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ABSTRACT 

 Enzymatic hydrocarbon oxidation allows for the selective late-stage 

functionalization of complex molecules by utilizing O2 as the terminal oxidant. We are 

interested in the development of abiological systems that enable functionalization of 

complex organic molecules using O2 by utilizing metal-organic framework (MOF) 

catalysts to effect selective C–H oxidation and to combine this with the environmentally-

friendly generation of hypervalent iodine reagents, commonly used oxidants in MOF 

catalysis. 

 To reach this long-term goal, there are fundamental studies that must be addressed. 

In order to access the pore space of a porous material for selective catalysis, the rates of 

substrate diffusion and catalytic reaction must be considered. Thus, it is necessary to 

understand what is known of the diffusion processes relevant to porous materials and 

methods for probing the relative rates of catalytic reactions to diffusion. In this vein, we 

investigate the use of cis-decalin as a stereochemical probe for differentiating interstitial 

from interfacial catalysis for C–H oxidation reactions for porphyrinic metal-organic 

frameworks. In addition, we examine the effect particle size has on oxidation selectivity 

and further optimize reaction conditions for the selective oxidation of 1,4-cis-

dimethylcyclohexane by 2-D layered porphyrinic materials. Lastly, we initiate 

investigations of coupling the generation of hypervalent iodine chemistry with MOF 

catalysis by first analyzing the reactivity of hypervalent iodine reagents with soluble 

analogues of the metalloclusters that serve as secondary building units in MOFs.  
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PROLOGUE 

Oxidative functionalization of aliphatic C–H bonds provides a means to rapidly 

increase molecular complexity and converts simple molecules into more complex 

scaffolds. Applications extend from valorization of simple hydrocarbons,1-2 such as the 

transformation of methane to methanol, to the oxidation of more complex molecules,3-4 

such as the site-selective oxidation of drug molecules to produce drug metabolites for 

pharmaceutical evaluation. Biology has addressed both of these challenges using enzymes 

that couple O2 reduction with C–H oxidation.5 For these reasons, the mimicry of biological 

enzymes as catalysts towards both fine chemical4 and commodity chemical synthesis6 is a 

major frontier of research. We are interested in pursuing the development of catalysts that 

effect C–H oxidation with high stereo- and regioselectivity and coupling this chemistry 

with new methods of utilizing O2 as a terminal oxidant. 

Substantial research has been devoted to the development of catalysts for C–H 

oxidation using both homogeneous1,3,7-8 and heterogeneous2,9 systems. In the field of 

heterogeneous catalysis, metal-organic frameworks (MOFs), which are porous scaffolds 

composed of inorganic nodes bound together by organic linking units have been advanced 

as promising catalysts for C–H oxidation chemistry due to 1) the potential for site isolation 

of the catalyst, which protects them from unproductive or deleterious side reactions and 

2) the opportunity to leverage the pore space as a unique chemical environment, which 

may garner novel site-selectivity.10-15 In comparison to zeolite catalysts, which are 

microporous aluminosilicate materials that are often utilized as porous catalyst materials, 

MOFs offer a wider range of functionality: a variety of organic linking units and metal 



 

 

 

xx 

clusters can be combined to access diverse topologies, a range of pore sizes (up to >1 nm 

in diameter), and varied catalytic properties.16 A major challenge inherent to utilizing a 

porous material as a catalyst is the role of diffusion and the relationship between the rates 

of diffusion and catalyst turnover.17 In order to leverage the pore space of a MOF, diffusion 

must be relatively quick in comparison to the rate of catalyst turnover.17 Chapter I 

summarizes the processes at play in the diffusion of molecules into porous materials, 

enumerates factors that effect substrate adsorption, and highlights techniques that allow 

for differentiation of interstitial from interfacial MOF catalysis. Chapter II represents a 

research effort towards the goal of probing whether catalysis occurs interstitially or 

interfacially on porous materials by utilizing cis-decalin oxidation as a stereochemical 

probe.15 Finally, in Chapter III we build on this preliminary work by examining the effect 

of particle size on the selectivity of cis-decalin oxidation and by exploring stereospecific 

C–H oxidation of other substrates. 

Towards the development of methods to allow for the utilization of O2 as a 

selective oxidant, our group has harnessed reactive intermediates produced during the 

autoxidation of aldehydes for the oxidation of aromatic iodine compounds to generate 

hypervalent iodine reagents.18-19 Hypervalent iodine reagents, such as iodosylbenzene and 

its derivatives, can serve as oxidants in a number of organic transformations, such as the 

oxidative 1,2-difunctionalization of olefins,20 oxidative dearomatization chemistry,21-24 

and cross-coupling reactions.25 Utilizing aldehyde autoxidation to generate hypervalent 

iodine has allowed these transformations to be conducted with catalytic amounts of 

iodoarene species and with O2 as the terminal oxidant.18  
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Hypervalent iodine compounds are also used extensively as group transfer reagents 

towards organometallic catalysts.26 These reagents are important in the field of C–H 

functionalization chemistry, where iodosylbenzene is frequently paired with 

organometallic catalysts to effect oxidation of C–H bonds.3,27 As a result of commonly 

being paired with catalysts capable of C–H functionalization, hypervalent iodine 

compounds have found utilization with metal-organic frameworks featuring 

porphryrinic15,28 and salen-based29-31 organic linkers and catalytically active metal-oxo 

clusters nodes.32-33 We are interested in the potential of coupling the catalytic, aerobic 

generation of hypervalent iodine reagents with catalysts capable of mediating C–H 

oxidation reactions. This effort would ultimately allow for the oxidation of C–H bonds by 

utilizing O2 as a terminal oxidant and the ability to generate these oxidants in situ with 

catalytic amounts of aryliodide would circumvent the often needed (super)stoichometric 

amounts of oxidant required for these transformations. 

The insolubility of hypervalent iodine reagents, such as iodosylbenzene, presents 

a challenge in regard to coupling the generation of these compounds with catalysis 

conducted by porous, heterogeneous materials. Towards this end, 2-(tert-

butylsulfonyl)iodosylbenzene, a hypervalent iodine reagent with enhanced solubility, has 

gained popularity in the MOF community.31-32,34 Chapter IV highlights that a common 

method for the preparation of this reagent produces material that contains trace impurities, 

resulting in unpredictable disproportionation kinetics, submits a new method for its 

preparation, and examines the interaction of 2-(tert-butylsulfonyl)iodosylbenzene and 
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iodosylbenzene with homogeneous, molecular analogues of clusters commonly utilized as 

the inorganic nodes in MOFs.  
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CHAPTER I  

INTRODUCTION: IN OPERANDO ANALYSIS OF DIFFUSION IN POROUS 

METAL-ORGANIC FRAMEWORK CATALSTS* 

I.1 Introduction 

Metal-organic frameworks (MOFs) are porous materials comprised of polytopic 

organic ligands and metal-containing secondary building units.10,35 In analogy to zeolitic 

catalysts, which are heterogeneous catalysts based on porous aluminosilicate materials 

that are commonly employed in industrial-scale applications,36-39 the ability to generate 

single-site catalysts in MOFs has led to the development of MOF catalysts for a variety of 

commodity-scale chemical transformations.40-46 In analogy to enzymatic catalysis, in 

which substrate confinement within enzyme active sites can alter the chemo- and 

stereoselectivity of substrate functionalization, the potential to systematically tune the 

topology and chemical functionality of molecular-scale pores within MOFs has inspired 

application of MOF catalysts to chemical transformations of relevance to fine 

chemicals.10,29,47-48 Among the motivations for applying MOF catalysts to fine chemical 

synthesis is the potential to utilize host-guest interactions to access stereo- or 

chemoselectivities that are orthogonal to those accessible with solution-phase 

catalysts.15,49-51 The intense study of MOF porosity has largely focused on application of 

MOFs in gas storage and separation,52-55 which rely on diffusion of low-density, small 

gaseous substrates into activated porous materials. In order to rationally apply MOF 

                                                
* Data, figures, and text in this chapter were adapted with permission from reference Gao, 
W. -Y.; Cardenal, A. D.; Wang, C. -H.; Powers, D. C. Chem. Eur. J. 2019, 25, 3465–
3476), copyright 2018 the John Wiley and Sons, Inc.  
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catalysts to fine chemical synthesis, understanding the design parameters that control the 

diffusion of relatively large, stereochemically complex substrates through solvent-filled 

porous materials is required.  

The intrinsically high porosity of many MOFs implies that the majority of 

available catalyst sites are housed at interstitial sites, with a relatively small number of 

solvent-exposed, interfacial sites. For example, if one considers an idealized 0.25 ´ 0.25 

´ 0.25 mm cubic crystal of MOF-5 (where the surface area of a single face of the unit cell 

is 0.0625 Å2), only 0.006% of Zn4O clusters are located on external crystal surfaces. The 

relative abundance of interstitial sites may lead to the assumption that catalysis with highly 

porous MOF catalysts proceeds at the far more abundant interstitial sites. However, if 

substrate diffusion is slower than catalyst turnover and the activity of interfacial and 

interstitial catalyst sites is similar, then the reaction will proceed at or near the surface of 

catalyst particles and very few interstitial catalyst sites will contribute to the observed 

catalysis (Figure I-1a).56-57 In contrast, if diffusion is faster than catalyst turnover, most 

or all the catalytic active sites will participate in the observed catalysis (Figure I-1b). The 

ability to access and utilize interstitial sites for substrate functionalization catalysis 

depends intimately on the relative rates of substrate functionalization and diffusion. 

This Chapter discusses critical issues that impact the diffusion of sorbates in 

solvated porous materials, which is necessary in utilizing MOF catalysts for fine chemical 

synthesis. First, the diffusional processes available to substrates within porous materials 

are summarized. Second, the critical factors that influence substrate diffusion rates in 

porous materials — the relative size of substrate and pore, the enthalpy of adsorption, the 
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presence of crystal defects, surface barriers, and crystallite size — are described. Third, 

we discuss available in operando tools for the evaluation of substrate diffusion during 

catalysis. In operando tools that evaluate the relative rates of catalyst turnover and 

substrate diffusion are critical because absolute diffusion rates are rarely available and 

intrinsic catalyst turnover frequencies are challenging to obtain for heterogeneous 

catalysts.58 We anticipate that improved understanding of the mobility of stereochemically 

complex molecules into and within porous materials will provide the rationale to develop 

new MOF catalysts for fine-chemical applications. 

 

 

Figure I-1 Impact of relative rates of diffusion and catalyst turnover. The relative 
rates of substrate diffusion and catalyst turnover dictate the fraction of potential catalyst 
sites that are utilized in catalysis. (a) If diffusion is slower than catalyst turnover, only 
interfacial catalyst sites will participate in catalysis. (b) If diffusion is faster than catalyst 
turnover, interstitial catalyst sites will contribute to catalysis.  
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I.2 Diffusion in Porous Solids 

Fick’s law of diffusion relates the flux of a molecule through a given cross-

sectional area to the concentration gradient across which the molecule is moving.59 

Molecular diffusivity (i.e. the diffusion coefficient) is a molecule-specific descriptor of a 

given molecules propensity to diffuse through a given medium.59-60 Diffusivity depends 

on the mean-free-path of the diffusing species, which is the average distance a molecule 

travels between successive intermolecular collisions. In bulk, the mean-free-path of a 

diffusing molecule is limited by collisions with other molecules. In porous materials, the 

mean-free-path of a diffusing molecule is limited by collisions with other diffusing 

molecules as well as by collisions with the pore walls. The introduction of collisions 

between diffusing molecules and pore walls inherently depresses the diffusivity of 

molecules in porous materials relative to the bulk phase. The extent to which the 

diffusivity is inhibited within a porous material is referred to as the degree of 

confinement.61-62 Related concepts, such as the tortuosity factor or the labyrinth factor 

have been developed to describe the impact of pore confinement on diffusing small 

molecules in porous substrates.63-64 Depending on the degree of confinement of a sorbate 

within a porous material, four diffusional regimes have been described (Figure I-2).  

1. Molecular diffusion: When the density of the sorbate is high or the pore holes 

are large, the mean-free-path of sorbate molecules is dominated by sorbate-sorbate 

collisions; the role of pore wall/surface is relatively insignificant. This diffusion regime is 

also referred to as ordinary diffusion.64  
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2. Knudsen diffusion: When the density of the sorbate is low or the pores become 

smaller, the mean-free-path of diffusing sorbate molecules is dominated by collisions 

between the sorbate and the pore wall.60,65  

3. Intracrystalline diffusion: When the pore diameter is similar to the sorbate size, 

diffusion proceeds via a hopping mechanism in which the sorbate travels along the pore 

wall. This mechanistic regime is dominated by strong interaction of the sorbate with the 

pore wall. Intracrystalline diffusion is also referred to as surface, configurational, zeolitic, 

or micropore diffusion.66  

4. Molecular sieving: When a potential sorbate is larger than the available pores, 

diffusion of the sorbate into the pore does not proceed.67-68 Under some conditions, such 

as low-temperature, even sorbates that are smaller than the pore dimensions can display 

prohibitively slow diffusion.67 Network flexibility or fluxionality can sometimes enable 

diffusion of guests that are larger than the pore size measured by crystallography.69 
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Figure I-2 Diffusion mechanisms in porous materials. (a) The mechanisms of diffusion 
of sorbates in porous materials depend on the degree of confinement of the sorbate. (b) 
Illustration of the relationship between substrate and pore size on the mode of sorbate 
diffusion. (c) Illustration of the relationship of pore size on diffusivity for a given sorbate. 
 

The effective diffusion rate of a sorbate arises from contributions of all diffusion 

processes that are available to the sorbate within a given porous material and depends on 

factors such as pore size, substrate size, adsorption enthalpy, material flexibility, and the 

presence of defects. In addition to the barriers to diffusion within a porous material, 

surface barriers, which inhibit diffusion of a sorbate from the bulk phase into a porous 

material, must be considered.66,70-71 For example, collapse of the crystallographically 

determined pore structure at crystallite interfaces or strong multi-layer sorption, which 

leads to either the narrowing or blockage of the accessible pore windows, both contribute 

to barriers that sorbates must confront at particle boundaries.65 In addition, in multi-
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component systems such as those encountered in catalysis, other components present in 

the reaction mixture can give rise to diffusional barriers by generating a boundary layer 

around porous particles. 

 

I.3 Measuring Sorbate Diffusion Rates 

The diffusivity of small molecules in porous materials has received substantial 

attention, both from experimental and theoretical investigators.61 Significant effort has 

been dedicated to developing experimental tools to quantify diffusion rates in porous 

materials.72-73 Diffusion processes can be classified as either transport diffusion or self-

diffusion. Transport diffusion is the net flux of molecules across a concentration gradient, 

such as the uptake of small-molecule sorbates into activated MOFs. Self-diffusion is the 

process by which molecules translate in space in the absence of a concentration gradient. 

An example of self-diffusion is the exchange of position between two sorbate molecules 

resulting from random Brownian motion.  

Broadly, the available experimental techniques to measure diffusivity can be 

categorized as non-equilibrium measurements, which probe transport diffusion — 

including spectroscopic methods,74-77 gravimetric methods (gravimetric or quartz-crystal 

microbalance),78-81 zero length column82-83 and coherent quasi-elastic neutron scattering 

(QENS)84-85 — or equilibrium measurements, which evaluate self-diffusion — such as 

pulsed-field gradient (PFG) NMR,86-87 incoherent QENS84 and other labeling 

experiments.88-89 Depending on the length scale of diffusion that is probed by a given 

technique, experiments are further classified as either macroscopic techniques (e.g., 
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gravimetric methods and zero length column), which evaluate diffusion over hundreds of 

micrometers,90 or microscopic techniques (e.g., PFG NMR, QENS, interference 

microscopy, and IR micro-imaging), which typically evaluate diffusion over distances of 

a few micrometers or less.65 Macroscopic techniques can probe both surface barriers and 

diffusional barriers within the pore, whereas microscopic experiments investigate a much 

smaller domain with focus on diffusion within the pore. Thus, unsurprisingly, 

discrepancies in diffusivities have been observed when rates derived from macroscopic 

and microscopic measurements are compared.73 

 In this section, selected examples of MOF-based experiments that highlight critical 

factors that impact the diffusivity of small molecules within porous materials are 

discussed.  

I.3.1 Pore Size  

The impact of pore size on sorbate diffusivity has been extensively studied in 

zeolites. In general, substrate diffusion is significantly faster in hierarchical mesoporous 

zeolites than in analogous microporous materials.59 Fewer studies have systematically 

examined the impact of pore size on substrate diffusivity in MOFs. Li et al. reported the 

kinetic separation of propane and propylene by systematically changing the aperture size 

of a family of ZIF-8 isostructures.91 The observed kinetic separation was attributed to the 

faster diffusion rate of propylene than that of propane, which is controlled by pore size. 

Network flexibility can substantially influence the diffusion rate of guest molecules. For 

example, Jobic and Maurin et al. demonstrated that CO2 diffusivity in MIL-53(Cr), a 
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material that displays substantial network flexibility, varied by two orders of magnitude 

in response to changing pore dimensions.85 

I.3.2 Substrate Size  

Lin et al. examined substrate diffusion rates in solvated MOFs using luminescence 

quenching experiments. These experiments, which relied on diffusion of variously sized 

amine-based quenchers (i.e. NEt3, NPr3, NBu3, EtNiPr2, and 4-MeOPhNPh2), 

demonstrated a negative correlation between quencher size and diffusivity.92 

I.3.3 Enthalpy of Adsorption 

Ramsahye et al. utilized a combination of QENS measurements and molecular 

dynamics simulations to demonstrate that the diffusivity of N2 (kinetic diameter = 3.6 Å) 

is higher than that of CO2 (kinetic diameter = 3.3 Å) through the small channel of MIL-

91(Ti).93 The contrasteric diffusion rates were attributed to the higher enthalpy of CO2 

adsorption than N2. Similarly, the faster diffusion of CH4 than CO2 in NPC-4, a Cu2 

paddlewheel-based MOF, was attributed to the higher enthalpy of adsorption of CO2 

compared to CH4 (kinetic diameter = 3.8 Å).94  

I.3.4 Surface Barriers 

In addition to diffusional barriers through porous materials, surface barriers, which 

inhibit the entrance of small-molecule sorbates into the crystallites of a porous material, 

can be present. Using interference microscopy and Monte Carlo simulations, Kärger et al. 

demonstrated the presence of a substantial surface barrier for the diffusion of small 

hydrocarbons into Zn(tbip) (tbip = 5-tert-butyl-isophthalate).70 The authors proposed that 

the observed surface barrier was due to blockage of interfacial pore apertures. Heinke et 
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al. reported an investigation of the diffusivity of cyclohexane into a series of thin- films 

of HKUST-1 that displayed varying thicknesses.95 These experiments demonstrated that 

cyclohexane diffusion through HKUST-1 proceeds via an intracrystalline diffusion 

mechanism. In addition to examining pristine thin films, the authors also investigated 

diffusion into films that had been exposed to moisture. Diffusion into these films displayed 

substantial surface barriers, which was attributed to collapse of the interfacial structure 

and attendant aperture blockage. This study indicates that surface barriers are not an 

intrinsic property of HKUST-1 and highlights the importance of considerations, such as 

environmental moisture, on MOF surfaces and sorbate uptake kinetics. 

I.3.5 Crystallite Size  

The impact of crystallite size on diffusion is particularly pronounced with small 

crystallites.96 Tanaka and Denayer et al. reported that n-butanol uptake in small crystallites 

of ZIF-8 (0.06–2.1 µm) was limited by surface barriers, while the diffusion rate of larger 

crystallites (88 µm) was governed by intracrystalline diffusion.97 In contrast, Ruthven et 

al. observed no change in diffusivities when studying diffusion of several gases into 

multiple crystallite sizes of 4 Å (7.3–40 µm) and 5 Å (7.3–55 µm) zeolites.98-99 For large 

crystals of Cu3btc2 (btc = 1,3,5-benzenetricarboxylate, HKUST-1) (0.7, 1.0 and 1.3 mm) 

the diffusivity of CO2 differed in the range of 0.0014 – 0.0020 mm2/s with crystal size.80  

I.3.6 Experimental Conditions 

In addition to factors related to the structure of the porous material and the specific 

sorbate of interest, diffusion kinetics are also influence by experimental conditions such 
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as temperature,100-101 the concentration/loading of the sorbate,94,102 and the orientation of 

crystallites with respect to the sorbate solution.103-104 

 

I.4 Critical Need for In Operando Tools to Study Diffusion during Catalysis 

Direct measurements of absolute sorbate diffusion rates are rarely directly relevant 

to the development of new catalysts because diffusion rates are typically measured using 

pristine samples of porous materials and a single diffusing substrate. Catalytic reactions 

are inherently multicomponent systems: the spatially dependent concentrations of starting 

materials, products, and reagents (each of which have unique adsorption enthalpies) can 

change as a function of reaction progress. In addition, the average crystallite size of porous 

catalyst materials, the presence of structural defects, and other materials properties can 

change during catalysis, for example, in response to mechanical stirring. Knowledge of 

the absolute diffusivities of substrates, products, and reagents would be useful if catalyst 

turnover frequencies (TOFs), average crystallite size, and active site concentration were 

also known. However, these parameters can be challenging to determine for many 

heterogeneous catalysts.58 Therefore, in order to probe the relative rates of diffusion and 

reaction, the development of unique tools to provide in operando analysis of diffusion 

during porous catalysis is highly desired. 

 

I.5 In Operando Probes of Diffusion in MOF Catalysis 

A variety of experimental approaches have been advanced to assess whether MOF 

catalysis proceeds at interfacial or interstitial catalyst sites (i.e. experiments that evaluate 
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the relative rates of diffusion and catalyst turnover). This section describes in operando 

approaches that have been developed to experimentally evaluate the role of diffusion on 

the observed kinetics of catalysis. A series of strategies that examine both surface barriers 

and barriers within the porous material during catalysis have been developed. Broadly, 

these strategies can be classified as 1) evaluation of catalysis with core-shell architectures 

in which catalytically active materials are encased in inactive shells to remove potential 

interfacial sites, 2) systematic examination of the kinetics of substrate functionalization as 

a function of pore size using isoreticular catalysts, 3) interrogation of the impact of 

crystallite size on the outcome of a transformation of interest, and 4) experiments in which 

the chemo- or stereoselectivity of MOF catalysts is examined in comparison to 

homogeneous catalyst. In addition to these experimental approaches, this section discusses 

the use of kinetic isotope effects in C–H oxidation reactions as a strategy to examine the 

relative rates of diffusion within porous materials and interstitial chemical reactions in the 

absence of potential surface barriers. 

I.5.1 Core-Shell Catalyst Architectures 

Core-shell architectures, in which a MOF catalyst core is confined within a shell 

of a non-catalytically active material, have been utilized to probe the relative contributions 

of interfacial and interstitial sites in MOF catalysis. Encapsulation of a catalyst particle 

within a catalytically inactive shell effectively removes potential interfacial catalyst sites. 

Comparison of catalysis using core-shell motifs with catalysis that is accomplished with 

the un-modified parent material provides indirect information about the potential role of 

interfacial sites in catalysis. Here we highlight results obtained from core-shell structures 
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that were generated by 1) post-synthetic demetallation of interfacial catalyst sites and 2) 

growing non-catalytically active materials around catalyst particles.   

Post-Synthetic Demetallation During studies of olefin epoxidation chemistry 

catalyzed by Mn(salen)-based MOFs, Hupp and Nguyen et al. demonstrated that treatment 

of the catalyst material with H2O2 resulted in the selective oxidative demetallation of 

surface exposed metalloporphyrin sites, thus generating core-shell catalyst particles.30 The 

activity of these core-shell structures in the epoxidation of a mixture of olefins 1.1 and 

1.2, which are chemically similar but differently sized substrates, was assayed using 2-

(tert-butylsulfonyl)iodosylbenzene (1.5) as the terminal oxidant (Figure I-3). The core-

shell catalysts were found to be highly selective for the epoxidation of the smaller 

substrate: at early reaction times a 1 : 16 mixture of 1.3 and 1.4 was obtained. In 

comparison, the as-synthesized catalyst material was poorly size selective when 

challenged with a mixture of 1.1 and 1.2 (produced a 1 : 2 mixture of 1.3 : 1.4). At longer 

reaction times, the product selectivity generated by the core-shell materials was found to 

decrease substantially (1 : 2), which was attributed to crystal fragmentation and the 

concurrent generation of poorly selective interfacial catalyst sites. Together, these 

observations suggest that diffusion of (at least) large substrates is slow relative to 

epoxidation, and that interfacial catalyst sites are kinetically significant in epoxidation 

chemistry catalyzed by as-synthesized Mn(salen)-based MOFs. Upon surface 

demetallation, surface reactivity is suppressed allowing for a size-selective process. 
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Figure I-3 Size selective epoxidation with a core-shell catalyst.Hupp and Nguyen et al. 
examined the epoxidation of mixtures of olefins 1.1 and 1.2 using a Mn(salen) MOF and 
core-shell catalysts obtained by selective demetallation of interfacial catalyst sites. The 
core-shell catalyst accomplished epoxidation with greater size selectivity that the parent 
Mn(salen) MOF. 
 

Direct Synthesis of Core-Shell Structures The development of synthetic 

approaches to well-defined core-shell structures would provide expanded opportunities to 

utilize core-shell architectures to interrogate the relative importance of catalysis at 

interfacial and interstitial sites. Zhou et al. utilized the distinct nucleation kinetics of 

different MOF materials to generate a series of porous MOF@MOF core-shell 

composites. For example, a catalytically active MOF (PCN-222(Fe)) core built from Fe 

porphyrin-based linkers was confined in various catalytically nonactive MOF shells, such 

as UiO-67.105 The core-shell structure demonstrated low conversion (<1% for 24 h) with 

bulky substrate molecules. In comparison, PCN-222(Fe) without any shell produced 

conversions of 40-60% in 12 h for the same bulky substrates. These experiments suggest 
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that bulky substrates are excluded from the catalytically active core due to the introduction 

of significant diffusional barriers. The ready availability of rationally synthesized core-

shell architectures provides the tools required to obtain kinetic data to bolster the 

conclusions about the relative importance of interfacial and interstitial catalyst sites.  

While core-shell heterostructures comprised of two MOF phases have not yet been 

widely explored in catalysis, core-shell structures comprised of a catalytically inactive 

MOF shell and a catalytically active metal nanoparticle core have been developed. For 

example, Tsung et al. reported the synthesis of Pd nanoparticles encased in a shell of ZIF-

8.106 The resulting core-shell catalyst was competent for the hydrogenation of 

cyclohexene, but not for the hydrogenation of cyclooctene. In contrast, Pd deposited onto 

ZIF-8 produced similar activities for the hydrogenation of both cyclooctene and 

cyclohexene. These data demonstrate the potential to utilize diffusional barriers to control 

chemical selectivity. 

I.5.2 Isorecticular Catalyst Materials 

The availability of isoreticular catalysts, which are MOF catalysts that share the 

same network topology but differ in pore size,107 provides the opportunity to 

systematically interrogate the impact of pore dimensions on catalyst performance. Lin et 

al. reported a detailed investigation of the kinetics of the epoxidation of 2,2-dimethyl-2H-

chromene (1.6) to generate epoxide 1.7 catalyzed by a family of isoreticular Mn(salen)-

based MOFs (Figure I-4).31 These experiments revealed that the reaction rate of olefin 

epoxidation was positively correlated with the pore size of MOFs. Further, the reaction 

rate within the large pore approached that of the rate of epoxidation using a soluble 
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molecular Mn(salen) catalyst. These data suggest that for sufficiently large pore sizes, 

diffusion is not rate limiting and catalyst activity is limited by the intrinsic activity of the 

lattice-confined catalyst sites. These data are consistent with participation of interstitial 

catalyst sites in epoxidation and substantial diffusional barriers for small-pore materials. 

The lack of appropriate molecular analogues for many catalyst sites in MOFs precludes 

widespread utilization of this strategy for interrogating the impact of diffusional barriers 

on catalysis. 

 

 

Figure I-4 Epoxidation rate as a function of pore size. (a) The epoxidation of 1.6 to 
generate 1.7 is catalyzed by Mn(salen)-based MOFs. (b) The rate of epoxidation increases 
with pore size. (c) Selected Mn(salen)-based isoreticular catalysts that were examined in 
the epoxidation of 1.6 to afford 1.7.  
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Long et al. investigated isoreticular Fe(II)-based MOFs for the oxidation of simple 

hydrocarbons (Figure I-5).32 Fe-MOF-74 (based on 2,5-dioxido-1,4-

benzenedicarboxylate (dobdc) linkers; pore diameter of 8 Å), displayed no activity 

towards the oxidation of cyclohexane using 1.5 as the terminal oxidant (van der Waals 

volume of 1.5 is 221 Å3 assuming 1.5 is approximately spherical; diameter = 7.5 Å). For 

comparison, Fe-MOF-74 did show activity in ethane oxidation to generate ethanol using 

N2O as the terminal oxidant.108 Pore expansion using extended dobdc linkers provided 

isoreticular catalysts with 19 and 27 Å pores. Upon linker extension, oxidation of 

cyclohexane (1.8) to cyclohexanol (1.9) and cyclohexanone (1.10) was observed. These 

data suggest that potential interfacial catalyst sites are inactive (perhaps due to different 

surface-termination geometries) and interstitial sites are active. The use of a relatively 

large oxidant (i.e. 1.5) precludes efficient diffusion of the required reagent in small-pore 

materials, and thus cyclohexane oxidation was not observed with Fe-MOF-74. 
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Figure I-5 Cyclohexane oxidation in an isoreticular family of materials. (a) 
Cyclohexane (1.8) oxidation to 1.9 and 1.10 is catalyzed by Fe-MOF-74 analogues. (b) 
The smallest Fe-MOF-74 analogue produced no oxidation products, while increasing the 
aperture size led to increasing turnover numbers (TONs).  

 

I.5.3 Differently Sized-MOF Crystallites 

The proportion of interfacial sites relative to interstitial sites increases as crystallite 

size decreases. Therefore, observing the impact that crystallite size has on the selectivity 

or kinetics of a reaction can provide insight into the relative contributions of interfacial 

and interstitial sites in catalysis. The relationship of crystallite size and proportion of 

interfacial catalyst sites has been described in chemical engineering by the concepts of 
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Thiele modulus and the effectiveness factor, which describe the relationship between 

diffusion and reaction. Assuming large crystallites and very fast chemical reactions, the 

Thiele modulus assumes only interfacial sites will be accessed.57,109 

Volkmer et al. studied the oxidation of cyclohexene (1.11) using tert-

butylhydroperoxide (tbhp) as the terminal oxidant catalyzed by MFU-1 ([Co4O(bdpb)3]; 

H2bdpb = 1,4-bis[(3,5-dimethyl)-pyrazol-4-yl]benzene).110 Two preparations of MFU-1 

have been reported — one based on solvothermal synthesis and the other based on 

microwave heating. Crystallites obtained from the microwave-assisted method were 

smaller and more uniform than those obtained by solvothermal synthesis; the external 

surface area of the microwave-derived material was approximately 8 times higher than 

that of the crystals obtained through solvothermal synthesis. The authors proposed that if 

oxidation proceeded at interfacial sites exclusively, there should be an 8 times difference 

in the reaction rate between the two catalyst preparations. The smaller crystallites 

catalyzed oxidation only about 2 times faster than the large crystallites, which was 

interpreted as evidence that the rate of oxidation is limited by pore diffusion (Figure I-6). 
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Figure I-6 Particle size dependent rate of oxidation of cyclohexene. (a) Oxidation of 
cyclohexene (1.11) to products 1.12, 1.13, and1.14. (b) Larger crystals (5-30 µm) of MFU-
1 were obtained through solvothermal synthesis. (c) Small crystals (<2.5 µm) were 
obtained via microwave synthesis. The rate of oxidation was found to be 2 times higher 
for small crystals of MFU-1. 
 

In order to probe the influence of particle size on catalytic activity, Garcia et al. 

examined three MIL-100 (Fe) samples at different average crystal sizes (60-70 nm, 120-

130 nm, and 400 nm) for oxidation of thiophenol with oxygen, diphenylmethane with 

tbhp, and triphenylmethane with tbhp, respectively.111 It was observed that the reaction 

rate for oxidation of thiophenol and diphenylmethane catalyzed MIL-100(Fe) was 

independent of the particle size. However, the initial rate of oxidation of triphenylmethane 

(1.15) heavily relied on the average crystal size of the catalyst: the smaller the crystal size, 

the faster the oxidation reaction (Figure I-7). These data suggest that for small substrates, 



 

 21 

diffusion is rapid and catalysis proceeds at interstitial sites. For large substrates, diffusion 

is slow and interfacial sites have significant contributions to the observed rate of catalysis. 

 

 

Figure I-7 Particle size dependent rate of oxidation for triphenyl methane. The rate 
of triphenyl methane (1.15) oxidation to 1.16 was found to increase with decreasing 
particle size, which suggests that oxidation proceeds at interfacial catalyst sites.  
 

I.5.4 Chemo- and Stereoselectivity 

In cases where soluble molecular analogues of MOF-confined catalyst sites are 

available, comparison of the chemo-112 or stereoselectivity113-114 between heterogeneous 

MOF catalysts and soluble catalyst analogues can help delineate the relative contributions 

of interfacial and interstitial active sites. The analysis typically assumes that solvent-
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exposed interfacial sites will catalyze a given reaction with similar selectivity as is 

obtained with homogeneous catalysts.  

During the Friedel-Crafts reaction of indole with imines (Figure I-8a), Lin et al. 

observed the enantioselectivity of a heterogeneous chiral MOF catalyst was opposite from 

that of a soluble molecular analogue.114 Chiral MOF catalysts were constructed from 

dicopper secondary building units and enantiopure 1,1’-binaphthyl-2,2’-phosphoric acid-

based linkers. The major product of the Friedel-Crafts reaction of indole 1.17 with imine 

1.18 was R-1.19. In contrast, use a soluble molecular analogue afforded the S-enantiomer 

of 1.19. The opposite sense of enantioinduction was interpreted as evidence of interstitial 

catalysis. 

Similarly, Telfer et al. demonstrated that the enantioselectivity of the aldol reaction 

of acetone and p-nitrobenzaldehyde catalyzed by a prolinyl unit embedded in MUF-77, 

[Zn4O(bdc)1/2(bpdc)1/2(hmtt)4/3] ((bpdc = 4,4,’-biphenyldicarboxylate, bdc = 1,4-

benzenedicarboxylate, hmtt = 5,5’,10,10’,15,15’-hexamethyltruxene-2,7,12-

tricarboxylate), was sensitive to the structure of the organic linker used, which suggests 

that interstitial catalysis is operative (Figure I-8b).113 
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Figure I-8 Stereoselectivity as a tool to differentiate interstitial from interfacial 
catalysis. (a) Friedel-Crafts reaction of indole (1.17) and imine (1.18) catalyzed by a chiral 
phosphoric acid-based MOF afford R-1.19, while catalysis with a molecular analogue 
afforded S-1.19. (b) The aldol reaction of acetone and p-nitrobenzaldehyde catalyzed by 
MUF-77 proceeded with the opposite sense of asymmetric induction as compared to aldol 
reactions catalyzed by homogeneous catalysts. 
 

Chapter II will discuss the development of a method based on the stereospecificity 

of cis-decalin oxidation to inform on the relative rates of interstitial and interfacial 

catalysis. 

I.5.5 Isolating Diffusion through Pores from Surface Barriers  

Each of the experiments described above examines the impact of diffusion during 

catalysis and information derived from these experiments reports on diffusion barriers 

through porous materials as well as surface barriers that may prevent diffusion into 

crystallites of porous catalysts. Increasingly, it is becoming clear that multi-layer packing 

of organic compounds within porous networks leads to a greater degree of confinement 

than would be anticipated based on the relative sizes of substrate and pore alone.115-118 In 

order to better understand the relative size of substrate and pore that gives rise to effective 
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substrate flux through porous materials, experimental approaches that isolate diffusion 

within porous materials with other variables, such as surface barriers, are needed. 

In 2018, Powers et al. described a method to probe the relative rates of diffusion 

and substrate functionalization based on comparison of the magnitudes of intra- and 

intermolecular kinetic isotope effects (KIEs).119 KIEs arise from the difference in reaction 

rate that results from isotopic substitution. Intramolecular KIEs are measured using 

partially deuterated substrates and thus the kinetic discrimination between C–H and C–D 

bonds that gives rise to the observed KIEs is done between bonds in the same molecule. 

Intermolecular KIEs are measured using a mixture of perdeuterated and undeuterated 

substrate and thus the kinetic discrimination between C–H and C–D bonds that gives rise 

to the observed KIEs is done between bonds in different molecules.  

During an investigation of C–H amination mediated by Ru2 nitride intermediates 

confined within porous materials, it was found that the intramolecular KIE value of kH/kD 

= 7.86(3) was obtained for amination of toluene-d1 and the intermolecular KIE value of 

kH/kD = 1.02(2) for an equimolar mixture of toluene and toluene-d8 (Figure I-9). The large 

intramolecular KIE suggests hydrogen-atom abstraction is a primary chemical step and 

that nitrogen-atom transfer to toluene is slower than the methyl group rotation that 

underpins kinetic selection between H and D. The small intermolecular KIE indicates that 

C–H bond cleavage is not involved in the product-determining step in the amination of a 

mixture of toluene and toluene-d8. The relative lack of discrimination between H and D 

reflected in the absence of an intermolecular KIE suggests that substrate self-exchange in 

this MOF is slow relative to C–H amination. The combination of large intramolecular 
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KIEs and small intermolecular KIEs has been interpreted to indicate that while C–H 

cleavage is involved in the reaction, diffusion barriers, which are not sensitive to isotopic 

substitution, are rate-determining. The observation of slow diffusion relative to C–H 

functionalization is notable given that the kinetic diameter of toluene (5.9 Å)120 is 

significantly smaller than the apertures (7.3 Å)119 of the Ru3btc2 material used in this study. 

 

 

Figure I-9 Kinetic isotope effects as a tool for probing the rate of diffusion in relation 
to rate of C–H amination. (a) The large intramolecular KIE (7.86) for nitrogen-atom 
transfer suggests that amination of toluene in Ru2-based materials proceeds via initial 
hydrogen-atom abstraction. (b) The small intermolecular KIE (1.02) suggests that toluene 
self-diffusion is slow relative to C–H amination.  
 

I.6 Conclusions  

While the potential to utilize MOF catalysts as platforms for fine-chemical 

synthesis is attractive, serious challenges related to transport of relatively large, 

stereochemically complex substrates and products into and out of porous materials must 

be overcome. This Chapter examined the diffusional processes that are available in porous 

materials – molecular, Knudsen, intracrystalline, and molecular sieving – which depend 
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on the relative size of available pores and the sorbate molecules. Direct measurement of 

diffusion rates of sorbates in porous materials has led to the identification of a series of 

parameters which are critical for small molecule diffusion, such as pore size, network 

flexibility, and enthalpy of adsorption. The complexity inherent in catalytic reactions, in 

which mixtures of starting materials, products, and reagents, display time-dependent 

changes in concentration, renders utilization of diffusion coefficients for the rational 

development of new catalysts, a challenge.  

To understand the transport of large organic molecules into and through porous 

catalyst materials, in operando experimental tools that evaluate the relative rates of 

diffusion and catalyst turnover are needed. A family of in operando strategies, such as 

utilizing core-shell catalyst architectures, investigating isoreticular MOF catalysts, 

examining the impact of crystallite size on catalysis, comparing the chemo- and 

stereoselectivity of porous catalysts with soluble molecular analogues, and analyzing the 

relative magnitudes of intra- and intermolecular kinetic isotope effects, have been 

developed. These studies have provided evidence that while in some cases interstitial 

catalyst sites contribute significantly to the rate of catalysis, in many cases interfacial sites 

are at least as important. Diffusion of stereochemically complex molecules is sufficiently 

slow in many circumstances that despite the fact that far more interstitial sites are available 

than interfacial sites, interfacial sites are kinetically significant. Even when substrates are 

smaller than available aperture sizes, diffusion can be slow relative to interstitial 

chemistry. An ongoing challenge in the development of MOF catalysts for fine-chemical 

synthesis will be to define how large a pore needs to be before organic molecules, even 
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simple ones such as solvent, diffuse at rates relevant to catalysis. We anticipate that 

improved experimental and computational approaches to the in operando evaluation of 

diffusion will contribute meaningfully to the rational development of new catalyst systems 

for application in fine chemical synthesis. 
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CHAPTER II  

CIS-DECALIN OXIDATION AS A STEREOCHMICAL PROBE OF INTERSTITIAL 

VS. INTERFACIAL MOF CATALYSIS* 

 

II.1 Introduction 

Enzymatic C–H oxidation during xenobiotic metabolism and biosynthesis is 

accomplished with catalyst-controlled selectivity within substrate-adaptive enzyme active 

sites.5,121-122 In contrast, most synthetic C–H hydroxylation methods proceed with 

substrate-controlled selectivity at either the weakest or the most sterically unencumbered 

C–H bond.7,123 The development of strategies for catalyst-controlled C–H hydroxylation 

could provide direct entry into complex functional molecules, such as metabolites.124-125 

We are interested in utilizing flexible metal-organic frameworks (MOFs) as catalysis 

platforms to achieve oxidation selectivities that are challenging to access in solution-phase 

chemistry.  

 MOFs are a class of materials comprised of metal nodes and organic linking 

elements that typically display rigid 3-dimensional structure and network porosity.126-128 

Porphyrinic MOFs, in which metallopophyrins are incorporated as linking elements, have 

garnered intense interest due to the potential use of these materials as biomimetic 

heterogeneous oxidation catalysts.129-130 Among the challenges to developing efficient 

oxidation catalysis based on porphyrinic materials are: 1) generating large-pore, non-

                                                
* Data, figures, and text in this chapter were adapted with permission from reference 
Cardenal, A. D.; Park, H. J.; Chalker, C. J.; Ortiz, K. G.; Powers, D. C. Chem. Commun. 
2017, 53, 7377–7380, copyright 2017 the Royal Chemical Society.  
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interpenetrating materials that support substrate diffusion,30,129,131-133 2) controlling M–L 

binding to access materials with open metal sites,134-136 and 3) accessing robust 

frameworks that maintain structure during guest removal or exchange.137 Even with these 

criteria met, it remains a substantial challenge to differentiate catalysis on materials (i.e. 

at surface sites) from catalysis in materials. We are interested in porphyrinic materials that 

feature flexible organic linkers as platforms for catalyst-controlled oxidation of organic 

molecules based on the contention that network flexibility138-141 may provide substrate-

specific reaction environments in which to accomplish substrate oxidation. Critical to 

development of catalysts for these applications is determining if catalysis is accomplished 

inside the catalyst pores. Here we report the synthesis of a new family of porphyrinic 

materials, demonstrate hydrocarbon oxidation catalysis, and present a stereochemical test 

based on cis-decalin oxidation to differentiate catalysis in materials from catalysis on 

materials. 

 

II.2 Results and Discussion 

Solvothermal combination of 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin iron 

chloride (Fe(tcpp)Cl), 1,3-di(1H-1,2,4-triazol-1-yl)propane (btp), and Zn(NO3)2·6H2O in 

N,N’-diethylacetamide (DEA) and ethanol (EtOH) at 80 °C affords a dark-purple 

crystalline material with the empirical formula [Zn2(Fe(tcpp))(btp)(NO3)]n (Fe(btp), 

Figure II-1). The chemical composition of Fe(btp) was evaluated by: 1) elemental 

analysis; 2) acid digestion followed by UV-vis  and 1H NMR analyses to define the 

Fe(tcpp) and btp content, respectively (Figures II-2 and II-3); 3) ICP-MS analysis of an 
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acid-digested sample to establish the Fe:Zn ratio (Table II-1); and 4) diffuse reflectance 

UV-vis spectroscopy (Figure II-2). Elemental analysis and IR spectroscopy (Figure II-

4) indicate that the chloride counterions of the Fe(tcpp)Cl starting material are replaced 

by nitrate ions during solvothermal synthesis of Fe(btp). The Fe(tcpp):btp ratio 

determined for acid-digested samples is 0.8, which indicates the presence of some ligand 

absences from the ideal [Zn2(Fe(tcpp))(btp)(NO3)]n empirical formula. 
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Figure II-1 Solvothermal Synthesis of Fe(btp) and characterization by PXRD. (a) 
PXRD pattern of as-synthesized Fe(btp), (b) simulated PXRD pattern for Fe(btp), and (c) 
simulated PXRD pattern for Fe(btp) with application of a [00l] preferred orientation. 
Structure model of Fe(btp) along the (d) crystallographic c-axis, and (e) crystallographic 
a-axis, which was generated using both PXRD and SCXRD data. 
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Figure II-2 UV-vis spectroscopy of Fe(btp) and its constituents. Diffuse reflectance 
spectra of (Fe(btp)) (—), H2tcpp (—), and Fe(tcpp)Cl (—). For comparison, the 
electronic	absorption	spectrum	of	Fe(tcpp)Cl obtained as a DMSO solution (—). 
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Figure II-3 Digestion of Fe(btp) allows for linker quantification. After drying at 23 
°C under vacuum, Fe(btp) solid was dissolved in d6-DMSO (0.5 mL) and D2SO4 (0.05 
mL). Mesitylene was used as an internal standard. 
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Table II-1 Zn:Fe and Fe(tcpp):linker ratio calculated from ICP-MS and NMR/UV-vis 
experiments, respectively, of Fe(btp), Fe(bpy), Fe(bpe), and Fe(bpp). 
 

MOF Zn:Fe  Fe(tcpp):linker  

Fe(btp) 2:0.932 1:0.63-0.95 
Fe(bpy) 2:0.827 1:0.81 
Fe(bpe) 2:0.766 1:0.77 
Fe(bpp) 2:1.079 1:0.74 

PPF-3-Zn/Fe  1:1.76 
 

 

Figure II-4 IR spectrum of Fe(btp) indicates presence of NO3-. IR spectrum of as-
synthesized Fe(btp) (—) and Fe(btp)act (—). Removal of DEA guest molecules during 
activation is evidenced by the disappearance of the peak at 1651 cm-1. 
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A wide variety of network topologies are available for a family of porphyrin-

paddlewheel frameworks (PPF).134,136 For example, while PPF-5-Zn/Ni (where Zn is the 

metal composing the paddlewheel motif and Ni is in the porphyrin), which is a layered 

material comprised of Ni(tcpp), 4,4’-bypyridine (bpy), and dizinctetracarboxylate nodes, 

features an AA stacking motif in which dizinc sites are connected by bpy, PPF-3-Zn/Fe, 

which is a layered material comprised of Fe(tcpp), bpy, and dizinc tetracarboxylate nodes 

features an AB stacking motif, in which dizinc sites are bound to metalloporphyrin sites 

(Figure II-5).136  

 

 
Figure II-5 The simulated structures of Fe(btp) with (a) AA and (b) AB stacking. 
 

We have used a combination of single-crystal X-ray diffraction (SCXRD), powder 

X-ray diffraction (PXRD), and modeling to confirm that Fe(btp) features AA-stacking of 

porphyrinic layers and is isostructural with PPF-5. SCXRD analysis confirmed the 2-D 

porphyrinic layers in Fe(btp) are connected by dizinc tetracarboxylates and indicated AA 
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stacking of the 2-D layers with alignment of the dizinc units along the crystallographic c-

axis. Interlayer connectivity, however, could not be established by SCXRD due to severe 

disordering in the crystallographic c-axis (Figure II-6). PXRD was collected for Fe(btp) 

and is displayed in Figure II-1. We constructed a model based on the 2-D layers 

determined by SCXRD with a set layer-to-layer spacing of 15.28 Å, which was calculated 

from the first main peak at 2q = 5.78° in the measured PXRD pattern. The measured PXRD 

data are in good agreement with the structure model presented in Figure II-1d and II-1e. 

The PXRD data for Fe(btp) display a strong [00l] preferred orientation, which is common 

for layered porphyrinic materials136 and consistent with the plate morphology of Fe(btp) 

crystallites. We also simulated the PXRD pattern expected of AB stacking (Figure II-7) 

and the observed PXRD is most well-matched to the presented AA stacking model. 

 

 

Figure II-6 Single crystal X-ray diffraction images of Fe(btp). (a) Fe(btp) crystals 
diffract strongly in some orientations, but (b) disorder in the crystallographic c-axis 
prevents use of SCXRD to define interlayer connectivity.   
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Figure II-7 The PXRD analysis of Fe(btp) for AA and AB stacking. AB stacking 
requires substantial deformation of the porphyrinic units in the 2-D layers. In addition to 
the PXRD-based evidence for AA stacking and not AB stacking, the observation that the 
diffuse reflectance of our materials is unperturbed from free porphyrins suggests that the 
porphyrin sites in the reported materials are planar. Comparison of PXRD pattern of 
Fe(btp) with the simulated patterns for potential AA and AB stacking motifs: (a) the 
simulated pattern derived from AA stacking and (b) the simulated pattern derived from 
AA stacking with application of a [00l] preferred orientation; (c) measured pattern for 
Fe(btp); (d) the simulated pattern derived from AB stacking and (e) the simulated pattern 
derived from AB stacking with application of a [00l] preferred orientation. 
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The assignment of AA stacking is further bolstered by conversion of Fe(btp) to 

[Zn2(Fe(tcpp))(bpy)(NO3)]n (Fe(bpy)) via post-synthetic linker exchange142-143 chemistry 

(Figure II-7). Fe(btp) is unstable in fresh DEA; 1H NMR analysis of the solvent indicated 

leaching of btp from the material and PXRD indicated amorphization of the network. In 

contrast, Fe(btp) is indefinitely stable in DEA solutions of btp. Soaking Fe(btp) in 

solutions of bpy resulted in the isolation of an isostructural layered material Fe(bpy). 

Similar to Fe(btp), interlayer connectivity of Fe(bpy) could not be resolved by SCXRD 

(Figure II-8), but the PXRD pattern measured for Fe(bpy) indicates that Fe(bpy) is an 

AA-stacked material isostructural with PPF-5 (Figure II-9).136 Additionally, the unit cell 

parameters of Fe(bpy) (a = b = 16.70 Å, c = 14.05 Å; P4/m) are similar to those of PPF-5 

(a = b = 16.65 Å, c = 14.05 Å; P4/mmm) but dissimilar to those of PPF-3 (a = b = 16.63 

Å, c = 25.08 Å; I4/mmm). We have extended similar post-synthetic linker exchange 

chemistry to the preparation of three additional isoreticular frameworks – 

[Zn2(Fe(tcpp))(dabco)(NO3)]n (Fe(dabco)), [Zn2(Fe(tcpp))(bpe)(NO3)]n (Fe(bpe)) and 

[Zn2(Fe(tcpp))(bpp)(NO3)]n (Fe(bpp)) – which are based on 1,4-

diazabicyclo[2.2.2]octane (dabco), 1,2-bis(4-pyridyl)ethane (bpe) and 1,3-bis(4-

pyridyl)propane (bpp) linkers, respectively. The obtained isoreticular family of materials 

displays linker-dependent layer-to-layer spacing (4.91 Å (Fe(dabco)) 14.04 Å (Fe(bpy)), 

15.28 Å (Fe(btp)), 16.39 Å (Fe(bpe)), and 16.45 Å (Fe(bpp); Figure II-10). 

Characterization data is collected in Figures II-11-12 and Table II-1 and II-2. 
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Figure II-8 Single crystal X-ray diffraction image of Fe(bpy). (a) Fe(bpy) crystals 
diffract strongly in some orientations, but (b) disorder in the crystallographic c-axis 
prevents use of SCXRD to define interlayer connectivity. 
 
 

  

Figure II-9 Comparison of the PXRD pattern of Fe(bpy) with the simulated and 
experimental PXRD patterns for PPF-3 and PPF-5 materials, which feature AB- and 
AA-stacking motifs, respectively. 
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Figure II-10 PXRD of Fe(btp) (—), Fe(bpy) (—), Fe(bpe) (—), Fe(bpp) (—), and 
Fe(dabco) (—). The patterns reveal an isostructural family of materials that differs in the 
ligand-defined layer-to-layer separation. 
 
 

 

Figure II-11 Diffuse reflectance spectra of Fe(btp) (—), Fe(bpy) (—), Fe(bpe) (—), 
and Fe(bpp) (—).  
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Figure II-12 IR spectra of Fe(btp) (—), Fe(bpy) (—), Fe(bpe) (—), and Fe(bpp) (—) 
prepared by solvothermal (a) synthesis and by (b) linker-exchange chemistry. 
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Table II-2 Comparison of the unit cell parameters of Fe(btp), Fe(bpy), and Fe(bpe) 
with PPF-3-Zn/Fe and PPF-5-Zn/Ni.136 
 

MOF Fe(btp) Fe(bpy) Fe(bpe) PPF-3-Zn/Fe PPF-5-Zn/Ni 
Crystal 
system 

Tetragonal 

Space 
group 

P4/mmm (P4/m) (P4/m) I4/mmm P4/mmm 

a, Å 16.79(6) 16.69(2) 16.75(4) 16.63(2) 16.65(4) 
c, Å 16.11(1) 14.05(3) 16.28(3) 25.07(4) 14.05(7) 

d-spacing, 
Åa 

15.28 14.04 16.39 12.68 14.04 

 
a calculated by applying Bragg’s law to (00l) peaks of measured PXRD patterns.  
 

The original report of PPF-5 explored the solvothermal chemistry of Zn(NO3)2, 

Fe(tcpp), and bpy and showed the evolution of PPF-3, with an AB stacking motif in which 

the bpy linkers connect Fe(tcpp) and Zn2 nodes.136 We were interested in the observation 

that linker exchange from Fe(btp) provides access to a PPF-5 topology, and specifically 

were interested in addressing whether templating provided access to network topologies 

not accessible by direct synthesis. To address this issue, we have carefully examined the 

impact of bpy loading on the reaction outcome and have found that Fe(bpy) is obtained 

from solvothermal synthesis at low bpy loading, while PPF-3 is obtained at higher loading 

(Figure II-13). Similar stoichiometry-dependent phase isolation was observed when btp 

loading was varied in Fe(btp) syntheses (Figure II-14). 
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Figure II-13 PXRD patterns of solids prepared with increasing quantities of bpy. 
PXRD patterns of solids prepared by solvothermal reaction of Zn(NO3)2·6H2O, 
Fe(tcpp)Cl with (a) 0, (b) 0.5, (c) 0.8, (d) 0.9, (e) 1.0, (f) 1.1, (g) 1.2, (h) 1.5, (i) 2.0, and 
(j) 4.0 equivalents of bpy. All reactions were carried out in a 3 : 1 mixture of DEF and 
EtOH at 80 °C. 
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Figure II-14 PXRD patterns of solids prepared with increasing quantities of btp.  
PXRD patterns of solids prepared by solvothermal reaction of Zn(NO3)2·6H2O, 
Fe(tcpp)Cl with (a) 0, (b) 1, (c) 2, (d) 4, (e) 8, and (f) 16 equivalents of btp. All reactions 
were carried out in a 4 : 1 mixture of DEA and EtOH at 80 °C. 
 

Fe(btp) undergoes amorphization upon desolvation (Figure II-15). 

Thermogravimetric analysis (TGA) measured under N2 flow reveals ~50% weight loss 

between 23–150 °C (Figure II-16) and IR spectroscopy shows that this mass loss is 

associated with removal of DEA from the material (Figure II-4). Gas sorption isotherms 

(up to 1 bar of pressure) were measured for the desolvated solid (Fe(btp)act) with N2 and 

CO2 at 77 K and 195 K, respectively, and indicate that Fe(btp)act has very low accessible 

surface area (i.e. 89 m2/g based on CO2 isotherm, Figure II-17). Network structure, as 

probed by PXRD analysis, did not return after soaking Fe(btp)act in DEA and EtOH 

(Figure II-18). Additionally, in situ PXRD experiments carried out at the Advanced 
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Photon Source (APS) while sequentially subjecting Fe(btp)act to vacuum and then to high 

pressure gas (up to 100 bar CH4 or 30 bar CO2 pressure) indicate that the vacuum-induced 

phase transition of Fe(btp) to Fe(btp)act is irreversible (Figures II-18-19). 

 

 

Figure II-15 Collapse of Fe(btp) long-range structure. PXRD patterns for Fe(btp). (a) 
PXRD from in situ activation of Fe(btp) in a capillary tube. (b) PXRD of Fe(btp)act 
prepared by drying at 150 °C under vacuum for 12 h. (c) PXRD obtained after soaking 
Fe(btp)act in a mixture of DEA/EtOH for 1 d. 
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Figure II-16 TGA data for porous materials. (a) TGA traces of as-synthesized (—) and 
activated (···) Fe(btp). (b) TGA traces of as-synthesized Fe(btp) (—), Fe(bpy) (—), 
Fe(bpe) (—), and Fe(bpp) (—) acquired under a flow of N2 and a temperature ramp of 5 
°C/min. 
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Figure II-17 CO2 sorption isotherms for Fe(btp). Gas sorption isotherms of activated 
Fe(btp)act for N2 at 77 K (black) and CO2 at 195 K (blue). Filled shapes: adsorption; open 
shapes: desorption. Based on these data, Fe(btp)act is a non-porous material. 
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Figure II-18 In situ variable-pressure PXRD data obtained for Fe(btp) during 
activation and with high-pressure CH4 loading. Top: PXRD patterns obtained for 
Fe(btp) (a) as-synthesized, (b) after He gas used to remove excess solvent, (c) during 
evacuation at 23 °C, and (d) after evacuation at 150 °C. Bottom: PXRD patterns obtained 
during variable-pressure CH4 loading. PXRD patterns of (e) Fe(btp) after evacuation at 
150 °C and with (f) 25 bar, (g) 50 bar, (h) 75 bar, and (i) 100 bar applied CH4 pressure. 
No evolution of the PXRD pattern was observed under these conditions. 
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Figure II-19 In situ variable-pressure PXRD data obtained for Fe(btp) during high-
pressure CO2 loading. PXRD patterns obtained during variable-pressure CO2 loading. 
PXRD patterns of (a) Fe(btp) after evacuation at 150 °C and with (b) 5, (c) 10, (d) 15, (e) 
20, (f) 25, and (g) 30 bar applied CO2 pressure. No evolution of the PXRD pattern was 
observed under these conditions. 
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For application to oxidation catalysis, porosity in the absence of guests is not 

required, only guest exchange is necessary. The layered materials presented here readily 

participate in guest exchange. Soaking Fe(btp) in a CH3CN solution of fluorescent dye 

rhodamine 6G116  results in the intercalation of dye into the material (30 wt%), as 

evidenced by UV-vis analysis of both the soaking liquid and the digested solids (Table 

II-3 and Figure II-20). The ability for solution-phase guest exchange reactions to proceed 

demonstrates that the porosity of our materials is maintained in the presence of suitable 

guests. In contrast, no dye uptake is observed with Fe(btp)act. 

 

Table II-3 Summary of results from dye-uptake experiments 

 
  

Sample Measured µmol dye 
incorporated 

mg dye 
incorporated mg sample weight 

% dye 

Fe(btp) 

Soaking 
solution 

4.02 1.93 6.3 30 

Digested 
solid 

3.75 1.80 4.0 31 

Fe(btp)act 
Soaking 
solution 

1.1 0.51 21.4 5.1 

Digested 
solid 

0 0 15.2 0 

Fe(btp)ground 

Soaking 
solution 

3.6 5.6 5.6 30 

Digested 
solid 

0.73 0.35 0.7 37 
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Figure II-20 Absorptivity of rhodamine 6G in CH3CN and DMSO. (a) Absorptivity 
of rhodamine 6G in CH3CN (—) and spectrum used to establish concentration of 
rhodamine 6G in the supernatant following dye uptake (—). (b) Absorptivity of rhodamine 
6G in DMSO (—) and spectrum used to establish concentration of rhodamine 6G in the 
supernatant following dye uptake in the digested solids (—). 
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We selected cis-decalin as an initial substrate for hydroxylation catalysis using our 

layered materials for two reasons. First, cis-decalin presents multiple chemically and 

stereochemically distinct C–H bonds. Second, cis-decalin provides a stereochemical probe 

during oxidation: Hydrogen-atom abstraction (HAA) from C9 generates a tertiary radical 

that can undergo epimerization (Figure II.21).144 The ratio of cis- and trans-

decahydronaphthalen-9-ol (2.1) provides information regarding the rate of hydroxylation 

relative to epimerization. The modest preference for stereoretention during oxidation 

catalyzed by soluble metalloporphyrins has been rationalized as arising from radical 

rebound within a solvent cage.145 This idea of a solvent cage influencing product 

distributions for reactions involving radical pairs has also been invoked in the 

photoreaction of 2-iodooctane.146 

 

 

Figure II-21 Epimerization of cis-decalin-derived radicals provides a mechanism to 
generate both cis- and trans-2.1 during radical hydroxylation. 
 

Treatment of Fe(btp) with cis-decalin and 2-(tert-

butylsulfonyl)iodosylbenzene,147 a common soluble oxygen-atom transfer reagent, 

afforded a >100:1 mixture of cis- and trans-2.1 (Table II.4, entry 1). In comparison, 
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molecular catalysts Fe(tpp)Cl and Fe(tmpp)Cl afforded 3.3:1 and 8.5:1 mixtures of cis- 

and trans-2.1, respectively (entries 7 and 8; tpp = 5,10,15,20-tetraphenylporphyrin; tmpp 

= 5,10,15,20-tetrakis(4-methoxycarbonylphenyl)porphyrin). Similarly, catalysis with 

Fe(btp)act, which does not exhibit dye-uptake activity (Table III.4), results in a 4:1 

mixture of cis- and trans-2.1 (Entry 3). Leaching experiments conducted with Fe(btp) 

demonstrated no conversion of cis-decalin. Further, Fe(btp) was found to be recyclable; 

reusing Fe(btp) gave unchanged conversion and selectivity. 

The above data suggest that metalloporphyrin sites housed within Fe(btp) 

accomplish highly stereospecific oxidation while metalloporphyrin sites on the surface 

accomplish oxidation is low stereospecificity, we evaluated the selectivity that was 

achieved using ground samples of our porous materials. As synthesized samples of 

Fe(btp) exhibit a broad particle size distribution, with many crystallites exhibiting larger 

than 100 μm edges. Ground samples of Fe(btp) showed narrower particle size distribution 

centered at ~10 μm (SEM images are collected in Figure II-22-23). Whereas as-

synthesized Fe(btp) affords a >100:1 mixture of cis- and trans-2.1, oxidation with a 

ground sample of Fe(btp) provides a 53:1 mixture (Entry 2). Importantly, grinding had no 

impact on dye uptake capacity (Table II-4). A similar trend is observed when Fe(bpy) is 

used as an oxidation catalyst. As synthesized samples afford a 50:1 mixture of cis- and 

trans-2.1 while ground samples afford a 37:1 ratio (Entries 4 and 5). 
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Table II-4 Oxidation of cis-decalin affords a mixture of cis- and trans-
decahydronaphthalen-9-ol (2.1). Catalysis with soft material Fe(btp) affords the highest 
selectivity. 

 

 

 
Figure II-22 SEM data of as-synthesized and ground Fe(btp). (a) SEM images of 
unground Fe(btp) at 450x. (b) SEM images of ground Fe(btp) at 500x magnification. 
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Figure II-23 Histogram of particle distribution in (a) unground and (b) ground 
Fe(btp). The size distribution (length and width of the particles) was measured using 
ImageJ. For each image, 100 particles were examined. 
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The collected data is consistent with rapid hydroxylation of radical intermediates 

inside our porous materials. Relatively slow hydroxylation of radical intermediates by 

surface-bound catalysts provides opportunity for loss of stereospecificity during 

oxidation. These observations suggest that our porous materials effectively function as 

tight solvent cages and prevent stereochemical scrambling during hydroxylation 

chemistry. Further, the observed relationship between the outer surface area of catalyst 

particles and reaction stereospecificity provides a useful tool to differentiate catalysis in 

from catalysis on these porous materials. 

 

II.3 Conclusions 

In summary, we have prepared a new isoreticular family of layered porphyrinic 

materials with substrate-accessible unsaturated Fe porphyrin sites. These materials are 

competent in the hydroxylation of aliphatic C–H bonds. We have shown that these 

materials affect highly stereospecific oxidation of cis-decalin while hydroxylation with 

homogeneous and non-porous analogs proceeds with low stereospecificity. Stereo-

specificity can be modulated by grinding the catalyst material to generate particles with 

greater external surface area, and product selectivity provides a probe for differentiating 

catalysis in versus catalysis on these porous materials. Accomplishing catalysis in 

materials is a critical prerequisite to utilizing pore structure to control chemical selectivity. 

We anticipate that use of cis-decalin oxidation specifically, and other stereochemical 

probes generally, may provide useful tools for evaluating the locus of catalysis with porous 

materials.  
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II.4 Experimental Details 

II.4.1 General Considerations 

Materials Solvents were obtained as ACS reagent grade and used as received, 

except for DMF, which was stored over 4 Å molecular sieves, and CH3CN and CH2Cl2, 

which were obtained from a drying column.148 Sodium hydroxide, and N,N’-

diethylformamide (DEF) were obtained from EMD Millipore. 1,2,4-triazole and 1,3-bis(4-

pyridyl)propane were obtained from TCI America. Pyrrole, chromium(VI) oxide, methyl 

p-formylbenzoate, and absolute ethanol were obtained from Beantown Chemical, Chem 

Impex, Ark Pharm, and Koptec, respectively. N,N’-diethylacetamide (DEA), 1,3-

dibromopropane, 4-carboxybenzaldehyde, and FeCl2×4H2O were obtained from Alfa 

Aesar. 1,2-Bis(4-pyridyl)ethane (bpe) was obtained from Acros. Sodium sulfite, 

benzaldehyde, and D2SO4 were obtained from Sigma Aldrich. The aforementioned 

reagents were used as receieved. Zn(NO3)2×6H2O was obtained from Strem Chemicals and 

was dried under vacuum (~50 mbar) at 23 °C prior to use. Cis- and trans-decalin were 

purchased through TCI and purified from alcohol impurities by washing with H2SO4 and 

was then dried over Na metal.149 4,4’-bipyridine (bpy) was purchased from Sigma Aldrich 

and purified by sublimation prior to use. Tetrabutylammonium periodate,150 cis- and trans-

1,4-dimethylcyclohexanol,151 cis- and trans-decahydronapthalen-9-ol,151 1,3-bis(1,2,4-

triazole-1-yl)propane (btp),15 5,10,15,20-tetraphenylporphyrin (H2tcpp),152 5,10,15,20-

tetraphenylporphyrin iron chloride (Fe(tcpp)Cl),153 and 2-(tert-

butylsulfonyl)iodosylbenzene147 were synthesized according to literature procedures. 

NMR solvents were purchased from Cambridge Isotope Laboratories and were used as 
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received. UHP-grade N2, CO2, and He, used in gas sorption measurements, were obtained 

from Airgas. 

Characterization Details NMR spectra were recorded on Inova 500 FT NMR 

operating at 499.53 MHz for 1H acquisitions and were referenced against solvent signals: 

CDCl3 (7.26 ppm, 1H; 77.16 ppm, 13C) and DMSO-d6 (2.48 ppm, 1H).154 1H NMR data 

are reported as follows: chemical shift (δ, ppm), (multiplicity: s (singlet), d (doublet), t 

(triplet), m (multiplet), br (broad), integration). UV-vis spectra were recorded at 293 K in 

quartz cuvettes on an Ocean Optics Flame-S miniature spectrometer with DH-mini UV-

vis NIR light source and were blanked against the appropriate solvent. Solid-state UV-vis 

spectra were recorded as mineral oil dispersions on glass slides using Hitachi U-4100 UV-

vis-NIR spectrophotometer and were blanked against the empty glass slide sandwiches. 

IR spectra were recorded on a Shimadzu FTIR/IRAffinity-1 spectrometer. Spectra were 

blanked against air and were determined as the average of 128 scans. IR data are reported 

as follows: wavenumber (cm-1), (peak intensity: s, strong; m, medium; w, weak). 

Elemental analyses were carried out by Atlantic Microlab, Inc. (Norcross, GA). 

Inductively coupled plasma mass spectrometry (ICP-MS) were performed by PerkinElmer 

NexION 300D housed in the Texas A&M Center for Chemical Characterization and 

Analysis. MALDI-TOF data were obtained with an ABI Voyager DE STR operating in 

reflector mode with 20 kV voltage. Thermogravimetric analyses were measured up to 600 

°C with a scan rate of 5 °C/min using TGA Q500 of TA instruments. Gas chromatography 

was performed on a Shimadzu GC-2010 with a dimethyl polysiloxane column (15.0 m, 

0.25 mm ID). Scanning electron microscopy was performed at the Materials 
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Characterization Facility on a JEOL JSM-7500F. Samples were prepared via dropcasting 

onto clean gold coated silicon wafers (Chromium adhesion layer 7 nm; gold layer 200 nm) 

and solvent was removed by heating to 80 °C for 10 min. A thin 5 nm Pt/Pd layer was 

sputter coated onto the sample. 

X-ray Diffraction Details Powder X-ray diffraction (PXRD) measurements were 

carried out on a Bruker D8 Advance Eco X-ray diffractometer (Cu Kα, 1.5418 Å; 40 kV, 

25 mA) fitted with LynxEye detector. The angular range was measured from 4.00 to 

40.00° (2θ) with steps of 0.020° and a measurement time of 0.3 s per step. Single-crystal 

X-ray diffraction (SCXRD) data of Fe(btp), Fe(bpy), and Fe(bpe) were collected both 

using radiation from a Cu Kα (1.5418 Å) source on a Bruker three-circle D8 goniometer 

equipped with an Apex II CCD at 293 K and using synchrotron radiation (0.82656 Å; 

ChemMatCARS located at the Advanced Photon Source housed at Argonne National 

Laboratory) on a vertically mounted Bruker D8 three-circle platform goniometer equipped 

with an Apex II CCD and an Cryojet N2 cold stream operating 95–293 K. 

 Variable-pressure (VP) in situ PXRD data were collected at Beamline 17-BM-B 

located at the Advanced Photon Source (APS) housed at Argonne National Laboratory 

(ANL) using synchrotron radiation (λ = 0.45336 Å). Data were collected in transmission 

mode with a Perkin Elmer a-Si flat panel detector. Data were collected as ω scans (5 °). 

Sample temperature was controlled with an Oxford Cryosystems operating between 23–

150 °C. SPEC was utilized for beamline control and QXRD for data acquisition. The 

GSASII5 program was used for data processing and calibration using a LaB6 standard 

sample. Samples were ground as suspensions in either DMF or DEA and then were loaded 
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into Kapton capillaries (ID: 0.0395”, OD: 0.0435”, Wall thickness: 0.0020”) as solvent 

suspensions. Solvent was removed by purging the sample with He at 23 °C (5 mL/min) 

and evacuating at 23 °C. Samples were activated in the capillaries by heating to 150 °C 

under vacuum. Following sample activation, samples were cooled to 23 °C for variable 

pressure data collection. VP diffraction data was acquired from 5–100 bar with 5 bar steps. 

CH4 or CO2 was introduced to the capillary (5 bar) and pressure was subsequently 

controlled with a piston. The sample was allowed to equilibrate at each pressure for 2 min 

prior to data collection. 

Gas Sorption Details Gas adsorption isotherms for pressures in the range 0−1.0 

bar were measured using a volumetric method using a Micromeritics ASAP2020 

instrument. Samples were transferred under an N2 atmosphere to pre-weighed analysis 

tubes, then capped with a TranSeal. The samples were evacuated at 150 °C until the outgas 

rate was <10 μbar/min, at which point the tube was weighed to determine the mass of the 

activated sample. The tube was transferred to the analysis port of the instrument and the 

outgas rate was again checked to ensure that it was <6 μbar/min. UHP-grade (99.999% 

purity) N2, CO2, and He were used for all adsorption measurements. For all isotherms, 

both warm and cold free-space measurements were carried out with He; N2 isotherms were 

measured at 77 K with liquid nitrogen and CO2 isotherms at 195 K were measured with 

dry ice and acetone. 
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II.4.2 Synthesis 

 

Synthesis of 1,3-bis(1,2,4-triazole-1-yl)propane (btp) 1,3-bis(1,2,4-triazole-1-

yl)propane was prepared by the following modification of literature methods.155 A round-

bottom flask was charged with a DMF solution (80 mL) of 1,2,4-triazole (7.04 g, 0.102 

mol, 1.31 equiv). Sodium hydroxide (4.15 g, 0.104 mol, 1.34 equiv) was added to the 

reaction vessel and the reaction mixture was heated at 60 °C for 1 h. 1,3-dibromopropane 

(6.37 g, 0.0388 mol, 1.00 equiv) was added and the reaction mixture was heated at 60 °C 

for 2 h and then allowed to cool to 23 °C. Volatiles were removed in vacuo. The residue 

was dissolved in distilled H2O (100 mL) and then extracted with CHCl3 (4 ´ 150 mL). 

The combined organic layers were dried over MgSO4 and solvent was removed in vacuo 

to afford a white solid. The obtained solid was purified by recrystallization from CHCl3/n-

hexane to afford the title compound as a colorless crystalline solid (3.54 g, 51% yield). 1H 

NMR (δ, 23 °C, CDCl3): 8.13 (s, 2H), 7.98 (s, 2H), 4.21 (m, 4H), 2.46 (m, 2H). The 

obtained spectral data are well-matched with literature reports.155 
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Synthesis of [Zn2(Fe(tcpp))(btp)](NO3) (Fe(btp)) An 8-mL vial was charged 

with Zn(NO3)2×6H2O (30.0 mg, 0.101 mmol, 2.30 equiv), Fe(tcpp)Cl (19.4 mg, 0.0220 

mmol, 1.00 equiv), btp (7.6 mg, 0.043 mmol, 2.0 equiv), and a mixture of N,N-

diethylacetamide (DEA) and EtOH (2.0 mL, v/v 4:1). The reaction mixture was heated at 

80 °C for 24 h, at which time dark red plate-shaped crystals were formed. After cooling to 

23 °C, the mother liquor was decanted. DEA (8 mL) was added to as-synthesized crystals 

and refreshed several times until the solution color became colorless to remove unreacted 

starting materials. After immersing in DEA for 2 h, the crystals were filtered and washed 

with DEA. For further characterization, the as-synthesized solid was dried at 150 °C for 

12 h under vacuum. Elemental analysis for Zn2FeC55H34N11O11: C 54.53, H 2.83, N 12.72; 

found: C 54.36, H 3.12, N 12.34, Cl 0.00. IR (cm-1): 1605 (s), 1530 (m), 1393 (s), 1333 

(m), 1279 (m), 1204 (m), 1177 (m), 1136 (s), 1101 (m), 999 (m), 871 (m), 835 (m), 800 

(m), 775 (s), 710 (m), 671 (m), 605 (m). Relevant physical characterization can be found 

in Figure II-1 (PXRD), Figure II-2 (UV-vis), and Figure II-4 (IR). 
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Synthesis of [Zn2(Fe(tcpp))(bpy)](NO3) (Fe(bpy)) An 8-mL vial was charged 

with Zn(NO3)2×6H2O (29.3 mg, 0.098 mmol, 2.33 equiv), Fe(tcpp)Cl (18.7 mg, 0.0212 

mmol, 1.00 equiv), 4,4’-bipyridine (bpy; 3.7 mg, 0.024 mmol, 1.1 equiv), N,N-

diethylformamide (DEF, 1.5 mL), and EtOH (0.5 mL). Nitric acid (0.020 mL) was added 

to the reaction mixture and the resulting reaction mixture was heated at 80 °C for 24 h, at 

which time dark red plate-shaped crystals were formed. After cooling to 23 °C, the mother 

liquor was decanted. DEF (8 mL) was added to as-synthesized crystals and refreshed 

several times until the solution color became colorless to remove unreacted starting 

materials. After immersing in DEF for 2 h, the crystals were filtered and washed with 

DEF. For further characterization, the as-synthesized solid was dried at 150 °C for 12 h 

under vacuum. Elemental analysis for Zn2FeC58H32N7O11: C 58.56, H 2.71, N 8.24; found: 

C 57.25, H 3.24, N 7.89, Cl 0.00. IR (cm-1): 1659 (m), 1603 (s), 1549 (m), 1383 (s), 1331 

(w), 1254 (m), 1221 (w), 1202 (m), 1177 (m), 1096 (s), 1070 (m), 1001 (s), 870 (m), 837 

(w), 800 (s), 775 (s), 719 (w), 712 (s), 664 (m), 594 (m).  Relevant physical 

characterization can be found in Figure II-10 (PXRD), Figure II-11 (UV-vis), and Figure 

II-12 (IR). 

 
  



 

64 

 

 

Synthesis of [Zn2(Fe(tcpp))(bpe)](NO3) (Fe(bpe)) An 8-mL vial was charged 

with Zn(NO3)2×6H2O (29.6 mg, 0.099 mmol, 2.25 equiv), Fe(tcpp)Cl (19.5 mg, 0.0221 

mmol, 1.00 equiv), 1,2-bis(4-pyridyl)ethane (bpe; 4.1 mg, 0.022 mmol, 1.0 equiv), and a 

mixture of DEA and EtOH (2.0 mL, v/v 4:1). Nitric acid (0.020 mL) was added to the 

reaction mixture and the resulting reaction mixture was heated at 80 °C for 24 h, at which 

time dark red plate-shaped crystals were formed. After cooling to 23 °C, the mother liquor 

was decanted. DEA (8 mL) was added to as-synthesized crystals and refreshed several 

times until the solution color became colorless to remove unreacted starting materials. 

After immersing in DEA for 2 h, the crystals were filtered and washed with DEA. For 

further characterization, the as-synthesized solid was dried at 150 °C for 12 h under 

vacuum. Elemental analysis for Zn2FeC60H36N7O11: C 59.19, H 2.98, N 8.05; found: C 

57.72, H 3.20, N 7.82, Cl 0.00. IR (cm-1): 1601 (s), 1549 (m), 1503 (m), 1398 (s), 1333 

(m), 1265 (m), 1202 (m), 1175 (m), 1138 (m), 1097 (m), 1070 (m), 999 (s), 870 (m), 837 

(m), 800 (m), 773 (s), 710 (s), 598 (m). Relevant physical characterization can be found 

in Figure II-10 (PXRD), Figure II-11 (UV-vis), and Figure II-12 (IR). 
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Synthesis of [Zn2(Fe(tcpp))(bpp)](NO3) (Fe(bpp)) An 8-mL vial was charged 

with Zn(NO3)2×6H2O (28.0 mg, 0.094 mmol, 2.04 equiv), Fe(tcpp)Cl (19.9 mg, 0.0226 

mmol, 1.00 equiv), 1,3-bis(4-pyridyl)propane (bpp; 4.8 mg, 0.024 mmol, 1.0 equiv), and 

a mixture of N,N-dimethylformamide (DMF) and MeOH (2.0 mL, v/v 3:2). Nitric acid 

(0.020 mL) was added to the reaction mixture and the resulting reaction mixture was 

heated at 80 °C for 24 h, at which time dark red plate-shaped crystals were formed. After 

cooling to 23 °C, the mother liquor was decanted. DMF (8 mL) was added to as-

synthesized crystals and refreshed several times until the solution color became colorless 

to remove unreacted starting materials. After immersing in DMF for 2 h, the crystals were 

filtered and washed with DMF. For further characterization, the as-synthesized solid was 

dried at 150 °C for 12 h under vacuum. Elemental analysis for Zn2FeC61H38N7O11: C 

59.49, H 3.11, N 7.96; found: C 58.41, H 3.53, N 7.84, Cl 0.00. IR (cm-1): 1599 (s), 1549 

(m), 1395 (s), 1335 (m), 1280 (m), 1256 (m), 1202 (m), 1179 (m), 1142 (m), 1099 (m), 

1070 (m), 997 (s), 870 (m), 837 (m), 799 (s), 775 (s), 719 (s), 664 (m), 596 (m). Relevant 

physical characterization can be found in Figure II-10 (PXRD), Figure II-11 (UV-vis), 

and Figure II-12 (IR).  
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General Procedure for Linker Exchange of Fe(btp) with bpy, bpe, and bpp 

As-synthesized crystals of Fe(btp) were immersed in DMF. After DMF was repeatedly 

refreshed until the solution color became colorless, the crystals were soaked in a DMF 

solution (8.0 mL, ~5.0 mM) of bpy, bpe, or bpp at 23 °C for 2 days to yield linker-

exchanged materials of (Fe(bpy)), (Fe(bpe)), and (Fe(bpp)), respectively.  

Characterization of Layered Materials Accessed by Linker Exchange: Fe(bpy): IR 

(cm-1): 1666 (s), 1607 (m), 1549 (m), 1396 (s), 1337 (m), 1256 (m), 1204 (m), 1177 (m), 

1096 (s), 1070 (m), 1001 (s), 872 (m), 837 (m), 800 (s), 775 (s), 712 (s), 662 (m), 592 (m), 

571 (m), 525 (m). Elemental analysis for Zn2Fe1C58H32N7O11: C 58.56, H 2.71, N 8.24; 

found: C 58.02, H 3.22, N 7.63. Fe(bpe): IR (cm-1): 1659 (s), 1607 (m), 1551 (m), 1503 

(m), 1393 (s), 1333 (m), 1281 (m), 1256 (m), 1227 (m), 1177 (m), 1144 (m), 1097 (s), 

1038 (m), 999 (s), 872 (m), 835 (m), 799 (m), 775 (s), 711 (s), 664 (m), 598 (m), 559 (m). 

Elemental analysis for Zn2Fe1C60H36N7O11: C 59.19, H 2.98, N 8.05; found: C 58.40, H 

3.65, N 7.83. Fe(bpp): IR (cm-1): 1661 (s), 1607 (m), 1555 (m), 1501 (m), 1391 (s), 1335 

(m), 1254 (m), 1227 (m), 1202 (m), 1177 (m), 1144 (m), 1097 (s), 1038 (m), 997 (s), 872 

(m), 837 (m), 799 (m), 775 (s), 710 (s), 662 (s), 600 (m). Elemental analysis for 

Zn2Fe1C61H38N7O11: C 59.49, H 3.11, N 7.96; found: C 58.73, H 3.59, N 7.83. 
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II.4.3 Dye Uptake Experiments 

General Procedure for Dye Uptake Experiments To Fe(btp) (20-21 mg) which 

had previously been washed and dried via vacuum filtration, a rhodamine 6G solution (3.1 

(mM) in CH3CN) was added. Solids were allowed to sit in dye solutions for 48 h at 23 °C. 

The UV-vis spectrum of the resulting soaking solution was measured to determine the 

concentration of rhodamine 6G remaining in the supernatant. The solids were rinsed with 

CH3CN until the filtrate was colorless and dried under vacuum until the mass of the solids 

stabilized. Materials were digested in DMSO with 25 μL of H2SO4 and diluted to 10 mL. 

The UV-vis spectrum of the digested solids was measured to quantify the amount of 

rhodamine 6G that had been intercalated into the solid; the contribution of the porphyrin 

to the absorbance at 541 nm was subtracted using the soret intensity to determine 

porphyrin concentration. Extinction spectra were measured both in CH3CN and in acid 

DMSO to allow easy quantification of the rhodamine 6G by absorption spectroscopy. 

Results are collected in Table II-3. 

Determination of Uptake by Analysis of Soaking Solution To determine dye 

uptake by analysis of the soaking solution, the mass of the Fe(btp) material was 

determined by weighing incompletely dried samples and adjusting the actual mass loading 

by determining the amount of residual solvent in the loaded sample. For example, for 

Fe(btp), the incompletely dried sample was found to weigh 21.1 mg. By 1H NMR, this 

sample was found to be composed of 70% DEA, thus the mass attributed to the actual 

MOF is 6.3 mg. This solvent corrected mass was used to calculate weight percent of uptake 

based on the difference in UV-vis absorption of rhodamine-6G before and after soaking. 
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Determination of Uptake by Analysis of Solid Digestion In the case of the 

digestion experiment, the amount of solid digested was directly weighed. Weight % in this 

case is simply mg dye incorporated (determined by the UV-vis absorption of rhodamine-

6G after digestion) divided by the found mass. 

Mass Balance of Dye-Uptake Experiments The initial mass of dye used was 2.9 mg for 

each of Fe(btp), Fe(btp)act, and Fe(btp)ground. UV-vis of the soaking solution showed that 1.01 

mg, 2.58 mg, and 1.15 mg of dye remained in the soaking solutions of Fe(btp), Fe(btp)act, and 

Fe(btp)ground, respectively. Materials were isolated from the dye solution, washed with acetonitrile 

with vacuum filtration to remove surface bound dye, isolated and dried under vacuum to remove 

any remaining solvent. Solids were then degraded, giving incorporated dye values of 1.80 mg, 0 

mg, and 0.35 mg for Fe(btp), Fe(btp)act, and Fe(btp)ground respectively, giving the following total 

mass balance following dye uptake: Fe(btp) = 2.8 mg; Fe(btp)act = 2.6 mg; and Fe(btp)ground = 

1.5 mg. The relatively low value of the mass balance for Fe(btp)ground can be attributed to the small 

amount of sample that was able to be isolated post-washing (only 0.7 mg in comparison to an 

initial 5.6 mg). 
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II.4.4 C–H Hydroxylation  

 

General Procedure for C–H Hydroxylation with MOF Catalysts A vial was 

charged with MOF as a wet powder (20-25 mg), CH3CN (2.5 mL), and substrate (0.97 

mmol). Oxidant (0.23 mmol) was added to the mixture with stirring (390 rpm) in 5-6 

portions over 1 h. The reactions were allowed to stir for 24 h. Upon completion, mesitylene 

(10 μL, 0.072 mmol) was added and the mixtures were filtered through Celite. The filtrate 

was analyzed by gas chromatography. The remaining solid was then dissolved in aqueous 

NaOH (2.5 (M)), extracted with CH2Cl2, washed with water, and dried over Na2SO4. 

Mesitylene (10 μL, 0.072 mmol) was added and the solution was analyzed by gas 

chromatography. 

Examination of the Impact of Oxidant Loading on Oxidation Catalysis A vial 

was charged with Fe(btp) as a wet powder (20-25 mg), CH3CN (2.5 mL), and substrate 

(0.97 mmol). Oxidant (0.077 mmol) was added to the mixture with stirring (390 rpm) in 

5-6 portions over 1 h. The reactions were allowed to stir for 24 h. Upon completion, 

mesitylene (10 μL, 0.072 mmol) was added and the mixtures were filtered through Celite. 

The filtrate was analyzed by gas chromatography. Decreasing the oxidant by a third led to 

increase in conversions (13-17%). 
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Examination of Potential for Leached Homogeneous Catalysts Giving Rise to 

Hydroxylation A vial was charged with Fe(btp) as a wet powder (20-25 mg), CH3CN 

(2.5 mL), and substrate (0.97 mmol) and allowed to stand for 24 h. The catalyst removed 

and oxidant (0.23 mmol) was added to the mixture with stirring (390 rpm) in 5-6 portions 

over 1 h. The reactions were allowed to stir at 23 °C for 24 h. Upon completion, mesitylene 

(10 μL, 0.072 mmol) was added and the mixtures were filtered through Celite and the 

solution was analyzed by gas chromatography. No cis-decalin oxidation products were 

observed in this experiment. 

Evaluation of Recyclability of Fe(btp) Catalyst A vial was charged with Fe(btp) 

as a wet powder (20-25 mg), CH3CN (2.5 mL), and substrate (0.97 mmol). Oxidant (0.073 

mmol) was added to the mixture with stirring (390 rpm) in 5-6 portions over 1 h. The 

reaction was allowed to stir for 24 h. Upon completion, the supernatant was removed via 

centrifugation, mesitylene (10 μL, 0.072 mmol) was added and the mixture was filtered 

through Celite and analyzed by gas chromatography. The remaining solid was washed 

with CH3CN (2 × 2.5 mL) and left to soak in CH3CN (2.5 mL) for 10 h. The mixture was 

centrifuged and the CH3CN was replaced with fresh solvent (2.5 mL) and substrate (0.97 

mmol) was added. Oxidant (0.074 mmol) was added to the mixture with stirring (390 rpm) 

in 5-6 portions over 1 h. The reaction was allowed to stir for 12 h. Upon completion, 

mesitylene (10 μL, 0.072 mmol) was added and the mixture were filtered through Celite 

and the filtrate was analyzed by gas chromatography. The conversion and selectivity was 

unchanged following catalyst recycling.  
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Determination of Reaction Yield and Product Selectivity Calibration curves for 

both cis- and trans-2.1 were measured to determine the FID response factor to these 

substances. Integrated area, in combination with the experimentally determined response 

factors, were used to determine molar amounts of products in each sample. To determine 

conversions in catalytic experiments mesitylene ( 10 µL, 0.072 mmol) was added to the 

crude reaction mixture. Using the integration of the GC signal for mesitylene and the FID 

response factor for mesitylene, the total volume of the reaction mixture was determined. 

Concentration of each of cis- and trans-1 was then determined using the experimentally 

defined response factors and integrated GC intensity and product selectivities were 

determined by [cis-2.1]/[trans-2.1]. Reaction conversion was calculated by dividing the 

total molar amount of cis- and trans-2.1 by the molar amount of oxidant added. 

General Procedure for C–H Hydroxylation with Molecular Catalysts A vial 

was charged with catalyst (0.046 mmol), CH3CN (2.5 mL), and cis-decalin (0.97 mmol). 

Oxidant (0.23 mmol) was added to the heterogeneous mixture with stirring (390 rpm) in 

5-6 portions over 1 h. The reactions were allowed to stir for 24 h. Upon completion 

aqueous NaOH (2.5 M) was added and the solution was extracted with CH2Cl2, washed 

with HCl (1 M) and DI water and dried over Na2SO4. To remove oxidized porphyrin 

byproducts prior to GC analysis, NaBH4 was added to the dark red solution and stirred 

overnight, resulting in a light orange solution. Mesitylene (10 μL, 0.072 mmol) was added 

and the solution was analyzed by gas chromatography. 

Control Experiments Probing Potential Hydroxylation with FeCl2, Zn(NO3)2, 

or H2tcpp A vial was charged with catalyst (0.046 mmol), CH3CN (2.5 mL), and cis-
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decalin (0.97 mmol). Oxidant (0.23 mmol) was added to the heterogeneous mixture with 

stirring (390 rpm) in 5-6 portions over 1 h. The reactions were allowed to stir for 24 h. 

Upon completion, mesitylene (10 μL, 0.072 mmol) was added and the mixtures were 

filtered through Celite. The filtrate was analyzed by gas chromatography. In order to 

remove Fe byproducts at the conclusion of the control reaction with FeCl2, the solution 

was first washed with aqueous HCl (1 M) and extracted with CH2Cl2. The CH2Cl2 layer 

was dried with Na2SO4, mesitylene was added, and the solution was analyzed by gas 

chromatography. In all cases, hydroxylation was not observed.
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CHAPTER III  

CRYSTAL-SIZE DEPENDENCE ON CIS-DECALIN OXIDATION AND THE 

SYNTHESIS OF 2-D LAYERED MATERIALS FOR STEREORETENTIVE C–H 

OXIDATION 

 

III.1 Introduction 

Metal-organic framework (MOF) catalysts have been utilized for a variety of 

oxidative transformations such as epoxidation,31,33,50 hydroxylation,32 and amination.34 In 

addition, MOF catalysts have demonstrated the potential to provide complementary 

chemical selectivity to solution-phase reactions.112-114 It has been demonstrated by us15 

and others30,110-111 that particle size can affect the selectivity and rate of MOF-catalyzed 

chemical reactions, however, in many studies concerning MOF catalysis, the particle 

morphology and size is frequently ill-characterized. Particle size and morphology are 

expected to influence catalyst selectivity if solvent-exposed surface sites behave 

analogously to a soluble catalysts, while interstitial catalyst sites are influenced by 

substrate confinement within the pore space. Based on our previous work focused on 

evaluating the selectivity of cis-decalin oxidation in porous materials,15 we were interested 

in evaluating the relationship between crystallite size and selectivity for oxidation 

chemistry. 

Beyond investigating the fundamental importance of crystallite size on C–H 

oxidation stereoselectivity, we also wanted to explore the scope of stereoretentive 

oxidation chemistry observed for cis-decalin oxidation to the oxidation of other substrates. 
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To this end, we have synthesized layered porphyrinic materials lacking layer-to-layer 

linking elements. Similar layered porphyrinic MOFs have been synthesized and 

demonstrate that the layer-to-layer spacing is flexible – varying as a function of 

temperature.156 We hypothesized that this observed flexibility could allow for substrate-

responsive catalysis upon intercalation of guests. To examine this hypothesis, we proposed 

to initially study cis-decalin oxidation and expand to other substrates. 

 

III.2 Results and Discussion 

III.2.1 Controlled Crystal Growth of Fe(btp) and Selectivity of Cis-decalin Oxidation 

 The size distribution of [Zn2(Fe(tcpp))(btp)(NO3)]n (Fe(btp)) crystals is 

dependent on the length of time the samples are heated during solvothermal synthesis. 

Solvothermal synthesis at 80 °C for 4, 10, and 16 h produced plate-shaped crystals with 

average side lengths of 2.40 ± 0.99 µm, 12.45 ± 4.12 µm, and 22.98 ± 6.02 µm, 

respectively (Figure III-1). To begin investigating the effect of particle size on the 

stereoretention of cis-decalin oxidation, 20 µm crystals were targeted. Solvothermal 

reaction at 80 °C for 20 h produced plate-shaped crystals with an average side length of 

20.4 ± 9.0 µm, as determined by optical spectroscopy (Figure III-2). The solid was 

washed with CH3CN and immediately subjected to cis-decalin oxidation conditions. It was 

found that the oxidation of cis-decalin with crystals in this size regime produced high c : t 

selectivity (> 100 : 1). 

The crystallite size of Fe(btp) was also found to be dependent on the concentration 

of the reaction: Smaller crystals were produced by decreasing the concentration of the 
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solvothermal reaction conditions from 96 mM to 47 mM, yielding crystals with average 

side lengths of 3.9 ± 1.5 µm (Figure III-3). These observations are similar to previous 

reports by Zhou et al., which indicated that reaction concentration can influence the 

crystallite size of metal-organic frameworks.157 When subjected to cis-decalin oxidation 

conditions, samples with less than 5 µm crystals provided inconsistent results. An initial 

attempt resulted in c : t selectivity of 14 : 1, but two additional attempts at replication of 

this result produced c : t  values of  >100 : 1. To determine if the samples were statistically 

comparable, a one-way analysis of variance (ANOVA) was used. ANOVA is similar to a 

a student’s t-test, but while the t-test is limited to comparing two samples, ANOVA allows 

for comparison of multiple sample means. ANOVA allows for calculation of Fcalc, which 

is the ratio of the variance calculated between sample means to the variance within the 

samples. This value is then compared to Fcrit. If Fcalc exceeds Fcrit at a = 0.05 then the 

sample means differ with a 5% chance that they are statistically similar. ANOVA of the 

three data sets generated a Fcalc  of 35.59. In comparison, the Fcrit for a = 0.05 is 3.04. 

Since Fcalc > Fcrit the means of the populations are significantly different (Table III.1). 

This is also confirmed by examining the standard error for the mean values (Table III.1). 

The difference in selectivity could be due to the crystallite sizes not being well-matched 

between trials. Alternatively, agglomeration of crystallites may be giving rise to the 

observed variation in selectivity between trials. Crystals of Fe(btp) display agglomeration 

(Figure III-2) and it is unknown if this agglomeration causes individual crystallites to 

behave analogously to a singular, large crystal. Attempted sonication to break-up 

agglomerates resulted in crystal fragmentation into irregular shapes, making 
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quantification of side length difficult. The inconsistency of the results of cis-decalin 

oxidation by crystals with 4 µm side-lengths, stands in contrast to the previously 

completed and reproducible grinding studies.15 It is of note that crystal agglomeration 

occurs during the crystal growth process when multiple crystals are able to be in proximity 

of each other long enough to allow for the formation of an agglomerative bond.158-159 

Crystal agglomeration requires mechanical force to disrupt, such as mechanical 

grinding,159 thus it is plausible that grinding Fe(btp) actually led to the mechanical 

breakdown of crystal agglomerates. In addition, it is of note, that average crystallite size 

could not be determined for ground Fe(btp), but rather a maximum average crystallite 

size, as sample charging produced poor resolution for small particles. Therefore, the actual 

size distribution of ground Fe(btp) is unknown and the studies presented here cannot be 

reasonably compared. 
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Figure III-1 The influence of synthesis time on Fe(btp) crystal growth. Crystals of 
Fe(btp) were synthesized solovthermally at 80 °C for (a) 4, (b) 10, and (c) 16 h.  
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Figure III-2 20 µm crystals of Fe(btp). (a) Microscopic images and (b) of Fe(btp) and 
(c) histogram demonstrating size distribution for 100 measured crystals. 
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Figure III-3 3.3 µm crystals of Fe(btp). (a) Microscopic images and (b) of Fe(btp) and 
(c) histogram demonstrating size distribution for 100 measured crystals. 
 

Table III-1 Summary of results for one-way ANOVA 
 Sample 1 Sample 2 Sample 3 ANOVA 

Results 
mean (µm) 3.87 3.33 5.14 -- 
st. dev (µm) 1.47 1.16 2.03 -- 
st. error (µm) 0.13 0.10 0.23 -- 
Fcalc -- -- -- 35.59 
Fcrit (a = 0.05) -- -- -- 3.04 
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III.2.2 Synthesis and Characterization of 2-D Layered Porphyrinic Materials 

The layered MOF materials [Zn2M(tcpp)]n  ( M = Fe or Mn), consisting of 2-D 

sheets of Fe(tcpp) connected by Zn2-paddlewheels were accessed by solvothermal reaction 

of Fe(tcpp), Zn(NO3)2·6H2O, and pyrazine in DMF. The resulting microcrystalline solid 

was analyzed by PXRD (Figure III-4). Similar 2-D layered materials have been 

previously characterized.156,160 PPF-1, a 2-D layered material featuring Zn2 paddlewheels 

and Zn-metellated porphyrins features an AB stacking pattern,156 while [Zn2(HCOO-) 

Fe(tcpp)]n features an AA stacking pattern.160 In comparison, [Zn2M(tcpp)]n synthesized 

in these conditions does not compare well to these previously reported simulated structures 

and appears to feature a smaller d-spacing, assuming that the peak at 2q = 10.7°  relates to 

the [001] plane (Figure III-4). Models were constructed assuming AA and AB stacking 

and by utilizing the [001] peak as a guide for setting the c dimension of the unit cell 

(Figure III-5). The generated models show that the resulting solid could be a mixture of 

both AA and AB stacking motifs (Figure III-6), which would be expected in the absence 

of linking elements. In addition, the experimental PXRD pattern displays peaks that were 

not observed in the modeled patterns. In addition, the experimental PXRD pattern displays 

peaks that were not observed in the modeled patterns. These could be due to phase 

impurities or the actual unit cell being less symmetric than the unit cells utilized as models. 

The potential of [Zn2Fe(tcpp)]n to participate in guest exchange was analyzed by 

dye uptake studies. It was found that rhodamine 6G intercalated into [Zn2Fe(tcpp)]n with 

67 wt% uptake of dye into the solvated material, as assessed by UV-vis of the digested 

solid. Similar to the Fe(btp), the activated material [Zn2Fe(tcpp)]n demonstrated low dye 
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uptake of 1.4%, suggesting that the activated material does not resolvate under these 

conditions and the inter-layer space is inaccessible to guest molecules. 

 

 

Figure III-4 PXRD comparison of [Zn2Fe(tcpp)]n with literature materials. The 2-D 
layered material synthesized here (—) does not compare well to similar previously 
reported 2-D layered structures (PPF-1 (—), [Zn2 (HCOO)Fe(tcpp)]n (—). 
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Figure III-5 Potential stacking models for [Zn2Fe(tcpp)]n, featuring (a) AA and (b) 
AB stacking modes. 
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Figure III-6 Comparison of [Zn2Fe(tcpp)]n with models generated from AA (—) 
and AB stacking modes (—). 
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III.2.3 Oxidation of Cis-decalin and 1,4-Dimethylcyclohexane by 2-D Layered 

Porphyrinic Materials 

Due to both the increased dye uptake as compared to Fe(btp) and the potential for 

the 2-D layered materials to provide a substrate-responsive reaction environment, we 

pursued oxidation of cis-decalin and cis-1,4-dimethylcyclohexane as probes of 

stereoretentive oxidation chemistry. Oxidation of cis-decalin by [Zn2Fe(tcpp)]n in CH3CN 

with 2-(tert-butylsulfonyl)iodosylbenzene produced a cis-3.1 to trans-3.1 ratio of 53 : 1 in 

6% yield (Figure III-7).  

 

 
Figure III-7 Oxidation of cis-decalin by [Zn2Fe(tcpp)]n. 

 

A significant degree of stereoretention was also found to apply in the oxidation of 

cis-1,4-dimethylcyclohexane with [Zn2Fe(tcpp)]n which proceeded with cis-3.2 : trans-

3.2 = 44 : 1 in 2% yield. Attempts to improve the reaction yield were made by altering the 

oxidant, catalyst, and reaction conditions (Table III-2). Replacing 2-(tert-

butylsulfonyl)iodosylbenzene (sPhIO) with (diacetoxyiodo)benzene led to an increase in 

the yield, while maintaining a high c : t ratio (81: 1 (5% yield)). In an attempt to further 

optimize the reaction, [Zn2Mn(tcpp)]n was synthesized in an analogous manner to the iron 

containing material. Oxidation of cis-1,4-dimethylcyclohexane at 23 °C in CH3CN 
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utilizing a 21% catalyst loading produced a cis-3.2 : trans-3.2 of 97 : 1 but with low 

conversion (3%) (Table III-2). Increasing the temperature to 40 °C resulted in an increase 

in the yield (5%) but a decrease in selectivity (68 : 1). Decreasing the catalyst loading 

increased the yield substantially, with a 4% catalyst loading producing > 100 : 1 c : t with 

a conversion of 15%. This may be due to worsened crystallite agglomeration inhibiting 

the diffusion of starting materials into the interstitial spaces of the MOF.  

 A variety of variables were manipulated to increase the yield of cis-1,4,-

dimethycyclohexane oxidation. Changing the solvent to propionitrile, ethyl acetate, DMF, 

or CHCl3 produced either a decrease in yield or stereoretention (Table III-1). Using 

nitromethane as solvent gave very similar results to CH3CN (Table III-2). Often, slow 

addition of oxidant is reported for metalloporphyrin-catalyzed oxidation reactions: In our 

case, utilization of a syringe pump to deliver the oxidant slowly as a dilute solution did 

not improve the reaction yield (14%).   

 To assess the problem of low yield, the recyclability of the catalyst was assessed. 

Following a reaction producing 20% yield, the material was washed with CH3CN and re-

subjected to oxidation conditions, which resulted in only 2% yield. In addition, the PXRD 

of the material after one oxidation reaction was analyzed, revealing a phase change 

(Figure III-8). Based on these results, the material [Zn2Mn(tcpp)]n is unstable to the 

reaction conditions. This could be in part to due ligand exchange at 

(diacetoxyiodo)benzene to generate Zn(OAc)2 and a hypervalent iodine compound ligated 

to Mn(tcpp), causing disruption to the framework (see Chapter IV). The crystalline phase  

 present following the reaction has not been identified. 
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Table III-2 Optimization of oxidation of cis-1,4-dimethycyclohexane 

 

   

Material Catalyst 
Loading 

Oxidant Temperature 
(°C) 

Solvent c : t Yield 
(%) 

[Zn2FeTCPP]n -- sPhIO 23 CH3CN 44:1 2 
[Zn2FeTCPP]n -- (diacetoxyiodo)benzene 23 CH3CN 81:1 5 
[Zn2MnTCPP]n 21% (diacetoxyiodo)benzene 23 CH3CN 97:1 3 
[Zn2MnTCPP]n 21% (diacetoxyiodo)benzene 40 CH3CN 68:1 5 

[Zn2MnTCPP]n 4% (diacetoxyiodo)benzene 23 CH3CN 100:1 15 
[Zn2MnTCPP]n -- (diacetoxyiodo)benzene 23 propionitrile 34:1 8 
[Zn2MnTCPP]n -- (diacetoxyiodo)benzene 23 DMF - 0 
[Zn2MnTCPP]n -- (diacetoxyiodo)benzene 23 Acetone - 0 
[Zn2MnTCPP]n -- (diacetoxyiodo)benzene 23 EtOAc 25:1 5 
[Zn2MnTCPP]n -- (diacetoxyiodo)benzene 23 CHCl3 20:1 6 
[Zn2MnTCPP]n -- (diacetoxyiodo)benzene 23 nitromethane 100:1 16 
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Figure III-8 PXRDs of [Zn2Fe(tcpp)]n before (—) and after (—) catalysis. 
 

III.3 Conclusion 

Adapting the solvothermal conditions previously reported,15 crystallites of discrete 

sizes were grown of Fe(btp). However, these investigations were stymied by lack of 

reproducibility in the synthesis of the particles and in the lack of control of agglomeration.  

Application of the stereoretentive chemistry observed with the oxidation of cis-

decalin to another substrate, cis-1,4-dimethylcyclohexane, failed due to the inability to 

increase the yield to synthetically useful values. In addition, it was found the best catalyst 

for the reaction, [Zn2Mn(tcpp)]n was unstable to the reaction conditions, resulting in a 

phase change as observed by PXRD (Figure III-8). 

It has been demonstrated here that 2-D layered materials show promise in effecting 

stereoretentive C–H oxidation chemistry; the material [Zn2Mn(tcpp)]n was capable of 

oxidizing cis-1,4-dimethylcyclohexane with high selectivity (cis-3.2 : trans-3.2 >100 : 1). 
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However, the low yield could not be improved through optimization and may due to the 

lack of stability of the material. In order to improve upon this system, it is necessary to 

incorporate inorganic building units with greater stability than Zn2-paddlewheels. For 

example, layered materials consisting of Hf and Zr nodes have been constructed161 and 

these may be better candidates for C–H oxidation catalysis based on the decreased liability 

of the Zr carboxylate bond. 

 

III.4 Experimental Details 

III.4.1 General Considerations 

Materials Solvents were obtained as ACS reagent grade and used as received. 

Sodium hydroxide, and N,N-diethylformamide (DEF) were obtained from EMD 

Millipore. 1,2,4-triazole, cis-1,4-dimethylcyclohexane, and 1,3-bis(4-pyridyl)propane 

were obtained from TCI America. Pyrrole, chromium(VI) oxide, and absolute ethanol 

were obtained from Beantown Chemical, Chem Impex, and Koptec, respectively, 1,3-

dibromopropane, 4-carboxybenzaldehyde, and FeCl2×4H2O were obtained from Alfa 

Aesar. Sodium sulfite, benzaldehyde, pyrazine, and D2SO4 were obtained from Sigma 

Aldrich. The aforementioned reagents were used as received. Mn(OAc)2×4H2O and 

Zn(NO3)2×6H2O was obtained from Strem Chemicals and was dried under vacuum (~50 

mbar) at 23 °C prior to use. N,N-diethylacetamide (DEA) was obtained from Alfa Aesar 

and sparged with N2 for 30 mins prior to use. N,N-dimethylformamide (DMF) was 

obtained from Sigma Aldrich and sparged with N2 for 30 mins prior to use. Cis- and trans-

decalin were purchased through TCI and purified from alcohol impurities by washing with 
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H2SO4 and was then dried over Na metal.149 Tetrabutylammonium periodate,150 cis- and 

trans-1,4-dimethylcyclohexanol,151 cis- and trans-decahydronapthalen-9-ol,151 1,3-

bis(1,2,4-triazole-1-yl)propane (btp),15 5,10,15,20-tetraphenylporphyrin (H2tcpp),152 

5,10,15,20-tetraphenylporphyrin iron chloride (Fe(tcpp)Cl),153 5,10,15,20-

tetraphenylporphyrin manganese chloride (Mn(tcpp)Cl),162 and 2-(tert-

butylsulfonyl)iodosylbenzene31,147 were synthesized according to literature procedures. 

NMR solvents were purchased from Cambridge Isotope Laboratories and were used as 

received.  

Characterization Details NMR spectra were recorded on Inova 500 FT NMR 

operating at 499.53 MHz for 1H acquisitions and were referenced against solvent signals: 

CDCl3 (7.26 ppm, 1H; 77.16 ppm, 13C) and DMSO-d6 (2.48 ppm, 1H).154 1H NMR data 

are reported as follows: chemical shift (δ, ppm), (multiplicity: s (singlet), d (doublet), t 

(triplet), m (multiplet), br (broad), integration). UV-vis spectra were recorded at 293 K in 

quartz cuvettes on an Ocean Optics Flame-S miniature spectrometer with DH-mini UV-

vis NIR light source and were blanked against the appropriate solvent. IR spectra were 

recorded on a Shimadzu FTIR/IRAffinity-1 spectrometer. Spectra were blanked against 

air and were determined as the average of 128 scans. IR data are reported as follows: 

wavenumber (cm-1), (peak intensity: s, strong; m, medium; w, weak). Thermogravimetric 

analyses were measured up to 600 °C with a scan rate of 5 °C/min using TGA Q500 of 

TA instruments. GC analysis was carried out using a Trace 1310 (Thermo Scientific) 

instrument equipped with a TraceGOLD TG-1M column from Thermo Scientific (length: 

30 m, id: 0.53 mm, film thickness: 0.25 μm). The column temperature was maintained at 
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60 °C for 2 min and was raised to 320 °C at 60 °C/min. The final temperature (320 °C) 

was held for 2 min. Optical microscopy was performed on a WiTec Alpha300. 

X-ray Diffraction Details Powder X-ray diffraction (PXRD) measurements were 

carried out on a Bruker D8 Advance Eco X-ray diffractometer (Cu Kα, 1.5418 Å; 40 kV, 

25 mA) fitted with LynxEye detector. The angular range was measured from 4.00 to 

40.00° (2θ) with steps of 0.020° and a measurement time of 0.3 s per step. 

 

III.4.2 Synthesis 

 

 

Synthesis of 20 µm Long Plates of Fe(btp) An 8-mL vial was charged with 

Zn(NO3)2×6H2O (30.0 mg, 0.101 mmol, 2.30 equiv), Fe(tcpp)Cl (19.4 mg, 0.0220 mmol, 

1.00 equiv), btp (7.6 mg, 0.043 mmol, 2.0 equiv), and a mixture of N,N-diethylacetamide 

(DEA) and EtOH (2.0 mL, v/v 4:1). The reaction mixture was heated at 80 °C for 20 hr 

suspended in an oil bath and cooled to 23 °C for 30 mins. The mother liquor was decanted 

and the solid washed with DEA (3 ´ 12 mL) until the solution color became colorless to 

remove unreacted starting materials. The solid was allowed to dry via vacuum filtration 

prior to use in catalysis.  
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Synthesis of 4 µm Long Plates of Fe(btp) An 8-mL vial was charged with 

Zn(NO3)2×6H2O (15.1 mg, 0.0505 mmol, 2.30 equiv), Fe(tcpp)Cl (9.7 mg, 0.011 mmol, 

1.00 equiv), btp (2.0 mg, 0.022 mmol, 2.0 equiv), and a mixture of N,N-diethylacetamide 

(DEA) and EtOH (1.6 mL, v/v 4:1). The reaction mixture was heated at 80 °C for 10 hr 

suspended in an oil bath and cooled to 23 °C for 30 mins. The solid washed with N,N-

dimethylformamide (DMF) (3 ́  8 mL) by centrifugation. The solid was washed once with 

CH3CN (1.5 mL) and transferred to an 8-mL vial for catalysis. Some solid was deposited 

on a glass slide as a CH3CN suspension for characterization by optical microscopy. 

 

Synthesis of [Zn2Fe(tcpp)]n An 8-mL vial was charged with Zn(NO3)2×6H2O 

(30.0 mg, 0.101 mmol, 2.30 equiv), Fe(tcpp)Cl (18.0 mg, 0.0200 mmol, 1.00 equiv), 

pyrazine (2.0 mg, 0.025 mmol, 1.2 equiv), and a mixture of DMF and 63 mM HNO3 in 

EtOH (2.0 mL, v/v 4:1). Pyrazine serves as a templating reagent and is not observed in the 

1H NMRs of degraded product. The reaction mixture was heated at 80 °C for 24 hr in an 

oil bath and cooled to 23 °C for 30 mins. The mother liquor was decanted and the solid 
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washed with DMF (3 ´ 12 mL) until the solution color became colorless to remove 

unreacted starting materials. The solid was allowed to dry via vacuum filtration prior to 

use in catalysis. 

 

Synthesis of [Zn2Mn(tcpp)]n An 8-mL vial was charged with Zn(NO3)2×6H2O 

(30.0 mg, 0.101 mmol, 2.30 equiv), Mn(tcpp)Cl (18.0 mg, 0.020 mmol, 1.00 equiv), 

pyrazine (2.0 mg, 0.025 mmol, 1.2 equiv), and a mixture of DMF and 63 mM HNO3 in 

EtOH (2.0 mL, v/v 4:1). The reaction mixture was heated at 80 °C for 24 hr in an oil bath 

and cooled to 23 °C for 30 mins. The mother liquor was decanted and the solid washed 

with DMF (3 ´ 12 mL) until the solution color became colorless to remove unreacted 

starting materials. The solid was allowed to dry via vacuum filtration prior to use in 

catalysis.  

 

III.4.3 Dye Uptake Experiments 

General Procedure for Dye Uptake Experiments To [Zn2Fe(tcpp)]n (20-21 mg), 

which had previously been washed and dried via vacuum filtration, a rhodamine 6G 

solution (3.1 (mM) in CH3CN) was added. Solids were allowed to sit in dye solutions for 

48 h at 23 °C. The UV-vis spectrum of the resulting soaking solution was measured to 

determine the concentration of rhodamine 6G remaining in the supernatant. The solids 
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were rinsed with CH3CN until the filtrate was colorless and dried under vacuum to 

constant mass. Materials were digested in DMSO with 25 μL of H2SO4 and diluted to 10 

mL with DMSO. The UV-vis spectrum of the digested solids was measured to quantify 

the amount of rhodamine 6G that had been intercalated into the solid; the contribution of 

the porphyrin to the absorbance at 541 nm was subtracted using the soret intensity to 

determine porphyrin concentration. Extinction spectra were measured both in CH3CN and 

in acid DMSO to allow for quantification of the rhodamine 6G by absorption 

spectroscopy.  

 

III.4.4 C–H Hydroxylation  

 

General Procedure for C–H Hydroxylation with MOF Catalysts A vial was 

charged with MOF as a wet powder (20-25 mg), CH3CN (2.5 mL), and substrate (0.97 

mmol, 4.2 equiv). Oxidant (0.23 mmol, 1 equiv) was added to the mixture with stirring 

(100 rpm) in 5-6 portions over 1 h. The reactions were allowed to stir for 24 h. Upon 

completion, mesitylene (10 μL, 0.072 mmol) was added and the mixtures were filtered 

through Celite. The filtrate was analyzed by gas chromatography.  

Procedure for C–H Hydroxylation with on Average 4 µm Long Fe(btp) 

Crystals Crystals of Fe(btp) with average side lengths of 4 µm were too small to be 

isolated, and thus the following procedure was employed to evaluate the selectivity of 

catalysis with these materials. Four vials of the preparation described in the synthetic 

oxidant

cat.
CH3CN, 23 °C

substrate products
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section were combined and washed with DMF by centrifugation. The solid was washed 

with CH3CN and transferred to an 8-mL vial. The CH3CN was removed and fresh CH3CN 

(0.5 mL) was added. A drop was deposited on a slide for characterization by optical 

microscopy. Cis-decalin (30 μL, 0.20 mmol, 13 equiv) was added. The vial was placed on 

a shaker and 2-(tert-butylsulfonyl)iodosylbenzene (5.0 mg, 0.015 mmol, 1.0 equiv) was 

added to the mixture in 5-6 portions over 1 h. Upon completion, mesitylene (2.0 μL, 0.014 

mmol) was added and the mixtures were filtered through Celite. The filtrate was analyzed 

by gas chromatography.  

 

 

Catalyst Loading Screen of cis-1,4-dimethylcyclohexane Oxidation A vial was 

charged with MOF as a wet powder, CH3CN (0.5 mL), and cis-1,4-dimethylcyclohexane 

(30 μL, 0.20 mmol, 3.0 equiv). (Diacetoxyiodo)benzene (23.0 mg, 0.0714 mmol, 1.0 

equiv) was added to the mixture with stirring (100 rpm) in 5-6 portions over 1 h. The 

reactions were allowed to stir for 24 h. Upon completion, mesitylene (2.0 μL, 0.014 mmol) 

was added and the mixtures were filtered through Celite. The filtrate was analyzed by gas 

chromatography. Results are summarized in Table III-3. 

  

OHOH
(diacetoxyiodo)benzene

[Zn2Mn(tcpp)]n
CH3CN, 23 °C

+

cis-3.2 trans-3.2
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Table III-3 Catalyst loading screening for oxidation of cis-1,4-dimethylcyclohexane by 
[Zn2Mn(tcpp)]n. 

Catalyst 
Loading 

(mg) 

Catalyst 
Loading 

(%) 

c : t Yield (%) 

34.1 21 97 : 1 3 
16.8 10 100 :1 17 
7.3 4 100 :1 15 

 

 

Solvent Screen of cis-1,4-dimethylcyclohexane Oxidation A vial was charged 

with MOF as a wet powder (7.0-8.0 mg), solvent (0.5 mL), and cis-1,4-

dimethylcyclohexane (30 μL, 0.20 mmol, 3.0 equiv). (Diacetoxyiodo)benzene (23.0 mg, 

0.0714 mmol, 1.0 equiv) was added to the mixture with stirring (100 rpm) in 5-6 portions 

over 1 h. The reactions were allowed to stir for 24 h. Upon completion, mesitylene (2.0 

μL, 0.014 mmol) was added and the mixtures were filtered through Celite. The filtrate was 

analyzed by gas chromatography.  

 

OHOH
(diacetoxyiodo)benzene

[Zn2Mn(tcpp)]n
solvent, 23 °C

+

cis-3.2 trans-3.2
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CHAPTER IV  

IODOSYLBENZENE COORDINATION CHEMISTRY RELEVANT TO MOF 

CATALYSIS* 

 

IV.1 Introduction 

IV.1.1 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 ἰώδης, which 

means “violet colored”).163-165 The chemistry of iodine, which is the largest, least 

electronegative, and most ionizable of the non-radioactive halogens,166 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 under-pins the I– / I3– redox couple that is critical to the 

chemistry of dye-sensitized solar cells.167 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 IV.1). For example, exposure 

of I2 to SbF5 results in the formation of the [I2+]-containing salt [I2][Sb2F11] (Figure 

IV.1a).168-169 Dimerization of I2+ to afford I42+ has been observed,170-171 and higher-order 

iodine cations, such as I3+, I5+, I7+, and I15+ have been characterized.170 Higher oxidation 

state iodine species are also commonly encountered in iodine oxyacids of I(I), I(III), I(V), 

                                                
* Data, figures and text in this chapter were adapted with permission from reference 
Cardenal, A. D.; Maity, A.; Gao, W.-Y.; Ashirov, R.; Hyun, S.-M., Powers, D. C. Inorg. 
Chem. 2019, accepted, copyright 2019 The American Chemical Society.  
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and I(VII) (i.e. HIO, HIO2, HIO3, and HIO4), iodine oxides, and iodine fluoride (i.e. IF7) 

(Figure IV.1b). 

Higher oxidation states of iodine are also encountered in organoiodine chemistry 

(Figure IV.1c). In 1886, Willgerodt reported the preparation of PhICl2, which features an 

I(III) center, upon passage of Cl2 through a solution containing PhI.172 Since this original 

discovery, an enormous array of I(III) derivatives have been prepared. 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.”173 

Various nomenclature schemes have been utilized to describe hypervalent I(III) 

compounds. According to IUPAC convention for compounds with non-standard 

coordination numbers, organic compounds containing I(III) centers are referred to as l3-

iodanes.174 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 organoiodine compounds.175-176 In addition, a large array of I(V)-

containing compounds (i.e. Dess-Martin periodinane and IBX; l5-iodanes), which feature 

a dodecet electronic configuration at iodine, have been prepared.26,177-180 There are no 

examples of organic I(VII)-containing compounds. 
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Figure IV-1 Summary of high-valent organoiodine compounds. 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) l3- and l5-
iodanes. 

 

Historically, bonding models based on either 1) participation 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-born orbitals, have been 

advanced to rationalize the apparent valence expansion at iodine in l3- and l5-iodanes.181 

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 IV-2.182-183 Population 

of bond y1 and non-bonding y2 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-born y2. 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 
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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.184-185 Due to population 

of both bonding and non-bonding 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.186 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 is insignificant p-bonding.187 Poor p overlap results in highly polarized 

bonding, (i.e. PhI+–O–). The extensive polarization of the I–O bond often188-189 results in 

solid-state –I–O–I–O– polymerization driven by charge pairing,190-191 which results in 

poorly soluble materials. Iodosylarenes are metastable with respect to disproportionation 

to I(I) and I(V) species, although sufficiently large kinetic barriers to disproportionation 

Figure IV-2 Orbital picture for the 3c-4e bonding in hypervalent iodine compounds. 
Population of y2, which is ligand centered, allows accommodation of the formal octet 
violations at iodine without utilizing d-orbital hybridization. 
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often allow for straightforward handling of I(III) species. For example, the 

disproportionation of (PhIO)n to generate iodobenzene and iodylbenzene is spontaneous 

but requires either catalysts (i.e. RuCl3192) or elevated temperatures193 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 

oxygen-bridged diiodine intermediate.194 As a result of the aforementioned 

disproportionation thermodynamics, iodylarenes are weaker oxidants that iodosylarenes. 

The reaction chemistry of hypervalent iodine compounds is frequently described 

using terminology common to organometallic mechanisms.195 The oxidation of PhI to 

PhICl2 described above represents an oxidative addition reaction at the iodine center 

(Figure IV-3).172 Ligand exchange chemistry is often facile at iodine; for example, the 

alkoxide ligand exchange at iodine pictured in Figure IV-3b is rapid at room 

temperature.196 Both associative and dissociative exchange mechanisms have been 

proposed.197 Reductive elimination, in which ligand coupling from the hypervalent iodine 

center is accomplished with concurrent formation of an aryl iodide are ubiquitous (Figure 

IV-3c). Both inner-sphere ligand coupling and outer-sphere, nucleophilic-aromatic-

substitution-based pathways have been suggested for the observed elimination 

reactions.198-199 Reductive elimination processes are driven by the hypernucleofugacity of 

PhI. Finally, group-transfer chemistry of iodosylarenes, for example in the synthesis of 

metal oxo complexes198,200-201 as well as in hydroxylation catalysis are very frequently 

encountered (Figure IV-3d).3,27 The importance of hypervalent iodine compounds has 



 

101 

 

resulted in an extensive review literature of the chemistry and reactivity of these 

compounds.26,178-180 

 

 

Figure IV-3 Typical reaction chemistry of hypervalent iodine compounds. 
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 (4.1). 

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. 

Iodosylarene derivatives have been applied to a-oxidation of carbonyls,202 oxidative 1,2-

difunctionalization of olefins,20 oxidative dearomatization chemistry,21-24 cross-coupling 

reactions,25,203 and have found important application as group-transfer reagents in 

organometallic catalysis.26,204 The facility of ligand exchange at hypervalent iodine centers 



 

102 

 

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 towards alcohol and amine 

dehydrogenation reactions.26,177-180  

IV.1.2 Towards Hypervalent Iodine Mediated Aerobic Hydrocarbon Oxidation 

The proclivity of iodosylarene 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 non-covalently co-

localize substrate in proximity of reactive intermediates,17 iodosylarenes 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 

oxygenation31-33 and C–H amination34 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 (4.1), 

in which secondary bonding between the hypervalent iodine center and the proximal 

Lewis base promotes iodosylbenzene depolymerization and solubilization of monomeric 

species,205 has emerged as an important terminal oxidant in MOF catalysis.31-33,50 

We have been motivated by the potential to develop aerobic hydrocarbon 

functionalization chemistry by coupling the aerobic generation of hypervalent iodine 



 

103 

 

reagents with appropriate catalysts. The aerobic synthesis of hypervalent iodine 

compounds based on intercepting reactive oxidants generated during aldehyde 

autoxidation with aryl iodides was reported in 2018.18 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 4.1 failed to provide access to I(III) 

species, and instead afforded iodylarene 4.2. The aforementioned disproportionation 

thermodynamics of I(III) species imply that I(V) reagents are less strongly oxidizing than 

the related I(III) derivatives. The differing oxidation behaviors of 4.1 and 4.2 are manifest 

in the Mn(salen) catalyzed epoxidation of styrene (Figure IV.4). In the original report of 

the synthesis of 4.1, Protasiewicz and co-workers showed that 4.1 is an effective terminal 

oxidant for this transformation,147 and this report has been reproduced in our laboratory. 

In contrast, replacement of I(III) reagent 4.1 with I(V) reagent 4.2 results in the 

observation of no epoxidation. 
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Figure IV-4 The oxidation of styrene by iodosyl- and iodyllarene. The oxidation of 
styrene to styrene oxide proceeds from iodosylarene 4.1 but does not proceed with 
iodylarene 4.2. 

In order to rationally advance our goals of aerobic oxidation catalysis, we are 

critically interested in understanding the disproportionation behavior of soluble 

iodosylarenes in greater detail and potential interactions of those iodosylarene 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 oxidation 

chemistry. Continued investigations have suggested that AcOH-promoted 

disproportionation is not a viable pathway for synthesis of 4.2 (vide infra). Here we 

describe preparation-dependent behavior of reagent 4.1 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 reagent 4.1 with both 

soluble models of the transition metal clusters common to Zr6- and Zn2-based MOFs and 

show that reagent 4.1 forms acid-base adducts with these transition metal clusters. In 

contrast, iodosylbenzene participates in ligand exchange with the examined clusters. 
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These observations provide new insight into the structure-dependent behavior of 

iodosylarenes with structural nodes common to metal-organic framework catalysts. 

IV.2 Results and Discussion 

IV.2.1 Structure and Bonding of 2-(tert-Butylsulfonyl)iodosylbenzene (4.1) 

Consistent with the analysis of a hypothetical monomeric PhIO by Zhdankin and 

Boldyrev and co-workers,187 natural bond order (NBO) analysis indicates the lack of 

meaningful I–O p-bonding in 4.1. In addition to the I–O s bond, the valence at oxygen is 

completed with three non-bonding electron pairs (Figure IV-5). 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 computational 

results for 4.1 with those for a hypothetical monomeric PhIO unit indicates the natural 

charge of the iodosyl oxygen atom is slightly more negative in 4.1 than in PhIO (–1.06 vs. 

–1.01), which is consistent with the presence of a trans-influencing sulfonyl ligand at 

iodine.186,206 
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Figure IV-5 NBO orbitals of 2-(tert-butylsulfonyl)iodosylbenzene. NBO orbitals for 
4.1 that show (a) I–O s-bonding and (b–d) O-centered lone pairs. 

The highly polarized I–O bond in 4.1 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 accepter is 3.046 Å).207 

Examination of the 1H NMR spectrum of 4.1 in the presence of hexafluoroisopropanol 

(HFIP), which is frequently employed as a solvent or additive in iodine-mediated group-

transfer catalysis,208-211 revealed [HFIP]-dependent chemical shifts (Figure IV-6a). 

Crystallization of 4.1 in the presence of excess HFIP resulted in the isolation of 4.1·HFIP 

in which the HFIP molecule is H-bonded to the iodosylbenzene oxygen (Figure IV-6b). 

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 

IV-6b).207 NBO analysis of 4.1·HFIP resulted in natural charges for iodine and oxygen of 
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+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 4.1 and 4.1·HFIP 

(Figures IV.7-8). Analysis of the Dd 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 DG = 1.94 ± 0.06 kcal/mol (Figure IV.6). While HFIP is regularly used as 

a solvent or additive in hypervalent iodine chemistry, the role of adducts such as 4.1·HFIP 

is not clear based on the data we have collected: for example, use of 4.1·HFIP in the 

styrene epoxidation illustrated in Figure IV-4 results in similar styrene oxide yields as 

when 4.1 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 (Figure IV-

9). Formation of the bis-alkoxide adduct is evidenced by the appearance of a methine 

resonance at 4.20 ppm that integrates for two protons. Similar to the formation of 4.4, Hill 

et al. reported that (PhIO)n dissolves in CH3OH to afford PhI(OCH3)2.212 Compound 4.4 

is unstable towards isolation, which is consistent with previous reports of fluoroalkoxide 

adducts of iodosylarenes that have been generated electrochemically.213-215  
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Figure IV-6 Formation of an adduct between HFIP and 2-(tert-
butylsulfonyl)iodosylbenzene. a) 1H NMR spectra of 4.1 in the presence of increasing 
quantities of HFIP ((i) 0 µL, (ii) 1 µL, (iii) 2 µL, (iv) 3 µL, (v) 4 µL, (vi) 5 µL, (vii) 6 µL, 
(viii) 7 µL, (ix) 8 µL, (x) 9 µL, (xi) 10 µL). Monitoring the chemical shift as a function of 
[HFIP] for the highlighted peak enabled determination of Keq and DG of HFIP binding as 
described above. (b) Addition of HFIP to iodosylbenzene 4.1 results in the formation of 
H-bonded adduct 4.1·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 4.1·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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Figure IV-7 2-D NMR data of 2-(tert-butylsulfonyl)iodosylbenzene. (a) DQCOSY, 
(b) HSQC, and (c) HMBC of 4.1 at 23 °C in CDCl3. 
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Figure IV-8 2-D NMR data of the adduct made between HFIP and 2-(tert-
butylsulfonyl)iodosylbenzene.(a) DQCOSY, (b) HSQC, and (c) HMBC of 4.1·HFIP at 
23 °C in CDCl3. 
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Figure IV-9 Dissolution of (PhIO)n polymer occurs upon its dissolution in HFIP to 
form 4.4. 
 

IV.2.2 On the Aldehyde-Promoted Aerobic Oxidation of 2-(tert-

Butylsulfonyl)iodobenzene (4.3) 

In our original report of the aerobic oxidation of 2-(tert-butylsulfonyl)iodobenzene 

(4.3), we demonstrated that our aldehyde-promoted aerobic oxidation conditions provide 

direct access to I(V) derivative 4.2 (Figure IV-10).216 We proposed that the observation 

of I(V) was due to AcOH-promoted disproportionation of an initially formed iodosylarene 

intermediate based on the following observations: 1) in situ monitoring of the oxidation 

of iodoarene 4.3 revealed that 4.3 and I(V) compound 4.2 were the only observable iodine-

containing species and that I(III) compound 4.1 (or bis-acetate adduct 4.5) was not present 

in the reaction mixture; and 2) disproportionation of independently synthesized 

iodosylarene 4.1 to generate equimolar amount of I(I) and I(V) was observed upon 

addition of AcOH. In addition, the proposed acid-promoted disproportionation was 

consistent with literature detailing O-bridged intermediates in disproportionation reactions 

in acidic media.194,216 During subsequent investigations of the reaction chemistry of 4.1 

with AcOH, we have observed that in contrast to the observed disproportionation, 

diacetate 4.5 formed in the presence of AcOH and this species appears to be resistant to 
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disproportionation in AcOH solution. To clarify the divergent results regarding the 

disproportionation of 4.1, we have pursued the following series of experiments. 

 

 
Figure IV-10 The aerobic oxidation of 2-(tert-butylsulfonyl)iodobenzene. (a) 
Aldehyde-promoted aerobic oxidation of 2-(tert-butylsulfonyl)iodobenzene (4.3) affords 
iodylbenzene 4.2. Iodosylbenzene 4.1 is not observed at intermediate reaction times. (b) 
Exposure of iodosylbenzene 4.1 to AcOH, which is an obligate byproduct of the 
autoxidation of acetaldehyde, affords bis-acetate 4.5. 

 

IV.2.3 Synthesis of Iodosylarene 4.1 

A variety of procedures have been reported for the synthesis of 4.1 (Methods A–

C, Figure 4.11). In the original report from Protasiewicz, aryl iodide 4.1 was treated with 

H2O2 in Ac2O and then 3 M NaOH to generate 4.1 (Method A).147 Concerns regarding the 

safety of this procedure have been raised,217 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.31,218 In our hands, Method B, based on treatment of 4.3 with KClO3 and 

HCl, provided an analytically pure sample of 4.1 (assayed by combustion analysis). 

Despite the apparent purity of the samples obtained by this method, we found that samples 
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of 4.1 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 six hours have been observed. In 

addition, the material appeared to be light sensitive, showing accelerated 

disproportionation when exposed to ambient light. 

 

 
Figure IV-11 Various methods for the synthesis of 2-(tert-
butylsulfonyl)iodosylbenzene. 
 

We speculated that the unpredictable disproportionation rates displayed by 

samples of 4.1 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 4.1, we have pursued EPR and ICP-MS based experiments. 

Exposure of a sample of 4.1 prepared by Method B to N-tert-butyl-α-phenylnitrone (PBN), 

which is a commonly used EPR spin trap,219 in CDCl3 results in the EPR spectrum shown 

in Figure IV-12a, 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 IV-12b). The intensity 

of the spectral features increases upon exposure of the sample to ambient light (Figure 

IV.13). An identical EPR spectrum can be obtained from KClO3 in CDCl3 (Figure IV-

14). These observations are consistent with the presence of a trace quantity of chlorate that 
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was not removed despite extensive washing; UV irradiation of chlorate has been reported 

to promote a variety of radical-generating processes.220 Dissolution of the sample of 4.1 

prepared by Method B in HNO3 and analysis by ICP-MS indicated the presence of K+. We 

suspect that the source of the observed potassium is the KClO3 used to prepare 4.1. 

Chlorate is not detectable by IR analysis (Figure IV-15), however, negative-mode ESI-

MS of 4.1 prepared by Method B indicates the presence of ClO3– (m/z = 82.953 (expt); 

82.954 (calc)). 
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Figure IV-12 EPR experiments demonstrate preparation-sensitive behavior of 2-
(tert-butylsulfonyl)iodosylbenzene. (a) EPR spectra obtained following PBN addition to 
4.1 prepared by Method D (—), 4.1 with added KClO3 (—), 4.1 prepared by Method B 
(—), and KClO3 (—). (b) Simulated EPR components: Experimentally obtained spectrum 
following PBN addition to 4.1 prepared by Method D with added KClO3 (—), spectral 
simulation as admixture of oxidized PBN and hydroxy radical adduct (—), simulated 
PBN-adduct of hydroxyl radical (—), and simulated spectrum for oxidized PBN (—). 
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Figure IV-13 Effect of light on 2-(tert-butylsulfonyl)iodosylbenzene prepared by 
Method B.Comparison of EPR spectra obtained following PBN addition to 4.1 (prepared 
by Method B) that have been exposed to ambient light (—) or have been handled with the 
exclusion of light  (—) . The peak at 3351 G is due to an impurity in the background of 
the resonator (*). 

 
Figure IV-14 EPR spectrum obtained following PBN addition to KClO3. The peak at 
3351 G is due to an impurity in the background of the resonator (*). 
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Figure IV-15 IR spectra of 2-(tert-butylsulfonyl)iodosylbenene synthesized by 
Method B  
(—) and KClO3 (—). 
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Based on the hypothesis that trace impurities associated with KClO3 were leading 

to the irreproducible disproportionation behavior of 4.1, we modified the synthetic 

protocol as follows: Cl2 was bubbled through a solution of 4.3 in CCl4, the resulting solid 

was isolated, and was then treated with 5 M NaOH solution (Figure IV.12, Method D). 

The resulting samples of 4.1 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 IV.12a). Addition of KClO3 to the sample of 4.1 prepared 

from Method D led to the evolution of an EPR spectrum that overlays the spectrum 

obtained from Method B (Figure IV.12a) and the intensity of the signal increased upon 

exposure to light. In addition, ICP-MS analysis of 4.1 prepared by Method D did not show 

the presence of any trace metal ions. 

With access to samples of 4.1 obtained from Method D, we have investigated the 

kinetics of reagent disproportionation. Disproportionation was monitored by 1H NMR 

spectroscopy utilizing mesitylene as an internal standard. Monitoring the concentration of 

4.1 as a function of time at 48 °C revealed that disproportionation is second-order with 

respect to 4.1 (Figure IV.16a). Examination of the disproportionation as a function of 

temperature from 35–75 °C allowed construction of the Eyring plot shown in Figure 

IV.16b. From these data, activation parameters for disproportionation — DH‡ = 15.2 

kcal·mol-1 and DS‡ = -15.2 cal·K–1mol–1 — can be extracted. These parameters are 

consistent with the room-temperature stability of 4.1 and with the observed slow 

disproportionation upon standing.  
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Figure IV-16 Kinetics for the disproportionation of 2-(tert-
butylsulfonyliodosyl)benzene.(a) Concentration vs. time plot of 2-(tert-
butylsulfonyl)iodosylbenzene (4.1, ´), 2-(tert-butylsulfonyl)iodobenzene (4.3, ´), and 2-
(tert-butylsulfonyl)iodyllbenzene (4.2, ´) for the disproportionation of 4.1 at 48 °C in 
CDCl3. Inset: Plot of [4.1]-1 vs. time for the disproportionation of 4.1 at 48 °C in CDCl3. 
(b) Eyring plot for the disproportionation of 4.1. At ~300 minutes, precipitation of 4.2 was 
observed which accounts for the decreasing concentration at this time.  
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Regarding the formation of iodylarene 4.2 by aldehyde-promoted aerobic 

oxidation, the above experimental data suggest that our original proposal of acid-promoted 

disproportionation of 4.1 was based on the irreproducible disproportionation kinetics of 

material prepared by Method B. While a detailed understanding of the mech-anism of 

aerobic production of iodylarene 4.2 during aldehyde-promoted aerobic oxidation is 

beyond the scope of our current work, we note the following relevant observations 

(summarized in Figure 4-17): 

 (1) While the oxidation of 4-iodotoluene to the corresponding 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 subsequent oxidation of I(III) to I(V)), oxidation of 

iodobenzene 4.3  affords iodylbenzene 4.2 without the observation of iodosylarene 4.1 or 

bis-acetate 4.5.19 

(2) Addition of the isolable reaction components of aldehyde-promoted aerobic 

oxidation, including acetaldehyde, acetic acid, CoCl2, and Co(OAc)3, does not induce 

disproportionation of bis-acetate 4.5. 

(3) Exposure of an independently prepared sample of I(III) compound 4.5 to 

aldehyde-promoted aerobic oxidation (O2, CH3CHO, and Co(II) in d4-AcOH) resulted in 

the observation of both iodylbenzene 4.2 and iodobenzene 4.3 by 1H NMR. The presence 

of iodobenzene 4.3 during the aerobic oxidation of 4.5 suggests that a disproportionation 

mechanism may be operative. 

(4) Monitoring the oxidation of iodobenzene 4.3 with commercially available 32 

wt% peracetic acid by 1H NMR revealed 1) two-phase kinetic behavior and 2) initial 
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buildup and subsequent consumption of bis-acetate 4.5. The two-phase kinetics during the 

oxidation of iodobenzene 4.3 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 4.1 or 4.5) formed by peracetic acid to regenerate iodobenzene 4.3 and 1O2 

(observed as small bubbles).19 Generation of 1O2 was confirmed by the observation of 

9,10-dimethyl-9,10-dihydro-9,10-epidioxyanthracene upon addition of 9,10-

dimethylanthracene, a common chemical trap for 1O2. Independent reaction of either 4.1 

or 4.2 with H2O2 resulted iodine-centered reduction and evolution of 1O2. After the initial 

kinetic phase, accumulation of 4.5 was observed which is then further oxidized to 

iodylbenzene 4.2. Similar generation and trapping of 1O2 during reaction of H2O2 with 

Ph(I(O2CF3)2 has previously been observed.221-222 
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Figure IV-17 Summary of observations 1-4. 
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IV.2.4 Coordination Chemistry of Iodosylarenes with Soluble Transition Metal Clusters 

Following the observation of the disparate coordination chemistry of 4.1 and 

(PhIO)n with HFIP, we have undertaken an examination of the potential coordination 

chemistry of these iodosylarenes with transition metal clusters that are commonly 

encountered in MOF chemistry. We selected a carboxylate-bridged Zn2 complex (4.6)223 

and a Zr6O4 cluster (4.7)224-225 as exemplary models because 1) these coordination sites 

are ubiquitous in MOF chemistry,226 and 2) the ligand exchange rates of Zn and Zr are 

drastically different,227 and thus these complexes provide a probe for the impact of M–L 

bond lability on the interaction of the cluster with iodosylarenes.  

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 4.6 with (PhIO)n 

and iodobenzene dimethacrylate is obtained following treatment of Zr6 cluster 4.7 with 

(PhIO)n (Figure IV.18). In neither case have we characterized the metal-containing 

byproducts of these exchange reactions. 
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Figure IV-18 Ligand exchange chemistry observed between Zn2 and Zr6 metal 
clusters with iodosylbenzene. Ligand exchange is observed between (PhIO)n and (a) Zn2 
complex 4.6 and (b) Zr6 cluster 4.7. 
 

In contrast to the ligand exchange chemistry observed between (PhIO)n and 

complexes 4.6 and 4.7, iodosylarene 4.1 does not participate in analogous ligand exchange 

chemistry. Exposure of 4.1 to Zn2 benzoate complex 4.6 does not result in the observation 

of benzoate adducts of 4.1, which would arise by carboxylate exchange similar to that 

observed for reaction of (PhIO)n with 4.6. Treatment of Zr6 cluster 4.7 with excess 

iodosylarene 4.1, such as would be present during catalysis, results in the isolation of a 

new Zr6 cluster 4.8 in which four molecules of 4.1 are bound to the Zr6 core (Figure 

IV.19). Upon binding, the co-ordination mode of the carboxylates change; whereas in the 

starting Zr6 cluster nine carboxylate ligands engage in bridging binding modes and three 

chelate to a single Zr center, in cluster 4.8 eight carboxylates participate in bridging 

binding modes and four are mono-dentate. These observations indicate that ligation of 
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iodosylarene to Zr is capable of displacing both bridging and chelating carboxylate 

ligands. Analysis of the metrical parameters of the iodosylarene 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. 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 4.1 (metrical parameters of transition 

metal adducts of 4.1 are compared in Table IV-1.228-232 We speculate that the disparate 

behaviors of (PhIO)n and 4.1 towards ligand exchange and Lewis adduct formation, 

respectively, is due to the secondary coordination in 4.1, which amplifies the basicity of 

the iodosyl oxygen.  
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Figure IV-19 Reaction of Zr6 cluster with 2-(tert-butylsulfonyl)iodosylbenzene. 
Exposure of Zr6 cluster 4.7 to iodosylarene 4.1 results in isolation of 4.8; I(1)–O(1) = 
1.87(1) Å and I(1)–O(3) = 2.62(2) Å. 

Table IV-1	Analysis of select bond distances in iodosylarene 4.1 and adducts of 4.1 with 
transition metal complexes. 

Compound I–Oiodosyl / Å I–Osulfonyl / Å 

Iodosylarene 1 1.848 2.707 
1·HFIP 1.873 2.668 

[LFe3(PhPz)3OMn(sPhIO)][OTf]3229 1.864 2.602 
[Rh(Cp*)(2-(2-pyridyl)phenoxide)(sPhIO)][B(ArF)4]233 1.909 2.652 

[Co(II)TpAd,Me(sPhIO)][B(ArF)4]230  1.878 2.481 
[Co(II)TptBu(sPhIO)][B(ArF)4]230  1.891 2.520 

4.8  1.87 2.62 
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IV.2.5 Investigation of Potential Coordination Chemistry in MOFs 

Based on the observation of ligand exchange processes (with (PhIO)n) and ligand 

displacement reactions (with iodosylarene 4.1) 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 UiO-67,234 which is comprised of Zr6 

nodes, and MOF-508,235236 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 4.1 

or (PhIO)n does not result in the observation of changes to the PXRD patterns 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. 

 

IV.3 Conclusions 

Hypervalent iodine compounds featuring I(III) and I(V) centers are accessible due 

to high ionizability of iodine. The bonding in hypervalent iodine compounds, which is 

based on 3c-4e bonds, results in highly ionic I–L bonding. 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-
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butylsulfonyl)iodosylbenzene (4.1) has garnered 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 4.1, 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 4.1, 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 4.1 that display highly reproducible properties. Given the preparation-dependent 

disproportionation kinetics of 4.1, in combination with differences in activity and 

solubility between iodosylarene 4.1 and iodylarene 4.2, we believe that the results of 

catalytic reactions in which 1 is used as the terminal oxidant should be evaluated with 

care. 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. 
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IV.4 Experimental Details 

IV.4.1 General Considerations 

Materials All chemicals and solvents were obtained as ACS reagent grade and 

used as received. Anhydrous THF was obtained from a drying column and was stored over 

activated molecular sieves.148 Iodobenzene and thiophenol were obtained from Beantown 

Chemical. Acetaldehyde, potassium chlorate (KClO3), and zirconium(IV) chloride were 

obtained from Alfa Aesar. Hexafluoroisopropanol (HFIP) was obtained from Matrix 

Scientific. Hydrochloric acid was purchased from Macron Fine Chemicals. Ethyl acetate 

was obtained from EMD Millipore. Mesitylene, N-tert-butyl-α-phenylnitrone (PBN), 

CoCl2×6H2O, 1,2-dichloroethane (DCE), t-butanol, diethyl ether, hexanes, peracetic acid 

(32 wt% solution), acetic acid, d4–AcOH, iodine, sodium peroxide, and 4,4′-bipyridyl 

were obtained from Sigma Aldrich. Perchloric acid (70 wt%) and N,N-dimethylformamide 

(DMF) were obtained from BDH chemicals. Silica gel (0.060–0.200 mm, 60 Å for column 

chromatography) was obtained from Acros Organics. Dichloromethane and acetonitrile 

were obtained from Fisher Scientific. Biphenyl-4,4′-dicarboxylic acid (bpdc) was obtained 

from Oxchem. Ethanol (EtOH) was obtained from Koptec. Terepthalic acid was obtained 

from TCI. Iodosylbenzene237, 2-(tert-butylsulfonyl)iodobenzene (4.1)217 and 2-(tert-

butylsulfonyl)iodoylbenzene (4.2)207 were prepared according to literature methods. The 

compounds [Zn2(OBz)4py2]224, Zr6O4(OH)4(OMc)12,223,225 UiO-67238, and MOF-508b235 

were prepared according to literature methods. Deuterated solvents were purchased from 

Cambridge Isotope Laboratories and were used as received unless otherwise noted. O2 
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(99.6%) was obtained from Conroe Welding Supply. All reactions were carried out under 

ambient atmosphere unless otherwise noted.  

Characterization Details NMR spectra were recorded on a Bruker 400 FT NMR, 

an Inova 500 FT NMR, a Varian VNMRS 500 FT NMR, or a Bruker AcsendTM 400 NMR 

for 1H, 13C{1H}, and 19F acquisitions. 1H and 13C NMR spectra were referenced against 

solvent resonances: CDCl3 (7.26 ppm, 1H; 77.16 ppm, 13C) and d4–AcOH (2.04 ppm, 

1H).154,239 19F spectra were referenced against fluorobenzene (-113.15 ppm).240 1H NMR 

data are reported as follows: chemical shift (δ, ppm), (multiplicity: s (singlet), d (doublet), 

t (triplet), m (multiplet), br (broad), integration). 13C NMR data are reported as follows: 

chemical shift (δ, ppm) (multiplicity: s (singlet), d (doublet), t (triplet), m (multiplet)). 19F 

NMR data are reported as follows: chemical shift (δ, ppm) (multiplicity: s (singlet), d 

(doublet), t (triplet), m (multiplet)). Mass spectra were recorded on either Orbitrap 

Fusion™ Tribrid™ mass spectrometer or Q ExactiveTM Focus Hybrid Quadrupole-

OrbitrapTM mass spectrometer from ThermoFisher Scientific. GC analysis was carried out 

using a Trace 1310 (Thermo Scientific) instrument equipped with a TraceGOLD TG-1M 

column from Thermo Scientific (length: 30 m, id: 0.53 mm, film thickness: 0.25 μm). The 

column temperature was maintained at 60 °C for 2 min and was raised to 300 °C at 60 

°C/min. The final temperature (200 °C) was held for 4 min. EPR spectra were recorded at 

X-band (9.38 GHz) on a Bruker ELEXSYS spectrometer at 23 °C in 2 mm EPR tubes. 

EPR simulations were performed with Easyspin (version 5.2.17) using the “garlic” 

function.241 IR spectra were recorded on a Shimadzu FTIR/IRAffinity-1 spectrometer. 

Spectra were blanked against air and were determined as the average of 32 scans. 
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Elemental analyses were done in Atlantic Microlab, Inc., Norcross, GA. ICP-MS 

measurements were carried out on a PerkinElmer NexION 300D Quadruple in pulse mode 

with ASX-520 autoSampler. The collected data were analyzed by NexIon software 

Version 1.3. Thermal Gravimetric Analysis (TGA) experiments were performed on a TGA 

Q500 TA instrument. Samples were heated from 23 °C to 800 °C at a heating rate of 20 

°C/min under N2. 

X-Ray Crystallography Details Experimental details of crystallization are 

included in the synthetic procedures for the relevant compounds. Single crystal X-ray 

diffraction analysis of 4.1·HFIP was conducted by mounting a suitable crystal on a 

MiTeGen dual-thickness micromount. The crystal was cooled to 110 K using a cold N2 

stream (Oxford). A Bruker APEX 2 Duo X-ray (three-circle) diffractometer was used for 

crystal screening, unit cell determination, and data collection. The X-ray radiation 

employed was generated from a Mo sealed X-ray tube (Kα = 0.70173 Å with a potential 

of 40 kV and a current of 40 mA). Bruker AXS APEX II software was used for data 

collection and reduction. Absorption corrections were applied using the program 

SADABS.242 A solution was obtained using XT/XS in APEX2 and refined in Olex2.243 

All non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen 

atoms were placed in idealized positions and refined using a riding model. The structure 

was refined (weighted least squares refinement on F2) to convergence.244-245 Data are 

deposited in the Cambridge Crystallographic Data Centre (CCDC 1910636).  

Single crystal X-ray diffraction analysis of 4.8 was conducted using synchrotron 

radiation (λ = 0.33062 Å) equipped with a Pilatus3 X CdTe 1M detector and an Oxford 
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cryostream cooling device operating at 100 K at NSF’s ChemMatCARS Sector 15 of 

Advanced Photon Source (APS) housed at Argonne National Laboratory (ANL). Data 

were collected as a series of phi scans. Indexing was performed using Bruker APEX3. 

Data integration and reduction were performed using SaintPlus. Absorption correction 

was performed by multi-scan method implemented in SADABS.242 The space group was 

determined using XPREP implemented in APEX3. Structures were solved using SHELXT 

and refined using SHELXL-2017 (full-matrix least-squares on F2)244-245 with OLEX2 

interface program.243 All non-hydrogen atoms were refined anisotropically. Hydrogen 

atoms were placed at idealized positions and refined using a riding model. SIMU, DELU, 

and ISOR commands were used to refine disordered carbon sites in methacrylate ligands. 

Considering that accessible voids with this structure accommodate heavily disordered 

guest solvent molecules, the large Q peaks were assigned as water molecules and a solvent 

mask was employed in OLEX2 to process the refinement. Data are deposited in the 

Cambridge Crystallographic Data Centre (CCDC 1909655).  

PXRD measurements were carried out on a Bruker D8 Advance Eco X-ray 

diffractometer (Cu Kα, 1.5418 Å; 40 kV, 25 mA) fitted with a LynxEye detector. The 

angular range was measured from 3.50 to 40.00° (2θ) with steps of 0.020° and a 

measurement time of 0.1 or 0.5 second per step. 

Computational Details Calculations were performed using the Gaussian 09, 

Revision D.01 suite of software.246 Geometry optimization was carried out with the PBE0 

functional247-249 (sdd basis set for I,250 aug-cc-pVTZ for other atoms251-252) and the SMD 

model253 for dichloromethane. Stationary points were characterized with frequency 
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calculations using the same basis set and functionals. This level of theory satisfactorily 

reproduced metrical parameters of 4.1 and 4.1·HFIP and was implemented by Boldyrev 

and Zhdankin in the analysis of the bonding in hypervalent iodine compounds.187 NBO 

calculations were carried out with the NBO 6.0 suite.254  

IV.4.2 Synthesis and Characterization 

	

Synthesis of 2-tert-butylsulfonyliodosylbenzene (4.1) Method A: Method A for 

the preparation of compound 4.1 was not attempted at the reported scale due to safety 

concerns.147,217 A 10-mL round-bottomed flask was charged with hydrogen peroxide (30 

wt% solution, 0.45 mL) and acetic anhydride (2.0 mL). The resulting solution was stirred 

for 4 h at 40 °C. 2-(tert-butylsulfonyliodo)benzene (4.3, 501 mg, 1.54 mmol, 1.00 equiv) 

was added, and the resulting solution was stirred at 23 °C for 24 h. Reaction progress was 

monitored by thin-layer chromatography (SiO2, eluent of 20% ethyl acetate in hexanes, Rf 

= 0.3). The reaction mixture was concentrated under reduced pressure and the obtained 

white solid was used for the next step without purification. 

A 10-mL round-bottomed flask was charged with the solid obtained from the 

previous step. An aqueous NaOH solution (3M, 2.50 mL) was added dropwise with 

vigorous stirring until pH > 7 was reached and then the reaction mixture was stirred for an 

additional 30 min. The observed solids were isolated by vacuum filtration and washed 

with water (25 mL). Analysis via 1H NMR in d6–DMSO revealed the presence of 2-(tert-

butylsulfonyl)iodobenzene (4.3). 
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Method B: Method B for the synthesis of compound 4.1 is based on a literature 

procedure.31 A 10-mL round-bottomed flask was charged with 2-(tert-

butylsulfonyl)iodobenzene (4.3, 300 mg, 0.925 mmol, 1.00 equiv), CCl4 (1.00 mL), and 

conc. HCl (~0.70 mL), and was cooled to 0 °C with an ice-bath. The reaction mixture was 

vigorously stirred while KClO3 (170 mg, 1.39 mmol, 1.5 equiv) was added in portions 

over 15 minutes. The reaction was stirred for 3 h at 0 °C. The observed solids were isolated 

by filtration and were washed with ice-cold, aqueous HCl (0.1M, 10 mL) and ice-cold 

water (25.0 mL) to afford pale yellow powder as product, which was used for the next step 

without further purification. 

A 10-mL round-bottomed flask was charged with the solid obtained from the 

previous step and cooled to 0 °C with an ice bath. An aqueous NaOH solution (5M, 1.50 

mL) was added dropwise. The reaction mixture was stirred for 30 min at 0 °C before 2 

mL of water was added. The reaction mixture was then warmed to 23 °C and stirred for 

16 h. The obtained solids were isolated by vacuum filtration, washed with ice-cold water 

(30 mL), and ice-cold diethyl ether (30 mL) to afford 4.1 as bright-yellow solid (128 mg, 

40% yield). Elemental analysis: Theoretical C (35.31%), H (3.85%); Found C (35.24%), 

H (3.81%). 1H NMR (δ, 23 °C, CDCl3): 8.10 (d, J = 8.1 Hz, 1H), 7.91–7.87 (m, 2H), 7.65 
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(t, J = 7.5 Hz, 1H), 1.42 (s, 9H). The obtained spectrum matches well with the literature 

reported values.31  

 

	

Method C: Method C for the preparation of compound 4.1 was based on a literature 

procedure.218 A 100-mL round-bottomed flask was charged with the 2-(tert-

butylsulfonyl)iodobenzene (4.3, 501 mg, 1.54 mmol, 1.00 equiv), sodium perborate 

tetrahydrate (3.2 g, 21 mmol, 14 equiv), and glacial acetic (30.0 mL), and the mixture was 

heated to 45 °C. The reaction mixture was stirred at this temperature for 5 h. Acetic acid 

was removed in vacuo. The reaction mixture was poured into water (20 mL) and then 

extracted with CH2Cl2 (3 ´ 25 mL). The organic layers were combined, washed with 

saturated aqueous NaHCO3 solution until the pH of the solution was >7, and then dried 

with Na2SO4. During evaporation of solvent, the bright yellow solution turned colorless 

and analysis by crude NMR in d6-DMSO revealed presence of only 2-(tert-

butylsulfonyl)iodobenzene (4.3) and 2-(tert-butylsulfonyl)iodylbenzene (4.2). 

  

I(OAc)2

SO2
tBu

I

SO2
tBu

NaBO3ꙓ4H2O

AcOH

I
O

S
O

tBu

+
I

O

O
S
O

tBu

O

4.3 4.5 4.3 4.2

NaOH



 

136 

 

	

Method D: A 10-mL round-bottomed flask was charged with 2-(tert-

butylsulfonyl)iodobenzene (4.3, 320 mg, 0.987 mmol, 1.00 equiv) and CCl4 (1.00 mL) 

and was cooled to 0 °C with an ice-bath. In a separate three-necked round-bottomed flask, 

conc. HCl (3.00 mL) was added slowly to solid KClO3 (726 mg, 5.95 mmol, 6.02 equiv). 

The generated Cl2 gas was transferred to the the CCl4 solution containing 2-(tert-

butylsulfonyl)iodobenzene (4.3) using Tygon tubing and glass fittings. This process was 

repeated two more times producing a bright yellow solid. The obtained solids were 

isolated by filtration, washed with cold water (25 mL), and used in the next reaction 

without further purification. 

A 10-mL round-bottomed flask was charged with the yellow solid obtained from 

the previous step and was cooled to 0 °C with an ice bath. An aqueous NaOH solution 

(5M, 1.50 mL) was added to the reaction vessel dropwise. The reaction mixture was stirred 

for 30 min at 0 °C before 2 mL of water was added. The reaction mixture was then warmed 

to 23 °C and stirred for 16 h. The obtained solids were isolated by vacuum filtration and 

were washed with ice-cold water (25 mL) and ice-cold diethyl ether (25 mL) to afford 4.1 

as yellow solid (147 mg, 43% yield). Elemental analysis: Theoretical C (35.31%), H 

(3.85%); Found C (35.39%), H (3.76%). 1H NMR (δ, 23 °C, CDCl3): 8.10 (d, J = 8.1 Hz, 

1H), 7.91–7.87 (m, 2H), 7.65 (t, J = 7.5 Hz, 1H), 1.42 (s, 9H). The obtained spectrum 

matches well with the literature reported values.31   
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Epoxidation of Styrene Catalyzed by [Mn(salen)OAc] Oxidation of styrene by 

4.1 and 4.2 was carried out by the following modification of literature methods.147 An 8-

mL vial was charged with [Mn(salen)OAc] (1.2 mg, 0.0032 mmol, 0.64 mol%), styrene 

(30 µL, 0.26 mmol, 5.2 equiv), CHCl3 (0.75 mL), and oxidant (4.1 or 4.2, 0.0500 mmol, 

1.0 equiv). The reaction mixture was stirred for 14 h at 23 °C. Mesitylene (2.00 µL, 0.0141 

mmol) was added to each reaction as an internal standard, the reaction mixtures were 

filtered over Celite, and the resulting solutions were analyzed by GC. Peaks were 

integrated against mesitylene. Styrene oxide is obtained in 24% and 0% yield when 4.1 

and 4.2 are employed as oxidant, respectively. Addition of HFIP (30.0 mL, 0.285 mmol, 

5.70 equiv) to the reaction mixture did not produce an appreciable change in the yield of 

styrene oxide (33%). 

 

Synthesis of 4.1·HFIP An NMR tube was charged with CDCl3 (0.50 mL), 2-(tert-

butylsulfonyliodosyl)benzene (4.1, 5.0 mg, 0.015 mmol, 1.0 equiv), mesitylene (2.0 µL, 

0.014 mmol), and HFIP (8.0 µL, 0.076 mmol, 5.0 equiv). The resulting solution was 

analyzed by NMR spectroscopy. 1H NMR (δ, 23 °C, CDCl3): 8.00 (t, J = 7.8 Hz, 1H), 7.94 

(d, J = 7.0 Hz, 1H), 7.89 (d, J = 8.2 Hz, 1H), 7.76 (t, J = 7.49, 1H), 1.44 (s, 3H). 13C NMR 
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(δ, 23 °C, CDCl3): 137.3 (s), 133.7 (s), 131.6 (s), 131.0 (s), 125.0 (s), 115.0 (s), 23.1 (s). 

Crystals suitable for characterization via SXRD were grown from an NMR sample via 

slow evaporation at 0 °C. 

	

Synthesis of PhI(OC(CF3)2)2 (4.4) An NMR tube was charged with CDCl3 (0.50 

mL), iodosylbenzene (3.8 mg, 0.017 mmol, 1.0 equiv), and HFIP (100 µL, 0.952 mmol, 

28.0 equiv). The solid completely dissolved and the resulting clear, colorless solution was 

analyzed by NMR spectroscopy (Figure IV-20). 1H NMR (δ, 23 °C, CDCl3): 8.07 (d, J = 

7.7 Hz, 2H), 7.68 (t, J = 7.5 Hz, 1H), 7.58 (t, J = 7.6 Hz, 2H), 4.19 (m, 2H). 13C NMR (δ, 

23 °C, CDCl3): 134.1 (s), 133.6 (s), 132.0 (s), 124.0 (s), 122.3 (m, J = 287.5), 75.3 (m, J 

= 32.5). 19F NMR (δ, 23 °C, CDCl3): -75.13 (d, J = 6.2). 
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Figure IV-20 Reaction of iodosylbenzene with HFIP. 1H spectrum of compound 4.4 
obtained at 23 °C in CDCl3. The methine resonance of 4.4 overlaps with a sideband of the 
peak at 4.4 ppm is due to excess HFIP (*). 
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IV.4.3 X, Y, Z Coordinates of Optimized Structures 

Atomic coordinates for optimized structures of 4.1, 4.1·HFIP, and PhIO are 

shown in Tables IV-2-4. 

 

Table IV-2 Atomic coordinates of the optimized structures of 4.1. 
 

Atom X Y Z 
C –0.471075 1.128229 –0.318568 
C 0.865235 0.915246 –0.015373 
C 1.685124 1.969256 0.328722 
C 1.163949 3.253406 0.356369 
C –0.162215 3.481908 0.026649 
H –2.015281 2.586844 –0.583741 
H 2.725736 1.765830 0.559806 
H 1.807869 4.082019 0.623421 
H –0.560254 4.488082 0.028594 
I 1.873728 –0.956052 –0.098434 
S –1.561377 –0.206013 –0.761709 
O –0.687403 –1.340226 –1.094218 
O –2.471738 0.267516 –1.794460 
C –2.544176 –0.671548 0.717669 
C –3.369152 –1.870467 0.265880 
H –3.947753 –2.215727 1.124457 
H –4.064377 –1.605290 –0.530219 
H –2.738012 –2.693302 –0.070235 
C –3.439862 0.490594 1.109212 
H –4.065564 0.817954 0.279365 
H –4.097083 0.147553 1.910591 
H –2.869378 1.337590 1.489541 
C –1.589451 –1.046267 1.836531 
H –0.968841 –1.900361 1.569183 
H –2.185956 –1.319893 2.709074 
H –0.947640 –0.212419 2.123332 
O 3.492126 –0.394179 0.662761 
C –0.471075 1.128229 –0.318568 
C 0.865235 0.915246 –0.015373 
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Table IV-3 Atomic coordinates of the optimized structure of 4.1·HFIP. 

Atom X Y Z 
S 3.283824 0.359133 0.888317 
O –1.024526 –1.688262 –1.201736 
O 2.666486 –0.902650 1.363985 
O 3.755051 1.327919 1.881015 
C 0.942174 0.419556 –0.608020 
C 0.019491 1.029058 –1.443735 
H –0.811583 0.447138 –1.833562 
C 0.174316 2.380650 –1.757916 
H –0.551376 2.858154 –2.409953 
C 1.233462 3.116136 –1.232020 
H 1.335545 4.172625 –1.459526 
C 2.168453 2.492242 –0.410374 
H 3.001557 3.049649 0.009822 
C 2.029596 1.135093 –0.116772 
C 4.674924 –0.086265 –0.217841 
C 4.157313 –1.065030 –1.267254 
H 3.784939 –1.986515 –0.810241 
H 4.994304 –1.323406 –1.923740 
H 3.370860 –0.623324 –1.889478 
C 5.231147 1.186466 –0.851738 
H 4.533765 1.620759 –1.574490 
H 6.146002 0.917633 –1.388902 
H 5.486650 1.935575 –0.096097 
C 5.708274 –0.745962 0.701186 
H 6.095727 –0.039085 1.439899 
H 6.540027 –1.082046 0.074436 
H 5.292174 –1.616871 1.216134 
F –1.817349 0.795000 1.278061 
F –3.500681 2.117071 0.969921 
F –3.710713 0.369943 2.229088 
F –5.500980 1.235348 –0.574237 
F –5.729216 –0.579165 0.579613 
F –5.274140 –0.691279 –1.528321 
O –3.113175 –1.317997 0.073545 
H –2.238608 –1.487154 –0.479636 
C –3.516842 –0.017515 –0.122070 
H –3.038185 0.468629 –0.986130 
C –5.019326 –0.008244 –0.401744 
C –3.149046 0.827300 1.101423 
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Table IV-4 Atomic coordinates of the optimized structure of PhIO. 

Atom X Y Z 
C 3.475001 0.000005 0.128916 
C 2.787003 1.204529 0.074513 
C 1.403517 1.212677 –0.038173 
C 0.732602 –0.000002 –0.092585 
C 1.403520 –1.212678 –0.038139 
C 2.787007 –1.204523 0.074545 
H 4.555101 0.000007 0.215595 
H 3.325439 2.143466 0.118683 
H 0.860016 2.148078 –0.080840 
H 0.860022 –2.148082 –0.080778 
H 3.325445 –2.143458 0.118741 
I –1.375195 –0.000008 –0.251121 
O –1.946571 0.000049 1.545441 
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IV.4.4 Determination of Keq for HFIP binding to 4.1 

To determine the Keq for the formation of 4.1·HFIP an NMR tube was charged 

with CDCl3 (0.50 mL), 2-(tert-butylsulfonyl)iodosylbenzene (4.1, 5.0 mg, 0.015 mmol, 

1.0 equiv) and mesitylene (2.0 µL, 0.014 mmol). The sample was allowed to equilibrate 

in the magnet for 5 min before the 1H NMR spectrum was recorded, and the spectrum was 

remeasured to ensure that equilibrium had been reached. Then HFIP was added 

incrementally (1.0 µL, 0.095 mmol portions) via 10 µL syringe. Data was collected at 22.9 

°C. The temperature of the NMR cavity was measured using an ethylene glycol standard. 

Recorded spectra are collected below. 

The equilibrium constant for adduct formation between 4.1 and HFIP was 

calculated from Eqn 1255 

 

𝐾"# = 	
∆'()*

(∆',-.∆'()*)([1234].
[𝟒.𝟏]∆9()*
∆9,-

)
      (1)  

where 

∆𝛿;<= = difference between the starting material and the spectrum acquired with HFIP and 

∆𝛿>? = change in chemical shift between the completely complexed and uncomplexed 

molecule. 

∆𝛿>? was determined by plugging in values for two measurements into equation 1 

and setting them equal to each other. This was repeated for multiple measurements to 

ensure the consistency of the value. ∆𝛿>? was determined to be 0.116 ppm. Keq was then 
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calculated individually for 9 different concentrations of HFIP. It was found that Keq = 

0.0375 ± 0.004 and that DG = 1.94 ± 0.06 kcal/mol. 

The Keq for HFIP binding to 1 was also determined via the BindFit program 

provided by supramolecular.org using the Nelder-Mead method (Keq = 0.032 ± 0.003). 1H 

and 13C assignments for 4.1 and 4.1·HFIP	are	shown	in	Tables IV-5-6. 

 

Table IV-5 13C and 1H assignments for 4.1. 

 

Atom 13C 1H 
a 132.1 -- 
b 127.3 8.11 
c 129.8 7.64 
d 135.6 7.90 
e 132.8 7.86 
f 117.8 -- 

 

	 	

I
O

O
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O

tBu
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d
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Table IV-6 13C and 1H Assignments for 4.1·HFIP. 
 

 

Atom 13C 1H 
a 131.0 -- 
b 131.6 7.89 
c 125.0 7.76 
d 137.3 8.00 
e 133.7 7.94 
f 115.0 -- 

	

  

I
O

O
S
O

tBu
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CF3

F3C
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b
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d

e f
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IV.4.5 Addition of Acetic Acid to 2-(tert-Butylsulfonyl)iodosylbenzene (4.1) 

	

An NMR-tube was charged with 2-(tert-butylsulfonyl)iodosylbenzene (4.1, 4.6 mg, 0.014 

mmol, 1.00 equiv) and CDCl3 (0.50 mL), which was passed through a plug of solid 

NaHCO3 before being added to the NMR tube. The 1H NMR spectrum was recorded 

(Figure IV-21a). To this NMR sample, glacial acetic acid (5.00 µL, 0.0874 mmol, 6.24 

equiv) was added and the 1H NMR spectrum was recorded (Figure IV-21b). 

	

 

Figure IV-21 Reaction of 2-(tert-butylsulfonyl)iodosylbenze with acetic acid. 1H NMR 
spectra of 4.1 collected in CDCl3 at 23 °C (a) before and (b) after addition of 6.24 equiv 
of acetic acid. 
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IV.4.6 Analysis of Impurities in 4.1 

EPR Spectrum of 2-(tert-butylsulfonyl)iodosylbenzene (4.1) Prepared Using 

Method B in the Presence of PBN A 20-mL scintillation vial was charged with CDCl3 

(0.50 mL) and 2-(tert-butylsulfonyl)iodosylbenzene (4.1, 4.7 mg, 0.013 mmol, 1.0 equiv) 

prepared using Method B. PBN (5.2 mg, 0.029 mmol, 2.5 equiv) was added after 5 min. 

The reaction mixture was shaken and kept at 23 °C for 3-5 min. The resulting solution was 

injected into a 2 mm EPR tube and the EPR spectrum in Figure IV-22 was acquired at 23 

°C. 

 

 

Figure IV-22 EPR spectrum obtained following PBN addition to 2-(tert-
butylsulfonyl)iodosylbenzene prepared by Method B. 
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Dependence of EPR Signal Intensity on Light for 2-(tert-

butylsulfonyliodosyl)benzene (4.1) Prepared Using Method B The following procedure 

was carried out in a closed room with lights turned-off and all the sample containers were 

first wrapped with black electrical tape and then with aluminum foil. The EPR tube was 

covered with aluminum foil until loaded into the probe. An electrical tape- and aluminum 

foil-wrapped 20-mL scintillation vial was charged with CDCl3 (0.50 mL), and 2-(tert-

butylsulfonyliodosyl)benzene (4.1, 4.8 mg, 0.014 mmol, 1.0 equiv) prepared using 

Method B. To this, PBN (5.3 mg, 0.029 mmol, 2.1 equiv) was added after 5 min, shaken 

well and let to stand for 3-5 min. The resulting solution was injected into a 2 mm EPR 

tube and the EPR spectrum was acquired at 23 °C. These data are shown in Figure IV-13. 

EPR Spectrum of KClO3 in the Presence of PBN A 20-mL scintillation vial was 

charged with CDCl3 (0.50 mL) and KClO3 (2.1 mg, 0.017 mmol, 1.0 equiv). To this PBN 

(5.7 mg, 0.032 mmol, 1.9 equiv) was added after 5 min. The reaction mixture was shaken 

and kept at 23 °C for 3-5 min. The resulting solution was injected into a 2 mm EPR tube, 

and the following EPR spectrum was acquired after 5 min at 23 °C. This data is shown in 

Figure IV-14. 
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EPR Spectrum of 2-(tert-butylsulfonyliodosyl)benzene (4.1) Prepared Using 

Method D in the Presence of PBN A 20-mL scintillation vial was charged with CDCl3 

(0.50 mL) and 2-(tert-butylsulfonyl)iodosylbenzene (4.1, 4.2 mg, 0.012 mmol, 1.0 equiv) 

prepared using Method D. To this solution, PBN (5.7 mg, 0.032 mmol, 2.7 equiv) was 

added after 5 min. The reaction mixture was shaken and kept at 23 °C for 3-5 min. The 

resulting solution was injected into a 2 mm EPR tube and the following EPR spectrum 

was acquired at 23 °C (Figure IV-23). 

	

 

Figure IV-23 EPR spectrum obtained following PBN additions to 2-(tert-
butylsulfonyl)iodosylbenzene prepared by Method D. 
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Dependence of Intensity of EPR Signal on Light To further corroborate that the 

EPR signal observed for 4.1 prepared by Method B is due to the presence of KClO3, we 

have also examined the light sensitivity of the EPR signal obtained following PBN 

addition to 4.1 (prepared by Method D) with KClO3 added. Under these conditions, the 

intensity of EPR signal was also found to be dependent on light. 

The following procedure was carried out under ambient light for both preparation 

and handling of the sample. A 20-mL scintillation vial was charged with CDCl3 (0.50 mL), 

PBN (6.0 mg, 0.033 mmol, 2.8 equiv), and 2-(tert-butylsulfonyl)iodosylbenzene (4.1, 4.9 

mg, 0.014 mmol, 1.0 equiv) prepared using Method D. To this, KClO3 (3.6 mg, 0.029 

mmol, 2.1 equiv) was added, the reaction mixture was shaken well, and let to stand for 3-

5 min. The resulting solution was injected into a 2 mm EPR tube and the EPR spectrum 

was acquired at 23 °C (Figure IV-24) 

The following procedure was carried out in a closed room with lights turned-off 

and all the sample containers were first wrapped with black electrical tape and then with 

aluminum foil. The EPR tube was wrapped in aluminum foil before loaded into the probe. 

An electrical tape and aluminum-foil wrapped 20-mL scintillation vial was charged with 

CDCl3 (0.50 mL), PBN (5.7 mg, 0.032 mmol, 2.6 equiv) and 2-(tert-

butylsulfonyl)iodosylbenzene (4.1, 4.6 mg, 0.013 mmol, 1.0 equiv) prepared using 

Method D. To this, KClO3 (3.9 mg, .032 mmol, 2.5 equiv) was added after 5 min, shaken 

well, and let to stand for 3-5 min. The resulting solution was injected into a 2 mm EPR 

tube and the EPR spectrum was acquired at 23 °C (Figure IV-24). 
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Figure IV-24 Light sensitivity of 2-(tert-butylsulfonyl)iodosylbenzene upon addition 
of KClO3. Comparison of EPR spectra obtained following PBN addition to 4.1 prepared 
by Method D with KClO3 added under ambient light (—) and with the exclusion of light 
(—) (sample wrapped in electrical tape and aluminum foil). The peak at 3351 G is due to 
an impurity in the background of the resonator (*)  
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IV.4.7 Kinetics of Disproportionation of 4.1 

 

General Procedure for Measuring Disproportionation Kinetics An NMR tube 

was charged with CDCl3 (0.50 mL), 2-(tert-butylsulfonyl)iodosylbenzene (4.1, 5.0 mg, 

0.015 mmol, 1.0 equiv), and mesitylene (2.0 µL, 0.014 mmol). The sample was allowed 

to equilibrate with a pre-heated NMR spectrometer for 90 s before the 1H NMR spectrum 

was recorded. The rate of disproportionation was monitored via 1H NMR at 74.0, 71.3, 

58.2, 47.8, and 33.2 °C. Concentration vs. time plots were generated using the integrated 

intensities of peaks at 8.37 ppm (d, J = 7.8 Hz, 1H) for 2-(tert-

butylsulfonyl)iodosylbenzene (4.1), 8.72 ppm (d, J = 8.9 Hz, 1H) for 2-(tert-

butylsulfonyl)iodylbenzene (4.2), and 7.53 ppm (t, J = 8.3 Hz, 1H) for 2-(tert-

butylsulfonyl)iodobenzene (4.3). The temperature of the NMR instrument was measured 

using an ethylene glycol standard. Data and plots demonstrating fits for a second order 

reaction are collected below (Figure IV-25). 
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Figure IV-25 Comparison of first and second order fits for disproportion of 2-(tert-
butylsulfonyl)iodosylbenzene.Plots of (a) ln([4.1]-1) vs. time and (b) [4.1]-1 vs. time for 
the disproportionation of 4.1. These plots are consistent with a second-order 
disproportionation and are inconsistent with a first-order mechanism  
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Figure IV-26 Disproportionation of 2-(tert-butylsulfonyl)iodosylbenzene at 74.0 
°C.(a) Concentration vs. time plot of 2-(tert-butylsulfonyl)iodosylbenzene (4.1, ´), 2-
(tert-butylsulfony)liodobenzene (4.3, ´), and 2-(tert-butylsulfonyl)iodyllbenzene (4.2, ´) 
for the disproportionation of 4.1 at 74.0 °C in CDCl3. (b) Plot of [1]-1 vs. time for the 
disproportionation of 4.1.  
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Figure IV-27 Disproportionation of 2-(tert-butylsulfonyl)iodosylbenzene at 71.3 
°C.(a) Concentration vs. time plot of 2-(tert-butylsulfonyl)iodosylbenzene (4.1, ´), 2-
(tert-butylsulfonyl)iodobenzene (4.3, ´), and 2-(tert-butylsulfonyl)iodyllbenzene (4.2, ´) 
for the disproportionation of 4.1 at 71.3 °C in CDCl3. (b) Plot of [4.1]-1 vs. time for the 
disproportionation of 4.1.  
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Figure IV-28 Disproportionation of 2-(tert-butylsulfonyl)iodosylbenzene at 58.2 
°C.(a) Concentration vs. time plot of 2-(tert-butylsulfonyl)iodosylbenzene (4.1, ´), 2-
(tert-butylsulfonyl)iodobenzene (4.3, ´), and 2-(tert-butylsulfonyl)iodyllbenzene (4.2, ´) 
for the disproportionation of 4.1 at 58.2 °C in CDCl3. (b) Plot of [4.1]-1 vs. time for the 
disproportionation of 4.1.  
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Figure IV-29 Disproportionation of 2-(tert-butylsulfonyl)iodosylbenzene at 47.8 
°C.(a) Concentration vs. time plot of 2-(tert-butylsulfonyl)iodosylbenzene (4.1, ´), 2-
(tert-butylsulfonyl)iodobenzene (4.3, ´), and 2-(tert-butylsulfonyl)iodyllbenzene (4.2, ´) 
for the disproportionation of 4.1 at 47.8 °C in CDCl3. (b) Plot of [4.1]-1 vs. time for the 
disproportionation of 4.1.  



 

158 

 

 
Figure IV-30 Disproportionation of 2-(tert-butylsulfonyl)iodosylbenzene at 32.2 °C. 
(a) Concentration vs. time plot of 2-tert-butylsulfonyliodosylbenzene (4.1, ´), 2-tert-
butylsulfonyliodobenzene (4.3, ´), and 2-tert-butylsulfonyliodyllbenzene (4.2, ´) for the 
disproportionation of 4.1 at 32.2 °C in CDCl3. (b) Plot of [4.1]-1 vs. time for the 
disproportionation 
  



 

159 

 

 
Figure IV-31 Summary of temperature-dependent disproportionation kinetics. 
Summary of obtained disproportionation rate data in the form of (a) Arrhenius and (b) 
Eyring plots, which allow for the calculation of Ea, DH‡, and DS‡. 
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Analysis of Arrhenius and Eyring Plots Plotting kinetics data in the form of an 

Arrhenius plot where 1/T vs. ln(k) allows for the extraction of the activation energy using 

Eqn 2: 

ln 𝑘 = .CD
EF

+ ln𝐴     (2) 

where the slope of the line is equivalent to .CD
EF

. This gives an Ea value of 15.6 kcal mol-1 

for the disproportionation of 4.1. 

Plotting kinetics data in the form of an Eyring plot where 1/T vs. ln(k/T) allows 

for the extraction of DH and DS using Eqn 3: 

𝑙𝑛 K
F
= .∆1‡

EF
+ 𝑙𝑛 K)

M
+ ∆N‡

E
     (3) 

where the slope of the line is equivalent to .∆1
‡

E
 and the y-intercept 𝑙𝑛 K)

M
+	∆N

‡

E
. Utilizing 

this equation gives a DS‡ value of -15.2 cal K-1 mol-1 and a DH‡ value 15.2 kcal mol-1 for 

the disproportionation of 4.1. 
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IV.4.8 Aerobic Oxidation of 2-(tert-Butylsulfonyl)iodobenzene (4.3) 

Addition of acetaldehyde to 2-(tert-butylsulfonyl(diacetoxyiodo)benzene (4.5) 

An NMR tube was charged with 2-tert-butylsulfonyliodosylbenzene (1, 10.8 mg, 0.0317 

mmol, 1.00 equiv) and d4–AcOH (0.50 mL) and a 1H NMR spectrum was acquired (Figure 

IV-30a). To this solution acetaldehyde (10 µL, 0.18 mmol, 5.5 equiv) was added and the 

1H NMR spectrum was obtained (Figure IV-32). 
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Figure IV-32 Exposure of 2-(tertbutylsulfonyl)(diacetoxyiodo)benzene to 
acetaldehyde. 1H NMR spectra of (a) 2-(tert-butylsulfonyl)(diacetoxyiodo)benzene (4.5), 
(b) (2-tert-butylsulfonyl)(diacetoxyiodo)benzene (4.5) following addition of acetaldehyde 
collected in d4-AcOH at 23 °C. Top: expansion of the aromatic region; Bottom: full 
spectral range.	 	
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Addition of Co(II) to 2-(tert-butylsulfonyl)(diacetoxyiodo)benzene (4.5) An 

NMR tube was charged with 2-(tert-butylsulfonyl)iodosylbenzene (4.1, 4.6 mg, 0.012 

mmol, 1.0 equiv) and d4–AcOH (0.50 mL) and a 1H NMR spectrum was acquired (Figure 

IV-33a). To this solution CoCl2 (0.3 mg, 8 mol%) was added and the 1H NMR spectrum 

was obtained (Figure IV-33b). 

 

 

Figure IV-33 Exposure of 2-(tertbutylsulfonyl)(diacetoxyiodo)benzene to CoCl2. 1H 
NMR spectra of (a) 2-(tert-butylsulfonyl)(diacetoxyiodo)benzene (4.5), (b) 2-(tert-
butylsulfonyl)(diacetoxyiodo)benzene (4.5) following addition of Co(II) collected in d4–
AcOH at 23 °C. Top: expansion of the aromatic region; Bottom: full spectral range. 
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Addition of Co(OAc)3 to 2-(tert-butylsulfonyl)(diacetoxyiodo)benzene (4.5) 

An NMR tube was charged with 2-(tert-butylsulfonyl)iodosylbenzene (4.1, 4.7 mg, 0.012 

mmol, 1.0 equiv) and d4–AcOH (0.50 mL) and the 1H NMR spectrum was acquired 

(Figure IV-32a). In a separate 8-mL scintillation vial, Co(OAc)3 was generated via 

addition of peracetic acid (32 wt%, 20 µL, 0.095 mmol, 0.99 equiv) to Co(OAc)2×4H2O 

(24 mg, 0.096 mmol, 1.0 equiv) in d4–AcOH (0.50 mL). An aliquot of the Co(OAc)3 

solution (50 µL, 0.0090 mmol, 0.79 equiv) was added to the NMR tube and corresponding 

1H NMR spectrum was obtained (Figure IV-34b). 

 

 

Figure IV-34 Exposure of 2-(tert-butylsulfonyl)(diacetoxyiodo)benzene to Co(OAc)3. 
1H NMR spectra of (a) 2-(tert-butylsulfonyl)(diacetoxyiodo)benzene (4.5) (b) 2-(tert-
butylsulfonyl)(diacetoxyiodo)benzene (4.5) following addition of Co(OAc)3 collected in 
d4–AcOH at 23 °C. Top: expansion of the aromatic region; Bottom: full spectral range.  



 

165 

 

 

Aldehyde promoted aerobic oxidation of 2-(tert-

butylsulfonyl)(diacetoxyiodo)benzene (4.5) To synthesize 2-(tert-

butylsulfonyl)(diacetoxyiodo)benzene (4.5) freshly prepared 2-(tert-

butylsulfonyl)iodosylbenzene (4.1, 20 mg, 0.059 mmol, 1.0 equiv), prepared via Method 

D, was treated with d4-AcOH (1.0 mL). To this solution was added CoCl2×6H2O (0.50 mg, 

3.5 mol%) and the reaction vessel was purged with O2 for 5 min. Acetaldehyde (50.0 µL, 

0.880 mmol, 14.1 equiv) was added to the reaction vessel and the reaction was stirred 

under 1 atm O2, delivered by inflated balloon, at 23 °C. The progress of the reaction was 

monitored via 1H NMR and the corresponding kinetics data is plotted below with 1,2-

dichloroethane (25 mg, 0.25 mmol) utilized as an internal standard. The concentrations of 

the reaction components were determined using the peaks at 8.37 ppm (d, J = 7.9 Hz, 1H) 

for 2-(tert-butylsulfonyl)(diacetoxyiodo)benzene (4.5), 8.73 ppm (d, J = 8.0 Hz, 2H) for 

2-(tert-butylsulfonyl)iodylbenzene (4.2), and 7.32 ppm (t, J = 7.5 Hz, 1H) for 2-(tert-

butylsulfonyl)iodobenzene (4.3). The data are summarized in Figure IV-35. 

  

I(OAc)2

SO2
tBu

CH3CHO, O2
CoCl2ꙓ�+�2����PRO��

G��$F2'

d4-AcOD
I

O

O
S
O

tBu

O
I

O

O
S
O

tBu
4.1 4.5 4.2



 

166 

 

 

Figure IV-35 Aldehyde promoted aerobic oxidation of 2-(tert-
butylsulfonyl)(diacetoxyiodo)benzene (4.5).Mol fraction of 2-(tert-
butylsulfonyl)iodobenzene (4.3, ´), 2-(tert-butylsulfonyl)(diacetoxyiodo)benzene (4.5, ´) 

and 2-(tert-butylsulfonyliodyl)benzene (4.2, ´) as a function of time for oxidation of 2-
(tert-butylsulfonyl)(diacetoxyiodo)benzene (4.5) in d4-AcOH at 23 °C in presence of 
acetaldehyde and CoCl2×6H2O.  
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Oxidation of 4.3 with Peracetic Acid An NMR tube was charged with d4-AcOH 

(0.70 mL) and 2-(tert-butylsulfonyl)iodobenzene (4.3, 64 mg, 0.20 mmol, 1.0 equiv). The 

1H NMR spectrum was recorded. To the NMR solution, peracetic acid (32 wt%, 0.050 

mL, 0.24 mmol, 1.2 equiv) was added. The reaction mixture was shaken, re-inserted into 

the NMR probe, and reaction progress was monitored via 1H NMR. Data and spectra are 

collected in Figure IV-36. To plot the kinetics of the reaction the peak at 8.37 ppm (d, J 

= 7.9 Hz, 1H) for 2-tert-(butylsulfonyl)(diacetoxyiodo)benzene (4.5), the peak at 8.73 ppm 

(d, J = 8.0 Hz, 2H) for 2-(tert-butylsulfonyl)iodylbenzene (4.2) and the peak at 7.32 ppm 

(t, J = 7.5 Hz, 1H) for 2-(tert-butylsulfonyl)iodobenzene (4.3) were integrated. At each 

time point analyzed, the total mol fraction of all three components is taken to be 1 and the 

corresponding mol fraction for each individual component is represented as the 

contribution of that component to the mixture. 
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Figure IV-36 Oxidation of 2-(tert-butylsulfonyl)iodosylbenene with peracetic acid. 
Mol fraction of 2-(tert-butylsulfonyl)iodobenzene (4.3, ´), 2-(tert-
butylsulfonyl)(diacetoxyiodo)benzene (4.5, ´) and 2-(tert-butylsulfonyl)iodylbenzene 
(4.2, ´) as a function of time for oxidation of 2-(tert-butylsulfonyl)iodobenzene (4.3) in 
d4-AcOH at 23 °C.  
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Generation of 1O2 During Oxidation of 2-(tert-butylsulfonyl)iodobenzene (4.3) 

with AcOOH Evolution of 1O2 during the oxidation of 2-(tert-butylsulfonyl)iodobenzene 

(4.3) with 32 wt% peracetic acid solution was evaluated by addition of 9,10-

dimethylanthracene, a known 1O2 trap, according to a previously reported procedure.221 A 

20-mL scintillation vial was charged with CDCl3 (2.0 mL), 2-(tert-

butylsulfonyl)iodobenzene (4.3, 64.0 mg, 0.198 mmol, 1.98 equiv), and 9,10-

dimethylanthracene (20.6 mg, 0.100 mmol, 1.00 equiv).  Peracetic acid (32 wt%, 0.210 

mL, 1.00 mmol, 10.0 equiv) was added to the reaction vessel and the reaction was sealed 

with a cap and stirred at 23 °C for 2 h. To remove the remaining AcOOH and H2O2, the 

reaction mixture was washed with H2O (3 mL) and extracted with CH2Cl2 (2 ́  2 mL). The 

combined organic layers were dried over anhydrous MgSO4 and the solvent was removed 

under reduced pressure. Due to instability of 9,10-dimethyl-9,10-dihydro-9,10-

epidioxyanthracene on SiO2 and the similar solubility of 2-(tert-

butylsulfonyl)iodobenzene (4.3) and 9,10-dimethyl-9,10-dihydro-9,10-

epidioxyanthracene, 9,10-dimethyl-9,10-dihydro-9,10-epidioxyanthracene was not 

isolated. Characterization and quantification were carried out by comparison of the 1H 

NMR spectrum of the crude reaction mixture with an authentic standard (Figure IV-37). 
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Figure IV-37 Generation of 1O2 During Oxidation of 2-(tert-
butylsulfonyl)iodobenzene with peracetic acid. 1H NMR spectra in CDCl3 of (a) the 
reaction mixture of 4.3, (b) 9,10-dimethylanthracene , (c) 9,10-dimethyl-4a,9,9a,10-
tetrahydro-9,10-epidioxyanthracene, (d) 2-(tert-butylsulfonyl)iodobenzene (4.3), (e) 2-
(tert-butylsulfonyl)iodosylbenzene (4.1) and (f) 2-(tert-
butylsulfonyl)(diacetoxyiodo)benzene (4.5). Top: expansion of the aromatic region; 
Bottom: full spectral range. 
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Reduction of 2-tert-butylsulfonyliodosylbenzene (4.1) with H2O2 Evolution of 

1O2 during the reduction of 2-tert-butylsulfonyliodosylbenzene (4.1) by H2O2 was 

evaluated by addition of 9,10-dimethylanthracene, a known 1O2 trap, according to a 

previously reported procedure.221 A 20-mL scintillation vial was charged with CDCl3 (2.0 

mL), 2-(tert-butylsulfonyl)iodosylbenzene (4.1, 68.0 mg, 0.200 mmol, 2.00 equiv), and 

9,10-dimethylanthracene (20.6 mg, 0.100 mmol, 1.00 equiv). H2O2 (30 wt%, 90  µL, 0.79 

mmol, 7.9 equiv) was added to the reaction vessel and the reaction was sealed with a cap 

and stirred at 23 °C for 5 h. The resulting solution was dried over anhydrous MgSO4. Due 

to instability of 9,10-dimethyl-9,10-dihydro-9,10-epidioxyanthracene on SiO2 and the 

similar solubility of 2-(tert-butylsulfonyl)iodobenzene (4.3) and 9,10-dimethyl-9,10-

dihydro-9,10-epidioxyanthracene, 9,10-dimethyl-9,10-dihydro-9,10-epidioxyanthracene 

was not isolated. Characterization and quantification were carried out by comparison of 

the 1H NMR spectrum of the crude reaction mixture with an authentic standard (Figure 

IV-38). 
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Figure IV-38 Reduction of 2-(tert-butylsulfonyl)iodosylbenzene with H2O2. 1H NMR 
spectra (CDCl3) of (a) the reaction mixture of 4.1, (b) 9,10-dimethylanthracene, (c) 9,10-
dimethyl-4a,9,9a,10-tetrahydro-9,10-epidioxyanthracene, and (d) 2-(tert-
butylsulfonyl)iodobenzene (4.3). Top: expansion of the aromatic region; Bottom: full 
spectral range. 
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Reduction of 2-tert-butylsulfonyliodylbenzene (2) with H2O2 Evolution of 1O2 

during the reduction of 2-(tert-butylsulfonyl)iodylbenzene (4.2) by H2O2 was evaluated 

by addition of 9,10-dimethylanthracene, a known 1O2 trap, according to a previously 

reported procedure.221 A 20-mL scintillation vial was charged with CDCl3 (2.0 mL), 2-

(tert-butylsulfonyliodyl)benzene (4.2, 71.2 mg, 0.200 mmol, 2.00 equiv), and 9,10-

dimethylanthracene (20.6 mg, 0.100 mmol, 1.00 equiv). H2O2 (30 wt%, 90  µL, 0.79 

mmol, 7.9 equiv) was added to the reaction vessel and the reaction was sealed with cap 

and stirred at 23 °C for 5 h. Due to instability of 9,10-dimethyl-9,10-dihydro-9,10-

epidioxyanthracene on SiO2 and the similar solubility of 2-(tert-

butylsulfonyl)iodobenzene (4.3) and 9,10-dimethyl-9,10-dihydro-9,10-

epidioxyanthracene, 9,10-dimethyl-9,10-dihydro-9,10-epidioxyanthracene was not 

isolated. Characterization and quantification were carried out by comparison of the 1H 

NMR spectrum of the crude reaction mixture with an authentic standard (Figure IV-39). 
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Figure IV-39 Reduction of 2-(tert-butylsulfonyl)iodylbenzene (2) with H2O2. 1H NMR 
spectra (CDCl3) of (a) the reaction mixture of 4.2, (b) 9,10-dimethylanthracene, (c) 9,10-
dimethyl-4a,9,9a,10-tetrahydro-9,10-epidioxyanthracene, and (d) 2-(tert-
butylsulfonyl)iodobenzene (4.3). Top: expansion of the aromatic region; Bottom: full 
spectral range. 
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IV.4.9 Examination of Chemistry of Iodosylbenzenes with Soluble Metal Clusters 

   

Reaction of Iodosylbenzene with [Zn2(benzoate)4py2] (4.6) An NMR tube was 

charged with CDCl3 (0.50 mL), iodosylbenzene (3.9 mg, 0.014 mmol, 1.3 equiv), and 

[Zn2(OBz)4py2] (4.6, 14.0 mg, 0.0177 mmol, 1.0 equiv) and the sample was sonicated for 

30 s producing a cloudy solution. The 1H NMR spectrum was collected at 23 °C (Figure 

IV-40). 
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Figure IV-40 Reaction of iodosylbenzene with [Zn2(benzoate)4py2]. 1H NMR spectra 
collected at 23 °C in CDCl3 of (a) [Zn2(OBz)4py2] (4.6), (b) crude reaction mixture of 
[Zn2(OBz)4py2] (4.6) with iodosylbenzene, and (c) crude reaction mixture of 
iodosylbenzene with benzoic acid to produce iodobenzene dibenzoate. The crude reaction 
mixture (b) was found to contain iodobenzene dibenzoate (‡) and unidentified cluster 
byproducts (§). 
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Reaction of iodosylbenzene with Zr6O4(OH)4(OMc)12 An NMR tube was 

charged with CDCl3 (0.50 mL), iodosylbenzene (3.0 mg, 0.014 mmol, 3.8 equiv), 

mesitylene (2.0 µL, 0.014 mmol), and Zr6O4(OH)4(OMc)12 (4.7, 6.3 mg, 0.0037 mmol, 

1.0 equiv) and the sample was sonicated for 30 s producing a cloudy solution. The 1H 

NMR spectrum was collected at 23 °C (Figure IV-41).  
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Figure IV-41 Reaction of iodosylbenzene with Zr6O4(OH)4(OMc)12. 1H NMR spectra 
collected at 23 °C in CDCl3 of (a) Zr6O4(OH)4(OMc)12 (4.7), (b) crude reaction mixture 
of Zr6O4(OH)4(OMc)12 (4.7) with iodosylbenzene, and (c) crude reaction mixture of 
iodosylbenzene with excess methacrylic acid. The crude reaction mixture (b) was found 
to contain iodobenzene dimethacrylate (‡) and unidentified cluster byproducts (§). 
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Reaction of 2-(tert-butylsulfonyl)iodosylbenzene with [Zn2(benzoate)4py2] An 

NMR tube was charged with CDCl3 (0.50 mL), 2-(tert-butylsulfonyl)iodosylbenzene (4.1, 

5.0 mg, 0.015 mmol, 1.0 equiv), mesitylene (2.0 µL, 0.014 mmol), and [Zn2(OBz)4py2] 

(4.6, 11.3 mg, 0.0147 mmol, 1.0 equiv). The 1H NMR spectrum was collected at 23 °C. 

Though a small shift in the NMR signals relating to 2-(tert-butylsulfonyl)iodosylbenzene 

(4.1) is observed, no peaks for iodobenzene dibenzoate are observed	(Figure IV-42). 
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Figure IV-42 Reaction of 2-tert-butylsulfonyliodosylbenzene with 
[Zn2(benzoate)4py2]. 1H NMRs collected at 23 °C in CDCl3 of (a) [Zn2(benzoate)4py2] 
(4.6), (b) crude reaction mixture of [Zn2(OBz)4py2] (4.6) with 2-(tert-
butylsulfonyl)iodosylbenzene (4.1), and (c) 2-(tert-butylsulfonyl)iodosylbenzene (4.1). 
The crude reaction mixture (b) was found to contain 4.1 (‡) and [Zn2(OBz)4py2] (§). The 
small changes in chemical shifts that is observed upon mixing 4.1 and 4.6 could not be 
reproduced by exposing 4.1 to each of pyridine, benzoic acid, or Zn(OAc)2 individually.  
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Reaction of 2-(tert-butylsulfonyl)iodosylbenzene with Zr6O4(OH)4(OMc)12 An 

NMR tube was charged with CDCl3 (0.50 mL), 2-(tert-butylsulfonyl)iodosylbenzene (4.1, 

5.0 mg, 0.015 mmol, 4.0 equiv), mesitylene (2.0 µL, 0.014 mmol), and 

Zr6O4(OH)4(OMc)12 (7, 6.3 mg, 0.0037 mmol, 1.0 equiv). The 1H NMR spectrum was 

collected at 23 °C. 1H NMR (δ, 23 °C, CDCl3): 7.95–7.74 (br, 12H), 7.67–7.56 (br, 9H), 

6.20–5.79 (br, 12H), 5.40–5.10 (br, 12H), 1.97–1.67(br, 54H). Single crystals suitable for 

X-ray diffraction were obtained following addition of Et2O (0.25 mL) to the solution 

utilized for 1H NMR analysis and allowing the resulting sample to stand at 0 °C (Figure 

IV-41). 

In addition to doing this synthesis on NMR scale, we have also isolated 4.8 from 

the following larger-scale reaction. A 20 mL vial was charged with CHCl3 (4.0 mL), 2-

(tert-butylsulfonyl)iodosylbenzene (4.1, 40.0 mg, 0.120 mmol, 4.11 equiv) and 

Zr6O4(OH)4(OMc)12 (4.7, 49.6 mg, 0.0292 mmol, 1.00 equiv) and stirred for 10 min. The 

solvent was removed in vacuo and the colorless, oily solid was triturated with Et2O (4.5 

mL) for 10 min. The Et2O was decanted and the resulting solid was dried in vacuo to 

afford 4.8 as a white solid (28.0 mg, 31% yield) The 1H NMR spectrum was collected at 

23 °C. 1H NMR (δ, 23 °C, CDCl3): 8.80 (br, 2H), 7.90 (br, 2H) 7.90–7.55 (br, 16H), 6.20–

5.79 (br, 10H), 5.40–5.10 (br, 14H), 1.95–1.60(br, 67H), 1.47–1.30 (br, 52H). 
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Figure IV-43 Reaction of 2-(tert-butylsulfonyl)iodosylbenzene with 
Zr6O4(OH)4(OMc)12. 1H NMR spectra collected at 23 °C in CDCl3 of (a) 
Zr6O4(OH)4(OMc)12, (b) crude reaction mixture of Zr6O4(OH)4(OMc)12 (4.7) with 4.1, (c) 
dissolved single crystals of 4.8 adduct, and (d) crude reaction mixture of 1 with 
methacrylic acid. Top: expansion of the aromatic region; Bottom: expansion of the olefinic 
region. The crude reaction mixture (b) was found to contain trace 2-(tert-
butylsulfonyl)(dimethacrylateiodo) benzene (§) (which arises from a methacrylic acid 
impurity in 4.7, 4.3 (‡), and 4.8 adduct (*).
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IV.4.10 Examination of Chemistry of Iodosylbenzenes with Metal-Organic Frameworks 

Exposure of UiO-67 to 1 A 20-mL scintillation was charged with UiO-67 (0.101 

g, 0.0476 mmol, 1.00 equiv), 4.1 (16.4 mg, 0.0482 mmol, 1.00 equiv), and CHCl3 (2.0 

mL). After stirring at 23 °C for 24 h, the sample was washed with CHCl3 (2 ´ 6 mL) and 

MeOH (3 ´ 6 mL). The PXRD pattern was collected of the solid. 

	

 

Figure IV-44 Exposure of UiO-67 to 2-(tert-butylsulfonyl)iodosylbenzene. PXRD 
patterns collected of UiO-67 (—) and following exposure of UiO-67 to 4.1 (—).	
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Exposure of UiO-67 to Iodosylbenzene A 20-mL scintillation was charged with 

UiO-67 (0.100 g, 0.0472 mmol, 1.00 equiv), iodosylbenzene (10.6 mg, 0.0482 mmol, 1.02 

equiv), and CHCl3 (2.0 mL). After stirring at 23 °C for 16 h, the PXRD pattern was 

collected of the reaction mixture. 

 

 

Figure IV-45 Exposure of UiO-67 to iodosylbenzene. PXRD patterns collected of UiO-
67 (—) and UiO-67 following exposure to iodosylbenzene (—).  
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Exposure of MOF-508b to 4.1 A 20-mL scintillation was charged with MOF-

508b (0.100 g, 0.150 mmol, 1.00 equiv), 4.1 (51.0 mg, 0.150 mmol, 1.00 equiv), and 

CHCl3 (5.0 mL). After stirring at 23 °C for 24 h, the PXRD pattern was collected of the 

reaction mixture. 

	

 

Figure IV-46 Exposure of MOF-508b to 2-(tert-butylsulfonyl)iodosylbenzene. PXRD 
patterns collected of MOF-508b (—), MOF-508b following exposure to iodosylbenzene 
4.1 (—), and 2-(tert-butylsulfonyl)iodylbenzene (4.2, —).	
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Exposure of MOF-508b to Iodosylbenzene A 20-mL scintillation was charged 

with MOF-508b (0.100 g, 0.150 mmol, 1.00 equiv), iodosylbenzene (33.0 mg, 0.150 

mmol, 1.00 equiv), and CHCl3 (5.0 mL). After stirring at 23 °C for 24 h, the PXRD pattern 

was collected of the reaction mixture. 

	

 

Figure IV-47 Exposure of MOF-508b to iodosylbenzene. PXRD patterns collected of 
MOF-508b (—), MOF-508b following exposure to iodosylbenzene (—), and 
iodosylbenzene (—).	
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IV.4.11 Crystallographic Data 

Crystallographic data for 4.1·HFIP	and	4.8	are	shown	in	Tables IV-7-8. 

 
Table IV-7 Crystal data and structure refinement for 4.1·HFIP 
Crystal data 
Chemical formula  C10H13IO3S·C3H2F6O 
Fw (g/mol) 508.21  
Temperature (K)  110 
Crystal system, space group Monoclinic, P21/n 
a, b, c (Å)  14.830 (3), 5.5796 (10), 21.816 (4) 
α, β, γ (°)  90, 107.885(2), 90 
V (Å3)  1717.9 (5) 
Z  4  
Radiation type  Mo Ka 
μ (mm-1)  2.06 
Crystal size (mm)  0.27 × 0.02 × 0.02  
Data collection 
Diffractometer Bruker APEX-II CCD 
Absorption correction Multi-scan, SADABS 
No. of measured, independent and 
observed [I>2σ (I)] reflections 40648, 3527, 2702 

Rint 0.136 
sin(θ/λ)max (Å-1) 0.628 
Refinement 
R[F2 > 2σ(F2)], wR(F2), S 0.038, 0.107, 1.01 
No. of reflections 3527 
No. of parameters 230 
No. of restraints 48 
H-atom treatment H-atom parameters constrained 
rmax, rmin (e Å-3) 1.00, -1.57 
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Table IV-8 Crystal data and structure refinement for 4.8 
Crystal data 
Chemical formula  C88H112I4O44S4Zr6·16(O) 
Fw (g/mol) 3312.93  
Temperature (K)  100(2) 
Crystal system, space group Tetragonal, P4P21c 
a, b, c (Å)  16.574(3), 16.574(3), 26.652(5) 
α, β, γ (°)  90, 90, 90  
V (Å3)  7322(3)  
Z  2  
Radiation type  Synchrotron, λ = 0.33062 Å   
μ (mm-1)  0.92  
Crystal size (mm)  0.07 × 0.07 × 0.05  
Data collection 
Diffractometer Synchrotron, Pilatus3 X CdTe 1M 
Absorption correction Multi-scan, SADABS 
No. of measured, independent and 
observed [I>2σ (I)] reflections 178995, 7480, 7057 

Rint 0.096 
sin(θ/λ)max (Å-1) 0.625 
Refinement 
R[F2 > 2σ(F2)], wR(F2), S 0.073, 0.195, 1.07 
No. of reflections 7480 
No. of parameters 373 
No. of restraints 48 

H-atom treatment 
H-atom parameters constrained 
w = 1/[σ2(Fo2) + (0.0781P)2 + 118.956P]  
where P = (Fo2 + 2Fc2)/3 

rmax, rmin (e Å-3) 2.07, –1.11 
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IV.4.12 Additional Data 

Figures IV-48 – IV-50 contain additional relevant data. 

 

 

Figure IV-48.	Generation of 4.5 from 4.1. 1H NMR of 4.1 in CDCl3 at 23 °C with (a) 
5µL, (b) 25 µL, (c) 125 µL, (d) 225 µL, and (e) 325 µL of AcOD. Spectra were referenced 
to the CHCl3 signal and the resulting stacked spectra indicate the conversion of 4.1 to 4.5 
upon added AcOH.  
 

 

 
Figure IV-49 13C{1H} NMR of 4.5. 13C{1H} NMR of (a) 3 in CDCl3 at 23 °C and (b) 4.5 
recorded in AcOH-d6 at 23 °C. Oxidation of 4.3 to 4.5 gives rise to a downfield shift for 
the peak associated with the carbon connected to the iodine center (94.7 ppm to 120.5 
ppm). This is in good agreement with a similar peak shift observed for the oxidation of 
iodobenzene (94.4 ppm) to (diacetoxyiodo)benzene (122.2 ppm).  
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Figure IV-50 1H NMR experiment demonstrating equilibrium of 4.1 with AcOD. 1H 
NMR in CDCl3 at 23 °C of 4.1 with AcOD ((a) 5 µL (t = 0 min) (b) 5 µL (t = 20 min), (c) 
25 µL (t = 0 min) and (d) 25 µL (t = 20 min)). The initial 1H NMR shows immediate 
formation of the 5 and more 5 did not evolve after 20 min, demonstrating that 1 and 5 
participate in an equilibrium process with AcOD. 
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CHAPTER V 

CONCLUDING REMARKS AND FUTURE DIRECTIONS 

 The work presented here describes a suite of efforts towards the goal of developing 

selective oxidative C–H catalysis with porous materials by utilizing O2 as a terminal 

oxidant. Though highly stereoretentive C–H oxidation reactions have been achieved by 

multiple Zn2-paddlewheel based materials, efforts towards the use of MOF catalysts have 

been hindered by low reaction yield and catalyst instability. To move forward, it is 

necessary to consider MOFs composed of more stable building elements, such as 

oxozirconium clusters. As we have demonstrated the ability of 2-D layered materials to 

effect stereoretentive C–H oxidation, analogous materials composed of oxozirconium and 

oxohafnium clusters should be considered. Though 2-D layered materials featuring these 

more stable clusters have not yet been reported with porphyrinic linking elements, similar 

layered materials have been previously synthesized.161,256 

Intriguingly, there are no reports of the use of hypervalent iodine reagents as 

oxidants coupled with oxozirconium based MOFs. In exploratory investigations in our lab 

that examined the oxidation of hydrocarbons by Fe-PCN-222, a poprhyrinic framework 

composed of oxozirconium clusters, the yield was consistently low (<10%) even though 

the catalyst appeared unchanged by PXRD. This could be in part due to the possibility of 

framework interactions with iodosylbenzenes, as described in Chapter IV. For example, 

coordination of the oxidant to the zirconium cluster would effectively compete with its 

ability to serve as an oxidant to the porphyrin active site. Though at this time we have been 

unable to demonstrate interactions of hypervalent iodine reagents with MOFs by PXRD, 



 

192 

 

there are other techniques that could be considered. For example, Raman spectroscopy 

may be able to identify the I–O stretch and changes in this stretch could indicate 

coordination of the hypervalent iodine compound to the framework. In addition, 

potentiometric titrations have previously been used to identify defect sites in MOFs 

containing oxozirconium clusters.257 In order to couple the generation of hypervalent 

iodine compounds by the act of autoxidation of acetaldehyde with MOF catalysis, it is 

necessary to determine if MOFs of interest are structurally compatible with these reagents. 

As the primary goal of the research presented here is the sustainable generation of 

oxidants coupled with selective C–H oxidation, it is pertinent to consider challenges 

presented by our current methodology. For example, the utilization of acetaldehyde 

autoxidation to generate hypervalent iodine intermediates produces acetic acid as a 

byproduct, which may not be compatible with solid state catalysts. Further, an expansion 

of the chemistry presented here would include the oxidative installation of other functional 

groups, for example chlorine or fluorine, onto aliphatic substrates of interest. This could 

be accomplished by in situ ligand exchange at the hypervalent iodine center; however, 

addition of halogen sources to acetaldehyde-promoted oxidation conditions halt the 

reaction. This could be due to halogen sources being incompatible with the initiator for 

the reaction (CoCl2). Initial investigations into other potential radical initiators have so far 

been unfruitful, suggesting that the halide salts may not be compatible with acetaldehyde 

autoxidation for other reasons.  
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Future growth towards the goal of this project will require both the development 

of more stable catalytic materials and investigation into the sustainable generation of 

hypervalent iodine reagents to enhance the compatibility of this process with catalytic 

reactions. 
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