(3) Å (Figure
6).75 NBO analysis of 1·HFIP resulted in natural charges for
iodine and oxygen of +1.38 and −1.06, respectively, which
indicates enhancement of positive charge at iodine upon HFIP
binding. A combination of COSY, HSQC, and HMBC NMR
experiments enabled unambiguous assignment of the proton
resonances of both 1 and 1·HFIP (Figures S2−S7 and Tables
S4 and S5). Analysis of the Δδ 1H resonance of the C−H para
to iodine vs [HFIP] enabled the equilibrium constant to be
determined (Keq = 0.037 ± 0.004), which corresponds to ΔG
= 1.94 ± 0.06 kcal/mol (Figure 6). While HFIP is regularly
used as a solvent or additive in hypervalent iodine chemistry,
the role of adducts such as 1·HFIP is not clear based on the
available data: for example, use of 1·HFIP in the styrene
epoxidation illustrated in Figure 4 results in similar styrene
oxide yields as when 1 is used as the terminal oxidant.
In contrast to the adduct formation observed between 1 and

HFIP, exposure of iodosylbenzene ((PhIO)n) to HFIP results
in complete dissolution of the solid (PhIO)n polymer and
formation of PhI(OC(H)(CF3)2)2 (eq 1). Formation of the

bis-alkoxide adduct is evidenced by the appearance of a
methine resonance at 4.20 ppm that integrates for two protons
(Figure S8). Similar to the formation of 4, Hill et al. reported
that (PhIO)n dissolves in CH3OH to afford PhI(OCH3)2.

76

Compound 4 is unstable toward isolation, which is consistent
with previous reports of fluoroalkoxide adducts of iodosylben-
zenes that have been generated electrochemically.77−79

On the Aldehyde-Promoted Aerobic Oxidation of 2-
(tert-Butylsulfony)liodobenzene (3). In our original report
of the aerobic oxidation of 2-(tert-butylsulfonyl)iodobenzene
(3), we demonstrated that our aldehyde-promoted aerobic
oxidation conditions provide direct access to I(V) derivative 2
(Figure 7a).80 We proposed that the observation of I(V) was
due to AcOH-promoted disproportionation of an initially
formed iodosylbenzene intermediate based on the following
observations: (1) in situ monitoring of the oxidation of
iodoarene 3 revealed that 3 and I(V) compound 2 were the
only observable iodine-containing species and that I(III)
compound 1 (or bis-acetate adduct 5) was not present in the
reaction mixture; and (2) disproportionation of independently
synthesized iodosylarene 1 to generate equimolar amount of
I(I) and I(V) was observed upon addition of AcOH. The
proposed acid-promoted disproportionation was consistent
with literature detailing O-bridged intermediates in dispro-
portionation reactions in acidic media.33,81,82 During subse-
quent investigations of the reaction chemistry of 1 with AcOH,
we observed that in contrast to the observed disproportiona-
tion, diacetate 5 formed in the presence of AcOH, and this
species appears to be resistant to disproportionation (Figures
7b and S9). To clarify the divergent results regarding the

Figure 5. NBO orbitals for 1 that show (a) I−O σ-bonding and (b−
d) O-centered lone pairs.

Figure 6. Top: Addition of HFIP to iodosyarene 1 results in the
formation of H-bonded adduct 1·HFIP. The thermodynamics of
HFIP binding have been examined by analyzing the perturbation of
the chemical shift of proton para to iodine as a function of [HFIP].
Bottom: Solid-state structure of 1·HFIP, which shows that the iodosyl
I−O bond (I(1)−O(1)) elongates and the contact between
hypervalent iodine center and the sulfonyl group (I(1)−O(2))
contracts upon binding with HFIP.
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disproportionation of 1, we pursued the following series of
experiments.
Synthesis of Iodosylarene 1. A variety of procedures

have been reported for the synthesis of 1 (Methods A−C, eq
2). In the original report from Protasiewicz, aryl iodide 1 was

treated with H2O2 in Ac2O and then 3 M NaOH to generate 1
(Method A).67 Concerns regarding the safety of this procedure
have been raised,83 and as a result, methods based on oxidation
with either KClO3 in HCl or NaBO3 in AcOH followed by
hydrolysis with NaOH have been developed.62,84 In our hands,
Method B, based on treatment of 3 with KClO3 and HCl,
provided an analytically pure sample of 1 (assayed by
combustion analysis). Despite the apparent purity of the
samples obtained by this method, we found that samples of 1
prepared by Method B exhibit substantial variation with
respect to disproportionation rate: in a series of 1H NMR
experiments using mesitylene as an internal standard, half-lives
ranging from less than a minute to 6 h have been observed. In
addition, the material appeared to be light sensitive, showing
accelerated disproportionation when exposed to ambient light.
We speculated that the unpredictable disproportionation

rates displayed by samples of 1 prepared by Method B may be
due to the presence of a trace impurity in the reagent that is
not detected by combustion analysis. To evaluate the potential
presence of impurities in the samples of 1, we pursued EPR
and mass spectrometry-based experiments. Exposure of a
sample of 1 prepared by Method B to N-tert-butyl-α-
phenylnitrone (PBN), which is a commonly used EPR spin
trap,85 in CDCl3 results in the EPR spectrum shown in Figure
8a (see also Figure S10), which can be fit as the admixture of
the spectrum of oxidized PBN as well as the spectrum of the
PBN adduct of hydroxy radical (Figure 8b). The intensity of
the spectral features increases upon exposure of the sample to
ambient light (Figure S11). An identical EPR spectrum can be
obtained from KClO3 in CDCl3 (Figure S12). These
observations are consistent with the presence of a trace
quantity of chlorate that was not removed despite extensive

washing; UV irradiation of chlorate has been reported to
promote a variety of radical-generating processes.86 Dissolu-
tion of the sample of 1 prepared by Method B in HNO3 and
analysis by ICP-MS indicated the presence of K+. Chlorate is
not detectable by IR analysis (Figure S13); however, negative-
mode ESI-MS of 1 prepared by Method B indicates the
presence of ClO3

− (m/z = 82.953 (exptl); 82.954 (calcd))
(Figure S14). We suspect that the source of the observed
potassium is the KClO3 used to prepare 1.
On the basis of the hypothesis that trace impurities

associated with KClO3 were leading to the irreproducible
disproportionation behavior of 1, we modified the synthetic
protocol as follows: Cl2 was bubbled through a solution of 3 in
CCl4; the resulting solid was isolated and then treated with 5
M NaOH solution (Method D, eq 2). The resulting samples of
1 display reproducible disproportionation chemistry (vide
inf ra). Exposure of material prepared by Method D to PBN
did not give rise to an observable EPR signal (Figure 8a and
Figure S15). Addition of KClO3 to the sample of 1 prepared
from Method D led to the evolution of an EPR spectrum
(Figure S16) that overlays the spectrum obtained from
Method B (Figure 8a) and the intensity of the signal increased
upon exposure to light (Figure S17). In addition, ICP-MS
analysis of 1 prepared by Method D did not show the presence
of any trace metal ions.
With access to samples of 1 obtained from Method D, we

investigated the kinetics of reagent disproportionation.
Disproportionation was monitored by 1H NMR spectroscopy
utilizing mesitylene as an internal standard. Monitoring the
concentration of 1 as a function of time at 48 °C revealed that

Figure 7. (a) Aldehyde-promoted aerobic oxidation of 2-(tert-
butylsulfonyl)iodobenzene (3) affords iodylarene 2. Iodosylarene 1
is not observed at intermediate reaction times. (b) Exposure of
iodosylarene 1 to AcOH, which is an obligate byproduct of the
autoxidation of acetaldehyde, affords bis-acetate 5.

Figure 8. (a) EPR spectra obtained following PBN addition to 1
prepared by Method D (black line), 1 with added KClO3 (red line), 1
prepared by Method B (blue line), and KClO3 (green line); * this
signal is from the resonator background. (b) Simulated EPR
components: Experimentally obtained spectrum following PBN
addition to 1 prepared by Method D with added KClO3 (black
line), spectral simulation as admixture of oxidized PBN and hydroxy
radical adduct (red line), simulated PBN-adduct of hydroxyl radical
(blue line), and simulated spectrum for oxidized PBN (green line).
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disproportionation is second-order with respect to 1 (Figures 9
and S18). Examination of the disproportionation as a function

of temperature from 35−75 °C allowed construction of the
Eyring plot shown in Figure 9b (also see Figures S19−S23).
From these data, activation parameters for disproportionation
(ΔH⧧ = 15.2 kcal·mol−1 and ΔS⧧ = −15.2 cal·K−1 mol−1) can
be extracted (Figure S24). High-resolution positive-mode ESI-
MS analysis of disproportionation reaction mixtures indicates
the presence of dimeric species (i.e., m/z = 680.9294, calcd for
[1]2H

+ = 680.9333; (Figure S25). In combination with the
observed second order kinetics, these data suggest that
disproportionation of 1 proceeds by oxygen atom transfer via
O-bridged dimeric intermediates, which is consistent with
previous mechanistic proposal for iodosylbenzene dispropor-
tionation.33,81,82

Regarding the formation of iodylarene 2 by aldehyde-
promoted aerobic oxidation, the above experimental data
suggest that our original proposal of acid-promoted dis-
proportionation of 1 was based on the irreproducible
disproportionation kinetics of material prepared by Method
B. While a detailed understanding of the mechanism of aerobic
production of iodylarene 2 during aldehyde-promoted aerobic
oxidation is beyond the scope of our current work, we note the
following relevant observations (summarized in Figure S26):

(1) While the oxidation of 4-iodotoluene to the correspond-
ing iodylbenzene under the action of O2, CH3CHO, and
Co(II) proceeds via the initial formation of 4-
iodotoluene diacetate (i.e., I(III)) followed by subse-
quent oxidation of I(III) to I(V), oxidation of iodoarene
3 affords iodylarene 2 without the observation of
iodosylarene 1 or bis-acetate 5.80

(2) Addition of the isolable reaction components of
aldehyde-promoted aerobic oxidation, including acetal-
dehyde (Figure S27), acetic acid, CoCl2 (Figure S28),
and Co(OAc)3 (Figure S29), does not induce
disproportionation of bis-acetate 5.

(3) Exposure of an independently prepared sample of I(III)
compound 5 to aldehyde-promoted aerobic oxidation
(O2, CH3CHO, and Co(II) in d4-AcOH) resulted in the
observation of both iodylarene 2 and iodoarene 3 by 1H
NMR (Figure S30). The presence of iodoarene 3 during
the aerobic oxidation of 5 suggests that a disproportio-
nation mechanism may be operative.

(4) Monitoring the oxidation of iodoarene 3 with
commercially available 32 wt % peracetic acid by 1H
NMR revealed (i) two-phase kinetic behavior and (ii)
initial buildup and subsequent consumption of bis-
acetate 5 (Figure S31). The two-phase kinetics during
the oxidation of iodoarene 3 was observed due to the
presence of H2O2 in commercially available peracetic
acid solutions. During this kinetic phase, H2O2 reduces
the I(III) (i.e., either 1 or 5) formed by peracetic acid to
regenerate iodoarene 3 and 1O2 (observed as small
bubbles).80 Generation of 1O2 was confirmed by the
observation of 9,10-dimethyl-9,10-dihydro-9,10-epidiox-
yanthracene upon addition of 9,10-dimethylanthracene,
a common chemical trap for 1O2 (Figure S32).
Independent reaction of either 1 or 2 with H2O2
resulted in iodine-centered reduction and evolution of
1O2 (Figures S33 and S34, respectively). After the initial
kinetic phase, accumulation of 5 was observed, which is
then further oxidized to iodylarene 2. Similar generation
and trapping of 1O2 during reaction of H2O2 with
Ph(I(O2CF3)2 has previously been observed.87,88

Coordination Chemistry of Iodosylbenzenes with
Soluble Transition Metal Clusters. Hypervalent iodine
compounds have found important applications in MOF
catalysis:89 compound 1 has been applied in MOF-catalyzed
epoxidation,61,62,64,90 hydroxylation,60 and amination reac-
tions.63 Following the observation of the disparate coordina-
tion chemistry of 1 and (PhIO)n with HFIP, we undertook an
examination of the potential coordination chemistry of these
iodosylbenzenes with transition metal clusters that are
commonly encountered in MOF chemistry. We selected a
carboxylate-bridged Zn2 complex (6)91 and a Zr6O4 cluster
(7)92,93 as exemplary models because (1) these coordination
sites are ubiquitous in MOF chemistry94 and (2) the ligand
exchange rates of Zn and Zr are drastically different,95 and
thus, these complexes provide a probe for the impact of M−L
bond lability on the interaction of the cluster with
iodosylbenzenes.
Exposure of both Zn2 and Zr6 clusters to (PhIO)n resulted in

(PhIO)n dissolution and the observation of the PhI(OR)2
species derived from carboxylate exchange; iodobenzene
dibenzoate is observed following treatment of Zn2 complex 6
with (PhIO)n, and iodobenzene dimethacrylate is obtained
following treatment of Zr6 cluster 7 with (PhIO)n (Figures 10,
S35, and S36). In neither case have we characterized the metal-
containing byproducts of these exchange reactions.
In contrast to the ligand exchange chemistry observed

between (PhIO)n and complexes 6 and 7, iodosylarene 1 does
not participate in analogous ligand exchange chemistry.
Exposure of 1 to Zn2 benzoate complex 6 does not result in

Figure 9. (a) Concentration vs time plot of 2-(tert-butylsulfonyl)-
iodosylbenzene (1, black ×), 2-(tert-butylsulfonyl)iodobenzene (3,
red ×), and 2-(tert-butylsulfonyl)iodylbenzene (2, blue ×) for the
disproportionation of 1 at 48 °C in CDCl3. At ∼300 min,
precipitation of 2 was observed, which accounts for the observed
decreasing concentration at this time. Inset: Plot of [1]−1 vs time for
the disproportionation of 1 at 48 °C in CDCl3. (b) Eyring plot for the
disproportionation of 1.
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the observation of benzoate adducts of 1, which would arise by
carboxylate exchange similar to that observed for reaction of
(PhIO)n with 6 (Figure S37). Treatment of Zr6 cluster 7 with
excess iodosylarene 1, such as would be present during
catalysis, results in the isolation of a new Zr6 cluster 7·(1)4, in
which four molecules of 1 are bound to the Zr6 core (Figure
11, Figure S38). Upon binding, the coordination mode of the

carboxylates changes: whereas in the starting Zr6 cluster nine
carboxylate ligands engage in bridging binding modes and
three chelate to a single Zr center, in cluster 7·(1)4, eight
carboxylates participate in bridging binding modes and four are
monodentate. These observations indicate that ligation of
iodosylbenzene to Zr is capable of displacing both bridging and
chelating carboxylate ligands. Analysis of the metrical
parameters of the iodosylbenzene fragments bound to Zr
indicates that the I−O bond elongates from 1.848(6) to
1.87(1) Å and the secondary bonding interaction between the
sulfonyl oxygen and the iodine center contracts from 2.707(5)
to 2.62(2) Å. The perturbations are similar to those observed

to result from HFIP binding to 1 in 1·HFIP. Similarly, I−O
bond elongation and contraction of secondary bonding
interactions have consistently been observed in the limited
number of previously reported transition metal adducts of
iodosylarene 1 (metrical parameters of transition metal
adducts of 1 are compared in Table S6).30,96−100 We speculate
that the disparate behaviors of (PhIO)n and 1 toward ligand
exchange and Lewis adduct formation, respectively, are due to
the secondary coordination in 1, which amplifies the basicity of
the iodosyl oxygen.

Investigation of Potential Coordination Chemistry in
MOFs. On the basis of the observation of ligand exchange
processes (with (PhIO)n) and ligand displacement reactions
(with iodosylarene 1) between iodosylarenes and transition
metal clusters, we pursued a preliminary investigation of the
potential for similar coordination chemistry to impact the
structure of MOFs comprised of these building units. To this
end, we examined the chemistry of UiO-67,101 which is
comprised of Zr6 nodes, and MOF-508,102,103 which is based
on Zn2 nodes. These materials were selected because they lack
redox-active metal sites, which would complicate analysis by
providing pathways for iodosylarene redox chemistry.
Incubation of these materials with either 1 or (PhIO)n does
not result in the observation of changes to the PXRD patterns
(Figures S39−S42) or the observation of linker-derived soluble
species by 1H NMR. These observations suggest that the
reaction chemistry observed with soluble Zn2 and Zr6 clusters
is less important in extended materials, which is likely due to
effective stabilization of M−L bonds by a macromolecular
chelate effect.

■ CONCLUSIONS
Hypervalent iodine compounds featuring I(III) and I(V)
centers are accessible due to high ionizability of iodine. Due to
the importance of 3c−4e bonds, the I−L bonds in hypervalent
iodine compounds are highly ionic. The facility of oxidation−
reduction chemistry at iodine coupled with the ligand
exchange chemistry that is characteristic of hypervalent iodine
compounds gives rise to reactivity patterns that bear similarity
to the reaction chemistry of transition metal complexes.
Recently, 2-(tert-butylsulfonyl)iodosylbenzene (1) has gar-
nered substantial attention from the MOF catalysis community
because it exhibits substantially greater solubility in organic
solvents than does (PhIO)n, which is critical to achieving
interstitial MOF catalysis. We have been attracted to the
challenge of developing aerobic methods to generate soluble
iodosylarenes such as 1 which, in combination with emerging
MOF catalysts for C−H functionalization, would facilitate
aerobic hydrocarbon oxidation chemistry.
Here, we show that a popular synthetic route to iodosylarene

1 based on KClO3 and HCl affords material that displays
unpredictable disproportionation rates. The unpredictable
behavior arises from trace impurities introduced during
synthesis. We develop a new route based on initial Cl2
oxidation that provides routine access to samples of 1 that
display highly reproducible properties. Given the preparation-
dependent disproportionation kinetics of 1 in combination
with differences in activity and solubility between iodosylarene
1 and iodylarene 2, we believe that the results of catalytic
reactions in which 1 is used as the terminal oxidant should be
evaluated with care. We go on to investigate the coordination
chemistry of (PhIO)n and iodosylarene 1 with soluble
molecular transition metal clusters that resemble common

Figure 10. Ligand exchange is observed between (PhIO)n and (a)
Zn2 complex 6 and (b) Zr6 cluster 7.

Figure 11. Exposure of Zr6 cluster 7 to iodosylarene 1 results in
isolation of 7·(1)4; I(1)−O(1) = 1.87(1) Å and I(1)−O(3) = 2.62(2)
Å.
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components of MOF catalysts. We find that (PhIO)n
participates in ligand exchange with both Zn2- and Zr6-based
clusters to generate iodobenzene dicarboxylates. In contrast,
iodosylarene 1 does not participate in exchange chemistry but
instead serves as a ligand to Zr6 clusters. Examination of MOFs
based on similar Zn2 and Zr6 sites indicates that the
coordination chemistry of iodosylbenzenes with molecular
clusters may be suppressed within materials as the long-range
structures of these materials are not perturbed upon exposure
to iodosylbenzene derivatives. Given the interest in utilizing
MOF catalysts in combination with hypervalent iodine-based
oxidants for hydrocarbon upgrading, we anticipate that the
observed coordination chemistry between transition metal
clusters of iodosylbenzenes may be useful in designing robust
catalyst materials.
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(88) Çatir, M. Singlet oxygen generation from poly[4-
diacetoxyiodo]styrene and hydrogen peroxide. Turk. J. Chem. 2017,
41, 467−475.
(89) Tahmouresilerd, B.; Moody, M.; Agogo, L.; Cozzolino, A. F.
The impact of an isoreticular expansion strategy on the performance
of iodine catalysts supported in multivariate zirconium and aluminum
metal-organic frameworks. Dalton Trans. 2019, 48, 6445−6454.
(90) Shultz, A. M.; Farha, O. K.; Adhikari, D.; Sarjeant, A. A.; Hupp,
J. T.; Nguyen, S. T. Selective Surface and Near-Surface Modification
of a Noncatenated, Catalytically Active Metal-Organic Framework
Material Based on Mn(salen) Struts. Inorg. Chem. 2011, 50, 3174−
3176.
(91) Dey, D.; Roy, S.; Dutta Purkayastha, R. N.; Pallepogu, R.; Male,
L.; McKee, V. Syntheses, characterization, and crystal structures of
two zinc(II) carboxylates containing pyridine. J. Coord. Chem. 2011,
64, 1165−1176.
(92) Kickelbick, G.; Schubert, U. Oxozirconium Methacrylate
Clusters: Zr6(OH)4O4(OMc)12 and Zr4O2(OMc)12 (OMc =
Methacrylate). Chem. Ber. 1997, 130, 473−478.
(93) Kogler, F. R.; Jupa, M.; Puchberger, M.; Schubert, U. Control
of the ratio of functional and non-functional ligands in clusters of the
type Zr6O4(OH)4(carboxylate)12 for their use as building blocks for
inorganic-organic hybrid polymers. J. Mater. Chem. 2004, 14, 3133−
3138.
(94) Kalmutzki, M. J.; Hanikel, N.; Yaghi, O. M. Secondary building
units as the turning point in the development of the reticular
chemistry of MOFs. Sci. Adv. 2018, 4, No. eaat9180.
(95) Yuan, S.; Qin, J.-S.; Lollar, C. T.; Zhou, H.-C. Stable Metal-
Organic Frameworks with Group 4 Metals: Current Status and
Trends. ACS Cent. Sci. 2018, 4, 440−450.
(96) Turlington, C. R.; Morris, J.; White, P. S.; Brennessel, W. W.;
Jones, W. D.; Brookhart, M.; Templeton, J. L. Exploring Oxidation of
Half-Sandwich Rhodium Complexes: Oxygen Atom Insertion into the
Rhodium-Carbon Bond of κ2-Coordinated 2-Phenylpyridine. Organo-
metallics 2014, 33, 4442−4448.
(97) Lennartson, A.; McKenzie, C. J. An Iron(III) Iodosylbenzene
Complex: A Masked Non-HemeFeVO. Angew. Chem., Int. Ed. 2012,
51, 6767−6770.
(98) Wang, C.; Kurahashi, T.; Fujii, H. Structure and Reactivity of
an Iodosylarene Adduct of a Manganese(IV)-Salen Complex. Angew.
Chem., Int. Ed. 2012, 51, 7809−7811.
(99) Hill, E. A.; Kelty, M. L.; Filatov, A. S.; Anderson, J. S. Isolable
Iodosylarene and Iodoxyarene Adducts of Co and Their O-atom
Transfer and C-H Activation Reactivity. Chem. Sci. 2018, 9, 4493−
4499.
(100) de Ruiter, G.; Carsch, K. M.; Gul, S.; Chatterjee, R.;
Thompson, N. B.; Takase, M. K.; Yano, J.; Agapie, T. Accelerated
Oxygen Atom Transfer and C−H Bond Oxygenation by Remote

Inorganic Chemistry Forum Article

DOI: 10.1021/acs.inorgchem.9b01191
Inorg. Chem. 2019, 58, 10543−10553

10552

http://dx.doi.org/10.1021/acs.inorgchem.9b01191


Redox Changes in Fe3Mn-Iodosobenzene Adducts. Angew. Chem., Int.
Ed. 2017, 56, 4772−4776.
(101) Cavka, J. H.; Jakobsen, S.; Olsbye, U.; Guillou, N.; Lamberti,
C.; Bordiga, S.; Lillerud, K. P. A New Zirconium Inorganic Building
Brick Forming Metal Organic Frameworks with Exceptional Stability.
J. Am. Chem. Soc. 2008, 130, 13850−13851.
(102) Chen, B.; Liang, C.; Yang, J.; Contreras, D. S.; Clancy, Y. L.;
Lobkovsky, E. B.; Yaghi, O. M.; Dai, S. A Microporous Metal-Organic
Framework for Gas-Chromatographic Separation of Alkanes. Angew.
Chem., Int. Ed. 2006, 45, 1390−1393.
(103) MOF-508 features a nominal pore size of 4.0 × 4.0 Å, and
compound 1 has an approximate van der Waals diameter of 7.6 Å,
suggesting that it is too large to enter the pores of MOF-508.
However, MOF-508 displays network flexibility and has been
demonstrated to uptake guests larger than the nominal pore size
(i.e., 2,2-dimethylbutane, van der Waals diameter of 6.3 Å. Gobin, O.
C.; Reitmeier, S. J.; Jentys, A.; Lercher, J. A. J. Phys. Chem. C 2011,
115, 1171−1179.)

Inorganic Chemistry Forum Article

DOI: 10.1021/acs.inorgchem.9b01191
Inorg. Chem. 2019, 58, 10543−10553

10553

http://dx.doi.org/10.1021/acs.inorgchem.9b01191

