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Abstract 
 

Site-selective and Stereoselective Functionalization of Non-Activated C–H Bond 
 

By 
Kuangbiao Liao 

 
The major challenge for C–H functionalization remains to be selectivity; although 

considerable progress has been achieved, the established approaches to develop selective 
transformation rely on the use of substrate control, which inevitably possesses inherent 
limitation. A more versatile but challenging approach would be catalyst control, in which 
the sophisticated catalyst can distinguish one C–H bond from others by recognizing the 
subtle steric and electronic differences. The approach in the Davies group is to develop a 
rhodium carbene toolbox to control the selectivity at will. 

 
Catalyst Synthesis. In general, systematic study and further catalyst structural 

modification are required to discover the optimal catalyst. However, current catalyst 
synthesis has limitations in structural diversification and accessibility. Therefore, a high-
throughput Suzuki coupling process was developed to enable rational design and 
systematic study. So far, three catalyst libraries have been effectively established from 
three corresponding preformed bromo-containing dirhodium catalyst through a four-, 
eight- and twelve-fold palladium catalyzed Suzuki coupling reaction. 

 
Catalyst Design. The catalyst design philosophy was inspired by highly selective 

enzymatic catalysis, in which each enzyme pocket will allow only one specific substrate 
to fit. Therefore, if a series of sophisticated catalyst pockets can be designed to recognize 
the unique steric and electronic character of the target C–H bonds, a similar type of 
selective catalysis could also be viable. The hypothesis is trying to develop a catalyst 1 
with a “small” pocket that only 1° C–H bond can fit; a catalyst 2 with “medium” pocket 
that 2° C–H bond will be sterically preferred over 3° C–H bond and electronically 
preferred over primary C–H bond; a catalyst 3 with “large” pocket so that tertiary C–H 
bond will be electronically preferred over other C–H bonds. 

 
This thesis will discuss efforts toward developing three dirhodium catalysts, 

Rh2[tris(p-tBuC6H4)TPCP]4, Rh2[3,5-di(p-tBu)C6H4TPCP]4, and Rh2(TCPTAD)4, to 
achieve site- and stereoselective C–H functionalization at the most accessible primary, 
secondary, and tertiary non-activated C–H bonds, respectively. The reaction scope is 
ranging from alkanes, alkyl halides, alkyl ester, protected alcohols, alkyl silanes to 
natural products, including steroids, vitamin and phytol derivatives. These three catalysts 
demonstrated strong catalyst control capability to recognize the target C–H bonds to 
achieve extremely high site-, diastereo- and enantioselectivity. 
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1 
 

 
 

Chapter 1 Introduction 

 

1. C–H Functionalization 

 

Organic compounds consist of C–C bonds, C–H bonds and functional groups. For 

example, a common organic compound, morphine, is constructed of 18 C–C bonds 

(marked in pink), 17 C–H bonds (marked in red), and 6 functional groups (marked in 

blue) (Figure 1.1.1). The standard strategy of organic synthesis relies on developing the 

most effective way for modification of the functional groups, so that the desired synthetic 

target is rapidly obtained. However, conducting selective transformations on the 

ubiquitous C–H bonds was generally not considered to be a viable approach. Recently, it 

has been recognized and demonstrated that if the C–H bond modification can be 

controlled and utilized, the logic of organic synthesis will be fundamentally 

revolutionized.1-5 

 

 

Figure 1.1.1 Number of C–C bonds, C–H bonds, and functional groups in Morphine 
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The main reason for the oversight of the importance of C–H bonds in standard 

organic synthesis was because of the difficulties in developing reagents that are 

sufficiently reactive to break a C–H bond but still capable of distinguishing among the 

different C–H bonds. The bond dissociation energy of C–H bonds is relatively high but 

there are some differences depending on the nature of C–H bonds, as shown for some 

typical examples in Figure 1.1.26. As can be seen in the first four entries, there is a steady 

decrease in bond strength going from methyl, primary, secondary and tertiary C–H 

bonds. The hybridization of the C–H bond plays an important role as sp2 and sp 

hybridized C–H bonds are stronger than sp3 hybridized bonds (entries 5-7).  Allylic, 

benzylic and C–H bonds adjacent to heteroatoms tend to be weaker (entries 8-10) 

because the resulting radical is resonance stabilized.    

 

 

Figure 1.1.2 Bond-dissociation energy of common C–H bonds 
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The potential of C–H bond modification was recognized in the late 1950s, and 

“C–H activation” evolved to be a hot topic in organic chemistry.7 One key example 

regarding the use of Hofmann–Löffler–Freytag (HLF) reaction for the synthesis of 

dihydroconessine (1.1.2) was reported by Corey (Buchschacher also reported a similar 

work almost at the same time), the HLF reaction proceeded via an intramolecular C–H 

halogenation which was essentially a formal C–H amination sequence (Figure 1.1.3, A).8-

9 The first task was the exploration of the appropriate reagents that are reactive enough to 

break C–H bond without destroying the molecular framework, and the most notable 

achievement was the utilization of organometallic reagents to assist the bond breaking 

process. For example, in 1967, the palladium catalyzed C–H alkenylation of benzene 

with styrene was reported by Moritani and Fujiwara10 (Figure 1.1.3, B) which was a key 

foundation to develop the commonly used palladium-catalyzed arene coupling reactions. 

In 1974, the copper catalyzed carbenoid insertion of cyclohexane reported by Scott11 

(Figure 1.1.3, C) represented a breakthrough in C–H insertion because cyclohexane was 

commonly regarded as inert and employed as solvent for carbenoid reactions12-14.   
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Figure 1.1.3 Early examples of C–H activation 

 

In general, C–H bonds are inert toward direct reaction with common reagents, so 

an alternative strategy will be needed to transform a C–H bond to a functional group. C–

H activation was used to describe metal insertion into the C–H bond with the formation 

of M-C bond (1.1.11). The M-C bond of the newly generated organometallic species 

(1.1.11) is more reactive than the C–H bond of the original compound (1.1.10) so it can 

react with the reagent to form a new compound with an additional functional group 

(1.1.12). The whole process is also known as C–H functionalization.  
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Figure 1.1.4 C–H activation versus C–H functionalization 
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2. Grand Challenge of C–H Functionalization 

 

Even though considerable progress has been achieved to transform C–H bonds to 

other useful molecular frameworks, 1-5, 7 the key challenge still exists, which is how to 

differentiate one C–H bond from the other C–H bonds with similar steric and electronic 

characteristics. For example, the following hypothetical molecule (1.2.1) has 18 different 

types of C–H bonds, including the steric specific C–H bonds (marked in green), reactivity 

specific C–H bonds (marked in red), and non-specific C–H bonds (marked in blue). From 

the standard organic chemistry point of view, it will be fundamentally challenging to 

precisely functionalize one C–H bond without modifying the rest of them (Figure 1.2.1).  

 

 

Figure 1.2.1 Grand challenges of C–H functionalization 

 

Over the years, substrate control was developed to tackle the selectivity issue, 

which is designed to selectively modify the reactivity and/or distance specific C–H 

bonds. In the early stages, the selectivity was achieved by the careful selection of 

molecules with reactivity specific C–H bonds. For example, selective functionalization of 

C–H bonds alpha to nitrogen, oxygen, or pi-bonds can be achieved because those C–H 

bonds are activated by the functional group so that they are far more reactive than other 
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non-activated C–H bonds. 15-22 Figure 1.2.2-A illustrates a powerful reaction to 

synthesize threo-Methylphenidate (1.2.4) from Boc-pyrrolidine (1.2.2) through a 

selective carbene insertion of the C–H bond alpha to nitrogen.23 The site-selectivity 

mainly relied on the reactivity preference of the target C–H bond, but the 

diastereoselectivity and enantioselectivity were caused by the synergistic effects between 

the catalyst, the carbene and the substrate. The selective C–H arylation reaction shown in 

Figure 1.2.2-B also uses the same strategy to achieve selectivity by choosing substrates 

with activated C–H bond, the allylic C–H bond (1.2.5).24 

 

 

Figure 1.2.2 Selective functionalization of reactivity specific C–H bonds 

 

Another powerful strategy to achieve selectivity at the distance specific C–H 

bonds relies on the generation of cyclic intermediate or product, which includes 

intramolecular reactions and the directing group strategies. The use of intramolecular 

reactions is a standard strategy to functionalize the distance specific C–H bond with the 

formation of five- or six-membered ring product.25-29 As shown in Figure 1.2.3-A, a 
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rhodium catalyzed intramolecular carbene insertion of alkyl 2-diazoacetate (1.2.8) with 

the formation of a β-lactone (five-membered ring) product (1.2.9) in high selectivity and 

yield is described.26 Another example shown in Figure 1.2.3-B is a rhodium-catalyzed 

intramolecular C–H amination of alkyl sulfamate (1.2.10) at the tertiary position of the 

alkyl chain to form a six membered ring intermediate (1.2.11), which can be easily 

converted N-CBz-(R)-β-isoleucine (1.2.12) in two steps.29 

 

 

Figure 1.2.3 Selective functionalization of distance specific C–H bonds through 

intramolecular reaction 

 

Functionalizing the distance specific C–H bond by formation of a metallocyclic 

intermediate followed by downstream reactions to generate the desired products is well-

known as the directing group strategy. This strategy has drawn considerable attention and 

has been developed into the major strategy to achieve selective C–H functionalization. 30-

33  In general, the directing group is pre-installed to guide the catalyst to functionalize the 

distance specific C–H bond. The early example of Pd-catalyzed ligand-directed sp2 C–H 
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bond oxygenation used PhI(OAc)2 as oxidant and Pd(OAc)2 as catalyst was reported by 

Sanford.34  They demonstrated that a variety of pyridine derivatives served as excellent 

directing groups to produce ortho-acetoxylated products in yields ranging from 54% to 

88%. The reaction shown in Figure 1.2.4-A is an interesting example with the formation 

of a bis acetoxylated product (1.2.14) in 78% yield. Inspired by this work, other nitrogen-

based directing groups were also explored, including imines, oxime ethers, azobenzene 

derivatives, and nitrogen heterocycles, and even amides with relatively basic oxygen 

atoms were shown to be good directing groups.30, 35-36 A carboxylic acid-derived N-

methoxy amide directing group was reported by Yu. 37 It also serves as an anionic ligand 

that localized the reactive PdX2 (X=ArCONOMe) species near the target C–H bond, 

avoiding interference from any nitrogen or sulfur atoms present in the heterocyclic 

substrates, which has been a major limitation of directed C–H functionalization. As 

shown in Figure 1.2.14-B, the reaction could tolerate heteroatom containing substrates 

(1.2.15) to give the desired product (1.2.16) in 82% yield. Another type of directed C–H 

functionalization reported by Hartwig showed a new direction for the development of 

directing group strategy, using dihydridosilanes to direct the site-selective C–H 

functionalization of primary C–H bonds. As shown in Figure 1.2.4-C, the (hydrido)silyl 

ether (1.2.17) was formed by dehydrogenative coupling with the alcohol or by 

hydrosilylation of the ketone, and then the Si–H unit of the silyl ether undergoes iridium 

catalyzed dehydrogenative functionalization of a primary C–H bond to form a five-

membered silyl ether product (1.2.18) in 99% yield.38 

 



10 
 

 
 

 

Figure 1.2.4 Selective functionalization of distance specific C–H bonds through directing 

group strategy 

 

Obviously, the directing group strategy is very powerful in accessing the distance 

specific C–H bonds because, in an ideal situation, one directing group will functionalize 

the distance specific C–H bond despite of the changes of substrates. As shown in Figure 

1.2.5-A, for the terminally substituted n-alkyl compounds, the functional group (FG) can 

be used to install directing groups. The directing group (DG1) can always place the 

catalyst to be close to the gamma C–H bond even though the alkyl chains are changing. 

However, it becomes challenging to achieve selectivity at the steric specific C–H bonds 

because the directing group will need to be changed according to the changes of 
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substrates. As shown in Figure 1.2.5-B, to achieve selectivity at the most accessible 

secondary position, DG1 is working for the n-butyl compounds because the gamma 

position is the most accessible secondary position. However, a series of new directing 

groups (DG2, DG3, …) will be needed to access the most accessible secondary position 

when the alkyl chains are extended. Therefore, the directing group strategy is not suitable 

to achieve selective functionalization at the steric specific C–H bonds. 

 

 

Figure 1.2.5 Advantage and disadvantage of directing group strategy 

 

A more versatile but challenging approach would be catalyst control, where the 

catalyst can distinguish one C–H bond from others by recognizing the subtle steric and 

electronic differences. 39-41 This strategy is relatively underdeveloped due to the challenge 
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of designing a series of sophisticated catalysts for each type of C–H bond, but the huge 

potential has drawn our attention and interest to develop a catalyst toolbox to control the 

selectivity.  

 

Our group is interested in chiral dirhodium tetracarboxylate [Rh2(CO2R)4] 

catalyzed donor/acceptor carbene induced C–H insertion, and our goal is to develop a 

catalyst toolbox to control the selectivity at will. Based on the analysis of the unique 

feature of target C–H bond, an appropriate catalyst will be selected/developed to control 

the reaction. As shown in Figure 1.2.6, in order to achieve selective functionalization at 

the most accessible secondary position, an appropriate chiral dirhodium tetracarboxylate 

(R=R1) catalyst is selected to decompose the donor/acceptor diazo with the formation of a 

reactive rhodium carbene species, which can undergo a C–H insertion to generate the 

final product. 

 

 

Figure 1.2.6 Catalyst toolbox for selective C–H functionalization 

 

Therefore, detailed comparison and analysis of the nature of different types of C–

H bonds are key to develop the catalyst control strategy. Although subtle, nearly every 

C–H bond is different; therefore, they can be potentially differentiated by enlarging their 
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differences in the unique environments of appropriately designed catalysts. The C–H 

functionalization proceeds through a concerted but asynchronous process, in which 

positive charge build-up at carbon occurs in the transition state.42 Therefore, from the 

electronic point of view, tertiary is the most reactive, but primary is the least (Figure 

1.2.7). However, the carbene species can be sterically demanding so from the steric point 

of view, primary C–H bond is the most accessible to be preferred for the carbene to 

approach, but tertiary is the least (Figure 1.2.7). 43  

 

 

Figure 1.2.7 Preference toward C–H functionalization 

 

Therefore, it becomes possible for us to develop a dirhodium catalyst toolbox to 

control the functionalization at the steric specific C–H bond. As shown in figure 1.2.8, 

our initial goal is to develop catalyst 1, catalyst 2, and catalyst 3 to control selective 

functionalization of the most accessible primary (marked in green), secondary (marked in 

pink), and tertiary (marked in blue) C–H bonds, respectively. 
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Figure 1.2.8 Concept of catalyst controlled C–H functionalization 
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Chapter 2 Catalyst Design and Synthesis 

 

1. Catalyst Design Philosophy 

 

The catalyst design philosophy was inspired by highly selective enzymatic 

catalysis, in which each enzyme pocket will allow only one specific substrate to fit. 

Therefore, a similar type of selective catalysis could also be viable if a series of 

sophisticated catalyst pockets can be designed to recognize the unique steric and 

electronic character of target C–H bonds. A general diagram illustrating this concept is 

shown in Figure 2.1.1. Assuming a situation in which the C–H functionalization is 

preferred at the weakest C–H bond electronically (tertiary C–H > secondary C–H > 

primary C–H), then it may be possible to control site selectivity by modifying the size of 

the catalysts. For catalyst 1 (marked in green), only primary C–H bond can fit the “small” 

pocket. For the “medium” pocket of catalyst 2 (marked in pink), tertiary C–H bond will 

be sterically blocked; and secondary C–H bond will be electronically preferred over 

primary C–H bond even though both primary and secondary C–H bond can fit. In terms 

of the “large” pocket of catalyst 3 (marked in blue), tertiary C–H bond will be 

electronically preferred although other C–H bonds can also fit. 
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Figure 2.1.1 Catalyst design philosophy 

 

This philosophy represents a simplified guide for catalyst design principles; 

however, a few critical challenges must be addressed. In terms of catalyst design, the 

pocket size concept can be used to control the site-selectivity, but the reaction will 

generate chiral center(s) which presents a further challenge to design chiral catalyst to 

control the stereoselectivity. In terms of primary and tertiary C–H bond functionalization 

(Figure 2.1.2-A), there will be a new chiral center generated. The strategy to obtain 

enantioselectivity will be relying on the chiral environment provided by catalyst 

structure. Based on the experimental data and computational study,43-45 we hypothesized 

that four ligands will synergistically form a chiral pocket centered at each rhodium atom, 

and groups on each ligand will act as blocking groups (the green bars in Figure 2.1.2-A) 

to achieve enantioselectivity. Because the substrate will be blocked from approaching the 

carbene center from other directions (the front, rear, and right sides in Figure 2.1.2-A) but 

can only approach from the desired direction (the left side in Figure 2.1.2-A). In terms of 

secondary C–H bond functionalization (Figure 2.1.2-B), there will be two chiral centers 

generated when two groups attached to the methylene carbon are different. The 
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requirement for the catalyst will further increased because not only the substrate will be 

forced to approach from one direction (the left side in Figure 2.1.2-B), but also only one 

C–H bond (marked in blue in Figure 2.1.2-B) of the diastereotopic C–H bonds (as in a 

chiral environment) at the methylene site will be allowed to approach the carbene center. 

To control the stereoselectivity, even though in some cases we can empirically predict the 

appropriate catalyst for the desired transformation, we still rely on catalyst screen 

strategy to determine and develop the optimum catalyst.44, 46 So far, neither the pocket 

size model nor the stereo control model are well understood or developed, but the catalyst 

design philosophy has guided us to develop the desired catalyst toolbox to achieve 

selective functionalization at the most accessible primary, secondary and tertiary C–H 

bonds. 

 

 

Figure 2.1.2 Proposed model for achieving stereoselective C–H functionalization 

 



18 
 

 
 

2. Catalyst Development 

 

Chiral dirhodium(II) carboxylate complexes have been proven to be the most 

effective catalysts for metal-nitrene and metal-carbene induced reactions. The commonly 

used catalysts listed in Figure 2.2.1 have shown their great utility in C–H insertions,43, 47 

Si-H insertion,48 tandem O-H insertion/[2,3] sigmatropic rearrangement,49 

cyclopropanation and cyclopropenation reactions,50-53 aziridinations 54, ylide 

transformations,55 and other transformations45, 56-57. The proline-derived catalyst, 

Rh2(DOSP)4  (2.2.1), was developped in the 1990s and is well known for its application 

in asymmertic cyclopropanation and C–H insertion reactions, and it is still an important 

catalyst for asymmetric carbene-induced transformations.23, 43, 52, 58-60 Another 

contemporary catalyst, Rh2(PTTL)4 (2.2.5), also played a key role in various types of 

metal-carbene reactions.45, 61-63 It is derived from tert-leucine and has inspired the 

development of a collection of similar catalysts, including Rh2(NTTL)4 (2.2.2), 

Rh2(PTAD)4 (2.2.6), Rh2(PTV)4 (2.2.7), Rh2(TCPTTL)4 (2.2.8), and Rh2(TCPTAD)4 

(2.2.9) which all bear a common phthalimide backbone.63-71 Recently, the 

triarylcyclopropanecarboxylate catalysts have been reported by the Davies group to show 

great improvement in controlling the selectivity.72-74 Rh2(p-BrTPCP)4 (2.2.3) and Rh2(p-

PhTPCP)4 (2.2.4) were the first catalysts reported of this class and they were shown to be 

sterically very demanding. They were capable of controlling the site- and 

enantioselectivity of activated primary C–H bond functionalization but they showed poor 

control in reactions with non-activated C–H bonds.75 Therefore, more effective catalysts 

needed to be developed. 
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Figure 2.2.1 Structures of commonly used chiral dirhodium(II) carboxylate catalysts 

 

A central focus of this thesis is the development of a variety of new 

triarylcyclopropanecarboxylate catalysts with varied steric environments. In order to 

achieve this, a new approach was developed for the synthesis of a library of catalysts.  In 

the next section the standard chiral catalyst synthesis will be described, followed by the 

new development that enabled a library of catalysts to be readily formed.  

 

The standard method for the synthesis of chiral dirhodium tetracarboxylate 

catalysts is the ligand exchange reaction in which four of the chiral carboxylate ligands 

exchange with the ligands in Rh2(OAc)4 or Na4Rh2(CO3)4.72, 76 The reactions involve 

relatively forcing conditions but have been applied for the synthesis of a variety of 

catalysts. For chiral catalysts, the chiral ligands are either derived from optically pure 
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natural products or prepared by asymmetric synthesis. This approach has been used to 

generate a lot of useful and well-known catalysts, such as those catalysts listed in Figure 

2.2.1. In general, systematic study and further catalyst structural modification are 

required to discover the optimal catalyst. However, this synthetic pathway has inherent 

limitations in structural diversification and accessibility. Figure 2.2.2 shows the standard 

procedure to synthesize the triarylcyclopropane-base catalysts and it was very effective to 

obtain Rh2(p-BrTPCP)4 and Rh2(p-PhTPCP)4.72 However, during the development of this 

catalyst family, a series of limitations were also observed, including the availability of 

desired starting materials, the variable enantioselectivity of asymmetric reactions (such as 

the cyclopropanation shown in Figure 2.2.2-A, the enantioselectivity was poor with <5% 

ee), the bulky ligand exchange issue (such as the ligand exchange reaction shown in 

Figure 2.2.2-B, the reaction was failed giving lower than 1% yield when a bulky ligand 

was used), and most importantly, the necessary of multi-step synthesis, which will not be 

ideal for effective synthesis and screening.  
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Figure 2.2.2 Standard route and inherent limitation for the synthesis of chiral dirhodium 

tetra-triarylcyclopropane carboxylate [Rh2(R-TPCP)4] catalysts 

 

Due to the challenges of extending the triarylcyclopropane carboxylate catalysts 

to really bulky ligands, a new approach was developed. Relatively uncrowded bromo-



22 
 

 
 

substituted triarylcyclopropane carboxylate complexes were prepared using the 

conventional chemistry and these were then diversified by multifold Suzuki cross 

coupling reactions.  This approach  allowed the synthesis of a library of catalysts from a 

single brominated complex and introduce severe steric crowding that would not be 

possible using a preformed sterically hindered ligand.75  

 

The synthetic strategy was first developed for the dirhodium catalyst Rh2(3,5-

diBrTPCP)4 (2.2.16). As shown in Figure 2.2.3, it was synthesized through a rhodium 

catalyzed asymmetric cyclopropanation of 2,2,2-trichloroethyl 2-diazo-2-(3,5-

dibromophenyl)acetate (2.2.10) with 1,1-diphenylethylene (2.2.11) to give the 

enantiopure triarylcyclopropane carboxylate ester (2.2.12) in 70% yield. Then 5 

equivalent of zinc dust was used to deprotect the ester and then the desired ligand 

(2.2.15) was obtained in 99% yield.75 The enantiopurity of the ligand was examined again 

before proceeding to the ligand exchange reactions. The ligand exchange reaction was 

conducted under standard conditions with dirhodium acetate in toluene under reflux, 

using a Soxhlet extractor containing potassium carbonate to remove the acetic acid and 

drive the reaction to completion. The reaction was monitored by TLC and the reaction 

was stopped when only one green spot was observed. 

 



23 
 

 
 

 

Figure 2.2.3 Synthesis of Rh2(3,5-diBrTPCP)4 

 

The cyclopropanation to form 2.2.12 is highly enantioselective when Rh2(S-

PTAD)4 is used as catalyst. When the reaction is carried out at -78 °C, only a single 

enantiomer of the cyclopropane (2.2.12) is observed by chiral HPLC.  However, the 

reaction is capricious because at lower temperature, the catalyst has limited solubility, the 

system can easily condense moisture and the reaction can be slow and side reactions tend 

to compete with the cyclopropanation. Therefore, it is more practical to carry out the 

reaction at room temperature and under these conditions (2.2.12) is still formed in 99% ee 

but a tiny peak of the minor enantiomer is observed by HPLC. Further optimization 
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studies revealed that that the crude material from the cyclopropanation reaction can be 

directly used in the deprotection reaction, and after the non-organic materials were 

removed by a silica plug, the crude material could be recrystallized to obtain enantiopure 

ligand (2.2.15) for the ligand exchange reaction. The reaction can be conducted using 50 

mmol of diazo (2.2.10), and the overall yield to give the ligand (2.2.15) was 63% (Figure 

2.2.4). 

 

 

Figure 2.2.4 Synthesis of enantiopure ligand 2.2.15 

 

The catalyst, Rh2[tris(p-Br)TPCP]4 (2.2.20), was also synthesized through the 

same procedure (Figure 2.2.5). The cyclopropanation was conducted in pentane at 0 °C 

and the cyclopropane was deprotected to give the ligand (2.2.19) with  >99% ee in 81% 

overall yield for the two steps. The ligand exchange reaction to form the catalyst (2.2.20) 

tends to be more difficult than that of Rh2(3,5-diBrTPCP)4 (2.2.16) because the ligand 

exchange does not go to completion. Therefore, careful column chromatography was 

needed to separate the desired product from the byproducts in 55% yield. 
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Figure 2.2.5 Synthesis of Rh2[tris(p-Br)TPCP]4 

 

After the bromo-containing catalysts were obtained, palladium-catalyzed Suzuki 

coupling reaction was conducted directly on the dirhodium catalysts to see if it is a viable 

way to generate the catalyst library. The initial exploration was conducted in the 

synthesis of Rh2(p-PhTPCP)4 (2.2.4) from Rh2(p-BrTPCP)4 (2.2.3) with the classic 

condition of Pd(dppf)Cl2 and potassium phosphate in THF/water solvent mixture (Figure 

2.2.6).  
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Figure 2.2.6 Initial exploration of palladium-catalyzed Suzuki coupling reaction on 

dirhodium catalyst 

 

The reaction was monitored by TLC, and only one green spot was observed after 

12 h. However, the starting material and the desired product were known to be similar in 

terms of Rf value, and the compounds can also coordinate to other molecules which can 

change its Rf value. Therefore, the reaction solution was concentrated and passed through 

a silica plug with ethyl acetate to afford green solution, which was then concentrated and 

submitted for HRMS analysis. As shown in Figure 2.2.7, the peak correlated to the 

starting material (2.2.3, exact mass: 1769.9445) was not observed indicating that it was 

fully consumed; peaks correlating to the desired product (2.2.4, exact mass: 1762.4271) 

were observed in addition to a fragment with loss of one ligand (exact mass: 1373.2735) 

from it were observed. 
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Figure 2.2.7 HRMS data of the crude material from the Suzuki coupling reaction 

 

Since the first condition we tried was effective, we didn’t explore other reaction 

conditions; instead, we quickly used the condition to explore the boronic acid scope in 

those three catalyst families, including Rh2(p-ArTPCP)4, Rh2(3,5-diArTPCP)4, and 

Rh2[tris(p-Ar)TPCP]4 catalysts (Figure 2.2.8). For the reaction with Rh2(p-ArTPCP)4, it 

involves four-fold cross coupling reaction, various aryl boronic acids were working 

effectively to give products in 44-96% yield (2.2.14, 2.2.21-2.2.26). In the case of 

Rh2(3,5-diArTPCP)4, the cross coupling becomes more complicated because it requires 

eight-fold cross coupling reactions to occur, but the reactions still gave 60-96% yield 

(2.2.27-2.2.33). Even for the reaction with Rh2[tris(p-Ar)TPCP]4 which involves twelve-

fold cross coupling reactions, the reaction can still provide synthetically useful yields 

ranging from 47 to 70% (2.2.34-2.2.37). So far, three catalyst libraries have been 

effectively established from three corresponding preformed bromo-containing dirhodium 

catalyst through a four-, eight- or twelve-fold palladium-catalyzed Suzuki coupling 
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reaction.75 Confirmation that the Suzuki coupling had gone fully to completion was 

obtained from the HRMS data of the catalysts.  

 

 

Figure 2.2.8 Library synthesis of three catalyst families 
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The HRMS data of all the catalysts has been included in the supporting 

information. The HRMS data for the key catalysts, Rh2[R-3,5-di(p-tBu)C6H4TPCP]4 

(2.2.32) and Rh2[R-tris(p-tBuC6H4)TPCP]4 (2.2.34), will be discussed in this thesis are 

shown in Figure 2.2.9 and 2.2.10. The results clearly demonstrate that the eight-fold and 

twelve-fold crossing coupling reactions went to completion and generated the desired 

products. 
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Figure 2.2.9 HRMS data for Rh2[R-3,5-di(p-tBu)C6H4TPCP]4 (2.2.32) 
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High resolution on 3040 
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High resolution on 1520 (doubly charged) 
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Figure 2.2.10 HRMS data for Rh2[R-tris(p-tBuC6H4)TPCP]4 (2.2.34) 
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Chapter 3 Alkane Reactions 

 

1. Introduction 

 

Alkanes contain only C–H and C–C single bonds. In organic chemistry, alkanes 

are the simplest molecules and used as the basis for naming most organic compounds. 

However, from the standard organic chemistry point of view, alkane C–H and C–C bonds 

are too strong to be cleaved and too similar to be differentiated. Therefore, current major 

use of alkanes is in combustion as a source of energy, large scale petroleum cracking, 

conversion to olefins through energy intensive processes, or free radical halogenation.  
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1.1. C–H Borylation 

 

Even though C–H borylation of alkanes is very difficult, some notable progress 

has been made. Several important stoichiometric C−H activation reactions were reported 

in the 1980s demonstrating oxidative addition, typically favored kinetically and 

thermodynamically, plays a key role in alkane activation with transition metal 

complexes.77-79 Thereafter, a series of catalytic reactions have also been established to 

show the possibility to tackle the challenge of selective alkane functionalization.43, 60, 80-85 

 

One milestone study was the C–H bond borylation of alkanes at the terminal 

position, pioneered by Hartwig and co-workers. They found that rhodium boryl 

complexes generated in situ from Cp*Rh catalyst and pinacolborane (HBpin) (3.1.2) or 

bispinacol diborane (B2pin2) can perform regiospecific C–H borylation of n-octane 

(Figure 3.1.1). The selectivity was obtained because the system had a strong preference 

for the primary C–H bond over secondary and tertiary C–H bond. As shown by Bergman 

and Jones, oxidative addition of the terminal (primary, in this case) C–H bond is favored 

thermodynamically, and the formation of primary C–B bond is favored kinetically 

demonstrated by their computational and experimental studies. 77, 86-89 

 

 

Figure 3.1.1 Rhodium(I) catalyzed alkane functionalization 
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This pioneering work has inspired a lot of scientists to further investigate alkane 

borylation reaction in various systems, but until now, the substrate scope, the reagent 

scope, the reaction condition, and the selectivity among different primary C–H bonds is 

still under developed.88-91 Moreover, there was limited progress in achieving selective 

borylation at the secondary or tertiary C–H bonds of alkanes. 
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1.2. C–H Amination and Azidation 

 

C–H amination of alkanes is also an important topic because transforming C–H 

bonds to C–N bonds has a lot of synthetic value especially as many pharmaceutical drugs 

contain nitrogen functionality. In 2004, the Du Bois group reported their progress in C–H 

amination with trichloroethylsulfamate as nitrene precursor and Rh2(esp)4 as catalyst. On 

key example involve the functionalization of cyclooctane (3.1.4) to give the amination 

product (3.1.6) in 80% yield with trichloroethylsulfamate (3.1.5) as the nitrene precursor 

(Figure 3.1.2).92 

 

 

Figure 3.1.2 Rhodium(II) catalyzed C–H amination 

 

In 2008, Pérez and co-workers reported that the silver complex Tp*Ag 

(Tp*=hydrotrispyrazolyborate ligand) can catalyze the thermal (80 °C) nitrene insertion 

into alkane C–H bonds with PhI=NTs (3.1.7) served as nitrene source.93 The reaction 

showed similar preference as the carbene reaction but the yield and site-selectivity were 

improved slightly in the cases of 2-methylbutane (3.1.8) and 2,3-dimethylbutane (3.1.9) 

(Figure 3.1.3). In the case of n-pentane (3.1.10), the reaction gave poor site-selectivity. 
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Figure 3.1.3 Catalytic functionalization of simple alkanes with silver scorpionate catalyst 
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Other than nitrene transformation, C–H azidation is also a key strategy to 

transform C–H bond to C–N bond. In 2015, Hartwig and his coworker reported an iron-

catalyzed C–H azidation reaction with the hypervalent iodine reagent (3.1.12) as the 

azide source. The reaction showed great potential in synthesis as organic azides play 

versatile role in modern chemistry and the reaction can be conducted on complex 

molecules.94 As shown in Figure 3.1.4, reaction with cis-decalin (3.1.11) gave the 

amination product 3.1.14 in 75% yield but only 4.3:1 dr; in the case of α-dihydropinene 

(3.1.15), the reaction yield was 80% but no diastereoselectivity was observed. Overall, 

the reaction gave good selectivity and yield in functionalizing the tertiary C–H bond but 

couldn’t control the stereoselectivity, so this represented a breakthrough in transforming 

C–H bond to C–N bond, but further exploration is needed. 
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Figure 3.1.4 Iron-catalyzed azidation of tertiary C–H bonds 

 

Soon after the Hartwig paper, the Groves group developed a manganese-catalyzed 

C–H azidation to effectively convert secondary, tertiary, and benzylic C−H bonds to the 

corresponding azides.95 The reactions was conducted under air with sodium azide as the 

azide source and manganese as catalyst to study various substrates, including a series of 

alkanes. However, the reaction gave poor to moderate yield in the alkane 

functionalization (45-67%), and the site-selectivity and stereoselectivity were also very 

poor. As shown in Figure 3.1.5, the catalyst failed to differentiate the target tertiary C–H 

bond from other tertiary and secondary C–H bonds (3.1.20-3.1.24). Therefore, although 

significant progress has been achieved, the major challenge in transforming the alkane C–

H bond to C–N bond is still how to achieve high site-selectivity and stereoselectivity. 
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Figure 3.1.5 Rhodium(II) catalyzed C–H amination 
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1.3. Carbene Insertion 

 

In the case of carbene induced C–H insertion, which is an effective method to 

transform the C–H bond to C–C bond, selectivity is also a major challenge. Based on the 

electronic analysis, tertiary C–H bond is preferred over primary C–H bond because the 

mechanism is different from the borylation reaction and was believed to go through a 

concerted but asynchronous process,42-43 in which positive charge build-up at carbon 

occurs in the transition state. Therefore, sites that can better stabilize the positive charge 

will be electronically preferred in the reaction.43  

 

During the early development of metal carbene insertion reactions, acceptor-only 

rhodium carbene induced C–H insertion of 2-methylbutane and n-pentane were 

explored.96 As shown in Figure 3.1.6-A, the reaction with 2-methylbutane gave a mixture 

of all four possible products (3.1.23-3.1.26), but there was some preference for the 

methylene C–H bond and the catalyst structure did influence the product ratio. The 

reaction with n-pentane gave poor selectivity among all three regioisomers (3.1.28-

3.1.30). The methyl C–H bond was too electronically disfavored so only small amount of 

the insertion products were observed both in the 2-methylbutane and n-pentane reactions. 

However, both C2 and C3 of n-pentane are methylene positions with similar electronic 

and steric characteristics and the catalysts failed to differentiate one from the other. The 

product ratio of C2 and C3 was just a result of the statistical dominance of C2 position 

(Figure 3.1.6-B). Therefore, more selective transformations are required to be developed 

to functionalize alkanes. 
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Figure 3.1.6 Rhodium(II) catalyzed intermolecular C–H activation of 

2-methylbutane and n-pentane 

 

There was no significant improvement until 2003, when the Pérez group reported 

their progress in the alkane functionalization with the use of a novel 

perbromohomoscorpionate copper(I) catalyst, TpBr3Cu(NCMe).97 As shown in Figure 

3.1.3, reaction with cyclohexane, 2,3-dimethylbutane and 2,5-dimethylhexane gave a 

single regioisomer in high yield (1.1.9, 3.1.35 & 3.1.36). Interestingly, reaction with 2-

methylbutane and 2-methylpentane showed preference for the tertiary position (3.1.28 & 
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3.1.37) which was opposite to the reaction shown in Figure 3.1.7. However, there was no 

significant improvement of site-selectivity in the reactions with n-pentane and n-hexane 

(3.1.33 & 3.1.38). Therefore, selective carbene transformation is still underdeveloped. 

 

 

Figure 3.1.7 Functionalization of alkane C–H bond with a perbromohomoscorpionate 

copper(I) catalyst 

 

Davies has been interested in developing the chemistry of donor/acceptor rhodium 

carbenes since 1990s; and in 2000, he and his coworkers reported a breakthrough in 

asymmetric alkane C–H functionalization with donor/acceptor rhodium carbene.60 

However, controlling the selectivity and broadening the substrate scope remained 

challenging in alkane functionalization. As shown in Figure 3.1.8, the reaction gave good 

yield and enantioselectivity in the functionalization of cyclohexane reaction (3.1.39). The 

reaction also showed small preference toward tertiary over secondary C–H bonds (3.1.42 
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& 3.1.43), but strong preference over primary C–H bonds (3.1.40 & 3.1.41), but the 

reactions generally gave poor to moderate yield, site- and enantioselectivity. 

 

 

Figure 3.1.8 Catalytic asymmetric C–H activation of alkanes with Rh2(S-DOSP)4 

 

Later in the same year, Che reported a study regarding the donor/acceptor carbene 

induced primary C–H insertion with a rhodium complex, [Rh(ttppp)(Me)(MeOH)], as 

catalyst. The catalyst showed great capability to differentiate primary from secondary C–

H bonds; however, it failed to differentiate primary from tertiary C–H bond. The 

enantioselectivity of the reactions were also insufficient.98 As shown in Figure 3.1.9, the 

regioselectivity increased from 9.8:1 to 11.4:1 when the alkane chains were extended 

from hexane to decane (3.1.44-3.1.46), but the ratio decreased in the case of 2,2-

dimethylbutane (3.1.47) and the tertiary site became preferred in the case of 2,3-

dimethylbutane and adamantane (3.1.41 & 3.1.48). 
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Figure 3.1.9 Rh(I) catalyzed carbanion insertion into primary C–H bonds 

  

Recently, significant progress has been made in understanding the donor/acceptor 

rhodium carbene, and this newfound understanding has inspired the group to explore the 

selective functionalization of alkane C–H bond.72-74 One important advancement was the 

development of dirhodium tetrakis triarylcyclopropanecarboxylate catalyst because it is a 

sterically demanding catalyst which can control the functionalization to occur at the 
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activated primary C–H bond. As shown in Figure3.1.10, the reaction of 4-methyl-2-

pentene with methyl 2-(4-bromophenyl)-2-diazoacetate (3.1.49) as carbene precursor 

showed preference at C1 over the tertiary position with a ratio of 17:1 although the 

tertiary C–H bond is more reactive (3.1.50). For 4-ethyltoluene, the catalyst also 

preferred primary over secondary C–H bond with the ratio of 5:1 (3.1.51). Another 

important advancement was the development of 2,2,2-trichloroethyl 2-(4-bromophenyl)-

2-diazoacetate (2.2.17) because it can suppress intra-molecular reaction and dimerization, 

and it has also shown to improve the selectivity in the initial studies. In the reaction with 

4-ethyltoluene, the site- and enantioselectivity were significantly improved (3.1.52) when 

2,2,2-trichloroethyl 2-(4-bromophenyl)-2-diazoacetate (2.2.17) was used. Two examples 

in Figure 3.1.10 also demonstrate the effectiveness of this type of diazo because the 

reactions gave very high site-selectivity in the functionalization of the methyl ether C–H 

bond (3.1.53 & 3.1.54). 
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Figure 3.1.10 Selective functionalization of activated primary C–H bond 
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2. Initial Exploration of Pentane Functionalization 

 

To explore the catalyst controlled selective functionalization of alkane C–H bond, 

n-pentane was chosen as the model substrate. It is a simple but challenging substrate 

because there are three positions in pentane, C1, C2, and C3 with the ratio of number of 

C–H bonds is 6:4:2, that means the competition will involve primary vs secondary C–H 

bond, and secondary vs tertiary C–H bond. To better analyze the result, the methyl ester 

authentic samples (3.2.3, 3.2.6 and 3.2.9) were synthesized through SN2 reactions with 

the corresponding bromopentane compounds, the trichloroethyl ester authentic samples 

(3.2.4, 3.2.7 and 3.2.10) were synthesized by hydrolysis and then esterification of the 

methyl ester authentic samples (Figure 3.2.1). The 1H NMR spectra of these authentic 

samples were used to analyze the site- and diastereoselectivity of the n-pentane reaction 

crude. 

 

 

Figure 3.2.1 Synthesis of authentic samples 
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In the initial study, a series of rhodium catalysts and two diazo compounds (3.1.49 

& 2.2.17) were screened in pentane functionalization reaction. The result in Figure 3.2.2 

showed that in the donor/acceptor rhodium carbene system, the major product was 3.2.6 

or 3.2.7 which means the carbene has a preference to react with the most accessible 

secondary C–H bonds (C2). The combination of Rh2(S-DOSP)4 and 2,2,2-trichloroethyl 

2-(4-bromophenyl)-2-diazoacetate gave the best site-, diastereo- and enantioselectivity as 

well as yield compared to other catalysts. However, to further develop a catalytic system 

for selective C–H functionalization at the C2 position, this surprisingly good result raised 

our concerns because there were two major limitations in this result. First, the catalyst has 

very poor diversification capability which shows poor potential for result improvement. 

Another more severe limitation is the competition from the internal secondary position, 

C3; because there will be more internal positions in n-hexane, n-octane, and other more 

complex molecules.75 
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Figure 3.2.2 Initial catalyst and diazo screen for selective C–H functionalization of n-

pentane 

 

In order to determine whether the selectivity will vary by the length of the chain, 

the reactions of  n-hexane and n-octane were examined. The data shown in Figure 3.2.3 

revealed that the regioselectivity decreased when the alkane chain becomes longer 

because there are more internal secondary C–H bonds involved in the competition with 

the C–H bonds at C2 position. 
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Figure 3.2.3 Expanding the substrate scope to longer alkanes 

 

Even though the reactions with the standard catalysts gave reasonable site 

selectivity, the formation of internal C–H functionalization products will be a problem 

when extending the chemistry to more elaborate substrates  Therefore, we examined the 

use of more bulky catalysts with the aim of identifying catalysts that will result in 

selective C–H functionalization at the most accessible methylene site with no reaction at 

other internal methylene sites.  The TPCP catalysts were considered an ideal system to 

investigate because they have been reported to be sterically demanding to favor the 

activated primary C–H bond72-73 and the catalyst family can be synthesized in a high-

throughput mode (Figure3.2.4). When the para-substituted TPCP catalysts (2.2.3 and 

2.2.4) were used, the competitions were successfully switched to C1 vs C2 without any 

reaction occurring at the C3 position, and the results also showed good promise for 

achieving high diastereoselectivity and enantioselectivity. However, when the substituent 

was moved to the 3,5-position, the TPCP catalysts (2.2.16 and 2.2.27) showed significant 

improvement in terms of site-selectivity at the C2 position. In a simple comparison, 3,5-

disubstituted TPCP catalysts should be more sterically demanding than the para-
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substituted ones, and as the C1 position is more sterically accessible than the C2 position, 

one would expect these catalysts to have a greater preference for C1 functionalization. 

However, the data showed opposite result and these catalysts strongly favor C2 

functionalization, but no other internal C–H bonds were involved in the reaction. This 

intriguing result drew our attention to conduct control experiments and computational 

studies to determine the factors that control the site-selectivity. 

 

 

Figure 3.2.4 Pentane functionalization with para- and 3,5-substituted TPCP catalysts 
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3. Initial exploration of linear and branched TPCP catalysts 

 

 

A series of para-substituted TPCP catalysts were investigated in the pentane 

reaction under the same condition. When R=Ph (2.2.4), the ratio was 1:2: n.d. r.r.; when 

R=2-methylphenyl (2.2.23), the ratios was improved to 1:4: n.d. r.r.; however, when 

R=2,6-dimethylphenyl (2.2.24), the ratio was dramatically improved to 1:33: n.d. r.r. 

which is similar to the result when R= 2,4,6-trimethylphenyl (2.2.25). When R= 2,4,6-

triisopropylphenyl (2.2.26), the ratio was improved up to 1: 79: n.d. r.r. This controlling 

experiment showed that not only 3,5-disubstituted TPCP catalyst preferred C2 position, 

TPCP catalysts with branched substituent at the para-position also favored C2 position. 

However, in order to develop catalyst for selective functionalization at the primary C–H 

bond, the data showed great potential to explore TPCP catalyst with linear substituent at 

the para position (Figure3.3.1). 
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Figure 3.3.1 Controlling experiments in n-pentane functionalization  

 

The para-phenyl TPCP, Rh2(S-p-PhTPCP)4 (2.2.4), and 3,5-diphenyl-TPCP, 

Rh2(S-3,5-diPhTPCP)4 (2.2.16), catalysts were chosen to be studied with the method of 
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ONION calculation. Our collaborator, Djamaladdin G. Musaev, conducted the 

computational study and showed that Rh2(S-p-PhTPCP)4 (2.2.4) favors α, α, α, α 

orientation by 5.5 kcal/mol over α, β, α, β orientation while Rh2(S-3,5-diPhTPCP)4 

(2.2.16)prefers α, β, α, β orientation by 5.0 kcal/mol over α, α, α, α orientation. Based on 

our model for carbene induced C–H insertion, the diazo will approach from the top face 

to form rhodium carbene, so the C–H bond will be forced to approach the carbene from 

the side because the top face is blocked. In the Rh2(S-p-PhTPCP)4 (2.2.4) catalyst 

structure, the C–H bond can only approach from the narrow channels (left and right 

sides) between two biphenyls with π stacking interaction because the phenyl and ester 

group of carbene will block the other two sides, and the narrow channel will make C2 

relatively less preferred. However, in the Rh2(S-3,5-diPhTPCP)4 (2.2.16) catalysts 

structure, the channel for C–H bond to approach will be relatively larger so that it favors 

more at C2 but small enough to block C3 (Figure 3.3.2). 

  

  



62 
 

 
 

α, α, α, α form α, β, α, β form 

Figure 3.3.2 Computational study of para- and 3,5-substituted catalysts 

 

Although the hypothesis is lacking sufficient computational and experimental 

support, it helped us to design and obtain the optimum catalysts to achieve selective 

functionalization at the most accessible primary and secondary C–H bonds. 
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4. Optimum Catalyst for Selective Functionalization at the Most Accessible 

Secondary C–H Bond 

 

The previous sections have demonstrated that it will be possible to find an 

optimum catalyst to achieve selective functionalization at the most accessible secondary 

C–H bond; the studies shown in section 3 indicate that branched catalysts tend to prefer 

C2 position of pentane; and the library synthesis described in Chapter 2 strongly enables 

the ability to quickly conduct catalyst screening and optimization. 

  

As shown in Figure 3.4.1, a library of 3,5-disubstituted catalysts was built to 

enable systematic study and catalyst screening and they gave moderate to excellent result 

in terms of site-, diastereo- and enantioselectivity. For 2.2.28, the site- and 

diastereoselectivity were good but the enantioselectivity was not high enough (26:1 rr, 

26:1 dr, 92% ee); 2.2.29 gave good stereoselectivities but lower site-selectivity (16:1 rr, 

29:1 dr, 99% ee); 2.2.30 and 2.2.31 gave poor site- and stereoselectivities (5:1 rr, 16:1 dr, 

97% ee & 9:1 rr, 10:1 dr, 89% ee); for 2.3.32, the site-selectivity was superior but the 

stereoselectivities were pretty low (30:1 rr, 8:1 dr, 91% ee). Finally, Rh2[R-3,5-di(p-

tBu)C6H4TPCP]4 (2.2.33) was quickly identified to be the optimum catalyst to give 25: 1 

rr, 20: 1 dr, 99% ee and 99% yield. The designing feature includes the use of tBu group to 

provide improved steric bulkiness and enhanced catalyst solubility.  
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Figure 3.4.1 Catalyst optimization for n-pentane functionalization 

 

Followed by the catalyst optimization, three diazo compounds were also screened 

in the n-pentane functionalization with the optimum catalyst, Rh2[R-3,5-di(p-

tBu)C6H4TPCP]4 (2.2.33), and Figure 3.4.2 showed that different ester groups gave 

excellent results, but the overall best result was still generated by the trichloroethyl diazo 

compound (2.2.17). Methyl ester diazo worked well in the reaction although the 

selectivity was lower (3.2.6); trifluoroethyl ester diazo gave slightly higher site-

selectivity and equivalent enantioselectivity but the diastereoselective was lower (3.4.3); 
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the tribromoethyl ester diazo gave slightly higher diastereoselectivity but the site- and 

enantioselectivity were lower (3.4.4).  

 

 

 

Figure 3.4.2 Diazo screen for n-pentane functionalization 

 

To further develop the catalyst control strategy, 2-methylpentane was chosen as a 

new model substrate to challenge the system. It is a more challenging substrate than n-

pentane because it has five distinct positions with the ratio of number of C–H bonds 

3:2:2:1:6. In order to develop a broadly useful system, dichloromethane was used as 

solvent and only 3 equiv of substrate was used in the reaction. As shown in Figure 3.4.3, 

the reaction only occurred at three positions with formation of products 3.4.6., 3.4.7, and 

3.4.8; and the major competition was coming from tertiary C–H bond. After catalyst 

screen, Rh2[R-3,5-di(p-tBu)C6H4TPCP]4 (2.2.33) was still the best catalyst for the 

reaction giving 7:75:18 rr, 92% ee, 7:1 dr and 75% yield. 
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Figure 3.4.3 Catalyst screen for 2-methylpentane functionalization 

 

To examine the effect of the ester group, other trihaloethyl diazo compounds 

(3.1.49, 3.4.1 and 3.4.2) were also tried in the 2-methylpentane reactions. As the major 

competitor was the tertiary C–H bond, a more sterically demanding carbene would be 

helpful to block the tertiary C–H bond from the approaching the carbene center. The data 

indeed showed a strong agreement to this hypothesis (Figure 3.4.4). When methyl diazo 

(3.1.49) was used, the carbene tends to prefer dimerization causing the combined yield to 

be 23% because the C–H bond is too unreactive. When trifluoroethyl diazo (3.4.1) was 

used, the carbene is less sterically demanding than the trichloroethyl diazo (2.2.17) so 

more functionalization occurred at the tertiary position, but less reaction occurred at the 

primary position (4:71:26 rr). In the case of tribromoethyl diazo (3.4.2), the carbene was 

believed to be more sterically demanding so primary may be slightly more preferred but 

tertiary should be sufficiently blocked. Indeed, the site-selectivity was improved to 
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9:82:10 rr with slight increases at the primary position but significantly lower tertiary 

functionalization. 

 

 

Figure 3.4.4 Diazo screen for 2-methylpentane functionalization with Rh2[R-3,5-di(p-

tBu)C6H4TPCP]4 
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5. Optimum Catalyst for Selective Functionalization at the Most Accessible Primary 

C–H Bond 

 

As shown in Figure 3.3.1 and Figure 3.3.2, the potential direction to develop 

catalyst to achieve selective primary C–H bond functionalization will be exploring the 

linear type TPCP catalyst, therefore, a series of para-substituted TPCP catalysts were 

tested in the 2-methylpentane reaction. As shown in Figure 3.5.1, Rh2(R-p-BrTPCP)4 

(2.2.3) and Rh2(R-p-PhTPCP)4 (2.2.4) gave a mixture of three regioisomers with a ratio 

of 39:48:13 and 39: 45:16. These are not good results but encouraged us to further 

explore other substituents. When Rh2[R-(p-tBuC6H4)TPCP]4 was synthesized and tested 

in the 2-methylpentane reaction, a significant improvement was achieved with the 

product ratio as 71:25:4. However, when we tested Rh2[R-(p-PhC6H4)TPCP]4 and Rh2[R-

(p-tBuC6H4C6H4)TPCP]4, the ratio didn’t change (70:27:4 and 71:26:3). One notable 

feature of these results was the high asymmetric induction of these reactions, ranging 

from 96% to 98% ee. We then hypothesized the same improvement may be achieved if 

the other two phenyl rings at the 2-position of the cyclopropane ring are modified in the 

same way, so we tried Rh2[R-tris(p-Ar)TPCP]4 catalysts in the 2-methylpenatane 

reaction. When Rh2[R-tris(p-Ph)TPCP]4 was used, the reaction gave the ratio of 68:25:7, 

which was a considerable improvement compared to Rh2(R-p-PhTPCP)4 (2.2.4). In the 

case of Rh2[R-tris(p-tBuC6H4)TPCP]4, the site-selectivity was significantly improved, 

and no tertiary C–H bond functionalization product was observed in the reaction giving 

84:16:nd product ratio. However, the selectivity didn’t increase when the bigger 

substituents were used because Rh2[R-tris(p-PhC6H4)TPCP]4 and Rh2[R-tris(p-
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tBuC6H4C6H4)TPCP]4 gave lower selectivity (68:25:7 and 48:35:17). Finally, Rh2[R-

tris(p-tBuC6H4)TPCP]4 was identified as the best catalyst for selective primary C–H bond 

functionalization.  

 

 

Figure 3.5.1 Catalyst screen for 2-methylpentane functionalization 

 

Similar to the previous strategy, diazos with different ester groups were studied to 

find the optimum carbene precursor. As shown in Figure 3.5.2, tribromoethyl diazo was 

able to improve the selectivity to 87:13:nd rr, >99% ee, and 84% yield because it was 

believed to form a more sterically demanding carbene with the catalyst. Therefore, 
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Rh2[R-tris(p-tBuC6H4)TPCP]4 and tribromoethyl diazo (3.4.2) became the best 

combination for selective primary C–H bond functionalization. 

 

 

Figure 3.5.2 Diazo screen for 2-methylpentane functionalization with Rh2[R-tris(p-

tBuC6H4)TPCP]4 
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6. Optimum Catalyst for Selective Functionalization at the Most Accessible Tertiary 

C–H Bond 

 

In order to develop a complete toolbox for selective C–H functionalization, we 

tried to develop the best catalyst for selective tertiary C–H bond functionalization. An 

extensive catalyst and diazo screen was conducted, and the results were shown in Figure 

3.6.1. The classic Rh2(R-DOSP)4 showed preference at the tertiary C–H bond (nd:15:85) 

but the enantioselectivity was relatively poor (43% ee). Rh2[R-3,5-di(p-tBu)C6H4TPCP]4 

(2.2.33) was also tried but the reaction gave an even poorer product ratio (nd:35:65) and 

enantioselectivity (10% ee). Rh2(S-PTAD)4 and Rh2(S-PTAD)4 also didn’t give good 

result but their derivatives, Rh2(S-TCPTAD)4 and Rh2(S-TCPTTL)4, showed certain 

amount of improvement in the site-selectivity (nd:13:87 & nd:14:86) and 

enantioselectivity (79 & 77). Then Rh2(S-TCPTAD)4 was used to screen different diazos 

and the result suggested that the combination of Rh2(S-TCPTAD)4 and trifluoroethyl 

diazo (3.4.1) gave the best regioselectivity (nd:11:89) and yield (83%) but the 

combination of Rh2(S-TCPTAD)4 and trichloroethyl diazo (2.2.17) was shown to give 

better enantioselectivity (84%).  
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Figure 3.6.1 Catalyst and diazo screen for 2-methylpentane functionalization 

 

To improve the enantioselectivity, a temperature study was conducted with the 

combination of Rh2(S-TCPTAD)4 and trifluoroethyl diazo (3.4.1) in the 2-methylpentane 

reaction. As shown in Figure 3.6.2, temperature can significantly affect the selectivity, 

when the temperature was decreased, the site- and enantioselectivity were increased 

accordingly. However, at lower temperature, the yield was decreased presumably because 

the substrate became less reactive and side reactions, such as dimerization, tended to be 

more competitive. When the reaction was cooled down to -78 °C, both the 
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enantioselectivity and yield decreased substantially therefore -40 °C was identified as the 

optimum temperature to give overall the best site-selectivity (nd:4:96) and 

enantioselectivity (86%) with reasonable yield (77%). 

 

 

Figure 3.6.2 Temperature study of 2-methylpentane functionalization with Rh2(S-

TCPTAD)4 and trifluoroethyl diazo 
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7. Conclusion 

 

Reactions with the 2-methylpentane as the model substrate revealed that Rh2[R-

3,5-di(p-tBu)C6H4TPCP]4 has the overall best capability to balance the steric and 

electronic factors so that one of the most accessible secondary C–H bond is always 

preferred in the system; Rh2[R-tris(p-tBuC6H4)TPCP]4 behaved as the most sterically 

demanding catalyst to strongly favor the most accessible primary C–H bond with superior 

enantio-control in the reaction; Rh2(S-TCPTAD)4 represents the best catalyst to achieve 

site- and enantioselective functionalization of tertiary C–H bond. As shown in the ternary 

plot of Figure 3.2.15, three catalysts were identified as the best catalyst for selective 

functionalization at the most accessible primary, secondary and tertiary C–H bonds. 
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Figure 3.7.1 Catalyst controlled C–H functionalization of 2-methylpentane 
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Chapter 4 Selective Functionalization of the Most Accessible Secondary C–H bond 

 

1. Catalyst Structure Analysis 

 

In the alkane reactions, Rh2[R-3,5-di(p-tBu)C6H4TPCP]4 (2.2.32) was identified 

as the optimal catalyst for selective functionalization at the most accessible secondary C–

H bond. Further studies to determine the scope of potential reactions will be described in 

this chapter.  

 

The single crystal X-ray structure of Rh2[S-3,5-di(p-tBu)C6H4TPCP]4 (2.2.32) was 

obtained through slow evaporation of ethyl ether/pentane (1:100), and the analysis 

conducted by John Bacsa revealed that in the solid state, the catalyst adopts the α,β,α,β-

arrangement (Figure 4.1.1), which was consistent with the computational study (Figure 

3.3.2).  

 

 

Figure 4.1.1 Single crystal X-ray structure of Rh2[S-3,5-di(p-tBu)C6H4TPCP]4 (2.2.32) 

(axially coordinated solvent molecules have been removed) 
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The catalyst structure is close to D2 symmetric and both faces of the dirhodium 

catalysts are the same. In that case, the number of rhodium carbene arrangement will be 

limited when the carbene binds to the dirhodium core, and the aryl ring of the carbene 

was believed to π-stacking with the aryl ring of one ligand due to the chiral environment. 

It has been proposed that C–H functionalization is proceeded through a concerted but 

asynchronous mechanism where the hydrogen of the C–H bond first approaches the 

rhodium carbene site.44 Therefore, in the rhodium carbene structure, one face is blocked 

and only the opposite face is open for the C–H bond to approach so that the 

enantioselectivity of the benzylic chiral center can be achieved. The sophisticated 

rhodium carbene structure can also generate a narrow channel to block more sterically 

demanding C–H bonds (C3) from approaching the rhodium carbene center and allow the 

less sterically demanding C–H bonds at C1 and C2 positions to react with the rhodium 

carbene. As the C–H bond at the C2 position is more reactive than the C–H bond at the 

C1 position, the majority of the reaction occurred at the C2 position. Another important 

feature of this catalyst in the n-pentane reaction was the ability to control 

diastereoselectivity of the reaction by forcing only one of the methylene C–H bonds at 

the C2 position to approach the rhodium carbene center, which was a limitation of 

previously reported C–H functionalization reactions.43  
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2. Substrate Scope 

 

To further develop the catalyst system to achieve selective functionalization at the 

most accessible secondary C–H bond, the substrate scope was explored. In order to 

establish a more applicable system, 3 equiv of substrate were used, and the reactions were 

conducted in dichloromethane as solvent under reflux condition. 

 

In the initial study of the pentane reaction, 2,2,2-trichloroethyl 2-(4-

bromophenyl)-2-diazoacetate (3.1.50) was used as the model carbene precursor. The 

reaction was extended to a series of aryl-substituted carbenes, including electron 

withdrawing (CF3), electron donating (tBu), and a heterocycle (2-chloropyridine) (Figure 

4.2.1). The selectivity was somewhat diminished for the p-trifluoromethyl derivative 

(4.2.1: 15: 1 r.r., 14: 1 d.r., 97% e.e.), but the selectivity was improved for the p-tertbutyl 

derivative (4.2.2: 22: 1 r.r., 24: 1 d.r., >99% e.e.). The potential breadth of utility of the 

C–H functionalization is illustrated with a pyridine system, which is an effective 

substrate for this chemistry. Indeed, the C–H functionalization product 4.2.3 was 

produced with the highest diastereoselectivity to date (55:1 d.r.).  
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Figure 4.2.1 Evaluation of the scope of Rh2[R-3,5-di(p-tBuC6H4)TPCP]4-catalyzed C–H 

functionalization of n-pentane with different aryl diazo compounds 

 

One of the major concerns about Rh2(S-DOSP)4 catalyzed n-pentane 

functionalization mentioned in Chapter 3 was the potential decrease of selectivity when 

longer alkane or other complex molecules are used as substrates. Therefore, n-octane was 

examined in the Rh2[R-3,5-di(p-tBu)C6H4TPCP]4 (2.2.32) catalyzed reaction (4.2.4). As 

shown in Figure 4.2.2, the regioselectivity remained similar to that of n-pentane. The data 

support the hypothesis that no other internal C–H bond will be involved in the reaction 

when longer alkane substrates are used. Other than alkane, terminally substituted alkane, 

such as n-alkyl halides, silanes and esters, were also tested in the system.  

 



80 
 

 
 

 

Figure 4.2.2 Rh2[R-3,5-di(p-tBuC6H4)TPCP]4-catalyzed C–H functionalization of n-

octane 

 

n-Alkyl halides are cheap and versatile feedstock chemicals in organic chemistry, 

so the corresponding C–H functionalization will be useful because it can generate value 

added products (Figure 4.2.3). Indeed, products generated from 1-bromo-, 1-chloro- and 

1-fluorohexane (4.2.5-4.2.7) possessed high site-selectivity (18: 1 r.r.) and 

enantioselectivity (92-97% e.e.), but the diastereoselectivity was somewhat diminished 

(9: 1 d.r.). Even though 1-bromo-, 1-chloro- and 1-fluoropentane (4.2.8-10) gave high 

enantioselectivity (94-97% e.e.) and similar diastereoselectivity (9-10: 1 d.r.), the site-

selectivity (8-9: 1 r.r.) and yield (49-65%) of the reactions were lowered. In terms of 1-

bromo- and 1-chlorobutane (4.2.11 & 4.2.12), the site-selectivity (3: 1 r.r.) and yield (19-

20%) were significantly decreased, but the diastereoselectivity (7-9: 1 d.r.) and 

enantioselectivity (92-93% e.e.) remained similar to halogenated hexane and pentane. 

These results indicate that the halogens are displaying a long-range inductive effect, 

which slightly deactivates the C2 position inhibiting C–H functionalization. Such a 

characteristic could become a useful controlling element in more complex systems and 
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the corresponding pattern was studied with a quantitative model which will be discussed 

in Chapter 7. 

 

  

Figure 4.2.3 Rh2[R-3,5-di(p-tBuC6H4)TPCP]4-catalyzed C–H functionalization of n-alkyl 

halides 

 

n-Alkyl silanes are interesting substrate and have been substrates for C–H 

functionalization.99 However, the selectivity was limited to the beta C–H bonds because 

they are electronically activated by the beta silicon effect. In this system, rhodium 
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carbene generated by the catalyst is sterically demanding so we hypothesize the steric 

influence can diminish the reaction from occurring at the beta position. 

Hexyltrimethylsilane and butyltrimethylsilane gave very high selectivity at the most 

accessible secondary C–H bond although the diastereoselectivity of butyltrimethylsilane 

functionalization was decreased (4.2.14 & 4.2.15). Another functional group that is 

compatible with this chemistry is an ester as illustrated in the formation of 4.2.16 and 

4.2.17, again with strong preference for functionalization of the methylene C–H bond 

(Figure 4.2.4).  

 

 

Figure 4.2.4 Rh2[R-3,5-di(p-tBuC6H4)TPCP]4-catalyzed C–H functionalization of n-alkyl 

silanes and n-alkyl ester 

 

A major test for site-selective C–H functionalization is the determination if 

control can be achieved in elaborate substrates. Therefore, the reactions of a natural 

product, cholesteryl pelargonate, was examined (Figure 4.2.5). As the substrate is more 

valuable than simple substituted alkane, the substrate to diazo was set to be 1:1. This was 
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a great improvement because for most of the reported reactions substrate was even used 

as solvent. There are three positions were involved in the competition, including the most 

accessible primary (green), secondary (blue) and tertiary (red) C–H bond, so 

tribromoethyl derivative (3.4.2) was used in the reaction and 87% of the reaction 

occurred at the desired position with high diastereoselectivity. More impressive result 

was the effectiveness of the reaction because 68% yield was obtained even though only 1 

equivalent of substrate was used. 
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Figure 4.2.5 Rh2[R-3,5-di(p-tBuC6H4)TPCP]4-catalyzed C–H functionalization of 

Cholesteryl pelargonate 
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3. Conclusion 

 

In conclusion, these studies demonstrate that the Rh2[R-3,5-di(p-

tBuC6H4)TPCP]4-catalyzed reactions of donor/acceptor carbenes have a strong preference 

for functionalization at the most accessible secondary C–H bond. Presumably, the C–H 

functionalization at the most accessible primary C–H bond due to electronics, whereas 

the steric environment around the catalyst is sufficient to distinguish the target C–H from 

other secondary and tertiary C–H bonds.  
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Chapter 5 Selective Functionalization of the Most Accessible Primary C–H bond 

 

1. Introduction 

 

In chapter 3, a milestone study about selective borylation and carbene insertion of 

methyl C–H bond were described, however, site- and enantioselective methyl C–H bond 

functionalization was still challenging.87, 98 In this chapter, site- and enantioselective 

functionalization of the most accessible primary C–H bond will be discussed in detail.  
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2. Catalyst Structure Analysis 

 

As discussed in chapter 3, in 2-methylpentane reaction, Rh2[R-tris(p-

tBuC6H4)TPCP]4 (2.2.34) exhibited good control in selective functionalization of the 

most accessible primary C–H bond. In this chapter, structural investigations of it and 

related catalysts will be discussed. Suitable crystals of Rh2[R-tris(p-tBuC6H4)TPCP]4 

(2.2.34) could not be obtained but single crystals of two related catalysts, 2.2.4 and 2.2.20 

were obtained and the X-ray crystallographic data were analyzed by John Bacsa. As 

shown in Figure 5.2.1, catalyst 2.2.20 adopts an α, β, α, β-orientation (close to D2 

symmetric structure), whereas catalyst 2.2.4 adopts an α, α, α, α-orientation (close to C2 

symmetric structure). With two different types of structures observed in the solid state, 

we decided to investigate the Rh2[R-tris(p-tBuC6H4)TPCP]4 catalyst and rhodium carbene 

structures with computational methods so that we can understand how selectivity is 

accomplished.   

 

  

Rh2(S-p-PhTPCP)4 

2.2.4 

Rh2(S-p-PhC6H4TPCP)4 

2.2.20 
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α, α, α, α-orientation α, β, α, β-orientation 

Figure 5.2.1 Single crystal X-ray structures of Rh2(S-p-PhTPCP)4 (2.2.4) and Rh2(S-p-

PhC6H4TPCP)4 (2.2.20) 

 

To further understand the catalyst structure and reaction mechanism, collaboration 

with Ken Houk and his coworkers, Yunfang Yang, Yingzi Li, and Jacob Sanders, was 

launched. Given that the catalyst contains nearly 500 atoms, Ken Houk and his coworkers 

employed the two-layer ONIOM (B3LYP:UFF) approach to study the catalyst structure 

and C–H functionalization selectivity using the partitioning shown in Figure 5.2.2. These 

ONIOM calculations reveal that Rh2[R-tris(p-tBuC6H4)TPCP]4 (2.2.34) can adopt at least 

four orientations; however, there were only two major conformations. From the energy 

point of view, the up, side, up, side-orientation (close to C2-symmetric conformation) 

favored over the up, up, up, up-orientation (close to C4-symmetric conformation) by an 

energy difference of 10.1 kcal/mol. 
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Figure 5.2.2 Structural information about Rh2[R-tris(p-tBuC6H4)TPCP]4 (2.2.34) 

 

Based on the calculated catalyst structures, three possible rhodium carbene 

structures were obtained from the C2- and C4-symmetric catalyst structures. As shown in 

Figure 5.2.3, the energy difference between two rhodium carbenes derived from C2-

symmetric catalyst were very close to each other. Although the rhodium carbene energy 
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derived from C4-symmetric catalyst was much higher than those derived from C2-

symmetric catalyst, it was still taken into consideration when we conducted the transition 

state study. 

 

 

Figure 5.2.3 Structural information about rhodium carbene derived from Rh2[R-tris(p-

tBuC6H4)TPCP]4 (2.2.34) and 3.1.50 

 

The ONIOM transition structures of the two major catalyst structures for rhodium 

carbene (derived from 3.1.50) insertion into the primary C–H bond were calculated and 

showed in Figure 5.2.4. The substrate fits into the open pocket at the top of the rhodium 

carbene and binds to the upper rhodium atom. The bottom rhodium atom is blocked by 

two tbutylbiphenyl groups. The C–H functionalization step is a concerted but 

asynchronous carbene insertion into the C–H bond, and the transition state predominantly 

involves movement of the hydrogen in the C–H bond towards the carbene carbon. The 
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energy difference revealed that the energetically favored transition state was TS1 

generated from the C2-symmetric rhodium carbene structure.  

 

Therefore, for the C2 catalyst, the transition structure for rhodium carbene 

insertion into the primary C–H bond from the Si face of the rhodium carbene, TS1, is 

energetically favored by 3.1 kcal/mol over TS2 (primary C–H bond approached from the 

opposite face of the rhodium carbene), which is in excellent agreement with the 

experimentally observed enantioselectivity of 98% e.e. The destabilization of TS2 arises 

from the alkyl substrate repulsions with the “up” biphenyl moiety. Because there are 

significant contacts between alkyl and aryl groups, and there are likely a variety of low 

energy conformations, more extensive computations with dispersion and dynamic 

averaging are underway. 

 

 

Figure 5.2.4 Optimized transition structures for rhodium carbene insertion into the 

primary C–H bond 
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3. Substrate Scope 

 

In Chapter 3, the optimized reaction condition was obtained, therefore, a set of 

substrates were tested to further understand the primary C–H functionalization (Figure 

5.3.1). Initially several alkanes were examined to determine the influence of the steric 

environment within the substrate on site-selectivity (5.3.1-5.3.8). In contrast to 2-

methylpentane, the methylene group in 2-methylbutane is not susceptible to 

functionalization because the methylene site is sterically blocked by the adjacent 

isopropyl group. The tribromoethyl product 5.3.1 was formed with better selectivity for 

the most accessible primary C–H bond (90:10 r.r., >99% e.e.) compared to the 

trichloroethyl product 5.3.2 (89:11 r.r., 90% e.e.) but the yield was lower (5.3.1, 40%; 

5.3.2, 82%). However, in the case of 3-methylpentane the tertiary site is slightly more 

crowded than 2-methylbutane and this is enough for the reaction to proceed cleanly for 

the primary C–H insertion product 5.3.3. In contrast to another study in which only 

tertiary C–H functionalization product 5.3.3 was observed with Rh2(S-TCPTAD)4 (see 

Chapter 6), C–H functionalization occurred only at the most accessible primary C–H 

bond with Rh2[R-tris(p-tBuC6H4)TPCP]4 (2.2.34), the more crowded secondary site and 

the tertiary site were no longer functionalized. Similarly, highly selective reactions were 

observed in the formation of 5.3.4-5.3.14. The reaction with 2,2-dimethylbutane to form 

5.3.4 was notable because in the past 2,2-dimethylbutane has been extensively used as an 

“inert” solvent for donor/acceptor carbene C–H functionalization. One interesting case 

was the reaction with 3,3-dimethylpentane which gave clean formation of 5.3.5 with 

extremely high site- and enantioselectivity (>98: 2 r.r., >99% e.e.), this presented the 
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superior capability in differentiating ethyl group from methyl group. Similar type of 

steric subtleties was readily seen in the reactions to form 5.3.8 and 5.3.13, which 

demonstrated the catalyst’s ability to differentiate propyl group from ethyl group because 

reaction at the primary C–H bond on the propyl group is favored over ethyl group 

(marked in green). The formation of 5.3.7 with very high site-selectivity (>98:2 r.r.) and 

enantioselectivity (98% e.e.) shows the current system is superior to the best previously 

reported chiral catalyst, a rhodium-porphyrin catalyst, which formed 5.3.7 with relatively 

poor primary/secondary ratio (3.8:1 r.r.) and enantioselectivity (65% e.e.).98 The absolute 

configuration of 5.3.7 was confirmed by the single crystal X-Ray crystallographic data, 

and the configuration of other products were assigned by analogy. 
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Figure 5.3.1 Rh2[tris(p-tBuC6H4)TPCP]4-catalyzed C–H functionalization of alkanes 

 

In terms of the studies conducted with a series of trimethylsilyl (TMS) protected 

alcohols to form 5.3.9-5.3.13, the reactions proceeded with excellent selectivity, but the 
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yields were lower when the inductively electron-withdrawing group was too close to the 

site of C–H functionalization, as seen in the case of 5.3.9 and 5.3.10 (Figure 5.3.2). The 

reactions with TMS protected 3-ethyl-3-hexanol to form 5.3.9 is a further illustration of 

the subtle steric effects because reaction at the primary C–H bond of the propyl group is 

strongly preferred over that of the other two ethyl groups in the substrate. 1-Bromobutane 

is also a viable substrate, forming 5.3.14 with high enantioselectivity (93% e.e.) but with 

some competition from C–H functionalization as the secondary C–H bond marked in blue 

with a ratio of 84:16. As the emphasis of this study has been to determine the subtleties of 

the site-selectivity, the studies so far have concentrated on a single aryl group in the 

donor/acceptor carbene. However, the donor group can be varied, and this is illustrated in 

the reactions of 2,2-dimethylpentane to form the boronic ester and trifluoromethyl 

derivatives 5.3.15 and 5.3.16. 
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Figure 5.3.2 Evaluation of the scope of Rh2[tris(p-tBuC6H4)TPCP]4-catalyzed C–H 

functionalization 

 

As the reaction gave extremely high asymmetric induction, it was proposed to be 

an effective way to synthesize diastereo-pure compounds. In Figure 5.3.3, we have also 

examined the Rh2[tris(p-tBuC6H4)TPCP]4-catalyzed reactions with enantiomerically pure 

substrates 5.3.17-5.3.19. In these substrates, the internal methyl group is sufficient to 
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block any C–H functionalization reactions at the methylene sites, and all the substrates 

react cleanly. The reactions are under catalyst control because the reaction with Rh2[R-

tris(p-tBuC6H4)TPCP]4 (2.2.34) gives one diastereomeric series of the products 5.3.20-

5.3.22, in which the newly formed stereocenter has the S-configuration, whereas the 

reaction with Rh2[S-tris(p-tBuC6H4)TPCP]4 (2.2.34) gives the opposite diastereomeric 

series 5.3.23-5.3.25. 

 

 

Figure 5.3.3 Catalyst-controlled diastereoselective primary C–H functionalization 
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4. Conclusion 

 

The study described in this chapter demonstrates that by appropriate design of the 

catalyst, site-selective C–H functionalization at the most accessible primary C–H bond is 

also a viable process. Such selectivity is the most challenging for the donor/acceptor 

carbenes because it goes against the normal electronic preference of these intermediates. 

Considering that group transfer reactions can be conducted with a range of different types 

of metal carbenes beyond donor/acceptor carbenes as well as metal nitrene and metal oxo 

intermediates, these studies are likely to encourage further efforts in catalyst design to 

control site-selectivity. In conclusion, the discoveries of Rh2[S-tris(p-tBuC6H4)TPCP]4 

(2.2.34) and Rh2[R-3,5-di(p-tBu)C6H4TPCP]4 (2.2.32) demonstrated that it is possible to 

obtain catalysts to achieve high site-selectivity at either primary or secondary C–H bonds 

without resorting to the use of directing groups within the substrate. 
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Chapter 6 Selective Functionalization of the Most Accessible Tertiary C–H bond 

 

1. Introduction 

 

In Figure 3.1.8, a breakthrough in asymmetric alkane C–H functionalization with 

donor/acceptor rhodium carbene was discussed, several simple alkanes were reported to 

be suitable for selective C–H carbene insertion. However, the reactions were conducted 

in neat condition, at various temperature, site- and enantioselectivity were relatively low. 

Therefore, a tertiary selective catalyst, Rh2(TCPTAD)4, was developed in the 2-

methylpentane system (Figure 3.6.1 and 3.6.2). However, the substrate has only one 

tertiary C–H bond, to further understand and develop a catalyst to achieve selective 

functionalization at the most accessible tertiary C–H bond, studies in catalyst structure 

and substrate scope were conducted. 

 

In 1996, Hashimoto developed Rh2(S-PTTL)4 61, which was the parent catalyst for 

the development of Rh2(S-PTAD)471. Later in 2002, Rh2(S-TCPTTL)4 62 was also 

developed for enantioselective C–H amidation. Computational and experimental 

studies64-69 showed that the tetrachloro functionality rigidifies the structure and generates 

a chiral crown shape with all phthalimido groups on the same face of the catalyst.45 

 

Inspired by the Hashimoto’s work, the Davies group developed a similar catalyst, 

Rh2(TCPTAD)4, for enantioselective C−H aminations. However, the catalyst wasn’t 

considered as useful in carbene C–H insertion until 2015, where it was used in 
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rhodium(II)-catalyzed double C−H insertion at the C2- and C5-positions of an N-

alkylpyrrole.100 This surprise result brought our attention to further understand this type 

of catalyst. 

 

In Figure 3.6.1, a dramatic difference was seen between the adamantyl catalysts 

Rh2(S-PTAD)4 and Rh2(S-TCPTAD)4, in which the former, lacking the chlorine 

functionality, gave poor site-selectivity as well as relatively low and opposite 

enantioselectivity. 

  



101 
 

 
 

2. Catalyst Structure Analysis 

 

To understand the catalyst structure and mechanism, single crystal X-ray structure 

of Rh2(R-TCPTAD)4 was obtained through slow evaporation of acetonitrile/ether/hexane 

(1:5:10) and the data was analyzed by Thomas C. Pickel and John Bacsa. As shown in 

Figure 6.2.1, in the solid state, the catalyst adopts the α,α,α,α-arrangement with all the 

phthalimido groups on the same side but is slightly distorted from a perfect C4 symmetric 

structure (Figure 6.2.1).  

 

 

Figure 6.2.1 Single crystal X-ray structure of Rh2(R-TCPTAD)4 

 

Computational studies on Rh2(S-TCPTAD)4 conducted by Vyacheslav Boyarskikh 

and Djamaladdin G. Musaev revealed that the catalyst adopts a similar orientation to the 

X-ray structure (Figure 6.2.2). In comparison, a recent X-ray crystallographic study by 

Ghanem69 on Rh2(S-PTAD)4 concluded that the adamantyl groups are unable to fully 

block the carbene from binding to one face of the catalyst, but this argument was made 

on the basis of limited data, the observation of solvent coordination to both faces of 

Rh2(S-PTAD)4 in the crystal structure. In the case of Rh2(R-TCPTAD)4, it is clear from 
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the X-ray structure and the computational studies that the gap for the approach of the 

diazo compound to the rhodium is much wider on the face with the phthalimido groups 

compared to the face with the adamantyl groups (16.2 Å versus 7.8 Å). Therefore, we 

conclude that there is a major difference in the steric environment between the two faces 

of the catalyst with the rhodium face containing the phthalimido groups being much more 

accessible.  

 

  

Figure 6.2.2 Calculated structure of Rh2(S-TCPTAD)4 

 

The next level of analysis needs to explain how the catalyst, containing four 

blocking phthalimido groups controls the favored approach of the substrate to one face of 

the rhodium carbene, which would lead to an enantioselective reaction. Fox has 

conducted computational studies on the reactions of Rh2(S-PTTL)4-catalyzed reactions 

with α-alkyl-α-diazoesters, and suggested that depending on the size of the alkyl group it 

adopts a certain orientation within the pocket.66 Computational analysis by Vyacheslav 

Boyarskikh and Djamaladdin G. Musaev of the Rh2(S-TCPTAD)4-donor/acceptor 

carbene complex revealed that even though Rh2(S-TCPTAD)4 is quite rigid there is a 

change in the ligand orientation when the carbene is bound to the complex, in which one 

of the phthalimido group bends forward to π-stack with the aryl ring of the carbene. 
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Irrespective of where the carbene is positioned or the orientation of the ester group, the 

same face of the carbene is involved in the most favorable π-stacking interaction (by 2.1 

kcal/mol), leading to a preferred attack at the Re face of the carbene. Even through the 

carbene is accessible, the substrate will still need to enter the pocket to react with the 

carbene; this would explain why the Rh2(S-TCPTAD)4 carbene complex react selectively 

at only the most accessible tertiary C–H bond (Figure 6.2.3).  

 

 

Figure 6.2.3 Calculated carbene structure of Rh2(S-TCPTAD)4 
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3. Substrate Scope 

 

Based on the results from the 2-methylpentane reactions, we tried to explore more 

elaborated substrate to develop a selective catalyst for the most accessible tertiary C–H 

bond. With Rh2(S-TCPTAD)4 as catalyst, highly selective C–H functionalization of the 

tertiary sites could be achieved in good yields (64-93% yield) and enantioselectivity (77-

92% e.e.) with a range of alkane substrates (Figure 6.3.1, 6.3.1-6.3.7). The system is 

sensitive to the steric environment around the tertiary site because when the tertiary site 

becomes crowded another more accessible tertiary or secondary site is preferred (6.3.1-

6.3.4). For 2-methylbutane, only tertiary product (6.3.1) was observed, but for 2-

methylpentane (Figure 3.6.2) and 2-methylhexane (6.3.2), more competition was observed 

because the secondary C–H bonds become more accessible. In the case of 3-methylpentane 

(6.3.3), the secondary position is even less accessible than that in 2-methylbutane, but the 

tertiary also become less accessible than that in 2-methylbutane so certain competition 

from the secondary C–H bonds was observed. A dramatic change was observed in the case 

of 4-methylheptane (6.3.4) where the major product was formed from the functionalization 

at the most accessible secondary C–H bond because the tertiary C–H bond was sterically 

blocked. A delicate competition was conducted to challenge the catalyst in 2-methyl-3-

ethylpentane (6.3.5) because the substrate has two tertiary C–H bonds, one is adjacent to 

dimethyl group and another one is adjacent to diethyl group. Although those two tertiary 

C–H bonds are very similar to each other, only the tertiary C–H bond adjacent to dimethyl 

group was functionalized.  
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Figure 6.3.1 Rh2(S-TCPTAD)4-catalyzed C–H functionalization of alkanes 

 

As shown in Figure 6.3.2, the reaction could be conducted with substrates 

containing other functionalities such as bromo and ester functional groups (6.3.8-6.3.10). 

In Figure 3.6.2, temperature study revealed that lower temperature can significantly 

improve the selectivity so for cases with low site-selectivity, the reactions were repeated at 

-40 °C to improve the site- and enantioselectivity (6.3.2, 6.3.3, 6.3.10). The reactions have 

been primarily carried out with the p-bromophenyl derivative 3.2.1c as the carbene 

precursor, and the products would be readily diversified either by ester modification or 

metal-catalyzed cross coupling. The reaction can be extended to carbene precursors 
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containing other aryl functionalities and heterocycles (6.3.11-6.3.14). Most notable are the 

examples with the pyridyl and pyrimidyl heterocycles (6.3.11 and 6.3.12). 

 

 

Figure 6.3.2 Evaluation of the scope of Rh2(S-TCPTAD)4-catalyzed C–H 

functionalization 

 

A major test for site-selective C–H functionalization is the determination if control 

can be achieved in elaborate substrates. Therefore, the reactions of some representative 

natural products were examined. As the natural products are valuable substrates, these 



107 
 

 
 

reactions were conducted with a 1:1 ratio of the substrate to diazo (3.4.1). The C–H 

functionalization of steroids has been of great historical significance because many seminal 

studies involving radical chemistry have been reported using appropriate directing groups 

to achieve site-selectivity.101-102 Therefore, we examined the reaction with the Cholesteryl 

acetate as a substrate (Figure 6.3.3). Cholesteryl acetate (6.3.15) is a challenging substrate 

because it has forty-eight different C–H bonds including six tertiary C–H bonds (marked 

in orange and red) and four allylic C–H bonds (marked in pink). Even so, the reaction 

proceeded cleanly and gave a high yield of the C–H functionalization product 6.3.16 

derived from reaction at the most accessible tertiary C–H bond marked in red at the end of 

the steroid side chain. A particularly intriguing feature of this transformation is the total 

lack of reactivity at the steroid nucleus, especially the electronically activated allylic 

positions. The configuration of the reaction is under catalyst control as Rh2(R-TCPTAD)4 

and Rh2(S-TCPTAD)4 favored opposite diastereomers by a diastereomeric ratio (d.r.) of 

11:1, but the yield of the reaction with Rh2(R-TCPTAD)4 was higher (86% vs 78% isolated 

yield). The higher yield appears to be due to more efficient capture of the carbene by the 

substrate rather than formation of other regioisomers because no other C–H 

functionalization products were evident in the 1H NMR spectra of the crude reaction 

mixtures. When the reaction was conducted at lower temperatures, the diastereoselectivity 

could be improved (16:1 d.r.), but the yield was lower (60 %). The absolute configuration 

of 6.3.16 generated by Rh2(S-TCPTAD)4 was confirmed by single crystal X-Ray 

crystallographic data, the absolute configuration of other tertiary C–H insertion products 

were assigned by analogy. 
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Figure 6.3.3 Evaluation of the scope of Rh2(S-TCPTAD)4-catalyzed C–H 

functionalization of Cholesteryl acetate 

 

The site-selectivity was also examined in the case of vitamin E acetate (6.3.17) 

(Figure 6.3.4). This is also a challenging substrate for C–H functionalization because it 

contains fifty-two C–H bonds, eleven benzylic C–H bonds (marked in pink) and three 

tertiary C–H bonds (marked in orange and red). Once again, the reaction was selective for 

the most accessible tertiary C–H bond (marked in red). Rh2(R-TCPTAD)4 generated the 

product 6.3.18 in 84% yield, whereas Rh2(S-TCPTAD)4 generated the opposite 

diastereomer in 64% yield. Both reaction produced the same d.r. as 11:1, indicating that 

the formation of the new stereogenic center during the reaction is under catalyst control. 

When the reaction was conducted at room temperature (24 °C), the diastereoselectivity was 

improved to >20:1 d.r.  
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Figure 6.3.4 Evaluation of the scope of Rh2(S-TCPTAD)4-catalyzed C–H 

functionalization of vitamin E acetate 

 

Phytyl pivalate (6.3.19) is also a challenging substrate because the allylic C–H 

bonds would be expected to be electronically activated and in this case, are not sterically 

constrained within a ring system. Even so, the reaction was still selective for the most 

accessible tertiary C–H bond to form 6.3.20 over the allylic position to form 6.3.21. Under 

refluxing conditions, the ratio of the products was about 3:1 but when the reaction was 

conducted at room temperature it improved to 89:11, albeit with somewhat decreased yield 

(Figure 6.3.5). 
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Figure 6.3.5 Evaluation of the scope of Rh2(S-TCPTAD)4-catalyzed C–H 

functionalization of Phytyl pivalate 

 

The ultimate goal of this program would be to have a collection of catalysts to 

control site-selectivity at will. In order to demonstrate this concept, the influence of Rh2(R-

TCPTAD)4 and Rh2[R-3,5-di(p-tBuC6H4)TPCP]4, on the functionalization of cholesteryl 

pelargonate (6.3.22) was examined. In the Rh2[R-3,5-di(p-tBuC6H4)TPCP]4-catalyzed 

reaction of 3.4.2, the methylene C–H functionalization product 6.3.23 became the 

dominant product by a ratio of 87:10:3. In contrast, the Rh2(R-TCPTAD)4-catalyzed 

reaction of 3.4.1 gave an 87:13 ratio favoring the tertiary C–H functionalization product 

6.3.24 over the methylene position at the terminal side of the n-alkyl chain (marked in 

blue). The regioisomers were readily separated and 6.3.23 was isolated in 68% yield from 

the Rh2[R-3,5-di(p-tBuC6H4)TPCP]4-catalyzed reaction and 6.3.24 was isolated in 74% 

yield from the Rh2(R-TCPTAD)4-catalyzed reaction. When the Rh2(R-TCPTAD)4-
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catalyzed reaction was conducted at 0 °C, the selectivity was improved to 92:8 r.r. and 

>20:1 dr (Figure 6.3.6). 

 

 

Figure 6.3.6 Catalyst controlled C–H functionalization of cholesteryl pelargonate 
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4. Conclusion 

 

These studies demonstrate that highly site-selective catalyst-controlled C–H 

functionalization of non-activated tertiary C–H bonds is a viable process. The dirhodium 

catalyst Rh2(S-TCPTAD)4 adopts a structure close to a C4 symmetric shape with a 

relatively shallow pocket, enabling the most accessible tertiary C–H bonds to approach the 

rhodium-bound carbene on the phthalimido face of the dirhodium complex.  

 

So far, we have been able to build a toolbox with three unique catalysts to control 

the selective functionalization at the most accessible primary, secondary and tertiary C–H 

bonds (Figure 6.3.7). 
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Figure 6.4.1 Catalyst toolbox for selective C–H functionalization 
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Chapter 7 Catalyst Symmetry & Quantitative Model 

 

1. Introduction 

 

Dirhodium tetracarboxylate catalysts are the key to the success of selective C–H 

functionalization by means of donor/acceptor rhodium carbenes induced C–H insertion. 

The catalyst family have attracted more attention in the last two decades because they are 

capable of controlling a wide variety of selective carbene reactions including 

intermolecular C–H functionalization of a range of substrates with high levels of site 

selectivity, diastereoselectivity, and enantioselectivity.  

 

The initial exploration of such reactivity was mainly focusing on the use of as the 

chiral catalyst, Rh2(DOSP)4 103, which demonstrated unique property and broad utility. 

However, the catalyst has poor diversification capability, so if a particular substrate gave a 

mixture of products, little could be done to improve the reaction outcome. Recently, a new 

class of bulky and modular chiral catalyst, dirhodium tetrakis-

triarylcyclopropanecarboxylate [Rh2(TPCP)4] catalysts, were developed and showed great 

potential in controlling selective C–H functionalization (Figure 7.1.1).  
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Figure 7.1.1 Structures of dirhodium tetracarboxylate catalysts 

 

Initial exploration of the Rh2(TPCP)4 catalyst was the development of Rh2(p-

PhTPCP)4, which was capable of site selective reactions at activated primary C–H bonds 

73-74, such as benzylic, allylic and sites alpha to oxygen, with a very different reactivity 

profile to that of Rh2(DOSP)4. Further refinement of these catalyst structures led to the 

development of the D2-symmetric catalyst, Rh2[3,5-di(p-tBuC6H4)TPCP]4 (2.2.32),75 

capable of selective functionalization at the C2 position of n-alkanes or terminally-

substituted n-alkanes (Figure 7.1.2).  

 

 

Figure 7.1.2 Site- and stereoselective functionalization of alkanes and alkyl compounds 
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In this chapter, we will also disclose the structural element of another member of 

the TPCP dirhodium family, Rh2(p-PhTPCP)4 (2.2.4). In addition, we compare the C–H 

functionalization site selectivity of the two types of catalysts and develop a quantitative 

model of the electronic effects of substrates for site-selectivity with the different catalysts. 

These studies identified two distinctive classes of TPCP catalysts that adopt very different 

shapes, and demonstrate the utility of the quantitative model for the rapid assessment of 

new dirhodium catalysts. 
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2. Catalyst Symmetry 

 

A critical component of our design of chiral dirhodium-catalysts is the use of four 

identical carboxylate ligands, containing a structural feature within the ligand that is too 

sterically demanding to align in the periphery of the catalyst.45, 52, 75 Thus, the large 

component must align on the α face or the β face of the catalyst, leading to four possible 

structural permutations, α,β,α,β (D2 symmetric), α,α,α,α (C4 symmetric), α,α,β,β (C2 

symmetric), and α,α,α,β (C1 symmetric), each having a different symmetry. Further studies 

by Fox and Charette have shown that certain dirhodium catalysts adopting an orientation 

may not be perfectly aligned and thus behave as if they are pseudo C2 symmetric rather 

than C4 symmetric.64, 66 

 

The Rh2(TPCP)4 catalysts have a more sophisticated design element because they 

share a characteristic structural feature of four identical chiral ligands with cyclopropane 

backbone. As the ligands are sterically demanding so both the C1 aryl and the cis-C2 (cis 

to carboxylate group) aryl groups are forced to align away from the periphery of the 

complex. The ligands will adopt certain orientation to minimize the steric interaction and 

the substituents on the cyclopropane ring will act as blocking group to form unique chiral 

pocket for C–H bond recognition.  

 

In the case of Rh2[S-3,5-di(p-tBuC6H4)TPCP]4 (2.2.32), the C1 aryl group is so 

sterically demanding that if the C1 aryl of the first ligand is on the α face, then the C1 aryl 

ring of the adjacent ligand must be on the β face (Figure 7.2.1, A). The catalyst adopts an 
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orientation in the crystalline form, generating a structure that is D2 symmetric. 

Corroboration that this is the preferred conformation was obtained through ONION 

calculation of the slightly simpler derivative, Rh2(S-3,5-diPhTPCP)4 (2.2.26), which 

revealed that the α,β,α,β form is 5.0 kcal/mol more stable than the α,α,α,α form (Figure 

3.3.2). 

 

   

side view top view bottom view 

Figure 7.2.1 X-Ray structures of Rh2[S-3,5-di(p-tBu)C6H4]TPCP]4 (2.2.32) (lacking 

axially coordinated solvent molecules) 

 

Encouraged by the remarkable site selectivity exhibited by Rh2[S-3,5-di(p-

tBuC6H4)TPCP]4 (2.2.32), we continued to explore other members of the TPCP family of 

catalysts. Surprisingly, we found that depending on the aryl substitution, the complexes 

adopt different orientations. During the previous catalyst optimization studies on pentane 

that lead to the discovery of Rh2[S-3,5-di(p-tBuC6H4)TPCP]4 (2.2.32), the biphenyl catalyst 

Rh2(S-p-PhTPCP)4 (2.2.4) was also evaluated (Figure 3.2.3). Rh2(S-p-PhTPCP)4 (2.2.4) 

was expected to be less crowded compared to Rh2[S-3,5-di(p-tBuC6H4)TPCP]4 (2.2.32) and 

was expected to favor C2 functionalization over C1 functionalization of n-alkanes. 

However, the opposite trend was observed, suggesting that Rh2(S-p-PhTPCP)4 (2.2.4)was 
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more sterically demanding. The X-ray structure of this catalyst revealed that all of the 

biphenyl groups occupy the same face. The biaryl rings are involved in π-stacking and this 

disrupts the C4 symmetry of a regular α,α,α,α orientation and instead the complex is pseudo 

C2 symmetric (Figure 7.2.2).  

 

   

side view top view bottom view 

Figure 7.2.2 X-Ray structures of Rh2(S-p-PhTPCP)4 (2.2.4)  (lacking axially coordinated 

solvent molecules) 

 

The profound effect of two meta substituents on the C1 aryl group led us to also 

explore the behavior of ligands containing groups close to the cyclopropane, such as an o-

chloro substituent [Rh2(S-o-ClTPCP)4] and the study of this type of catalysts are currently 

being investigated by Wenbin Liu. 
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3. Quantitative Model 

 

Having discovered that the Rh2(TPCP)4 catalysts can adopt three distinct 

orientations we became interested in determining what would be the influence of the 

substrate structural changes on the site selectivity of C–H functionalization. C–H 

functionalization preferentially occurs at electron rich C–H bonds as the C–H insertion is 

a concerted asynchronous process with build-up of positive charge at carbon. We 

conducted a study on a range of substrates, with relatively similar steric considerations so 

that the influence of electronic effects within the substrate on the site-selectivity could be 

explored. Therefore, a range of terminally-substituted n-alkanes were used as substrates 

and the site-selectivity between C2 and C1 functionalization (and diastereoselectivity) for 

the three catalysts were determined (Figure 7.3.1). The selectivity of the Rh2[R-3,5-di(p-

tBuC6H4)TPCP]4-catalyzed reactions has been described previously (Chapter 4), but a 

wider range of substrates are reported here. The site selectivity favors C2, but the 

selectivity decreases progressively from the 1-halohexanes to 1-halobutanes. The C2/C1 

site selectivity is 18:1 for 1-bromohexane but is only 3:1 for 1-bromobutane. Similar trends 

were observed with the chloro and fluoro derivatives, indicating that the inductive effect 

of the halogen is significant even when the site for C–H functionalization is 3-4 atoms 

away.  

 

Previously, it was reported that the reaction of pentane with Rh2(R-p-PhTPCP)4 

(2.2.4) has a greater preference for primary C–H functionalization compared to Rh2[R-3,5-

di(p-tBuC6H4)TPCP]4 (2.2.32) (Chapter 3). This behavior was observed across the entire 
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substrate series. The highest C2/C1 site selectivity with Rh2(R-p-PhTPCP)4 (2.2.4)was 

~4:1, whereas Rh2[R-3,5-di(p-tBuC6H4)TPCP]4 (2.2.32) yielded up to 34:1 site selectivity 

with electron rich substrates. In the case of the silyl-substituted substrates, some C–H 

functionalization at other internal methylene sites was also observed. 

 

Even though this study is emphasizing the influence of the catalysts structure on 

site selectivity, these chiral catalysts also alter the diastereoselectivity and 

enantioselectivity of the reactions. The reactions with two catalysts are moderately 

diastereoselective, and as previously reported, the reactions catalyzed by Rh2[R-3,5-di(p-

tBuC6H4)TPCP]4 (2.2.32) are highly enantioselective (90->99% ee). Overall, the Rh2(R-p-

PhTPCP)4- catalyzed reactions were the least regio- and diastereoselective. Most of the 

enantioselectivity of the Rh2(R-p-PhTPCP)4-catalyzed reactions were not determined 

because of poor HPLC resolution caused by the presence of significant amounts of the 

second regioisomer.  

 



122 
 

 
 

 

Figure 7.3.1 Selective C–H functionalization of terminally-substituted n-alkanes 

 

To further investigate the observed site selectivity trends as a function of substrate, 

we collaborated with Zachary L. Niemeyer and Mathew S. Sigman to examine the ability 

to correlate the outcomes to various physical organic parameters.104 Inspired by Hammett 

σ-values, para-substituted benzoic acids were used as a starting point and calculated as 

simulated substrates since the evaluated substrates were intended to only probe electronic 

variation. Based on the study conducted by Zachary L. Niemeyer and Mathew S. Sigman, 
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the resultant descriptors were assessed in correlations to the regioisomeric ratio energy 

preferences (reported as a ΔΔG‡) using various goodness of fit criteria (Figure 7.3.2).  

 

 

Figure 7.3.2 Substrate surrogate for NBO charge calculation 

 

Of these, the NBO charge of C4 demonstrated a strong correlation to the observed 

energy differences for Rh2[R-3,5-di(p-tBuC6H4)TPCP]4 (catalyst 1) and Rh2(R-p-

PhTPCP)4 (catalyst 2). NBO charges of carbonyls next to benzene rings have been 

correlated to Hammett σ-values previously so this outcome is consistent with the NBO 

charge reading out105-107 the relative electronic perturbations of the substrates. While this 

is somewhat intuitive, the sensitivity of the NBO calculation provides a platform for the 

rapid assessment of electronics and prediction of similar simple substrates (Figure 7.3.3).  
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Figure 7.3.3 Simulated charges adequately described the regioisomer outcomes from 

catalyst 1 & 2 

 

Additionally, as the same parameter is able to describe two catalysts, it was 

hypothesized that this charge would also correlate to the outcomes from other catalyst in 

this family and we anticipated that the relative slope of only a few substrates could be used 

to predict all other substrates relatively well. Therefore, the empirical results using 1-
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bromohexane and 1-chloropentane as substrates with Rh2(S-o-ClTPCP)4 obtained by 

Wenbin Liu were applied to define the slope and intercept of a prediction equation. 

Examining the other data points provided by Wenbin Liu, an excellent agreement is 

observed between measured and predicted regioisomeric ratio. This provides confidence 

when new catalysts are evaluated that only a few data points should be required to predict 

the outcomes of a wide range of functionalized n-alkanes. Additionally, the results suggest 

that this catalyst class functions in a similar manner across different symmetry orientations 

providing the foundation for future mechanistic interrogation.  
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4. Conclusion 

 

In conclusion, these studies reveal that the Rh2(TPCP)4 catalysts can adopt at least 

three high symmetry orientations, which is dependent on the frame work of the 

cyclopropane. Rh2[S-3,5-di(p-tBuC6H4)TPCP]4 (2.2.32) preferentially adopt a D2 

symmetric arrangement, whereas the Rh2(S-p-PhTPCP)4 (2.2.4) adopts a C4 symmetric 

structure and the X-ray structure of Rh2(S-p-PhTPCP)4 (2.2.4) is pseudo C2 symmetric. 

Rh2[S-3,5-di(p-tBuC6H4)TPCP]4 (2.2.32) is selective for C–H functionalization at the most 

accessible secondary site. Rh2(S-p-PhTPCP)4 (2.2.4) is not particularly selective but it does 

represent the catalyst that gives the most preference towards the primary C–H bond before 

the development of Rh2[R-tris(p-tBuC6H4)TPCP]4 (2.2.34). Even though the catalysts have 

different ligand arrangements and selectivity profiles, it is still possible to develop a 

quantitative model for these catalysts that allows a useful correlation for their behavior 

without need to evaluate a significant number of substrates. Future work will integrate the 

information gained in this study to the design of even more site-selective catalysts. 
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Elemental composition search on mass 2083.58270

m/z= 2078.58270-2088.58270
m/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Compositionm/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Composition

 2083.58270  2083.58393    -1.23    57.0 C88 H 60 O8 Br7 81Br Rh2

 2083.57269    10.01    62.5 C88 H54 O4 N5 Br7 81Br
Rh2

 2083.59650   -13.80    62.0 C88 H56 O3 N6 Br7 81Br
Rh2

Elemental composition search on mass 2083.58270

m/z= 2078.58270-2088.58270
m/z Theo. Mass Delta 

(ppm)
RDB 

equiv.
Compositionm/z Theo. Mass Delta 

(ppm)
RDB 

equiv.
Composition

 2083.58270  2083.58393    -0.59    57.0 C88 H 60 O8 Br7 81Br Rh2

 2083.57269     4.80    62.5 C88 H54 O4 N5 Br7 81Br
Rh2

 2083.59650    -6.62    62.0 C88 H56 O3 N6 Br7 81Br
Rh2



Elemental composition search on mass 2124.61169

m/z= 2119.61169-2129.61169
m/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Compositionm/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Composition

 2124.61169  2124.61048     1.21    58.0 C90 H 63 O 8 N Br7 81Br
Rh2

 2124.61048     1.21    63.5 C89 H57 O3 N8 Br7 81Br
Rh2

 2124.60914     2.55    58.5 C88 H61 O7 N4 Br7 81Br
Rh2

 2124.62171   -10.02    63.5 C88 H57 O2 N10 Br7 81Br
Rh2

 2124.62171   -10.02    58.0 C89 H63 O7 N3 Br7 81Br
Rh2

 2124.62305   -11.36    63.0 C90 H59 O3 N7 Br7 81Br
Rh2

 2124.59924    12.45    63.5 C90 H57 O4 N6 Br7 81Br
Rh2

 2124.59791    13.78    58.5 C89 H61 O8 N2 Br7 81Br
Rh2

 2124.59790    13.79    64.0 C88 H55 O3 N9 Br7 81Br
Rh2

Elemental composition search on mass 2124.61169

m/z= 2119.61169-2129.61169
m/z Theo. Mass Delta

(ppm)
RDB

equiv.
Compositionm/z Theo. Mass Delta

(ppm)
RDB

equiv.
Composition

 2124.61169  2124.61048     0.57    58.0 C90 H 63 O 8 N Br7 81Br
Rh2

 2124.61048     0.57    63.5 C89 H57 O3 N8 Br7 81Br
Rh2

 2124.60914     1.20    58.5 C88 H61 O7 N4 Br7 81Br
Rh2

 2124.62171    -4.72    63.5 C88 H57 O2 N10 Br7 81Br
Rh2

 2124.62171    -4.72    58.0 C89 H63 O7 N3 Br7 81Br
Rh2

 2124.62305    -5.35    63.0 C90 H59 O3 N7 Br7 81Br
Rh2

 2124.59924     5.86    63.5 C90 H57 O4 N6 Br7 81Br
Rh2

 2124.59791     6.49    58.5 C89 H61 O8 N2 Br7 81Br
Rh2

 2124.59790     6.49    64.0 C88 H55 O3 N9 Br7 81Br
Rh2









Elemental composition search on mass 2066.55229

m/z= 2061.55229-2071.55229
m/z Theo. Mass Delta 

(mmu)
RDB

equiv.
Compositionm/z Theo. Mass Delta 

(mmu)
RDB

equiv.
Composition

 2066.55229  2066.55228     0.01    89.0 C136 H100 O8 Rh2

 2066.45838    93.91    96.0 C137 H88 O8 Rh2

 2066.44580   106.49    96.5 C136 H86 O8 N Rh2

 2066.42199   130.30    97.0 C136 H84 O9 Rh2

Elemental composition search on mass 2066.55229

m/z= 2061.55229-2071.55229
m/z Theo. Mass Delta 

(ppm)
RDB

equiv.
Compositionm/z Theo. Mass Delta 

(ppm)
RDB

equiv.
Composition

 2066.55229  2066.55228     0.01    89.0 C136 H100 O8 Rh2

 2066.45838    45.44    96.0 C137 H88 O8 Rh2

 2066.44580    51.53    96.5 C136 H86 O8 N Rh2

 2066.42199    63.05    97.0 C136 H84 O9 Rh2



Elemental composition search on mass 2084.58681

m/z= 2079.58681-2089.58681
m/z Theo. Mass Delta 

(mmu)
RDB
equiv.

Compositionm/z Theo. Mass Delta 
(mmu)

RDB
equiv.

Composition

 2084.58681  2084.58665     0.16    87.5 C136 H104 O8 N Rh2
 2084.59923   -12.42    87.0 C137H106O8Rh2
 2084.56284    23.97    88.0 C136H102O9Rh2
 2084.50533    81.48    94.0 C138H94O8Rh2
 2084.49275    94.06    94.5 C137H92O8NRh2
 2084.69313  -106.32    80.0 C136H118O8Rh2
 2084.46894   117.87    95.0 C137H90O9Rh2
 2084.45637   130.44    95.5 C136H88O9NRh2
 2084.43256   154.25    96.0 C136H86O10Rh2

Elemental composition search on mass 2084.58681

m/z= 2079.58681-2089.58681
m/z Theo. Mass Delta 

(ppm)
RDB
equiv.

Compositionm/z Theo. Mass Delta 
(ppm)

RDB
equiv.

Composition

 2084.58681  2084.58665     0.08    87.5 C136 H104 O8 N Rh2
 2084.59923    -5.96    87.0 C137H106O8Rh2
 2084.56284    11.50    88.0 C136H102O9Rh2
 2084.50533    39.09    94.0 C138H94O8Rh2
 2084.49275    45.12    94.5 C137H92O8NRh2
 2084.69313   -51.00    80.0 C136H118O8Rh2
 2084.46894    56.54    95.0 C137H90O9Rh2
 2084.45637    62.57    95.5 C136H88O9NRh2
 2084.43256    74.00    96.0 C136H86O10Rh2











Elemental composition search on mass 2610.45468

m/z= 2605.45468-2615.45468
m/z Theo. Mass Delta 

(mmu)
RDB

equiv.
Compositionm/z Theo. Mass Delta 

(mmu)
RDB

equiv.
Composition

 2610.45468  2610.45136     3.32    89.0 C144 H 92 O 8 F 24 Rh2

Elemental composition search on mass 2610.45468

m/z= 2605.45468-2615.45468
m/z Theo. Mass Delta 

(ppm)
RDB

equiv.
Compositionm/z Theo. Mass Delta 

(ppm)
RDB

equiv.
Composition

 2610.45468  2610.45136     1.27    89.0 C144 H 92 O 8 F 24 Rh2











Elemental composition search on mass 2674.79651

m/z= 2669.79651-2679.79651
m/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Compositionm/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Composition

 2674.79651  2674.80268    -6.17   121.0 C184 H 132 O 8 Rh2



Elemental composition search on mass 2674.79651

m/z= 2669.79651-2679.79651
m/z Theo. Mass Delta 

(ppm)
RDB

equiv.
Compositionm/z Theo. Mass Delta 

(ppm)
RDB

equiv.
Composition

 2674.79651  2674.80268    -2.31   121.0 C184 H 132 O 8 Rh2





Elemental composition search on mass 2290.80189

m/z= 2285.80189-2295.80189
m/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Compositionm/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Composition

 2290.80189  2290.80268    -0.79    89.0 C152 H 132 O 8 Rh2

Elemental composition search on mass 2290.80189

m/z= 2285.80189-2295.80189
m/z Theo. Mass Delta 

(ppm)
RDB 

equiv.
Compositionm/z Theo. Mass Delta 

(ppm)
RDB 

equiv.
Composition

 2290.80189  2290.80268    -0.35    89.0 C152 H 132 O 8 Rh2







Elemental composition search on mass 3283.05980

m/z= 3278.05980-3288.05980
m/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Compositionm/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Composition

 3283.05980  3283.05308     6.72   153.0 C232 H 164 O 8 Rh 2

Elemental composition search on mass 3283.05980

m/z= 3278.05980-3288.05980
m/z Theo. Mass Delta

(ppm)
RDB

equiv.
Compositionm/z Theo. Mass Delta

(ppm)
RDB

equiv.
Composition

 3283.05980  3283.05308     2.05   153.0 C232 H 164 O 8 Rh2







Elemental composition search on mass 3154.34761

m/z= 3149.34761-3159.34761
m/z Theo. Mass Delta

(mmu)
RDB

equiv.
Compositionm/z Theo. Mass Delta

(mmu)
RDB

equiv.
Composition

 3154.34761  3154.35043    -2.82    89.0 C152 H 84 O 8 F 48 Rh2

Elemental composition search on mass 3154.34761

m/z= 3149.34761-3159.34761
m/z Theo. Mass Delta

(ppm)
RDB

equiv.
Compositionm/z Theo. Mass Delta

(ppm)
RDB

equiv.
Composition

 3154.34761  3154.35043    -0.89    89.0 C152 H 84 O 8 F 48 Rh2







Elemental composition search on mass 2515.05344

m/z= 2510.05344-2520.05344
m/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Compositionm/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Composition

 2515.05344  2515.05308     0.36    89.0 C168 H 164 O 8 Rh2

Elemental composition search on mass 2515.05344

m/z= 2510.05344-2520.05344
m/z Theo. Mass Delta 

(ppm)
RDB 

equiv.
Compositionm/z Theo. Mass Delta 

(ppm)
RDB 

equiv.
Composition

 2515.05344  2515.05308     0.14    89.0 C168 H 164 O 8 Rh 2







Elemental composition search on mass 1986.67502

m/z= 1981.67502-1991.67502
m/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Compositionm/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Composition

 1986.67502  1986.67748    -2.46    73.0 C128 H 116 O 8 Rh2

 1986.66624     8.78    78.5 C128 H110 O4 N5 Rh2

Elemental composition search on mass 1986.67502

m/z= 1981.67502-1991.67502
m/z Theo. Mass Delta 

(ppm)
RDB

equiv.
Compositionm/z Theo. Mass Delta 

(ppm)
RDB

equiv.
Composition

 1986.67502  1986.67748    -1.24    73.0 C128 H116 O 8 Rh2

 1986.66624     4.42    78.5 C128 H110 O4 N5 Rh2



Elemental composition search on mass 1854.58310

m/z= 1849.58310-1859.58310
m/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Compositionm/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Composition

 1854.58310  1854.58358    -0.48    69.0 C118 H 104 O 8 Rh2

 1854.57771     5.39    78.0 C125 H100 O3 Rh2

Elemental composition search on mass 1854.58310

m/z= 1849.58310-1859.58310
m/z Theo. Mass Delta 

(ppm)
RDB 

equiv.
Compositionm/z Theo. Mass Delta 

(ppm)
RDB 

equiv.
Composition

 1854.58310  1854.58358    -0.26    69.0 C118 H 104 O 8 Rh2

 1854.57771     2.91    78.0 C125 H100 O3 Rh2

Elemental composition search on mass 1541.45864

m/z= 1536.45864-1546.45864
m/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Compositionm/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Composition

 1541.45864  1541.46072    -2.08    55.5 C96 H 87 O 6 Rh2

 1541.45485     3.79    64.5 C103 H83 O Rh2



Elemental composition search on mass 1541.45864

m/z= 1536.45864-1546.45864
m/z Theo. Mass Delta 

(ppm)
RDB 

equiv.
Compositionm/z Theo. Mass Delta 

(ppm)
RDB 

equiv.
Composition

 1541.45864  1541.46072    -1.35    55.5 C96 H 87 O 6 Rh2

 1541.45485     2.46    64.5 C103 H83 O Rh2







Elemental composition search on mass 1818.49033

m/z= 1813.49033-1823.49033
m/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Compositionm/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Composition

 1818.49033  1818.48968     0.65    73.0 C116 H 92 O 8 Rh2

Elemental composition search on mass 1818.49033

m/z= 1813.49033-1823.49033
m/z Theo. Mass Delta

(ppm)
RDB 

equiv.
Compositionm/z Theo. Mass Delta

(ppm)
RDB 

equiv.
Composition

 1818.49033  1818.48968     0.36    73.0 C116 H 92 O 8 Rh2









Elemental composition search on mass 1930.61208

m/z= 1925.61208-1935.61208
m/z Theo. Mass Delta 

(mmu)
RDB 
equiv.

Compositionm/z Theo. Mass Delta 
(mmu)

RDB 
equiv.

Composition

 1930.61208  1930.61488    -2.80    73.0 C124 H108 O8 Rh2

Elemental composition search on mass 1930.61208

m/z= 1925.61208-1935.61208
m/z Theo. Mass Delta 

(ppm)
RDB 
equiv.

Compositionm/z Theo. Mass Delta 
(ppm)

RDB 
equiv.

Composition

 1930.61208  1930.61488    -1.45    73.0 C124 H108 O8 Rh2







Elemental composition search on mass 2066.54704

m/z= 2061.54704-2071.54704
m/z Theo. Mass Delta

(mmu)
RDB 
equiv.

Compositionm/z Theo. Mass Delta
(mmu)

RDB 
equiv.

Composition

 2066.54704  2066.55228    -5.24    89.0 C136 H100 O8 Rh2

 2066.54104     6.00    94.5 C136 H94 O4 N5 Rh2
 2066.52980    17.24   100.0 C136 H88 N10 Rh2
 2066.56485   -17.81    94.0 C136 H96 O3 N6 Rh2



Elemental composition search on mass 2066.54704

m/z= 2061.54704-2071.54704
m/z Theo. Mass Delta 

(ppm)
RDB 
equiv.

Compositionm/z Theo. Mass Delta 
(ppm)

RDB 
equiv.

Composition

 2066.54704  2066.55228    -2.54    89.0 C136 H100 O8 Rh2

 2066.54104     2.90    94.5 C136 H94 O4 N5 Rh2
 2066.52980     8.34   100.0 C136 H88 N10 Rh2
 2066.56485    -8.62    94.0 C136 H96 O3 N6 Rh2







Elemental composition search on mass 2290.80468

m/z= 2285.80468-2295.80468
m/z Theo. Mass Delta 

(mmu)
RDB 
equiv.

Compositionm/z Theo. Mass Delta 
(mmu)

RDB 
equiv.

Composition

 2290.80468  2290.80268     2.00    89.0 C152 H132 O8 Rh2

 2290.81525   -10.57    94.0 C152 H128 O3 N6 Rh2
 2290.79144    13.24    94.5 C152 H126 O4 N5 Rh2
 2290.82649   -21.81    88.5 C152 H134 O7 N Rh2



Elemental composition search on mass 2290.80468

m/z= 2285.80468-2295.80468
m/z Theo. Mass Delta 

(ppm)
RDB
equiv.

Compositionm/z Theo. Mass Delta 
(ppm)

RDB
equiv.

Composition

 2290.80468  2290.80268     0.87    89.0 C152 H132 O8 Rh2

 2290.81525    -4.61    94.0 C152 H128 O3 N6 Rh2
 2290.79144     5.78    94.5 C152 H126 O4 N5 Rh2
 2290.82649    -9.52    88.5 C152 H134 O7 N Rh2









Elemental composition search on mass 2399.22453

m/z= 2394.22453-2404.22453
m/z Theo. Mass Delta

(mmu)
RDB

equiv.
Compositionm/z Theo. Mass Delta

(mmu)
RDB

equiv.
Composition

 2399.22453  2399.22358     0.95    60.5 C90 H54 O 6 N Br11 81Br
Rh2

 2399.22677    -2.24    47.0 C80 H60 O14 Br11 81Br
Rh2

 2399.22090     3.63    56.0 C87 H56 O9 Br11 81Br
Rh2

 2399.22945    -4.92    51.5 C83 H58 O11 N Br11 81Br
Rh2

 2399.23028    -5.75    69.0 C98 H52 O Br11 81Br Rh2
 2399.21770     6.83    69.5 C97 H50 O N Br11 81Br

Rh2
 2399.21502     9.51    65.0 C94 H52 O4 Br11 81Br

Rh2
 2399.23615   -11.62    60.0 C91 H56 O6 Br11 81Br

Rh2
 2399.23883   -14.30    64.5 C94 H54 O3 N Br11 81Br

Rh2
 2399.20832    16.21    56.5 C86 H54 O9 N Br11 81Br

Rh2

Elemental composition search on mass 2399.22453

m/z= 2394.22453-2404.22453
m/z Theo. Mass Delta 

(ppm)
RDB 

equiv.
Compositionm/z Theo. Mass Delta 

(ppm)
RDB 

equiv.
Composition

 2399.22453  2399.22358     0.40    60.5 C90 H 54 O 6 N Br11 81Br
Rh2

 2399.22677    -0.93    47.0 C80 H60 O14 Br11 81Br
Rh2

 2399.22090     1.51    56.0 C87 H56 O9 Br11 81Br
Rh2

 2399.22945    -2.05    51.5 C83 H58 O11 N Br11 81Br
Rh2

 2399.23028    -2.40    69.0 C98 H52 O Br11 81Br Rh2
 2399.21770     2.84    69.5 C97 H50 O N Br11 81Br

Rh2
 2399.21502     3.96    65.0 C94 H52 O4 Br11 81Br

Rh2
 2399.23615    -4.84    60.0 C91 H56 O6 Br11 81Br

Rh2
 2399.23883    -5.96    64.5 C94 H54 O3 N Br11 81Br

Rh2
 2399.20832     6.76    56.5 C86 H54 O9 N Br11 81Br

Rh2









Elemental composition search on mass 2370.67017

m/z= 2365.67017-2375.67017
m/z Theo. Mass Delta 

(mmu)
RDB 
equiv.

Compositionm/z Theo. Mass Delta 
(mmu)

RDB 
equiv.

Composition

 2370.67017  2370.67748    -7.31   105.0 C160 H116 O8 Rh2

Elemental composition search on mass 2370.67017

m/z= 2365.67017-2375.67017
m/z Theo. Mass Delta 

(ppm)
RDB
equiv.

Compositionm/z Theo. Mass Delta 
(ppm)

RDB
equiv.

Composition

 2370.67017  2370.67748    -3.08   105.0 C160 H116 O8 Rh2









Elemental composition search on mass 3043.42029

m/z= 3038.42029-3048.42029
m/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Compositionm/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Composition

 3043.42029  3043.42868    -8.39   105.0 C208 H212 O8 Rh2

Elemental composition search on mass 3043.42029

m/z= 3038.42029-3048.42029
m/z Theo. Mass Delta

(ppm)
RDB

equiv.
Compositionm/z Theo. Mass Delta

(ppm)
RDB

equiv.
Composition

 3043.42029  3043.42868    -2.76   105.0 C208 H212 O8 Rh2









Elemental composition search on mass 1521.71407

m/z= 1516.71407-1526.71407
m/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Compositionm/z Theo. Mass Delta 

(mmu)
RDB 

equiv.
Composition

 1521.71407  1521.71407     0.00   105.0 C208 H212 O8 Rh2

Elemental composition search on mass 1521.71407

m/z= 1516.71407-1526.71407
m/z Theo. Mass Delta

(ppm)
RDB

equiv.
Compositionm/z Theo. Mass Delta

(ppm)
RDB

equiv.
Composition

 1521.71407  1521.71407     0.00   105.0 C208 H212 O8 Rh2













Elemental composition search on mass 3283.04316

m/z= 3278.04316-3288.04316
m/z Theo. Mass Delta 

(mmu)
RDB 
equiv.

Compositionm/z Theo. Mass Delta 
(mmu)

RDB 
equiv.

Composition

 3283.04316  3283.05308    -9.92   153.0 C232 H164 O8 Rh2

Elemental composition search on mass 3283.04316

m/z= 3278.04316-3288.04316
m/z Theo. Mass Delta 

(ppm)
RDB 
equiv.

Compositionm/z Theo. Mass Delta 
(ppm)

RDB 
equiv.

Composition

 3283.04316  3283.05308    -3.02   153.0 C232 H164 O8 Rh2













Elemental composition search on mass 2397.24065

m/z= 2392.24065-2402.24065
m/z Theo. Mass Delta 

(mmu)
RDB 
equiv.

Compositionm/z Theo. Mass Delta 
(mmu)

RDB 
equiv.

Composition

 2397.24065  2397.22394    16.71    57.0 C88 H56 O8 Br10 81Br2 Rh2



Elemental composition search on mass 2397.24065

m/z= 2392.24065-2402.24065
m/z Theo. Mass Delta 

(ppm)
RDB
equiv.

Compositionm/z Theo. Mass Delta 
(ppm)

RDB
equiv.

Composition

 2397.24065  2397.22394     6.97    57.0 C88 H56 O8 Br10 81Br2 Rh2
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1.5 NMR Spectra 
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4.2 NMR Spectra for Product Characterization

















































R/S-



R-3,5 p



R/S-



R-3,5 p



S-3,5 p



R-3,5 p



R/S-



R-3,5 p



R/S-



R-3,5 p



R/S-



R-3,5 p



R/S-



R-3,5 p



R/S-



R-3,5 p



R/S-



R-3,5 p



R/S-



R-3,5 p



R/S-



R-3,5 p



R/S-



R-3,5 p



J





S

S

S



equiv.

equiv.



e.e.

e.e.

equiv.

equiv.



cm cm

e.e.

e.e. e.e.

e.e.



R p t

R p t

S



equiv.

equiv. equiv.

equiv.

equiv.

equiv.

cm cm

v/v J =

J =



v/v











S

equiv.

R p t

equiv.

S

r.r.

J = J = J =

J = J = J =

J =

J =

S

e.e.



S

equiv.

R p t

equiv.

S

r.r.

S

e.e.



S

equiv.

R p t

equiv.

r.r.

J J 



e.e.

e.e.

(S)

equiv. R p t

equiv.

r.r.



e.e.

(S)

equiv. R p t

equiv.

r.r.

S

e.e.



S

equiv. R p t

equiv.

r.r.

S

e.e.



equiv. R p t

equiv.

r.r.

e.e.



equiv. R p t

equiv.

S R

r.r.

e.e.



S

e.e.

equiv.

R p t

equiv.

r.r.



e.e.

equiv.

R p t

equiv.

r.r.



e.e.

equiv.

R p t

equiv.

r.r.

e.e.



equiv.

R p t

equiv.

S R

r.r.

e.e.



equiv. R p
t

equiv.

r.r.



e.e.

equiv.

R p t

equiv.



e.e.

equiv.

R p t

equiv.



e.e.

equiv. R p t

equiv.

e.e.



equiv. S p t

equiv.

.r.



equiv. S p t

equiv.

.r.



equiv. R

p t

equiv.

.r.



equiv. S

p t

equiv.

.r.



(S)

(S)

equiv.

R p t

equiv.

r.r.

.r.



(R)

(S)

equiv.

S p t

equiv.

r.r. 



.r.









(S)



(S)

































(S)

(S)



(R)

(S)























































(S)



(S)



(S)



(S)































































(S)

(S)



(S)

(S)



(R)

(S)



(R)

(S)



p
p p

t

(S)

S

e.e.



(S)

S

e.e.



S

e.e.
e.e.



(S)

e.e.



(S)

e.e.



S

e.e.



e.e.



e.e.
e.e.



e.e.



e.e.



e.e.



e.e.

e.e.



e.e.



e.e.



e.e.



e.e.



.r.

.r.



.r.

.r.



(S)

(S)

.r.

(R)

(S)

.r.





T

Mr

V T Z Z'
Rint

wR2 R1



Dcalc.

T

a
b
c

Z
Z'

min

max

Rint

wR2

wR2

R1

R1



T









Ueq Uij

Ueq

-2 2[h2a*2 × U11+ ... +2hka* × b* × U12]

U11 U22 U33 U23 U13 U12



U11 U22 U33 U23 U13 U12





Ueq Uij

Ueq

J. Appl. Cryst.

Acta Cryst.







J







equiv.

equiv.





equiv.

equiv.

cm cm



S

R

R p
t

R

R p

R p t

p t



equiv.

equiv.

equiv.

equiv.

cm cm

equiv. equiv.

v/v J

J J

J J





equiv.

equiv.

equiv. equiv.

equiv.

equiv.

cm cm

v/v J

J J J

J

J 

equiv.

equiv.

equiv. equiv.

equiv.

equiv.

cm cm



v/v

J J

J

equiv.

equiv.

equiv.

equiv. equiv.

equiv.

cm cm

v/v J

J J

J J J

J J





















(R)

equiv. S-

equiv.

> 98:2 

J J J

J

J

J



(R)

equiv. S-

equiv.

 

J J  J

J J

J



(R)

equiv. S-

equiv.

 

J J J

J J J

J J

J

J 



equiv. S-

equiv.

 

q, J



(R)

equiv. S-

equiv.

> 98:2 



J J J

J J

J J J

J

(R)

equiv. S-

equiv.

> 98:2 



J J J

J J

J

J

(R)

equiv. S-

equiv.

> 98:2 



J J J

J J

J J

(R)

equiv. S-

equiv.

> 98:2 



J J J

J

J

(R)

(R)

equiv. S-

equiv.

> 98:2 



J J J

J J

J

J

(R)

(R)

equiv. S-

equiv.



 

J J J

J J

J

(R)

equiv. S-

equiv.



J J J

J J

J J

(R)

equiv. S-

equiv.



> 98:2 

J J

J J J

(R)

equiv. S-

equiv.

> 98:2 



J J J

J J

J J

J J

J J J

(R)

equiv. S-

equiv.

> 98:2 

J J J



J J

J J

J 

J

R S S S R R S R

J J

J J

J J J

J

 J



R R S S S R R S R

R

equiv. S-

(R)

equiv.

R

R

> 98:2 



S R S S S R R S R

S

equiv. R-

(R)

equiv.

S

S

> 98:2 



S R S S S R R S R

S

equiv. R-

(R)

equiv.

S

S

> 98:2 



S R S S S R R S R

S

equiv. R-

(R)

equiv.

S

S

> 98:2 



S R S S S R R S R

S

equiv. R-

(R)

equiv.

S

S

> 98:2 



S R R

J J

J J J

J

J J

J  J

J

J



R S R (R)

R

equiv.

S- (R)

equiv.

R

R

> 98:2 

2S,7S,11R R

S

equiv.

R- (R)

equiv.



S

S

> 98:2 

 

S-

R-

S-

S-

R S R (R)

R

equiv. S-

(R)

equiv.

R



R

> 98:2 

 

S R E

J J

J J J J

J

J

J

J 



R S R E

R

equiv.

S-

equiv.

R

R

S S R E

S



equiv.

R-

equiv.

S

S

S S R E

S

equiv.

R-

equiv.

S



S

R R

equiv.

S- R-

equiv.

S- R-

S S S R S-

R-



S S R R E

S S

equiv.

S- R-

equiv.

S S S-

R-

J

J J J

J J 

J

 J

J J

J

J J



S R R R E

S R

equiv.

S- R-

equiv.

S R S-

R-

J

J J J

J J J

J

J J 

J



S S S R R S R (R)

S R

equiv. R-

(R)

equiv.

n

S R R S S S

R R S R R S S S R R

J J J

J J J

J J

J

J J

J



S R R S

S S S R R S R R S

equiv.

R-

(R)

equiv.



n

J J J

J

J

J

J J

J J

S S S R R S R R S



equiv. R-

(R)

equiv.

n

S S S R R S R R S



equiv. R-

(R)

equiv.

n





p
p

S

equiv.





p
p

S

equiv.













































(R) (S)(E)

equiv.

p

S

equiv.

(R) (R)(E)

(R)



(R) (S)(E)

equiv.

p

R

equiv.

(R) (R)(E)

(S)



(R) (S)(E)

equiv.

p

R

equiv.

(R) (R)(E)

(S)















(R)



(R)



















































































p
p

rac

p



p
p

S

equiv.



p
p

rac

p



p
p

S

equiv.

 



p
p

rac

p





p
p

rac

p



p
p

S

equiv.







pp

rac

p

pp

S

equiv.



p

p

rac

p

p

p

S

equiv.

p

p



pp

rac

p

pp

S

equiv.



pp

rac

p

p
p

S

equiv.



p

p

rac



equiv.
p

p

S



p

p

rac



equiv.
p

p

S









rac



equiv.

(R)S



rac



equiv.

(R)S



rac



equiv.

(R)S



equiv.

p

S
(R)

equiv.

(R)



equiv.

p

R
(S)

equiv.

(S)



equiv.

p

R
(S)

equiv.

(S)



R
S

equiv.

p

S
(R)

equiv.

(R)

 



equiv.

p

R
(S)

equiv.

(S)

 



equiv.

p

R
(S)

equiv.

(S)

 



(R)
(R) (S)

(R)

equiv.

p

S

equiv.

(R)
(R) (R)



(R)
(R) (S)

(S)

equiv.

p

R

equiv.

(R)
(R) (R)



(R)
(R) (S)

(R)

equiv.

p

S

equiv.

(R)
(R) (R)

 

 



(R) (S)(E)

equiv.

p

S

equiv.

(R) (R)(E)

(R)



(R) (S)(E)

equiv.

p

R

equiv.

(R) (R)(E)

(S)



(R) (S)(E)

equiv.

p

R

equiv.

(R) (R)(E)

(S)



equiv.

p

rac

equiv.



(R)

(S)

equiv.

p

R p t

equiv.

(S) (R)



equiv.

p

R

equiv.

(S)



equiv.

p

R

equiv.

(S)

 



equiv.

p

R

equiv.

(S)

 



R

R





R

x y z







R





R



R



R





R

x y z





R



R

M a

b c V Z T

Dcalc R

R wR



Glass Contour Solvent System

J

R/S



p p

S

R-p R- p t



R



p p
p



ee

ee

i



i



i

R

ee

R p

R

R- p
t

S o



S R

R- p t

J J J J

J J

J

J

i-

S-o-

S R

R- p t

J J J J

J J J

J J

J J



J

i-

S-o-

R- p t

J J J J

J J

J J

J J

i-

S-o- R-p-



S R

R- p t

J J J J

J

J J

i-

S-o- R-p-

S R

S-o-

J J J

J J

J



i-

R- p t R-p-





































































  











S-p

T

Mr

V T Z Z'
Rint

wR2 R1



Dcalc.

T

a
b
c

Z
Z'

min

max

Rint

wR2

wR2

R1

R1



T

wR2

























Ueq Uij

Ueq



Ueq



Ueq

-2 2[h2a*2 × U11+ ... +2hka* × b* × U12]
U11 U22 U33 U23 U13 U12



U11 U22 U33 U23 U13 U12



U11 U22 U33 U23 U13 U12



U11 U22 U33 U23 U13 U12





























Ueq Uij

Ueq



Ueq



Ueq



J. Appl. Cryst.

J. Appl. Cryst.

Acta Cryst.







R- p t

R-p



t





















J. Chem. Theory. Comput. 2
J. Chem. Phys. 125

J. Am. 
Chem. Soc. 114

J. Chem. Phys. 94
Mol. Phys. 80

J. Phys. Chem. 97
J. Org. Chem. 74

Gaussian 09, Rev. D.01

Journal of Molecular Structure: 
THEOCHEM 



Phys Rev B
J. 

Chem. Phys.
J. 

Chem. Phys.

J. Chem. Phys.

J. Chem. Theory Comput. 

J. Chem. Phys. 

J. Chem. Phys.

Theoretica Chimica Acta
J. Phys. Chem. B

Ab Initio
J. Chem. Phys.

J. Am. Chem. Soc. , 

n
J. Org. Chem

76

J. Am. Chem. Soc. 132

Org. Synth. 88

J. Am. Chem. Soc. 136

Tetrahedron 71



Org. Lett. 15




