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ABSTRACT: Hypervalent iodine compounds formally feature 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 sub-
strate functionalization reactions. We have recently developed methods to generate these compounds from O that are predicated
on diverting reactive intermediates of aldehyde autoxidation towards the oxidation of aryl iodides. Coupling the aerobic oxidation
of aryliodides 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-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.

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.”1° Various
nomenclature schemes have been utilized to describe hy-
pervalent I(III) compounds. According to IUPAC convention
for compounds with non-standard coordination numbers,
organic compounds containing I(III) centers are referred to
as A3-iodanes.!! Martin-Arduengo N-X-L nomenclature, in

Introduction

Background and History. lodine 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 {wdng, which means “violet colored”).! The chemistry
of iodine, which is the largest, least electronegative, and
most ionizable of the non-radioactive halogens,? is domi-
nated by the (0) and (-1) oxidation states (i.e. Iz and I-). Fac-

ile 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 ionizabil-
ity of iodine is manifest in a rich body of iodine-centered re-
dox chemistry and the availability of families of compounds
featuring iodine in oxidation states greater than zero (Fig-
ure 1). For example, exposure of I2 to SbFs results in the for-
mation of the [I2*]-containing salt [Iz][SbzF11] (Figure 1a).4+5
Dimerization of I>* to afford 142+ has been observed,®7 and
higher-order iodine cations, such as Is*, Is*, I7*, and I15* have
been characterized.6 Higher oxidation state iodine species
are also commonly encountered in iodine oxyacids of I(I),
[(I11), I(V), and I(VII) (i.e. HIO, HIO2, HIO3, and HIO04), iodine
oxides, and iodine fluoride (i.e. IF7) (Figure 1b).

Higher oxidation states of iodine are also encountered in
organoiodine chemistry (Figure 1c). In 1886, Willgerodt re-
ported the preparation of PhIClz, which features an I(III)
center, upon passage of Cl2 through a solution containing
Phl.8 Since this original discovery, an enormous array of
[(III) derivatives have been prepared.? PhICl: is a T-shaped
molecule and formally features a dectet electronic configu-
ration at iodine. As such, these compounds are termed hy-
pervalent, which Musher defined as: “atomic centers which

which N is the number of valence electrons formally as-
signed toiodine, X is the identity of the hypervalent element,
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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) A3-
and As-iodanes.



and L is the number of ligands attached to the hypervalent
atom, is also frequently used to describe higher valent or-
ganoiodides.'#13 In addition, a large array of I(V)-containing
compounds (i.e. Dess-Martin periodinane and IBX; AS-
iodanes), which feature a dodectet electronic configuration
atiodine, have been prepared.!*1° There are no examples of
organic I(VII)-containing compounds.

Historically, bonding models based on either 1) participa-
tion 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 appar-
ent valence expansion at iodine in A3- and A5-iodanes.2? 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 w1 and non-bonding w2
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 .. In addition to avoiding violation of the
octetrule, 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 obser-
vation that the iodine center can serve as an acceptor in hal-
ogen bonding interactions.23-2¢ Due to population of both
bonding and non-bonding orbitals, the I-L bond lengths in
hypervalent iodine species are typically intermediate be-
tween the sum of the covalent and ionic radii of the relevant
atoms.z> The bonding picture of I(V) derivatives mirrors
that of I(III) compounds except that there are two (orthog-
onal) hypervalent 3c-4e bonds.
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Figure 2. Orbital picture for the 3c-4e bonding in hypervalent
iodine compounds. Population of 2, which is ligand centered,
allows accommodation of the formal octet violations at iodine
without utilizing d-orbital hybridization. In neutral I(III) deriv-
atives, L represents an anionic donor ligand.

Iodosylbenzene derivatives (i.e. 8-I1-2 species) also fea-
ture I(I1T) centers. While these species are often drawn with
[-L multiple bonds (i.e. PhI=0), the large radius of iodine re-
sults in insignificant t-bonding.26 Poor = overlap results in
highly polarized bonding, (i.e. PhI*-0-). The extensive polar-
ization of the I-0 bond often results in solid-state -I-0-1-
O- polymerization driven by charge pairing,27-2° which re-
sults in poorly soluble materials. lodosylbenzenes are met-
astable with respect to disproportionation to I(I) and I(V)
species, although sufficiently large kinetic barriers to dis-
proportionation often allow for straightforward handling of
I(III) species. For example, the disproportionation of
(PhIO)x to generate iodobenzene and iodylbenzene is spon-
taneous,30 but requires either catalysts (i.e. RuCls31) or ele-
vated temperatures3? to proceed at appreciable rates. The

mechanism of disproportionation has not been extensively
investigated but has been suggested to proceed via oxygen-
atom transfer chemistry in an O-bridged diiodine interme-
diate.33 As a result of the aforementioned disproportiona-
tion thermodynamics, iodylbenzenes 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), TI(III), and Pb(IV)?5 and is frequently de-
scribed using terminology common to organometallic
mechanisms.3* The oxidation of Phl to PhICl: described
above represents an oxidative addition reaction at the io-
dine 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.3>
Both associative and dissociative exchange mechanisms
have been proposed.3¢ Reductive elimination, in which lig-
and coupling from the hypervalent iodine center is accom-
plished with concurrent formation of an aryl iodide are
ubiquitous (Figure 3c). Both inner-sphere ligand coupling
and outer-sphere, nucleophilic aromatic substitution path-
ways have been suggested for the observed elimination re-
actions.37-38 Reductive elimination processes are driven by
the hypernucleofugacity of Phl. Finally, group-transfer
chemistry of iodosylbenzenes, for example in the synthesis
of metal oxo complexes37.39-40 as well as in hydroxylation ca-
talysisis, is very frequently encountered (Figure 3d).#1-42
The importance of hypervalent iodine compounds has re-
sulted in an extensive review literature of the chemistry and
reactivity of these compounds.15-16. 18-19, 4345 Similar to the
oxidation-reduction cycling that underpins hypervalent io-
dine catalysis, oxidation-reduction cycling with other main-
group elements, such as phosphorous, has recently
emerged as an opportunity in metal-free catalysis.*6-49
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Figure 3. The chemistry of 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 ex-
change chemistry, (c) reductive elimination reactions, and (d)
group-transfer processes. R = N(CHs)s; S = CH3CN; sPhIO = 2-
(tert-butylsulfonyl)iodosylbenzene (1).



Interest in hypervalent iodine chemistry has, in large
part, been motivated by the utility of these reagents as non-
toxic, selective oxidants in synthetic chemistry. lodosylben-
zene derivatives have been applied to a-oxidation of car-
bonyls,50 oxidative 1,2-difunctionalization of olefins,>! oxi-
dative dearomatization chemistry,52-55 cross-coupling reac-
tions,56-57 and have found important application as group-
transfer reagents in organometallic catalysis.!8 58 The facil-
ity of ligand exchange at hypervalent iodine centers under-
pins the breadth of substrate functionalization chemistry
that can be achieved with hypervalent iodine compound: In
addition to oxygen transfer, halogen, nitrogen, and hydro-
carbyl transfer reactions are all common. I(V) reagents dis-
play complementary substrate functionalization chemistry,
most notably towards alcohol and amine dehydrogenation
reactions.1#1?

Towards Hypervalent lodine Mediated Aerobic Hydrocar-
bon Oxidation. The proclivity of iodosylbenzene derivatives
to participate in group-transfer chemistry has stimulated
substantial interest in using these reagents as terminal oxi-
dants in oxidation catalysis. Motivated by 1) the potential to
utilize metal-organic frameworks (MOFs) to prevent bimo-
lecular decomposition chemistry by site-isolating catalyst
sites and 2) the potential to leverage network porosity as an
opportunity to non-covalently co-localize substrate in prox-
imity of reactive intermediates,’® 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 oxy-
genation®0-62 and C-H amination®3 reactions using MOF cat-
alysts. The solubility of hypervalent iodine reagents is criti-
cal to proposals of substrate functionalization in the inter-
stices of porous materials. In this context, 2-(tert-butyl-
sulfonyl)iodosylbenzene (1),60-62 64 in which secondary
bonding between the hypervalent iodine center and the
proximal Lewis base promotes iodosylbenzene depolymer-
ization and solubilization of monomeric species,’> has
emerged as an important terminal oxidant in MOF catalysis.

We have been motivated by the potential to develop aer-
obic hydrocarbon functionalization chemistry by coupling
the aerobic generation of hypervalent iodine reagents with
appropriate catalysts. In 2018, we reported the aerobic syn-
thesis of hypervalent iodine compounds based on intercept-
ing reactive oxidants generated during aldehyde autoxida-
tion with aryl iodides.5 In concept, the development of aer-
obic synthetic approaches to hypervalent iodine species
contributes to sustainable synthetic chemistry by avoiding
the metal-based oxidants that are often encountered in hy-
pervalent iodine chemistry. To the extent that the devel-
oped aerobic oxidation methods can be coupled with iodine
catalysis, the methods also contribute to relieving the re-
quirement for (super)stoichiometric loading of hypervalent
iodine reagents. Initial efforts to aerobically generate solu-
ble iodosylarene 1 failed to provide access to I(III) species,
and instead afforded iodylarene 2. The aforementioned dis-
proportionation thermodynamics of I(III) species imply
that I(V) reagents are less strongly oxidizing than the re-
lated 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 co-workers showed that 1 is an effec-
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Figure 4. The oxidation of styrene to styrene oxide proceeds
from iodosylarene 1 but does not proceed with iodylarene 2.

tive terminal oxidant for this transformation,” and this re-
port has been reproduced in our laboratory. In contrast, re-
placement of I(III) reagent 1 with I(V) reagent 2 results in
the observation of no epoxidation.

In order to rationally advance our goals of aerobic oxida-
tion 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 by-product of acetaldehyde-promoted aerobic oxi-
dation chemistry. Continued investigations have suggested
that AcOH-promoted disproportionation is not a viable
pathway for synthesis of 2 (vide infra). 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 dispropor-
tionation rates. In addition, we examine the chemistry of io-
dosylarenes with soluble models of the transition metal
clusters common to Zre- and Znz-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 iodo-
sylarenes and structural nodes common to metal-organic
framework catalysts.

Results and Discussion

Structure and Bonding of 2-(tert-Butylsulfonyl)iodosylben-
zene (1). Consistent with the analysis of a hypothetical mon-
omeric PhIO by Zhdankin and Boldyrev and co-workers,?
natural bond order (NBO) analysis indicates the lack of
meaningful 1-0O n-bonding in 1. In addition to the I-0 ©
bond, the valence at oxygen is completed with three non-
bonding electron pairs (Figure 5; coordinates of computed
structures collected in Tables S1-S2). The calculated Wi-
berg 1-0O 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-in-
fluencing 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 struc-
ture of this molecule (distance between H-bond donor and



accepter is 3.046 A).67 Examination of the 'H 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,9-74 revealed [HFIP]-de-
pendent 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 iodo-
sylbenzene oxygen (Figure 6, X-ray data tabulated in Table
S6). The distance between H-bond donor and accepter in
1-HFIP is 2.586 A. The relative shortness of the H-boning in
1-HFIP versus between 1 and chloroform is consistent with
the relative acidities of HFIP and CHCIlz (pKa = 9.3 and 15.5,
respectively). Upon binding to HFIP, the I-O bond (I(1)-
0(1)) elongates from 1.848(6) to 1.873(4) A and the I-0 dis-
tance to the sulfonyl oxygen (I(1)-0(2)) contracts from
2.707(5) to 2.668(3) A (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 unam-
biguous assignment of the proton resonances of both 1 and
1-HFIP (Figures S2-S7 and Tables S4 and S5). Analysis of the
A8 'H 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 AG = 1.94 + 0.06 kcal/mol

Figure 5. NBO orbitals for 1 that show (a) I-O o-bonding and
(b-d) O-centered lone pairs.
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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 perturba-
tion 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-0 bond (I(1)-0(1)) elongates and the contact
between hypervalent iodine center and the sulfonyl group
(I(1)-0(2)) contracts upon binding with HFIP.

(Figure 6). While HFIP is regularly used as a solvent or ad-
ditive in hypervalent iodine chemistry, the role of adducts
such as 1-HFIP is not clear based on the data we have col-
lected: 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)x) to HFIP re-
sults in complete dissolution of the solid (PhIO). polymer
and formation of PhI(OC(H)(CF3)2)2 (Eqn. 1). Formation of
the bis-alkoxide adduct is evidenced by the appearance of a
methine resonance at 4.20 ppm that integrates for two pro-
tons (Figure S8). Similar to the formation of 4, Hill et al. re-
ported that (PhIO), dissolves in CH3OH to afford
PhI(OCH3)2.7¢ Compound 4 is unstable towards isolation,
which is consistent with previous reports of fluoroalkoxide
adducts of iodosylbenzenes that have been generated elec-
trochemically.”7-79
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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 oxi-
dation conditions provide direct access to I(V) derivative 2
(Figure 7a).8° We proposed that the observation of I(V) was
due to AcOH-promoted disproportionation of an initially
formed iodosylbenzene intermediate based on the follow-
ing 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 inde-
pendently synthesized iodosylarene 1 to generate equimo-
lar 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 interme-
diates in disproportionation reactions in acidic media.33 81-
82 During subsequent investigations of the reaction chemistry
of 1 with AcOH, we have observed that in contrast to the ob-
served disproportionation, diacetate 5 formed in the presence
of AcOH and this species appears to be resistant to dispropor-
tionation (Figure 7b and S9). To clarify the divergent results
regarding the disproportionation of 1, we have pursued the
following series of experiments.

Synthesis of lodosylarene 1. A variety of procedures have
been reported for the synthesis of 1 (Methods A-C, Eqn. 2).
In the original report from Protasiewicz, aryl iodide 1 was
treated with H20z in Acz20 and then 3M NaOH to generate 1
(Method A).6” Concerns regarding the safety of this proce-
dure have been raised,®? and as a result, methods based on
oxidation with either KCIOs in HCI or NaBO3 in AcOH fol-
lowed by hydrolysis with NaOH have been developed.62 84
In our hands, Method B, based on treatment of 3 with KClO3
and HC], 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
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Figure 7. (a) Aldehyde-promoted aerobic oxidation of 2-(tert-
butylsulfonyl)iodobenzene (3) affords iodylarene 2. Iodo-
sylarene 1 is not observed at intermediate reaction times. (b)
Exposure of iodosylarene 1 to AcOH, which is an obligate by-
product of the autoxidation of acetaldehyde, affords bis-acetate
5.

respect to disproportionation rate: In a series of 1H NMR ex-
periments using mesitylene as an internal standard, half-
lives ranging from less than a minute to six hours have been
observed. In addition, the material appeared to be light sen-
sitive, showing accelerated disproportionation when ex-
posed to ambient light.

A: Hy0,, Ac,0; NaOH °
B: KCIO3, HCI; NaOH l®

SO,'Bu  C: NaBOjg - 4H,0; NaOH @iS:
1 o

s D: Cl,, CCl,; NaOH

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 po-
tential presence of impurities in the samples of 1, we have
pursued EPR and mass spectrometry-based experiments.
Exposure of a sample of 1 prepared by Method B to N-tert-
butyl-a-phenylnitrone (PBN), which is a commonly used
EPR spin trap,8s in CDClz 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 expo-
sure of the sample to ambient light (Figure S11). An identi-
cal EPR spectrum can be obtained from KClO3 in CDCls (Fig-
ure S12). These observations are consistent with the pres-
ence 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 Dissolution of the sample of 1 prepared by
Method B in HNOs and analysis by ICP-MS indicated the
presence of K*. Chlorate is not detectable by IR analysis (Fig-
ure S13), however, negative-mode ESI-MS of 1 prepared by
Method B indicates the presence of ClO3- (m/z = 82.953
(expt); 82.954 (calc)) (Figure S14). We suspect that the
source of the observed potassium is the KCl0z used to pre-
pare 1.

Based on the hypothesis that trace impurities associated
with KClOs were leading to the irreproducible dispropor-
tionation behavior of 1, we modified the synthetic protocol
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Figure 8. (a) EPR spectra obtained following PBN addition to 1
prepared by Method D (—), 1 with added KClO3 (—), 1 pre-
pared by Method B (—), and KClO3 (—); * this signal is from
the resonator background. (b) Simulated EPR components: Ex-
perimentally obtained spectrum following PBN addition to 1
prepared by Method D with added KClO3 (—), spectral simula-
tion as admixture of oxidized PBN and hydroxy radical adduct
(—), simulated PBN-adduct of hydroxyl radical (—), and sim-
ulated spectrum for oxidized PBN (—).

as follows: Clz was bubbled through a solution of 3 in CCls,
the resulting solid was isolated, and was then treated with
5M NaOH solution (Method D, Eqn 2). The resulting samples
of 1 display reproducible disproportionation chemistry
(vide infra). 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 KClOs to the sample of 1 pre-
pared from Method D led to the evolution of an EPR spec-
trum (Figure S16) that overlays the spectrum obtained from
Method B (Figure 8a) and the intensity of the signal in-
creased 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
have investigated the kinetics of reagent disproportiona-
tion. Disproportionation was monitored by H NMR spec-
troscopy utilizing mesitylene as an internal standard. Mon-
itoring the concentration of 1 as a function of time at 48 °C
revealed that disproportionation is second-order with re-
spect to 1 (Figure 9 and Figure S18). Examination of the dis-
proportionation as a function of temperature from 35-75 °C
allowed construction of the Eyring plot shown in Figure 9b
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Figure 9. (a) Concentration vs. time plot of 2-(tert-butyl-
sulfonyl)iodosylbenzene (1, x), 2-(tert-butylsulfonyl)iodoben-
zene (3, x), and 2-(tert-butylsulfonyl)iodylbenzene (2, x) for
the disproportionation of 1 at 48 °C in CDCls. At ~300 minutes,
precipitation of 2 was observed which accounts for the ob-
served decreasing concentration at this time. Inset: Plot of [1]
1 ys. time for the disproportionation of 1 at 48 °C in CDCls. (b)
Eyring plot for the disproportionation of 1.

(also see, Figure S19-S23). From these data, activation pa-
rameters for disproportionation — AH# = 15.2 kcal-mol!
and AS*¥ = —15.2 cal-K-'mol-! — can be extracted (Figure
S24). High-resolution positive-mode ESI-MS analysis of dis-
proportionation reaction mixtures indicates the presence of
dimeric species (ie. m/z = 680.9294, calc for [1]:H* =
680.9333; (Figure S25). In combination with the observed
second order Kinetics, these data suggest that dispropor-
tionation of 1 proceeds by oxygen-atom transfer via O-
bridged dimeric intermediates, which is consistent with
previous mechanistic proposal for iodosylbenzene dispro-
portionation.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 dispro-
portionation of 1 was based on the irreproducible dispro-
portionation kinetics of material prepared by Method B.
While a detailed understanding of the mechanism of aerobic
production of iodylarene 2 during aldehyde-promoted aer-
obic 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 corre-
sponding iodylbenzene under the action of 02, CHsCHO, and
Co(II) proceeds via the initial formation of 4-iodotoluene di-
acetate (i.e. I(1I1)) followed by subsequent oxidation of I(III)
to I(V), oxidation of iodoarene 3 affords iodylarene 2 with-
out the observation of iodosylarene 1 or bis-acetate 5.8

(2) Addition of the isolable reaction components of alde-
hyde-promoted aerobic oxidation, including acetaldehyde
(Figure S27), acetic acid, CoClz (Figure S28), and Co(0OAc)3
(Figure S29), does not induce disproportionation of bis-ac-
etate 5.

(3) Exposure of an independently prepared sample of
[(III) compound 5 to aldehyde-promoted aerobic oxidation
(02, CH3CHO, and Co(II) in d4-AcOH) resulted in the obser-
vation of both iodylarene 2 and iodoarene 3 by 'H NMR (Fig-
ure S30). The presence of iodoarene 3 during the aerobic
oxidation of 5 suggests that a disproportionation mecha-
nism may be operative.

(4) Monitoring the oxidation of iodoarene 3 with com-
mercially available 32 wt% peracetic acid by 'H NMR re-
vealed 1) two-phase kinetic behavior and 2) 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 H202 in commercially
available peracetic acid solutions. During this kinetic phase,
H:02 reduces the I(III) (i.e. either 1 or 5) formed by perace-
tic acid to regenerate iodoarene 3 and 0. (observed as
small bubbles).80 Generation of 10z was confirmed by the
observation of 9,10-dimethyl-9,10-dihydro-9,10-epidioxy-
anthracene upon addition of 9,10-dimethylanthracene, a
common chemical trap for 10z (Figure S32). Independent re-
action of either 1 or 2 with H202 resulted in iodine-centered
reduction and evolution of 102 (Figures S33 and S34, respec-
tively). After the initial kinetic phase, accumulation of 5 was
observed which is then further oxidized to iodylarene 2.
Similar generation and trapping of !0z during reaction of
H202 with Ph(I(02CF3)2 has previously been observed.87-88

Coordination Chemistry of lodosylbenzenes with Soluble
Transition Metal Clusters. Hypervalent iodine compounds
have found important applications in MOF catalysis:8 Com-
pound 1 has been applied in MOF-catalyzed epoxidation,6!-
62,6490 hydroxylation,®® and amination reactions.t3 Follow-
ing the observation of the disparate coordination chemistry
of 1 and (PhIO). with HFIP, we have undertaken an exami-
nation of the potential coordination chemistry of these io-
dosylbenzenes with transition metal clusters that are com-
monly encountered in MOF chemistry. We selected a car-
boxylate-bridged Znz complex (6)°! and a ZrsOs cluster
(7)92-93 as exemplary models because 1) these coordination
sites are ubiquitous in MOF chemistry,®¢ and 2) the ligand
exchange rates of Zn and Zr are drastically different,? and
thus these complexes provide a probe for the impact of M-
L bond lability on the interaction of the cluster with iodo-
sylbenzenes.

Exposure of both Znz and Zrs clusters to (PhIO)a resulted
in (PhIO)a 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). and iodobenzene dimethacrylate is obtained
following treatment of Zrs cluster 7 with (PhIO). (Figure 10,
Figures S35 and S36). In neither case have we characterized
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Figure 10. Ligand exchange is observed between (PhIO), and
(a) Znz complex 6 and (b) Zres cluster 7.
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Figure 11. Exposure of Zre cluster 7 to iodosylarene 1 results
in isolation of 7-(1)s; I(1)-0(1) = 1.87(1) A and 1(1)-0(3) =
2.62(2) A.

the metal-containing byproducts of these exchange reac-
tions.

In contrast to the ligand exchange chemistry observed be-
tween (PhIO), and complexes 6 and 7, iodosylarene 1 does
not participate in analogous ligand exchange chemistry. Ex-
posure of 1 to Znz benzoate complex 6 does not result in the
observation of benzoate adducts of 1, which would arise by
carboxylate exchange similar to that observed for reaction
of (PhlO)s with 6 (Figure S37). Treatment of Zrs cluster 7
with excess iodosylarene 1, such as would be present dur-
ing catalysis, results in the isolation of a new Zrs cluster
7:(1)s, in which four molecules of 1 are bound to the Zrs
core (Figure 11, Figure S38). Upon binding, the coordina-
tion mode of the carboxylates changes; whereas in the start-
ing Zrs cluster nine carboxylate ligands engage in bridging
binding modes and three chelate to a single Zr center, in
cluster 7-(1)s eight carboxylates participate in bridging
binding modes and four are monodentate. These observa-

tions indicate that ligation of iodosylbenzene to Zr is capa-
ble of displacing both bridging and chelating carboxylate
ligands. Analysis of the metrical parameters of the iodo-
sylbenzene fragments bound to Zr indicates that the -0
bond elongates from 1.848(6) to 1.87(1) A and the second-
ary bonding interaction between the sulfonyl oxygen and
the iodine center contracts from 2.707(5) to 2.62(2) A. 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 previ-
ously 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 dispar-
ate behaviors of (PhIO)s and 1 towards ligand exchange and
Lewis adduct formation, respectively, is due to the second-
ary coordination in 1, which amplifies the basicity of the io-
dosyl oxygen.

Investigation of Potential Coordination Chemistry in MOFs,
Based on the observation of ligand exchange processes
(with (PhIO)x) and ligand displacement reactions (with io-
dosylarene 1) between iodosylarenes and transition metal
clusters, we have 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 have examined the chemistry of Ui0-67,101 which is
comprised of Zrs nodes, and MOF-508,192-103 which is based
on Znz nodes. These materials were selected because they
lack redox-active metal sites, which would complicate anal-
ysis by providing pathways for iodosylarene redox chemis-
try. Incubation of these materials with either 1 or (PhIO)x
does not result in the observation of changes to the PXRD
patterns (Figures S39-S42) or the observation of linker-de-
rived soluble species by 'H NMR. These observations sug-
gest that the reaction chemistry observed with soluble Zn>
and Zrs 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 hyperva-
lent iodine compounds are highly ionic. The facility of oxi-
dation-reduction chemistry at iodine coupled with the lig-
and exchange chemistry that is characteristic of hyperva-
lent 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 garnered substantial attention from the MOF catal-
ysis community because it exhibits substantially greater
solubility in organic solvents than does (PhIO)., 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 combi-
nation with emerging MOF catalysts for C-H functionaliza-
tion, would facilitate aerobic hydrocarbon oxidation chem-
istry.

Here, we show that a popular synthetic route to iodo-
sylarene 1, based on KClO3 and HCI, affords material that
displays unpredictable disproportionation rates. The un-



predictable behavior arises from trace impurities intro-
duced 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 be-
tween iodosylarene 1 and iodylarene 2, we believe that the
results of catalytic reactions in which 1 is used as the termi-
nal oxidant should be evaluated with care. We go on to in-
vestigate the coordination chemistry of (PhIO). and iodo-
sylarene 1 with soluble molecular transition metal clusters
that resemble common components of MOF catalysts. We
find that (PhIO)a participates in ligand exchange with both
Zn2- and Zres-based clusters to generate iodobenzene dicar-
boxylates. In contrast, iodosylarene 1 does not participate
in exchange chemistry, but instead serves as a ligand to Zre
clusters. Examination of MOFs based on similar Znz and Zrs
sites indicates that the coordination chemistry of iodo-
sylbenzenes with molecular clusters may be suppressed
within materials, as the long-range structures of these ma-
terials 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 co-
ordination chemistry between transition metal clusters of
iodosylbenzenes may be useful in designing robust catalyst
materials.
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