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Abstract 

PRACTICAL ENHANCEMENT AND APPLICATIONS OF DIRHODIUM CATALYZED 
REACTIONS OF DONOR/ACCEPTOR CARBENES 

By Kathryn M. Chepiga 

Dirhodium(II) complexes are versatile catalysts for the reactions of diazo compounds, 
catalyzing a wide array of synthetic transformations such as cyclopropanation, dipolar additions, 
aromatic cycloadditions, ylide reactions, and C−H, N−H, O−H, and Si−H insertion reactions. 
Rh2(S-DOSP)4 is the most generally effective chiral dirhodium(II) catalyst for highly 
enantioselective transformations involving donor/acceptor carbenoid intermediates. Several 
Rh2(S-DOSP)4–catalyzed transformations have been used as key steps in the syntheses of natural 
products. 
The metal-catalyzed decomposition of diazo compounds in the presence of alkenes is a 

general method for the stereoselective synthesis of cyclopropanes. Rhodium-catalyzed 
cyclopropanation of donor/acceptor carbenoids is an effective means for the enantioselective 
synthesis of cyclopropanes with one or more quaternary stereogenic centers. As many 
cyclopropyl amines are known to have significant CNS activity, we initiated a program to use the 
cyclopropanation methodology developed in the Davies lab to access novel 
diarylcyclopropylamines as potential therapeutic agents. For the methodology to be broadly 
useful in drug discovery, access to a range of diarylcyclopropyl derivatives with high levels of 
enantioenrichment is required. In Chapter 2, a guide to choosing the optimal chiral dirhodium(II) 
catalyst for asymmetric cyclopropanation with various types of methyl aryldiazoacetates is 
presented. 

Although dirhodium catalysts can be extremely effective, often giving rise to a broad range 
of synthetically useful products in high yields with excellent regio-, diastereo- and 
enantioselectively, their cost is prohibitive and impedes to their use in pharmaceutical processes. 
Although considerable advances have been made in the immobilization of various dirhodium(II) 
catalysts, efforts to alleviate the cost associated with Rh2(S-DOSP)4 by synthesis of re-usable 
heterogeneous derivatives have been met with limited success. Chapter 3 describes how this 
complication could be alleviated with the development of a broadly-applicable and highly 
enantioselective immobilized variant of Rh2(S-DOSP)4. This Rh2(S-DOSP)4−derivative was 
immobilized by covalent attachment of a carboxylate ligand to a solid support.  Chapter 4 
describes the advances made toward increasing the efficiency of Rh2(S-DOSP)4 by application of 
the immobilized Rh2(S-DOSP)4−derivative in continuous flow chemistry. 

Finally, the application of dirhodium-stabilized donor/acceptor carbenoids the syntheses of 
natural products was explored in Chapter 5. As Rh2(S-TCPTAD)4 has been shown to be an 
effective chiral catalyst for different types of C–H functionalization reactions, this catalyst was 
applied towards the syntheses of marine alkaloids dictyodendrins A and F which are known to 
possess inhibitory activity against telomerase and BACE-1 respectively, making them of interest 
for use as potential targets for cancer chemotherapy and treatment Alzheimer's disease 
respectively. Syntheses of dictyodendrin A and F were achieved by sequential C–H 
functionalization reactions utilizing a combination of different C–H coupling methodologies. 
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Chapter I: Introduction to Dirhodium(II) Catalysis 
Advisor: Huw M. L. Davies, Ph.D. 

 

1.1  Dirhodium(II) Catalysts 

Metallocarbene scaffolds can be made by exposure of diazo compounds to various metal 

sources.1  In 1952, Yates proposed that these metal carbenes, also referred to as “carbenoids”, 

consist of a electrophilic carbene bound to a transition metal (Scheme 1.1), rather than existing 

as a free carbene or an activated diazo.1  Dirhodium(II) complexes are most commonly used to 

decompose diazo compounds to form a reactive rhodium carbenoid species in their axial 

coordination site.  These rhodium carbenoids are extremely important intermediates in synthetic 

organic chemistry.2 

 
Scheme 1.1  Synthetic routes to diazo compounds and their decomposition to metallocarbenes 

 

 

 
Metallocarbenes are classified by the electronic nature of the substituents flanking the metal 

carbenoid.  Acceptor metallocarbenes are the most reactive, but the least selective while 

donor/donor carbenes occupy the opposite end of the spectrum, displaying poor reactivity but 
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balance of reactivity and selectivity, have found application in the broadest range of 

transformations to date (Scheme 1.2).3 

 
Scheme 1.2  Reactivity of metallocarbenes 
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of different types of ligands which give the overall catalyst a defined symmetry.  The first 
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tetraacetate (Rh2(OAc)4), which has four bridging ligands symmetrically positioned around the 
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carbenoids.  These catalysts include Rh2(S-PTAD)4 which is most effective when the acceptor 

group of the donor/acceptor diazo compound is a phosphonate, trifluoromethyl or cyano group,8 

Rh2(S-TCPTAD)4 which is a sterically encumbered and rigid tetrachlorinated derivative of this 

catalyst,9 and recently Rh2(S-BTPCP)4 is most promising for catalyzing primary C−H 

functionalization reactions.10  Rh2(S-DOSP)4 and Rh2(S-PTAD)4 are the most robust 

dirhodium(II) catalysts reported to date as they are capable of TONs as high as 850,000 and 

1,800,000 respectively in asymmetric intermolecular cyclopropanation.11 

 

 
Figure 1.1  Most common rhodium(II) catalysts for the decomposition of donor/acceptor diazos 

 

1.2  Dirhodium(II) Catalysts 

 
Dirhodium(II) complexes are versatile and powerful catalysts for a wide array of challenging 
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combined C−H functionalization/Cope rearrangements (CHCR), CHCR followed by retro-Cope 

rearrangements and CHCR followed by elimination reactions.2a, 5c 

 
Scheme 1.3  Methodology development with the use of donor/acceptor metallocarbenes 

 

 
Donor/acceptor metallocarbenes have also found many applications in drug discovery 

(Scheme 1.4) including the syntheses of several of the most commonly used pharmaceuticals on 

the market today including Ritalin,13 Zoloft, and Effexor14 as well as several potential drug 

candidates still in development including analogs of cocaine for the treatment of cocaine 

addiction,15 Aromasin (EXM) analogs as aromatase inhibitors for treatment of cancer16 and 

cyclopropylamines and diarylcyclopropanes for the treatment of neuropathic pain and cocaine 

addiction respectively.17 
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Scheme 1.4  Applications of donor/acceptor metallocarbenes in drug discovery 

 
 

Donor/acceptor metallocarbenes have also found many applications in total synthesis 
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secretase (β-site APP cleaving enzyme: BACE) inhibitory activity and thus is a potential anti-

Alzheimer’s agent.23   

 
Scheme 1.5  Applications of donor/acceptor metallocarbenes in total syntheses 
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Figure 1.2 Structures of chiral dirhodium catalysts used in these studies 
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Chapter II: Guide to Enantioselective Dirhodium(II) Catalyzed Cyclopropanation 
of Aryldiazoacetates with Styrene Derivatives 

 
Advisor: Huw M. L. Davies, Ph.D. 

 

Dirhodium(II) tetrakisbinaphthylphosphate Rh2(BNP)4 stands out as unique in the family of 

commonly employed dirhodium(II) catalysts due to its electron-withdrawing nature and ability to 

impart enantioinduction from the chiral environment created by its four axially chiral ligands.  

This chapter will discuss the application of single enantiomers of Rh2(BNP)4 to the asymmetric 

cyclopropanation of donor/acceptor diazo compounds.  From these studies, a guide to the 

catalytic enantioselective generation of diverse cyclopropane libraries of long standing 

pharmaceutical interest was developed.  This guide shows which chiral dirhodium(II) catalyst is 

optimal for a given cyclopropanation reaction based on the steric and electronic nature of the 

aryldiazoacetate at hand.   

 

 

 

2.1 Dirhodium(II) Binaphthylphosphate Complexes	  in	  Chiral	  Catalysis	  

 
Although the vast majority of dirhodium(II) catalysts to date have employed carboxylate or 

carboxamidate ligands, a few groups have been drawn to dirhodium(II) binaphthyl phosphate 

complexes1 (Figure 2.1) due to their high symmetry, longer rhodium-rhodium bond length, and 

because they are readily accessible as both enantiomers of the chiral ligands are commercially 

availabile.  
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Figure 2.1  Types of dirhodium(II) catalysts 

 
Dirhodium(II) tetrakisbinaphthylphosphate, Rh2(S-BNP)4, (Figure 2.2) has four bridging C2-

symmetric binaphthylphosphate ligands imparting an overall D4 symmetry on the complex.  This 

high symmetry of the ligands was predicted to give a very well-defined chiral binding pocket for 

the substrate.  The rhodium-rhodium bond length is ca. 0.1 Å longer in dirhodium(II) 

tetrakisbinaphthylphosphate than the corresponding carboxylates which could potentially have 

an effect on the reactivity of these complexes.1  Finally, another benefit of these catalysts is their 

ease of synthesis thanks to the commercial availability of the axially chiral binaphthylphosphoric 

acid ligands which are established as chiral Brønsted acid catalysts for various enantioselective 

reactions such as transfer hydrogenation, Friedel-Crafts, Mannich, aza-Diels-Alder, aza-ene-

type, and Pictet-Spengler reactions.2 

 

 
Figure 2.2  Dirhodium(II) tetrakisbinaphthylphosphate (Rh2(R-BNP)4 and Rh2(S-BNP)4) 

 
In 1992 Pirrung reported the first synthesis and application of Rh2(S-BNP)4 in an asymmetric 

dipolar cycloaddition reaction.  This reaction was originally discovered in 1965 by Stetter who 

employed Rh2(OAc)4 to catalyze the decomposition of 2-diazocyclohexane-1,3-dione (1a) or 2-

diazodimedone (1b) in the presence of furan (Scheme 2.1).3 The proposed mechanism of this 
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dipolar cycloaddition begins with electrophilic attack of the furan at the 2-position to give a 

transient cyclopropane 2 followed by ring opening to give the zwitterionic intermediate 3, 

terminating with ring closure to provide the dihydrofuro[2,3]furan ring system (4a and 4b).  

Pirrung was able to achieve moderate enantioselectivity in this reaction with the use of Rh2(S-

BNP)4 (Scheme 2.1, 4a: 50% ee, 4b: 49% ee).1, 4  In 1997, however, Ishitani and Achiwa 

reported that a dirhodium tetracarboxylate, Rh2(S-BZP)4 with four benzoylated proline ligands, 

was able to surpass the enantioselectivity achieved with Rh2(S-BNP)4 for this dipolar 

cycloaddition with enantioselectivity as high as 93% and even 98% ee with 4-

methoxybenzoylproline ligands.5 

 
Scheme 2.1  Dipolar cycloaddition catalyzed by Rh2(S-BNP)4

 
 

Immediately after Pirrung published synthesis of Rh2(S-BNP)4, Liang was able to employ 

this catalyst in an intramolecular aziridination of sulfonamide 5, obtaining 6 in modest yield 

(Scheme 2.2, 64 %).  This transformation, however, was not enantioselective (4% ee).6 

 
Scheme 2.2  Intramolecular aziridination catalyzed by Rh2(R-BNP)4

 

 
In 2007, Liao et al. found that Rh2(S-BNP)4 could catalyze a sulfur ylide/ [2,3]-sigmatropic 

rearrangement of 8 by decomposition of 7 to provide 9 in high yield (94%) but only moderate 

enantioselectivity (Scheme 2.3, 27% ee).7 
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Scheme 2.3  Sulfur ylide/ [2,3]-sigmatropic rearrangement catalyzed by Rh2(R-BNP)4 

 

	  

 2.2  3, 3’ and 6,6’-Substituted Dirhodium(II) Binaphthylphosphate Derivatives 

 

Variation of the substitution pattern around the binaphthyl framework has often been used to 

alter the chiral environment around catalysts containing binaphthyl ligands.  In 2001, Hodgson 

hypothesized that slight ligand modification involving variation of the substitution pattern on the 

binaphthyl ring of dirhodium(II) tetrakisbinaphthylphosphate complexes could greatly influence 

the catalytic activity of these rigid systems and potentially give rise to new complexes capable of 

catalyzing a variety of transformations.  Hodgson’s first Rh2(R-BNP)4 derivative, Rh2(R-

DMBNP)4, was substituted with methyl groups at the 3,3’-positions (Figure 2.3). 

 

 
Figure 2.3  3,3'-substituted Rh2(R-BNP)4−derivative (Rh2(R-DMBNP)4) 

 
Rh2(R-DMBNP)4 provided both poor reactivity and selectivity (Scheme 2.4, 50% yield, 7% 

ee) in the decomposition of α-diazo-β-keto ester 10 in a tandem carbonyl ylide-formation/1,3-

dipolar cycloaddition.  Hodgson proposed that these disappointing results were most likely due 

to steric congestion at the axial binding sites on the dirhodium core.8 
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Scheme 2.4  [1,3]-Dipolar cycloaddition catalyzed by Rh2(R-BNP)4−derivatives 

 

 
Substitution at the 6,6’ positions of tetrakisbinaphthylphosphate complexes, such as 

Mikami’s Ti-BINOL catalyst derivatives9 and Shibasaki’s La-BINOL complexes,10 has been 

shown to increase the selectivity of these catalytic systems.  This precedence, along with the 

poor results obtained with Rh2(R-DMBNP)4, led Hodgson to synthesize and test Rh2(R-

BNP)4−derivatives substituted at 6,6’-positions.  6,6’-bromo derivative, Rh2(R-DBBNP)4 (Figure 

2.4), gave similar selectivity (Scheme 2.4, 66% ee) to Rh2(R-BNP)4 (65% ee). 

 

 
Figure 2.4  6,6'-substituted Rh2(R-BNP)4−derivatives (Rh2(R-DBBNP)4 and Rh2(R-DDBNP)4) 

 
In hopes of investigating the effect of hydrocarbon solvents on the enantioselectivity, 

Hodgson et al. synthesized a more hydrocarbon-soluble catalyst, 6,6’−n-dodecyl−substituted 

derivative Rh2(R-DDBNP)4 (Figure 2.4).  It became apparent that solvent did greatly affect 

enantioselectivity when Rh2(R-DDBNP)4−catalyzed cycloaddition proved to be highly 
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contributed by these n-dodecyl substituents as is seen from the similar selectivity of Rh2(R-

DDBNP)4 (68% ee) to Rh2(R-BNP)4 in dichloromethane (Scheme 2.4).  Furthermore, Hodgson 

proposed that these 6,6’-substitutents were not affecting the electrophilic nature of the catalyst, 

or altering intra-planar (binaphthyl) torsion angles.  These findings show that substitution pattern 

at the 6, 6’-positions of Rh2(R-BNP)4−derivatives is inconsequential to the selectivity while 

solvent plays a key role in the enantioselectivity of dirhodium(II) tetrakisbinaphthylphosphate 

catalysts.8b, 11 

 

2.3  Dirhodium(II) Binaphthylphosphate Derivatives with Mixed Ligands 

 
At the same time that Pirrung introduced Rh2(S-BNP)4, McKervey and Doyle published a 

synthesis and screen of a dirhodium(II) binaphthylphosphate catalyst with mixed ligands, 

Rh2(HCO3)2((+)-Phos)2·5H2O, also abbreviated as cis-Rh2(S-BNP)2(HCO3)2 (Figure 2.5).6  

 

 
Figure 2.5.  Rh2(R-BNP)4−derivative with mixed ligands (cis-Rh2(S-BNP)2(HCO3)2) 

 
The mixed ligand Rh2(R-BNP)4−derivative, cis-Rh2(S-BNP)2(HCO3)2, was found to be an 

effective catalyst for 2,3-sigmatropic rearrangements, C−H insertions, and in an aromatic 

cycloaddition reaction.  Although very low stereoinduction was achieved in the two reported 
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homochiral Rh(II)−catalyzed enantioselective 2,3-sigmatopic rearrangement of diazocarbonyl 

intermediates (Scheme 2.5).6 

 
Scheme 2.5  cis-Rh2(S-BNP)2(HCO3)2−catalyzed 2,3-sigmatropic rearrangements 

 

 
cis-Rh2(S-BNP)2(HCO3)2 also catalyzed cyclizations to provide 4- and 6-membered 

heterocycles via C−H insertion in high yields (18: 93%; 20: 90%), but with minimal 

stereocontrol (Scheme 2.6, 18: 26% ee; 20: 33% ee).6 

 
Scheme 2.6  cis-Rh2(S-BNP)2(HCO3)2−catalyzed intramolecular C−H insertion  

 

 
The highest reported enantioselectivity employing cis-Rh2(S-BNP)2(HCO3)2 came with the 

decomposition of 21 in an aromatic cycloaddition providing 22 in high yield and moderate 

selectivity (Scheme 2.7, 80% yield, 60% ee).6 
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Scheme 2.7  cis-Rh2(S-BNP)2(HCO3)2−catalyzed aromatic cycloaddition 

 

 
Despite these advances, dirhodium(II) tetrakisbinaphthylphosphate complexes remain 

relatively unexplored.  Little is known about their reactivity and selectivity, especially in the 

reactions of donor/acceptor carbenoids.  Variation of the structure of this catalyst in an organized 

manner and observing the corresponding enantioselectivities has begun to provide insight into 

the nature, reactivity, and selectivity of these catalysts.  Further investigation of these complexes 

and their substituted derivatives is required in order to fully understand the potential and use of 

these complexes in asymmetric catalysis.   

 

2.4 Donor/Acceptor Diazo Compounds in Dirhodium(II) Binaphthylphosphate Catalysis   
      and Shortcomings of Rh2(S-DOSP)4 in Asymmetric Cyclopropanation Reactions 
  
In most reported cases, only the “traditional carbenoids” containing one electron withdrawing 

group (acceptor carbenoids) or two electron withdrawing groups (acceptor/acceptor carbenoids) 

have been explored in the screening of Rh2(BNP)4.  Also, most reported transformations 

employing Rh2(BNP)4 in the literature furnished products of low enantiopurity.  The Davies 

group, therefore, was drawn to explore the reactivity of this dirhodium(II) tetraphosphate catalyst 

with donor/acceptor substituted diazo compounds as the increased stability of donor/acceptor 

substituted rhodium carbenoids has been shown to impart high levels of enantioselectivity in a 

wide range of transformations utilizating chiral dirhodium tetracarboxylate catalysts such as 

Rh2(DOSP)4, Rh2(biTISP)4, and Rh2(PTAD)4.  The metal-catalyzed decomposition of diazo 
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compounds in the presence of alkenes is a general method for the stereoselective synthesis of 

cyclopropanes.12  The Davies group has previously shown the dirhodium-catalyzed 

cyclopropanation of donor/acceptor carbenoids to be effective for the enantioselective synthesis 

of cyclopropanes with one or more quaternary stereogenic centers.13  Although dirhodium(II) 

carboxylate catalysts show desirable reactivity in a vast array of reactions, there are still many 

cyclopropanations which lie outside the capabilities of these catalysts (Scheme 2.8, highlighted 

in red are the areas where the Rh(II)-carboxylate catalysts underperform).  It is for this reason 

that the Davies group set out to determine whether these binaphthylphosphate catalysts would be 

able to fill gaps that remain unaddressed by the well-established catalysts in the 

cyclopropanation of donor/acceptor substituted diazo compounds. 

 
Scheme 2.8  Reactivity and selectivity of Rh2(S-DOSP)4 in asymmetric cyclopropanation 
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2.5  Introduction to Rh2(R-BNP)4−Catalyzed Cyclopropanation 
       of Donor/Acceptor Substituted Diazo Compounds 

 
Previous studies in the Davies group conducted by Dr. Changming Qin have revealed that 

Rh2(R-BNP)4 is capable of catalyzing the decomposition of certain donor/acceptor diazo 

compounds with moderate (Table 2.1, entries 5, 6 and 18) to high (Table 2.1, entries 7 and 8) 

levels of enantioinduction (enantiomeric excess > 80% is highlighted in red).  Results of a 

solvent screen conducted by Dr. Changming Qin have shown that toluene is the solvent which 

provides products of the highest enantiopurity for Rh2(R-BNP)4.  For this reason, toluene was 

used as the solvent for all reactions in Table 2.1.  Interestingly, the enantioselectivity was found 

to be quite dependent on the substitution of the aryl group on the carbenoid with ortho-

methyoxy-substituted aryldiazoacetates 34e-h providing cyclopropane products of the greatest 

enantiopurity (entries 5-8). 
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Table 2.1  Donor/acceptor diazo compound screening in  
the asymmetric cyclopropanation of aryldiazoacetates with styrene by Rh2(R-BNP)4  
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34a-r 35a-r

28
product product

35a

35b

35c

35d

35e

35f

35g

35h

35i

35j

35k

35l

35m

35n

35o

35p

35q

35r

b highlighted in red is enantiomeric excess > 80%
a reactions conducted by Dr. Changming Qin
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Table 2.2  Rh2(R-BNP)4 vs. Rh2(R-DOSP)4 in the asymmetric cyclopropanation of 
 3,4-dimethoxyphenyldiazoacetate with styrene 

 

 

2.6  Rh2(R-BNP)4−Catalyzed Cyclopropanation of 3,4-Dimethoxyphenyldiazoacetate  
       and its Derivatives 

 
 For those diazo compounds screened in Table 2.1, there was a great deal of variability in both 

yield and selectivity.  It appeared that electron-rich diazo compounds gave the highest 

asymmetric induction but only a few substrates gave > 90% ee.  Therefore, we decided to 

determine whether a sub-class of compounds could be identified that would routinely give high 

asymmetric induction.  One possibility for the cause of this high level of enantioinduction 

observed with 3,4-dimethoxyphenyldiazoacetate could be a favorable π-π stacking interaction 

between the electron rich aromatic ring of the diazo compound and the naphthyl region of the 

electron poor dirhodium binaphthylphosphosphate catalyst.  Based on this theory, many different 

electron rich diazo compounds with methoxy groups adorning various positions of the aromatic 

ring were tested under the same reactions conditions in hopes of obtaining a better understanding 

of the substrate scope for this reaction (Table 2.3).  Methyl 2-diazo-2-(3,4,5-

trimethoxyphenyl)acetate (34h) provided the desired product 35h with a high level of 

enantioinduction (90% ee) but only moderate yield (entry 2, 63%).  We then wanted to determine 

which position (ortho, meta, or para) was contributing most to these high levels of 

CO2Me

N2

toluene, rt

CO2Me

MeO

MeO

OMe

OMe

34g 28 35g

entrya catalyst yield (%) ee (%)b

1 Rh2(R-BNP)4 93 94

2 Rh2(R-DOSP)4 74 56

1 mol% Rh(II)

b highlighted in red is enantiomeric excess > 80%
a reactions conducted by Dr. Changming Qin
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enantioinduction.  Of the three different mono-methoxy substituted isomers, only the meta-

methoxy substituted diazo 34e provided the corresponding cyclopropanation product 35e in high 

yield (82%) with good enantioselectivity (entry 4, 88% ee) with the use of Rh2(R-BNP)4.  

Conversely, Rh2(R-DOSP)4 showed complementary reactivity and selectivity to Rh2(R-BNP)4 in 

all cases, providing the cyclopropanation products 35n and 35k in high yields and levels of 

enantioinduction when Rh2(R-BNP)4 failed (entries 3 and 5). 

 
Table 2.3  Influence of the position of the methoxy substituent(s) on the diazo compound 

on Rh2(R-BNP)4−catalyzed asymmetric cyclopropanation of aryldiazoacetates with styrene 

 

 
To further justify this trend for high level of enantioinduction with meta-methoxy substituted 

diazo compounds, we synthesized methyl 2-diazo-2-(3,5-dimethoxyphenyl)acetate (36a).  We 

believed that this compound would provide the corresponding cyclopropane product 37a with 

CO2Me

N2 1 mol% Rh(II) CO2Me

MeO OMe

MeO

MeO

MeO

MeO

OMe

OMe

OMe

MeO

toluene, rt

entry -OMe yield (%) ee (%)b yield (%) ee (%)b

Rh2(R-BNP)4 Rh2(R-DOSP)4

1 93a 94a 74a 56a

2 63a 90a 98 34

3 69a 27a 92a 86a

4 82a 88a 78 79

5 84a 57a 66a 90a

product

35g

35h

35n

35e

35k

35e, g-h, j, n34e, g-h, j, n 28

b highlighted in red is enantiomeric excess > 80%
a reactions conducted by Dr. Changming Qin
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high enantiopurity.  As expected, 36a provided 37a with a high level of enantioinduction (92% 

ee) but only a moderate yield (Table 2.4, entry 1, 69%).  Finally, electron rich methyl 2-diazo-2-

(6-methoxynaphthalen-2-yl)acetate (36b) was employed with the electron donating methoxy 

moiety at the 6-position of the naphthyl ring.  This compound provided the corresponding 

cyclopropane 37b with both poor enantioselectivity (48% ee) and yield (entry 2, 22%).  This 

example shows that the governing factors behind selectivity of this transformation are complex 

and not simply determined by the electronic nature of the diazo compound. 

 
Table 2.4  Influence of the substitution pattern of methoxy substituent(s) on the diazo compound 

 

 
The realization that substitution of the donor/acceptor diazo compound at the meta-position 

with a methoxy group was the key contributor to the high levels of enantioinduction observed in 

Rh2(R-BNP)4−catalyzed cyclopropanation (Table 2.3, entry 4) led us to further explore meta-

substitution on the aryl ring of the aryldiazoacetate.  To determine the scope of this selectivity, 

donor/acceptor diazo compounds containing oxygenated substituents of varying steric bulk at the 

meta-position (38a-e) were synthesized and tested.  To our dismay, meta-isopropoxy- (38c), 

benzoxy- (38d), and phenoxy- (38e) substituted aryldiazoacetates all provided the corresponding 

CO2Me

N2

toluene, rt

CO2Me

MeO OMe

OMe

MeO

MeO

0.5 mol% Rh(II)

entry -OMe yield (%) ee (%)a yield (%) ee (%)a

Rh2(R-BNP)4 Rh2(R-DOSP)4

1 69 92 85 28

2 22 48 35 63

37a-b36a-b 28

product

37a

37b

a highlighted in red is enantiomeric excess > 80%
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cyclopropanes with low levels of enantioinduction (Table 2.5, entries 5-7, 39c: 66% ee; 39d: 

66% ee and 38e: 33% ee). 

Our next hypothesis was that this selectivity was being imparted by the steric nature of a 

methoxy group at the meta-position.  To test this hypothesis, we envisioned that switching the 

methoxy substituent to an ethyl group at the meta-position (38b) would provide similar 

enantioinduction due to the similar steric environment of the two substrates.  However, this 

reaction provided the cyclopropane 39b with only a moderate yield and level of enantioinduction 

(Table 2.5, entry 3, 55% yield, 54% ee).  These results indicate that a methoxy moiety at the 

meta-position is imperative to obtaining high levels on enantioindiction in cyclopropanation 

under Rh2(R-BNP)4−catalysis. 

 
Table 2.5  Explorations into the governing forces behind  

enantioselectivity under Rh2(R-BNP)4−catalysis  

 

 
 Another important type of diazo compound that had not yet been investigated with 

Rh2(BNP)4 were styryldiazoacetates.  We were interested to see whether the power of the 3,4-

dimethoxy substituents on the aromatic ring of the diazo compound to provide high 

CO2Me

N2

toluene, rt

CO2Me
RR 0.5 mol% Rh2(R-BNP)4

entry R yield (%) ee (%)a

1 H 68 44

2 Me 89 42

3 Et 55 54

4 OMe 40 88

5 OiPr 55 66

6 OBn 83 66

7b OPh 67 33

b reaction provided the opposite enantiomer of cyclopropane product
   as determined by polarimeter analysis of the optical rotation

35e

28
34a,e, 38a-e 35a,e, 39a-e

product

35a

39a

39b

39c

39d

39e
a highlighted in red is enantiomeric excess > 80%
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enantioinduction was general for all donor/acceptor-substituted diazo compounds.  For this 

reason, a comparative study of styryldiazoacetate (32) and methyl (E)-2-diazo-4-(3,4-

dimethoxyphenyl)but-3-enoate (40) was conducted.  Also a temperature study was conducted to 

determine whether higher levels of enantioinduction could be achieved at lower temperatures 

(Table 2.6).  Unfortunately, 40 failed to provide the cyclopropanation product 41 

stereoselectively (61% ee) or in high yield (entry 2, 72%).  This result was similar for 

unsubstituted styryldiazoacetate (entry 1, 33: 42% yield, 63% ee).  Typically carbenoid reactions 

conducted at low-temperature and slowly allowed to warm to room temperature are more 

selective than those simply conducted at room temperature because they allow for the catalyst to 

react at an optimal temperature.  Results of this temperature study, however, showed only a small 

increase in enantioinduction (entry 4, 41: 66% ee). 

 
Table 2.6  Rh2(R-BNP)4−catalyzed decomposition of vinyl diazoacetates 

 

 
Finally, one limitation of Rh2(S-DOSP)4 is that it has only been shown to provide high levels 

of enantioselectively in decomposing donor/acceptor diazo compounds in which the carbonyl 

CO2Me

N2

Ph
toluene, rtAr

MeO

MeO

MeO

MeO

a reaction conducted by Dr. Zhanjie Li and performed in CH2Cl2

Ph Ar
CO2Me1 mol% Rh2(R-BNP)4

entry Ar temp (oC) yield (%) ee (%)

1a 23 42 63

2b 23 72 61

3 -78 38 58

4 -78 52 66

b reaction conducted by Dr. Changming Qin

32, 40 33, 41
28

41

product

33

41

33
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group is a methyl ester.13a  Incrementally increasing the size of this ester group has been shown 

to cause a steady decrease in the observed enantiomeric excess of the product.  For this reason, 

dirhodium(II) catalysts capable of tolerating an array of ester groups would be advantageous.  

Unfortunately screening of several different diazo compounds with varying bulk on the ester 

group (42a-d) provided primarily carbene dimerization products with only minimal conversion 

to the desired cyclopropanes (Table 2.7, entries 2-5, 43a-d).  Also, a very poor level of 

enantioinduction was observed for those products, which were isolable from the dimerization 

products (entries 2 and 5, 43a and 43d: < 5% ee). 

 
Table 2.7  The effect of added steric bulk on ester of the diazo compound  

  

 
One of the most attractive features of the most commonly used dirhodium(II) catalysts 

(Rh2(DOSP)4 and Rh2(PTAD)4) is that they are capable of operating at low catalyst loadings.14  

As Rh2(R-BNP)4 was found to be optimal for the cyclopropanation of 3,4-

dimethoxyphenyldiazoacetate with styrene, we investigated whether it could also operate at low 

catalyst loading.  Reactions of aryldiazoacetate 34g with successively lower loadings of Rh2(R-

BNP)4 are summarized in Table 2.8.15  Rh2(R-BNP)4 was effective at catalyzing highly 

enantioselective cyclopropanation with catalyst loadings of 1.0 and 0.5 mol%, providing 35g 

with virtually the same level of enantioselectivity (entry 1 vs. 2, 97% ee vs. 96% ee).15  When the 

CO2R

N2

toluene, rt

CO2R0.5 mol% Rh2(R-BNP)4

entry R yield (%) ee (%)

1 Me 68 44

2 Et 39 < 5

3 minimal ND

4 CH(iPr)2

iPr

minimal ND

5 tBu 16 < 5

34a, 42a-d 35a, 43a-d28

43c

product

35a

43a

43b

43d
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catalyst loading was decreased further to 0.1 mol% a more significant drop in the level of 

enantioselectivity was observed (entry 3, 91% ee).  Further decreasing the catalyst loading to 

0.01 mol%, however, caused a dramatic decrease in enantioinduction (entry 4, 40% ee).15  These 

results suggest that, although Rh2(R-BNP)4 is capable of moderately high turnover numbers 

(TONs), it may not be as robust a catalyst as Rh2(DOSP)4 or Rh2(PTAD)4, which are capable of 

TONs as high as 850,000 and 1,800,000 respectively in asymmetric intermolecular 

cyclopropanation.14 

 
Table 2.8  Examination of Rh2(R-BNP)4 loading15 

 

 
Previous studies on Rh2(R-BNP)4–catalyzed cyclopropanation conducted by Dr. Changming 

Qin were limited to the use of styrene as the trapping agent.  Therefore, various styrene 

derivatives were explored in order to determine how broad the substrate scope of this highly 

enantioselective reaction was.  In the original reaction scheme shown in Table 2.2, styrene (28) 

was used in excess (5 equiv) in relation to aryldiazoacetate 34g.  Due to the high cost of 

substituted styrene derivatives, however, it was desirable to decrease the amount of styrene used 

in the reaction.  First, the minimum amount of styrene needed in order to maintain high reactivity 

and selectivity was explored (Table 2.9).  It was found that both the amount of styrene used in 

the reaction as well as the catalyst loading could be reduced by half (2.5 equiv of styrene and 0.5 

CO2Me

N2

MeO

CO2Me
OMe

OMe
34g 35g

MeO

toluene, rt

28

1 mol% Rh2(R-BNP)4

entry styrene
[equiv.]

catalyst loading
(mol %) yield (%) ee (%)a

1 5 1 93 94
2 2.5 0.5 83 96
3 1.2 0.5 61 93

a highlighted in red is enantiomeric excess > 80%
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mol% catalyst) with no loss in enantioselectivity or reactivity (Table 2.9, entry 2).  With these 

conditions in hand, various styrene derivatives could be tested. 

 
Table 2.9  Effect of varying the equivalents of styrene used 

 

 
The impact of the nature of the substituents on the styrene component in enantioselective 

Rh2(R-BNP)4−catalyzed cyclopropanation with 3,4-dimethoxyphenyldiazoacetate 34g was next 

determined (Table 2.10).  The levels of enantioselectivity in the cyclopropanation, under Rh2(R-

BNP)4−catalysis, were found to be moderately influenced by the functionality on the styrene 

derivative (44a-i), as the cyclopropanes 45a-g were obtained with uniformly high levels of 

enantioinduction (80 - 90% ee). Previous studies showed that Rh2(R-DOSP)4-catalyzed 

cyclopropanation is also not especially influenced by the nature of the styrene3,4,9 and thus the 

Rh2(R-DOSP)4−catalyzed cyclopropanation of a range of styrenes (44a-h) with 34g gave 45a-h 

with modest levels of  enantioselectivity (48 - 69% ee).  With the exception of p-

NO2−substituted styrene 44d and 2-vinylnaphthalene 44h (Table 2.10, entries 4 and 8, 45d and 

45h), the enantioselectivities observed for both electron-donating (entries 1 - 3, 45a-c) and 

electron-withdrawing (entries 5 - 7, 45e-g) styrene derivatives were found to be comparable to 

the original reaction with unsubstituted styrene (28).  Once again, in all cases Rh2(R-BNP)4 was 

found to catalyze these reactions with significantly improved enantioinduction compared to 

Rh2(R-DOSP)4.  Cyclopropanation of 1-hexene (44i) was also tested but no cyclopropanation 

CO2Me

N2

MeO

CO2Me
OMe

OMe
34g 35g

MeO

toluene, rt

28

1 mol% Rh2(R-BNP)4

entry styrene
[equiv.]

catalyst loading
(mol %) yield (%) ee (%)

1 5 1 93 94
2 2.5 0.5 83 96
3 1.2 0.5 61 93
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product 45i was observed in the 1H NMR of the crude reaction mixture (entry 9).  The reaction 

was then repeated with less highly substituted meta-methoxy aryldiazoacetate 35e. Again, 1H 

NMR of the crude reaction mixture showed no trace of cyclopropanation product 45i (entry 10). 

 
Table 2.10   Screening of styrene derivatives in Rh2(R-BNP)4−catalyzed cyclopropanation 

 

 

0.5 mol% Rh(II)
Ar

CO2Me
OMe

OMe

76

90

80

90

81

90

88

90

90

89

47

50

82

19

49

64

67

62

63

67

Rh2(R-BNP)4 Rh2(R-DOSP)4

entry yield (%) yield (%)ee (%)a ee (%)a

1

2

3

5

6

Ar

72 867 79 48

Me

Me

MeO

F3C

Cl

Cl

Cl

44a-i
45a-i

product

45b

45c

45f

45g

45e

45a

N2

CO2MeMeO

MeO
34g Ar

toluene, rt

94 80 28 504
O2N

45d

n-Bu

n-Bu

8

9

10b

45h

45i

45i NR NR

NR NR

87 77 93 69

- -

- -

b reaction was run using methyl 2-diazo-2-(3-methoxyphenyl)acetate
a highlighted in red is enantiomeric excess > 80%
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2.7  Application of Rh2(BNP)4−Catalyzed Cyclopropanation 
       to the Synthesis of 5-HT2A Antagonist Biaryl Cyclopropylmethylamines 

 
With new insight into the scope of styrene derivatives which could be successfully employed in 

Rh2(R-BNP)4−catalyzed decomposition of 34g, we decided to apply this chemistry to the 

synthesis of a new anologue in a family of biologically active molecules.  Previous results from 

collaborative studies between the Davies group and Prof. Steven Childers’ group at Wake Forest 

University have shown that a series of biaryl cycloproylmethylamine scaffolds (I) behave as 

antagonists of a particular sub-class of serotonin receptors, called 5-HT2A receptors (Figure 2.6). 

 

 
Figure 2.6  Biologically active biaryl cycloproylmethylamine scaffold  

for 5-HT2A receptor antagonists 

 
It is believed that antagonism of the 5-HT2A receptor could be a viable target for the 

therapeutic treatment of cocaine addiction.  Computational modeling studies on this system 

conducted by former Davies group member, Dr. Spandan Chennamadhavuni, in collaboration 

with the Snyder group at Emory University, have shown that oxy-halo interactions between the 

A-ring and the receptor site play a significant role in binding to the 5-HT2A receptor.16  As these 

cyclopropyl amines are known to have significant CNS activity,16-17 Davies et al. initiated a 

program to use our cyclopropanation methodology to access novel diarylcyclopropylamines as 

potential therapeutic agents (Scheme 2.9). 

 
 
 
 

X

NHMe

X
R

X = halogen

A B

biaryl cycloproylmethylamine scaffold (I)
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Scheme 2.9  Route to cyclopropyl amines from aryldiazoacetates 

 

 
To further probe the steric and electronic requirements of the B-ring for increased potency at 

the 5-HT2A receptor (Figure 2.6), the previously successful cyclopropanation reaction under 

Rh2(R-BNP)4–catalysis was applied (Scheme 2.10).  Typically, only one enantiomer will show 

biological activity towards the 5-HT2A receptor.  Which enantiomer this will be, however, is 

unknown until the compounds are submitted for testing.  For this reason, (S)- and (R)-(+)-1,1'-

Binaphthyl-2,2'-diyl hydrogenphosphate ((S) 33 and (R) 33) were subjected to  ligand exchange1 

with Rh2(OAc)4 to afford the corresponding catalysts Rh2(S-BNP)4 and Rh2(R-BNP)4 in 47% and 

62% yield respectively.  With both enantiomers of catalyst in hand, the syntheses of these 

cyclopropylmethylamines was achieved using a standard sequence developed by Dr. Spandan 

Chennamadhavuni.  Decomposition of 34g by Rh2(R-BNP)4, employing 1,2-dichloro-4-

vinylbenzene (44g) as the trapping agent afforded the corresponding cyclopropane 45g in 

moderate yield (72%) and stereoselectivity (86% ee).  Reduction of the methyl ester moiety of 

cyclopropane 45g with lithium aluminum hydride followed by Dess-Martin oxidation provided 

aldehyde (R,S) 47g in moderate yield over two steps (66%).  Finally, reductive amination 

converted the aldehyde into the corresponding amine (R,S) 48g in good yield (85%).  A similar 

synthetic sequence employing Rh2(S-BNP)4 as the catalyst was used to generate the (S), (R) 

cyclopropylamine (S,R) 48g (Scheme 2.10). 

 

NHR3
N2

CO2Me
Rh(II)

R1 R2 R1 R2+
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Scheme 2.10  Synthetic route to 5-HT2A receptor antagonist anologue	  

	  
 

2.8  Development of a Guide to Choosing the Best Dirhodium(II) Catalyst to use for  
        Enantioselective Cyclopropanation of Aryldiazoacetates with Styrene Derivatives 

 
For the methodology described in Scheme 2.9 to be broadly useful in drug discovery, access to a 

range of diarylcyclopropyl derivatives with high levels of enantioenrichment is required.  For 

CO2Me

N2

toluene, rt
72%, 86% ee

CO2Me

Cl

Cl OMe

CHO

Cl OMe

Cl OMe

NHMe

1) Ti(OiPr)4
     NH3•MeOH
2)  NaBH4
     MeOH, rt

toluene, rt
51%, 85% ee

OMeCl
CO2Me

Cl OMe

OMeCl

Cl

(R) (S)(S) (R)

Cl OMe
CHO

Cl OMe

Cl OMe

Cl OMe

Cl OMe

NHMe

Cl OMe

1)  Ti(OiPr)4
     NH3•MeOH
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O
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Rh

4

Rh2(OAc)4
PhCl, 160oC, 3d

47%

O
O

P
O
OH

O
O P

O
O

Rh
Rh

4

Rh2(OAc)4
PhCl, 160oC, 3d

62%

MeO

MeO

83% 85%

1) LiAlH4
    Et2O, -78 °C
2) DMP
    CH2Cl2, rt

71%

1) LiAlH4
    Et2O, -78 °C
2) DMP
    CH2Cl2, rt

66%

0.5 mol% Rh2(R-BNP)40.5 mol% Rh2(S-BNP)4

34g

(S) 46 (R) 46

44g

(R, S) 45g

(S, R) 47g

+

2)  NaBH4
     MeOH, rt

(S, R) 45g

(R, S) 47g

(S, R) 48g (R, S) 48g

highlighted in red is enantiomeric excess > 80%
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this reason, the optimal catalysts for cyclopropanation with various types of methyl 

aryldiazoacetates was determined next.  Three chiral dirhodium(II) catalysts were selected for 

this study (Figure 2.7).15  The first catalyst, Rh2(R-DOSP)4, is  considered to be the optimal 

catalyst for the reactions of donor/acceptor carbenoids when the acceptor group is a methyl 

ester.1,4  The substrate scope of Rh2(R-DOSP)4−catalyzed cyclopropanation is quite broad in 

terms of  both the trapping agent and the donor group on the carbenoid.13a, 13b, 18   However, a 

detailed study on the influence of the aryl substituent of the aryldiazoacetate on Rh2(R-

DOSP)4−catalyzed cyclopropanation has not been conducted.  The second catalyst, Rh2(S-

PTAD)4, is the optimal chiral catalyst when the acceptor group in the donor/acceptor carbenoid  

is a phosphonate,19 trifluoromethyl,20 cyano,21 or keto group.22  Due to the perceived superiority 

of Rh2(R-DOSP)4 in the reactions of aryldiazoacetates, Rh2(S-PTAD)4 has not been thoroughly 

evaluated in the reactions of this class of carbenoid precursor.  The third catalyst, Rh2(R-BNP)4, 

is an interesting catalyst of D4-symmetry that has been applied to a number of carbenoid 

reactions,1, 6-8 but prior to the aforementioned investigation, had not been previously evaluated in 

the cyclopropanation of donor/acceptor carbenoids. 

 

 
Figure 2.7  Dirhodium(II) catalysts used in this study15 

 

The study began by exploring the effect of aryl substitution on the enantioselectivity in the 

cyclopropanation of styrene by aryldiazoacetates.  The results for a series of aryldiazoacetates 
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(34a, 34e, 34g-i, 34k, 34m-n, 36a and 49a-c) using the three chiral dirhodium catalysts Rh2(R-

DOSP)4, Rh2(S-PTAD)4 and Rh2(R-BNP)4 are summarized in Table 2.11.15  Excellent levels of 

diastereoselectivity were achieved in all cases (> 95:5 dr) and the isolated yields of the 

cyclopropanes were generally high, ranging from 63 - 98%.  The absolute stereochemistry of the 

major isomer of cyclopropane product in all cases was 1S, 2R.  The absolute configuration of the 

cyclopropanes was determined by comparison of the optical rotation with that of an authentic 

sample.23  Rh2(R-DOSP)4 provided high levels of  enantioinduction when unsubstituted (34a) or 

4-substituted (34k, 34m and 49a-b) methyl aryldiazoacetates were employed as substrates (Table 

2.11, entries 1 - 5, 87 - 90% ee).  In general, Rh2(S-PTAD)4 and Rh2(R-BNP)4 gave < 60% ee in 

the cyclopropanation reactions of unsubstituted or 4-substituted aryldiazoacetates with these 

same substrates.  The one exception, however, was the reaction of 4-methoxyphenyldiazoacetate 

34k with Rh2(S-PTAD)4, which gave the cyclopropane 35k in exceptionally high 

enantioselectivity (entry 5, 96% ee).  Rh2(R-DOSP)4 also performed well in the reactions of 2-

substituted aryldiazoacetates 49c (entry 6, 92% ee) and 34n (entry 7, 86% ee), and moderately 

well with 3,4-dichlorophenyldiazoacetate 34i (entry 8, 82% ee), confirming that Rh2(R-DOSP)4  

is the optimal catalyst for a range of aryldiazoacetates.  The enantioselection with Rh2(S-PTAD)4 

is extremely variable.  However, in certain cases, it provides exceptional levels of 

enantioselectivity, as is seen in the reaction with 2-chlorophenyldiazoacetate 49c, which 

generates the cyclopropane 50c in 97% ee (entry 6).  Interestingly, Rh2(R-DOSP)4 failed to 

provide high levels of enantioinduction when the aryldiazoacetate contained a 3-methoxy 

substituent (entries 9 - 12, 34g-h, 34e and 36a), especially when the ring was polysubstituted 

(34g-h and 36a).  In these cases, the cyclopropanes 35g-h and 37a were produced in 28 - 56% ee 

(entries 9, 11 - 12).  Rh2(S-PTAD)4 was an effective catalyst only in the case of 3,4-
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dimethoxyphenyldiazoacetate 34g, generating the cyclopropane 35g in 94% ee (entry 9).  In 

contrast, Rh2(R-BNP)4 was an extremely effective catalyst with all of the 3-methoxy substituted 

aryldiazoacates 34g-h, 34e and 36a generating the cyclopropanes 35g-h, 35e and 37a in 88 - 

97% ee (entries 9 - 12).15 
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Table 2.11  Examination of the influence of substitution on aryldiazoacetate15 

 

MeO

MeO

OMe

63e 90e98b 34b

Rh2(R-BNP)4bRh2(R-DOSP)4a

entry yield (%)yield (%) ee (%)cee (%)c

12

1 mol% Rh(II) Ar
CO2Me

Ph

N2

CO2MeAr
solvent, rt

Ar

95b 9b

yield (%) ee (%)c

Rh2(S-PTAD)4a

Me 69 5184f 87f2 77d,f 46d,f

82e 88e78b 79b10 72b 16b
MeO

OMe

MeO
69d 92d85b,d 28b,d11 85b,d 3b,d

Cl 89 5787f 88f

3

71d,f 48d,f

product

35h

50a

35e

37a

50b

72 428885 87b 21b

84e 57e66f 90f5 93d,f 96d,fMeO 35k

Cl
78 5189f 92f6 80d,f 97d,f50c

OMe
69e 27e92f 86f7 87d,f 80d,f35n

F3C 80e 57e93f 87f

4

67d,f 77d,f35m

93 9774f 56f9 70d,f 94d,f

MeO

MeO
35g

Cl

Cl
82e 63e88b 60b88b 82b

a pentane, b toluene, c highlighted in red is enantiomeric excess > 80%, d 0.5 mol% catalyst loading,

1 35a

8 35i

34, 36a, 49a-d

28

35, 37a, 50a-d

Ph

e reaction conducted by Dr. Changming Qin, f reaction conducted by Dr. Joshua S. Alford
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These studies reveal subtle differences in the ability of the chiral dirhodium tetracarboxylate 

catalysts to induce high enantioselectivity in the cyclopropanation of styrenes, as summarized in 

Table 2.12.  The previous expectation that Rh2(R-DOSP)4 would give high asymmetric induction 

for all aryldiazoacetates was found not to be true, although it was found to be the most effective 

catalyst for the broadest range of substituted methyl aryldiazoacetates.  In spite of the fact that 

Rh2(S-PTAD)4 is the most consistent catalyst when the acceptor group of the donor/acceptor 

carbenoid is modified,19-22 the level of enantioselectivity was found to be highly variable when 

aryl substitution of the aryldiazoacetate was modified.  In particular, Rh2(S-PTAD)4 was very 

effective with the 2-chlorophenyl aryldiazoacetate derivative.  Rh2(R-BNP)4 was the most 

effective catalyst for 3-methoxyphenyl-substituted aryldiazoacetate derivatives.  The factors 

behind these subtle variations, at this stage, is not well understood.  There is no clear steric or 

electronic trend to define which catalyst will perform best in a given system, which suggests the 

asymmetric induction may involve a combination of factors including π-stacking interactions.  

Computational studies are in progress to develop a rational model to explain these trends.15 
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Table 2.12  A guide to chiral dirhodium(II) catalyzed cyclopropanation15 

 

 

2.9  Conclusion 

 
Catalytic enantioselective methods for the generation of cyclopropanes have been of long 

standing pharmaceutical interest.  Chiral dirhodium(II) catalysts prove to be effective for the 

generation of diverse cyclopropane libraries.  This study provides guidelines for choosing the 

optimal chiral dirhodium(II) catalyst for cyclopropanation with aryldiazoacetates.  The nature of 

the aryl group on the aryldiazoacetate strongly affects the asymmetric induction imparted by the 

three catalysts studied.  Depending on the aryl substituent, Rh2(R-DOSP)4, Rh2(S-PTAD)4, or 

Rh2(R-BNP)4 can be utilized to obtain the desired cyclopropane with a high level of 

enantioinduction.  Rh2(R-DOSP)4 is the most effective catalyst for asymmetric intermolecular 

cyclopropanation of methyl aryldiazoacetates with styrene.  Rh2(S-PTAD)4 provides high levels 

of enantioinduction when the acetate group of the aryldiazoacetate precursor is varied.  The less-

established Rh2(R-BNP)4 plays a complementary role to  Rh2(R-DOSP)4 and  Rh2(S-PTAD)4 in 

66 - 93 82 - 92

catalyst

0.5 - 1 mol% Rh(II)

Ar
CO2Me

Ph

N2

CO2MeAr solvent, rt

Ar yield (%) ee (%)

Ph

Rh2(R-DOSP)4

R  = H, Cl
R' = H, alkyl, Cl, OMe

63 - 93% yield
80 - 97% ee

Rh2(S-PTAD)4 80 - 87 80 - 97
R

R = Cl, OMe

R

MeO
Rh2(R-BNP)4 63 - 93 88 - 97

R
R = H, OMe

R

R'
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catalyzing highly enantioselective cyclopropanation of alkoxy-substituted  methyl 

aryldiazoacetates.  In contrast, the functionality on the styrene has only moderate influence on 

the level of asymmetric induction in cyclopropanation reactions.  These studies set the chemical 

foundation for the development of therapeutically useful diarylcyclopropylamines.15 

 

2.10  Experimental Section 

 
General:  All reactions were conducted under anhydrous conditions in oven-dried glassware 

under an inert atmosphere of dry argon at room temperature, unless otherwise stated.  Hexanes, 

pentane, and toluene were dried by a solvent purification system (passed through activated 

alumina columns).  All solvents were degassed by bubbling argon through the solvent for a 

minimum of 10 minutes prior to use.  Unless otherwise noted, all other reagents were obtained 

from commercial sources and used as received.  1H Nuclear Magnetic Resonance (NMR) spectra 

were recorded at 400 MHz or 600MHz.  Data presented as follows: chemical shift (in ppm on the 

δ scale relative to δH 7.27 for the residual protons in CDCl3), coupling constant (J/Hz), 

integration.  Coupling constants were taken directly from the spectra and are uncorrected.  13C 

NMR spectra were recorded at 100 MHz and all chemical shift values are reported in ppm on the 

δ scale, with an internal reference of δC 77.23 for CDCl3.  Mass spectral determinations were 

carried out by using APCI as ionization source.  Melting points are uncorrected.  Infrared 

spectral data are reported in units of cm-1.  Analytical TLC was performed on silica gel plates 

using UV light.  Flash column chromatography was performed on silica gel 60Å (230-400 

mesh). Optical rotations were measured on JASCO P-2000 polarimeters.  Analytical 

enantioselective chromatographies were measured on Varian Prostar instrument and used 

isopropanol:hexane as gradient.  Chiral HPLC conditions were determined by obtaining 
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separation of the racemic product.  Rh2(R/S-DOSP)4 was employed as the catalyst in the racemic 

reactions.  Styrene (28) and substituted styrenes (44a-f) as well as styrene derivatives (44h-i) 

were commercially available and purified by pushing through a silica-filled pipette prior to use.  

Rh2(R-DOSP)4,13a Rh2(S-PTAD)4,19 Rh2(R-BNP)4,1 aryldiazoacetates 32, 34a, 34e, 34g-i, 34k, 

34m-n, 40, 42a-b and 49a-c12b and styrene 44g24 were all synthesized according published 

procedures.  This experimental section also contains detailed procedures for the synthesis of 

Rh2(R-DOSP)4, Rh2(S-PTAD)4 and Rh2(R-BNP)4 as well as their characterization data. 

 
General Procedure for the Synthesis of Methyl Phenyldiazoacetates25 
 
The methyl arylacetate (1 equiv.) and p-ABSA (1.3 equiv.) were dissolved in acetonitrile and 

cooled to 0 °C using an ice bath under an argon atmosphere.  1,8-Diazabicycloundec-7-ene 

(DBU, 1.3 equiv.) was then added to the stirring mixture over the course of 5 minutes.  After the 

addition of the DBU, the reaction mixture continued to stir at 0 °C for an additional 15 minutes.  

Once this allotted time had passed, the ice bath was removed and the reaction mixture was stirred 

for 24 hours at room temperature.  The resulting orange solution was quenched with saturated 

aqueous ammonium chloride (NH4Cl) and the aqueous layer was extracted with diethyl ether 

(3x).  The organic layer was then washed with deionized H2O to remove any residual salts.  The 

combined organic layers were dried over magnesium sulfate (MgSO4) and filtered.  The organic 

layer was then concentrated under reduced pressure.  The residue was purified via flash 

chromatography on silica gel (hexanes : ethyl acetate 10 : 1).   

 
General Procedure for the Synthesis of Methyl Phenylcyclopropanecarboxylates with Rh2(R-
DOSP)4 
 

In a 25-mL round bottom flask (Flask A) equipped with a magnetic stir bar, styrene (5 equiv.) 

and Rh2(R-DOSP)4 (0.01 equiv.) were dissolved in dry, degassed pentane (3 mL).  The reaction 
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mixture was then degassed using vacuum/argon cycles (x3).  In a separate 25-mL round bottom 

flask (Flask B), the methyl phenyldiazoacetate (0.5 mmol, 1 equiv.) was dissolved in dry, 

degassed pentane (5 mL) and degassed using vacuum/argon cycles (x3).  The contents in Flask B 

were then added to Flask A using a syringe pump for the duration of 1 hour.  After the addition, 

the reaction mixture continued to stir for 1 additional hour.  Once the allotted time had passed, 

the reaction mixture was concentrated under reduced pressure and purified using silica gel 

column chromatography (increasing gradient starting at hexanes : ethyl acetate 10 : 1). 

 
General Procedure for the Synthesis of Methyl Phenylcyclopropanecarboxylates with Rh2(S-
PTAD)4 
 
In a 25-mL round bottom flask (Flask A) equipped with a magnetic stir bar, styrene (5 equiv.) 

and Rh2(S-PTAD)4 (0.005 equiv.) were dissolved in dry, degassed pentane (3 mL).  The reaction 

mixture was then degassed using vacuum/argon cycles (x3).  In a separate 25-mL round bottom 

flask (Flask B), the methyl phenyldiazoacetate (0.5 mmol, 1 equiv.) was dissolved in dry, 

degassed pentane (5 mL) and degassed using vacuum/argon cycles (x3).  The contents in Flask B 

were then added to Flask A using a syringe pump for the duration of 1 hour.  After the addition, 

the reaction mixture continued to stir for 1 additional hour.  Once the allotted time had passed, 

the reaction mixture was concentrated under reduced pressure and purified using silica gel 

column chromatography (increasing gradient starting at hexanes : ethyl acetate 10 : 1). 

 
General Procedure for the Synthesis of Methyl Phenylcyclopropanecarboxylates with Rh2(R-
BNP)4 
 
In a 25-mL round bottom flask (Flask A) equipped with a magnetic stir bar, styrene (5 equiv.) 

and Rh2(R-BNP)4 (0.01 equiv.) were dissolved in dry, degassed toluene (3 mL).  The reaction 

mixture was then degassed using vacuum/argon cycles (x3).  In a separate 25-mL round bottom 

flask (Flask B), the methyl phenyldiazoacetate (0.5 mmol, 1 equiv.) was dissolved in dry, 
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degassed toluene (5 mL) and degassed using vacuum/argon cycles (x3).  The contents in Flask B 

were then added to Flask A using a syringe pump for the duration of 1 hour.  After the addition, 

the reaction mixture continued to stir for 1 additional hour.  Once the allotted time had passed, 

the reaction mixture was concentrated under reduced pressure and purified using silica gel 

column chromatography (increasing gradient starting at hexanes : ethyl acetate 10 : 1). 

 

 

(1S,2R)-methyl 1-(3,4-dimethoxyphenyl)-2-phenylcyclopropanecarboxylate (35g): Title 

compound was prepared by general procedure and obtained as a white solid. 74% yield for 

Rh2(R-DOSP)4; 70% yield for Rh2(S-PTAD)4; 93% yield for 1 mol% Rh2(R-BNP)4; 83% yield 

for 0.5 mol% Rh2(R-BNP)4; 80% yield for 0.1 mol% Rh2(R-BNP)4; 73% yield for 0.01 mol% 

Rh2(R-BNP)4; HPLC: (Chiralcel OD-H, 6% i-PrOH in hexane, 1 mL/min, 1 mg/mL, 30 min, λ = 

254 nm) retention times of 13.99 min (minor) and 17.97 min (major), 56% ee for Rh2(R-DOSP)4;  

94% ee for Rh2(S-PTAD)4; 97% ee for 1 mol% Rh2(R-BNP)4; 96% ee for 0.5 mol% Rh2(R-

BNP)4; 91% ee for 0.1 mol% Rh2(R-BNP)4; 40% ee for 0.01 mol% Rh2(R-BNP)4; Rf = 0.20 

(hexane: ethyl acetate 4 : 1); mp 88-89 °C; [α]20
D +28.4° (c = 1.51, CHCl3); 1H NMR (400 MHz, 

CDCl3) δ 7.09-7.07 (m, 3H), 6.81-6.79 (m, 2H), 6.69 (m, 2H), 6.36 (s, 1H), 3.81 (s, 3H), 3.68 (s, 

3H), 3.56 (s, 3H), 3.08 (dd, J = 9.2, 7.6 Hz, 1H), 2.14 (dd, J = 9.2, 4.4 Hz, 1H), 1.84 (dd, J = 7.6, 

4.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 174.5, 147.8, 136.4, 127.9, 127.7, 127.2, 126.3, 

123.9, 115.3, 110.2, 55.5, 52.6, 36.9, 33.1, 20.8; IR (film): 2924, 1716, 1518, 1455, 1434, 1413, 

1341, 1229, 1208, 1177; HRMS (ESI) calcd for C19H21O4 (M+H)+ 313.1440 found 313.1433. 

 

CO2Me
OMe

OMe
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(1S,2R)-methyl 2-phenyl-1-(3,4,5-trimethoxyphenyl)cyclopropanecarboxylate (35h): Title 

compound was prepared by general procedure and obtained as a yellow oil. 98% yield for Rh2(R-

DOSP)4; 95% yield for Rh2(S-PTAD)4; 63% yield for Rh2(R-BNP)4; HPLC: (Chiralcel OD-H, 

6% i-PrOH in hexane, 1 mL/min, 1 mg/mL, 30 min, λ = 254 nm), retention times of 10.78 min 

(minor) and 11.79 min (minor), 34% ee for Rh2(R-DOSP)4; 9% ee for Rh2(S-PTAD)4; 90% ee 

for Rh2(R-BNP)4; Rf = 0.20 (hexanes : ethyl acetate 5 : 1); [α]20
D +17.5° (c = 2.02, CHCl3); 1H 

NMR (400 MHz, CDCl3) δ 7.09-7.07 (m, 3H), 6.81-6.78 (m, 2H), 6.16 (s, 2H), 3.76 (s, 3H), 3.69 

(s, 3H), 3.59 (s, 6H), 3.07 (dd, J = 9.2, 7.2 Hz, 1H); 2.14 (dd, J = 9.6, 4.8 Hz, 1H), 1.82 (dd, J = 

7.6, 5.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 174.2, 152.3, 136.5, 130.3, 128.1, 128.0, 127.7, 

126.4, 109.4, 60.7, 55.9, 52.6, 37.4, 33.1 20.8; IR (film): 2925, 1716, 1587, 1413, 1258, 1235, 

1153, 1124; HRMS (ESI) calcd for C20H23O4 (M+H)+ 345.1485 found 345.1485. 

 

 

(1S,2R)-methyl 1-(2-methoxyphenyl)-2-phenylcyclopropanecarboxylate (35n): Title 

compound was prepared by general procedure and obtained as a white solid.  92% yield for 

Rh2(R-DOSP)4; 87% yield for Rh2(S-PTAD)4; 69% yield for Rh2(R-BNP)4; HPLC: (SS-WHELK 

column, 1% i-PrOH in hexanes, 1.0 mL/min, 1mg/mL, 30 min, λ = 254 nm)  retention times of 

11.65 min (minor) and 14.00 min (major), 86% ee for Rh2(R-DOSP)4;  80% ee for Rh2(S-

PTAD)4; 27% ee for Rh2(R-BNP)4; Rf = 0.45 (hexanes : ethyl acetate 4 : 1); [α]20
D: +133.3° (c = 

1.00, CHCl3); 1H NMR (400 MHz; CDCl3) δ 7.19-7.10 (m, 2H), 7.04-6.98 (m, 3H), 6.86 (td, J = 

7.6, 1.1 Hz, 1H), 6.81-6.74 (m, 2H), 6.53 (d, J = 8 Hz, 1H), 3.65 (s, 3H), 3.36 (s, 3H), 3.24 (dd, J 

CO2Me
OMe

OMe
OMe

CO2Me

MeO
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= 9.6 and 7.6 Hz, 1H), 1.98 (dd, J = 9.2 and 4.8 Hz, 1H), 1.85 (dd, J = 7.2 and 4.8 Hz, 1H); 13C 

NMR (100 MHz, CDCl3) δ 174.7, 159.2, 137.0, 131.8, 128.9, 127.9, 127.3, 126.1, 124.1, 120.1, 

110.5, 55.2, 52.7, 34.3, 32.6, 20.8; IR (film): 3030, 2950, 2835, 1716, 1496, 1242; HRMS 

(APCI) calcd for C18H19O3 (M+H)+ 283.1329 found 283.1329. 

 

 

(1S,2R)-methyl 1-(3-methoxyphenyl)-2-phenylcyclopropanecarboxylate (35e): Title 

compound was prepared by general procedure and obtained as a yellow oil. 78% yield for Rh2(R-

DOSP)4; 72% yield for Rh2(S-PTAD)4; 82% yield for Rh2(R-BNP)4; HPLC: (Chiralcel OD-H, 

0.7% i-PrOH in hexane, 1 mL/min, 1 mg/mL, 30 min, λ = 254 nm), retention times of 9.50 min 

(major) and 11.38 min (minor), 79% ee for Rh2(R-DOSP)4;  16% ee for Rh2(S-PTAD)4; 88% ee 

for Rh2(R-BNP)4; Rf = 0.25 (hexanes : ethyl acetate 9 : 1); [α]20
D +21.1° (c = 1.25, CHCl3); 1H 

NMR (400 MHz, CDCl3) δ 7.09-7.03 (m, 4H), 6.81-6.79 (m, 2H), 6.69-6.63 (m, 2H), 6.53-6.52, 

(m, 1H), 3.67 (s, 3H), 3.59 (s, 3H), 3.12 (dd, J = 9.6, 7.2 Hz, 1H), 2.12 (dd, J = 9.2, 4.8 Hz, 1H), 

1.87 (dd, J = 7.6, 5.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 174.2, 158.8, 136.4, 136.2, 128.5, 

127.9, 127.7, 126.3, 124.4, 117.5, 112.9, 55.0, 52.6, 37.3, 33.1, 20.6; IR (film): 2925, 1717, 

1602, 1454, 1239, 697; HRMS (ESI) calcd for C18H19O3 (M+H)+ 283.1334 found 283.1329.  

 

 

(1S,2R)-methyl 1-(4-methoxyphenyl)-2-phenylcyclopropanecarboxylate (35k): Title 

compound was prepared by general procedure and obtained as a white solid.  66% yield for 

Rh2(R-DOSP)4; 93% yield for Rh2(S-PTAD)4; 84% yield for Rh2(R-BNP)4; HPLC: (Chiralcel 

OD-H, 0.7% i-PrOH in hexanes, 1.0 mL/min, 1mg/mL, 30 min, λ = 254 nm) retention times of 

CO2Me
OMe

CO2Me

OMe
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11.97 min (major) and 17.71 min (minor), 90% ee for Rh2(R-DOSP)4;  96% ee for Rh2(S-

PTAD)4; 57% ee for Rh2(R-BNP)4;   Rf = 0.39 (hexanes : ethyl acetate 4 : 1); [α]20
D = +5.1° (c = 

1, chloroform); 1H NMR (400 MHz; CDCl3) δ 7.10-7.07 (m, 3H), 6.95 (d, J = 8.8 Hz, 2H), 6.80-

6.77 (m, 2H), 6.68 (d, J = 8.8 Hz, 2H), 3.74 (s, 3H), 3.68 (s, 3H), 3.09 (dd, J = 9.2 and 7.6 Hz, 

1H), 2.14 (dd, J = 9.2 and 4.8 Hz, 1H), 1.84 (dd, J = 7.2 and 4.8 Hz, 1H); 13C NMR (100 MHz, 

CDCl3) δ 174.9, 158.6, 136.7, 133.1, 128.3, 127.9, 127.0, 126.5, 113.4, 55.3, 52.8, 36.9, 33.4, 

21.0; IR (film): 3031, 2951, 2836, 1715, 1515, 1245; HRMS (APCI) calcd for C18H19O3 (M+H)+ 

283.1329 found 283.1328. 

 

 

(1S,2R)-methyl 1-(3,5-dimethoxyphenyl)-2-phenylcyclopropanecarboxylate (37a): Title 

compound was prepared by general procedure and obtained as a yellow oil. 85% yield for Rh2(R-

DOSP)4; 85% yield for Rh2(S-PTAD)4; 69% yield for Rh2(R-BNP)4; HPLC: (Chiralcel OD-H, 

6% i-PrOH in hexane, 1 mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention times of 7.33 min 

(major) and 9.07 min (minor), 28% ee for Rh2(R-DOSP)4; 3% ee for Rh2(S-PTAD)4; 92% ee for 

Rh2(R-BNP)4; Rf = 0.31 (hexanes : ethyl acetate 5 : 1); [α]20
D +33.7° (c = 1.1, CHCl3); 1H NMR 

(400 MHz, CDCl3) δ 7.10-7.08 (m, 3H), 6.82 (dd, J = 7.2, 2.4 Hz, 2H), 6.24 (t, J = 2.4 Hz, 1H), 

6.15 (d, J = 2.4 Hz, 2H), 3.68 (s, 3H), 3.56 (s, 6H), 3.08 (dd, J = 9.2, 7.2 Hz, 1H), 2.10 (dd, J = 

9.2, 4.8 Hz, 1H), 1.84 (dd, J = 7.2, 4.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 174.4, 160.1, 

137.2, 136.6, 128.2, 128.0, 126.6, 110.4, 99.8, 55.4, 52.9, 37.7, 33.3, 20.9; IR (film): 2951, 2840, 

1715, 1594, 1456, 1425, 1260, 1203, 1151, 1046, 715, 692; HRMS (APCI) calcd for C19H21O4 

(M+H)+ 313.1434 found 313.1435. 

 

CO2Me
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(1S,2R)-methyl 1-(3,5-dimethoxyphenyl)-2-phenylcyclopropanecarboxylate (37b): Title 

compound was prepared by general procedure with methyl 2-diazo-2-(6-methoxynaphthalen-2-

yl)acetate  (36b, 118 mg, 0.5 mmol, 1 equiv), styrene (28, 130 mg, 1.25 mmol, 2.5 equiv), and 

Rh2(R-BNP)4 (4 mg, 0.0025 mmol, 0.005 equiv).  The remaining residue was purified on silica 

gel eluting with hexanes : ethyl acetate (5 : 1) to afford a yellow oil. 35% yield for Rh2(R-

DOSP)4; 22% yield for Rh2(R-BNP)4. HPLC: (Chiralcel OD-H, 6% i-PrOH in hexane, 1 

mL/min, 1 mg/mL, 30 min, λ = 254 nm), retention times of 9.20 min (major) and 10.10 min 

(minor), 63% ee for Rh2(R-DOSP)4, 48% ee for Rh2(R-BNP)4; Rf = 0.31 (hexanes : ethyl acetate 

5 : 1); [α]20
D -16.0° (c = 0.7, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.59 (d, J = 8.8 Hz, 1H), 

7.52 (s, 1H), 7.43 (d, J = 8.8 Hz, 1H),7.07 (dd, J = 8.8, 2.4 Hz, 1H), 7.02-6.98 (m, 5H), 6.81-6.79 

(m, 2H), 3.87 (s, 3H), 3.65 (s, 3H), 3.16 (dd, J = 9.6, 7.4 Hz, 1H), 2.20 (dd, J = 9.6, 5.0 Hz, 1H), 

1.98 (dd, J = 7.4, 5.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 174.8, 157.8, 136.5, 133.7, 130.8, 

130.5, 130.4, 129.5, 128.7, 128.3, 127.9, 126.5, 126.2, 118.7, 105.8, 55.5, 52.5, 37.6, 33.4, 21.0; 

IR (film): 2952, 1716, 1607, 1485, 1259, 1204, 1160, 708; HRMS (NSI) calcd for C22H21O3 

(M+H)+ 333.1485 found 333.1483. 

 

 

(1R,2S)-methyl 1,2-diphenylcyclopropanecarboxylate (39a):  Title compound was prepared 

by general procedure and obtained as a white solid.  85% yield for Rh2(R-DOSP)4; 87% yield for 

Rh2(S-PTAD)4; 72% yield for Rh2(R-BNP)4; HPLC: (Chiralcel SS-WHELK, 1% i-PrOH in 

hexane, 1.0 mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention times of 8.62 min (major) and 

CO2Me
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10.22 min (minor), 88% ee for Rh2(R-DOSP)4; 21% ee for Rh2(S-PTAD)4; 42% ee for Rh2(R-

BNP)4;  Rf = 0.25 (hexanes : ethyl acetate 10 : 1); 1H NMR (600 MHz, CDCl3) δ 7.12-7.11 (m, 

3H), 7.05-7.01 (m, 5H), 6.77-6.75 (m, 2H), 3.70 (s, 3H), 3.11 (dd, J = 7.2, 9.3, 1H), 2.13 (dd, J = 

4.8, 9.3, 1H), 1.88 (dd, J = 4.8, 7.2, 1H); 13C NMR (100 MHz, CDCl3) δ 174.5, 136.5, 134.9, 

132.1, 128.2, 127.9, 127.2, 126.5, 52.8, 37.6, 33.3, 20.7; Data are consistent with the 

literature.13d, 24 

 

 

(1S,2R)-methyl 2-phenyl-1-(m-tolyl)cyclopropanecarboxylate (39b): Title compound was 

prepared by general procedure with methyl 2-diazo-2-(m-tolyl)acetate (38b, 95.0 mg, 0.50 

mmol, 1.00 equiv), styrene (28, 130 mg, 1.25 mmol, 2.50 equiv), and Rh2(R-BNP)4 (4.00 mg, 

0.0025 mmol, 0.005 equiv).  The remaining residue was purified on silica gel eluting hexanes : 

ethyl acetate (100 : 1) to afford clear oil (118 mg, 89% yield). HPLC: (Chiralcel SS-WHELK, 

2% i-PrOH in hexane, 1 mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention times of 8.35 min 

(major) and 9.6 min (minor), 42% ee); Rf = 0.24 (hexanes : ethyl acetate 20 : 1); [α]20
D +7.6° (c = 

0.65, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.08-6.94 (m, 5H), 6.86-6.77 (m, 4H), 3.68 (s, 3H), 

3.12 (dd, , J = 9.0, 7.8, 1H), 2.20 (s, 3H), 2.13 (dd, , J = 9.0, 4.8), 1.87 (dd, , J = 7.8, 4.8); 13C 

NMR (100 MHz, CDCl3) δ 174.5, 137.1, 136.5, 134.5, 132.6, 129.0, 128.0, 127.8, 127.6, 127.4, 

126.2, 52.6, 37.2, 33.1, 21.2, 20.6; IR (film): 2925, 1716, 1257, 1157, 702; HRMS (ESI) calcd 

for C18H19O2 (M+H)+ 267.1385 found 267.1379. 
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methyl (1S,2R)-1-(3-ethylphenyl)-2-phenylcyclopropane-1-carboxylate (39c): Title 

compound was prepared by general procedure with methyl 2-diazo-2-(3-ethylphenyl)acetate 

(38c, 69.0 mg, 0.30 mmol, 1.00 equiv), styrene (28, 176 mg, 1.70 mmol, 5.00 equiv), and Rh2(R-

BNP)4 (4.0 mg, 0.0025 mmol, 0.005 equiv).  The remaining residue was purified on silica gel 

eluting with hexanes : ethyl acetate (70 : 1) to afford a clear oil (52 mg, 55% yield). HPLC: 

(Chiralcel SS-WHELK, 0.5% i-PrOH in hexane, 0.5 mL/min, 1 mg/mL, 30 min, λ = 254 nm) 

retention times of 16.8 min (major) and 18.5 min (minor), 54% ee; Rf = 0.15 (hexanes : ethyl 

acetate 70 : 1); [α]20
D +17.9° (c = 0.83, CHCl3); 1H NMR (600 MHz, CDCl3) δ 7.06 (m, 4H), 

6.95 (d, J = 7.5 Hz, 1H), 6.88 (d, J = 7.5 Hz, 1H), 6.77 (m, 3H), 3.68 (s, 3H), 3.12 (dd, J = 7.8, 

9.6 Hz, 1H), 2.46 (q, J = 7.8 Hz, 2H), 2.13 (dd, J = 4.8, 9.6 Hz, 1H), 1.87 (dd, J = 4.8, 7.8 Hz, 

1H), 1.00 (t, J = 7.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 174.7, 143.7, 136.7, 134.8, 132.0, 

129.3, 128.3, 127.8, 127.8, 126.8, 126.4, 52.8, 37.5, 33.3, 31.2, 28.8, 20.7, 15.7; IR (film): 3029, 

2963, 1717, 1456, 1433, 1259, 1158, 696; HRMS (ESI) calcd for C19H20O2
23Na1 (M+H)+ 

303.1356 found 303.1358. 

 

 

methyl (1S,2R)-1-(3-isopropoxyphenyl)-2-phenylcyclopropane-1-carboxylate (39d): Title 

compound was prepared by general procedure with methyl 2-diazo-2-(3-

isopropoxyphenyl)acetate (38d, 117 mg, 0.50 mmol, 1.00 equiv), styrene (28, 260 mg, 2.50 

mmol, 5.00 equiv), and Rh2(R-BNP)4 (4.0 mg, 0.0025 mmol, 0.005 equiv).  The remaining 

residue was purified on silica gel eluting with hexanes : ethyl acetate (50 : 1) to afford clear oil 

CO2Me
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	   48 

(85 mg, 55% yield). HPLC: (Chiralcel ADH, 1% i-PrOH in hexane, 1 mL/min, 1 mg/mL, 30 

min, λ = 230 nm) retention times of 9.07 min (major) and 10.06 min (minor), 66% ee; Rf = 0.55 

(hexanes : ethyl acetate 5 : 1); [α]20
D +25.7° (c = 0.45, CHCl3); 1H NMR (600 MHz, CDCl3) δ 

7.06 (m, 4H), 6.80 (dd, J = 1.8, 8.4 Hz, 2H), 6.67 (m, 2H), 6.51 (t, J = 1.8 Hz, 1H) 4.28 (sep, J = 

6.0 Hz, 1H), 3.68 (s, 3H), 3.09 (dd, J = 7.2, 9.3 Hz, 1H), 2.13 (dd, J = 5.1, 9.3 Hz, 1H), 1.87 (dd, 

J = 5.1, 7.2 Hz, 1H), 1.22 (d, J = 6.3 Hz, 3H), 1.07 (d, J = 6.3 Hz, 3H); 13C NMR (100 MHz, 

CDCl3) δ 174.5, 157.4, 136.7, 136.3, 128.8, 128.2, 127.9, 126.5, 124.4, 120.0, 115.8, 70.1, 52.8, 

37.6, 33.4, 22.3, 21.9, 20.8; IR (film): 2976, 2360, 2342, 1718, 1601, 1434, 1258, 1232, 1158, 

1117, 698; HRMS (ESI) calcd for C20H22O3
23Na1 (M+H)+ 333.1461 found 333.1463. 

 

	  	    

(1S,2R)-methyl 1-(3-(benzyloxy)phenyl)-2-phenylcyclopropanecarboxylate (39e): Title 

compound was prepared by general procedure with methyl 2-(3-(benzyloxy)phenyl)-2-

diazoacetate (38e, 141 mg, 0.50 mmol, 1.00 equiv), styrene (28, 260 mg, 2.50 mmol, 5.00 

equiv), and Rh2(R-BNP)4 (4.0 mg, 0.0025 mmol, 0.005 equiv).  The remaining residue was 

purified on silica gel eluting with hexanes : ethyl acetate (100 : 0 to 100 : 1.5) to afford a clear oil 

(125 mg, 83 % yield). HPLC: (Chiralcel ODH, 0.5% i-PrOH in hexane, 1 mL/min, 1 mg/mL, 30 

min, λ = 254 nm) retention times of 27.94 min (minor) and 31.04 min (major), 66% ee; Rf = 0.40 

(hexanes : ethyl acetate 5 : 1); [α]20
D +0.0033° (c = 0.78, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

7.37-7.36 (m, 5H), 7.10-7.06 (m, 4H), 6.80 (m, 3H), 6.66-6.65 (m, 2H), 4.90 (d, J = 11.8 Hz, 

1H), 4.81 (d, J = 11.8 Hz, 1H), 3.68 (s, 3H), 3.10 (dd, J = 7.2, 9.2 Hz, 1H), 2.11 (dd, J = 4.8, 9.4 

Hz, 1H), 1.85 (dd, J = 4.8, 7.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 174.4, 158.3, 137.2, 

136.6, 136.4, 128.8, 128.7, 128.2, 128.1, 127.9, 127.7, 126.5, 124.9, 118.8, 114.1, 70.0, 52.8, 

CO2Me
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37.5, 33.4, 29.9, 20.7; IR (film): 3031, 2924, 1714, 1602, 1581, 1455, 1433, 1256, 1223, 1203, 

1157, 1027, 739, 695; HRMS (APCI) calcd for C22H19O (M+H)+  299.1430 found 299.1431.  

 

 

(1R,2S)-methyl 1-(3-phenoxyphenyl)-2-phenylcyclopropanecarboxylate (39f): Title 

compound was prepared by general procedure with methyl 2-diazo-2-(3-phenoxyphenyl)acetate 

(38f, 134 mg, 0.50 mmol, 1.00 equiv), styrene (28, 260 mg, 2.50 mmol, 5.00 equiv), and Rh2(R-

BNP)4 (4.0 mg, 0.0025 mmol, 0.005 equiv).  The remaining residue was purified on silica gel 

eluting hexanes : ethyl acetate (100 : 0.8) to afford a clear oil (83 mg, 67% yield). HPLC: 

(Chiralcel ODR, 0.5% i-PrOH in hexane, 1 mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention 

times of 10.85 min (major) and 15.37 min (minor), 33% ee; Rf = 0.28 (hexanes : ethyl acetate 10 

: 1); [α]20
D -4.39° (c = 3.14, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.24-7.19 (ddd, J = 2.0, 4.0, 

9.6 Hz, 2H), 7.17-7.07 (m, 4H), 6.89 (d, J = 8.0 Hz, 1H), 6.83-6.77 (m, 3H), 6.64-6.61 (m, 3H), 

3.66 (s, 3H), 3.08 (dd, J = 7.2, 9.4 Hz, 1H), 2.10 (dd, J = 5.2, 9.4 Hz, 1H), 1.90 (dd, J = 5.2, 7.2 

Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 174.1, 157.5, 156.2, 136.8, 136.4, 129.8, 129.3, 128.2, 

128.1, 126.9, 126.6, 123.3, 122.9, 118.6, 118.3, 52.9, 37.5, 33.4, 20.5; IR (film): 3032, 2951, 

1716, 1581, 1487, 1456, 1376, 1335, 1255, 1229, 1191, 1154, 1097; HRMS (APCI) calcd for 

C23H21O3 (M+H)+ 345.1485 found 345.1485. 

 

 

methyl (1R,2R)-2-phenyl-1-((E)-styryl)cyclopropane-1-carboxylate (33): Title compound was 

prepared by general procedure with (E)-methyl 2-diazo-4-phenylbut-3-enoate (32, 101 mg, 0.50 

mmol, 1.00 equiv), styrene (28, 260 mg, 2.50 mmol, 5.00 equiv), and Rh2(R-BNP)4 (8.0 mg, 

CO2Me
O

CO2Me
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0.005 mmol, 0.01 equiv).  The remaining residue was purified on silica gel eluting hexanes : 

ethyl acetate (15 : 1) to afford a clear oil (139 mg, 38% yield). HPLC: (Chiralcel OJH, 1.5% i-

PrOH in hexane, 1 mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention times of 15.1 min (major) 

and 19.9 min (minor), 66% ee. Rf = 0.50 (hexanes : ethyl acetate 5 : 1); 1H NMR (400 MHz, 

CDCl3) δ 7.25-7.21 (m, 4H), 7.19-7.13 (m, 6H), 6.35 (d, J = 16.2 Hz, 1H), 6.14 (d, J = 16.2 Hz, 

1H), 3.77 (s, 3H), 3.04-2.99 (m, 1H), 2.03 (dd, J = 9.2, 4.9 Hz, 1H), 1.88 (dd, J = 7.3, 5.2 Hz, 

1H); Data are consistent with the literature.26 

 

 

methyl (1R,2R)-1-((E)-3,4-dimethoxystyryl)-2-phenylcyclopropane-1-carboxylate (41): Title 

compound was prepared by general procedure with (E)-methyl 2-diazo-4-(3,4-

dimethoxyphenyl)but-3-enoate (40, 131 mg, 0.50 mmol, 1.00 equiv), styrene (28, 260 mg, 2.50 

mmol, 5.00 equiv), and Rh2(R-BNP)4 (8 mg, 0.005 mmol, 0.01 equiv).  The remaining residue 

was purified on silica gel eluting hexanes : ethyl acetate (2 : 1) to afford a yellow oil (176 mg, 

52% yield). HPLC: (Chiralcel ODH, 6% i-PrOH in hexane, 1 mL/min, 1 mg/mL, 30 min, λ = 

254 nm) retention times of 12.3 min (minor) and 13.4 min (major), 66% ee; Rf = 0.13 (hexanes : 

ethyl acetate 2 : 1); 1H NMR (400 MHz, CDCl3) δ 7.25-7.21 (m, 2H), 7.19-7.13 (m, 3H), 6.75-

6.65 (m, 3H), 6.31 (d, J = 15.9 Hz, 1H), 5.97 (d, J = 15.9 Hz, 1H), 3.85 (s, 3H), 3.81 (s, 3H), 

3.77 (s. 3H), 3.01-2.98 (m, 1H), 2.02 (dd, J = 9.0, 5.0 Hz, 1H), 1.82 (dd, J = 7.3, 5.2 Hz, 1H); 

13C NMR (100 MHz, CDCl3) δ 174.2, 148.8, 148.6, 135.6, 132.9, 130.2, 129.0, 127.9, 126.6, 

122.2, 119.2, 110.9, 108.8, 55.8, 55.7, 52.4, 34.7, 33.2, 18.6; IR (film): 2950, 1716, 1512, 1453, 

1246; HRMS (APCI) calcd for C21H22O4 (M+Na)+ 361.1416 found 361.1413. 
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(1S,2R)-ethyl 1,2-diphenylcyclopropanecarboxylate (43a):  Title compound was prepared by 

general procedure with ethyl 2-diazo-2-phenylacetate (42a, 95.0 mg, 0.50 mmol, 1.00 equiv), 

styrene (28, 260 mg, 2.50 mmol, 5.00 equiv), and Rh2(R-BNP)4 (4.0 mg, 0.0025 mmol, 0.005 

equiv).  The remaining residue was purified on silica gel eluting with hexanes : ethyl acetate (5 : 

1) to afford clear oil (104 mg, 39% yield). HPLC: (Chiralcel SS-WHELK, 1% i-PrOH in hexane, 

1 mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention times of 9.3 min (major) and 11.0 min 

(major), <5% ee).  1H NMR (400 MHz, CDCl3) δ 7.20-7.10 (m, 4H), 7.07-7.01 (m, 4H), 6.78-

6.75 (m, 2H), 4.21-4.06 (m, 2H), 3.10 (dd, J = 9.4, 7.6 Hz, 1H), 2.12 (dd, J = 9.4, 5.2 Hz, 1H), 

1.87 (dd, J = 7.6, 5.2 Hz, 1H), 1.18 (t, J = 7.2 Hz, 1H); Data are consistent with the literature.27 

 

 

(1S,2R)-isopropyl 1,2-diphenylcyclopropanecarboxylate (43b):  Title compound was prepared 

by general procedure with isopropyl 2-diazo-2-phenylacetate (42b, 102 mg, 0.50 mmol, 1.00 

equiv), styrene (28, 260 mg, 2.50 mmol, 5.00 equiv), and Rh2(R-BNP)4.  The remaining residue 

was purified on silica gel eluting with hexanes : ethyl acetate (30 : 1) to afford crystalline white 

solid (9 mg, 6 % yield). 1H NMR (600 MHz, CDCl3) δ 7.10-7.00 (m, 8H), 6.77-6.75 (m, 2H), 

4.99 (m, 1H), 3.06 (dd, J = 9.5, 7.0 Hz, 1H), 2.10 (dd, J = 9.5, 5.0 Hz, 1H), 1.85 (dd, J = 7.0, 5.0 

Hz, 1H); Data are consistent with the literature.27 
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2,4-dimethylpentan-3-yl (1S,2R)-1,2-diphenylcyclopropane-1-carboxylate (43c):  Title 

compound was prepared by general procedure with 2,4-dimethylpentan-3-yl 2-diazo-2-

phenylacetate (42c, 130 mg, 0.50 mmol, 1.00 equiv), styrene (28, 260 mg, 2.50 mmol, 5.00 

equiv), and Rh2(R-BNP)4 (4.0 mg, 0.0025 mmol, 0.005 equiv).  The remaining residue was 

purified on silica gel eluting with hexanes : ethyl acetate (30 : 1) to afford clear oil (7 mg, 4 % 

yield). Rf = 0.22 (pentane : diethyl ether 50 : 1); 1H NMR (600 MHz, CDCl3) δ 7.12-7.01 (m, 

8H), 6.80-6.76 (m, 2H), 4.56 (t, J = 6.2 Hz, 1H), 3.08 (dd, J = 9.0, 7.0 Hz, 1H), 2.13 (dd, J = 9.0, 

4.6 Hz, 1H), 1.84 (dd, J = 7.0, 4.6 Hz, 1H), 1.77 (oct, J = 6.6 Hz, 2H), 0.86 (d, J = 6.8 Hz, 3H), 

0.80(d, J = 6.2 Hz, 3H), 0.75(d, J = 6.8 Hz, 3H), 0.66 (d, J = 6.8 Hz, 3H); Data are consistent 

with the literature.27 

 

 

(1S,2R)-tert-butyl 1,2-diphenylcyclopropanecarboxylate (43d): Title compound was prepared 

by general procedure with tert-butyl 2-diazo-2-phenylacetate (42d, 109 mg, 0.5 mmol, 1 equiv), 

styrene (28, 260 mg, 2.5 mmol, 5.0 equiv), and Rh2(R-BNP)4.  The remaining residue was 

purified on silica gel eluting with hexanes : ethyl acetate (30 : 1) to afford crystalline solid (9 mg, 

6.2% yield). HPLC: (Chiralcel SS-WHELK, 2% i-PrOH in hexane, 1 mL/min, 1 mg/mL, 30 min, 

λ = 254 nm) retention times of 7.6 min (major) and 6.9min (major), <5% ee); mp 82-83°C, Rf = 

0.24 (hexanes : ethyl acetate 60 : 1); 1H NMR (600 MHz, CDCl3) δ 7.11-7.00 (m, 8H), 6.77-7.75 

(m, 2H), 4.56 (t, J = 6.0 Hz, 1H), 3.00 (dd, J = 9.0, 7.5 Hz, 1H), 2.06 (dd, J = 9.5, 5.0 Hz, 1H), 

1.80 (dd, J = 7.5, 5.0 Hz, 1H), 1.39 (s, 9H); Data are consistent with the literature.27 
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(1S,2R)-methyl 1-(3,4-dimethoxyphenyl)-2-(m-tolyl)cyclopropanecarboxylate (45a): Title 

compound was prepared by general procedure with methyl 2-diazo-2-(3,4-

dimethoxyphenyl)acetate (34g, 118 mg, 0.50 mmol, 1.00 equiv), 2-methylstyrene (44a, 148 mg, 

1.25 mmol, 2.50 equiv), and Rh2(R-BNP)4 (4.0 mg, 0.0025 mmol, 0.005 equiv).  The remaining 

residue was purified on silica gel eluting with hexanes : ethyl acetate (5 : 1) to afford a 

yellow/green oil (114 mg, 76 % yield). HPLC: (Chiralcel OD-H, 3% i-PrOH in hexane, 1 

mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention times of 17.81 min (minor) and 19.31 min 

(major), 90% ee for Rh2(R-BNP)4, 64% ee for Rh2(R-DOSP)4; Rf = 0.12 (hexanes : ethyl acetate 

5 : 1); [α]20
D +28.7° (c = 1.23, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.11 (d, J = 7.6 Hz, 1H), 

7.00 (t, J = 7.6 Hz, 1H), 6.83 (t, J = 7.6 Hz, 1H), 6.63 (m, 2H), 6.42 (d, J = 7.6 Hz, 1H), 6.34 (s, 

1H), 3.77 (s, 3H), 3.71 (s, 3H), 3.57 (s. 3H), 3.11 (dd, J = 9.2, 7.6 Hz, 1H), 2.51 (s, 3H), 2.06 

(dd, J = 9.2, 5.0 Hz, 1H), 1.99 (dd, J = 7.6, 5.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 174.9, 

147.9, 137.8, 134.7, 129.7, 127.8, 126.7, 126.0, 125.8, 123.7, 114.7, 110.3, 55.7, 55.6, 52.8, 36.0, 

31.2, 20.2, 19.5;  IR (film): 2951, 1713, 1516, 1463, 1435, 1251, 1140, 1026, 740; HRMS 

(APCI) calcd for C20H23O4 (M+H)+ 327.1591 found 327.1591. 

 

 

(1S,2R)-methyl 1-(3,4-dimethoxyphenyl)-2-(p-tolyl)cyclopropanecarboxylate (45b): Title 

compound was prepared by general procedure with methyl 2-diazo-2-(3,4-

dimethoxyphenyl)acetate (34g, 118 mg, 0.50 mmol, 1.00 equiv), 4-methylstyrene (44b, 148 mg, 

1.25 mmol, 2.50 equiv), and Rh2(R-BNP)4 (4.0 mg, 0.0025 mmol, 0.005 equiv).  The remaining 

CO2Me
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residue was purified on silica gel eluting with hexanes : ethyl acetate (5:1) to afford a 

yellow/green oil (147 mg, 90% yield). HPLC: (Chiralcel OD-H, 3% i-PrOH in hexane, 1 

mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention times of 17.3 min (minor) and 20.1 min 

(major), 88% ee for Rh2(R-BNP)4, 67% ee for Rh2(R-DOSP)4; Rf = 0.12 (hexanes : ethyl acetate 

5:1); [α]20
D +27.7° (c = 1.24, CHCl3); 1H NMR (400 MHz, CDCl3) δ 6.88 (d, J = 8.0 Hz, 2H), 

6.69-6.67 (m, 4H), 6.37 (s, 1H), 3.81 (s, 3H), 3.67 (s, 3H), 3.57 (s, 3H), 3.05 (dd, J = 9.2, 7.6 Hz, 

1H), 2.22 (s, 3H), 2.11 (dd, J = 9.2, 4.8 Hz, 1H), 1.80 (dd, J = 7.6, 4.8 Hz, 1H); 13C NMR (100 

MHz, CDCl3) δ 174.7, 147.9, 136.0, 133.5, 128.6, 128.0, 127.6, 124.1, 115.5, 110.3, 55.7, 55.6, 

52.7, 36.9, 33.1, 21.0, 20.9;  IR (film): 2951, 1714, 1589, 1516, 1435, 1413, 1341, 1315, 1250, 

1228, 1155, 1027; HRMS (APCI) calcd for C20H23O4 (M+H)+ 327.1591 found 327.1591. 

 

 

(1S,2R)-methyl 1-(3,4-dimethoxyphenyl)-2-(4-methoxyphenyl)cyclopropanecarboxylate 

(45c): Title compound was prepared by general procedure with methyl 2-diazo-2-(3,4-

dimethoxyphenyl)acetate (34g, 118 mg, 0.50 mmol, 1.00 equiv), 4-methoxystyrene (44c, 168 

mg, 1.25 mmol, 2.50 equiv), and Rh2(R-BNP)4 (4.0 mg, 0.0025 mmol, 0.005 equiv.  The 

remaining residue was purified on silica gel eluting with hexanes : ethyl acetate (5 : 1) to afford 

an off-white solid (137 mg, 80% yield). HPLC: (Chiralcel OD-H, 5% i-PrOH in hexane, 1 

mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention times of 19.2 min (minor) and 22.9 min 

(major), 90% ee for Rh2(R-BNP)4, 62% ee for Rh2(R-DOSP)4; Rf = 0.20 (hexanes : ethyl acetate 

3 : 1); mp 123-125 °C; [α]20
D +33.1° (c = 1.4, CHCl3); 1H NMR (400 MHz, CDCl3) δ 6.73-6.61 

(m, 6H), 6.41 (s, 1H), 3.81 (s, 3H), 3.70 (s, 3H), 3.67 (s, 3H), 3.60 (s, 3H), 3.03 (dd, J = 9.2, 7.6 

Hz, 1H), 2.10 (dd, J = 9.2, 4.8 Hz, 1H), 1.76 (dd, J = 7.6, 4.8 Hz, 1H); 13C NMR (100 MHz, 
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CDCl3) δ 175.1, 158.6, 148.3, 129.5, 128.9, 127.9, 124.6, 115.9, 113.7, 110.7, 56.1, 55.6, 53.1, 

37.1, 33.2, 21.3; IR (film): 2952, 1714, 1611, 1589, 1515, 1463, 1437, 1413, 1341, 1248, 1228, 

1177, 1153; HRMS (APCI) calcd for C20H22O5 (M+H)+ 342.1462 found 342.1459.  

 

 

(1S,2R)-methyl 1-(3,4-dimethoxyphenyl)-2-(4-nitrophenyl)cyclopropanecarboxylate (45d): 

Title compound was prepared by general procedure with methyl 2-diazo-2-(3,4-

dimethoxyphenyl)acetate (34g, 118 mg, 0.50 mmol, 1.00 equiv), 4-nitrostyrene (44d, 186 mg, 

1.25 mmol, 2.50 equiv), and Rh2(R-BNP)4 (4.0 mg, 0.0025 mmol, 0.005 equiv).  The remaining 

residue was purified on silica gel eluting with hexanes : ethyl acetate (5 : 1) to afford yellow oil 

(168 mg, 94% yield). HPLC: (Chiralcel OD-H, 6% i-PrOH in hexane, 1 mL/min, 1 mg/mL, 60 

min, λ = 254 nm) retention times of 30.4 min (minor) and 41.0 min (major), 80% ee for Rh2(R-

BNP)4, 50% ee for Rh2(R-DOSP)4; Rf = 0.28 (hexanes : ethyl acetate 3 : 1); [α]20
D +15.5° (c = 

1.07, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.94 (d, J = 8.8 Hz, 2H), 6.92 (d, J = 8.8 Hz, 2H), 

6.67 (d, J = 8.2 Hz, 1H), 6.61 (dd, J = 8.2, 2.0 Hz, 1H), 6.43 (d, J = 2.0 Hz,, 1H), 3.81 (s, 3H), 

3.69 (s, 3H), 3.62 (s, 3H), 3.16 (dd, J = 9.2, 7.6 Hz, 1H), 2.22 (dd, J = 9.2, 5.4 Hz, 1H), 1.91 (dd, 

J = 7.6, 5.4 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 173.9, 148.5, 145.1, 128.7, 126.2, 124.2, 

123.0, 115.0, 110.6, 55.9, 55.8, 53.0, 38.4, 32.6, 29.8, 21.8; IR (film): 2924, 1717, 1597, 1515, 

1463, 1415, 1342, 1229, 1206, 1156, 1141; HRMS (APCI) calcd for C19H20O6N1 (M+H)+ 

358.1285 found 358.1284.  
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 (1S,2R)-methyl 1-(3,4-dimethoxyphenyl)-2-(4-trifluoromethyl)phenyl)  

cyclopropanecarboxylate (45e): Title compound was prepared by general procedure with 

methyl 2-diazo-2-(3,4-dimethoxyphenyl)acetate (34g, 118 mg, 0.50 mmol, 1.00 equiv), 1-

(trifluoromethyl)-4-vinylbenzene (44e, 215 mg, 1.25 mmol, 2.50 equiv), and Rh2(R-BNP)4 (4.0 

mg, 0.0025 mmol, 0.005 equiv).  The remaining residue was purified on silica gel eluting with 

hexanes : ethyl acetate (6 : 1) to afford a yellow oil (171 mg, 90% yield). HPLC: (Chiralcel OD-

H, 6% i-PrOH in hexane, 1 mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention times of 12.6 min 

(minor) and 15.6 min (major), 90% ee for Rh2(R-BNP)4, 63% ee for Rh2(R-DOSP)4; Rf = 0.24 

(hexanes : ethyl acetate 4 : 1); [α]20
D +16.5° (c = 1.6, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

7.33 (d, J = 8.2 Hz, 2H), 6.88 (d, J = 8.2 Hz, 2H), 6.70-6.65 (m, 2H), 6.35 (s, 1H), 3.81 (s, 3H), 

3.68 (s, 3H), 3.56 (s, 3H), 3.11 (t, 1H), 3.12 (dd, J = 9.2, 7.2 Hz, 1H), 2.18 (dd, J = 9.2, 4.8 Hz, 

1H), 1.85 (dd, J = 7.2, 4.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 174.5, 148.7, 148.6, 141.5, 

128.7, 127.0, 124.8, 124.7, 124.6, 124.3, 115.6, 110.9, 56.1, 53.2, 38.0, 33.0, 21.7; IR (film): 

2954, 1718, 1517, 1465, 1437, 1414, 1324, 1252, 1230, 1210, 1193;. HRMS (APCI) calcd for 

C20H19F3O4 (M+H)+ 380.1230 found 380.1225. 

 

 

(1S,2R)-methyl 2-(4-chlorophenyl)-1-(3,4-dimethoxyphenyl)cyclopropanecarboxylate (45f):  

Title compound was prepared by general procedure with methyl 2-diazo-2-(3,4-

dimethoxyphenyl)acetate (34g, 118 mg, 0.50 mmol, 1.00 equiv), 4-chlorostyrene (44f, 173 mg, 

1.25 mmol, 2.50 equiv), and Rh2(R-BNP)4 (4 mg, 0.0025 mmol, 0.005 equiv).  The remaining 

CO2Me
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residue was purified on silica gel eluting with hexanes : ethyl acetate (6 : 1) to afford clear oil 

(123 mg, 89% yield). HPLC: (Chiralcel OD-H, 5% i-PrOH in hexane, 1 mL/min, 1 mg/mL, 30 

min, λ = 254 nm) retention times of 14.9 min (minor) and 18.5 min (major), 89% ee for Rh2(R-

BNP)4, 67% ee for Rh2(R-DOSP)4; Rf = 0.30 (hexanes : ethyl acetate 3 : 1); [α]20
D +13.4° (c = 

1.2, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.04 (d, J = 8.4 Hz, 2H), 6.72-6.63 (m, 4H), 6.38 (d, 

J = 1.6 Hz, 1H), 3.81 (s, 3H), 3.67 (s. 3H), 3.61 (s, 3H), 3.04 (dd, J = 9.2, 7.2 Hz, 1H), 2.13 (dd, 

J = 9.2, 4.8 Hz, 1H), 1.78 (dd, J = 7.2, 4.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 174.4, 148.2, 

148.2, 135.4, 132.3, 129.4, 128.0, 127.0, 124.2, 115.4, 110.5, 55.9, 55.8, 52.8, 37.2, 32.6, 21.2; 

IR (film): 2951, 1715, 1589, 1517, 1496, 1435, 1413, 1371, 1341, 1307, 1228,1177, 1155, 1139; 

HRMS (APCI) calcd for C19H19ClO4 (M+H)+ 346.0966 found 346.0963.  

 

 

(1S,2R)-methyl 2-(3,4-dichlorophenyl)-1-(3,4-dimethoxyphenyl)cyclopropanecarboxylate 

(45g): Methyl 2-diazo-2-(3,4-dimethoxyphenyl)acetate (34g, 2.70 g, 11.6 mmol, 1.00 equiv) in 

153 mL dry and degassed toluene was added by syringe pump over 2 h to a solution of 1,2-

dichloro-4-vinylbenzene (44g, 2.40 g, 13.9 mmol, 1.20 equiv) and Rh2(R-BNP)4 (92.2 mg, 0.06 

mmol, 0.005 equiv) in 77 mL toluene.  After addition, the solution was allowed to stir overnight 

and toluene was removed in vacuo. The remaining residue was purified on silica gel (hexanes : 

ethyl acetate 5 : 1) to afford a clear oil (3.2 g, 72% yield for Rh2(R-BNP)4 [enantiomer shown 

above]; 2.3g, 51% yield for Rh2(S-BNP)4). HPLC: (Chiralcel OD-H, 5% i-PrOH in hexane, 1 

mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention times of 15.4 min (minor) and 17.9 min 

(major), 86% ee for Rh2(R-BNP)4; retention times of 15.3 min (major) and 19.7 min (minor) 

85% ee for Rh2(S-BNP)4, 48% ee for Rh2(R-DOSP)4; Rf = 0.17 (hexanes : ethyl acetate 5 : 1); 

CO2Me

Cl OMe

Cl OMe
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[α]20
D +4.1° (c = 1.03, CHCl3) for Rh2(R-BNP)4; [α]20

D -6.9° (c = 1.05, CHCl3) for Rh2(S-BNP)4; 

1H NMR (600 MHz, CDCl3) δ 7.10 (d, J = 9.0 Hz, 1H), 7.01 (d, J = 2.4 Hz, 1H), 6.69 (d, J = 9.0 

Hz, 1H), 6.63 (dd, J = 9.0, 2.4 Hz, 1H), 6.51 (dd, J = 9.0, 2.4 Hz, 1H), 6.44 (d, J = 1.8 Hz, 1H), 

3.82 (s, 3H), 3.67 (s, 3H), 3.66 (s, 3H), 3.02 (dd, J = 9.0, 7.2 Hz, 1H), 2.13(dd, J = 9.0, 5.1 Hz, 

1H), 1.78 (dd, J = 7.2, 5.1 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 174.1, 148.4, 148.3, 137.4, 

131.9, 130.5, 130.4, 129.7, 127.0, 126.6, 124.2, 115.2, 110.6, 55.9, 55.8, 52.9, 37.4, 32.1, 21.1; 

IR (film): 2951, 2836, 1716, 1559, 1516, 1413, 1229, 1178, 1137, 1027, 764; HRMS (APCI) 

calcd for C19H19Cl2O4 (M+H)+ 381.2498 found 381.2498.  

 

 

(1S,2R)-methyl 2-(4-chlorophenyl)-1-(3,4-dimethoxyphenyl)cyclopropanecarboxylate (45h):  

Title compound was prepared by general procedure with methyl 2-diazo-2-(3,4-

dimethoxyphenyl)acetate (34g, 118 mg, 0.50 mmol, 1.00 equiv), 2-vinylnapthalene styrene (44h, 

386 mg, 2.50 mmol, 5.00 equiv), and Rh2(R-BNP)4 (4.0 mg, 0.0025 mmol, 0.005 equiv).  The 

remaining residue was purified through silica gel eluting with hexanes : ethyl acetate (6 : 1) to 

afford a white oil (158 mg, 87% yield). HPLC: (Chiralcel OD-H, 6% i-PrOH in hexane, 1 

mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention times of 18.9 min (minor) and 21.2 min 

(major), 77% ee for Rh2(R-BNP)4, 69% ee for Rh2(R-DOSP)4; Rf = 0.18 (hexanes : ethyl acetate 

4 : 1); [α]20
D +1.1° (c = 1.5, CHCl3); 1H NMR (600 MHz, CDCl3) δ 7.70 (m, 1H), 7.63 (m, 1H), 

7.53 (d, J = 8.4 Hz, 1H), 7.39 (m, 3H), 6.84 (dd, J = 2.1, 8.4 Hz, 1H), 6.69 (dd, J = 2.1, 8.4 Hz, 

1H), 6.63 (d, J = 8.4 Hz, 1 H), 6.45 (d, J = 2.1 Hz, 1H), 3.77 (s, 3H), 3.71 (s, 3H), 3.46 (s, 3H), 

3.26 (dd, J = 7.5, 9.0 Hz, 1H), 2.21 (dd, J = 4.8, 9.0 Hz, 1H), 1.98 (dd, J = 5.1, 7.5 Hz, 1H); 13C 

NMR (100 MHz, CDCl3) δ 174.8, 148.1, 134.4, 133.2, 132.3, 127.7, 127.6, 127.4, 127.3, 126.2, 

CO2Me
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125.7 124.3, 115.4, 110.5, 55.7, 52.9, 37.3, 33.6, 21.3; IR (film): 3001, 2951, 2836, 2360, 2342, 

1716, 1518, 1254, 1229, 1141, 1028; HRMS (ESI) calcd for C9H25O10N5 (M+H)+ 363.1596 

found 363.1594. 

 

 

1,2-dichloro-4-vinylbenzene (44g): A 1L flask was charged with methyltriphenylphosphonium 

bromide (61.0 g, 171 mmol, 1.20 equiv) dissolved in tetrahydrofuran (150 mL) and cooled to 0 

°C in an ice bath.  Once the reaction had reached 0°C, potassium tert-butoxide (24.0 g, 214 

mmol, 1.50 equiv) was added.  The reaction turned bright yellow and stirring was continued at 0 

°C for an additional 30 minutes.  In a separate flask, 3,4-dichlorobenzaldehyde (25.0 g, 143 

mmol, 1.00 equiv) was dissolved in tetrahydrofuran (50 mL) and then added to the reaction 

mixture at 0°C over 30 minutes and the reaction turned a dark green.  Once addition was 

complete, the reaction was concentrated in vacuo, diluted with a mixture of diethyl ether (25 mL) 

and pentane (75 mL), and washed with deionized water (200 mL).  The organic layer was then 

dried over MgSO4 and concentrated in vacuo.  Kugelrohr distillation at 3.5 x 10-1 Torr and 120 

°C afforded colorless oil (4.9 g, 20% yield) 1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 1.8 Hz, 

1H), 7.39 (d, J = 8.2 Hz, 1H), 7.23 (dd, J = 8.2, 1.8 Hz, 1H), 6.61 (dd, J = 17.6, 10.8 Hz, 1H), 

5.75 (d, J = 17.6 Hz, 1H), 5.33 (d, J = 17.6, 10.8 Hz, 1H). Data are consistent with the 

literature.28 

 

 

(1S,2R)-2-(3,4-dichlorophenyl)-1-(3,4-dimethoxyphenyl)cyclopropanecarbaldehyde (47g):   

To a 500 mL flask was added 45g (2.30 g, 5.90 mmol, 1.00 equiv) dissolved in diethyl ether (200 
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mL).  The reaction was then cooled to -78 °C and lithium aluminum hydride (496 mg, 13.1 

mmol, 2.20 equiv) was added in three portions.  The reaction was then allowed to warm to room 

temperature overnight.  The resulting mixture was then filtered through a plug of 1” plug of 

silica and concentrated in vacuo.  The resulting residue was then dissolved in dichloromethane.  

The reaction flask was then covered in aluminum foil, Dess-Martin periodinane (1.80 g, 5.10 

mmol, 1.00 equiv) was added and the reaction was allowed to stir overnight.  Solvent was then 

removed in vacuo and the remaining residue was purified on silica gel (hexanes : ethyl acetate 10 

: 1 to 5 : 1) to afford a clear oil (1.3 g, 66% yield for Rh2(R-BNP)4 [enantiomer shown above]; 

1.5g, 71% yield for Rh2(S-BNP)4). HPLC: (Chiralcel OD-H, 1% i-PrOH in hexane, 1 mL/min, 1 

mg/mL, 30 min, λ = 254 nm) retention times of 15.9 min (major) and 17.9 min (minor), 86% ee 

for Rh2(R-BNP)4; retention times of 15.3 min (minor) and 19.7 min (major) 85% ee for Rh2(S-

BNP)4; Rf = 0.16 (hexanes : ethyl acetate 5 : 1); [α]20
D +55.84° (c = 0.97, CHCl3) for Rh2(R-

BNP)4; [α]20
D -54.4° (c = 1.13, CHCl3) for Rh2(S-BNP)4; 1H NMR (400 MHz, CDCl3) δ 9.54 (s, 

1H), 7.08 (d, J = 8.4 Hz, 1H), 6.97 (d, J = 2.0 Hz, 1H), 6.71 (d, J = 8.0 Hz, 1H), 6.61 (dd, J = 

8.0, 2.0 Hz, 1H), 6.55 (dd, J = 8.4, 2.0 Hz, 1H), 6.45 (d, J = 2.0 Hz, 1H), 3.79 (s, 3H), 3.67 (s, 

3H), 2.86 (dd, J = 9.0, 7.2 Hz, 1H), 2.11 (dd, J = 9.0, 5.0 Hz, 1H), 1.92 (dd, J = 7.2, 5.0 Hz, 1H); 

13C NMR (100 MHz, CDCl3) δ 200.5, 148.9, 148.8, 136.5, 132.0, 130.7, 130.2, 129.8, 127.0, 

125.6, 123.9, 114.2, 111.2, 55.9, 55.8, 46.0, 34.0, 20.5; IR (film): 3003, 2935, 2835, 2254, 1700, 

1588, 1516, 1464, 1251, 1229, 1136, 1025, 911, 730; HRMS (NSI) calcd for C18H17Cl2O3 

(M+H)+ 351.0549 found 351.0550. 
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1-((1S,2R)-2-(3,4-dichlorophenyl)-1-(3,4-dimethoxyphenyl)cyclopropyl)-N-

methylmethanamine (48g):  To a 1 L flask was added 47g (1.50 g, 4.20 mmol, 1.00 equiv) 

dissolved in anhydrous methanol (200 mL).  Titanium (IV) isopropoxide (2.20 g, 7.60 mmol. 

2.00 equiv) and 2.0 M methylamine (3.80 mL, 7.60 mmol, 2.00 equiv) were then added and the 

reaction was allowed to stir overnight.  Sodium borohydride (288 mg, 7.60 mmol, 2.00 equiv) 

was then added and the reaction was allowed to stir overnight.  Solvent was then removed in 

vacuo and the remaining residue was purified on silica gel eluting with ethyl acetate : 

triethylamine (9 : 1) to afford (1.3 g, 85% yield over two steps for Rh2(R-BNP)4 [enantiomer 

shown above]; 1.3 g, 71% yield over two steps for Rh2(S-BNP)4). Rf = 0.30 (ethyl acetate : 

triethylamine 9 : 1); [α]20
D +35.23° (c = 1.93, CHCl3) for Rh2(R-BNP)4; [α]20

D -36.67° (c = 1.15, 

CHCl3) for Rh2(S-BNP)4; 1H NMR (400 MHz, CDCl3) δ 7.06 (d, J = 8.4 Hz, 1H), 6.97 (d, J = 

2.2 Hz, 1H), 6.72-6.64 (m, 2H), 6.51 (d, J = 1.6 Hz, 1H), 6.45 (dd, J = 8.4, 2.4 Hz, 1H), 3.83 (s, 

3H), 3.62 (s, 3H), 3.02 (d, J = 12.0 Hz, 1H), 2.54 (d, J = 12.0 Hz, 1H), 2.41 (s, 3H), 2.18 (dd, J = 

8.4, 6.0 Hz, 1H), 1.46-1.38 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 148.6, 147.9, 140.1, 131.6, 

130.7, 130.0, 129.5, 129.2, 128.9, 126.6, 123.2, 113.8, 111.0, 63.0,56.0, 55.9, 36.7, 36.2, 27.6, 

18.9; IR (film): 2998, 2932, 2834, 2790, 1558, 1514, 1463, 1410, 1249, 1229, 1134, 1026, 762, 

733; HRMS (NSI) calcd for C19H22Cl2NO2 (M+H)+ 366.1022 found 366.1022. 

 

 

(1S,2R)-methyl 2-phenyl-1-(p-tolyl)cyclopropanecarboxylate (50a): Title compound was 

prepared by general procedure and obtained as a white solid.  84% yield for Rh2(R-DOSP)4; 77% 
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yield for Rh2(S-PTAD)4; 69% yield for Rh2(R-BNP)4; HPLC: (Chiralcel SS-WHELK, 1% i-

PrOH in hexane, 1.0 mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention times of 10.57 min 

(major) and 14.13 min (minor), 87% ee for Rh2(R-DOSP)4;  46% ee for Rh2(S-PTAD)4; 51% ee 

for Rh2(R-BNP)4;  Rf = 0.44 (hexanes : ethyl acetate 4 : 1); [α]20
D: +17.2° (c = 1.00, CHCl3); 1H 

NMR (400 MHz; CDCl3) δ 7.11-7.07 (m, 3H), 6.98-6.92 (m, 4H), 6.82-6.80 (m, 2H), 3.69 (s, 

3H), 3.12 (dd, J = 9.2 and 7.2 Hz, 1H), 2.27 (s, 3H), 2.16 (dd, J = 9.6 and 4.8 Hz, 1H), 1.88 (dd, 

J = 7.2 and 4.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 174.8, 136.8, 136.7, 131.9, 131.8, 128.7, 

128.3, 127.9, 126.5, 52.9, 37.3, 33.4, 21.4, 20.9; IR (film): 3028, 2950, 1716, 1255; HRMS 

(APCI) calcd for C18H19O2 (M+H)+ 267.1380 found 267.1380. 

 

 

(1S,2R)-methyl 2-phenyl-1-(4-(trifluoromethyl)phenyl)cyclopropanecarboxylate (35m): 

Title compound was prepared by general procedure and obtained as a transparent oil.  93% yield 

for Rh2(R-DOSP)4; 67% yield for Rh2(S-PTAD)4; 80% yield for Rh2(R-BNP)4; HPLC: (Chiralcel 

OD-H, 0.5% i-PrOH in hexanes, 1.0 mL/min, 1mg/mL, 30 min, λ =  254 nm) retention times of 

8.27 min (minor) and 10.34 min (major), 87% ee for Rh2(R-DOSP)4;  77% ee for Rh2(S-PTAD)4; 

57% ee for Rh2(R-BNP)4; Rf = 0.44 (hexanes : ethyl acetate 4 : 1); [α]20
D: 19.1 (c = 1.00, CHCl3); 

1H NMR (400 MHz; CDCl3) δ 7.36 (d, J = 8 Hz, 2H), 7.12 (d, J = 8 Hz, 2H), 7.06 (m, 3H), 6.74 

(m, 2H), 3.66 (s, 3H), 3.14 (dd, J = 9.6 and 7.6 Hz, 1H), 2.17 (dd, J = 9.2 and 5.2 Hz, 1H), 1.88 

(dd, J = 7.2 and 5.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 173.9, 139.2, 135.8, 132.4, 128.1, 

126.9, 125.0, 124.9, 124.8, 124.7, 53.0, 37.2, 33.5, 20.4; IR (film): 3032, 2954, 1719, 1501, 

1322, 1257; HRMS (APCI) calcd for C18H16O2F3 (M+H)+ 321.1097 found 321.1097. 
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(1S,2R)-methyl 1-(4-chlorophenyl)-2-phenylcyclopropanecarboxylate (50b): Title compound 

was prepared by general procedure and obtained as a transparent oil.  87% yield for Rh2(R-

DOSP)4; 71% yield for Rh2(S-PTAD)4; 89% yield for Rh2(R-BNP)4; HPLC: (Chiralcel OJ-H, 1% 

i-PrOH in hexanes, 1.0 mL/min, 1mg/mL, 30 min, λ = 254 nm) retention times of 8.62 min 

(minor) and 12.58 min (major), 88% ee for Rh2(R-DOSP)4;  48% ee for Rh2(S-PTAD)4; 57% ee 

for Rh2(R-BNP)4; Rf = 0.56 (hexanes : ethyl acetate 4 : 1); [α]20
D: 4.8 (c = 1.00, CHCl3); 1H NMR 

(300 MHz; CDCl3) δ 7.12-7.06 (m, 5H), 6.95 (d, J = 8.7 Hz, 2H), 6.79-6.76 (m, 2H), 3.67 (s, 

3H), 3.12 (dd, J = 9.3 and 7.5 Hz, 1H), 2.15 (dd, J = 9.3 and 4.8 Hz, 1H), 1.85 (dd, J = 7.2 and 

4.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 174.1, 136.1, 133.7, 133.4, 133.2, 128.3, 128.2, 

128.1, 126.8, 52.9, 36.9, 33.4, 20.6; IR (film): 3031, 2951, 1717, 1493, 1255; HRMS (APCI) 

calcd for C17H16O2Cl  (M+H)+ 287.0833 found 287.0833.  

 

 

(1S,2R)-methyl 1-(2-chlorophenyl)-2-phenylcyclopropanecarboxylate (50c): Title compound 

was prepared by general procedure and obtained as a transparent oil.  89% yield for Rh2(R-

DOSP)4; 80% yield for Rh2(S-PTAD)4; 78% yield for Rh2(R-BNP)4; HPLC: (Chiralcel OJ-H, 

0.5% i-PrOH in hexanes, 1.0 mL/min, 1mg/mL, 30 min, λ = 254 nm) retention times of 11.47 

min (major) and 15.27 min (major), 92% ee for Rh2(R-DOSP)4;  97% ee for Rh2(S-PTAD)4; 51% 

ee for Rh2(R-BNP)4;  Rf = 0.43 (hexanes : ethyl acetate 4 : 1); [α]20
D: 61.8 (c = 1.00, CHCl3); 1H 

NMR (300 MHz; CDCl3) δ 7.18-7.02 (m, 7H), 6.84-6.76 (m, 2H), 3.68 (s, 3H), 3.13 (t, J = 8.7 

Hz, 1H), 2.10 (m, 1H), 1.91 (dd, J = 7.2 and 5.1 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 173.6, 
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137.5, 133.5, 129.6, 128.9, 128.2, 127.6, 126.6, 126.4, 52.9, 33.5, 29.9, 21.7; IR (film): 3031, 

2950, 1718, 1251, 694; HRMS (APCI) calcd for C17H16O2Cl (M+H)+ 287.0833 found 287.0833. 

 

 

(1S,2R)-methyl 1-(3,4-dichlorophenyl)-2-phenylcyclopropanecarboxylate (35i):  Title 

compound was prepared by general procedure and obtained as a clear oil; 88% yield for Rh2(R-

DOSP)4; 88% yield for Rh2(S-PTAD)4; 82% yield for Rh2(R-BNP)4; HPLC: (Chiralcel OD-H, 

1% i-PrOH in hexane, 1 mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention times of 7.54 min 

(minor) and 9.78 min (major), 82% ee for Rh2(R-DOSP)4;  60% ee for Rh2(S-PTAD)4; 63% ee 

for Rh2(R-BNP)4; Rf = 0.23 (hexanes : ethyl acetate 7 : 1); [α] 20
D: 

_8.1o (c = 1.60, CHCl3); 1H 

NMR (400 MHz, CDCl3): δ 7.18-7.16 (m, 2H), 7.14-7.10 (m, 3H), 6.82-6.79 (m, 3H), 3.68 (s, 

3H), 3.14 (dd, J = 9.2, 7.6 Hz, 1H), 2.15 (dd, J = 9.2, 4.8 Hz, 1H), 1.84 (dd, J = 7.6, 5.2 Hz, 1H); 

13C NMR (100 MHz, CDCl3) δ 173.3, 135.3, 135.2, 133.7, 131.6, 131.4, 131.2, 129.6, 128.0, 

127.9, 126.8, 52.8, 36.3, 33.3, 20.2; IR (film): 2925, 1719, 1257, 1163, 695; HRMS (ESI) calcd 

for C17H13O2Cl2 (M-H)+ 319.0293 found 319.0299. 

 

 

methyl 2-(3,4-dimethoxyphenyl)acetate:  A 250mL flask was charged with 3,4-methoxyphenyl 

acetic acid (10.0 g, 60.2 mmol, 1.00 equiv) dissolved in 150 mL methanol.  The reaction mixture 

was brought to 0 °C in an ice bath.  Trimethylsilyl chloride (11.5 mL, 90.3 mmol, 1.50 equiv) 

was slowly added.  The ice bath was removed and reaction mixture allowed to warm to room 

temperature overnight.  Solvent was removed in vacuo and the remaining residue was purified 

through silica eluting hexanes : ethyl acetate (15 : 1 to 5 : 1) to afford clear oil (10.8 g, 85% 
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yield). Rf = 0.23 (hexanes : ethyl acetate 4 : 1); 1H NMR (400 MHz, CDCl3) δ 6.81 (m, 3H), 3.84 

(d, J = 9.2 Hz, 6H), 3.67 (s, 3H), 3.55 (s. 2H), 13C NMR (100 MHz, CDCl3) δ 172.0, 148.7, 

148.0, 126.3, 121.2, 112.2, 111.1, 55.6, 51.7, 40.4; IR (film): 2952, 2836, 1732, 1591, 1514, 

1463, 1436, 1261, 1235, 1140, 1025, 764;  Data are consistent with the literature.29 

 

 

methyl 2-(3,4-dimethoxyphenyl)acetate:  A 250mL flask was charged 2-(3,5-

dimethoxyphenyl)acetic acid (1.03 g, 5.27 mmol, 1.00 equiv) dissolved in 25 mL methanol.  The 

reaction mixture was brought to 0°C in an ice bath.  Acetyl chloride (0.83 mL, 11.1 mmol, 2.10 

equiv) was slowly added.  The ice bath was removed and reaction mixture allowed to warm to 

room temperature overnight.  The reaction was then quenched with 40mL NaHCO3 (100 mL) 

and taken up in 200mL diethyl ether.  Organic layer was washed with NaHCO3 (5 x 20 mL), 

dried over MgSO4, and concentrated in vacuo to afford clear oil (1.0 g, quantitative yield).  1H 

NMR (400 MHz, CDCl3) δ 6.44 (d, J = 2.4 Hz, 2H), 6.38 (t, J = 2.4, 4.8 Hz, 1H), 3.78 (s, 6H), 

3.70 (s, 3H), 3.56 (s, 2H).  Data are consistent with the literature.30  

 

 

2-(6-methoxynaphthalen-2-yl)acetic acid:  A 250mL flask was charged with 6’-methoxy-2’-

acetonaphthone (7.70 g, 38.4 mmol, 1.00 equiv), sulfur powder (2.46g, 76.8 mmol, 2.00 equiv), 

morpholine (9.96 mL, 115 mmol, 3.00 equiv) and p-toluene sulfonic acid (256 mg, 1.30 mmol, 

0.04 equiv).  The reaction mixture was then heated to reflux (129 °C) and allowed to stir 

overnight.  The reaction was then cooled to 50°C and benzyltriethyl ammonium chloride (and 

NaOH solution were then added and the reaction mixture was allowed to stir overnight.  The 
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reaction was then cooled to room temperature and acidified to pH ~1 with 12 M HCl and filtered 

through glass wool.  Glass wool was washed with ~2 M HCl and product was then extracted 

from aqueous layer with ethyl acetate until ethyl acetate layer was clear (4 x 100 mL), dried with 

Na2SO4, and concentrated in vacuo to afford light brown solid (503 mg, 6% yield) 1H NMR (400 

MHz, CDCl3) δ 7.72-7.66 (m, 3H), 7.37 (d,  J=8.4, 1H), 7.15-7.12 (m, 2H), 3.92 (s, 3H), 3.78 (s, 

2H). Data are consistent with the literature.31 

 

 

methyl 2-(3,4-dimethoxyphenyl)acetate:  A 250 mL flask was charged 2-(6-

methoxynaphthalen-2-yl)acetic acid (503 mg, 2.32 mmol, 1.00 equiv) dissolved in 25 mL 

methanol.  The reaction mixture was brought to 0 °C in an ice bath.  Acetyl chloride (0.19 mL, 

2.56 mmol, 1.10 equiv) was slowly added.  The ice bath was removed and reaction mixture 

allowed to warm to room temperature overnight.  The reaction was then quenched with 40mL 

NaHCO3 (100 mL) and taken up in 200 mL diethyl ether.  Organic layer was washed with 

NaHCO3 (5 x 20 mL), dried over MgSO4, and concentrated in vacuo to afford clear oil (485 mg, 

91% yield). 1H NMR (400 MHz, CDCl3) δ 7.70 (dd, J=4.0, 8,4 Hz, 2H), 7.65 (s, 1H), 7.37 (dd, 

J=1.6, 8.4 Hz, 1H), 7.15-7.11 (m, 2H), 3.91 (s, 3H), 3.78 (s, 2H), 3.70 (s, 3H). Data are 

consistent with the literature.30 

 

 

methyl 2-(m-tolyl)acetate: A 100mL flask was charged with m-tolylacetic acid (5.00 g, 33.3 

mmol, 1.00 equiv) dissolved in 120 mL methanol.  The reaction mixture was brought to 0°C in 

an ice bath.  Acetyl chloride (5.20 mL, 69.9 mmol, 2.10 equiv) was slowly added.  The ice bath 
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was removed and reaction mixture allowed to warm to room temperature overnight.  The 

reaction was quenched with NaHCO3 (40 mL).  The mixture was taken up in diethyl ether (200 

mL), washed with NaHCO3 (5 x 20 mL), dried over MgSO4, and then concentrated in vacuo to 

afford clear oil (4.37 g, 80% yield).  1H NMR (400 MHz, CDCl3) δ 7.23-7.21 (t, 1H), 7.10-7.08 

(m, 3H), 3.70 (s, 3H), 3.60 (s, 2H), 2.35 (s, 3H).  Data are consistent with the literature.32 

 

 

methyl 2-(3-hydroxyphenyl)acetate:  Prepared according to the known literature procedure,33 a 

250 mL flask was charged with 3-hydroxyphenylacetic acid (5.00 g, 33.0 mmol, 1.00 equiv) 

dissolved in 125 mL methanol.  0.2 mL 12 N H2SO4 was then added and the reaction was 

allowed to stir overnight.  Solvent was then removed in vacuo.  The remaining residue was then 

dissolved in 100 mL dichloromethane, washed with NaHCO3 (2 x 100 mL) followed by 

deionized water (3 x 150 mL), dried over Na2SO4 and concentrated in vacuo to afford 4.7 g 

red/brown oil (87% yield) Rf = 0.16 (hexanes : ethyl acetate 5 : 1); red/brown oil;  1H NMR (400 

MHz, CDCl3) δ 7.17 (t, J = 8.0, 1H), 6.83-6.70 (m, 3H), 3.71 (s, 3H), 3.59 (s, 2H); 13C NMR 

(100 MHz, CDCl3) δ 173.2, 156.2, 135.3, 129.9, 121.5, 116.4, 114.6, 52.5, 41.2; IR (film): 3385, 

1712, 1589, 1490, 1455, 1436, 1277, 1215, 1011, 959, 762, 717, 689; HRMS (ESI) calcd for 

C9H11O3 (M+H)+ 167.0703 found 167.0702. 

 

 

methyl 2-(3-(((trifluoromethyl)sulfonyl)oxy)phenyl)acetate: Prepared according to the known 

literature procedure,33 a 250 mL flask was charged with methyl 2-(3-hydroxyphenyl)acetate 
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(3.90 g, 24.0 mmol, 1.00 equiv) dissolved in dry, de-gassed dichloromethane.  The reaction 

mixture was then cooled to -15 °C in an ethylene glycol/dry ice bath.  Hünig’s base (4.90 mL, 

28.0 mmol, 1.19 equiv) was then added dropwise over 10 min and allowed to stir for 30 minutes.  

Trifluoromethane sulfonic anhydride was then added and the reaction was allowed to stir for an 

additional hour.  The reaction was warmed to room temperature and allowed to stir overnight and 

then washed with 1 N HCl (2 x 20 mL), 1 N NaOH (2 x 20 mL), deionized water (3 x 20 mL),  

dried over Na2SO4, and concentrated in vacuo to afford 5.0 g clear oil (60 % yield). Rf = 0.15 

(hexanes : ethyl acetate 30 : 1); red/brown oil;  1H NMR (400 MHz, CDCl3) δ 7.43-7.39 (m, 1H), 

7.33-7.31 (d, J = 7.6, 1H), 7.24-7.19 (m, 2H), 3.71 (s, 3H), 3.68 (s, 2H); 13C NMR (100 MHz, 

CDCl3) δ 171.1, 149.7, 136.9, 130.4, 129.6, 122.5, 120.2, 52.4, 40.7; IR (film): 2957, 1739, 

1419, 1206, 1136, 1117, 954, 928, 839, 791, 684; HRMS (ESI) calcd for C8H7O4N3F3
23Na1

32S1 

(M+H)+ 321.0002 found 321.0004. 

 

 

methyl 2-(3-benzylphenyl)acetate: A 100mL flask was charged with 2-benzylphenyl acetic 

acid (328 mg, 1.35 mmol, 1.00 equiv) dissolved in 60 mL methanol.  The reaction mixture was 

brought to 0°C in an ice bath.  Acetyl chloride (0.20 mL, 2.80 mmol, 2.10 equiv) was slowly 

added.  The ice bath was removed and reaction mixture allowed to warm to room temperature 

overnight.  The reaction was quenched with NaHCO3 (40 mL).  The mixture was taken up in 

diethyl ether (200 mL), washed with NaHCO3 (5 x 25 mL), dried over MgSO4, and then 

concentrated in vacuo to afford yellow oil (365 mg, quantitative yield). Rf = 0.31 (hexanes : ethyl 
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acetate 3 : 1); 1H NMR (400 MHz, CDCl3) δ 7.42-7.39 (m, 5H), 7.24 (m, 2H), 6.96-6.93 (m, 

2H), 5.10 (s, 2H), 3.70 (s, 2H), 3.65 (s, 3H). Data are consistent with the literature.34 

 

 

methyl 2-(3-isopropoxyphenyl)acetate: Prepared according to the known literature procedure,35 

a 250 mL flask was charged with methyl 2-(3-hydroxyphenyl)acetate (1.50 g, 13.0 mmol, 1.00 

equiv), 2-bromopropane and K2CO3 (3.60 g, 26.0 mmol, 2.00 equiv) dissolved in 50 mL dry N, 

N-dimethylformamide and allowed to stir for 20 h.   The reaction was quenched with 30 mL of 

ammonium chloride, taken up in 250 mL diethyl ether, washed with ammonium chloride (5x 30 

mL), dried over MgSO4, and concentrated in vacuo. Reaction mixture was concentrated in vacuo 

and purified via flash column chromatograph (hexanes : ethyl acetate 10 : 1) to methyl 2-(3-

isopropoxyphenyl)acetate (970 mg, 36% yield) Rf = 0.24 (hexanes : ethyl acetate 5 : 1); clear oil;  

1H NMR (600 MHz, CDCl3) δ 7.24-7.21 (t, J = 7.8, 15.6), 6.85-6.79 (m, 3H), 4.556 (s, 1H), 3.70 

(s, 3H), 3.60 (s, 2H), 1.34 (d, J = 6.0, 6H). Data are consistent with the literature.35 

 

 

methyl 2-(3-(benzyloxy)phenyl)acetate: Prepared according to the known literature 

procedure,36 a 250 mL flask was charged with methyl 2-(3-hydroxyphenyl)acetate (1.50 g, 13.0 

mmol, 1.00 equiv), 2-bromopropane and K2CO3 (3.60 g, 26.0 mmol, 2.00 equiv) dissolved in 50 

mL dry N, N-dimethylformamide and allowed to stir for 20 h.   The reaction was quenched with 

30 mL of ammonium chloride, taken up in 250 mL diethyl ether, washed with ammonium 
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chloride (5 x 30 mL), dried over MgSO4, and concentrated in vacuo. Reaction mixture was 

concentrated in vacuo and purified via flash column chromatograph (hexanes : ethyl acetate 10 : 

1) to afford clear oil (970 mg, 36% yield) Rf = 0.24 (hexanes : ethyl acetate 5 : 1);  1H NMR (600 

MHz, CDCl3) δ 7.24-7.21 (t, J = 7.8, 15.6), 6.85-6.79 (m, 3H), 4.556 (s, 1H), 3.70 (s, 3H), 3.60 

(s, 2H), 1.34 (d, J = 6.0, 6H). Data are consistent with the literature.34 

 

 

methyl 2-(3-ethylphenyl)acetate:  Prepared according to the known literature procedure,33 a 50 

mL flask was charged with methyl 2-(3-(((trifluoromethyl)sulfonyl)oxy)phenyl)acetate (335 mg 

g, 1.12 mmol, 1.00 equiv) in 3 mL anhydrous 1-methyl-2-pyrrolidinone (NMP).  LiCl (142 mg, 

3.37 mmol, 3.00 equiv), CuI (10.0 mg, 0.06 mmol, 0.05 equiv), AsPh3 (27.0 mg, 0.09 mmol, 

0.08 equiv), and Pd2dba3 (21.0 mg, 0.02 mmol, 0.02 equiv) were then added to the reaction 

mixture with vigorous stirring.  The reaction was allowed to stir for 10 min and tetraethyl tin 

(0.27 mL, 1.35 mmol, 1.20 equiv) was then added and the reaction was allowed to stir for 5 h at 

90 °C.  The reaction was then allowed to cool to room temperature and 10 mL saturated 

potassium fluoride solution was then added and the mixture allowed to stir for an additional 15 

min.  5 mL deionized water was then added and the product extracted with diethyl ether (3 x 10 

mL).  The organic layer was then washed with water (3 x 10 mL), dried over Na2SO4, and 

concentrated in vacuo.  Purification through silica gel eluting hexane:ethyl acetate (100 : 0.8) 

afforded yellow oil, (396 mg, 39 % yield). Rf = 0.31 (hexanes : ethyl acetate 100 : 1); red/brown 

oil;  1H NMR (400 MHz, CDCl3) δ 7.43-7.39 (m, 1H), 7.33-7.31 (d, J = 7.6, 1H), 7.24-7.19 (m, 

2H), 3.71 (s, 3H), 3.68 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 171.1, 149.7, 136.9, 130.4, 129.6, 

122.5, 120.2, 52.4, 40.7; IR (film): 2957, 1739, 1419, 1206, 1136, 1117, 954, 928, 839, 791, 684; 
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HRMS (ESI) calcd for C8H7O4N3F3
23Na1

32S1 (M+H)+ 321.0002 found 321.0004. Data are 

consistent with the literature.33 

 

 

2,4-dimethylpentan-3-yl 2-phenylacetate:  Prepared according to the known literature 

procedure,37 a 250 mL flask was charged with 2,4-dimethyl-3-pentanol dissolved in 55 mL dry 

tetrahydrofuran and brought to -10 °C.  n-Butyllithium (10.6 mL, 26.6 mmol, 2.00 equiv) was 

then slowly added and the solution was allowed to stir for 10 minutes.  Metyl phenylacetate was 

then dissolved in 20 mL tetrahydrofuran and slowly added to the reaction mixture.  The reaction 

was then allowed to slowly warm to room temperature and stirred overnight.  Solvent was 

removed in vacuo and the remaining residue was purified through silica eluting pentane : ether 

(100 : 2) to afford clear oil (2.9 g, 93% yield). Rf = 0.40 (pentane : ether 100 : 2); 1H NMR (400 

MHz, CDCl3) δ 7.32-7.25 (m, 5H), 4.57 (t, J = 6.0 Hz, 1H), 3.64 (s, 2H), 1.85 (oct, J = 6.8 Hz, 

2H), 0.80 (t, J = 7.2 Hz, 12H); 13C NMR (100 MHz, CDCl3) δ 171.8, 134.7, 129.6, 128.7, 127.2, 

83.3, 42.0, 29.6, 19.7, 17.3; IR (film): 3032, 2965, 2935, 2876, 2359, 1726, 1464, 1370, 1256, 

1128, 973, 720, 695; Data are consistent with the literature.27 

 

 

tert-butyl 2-phenylacetate:  A 250 mL flask was charged with MgSO4 (14.0 g, 0.12 mol, 4.00 

equiv) in 155 mL methylene chloride.  The slurry was allowed to stir for 10 minutes.  12 N 

H2SO4 (1.60 mL, 0.03 mol, 1.00 equiv), was then added dropwise.  Phenyl acetic acid (4.00 g, 

0.03 mol, 1.00 equiv) was then added to the solution.  Tert-butanol (14.0 mL, 0.15 mol, 5.00 

equiv) was subsequently added with syringe.  Solution was then allowed to stir under argon 
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overnight.  The reaction was quenched with 200 mL NaHCO3 (sat.) and allowed to stir for 30 

minutes until all MgSO4 had dissolved.  The organic layer was then washed with bring (2 x 100 

mL), dried over MgSO4, filtered, and evaporated under reduced pressure to afford light yellow 

oil (4.5 g, 81 % yield) Rf = 0.33 (hexanes : ethyl acetate 8 : 1); 1H NMR (400 MHz, CDCl3) δ 

7.34-7.25 (m, 5H), 3.52 (s, 2H), 1.44 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 170.9, 134.7, 

129.4, 128.7, 127.03, 80.8, 42.9, 28.2; IR (film): 3031, 2978, 2358, 1732, 1393, 136, 1141, 743, 

695. Data are consistent with the literature.38 

 

General Procedure for Diazo Transfer: 

To a 250 mL round-bottomed flask was added acetate (24 mmol, 1.0 equiv) and p-

acetamidobenzenesulfonyl azide (36 mmol, 1.5 equiv) dissolved in 250 mL acetonitrile .  The 

reaction mixture was brought to 0°C in an ice bath.  Once cool, diaza(1,3)bicyclo[5.4.0]undecane 

(36 mmol, 1.5 equiv) was slowly added.  The ice bath was then removed and reaction mixture 

allowed to warm to room temperature overnight.  Reaction was quenched NaHCO3 (200 mL) 

and taken up in 300mL diethyl ether.  The aqueous layer was washed with diethyl ether (5 x 30 

mL), until organic layer was clear.  The organic layer was dried over MgSO4, filtered, and 

concentrated in vacuo.  The resulting residue was purified through silica. 

 

 

methyl 2-diazo-2-(3,4-dimethoxyphenyl)acetate (34g):  Title compound was prepared by 

general procedure with methyl 2-(3,4-dimethoxyphenyl)acetate (5.0 g, 24 mmol, 1.0 equiv), p-

acetamidobenzenesulfonyl azide (8.6 g, 36 mmol, 1.5 equiv), and 

diaza(1,3)bicyclo[5.4.0]undecane (5.3 mL, 36 mmol, 1.5 equiv).  The residue was purified 
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through silica eluting hexane to afford orange crystalline solid (2.6 g, 45% yield); mp 85-88 °C, 

Rf = 0.08 (hexanes : ethyl acetate 10 : 1); 1H NMR (400 MHz, CDCl3) δ 7.19 (d, J = 8.4 Hz, 1H), 

6.89 (m, 2H), 3.90 (s, 3H), 3.89 (s, 3H), 3.86 (s, 3H), 13C NMR (100 MHz, CDCl3) δ 166.3, 

149.7, 147.6, 117.6, 116.7, 111.9, 108.6, 56.2, 56.1, 52.2; IR (film): 2993, 2949, 2842, 2085, 

1617, 1517, 1438, 1318, 1254, 1192, 1136, 1022, 824, 792, 763, 736; Data are consistent with 

the literature.39 

 

 

methyl 2-diazo-2-(3,5-dimethoxyphenyl)acetate (36a):  Title compound was prepared by 

general procedure with methyl 2-(3,5-dimethoxyphenyl)acetate (1.1 g, 5.6 mmol, 1.0 equiv), p-

acetamidobenzenesulfonyl azide (2.0 g, 8.4 mmol, 1.5 equiv), and 

diaza(1,3)bicyclo[5.4.0]undecane (1.3 mL, 8.4 mmol, 1.5 equiv).  The residue was purified 

through silica eluting with pentane : diethyl ether (8 : 1 to 7 : 1) to afford orange solid (916 mg, 

70% yield); mp 72-74 °C, Rf = 0.38 (pentane : diethyl ether 7 : 1); 1H NMR (400 MHz, CDCl3) δ 

6.67 (d, J=2.2 Hz, 2H), 6.29 (t, J=4.4, 2.2 Hz, 1H), 3.86 (s, 3H), 3.80 (s, 6H),13C NMR (100 

MHz, CDCl3) δ 165.6, 161.3, 127.8, 102.1, 98.2, 55.6, 52.2; IR (film): 3002, 2952, 2841, 2092, 

1698, 1599, 1484, 1444, 1284, 1266, 1195, 1153, 1086, 1063, 837, 756, 733; HRMS (APCI) 

calcd for C11H13O4 (M+H-N2)+ 209.0808 found 209.0808. 

 

 

methyl 2-diazo-2-(6-methoxynaphthalen-2-yl)acetate (36b):  Title compound was prepared by 

general procedure with methyl 2-(6-methoxynaphthalen-2-yl)acetate (485 g, 2.10 mmol, 1.00 
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equiv), p-acetamidobenzenesulfonyl azide (758 g, 3.20 mmol, 1.50 equiv), and 

diaza(1,3)bicyclo[5.4.0]undecane (0.47 mL, 3.20 mmol, 1.50 equiv).  The residue was purified 

through silica eluting with pentane : diethyl ether (8.5 : 1) to afford orange solid (347 mg, 65% 

yield); mp 105-109°C, Rf = 0.39 (pentane : diethyl ether 8.5 : 1); 1H NMR (400 MHz, CDCl3) δ 

7.91 (s, 2H), 7.74 (d, J = 8.8 Hz, 1H), 7.69 (d, J = 8.8 Hz, 1H), 7.47 (dd, J = 8.8, 2.2 Hz, 1H), 

7.14 (dd, J = 8.8, 2.2 Hz, 1H), 7.09 (d, J = 2.2 Hz, 1H), 3.91 (s, 3H), 3.89 (s, 3H),13C NMR (100 

MHz, CDCl3) δ 166.2, 157.9, 132.9, 129.4, 129.3, 127.7, 122.9, 122.8, 120.2, 119.6, 105.8, 55.5, 

52.2; IR (film): 3008, 2957, 2841, 2093, 1693, 1600, 1435, 1396, 1262, 1244, 1164, 1147, 1048, 

892, 849; HRMS (APCI) calcd for C14H13O3 (M+H-N2)+ 229.0859 found 229.0859. 

 

 

methyl 2-diazo-2-(m-tolyl)acetate (34a): Title compound was prepared by general procedure 

with methyl phenylacetate (10.0 g, 0.07 mol, 1.00 equiv), p-acetamidobenzenesulfonyl azide 

(24.0 g, 0.10 mol, 1.50 equiv), and diaza(1,3)bicyclo[5.4.0]undecane (14.9 mL, 0.10 mmol, 1.50 

equiv).  The residue was purified through silica eluting hexanes to afford an orange oil (2.60 g, 

74% yield). Rf = 0.23 (hexanes : ethyl acetate 6 : 1); 1H NMR (400 MHz, CDCl3) δ 7.51-7.48 (m, 

2H), 7.42 (m, 2H), 7.22-7.18 (m, 1H), 3.88 (s, 3H); Data are consistent with the literature.40 

 

 

methyl 2-diazo-2-(m-tolyl)acetate (38a):  Title compound was prepared by general procedure 

with methyl 2-(m-tolyl) acetate (4.40 g, 27.0 mmol, 1.00 equiv), p-acetamidobenzenesulfonyl 

azide (9.60 g, 40.0 mmol, 1.50 equiv.), and diaza(1,3)bicyclo[5.4.0]undecane (5.96 mL, 39.9 
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mmol, 1.50 equiv). The residue was purified through silica eluting hexanes : ethyl acetate (15 : 

1) to afford orange oil (3.13 g, 62% yield). 1H NMR (400 MHz, CDCl3) δ 7.29-7.28 (m, 3 H), 

7.01 (m, 1H), 3.87 (s, 3H), 2.37 (s, 3H); Data are consistent with the literature.32 

 

 

methyl 2-diazo-2-(3-ethylphenyl)acetate (38b):  Prepared by general procedure with methyl 2-

(3-ethylphenyl)acetate (197 mg, 1.10 mol, 1.00 equiv), p-acetamidobenzenesulfonyl azide (394 

mg, 1.60 mmol, 1.50 equiv), and diaza(1,3)bicyclo[5.4.0]undecane (0.24 mL, 1.60 mmol, 1.50 

equiv).  The residue was purified through silica eluting hexanes : ethyl acetate (50 : 1) to afford 

an orange oil (233 mg, 58% yield). Rf = 0.63 (hexanes : ethyl acetate 5 : 1); 1H MNR (400 MHz, 

CDCl3) δ 7.32-7.28 (m, 3H), 7.02-7.00 (m, 1H), 3.84 (s, 3H), 2.63 (q, J = 7.6 Hz, 2H), 1.22 (t, J 

= 7.6 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 165.9, 145.2, 129.1, 126.8, 125.7, 125.4, 123.7, 

121.6, 52.1, 29.1, 15.7; IR (film): 2965, 2088, 1708, 1602, 1435, 1348, 1253, 1148, 1069, 1047, 

695 ; HRMS (APCI) calcd for C11H13O2 (M+H-N2)+ 177.0910 found 177.0910. 

 

 

methyl 2-diazo-2-(3-isopropoxyphenyl)acetate (38c):  Title compound was prepared by 

general procedure with methyl 2-(3-isopropoxyphenyl)acetate (970 mg, 5.00 mol, 1.00 equiv), p-

acetamidobenzenesulfonyl azide (1.68 mg, 7.00 mmol, 1.50 equiv), and 

diaza(1,3)bicyclo[5.4.0]undecane (1.05 mL, 7.00 mmol, 1.50 equiv).  The residue was purified 

through silica eluting hexanes : ethyl acetate (5 : 1) to afford an orange oil (781 mg, 71% yield). 
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Rf = 0.65 (hexanes : ethyl acetate 5 : 1); 1H NMR (400 MHz, CDCl3) δ 7.30-7.26 (m, 1H), 7.14 

(t, J = 2.0 Hz, 1H), 6.97 (ddd, J = 1.0, 2.0, 2.4 Hz, 1H), 6.72 (ddd, J = 1.0, 2.4, 3.2 Hz, 1H) 4.58 

(sept, J = 6.0 Hz, 1H), 3.87 (s, 3H), 1.34 (d, J = 6.0 Hz, 6H);  13C NMR (100 MHz, CDCl3) δ 

173.5, 165.8, 158.6, 130.1, 127.1, 116.1, 113.5, 111.9, 70.2, 52.2, 22.2; IR (film): 2977, 2083, 

1702, 1597, 1575, 1250, 1229, 1144, 1116, 1052, 976, 770; HRMS (ESI) calcd for C20H23O4 

(M+H)+ 207.1016 found 207.1018. 

 

 

methyl 2-(3-(benzyloxy)phenyl)-2-diazoacetate (38d):  Title compound was prepared by 

general procedure with methyl 2-(3-(benzyloxy)phenyl)acetate (1.24 mg, 5.00 mol, 1.00 equiv), 

p-acetamidobenzenesulfonyl azide (1.75 mg, 7.00 mmol, 1.50 equiv), and 

diaza(1,3)bicyclo[5.4.0]undecane (1.09 mL, 7.00 mmol, 1.50 equiv).  The residue was purified 

through silica eluting hexanes : ethyl acetate (50 : 1) to afford an orange solid (870 mg, 63% 

yield). mp 53-58 °C, Rf = 0.35 (hexanes : ethyl acetate 5 : 1); 1H NMR (400 MHz, CDCl3) δ  

7.47-7.25 (m, 7H), 7.04-7.01 (m, 1H), 6.82 (ddd, J = 1.2, 2.8, 3.6 Hz, 1 H), 5.09 (s, 2H), 3.88 (s, 

3H); 13C NMR (100 MHz, CDCl3) δ 165.8, 159.5, 137.0, 130.2, 128.9, 128.3, 127.8, 127.3, 

116.5, 112.6, 110.9, 70.3, 52.2; IR (film): 3032, 2951, 2081, 1698, 1597, 1575, 1492, 1434, 

1351, 1249, 1230, 1189, 1146, 1023, 770, 736, 696, 685; HRMS (ESI) calcd for C16H15O3 

(M+H)+ 255.1016 found 255.1019. 
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methyl 2-diazo-2-(3-phenoxyphenyl)acetate (38e):  Title compound was prepared by general 

procedure with methyl 2-(3-phenoxyphenyl)acetate (727 mg, 3.20 mmol, 1.00 equiv), p-

acetamidobenzenesulfonyl azide (1.10 g, 4.75 mmol, 1.50 equiv), and 

diaza(1,3)bicyclo[5.4.0]undecane (0.71 mL, 4.80 mmol, 1.50 equiv).  The residue was purified 

through silica eluting hexanes to afford an orange oil (718 mg, 84% yield). Rf = 0.43 (hexanes : 

ethyl acetate 10 : 1); 1H NMR (600 MHz, CDCl3) δ 7.36-7.33 (m, 3H), 7.23-7.20 (m, 2H) 7.12 

(ddd, J = 0.6, 7.2, 8.4 Hz, 1H), (d, J = 8.4 Jz, 2H), 6.80 (dt, J = 1.2, 0.6, 7.2 Hz, 1H), 3.86 (s, 

3H). 

 

 

2,4-dimethylpentan-3-yl 2-diazo-2-phenylacetate (42c):  Prepared by general procedure with 

2,4-dimethylpentan-3-yl 2-phenylacetate (2.9 g, 12 mmol, 1.0 equiv), p-

acetamidobenzenesulfonyl azide (6.0 g, 25 mmol, 2.0 equiv), and 

diaza(1,3)bicyclo[5.4.0]undecane (3.7 mL, 25 mmol, 2.0 equiv).  The residue was purified 

through silica eluting pentane : ether (100 : 1) to afford orange crystalline solid (2.3 g, 72% 

yield). Rf = 0.36 (hexanes : ethyl acetate 15 : 1); 1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 7.6 

Hz, 2H), 7.40 (t, J = 7.6 Hz, 2H), 7.19 (t, J = 7.6 Hz, 1H), 4.78 (t, J = 6.2 Hz, 1H), 1.98 (oct, J = 

6.8 Hz, 2H), 0.96 (s, 3H), 0.94 (d, J = 3.6 Hz, 6H), 0.92 (s, 3H), 13C NMR (100 MHz, CDCl3) δ 

129.1, 126.1, 125.9, 124.1, 83.7, 29.8, 19.8, 17.5; IR (film): 2965, 2078, 1699, 1370, 1240, 1163, 

1010, 753; Data are consistent with the literature.27 
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tert-butyl 2-diazo-2-phenylacetate (42d):  Title compound was prepared by general procedure 

with tert-butyl 2-phenylacetate (4.5 g, 23 mmol, 1.0 equiv), p-acetamidobenzenesulfonyl azide 

(11 g, 47 mmol, 2.0 equiv), and diaza(1,3)bicyclo[5.4.0]undecane (7.0 mL, 47 mmol, 2.0 equiv).  

The residue was purified through silica eluting pentane : ether (100 : 0.5 to 100 : 1) to afford 

orange oil (3.4 g, 66% yield). Rf = 0.50 (pentane : ether 100 : 1); 1H NMR (400 MHz, CDCl3) δ 

7.49-7.468 (m, 2H), 7.38 (t, J = 7.6 Hz, 2H), 7.17 (t, J = 7.6 Hz, 1H), 1.56 (s, 9H), 13C NMR 

(100 MHz, CDCl3) δ 164.8, 129.1, 126.3, 125.7, 124.2, 82.2, 28.6; IR (film): 2978, 2077, 1695, 

1498, 1349, 1245, 1139, 1007, 755, 690; Data are consistent with the literature.27 

 

Dirhodium(II) Catalyst Syntheses: 

Rh2(R-DOSP)4 Synthesis 

 

 

 

4-dodecylbenzene-1-sulfonyl chloride:  4-dodecylbenzene sulfonic acid (270 g, 1.5 equiv) was 

dissolved in dry hexanes (375 mL) in a 1L, 2-neck round-bottomed flask.  Thionyl chloride (80 

mL) was then slowly added over 45 minutes by addition funnel.  N, N-dimethylformamide (43 
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mL) was then added by syringe over 5 minutes with trapping of HCl in 10% NaOH bubbler.  The 

resulting reaction mixture was then heated to reflux (~70 °C) in an oil bath trapping the HCl gas 

generated by bubbling it through 10% NaOH solution and allowed to stir for six hours at reflux.  

After six hours, the reaction was then poured into a separatory funnel.  The dark brown oil at the 

bottom of the funnel was then removed, carefully quenched with slow addition of bleach, and 

then discarded.  The remaining hexanes layer was then washed with saturated aqueous NaHCO3 

solution until a pH of 8 was reached.  The hexanes layer was then dried with MgSO4 and filteres 

through a 1” pad of celite and concentrated in vacuo to give the desired product as a yellow oil 

(282g, 99% yield). 1H MNR (400 MHz, CDCl3) δ 7.97 (d, J = 8.0 Hz, 2H), 7.39 (d, minor 

rotamer, J = 8.5 Hz, 2H), 2.83 (quart, J = 7.0 Hz), 2.69-2.59 (m), 2.58-2.52 (m) (1H total), 1.71-

1.54 (m, 4H), 1.28-0.76 (m, 20H). Data are consistent with the literature.41 

 

 

(R)-1-((4-dodecylphenyl)sulfonyl)pyrrolidine-2-carboxylic acid:  D-proline was dissolved in 

450 mL deionized water and brought to 0 °C in an ice bath.  A solution of sodium hydroxide 

(93.5g, 2.3 mol, 3.0 equiv) dissolved in deionized water (420 mL) was then added to the reaction 

mixture.  The reaction was then kept at 0 °C.  4-dodecylbenzene-1-sulfonyl chloride dissolved in 

95 mL of tetrahydrofuran was then added dropwise over 30 minutes at 0 °C.  The reaction 

mixture became a white suspension.  The reaction mixture was then allowed to warm to room 

temperature and stirred over night.  Concentrated HCl was then slowly added until the reaction 

mixture was approximately pH 2.0.  The freshly acidified reaction mixture was then poured into 

a separatory funnel (2 L).  The aqueous layer was then extracted with hexanes (6 x 500 mL) until 
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the organic layer was a whitish/ clear.  The hexanes layer was then dried over MgSO4 and 

filtered through a plug (~2 in.) silica in a fritted 2 L funnel.  Solvent was then removed in vacuo 

to afford 190 g yellow oil (56% yield). 1H MNR (400 MHz, CDCl3) δ 7.79 (d, J = 8.5 Hz, 2H), 

7.34 (d, minor rotamer, J = 8.5 Hz, 2H), 7.31 (d, major rotamer, J = 8.5 Hz),  4.28-4.25 (m, 1H), 

3.56-3.51 (m, 1H), 3.27-3.20 (m, 1H), 2.77-2.72 (m), 2.64-2.43 (m) (1H total), 2.16-2.14 (m, 

1H), 1.94-1.48 (m, 6H), 1.26-0.83 (m, 22H). Data are consistent with the literature.41 

 

 

Rh2(R-DOSP)4: (R)-1-((4-dodecylphenyl)sulfonyl)pyrrolidine-2-carboxylic acid and Rh2(OAc)4 

were combined in a 1 L, one-neck round-bottomed flask.  Toluene (500 mL) was then added and 

the reaction was stirred until starting materials completely dissolved.  The flask was then fitted 

with a long-path distillation apparatus.  The reaction mixture was then brought to reflux with 

azeotropic removal of acetic acid/ toluene.  1H NMR of the distillate showed no more acetic acid 

after collection of 5 x 1 L distillates.  At this point, the reaction was diluted with 1 L of diethyl 

ether and poured into three separate 2 L separatory funnels.  Saturated aqueous NaHCO3 solution 

(1 L) was then added and the layers were allowed to separate overnight.  The aqueous layer was 

then extracted with diethyl ether (7 x 300 mL) until the organic layer was no longer green.  The 

ether extracts were then dried over MgSO4, filtered, and concentrated in vacuo to give the 

catalyst as a crude green solid.  The residue was then purified on a column of silica gel using 1:1 

petroleum ether/ether as eluent.  The green band was then collected in 500mL fractions to afford 

green solid (90 g, 77% yield). 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 9.2 Hz, 8H), 7.32 (d, J 

SO2

C12H25

N

O

O

Rh

Rh

4



 

	   81 

= 9.2 Hz, 8H), 4.26 (m, 4H), 3.24 (m, 4H), 3.04 (m, 4H), 2.05 (m, 4H), 1.82 (m, 4H), 1.53 (., 

8H), 1.22 (bs, 36H), 0.83 (m, 10H).  Data are consistent with the literature.41 

 
Rh2(S-PTAD)4 Synthesis 

 

 

 
Adamantanemethanol: Lithium aluminum hydride (42.1 g, 1.11 mol, 2.0 equiv) was weighed 

into a 5 L three-necked round bottom flask equipped with an overhead stirrer, reflux condenser 

and internal thermometer.  Dry tetrahydrofuran (THF) (1.85 L) was added and the solution was 

cooled to 0 °C.  Adamantylcarboxylic acid (100 g, 0.555 mol, 1.0 equiv) was added portionwise 

over 30 minutes.  The suspension was allowed to stir at 0	   °C for an hour, then heated to reflux 

and stirred for 16 hours.  The solution was cooled to 0 °C and sodium sulfate decahydrate 
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(Na2SO4�10 H2O) was added portionwise until bubbling ceased.  The suspension was warmed to 

room temperature and stirred for 30 minutes.  The solids were filtered through a pad of celite and 

washed with dichloromethane (3 x 500 mL).  The remaining solids were transferred to a 2 L 

Erlenmeyer flask and stirred with dichloromethane (1 L) for one hour and filtered.  The 

combined organic layers were dried over anhydrous MgSO4 and concentrated in vacuo to give 

the title compound as a white solid (86.7 g, 94%).42 

 

 
(3r,5r,7r)-adamantane-1-carbaldehyde:  Adamantanemethanol (86.7 g, 0.521 mol, 1.0 equiv) 

was weighed into a 5 L three-necked round bottom flask equipped with an overhead stirrer and 

internal thermometer.  Dichloromethane (1 L) was added and the solution was cooled to 0 °C.  

Dess-Martin periodinane (288 g, 0.678 mol, 1.3 equiv) was added portionwise over 20 minutes.  

The suspension was warmed to room temperature and stirred for two hours.  450 mL of saturated 

aqueous sodium thiosulfate (Na2S2O3) and 450 mL of saturated aqueous sodium bicarbonate 

(NaHCO3) were added and the mixture was allowed to stir overnight.  The organic layer was 

taken and washed with saturated aqueous Na2S2O3 (3 x 100 mL), saturated aqueous NaHCO3 

(100 mL), saturated aqueous sodium chloride (NaCl, 100 mL), and dried over anhydrous MgSO4 

and concentrated in vacuo to give the title compound as a pale yellow powder (80.4 g, 94%).42 
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(2S)-2-((3S,5S,7S)-adamantan-1-yl)-2-((2-hydroxy-1-phenylethyl)amino)acetonitrile: 

(3r,5r,7r)-adamantane-1-carbaldehyde (80.4 g, 0.490 mol, 1.0 equiv) was weighed into a 2 L 

three-necked flask equipped with a reflux condenser and two pressure equalizing addition 

funnels.  Water (700 mL) was added followed by (R)-(-)-phenylglycinol (67.1 g, 0.490 mol, 1.0 

equiv).  The suspension was cooled to 0 °C and a solution of potassium cyanide (KCN: 33.5 g, 

0.514 mol, 1.05 equiv) in water (100 mL) and acetic acid (AcOH: 29.4 mL, 0.514 mol, 1.05 

equiv) were added simultaneously over 30 minutes (KCN solution and AcOH were placed into 

the two separate addition funnels.  Mixing the two together will cause evolution of HCN gas).  

The reaction was allowed to stir for 30 minutes before being warmed to 70 °C where it was 

stirred for three hours.  The reaction was then cooled to room temperature and the resulting 

precipitate was filtered and washed with water (3 x 500 mL).  The solids were then dred to give 

the title compound as a pale yellow oil (134.5 g, 88%, 95 : 5 dr).  [α]20
D: -5.4 (c = 2.78, CHCl3); 

HRMS (NSI) calcd for C20H27ON2 (M+H)+ 311.2118 found 311.2113.  This intermediate in the 

synthesis of Rh2(S-PTAD)4 was formed as an inseparable diastereomeric mixture and could not 

be resolved.  The peaks in the 1H and 13C NMR spectra of this compound could not be assigned.  

A later intermediate in the synthesis of Rh2(S-PTAD)4 is fully characterized. 

 

 
(2S)-2-((3S,5S,7S)-adamantan-1-yl)-2-((2-hydroxy-1-phenylethyl)amino)acetic acid: (2S)-2-

((3S,5S,7S)-adamantan-1-yl)-2-((2-hydroxy-1-phenylethyl)amino)acetonitrile (134.5 g, 0.433 
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mol, 1.0 equiv) was weighed into a 2 L three-necked round bottom flask equipped with an 

overhead stirrer, reflux condenser and internal thermometer.  Hydrochloric acid (800 mL) and 

acetic acid (200 mL) were added and the solution was warmed to 80 °C.  The reaction was 

allowed to stir at 80 °C for 5 hours and cooled to room temperature.  The resulting precipitate 

was filtered, washed with concentrated hydrochloric acid (3 x 100 mL) and dried to give the title 

compound as a white powder (150 g, 95%). mp 198-205 °C [α]20
D: 1.8 (c = 1.17, CHCl3); HRMS 

(NSI) calcd for C20H28O3N (M+H)+ 330.2064 found 330.2055.  This intermediate in the synthesis 

of Rh2(S-PTAD)4 was formed as an inseparable diastereomeric mixture and could not be 

resolved.  The peaks in the 1H and 13C NMR spectra of this compound could not be assigned.  A 

later intermediate in the synthesis of Rh2(S-PTAD)4 is fully characterized. 

 

 

(S)-2-((3S,5S,7S)-adamantan-1-yl)-2-aminoacetic acid hydrochloride: Palladium hydroxide 

(Pd(OH)2: 4.0 g, 0.10 weight %) was suspended in methanol (200 mL) and AcOH (40 mL).  

(2S)-2-((3S,5S,7S)-adamantan-1-yl)-2-((2-hydroxy-1-phenylethyl)amino)acetic acid (40.0 g, 

0.109 mol) was added and the suspension was hydrogenated at 50 PSI for 20 hours.  The solids 

were then filtered through celite and washed with methanol (3 x 100 mL).  The solvent was 

removed and the residue triturated with diethyl ether (200 mL).  The solids were filtered, washed 

with diethyl ether (3 x 150 mL) and dried to give the title compound as a white powder (22.8 g, 

85%).  This procedure was repeated in batches until all of the starting material was convered to 

the title compound.  mp >260 °C [α]20
D: -0.01 (c = 1.32, CHCl3); 1H MNR (400 MHz, CDCl3) δ 

3.38 (s, 1H), 2.05 (t, J = 3.3 Hz, 3H), 1.87 – 1.76 (m, 6H), 1.75 – 1.58 (m, 7H); 13C NMR (100 

MHz, CDCl3) δ 64.5, 39.5, 37.6, 35.6, 29.8; IR (film): 3594, 3508, 2891, 2848, 2198, 1737, 

CO2H
H2N HCl
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1585, 1502, 1418, 1267, 1216, 838; HRMS (NSI) calcd for C12H20O2N (M+H)+ 210.1489 found 

210.1489. 

 

 

(S)-2-((3S,5S,7S)-adamantan-1-yl)-2-(1,3-dioxoisoindolin-2-yl)acetic acid: (S)-2-((3S,5S,7S)-

adamantan-1-yl)-2-aminoacetic acid hydrochloride (82.0 g, 0.337 mol, 1.0 equiv) was weighed 

into a 5 L three-necked flask equipped with an overhead stirrer, Dean-Stark trap and internal 

thermometer.  Toluene (1.2 L) was added followed by triethylamine (NEt3: 141 mL, 1.01 mol, 

3.0 equiv).  The suspensin was heated to reflux and stirred for one hour.  Phthalic anhydride 

(54.9 g, 0.370 mol, 1.1 equiv) was added and the reaction heated at reflux for 12 hours (any 

water generated was removed from the Dean-Stark trap).  The solution was cooled to room 

temperature and the solvent removed under reduced pressure.  The residue was dissolved in ethyl 

acetate (2 L) and extracted with 4% aqueous NaHCO3 (5 x 500 mL) (using saturated NaHCO3 

causes the formation of a thick white precipitate that is not very soluble.  If this happens, filter 

off the solid and suspend in dichloromethane.  Add concentrated hydrochloric acid until pH = 2.  

Solids should dissolve and you can extract your product out).  Aqueous layers were combined 

and acidified with concentrated HCl (pH = 2), then extracted with dichloromethane (6 x 500 

mL).  The combined organic layers were dried and concentrated to give the title compound as a 

white powder (75 g, 65%).19 
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Rh2(S-PTAD)4: (S)-2-((3S,5S,7S)-adamantan-1-yl)-2-(1,3-dioxoisoindolin-2-yl)acetic acid (74 g, 

0.218 mol, 6.0 equiv) was weighed into a 3 L five-necked flask equipped with an overhead 

stirrer, Dean-Stark trap and internal thermometer.  Toluene (1.5 L) was added followed by 

Rh2(OAc)4 (16.1 g, 0.036 mol, 1.0 equiv).  The green solution was heated to reflux and stirred 

for 7 hours (the acetic acid that is generated is removed as an azeotrope with toluene and 

removed via the Dean-Stark trap).  The solution was cooled to room temperature and washed 

with 25% NaHCO3 (6 x 100 mL).  The organic layers were dried over anhydrous MgSO4, 

filtered, stirred with SiO2 (300 g) and concentrated under reduced pressure.  The dry mount was 

purified via flash chromatography (SiO2, 1.5 kg) using 50% petroleum ether in ether to 100% 

diethyl ether as the eluent to give the title compound as a green powder (48 g, 85%).19 

 
Rh2(R-BNP)4 Synthesis 

 
 

 

4-hydroxydinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide (46):1 A 50 mL flask 

fitted with a reflux condenser was charged with (R)-BINOL (12.6 g, 44.0 mmol, 1.00 equiv) 
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dissolved in 10 mL anhydrous pyridine.  Phosphorus oxychloride (6.40 mL, 70.0 mmol, 1.60 

equiv) was slowly added to the reaction mixture.  The reaction was then heated to 80 °C for 2.5 

hours.  The reaction was then allowed to cool to room temperature and 10 mL of deionized water 

was added.  The reaction was re-heated to 80 °C for an additional 90 minutes.  The reaction was 

then removed from the oil bath, allowed to cool to room temperature, and concentrated in vacuo.  

To the remaining yellow oil was added 150 mL of 6 N HCl.  The reaction mixture was then re-

heated to 80 °C and allowed to stir for an additional two hours.  The white precipitate that 

formed was then collected by suction filtration and washed with deionized water and dried in a 

vacuum desiccator over phosphorous pentoxide to afford 12.6 g white solid (82% yield). 1H 

NMR (400 MHz, CD3OD) δ 8.1 (d, J = 8.6, 2H), 8.0 (d, J = 8.6, 2H), 7.5 (d, J = 8.6, 2H), 7.4 

(ddd, J = 2.0, 6.0, 8.0 2H), 7.2 (m, 4H); HRMS (ESI) calcd for C20H12O4P1 (M+H)+ 347.0479 

found 347.0479. 

 

 

(R)-dirhodium (II)  binaphthyl phosphate:  According to the known literature procedure,13d a 

100 mL two-neck flask was charged with (R)-1,1’-binaphthylhydrogen phosphate (5.5 g, 15.8 

mmol, 14.4 equiv) and rhodium acetate (486 mg, 1.1 mmol, 1 equiv) in 52 mL dry, freshly 

distilled chlorobenzene.  The flask was then equipped with a soxhlet extractor containing a 

thimble filled with sodium carbonate (Na2CO3) : molecular sieves (1 : 1) and allowed reflux at 

160 °C for 48 hours.  Chlorobenzene was then removed in vacuo and the remaining residue was 

purified through silica eluting benzene : acetonitrile (100 : 1) to yield yellow-green solid (1.1 g, 

62% yield). [α]20
D +8.3° (c = 0.77, CHCl3); Rf = 0.38 (benzene : ethyl acetonitrile 100 : 1); 1H 
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NMR (400 MHz, CDCl3) δ 7.89 (d, J = 7.6 Hz, 8 H), 7.85 (d, J = 9.0 Hz, 8H), 7.61 (d, J = 9.0 

Hz, 8H), 7.47 (t, J = 7.6 Hz, 16 H), 7.32 (t, J = 7.6 Hz, 8H); 13C NMR (100 MHz, CDCl3) δ 

148.1, 132.6, 132.0, 131.3, 128.6, 127.4, 126.6, 125.6, 121.9, 121.5; IR (film): 2970, 1738, 1365, 

1231, 1216, 1058, 964 947, 884, 817, 750, 697; Data are consistent with the literature1 

 

 

(S)-dirhodium (II)  binaphthyl phosphate:  yellow-green solid (744 mg, 47% yield).  [α]20
D -

4.9° (c = 0.81, CHCl3)  Data are consistent with the literature1 
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Chapter III:  Immobilized Chiral Dirhodium(II) Catalysts 
for Enantioselective Carbenoid Reactions 

 
Advisor: Huw M. L. Davies, Ph.D. 

Collaborator: Christopher W. Jones, Ph.D. 
 

The great majority of pharmaceutical processes employ heterogeneous catalysts as they offer 

simplified catalyst separation and recovery.  Chiral transition metal catalysts can be 

heterogenized by immobilization of the catalyst onto a support, which is insoluble in the reaction 

mixture.  This chapter describes a silica-supported dirhodium(II) tetraprolinate catalyst, which 

was synthesized in four steps from L-proline and used in a range of enantioselective 

transformations of donor/acceptor carbenoids including cyclopropenation, cyclopropanation, 

tandem ylide formation/[2,3] sigmatropic rearrangement, and a variety of combined C–H 

functionalization/Cope rearrangement reactions. The products of these transformations were 

obtained in yields and levels of enantioselectivity comparable to those obtained with its 

homogeneous counterpart, Rh2(S-DOSP)4.  The silica-supported Rh2(S-DOSP)4 derivative is 

successfully recycled over five reactions. 
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3.1  Introduction to Supported Heterogeneous Catalysis 

 
A catalyst is not consumed in a particular process but rather serves to promote a 

thermodynamically favorable reaction pathway and is regenerated at the end of a catalytic cycle 

for reuse.1  For a reaction to be practical, the catalyst cost and the level of metal contaminants in 

the final product become important issues to consider.  Catalysts can be recovered after a 

reaction and reused but catalyst isolation from homogeneous reactions may not be practical for 

repeated recycling procedures.  Depending upon the polarity of the homogeneous catalyst in 

relation to the polarities of the products and by-products of a given reaction, chromatographic 

separation of a given catalyst from the products may be troublesome and lead to loss of material.  

Heterogeneous catalysis offers simplified catalyst separation and recovery since it involves 

immobilization of the catalyst onto a support, which is typically insoluble in the reaction 

mixture. Separation of the catalyst from the reaction mixture involves a simple filtration or 

decanting of the soluble products from the reaction vessel to leave behind the catalyst ready to 

catalyze another reaction.2 

As the breadth of chiral homogeneous catalysis increases, several interdisciplinary efforts 

have led to the development of chiral heterogeneous variants of the prominent homogenous 

catalysts.  For both academia and industry, heterogeneous chiral catalysis offers all the benefits 

of homogeneous chiral catalysis with the added advantage of catalyst recovery and reuse along 

with the potential for higher turnover numbers (TON) and high turnover frequency (TOF) as well 

as the potential for incorporation of the catalyst into new reactor manifolds.2   
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3.2  Design Elements of Supported Catalysts 

 
The benefits of catalyst recycling have been realized in industry, as many chemical and 

petrochemical processes use achiral heterogeneous catalysts.2  Over the past ten years, however, 

there has been an increased demand for immobilized chiral catalysts.  The method of 

immobilization, the choice of support, and the point of attachment of the support to the catalyst 

are the three primary variables which can influence the chiral environment, turnover numbers 

(TONs), reaction rates, recyclability, and stereoselectivity.2  Careful consideration of these 

variables can allow for the development of a chiral heterogeneous catalyst capable of matching 

the stability, activity, and stereoselectivity of its homogeneous counterpart.  However, achieving 

this goal is difficult in most cases.2 

The general approaches for chiral catalyst immobilization have been placed into four 

categories: (a) covalent attachment of the chiral catalyst onto a solid support, (b) adsorption of 

the catalyst on the support, (c) ion-pair formation between the metal complex and the solid 

support and (d) entrapment of the homogeneous catalysts into pores of the solid support (Figure 

3.1).  Immobilization via covalent attachment has been the easiest to design and develop.2 

	  

	  
Figure 3.1  Methods for chiral catalyst immobilization 
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For the covalent immobilization method, there are several different ways in which the 

catalyst can be covalently linked to the support.2  For solid supports such as SiO2, there are 

several methods for grafting the catalyst to the functionalized support (Scheme 3.1).  Alkene-

functionalized supports undergo metathesis with an alkene attached to the catalyst to give the 

corresponding covalently immobilized species.   Similarly, styryl-functionalized supports can 

undergo AIBN-initiated radical coupling with a catalyst featuring a styryl group.  Surface thiols 

can under go thiol-ene coupling with catalysts containing terminal alkenes.  Also, surface azides 

can under copper catalyzed click chemistry to provide a catalyst covalently immobilized by a 

triazole linkage.  Rather than being grafted to a pre-existing support, catalysts featuring a styryl 

group can also undergo polymerization with styrene and/or divinylbenzene (DVB) to give a 

catalyst immobilized by a polymeric matrix (Scheme 3.1).  The rigidity of the polymer can be 

varied by this method by modifying the ratio of styrene : DVB employed in the polymerization 

step.2 
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Scheme 3.1  Methods for grafting the catalyst to the support and for polymerization 

 

 
Choice of a suitable support is key to obtaining a recyclable catalyst system.  The sterics and 

electronics of the catalyst can be fine-tuned to obtain optimal activity and stereoselectivity.  The 

classic problem in most systems is the inevitable distortion of the chiral environment of the 

homogeneous catalyst.  The benefits of implementing long spacers between the polymer 

attachment and the active site of the catalyst have been recognized.3  Soai and Wantanabe 

studied the effect of various alkyl spacers in polymer-supported enantioselective addition of 

dialkylzincs to both aromatic and aliphatic aldehydes using polymer-bound chiral catalysts with 

a spacer.  In order to eliminate the restriction of the freedom of the catalytic site, they 

synthesized chiral polymer catalysts with methylene spacers that served to separate the catalytic 

site from the polystyrene resin.3 
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3.3  Supported Dirhodium(II) Catalysts  

 
After Teyssie’s initial report on the use of dirhodium(II) tetraacetate (Rh2(OAc)4) for generating 

rhodium carbenoids from diazo compounds,4 Brunner introduced chiral rhodium(II) catalysts 

from simple enantiomerically pure amino acids.5  The dirhodium(II) tetracarboxylate core 

became a new transition metal scaffold for chiral catalyst development.6  Davies,7 McKervey,8 

and Hashimoto9 have developed very effective chiral amino-acid based rhodium catalysts.  

Doyle et al. have developed a family of rhodium carboxamidate catalysts by replacing the 

carboxylates with chiral amidate ligands.10  Several different chiral dirhodium(II) catalysts have 

been heterogenized in an effort to make dirhodium(II) catalysis more affordable by increasing 

their recyclability and thus their efficiency (Figure 3.2).  The unique reactivity profile of these 

catalysts combined with the precious, expensive nature of rhodium makes these systems highly 

attractive candidates for immobilization. 

 
Figure 3.2  Chiral dirhodium(II) catalysts which have been successfully immobilized 
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showed temperature-dependent solubility and inertness to various reactions (Scheme 3.3).11  

These polyethylene carboxylates (PE-CO2) were prepared by anionic oligomerization of 

ethylene, then carboxylation with carbon dioxide at -78 ᵒC, followed by acidification (Scheme 

3.2).   

 
Scheme 3.2  Bergbreiter’s route to polyethylene carboxylates 

	  

 
The polyethylene carboxylates were then metallated by ligand exchange with Rh2(OAc)4 in 

refluxing toluene with azeotropic removal of acetic acid generated from the exchange of acetate 

ligands for polyethylene carboxylate (Scheme 3.3). 

 
Scheme 3.3 Polyethylene-supported Rh2(OAc)4 

	  

 
The polyethylene-bound rhodium(II) catalyst was reused up to 10 times with retention of 

original reactivity and essentially unchanged diastereoselectivity (Scheme 3.4, starting ratio of 

2.3 : 1 (trans : cis) as compared to a final value of 2.4 : 1). 
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Scheme 3.4  First Immobilized Dirhodium System Bergbreiter’s Rh2(PE-CO2)4 

	  

 
The following year, a collaborative work by the Bergbreiter and Doyle groups, applied the 

polyethylene based support to dirhodium(II) tetracarboxamidate catalyst Rh2(S-MEPY)4 to 

provide the first immobilized chiral dirhodium catalyst, oligomer-bound dirhodium(II) 2-

pyrrolidone-5(S) carboxylate (PE-Rh2(S-PYCA)4).  PE-Rh2(S-PYCA)4 was prepared by 

esterification of 2-pyrrolidinone-5(S)-carboxylic acid with the polyethylene polymer (Scheme 

3.5) followed by ligand exchange (Scheme 3.6).12   

 
Scheme 3.5  Immobilized (S)-PYCA ligand 

	  

	  
Scheme 3.6  First immobilized chiral dirhodium(II) system: PE-Rh2(S-PYCA)4 
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This polyethylene-supported catalyst PE-Rh2(S-PYCA)4, however, was found to be less 

reactive and less selective than Rh2(S-MEPY)4 (Scheme 3.7).  Cyclopropanation reactions with 

PE-Rh2(S-PYCA)4 provided similar results.12 

 
Scheme 3.7  Reactivity of PE-Rh2(S-PYCA)4 

 

 
Considering that these reactions were conducted in refluxing benzene, it was believed that 

the noted decreases in both reactivity and selectivity were due to the displacement of chiral 

ligands from the dirhodium core.  Enhanced recyclability was achieved by addition of a catalytic 

amount of chiral (S)-MEPY ligand to the reaction mixture.  In this case, the immobilized catalyst 

remained active for up to eight reaction rounds with only minimal loss in enantioselectivity (5%) 

and yield (20%).12 

Although these seminal works on the syntheses and applications of immobilized 

dirhodium(II) complexes represent significant advances, many drawbacks exist in these systems.  

For example, all reported reactions employing these polyethylene oligomer catalysts were 

conducted at reflux to ensure complete solubility of the catalyst in the reaction.  Doyle et al. 

reported an improved immobilized Rh2(S-MEPY)4−derivative in 2002, which did not require 

high reaction temperatures, by employing a NovaSyn Tentagel (TG) hydroxyl resin.  As in their 

original paper, DCC and HOBt-mediated coupling of the hydroxyl resin with pyroglutamic acid 

provided the corresponding immobilized ligand (Scheme 3.8). 10   
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Scheme 3.8  NovaSyn Tentagel immobilized Rh2(S-MEPY)4−derivative 

	  

 
A second immobilized Rh2(S-MEPY)4−derivative containing no polyethylene spacer between 

the carboxylate and the resin moiety was synthesized employing a Merrifield resin (Scheme 3.9).  

This ligand was used as a control to show that the long polyethylene spacer was necessary in 

order to prevent potential adverse reactivity that could potentially occur due to the proximity of 

the bound catalyst to the polymer surface and backbone.  Doyle reported the immobilized Rh2(S-

MEPY)4−derivatives 14 and 18 as if a single ligand exchange had been conducted in which only 

one ligand from Rh2(S-MEPY)4 was replaced with the immobilized ligand (Schemes 3.8 and 

3.9).  However, in the report there is no data suggesting the number of ligands exchanged.  

“Single” ligand exchange was conducted for a shorter period of time (5 hours vs. 3 days) and at 

lower temperature (130 ᵒC vs. 160 ᵒC) than the typical tetra-ligand exchange reaction to ensure 

formation of mono-ligand exchange product.10 

 
Scheme 3.9  Merrifield immobilized Rh2(S-MEPY)4−derivative 

  

 
 Although immobilization by covalent attachment of a resin to a single ligand differentiates 

one rhodium face from the other, this differentiation does not appear to have an effect on the 

N
H

CO2HO

N
O

OH
n

(0.27 mmol OH / g)
DCC

1-HOBt
DMF

HN

O

O

O

O
N n

=  NovaSyn Tentagel resin

Rh

Rh

N

O
3

O
OMe

N

O

O
O

N

14N

PhCl, 160oC, 5 h

Rh2(S-MEPY)48

12 13

N
H

O

O
O

M

(1 mmol Cl / g)

HN

O

O

O

MCl

Cs

DMF

=  Merrifield resin

Rh

Rh

N

O
3

O
OMe

N

O

O
O

M

M

PhCl, 160oC, 5 h

Rh2(S-MEPY)4

15 17
18

16



 

	   101 

selectivity of the resulting catalyst.6  Both of these catalysts provided products with the same 

level of enantioinduction as homogeneous Rh2(S-MEPY)4  in an intramolecular cyclopropanation 

reaction and were recyclable in up to 10 runs (Scheme 3.10).  Contradictory to their original 

hypothesis, catalyst 18 outperformed catalyst 14 in achieving both higher levels of 

enantioinduction and greater catalyst recyclability.  This result was attributed to the higher ligand 

loading of catalyst 18 (0.1 mmol Cl / g) as compared to 14	   (0.27 mmol OH / g).  Also, the 

inferior selectivity of catalyst 14 could potentially be attributed to undesirable carbene reactions 

occurring at the linker, poly(ethylene oxide), of 14.10 

 
Scheme 3.10  Comparison of NovaSyn Tentagel and Merrifield immobilized 

Rh2(S-MEPY)4−derivatives  

 

 
The following year, Doyle et al. published a follow-up report describing in more detail the 

significance of these mixed ligand systems (Scheme 3.11).  The resulting catalyst from mono-

ligand exchange was found to be significantly altered both electronically and sterically from its 

tetrasubstituted counterpart.13   

 
Scheme 3.11  General structure of mixed ligand dirhodium(II) complexes 
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Immobilized azetidinones were employed in the “single” ligand exchange with several 

different chiral tetracarboxamidates (Rh2(S-MEPY)4, (Rh2(S-MPPIM)4, (Rh2(S-MEAZ)4, and 

(Rh2(S-IBEAZ)4 (Scheme 3.12).  Immobilized variants of (Rh2(S-MPPIM)4 and (Rh2(S-MEPY)4 

were able to catalyze the first reaction round of  a C−H insertion at similar levels of 

enantioinduction as their homogeneous counterparts.  The level of diastereoinduction, however, 

was greatly decreased in reactions catalyzed by heterogeneous catalysts and most importantly, 

the study failed to address the recyclability of these catalysts (Scheme 3.13).13 

  
Scheme 3.12  Example of an immobilized azetidinone mixed ligand dirhodium(II) complex 

 

 
Scheme 3.13  Immobilized azetidinone mixed ligand dirhodium(II)−catalyzed C−H insertion 

 

 

3.4  Supported Dirhodium(II) Tetracarboxylate Catalysts 

 
The first reported dirhodium tetracarboxylate to be immobilized through a non-covalent linkage 

was presented by Davies et al. in 2002.14  Several different types of commercially available 

linkers were tested for their immobilization efficiency and it was found that the Argopore Wang-

H
N

O
O

O
N

O

O
O

Rh

Rh

N

MeO2C

O 3

AZ-H

PhCl, 160oC

Rh2(S-MEPY)4

AZRh2(S-MEPY)3N

N

N

N

AZRh2(S-MPPIM)3N

Rh(II)

CH2Cl2

yield (%) ee (%)
21

22a

100 92

60 95

86 > 99

54 97

O

O H

N2

O

O

O

O
22b

AZRh2(S-MEPY)3N

Rh2(S-MPPIM)4

Rh2(S-MEPY)4

yield (%) ee (%)

0 -

40 93

14 93

46 89

catalyst



 

	   103 

pyridine linker, shown in Scheme 3.14, gave the highest percent immobilization (86%).15  In 

their 2002 report, Davies and coworkers were able to utilize pyridine functionalized highly cross-

linked polystyrene resins to immobilize an array of dirhodium(II) tetracarboxylates.14 

 
Scheme 3.14  Argopore Wang-pyridine linker 

 

 
Initially, these supports were envisioned to effect immobilization of the catalyst through 

coordination of the pyridyl nitrogen to one of the axial binding sites of dirhodium.  The 

remaining axial binding site of dirhodium would remain uncoordinated and active for catalysis 

(Scheme 3.15).14 

 
Scheme 3.15  Coordination method of immobilization for dirhodium(II) catalysts 
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was found to be a much more robust catalyst than Rh2(S-TBSP)4, providing fifteen cycles with 

similar yields and enantioselectivities to the first reaction round (Table 3.1, 91% to 89% yield; 

85% to 88% ee).14 

 
Table 3.1  Immobilized Rh2(S-TBSP)4 and Rh2(S-biTISP)4 in cyclopropanation 
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between reaction cycles while retaining the catalyst (Table 3.2). 14 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

N2

toluene, rt

CO2Me

CO2Me
Rh(II)

0.5 mol%

27

28

29

Rh2(S-TBSP)4 Rh2(S-biTISP)4

cycle time (min) yield (%) ee (%) cycle time (min) yield (%) ee (%)

1 10 92 82 1 18 91 85

4 14 89 70 15 92 89 88



 

	   105 

Table 3.2  Catalyst recycling study in cyclopropanation with various diazoacetates  

 

 
The first reported immobilization of Rh2(S-DOSP)4 came the following year.  In this report, 

Davies et al. were able to successfully apply Rh2(S-DOSP)4 immobilized by the coordination 

method described in Scheme 3.15 to C−H insertion reactions. (Table 3.3)  C−H insertion of 

phenyldiazoacetate into 1,4-cyclohexadiene with the immobilized Rh2(S-DOSP)4−derivative 

provided the corresponding product with no deterioration of yield (81% to 84%) and minimal 

loss of enantioselectivity (88% to 84%) over ten cycles (Table 3.3).16 

	  
Table 3.3  C−H insertion by immobilized Rh2(S-DOSP)4−derivative 

 

R
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Ph
toluene, rt

Ph R

CO2Me

CO2Me
Rh2(S-biTISP)4

0.5 mol%

30a-e

28

31a-e

MeO

Me

Br

cycle R time (min) yield (%) ee (%)

16 82 71

2

1

30 86 76

3 5 84 80

4 30 85 80

5 30 94 90

product

31b

31a

31c

31d

31e

N2

toluene, rt
CO2Me

Rh2(S-DOSP)4

0.5 mol%
CO2Me

cycle time (min) yield (%) ee (%)

1
10

20
30

81
84

88
84

27

32
33
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Finally, in 2005, Davies reported application of this “universal immobilization strategy” to 

all three types of dirhodium catalysts: tetracarboxylates, tetracarboxamidates, and 

tetraphosphates.  Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis 

for percent rhodium was used to calculate the catalyst immobilization (%) for each catalyst 

tested.  The results of this study showed that Rh2(S-MEPY)4, Rh2(S-MEAZ)4, Rh2(S-PTTL)4, 

Rh2(S-BNP)4 could be effectively immobilized (Table 3.4).17 

 
Table 3.4  Application of coordination method of immobilization 

to a variety of dirhodium(II) catalysts 

 

 
The great success of these systems, however, is surprising because donor groups such as 

pyridine are known have a deactivating effect on dirhodium tetracarboxylates.  Control 

experiments employing homogeneous catalyst were conducted in the presence of a non-

immobilized para-substituted pyridine derivative 34.  Shockingly, low yields (43% and 18%) of 

cyclopropanation were obtained when the reaction was doped with pyridine derivative 34, 

showing that a strong deactivation of the prolinate catalysts was occurring (Table 3.5).17   These 

results, along with a few mechanistic investigations into the means of immobilization, led Davies 

et al. to attribute immobilization to a cooperative effect of microencapsulation18 and pyridine 

coordination.15  

 

 

O

O
N Rh(II)

1)  Rh(II)
     solvent, rt

2)  solvent wash (5x)

catalyst loading (mmol/g) immobilization (%)

Rh2(S-MEPY)4 0.12 60
Rh2(S-MEAZ)4 0.12 61
Rh2(S-PTTL)4 0.14 77
Rh2(R-BNP)4 0.14 81

26
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Table 3.5  Deactivation of homogeneous dirhodium(II) catalysts by a pyridine derivative 

	  

 
The most impressive reported results to date for immobilized dirhodium catalysis came from the 

Hashimoto group in 2010.  In the first step of a three-step immobilization process, Hashimoto et 

al. successfully completed a single ligand exchange of N-4-hydroxyphthloyl-(S)-tert-leucine 35 

with Rh2(S-PTTL)4 in 40% yield and 50% recovery of starting Rh2(S-PTTL)4.  The product of 

this mono-ligand exchange was then treated with styrene-derivative 37 to afford O-alkylation 

product 38 in 92% yield.  Suspension copolymerization of rhodium complex 38 with styrene and 

cross-linker 39 in a ratio of 5:94:1 provided the polymer-supported chiral dirhodium(II) catalyst 

40 in 80% yield (Scheme 3.16).19  Hashimoto et al. applied this same immobilization strategy to 

the chiral fluorinated derivative of this catalyst, Rh2(S-TFPTTL)4, which was able to catalyze the 

the amination of silyl enol ethers with [N-(2-nitrophenylsulfonyl)imino]phenyliodinane (NsN= 

IPh) to provide α-amino ketones in high yields with high levels of enantioselectivity and 

recycled this catalyst 20 times.20 
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toluene, rt
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CO2Me
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O
N

catalyst time (min) yield (%) ee (%)

Rh2(S-TBSP)4 10 43 81

Rh2(S-biTISP)4 720 18 88

27
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Scheme 3.16  Suspension copolymerization of Rh2(S-PTTL)4 

	  
 

This immobilized Rh2(S-PTTL)4−derivative 40 provided unprecedented results in 

intramolecular C−H insertion of α-diazo-β-ketoester, providing the desired product in exactly the 

same yield (88%) and enantioselectivity (92%) as homogeneous catalyst after 100 reaction 

cycles (Table 3.6).19  The product of this reaction is a key intermediate in the asymmetric 
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synthesis of FR115427, a non-competitive NMDA antagonist.  This extremely impressive result 

shows the huge impact that immobilization can have on the field of rhodium carbenoid chemistry 

by significantly lowering the cost of these processes. 

 
Table 3.6  Catalyst recycling study of immobilized Rh2(S-PTTL)4−derivative 

	  

	  
Direct comparison of the method for immobilization of dirhodium(II) catalyst reveals that 

immobilization by covalent attachment of one of the ligands of the dirhodium(II) catalyst to a 

solid support provided a more robust heterogeneous catalyst which was less susceptible to 

rhodium leaching, or losing a percentage of the catalyst after the first reaction cycle, as 

determined by ICP-AES.19  Although the entrapment immobilization method by cooperative 

microencapsulation and pyridine coordination was both broadly applicable and involved minimal 

preparation, significant rhodium leaching was observed upon analysis of the reaction mixture 

after completion of the first cycle (Figure 3.3).14-17  

 

Me

O
CO2Me

N2

CO2Me

OH

Ph
Me

2 mol% 40

CH2Cl2, rt
41 42

cycle time (min) yield (%) ee (%)

1 5 86 91
10 20 90 90
50 20 90 91

100 20 88 92
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Figure 3.3  Comparison of the previously reported methods for 

immobilization of dirhodium(II) catalysts 

 

3.4  Introduction to Methods for the Immobilization of Rh2(S-DOSP)4 

Davies et al. previously developed an immobilization strategy employing axially coordinated 

pyridyl supports.  While this strategy was successful for several chiral dirhodium(II) catalysts,21 

rhodium leaching was observed in these systems.19  This was believed to be due in part to the 

equilibrium between coordinated and non-coordinated states.  We hypothesized that Rh2(S-

DOSP)4 immobilization by covalent attachment of the S-DOSP-ligand to a support would allow 

for the synthesis and application of the first robust heterogeneous Rh2(S-DOSP)4–derivative for 

application in a broad range of synthetically useful transformations.  For these reasons, Dr. Huw 

Davies and Dr. Christopher Jones, a chemical engineer from Georgia Tech, initiated a 

collaborative effort to covalently immobilize Rh2(S-DOSP)4. 

The Jones group has extensively studied the immobilization of chiral salen catalysts and 

successfully employed them in hydrolytic kinetic resolution of epoxides22 as well as asymmetric 

cyclopropanation.23  The synthetic route to immobilized complexes used by Jones et al.  for 
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asymmetric cyclopropanation involved an initial Suzuki coupling to incorporate the styryl 

moiety (Scheme 3.17).22b 

 
Scheme 3.17  Synthesis of immobilizable chiral salen ligand 

	  

	  
Once synthesis of the immobilizable chiral salen was complete, two routes to immobilization 

were explored.  The first route was AIBN-initiated free radical polymerization of the styryl 

group of compound 46 with 1,4-divinylbenzene (DVB).  Treatment of the resulting polymer 47 

with n-butyllithium to deprotonate the phenolic protons of the salen ligand, followed by 

metallation with dichloro(p-cymene)ruthenium(II) dimer in the presence of excess pyridine 

provided the immobilized Ru-salen complex 48 with 53.5% metallation efficiency as determined 

by elemental analysis (Scheme 3.18).23 
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Scheme 3.18  Free radical polymerization immobilization strategy 

 

 
The second route involved AIBN-initiated grafting of the styryl group onto a surface of SBA-

15 mesoporous silica.  This was accomplished by thiol coupling of 

mercaptopropyltrimethoxysilane (MPTMS) with the terminal styryl moiety of compound 46 

followed by immobilization on 60Å mesoporous SBA-15 silica by condensation with surface 

hydroxyl groups to afford immobilized 50.  The remaining free-surface hydroxyl groups of 50 

were then TMS-protected with hexamethyldizilazane (HMDS) to afford 51.  Finally, metallation 

of 51 provided the immobilized Ru-salen complex 52 with 48% metallation efficiency (Scheme 

3.19).23 
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Scheme 3.19  Catalyst immobilization by grafting to a functionalized silica surface 

 

 
The results of this study showed that polymer-supported Ru-salen-Py2 catalysts were 

superior, in terms of activity and selectivity, as compared to the porous silica-supported catalyst.  

For this reason, we began by exploring polymer-supported Rh2(S-DOSP)4−derivatives.  

Polymer-supported systems are made through a process known as free radical polymerization.  

One method of free radical polymerization, shown in Scheme 3.20, involves treatment of a 

starting monomer (bearing a styryl substituent) with AIBN in the presence of styrene and 1,4-
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divinylbenzene (DVB).  In this polymerization AIBN serves as a radical initiator.  DVB units are 

considered “crosslinking” units.  They serve to both bind the catalyst to the resin and to hold the 

resin together.  The styrene units add flexibility to the polymer chain, which allows the resin to 

impart less steric strain on the catalyst to which it is bound (Scheme 3.20).   

 
Scheme 3.20  Free radical polymerization 

of functionalized catalyst, styrene, and divinylbenzene (DVB) 

	  

 
Loosely cross-linked resins (LCRs) are flexible with a large number of styrene units 

incorporated into the polymer chain.  LCRs are often soluble in a number of solvents and thus 

reactions can be accomplished at room temperature with fully-expanded catalyst in solution, but 

precipitation of this type of catalyst can be complicated due to partial solubility in a number of 

solvents.  Highly cross-linked resins (HCRs), on the other hand, are typically insoluble in most 

solvents and thus catalyst recovery is much easier to accomplish.  A high degree of crosslinking, 

however, can have a deleterious effect on the reaction in terms of yield and enantioselectivity 

due to the greater steric congestion of the system.  For this reason, the ratio of DVB : styrene : 

monomer is varied until a recyclable polymer with optimal solubility is achieved.	  	  
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3.5  Efforts Toward the Synthesis of a Rh2(S-DOSP)4−Derivative Immobilized by having all 
       Four Ligands Covalently Bound to a Support 
 
Davies et al. have developed catalysts such as Rh2(S-DOSP)4 that are extremely active in 

carbenoid reactions such as C−H activation.  However, their cost is often prohibitive in terms of 

use in pharmaceutical development as the cost of Rh2(S-DOSP)4 is $1,330.00 / g from Sigma 

Aldrich.  Practical application of this expensive catalyst can be achieved by covalent attachment 

of its ligand to a solid support so that it can be easily separated from the reaction mixture and re-

used.  Jones et al. have adapted many catalysts for immobilization on solid supports.  The 

objective of the collaboration between Jones and Davies has been to develop a recyclable 

dirhodium(II) catalyst on a solid support in order to alleviate the cost associated with the use of 

Rh2(S-DOSP)4. 

In this project, my role was to design and synthesize novel derivatives of Rh2(S-DOSP)4 with 

ligands that enable immobilization on a solid support.  This immobilization was then carried out 

by post-doctoral fellows Dr. Nicholas Brunelli, Dr. Sarah Russell, and Dr. Yan Feng in the Jones 

laboratory.  The resulting immobilized ligands and catalysts were then sent back to me for 

determination of catalyst activity, selectivity, and recyclability in carbenoid reactions.  Based on 

my findings, Dr. Brunelli, Dr. Russell and Dr. Feng then modified the support until the ideal 

catalyst structure, method of immobilization, support, and recovery method were determined. 

Our first strategy for the synthesis of polymer supportable catalysts is shown in Scheme 3.21.  

We initially envisioned synthesizing catalysts of type 54 in which the R-group is a functional 

group that will enable subsequent polymerization (Scheme 3.21).  Based on the previous studies 

in the Jones group,22b we had envisioned that catalysts with the general structure (I) could come 

from a late stage derivatization of catalyst 53 via a Suzuki coupling reaction.  If Suzuki coupling 

were possible, synthesis of catalyst 54 could be conducted on a large scale and late-stage 
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derivatization via cross-coupling could provide a catalyst library for testing.   

 
Scheme 3.21  Late-stage modification route to immobilizable Rh2(S-DOSP)4−derivative 

	  
	  
 

Palladium-catalyzed cross-coupling directly on a dirhodium complex is not precedented in 

the literature.  Therefore, three different sets of conditions were chosen based on literature 

precedence for their ability to catalyze coupling of 4-bromobenzene sulfonamide derivatives 

with boronic acids.24  However, all of the conditions screened failed to provide the desired 

product 57.  Instead, 1H and 13C NMR experiments conducted on purified products showed the 

reactions resulted in deprotection of the prolinate (Scheme 3.22). 

 
Scheme 3.22  Attempt towards Pd-catalyzed cross-coupling directly on 

dirhodium(II) tetraprolinate 
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Although derivatization of the catalyst post-ligand exchange initially seemed ideal, three new 

potential routes to immobilized Rh2(S-DOSP)4−derivatives were devised and simultaneously 

explored.    The polymerized catalyst 63 in Scheme 3.23 would ultimately result from AIBN-

initiated free radical polymerization onto the terminal alkene of 62.  This route began with in situ 

conversion of 1,4-dibromobenzene 58 to (4-bromophenyl)magnesium bromide followed by 

Grignard addition to allyl bromide 59 according the procedure of Shi25 to provide 60 in 54% 

yield.  Conversion to the corresponding boronic acid was achieved in quantitative yield 

according the procedure of Bradbury (Scheme 3.23).26  The subsequent Suzuki coupling, ligand 

exchange, and immobilization, however, were not attempted because a higher yielding route to 

an immobilizable prolinate ligand was simultaneously discovered (Scheme 3.25). 

 

Scheme 3.23  Attempted synthesis of allylbenzene-substituted Rh2(S-DOSP)4−derivative	  
immobilized by all four ligands 

	  

	  
The resulting catalyst in Scheme 3.24 would come from a azide-alkyne Huisgen 

cycloaddition of the azide of 67 onto a resin bearing alkynes.  Starting boronic acid for the route 

shown in Scheme 3.24 was made by radical bromination of the benzylic methyl group of 64 with 

NBS and 10 mol% benzoyl peroxide27 to provide 65 in 56% yield.  Displacement of bromine of 
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coupling, ligand exchange, and immobilization, however, were not attempted because a higher 

yielding route to an immobilizable prolinate ligand was simultaneously discovered (Scheme 

3.25). 

 
Scheme 3.24  Attempted synthesis of Rh2(S-DOSP)4−derivative immobilized by 
Huisgen cycloaddition of the azide group on all four ligands with surface alkynes	  

	  

We believed that the metallated compound 53 (Scheme 3.21) was a more activated species 

than the free ligand 56 (Scheme 3.25).  For this reason, we believed cross-coupling to be feasible 

on 56 despite the deprotection of pyrrolidine observed with 53 in Scheme 3.22.  Therefore, 

coupling conditions were chosen for their ability to tolerate a carboxylic acid moiety.  

Employing 5 mol% Pd(dppf)2Cl2 provided the desired coupling product 69 in 96% yield after 

recrystallization.  We then moved ahead with this concise and high yielding route (Scheme 3.25).  

Subsequent attempts towards ligand exchange of 69 with Rh2(OAc)4 yielded minimal desired 

product 57.  It is possible that ligand exchange with this particular substrate requires longer 

reaction times in order to provide better conversion to the desired product, however this was not 

explored.   
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Scheme 3.25  Attempted synthesis of styryl-substituted Rh2(S-DOSP)4−derivative  
immobilizable at all four ligands 
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the undesired polymerization of the type shown in Scheme 3.26, which would block the axial 

binding sites of dirhodium, causing deactivation of the catalyst.  A new route to synthesize 

polymerizable Rh2(S-DOSP)4 derivatives was next explored.  
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Scheme 3.26  Possible deactivation route of Rh2(S-DOSP)4−derivative	  
immobilized by all four ligands 
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divinylbenzene (DVB) in a ratio of 100 : 1 (LCR (a)) or 50 : 1 (LCR (b)).  A highly-crosslinked 

resin (HCR) was also synthesized which employed four DVB units to every unit of monomer 

(Table 3.7).   

 
Table 3.7  Immobilization of S–DOSP ligand by free radical polymerization	  
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polymer showed two distinct broad singlets of equal integration at 7.97 and 7.69 ppm, 

corresponding to the biaryl protons of the monomer.  These resonances were significantly 

downfield of the next closest aromatic resonance, a broad multiplet from 7.09-6.48 ppm, 

suggesting that the monomer 69 had been successfully incorporated to the polymer.  Although 

the ultimate goal was to metallate prior to ligand exchange, with this immobilized material in 

hand, we were able to examine the possibility of post-immobilization ligand exchange.  Ligand 

exchange according to the method of Doyle et al. was then attempted on these immobilized 

species.22  Thus 71a and Rh2(S-DOSP)4 were refluxed in chlorobenzene for six hours.  The 

product of ligand exchange 72a was precipitated out of the reaction mixture by dropwise 

addition of methanol.  Catalyst 72a was then washed by repeated solvation into dichloromethane 

followed by precipitation with methanol until the washings turned clear.  The precipitated solid 

was nearly the same color as the starting ligands with only a slightly green tinge.  Although this 

particular ligand exchange was not extensively studied, the absence of a green hue anticipated 

for an immobilized rhodium catalyst suggested that ligand exchange of this type did not provide 

a high degree of metallation.   

The polymer-supported catalyst 72a derived from 71a displayed similar properties to the 

LCR(a) ligand in that it was soluble in toluene, chlorobenzene, chloroform, and dichloromethane 

yet insoluble in methanol and ethanol.  Toluene was chosen as the solvent, for testing the catalyst 

in standard cyclopropanation, in order to observe the behavior of this catalyst in its fully 

expanded form (Table 3.8).  Elemental analysis studies were not yet conducted on these 

immobilized rhodium complexes due to their prohibitive cost.  Percent metallation of the 

complexes, therefore, is unknown.  Theoretical molecular weight, and thus catalyst loading, of 

the immobilized catalyst was approximated from the ratio of monomer : styrene : DVB 
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employed in the polymerization step.   The results of the cyclopropanation reaction showed 

significant deterioration of enantioselectivity after a single reaction round (Table 3.8, cycle 1: 

83% ee vs. cycle 2: 52% ee for round 2).  The high level of enantioinduction observed in the first 

cycle is believed to be due to residual Rh2(S-DOSP)4 which was not fully removed after the 

ligand exchange. 

	  
Table 3.8  Asymmetric cyclopropanation catalyzed by a 

loosely cross-linked Rh2(S-DOSP)4−resin 

	  

 
The limitations of this method became immediately obvious.  Optimization of ligand 

exchange would be difficult as the reaction cannot be monitored by TLC and the extent of ligand 

exchange can only be confirmed by elemental analysis.  Also, previous findings from the Jones 

group showed that higher degrees of metallation are possible if the metallation can be conducted 

prior to polymerization.  Based upon these preliminary results, we decided to explore our next 

route. 

First, to determine whether or not the free radical polymerization process would affect the 

catalyst, we subjected homogeneous Rh2(S-DOSP)4 to the polymerization conditions.  We found 

that these conditions did not show a deleterious effect on the catalyst (Table 3.9).  We thus 

toluene, rt, 3 h
CO2Me

N2
CO2Me

"1 mol%"

27

28

29

72a

cycle yield (%) ee (%)

1 20 83

2 42 52

104

[Rh]

21
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proceeded with the plan to conduct polymerization as the last stage in the synthesis of the 

polymer-supported catalyst.  All subsequent cyclopropanation reactions were run using either 

pentane or hexanes as solvent as they provide the ideal nonpolar solvent systems for 

homogeneous Rh2(S-DOSP)4−catalysis and were also found to be ideal for reactions employing 

silica-immobilized Rh2(S-DOSP)4−derivatives. 

 
Table 3.9  Rh2(S-DOSP)4 under AIBN-initiated free radical polymerization conditions 

	  

	  
Using the reported procedure by Hashimoto et al.,19 three hour single-ligand exchange with 

polymerizable ligand 69 [1.1 equiv] and Rh2(S-DOSP)4 [1.0 equiv] proceeded in low yield (34%) 

but with moderate recovery of Rh2(S-DOSP)4 (43%).  Notably, tests with recovered Rh2(S-

DOSP)4 in cyclopropanation showed no degradation in enantiopurity of the cyclopropanation 

product resulting from catalysis by recovered Rh2(S-DOSP)4 which had been reused in 3 rounds 

of ligand exchange.  A highly-crosslinked resin (4 DVB : 1 monomer) was explored in the first 

polymerization of 73 which was conducted by Dr. Nicholas Brunelli (Scheme 3.27).  The 

polymerization product 72d remained a dark-green color after extensive washing, implying a 

high degree of metallation was achieved. 

 
 
 
 
 

pentane, rt, 3h
CO2Me

N2 CO2MeRh2(S-DOSP)4

1 mol%

27

28

29

yield (%) ee (%)

fresh Rh2(S-DOSP)4 85 88

Rh2(S-DOSP)4
subjected to AIBN-

initiated polymerization
73 88

Rh2(S-DOSP)4
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Scheme 3.27  Synthesis of highly-crosslinked Rh2(S-DOSP)4−derivative 
immobilized at a single ligand by polymerization	  

	  

 
Catalyst 72d was then screened in a standard asymmetric cyclopropanation reaction.  

Unfortunately, 72d was not recyclable after the second reaction (Table 3.10, decomposition of 

aryldiazoacetate 27 in the third reaction cycle was not complete at t = 48 hours).  We attributed 

this deterioration to the extreme rigidity of the highly crosslinked resin. 

 
Table 3.10  Asymmetric cyclopropanation catalyzed by a 

highly cross-linked Rh2(S-DOSP)4−resin 

	  	  
 

N
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Rh
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PhCl, 80°C
N
SO2
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O

Rh
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N
SO2

O

O
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4 DVB : 1 monomer  =

34%
43% recovered
Rh2(S-DOSP)4

[1.0 equiv]

69

N
SO2

Rh2(S-DOSP)4

PhCl, 160oC, 3 h

CO2H

polymerization conducted by Dr. Nicholas A. Brunelli

"1 mol%"

4N2

pentane, rt

CO2Me

CO2Me
27

28

29

cycle yield (%) ee (%)

1 72 77
2 43 80
3 not possible: catalyst decomposed

[Rh]

72d
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At this point, we realized that on the scale at which we were working, “1 mol%” catalyst 

loading did not allow for effective evaluation of recyclability over multiple cycles due to 

substantial loss of catalyst during recycling via precipitation method.  For this reason, catalyst 

loading was increased to “10 mol%” in the following preliminary studies to obtain an accurate 

depiction of catalyst recyclability.  The following results, therefore, cannot be directly compared 

to those previously described because catalyst loading was increased substantially to allow for 

effective recycling of the catalyst.  A more flexible polymer support was then made by 

incorporating styrene units into the backbone of the polymer.  Catalyst 72e was prepared by Dr. 

Nicholas Brunelli from 73 using a stoichiometry of 28 DVB : 6 styrene : 1 monomer (Scheme 

3.28).  

 
Scheme 3.28  Synthesis of flexible polymeric Rh2(S-DOSP)4−derivative 

immobilized at a single ligand by polymerization 

 

 
Initial enantioinduction obtained with this catalyst was high (80% ee for the first two rounds) 

but quickly dropped off and deteriorated significantly by the eleventh reaction cycle to 24% ee 

(Table 3.11).  The high levels of enantioinduction which were obtained initially were attributed 
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to residual homogeneous Rh2(S-DOSP)4.  Although these results were somewhat disappointing, 

they showed that the catalyst could be recycled up to eleven rounds (Figure 3.4).  Also, to our 

dismay, yields of this reaction were extremely variable (33-79%).  Difficulties in separation of 

the catalyst form the product occurred due to the physical property of catalyst 72e to exist as a 

very fine particulate post-reaction.  This caused variability in both the catalyst recovery and thus 

the yield (Table 3.11).  Some variability in yield was also attributed to –OH insertion into 

residual methanol from the precipitation process.  An observation that we made with the 28 DVB 

: 6 styrene : 1 monomer polymer-supported catalyst 72e was that a large weight percent of 

catalyst was being lost in the precipitation process after every round.   

 
Table 3.11  Asymmetric cyclopropanation catalyzed by a 

flexible polymeric Rh2(S-DOSP)4−resin 

 

"10 mol%"

6

[Rh]

28N2

pentane, rt

CO2Me

CO2Me
72e

27

28

29

cycle yield (%) ee(%)

1 67 80
2 39 80
3 68 68
4 79 73
5 54 66
6 33 62
7 48 58
8 73 54
9 57 47

10 60 36
11 37 24
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Figure 3.4  Variability in enantioinduction observed with 

flexible polymeric Rh2(S-DOSP)4−resin 

 

3.7  Syntheses and Testing of Rh2(S-DOSP)4−Derivatives Immobilized by 
       a Single Ligand Covalently Bound to a Silica Support 

 
Silica-supported catalysts often play a complimentary role to polymer-supported28 catalysts. 

Silica supports are typically recoverable in high yield post-reaction, do not require extensive 

washing, and often play a complementary role to polymer-supported catalysts.29  Silica-

supported catalysts can allow for faster reaction rates than conventional polymer resin-bound 

reagents, where the reaction is often slowed by the rate of diffusion through the polymer.29  Also, 

silica neither swells nor shrinks in solvents, whereas, polymer-supported catalysts have the 

ability to swell, which can dramatically narrow the scope of solvents that can be used for a 

reaction.30  Silica-supported systems are typically recoverable in high yield post-reaction due to 

the absence of static and the fact that they do not require extensive washing.  Also, because the 

surface of silica is functionalized, it typically reacts much faster than conventional polymer-

bound reagents where the reaction is slowed by the rate of diffusion through the polymer.  For 

these reasons, catalysts grafted to SBA-15 mesoporous silica were explored next.  To determine 
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whether the silica supports would affect the enantioinduction of the catalyst, a test reaction was 

run in which 60Å silica gel was added into the reaction mixture during the standard asymmetric 

cyclopropanation reaction.  The results of this test showed that silica had no detrimental effect on 

the enantioinduction obtained with homogeneous Rh2(S-DOSP)4, but the yield was greatly 

affected (Table 3.12, 47% with the addition of SiO2 vs. 88% in the absence of SiO2).  However, 

we were not concerned by this result because we believed that modifications to the surface of 

silica could be made to provide higher reaction yields. 

 
Table 3.12  Rh2(S-DOSP)4 performance with the addition 60Å of silica gel 

 

 
Dr. Sarah Russell began the synthesis of silica-immobilized Rh2(S-DOSP)4−derivative 77 by 

functionalization of 60Å mesoporous SBA-15 silica by condensation of 75 with the surface 

hydroxyl groups of SBA-15 (74) to provide styryl-functionalized SBA-15 76.  AIBN-initiated 

coupling of 73 with 76 provided the corresponding SBA-15 immobilized Rh2(S-

DOSP)4−derivative 77 (Scheme 3.29). 

 

 

 

 

 

pentane, rt, 3 h
CO2Me

N2 CO2MeRh2(S-DOSP)4

1 mol%

27

28

29

yield (%) ee (%)

Rh2(S-DOSP)4 85 88

Rh2(S-DOSP)4
+ 5x catalyst mass SiO2

47 88

Rh2(S-DOSP)4



 

	   130 

Scheme 3.29  Rh2(S-DOSP)4 immobilization onto 60Å mesoporous SBA-15 silica 

	  

	   	  
SBA-15−supported 77 was then tested for recyclability in the standard asymmetric 

cyclopropanation reaction.  Although the first reaction round provided the corresponding product 

with significantly diminished enantioinduction from homogeneous Rh2(S-DOSP)4 (65% ee vs. 

88% ee respectively),  the yields obtained in this screening of 77 (Table 3.13, ranging from 44% 

to 69%) were much less variable than those observed with the polymer-supported catalyst 72e 

(Table 3.11, ranging from 33 to 79%).  Also enantioselectivities were more static over eleven 

reaction rounds with SBA-15−supported catalyst 77 (Table 3.13, 65% ee to 42% ee) as compared 

to polymer-supported catalyst 72e (Table 3.11, 80% ee to 24% ee). 
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Table 3.13  Asymmetric cyclopropanation catalyzed by SBA-15−supported 
Rh2(S-DOSP)4−derivative 

 

	  
Figure 3.5  Variability in enantioinduction observed with 

SBA-15−supported Rh2(S-DOSP)4−derivative 

 
We attributed the low yields obtained with the silica-supported system to -OH insertion of 

the aryldiazoacetate into free surface hydroxyl groups of the SBA-15 resin.  For this reason Dr. 

Sarah Russell treated the SBA-15 resin 76 with HMDS to cap all free surface hydroxyl groups, 
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rendering them inert on the surface of functionalized silica material 78 and in catalyst 79 

(Scheme 3.30).  

 
Scheme 3.30  Protection of the free hydroxyl groups of SBA-15 surface 

	  

 
We next tested TMS-protected SBA-15−supported dirhodium(II) catalyst 79 for recyclability 

in the standard asymmetric cyclopropanation reaction and saw a clear increase in 

enantioselectivity as well as more stability in the enantioinduction after repeated recycling of the 

catalyst (Table 3.14, 77% ee gradually decreasing to 72% ee over five consecutive cycles).  

Similarly, higher and more stable yields were obtained throughout five consecutive reaction 

cycles (ranging from 78% to 90%). 
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Table 3.14  Asymmetric cyclopropanation catalyzed by TMS-protected SBA-15−supported 
Rh2(S-DOSP)4−derivative 

 

 

3.8  Determining the Ideal Silica Support, Recovery Method, and 
       Catalyst Loading for Silica-Immobilized−Rh2(S-DOSP)4 Catalysis 

Once we had established an active, recyclable and enantioselective silica-supported Rh2(S-

DOSP)4−derivative, we sought to optimize the catalyst further, in order to improve the 

recyclablility and enantioselectivivity imparted by the system, by changing the silica support to 

CS-2129 which is a commercially available silica and has both a large particle and pore size.  We 

envisioned that a silica support with a large particle and pore size would provide more room for 

the large dirhodium species and the reactants to freely interact.  The CS-2129−supported Rh2(S-

DOSP)4−derivative was synthesized by the general route shown in Scheme 3.31. 
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Scheme 3.31  General synthetic route silica-supported Rh2(S-DOSP)4−derivatives 

 

 
In testing this catalyst, we changed the solvent from pentane to hexanes as we found that the 

standard asymmetric cyclopropanation reaction gave identical results in hexanes and this is a 

much cheaper solvent.  At first, we only obtained a small amount of the CS-2129−immobilized 

Rh2(S-DOSP)4−derivative from the grafting step.  For this reason, we turned our efforts toward 

conducting the recycling study at low catalyst loading.  As we know from previous 

homogeneous Rh2(S-DOSP)4 catalyzed cyclypropanation studies, these reactions are extremely 

robust and can achieve over a million TON, and therefore can be conducted at extremely low 

catalyst loadings.31  For this reason, we thought it was reasonable to attempt our studies at low 

catalyst loadings and expected to observe the same reactivity and selectivity at 0.1 mol% as can 

be achieved with 1 mol%.  Unfortunately, at these catalyst loadings, the level of enantioinduction 
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decreased significantly in each successive asymmetric cyclopropanation catalyzed by CS-

2129−immobilized Rh2(S-DOSP)4−derivative 80 (Table 3.15).  This observation could 

potentially be due to the physical loss of catalyst after each reaction.  Considering there was only 

a very small amount of catalyst starting in the first reaction cycle, any loss of catalyst mass could 

depreciate the reactivity and selectivity of cyclopropanation.  In an attempt to avoid physical loss 

of catalyst, alternate methods of recovery were next explored. 

 
Table 3.15  Asymmetric cyclopropanation catalyzed by CS-2129−supported  

Rh2(S-DOSP)4−derivative at low catalyst loading 

 

 
In all previous recycling studies we had employed the precipitation method of recovery to 

recycle the catalyst, which involves allowing the immobilized catalyst to settle to the bottom of 

the flask at the end of a reaction, then carefully pipet out the liquid phase without disrupting the 

catalyst at the bottom of the flask and subsequently wash the catalyst 5x with hexanes to ensure 

removal of the product and excess reagents (see general procedure for details). Unfortunately, at 

low catalyst loading, modifying the recovery method from precipitation to centrifugation did not 
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improve the recyclability of the catalyst and screening various porous membranes was 

unsuccessful as none of the membranes tested appeared to be hexanes permeable (Table 3.16). 

 
Table 3.16  Varying the method of catalyst recovery for asymmetric cyclopropanation by  

CS-2129−supported Rh2(S-DOSP)4−derivative at low catalyst loading 

 

 
In order to determine which of the two methods for catalyst recovery tested, precipitation or 

centrifugation, was better for the recycling of 80, we next increased the catalyst loading to 1 

mol% and repeated the test.  After comparing these two methods for catalyst recovery over two 

reaction cycles at 1 mol%, we found that the precipitation method was more suitable for catalyst 

recovery as the product was obtained with a higher yield and level of enantioinduction by the 

second reaction cycle using this method (Table 3.17). 
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Table 3.17  The effect of varying the method of catalyst recovery on the reactivity and  
selectivity of asymmetric cyclopropanation by CS-2129−supported Rh2(S-DOSP)4−derivative 

 

  
We next screened a reaction to see if the catalyst was able to achieve even higher 

enantioinduction in asymmetric cyclopropanation.  The cyclopropanation of 1,1-

diphenylethylene is known to provide extremely high levels of enantioinduction and yields with 

Rh2(S-DOSP)4 (87% yield and 97% ee).32  For this reason, we next screened this reaction under 

the optimal conditions.  We found that the same high % ee (97% ee) and moderate yield (73%) 

were obtained with the use of catalyst 80.  We then wanted to see if using a hexanes-permeable 

thimble made of cellulose acetate, could hold the catalyst in place while allowing the starting 

materials to enter and exit so as to obviate any physical loss of catalyst during the recycling step.  

Unfortunately, low yields (37-69%) and lower enantioselectivities (91-93%) were obtained with 
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this method (Table 3.18).  This is believed to be due the adverse reaction of the dirhoidum 

catalyst and the diazo substrate with the free -OH groups on the cellulose acetate thimble. 

   
Table 3.18  Varying the method of catalyst recovery and substrate for 

asymmetric cyclopropanation by CS-2129−supported Rh2(S-DOSP)4−derivative 

 

 

3.9  Implementing a Long Alkyl Spacer Between the Silica Support 
       and the Active Dirhodium(II) Catalyst Core 

 
The classic problem in most immobilized systems to date is distortion of the chiral environment 

of the heterogeneous catalyst leading to deterioration of enantioinduction from the level 

obtainable with its homogeneous counterpart.  The benefits of implementing long spacers 

between the support and the active site of the catalyst have also been recognized10 with 

enantioselective addition of dialkylzincs to both aromatic and aliphatic aldehydes using polymer-
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bound chiral catalysts with a spacer.  In order to eliminate the restriction of the freedom of the 

catalytic site, chiral polymer catalysts were synthesized with a methylene spacer that served to 

separate the catalytic site from the polystyrene resin.10  Another prime example of this was 

evidenced when Jacobsen’s Mn(III) salen complex was heterogenized and found to catalyze 

epoxidation with decreased enantioinduction from that of the homogeneous catalyst.  

Implementation of a lengthening spacer linking the catalyst to the support, however, provided a 

catalyst capable of matching the enantioinduction of its homogeneous counterpart.  This 

observed increase in enantioinduction was attributed to the spacing of the polymer away from the 

metal center.33  In an effort to do the same and place the active site of our dirhodium(II) catalyst 

far from the solid support, we synthesized a catalyst with a twelve carbon spacer between the 

support and the carboxylate ligand.  We believed that proximity of the polymer chain to the axial 

site of the dirhodium core was causing the diminished reactivities and selectivities observed.  

Although the spacer implemented in Hashimoto’s system employed an ether linkage, it is 

possible that ether linkages can deteriorate over time.  For this reason, we sought to explore a 

long alkyl spacer of similar length to the dodecyl moiety of Rh2(S-DOSP)4.  We believed that 

this alkyl spacer would allow for sufficient spacing of the polymer chain away from the active 

site.  Also, we believed that implementation of a long-alkyl spacer would allow the catalyst to 

exhibit similar conformational mobility to Rh2(S-DOSP)4 (Figure 3.6). 
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Figure 3.6  Design of long-chain immobilizable Rh2(S-DOSP)4−derivative 

 
The forward synthesis of long-chain immobilizable Rh2(S-DOSP)4−derivative 83 was 

envisioned to begin with sulfation of L-proline followed by tert-butyl esterification to provide 

cross-coupling partner 86 (Scheme 3.32).  After desymmetrization of diyne 89, Sonogashira 

coupling of the terminal alkyne of 91 with the aryl iodide 86 would give rise the homologated 

ligand 92 which would undergo alkyne hydrogenation provide the 12-carbon alkyl spacer of 

prolinate 93.  Suzuki coupling of the aryl bromide 93 with boronic acid 44 followed by 

deprotection would give rise to the styryl-functionalized carboxylate ligand which, upon 

subjection to the single-ligand exchange procedure with Rh2(S-DOSP)4, would provide the 

desired long-chain immobilizable Rh2(S-DOSP)4−derivative 83 (Scheme 3.32). 
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Scheme 3.32  Proposed synthetic route to long-chain immobilized Rh2(S-DOSP)4−derivative 

 

 
 In our first attempt to synthesize 83, desymmetrizing Sonogashira coupling of the diyne 89 
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coupling reactions was the product of Sonogashira reaction of the substrate with both alkynes to 

give products 98 and 96 respectively.  Several different reaction conditions were screened 

including reversing the stoichiometries of the diyne 89 and the aryl iodide (86 or 90), but this did 

not provide the desired product of a single Sonogashira coupling.  Only the product of the double 

Sonogashira coupling products along with recovered starting materials were obtained at the end 

of the reaction (Scheme 3.33). 

 
Scheme 3.33  Attempted synthesis of long-chain immobilized Rh2(S-DOSP)4−derivative via  

sequential desymmetrization of a diyne 
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We were able to prevent formation of the doubly-coupled products by conducting the 

reactions sequentially but in one-pot.  Reaction of aryl iodide 86 with diyne 89 was monitored by 

thin-layer choromotography.  Once the first coupling reaction had gone to completion, the 

second aryl iodide 90  was added to the reaction mixture along with a second amount of catalyst 

to provide the desired doubly-coupled product 92.  Hydrogenation, deprotection, Suzuki 

coupling and ligand exchange all proceeded with excellent yields to provide the desired long-

chain immobilizable Rh2(S-DOSP)4−derivative 83.  83 was then exposed to functionalized silica 

100 in the presence of AIBN radical initiator (Scheme 3.34). 
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Scheme 3.34  Synthesis of long-chain immobilized Rh2(S-DOSP)4−derivative 
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Table 3.19  Asymmetric cyclopropanation catalyzed by 
long-chain immobilized Rh2(S-DOSP)4−derivative 
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2129, soluble 101 was presumed to be lost in the solvent wash during precipitation. 

Characterization of 101 could not be accomplished by nuclear magnetic resonance spectroscopy 

due to the insoluble nature of the catalyst in the presence of CS-2129.   
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Scheme 3.35  Possible deactivation route of long-chain immobilized Rh2(S-DOSP)4−derivative 
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Many lessons were learned about from the aforementioned exploratory studies on the design, 

synthesis, and testing of covalently immobilized-Rh2(S-DOSP)4−derivatives in catalyzing 

asymmetric cyclopropanation.  Both polymer- and silica- supports were successfully 

incorporated into the catalyst structure by derivitization and immobilization of a single ligand.  

Also, we have found that our tetraprolinate derivatives could be immobilized by employing both 

the methods of Doyle (which involved initial polymerization followed by ligand exchange) and 

Hashimoto (which involved a single-ligand exchange reaction followed by polymerization).  

Free −OH groups on the silica surface were not tolerated and needed to be capped with TMS 

protecting groups in order to prevent adverse reactivity of the aryldiazoacetate with the silica 

surface.  Low catalyst loadings (0.1 mol%), although effective in catalyzing the first cycle, did 

not allow for recycling due a small physical loss of catalyst every consecutive cycle.  

Precipitation was found to be the ideal recovery method for this system as centrifugation caused 

a drop-off in the reactivity and selectivity after the first reaction cycle.  Membranes of different 

pore sizes were not permeable to hexanes and thus were not suitable for this system.  Thimbles 

made of cellulose acetate were hexanes permeable and allowed for reactants to enter, contact the 

catalyst, and for product to diffuse out, but a lower yield and level of enantioinduction were 

observed in the second reaction cycle using this recovery method.  Long-chain immobilizable 

catalyst 83 preferred to undergo polymerization over grafting to the silica-surface. 

In moving forward from these findings, we know that CS-2129 was the best support owing to 

its large pore size providing high reactivity and selectivity of the catalyst, presumably due to 

open space available around the active site allowing for catalyst flexibility and reagent/product 

mobility.  Seeing as the long-chained 83 is presumed to have formed a soluble polymerized Rh2-
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(S-DOSP)4−derivative as opposed to the desired silica-grafted derivative 101, we decided to turn 

out efforts back to the original CS-2129−immobilized Rh2(S-DOSP)4−scaffold. 

 

3.10  Application of Recyclable Silica-Immobilized−Rh2(S-DOSP)4 in a 
         Broad Range of Enantioselective Reactions 

 
To our delight, when the catalyst loading was increased to 1 mol% with the original short-chain 

CS-2129−supported Rh2(S-DOSP)4−derivative, stable yields (ranging from 72-78%) and 

enantioselectivities (ranging from 81-77% ee) were obtained in the five consecutive cycles of the 

standard asymmetric cyclypropanation reaction (Table 3.20).34 

 
Table 3.20  Asymmetric cyclopropanation catalyzed by 

CS-2129−supported Rh2(S-DOSP)4−derivative 
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mesitylene in hexanes by syringe pump, stopping at 7.5 min.  After filtering 80, the filtrate was 

transferred to a new flask before adding the second half of the solution of 27.  The amount of 

product in the filtrate remained constant after the filtration despite the additional 

phenyldiazoacetate addition, indicating robust immobilization of 80 on the silica surface (Figure 

3.7).34 

 

 
Figure 3.7  Filtration test demonstrating lack of catalytic activity in the 

absence of heterogeneous catalyst 
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and recycling of Rh2(S-DOSP)4−derivative, we sought employ 80 in these transformations.34  

Our initial attempt at using substituted aryldiazoacetates with catalyst 80 provided products with 

diminished enantioinduction as compared to  Rh2(S-DOSP)4 (See experimental section 3.12 for 

details).  For this reason, we focused these studies around the reactions of phenyldiazoacetate 

and styryldiazoacetate. 

Initial comparison studies between Rh2(S-DOSP)3(S-silicaSP) (80) and Rh2(S-DOSP)4 were 

conducted with standard cyclopropenation and cyclopropanation reactions of donor/acceptor 

carbenoids.  These studies were conducted with the most widely used donor/acceptor carbenoid 

precursors, styryldiazoacetate (104) and phenyldiazoacetate (27).  The reactions were conducted 

using the optimal conditions developed previously for Rh2(S-DOSP)4-catalyzed reactions.  

Rh2(S-DOSP)3(S-silicaSP) (80)-catalyzed cyclopropenation of 1-pentyne (103) and 

cyclopropanation of styrene (28) with styryldiazoacetate 104 provided the corresponding 

cyclopropene 105 and cyclopropane 106 in ≥95% ee, comparable to the results obtained under 

Rh2(S-DOSP)4-catalyzed conditions.  Similarly, 80-catalyzed cyclopropanation of styrene (28) or 

1,1-diphenylethylene (81) with phenyldiazoacetate 27 gave comparable results to the Rh2(S-

DOSP)4-catalyzed reactions.  Cyclopropane 29 was formed in 80% ee with Rh2(S-DOSP)3(S-

silicaSP) (80) vs. 88% ee with Rh2(S-DOSP)4,36b whereas cyclopropane 82 was formed in 97% 

ee using either the immobilized or the homogeneous catalyst (Scheme 3.36).32, 34 
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Scheme 3.36  Cyclopropenation and cyclopropanation catalyzed by 
CS-2129−supported Rh2(S-DOSP)4−derivative 
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Scheme 3.37  Ylide formation / [2,3] sigmatropic rearrangement catalyzed by 
CS-2129−supported Rh2(S-DOSP)4−derivative 
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Scheme 3.38  C−H functionalization catalyzed by CS-2129−supported  
Rh2(S-DOSP)4−derivative 
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this project, we were able to meet our collaborative goals of enhancing catalyst recovery and 

recyclability.  We next sought to better understand the factors that contribute to catalyst 

deactivation and loss and to apply this catalyst system in novel flow reactors. 

 
Figure 3.8  Breadth of enantioselective catalysis by 

recyclable silica-immobilized−Rh2(S-DOSP)4−derivative 
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3.12  Experimental Section 
 

General:  All reactions were conducted under anhydrous conditions in oven-dried glassware 

under an inert atmosphere of dry argon, unless otherwise stated.  Hexanes, pentane, toluene, 

tetrahydrofuran (THF), and α,α,α–trifluorotoluele (TFT) were dried by a Grubbs-type solvent 

purification system (passed through activated alumina columns).  2,2-Dimethylbutane (DMB) 

was freshly distilled prior to use over sodium.  Chlorobenzene was freshly distilled over calcium 

hydride.  Unless otherwise noted, all other reagents were obtained from commercial sources and 

used as received.  1H Nuclear Magnetic Resonance (NMR) spectra were recorded at 400 and 600 

MHz.  Data presented as follows: chemical shift (in ppm on the δ scale relative to δH 7.27 for the 

residual protons in CDCl3, coupling constant (J/Hz), integration.  Coupling constants were taken 

directly from the spectra and are uncorrected.  13C NMR spectra were recorded at 100 MHz and 

all chemical shift values are reported in ppm on the δ scale, with an internal reference of δC 

77.23 for CDCl3.  Mass spectral determinations were carried out on a Thermo Finnigan LTQ-

FTMS spectrometer with ESI or APCI ionization. Melting points are uncorrected.  Infrared 

spectral data are reported in units of cm-1.  Analytical TLC was performed on silica gel plates 

using UV light or Phosphomolybdic acid (PMA) stain.  Flash column chromatography was 

performed on silica gel 60 Å (230-400 mesh).  Optical rotations were measured on JASCO P-

2000 polarimeters.  Analytical enantioselective chromatographies were measured on Varian 

Prostar instrument and used isopropanol:hexane as gradient.  All solvents were degassed by 

bubbling argon through the solvent for a minimum of 10 min prior to use.  Enantiomeric excess 

was determined by high performance liquid chromatography (HPLC), using chiral analytical 

columns with 2-propanol in hexane as eluent.  Chiral HPLC conditions were determined by 
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obtaining good separation of the racemic product.  Rh2(R/S-DOSP)4 was employed as the 

catalyst in the racemic reactions.   

Thermogravimetric analysis (TGA) was performed on a Netzsch STA409. Samples were 

heated under a nitrogen diluted air stream from 30 to 900 °C at a rate of 10 °C min-1, and the 

organic loading was estimated from relative weight loss in the range 200–800 °C. Cross-

polarization magic-angle spinning (CP-MAS) solid-state NMR spectra were collected on a 

Bruker DSX 300 MHz instrument. Samples were packed in 7 mm zirconia rotors and spun at 10 

kHz. Typical 13C CP-MAS parameters were 3000 scans, a 90° pulse length of 4 ms, and recycle 

times of 4 s. The surface area, total pore volume and pore size distributions were determined by 

nitrogen adsorption–desorption isotherms measured on a Micromeritics Tristar 2030 at 77 K, 

with the surface area determined by the Brunauer–Emmett–Teller (BET) method. Total pore 

volume and pore size were calculated using the Broekhoff-de Boer method with the Frenkel–

Halsey–Hill (BdB-FHH) modification using the adsorption isotherm. Elemental analysis was 

performed by ALS Envrionmental Laboratories and Robertson Microlit Laboratories.  

 L-proline, 4-bromobenzenesulfonyl chloride, sodium carbonate monohydrate, cesium 

carbonate, [1,1′-Bis(diphenylphosphino)ferrocene]dichloropalladium(II), complex with 

dichloromethane (Pd(dppf)2Cl2), 4-vinylphenylboronic acid (44), styrylethyltrimethoxysilane 

(75), triethylamine, hexamethyldisilazane (HMDS), azobisisobutyronitrile (AIBN), 1-pentyne 

(103), 1,1-diphenylethylene (81), 1-bromo-4-iodobenzene (90), 2-methyl-3-hexyn-2-ol (109), 

(methoxymethyl)triphenyl phosphonium chloride, and mesitylene were all commercially 

available and used without further purification.  The silica CS-2129 (74) was commercially 

available from PQ corporation.  Styrene (28) was commercially available and purified by 

pushing through a silica-filled pipette prior to use.  Rh2(S-DOSP)4,36a styryldiazoacetate (104),45 
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phenyldiazoacetate (16),7a 4-methylpent-3-en-2-ol (107),7a 1-methyl-3,4-dihydronaphthalene 

(113),45 and tert-butyl 4-acetoxy-6,7-dihydro-1H-indole-1-carboxylate (117)44 were all 

synthesized according to published procedures.  ((4-iodophenyl)sulfonyl)-L-proline (86)46 and 

dodeca-1,11-diyne (89)47 in the synthesis of long-chain immobilizable Rh2(S-DOSP)4−derivative 

were synthesized according to published procedures.  Rh2(S-DOSP)4−catalyzed 

cyclopropenation providing 105;37 cyclopropanation providing 106,36a 29,36b and 82;32 ylide 

formation/[2,3] sigmatropic rearrangements providing 10840a and 110;40b C−H 

functionalization/Cope rearrangement cascade (CHCR) providing 112;42 CHCR/retro CHCR 

providing 11543 and 116;43 and CHCR/elimination providing 11844 were all run according to 

published procedures. Rh2(S-DOSP)3(S-silicaSP) (80)-carbenoid reactions were also run 

following the published procedures listed above.  Once all of the diazo compound had been 

consumed and the reactions had gone to completion, Rh2(S-DOSP)3(S-silicaSP) (80) was 

removed from the reaction mixtures by vacuum filtration.  The filtrates were collected, 

concentrated in vacuo, crude 1H NMR obtained, and the residues purified according to the 

known literature procedures. Polymerization by the general procedure for single-ligand exchange 

of polymer with Rh2(S-DOSP)4 was conducted by Dr. Nicholas A. Brunelli. The surface 

functionalization and subsequent characterization of styryl silica; surface protection and 

subsequent characterization of styryl-TMS-silica (100); and catalyst grafting and subsequent 

characterization of Rh2(S-DOSP)3(S-silicaSP) (80) were conducted by Dr. Yan Feng.   
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(S)-1-((4-bromophenyl)sulfonyl)pyrrolidine-2-carboxylic acid (56):  According to the known 

literature procedure,48 a 1 L flask was charged with L-(-)-proline (9.72 g, 0.09 mol, 1.00 equiv) 

and sodium carbonate monohydrate (31.4 g, 0.25 mol, 3.00 equiv) dissolved in 150 mL 

deionized water.  4-bromobenzene sulfonyl chloride (25.9 g, 0.10 mol, 1.20 equiv) was then 

added and allowed to stir for one day.  The reaction mixture was then washed with ether (2 x 10 

mL), acidified to pH 1.5 with 12 M HCl, saturated with sodium chloride, and extracted with 

ethyl acetate (10 x 20 mL).  Solvent was removed in vacuo and the remaining red oil residue was 

purified on silica gel eluting with hexane : ethyl acetate (1 : 2) to afford white solid (27.3 g, 81 % 

yield).  Rf = 0.07 (hexane : ethyl acetate 1 : 1); [α]20
D -38.3° (c = 2.45, CHCl3); 1H NMR (600 

MHz, CDCl3) δ 7.77 (d, J = 6.6 Hz, 2H), 7.69 (d, J = 8.7 Hz, 2H), 4.34 (dd, J = 3.2, 8.7 Hz, 1H), 

3.51 (ddd, J = 4.2, 7.5, 9.6 Hz, 1H), 3.31 (dd, J = 7.5, 9.6 Hz, 1H), 2.13 (m, 2H), 2.01 (m, 1H), 

1.85 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 177.1, 137.2, 132.7, 129.3, 128.4, 60.5, 48.8, 31.1, 

24.9; IR (film): 2955, 1720, 1574, 1472, 1389, 1343, 1197, 1091, 1006, 824, 740; HRMS (ESI) 

calcd for C11H11O4N1
79Br1

32S1 (M+H)+ 331.9598 found 331.9601. 

 

 

Catalyst 53: Ligand Exchange Procedure 1:  According to the known literature procedure,36a a 

100 mL, two-neck flask fitted with a reflux condenser was charged with (S)-1-((4-
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bromophenyl)sulfonyl)pyrrolidine-2-carboxylic acid (1.00 g, 3.00 mmol, 8.00 equiv) and 

Na4RH2(CO3)4 (198 mg, 0.30 mmol, 1.00 equiv) dissolved in 40 mL deionized water.  The 

reaction was heated to reflux and allowed to stir for 24 h.  The product was extracted with 

methylene chloride (3 x 100 mL) until the organic layer was clear, concentrated in vacuo, and 

purified through silica eluting hexane : ethyl acetate (2 : 1) and freeze-dried from benzene to 

afford green solid (297  mg, 51 % yield). 

Ligand Exchange Procedure 2:  According to the known literature procedure,49 a 100 mL two-

neck flask was charged with (S)-1-((4-bromophenyl)sulfonyl)pyrrolidine-2-carboxylic acid (2.00 

g, 6.00 mmol, 10.0 equiv) and rhodium acetate (265 mg, 0.600 mmol, 1.00 equiv) in 30 mL dry, 

freshly distilled chlorobenzene.  The flask was then equipped with a soxhlet extractor containing 

a thimble filled with CaCO3 and allowed reflux at 160 °C for 48 hours.  Chlorobenzene was then 

removed in vacuo and the remaining residue was purified through silica eluting hexane : ethyl 

acetate (2 : 1) green solid (163 mg, 81% yield). [α]20
D +3.7° (c = 0.77, CHCl3);  Rf = 0.35 

(hexane : ethyl acetate 1 : 1); 1H NMR (600 MHz, CDCl3) δ 7.66 (dd, J = 8.4, 7.8 Hz, 13H), 

4.31-4.29 (m, 4H), 3.25-3.22 (m, 4H), 3.13-3.10 (m, 4H), 2.02-1.96 (m, 4H), 1.91-1.81 (m, 8H), 

1.62-1.57 (m, 4H); 13C NMR (100 MHz, CDCl3) δ 192.8, 137.8, 132.6, 129.4, 128.0, 62.0, 48.4, 

31.4, 25.1; IR (film): 3089, 2955, 1600, 1574, 1417, 1154, 1091, 1067, 1006, 737; HRMS (ESI) 

calcd for C44H45O11N5
79Br4

23Na4
103Rh2

32S4 (M+H)+ 1560.6427 found 1560.6398. 

 

	  

1-allyl-4-bromobenzene (60):  According to the known literature procedure,25 a 1 L 3-neck 

round bottom flask was charged with Mg0 and a stir bar.  1,4-dibromobenzene (50.0 g, 0.21 mol, 

Br
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1.00 equiv) and a small amount of iodide grain were then dissolved in dry diethyl ether (132.5 

mL) to give a 1.6 M solution.  A small portion (2 mL) of this solution was then added to the 

reaction mixture.  After the color of the reaction mixture had faded from red to clear yellow, the 

rest of the 1.6 M 1,4-dibromobenzene solution was then added dropwise by addition funnel.  

Once addition was complete, the mixture was stirred at reflux for two hours.  The reaction 

mixture was then decanted into another flask via syringe to another dry 1 L flask.  Freshly 

distilled allyl bromide was then added by syringe pump at 0 °C and the reaction was allowed to 

stir overnight.  Ammonium chloride (50 mL) was then added by syringe pump over one hour.  

The aqueous layer was then removed and extracted with diethyl ether (4 x 200 mL).  Organic 

phases were combined and dried over MgSO4.  Purification by Kugelrohr distillation at 90 °C 

and 0.1 Torr afforded a clear oil (32.7 g, 79% yield). 1H NMR (400 MHz, CDCl3) δ 7.39 (d, J = 

8.4 Hz, 2H), 7.04 (d, J = 8.4 Hz, 2H), 5.96-5.86 (m, 1H), 5.11-5.03 (m, 2H), 3.33 (d, J = 6.4 Hz, 

2H). Data are consistent with the literature.25 

	  

 

(4-allylphenyl)boronic acid (61):  According to the known literature procedure,26 1-allyl-4-

bromobenzene was dissolved in dry tetrahydrofuran (15 mL).  The reaction mixture was then 

cooled to -70 °C and n-BuLi was added dropwise.  Stirring at -70 °C was continued for an 

additional hour.  Triisopropyl borate was then added and allowed to stir for 90 minutes at -70 °C.  

Ammonium chloride solution (15 mL) was then added and stirring was continued at 70 °C for an 

additional 10 minutes.  Water (50 mL) was added and the reaction was allowed to warm to room 

temperature.  The reaction mixture was extracted with diethyl ether (4 x 25 mL) and dried over 

B(OH)2
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MgSO4 to afford pink solid (4.2 g, quantitative yield). 1H NMR (400 MHz, CDCl3) δ 8.17 (d, J = 

7.6 Hz, 2H), 7.35 (d, J = 7.6 Hz, 2H), 6.06-5.97 (m, 1H), 5.16-5.08 (m, 2H), 3.49 (d, J = 6.4 Hz, 

2H).  Data are consistent with the literature.26  

 

	  

(4-allylphenyl)boronic acid (65):  According to the known literature procedure,50 a 100 mL 2-

neck round-bottom flask was charged with p-tolylboronic acid (1.00 g, 7.36 mmol, 1.00 equiv), 

benzoyl peroxide (119 mg, 0.78 mmol, 0.10 equiv), and N-bromosuccinimide (1.39 g, 7.80 

mmol, 1.0 equiv).  Carbon tetrachloride (50 mL) was then added and the reaction was subjected 

to light (150 watt). The reaction mixture was then brought to reflux and allowed to stir there for 

4.5 hours.  The reaction was then cooled to 40 °C and filtered two times via vacuum filtration 

and solvent was removed in vacuo.  The product was then washed with cold diethyl ether (14 

mL) and recrystallized by dissolving in minimal dichloromethane followed by addition of an 

equal amount of diethyl ether and then hexanes with slow stirring until the product precipitated 

out of solution.  The resulting solid was purified on silica gel (hexane : ethyl acetate 20 : 1 to 2 : 

1) to afford white solid (8.0 g, 56% yield).  1H NMR (400 MHz, CDCl3) δ 8.20 (d, J = 7.6 Hz, 

2H), 7.54 (d, J = 7.6 Hz, 2H), 4.57 (s, 2H). Data are consistent with the literature.50 

 

	  

(4-allylphenyl)boronic acid (66):  According to the known literature procedure,50 a 50mL 

round–bottom flask was charged with (4-allylphenyl)boronic acid (160 mg, 0.74 mmol, 1.00 

B(OH)2

Br

B(OH)2

N3
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equiv) dissolved in dry N-dimethylformamide (5 mL).  Sodium azide (140 mg, 2.20 mmol, 3.00 

equiv) was then added and the reaction was allowed to stir at room temperature for 18 hours.  

Chloroform (30 mL) was then added to the reaction mixture.  Organic layer was washed with 

water (5 x 20 mL) and dried over Na2SO4.  Kugelrohr distillation under reduced pressure (1 

Torr) at 30 °C afforded clear oil (52.5 mg, 40% yield).  1H NMR (400 MHz, CDCl3) δ 8.18 (d, J 

= 7.6 Hz, 2H), 7.41 (d, J = 7.6 Hz, 2H), 4.38 (s, 2H); IR (film): 2926, 2093, 1611, 1407, 1334, 

1303, 1181, 1020, 727, 691. 

 

 

(S)-1-((4'-vinyl-[1,1'-biphenyl]-4-yl)sulfonyl)pyrrolidine-2-carboxylic acid (69):  An oven-

dried and argon-purged 250 mL round bottom flask was charged with (S)-1-((4-

bromophenyl)sulfonyl)pyrrolidine-2-carboxylic acid (3) (4.09 g, 12.3 mmol, 1.00 equiv), 4-

vinylphenylboronic acid (44) (2.00 g, 13.5 mmol. 1.10 equiv), and cesium carbonate (12.0 g, 

36.9 mmol, 3.00 equiv).  A mixture of tetrahydrofuran : water (80 mL : 20 mL) was then added 

to dissolve the reactants.  [1,1′-Bis(diphenylphosphino)ferrocene]dichloropalladium(II), complex 

with dichloromethane (Pd(dppf)2Cl2) (502 mg, 0.62 mmol, 0.05 equiv) was then added and 

reaction turned a bright red and then to a dark brown.  The reaction was then brought to reflux 

(80 °C) and allowed to stir overnight.  The reaction mixture was the concentrated in vacuo and 

~200 mL deionized water was added to the resulting residue.  The aqueous wash was then 

acidified to pH 1.0.  The aqueous layer was then extracted with ethyl acetate until the organic 

N
SO2

CO2H
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washings were clear (5 x 50 mL).  The organic layer was dried with Na2SO4 and concentrated in 

vacuo.  Recrystallization of the crude product by dissolving in minimal dichloromethane (20 mL) 

and slowly adding a 1 : 1 mixture of hexane : diethyl ether with gentle stirring afforded solid 

brown product (4.21 g, 96% yield).  Rf = 0.11 (hexane : ethyl acetate 1 : 1); [α]20
D +1.8° (c = 

1.49, CHCl3); 1H NMR (600 MHz, CDCl3) δ 7.94 (d, J = 7.8 Hz, 2H), 7.77 (d, J = 7.8 Hz, 2H), 

7.60 (d, J = 7.8 Hz, 2H), 7.54 (d, J = 7.8 Hz, 2H), 6.78 (dd, J = 10.8, 17.7 Hz, 1H), 5.84 (d, J = 

17.7 Hz, 1H), 5.34 (d, J = 10.8 Hz, 1H), 4.32-4.34 (m, 1H), 3.57-3.60 (m, 1H), 3.31-3.35 (m, 

1H), 2.21-2.24 (m, 1H), 1.94-1.99 (m, 2H), 1.81-1.83 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 

176.0, 145.7, 138.5, 138.1, 136.2, 135.9, 128.3, 127.8, 127.7, 127.1, 115.1, 60.6, 49.0, 30.8, 

24.9; IR (film): 3208, 1710, 1438, 1339, 1156, 1097, 824, 743; HRMS (ESI) calcd for 

C19H18O4N1S1  (M+H)+ 356.0964 found 356.0962. 

 

 

General Procedure for Single-Ligand Exchange of Polymer with Rh2(S-DOSP)4: 

This polymerization was conducted by Dr. Nicholas A. Brunelli.  Adapted from the known 

literature procedure,13 A 25 mL 3-neck round bottom flask was charged with Rh2(S-DOSP)4 (111 

mg, 0.04 mmol, 1.50 equiv) and polymerized ligand (117 mg, 0.39 mmol, 1.00 equiv) dissolved 

in chlorobenzene (8 mL).  The reaction mixture was then brought to reflux (160 °C) and allowed 
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to stir for 7 hours.  The reaction mixture was then allowed to cool to room temperature and 

chlorobenzene was removed in vacuo.  The residue was then washed with ethanol (500 mL) 

followed by methanol (500 mL) until no more green was eluting.  Filtration afforded a very light 

green solid (70 mg, 27% yield). 

 

	   	  

Methyl (1R,2S)-1,2-diphenylcyclopropane-1-carboxylate (29):36b A mixture of styrene (28) 

(312 mg, 3.00 mmol, 2.00 equiv.) and Rh2(S-DOSP)3(S-silicaSP) (80) (250 mg, 0.02 mmol, 0.01 

equiv) were added to a 25 mL dry and argon-purged round-bottom flask and stirred in dry, 

degassed hexanes (4 mL).  Phenyldiazoacetate (27) (264 mg, 1.50 mmol, 1.00 equiv.) in hexanes 

(8 mL) was then added to the reaction mixture via syringe pump over 30 min.  The product was 

then separated from the catalyst by vaccum filtration.  Rh2(S-DOSP)3(S-silicaSP) (80) was then 

washed with dry, degassed hexanes (5 x 10 mL) and the filtrate was then concentrated in vacuo.  

The product was obtained in >20:1 dr as determined by 1H NMR analysis of the crude reaction 

mixture.  The residue was then purified through silica gel eluting with hexanes : ethyl acetate 

(100 : 4.5) to afford a white solid (271 mg, 72% yield).   Enantioenrichment was determined by 

chiral HPLC analysis after purification: (Chiralcel (S,S)-WHELK, 1% i-PrOH in hexane, 1.0 

mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention times of 8.65 min (minor) and 10.08 min 

(major), 80% ee.  The spectral data were identical to those previously reported.36b  The Rh2(S-

DOSP)4-catalyzed reaction between 27 and 28 has been previously reported to give 29 in 88% 

yield and 88% ee.36b 

 

Ph Ph
CO2Me
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Rh2(S-DOSP)3(S-SP) (73):  According to the known literature procedure,19 A 100 mL 3-neck 

round bottom flask was charged with Rh2(S-DOSP)4 (1.00 g, 0.53 mmol, 1.00 equiv) and (S)-1-

((4'-vinyl-[1,1'-biphenyl]-4-yl)sulfonyl)pyrrolidine-2-carboxylic acid (69) (0.21 g, 0.21 mmol, 

1.10 equiv) dissolved in chlorobenzene (20 mL).  The reaction mixture was then brought to 

reflux (160 °C) and allowed to stir for 2 h.  The reaction mixture was then allowed to cool to 

room temperature and chlorobenzene was removed in vacuo.  The residue was then purified 

through silica gel eluting with hexane:ethyl acetate (increasing from 1 : 20 to 1 : 5)  and freeze-

dried from benzene to afford dark green solid (330 mg, 34% yield) along with recovered Rh2(S-

DOSP)4 (428 mg, 43% yield).  Rf = 0.42 (hexane : ethyl acetate 2 : 1); [α]20
D +2.2° (c = 2.45, 

CHCl3); 1H NMR (600 MHz, CDCl3) δ 7.89 (d, J = 7.8 Hz, 2H), 7.77 (d, J = 6.6 Hz, 2H), 7.70 

(d, J = 7.2 Hz, 6H), 7.63 (d, J = 7.2 Hz, 2H), 7.55 (d, J = 7.8 Hz, 2H), 7.25 (m, 6H), 6.92 (dd, J = 

17.7, 10.8 Hz, 1H), 5.96 (d, J = 17.7 Hz, 1H), 5.49 (d, J = 10.8 Hz, 1H), 4.34-4.21 (m, 4H), 3.23 

(s, 4H), 3.10-2.97 (m, 8H), 2.73-2.69 (m, 1H), 2.54-2.42 (m, 1H), 2.01 (bs, 4H), 1.83-1.50 (m, 

27H), 1.25-1.02 (m, 54H); 13C NMR (100 MHz, CDCl3) δ 192.9, 192.8, 192.7, 153.4, 152.1, 

152.0, 151.8, 145.0, 138.7, 137.8, 137.4, 136.0, 135.8, 128.4, 127.8, 127.6, 127.5, 127.3, 113.4, 

61.9, 48.4, 48.1, 46.3, 46.1, 40.2, 39.1, 38.3, 36.8, 36.4, 32.1, 31.9, 31.4, 29.8, 29.4, 27.8, 27.4, 
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25.0, 22.8, 22.1, 20.8, 14.3, 12.3; IR (film): 2956, 2926, 2855, 1605, 1418, 1346, 1158, 1098, 

1012, 656; HRMS (ESI) calcd for C63H125O24N17
103Rh2

32S4 (M+H)+ 1837.6069 found 1837.6071. 

 

 

Styryl silica:  This surface functionalization and subsequent characterization was conducted by 

Dr. Yan Feng.  To a 250 mL two-neck flask that was purged with nitrogen for 30 min, added 5.0 

g CS-2129 silica. The flask was then purged with nitrogen for another 30 min, before 1.33 g 

(5.00 mmol) styrylethyltrimethoxysilane (8) in about 75 mL anhydrous toluene taken 

immediately from the glovebox was injected into the flask by a syringe, and the syringe was 

rinsed several times with anhydrous toluene. Then 5.00 mL (36.0 mmol) triethylamine in 

anhydrous toluene was added in a similar way. The total volume of the reaction mixture was 

about 125 mL. The reaction was stirred at 25 °C under nitrogen overnight. The resulting white 

powder was filtered, washed with toluene (3 x 75 mL) and hexanes (3 x 75 mL), and dried under 

vacuum overnight.  Approximately 5.0 g product was obtained. TGA: stryryl loading was 0.36 

mol / g. Nitrogen physisorption: BET surface area: 268 m2 / g, pore volume: 1.81 cm3 / g. 13C-

CP-MAS NMR: δ (ppm), 127.1, 45.1, 5.9. 
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Styryl-TMS-silica (100):  This surface protection and subsequent characterization was 

conducted by Dr. Yan Feng.  To a 250 mL two-neck flask that was purged with nitrogen for 30 

min, 4.5 g styryl-silica was added. The flask was then purged with nitrogen for another 30 min, 

before 8.30 mL (39.6 mmol) hexamethyldisilazane in about 100 mL anhydrous toluene taken 

immediately from the glovebox was injected into the flask by a syringe. The syringe was rinsed 

several times with anhydrous toluene. The total volume of the reaction mixture was about 150 

mL.  The reaction was stirred at 25 °C under nitrogen for 3 days. The resulting white powder 

was filtered, washed with toluene (3 x 75 mL) and hexanes (3 x 75 mL), and dried under vacuum 

overnight. About 4.4 g product was obtained. TGA: styryl loading: 0.34 mmol / g, 

trimethylsilane loading: 0.44 mmol / g. Nitrogen physisorption: BET surface area: 218 m2 / g, 

pore volume: 1.78 cm3 / g. 13C-CP-MAS NMR: δ (ppm), 126.6, 28.4, 14.3, 0.2. 
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Rh2(S-DOSP)3(S-silicaSP) (80):  This catalyst grafting and subsequent characterization was 

conducted by Dr. Yan Feng.  To a dry 500 mL Schlenk flask, 2.6 g styryl-TMS-silica (100), 4.0 

g (0.88 mmol) Rh2(S-DOSP)3(S-SP) (73), 0.145 g (0.88 mmol) AIBN, and about 175 mL toluene 

were added. The flask was then sealed and connected to the Schlenk line. The solution was 

degassed by 4 freeze-thaw cycles, and then heated to 80 °C and stirred under nitrogen for 4 days. 

The solution was cooled to room temperature and divided into 4 portions for filtration. Large 

amounts of toluene (150 mL X 3) and hexanes (100 mL X 3) were used to wash away soluble 

components. A light green powder was obtained (2.5 g). TGA: [Rh2]: 0.06 mmol / g. Elemental 

analysis: [Rh2]: 0.055 mmol / g. Nitrogen physisorption: BET surface area: 210  m2 / g, pore 

volume: 1.41 cm3 / g. 13C-CP-MAS NMR: d (ppm), 127.6, 48.2, 27.8, 13.2, 0.7. 

 

Elemental analysis: 

 %C 
(mmol / g) 

%H 
(mmol / g) 

%N 
(mmol / g) 

%Si 
(mmol / g) 

%Rh 
(mmol / g) 

Rh/Si 

Fresh 
Catalysta 

11.77 (9.8) 1.39 (1.4) 0.52 (0.37) 32.10 (11.4) 1.16 (0.11) 0.0096 

Spent 
Catalysta 

14.21 (11.8) 1.72 (1.7) 0.49 (0.35) 32.20 (11.5) 1.08 (0.10) 0.0087 

aElemental analysis performed by ALS Environmental Laboratories. 
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Sample Rhodium 
wt%b 

Silicon 
wt% 

Post-Cyclopropanation 
Cycle 1a 

<0.01 0.05 

aICP-OES performed by Robertson Microlit Laboratories due to their low detection limit for Rh.  
bThe Rh level in the solution after Rh2(S-DOSP)3(S-silicaSP) (80)-catalyzed cyclopropanation is 
below the detection limit of ICP-OES, indicating that the subsequent reactivity is not from any 
leached Rh species. 
 

	   	  

Methyl (S)-1,2,2-triphenylcyclopropane-1-carboxylate (82):32 A mixture of 1,1-

diphenylethylene (81) (209 mg, 1.16 mmol, 2.32 equiv.) and Rh2(S-DOSP)3(S-silicaSP) (80) 

(89.0 mg, 0.01 mmol, 0.01 equiv) were added to a 25 mL dry and argon-purged round-bottom 

flask and stirred in dry, degassed pentane (6 mL).  Phenyldiazoacetate (27) (88.0 mg, 0.50 mmol, 

1.00 equiv.) in pentane (10 mL) was then added to the reaction mixture via syringe pump over 15 

min.  The product was then separated from the catalyst by vaccum filtration.  Rh2(S-DOSP)3(S-

silicaSP) (80) was then washed with dry, degassed pentane (5 x 10 mL) and the filtrate was then 

concentrated in vacuo.  The product was obtained in >20:1 dr as determined by 1H NMR analysis 

of the crude reaction mixture.  The residue was then purified through silica gel eluting with 

pentane : diethyl ether (increasing from 10 : 1 to 5 : 1) to afford a clear oil (120 mg, 73% yield).   

Enantioenrichment was determined by chiral HPLC analysis after purification: (Chiralcel (S,S)-

WHELK, 9% i-PrOH in hexane, 1.0 mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention times of 

6.89 min (minor) and 16.24 min (major), 97% ee.  The spectral data were identical to those 

previously reported.32 The Rh2(S-DOSP)4-catalyzed reaction between 27 and 81 has been 

previously reported to give 82 in 87% yield and 97% ee.32 
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(S)-tert-butyl 1-((4-(12-(4-bromophenyl)dodeca-1,11-diyn-1-yl)phenyl)sulfonyl)pyrrolidine-

2-carboxylate (92):  A dry and argon-purged 250mL round-bottom flask was charged with (S)-

tert-butyl 1-((4-iodophenyl)sulfonyl)pyrrolidine-2-carboxylate (86) (3.96 g, 9.10 mmol, 1.00 

equiv) and dodeca-1,11-diyne (89) (2.94 g, 18.1 mmol, 2.00 equiv) dissolved in a 3:1 mixture of 

triethylamine (19 mL) : dry tetrahydrofuran (6 mL). Bis(triphenylphosphine)palladium(II) 

dichloride  (318 mg, 0.45 mmol, 0.05 equiv) was then added to the reaction mixture and stirred 

at room temperature for 5 minutes.  Copper(I) iodide (86 mg, 0.45 mmol, 0.05 equiv) was then 

added and the resulting mixture was heated to 60 °C and allowed to stir there for 2.5 hours.  

Once the first Sonogashira coupling had gone to completion, the reaction mixture was cooled to 

room temperature and the reaction mixture was again charged with 

bis(triphenylphosphine)palladium(II) dichloride  (318 mg, 0.45 mmol, 0.05 equiv) and copper(I) 

iodide (86 mg, 0.45 mmol, 0.05 equiv).  1-bromo-4-iodobenzene (90) (7.69 g, 27.2 mmol, 3.00 

equiv) was then added to the reaction mixture and dissolved in a 3 : 1 mixture of triethylamine 

(19 mL) : dry tetrahydrofuran (6 mL).  The reaction was then re-heated to 60 °C and allowed to 

stir there overnight.  The reaction was then cooled to room temperature and extracted with 

diethyl ether (3 x 100 mL) and washed with sat’d. aq. ammonium chloride, dried over 

magnesium sulfate, filtered, and concentrated in vacuo.  The crude product was purified by flash 

column chromatography eluting hexanes : ethyl acetate (6 : 1) to afford 92 as a brown oil (6.80 g, 
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60% yield); Rf = 0.26 (hexane : ethyl acetate 6 : 1); [α]20
D -27.9° (c = 1.21, CHCl3); 1H NMR 

(400 MHz, CDCl3) δ 7.80-7.77 (d, J = 8.4 Hz, 2H), 7.51-7.48 (d, J = 8.4 Hz, 2H), 7.42-7.39 (d, J 

= 8.4 Hz, 2H), 7.26-7.23 (d, J = 8.4 Hz, 2H), 4.20-4.17 (dd, J = 3.6, 8.0 Hz, 1H), 3.49-3.44 (m, 

1H), 3.34-3.28 (m, 1H), 2.44-2.37 (dt, J = 7.2, 14.8 Hz, 4H), 2.04-1.90 (m, 3H), 1.79-1.73 (m, 

1H), 1.65-1.57 (m, 8H), 1.45 (s, 9H), 1.39-1.33 (m, 4H); 13C NMR (100 MHz, CDCl3) δ 171.3, 

137.3, 133.2, 132.1, 131.6, 129.0, 127.5, 123.2, 121.7, 94.7, 91.9, 81.9, 79.8, 79.7, 61.4, 48.5, 

31.1, 29.2, 29.1, 29.0, 28.9, 28.7, 28.6, 28.5, 28.1, 24.7, 19.6, 19.5, 19.4; IR (film): 2929, 2855, 

2230, 1740, 1593, 1485, 1457, 1394, 1366, 1349, 1219, 1153, 1093, 1070, 1010, 825, 743, 722; 

HRMS (ESI) calcd for C33H40O4N1
79Br1

23Na1
32S1 (M+Na)+ 648.1754 found 648.1762. 

 

 

(S)-tert-butyl 1-((4-(12-(4-bromophenyl)dodecyl)phenyl)sulfonyl)pyrrolidine-2-carboxylate 

(93):  A dry and argon-purged 50mL round-bottom flask was charged with 92 (197 mg, 0.31 

mmol, 1.00 equiv) and platinum (IV) oxide (7.00 mg, 0.03 mmol, 0.10 equiv).  Dry 

tetrahydrofuran (12.5 mL) was then added and the reaction mixture was stirred at room 

temperature.  The flask was then fitted with a balloon of hydrogen gas and the reaction mixture 

was allowed to stir under 1 atmosphere of hydrogen for 24 hours.  At this time, more platinum 

(IV) oxide (7 mg, 0.03 mmol, 10 mol%) and dry tetrahydrofuran (5 mL) were added and the 

reaction mixture was allowed to stir under 1 atmosphere of hydrogen for an additional 24 hours.  

The reaction mixture was then filtered through a plug of celite.  The wet celite was then washed 

with ~25 mL dry tetrahyrdofuran and the washings were collected and concentrated in vacuo.  
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The crude product was purified by flash column chromatography eluting hexanes : ethyl acetate 

(6 : 1) to afford 93 as a clear oil (199 mg, 95% yield); Rf = 0.34 (hexane : ethyl acetate 6 : 1); 

[α]20
D -37.5° (c = 1.06, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.79-7.77 (d, J = 8.4 Hz, 2H), 

7.38-7.36 (d, J = 8.0 Hz, 2H), 7.31-7.29 (d, J = 8.4 Hz, 2H), 7.05-7.03 (d, J = 8.4 Hz, 2H), 4.21-

4.18 (dd, J = 3.6, 8.0 Hz, 1H), 3.50-3.44 (m, 1H), 3.36-3.30 (m, 1H), 2.67-2.63 (t, J = 7.4 Hz, 

2H), 2.56-2.52 (t, J = 7.4 Hz, 2H), 2.04-1.91 (m, 3H), 1.77-1.74 (m, 1H), 1.63-1.55 (m, 4H), 1.45 

(s, 9H), 1.37-1.25 (m, 16H); 13C NMR (100 MHz, CDCl3) δ 171.5, 148.4, 142.0, 136.0, 131.4, 

130.3, 129.1, 127.6, 119.3, 81.7, 61.3, 48.5, 36.0, 35.5, 31.5, 31.2, 31.1, 29.8, 29.7, 29.6, 29.5, 

29.4, 29.3, 28.1, 24.7; IR (film): 2924, 2852, 1742, 1488, 1457, 1366, 1343, 1219, 1153, 1093, 

1093, 1071, 1010, 831, 731, 679, 659; HRMS (ESI) calcd for C33H48O4N1
79Br1

23Na1
32S1 

(M+Na)+ 656.2380 found 656.2391. 

 

 

(S)-1-((4-(12-(4-bromophenyl)dodecyl)phenyl)sulfonyl)pyrrolidine-2-carboxylic acid (99):  

Adapted from the known literature procedure1, a dry and argon-purged 250mL round-bottom 

flask was charged with 93 (3.00 g, 4.70 mmol, 1.00 equiv) dissolved in dry dichloromethane (90 

mL).  Trifluoroacetic acid (2.03 mL, 26.5 mmol, 5.60 equiv) was then added and the reaction 

was allowed to stir at room temperature for 10 hours.  At this time, more trifluoroacetic acid 

(0.72 mL, 9.50 mmol, 2.00 equiv) was added and the reaction was allowed to stir for another 5 

hours.  Again, at this time, more trifluoroacetic acid (0.72 mL, 9.50 mmol, 2.00 equiv) was 

added and the reaction was allowed to stir for another 5 hours.  Finally, more trifluoroacetic acid 
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(0.36 mL, 4.70 mmol, 1.00 equiv) was added and the reaction was allowed to stir overnight.  

(Sequential additions of trifluoroacetic acid were necessary in order to push the reaction to 

completion.)  Dichloromethane (~400 mL) was then added and the reaction was quenched with 

saturated aqueous sodium bicarbonate.  Once pH ≈ 14 had been reached, the aqueous layer was 

acidified with 20% HCl until pH ≈ 0 was reached.  The aqueous layer was separated and 

extracted with dichloromethane (3 x 200 mL).  The combined organic washings were dried with 

sodium sulfate, filtered, and concentrated in vacuo to afford 99 as a white solid (3.00 g, 

quantitative yield). Rf = 0.04 (hexane : ethyl acetate 6 : 1); mp 43-46 °C; [α]20
D -38.2° (c = 1.33, 

CHCl3); 1H NMR (400 MHz, CDCl3) δ 8.78-7.90 (bs, 1H), 7.80-7.78 (d, J = 8.4 Hz, 2H), 7.39-

7.37 (d, J = 8.4 Hz, 2H), 7.35-7.33 (d, J = 8.4 Hz, 2H), 7.05-7.03 (d, J = 8.0 Hz, 2H), 4.30-

4.21(dd, J = 3.6, 8.0 Hz, 1H), 3.56-3.51 (m, 1H), 3.28-3.23 (dd, J = 7.2, 16.8 Hz, 1H), 2.69-2.66 

(t, J = 7.4 Hz, 2H), 2.56-2.52 (t, J = 7.4 Hz, 2H), 2.17-2.11 (m, 1H), 2.02-1.93 (m, 2H), 1.79-

1.71 (m, 1H), 1.64-1.55 (m, 4H), 1.37-1.20 (m, 16H); 13C NMR (100 MHz, CDCl3) δ 176.7, 

149.2, 142.0, 134.5, 131.4, 130.4, 129.4, 127.8, 119.4, 60.6, 49.0, 36.1, 35.5, 31.5, 31.2, 30.8, 

29.9, 29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 24.9; IR (film): 2921, 2850, 1709, 1598, 1488, 1467, 

1407, 1343, 1235, 1197, 1156, 1073, 1094, 1011, 840, 798, 685; HRMS (ESI) calcd for 

C29H40O4N1
79Br1

23Na1
32S1 (M+Na)+ 600.1754 found 600.1758. 
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(S)-1-((4-(12-(4'-vinyl-[1,1'-biphenyl]-4-yl)dodecyl)phenyl)sulfonyl)pyrrolidine-2-carboxylic 

acid (95):  A dry and argon-purged 25 mL round-bottom flask was charged with 99 (400 mg, 

0.69 mmol, 1.00 equiv), 4-vinylphenylboronic acid (102 mg, 0.69 mmol, 1.00 equiv), and cesium 

carbonate (676 mg, 2.07 mmol, 3.00 equiv) dissolved in 4 : 1 mixture of tetrahydrofuran (8 mL) : 

deionized water (2 mL).  [1,1′-Bis(diphenylphosphino)ferrocene]dichloropalladium(II), complex 

with dichloromethane (28 mg, 0.03 mmol, 5 mol%) was then added to the reaction mixture and 

the reaction flask was fitted with a reflux condenser.  The reaction mixture was then heated to 80 

°C and allowed to stir there for 9 hours.  The reaction was then cooled to room temperature, 

filtered, and concentrated in vacuo.  Saturated aqueous sodium bicarbonate was then added along 

with an additional 200 mL of dichloromethane and the mixture was stirred for 10 minutes.  20% 

HCl (~200 mL) was then added and allowed to stir for an additional 30 minutes.  The layers 

were then separated and the aqueous layer was extracted with dichloromethane (4 x 150 mL).  

The organic washings were then dried over sodium sulfate, filtered, and concentrated in vacuo.  

The crude product was purified by flash column chromatography eluting hexanes : ethyl acetate 

(3 : 1) with 1% acetic acid to afford 95 as a white solid (345 mg, 83% yield); Rf = 0.18 (hexane : 

ethyl acetate 2 : 1 with 1% acetic acid); mp 43-46 °C; [α]20
D -38.2° (c = 1.33, CHCl3); 1H NMR 

(400 MHz, CDCl3) δ 9.68-8.10 (bs, 1H), 7.78-7.77 (d, J = 7.6 Hz, 2H), 7.57-7.55 (d, J = 8.0 Hz, 

2H), 7.53-7.50 (d, J = 8.4 Hz, 2H), 7.48-7.46 (d, J = 8.4 Hz, 2H), 7.35-7.33 (d, J = 8.4 Hz, 2H), 

7.26-7.24 (d, J = 9.6 Hz, 2H), 6.79-6.72 (dd, J = 10.8, 17.6 Hz, 1H), 5.81-5.76 (d, J = 17.6 Hz, 
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1H), 5.27-5.25 (d, J = 10.8 Hz, 1H), 4.26-4.24 (m, 1H), 3.55-3.52 (m, 1H), 3.27-3.21 (dd, J = 

7.2, 16.4 Hz, 1H), 2.69-2.62 (ddd, J = 8.0, 14.8, 21.6 Hz, 4H), 2.22-2.12 (m, 1H), 2.01-1.84 (m, 

2H), 1.80-1.52 (m, 5H), 1.43-1.19 (m, 16H); 13C NMR (100 MHz, CDCl3) δ 175.5, 149.3, 142.4, 

140.7, 138.2, 136.6, 136.5, 134.2, 129.5, 129.1, 127.9, 127.2, 127.0, 126.8, 113.9, 60.9, 49.2, 

36.1, 35.8, 31.7, 31.3, 30.6, 29.9, 29.8, 29.7, 29.6, 29.5, 29.4, 24.9; IR (film): 2921, 2850, 1709, 

1598, 1488, 1467, 1407, 1343, 1235, 1197, 1156, 1073, 1094, 1011, 840, 798, 685; HRMS (ESI) 

calcd for C29H40O4N1
79Br1

23Na1
32S1 (M+Na)+ 600.1754 found 600.1758. 

 

 

Catalyst 83:  According to the known literature procedure3, A 100mL 3-neck round bottom flask 

was charged with Rh2(S-DOSP)4 (1.00 g, 0.53 mmol, 1.00 equiv) and (S)-1-((4'-vinyl-[1,1'-

biphenyl]-4-yl)sulfonyl)pyrrolidine-2-carboxylic acid (0.21 g, 0.21 mmol, 1.10 equiv) dissolved 

in chlorobenzene (20 mL).  The reaction mixture was then brought to reflux (160 °C) and 

allowed to stir for 2 hours.  The reaction mixture was then allowed to cool to room temperature 

and chlorobenzene was removed in vacuo.  The residue was then purified through silica gel 

eluting hexane : ethyl acetate (increasing from 1 : 20 to 1 : 5)  and freeze-dried from benzene to 

afford dark green solid (330 mg, 34% yield) along with recovered Rh2(S-DOSP)4 (428 mg, 43% 

yield). 
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Filtration Test:  General: The filtration test was evaluated using a slight modification to the 

standard reaction conditions for the cyclopropanation reaction.  The initial reaction mixture 

included an internal standard 1,3,5-trimethylbenzene (mesitylene) to allow the determination of 

the amount of product.  An initial aliquot of the internal standard, styrene, and solvent were 

sampled before phenyldiazoacetate addition.  The sample was diluted using diethyl ether to a 

concentration appropriate for GC analysis.  Samples were withdrawn periodically during the 

addition of the phenyldiazoacetate, filtering through a plug of silica to remove the catalyst.  After 

7.5 min (addition of half of the phenyldiazoacetate solution), the reaction mixture was filtered to 

remove the Rh2(S-DOSP)3(S-silicaSP) (80).  The filtrate was transferred to a new flask, and the 

remaining portion of the phenyldiazoacetate was added to the mixture.  Sampling continued after 

the diazo addition stopped (15 mins) until 120 min after the reaction mixture was filtered.  The 

samples were quantitatively analyzed on a Shimadzu GC-2010 gas chromatograph using a 

SHRX5 column (15 m, 0.25 lm film thickness, 0.25 mm i.d.) and detecting with a flame 

ionization detector using a standard analysis method.  

The filtration method is considered a better method than elemental analysis to determine the 

potential leaching of the catalyst from the surface of the silica.  The high activity of the 

1 mol% Rh(II)N2

mesitylene, hexanes,rt

CO2Me

CO2Me
27
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29
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homogeneous Rh2(S-DOSP)4 catalyst is advantageous, as small amounts of leached catalyst 

would result is significant conversion of the diazo substrate.  Elemental analysis, on the other 

hand, has low sensitivity for leached Rh.  Approximately 25% of the Rh added to the reaction 

mixture would have to leach in order for it to be above the detectable limit.  

 

Filtration Test:  Experimental Details:  To an oven dried and argon-purged 25 mL round 

bottom flask charged with a stir bar was added mesitylene (84.0 mg, 0.699 mmol, 1.500 equiv.), 

Rh2(S-DOSP)3(S-silicaSP) (80) (85.0 mg, 0.005 mmol, 0.010 equiv.), and styrene (99.0 mg, 

0.953 mmol, 2.00 equiv.).  The reactants were dissolved in hexanes (6 mL dry, degassed).  A 

0.01 mL aliquot was removed from the reaction mixture at reaction time point of 0 min and 

prepared for analysis by GC.  In a separate 20 mL glass vial, phenyldiazoacetate (84 mg, 0.4766 

mmol, 1.00 equiv.) was then dissolved in hexanes (10 mL dry, degassed).   Half of the solution 

of phenyldiazoacetate in hexanes (5 mL) was then added to the reaction mixture over 7.5 min. by 

syringe pump.  0.01 mL aliquots were removed from the reaction mixture at reaction time points 

of 2 min., 4 min., 6 min., and 7.5 min. into the phenyldiazoacetate addition and prepared for 

analysis by GC.  Rh2(S-DOSP)3(S-silicaSP) (80) was then removed from the reaction mixture by 

vacuum filtration.  The filtrate was then filtered then subjected to vacuum filtration three 

additional times to ensure complete removal of 80 from the reaction mixture.  The reaction was 

then allowed to stir.  A 0.01 mL aliquot was removed from the reaction mixture and prepared for 

analysis by GC (at reaction time point of 0 min. with respect to the second addition of 

phenyldiazoacetate).  The remainder of the solution of phenyldiazoacetate in hexanes (5 mL) was 

then added to the reaction mixture over 7.5 min. by syringe pump.  0.01 mL aliquots were 

removed from the reaction mixture at reaction time points 10 min., 30 min., 60 min., 120 min. 
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into the second phenyldiazoacetate addition and prepared for analysis by GC. The remaining 

solution was concentrated in vacuo and sent for elemental analysis to determine the amount of 

Rh leaching.  The filtration test was then repeated a second time to verify the results.  All 0.01 

mL aliquots were prepared for GC analysis by filtering the sample through a 1 cm. plug of silica 

eluting with diethyl ether. 

 

 

Figure S1. The amount of product produced from the cyclopropanation reaction for both the 

homogeneous Rh2(S-DOSP)4 catalyst and the silica-immobilized complex Rh2(S-DOSP)3(S-

silicaSP) (80).  The Rh2(S-DOSP)3(S-silicaSP) (80)-catalyzed reaction mixture was filtered at 7.5 

min. to remove the catalyst before adding the remaining portion of the diazo (up to 15 mins). For 

the homogeneous catalyst, the amount of product increased until the end of the addition of the 

diazo.  For the heterogeneous catalyst, the amount of product did not increase after filtration, 

indicating the robust immobilization of the complex. 
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Recycling Study: Experimental Details:  

	  

To a pre-weighed, dried and argon-purged 20 mL glass vial charged with a magnetic stir bar 

was added Rh2(S-DOSP)3(S-silicaSP) (80) (250 mg, 0.02 mmol, 0.01 equiv.) and hexanes (4 mL, 

dry, degassed).  In a separate 20 mL glass vial was added phenyldiazoacetate (27) (264 mg, 1.50 

mmol, 1.00 equiv.) and styrene (28) (312 mg, 3.00 mmol, 2.00 equiv.) in hexanes (8 mL dry, 

degassed).  The solution of phenyldiazoacetate and styrene in hexanes was then added to the 

catalyst slurry over 30 min. by syringe pump.  Once the addition was complete and the reaction 

had gone to completion, 80 was washed with hexanes (3 x 5 mL dry, degassed) and the hexanes 

washings pipetted out and collected.  The reaction mixture was then concentrated in vacuo.  The 

20 mL glass reaction vial containing 80 was then charged with additional hexanes (4 mL dry, 

degassed) and the reaction sequence was subsequently repeated five times using the same 

catalyst.  The cyclopropanation products of the five cycles were purified using silica gel column 

chromatography (hexanes : ethyl acetate 100 : 4.5) to afford clear oil: cycle 1 (271 mg, 72% 

yield), cycle 2 (295 mg, 78% yield), cycle 3 (285 mg, 75% yield), cycle 4 (286 mg, 76% yield), 

cycle 5 (295 mg, 78% yield); HPLC: (Chiralcel SS-WHELK, 1% i-PrOH in hexane, 1.0 mL/min, 

1 mg/mL, 30 min, λ = 254 nm) retention times of 8.62 min (major) and 10.22 min (minor), 80% 

ee for cycle 1; 81% ee for cycle 2; 79% ee for cycle 3, 77% ee for cycle 4, 79% ee for cycle 5;  
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Rf = 0.25 (hexane: ethyl acetate 10:1); 1H NMR (600 MHz, CDCl3) δ 7.12-7.11 (m, 3H), 7.05-

7.01 (m, 5H), 6.77-6.75 (m, 2H), 3.70 (s, 3H), 3.11 (dd, J = 7.2, 9.3, 1H), 2.13 (dd, J = 4.8, 9.3, 

1H), 1.88 (dd, J = 4.8, 7.2, 1H); 13C NMR (100 MHz, CDCl3) δ 174.5, 136.5, 134.9, 132.1, 

128.2, 127.9, 127.2, 126.5, 52.8, 37.6, 33.3, 20.7; Data are consistent with the literature.51 

	  

	  
Methyl (R,E)-2-propyl-1-styrylcycloprop-2-ene-1-carboxylate (105):37  A mixture of 1-

pentyne (103) (34.0 mg, 0.50 mmol, 1.00 equiv.) and Rh2(S-DOSP)3(S-silicaSP) (80) (179 mg, 

0.01 mmol, 0.02 equiv.) were added to a 25 mL dry and argon-purged round-bottom flask and 

stirred in dry, degassed hexanes (1 mL).  The reaction mixture was then cooled to -45 ᵒC in an 

acetonitrile/CO2(s) bath under an atmosphere of argon.  Styryldiazoacetate (104) (202 mg, 1.00 

mmol, 2.00 equiv.) in hexanes (10 mL) was then added to the reaction mixture via syringe pump 

over 2 h.  After the addition was complete, the mixture was stirred for an additional 20 min.  The 

product was then separated from the catalyst by vaccum filtration.  Rh2(S-DOSP)3(S-silicaSP) 

(80) was then washed with dry, degassed hexanes (5 x 10 mL) and the filtrate was then 

concentrated in vacuo.   The product was obtained in >20:1 dr as determined by 1H NMR 

analysis of the crude reaction mixture.  The residue was then purified through silica gel eluting 

with hexane : ether (15 : 1) to afford a yellow oil (87 mg, 72% yield).  Enantioenrichment was 

determined by chiral HPLC analysis after purification: (Chiralcel (R,R)-Whelk, 5% i-PrOH in 

hexane, 1.0 mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention times of 8.40 min (minor) and 

10.37 min (major), 95% ee.  The spectral data were identical to those previously reported.37  The 

Rh2(S-DOSP)4-catalyzed reaction between 103 and 104 has been previously reported to give 105 

in 81% yield and 99% ee.37 

	  

CO2Me
Pr Ph
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Methyl (1S,2S)-2-phenyl-1-((E)-styryl)cyclopropane-1-carboxylate (106):36a A mixture of 

styrene (28) (260.0 mg, 2.500 mmol, 5.000 equiv.) and Rh2(S-DOSP)3(S-silicaSP) (80) (89.0 mg, 

0.005 mmol, 0.010 equiv) were added to a 25 mL dry and argon-purged round-bottom flask and 

stirred in dry, degassed pentane (4 mL).  The reaction mixture was then cooled to -78 ᵒC in an 

acetone/CO2(s) bath under an atmosphere of argon.  Styryldiazoacetate (104) (101.0 mg, 0.500 

mmol, 1.000 equiv.) in pentane (8 mL) was then added to the reaction mixture via syringe pump 

over 10 min.  After the addition was complete, the mixture was allowed to slowly warm to room 

temperature overnight.  The product was then separated from the catalyst by vaccum filtration.  

Rh2(S-DOSP)3(S-silicaSP) (80) was then washed with dry, degassed pentane (5 x 10 mL) and the 

filtrate was then concentrated in vacuo.  The product was obtained in >20:1 dr as determined by 

1H NMR analysis of the crude reaction mixture.  The residue was then purified through silica gel 

eluting with pentane : ether (increasing from 100 : 0 to 90 : 10) to afford a white solid (127 mg, 

92% yield).  Enantioenrichment was determined by chiral HPLC analysis after purification: 

(Chiralcel OJ-H, 1.5% i-PrOH in hexane, 1.0 mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention 

times of 13.17 min (major) and 17.91 min (minor), 96% ee.  The spectral data were identical to 

those previously reported.36a  The Rh2(S-DOSP)4-catalyzed reaction between 28 and 27 has been 

previously reported to give 106 in 69% yield and 98% ee.36a 
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Methyl (R,E)-2-hydroxy-3,3-dimethyl-2-((E)-styryl)hex-4-enoate (108):40a A mixture of 4-

methylpent-3-en-2-ol (107) (50.00 mg, 0.500 mmol, 1.000 equiv.) and Rh2(S-DOSP)3(S-

silicaSP) (80) (89.00 mg, 0.005 mmol, 0.010 equiv) were added to a 25 mL dry and argon-

purged round-bottom flask and stirred in dry, degassed pentane (1 mL).  The reaction mixture 

was then cooled to 0 ᵒC in an ice bath under an atmosphere of argon.   Styryldiazoacetate (104) 

(113.0 mg, 0.550 mmol, 1.100 equiv.) in pentane (5 mL) was then added to the reaction mixture 

via syringe pump over 1 h.  After the addition was complete, the mixture was stirred for an 

additional 30 min.  The product was then separated from the catalyst by vaccum filtration.  

Rh2(S-DOSP)3(S-silicaSP) (80) was then washed with dry, degassed pentane (5 x 10 mL) and the 

filtrate was then concentrated in vacuo.  The product was obtained in >20:1 dr as determined by 

1H NMR analysis of the crude reaction mixture.  The residue was then purified through silica gel 

eluting with pentane : diethyl ether (10 : 1) to afford a clear oil (91.0 mg, 66% yield).   

Enantioenrichment was determined by chiral HPLC analysis after purification: (Chiralcel (S,S)-

WHELK-O1, 0.5% i-PrOH in hexane, 0.7 mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention 

times of 12.70 min (major) and 15.00 min (minor), 96% ee.  The spectral data were identical to 

those previously reported.40a  The Rh2(S-DOSP)4-catalyzed reaction between 107 and 104 has 

been previously reported to give 108 in 66% yield and 98% ee.40a  

 

	  

Methyl (R,E)-3-ethyl-2-hydroxy-5-methyl-2-styrylhexa-3,4-dienoate (110):40b A mixture of 

2-methyl-3-hexyn-2-ol (109) (56.00 mg, 0.500 mmol, 1.000 equiv.) and Rh2(S-DOSP)3(S-
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silicaSP) (80) (89.00 mg, 0.005 mmol, 0.010 equiv) were added to a 25 mL dry and argon-

purged round-bottom flask and stirred in dry, degassed pentane (1 mL).  The reaction mixture 

was then cooled to 0 °C in an ice bath under an atmosphere of argon.   Styryldiazoacetate (104) 

(209.0 mg, 1.000 mmol, 2.000 equiv.) in pentane (9 mL) was then added to the reaction mixture 

via syringe pump over 1.5 h.  After the addition was complete, the mixture was stirred for an 

additional 2 h.  The product was then separated from the catalyst by vaccum filtration.  Rh2(S-

DOSP)3(S-silicaSP) (80) was then washed with dry, degassed pentane (5 x 10 mL) and the 

filtrate was then concentrated in vacuo.  The product was obtained in >20:1 dr as determined by 

1H NMR analysis of the crude reaction mixture.  The residue was then purified through silica gel 

eluting with pentane : diethyl ether (5 : 1) to afford a clear oil (110.0 mg, 73% yield).   

Enantioenrichment was determined by chiral HPLC analysis after purification: (Chiralcel AD-H, 

1% i-PrOH in hexane, 0.6 mL/min, 1 mg/mL, 30 min, λ = 254 nm) retention times of 21.36 min 

(major) and 26.69 min (minor), 94% ee.  The spectral data were identical to those previously 

reported.40b  The Rh2(S-DOSP)4-catalyzed reaction between 109 and 104 has been previously 

reported to give 110 in 74% yield and 96% ee.40b 

 

 

(methoxymethylene)cyclohexane (111):  To a dry, argon-purged 1 L round bottom flask was 

added (methoxymethyl)triphenyl phosphonium chloride (37.50 g, 109.4 mmol, 1.200 equiv.) and 

tetrahydrofuran (THF) (500 mL).  The slurry was then cooled to -78 °C in a CO2(s)/acetone bath.  

Potassium tert-butoxide (12.30 g, 109.4 mmol, 1.200 equiv.) was then added in one portion via 

funnel.  The reaction mixture was then warmed to 0 °C over 20 min.  The solution was then re-

cooled to -78 °C.  Cyclohexanone (9.400 mL, 91.20 mmol, 1.000 equiv.) was then added 

dropwise to the reaction mixture.  The reaction was then allowed to warm to room temperature 

OMe
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and stir overnight.  The reaction mixture was then washed with satd. aqueous ammonium 

chloride (2 x 150 mL) and satd. aqueous sodium chloride (150 mL) and then dried over 

magnesium sulfate.  The solids were removed by gravity filtration and the reaction mixture was 

concentrated in vacuo.  The crude product was purified using silica gel column chromatography 

(pentane : diethyl ether 10:1) and then distilled by Kugelrohr at 2.0 x 101 Torr at 50 °C to afford 

clear oil (8.100 g, 70% yield).  Rf = 0.78 (pentane : diethyl ether 10 : 1); 1H NMR (400 MHz, 

CDCl3) δ 5.75 (s, 1H), 3.54 (s, 3H), 2.17 (t, J = 5.4 Hz, 2H), 1.94 (t, J = 5.4 Hz, 2H), 1.56-1.44 

(m, 6H); 13C NMR (100 MHz, CDCl3) δ 138.9, 118.4, 59.3, 30.7, 28.5, 27.2, 27.0, 25.6; IR 

(film): 3054, 2953, 2921, 2854, 1736, 1434, 1229, 1120, 743, 695; HRMS (ESI) calcd for 

C8H15O6N4 (M+H)+ 263.0982 found 263.0986. 

	  

	  

Methyl (4S,5R,E)-5-(cyclohex-1-en-1-yl)-5-methoxy-4-phenylpent-2-enoate (112):42 A 

mixture of (methoxymethylene)cyclohexane (111)  (63.00 mg, 0.500 mmol, 1.000 equiv.) and 

Rh2(S-DOSP)3(S-silicaSP) (80) (89.00 mg, 0.005 mmol, 0.010 equiv) were added to a 100 mL 

dry and argon-purged round-bottom flask and stirred in dry, degassed hexanes (10 mL).  The 

reaction mixture was then cooled to -25 °C in an acetonitrile/CO2(s) bath under an atmosphere of 

argon.   Styryldiazoacetate (104) (162.0 mg, 1.000 mmol, 2.000 equiv.) in hexanes (10 mL) was 

then added to the reaction mixture via syringe pump over 3 h.  After the addition was complete, 

the mixture was warmed to room temperature over 2 h.  The product was then separated from the 

catalyst by vaccum filtration.  Rh2(S-DOSP)3(S-silicaSP) (80) was then washed with dry, 

degassed hexanes (5 x 10 mL) and the filtrate was then concentrated in vacuo.  The product was 

obtained in >20:1 dr as determined by 1H NMR analysis of the crude reaction mixture.  The 

CO2Me
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residue was then purified through silica gel eluting with pentane : diethyl ether (10 : 1) to afford 

a clear oil (119.0 mg, 79% yield).   Enantioenrichment was determined by chiral HPLC analysis 

after purification: (Chiralcel AS-H, 1% i-PrOH in hexane, 0.7 mL/min, 1 mg/mL, 30 min, λ = 

254 nm) retention times of 7.12 min (major) and 7.87 min (minor), 94% ee.  The spectral data 

were identical to those previously reported.42  The Rh2(S-DOSP)4-catalyzed reaction between 

111 and 104 has been previously reported to give 112 in 88% yield and 99% ee.42 

 

	  

Methyl (S,E)-2-((R)-4-methyl-1,2-dihydronaphthalen-2-yl)-4-phenylbut-3-enoate (115):43 A 

mixture of 1-Methyl-3,4-dihydronaphthalene (113) (72.0 mg, 0.500 mmol, 1.00 equiv.) and 

Rh2(S-DOSP)3(S-silicaSP) (80) (89.0 mg, 0.005 mmol, 0.01 equiv) were added to a 25 mL dry 

and argon-purged round-bottom flask and stirred in dry, degassed 2,2-dimethyl butane (DMB) (1 

mL).  The reaction mixture was then cooled to 0 °C in an ice bath under an atmosphere of argon.   

Styryldiazoacetate (104) (111 mg, 0.550 mmol, 1.10 equiv.) in DMB (5 mL) was then added to 

the reaction mixture via syringe pump over 45 min.  After the addition was complete, the mixture 

was allowed to stir overnight at room temperature.  The product was then separated from the 

catalyst by vaccum filtration.  Rh2(S-DOSP)3(S-silicaSP) (80) was then washed with dry, 

degassed DMB (5 x 10 mL) and the filtrate was then concentrated in vacuo.  The product was 

obtained in >20:1 dr as determined by 1H NMR analysis of the crude reaction mixture.  The 

residue was then purified through silica gel eluting with pentane : diethyl ether (20 : 1) to afford 

a white solid (143 mg, 90% yield).   Enantioenrichment was determined by chiral HPLC analysis 

after purification: (Chiralcel OD-H, 2% i-PrOH in hexane, 0.8 mL/min, 1 mg/mL, 30 min, λ = 

254 nm) retention times of 8.14 min (major) and 9.70 min (minor), 96% ee.  The spectral data 
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were identical to those previously reported.43  The Rh2(S-DOSP)4-catalyzed reaction between 

113 and 104 has been previously reported to give 115 in 95% yield and 99% ee.43 

 

 

tert-butyl((3,4-dihydronaphthalen-1-yl)oxy)dimethylsilane (114):  To a 500 mL dry, argon-

purgen round bottom flask was added α-tetralone (9.0 g, 60 mmol, 1.0 equiv.) and 

dichloromethane (DCM) (70 mL).  The solution was cooled to 0°C in an ice bath.  Triethylamine 

(16.8 mL, 120 mmol, 2.00 equiv.) was then added.  At this time the reaction mixture turned from 

a light brown to a deep brown colored solution.  Tert-Butyldimethylsilyl trifluoromethane 

sulfonate (TBSOTf) (15.3 mL, 66.0 mmol, 1.10 equiv.) was then added dropwise to the reaction 

mixture over 30 min.  The reaction was then allowed to stir for 1 h.  Satd. aqueous sodium 

chloride (40 mL) was then added and the organic layer was separated.  The aqueous layer was 

then extracted with DCM (3 x 150 mL).  The combined organic layers were then washed with 

satd. aqueous ammonium chloride (150 mL) and satd. aqueous sodium chloride (150 mL) and 

then dried over magnesium sulfate.  The solids were removed by gravity filtration and the 

reaction mixture was concentrated in vacuo.  The crude product was purified using silica gel 

column chromatography (pentane : diethyl ether 40:1) to afford clear oil (11.4 g, 73% yield).  Rf 

= 0.43 (pentane : diethyl ether 40 : 1); 1H NMR (400 MHz, CDCl3) δ 7.47 (d, J = 7.8 Hz, 1H), 

7.23-7.11 (m, 3H), 5.18 (t, J = 4.4 Hz, 1H), 2.77 (t, J = 7.8 Hz, 2H), 2.34-2.29 (m, 2H), 1.03 (s, 

9H), 0.22 (s, 6H); 13C NMR (100 MHz, CDCl3) δ 148.5, 137.3, 133.8, 127.4, 127.1, 126.3, 

122.0, 105.0, 28.4, 26.1, 22.4, 18.5; IR (film): 2929 2885, 2857, 1637, 1471, 1360, 1337, 1248, 

1188, 1139, 1092, 1045, 940, 914, 835, 791, 736, 670; HRMS (APCI) calcd for C16H25OSi 

(M+H)+ 261.1669 found 261.1669. 
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Methyl (S,E)-2-((R)-4-((tert-butyldimethylsilyl)oxy)-1,2-dihydronaphthalen-2-yl)-4-

phenylbut-3-enoate (116):43 A mixture of tert-butyl((3,4-dihydronaphthalen-1-

yl)oxy)dimethylsilane (114)  (130.0 mg, 0.500 mmol, 1.000 equiv.) and Rh2(S-DOSP)3(S-

silicaSP) (80) (89.0 mg, 0.005 mmol, 0.010 equiv.) were added to a 25 mL dry and argon-purged 

round-bottom flask and stirred in dry, degassed 2,2-dimethyl butane (DMB) (1 mL).  The 

reaction mixture was then cooled to 0 °C in an ice bath under an atmosphere of argon.   

Styryldiazoacetate (104) (111.0 mg, 0.550 mmol, 1.100 equiv.) in DMB (5 mL) was then added 

to the reaction mixture via syringe pump over 45 min.  After the addition was complete, the 

mixture was allowed to stir for an additional 2 h at room temperature.  The product was then 

separated from the catalyst by vaccum filtration.  Rh2(S-DOSP)3(S-silicaSP) (80) was then 

washed with dry, degassed DMB (5 x 10 mL) and the filtrate was then concentrated in vacuo.  

The product was obtained in >20:1 dr as determined by 1H NMR analysis of the crude reaction 

mixture.  The residue was then purified through silica gel eluting with pentane : diethyl ether (20 

: 1) to afford a clear oil (163 mg, 75% yield).   Enantioenrichment was determined by chiral 

HPLC analysis after purification: (Chiralcel OD-H, 2% i-PrOH in hexane, 0.8 mL/min, 1 

mg/mL, 30 min, λ = 254 nm) retention times of 5.80 min (major) and 7.55 min (minor), 90% ee.  

The spectral data were identical to those previously reported.43  The Rh2(S-DOSP)4-catalyzed 

reaction between 114 and 104 has been previously reported to give 116 in 78% yield and 95% 

ee.43 
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Tert-butyl (S,E)-4-(4-methoxy-4-oxo-1-phenylbut-2-en-1-yl)-1H-indole-1-carboxylate 

(118):44 A mixture of tert-butyl 4-acetoxy-6,7-dihydro-1H-indole-1-carboxylate (117) (138.0 

mg, 0.500 mmol, 1.000 equiv.) and Rh2(S-DOSP)3(S-silicaSP) (80) (89.0 mg, 0.005 mmol, 0.010 

equiv) were added to a 25 mL dry and argon-purged round-bottom flask and stirred in dry, 

degassed 2,2-dimethyl butane (DMB) (10 mL).  Styryldiazoacetate (104) (131.0 mg, 0.650 

mmol, 1.300 equiv.) in DMB (5 mL)  and anhydrous, degassed α,α,α–trifluorotoluele (TFT) (5 

mL) was then added to the reaction mixture via syringe pump over 30 min.  The product was 

then separated from the catalyst by vaccum filtration.  Rh2(S-DOSP)3(S-silicaSP) (80) was then 

washed with dry, degassed DMB (5 x 10 mL) and the filtrate was then concentrated in vacuo.  

The product was obtained in >20:1 dr as determined by 1H NMR analysis of the crude reaction 

mixture.  The residue was then purified through silica gel eluting with pentane:diethyl ether (7:1) 

to afford a sticky white solid (115.0 mg, 59% yield).   Enantioenrichment was determined by 

chiral HPLC analysis after purification: (Chiralcel OD-H, 2% i-PrOH in hexane, 0.8 mL/min, 1 

mg/mL, 30 min, λ = 254 nm) retention times of 7.81 min (major) and 17.71 min (minor), 96% 

ee.  The spectral data were identical to those previously reported.44  The Rh2(S-DOSP)4-

catalyzed reaction between 117 and 104 has been previously reported to give 118 in 65% yield 

and 98% ee.44 
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Methyl 2-(4-chlorophenyl)-2-(cyclohexa-2,5-dien-1-yl)acetate:52 According to the known 

literature procedure,53 a mixture of cyclohexa-1,4-diene (200.0 mg, 2.500 mmol, 5.000 equiv.) 

and Rh2(S-DOSP)3(S-silicaSP) (80) (89.0 mg, 0.005 mmol, 0.010 equiv) were added to a 25 mL 

dry and argon-purged round-bottom flask and stirred in dry, degassed hexanes (2.5 mL).  The 

reaction mixture was then cooled to -50 °C in an acetonitrile / dry ice bath under an atmosphere 

of argon.   Methyl 2-(4-chlorophenyl)-2-diazoacetate (105.0 mg, 0.500 mmol, 1.000 equiv.) in 

hexanes (5 mL) was then added to the reaction mixture via syringe pump over 1 hour.  The 

product was then separated from the catalyst by vaccum filtration.  Rh2(S-DOSP)3(S-silicaSP) 

(80) was then washed with dry, degassed hexanes (5 x 10 mL) and the filtrate was then 

concentrated in vacuo.  The product was obtained in >20:1 dr as determined by 1H NMR analysis 

of the crude reaction mixture.  The residue was then purified through silica gel eluting with 2% 

ether / petroleum ether to afford a clear oil (75.0 mg, 58% yield).   Enantioenrichment was 

determined by chiral HPLC analysis after purification: (Daicel OD, 0.5% i-PrOH in hexane, 1.0 

mL/min, 1 mg/mL, 30 min, λ = 230 nm) retention times of 5.30 min (minor) and 7.36 min 

(major), 80% ee.  The spectral data were identical to those previously reported.52  The Rh2(S-

DOSP)4-catalyzed reaction between cyclohexa-1,4-diene and methyl 2-(4-chlorophenyl)-2-

diazoacetate gave methyl 2-(4-chlorophenyl)-2-(cyclohexa-2,5-dien-1-yl)acetate in 84% yield 

and 94% ee. 
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Chapter IV: The Application of Immobilized Chiral Dirhodium(II) Catalysts 
in Continuous Flow Processing 

 
Advisor: Huw M. L. Davies, Ph.D. 

Collaborator: Christopher W. Jones, Ph.D. 
 

The immobilization of expensive chiral transition metal catalysts and their application in 

continuous flow processing has the potential to revolutionize the pharmaceutical industry by 

making the use of extremely reactive and selective yet expensive transition metal catalysts 

practical for use on a large scale.  Reactions conducted in flow can be faster, safer, more efficient 

and more easily scaled-up.  This chapter describes the synthesis of composite polymer/oxide 

hollow fibers and their use as flow reactors for heterogeneous dirhodium(II)−catalyzed reactions.  

Fiber synthesis is scalable and thus could potentially be used for large-scale production.  

Incorporating heterogeneous catalysts in the walls of the fibers presents an alternative to a 

traditional packed bed reactor and avoids large pressure drops, which is a crucial challenge in 

employing microreactors.  This chapter describes hollow composite fibers as a platform for 

dirhodium(II) catalyst immobilization and application in enantioselective rhodium carbenoid 

flow chemistry.  
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4.1  Introduction to Continuous Flow Chemistry 

Continuous flow chemistry is a new and emerging strategy that can significantly decrease the 

time from drug discovery to production by delivering pharmaceutical compounds more quickly 

and supporting their subsequent scale-up.  Continuous flow chemistry is performed by pumping 

reagents together down a temperature-controlled tube to meet at a mixing junction and then exit 

as product (Figure 4.1).  The major advantages of flow chemistry are that the reactions are faster, 

safer, and more easily optimized and scaled-up.  Also, the products are typically cleaner and 

several processes can be completed simultaneously including synthesis, work-up and in-situ 

analysis.  Flow reactors improve product quality by carefully controlling reaction variables.  

They increase safety by containing and regulating reactions at high temperatures and pressures. 

Automated reactors eliminate the need for manual handling of dangerous (toxic and explosive) 

and therefore shorter processing times, precise parameter control, and higher reproducibility and 

selectivity can be achieved.1  Multiple flow reactors can be used sequentially for in-line 

purification and reaction telescoping.2 

 

  
Figure 4.1  General schematic description of a continuous flow reactor 

 
Commercial flow reactors for organic synthesis are available from numerous vendors, 

ranging from µL to L in volume.3  These reactors offer improved heat and mass transfer over 

batch reactors.3a, 3b, 4  As the surface area-to-volume ratio of the reactor increases, the heat and 

mass transfer performance of the reactor improves, which is critical for consistent product yield 

product
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material

immobilized catalyst lining
the inner wall of the reactor
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and selectivity in a continuous process.3a  

Organic synthesis via flow chemistry is an emerging paradigm in fine chemistry and 

pharmaceutical production.3a, 3b, 4a, 5  Flow chemistry has been used by Pfizer to conduct highly 

exothermic reactions and/or nitrogen releasing reactions such as Curtius rearrangements or 

Sandmeyer reactions.2  

Immobilized catalysts have found use in continuous-flow processes, which adds many more 

benefits to this type of catalysis.6  Practical application of expensive catalysts can be achieved by 

utilization as a solid catalyst in a flow reactor.7  The ability of reactors to flow small volumes of 

reagents past a catalyst bed increases the catalyst : substrate ratio in these heterogeneously 

catalyzed reactions which could provide higher turnover numbers (TON) than can be achieved in 

typical homogeneous catalysis in batch reactions.2  

 

4.2  Diazo Compounds in Flow Chemistry 

 
The inherent dangers, which come with the use of diazo compounds inhibit their use on an 

industrial scale.  Preparation and isolation of diazo compounds comes with potential risks due to 

their explosive nature.8  Flow based synthesis can potentially alleviate these problems by 

compartmentalizing various reagents and continuously flowing them at slow rates to a meeting 

point at which only a small reaction volume collects at one time.  In addition, exothermic 

reactions involving the decomposition of diazo compounds can be carried out with ease in 

microreactors that allow for efficient heat and mass transfer.1e, 9  In a collaborative effort Ley and 

Baxendale were able to both produce and utilize diazo compounds in flow reactors.3d, 8  In these 

reports, they were able to overcome the ultimate challenge of using diazo compounds in flow 

reactors: keeping the system under a constant pressure (necessary for steady flow of reactants) 
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while alleviating the build up of excessive pressure resulting from extrusion of nitrogen gas 

during the reaction.  For these reasons, a back-pressure regulator (BPR) was used to maintain a 

constant system pressure at 8 bar.  Once a BPR was installed, continuous flow was successfully 

employed in a safe route to a range of acceptor diazo compounds from various acid chlorides 

using trimethylsilyldiazomethane as the diazotizing source.8 Slow addition of both the diazo 

compound and the acid chloride was achieved with two injection loops which only combined 

small volumes of reactants at any given time.  Additionally, this flow process allowed for the 

direct purification of products with the use of polymer-supported scavengers (Scheme 4.1).8 

 
Scheme 4.1  Flow Synthesis of Diazoketones 
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The copper-catalyzed synthesis of quinoxalines by the decomposition of diazo compounds 

was also achieved in flow with a variety of substituted diazo starting materials (Scheme 4.2).  

These two reactions (the synthesis and application of diazoketones) could be conducted as a 

telescoped process thus obviating the need for isolation of the unstable diazoketones.8  

 
Scheme 4.2  Copper-catalyzed decomposition of diazoketones in flow 
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immobilization of Rh2(S-PTTL)4 by copolymerization.  This polymer-supported Rh2(S-

PTTL)4−derivative catalyzed asymmetric C−H insertions with high yields and 

enantioselectivities similar to those achieved with homogeneous Rh2(S-PTTL)4 and could be 

recycled 100 times with minimal Rh leaching (See Chapter 3 for details).10  In a follow-up study, 

they were able to apply a similar polymer-supported dirhodium(II) complex (a mixed ligand 

Rh2(S-PTTL)(S-TCPTTL)3−derivative (Figure 4.2) to highly enantioselective intermolecular 

tandem carbonyl ylide formation-1,3-dipolar cycloaddition reactions of 2-diazo-3,6-diketoesters 

with arylacetylene and styrene dipolarophiles under continuous flow conditions (Scheme 4.3, up 

to 99% ee).11 

 

 
Figure 4.2  Chiral dirhodium(II) catalysts which have been successfully 

derivitized, immobilized, and applied in continuous flow reactors 

 
 
Scheme 4.3  First continuous flow system with a polymer-supported dirhodium(II) catalyst and  
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Hashimoto’s flow system employed a tube packed with a slurry of catalyst 8 and sea sand in 

trifluorotoluene equipped with a filter.  A solution of diazodiketoester (6a-b) and styrene or 

phenylacetylene (7a-b) was passed through the flow reactor using a syringe pump (Scheme 4.4). 

The continuous flow experiments gave higher yields than the reaction under batch conditions 

with the homogeneous counterpart to 8, Rh2(S-PTTL)(S-TCPTTL)3.  Also, extrusion of nitrogen 

gas from the decomposition of diazodiketoester did not cause complications.   

 
Scheme 4.4  Schematic set of the first continuous flow system with a 

polymer-supported dirhodium(II) catalyst 
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4.4  Exploratory Studies Conducted in Batch Toward the use of  
       Silica-Immobilized−Rh2(S-DOSP)4–Derivatives in a Continuous Flow Reactor 

 
The findings of Ley and Baxendale as well as Hashimoto gave us hope that intermolecular 

reactions of donor/acceptor diazo compounds catalyzed by our previously developed 

immobilized dirhodium catalyst (see Chapter 3) could be accomplished in flow.  In this project, 

together with Jones et al., we designed and developed novel flow reactors for controlling 

interactions of reactive diazo compounds, substrate, and catalyst in order to enhance catalyst 

longevity and thus increase total turnover number.  In the Chapter 3, we reported an effective 

immobilization of Rh2(S-DOSP)4 which relied on single ligand exchange of Rh2(S-DOSP)4 with 

a ligand that could undergo a grafting reaction to a solid support to give an immobilizable Rh2(S-

DOSP)4−derivative which could then be grafted to silica by AIBN initiated radical coupling.  

The immobilizable Rh2(S-DOSP)4−derivative was able to catalyze a broad range of 

enantioselective reactions with product yields and levels of diastereo- and enantioselectivity 

comparable to its homogeneous counterpart, Rh2(S-DOSP)4.  Additionally, this catalyst system 

was recyclable and could be used to catalyze up to 5 consecutive reaction cycles without 

degradation of the yield, enantio- or diastereoselectivity and with no catalyst leaching as 

determined by filtration test and elemental analysis of the reaction mixture after the first cycle.12 

We initially envisioned building a flow reactor similar to the system reported by Hashiomoto 

et al. in which a tube would be either lined or filled with a silica-immobilized Rh2(S-

DOSP)4−derivative.  The commercial silica (CS-2129)-supported Rh2(S-DOSP)4−derivative 

(13), which was successfully employed in the system discussed in Chapter 3, is known to give 

high yield and levels of enantioinduction.  We next wanted to see if different types of silica could 

be employed to give similar reactivity and selectivity.  C803-supported Rh2(S-
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DOSP)4−derivative (14)  gave similar results and the catalyst loading could be decreased with 

only a slight resultant decrease in enantioinduction.  Finally, we wanted to determine whether 

iron oxide supports could be used in the immobilization of Rh2(S-DOSP)4 as these could allow 

for magnetic catalyst recovery, but addition of iron oxide to the standard Rh2(S-

DOSP)4−catalyzed reaction caused a deleterious effect on the yield of asymmetric 

cyclopropanation (Table 4.1). 

 
Table 4.1  The effect of varying the support-system on the reactivity and selectivity of 

asymmetric cyclopropanation by immobilized Rh2(S-DOSP)4−derivatives 

 

 
Our ultimate goal of employing silica-immobilized Rh2(S-DOSP)4−derivatives in flow 

reactors was to be able to more efficiently produce synthetically useful compounds such as 

triarylcyclopropane carboxylate 16 which is used to make a ligand for an extremely selective 

C−H functionalization catalyst (Rh2(S-BTPCP)4).13  Although the cyclopropanation of  1,1-

diphenylethylene 10 with un-substituted phenyldiazoacetate 11 proceeded with the same 

selectivity as homogeneous Rh2(S-DOSP)4, C803-supported−Rh2(S-DOSP)4 catalyzed the 

cyclopropanation of 10 with methyl 2-(4-bromophenyl)-2-diazoacetate 15 gave the 

corresponding cyclopropane 16 with diminished enantioselection (Table 4.2). 
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Table 4.2  Application of C803-supported−Rh2(S-DOSP)4 in the synthesis of S-BTPCP ligand 

 

 

4.5  The use of Cellulose Acetate Fiber-Immobilized−Rh2(S-DOSP)4–derivatives 
       in a Continuous Flow Reactor 

  
After thinking deeply about flow reactor design, we realized that the typical packed bed reactor, 

as was used by Hashimoto, may not be the best set-up for flow chemistry with extremely reactive 

dirhodium(II) catalysts.  Upon exposure to the diazo compound, the catalyst residing at the front 

of the reactor would react quickly, leaving the majority of the packed bed unutilized.  This could 
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results.  We envisioned that this problem could be obviated by the use of a porous hollow fiber-

immobilized catalyst system (Figure 4.3).  Polymeric hollow fibers are commercially used for 

industrial gas separations, namely separation and purification of CO2, and provide high surface 

areas at low cost.14 The small inner (~300 µm) and outer (~1100 µm) diameters of the fibers 

ensure that the walls are thin, which imparts excellent heat and mass transfer properties.15  In this 

case, the thin wall presents an extremely short reaction bed length when radial flow through the 

fiber wall is used.  Recently, composite hollow fibers (organic polymers and inorganic fillers 

such as zeolites,16 silicas,17 and metal-organic frameworks (MOFs)18) have emerged as 

separation membranes and sorbents offering highly tunable material properties.  Previous work 

on hollow fiber reactors focused on Pd-catalyzed reactions and alkene/alkyne hydrogenations,19 
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though, to the best of our knowledge, no examples of asymmetric reactions using well-defined 

organometallic complexes embedded in hollow fiber reactors in flow have been reported.  In 

general, the few examples of flow catalysis using hollow fiber catalysts/reactors are for simple 

catalysts and reactions, with no examples in organic synthesis using well-defined asymmetric 

organometallic catalysts. 

 

 
Figure 4.3  Ideal conditions for continuous flow processing 

employing immobilized−Rh2(S-DOSP)4–derivative 

 
A reactor for continuous flow processing employing immobilized−Rh2(S-DOSP)4–derivative 

was designed by Dr. Nicholas Brunelli from the Jones laboratory.  This reactor featured a small 

chamber in which a sweep flow of solvent could come from the front of the reactor and exit with 

the product at the opposite side (out flow).  The porous hollow fiber-supported−Rh2(S-DOSP)4–

derivative would span across the reactor and a solution of the diazo compound and trapping 

agent would be injected into the center of this hollow fiber.  Upon contacting the catalyst, the 

diazo compound would decompose to the rhodium carbenoid and directly react with trapping 

agent in solution.  The reactor would also featured spaces for nitrogen gas exhaust and for a 

ReactIR probe for in-situ reaction progress kinetics (Figure 4.4).  

4

4

2

2



 

	   204 

 
Figure 4.4  Continuous flow reactor design for 

porous hollow fiber-supported−Rh2(S-DOSP)4–derivative 

 
The immobilizable Rh2(S-DOSP)4−derivative 17 used to graph Rh2(S-DOSP)4 to a silica 

surface in Chapter 3 was employed to graft Rh2(S-DOSP)4 to a cellulose acetate fiber.  The 

general synthetic route to silica-supported Rh2(S-DOSP)4−derivatives (See Chapter 3, Scheme 

3.31) was employed in the grafting Rh2(S-DOSP)4 to a cellulose acetate fiber.  The composite 

polymer/oxide hollow fibers used in this study were prepared in a continuous process whereby 

the solid oxide particles were incorporated into the porous polymer matrix during the fiber 

spinning, allowing fibers to be made rapidly at low cost using commercially available 

materials.14  Well-established dry-jet, wet-quench, nonsolvent induced phase separation spinning 

method14 was used to make the fibers.  This process was conducted by Dr. Ying Labreche in 

Prof. William J. Koros group at Georgia Institute of Technology (experts in the field of porous 

hollow fibers).  The cellulose acetate hollow fiber contained 59 wt% silica and had a [Rh2] 

loading of 0.05 mmol/g (Scheme 4.5). 
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Scheme 4.5  Rh2(S-DOSP)4 immobilization onto cellulose acetate hollow fibers 

 

 
Immobilizable Rh2(S-DOSP)4−derivative 17 was embedded into the walls of functionalized 

composite polymer/oxide hollow fiber-cellulose acetate (21).  Styryl-functionalized cellulose 

acetate fiber 21 was made by reaction of monomethoxysilane 20 with the free hydroxyl groups 

of cellulose acetate fiber 19. Treatment of functionalized cellulose acetate fiber 21 with HMDS 

to TMS-protect any unreacted hydroxyl groups followed by AIBN-initiated free radical coupling 

of the surface styryl groups with those on immobilizable Rh2(S-DOSP)4−derivative 17 provided 

cellulose acetate hollow fiber-immobilized Rh2(S-DOSP)4−derivative 18 (Scheme 4.6).  It is 

important to note that the schematic description of this catalyst shown in Scheme 4.6 is 

generalized and does not fully convey the structure of this catalyst system.  The catalyst 17 is 

actually tethered to the silica in the cellulose acetate fiber (not shown) and not the cellulose 

acetate fiber itself.   

The porous nature of catalyst 18 was envisioned to prevent clogging of the flow channels 

(often observed in continuous flow processing with typical packed bed reactors) and provide a 

short catalyst bed in a flow reactor platform for heterogeneous dirhodium(II) catalyzed reactions. 
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Scheme 4.6  Synthesis of composite polymer/oxide hollow fiber-cellulose acetate 
immobilized-Rh2(S-DOSP)4−derivative 
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Table 4.3  Intermolecular asymmetric cyclopropanation catalyzed by 
cellulose acetate immobilized-Rh2(S-DOSP)4−derivative in batch 

 

 
Although CA-Rh2(S-DOSP)4 (18) did not match the reactivity or selectivity of Rh2(S-DOSP)4 

in an intermolecular reaction, we wanted to test 18 in an intramolecular C−H insertion reaction, 

seeing as intramolecular reactions of rhodium carbenoids were successfully conducted in a 

continuous flow manner with Hashimoto’s system.11  To our delight, catalyst 18 displayed the 

same reactivity and selectivity as Rh2(S-DOSP)4 in intramolecular C−H insertion with methyl 2-

diazo-2-(2-isopropoxyphenyl)acetate (22) (Table 4.4).20 

 
Table 4.4  Intramolecular C−H insertion catalyzed by 

cellulose acetate immobilized-Rh2(S-DOSP)4−derivative in batch 
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width of the reactor and is held in place by epoxy binding either end of the fiber to the reactor.  

The reactants in solution are fed through the bore of the hollow fiber.  The fiber walls, composed 

of cellulose acetate (36-52 wt %) and inorganic particles (0.9 wt % Rh (4 wt % immobilized 

catalyst, 44 wt % silica)) are highly permeable.  The walls are ~300-400 µm thick and can be 

considered an ultra-short catalyst bed through which the reactants pass.  Flowing outside the 

fiber is a sweep flow of an organic solvent that facilitates product collection.  In this initial work, 

reactant pulses were flowed through the fiber, though continuous flow operation can also be 

conducted.  The fiber was capped at the opposite end to ensure the reactants flow through the 

walls and contact the catalyst (tubular dead-end flow) and, after reacting, exit through the pores 

of the fiber (Figure 4.5).  

 
Figure 4.5  Photograph of the inside of the continuous flow reactor 

containing porous hollow fiber-supported−Rh2(S-DOSP)4–derivative 
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The reactant feed and sweep flow into the reactor are regulated with the use of peristaltic 

pumps.  The stainless steel chamber of the reactor is equipped with a heating jacket which could 

allow for reactions at elevated temperatures to be carried out in this microreactor (Figure 4.6). 

 

 
Figure 4.6  Photograph of the stainless steel reactor, heating jacket, 

and solvent feed flasks and pumps 

 
The exact volume of a the solution of reactants injected into the reactor is controlled by an 

HPLC valve connected to a 0.5 mL sample loop.  Once the 0.5 mL sample loop is full, excess 

solution of reatants is puped into a waste container.  The 0.5 mL of reactants is then injected into 

the reactor and flowed through the catalyst fiber 18.  The products of the reation are then pushed 

out of the reactor by the sweep flow of solvent (Figure 4.7). 
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Figure 4.7  Close-up photograph of the stainless steel reactor 

equipped with heating jacket and HPLC valve 

 

4.6  Composite Polymer/Oxide Hollow Fiber Contactors: Versatile and Scalable  
       Flow Reactors for Heterogeneous Dirhodium(II) Catalyzed Reactions 

 
Incorporating heterogeneous catalysts in the walls of the hollow fibers presents an alternative to 

a traditional packed bed reactor.  A drawback associated with some commercially available flow 

reactors and microreactors is the potential for high pressure drop along the length of the reactor, 

due to poor handling of solid species, which can clog the flow channels and reduce the rate of 

production.4, 21  Therefore, alternate reactor types that avoid large pressure drops but 

accommodate supported catalysts for complex organic reactions while maintaining superior heat 

and mass transfer properties are desirable.  Inspired by our aforementioned finding that cellulose 

acetate hollow fiber-immobilized Rh2(S-DOSP)4−derivative 18 displayed the same reactivity and 

selectivity as Rh2(S-DOSP)4 in intramolecular C−H insertion, we began to explore the possibility 

of using flow chemistry in the emerging field of C–H functionalization.  The goal of this 
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program is not only to demonstrate that C–H functionalization reactions can be conducted in 

flow,5c, 11, 22  but also to design new types of flow reactors to handle supported catalysts that are 

often used for such reactions (Figure 4.8).  

 

 
Figure 4.8  Schematic description of the radial flow hollow fiber flow reactor 

 
In addition to cellulose acetate-supported Rh2(S-DOSP)4−derivative 18, Torlon-supported 

Rh2(S-DOSP)4−derivative 26 was tested due to its stability in a broad range of solvents including 

dichloromethane.  We imagined that stability in dichloromethane could be advantageous to our 

catalyst system for its application in reactions with styryldiazoacetates, which are typically used 

in excess due to their rapid decomposition to the corresponding pyrazole.  After reaction with 

styryldiazoacetate, 26 could be washed with dichloromethane to remove any residual pyrazole 

from before injection of the next solution of reactants.  Application of 26 in the standard 

intermolecular asymmetric cyclopropanation reaction, however, provided products with 

significantly lower enantio- and diastereoselectivity than 18 or Rh2(S-DOSP)4 (Table 4.5). 
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Table 4.5  Intermolecular asymmetric cyclopropanation catalyzed by 
Torlon and cellulose acetate immobilized-Rh2(S-DOSP)4−derivatives in flow 

 

 
We next sought to determine the optimal reaction conditions in moving forward with the use 

of CA-Rh2(S-DOSP)4 (18) in continuous flow.  Varying the sweep and reactant flow rate had no 

effect of on the reactivity and selectivity of intermolecular asymmetric cyclopropanation 

catalyzed by CA-Rh2(S-DOSP)4 (18) (Table 4.6). 

 
Table 4.6  The effect of varying the sweep and reactant flow rate on intermolecular asymmetric  
cyclopropanation catalyzed by cellulose acetate immobilized-Rh2(S-DOSP)4−derivative in flow 
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injection volume of 1 mL total volume 0.5 mL was injected twice: once the first 0.5 mL passed 

through the sample loop, another 0.5 mL was injected.) 

 
Table 4.7  Preliminary catalyst recycling study of cellulose acetate immobilized-Rh2(S-DOSP)4− 

derivative in the asymmetric cyclopropanation of styrene with phenyldiazoacetate 

 

 
While cyclopropanations/cyclopropenations have been investigated using flow systems,11, 22c-

e, 22k no such investigations have occurred using hollow fiber reactors, nor have there been 

studies of dirhodium(II)-catalyzed asymmetric intermolecular C– H functionalization reactions 

in flow.  For this reason, the main focus for the remainder of this study was directed at C−H 

functionalization.  As described in Table 4.2, dirhodium(II)-catalysts with triarylcyclopropane 

carboxylate ligands have recently been reported to promote high asymmetric induction in several 

carbenoid reactions including selective primary C−H functionalization.13, 23  In hopes of 

conducting the synthesis of these ligands in continuous flow, we re-examined was the 

asymmetric cyclopropanation of 1,1-diphenylethylene (10) with para-substituted donor/acceptor-

substituted diazo compound 11 as well as with various related diazo compounds (15, 26a-d).24 

The data in Table 4.8 demonstrates the breath of diazo compounds that were successfully used 
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under optimized flow conditions, giving the products with comparable, but slightly diminished, 

enantioselectivities and yields to the complementary Rh2(S-DOSP)4−catalyzed batch reactions.12, 

23a   (The residence time of the reactions was estimated to be 10-42 s at a flow rate of 0.05 mL 

min−1 assuming the 0.5 mL pulse permeates the entire shell of an average 4 cm-long fiber.) 

 
Table 4.8  Scope of cyclopropanation with donor/acceptor-substituted diazo compounds using 

CA-Rh2(S-DOSP)4 embedded in the walls of hollow fibers 

 
 

Seeing as Rh2(S-DOSP)4 itself is an effective catalyst for a variety of stereoselective C–H 

functionalizations,25 we further demonstrated the utility of the fiber-supported Rh2(S-

DOSP)4−derivative 18 in a classic C–H functionalization, the combined C–H 

functionalization/Cope rearrangement (CHCR)26/retro-Cope rearrangement27 of 1-methyl-3,4-

dihydronaphthalene (28) and styryldiazoacetate (27d).  A similar % ee was achieved with 

catalyst 18 and Rh2(S-DOSP)4,12 with a slightly lower yield observed with the use of 18 in flow.  

Successful completion of such robust organic transformations in flow is promising for the 

construction of natural products and other organic compounds using the hollow fibers.28 
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Scheme 4.7  C–H insertion with CA-Rh2(S-DOSP)4 

 
 
To examine the stability of CA Rh2(S-DOSP)4 (18), the use of the Rh2-functionalized fibers over 

multiple reactions was probed.  Although dirhodium(II) catalysts are known to deactivate,29 good 

% ee values were obtained over 1000+ turnover numbers (TON) in the cyclopropanation of 

methyl phenyldiazoacetate (11) and 10 (Figure 4.9, two different Rh2(S-DOSP)4-fibers were used 

to demonstrate reproducibility). Over the 1000+ TON achieved in 10 consecutive reaction 

cycles, only a small decrease in enantioselectivity was observed (Table 4.9, 92% ee gradually 

decreased to 84% ee). 

 
Table 4.9  High turnover number and recycling study with CA-Rh2(S-DOSP)4 in flow 
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Figure 4.9  The effect of increasing the TON on the % ee of CA-Rh2(S-DOSP)4−catalyzed  

intermolecular asymmetric cyclopropanation 

 

4.7  Conclusion 

 
These studies provided new insight into the design and application of dirhodium(II)-catalysts in 

continuous flow processing.  We were able to apply our previously reported immobilizable 

Rh2(S-DOSP)4−derivative to Rh2(S-DOSP)4−immobilization onto styryl-functionalized cellulose 

acetate and torlon supports for use in continuous flow processing.  We found that a cellulose 

acetate supported Rh2(S-DOSP)4−derivative provided products of carbenoid reactions in good 

yields and with high enantio- and diastereoselectivities.  We also found that an ideal flow reactor 

set-up involved the use of peristaltic pumps for sweep flow, an HPLC valve for sample injection, 

and an automated fraction collector for product collection.  We were able to demonstrate that 

hollow composite fibers are a great platform for dirhodium(II) catalyst immobilization and 

application in enantioselective rhodium carbenoid flow chemistry.  This was demonstrated by 

creating hollow fibers that contained silica-tethered dirhodium(II) catalysts and use of these 

fibers in synthetically useful enantioselective transformations.  The reactions catalyzed within 
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the hollow fiber flow system demonstrates that the composite hollow fiber platform may be a 

useful new approach to conducting flow liquid phase synthesis of organic molecules.   

 

4.8  Experimental Section 

 
General:  All solvents were purified and dried by a Glass Contour Solvent System unless 

otherwise stated.  1H and 13C NMR spectra were recorded at either 400 MHz (13C at 100 MHz) 

on a Varian-400 spectrometer.  NMR spectra were run in solutions of deuterated chloroform 

(CDCl3) with residual chloroform taken as an internal standard (7.26 ppm for 1H, and 77.0 ppm 

for 13C), and were reported in parts per million (ppm).  Abbreviations for signal multiplicity are 

as follows: s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, m = multiplet, dd = doublet 

of doublet, app t = apparent triplet, etc.  Coupling constants (J values) were calculated directly 

from the spectra.  IR spectra were collected on a Nicolet iS10 FT-IR spectrometer.  Mass spectra 

were taken on a Thermo Finnigan LTQ-FTMS spectrometer with APCI, ESI or NSI.  Thin layer 

chromatographic analysis was performed with silica gel plates, visualizing with UV light and/or 

staining with PMA. Flash column chromatography was performed on silica gel 60Å (230-400 

mesh). Analytical enantioselective chromatographies were measured on Varian Prostar 

instrument and used isopropanol : hexane as gradient.  1,1-diphenylethylene (10) was 

commercially available and used without further purification.  Styrene (24) was commercially 

available and purified by pushing through a silica-filled pipette prior to use.  Rh2(S-DOSP)4,30 

methyl phenyldiazoacetate (11),31 methyl 2-(4-bromophenyl)-2-diazoacetate (15),31 methyl 2-

diazo-2-(2-isopropoxyphenyl)acetate (22),20 styryldiazoacetate (27d),32 and 1-methyl-3,4-

dihydronaphthalene (28),32  were prepared following known literature procedures. 1,1-diphenyl 

ethylene was commercially available and filtered through silica prior to use.  Rh2(S-
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DOSP)4−catalyzed cyclopropanation providing 12,33 16,34 and 2535 intramolecular C−H insertion 

providing 23;20 and CHCR/retro CHCR providing 2927 were all run according to published 

procedures.  The flow reactor was designed by Dr. Nicholas Brunelli.  The cellulose acetate fiber 

was provided by Dr. Ying Dai.  Surface functionalization and grafting of the immobilizable 

dirhodium(II) catalyst to the surface, as shown in Scheme 4.6, was conducted by Dr. Yan Feng.  

The optimal flow conditions used the reactions shown in Tables 4.7 - 4.9 and Scheme 4.7 were 

established by Dr. Eric G. Moschetta.  Cyclopropanes 12, 16, and 27a-c in Table 4.8 were 

synthesized under continuous flow conditions by Dr. Eric G. Moschetta and characterized by Dr. 

Solymar Negretti. 

 
Fiber synthesis:  The synthetic strategy for immobilizing a ligand-exchanged analogue of Rh2(S-

DOSP)4, Rh2(S-DOSP)3(S-SP) (17), on a styryl-functionalized silica surface using an AIBN-

initiated free radical coupling process is described in the experimental section 3.12 of Chapter 3.  

Also, for full characterization of Rh2(S-DOSP)3(S-SP) (17),12 see experimental section 3.12 of 

Chapter 3.  The silica is embedded in the walls of the cellulose acetate fibers and the remaining 

surface silanols were capped with HMDS prior to immobilization of the dirhodium(II) species. 

 
Cellulose acetate-supported Rh2(S-DOSP)4−fiber (18) synthesis:  The synthesis of cellulose 

acetate fibers has been described previously.14, 36  Fresh cellulose acetate fibers containing silica 

particles embedded in the walls (7.0 g) were admitted to a 250 mL two-neck flask purged with 

nitrogen (UHP) for 30 min.	   	  The flask was then purged with nitrogen for another 30 min, then 

5.0 g of styrylethyltrimethoxysilane (20) in about 75 mL anhydrous toluene was injected into the 

flask via syringe, which was rinsed several times with anhydrous toluene.  Next, 20 mL 

triethylamine in anhydrous toluene was added in an identical manner.  The total volume of the 
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reaction mixture was about 125 mL.  The reaction was stirred at 25 °C under nitrogen overnight. 

The resulting fibers were filtered and washed with toluene (three 75 mL washes) and hexanes 

(three 75 mL washes) and dried under vacuum overnight to yield styryl-functionalized silica 

particles in the fibers.  The styryl-functionalized fibers were placed in a 250 mL two-neck flask 

that was purged with nitrogen for 30 min before and after addition of the fibers. The fibers were 

subsequently treated with 50 mL hexamethyldisilazane (HMDS) in 100 mL anhydrous toluene 

via a syringe, which was washed several times with dry toluene.  The mixture was stirred at 25 

°C under nitrogen for 3 days.  The resulting fibers were filtered and washed with toluene (three 

75 mL washes) and hexanes (three 75 mL washes) and dried under vacuum overnight.  The 

HMDS-treated fibers (7.0 g) were added to a dry 500 mL Schlenk flask, along with 4.0 g (0.88 

mmol) Rh2(S-DOSP)3(S-SP), 0.15 g (0.88 mmol) azobisisobutyronitrile (AIBN), and about 175 

mL toluene.  The flask was then sealed and connected to the Schlenk line. The solution was 

degassed over 4 freeze-pump-thaw cycles, heated to 80 °C, and stirred under argon (UHP) for 4 

days.  The solution was cooled to room temperature and filtered and washed with toluene (three 

150 mL washes) and hexanes (three 100 mL washes). 

 
General procedure A for flow reactions:  (without final wash)	   For each reaction, a fresh 

cellulose acetate fiber containing the embedded catalyst (immobilized analogue of Rh2(S-

DOSP)4) was positioned in the bottom part of the stainless steel reactor and glued in place using 

a commercially available epoxy (Loctite).  The epoxy was allowed to dry for 30 min before 

assembling the reactor.  The top of the reactor was then screwed in, using a rubber O-ring to 

prevent the solvent from leaking out from the stainless steel frame.  The ReactIR (Mettler-

Toledo) probe was then inserted and the HPLC fittings were attached using Teflon tape.  

Hexanes was fed directly to the fiber (the reactant flow) and the reactor cell (the sweep flow) to 
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test for leaks and to fill the chamber with solvent prior to each reaction.  Peristaltic pumps (Cole-

Parmer Masterflex L/S) were used to pump the dry, degassed solvents from round-bottom flasks 

to the reactor.  Once the reactor was free of leaks and a steady stream of solvent was exiting the 

reactor as the sweep flow, the HPLC valve (Rheodyne) was switched to the loading position and 

0.5 mL of the reactant solution was injected.  The HPLC valve was then switched to the feed 

position and the reaction started.  The fraction collector (Varian 701 ProStar) was set to a clean, 

labeled test tube to collect the sweep flow containing the reaction products and the ReactIR was 

used to monitor the progress of the reaction.  An additional 0.5 mL of reaction solution was 

injected immediately after the first injection went through the fiber.  After enough time elapsed 

to allow the entire reaction solution to enter the fiber, another 45 min were allowed to pass to 

extract as much product from the reactor as possible.  Once the reaction was over, the reactor 

was disassembled, the fiber was collected in a labeled container, and the epoxy was removed.  

The reactor was cleaned with acetone and dried in an oven before the next reaction.  The 

products were purified through silica gel column chromatography (10% EtOAc in hexanes).  

 
General procedure B for flow reactions:  The procedure is identical to General Procedure A, 

with the exception of injecting a 0.5 mL pulse of isopropanol every 15 min during the 45 min 

elution time to increase the yield of more polar products.  The products were purified through 

silica gel column chromatography (10% EtOAc in hexanes). 

 

 

Methyl (S)-1,2,2-triphenylcyclopropane-1-carboxylate (12):  Following general procedure A, 

phenyldiazoacetate (17.6 mg, 0.1 mmol, 1 equiv.) and 1,1-diphenylethylene (54.1 mg, 0.3 mmol, 

3 equiv.) were employed to yield 25.2 mg of product (77%) after chromatography. The NMR 

Ph Ph
CO2MePh
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data was consistent with previous reports. 1H NMR (400 MHz; CDCl3) δ 7.52-7.50 (m, 2H), 

7.36-7.32 (m, 4H), 7.26-7.23 (m, 1H), 7.16-7.10 (m, 3H), 6.98-6.94 (m, 5H), 3.36 (s, 3H), 2.70 

(d, J = 5.5 Hz, 1H), 2.43 (d, J = 5.5 Hz, 1H); HPLC (S,S-Whelk, 9.0% isopropanol in hexane, 1.0 

mL min−1, 1 mg mL−1, 30 min, UV 254 nm) retention times of 6.8 min (minor) and 17.4 min 

(major), 96:4 e.r. (92% ee). 

 

 
Methyl (S)-1-(4-bromophenyl)-2,2-diphenylcyclopropane-1-carboxylate (16):  Following 

general procedure A, p-bromophenyldiazoacetate (25.5 mg, 0.1 mmol, 1 equiv.) and 1,1-

diphenylethylene (54.1 mg, 0.3 mmol, 3 equiv.) were employed to yield 31.0 mg of product 

(77%). The NMR data was consistent with previous reports. 1H NMR (400 MHz, CDCl3) δ 7.48-

7.47 (m, 2H), 7.35-7.31 (m, 2H), 7.27-7.18 (m, 5H), 7.02-6.97 (m, 5H), 3.34 (s, 3H), 2.68 (d, J = 

5.5 Hz, 1H), 2.39 (d, J = 5.9 Hz, 1H); HPLC (S,S-Whelk, 5% isopropanol in hexane, 0.8 mL 

min−1, 1 mg mL−1, 60 min, UV 254 nm) retention times of 10.6 min (minor) and 50.9 min 

(major) 94:6 e.r. (88% ee). 

 

 

Methyl (S,E)-2,2-diphenyl-1-styrylcyclopropane-1-carboxylate (27d):37 Following general 

procedure A, styryldiazoacetate (20.2 mg, 0.1 mmol, 1 equiv.) and 1,1-diphenylethylene (16.4 

mg, 0.9 mmol, 0.9 equiv.) were employed to yield the product in >20:1 dr as determined by 1H 

NMR analysis of the crude reaction mixture.  The residue was then purified through silica gel 

eluting with pentane:ether (increasing from 100:0 to 90:10) to afford a white solid (21 mg, 68% 

yield).  Enantioenrichment was determined by chiral HPLC analysis after purification: (Chiralcel 

OJ-H, 1.5% i-PrOH in hexane, 1.0 mL min−1, 1 mg mL−1, 30 min, λ = 254 nm) retention times of 

Ph p-BrC6H4

CO2MePh

Ph

CO2MePh
Ph
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6.24 min (minor) and 13.25 min (major), 96:4 e.r. (92% ee).  The spectral data were identical to 

those previously reported.37 The Rh2(S-DOSP)4 catalyzed reaction between 10 and 26d gave 27d 

in 81% yield and 96:4 e.r. (92% ee). 

 

	  

Methyl (S,E)-2-((R)-4-methyl-1,2-dihydronaphthalen-2-yl)-4-phenylbut-3-enoate (29):27  

Following general procedure A, styryldiazoacetate (20.2 mg, 0.1 mmol, 1 equiv.) and 1,1-

diphenylethylene (16.4 mg, 0.9 mmol, 0.9 equiv.) were employed to yield the product in >20:1 

dr as determined by 1H NMR analysis of the crude reaction mixture.  The residue was then 

purified through silica gel eluting with pentane:diethyl ether (20:1) to afford a white solid (24 

mg, 83% yield).   Enantioenrichment was determined by chiral HPLC analysis after purification: 

(Chiralcel OD-H, 2% i-PrOH in hexane, 0.8 mL min−1, 1 mg mL−1, 30 min, λ = 254 nm) 

retention times of 7.68 min (major) and 9.13 min (minor), 94:6 e.r. (88% ee).  The spectral data 

were identical to those previously reported.27 The Rh2(S-DOSP)4 catalyzed reaction between 28 

and 27d has been previously reported to give 29 in 95% yield and >99:1 e.r. (99% ee).27 

 
General procedure for Rh2(S-DOSP)4–catalyzed homogeneous reactions:  An oven-dried 25 

mL round-bottom flask was charged with Rh2(S-DOSP)4 (3.8 mg, 0.002 mmol, 0.01 equiv.), 1,1-

diphenylethylene (106 µL, 0.60 mmol, 3.0 equiv.) and dry, degassed pentane (3 mL). The flask 

was then purged with argon. On a separate oven-dried 20 mL scintillation vial the corresponding 

diazoacetate (0.20 mmol, 1 equiv.) was dissolved in dry, degassed pentane (3 mL). The vial was 

then purged with argon. Then the solution of the diazoacetate was added to the reaction flask 

over 1 h via syringe pump. The reaction mixture was allowed to stir at rt at least 2 h after the 

Me
Ph

CO2Me
H
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addition was complete. Then the reaction mixture was concentrated under reduced pressure and 

the crude residue purified through silica column chromatography (eluent: 10% EtOAc in 

hexanes) to yield the desired triarylcyclopropane carboxylate methyl ester. 

 
Characterization of the hollow fibers: 

Table S1. Elemental analysis of fresh and used Rh2(S-DOSP)4-fibers.  Elemental analysis (ALS 
Environmental – Tucson, AZ) suggests that neither the sweep flow nor the cyclopropanations 
caused the dirhodium(II) species to be leached from the fiber walls appreciably. 
 

 wt % Element  

 C H N mol Rh/mol Si 

Fiber #1 (fresh) 28.01 3.84 1.26 0.010 

Fiber #1 (used) 28.73 3.75 1.23 0.012 

Fiber #2 (fresh) 28.05 3.7 1.21 0.010 

Fiber #2 (used) 28.44 3.67 1.21 0.010 

 

The surface area and pore volume of the fibers (Table S2) was determined by nitrogen 

physisorption experiments on a Micromeritics Tristar 2030 at 77 K.	  All samples were evacuated 

overnight at 110 °C. Approximately 100 mg of each sample, catalyst-containing fibers and bare 

cellulose acetate fibers as references, was used for the measurements. The isotherms were 

analyzed using the Brunauer-Emmett-Teller (BET) method to calculate the surface area of the 

materials and the Broekhoff-de Boer method with the Frenkel-Halsey-Hill (BdB-FHH) 

modification using the data from the adsorption isotherm to calculate the total pore volume. The 

slight decreases in surface area and total pore volume for the catalyst-containing fibers compared 

to the bare cellulose acetate fibers indicate successful immobilization of the catalytic species in 

the fiber walls. 
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Table S2. Surface areas and total pore volumes of the hollow fibers and the silica support. 

Material Surface area (m2/g) Pore volume (cm3/g) 
C803 silica 180 0.94 
Bare cellulose acetate fibers 125 0.60 
ZSM-5 fibers 194 0.08[a] 
APS fibers 57 0.28 
Rh2(S-DOSP)4-fibers 101 0.55 
 [a]Low pore volume may be due to some zeolite pore blockage by polymer 

 
Figure S1. Structures of (A) the solid oxide Brønsted-acid catalyst, zeolite ZSM-5, and (B) the 
solid oxide base organocatalyst, APS-functionalized silica. For (A), the gray spheres represent 
either Si or Al and the red spheres represent O. 
 
Variable-amplitude cross-polarization solid-state (VACP-MAS) 13C and 29Si NMR spectra were 

recorded on a Bruker Avance III 400 spectrometer at a spinning speed of 12 kHz.  Figure S2 

shows the 13C NMR spectra for fresh Rh2(S-DOSP)4-fibers and used fibers after the same high 

TON experiments in flow described in the DR-UV-Vis section and Figure 3 of the main text. 

Both spectra exhibit the same peaks at the same chemical shifts. Peaks corresponding to the 

cellulose acetate polymer are marked 1-8 in the fresh fiber spectrum and a molecule of cellulose 

acetate is provided for reference.38  Peaks marked Rh correspond to Rh2(S-DOSP)3(S-SP) and are 

in agreement with the literature values.12  There is a slight increase in the peak area near 127 

ppm for the high TON fibers, possibly due to residual 1,1-diphenylethylene.  
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Additional information:  The cellulose acetate fibers are compatible with water, hydrocarbon 

solvents, and short-chain alcohols (e.g. methanol, ethanol). Halogenated solvents should be 

avoided and the pH of aqueous solutions should be kept between pH = 4-8 to avoid degradation 

of the fibers. In dry conditions, cellulose acetate has a glass transition temperature of ~200 °C, 

which should be considered the maximum temperature when using the fibers in chemical 

reactions. In addition to keeping the dirhodium(II) catalyst immobilized in the fiber for reuse, the 

improved heat and mass transfer of the fibers (high surface area-to-volume ratio) allow for 

efficient transfer of the nitrogen gas that is evolved during the reaction and the large amount of 

heat released in the cyclopropanations and C–H functionalizations. The sweep flow over the 

fiber also helps transfer the heat and nitrogen released during the reactions, providing additional 

benefits from using the hollow fibers to conduct the reactions in flow compared to the 

homogeneous batch reactions. 

The key discoveries made in this chapter were recently published.39 
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Chapter V:  Concise Synthesis of Dictyodendrin A 
by a  Sequential C−H Functionalization Strategy 

 
Advisor: Huw M. L. Davies, Ph.D. 

Collaborator: Kenichiro Itami, Ph.D. 
 

The dictyodendrin marine alkaloids possess unique structures as well as notable biological 

activities.  This chapter describes a synthetic strategy for the synthesis of dictyodendrins A and 

F.  In this chapter a new synthetic strategy to the dictyodendrins utilizing sequential 

regioselective C–H functionalizations is described.  This synthetic approach features a 

combination of regioselective C–H arylation, C–H insertion, and Suzuki-Miyaura coupling to 

fully functionalize the pyrrole ring in order to realize a short synthesis.  

 

 

 

5.1  Introduction to the Dictyodendrin Marine Alkaloids 

 
Dictyodendrins A–E (Figure 5.1, 1 – 4 and 9), isolated in 2003 from a Japanese marine sponge, 

Dictyodendrilla verongiformis by Fusetani, Matsunaga and co-workers,1 are the first marine 

alkaloids to inhibit telomerase,2 giving them potential as targets for cancer chemotherapy.  

Dictyodendrins F–J (5 – 8 and 10), isolated in 2012 from a southern Australian marine sponge 

Ianthella sp. by Capon and co-workers,3 exhibit significant β-secretase (β-site APP cleaving 

enzyme: BACE) inhibitory activity (IC50 1–2 µM).  Synthetic organic chemists have developed 
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new methods for the syntheses of these natural products which are synthetically challenging due 

to the structurally complexity of their highly substituted pyrrolo[2,3-c]carbazole core (Figure 

5.1).4  

 
Figure 5.1  A summary of the structures and biological activities of the dictyodendrins 

 

5.2  Previous Total Syntheses of the Dictyodendrins 

 
Through the combined efforts of Fürstner, Ishibashi, Tokuyama, and Jia, the total syntheses of 

dictyodendrins A-F have been accomplished (Figure 5.2).  Fürstner and Ishibashi focused on 

building complexity around the pyrrole core, while the Tokuyama and Jia chose the indole ring 

for the core structure (Figure 5.2, core structures highlighted in red).  Fürstner and co-workers 

reported the first total syntheses of dictyodendrins B, C, E, and F in 2005 and 2006.  Their 
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synthetic route featured a titanium-mediated reductive coupling reaction for the construction of 

the indole ring, followed by pyrrolo[2,3-c]carbazole core closure via 6π-electrocyclization.5  In 

2010, Iwao, Ishibashi and co-workers achieved an efficient synthesis of dictyodendrin B by use 

of a Suzuki–Miyaura cross-coupling reaction to introduce two aromatic rings to the pyrrole 

core.6 Tokuyama and co-workers accomplished the total syntheses of dictyodendrins A–E in 

2010 and 2011 utilizing an indoline formation by in situ generation of benzyne and a Pd-

catalyzed cross-coupling.7  Recently, Jia and co-workers reported the total syntheses of 

dictyodendrins B, C and E using a one-pot Buchwald–Hartwig amination / intramolecular C–H 

coupling (Figure 5.2).8  

 

 
Figure 5.2  Previously reported strategies for the syntheses of the dictyodendrins 
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In Fürstner’s report on the total syntheses of dictyodendrins B, C and E, he noted that 

dictyodendrins A–E differ only in their oxidation state and C2 substitution of the central pyrrole 

ring.  For this reason, he proposed a pyrrolocarbazole as a common intermediate for the 

preparation of the entire dictyodendrin family (Figure 5.3).  Dictyodendrins B (2)5a and C (3),5b 

E (9)5b were synthesized from this common intermediate (I).5b  Although initially proposed in 

this report, the syntheses of dictyodendrins A (1) and D (4) were not accomplished in this way.  

 

 
Figure 5.3  Fürstner’s common intermediate for the syntheses of dictyodendrins A-E 
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anisylacetate moiety of 11 could be introduced on a bromoindole intermediate (12) by 

regioselective Friedel–Crafts alkylation.  This synthesis featured one of its initial steps, an 

unprecedented benzyne-mediated one-pot cyclization/cross-coupling sequence, as the key step in 

the synthesis (Scheme 5.1).7 

 
Scheme 5.1  Tokuyama’s retrosynthetic analysis of dictyodendrin A 

 

 
The working hypothesis for the mechanism of the benzyne-mediated one-pot indoline 
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cyclization to provide 7-metalated indoline 18.  The metalated species 18 then serves as a 
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Tamao coupling conditions.  Transmetalation to the copper species was crucial for a high 

yielding cross-coupling process (Scheme 5.2).7a 

 
Scheme 5.2  Tokuyama’s benzyne-mediated one-pot indole formation / 

cross-coupling reaction 

 

 
Although this was a flexible route which provided access to two of the dictyodendrins, 

including a total synthesis of B and the first total synthesis of dictyodendrin A, the synthesis of 

dictyodendrin A required 21 total steps and was only produced in 8.2% overall yield.  
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5.3  Exploratory Studies Toward the Synthesis of Dictyodendrin A 

 
Jia and co-workers, who achieved the synthesis of dictyodendrins B, C and E through a C–H 

activation strategy, also attempted, yet failed to complete, the total synthesis of dictyodendrin 

A.8b Their key one-pot reaction of Buchwald–Hartwig amination/intramolecular C–H coupling 

reaction gave only a trace amount of dictyodendrin A and they failed to convert the intermediate 

of the synthesis of dictyodendrin B into dictyodendrin A by means of the transformation of the 

C2 substituent.8b  Although these findings confirm that dictyodendrin A is a particularly 

challenging target, through a collaboration with Prof. Kenichiro Itami and Prof. Junichiro 

Yamaguchi from the University of Nagoya in Japan, we envisioned a streamlined retro-synthetic 

route to dictyodendrin A by sequential C–H functionalization reactions utilizing a combination 

of rhodium carbenoid C−H activation developed by Davies and co-workers and rhodium 

mediated aryl C−H coupling developed by Itami and co-workers. 

 The first synthetic route presented was investigated by Dr. Atsushi D. Yamaguchi of the 

Itami lab during his research exchange in the Davies lab.  In this route, N-alkylpyrrole 22 serves 

as the core structure around which complexity could be built by functionalization of the four 

C−H bonds of the pyrrole ring.  This route obviates the need for substrate prefunctionalization 

and thus would allow for a short and efficient synthesis of dictyodendrin A (Scheme 5.3).  The 

order in which the C–H functionalization reactions are carried out plays a key role in controlling 

regioselectivity.9   
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Scheme 5.3  Davies / Itami route to access the dictyodendrins 
via sequential regioselective C–H functionalizations 

 

 
Two main reaction pathways are possible in the reaction of pyrroles with dirhodium(II) 

carbenoids involving either a concerted asynchronous cyclopropanation or zwitterionic 

intermediates.  The nitrogen lone pair of N-acyl pyrroles is in conjugation with the carbonyl 

group, pulling electron density out of the aromatic ring and making them behave more like a 

diene towards metal carbenoids, giving rise predominantly to cyclopropane products.  The 

reaction of carbenoids with N−H or N-alkyl pyrroles tends to proceed via zwitterionic 

intermediates, leading to alkylation products.  The mechanism is stepwise.  The size of the alkyl 

substituent determines whether the electrophilic carbenoid will attack at the 2- or 3-position.  

Smaller substituents favor 2-alkylation, while bulkier substrates give rise to the 3-alkylation 

product.  The vinyl C−H bond is too strong to undergo a typical C−H insertion reaction or a 

hydride-abstraction/C−H insertion type mechanism. 

The alkylation products can be considered to be derived from two possible pathways 

(Scheme 5.4).  Donor/acceptor-substituted rhodium carbenoid intermediates could undergo a 
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the alkylation products.  Alternatively, when acceptor/acceptor-substituted diazo starting 

materials are used, this transformation is presumed to proceed via an electrophilic aromatic 

substitution-type attack of the pyrrole on the rhodium carbenoid to generate zwitterionic 

intermediates which then rearrange by a 1,2-proton shift and concurrent aromatization.  The 

preference for 2-alkylation ion is consistent with the electrophilic substitution reactions of 

pyrroles.  Additionally the largest orbital coefficients on the HOMO of the pyrrole further 

support the preference for 2-alkylation.  The most robust substrates for these reactions are those 

which best stabilize of the anion portion of the zwitterionic intermediate.  The N-alkyl 

substituent and the type of catalyst used determine the efficiency and regioselectivity of the 

reaction.10 
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 Scheme 5.4  Controlling factors for rhodium carbenoid selectivity in reaction 
 with pyrroles: cyclopropanation vs. C−H functionalization 

 

The 2-functionalization of N-alkylpyrroles with the use of a rhodium-stabilized carbenoid is a 

well-precedented transformation.  In their efforts to optimize the syntheses of tolmetin, an 

important nonsteroidal anti-inflammatory agent for the treatment of arthritis, and zomepirac, a 

potent nonnarcotic analgestic, Maryanoff explored the 2-alkylation of N-methylpyrrole with 

ethyl diazoacetate (EDA),11 dimethyl diazomalonate (DMDM) and ethyl 2-diazoacetoacetate 

(EDAA) with the use of both copper(II)-promoting agents and rhodium(II) acetate dimer.12  The 

reaction of EDA (24a) with N-methylpyrrole (23) failed to proceed under 

Rh2(OAc)4−catalysis.11a  When the diazo substrate was switched to DMDA (24b) or EDAA 

(24c), however, the selective 2-functionalization of N-methylpyrrole (23) proceeded in high yield 
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(25b: 83% and 25c: 72%) and regioselectivity (25b: 9.8 : 1 and 25c: > 10 : 1) (Table 5.1). 

 
Table 5.1  Regioselective α-functionalization of 

acceptor and acceptor/acceptor-substituted rhodium carbenoids with N-methylpyrrole 

 

 
Davies et al. have explored the reactions of rhodium stabilized donor/acceptor carbenoids 

with pyrroles.10  Tropanes are formed in the rhodium-catalyzed reaction of vinyldiazoacetates 

with N-Boc-pyrroles via tandem cyclopropanation/Cope rearrangement.13  Interestingly, when 
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vinyldiazoacetates.  This report mostly focused on the vinylogous reactivity of 

vinyldiazoacetates with only three examples of reactivity of the vinyldiazoacetate coming from 

the carbenoid site (Table 5.2).14  The reaction of aryldiazoacetates with N-Boc-pyrrole results in 

double cyclopropanation of the pyrrole rings.15  The reaction of aryldiazoacetates with N-

methylpyrrole, however, has not been explored and there has only been one report of reaction of 

aryldiazoacetates with N-alkylpyrroles to date.16  
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Table 5.2  Reactions of vinyldiazoacetates with substituted N-methylpyrroles 

 

 
The rhodium carbenoid mediated 2-functionalization of a β-arylated N-alkylpyrrole with an 

electron-rich aryldiazoacetate is also precedented inhibitor (Scheme 5.5).16  In 2000, Steglich and 

co-workers reported the monoalkylation of 3,4-diarylated pyrrole 31 with electron-rich 

aryldiazoacetate 32 as a key step in the synthesis ningalin C (34), a biogenetically related 

analogue of the marine alkaloid purpurone which is a potent ATP-citrate lyase (ACL) inhibitor 

(Scheme 5.5).16 
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in the highly enantioselective C−H insertion into cycloalkanes and tetrahydrofuran.  Specifically, 

C−H insertions of aryldiazoacetates 36a-d into N-Boc-pyrrolidine (35) are highly regio-, 

diastereo-, and enantioselective (Table 5.3).17 

 
Table 5.3  Davies’ α-selective C−H functionalization of N-Boc-pyrrolidine 

 

 
In this report, bis-C−H insertion reactions were also possible by Rh2(S-DOSP)4−catalyzed 

decomposition of aryldiazoacetates 36a-d and 21 in the presence of N-Boc-pyrrolidine (35), 

followed by heating of the mixture under reflux with additional aryldiazoacetate to generate C2-
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enantiopurity).  In contrast, using Rh2(R-DOSP)4 as catalyst resulted in the formation of a 

mixture of diastereomers and/or regioisomers that were not resolvable.  This difunctionalization 

reaction could be performed as a one-pot process with the use of Rh2(S-DOSP)4 as a catalyst and 

was found to be compatible with a variety of diazo substrates (Table 5.4).17  This 2, 5-

difunctionalization methodology, however, has not been previously reported with the use of 

pyrroles as substrates. 
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Table 5.4  Davies’ α-selective double carbenoid insertion into N-Boc-pyrrolidine 

 
 

Inspired by this chemistry, the bis-functionalization of the N-alkylpyrrole 22 was proposed.  

In a collaborative effort to synthesize dictyodendrin A, the Davies and Itami groups proposed a 

retro-synthetic route that would proceed via an initial α-selective double carbenoid insertion 

followed by a β-selective arylation.  This initial approach toward dictyodendrin A (1) was 
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Scheme 5.6  Davies / Itami retro-synthetic route to dictyodendrin A 
via an α-selective double carbenoid insertion followed by a β-selective arylation 
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Yamaguchi.  Several catalyst systems were screened including RhCl(CO){P[OCH(CF3)2]3}2 

which has shown a high reactivity for the C–H arylation of thiophenes and pyrroles,18 

PdCl2/P[OCH(CF3)2]3 which has enabled a β-selective direct arylation of thiophenes,19 

PdCl2/bipy which has catalyzed efficient C–H arylation of thiophenes to provide α-arylated 

thiophenes regioselectively,20 and [Pd(OAc)2/bipy/TEMPO] which has shown β-selectivity in the 

direct arylation of thiophenes with arylboronic acids.21 Unfortunately, none of these reaction 

conditions afforded the desired coupling product 41.  This reaction is believed to have failed due 

to the steric hindrance at the C3 position of 42 as well as to the electronic influence of ester 

groups and α-protons adjacent to carbonyl groups (Scheme 5.7).9 

 
Scheme 5.7  Attempts toward the synthesis of dictyodendrin A 

via an α-selective double carbenoid insertion followed by a β-selective arylation  
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functionalization of 22 with methyl 2-diazo-2-(4-methoxyphenyl)acetate (21) proceeded with 

poor regioselectivity  (4.6 : 1 ratio of 43 to 44) and yield (29% combined yield of 43 and 44) and 

a significant amount of undecomposed starting pyrrole 22 (63%) was recovered (Scheme 5.8).  

One possible explanation for this poor reactivity could be catalyst poisoning as a color change 

from green to red was observed upon addition of substrate 22 to the catalyst in solution.  

 
Scheme 5.8  C−H functionalization of an unsubstituted N-alkylpyrrole 

with an electron-rich methyl ester-substituted donor/acceptor-diazo compound 
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Scheme 5.9  Davies / Itami retro-synthetic route to dictyodendrin A via β-selective arylation 
followed by an initial α-selective carbenoid insertion, carbazole closure, 

and a final α-selective carbenoid insertion 
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Table 5.5  Itami’s direct C−H arylation of heteroarenes catalyzed by  
RhCl(CO){P[OCH(CF3)2]3}2 

 

 
Recently, the Itami group reported this as a general method for the β-selective C–H arylation 

of pyrroles (Scheme 5.10).18, 24  

 
Scheme 5.10  β-selective arylation of pyrroles by RhCl(CO){P[OCH(CF3)2]3}2 
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The mechanism for the β-selective pyrrole C–H arylation by RhCl(CO){P[OCH(CF3)2]3}2 is 

thought to proceed by the pathway shown in Scheme 5.11.24  The neutral Rh(I) complex 

undergoes oxidative addition with the aryl iodide and halide removal with Ag2CO3 to generate 

cationic aryl-Rh(III) species followed by π-complexation of the pyrrole.  C−H rhodation of this 

intermediate leads to the formation of the less sterically hindered diaryl-Rh(III) intermediate 

which, upon reductive elimination, affords the β-arylated pyrrole and regenerates the catalyst.  

The regioselectivity of this transformation is determined during the π-complexation and C−H 

rhodation steps in which the sterically more accessible C−H rhodation intermediate is preferred 

due to steric repulsion of the N-substituent of the pyrrole substrate and bulky phosphite ligand on 

the catalyst (Scheme 5.11).  In the case of thiophenes and furans, there are no substituents on 

heteroatoms and thus the formation of the intermediate leading to the α-arylated products is 

preferred.  The importance of N-substituents of pyrrole substrates was demonstrated by the 

increase in β-selectivity with increasing the steric bulk of the N-substituent on the pyrrole (Me < 

Et < Bn = TIPS).  N−H pyrroles, however, did not react under these conditions. 

 
Scheme 5.11  A possible mechanism of β-selective pyrrole C–H arylation  

by RhCl(CO){P[OCH(CF3)2]3}2 
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Dr. Atsushi Yamaguchi was able to employ this methodology to make key intermediate 46, 

which served as the core structure in the synthesis of dictyodendrin A.  

RhCl(CO){P[OCH(CF3)2]3}2–catalyzed direct β-selective C–H arylation of the N-alkylpyrrole 

(22) with para-iodoanisole (14) provided the corresponding 3-arylpyrrole 46 in 52% yield.  

Changing the solvent did not drastically effect the yield (Table 5.6). 

 
Table 5.6  Optimization of β-selective C–H arylation of an N-alkylpyrrole 

and an electron rich aryliodide by RhCl(CO){P[OCH(CF3)2]3}2 
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its chlorinated ligands which force it to adopt a C4-symmetric confirmation.26  We presumed that 

use of a bulky dirhodium catalyst in combination with a 2,2,2-trichloroethyl ester adjacent to the 

rhodium carbenoid, would force insertion to occur exclusively at the more sterically accessible 

α-position (Scheme 5.12).  It is important to note that 2,2,2-trichloroethyl aryldiazoacetates have 

been found to be robust reagents for the enantioselective C–H functionalization of methyl 

ethers).25   

 
Scheme 5.12  Proposed mechanism for α-selective carbenoid insertion with the use of a 

trichloroethyl ester-substituted donor/acceptor rhodium carbenoid 
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Under standard diazo transfer conditions, elimination of sulfonamide to provide the 

corresponding diazo compound failed presumably due to the electron-donating nature of both the 

p-ABSA and the starting material 54 (Scheme 5.13). 

 
Scheme 5.13  Attempts toward the synthesis of an electron-rich 
trichloroethyl ester-substituted donor/acceptor-diazo compound 
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(Scheme 5.14). 
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Scheme 5.14  Mechanistic hypothesis for problematic diazo transfer to 
electron-rich donor/acceptor-diazo compounds bearing a bulky ester functionality 
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Scheme 5.15  o-NBSA−mediated diazo transfer to give an 
electron-rich trichloroethyl ester-substituted donor/acceptor-diazo compound 
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reagent in 72% yield.  This route was scalable up to a 20 mmol scale (Scheme 5.16). 
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donor/acceptor-diazo compound
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Table 5.7  C−H functionalization of an arylated N-alkylpyrrole 
with an electron-poor trichloroethyl ester-substituted donor/acceptor-diazo compound 

 

 
To better understand the regioselectivity of this transformation, the reaction was repeated with 

the unsubstituted pyrrole 22.  The regioselectivity increased to 6.5 : 1 favoring the desired α-

functionalized product 69, but the yield was greatly diminished (30%) and a significant amount 

of undecomposed starting pyrrole 22 was recovered (63%).  The catalyst deactivated in this 

reaction as was observed by a color change from green to red upon addition of the solution of 

substrate 22 in dichloromethane to the catalyst (Scheme 5.17).  
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Scheme 5.17  C−H functionalization of an unsubstituted N-alkylpyrrole 
with an electron-poor trichloroethyl ester-substituted donor/acceptor-diazo compound 

 

 

We next sought to determine whether the aryldiazoacetate could be tuned to increase the 

regioselectivity of this transformation while maintaining the high yields observed with the use of 

electron-poor trifluoromethanesulfonate-substituted aryldiazoacetate 47b.  Also, to determine if 

poor regioselectivity of the transformations shown in Table 5.7 and Scheme 5.17	   	   	    was due to 

either the steric encumbrance of the trichloroethyl ester or to the electron withdrawing nature of 

the resulting carbenoid of this reaction, the methyl ester derivative (47c) of diazo compound 47b 

was synthesized and tested to determine its influence on the regioselectivity in 

dirhodium(II)−catalyzed functionalization of 3-arylated pyrrole 46.  Similar to the 

functionalization of 46 with 47b (Table 5.7), methyl ester derivative 47c provided the 

corresponding C−H functionalization products 71 and 72 in good yield (85%) but showed only 

slightly improved regioselectivity (Scheme 5.18, 3.1 : 1 ratio of 71 : 72) than was observed in the 

reaction with diazo 47b (Table 5.7, 2.6 : 1 ratio of 67 : 68).  These results tells us that the poor 

regioselectivity observed in the reactions of 47b shown in Table 5.7, although in part due to the 

bulky nature of the trichloroethyl ester, were primarily due to the electron withdrawing nature of 

the resulting rhodium carbenoid with para-triflate substitution on the aryl group of the aryldiazo. 
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Scheme 5.18  C−H functionalization of an arylated N-alkylpyrrole 
with an electron-poor methyl ester-substituted donor/acceptor-diazo compound 

 

 
One route to dictyodendrin A, which was being explored in parallel to these studies by Dr. 

Atsushi Yamaguchi, who had synthesized 73 (as described later in this chapter in Table 5.9) and 

was investigating the conversion of the methyl ester of 73 to the Weinreb amide of 75.  In his 

studies on this synthetic route, Dr. Atsushi Yamaguchi found that this proved difficult due to a 

low yield of 36% (Scheme 5.19). 

 
Scheme 5.19  Attempts toward the conversion of the methyl ester to a Weinreb amide for  

installation of the indole moiety of dictyodendrin A 

 
 

To further explore how varying the diazo starting material in the rhodium carbenoid 
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Weinreb amide-substituted aryldiazo 79 was synthesized.  First, conversion of the trichloroethyl 

ester of 66 to the Weinreb amide 78 proceeded in 74% yield and proved to be scalable to a 10 

mmol scale.   The Weinreb amide-substituted aryldiazo 79 was then synthesized in moderate 

yield (44%) by diazo transfer to 78  (Scheme 5.20). 

 
Scheme 5.20  Synthesis of Weinreb amide-substituted aryldiazo 

 

 
The functionalization of 46 with Weinreb amide-substituted aryldiazo 79 gave a complex 

mixure of products and 34% recovered starting pyrrole 46.  An inseparable regioisomeric 

mixture of 80, 81, and 82 was obtained in 10% combined yield along with a small amout of the 

product of carbene dimerization (83) (Scheme 5.21). 
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Scheme 5.21  Pyrrole C−H functionalization with Weinreb amide-substituted aryldiazo

 

 

Another reaction that proved troublesome in Dr. Atsushi Yamaguchi’s studies had been the 

conversion of the Weinreb amide of 75 to the indole moiety of 77 (Scheme 5.19).  We envisioned 

that one plausible way to circumvent this problem would be with the use of an α-keto indole 

aryldiazo (85) in the first functionalization of 46 (Scheme 5.22).  This would ideally simplify and 

shorten the synthesis of dictyodendrin A from the previously proposed retro-synthetic route. 
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Scheme 5.22  Modified retro-synthetic route to dictyodendrin A featuring an 
α-selective carbenoid insertion with an α-ketoindole aryldiazo

 

 
Initial attempts to convert Weinreb amide of 78 into the α-keto indole of 86 were 

unsuccessful.  Lithiation of 2-iodo-1-methyl-1H-indole (76) followed by alkylation of 78 failed 

and the only product observed from the reaction was N-methylindole (Scheme 5.23).  This could 

be due in part to slow reactivity of 78 with (1-methyl-1H-indol-2-yl)lithium.  

 
Scheme 5.23  Attempted conversion of the Weinreb amide to an 

α-ketoindole  functionality for installation of the indole moiety of dictyodendrin A

 
 

Since lithiation of 76 followed by alkylation of 78 proved problematic, the conversion of 76 

into a Grignard reagent followed by alkylation of 78 was attempted.  This reaction also failed 

primarily providing recovered N-methylindole (Scheme 5.24). 
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Scheme 5.24  Attempted synthesis of precursor to an electron-poor 
α-ketoindole-substituted donor/acceptor-diazo compound 

 
 

After much optimization, synthesis of electron-poor α-ketoindole-substituted donor/acceptor-

diazo compound 87 could be achieved in two steps from Weinreb amide-substituted starting 

material 78.  Direct lithiation of N-methylindole (88) followed immediately by direct alkylation 

of Weinreb amide 78 provided 86 in 22% yield.  When the equivalents of the resulting (1-

methyl-1H-indol-2-yl)lithium post-lithiation were increased from 0.9 to 2 equiv, 86 could be 

obtained in better yield (41%).  Diazotization of 86 proceeded in 62% yield on a 0.1 mmol scale 

(Scheme 5.25).  This reaction is particularly promising as it cuts out two steps (conversion of N-

methylindole (88) into 2-iodo-1-methyl-1H-indole (76) which had proceeded in low yield) from 

the initially attempted synthesis of 87 shown in Scheme 5.23. 

 
Scheme 5.25  Synthesis of an electron-poor 

α-ketoindole-substituted donor/acceptor-diazo compound

 

 
The functionalization of arylated pyrrole 46 was then screened with to α-keto indole 

aryldiazo 78.  The reaction of 78 with 44 to give 79 failed to proceed under dirhodium catalysis.  
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Similarly, thermal reaction of free carbene derived from 78 with 44 failed to proceed even under 

microwave conditions (Table 5.8). 

 
Table 5.8  Attempted pyrrole C−H functionalization with an 

electron-poor α-ketoindole aryldiazo

 

 

To determine if any α-ketoaryl-substituted aryldiazos could be employed in 5-

functionalization of arylated pyrrole 46, the α-ketophenyl aryldiazo derivative of 87, diazo 93, 

was synthesized and tested in pyrrole functionalization.  Diazo 93 was readily synthesized in 2-

steps from 78 with the Grignard addition of phenylmagnesium bromide (91) to Weinreb amide 

78 proceeding in 40% yield followed by diazotization of 92 using standard diazo transfer 

conditions to provide 93 in 76% yield (Scheme 5.26). 
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Scheme 5.26  Synthesis of an electron-poor 
α-ketophenyl-substituted donor/acceptor-diazo compound 

 
 

The 5-functionalization of arylated pyrrole 46 was the screened with α-ketoaryldiazoacetate 

93.  The reaction of 93 with 46 failed to provide the desired C−H functionalization product 94.  

Only starting materials 46 and 93 were recovered after 62 hours (Scheme 5.27). 

 
Scheme 5.27  Attempted pyrrole C−H functionalization with an 

electron-poor α-ketophenyl-substituted donor/acceptor-diazo compound 

 
 

As the para-trifluoromethane sulfonate substitution on the aryldiazo was shown to reduce the 

regioselectivity of the C−H functionalization (Table 5.7 vs. Scheme 5.17), synthesis of the para-

methoxy substituted derivative 97 was attempted.  Similar to the problem encountered in the 

synthesis of the 2,2,2-trichloroethyl 2-diazo-2-(4-methoxyphenyl)acetate (Scheme 5.13, 47a), 

subjection of 96 to the standard diazo transfer conditions with p-ABSA as the diazo transfer 

reagent failed to yield the desired diazo compound 97 (Scheme 5.28).   
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Scheme 5.28  Attempted synthesis of an electron-rich 
α-ketoindole-substituted donor/acceptor-diazo compound 

 

 
Unfortunately, employing o-NBSA in diazo transfer to 96 also failed to provide the desired 

diazotization product 97 (Scheme 5.29).   

 
Scheme 5.29  Attempted o-NBSA−mediated diazo transfer to electron-rich α-ketoindole 

 

 

5.4  Formal Synthesis of Dictyodendrin A 

 
After extensive screening of aryldiazo carbonyls featuring elaborate electron withdrawing groups 

in pyrrole C−H functionalization, we decided to return our focus to the use of the simple 

aryldiazoacetate 21 in α-selective pyrrole functionalization.  We envisioned beginning this 

attempt toward the synthesis of dictyodendrin A with β-selective arylation of 22 followed by 

sequential α-selective carbenoid insertions employing 21 as the rhodium carbenoid precursor 

(Scheme 5.30). 
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Scheme 5.30  Davies / Itami retro-synthetic route to dictyodendrin A via 
β-selective arylation followed by sequential α-selective carbenoid insertions 

 
 

The reaction of the para-methoxy substituted aryldiazoacetate (21) with arylated pyrrole (46) 

was then explored.  Although the initial screening of Davies’ dirhodium catalysts previously 

conducted by Dr. Atsushi Yamaguchi had revealed that Rh2(S-TCPTAD)4 was the best catalyst 

for the double C–H insertion of 21 into unsubstituted N-alkylpyrrole 22 (Scheme 5.7), we 

realized that a more extensive investigation may be necessary in order to determine the ideal 

catalyst for the C–H functionalization of the 3-arylpyrrole 46 with aryldiazoacetate 21.  For this 

reason, a variety of dirhodium(II) complexes (Figure 5.4) were then screened in for their ability 

to catalyze α-selective pyrrole functionalization.9  
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Figure 5.4  Dirhodium(II) catalysts screened in the α-selective pyrrole functionalization 

 
Rh2(OAc)4 and Rh2(S-DOSP)4 failed in this reaction (Table 5.9, entries 1 and 2).  Rh2(esp)2, 

Rh2(S-PTAD)4, and Rh2(S-PTTL)4, on the other hand, all proceeded to give the desired alkylated 

product 98 along with the undesired regioisomer 99 as an inseparable mixture with low to 

moderate selectivities (entries 3–5).  In an effort to improve the regioselectivity, other rhodium 

catalysts possessing more sterically encumbered ligands including Rh2(S-BTPCP)4, Rh2(S-

TCPTTL)4 and Rh2(S-TCPTAD)4 were screened (entries 6–8).  Of these catalysts, Rh2(S-

TCPTAD)4 gave the highest regioselectivity (entry 8, 90 : 10 ratio of 98 : 99).  Further 

optimization of the reaction conditions with Rh2(S-TCPTAD)4 allowed for the catalyst loading to 

be decreased by scaling up the reaction and reducing the number of equivalents of the diazoester.  

The optimized conditions afforded the alkylated products in 78% yield with high regioselectivity 

(entry 9, 92 : 8 ratio of 98 : 99).9 
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Table 5.9  Optimization of the α-selective rhodium carbenoid-mediated 
pyrrole mono-functionalization 

 

 
Regioselective 5-functionalization of 3-arylpyrrole 46 to provide 98 (Table 5.9) followed by 

2-functionalization of difunctionalized pyrrole 98 in various ways could potentially enable 

access to other dictyodendrins.  Dictyodendrins possessing a pyrrolocarbazole core have been 

classified into four types (types I–IV) according to their oxidation state and their substituent at 

the C2 position of the central pyrrole ring (Figure 5.5).  The C2 substituent of type I could 

potentially be transformed into an acyl group (type II) or a benzyl group (type III) via 

hydrolysis of the ester group followed by decarboxylation.  Also, fragmentation of the 

substituent of type I could potentially provide the core structure of type IV. 
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Figure 5.5  The four types of dictyodendrins: 

classification according to oxidation state and the C2 substituent of the central pyrrole 

 
Finally, the optimal route to dictyodendrin A via sequential C−H functionalizations was 

discovered commencing with Itami’s β-selective C−H arylation methodology followed by a 

double carbenoid functionalization of the arylated pyrrole 46 at the 2- and 5-positions as well as 

a late-stage pyrrole/indole coupling, closure of the final ring of the pyrrolocarbazole core, and 

global deprotection of the methoxy groups and the N-alkyl group (Scheme 5.31).9 
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Scheme 5.31  Davies / Itami retro-synthetic route to dictyodendrin A via 
β-selective arylation followed by an α-selective double carbenoid insertion 

 

 
In attempting to accomplish the synthesis of dictyodendrin A by the original synthetic route 

shown in Scheme 5.6, Dr. Atsushi Yamaguchi screened various conditions for an initial double 

C−H functionalization at the 2- and 5- positions of the unsubstituted N-alkyl pyrrole 22 and 

found that the yields of this transformation were low and gave a mixture of products (Scheme 

5.7).  However, the arylated pyrrole 46 had not been previously screened in this transformation.  

The difunctionalization of arylated N-alkylpyrrole 46 proceeded in low yield when 6 equiv. of 

diazo was employed to give 2,5-dialkylated product 41 as an inseparable diastereomeric mixture 

in 30% yield (Table 5.10, entry 1).  The moderate yield was presumed to be due to the further 

alkylation of 41 although by-products could not be identified.  When the two C−H 
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the desired product was obtained (entry 2, 82%).  Treatment of 46 with 1 mol% of Rh2(S-

TCPTAD)4 and 1.25 equiv of diazoester 21 initially provided predominantly 98.  After 8 h, 

further treatment of the reaction mixture with an additional 1 mol% of Rh2(S-TCPTAD)4 and 

1.25 equiv of diazoester 21 resulted in the production of 41 in 82% yield.  This reaction was 

scalable to a 2 mmol scale.9 

 
Table 5.10  Optimization of the α-selective rhodium carbenoid-mediated  

pyrrole di-functionalization 

 

 
 In an attempt to functionalize all four C−H bonds around the pyrrole core of dictyodendrin A 

using a combination of Davies and Itami C−H coupling methodologies, two different sets of 

Itami C−H arylation conditions were screened for the arylation of trifunctionalized pyrrole 

intermediate 41, but both failed to provide the diarylated/tetrafunctionalized product 101 in a 

simple model reaction with phenylboronic acid as the substrate in place of the benzoylated indole 

boronic acid 20a (Table 5.11). 
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Table 5.11  Attempted C−H	  arylation of the 4-position of trifunctionalized N-alkylpyrrole 

 

 
 In place of C−H arylation, direct bromination followed by Suzuki coupling was attempted on 

substrate 41.  Dr. Atsushi Yamaguchi achieved the direct bromination of intermediate 41 with 

the use of N-bromosuccinimide on a 1 mmol scale to provide 102 in high yield (86%).  Suzuki-

Miyaura coupling of 102 with indole pinacol boronate 20a could be achieved with the use of 

bis(tri-tert-butylphosphine)palladium(0) to give 19a in moderate yield (Scheme 5.32, 47%). 
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Scheme 5.32  Direct bromination and Suzuki coupling of the 
4-position of the trifunctionalized N-alkylpyrrole  

 

 
Attempts at intra-molecular Friedel−Crafts type cyclization were unsuccessful with the 

deprotected indole of 19b.  Both catalytic and stoichiometric Sc(OTf)3–mediated cyclizations 

were attempted, but neither set of conditions provided the desired pyrrolo[2,3-c]carbazole 100a 

(Scheme 5.33). 

 
Scheme 5.33  Attempted Sc(OTf)3–mediated cyclization to form 

the pyrrolo[2,3-c]carbazole core of dictyodendrin A 

 

 
 Similarly, initial attempts to generate the pyrrolo[2,3-c]carbazole structure via a 6π-
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0 °C (Scheme 5.34). 

 
Scheme 5.34  Attempted 6π-electrocyclization to form the pyrrolo[2,3-c]carbazole core 

of dictyodendrin A via a (trimethylsilyl)ketene acetal intermediate 

 

 
Attempted conversion of intermediate 19b into (triisopropylsilyl)ketene acetal intermediate 

104 also failed with the use of lithium diisopropylamide at 0 °C.  Modifying the base used in this 

reaction from lithium diisopropylamide to KOtBu had no effect on the reactivity, and, one again, 

none of the desired intermediate 104 or product 100a was obtained from the reaction (Table 

5.12). 
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 Dr. Atsushi Yamaguchi found that formal 6π-electrocyclization of N-Boc indole-containing 

intermediate 19a could be achieved with the use of lithium diisopropylamide at -78 °C to close 

the pyrrolo[2,3-c]carbazole core of dictyodendrin A and provide 100b in moderate yield with the 

use of six equivalents of lithium diisopropylamide (Table 5.13, 47%). 

 
Table 5.13   6π-electrocyclization to form the 
pyrrolo[2,3-c]carbazole core of dictyodendrin A 

 
 

Formal synthesis of the Tokuyama intermediate (107) to dictyodendrin A was achieved by 

Dr. Atsushi Yamaguchi via a series of protections and deprotections.  Methylation of 100b to 

give 105, followed by N-Boc deprotection of the indole moiety with trifluoroacetic acid, and 

finally removal of the benzyl group of 106 by hydrogenation under palladium(II) hydroxide 

catalysis provided the Tokuyama intermediate (107)7a to dictyodendrin A in 23% yield over the 

three protection/deprotection steps (Scheme 5.35). 
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Scheme 5.35  Completion of the formal synthesis of dictyodendrin A: 
protection / deprotection sequence to Tokuyama intermediate 

 

 
Tokuyama reported the conversion of 107 to dictyodendrin A in three steps by sulfonation, 

followed by trichloroethyl removal and finally salt formation to provide the natural product (1) 

(Scheme 5.36).7a  Specifically, exposure of the phenol of 97 to trichloroethyl chlorosulfate 

furnished arylsulfate 98 in 93% yield.  Then, removal of the methyl groups, followed by removal 

of the trichloroethyl group proceeded in 98% yield to complete the synthesis of dictyodendrin A 

(1).7a   
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Scheme 5.36  Conversion of Tokuyama’s intermediate to dictyodendrin A 

 
 

In summary, the synthesis commenced with synthesis of alkyl pyrrole 22 from 

dimethoxytetrahydrofuran and corresponding alkyl amine via Paal-Knorr synthesis.28  1-

substituted pyrrole 22 then underwent selective C−H arylation at the 3-position with electron 

donating p-iodoanisole 14 to provide 3-arylpyrrole 46 in 52% on gram-scale.  A one-pot double 

carbenoid C−H functionalization / bromination was successfully employed to functionalize the 

2-, 4- and 5-positions of pyrrole 46 and provide tetra-substituted pyrrole 102 in 70% on gram-

scale.  A formal synthesis of dictyodendrin A was then completed using Suzuki-Miyaura 

coupling to tether the indole (20a) and pyrrole (102) moieties followed by formal 6π-

electrocyclization to close the pyrrolo[2,3-c]carbazole core (100b).  Methylation (93%) followed 

by N-Boc and benzyl deprotection (89%) provided the Tokuyama intermediate to dictyodendrin 
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longest linear steps, 15 total steps (Scheme 5.37).9  (In addition to the sequence mentioned 

above, two steps were needed for the preparation of boronate ester). 

 
Scheme 5.37  Formal synthesis of dictyodendrin A by 

sequential C–H functionalization strategy 
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5.5  Total Synthesis of Dictyodendrin F 

 
Following the completion of the concise synthesis of dictyodendrin A (1), Dr. Atsushi 

Yamaguchi completed the total synthesis of dictyodendrin F (5) in three steps from intermediate 

100b by removal of the substituent at the C2 position and adjusting the oxidation state.  The 

removal of Boc group from 100b with CF3CO2H, followed by treatment with PhI(OAc)2, 

provided quinone 109 in 70% yield through oxidation of the pyrrolocarbazole core.  Next, 

hydrolysis for the cleavage of the C2 side chain was investigated.  An acidic mixture with DMF 

afforded 110 in 26% yield.  Finally, removal of methyl and benzyl ethers completed the total 

synthesis of dictyodendrin F (5).  Treatment of 110 with an excess amount of BBr3 at –78 °C to 

room temperature furnished dictyodendrin F (5) in 68% yield (Scheme 5.38).  This synthetic 

route only required 10 longest linear steps.9 

 
Scheme 5.38  Total synthesis of dictyodendrin F from a common intermediate 

 

 
The proposed mechanism of the formation of 110 is shown in Scheme 5.39.  Hydration of 

109 followed by the retro-aldol condensation gave diketone 110.  
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Scheme 5.39  Proposed mechanism of the hydration/ retro-aldol condensation 
to give dictyodendrin F 

 

 

5.6  Conclusion 

 
In this chapter, the concise synthesis of natural alkaloids dictyodendrins A and F was reported 

utilizing several direct C–H functionalization reactions of pyrroles.  Many things were learned 

through the explorations of the different synthetic routes attempted to dictyodendrin A.  The 
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Figure 5.6  Summary of the formal synthesis of dictyodendrin A and 
total synthesis of dictyodendrin F 

 

5.7  Experimental Section 

General:  Unless otherwise noted, all materials including dry solvents were obtained from 

commercial suppliers and used without further purification. P[OCH(CF3)2]3,30 

RhCl(CO){P[OCH(CF3)2]3}2
18a Rh2(S-TCPTAD)4,26 Rh2(S-BTPCP)4,31 Rh2(S-PTTL)4,32 Rh2(S-

TCPTTL)4,33 methyl 4-methoxyphenyldiazoacetate (21)34 were prepared according to procedures 

reported in the literature. Unless otherwise noted, all reactions were performed with dry solvents 

under an atmosphere of nitrogen in heat-gun-dried glassware using standard vacuum-line 

techniques. All work-up and purification procedures were carried out with reagent-grade solvents 

in air. Analytical thin-layer chromatography (TLC) was performed using E. Merck silica gel 60 

F254 pre-coated plates (0.25 mm). The developed chromatogram was analyzed by UV lamp (254 

nm) and ethanolic phosphomolybdic acid/sulfuric acid. Flash column chromatography was 

performed with E. Merck silica gel 60 (230–400 mesh). Preparative high performance liquid 

chromatography (preparative HPLC) was performed with a Biotage Isolera One equipped with 

Biotage® SNAP Cartridge KP-C18-HS columns using acetonitrile/water as an eluent.  

Preparative recycling gel permeation chromatography (GPC) was performed with a JAI LC-9204 
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instrument equipped with JAIGEL-1H/JAIGEL-2H columns using chloroform as an eluent. The 

high-resolution mass spectra were conducted on Thermo Fisher Scientific Exactive. Nuclear 

magnetic resonance (NMR) spectra were recorded on a JEOL JNM-ECA-600 (1H 600 MHz, 13C 

150 MHz) spectrometer. Chemical shifts for 1H NMR are expressed in parts per million (ppm) 

relative to tetramethylsilane (d 0.00 ppm), DMSO-d6 (d 2.50 ppm) or CD3OD (d 3.31 ppm). 

Chemical shifts for 13C NMR are expressed in ppm relative to CDCl3 (d 77.0 ppm), DMSO-d6 (d 

39.5 ppm) or CD3OD (d 49.0 ppm). Data are reported as follows: chemical shift, multiplicity (s = 

singlet, d = doublet, dd = doublet of doublets, t = triplet, q = quartet, p = pentet, m = multiplet, 

brs = broad singlet), coupling constant (Hz), and integration.  Coupling constants (J values) were 

calculated directly from the spectra.  Rh2(OAc)4, Rh2(esp)2, N-methylpyrrole, phenylmagnesium 

bromide, 4-(dimethylamino)pyridine (DMAP), N,N’-dicyclohexylcarbodiimide (DCC), 2,2,2-

trichloroethanol, 1,8-diazabicycloundec-7-ene (DBU), p-ABSA, N, O-dimethylhydroxylamine 

hydrochloride, and 4-iodoanisole (14) were all commercially available and used without further 

purification.  Since the compounds 43, 44, 68, 69, 70, 71, 72, 80, 81, and 82 were formed as 

inseparable mixtures, authentic samples of the products from C–H functionalization could not be 

fully characterized.  The results reported in Schemes 5.8, 5.17, 5.18, 5.21 and Table 5.7, are 

based upon 1H NMR shifts of structural analogs as well as from LCMS data on product mixture.  

Compounds 1, 5, 20a, 22, 19b, 46, 73, 75, 105, 106, 107, 109, and 110 were synthesized by Dr. 

Atsushi D. Yamaguchi.  The characterization data for all intermediates in the syntheses of 

dictyodendrins A and F by sequential the C−H functionalization strategy can be found in the 

supplementary information of the published work.9 

 



 

	   280 

 

Dimethyl 2,2'-(1-(4-methoxyphenethyl)-1H-pyrrole-2,5-diyl)bis(2-(4-

methoxyphenyl)acetate) (42):  A 25-mL round-bottomed flask, containing a magnetic stirring 

bar, was dried and filled with nitrogen after cooling to 23 °C. To this vessel were added 1-[2-(4-

methoxyphenyl)ethyl]pyrrole (22) (40.2 mg, 0.20 mmol, 1.0 equiv), Rh2(S-PTAD)4 (3.1 mg, 2.0 

mmol, 1 mol%) and CH2Cl2 (500 mL). In a separate vial, diazoester 21 (82.5 mg, 0.40 mmol, 2.0 

equiv) was dissolved in CH2Cl2 (1.5 mL) and then added to the reaction mixture by syringe 

pump over 1 h. After 14 h of additional stirring, CH2Cl2 was removed in vacuo and the 

remaining residue was purified by silica-gel flash column chromatography (hexane/EtOAc = 5:1) 

to afford the title compound 42 (mixture of diastereomers, 37.9 mg, 30% yield) as a yellow solid. 

1H NMR (600 MHz, CDCl3) δ 7.19–7.15 (m, 8H), 6.86–6.79 (m, 16H), 6.11 (s, 2H), 6.09 (s, 

2H), 4.77 (s, 2H), 4.77 (s, 2H), 3.82–3.66 (m, 34H), 2.58–2.53 (m, 1H), 2.45 (t, J = 7.2 Hz, 2H), 

2.27–2.22 (m, 1H); 13C NMR (150 MHz, CDCl3) δ 172.17, 172.13, 159.1, 159.0, 158.5, 158.4, 

130.0, 129.7, 129.6, 129.5, 129.42, 129.38, 114.07, 114.05, 114.03, 107.9, 107.8, 55.3, 55.2, 

52.4, 49.2, 49.1, 45.71, 45.67, 36.33, 36.30; HRMS (ESI) m/z calcd for C33H34NO7 [M–H]–: 

556.2330 found: 556.2322.9 
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2,2,2-trichloroethyl 2-(1-(4-methoxyphenethyl)-4-(4-methoxyphenyl)-1H-pyrrol-2-yl)-2- 

(4-(((trifluoromethyl)sulfonyl)oxy)phenyl)acetate (67), Procedure 1:  A 30 mL flask was 

charged with 1-(4-methoxyphenethyl)-3-(4-methoxyphenyl)-1H-pyrrole (46) (66.3 mg, 0.2156 

mmol, 1.00 equiv) and Rh2(S-TCPTAD)4 (4.5 mg, 0.0021 mmol, 0.01 equiv) dissolved in 2 mL 

of dichloromethane. 2,2,2-trichloroethyl 2-diazo-2-(4-

(((trifluoromethyl)sulfonyl)oxy)phenyl)acetate (47b) (190.4 mg, 0.4312 mmol, 2.00 equiv) 

dissolved in 8 mL of dichloromethane was then slowly added over the course of three hours by 

syringe pump. The resulting was allowed to stir for 12 hours and then concentrated in vacuo. The 

resulting crude product was purified on silica gel eluting with hexanes : ethyl acetate (4:1) to 

afford combined yield of 67 and 68 as a yellow oil (1.4:1, 160.4 mg, 99 % yield).  

Characterization of 1: Rf = 0.38 (hexane : ethyl acetate 3:1); 1H NMR of 67 (400 MHz, CDCl3) δ 

7.38 (d, J = 8.0 Hz, 4H), 7.25 (s, 1H), 6.88 (d, J = 12.0 Hz, 4H), 6.85-6.84 (m, 2H), 6.80 (d, J = 

8.0 Hz, 2H), 6.42 (s, 1H), 4.84 (s, 1H), 4.78 (dd, J = 12.0, 16.0 Hz, 2H), 3.91-3.87 (m, 2H), 3.82 

(s, 3H), 3.78 (s, 3H), 2.87 (p, J = 8.0 Hz, 1H), 2.74 (p, J = 8.0 Hz, 1H); 13C NMR of 67 (100 

MHz, CDCl3) δ 169.3, 158.8, 158.0, 149.3, 137.2, 130.8, 130.0, 129.9, 128.3, 127.5, 126.2, 

124.0, 121.8, 118.1, 114.4, 114.3, 107.3, 94.7, 74.7, 55.5, 55.4, 48.9, 48.8, 37.5; IR (film): 2956, 

1706, 1608, 1512, 1421, 1248, 1209, 1136, 1031, 885, 833, 718; HRMS (p NSI) calcd for 

C31H28O8NCl3F3S (M+H)+ 736.0548 found 736.0560. 

Procedure 2: A 30 mL flask was charged with 1-(4-methoxyphenethyl)-3-(4-methoxyphenyl)-
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1H-pyrrole (153.7 mg, 0.5000 mmol, 1.00 equiv) and Rh2(S-TCPTAD)4 (10.6 mg, 0.0050 

mmol, 0.01 equiv) dissolved in 2 mL of dichloromethane. 2,2,2-trichloroethyl 2-diazo-2-(4-

(((trifluoromethyl)sulfonyl)oxy)phenyl)acetate (220.8 mg, 0.5000 mmol, 1.00 equiv) dissolved 

in 8 mL of dichloromethane was then slowly added over the course of three hours by syringe 

pump. The resulting was allowed to stir for 12 hours and then concentrated in vacuo. The 

resulting crude product was purified on silica gel eluting with hexanes : ethyl acetate (4:1). Rf  = 

0.38 (hexane: ethyl acetate 3:1). 
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MHz, CDCl3) δ 7.38 (d, J = 8.7 Hz, 2H), 7.20 (d, J = 8.7 Hz, 2H), 6.90 (d, J = 8.7 Hz, 2H), 6.87–

6.85 (m, 4H), 6.81 (s, 1H), 6.79 (d, J = 2.0 Hz, 2H), 6.32 (d, J = 1.4 Hz, 1H), 4.75 (s, 1H), 3.85 

(t, J = 7.6 Hz, 2H), 3.80 (s, 3H), 3.78 (s, 3H), 3.77 (s, 3H), 3.73 (s, 3H), 2.81–2.76 (m, 1H), 

2.70–2.65 (m, 1H); 1H NMR of 99 (600 MHz, CDCl3) δ 7.18 (d, J = 8.7 Hz, 2H), 7.08 (d, J = 8.7 

Hz, 2H), 6.99 (d, J = 8.7 Hz, 2H), 6.83–6.79 (m, 6H), 6.62 (d, J = 2.5 Hz, 1H), 6.57 (d, J = 2.5 

Hz, 1H), 4.91 (s, 1H), 4.06–3.97 (m, 2H), 3.78 (s, 3H), 3.78 (s, 6H), 3.57 (s, 3H), 2.99 (t, J = 7.5 

Hz, 2H); 13C NMR of 98 (150 MHz, CDCl3) δ 172.4, 159.2, 158.6, 157.8, 130.3, 129.94, 129.88, 

129.85, 129.4, 128.7, 126.1, 123.5, 117.5, 114.3, 114.25, 114.20, 106.4, 55.48, 55.46, 55.44, 

52.7, 49.0, 48.8, 37.4; HRMS (ESI) m/z calcd for C30H31NO5Na [M+Na]+: 508.2094 found: 

508.2081.9 

 

 

Dimethyl 2,2'-(1-(4-methoxyphenethyl)-3-(4-methoxyphenyl)-1H-pyrrole-2,5-diyl)bis(2-(4-

methoxyphenyl)acetate) (41):  A 50-mL round-bottomed flask, containing a magnetic stirring 

bar, was dried and filled with nitrogen after cooling to 23 °C. To this vessel were added 3-

arylpyrrole 46 (615 mg, 2.0 mmol, 1.0 equiv), Rh2(S-TCPTAD)4 (42.2 mg, 20.0 mmol, 1 mol%) 

and CH2Cl2 (4.0 mL). In a separate vial, diazoester 21 (516 mg, 2.5 mmol, 1.25 equiv) was 

dissolved in CH2Cl2 (8.0 mL) and then added to the reaction mixture by syringe pump over 3 h. 

After 5 h of additional stirring, Rh2(S-TCPTAD)4 (42.2 mg, 20.0 mmol, 1 mol%) was added to 

the reaction mixture, and then CH2Cl2 solution of diazoester (516 mg, 2.5 mmol, 1.25 equiv) was 
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added by syringe pump over 3 h. After 5 h of additional stirring, CH2Cl2 was removed in vacuo 

and the remaining residue was purified by silica-gel flash column chromatography 

(hexane/EtOAc = 3:1) to afford the title compound 41 (mixture of diastereomers, 1.09 g, 82% 

yield) as a yellow solid. 1H NMR (600 MHz, CDCl3) δ  7.31–7.25 (m, 8H), 7.04 (d, J = 8.4 Hz, 

2H), 6.96 (d, J = 8.4 Hz, 2H), 6.91–6.83 (m, 14H), 6.80–6.76 (m, 6H), 6.31 (s, 1H), 6.23 (s, 1H), 

5.36 (s, 1H), 5.34 (s, 1H), 4.96 (s, 1H), 4.95 (s, 1H), 3.81–3.67 (m, 34H), 3.63 (s, 3H), 3.57 (s, 

3H), 2.54–2.44 (m, 3H), 2.32–2.28 (m, 1H); 13C NMR (150 MHz, CDCl3) δ 172.4, 172.3, 172.1, 

172.0, 159.03, 159.01, 158.5, 158.4, 158.2, 158.0, 157.9, 130.0, 129.81, 129.76, 129.54, 129.48, 

129.41, 129.33, 129.30, 129.2, 129.12, 129.06, 124.5, 124.3, 124.24, 124.20, 114.0, 113.9, 113.8, 

113.7, 113.55, 113.52, 109.9, 109.7, 55.1, 52.4, 52.2, 52.1, 49.02, 49.00, 46.8, 46.7, 46.6, 36.2, 

36.1; HRMS (ESI) m/z calcd for C26H40NO8 [M–H]–: 662.2748 found: 662.2752.9 

 

 

Dimethyl 2,2'-(3-bromo-1-(4-methoxyphenethyl)-4-(4-methoxyphenyl)-1H-pyrrole-2,5-

diyl)bis(2-(4-methoxyphenyl)acetate) (102):9  A 100-mL round-bottomed flask, containing a 

magnetic stirring bar, was dried and filled with nitrogen after cooling to 23 °C. To this vessel 

were added 3-arylpyrrole 46 (1.00 g, 3.25 mmol, 1.0 equiv), Rh2(S-TCPTAD)4 (34.2 mg, 16.3 

mmol, 0.5 mol%) and CH2Cl2 (6.5 mL). In a separate vial, diazoester 21 (839 mg, 4.06 mmol, 

1.25 equiv) was dissolved in CH2Cl2 (13 mL) and then added to the reaction mixture by syringe 

pump over 3 h. After 5 h of additional stirring, Rh2(S-TCPTAD)4 (34.2 mg, 16.3 mmol, 0.5 
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mol%) was added to the reaction mixture. Then CH2Cl2 solution of diazoester (839 mg, 4.06 

mmol, 1.25 equiv) was added by syringe pump over 3 h. After 2 h of additional stirring, 

dichloromethane was removed in vacuo and the residue was dissolved to dry CH3CN (24 mL). 

The flask was cooled to –10 °C and N-bromosuccinimide (NBS; 579 mg, 3.25 mmol, 1.0 equiv) 

was added to the reaction mixture. After stirring for 5 min, the reaction mixture was quenched 

with saturated aqueous Na2S2O3. It was extracted with ethyl acetate (12 mL x 3), dried over 

Na2SO4 and concentrated in vacuo. The crude residue was purified by silica-gel flash column 

chromatography (hexane/EtOAc = 3:1 to 2:1) to afford title compound bromopyrrole 102 

(mixture of diastereomers, 1.70 g, 70% yield) as an orange solid. 1H NMR (600 MHz, CDCl3) 

δ 7.30–7.23 (m, 4H), 7.19 (d, J = 8.4 Hz, 2H), 7.15 (d, J = 9.0 Hz, 2H), 7.01 (d, J = 8.4 Hz, 2H), 

6.94 (d, J = 7.8 Hz, 2H), 6.91–6.85 (m, 12H), 6.83–6.73 (m, 8H), 5.27 (s, 2H), 5.20 (s, 1H), 5.17 

(s, 1H), 3.86–3.67 (m, 34H), 3.56 (s, 3H), 3.47 (s, 3H), 2.48–2.20 (m, 4H); 13C NMR (150 MHz, 

CDCl3) δ 171.7, 171.47, 171.42, 171.35, 158.7, 158.51, 158.48, 158.1, 131.72, 131.67, 129.6, 

129.5, 129.4, 129.3, 129.1, 129.0, 128.8, 128.7, 127.99, 127.96, 126.5, 126.4, 126.2, 126.1, 

125.4, 125.3, 124.3, 124.0, 113.84, 113.76, 113.74, 113.2, 113.1, 99.1, 99.0, 55.00, 54.96, 54.92, 

52.51, 52.48, 52.1, 52.0, 47.6, 47.3, 47.2, 35.9, 35.7; HRMS (ESI) m/z calcd for C40H39BrNO8 

[M–H]–: 740.1854 found: 740.1870.9 
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Dimethyl 2,2'-(3-(7-(benzyloxy)-1-(tert-butoxycarbonyl)-1H-indol-3-yl)-1-(4-

methoxyphenethyl)-4-(4-methoxyphenyl)-1H-pyrrole-2,5-diyl)bis(2-(4-

methoxyphenyl)acetate) (19a):9  A 20-mL glass vessel equipped with screw cap, containing a 

magnetic stirring bar, was dried and filled with nitrogen after cooling to 23 °C. To this vessel 

were added bromopyrrole 102 (74.1 mg, 0.10 mmol, 1.0 equiv), Pd[P(t-Bu)3]2 (5.2 mg, 10 mmol, 

10 mol%), and K3PO4 (85.2 mg, 0.40 mmol, 4.0 equiv) under a stream of nitrogen. Then to the 

reaction mixture were added the solution of boronate 20a (180 mg, 0.40 mmol, 4.0 equiv) in 1,4-

dioxane (1.0 mL) and degassed H2O (100 mL). After capped, the vessel was heated at 80 °C for 

15 h in an oil bath with stirring. After cooling the reaction mixture to 23 °C, it was passed 

through a pad of silica gel (EtOAc) and the filtrate was concentrated in vacuo. The residue was 

purified by GPC to afford title compound 19a (mixture of diastereomers, 46.3 mg, 47% yield) as 

an orange solid. 1H NMR (600 MHz, DMSO-d6, 100 °C)  δ 7.50 (d, J = 7.8 Hz, 2H), 7.50 (d, J = 

7.8 Hz, 2H), 7.34 (t, J = 7.8 Hz, 2H), 7.34 (t, J = 7.8 Hz, 2H), 7.29 (t, J = 7.8 Hz, 1H), 7.29 (t, J 

= 7.8 Hz, 1H), 7.24 (brs, 1H), 7.19 (brs, 1H), 7.12–7.01 (m, 12H), 6.97–6.72 (m, 22H), 6.64 (d, J 

= 9.0 Hz, 2H), 6.62 (d, J = 9.0 Hz, 2H), 5.33 (s, 1H), 5.31 (s, 1H), 5.26 (s, 1H), 5.26 (s, 1H), 5.15 

(s, 2H), 5.15 (s, 2H), 3.83–3.69 (m, 22H), 3.63 (s, 3H), 3.62 (s, 3H), 3.54 (s, 3H), 3.53 (s, 

3H), 2.98 (s, 3H), 2.98 (s, 3H), 2.51–2.41 (m, 4H), 1.48 (s, 9H), 1.47 (s, 9H); 13C NMR (150 

MHz, DMSO-d6, 100 °C) δ 170.92, 170.88, 170.75, 170.68, 157.9, 157.84, 157.78, 157.65, 

157.2, 147.8, 146.3, 136.9, 133.7, 133.5, 130.56, 130.48, 129.40, 129.37, 129.10, 129.06, 128.84, 
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128.79, 127.6, 127.5, 127.3, 127.0, 126.9, 126.8, 125.0, 124.5, 124.4, 124.05, 123.97, 122.39, 

122.35, 114.1, 114.0, 113.7, 113.6, 113.5, 113.4, 113.2, 113.1, 112.9, 112.62, 112.57, 108.2, 

82.2, 70.1, 54.7, 54.6, 54.4, 51.3, 51.2, 50.94, 50.88, 46.8, 46.7, 46.6, 46.5, 46.0, 45.9, 34.8, 27.1, 

26.9; HRMS (ESI) m/z calcd for C60H60N2O11Na [M+Na]+: 1007.4089 found: 1007.4055.9 

 

 

Methyl 2-(7-(benzyloxy)-6-(tert-butoxycarbonyl)-5-hydroxy-3-(4-methoxyphenethyl)-1,4-

bis(4-methoxyphenyl)-3,6-dihydropyrrolo[2,3-c]carbazol-2-yl)-2-(4-methoxyphenyl)acetate 

(100b):9  A 20-mL Schlenk flask, containing a magnetic stirring bar, was dried and filled with 

nitrogen after cooling to 23 °C. To this vessel were added diisopropylamine (75.0 mL, 530 

mmol, 6.0 equiv) and THF (0.70 mL). After cooled to 0 °C, 1.6 M n-hexane solution of n-

butyllithium (330 mL, 530 mmol, 6.0 equiv) was added and the reaction mixture was stirred for 

30 min at 0 °C. After the reaction mixture was cooled to –78 °C, the solution of pyrrole 19a 

(87.1 mg, 88.0 mmol, 1.0 equiv) in THF (1.2 mL) was added dropwise. After stirring for 1 h at –

78 °C, the reaction mixture was quenched by saturated aqueous NH4Cl (2.0 mL) and extracted 

with EtOAc (5.0 mL x 3). The combined organic layer was dried over Na2SO4 and the solvent 

was evaporated in vacuo. The crude residue was purified by preparative HPLC to afford 

pyrrolocarbazole 100b (39.4 mg, 47% yield) as a brown solid. 1H NMR (600 MHz, CDCl3) 

δ 10.83 (s, 1H), 7.55–7.53 (m, 3H), 7.41 (d, J = 7.2 Hz, 2H), 7.38 (dd, J = 7.8, 1.8 Hz, 1H), 7.34 

(t, J = 7.2 Hz, 2H), 7.29 (t, J = 7.8 Hz, 1H), 7.11 (d, J = 9.0 Hz, 2H), 7.06–7.01 (m, 3H), 6.97 
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(dd, J = 8.4, 2.4 Hz, 1H), 6.82–6.77 (m, 4H), 6.60 (t, J = 7.8 Hz, 2H), 6.33 (d, J = 9.0 Hz, 2H), 

5.79 (d, J = 8.4 Hz, 1H), 5.35 (s, 1H), 5.12 (s, 2H), 3.89 (s, 3H), 3.87 (s, 3H), 3.80–3.72 (m, 2H) 

3.76 (s, 3H), 3.71 (s, 3H), 3.63 (s, 3H), 2.34–2.22 (m, 2H) 1.32 (s, 9H); 13C NMR (150 MHz, 

CDCl3) δ 171.8, 159.2, 159.0, 158.5, 157.9, 156.1, 148.6, 141.2, 136.7, 133.4, 133.3, 133.0, 

132.92, 132.87, 130.5, 130.3, 130.1, 129.7, 129.5, 129.3, 128.8, 128.5, 128.1, 127.9, 127.6, 

124.5, 120.5, 117.9, 117.1, 116.6, 113.9, 113.80, 113.75, 113.70, 113.68, 113.3, 112.9, 110.1, 

85.4, 71.2, 55.4, 55.3, 55.24, 55.15, 52.2, 47.0, 46.9, 35.1, 27.4; HRMS (ESI) m/z calcd for 

C59H55N2O10 [M–H]–: 951.3851 found: 951.3869.9 

 

 

2,2,2-trichloroethyl 2-(4-methoxyphenyl)acetate (54): A 1 L flask was charged with 4-

methoxyphenylacetic acid (52) (30.0 g, 180.5 mmol, 1.0 equiv), 4-(dimethylamino)pyridine 

(DMAP: 2.2 g, 18.1 mmol, 0.1 equiv), and 2,2,2-trichloroethanol (20.7 mL, 216.6 mmol, 1.2 

equiv) and dissolved in 370 mL dichloromethane.  The reaction mixture was then cooled to 0°C 

in an ice bath.  Once cool, a solution of N,N’-dicyclohexylcarbodiimide (DCC: 41.0 g, 198.6 

mmol, 1.1 equiv) in dichloromethane (92 mL) was added to the reaction mixture.  The mixture 

was slowly allowed to warm to room temperature and stirred overnight.  The resulting white 

precipitate was removed by filtration and washed with copious diethyl ether.  The filtrate was 

then concentrated in vacuo and the remaining residue was purified on silica gel eluting with 

hexane:ethyl acetate (20:1) to afford the title compound 54 as a clear oil (53.6 g, 99% yield).  Rf 

= 0.28 (hexane:ethyl acetate 20:1); 1H NMR (400 MHz, CDCl3) δ 7.24 (d, J = 8.4 Hz, 2H), 6.88 

(d, J = 8.4 Hz, 2H), 4.74 (s, 2H), 3.78 (s, 3H), 3.70 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 

170.4, 159.1, 130.6, 125.1, 114.2, 95.0, 74.3, 55.5, 40.2; IR (film): 2935, 2836, 2117, 1752, 

MeO

O

O

CCl3



 

	   289 

1613, 1512, 1463, 1301, 1247, 1178, 1125, 1032, 820, 785, 765, 729, 713; HRMS (ESI) calcd 

for C11H12O3Cl3 (M+H)+ 296.98483 found 296.98465. 

 

 

2,2,2-trichloroethyl 2-diazo-2-(4-methoxyphenyl)acetate (47a):  This diazo compound 47a 

was prepared using o-nitrobenzenesulfonyl azide (o-NBSA) as the diazo transfer reagent.  This 

reagent was prepared according to a literature protocol.35  According to the known literature 

procedure,34 a 30 mL flask was charged with 2,2,2-trichloroethyl 2-(4-methoxyphenyl)acetate 

(54) (297.6 mg, 1.000 mmol, 1.000 equiv) and o-NBSA (342.3 mg, 1.500 mmol, 1.500 equiv) 

dissolved in  8 mL acetonitrile and cooled to 0 °C in an ice bath. 1,8-diazabicycloundec-7-ene 

(DBU: 0.33 mL, 2.20 mmol, 2.20 equiv) was then slowly added. The reaction mixture was then 

allowed to slowly warm to room temperature overnight.  The resulting orange solution was 

quenched with saturated 10 mL NH4Cl and the aqueous layer was extracted with diethyl ether (3 

x 20 mL). The combined organic layers were dried over MgSO4, filtered, and concentrated in 

vacuo. The remaining residue was purified on silica gel eluting with hexane : ethyl acetate (20 : 

1) to afford the title compound 47a as a light orange solid (88.5 mg, 27 % yield).  Rf = 0.30 

(hexane: ethyl acetate 20:1); 1H NMR (600 MHz, CDCl3) δ 7.38 (d, 2H, J = 8.7 Hz), 6.94 (d, 2H, 

J = 8.7 Hz), 4.88 (s, 2H), 3.08 (s, 3H); 13C NMR (150 MHz, CDCl3) 164.0, 158.6, 126.3, 116.2, 

114.9, 95.3, 74.0, 55.6; IR (neat): 2953, 2935, 2090, 1690, 1234 cm-1; 1H NMR (600 MHz, 

CDCl3) δ 7.38 (d, J = 9.0 Hz, 1H), 6.95 (d, J = 9.0 Hz, 1H), 4.88 (s, 2H), 3.80 (s, 3H); 13C NMR 

(150 MHz, CDCl3) δ 158.67, 128.40, 126.37, 116.21, 114.97, 114.52, 95.32, 74.07, 55.58; 

HRMS (APCI) m/z: [M+H-N2]+ calcd for C11H10O3Cl3 294.9690, found 294.9688. 
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2,2,2-trichloroethyl 2-(4-hydroxyphenyl)acetate (65): A 1 L flask was charged with 4-

hydroxyphenylacetic acid (64) (25.4 g, 166.9 mmol, 1.0 equiv), 4-(dimethylamino)pyridine 

(DMAP: 2.0 g, 16.7 mmol, 0.1 equiv), and 2,2,2-trichloroethanol (19.2 mL, 200.3 mmol, 1.2 

equiv) and dissolved in 370 mL dichloromethane.  The reaction mixture was then cooled to 0 °C 

in an ice bath.  Once cool, a solution of N,N’-dicyclohexylcarbodiimide (DCC: 41.0 g, 198.6 

mmol, 1.1 equiv) in dichloromethane (92 mL) was added to the reaction mixture.  The mixture 

was slowly allowed to warm to room temperature and stirred overnight.  The resulting white 

precipitate was removed by filtration and washed with copious diethyl ether.  The filtrate was 

then concentrated in vacuo and the remaining residue was purified on silica gel eluting with 

hexane:ethyl acetate (5:1) to afford the title compound 65 as a yellow oil (47.3 g, quantitative 

yield).  Rf = 0.35 (hexane: ethyl acetate 5:1); 1H NMR (400 MHz, CDCl3) δ 7.14 (d, J = 8.6 Hz, 

2H), 6.77 (d, J = 8.6 Hz, 2H), 6.03 (bs, 1H), 4.73 (s, 2H), 3.68 (s, 2H); 13C NMR (100 MHz, 

CDCl3) δ 171.2, 155.4, 130.7, 124.6, 115.8, 94.8, 74.3, 40.1; IR (film): 3403, 2935, 1748, 1614, 

1514, 1216, 1127, 835, 783, 713; HRMS (ESI) calcd for C10H10O3Cl3 (M+H)+ 282.96924 found 

282.96900. 

 

2,2,2-trichloroethyl 2-(4-(((trifluoromethyl)sulfonyl)oxy)phenyl)acetate (66): A 500 mL flask 

was charged with 2,2,2-trichloroethyl 2-(4-hydroxyphenyl)acetate (65) (25.0 g, 88.2 mmol, 1.0 

equiv) dissolved in 187 mL dichloromethane.  The reaction mixture was then cooled to -15 °C in 

an ethylene glycol/CO2(s) bath.  Once cool, N,N-diisopropylethylamine (18.3 mL, 104.9 mmol, 

1.2 equiv) was added dropwise to the reaction mixture over 10 minutes.  The reaction mixture 
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was then allowed to stir at -15 °C for an additional 30 minutes.  Trifluoromethanesulfonic 

anhydride (16.0 mL, 95.2 mmol, 1.1 equiv) was then added and the mixture was slowly allowed 

to warm to room temperature and stirred overnight.  The reaction mixture was then washed with 

1 N hydrochloric acid (2 x 100 mL), followed by 1 N aqueous sodium hydroxide (2 x 100 mL), 

followed by deionized water (2 x 100 mL) and then dried over sodium sulfate, filtered, and 

concentrated in vacuo.  The remaining residue was purified on silica gel eluting with hexanes : 

ethyl acetate (20 : 1) to afford the title compound 66 as a yellow oil (30.0 g, 69 % yield).  Rf = 

0.26 (hexane: ethyl acetate 20:1); 1H NMR (400 MHz, CDCl3) δ 7.44 (d, J = 8.6 Hz, 2H), 7.27 

(d, J = 8.6 Hz, 2H), 4.76 (s, 2H), 3.81 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 169.3, 149.1, 

133.7, 131.6, 123.7, 121.8, 120.5, 117.3, 114.1, 94.8, 74.4, 40.3; IR (film): 1756, 1503, 1418, 

1207, 1128, 1019, 884, 815, 722; HRMS (ESI) calcd for C17H19O5N3F (M+H)+ 364.13043 found 

364.13033. 

 

 

2,2,2-trichloroethyl 2-diazo-2-(4-(((trifluoromethyl)sulfonyl)oxy)phenyl)acetate (47b): 

According to the known literature procedure,34  a 30 mL flask was charged with 2,2,2-

trichloroethyl 2-(4-(((trifluoromethyl)sulfonyl)oxy)phenyl)acetate (66) (250.0 mg, 0.6016 mmol, 

1.000 equiv) and p-ABSA (216.6 mg, 0.9023 mmol, 1.500 equiv) dissolved in  5 mL acetonitrile 

and cooled to -40 °C in an acetonitrile/CO2(s) bath. 1,8-diazabicycloundec-7-ene (DBU: 0.13 

mL, 0.9023 mmol, 1.5 equiv) was then slowly added. The reaction mixture was then allowed to 

slowly warm to room temperature overnight. The resulting orange solution was quenched with 

saturated 10 mL NH4Cl and the aqueous layer was extracted with diethyl ether (3 x 20 mL). The 

combined organic layers were dried over MgSO4, filtered, and concentrated in vacuo. The 
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remaining residue was purified on silica gel eluting with hexane:ethyl acetate (20:1) to afford the 

title compound 47b as a light yellow solid (190.4 mg, 72 % yield).  Rf = 0.33 (hexane: ethyl 

acetate 20:1); 1H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 9.2 Hz, 2H), 7.34 (d, J = 9.2 Hz, 2H), 

4.93 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 162.9, 147.6, 126.0, 125.5, 122.3, 120.6, 117.3, 

95.0, 74.1; IR (film): 2910, 2098, 1713, 1504, 1424, 1207, 1135, 883, 838, 717; HRMS (p NSI) 

calcd for C11H7Cl3F3N2O5S (M+H)+ 440.9094 found 441.5832. 

Procedure 2: A 100 mL flask was charged with 2,2,2-trichloroethyl 2-(4-

(((trifluoromethyl)sulfonyl)oxy)phenyl)acetate (8.09 g, 19.46 mmol, 1.000 equiv) and p-ABSA 

(7.01 g, 29.20 mmol, 1.500 equiv) dissolved in  162 mL acetonitrile and cooled to -40°C in an 

acetonitrile/CO2(s) bath. 1,8-Diazabicycloundec-7-ene (DBU, 4.36 mL, 29.2 mmol, 1.50 equiv) 

was then slowly added. The reaction mixture was then allowed to slowly warm to room 

temperature overnight. The resulting orange solution was quenched with saturated 100 mL 

NH4Cl and the aqueous layer was extracted with diethyl ether (3 x 100 mL). The combined 

organic layers were dried over MgSO4, filtered, and concentrated in vacuo. The remaining 

residue was purified on silica gel eluting with hexane:ethyl acetate (20:1) to afford light yellow 

solid (4.51 g, 53% yield).  Rf = 0.33 (hexane: ethyl acetate 20:1). 

 

 

4-(2-(methoxy(methyl)amino)-2-oxoethyl)phenyl trifluoromethanesulfonate (78):  According 

to the known literature procedure,36 to a dry and nitrogen-purged 30 mL round bottom flask was 

added a slurry of 2,2,2-trichloroethyl 2-(4-(((trifluoromethyl)sulfonyl)oxy)phenyl)acetate (66) 

(831.2 mg, 2.000 mmol, 1.000 equiv) and N, O-dimethylhydroxylamine hydrochloride (302.4 

mg, 3.100 mmol, 1.550 equiv) in 4 mL of tetrahydrofuran.  The reaction mixture was then cooled 
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to -20 °C.  A 2.0 M solution of isopropylmagnesium chloride solution in tetrahydrofuran (3 mL) 

was then added over 15 minutes while maintaining a reaction temperature below -5 °C by 

keeping the external temperature at -20 °C.  The reaction mixture was then allowed to stir for an 

additional hour at -10 °C (reaction monitored by thin layer chromatography).  Once complete, 

the reaction was quenched with saturated aqueous ammonium chloride.  The product was then 

extracted using tetrahydrofuran and the organic solution was dried over sodium sulfate and 

concentrated.  The crude residue was purified on silica eluting hexanes : ethyl acetate (5 : 1) 

increasing to hexanes : ethyl acetate (2 : 1) to afford the title compound 78 as a light brown oil 

(352.0 mg, 74% yield).  Rf = 0.36 (hexane: ethyl acetate 2 : 1); 1H NMR (400 MHz, CDCl3) δ 

7.37 (d, J = 7.3 Hz, 2H), 7.22 (d, J = 7.3 Hz, 2H), 3.79 (s. 2H), 3.66 (s, 3H), 3.20 (s, 3H); 13C 

NMR (100 MHz, CDCl3) δ 171.6, 148.6, 135.7, 131.4, 122.1, 121.4, 117.8, 115.7, 61.5, 38.5, 

32.3; IR (film): 2941, 1666, 1502, 1419, 1249, 1208, 1137, 1019, 888; HRMS (p NSI) calcd for 

C11H13O5NF3S (M+H)+ 328.0461 found 328.0454. 

 

 

4-(1-diazo-2-(methoxy(methyl)amino)-2-oxoethyl)phenyl trifluoromethanesulfonate (79):  

According to the known literature procedure,34  to a dry and nitrogen-purged 5 mL round bottom 

flask was added 4-(2-(methoxy(methyl)amino)-2-oxoethyl)phenyl trifluoromethanesulfonate 

(78) (69.0 mg, 0.200 mmol, 1.00 equiv) and p-ABSA (72.1 mg, 0.301 mmol, 1.50 equiv) in dry 

acetonitrile (3 mL).  The reaction mixture was cooled to 0 °C and 1,8-diazabicycloundec-7-ene 

(DBU, 0.045 mL, 0.301 mmol, 1.50 equiv) was slowly added.  The reaction was then allowed to 

slowly warm to room temperature and stirred overnight.  The reaction was then quenched with 

saturated aqueous ammonium chloride, extracted with diethyl ether, dried over magnesium 
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sulfate, filtered and concentrated.  The crude residue was purified on silica eluting hexanes : 

ethyl acetate (10 : 1) to afford the title compound 79 as a yellow oil (56.0 mg, 76%). mp 36-39 

°C; Rf = 0.23 in hexanes : ethyl acetate (10 : 1); 1H NMR (400 MHz, CDCl3) δ 7.55 (d, J = 9.0 

Hz, 2H), 7.27 (d, J = 9.0 Hz, 2H), 3.71 (s, 3H), 3.28 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 

165.8, 147.5, 128.6, 126.9, 121.9, 120.6, 117.4, 61.4, 34.2; IR (film): 2945, 2076, 1624, 1501, 

1423, 1362, 1207, 1134, 883, 846, 749; HRMS (p NSI) calcd for C11H11O5N3F3S (M+H)+ 

354.0366 found 354.0362. 

 

 

4-(2-(1-methyl-1H-indol-2-yl)-2-oxoethyl)phenyl trifluoromethanesulfonate (86):  According 

to the known literature prodecure,37 to a 50 mL dried and nitrogen-purged Schlenk flask 

equipped with a stir bar was added N-methylindole (88: 0.95 mL, 7.39 mmol, 15.30 equiv) and 

diethyl ether (14 mL).  n-Butyllithium (1.6 M in hexanes, 4.84 mL, 7.75 mmol, 1.05 equiv) was 

then added dropwise over 10 minutes and an additional 3 mL diethyl ether was added.  The 

solution was heated at reflux (40 °C) and monitored by TLC.  After five hours, the reaction had 

gone to completion and was equilibrated to room temperature.  To a separate 30 mL round 

bottom flask equipped with a stir bar was added 4-(2-(methoxy(methyl)amino)-2-

oxoethyl)phenyl trifluoromethanesulfonate (78) (327.3 mg, 1.000 mmol, 1.000 equiv with 

respect to the 4.85 mL, 2.00 mmol, 2.00 equiv. of (1-methyl-1H-indol-2-yl)lithium) and diethyl 

ether (2 mL).  The solution was cooled to 0 °C, then the contents of the Schlenk flask (5.34 mL, 

0.3384 M in diethyl ether) were added over 5 minutes.  It was stirred at 0 °C for one hour before 

quenching with saturated aqueous ammonium chloride (30 mL) and diluted with diethyl ether 

(30 mL).  The organic layer was separated and washed with a saturated aqueous sodium chloride 
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(30 mL).  The reaction mixture was dried over magnesium sulfate, filtered and concentrated.  

The crude residue was purified on silica eluting hexanes : ethyl acetate (20 : 1) increasing to (10 : 

1) to afford the title compound 86 as a white solid (163.1 mg, 41% yield). mp 88-91°C; Rf = 0.22 

(hexane: ethyl acetate 10:1); 1H NMR (400 MHz, CDCl3) δ 7.71 (d, J = 8.4 Hz, 1H), 7.40 (s, 

1H), 7.37 (m, 2H), 7.24 (m, 2H), 7.16 (m, 1H), 6.87 (d, J = 8.4 Hz, 2H), 4.19 (s, 2H), 4.04 (s, 

3H), 3.77 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 192.1, 158.8, 140.5, 134.6, 130.7, 127.3, 

126.2, 126.0, 123.2, 121.0, 114.3, 112.2, 110.6, 55.5, 46.1, 32.4.; IR (film): 2947, 1660, 1501, 

1418, 1209, 1137, 887, 752, 735; HRMS (p NSI) calcd for C18H15O4NF3S (M+H)+ 398.0668 

found 398.0665. 

 

 

4-(1-diazo-2-(1-methyl-1H-indol-2-yl)-2-oxoethyl)phenyl trifluoromethanesulfonate (87):  

According to the known literature procedure,34 to a 5 mL dry and nitrogen-purged round bottom 

flask was added 4-(2-(1-methyl-1H-indol-2-yl)-2-oxoethyl)phenyl trifluoromethanesulfonate 

(86) (39.0 mg, 0.098 mmol, 1.00 equiv) and p-ABSA (35.3 mg, 0.147 mmol, 1.50 equiv) in 2 

mL dry acetonitrile.  The reaction mixture was then cooled to 0 °C and 1,8-diazabicycloundec-7-

ene (DBU, 0.045 mL, 0.301 mmol, 1.50 equiv) was slowly added.  The reaction was then 

allowed to slowly warm to room temperature and stirred overnight.  The reaction was then 

quenched with saturated aqueous ammonium chloride, extracted with diethyl ether, dried over 

magnesium sulfate, filtered and concentrated.  The crude residue was purified on silica eluting 

hexanes : ethyl acetate (10 : 1) to afford the title compound 87 as a light orange oil (22.0 mg, 

62%) Rf = 0.22 in (hexanes : ethyl acetate 10 : 1); 1H NMR (400 MHz, CDCl3) δ 7.71-7.66 (m, 

2H), 7.45-7.36 (m, 4H), 7.22-7.17 (m, 2H), 7.02 (s, 1H), 3.99 (s, 3H); 13C NMR (150 MHz, 
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CDCl3) δ 148.1, 139.6, 132.7, 130.5, 127.3, 125.8, 122.8, 122.3, 121.7, 121.5, 121.2, 120.4, 

119.8, 110.5, 109.1; IR (film): 2925, 2077, 1614, 1501, 1425, 1286, 1213, 1140, 887, 741; 

HRMS (p NSI) calcd for C18H12O4N3F3NaS (M+Na)+ 446.0393 found 446.0394. 

 

 

4-(2-oxo-2-phenylethyl)phenyl trifluoromethanesulfonate (92):  According to the known 

literature procedure,38 to a dry and nitrogen-purged 30 mL round bottom flask was added a 

solution of 4-(2-(methoxy(methyl)amino)-2-oxoethyl)phenyl trifluoromethanesulfonate (78) 

(163.6 mg, 0.500 mmol, 1.000 equiv) in tetrahydrofuran (3.5 mL).  The solution was cooled to 0 

°C.  Phenylmagnesium bromide (1.0 M in tetrahydrofuran, 0.60 mL, 0.597 mmol, 1.194 equiv) 

was then added dropwise to the reaction mixture.  The reaction was slowly warmed to room 

temperature and monitored by thin layer chromatography.  After allowing the reaction to stir for 

three hours, the reaction mixture was poured into 1 N HCl (aq.) and extracted with three portions 

of ethyl acetate.  The combined organic layers were washed with saturated aqueous sodium 

bicarbonate followed by saturated aqueous sodium chloride.  The organic layers were dried over 

magnesium sulfate and concentrated in vacuo.  The crude residue was purified on silica eluting 

hexanes : ethyl acetate (10 : 1) to afford the title compound 92 as a white powder (69.0 mg, 

40%). Rf = 0.24 in hexanes : ethyl acetate (10 : 1).  Rf = 0.24 in 10 : 1 (hexanes : ethyl acetate) 

1H NMR (400 MHz, CDCl3) δ 8.07 – 7.93 (m, 2H), 7.69 – 7.56 (m, 1H), 7.51 (t, J = 7.6 Hz, 2H), 

7.36 (d, J = 9.0 Hz, 2H), 7.26 (d, J = 9.0 Hz, 2H), 4.34 (s, 2H).  Data are consistent with the 

literature.39 
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4-(1-diazo-2-oxo-2-phenylethyl)phenyl trifluoromethanesulfonate (93):  According to the 

known literature procedure,34 to a dry and nitrogen-purged 5 mL round bottom flask was added 

4-(2-oxo-2-phenylethyl)phenyl trifluoromethanesulfonate (92) (69.0 mg, 0.200 mmol, 1.00 

equiv) and p-ABSA (72.1 mg, 0.301 mmol, 1.50 equiv) in dry acetonitrile (3 mL).  The reaction 

mixture was cooled to 0 °C and 1,8-diazabicycloundec-7-ene (DBU, 0.045 mL, 0.301 mmol, 1.50 

equiv) was slowly added.  The reaction was then allowed to slowly warm to room temperature 

and stirred overnight.  The reaction was then quenched with saturated aqueous ammonium 

chloride, extracted with diethyl ether, dried over magnesium sulfate, filtered and concentrated.  

The crude residue was purified on silica eluting hexanes : ethyl acetate (10 : 1) to afford the title 

compound 93 as a yellow oil (56.0 mg, 76%) Rf = 0.23 in hexanes : ethyl acetate (10 : 1);   1H 

NMR (400 MHz, CDCl3) δ 7.91 (ddd, J = 7.4, 3.2, 1.7 Hz, 1H), 7.65 (d, J = 9.0 Hz, 2H), 7.60 - 

7.52 (m, 1H), 7.51 - 7.39 (m, 2H), 7.35 (d, J = 9.0 Hz, 2H), 7.26 - 7.19 (m, 1H); 13C NMR (100 

MHz, CDCl3) δ 150.1, 148.0, 137.7, 132.3, 131.0, 130.8, 130.5, 129.0, 127.8, 127.2, 122.2; IR 

(film): 3050, 2081, 1742, 1627, 1501, 1424, 1250, 1210, 1138, 886; HRMS (p NSI) calcd for 

C15H9F3LiN2O4S (M+Li)+ 377.0395 found 377.1190. 

 

 

N-methoxy-2-(4-methoxyphenyl)-N-methylacetamide (95):  According to the known literature 

procedure,36 to a dry and nitrogen-purged 100 mL round bottom flask was added a slurry of 

2,2,2-trichloroethyl 2-(4-methoxyphenyl)acetate (54) (2.9756 g, 10.000 mmol, 1.000 equiv) and 

N, O-dimethylhydroxylamine hydrochloride (1.5119 g, 15.500 mmol, 1.550 equiv) in 20 mL of 
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tetrahydrofuran.  The reaction mixture was then cooled to -20 °C.  A 2.0 M solution of 

isopropylmagnesium chloride solution in tetrahydrofuran (15 mL) was then added over 15 

minutes while maintaining a reaction temperature below -5 °C by keeping the external 

temperature at -20 °C.  The reaction mixture was then allowed to stir for an additional hour at -

10 °C (reaction monitored by thin layer chromatography).  Once complete, the reaction was 

quenched with saturated aqueous ammonium chloride.  The product was then extracted using 

diethyl ether and the organic solution was dried over sodium sulfate and concentrated.  The crude 

residue was purified on silica eluting hexanes : ethyl acetate (2 : 1) increasing to hexanes : ethyl 

acetate (1 : 1) to afford the title compound 95 as a clear oil (2.0925 mg, 51% yield).  Rf = 0.23 

(hexane: ethyl acetate 2 : 1);1H NMR (600 MHz, CDCl3) δ 7.20 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 

8.6 Hz, 2H), 3.78 (s, 3H), 3.70 (s, 2H), 3.60 (s, 3H), 3.18 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 

158.6, 130.5, 127.1, 118.3, 114.1, 100.1, 77.5, 77.2, 77.0, 61.5, 55.4, 38.6; IR (film): 2937, 2836, 

1659, 1512, 1442, 1246, 1177, 1033, 1004, 789; HRMS (p NSI) calcd for C11H16O3N (M+H)+ 

210.1125 found 210.1122. 

 

 

2-(4-methoxyphenyl)-1-(1-methyl-1H-indol-2-yl)ethan-1-one (96):  According to the known 

literature prodecure,37 to a 50 mL dried and nitrogen-purged Schlenk flask equipped with a stir 

bar was added N-methylindole (88: 0.95 mL, 7.39 mmol, 15.30 equiv) and diethyl ether (14 mL).  

n-Butyllithium (1.6 M in hexanes, 4.84 mL, 7.75 mmol, 1.05 equiv) was then added dropwise 

over 10 minutes and an additional 3 mL diethyl ether was added.  The solution was heated at 

reflux (40 °C) and monitored by TLC.  After five hours, the reaction had gone to completion and 

was equilibrated to room temperature.  To a separate 30 mL round bottom flask equipped with a 
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stir bar was added N-methoxy-2-(4-methoxyphenyl)-N-methylacetamide (84) (991.0 mg, 4.740 

mmol, 1.000 equiv with respect to the 27.90 mL, 9.47 mmol, 2.00 equiv. of (1-methyl-1H-indol-

2-yl)lithium) and diethyl ether (1 mL).  The solution was cooled to 0 °C, then the contents of the 

Schlenk flask (27.90 mL, 0.3384 M in diethyl ether) were added over 5 minutes.  It was stirred at 

0 °C for one hour before quenching with saturated aqueous ammonium chloride (20 mL) and 

diluted with diethyl ether (20 mL).  The organic layer was separated and washed with a saturated 

aqueous sodium chloride (20 mL).  The reaction mixture was dried over magnesium sulfate, 

filtered and concentrated.  The crude residue was purified on silica eluting hexanes : ethyl acetate 

(15 : 1) increasing to (10 : 1) to afford the title compound 96 as a white solid (286.6 mg, 22% 

yield). mp 101-104°C; Rf = 0.29 (hexane: ethyl acetate 20:1);   1H NMR (600 MHz, CDCl3) δ 

7.70 (d, J  = 8.1 Hz, 1H), 7.40 (s, 62H), 7.37 (d, J = 11.7 Hz, 0H), 7.24 (d, J = 8.9 Hz, 3H), 7.15 

(ddd, J = 8.0, 5.2, 2.7 Hz, 1H), 6.87 (d, J = 8.7 Hz, 2H), 4.19 (s, 3H), 4.05 (s, 8H), 3.78 (s, 3H); 

13C NMR (150 MHz, CDCl3) δ 192.1, 158.8, 140.5, 134.7, 130.7, 127.3, 126.2, 126.0, 123.2, 

121.0, 114.3, 112.2, 110.6, 55.5, 46.1, 32.4; IR (film): 2936, 1665, 1510, 1462, 1388, 1301, 

1177, 1161, 1027, 991, 812, 778, 763, 735; HRMS (p NSI) calcd for C18H18O2N (M+H)+ 

280.1332 found 280.1328. 
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