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ABSTRACT 

 

DESIGN AND OPTIMIZATION OF PYRROLE SYNTHESES FROM TITANIUM-

CATALYZED MULTICOMPONENT COUPLING INTERMEDIATES 

 

By 

 

Cody Michael Pasko 

 

 Nitrogen containing heterocycles have expressed themselves as being a rich source of 

biological activity, structural rigidity, and diverse ligand sets for metal-mediated transformations. 

Classical examples of heterocyclic syntheses provides an excellent platform for methodology 

development to access new scaffolds. Titanium-catalyzed multicomponent coupling reactions 

developed by Odom group formulate unique substrates for the preparation of multiple classes of 

heterocycles (Chapter 1). In this research, procedures for creating pyrrole frameworks and how the 

methodology can be adapted to synthesizing biologically active natural products is described 

(Chapter 2 and 3).  

 The research is divided into four separate, but complimentary chapters organized 

chronologically from their inception. A one-pot procedure to generate pyrrole-2-carboxylates from 

the multicomponent coupling reaction of amine, alkyne, and isonitrile catalyzed by titanium (IV) 

metal complexes is described (Chapter 2). Elucidation of the optimal conditions for this reaction 

(design of experiment) and some mechanistic insight are included as well.  

 Applications and unusual deviations of the work above deserves its own chapter along with 

utilizing new coupling partners to form alternate pyrroles (Chapter 3). Lastly, preliminary results 

of a novel single step synthesis of pyrrole-2-amidates, using multicomponent coupling chemistry 

is described with great potential for expanding to other classes of heterocycles (Chapter 4).  
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CHAPTER 1. INTRODUCTION TO METAL MEDIATED MULTICOMPONENT 

COUPLING REACTIONS  

 

1.1 Introduction to multicomponent coupling chemistry  

Synthetic organic chemistry can be broken down into two parts: theoretical deconstruction of 

molecules and practical experimental methodology. Both are equally important when it comes to 

the assessment of efficiency for a series of chemical reactions that lead to the desired product.1 In 

terms of rational retrosynthetic designs, it would be most beneficial to construct as much 

complexity as needed in the shortest amount of steps. Practical synthetic chemists prefer 

convergent routes as this offers greater modularity, expedites the discovery of insufficient 

pathways, and decrease wait times for starting materials (Figure 1.1). 

One way to incorporate both parts a priori and gain complexity rapidly is the use of 

multicomponent coupling reactions (MCR).2 The inherent convergent nature of this class of 

reactions is quite suitable for designing exotic frameworks, the types of which are seen in many 

natural products.3 Advancements of multicomponent coupling partners lead to desirable 

intermediates; opening new routes to challenging targets.  

 

Figure 1.1 a) linear synthesis of general compound E. b) convergent synthesis of compound E. 

c) multicomponent coupling synthesis of compound E shown as one step. 

 

MCR with high functional group coupling selectivity can produce modular scaffolds 

achievable by altering the peripheral attachments in the starting material. An example of this is the 

Ugi MCR, where a mixture of aldehyde or ketone, primary amine, isonitrile, and carboxylic acid 
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in one-pot leads to dipeptide products (Scheme 1.1).4 Fukuyama and coworkers utilized this 

powerful reaction to generate the key dipeptide intermediate in the total synthesis of Ecteinascidin 

743.5 The Ugi reaction has been modified several times and a vast array of structurally diverse 

compounds have resulted from this.6  

 

 

Scheme 1.1 Ugi multicomponent coupling reaction general scheme and application to 

Ecteinascidin 743.5 

 

In some regards an MCR is similar to a cascade reaction, whereby reaction of two components 

generates a reactive intermediate propagating the synthesis further.7 It is befitting that isonitriles 

have a rich history in multicomponent coupling chemistry, providing carbon sources, as they 

behave as both electrophile and nucleophile.6a,8 Primary resonance forms can be used to 
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demonstrate this dual reactivity: 1) a carbanion-like carbon that reacts as a nucleophile first and 2) 

a carbene with vacant p-orbital that behaves like an electrophile (Figure 1.2). This dual reactivity 

allows for several possibilities: subsequent attack of carbanion nitrogen followed by 1,2-addition 

of second nucleophile, addition of a nucleophile to carbene-like carbon generating a carbanion, or 

1,1-insertion type reactions. 

 

Figure 1.2 Resonance forms of isonitrile. 

 

Expediency in both academia and industry to optimize biologically active natural products or 

previously reported inhibitors, can make use of the inherent efficiency MCRs.9 Libraries of 

compounds can be developed with MCR from simple starting materials. This allows for a timely 

assembly of structure activity relationships (SAR). Biological activity is an important driving force 

for synthetic methodology development and SAR’s are part of assessing priority of various 

functional sites in a compound.  

The difficulty in designing MCR most often comes from the incompatibility of substrates. 

Side reactions are likely to occur, however, with proper care they may be minimized or eliminated. 

Understanding the reactivity and structure of the intermediates is as one way to begin mitigating 

these side reactions.  
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1.2 Metal-mediated MCR  

Current literature trends in MCR show an increasing use of metal-mediated or metal-catalyzed 

procedures.10 This is, in part, due to the necessity of activating certain coupling partners via the 

addition of a Lewis acid, metal-promoter, or creating a coupling site at the metal center. An early 

example of this is the Pauson-Khand [2+2+1] cycloaddition reaction between alkyne, alkene, and 

carbon monoxide (Scheme 1.2).11 Seminal work utilized stoichiometric amounts of Co2(CO)8 

metal complex to create cyclopentenone core structures.   

 

Scheme 1.2 Pauson-Khand MCR. 

  

Commonly employed coupling partners in metal-mediated MCR are alkynes, alkenes, and 

isonitriles.2a,6a,12 Two ways alkynes are activated by metal complexes is through π-system 

coordination to the metal center and 1,1-metal insertion between the s-sp bond (Figure 1.3).13 Part 

of this is due to the nature of the alkyne or the metal. Isonitriles, as previously stated, are frequently 

utilized for their ability to perform 1,1-insertion between M-X bonds where X can be heteroatoms 

(N, O, S), carbon and hydrogen. Metal mediated MCRs open the door for new couplings to occur 

which broadens the pool of both substrate possibilities and the product variability of these 

reactions. 
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Figure 1.3 a) alkyne coordination to metal center through π-orbitals. b) 1,1-metal insertion 

between s-sp hybridized bond. c) Isonitrile performing 1,1-insertions between metal-carbon 

bonds. 
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1.3 Titanium catalyzed MCR and Odom Group Chemistry  

Transfiguring unreactive coupling partners into useful MCR products via earth abundant, non-

toxic metal catalysis is non-trivial. Both titanium mediated and catalyzed reactions have been 

extensively studied with most notable example being the Sharpless asymmetric epoxidation 

(Scheme 1.3).14 One type of reaction that has provided powerful C-N bond formation is 

hydroamination, with multiple examples of stoichiometric and catalytic titanium usage (Scheme 

1.4).15 Odom et al advanced titanium catalyzed hydroamination into a novel MCR, producing α,β-

unsaturated-β-iminoamines via isonitrile insertion (Scheme 1.5).16  

 

Scheme 1.3 Sharpless asymmetric epoxidation.14b 

 

Scheme 1.4 Hydroamination of alkynes with primary amines and Ti(IV) metal complexes 

 

Scheme 1.5 Comparison of hydroamination and iminoamination products.16 

To understand the transition from hydroamination to MCR, a recount of the proposed 

mechanism for titanium catalyzed hydroamination is prudent. Doye et al, used kinetic studies 
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coupled with relatable systems (i.e. Bergman’s Zirconocene system for hydroamination17) to 

identify potential intermediates and the rate determining step.18 The initial metal complex used in 

their study is a precatalyst, as the active species is titanium-imido complex 1 (Scheme 1.6). 

Reaction of metal-imido complexes are well explored and offer great utility in a variety of 

reactions.19 In this instance, titanium-imido complex 1 undergoes [2+2] cycloaddition with alkynes 

to form azatitanacyclobutene complex 2. It is at this point that rate-determining protonolysis begins 

by introducing a second molecule of amine to form intermediate 3.18 Complete protonolysis 

generates enamine 4, which tautomerizes to 5, and regenerates complex 1. Complex 6 is a μ-dimer 

that is in equilibrium with titanium-imido 1 and represents a resting state for the catalyst. Important 

to note, the equilibrium process forming the azatitanacyclobutene is likely operating under Curtin-

Hammett conditions, which controls the product distribution of the possible regioisomers.2a,16 

 

Scheme 1.6 Catalytic cycle for titanium-based hydroamination of alkynes proposed by Doye et 

al. that proceeds through similar Bergman zirconocene hydroamination.17a 
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As previously stated, isonitriles are a common in MCR and 1,1-insertion chemistry can be 

utilized in titanium based catalysis.16 Introduction of isonitrile provides a trap for 

azatitanacyclobutene 2 by inserting into the titanium-carbon bond (Scheme 1.7). In order for this 

chemistry to work, the insertion of isonitrile needs to be faster than protonolysis of complex 2. If 

this is the case, then pentacyclic metal complex 7 will form. Protonolysis of complex 7 leads to 

the formation of α,β-unsaturated-β-iminoamine tautomers 9 and 10.   

 

Scheme 1.7 Catalytic cycle proposed for Titanium MCR forming 1,3-diimine tautomers. 

 

The power of this technique is the regioselective control with small modifications to catalyst 

and choice of primary amine. These 1,3-diimine products are useful intermediates that mimic some 

reactivity of 1,3-diketones, therefore, they can act as alternatives in classical heterocyclic 
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syntheses.2a As it is typically difficult to generate 1,3-diketones asymmetrically, and 1,3-

dialdehydes are incredibly sensitive substrates, a 1,3-diimine synthesis that is regioselective would 

be quite practical.  

Choice of alkyne substrate plays a role in regioselectivity through, primarily, electronic 

effects. Terminal alkynes with an aryl or alkenyl substituent have a strong electronic preference 

for 1,3-dialdimine formation (R2 = H, R3 = aryl or alkenyl). Aryl stabilization of the building 

negative charge (generated from Ti-C bond formation) accounts for the observed regioselectivity 

and is a common result for titanium catalyzed hydroamination (Figure 1.4).  

 

Figure 1.4 Electronic preference for aryl and alkenyl substrates 

 

Terminal alkynes with alkyl substituents are generally considered electron donating by 

hyperconjugation, and can stabilize the partial positive charge that occurs on the carbon bonded to 

nitrogen. However, sterics and electronics from the amine source also play a large role in 

regioselectivity. As an example the multicomponent coupling reaction between cyclohexylamine, 

1-hexyne, tert-butylisonitrile catalyzed by Ti(NMe2)2dpma results in 1:9 selectivity of keto-

aldimine 11 and dialdimine 12 (Scheme 1.8).20 Switching cyclohexylamine with aniline, while 

keeping all other conditions the same, the selectivity is 3:1. 
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Scheme 1.8 Effect of amine on regioselectivity of MCR catalyzed by Ti(NMe2)2dpma 

 

It is important to note that precatalyst choice also impacts the selectivity. Ti(NMe2)2dpma  has 

a methyl group (attached to the tertiary amine) that sits in the active site sterically hindering alkyl 

groups, but has little to no effect on terminal aryl alkynes.21 A second catalyst common in Odom 

group is Ti(NMe2)2dpm,15m which has no significant steric hindrance of the active site. 

Implementation of this catalyst provides improved regioselectivity of dialdimine 12 (Scheme 1.9). 

 

Scheme 1.9 Improved regioselectivity of dialdimine 12 using Ti(NMe2)2dpm 

 

This second catalyst is also used for internal alkyne derivatives due to several factors, one of 

which is the reduction of steric hindrance at the active site. The more active of the two species, in 

terms of reactivity and rate, is Ti(NMe2)2dpm due to increased Lewis acidity of the titanium metal 

center.22 The titanium metal center in Ti(NMe2)2dpma receives more donation of electron density 

from the bridging amine.21  
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Internal alkynes that consist of one alkyl group and one aryl group will follow the same model 

as terminal aryl alkynes (R2 = alkyl, R3 = aryl or alkenyl). If, however, unsymmetrical bi-alkyl or 

bi-aryl alkyne substrates are used, a mixture of products with poor selectivity is observed. Internal 

alkynes, bi-aryls especially, react much slower so it is common practice to have longer reaction 

times and heating at higher temperatures. 

Byproducts of the MCR reaction are minimal, but several common ones have been identified 

and even optimized (Scheme 1.10). Often the most visible is formamide formation (13), which is 

the two component coupling of primary amine and isonitrile. Additionally, a four component 

coupling product whereby two insertions of isonitrile can occur to make an intermediate that 

cyclizes to unusual 2,3-diaminopyrroles (14).23 The last and least prominent is formation of 

benzene (15) through trimerization of alkynes (typically visible with terminal aryl substrates). 

Hydroamination can occur but is usually completely shut down with addition of isonitrile. 

 

Scheme 1.10 Possible byproducts of titanium catalyzed MCC 

 

In general, the reaction exhibits a wide substrate tolerance with a few challenging functional 

groups that must be protected. Titanium complexes suffer from low stability in air and water due 

to the highly favorable formation of TiO2. Ketones, aldehydes, alcohols, carboxylic acids and 

esters must be properly protected, as unfavorable side reactions occur with each functional group. 

Avoidance of acidic protons is also necessary to ensure catalyst stability. 
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The design and implementation of these 1,3-diimine skeletons as intermediates for 

heterocyclic syntheses is an intriguing development that has scarcely been investigate outside of 

Odom group. Furthermore, limited studies into the electronic nature of the 1,3-diimine provide 

interesting avenues for future work (i.e transimination, Grignard additions, 1,3-dipolar-

cycloaddition reactions). Titanium catalyzed MCR combines inexpensive, non-toxic catalyst with 

amenable structure diversification that is exhibited in MCR.     
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CHAPTER 2. ONE-POT SYNTHESIS OF PYRROLES USING A TITANIUM-

CATALYZED MULTICOMPONENT COUPLING PROCEDURE 

 

2.1 Introduction 

Heterocycles are a class of ring structures which contain one or more heteroatoms (e.g. 

oxygen, sulfur, and nitrogen). Pyrrole is a nitrogen containing five-membered aromatic ring. The 

pyrrole moiety appears in biological systems, natural products, and widely sold pharmaceuticals 

(Figure 2.1).1  For biological systems, pyrrole appears as the main component of porphyrin; an 

organic macrocycle involved in the binding of Fe2+ for oxygen transportation.2 This characteristic 

of pyrrole-metal binding provides a precedent for use of pyrrole derivatives as ligands.3  

 

Figure 2.1 Pyrrole core structure as it appears in natural products, biological systems, and 

pharmaceuticals. 

 

Over the past few decades, an increasing number of natural products containing pyrrole core 

structures have been isolated. For example, in 1985 pyrrole based alkaloids, known as lamellarins, 

were isolated from marine mollusk lamellaria.4 Upon further investigation into this class of 



18 

 

compounds, many derivatives have been effective at combating multi-drug resistant cancer cell 

lines at non-cytotoxic levels.5 Pyrrole containing drug molecules that are currently on the market 

are atorvastatin (Lipitor®), a cholesterol lowering drug, and sunitinib (Sutent®) used for treatment 

of renal cell carcinoma.6  

With these driving forces it is unsurprising to see many groups devising general syntheses for 

this particular heterocycle. In the classical synthesis, the reaction between 1,3- and 1,4-dicarbonyls 

with amines have been a staple of pyrrole syntheses. This is seen in the classic Paal-Knorr pyrrole 

synthesis (Scheme 2.1).7 The amine condenses with one carbonyl, forming the imine, and then 

cyclizes upon nitrogen attack of the second carbonyl. This process is reversible, however, loss of 

water forms an aromatic molecule with a stabilization energy of 22 kcal·mol-1.8 The Fischer-Fink 

variation of the Paal-Knorr synthesis uses 1,3-dicarbonyls with zinc reduced oxime malonate to 

prepare 2-carboxylate pyrroles.9  

 

Scheme 2.1 Synthetic routes to substituted pyrroles. (a) Paal-Knorr reaction. (b) Fischer-Fink 

variation of the Paal-Knorr. 

 

Evident draw backs to this methodology are both preparation of asymmetric starting materials 

and pyrrole formation is rarely regioselective leading to mixtures. A Pd-catalyzed multicomponent 

coupling (MCC) reaction reported by the Arndsten group (Scheme 2.2) produced diversified 
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pyrroles in good yield and regioselectively, but requires 5 mol% of palladium and the use of 

additives.10  

 

Scheme 2.2 Arndsten palladium-catalyzed pyrroles synthesis. 

 

Utilization of pyrrole derivatives is highly exhibited in both current and previous 

investigations performed by Odom and co-workers.11 Titanium based catalysts with pyrrolyl 

ancillary ligands have provided hydroamination of alkynes, diynes, and alkenes. Titanium 

catalyzed pyrrole syntheses have been promulgated through several times in the literature as well. 

Ackerman et al, published a hydroamination of vinylic chloroenyne derivatives that undergo 

subsequent cyclization to the pyrrole moiety (Scheme 2.3).12 Similar to this work is the 

hydroamination of diynes to yield 1,2,5-substituted pyrroles reported by Odom et al.11h   

 

Scheme 2.3 (a) Ackerman hydroamination of chloroenynes, (b) Odom hydroamination of diynes.  

 

MCC chemistry offers efficient and cost effective routes to complex molecules that can be 

generated from simple starting materials. MCC is attractive for industrial applications as it can 
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reduce the frequency of costly purifications. The Odom group has utilized titanium(IV) metal 

complexes to afford an expanding list of heterocycles13 (Scheme 2.4) from the MCC intermediate 

previously described in chapter one. The α,β-unsaturated-β-iminoamine (3CC) is formed by the 

combination of an amine, alkyne and isonitrile in a 100% atom economical reaction.11d These 

intermediates behave similarly to 1,3-dicarbonyls, but are more stable, typically requiring higher 

reaction temperatures to convert to their heterocyclic counterpart. Herein, a one pot procedure to 

construct substituted pyrrole-2-carboxylates in modest to good yield from a titanium catalyzed 

MCC intermediate is described.   

 

Scheme 2.4 3CC intermediate acquired from titanium MCC generates variety of heterocycles via 

addition of an additive. 
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2.2 Results and Discussion 

This work involved several areas of potential interest: optimizing conditions, substrate 

tolerance, and regioselectivity of pyrrole formation. The 3CC intermediate was formed by either 

Ti(NMe2)dpma (A) or Ti(NMe2)dpm (B). The catalysts were prepared in near quantitative yield 

by the addition of ancillary ligand (1 equivalent of H2dpma and H2dpm respectively) to a cold 

ethereal solution of Ti(NMe2)4 (Scheme 2.5).11a,14 The ligands themselves were either prepared by 

a 5 componenent double Mannich reaction (H2dpma)11a or pyrrole condensation reaction with 

acetone (H2dpm) (Scheme 2.6).15 The condensation of ethyl glycinate hydrochloride to 3CC is an 

extension of the work performed by Mataka et al., with 1,3-diones as successful substrates for 

pyrrole formation (Scheme 2.7).16 

 

Scheme 2.5 Synthesis of titanium MCC catalyst. 

 

Scheme 2.6 Synthesis of pyrrole based ancillary ligands. 

 

Scheme 2.7 Mataka variation of the Fischer-Fink modification. 
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An initial set of conditions for the pyrrole formation had been established by Amila 

Dissanayake, who treated the 3CC intermediate from the titanium MCC reaction with ethyl 

glycinate hydrochloride (2 eq), Et3N (2 eq), and DMSO at 80 °C for 18 h (Scheme 2.8). Moderate 

yields for a variety of different substrates were observed, but the reaction was not scalable and 

reproducibility was low for several substrates. The conditions were optimized using the Design of 

Experiment (DOE) method, a statistical modeling technique that maps the experimental domain 

and reveals the impact of independent, as well as co-dependent, variables.  

 

Scheme 2.8 Initial conditions for pyrrole formation from 3CC intermediate. 

 

DOE can allow for fewer experiments to determine the experimental domain of a reaction; 

mapping out directions to a global maximum or in our case the optimal yield. DOE considers 

interaction effects between variables whereas the standard one variable at a time (OVAT) method 

does not. Elucidating these variable effects precludes the necessity of running an infinite number 

of experiments to obtain optimal yield as is the case with OVAT. After a base and solvent 

screening, which revealed DBU (base) and DMSO (solvent) to be the best combination, a 2-level 

full factorial design (2-FFD)17 was applied to a cyclization reaction of model phenyl (3CC) 

derivative to pyrrole 1a (Scheme 2.9). 
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Scheme 2.9 Model reaction for optimization of pyrrole formation.  

 

The reaction conditions illustrated in Scheme 2.9 includes four variables that were chosen for 

optimization. These four variables (Table 2.1) are not the only potential parameters that could be 

optimized, but from chemical intuition, they seemed the most likely to effect the overall yield. A 

minimum and maximum value were chosen to create the boundaries of the experimental domain. 

It is important to note that selecting a wide range can cover more of the experimental space, but 

problems of curvature (deviation from linear modeling) are much more prevalent. Selecting too 

narrow of a range results in a smaller experimental space; making it less likely that a local or global 

maximum is contained within the experimental space.   

Table 2.1 Variables scaled to a range of -1 for minimum values and 1 for maximum values.  

 VARIABLE MIN 

-1 

MAX 

1 

DMSO X1 1 mL 3 mL 

GLYCINATE X2 1 eq 4 eq 

DBU X3 1 eq 4 eq 

TEMPERATURE X4 70 °C 120 °C 

Each variables minimum value is assigned as -1 and the maximum value assigned as a +1 (e.g. 

a two level design has two settings). This is to scale each of the natural variables into a range, 

allowing for the direct comparison of individual variables without associating number bias. A 2-
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FFD with 4 variables requires 16 unique experiments (e.g. 24) to generate a complete model with 

all primary, secondary, and ternary terms to describe the experimental space (Equation 1). The 

output measurement (Y) is yield of product 1a and the coefficients (β) are the indicators for how 

relevant each term is to Y.  

(1)    Y = β0 + β1X1 + β2X2 + β3X3 + β4X4 + β12X1X2 + β13X1X3 + β14X1X4 + β23X2X3 +β24X2X4 + 

β123X1X2X3 + β234X2X3X4 + β124X1X2X4 + β134X1X3X4 

Table 2.2 2-FFD of all 16 possible experiments 

EXPERIMENT YIELD X1 X2 X3 X4 ORDER 

1 13.7 -1 -1 -1 -1 L 

2 9.1 1 -1 -1 -1 C 

3 14.4 -1 1 -1 -1 M 

4 16.4 1 1 -1 -1 F 

5 6 -1 -1 1 -1 K 

6 5.5 1 -1 1 -1 I 

7 26.3 -1 1 1 -1 E 

8 30.2 1 1 1 -1 N 

9 46.8 -1 -1 -1 1 O 

10 50.5 1 -1 -1 1 A 

11 15.8 -1 1 -1 1 J 

12 20.6 1 1 -1 1 D 

13 17.1 -1 -1 1 1 H 

14 19.6 1 -1 1 1 G 

15 40.6 -1 1 1 1 P 

16 62.9 1 1 1 1 B 

 

In order to remove experimental bias, the order in which the experiments were conducted was 

randomized and the same batch of reagents were used. The yields for each reaction were quantified 

by calibrated GC-FID using naphthalene as an internal standard. A matrix is constructed that 

contains all of the scaled variables shown in Table 2.2 including a column of ones at the far left. 

Also in order to calculate the importance of secondary and ternary terms, nine more columns are 

added with the appropriate operations such as column X1X2 equals column X1 multiplied by 
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column X2. This model matrix will be X (Equation 2) will be manipulated into a final vector, b, 

that will contain all of the β coefficients in the order that the variables appear from left to right in 

the model matrix. 

(2)                                                         (Xt · X)-1 · Xt · y = b 

In order to obtain the vector b, the transpose of the model matrix (Xt) is multiplied by the 

model matrix (X). The inverse of the resulting matrix is then multiplied by Xt again. Finally this 

term is then multiplied by a vector which is composed of the yields (y) from each experiment in 

the order they appear in the model matrix. The model is then shown in the form of equation 3 

where all of the influential terms are shown. 

(3)         Y = 24.8 + 2.06X1 + 3.61X2 + 1.23X3 + 9.45X4 + 1.48X1X2 + 1.47X1X3 + 2.10X1X4 +        

         10.34X2X3 – 2.87X2X4 + 0.58X1X2X3 + 5.60X2X3X4 + 0.55X1X2X4 + 0.57X1X3X4 

Primary terms show linear correlations to the Y value. For example the β4 which corresponds 

to the importance of temperature was 9.45. Compared relatively to the other primary terms, 

temperature is most influential on reaction yields. There is also an important secondary cross term, 

β23, showing a correlation to the amount of glycine to the amount of dbu in the reaction. It is more 

difficult to ascertain reaction conditions for secondary terms and even less facile are ternary terms. 

Ternary terms are the result of three variables influencing each other simultaneously and in most 

cases are negligible to the model error. However, as shown in equation 3 that was not the case for 

this experiment. 

After some additional experiments to probe the region of highest yield (i.e. all variables set to 

the maximum level) an optimized set of conditions were obtained. The 3CC can be cyclized to a 

pyrrole derivative by treating the MCC intermediate with ethyl glycinate hydrochloride (3 eq), 

DBU (2.8 eq), DMSO (4 mL) at 120 °C for 18 h. A substrate scope was used to determine the 

generality of these new set of conditions.  
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Table 2.3 Examples of di-substituted pyrrole-2-carboxylates using the optimized conditions. 

 

Entry R1 R2 Catalyst Product Yield 

(%) 

1a 
  

A 

 

50 

1b 
  

A 

 

47 

1c 
 

 

A 

 

44 

1d 
  

A 

 

40 

1e 
  

A 

 

27 

1f 
  

A 
 

41 

1g 
  

A 
 

56 

1h 
  B 

 

35 

1i 
  

A 
 

47 

1j 
  

B 

 

48d 
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Regioselective control for the products initially begins at the formation of the 3CC 

intermediate. As stated previously (chapter one), aryl groups on the alkyne show preferential 

positioning on the carbon atom between the two imines. This translates into only one possible 

isomer upon pyrrole formation. For terminal alkyl alkynes, two isomers can be distinguished via 

catalyst and amine combination (Scheme 2.10). To regioselectively obtain isomers 1f, 1g, and 1i, 

catalyst A and aniline are used in combination during the 3CC formation. The other isomers, 1h 

and 1j, can be obtained by using a combination of catalyst B and cyclohexylamine.   

 
Scheme 2.10 Regioselectivities for both 3CC formation and pyrrole formation. 

 

The regioselectivities for terminal alkyl substrates were determined by comparing crude GC-

FID to purified pyrrole standards. For the 1-hexyne derivative, the four possible combinations of 

amine and catalyst were tested to provide the optimized conditions. It becomes apparent that amine 

choice plays a major role in the regioselectivity; however, due to the differences in both electronics 

and sterics, it is difficult to pinpoint the exact reason. Regioselectivities are further enhanced by 

catalyst choice which is hypothesized to be caused by the increase in sterics in the active site for 

catalyst A vs catalyst B. However, all of this is conjecture as the alkyne is in equilibrium with the 

azatitanacyclobutene meaning that the trapping rates of isonitrile insertion could also be playing a 

role. Similar regioselectivities are observed when using cyclohexylacetylene in lieu of 1-hexyne 

(Scheme 2.11).   
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Scheme 2.11 Regioselectivities with cyclohexyl groups.  
 

Although most examples involving terminal alkynes provide a single isomer, internal alkynes 

have the opportunity to produce two or three possible isomers. Reaction of glycinate amine could 

take place at either the aldimine (t-butyl imine) site or the ketimine (phenyl imine) site (Figure 

2.2). Furthermore, if the initial transimination is reversible and fast then either the ring closure or 

elimination of amine to aromatize the ring would be the rate determining step (RDS). What truly 

makes this complicated is the almost complete lack of study on transimination of 1,3-diimines.13b 

However, several studies on transimination18 and imine metathesis19 have been performed on 

imines and 1,2-diimines.20  

 

Figure 2.2 Differentiating the sites of the 3CC. 

 

It has been well established for imines that transimination is a reversible process and can be 

catalyzed by  Lewis acid,18a amino acids,18c,21 amines,18e and metal complexes.22 The equilibria 

typically lie with the more nucleophilic amine exchanging for a less nucleophilic amine. For 

example, Di Stefano and coworkers found that when reacting N-benzylidene-p-toluidines 
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derivatives with butylamine, the equilibrium in every case favored the corresponding N-

benzylidenebutylamine product (Table 2.4).19c To the best of this researcher’s knowledge there 

isn’t a direct comparison between the reactivity of ketimines and aldimines to transimination. Even 

in our own system the ketimine carbon is an aryl imine and the aldimine carbon is an aliphatic 

imine. 

Table 2.4 Di Stefano’s and Co-workers transimination study of Aryl Aldimines with aliphatic 

amine equilibrium exchange.19c 

 

ENTRY X K KF(M-1 S-1) KB(M-1 S-1) T1/2
C (S) 

1 H 35 0.60 1.7 x 10-2 240 

2 OCH3 23 3.3 x 10-2 1.4 x 10-3 1100 

3 CN 120 3.4 x 10-3 2.8 x 10-5 11900 

4 NO2 240 7.9 x 10-4 3.3 x 10-6 62000 

 

To determine if (a) there is a major isomer that is obtained from preferential transimination of 

the ketimine site (due to favorable equilibria for replacing aryl amines with aliphatic imines) or 

(b) there is a predominate product based on rate determining ring-closure, a substrate scope 

consisting of various internal alkynes was investigated (Table 2.5). The 3CC formation is 

predictable for all cases shown where either symmetrical or electronic bias provides predominately 

one product (>50:1). With the combined assistance of X-ray crystallography (Figure 2.3) and 

coupled-HSQC 2D NMR spectroscopy23 (Table 2.6) the regiochemistry was assigned. All 

products shown are the major isomer with only trace amounts of a second isomer observed by GC-
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MS. A switch in regiochemistry was observed when comparing alkyl-aryl alkynes and biaryl 

alkynes that was quite unexpected. 

Table 2.5 Examples of tri-substituted pyrrole-2-carboxylates. 

 

Entry R2 R3 Product Yield(%) 

2a 
Me 

  
 

65 

2b 
  

 

51 

2c 
  

 

25 

2d 
  

 

37 

2e Me 
 

 

61 

2f Et Et 
 

29 
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(A)  (B)  

(C)  (D)  

Figure 2.3 X-ray Crystal structures of (A) 2b, (B) 2a, (C) 2d, (D) 2e. 

 

Table 2.6 C-H coupling constants for compounds 1a, 1i, 2a-2f. 

Compound C-H pyrrole 1JCH coupling C–H assignment ( or ) 
1a 186 Hz, 175 Hz α, β 

1i 177 Hz, 173 Hz 

2a 175 Hz 

2b 189 Hz 

2c 175 Hz 

2d 189 Hz 

2e 175 Hz 

2f 172 Hz 
 

A closer investigation into the mechanism revealed one plausible answer to this regiochemical 

model. The transimination is in this case a fast, reversible equilibria that does not determine the 

product distribution. According to related cyclizations, the ring closure is more commonly invoked 

as the rate-determining step.8,24 To test this assertion NMR and GC-FID studies were used to 

follow two reactions in attempts to ascertain mechanistic details regarding potential intermediates 

and productive pathways. 1,3-diimines 3a and 3b (Figure 2.4),  intermediate 3CC for compounds 
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2a and 2b, respectively, were isolated from similar MCR conditions using 1-phenylpropyne or 

diphenylacetylene. These isolated 3CC products were reacted each with ethylglycinate and 

ammonium chloride at 55 °C, a temperature that is ill-suited for pyrrole formation.  

 

Figure 2.4 1,3-diimine isolated for mechanistic studies. 

 

Interestingly, in both cases, the only free amine observed was aniline, which strongly 

implicates that transimination at the ketimine site is favored (Scheme 2.12).13b However, this 

observation does not necessarily prove this claim as it is possible that liberation of t-butyl amine 

via transimination could lead to displacement of aniline by the more nucleophilic t-butyl amine.19c 

In fact, observed in the GC-MS are several distinct 3CC isomers, except for those resulting from 

free aniline transimination. The striking difference between the two substrates tested is both the 

amount of free aniline produced (22% and 57% when starting with 3a and 3b, respectively) under 

similar conditions and the observance of pyrrole 2b.  
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Scheme 2.12 (1) Reaction of 3a with pyrrole formation conditions (2) Reaction of 3b with 

pyrrole formation conditions. 

 

The latter provides some insight as to the nature of the ring closure step. If the product 

determining step is the ring closure and not transimination, then the stabilization of positive charge 

by the aromatic group at the ketimine carbon would increase the rate of carbon-carbon bond 

formation, thus providing pyrrole 2b even at reduced temperatures (Scheme 2.13).   
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Scheme 2.13 Model depicting relative rates for pyrrole formation. 

 

Pyrrole 1a was utilized in the synthesis of an asymmetric ligand, pyrrole 5, that provided 

incentive to continue study on a catalyst previously reported to perform MCR; producing pyrazoles 

in a single step.11q The ligand was prepared by transamidation of ethyl-carboxylate with 2-

aminoethanol,25 followed by ring closure to produce an oxazoline (Scheme 2.14).26 Addition of 2 

eq of ligand to Ti(NMe2)4 afforded catalyst C in 25% yield (Scheme 2.15). The metal complex is 

6-coordinate with two ancillary ligands and two dimethylamide groups. The oxazoline is nitrogen 

bound and is trans to the dimethylamide, while the two pyrrolyl groups are also trans, which is 

similar to the aforementioned catalyst.  
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Scheme 2.14 Synthesis of asymmetric ligand H2pyxn. 

 

Scheme 2.15 Synthesis of titanium catalyst C. 

 

Figure 2.5 X-ray crystallographic data on Ti(NMe2)2pyxn2 (C).  

 

A MCR between mono-substituted hydrazines, terminal alkynes, and isonitriles catalyzed by 

titanium complex D was reported in 2012 and produced 1,3-disubstituted pyrazoles as the only 

isomer (Scheme 2.16).11q A limitation of this catalysis was the exclusion of internal alkynes. It 

was hypothesized that the methyl group on the 2-position of the ancillary ligand blocked the 

necessary conformation for effective catalysis. As titanium complex C does not have such 

restrictive groups at the two position, it was believed that internal alkynes would react to form 

pyrazoles using this new catalyst. A reaction of phenylhydrazine, 1-phenylpropyne, and 
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cyclohexylisonitrile catalyzed by C at 100 °C for 36 hours provided a mixture of four 

hydrazination products and two pyrazole isomers (Scheme 2.17). Judging by GC-MS, 

hydrohydrazination was the dominate product followed by pyrazole formation.  

 

Scheme 2.16 One-step pyrrole synthesis from titanium MCR 

 

Scheme 2.17 Expansion of substrate scope using C results in four hydrazination isomers and two 

pyrazole isomers. 
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2.3 Conclusion 

The successful adaptation of a classical heterocyclic synthesis using 1,3-diimines in lieu of  

1,3-diones has been described. The advantages of this methodology are the facile construction of 

asymmetric products, the use of commercially inexpensive materials, and the operational 

simplicity of the reaction. The pyrrole formation shows a unique switch in regioselectivity 

depending on initial alkyne. Aryl stabilization of positive charge at the ketimine carbon provides 

one possible answer to this peculiar anomaly. It is unclear as to why such regioselective switches 

haven’t occurred in similar systems such as Gupton’s vinylogous amidates27 or other heterocyclic 

synthesis reported by Odom group.13a  

Pyrroles have shown widespread usage as ancillary ligands for late and early transition metal 

catalysis. It is therefore advantageous to investigate economical routes for constructing these types 

of molecules. The synthesis of a pyrrolyl oxazoline based titanium catalyst is described and has 

shown expansion of the current available substrate scope of the previously reported catalyst D. 

However, the large amount of hydrazination product makes this catalyst far from viable. As will 

be described in later chapters this methodology has potential to adapt well to the total synthesis of 

natural products containing core pyrrole subunits.   
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2.4 Experimental 

General Considerations: All manipulations of air-sensitive compounds were carried out in an 

MBraun drybox under a purified nitrogen atmosphere. All glassware was heated at 150 °C for 4 h 

and stored in a drybox under nitrogen. Toluene was purified by first sparging with dry nitrogen to 

remove oxygen and then ran through activated alumina to remove water. 1H and 13C NMR spectra 

were recorded on a VXR-500 spectrometer in CDCl3. Regiochemistry of compounds 1a, 1i, and 

2a-2f were determined by coupled-HSQC. Melting points were measured on a Mel-Temp II 

apparatus (Laboratory Devices Inc, USA) with a mercury thermometer in an open capillary tube. 

Single crystal X-ray diffraction data was collected in the Center for Crystallographic Research at 

MSU and structures deposited in the Cambridge Crystallographic Data Centre.  

Ligands H2dpma11a and H2dpm15 were prepared by literature methods. Ti(NMe2)2(dpma)11a 

(A) and Ti(NMe2)2(dpm)14 (B) were made following literature procedures. Alkynes were 

purchased either from Sigma-Aldrich or GFS chemicals and distilled from CaO under dry nitrogen 

or prepared using Sonogashira coupling.28 Amines were purchased from Sigma-Aldrich and were 

distilled from KOH under dry nitrogen. Triethylamine (TEA) and glycine ethyl ester hydrochloride 

were both purchased from Sigma-Aldrich and used as received. tert-Butylisonitrile was prepared 

from tert-butylamine, CHCl3, and aqueous base according to the literature procedure and purified 

by distillation under dry nitrogen.29 tert-Butyldimethylsilyl chloride and 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) were purchased from Oakwood Chemicals and used as 

received. Dimethylsulfoxide (DMSO) was purchased from Fisher Scientific and used as received. 

Hexanes and ethyl acetate were purchased from Mallinckrodt Chemicals and used as received.  

Ethyl glycinate was prepared for Methods B and C below by dissolving ethyl glycinate 

hydrochloride in water and adding 2 equivalents of K2CO3. The solution was extracted with 



39 

 

dichloromethane in three portions. The combined organic layers were dried and filtered; then, the 

volatiles were removed by rotary evaporation to give the ethyl glycinate as a clear to pale yellow 

oil. 

General Procedure for 1,3-diimine Synthesis 

A pressure tube was charged with a magnetic stir bar and Ti precatalyst A or B (10 mol%) in 

toluene (2 mL), amine (2 mmol), alkyne (1 mmol), and t-butylisonitrile (1.2 mmol) were added. 

The pressure tube was sealed, removed from the drybox, and placed into an oil bath preheated to 

100-120 °C for 24-48 h. The reaction was removed from the bath, and volatiles were removed in 

vacuo. 

General Procedures for 2-carboxylpyrroles  

Method A 

The pressure tube from 1,3 diimine formation was charged with glycine ethyl ester 

hydrochloride (420 mg, 3 mmol), DBU (420 μL, 2.8 mmol), and DMSO (4 mL). The pressure tube 

was resealed and heated for 18 h at 120 °C in an oil bath. The reaction was removed from the bath 

and extracted with DCM (40 mL). The organic layer was washed with 10 % NaHCO3 (30 mL) and 

with brine (30 mL). The aqueous layers were combined and washed with DCM (40 mL). The 

organic layers were combined, dried with anhydrous Na2SO4, and filtered. Volatiles were 

removed, and the crude was purified by flash column chromatography on silica gel with 

hexanes:ethyl acetate (4:1) and 1% TEA to afford the desired product. 

Method B 

The pressure tube from 1,3 diimine formation was charged with glycine ethyl ester (309 mg, 

3 mmol), NH4Cl (22 mg, 0.4 mmol), and DMSO (4 mL). The pressure tube was resealed and 

heated for 18 h at 120 °C in an oil bath. The reaction was removed from the bath, and extracted 
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with DCM (40 mL). The organic layer was washed with 10% NaHCO3 (30 mL) and with brine 

(30 mL). The aqueous layers were combined and washed with DCM (40 mL). The organic layers 

were combined, dried with anhydrous Na2SO4, and filtered. Volatiles were removed, and the crude 

was purified by flash column chromatography on silica gel with hexanes:ethyl acetate (4:1) and 

1% TEA to afford desired product. 

Method C 

All materials from method B were scaled to alkyne (20 mmol). 

Preparative Details 

Synthesis of ethyl 4-phenyl-pyrrole-2-carboxylate (Table 2.3, 1a) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst A (32.4 mg, 10 mol%), 

cyclohexylamine (230 μL, 2 mmol), phenylacetylene (110 μL, 1 mmol) and heating at 100 °C for 

24 h. Method A: The pyrrole was afforded (108 mg, 50%) as a light brown solid. Method B: The 

pyrrole was afforded (104 mg, 48%) as a light brown solid. Method C: The pyrrole was afforded 

(1.8 g, 42%) as a light brown solid. M.p. 97-99 °C (lit.30 Mp: 98-99 °C). 1H NMR (CDCl3): δ 9.25 

(1H, br s, N-H pyrrole), 7.44-7.46 (2H, m, Ar-H), 7.27-7.30 (2H, m, Ar-H), 7.14-7.18 (3H, m, Ar-

H and C-H pyrrole), 4.28 (2H, q, JHH = 7.2 Hz, CH2), 1.31 (3H, t, JHH = 7.2 Hz, CH3). 13C{1H} 

NMR (CDCl3): δ 161.2, 134.5, 128.7, 126.5, 125.3, 123.7, 119.4, 112.4, 60.5, 14.4. Elemental 

analysis: found %C 72.45, %H 6.46, %N 6.59; calcd.; %C 72.54, %H 6.09, %N 6.51. 
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Synthesis of ethyl 4-(p-tolyl)-pyrrole-2-carboxylate (Table 2.3, 1b) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst A (32.4 mg, 10 mol%) 

, cyclohexylamine (230 μL, 2 mmol), 1-ethynyl-4-methylbenzene (127 μL, 1 mmol) and heating 

at 100 °C for 24 h. Method A: The pyrrole was afforded (108 mg, 47%) as a light orange solid. 

M.p. 166-167 °C (lit.30 Mp: 165-166 °C). 1H NMR (CDCl3) δ 9.27 (1H, br s, N-H pyrrole), 7.43 

(2H, d, JHH = 3.1 Hz, Ar-H), 7.18-7.22 (m, 4H, Ar-H and C-H pyrrole), 4.36 (2H, q, JHH = 7.2 Hz, 

CH2), 1.40 (3H, t, JHH = 7.2 Hz, CH3); 13C {1H} NMR (CDCl3) δ 161.2, 135.9, 131.7, 129.5, 

126.8, 125.2, 123.6, 119.1, 112.3, 60.5, 21.1, 14.5; elemental analysis: found %C 73.42, %H 6.49, 

%N 6.19; calcd. %C 73.34, %H 6.59, %N 6.11. 

Synthesis of ethyl 4-(3,4-dimethoxy)phenyl-pyrrole-2-carboxylate (Table 2.3, 1c) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst A (32.4 mg, 10 mol%), 

cyclohexylamine (230 μL, 2 mmol), 1-ethynyl-3,4-dimethoxybenzene (162 mg, 1 mmol) and 

heating at 100 °C for 24 h. Method A: The pyrrole was afforded  (121 mg, 44%) as a light yellow 

solid. M.p. 141-142 °C (lit.31 Mp: 136.3-137.5 °C). 1H NMR (CDCl3) δ 9.18 (1H, br s, N-H 

pyrrole), 7.15-7.18 (2H, m, C-H pyrrole), 7.08 (1H, dd, JHH = 8.4 Hz, 2.1 Hz, Ar-H), 7.04 (1H, d, 

JHH = 2.1 Hz, Ar-H), 6.89 (1H, d, JHH = 8.4 Hz, Ar-H), 4.36 (2H, q, JHH = 7.2 Hz, CH2), 3.94 (3H, 

s, CH3), 3.90 (3H, s, CH3), 1.39 (3H, t, JHH = 7.2 Hz, CH3). 
13C{1H} NMR (CDCl3) δ 161.1, 149.2 
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147.8, 127.7, 126.8, 123.6, 118.8, 117.6, 112.2, 111.6, 108.9, 60.5, 56.0, 59.9, 14.5. HRMS (ES) 

m/z calcd. for C15H16NO4 274.1079, found 274.1089. 

Synthesis of ethyl 4-(4-benzyloxy)phenyl-pyrrole-2-carboxylate (Table 2.3, 1d) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst A (32.4 mg, 10 mol%), 

cyclohexylamine (230 μL, 2 mmol), 1-ethynyl-4-benzyloxybenzene (208 mg, 1 mmol) and heating 

at 100 °C for 24 h. Method A: The pyrrole was afforded (128 mg, 40%) as a red solid. M.p. 146-

147 °C. 1H NMR (CDCl3) δ 9.22 (1H, br s, N-H pyrrole), 7.29-7.44 (7H, m, Ar-H), 7.12-7.13 (2H, 

m, Ar-H and C-H pyrrole), 6.92-6.98 (2H, m, Ar-H and C-H pyrrole), 5.06 (2H, s, CH2), 4.33 (2H, 

q, JHH = 7.1 Hz, CH2), 1.37 (3H, t, JHH = 7.1 Hz, CH3). 
13C{1H} NMR (CDCl3) δ 161.2, 157.5, 

137.1, 128.5, 127.9, 127.6, 127.4, 126.5, 126.4, 123.5, 118.7, 115.2, 112.1, 70.1, 60.3, 14.4. 

Elemental analysis: found %C 74.64, %H 5.89, %N 4.42; calcd. %C 74.75, %H 5.96, %N 4.36. 

Synthesis of ethyl 4-(cyclohexen-1-yl)-pyrrole-2-carboxylate (Table 2.3, 1e) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst A (32.4 mg, 10 mol%), 

cyclohexylamine (230 μL, 2 mmol), 1-cyclohexenylacetylene (123 μL, 1 mmol) and heating at 

100 °C for 24 h. Method A: The pyrrole was afforded (59 mg, 27%) as a brown solid. M.p. 56-59 

°C. 1H NMR (CDCl3) δ 9.28 (1H, br s, N-H pyrrole), 6.95 (1H, d, JHH = 1.7 Hz, C-H pyrrole), 6.88 

(1H, d, JHH = 1.7 Hz, C-H pyrrole), 5.98-6.00 (1H, m, C-H alkene), 4.28 (2H, q, JHH = 7.2 Hz, 

CH2), 2.24-2.27 (2H, m, CH2), 2.10-2.14 (2H, m, CH2), 1.68-1.73 (2H, m, CH2), 1.58-1.63 (2H, 
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m, CH2), 1.31-1.39 (3H, t, JHH = 7.2 Hz, CH3). 
13C{1H} NMR (CDCl3) δ 161.4, 129.9, 122.8, 

120.6, 118.4, 110.9, 60.3, 27.0, 25.3, 22.7, 22.3, 14.4. Elemental analysis: found %C 71.29, %H 

7.64, %N 6.30; calcd. %C 71.29, %H 7.81, %N 6.39. 

Synthesis of ethyl 5-(3-tertbutyldimethylsilyloxy)propyl-pyrrole-2-carboxylate (Table 2.3, 1f) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst A (32.4 mg, 10 mol%), 

cyclohexylamine (230 μL, 2 mmol), 1-t-butyldimethylsilyloxy-pent-4-yne (236 μL, 1 mmol) and 

heating at 100 °C for 24 h. Method A: The pyrrole was afforded (128 mg, 41%) as a light brown 

solid. M.p. 63-64 °C. 1H NMR (CDCl3): δ 9.31 (1H, br s, N-H pyrrole), 6.81 (1H, d, JHH = 3.3 Hz, 

C-H pyrrole), 5.94 (1H, d, JHH = 3.3 Hz, C-H pyrrole), 4.27 (2H, q, JHH = 7.2 Hz, CH2), 3.62 (2H, 

t, JHH = 5.9 Hz, CH2), 2.69 (2H, t, JHH = 7.3 Hz, CH2) 1.79-1.85 (2H, quin, JHH = 7.3 Hz, 6.7 Hz, 

CH2), 1.31-1.40 (3H, t, JHH = 7.2 Hz, CH3), 0.89 (9H, s), δ 0.03 (6H, s, CH3-Si). 13C{1H} NMR 

(CDCl3): δ 161.2, 138.1, 121.3, 115.8, 108.0, 61.9, 59.9, 31.9, 25.9, 24.1, 18.3, 14.5, –5.3. 

Elemental analysis: found %C 61.82, %H 9.13, %N 4.78; calcd. %C 61.69, %H 9.38, %N 4.50. 

Synthesis of ethyl 5-butyl-pyrrole-2-carboxylate (Table 2.3, 1g) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst A (32.4 mg, 10 mol%), 

aniline (180 μL, 2 mmol), 1-hexyne (115 μL, 1 mmol) and heating at 100 °C for 24 h. Method A: 

The pyrrole was formed after heating at 80 °C for 18 h and afforded (109 mg, 56%) as a brown 

oil. 1H NMR (CDCl3): δ 9.40 (1H, br s, N-H pyrrole), 6.80 (1H, d, JHH = 2.6 Hz, C-H pyrrole), 

5.94 (1H, d, JHH = 2.6 Hz, CH-pyrrole), 4.28 (2H, q, JHH = 7.2 Hz, CH2), 2.61 (2H, t, JHH = 7.5 Hz, 
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CH2), 1.57-1.63 (2H, quin, JHH = 7.5 Hz, 7.0 Hz, CH2), 1.31-1.35 (5H, m, CH2 and CH3), 0.89 (3H, 

t, JHH = 7.5 Hz, CH3). 
13C{1H} NMR (CDCl3): δ 161.5, 139.0, 121.0, 115.8, 107.8, 60.0, 31.4, 

27.5, 22.2, 14.5, 13.7. Elemental analysis: found %C 67.74, %H 8.70, %N 7.24; calcd. %C 67.66, 

%H 8.78, %N 7.17. 

Synthesis of ethyl 4-butyl-pyrrole-2-carboxylate (Table 2.3, 1h) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst B (30.8 mg, 10 mol%), 

cyclohexylamine (230 μL, 2 mmol), 1-hexyne (115 μL, 1 mmol) and heating at 100 °C for 24 h. 

Method A: The pyrrole was afforded  (68 mg, 35%) as a brown oil. 1H NMR (CDCl3): δ 8.91 (1H, 

br s, N-H pyrrole), 6.77 (1H, d, JHH = 1.9 Hz, C-H pyrrole), 6.74 (1H, d, JHH = 1.9 Hz, C-H pyrrole), 

4.31 (2H, q, JHH = 7.1 Hz, CH2), 2.46 (2H, t, JHH = 7.5 Hz, CH2), 1.52-1.58 (2H, m, CH2), 1.34-

1.38 (5H, m, CH2 and CH3), 0.91 (3H, t, JHH = 7.3 Hz, CH3). 
13C {1H} NMR (CDCl3) δ 161.2, 

134.5, 128.7, 126.5, 125.3, 123.7, 119.4, 112.4, 60.5, 14.4. Elemental analysis: found %C 67.07, 

%H 8.66, %N 7.25; calcd. %C 67.66, %H 8.76, %N 7.17. HRMS (ES) m/z calcd. for C11H16NO2 

194.1181, found 194.1185. 

Synthesis of ethyl 5-cyclohexyl-pyrrole-2-carboxylate (Table 2.3, 1i) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst A (32.4 mg, 10 mol%), 

aniline (180 μL, 2 mmol), cyclohexylacetylene  (131 μL, 1 mmol) and heating at 100 °C for 24 h. 

Method A: The pyrrole was afforded  (104 mg, 47%) as a light orange solid. M.p. 106-107 °C. 1H 

NMR (CDCl3): δ 8.78 (1H, br s, N-H pyrrole), 6.82 (1H, t, JHH = 2.9 Hz, C-H pyrrole), 5.97 (1H, 
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t, JHH = 2.9 Hz, C-H pyrrole), 4.29 (2H, q, JHH = 7.3 Hz, CH2), 2.57-261 (1H, m, C-H cyclohexyl), 

1.98-2.00 (2H, m, C-H cyclohexyl), 1.80-1.83 (2H, m, C-H cyclohexyl), 1.71-1.74 (1H, m, C-H 

cyclohexyl), 1.21-1.43 (8H, m, C-H cyclohexyl, CH3). 
13C {1H} NMR (CDCl3) δ 161.4, 143.8, 

120.9, 115.6, 106.1, 60.0, 36.9, 32.8, 26.1, 25.9, 14.6. HRMS (ES) m/z calcd. for C13H19NO2 

221.1416, found 221.1417. 

Synthesis of ethyl 4-cyclohexyl-pyrrole-2-carboxylate (Table 2.3, 1j) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst B (30.8 mg, 10 mol%), 

cyclohexylamine (230 μL, 2 mmol), cyclohexylacetylene (131 μL, 1 mmol) and heating at 100 °C 

for 24 h. Method A: The pyrrole was afforded  (106 mg, 48%) as a bright orange solid. M.p. 68-

69 °C. 1H NMR (CDCl3): δ 8.86 (1H, br s, N-H pyrrole), 6.80 (1H, t, JHH = 2.4 Hz, C-H pyrrole), 

6.75 (1H, t, JHH = 2.4 Hz, C-H pyrrole), 4.30 (2H, q, JHH = 7.2 Hz, CH2), 2.43-249 (1H, m, C-H 

cyclohexyl), 1.93-1.95 (2H, m, C-H cyclohexyl), 1.77-1.82 (2H, m, C-H cyclohexyl), 1.66-1.74 

(1H, m, C-H cyclohexyl), 1.21-1.43 (8H, m, C-H cyclohexyl, CH3). 
13C {1H} NMR (CDCl3) δ 

161.3, 133.0, 122.4, 119.0, 113.2, 60.2, 36.0, 34.5, 26.5, 26.2, 14.5. HRMS (ES) m/z calcd. for 

C13H19NO2 221.1416, found 221.1425. 

Synthesis of ethyl 4-phenyl-5-methyl-pyrrole-2-carboxylate (Table 2.5, 2a) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst B (30.8 mg, 10 mol%), 

aniline (180 μL, 2 mmol), 1-phenylpropyne (125 μL, 1 mmol) and heating at 100 °C for 48 h. 
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Method A: The pyrrole was afforded (149 mg, 65%) as a pale yellow solid. M.p. 124-126 °C (lit. 

Mp: 125.5 °C); 1H NMR (CDCl3) δ 9.63 (1H, br s, N-H pyrrole), 7.41-7.46 (4H, m, Ar-H), 7.26-

7.30 (1H, m, Ar-H), 7.07 (1H, d, JHH = 2.6 Hz, C-H pyrrole), 4.39 (2H, q, JHH = 7.2 Hz, CH2), 2.49 

(3H, s, CH3), 1.41 (3H, t, JHH = 7.2 Hz, CH3); 
13C {1H} NMR (CDCl3) δ 161.5, 135.8 130.4, 128.4, 

127.6, 125.8, 123.7, 120.6, 115.3, 60.2, 14.4, 12.8; elemental analysis: found %C 73.38, %H 6.52, 

%N 6.04; calcd. %C 73.34, %H 6.59, %N 6.11. This compound was also characterized by single 

crystal X-ray diffraction: CCDC #1405632. 

Synthesis of ethyl 3,4-diphenyl-pyrrole-2-carboxylate (Table 2.5, 2b) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst B (30.8 mg, 10 mol%), 

aniline (180 μL, 2 mmol), diphenylacetylene (178 mg, 1 mmol) and heating at 120 °C for 60 h. 

Method A: The pyrrole was afforded (148 mg, 51%) as a pale yellow solid. M.p. 120-122 °C (lit.27 

Mp: 118-119 °C). 1H NMR (CDCl3): δ 9.32 (1H, br s, N-H pyrrole), 7.24-7.27 (5H, m, Ar-H), 

7.14-7.18 (3H, m, Ar-H), 7.07-7.13 (3H, m, Ar- H and C-H pyrrole), 4.16 (2H, q, JHH = 7.2 Hz, 

CH2), 1.11-1.14 (3H, t, JHH = 7.2 Hz, CH3); 
13C{1H} NMR (CDCl3): δ 161.2, 134.5, 132.9, 130.8, 

129.6, 129.3, 128.3, 128.2, 128.1, 127.4, 126.8, 120.2, 60.2, 14.0. Elemental analysis: found %C 

78.39, %H 5.81, %N 4.88; calcd. %C 78.33, %H 5.88, %N 4.81. This compound was also 

characterized by single crystal X-ray diffraction: CCDC #1405634. 
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Synthesis of ethyl 4-phenyl-5-(3-tert-butyldimethylsilyloxy)propyl-pyrrole-2-carboxylate (Table 

2.5, 2c) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst B (30.8 mg, 10 mol%), 

aniline (180 μL, 2 mmol), 1-(tert-butyldimethylsilyloxy)-5-phenylprop-4-yne (274 mg, 1 mmol) 

and heating at 100 °C for 48 h. Method A: The pyrrole was afforded (97 mg, 25%) as a red solid. 

M.p. 79-81 °C. 1H NMR (CDCl3): δ 9.35 (1H, br s, N-H pyrrole), 7.36-7.40 (3H, m, Ar-H), 7.01-

7.27 (2H, m, Ar-H), 7.01 (1H, d, JHH = 2.9 Hz, C-H pyrrole), 4.34 (2H, q, JHH = 7.1 Hz, CH2), 3.69 

(2H, t, JHH = 6.1 Hz, CH2), 2.89-2.92 (2H, t, JHH = 7.3 Hz, CH2), 1.87 (2H, pent, JHH = 7.3 Hz, 

CH2), 1.37 (3H, t, JHH = 7.1 Hz, CH3), 0.91 (9H, s, CH3), 0.06 (6H, s, CH3-silyl). 13C{1H} NMR 

(CDCl3): δ 161.1, 135.9, 134.1, 128.5, 127.9, 125.9, 123.7, 120.9, 115.3, 62.1 60.1, 31.7, 26.0, 

22.9, 18.4, 14.6, -5.3. Elemental analysis: found %C 67.97, %H 8.81, %N 3.62; calcd. %C 68.17, 

%H 8.58, %N 3.61. 

Synthesis of ethyl 3,4-di(thiophen-2-yl)-pyrrole-2-carboxylate (Table 2.5, 2d) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst B (30.8 mg, 10 mol%), 

aniline (180 μL, 2 mmol), 1,2-di(thiophene-2-yl)ethyne (190 mg, 1 mmol) and heating at 100 °C 

for 48 h. Method A: The pyrrole was afforded (112 mg, 37%) as a yellow solid. M.p. 109-111 °C. 

1H NMR (CDCl3) δ 9.33 (1H, br s, N-H pyrrole), 7.38 (1H, dd, JHH = 5.1 Hz, 1.1 Hz, C-H 
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thiophene), 7.15 (1H, d, JHH = 3.3 Hz, C-H pyrrole), 7.11 (1H, dd, JHH = 5.1 Hz, 1.1 Hz, C-H 

thiophene), 7.07 (1H, dd, JHH = 5.1 Hz, 3.3 Hz, C-H thiophene), 7.02 (1H, dd, JHH = 3.3 Hz, 1.1 

Hz, C-H thiophene), 6.91 (1H, dd, JHH = 5.1 Hz, 3.3 Hz, C-H thiophene), 6.78 (1H, dd, JHH = 3.3 

Hz, 1.1 Hz, C-H thiophene), 4.22 (2H, q, JHH = 7.2 Hz, CH2), 1.19 (3H, t, JHH = 7.2 Hz, CH3). 

13C{1H} NMR (CDCl3): δ 160.7, 136.0, 134.3, 128.6, 127.0, 126.6, 126.1, 124.2, 123.8, 121.7, 

121.6, 120.8, 119.7, 60.5, 14.0. Elemental analysis: found %C 59.16, %H 4.68, %N 4.51; calcd. 

%C 59.38, %H 4.32, %N 4.62. This compound was also characterized by single crystal X-ray 

diffraction: CCDC #1417571. 

Synthesis of ethyl 4-(cyclohexen-1-yl)-5-methyl-pyrrole-2-carboxylate (Table 2.5, 2e) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst B (30.8 mg, 10 mol%), 

aniline (180 μL, 2 mmol), 1-(cyclohex-1-enyl)propyne (135 μL, 1 mmol) and heating at 100 °C 

for 48 h. Method A: The pyrrole was afforded (142 mg, 61%) as a light brown solid. M.p. 99-100 

°C. 1H NMR (CDCl3) δ 8.94 (1H, br s, N-H pyrrole), 6.78 (1H, d, JHH = 2.8 Hz, C-H pyrrole), 

5.67-5.69 (1H, m, C-H alkene), δ 4.27 (2H, q, JHH = 7.2 Hz, CH2), 2.32 (3H, s, CH3), 2.24-2.27 

(2H, m, CH2), 2.12-2.16 (2H, m, CH2), 1.69-1.73 (2H, m, CH2), 1.59-1.63 (2H, m, CH2), 1.32 (3H, 

t, JHH = 7.2 Hz, CH3). 
13C{1H} NMR (CDCl3): δ 161.2, 134.5, 128.7, 126.5, 125.3, 123.7, 119.4, 

112.4, 60.5, 14.4. Elemental analysis: found %C 72.13, %H 8.13, %N 6.08; calcd. %C 72.07, %H 

8.21, %N 6.00. This compound was also characterized by single crystal X-ray diffraction: CCDC 

#1417570. 
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Synthesis of ethyl 4,5-diethyl-pyrrole-2-carboxylate (Table 2.5, 2f) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst B (30.8 mg, 10 mol%), 

aniline (180 μL, 2 mmol), 3-hexyne (114 μL, 1 mmol) and heating at 100 °C for 48 h. Method A: 

The pyrrole was afforded (57 mg, 29%) as a brown solid. M.p. 53-54 °C (lit.32 Mp: 60-62 °C). 1H 

NMR (CDCl3): δ 8.99 (1H, br s, N-H pyrrole), 6.75 (1H, d, JHH = 2.9 Hz, C-H pyrrole), 4.30 (2H, 

q, JHH = 7.2 Hz, CH2), 2.61 (2H, q, JHH = 7.7 Hz, CH2), 2.40 (2H, q, JHH = 7.5 Hz, CH2), 1.35 (3H, 

t, JHH = 7.2 Hz, CH3), 1.22 (3H, t, JHH = 7.7 Hz, CH3), 1.17 (3H, t, JHH = 7.5 Hz, CH3). 
13C{1H} 

NMR (CDCl3): δ 161.3, 135.8, 123.6, 119.7, 115.1, 59.9, 19.2, 18.7, 15.4, 14.6, 13.8. Elemental 

analysis: found %C 67.85, %H 8.75, %N 7.40; calcd. %C 67.66, %H 8.78, %N 7.17. 

Design of Experiment 

The series of experiments reported in Table 2.2 were conducted using the natural variable 

setting that corresponds to the scaled valuable shown (i.e. temperature of 70 °C for scaled variable 

of -1). The yield was determined by a calibrated GC-FID with naphthalene as internal standard. 

All three component coupling reactions were performed with the same batch of starting materials 

and the series of experiments were conducted in a random order to remove experimental bias. To 

assess the experimental bias in the experimental design, a center point (e.g. all scaled variables set 

to zero) was conducted in triplicate and provided a deviation of less than 2%. A least squares fit 

model was used to describe the experimental domain and the resulting coefficients can be seen in 

equation 3.  
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The center points that were performed provide an estimated variance of error (si
2) of 0.052. 

Calculating the error for the coefficients at the 95% confidence level (i.e. tcrit = 4.23 for 2 degrees 

of freedom) using the si
2 results in an approximate error of ± 0.22. This is a reasonable error to 

obtain for coefficients of this magnitude and considering the minimal error shown in the center 

points.  

Synthesis of Asymmetric ligand and Catalyst C 

N-(2-hydroxyethyl)-4-phenyl-1H-pyrrole-2-carboxamide (4)  

 

In an oven-dried flask, purged with nitrogen, was added a magnetic stir bar, pyrrole 1a (333 

mg, 1.55 mmol), K2CO3 (353 mg, 2.56 mmol), ethanolamine (28 mL, 300 eq), and CH3CN (14 

mL). The solution was refluxed at 105 °C for 6 hours and the resulting solution was added to H2O 

(60 mL) and product extracted with three portions of ethyl acetate (20 mL). The organic layers 

were collected and washed with water and a brine solution. The organic layer was dried with 

Na2SO4, filtered, and volatiles were removed via rotary evaporation to yield product as off white 

solid (0.284 g, 79%). M.p. 167-169 °C. 1H NMR (MeOH-d4): δ 7.52 (d, 2H, J = 8.6 Hz, Ar-H), 

7.32 (t, 2 H, J = 8.6 Hz, Ar-H), 7.27 (d, 1H, J = 1.8 Hz, C-H pyrrole), 7.18 (app. t, 1H, J = 7.7 Hz, 

Ar-H), 7.13 (app. d, 1H, J = 1.5 Hz, C-H pyrrole), 3.70 (t, 2H, J = 5.2 Hz, CH2), 3.48 (t, 2H, J = 

5.2 Hz, CH2).  

2-(4-phenyl-1H-pyrrol-2-yl)-4,5-dihydrooxazole (5) 
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In an oven dried Schlenk flask, purged with nitrogen, was added magnetic stir bar, pyrrole 4 

(332 mg, 1.44 mmol), TEA (1.6 mL, 11.5 mmol), DMAP, (36 mg, 0.30 mmol) and CH2Cl2 (15 

mL). The solution was stirred for 5 minutes, then methanesulfonyl chloride (280 μL, 3.62 mmol) 

was added drop-wise. After 5 hours at room of stirring at room temperature the reaction is 

quenched with water, and the product was extracted with 2 portions of CH2Cl2. The organic layers 

were collected and washed sequentially with water and brine solution. The organic layer was dried 

using Na2SO4, filtered, and the volatiles removed via rotary evaporation. The solid was 

recrystallized in methanol producing yellow solid (152 mg, 50%). M.p. decomp. 230 °C. 1H NMR 

(CDCl3): δ 10.71 (br s, 1H, N-H pyrrole), 7.53 (dd, 2H, J = 1.5 Hz, 8.4 Hz, Ar-H), 7.36 (t, 2 H, J 

= 6.9 Hz, Ar-H), 7.23 (app. s, 1H, C-H pyrrole), 7.21 (app. t, 1H, Ar-H), 7.06 (d, 1H, J = 1.5 Hz, 

C-H pyrrole), 4.47 (t, 2H, J = 9.9 Hz, CH2), 4.09 (t, 2H, J = 9.9 Hz, CH2). 
13C NMR (CDCl3): δ 

159.5, 134.9, 128.7, 126.2, 126.0, 125.2, 120.8, 119.0, 110.4, 67.7, 54.1.    

Titanium catalyst (C)  

 

In an Mbraun glovebox, a vial containing Ti(NMe)4 (245 mg, 1.1 mmol)  and ether (9 mL) 

was chilled in a cold well. This solution was added dropwise to a filter flask containing ligand 5 

and ether (30 mL). The reaction was stirred for 16 h at room temperature and volatiles were 

removed. The crude oil product was recrystallized by ether layered with pentane producing brick 

red colored crystals (300 mg, 25%). 1H NMR (CDCl3): δ 7.71 (s, 2H, C-H pyrrole), 7.62 (d, 4H, J 

= 7.8 Hz, Ar-H), 7.34 (t, 4 H, J = 7.8 Hz, Ar-H), 7.14 (t, 2H, J = 7.8 Hz, Ar-H), 6.91 (d, 2H, J = 

1.4 Hz, C-H pyrrole), 4.45 (m, 4H, CH2), 3.58 (m, 2H, C-H), 3.47 (s, 12H, CH3), 3.15 (q, 2H, J = 
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9.5 Hz, C-H). 13C NMR (CDCl3): δ 166.6, 136.5, 131.3, 128.6, 126.3, 125.6, 124.8, 124.8, 107.4, 

70.8, 50.0, 47.3. This compound was also characterized by single crystal X-ray diffraction: un-

submitted. 

General Procedure for Pyrazole Synthesis 

In an Mbraun glovebox, a pressure tube was charged with Ti-catalyst C (15 mol%, 83.7 mg) 

solution in toluene (2 mL). Phenylhydrazine (98 μL, 1 mmol), 1-phenylpropyne (125 μL, 1 mmol), 

and cyclohexylisonitrile (186 μL, 1.5 mmol) were then added in that sequence. The pressure tube 

was sealed, removed from the glovebox, and heated in an oil bath at 100 °C for 36 hours. The 

resulting solution was analyzed by GC-MS and revealed masses corresponding to 

hydrohydrazination (224 m/z) and pyrazole (234 m/z) formation.    
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CHAPTER 3. N-ALKYLATED PYRROLES FROM TITANIUM CATALYZED MCR 

AND APPLICATION TO NATURAL PRODUCT DERIVATIVES  

 

3.1 Introduction 

Nature is uniquely qualified at supplying early formulations of biologically active (BA) 

compounds and active pharmaceutical ingredients (API). Upon rigorous isolation of these natural 

products (NP), biological testing is performed to ascertain activity for compounds against 

bacteria,1 funguses,2 viruses,3 and cancers.4 A frequent motif in these BA compounds is a 

heterocycle moiety; for example, pyrroles.5 As was discussed briefly in the previous chapter, 

several classes of marine based NP’s such as lukianols,6 lamellarins,7 storniamide,8 and 

rhazinilam9 have been discovered over the past few decades (Figure 3.1).     

 

Figure 3.1 Marine based natural products isolated from sponges, tunicates, and plants. 

Marine based NP’s, and lamellarins in particular, have exhibited exciting levels of biological 

activity towards drug-resistant strains of cancer.10 This important area of study is retarded by the 

low-abundance of material that often plagues isolation from natural sources. Several groups have 

proposed unique paths to synthesize the BA NP’s that follow two distinct philosophies. Either (a) 

the pyrrole moiety is modified via couplings of alkyl halides and electrophilic aromatic 
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substitutions reactions or (b) the pyrrole is formed through a cyclo addition/condensation type 

reaction (Figure 3.2).  

 

Figure 3.2 Construction of pyrrole containing compounds via two distinct paths. 

 

The juxtaposition between these two procedures is best shown through the synthesis of a 

single natural product. The total synthesis of lukianol A was first performed by Furstner and co-

workers in 1995 using an intriguing chemoselective reductive coupling, mediated by Ti-graphite, 

as the key step (Scheme 3.1).11 

 

Scheme 3.1 Furstner’s synthesis of lukianol A11 
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Since Furstener’s publication, the key 3,4-biaryl intermediate has been a popular synthetic 

target.5 Banwell et al., synthesized Furstner’s intermediate in a sequential manor, starting from 

pyrrole, using multiple cross coupling reactions (Scheme 3.2).6a Through a strategy of selective 

bromination at the 3,4-positions using triisopropylsilylchloride; the general 3,4-biaryl pyrrole 

intermediate was formed and lukianol A was formed at 37% yield over 8 steps. Gupton and co-

workers provided a different route reacting β-chloroenealdehydes with methylglycinate 

hydrochloride (Scheme 3.3).12 This alternate route provides the same 3,4-biaryl intermediate that 

can be transformed using Fuerstner’s synthesis to lukianol A, offering the NP in 36% yield over 7 

steps.   

 

Scheme 3.2 Banwell’s synthesis of lukianol A from pyrrole starting material6a 
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Scheme 3.3 Gupton’s synthesis of Furstner’s intermediate. 

 

Intermediates that can be generated in the fewest amounts of steps from commercially available 

materials pose a great advantage to lengthy sequential type syntheses. Therefore, a strategy using 

MCC is ideal for conserving steps, enhancing efficiency of producing key intermediates, and 

improves atom economy. Herein, the synthesis of N-alkylated pyrroles from MCR intermediates 

is described along with the current progress to key natural product motifs.  
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3.2 Results and Discussion 

This investigation was identified as unique from Chapter 2, as observed regioselectivities for 

several derivatives deviate from the model proposed for glycine condensation on to 3CC 

intermediates. Also, the appearance of a byproduct in certain substrates reveals a competition 

between two reactions. Several N-substituted glycine derivatives (R2 = Me, Bn, Ph, Cy, tBu) were 

investigated for possible generation of N-alkylated pyrroles (Scheme 3.4). 

 

Scheme 3.4 Conditions for forming N-alkylated pyrroles from 3CC intermediate. 

 

The catalysts implemented for MCC used in this study are the same as those previously 

described (Chapter 2) with the same designations, Ti(NMe2)2dpma (A) and Ti(NMe2)2dpm (B). 

The optimized conditions for the ethyl glycinate pyrrole formation reaction were mimicked for all 

ethyl sarcosinate derivatives. A similar substrate scope was carried out to identify the generality 

for this reaction (Table 3.1).  
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Table 3.1 Examples of tri-substituted pyrrole-2-carboxylates using the optimized conditions. 

 

Entry R1 R2 R3 Catalyst Product 
Yield 

(%) 

1a Cy 
 

Me A 

 

64 

1b Cy 
 

Me A 

 

68 

1c Cy 

 

Me A 

 

64 

1d Cy 

 

Me A 

 

63 

1e Cy 
 

Me A 

 

30 

1f Cy 
 

Me B 

 

35 

1g Cy 
 

Me B 

 

22 

1h Ph 
 

Me B 

 

13 
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Glycinate derivatives can be made in gram quantities with relative ease (Scheme 3.5).13 

Unfortunately, it became abundantly clear early on that N-alkylated glycinate compounds with 

substitutions larger than methyl preferred unfavorable side reactions. In other words, ethyl 

sarcosinate was the only glycine derivative that supplied pyrroles in modest to good yields. In all 

other cases it is believed that either the nitrogen is too sterically hindered (i.e. R3 = Cy or tBu) or 

electronically less nucleophilic (i.e. R3 = Ph). It is unclear as to why the benzyl glycinate derivative 

is also incapable of pyrrole formation as it is fairly similar to methyl and ethyl in terms of both 

sterics and electronics.  

 

 

Scheme 3.5 Synthesis of ethyl glycinate derivatives.13  

An interesting observation is the appearance of 3 isomers for 1-hexyne derived product 1g 

(Scheme 3.6). A mixture of 2 isomers is obtained in the 3CC formation reaction, which leads to 

the possibility of a 1,2,5- (2), 1,2,4- (1g), and 1,2,3-substituted pyrrole (3). Products 2 and 3 result 

from the condensation of ethyl sarcosinate on to keto-aldimine 3CC. To assess the extent of 

regioselectivity, 3CC conditions that promote keto-aldimine product where used. The distribution 

of products was determined by GC-FID and compounds verified via comparison to methylation of 

ethyl 5-butyl-pyrrole-2-carboxylate using sodium hydride and methyl iodide (2).  
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Scheme 3.6 Regioselectivities using ethyl sarcosinate.  

 

This is the first appearance of isomer 3, which was not observed when using ethyl glycinate. 

This is believed to be caused by the slow cyclization of glycinate methylene to ketimine carbon 

(see Chapter 2). If the N-methyl group on sarcosinate is increasing sterics, it may mean that 

transimination at the ketimine site may now be in competition with the cyclization of methylene 

carbon (Scheme 3.7). 
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Scheme 3.7 Competition between transimination X and ring-closure Y.  

This chemistry was extended to internal alkynes that have the potential to exhibit multiple 

isomers, which was previously unobserved. All substrates exhibited a 1,2,3,4-tetrasubstituted 

pyrrole scaffold as the major isomer, including those substrates that previously held the 3-position 

unsubstituted (Table 3.2). Regiochemistry was confirmed by coupled-HSQC of compounds 4a-

4c (Table 3.3), and X-ray crystal data of compound 4b (Figure 3.3).  
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Table 3.2 Examples of 1,2,3,4-tetrasubstituted pyrrole-2-carboxylates in poor yields. 

 

Entry R2 R3 Product Yield(%)a 

4a 
Me 

  

 

32 

4b 
  

 

27 

4c Me 
 

 

25 

 

Table 3.3 C-H coupling constants for compounds 4a-4c. 

Compound C-H pyrrole 1JCH coupling C–H assignment ( or ) 
4a 189 Hz β 

4b 189 Hz 

4c 187 Hz 

 

 

Figure 3.3 Xray-crystal structure of compound 4b 
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Other internal alkynes were evaluated, but produced a byproduct that was quite surprising. 

Quinoline formation is a well precedented reaction for N-aryl 1,3-diimines.14 Conditions 

previously reported were harsh, using concentrated acetic acid at 150 °C for 16 h or more for 

complete conversion. It was first noticed when substrate 3-hexyne was used, resulting in quinoline 

being the major product (Scheme 3.8).  

 

Scheme 3.8 Quinoline formation over pyrrole formation 

 

Formation of quinoline occurs via a 6π electron cyclization followed by elimination of tert-

butylamine to aromatize the molecule (Scheme 3.9).15 This is an intramolecular reaction that is in 

direct competition with transimination of sarcosine. It is unclear why particular derivatives have 

higher observable quantities of quinoline formation. To obviate this problem, several strategies 

were attempted. The amine choice was the most obvious place to start so aniline was replaced with 

a host of potential candidates. Unfortunately, use of a non-arylamines produced poor conversion 

to 3CC and increased byproducts of the MCC (hydroamination). Aniline derivatives that blocked 

both the 2- and 6-position suffered the same problems as non-arylamines. All other aniline 

derivatives provided quinoline as the major product.      
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Scheme 3.9 6π electrocyclization to form quinolines. 

 

Next, attempts were made to transiminate the arylamine with an amine source incapable of 

performing quinoline formation (i.e. alkyl amines). Several experiments were conducted that 

involved adding two amines, aniline and cyclohexylamine, in to the initial 3CC reaction. The 

amount of aniline was reduced in each experiment while cyclohexylamine was consistently added 

as a full equivalent to alkyne (Scheme 3.10).  

 

Scheme 3.10 in situ Transimination of 3CC with observable products  

 

The expectation was for aniline to form the 3CC, as it is more efficient in doing so with 

internal alkynes; then, cyclohexylamine would transiminate with the arylamine due to differences 

in nucleophilicity.16 However, such transimination was not observed and only replacement of tert-

butylamine by cyclohexylamine could be seen in the GC-MS. Even more dissatisfying is when 

aniline equivalents were decreased, less 3CC product was formed and more hydroamination with 

cyclohexylamine occurred. To completely eliminate this strategy as a feasible alternative to 
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general reaction conditions, the 3CC was formed using only aniline, 3-hexyne, and tert-

butylisonitrile in one step, followed by subsequent addition of cyclohexylamine. The effective 

transimination did not take place at the ketimine site and only replacement of tert-butylamine was 

observed as in the previous cases. This deviation from Di Stefano’s findings on transimination of 

imines maybe a unique feature of asymmetric 1,3-diimines. 

The last attempt was to use a known transimination catalyst to encourage replacement of 

aniline with ethyl sarcosinate. L-proline has a rich history as an organocatalysis for asymmetric 

induction in enolate alkylation chemistry.17 Lehn and co-workers discovered that L-proline also 

functions as an effective transimination catalyst for mono-imines.18 Therefore diethyl 3CC 

intermediate was reacted with the free base of sarcosinate (3 equivalents) and L-proline (1 

equivalent) (Scheme 3.11). Interestingly, after only 4 h, all 3CC was consumed and the major 

product was quinoline formation. It seems that transimination at the aldimine sight, by L-proline, 

occurs readily and this catalyzes the 6π electrocyclization.  

 

Scheme 3.11 Organocatalyzed 3CC transformation to Quinoline 

 

Although improvements to this method are required, this chemistry can be adapted to the total 

synthesis of NP lamellarins. As a model compound, lamellarin G trimethyl ether was analyzed for 

a convenient and short total synthesis (Figure 3.4). The key steps in this analysis are the pyrrole 

formation utilizing this methodology and a dual biaryl-coupling that can be accomplished through 

hypervalent iodides.8b,19 All starting materials are commercially available; however, for practical 
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purposes, the glycinate13 and alkyne20 were synthesized using literature procedures. If this 

methodology works, and that is the famous last words of a chemist, then this will be the shortest 

synthesis of lamellarin G trimethyl ether from commercially available materials to date. Additional 

benefits of this route is the high level of modularity, which will allow access to multiple lamellarin 

NP’s for expedient structure activity relationships, and high atom economy.  

 

Figure 3.4 Retrosynthetic analysis of lamellarin G trimethyl ether. 

 

Before attempting this synthesis with 3,4-dimethoxyphenylacetylene, phenylacetylene (less 

expensive alkyne) was used to test the efficacy of the method. The 3CC forms well with minimal 

formation of common byproducts (i.e. formamide, hydroamination, 4CC). Condensation of 

glycinate derivative shown above occurs sluggishly with 3CC as was observed previously, de qua 

supra. After 48 h the 3CC is consumed and multiple unidentified byproducts have appeared over 

the course of the reaction. Pyrrole 5 was isolated in only 11% yield and the reaction had low levels 
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of reproducibility (Scheme 3.12). Attempts with starting alkyne 3,4-dimethoxyphenylacetlyene 

provided product observable by GC-MS as trace amount.  

 

Scheme 3.12 Synthesis of N-alkylated pyrrole 5 
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3.3 Conclusion 

Modification of glycinate derivative occurs with distinct regioselectivities that were 

unobserved for most substrates in previous investigations (see Chapter 2). For internal alkynes, 

this regioselectivity matches observations by Gupton et al.12 Gupton sites the increased steric at 

the middle carbon of the vinylogous amidates as the source of regioselectivity, but that explanation 

was complete conjecture based on the experimental results with no attempts to elucidate 

underlying causes for the switch. Competing transimination and cyclocondensation reactions is 

more likely the cause for this observed regioselectivity, but it is difficult to delineate influences 

for promoting either reaction (Scheme 3.6). N-methyl pyrroles can be prepared in poor to good 

yields depending on starting alkyne (i.e. aryl alkynes provided average 65% yield) using this 

methodology.  

As discussed multiple times, transimination plays a vital role in the reactions of 1,3-diimines 

and a thorough investigation is currently underway. A greater understanding of this area of 

chemistry will help promote the mainstream use of 1,3-diimine alternatives to classic heterocycle 

syntheses. The difficulties that occurred during this investigation will be mitigated and will lead 

to improved yields for key intermediates to the synthesis of lamellarin G trimethyl ether. 
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3.4 Experimental  

General Considerations: All manipulations of air-sensitive compounds were carried out in an 

MBraun drybox under a purified nitrogen atmosphere. All glassware was heated at 150 °C for 4 h 

and stored in a drybox under nitrogen. Toluene was purified by first sparging with dry nitrogen to 

remove oxygen and then running through activated alumina to remove water. 1H and 13C NMR 

spectra were recorded on a VXR-500 spectrometer in CDCl3. Regiochemistry of compounds 4a-

4c were determined by coupled-HSQC. Melting points were measured on a Mel-Temp II apparatus 

(Laboratory Devices Inc, USA) with a mercury thermometer in an open capillary tube. Single 

crystal X-ray diffraction data was collected in the Center for Crystallographic Research at MSU 

and structures deposited in the Cambridge Crystallographic Data Centre.  

Ligands H2dpma and H2dpm were prepared by literature methods.21 Ti(NMe2)2(dpma) (A) 

and Ti(NMe2)2(dpm) (B) were made following literature procedures.21a,22 Alkynes were purchased 

either from Sigma-Aldrich or GFS chemicals and distilled from CaO under dry nitrogen or 

prepared using Sonogashira coupling.20,23 Amines were purchased from Sigma-Aldrich and were 

distilled from KOH under dry nitrogen. Triethylamine (TEA) and ethyl sarcosinate hydrochloride 

were both purchased from Sigma-Aldrich and used as received. tert-Butylisonitrile was prepared 

from tert-butylamine, CHCl3, and aqueous base according to the literature procedure and purified 

by distillation under dry nitrogen. tert-Butyldimethylsilyl chloride and 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) were purchased from Oakwood Chemicals and used as 

received. Dimethylsulfoxide (DMSO) was purchased from Fisher Scientific and used as received. 

Hexanes and ethyl acetate were purchased from Mallinckrodt Chemicals and used as received.  

Ethyl sarcosinate was prepared for Methods B and C below by dissolving ethyl sarcosinate 

hydrochloride in water and adding 2 equivalents of K2CO3. The solution was extracted with 
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dichloromethane in three portions. The combined organic layers were dried and filtered; then, the 

volatiles were removed by rotary evaporation to give the ethyl sarcosinate as a clear to pale yellow 

oil. 

General Procedure for 1,3-diimine Synthesis 

A pressure tube was charged with a magnetic stir bar and Ti precatalyst A or B (10 mol%) in 

toluene (2 mL), amine (2 mmol), alkyne (1 mmol), and tert-butylisonitrile (1.2 mmol) were added. 

The pressure tube was sealed, removed from the drybox, and placed into an oil bath preheated to 

100-120 °C for 24-48 h. The reaction was removed from the bath, and volatiles were removed in 

vacuo. 

General Procedures for 2-carboxylpyrroles  

Method A 

The pressure tube from 1,3-diimine formation was charged with ethyl sarcosinate 

hydrochloride (460 mg, 3 mmol), DBU (420 μL, 2.8 mmol), and DMSO (5 mL). The pressure tube 

was resealed and heated for 18 h at 120 °C in an oil bath. The reaction was removed from the bath 

and extracted with DCM (40 mL). The organic layer was washed with 10 % NaHCO3 (30 mL) and 

with brine (30 mL). The aqueous layers were combined and washed with DCM (40 mL). The 

organic layers were combined, dried with anhydrous Na2SO4, and filtered. Volatiles were 

removed, and the crude was purified by flash column chromatography on silica gel with 

hexanes:ethyl acetate (4:1) and 1% TEA to afford the desired product. 
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Preparative Details 

Synthesis of ethyl 4-phenyl-pyrrole-2-carboxylate (Table 3.1, 1a) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst A (32.4 mg, 10 mol%), 

cyclohexylamine (230 μL, 2 mmol), phenylacetylene (110 μL, 1 mmol) and heating at 100 °C for 

24 h. Method A: The pyrrole was afforded (147 mg, 64%) as a light brown solid. M.p. 51-52 °C 

(lit.24 Mp: 52-53 °C). 1H NMR (CDCl3): δ 7.50 (2H, d, 8.8 Hz, Ar-H), 7.35 (2H, t, 7.8 Hz, Ar-H), 

7.23 (1H, d, 2.2 Hz, C-H pyrrole), 7.22 (1H, t, 7.8 Hz, Ar-H), 7.08 (1H, d, 2.2 Hz, C-H pyrrole), 

4.32 (2H, q, JHH = 7.3 Hz, CH2), 3.96 (3H, s, CH3), 1.38 (3H, t, JHH = 7.3 Hz, CH3). 
13C{1H} NMR 

(CDCl3): δ 161.3, 134.5, 128.7, 126.1, 126.0, 125.1, 123.9, 123.4, 114.7, 60.0, 37.0, 14.5. 

Elemental analysis: found %C 73.20, %H 6.92, %N 6.26; calcd. %C 73.34, %H 6.59, %N 6.11.  

Synthesis of ethyl 4-(p-tolyl)-pyrrole-2-carboxylate (Table 3.1, 1b) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst A (32.4 mg, 10 mol%), 

cyclohexylamine (230 μL, 2 mmol), 1-ethynyl-4-methylbenzene (127 μL, 1 mmol) and heating at 

100 °C for 24 h. Method A: The pyrrole was afforded (165 mg, 68%) as a light orange solid. M.p. 

72-74 °C (lit.24 Mp: 78-79 °C). 1H NMR (CDCl3): δ 7.40 (2H, d, JHH = 8.7 Hz, Ar-H), 7.20 (1H, 

d, JHH = 2.6 Hz, C-H pyrrole), 7.16 (2H, d, JHH = 8.1 Hz, Ar-H), 7.05 (1H, d, JHH = 2.6 Hz),  4.32 

(2H, q, JHH = 7.9 Hz, CH2), 3.96 (3H, s, CH3), 2.35 (3H, s, CH3), 1.38 (3H, t, JHH = 7.9 Hz, CH3); 
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13C {1H} NMR (CDCl3) δ 161.3, 135.7, 131.6, 129.4, 125.9, 125.0, 123.9, 123.3, 114.6, 59.9, 37.0, 

21.1, 14.5. HRMS (ES) m/z calcd. for C15H17NO2 243.1259, found 243.1258. 

Synthesis of ethyl 4-(3,4-dimethoxy)phenyl-pyrrole-2-carboxylate (Table 3.1, 1c) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst A (32.4 mg, 10 mol%), 

cyclohexylamine (230 μL, 2 mmol), 1-ethynyl-3,4-dimethoxybenzene (162 mg, 1 mmol) and 

heating at 100 °C for 24 h. Method A: The pyrrole was afforded  (185 mg, 64%) as a light yellow 

solid. M.p. 74-75 °C (lit.24 Mp: 81-82 °C). 1H NMR (CDCl3): δ 7.18 (1H, d, JHH = 2 Hz, C-H 

pyrrole), 7.05 (1H, dd, JHH = 2 Hz, 7 Hz, Ar-H), 7.02 (2H, dd, JHH = 2 Hz, 5 Hz, Ar-H and C-H 

pyrrole), 6.88 (1H, d, JHH = 7 Hz, C-H pyrrole), 4.32 (2H, q, JHH = 7.3 Hz, CH2), 3.97 (3H, s, CH3), 

3.94 (3H, s, CH3), 3.90 (3H, s, CH3), 1.39 (3H, t, JHH = 7.3 Hz, CH3). 
13C{1H} NMR (CDCl3) δ 

161.3, 149.1, 147.6, 127.7, 125.7, 123.9, 123.3, 117.3, 114.5, 111.5, 108.7,  60.0, 56.0, 55.9, 37.0, 

14.5. HRMS (ES) m/z calcd. for C16H19NO4 289.1314, found 289.1310. 

Synthesis of ethyl 4-(3,4-dimethoxy)phenyl-pyrrole-2-carboxylate (Table 3.1, 1d) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst A (32.4 mg, 10 mol%), 

cyclohexylamine (230 μL, 2 mmol), 1-ethynyl-3,4-dimethoxybenzene (162 mg, 1 mmol) and 

heating at 100 °C for 24 h. Method A: The pyrrole was afforded  (166 mg, 63%) as a light yellow 

oil. 1H NMR (CDCl3) δ 7.44 (1H, dd, JHH = 1.7 Hz, 8.0 Hz, Ar-H), 7.42 (1H, dd, JHH = 1.2 Hz, 8.0 
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Hz, Ar-H), 7.26 (1H, app. dd, JHH = 1.2 Hz, 8.0 Hz, Ar-H), 7.22 (1H, app. dd, JHH = 1.7 Hz, 8.0 

Hz, Ar-H) 7.23 (1H, app. s, C-H pyrrole), 7.17 (1H, dd, JHH = 1.7 Hz, 8.0 Hz, Ar-H), 7.14 (1H, d, 

JHH = 1.7 Hz), C-H pyrrole), 4.31 (2H, q, JHH = 8.4 Hz, CH2), 3.98 (3H, s, CH3), 1.37 (3H, t, JHH 

= 8.4 Hz, CH3). 
13C{1H} NMR (CDCl3) δ 161.3, 133.4, 131.7, 130.3, 130.1, 129.1, 127.3, 126.9, 

122.6, 120.8, 117.7, 60.0, 37.1, 14.5. 

Synthesis of ethyl 4-(cyclohexen-1-yl)-pyrrole-2-carboxylate (Table 3.1, 1e) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst A (32.4 mg, 10 mol%), 

cyclohexylamine (230 μL, 2 mmol), 1-cyclohexenylacetylene (123 μL, 1 mmol) and heating at 

100 °C for 24 h. Method A: The pyrrole was afforded (70 mg, 30%) as a brown solid. M.p. 53-54 

°C. 1H NMR (CDCl3) δ 7.00 (1H, d, JHH = 1.9 Hz, C-H pyrrole), 6.76 (1H, d, JHH = 1.9 Hz, C-H 

pyrrole), 5.98-6.00 (1H, m, C-H alkene), 4.28 (2H, q, JHH = 7.5 Hz, CH2), 3.90 (3H, s, CH3), 2.24-

2.27 (2H, m, CH2), 2.10-2.15 (2H, m, CH2), 1.68-1.73 (2H, m, CH2), 1.58-1.63 (2H, m, CH2), 1.36 

(3H, t, JHH = 7.5 Hz, CH3). 
13C{1H} NMR (CDCl3) δ 161.4, 129.9, 125.8, 125.2, 122.6, 120.3, 

113.3, 59.8, 36.8, 27.0, 25.4, 22.8, 22.4, 14.5. HRMS (ES) m/z calcd. for C14H19NO2 233.1416, 

found 233.1426. 

 Synthesis of ethyl 4-cyclohexyl-pyrrole-2-carboxylate (Table 3.1, 1f) 
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1,3-diimine synthesis followed general procedure using Ti precatalyst B (30.8 mg, 10 mol%), 

cyclohexylamine (230 μL, 2 mmol), cyclohexylacetylene (131 μL, 1 mmol) and heating at 100 °C 

for 24 h. Method A: The pyrrole was afforded  (82 mg, 35%) as a brown oil. 1H NMR (CDCl3): δ 

6.81 (1H, d, JHH = 2.3 Hz, C-H pyrrole), 6.59 (1H,d, JHH = 2.3 Hz, C-H pyrrole), 4.27 (2H, q, JHH 

= 7.0 Hz, CH2), 3.88 (3H, s, CH3), 2.39-241 (1H, m, C-H cyclohexyl), 1.90-1.95 (2H, m, C-H 

cyclohexyl), 1.76-1.80 (2H, m, C-H cyclohexyl), 1.66-1.74 (1H, m, C-H cyclohexyl), 1.21-1.43 

(8H, m, C-H cyclohexyl, CH3). 
13C {1H} NMR (CDCl3) δ 161.4, 130.2, 126.2, 121.9, 115.4, 59.6, 

36.6, 35.9, 34.6, 26.5, 26.2, 14.5. HRMS (ES) m/z calcd. for C14H21NO2 235.1572, found 

235.1563.   

Synthesis of ethyl 4-butyl-pyrrole-2-carboxylate (Table 3.1, 1g) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst B (30.8 mg, 10 mol%), 

cyclohexylamine (230 μL, 2 mmol), 1-hexyne (115 μL, 1 mmol) and heating at 100 °C for 24 h. 

Method A: The pyrrole was afforded  (46 mg, 22%) as a brown oil. 1H NMR (CDCl3): δ 6.77 (1H, 

d, JHH = 2.1 Hz, C-H pyrrole), 6.58 (1H, d, JHH = 2.1 Hz, C-H pyrrole), 4.27 (2H, q, JHH = 7.1 Hz, 

CH2), 3.87 (3H, s, CH3), 2.42 (2H, t, JHH = 7.7 Hz, CH2), 1.52-1.58 (2H, m, CH2), 1.33-1.38 (5H, 

m, CH2 and CH3), 0.91 (3H, t, JHH = 7.1 Hz, CH3). 
13C {1H} NMR (CDCl3) δ 161.4, 127.5, 124.0, 

122.0, 117.1, 59.6, 36.6, 33.2, 26.2, 22.4, 14.5, 13.9. HRMS (ES) m/z calcd. for C12H19NO2 

209.1416, found 209.1419. 

Synthesis of ethyl 5-(3-tertbutyldimethylsilyloxy)propyl-pyrrole-2-carboxylate (Table 3.1, 1h) 
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1,3-diimine synthesis followed general procedure using Ti precatalyst A (32.4 mg, 10 mol%), 

cyclohexylamine (230 μL, 2 mmol), 1-t-butyldimethylsilyloxy-pent-4-yne (236 μL, 1 mmol) and 

heating at 100 °C for 24 h. Method A: The pyrrole was afforded (42 mg, 13%) as a light brown 

oil. 1H NMR (CDCl3): δ 6.79 (1H, d, JHH = 2.0 Hz, C-H pyrrole), 6.58 (1H, d, JHH = 2.0 Hz, C-H 

pyrrole), 4.27 (2H, q, JHH = 7.0 Hz, CH2), 3.87 (3H, s, CH3), 3.62 (2H, t, JHH = 6.5 Hz, CH2), 2.49 

(2H, t, JHH = 7.0 Hz, CH2) 1.75-1.79 (2H, m, CH2), 1.34 (3H, t, JHH = 7.0 Hz, CH3), 0.90 (9H, s), 

δ 0.05 (6H, s, CH3-Si). 13C{1H} NMR (CDCl3): δ 161.4, 127.6, 123.3, 122.1, 62.5, 59.6, 36.6, 

34.0, 26.0, 22.7, 18.4, 14.5, -5.3. HRMS (ES) m/z calcd. for C17H31NO2 325.2073, found 325.2060. 

Synthesis of ethyl 4-phenyl-5-methyl-pyrrole-2-carboxylate (Table 3.2, 4a) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst B (30.8 mg, 10 mol%), 

aniline (180 μL, 2 mmol), 1-phenylpropyne (125 μL, 1 mmol) and heating at 100 °C for 48 h. 

Method A: The pyrrole was afforded (78 mg, 32%) as a pale yellow oil. 1H NMR (CDCl3) δ 7.38-

7.41 (2H, m, Ar-H), 7.34-7.35 (2H, m, Ar-H), 7.26-7.29 (1H, m, Ar-H), 6.81 (1H, s, C-H pyrrole), 

4.35 (2H, q, JHH = 6.7 Hz, CH2), 3.93 (3H, s, CH3), 2.40 (3H, s, CH3), 1.41 (3H, t, JHH = 6.7 Hz, 

CH3); 
13C {1H} NMR (CDCl3) δ 162.3, 135.2, 128.6, 128.4, 127.1, 126.7, 126.1, 124.9, 120.6, 

59.7, 37.7, 14.5, 12.4. 

Synthesis of ethyl 3,4-diphenyl-pyrrole-2-carboxylate (Table 3.2, 4b) 
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1,3-diimine synthesis followed general procedure using Ti precatalyst B (30.8 mg, 10 mol%), 

aniline (180 μL, 2 mmol), diphenylacetylene (178 mg, 1 mmol) and heating at 120 °C for 60 h. 

Method A: The pyrrole was afforded (82 mg, 27%) as a bright yellow solid. M.p. 89-91 °C (lit.12 

Mp: 84-86 °C). 1H NMR (CDCl3): δ 7.06-7.28 (10H, m, Ar-H), 6.97 (1H, s, C-H pyrrole), 4.04 

(2H, q, JHH = 7.2 Hz, CH2), 4.00 (3H, s, CH3), 0.95 (3H, t, JHH = 7.2 Hz, CH3); 
13C{1H} NMR 

(CDCl3): δ 161.8, 136.0, 134.5, 131.0, 130.7, 128.1, 127.4, 126.8, 126.5, 125.8, 125.5, 124.0, 

120.1, 59.7, 37.6, 13.6. Elemental analysis: found %C 78.72, %H 6.08, %N 4.65; calcd. %C 78.66, 

%H 6.27, %N 4.59. This compound was also characterized by single crystal X-ray diffraction: 

CCDC #1405633. 

Synthesis of ethyl 4-(cyclohexen-1-yl)-5-methyl-pyrrole-2-carboxylate (Table 3.2, 4c) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst B (30.8 mg, 10 mol%), 

aniline (180 μL, 2 mmol), 1-(cyclohex-1-enyl)propyne (135 μL, 1 mmol) and heating at 100 °C 

for 48 h. Method A: The pyrrole was afforded (62 mg, 25%) as a light brown oil. 1H NMR (CDCl3) 

δ 6.61 (1H, s, C-H pyrrole), 5.68 (1H, septet, JHH = 2.0 Hz, C-H alkene), δ 4.31 (2H, q, JHH = 7.3 

Hz, CH2), 3.84 (3H, s, CH3), 2.34 (3H, s, CH3), 2.20-2.22 (2H, m, CH2), 2.15-2.17 (2H, m, CH2), 

1.72-1.76 (2H, m, CH2), 1.63-1.65 (2H, m, CH2), 1.37 (3H, t, JHH = 7.3 Hz, CH3). 
13C{1H} NMR 

(CDCl3): δ 162.3, 130.9, 126.6, 126.5, 126.3, 124.9, 120.2, 59.6, 37.6, 29.8, 25.6, 23.1, 22.2, 14.5, 

12.9 HRMS (ES) m/z calcd. for C15H21NO2 247.1572, found 247.1560.   
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Synthesis of ethyl 1-(3,4-dimethoxyphenethyl)-4-phenyl-pyrrole-2-carboxylate (5) 

 

1,3-diimine synthesis followed general procedure using Ti precatalyst A (32.4 mg, 10 mol%), 

cyclohexylamine (230 μL, 2 mmol), phenylacetylene (110 μL, 1 mmol) and heating at 100 °C for 

24 h. Volatiles were removed and ethyl (3,4-dimethoxyphenethyl)glycinate (0.801g, 3 mmol), 

NH4Cl (40 mg, 0.75 mmol), DMSO (5 mL) were added to the pressure tube. The reaction was 

heated at 120 °C for 18 h. Isolation followed same procedure in method A. The pyrrole was 

afforded (42 mg, 11%) as a light brown oil. 1H NMR (CDCl3): δ  7.43 (2H, d, JHH = 7.8 Hz, Ar-

H), 7.33 (2H, t, 7.8 Hz, Ar-H), 7.26 (1H, d, JHH = 1.7 Hz, C-H pyrrole), 7.19 (1H, t, JHH = 7.8 Hz, 

Ar-H), 6.89 (1H, d,  JHH = 1.7 Hz, C-H pyrrole), 6.78 (1H, d, JHH = 8.0 Hz, Ar-H), 6.70 (1H, dd, 

JHH = 1.8 Hz, 8.0 Hz, Ar-H), 6.55 (1H, d, JHH = 1.7 Hz, C-H pyrrole), 4.53 (2H, t, JHH = 7.2 Hz, 

CH2), 4.34 (2H, q, JHH = 7.2 Hz, CH2), 3.86 (3H, s, CH3), 3.79 (3H, s, CH3), 3.04 (2H, t, JHH = 7.2 

Hz, CH2), 1.39 (3H, t, JHH = 7.2 Hz, CH3). 
13C{1H} NMR (CDCl3): δ 161.1, 148.8, 147.7, 134.5, 

131.0, 128.7, 126.1, 125.7, 125.1, 123.8, 122.4, 121.0, 115.4, 112.0, 111.2, 60.0, 55.9, 55.8, 51.3, 

37.8, 14.5. 
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CHAPTER 4. SINGLE-STEP SYNTHESIS OF PYRROLE-2-AMIDATES 

 

4.1 Introduction 

An extension of the titanium MCR previously described (see Chapter 1) is the replacement of 

amine sources with bifunctional amine containing molecules, producing 1,3-diiamines that self-

condensate to heterocyclic compounds in a single step (Scheme 4.1). A bifunctional amine, such 

as hydrazine (X = NH), contains a second atom of suitable nucleophilicity to react with the 

aldimine carbon. Typically speaking, this is non-trivial as molecules with multiple nucleophilic 

atoms can compete with ligands for metal complexation, therefore, robust catalyst are required.  

 

Scheme 4.1 Envisaged single-step heterocycle synthesis 

A reaction developed by Odom et al, is a single-step synthesis of pyrazoles through the 

titanium catalyzed MCR of mono-substituted hydrazines, terminal alkynes, and 

cyclohexylisonitrile.1 According to Amila A. Dissanayake, several titanium catalyst were 

unsuitable for this reaction. The cause of inactivity in most cases was proteolytic removal of 

ancillary ligands by aggressive mono-substituted hydrazines, forming inactive bridged hydrazido 

complexes. A catalyst that was efficient in providing pyrazoles in a single step is the pyrrole-

pyridyl-based titanium catalyst D (see Chapter 2 for short description). The ancillary ligand2 is 

synthesized in one step from commercially available materials, and is introduced to titanium in 

good yield by reaction with Ti(NMe2)4 (Scheme 4.2).1  
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Scheme 4.2 Synthesis of catalyst D 

The proposed catalytic cycle is an extension of the Bergman hydroamination reaction3 and 

similar to iminoamination mechanism (Scheme 4.3).4 Introduction of mono-substituted hydrazine 

to catalyst D provides hydrazido complex 1. Alkyne addition occurs via a [2+2] cycloaddition to 

1 and forms four-membered metallacycle 2. Insertion of isonitrile between Ti-C bond provides 

expanded metallacycle 3. Protonolysis with second addition of hydrazine provides intermediate 4 

and regenerates active catalyst 1. This intermediate cyclizes through nitrogen attack of aldimine 

carbon to heterocycle 5 and elimination of amine provides aromatic heterocycle, pyrazole.  
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Scheme 4.3 Proposed catalytic cycle for pyrazole formation 

This MCR affords pyrazoles as a single isomer (1,3-pyrazoles) in modest to good yields.1 The 

regioselectivity is, as such, the alkynyl-substituent is position away from the metal. This is an 

unusual result as aryl alkynes stabilize the carbon bound to titanium and the opposite isomer should 

be observed (see Chapter 1).5 Investigations into the underlying causes of this unusual 

regioselectivity, as well as optimization of yields, is currently underway.  

Are there other coupling partners that could be successfully employed using this catalysis? If 

yes, then many of the two-step one-pot syntheses previously described (see Chapter 2) may be 

converted to single-step synthesis.6 In comparison, higher levels of atom economy are achieved in 

the single step synthesis; one equivalent of amine waste is removed (Figure 4.1). Here in, 
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preliminary results for a single-step synthesis of pyrrole-2-amidates is discussed. Protecting group 

chemistry is also shown as a means of extended substrate possibilities.  

 

Figure 4.1 Atom economy of two-step process versus single-step process. 
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4.2 Results and Discussion 

Initial investigations into a single-step pyrrole synthesis utilized the free base (FB) of glycine 

ethyl ester (extracted from basic water solution with CH2Cl2). Several titanium catalyst (Figure 

4.2) were employed in this study and all were prepared by reaction of ancillary ligand with 

Ti(NMe2)4 according to literature procedures.1,7 Substrate 1-hexyne was used as the source of 

alkyne for all reactions. Cyclohexylisonitrile was applied as source of isocyanide.8 

 

Figure 4.2 Titanium catalyst screened for single-step pyrrole synthesis 

All experiments where the FB of glycine ethyl ester was introduced to a titanium catalyst, free 

ligand visible by NMR was observed. At first, it was believed that the ester was completely 

incompatible with these titanium metal complexes. However, a NMR spectrum of glycine ethyl 

ester revealed ethanol contaminant. The source of ethanol is from hydrolysis or amidation of ethyl 

ester functional group (Scheme 4.4). The FB of glycine ethyl ester (oil) polymerizes readily in air 

to a white powder. Even freshly prepared and distilled FB glycine ethyl ester produced similar 

results.  
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Scheme 4.4 Production of ethanol upon self-amidation of glycine. 

A more stable substrate was required for continuing this investigation. Amides are more stable 

to hydrolysis, with carbonyl carbon being markedly less reactive. Amide 8 was prepared through 

acid chloride substitution followed by Gabriel’s synthesis (Scheme 4.5).9 It was envisioned that 

the diisopropyl groups would restrict possible oxygen or amide nitrogen coordination, thus 

avoiding potential side reactions.  

 

Scheme 4.5 Synthesis of amino amide substrate. 
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With a more stable substrate, investigation continued and provided some significant 

preliminary results. Mixtures of 8 with 10 mol% of both catalyst A and B remained relatively 

unreactive at room temperature (i.e. no color change or precipitate). To these two solutions was 

added 1-hexyne and cyclohexylisonitrile followed by heating at 100 °C for 18 h. Free ligand was 

observed by NMR in both cases with no formation of any expected products (GC-MS showed 

mostly unreacted amide 8). 

Catalyst E, which was found effective at forming 3CC of 1,1-disubstituted hydrazine, alkyne 

and isonitrile; was attempted next (Scheme 4.6).10 Observable quantities of hydroamination 

isomers had formed according to mass spectra (m/z 240). However, amide 8 remains mostly 

unreacted even after 40 h and pyrrole formation was unobserved.  

 

Scheme 4.6 Catalyst E transforms amine, 1-hexyne, and cyclohexylisonitrile. 

Ecstatically, catalyst D provided approximately 4-8% yield of pyrrole-2-amidate 9 (m/z 250) 

according to un-calibrated GC-FID (Scheme 4.7). Also observed was formamide 10 (m/z 267) in 

2% yield which may indicate formation of titanium imido species. Conversion was incomplete at 

40 h, and multiple unidentified peaks in the GC-MS indicate the reaction is not occurring cleanly. 

It must also be stated that 15 mol% catalyst D was applied, which means the reaction is possibly 

not occurring catalytically (unless one molecule is working incredibly hard). Additionally, similar 

results were observed when using phenylacetylene in place of 1-hexyne. 
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Scheme 4.7 MCR to form pyrrole-2-amidate 

If the reaction were to be catalytic, the mechanism could be similar to that of pyrazole 

(Scheme 4.8).1 However, there are two main concerns for the low yield over lengthy reaction 

times. Increased electronic donation to the metal center decreases Lewis acidity and could be 

slowing down the catalysis.11 Diisopropyl groups may not be sterically encumbering enough to 

prevent oxygen coordination to titanium. Another potential issue is that the acidity of methylene 

CH on amide 8 becomes more acidic upon formation of intermediate 3CC 11. Protonolysis of pypr 

ancillary ligand would lead to catalyst deactivation.  
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Scheme 4.8 Proposed mechanism for pyrrole-2-amidate formation. 

 

To obviate the first concern, investigation into protection groups (PG) of amides was initiated. 

Surprisingly, this area of study is severely limited for PGs suitable with titanium catalysis. Many 

traditional amide PG contain oxygen atoms (i.e. Boc, Fmoc, Ts, Ms) that react with sensitive 

titanium catalyst.12 Successful PG used in previous reports included silyl groups (i.e. TMS, TBS, 

TBDPS) and reductively cleaved benzyl PG group.13 Silyl group incorporation to amides have 

been successful at creating N,O-bis(silyl)amidinates (Scheme 4.9).14  

 

Scheme 4.9 General procedure for N,O-bis(silyl)amidinates. 
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Application of silylated amidinates have been primarily used as mild silylating reagents or 

1,3-dipolarophiles. To the best of this researchers knowledge there haven’t been any reports 

enlisting this type of molecule as a protected amide against transition metal catalysis. The potential 

benefits of an N,O-PG would be removal of atom donation by sterically encumbering both atoms, 

whereas before oxygen remained completely unblocked on one side (Figure 4.3).  

 

Figure 4.3 Oxygen coordination removed by silylation (ligands omitted for clarity).  

Model compound, benzamide, was applied as starting material to generate N,O-

bis(silyl)amidinates. Reaction of benzamide with two equivalents of trimethylsilylchloride in TEA 

was performed at room temperature (Scheme 4.10). A white slurry forms instantly and this mixture 

was stirred for several hours. Isolation through extraction with CH2Cl2 provided only mono-

silylated product. Repeating experiment with 1:1 mixture of CH2Cl2:TEA and four equivalents of 

trimethylsilylchloride, reacting overnight at room temperature, provided reaction mixture that 

fumed heavily in air. Expected product was not isolated, however, starting benzamide was 

recovered. The N,O-bis(silyl)amidinates maybe extremely water sensitive due to the lability of 

trimethylsilyl groups and so a more stable silyl group is required. 

 

Scheme 4.10 Attempted synthesis of N,O-bis(silyl)benzamidinate. 

A second route to N,O-bis(silyl)amidinates was attempted, which involved silyl migration to 
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oxygen. Reaction of HMDS with α-chloroacetlychloride, similar to the synthesis of amide 8, 

should provide N,O-bis(silyl)amidinate according to the literature (Scheme 4.11). However, 

isolation revealed only mono-silylated-α-chloroamide had formed.  

 

Scheme 4.11 Second Attempt 
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4.3 Conclusion 

These results are only preliminary and a more thorough investigation is required. The MCR 

between amide 6, 1-hexyne, and isonitrile is successfully mediated by titanium complex D. The 

exact cause for the reaction terminating before all substrates are consumed is unclear at this time. 

Catalyst D is limited to terminal alkynes and reaction times of 36 h are required for pyrazole 

formation. Optimization of this similar reaction could lead to an amenable procedure for pyrrole-

2-amidates.  

Protecting groups for certain substrates are required in order to be compatible with Odom 

group chemistry. Amides are a useful synthetic handle for post-modification, which makes them a 

desirable functional group. Expanding the potential types of protecting groups for both the amide 

nitrogen and oxygen creates new compatibilities that will expand transition metal catalysis.  
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4.4 Experimental  

General Considerations: All manipulations of air-sensitive compounds were carried out in an 

MBraun drybox under a purified nitrogen atmosphere. All glassware was heated at 150 °C for 4 h 

and stored in a drybox under nitrogen. Toluene was purified by first sparging with dry nitrogen to 

remove oxygen and then ran through activated alumina to remove water. 1H and 13C NMR spectra 

were recorded on a VXR-500 spectrometer in CDCl3 or CD3OD. Melting points were measured 

on a Mel-Temp II apparatus (Laboratory Devices Inc, USA) with a mercury thermometer in an 

open capillary tube.  

Catalyst shown in Figure 4.2 and the corresponding ancillary ligands were prepared according 

to literature procedures.1,7 Phenylacetylene and 1-hexyne were purchased from GFS chemical and 

dried with CaO, followed by distillation. Phthalimide, diisopropylamine, HMDS, benzamide 

Trimethylsilylchloride were all purchased from Sigma Aldrich and used as received. The α-

chloroacetlychloride was purchased from Alpha Aesar and used as received. Cyclohexylisonitrile 

was prepared according to the literature procedure. 

Potassium phthalimide was prepare by reacting phthalimide with excess potassium carbonate 

in ethanol. The product was crashed out with addition of water and collected by vacuum filtration.  

Preparative Details 

Synthesis of 2-chloro-N,N-diisopropylacetamide (6) 

 

An oven dried round-bottom flask containing magnetic stir bar was cooled under nitrogen and 

charged with diisopropylamine (285 mmol, 40 mL) and toluene (40 mL). A solution of α-
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chloroacetylchloride (104.3 mmol, 8.3 mL) in toluene (20 mL) was added dropwise via a syringe. 

A precipitate began to form immediately and the solution turned brown. After complete addition 

the reaction was stirred for 1 h and then quenched with saturated NaHCO3 solution. The product 

was extracted with ethyl acetate twice (40 mL portions) and the organic layers were combined. 

The organic layer was rinsed with water and dried with magnesium sulfate. The solution was 

filtered and volatiles removed yielding a brown oil that was reasonably pure by NMR and used 

without further purification. 1H NMR (CDCl3): δ 4.02 (2H, s, CH2), 3.92 (1H, septet, JHH = 6 Hz, 

CH), 3.45 (1H, broad, CH), 1.40 (6H, d, JHH = 6 Hz, CH3), 1.25 (6H, d, JHH = 6 Hz, CH3). 

Synthesis of 2-(1,3-dioxoisoindolin-2-yl)-N,N-diisopropylacetamide (7) 

 

An oven dried two-neck round-bottom flask containing magnetic stir bar was cooled under 

nitrogen and charged with compound 6 (9.5 g, 53.5 mmol), potassium phthalimide (14.8 g, 80.0 

mmol) and DMF (20 mL). The flask was fitted with condenser and flushed with nitrogen. The 

reaction was heated at 120 °C for 4 h. The brownish solution with small amounts of precipitate 

was cooled briefly before pouring into a beaker containing crushed ice (100 g). The off brown 

precipitate was collected by vacuum filtration. After drying the compound, product 7 (13.6 g, 88% 

over two steps) was reasonably pure by NMR and used without further purification. 1H NMR 

(CDCl3): δ 7.87 (2H, dd, JHH = 3 Hz, 5 Hz, Ar-H), 7.72 (2H, dd, JHH = 3 Hz, 5 Hz, Ar-H), 4.45 

(2H, s, CH2), 3.98 (1H, septet, JHH = 7.0 Hz, CH), 3.54 (1H, broad, CH), 1.37 (6H, d, JHH = 7.0 

Hz, CH3), 1.33 (6H, d, JHH = 7.0 Hz, CH3).   
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Synthesis of 2-amino-N,N-diisopropylacetamide (8) 

 

A round-bottom flask containing magnetic stir bar was charged with compound 7 (13.6 g, 

47.2 mmols), EtOH (60 mL), and hydrazine monohydrate (3.57 g, 71.4 mmols). The flask was 

fitted with a condenser and the solution was refluxed for 2 h. After 30 minutes a large amount of 

white precipitate had formed. After 2 h, the solution was cooled to room temperature. The solution 

was filtered and the solid precipitate rinsed with EtOH several times (30 mL portions). The 

volatiles were removed and the product (3.73 g, 50% yield) appears as an amber oil. 1H NMR 

(CDCl3): δ 3.80 (1H, septet, JHH = 6.4 Hz, CH), 3.45 (1H, broad, CH), 3.37 (2H, s, CH2), 1.68 (2H, 

broad s, NH2), 1.37 (6H, d, JHH = 6.4 Hz, CH3), 1.16 (6H, d, JHH = 6.4 Hz, CH3).  

General Procedure for pyrrole-2-amidate 

The reaction mixture was prepared under inert atmosphere in an Mbraun drybox. A pressure-

tube was charged with magnetic stir bar, Ti(NMe2)2(pypr)2 (D) (71.7 mg, 15 mol%) in toluene (2 

mL), amide 6 (158 mg, 1 mmol), 1-hexyne (114 μL, 1 mmol), and cyclohexylisonitrile (187 μL, 

1.5 mmol). The pressure tube was sealed and placed in oilbath at 100 °C for 40 h. The reaction 

was removed from heat and allowed to cool to room temperature. Pyrrole-2-amidate 9 was 

observed by GC-MS (m/z 250) and quantification was estimated by GC-FID to be approximately 

4-8% yield relative to catalyst loading. 
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