
ABSTRACT 

GUZMÁN SANTIAGO, ALEXIS JAVIER. Identification and Study of Key Functionalization 
Species for the Cp*Ir(III)-Catalyzed Halogenation of Benzamides. (Under the direction of 
Elon A. Ison). 
 

The focus of this document is the development and study of the Cp*Ir(III)-catalyzed 

halogenation of N,N-diisopropylbenzamides.  The optimized conditions for the iodination 

reaction consists of 0.5 mol% [Cp*IrCl2]2 in 1,2-dichloroethane at 60 °C for 1 h to form a 

variety of iodinated benzamides in high yields. Silver triflate and acetic acid were required 

for the reaction to take place. Increasing the catalyst loading to 5 mol% and the time to 4 

h enabled the bromination reaction of the same substrates. Isolation and study of an 

isolated acetylhypohalite species revealed that this is the active halogen in the reaction. 

This enabled optimization of the bromination of benzamides and enabled the analogous 

chlorination reaction. A variety of functional groups on the para-position of the benzamide 

were well tolerated. Kinetic studies showed the first order dependence in catalyst, the 

positive dependence in benzamide, and no dependence in halosuccinimide. Through 

independent H/D kinetic isotope effect studies we observed an H/D KIE of 2.5. These 

results suggest that C–H bond activation is involved prior to or during the rate determining 

step of the reaction. Two mechanisms were explored, differing in the functionalization 

step of the reaction. Computational studies (DFT-BP3PW91-D3) indicate that a CMD 

mechanism is more likely than an oxidative addition pathway for C–H bond activation. 

The calculated functionalization step involving an Ir(V) resulting from oxidative addition of 

haloacetate seems like the most favorable pathway. Attempts at making a Ir(V) –X (X = 

I, Br) complex have not been successful to this point. Computational data suggests that 

oxidative addition is the RDS of the reaction. 
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CHAPTER 1 - General Introduction 
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Organometallic Chemistry 

Organometallic chemistry is a subfield of coordination chemistry. In this field the 

interaction between a metal center and organic molecules is studied to answer 

fundamental questions in the areas of inorganic and synthetic chemistry.1,2 

Organometallic catalysts have been commonly used in industrial processes, but are now 

routinely utilized in research for problems in methods development and elucidating 

reaction mechanisms. Homogeneous catalysis, where both substrate and catalyst are in 

the same phase, has its advantages when dealing with a chemical transformation. A 

homogeneous catalyst is easier to tune in terms of sterics and electronics allowing access 

to a range of reactivities that might not be accessible in heterogeneous systems. In 

addition, catalytic systems are considered easier to probe and study because 

spectroscopic techniques, like 1H-NMR spectroscopy can be utilized to determine 

structures of species in solution and monitor reaction kinetics.  

 

The catalysis of organic reactions is one of the major fields of study in 

organometallic chemistry. Among those reactions, direct C–H bond activation and 

functionalization reactions have attracted the attention of not only inorganic chemists, but 

also organic and computational chemists. Most C–H bonds are not viewed as an 

exploitable functionality in organic synthesis. However, because the C–H unit is 

ubiquitous in organic compounds, direct C–H bond functionalization shows great promise 

as a viable tool for atom and step economical C–C and C–heteroatom bond forming 

reactions. 

 

There are two notable limitations in direct C–H bond functionalization that make 

this synthetic transformation challenging. The first is achieving site selectivity in molecules 

that contain multiple C–H bonds. It has been shown that common Lewis basic 

functionalities can be used as useful directing groups (DG) to assure site selectivity in 

intramolecular C–H bond activation and functionalization reactions (Figure 1.1).3  
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Figure 1.1 General example of directed C-H activation and examples of directing 
groups 

 

A DG will coordinate to the metal center and will facilitate the interaction between 

the metal center and the C–H bond. This strategy has commonly been applied using 

nitrogen, sulfur, and phosphorous containing DG, which will strongly coordinate to the 

metal center. This type of DG is synthetically restrictive, often they are installed then later 

removed from the substrate or they are a permanent part of it.4 Conversely, weakly 

coordinating DG, like amides, ethers, carboxylic acids and ketones, are commonly found 

functionalities in organic molecules that can serve the same purpose. In addition, these 

do not stabilize metal intermediates as well as strongly coordinating DG, which leads to 

better reactivity. 

 

 

 

 

 

 

 

 

Figure 1.2. BDE and pKa values for representative unactivated hydrocarbons 

 

Secondly, the inert nature of the C–H bond has also been an issue in developing 

efficient direct functionalization strategies. Unactivated C–H bonds have a high bond 

dissociation energy (BDE), and their pKa values range from 43 to 50 (Figure 1.2).5-7 

Bergman and Jones were the first to show the potential of [Cp*MPR3X2] (M = Ir, Rh) 

pKa ~43 ~48 ~50 

BDE 

(kcal/mol) ~113 ~105 ~111 

Benzene Methane Ethane 

Directing Groups: 
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complexes to activate C–H bonds.8,9 Subsequent work showed that such late transition 

metals are capable of C–H bond activation in the presence of an acetate source.10  In this 

area, the pioneering work of Periana, and the seminal work from Satoh and Miura was 

focused on catalytic C–H bond activation.11-15 Specifically, the work by Satoh and Miura 

focused on dehydrogenative cross-coupling reactions using [Cp*RhCl2]2 as a catalyst.  

 

The reactivity of [Cp*Rh(III)] complexes has been well established. It serves as a 

catalyst for many direct C–H bond functionalization methodologies which have enabled 

not only C–C bond forming reactions,16-37 but C–heteroatom bond forming reactions as 

well.38-47 On the other hand, iridium complexes have also been shown to be highly active 

in stoichiometric C–H bond activation reactions.48-50 Despite this, their use in catalytic 

reactions is still scarce, only a few Cp*Ir(III)-based catalytic methods have been 

developed, when compared to Rh.51-53 Differences in reactivity and mechanistic pathways 

between Ir(III) and other transition metal complexes are not completely understood.54 This 

lack of mechanistic understanding has kept the area of direct C–H bond functionalization 

with the [Cp*Ir(III)] fragment underdeveloped.  

 

Previously our group demonstrated that benzene C–H bond activation by H/D 

exchange experiments could be achieved with a variety of Cp*Ir(III) complexes (Scheme 

1.1 A).55 This work led to the catalytic C–H bond activation and functionalization of 

benzoic acids with benzoquinones and alkynes to form the respective 

benzochromenones56 and isocoumarins.57 In more recent work from our group, it was 

demonstrated that this chemistry can be extended to the synthesis of isoquinolones, the 

nitrogen containing analogue, through C–H bond activation and functionalization of 

benzamides with alkynes (Scheme 1.1 B).58 
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Scheme 1.1. Previous Work on C–H Activation in the Ison Group 

A. C–H bond activation of Benzene via H/D Exchange with Cp*Ir(III) Complexes  

 

 

B. Synthesis of Benzochromenones, Isocoumarins and Isoquinolones via directed C–H 

bond Activation with Cp*Ir(III)  

 

 
Scope of this dissertation 

 
  The work found in this thesis mainly shows an experimental and computational 

investigation into the C–H bond activation and functionalization for the halogenation of 

benzamides. In Chapter 2 the optimization and scope for the iodination and bromination 

of N,N-disubstituted  benzamides is shown, as well as an extensive study of the reaction 

mechanism experimentally, through kinetic and stoichiometric studies, as well as 

computationally (DFT). An acetyl hypohalite species generated in situ under our reaction 
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conditions was identified as the halogen source. This study leads to the development of 

modified reaction conditions, in Chapter 3, by changing the Lewis base that generates 

the halogen source. This improves the yields for the bromination reaction and enables 

the chlorination of the same benzamides which were not observed previously. A 

computational study was then pursued to identify the species that would further improve 

the system towards the halogenation of benzamides.  
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CHAPTER 2 – Cp*Ir(III)-Catalyzed Ortho Halogenation of Benzamides via C-H 
bond Activation and Functionalization 
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Introduction 
 

Catalytic C–H bond activation has become one of the most valuable methods for 

the step- and atom- economic synthesis of functionalized molecules. This strategy has 

been exploited for the development of numerous C–C bond forming reactions.1-15 There 

has been significant improvement in recent years on the development of C–heteroatom 

bond forming reactions,16-37 but the development of C–X (X = halogen) bond forming 

reactions is still surprisingly under developed.38-44 Organic halides have been commonly 

used as electrophiles in various substitution reactions45 as core building blocks for the 

synthesis of nucleophilic organometallic reagents, like Grignard reagents,46 and as 

suitable substrates for numerous cross-coupling reactions (Scheme 2.1).47 

 

Scheme 2.1. Representative cross-coupling name reactions using organic halides as 
substrates 

 

 

 

In addition, the C(sp2)–X motif plays a key role in the properties of many 

agrochemicals, pharmaceuticals, and natural products (Figure 2.1). Hence, there is great 

promise in combining direct C–H bond halogenation and established cross-coupling 

methodologies for the development of new and more efficient synthetic routes in pursuit 

of known or inaccessible natural products,48 agrochemicals,49 biologically active 

compounds and pharmaceuticals.5 

R’B(OH)2 
LnPd(cat), base 
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Figure 2.1. Relevant compounds with important C–X bonds 

 

Traditional organic methodologies for the synthesis of halogenated arenes rely mostly on 

Freidel-Crafts- and Sandmeyer-type reactions,51 and directed ortho lithiation (DoL) 

strategies followed by quenching with an electrophilic halogen source (Scheme 2.2).52 

Despite their wide application in organic synthesis, these approaches are limited by a few 

factors: a) these methodologies usually rely on pre-activated substrates, b) in addition, 

harsh reaction conditions limit the tolerance towards functional groups, and give rise to 

issues in terms of regioselectivity and polyhalogenation. To circumvent these drawbacks, 

efforts have focused on directed metal-catalyzed strategies. 
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Scheme 2.2. Traditional methods for the synthesis of halogenated arenes 

 
 

Most of the early examples of catalytic C–X bond formation reactions use a 

palladium catalyst (Scheme 2.3).53-60 These approaches were generally limited by their 

substrate scope, their efficiency and adaptability (harsh conditions and moderate yields), 

or their suitability for only one type of C–X bond formation. Therefore, there is a need for 

a general method that enables the selective formation of C–X bonds, that is compatible 

with a diverse substrate scope.  

 

Scheme 2.3. Examples of Pd-catalyzed directed arene halogenations 

 

[Cp*Rh(III)] has emerged as an effective catalyst for C–H bond halogenation (Scheme 

2.4).38, 40, 61 The Glorious group has developed a Rh(III) system for the directed catalytic 

halogenation of arenes and heterocycles.  

 

Electrophilic Aromatic Substitution (EAS) 

Directed ortho Lithiation (DoL) 

Sandmeyer Reaction 
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Scheme 2.4. Examples of Rh-catalyzed directed halogenation of arenes/hetroarenes  
 

 

The reaction was proposed to follow one of two mechanistic scenarios (Scheme 

2.5). After cyclometallation of the [Cp*Rh(III)] catalyst with the substrate, the 

functionalization may occur via one of  two pathways: (1) The rhodacycle may react with 

the halosuccinimide through oxidative addition to generate a Rh(V) complex, which can 

then reductively eliminate the functionalized product (Pathway A). (2) Alternatively, the 

cyclometalated complex can undergo a nucleophilic addition type reaction to the 

halosuccinimide to directly form the product (Pathway B).  

 

Scheme 2.5. Proposed mechanisms for the Rh-catalyzed directed halogenation of 
benzamides 
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Despite the efficiency of this system there are still some key drawbacks: 1) This 

methodology still relies on harsh conditions (depending on the substrate), 2) this system 

is not a general strategy for halogenation. Reaction conditions for the directed Rh(III)-

catalyzed chlorination of arenes have also been developed by the same group. However, 

these conditions differ from the iodine and bromine counterparts in catalyst loading, 

halogen source, additives, and time. It was also observed that different conditions were 

needed depending on the electronic nature of the substrate and 3) lastly, there is still 

some uncertainty with respect to the mechanism. The authors of this work propose that 

C–H bond activation is the (rate determining step) RDS for the mechanism (KIE of 3.9). 

Subsequent work, done computationally on the mechanism for the bromination reaction, 

concluded that the reaction mechanism was controlled by the electronic nature of the 

substrate. Another key observation from this work was that the Rh oxidation state varied 

depending on the favored pathway.62 Because of the discrepancies in the proposed 

mechanism, and lack of experimental mechanistic evidence, we sought to develop a 

catalytic system based on the [Cp*Ir(III)] motif to further probe and understand the 

reaction mechanism.  

 

As shown in Chapter 1, arene C–H bonds can be activated and functionalized with 

a variety of [Cp*Ir(III)] catalysts using DG strategies. To address these mechanistic 

questions, an iridium system for the directed catalytic halogenation of benzamides was 

developed. Through detailed mechanistic experiments, isolation of intermediates and 

computational studies we aim to elucidate the reaction mechanism. Understanding the 

reaction mechanism will help to extend this chemistry not only towards the synthesis of 

other aromatic halides, but also to the functionalization of different types of C–H bonds.  
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Results and Discussion 

Iodination Reaction Optimization 
 

We began our studies on the directed halogenation of benzamides by Cp*Ir(III) 

complexes with a screening of several synthetically accessible Cp*Ir(III) complexes as 

catalysts for the reaction between 4-methyl-N,N-diisopropylbenzamide and N-

iodosuccinimide according to Scheme 2.6 This benzamide was chosen as the model 

substrate due to the valuable spectroscopic handle (the CH3 group) in the para-position 

for 1H-NMR spectroscopy.  

 

Scheme 2.6. Catalyst screening 

 

 

Reaction conditions: benzamide (0.25 mmol), succinimide (0.38 mmol), catalyst (0.013 mmol), AgOTF (0.05 
mmol), AcOH (0.5 mmol), 1,2-dichloroethane (1 mL) in a 3 mL sealed reaction vessel at 60 °C for 1 h. 
%Conversion determined by integrating p-methyl protons of the starting material with respect to the 
corresponding protons of the product. 

 

Of the complexes tested, full conversion was observed after 1 h for [Cp*IrCl2]2 (4), 

followed by the DMSO bis-acetate complex 8 with 95% conversion. Although complexes 
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4 and 8 seem like suitable catalysts for this reaction, catalyst 4 was utilized in future 

studies due to its simpler synthesis.   

 

Attempts were then made to reduce the catalyst loading of complex 4 in the 

reaction. These results are summarized in Table 2.1. A difference in %conversion was 

not observed until the amount of iridium catalyst was reduced to 0.25 mol% (entry 5), this 

shows that the optimum amount of catalyst 4 is 0.5 mol% for product formation under 

these conditions (entry 4). 

  

Table 2.1. Catalyst loading 

 

Entry mol% (4) %Conversion 

1 5.0 > 99 

2 2.5 > 99 

3 1.0 > 99 

4 0.5 > 99 

5 0.25 75 

%Conversion determined by integrating p-methyl protons of the starting material with respect to the 
corresponding protons of the product. Reaction conditions: benzamide (0.25 mmol), succinimide (0.38 
mmol), AgOTF (four times the mmol of catalyst), AcOH (0.5 mmol), 1,2-dichloroethane (1 mL) in a 3 mL 
reaction vessel at 60 °C for 1 h.   

 
Solvent Screening 
 

With the optimal catalyst and catalyst loading for the reaction established in the 

previous section, the effect of solvent was then tested. A variety of common organic 

solvents with dielectric constants ranging from 2.02 to 37.5 were screened for their 

compatibility with the reaction. These results are summarized in Table 2.2 and arranged 

in order of increasing solvent polarity.  
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Table 2.2. Solvent screening 

 

Entry Solvent Dielectric Constant % conversion 

1 Cyclohexane 2.02 54 

2 Toluene 2.38 13 

3 Chloroform 4.81 64 

4 Ethyl Acetate 6.02 80 

5 
1,2-

Dichloroethane 
10.4 > 99 

6 Methanol 32.7 9 

7 Acetonitrile 37.5 2 

%Conversion determined by integrating p-methyl protons of the starting material with respect to the 
corresponding protons of the product. Reaction conditions: benzamide (0.25 mmol), succinimide (0.38 
mmol), catalyst (1.3x10-2 mmol), AgOTF (0.01 mmol), AcOH (0.5 mmol), Solvent (1 mL) in a 3 mL reaction 
vessel at 60 °C for 1 h.   

 

There is no apparent trend in terms of the product yield as a function of the dielectric 

constant. Full conversion of the starting material to product was achieved in 1,2-

dichloroethane. Solvents displayed in red indicate that the starting materials and catalyst 

were not soluble while those in black indicate that the starting materials and/or catalyst 

were soluble.  

 

Additive and Oxidant Screening 
 

With the optimal solvent and catalyst in hand, a screening of oxidants was pursued 

to determine if an oxidant is needed, and if so, which one works best for the catalyzed 

halogenation of benzamides.  
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Table 2.3. Oxidant screening 

 

Entry Oxidant (2 mol%) % Conversion 

1 AgOAc 15 

2 AgOTf > 99 

3 AgCO3 ND 

4 AgTFA 30 

5 AgSO4 ND 

6 Selectfluor ND 

7 Cu(OAc)2 ND 

8 tBuOOH ND 

9 H2O2 ND 

10a NaOTf 72 

%Conversion determined by integrating p-methyl protons of the starting material with respect to the 
corresponding protons of the product. Reaction conditions: benzamide (0.25 mmol), succinimide (0.38 
mmol), catalyst (1.3x10-2 mmol), oxidant (0.01 mmol), AcOH (0.5 mmol), 1,2-dichloroethane (1 mL) in a 3 
mL reaction vessel at 60 °C for 1 h.a Reaction conditions: benzamide (0.25 mmol), succinimide (0.38 mmol), 
Cp*Ir(OH2)3[OTf]2 (0.003 mmol) , NaOTf (0.01 mmol), AcOH (0.5 mmol), 1,2-dichloroethane (1 mL) in a 3 
mL reaction vessel at 60 °C for 1 h 
 

A variety of silver (AgOAc, AgCO3, AgOTf, AgTFA, AgSO4) and copper (Cu(OAc)2) metal 

oxidants as well as peroxides (tBuOOH, H2O2) were screened. Silver sulfate and 

carboxylate type oxidants like silver acetate, silver trifluoroacetate and silver carbonate 

had low to no improvement on the yield of the product (entries 1, 3-5). On the other hand, 

the use of silver triflate gave full conversion of the halogenated product in 1 h (entry 2). 

The silver salt likely abstracts the chloride ligands from the iridium precatalyst to promote 

the formation of an iridium acetate species which may be the active catalyst.81 To test this 

hypothesis, other non-silver oxidants were examined. This was confirmed when formation 

of product was observed by changing the iridium chloride dimer precatalyst for the 
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Cp*Ir(OH2)3[OTf]2 precatalyst, and replacing silver by sodium in entry 10. None of the 

other oxidants aided in product formation of the halogenated product (entries 6-9).  

 

The effect of acetic acid in the reaction was also examined. These results are 

summarized in Table 2.4. It was found that acetic acid is needed for the reaction (entry 

1). To verify this, we ran the reaction with silver acetate in the absence of acetic acid 

(entry 2). This demonstrates that not only is an acetate source needed, but an acidic 

proton is also required. One interesting result was the observation that two equivalents 

were needed for full conversion to the product (entry 4). 

 

Table 2.4. Acid loading 

 

Entry Equiv AcOH % Conversion 

1 0 ND 

2a 0 ND 

3 1 30 

4 2     > 99 

%Conversion determined by integrating p-methyl protons of the starting material with respect to the 
corresponding protons of the product. Reaction conditions: benzamide (0.25 mmol), succinimide (0.38 
mmol), catalyst (1.3x10-2 mmol), AgOTf (0.01 mmol), 1,2-dichloroethane (1 mL) in a 3 mL reaction vessel 
at 60 °C for 1 h. aReaction conditions: benzamide (0.25 mmol), succinimide (0.38 mmol), AgOTf (0.01 
mmol), 1,2-dichloroethane (1 mL) in a 3 mL reaction vessel at 60 °C for 1 h 

 

In 2002, Colobert and coworkers developed a system for the iodination of electron 

rich substrates based on N-iodosuccinimide and trifluoroacetic acid.63 It was proposed 

that the active species for the iodination reaction was iodotrifluoroacetate which was 

generated in situ (Scheme 2.7), and can act as a reactive electrophilic iodine source. This 

would help rationalize the equivalents of acetic acid needed for the reaction and will be 

discussed in more detail in the upcoming section dealing with the reaction mechanism. 
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Scheme 2.7. Proposed mechanism for the formation of iodotrifluoroacetate 

 

The optimized conditions (Scheme 2.8), in comparison to those developed by the 

Glorious group for the [Cp*Rh(III)] system, are milder and more efficient. Halogenation of 

the substrate is achieved at a lower catalyst loading (0.5 mol%). In addition, full 

conversion of the substrate is attained at a standard temperature of 60 °C after 1 h, as 

shown in the next section.    

 

Scheme 2.8. Optimized reaction conditions for the iodination of benzamides with a 

representative 1H-NMR spectrum for the model substrate. 
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Substrate Scope with Optimized Conditions 
 

As shown in in Scheme 2.8, with the optimized conditions in hand, the scope of 

the reaction under study was examined. A variety of para-substituted N,N-

diisopropylbenzamides were well tolerated under the optimized reaction conditions. The 

isolated yields for a series of iodinated products are shown in Scheme 2.9. 

 

Scheme 2.9. Scope of iodinated para-substituted N,N-diisopropylbenzamides 

 

 

Overall, both electron donating and electron withdrawing groups were well tolerated under 

the optimized reaction conditions. In general, electron rich substrates gave better yields 

than electron poor substrates. It is worth noting that the 4-methoxy-N,N-

diisopropybenzamide was low yielding. Although we are still trying to rationalize this, the 

same result was observed in our previous work focused on the Cp*Ir(III)-catalyzed 

synthesis of isocoumarins.15 Based on the success of the iodination reaction, we sought 

to extend this chemistry to the analogous bromination reaction using N-bromosuccinimide 

(NBS) as the halogen source. 
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Bromination Reaction Optimization 

Substrate Scope with Optimized Conditions 
 

In our efforts to extend this chemistry to the analogous bromination reaction, we 

screened various reaction conditions with the use of N-bromosuccinimide (NBS) as a 

bromine source. The reaction proceeded smoothly with NBS as a suitable halogen 

source. Higher catalyst loadings (6 mol%), and reaction times (4 h) were required for full 

conversion of the model substrate. With the optimized conditions in hand, the substrate 

scope for this reaction was examined. A variety of para-substituted N,N-

diisopropylbenzamides were tolerated under the optimized reaction conditions. The yields 

for a series of brominated products are shown in Scheme 2.10. 

 

Scheme 2.10. Scope of brominated para-substituted N,N-diisopropylbenzamides 

 

It is worth mentioning that lower yields were observed overall for all substrates for the 

bromination reaction. This is particularly true for the napthyl substituted substrate, as no 

yield was observed by 1H-NMR spectroscopy or GC. 
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Reaction Kinetics 
 

Kinetic data were obtained to gain further insight into the mechanism for the 

halogenation of these substrates. For these studies, N,N-diisopropylbenzamide was used 

as the model substrate as it was observed to be higher yielding in both cases and is 

commercially available. Gas chromatography (GC) was chosen as a convenient method 

for sampling and monitoring the consumption of the starting material N,N-

diisopropylbenzamide and the production of the halogenated product. To begin, a GC 

method under 15 min was developed and calibration curves using hexafluorobenzene as 

an internal standard were generated to quantify the amount of starting material and 

product in solution (Figures 2.2. and 2.3.). 

 

0

0.5

1

1.5

2

2.5

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

R
e
la

ti
v

e
 R

e
s

p
o

n
s

e

[N,N-diisopropylbenzamide] / M
 

Figure 2.2. GC calibration curve for N,N-diisopropylbenzamide 

y = 7.1(1)x + 0.04(2) 

R2 = 0.999 
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Figure 2.3. GC calibration curve for iodinated product 

 

 Having developed a method to quantify the reaction, the time course was 

monitored under the optimized conditions. The reaction time course under the optimized 

reaction conditions is shown in Figure 2.4. Both the consumption of starting material and 

appearance of product occur at approximately the same rate (within error) indicating that 

the reaction proceeds directly to product with no side reactions.  

 

 

 

 

 

 

 

y = 8.0(3)x – 0.03(5) 

R2 = 0.994 
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Figure 2.4. Time profile for the iodination of N,N-diisopropylbenzamide 
 
Reaction conditions: benzamide (0.25 mmol), succinimide (0.38 mmol), AgOTf (0.1 mmol), AcOH (0.5 
mmol), 1,2-DCE (2 mL). Concentration of the reactant was determined by dividing the reactant area by the 
area of the internal standard peak and calculated based on the fit equation from the calibration curve for 
each respective reactant.  

 
Next, the dependence of the reaction was probed with respect to iridium, 

benzamide and N-iodosuccinimide by measuring the full-time profile of the reaction at 

various catalyst loadings and ratios respectively. The kobs for each profile can be extracted 

and plotted against the varying concentration of the species to obtain the dependence of 

the reaction on that species. Increasing the catalyst loading and benzamide concentration 

resulted in an increase of the reaction rate. On the other hand, increasing the 

benzamide; k
obs

 = 0.101(6) min
-1

, R = 0.997 

product; k
obs

 = 0.09(1) min
-1

, R = 0.997 
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concentration of N-iodosuccinimide resulted in no change of the reaction rate. The results 

for these experiments are summarized in Figures 2.5.-2.11. 

 

 

Figure 2.5. Time profiles for the iodination of N,N-diisopropylbenzamide at various 
catalyst loadings 
 
Time profiles for the iodination of N,N-diisopropylbenzamide at various catalyst loadings. Reaction 
conditions: benzamide (0.25 mmol), succinimide (0.38 mmol), AcOH (0.5 mmol), 1,2- dichloroethane (2 
mL). Concentration of the reactant was determined by dividing the reactant area by the area of the internal 
standard peak and calculated based on the fit equation from the calibration curve for each respective 
reactant. 
 

 

 
 

Figure 2.6. Plot for the dependence of the reaction on iridium (Cp*Ir2Cl2)2 
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Figure 2.7. Time profiles for the iodination of N,N-diisopropylbenzamide at various 
concentrations of benzamide 
 
Time profiles for the iodination of N,N-diisopropylbenzamide at various concentrations of Benzamide. 
Reaction conditions: (Cp*IrCl2)2, (0.714, µmol), succinimide (0.188 mmol), AcOH (0.5 mmol), 1,2-
dichloroethane (2 mL). Concentration of the reactant was determined by dividing the reactant area by the 
area of the internal standard peak and calculated based on the fit equation from the calibration curve for 
each respective reactant.  

 

 

 

Figure 2.8. Plot for the dependence of the reaction on N,N-diisopropylbenzamide 
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Figure 2.9. Time profiles for the iodination of N,N-diisopropylbenzamide at various 
concentrations of N-iodosuccinimide 
 
Time profiles for the iodination of N,N-diisopropylbenzamide at various concentrations of N-
iodosuccinimide. Reaction conditions: (Cp*IrCl2)2, (0.714 µmol), benzamide (0.188 mmol), AcOH (0.5 
mmol), 1,2-dichloroethane (2 mL). Concentration of the reactant was determined by dividing the reactant 
area by the area of the internal standard peak and calculated based on the calibration curve for each  
respective reactant. 

 

 
Figure 2.10. Plot for the dependence of the reaction on N-iodosuccinimide 
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The reaction was observed to have a positive order dependence with respect to 

benzamide, and iridium, and approximately a zeroth order dependence on N-

iodosuccinimide. Traditionally, proposed mechanisms for directed C–H activation begin 

with coordination of the substrate to the metal center, followed by C–H activation. An H/D 

kinetic isotope effect experiment was undertaken to determine if C–H activation occurs 

prior to or during the turnover limiting step of the reaction. The rate of the reaction was 

measured independently using 1a and d5-N,N-diisopropylbenzamide. The reaction with 

d5-benzamide was found to be approximately half as fast as the reaction with the fully 

proteated substrate, resulting in a KIE (kH/kD) of 2.5. The observed value for the KIE is 

significant and suggests that C–H activation occurs prior to or during the turnover limiting 

step for the mechanism (Figure 2.10).83 

 

 

Figure 2.11 Plot for the KIE by Parallel reactions of N,N-diisopropylbenzamide (red) and 
N’N-diisopropylbenzamide-d5 (blue) 
 
Plot for the KIE by parallel reactions of N,N-diisopropylbenzamide (red) and N’N-diisopropylbenzamide-d5 
(blue). Reaction conditions: (Cp*IrCl2)2, (0.158 µmol), benzamide (0.25 mmol), benzamide-d5 succinimide 
(0.38 mmol), AgOTf (0.1 mmol), AcOH (0.5 mmol), 1,2-dichloroethane (1 mL). Concentration of the reactant 
was determined by dividing the reactant area by the area of the internal standard peak and is calculated 
based on the calibration curve for each respective reactant. The initial rates were obtained from a fifth-order 
polynomial fit of the concentration-time profile, as in [benzamide]t = [benzamide]0 - m1t - m2t2 - ...-m5t5, from 
which Vi = m1. This analysis gives a KIE (kH/kD = 2.5). 
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Mechanistic Proposal 
 

Based on the data, two preliminary mechanisms are proposed where the 

functionalization step differs in the halogen source. The first mechanism begins with 

chloride abstraction from [Cp*IrCl2]2 by AgOTf to generate the active Cp*Ir(OAc)2 complex 

9. Benzamide coordination then occurs displacing the 1 acetate ligand to form the 

Cp*Ir(III)-benzamide complex 10. C–H activation can then occur to form the 

cyclometallated iridacycle 11 with formation and loss of acetic acid. Incoming 

halosuccinimide then coordinates to the iridium center to form complex 12. Halogenation 

can then occur to form complex 13, and two equivalents of acetic acid to regenerate the 

active Cp*Ir(III) complex (Scheme 2.11.).  

 

The lack of an observed dependence in halosuccinimide suggests that this species 

may not be the active halogen source. An alternative mechanism is proposed, where a 

haloacetate species is produced in situ, from an off-cycle equilibrium between acetic acid 

and the halosuccinimide, and this species acts as the active halogen source. This 

haloacetate can coordinate to the iridium center to form complex 14. Upon coordination, 

halogenation of the substrate can occur forming complex 15, and one equivalent of acetic 

acid regenerates the Cp*Ir(III) catalyst (Scheme 2.12.).   
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Scheme 2.11. Proposed mechanism for the halogenation of benzamides from 

halosuccinimide 
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Scheme 2.12. Proposed mechanism for the halogenation of benzamides from 
haloacetate 
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Stoichiometric Reactivity 

Cp*Ir(DMSO)(Benz)(6(DMSO)) 
 

An analogous cyclometalated complex, stabilized by DMSO, to the proposed 

complex 6, has been successfully synthesized and characterized (Figure 2.12). A 1 : 1 : 

1 ratio of Cp*Ir(DMSO)Cl2, N,N-diisopropylbenzamide and acetic acid was treated with 

two equivalents of silver triflate, to abstract the chlorides from the iridium complex and 

generate the cyclometalated complex, 6(DMSO) as a yellow solid in 90% yield. This 

complex has been characterized by 1H, 13C-NMR spectroscopy, and elemental analysis. 

The X-ray crystal structure for 6(DMSO) is shown in Figure 2.13. Bond lengths and 

angles are similar to the analogous complex with a benzoate ligand that has been 

previously reported by our group.15 

 

 

 

Figure 2.12. 1H-NMR spectrum of Cp*Ir (DMSO) (Benz) (6(DMSO)) in CDCl3 

AGS_IrHBenz_011918
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Figure 2.13.  X-ray crystal structure of 6(DMSO). Thermal ellipsoid plot (50% ellipsoids) 
of cationic fragment of 6(DMSO). The triflate anion is omitted for clarity. Selected bond 
lengths (Å): Ir1-S1, 2.267; Ir1-O1, 2.115; Ir1-C2, 2.036; Ir1-Cp*(average), 2.209. 
 

Formation and Reactivity of IOAc 
 

Recently, hypervalent iodine reagents have gained interest in the synthetic 

community for the oxidative functionalization of hydrocarbons as an alternative source of 

electrophilic iodine.63, 65, 66 This has been accomplished through the stabilization of iodine 

by either neutral or anionic ligands.67-71 Although these dioxoiodanes have only been 

used for the oxyiodination of alkenes and alkynes, it was proposed that the active halogen 

source is the haloacetate monomer generated in situ from the acid promoted 

decomplexation. 
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Figure 2.14. Examples of stable iodine(I) compounds 

 

Based on this work we were interested in studying the reactivity of the isolated 

cyclometalated intermediate towards both the iodoacetate and N-iodosuccinimide. We 

began by generating iodoacetate in situ from molecular iodine and silver acetate. The 

presence of the haloacetate was confirmed by 1H-NMR spectroscopy. This mixture, with 

a known concentration of iodoacetate, was then filtered and added to a solution of the 

iridium complex 6(DMSO). A 1H-NMR spectrum of the crude reaction mixture shows clear 

product formation after the reaction time.  

  

 

 



   

37 
 

 
Figure 2.15. 1H-NMR spectrum of Cp*Ir(DMSO)(Benz) (6(DMSO)) in CDCl3 

 
Acetyl Hypoiodite Reactivity 
 

Based on the results from the stoichiometric studies of 6(DMSO) and the acetyl 

hypoiodite generated by combining silver acetate (AgOAc) and iodine (I2), as shown in 

Figure 2.15, we decided to explore the formation of this species under our reaction 

conditions. From the 1H-NMR spectrum (Figure 2.16) of a solution containing N-

halosuccinimide with tetrabutylammonium acetate (TBAOAc), a shift can be observed for 

the signal corresponding to the methyl of the acetate group from 1.95 ppm (TBAOAc) to 

2.70 ppm (NIS) and to 2.85 ppm for NCS. The corresponding complex from NIS and 

TBAOAc, was further characterized by X-ray crystallography as shown in Figure 2.17. 

As expected, the structure features an approximately linear geometry (174°) around the 

central iodine atom. The iodine–oxygen bond length is significantly longer (2.29 Å) than 

an analogous benzoate complexes reported by Muniz and co-workers (2.16–2.20 Å).84 

Me 

(IOAc) 
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Figure 2.16. 1H-NMR spectrum of the halossucinimide in the presence of 

tetrabutylammonium acetate at room temperature in CDCl3 

 

Figure 2.17.  X-ray crystal structure of SuccIOAc adduct. Thermal ellipsoid plot (50% 
ellipsoids) for the anion in [(C4H4O2N)I(OCOCH3)][Bu4N]. The cation has been omitted for 
clarity. Selected bond lengths (Å) and angles: N1–I1–O3, 174°; I1–O3, 2.293; I1–N1, 
2.166. Tetrabutylammonium counterion is not shown for clarity. 
 

This acetyl hypoiodite adduct was then examined as a halogen source (Table 2.5). 

In the absence of a proton source very little reactivity was observed, Table 2.5 (entry 1). 

When a polar protic solvent was utilized, or two equivalents of H2O, were included as an 

additive, significant yields of the iodinated benzamide from complex 6(DMSO) were 

observed (entries 3–10). These results suggest that an acidic proton is needed to 

generate the active I(OAc) species in situ. It should also be noted that protic sources with 
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coordinating counterions like acetate could result in the formation of other stabilized 

complexes which are less reactive. This was demonstrated when [I(OAc)2](TBA) (Table 

2.5, entry 2) was utilized. Moreover, a bis-succinimide stabilized complex was identified 

by X-ray crystallography in the reaction of NIS with TBAOAc. 

 

Table 2.5. Stoichiometric reactivity for acetyl hypoiodite adduct with 
6(DMSO) 

 

General reaction conditions: 15 mg (0.02 mmol) of 6(DMSO), (0.02 mmol) of the halogen source, and (0.04 
mmol) of an additive in 1 mL of 1,2-dichloroethane under air. Percent conversion was determined by GC 
with the use of hexafluorobenzene as an internal standard. aThe halogen source was changed to 
[I(OAc)2](TBA). 
 
 
 

Computational Mechanistic Analysis 
 

Previously, when our group investigated the Cp*Ir(III)-catalyzed synthesis of 

isocoumarins from benzoic acids and alkynes, a computational mechanistic analysis was 

carried out to further understand the mechanism for the reaction under study.15,72 This 

approach was applied to our system to gain further mechanistic insight. Specifically, 
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efforts were focused on the mechanism for acetyl hypoiodite formation, C–H bond 

activation, and the nature of the functionalization step. 

 
This study was carried out using density functional theory (DFT) with the 

Gaussian09,73 implementation of the B3PW91 functional.74 All geometry optimizations 

were carried out using tight convergence criteria (“opt=tight”) on an ultrafine grid 

(“int=ultrafine”). The Stuttgart-Dresden (SDD) relativistic effective core potential (RECP) 

basis set was used for iridium with an additional f polarization function.75, 76 The def2-

TZVP effective core potential (ECP)77, 78 and basis set was used for the halogens. The 6-

31G** basis set was used for all other atoms. Solvation energies were computed with 

geometries optimized in the gas phase using the SMD method,79 with dichloroethane as 

the solvent, as implemented in Gaussian 09. In this method an IEFPCM calculation is 

performed with radii and electrostatic terms from Truhlar and co-workers’ SMD solvation 

model.80 Energetics were calculated using the 6-311++G** basis set for all atoms and the 

SDD basis set with an added f polarization function on iridium. The def2-TZVP ECP and 

basis set was used for the halogens. All energies are reported in kcal/mol. This 

investigation was divided into two steps to probe each of the steps in the catalytic cycle: 

C-H activation and functionalization.  

 
Acetyl Hypoiodite Formation  
 

We began our computational study by modeling the formation of the proposed 

acetyl hypohalite by the association of acetate anion with NXS (X = Cl, Br, I) 

computationally (Scheme. 2.13). The association to form 12 is exergonic (ΔG° = −5.9 

kcal mol−1 ) for X = I, but endergonic for X = Br (ΔG° = 10.8 kcal mol−1 ) and X = Cl, (ΔG° 

= 14.5 kcal mol−1 ). The results are consistent with the observed catalytic reactions as 

iodination was most facile, followed by bromination (which required higher temperature 

and catalysts loadings). However, chlorination was not observed under any catalytic 

conditions.  
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Scheme 2.13. DFT (B3PW91-D3) calculated energetics for the association of acetate 

anion (OAc) with N-halosuccinimide in 1,2-dichloroethane solvent.  

 

 

 

C–H Activation Step 
 

For simplicity, the halogenation of N,N-diisopropylbenzamide was modelled. For 

the C–H activation step of the mechanism, both a (concerted-metalation–deprotonation) 

CMD85 (Scheme 2.14 A) and a direct oxidative addition pathway were considered 

Scheme 2.14 B).  
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Scheme 2.14. 

A) CMD Pathway for C–H Bond Activation 

 

B) Oxidative Addition Pathway for C–H Bond Activation  

 

 

Starting from a proposed iridium bisacetate, INT-1, addition of benzamide was 

considered via one of two coordination modes to yield INT-2 and INT-3. Benzamide 

coordination through the oxygen resulted in INT-2 (ΔG° = 15.7 kcal mol−1). Alternatively, 

coordination of benzamide through the nitrogen yields INT-3 (ΔG° = 42.8 kcal mol−1). INT-

3 is too high in energy compared to INT-2, which suggests that oxygen coordination is 

more likely. The CMD pathway for C–H bond activation can occur through TS-1 (ΔG‡ = 

24.9 kcal mol−1). On the other hand, the oxidative addition pathway resulted in a ground 

state energy for INT-4 at 41.2 kcal mol−1. The high energy of this intermediate (INT-4) 

indicates that this pathway is unlikely for C–H bond activation. Thus, the acetate assisted 

CMD pathway is lower in energy than that the oxidative addition pathway and is more 

likely to occur for C–H bond activation, as shown in scheme 2.15. 

 

 



   

43 
 

Scheme 2.15. DFT (B3PW91-D3) calculated energetics for the C–H activation step in 

1,2-dichloroethane. 

 

 

 

Functionalization Step 

Functionalization with N-iodosuccinimide 
 

For the functionalization step of the mechanism, both an oxidative addition and a 

direct functionalization pathway were considered for the functionalization step as depicted 

in Scheme 2.16. The direct functionalization pathway was quickly discarded, as the TS 

energy was inaccessible at 36.1 kcal/mol. Alternatively, an oxidative addition pathway 

was explored for the functionalization with N-iodosuccinimide. 
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Scheme 2.16.   

A) Direct Functionalization Pathway for the Iodination of N,N-

diisopropylbenzamide 

 

B) Oxidative Addition Pathway for the Iodination of N,N-diisopropylbenzamide 

 

 

As shown in Scheme 2.17, addition of N-iodosuccinimide to INT-6 results in INT-7. 

Oxidative addition of the coordinated NIS occurs through TS-2 with an associated energy 

of 35.5 kcal mol−1, to yield an Ir(V) iodide complex INT-8 (ΔG° = 8.2 kcal mol−1). This step 

is followed by reductive elimination through TS-3 with an energy barrier of 29.1 kcal mol−1, 

and results in INT-9 (ΔG° = −8.9 kcal mol−1). Product release from INT-9 and protonation 

with acetic acid results in the regeneration of the catalyst through TS-4 (21.4 kcal mol−1). 
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Scheme 2.17. DFT (B3PW91-D3) calculated energetics for the Ir(III)-catalysed iodination 

with N-iodosuccinimide in 1,2-dichloroethane 

 

These results suggest that the functionalization step would be rate determining, as the 

oxidative addition of NIS occurs through the highest barrier at 35.5 kcal/mol. This energy 

barrier is also inaccessible under our reaction conditions, and therefore too high to be 

involved in the mechanism. Since we have shown the viability of forming the acetyl 

hypohalites under our reaction conditions, we then turned to outline the same pathway 

using the acetyl hypoiodite as the halogen source participating in the cycle as outlined by 

Scheme 2.18. 

 

Functionalization with Acetyl Hypoiodite 
 

The viability of generating acetyl hypohalite under our reaction conditions has been 

demonstrated both experimentally and computationally, therefore a pathway using acetyl 

hypoiodite as the halogen source was investigated. As with NIS, both a direct 

functionalization and an oxidative addition pathway were considered and compared 

computationally as depicted in Scheme 2.18. 
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Scheme 2.18. Proposed mechanism for the coordination of acetyl hypoiodite and the 

functionalization of benzamide 

A) Direct Functionalization Pathway for the Iodination of N,N-

diisopropylbenzamide 

 

B) Oxidative Addition Pathway for the Iodination of N,N-diisopropylbenzamide 

 

 

 

 

 

 

 

 

 

 

Even though iodine coordination is favored over oxygen coordination, iodine 

coordination is lower in energy by 13.7 kcal mol−1, the barrier for oxidative addition is 

lower for the oxygen bound acetyl hypoiodite with a TS energy (TS-7) of 28.2 kcal mol−1 

compared to TS-9 (ΔG‡ = 35.3 kcal mol−1). Oxidative addition will yield INT-13 (ΔG° = 5.0 

kcal mol−1). From there reductive elimination can occur through TS-8 (14.8 kcal mol−1) to 

yield INT-14 (ΔG° = −7.4 kcal mol−1). To complete the catalytic cycle, the halogenated 

product is released to regenerate INT-13. On the other hand, the direct functionalization 
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pathway remains unfavorable for the halogenation with acetyl hypoiodite due to the high 

energy associated with TS-10 (ΔG‡ = 36.8 kcal mol−1) as shown in Scheme 2.19.  

 

Scheme 2.19. DFT (B3PW91-D3) calculated energetics for the Ir(III)-catalyzed iodination 

with I(OAc) in 1,2-dichloroethane. 

 

 

The computational data supports a mechanism where N-iodosuccinimide reacts 

with acetic acid to generate acetyl hypoiodite in situ which serves as the halogen source 

in the reaction. C–H bond activation occurs through a CMD type mechanism and the 

halogenation of the substrate appears to proceed through an Ir(V) intermediate which is 

formed as the oxidative addition product of the acetyl hypoiodite to the cyclometalated 

iridacycle (INT-4). To account for the differences in reactivity between NIS, NBS and 

NCS, we compared the energies for the oxidative addition step of each acetyl hypohalite 

(X(OAc) for X = I, Br, Cl). 
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Halogen and Electronic Effect on RDS 
 

 From Scheme. 2.20, there is a substantial difference between the oxidative 

addition of X(OAc) dependent on the halogen. The oxidative addition for IOAc proceeds 

through an accessible barrier of 26.9 kcal mol−1, whereas the chlorination reaction was 

not observed experimentally and proceeds through a calculated barrier of 33.1 kcal mol−1 

(TS-7). The increased catalyst loading, and the reaction times required for the 

bromination reaction are also consistent with a calculated energy for TS-7 of 28.2 kcal 

mol−1. Additionally, a difference in the oxidative addition barriers of I(OAc) to INT-12 was 

also observed when varying the substituent on the para-position of the benzamide 

(Scheme 2.21). Experimentally, all three benzamides yield the iodinated product in high 

yields, this is consistent with the computational data, where the fully proteated benzamide 

has the smallest energy barrier for oxidative addition (2.5 kcal mol-1), and both the p-CF3 

and p-MeO benzamides proceed through accessible barriers with energies of 28.2 kcal 

mol-1 and 26.0 kcal mol-1 respectively.  
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Scheme 2.20. DFT (B3PW91-D3) calculated energetics for the oxidative addition of 

X(OAc) (X = halide) in 1,2-dichloroethane 
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Scheme 2.21. DFT (B3PW91-D3) calculated energetics for the oxidative addition of 

I(OAc) to iridacycles bearing varying substituents in the para-position in 1,2-

dichloroethane 
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Attempted Synthesis of Ir(V) –X 
 

Having obtained such low energies for some of these Ir(V) halide intermediates 

(Scheme 2.22), our next goal was to independently synthesize and isolate some of these 

intermediates to attempt to demonstrate their catalytic competency. Depicted in Scheme 

2.22 are representative examples of the attempts at synthesizing the Ir(V) iodide, from a 

Cp*Ir(III)NHC complex. The NHC ligand would be a useful spectroscopic handle to 

monitor this reaction by 1H-NMR, and it serves as a robust ligand to stabilize the desired 

product. Unfortunately attempts up to this point to isolate an Ir(V) halide have been 

unsuccessful. Only halosuccinimides and iridium dimers have been crystalized from the 

crude reaction mixtures.  

 

Scheme 2.22. Attempts at isolating an Ir(V) iodide complex 
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Conclusion 
 

In this chapter, the Cp*Ir(III) catalyzed halogenation of benzamides using N-

iodosuccinimide has been optimized and probed mechanistically. A variety of para-

substituted benzamides were well tolerated in this reaction. Additionally, the reaction was 

adapted to enable the analogous bromination reaction. It was determined that the 

catalytic reaction has a first order dependence in iridium, a positive dependence in 

benzamide and an approximately zero order dependence in N-iodosuccinimide. In 

addition, based on H/D KIE experiments, C–H bond activation is involved during or prior 

to the rate determining step of the mechanism. Based on these data two reaction 

mechanisms were proposed, which differ solely in the nature of the halogen source. 

These were then investigated computationally. It was demonstrated that the formation of 

acetyl hypoiodite is favorable under our reaction conditions. Furthermore, for the C–H 

bond activation step, an acetate-assisted CMD mechanism was found to be more likely 

than an oxidative addition mechanism due to the high ground state energy of the 

intermediates for the oxidative addition pathway. Computational results suggest that 

functionalization from acetyl hypoiodite formed in situ is favored over direct N-

iodosuccinimide functionalization due to the difference in barriers for the oxidative 

addition of these (acetyl hypohalite and N-halosuccinimide) substrates. Finally, 

experimental evidence supporting the proposed acetyl hypoiodite pathway with a series 

of stoichiometric studies has been provided. Thus, the implications of this study are that 

directed functionalization of the benzamide substrates utilized here is facilitated by the 

ease of oxidative addition of the halogenating substrate. This result is important for the 

further development of methods for the halogenation of aromatic substrates. 
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Experimental 

General Considerations 
 

IrCl3·3H2O was purchased from Pressure Chemical Company. The following Ir 

complexes: [Cp*IrCl2]2,72 Cp*Ir(Me2SO)(OAc)2,15 Cp*Ir(Me2SO)(OAc)2,15 

Cp*Ir(NHC)(Cl2)2,64 and [Cp*Ir(H2O)3]OTf2 were prepared as previously reported. All other 

reagents were purchased from commercial sources and used as received unless stated 

otherwise.64 All reactions were performed under air and using non-dry solvents unless 

otherwise noted. 1H and 13C NMR spectra were obtained at room temperature on a Varian 

Mercury 400 MHz spectrometer or a Varian Mercury 300 MHz spectrometer. Chemical 

shifts are listed in parts per million (ppm) and referenced to their residual protons or 

carbons of the deuterated solvents. Gas chromatography (GC) was performed on a 

Varian 3800 Gas Chromatograph with a Varian VF-53ms column. Elemental analyses 

were performed by Atlantic Micro Labs, Inc. 

 

Computational Studies 
 

This study was carried out using density functional theory (DFT) with 

Gaussian09,73 the B3PW91 functional with Grimmes dispersion correction (D3) as 

implemented through Gaussian was used.74 All geometry optimizations were carried out 

using tight convergence criteria (“opt=tight”) on an ultrafine grid (“int=ultrafine”). The 

Stuttgart-Dresden (SDD) relativistic effective core potential (RECP) basis set was used 

for iridium with an additional f polarization function.75, 76 The def2-TZVP effective core 

potential (ECP)77, 78 and basis set was used for the halogens. The 6-31G** basis set was 

used for all other atoms.79 Solvation energies were computed with geometries optimized 

in the gas phase using the SMD method,80 with dichloroethane as the solvent, as 

implemented in Gaussian 09. In this method an IEFPCM calculation is performed with 

radii and electrostatic terms from Truhlar and co-workers’ SMD solvation model.81 

Energetics were calculated using the 6-311++G** basis set for all atoms and the SDD 

basis set with an added f polarization function on iridium. The def2-TZVP ECP and basis 

set was used for the halogens. All energies are reported in kcal mol-1.  
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Benzamide Derivative Synthesis 

General Procedure for the synthesis of benzamides from acyl chlorides 

 

 

To a round bottom flask equipped with a magnetic stir bar, the corresponding 

amine (1.10 equiv), and triethylamine (1.20 equiv) in dichloromethane. The corresponding 

benzoyl chloride (1.05 equiv) was added dropwise at 0 °C. The reaction mixture was 

stirred and allowed to warm up to room temperature. The reaction mixture was diluted 

with dichloromethane, washed with a 1N HCl solution and brine. The organic layer was 

dried over sodium sulfate, filtered, and concentrated under reduced pressure. The crude 

solid was recrystallized from diethyl ether at -20 °C, isolated by filtration, and washed with 

cold diethyl ether.  

 
 
 
 
 
 
 



   

55 
 

4-methyl-N,N-diisopropylbenzamide (1b). From 4-methylbenzoyl chloride and 
diisopropylamine using the general procedure on a 10 mmol scale. The crude solid was 
recrystallized from diethyl ether at -20 °C, isolated by filtration, and washed with cold 
diethyl ether. 93% isolated yield (2.04 g white solid).  1H-NMR (400 MHz, CDCl3) δ (ppm): 
7.22-7.14 (m, 4H, aromatic protons), 3.75 (bs, 2H, 2 x CH(iPr)), 2.35 (s, 3H, p-CH3), 1.40 
(bs, 12H, 4 x CH3(iPr)). 
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4-methoxy-N,N-diisopropylbenzamide (1c). From 4-methoxybenzoyl chloride and 
diisopropylamine using the general procedure on a 10 mmol scale. The crude mixture 
was diluted with dichloromethane and filtered through a pad of silica gel. The mixture was 
then concentrated under reduced pressure. The product was purified by SiO2 gel column 
chromatography (pentane/EtOAc = 8/2). 60% isolated yield (1.41 g colorless viscous oil). 
1H-NMR (400 MHz, CDCl3) δ (ppm): 7.23-7.20 (m, 2H, aromatic protons), 6.84-6.80 (m, 
2H, aromatic protons), 3.73 (s, 3H, CH3), 3.69 (bs, 2H, 2 x CH(iPr)).), 1.30 (bs, 12H, 4 x 
CH3(iPr)). 
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4-chloro-N,N-diisopropylbenzamide (1d). From 4-chlorobenzoyl chloride and 
diisopropylamine using the general procedure on a 10 mmol scale. The crude solid was 
recrystallized from diethyl ether at -20 °C, isolated by filtration, and washed with cold 
diethyl ether. 80% isolated yield (1.92 g white solid).  1H-NMR (300 MHz, CDCl3) δ (ppm): 
7.37-7.33 (m, 2H, aromatic protons), 7.26-7.23 (m, 2H, aromatic protons), 3.71 (bs, 1H, 
CH(iPr)), 3.59 (bs, 1H, CH(iPr)), 1.40 (bs, 12H, 4 x CH3(iPr)). 
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4-fluoro-N,N-diisopropylbenzamide (1e). From 4-fluorobenzoyl chloride and 
diisopropylamine using the general procedure on a 10 mmol scale. The crude solid was 
recrystallized from diethyl ether at -20 °C, isolated by filtration, and washed with cold 
diethyl ether. 90% isolated yield (2.01 g white solid). 1H-NMR (300 MHz, CDCl3) δ (ppm): 
7.34-7.27 (m, 2H, aromatic protons), 7.09-7.02 (m, 2H, aromatic protons), (bs, 2H, 2 x 
CH(iPr)), 1.34 (bs, 12H, 4 x CH3(iPr)). 
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4-trifluoromethyl-N,N-diisopropylbenzamide (1f). From 4-(trifluoromethyl)benzoyl 
chloride and diisopropylamine using the general procedure on a 10 mmol scale. The 
crude solid was recrystallized from diethyl ether at -20 °C, isolated by filtration, and 
washed with cold diethyl ether. 93% isolated yield (2.54 g white solid). 1H-NMR (300 MHz, 
CDCl3) δ (ppm): 7.63 (d, 2H, aromatic protons), 7.40 (d, 2H, aromatic protons), 3.69 (bs, 
1H, CH(iPr)), 3.54 (bs, 1H, CH(iPr)), 1.52 (bs, 6H, 2 x CH3(iPr)), 1.15 (bs, 6H, 2 x CH3(iPr)). 
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N,N-diisopropyl-[1,1’-biphenyl]-4-carboxamide (1g). From Biphenyl-4-carbonyl 
chloride and diisopropylamine using the general procedure on a 10 mmol scale. The 
crude solid was recrystallized from diethyl ether at -20 °C, isolated by filtration, and 
washed with cold diethyl ether. 85% isolated yield (2.40 g white solid). 1H-NMR (400 MHz, 
CDCl3): δ (ppm) = 7.58- 7.56 (m, 4H, aromatic protons), 7.42-7.41 (m, 2H, aromatic 
protons), 7.40-7.37 (m, 2H, aromatic protons), 7.36-7.32 (m, 1H, aromatic protons), 3.73 
(bm, 2H, 2 x CH(iPr)), 1.35 (bs, 12H iPr). 
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N,N-diisopropyl-2-napthamide (1h). From 2-napthoyl chloride and diisopropylamine 
using the general procedure on a 10 mmol scale. The crude solid was recrystallized from 
diethyl ether at -20 °C, isolated by filtration, and washed with cold diethyl ether. 90% 
isolated yield (2.30 g white solid). 1H-NMR (400 MHz, CDCl3) δ (ppm): 7.87-7.81 (m, 4H, 
aromatic protons), 7.52-7.48 (m, 2H, aromatic protons), 7.43 (m, 1H, aromatic proton), 
3.84 (bs, 1H, CH(iPr)), 3.63 (bs, 1H, CH(iPr)), 1.55 (bs, 6H, 2 x CH3(iPr)), 1.19 (bs, 6H, 2 
x CH3(iPr)). 
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General Procedure for the Iridium Catalyzed Iodination of benzamides 
 
 

 

 

A foil covered screw cap test tube with a magnetic stirrer was charged with 

benzamide (1 mmol, 1.0 equiv), N-iodosuccinimide (1.5 mmol, 1.5 equiv), [Cp*IrCl2]2 

(0.005 mmol, 0.5 mol%), silver triflate (0.02mmol, 2 mol%), acetic acid (2 mmol, 2 equiv) 

and 1 mL of 1,2-dichloroethane. The reaction mixture was stirred at 60 °C for 1 h in an oil 

bath. Upon completion, the solution was diluted with dichloromethane and filtered through 

celite. The solvent was removed under reduced pressure and the crude reaction mixture 

was purified by column chromatography on silica gel (SiO2).  
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2-iodo-N,N-diisopropylbenzamide (2a). Utilizing the general procedure using 203.5 mg 
of N,N -diisopropylbenzamide (1 mmol, 1.0 equiv), 337.5 mg of N-iodosuccinimide (1.5 
mmol, 1.5 equiv), 4.0 mg of [Cp*IrCl2]2 (0.005 mmol, 0.5 mol%), 5.14 mg of silver acetate 
(0.02 mmol, 2 mol%). The crude reaction mixture was concentrated under reduced 
pressure, dissolved in minimal dichloromethane and purified by SiO2 gel column 
chromatography (15% EtOAc/DCM). 96% isolated yield (318.0 mg white solid). 1H-NMR 
(300 MHz, CDCl3) δ (ppm): 7.80 (m, 1H, aromatic proton), 7.34 (m, 1H, aromatic proton), 
7.13 (m, 1H, aromatic proton), 7.02 (m, 1H, aromatic proton). 3.64-3.44 (m, 2H, CH(iPr)), 
1.59 (m, 6H, 2 x CH3(iPr)), 1.26 (d, J = 6.7 Hz, 3H, CH3(iPr)), 1.05 (d, J = 6.7 Hz, 3H, 2 x 
CH3(iPr)). 
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2-iodo-N,N-diisopropyl-4-methylbenzamide (2b). Utilizing the general procedure using 
219.3 mg of 4-methyl-N,N-diisopropylbenzamide (1 mmol, 1.0 equiv), 337.5 mg of N-
iodosuccinimide (1.5 mmol, 1.5 equiv), 4.0 mg of [Cp*IrCl2]2 (0.005 mmol, 0.5 mol%), 5.14 
mg of silver acetate (0.02 mmol, 2 mol%). The crude reaction mixture was concentrated 
under reduced pressure, dissolved in minimal dichloromethane and purified by SiO2 gel 
column chromatography (15% EtOAc/DCM). 95% isolated yield (328.0 mg white solid). 
1H-NMR (300 MHz, CDCl3) δ (ppm): 7.62 (s, 1H, aromatic proton), 7.13 (d, 1H, aromatic 
proton), 3.65-3.43 (m, 2H, 2 x CH(iPr)), 2.29 (s, 3H, p-Me). 1.56 (m, 6H, 2 x CH3 (iPr)), 
1.24 (d, J = 6.7 Hz, 3H, CH3(iPr)), 1.04 (d, J = 6.7 Hz, 3H, CH3(iPr)). 
  

 



   

65 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2-iodo-N,N-diisopropyl-4-methoxybenzamide (2c). Utilizing the general procedure 
using 235.3 mg of 4-methoxy-N,N-diisopropylbenzamide (1 mmol, 1.0 equiv), 337.5 mg 
of N-iodosuccinimide (1.5 mmol, 1.5 equiv), 4.0 mg of [Cp*IrCl2]2 (0.005 mmol, 0.5 mol%), 
5.14 mg of silver acetate (0.02 mmol, 2 mol%). The crude reaction mixture was 
concentrated under reduced pressure, dissolved in minimal dichloromethane and purified 
by SiO2 gel column chromatography (15% EtOAc/DCM). 35% isolated yield (126.4 mg 
white solid). 1H-NMR (400 MHz, CDCl3), δ 8.07 (bs, 1H, aromatic proton), 7.62 (d, J = 7.5 
Hz, 1H, aromatic proton) 7.24 (d, J = 8.0 Hz, 1H, aromatic proton), 3.57-3.48 (m, 2H, 2 x 
CH(iPr)), 1.60 (s, 3H, OMe), 1.57 (m, 6H, 2 x CH3(iPr)), 1.29 (d, J = 6.6 Hz, 3H, CH3(iPr)), 
1.09 (d, J = 6.6 Hz, 3H, CH3(iPr)). 
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4-chloro-2-iodo-N,N-diisopropylbenzamide (2d). Utilizing the general procedure using 
239.7 mg of 4-chloro-N,N-diisopropylbenzamide (1 mmol, 1.0 equiv), 337.5 mg of N-
iodosuccinimide (1.5 mmol, 1.5 equiv), 4.0 mg of [Cp*IrCl2]2 (0.005 mmol, 0.5 mol%), 5.14 
mg of silver acetate (0.02 mmol, 2 mol%). The crude reaction mixture was concentrated 
under reduced pressure, dissolved in minimal dichloromethane and purified by SiO2 gel 
column chromatography (10% EtOAc/DCM). 93% isolated yield (340.0 mg white solid). 
1H-NMR (400 MHz, CDCl3) δ 7.82 (d, J = 2.0 Hz, 1H, aromatic proton), 7.35 (dd, J= 8.4, 
2.0 Hz, 1H, aromatic proton), 7.06 (d, J = 8.4 Hz, 1H, aromatic proton), 3.53 (m, 2H, 2 x 
CH(iPr)), 1.57 (m, 6H, 2 x CH3 (iPr)), 1.27 (d, J = 6.7 Hz, 3H, CH3(iPr)), 1.07 (d, J = 6.6 
Hz, 3H CH3(iPr)). 
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4-fluoro-2-iodo-N,N-diisopropylbenzamide (2e). Utilizing the general procedure using 
223.3 mg of 4-fluoro- N,N -diisopropylbenzamide (1 mmol, 1.0 equiv), 337.5 mg of N-
iodosuccinimide (1.5 mmol, 1.5 equiv), 4.0 mg of [Cp*IrCl2]2 (0.005 mmol, 0.5 mol%), 5.14 
mg of silver acetate (0.02 mmol, 2 mol%). The crude reaction mixture was concentrated 
under reduced pressure, dissolved in minimal dichloromethane and purified by SiO2 gel 
column chromatography (10% EtOAc/DCM). 67% isolated yield (234.0 mg white solid). 
1H-NMR (300 MHz, CDCl3) δ 7.55 (dd, J = 8.0, 3.0 Hz, 1H, aromatic proton), 7.09 (m, 2H, 
aromatic protons), 3.52 (m, 2H, CH(iPr)), 1.57(m, 6H, CH3(iPr)), 1.27 (d, J = 6.7 Hz, 3H, 
CH3(iPr)), 1.05 (d, J = 6.6 Hz 3H, CH3(iPr)). 
  

 



   

68 
 

 

2-iodo-N,N-diisopropyl-4-(trifluoromethyl)benzamide (2f). Utilizing the general 
procedure using 273.3 mg of 4-(trifluoromethyl)-N,N-diisopropylbenzamide (1 mmol, 1.0 
equiv), 337.5 mg of N-iodosuccinimide (1.5 mmol, 1.5 equiv), 4.0 mg of [Cp*IrCl2]2 (0.005 
mmol, 0.5 mol%), 5.14 mg of silver acetate (0.02 mmol, 2 mol%). The crude reaction 
mixture was concentrated under reduced pressure, dissolved in minimal dichloromethane 
and purified by SiO2 gel column chromatography (15% EtOAc/DCM). 86% isolated yield 
(343.3 mg white solid). 1H-NMR (400 MHz, CDCl3) δ 8.07 (bs, 1H, aromatic proton) 7.62 
(d, J = 7.5 Hz, 1H, aromatic proton), 7.24 (d, J = 8.0 Hz, 1H, aromatic proton), 3.57-3.48 
(m, 2H, 2 x CH(iPr)), 1.60 (m, 6H 2 x CH3(iPr)), 1.29 (d, J = 6.6 Hz, 3H CH3(iPr)), 1.09 (d, 
J = 6.7 Hz, 3H, CH3(iPr)). 
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3-iodo-N,N-diisopropyl-[1,1'-biphenyl]-4-carboxamide (2g). Utilizing the general 
procedure using 281.4 mg of N,N-diisopropyl-[1,1’-biphenyl]-4-carboxamide (1 mmol, 1.0 
equiv), 337.5 mg of N-iodosuccinimide (1.5 mmol, 1.5 equiv), 4.0 mg of [Cp*IrCl2]2 (0.005 
mmol, 0.5 mol%), 5.14 mg of silver acetate (0.02 mmol, 2 mol%). The crude reaction 
mixture was concentrated under reduced pressure, dissolved in minimal dichloromethane 
and purified by SiO2 gel column chromatography (10% EtOAc/DCM). 80% isolated yield 
(325.8 mg white solid). 1H-NMR (300 MHz, CDCl3): δ = 8.04 (d, 1H), 7.59−7.53 (m, 2H), 
7.49−7.37 (m, 3H), 7.20−7.18 (m, 1H), 7.22 (d, J = 7.8 Hz, 1H), 3.68 (m, 1H, CH(iPr)), 
3.53 (m, 1H CH(iPr)), 1.60 (m, 6H, 2 x CH3(iPr)), 1.30 (d, J = 6.6 Hz 3H CH3(iPr)), 1.10 
(d, J = 6.7 Hz 3H, CH3(iPr)). 
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3-iodo-N,N-diisopropyl-2-naphthamide (2h). Utilizing the general procedure using 
255.4 mg of N,N-diisopropyl-2-napthamide (1 mmol, 1.0 equiv), 337.5 mg of N-
iodosuccinimide (1.5 mmol, 1.5 equiv), 4.0 mg of [Cp*IrCl2]2 (0.005 mmol, 0.5 mol%), 5.14 
mg of silver acetate (0.02 mmol, 2 mol%). The crude reaction mixture was concentrated 
under reduced pressure, dissolved in minimal dichloromethane and purified by SiO2 gel 
column chromatography (15% EtOAc/DCM). 90% isolated yield (343.1 mg white solid). 
1H-NMR (300 MHz, CDCl3,) δ 8.38 (s, 1H), 7.76 (m, 2H), 7.62 (s, 1H), 7.52 (m, 2H), 3.60 
(m, 2H 2 x CH(iPr)), 1.64 (m, 6H 2 x CH3(iPr)), 1.29 (d, J = 6.7 Hz, 3H, CH3(iPr)), 1.09 (d, 
J = 6.6Hz, 3H, CH3(iPr)). 
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General Procedure for the Iridium Catalyzed Bromination of Benzamides 
 

 

 
 

A foil covered screw cap test tube with a magnetic stirrer was charged with 

benzamide (1 mmol, 1.0 equiv), N-bromosuccinimide (1.5 mmol, 1.5 equiv), [Cp*IrCl2]2 

(0.06 mmol, 6 mol%), silver triflate (0.24mmol, 24 mol%), acetic acid (2 mmol, 2 equiv) 

and 1 mL of 1,2-dichloroethane. The reaction mixture was stirred at 60 °C for 4 h in an oil 

bath. Upon completion, the solution was diluted with dichloromethane and filtered through 

celite. The solvent was removed under reduced pressure and the crude reaction mixture 

was purified by column chromatography on silica gel (SiO2).  
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2-bromo-N,N-diisopropylbenzamide (3a). Utilizing the general procedure using 203.5 
mg of N,N-diisopropylbenzamide (1 mmol, 1.0 equiv), 267 mg of N-bromodosuccinimide 
(1.5 mmol, 1.5 equiv), 48 mg of [Cp*IrCl2]2 (0.06 mmol, 6 mol%), 5.14 mg of silver acetate 
(0.24 mmol, 24 mol%). The crude reaction mixture was concentrated under reduced 
pressure, dissolved in minimal dichloromethane and purified by SiO2 gel column 
chromatography (10% EtOAc/DCM). 96% isolated yield (272.8 mg white solid). 1H-NMR 
(300 MHz, CDCl3) δ (ppm): 7.80 (d, J = 8.0 Hz, 1H, aromatic proton), 7.34 (m, 1H, 
aromatic proton), 7.13 (m, 1H, aromatic proton), 7.02 (m, 1H, aromatic proton). 3.64-3.44 
(m, 2H, 2 x CH(iPr)),1.59-1.56 (m, 6H, 2 x CH3(iPr)),1.26 (d, J = 6.7 Hz, 3H, CH3(iPr)), 
1.05 (d, J = 6.7 Hz, 3H, CH3(iPr)). 
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2-bromo-N,N-diisopropyl-4-methylbenzamide (3b). Utilizing the general procedure 
using 219.3 mg of 4-methyl-N,N-diisopropylbenzamide (1 mmol, 1.0 equiv), 267 mg of N-
bromodosuccinimide (1.5 mmol, 1.5 equiv), 48 mg of [Cp*IrCl2]2 (0.06 mmol, 6 mol%), 
5.14 mg of silver acetate (0.24 mmol, 24 mol%). The crude reaction mixture was 
concentrated under reduced pressure, dissolved in minimal dichloromethane and purified 
by SiO2 gel column chromatography (15% EtOAc/DCM). 95% isolated yield (283.3 mg 
white solid). 1H-NMR (300 MHz, CDCl3) δ (ppm): 7.37 (s, 1H, aromatic proton), 7.11 (d, J 
= 7.7 Hz, 1H, aromatic proton), 7.05 (d, J = 7.7 Hz, 1H, aromatic proton), 3.68-3.43 (m, 
2H, 2 x CH(iPr)), 2.32 (s, 3H, p-CH3), 1.56 (m, 6H, 2 x CH3(iPr)), 1.22 (d, J = 6.7 Hz, 3H, 
CH3(iPr)), 1.04 (d, J = 6.7 Hz, 3H, CH3(iPr)). 
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2-bromo-N,N-diisopropyl-4-methoxybenzamide (3c). Utilizing the general procedure 
using 235.3 mg of 4-methoxy-N,N-diisopropylbenzamide (1 mmol, 1.0 equiv), 267 mg of 
N-bromodosuccinimide (1.5 mmol, 1.5 equiv), 48 mg of [Cp*IrCl2]2 (0.06 mmol, 6 mol%), 
5.14 mg of silver acetate (0.24 mmol, 2 mol%). The crude reaction mixture was 
concentrated under reduced pressure, dissolved in minimal dichloromethane and purified 
by SiO2 gel column chromatography (15% EtOAc/DCM). 35% isolated yield (110.0 mg 
white solid). 1H-NMR (300 MHz, CDCl3) δ (ppm): 7.07 (d, J = 8.4 Hz, 1H, aromatic proton), 
7.06 (d, J = 2.4 Hz, 1H, aromatic proton), 6.83 (d, J = 8.4 Hz, 1H, aromatic proton), 3.77 
(s, 3H, OCH3), 3.68-3.42 (m, 2H, 2 x CH(iPr)), 1.54 (m, 6H, 2 x CH3(iPr)), 1.20 (d, J = 6.6 
Hz3H, CH3(iPr)), 1.03 (d, J = 6.6 Hz, 3H, CH3(iPr)). 
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4-chloro-2-bromo-N,N-diisopropylbenzamide (3d). Utilizing the general procedure 
using 239.7 mg of 4-chloro-N,N-diisopropylbenzamide (1 mmol, 1.0 equiv), 267 mg of N-
bromodosuccinimide (1.5 mmol, 1.5 equiv), 48 mg of [Cp*IrCl2]2 (0.06 mmol, 6 mol%), 
5.14 mg of silver acetate (0.24 mmol, 24 mol%). The crude reaction mixture was 
concentrated under reduced pressure, dissolved in minimal dichloromethane and purified 
by SiO2 gel column chromatography (10% EtOAc/DCM). 93% isolated yield (296.3 mg 
white solid). 1H-NMR (300 MHz, CDCl3) δ (ppm): 7.57 (s, 1H, aromatic proton), 7.31 (dd, 
J = 8.2 and 1.9 Hz, 1H, aromatic proton), 7.11 (d, J = 8.2 Hz, 1H, aromatic proton), 3.66-
3.43 (m, 2H, 2 x CH(iPr)), 1.56 (m, 6H, 2 x CH3(iPr)), 1.23 (d, J = 6.7 Hz, 3H, CH3(iPr)), 
1.06 (d,  J = 6.7 Hz, 3H, CH3(iPr)). 
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4-fluoro-2-bromo-N,N-diisopropylbenzamide (3e). Utilizing the general procedure 
using  223.3 mg of 4-fluoro-N,N-diisopropylbenzamide (1 mmol, 1.0 equiv), 267 mg of N-
bromodosuccinimide (1.5 mmol, 1.5 equiv), 48 mg of [Cp*IrCl2]2 (0.05 mmol, 5 mol%), 
5.14 mg of silver acetate (0.24 mmol, 24 mol%). The crude reaction mixture was 
concentrated under reduced pressure, dissolved in minimal dichloromethane and purified 
by SiO2 gel column chromatography (10% EtOAc/DCM). 67% isolated yield (202.5 mg 
white solid). 1H-NMR (400 MHz, CDCl3): δ 7.30 (s, 1H, aromatic proton), 7.15 (d, 1H 
aromatic proton), 7.04 (d, 1H, aromatic proton), 3.56 (m, 2H, 2 x CH(iPr)), 1.55 (m, 6H, 2 
x  CH3(iPr)), 1.22 (d, J = 6.7 Hz, 3H, CH3(iPr)), 1.05 (d, J = 6.7 Hz, 3H, CH3(iPr)). 
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2-bromo-N,N-diisopropyl-4-(trifluoromethyl)benzamide (3f). Utilizing the general 
procedure using 273.3 mg of 4-(trifluoromethyl)-N,N-diisopropylbenzamide (1 mmol, 1.0 
equiv), 267 mg of N-bromodosuccinimide (1.5 mmol, 1.5 equiv), 48 mg of [Cp*IrCl2]2 (0.06 
mmol, 6 mol%), 5.14 mg of silver acetate (0.24 mmol, 24 mol%). The crude reaction 
mixture was concentrated under reduced pressure, dissolved in minimal dichloromethane 
and purified by SiO2 gel column chromatography (15% EtOAc/DCM). 86% isolated yield 
(302.9 mg white solid). 1H-NMR (400 MHz, CDCl3) δ (ppm): 7.82 (s, 1H, aromatic proton), 
7.59 (d, J = 7.8 Hz, 1H, aromatic proton), 7.30 (d, J = 7.9 Hz, 1H, aromatic proton), 3.61-
3.46 (m, 2H, 2 x CH(iPr)), 1.57 (m, 6H, 2 x CH3(iPr)), 1.25 (d, J = 6.7 Hz, 3H, CH3(iPr)). 
1.08 (d, J = 6.7 Hz, 3H, CH3(iPr)). 
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3-bromo-N,N-diisopropyl-[1,1'-biphenyl]-4-carboxamide (3g). Utilizing the general 
procedure using 281.4 mg of N,N-diisopropyl-[1,1’-biphenyl]-4-carboxamide (1 mmol, 1.0 
equiv), 267 mg of N-bromodosuccinimide (1.5 mmol, 1.5 equiv), 48 mg of [Cp*IrCl2]2 (0.06 
mmol, 6 mol%), 5.14 mg of silver acetate (0.24 mmol, 24 mol%). The crude reaction 
mixture was concentrated under reduced pressure, dissolved in minimal dichloromethane 
and purified by SiO2 gel column chromatography (10% EtOAc/DCM). 80% isolated yield 
(288.2 mg white solid). 1H-NMR (300 MHz, CDCl3): δ = 7.76 (d, J = 1.6 Hz, 1H), 7.57−7.49 
(m, 3H), 7.47−7.39 (m 2H), 7.39−7.32 (m, 1H), 7.22 (d, J = 7.8 Hz, 1H), 3.68 (m, 1H, 
CH(iPr)), 3.53 (m, 1H, CH(iPr)), 1.59 (m, 6H, 2 x CH3(iPr)), 1.25 (d, J = 6.7 Hz, 3H, 
CH3(iPr)), 1.08 (d, J = 6.7 Hz, 3H, CH3(iPr)). 
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Synthesis of Cp*Ir(DMSO(C13H19NO) (6(DMSO)). In a 5 mL storage tube equipped with 
a stir bar, was added Cp*Ir(DMSO)Cl2 (119 mg, 0.25 mmol), N,N-diisopropylbenzamide 
(51.3 mg, 0.25 mmol), acetic acid (2 equiv, 28.6 μL), and AgOTf  (2 equiv, 128.5 mg) to 
1,2-dichloroethane (2 mL) and stirred at 60 °C for 1 h. The crude reaction mixture was 
then filtered and concentrated under reduced pressure to remove excess solvent. The 
resulting residue was dissolved in minimal dichloromethane. To the concentrated 
dichloromethane solution excess pentane was added to afford a yellow precipitate. The 
precipitate was filtered to afford a yellow powder in 90% yield. 1H-NMR (300 MHz, CDCl3) 
δ (ppm): 7.68 (d, J = 6.0 Hz, 1H, aromatic proton), 7.56 (d, J = 6.0 Hz, 1H, aromatic 
proton), 7.38 (t, J = 6.0, 2H, aromatic proton), 7.20 (m, 1H, aromatic proton), 4.91 (bs, 
1H, CH(iPr), 3.76 (bs, 1H, CH(iPr), 2.93 (s, 3H, CH3(DMSO), 2.56 (s, 3H, CH3(DMSO)), 
1.78 (bs, 15H, Cp*), 1.65-1.30 ( m, 12H, 4 x CH3(iPr)). 13C-NMR (100.6 MHz, CD2Cl2) δ 
(ppm): 8.95, 43.13, 44.20, 52.92, 53.19, 53.46, 53.73, 54.00, 95.37, 124.67, 129.36, 
133.71, 137.49. Elemental Analysis: Theory: (C, 40.49; H, 5.78; N, 1.57). Found: (C, 
40.98; H, 5.15; N, 1.87).  
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CHAPTER 3 – Improvement of the Generation of Hypervalent Halonium Species 
for the Halogenation of Benzamides 
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Introduction 
 

As mentioned in Chapter 2, hypervalent iodine reagents have gained interest in 

the synthetic community as versatile reagents for several organic reactions. So far, there 

have been several applications for hypervalent halogens, mostly hypervalent iodine. 

Although iodine (III) and iodine (V) species have been extensively studied,1–30 much less 

is known about halogen(I) intermediates. A few hypervalent halogen (I) systems based 

on nitrogen,31-42 oxygen,43-47 and sulfur48-53 Lewis basic sites have been developed, but 

very little is known structurally and experimentally in terms their reactivity (Scheme 3.1). 

 

Scheme 3.1. Reactivity of hypervalent iodine (I)   

 

 

 

The halogen-bonding interaction between the halogen (I) precursor and the Lewis 

base (as solvent, catalyst or additive) leads to the formation of these stable key 

intermediates, which facilitate these reactions. It has been shown that the halogen-

bonding interaction between the Lewis base and the halogen (I) atom increases the 

electrophilicity of the halogen center.54-56 This observation lends itself to further 

investigation, as the Lewis acidic and basic components of these electrophilic halogen (I) 

adducts can be tuned to enhance or enable reactivity, as demonstrated in chapter 2. This 

chapter deals with the study of the isolated acetyl hypohalite species characterized in 

Chapter 2, and how it can be modulated to improve reactivity towards the halogenation 

of benzamides.  
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Results and Discussion 
Chlorinations and Brominations 
 

From the 1H-NMR spectrum (Figure 2.16) of a solution containing N-

halosuccinimide with tetrabutylammonium acetate (TBAOAc), the rapid formation of a 

new species was observed at room temperature. Furthermore, it was demonstrated 

computationally that the formation of the acetyl hypohalites is accessible, and the 

difference in reactivity was likely due to the oxidative addition step involving the hypohalite 

species. This allowed us to model the rate determining step of the reaction with varying 

carboxylates to see if the oxidative addition of acetyl hypochlorite became more 

accessible. From Scheme 3.2 we can see the oxidative addition for the species 

containing trifluoromethyl (-CF3) is more accessible with an oxidative addition barrier at 

18.7 kcal mol-1 than the oxidative addition of the species containing a methyl (-CH3), by 

3.3 kcal mol-1,  or tert-butyl (-C(CH3)3 group, by 0.6 kcal mol-1, with barriers for oxidative 

addition at 22.0 kcal mol-1 and 19.3 kcal mol-1 respectively. This is likely due to the 

strength of the O-Cl bond. 

 

With this observation the chlorination reaction was attempted with trifluoroacetic 

acid as an additive instead of acetic acid. The reaction did not take place with NCS after 

attempting a variety of conditions, varying temperature, times, catalyst loadings, 

additives, etc. Interestingly, when the chlorine source was changed from NCS to 

trichloroisocyanuric acid (TCC), 54% conversion of N,N-diisopropylbenzamide was 

observed (Figure 3.1). TCC is a stronger chlorine source than NCS, with a reported 

“active chlorine content” of 91.5% (percentage of active chlorine in the molecule in the 

oxidation of hydroiodic acid).57  
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Scheme 3.2. DFT (B3PW91-D3) calculated energetics for the oxidative addition of 

Cl(carboxylate) to INT-4 in 1,2-dichloroethane solvent 

 

Figure 3.1. Species compatible for the chlorination of N,N-diisopropylbenzamide 

R’ = -CH3 -C(CH3)3 
CF3 
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In other words, TCC has a weaker N-Cl bond than NCS, as shown computationally 

in Scheme 3.3. Based on these results, we hypothesize that the appropriate halogen 

source, weak enough N-X bond (X = halogen), and Lewis basic additive will generate the 

respective hypohalite species in situ, which then undergoes oxidative addition. We then 

calculated a series of bond dissociation energies (BDE) for a variety of halogen sources 

in order to screen for appropriate candidates to optimize the halogenation reaction. For 

the chlorine sources with multiple chlorine equivalents, the bases where denoted as 

follows: the first dissociation, dissociation of X1, is referred to as “base”, the second 

dissociation, dissociation of X2, is referred to as “base2”, and the third dissociations as 

‘base3”. From the chlorinating agents screened, NCS, Cl1, Cl3 and Cl4 were used 

experimentally. Product formation was observed exclusively with Cl4, as expected from 

the computational results. It seems that a BDE ≥285 kcal mol-1 is too high for an 

appropriate chlorinating agent under our reaction conditions, as TCC has a BDE of 268 

kcal mol-1 for its first N-Cl dissociation.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cl Source BDE (Kcal/mol) 

NCS 293.71 

Cl1 291.79 

Cl2 274.77 

Cl3_base 285.36 

Cl3_base2 293.57 

Cl3_base3 628.77 

Cl4_base 267.72 

Cl4_base2 580.85 

Cl4_base3 940.03 

Cl5_Cl 308.93 

Cl6_base 280.16 

Cl6_base2 637.34 

Scheme 3.3. BDE table for a series of electrophilic 

chlorinating agents 
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To show the improvement on the chlorination reaction, three substrates were used. 

An unsubstituted benzamide, N,N-diisopropylbenzamide, an electron-rich benzamide, 4-

methoxy-N,N-diisopropylbenzamide, and an electron-deficient benzamide, 4-

trifluoromethyl-N,N-diisopropylbenzamide. As depicted in Scheme 3.4, all three 

substituents in the para-position were tolerated and yielded the corresponding chlorinated 

benzamide in moderate yields. Harsher conditions are required to enable the chlorination, 

higher catalyst loading, higher temperatures, and longer reaction times. This is consistent 

with the computational results from Chapter two.  

 

Scheme 3.4. Scope of chlorinated para-substituted N,N-diisopropylbenzamides 

 

Based on the success of this approach, the BDE of a variety of brominating agents 

was examined to improve upon the previous system, based on acetic acid, which did not 

have the same effectiveness as the conditions for the iodination reaction. As shown in 

Scheme 3.4, The brominating agent Br3 had the lowest BDE at 236 kcal mol-1 for its first 

N-Br dissociation. When this bromine source in our reaction was used in the presence of 

TFAA, unsubstituted benzamide, p-CH3 benzamide, N,N-diisopropylbenzamides were 

brominated with the same effectiveness. Moreover, we can see that the napthyl and biaryl 

benzamides were isolated in high yibenzoate hypocelds when compared to the conditions 

with acetic acid. The bromination reaction with the p-F benzamide, p-Cl benzamide and 

p-CF3 benzamide were also higher yielding.  This serves as further evidence for BDEs as 

a feature to consider when choosing a halogen source for generating these electrophilic 

hypohalite species.  
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Scheme 3.5. BDE table for a series of electrophilic brominating agents 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Scheme 3.6. Scope of brominated para-substituted N,N-diisopropylbenzamides under 
adjusted reaction conditions 

  

Br Source BDE (Kcal/mol) 

NBS 254.63 

Br1 252.83 

Br2 263.23 

Br3_base 235.50 

Br3_base2 514.46 

Br4 236.46 

Br5_base 247.46 

Br5_base2 255.52 

Br6 361.61 
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Lewis base effect on chlorinations 
 
 Just as the halogen sources were studied for their effect on the RDS of the reaction, 

it stands to reason that the Lewis base component of the halogen (I) adducts should be 

further studied for the impact they may have on the chlorination of benzamides. In 

Scheme 3.6, the halogen (I) adduct formation is modeled with acetate and thioacetate as 

the Lewis base. From this we can see the halogen (I) adducts from acetate are higher in 

energy than those from thioacetate. This is consistent with previous reports of more basic, 

or electronegative Lewis bases generating more reactive or electrophilic hypohalite 

species.58 This shows that these halogen (I) adducts are accessible with various Lewis 

bases.  

 
Scheme 3.7. Comparison between the association of halosuccinimide with acetate and 
thioacetate  

 
 
 From this we proceeded to model the RDS of the chlorination reaction with various 

benzoates and benzoate analogues, where the electronics in the para-position was 

changed. Benzoates and benzoate derivatives are convenient Lewis bases to model 

computationally, as these are easily accessible synthetically, as many isolated benzoate 

halogen (I) adducts can be found in the literature. From Scheme 3.7 we can see the 
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oxidative addition for a series of benzoate hypochlorites, in Scheme 3.8 the oxidative 

addition for a series of thiobenzoate hypochlorites, and in Scheme 3.9 the oxidative 

addition of a series of N-methylbenzamide species. A few observations can be made 

when all three benzoate analogues are compared. INT-12 is stabilized by an electron-rich 

Lewis base, when compared to an electron-deficient Lewis base. In addition, when the 

oxidative addition RDS was compared, these benzoate and benzoate analogue 

hypohalite species are higher in energy than the oxidative addition for the carboxylate 

hypohalite species (Scheme 3.2). Moreover, the benzoate and thiobenzoate hypohalite 

species have comparable barriers for oxidative addition, within 1 kcal mol-1, while the 

benzamide hypohalite species have a higher energy associated to the oxidative addition 

step (48.8 kcal mol-1 – 49.3 kcal mol-1). 

 

Scheme 3.8. DFT (B3PW91-D3) calculated energetics for the oxidative addition of 
Cl(thiobenzoate) to INT-4 in 1,2-dichloroethane solvent 
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Scheme 3.9. DFT (B3PW91-D3) calculated energetics for the oxidative addition of 
Cl(benzoate) to INT-4 in 1,2-dichloroethane solvent 



   

95 
 

Scheme 3.10. DFT (B3PW91-D3) calculated energetics for the oxidative addition of 
Cl(N-Methylbenzamide) to INT-4 in 1,2-dichloroethane solvent   
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Fluorinations 
 
 Following the success of this approach, a variety of electrophilic fluorinating sources 

were screened in order to identify any possible candidates to extend this chemistry for 

the fluorination of benzamides. As shown in Scheme 3.6, the BDEs for several 

electrophilic fluorinating agents have been calculated. In comparison to the BDEs of NIS, 

NBS and TCC, and Br4, the BDE for these fluorinating agents are orders of magnitude 

higher. This explains why no reactivity has been observed with F1, F3, and F8. A few 

observations can be drawn from the BDEs screened. Firstly, considering the fluorine 

sources containing an N-F bond, cationic species have a lower BDE than neutral species. 

In addition, for electron-deficient species, fluorine sources bearing a -CF3 or -NO2 group, 

have a lower N-F BDE when compared to more electron-rich sources, like those bearing 

-CH3 or -OMe groups. This is clear when pyridinium sources (F4-F17), and F1 and F25 are 

compared. Secondly, fluorine sources not based on nitrogen (I-F, S-F, O-F, and Se-F), 

have higher fluorine BDEs than those sources containing an N-F bond.  
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F Source 
BDE 

(Kcal/mol) 

F1 416.75 

F2 487.09 

F3 373.83 

F4_base 367.45 

F4_base2 765.19 

F5 350.80 

F6 365.60 

F7 375.80 

F8 406.89 

F9 397.73 

F10 383.50 

F11 369.74 

F12 362.77 

F13 392.85 

F14 387.82 

F15 390.63 

F16 385.61 

F17 372.45 

F18 410.54 

F19 459.86 

F20 412.80 

F21 416.32 

F22 523.12 

F23 394.24 

F24 480.40 

F25 384.33 

F26 473.83 

Scheme 3.11. BDE table for a series of electrophilic 
fluorinating agents 
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Conclusion 
 

In this chapter, the Lewis basic and Lewis acidic components of the acetyl 

hypohalite species involved in the halogenation of benzamides were studied in more 

detail. A computational study was done to screen electrophilic halogen sources by their 

BDEs, as this was identified as a key factor in acetyl hypohalite formation. The appropriate 

combination of halogen source and carboxylate improved the yield of the bromination of 

benzamides and enabled the chlorination as well. This is highlighted by the high isolated 

yields of the scope for the bromination reaction and the moderate to low yields of the 

benzamides studied. Attempts to improve the chlorination of benzamides included the 

analysis of the RDS of the reaction, oxidative addition of the hypochlorite species, with a 

variety of Lewis bases. It was shown that benzoate and benzoate derived Lewis bases 

did not have a positive effect on the RDS. The oxidative addition of these species was 

higher in energy (48.8 kcal mol-1 – 49.3 kcal mol-1) than the energies associated with the 

oxidative addition for the acetyl hypochlorite species (18.7 kcal mol-1 – 22.0 kcal mol-1). 

In addition, the BDE for a variety of electrophilic fluorine sources were calculated. The 

BDEs for these electrophilic fluorine sources ranged between 350.8 kcal mol-1 – 523.1 

kcal mol-1 and are too high to enable the formation of an analogous hypofluorite species, 

when compared to the BDEs of the halogen sources that have worked under our reaction 

conditions. Experimental attempts at the fluorination of benzamides with electrophilic 

sources F1, F3, and F8 have not been fruitful, and the computational data would support 

the lack of hypofluorite formation. This work will allow for further understanding and 

exploration of the reactivity of these hypohalite species generated under our reaction 

conditions.  
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Experimental 

General Considerations 

 

IrCl3·3H2O was purchased from Pressure Chemical Company. [Cp*IrCl2]2, was 

prepared as previously reported. All other reagents were purchased from commercial 

sources and used as received unless stated otherwise. All reactions were performed 

under air and using non-dry solvents unless otherwise noted. 1H and spectra were 

obtained at room temperature on a Varian Mercury 400 MHz spectrometer. Chemical 

shifts are listed in parts per million (ppm) and referenced to their residual protons or 

carbons of the deuterated solvents.  

 

Computational Studies 
 

This study was carried out using density functional theory (DFT) with the 

Gaussian09,59 implementation of the B3PW91 functional, with Grimmes dispersion 

correction (D3) as implemented through Gaussian.60 All geometry optimizations were 

carried out using tight convergence criteria (“opt=tight”) on an ultrafine grid 

(“int=ultrafine”). The Stuttgart-Dresden (SDD) relativistic effective core potential (RECP) 

basis set was used for iridium with an additional f polarization function.61, 62 The def2-

TZVP effective core potential (ECP)63, 64 and basis set was used for the halogens. The 6-

31G** basis set was used for all other atoms.65 Solvation energies were computed with 

geometries optimized in the gas phase using the SMD method,66 with dichloroethane as 

the solvent, as implemented in Gaussian 09. In this method an IEFPCM calculation is 

performed with radii and electrostatic terms from Truhlar and co-workers’ SMD solvation 

model.67 Energetics were calculated using the 6-311++G** basis set for all atoms and the 

SDD basis set with an added f polarization function on iridium. The def2-TZVP ECP and 

basis set was used for the halogens. All energies are reported in kcal mol-1. 
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Benzamide Derivative Synthesis 

General Procedure for the synthesis of benzamides from acyl chlorides 

 

 

To a round bottom flask equipped with a magnetic stir bar, the corresponding 

amine (1.10 equiv), and triethylamine (1.20 equiv) in dichloromethane. The corresponding 

benzoyl chloride (1.05 equiv) was added dropwise at 0 °C. The reaction mixture was 

stirred and allowed to warm up to room temperature. The reaction mixture was diluted 

with dichloromethane, washed with a 1N HCl solution and brine. The organic layer was 

dried over sodium sulfate, filtered, and concentrated under reduced pressure. The crude 

solid was recrystallized from diethyl ether at -20 °C, isolated by filtration, and washed with 

cold diethyl ether. 1H-NMR data for the benzamides used in this study can be found in 

chapter 2. 

 

General Procedure for the Iridium Catalyzed Bromination of Benzamides 
 

 

 
 

A foil covered screw cap test tube with a magnetic stirrer was charged with 

benzamide (1 mmol, 1.0 equiv), N-bromosuccinimide (1.5 mmol, 1.5 equiv), [Cp*IrCl2]2 

(0.06 mmol, 6 mol%), silver triflate (0.24mmol, 24 mol%), acetic acid (2 mmol, 2 equiv) 

and 1 mL of 1,2-dichloroethane. The reaction mixture was stirred at 60 °C for 4 h in an oil 

bath. Upon completion, the solution was diluted with dichloromethane and filtered through 

celite. The solvent was removed under reduced pressure and the crude reaction mixture 

was purified by column chromatography on silica gel (SiO2). 1H-NMR data for the 

brominated benzamides used in this study can be found in chapter 2. 
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General Procedure for the Iridium Catalyzed Chlorination of Benzamides 
 

 

 
 

A foil covered screw cap test tube with a magnetic stirrer was charged with 

benzamide (0.1 mmol, 1.0 equiv), Trichloroisocyanuric acid (TCC) (0.15 mmol, 1.5 equiv), 

[Cp*IrCl2]2 (0.010 mmol, 10 mol%), silver triflate (0.40 mmol, 40 mol%), trifluoroacetic acid 

(0.2 mmol, 2 equiv) and 1 mL of 1,2-dichloroethane. The reaction mixture was stirred at 

100 °C for 12 h in an oil bath. Upon completion, the solution was diluted with 

dichloromethane and filtered through celite. The solvent was removed under reduced 

pressure. 

 

2-chloro-N,N-diisopropylbenzamide. Utilizing the general procedure using 20.4 mg of 
N,N -diisopropylbenzamide (0.1 mmol, 1.0 equiv), 34.9 mg of TCC (0.15 mmol, 1.5 equiv), 
8.0 mg of [Cp*IrCl2]2 (0.01 mmol, 10 mol%), 10.5 mg of silver acetate (0.40 mmol, 40 
mol%). 1H-NMR (300 MHz, CDCl3) δ (ppm): 7.39 – 7.34 (m, 1H, aromatic proton), 7.29 – 
7.24 (m, 2H, aromatic proton), 7.22 – 7.16 (m, 1H, aromatic proton), 3.60 (m, 1H, CH(iPr)), 
3.52 (m, 1H, CH(iPr)), 1.57 (d, J = 6.8 Hz, 3H), CH3(iPr), 1.56 (d, J = 6.8, 3H, CH3(iPr)), 
1.21 (d, J = 6.7 Hz, 3H, CH3(iPr)), 1.06 (d, J = 6.7 Hz, 3H, CH3(iPr)). 
 
2-chloro-N,N-diisopropyl-4-methylbenzamide. Utilizing the general procedure using 
21.9 mg of 4-methyl-N,N-diisopropylbenzamide (0.1 mmol, 1.0 equiv), 34.9 mg of TCC 
(0.15 mmol, 1.5 equiv), 8 mg of [Cp*IrCl2]2 (0.01 mmol,10 mol%), 10.5 mg of silver acetate 
(0.40 mmol, 40 mol%). 1H-NMR (300 MHz, CDCl3) δ (ppm): 7.18 (s, 1H, aromatic proton), 
7.10 – 7.02 (m, 2H, aromatic proton), 3.61 (m, 1H, CH(iPr)), 3.50 (m, 1H, CH(iPr)), 2.32 
(s, 3H, p-CH3), 1.55 (dd, J = 6.8, 4.0 Hz, 6H, 2 x CH3(iPr)),  1.19 (d, J = 6.7 Hz, 3H, 
CH3(iPr)), 1.04 (d, J = 6.6 Hz, 3H, CH3(iPr)). 
 
2-chloro-4-fluoro-N,N-diisopropylbenzamide. Utilizing the general procedure using 
22.3 mg of 4-fluoro-N,N-diisopropylbenzamide (0.1 mmol, 1.0 equiv), 34.9 mg of TCC 
(0.15 mmol, 1.5 equiv), 8 mg of [Cp*IrCl2]2 (0.01 mmol, 10 mol%), 10.5 mg of silver 
acetate (0.40 mmol, 40 mol%). 1H-NMR (400 MHz, CDCl3): δ 7.21 – 7.08 (m, 2H, aromatic 
proton), 6.99 (m, 1H, aromatic proton), 3.53 (m, 2H, 2 x CH(iPr)),  1.54 (dd, J = 6.8, 2.6 
Hz, 6H, 2 x CH3(iPr)), 1.20 (d, J = 6.7 Hz, 3H, CH3(iPr)), 1.05 (d, J = 6.7 Hz, 3H, CH3(iPr)). 
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