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ABSTRACT 

 

Organic Chemistry in Aqueous Surfactant Media: 

Batch and Flow Technologies 

 

By: Alex Benjamin Wood 

 

I. Nickel Catalyzed Reductions of gem-Dibromocyclopropanes to Cyclopropanes 

in Water 

II. α-Arylations of (Hetero)Aryl Ketones in Aqueous Micellar Media 

III. Palladium Catalyzed Dehydration of Primary Amides to Nitriles in Water 

IV. Solid Handling Equipment Advancements for Nanoparticle Catalyzed Flow 

Chemistry in Aqueous Micellar Media 

I. New techniques to access cyclopropanes are of great importance to the fine chemical 

industry. One route to this valuable moiety is through the synthesis of gem-

dibromocyclopropanes followed by the reduction of the halides to access the saturated 

cyclopropane. However, contemporary reduction methods are plagued with selectivity and 

safety issues, as well as environmentally deleterious solvents and reagents. Herein are 

described both mild mono- and di-hydrodehalogenative reductions of gem-

dibromocyclopropanes enabled by aqueous micellar media, providing an environmentally 

responsible alternative. The chemistry is performed using a ligated 0.5-5.0 mol % nickel 

catalyst activated by sodium borohydride in situ and boasts a wide substrate scope including 

pharmaceutically relevant compounds. 
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II. α-Arylation chemistry is traditionally limited to organic solvents due to the high pKa of 

the ketone alpha proton, especially with respect to the relative acidity of water. However, the 

introduction of a micellar array to an aqueous media creates a hydrophobic environment 

suitable to facilitate deprotonation of the ketone followed by coupling with an aryl halide. This 

is provided that the correct lipophilic base, which can gain access into the micelle inner core, 

is chosen to effect enolization. Under such conditions, using a Pd(I) bromide dimer pre-

catalyst, α-arylation of aryl and heteroaryl ketones can be performed in recyclable water using 

as low as 2500 ppm of the transition metal under near ambient conditions. 

III. Conventional methods to dehydrate primary amides to nitriles require the use of highly 

toxic, reactive, and moisture sensitive reagents, and are oftentimes performed at high 

temperatures (ca. >80 °C) in rigorously dry organic solvents. Recent mild techniques have 

been developed using palladium salts and a “sacrificial” nitrile, resulting in a water-shifting 

reaction to form the desired nitrile and a cheap amide byproduct. However, this chemistry is 

performed in mixtures of acetonitrile/water, obviating the overall “greenness” of the 

technology. This chapter discusses the development of ppm Pd-catalyzed dehydration 

chemistry in aqueous micellar media, removing the need for excess acetonitrile as co-solvent. 

This method uses highly reactive water-acceptor nitriles, methoxyacetonitrile or 

fluoroacetonitrile, tuned specifically for their respective amide reagents in aqueous micelles. 

IV. Flow chemistry has evolved to be a disruptive technology in the field, resulting in novel 

techniques which have revolutionized the chemical industry. However, issues with solids, 

which can result in clogging of lines and equipment, have remained an unsolved problem. 

Herein, aqueous micellar nanoparticle-catalyzed Suzuki-Miyaura couplings are utilized as a 
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method to probe novel solids handling equipment for plug flow and continuously-stirred tank 

reactor systems. 
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1.1 Personal Account 

It was July of the year 2016, and the weight of my decisions up until this point had fully 

started to settle in on me as I was sitting in Bruce’s office, the second time I had ever been 

there and the first time in my Ph.D. career. I had just moved to graduate student housing in Isla 

Vista, into what was essentially a dorm room, from a nice one-bedroom apartment in 

downtown Sacramento. I had also, and more importantly, just exited from a startup company, 

Micromidas Inc. (now Origin Materials), wherein which I was employed as what was 

essentially a process engineer, not so much an organic chemist. One reason for leaving was 

due to my wish to improve my career by pursuing a Ph.D. in my chosen field of organic 

chemistry; another reason was due to what appeared to be writing on the wall for a company 

that was massively laying off people because of funding issues and, although I made it through 

a round of 75% personnel cuts, I did not want to be caught in a fragile state. Believe it or not I 

bet wrong in one way, because as of the time of writing this dissertation the company is worth 

1.8 billion dollars. However, I sat across from Bruce as he started writing on his whiteboard 

for the project I was going to start and, ostensibly, work on with a postdoc in our lab, ready to 

put in my best work. 

Bruce outlined a project that was initially proposed by Fabrice Gallou at Novartis 

Pharmaceuticals. They were interested in adding a cyclopropane-containing amino acid 

derivative, (S)-5-azaspiro[2.4]heptane-6-carboxylic acid (from L-proline), into their building-

block repertoire en route to ledipasvir and they wanted to use aqueous-based chemistry in order 

to do so. The overall goal was to convert geminal-dibromocyclopropanes to the corresponding 

saturated ring system, minimizing the use of traditional organic solvents or precious metals. 

This two-step process is considered to be safer than traditional direct ring installation methods 
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(vide infra), and the second step had promise for a green upgrade compared to the dismal 

amount of literature available for the hydrodehalogenation step. 

I was to work with a postdoc in our group, to apply this hydrodehalogenation chemistry in 

water to form the saturated cyclopropane. This ended up not completely happening as Ye 

Wang, who had developed some preliminary data surrounding the project, decided that he 

wanted to hand it off to me entirely. Therefore, my first project in the group ended up being 

my initial first authorship paper, albeit years down the road when the data were finally 

published. 
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1.2 Introduction and Background 

The cyclopropane ring has emerged as a major substructure in the synthetic and chemical 

biology fields.1 This can be seen, for example, based on the ubiquity of cyclopropanes in the 

natural world. The ring is readily observed as a key structural element of natural products, such 

as in pyrethrum extracts from the Tanacetum cinerariifolium, of the genus Chrysanthemum, 

which yield cyclopropane-bearing molecules that are responsible for the insecticidal activity 

of the flower.2 Similar biological activity can also be observed in dihydrosterculic acid, a 

cyclopropane derivative of oleic acid. This fatty acid is then further dehydrogenated to form 

sterculic acid, a cyclopropene fatty acid which makes up most of the seed extract from Sterculia 

foetida and acts as an antiparasitic (Figure 1).3 

 

 

Figure 1: Cyclopropane-containing natural products 

 

With this background in mind, it is not necessarily all too surprising that the cyclopropane 

moiety has found a home in the pharmaceutical industry as a common structural motif in 

biologically active, manmade molecules. Indeed, cyclopropane-containing targets represent a 

massive population in the active pharmaceutical ingredient (API) database, with hundreds of 

bioactive compounds bearing this substructure in a near limitless array of chemical 

environments (i.e., near or influencing other functional groups). This also includes eleven out 
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of the top two-hundred drugs of 2018 based on sales, three of which are illustrated below 

(Figure 2).4  

 

 

Figure 2: Representative top selling pharmaceuticals bearing a cyclopropane ring 

 

Medicinal interest in cyclopropanes is due to the unique chemical and biological attributes 

of this scaffold.5 The strained ring imparts interesting bonding properties, as opposed to ethane, 

the carbon-carbon bonds are shorter and contain more pronounced -character. Also, in 

consideration are the carbon-hydrogen bonds, which gain significantly more σ-character and 

concomitant strengthening of the bond to an increase of greater than 5 kcal/mol (106 kcal/mol) 

compared to a purely aliphatic system (101 kcal/mol).6 This can result in greater metabolic 

stability at the site of the cyclopropane compared to that of an alkyl group, which may be used 

as a handle for oxidation. Furthermore, the planar and less lipophilic character of 

cyclopropanes can be utilized to substitute other functional groups within a molecule as a 

bioisostere. These include olefins, -unsaturated ketones (which can act as Michael 

acceptors),7 and isopropyl groups.8 It can also act as a surrogate for aromatics, replacing phenyl 

groups which can significantly lower the log P of a target molecule.9 These attributes, along 

with the ability to modify of pKa values of other functional groups in proximity by the addition 
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of a cyclopropane, ultimately allow for a greater space of structural activity relationships 

(SAR) to model binding pockets for influencing, and ultimately controlling, pharmacological 

activity. 

There exists an exigency in the field of synthetic methodology to develop new and better 

ways to insert this ring system, preferably onto late-stage, pharmaceutically relevant chemical 

intermediates or final products. This is in response to the state of the literature surrounding the 

direct installation of the ring and the pitfalls associated with current methods.10-11
 There are a 

variety of reaction types that can yield substituted and unsubstituted cyclopropane rings 

(Figure 3). 

 

 

Figure 3: Examples of common cyclopropane synthetic methods in the literature 

 

However, there are very few examples of direct cyclopropane syntheses that take into 

consideration the impact of the method with respect to its environmental footprint, as well as 

safety. Reactions such as Simmons-Smith,12-13 decomposition of diazo compounds to form 

carbenes,14 Corey-Chaykovky,15 and Kulinkovich16 require, in many instances, stoichiometric 

amounts of dangerous reagents, as in the case of diethylzinc or titanium(IV) isopropoxide, or 

starting materials such as diazo compounds which are explosive. Furthermore, as in the case 
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of diazo-derived carbenoids, the use of expensive and non-renewable precious metal catalysts 

is required. These drawbacks can become major considerations with respect to route selection 

towards a target compound bearing a cyclopropane, especially in industrial settings where 

safety and selectivity take precedence, especially when done at scale. Regardless, except in the 

case of some methods based on (expensive) rhodium-based diazo-derived carbenoid 

chemistry,17-18 the reactions listed above are limited in overall “greenness” due to the 

overwhelming use of organic solvents as reaction media and the exclusion of advantageous air 

and moisture. 

An often overlooked, alternative route to the preparation of cyclopropanes is through the 

addition of a geminal-dihalocyclopropane, which can then be chemically altered at the site of 

the halogens to provide a variety of synthetic derivatives. This initial cyclopropanation is 

achieved via a cycloaddition between a dihalocarbene and an olefin.19 In 1862, Geuther found 

that dihalocarbenes could be easily prepared via a highly exothermic alkaline hydrolysis of 

haloforms, such as chloroform and bromoform.20 This carbene formation occurs via 

deprotonation of the haloform hydrogen by the base to form the trihalomethyl anion, followed 

by α-elimination of a halogen resulting in an open p-orbital. In their now seminal work, 

Doering and Hoffman were able to utilize the dihalocarbene as a carbon source for the 

formation of a halogenated cyclopropane.21 Their approach involved dissolution of 

cyclohexene in a saturated solution of potassium t-butoxide in t-butanol, followed by dropwise 

addition of chloroform. The resulting exothermic reaction produced the dihalocarbene, which 

was then trapped via [2+1] annulation with cyclohexene resulting in 7,7-

dichlorobicyclo[4.1.0]heptane, formed in 59% yield (Figure 4). 
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Figure 4: Doering and Hoffman’s synthesis of 7,7-dichlorobicyclo[4.1.0]heptane 

 

While incredibly important and influential, this reaction protocol has been shown to have 

limited applications, only being useful in the situation where simply alkyl olefins are used. The 

synthetic utility of this dihalocarbene approach, however, was greatly advanced by the work 

of Mαkosza and Wawrzyniewicz in 1969.22 In their studies, they found that a biphasic system 

between chloroform or bromoform and 50 wt % NaOH with a quaternary amine phase transfer 

catalyst, such as triethylbenzylammonium chloride (TEBA), produces the gem-

dihalocyclopropane in high yields when an olefin is present in the organic phase. The 

postulated mechanism that results in the improved yield, even under conditions where the 

hydrolysis of the carbene is expected, is due to the nature of the phase transfer catalyst and its 

role in mediating the formation of the carbene in the organic phase. Firstly, anion exchange 

between the chloride in TEBA and the aqueous hydroxide results in an ammonium hydroxide. 

This ammonium hydroxide then travels into both the aqueous and organic phases, where the 

hydroxide deprotonates the haloform and yields the quaternary ammonium of the trihalomethyl 

anion. The lipophilic derivative then α-eliminates a halogen in the organic phase, regenerating 

the catalyst and producing the dihalocarbene that reacts with the olefin with limited possibility 

of hydrolysis (Figure 5). 
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Figure 5: Mαkosza’s proposed mechanism for biphasic dihalocarbene cyclopropanation 

 

As previously stated, the resulting halogenated ring opens a variety of possibilities for 

further derivatization, including the hydrodehalogenation of the halides to result in the 

corresponding unsubstituted ring, typically in the case of the gem-dibromocyclopropanes. 

Despite being a two-step process, designing a synthetic route through the gem-

dibromocyclopropane towards the hydrogenated cyclopropane can make sense in the chemical 

industry, as the actual formation of the cyclopropane using Mαkosza’s method requires 

significantly less solvent (usually only requiring the haloform used for generating the carbene, 

or a small amount of dichloromethane), no precious metals, catalytic amounts of transfer agent, 

and is ultimately safer overall compared to contemporary methods. A case study can be seen 

in a multitude of synthesis routes explored by Novartis for development of a scaleup towards 

a 4-spirocyclopropane substituted proline scaffold, (S)-5-(tert-butoxycarbonyl)-5-azasprio-

[2.4]heptane-6-carboxylic acid, which is a building block en route to ledipasvir (Figure 6).23 
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Figure 6: Desired cyclopropyl-substituted proline fragment within ledipasvir 

 

In this case, a variety of traditional cyclopropanation chemistries were attempted on 

intermediates, such as Simmons-Smith and Corey-Chaykovsky, to produce the desired 4-spiro 

cyclopropane scaffold directly. Issues were encountered with scalability of the Corey-

Chaykovsky method on a protected intermediate, with yields dropping from 70% on lab scale 

to 20% on a 20 kg scale and necessitated that reactions be run on an order of magnitude smaller 

batches to achieve only 55% yield. The Simmons-Smith method was run on the exomethylene 

derivative of the Boc-protected proline resulting in high yield; however, the authors noted that 

safety issues encountered at scale limited the pursuit of this synthetic strategy. Ultimately, 

scaleup towards the fully saturated cyclopropyl proline fragment was developed around an 

initial gem-dibromocyclopropanation, due to ease of setup and safety, followed by concomitant 

hydrodehalogenation with palladium-on-carbon and hydrogen pressure to form the saturated 

cyclopropane. 

Despite the obvious synthetic utility of a dibrominated cyclopropane with respect to access 

of the fully saturated product, there exists a dearth of methodologies in the literature dedicated 

towards this transformation that would be applicable to the complexity of molecules 

encountered in the pharmaceutical industry. Most commonly, dangerous and wasteful hydride 
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reagents such as tributyltin hydride or lithium aluminum hydride are employed, the former of 

which produces toxic byproducts that require separation, and the latter is not selective and can 

reduce other functionality present in a target molecule.24 Likewise, Birch-type conditions have 

also been reported, which are greatly limited to mostly alkane-based structures.25 Other 

reducing conditions such as palladium-on-carbon or Raney nickel are also represented in the 

literature; however, the pressurized flammable gas required, the use of precious metals (in the 

case of Pd), and selectivity issues with respect to ring opening byproducts present in mass 

balance analysis (in the case of Ra Ni) all have severely stymied applications.23  

Notwithstanding these methodologies, a running theme associated with this transformation 

is the requirement of using non-renewable, environmentally deleterious organic solvents as the 

reaction medium. This feature also plagues the most recent entry into the gem-

dibromocyclopropane reduction literature by Gütz in 2015, wherein the bromides are removed 

electrochemically (Figure 7).26  

 

 

Figure 7: Gütz’s electrochemical reduction of gem-dibromocyclopropanes 

 

While this synthetic method does offer the most environmentally friendly reducing reagent 

in the form of electrons, the overall greenness of the method is narrowed with respect to the 

choice and amounts of solvent involved. The reaction takes place in either DMF or acetonitrile 

at a very low concentration of 0.065 M, taking only into consideration the catholyte where the 
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reaction takes place (the anolyte runs using the same amount of solvent, albeit a 1:2 mixture 

of methanol and DMF). Furthermore, the electrochemistry requires a large quantity of 

supporting electrolyte, in this case being MTES ([Et3NMe]O3SOMe), as well as a custom 

leaded bronze cathode. Clearly, specialized equipment is required. Interestingly, however, the 

reaction can be tuned to access either the di-debrominated or mono-debrominated product 

based on the amount of applied current, albeit with no stereocontrol with respect to the mono-

debrominated product. Nonetheless, it is applicable to some more complex molecules, 

including Novartis’s 4-spiroproline derivative as well as a derivative of cyclosporine A in high 

yields. 

As of this latest report, there has been no effort to optimize double dehalogenation of gem-

dibromocyclopropanes in an environmentally responsible manner. This is apparent given the 

egregious nature of the media required for this overall transformation. In many cases, the 

solvent of choice for the reduction is bulk THF, acetonitrile, or DMF. Furthermore, the reagent 

choices in these systems are woefully limited to toxic and non-selective substances used in 

stoichiometric amounts. Herein, we report a 3,4,7,8-tetramethyl-1,10-phenanothroline ligated 

nickel species that is activated by sodium borohydride to selectively hydrodehalogenate gem-

dibromocyclopropanes to the corresponding cyclopropanes. Furthermore, this conversion 

takes place in an aqueous micellar medium with minimal organic solvent as co-solvent, vastly 

improving the environmental impact of the chemistry, especially with respect to scale. The 

chemistry is exemplified by the array of functionalized molecules that participate, that would 

otherwise not be amenable to use of other reduction methodologies. The utility of this aqueous-

based transformation is enhanced due to the selectivity of mono- vs. di-dehalogenation based 

on the ligand choice and catalyst loading, alongside the amount of reductant required (Figure 
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8). Also, characteristic of this new technology is its exceptionally low E Factor, opportunities 

for recycling of the reaction medium, as well as multistep processes that can be affected, all in 

water. 

 

Figure 8: Mono- and di-reduction using a ligated nickel catalyst and hydride source in water 
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1.3 Results and Discussion 

Initial investigation into the double reduction of geminal-dibromocyclopropanes began by 

exploring zinc dehalogenation chemistry using ammonium chloride as a proton source in 

water. This chemistry was originally put forth from our lab by Nicholas Isley in 2015,27 where 

it was found that fine zinc metal particles were incredibly efficient in the dehalogenation of 

alkyl chlorides and bromides in even highly functionalized molecules. In this disclosure, 

however, issues were encountered with both conversion and selectivity of (2,2-dibromo-1-

methylcyclopropyl)benzene to the corresponding fully reduced cyclopropane (Figure 9). 

 

 

Figure 9: Initial trial for reduction of a gem-dibromocyclopropane using two zinc sources 

 

Two zinc types were used with ammonium chloride. Zinc dust (<10 micron) resulted in a 

much greater majority of the mono-reduced product vs. the di-reduced (87:13 respectively) by 

GCMS analysis. It was found that use of zinc nanoparticles could affect greater conversion to 

the di-debrominated product (12:88 mono- vs. di-reduction); however, conversion and 

selectivity remained an issue. 

In order to determine if conversion issues with zinc were an artifact of the electronic 

positioning of the gem-dibromocyclopropane (i.e., derived from a styrene), substrate 1 was 
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prepared and tested against two forms of inexpensive Zn sources of varying size to form di-

reduced product 2 (Table 1). 

 

Table 1: Di-reduction of an alkyl gem-dibromocyclopropane using zinc metal 

 

Entry Metal Size Equiv Time % Yield 2 

1 Zn powder (150 micron) 8 4 d 43 

2 Zn dust (<10 micron) 4 24 h 38 

 

 

The easily isolable di-reduced product was recovered via silica gel column chromatography 

from the starting material and mono-reduced intermediate to determine absolute yield. 

Unfortunately, data from this set of experiments validated the selectivity issues encountered 

with the previous substrate. While conversion to 2 was improved, GCMS analysis indicated 

that a large amount of the mono-reduced bromocycopropane diastereomers was present. This 

observation is congruent with Bänziger’s attempts from Novartis,23 with indications from their 

lab that selectivity issues plagued this methodology specifically in these cyclopropyl cases. 

With this result, we decided to switch direction away from a stoichiometric transition metal 

as the reducing agent, instead opting for a catalytic system. Inspired by the use of Raney nickel 

in other applications, including the reduction of gem-dibromocyclopropanes (vide supra), our 

goal then became to explore the use of nickel boride as a potential catalyst, which had not yet 

been investigated in the literature for this application. The use of nickel boride in water is 

attractive from an industrial standpoint due to the ease of preparation of the catalyst, as the 
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resulting non-pyrophoric nanoparticles are synthesized in situ with the simple addition of 

sodium borohydride to a Ni(II) salt such as Ni(OAc)2•4H2O dissolved in aqueous media.28 

Furthermore, we also postulated that the use of a ligand could potentially enhance the reactivity 

of the catalyst. Previous work from our lab found that 1,10-phenanthroline (phen) can be used 

to improve the reductive capacity of nickel boride in water with respect to 6-chloro and 6-

fluoropyridines to form the dehalogenated heterocycle.29 This could be performed in an 

aqueous micellar medium using 5 mol % Ni and 10 mol % of the phenanthroline ligand with 

sodium borohydride as the terminal reductant. The search was further expanded to incorporate 

a variety of phen derivatives, which have found privileged activity in aqueous micellar media 

in other applications (Table 2).30a-b  
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Table 2: Ligand screening for nickel boride reduction of gem-dibromocyclopropanes 

 

Entry Catalyst (mol %) Ligand (mol %) NaBH4 (equiv) 1 / 2 / 3[a] 

1 Ni(OAc)2•4H2O (5) / 5 0 / 12 / 88 

2 Ni(OAc)2•4H2O (5) 
3,4,7,8-tetramethyl-1,10-

phenanthroline (5) 
5 0 / 100 (82)[b] / 0 

3 Ni(OAc)2•4H2O (5) 
3,4,7,8-tetramethyl-1,10-

phenanthroline (10) 
5 0 / 100 (91)[b] / 0 

4 Ni(OAc)2•4H2O (5) 
3,4,7,8-tetramethyl-1,10-

phenanthroline (15) 
5 0 / 23 / 77 

5 / / 5 100 / 0 / 0 

6 Ni(OAc)2•4H2O (5) neocuproine (10) 5 0 / 20 / 80 

7 Ni(OAc)2•4H2O (5) 1,10-phenanthroline (10) 5 0 / 19 / 81 

8 Ni(OAc)2•4H2O (5) 
4,7-dimethoxy-1,10-

phenanthroline (10) 
5 0 / 10 / 90 

9 Ni(OAc)2•4H2O (5) 2,2’-bipyridine (10) 5 0 / 13 / 87 

10 Ni(OAc)2•4H2O (0.25) / 2.5 0 / traces / >99 

11 Ni(OAc)2•4H2O (0.5) 2,2’-bipyridine (1) 2.5 0 / 3 / 97 

[a] Determined by NMR yield. [b] Isolated yield in parentheses. 
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Data from this set of experiments indicate that catalytic nickel boride, loaded at 5 mol % 

without ligand (entry 1), was adept at completely consuming the starting gem-

dibromocyclopropane 1 along with producing a large amount of hydrogen gas, which is a 

known byproduct.31 However, NMR analysis of the crude mixture found that the majority of 

the converted material halted at the monobromocyclopropane 3, even when using a vast excess 

of sodium borohydride at five equivalents. Introduction of phen as a ligand (entry 7) saw only 

minimal, if any, improvement towards the fully reduced cyclopropane. Similar results were 

obtained when using neocuproine (entry 6), 4,7-dimethoxy-1,10-phenanthroline (entry 8), and 

2,2’-bipyridine (entry 9). Interestingly, high selectivity (by NMR analysis) towards the 

monobromocyclopropane could be obtained when the nickel catalyst loading was dropped by 

greater than an order of magnitude with no ligand, as well as depletion in the amount of sodium 

borohydride used (entry 10). Introduction of 2,2’-bipyridine to the reduced catalyst loading 

system also saw similar selectivity (entry 11) and was instrumental towards a broader scope of 

mono-debrominations (vide infra). To prove the requirement of the transition metal for 

conversion, a trial using no nickel was conducted (entry 5) resulting in zero conversion of the 

starting material to 2 or 3. 

Introduction of 3,4,7,8-tetramethyl-1,10-phenanthroline (TMPhen), however, saw vast 

improvement toward selectivity of the fully reduced cyclopropane 2. When added at 10 mol 

%, with 5 mol % nickel (Table 2, entry 3), the cyclopropane was fully dehalogenated with no 

observed 3 by either GCMS of the reaction or crude NMR analysis of the product mixture and 

gave a 91% isolated yield of 2. It should be noted that catalyst loadings as low as 1 % nickel 

and 2 % TMPhen could also be used for simple substrates, but is not applicable towards more 

pharmaceutically relevant compounds, and thus 5 mol % metal was chosen as the general 
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condition. Improved activity of the catalyst when TMPhen is used could potentially be 

explained based on two points. Firstly, TMPhen is one of the most basic of the phen ligands 

tried, with a conjugate acid pKa of 6.31 (compared to phen, which is 4.86) which enhances σ-

donation into the nickel. Secondly, analysis of the crude product mixture saw the formation of 

reduced phen derivatives under the reaction conditions in other phen ligand choices excluding 

TMPhen. 

Observation of the pre-catalyst prior to the addition of sodium borohydride indicates 

differences that exist between this ligand and other 1,10-phenanthroline- or 2,2’bipyridine-

type ligands. Whereas all other metal/ligand mixtures prior to sodium borohydride addition 

gave a blue liquid (color of nickel(II) acetate tetrahydrate) with undissolved white material (the 

ligand), the combination of Ni(OAc)2•4H2O with TMPhen resulted in a bright pink, 

homogeneous solution. This is then converted into a dark purple slurry upon the addition of 

NaBH4 (Figure 10). 

 

 

Figure 10: Pink Ni/TMPhen reaction pre-catalyst in water (left) and addition of NaBH4 

(right) 

 



 

 20 

The loading of TMPhen with respect to the nickel was also found to be of great importance. 

Reducing the ligand to nickel ratio from 2:1 to 1:1 (Table 2, entry 2) saw similar conversion 

of starting material and selectivity for the fully dehalogenated ring but resulted in a loss in 

yield to 82% upon isolation. Increasing the ratio to 3:1 (entry 4) saw dramatic loss in activity 

of the catalyst for double dehalogenation, with a crude NMR ratio of 23:77 for 2 and 3, 

respectively. Observationally, the increase of ligand results in very sluggish formation of, 

presumably, the active purple catalyst. With lower ligand ratios, formation of the catalyst is 

near instantaneous upon the addition of NaBH4, whereas the 3:1 ligand to metal ratio requires 

minutes to form a significantly less vibrant purple material. This is congruent with a report 

from Holah et. al. which described similar activity when using phen ligated to nickel activated 

by sodium borohydride.32 They found that, at high ligand to metal ratios, Ni(phen)3 is prepared 

prior to addition of the borohydride and inhibits formation of the active hydride catalyst, 

whereas at lower ligand loadings a strong reducing agent, Niphen2BH4·2H2O, could be formed 

quickly.  

Excess borohydride was found to be required for this transformation to proceed in high 

yield of the fully dehalogenated cyclopropane (Table 3). This is due to the known 

decomposition pathway of borohydrides in the presence of nickel borides, where a large 

quantity of hydrogen gas is produced quickly. The yield of 2 appears to have a strong 

relationship with respect to the amount of borohydride salt used. Addition of two equivalences 

of sodium borohydride (entry 1), already in great excess of available hydride compared to the 

halogenated starting material, resulted in a very poor yield of 19%. Increasing the sodium 

borohydride amount to between 3-5 equivalents (entries 2, 3, and 4) saw somewhat similar 

yields, with an increasing trend with respect to added hydride, with five equivalents reaching 
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77% yield. Interestingly, while keeping the amount of borohydride at five equivalents, the 

addition of 20 v/v % THF as co-solvent led to a marked increase in yield to 91% (entry 5). 

This is a known phenomenon characteristic of micellar catalysis, where the addition of an 

organic co-solvent has the possibility of greatly influencing the reaction yield, usually based 

on improved homogeneity of the reaction mixture, and/or “swelling” of the micelles.33 

Previous research from our group found that switching from sodium to potassium as the 

counterion associated with the borohydride can also have a beneficial effect on the yield of 

reduced product;34 however, in the case of this transformation there was no difference between 

NaBH4 and KBH4 (entry 6). 

 

Table 3: Effect of NaBH4 on double dehalogenation 

 

Entry NaBH4 (equiv) Yield 2 (%)[a] 

1 2 19 

2 3 70 

3 4 71 

4 5 77 

5 5 91[b] 

6 5 91[b],[c] 

[a] Isolated yields; [b] In presence of 20 v/v % THF; [c] KBH4 instead of NaBH4 

 



 

 22 

The base used for the reaction was also intensively screened with respect to the yield of 2 

(Table 4). No base (entry 1) and inorganic base K3PO4 (entry 2) resulted in inferior yields 

compared to organic bases with isolated yields of 78% and 83%, respectively.  Triethylamine 

(entry 6) was also found to produce the dehalogenated product in a similar, lower yield of 82%.  

Organic bases such as DBU (entry 3), 2,6-lutidine (entry 4), and pyridine (entry 5), which share 

structural similarities, all gave yields between 88-91% yield. While the need for a base in this 

transformation is apparent, the disparity between different yields using organic bases, in the 

case of triethylamine vs. the other organic bases screened, can also be explained by the way of 

co-solvent effects, where DBU, lutidine, and pyridine may act as a better co-solvent and thus 

results in slightly higher yields. 

 

Table 4: Organic and inorganic base screening 

 

Entry Base Yield (%)[a] 

1 no base 78 

2 K3PO4 83 

3 DBU 89 

4 2,6-lutidine 88 

5 pyridine 91 

6 TEA 82 

[a]
 Isolated yields 
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The choice in reaction medium was also determined via not only the conversion of model 

substrate 1 to 2, but also from the highly lipophilic gem-dibromocyclopropyl fatty ester 4 to 

the corresponding saturated cyclopropyl ester 5 (Table 5). With respect to the model compound 

1, conversion “on-water”35 was found to go to completion with an isolated yield of 79%. 

Addition of 20 v/v% THF to the on-water trial (entry 2) resulted in a boost in yield to 86%, 

near the optimized yield of a 2 wt % TPGS-750-M/H2O (with 20 v/v % THF as co-solvent) 

micellar system (entry 8). Use of another surfactant structurally similar to TPGS-750-M, Triton 

X-100,36 produced near identical conversion without co-solvent (entry 5) at 76% yield, 

whereas beta-sitosterol-based surfactant “Nok”37 (entry 6) gave a lower yield of only 44%. 

Interestingly, switching the aqueous to organic ratio, to where THF was most of the solvent 

and aqueous surfactant was a 20 v/v % co-solvent (entry 10), provided 2 in quantitative yield, 

surpassing that of a water-based system. This contrasts with a THF only system where no water 

is present (entry 4), giving zero conversion of the gem-dibromocyclopropane. Attempting the 

reaction in ethanol (entry 11) resulted in a violent, highly exothermic reaction and thus was 

not pursued further. While conversion of 1 to 2 saw high reactivity just on-water, with and 

without 20 v/v% THF co-solvent, the exceedingly lipophilic 4 would not convert at all under 

similar conditions (entry 3). However, addition of 2 wt % TPGS-750-M to the water (entry 9) 

resulted not only in conversion, but also a good yield of 5 at 72%. 
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Table 5: Effect of reaction medium on reduction of gem-dibromocyclopropane 

 

Entry SM Medium Co-solvent Yield (%)[a] 

1 1 water --- 79 

2 1 water THF (20 v/v %) 86 

3 4 water THF (20 v/v %) 0 

4 1 THF --- 0 

5 1 2 wt % Tritron X-100/H2O --- 76 

6 1 2 wt % Nok/H2O --- 44 

7 1 2 wt % TPGS-750-M/H2O --- 77 

8 1 2 wt % TPGS-750-M/H2O THF (20 v/v %) 91 

9 4 2 wt % TPGS-750-M/H2O THF (20 v/v %) 72 

10 1 THF 2 wt % TPGS-750-M/H2O (20 v/v %) 99 

11 1 EtOH --- ---[b] 

 

[a] Isolated yields of either products 2 or 5; [b] A violent reaction ensued 
 

 

We decided to move forward with the best conditions discovered for double reduction of 

the gem-dibromocyclopropane to the fully saturated cyclopropane. These conditions were 

found to be 5 mol % Ni(OAc)2•4H2O as the nickel source, 10 mol % TMPhen ligand, 1.5 

equivalents of pyridine, and 5 equivalents of NaBH4 as the borohydride source. This was 

performed at a concentration of 0.5 M in 2 wt % TPGS-750-M/H2O using 20 v/v % THF as 

co-solvent. This chemistry was found to perform best at a reaction temperature of 45 °C; 

however, some improvement was noted when the starting material is first dissolved in the THF 
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and added dropwise to the cooled, pre-made catalyst mixture in water prior to heating to 

reaction temperature. The transformation was also observed to be incredibly quick, requiring 

only 30 minutes for most substrates attempted for full conversion. The reaction can also be run 

under argon pressure or using the H2 gas produced as a byproduct in a sealed system. The 

system can be maintained at one atmosphere by sealing the reaction in a round bottomed flask 

with a septum and piercing the septum with a syringe, where the hydrogen can move the 

plunger as more gas is produced. Running the reaction under air, however, results in zero 

conversion of the starting material, and the reaction can be halted by opening up the flask to 

the ambient atmosphere. Unfortunately, while these conditions worked very well for the di-

dehalogenation of gem-dibromocycloproapnes, gem-dichlorocyclopropanes resisted reduction 

or would produce a variety of compounds observed by thin-layer chromatography which 

ultimately caused us to abandon this potential route. 

With these conditions developed from the optimization of 2 in hand, we set forth to apply 

this methodology to an array of functionalized, pharmaceutically relevant substrates (Figure 

11). Ethyl dihydrosterculate 5, an ester of a precursor to a natural antiparasitic sterculic acid, 

was prepared in aqueous medium at 72% yield despite its high lipophilicity. This can also be 

seen in the transformation of a perbenzylated glucal derivative 6, which could be 

dehalogenated in a similar yield of 73% with no observed deprotection of the alcohols. The -

lactam 7, a fragment of a precursor to an inhibitor of a nitric oxide synthase,38 was also 

synthesized in 91% yield; however, due to the delicate nature of the fused ring, the reaction 

had to be performed at room temperature. Tosylate 8, which could be considered labile in basic 

aqueous media in the presence of nickel, was also well tolerated and afforded an 82% yield. 

Naphthyl ester 9, which would not survive other reported reduction methods such as LiAlH4 



 

 26 

or Birch-type conditions, was dehalogenated in high yield (91%). Compound 10 was found to 

be especially difficult to convert in a mostly aqueous system due to the size and hydrophobicity 

of the cholesterol side chain and formed a gum under traditional conditions. However, 

increasing the aqueous surfactant/THF ratio to 1:1 resulted in a mixable medium that gave the 

cyclopropyl product in 73% yield with no observed reduction of the olefin. Interestingly, 

running this same substrate in a bomb reactor allowed for depletion of the amount of THF 

required, where now 20 v/v % compared to the aqueous medium at a global concentration of 

0.5 M was sufficient to produce 10 in 60% yield. Lipophilic furoate ester 11 was converted in 

a modest yield (60%) with no detection of reduction of the heterocycle to either dihydro- or 

tetrahydro-furan side products. Tryptophan derivative 12 was also converted in high yield. 

Surprisingly, protection of the indole nitrogen was not required in this case, which exemplifies 

the robustness of this method. A derivative of the Novartis Boc-protected spiroproline could 

be recovered in 86% yield; unfortunately, the dehalogenation could not be performed directly 

on the acid, and thus had to be used as the benzyl ester which, again, was stable under these 

conditions. Compound 14, which originally had a bromide on the 4-position of the aromatic 

ring, saw dehalogenation not only at the site of the cyclopropane, but also on the aromatic 

halogen. This was observed to be the case of aromatic chlorides by GMCS analysis, as well. 

Olaparib39 precursor 15 was synthesized in 70% yield despite the proximity of the 

cyclopropane to an electron withdrawing group. Unprotected 2-aminopyrimidine 16 was also 

well-tolerated giving 71% conversion to the cyclopropane; however, this product, as well as 

compounds 12 and 19, needed to be treated post-reaction with dilute HCl in methanol to 

remove the nitrogen-borane complex formed from the reaction conditions. Styrene derivative 

17 gave a very high yield of 96%. This is in stark contrast to other cyclopropyl styrene-related 
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compounds that are not substituted at the beta-position of the originating olefin, which only 

gave polymer as product from attempts at reduction. Unsurprisingly, 18 resulted in product 

with a reasonably good yield of 79%. Finally, while electron-rich pyridine 19 could be 

prepared in a decent yield of 66%, other electron-poor pyridines such as nicotinoyl derivatives 

resulted not only in dehalogenation, but also in varying degrees of reduction of the heterocycle. 

 

Figure 11: Substrate scope of the di-dehalogenation of gem-dibromocyclopropanes 
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Given the success of this di-dehalogenation chemistry applied to a wide array of 

functionalized molecules, we found it imperative next to explore the scope of mono-

debrominations to form the interesting bromocyclopropyl building block. There exists quite a 

bit of overlap in the literature between mono-dehalogenation and di-dehalogenation, including 

the use of LiAlH4,
40 Bu3SnH,41, and electrochemistry.26 Other reports, such as use of 

methylmagnesium bromide,42 also exist but still fall prey to the requirement of using non-

renewable, environmentally deleterious organic solvents. As a recent alternative to the 

dehalogenation route, Ideka et. al.43 put forth a chromium-based methodology to directly form 

the monobromocyclopropane from an olefin; however, the use of the toxic metal obviates a 

significant amount of the industrial applicability of this approach. 

As previously noted, a significantly lower catalyst loading with 2,2’-bypridine as ligand, 

with less sodium borohydride at 2.5 equivalents, results in a high isolated yield of 3 of 91% 

with near quantitative selectivity based on an analysis of crude material by NMR. We then 

attempted these same conditions on a small subset of examples from the di-dehalogenation 

section (Figure 12). A variety of substrates, including brominated aromatic 20 (98% yield), 

tryptophan derivative 22 (88% yield), and spiroproline 23 (90% yield) could all be isolated in 

very high yields. 
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Figure 12: Scope of mono-debromination of gem-dibromocyclopropanes 

 

Most interestingly, compound 20 elucidates a powerful aspect of the mono-debromination 

methodology. Given tribrominated starting material 24, the gem-dibromocyclopropane could 

be selectively mono-dehalogenated in the presence of an aromatic bromide (Figure 13). This 

is in contrast to the di-dehalogenation chemistry using TMPhen as the ligand, which is not 

selective for the cyclopropyl bromides only and dehalogenates the molecule globally. 
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Figure 13: Mono-debromination chemistry vs di-debromination methods for dehalogenation 

selectivity 

 

Of great importance to the pharmaceutical industry is the issue of residual metals in the 

organic products post-reaction. Indeed, the FDA maximum allowed concentration limits of 

nickel for components used in oral drug products is <20 g/g, or 20 ppm/dose/day.44 We found 

that, in the case of workup for 2, product from this methodology could simply be extracted 

from the aqueous phase using ethyl acetate. Passing these organics through a plug of silica gel 

results in a nickel concentration of <2 ppm, well below the FDA allowance with no need of 

expensive metal scavenging chemistry (Figure 14). 

 

 

Figure 14: Residual nickel analysis of di-reduction product 

 

A powerful attribute of aqueous based chemistry is the aspect of being a universal reaction 

medium, i.e., where multiple reactions benefit from, and are amenable to, micellar catalysis. 
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This can be taken advantage of with respect to route selection, where multiple reactions can be 

run in tandem in the same medium and in the same reactor. This results in improvements of 

both “pot”45 and “time”46 economy, as well as reducing the amount of waste produced from 

running multiple reactions in a stepwise sequence where, at minimum, solvent would need to 

be used for workup and transferring of material.47 Therefore, we developed a 2-step, 1-pot 

sequence taking into consideration the robustness of the nickel reduction chemistry (Figure 

15). Firstly, tribrominated compound 24 could easily be coupled with 4-methoxy-2-

methylphenyl boronic acid involving a new group ligand, N2Phos,48 using only 1000 ppm, or 

0.1 mol %, palladium. Then, without workup, the gem-dibromocyclopropane was cleanly di-

dehalogenated in the same reaction vial simply by adding the Ni/TMPhen pre-catalyst with 

pyridine in water followed by activation with sodium borohydride to result in product 25 in 

86% yield over two steps. 

 

 

Figure 15: 2-step, 1-pot sequence utilizing gem-dibromocyclopropane di-dehalogenation 

method 

 

A major beneficial facet of aqueous based chemistry is the depletion of wasteful organic 

solvent used for the reaction. This can be measured in one way by the reaction E Factor as 
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defined by Sheldon,49 or the quotient of the mass of waste produced vs. the mass of product 

formed. The “greenness” of micellar chemistry is based in the recyclability of the reaction 

medium, whereas extraction or filtration of the product opens up the possibility of reusing the 

water which, hence, is not factored into the E Factor equation. Therefore, the E Factor of the 

reaction from 1 to 2 can be observed to be impressively low, as only a minimal amount of 

organic extraction solvent is needed. Thus, only 80 L of ethyl acetate used three times vs. 400 

L of 2 wt % TPGS-750-M/H2O post-reaction (Figure 16), when taken into consideration with 

the THF used for the reaction, results in an astoundingly low E Factor of 5. This is in 

comparison to other pharmaceutical reactions which can be as high as 25-100. 

 

 

Figure 16: First (left) and third (right) minimal extractions of aqueous phase 

 

Furthermore, we found that the aqueous phase could be recycled a minimum of three times 

at a 0.75 mmol scale (Table 6). This can be accomplished by extracting product from the 

aqueous phase, followed by filtration of the water through Celite to remove insoluble material. 

The reaction can then be set up again using the same aqueous surfactant without consequence 

by adding fresh metal, ligand, base, and sodium borohydride. 
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Table 6: Recycling of the aqueous phase used for the reduction method 

 

Entry Reaction Mass Product (mg) Yield (%) 

1 Initial 171.8 85 

2 First recycle 183.1 90 

3 Second recycle 169.9 84 

 

 

The use of hydride reagents to produce a cyclopropyl protium species behooves 

investigation into an analogous incorporation of deuterium using deuteride reagents. We 

decided to first explore the mono-deuteration of the cyclopropane using the mono-

debromination methodology with 2,2’-bipyridine as ligand (Table 7). Using sodium 

borodeuteride by itself (entry 1) found minimal deuterium incorporation on the ring of 18% by 

NMR analysis of the product mixture. In order to determine if other reagents were responsible 

for the source of the hydride equivalent for the reduction chemistry, a variety of other 

deuterated reagents were tested in this system in a methodical manner. Using NaBD4, THF-d8 

(entry 2), D2O (entry 3), and pyridine-d5 (entry 4) by themselves all gave little to no deuterium 

incorporation. Increasing the number of deuterated reagents together led to incorporations 

between 30-84% (entries 5-8), where the greatest deuteration on the bromocyclopropane 

resulted when all deuterated species were present with 2 wt % TPGS-750-M. A final trial found 

that removal of TPGS-750-M from the aqueous phase resulted in nearly quantitative mono-

deuteration. 
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Table 7: Mono-deuteration of a gem-dibromocyclopropane using mono-reduction chemistry 

with varying deuterated species 

 

Entry Reductant 
Organic 

Solvent 

Aqueous 

Solvent 
Base Observations- Crude NMR 

1 NaBD4 THF H2O pyridine 18% D incorporation 

2 NaBH4 THF-d8 H2O pyridine 6% D incorporation 

3 NaBH4 THF D2O pyridine No D incorporation 

4 NaBH4 THF H2O pyridine-d5 3% D incorporation 

5 NaBD4 THF D2O pyridine 30% D incorporation 

6 NaBD4 THF- d8 D2O pyridine 68% D incorporation 

7 NaBD4 THF- d8 D2O pyridine 71% D incorporation 

8 NaBD4 THF- d8 D2O pyridine-d5 84% D incorporation 

9 NaBD4 THF- d8 D2O; no TPGS pyridine-d5 93% D incorporation 

 

 

This result is highly interesting, and potentially provides insight towards a mechanistic 

explanation for this reduction. In this case, TPGS-750-M is acting as a source of protons, 

pointing towards a radical chain mechanism for this first dehalogenation. As previously stated, 

Holah et al. found that treatment of nickel ligated with either phenanthroline or 2,2’-bipyridine 

ligands results in a strong reducing agent, Ni(ligand)2BH4·2H2O.32 This Ni(I) species, which 

is most likely the active catalyst could, in turn, prepare a borane radial anion which is 

responsible for the chemistry. This could open up TPGS-750-M as a potential source of 

available protons, leading to non-selective isotope incorporation onto the ring. 

 Experimentation using deuterium chemistry also leads to the possibility that the two 

bromides are reduced stepwise via distinct mechanisms, where the ligands dictate the 

selectivity towards mono-dehalogenation vs. di-dehalogenation. This can be observed when 
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monobromocyclopropane 3 is further subjected either to a second trial of mono-dehalogenation 

chemistry using 2,2’-bipyridine as ligand and sodium borodeuteride as reductant or is followed 

up with di-dehalogenation conditions under the same stipulations (Figure 17). The reaction 

does not proceed further when subjected to Condition 1, returning only starting material. 

However, addition of TMPhen in place of the bipyridine ligand results in complete conversion 

of the monobromocyclopropane to the saturated mixed isotope cyclopropane, as well as 

complete deuterium incorporation. 

 

 

Figure 17: Investigation into the second dehalogenation mechanism using mono- and di-

reduction methods 

 

These results lead us to explore dideuteration directly on 1 using the didehalogenation 

chemistry with TMPhen as ligand (Table 8). Similar to the monodeuteration attempts, trials 

using only D2O (entry 1) or THF-d8 (entry 2) as the deuterium source gave zero deuterium 

incorporation onto the ring. Interestingly, use of sodium borodeuteride by itself gave 

predominantly monodeuterium incorporation with full consumption of the starting material to 

didehalogenated product (entry 3), whereas similar conditions but adding D2O (entry 5) or 
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THF-d8 (entry 6) to the mixture with sodium borodeuteride yielded a mixture of mono- and di-

deuterium incorporated product. 

 

Table 8: Deuteration permutations for di-debromination of 1 

Entry Reductant 
Organic 

Solvent 
Aqueous Solvent Product(s) - Crude NMR 

1 NaBH4 THF D2O No D incorporation 

2 NaBH4 THF-d8 H2O No D incorporation 

3 NaBD4 THF H2O Mono- D incorporation 

4 NaBD4 THF-d8 D2O Di- D incorporation 

5 NaBD4 THF D2O Mono and di- D incorporation 

6 NaBD4 THF-d8 H2O Mono and di- D incorporation 

 

 

As in the monodeuteration chemistry, the method for didehalogenation in the presence of 

fully deuterated reagents sodium borodeuteride, THF-d8, and D2O resulted majorly in 

dideuterium incorporation based on analysis of the crude material by NMR. Use with and 

without TPGS-750-M did not apparently give any difference in incorporation in this case. This 

material could be separated via column chromatography to result in the dideuterated isotope 

cyclopropane 28 in 53% yield (Figure 18). 

 

 

Figure 18: Di-deuteration of a gem-dibromocyclopropane 
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Put together, the combination of different mono- and di-dehalogenation techniques for this 

system can be employed together to form any desired cyclopropane isotope permutation 

(Figure 19). 

 

(a) Ni(OAc)2•4H2O (5 mol %), TMPhen (10 mol %), pyridine (1.5 equiv), and NaBH4 (5 equiv) in 2 wt % 

TPGS/H2O (20 v/v % THF). 

(b) Ni(OAc)2•4H2O (0.5 mol %), BiPy (1.0 mol %), pyridine (1.5 equiv), and NaBH4 (2.5 equiv) in 2 wt % 

TPGS/H2O (20 v/v % THF). 

(c) Ni(OAc)2•4H2O (0.5 mol %), BiPy (1.0 mol %), pyridine-d5 (1.5 equiv), and NaBD4 (2.5 equiv) in 2 wt % 

TPGS/D2O (20 v/v % THF-d8). 

(d) Ni(OAc)2•4H2O (5 mol %), TMPhen (10 mol %), pyridine (1.5 equiv), and NaBD4 (5 equiv) in 2 wt % 

TPGS/D2O (20 v/v % THF-d8). 

(e) Ni(OAc)2•4H2O (5 mol %), TMPhen (10 mol %), pyridine (1.5 equiv), and NaBD4 (5 equiv) in 2 wt % 

TPGS/H2O (20 v/v % THF). 

Figure 19: Permutations of mono- and di-dehalogenations to provide protium/deuterium 

cyclopropanes 
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1.4 Conclusions 

In conclusion, a robust methodology for the mono- and di-reduction of gem-

dibromocyclopropanes in aqueous micellar media has been developed. This chemistry is safe, 

while the catalyst is easy to prepare, simply requiring an inexpensive and catalytic nickel(II) 

salt, TMPhen or 2,2’-bipyridine as ligands, pyridine, and sodium borohydride as an activating 

agent in 2 wt % TPGS-750-M/H2O that benefits from a small amount (20 v/v %) of THF as 

organic co-solvent. The reaction can be run at or near ambient temperatures and atmosphere, 

requiring no pressurized gas to enact hydrogenation. This transformation boasts a large, diverse 

substrate scope of pharmaceutically interesting, functionalized molecules for both the mono- 

and di-reduction conditions, providing good-to-excellent yields of the corresponding 

cyclopropane product. The overall environmentally friendly aspects of the chemistry are 

exemplified by low residual metal in the products after a simple workup protocol, low E 

Factors even when organic solvents are used for extraction, and recycling capabilities of the 

aqueous phase for multiple reactions without need for replenishing with fresh water between 

runs. Finally, deuterium incorporation is possible for both methodologies, and offers 

interesting insight into the potentially radical-based nature of this method of cyclopropane 

formation. 
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1.6 Experimental Data 

1. General Information 

All commercial reagents were used without further purification unless otherwise noted. 

Organic solvents specified as dry and/or degassed such as THF or toluene were either taken 

from a solvent purification system (Pure-Solv 400, Innovative Technology, Inc. (now Inert, 

Inc.)), or degassed using a stream of bubbling argon for a minimum of 1 h and involved less 

than 25 mL of volume. All other solvents were used as received, such as MeOH, EtOAc, 

hexanes, and Et2O, unless otherwise noted, and purchased from Fisher Scientific. Sodium 

borohydride was purchased from Millipore-Sigma and stored in a dry, argon-filled glove box. 

The surfactant, TPGS-750-M, was prepared via a standard literature procedure,1 or can be 

purchased from Millipore-Sigma (catalog #733857 for a 2 wt % solution of the wax dissolved 

in water). A standard 2 wt % aqueous solution of TPGS-750-M was typically prepared on a 

100 g scale by dissolving 2 g of the wax into 98 g of thoroughly degassed (steady stream of 

argon, minimum of 1 h bubbling time with stirring) HPLC grade water in a 250 mL round 

bottomed flask equipped with a stir bar and allowed to dissolve overnight with vigorous 

stirring under argon pressure (NOTE: Do not attempt to degas the aqueous phase with 

surfactant wax submerged; vigorous foaming to the point of overflowing may occur). The 2 

wt % TPGS-750-M/H2O solution, once prepared, was kept under argon pressure at all times. 

Thin-layer chromatography (TLC) was performed using Silica Gel 60 F254 plates (Merck, 

0.25 mm thick). Flash chromatography is either performed in glass columns or an automated 

Biotage system using Silica Gel 60 (Silicycle, 40-63 nm). 1H and 13C NMR were recorded at 

25 °C on a Varian Unity Inova 400 MHz, a Varian Unity Inova 500 MHz, or on a Varian 

Unity Inova 600 MHz spectrometer in CDCl3 with residual CHCl3 (
1H = 7.26 ppm, 13C = 
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77.16 ppm) or in DMSO-d6 with residual (CH3)2SO (1H = 2.50 ppm, 13C = 39.52 ppm) as 

internal standards. Chemical shifts are reported in parts per million (ppm). NMR Data are 

reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, dd = doublet of 

doublets, ddd = doublet of doublet of doublets, t = triplet, td = triplet of doublets, q = quartet, 

quin = quintet, m = multiplet), coupling constant (if applicable), and integration. High-

resolution mass analyses (HRMS) were recorded on a Waters Micromass LCT TOF ES+ 

Premier mass spectrometer using ESI ionization. 

2. General procedure for the synthesis of gem-dibromocyclopropanes 

The following library of gem-dibromocyclopropanes was synthesized according to the 

literature.2,3 
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3. General Procedure for the di-reduction of gem-dibromocyclopropanes 

In a 5 mL round-bottom flask, was added Ni(OAc)2•4H2O (2.5 mg, 5 mol %) and 3,4,7,8-

tetramethyl-1,10-phenanthroline (TMPhen - 4.7 mg, 10 mol %). A septum was adapted, and 

the flask was purged with argon. A 2 wt % solution of TPGS-750-M/H2O (0.32 mL, 0.5 M 

total) was added. Formation of a purple complex was allowed by stirring the solution for 10 

min. Pyridine (24 µL, 0.3 mmol, 1.5 equiv) was added. After 5 min, NaBH4 (37.8 mg, 1 mmol, 

5 equiv) was added in one portion and the vial was capped again and sealed to prevent any 

leak. The gem-dibromocyclopropane (0.2 mmol, 1 equiv) was dissolved in THF (80 µL, 20 

v/v%) and added as a solution to the flask through the septum. A 6 mL syringe (containing 0.1 

mL of THF) was added through the septum to accept evolving hydrogen gas. The reaction was 

stirred for 30 min at 45 °C (Note:  in the case of fused cycle 7, the reaction was performed at 

rt). If the volume of gas generated exceeds the volume of the syringe, the syringe must be 

emptied outside of the flask and adapted again. After completion, the reaction was dissolved 

in EtOAc (3 mL) and filtered through a pad of silica. The pad was rinsed with EtOAc (3 x 3 

mL). The organic layer was dried over anhydrous MgSO4, filtered, and concentrated under 

vacuum. Purification by flash chromatography was then performed. 

Note:  For compounds that are poorly soluble in THF, the gem-dibromocyclopropane (0.2 

mmol) and THF (80 uL) were added after the pyridine, separately. The resulting heterogeneous 

mixture was stirred until adequately combined. The flask was then quickly uncapped and 

sodium borohydride (4-5 equiv, 98% purity, stored in glovebox) was added in one portion. The 

flask was then sealed using a septum and the reaction was performed as described above. 
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4. General procedure for the di-reduction of gem-dibromocyclopropanes on > 1 mmol 

scale 

In a 25 mL round-bottom flask was added Ni(OAc)2•4H2O (19.0 mg, 5 mol %) and 

3,4,7,8-tetramethyl-1,10-phenanthroline (TMPhen – 36.0 mg, 10 mol %). The flask was cooled 

in an ice-bath. A septum was adapted, and the flask was purged with argon. A 2 wt % solution 

of TPGS-750-M/H2O (3.0 mL, 0.5 M) was added. Formation of a purple complex was allowed 

by stirring the solution for 10 min. Pyridine (184.0 µL, 3.3 mmol, 1.5 equiv) was added. After 

5 min, NaBH4 (288.2 mg, 7.6 mmol, 5 equiv) was added in one portion and the vial was capped 

again and sealed to prevent any leak. Substrate 36 (772.7 mg, 1.52 mmol, 1 equiv) was 

dissolved in THF (300 µL, 10 v/v %) and added as a solution to the flask through the septum. 

The vial containing 36 was rinsed with another portion of THF (300 µL, 20 v/v % total). A 12 

mL syringe (containing 0.1 mL of THF) was added through the top of the septum to accept 

evolving hydrogen gas. The reaction was stirred for 30 min at 45 °C. If the volume of gas 

generated exceeds the volume of the syringe, the syringe must be emptied outside of the flask 

and adapted again. After completion, the reaction was dissolved in EtOAc (10 mL) and filtered 

through a pad of silica. The pad was rinsed with EtOAc (3 x 10 mL). The organic layer was 

dried over anhydrous MgSO4, filtered, and concentrated under vacuum. Purification by flash 

chromatography was performed (silica, 0 → 20% EtOAc/hexanes) and a colorless oil was 

obtained (414.4 mg, 78%). 
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5. General procedure for the mono-reduction of gem-dibromocyclopropanes 

In a 5 mL round-bottom flask was added Ni(OAc)2•4H2O (1.2 mg, 0.5 mol %) and 

bipyridine (1.6 mg, 1 mol %). A septum was adapted, and the flask was purged with argon. 

A 2 wt % solution of TPGS-750-M/H2O (2.0 mL, 0.5 M) was added. Formation of a purple 

complex is allowed by stirring the solution for 10 min. Pyridine (121 µL, 1.5 mmol, 1.5 

equiv) was added. After 5 min, NaBH4 (94.6 mg, 5 mmol, 5 equiv) was added in one 

portion and the vial was capped again and sealed to prevent any leak. The gem-

dibromocyclopropane (1.0 mmol, 1 equiv) was dissolved in THF (0.4 mL, 20 v/v%) and 

added as a solution to the flask through the septum. A 6 mL syringe (containing 0.1 mL of 

THF) was added as through the top of the septum to accept evolving hydrogen gas. The 

reaction was stirred for 30 min at 45 °C. If the volume of gas generated exceeds the volume 

of the syringe, the syringe must be emptied outside of the flask and adapted again. After 

completion, the reaction was dissolved in EtOAc (3 mL) and filtered through a pad of silica. 

The pad was rinsed with EtOAc (3 x 3 mL). The organic layer was dried over anhydrous 

MgSO4, filtered, and concentrated under vacuum. Purification by flash chromatography was 

then performed. 

6. Ligand screening procedure 

  

In a 5 mL round-bottom flask, was added Ni(OAc)2•4H2O (0.25-5 mol %) and the ligand 

(0-15 mol %). A septum was adapted, and the flask was purged with argon. A 2 wt % solution 

of TPGS-750-M/H2O (0.32 mL, 0.5 M total) was added. The formation of a purple complex is 
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observed upon stirring the solution for 10 min. Pyridine (24 µL, 0.3 mmol, 1.5 equiv) was 

added. After 5 min, NaBH4 (2.5 or 5 equiv) was added in one portion and the vial was capped 

again and sealed to prevent any leak. The gem-dibromocyclopropane (0.2 mmol, 1 equiv) was 

dissolved in THF (80 µL, 20 v/v %) and added as a solution to the flask through the septum. 

A 6 mL syringe (containing 0.1 mL of THF) was added through the top of the septum to accept 

evolving hydrogen gas. The reaction was stirred for 30 min at 45 °C. If the volume of gas 

generated exceed the volume of the syringe, the syringe must be emptied outside of the flask 

and the syringe repositioned. After completion, the reaction was dissolved in EtOAc (3 mL) 

and filtered through a pad of silica. The pad was rinsed with EtOAc (3 x 3 mL). The organic 

layer was dried over anhydrous MgSO4, filtered, and concentrated under vacuum. Purification 

by flash chromatography was performed. 

7. Impact of the amount of NaBH4 procedure 

In a 5 mL round-bottom flask, was added Ni(OAc)2•4H2O (2.5 mg, 5 mol %) and 3,4,7,8-

tetramethyl-1,10-phenanthroline (TMPhen - 4.7 mg, 10 mol %). A septum was adapted, and 

the flask was purged with argon. A 2 wt % solution of TPGS-750-M/H2O (0.4 mL, 0.5 M) 

was added. The formation of a purple complex is allowed by stirring the solution for 10 min. 

Pyridine (24 µL, 0.3 mmol, 1.5 equiv) was added. After 5 min, NaBH4 (0.4-1 mmol, 2-5 

equiv) was added in one portion, followed by 1 (78.4 mg, 0.2 mmol, 1 equiv) and the vial was 

capped again and sealed to prevent any leak. A 6 mL syringe (containing 0.1 mL of THF) was 

added through the septum to accept the evolving hydrogen gas. The reaction was stirred for 

30 min at 45 °C. If the volume of gas generated exceed the volume of the syringe, the syringe 

must be emptied outside of the flask and adapted again. After completion, the reaction was 

extracted with EtOAc (3 mL) and filtered through a pad of silica. The pad was rinsed with 



 

 50 

EtOAc (3 x 3 mL). The organic layer was dried over anhydrous MgSO4, filtered, and 

concentrated under vacuum. Purification by flash chromatography was then performed. 

8. Base screening procedure 

In a 5 mL round-bottom flask, was added Ni(OAc)2•4H2O (2.5 mg, 5 mol %) and 3,4,7,8-

tetramethyl-1,10-phenanthroline (TMPhen - 4.7 mg, 10 mol %). A septum was adapted, and 

the flask was purged with argon. A 2 wt % solution of TPGS-750-M/H2O (0.32 mL, 0.5 M) 

was added. The formation of a purple complex is allowed by stirring the solution for 10 min. 

The base (0.3 mmol, 1.5 equiv) was added. After 5 min, NaBH4 (37.8 mg, 1 mmol, 5 equiv) 

was added in one portion and the vial was capped again and sealed to prevent any leak. The 

gem-dibromo- cyclopropane (0.2 mmol, 1 equiv) was dissolved in THF (80 µL, 20 v/v %) 

and added as a solution to the flask through the septum. A 6 mL syringe (containing 0.1 mL 

of THF) was added through the top of the septum to accept evolving hydrogen gas. The 

reaction was stirred for 30 min at 45 °C. If the volume of gas generated exceed the volume of 

the syringe, the syringe must be emptied outside of the flask and adapted again. After 

completion, the reaction was dissolved in EtOAc (3 mL) and filtered through a pad of silica. 

The pad was rinsed with EtOAc (3 x 3 mL). The organic layer was dried over anhydrous 

MgSO4, filtered, and concentrated under vacuum. Purification by flash chromatography was 

performed. 

9. Screening of the reaction medium procedure 

In a 5 mL round-bottom flask, was added Ni(OAc)2•4H2O (2.5 mg, 5 mol %) and the ligand 

(10 mol %). A septum was adapted, and the flask was purged with argon. The solvent (0.4 mL, 

0.5 M, or 0.32 mL if co-solvent is added) was added. The formation of a purple complex was 

observed upon stirring the solution for 10 min. Pyridine (24 µL, 0.3 mmol, 1.5 equiv) was 
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added. If no co-solvent, or water as a co-solvent, is used, the gem-dibromocyclopropane 

substrate is added as a solid and stirred.  After 5 min, NaBH4 (1 mmol, 5 equiv) was added in 

one portion and the vial was capped again and sealed to prevent any leak. If using organic co-

solvent, the gem-dibromo substrate 1 (78.4 mg, 0.2 mmol, 1 equiv) was dissolved in THF (80 

µL, 20 v/v %) and added as a solution to the flask through the septum. A 6 mL syringe 

(containing 0.1 mL of THF) was added on through the septum to accept evolving hydrogen 

gas. The reaction was stirred for 30 min at 45 °C. If the volume of gas generated exceed the 

volume of the syringe, the syringe must be emptied and repositioned. After completion, the 

reaction was extracted with EtOAc (3 mL) and filtered through a pad of silica. The pad was 

rinsed with EtOAc (3 x 3 mL). The organic layer was dried over anhydrous MgSO4, filtered, 

and concentrated under vacuum. Purification by flash chromatography was then performed. 
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10. Residual nickel analysis 
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11. 2-step, 1-pot procedure 

A 1-dram vial was charged with 2-(2,2-dibromo-1-methylcyclopropyl)ethyl 4-

bromobenzoate (24; 88.2 mg, 0.2 mmol, 1.0 equiv), 4-methoxy-2-methylphenylboronic acid 

(49.8 mg, 0.3 mmol, 1.5 equiv) and K3PO4 (63.7 mg, 0.3 mmol, 1.5 equiv). The vial was 

capped with a septum and purged with argon. A 2 wt % solution of TPGS-750-M/H2O (0.5 

mL) was added, followed by adding the catalyst stock solution* (100 µL, 0.1 mol %). The 

reaction was stirred for overnight at 45 °C, and completion of the reaction was determined by 

thin-layer chromatography. After completion of the Suzuki-Miyaura cross-coupling, 

Ni(OAc)2•4H2O  (2.5 mg, 5 mol %) and 3,4,7,8-tetramethyl-1,10-phenanthroline (TMPhen; 

4.7 mg, 10 mol %) were added to a separate 1-dram vial. A septum was adapted and the vial 

was purged with argon. A 2 wt % solution of TPGS-750-M/H2O (0.3 mL) was added. The 

formation of a purple complex was observed upon stirring the solution for 10 min. Pyridine 

(24 µL, 0.3 mmol, 1.5 equiv) was added. After 5 min, the complex solution was transferred 

to the reaction vial via syringe. THF (160 µL, 20 v/v % of total solvent) was added to 

reaction mixture. NaBH4 (37.8 mg, 1 mmol, 5 equiv) was then added in one portion and the 

vial was capped and sealed to prevent any leak. A 6 mL syringe (containing 0.1 mL of THF) 

was added through the top of the septum to accept the evolving hydrogen gas. The reaction 

was stirred for 30 min at 45 °C. If the volume of gas generated exceed the volume of the 

syringe, the syringe must be emptied outside of the flask and repositioned. After completion, 

as determined by TLC (1:9 EtOAc/hexane), the reaction was dissolved in EtOAc (3 mL) and 

filtered through a pad of silica. The pad was rinsed with EtOAc (3 x 3 mL). The organic layer 

was dried over anhydrous MgSO4, filtered, and concentrated under vacuum.The crude 
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product was then purified by flash chromatography to afford 56.0 mg (86%) of the product 

biaryl 25. 

* Catalyst stock solution contains Pd(OAc)2 (1.1 mg) and N2Phos (7.6 mg) in toluene (1 mL). 

12. General procedure for E Factor determination 

The E Factor was calculated for the synthesis of 2, on a 0.4 mmol scale. The calculation 

includes the organic layer (THF as co-solvent and EtOAc as extraction solvent). After 

completion of the reduction of 1, 80 µL of EtOAc was added to the flask. The mixture was 

centrifuged, and the top organic layer was collected. This step was repeated 2 more times. 

A synthesis of 2 from 1 was performed as outlined in the general procedure above on a 0.4 

mmol scale.  After the reaction, the aqueous phase was extracted with a minimal amount of 

EtOAc (3 x 80 μL).  In order to do this, the extraction solvent was added to the product mixture 

and allowed to stir gently for 5 min.  The resulting bi-phase was then centrifuged, and the less 

dense phase was carefully removed using a 100 μL syringe.  This process was repeated twice 

until a minimally detectable amount of product was observed via TLC.  The E Factor mass 

balance is as follows: 

Mass of THF for reaction 

 THF:  0.89 mg/mL 

0.16 mL x 0.89 mg/mL = 142.4 mg of THF 

Mass of EtOAc for extraction 

 EtOAc: 0.9 mg/mL 

(0.08 mL x 0.9 mg/mL) x 3 extractions = 216 mg EtOAc 

Mass of Product 

m = 72 mg 

Yield = 80% 

𝐄 𝐅𝐚𝐜𝐭𝐨𝐫 =  
142.4 mg (THF) + 216 mg (EtOAc)

72 mg (product)
= 𝟓 
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13. Recycling studies procedure 

In a 25 mL round-bottom flask was added Ni(OAc)2•4H2O (9.3 mg, 5 mol %) and 

3,4,7,8-tetramethyl-1,10-phenanthroline (TMPhen – 17.7 mg, 10 mol %). A septum was 

adapted, and the flask was purged with argon. A 2 wt % solution of TPGS-750-M/H2O (1.5 

mL, 0.5 M) was added. The formation of a purple complex was observed upon stirring the 

solution for 10 min. Pyridine (91 µL, 1.1 mmol, 1.5 equiv) was added. After 5 min, NaBH4 

(89.0 mg, 1.1 mmol, 5 equiv) was added in one portion and the vial was capped again and 

sealed to prevent any leak. Substrate 1 (0.75 mmol, 1 equiv) was dissolved in THF (300 µL, 

20 v/v %) and added as a solution to the flask through the septum. A 6 mL syringe 

(containing 0.1 mL of THF) was added through the top of the septum to accept evolving 

gas. The reaction was stirred for 30 min at 45 °C. After completion, the reaction was 

dissolved in EtOAc (2 mL) and filtered through a pad of Celite. The pad was rinsed with 

EtOAc (3 x 2 mL). The organic layer was collected with a pipette, dried over anhydrous 

MgSO4, filtered, and concentrated under vacuum. A purification by flash chromatography 

was performed. 

The synthesis of 2 has been performed three times on a 0.86 mmol scale, reusing the 

same aqueous phase and using the same general procedure.  Post reaction, the aqueous layer 

was extracted with EtOAc and passed through a plug of Celite.  Fresh nickel(II) acetate 

tetrahydrate and TMPhen were then added and the reaction repeated. This overall procedure 

was repeated twice, resulting in two recycles of the aqueous phase. 

14. Deuterium studies procedure 

In a 5 mL round-bottom flask, was added the catalyst (5 mol %) and 3,4,7,8-tetramethyl-

1,10-phenanthroline (TMPhen - 4.7 mg, 10 mol %). A septum was adapted, and the flask was 
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purged with argon. TPGS-750-M/2 wt % in H2O or D2O (0.32 mL, 0.5 M total) was added. 

The formation of a purple complex was observed upon stirring the solution for 10 min. Pyridine 

or pyridine-d5 (24 µL, 0.3 mmol, 1.5 equiv) was added. After 5 min, the NaBH4 or NaBD4 (1 

mmol, 5 equiv) was added in one portion and the vial was capped again and sealed to prevent 

any leak. The gem-dibromocyclopropane (0.2 mmol, 1 equiv) was dissolved in THF or THF-

d8 (80 µL, 20 v/v %) and added as a solution to the flask through the septum. A 6 mL syringe 

(containing 0.1 mL of THF) was added through the septum to accept evolving gas. The reaction 

was stirred for 30 min at 45 °C. If the volume of gas generated exceed the volume of the 

syringe, the syringe must be emptied outside of the flask and the syringe adapted again. After 

completion, the reaction was dissolved in EtOAc (3 mL), filtered through a pad of silica and 

the crude was analyzed by 1H NMR to determine the extent of deuterium incorporation. 

15. Analytical data 

 

2-(2,2-Dibromo-1-methylcyclopropyl)ethyl 4-methoxybenzoate (1) 

 

 

Brown solid  

Rf = 0.26 (90:10 hexanes/EtOAc); mp 39-41 °C; 1H NMR (400 MHz, CDCl3) δ 8.16 – 7.88 

(m, 2H, Ar-H), 7.04 – 6.84 (m, 2H, Ar-H), 4.51 (td, J = 6.8, 2.2, 2H, O-CH2), 3.87 (s, 3H, O-

CH3), 2.16 (hept, J = 7.6, 7.2, 2H, CH2), 1.57 (d, J = 7.5, 1H, CH2), 1.49 (d, J = 2.4, 1H, CH2), 

1.48 (s, 3H, CH3); 
13C NMR (101 MHz, CDCl3) δ 166.4, 163.5, 131.8, 122.6, 113.8, 62.2, 
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55.6, 38.4, 37.1, 34.6, 27.8, 22.8; HRMS (ESI):  m/z calcd for C14H16Br2O3Na+:  412.9364 

[M+Na]+; found:  412.9367. 

 

2-(1-Methylcyclopropyl)ethyl 4-methoxybenzoate (2) 

 

Colorless oil; isolated 42.5 mg; 91% 

Rf = 0.40 (95:5 hexanes/EtOAc); 1H NMR (400 MHz, CDCl3) δ 7.99 (d, 2H, Ar-H), 6.91 (d, 

2H, Ar-H), 4.40 (t, J = 6.9, 2H, O-CH2), 3.85 (s, 3H, O-CH3), 1.69 (t, J = 6.9, 2H, CH2), 1.11 

(s, 3H, CH3), 0.38 – 0.25 (m, 4H, 2 x CH2); 
13C NMR (101 MHz, CDCl3) δ 166.6, 163.3, 

131.7, 123.1, 113.7, 63.5, 55.5, 38.2, 23.0, 13.2, 12.9; HRMS (ESI): m/z calcd for 

C14H18O3+Na+: 257.1154 [M+Na]+;  found:  257.1148. 

 

2-(2-Bromo-1-methylcyclopropyl)ethyl 4-methoxybenzoate (3) 

 

Colorless oil; 1 mmol scale; isolated 285.7 mg; 91%  

Rf = 0.74 (80:20 hexanes/EtOAc); 1H NMR (500 MHz, CDCl3) major diastereoisomers δ 8.01 

(tt, J = 8.5, 1.6, 2H, Ar-H), 6.99 – 6.87 (m, 2H, Ar-H), 4.45 – 4.34 (m, 2H, CH2), 3.96 – 3.78 

(s, 3H, CH3), 2.95 (ddd, J = 6.2, 4.5, 1.6, 1H, CH-Br), 2.03 (td, J =7.0, 1.9, 1H, CH2), 1.76 – 

1.66 (m, 1H, CH2), 1.35 (s, 3H, CH3), 1.14 – 1.07 (m, 1H, CH2), 0.71 (ddd, J = 6.4, 4.4, 1.8, 
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1H, CH2); minor diastereoisomers δ 8.01 (tt, J = 8.5, 1.6, 2H, Ar-H), 6.99 – 6.86 (m, 2H, Ar-

H), 4.48 (tdd, J = 7.3, 4.3, 2.9, 2H, CH2), 3.96 – 3.78 (s, 3H, CH3), 2.88 (ddd, J = 7.7, 4.4, 1.7, 

1H, CH-Br), 2.03 (td, J = 7.0, 1.9, 1H, CH2), 1.80 (dtd, J = 12.5, 6.2, 1.7, 1H, CH2), 1.24 – 

1.17 (s, 3H, CH3), 1.05 (ddd, J = 8.1, 6.3, 1.8, 1H, CH2), 0.80 (ddd, J = 6.5, 4.6, 1.9, 1H, CH2); 

13C NMR (126 MHz, CDCl3) major diastereoisomers δ 166.4, 163.5, 131.8, 122.8, 113.8, 

62.4, 55.6, 37.7, 35.3, 29.4, 22.3, 20.3, 19.1; minor diastereoisomers δ = 166.5, 163.5, 131.8, 

122.9, 113.8, 62.8, 55.6, 37.7, 35.3, 29.5, 22.8, 22.6, 20.3, 19.2; HRMS (ESI): m/z calcd for 

C14H17BrO3+Na+:  335.0259 [M+Na]+; found:  335.0268. 

 

Ethyl 8-(2,2-dibromo-3-octylcyclopropyl)octanoate (4) 

 

Light yellow oil  

Rf = 0.43 (90:10 hexanes/EtOAc); 1H NMR (500 MHz, CDCl3) δ 4.14 (qd, J = 7.1, 3.1, 2H), 

2.30 (t, J = 7.5, 2H), 1.71 – 1.17 (m, 32H), 0.89 (dq, J = 7.0, 4.1, 2.8, 3H); 13C NMR (126 

MHz, CDCl3) δ 174.0, 60.3, 38.5, 34.5, 34.0, 33.9, 32.0, 29.7, 29.6, 29.4, 29.3, 29.2, 28.6, 28.5, 

27.2, 27.1, 25.1, 22.8, 14.4, 14.4, 14.3; HRMS (ESI): m/z calcd for C21H38Br2O2+Na+: 

503.1136 [M+Na]+; found:  503.1143. 

 

Ethyl 8-(2-octylcyclopropyl)octanoate (5) 

 

Yellow oil; 0.2 mmol scale; isolated 48.0 mg; 72% 
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Rf = 0.48 (90:10 hexanes/EtOAc); 1H NMR (400 MHz, CDCl3) δ 4.13 (q, J = 7.1 Hz, 2H, O-

CH2), 2.29 (t, J = 7.5 Hz, 2H, C(O)-CH2), 1.62 (q, J = 7.0 Hz, 2H, C(O)-CH2-CH2), 1.50 – 

1.08 (m, 28H, CH2), 0.89 (t, J = 6.8 Hz, 3H, CH3), 0.65 (ddd, J = 10.7, 6.7, 3.9 Hz, 2H, CH), 

0.56 (td, J = 8.1, 3.9 Hz, 1H, CH2), -0.33 (q, J = 5.0 Hz, 1H, CH2); 
13C NMR (101 MHz, 

CDCl3) δ 174.1 (C(O)), 60.3 (CH2-C(O)), 34.6 (CH2), 32.1 (CH2), 30.4 (CH2), 30.3 (CH2), 

29.8 (CH2), 29.6 (CH2), 29.5 (CH2), 29.5 (CH2), 29.3 (CH2), 28.9 (CH2), 28.8 (CH2), 25.1 

(CH2), 22.9 (CH2), 15.9 (CH), 15.9 (CH), 14.4 (CH3), 14.3 (CH3), 11.1 (CH2); HRMS (ESI):  

m/z calcd for C21H40O2: 324.3028 [M]+; found: 324.3041. 

 

(1R,3R,4S,5R,6S)-4,5-bis(Benzyloxy)-3-((benzyloxy)methyl)-2-oxabicyclo[4.1.0]heptane 

(6)4 

 

Light yellow oil; 0.15 mmol scale; isolated 42.8 mg; 73% 

Rf = 0.38 (80:20 hexanes/EtOAc); 1H NMR (500 MHz, CDCl3) δ 7.38 – 7.15 (m, 15H, Ar-H), 

4.74 (dd, J = 11.6, 1.9 Hz, 2H, CH2-benzyl), 4.55 (dd, J = 30.1, 11.7 Hz, 2H, CH2-benzyl), 

4.49 (q, J = 12.2 Hz, 2H, CH2-benzyl), 3.73 (td, J = 6.1, 3.6 Hz, 1H, CH-O), 3.63 (dd, J = 10.4, 

6.2 Hz, 1H, CH-O), 3.58 (dd, J = 7.6, 3.7 Hz, 1H, CH-O), 3.54 (td, J = 6.3, 2.9 Hz, 1H, CH-

O), 3.52 – 3.46 (m, 2H, CH2), 0.89 (dtd, J = 10.1, 6.6, 3.7 Hz, 1H, CH), 0.73 – 0.58 (m, 2H, 

CH2); 
13C NMR (126 MHz, CDCl3) δ 138.7 (Ar), 138.5 (Ar), 138.4 (Ar), 128.5 (Ar), 128.5 

(Ar), 128.4 (Ar), 128.1 (Ar), 127.8 (Ar), 127.8 (Ar), 127.7 (Ar), 127.7 (Ar), 80.2 (CH-O), 77.1 
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(CH-O), 76.9 (CH2-benzyl), 73.6 (CH2-benzyl), 73.4 (CH2-benzyl), 71.2 (CH2-O), 70.1 (CH-

O), 49.8 (CH-O), 14.9 (CH), 11.6 (CH2). 

2-Benzyl-1-methyl-2-azabicyclo[4.1.0]heptan-3-one (7)5 

 

Colorless oil; 0.2 mmol scale; isolated 39.2 mg; 91% 

Rf = 0.28 (70:30 hexanes/EtOAc); 1H NMR (500 MHz, CDCl3) δ 7.33 – 7.19 (m, 5H, Ar-H), 

4.79 (d, J = 14.9 Hz, 1H, CH2-benzyl), 4.56 (d, J = 14.9 Hz, 1H, CH2-benzyl), 2.52 – 2.24 (m, 

3H, CH2, CH), 1.47 – 1.33 (m, 1H, CH2), 1.26 (s, 3H, CH3), 1.20 – 1.10 (m, 1H, CH2), 0.74 

(dd, J = 8.7, 5.1 Hz, 1H, CH2), 0.36 (t, J = 5.5 Hz, 1H, CH2); 
13C NMR (101 MHz, CDCl3): 

δ 173.1, 138.7, 128.3, 128.2, 126.9, 47.0, 38.0, 32.7, 25.4, 25.2, 23.8, 20.8. 

 

2-(1-Methylcyclopropyl)ethyl 4-methylbenzenesulfonate (8)6 

 

Colorless oil; 0.2 mmol scale; isolated 41.6 mg; 82% 

Rf = 0.44 (85:15 hexanes/EtOAc); 1H NMR (600 MHz, CDCl3) δ 7.83 – 7.77 (m, 2H, Ar-H), 

7.35 (d, J = 8.0 Hz, 2H, Ar-H), 4.13 (t, J = 7.0 Hz, 2H, O-CH2), 2.45 (s, 3H, Ar-CH3), 1.58 (t, 

J = 7.0 Hz, 2H, O-CH2-CH2), 0.95 (s, 3H, CH3), 0.32 – 0.16 (m, 4H, 2 x CH2); 
13C NMR (151 

MHz, CDCl3) δ 144.8 (Ar), 133.3 (Ar), 129.9 (Ar), 128.0 (Ar), 69.4 (CH2), 38.2 (CH3), 22.6 

(CH3), 21.7 (CH2), 12.8 (CH2), 12.6 (CH2). 
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4-Cyclopropylbutyl 1-naphthoate (9) 

 

Pale yellow oil; 0.2 mmol scale; isolated 48.8 mg; 91% 

Rf = 0.65 (90:10 hexanes/EtOAc); 1H NMR (400 MHz, CDCl3) δ 8.93 (d, J = 8.6 Hz, 1H, Ar-

H), 8.20 (d, J = 7.2 Hz, 1H, Ar-H), 8.03 (d, J = 8.2 Hz, 1H, Ar-H), 7.90 (d, J = 8.1 Hz, 1H, Ar-

H), 7.63 (td, J = 7.3, 6.8, 1.4 Hz, 1H, Ar-H), 7.53 (dt, J = 12.1, 7.7 Hz, 2H, Ar-H), 4.44 (t, J = 

6.7 Hz, 2H, O-CH2), 1.88 (p, J = 6.9 Hz, 2H, CH2), 1.62 (p, J = 7.4 Hz, 2H, CH2), 1.30 (dt, J 

= 13.7, 6.8 Hz, 2H, CH2), 0.71 (ddt, J = 10.1, 7.4, 3.6 Hz, 1H), 0.50 – 0.28 (m, 2H, CH2), 0.05 

(t, J = 4.9 Hz, 2H, CH2); 
13C NMR (101 MHz, CDCl3) δ 167.9 (C(O)), 134.0 (Ar), 133.3 (Ar), 

131.5 (Ar), 130.2 (Ar), 128.7 (Ar), 127.8 (Ar), 127.7 (Ar), 126.3 (Ar), 126.0 (Ar), 124.7 (Ar), 

65.4 (O-CH2), 34.5 (CH2), 28.8 (CH2), 26.3 (CH2), 10.9 (CH), 4.6 (CH2); HRMS (ESI):  m/z 

calcd for C10H17NO2+Na+: 291.1361 [M+Na]+; found:  291.1361. 

 

(3S,8S,9S,10R,13R,14S)-10,13-Dimethyl-17-((R)-6-methylheptan-2-yl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl 4-

cyclopropylbutanoate (10) 

 

White solid; 0.2 mmol scale; isolated 72 mg; 73% 
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Rf = 0.63 (98:2 hexanes/EtOAc); mp = 95-98 °C; 1H NMR (400 MHz, CDCl3) δ 5.38 (d, J = 

5.1 Hz, 1H), 4.62 (qd, J = 10.0, 8.3, 4.5 Hz, 2H), 2.32 (dd, J = 8.8, 5.7 Hz, 4H), 2.10 – 0.76 

(m, 41H), 0.68 (s, 4H), 0.42 (d, J = 7.5 Hz, 2H), 0.02 (d, J = 4.9 Hz, 2H); 13C NMR (101 MHz, 

CDCl3) δ 173.4, 139.9, 122.7, 73.8, 56.8, 56.3, 50.2, 42.5, 39.9, 39.7, 38.3, 37.2, 36.7, 36.3, 

35.9, 34.6, 34.2, 32.1, 32.0, 28.4, 28.2, 28.0, 25.3, 24.4, 24.0, 23.0, 22.7, 21.2, 19.5, 18.9, 12.0, 

10.6, 4.5, HRMS (ESI): m/z calcd for C34H56O2+Na++CH3OH:  551.4432 

[M+Na+CH3OH]+; found:  551.4440. 

 

(3R)-5-(2,2-Dimethylcyclopropyl)-3-methylpentyl furan-2-carboxylate (11) 

 

Colorless oil; 0.2 mmol scale; isolated 31.7 mg; 60% 

Rf = 0.63 (80:20 hexanes/EtOAc); 1H NMR (400 MHz, CDCl3): δ 7.57 (d, J = 2.2 Hz, 1H), 

7.16 (d, J = 3.5 Hz, 1H), 6.50 (dd, J = 3.5, 1.8 Hz, 1H), 4.34 (dtt, J = 7.0, 4.5, 2.1 Hz, 2H), 

1.88 – 1.72 (m, 1H), 1.69 – 1.51 (m, 2H), 1.48 – 1.15 (m, 5H), 1.04 – 0.99 (m, 6H), 0.94 (d, J 

= 6.5 Hz, 3H), 0.49 – 0.37 (m, 1H), 0.34 (ddd, J = 8.6, 4.1, 2.0 Hz, 1H), -0.10 – -0.22 (m, 1H); 

13C NMR (101 MHz, CDCl3): δ 158.8, 146.1, 144.8, 117.6, 111.7, 63.6, 63.6, 37.4, 37.4, 35.6, 

35.4, 29.7, 29.7, 27.6, 27.6, 27.1, 27.0, 24.8, 24.7, 19.9, 19.9, 19.7, 19.6, 19.6, 19.5, 15.3, 15.2; 

HRMS (ESI):  m/z calcd for C16H24O3+Na+:  287.1623 [M+Na]+; found:  287.1620. 
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2-(1-Methylcyclopropyl)ethyl (t-butoxycarbonyl)-L-tryptophanate (12) 

 

White solid; 0.2 mmol scale; isolated 70.3 mg; 91% 

Rf = 0.60 (60:40 hexanes/EtOAc); mp 86-90 °C; 1H NMR (500 MHz, CDCl3) δ 8.20 (bs, 1H, 

NH), 7.57 (d, J=7.9, 1H, Ar-H), 7.35 (d, J = 8.1, 1H, Ar-H), 7.20 (t, J = 7.5, 1H, Ar-H), 7.12 

(t, J = 7.5, 1H, Ar-H), 7.01 (bs, 1H, NH), 5.10 (d, J=8.3, 1H, CH=), 4.64 (d, J = 6.9, 1H, CH ), 

4.16 (tq, J = 11.1, 5.6, 3.9, 2H, O-CH2), 3.38 – 3.21 (m, 1H, C -CH2), 1.44 (s, 9H, C(CH3)3), 

1.40 – 1.23 (m, 2H, CH2), 1.00 (s, 3H, CH3), 0.24 (d, J = 9.8, 4H, CH2); 
13C NMR (126 MHz, 

CDCl3) δ 172.5 (C=O), 155.4 (C=O Boc), 136.3 (Ar), 127.8 (Ar), 122.9 (Ar), 122.2 (Ar), 119.6 

(Ar), 118.9 (Ar), 111.3 (Ar), 110.3 (Ar), 79.9 (C-(CH3)3), 64.2 (O-CH2), 54.4 (C ), 37.7 

(CH2), 28.5 (CH2), 28.2 (CH2), 22.8 (CH2), 12.9 (CH2), 12.8 (CH3). HRMS (ESI):  m/z calcd 

for C22H30N2O4+Na+:  409.2103 [M+Na]+; found:  409.2091. 

 

5-(t-Butyl) 6-(4-fluorobenzyl) (S)-5-azaspiro[2.4]heptane-5,6-dicarboxylate (13) 

 

Colorless oil; 0.2 mmol scale; isolated 60.1 mg; 86% 
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Rf = 0.41 (80:20 hexanes/EtOAc); 1H NMR (400 MHz, CDCl3) mixture of rotamers δ 7.35 

(td, J = 8.5, 5.5, 2H, Ar-H), 7.04 (q, J = 8.6, 2H, Ar-H), 5.28 – 5.02 (m, 2H, CH2-O), 4.52 (dd, 

J = 8.5, 3.6, 0.5H, CH ), 4.40 (dd, J = 8.5, 4.1, 0.5H, CH ), 3.45 – 3.20 (m, 2H, N-CH2), 2.29 

(d, J = 8.5, 1H, CH2), 2.26 (d, J = 8.5, 1H, CH2), 1.78 (dd, J = 12.7, 4.1, 1H, CH2), 1.72 (dd, J 

= 12.7, 3.6, 1H, CH2), 1.45 (s, 4H, 3CH3), 1.36 (s, 5H, 3CH3), 0.69 – 0.48 (m, 3H, CH2), 0.43 

– 0.31 (m, 1H, CH2); 
13C NMR (126 MHz, CDCl3) δ 172.8, 172.5, 163.9, 163.7, 161.9, 154.4, 

153.8, 131.9, 131.7, 130.7, 130.6, 130.4, 130.3, 115.7, 115.6, 115.5, 115.4, 80.1, 80.0, 66.1, 

66.0, 59.8, 59.5, 54.2, 53.8, 39.2, 38.3, 28.6, 28.4, 20.8, 20.1, 12.9, 12.4, 9.1, 8.5; HRMS 

(ESI):  m/z calcd for C19H24FNO4+Na+: 372.1587 [M+Na]+; found:  372.1593. 

 

2-(1-methylcyclopropyl)ethyl benzoate (14)7 

 

colorless oil; 0.2 mmol scale; isolated 32.7 mg; 80% 

Rf = 0.77 (80:20 hexanes/EtOAc); 1H NMR (600 MHz, CDCl3) δ 8.07 – 8.03 (m, 2H, Ar-H), 

7.58 – 7.54 (m, 1H, Ar-H), 7.48 – 7.42 (m, 2H, Ar-H), 4.44 (t, J = 6.9 Hz, 2H, O-CH2), 1.72 

(t, J = 6.9 Hz, 2H, O-CH2-CH2), 1.13 (s, 3H, CH3), 0.41 – 0.27 (m, 4H, 2 x CH2); 
13C NMR 

(151 MHz, CDCl3) δ 166.8 (C=O), 132.9 (Ar), 130.7 (Ar), 129.7 (Ar), 128.5 (Ar), 63.9 (O-

CH2), 38.2 (O-CH2-CH2), 23.0, 13.2, 13.0. 
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(4-Benzylpiperazin-1-yl)(cyclopropyl)methanone (15) 

 

Yellow oil; 0.2 mmol scale; isolated 35.3 mg; 70% 

Rf = 0.44 (EtOAc); 1H NMR (400 MHz, CDCl3): δ 7.37 – 7.22 (m, 5H), 3.74 – 3.59 (m, 4H), 

3.52 (s, 2H), 2.51 – 2.39 (m, 4H), 1.78 – 1.64 (m, 1H), 0.97 (dd, J = 4.7, 2.9 Hz, 2H), 0.74 (dd, 

J = 8.0, 2.9 Hz, 2H). 13C NMR (101 MHz, CDCl3): δ 171.9, 137.7, 129.1, 128.3, 127.2, 62.91, 

53.3, 52.8, 45.5, 42.1, 10.9, 7.3. HRMS (ESI):  m/z calcd for C15H20N2O+Na+:  267.1473 

[M+Na]+; found:  267.1479. 

 

4-((2,2-Dimethylcyclopropyl)methoxy)-6-methylpyrimidin-2-amine (16) 

 

Colorless oil; 0.2 mmol scale; isolated 52 mg; 71% 

Rf = 0.43 (1:1 hexanes/EtOAc); 1H NMR (400 MHz, CDCl3) δ 5.98 – 5.93 (m, 1H, Ar-H), 

4.98 (s, 2H, NH2), 4.35 (dd, J = 11.4, 6.7 Hz, 1H, O-CH2), 4.07 (dd, J = 11.4, 8.7 Hz, 1H, O-

CH2), 2.25 (s, 3H, Ar-CH3), 1.11 (s, 3H, CH3), 1.09 (s, 3H, CH3), 1.04 (tdd, J = 8.7, 6.7, 5.2 

Hz, 1H, CH), 0.55 (dd, J = 8.6, 4.5 Hz, 1H, CH2), 0.23 (t, J = 4.9 Hz, 1H, CH2); 
13C NMR 

(101 MHz, CDCl3) δ 170.8, 167.9, 162.6, 97.0, 67.5, 27.1, 23.6, 22.7, 19.9, 18.5, 16.2.; HRMS 

(ESI):  m/z calcd for C11H17N3ONa:  230.1269 [M]+; found:  230.1267. 
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1-Methoxy-4-(2-methylcyclopropyl)benzene (17)8 

 

Colorless oil; 0.2 mmol scale; isolated 31.1 mg; 96% 

Rf = 0.43 (95:5 hexanes/EtOAc); 1H NMR (400 MHz, CDCl3) δ 7.04 – 6.96 (m, 2H, Ar-H), 

6.86 – 6.79 (m, 2H, Ar-H), 3.80 (s, 3H, O-CH3), 1.56 (dt, J = 9.1, 5.0 Hz, 1H, CH), 1.20 (d, J 

= 5.9 Hz, 3H, CH3), 1.05 – 0.94 (m, 1H, CH), 0.89 – 0.78 (m, 1H, CH2), 0.70 (dt, J = 8.3, 5.0 

Hz, 1H, CH2); 
13C NMR (101 MHz, CDCl3) δ 157.6 (Ar), 136.2 (Ar), 127.1 (Ar), 126.7 (Ar), 

113.9 (Ar), 55.5 (CH3-O), 23.7 (CH3), 19.2 (CH), 17.4 (CH2), 17.1 (CH-CH3). 

 

1-((2,2-Dimethylcyclopropyl)methoxy)-3,5-dimethoxybenzene (18) 

 

Light yellow oil; 0.2 mmol scale; isolated 37.2 mg; 79% 

Rf = 0.51 (90:10 hexanes/EtOAc); 1H NMR (600 MHz, CDCl3) δ 6.08 (d, J = 2.2 Hz, 2H, Ar-

H), 6.05 (t, J = 2.2 Hz, 1H, Ar-H), 3.99 (dd, J = 10.1, 6.5 Hz, 1H, O-CH2), 3.78 (dd, J = 10.1, 

8.3 Hz, 1H, O-CH2), 3.75 (s, 6H, 2 x O-CH3), 1.10 (s, 6H, 2 x CH3), 1.04 (tdd, J = 8.4, 6.5, 5.2 

Hz, 1H, CH), 0.57 (dd, J = 8.6, 4.6 Hz, 1H, CH2), 0.22 (t, J = 4.9 Hz, 1H, CH2); 
13C NMR 

(126 MHz, CDCl3) δ 161.4 (Ar), 161.1 (Ar), 93.5 (Ar), 92.8 (Ar), 69.4 (CH2-O), 55.3 (CH2-
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O), 27.1 (CH), 23.0 (CH), 19.9 (C), 18.5 (CH2), 16.2 (CH2); HRMS (ESI):  m/z calcd for 

C14H20O3:  236.1413 [M]+; found:  236.1405. 

3-(2-(2-Ethylcyclopropyl)ethoxy)pyridine (19) 

 

Colorless oil; 0.2 mmol scale; isolated 25.2 mg isolated; 66% 

Rf = 0.32 (75:25 hexanes/EtOAc); 1H NMR (400 MHz CDCl3) δ 8.31 (d, J = 2.7 Hz, 1H, Ar-

H), 8.19 (q, J = 2.8 Hz, 1H, Ar-H), 7.23 – 7.14 (m, 2H, Ar-H), 4.04 (td, J = 6.6, 2.5 Hz, 2H, 

O-CH2), 1.80 – 1.57 (m, 2H, CH2), 1.36 – 1.09 (m, 2H, CH2), 0.93 (td, J = 7.4, 2.6 Hz, 3H, 

CH3), 0.52 (dddt, J = 27.2, 9.4, 6.9, 2.7 Hz, 2H, 2 x CH), 0.26 (td, J = 6.7, 2.5 Hz, 2H, CH2); 

13C NMR (101 MHz, CDCl3) δ 155.4 (Ar), 142.0 (Ar), 138.2 (Ar), 123.9 (Ar), 121.1 (Ar), 

68.5 (O-CH2), 33.9 (CH2), 27.2 (CH2), 20.7 (CH), 15.1 (CH3), 13.8 (CH), 11.5 (CH); HRMS 

(ESI):  m/z calcd for C12H17NO+H+:  192.1388 [M+H]+; found:  192.1381. 

 

2-(2-Bromo-1-methylcyclopropyl)ethyl 4-bromobenzoate (20) 

 

Colorless oil; 0.64 mmol scale; isolated 70.8 mg; 98%  

Rf = 0.69 (80:20 hexanes/EtOAc); 1H NMR (500 MHz, CDCl3) δ 7.95 – 7.88 (m, 2H), 7.62 – 

7.57 (m, 2H), 4.51 (t, J = 6.9 Hz, 2H), 2.88 (dd, J = 7.7, 4.4 Hz, 1H), 2.04 (td, J = 7.0, 1.3 Hz, 

2H), 1.19 (s, 3H), 1.05 (dd, J = 7.7, 6.3 Hz, 1H), 0.78 (dd, J = 6.3, 4.4 Hz, 1H); 13C NMR (126 
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MHz, CDCl3) δ 166.0, 131.9, 131.3, 129.4, 128.2, 63.4, 35.2, 29.4, 22.8, 22.5, 19.1; HRMS 

(ESI):  m/z calcd for C13H14Br2O3+H+ (79Br+81Br): 362.9419 [M+H]+; found:  362.9416. 

 

1-((3-Bromo-2,2-dimethylcyclopropyl)methoxy)-3,5-dimethoxybenzene (21) 

 

Light yellow oil; 0.7 mmol scale; isolated 206.5 mg; 94% 

Rf = 0.44 (90:10 hexanes/EtOAc); 1H NMR (600 MHz, CDCl3) mix of diastereoisomers δ 6.11 

– 6.04 (m, 3H, Ar-H), 4.06 (ddd, J = 24.7, 10.3, 6.5 Hz, 1H, O-CH2), 3.96 (dd, J = 10.2, 7.0 

Hz, 0.5H, O-CH2), 3.79 (dd, J = 10.4, 8.3 Hz, 0.5H, O-CH2), 3.75 (s, 3H, O-CH3), 3.75 (s, 3H, 

O-CH3), 3.04 (d, J = 7.7 Hz, 0.4H, CHBr), 2.79 (d, J = 4.2 Hz, 0.6H, CHBr), 1.38 (ddd, J = 

8.3, 6.1, 4.2 Hz, 0.5H, CH), 1.31 (s, 2H, CH3), 1.23 (dt, J = 7.8, 7.0 Hz, 0.5H, CH), 1.19 (s, 

1H, CH3), 1.18 (s, 1H, CH3), 1.16 (s, 2H, CH3); 
13C NMR (126 MHz, CDCl3) mix of 

diastereoisomers δ 161.5 (Ar), 160.8 (Ar), 160.6 (Ar), 93.6 (Ar), 93.2 (Ar), 93.1 (Ar), 66.9 (O-

CH2), 66.8 (O-CH2), 55.3 (O-CH3), 34.6 (CHBr), 33.4 (CH), 32.5 (CH), 26.9 (CHBr), 25.4 

(CH3), 24.4 (CH3), 22.2 (C), 19.9 (C), 19.6 (CH3), 17.2 (CH3); HRMS (ESI):  m/z calcd for 

C14H19BrO3: 314.0518 [M]+; found:  314.0524. 
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2-(2-Bromo-1-methylcyclopropyl)ethyl (t-butoxycarbonyl)-L-tryptophanate (22) 

 

Colorless oil; 0.68 mmol scale; isolated 277.4 mg; 88% 

Rf = 0.53 (70:30 hexanes/EtOAc); 1H NMR (600 MHz, CDCl3) δ 8.42 (t, J = 8.8 Hz, 1H, NH), 

7.57 (td, J = 9.8, 8.9, 2.6 Hz, 1H, Ar-H), 7.35 (dd, J = 8.3, 2.5 Hz, 1H, Ar-H), 7.19 (t, J = 7.6 

Hz, 1H, Ar-H), 7.12 (td, J = 7.5, 4.1 Hz, 1H, Ar-H), 7.00 (t, J = 2.9 Hz, 1H, Ar-H), 5.15 (d, J 

= 8.6 Hz, 1H, NH), 4.72 – 4.58 (m, 1H, H ), 4.32 – 3.97 (m, 2H, O-CH2), 3.30 (q, J = 8.7, 7.5 

Hz, 2H, CH2-ind), 2.78 – 2.65 (3 x m, 1H, CHBr), 1.87 (t, J = 7.1 Hz, 1H, CH2-CH2-O), 1.78 (t, 

J = 7.1 Hz, 1H, CH2-CH2-O), 1.45 (s, 9H, C(CH3)3), 1.42 – 1.30 (m, 0.5H, CH2-CHBr), 1.29 

(s, 1H, CH3), 1.26 (s, 0.5H, CH3), 1.19 (s, 0.5H, CH3), 1.14 (s, 0.5H, CH3), 1.01 (d, J = 4.0 Hz, 

1H, CH3), 0.90 (dt, J = 11.8, 5.7 Hz, 0.5H, CH2-CHBr), 0.65 (p, J = 5.8 Hz, 0.5H, CH2-CHBr), 

0.57 (dt, J = 6.8, 3.4 Hz, 0.5H, CH2-CHBr); 13C NMR (151 MHz, CDCl3) δ 172.5 (C=Oester), 

172.4 (C=Oester), 172.4 (C=Oester), 155.4 (C=OBoc), 136.2 (Ar), 127.7 (Ar), 122.9 (Ar), 122.2 

(Ar), 122.2 (Ar), 119.7 (Ar), 119.6 (Ar), 118.7 (Ar), 111.4 (Ar), 111.3 (Ar), 110.1 (Ar), 108.8 

(Ar), 80.0 (C(CH3)3), 63.4 (C), 63.4 (C), 63.1 (C), 62.9 (C), 62.8 (C), 54.4 (CH2-O), 37.0 

(CHBr), 36.7 (CHBr), 34.8 (CHBr), 34.3 (CHBr), 29.3 (CH2-CH2-O), 29.2 (CH2-CH2-O), 28.4 

(C(CH3)3), 27.4 (CH2-ind), 27.3 (CH2-ind), 22.4 (CH3), 22.2 (CH3), 22.0 (CH3), 21.9 (CH3), 20.1 

(CH2-CHBr), 20.0 (CH2-CHBr), 18.8 (C-quat), 18.8 (C-quat), 18.6 (C-quat); HRMS (ESI): m/z 

calcd for C22H29BrN2O4+Na+: 487.1201 [M+Na]+; found:  487.1209. 
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5-(t-Butyl) 6-(4-fluorobenzyl) 1-bromo-5-azaspiro[2.4]heptane-5,6-dicarboxylate (23) 

 

Colorless oil; 0.58 mmol scale; isolated 226.3 mg; 90% 

Rf = 0.48 (50:50 hexanes/EtOAc); 1H NMR (600 MHz, CDCl3) mix of diastereoisomers δ = 

7.33 (dtdd, J=11.9, 8.7, 5.4, 2.6, 2H), 7.02 (dtt, J = 13.3, 8.4, 2.7, 2H), 5.25 – 4.97 (m, 2H), 

4.53 (ddd, J = 24.4, 8.7, 3.9, 0.5H), 4.40 (ddd, J = 32.0, 8.6, 4.3, 0.5H), 3.72 (dd, J = 34.1, 

10.9, 0.5H), 3.52 – 3.41 (m, 0.5H), 3.36 (dd, J = 54.2, 9.7, 1H), 3.06 – 2.88 (m, 1H), 2.60 – 

2.29 (m, 1H), 1.92 (ddd, J = 40.5, 13.3, 4.5, 1H), 1.72 (td, J = 13.3, 3.7, 1H), 1.50 – 1.32 (m, 

9H), 1.28 – 1.06 (m, 1H), 0.88 (dddd, J = 76.7, 22.2, 6.9, 4.5, 1H); 13C NMR (151 MHz, 

CDCl3) mix of diastereoisomers δ = 172.4, 172.3, 172.1, 172.0, 163.6, 162.0, 154.2, 153.5, 

131.6, 131.4, 130.7, 130.7, 130.7, 130.6, 130.3, 130.3, 130.3, 130.3, 115.7, 115.5, 115.4, 80.4, 

80.3, 80.3, 66.1, 66.1, 59.9, 59.5, 59.1, 58.8, 53.1, 52.9, 52.8, 52.6, 38.0, 37.2, 37.1, 36.5, 28.4, 

28.4, 28.2, 28.2, 26.5, 26.5, 25.8, 25.8, 25.1, 24.4, 23.7, 23.5, 22.3, 22.2, 21.9, 21.1; HRMS 

(ESI):  m/z calcd for C19H23BrFNO4+Na+:  450.0692 [M+Na]+; found:  450.0675. 

 

2-(2,2-dibromo-1-methylcyclopropyl)ethyl 4-bromobenzoate (24) 

 

 

White solid 
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Rf = 0.62 (80:20 hexanes/EtOAc); mp 37-38 °C; 1H NMR (500 MHz, CDCl3) δ 7.96 – 7.91 

(m, 2H, Ar-H), 7.63 – 7.57 (m, 2H, Ar-H), 4.59 – 4.48 (m, 2H, CH2-O), 2.23 – 2.10 (m, 2H, 

CH2), 1.55 (d, J = 7.4 Hz, 1H, CH2), 1.50 (d, J = 7.3 Hz, 1H, CH2), 1.48 (s, 3H, CH3); 
13C 

NMR (126 MHz, CDCl3) δ 166.0 (C=O), 131.9 (Ar), 131.3 (Ar), 129.1 (Ar), 128.3 (Ar), 62.7 

(CH2-O), 38.2 (O-CH2-CH2), 37.1 (CH2), 34.6(C-Br2), 27.7 (CIV), 22.8 (CH3); HRMS (ESI):  

m/z calcd for C13H13Br3O3+H+:  438.8544 [M+H]+; found:  438.8542. 

 

2-(1-Methylcyclopropyl)ethyl 4'-methoxy-2'-methyl-[1,1'-biphenyl]-4-carboxylate (25) 

 

Colorless oil; 0.2 mmol scale; isolated 56.0 mg; 86% 

Rf = 0.52 (90:10 hexanes/EtOAc); 1H NMR (500 MHz, CDCl3) δ 8.11 – 8.05 (m, 2H), 7.41 – 

7.36 (m, 2H), 7.17 (d, J = 8.3 Hz, 1H), 6.86 – 6.79 (m, 2H), 4.47 (t, J = 6.9 Hz, 2H), 3.85 (s, 

3H), 2.28 (s, 3H), 1.74 (t, J = 6.9 Hz, 2H), 1.15 (s, 3H), 0.43 – 0.30 (m, 4H); 13C NMR (126 

MHz, CDCl3) δ 166.8, 159.3, 146.5, 136.8, 133.7, 130.8, 129.6, 129.5, 128.8, 116.0, 111.4, 

63.8, 55.4, 38.2, 23.0, 20.8, 13.2, 13.0; HRMS (CI):  m/z calcd for C21H24O3+H+:  325.1804 

[M+H]+; found:  325.1802. 
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2-(2-Bromo-1-methylcyclopropyl-2-d)ethyl 4-methoxybenzoate (26) 

 

Colorless oil; 0.5 mmol scale; isolated 127.2 mg; 81% 

Rf = 0.45 (90:10 hexane/EtOAc); 1H NMR (400 MHz, CDCl3) major diastereomers δ 8.05 – 

7.96 (m, 2H), 6.96 – 6.90 (m, 2H, Ar-H), 4.52 – 4.33 (m, 2H), 3.86 (s, 3H), 2.02 (t, J = 6.9 Hz, 

1H), 1.70 (dt, J = 14.2, 7.0 Hz, 1H), 1.34 (s, 3H), 1.09 (d, J = 6.3 Hz, 1H), 0.69 (d, J = 6.3 Hz, 

1H); minor diastereomers δ 8.05 – 7.96 (m, 2H), 6.96 – 6.90 (m, 2H), 4.52 – 4.33 (m, 2H), 

3.86 (s, 3H), 2.02 (t, J = 6.9 Hz, 1H), 1.79 (dt, J = 14.2, 6.2 Hz, 1H), 1.19 (s, 3H), 1.03 (d, J = 

6.3 Hz, 1H), 0.78 (d, J = 6.3 Hz, 1H); 13C NMR (101 MHz, cdcl3) major diastereomers δ 

166.25 (s), 163.34 (s), 131.57 (s), 122.53 (s), 113.60 (s), 62.23 (s), 55.41 (s), 37.43 (s), 35.07 

(s), 22.41 (s), 20.14 (s), 18.86 (s); minor diastereomers δ 166.33 (s), 163.34 (s), 131.57 (s), 

122.70 (s), 113.57 (s), 62.67 (s), 55.41 (s), 37.43 (s), 35.07 (s), 22.33 (s), 21.95 (s), 18.90 (s); 

HRMS ESI:  m/z calcd for C14H16Br DO3+Na+:  336.0322 [M+Na]+;  found:   336.0325. 

 

2-(1-Methylcyclopropyl-2-d)ethyl 4-methoxybenzoate (27) 

 

Colorless oil; 0.2 mmol scale; isolated 20.6 mg; 44% 

Rf = 0.43 (90:10 hexane/EtOAc); 1H NMR (400 MHz, CDCl3) mixture of diastereomers δ 

7.99 (d, J = 8.9 Hz, 2H), 6.92 (d, J = 8.9 Hz, 2H), 4.40 (t, J = 6.9 Hz, 2H), 3.86 (s, 3H), 1.69 
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(t, J = 6.9 Hz, 2H), 1.11 (s, 3H), 0.37 – 0.25 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 166.41 

(s), 163.19 (s), 131.49 (s), 122.92 (s), 113.53 (s), 63.37 (s), 55.38 (s), 37.99 (s), 22.79 (s), 

12.97 (s), 12.66 (s), 12.81 – 12.41 (m); HRMS ESI:  m/z calcd for 

C14H17DO3+Na++CH3OH:  290.1479 [M+Na+CH3OH]+; found:  290.1471. 

 

2-(1-Methylcyclopropyl-2,2-d2)ethyl 4-methoxybenzoate (28) 

 

Colorless oil; 0.2 mmol scale; isolated 24.9 mg; 53% 

Rf = 0.53 (90:10 hexane/EtOAc); 1H NMR (400 MHz, CDCl3) δ 7.99z (d, 2H), 6.92 (d, 2H), 

4.40 (t, J = 6.9 Hz, 2H), 3.86 (s, 3H), 1.69 (t, J = 6.9 Hz, 2H), 1.11 (s, 3H), 0.31 (dd, J = 26.0, 

4.6 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ 166.40 (s), 163.19 (s), 131.49 (s), 122.92 (s), 

113.53 (s), 63.37 (s), 55.38 (s), 37.95 (s), 22.75 (s), 12.87 (s), 12.66 (s), 12.54 (s); HRMS ESI:  

m/z calcd for C14H16D2O3+Na++CH3OH:  291.1541 [M+Na+CH3OH]+; found:  291.1541. 

 

(3R,4S,5R)-4,5-bis(Benzyloxy)-3-((benzyloxy)methyl)-7,7-dibromo-2-

oxabicyclo[4.1.0]heptane (29)4 

 

White solid 
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Rf = 0.55 (80:20 hexanes/EtOAc); 1H NMR (600 MHz, CDCl3) δ 7.45 – 7.14 (m, 15H, Ar-H), 

4.89 (d, J = 11.2 Hz, 1H, CH2-benzyl), 4.80 (d, J = 11.7 Hz, 1H, CH2-benzyl), 4.69 (d, J = 11.7 

Hz, 1H, CH2-benzyl), 4.52 (dd, J = 11.7, 6.3 Hz, 2H, CH2-benzyl), 4.43 (d, J = 12.2 Hz, 1H, 

CH2-benzyl), 3.93 (d, J = 7.7 Hz, 1H, CH-O), 3.86 (ddd, J = 7.7, 3.8, 2.7 Hz, 1H, CH-O), 3.78 

(dd, J = 9.5, 7.6 Hz, 1H, CH-O), 3.67 (dd, J = 9.6, 4.8 Hz, 1H, CH-O), 3.56 – 3.47 (m, 2H, 2 

x CH); 13C NMR (126 MHz, cdcl3) δ 138.2 (Ar), 138.0 (Ar), 137.7 (Ar), 128.5 (Ar), 128.4 

(Ar), 128.3 (Ar), 128.2 (Ar), 127.9 (Ar), 127.8 (Ar), 127.8 (Ar), 127.7 (Ar), 127.6 (Ar), 80.3 

(CH-O), 79.9 (CH-O), 75.0 (CH2-benzyl), 74.6 (CH2-benzyl), 73.3 (CH2-benzyl), 71.8 (CH2-

O), 70.2 (CH2-O), 59.3 (CH2-O), 35.2 (CH), 33.9 (CH). 

 

2-Benzyl-7,7-dibromo-1-methyl-2-azabicyclo[4.1.0]heptan-3-one (30) 

 

White solid  

Rf = 0.55 (50:50 hexanes/EtOAc); mp 129-130 °C; 1H NMR (600 MHz, CDCl3) δ = 7.34 – 

7.28 (m, 4H, Ar-H), 7.26 – 7.22 (m, 1H, Ar-H), 5.48 (d, J=15.8, 1H, Ar-CH2), 3.88 (d, J=15.8, 

1H, Ar-CH2), 2.61 (dddd, J=14.3, 10.0, 6.9, 4.5, 1H, CH), 2.46 – 2.34 (m, 2H, CH2), 2.07 – 

1.90 (m, 2H, CH2), 1.51 (s, 3H, CH3);
 13C NMR (151 MHz, CDCl3) δ = 171.6 (C=O), 138.5 

(Ar), 128.6 (Ar), 127.4 (Ar), 127.1 (Ar), 49.7 (C-CH3), 48.6 (CBr2), 45.4 (CH2-Ph), 36.9 (CH2-

Ph), 30.8 (CO-CH2), 23.7 (CH2), 23.1 (CH3); HRMS (ESI):  m/z calcd for C14H15Br2NO3+Na+:  

393.9418 [M+Na]+; found:  393.9432.  
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2-(2,2-Dibromo-1-methylcyclopropyl)ethyl 4-methylbenzenesulfonate (31) 

 

White solid  

Rf = 0.45 (75:25 hexanes/EtOAc); mp 31-32 °C; 1H NMR (600 MHz, CDCl3) δ 7.84 – 7.77 

(m, 2H, Ar-H), 7.36 (d, J = 8.1 Hz, 2H, Ar-H), 4.23 (ddt, J = 10.0, 6.3, 2.8 Hz, 2H, O-CH2), 

2.46 (s, 3H, Ar-CH3), 2.10 (dt, J = 14.6, 7.3 Hz, 1H, CH2), 1.97 (dt, J = 14.5, 6.4 Hz, 1H, CH2), 

1.48 (d, J = 7.6 Hz, 1H, CH2), 1.41 (d, J = 7.7 Hz, 1H, CH2), 1.32 (s, 3H, CH3); 
13C NMR (151 

MHz, CDCl3) δ 145.1, 133.0, 130.0, 128.0, 67.8, 37.4, 37.3, 34.6, 27.1, 22.6, 21.8; HRMS 

(ESI):  m/z calcd for C13H16Br2O3SNa+: 432.9084 [M+Na]+; found:  432.9091.  

 

4-(2,2-Dibromocyclopropyl)butyl 1-naphthoate (32) 

 

Yellow oil  

Rf = 0.54 (90:10 hexanes/EtOAc); 1H NMR (400 MHz, CDCl3) δ = 8.93 (d, J=8.6, 1H, Ar-H), 

8.21 (dd, J=7.3, 1.3, 1H, Ar-H), 8.04 (d, J=8.2, 1H, Ar-H), 7.90 (dd, J=8.2, 1.4, 1H, Ar-H), 

7.63 (ddd, J=8.6, 6.8, 1.5, 1H, Ar-H), 7.59 – 7.46 (m, 2H, Ar-H), 4.47 (t, J=6.5, 2H, O-CH2), 

2.10 – 1.49 (m, 8H, CH2), 1.25 (t, J=7.2, 1H, CH2); 
13C NMR (101 MHz, CDCl3) δ = 167.8 

(C=O), 134.0 (Ar), 133.4 (Ar), 131.5 (Ar), 130.2 (Ar), 128.7 (Ar), 127.9 (Ar), 127.5 (Ar), 

126.3 (Ar), 125.9 (Ar), 124.6 (Ar), 65.0 (O-CH2), 32.4 (CH2), 31.4 (CBr2), 29.3 (CH), 28.7 
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(CH2), 28.6 (CH2), 25.2 (CH2); HRMS (ESI): m/z calcd for C18H18Br2O2+Na+: 446.9571 

[M+Na]+; found: 446.9586. 

 

(3S,8S,9S,10R,13R,14S)-10,13-Dimethyl-17-((R)-6-methylheptan-2-yl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl 4-

(2,2-dibromocyclopropyl)butanoate (33) 

 

White solid  

Rf = 0.62 (90:10 hexanes/EtOAc); mp = 61-64 °C; 1H NMR (400 MHz, CDCl3) δ 5.38 (dd, J 

= 5.1, 2.0 Hz, 1H), 4.63 (dtd, J = 13.7, 8.1, 7.5, 4.1 Hz, 2H), 2.43 – 2.27 (m, 3H), 2.08 – 0.81 

(m, 40H), 0.68 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 172.8, 139.7, 122.8, 74.1, 56.8, 56.2, 

50.1, 42.4, 39.8, 39.6, 38.3, 37.1, 36.7, 36.3, 35.9, 34.2, 32.0, 32.0, 32.0, 31.1, 29.1, 28.6, 28.4, 

28.2, 27.9, 24.4, 24.0, 23.9, 23.0, 22.7, 21.2, 19.5, 18.8, 12.0; HRMS (ESI):  m/z calcd for 

C34H54Br2O2+Na+:  675.2388 [M+Na]+; found: 675.2396. 

 

(3R)-5-(2.2-Dibromo-3,3-dimethylcyclopropyl)-3-methylpentyl furan-2-carboxylate (34) 

 

colorless oil  
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Rf = 0.28 (hexanes/EtOAc 80:20); 1H NMR (400 MHz, CDCl3): δ 7.57 (dd, J = 1.8, 0.9 Hz, 

2H), 7.17 (dd, J = 3.5, 1.0 Hz, 2H), 6.50 (dd, J = 3.5, 1.8 Hz, 2H), 4.42 – 4.30 (m, 2H), 1.88 – 

1.75 (m, 1H), 1.73 – 1.53 (m, 3H), 1.53 – 1.40 (m, 3H), 1.37 (s, 3H), 1.18 (d, J = 0.9 Hz, 4H), 

0.98 (dd, J = 6.5, 0.8 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 158.8, 146.2, 144.8, 117.8, 

111., 63.32, 48.2, 48.2, 40.0, 35.4, 35.4, 35.3, 35.3, 29.8, 28.0, 28.0, 27.5, 25.4, 19.5, 19.5, 

19.3, 19.3. HRMS (ESI): m/z calcd for C16H22Br2O3+Na+:  444.9814 [M+Na]+; found:  

444.9806. 

 

2-(2,2-Dibromo-1-methylcyclopropyl)ethyl (t-butoxycarbonyl)-L-tryptophanate (35) 

 

Pale yellow oil  

Rf = 0.70 (50:50 hexanes/EtOAc); 1H NMR (500 MHz, CDCl3) δ 8.11 (s, 1H, NH), 7.58 (d, J 

= 7.9, 1H, Ar-H), 7.36 (d, J = 8.1, 1H, Ar-H), 7.20 (t, J = 7.6, 1H, Ar-H), 7.13 (t, J = 7.5, 1H, 

Ar-H), 7.03 (d, J = 2.7, 1H, Ar-H), 5.10 (d, J = 8.3, 1H, CH), 4.65 (q, J = 6.7, 1H, CH), 4.35 

– 4.07 (m, 2H, C(O)-CH2), 3.39 – 3.21 (m, 2H, CH2(Trp)), 1.88 (td, J = 7.0, 2.4, 2H, CH2), 1.44 

(s, 9H, CH3), 1.42 – 1.31 (m, 2H, CH2), 1.29 (s x 2, 3H, CH3); 
13C NMR (126 MHz, CDCl3) 

δ 172.4, 155.4, 136.2, 127.6, 123.0, 122.1, 119.5, 118.6, 111.4, 109.8, 80.0, 62.8, 62.7, 54.4, 

38.1, 36.6, 36.6, 34.2, 28.4, 28.2, 28.1, 28.0, 27.3, 27.3, 22.4; HRMS (ESI):  m/z calcd for 

C22H28Br2N2O4+Na+:  565.0314 [M+Na]+; found:  565.0309. 
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5-(t-Butyl) 6-(4-fluorobenzyl) (6S)-1,1-dibromo-5-azaspiro[2.4]heptane-5,6-

dicarboxylate (36) 

 

White solid  

Rf = 0.43 (80:20 hexanes/EtOAc);  mp 89-90 °C; 1H NMR (400 MHz, CDCl3) δ 7.35 (m, 2H, 

Ar-H), 7.06 (m, 2H, Ar-H), 5.19 (dd, J = 12.1, 4.2, 1H, O-CH2), 5.08 (d, J = 12.0, 1H, O-CH2), 

4.60 (ddd, J = 54.7, 9.0, 2.2, 1H, CH ), 3.88 (dd, J = 20.2, 11.2, 1H, N-CH2), 3.43 (dd, J = 

37.6, 11.2, 1H, N-CH2), 2.78 (ddd, J = 21.8, 13.5, 8.9, 1H, CH2), 1.81 (ddd, J = 12.2, 9.8, 2.2, 

1H, CH2), 1.70 (t, J = 7.8, 1H, CH2), 1.42 (2 x s, 9H, 3 x CH3); 
13C NMR (101 MHz, CDCl3) 

δ 172.1, 154.1, 153.5, 130.9, 130.8, 130.5, 130.4, 115.9, 115.8, 115.7, 115.5, 80.7, 66.4, 60.1, 

59.7, 54.2, 39.4, 38.6, 35.6, 35.6, 34.9, 34.1, 29.3, 28.5, 28.3; HRMS (ESI): m/z calcd for 

C19H22Br2FNO4+Na+:  527.9797 [M+Na]+;  found:  527.9800. 

 

(4-Benzylpiperazin-1-yl)(2,2-dibromocyclopropyl)methanone (37) 

 

Brown solid 

Rf = 0.59 (EtOAc); mp 45-47 °C; NMR, 1H NMR (500 MHz, CDCl3) δ 7.40 – 7.28 (m, 5H, 

Ar-H), 3.96 – 3.77 (m, 2H, N-CH2), 3.77 – 3.65 (m, 1H, N-CH2), 3.58 (s, 2H, CH2-Ar), 3.57 – 

3.48 (m, 1H, N-CH2), 2.72 – 2.60 (m, 2H, N-CH2), 2.56 (dd, J = 10.1, 7.7 Hz, 2H, N-CH2), 

2.45 (ddd, J = 11.5, 7.8, 3.3 Hz, 1H, CH), 2.26 (t, J = 7.7 Hz, 1H, CH2), 1.99 (dd, J = 10.1, 7.7 
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Hz, 1H, CH2); 
13C NMR (126 MHz, CDCl3) δ 164.5 (C=O), 129.3 (Ar), 128.5 (Ar), 127.5 

(Ar), 63.0 (CH2-N), 53.2 (CH2-N), 52.9 (CH2-N), 45.8 (CH2-N), 42.6 (CH2-N), 34.8 (C-Br2), 

26.6 (CH), 21.4 (CH); HRMS (ESI):  m/z calcd for C15H18Br2N2O+H+:  400.9864 [M]+; found:  

400.9875. 

 

4-((2,2-Dibromo-3,3-dimethylcyclopropyl)methoxy)-6-methylpyrimidin-2-amine (38) 

 

White solid  

Rf = (50:50 hexanes/EtOAc); mp 61-63 °C; 1H NMR (500 MHz, CDCl3) δ 6.01 (s, 1H, Ar-

H), 4.87 (s, 2H, NH2), 4.45 (dd, J = 11.7, 7.0 Hz, 1H O-CH2), 4.27 (dd, J = 11.7, 7.2 Hz, 1H 

O-CH2), 2.28 (s, 3H, Ar-CH3), 1.77 (t, J = 7.1 Hz, 1H, O-CH2-CH), 1.46 (s, 3H, CH3), 1.32 (s, 

3H, CH3).; 
13C NMR (126 MHz, CDCl3): δ 170.3, 168.4, 162.5, 97.1, 64.9, 43.9, 37.3, 28.8, 

27.1, 23.7, 19.7.; HRMS (ESI): m/z calcd for C11H15Br2N3O+H+:  363.9660 [M+H]+;  found:  

363.9660. 

 

1-(2,2-Dibromo-3-methylcyclopropyl)-4-methoxybenzene (39)9 

 

Pale yellow oil  
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Rf = 0.44 (90:10 hexanes/EtOAc); 1H NMR (400 MHz, CDCl3) δ 7.20 – 7.13 (m, 2H, Ar-H), 

6.92 – 6.85 (m, 2H, Ar-H), 3.82 (s, 3H, O-CH3), 2.40 (d, J = 8.3 Hz, 1H, CH), 1.90 (dq, J = 

8.3, 6.2 Hz, 1H, CH3-CH), 1.46 (d, J = 6.2 Hz, 3H, CH3); 
13C NMR (101 MHz, CDCl3) δ 

159.1, 129.9, 128.8, 113.8, 55.4, 41.8, 39.8, 30.5, 17.5. 

 

1-((2,2-Dimethylcyclopropyl)methoxy)-3,5-dimethoxybenzene (40) 

 

White crystal  

Rf = 0.62 (70:30 hexanes/EtOAc); mp 68-70 °C; 1H NMR (600 MHz, CDCl3) δ 6.09 (s, 3H, 

Ar-H), 4.13 (dd, J = 10.5, 6.5 Hz, 1H, O-CH2), 3.90 (dd, J = 10.5, 7.1 Hz, 1H, O-CH2), 3.76 

(s, 6H, O-CH3), 1.74 (t, J = 6.8 Hz, 1H, CH), 1.45 (s, 3H, CH3), 1.28 (s, 3H, CH3);
13C NMR 

(126 MHz, CDCl3) δ 161.5 (Ar), 160.5 (Ar), 93.7 (Ar), 93.4 (Ar), 67.0 (CH2-O), 55.4 (CH3-

O), 43.8 (CH), 37.5 (CBr2), 28.8 (CH), 27.2 (C), 19.6 (CH3); HRMS (ESI):  m/z calcd for 

C14H17BrO3:  312.0361 [M+H]+; found:  312.0350. (Note: this molecule appears to be 

decomposing on heating in the GC and only the mono-brominated compound has been 

observed.) 
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3-(2-(2,2-Dibromo-3-ethylcyclopropyl)ethoxy)pyridine (41) 

 

yellow oil  

Rf = 0.24 (75:25 hexanes/EtOAc); 1H NMR (500 MHz, CDCl3): δ 8.34 (dd, J = 2.2, 1.4 Hz, 

1H), 8.23 (dd, J = 3.6, 2.4 Hz, 1H), 7.24 – 7.21 (m, 2H), 4.19 – 4.10 (m, 2H), 2.16 (dt, J = 

20.6, 6.2 Hz, 1H), 1.95 (ddd, J = 14.1, 12.9, 6.9 Hz, 1H), 1.68 (dt, J = 21.5, 7.3 Hz, 1H), 1.49 

(tt, J = 14.5, 7.3 Hz, 1H), 1.34 (dd, J = 15.0, 7.2 Hz, 1H), 1.20 (dd, J = 15.0, 7.3 Hz, 1H), 

1.06 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 154.9, 142.3, 138.0, 123.8, 121.1, 

66.5, 38.4, 37.5, 33.9, 32.3, 26.0, 12.6.; HRMS (ESI):  m/z calcd for C12H15Br2NO+H+:  

347.9599 [M+H]+;  found:  347.9603. 
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1.7 Spectral Data 
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II. α-Arylations of (Hetero)Aryl Ketones in Aqueous 

Micellar Media 
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2.1 Personal Account 

I had just gotten back from Boston after completing the research portion of the aqueous 

slurry plug flow project at Novartis (see Chapter 4), and I went to go see Bruce about adding 

another project to my workload. The gem-dibromocyclopropane manuscript had yet to be 

written at this point, but I needed something else on my plate to occupy my interests. Again, 

Fabrice Gallou from Novartis came through with a solid idea for a project in the form of α-

arylation of ketones in aqueous micellar medium. This was exciting from the inception 

because, at face value, the idea of being able to perform enolate cross-coupling chemistry in 

water seemed crazy based on the orders of magnitude in difference between the acidity of water 

vs. the α-proton of a ketone. However, we postulated that the lipophilic nature of the micellar 

core would prevail once again (vide supra) in defying the impossible.  

I immediately set forth to explore the literature surrounding the transformation, as well as 

set up some trials of the classical model reaction between propiophenone and 4-bromoanisole 

using strong base and a palladium catalyst inspired by Hartwig’s group. Amazingly, the very 

second reaction that I set up worked in a relatively decent yield of 65%, albeit at 2 mol % 

palladium loading after running for four days. This prompted Dr. Daniel Lippincott to express 

his amused surprise; he hoped it was going to at least be harder than just a few trials to get this 

chemistry to go. That’s the power of the micellar system, however, and this success became 

the impetus for a very enjoyable cross-coupling project that was vastly different from both the 

cyclopropane dehalogenation and flow projects. 

With respect to the allylation chemistry, the origination of this project came after the 

completion of the arylation project. Bruce called me into his office (as the current group expert 

in enolate chemistry in water, as he put it) to help advise a then second year graduate student, 
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Ms. Xiaohan Li, to explore this transformation. The reason why we began this program was 

that Xiaohan didn’t feel that she had enough to do (she was already working on two projects) 

and wanted something challenging. It turns out that she took the allylation work to a completely 

different level away from aqueous micellar catalysis and towards neat methodology, which 

was new territory for our group and very cool to work on. I was given the privilege to apply 

her method to the total synthesis of CoQ9 and a variety of vitamin K derivatives, which was 

ultimately a very fun experience. What’s greener than running chemistry without any solvent? 
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2.2 Introduction and Background 

 Notwithstanding the incredible advancements in carbon-carbon and carbon-heteroatom 

coupling techniques developed within the past four decades, improved methods for transition 

metal catalyzed bond formations remain in high demand in both academia and industry alike.1 

Of these transformations, the ability to construct C(sp2)-C(sp3) bonds (typically in the form of 

aryl-alkyl bond formation) is of major importance. However, many methods available in the 

literature involve preformation of alkylmetallic intermediates derived from alkyl halides (i.e., 

as seen in organomagnesium halide or organozinc halide reagents) to be transmetalated in situ 

to another transition metal, which is then coupled with the corresponding aryl halide.2 A 

powerful alternative to these techniques for forming sp2-sp3 carbon bonds is through coupling 

of an activated carbon adjacent to an electron withdrawing group, and using a Group 1 element 

as the transmetalating agent.3 In the case of ketones, this active intermediate is in the form of 

the enolate which is formed simply by the addition of base, which can then be coordinated 

directly to a palladium (or, in some cases, nickel, vide infra) center which can then be coupled 

with an aryl ring (Figure 1). 

 

Figure 1: General reaction scheme for arylation at the -position of a ketone 
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The α-arylation of ketones has gained modest traction in the field of chemical synthesis. 

This is due to the prevalence of this connection as a key step towards natural products, active 

pharmaceutical ingredients (APIs), and agrochemicals. Indeed, pathways en route to a variety 

of high value compounds have been accomplished using this transformation, e.g., Trileptal, 

which is an anticonvulsant (Figure 2).4 

 

 

Figure 2: Examples of key α-arylations of ketones towards natural products and APIs 

 

The attractiveness of this technology is due to the commonness of both the ketone and 

halide coupling partners, which are either easily purchased from chemical vendors or can be 

synthesized via a variety of known methods. Nonetheless, such α-arylations have been 

woefully under-evaluated in the literature, certainly relative to most other Pd-catalyzed 

couplings (i.e., compared to Suzuki-Miyaura, Mizoroki-Heck, etc.), as noted by Colacot and 

Snieckus in their review on transition metal catalysis.5 

Historically, the first reported α-arylation of a ketone was by Semmelhack et al. in 1975 

towards the synthesis of cephalotaxus alkaloids.6 One methodology explored in their work for 
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a critical transformation was the Ni0-catalyzed intramolecular ring closing of an aryl iodide 

with the α-position of a ketone, utilizing strong base in THF (Figure 3). The authors 

rationalized the reaction mechanism as a “reverse SNAr” pathway, given the nature of aryl 

iodides as unreactive in traditional SNAr chemistry, where Ni0 first oxidatively inserts between 

the aryl ring and the iodide forming a σ-aryl nickel species, which is then attacked by the 

enolate formed from the abstraction of the α-proton of the ketone via the strong base, resulting 

in the fused ring in 41% yield. 

 

 

Figure 3: Synthesis of cephalotaxinone using Ni0-catalyzed α-arylation of an enolate 

 

Prior to reports focusing solely on α-arylation methodology, Muratake et al. in 1997 also 

explored this chemistry, in this case using catalytic palladium for the first time, in the formation 

of the pharmacophore towards the duocarmycin family.7 In this report, the authors generated a 

tricyclic aromatic system arrived at via α-arylation of a heteroaromatic ketone resulting in a 

novel phenol-forming reaction. This required a large amount of catalyst (10 mol % Pd), but 

they were ultimately able to use an aryl triflate to affect ring closing followed by trapping a 

phenoxide with methyl chloroformate in a subsequent step (Figure 4). 
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Figure 4: Muratake’s α-arylation towards the duocarmycin structural motif 

 

Key advancements into the general applicability of α-arylation of ketones were developed 

in 1997 by multiple laboratories simultaneously. Initially, Buchwald’s group found, in two 

reports from 1996-1997, that in the effort to form aryl ethers using alkoxides and aryl halides 

a very small amount of an arylated ketone was formed.8 This side product was specifically 

found in the case where electron-neutral and electron-rich aryl bromides were used, where 

hydrodehalogenation of the aryl bromide was observed with oxidation of the alcohol to a 

corresponding ketone, which could then couple with a second equivalent of the aryl bromide 

using the Pd catalyst (Figure 5). 

 

 

Figure 5: Buchwald’s initial discovery of Pd-catalyzed ketone α-arylation 

 



 

 131 

This result precipitated further investigation into this cross-coupling reaction by 

Buchwald’s group, which published a methodological study in 1997.9 This communication 

was reported nearly simultaneously with related work from the Hartwig10 and Miura11 labs 

which disclosed similar observations. Miura was able to arylate a ketone, activated at the α-

position with an already installed phenyl group, using simply PdCl2 in DMF and Cs2CO3 as 

base, stopping at the diarylated product. However, Buchwald and Hartwig found far superior 

activity for aryl, heteroaryl, and alkyl ketones when using bulky chelating phosphine ligands, 

either BINAP or Tol-BINAP in the case of Buchwald and DTPF being used by Hartwig (Figure 

6). 

 

 

Figure 6: Concurrent reports concerning α-arylation of ketones methodology 

 

Insight into the activity of these bulky phosphines as Pd ligands can be gleaned by taking 

into consideration the proposed mechanism for this reaction, which generally follows a similar 
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pathway with consideration to other Pd catalyzed cross-coupling reactions (Figure 7). Firstly, 

Pd0 is either added directly into the reaction, or is reduced from PdII in situ to the active metal. 

As in all palladium catalyzed chemistry, the reduction mechanism is highly dependent upon 

not only the Pd source (i.e., palladium(II) salts, palladium(I) dimers, etc.), but also the reagents 

being added or by direct pre-treatment of the metal. For example, Pd(II) salts can be pre-

activated either using dioxane/water mixtures12 or treatment with DIBAL-H in organic 

solvent,13 whereas Pd(I) dimer species are typically activated via nucleophile-assisted 

fragmentation.14 Regardless, PdII salt activation to Pd0 is typically found to be facile in aqueous 

systems, most of the time not requiring pre-reduction to form the active metal. 

Following formation of the active metal catalyst, oxidative addition of the Pd0(Ln) into an 

aryl halide or aryl pseudohalide occurs resulting in an organopalladium(II) complex, seen 

similarly in other cross-couplings such as the mechanism proposed for the Suzuki-Miyaura 

reaction.15 The reactivity towards oxidative addition of the aryl halide follows a trend where I 

> Br = OTf > Cl in terms of rate. Separately, the (typically) Group 1 metal enolate of the ketone 

is formed following deprotonation using base, and concomitant transmetalation from the alkali 

element results in an enolate-bound palladium complex. Specific for this reaction, the newly 

formed palladium(II) enolate can exist between the oxygen- or carbon-bound σ-complexes, or 

as the η3 -complex. The C-bound σ-complex is the reactive penultimate species prior to 

completion of the catalytic cycle, where larger transition metals such as palladium prefer this 

carbon-bound complex. Reductive elimination results in the formation of the α-arylated ketone 

product along with reformation of the active Pd0 species. 
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Figure 7: Palladium catalyzed ketone α-arylation mechanism 

 

Based on these initial findings, bulky chelating phosphines were found to be competent 

first-generation ligands for Pd catalyzed α-arylation cross-couplings reactions. This can be 

rationalized based on the electron donating attributes of phosphines, which improve the rate of 

the oxidative addition step.  Furthermore, the steric congestion of large ligands not only 

facilitates the reductive elimination step by forcing the enolate and aryl group into closer 

proximity around the metal center, but also reduces palladium-catalyzed β-hydride elimination 

of the ketone to the α,β-unsaturated byproduct.9-10 
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These results led Kawatsura and Hartwig in 1999 to explore alkylphosphine ligands as 

potential next generation arylation ligands, as opposed to the aryl ligands employed 

previously.16 They postulated that even more sterically demanding alkylphosphines would 

increase the energy of a stable highly coordinated Pd intermediate, which would therefore 

decrease the relative energy of the low coordinate active Pd0 intermediate species responsible 

for the oxidative addition and reductive elimination and hence, increase the overall rate of the 

reaction. Furthermore, the increased electron donating capabilities of alkyl groups would 

reduce cleavage of the P-C bonds in the ligand during reaction, improving stability and 

increasing turnover numbers (TON). Therefore, they hypothesized that the tert-butylphosphine 

ligand 1,1’-bis(di-tert-butylphosphino)ferrocene (dtbpf) would be superior to previous 

arylphosphines used, which turned out to be correct, and resulted in high activity at 

considerably lower temperatures. Interestingly, 31P NMR analysis found that bulky dtbpf 

prefers to pass through a 3-coordinate monodentate species based on the two phosphorous 

resonances found in the spectrum rather than a 4-coordinate species as observed in DPPF, 

which gave only one resonance (Figure 8). Hence, the 12 e- Pd species is the considerably more 

reactive catalyst-derived intermediate. In addition, Colacot in 2007 improved this catalytic 

system by proposing the preformed Pd[dtbpf]Cl2 as superior compared to mixing the Pd and 

ligand together in situ as a 1:1 mixture, the latter method of which can unintentionally form 

the stable 18 e-
 species (Pd[dtbpf]2) that is far less reactive.17 
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Figure 8: Bidentate 4-coordinate DPPF ligand vs. monodentate 3-coordinate dtbpf ligand 

 

Ultimately, this discovery resulted in the exploration of other monodentate, electron-rich 

alkylphosphine ligands for this chemistry (Figure 9). This ligand class includes n-BuPAd2,
18 

P(t-Bu)3 and P(Cy)3,
16 phosphadamantane,19 XPhos,20 MorDalPhos,21 and DTBNpP.22 Nolan 

also described N-heterocyclic carbenes (e.g., [Pd(acac)Cl(IHept)]) as viable monodentate 

ligands for Pd catalyzed α-arylations at low loadings of Pd.23 

 

 

Figure 9: Examples of monodentate alkylphosphine ligands 
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Given the wide applicability of this reaction, and the ability to access high value targets in 

multiple disciplines of organic synthesis, it behooves the community to improve this 

technology with respect to its environmental impact. In nearly all reports, α-arylation of 

ketones is performed in hot (>80 °C), rigorously dry organic solvents with Pd loadings of 1-5 

mol %, if not higher. This is due to the very nature of organic solvents, which dilutes coupling 

partners and, thus, needs to be driven to completion thermally and with high concentrations of 

catalyst. Moisture is also traditionally considered forbidden in this reaction, given the relative 

acidity of water (pKa 15.7) compared to that of a ketone (pKa ca. 20).24 However, we postulate 

that this enolate chemistry can be amenable to aqueous systems if in the presence of a surfactant 

which provides a lipophilic and hydrophobic pocket to “house” and protect the reactive 

intermediate and allow for coupling to take place. There has been one report of aqueous-based 

α-arylations of ketones in the literature prior to this work; however, the optimized conditions 

in this case required egregious loadings of surfactant (PTS, 15 wt % in water) and palladium 

catalyst (5 mol %) and was run at refluxing conditions to affect cross-coupling.25 Furthermore, 

the scope of this reaction was severely limited to only a small subsection of ketones. In this 

chapter, we disclose aqueous micellar Pd-catalyzed α-arylations of aryl and heteroaryl ketones 

under near ambient conditions with, in many cases, parts-per-million Pd loadings in only 2 wt 

% TPGS-750-M. This chemistry can be applied to late-stage functionalization of 

pharmaceutical compounds, including the synthesis of a precursor to an API. Furthermore, this 

methodological advancement boasts a very low environmental impact as evidenced by the 

associated E Factors, recycling of the aqueous medium, and amenability towards multistep 

syntheses in 1-pot. 
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In the spirit of α-functionalization of ketones, and novel methods that take environmental 

responsibility into consideration, a short section in this chapter will also cover neat α-

allylations, which up until this dissertation is an unexplored area of green chemistry for our 

group. This chemistry was ultimately applied to the total synthesis of a selection of natural 

products in the form of nutraceuticals, which exemplifies its versatile capabilities. 
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2.3 Results and Discussion  

Micelle catalyzed α-Arylation of Ketones in Water 

Initial exploration into aqueous micellar Pd-catalyzed α-arylations of ketones was 

attempted using a classical cross-coupling model system of propiophenone (1) and 4-

bromoanisole (2) to form the arylated ketone 3 (Table 1). Three general catalyst types were 

screened, running the reaction at 0.5 M and 45 °C using 2 wt % TPGS-750-M/H2O, two 

equivalents of KOH as base, and 2 mol % catalyst. For these initial trials, the stoichiometry 

between the ketone and aryl bromide was kept at a 1:1 molar ratio. 

 

Table 1: Initial screening of catalysts using hydrophilic base 

 

Entry Catalyst Yield 3 (%) 

1 Pd[dtbpf]Cl2 (2 mol %) 65 

2 Pd[P(o-Tol)3]2Cl2 (2 mol %) 0 

3 Fe/ppm Pd-SPhos NPs (800 ppm) 0 

 

 

Results from this set of experiments indicate that triarylphosphine palladium(II) chloride 

pre-catalyst (entry 2) was inactive under these aqueous base conditions. This is congruent with 

work by Hartwig,16 where it was found that aryl phosphines are considerably less reactive 

under near ambient conditions, and thus higher temperatures may be required for this Pd 

catalyst to form the arylated ketone. A quick screening of Fe/ppm Pd-SPhos nanoparticles 

(entry 3) yielded no conversion to product, most likely due to the exceptionally low loading of 
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Pd (at only 800 ppm Pd with respect to the substrate under published conditions) on the surface 

of the iron particle which is amenable for other Pd catalyzed reactions such as Suzuki and 

Sonogashira cross-couplings in water.26 Luckily, under these unoptimized conditions, the 

Pd(dtbpf)Cl2 pre-catalyst (entry 1) exhibited moderate coupling activity, producing 3 in 65% 

isolated yield, albeit after 56 hours of reaction time. Increasing the equivalents of KOH did not 

improve conversion using this system based on GCMS analyses. Furthermore, GCMS and 

TLC indicated high selectivity for the mono-arylated product, in addition to unreacted starting 

material. 

Based on these findings, some initial screening of conditions was performed prior to a full 

investigation into the optimal ligand for water-based α-arylations using 2 mol % Pd(dtbpf)Cl2 

as catalyst on a 0.5 mmol scale. Based on the potential transient nature of an enolate in aqueous 

media, even in the presence of lipophilic micelles that could protect the nucleophile, it was 

postulated that increased reaction concentration could improve reaction conversion (Table 2). 

Indeed, trials run from 0.5 M (entry 1) to 1.0 M (entry 2) exhibited improved yields of 3 from 

85% to 90% yield, respectively, when using Kt-OBu as base and 2 wt % TPGS-750-M as 

surfactant. A global concentration of 1.0 M was considered to be optimal for further studies, as 

increasing the concentration further would render solid substrates and/or products difficult to 

stir and may unintendedly inhibit reaction conversion. The stoichiometry of the enolate was 

also increased to 1.2 equivalents to facilitate greater conversion, thereby using the aryl bromide 

as the limiting reagent for evaluating this methodology. 
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Table 2: Global concentration screening of aqueous α-arylations 

 

Entry Concentration (M) Yield 3 (%)[a] 

1 0.5 85 

2 1.0 90 
[a] Isolated yields 

 

Moving forward with initial screening protocols, the cation of the lipophilic tert-butoxide 

base was found to be a key factor for conversion in the case where 2 mol % Pd(dtbpf)Cl2 was 

used as catalyst (Table 3). In the formation of 3, a general trend was observed where increasing 

the size of the Group 1 cation improves yield, even under conditions where the reaction was 

allowed to run for 16 hours a 1.0 M. This is most likely due to the larger size, and therefore, 

ease of dissociation of the sodium (entry 2) and potassium (entry 3) ions compared to lithium 

(entry 1), which would facilitate transmetalation to form the organopalladium enolate 

intermediate. 
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Table 3: Cation study using tert-butoxide as base 

 

Entry Cation Yield 3 (%)[a] 

1 Li+ 66 

2 Na+ 80 

3 K+ 90 
[a] Isolated yields 

 

Taking these early discoveries into consideration, we undertook a more in-depth 

investigation into the optimal Pd catalyst for this reaction. A variety of Pd catalyst sources 

were screened at 2 mol %. In some cases, the ligand was combined with Pd(OAc)2 to form the 

active species directly in water (or, in organic solvent prior to adding to an aqueous system, 

there was no observed difference in premixing protocols), whereas in other cases the Pd was 

added as a pre-catalyst salt (Figure 10). tert-Butoxide as base was held constant in this study; 

however, the cation was altered between lithium and potassium, the latter of which was 

determined to be the optimal counterion. Regardless of this inconsistency, general trends in 

activity could still be determined based on isolated yields of 3. 
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Figure 10: Screening of ligands for α-arylations of ketones in water 

 

Interestingly, the biaryl SPhos ligand was found to be completely inactive for α-arylation 

cross-couplings with ketones in aqueous micellar media, despite seeing high activity in organic 

solvents.27 This was also the case for N-heterocyclic carbene ligand CX 3128 and bidentate 

phosphine ligand Xantphos,29 both of which are reported to successfully facilitate this 

transformation, in some cases even at room temperature. A ligand developed by the Lipshutz 

lab, EvanPhos,12 which is known to catalyze Suzuki-Miyaura couplings in high yield even at 

ppm levels of Pd in water, was also ineffective in the arylation chemistry. The (Qphos)2Pd 

catalyst precursor, which Hartwig’s group found to be highly active for arylating malonates in 
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organic solvent,30 saw only modest conversion when using lithium tert-butoxide as base; we 

postulate that higher yield would be observed if run using the potassium counterion. This effect 

can be seen in the similar activity of c-BRIDP-Pd-(π-allyl)Cl pre-catalyst, providing 3 in 37% 

yield using lithium and 74% yield using potassium tert-butoxide. Pd(dtbpf)Cl2, known to work 

well with initial trials in aqueous conditions, gave product in very high yield of 90% when 

used at 2 mol %.  

In searching for an improved catalyst, we hypothesized that Pd(I) dimer species, which 

have found a variety of applications as pioneered by the Schoenebeck group,31 would be a 

highly active pre-catalyst for α-arylations in water. Indeed, the supported single-atom bridged 

[Pd(μ-Br)(t-Bu)3P]2 dimer complex32 saw marked improvement over the previous best result 

from Pd(dtbpf)Cl2, affording a 97% isolated yield of 3 with 2 mol % Pd (i.e., 1 mol % dimer 

complex). To determine if the very bulky (t-Bu)3P ligand is responsible for this high yield, we 

tested this same model compound against the mixture of Pd(OAc)2 and the phosphine ligand 

prepared in situ and saw the same excellent conversion giving a 99% isolated yield. Despite 

the similarity in activity, we felt that the Pd(I)Br dimer was the best catalyst source to pursue 

this chemistry, especially when taking industrial applications into consideration due to the ease 

of handling of the complex compared to pyrophoric (t-Bu)3P, which needs to be set up in an 

air-free environment. However, reports in the literature of this dimer have indicated moderate 

air instability and near instantaneous decomposition when oxygen is present in solution; 

therefore, all reactions moving forward were run in rigorously degassed TPGS-750-M aqueous 

solution.  

With respect to catalyst, we observed a general tendency of tert-butylphosphines to be the 

best ligands for this transformation, compared to cyclohexyl- or phenyl-phosphine ligands. 
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This is most likely due to two ligand effects: (1) the large Tolman “cone” angle of the tert-

butyl group forces the enolate and the aryl groups together, which facilitates reductive 

elimination and to form the desired α-aryl ketone;33 and (2) the size of the tert-butyl groups 

also provides enough steric congestion to maintain the mono-ligated 12 e- Pd species, which is 

highly active for the oxidative addition step.34 

There exists an exigency in the field of synthetic organic chemistry to optimize low 

loadings of Pd catalysis, considering the endangered status of this precious transition metal.35 

Therefore, given the success of both Pd(dtbpf)Cl2 and the [Pd(μ-Br)(t-Bu)3P]2 at 2 mol % for 

α-arylations of ketones in aqueous micellar media, we found it important to test the limits of 

low Pd catalyst loadings for this transformation with respect to the conversion of the model 

substrate 3 (Table 4). Expectedly, there was a dramatic decrease in conversion when reducing 

the loading of Pd[dtbpf]Cl2 from 2 mol % to 0.5 mol %, resulting in a drop from 90% yield 

(entry 1) to 38% yield (entry 2), respectively, and to zero conversion with further reduction of 

catalyst. However, we observed a striking difference in performance of the Pd(I) dimer 

complex, which gave nearly quantitative yield of 3 at loadings as low as 2500 ppm Pd (0.125 

mol % dimer complex). This result was highly encouraging for further studies using only parts-

per-million levels of Pd in surfactant media, and completely outcompeted the current state of 

the α-arylation art using this catalyst in organic solvent.36 
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Table 4: Catalyst loading screening for α-arylation chemistry in water 

 

Entry Pd (mol %) 
Yield 3 (%)[a] 

Pd[dtbpf]Cl2 

Yield 3 (%)[a] 

[Pd(μ-Br)(t-Bu)3P]2 

1 2 90 97 

2 0.5 38 91 

3 0.25 trace 97 

4 0.125 N/A incomplete 

[a] Isolated yields 

 

Considering the protic nature of the aqueous reaction medium, and the relatively high pKa 

of the α-proton of a ketone compared to that of water, we suspected that the choice in base 

would be paramount for cross-coupling (Table 5). The hypothesis for successful conversion 

was based not only on the pKa of the conjugate acid of the base, where increased strength of 

the base would result in a higher concentration of the enolate, but also its lipophilicity. 

Therefore, it was not entirely surprising that KOH in surfactant media (entry 1) was inferior 

compared to the reactivity of the lipophilic and more basic K-O-t-Bu (entry 4), which could 

much more easily gain access into the inner “greasy” organic pocket of the micelle containing 

the ketone. Interestingly, running the reaction “on-water” (i.e., without surfactant) with KOH 

(entry 2) saw further reduction in yield compared to the trial in the micellar medium with the 

same base, most likely providing some insight to the mechanism of even inorganic bases 

interacting with, what might be, the “surface membrane” of the micelle nanoparticle in the 
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form of the PEG chain. To test the lipophilicity vs. pKa of the conjugate acid of the base as 

key contributors to reactivity, a trial was performed using a KOH/TIPS-OH mixture (entry 3). 

The highly lipophilic silanol base, which saw success in previous studies in surfactant media,37 

resulted in very poor yield of 3 (35%). This is most likely due to the low pKa of the silanol, 

which is greater than two orders of magnitude more acidic than t-BuOH. This trend did not 

apply to K3PO4 (entry 5), however, which gave yields like that of KOH in surfactant media 

despite having a very low conjugate acid pKa of 12.3. The organic soluble amine base, 

triethylamine (entry 6), gave zero conversion, most likely elucidating the importance of a 

Group 1 cation for the transmetalation event to form the organopalladium enolate intermediate. 

One hidden aspect of this base study also lays in observation that, when using K-O-t-Bu as 

base, there is a considerable amount of organic co-solvent produced due to the formation of t-

BuOH. Dr. Nico Fleck found later that, for this same model reaction, similar conversion to 

using a stoichiometric amount of K-O-t-Bu can be achieved when using a mixture of KOH and 

catalytic t-BuOH. However, we believe that the t-BuOH co-solvent formation may be critical 

for emulsifying poorly soluble starting materials, a detail described by other group members 

for their aqueous based chemistry both in our academic lab as well as in industrial applications. 
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Table 5: Base screening for α-arylations in water 

 

Entry Base pKa conjugate acid Yield 3 (%)[a] 

1 KOH 15.7 63 

2 KOH (on water) 15.7 40 

3 KOH / TIPS-OH 14.9 35 

4 K-O-t-Bu 17 97 

5 K3PO4·H2O 12.3 57 

6 Et3N 10.8 trace 

[a] Isolated yields 

 

Interestingly, there were major differences in the conversion of the model α-arylation 

reaction with respect to the reaction medium used. One surprising result was the relative 

success of the “on-water”38
 trial, which gave 76% yield of 3 when allowed to react overnight 

(entry 1). This is most likely because both substrates 1 and 2 are liquids under the reaction 

conditions, and therefore benefit from the “on-water” effect that more solid substrates may not 

be able to exploit. Regardless, addition of 2 wt % TPGS-750-M (entry 2) to the water saw 

considerable improvement in conversion (97%). Another group surfactant “Coolade”39 (entry 

3) also performed well compared to just water, whereas “Nok”40 (entry 4) gave nearly identical 

yield to that of a purely aqueous system. Another PEGylated amphiphile Triton X-100, which 

bears an alkylaromatic hydrophobic chain akin to α-tocopherol,41 gave similar yields to that of 

just water at 82% (entry 5), whereas Brij-35,42 a PEGylated lauryl alcohol (entry 6), resulted 

in the poorest conversion of all media tried at 39% yield, most likely due to the very small 
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aggregates formed in aqueous solution compared to other surfactants. In an odd turn, another 

α-tocopherol based surfactant, 5 wt % PTS-1000 (entry 7),43 provided product in no better 

yields than just water (74% yield), which may be due to the higher concentration of the 

surfactant in the aqueous solution which could be diluting the coupling partners and lowering 

the possibility of collision. Ionic surfactant sodium dodecyl sulfate (entry 8), containing an 

analogous alkyl chain to that of Brij-35, gave similar yield (45%). Gratifyingly, the optimized 

yields for this aqueous micellar catalyzed α-arylation performed poorly in toluene, a traditional 

solvent used for this transformation, in both concentrations of 1.0 M (48%) as well as more 

dilute 0.2 M (60%). 

 

Table 6: Aqueous and organic reaction medium screening 

 

Entry Medium Yield 3 (%)[a] 

1 water 76 

2 2 wt % TPGS-750-M/H2O 97 

3 2 wt % Nok/H2O 80 

4 2 wt % Coolade/H2O 89 

5 2 wt % Triton X-100/H2O 82 

6 2 wt % Brij-35/H2O 39 

7 5 wt % PTS-1000/H2O 74 

8 2 wt % SDS/H2O 45 

9 toluene (1.0 M) 48 

10 toluene (0.2 M) 60 

[a] Isolated yields 
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Efforts to further optimize this reaction led to the finding that arylations perform best at 

temperatures slightly higher than that of room temperature (Table 7). Lowering the temperature 

from 45 °C (entry 2) to 30 °C (entry 1) saw a remarkable drop in conversion to 3 under standard 

conditions. 

 

Table 7: Effect of temperature on conversion 

 

Entry Temperature (°C) Yield 3 (%)[a] 

1 30 38 

2 45 97 

[a] Isolated yields 

 

Using these optimized parameters, we then explored a second set of ligands (Figure 11), 

some of which have been reported to yield α-arylation of ketones in organic media (vide supra). 

These trials were run at 1 mol % Pd, which is a very high catalyst loading compared to the 

Pd(I) bromide dimer complex under the best conditions. Not surprisingly, arylphosphine L1, 

which has a considerably smaller Tolman cone angle and electron-donating capabilities 

compared to (t-Bu)3P, gave zero conversion. Similar lack of activity was also observed for 

MorDalphos (L4) and associated ligands from the Stradiotto group (L2, L3, and palladacycle 
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L5). Further screening of Buchwald diaryl- and dialkylbiaryl phosphine ligands L6, L7, and 

L8 also provided no product.  

 

Figure 11: Secondary ligand screen for aqueous α-arylation methodology using 1 mol % Pd 

 

We determined that the optimal conditions for α-arylation of ketones in aqueous media 

included reaction at 45 °C in 2 wt % TPGS-750-M/H2O at 1.0 M global concentration with 2.4 

equivalents of KO-t-Bu as base (which provides t-BuOH as co-solvent in situ), and [Pd(μ-

Br)(t-Bu)3]2 as pre-catalyst. Pd loadings between 0.25-2.0 mol % were tested on substrates 

based on need, where difficulty in cross-coupling required greater amounts of catalyst (Figure 

12). Initial inquiry into the scope of the reaction was determined based on the reactivity of 

propiophenone (1) with a variety of electronically diverse aromatics and heterocycles. 

Electron-rich aryl halides, known to better facilitate the reductive elimination step of the 

catalytic cycle, produced compounds 3 (97%), 6 (94%), and 8 (91%) in high yields with Pd 
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loadings between 0.25-0.5 mol %. Substrate 6 was recovered in higher yield under the aqueous 

micellar conditions using nearly an order of magnitude less Pd than in comparison to the 

literature run in organic solvent, which also required significantly greater equivalents of 

propiophenone, base, and higher temperature for conversion (Figure 13).44 Electron-neutral 

biphenyl substrate 4 was also prepared in quantitative yield, despite the very low solubility of 

the product in the aqueous reaction media. Electron-poor heterocycle substrate 5 required 2 

mol % Pd to reach completion, but ultimately produced the desired compound in very high 

yield (97%). Even more electron-deficient substrate 7 was tested with both the chloro- and 

bromo-arene starting material, the latter of which was found to require a quarter of the required 

Pd to reach roughly the same yield (54-60%). The nucleophile p-tolyl-1-propanone, which is 

structurally similar to propiophenone, was also found to react with the N-benzyl protected 7-

azaindole in high yield to form substrate 9 (88%) using only 0.5 mol % Pd. Thiophene 

precursors to 10 and 16 were able to react with the very electron-rich 4-bromo-N,N-

dimethylaniline coupling partner in high yields (73% and quant., respectively) using only 0.5 

mol % Pd despite the inclusion of the sulfur-containing heterocycle. Aryl methyl ketone 

products 11 and 12 could be coupled in high yield, albeit requiring an increase of the ketone 

to 1.7 equivalents. It should be noted that successful mono-arylation is supposed to occur 

selectively due to the o,o’-substitution on the naphthyl and mesitylene bromides, which should 

sterically prevent a second arylation on the considerably more acidic α-aryl substituted aryl 

ketone (vide infra for cases where double-arylation was selected over mono-arylation). A 

quaternary carbon center could be made using α-methyl tetralone as the nucleophile and 4-

bromo-N,N-dimethylaniline as the electrophile, producing compound 13 in 90% yield. Due to 

the protic nature of the media, we found that the 2-azaindole, as the THP-protected heterocycle, 
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could first be coupled using a tetralone derivative and 5000 ppm Pd followed by deprotection 

in 1-pot simply by adding HCl to pH <1 to form the unprotected heteroaromatic 14 in moderate 

yield (66%) over two steps. The bulky deoxybenzoin, which contains a very acidic α-proton, 

was coupled in quantitative yield with the aryl morpholine bromide to form substrate 15. 

Coupling site selectivity for more acidic protons was achieved over lack of steric hinderance 

for compound 17, producing the diarylated carbon using a pyrimidinyl bromide in 60% yield 

with 2 mol % Pd under standard conditions, but the catalyst loading could be reduced to 5000 

ppm Pd when increasing the temperature to 70 °C. Compound 18, produced in quantitative 

yield with 0.5 mol % Pd at 0.5 mmol, was scaled to 1.0 mmol with no impact on conversion, 

and was found to stir just as effectively even with larger reaction volumes producing a 

homogeneous emulsion. Compounds 19 and 20 were both effectively synthesized using the 

Boc-protected indole bromide with 2 mol % Pd loading at 87% and 61% yield respectively 

even, as for the case of 20, in the presence of a potentially competitive aryl chloride as 

electrophile. Interestingly, the thiazole ketone was fairly unreactive under these conditions, 

where the most reactive aryl bromide produced 21 in only 29% yield even with a large amount 

of the catalyst dimer. 

 



 

 153 

 

Figure 12: Substrate scope of mono-arylation of ketones in aqueous micellar media 
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Figure 13: Direct comparison of the aqueous micellar-catalyzed arylation chemistry with 

respect to the literature using organic solvent 

 

Late-stage functionalization of pharmaceutically relevant molecules has become a very hot 

topic, especially in the field of medicinal chemistry.45 This is due to the inherent value in 

compounds with high complexity and the ability to alter their structure without modifying other 

functionalities present therein. Therefore, we explored the α-arylation of APIs already on the 

market, taking advantage of their very nature as “drug-like” molecules, which contain aryl 

ketones (Figure 12). We found that donepezil, a drug that treats Alzheimer’s disease,46 and 

haloperidol, a drug that treats schizophrenia,47 could both be successfully derivatized in good 

yield (62% for donepezil and 76% for haloperidol) with 2 mol % Pd in the aqueous micellar 

medium under standard conditions. 

Selectivity for mono-arylation was generally unachievable for aryl methyl ketones using 

most electrophiles. As previously stated, compounds 11 and 12 were thought to be only 

monoarylated due to the 2,6-substitution of the aryl bromide added to the ketone, resulting in 

steric congestion at the site of the acidic proton and shielding this position from diarylation. In 
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other cases, such as for substrates 24-27, diarylation was preferred under standard conditions 

(Figure 14). This was found to be the result even for 26, with 2-substitution on the aryl bromide, 

as well as 27, with substitution on the aryl methyl ketone near the ketone. All diarylated 

substrates attempted for this study were found to reach completion in high yield, in most cases 

only requiring 5000 ppm Pd. Diarylation is most likely selected due to the considerably higher 

acidity of the resulting α-proton after monoarylation, which has been shown in water to be 

highly selected even in the presence of a bulky aryl ring. 

 

 

Figure 14: Diarylation of aryl methyl ketones 
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Unfortunately, not all ketones were amenable to cross-coupling in water, and a selection 

of these is presented in Figure 15. The aryl methyl ketone derived from N-methylpyrrole was 

found to be completely inactive in this system using a variety of aryl bromide coupling 

partners. This is unexpected given the success of analogous thiophene and furan-based ketones 

under similar conditions, as well as other N-heterocycles. This may be due to a difference in 

pKa of the α-proton, where the pyrrole may decrease the acidity enough to stymie 

deprotonation; another explanation may be due to water solubility issues. Alkyl ketones, as 

exemplified by methylpiperidin-4-one and tetrahydropyran-4-one, were not only unreactive 

under standard conditions in water, but also unexpectedly resulted in dehalogenation of the 

aryl bromide coupling partner. It was suspected that β-hydride elimination on the ketone was 

the culprit for this byproduct; however, no α,β-unsaturated ketone was observed by GCMS 

analysis of the crude product mixture, and this result remains a mystery. Lack of conversion 

for the β-tetralone and pyridazine ketone was highly surprising given the success of analogous 

ketones in the substrate scope, and may be due to poor coupling partner compatibility, although 

other bromides tried for this ketone also did not lead to coupling. The TIPS-protected azaindole 

ultimately resulted in zero activity due to deprotection of the silyl group under the basic 

conditions. 
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Figure 15: Unsuccessful α-arylations in water under standard coupling conditions 

 

An illustrative application of this chemistry is the synthesis of an intermediate towards the 

pharmaceutical tamoxifen, which is used to treat breast cancer as an estrogen receptor 

modulator (Figure 16).48 Indeed, an intermediate 29 could be synthesized en route to tamoxifen 

utilizing a previously successful enolate derived from deoxybenzoin and the commercially 

accessible aryl bromide 28. This cross-coupling went to completion in 98% yield using only 

0.5 mol % Pd in aqueous surfactant media. A further 1-pot synthesis towards a more advanced 

intermediate was attempted by trapping the resulting 29 enolate as a nonaflate, followed by 

coupling with diethylzinc to form the desired API. However, the initial nonaflation was 

unsuccessful using perfluorobutanesulfonyl fluoride in water. Previous group members have 

observed that analogous triflates are hydrolyzed quickly in water, even when ostensibly 

encapsulated by the micelles present, and this observation may explain the return of only the 

ketone starting material. 
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Figure 16: α-Arylation in water en route to tamoxifen 

 

The environmental impact of this process was measured by the E Factor of two potential 

workup outcomes (Figure 17).49 Firstly, in the case where the product is highly insoluble in 

the micellar array, the isolation procedure for product required only filtration followed by 

washing the precipitate with water. This calculation only includes the t-BuOH formed in the 

reaction as well as the unreacted 20 mol % excess propiophenone to be taken into consideration 

for the organic impact metric. This results in an exceptionally low E Factor of 0.79, thereby 

producing more product in the form of 4 than all the waste generated (not including the water). 

In another situation, emulsified product 3 can be extracted using a minimal amount of organic 

solvent, methyl tert-butyl ether, that is also now factored into the equation. The inclusion of 

this extraction solvent, even considering the low molecular weight of the product, still only 

results in an E Factor of 3.6. 
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Figure 17: E Factor determination for two process workup options 

 

Further exemplification of the environmental responsibility of this method can also be 

observed from the recyclability of the aqueous phase between sequential α-arylations (Figure 

18). Based on the reaction between propiophenone and 4-bromoanisole to form 3, the 2 wt % 

TPGS-750-M/H2O phase was able to be reused twice after an initial reaction with no loss in 

yield from subsequent trials. The key to this feature is the extraction protocol after each 

reaction, which was maintained under strictly air-free conditions (including degassed organic 

extraction solvent) to avoid decomposition of the oxygen-labile Pd(I) Br pre-catalyst added for 

the next reaction. Therefore, addition of fresh reagents and base were all that was needed for 

the next reaction; no additional water was added and therefore the concentration of each 

sequential reaction was increased slightly due to some water extraction at such a small (1.0 

mmol) scale. Hypothetically, this recycling sequence could be increased with the inclusion of 

fresh water, as after two trials without replenishment the salt buildup results in nearly no 

available aqueous medium. We also found considerably low residual Pd remaining in the 
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product at 6.6 ppm after the first recycle, less than the FDA allowance at 10 ppm/dose/day,50 

simply by filtering the extracted organics through silica gel. 

 

 

Figure 18: Aqueous recycling studies for α-arylations 

 

As mentioned in Chapter 1, the importance of running multiple reactions in tandem using 

the same aqueous phase cannot be understated based on the “pot”51 and “time”52 economy 

aspects associated with running a synthetic sequence. Therefore, we set out to develop a 

challenging multistep, 1-pot series of reactions in water using α-arylation as a key feature 

(Figure 19). Firstly, we found that standard arylation conditions were amenable for coupling 

4’-chloropropiophenone 30 and aryl bromide 31 using only 0.5 mol % Pd in water, resulting 

in arylated ketone 32. We theorized that the concomitant Suzuki-Miyaura coupling could then 

be catalyzed using the same Pd added for the initial step. This was achieved by adding N2Phos53 

ligand to the aqueous phase containing 32, thereby performing a “ligand switch” in situ, 

presumably forming the highly active N2Phos/palladium complex responsible for aryl chloride 
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couplings with arylboronic acids in water. Addition of 2,4-dimethylphenylboronic acid to this 

new catalyst system easily formed the intended biaryl compound which, following simple acid-

catalyzed hydrolysis of the 1,3-dioxolane in water by adding concentrated HCl until pH <1, 

resulted in compound 33. We then used 50 wt % NaOH to adjust the reaction pH back to 7-8, 

creating a suitable environment for NaBH4 reduction of the aldehyde to form the corresponding 

benzylic alcohol. Trapping the alcohol with 2-chloronicotinyl chloride was also found to be 

facile, leading to an unprecedented 5-step, 1-pot sequence to form 34 in 66% overall isolated 

yield. 

 

Figure 19: 5-step, 1-pot sequence in water utilizing α-arylation as key step 

 

Finally, based on the protic nature of the reaction media and the acidity of the resulting α-

proton of the arylated ketone product, we believed that it would be easy to incorporate 

deuterium into the product simply by running a reaction in TPGS-750-M/D2O. Indeed, this 
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deuteration was trivial and yielded the α-deuterated ketone 35 quantitatively with 100% isotope 

incorporation based on isolated 1H and 13C NMR (Figure 20). 

 

Figure 20: Deuterium incorporation at α-position using D2O as aqueous media 
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Neat α-Allylations of Ketones Towards Nutraceuticals 

Given the success of the α-arylation of ketones in water using Pd chemistry, we next turned 

our sights towards the analogous α-allylation reaction. This transformation, in organic solvent, 

typically does not require a transition metal. Only a base, to deprotonate and form the enolate, 

is needed followed by nucleophilic substitution on the activated allyl halide. Hence, this 

methodology is considered “fundamental”, typically found in traditional first year organic 

chemistry classrooms as pedagogy for exemplifying enolate chemistry. However, traditional 

thinking begets traditional problem solving, and thus most reported literature focuses on 

running such reactions under strictly anhydrous conditions in dry organic solvents to avoid 

enolate quenching. 

Initial efforts by Ms. Xiaohan Li to allylate the tertiary α-carbon of isobutyrophenone with 

a relatively simple halide, farnesyl bromide, in water yielded no conversion (entry 1, Table 8). 

This result held true even upon the addition of either tetrabutylammonium iodide (entry 2), to 

affect an in situ Finkelstein reaction, or the active Pd(I) Br dimer complex known to work for 

the -arylation chemistry. 

 

Table 8: Initial attempts to allylate isobutyrophenone in water 

 

Entry Additive Conversion (%) 

1 N/A 0 

2 TBAI (10 mol %) 0 

3 [Pd(μ-Br)(t-Bu)3P]2 0 
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Despite these initial reaction failures, Xiaohan attempted to solve this issue by exploring 

“neat” methodology, or chemistry run without any solvent, to circumvent the presence of 

water. Indeed, this is a new area of green chemistry for our group and was only recently applied 

via the mechanochemical synthesis of an intermediate towards the N2Phos ligand.53 To our 

delight, we found that allylation was not only amenable to these conditions, but also resulted 

in product in high yield with very fast conversion. For this substrate, only a 50% excess of the 

bromide and base were required for full conversion at room temperature with no additive 

needed (entry 8). 

 

Table 9: Xiaohan’s initial discovery of neat α-allylations of ketones 

 

Entry Bromide (equiv) NaO-t-Bu (equiv) Additive/Change Conversion (%)[a] 

1 1.5 1 NA 70 

2 1.5 1.2 NA 80 

3 1.5 1.5 NA 99 

4 1.2 1.5 NA 68 

5 1.2 1.5 10 mol % TBAI 65 

6 1.2 1..5 45 °C 68 

7 1.2 2.4 45 °C 83 

8 1.5 1.5 20 min 98 

[a] Yields based on 1H NMR analysis of the crude  

 

Using these neat conditions, Xiaohan set forth to evaluate the scope of both ketone and 

allyl halide coupling partners. We felt, however, that the robustness of this method made this 

chemistry applicable towards more synthetically challenging products. The initial inspiration 

for this project derived from the potential of allylation chemistry to prepare natural products 
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in the form of valuable nutraceuticals (Figure 21). Our first target molecules came from the 

menaquinone family, which is a methylnaphthoquinone unit derivatized by varying lengths of 

isoprene side chains, designated as MK-#, or vitamin K2 (where # = the number of repeating 

isoprene units).54 The goal was to synthesize not only the most biologically pervasive form for 

humans, MK-7, but also a potentially medically active MK-9 analogue, both of which promote 

bone and cardiovascular health.55 Taking advantage of a related quinone substructure, we 

believed this approach could be applied to the synthesis of the coenzyme Qn (CoQ) family of 

compounds. Our focus in this case was also to append a nonaisoprenyl group, derived from 

solanesol, to the quinone unit resulting in CoQ9. This analogue was especially interesting given 

the ubiquity of solanesol on the one hand, as it is recovered from tobacco waste (ca. $10-

100/kg for 90% pure material),56 while on the other hand, the staggeringly high price of CoQ9 

($267/mg).57 

 

 

Figure 21: Nutraceutical compounds as targets for neat α-allylations 
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At first glance, an organic chemist would quickly discover that there is no readily available 

synthetic handle to directly allylate the quinone unit. This is obvious based on the nature of the 

quinone ring which provides no acidic α-proton to form a nucleophilic enolate. However, an 

elegant workaround for this problem was proposed long ago by Rüttimann, where he 

developed a route first by derivatizing the quinone as the Diels-Alder adduct with 

cyclopentadiene (Cp), followed by deprotonation of the now sp3 hybridized α-proton to form 

the enolate which can perform the substitution reaction. Once complete, the Diels-Alder adduct 

can be cleanly converted back to the quinone via a retro-Diels-Alder at moderate temperature 

and reduced pressure without solvent.  

MK-9, K2 was chosen as the first target compound due to the abundance of solanesol as 

starting material (Table 10). In the case of the MK series, we were also thankfully gifted a 

large amount of the Diels-Alder adduct of the methylnapthoquinone by Anthem Biosciences. 

Initial studies for this transformation focused on using solanesyl chloride as the allylic halide, 

utilizing catalytic sodium iodide to affect an in situ Finkelstein reaction. Due to the cost of 

other isoprenyl compounds, such as the heptaprenyl alcohol used for MK-7, using excess of 

the Diels-Alder adduct was first attempted. Using two equivalents of the adduct with only 1.5 

equivalents of base and 5 mol % NaI resulted in the synthesis of 36 in 43% isolated yield (entry 

1). Increasing the amount of base and adduct saw a drop in yield to 33% (entry 2). Continuing 

to use the allylic chloride, switching the stoichiometry to use excess halide resulted in a boost 

in yield to 71% (entry 3). Finally switching the halide from chloride to bromide (entry 4) gave 

nearly quantitative yield after only one hour of reaction time. In the case of the allylic bromide 

example, the product can be easily recovered by loading the reaction mixture onto Celite 
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followed by filtering the unreacted allyl bromide through silica using hexanes, followed by 

diethyl ether/hexane mixture to elute the desired allylated compound. 

 

Table 10: Synthesis methods for preparing MK-9 Diels-Alder adduct 

 

Entry 
Halide X 
(equiv) 

Diels-Alder adduct 
(equiv) 

NaO-t-Bu 
(equiv) 

Additive 
Yield 36 

(%)[a] 

1 Cl (1) 2 1.5 NaI (5 mol %) 43 

2 Cl (1) 3 3 NaI (5 mol %) 33 

3 Cl (3) 1 3 NaI (5 mol %) 71 

4 Br (3) 1 3 NA 94 
[a] Isolated yields 

 

We subsequently found that scaleup of this process worked very well at 3.0 mmol scale 

producing 36 in quantitative yield upon isolation (Figure 22). It should be noted that a slight 

exotherm was felt physically upon addition of strong base to the mixture of the allylic bromide 

and Diels-Alder adduct, which may be a concern upon scaleup. Satisfyingly, the adduct 36 can 

be reverted to the benzoquinone following retro-Diels-Alder when heated neat to 85 °C at 

pressures less than 15 torr to provide MK-9 in 77% yield as a yellow solid after isolation (this 

step was not optimized). 
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Figure 22: Total synthesis of MK-9, K2 using neat allylation 

 

After accomplishing the synthesis of MK-9, this same set of conditions was applied to the 

synthesis of MK-7. The heptaisoprenyl alcohol for this analogue is considerably more 

expensive than solanesol because it must be synthesized, and therefore the heptaisoprenyl 

bromide was prepared on smaller scale and used in slightly less excess compared to use of 

solanesyl bromide. The conditions were essentially identical, exemplifying the robustness of 

this allylation chemistry leading to 37, followed by retro-Diels-Alder to form MK-7 (Figure 

23). 

 

Figure 23: Total synthesis of MK-7, K2 using neat allylation 
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This same synthetic approach was applied to the total synthesis of CoQ9 on a half-gram 

scale. To synthesize the Diels-Alder adduct of the 2,3-dimethoxy-5-methylquinone, 

cyclopentadiene was freshly distilled from dicyclopentadiene. Subsequent Diels-Alder 

reaction then took place in acidic medium at room temperature, yielding adduct 38 (Figure 24). 

 

 

Figure 24: Formation of the Diels-Alder adduct en route to CoQ9 

 

The neat allylation was then run identically as applied to the 2-step process to form the 

menaquinone derivatives (Figure 25). The formation of allylated Diels-Alder adduct 39 

resulted in lower yield compared to the analogous menaquinone reaction, resulting in product 

in only 70% yield upon isolation. However, retro-Diels-Alder to form CoQ9 went to completion 

in very high yield (93%) to result in the desired product as an orange solid at 65% overall yield 

for two steps. 
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Figure 25: Total synthesis of CoQ9 using neat allylation  

 

A variety of potential improvements of these reaction conditions for synthesizing CoQ9 

were attempted. First, trying to run this chemistry as a 2-step, 1-pot sequence resulted in similar 

yield to when the intermediate is isolated (59% over two steps). However, vigorous foaming 

is encountered if the first reaction is placed under hi-vacuum to run the retro-Diels-Alder 

(Figure 26). 

 

 

Figure 26: Intense foaming encountered when first reaction is put under hi-vacuum 
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Second, another trial involved using mineral oil as a “solvent” to maximize the yield of the 

allylation step, potentially mitigating some decomposition side reaction. However, isolation of 

the CoQ9 from this sequence resulted in poorer yield compared to that of the isolated and 1-

pot sequences (55% yield). 
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2.4 Conclusions 

In conclusion, α-arylation of ketones has been achieved in an aqueous micellar system at 

near ambient conditions. The reaction requires, in many cases, only parts-per-million levels of 

palladium in the form of a [Pd(μ-Br)(t-Bu)3P]2 complex to affect cross-couplings of aryl 

enolates and aryl halides at 45 °C with K-O-t-Bu as base. The chemistry is amenable to a 

variety of aromatic and heteroaromatic couplings partners, including late-stage functionalized 

molecules in the form of APIs, which can be further derivatized, and intermediates towards a 

target drug tamoxifen. The robustness of this this method is exemplified by exceptionally low 

E Factors, aqueous phase recyclability, and an aggressive 5-step, 1-pot sequence that utilizes 

α-arylation as a key step, including an unprecedented “ligand switch” reaction. The success of 

α-arylations also sparked inception of a green upgrade to α-allylations. While aqueous-based 

chemistry was not successful in this regard, the transition to neat-phase chemistry resulted in 

high yields of allylated ketones. This breakthrough in allylation chemistry was applied directly 

to the interesting development of syntheses for highly valuable nutraceuticals, such as MK-7, 

MK-9, and CoQ9 through a Diels-Alder/retro-Diels Alder route. 
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2.6 Experimental Data 

1. General Information 

All commercial reagents were used without further purification unless otherwise noted.  

Organic solvents specified as dry and/or degassed such as THF, toluene, and DCM were either 

taken from a solvent purification system (Pure-Solv 400, Innovative Technology, Inc. (now 

Inert, Inc.)), or degassed using a stream of bubbling argon for a minimum of 1 h and involved 

less than 25 mL of volume.  All other solvents were used as received, such as MeOH, EtOAc, 

hexanes, and Et2O, unless otherwise noted, and purchased from Fisher Scientific. Potassium t-

butoxide was purchased from Millipore-Sigma (catalog #156671) and stored in an argon 

purged glove box. All palladium catalysts and ligands were stored in an argon purged glove 

box. Specifically, di-µ-bromobis(tri-t-butylphosphine)dipalladium(I) ([Pd(µ-Br)(t-Bu)3P]2) 

was purchased from Strem (catalog #46-0355) and kept rigorously oxygen-free in its solid state 

within a glove box. Starting ketones and halides were purchased either from Millipore-Sigma 

or Combi-Blocks. The surfactant, TPGS-750-M, was prepared via a standard literature 

procedure,[1] or can be purchased from Millipore-Sigma (catalog #733857 for a 2 wt % solution 

of the wax dissolved in water).  A standard 2 wt % aqueous solution of TPGS-750-M was 

typically prepared on a 100 g scale by dissolving 2 g of the wax into 98 g of thoroughly 

degassed (steady stream of argon, minimum of 1 h bubbling time with stirring) HPLC grade 

water in a 250 mL round bottomed flask equipped with a stir bar and allowed to dissolve 

overnight with vigorous stirring under argon pressure (NOTE: Do not attempt to degas the 

aqueous phase with surfactant wax submerged; vigorous foaming will occur). The 2 wt % 

TPGS-750-M/H2O solution, once prepared, was kept under argon pressure at all times. Thin-

layer chromatography (TLC) was performed using Silica Gel 60 F254 plates (Merck, 0.25 mm 
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thick). Flash chromatography is either performed in glass columns or an automated Biotage 

system using Silica Gel 60 (Silicycle, 40-63 nm). 1H and 13C NMR were recorded at 25 °C on 

a Varian Unity Inova 400 MHz, a Varian Unity Inova 500 MHz, or on a Varian Unity Inova 

600 MHz spectrometer in CDCl3 with residual CHCl3 (
1H = 7.26 ppm, 13C = 77.16 ppm) or in 

DMSO-d6 with residual (CH3)2SO (1H = 2.50 ppm, 13C = 39.52 ppm) as internal standards. 

Chemical shifts are reported in parts per million (ppm). NMR Data are reported as follows: 

chemical shift, multiplicity (s = singlet, d = doublet, dd = doublet of doublets, ddd = doublet 

of doublet of doublets, t = triplet, td = triplet of doublets, q = quartet, quin = quintet, m = 

multiplet), coupling constant (if applicable), and integration. High-resolution mass analyses 

(HRMS) were recorded on a Waters Micromass LCT TOF ES+ Premier mass spectrometer 

using ESI ionization.  

 

 

 

2. General Procedures for α-Arylations of Ketones in Water 

2a. General Procedure A:  0.5 mmol scale α-arylation of ketones using 0.125 mol % [Pd(µ-

Br)(t-Bu)3P]2 

To a flame dried 1-dram vial inside of an argon purged glove box was added [Pd(µ-Br)(t-

Bu)3P]2 (5 mg) and the vial was sealed using a rubber septum and maintained under a steady 

pressure of argon. Rigorously degassed DCM (500 µL) was then added through the septum 

and the vial was stirred at ambient temperature until the solids had dissolved to prepare a very 
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dark green catalyst stock solution.  To another flame dried 1-dram vial equipped with an oven 

dried stir bar inside of a glove box was added K-O-t-Bu (135 mg, 1.2 mmol, 2.4 equiv), 

followed by any solid ketone (0.6 mmol, 1.2 equiv) and solid aryl halide (0.5 mmol, 1.0 equiv) 

(or oils thereof) used for the reaction, and the vial was sealed using a rubber septum. This vial 

was then placed under argon pressure on a manifold and a 48 µL aliquot of the catalyst solution 

was added through the septum (0.48 mg, 6.25 x 10-4 mmol, 0.125 mol %).  A vacuum was then 

pulled on the reaction vial for 2 min to remove all DCM and the vial was backfilled with argon.  

TPGS-750-M/H2O (2 wt %) was then added (0.5 mL, 1.0 M) via syringe through the rubber 

septum followed by any neat liquid reagents via syringe. The contents of the vial were then 

allowed to stir vigorously (~1500 RPM) under constant argon pressure in a 1-dram vial 

aluminum block reactor at 45 °C internal temperature (aluminum block set to heat to 50 °C). 

The reaction was then monitored by thin-layer chromatography and gas chromatography until 

deemed complete. The contents of the vial were then extracted using EtOAc (3 x 1 mL) and 

dried directly onto SiO2 to be purified via column chromatography.  

2b. General Procedure B:  0.5 mmol scale α-arylation of ketones using 0.25 mol % [Pd(µ-

Br)(t-Bu)3P]2 

To a flame dried 1-dram vial equipped with an oven dried stir bar inside of a glove box 

was added [Pd(µ-Br)(t-Bu)3P]2 (1 mg, 1.25 x 10-3 mmol, 0.25 mol %), K-O-t-Bu (135 mg, 1.2 

mmol, 2.4 equiv), followed by any solid ketone (0.6 mmol, 1.2 equiv), and solid aryl halide 

(0.5 mmol, 1.0 equiv) (or any oils) used for the reaction. The vial was then sealed using a 

rubber septum inside of the glovebox and then transferred to a manifold under argon pressure.  

TPGS-750-M/H2O (2 wt %) was then added (0.5 mL, 1.0 M) via syringe through the rubber 

septum followed by any neat liquid reagents via syringe. The contents of the vial were then 
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allowed to stir vigorously (~1500 RPM) under constant argon pressure in a 1-dram vial 

aluminum block reactor at 45 °C internal temperature (aluminum block set to heat to 50 °C).  

The reaction was then monitored by thin-layer chromatography and gas chromatography until 

deemed complete.  The contents of the vial were then extracted using EtOAc (3 x 1 mL) and 

dried directly onto SiO2 to be purified via column chromatography. 

2c. General Procedure C:  0.5 mmol scale α-arylation of ketones using 1.0 mol % [Pd(µ-

Br)(t-Bu)3P]2 

To a flame dried 1-dram vial equipped with an oven dried stir bar inside of a glove box 

was added [Pd(µ-Br)(t-Bu)3P]2  (4 mg, 0.005 mmol, 1.0 mol %). The remainder of the 

experimental then follows General Procedure B. 

3. Scaleup of an α-arylation to 1.0 mmol 

 

 

To a flame dried 1-dram vial equipped with an oven dried stir bar was added [Pd(µ-Br)(t-

Bu)3P]2 (2 mg, 2.50 x 10-3 mmol, 0.25 mol %) and K-O-t-Bu (270 mg, 2.4 mmol, 2.4 equiv) 

inside of a glove box. The vial was then sealed using a rubber septum and removed from the 

glove box. 1-(Pyridin-3-yl)propan-1-one (162 mg, 1.2 mmol, 1.2 equiv) and 4-

bromothioanisole (203 mg, 1.0 mmol, 1.0 equiv) were then added very quickly to the uncapped 
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vial and the vial was resealed. The vial was then adapted to an argon/vacuum manifold and the 

headspace was evacuated and backfilled with argon three times. TPGS-750-M/H2O (2 wt %, 

1.0 mL, 1.0 M) was then added through the septum and the contents of the vial were then 

allowed to stir vigorously (~1500 RPM) under constant argon pressure in a 1-dram vial 

aluminum block reactor at 45 °C internal temperature (aluminum block set to heat to 50 °C) 

for 16 h.  After completion, the contents of the vial were then extracted with EtOAc (3 x 1.0 

mL) and dried directly onto SiO2 to be purified via flash chromatography (50% 

EtOAc/hexanes). The resulting product was then dried under high vacuum to afford a yellow-

orange oil which solidifies slowly over time (252.7 mg, 98% yield). 

 

4. Synthesis of a tamoxifen intermediate 

 

To a flame dried 1-dram vial equipped with an oven dried stir bar was added [Pd(µ-Br)(t-

Bu)3P]2 (1 mg, 1.25 x 10-3 mmol, 0.25 mol %), K-O-t-Bu (135 mg, 1.2 mmol, 2.4 equiv), and 

deoxybenzoin (118 mg, 0.6 mmol, 1.2 equiv). The vial was then sealed using a rubber septum 

inside of the glovebox and then transferred to a manifold under argon pressure.  TPGS-750-

M/H2O (2 wt %) was then added (0.5 mL, 1.0 M) via syringe through the rubber septum 

followed by 2-(4-bromophenoxy)-N,N-dimethylethan-1-amine (122 mg, 0.5 mmol, 1.0 equiv) 

as a liquid through the septum.  The contents of the vial were then allowed to stir vigorously 

(~1500 RPM) under constant argon pressure in a 1-dram vial aluminum block reactor at 45 °C 
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internal temperature (aluminum block set to heat to 50 °C). The reaction was then monitored 

by thin-layer chromatography until deemed complete. The contents of the vial were then 

extracted using EtOAc (3 x 1 mL). The combined organics were then dried onto SiO2 and 

purified via flash chromatography (MeOH/DCM/Et3N 10:90:1). The product was then dried 

under high vacuum to result in an amber oil (177.1 mg, 98% yield). 

5. Aqueous recycling studies 

 

Initial Reaction:  To a flame dried 1-dram vial equipped with an oven dried magnetic stir 

bar was added [Pd(µ-Br)(t-Bu)3P]2 (1 mg, 1.25 x 10-3 mmol, 0.125 mol %) and K-O-t-Bu (270 

mg, 2.4 mmol, 2.4 equiv) inside of an argon purged glove box. The vial was then sealed using 

a rubber septum, removed from the glove box, and connected via syringe needle to a manifold 

under argon pressure.  TPGS-750-M/H2O (2 wt %, 1.0 mL, 1.0 M) followed by 160 µL of 1 

(160 mg, 1.2 mmol, 1.2 equiv) and 125 µL of 2 (187 mg, 1.0 mmol, 1.0 equiv) were then added 

to the vial via syringe through the septum, and the contents of the vial were then allowed to 

stir vigorously (~1500 RPM) under constant argon pressure in a 1-dram vial aluminum block 
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reactor at 45 °C internal temperature (aluminum block set to heat to 50 °C).  After 2 h, the 

contents of the vial were then extracted using methyl t-butyl ether (MTBE; 1.0 mL x 3) which 

had been thoroughly degassed with argon.  Note:  The extraction is performed while the vial 

is still maintained under strict air-free conditions.  The extraction solvent is added through the 

septum to the reaction mixture under argon pressure, allowed to extract via stirring, and then 

removed under argon pressure using a syringe using a long needle.   

 

Figure 27: Initial reaction post extraction and settling with degassed MTBE, kept under 

argon 

The combined organics were then dried directly onto SiO2 and purified via flash 

chromatography (8% EtOAc/hexanes) and dried under vacuum to afford product as a white 

solid (226 mg, 94% yield). The remaining volume of aqueous phase was then determined to 

be 750 µL. 

First Recycle:  To a separate flamed dried 1-dram vial equipped with an oven dried stir 

bar was added [Pd(µ-Br)(t-Bu)3P]2 (1 mg, 1.25 x 10-3 mmol, 0.125 mol %) and K-O-t-Bu (270 

mg, 2.4 mmol, 2.4 equiv) inside of an argon purged glove box. The vial was then sealed using 
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a rubber septum, removed from the glove box, and connected via syringe needle to a manifold 

under argon pressure. The remaining TPGS-750-M aqueous phase from the initial reaction was 

then added (0.75 mL, 1.33 M), followed by 160 µL of 1 (160 mg, 1.2 mmol, 1.2 equiv) and 

125 µL of 2 (187 mg, 1.0 mmol, 1.0 equiv) via syringe through the septum, and the contents 

of the vial were then allowed to stir vigorously (~1500 RPM) under constant argon pressure in 

a 1-dram vial aluminum block reactor at 45 °C internal temperature (aluminum block set to 

heat to 50 °C). After 2 h, the contents of the vial were then extracted under argon using MTBE 

(1.0 mL x 3) which had been thoroughly degassed with argon as previously mentioned. The 

combined organics were then dried directly onto SiO2 and purified via flash chromatography 

(8% EtOAc/hexanes) and dried under vacuum to afford product as a white solid (230 mg, 96% 

yield). The remaining volume of aqueous phase was determined to be 650 µL. 

Second Recycle:  To a separate flamed dried 1-dram vial equipped with an oven dried stir 

bar was added [Pd(µ-Br)(t-Bu)3P]2 (1 mg, 1.25 x 10-3 mmol, 0.125 mol %) and K-O-t-Bu (270 

mg, 2.4 mmol, 2.4 equiv) inside of an argon purged glove box. The vial was then sealed using 

a rubber septum, removed from the glove box, and connected via syringe needle to a manifold 

under argon pressure. The remaining TPGS-750-M aqueous phase from the first recycle was 

then added (0.65 mL, 1.54 M), followed by 160 µL of 1 (160 mg, 1.2 mmol, 1.2 equiv) and 

125 µL of 2 (187 mg, 1.0 mmol, 1.0 equiv) via syringe through the septum, and the contents 

of the vial were then allowed to stir vigorously (~1500 RPM) under constant argon pressure in 

a 1-dram vial aluminum block reactor at 45 °C internal temperature (aluminum block set to 

heat to 50 °C). After 16 h, the contents of the vial were then extracted using MTBE (1.0 mL x 

3) which had been thoroughly degassed with argon as previously mentioned. The combined 

organics were then dried directly onto SiO2 and purified via flash chromatography (8% 
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EtOAc/hexanes) and dried under vacuum to afford product as a white solid (232.1 mg, 97% 

yield). After the second recycle, the aqueous phase had accumulated too much salt for a third 

viable recycle study to be performed without adding fresh water or surfactant. 

 

Figure 28: Aqueous phase post recycling two times 

6. E Factor evaluation 

  

     E Factor for filtered product:  To a flame dried 1-dram vial equipped with an oven dried 

stir bar was added [Pd(µ-Br)(t-Bu)3P]2 (1 mg, 1.25 x 10-3 mmol, 0.125 mol %), K-O-t-Bu (270 

mg, 2.4 mmol, 2.4 equiv), and 4-bromo-1,1'-biphenyl (233 mg, 1.0 mmol, 1.0 equiv) inside of 

an argon purged glove box. The vial was then sealed using a rubber septum, removed from the 
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glove box, and connected via syringe needle to a manifold under argon pressure. TPGS-750-

M/H2O (2 wt %, 1.0 mL, 1.0 M) and propiophenone (160 mg, 1.2 mmol, 1.2 equiv) were then 

added to the vial via syringe through the septum, and the contents of the vial were then allowed 

to stir vigorously (~1500 RPM) under constant argon pressure in a 1-dram vial aluminum block 

reactor at 45 °C internal temperature (aluminum block set to heat to 50 °C). After 16 h, a grey 

solid mass had formed and was suspended in 1.0 mL of deionized water. The solids were then 

filtered and washed with water (2 x 1.0 mL) and dried over vacuum suction to afford product 

as an off-white solid (261 mg, 91% yield). 

      The E Factor was calculated using the mass of excess organics, in this case t-BuOH and 

propiophenone, over the mass of the desired product: 

E Factor = (mass waste organics) / (mass product) 

 = (masst-BuOH + masspropiophenone) / (massproduct) 

 = (179 mg + 27 mg) / 261 mg = 0.79 

 

E Factor for extracted product:  To a flame dried 1-dram vial equipped with an oven 

dried stir bar was added [Pd(µ-Br)(t-Bu)3P]2 (1 mg, 1.25 x 10-3 mmol, 0.125 mol %) and K-O-

t-Bu (270 mg, 2.4 mmol, 2.4 equiv) inside of an argon purged glove box. The vial was then 

sealed using a rubber septum, removed from the glove box, and connected via syringe needle 
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to a manifold under argon pressure. TPGS-750-M/H2O (2 wt %, 1.0 mL, 1.0 M) followed by 

160 µL of propiophenone (160 mg, 1.2 mmol, 1.2 equiv) and 125 µL of 4-bromoanisole (187 

mg, 1.0 mmol, 1.0 equiv) were then added to the vial via syringe through the septum, and the 

contents of the vial were then allowed to stir vigorously (~1500 RPM) under constant argon 

pressure in a 1-dram vial aluminum block reactor at 45 °C internal temperature (aluminum 

block set to heat to 50 °C) for 2 h. The contents of the vial were then carefully extracted with 

MTBE (3 x 270 µL), and the combined organics were dried directly onto SiO2 and purified via 

flash chromatography (8% EtOAc/hexanes) to afford the product as a white solid after drying 

on high vac (224 mg, 93% yield). 

The E Factor was calculated using the mass of excess organics, in this case t-BuOH, 

propiophenone, and MTBE used for the extraction (density of MTBE = 0.74 g/mL; therefore 

270 µL = 200 mg). 

E Factor = (mass waste organics) / (mass product) 

  = (masst-BuOH + masspropiophenone + massMTBE) / (massproduct) 

  = (179 mg + 27 mg + 3*(200 mg)) / 224 mg = 3.6 
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7. Tandem reaction procedures 

 

 

Step 1:  To a flame dried 1-dram vial equipped with an oven-dried stir bar was added 

[Pd(µ-Br)(t-Bu)3P]2 (1 mg, 1.25 x 10-3 mmol, 0.25 mol %) and K-O-t-Bu (135 mg, 1.2 mmol, 

2.4 equiv) inside of an argon purged glove box and sealed with a rubber septum. Very quickly 

outside of the glove box, 4’-chloropropiophenone (90 mg, 0.525 mmol, 1.05 equiv) and 2-(3-

bromophenyl)-1,3-dioxolane (114 mg, 0.5 mmol, 1 equiv) were then added and the vial was 

resealed.  The vial was then connected to a manifold and the headspace was evacuated and 

backfilled with argon three times. TPGS-750-M/H2O (2 wt %, 0.5 mL, 1.0 M) was then added 

via syringe through the septum and the contents of the vial were then allowed to stir vigorously 

(~1500 RPM) under constant argon pressure in a 1-dram vial aluminum block reactor at 45 °C 

internal temperature (aluminum block set to heat to 50 °C) for 2 h where the reaction was 

deemed complete by TLC. In one iteration of this multistep study, this reaction was worked up 

via extraction using EtOAc (3 x 1.0 mL).  The combined organics were then dried onto SiO2 
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and purified by flash chromatography (20% EtOAc/hexanes) to afford product as a clear oil 

(128.1 mg, 81% yield). 

Steps 2-3:  In the situation where the reaction from Step 1 continues as part of the 1-pot 

series, to the unsealed reaction vial was added (2,4-dimethylphenyl)boronic acid (113 mg, 0.75 

mmol, 1.5 equiv) and K3PO4·H2O (173 mg, 0.75 mmol, 1.5 equiv). The vial was then sealed 

with a new rubber septum and the headspace was purged using argon and a vent needle for 5 

min. Following this, a sample of N2Phos/toluene stock solution* (150 µL) was added to the 

vial through the septum and the reaction was allowed to stir vigorously (~1500 RPM) under 

constant argon pressure in a 1-dram vial aluminum block reactor at 45 °C internal temperature 

(aluminum block set to heat to 50 °C) for 12 h until deemed complete by TLC.  The pH of this 

mixture was then adjusted to pH <1 using conc. HCl (300 µL) and THF (100 µL) was added 

to help disperse the solids. The hydrolysis reaction was allowed to stir at 45 °C internal 

temperature for 3 h until deemed complete by TLC. In one iteration of this multistep study, 

this reaction series (Steps 1-3) was worked up via extraction using EtOAc (3 x 1.0 mL).  The 

combined organics were dried onto SiO2 and purified by flash chromatography (15% 

EtOAc/hexanes) to afford product as an opaque white oil (137.7 mg, 80% yield). 

*N2Phos stock solution was prepared by dissolving 7.5 mg of N2Phos into rigorously 

degassed toluene (0.5 mL). 

Steps 4-5:  In the situation where the reaction from Step 3 continues as part of the 1-pot 

series, the pH of the reaction was adjusted to pH 7-8 using 50 wt % NaOH aqueous solution 

(100 µL, followed by dropwise addition to the desired pH).  To the resulting stirring mixture 

at rt was added NaBH4 (10 mg, 0.26 mmol) and the vial was sealed and allowed to react with 

noticeable bubbling for 30 min. A second portion of NaBH4 (15 mg, 0.40 mmol) was then 
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added and the reaction was allowed to continue to stir to rt for 1 h until deemed complete by 

TLC. 2-Chloronicotinoyl chloride (100 mg, 0.56 mmol, 1.12 equiv), DIPEA (175 µL, 2.0 

equiv), and DMAP (3 mg, 0.025 mmol, 5 mol %) were added and allowed to stir vigorously 

for 12 h at 45 °C internal temperature. A second portion of the acid chloride was then added 

(50 mg, 0.28 mmol, 0.56 equiv) and allowed to react further for 6 h, followed by a third portion 

(50 mg, 0.28 mmol, 0.56 equiv) for another 6 h until the benzyl alcohol was consumed by TLC. 

The 5-step, 1-pot reaction was then extracted using EtOAc (3 x 1.0 mL). The combined 

organics were then dried onto SiO2 and purified by flash chromatography (25% 

EtOAc/hexanes). The organics were then isolated via solvent evaporation and dried under high 

vac to result in product as a clear oil (161.6 mg, 66% yield). 

8. Procedure for deuterated analogue 

 

A solution of 2 wt % TPGS-750-M in D2O was prepared first by degassing 14.7 mL of 

D2O (Cambridge Isotope) with argon in a flamed dried 25 mL flask for 1 h followed by addition 

of 300 mg of fresh TPGS-750-M. This mixture was allowed to stir vigorously overnight under 

argon pressure resulting in a homogeneous solution, which was kept under an argon 

atmosphere at all times. 

To a flame dried 1-dram vial equipped with an oven dried stir bar was added [Pd(µ-Br)(t-

Bu)3P]2 (1 mg, 1.25 x 10-3 mmol, 0.125 mol %) and K-O-t-Bu (270 mg, 2.4 mmol, 2.32 equiv) 

inside of a glove box. The vial was then sealed using a rubber septum and transferred to an 
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argon-purged manifold and kept under constant argon pressure. TPGS-750-M/D2O (2 wt %, 

1.0 mL, 1.0 M) was then added followed by propiophenone (160 µL, 160 mg, 1.2 mmol, 1.16 

equiv) and 4-bromoanisole (130 µL, 194 mg, 1.035 mmol, 1.0 equiv) via syringe through the 

septum. The resulting mixture was then allowed to stir vigorously (~1500 RPM) under constant 

argon pressure in a 1-dram vial aluminum block reactor at 45 °C internal temperature 

(aluminum block set to heat to 50 °C) for 16 h until deemed complete by TLC. The product 

mixture was then extracted with EtOAc (3 x 1.0 mL), dried onto SiO2, and purified via flash 

chromatography (8% EtOAc/hexanes). The combined organics were then dried to constant 

mass on high vacuum resulting in deuterated product 35 as an off-white solid (248.1 mg, 99% 

yield). 

9. Residual Pd analysis 

Residual palladium analysis was performed using ICP-MS at UCLA Core Facility. 

 

Palladium Source 

[µg/g]  

Sample # 
Sample weight in analysis 

[mg] 
Average* stdev 

 
ABW.03.209 15.50 6.487 0.049 First recycle 

*Each sample was done in triplicated measurements with background correction.  
n/a represents below detection limit.    
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10. Synthesis of allylated intermediate 36 and MK-9 

 

α-Allylation to 36. To a 20 mL oven-dried scintillation vial was added freshly prepared 

solanesyl bromide (5.3 g, 7.65 mmol, 2.52 equiv) and a stir bar. 4a-Methyl-1,4,4a,9a-

tetrahydro-1,4-methanoanthracene-9,10-dione (722 mg, 3.03 mmol, 1.00 equiv) was then 

added and allowed to disperse with gentle stirring.  NaO-t-Bu (735 mg, 7.65 mmol, 2.52 equiv) 

was removed from a glove box in a 1-dram vial and added in one addition to the stirring 

reaction mixture at rt resulting in a red reaction mixture which warms slightly.  The vial was 

then sealed and stirred rapidly (900 RPM) at rt.  After 1 h, the reaction was deemed complete 

by TLC. The entire reaction mixture was then taken up in Et2O and dried onto Celite. The 

crude reaction was then loaded onto a packed silica column (25 mm x 152 mm) and filtered 

through silica using two column volumes of hexanes, one column volume of 3.5% 

Et2O/hexanes, and six column volumes of 7% Et2O/hexanes, the latter of which was collected.  

The organics were then evaporated into a 20 mL scintillation vial resulting in a golden yellow 

oil (2560 mg, quant) which was carried over to the next reaction as is; Rf = 0.38 (8% Et2O/92% 

hexanes). 
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Retro Diels-Alder reaction to MK-9. The vial containing the Diels-Alder adduct was then 

placed under high vacuum (<15 torr pressure) and heated in a 20 mL scintillation vial 

aluminum heating block to 85 °C internal temperature neat with no stirring. The reaction was 

allowed to heat until constant mass was observed from loss of cyclopentadiene as well as 

completion by TLC. The resulting golden oil was then purified by flash chromatography 

(eluent: 4% Et2O/96% hexanes) and dried under high vacuum resulting in a yellow solid 

(1840.0 mg, 77% yield). Rf = 0.50 (1:9 Et2O/hexanes). 

11. Synthesis of intermediate 37 and MK-7 

α-Allylation to 37. To a 20 mL oven-dried scintillation vial was added freshly prepared 

heptaprenyl bromide (1.7 g, 3.05 mmol, 2.44 equiv) and a stir bar. 4a-Methyl-1,4,4a,9a-

tetrahydro-1,4-methanoanthracene-9,10-dione (297.5 mg, 1.25 mmol, 1.00 equiv) was then 

added and allowed to disperse with gentle stirring. NaO-t-Bu (300 mg, 3.125 mmol, 2.50 

equiv) was removed from a glove box in a 1-dram vial and added in one addition to the stirring 

reaction mixture at rt resulting in a red reaction mixture. The vial was then sealed and stirred 

rapidly (900 RPM) at rt.  After 1 h, the reaction was deemed complete by TLC. The entire 

reaction mixture was then taken up in Et2O and dried onto Celite. The crude reaction was then 
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loaded onto a packed silica column (25 mm x 152 mm) and filtered through the silica using 

two column volumes of hexanes, one column volume of 3.5% Et2O/hexanes, and four column 

volumes of 7% Et2O/hexanes, the latter of which was collected. The organics were then 

evaporated into a 20 mL scintillation vial resulting in 869.4 mg of a golden yellow oil which 

was carried over directly to the next reaction. 

Retro Diels-Alder reaction to MK-7. The vial containing the Diels-Alder adduct was then 

placed under high vacuum (<15 torr pressure) and heated in a 20 mL scintillation aluminum 

heating block to 85 °C internal temperature neat with no stirring. The reaction was allowed to 

heat until constant mass was observed from loss of cyclopentadiene, as well as completion by 

TLC. The resulting golden oil was then purified by flash chromatography (4% Et2O/hexanes) 

and dried under high vacuum resulting in a yellow solid (648.1 mg, 80% yield over two steps).  

Rf = 0.60 (1:9 Et2O/hexanes). 

12. Synthesis of Diels-Alder adduct 38 

 

Cyclopentadiene was freshly distilled from dicyclopentadiene. The dimer was heated in an 

oven dried round bottom flask with a stir bar in a 180 °C oil bath. The resulting vapors were 

collected in a water cooled short-path distillation head at 38-40 °C, and the condensed liquid 

was maintained at below freezing temperature (sodium chloride / ice bath). 

To a 50 mL round bottomed flask was added the quinone (5 g, 27.45 mmol, 1 equiv) and 

acetic acid (18 ml, 1.5 M). Freshly distilled cyclopentadiene (2.95 g, 3.8 mL, 1.62 equiv) was 

then added to the reaction mixture through a septum at rt. The reaction was then allowed to stir 
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overnight at rt and was deemed complete by thin-layer chromatography. The pH of the reaction 

mixture was then adjusted to 9 (satd. bicarbonate solution, 150 mL) and extracted with Et2O 

(3 x 100 mL). The combined organics were treated with brine, dried over sodium sulfate, 

filtered, and dried under reduced pressure followed by high vacuum resulting in an opaque oil 

that yellowed over time (5.39 g, 80% yield). 

13. Synthesis of intermediate 39 and CoQ9 

 

α-Allylation to 39. To a 20 mL scintillation vial was added the Diels-Alder adduct (310 

mg, 1.25 mmol, 1 equiv) and freshly prepared solanesyl bromide (2.17 g, 3.125 mmol, 2.5 

equiv.) along with a stir bar and the slurry was combined at rt with gentle stirring. NaOtBu 

(300 mg, 3.125 mmol, 2.5 equiv) was then added in one portion and the stirring speed was 

increased to 900 RPM, resulting in a bright red slurry. The reaction was allowed to stir at rt for 

1 h. The product mixture was then taken up into DCM, dried onto Celite, and purified via a 6 

inch silica gel chromatographic column using two column volumes of hexanes, one of 10% 

Et2O/hexanes, and four 20% Et2O/hexanes, giving the product as a yellowish oil (757.4 mg, 

70%). 

Retro Diels-Alder reaction to CoQ9. The oil from the allylation reaction was dried into a 

20 mL scintillation vial, which was then evacuated to <15 torr and heated in an 85 °C aluminum 
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block. After 16 h, the reaction had turned into a dark red oil and the reaction was complete by 

thin-layer chromatography. The oil was dried onto Celite and purified using 20% Et2O/hexanes 

on a silica gel column. The combined organics were then dried to a red oil which solidified 

under high vacuum to give CoQ9 (651.5 mg, 93% yield). 

14. Analytical data 

 

Synthesis of 2-(4-methoxyphenyl)-1-phenylpropan-1-one (3) 

 

Compound 3 was obtained using the General Procedure A on a 0.5 mmol scale. The crude 

product was purified by silica gel column chromatography (eluent: 7% EtOAc/93% hexanes) 

to provide the desired compound as a clear oil that slowly solidifies to a white solid over time 

(115.9 mg, 97% yield). Rf = 0.38 (1:9 EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3):  δ 7.95 (d, J = 7.3 Hz, 2H), 7.47 (t, J = 7.3 Hz, 1H), 7.38 (t, J = 

7.6 Hz, 2H), 7.20 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 4.64 (q, J = 6.8 Hz, 1H), 3.75 

(s, 3H), 1.51 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3):  δ 200.5, 158.4, 136.5, 133.4, 132.7, 128.8, 128.7, 128.4, 114.3, 

55.2, 46.9, 19.5. 

Spectral data matched those previously reported.[2]  
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Synthesis of 2-([1,1'-biphenyl]-4-yl)-1-phenylpropan-1-one (4) 

 

Compound 4 was obtained using the General Procedure A on a 0.5 mmol scale. The crude 

product was purified by silica gel chromatography (eluent: 5% EtOAc/95% hexanes) to 

provide the desired compound as a white solid (143.1 mg, 99% yield). Rf = 0.35 (0.5:9.5 

EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3):  δ 8.04 – 7.95 (m, 2H), 7.60 – 7.45 (m, 5H), 7.45 – 7.28 (m, 

7H), 4.75 (q, J = 6.9 Hz, 1H), 1.58 (d, J = 6.9 Hz, 3H). 

13C NMR (101 MHz, CDCl3):  δ 200.3, 140.6, 140.4, 139.8, 136.4, 132.8, 128.8, 128.7, 128.5, 

128.2, 127.7, 127.2, 127.0, 47.4, 19.5. 

Spectral data matched those previously reported.[3] 

 

Synthesis of 1-phenyl-2-(pyridin-3-yl)propan-1-one (5) 

 

Compound 5 was obtained using the General Procedure C on a 0.5 mmol scale. The crude 

product was purified by silica gel chromatography (eluent:  0% to 50% EtOAc 

gradient/hexanes) to provide the desired compound as a white solid (102.1 mg, 97% yield). Rf 

= 0.32 (1:1 EtOAc/hexanes). 
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1H NMR (400 MHz, CDCl3):  δ 8.59 (s, 1H), 8.44 (d, J = 4.0 Hz, 1H), 7.93 (d, J = 7.8 Hz, 

2H), 7.59 (d, J = 7.8 Hz, 1H), 7.49 (t, J = 7.2 Hz, 1H), 7.38 (t, J = 7.5 Hz, 2H), 7.22 – 7.15 (m, 

1H), 4.73 (q, J = 6.8 Hz, 1H), 1.54 (d, J = 6.9 Hz, 3H). 

13C NMR (101 MHz, CDCl3):  δ 199.5, 149.5, 148.4, 136.9, 135.9, 135.0, 133.2, 128.7, 128.6, 

123.8, 44.9, 19.4. 

Spectral data matched those previously reported.[4] 

 

Synthesis of 2-(4-(dimethylamino)phenyl)-1-phenylpropan-1-one (6) 

 

Compound 6 was obtained using the General Procedure A on a 0.5 mmol scale. The crude 

product was purified by silica gel chromatography (eluent:  0% to 8% EtOAc gradient/hexanes) 

to provide the desired compound as a yellow solid (119.2 mg, 94% yield).  Rf = 0.52 (1:4 

EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3):   δ 7.99 (d, J = 7.9 Hz, 2H), 7.47 (t, J = 7.3 Hz, 1H), 7.38 (t, J 

= 7.5 Hz, 2H), 7.18 (d, J = 8.7 Hz, 2H), 6.68 (d, J = 8.7 Hz, 2H), 4.63 (q, J = 6.8 Hz, 1H), 2.91 

(s, 6H), 1.53 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3):  δ 200.7, 149.4, 136.7, 132.5, 129.0, 128.8, 128.4, 128.4, 113.0, 

46.9, 40.5, 19.5. 

Spectral data matched those previously reported.[5] 
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Synthesis of 2-(4-nitrophenyl)-1-phenylpropan-1-one (7) 

 

Compound 7 was obtained using the General Procedure B (aryl bromide) or General 

Procedure C (aryl chloride) on a 0.5 mmol scale. The crude product was purified by silica gel 

chromatography (eluent:   0% to 10% EtOAc gradient/hexanes) to provide the product as an 

orange oil (bromide: 68.9 mg, 54% yield; chloride: 76.7 mg, 60% yield). Rf = 0.47 (1:4 

EtOAc/hexanes). 

1H NMR (600 MHz, CDCl3):  δ 8.15 (d, J = 8.7 Hz, 2H), 7.93 (d, J = 7.4 Hz, 2H), 7.52 (t, J 

= 7.4 Hz, 1H), 7.47 (d, J = 8.7 Hz, 2H), 7.42 (t, J = 7.8 Hz, 2H), 4.83 (q, J = 6.9 Hz, 1H), 1.58 

(d, J = 6.9 Hz, 3H). 

13C NMR (101 MHz, CDCl3):  δ 199.2, 148.8, 147.0, 136.0, 133.5, 128.9, 128.8, 124.3, 47.5, 

19.5. 

HRMS (ESI):  m/z calcd for C15H12NO3-H
+:  254.0817 [M-H]-; found:  254.0808. 

 

Synthesis of 2-(4-(methylthio)phenyl)-1-phenylpropan-1-one (8) 

 

Compound 8 was obtained using the General Procedure B on a 0.5 mmol scale. The crude 

product was purified by silica gel chromatography (eluent: 5% EtOAc/95% hexanes) to 

provide the product as a yellow crystalline solid (116.6 mg, 91% yield). Rf = 0.39 (1:9 

EtOAc/hexanes). 
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1H NMR (500 MHz, CDCl3):  δ 7.97 – 7.92 (m, 2H), 7.51 – 7.45 (m, 1H), 7.41 – 7.35 (m, 

2H), 7.23 – 7.16 (m, 4H), 4.65 (q, J = 6.9 Hz, 1H), 2.43 (s, 3H), 1.52 (d, J = 6.9 Hz, 3H). 

13C NMR (126 MHz, CDCl3):  δ 200.2, 138.3, 137.0, 136.4, 132.8, 128.8, 128.5, 128.3, 127.2, 

47.3, 19.4, 15.8. 

Spectral data matched those previously reported.[6] 

 

Synthesis of 2-(1-benzyl-1H-pyrrolo[2,3-b]pyridin-5-yl)-1-(p-tolyl)propan-1-one (9) 

 

Compound 9 was obtained using the General Procedure B on a 0.5 mmol scale. The crude 

product was purified by silica gel chromatography (eluent: 10% EtOAc/90% hexanes) to 

provide the product as an off-white solid (152.4 mg, 86%). Rf = 0.23 (1:9 EtOAc/hexanes). 

1H NMR (500 MHz, CDCl3):  δ 8.37 (d, J = 2.2 Hz, 1H), 7.92 (d, J = 8.0 Hz, 2H), 7.84 (d, J 

= 2.2 Hz, 1H), 7.31 – 7.22 (m, 3H), 7.21 – 7.16 (m, 4H), 7.13 (d, J = 3.6 Hz, 1H), 6.40 (d, J = 

3.5 Hz, 1H), 5.50 – 5.39 (m, 2H), 4.84 (q, J = 6.8 Hz, 1H), 2.33 (s, 3H), 1.61 (d, J = 6.9 Hz, 

3H). 

13C NMR (126 MHz, CDCl3):  δ 199.8, 146.9, 143.5, 143.1, 137.5, 133.7, 129.1, 128.8, 128.6, 

128.4, 127.5, 127.4, 127.4, 120.5, 99.9, 47.7, 44.8, 21.4, 19.9. 

HRMS (ESI):  m/z calcd for C24H22N2O+H+: 355.1810 [M+H]+; found 355.1806. 
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Synthesis of 5-(4-(dimethylamino)phenyl)-6,7-dihydrobenzo[b]thiophen-4(5H)-one (10) 

 

Compound 10 was obtained using the General Procedure B on a 0.5 mmol scale. The crude 

product was purified by silica gel chromatography (eluent: 8% EtOAc/92% hexanes) to 

provide the product as a grey solid (99.1 mg, 73% yield). Rf = 0.80 (1:9 EtOAc/hexanes). 

1H NMR (500 MHz, CDCl3):  δ 7.46 (d, J = 5.3 Hz, 1H), 7.10 – 7.04 (m, 3H), 6.75 – 6.70 (m, 

2H), 3.69 (t, J = 7.2 Hz, 1H), 3.11 (q, J = 6.1 Hz, 2H), 2.94 (s, 6H), 2.46 (td, J = 6.8, 5.3 Hz, 

2H). 

13C NMR (126 MHz, CDCl3):  δ 193.7, 155.2, 149.7, 137.6, 129.0, 126.9, 125.4, 123.3, 112.9, 

52.2, 40.7, 32.7, 24.5. 

HRMS (ESI):  m/z calcd for C`6H17NOS+H+: 272.1109 [M+H]+; found 272.1111. 

 

Synthesis of 2-(2-methoxynaphthalen-1-yl)-1-(thiophen-2-yl)ethan-1-one (11) 

 

Compound 11 was obtained using the General Procedure B on a 0.5 mmol scale, in this 

case increasing the aryl ketone to 0.85 mmol (1.7 equiv). The crude product was purified by 

silica gel chromatography (eluent:  0% to 10% EtOAc gradient/hexanes) to provide the product 

as a white solid (125.2 mg, 89%). Rf = 0.44 (1:4 EtOAc/hexanes). 
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1H NMR (500 MHz, CDCl3):  δ 7.94 (d, J = 3.7 Hz, 1H), 7.90 (d, J = 8.6 Hz, 1H), 7.87 – 7.79 

(m, 2H), 7.61 (d, J = 4.9 Hz, 1H), 7.48 (t, J = 7.6 Hz, 1H), 7.36 (t, J = 7.5 Hz, 1H), 7.31 (d, J 

= 9.0 Hz, 1H), 7.13 (t, J = 4.4 Hz, 1H), 4.73 (s, 2H), 3.94 (s, 3H). 

13C NMR (126 MHz, CDCl3):  δ 190.9, 154.8, 144.1, 133.6, 133.5, 132.1, 129.3, 129.2, 128.5, 

128.0, 126.9, 123.5, 123.3, 116.4, 113.2, 56.6, 36.7. 

HRMS (ESI):  m/z calcd for C17H14O2S+Na+: 305.0612 [M+Na]+; found 305.0618. 

 

Synthesis of 1-(furan-2-yl)-2-mesitylethan-1-one (12) 

 

Compound 12 was obtained using the General Procedure B on a 0.5 mmol scale, in this 

case increasing the aryl ketone to 0.85 mmol (1.7 equiv.). The crude product was purified by 

silica gel chromatography (eluent:  0% to 10% EtOAc gradient/hexanes) to provide the product 

as a white solid (83.1 mg, 73% yield).  Rf = 0.41 (1:4 EtOAc/hexanes). 

1H NMR (500 MHz, CDCl3):  δ 7.62 (s, 1H), 7.20 (d, J = 2.9 Hz, 1H), 6.90 (s, 2H), 6.59 – 

6.53 (m, 1H), 4.22 (s, 2H), 2.29 (s, 3H), 2.24 (s, 6H). 

13C NMR (126 MHz, CDCl3):  δ 186.5, 152.7, 146.1, 137.0, 136.4, 128.8, 128.5, 116.8, 112.2, 

39.2, 20.9, 20.3 

HRMS (ESI):  m/z calcd for C15H16O2+Na+: 251.1048 [M+Na]+; found: 251.1057. 
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Synthesis of 2-(4-(dimethylamino)phenyl)-2-methyl-3,4-dihydronaphthalen-1(2H)-one 

(13) 

 

Compound 13 was obtained using the General Procedure B on a 0.5 mmol scale. The crude 

product was purified by silica gel chromatography (eluent: 0% to 10% EtOAc 

gradient/hexanes) to provide the product as a white powder (125.0 mg, 90%). Rf = 0.63 (1:4 

EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3):  δ 8.16 (dd, J = 7.8, 1.6 Hz, 1H), 7.40 (td, J = 7.4, 1.6 Hz, 1H), 

7.29 (t, J = 7.5 Hz, 1H), 7.16 – 7.05 (m, 3H), 6.70 – 6.61 (m, 2H), 2.89 (s, 7H), 2.79 (dt, J = 

17.0, 4.1 Hz, 1H), 2.59 (dt, J = 13.9, 4.0 Hz, 1H), 2.24 (ddd, J = 14.1, 11.9, 4.6 Hz, 1H), 1.50 

(s, 3H). 

13C NMR (101 MHz, CDCl3):  δ 201.6, 149.2, 143.7, 132.8, 132.8, 129.2, 128.6, 127.9, 127.0, 

126.4, 112.6, 49.5, 40.5, 36.0, 27.4, 26.2. 

HRMS (ESI):  m/z calcd for C19H21NO+Na+: 302.1521 [M+Na]+; found: 302.1525. 

 

Synthesis of 2-(1H-indazol-5-yl)-6-methoxy-3,4-dihydronaphthalen-1(2H)-one (14) 

 

Compound 14 was obtained using the General Procedure B on a 0.5 mmol scale using the 

THP protected bromide. After completing the coupling reaction by TLC, the aqueous phase 

was acidified using conc. HCl to pH< 1 and allowed to stir at 45 °C until complete deprotection 
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to form product 14. The aqueous phase was neutralized using satd. NaHCO3 and extracted with 

EtOAc (3 x 1 mL). The crude product was purified by silica gel chromatography (eluent: 60% 

EtOAc/30% hexanes) to provide the product as a white solid (95.0 mg, 65% yield over two 

steps). Rf = 0.33 (3:2 EtOAc/hexanes). 

1H NMR (500 MHz, DMSO):  δ 12.98 (s, 1H), 8.00 (s, 1H), 7.89 (d, J = 8.3 Hz, 1H), 7.52 (s, 

1H), 7.48 (d, J = 8.7 Hz, 1H), 7.17 (d, J = 8.7 Hz, 1H), 6.99 – 6.87 (m, 2H), 3.96 (dd, J = 11.5, 

4.6 Hz, 1H), 3.85 (s, 3H), 3.11 (td, J = 11.4, 5.5 Hz, 1H), 2.96 (dt, J = 17.1, 4.8 Hz, 1H), 2.39 

(tt, J = 10.9, 5.7 Hz, 1H), 2.29 (dq, J = 9.0, 4.5 Hz, 1H). 

13C NMR (126 MHz, DMSO):  δ 196.7, 163.2, 146.9, 138.9, 133.2, 132.5, 129.2, 127.3, 126.0, 

122.9, 119.5, 113.5, 112.6, 109.7, 55.5, 53.2, 31.2, 28.6. 

HRMS (ESI):  m/z calcd for C18H16N2O2+Na+: 315.1110 [M+Na]+; found 315.1111. 

 

Synthesis of 2-(4-morpholinophenyl)-1,2-diphenylethan-1-one (15) 

 

Compound 15 was obtained using the General Procedure B on a 0.5 mmol scale.  The crude 

product was purified by silica gel chromatography (eluent: 30% EtOAc/70% hexanes) to 

provide the product as a white powder (178.0 mg, 99% yield).  Rf = 0.33 (3:7 EtOAc/hexanes). 

1H NMR (500 MHz, CDCl3):  δ 8.03 (d, J = 7.7 Hz, 2H), 7.51 (t, J = 7.4 Hz, 1H), 7.41 (t, J = 

7.7 Hz, 2H), 7.36 – 7.30 (m, 2H), 7.30 – 7.25 (m, 3H), 7.21 (d, J = 8.6 Hz, 2H), 6.88 (d, J = 

8.7 Hz, 2H), 5.99 (s, 1H), 3.91 – 3.78 (m, 4H), 3.19 – 3.09 (m, 4H). 
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13C NMR (126 MHz, CDCl3):  δ 198.4, 150.1, 139.5, 136.9, 132.8, 130.1, 129.8, 129.0, 128.9, 

128.5, 128.5, 126.9, 115.7, 66.8, 58.5, 49.0. 

HRMS (ESI):  m/z calcd for C24H23NO2+Na+: 380.1627 [M+Na]+; found: 380.1630. 

 

Synthesis of 2-(4-(dimethylamino)phenyl)-1-(thiophen-2-yl)propan-1-one (16) 

 

Compound 16 was obtained using the General Procedure B on a 0.5 mmol scale. The crude 

product was purified by silica gel chromatography (eluent:  0% to 10% EtOAc 

gradient/hexanes) to provide the product as a yellow solid (129.9 mg, 99% yield). Rf = 0.45 

(1:4 EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3):  δ 7.70 (d, J = 4.1 Hz, 1H), 7.52 (d, J = 4.9 Hz, 1H), 7.21 (d, J 

= 8.8 Hz, 2H), 7.03 (t, J = 4.3 Hz, 1H), 6.69 (d, J = 8.8 Hz, 2H), 4.43 (q, J = 6.8 Hz, 1H), 2.91 

(s, 6H), 1.52 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3):  δ 193.8, 149.6, 143.9, 133.2, 132.3, 128.9, 128.4, 128.0, 112.9, 

48.4, 40.5, 19.1 

HRMS (ESI):  m/z calcd for C15H17NOS+Na+: 282.0929 [M+Na]+; found: 282.0933. 
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Synthesis of 1-(4-fluorophenyl)-1-(2-(piperidin-1-yl)pyrimidin-5-yl)propan-2-one (17) 

 

Compound 17 was obtained using the General Procedure B, modified to run at an internal 

temperature of 70 °C, and, as a separate trial, General Procedure C, both on a 0.5 mmol scale. 

The crude product was purified by silica gel chromatography (eluent: 25% EtOAc/75% 

hexanes) to provide the product as a yellow oil (Procedure B:  83.0 mg, 53% yield; Procedure 

C:  105.1 mg, 67% yield). Rf = 0.28 (1:3 EtOAc/hexanes). 

 1H NMR (400 MHz, CDCl3):  δ 8.12 (s, 2H), 7.23 – 7.13 (m, 2H), 7.09 – 6.97 (m, 2H), 4.82 

(s, 1H), 3.78 – 3.66 (m, 4H), 2.22 (s, 3H), 1.68 – 1.52 (m, 6H). 

13C NMR (101 MHz, CDCl3):  δ 205.4, 162.1 (d, J = 246.9 Hz), 160.8, 157.7, 133.3 (d, J = 

3.4 Hz), 130.1 (d, J = 8.1 Hz), 118.5, 115.9 (d, J = 21.6 Hz), 58.8, 44.7, 29.5, 25.6, 24.7. 

HRMS (ESI):  m/z calcd for C18H20FN3O+H+: 314.1669 [M+H]+; found: 314.1674. 

 

Synthesis of 2-(4-(methylthio)phenyl)-1-(pyridin-3-yl)propan-1-one (18) 

 

Compound 18 was obtained using the General Procedure B on a 0.5 mmol scale. The crude 

product was purified by silica gel chromatography (eluent: 35% EtOAc/65% hexanes) to 

provide the product as a yellow solid (125.6, 98% yield). Rf = 0.36 (2:3 EtOAc/hexanes). 
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1H NMR (500 MHz, CDCl3):  δ 9.12 (d, J = 2.6 Hz, 1H), 8.65 (dd, J = 4.9, 1.8 Hz, 1H), 8.16 

(dt, J = 7.9, 1.9 Hz, 1H), 7.31 (ddd, J = 8.0, 4.8, 0.8 Hz, 1H), 7.16 (s, 4H), 4.57 (q, J = 6.9 Hz, 

1H), 2.41 (s, 3H), 1.51 (d, J = 6.7 Hz, 3H). 

13C NMR (126 MHz, CDCl3):  δ 198.9, 153.1, 150.1, 137.6, 137.2, 136.1, 131.6, 128.2, 127.3, 

123.6, 48.0, 19.0, 15.7. 

HRMS (ESI):  m/z calcd for C15H15NOS+H+: 258.0953 [M+H]+; found: 258.0955. 

 

Synthesis of t-butyl 5-(1-oxo-1-(thiophen-2-yl)propan-2-yl)-1H-indole-1-carboxylate (19) 

 

Compound 19 was obtained using the General Procedure C on a 0.5 mmol scale. The crude 

product was purified by silica gel chromatography (eluent: 10% EtOAc/90% hexanes) to 

provide the product as a yellow oil (152.1 mg, 87% yield). Rf = 0.33 (1:9 EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3):  δ 8.07 (d, J = 8.7 Hz, 1H), 7.68 (dd, J = 3.8, 1.2 Hz, 1H), 7.57 

(d, J = 3.8 Hz, 1H), 7.54 – 7.47 (m, 2H), 7.28 (dd, J = 8.5, 2.0 Hz, 1H), 7.00 (dd, J = 5.0, 3.8 

Hz, 1H), 6.52 (d, J = 3.7 Hz, 1H), 4.60 (q, J = 6.9 Hz, 1H), 1.65 (s, 9H), 1.58 (d, J = 6.8 Hz, 

3H). 

13C NMR (101 MHz, CDCl3):  δ 193.5, 149.7, 143.7, 135.8, 133.4, 132.5, 131.1, 128.0, 126.4, 

124.1, 119.9, 115.6, 107.2, 83.7, 49.3, 28.1, 19.5 

HRMS (ESI):  m/z calcd for C20H21NO3S+Na+: 378.1140 [M+Na]+; found: 378.1131. 
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Synthesis of t-butyl 5-(1-(4-chlorophenyl)-1-oxopropan-2-yl)-1H-indole-1-carboxylate 

(20) 

 

Compound 20 was obtained using the General Procedure C on a 0.5 mmol scale. The crude 

product was purified by silica gel chromatography (eluent: 5% EtOAc/95% hexanes) to 

provide the product as a white oil (116.3 mg, 61% yield). Rf = 0.30 (0.5:9.5 EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3):  δ 8.07 (d, J = 8.6 Hz, 1H), 7.89 (d, J = 8.6 Hz, 2H), 7.57 (d, J 

= 3.9 Hz, 1H), 7.42 (d, J = 2.0 Hz, 1H), 7.31 (d, J = 8.6 Hz, 2H), 7.21 (dd, J = 8.4, 2.0 Hz, 

1H), 6.50 (d, J = 3.7 Hz, 1H), 4.69 (q, J = 6.8 Hz, 1H), 1.64 (s, 9H), 1.56 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3):  δ 199.2, 149.6, 139.0, 135.6, 134.8, 131.2, 130.2, 128.7, 126.5, 

123.9, 120.0, 115.8, 107.1, 83.8, 48.0, 28.1, 19.7. 

HRMS (ESI):  m/z calcd for C22H22ClNO3+Na++CH3OH: 438.1448 [M+Na+CH3OH]+; found 

438.1451. 

 

Synthesis of 2-(4-(dimethylamino)phenyl)-1-(thiazol-2-yl)propan-1-one (21) 

 

Compound 21 was obtained using the General Procedure C on a 0.5 mmol scale. The crude 

product was purified by silica gel chromatography (eluent: 7% EtoAC/93% hexanes) to 

provide the product as a yellow solid (37.9 mg, 29% yield. Rf = 0.20 (1:9 EtOAc/hexanes).  
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1H NMR (500 MHz, CDCl3):  δ 7.97 (d, J = 3.0 Hz, 1H), 7.58 (d, J = 3.0 Hz, 1H), 7.28 (d, J 

= 8.8 Hz, 2H), 6.67 (d, J = 8.8 Hz, 2H), 5.05 (q, J = 7.1 Hz, 1H), 2.90 (s, 6H), 1.55 (d, J = 7.1 

Hz, 3H). 

13C NMR (126 MHz, CDC3):  δ 194.0, 167.1, 149.7, 144.6, 129.1, 127.4, 126.1, 112.8, 46.0, 

40.5, 18.0. 

HRMS (ESI):  m/z calcd for C14H16N2OS+Na+: 283.0881 [M+Na]+; found 283.0887. 

 

Synthesis of 2-((1-benzylpiperidin-4-yl)methyl)-5,6-dimethoxy-2-(4-methoxyphenyl)-2,3-

dihydro-1H-inden-1-one (22) 

 

Compound 22 was obtained using General Procedure C on a 0.5 mmol scale, in this case 

using 0.5 mmol of the aryl ketone and 0.6 mmol of the aryl bromide. The crude product was 

purified by silica gel chromatography (eluent: 5% MeOH/95% DCM) to provide the product 

as a white solid (151.2 mg, 62% yield). Rf = 0.28 (0.5:9.5 MeOH/DCM). 

1H NMR (400 MHz, CDCl3):  δ 7.36 – 7.20 (m, 7H), 7.15 (s, 1H), 6.89 (s, 1H), 6.84 – 6.76 

(m, 2H), 3.98 (s, 3H), 3.89 (s, 3H), 3.75 (s, 3H), 3.59 – 3.45 (m, 3H), 3.28 (d, J = 17.1 Hz, 

1H), 2.89 – 2.74 (m, 2H), 2.20 (d, J = 12.1 Hz, 1H), 2.00 – 1.81 (m, 3H), 1.54 – 1.34 (m, 5H). 
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13C NMR (101 MHz, CDCl3):  δ 206.3, 158.1, 155.6, 149.6, 147.5, 134.2, 129.6, 128.3, 128.2, 

127.6, 127.4, 113.8, 107.0, 105.1, 62.9, 56.5, 56.2, 56.0, 55.2, 53.4, 51.1, 44.5, 41.0, 33.3, 32.5. 

HRMS (ESI):  m/z calcd for C31H35NO4+H+: 486.2644 [M+H]+; found 486.2647. 

 

Synthesis of 4-(4-(4-chlorophenyl)-4-hydroxypiperidin-1-yl)-1-(4-fluorophenyl)-2-

(naphthalen-2-yl)butan-1-one (23) 

 

Compound 23 was obtained using General Procedure C on a 0.5 mmol scale, in this case 

using 0.5 mmol of the aryl ketone and 0.6 mmol of the aryl bromide. The crude product was 

purified by silica gel chromatography (eluent:  5% MeOH/95% DCM) to provide the product 

as a white solid (190.2 mg, 76% yield). Rf = 0.27 (0.5:9.5 MeOH/DCM). 

1H NMR (400 MHz, CDCl3):  δ 8.14 – 7.99 (m, 2H), 7.84 – 7.69 (m, 4H), 7.52 – 7.39 (m, 

3H), 7.36 – 7.23 (m, 4H), 7.06 (t, J = 8.6 Hz, 2H), 5.29 (s, 1H), 4.84 (t, J = 6.9 Hz, 1H), 2.89 

– 2.71 (m, 2H), 2.65 (dq, J = 15.2, 7.6 Hz, 1H), 2.58 – 2.33 (m, 4H), 2.16 – 1.79 (m, 4H), 1.64 

(d, J = 13.9 Hz, 2H). 

13C NMR (101 MHz, CDCl3):  δ 197.7, 165.6 (d, J = 254.8 Hz), 146.8, 136.9, 133.7, 133.5 

(d, J = 3.0 Hz), 132.9, 132.6, 131.5 (d, J = 9.3 Hz), 129.0, 128.5, 127.8, 127.8, 127.1, 126.4, 

126.2, 126.2, 126.1, 115.7 (d, J = 21.8 Hz), 71.0, 56.6, 51.8, 49.9, 48.8, 38.2, 38.1, 31.4. 

HRMS (ESI):  m/z calcd for C31H29ClFNO2+H+: 502.1949 [M+H]+; found: 502.1949. 
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Synthesis of 2,2-bis(4-(dimethylamino)phenyl)-1-(thiophen-2-yl)ethan-1-one (24) 

 

Compound 24 was obtained using the General Procedure B on a 0.5 mmol scale. The crude 

product was purified by silica gel chromatography (eluent: 0% to 20% EtOAc 

gradient/hexanes) to provide the product as a yellow solid (90.2 mg, 99% yield). Rf = 0.27 (1:4 

EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3):  δ 7.76 (d, J = 3.3 Hz, 1H), 7.55 (d, J = 4.7 Hz, 1H), 7.19 (d, J 

= 8.5 Hz, 4H), 7.10 – 7.01 (m, 1H), 6.70 (d, J = 8.5 Hz, 4H), 5.71 (s, 1H), 2.92 (s, 12H). 

13C NMR (101 MHz, CDCl3):  δ 192.3, 149.6, 144.6, 133.4, 132.5, 129.6, 128.0, 127.4, 112.7, 

58.9, 40.6. 

HRMS (ESI):  m/z calcd for C22H24N2OS+Na+: 387.1507 [M+Na]+; found: 387.1507. 

 

Synthesis of 1-(furan-2-yl)-2,2-di(naphthalen-2-yl)ethan-1-one (25) 

 

Compound 25 was obtained using the General Procedure B on a 0.5 mmol scale. The crude 

product was purified by silica gel chromatography (eluent:  0% to 15% EtOAc 
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gradient/hexanes) to provide the product as a tan solid (83.3 mg, 92% yield). Rf = 0.27 (1:4 

EtOAc/hexanes). 

1H NMR (500 MHz, CDCl3):  δ 7.89 – 7.76 (m, 8H), 7.58 – 7.55 (m, 1H), 7.55 – 7.51 (m, 

2H), 7.47 (dd, J = 6.2, 3.3 Hz, 4H), 7.33 (d, J = 3.5 Hz, 1H), 6.50 (dd, J = 3.5, 1.5 Hz, 1H), 

6.24 (s, 1H). 

13C NMR (126 MHz, CDCl3):  δ 187.3, 152.7, 146.8, 136.0, 133.5, 132.6, 128.4, 128.0, 127.9, 

127.6, 127.4, 126.2, 126.1, 118.5, 112.6, 59.0. 

HRMS (ESI):  m/z calcd for C26H18O2+Na+: 385.1205 [M+Na]+; found: 385.1204. 

 

Synthesis of 2,2-bis(2,4-dimethoxyphenyl)-1-(thiophen-2-yl)ethan-1-one (26) 

 

Compound 26 was obtained using the General Procedure B on a 0.5 mmol scale. The crude 

product was purified by silica gel chromatography (eluent:  0% to 20% EtOAc 

gradient/hexanes) to provide the product as a white solid (80.2 mg, 81% yield). Rf = 0.18 (1:4 

EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3):  δ 7.81 – 7.70 (m, 1H), 7.58 – 7.49 (m, 1H), 7.07 – 7.00 (m, 

1H), 6.95 (d, J = 8.4 Hz, 2H), 6.49 (d, J = 2.3 Hz, 2H), 6.42 (dd, J = 8.5, 2.4 Hz, 2H), 6.36 (s, 

1H), 3.78 (s, 6H), 3.77 (s, 6H). 

13C NMR (101 MHz, CDCl3):  δ 192.5, 160.0, 157.8, 144.3, 132.6, 131.7, 130.3, 127.8, 119.4, 

104.0, 98.8, 55.6, 55.3, 46.2. 
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HRMS (ESI):  m/z calcd for C22H22O5S+Na+: 421.1086 [M+Na]+; found: 421.1079. 

 

Synthesis of 1-(2,4-dimethylthiazol-5-yl)-2,2-bis(4-morpholinophenyl)ethan-1-one (27) 

 

Compound 27 was obtained using the General Procedure C on a 0.5 mmol scale. The crude 

product was purified by silica gel chromatography (eluent:  0% to 75% EtOAc 

gradient/hexanes) to afford the product as a light-yellow solid (105.7 mg, 88% yield). Rf = 0.18 

(1:1 EtOAc/hexanes). 

1H NMR (500 MHz, CDCl3):  δ 7.14 (d, J = 8.6 Hz, 4H), 6.85 (d, J = 8.6 Hz, 4H), 5.38 (s, 

1H), 3.87 – 3.79 (m, 8H), 3.17 – 3.07 (m, 8H), 2.70 (s, 3H), 2.62 (s, 3H). 

13C NMR (126 MHz, CDCl3):  δ 191.9, 168.3, 160.5, 150.3, 129.9, 129.8, 129.6, 115.6, 66.9, 

62.9, 49.1, 19.4, 18.3. 

HRMS (ESI):  m/z calcd for C27H31N3O3S+Na+: 500.1984 [M+Na]+; found: 500.1984. 
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Synthesis of 2-(4-(2-(dimethylamino)ethoxy)phenyl)-1,2-diphenylethan-1-one (29) 

 

Compound 29 was obtained using the procedure outlined in the tamoxifen synthesis 

section. The crude product was purified by silica gel chromatography (eluent: 1:9:0.1 

MeOH/DCM/Et3N) to provide the product as a viscous yellow oil (177.1 mg, 98% yield). Rf = 

0.30 (1:9:0.1 MeOH/DCM/Et3N). 

1H NMR (400 MHz, CDCl3):  δ 8.02 – 7.97 (m, 2H), 7.54 – 7.47 (m, 1H), 7.44 – 7.37 (m, 

2H), 7.35 – 7.28 (m, 2H), 7.26 – 7.23 (m, 3H), 7.22 – 7.15 (m, 2H), 6.90 – 6.85 (m, 2H), 5.98 

(s, 1H), 4.06 (t, J = 5.7 Hz, 2H), 2.77 (t, J = 5.7 Hz, 2H), 2.36 (s, 6H). 

13C NMR (101 MHz, CDCl3):  δ 198.4, 157.8, 139.4, 136.8, 133.0, 131.3, 130.1, 129.0, 128.9, 

128.7, 128.6, 127.0, 114.8, 65.6, 58.6, 58.0, 45.6. 

HRMS (ESI):  m/z calcd for C24H25NO2+H+:  360.1964 [M+H]+; found:  360.1962. 

 

Synthesis of 2-(3-(1,3-dioxolan-2-yl)phenyl)-1-(4-chlorophenyl)propan-1-one (32) 

 

Compound 32 was obtained using the procedure outlined in the tandem procedure. The 

crude product was purified by silica gel chromatography (eluent: 20% EtOAc/80% hexanes) 

to provide the product as a clear oil (128.1 mg, 81% yield). Rf = 0.39 (3:7 EtOAc/hexanes). 
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1H NMR (500 MHz, CDCl3):  δ 7.89 – 7.83 (m, 2H), 7.38 (t, J = 1.9 Hz, 1H), 7.35 – 7.28 (m, 

4H), 7.24 (dt, J = 7.3, 1.8 Hz, 1H), 5.75 (s, 1H), 4.63 (q, J = 6.9 Hz, 1H), 4.16 – 3.94 (m, 4H), 

1.52 (d, J = 6.7 Hz, 3H). 

13C NMR (126 MHz, CDCl3):  δ 199.0, 141.4, 139.3, 138.9, 134.8, 130.3, 129.3, 128.9, 128.6, 

126.0, 125.4, 103.6, 65.4, 65.4, 48.1, 19.6. 

HRMS (ESI):  m/z calcd for C18H17ClO3+Na+: 339.0764 [M+Na]+; found: 339.0774. 

 

Synthesis of 3-(1-(2',4'-dimethyl-[1,1'-biphenyl]-4-yl)-1-oxopropan-2-yl)benzaldehyde 

(33) 

 

Compound 33 was obtained using the procedure outlined in the tandem procedure. The 

crude product was purified by silica gel chromatography (eluent: 15% EtOAc/85% hexanes) 

to provide the product as an opaque clear oil (115.2 mg, 67% yield over three steps). Rf = 0.61 

(3:7 EtOAc/hexanes). 

1H NMR (500 MHz, CDCl3):  δ 10.01 (s, 1H), 8.01 (d, J = 8.6 Hz, 2H), 7.89 (s, 1H), 7.79 – 

7.74 (m, 1H), 7.65 – 7.61 (m, 1H), 7.50 (t, J = 7.7 Hz, 1H), 7.37 (d, J = 8.6 Hz, 2H), 7.12 – 

7.03 (m, 3H), 4.86 (q, J = 6.9 Hz, 1H), 2.36 (s, 3H), 2.22 (s, 3H), 1.61 (d, J = 7.0 Hz, 3H). 

13C NMR (126 MHz, CDCl3):  δ 199.5, 192.1, 147.1, 142.6, 137.7, 137.7, 137.1, 134.9, 134.4, 

133.9, 131.3, 129.7, 129.7, 129.5, 129.0, 128.6, 128.6, 126.7, 47.3, 21.1, 20.3, 19.6. 

HRMS (ESI):  m/z calcd for C24H22O2+Na+: 365.1518 [M+Na]+; found 363.1995. 



 

 218 

Synthesis of 3-(1-(2',4'-dimethyl-[1,1'-biphenyl]-4-yl)-1-oxopropan-2-yl)benzyl 2-

chloronicotinate (34) 

 

Compound 34 was obtained using the procedure outlined in the tandem procedure. The 

crude product was purified by silica gel chromatography (eluent: 25% EtOAc/75% hexanes) 

to provide the product as a clear oil (161.6 mg, 66% yield over five steps). Rf = 0.35 (3:7 

EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3):  δ 8.49 (dd, J = 4.9, 1.8 Hz, 1H), 8.20 – 8.11 (m, 1H), 8.01 (d, 

J = 8.2 Hz, 2H), 7.45 (s, 1H), 7.41 – 7.24 (m, 6H), 7.07 (d, J = 11.9 Hz, 3H), 5.37 (s, 2H), 4.79 

(q, J = 6.9 Hz, 1H), 2.36 (s, 3H), 2.21 (s, 3H), 1.58 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3):  δ 199.8, 164.3, 152.0, 150.1, 146.8, 142.0, 140.4, 137.7, 137.7, 

135.8, 134.9, 134.5, 131.3, 129.5, 129.5, 129.4, 128.6, 128.1, 127.8, 127.0, 126.8, 126.6, 122.1, 

67.6, 47.5, 21.1, 20.3, 19.6. 

HRMS (ESI):  m/z calcd for C30H26ClNO3+Na+:  506.1499 [M+Na]+; found:  506.1492. 
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Synthesis of 2-(4-methoxyphenyl)-1-phenylpropan-1-one-2-d (35) 

 

Compound 35 was obtained using the procedure outlined above. The crude product was 

purified by silica gel chromatography (eluent: 8% EtOAc/92% hexanes) to provide the product 

as an off-white solid (248.1 mg, 99% yield). Rf = 0.31 (8% EtOAc/92% hexanes). 

1H NMR (500 MHz, CDCl3):  δ 7.97 (d, J = 7.1 Hz, 2H), 7.50 – 7.43 (m, 1H), 7.41 – 7.35 (m, 

2H), 7.23 (d, J = 8.7 Hz, 2H), 6.84 (d, J = 8.8 Hz, 2H), 3.73 (s, 3H), 1.52 (s, 3H). 

13C NMR (126 MHz, CDCl3):  δ 200.6, 158.5, 128.8, 128.8, 128.5, 114.4, 55.2, 46.5 (t, J = 

19.5 Hz), 19.4. 

HRMS (EI):   m/z calcd for C16H15O2D
+: 241.1213 [M]+; found: 241.1217. 

 

Synthesis of 4a-methyl-9a-((2E,6E,10E,14E,18E,22E,26E,30E)-3,7,11,15,19,23,27,31,35-

nonamethylhexatriaconta-2,6,10,14,18,22,26,30,34-nonaen-1-yl)-1,4,4a,9a-tetrahydro-

1,4-methanoanthracene-9,10-dione (36) 

 

Compound 36 was prepared using the procedure outlined in section 10. Product was 

recovered as a golden yellow oil (2560 mg, quant.). Rf = 0.38 (8% Et2O/92% hexanes).  

1H NMR (400 MHz, CDCl3): δ 7.98 – 7.92 (m, 1H), 7.92 – 7.85 (m, 1H), 7.69 – 7.61 (m, 2H), 

6.09 – 6.00 (m, 2H), 5.18 – 5.02 (m, 7H), 4.96 – 4.88 (m, 2H), 3.25 – 3.18 (m, 1H), 3.18 – 3.10 
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(m, 1H), 2.86 (dd, J = 15.0, 7.1 Hz, 1H), 2.48 (dd, J = 15.0, 6.8 Hz, 1H), 2.13 – 1.93 (m, 26H), 

1.92 – 1.71 (m, 8H), 1.68 (d, J = 1.4 Hz, 3H), 1.63 – 1.55 (m, 26H), 1.51 – 1.43 (m, 4H). 

13C NMR (101 MHz, CDCl3): δ 202.4, 201.8, 138.5, 137.9, 137.6, 137.0, 135.2, 135.1, 135.1, 

135.1, 135.0, 135.0, 135.0, 134.0, 133.7, 131.4, 127.1, 126.3, 124.5, 124.4, 124.4, 124.3, 124.0, 

120.0, 60.7, 57.3, 55.6, 54.3, 43.9, 39.9, 39.9, 39.8, 39.8, 36.6, 29.8, 26.9, 26.8, 26.8, 26.8, 

26.5, 25.8, 23.8, 17.8, 16.5, 16.2, 16.1, 16.1, 16.1. 

This compound matched spectra data from the literature.[7] 

 

Synthesis of 4a-((2E,6E,10E,14E,18E,22E)-3,7,11,15,19,23,27-heptamethyloctacosa-

2,6,10,14,18,22,26-heptaen-1-yl)-9a-methyl-1,4,4a,9a-tetrahydro-1,4-

methanoanthracene-9,10-dione (37) 

 

Product 37 was prepared using the procedure outlined in section 11. Product was 

recovered as a golden oil (869.4 mg, 97% yield). Rf = 0.4 (1:9 Et2O/hexanes) 

1H NMR (500 MHz, CDCl3): δ 7.98 – 7.92 (m, 1H), 7.92 – 7.87 (m, 1H), 7.71 – 7.61 (m, 2H), 

6.09 – 6.00 (m, 2H), 5.15 – 5.04 (m, 5H), 4.98 – 4.87 (m, 2H), 3.24 – 3.19 (m, 1H), 3.14 (dd, 

J = 3.1, 1.4 Hz, 1H), 2.86 (dd, J = 15.1, 7.1 Hz, 1H), 2.48 (dd, J = 15.1, 6.9 Hz, 1H), 2.18 – 

1.91 (m, 19H), 1.93 – 1.71 (m, 7H), 1.68 (d, J = 1.3 Hz, 3H), 1.65 – 1.50 (m, 20H), 1.52 – 1.43 

(m, 4H). 

13C NMR (126 MHz, CDCl3): δ 202.3, 201.7, 138.4, 137.7, 137.5, 136.9, 135.1, 135.0, 135.0, 

134.9, 134.9, 134.9, 133.9, 133.5, 131.2, 126.9, 126.2, 124.4, 124.3, 124.3, 124.2, 123.9, 119.9, 
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60.6, 57.2, 55.5, 54.1, 43.7, 39.7, 39.7, 39.7, 39.7, 36.5, 26.8, 26.7, 26.7, 26.7, 26.7, 26.3, 25.7, 

23.7, 17.7, 16.3, 16.0, 16.0, 16.0. 

This compound matched spectra data from the literature.[8] 

 

Synthesis of 6,7-dimethoxy-4a-methyl-1,4,4a,8a-tetrahydro-1,4-methanonaphthalene-

5,8-dione (38) 

 

Product 38 was prepared using the procedure outlined in section 12. Product was 

recovered as an opaque oil that yellowed over time (5.39 g, 80% yield). Rf = 0.25 (1:1 

Et2O/hexanes). 

1H NMR (500 MHz, CDCl3): δ 6.12 (dd, J = 5.7, 3.0 Hz, 1H), 5.98 (dd, J = 5.7, 2.9 Hz, 1H), 

3.91 (s, 3H), 3.89 (s, 3H), 3.39 (ddt, J = 3.9, 2.7, 1.4 Hz, 1H), 3.05 (ddd, J = 2.7, 1.6, 0.9 Hz, 

1H), 2.80 (d, J = 3.9 Hz, 1H), 1.63 (ddt, J = 9.2, 1.6, 0.8 Hz, 1H), 1.52 (dt, J = 9.2, 1.8 Hz, 

1H), 1.45 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ 198.4, 194.8, 150.6, 150.5, 138.1, 134.5, 60.6, 60.6, 57.1, 

53.4, 52.5, 48.8, 46.3, 26.5. 

This compound matched spectral data from the literature.[9] 
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Synthesis of 6,7-dimethoxy-4a-methyl-8a-((2E,6E,10E,14E,18E,22E,26E,30E)-

3,7,11,15,19,23,27,31,35-nonamethylhexatriaconta-2,6,10,14,18,22,26,30,34-nonaen-1-

yl)-1,4,4a,8a-tetrahydro-1,4-methanonaphthalene-5,8-dione (39) 

 

Compound 39 was prepared using the procedure outlined in section 13. Product was 

recovered as a yellowish oil (757.4 mg, 70%). Rf = 0.45 (1:3 EtOAc/hexanes). 

1H NMR (500 MHz, CDCl3): δ 6.09 – 6.02 (m, 2H), 5.16 – 5.00 (m, 9H), 3.90 (s, 2H), 3.88 

(s, 2H), 3.09 (q, J = 1.8 Hz, 1H), 3.01 (q, J = 1.8 Hz, 1H), 2.75 (dd, J = 15.2, 7.7 Hz, 1H), 2.47 

– 2.37 (m, 1H), 2.05 (q, J = 6.7 Hz, 16H), 2.01 – 1.91 (m, 16H), 1.81 – 1.71 (m, 2H), 1.68 (q, 

J = 1.4 Hz, 3H), 1.59 (dd, J = 9.3, 1.2 Hz, 26H), 1.51 – 1.44 (m, 4H). 

13C NMR (126 MHz, CDCl3): δ 198.8, 198.2, 150.8, 149.1, 138.1, 138.0, 137.2, 135.4, 135.0, 

135.0, 134.9, 134.9, 134.9, 134.9, 131.2, 12.4, 124.3, 124.3, 124.3, 124.3, 124.2, 124.1, 123.8, 

119.6, 60.3, 60.0, 59.3, 56.1, 54.5, 53.2, 43.5, 40.0, 39.8, 39.7, 36.1, 26.8, 26.7, 26.7, 26.7, 

26.7, 26.5, 25.7, 23.4, 17.7, 16.4, 16.0, 16.0. 

HRMS (ESI):  m/z calcd for C59H88O4+Na+:  883.6572 [M+Na]+; found:  883.6580. 
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Synthesis of 2-methyl-3-((2E,6E,10E,14E,18E,22E,26E,30E)-3,7,11,15,19,23,27,31,35-

nonamethylhexatriaconta-2,6,10,14,18,22,26,30,34-nonaen-1-yl)naphthalene-1,4-dione 

(MK-9, K2) 

 

MK-9, K2 was synthesized using the procedure outlined in section 10. Product was 

recovered as a yellow solid (1840.0 mg, 77 % yield). Rf = 0.50 (1:9 Et2O/hexanes). 

1H NMR (400 MHz, CDCl3): δ 8.08 (ddt, J = 4.8, 3.2, 2.0 Hz, 2H), 7.73 – 7.63 (m, 2H), 5.17 

– 4.98 (m, 9H), 3.37 (d, J = 6.9 Hz, 2H), 2.19 (s, 3H), 2.12 – 1.91 (m, 32H), 1.80 (d, J = 1.3 

Hz, 3H), 1.68 (d, J = 1.4 Hz, 3H), 1.63 – 1.54 (m, 24H). 

13C NMR (101 MHz, CDCl3): δ 185.4, 184.5, 146.1, 143.3, 137.5, 135.2, 134.9, 134.9, 134.9, 

133.3, 133.2, 132.2, 132.1, 131.2, 126.3, 126.2, 124.4, 124.3, 124.2, 124.2, 124.1, 123.8, 119.1, 

39.7, 39.7, 39.7, 29.7, 26.7, 26.7, 26.7, 26.6, 26.5, 26.0, 25.7, 17.7, 16.4, 16.0, 16.0, 16.0, 12.7. 

This compound matched spectral data from the literature.[10] 
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Synthesis of 2-((2E,6E,10E,14E,18E,22E)-3,7,11,15,19,23,27-heptamethyloctacosa-

2,6,10,14,18,22,26-heptaen-1-yl)-3-methylnaphthalene-1,4-dione (MK-7, K2) 

 

MK-7 was synthesized using the procedure outlined in section 11. Product was recovered 

as a yellow solid (648.1 mg, 80% yield over two steps).  Rf = 0.60 (1:9 Et2O/hexanes). 

1H NMR (400 MHz, CDCl3): δ 8.08 (ddt, J = 4.7, 3.1, 2.0 Hz, 2H), 7.68 (dd, J = 5.8, 3.3 Hz, 

2H), 5.15 – 4.98 (m, 7H), 3.37 (d, J = 7.0 Hz, 2H), 2.19 (s, 3H), 2.11 – 1.89 (m, 24H), 1.79 (s, 

3H), 1.68 (s, 3H), 1.59 (s, 12H), 1.56 (s, 6H). 

13C NMR (101 MHz, CDCl3): δ 185.4, 184.5, 146.1, 143.3, 137.5, 135.2, 134.9, 134.9, 134.9, 

133.3, 133.3, 132.2, 132.1, 131.2, 126.3, 126.2, 124.4, 124.2, 124.1, 123.8, 119.0, 39.7, 39.7, 

26.7, 26.7, 26.6, 26.5, 26.0, 25.7, 17.7, 16.4, 16.0, 16.0, 16.0, 12.7. 

This compound matched spectral data from the literature.[11] 

 

Synthesis of 2,3-dimethoxy-5-methyl-6-((2E,6E,10E,14E,18E,22E,26E,30E)-

3,7,11,15,19,23,27,31,35-nonamethylhexatriaconta-2,6,10,14,18,22,26,30,34-nonaen-1-

yl)cyclohexa-2,5-diene-1,4-dione (CoQ9) 
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CoQ9 was synthesized using the procedure outlined in section 13. Product was recovered 

as an organge solid (651.5 mg, 93% yield). Rf = 0.44 (1:4 Et2O/hexanes). 

1H NMR (500 MHz, CDCl3): δ 5.15 – 5.03 (m, 9H), 4.93 (tq, J = 7.1, 1.4 Hz, 1H), 3.99 (s, 

3H), 3.97 (s, 3H), 3.18 (d, J = 7.1 Hz, 2H), 2.05 (q, J = 6.2 Hz, 18H), 2.01 (s, 3H), 2.00 – 

1.91 (m, 17H), 1.73 (d, J = 1.3 Hz, 3H), 1.67 (d, J = 1.4 Hz, 3H), 1.62 – 1.55 (m, 26H). 

13C NMR (126 MHz, CDCl3): δ 184.8, 183.9, 144.4, 144.3, 141.7, 138.9, 137.6, 135.2, 

135.0, 134.9, 134.9, 134.9, 134.9, 134.9, 131.2, 124.4, 124.3, 124.3, 124.3, 124.3, 124.2, 

123.9, 118.9, 61.1, 61.1, 39.8, 39.7, 39.7, 26.8, 26.7, 26.7, 26.7, 26.7, 26.5, 25.7, 25.3, 17.7, 

16.3, 16.0, 16.0, 16.0, 11.9. 

HRMS (ESI):  m/z calcd for C54H82O4+Na+:  817.6114 [M+Na]+; found: 817.6111. 
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2.7  Spectral Data 
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III. Palladium Catalyzed Dehydration of            

Primary Amides to Nitriles in Water 
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3.1 Personal Account 

The α-arylation project was well underway, and the cyclopropane (Chapter 1) and CSTR 

(Chapter 4, part 2) papers had been written and submitted to their respective journals. I was 

sitting in my office lamenting to myself that I didn’t have enough stuff to work on, other than 

writing, when serendipitously Bruce walked into my shared office to talk to Yuting about 

something. I let him know that I felt I could handle another project on my plate. His response 

to this was, of course, highly positive being a PI, and he exclaimed “That’s the sort of stuff I 

want to hear!” (or, something to that affect). 

Bruce had posed the amide dehydration problem as a thought exercise to me when I was 

discussing next steps earlier in my degree. I did not know that he had given it to other graduate 

students in the past, only to be turned down after minimal progress was made. The original 

thought was to take the Burgess reagent and add a ton of greasy appendages to it to try to get 

it into the micelle and essentially shield the reagent away from water. After a few attempts at 

this on my end, I found a lot of issues with the synthesis of the reagents, as well as no reactivity 

from either crude or “purified” material (isolation tended to destroy these reagents). Some of 

the proposed analogues were so bulky with alkyl groups that the volume of reagent required 

for the reaction was greater than that of the water used as the medium! 

Discouraged, I went online to poke around and see what else I could find in the literature 

because I was determined to make this work. On Organic Chemistry Portal, I found that other 

groups had used palladium catalysis in mixtures of acetonitrile and water. It was immediately 

obvious to me that surfactant technology could further add value to this methodology, where 

the goal was to reduce the amount of organic solvent required to stoichiometric levels, while 

maintaining an aqueous medium. There was industrial demand from the company PHT for this 
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type of aqueous based dehydration chemistry. My success on this method initiated my 

relationship with a businessman/chemist David Gunn at PHT, which later facilitated my side 

project with him, funded directly by PHT, to develop a CSTR flow system for our lab at UCSB.  
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3.2 Introduction and Background 

The nitrile moiety is a fundamental functional group in organic chemistry, with its 

importance spanning multiple subdisciplines from fine chemical synthesis to polymer and 

materials applications.1 Beyond it’s more technical industry specific uses, even a chemical 

layman can recall the “cyano-” or “nitrile” terminology from a variety of commonplace items. 

One major example is in the form of nitrile rubber-based commodities, where the inclusion of 

the carbon-nitrogen triple bond imparts improved chemical resistance against petroleum 

products (Figure 1).2 Indeed, this material stability makes the synthetic rubber, which is 

generated from the co-polymerization of 1,3-butadiene and acrylonitrile, ideal for uses in seals, 

gaskets, and O-rings. Furthermore, nitrile rubber has been developed for personal protection 

equipment in the form of nitrile gloves, which are cheap to produce, chemical-resistant, and 

have superior strength compared to natural rubber,3 making them ideal for use in laboratories 

and medical examinations.4 

 

 

Figure 1: General chemical formula for nitrile rubber 

 

With respect to fine chemicals, nitriles are familiar to organic chemists as either useful 

synthetic handles towards other functional groups en route to targets, or as a bioactive 

component of a molecule. On Earth, over 120 natural products have been observed to contain 

this group in both terrestrial and aquatic species,5 not including a large variety of cyanogenic 

glycosides.6 This ubiquity carries over into the pharmaceutical field, as this functionality can 
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be used to greatly alter the medicinal activity of an active pharmaceutical ingredient (API) 

based on its geometric and chemical properties.  For example, the 180° bond angle of the triple 

bond results in minimal steric cost (i.e., eight times less than a methyl group, a traditionally 

small moiety), making it ideal for examining crowded binding pockets.7 The electronic 

properties of the nitrile also play a role, as the polarity of the carbon-nitrogen bond dipole 

results in greater interactions with bio-functional molecules through hydrogen bonding, and 

can increase aqueous solubility as determined by log P calculations.8 Finally, the chemical 

strength of the triple bond may result in greater metabolic stability, and thus can be 

instrumental for maintaining the structural integrity of a drug by acting as a bioisostere for 

halogen, alcohol, and ketone functional groups which otherwise may be altered in vivo.9 These 

 crucial properties have resulted in the FDA approval of at least 1-5 nitrile-containing drugs 

every year over the past decade, including the most recent inclusion of the anti-viral remdesivir 

in 2020 for the treatment of COVID-19 (Figure 2).10 

 

 

Figure 2: FDA-approved nitrile-containing pharmaceuticals 
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Given the fundamental nature of this functionality, a wide breadth of synthetic technologies 

exists for the installation of nitriles onto organic frameworks (Figure 3). In its simplest form, 

metal cyanides can be used to displace alkyl halides or pseudohalides to form alkyl nitriles, 

typically in dipolar aprotic solvents, such as DMF or DMSO.11 Hydrogen cyanide can also be 

added to alkenes and alkynes to form the corresponding alkyl or alkenyl nitrile, respectively, 

or added to a carbonyl group to form the cyanohydrin.12 In other cases, nitrogen can be pre-

installed onto an alkane, and thus, dehydrogenative oxidation of an amine13 or reduction of a 

nitro group14 can also yield the alkyl nitrile. Finally, coupling between a metal cyanide and a 

diazoarene or haloarene using a transition metal results in the corresponding cyanoarene.15 

This latter technique was recently improved upon and given a more environmentally 

 

Figure 3: Traditional cyanation methods 
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responsible upgrade from the Lipshutz laboratory, requiring only 0.55 equivalents of Zn(CN)2, 

one equivalent of PMHS, and 5000 ppm (0.5 mol %) Pd in the form of a Xantphos palladacycle 

to affect cyanation of late-stage functionalized aryl and heteroaryl halides in an aqueous 

micellar medium.16 

While these methods are robust and result in formation of the organic nitrile, most of these 

enumerated techniques require use of highly toxic metal cyanides which pose significant safety 

hazards for scaling reactions and typically result in polluted aqueous workup streams.17 An 

alternative route to nitriles eschews the use of these dangerous cyanide reagents by taking 

advantage of the dehydration of other functional groups. This is observed in the dehydration 

of primary amides to the corresponding nitriles. Methods were developed in the early 20th 

century using stoichiometric quantities of inorganic dehydrating reagents such as P2O5,
18 

POCl3,
19 and SOCl2,

20 to name a few. This transformation can also be achieved using organic 

dehydration reagents, such as cyanuric chloride in DMF as both solvent and reagent.21 

However, despite the ubiquity and low cost of these dehydration reagents, one major drawback 

shared between these technologies is the requirement of not only using high temperatures to 

affect the transformation, but also rigorously dry organic solvent to avoid reagent sensitivity 

to moisture. 

One major contribution to the stoichiometric dehydration of amides to nitriles was reported 

by Claremon and Phillips at Merck in 1988 using the Burgess reagent, methyl N-

(triethylammoniumsulfonyl)carbamate.22 This compound, originally developed for the syn-

elimination of alcohols to form alkenes, was found to selectively dehydrate an amide under 

mild conditions, typically at room temperature, using only a slight excess of reagent (Figure 

4). The appeal of this reagent is due to its ease of synthesis, and can be freshly prepared using 
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chlorosulfonyl isocyanate, methanol, and triethylamine in dry organic solvent.23 Furthermore, 

the byproducts of the dehydration are easily removed via aqueous workup. Unfortunately, as 

it currently stands, the Burgess method is obligated to dry organic solvents to achieve high 

levels of conversion, as adventitious water will act as a competitive nucleophile to the amide 

resulting in decomposition of the reagent. 

 

 

Figure 4: Burgess reagent and mechanism for primary amide dehydration 

  

Despite the general success of these methodologies, the requirement of stoichiometric 

quantities of dehydrating agents to afford the targeted nitrile functionality is unattractive not 

only from a green chemistry perspective with respect to atom economy, but also from industrial 

applications, where process chemists must typically contend with either the large quantities of 

waste, or need for very dry reaction conditions, or both. Therefore, much emphasis has been 

placed on efforts aimed at developing catalytic methods in the form of d- and p-block metals. 

A myriad of metals has been utilized for this transformation, including rhenium, ruthenium, 

iron, tin, vanadium, zinc, and tungsten, among others.24 A copper-catalyzed process has been 

put forth of late by Buchwald’s group in 2018.25 This technique can be run using only 2 mol 
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% of Cu(OAc)2
 at ambient conditions, but requires 2.2 mol % of expensive 1,2-

bis(dicyclohexylphosphino)ethane as phosphine ligand.26 Furthermore, this process still 

requires stoichiometric quantities of dimethoxymethylsilane (DMMS), which results in the 

disilylether as reaction byproduct, and must be run in organic solvents to be successful (Figure 

5). 

 

Figure 5: Cu-catalyzed method for amide dehydration in organic solvent 

 

Given the need for more environmentally conscious methods in large scale chemical 

synthesis, a counter-intuitive, mostly water-based system has been developed for the 

dehydration of primary amides to nitriles. This chemistry utilizes palladium as transfer 

hydration agent, which allows for the chemistry to be amenable to aqueous media. This 

catalytic system was originally discovered by Maffioli et al. in 2005, utilizing a dilute mixture 

of 1:1 water (which was found to be critical for this transformation) and acetonitrile.27 In their 

study, Pd facilitated the transfer of an equivalent of water from a primary amide to the vast 

excess of acetonitrile via a metal-stabilized iminic anhydride intermediate, resulting in the 

desired nitrile and acetamide as a cheap, easily removable byproduct (Figure 6). 
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Figure 6: General scheme and mechanistic picture for Pd-catalyzed transfer hydration  

  

While influential, the need for egregiously high loadings of a Pd catalyst (10 mol %) and 

the dilute nature of the reaction medium limits the improvement of the environmental impact 

for this transformation. Paradoxically, follow-up reports from Zhang28 and Al-Huniti29 focused 

away from the elegant simplicity of the aqueous-based aspect of this chemistry, and instead 

introduced additives such as silver or copper acetate (in the case of Zhang) or an oxidizing 

agent such as Selectfluor (in the case of Al-Huniti) to avoid the requirement of water for the 

chemistry to occur, all while maintaining the same large Pd loading. The major advancement 

in this technology came from Okabe et al.,30 where they found that more electron-deficient 

“sacrificial nitriles” afforded improved water-accepting capabilities compared to acetonitrile. 

Thus, the use of 10 equivalents of dichloroacetonitrile vastly outperformed a system using only 

a 1:1 mixture of acetonitrile to water. It was theorized that the water-shuffling to 

dichloroacetonitrile was considerably more exergonic compared to that of acetonitrile, and thus 

the reverse reaction would be unfavored without the need to use more expensive 

dichloroacetonitrile than necessary (albeit at 10 equivalents) and maintaining 

acetonitrile/water as the main solvent system. Furthermore, the authors noted that transitioning 
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the catalyst away from traditional Pd(OAc)2 to Pd(O2CCF3)2 allowed for a decrease in catalyst 

loading from 10 mol % to 1 mol %, respectively (Figure 7). 

 

 

Figure 7: Okabe’s Pd catalyzed amide dehydration conditions 

  

Despite Okabe’s success on this front, utilization of acetonitrile as organic solvent still 

poses an issue from a green chemistry standpoint. The system still requires a vast excess of 

acetonitrile as co-solvent, which will also act as a dehydrating agent alongside the more 

electron poor acetonitrile derivative. The use of a 1:1 mixture of acetonitrile with water, as 

opposed to in water, also imposes problems for downstream processing, as the recyclability of 

the acetonitrile is reduced. Furthermore, the substrate scope is limited to mostly a single type 

of primary amide in the form of amino acid derivatives. The functionality at the α-position 

directly influences the outcome of the reaction (vide infra), and thus the applicability towards 

other molecule types was ultimately under studied. 

The requirement for water in this Pd catalyzed transformation immediately makes this 

reaction interesting from an aqueous surfactant angle. It is assumed that a major requirement 

for the inclusion of large volumes of acetonitrile is to not only act as a water-acceptor, but to 

also act as media for notoriously difficult to dissolve primary amides. This “solvation” issue 

has been shown to be overcome with the use of surfactants, such as TPGS-750-M, at very low 

concentrations (20 mg/mL, or 2 wt % in water).31 It is also known that lipophilic molecules 
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tend to congregate in the interior of the micelles, including organic-soluble transition metal 

catalysts such as Pd(OAc)2. Therefore, in this chapter we disclose a micellar medium enabled 

amide dehydration in a mostly aqueous-based system (i.e., no included acetonitrile co-solvent). 

This technology utilizes lipophilic sacrificial nitriles in the form of methoxyaceotnitrile and 

fluoroacetonitrile, which should partition into the micelle to affect dehydration and then exit 

as the water-soluble acetamide preventing the reverse reaction. This technology can be applied 

to late-stage molecules with heightened functional complexity, and is amenable to 1-pot, 

multistep chemoenzymatic processes. Furthermore, the aqueous nature of the method allows 

for easy recycling of the water medium, allowing for multiple reactions to be run in series. 

This results in a very low E Factor, even including the use of stoichiometric amounts of the 

dehydrating nitrile in the calculation. 
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3.3 Results and Discussion 

Inquiry into primary amide dehydrations in water stemmed from initial studies attempting 

to develop a Burgess reagent amenable to aqueous based systems, which could theoretically 

be applicable to a variety of related transformations. Typically, reactions involving the Burgess 

reagent are performed under strictly anhydrous conditions to avoid unintended hydrolysis. The 

eponymous reagent is developed from the reaction of chlorosulfonyl isocyanate first with 

methanol to form the carbamate, and then in 1-pot the chloride is displaced with two 

equivalents of triethylamine (the excess ammonium chloride is filtered off prior to isolation of 

the reagent). Therefore, it was theorized that the reagent could be modified by altering both the 

site of the alcohol as well as the trialkylammonium ion used. Increasing the lipophilic nature 

of both these handles should, in effect, improve the stability of the reagent and shield it inside 

of the micellar core and away from water. A small set of Burgess reagent analogues were 

prepared alongside the original reagent (BR) for the conversion of 4-methoxybenzamide (1) 

to 4-methoxybenzonitrile (2) in 2 wt % TPGS-750-M/H2O (Figure 8). 
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Figure 8: Burgess reagents prepared for amide dehydrations in water 

 

The traditional Burgess reagent, when added in an excess (3 equiv), was able to partially 

convert 1 to 2 in 55% yield in an aqueous based system. Improvement of yield was not 

observed when adding another equivalent of the reagent; regardless, conservation of atom 

economy would dictate that the large amount of waste generated from the reagent would 

ultimately diminish the improvement in environmental impact with increased loading. Increase 

in concentration from 0.5 M to 1.0 M resulted in a drop in yield of 2 to 43% and use of 20 v/v 

% THF also resulted in a similar loss in yield to 34%. Considerably more lipophilic BR2 

resulted in lower conversion to 2 compared to that of the BR at 20% isolated yield. It was also 

noted that isolation of these more lipophilic reagents resulted in decomposition upon 

distillation of the aromatic solvent (benzene) via 1H NMR. Furthermore, the trialkylammonium 

chloride byproduct would not precipitate out of solution when the alkyl chain length was 

increased making isolation difficult. Complete loss of conversion was observed for BR3; the 

inclusion of the trioctylammonium leaving group results in a very high molecular weight 
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material and attempts to run this chemistry with three equivalents resulted in greater volumes 

of the reagent added compared to the water used as medium. Analogue BR4, derived from 

Hünig’s base and isopropyl alcohol, also gave zero yield in water. Interestingly, running this 

chemistry neat in BR4 resulted in 40% yield of 2, whereas a similar attempt of neat chemistry 

using BR3 still gave zero conversion. BR5 was a very interesting potential candidate, as the 

literature surrounding this species notes it’s stability in the presence of water.32 However, zero 

conversion was observed for this reagent, and the reaction mixture ultimately solidified 

completely using only three equivalents. 

Given the failure of the modified Burgess reagent route, we decided to switch our focus 

towards palladium-catalyzed dehydrations in water utilizing acetonitrile as a water-acceptor in 

the “water-shuffling” mechanism. These initial studies were performed on the same model 

system of 4-methoxybenzamide (1) to 4-methoxybenzonitrile (2) using 2 wt % TPGS-750-M 

as surfactant and an oxidant, in most cases, as inspired by work from Al-Huniti et al. (Table 

1).29 
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Table 1: Initial screening of Pd-catalyzed amide dehydrations in water 

 

a Run using 10 v/v% THF unless otherwise indicated. b Isolated yields. c Room 

temperature. d 70 °C. 

 

When not using THF as co-solvent, there was some difference between 10 mol % Pd(OAc)2 

(entry 1) and 1 mol % Pd(OAc)2 (entry 2), with an increase in 13% isolated yield of 2 with the 

ten-fold decrease in Pd loading and a 1:1 acetonitrile (ACN) to 2 wt % TPGS-750-M/H2O 

mixture with 20 mol % Selectfluor as oxidizing agent. Interestingly, there was no difference at 

10 mol % Pd when the aqueous to organic ratio was decreased from 1:1 to 1:9 (entry 3), 

Entry Pd (mol %) 
Aq.:Org. 

volume ratioa 
Nitrile (equiv) [Oxidant] 2 (%)b 

1 Pd(OAc)2 (10%) 1:1 (no THF) ACN (19) Selectfluor 40 

2 Pd(OAc)2 (1%) 1:1 (no THF) ACN (19) Selectfluor 53 

3 Pd(OAc)2 (10%) 9:1 (no THF) ACN (4) Selectfluor 39 

4 5% Pd/C (10%) 1:1 (no THF) ACN (19) Selectfluor 47 
5 Pd(OAc)2 (1%) 9:1 (no THF) ACN (4) Selectfluor 49 

6 5% Pd/C (0.2%) 9:1 ACN (4) Selectfluor trace 

7 Pd(OAc)2 (0.2%)  9:1 ACN (4) Selectfluor 77 

8 Pd(OAc)2 (0.2%) 9 (3 M NaCl):1 ACN (4) Selectfluor trace 

9 Pd(OAc)2 (0.2%) 4:1 (1.0 M) ACN (4) Selectfluor 77 

10 Pd(OAc)2 (0.1%) 9:1 ACN (4) Selectfluor 75 

11 Pd(OAc)2 (0.2%) 9:1 ACN (4) air (none) 36 

12 Pd(OAc)2 (0.2%) 9:1 ACN (4) benzoquinone trace 

13 Pd(OAc)2 (0.4%) 9:1 ACN (4) Selectfluor 72 

14 Pd(OAc)2 (0.2%) 9:1 ACN (4) O2 (1 atm) trace 

15 Pd(OAc)2 (0.2%) 9:1 ACN (4) Oxone 82 
16 Pd(OAc)2 (0.2%) 9:2 ACN (8) Selectfluor 90 

17 Pd(OAc)2 (0.2%) 9:2 ACN (8) Oxone 85 

18 Pd[dtbpf]Cl2 (0.2%) 9:2 ACN (8) Oxone 85 

19 [Xantphos]PdCl2 (0.2%) 9:2 ACN (8) Oxone 93 

20 Pd(OAc)2 (0.2%) 9:1.75 Isobutyronitrile (4) Oxone 68 

21 Pd(OAc)2 (0.2%) 9:3.5 Isobutyronitrile (8) Oxone 85 

22 Pd(OAc)2 (0.1%) 9:3.5 Isobutyronitrile (8) Oxone 78 

23c Pd(OAc)2 (0.1%) 9:3.5 Isobutyronitrile (8) Oxone 43 

24d Pd(OAc)2 (0.2%) 9:3.5 Isobutyronitrile (8) Oxone 82 

25d Pd(OAc)2 (0.1%) 9:3.5 Isobutyronitrile (8) Oxone 76 

26 Pd(OAc)2 (0.1%) 1:1 ACN (19) Oxone 97 
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ultimately reducing the amount of ACN from nineteen to four equivalents. This was also 

observed for 1 mol % Pd, where four equivalents of ACN gave a comparable yield of 49% of 

2 (entry 5) to the trial run with nineteen equivalents. 5 wt % Pd/C also gave comparable 

conversion with Pd loadings of 10 mol % compared to 1 (entry 4); however, reducing the 

global Pd loading to 0.2 mol % using the same Pd/C source gave only trace conversion (entry 

6). Reducing the Pd loading to 0.2 mol % was also possible when 10 vol % THF was added as 

co-solvent (entry 7), giving an improved yield of 77% using only four equivalents of ACN. 

Inclusion of THF as co-solvent was found to be imperative for high conversion throughout this 

study, and was therefore used to make Pd(OAc)2 stock solutions. Adding 3 M NaCl to the 

aqueous phase resulted in zero conversion (entry 8), and increasing the typical reaction 

concentration from 0.5 M to 1.0 M, maintaining the same four equivalents of ACN, produced 

the same yield of 2 at 77% (entry 9). Keeping the Pd loading at 0.2 mol %, altering the 

oxidizing agent to air (entry 11), benzoquinone (entry 12), and O2 atmosphere (entry 14) gave 

little to no yield of product. However, a major breakthrough in the study came from the success 

of oxone, which is considerably cheaper than Selectfluor, which provided 2 in 82% yield with 

only four equivalents of ACN (entry 15). Varying between Selectfluor and oxone, increasing 

the ACN to eight equivalents saw improved conversion between 85-93% yield (entries 16-19). 

We theorized that increasing the lipophilicity of the sacrificial nitrile would improve its 

solubility in the micelle resulting in higher conversion of the intended primary amide. 

However, adding an alkyl moiety as in the case of isobutyronitrile gave no appreciable 

difference compared to ACN even at higher temperatures (entries 20-25). The lipophilicity and 

electron-donation capabilities of phosphine-ligated Pd(II) salts as Pd[dtbpf]Cl2 (entry 18) and 

[Xantphos]PdCl2 (entry 19) also acted in a similar capacity with respect to the cheaper and 
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more available Pd(OAc)2. It was also later found that Pd(O2CCF3)2, known to work well for 

Okabe et al.30 in their studies allowing them to reduce their Pd loadings from 10 mol % to 1 

mol %, gave similar conversion to the acetate salt. This study also found that exceptionally 

low loadings of Pd(OAc)2 of 0.2 mol % using 1:1 ACN/H2O, 10 vol % THF as co-solvent, and 

20 mol % oxone as oxidant gave product in nearly quantitative yield at only 45 °C (entry 26). 

 It was hypothesized that a dinitrile “ligand” could be used to improve conversion by 

chelating to the metal and improving solubility. Therefore, 2,2'-(ethane-1,2-

diylbis(oxy))dibenzonitrile (DiCN) was prepared, which is known to chelate to palladium, and 

tested as a potential additive for this reaction (Table 2).33  

 

Table 2: Introduction of DiCN as additive for Pd-catalyzed amide dehydration 

 

Entry DiCN equiv aq./org. ratio (ACN equiv) 2 (%)a 

1 0 9:2 (7.5 equiv) 85 

2 4 aq. only trace 

3 2 aq. only trace 

4 0.2 9:2 (7.5 equiv) 93 
a Isolated yields 

 

Utilization of DiCN by itself at both two (entry 3) and four (entry 2) equivalents returned 

zero conversion of 1 to 2. Furthermore, addition of a sub-stoichiometric amount of the additive 

alongside 7.5 equivalents of ACN gave only a slight increase in yield (entry 4). The difficulty 

in synthesis of DiCN (30% yield from the reaction of 2-hydroxybenzonitrile with 

dichloroethane) and the additional waste generated for this additive did not make it attractive 

for further studies. 
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 Prior to further discussion on optimization of this reaction, it should be noted that there 

were considerable problems encountered when utilizing different sources of Pd(OAc)2. 

Colacot noted in 2016 that not all Pd(OAc)2 sources are equal, and the synthesis, workup, and 

purification protocols can vary the Pd activity not only from company-to-company, but also 

from batch-to-batch within the same company.34 This has been known to cause major 

reproducibility issues, and thus, when we ran out of the batch used for the initial study in Table 

1, we ran into similar problems. This was noted with a batch of Pd(OAc)2 discovered in our 

laboratory, which acted as the new baseline (Table 3, entries 1 and 2). Initially, dehydration of 

1 to 2 was easily reproducible at 0.2 mol % Pd loadings; however, attempting to use other 

batches, including high quality samples, resulted in only trace conversion at that same loading 

(Table 3). This study was run using methoxyacetonitrile (MeOACN) as the sacrificial nitrile, 

the importance of which will be discussed later. 
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Table 3: Pd source screening for dehydration chemistry 

 

Entry Pd Loading (ppm) Alteration Conversion (%) 

1 2000 Old 1 0 

2 2000 New 1 0 

3 2000 Old 1 / RM 2237 Chemicals 0 

4 2000 New 1 / RM 2237 Chemicals 0 
5 2000 RM 2235 Chemicals and Pd 0 

6 10000 RM 2235 Chemicals and Pd 100 (TLC) 

7 4000 New 1 >50 (TLC) 

8 2000 RM 2235 Chemicals / Distilled THF 0 

9 2000 RM 2235 Chemicals and Pd / Distilled THF 0 

10 2000 
RM 2235 Chemicals and Pd / Distilled THF / TPGS 

w/ air bubbled 
0 

11 2000 Different balance 0 

12 2000 Pd(OAc)2 from RM 2237 0 

13 4000 Pd(OAc)2 from RM 2237 >50 (TLC) 

14 2000 Novartis Pd(OAc)2 0 

15 2000 Novartis Pd(OAc)2, RM 2235 TPGS 0 
16 4000 Novartis Pd(OAc)2 <50 (TLC) 

17 4000 Novartis Pd(OAc)2, RM 2235 TPGS <50 (TLC) 

18 2000 Strem Pd(OAc)2 0 

19 4000 Strem Pd(OAc)2 >50 

20 2000 Added 5 mol % NaNO2 0 

21 2000 Pd[dtbpf]Cl2 0 

22 8000 1 mmol scale, plug + column and long hi-vac 72a 

23 2000 1 mmol scale 0 

24 8000 
1 mmol scale, SM washed with hexane, column plus 

fast on hi-vac 
97a 

25 2000 Johnson-Matthey Pd(OAc)2 – Regular trace 
26 2000 Johnson-Matthey Pd(OAc)2 – High Purity trace 

a Isolated yields 

 

The data from this set of trials indicates that the initial success using 0.2 mol % Pd was not 

reproduceable from batch-to-batch. This included attempts between old 1 (entry 1) and freshly 

synthesized 1 (entry 2). Increasing the Pd loading to 0.4 mol % (entry 4) also only achieved 

~50% conversion based on TLC analysis. Changing sources of the chemicals (i.e., 

methoxyacetonitrile, THF, etc.) also did not appear to affect conversion (entry 5) unless the Pd 
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loading was increased to 1 mol % (entry 6) which did result in complete conversion. Use of 

distilled THF, where the radical inhibitor is removed, was also found to not be the culprit, even 

in the case where air was bubbled through the aqueous phase ahead of the reaction (entries 8-

10). Taking into consideration equipment error, trying to set up this reaction at 0.2 mol % Pd 

with a new balance also afforded the same lack of conversion (entry 11). Different sources of 

Pd(OAc)2 from Novartis and Strem, which had been used by different group members, also 

did not produce 2 at 0.2 mol % Pd in previously observed yields (entries 13-19). To test 

Colacot’s observation of nitrites as potential additives to industrial Pd(OAc)2 sources, a trial 

was run using 5 mol % NaNO2 yielding no difference in conversion (entry 20). Interestingly, 

previously successful Pd[dtbpf]Cl2 also failed under these conditions (entry 21). Two samples 

from Johnson-Matthey were run, one at regular purity but kept under argon atmosphere (entry 

25) and the other at very high purity (entry 26), also resulting in a similar lack of dehydration 

chemistry. The only way to reliably dehydrate the aromatic benzamide was to increase the 

Pd(OAc)2 loading to 0.8 mol % (entries 22 and 24), where it was also found that the product 

would sublimate on high-vacuum and thus needed to be dried quickly to make accurate yield 

measurements. 

With the new standard Pd loading of 0.8 mol %, we next set forth to develop a system that 

limits the need for excess acetonitrile for dehydration. Thus, our goal was to remove all 

acetonitrile used as organic co-solvent with water and, instead, utilize only a small excess of a 

more reactive nitrile as dehydrating agent which favors a cheap, easily removable acetamide 

derivative in the reaction equilibrium, yielding the desired nitrile in the process in a mostly 

aqueous medium. A variety of acetonitrile reagents derivatized at the α-position was tested 

with respect to the dehydration of 1 to 2 in 2 wt % TPGS-750-M in water (Table 4).  
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Table 4: Nitrile additive screening for benzamide dehydration chemistry in water 

  

Entry X 2 (%)a 

1 CH2SMe 0 

2 CH2N(Me)2 0 

3 NH2 <50 (TLC) 

4 CH2CN 0 

5 CH2SO2Me 40 

6 CH2F 75 

7 CH2CF3 90 

8 CHCl2 94 

9 CH2OCH3 97 
a Isolated yields 

 

Both 2-(Methylthio)acetonitrile (entry 1) and 2-(dimethylamino)acetonitrile (entry 2) gave 

no conversion to benzonitrile 2, most likely acting as competitive ligands for Pd in solution 

rather than as water-accepting agents. Interestingly, cyanamide (entry 3) gave some conversion 

to product via TLC analysis, and the hydration byproduct in this case should be urea. 

Malononitrile (entry 4) also gave no conversion, which is highly surprising given the electron-

deficient nature of the nitrile and, ostensibly, “double” dehydrating power given the two 

available alkyl nitriles. (Methylsulfonyl)acetonitrile (entry 5) resulted in some isolable 

dehydration product; however, significant starting material was observed by TLC when this 

acetonitrile derivative was used, most likely because the nitrile reagent is a fairly polar solid at 

room temperature which may limit solubility inside of the micelle. Fluoroacetonitrile (entry 6) 

and trifluoromethylacetonitrile (entry 7) both gave good yields of 75% and 90%, respectively, 

under these conditions. Interestingly, fluoroacetonitrile was found to be a very powerful 
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dehydrating agent in some other cases with higher functional group complexity. Not 

surprisingly, dichloroacetonitrile (entry 8), which was found to be optimal in Okabe’s case, 

gave nearly quantitative conversion at 94% yield. However, the cheaper, non-chlorinated 

alternative methoxyacetonitrile (entry 9, MeOACN) was found to perform the best at 97% 

isolated yield of 2. We are not entirely sure why, in the case of aromatic nitriles, MeOACN 

outperforms dichloroacetonitrile under similar conditions. However, Okabe’s substrate scope 

consisted solely of one type of primary amide source (amino acid derivatives) where, in our 

studies, we found that the functionality at the α-position is the major influence over the 

equilibrium towards the desired nitrile. Furthermore, their studies required the use of 1:1 

acetonitrile/water mixtures, which is essentially running the chemistry in organic solvent with 

water rather than running the chemistry in water without organic co-solvent. 

Given the superiority of MeOACN as a water-acceptor for the dehydration chemistry, the 

equivalents of the agent required was studied to determine the optimal amount with 0.8 mol % 

Pd loading and 20 mol % oxone in 2 wt % TPGS-750-M in water (Table 5). Running this 

transformation with eight equivalents of MeOACN, or roughly one third of the aqueous 

reaction volume, resulted in 97% isolated yield of 2 (entry 3). Decreasing the amount to seven 

(entry 2) and six (entry 1) equivalents resulted in loss in isolated yield to 86% and 72%, 

respectively. This data set indicates that the amount of nitrile additive directly influences the 

yield of the dehydrated product, most likely due to the reversable nature of the reaction even 

in the presence of micelles. 
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Table 5: Effect of methoxyacetonitrile additive quantity on yield of 2 

   

Entry MeOCH2CN (equiv) 2 (%)a 

1 6 72 

2 7 86 

3 8 97 
a Isolated yields 

 

The amount of Oxone required for this reaction was also tested, in this case against not 

only the dehydration of 1 to 2, but also orthogonally with the dehydration of a second system 

of 3,5-dichlorobenzamide to the corresponding 3,5-dichlorobenzonitrile 3 (Table 6). Standard 

conditions using 0.8 mol % Pd and 20 mol % oxone results in 97% yield of 2 and 93% yield 

of 3 (entry 4). Decreasing the additive (i.e., Oxone) by half to 10 mol % does not appear to 

diminish yield by too much, with 94% and 87% isolated yields of 2 and 3 respectively (entry 

3). Furthermore, 5 mol % Oxone appears to give roughly the same yield of 3 as both 10 and 

20 mol % at 90% isolated yield (entry 2). However, a marked decrease in yield can be observed 

for 2 when only 1 mol % of Oxone is used for this transformation, halting the reaction at 78% 

yield. Given the downward trend of Oxone loading vs. yield, as well as the minimal cost 

associated with the inorganic additive, we decided to maintain the Oxone amount at 20 mol % 

for future studies including analysis of the substrate scope. 
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Table 6: Effect of Oxone loading on yield of dehydration to 2 and 3 

 

Entry Oxone (mol %) 2 (%)a 3 (%)a 

1 1 78 86 

2 5 - 90 

3 10 94 87 

4 20 97 93 
a Isolated yield 

 

With additive loadings in hand, we decided to revisit the amount of Pd(OAc)2 required to 

result in high yield of the dehydrated product 2 using MeOACN, as well as dichloroacetonitrile 

as a secondary measurement (Table 7). In the case of dichloroacetonitrile, decreasing the 

amount of Pd from 0.8 mol % to 0.4 mol % resulted in a drop in yield from 94% to 85% (entry 

3). However, this same reduction in catalyst did not alter the amount of recovered 2 in the case 

of MeOACN, yielding 95% of the desired product. However, it was noted that the reliability 

of this reaction was still in question at this low loading of Pd, as side-by-side trials gave varying 

amounts of conversion by TLC analysis. Reduction of catalyst to 0.2 mol % (entry 4) ultimately 

resulted in only trace conversion. Given the variability between standard conditions and 0.6 

mol % Pd (entry 2), it was decided that maintaining the Pd loading at 0.8 mol % would be best 

for delivering best yields of product. Furthermore, some more highly functionalized molecules 

(vide infra) would require higher loadings of Pd at 1 mol %. 
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Table 7: Effect of Pd catalyst loading on dehydration of 1 to 2 

  

Entry Pd loading (mol %) X = OMe, 2 (%)a X = Cl2, 2 (%)a 

1 0.8 97 94 

2 0.6 89 - 

3 0.4 95 85 

4 0.2 trace trace 
a Isolated yields 

 

The effect of the amphiphile on the dehydration to 2 was also observed (Table 8). 2 wt % 

TPGS-750-M in water was previously found to give optimal yields at 97% isolated yield (entry 

1). Oddly, changing the surfactant to 5 wt % PTS-1000, which contains the identical α-

tocopherol lipophilic interior, reduced the isolated yield to 90% (entry 2).35 This could be due, 

in part, to the higher concentration of the amphiphile which would dilute the reactants and 

catalyst by virtue of the increased number of micelles present in solution. PEGylated 

alkylaromatic amphiphile Triton X-100 gave a similar conversion to that of PTS-1000 (entry 

3) at 89% yield,36 whereas PEGylated alkane Brij-30 gave a lower yield of 83% (entry 5),37 

most likely demonstrating the importance of aromatic functionality within the micellar core. 

Lipshutz group amphiphile Coolade, a low-foaming geminal surfactant,38 gave the poorest 

yield at 80% (entry 4) even compared to an “on-water”39 trial which gave 81% yield (entry 5). 
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Table 8: Effect of amphiphile on aqueous dehydration chemistry 

  

Entry Amphiphile 2 (%)a 

1 TPGS-750-M, 2 wt % 97 

2 PTS-1000, 5 wt % 90 

3 Triton X-100, 2 wt %  89 

4 Coolade, 2 wt % 80 

5 Brij-30, 2 wt % 83 

6 none (“on water”) 81 
a Isolated yield 

 

Despite the variability in results encountered for the dehydration of primary amides to 

nitriles in aqueous micellar media, especially when using parts-per-millions loadings of Pd, 

the general optimized conditions moving forward were running the chemistry at 45 °C in 2 wt 

% TPGS-750-M/H2O at 0.5 M using eight equivalents of either methoxyacetonitrile 

(MeOACN) or fluoroacetonitrile (FACN) as the water-accepting agent. Most compounds were 

easily converted using MeOACN; however, in more difficult cases it was found that FACN 

was the superior sacrificial nitrile, typically in cases where nitrogen-containing heterocycles 

were involved. The amount of Pd used also varied between 0.8 mol % - 1.0 mol % with 

Pd(OAc)2 as the source; as mentioned previously, use of other Pd(II) salts such as in the case 

of phosphine chelated Pd or use of another counter anion such as Pd(O2CCF3)2 yielded no 

difference for converting benzamides to benzonitriles. With this data in hand, our first 

exploration into the versatility of this chemistry was based on simpler aromatic, 
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heteroaromatic, benzylic, and vinylic species, where the electronic nature of the substrate was 

the main variable tested (Figure 9). 

 

 

a NMR yield 

Figure 9: Initial substrate scope varying the electronics of the amide 

 

Electron-rich 4-methoxybenzonitrile (2) and electron-poor 3,5-dichlorobenzonitrile (3), 

used for the optimization studies of this transformation, gave product in high yields of 97% 

and 93%, respectively. Naphthylacetonitrile (4), a subsection of the antidepressant 

agomelatine, was also prepared in high yield at 94% using only 0.8 mol % Pd, exemplifying 

the versatility of this chemistry towards benzylic substrates. Cinnamyl nitrile (5) was obtained 



 

 292 

in nearly quantitative yield, in this case using FACN which allowed for the Pd loading to be 

reduced to only 2000 ppm.  4-Bromobenzonitrile (6) was also obtained in high yield using ppm 

loadings of Pd, in this case only requiring three hours for full conversion. An aromatic nitrile 

with mixed electronics, such as in the case for compound 7, also gave excellent isolated yields 

of 96%. Highly electron-poor 4-fluorobenzonitrile (8) and 2-trifluoromethylbenzonitrile (9), a 

fragment of bicalutamide,40 were both prepared in modest yield when run on 2.5 mmol scale; 

however, NMR yield of 8 was significantly higher at 92% when using 1,2-dichloroethylene as 

internal standard, most likely due to the volatility of the product on high-vacuum post isolation. 

Chlorinated heteroaromatic 10, derived from 2-chloronicatinamide, was also prepared in good 

yield at 77% using FACN; however, the reaction required nearly three days to reach this level 

of conversion. Interestingly, analogous heteroaromatic amides such as nicotinamide and 

quinoline-3-carboxamide gave little to no conversion (vide infra). 

 The next step for vetting this dehydration methodology in water was to examine its 

adaptability towards selectively transforming late-stage functionalized molecules (Figure 10). 

This includes molecules that are potentially unstable in water or are real-world intermediates 

encountered in pharmaceutical and agrochemical process development, the former of which 

are typically heteroaromatic species which can pose problems for Pd-catalyzed chemistry. 

Indeed, pyrimidine example 11 was formed in only a modest 53% yield, in this case requiring 

10 v/v % DMSO as co-solvent additive (vide infra). Tosylated compound 12, which could 

potentially undergo hydrolysis under aqueous conditions, was obtained in nearly quantitative 

yield using only 8000 ppm Pd. Non-steroidal anti-inflammatory drug (NSAID) derivatives 

obtained including 13, from ibuprofen in 77% yield, and 14 from naproxen in quantitative 

yield, were both amenable to these conditions. In the case of 14, no epimerization of the 
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stereocenter was observed by HPLC analysis at the α-position to the resulting nitrile. Highly 

derivatized quinoline 15, a compound fragment towards the synthesis of the drug levatinib,41 

was also prepared in excellent yield (87%) with the inclusion of 20 v/v % DMSO as co-solvent. 

 

 

a10 v/v% DMSO added. b20 v/v% DMSO added 

Figure 10: Nitriles formed via late-stage dehydration of amides  
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Surprisingly, compound 16 gave a modest 42% yield of the nitrile using 1 mol % Pd, 

despite the inclusion of an aniline nitrogen at the α-position of the corresponding alkyl amide. 

This compound exhibited very poor solubility in the micellar medium, even upon inclusion of 

20 v/v % DMSO, which had no appreciable effect on the extent of conversion. Gratifyingly, 

nitropyridine 17 and Cbz-protected amino acid leucine derivative 19 were both formed in 

quantitative yield with only 0.8 mol % Pd. On the other hand, chloroquinoxaline derivative 20 

was only obtained in 29% yield, even when using 1 mol % Pd and 20 v/v % DMSO. 

 The effect of DMSO on the amide dehydration in water was tested more in-depth 

leading to indomethacin derivative 18 (Table 9). 

 

Table 9: Effect of co-solvent on yield of aqueous insoluble indomethacin derivative. 

 

Entry Pd Amount (ppm) Co-Solvent (%) 18 (%)a 

1 2000 none 0 

2 8000 t-BuOH (10%) trace 

3 8000 t-BuOH (50%) 44 

4 8000 DMSO (10%) 65 

5 8000 DMSO (20%) 73 

6 10000 DMSO (10%) 79 

7 10000 DMSO (20%) 86 
aIsolated yields 
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No conversion of the starting material was observed when run with only 0.2 mol % Pd and 

no co-solvent (entry 1). Increasing the Pd loading to 0.8 mol % and using t-BuOH as co-solvent 

at 10 v/v % also gave only trace conversion (entry 2) but increasing the co-solvent ratio to 50 

v/v % t-BuOH gave 18 in 44% isolated yield. Hot DMSO was found to be a very good solvent 

for the starting amide; therefore, a series of “pre-treatment” trials were attempted using 10-20 

v/v % DMSO, where the organic solvent was added to the starting material and heated until a 

homogeneous solution formed prior to adding the aqueous medium and reagents. Running the 

reaction at 10 v/v % DMSO with 0.8 mol % (entry 4) and 1.0 mol % (entry 5) Pd gave product 

in 65% and 79% yield, respectively. However, increasing the DMSO co-solvent ratio to 20 v/v 

% with 0.8 mol % (entry 6) and 1.0 mol % (entry 7) gave the nitrile in 73% and 86% isolated 

yield, respectively, as the reaction was homogeneous with mechanical stirring at 45 °C. 

 Comparison of the optimized amide dehydration in water indicates the power and 

versatility of this methodology (Figure 11). Indeed, with respect to the synthesis of cinnamyl 

nitrile (5), the reported synthesis from Al-Huniti et al. requires 50 times more Pd, 20 mol % of 

expensive and non-environmentally friendly Selectfluor as oxidant, and dilute ACN (0.1 M) to 

afford the product in 91% yield. In comparison to this work, which requires only 0.2 mol % 

Pd, 20 mol % of cheap inorganic Oxone as oxidant, only eight equivalents of FACN are needed 

as the water-acceptor to give product in nearly quantitative yield. Further comparisons can be 

made with Buchwald’s Cu-catalyzed chemistry, where the nitrile derivative of indomethacin 

was produced in only 54% yield using 2.2 mol % of DCyPE, an expensive ligand, and organic 

solvent with stoichiometric quantities of silyl ether being produced as byproduct. Our method 

utilizes only 1 mol % Pd and 8 equivalents of inexpensive MeOACN, with 20 v/v % DMSO 

as co-solvent to improve the conversion lead to an 86% isolated yield. This product can then 
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be easily recovered by dilution of the reaction medium with water and filtered to give the pure 

nitrile (vide infra). 

 

 

Figure 11: Comparison of this work with reported literature conditions 

 

A variety of substrates did not perform well under the newly developed aqueous amide 

dehydration conditions (Figure 12). Simple aromatic compounds 4-nitobenzonitrile (1a) and 

4-(dimethylamino)benzonitrile (1b) were not observed from the corresponding benzamide 

under optimized conditions. Compound 1c, which exhibited very low solubility in the aqueous 

medium, was also not formed even when using 20 v/v % DMSO as co-solvent with heated pre-

treatment. Modafinil fragments 1d and 1e formed in only trace amounts as presumably more 
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non-polar compounds by TLC analysis, whereas Buchwald’s Cu-catalyzed organic solvent 

system produced 1d in 74% yield. Boc-proline derivative 1f, towards vildagliptin, and 

benzofuran derivative 1g both gave less than 50% yield upon isolation. Synthesis of the nitrile 

derivative from ribavirin (1h) was unsuccessful, most likely due to the water solubility of the 

substrate; however, the protected derivative 1i, where the silyl ether and acetonide should both 

increase the lipophilicity of the starting material, also gave no conversion, most likely pointing 

to the 1,2,4-triazole ring, where the primary amide is appended, as the culprit for the lack of 

conversion. Compound 1j, derived from disopyramide, was not formed, most likely due to the 

tertiary amine. Labetalol derivative 1k was also not formed under these conditions, and the 

reaction leading to tetracycline derivative 1l gave a complex mixture of products by TLC 

analysis. 

 

 

Figure 12: A selection of unreactive nitrile products under optimized conditions 
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Based on the success of the substrate scope for both simple and late-stage functionalized 

molecules, the E Factor of the process could then be determined. Unfortunately, the use of 

eight equivalents of MeOACN or FACN as water-acceptors inherently inflates the E Factor. 

We decided to study a system that not only uses MeOACN, but also the 20 v/v % DMSO as 

an organic co-solvent alongside the 10 v/v % THF. Therefore, dehydration to compound 18 

was a prime candidate for these reasons, as well as the functionality within the molecule 

(Figure 13). The reaction is observed to go to completion by TLC analysis, and the product 

can easily be recovered by diluting the reaction mixture with four volumes of water and then 

filtering the precipitate. 1H and 13C analysis of this material following the workup protocol 

exhibits very high product purity, requiring no further chromatography or recrystallization. 

The E Factor can then be calculated by taking into consideration the quotient of the seven 

equivalents of leftover MeOACN (assuming full conversion), the one equivalent of the 2-

methoxyacetamide produced as the reaction byproduct, and the mass of the DMSO and mass 

of the THF used as organic co-solvents over the amount of product recovered. Based on this 

analysis, an E Factor of 4.22 is reported for this procedure, with 83% yield of pure product. 

 

 

Figure 13: E Factor determination for product 18 
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Recyclability of the aqueous medium post amide dehydration was also observed to be 

straightforward (Figure 14). The micellar medium, after an initial conversion of 1 to 2, could 

simply be extracted using MTBE as solvent in air to afford the product in 97% yield. The 

resulting aqueous mixture lost some volume using this procedure, and thus concomitant 

reactions are slightly more concentrated than in the initial reaction. However, only the addition 

of fresh substrate 1, MeOACN, THF co-solvent, Pd(OAc)2, and Oxone is required to initiate a 

second and third reaction (first and second recycling, respectively) yielding product in 96% 

yield in both iterations. The last recycling results in a slurry of water with inorganic material, 

and thus subsequent trials would require the inclusion of fresh water and thus the recycling 

study was halted here. It should also be noted that the residual palladium analyzed in the silica 

gel purified product after the second recycling was less than 0.2 ppm, which is significantly 

lower than the FDA required 10 ppm/day/dose.42 

 

 

Figure 14: Recycling of aqueous media for amide dehydration chemistry 
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Finally, the commonality of a micellar media for use in many different reaction types lends 

itself towards multistep processes in one reaction vessel, which can reduce the industrial 

footprint as well as maximize efficiency with respect to time.43a-b Furthermore, the aqueous 

environment is primed for the use of enzymes, where water is the native medium for these 

biocatalysts. Our lab has developed a toolbox of enzymatic reactions that perform better in 

micellar media compared to just purely buffered water solutions, where the “reservoir effect” 

shields the inhibition of enzymes due to buildup of products.44a-c Therefore, an attractive 

combination of the enzymatic catalysis with the amide dehydration chemo-catalysis (e.g. 

chemoenzymatic catalysis) was explored in a 3-step, 1-pot sequence (Figure 15). Firstly, 4-

bromobenzamide was dehydrated under optimized conditions and 0.8 mol % Pd to form the 4-

bromobenzonitrile, which was not isolated. The aryl bromide was then coupled with 4-

acetylphenylboronic acid under ambient conditions, requiring only an additional 0.23 mol % 

Pd[dtbpf]Cl2 to afford the biaryl product. Interestingly, attempts to use group ligand N2Phos 

failed under these 1-pot conditions, most likely due to the Oxone leftover from the previous 

reaction. Attempts to clean up the excess Oxone using PPh3 resulted in not only no reaction 

for N2Phos, but also inhibition of the Pd[dtbpf]Cl2 catalyst that works without resorting to this 

scavenging technique. Finally, the acetyl group was reduced using the enzyme ADH-101 with 

NAD/NADPNa as co-factors and iPrOH as the hydride transfer source. This 3-step sequence 

resulted in the chiral biaryl benzyl alcohol in 93% isolated yield with >99% ee based on HPLC 

analysis. Of note, the nonracemic product alcohol contained <3.6 ppm residual Pd after passing 

through a silica gel column. 
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Figure 15: 3-step, 1-pot chemoenzymatic sequence utilizing amide dehydration 
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3.4 Conclusions 

In conclusion, an environmentally attractive method for the dehydration of primary amides 

to nitriles has been developed. This technology outperforms current literature methods not only 

in terms of yield and applicability, but also with respect to reducing the amount of organic co-

solvent required for the transformation in the form of acetonitrile. The chemistry can effect 

transformation of aromatic, benzylic, and vinylic amides to the corresponding nitriles using 

0.2-1.0 mol % Pd(OAc)2, together with eight equivalents of methoxyacetonitrile or 

fluoroacetonitrile as water-accepting agents. Furthermore, the dehydration chemistry works 

well to afford a wide array of electronically diverse aromatic nitriles, and can be utilized for 

late-stage functionalization. In some cases, DMSO as co-solvent was found to greatly enhance 

the reactivity of otherwise highly insoluble starting amides; however, the use of only 20 v/v % 

of the DMSO co-solvent does little to affect the overall strikingly low E Factor of 4.22 for a 

complex molecule. The aqueous phase was also found to be completely reusable post-

extraction for at least two recycles. Finally, a 3-step, 1-pot chemoenzymatic process was 

amenable after the initial dehydration step, exemplifying the mild nature of the newly enhanced 

method.  
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3.6 Experimental Data 

1. General information 

All commercial reagents were used without further purification unless otherwise noted. 

Organic solvents specified as dry and/or degassed such as THF or toluene were either taken 

from a solvent purification system (Pure-Solv 400, Innovative Technology, Inc. (now Inert, 

Inc.)), or degassed using a stream of bubbling argon for a minimum of 1 h and involved less 

than 25 mL of volume. All other solvents were used as received, such as MeOH, EtOAc, 

hexanes, and Et2O, unless otherwise noted, and purchased from Fisher Scientific. Palladium 

acetate was purchased from Johnson Matthey and kept in its solid state within a glove box. 

Starting materials, such as carboxylic acids or primary amides, were purchased either from 

Millipore-Sigma or Combi-Blocks. The surfactant, TPGS-750-M, was prepared via a standard 

literature procedure,[1] or can be purchased from Millipore-Sigma (catalog #733857 for a 2 wt 

% solution of the wax dissolved in water). A standard 2 wt % aqueous solution of TPGS-750-

M was typically prepared on a 100 g scale by dissolving 2 g of the wax into 98 g of thoroughly 

degassed (steady stream of argon, minimum of 1 h bubbling time with stirring) HPLC grade 

water in a 250 mL round bottomed flask equipped with a stir bar and allowed to dissolve 

overnight with vigorous stirring under argon pressure (NOTE: Do not attempt to degas the 

aqueous phase with surfactant wax submerged; vigorous foaming to the point of overflowing 

may occur). The 2 wt % TPGS-750-M/H2O solution, once prepared, was kept under argon 

pressure at all times. Thin-layer chromatography (TLC) was performed using Silica Gel 60 

F254 plates (Merck, 0.25 mm thick). Flash chromatography is either performed in glass columns 

or an automated Biotage system using Silica Gel 60 (Silicycle, 40-63 nm). 1H and 13C NMR 

were recorded at 25 °C on a Varian Unity Inova 400 MHz, a Varian Unity Inova 500 MHz, or 
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on a Varian Unity Inova 600 MHz spectrometer in CDCl3 with residual CHCl3 (
1H = 7.26 ppm, 

13C = 77.16 ppm) or in DMSO-d6 with residual (CH3)2SO (1H = 2.50 ppm, 13C = 39.52 ppm) 

as internal standards. Chemical shifts are reported in parts per million (ppm). NMR Data are 

reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, dd = doublet of 

doublets, ddd = doublet of doublet of doublets, t = triplet, td = triplet of doublets, q = quartet, 

quin = quintet, m = multiplet), coupling constant (if applicable), and integration. High-

resolution mass analyses (HRMS) were recorded on a Waters Micromass LCT TOF ES+ 

Premier mass spectrometer using ESI ionization.  

 

 

 

2. General procedures for amide dehydrations in water 

2a. General procedure A:  Amide dehydration in water at 0.5 mmol scale with 0.8 mol % 

Pd(OAc)2 

A stock solution of catalyst was prepared by dissolving 4.5 mg of Pd(OAc)2 into 500 μL 

of THF with gentle heating until an orange homogeneous solution had formed. 

To a 1-dram vial containing a PTFE-coated magnetic stir bar was added Oxone (30 mg, 

0.1 mmol, 0.2 equiv) and the primary amide (0.5 mmol, 1.0 equiv). 2 wt % TPGS-750-M in 

H2O (0.9 mL, 0.56 M) was then added, followed by either methoxyacetonitrile (300 μL, 8 

equiv) or fluoroacetonitrile (250 μL, 8 equiv). A sample of the catalyst stock solution (100 μL) 

in THF was then added and the vial was sealed using a threaded cap and PTFE tape. The 
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reaction was then allowed to stir vigorously (~1500 RPM) at 45 °C internal temperature 

(aluminum block reactor set to heat to 50 °C) until deemed complete by TLC. The aqueous 

phase was then extracted using EtOAc (3 x 1 mL) and dried directly onto SiO2 to be purified 

via column chromatography. 

Note:  If DMSO is used as a co-solvent for the reaction, 10-20 v/v% of DMSO (compared 

to the total volume of water and THF) is added directly to the primary amide followed by 

heating with a heat gun until a change of the solid is noted, in many cases being liquefication. 

The TPGS-750-M solution, nitrile, and catalyst stock solution followed by Oxone are then 

added quickly. The vial is then sealed and allowed to stir as described above. 

2b. General procedure B: Amide dehydration in water at 0.5 mmol scale with 1.0 mol % 

Pd(OAc)2
 

A stock solution of catalyst was prepared by dissolving 5.6 mg of Pd(OAc)2 into 500 μL 

of THF with gentle heating until an orange homogeneous solution had formed. The remainder 

of the experimental then follows General Procedure A. 

3. Synthesis of unreported starting materials 
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3.1 Synthesis of 4-((2,5-dichloropyrimidin-4-yl)oxy)benzonitrile (22) 

 

To an oven-dried 100 mL round-bottom flask equipped with a PTFE-coated magnetic stir 

bar was added NaH (60% in mineral oil, 200 mg, 5.0 mmol, 1 equiv) in an argon-filled 

glovebox. The flask was sealed with a rubber septum, removed from the glove box, and adapted 

to a stir plate. In a separate 50 mL oven-dried pear-shaped flask, 4-hydroxybenzamide (685.7 

mg, 5.0 mmol, 1 equiv) was dissolved in a 50:50 mixture of anhydrous THF and DMF (20 

mL), then this solution was transferred via syringe to the flask containing NaH, with stirring, 

under a positive flow of argon. The solution was allowed to stir until bubbling ceased, then 

2,4,5-trichloropyrimidine (0.573 mL, 5.0 mmol, 1 equiv) was added via syringe and the 

reaction was allowed to stir at rt overnight. Upon completion, the resulting solids were filtered 

off and 150 mL of DI water was added to the filtrate to precipitate the product 22, which was 

collected via filtration, washed twice with 50 mL of water, then dried on vacuum overnight 

resulting in a white solid (599 mg, 45% yield). Rf = 0.38 (7:3 EtOAc/hexanes). 

3.2 Synthesis of 4-((5-nitropyridin-2-yl)oxy)benzamide (23) 

 

To a 25 mL round bottom flask equipped with a football-shaped stir bar was added 4-

hydroxybenzamide (755 mg, 5.5 mmol, 1.1 equiv), 2-fluoro-5-nitropyridine (710 mg, 5.0 

mmol, 1.0 equiv), and K3PO4·H2O (1400 mg, 6.0 mmol, 1.2 equiv). 2 wt % TPGS-750-M / 
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H2O (10 mL, 0.5 M) was then added, and the flask was sealed using a rubber septum. The 

reaction mixture was then allowed to stir vigorously for 12 h in a 50 °C oil bath (45 °C internal 

temperature). The reaction mixture was then diluted in water (50 mL) and extracted with 

EtOAc (3 x 50 mL). The crude product mixture was then purified by column chromatography 

(eluent: 75% EtOAc/25% hexanes) and was ultimately recrystallized in hot EtOH to result in 

product as white crystals (480 mg, 37% yield). Rf = 0.35 (3:1 EtOAc/hexanes). 

3.3 Synthesis of 4-carbamoylphenyl ((benzyloxy)carbonyl)-L-leucinate (24) 

 

To a 1-dram vial equipped with a PTFE-coated magnetic stir bar was added Z-leu-OH 

(132.7 mg, 0.5 mmol, 1 equiv) and 4-hydroxybenzamide (68.6 mg, 0.5 mmol, 1 equiv) which 

were then dissolved in DMF (3 mL). Once dissolved, diisopropylcarbodiimide (94 μL, 0.6 

mmol, 1.2 equiv) and DMAP (12.2 mg, 0.1 mmol, 0.2 equiv) were added and the reaction was 

allowed to stir at rt overnight. Upon completion, as determined by TLC, the reaction mixture 

was filtered through cotton and the product was precipitated with water (15 mL) and extracted 

with diethyl ether (3 x 5 mL). The combined organic extracts were washed with water (2 x 3 

mL), brine (2 mL), and the solvent was removed in vacuo. The crude material was purified by 

column chromatography (eluent:  0-100% EtOAc/hexanes gradient) resulting in a white solid 

(146.1 mg, 76% yield). Rf = 0.34 (7:3 EtOAc/hexanes, CAM stain). 
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3.4 Synthesis of 4-((3-chloroquinoxalin-2-yl)oxy)benzamide (25) 

 

To a 25 mL round bottomed flask equipped with a football-shaped stir bar was added 4-

hydroxybenzamide (1000 mg, 7.3 mmol, 2.0 equiv), 2,3-dichloroquinoxaline (730 mg, 3.67 

mmol, 1.0 equiv), and K3PO4·H2O (1850 mg, 7.94 mmol, 2.2 equiv). 2 wt % TPGS-750-M / 

H2O (7.5 mL, 0.5 M) was then added and the flask was sealed using a rubber septum. The 

reaction mixture was then allowed to stir vigorously for 48 h in a 90 °C oil bath (80 °C internal 

temperature). The crude product was then slurried with 2 M NaOH (50 mL), filtered, and 

washed with 1 M HCl. The filtrate was then slurried in EtOH, heated to reflux, and filtered hot 

to result in product as a white solid (314.5 mg, 29% yield).  Rf = 0.31 (3:1 EtOAc/hexanes). 

4. E Factor evaluation 

 

To a 1-dram vial was added 5.6 mg of Pd(OAc)2 and THF (500 μL). The mixture was then 

gently heated using a heat gun until a homogeneous mixture had formed resulting in the 

catalyst stock solution. 

To a separate 1-dram vial equipped with a Teflon coated stir bar was added the amide (89.0 

mg, 0.25 mmol, 1 equiv) followed by DMSO (100 μL, 20 v/v %). The resulting slurry was 
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then heated with a heat gun until a homogeneous liquid formed. Very quickly after 

liquefication, methoxyacetonitrile (143.4 mg, 150 μL, 2.0 mmol, 8 equiv), 50 μL of the catalyst 

stock solution (1 mol % Pd), and 2 wt % TPGS-750-M / H2O (450 μL) was added followed by 

Oxone (16 mg, 0.05 mmol, 20 mol %). This mixture was then stirred with a metal spatula until 

a mixture that could be stirred was achieved, and the vial was sealed using a screw cap followed 

by Teflon tape under air. The resulting slurry was then allowed to stir vigorously (~1500 RPM) 

in an aluminum block reactor at 45 °C internal temperature (aluminum block set to heat to 50 

°C). 

Figure 16: TLC of reaction for E Factor evaluation 
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Figure 17: E Factor reaction prior to dilution and filtration 

 

The resulting grey reaction mixture was then cooled to rt and water (4 mL) was then added 

and the product mixture stirred for 5 min. The suspension was then filtered, washed with water 

(10 mL), and allowed to dry under suction overnight resulting in product as a grey solid (70.1 

mg, 83% yield). 

E Factor = (mass waste organics) / (mass product) 

= (massMeOACN + mass2-MeOAcetamide + massDMSO + massTHF) / (massproduct) 

= (138.4+22.3+90.9+44.4) / 70.1 = 4.22 
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5. Aqueous recycling study 

 

To a 1-dram vial was added 4.5 mg of Pd(OAc)2 and THF (500 μL). The mixture was then 

gently heated using a heat gun until a homogeneous solution had formed resulting in the 

catalyst stock solution. 

Initial reaction:  To a 1-dram vial equipped with a Teflon coated stir bar was added 

benzamide 1 (75 mg, 0.5 mmol) and Oxone (30 mg, 0.1 mmol, 20 mol %). 2 wt % TPGS-750-

M (900 μL), methoxyacetonitrile (300 μL, 4 mmol, 8 equiv), and 100 μL of the catalyst stock 

solution (0.8 mol % Pd) was then added and the vial was sealed under air using a threaded cap 

followed by Teflon tape.  The resulting slurry was then allowed to stir vigorously (~1500 RPM) 

in an aluminum block reactor at 45 °C internal temperature (aluminum block set to heat to 50 

°C) overnight. The contents of the vial were then extracted using methyl t-butyl ether (MTBE; 

3 x 1.0 mL). The combined organics were then dried onto SiO2 and purified via column 

chromatography (20% EtOAc/hexanes) and the product was dried under high vacuum to result 

in a white solid (64.3 mg, 97% yield). 
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First recycle: To the 1-dram vial containing the 2 wt % TPGS-750-M aqueous phase used 

for the previous reaction (and extracted with MTBE) was added fresh benzamide 1 (75 mg, 0.5 

mmol) and Oxone (30 mg, 0.1 mmol, 20 mol %). Fresh methoxyacetonitrile (300 μL, 4 mmol, 

8 equiv) and 100 μL of the catalyst stock solution (0.8 mol % Pd) was then added and the vial 

was sealed under air using a threaded cap followed by Teflon tape. The resulting slurry was 

then allowed to stir vigorously (~1500 RPM) in an aluminum block reactor at 45 °C internal 

temperature (aluminum block set to heat to 50 °C) overnight. The contents of the vial were 

then extracted using methyl t-butyl ether (MTBE; 1.0 mL x 3). The combined organics were 

then dried onto SiO2 and purified via column chromatography (20% EtOAc/hexanes) and the 

product was dried under high vacuum to result in a white solid (63.4 mg, 96% yield). 

Second recycle: To the 1-dram vial containing the 2 wt % TPGS-750-M aqueous phase 

used for the previous two reactions (and extracted with MTBE twice) was added fresh 

benzamide 1 (75 mg, 0.5 mmol) and Oxone (30 mg, 0.1 mmol, 20 mol %). Fresh 

methoxyacetonitrile (300 μL, 4 mmol, 8 equiv), and 100 μL of the catalyst stock solution (0.8 

mol % Pd) was then added and the vial was sealed under air using a threaded cap followed by 

Teflon tape. The resulting slurry was then allowed to stir vigorously (~1500 RPM) in an 

aluminum block reactor at 45 °C internal temperature (aluminum block set to heat to 50 °C) 

overnight. The contents of the vial were then extracted using methyl t-butyl ether (MTBE; 1.0 

mL x 3). The combined organics were then dried onto SiO2 and purified via column 

chromatography (20% EtOAc/hexanes) and the product was dried under high vacuum to result 

in a white solid (63.5 mg, 96% yield). 

At this point, the aqueous phase had become too saturated with salts (see picture) and much 

of the water had been lost due to small scale extraction. 
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Figure 18: Aqueous phase after two recycling steps 

 

6. Multistep, 1-pot chemoenzymatic sequence 

6a. Procedure for multi-step, 1-pot chemoenzymatic sequence in water: synthesis of 21 

To a 1-dram vial was added 4.5 mg of Pd(OAc)2 and THF (500 μL). The mixture was then 

gently heated using a heat gun until a homogeneous solution had formed resulting in the 

catalyst stock solution. 

To a 1-dram vial equipped with a Teflon coated stir bar was added 4-bromobenzamide (107 

mg, 0.535 mmol, 1 equiv) and Oxone (33 mg, 0.11 mmol, 20 mol %). 2 wt % TPGS-750-M / 

H2O (900 μL), methoxyacetonitrile (300 μL, 4.5 mmol, 8 equiv), and 100 μL of the catalyst 

stock solution was then added and the vial was sealed under air using a threaded cap followed 

by Teflon tape. The resulting slurry was allowed to react for 3 h at 45 °C internal temperature 

where the reaction was deemed complete by TLC and the mixture had become homogeneous. 

This mixture was then carried through to the next step without isolation or workup. 

To the vial containing the dehydration product mixture was added 4-acetylphenylboronic 

acid (123 mg, 0.75 mmol, 1.4 equiv) and K3PO4·H2O (233 mg, 1.0 mmol, 1.87 equiv). The 
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vial was sealed using a rubber septum and the headspace of the vial was then purged with argon 

for 10 min with constant stirring. In a separate vial was added 1.6 mg of Pd[dtbpf]Cl2 which 

was taken up in 200 μL of dry, degassed toluene. To the argon purged reaction vial was then 

added 100 μL of this catalyst stock solution (0.8 mg Pd[dtbpf]Cl2, 1.23 x 10-3 mmol, 2300 ppm 

Pd). The contents of the vial were allowed to stir vigorously (~1500 RPM) overnight at 45 °C 

internal temperature until deemed complete by TLC. This mixture was then carried through to 

the next step without isolation or workup. 

To a 20 mL scintillation vial equipped with a Teflon coated stir bar was added NAD+ (6.5 

mg), NADP+ (6.0 mg), MgSO4 (2 mg), and ADH-101 (50 mg). The solids were then taken up 

in 2 wt % TPGS-750-M in 0.23 M phosphate buffer in H2O (5.0 mL)[2] and allowed to stir for 

5 min. The contents of the previous reaction vial containing the Suzuki-Miyaura product were 

then transferred to the 20 mL scintillation vial and the previous vial washed with 4.0 mL of the 

2 wt % TPGS-750-M phosphate buffer solution in H2O. The vial was then heated in a 20 mL 

scintillation vial aluminum block heater set to 37.5 °C, and the contents were stirred at ~750 

RPM. This reaction was allowed to run overnight until deemed complete by TLC analysis.  

The contents of the vial were then extracted using EtOAc (3 x 5 mL), dried onto SiO2, and 

purified via column chromatography (45% EtOAc/55% hexanes) resulting in product as a 

white solid (114.5 mg, 96% yield, >99% ee). 
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6b. Procedure: racemic 21 

 

To a 1-dram vial equipped with a Teflon coated stir bar was added Pd[dtbpf]Cl2 (3.2 mg, 

0.005 mmol, 1 mol %), 4-bromobenzonitrile (91 mg, 0.5 mmol, 1.0 equiv), 4-

acetylphenylboronic acid (123 mg, 0.75 mmol, 1.5 equiv), and K3PO4·H2O (233 mg, 1.0 mmol, 

2.0 equiv). The headspace of the vial was then evacuated and backfilled with argon three times. 

2 wt % TPGS-750-M / H2O (900 μL) and degassed toluene (100 μL) were then added. The 

contents of the vial were then allowed to stir vigorously (~1500 RPM) in an aluminum block 

reactor at 45 °C internal temperature (aluminum block set to heat to 50 °C) overnight under 

argon pressure. 

The aqueous phase was then extracted with EtOAc (3 x 1 mL). The combined organics 

were placed in a 10 mL round bottomed flask and evaporated.  EtOH (2.5 mL) was then added 

followed by NaBH4 (19 mg, 0.5 mmol, 1.0 equiv). This mixture was allowed to react at rt for 

2 h until deemed complete by TLC analysis. The solvent was removed under vacuum and the 

crude organics were dried onto SiO2 and purified via column chromatography (45% 

EtOAc/55% hexanes) to result in the racemic product as a white solid (99.7 mg, 90% yield). 
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6c. HPLC chromatographs for % ee determination of (R)-4'-(1-hydroxyethyl)-[1,1'-

biphenyl]-4-carbonitrile (21) 

HPLC: Chiracel AD-H, detected at 254 nm, eluent n-hexane/2-propanol = 90/10, flow rate = 

1.0 mL/min, 25 °C.[3] 
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7. ICP-MS data for residual palladium 

ICP-MS data for residual Pd was obtained from University of California, Los Angeles ICP-

MS Core Facility. 

 

Palladium Source 

[µg/g]  

Sample # 
Sample weight in analysis 

[mg] 
Average* stdev 

 

ABW.04.259 18.10 0.177 0.004 
Second recycle 

product 

ABW.04.263 14.50 3.592 0.030 
Multi-step, final 

product 

*Each sample was done in triplicated measurements with background correction.  

n/a represents below detection limit.    
 

8. Analytical data 

Synthesis of 4-methoxybenzonitrile (2) 

 

Compound 2 was obtained using the General Procedure A using methoxyacetonitrile on a 

0.5 mmol scale. The crude product was purified by silica gel column chromatography (eluent: 

20% EtOAc/80% hexanes) to provide the desired compound as a white solid (64.5 mg, 97% 

yield). Rf = 0.31 (1:4 EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3): δ 7.57 (d, J = 8.9 Hz, 2H), 6.94 (d, J = 8.9 Hz, 2H), 3.85 (s, 

3H). 

13C NMR (101 MHz, CDCl3): δ 162.8, 134.0, 119.2, 114.7, 103.9, 55.5. 

Spectral data matched those previously reported.[4] 
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Synthesis of 3,5-dichlorobenzonitrile (3) 

 

Compound 3 was obtained using the General Procedure A using methoxyacetonitrile on a 

0.5 mmol scale. The crude product was purified by silica gel column chromatography (eluent: 

10% EtOAc/90% hexanes) to provide the desired compound as a white solid (80.1 mg, 93% 

yield).  

1H NMR (400 MHz, CDCl3): δ 7.58 (t, J = 1.8 Hz, 1H), 7.53 (d, J = 1.8 Hz, 2H). 

13C NMR (101 MHz, CDCl3): δ 136.3, 133.5, 130.4, 116.3, 115.1. 

Spectral data matched those previously reported.[5] 

 

Synthesis of 2-(naphthalen-1-yl)acetonitrile (4) 

 

Compound 4 was obtained using the General Procedure A using methoxyacetonitrile on a 

0.5 mmol scale. The crude product was purified by silica gel column chromatography (eluent: 

20% EtOAc/80% hexanes) to provide the desired compound as a yellow oil (76.0 mg, 94% 

yield). Rf = 0.29 (1:4 EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3): δ 7.95 – 7.90 (m, 1H), 7.86 (d, J = 8.0 Hz, 2H), 7.65 – 7.53 (m, 

3H), 7.51 – 7.44 (m, 1H), 4.11 (s, 2H). 

13C NMR (101 MHz, CDCl3): δ 133.8, 130.8, 129.2, 129.1, 127.2, 126.5, 126.5, 125.8, 125.6, 

122.5, 117.8, 21.8. 
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Spectral data matched those previously reported.[6] 

 

Synthesis of cinnamonitrile (5) 

 

Compound 5 was obtained using the General Procedure A using fluoroacetonitrile on a 0.5 

mmol scale, in this case only requiring 0.2 mol % (2000 ppm) Pd(OAc)2. The crude product 

was purified by silica gel column chromatography (eluent: 20% EtOAc/80% hexanes) to 

provide the desired compound as a yellow oil (62.7 mg, 98% yield). Rf = 0.86 (2:3 

EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3):  δ 7.48 – 7.34 (m, 6H), 5.88 (d, J = 16.6 Hz, 1H). 

13C NMR (101 MHz, CDCl3):  δ 150.6, 133.5, 131.2, 129.1, 127.4, 118.2, 96.3. 

Spectral data matched those previously reported.[7] 

 

Synthesis of 4-bromobenzonitrile (6) 

 

Compound 6 was obtained using the General Procedure A using methoxyacetonitrile on a 

0.5 mmol scale. The crude product was purified by silica gel column chromatography (eluent: 

20% EtOAc/80% hexanes) to provide the desired compound as a white solid (85.1 mg, 94% 

yield). Rf = 0.59 (1:4 EtOAc/hexanes). 

1H NMR (500 MHz, CDCl3):  δ 7.63 (d, J = 8.5 Hz, 2H), 7.52 (d, J = 8.5 Hz, 2H). 

13C NMR (126 MHz, CDCl3):  δ 133.5, 132.7, 128.1, 118.1, 111.4. 
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Spectral data matched those previously reported.[4] 

 

Synthesis of 2-fluoro-4-methoxybenzonitrile (7) 

 

Compound 7 was obtained using the General Procedure A using methoxyacetonitrile on a 

0.5 mmol scale. The crude product was purified by silica gel column chromatography (eluent: 

50% EtOAc/50% hexanes) to provide the desired compound as a yellow solid (72.7 mg, 96% 

yield). Rf = 0.52 (1:1 EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3): δ 7.51 (dd, J = 8.7, 7.4 Hz, 1H), 6.76 (dd, J = 8.8, 2.5 Hz, 1H), 

6.70 (dd, J = 11.0, 2.4 Hz, 1H), 3.86 (s, 3H). 

13C NMR (101 MHz, CDCl3):  δ 165.9, 164.8, 164.7, 163.3, 134.2 (d, J = 2.3 Hz), 114.4, 

111.3 (d, J = 2.7 Hz), 102.3 (d, J = 22.9 Hz), 93.0 (d, J = 15.6 Hz), 56.0.  

Spectral data matched those previously reported.[8] 

 

Synthesis of 4-fluorobenzonitrile (8) 

 

Compound 8 was obtained using the General Procedure A using methoxyacetonitrile on a 

2.5 mmol scale. The crude product was purified by silica gel column chromatography (eluent: 

15% Et2O/85% hexanes) to provide the desired compound as white crystals (198 mg, 66% 

yield) which sublimate on high vacuum. Rf = 0.34 (1:9 EtOAc/hexanes). 
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1H NMR (400 MHz, CDCl3):  δ 7.71 – 7.62 (m, 2H), 7.21 – 7.12 (m, 2H). 

13C NMR (101 MHz, CDCl3):  δ 165.1 (d, J = 256.7 Hz), 134.7 (d, J = 9.5 Hz), 118.1, 116.9 

(d, J = 22.5 Hz), 108.6 (d, J = 3.4 Hz). 

19F NMR (376 MHz, CDCl3):  δ -102.5. 

Spectral data matched those previously reported.[9] 

 

Synthesis of 2-(trifluoromethyl)benzonitrile (9) 

 

Compound 9 was obtained using the General Procedure A using methoxyacetonitrile on a 

2.5 mmol scale. The crude product was purified by silica gel column chromatography (eluent: 

25 Et2O/75 hexanes) to provide the desired compound as a yellow oil (301.2 mg, 71% yield). 

Rf = 0.34 (1:4 EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3):  δ 7.84 (d, J = 7.4 Hz, 1H), 7.82 – 7.73 (m, 2H), 7.70 (td, J = 

7.4, 1.9 Hz, 1H). 

13C NMR (101 MHz, CDCl3):  δ 134.7, 133.0, 132.6 (q, J = 32.8 Hz), 132.4, 126.7 (q, J = 4.8 

Hz), 126.5 – 118.1 (m), 115.5, 110.0 (q, J = 2.3 Hz). 

19F NMR (376 MHz, CDCl3):  δ -62.1. 

Spectral data matched those previously reported.[10] 
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Synthesis of 2-chloronicotinonitrile (10) 

 

Compound 10 was obtained using the General Procedure B using fluoroacetonitrile on a 

0.5 mmol scale. The crude product was purified by silica gel column chromatography (eluent: 

50% Et2O/50% pentanes) to provide the desired compound as a white solid (53.5 mg, 77% 

yield).  Rf = 0.52 (1:1 EtOAc/hexanes). 

1H NMR (500 MHz, CDCl3):  δ 8.60 (dd, J = 4.9, 1.9 Hz, 1H), 8.01 (dd, J = 7.7, 2.0 Hz, 1H), 

7.40 (dd, J = 7.7, 4.9 Hz, 1H). 

13C NMR (126 MHz, CDCl3):  δ 152.9, 152.8, 142.6, 122.2, 114.6, 110.9. 

Spectral data matched those previously reported.[11] 

Synthesis of 4-((2,5-dichloropyrimidin-4-yl)oxy)benzonitrile (11) 

 

Compound 11 was obtained using the General Procedure B using fluoroacetonitrile on a 

0.5 mmol scale with 10 v/v% DMSO. The crude product was purified by silica gel column 

chromatography (eluent: 20% EtOAc/80% hexanes) to provide the desired compound as a 

white solid (70.3 mg, 53% yield). Rf = 0.35 (1:4 EtOAc/hexanes). 

1H NMR (500 MHz, CDCl3):  δ 8.52 (s, 1H), 7.76 (d, J = 8.8 Hz, 2H), 7.34 (d, J = 8.7 Hz, 

2H). 

13C NMR (126 MHz, CDCl3):  δ 164.3, 158.9, 157.4, 154.6, 134.1, 122.6, 118.0, 117.1, 110.5. 

HRMS (CI):  m/z calcd for C11H5Cl2N3O
+: 264.9810 [M]+; found 264.9801. 
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Synthesis of 4-cyanophenyl 4-methylbenzenesulfonate (12) 

 

Compound 12 was obtained using the General Procedure A using methoxyacetonitrile on 

a 0.5 mmol scale. The crude product was purified by silica gel column chromatography (eluent: 

20% EtOAc/80% hexanes) to provide the desired compound as a white solid (132.9 mg, 97% 

yield). Rf = 0.27 (1:4 EtOAc/hexanes). 

1H NMR (500 MHz, CDCl3):  δ 7.72 – 7.67 (m, 2H), 7.64 – 7.55 (m, 2H), 7.32 (d, J = 8.4 Hz, 

2H), 7.14 – 7.08 (m, 2H), 2.44 (s, 3H). 

13C NMR (126 MHz, CDCl3):  δ 152.6, 146.2, 133.9, 131.8, 130.1, 128.4, 123.4, 117.8, 111.2, 

21.8. 

Spectral data matched those previously reported.[12] 

 

Synthesis of 2-(4-isobutylphenyl)propanenitrile (13) 

 

Compound 13 was obtained using the General Procedure A using methoxyacetonitrile on 

a 0.5 mmol scale. The crude product was purified by silica gel column chromatography (eluent: 

5% EtOAc/95% hexanes) to provide the desired compound as a light-yellow oil (72.2 mg, 77% 

yield). Rf = 0.36 (5:95 EtOAc/hexanes). 
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1H NMR (400 MHz, CDCl3):  δ 7.26 (d, J = 8.2 Hz, 2H), 7.16 (d, J = 8.2 Hz, 2H), 3.87 (q, J 

= 7.3 Hz, 1H), 2.47 (d, J = 7.2 Hz, 2H), 1.86 (m, 1H), 1.63 (d, J = 7.3 Hz, 3H), 0.90 (d, J = 6.6 

Hz, 6H). 

13C NMR (101 MHz, CDCl3):  δ 141.8, 134.5, 130.0, 126.6, 122.0, 45.2, 31.1, 30.4, 22.5, 

21.6. 

Spectral data matched those previously reported.[13] 

 

Synthesis of (S)-2-(6-methoxynaphthalen-2-yl)propanenitrile (14) 

 

Compound 14 was obtained using the General Procedure A using methoxyacetonitrile on 

a 0.5 mmol scale. The crude product was purified by silica gel column chromatography (eluent: 

20% EtOAc/80% hexanes) to provide the desired compound as a white solid (104.3 mg, 99% 

yield) with >99% ee. Rf = 0.66 (1:1 EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3):  δ 7.81 – 7.67 (m, 3H), 7.39 (dd, J = 8.4, 2.1 Hz, 1H), 7.19 (dd, 

J = 8.9, 2.5 Hz, 1H), 7.14 (d, J = 2.6 Hz, 1H), 4.02 (q, J = 7.2 Hz, 1H), 3.92 (s, 3H), 1.71 (d, J 

= 7.3 Hz, 3H). 

13C NMR (101 MHz, CDCl3):  δ 158.1, 134.0, 132.0, 129.3, 128.8, 127.9, 125.4, 124.9, 121.8, 

119.6, 105.6, 55.3, 31.2, 21.4. 

Spectral data matched those previously reported.[14] 

Enantiopure (>99% ee) starting material was used, and the enantiomeric excess of the product 

was obtained with respect to a racemic standard (Chiralcel OJ-H column, 4.6 x 250 mm, 5-

micron, hexane/isopropanol 95:5, 1.0 mL/min flow rate, 230 nm detection).  
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Synthesis of 4-chloro-7-methoxyquinoline-6-carbonitrile (15) 

 

Compound 15 was obtained using the General Procedure B using fluoroacetonitrile on a 

0.25 mmol scale with 20 v/v % DMSO. The crude product was purified by silica gel column 

chromatography (eluent: 70% EtOAc/30% hexanes) to provide the desired compound as a 

light-yellow solid (47.6 mg, 87% yield). Rf = 0.47 (7:3 EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3):  δ 8.80 (d, J = 4.8 Hz, 1H), 8.53 (s, 1H), 7.51 (s, 1H), 7.44 (d, 

J = 4.8 Hz, 1H), 4.07 (s, 3H). 

13C NMR (101 MHz, CDCl3):  δ 160.1, 153.3, 151.9, 143.3, 132.5, 121.1, 120.8, 115.6, 108.9, 

105.7, 56.8. 

HRMS (CI): m/z calcd for C11H7ClN2O+H+: 219.0320 [M+H]+: found 219.0325. 

 

Synthesis of 2-((2,6-dinitro-4-(trifluoromethyl)phenyl)amino)acetonitrile (16) 

 

Compound 16 was obtained using the General Procedure B using fluoroacetonitrile on a 

0.25 mmol scale with 20 v/v % DMSO. The crude product was purified by silica gel column 
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chromatography (eluent: 15% EtOAc/85% hexanes) to provide the desired compound as a 

yellow solid (30.6 mg, 42% yield). Rf = 0.28 (15:85 EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3):  δ 8.86 (t, J = 5.9 Hz, 1H), 8.58 (s, 2H), 4.23 (d, J = 6.0 Hz, 

2H). 

13C NMR (126 MHz, CDCl3):  δ 139.8, 138.7, 129.8 (q, J = 3.4 Hz), 122.2 (q, J = 272.7 Hz), 

120.4 (q, J = 36.4 Hz), 113.8, 34.2. 

19F NMR (376 MHz, CDCl3): δ -62.4. 

HRMS (EI):  m/z calcd for C9H5F3N4O4
 +: 290.0263 [M]+; found 290.0251. 

 

Synthesis of 4-((5-nitropyridin-2-yl)oxy)benzonitrile (17) 

 

Compound 17 was obtained using the General Procedure A using methoxyacetonitrile on 

a 0.5 mmol scale with 10 v/v % DMSO. The crude product was purified by silica gel column 

chromatography (eluent: 20-70% EtOAc/hexanes gradient) to provide the desired compound 

as an off-white solid (120.0 mg, quant.). Rf = 0.29 (1:4 EtOAc/hexanes). 

1H NMR (500 MHz, CDCl3):  δ 9.02 (d, J = 2.9 Hz, 1H), 8.54 (dd, J = 9.0, 2.8 Hz, 1H), 7.79 

– 7.72 (m, 2H), 7.34 – 7.27 (m, 2H), 7.15 (dd, J = 9.0, 0.6 Hz, 1H). 

13C NMR (126 MHz, CDCl3):  δ 165.6, 156.0, 144.7, 141.0, 135.4, 134.0, 122.6, 118.2, 112.1, 

109.7. 

HRMS (CI): m/z calcd for C12H7N3O3
+: 241.0487 [M]+: found 241.0497. 
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Synthesis of 2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)acetonitrile (18) 

 

Compound 18 was obtained using the General Procedure A using methoxyacetonitrile on 

a 0.25 mmol scale with 20 v/v % DMSO. The crude product was purified by silica gel column 

chromatography (eluent: 40% EtOAc/60% hexanes with 0.5 % AcOH) to provide the desired 

compound as a white solid (72.8 mg, 86% yield). Rf = 0.59 (1:1 EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3):  δ 7.66 (d, J = 8.2 Hz, 2H), 7.48 (d, J = 8.3 Hz, 2H), 6.98 (s, 

1H), 6.83 (d, J = 9.1 Hz, 1H), 6.71 (d, J = 9.6 Hz, 1H), 3.85 (s, 3H), 3.73 (s, 2H), 2.42 (s, 3H). 

13C NMR (101 MHz, CDCl3):  δ 168.2, 156.3, 139.8, 136.0, 133.4, 131.4, 130.7, 129.3, 129.1, 

117.1, 115.2, 112.5, 108.1, 100.5, 55.8, 13.2, 13.1. 

Spectral data matched those previously reported.[14] 

 

Synthesis of 4-cyanophenyl ((benzyloxy)carbonyl)-L-leucinate (19) 

 

 

Compound 19 was obtained using the General Procedure A using methoxyacetonitrile on 

a 0.25 mmol scale. The crude product was purified by silica gel column chromatography 
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(eluent: 25% EtOAc/75% hexanes) to provide the desired compound as a white solid (91.4 mg, 

99% yield). Rf = 0.21 (15:85 EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3):  δ 7.69 (d, J = 8.6 Hz, 2H), 7.44 – 7.29 (m, 5H), 7.23 (d, J = 8.6 

Hz, 2H), 5.15 (m, 3H), 4.60 (td, J = 8.9, 4.3 Hz, 1H), 1.81 (m, 2H), 1.70 (m, 1H), 1.01 (d, J = 

6.2 Hz, 6H). 

13C NMR (101 MHz, CDCl3):  δ 171.3, 156.2, 153.9, 136.2, 133.9, 128.8, 128.5, 128.4, 122.8, 

118.3, 110.3, 67.5, 53.0, 41.4, 25.1, 23.1, 22.0. 

HRMS (ESI):  m/z calcd for C21H22N2O4+Na+: 389.1472 [M+Na]+; found 389.1477. 

 

Synthesis of 4-((3-chloroquinoxalin-2-yl)oxy)benzonitrile (20) 

 

Compound 20 was obtained using General Procedure B using fluoroacetonitrile on a 0.25 

mmol scale with 20 v/v % DMSO. The crude product was purified by silica gel column 

chromatography (eluent: 20% EtOAc/80% hexanes) to provide the desired compound as a 

white solid (20.7 mg, 29% yield). Rf = 0.45 (1:4 EtOAc/hexanes). 

1H NMR (500 MHz, CDCl3):  δ 8.04 – 7.98 (m, 1H), 7.82 – 7.77 (m, 2H), 7.77 – 7.73 (m, 

1H), 7.73 – 7.66 (m, 2H), 7.48 – 7.42 (m, 2H). 

13C NMR (126 MHz, CDCl3):  δ 155.9, 151.8, 139.6, 138.9, 138.7, 133.9, 130.9, 129.0, 128.1, 

127.3, 122.6, 118.3, 109.6. 

HRMS (CI): m/z calcd for C15H8ClN3O
+: 281.0356 [M]+; found 281.0356. 
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Synthesis of (R)-4'-(1-hydroxyethyl)-[1,1'-biphenyl]-4-carbonitrile (21) 

 

Compound 21 was prepared as outlined in the multi-step, 1-pot procedure outlined in 

Section 4.4A.   

1H NMR (500 MHz, CDCl3):  δ 7.71 (d, J = 8.6 Hz, 2H), 7.67 (d, J = 8.6 Hz, 2H), 7.58 (d, J 

= 8.4 Hz, 2H), 7.49 (d, J = 8.3 Hz, 2H), 4.97 (q, J = 6.5 Hz, 1H), 2.00 (s, 1H), 1.54 (d, J = 6.5 

Hz, 3H). 

13C NMR (126 MHz, CDCl3):  δ 146.4, 145.3, 138.3, 132.6, 127.6, 127.4, 126.2, 118.9, 110.9, 

70.0, 25.3. 

Spectral data matched those previously reported.[15] 

 

4-((2,5-dichloropyrimidin-4-yl)oxy)benzamide (22) 

 

Compound 22 was prepared as in Section 4.1. 

1H NMR (600 MHz, DMSO-d6):  δ 8.83 (d, J = 3.3 Hz, 1H), 8.06 (s, 1H), 7.98 (d, J = 8.3 Hz, 

2H), 7.44 (s, 1H), 7.39 (d, J = 8.5 Hz, 2H). 

13C NMR (101 MHz, DMSO-d6):  δ 167.0, 164.7, 159.3, 156.2, 153.6, 132.5, 129.4, 121.4, 

116.8. 
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HRMS (ESI): m/z calcd for C11H7Cl2N3O2+H+: 283.9988 [M+H]+: found 283.9994. 

 

Synthesis of 4-((5-nitropyridin-2-yl)oxy)benzamide (23) 

 

Compound 23 was prepared as in Section 4.1. 

1H NMR (500 MHz, DMSO-d6):  δ 9.02 (d, J = 2.9 Hz, 1H), 8.63 (dd, J = 9.1, 3.0 Hz, 1H), 

8.00 (s, 1H), 7.95 (d, J = 8.7 Hz, 2H), 7.39 (s, 1H), 7.33 – 7.26 (m, 3H). 

13C NMR (126 MHz, DMSO-d6):  δ 167.6, 166.4, 155.4, 145.1, 141.2, 136.4, 132.2, 129.9, 

121.8, 112.5. 

HRMS (ESI): m/z calcd for C12H9N3O4+H+: 260.0671 [M+H]+: found 260.0676. 

 

Synthesis of 4-carbamoylphenyl ((benzyloxy)carbonyl)-L-leucinate (24) 

 

Compound 24 was prepared as in Section 4.1. 

1H NMR (400 MHz, CDCl3):  δ 7.84 (d, J = 8.7 Hz, 2H), 7.43 – 7.29 (m, 5H), 7.18 (d, J = 8.6 

Hz, 2H), 6.02 (s, 1H), 5.88 (s, 1H), 5.22 (d, J = 8.7 Hz, 1H), 5.14 (s, 2H), 4.62 (td, J = 8.8, 4.6 

Hz, 1H), 1.92 – 1.76 (m, 2H), 1.69 (m, 1H), 1.02 (m, 6H). 

13C NMR (101 MHz, CDCl3):  δ 171.8, 169.0, 156.3, 153.4, 136.3, 131.4, 129.2, 128.8, 128.5, 

128.3, 121.8, 67.4, 53.0, 41.5, 25.1, 23.1, 22.0. 
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HRMS (ESI):  m/z calcd for C21H24N2O5+Na+: 407.1577 [M+Na]+; found 407.1583. 

 

Synthesis of 4-((3-chloroquinoxalin-2-yl)oxy)benzamide (25) 

 

Compound 25 was prepared as in Section 4.1. 

1H NMR (500 MHz, DMSO-d6):  δ 8.09 – 7.97 (m, 4H), 7.83 – 7.67 (m, 3H), 7.49 – 7.39 (m, 

3H). 

13C NMR (126 MHz, DMSO-d6):  δ 167.6, 155.2, 152.9, 139.3, 139.2, 139.0, 132.4, 131.5, 

129.84, 129.2, 128.1, 127.4, 121.8. 

HRMS (ESI):  m/z calcd for C15H10ClN3O2+H+: 300.0534 [M+H]+; found 300.0540. 

9. Experimental references 

1. Lipshutz, B. H.; Ghorai, S.; Abela, A. R.; Moster, R.; Nishikata, T. Duplais, C.; 

 Krasovskiy, A. J. Org. Chem., 2011, 76, 4379–4391. 

2. Akporji, N.; Singhania, V.; Dussart-Gautheret, J.; Gallou, F.; Lipshutz, B. H. Chem. 

 Commun. 2021, 57, 11847–11850. 

3. Shu, X.; Jin, R.; Zhao, Z.; Cheng, T.; Liu, G. Chem. Commun. 2018, 54, 13244–13247. 

4. Nimnual, P.; Tummatorn, J.; Thongsornkleeb, C.; Ruchirawat, S. J. Org. Chem. 2015, 

 80, 8657–8667. 

5. Liskey, C. W.; Liao, X.; Hartwig, J. F. J. Am. Chem. Soc. 2010, 132, 11389–11391. 

6. Shang, R.; Ji, D.-S.; Chu, L.; Fu, Y.; Liu, L. Angew. Chem., Int. Ed. 2011, 50, 4470–

 4474. 

7. Powell, K. J.; Han, L.-C.; Sharma, P.; Moses, J. E. Org. Lett. 2014, 16, 2158–2161. 



 

 337 

8. Mills, L. R.; Edjoc, R. K.; Rousseaux, S. A. L. J. Am. Chem. Soc. 2021, 143, 10422–

 10428. 

9. Xiao, J.; Guo, F.; Li, Y.; Li, F.; Li, Q.; Tang, Z.-L. J. Org. Chem. 2021, 86, 2028–2035. 

10. Li, X.; Zhao, J.; Zhang, L.; Hu, M.; Wang, L.; Hu, J. Org. Lett. 2015, 17, 298–301. 

11. Chen, Y.; Huang, J.; Hwang, T.-L.; Chen, M. J.; Tedrow, J. S.; Farrell, R. P.; Bio, M. 

 M.; Cui, S. Org. Lett. 2015, 17, 2948–2951. 

12. Kuroda, J.; Inamoto, K.; Hiroya, K.; Doi, T. Eur. J. Org. Chem. 2009, 2009, 2251–

 2261. 

13. Frye, N. L.; Bhunia, A.; Studer, A. Org. Lett. 2020, 22, 4456-4460. 

14. Liu, R. Y.; Bae, M.; Buchwald, S. L. J. Am. Chem. Soc. 2018, 140, 1627–1631. 

15. Shu, X.; Jin, R.; Zhao, Z.; Cheng, T.; Liu, G. Chem. Commun. 2018, 54, 13244–13247. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 338 

3.7 Spectral data 
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IV. Solid Handling Equipment Advancements for 

Nanoparticle Catalyzed Flow Chemistry in Aqueous 

Micellar Media 
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4.1 Personal Account 

Prior to coming to graduate school, I worked as a process scientist at a startup company 

called Micromidas Inc., now known as Origin Materials. When I started there, I had a couple 

years of organic chemistry synthesis experience from my time in Mark Kurth’s lab at UC 

Davis, so of course I thought I knew everything. I found out very quickly that I knew very, 

very little compared to what I was going to need to know to be successful at that company. I 

could spend a couple pages recounting five years of very intense growth as both a scientist as 

well as a person, but the takeaway is that I learned the value of skill hybridization as a scientist 

in the field. On the job, I learned both business/managerial skills, soft skills that changed who 

I was as a person on a fundamental level, as well as very important chemical engineering skills 

that, I believe, set me apart from others in my field. Proficiency in both of those disciplines, as 

well as improved organic chemistry skills, have served me well in my time in graduate school 

and, hopefully, more in my career moving forward and for that I am eternally grateful to my 

mentors at Origin. 

I had always known that I wanted to go back to graduate school. Everyone in the field 

knows that staying at a B.Sc. level is a very fragile state, because if Origin went bankrupt (as 

it appeared that it was going to many times) I would not have a career path with which I would 

be happy. However, I had not been introduced to any graduate school groups that I thought 

were doing anything worthwhile, as I was a very practical chemist, and I didn’t want to work 

on anything that wasn’t directly applicable to industrial settings. That is, until I saw Bruce give 

a talk at the 2015 ACS conference in Denver, Colorado on his group’s work doing synthetic 

organic chemistry in water. My boss at Origin, Mako, seemed very impressed with the 

presented work so I asked him if Bruce was for real. His response was “let me put it this way: 
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Lipshutz is the man”, but not exactly in those words. I contacted Bruce a little while later once 

I had started to make up my mind on graduate school, and he got me caught up to speed on his 

chemistry by sending me three review articles on surfactant-based methodologies. 

One factor that immediately stood out was the inherent heterogeneity of micellar catalysis. 

I had experience in the biomass conversion technology field with heterogeneous, four-phase 

chemistry run in a continuous way, and so I had a hunch that the next level move for surfactant 

chemistry was to apply it to flow. So, in November of 2016, I walked into Bruce’s office and 

told him I had a golden idea; Bruce and I shared a knowing look that this was a high value 

project, one that I had no idea how I was going to pursue. However, Bruce jumped on the 

phone with Fabrice Gallou, who directed him to the chemists at the Cambridge, Massachusetts 

site who were doing some flow chemistry. Bruce stuck his head in Nick Lee and my lab and 

asked me if I was still interested in doing flow technology with surfactants. Of course, I 

responded in the affirmative, and he said that he might have a spot for me as an intern at the 

Novartis site in Cambridge to investigate this. There was some silence on this front for a little 

while, and I kind of forgot about it while focusing on my first-year duties. However, in March, 

Bruce asked again if I was ready to go and he said that we have the go-ahead to do the 

internship in Boston, if I was up to the challenge. 

This was a dream come true, and in September of 2017 I embarked on probably the greatest 

adventure of my life. I had the opportunity to live in Harvard Square, right next to the Harvard 

campus, completely on Novartis’s dime. I also had the opportunity to have facetime with very 

accomplished chemists at the Global Discovery Chemistry (GDC) group at Novartis and work 

on a plug flow (PF) project using surfactant and nanoparticles. Furthermore, our success in 

plug flow opened up a collaboration with Klavs Jensen’s lab at MIT Chemical Engineering to 
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begin looking into a second-generation flow device in the form of a miniaturized cascading 

continuously-stirred tank reactor (CSTR), where I had the opportunity to work in their lab as 

well. These ultimately culminated into two publications, both in Green Chemistry, as well as 

a collaboration in the future with David Gunn at PHT to develop a flow instrument of our own 

use here at UCSB. 
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4.2 Introduction and Background 

All chemists, from the undergraduate student to the seasoned industrial or academic 

scientist, are inherently aware of batch processing for synthesizing organic compounds. This 

is not surprising, as the barrier to entry for running reactions in batch is very low and typically 

requires only very cheap and easily sourced equipment in the form of vials or flasks on a small-

to-medium laboratory scale. Indeed, a quick search for images of the alchemist, the closest pre-

modern relative of the chemist, readily yields picturesque images of a bearded man hunched 

over some glowing or bubbling glass round-bottomed flask. In the vast majority of cases, 

chemical transformations are performed on both lab and industrial scale simply by adding 

substrates, reagents, catalysts, and solvent into a batch reactor container (glass, stainless steel, 

hastelloy, etc.) with some method of internal mixing, either by magnetic stir bar or motor-

driven impeller, to promote agitation such that the kinetics of chemical reactions are not limited 

to diffusion. Therefore, a batch process can be thought of as a single, ever-evolving solution 

(e.g., not at “steady-state”) that is governed mostly by three main parameters: mixing, 

temperature, and time (Figure 1).1 Being at unsteady-state implies that the variable parameters 

across time and space are not constant, and thus concentrations of starting materials, 

intermediates, and products are in flux, as well as potential temperature gradients throughout 

the reaction time.2 This can be illustrated by the addition of a highly reactive organometallic 

reagent such as an alkyllithium dropwise to a stirred reactor containing substrate at cryogenic 

temperature, followed by warming to room temperature prior to a batch workup.3 

While batch processes have been the gold standard in the pharmaceutical and agrochemical 

fields over the past ca. 100 years, the use of a large reaction vessel for scale-up purposes does 

come with various drawbacks.4 The direct increase in reaction size can mean difficulty in 
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stirring heterogeneous reaction mixtures based on clumping not encountered on small scale, as 

well as settling of solid material in the reactor. Temperature gradients inside of the reactor can 

also pose issues on large scale, where uneven heat transfer from the outer walls of the reactor 

can result in difficulty in forming a homogeneously heated mixture. Large volumes of organic 

liquid material with inconsistent temperature (and dispersion of solids or undissolved reactants 

and catalysts, in some cases) can also result in reaction thermal runaways that can be highly 

destructive and have precipitated very dangerous situations.5 Furthermore, industrial chemists 

have noted a general increase in total processing time from the lab scale to the production scale, 

in some cases due to heat transfer limitations, as well as other traditionally perfunctory steps 

such as drying which, on a lab scale may only take one hour, can require overnight processing 

to affect the same outcome on greater than kilogram quantities.4 While not limited to these 

downsides, the overall outcome of an improperly scaled batch reaction can ultimately result in 

poor quality product which cannot be marketed. 

A burgeoning alternative approach to running reactions in batch is to perform the chemistry 

under continuous manufacturing conditions, colloquially known as “flow” chemistry.6 

Continuous production is not new to massive chemical manufacturing, as the petroleum 

industry heavily relies upon related techniques to refine crude oil and gas into valorized 

material or commodities such as syngas, gasolines and fuels, asphalt materials, and naphtha.7a-

c The scale of the raw material, and the demand of the resulting product,8 necessitates the use 

of constant and mostly uninterrupted processing. 

The basic “plug flow” (PF) process can be envisioned simply as a tube reactor, where on 

one end starting materials and reagents are added using pumps and on the other end the 

downstream product effluent is collected (Figure 1). The construction of this tube reactor is 
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highly flexible, allowing for facile assembly of various modules such as mixing ports, where 

reagents can be flowed together in microchannels to maximize interaction, heated or cooled 

areas, and maintenance of reactor pressure with the use of a variety of commercially available 

back pressure regulators which allow for superheating of the solvent and, thus, higher possible 

temperatures compared to their batch counterparts run at atmospheric conditions. The flow 

regime, therefore, is governed by three main parameters: flow rate (residence time of the 

material inside of the reactor), temperature, and pressure.6  

 

 

Figure 1: Batch vs. flow technology parameters (flow diagram image credit to © 2022 

Silicycle) 

 

Running under flow conditions allows for considerably improved reaction control, as only 

a small portion of the material is being operated upon at any given time. Many PF reactions 

are run in microchannels9 (i.e., tubes with internal diameters on the sub-millimeter scale), 

which provide many benefits to the chemical process of interest. These include improved heat 

transfer and control, where small amounts of solvent are heated and cooled nearly 
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instantaneously akin to microwave irradiation chemistry, enhanced mass transfer via fast, 

diffusion limited radial mixing in microchannels, safer containment of hazardous reagents via 

handling through pumps and automation, reduced reactor footprint (flow reactor with a small 

continuous working volume vs. a single large batch reactor), and less chemical waste produced 

not only from the reaction itself, but also from avoidance of cleaning and chemical transfer 

steps from a batch reactor.10 Furthermore, achieving the steady-state functionality of a flow 

reactor, which is by definition impossible in a working batch system (vide supra), means that 

every unit volume inside the length of the reactor is equal to the last unit volume at that same 

space, and thus, each molecule reacts under the same conditions thereby providing better 

product quality control. These benefits ultimately place continuous manufacturing squarely 

within the purview of green chemistry technologies.11  

It isn’t until more recently (the last ca. twenty years) that there has been considerable 

interest from the fine chemical process12 and medicinal chemistry13 disciplines to embrace 

continuous manufacturing protocols at both the lab and production scale. Since adoption, 

however, use of flow chemistry has emerged as a disruptive technology in the field, and has 

enacted a sea change by which practitioners at any scale can target intermediates and active 

pharmaceutical ingredients (APIs). While the barrier to entry for a PF chemistry instrument is 

greater than that of a simple vial or flask batch reactor in a laboratory setting, a rudimentary 

setup only requires the procurement of pumps (in many cases, syringe pumps are sufficient), 

tubing of varying materials of construction (fluorocarbon tubing such as PFA, stainless steel, 

etc.), inexpensive nuts/ferrules and mixing channels such as tees or cross-mixers, and perhaps 

a back pressure regulator (BPR) depending upon need to pressurize the reactor.14 The 

temperature of the tubular reactor can then easily be modified using a heated or cooled bath. 
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The short pathlength of the microchannels also lends itself well to photochemical applications, 

and thus the reaction coil can be constructed near or around an irradiation lamp of the desired 

light wavelength.15 Microchannel reactor systems of smaller size exist, such as chip reactors 

(also known as “Lab-on-a-Chip”), as well as more involved reactors of greater scale from 

vendors such as Vapourtec16 that boast all-in-one pump, reactor, and BPR containing systems 

that can also be purchased (Figure 2). 

 

 

Figure 2: Large to microscale commercially available tubular flow systems (Vapourtec 

R4+16a and Vapourtec E16b image credit to © 2022 Vapourtec; chip reactor Lonza 

FlowPlate®, Ehrfeld Mikrotechnik17) 

 

Despite the powerful advancements made in the PF chemistry field over the past two 

decades, major problems still plague the technology which makes widespread adoption over 

the entirety of the chemical methodology space difficult. One issue is the inclusion or genesis 

of solids in tubular reactors that can induce clogging of the lines, which greatly limits the 
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amount of available chemistry using heterogeneous materials.18 Given the narrow nature of 

microchannels, solid formation poses problems of clogging anywhere inside of the reactor, but 

generally with a greater chance at squeeze points or 90° turns where bridging of solids can 

result in a filtration mechanism and over pressurization.19 The outcome of channel clogging 

may result in reduction in quality of product due to inconsistency of steady-state operation and 

conversion of starting materials, as well as safety issues due to complete reactor failure and 

difficulty in dislodging the solid mass from the reactor which can cause degradation or totaling 

of equipment.20 

A variety of techniques have been developed in the field as a response to these clogging 

issues. With respect to basic tubular reactors, these strategies have been developed to reduce 

the overall investment into new and potentially expensive equipment, or modalities that would 

not directly correlate to the intended scaleup application of the system (i.e., not in a PF regime). 

One such application is the use of sonicator systems, which serve to break up solid aggregates 

and maintain suspension in solution to avoid clogging.21 Indeed, sonicators have worked well 

with aqueous nanoparticle systems (vide infra) to maintain well dispersed catalyst in solution 

prior to introduction into a tubular reactor using a syringe pump. However, an elegant solution 

to this issue is through the use of gas-liquid segmented flow.22 This methodology utilizes the 

Taylor flow biphasic mechanism of segmented fluids in a tube of varying viscosities, where a 

flow is induced in the discontinuous phase such that a “churning effect” allows for the 

dispersion of solid particulates (Figure 3).23 One particularly interesting account of this is from 

Seeberger, et al.24 utilizing a nitrogen gas-liquid segmented flow for the photochemical 

decarboxylative fluorination of phenoxyacetic acid derivatives, where the formation of 
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churning serial micro-batch reactors (SMBRs) in flow allowed for the dispersion of a solid 

catalyst in an organic “slug” (Figure 3). 

 

Figure 3: Taylor flow in a biphasic flow tubular reactor (left) and gas-liquid segmented 

churning flow for heterogeneous-catalyzed photochemical reaction (right)24 

 

New equipment has also been developed both academically as well as industrially to solve 

the issues associated with the use of solids in flow. These reactors generally take advantage of 

some form of mechanical mixing to increase the cavity size of the reactor, while maintaining 

the continuity of the process. One such example is the Coflore system developed by AM 

Technology, which can be purchased on laboratory scale (30 mL working volume) or on 

production scale. This system utilizes a dynamic rotating/shaking block reactor with internal 

mechanical agitators in the form of stationary cylinders, where flow is directed through the 

block using pumps.25 The materials of construction and the type of agitator can also be altered 

depending on the solvent required for reaction (Figure 4). 
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Figure 4: Laboratory scale Coflore system26 

 

Another entry into this category is the use of a continuous-oscillatory baffled reactor 

(COBR) system.27 This uses a tubular reactor that is baffled throughout with a piston that 

pumps in parallel to the net flow of the reaction stream. This induces churning eddy currents 

within the open chambers formed from the baffles and allows for significantly larger tubing to 

be used without loss of mixing capabilities (Figure 5). This system has been used not only for 

reactions, but also for continuous crystallization processes where the crystal size can be 

controlled based on its location in the steady-state tube reactor.28 
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Figure 5: Section of COBR tube including baffles and oscillating pump27 

 

The continuous-stirred tank reactor (CSTR) is a fundamental reactor type in the field of 

chemical engineering, and has had applications to pharmaceuticals, agrochemicals, and 

polymers.29 While a single CSTR can be sufficient, the efficacy of a CSTR system can be 

enhanced by placing multiple reactors in series (cascading), the resulting kinetics of which 

begin to resemble that of a PF reactor, and multiple reactors mitigate the possibility of non-

ideal hydraulic behavior of short-circuiting and dead space phenomena.30 Until recently, CSTR 

systems have been relegated to large scale processing; however, Jensen et al. in 2016 and 2018 

developed cascading reactors for solid-forming31 and biphasic32 reactions, respectively, that 

operate on the laboratory scale (Figure 6). These miniaturized systems have revolutionized the 

amount and quality of data that can be developed on lab scale that is used directly to influence 

the behavior of a cascading CSTR reactor at scale, including reactions that contain or generate 

solids in situ. 
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Figure 6: Miniature cascading CSTR reactor block that can handle solids in flow31 

 

Given the vast advancements in aqueous micellar catalyzed chemistry within the past 

decade,33 the next logical step from a technology standpoint is exploration into the capacity for 

surfactant-based flow chemistry. However, a dearth of information in the literature exists for 

such an applied science. This is due to the issues of solids handling in flow, where the inherent 

insolubility of organic reagents, products, and, in some cases, heterogeneous catalysts pose an 

issue from a clogging standpoint. Therefore, a major engineering feat for micellar catalysis is 

the study and development of new solids handling equipment that can enable this chemistry in 

continuous manufacturing platforms. Herein are described two systems that accomplish this 

goal: firstly, a PF system was achieved utilizing aqueous chemistry with a heterogeneous metal 

catalyst using both a commercially available reactor as well as a specially fabricated back 

pressure regulator (BPR); secondly, a (previously reported34) next generation miniature 

cascading CSTR module was developed to handle the same chemistry for the synthesis of 

advanced pharmaceutical intermediates in some cases utilizing no working organic solvents 

for the flow chemistry process. 
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4.3 Results and Discussion 

In order to completely test the equipment advancements for solids handling required for 

aqueous micellar catalysis in flow, a reaction needed to be chosen to best reflect insolubility 

of starting materials, products, as well as catalyst. Reactions involving gas formation were 

avoided for these initial studies, as in the case of Fe/ppm Pd + Ni nanoparticle (NP) catalyzed 

aryl nitro group reductions in water,35 where pockets of gas in PF and CSTR instruments would 

cause issues with back pressure regulation as well as inconsistency of residence time. However, 

initial trials on the formation of active NPs in flow, where the pre-formed Fe/ppm Pd + Ni NPs 

are mixed with a stream of dissolved sodium borohydride, appeared to form the black active 

catalyst well in line, and thus remains an option to be explored in later developments. Instead, 

NP-catalyzed Suzuki-Miyaura couplings36 to form biaryl compounds was chosen for the 

embarkation point for surfactant chemistry in flow, as the reagents and especially the products 

and catalysts would inherently be insoluble in the aqueous media. Furthermore, the increase in 

temperature control afforded by steady-state flow chemistry would also allow for previously 

unreported studies of hot aqueous surfactant catalysis, where TPGS-750-M is empirically 

known to alter its morphology at 70 °C from micelles to an array of vesicles and sheets. 

Given the chosen chemical transformation, the kinetics of such a hot aqueous micellar NP 

system needed to be determined in batch prior to running in flow. Microwave chemistry is 

known to best approximate flow conditions based on its ability to quickly heat and cool, as 

well as maintain internal pressure. Thus, a batch reaction of 4-bromoanisole and 1-

naphthaleneboronic acid was chosen using 800 ppm Fe/ppm Pd-SPhos NPs at 0.5 M global 

concentration to form biaryl compound 2. The thermal profile of the reaction needs to be 

elevated to a high temperature because the nature of flow chemistry requires fast reaction times 
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to maintain good productivity, and published reactions in batch require 24-72 hours at 45 °C. 

Thus, this reaction was performed at 95 °C, which was found to be the upper temperature limit 

for TPGS-750-M; greater than or equal to 100 °C results in precipitation of a gummy material 

assumed to be undispersed surfactant. Microwave irradiation of this reaction mixture for 15 

min at 95 °C resulted in complete conversion by UPLC-UV/Vis analysis, and simple extraction 

with ethyl acetate and passing the crude organics through a plug of silica gel afforded the 

desired biaryl compound 2 in 89% isolated yield (Figure 7), compared to the 91% isolated 

reported yield in 24 hours reported in the original publication.36 

With sufficient kinetics and comparable yield in hand, a rudimentary PF system was 

developed to test parameters required to flow the aqueous/NP Suzuki-Miyaura reaction. Initial 

analysis of the NP slurry found that the particles could easily be suspended for greater than 

two hours in the micellar medium (without substrate present) after sonication for ca. 20 

minutes; the NP suspension time could then be increased indefinitely with mechanical stirring. 

Thus, running short trials with a syringe-driven PF reactor could be possible on small scale. 

However, scaling such a reaction would require the use of a much larger system with 

equipment that could handle slurries and small aggregates of inorganic or organic material over 

an extended reaction period. Thus, the Vapourtec E-Series16b was explored to act not only as a 

delivery system, as the peristaltic pumps have large bore tubing (1/8” OD, 1/6” ID) that are 

marketed to handle solids in flow, but also as the heating element for the flow reactor, the 

thermal well temperature of which can be programmed and monitored by an automated 

computer system. Furthermore, and quite serendipitously, the Vapourtec E-Series had recently 

been upgraded with a software patch that allowed for the peristaltic pumps, when run in 
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reverse, to act as a large bore BPR for up to 10 bar, which could handle solids in downstream 

processing. 

To test “flowability”, a 2 mL batch-to-flow aqueous NP Suzuki-Miyaura reaction was set 

up initially in a 2-dram vial with mechanical stirring. It was found quickly that the starting 

reagents to form 2 would quickly coagulate in a purely 2 wt % TPGS-750-M/H2O system, and 

thus 20 v/v % THF was found to nicely disperse the reaction with light stirring. This reaction 

was then pumped into a 10 mL, 0.03” ID reaction coil set to heat to 95 °C with a flow rate of 

0.667 mL/min, resulting in a 15 min residence time in comparison to the batch reaction. The 

reaction “slug” was bracketed on both the front and back ends using an 80% TPGS-750-

M/20% THF mobile phase to ensure that the reagents remain suspended in the reaction 

mixture. After a 15 minute residence time, the entire coil was then quickly extracted using 

ethyl acetate flowing at 2 mL/min for 10 minutes to recover all organic material. Upon 

purification, the resulting isolated yield of the coupling product was found to be 72% in flow, 

which is comparable to the batch reaction given the possibility of dilution on the front and back 

ends of the reaction slug (Figure 7). 

 

Figure 7: Reaction scheme for batch-to-flow reaction (left) and aqueous NP slurry in flow 

(right) 
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While this initial aqueous micellar flow reaction was successful, some problems were 

encountered during initial trials. Firstly, there is no apparent benefit for studying a flow 

reaction where the catalyst and reagents are mixed and then are flowed into the reactor, 

especially when the reaction works well in batch as is and some product is formed in the interim 

period. It should also be noted that the introduction of base to the catalyst results in aggregation 

of the NPs, an observation not made on laboratory batch scale due to mechanical stirring. 

Therefore, a system was developed (vide infra) that segregated the components into 

homogeneous solutions such that there was constant and even introduction of material in the 

tubular reaction without any prior reaction. This included separating the NPs dispersed in 

surfactant solution, the base dissolved in water or as a neat material, and the organic reagents 

dissolved in a green, water-soluble organic co-solvent. The arrived upon co-solvent was 

tetrahydrofurfuryl alcohol (THFA), which is a product of the reduction of furfural from woody 

biomass and is, as such, a renewable solvent. THFA has a high boiling point which does not 

increase the back pressure requirements from the system, dissolves the starting reagents well 

(even at high concentrations of >1 M), and can easily be separated from the crude organics by 

dissolution in excess water. Ethanol was also found to be a competent organic co-solvent for 

many of the same reasons; however, the low boiling point greatly increases the pressure of the 

reaction and thus decreases the available back pressure window provided by the peristaltic 

pump BPR. Secondly, insoluble nanoparticles, as expected, were found to be filtered out at 

switching valves and 90° turns (Figure 8), and thus these needed to be avoided, and the reverse 

peristaltic pump BPR was found to be crucial to avoid clogging. Thirdly, studies using larger 

reaction slugs without hot organic extraction of the reaction coil resulted in phasing out of the 

biaryl organic product from the surfactant and, at room temperature, crystallization in the lines 
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resulting in complete reactor failure (Figure 8). Thus, a heated in-line extraction tee was 

constructed in the thermal well using a green organic solvent, in this case 2-

methyltetrahydrofuran (2-MeTHF) to continuously perform hot extraction prior to cooling of 

the line entering the BPR. 

 

Figure 8: Filtering of NPs in line at switching valves and 90° turns (left) and crystallization 

of organic product in line at BPR (right) 

 

Given these key observations, a small scale 2 mL reaction coil (PFA, 0.03” ID) was 

constructed using the Vapourtec E-Series equipment to evaluate aqueous micellar NP-

catalyzed chemistry in flow using aqueous soluble base, in this case being K3PO4•H2O (Figure 

9). An initial trial was run on the coupling of 4-bromoanisole with phenylboronic acid to form 

product 1 in flow. This product was chosen as the first candidate due to the relatively low 

melting point (ca. 90 °C) which is below the reaction temperature and thus eliminates 

precipitation of solid product inside of the reactor as a potential failure point. In this case, NPs 

were suspended in 4 wt % TPGS-750-M/H2O using sonication at a concentration of 50 mg/mL. 

This stream would be diluted with a 1.78 M solution of K3PO4•H2O in water at an equal flow 

rate, resulting in 25 mg/mL catalyst in a global 2 wt % TPGS-750-M/H2O solution. 
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Concentrated organics pre-dissolved in THFA at a precisely known volume are then introduced 

into the reactor such that the total volume of THFA is considerably below 20 v/v % of the total 

reactor effluent (considering the volume taken by the reagents during the dilution process). 

Each of these streams was introduced into the reactor coil using stainless steel syringes and 

Harvard Apparatus syringe pumps, the material of construction of which and the brand of 

pumps were both found to be crucial for high pressure applications (Figure 10).37 The reagents 

are then allowed to react at 95 °C in the reactor coil and are subsequently extracted in-line 

using 2-MeTHF at an equal flow rate at a 90° angle and allowed to extract in a 50 cm extraction 

coil prior to the peristaltic pump BPR. 

 

 

Figure 9:  Water-soluble base PF instrument 

 

Workup of the flow reaction was found to be facile, as the extracted organics can be 

separated followed by evaporation and recollection of the 2-MeTHF resulting in a crude 

organic oil, followed by removal of the THFA by dissolving the mixture in water followed by 

filtration. Passing the organics through a silica gel plug resulted in product in very high purity. 
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In the case of 1, the yield of the reaction was found to be 97% with a 10 min residence time, 

resulting in a productivity of 517 mg/h on a 2 mL scale. The use of this apparatus was applied 

to the synthesis of 2 which provided the product in 88% yield in flow in only 2 minute residence 

time, despite the product’s high melting point, compared to the 89% yield in batch, as well as 

compound 3, which is an oil of low viscosity at room temperature, with no collection problems 

encountered within the 10 minute residence time (Figure 10). 

 

 

Figure 10: Substrate scope for aqueous micellar NP catalyzed couplings using aqueous-

soluble base 

 

Despite the success of this initial flow instrument for NP/micellar catalyzed couplings, the 

system did have some problems associated with the selection of base. The inclusion of 

K3PO4•H2O results not only in poor solubility of the reagents and products, resulting in some 
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crystallization problems in-line, but also the solubility of the surfactant itself which is not 

encountered on a batch scale. Indeed, introduction of the phosphate base results in a gummy 

precipitate similar to overheating the aqueous mixture to 100 °C, which reduces the 

solubilizing properties of the micellar medium. Ultimately, the combination of these issues 

results in reactor clogging, especially when compounds of higher melting points or crystallinity 

were attempted, as in the case with biaryl product 4. Therefore, an improved system was 

developed using liquid organic base triethylamine (TEA), which serves to act not only as base, 

but also potentially as a competent organic co-solvent to maintain solution at high 

temperatures. Separation of the base and NPs was maintained, as even the introduction of TEA 

to the NP mixture resulted in aggregation of the catalyst. Based on this, the NP concentration 

could be reduced from 50 mg/mL to 28.5 mg/mL, and the resulting surfactant concentration 

could be reduced to 2 wt % TPGS-750-M/H2O. Based on the volume and flow rate required 

for the surfactant phase, the Vapourtec E-Series peristaltic pumps were used to deliver the 

NP/surfactant slurry maintained in suspension with stirring. Organic reagents in THFA and 

neat TEA could then easily be delivered using syringes into the same 2 mL reactor coil as well 

as the same 2-MeTHF extraction line (Figure 11).  
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Figure 11: Diagram of organic base PF system (top), packed heating cavity containing cross-

mixer inlet, reactor, and extraction coil (bottom left), and constructed flow system (bottom 

right) 

 

With this new setup, three more products were prepared in aqueous micellar flow using the 

NP catalyst (Figure 12). Product 4, a crystalline biaryl carbamate that clogged the phosphate 

base system, was prepared in nearly quantitative yield at 95 °C in an 8 minute residence time 

with no observed deprotection of the Boc protecting group. Product 5, prepared from the 

coupling of the vinylboronic acid pinacol ester with bromobenzene, was prepared in 80% yield 
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within a 10 minute residence time as a yellow solid despite the high temperature of reaction. 

Biaryl compound 6, a precursor to a NEP inhibitor API, was also synthesized in a very high 

yield of 91% with no observed byproduct of coupling with the aryl chloride. Interestingly, 

under reaction conditions a small amount of the THFA acetal of 6 was formed which had to be 

removed using an acidic batch workup. While not included in this work, it is theorized that an 

acidic aqueous workup stream prior to extraction at reaction temperature would result in an in-

line purification system that would yield the aldehyde directly. 

 

 

 

A major hurdle for the development of a fully automated flow system is the ability to scale 

not only to size, but also to production capacity over an extended period. Therefore, the final 

stage of research focused on the five times scale up of the reactor from a 2 mL coil to a 10 mL 

reactor coil. In this situation, a pre-woven PF reactor of the same ID (0.03”) as the smaller 
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scale reactor was used. The goal was to replicate the synthesis of the NEP inhibitor precursor 

6 over the course of a 90 minute total production time, resulting in a theoretical >20 g of 

product (Figure 13). Due to the volumes and flow rates required for such a scale, all three 

peristaltic pumps from the Vapourtec E-Series were used to deliver reagents into the reactor 

system. The inlet cross mixer as well as the extraction inlet were adhered to the reactor coil 

inside of the heated reactor cavity, and thus aluminum foil was required to maintain reaction 

temperature. 

 

 

Figure 13: Diagram of large-scale PF reaction of 6 (top), inlet cross and inline extraction tee 

on reactor coil (bottom left), constructed reactor (bottom right) 
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The 2-MeTHF was constantly introduced into the reactor using a dual-infusion pump at 

high velocity (5 mL/min). The large-scale reactor pressure was retained by utilizing a new clog 

resistant BPR system developed by a mechanical engineering group from the Genomics 

Institute of the Novartis Research Foundation (GNF). This system was comprised of a nitrogen 

gas pressurized (40 PSIG in this case, the instrument can handle up to 100 PSIG) stainless-

steel bomb container (185 x 145 x 145 mm) fitted internally with a 150 mL glass beaker, and 

the gas pressure was used to maintain back pressure throughout the entire reactor. Reactor 

effluent fed from the extraction coil was pumped into the 150 mL glass beaker inside of the 

stainless-steel shell utilizing a 1/16” ID tube. The volume of the liquid inside of the beaker is 

monitored using a sonic liquid level detector. When the liquid level passes the volume of the 

suspended sensor inside of the beaker, a valve actuates which uses the gas pressure to push the 

collected reactor effluent out of the beaker through a separate 1/16” ID tube into a larger 

collection vessel at a rate of 20-40 mL/sec (Figure 14). 

 

 

Figure 14: Downstream system consisting of 2-MeTHF pump, BPR, and collection unit 

(left), drawings of BPR system (right) 
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This scaled up reactor system was able to perform well over the course of a 90 minute total 

production time for a reaction that requires only a 2 minute residence time. The total yield, 

after acidic workup and column purification, resulted in 6 in 97% overall isolated yield, or 22.8 

g of product. The 2-MeTHF used as extraction solvent was mostly recovered via distillation. 

The NP slurry in water could easily be separated as well; however, attempts to reuse the 

aqueous NPs yielded no reaction to form 6 on both flow and microwave batch systems. 

However, in a separate study, it was found that the introduction of new phosphine ligand to the 

now inactive NPs can result in rejuvenation of the catalyst, and thus this could be a viable 

pathway in the future for a fully recyclable Suzuki-Miyaura flow system.38 

While this PFR system was able to continuously produce NP-catalyzed biaryl couplings in 

flow in an aqueous environment, it was determined that a second-generation reactor would 

need to be developed to overcome certain otherwise unsolvable issues encountered in PF. 

These issues mostly centered on the consistency and reliability of the system to avoid 

problems, e.g., reactor pressure-spikes stemming from partial or complete clogging of the 

system. Unfortunately, the size limitations of the reactor itself (0.03” ID PFA tubing), as well 

as the junction pieces including the cross-mixer and the in-line extraction tee, would become 

blocked at random times during the reaction, most likely due to agglomeration of NPs or due 

to the precipitation of reagents or products, especially in the case for more crystalline biaryl 

products such as 4. The size of the inner diameter of the tubing could also not be increased 

because this would result in NPs losing suspension in solution, especially when in the presence 

of base, which would cause them to form aggregates (vide supra). Therefore, it was essential 

to design a cascading CSTR system with agitated reaction wells to handle partial insolubility 
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of reagents and catalyst, and hence, would serve as a next generation continuous flow system 

for aqueous-based chemistry. 

The CSTR cascade was designed by the Jensen lab at MIT Chemical Engineering to be 

able to handle slurries with considerably large aggregates of solids, especially in the case of 

organic materials that exhibit poor emulsification with the aqueous surfactant bulk stream. 

These features, along with mechanical stirring within the wells using small stir bars, would 

obviate the need for small inner diameter tubing required in PF for adequate mass transfer and 

would greatly reduce the potential for blockage in the reactor. We also surmised that the low 

surface tension of polytetrafluoroethylene (PTFE) would serve well as a material of 

construction for the working reactor piece where the reaction takes place, as there would be 

less chance of agglomeration of organics or, in this case, heterogeneous NP catalyst while still 

withstanding the high temperature of the reaction. The newly engineered cascading CSTR34 

consists of a PFTR reactor block, an aluminum chassis which houses the reactor block, a 

window that can either be fabricated out of aluminum or, in the case where photoredox 

chemistry is required, polycarbonate protected with a transparent FEP adhesive for chemical 

resistance,39 and two covers which serve to seal the reactor with M4 bolts using a Viton O-ring 

gasket which fits into a groove constructed into the PTFE reactor (Figure 15). The aluminum 

and PTFE pieces were designed in SolidWorks and CNC milled by ProtoLabs, and ports are 

threaded to standard ¼-28 IDEX fittings, like that for an HPLC. The combination of an 

aluminum frame and PTFE inlay allows for optimal heat transfer and stability for harsh 

chemical environments. 
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Figure 15: Separated CSTR pieces and constructed apparatus with aluminum window (top), 

exploded diagram of the CSTR (bottom) 

 

Reactions performed in the CSTR were small enough scale that reagents could be pumped 

into the reactor using stainless steel syringes (20 mL). Catalyst slurry in aqueous micelles could 

be kept as homogeneous simply by adding a stir bar to the syringe body and suspending a stir 

plate upside down and above the syringe in the syringe pump, using mechanical stirring to 

maintain suspension of the particles. Prior to the CSTR, a small oscillator was also installed to 

maintain the homogeneity of the slurry mixture. Starting material streams are combined in the 
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first well of the CSTR reactor, rather than by use of tees or cross-mixers, to avoid potential 

clogging issues with catalyst agglomeration or partial insolubility of the reagents. Prior to 

running the reaction, the entirety of the reactor is filled with argon purged water and heated to 

temperature, and the reagent pumps were then allowed to displace this water and the reactor 

was run for three residence times prior to collection to achieve steady-state operation. As in 

the PF system, downstream material exiting the fifth CSTR chamber was insulated to maintain 

high temperature (90-95 °C) prior to being extracted with an equal flow rate of 2-MeTHF prior 

to reaching the BPR. The BPR in this case was the BP-10 obtained from Zaiput Flow 

Technologies and maintained a reactor pressure of 30 PSIG using inert case monitored by a 

pressure controller.40 Temperature was monitored using a K-type thermocouple41 drilled into 

the aluminum chassis and kept in place using thermal epoxy, and heating filaments42 drilled 

into four corners of the apparatus were controlled using a PID controller from J-KEM (Figure 

16).43 
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Figure 16: Flow diagram of CSTR system (top), constructed system during a run (bottom) 

 

To first test this system, the same model biaryl 1 was synthesized using slightly modified 

conditions. The temperature of the reaction was reduced from 95 °C to 90 °C and the residence 

time was increased to 20 minutes to account not only for that temperature change, but also the 

wider array of retention times inherent to a CSTR system (Figure 17). Product 1 could be 

prepared in 81% yield upon isolation after 2.5 total residence times were collected which, while 
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not entirely consistent with the 97% yield afforded via plug flow, was a very encouraging 

starting point for this new technology. Most importantly, the issues encountered using 

phosphate base were rendered moot using this system due to the increased reaction cavity size 

as well as mechanical stirring. To introduce 4-bromoanisole and phenylboronic acid into the 

reactor, in this case, THFA was used as a carrier organic co-solvent, much in the same way as 

used in the PF reactor system. 

 

 

Figure 17: Synthesis of 1 in cascading CSTR using aqueous soluble base 

 

Emboldened by these advancements in aqueous micellar NP catalyzed chemistry in flow, 

the next goal was to synthesize pharmaceutically relevant molecules, i.e., intermediates en 

route to target APIs. The first entry into this research was the synthesis of the biaryl building 

blocks used to prepare sartans used to treat hypertension. Indeed, losartan (7), valsartan (8), 

and olmesartan (9), amongst others, are all placed in the top 200 selling drug products of 2018, 

and thus, are high value targets.44 Therefore, the common biaryl motif between these 

compounds of 10, prepared by Suzuki-Miyaura coupling between 2-bromobenzonitrile and p-

tolylboronic acid, was explored as another simple example. In this situation, no carrier solvent 

was required for the introduction of these starting materials into the reactor, as the reagents 

could be nicely suspended in a stirred “slurry pump.” The reaction was run under the same 
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conditions as used in the synthesis of 1, arriving at compound 10 in 95% isolated yield utilizing 

no organic solvent, exemplifying the power of the CSTR platform for aqueous micellar 

chemistry (Figure 18). 

 

 

Figure 18: Sartan drugs bearing substructure precursor 10 (top), synthesis of 10 using CSTR 

platform (bottom) 

 

Another drug subset of interest included JAK inhibitors, which are quickly dominating the 

tyrosine kinase inhibitor pharmaceutical market. Indeed, ruxolitinib (11) is ranked within the 

top 150 pharmaceuticals by sales in 2018,44 and this class also includes baricitib (12) and 

itacitinib (13). A common motif exists between these drugs in the form of compound 16, the 
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synthesis of which can be realized by the Suzuki-Miyaura coupling between benzyl protected 

chloride 14 and boronic ester 15. This chemistry was subjected to CSTR flow conditions, and 

it was found that TEA was the optimal base for this transformation at 95 °C. The starting 

materials were suspended in aqueous micelles in the presence of the NPs at room temperature 

prior to being introduced into the hot reactor. The amount of Fe/ppm Pd-SPhos NPs was held 

at 800 ppm Pd, which yielded biaryl product 16 in 82% isolated yield with a 20 minute 

residence time (Figure 19). 

 

 

Figure 19: JAK inhibitor examples (top), synthesis of key structural motif of JAK inhibitors 

in CSTR flow (bottom) 
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Finally, BRAF enzyme inhibitors are important for treatment of melanoma (17-19). The 

core of one such inhibitor, vemurafenib (18), can be synthesized via the coupling of a 5-bromo-

7-azaindole (20) with 4-chlorophenylboronic acid (21) to form biaryl product 22. This reaction 

in flow can be facilitated by flowing NPs in aqueous surfactant, compounds 20 and 21 

suspended in just pure water with no surfactant, both syringes of which were kept in a constant 

mixing state using an internal stir bar and external stir plate, and neat triethylamine. Following 

continuous reaction for a residence time of 20 minutes at 95 °C, the product 22 could be 

isolated after collection for 15 minutes in an excellent 94% yield with no clogging (Figure 20). 

 

 

Figure 20: BRAF enzyme inhibitors including compound of interest vemurafenib 18 (top), 

aqueous micellar CSTR flow synthesis of 18 precursor 22 using NPs 
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4.4 Conclusions 

In conclusion, two flow systems were constructed to satisfy the solids handling 

requirements encountered for running aqueous micellar catalysis in flow. Both reactors were 

able to handle a nanoparticle catalyzed Suzuki-Miyaura coupling reaction where the starting 

materials, products, and catalyst inherently pose problems due to poor, or no, solubility in the 

aqueous media. In one instance, a plug flow system was developed to run this chemistry in 

microchannels, where the greatest non-mechanical mixing mass transfer is observed. This 

utilized new equipment developments from suppliers, in the form of a peristaltic pump back 

pressure regulator system developed by Vapourtec for their E-Series model, as well as 

internally via research performed by Novartis engineers for a continuously collect-and-drain 

back pressure regulation system. This plug flow system was amenable to both aqueous soluble 

inorganic base as well as neat organic base for six diverse substrates. The formation of an API 

intermediate could also be scaled to 13 g/h production over the course of a 90 min total run 

time. Furthermore, collaboration with the Jensen lab at MIT Chemical Engineering led to 

development of a cascading CSTR reactor that could handle solids in the form of an aqueous 

micellar nanoparticle slurry. This technology was applied to a variety of pharmaceutically 

interesting API intermediates, yielding products in high yield with very fast (ca. 20 min) 

residence times. In the future, the hope for this CSTR system is to apply it to a variety of other 

aqueous micellar systems to demonstrate a greater breadth of the water chemistry in flow. 
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4.6 Experimental Data 

1. General information 

All commercial reagents were used without further purification.  Organic solvents such as 

THF, tetrahydrofurfural alcohol (THFA), EtOAc, heptanes, and DCM were used as is from 

commercial sources and were not dried or degassed.  Fe/ppm Pd (SPhos) NP catalyst was 

prepared as noted previously in the literature and stored at rt under a N2 atmosphere for short 

periods of time.[1] The surfactant, TPGS-750-M, was prepared via a standard literature 

procedure,[2] or can be purchased from Millipore-Sigma (catalog #733857 for a 2 wt % solution 

of the wax dissolved in water).  A standard aqueous solution of TPGS-750-M was prepared by 

dissolving the wax into thoroughly degassed (steady stream of argon, minimum of 1 h bubbling 

time with stirring) HPLC grade water over the course of 12 h under N2 gas pressure (NOTE: 

Do not attempt to degas the water with surfactant wax submerged; vigorous foaming to the 

point of overflow will occur).  1H and 13C NMR were recorded at 25 °C on a Varian Unity 

Inova 400 MHz, a Varian Unity Inova 500 MHz, or on a Varian Unity Inova 600 MHz 

spectrometer in CDCl3 with residual CHCl3 (1H = 7.26 ppm, 13C = 77.16 ppm) as internal 

standard.  Chemical shifts are reported in parts per million (ppm).  NMR data are reported as 

follows: chemical shift, multiplicity (s = singlet, d = doublet, dd = doublet of doublets, ddd = 

doublet of doublet of doublets, t = triplet, td = triplet of doublets, q = quartet, quin = quintet, 

m = multiplet), coupling constant (if applicable), and integration. 
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Plug Flow Reactions: 

2. Synthesis of 2 in batch mode 

 

To a 2.0-5.0 mL conical microwave vial equipped with a magnetic stir vane was added 4-

bromoanisole (95.1 mg, 0.508 mmol, 1.00 equiv), naphthalene-1-ylboronic acid (133 mg, 

0.773 mmol, 1.52 equiv), potassium phosphate tribasic monohydrate (351 mg, 1.525 mmol, 

3.00 equiv), and Fe/ppm Pd (SPhos) nanoparticles (20 mg). TPGS-750-M, 2 wt % in water 

(0.8 mL) and tetrahydrofuran (0.2 mL) were then added and the vial was sealed using an 

aluminum crimp-cap fitted with a septum.  The contents of the vial were then allowed to stir 

at rt until a homogeneous mixture had formed.  The vial was then placed in a microwave reactor 

and allowed to react for 15 min at 95 °C.  The resulting reaction mixture was then extracted 

with EtOAc (3 x 0.5 mL) and passed through a plug of silica gel resulting in 2 as an off-white 

solid (106 mg, 89% yield). 

Note:  Screening of subsequent examples of NP-catalyzed coupling reactions in plug flow 

were tested using microwave conditions in a similar manner as a guide towards optimization. 

For example, this reaction was found to undergo 100% conversion via UPLC UV/Vis analysis 

within 2 min of reaction time.  All other reactions were tested within a 2-10 min reaction 

window at 95 °C using either K3PO4•H2O or triethylamine as base, and reagent flow rates were 

adjusted accordingly. 
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3. Batch-to-flow synthesis of 2 

A flow reactor was prepared by pumping a 4:1 ratio solution of TPGS-750-M, 2 wt % in 

water and tetrahydrofuran using a VapourTec E-Series peristaltic pump into a 10 mL reactor 

coil (PFA tubing, 0.3” ID) pre-heated to 95 °C.  A VapourTec E-Series pump configured to 

act as a back-pressure regulator set to 3 bar was used on the downstream end of the reactor 

prior to collection. 

To a 2-dram vial equipped with a stir bar was added 4-bromoanisole (179.0 mg, 0.948 

mmol, 1 equiv), naphthalene-1-ylboronic acid (283.0 mg, 1.645 mmol, 1.74 equiv), potassium 

phosphate tribasic monohydrate (685 mg, 2.97 mmol, 3.14 equiv), and Fe/ppm Pd (SPhos) NPs 

(41 mg).  TPGS-750-M, 2 wt % in water (1.6 mL) and tetrahydrofuran (0.4 mL) were then 

added to the vial and the contents were then allowed to stir at rt until a homogeneous mixture 

had formed.  The resulting suspension was then stirred continuously at rt and pumped using 

the TPGS/THF pre-conditioned peristaltic pump into the 10 mL reactor coil at a 0.667 mL/min 

flow rate.  After the entirety of the suspension was injected into the reactor coil, a timer was 

started for 15 min (the residence time of the reaction) and the reaction slug was chased with a 

mixture of aqueous TPGS-750-M/THF immediately afterwards. 

After 15 min, the peristaltic pump and reaction coil were washed with EtOAc at a flow rate 

of 2 mL/min for 10 min, and the aqueous inside of the reaction coil along with the organics 

were collected and pooled together.  The resulting bi-phase was then separated and the aqueous 

phase was extracted with EtOAc (2 x 10 mL).  The crude organics were then passed through a 

plug of silica gel, evaporated under reduced vacuum, and dried until constant mass using a 

vacuum oven resulting in 2 as an off-white solid (154 mg, 69% yield). 
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4. Synthesis of 1 in flow 

  

Syringe 1:  To a 5 mL volumetric flask was added 4-bromoanisole (1,150 mg, 6.14 mmol, 

1.00 equiv) and phenylboronic acid (930 mg, 7.62 mmol, 1.24 equiv).  The flask was then 

mostly filled with tetrahydrofurfuryl alcohol (THFA) and the starting reagents were dissolved 

using gentle heating.  Upon dissolution, the flask was cooled to rt and filled to the volumetric 

line using THFA.  The resulting solution was then transferred to an 8 mL stainless steel syringe 

prior to the reaction and set to deliver 40 µL/min. 

Syringe 2:  A 50 mg/mL catalyst stock solution was prepared by suspending 1 g of freshly 

prepared Fe/ppm Pd (SPhos) NP catalyst in 20 mL of TPGS-750-M, 4 wt % in water. After 

the addition of the aqueous surfactant solution to the NPs the mixture was sonicated for 20 min 

in a rt water bath and stirred continuously prior to use.  The catalyst suspension was transferred 

to an 8 mL stainless steel syringe immediately prior to a coupling reaction in flow and set to 

deliver at 80 µL/min. 

Syringe 3:  A 1.78 M stock solution of K3PO4•H2O was transferred into an 8 mL stainless 

steel syringe prior to the reaction.  The syringe was then set to deliver at 80 µL/min. 
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Reactor Design:  The three prepared syringes were plumbed into a cross mixer (Tefzel, 

0.03” ID) such that Syringe 2, containing the NPs, was delivered at 180° through the mixer 

and that Syringes 1 and 3 were delivered perpendicular and through check-valves. The cross 

mixer was then plumbed directly into a 2 mL reactor coil (PFA, 0.03” ID).  The reactor coil 

was then plumbed into a T-mixer (Tefzel, 0.03” ID) wherein 2-methyltetrahydrofuran is 

delivered perpendicularly through a check valve into that stream as an in-line extractor.  The 

cross mixer, reaction coil, and in-line extraction units are all heated to 95 °C and held at this 

temperature during the run.  The extraction mixture prior to the run is then delivered through 

a VapourTec E-Series peristaltic pump configured to act as a back-pressure regulator holding 

at 2.2 bar. 

The 2 mL reactor / back-pressure system described above was then pre-filled with TPGS-

750-M, 2 wt % in water prior to fitting the syringes containing the starting reagents to the cross 

mixer.  All three syringes were then simultaneously turned on, and the reaction was allowed to 

run for a combined flow rate of 200 µL/min for four residence times (40 min) prior to steady 

state.  The reaction was then collected for a total of five residence times (50 min) with 

simultaneous in-line extraction using 2-MeTHF at 200 µL/min.  The combined aqueous and 

organics were then separated, and the solvent was evaporated under reduced pressure.  The 

residual organics were then treated with 200 mL of water resulting in the precipitation of a 

solid.  This solid was then recovered via filtration, dissolved in DCM, and passed through a 

plug of silica gel resulting in the product as an off-white solid (431 mg, 97% yield).   
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5. Synthesis of 2 in flow  

  

Syringe 1:  To a 5 mL volumetric flask was added 4-bromoanisole (1,150 mg, 6.14 mmol, 

1.00 equiv) and naphthalene-1-ylboronic acid (1,185 mg, 6.89 mmol, 1.12 equiv).  The flask 

was then mostly filled with tetrahydrofurfuryl alcohol (THFA) and the starting reagents were 

dissolved using gentle heating.  Upon dissolution, the flask was cooled to rt and filled to the 

volumetric line using THFA.  The resulting solution was then transferred to an 8 mL stainless 

steel syringe prior to the reaction and set to deliver 200 µL/min. 

Syringe 2:  A 50 mg/mL catalyst stock solution was prepared in a similar manner as the 

synthesis of 1.  The catalyst suspension was transferred to an 8 mL stainless steel syringe 

immediately prior to a coupling reaction in flow and set to deliver 400 µL/min. 

Syringe 3:  A 1.78 M stock solution of K3PO4•H2O was transferred into an 8 mL stainless 

steel syringe prior to the reaction.  The syringe was then set to deliver at 400 µL/min. 

Reactor Design:  This synthesis was performed using the same apparatus prepared for the 

flow synthesis of 1 and run in a similar fashion using the flow rates listed above.  The combined 

flow rate of 1 mL/min was allowed to run for two residence times on the 2 mL reactor to reach 
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steady state.  Seven residence times were then collected using a 1 mL/min heated in-line 

extraction using 2-MeTHF. 

The crude product stream was then worked up as in example 1, resulting in the product as 

an off-white solid (685 mg, 88% yield). 

6. Synthesis of 3 in flow 

  

Syringe 1:  To a 5 mL volumetric flask was added phenyl bromide (925 mg, 5.89 mmol, 

1.00 equiv) and mesitylboronic acid (1,175 mg, 7.16 mmol, 1.21 equiv).  The flask was then 

mostly filled with tetrahydrofurfuryl alcohol (THFA) and the starting reagents were dissolved 

using gentle heating.  Upon dissolution, the flask was cooled to rt and filled to the volumetric 

line using THFA.  The resulting solution was then transferred to an 8 mL stainless steel syringe 

prior to the reaction and set to deliver 40 µL/min. 

Syringe 2:  A 50 mg/mL catalyst stock solution was prepared in a similar manner as the 

synthesis of 1.  The catalyst suspension was transferred to an 8 mL stainless steel syringe 

immediately prior to a coupling reaction in flow and set to deliver 80 µL/min. 

Syringe 3:  A 1.78 M stock solution of K3PO4•H2O was transferred into an 8 mL stainless 

steel syringe prior to the reaction.  The syringe was then set to deliver at 80 µL/min. 
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Reactor Design:  This synthesis was performed using the same apparatus prepared for the 

flow synthesis of 1 and run in a similar fashion using the flow rates listed above.  The combined 

flow rate of 200 µL/min was allowed to run for two residence times on the 2 mL reactor to 

reach steady state. A product mixture sample of 4.9 residence times was then collected using 

a 200 µL/min heated in-line extraction using 2-MeTHF. 

The resulting bi-phase was then separated and the organics were concentrated down to an 

oil under reduced pressure.  The residual organics were then treated with water (200 mL) and 

extracted with heptane (3 x 50 mL).  The organics were then dried over sodium sulfate, filtered, 

evaporated under reduced pressure, and passed through a plug of silica gel using EtOAc. The 

organics were then dried under high vacuum until constant mass resulting in product as a tan 

oil (431 mg, 93% yield). 

7. Synthesis of 4 in flow 

  

Syringe 1:  To a 5 mL volumetric flask was added tert-butyl (4-bromophenyl)carbamate 

(1,650 mg, 6.06 mmol, 1.00 equiv) and phenylboronic acid (850 mg, 6.97 mmol, 1.15 equiv). 

The flask was then mostly filled with tetrahydrofurfuryl alcohol (THFA) and the starting 

reagents were dissolved using gentle heating. Upon dissolution, the flask was cooled to rt and 
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filled to the volumetric line using THFA.  The resulting solution was then transferred to an 8 

mL stainless steel syringe prior to the reaction and set to deliver 48 µL/min. 

Peristaltic Pump A:  A 28.5 mg/mL catalyst stock solution was prepared by suspending 

570 mg of freshly prepared Fe/ppm Pd (SPhos) NP catalyst in 20 mL of TPGS-750-M, 2 wt % 

in water.  Upon addition of the aqueous surfactant solution to the NPs, the mixture was 

sonicated for 20 min in a rt water bath and stirred continuously prior to use.  The catalyst 

suspension was then stirred continuously on a stir plate and was used to prime a VapourTec E-

Series peristaltic pump immediately prior to a flow coupling reaction.  The peristaltic pump 

was then set to deliver 178 µL/min. 

Syringe 2:  An 8 mL stainless steel syringe was charged with neat trimethylamine and set 

to deliver 24 µL/min. 

Reactor Design:  The two syringes and peristaltic pump were plumbed into a cross mixer 

(Tefzel, 0.03” ID) such that Peristaltic Pump A, containing the nanoparticles, was delivered 

at 180° through the mixer and that Syringes 1 and 2 were delivered perpendicular and through 

check-valves.  The cross mixer was then plumbed directly into a 2 mL reactor coil (PFA, 0.03” 

ID).  The reactor coil was then plumbed into a T-mixer (Tefzel, 0.03” ID) wherein which 2-

methyltetrahydrofuran is delivered perpendicularly through a check valve into that stream as 

an in-line extractor.  The cross mixer, reaction coil, and in-line extraction units are all heated 

to 95 °C and held at temperature during the run.  The extraction mixture prior to the run is then 

delivered through a VapourTec E-Series peristaltic pump configured to act as a back-pressure 

regulator holding at 2.2 bar. 

The 2 mL reactor / back-pressure system described above was then pre-filled with TPGS-

750-M, 2 wt % in water prior to fitting the syringes and peristaltic pump to the cross mixer.  
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The two syringes and pump were then started simultaneously, and the flow system was allowed 

to reach steady state for four residence times of a combined flow rate of 250 µL/min (8 min 

retention time).  The reaction was then collected for a total of five residence times with 

simultaneous heated in-line extraction using 250 µL/min 2-MeTHF after the 2 mL reactor coil. 

The collected bi-phase was then separated and the organics were evaporated under reduced 

pressure.  The residual oil was then treated with cold water (200 mL) and allowed to rest in an 

ice bath.  The resulting precipitate was then filtered, collected, and dissolved in EtOAc.  The 

organics were then passed through a plug of sodium sulfate followed by silica gel, evaporated 

under reduced pressure, and dried under hi-vacuum until constant mass was achieved resulting 

in a yellow crystalline solid (480 mg, 96% yield). 

8. Synthesis of 5 in flow 

  

Syringe 1:  To a 5 mL volumetric flask was added bromobenzene (927.5 mg, 5.91 mmol, 

1.00 equiv) and 2-(3,6-dihydro-2H-pyran-4-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(1,484 mg, 7.07 mmol, 1.20 equiv).  The flask was then mostly filled with tetrahydrofurfuryl 

alcohol (THFA) and the starting reagents were dissolved using gentle heating. Upon 

dissolution, the flask was cooled to rt and filled to the volumetric line using THFA. The 
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resulting solution was then transferred to an 8 mL stainless steel syringe prior to the reaction 

and set to deliver 40 µL/min. 

Peristaltic Pump A:  A 28.5 mg/mL catalyst stock solution was prepared in a similar 

manner as the synthesis of 4.  The catalyst suspension was stirred continuously on a stir plate 

and used to prime a VapourTec E-Series peristaltic pump prior to a flow coupling reaction. 

The peristaltic pump was then set to deliver 140 µL/min. 

Syringe 2:  An 8 mL stainless steel syringe was charged with neat trimethylamine and set 

to deliver 20 µL/min. 

Reactor Design:  This synthesis was performed using the same apparatus prepared for the 

flow synthesis of 4 and run in a similar fashion using the flow rates listed above.  The combined 

flow rate of 200 µl/min was allowed to run for four residence times (40 min) to reach steady 

state.  The steady state product mixture was then collected for five residence times (50 min) 

with a simultaneous heated in-line extraction using 200 µL/min 2-MeTHF. 

The collected bi-phase was then separated and the organic solvent was evaporated under 

reduced pressure.  The residual oil was then treated with 200 mL of cold water and allowed to 

sit an ice bath.  The resulting solid was then filtered and washed with cold water.  The retained 

material was then dissolved in EtOAc and passed through a plug of sodium sulfate followed 

by silica gel.  The solvent was then removed, and the product was dried under high vacuum 

until constant mass was achieved resulting in product as a yellow solid (300 mg, 80% yield). 
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9. Synthesis of 6 in flow 

  

Syringe 1:  To a 5 mL volumetric flask was added 4-bromobenzaldehyde (1,14.7 mg, 6.02 

mmol, 1.00 equiv) and (3-chlorophenyl)boronic acid (1098.9 mg, 7.03 mmol, 1.17 equiv).  The 

flask was then mostly filled with tetrahydrofurfuryl alcohol (THFA) and allowed to dissolve 

at rt.   

NOTE:  This mixture should not be heated; heating will result in acetal formation between 

THFA and 4-bromobenzaldehyde which will not couple under the reaction conditions.   

Once homogeneous, the flask was then filled to the volumetric line using THFA.  The 

resulting solution was then transferred to an 8 mL stainless steel syringe prior to the reaction 

and set to deliver 200 µL/min. 

Peristaltic Pump A:  A 28.5 mg/mL catalyst stock solution was prepared in a similar 

manner as the synthesis of 4.  The catalyst suspension was stirred continuously on a stir plate 

and used to prime a VapourTec E-Series peristaltic pump prior to a flow coupling reaction.  

The peristaltic pump was then set to deliver 700 µL/min. 

Syringe 2:  An 8 mL stainless steel syringe was charged with neat trimethylamine and set 

to deliver 100 µL/min. 
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Reactor Design:  This synthesis was performed using the same apparatus prepared for the 

flow synthesis of 4 and run in a similar fashion using the flow rates listed above.  The combined 

flow rate of 1000 µL/min was allowed to run for four residence times (8 min) to reach steady 

state.  The steady state product mixture was then collected for five residence times (10 min) 

with a simultaneous heated in-line extraction using 1000 µL/min 2-MeTHF. 

The collected bi-phase was then separated and the organic solvent was evaporated under 

reduced pressure.  The residual oil was then dissolved in 3 mL of DCM and stirred vigorously 

with 3 mL of 1 N HCl to remove any acetal formation from the product. The organics were 

then removed and the aqueous was then extracted with DCM (2 x 1 mL).  The product solution 

was then dried over anhydrous sodium sulfate and purified via SiO2 column (3:7 

EtOAc/heptanes). The collected fractions were then combined and the solvent evaporated until 

constant mass was achieved resulting in product as a yellow solid (475.5 mg, 91% yield). 

10. Scale-Up synthesis of 6 in flow 

 

Peristaltic Pump A:  To a 250 mL volumetric flask was added 4-bromobenzaldehyde 

(55.75 g, 301.32 mmol, 1.00 equiv) and (3-chlorophenylboronic acid (54.95 g, 351.37 mmol, 
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1.17 equiv).  The flask was then mostly filled with tetrahydrofurfuryl alcohol (THFA) and 

allowed to dissolve at rt.  

NOTE:  This mixture should not be heated; heating will result in acetal formation between 

THFA and 4-bromobenzaldehyde which will not couple under the reaction conditions.   

 Once homogeneous, the flask was then filled to the volumetric line using THFA.  This 

solution was then used to prime a VapourTec E-Series pump prior to a flow coupling run.  The 

peristaltic pump was then set to deliver 1 mL/min. 

Peristaltic Pump B:  A 28.5 mg/mL catalyst stock solution was prepared by suspending 

28.5 g of freshly prepared Fe/ppm Pd (SPhos) NPs in 1 L of TPGS-750-M, 2 wt % in water.  

Upon addition of the aqueous surfactant solution to the NPs, the mixture was sonicated for 1 h 

in a rt water bath and stirred continuously prior to use.  The catalyst suspension was then stirred 

continuously on a stir plate and was used to prime a VapourTec E-Series peristaltic pump 

immediately prior to a flow coupling reaction.  The peristaltic pump was then set to deliver 3.5 

mL/min. 

Peristaltic Pump C:  A VapourTec E-Series pump was primed using neat triethylamine 

and set to deliver 0.5 mL/min. 

Reactor Design:  The three peristaltic pumps were plumbed into a cross mixer (Tefzel, 

0.03” ID) such that Peristaltic Pump B, containing the NPs, was delivered at 180 °C through 

the mixer and that Peristaltic Pumps A and C were delivered perpendicular and through 

check-valves (DATA).  The cross mixer was then plumbed directly into a 10 mL reactor coil 

(PFA, 0.03” ID).  The reactor coil was then plumbed into a T-mixer (Tefzel, 0.03” ID) wherein 

which 2-methyltetrahydrofuran is delivered perpendicularly through a check valve into that 

stream as an in-line extractor.  The cross mixer, reaction coil, and in-line extraction units are 
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all heated to 95 °C and held at that temperature during the run.  The extraction mixture prior 

to the run is then delivered into a self-draining pressurized back-pressure regulator held at 40 

PSIG. 

The 10 mL reactor / back-pressure system described above was then pre-filled with TPGS-

750-M, 2 wt % in water prior to fitting peristaltic pumps to the cross mixer.  The three 

peristaltic pumps were then turned on simultaneously and the system was allowed to reach 

steady state at a combined flow rate of 5 mL/min over three residence times (6 min).  The 

product mixture was then collected, along with a 5 mL/min heated in-line extraction using 2-

MeTHF, over the course of 90 min. 

After the flow reaction was complete, the collected bi-phase was then separated and the 

organics were evaporated under reduced pressure.  The resulting residual oil was then treated 

with water (500 mL) in a separatory funnel and the crude oil was collected from the bottom.  

The aqueous layer was then extracted with DCM (2 x 100 mL), which was then combined with 

the collected oil.  The DCM layer was then treated with 1 N HCl (100 mL) to remove any 

acetal formation from the product.  The DCM layer was then removed, and the aqueous layer 

was extracted with DCM (1 x 50 mL).  The combined organics were then dried over anhydrous 

sodium sulfate, filtered, and the solvent was evaporated under reduced pressure.  The crude 

organics were then purified via SiO2 column (3:7 EtOAc/heptanes).  The recovered fractions 

were then evaporated under reduced pressure and dried under high vacuum until constant mass 

was achieved resulting in a yellow solid (22.8 g, 97% yield). 
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CSTR Reactions: 

11. Synthesis of 1 in CSTR flow 

Under flow conditions:  4-Bromoanisole (1.25 mL, 10.0 mmol), phenylboronic acid (1460 

mg, 12.0 mmol, 1.2 equiv.), Fe/ppm Pd NPs (718 mg, 800 ppm Pd), TPGS-750-M (800 mg, 2 

wt %), and K3PO4•H2O (3450 mg, 15.0 mmol, 1.5 equiv) with total volume of ~40 mL (34.8 

mL H2O + 3.95 mL THFA) were distributed among three streams, as discussed below. 

 

Syringe 1.  In glass vial containing a PTFE coated magnetic stir bar, TPGS-750-M (800 

mg, 2 wt %) was added and sealed with a rubber septum. The vial was then placed under argon 

and degassed H2O (17.4 mL) was added under argon flow via syringe and stirred at rt for 2 h. 

In a separate second vial containing a PTFE coated magnetic stir bar, Fe/ppm Pd NPs (718 mg, 

800 ppm Pd) were added, sealed with a rubber septum, and placed under argon. A solution of 

TPGS-750-M/H2O (17.4 mL) from the first vial was then added to the second vial via inerted 

syringe under an argon flow. The mixture was then stirred at rt for 1 h. This catalyst slurry was 

then transferred to an inerted stainless steel syringe containing a PTFE coated magnetic stir 

bar and attached to syringe pump 1. 

Syringe 2. In a glass vial containing a PTFE coated magnetic stir bar, 4-bromoanisole (1.25 

mL, 10.0 mmol, 1 equiv), and phenylboronic acid (1460 mg, 12.0 mmol, 1.2 equiv) were 

added, sealed with a rubber septum, and placed under argon.  Degassed THFA (3.95 mL) was 
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added to the vial under argon flow via inerted syringe and stirred at rt for 1 h. This solution of 

substrates was then transferred to inerted stainless steel syringe and attached to syringe pump 

2. 

Syringe 3. In a glass vial containing a PTFE coated magnetic stir bar, K3PO4•H2O (3450 

mg, 15.0 mmol, 1.5 equiv) was added and sealed with a rubber septum. The vial was evacuated 

and backfilled with argon three times.  Degassed H2O (17.4 mL) was added to the vial under 

argon flow via inerted syringe and stirred at rt for 1 h. This solution was then transferred to an 

inerted stainless-steel syringe and attached to syringe pump 3.  

After achieving steady state (~3 residence times, 60 min), the sample was collected for 50 

min and used to calculate the isolated yield of product. In 50 min, 3.3 mmol of substrate had 

been introduced into the reactor. The organic layer was concentrated in vacuo and then purified 

by flash column chromatography (Et2O/hexane = 10/90) to afford 493 mg (2.67 mmol, ~81%) 

of product 1. 

12. Synthesis of 10 in CSTR flow 

Under flow conditions. 2-Bromobenzonitrile (1370 mg, 7.5 mmol, 1 equiv), p-tolylboronic 

acid (1220 mg, 9.0 mmol, 1.2 equiv), Fe/ppm Pd NPs (538 mg, 800 ppm Pd), TPGS-750-M 

(600 mg, 2 wt %), and K3PO4•H2O (2.590 g, 11.3 mmol, 1.5 equiv.) with the total volume of 

30 mL (H2O) was distributed among two streams, as discussed below. The flow rates of two 

streams were adjusted to achieve the desired concentration of reagents, catalyst, and the 

surfactant in the CSTR.   
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Syringe 1: In a glass vial containing a PTFE coated magnetic stir bar, TPGS-750-M (600 

mg, 2 wt %) was added and sealed with a rubber septum. The vial was evacuated and backfilled 

with argon three times. Degassed H2O (20 mL) was added to the vial under argon flow via 

inerted syringe and stirred at rt for 2 h. In a separate second vial containing a PTFE coated 

magnetic stir bar, Fe/ppm Pd NPs (538 mg, 800 ppm Pd), 2-bromobenzonitrile (1370 mg, 7.5 

mmol, 1 equiv), and p-tolylboronic acid (1.220 g, 9.0 mmol, 1.2 equiv) were added, sealed 

with a rubber septum, and inerted with argon. A solution of TPGS-750-M/H2O (20 mL) from 

the first vial was then added to second vail via inerted syringe under argon flow. The mixture 

was then stirred at rt for 1 h. This reaction slurry was then transferred to inerted stainless steel 

syringe containing a PTFE coated magnetic stir bar and attached to syringe pump 1. 

Syringe 2: In a glass vial containing a PTFE coated magnetic stir bar, K3PO4•H2O (2.590 

g, 11.3 mmol, 1.5 equiv) was added, sealed with a rubber septum, and inerted with argon. 

Degassed H2O (10 mL) was added to the vial under argon flow via inerted syringe and stirred 

at rt for 1 h. This solution was then transferred to an inerted stainless-steel syringe and attached 

to syringe pump 2.  

After achieving steady state (~3 residence times, 60 min), the sample was collected for 20 

min and used to calculate isolated yield of product. In 20 min, 1.32 mmol of substrate is 

introduced in the reactor. The organic layer of sample was concentrated in vacuo and then 
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purified by flash column chromatography (Et2O/hexane = 10/90) to afford 243 mg (1.26 mmol, 

95%) of product 10.  

13. Synthesis of 16 in CSTR flow 

Under flow conditions. Heteroaromatic 14 (1830 mg, 7.5 mmol, 1 equiv), and pinacol ester 

15 (2.500 g, 9.0 mmol, 1.2 equiv), Fe/ppm Pd NPs (538 mg, 800 ppm Pd), TPGS-750-M (600 

mg, 2 wt %), Et3N (1.57 mL, 11.3 mmol, 1.5 equiv.) with the total volume of 30 mL (28.43 

mL H2O + 1.57 mL Et3N) were distributed among two streams as discussed below. 

 

Syringe 1: In a glass vial containing a PTFE coated magnetic stir bar, TPGS-750-M (600 

mg, 2 wt.%) was added and sealed with a rubber septum. The vial was evacuated and backfilled 

with argon three times.  Degassed H2O (28.43 mL) was added to the vial under argon flow via 

syringe and stirred at rt for 2 h. In a separate second vial containing a PTFE coated magnetic 

stir bar, Fe/ppm Pd NPs (538 mg, 800 ppm Pd), 14 (1.830 g, 7.5 mmol, 1 equiv), and 15 (2500 

mg, 9.0 mmol, 1.2 equiv) were added and sealed with a rubber septum. The vial was evacuated 

and backfilled with argon three times. A solution of TPGS-750-M/H2O (28.43 mL) from the 

first vial was then added to second vail via syringe under argon flow. The reaction mixture was 

then stirred at rt for 1 h. This reaction slurry was then transferred to 50 mL stainless steel 

syringe containing a PTFE coated magnetic stir bar and attached to syringe pump 1.  
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Syringe 2: Second stainless-steel syringe was filled with degassed Et3N (1.57 mL, 11.3 

mmol, 1.5 equiv) and attached to syringe pump 2.  

After achieving steady state (~3 residence times, 60 min), the sample was collected for 15 

min and used to calculate the isolated yield of product. In 15 min, 0.99 mmol of substrate is 

introduced in the reactor. The organic layer was concentrated in vacuo and then purified by 

flash column chromatography (EtOAc/hexane = 50/50) to afford 291 mg (0.81 mmol, 82%) of 

product 16.  

14. Synthesis of 22 in CSTR flow 

Under flow conditions. 20 (1080 mg, 3.75 mmol, 1.0 equiv) and 21 (704 mg, 4.5 mmol, 

1.2 equiv), Fe/ppm Pd NPs (538 mg, 800 ppm Pd), TPGS-750-M (600 mg, 2 wt %), and Et3N 

(1.57 mL, 11.3 mmol, 3.0 equiv) with total volume of ~30 mL (28.44 mL H2O + 1.57 mL 

Et3N) were distributed among three streams as discussed below. The flowrates of three streams 

were adjusted to achieve desired concentration of reagents, nanoparticles, and the surfactant in 

the CSTR. 

 

Syringe 1: In a glass vial containing a PTFE coated magnetic stir bar, TPGS-750-M (600 

mg, 2 wt.%) was added and sealed with a rubber septum. The vial was evacuated and backfilled 

with argon three times.  Degassed H2O (14.22 mL) was added to the vial under argon flow via 

syringe and stirred at rt for 2 h. In a separate second vial containing a PTFE coated magnetic 
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stir bar, Fe/ppm Pd NPs (538 mg, 800 ppm Pd) was added and sealed with a rubber septum. 

The vial was evacuated and backfilled with argon three times. A solution of TPGS-750-M/H2O 

(14.22 mL) from the first vial was then added to second vial via syringe under argon flow. The 

mixture was then stirred at rt for 1 h. This mixture slurry of catalyst was then transferred to 

stainless steel syringe containing a PTFE coated magnetic stir bar and attached to syringe pump 

1. 

Syringe 2: In a glass vial containing a PTFE coated magnetic stir bar, 1-benzyl-5-bromo-

1H-pyrrolo[2,3-b] pyridine 20 (1080 mg, 3.75 mmol, 1.0 equiv) and (4-chlorophenyl) boronic 

acid 21 (704 mg, 4.5 mmol, 1.2 equiv) and sealed with a rubber septum. The vial was evacuated 

and backfilled with argon three times.  Degassed H2O (14.22 mL) was added to the vial under 

argon flow via syringe and stirred at rt for 2 h. This slurry of substrates was then transferred to 

a stainless-steel syringe containing a PTFE coated magnetic stir bar and attached to syringe 

pump 2. 

Syringe 3: Third stainless-steel syringe was filled with degassed Et3N (1.57 mL, 11.3 

mmol, 3.0 equiv) and attached to syringe pump 3.  

After achieving steady state (~3 residence times, 60 min), the sample was collected for 15 

min and used to calculate the isolated yield of product. In 15 min, 0.49 mmol of substrate had 

been introduced in the reactor. The organic layer was concentrated in vacuo and then purified 

by flash column chromatography (DCM/hexane = 10/90) to afford 147 mg (0.46 mmol, ~94%) 

of product 22. 

15. Batch reaction procedures 

15.1 Reaction 1.  Batch synthesis of PFR model reaction 1 
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To a 5 mL microwave vial equipped with a PTFE coated magnetic spin vein was added 20 

mg of Fe/ppm Pd NPs (800 ppm Pd), 4-bromoanisole (93.52 mg, 0.5 mmol, 1.0 equiv), 

phenylboronic acid (76.2 mg, 0.625 mmol, 1.25 equiv), and potassium phosphate tribasic 

monohydrate (351 mg, 1.525 mmol, 3 equiv).  A 2 wt % solution of TPGS-750-M (0.8 mL) 

was added to the vial followed by tetrahydrofurfuryl alcohol (0.2 mL) and the vial was sealed 

using an aluminum crimp cap fitted with a PTFE septum. The contents of the vial were then 

allowed to stir at rt until a semi-homogeneous mixture had formed and was then transferred to 

a microwave reactor. The contents of the vial were heated to 95 °C and stirred vigorously for 

10 min.  The resulting homogeneous mixture was then extracted with EtOAc (0.5 mL x 3).  

The organics were then evaporated under reduced pressure resulting in a crude oil, which was 

then taken up into 200 mL of cold water and allowed to sit cold for 30 min. The precipitate 

was then filtered, washed with water, and taken up in EtOAc. The crude organic mixture was 

then passed through a plug of silica gel to afford 89.1 mg (97%) of 4-methoxy-1,1’-biphenyl 

1 as an off-white solid. 

15.2 Reaction 2. Batch synthesis of the biaryl precursor to the sartans 10. 

To a 4 mL reaction vial containing a PTFE coated magnetic stir bar, 19.8 mg of Fe/ppm 

Pd NPs (800 ppm Pd) was added in a glove box. The reaction vial was sealed with a rubber 

septum. 2-Bromobenzonitrile (91 mg, 0.5 mmol, 1.0 equiv), p-tolylboronic acid (81.6 mg, 0.6 

mmol, 1.2 equiv) and potassium phosphate tribasic monohydrate (173 mg, 0.75 mmol, 1.5 

equiv) were added to the reaction vial under argon flow. The reaction vial was then evacuated 

and backfilled with dry argon three times. A solution of 2 wt % TPGS-750-M (1.0 mL) was 

added via syringe. The reaction vial was sealed with PTFE tape over rubber septum and then 

stirred vigorously at 90 oC for 20 minutes. The reaction vial was then allowed to cool to rt and 
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the reaction mixture was extracted with EtOAc (1.0 mL x 5). The combined organic layer was 

dried over anhydrous Na2SO4 and solvent was removed in vacuo. Crude product was purified 

by flash chromatography over silica gel to afford 95.9 mg (99 %) of 2-cyano-4’-

methylbiphenyl 10 as a white solid (Et2O/hexane = 6/94). 

15.3 Reaction 3. Batch synthesis of the biaryl 16. 

To a 4 mL reaction vial containing a PTFE coated magnetic stir bar, 19.8 mg of Fe/ppm 

Pd NPs (800 ppm Pd) was added in a glove box. The reaction vial was sealed with a rubber 

septum. 7-Benzyl-4-chloro-7H-pyrrolo[2,3-d]pyrimidine 14 (121.5 mg, 0.5 mmol, 1.0 equiv) 

and 1-(2-tetrahydropyranyl)-1H-pyrazole-4-boronic acid, pinacol ester 15 (167 mg, 0.6 mmol, 

1.2 equiv) were added to the reaction vial under argon flow. The reaction vial was then 

evacuated and backfilled with dry argon three times. A solution of 2 wt % TPGS-750-M (1.0 

mL) and Et3N (105 µL, 0.75 mmol, 1.5 equiv) were added via syringe. The reaction vial was 

sealed with PTFE tape over rubber septum and then stirred vigorously at 95 oC for 20 min. The 

reaction vial was then allowed to cool to rt and the reaction mixture was extracted with EtOAc 

(1.0 mL x 5). The combined organic layer was dried over anhydrous Na2SO4 and solvent was 

removed in vacuo. Crude product was purified by flash chromatography over silica gel to 

afford 160.2 mg (89 %) of 7-benzyl-4-(1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazol-4-yl)-7H-

pyrrolo[2,3-d]pyrimidine 16 as a white solid (EtOAc/hexane = 1/1). 

15.4 Reaction 4. Batch synthesis of the biaryl 22. 

To a 4 mL reaction vial containing a PTFE coated magnetic stir bar, 19.8 mg of Fe/ppm 

Pd NPs (800 ppm Pd) was added in a glove box.  The reaction vial was sealed with a rubber 

septum. 1-Benzyl-5-bromo-1H-pyrrolo[2,3-b]pyridine 20 (143.5 mg, 0.5 mmol, 1.0 equiv) and 

4-chlorophenylboronic acid 21 (93.6 mg, 0.6 mmol, 1.2 equiv) were added to the reaction vial 
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under argon flow. The reaction vial was then evacuated and backfilled with dry argon three 

times. A solution of 2 wt % TPGS-750-M (1.0 mL) and Et3N (105 µL, 0.75 mmol, 1.5 equiv) 

were added via syringe. The reaction vial was sealed with PTFE tape over rubber septum and 

then stirred vigorously at 95 oC for 20 min. The reaction vial was then allowed to cool to rt and 

the reaction mixture was extracted with EtOAc (1.0 mL x 5). The combined organic layer was 

dried over anhydrous Na2SO4 and solvent was removed in vacuo. Crude product was purified 

by flash chromatography over silica gel to afford 153.4 mg (96 %) of 1-benzyl-5-(4-

chlorophenyl)-1H-pyrrolo[2,3-b]pyridine 22 as a white solid (DCM/hexane = 1/9). 

16. Analytical data 

 

4-Methoxy-1,1'-biphenyl (1) 

 

1H NMR (500 MHz, CDCl3): δ 7.59 – 7.52 (m, 4H), 7.43 (t, J = 7.8 Hz, 2H), 7.34 – 7.30 (m, 

1H), 7.04 – 6.95 (m, 2H), 3.87 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ 159.3, 141.0, 133.9, 128.9, 128.3, 126.9, 127.0, 114.3, 55.5.[3] 
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1-(4-Methoxyphenyl)naphthalene (2) 

 

1H NMR (500 MHz, CDCl3): δ 7.98 (d, J = 8.4 Hz, 1H), 7.94 (d, J = 8.0 Hz, 1H), 7.88 (d, J 

= 8.2 Hz, 1H), 7.58 – 7.50 (m, 2H), 7.50 – 7.42 (m, 4H), 7.11 – 7.04 (m, 2H), 3.92 (s, 3H). 

13C NMR (126 MHz, CDCl3): δ 159.1, 140.0, 134.0, 133.2, 132.0, 131.2, 128.4, 127.5, 127.0, 

126.2, 126.0, 125.8, 125.5, 113.8, 55.5.[4] 

 

 

2,4,6-Trimethyl-1,1'-biphenyl (3) 

 

1H NMR (500 MHz, CDCl3): δ 7.46 (tt, J = 8.0, 1.5 Hz, 2H), 7.40 – 7.34 (m, 1H), 7.22 – 7.16 

(m, 2H), 7.00 (s, 2H), 2.39 (s, 3H), 2.07 (s, 6H). 

13C NMR (126 MHz, CDCl3): δ 141.2, 139.2, 136.8, 136.1, 129.4, 128.5, 128.2, 126.6, 21.2, 

20.9.[5] 
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t-Butyl [1,1'-biphenyl]-4-ylcarbamate (4) 

 

1H NMR (500 MHz, CDCl3): δ 7.56 (ddd, J = 15.6, 7.5, 1.8 Hz, 4H), 7.50 – 7.38 (m, 4H), 

7.37 – 7.28 (m, 1H), 6.61 (s, 1H), 1.55 (s, 9H). 

13C NMR (126 MHz, CDCl3): δ 152.9, 140.8, 137.8, 136.0, 128.9, 127.7, 127.0, 126.9, 119.0, 

80.8, 28.5.[6] 

 

4-Phenyl-3,6-dihydro-2H-pyran (5) 

 

1H NMR (500 MHz, CDCl3): δ 7.46 – 7.40 (m, 2H), 7.37 (td, J = 6.9, 1.9 Hz, 2H), 7.32 – 7.26 

(m, 1H), 6.15 (dp, J = 3.0, 1.6 Hz, 1H), 4.36 (q, J = 2.8 Hz, 2H), 3.97 (t, J = 5.4 Hz, 2H), 2.56 

(dddq, J = 5.6, 3.9, 2.9, 1.4 Hz, 2H). 

13C NMR (126 MHz, CDCl3): δ 140.4, 134.2, 128.5, 127.4, 124.8, 122.5, 66.0, 64.6, 27.3.[7] 
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3'-Chloro-[1,1'-biphenyl]-4-carbaldehyde (6) 

 

1H NMR (500 MHz, CDCl3): δ 10.06 (s, 1H), 7.95 (d, J = 8.4 Hz, 2H), 7.71 (d, J = 8.3 Hz, 

2H), 7.60 (t, J = 2.0 Hz, 1H), 7.50 (dt, J = 7.1, 1.8 Hz, 1H), 7.43 – 7.36 (m, 2H). 

13C NMR (126 MHz, CDCl3): δ 191.9, 145.7, 141.6, 135.7, 135.1, 130.4, 130.4, 128.6, 127.8, 

127.6, 125.6.[8] 

 

4'-Methyl-[1,1'-biphenyl]-2-carbonitrile (10) 

 

1H NMR (500 MHz, CDCl3) δ 7.75 (dd, J = 7.7, 1.4 Hz, 1H), 7.63 (td, J = 7.7, 1.4 Hz, 1H), 

7.51 (dd, J = 8.0, 1.3 Hz, 1H), 7.49 – 7.45 (m, 2H), 7.42 (td, J = 7.6, 1.2 Hz, 1H), 7.34 – 7.28 

(m, 2H), 2.43 (s, 3H).[2] 

13C NMR (126 MHz, CDCl3) δ 145.7, 138.8, 135.4, 133.8, 132.9, 130.1, 129.6, 128.7, 127.4, 

119.0, 111.3, 21.4.[9] 
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7-Benzyl-4-(1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazol-4-yl)-7H-pyrrolo[2,3-

d]pyrimidine (16) 

 

1H NMR (500 MHz, CDCl3) δ 8.86 (s, 1H), 8.42 (s, 1H), 8.29 (s, 1H), 7.31 (tt, J = 7.0, 6.1 Hz, 

3H), 7.25 – 7.21 (m, 2H), 7.20 (d, J = 3.6 Hz, 1H), 6.76 (d, J = 3.6 Hz, 1H), 5.48 (s, 3H), 4.13 

– 4.06 (m, 1H), 3.80 – 3.71 (m, 1H), 2.17 (dt, J = 6.2, 1.8 Hz, 2H), 2.10 – 2.01 (m, 1H), 1.78 

– 1.57 (m, 4H).  

13C NMR (126 MHz, CDCl3) δ 151.9, 151.7, 151.2, 139.6, 137.0, 129.0, 128.6, 128.5, 128.1, 

127.7, 122.1, 114.3, 100.3, 88.0, 67.9, 48.0, 30.7, 25.1, 22.3. 

HRMS:  (ESI, [C21H21N5O + H]) calcd, 360.1824; found m/z:  360.1825. 
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1-Benzyl-5-(4-chlorophenyl)-1H-pyrrolo[2,3-b]pyridine (22) 

 

1H NMR (500 MHz, CDCl3) δ 8.55 (d, J = 2.1 Hz, 1H), 8.07 (d, J = 2.2 Hz, 1H), 7.55 (d, J = 

8.5 Hz, 2H), 7.44 (d, J = 8.5 Hz, 2H), 7.35 – 7.27 (m, 3H), 7.24 (dd, J = 7.5, 2.4 Hz, 3H), 

6.54 (d, J = 3.5 Hz, 1H), 5.53 (s, 2H). 

13C NMR (126 MHz, CDCl3) δ
 147.5, 142.3, 138.3, 137.8, 133.2, 129.17, 129.0, 128.9, 

128.7, 128.6, 127.8, 127.6, 127.2, 120.6, 100.5, 48.1. 

HRMS: (ESI, [C20H15ClN2 + H]) calcd, 319.1002; found m/z:  319.1003. 
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4.7 Spectral Data 
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