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4.Abstract 
 

 Cross-coupling is one of the most commonly used reactions in synthetic chemistry. While 

palladium-catalyzed cross-coupling is well-developed and established, cross-electrophile coupling is 

significantly younger field of study. In this approach two carbon electrophiles are directly coupled 

under reductive conditions, avoiding the need to prepare organometallic reagents. This is an attractive 

strategy because these reactions proceed through mild conditions, have high functional group 

tolerance, and employ readily available coupling partners. Nickel-catalyzed cross-electrophile 

couplings have seen considerable success in the past decade, initially in the coupling of organic iodides 

and later organic bromides. Despite these advances, the cross-coupling with the more abundant and 

inexpensive organic chlorides remain elusive due to their low reactivity. Furthermore the nickel-

catalyzed cross-coupling of aryl triflates presents analogous challenges due to their differential 

reactivity. This thesis presents our studies to address these limitations. Through a combination of: (1) 

new ligand application, (2) fine tuning of alkyl electrophile reactivity through in situ halide exchange, 

(3) detailed mechanistic investigation of elementary steps, we demonstrate the nickel-catalyzed cross-

electrophile coupling of these traditionally inert organic coupling partner. This dissertation is 

presented as follows: 

 

Chapter 1 is an introduction to cross-coupling strategies. Common palladium-catalyzed cross-coupling 

methods are discussed and their origin of cross-selectivity is highlighted. This is contrasted to cross-

electrophile approaches of which mechanism is less well-understood. Early reports on nickel-catalyzed 

cross-electrophile coupling are presented and how mechanistic studies have elucidated the origin of 

cross-selectivity in these processes. Finally, the challenges of applying aryl chlorides in these first 

generation approaches are briefly discussed. 
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Chapter 2 describes the development of nickel-catalyzed cross-electrophile coupling of aryl chlorides 

with primary alkyl chlorides to form C(sp2)–C(sp3) bonds. Investigation of ligands on selectivity and 

in situ halide exchange on the activation of C(sp3)–Cl bonds are detailed. 

 

Chapter 3 discusses a strategy for nickel-catalyzed cross-electrophile coupling of aryl triflates with alkyl 

halides. The development of reaction conditions for differing aryl electronics and mechanistic insights 

are described in detail. Mechanistically driven optimization and the extent of halide exchange to 

modulate alkyl halide reactivity are also discussed. 
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1.Chapter 1: An Introduction to Nickel-Catalyzed Cross-Electrophile Coupling Reactions 
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1.1. Significance of Developing Methods for the Formation of C(sp2)–C(sp3) Bonds. 

Transition metal-catalyzed cross-coupling of carbon nucleophiles and carbon electrophiles has 

become a powerful synthetic tool to form carbon-carbon bonds, and numerous applications can be 

found in discovery research and production.1,2 With the advances in methodologies for cross-coupling 

reactions, the coupling of sp-, sp2-, sp3- hybridized carbon nucleophiles with aryl or alkenyl 

electrophiles is widely studied. This dissertation focuses on the formation of C(sp2)–C(sp3) bonds 

through cross-electrophile coupling, which is an active area of research interest in the Weix group and 

others.3,4,5,6 

Alkyl electrophiles containing -hydrogen atoms were initially considered unfavorable 

substrates for the transition metal-catalyzed cross-coupling reactions.6 Often, the oxidative addition 

of alkyl halides to a metal center is considerably more difficult than the oxidative addition of aryl or 

alkenyl halides, because C(sp3)–X bonds are more electron-rich than C(sp2)–X bonds. The resulting 

alkyl metal intermediate is prone to undesirable side reactivities, such as -hydride elimination or 

hydrodehalogenation, which can outcompete both intermolecular transmetalation and reductive 

elimination (Figure 1.1).7 Such unwanted reactivity of alkyl electrophiles makes generation and broad 

applicability of C(sp3)-organometallics challenging.7 

Figure 1.1. Challenges of Using Alkyl Electrophiles with -hydrogen atoms for Coupling Partners. 

 

 

 

  

R
X

(Ln)Mm

R
M(m+2)

H H

X

R

R
H

Oxidative Addition

b–hydride elimination

hydrodehalogenation



 3 

Figure 1.2. Cross-Coupling Reactions Using Nucleophilic Organometallic Reagents to Form 
C(sp3)–C(sp2) Bonds. 

 

 

A few examples using transition metal-catalyzed cross-coupling have shown that alkyl 

nucleophiles derived from the corresponding electrophile can be used in cross-coupling reactions. 

(Figure 1.2) The reactions use either an aryl nucleophile or an alkyl nucleophile to make C(sp2)–C(sp3) 

bonds. Examples include carbon nucleophiles such as boronic acids (Suzuki-Miyaura Coupling),8 

Grignard reagents (Kumada Coupling),9  organozinc reagents (Negishi Coupling), 10  and organotin 

reagents (Stille Coupling). 11  These approaches require the use of an organometallic reagent in 

conjunction with an organohalide. 

While these conventional cross-coupling reactions are useful in making C–C bonds, the 

nucleophilic carbon reagents continue to present challenges. For example, the most widely used 

organoboron nucleophiles have limited commercial availability and some are unstable.12 As a result, 

organoboron and other organometallic reagents are synthesized as needed and exclusion of oxygen 

and moisture is frequently necessary. In some cases, a stoichiometric base additive is required to 
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facilitate transmetalation between the organometallic reagent and the metal. This can place limitations 

on the use of functional groups that are electrophilic or that have acidic protons. In addition, 

organometallic reagents are often prepared from the corresponding organic halides in a separate step. 

To address the difficulties associated with organometallic reagents, our group has reported methods 

to directly couple two different carbon electrophiles through nickel catalysis. 

 

1.2. Nickel-Catalyzed Cross-Electrophile Coupling Reactions. 

Cross-electrophile coupling reactions provide an opportunity to explore relatively stable, 

diverse, and readily available carbon electrophiles as coupling partners. This method offers an 

advantage in that the separate preparation of an organometallic reagent can be avoided and a wide 

variety of functional groups can be tolerated. One of the challenges, however, is ensuring highly 

selective cross-coupling of the two electrophiles. Unlike the cross-coupling of a nucleophile with an 

electrophile, where the selectivity of the two coupling partners comes from the inherent electronic 

differences in their reactivity, the selectivity in cross-electrophile coupling reactions is not immediately 

obvious. As a result, reductive homocoupling, hydrodefunctionalization, and catalyst deactivation are 

potential side reactions.13 Therefore, fine tuning of the reaction conditions is important in achieving 

good selectivity in cross-electrophile coupling. 
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Figure 1.3. Comparisons of Selectivity Challenges of Cross-Coupling and Cross-Electrophile 
Coupling. 

 

 

Our group has reported methods for cross-coupling of two unactivated electrophiles, such as 

an aryl halide and an alkyl halide under reductive conditions (Figure 1.4, top).3 The earth abundant 

metal nickel has been employed for this catalytic reaction due to its low cost and unique reactivity 

profile arising from different common oxidation states. Our initial report in 2010 demonstrated that 

the combination of a bipyridine nickel catalyst and a bisphosphine nickel catalyst afforded the cross-

coupled product in high yields. Under these reaction conditions, coupling of primary, secondary, and 

neopentyl alkyl halides with aryl iodides was achieved. Coupling of aryl bromides with alkyl bromides 

was demonstrated with adjustments to the previously reported reaction conditions. It required the 

addition of sodium iodide, bipyridine or phenanthroline ligand, and zinc instead of manganese as a 

reductant.4 A broad range of functional groups were tolerated in this reaction. Notably, high cross-

selectivity was achieved using equimolar amounts of each coupling partner. 
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Figure 1.4. Cross-Electrophile Coupling of Aryl Halides with Alkyl Halides. 

 

 

In these initial reports, our nickel-catalyzed cross-coupling protocal of aryl bromides/iodides 

with alkyl bromides/iodides was general and selective (Figure 1.4). However, the coupling of aryl 

chlorides (e.g., chlorobenzene) was limited to activated substrates. A minor modification of the 

conditions used for the coupling of electron-rich aryl bromides (Figure 1.4, bottom) improved 

selectivity for the coupling of electron-poor aryl chlorides with alkyl bromides (Figure 1.5). Omission 

of sodium iodide, higher reaction temperature, and an excess of alkyl bromide provided the cross-

coupled product in high yields.4 

 

Figure 1.5. Initial Report on Aryl Chlorides in Cross-Electrophile Coupling. 
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While a good selectivity was achieved for electron poor aryl chlorides, aryl and alkyl bromides 

and iodides, the coupling of unactivated aryl chlorides remains a challenge. Aryl chlorides are often 

more readily available and less expensive than aryl bromides or iodides. The ability to couple abundant 

chloroarenes will contribute in expanding the scope of cross-electrophile coupling.  

 

1.3. General Proposal for Achieving Cross-Selectivity. 

The origin of selectivity in a radical chain mechanism occurs due to reactivity differences 

between C(sp2)- and C(sp3)- electrophiles with a nickel catalyst. C(sp2) electrophiles (aryl and alkenyl) 

proceed through a two electron oxidative addition. C(sp3) electrophiles (alkyl) generally react with 

nickel in a single electron fashion. If the relative rates of each process are matched, then high cross-

selectivity should be observed (Figure 1.6).  

 

Figure 1.6. Proposed Route for Cross-Selectivity. 

 

 

The well-established and general mechanism of metal catalyzed cross-coupling reactions 

consists of three elementary steps: oxidative addition, transmetalation, and reductive elimination 

(Figure 1.7). On the other hand, the mechanism of cross-electrophile coupling is still developing. In 

2013 our group reported a detailed mechanistic study that suggests these reactions proceed through a 

radical chain mechanism.14 This type of mechanism, where a radical chain reaction is embedded in the 

catalytic cycle, was first proposed by Hegedus for the stoichiometric reaction of preformed 
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allylnickel(II) reagents with organohalides.15 However, later studies by Hegedus and Kochi suggested 

an alternative mechanism wherein transmetalation between a transient alkylnickel(III) species and the 

starting allylnickel(II) complex occurs instead of alkyl radical formation. 16 , 17  Durandetti, by an 

electrochemical analysis, was unable to rule out either hypothesis of having sequential oxidative 

additions at a single nickel center or the radical chain mechanism.18 

Figure 1.7. General Mechanism for Cross-Coupling Reactions. 

 

Our group proposed the following radical chain mechanism. The reaction begins with selective 

oxidative addition of an aryl iodide to nickel(0). The resulting arylnickel(II) intermediate reacts with 

an alkyl radical to form a transient diorganonickel(III) intermediate. Reductive elimination leads to the 

desired C(sp2)–C(sp3) bond formation and generates a nickel(I) species that can react with an alkyl 

iodide to generate a nickel(II) diiodide and the alkyl radical. Finally, manganese reduces the nickel(II) 

diiodide to nickel(0), completing the catalytic cycle (Figure 1.8). Our studies suggest that selectivity for 

cross-coupling is governed by preferential oxidative addition versus radical formation of each coupling 

partner. This guiding mechanism has been the central hypothesis for the work presented in this 

dissertation. 
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Figure 1.8. Proposed Mechanism of Cross-Electrophile Coupling of Aryl Iodides with Alky Iodides. 
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2.1. Introduction. 

Cross-electrophile coupling has rapidly become an important approach to the synthesis of  

Csp2–Csp3 bonds, 1  but engaging less reactive C–Cl bonds, outside of  activated systems 2  or 

intramolecular reactions,3 has proven challenging. Indeed, unactivated C–Cl bonds are well-tolerated 

functional groups4 in cross-electrophile coupling methods (Figure 2.1).5,6 The ability to cross-couple 

with organic chlorides is valuable for several reasons – first, organic chlorides are more abundant than 

organic bromides or organic iodides;7 second, the low reactivity of  the C–Cl bond allows it to be 

introduced early in a synthesis and later diversified.8,9,10 

Figure 2.1. Challenges in the Cross-Electrophile Coupling Organic Chlorides. 

 

 

The central challenge presented by C–Cl bonds in cross-electrophile coupling is the need for 

higher reactivity without sacrificing selectivity (Figure 2.1). While the homodimerization of  alkyl 

chlorides11 and aryl chlorides8c has been reported, no general cross-selective approach has yet been 

found.12 Recently, Zhang reported couplings of  a variety of  aryl chlorides, but only with an excess of  

ClCF2R reagents. 13  Several groups have reported on the coupling of  aryl chlorides with alkyl 

bromides14 or tertiary alkyl oxalate esters.15 However, the coupling of  chlorobenzene with a simple 

alkyl bromide provided less than 25% yield of  cross-coupled product.14a Switching to an alkyl chloride 

further diminishes selectivity and yield using our standard conditions (Figure 2.1).16 
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Based upon our proposed mechanism for the coupling of aryl iodides with alkyl iodides,17-19 

overcoming this dual reactivity-selectivity challenge requires a catalyst that selectively reacts with the 

Ar-Cl over the Alkyl-Cl, yet can slowly generate an alkyl radical from the Alkyl-Cl starting material. 

We show that this can be accomplished through the use of salt additives to maintain a very low, steady-

state concentration of an alkyl bromide/iodide and a uniquely selective pyridine-2,6-bis(N-

cyanocarboxamidine) (PyBCamCN)20,21 ligated nickel catalyst (Figure 2.2). 

Figure 2.2. Cross-Selective Coupling with Primary Alkyl Chlorides. 

 

 

 

2.2. Reaction Optimization. 

During reaction development, we observed a strong synergistic effect between the catalyst and 

the presence of  substoichiometric amounts (10-30 mol%) of  bromide or iodide (Table 2.1–2.3). While 

no catalysts were found that provided high yields of  product in the absence of  bromide or iodide, 

high selectivity could be achieved in reactions with PyBCamCN ligand and NiBr2 or NiI2; and in 

reactions with PyBCam ligand and NiBr2 (Table 2.1, bold-faced entries). Reactions with bipyridine 

(bpy) or pyridine 2-carboxamidine (PyCam) ligands, which are optimal for the coupling of  aryl 

bromides with alkyl bromides,20, 22  favored formation of  aryl dimer products (bpy) or 

hydrodehalogenated arene (PyCam) without consuming the alkyl chloride. Reactions with terpyridine 

(tpy), which is useful for the dimerization of  alkyl halides,23 converted alkyl chloride to dimeric and 

hydrodehalogenated products without consuming aryl chloride. In contrast to tpy, reactions with 

4,4´,4´´-tri-tert-butyl-2,2´:6´,2´´-terpyridine (tpy´´´), which is useful in Negishi cross-coupling reactions 
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of  alkyl halides,24 consumed both substrates but formed approximately 1:1:1 product/alkyl dimer/aryl 

dimer. 

Table 2.1. Effect of Ligands and Additives on the Cross-Electrophile Coupling of Chlorobenzene 
with Chlorooctane. 

 

 

Ligand X 
Yield 2.3 

(%)b 

Yield 2.4 
(%)b 

Yield 2.5 
(%)b Ligand X 

Yield 2.3 
(%)b 

Yield 2.4 
(%)b 

Yield 2.5 
(%)b 

bpy 

Cl 2 48 1 

PyCam 

Cl 16 19 6 

Br 9 43 4 Br 43 9 5 

I 17 39 17 I 19 2 3 

tpy 

Cl 10 0 25 

PyBCam 

Cl 11 0 0 

Br 4 2 40 Br 53 0 2 

I 1 0 16 I 18 0 23 

tpy´´´ 

Cl 38 28 16 

PyBCamCN 

Cl 46 1 7 

Br 22 26 19 Br 65 0 9 

I 4 33 8 I 87 (82)c 0 6 
aReaction conditions: chlorobenzene (0.5 mmol), 1-chlorooctane (0.5 mmol), NiX2 = 
NiI2•4H2O/NiBr2(dme)/NiCl2(dme) (0.05 mmol), ligand (0.05 mmol), LiCl (0.5 mmol), Zn (1.0 
mmol), and NMP (1 mL) were assembled in a N2 filled glovebox and heated for 24 h. PyCam and 
PyBCam were added as their HCl salts. bYields were determined by GC analysis calibrated against 
1,3,5-trimethoxybenzene as an internal standard. cIsolated yield after column chromatography. 
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Table 2.2. Halide Effect from Nickel Precatalyst. 

 

 
 

Entry Ni Precatalyst 
2.3 
(%) 

2.5 
(%) 

2.6 
(%) 

2.7 
(%) 

Returned 2.1 
(%) 

Returned 2.2 
(%) 

1 NiCl2(dme) 44 7 30 0 21 40 
2 NiBr2(dme) 64 8 15 0 16 12 
3 NiBr2•3H2O 68 8 22 0 7 12 

4 
NiBr2 

(anhydrous) 
68 8 13 4 26 11 

5 NiI2•4H2O 89 6 10 2 4 0 
6 NiI2 (anhydrous) 80 7 5 5 18 0 

Yields are determined by GC analysis calibrated against 1,3,5-trimethoxybenzene as an internal 
standard.  
 
 
Table 2.3. Effect of Various Halide Additives. 

 

 
 

Entry Additive (x mol%) 
2.3 
(%) 

2.5 
(%) 

2.6 
(%) 

2.7 
(%) 

Returned 2.1 
(%) 

Returned 2.2 
(%) 

1 No Additive 43 6 25 1 22 40 
2 LiBr (20 mol%) 72 10 18 1 8 7 
3 ZnBr2 (10 mol%) 64 7 16 2 21 21 
4 NBu4Br (20 mol%) 72 10 19 2 11 8 
5 LiI (20 mol%) 83 8 10 1 14 0 
6 ZnI2 (10 mol%) 79 7 4 4 21 1 
7 NBu4I (20 mol%) 83 8 10 2 12 0 

Yields are determined by GC analysis calibrated against 1,3,5-trimethoxybenzene as an internal 
standard. 
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Routine optimization with PyBCam and PyBCamCN demonstrated that PyBCamCN was 

superior, that reactions were best conducted at 60-80 °C, and that a variety of iodide and bromide 

additives provide similar results. Reactions with bromide additive provided the highest yields when 

the alkyl chloride was added slowly, either portionwise via syringe or dropwise through an addition 

funnel. Reactions with iodide additive did not benefit from slow addition. The primary side products 

in both cases are the alkyl dimer and aryl hydrodehalogenated product. 

 

2.3. Reaction Scope. 

The optimized conditions were then applied to a variety of  primary alkyl chlorides and 

chloroarenes (Figure 2.3). Electron-rich aryl chlorides, which were unreactive under our previously 

published conditions, coupled in 69-72% yield (2.8, 2.12, 2.13, 2.24). However, a more sterically 

hindered aryl chloride, 2-chlorotoluene, coupled poorly (2.11, 15% yield). While we had coupled 

electron-poor aryl chlorides with alkyl bromides previously,14 under these conditions electron-poor 

aryl chlorides could be coupled with alkyl chlorides for the first time, with yields ranging from 53-73% 

yield (2.9, 2.14, 2.15, 2.25, 2.27, 2.29). As expected with PyBCam ligands,20 a variety of  heterocycles 

could be coupled, including both electron-poor quinoline (2.25, 63%) and pyridine (2.27, 66% and 

2.28, 73%); and electron-rich indole (2.24, 71%) and thiophene (2.26, 33%). A particular advantage 

of  cross-electrophile coupling is tolerance for alkyl halides with ß-leaving groups (2.32-2.36). The 

analogous organometallic reagents would be prone to elimination. Finally, secondary alkyl chlorides 

do couple under these conditions, but in lower yield (2.41, 44%). The remaining mass balance was 

attributed to unreacted coupling partners. 

Despite the higher temperatures, functional group compatibility remained broad. The low 

basicity of the conditions allowed us to tolerate both aryl and alkyl pinacol boronic acid esters (2.21-

2.23, 49-73% yield), providing opportunities for further elaboration of the products. Acidic N-H (2.39, 
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60%) and O-H (2.37, 57%) groups are tolerated, which would be a challenge for organomagnesium 

or organozinc reagents.25 As a testament to the low basicity of the conditions, a free thiol was tolerated 

(2.13, 70% yield), avoiding competing SN2 with the alkyl electrophile and S-arylation (pKa of 

thiophenol in DMSO is 10.3,26 which makes it more acidic than acetic acid).27 On the other hand, 

despite the presence of Lewis acids (ZnII salts, Li+ salts) at 60-80 °C, Boc groups on nitrogen were still 

tolerated (2.39, 60%; 2.40, 71%). While esters were tolerated, we did observe scrambling when two 

different esters were present due to transesterification (for example, methyl and ethyl ester exchange). 

For this reason, we coupled chloroarenes bearing esters (2.15, 2.16) with 1-chlorooctane. Other 

functional group highlights include a benzylic diethylphosphonate ester (2.20, 51%) and a 

trimethoxysilane (2.31, 32%). Despite the low yield, the cross-coupling to form trimethoxysilane 

product 2.31 is notable because it is a different approach28,29 to forming functionalized silanes that 

could be useful in attaching molecules to glass or silica. 30  As in our previous studies on cross-

electrophile coupling reactions with less reactive substrates, this chemistry can be scaled up using 

standard techniques (2.35).31 
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Figure 2.3. Reaction Scope for the Nickel-Catalyzed Coupling of Aryl Chlorides with Alkyl Chlorides. 

 

 
aReactions run on 0.5 mmol scale in 1 mL NMP for 18–24 h. NiX2 was either NiBr2(dme) or 
NiI2•4H2O. For reactions with X = Br, alkyl-Cl was added in portions. bReaction was conducted with 
1.25 equiv of alkyl chloride (0.75 mmol). cReaction was run on a 7.0 mmol scale. 
 

2.4. Mechanistic Studies. 

The distinctive feature of this reaction, when compared to other cross-electrophile couplings 

of aryl halides with alkyl halides, is the ability to engage two relatively unreactive substrates in a 

selective manner (Figure 2.2). There are three keys to the success of this method. 

First, LiCl was essential for efficient reduction of  the nickel catalyst by the zinc surface. We 

have recently noted that ZnCl2 can have an inhibitory effect on reduction of  nickel catalysts and that 
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lithium chloride is among the best agents for overcoming inhibition,32 consistent with previous reports 

on reduction of  organic molecules.33 Here too, reactions conducted without LiCl resulted in 3% 

formation of  the cross-coupled product and primarily returned both substrates (Table 2.4). We also 

verified that neither organic chloride reacts directly with zinc to form an organozinc reagent (Table 

2.4). 

Table 2.4. Deletion Control Experiments. 

 

 
 

Entry Deviation Product 2.3 (%) Returned 2.1 (%) Returned 2.2 (%) 

1 No NiBr2(dme) 0 99 86a 

2 No Zn 0 105 107 
3a No LiCl 3 92 96 

aWe cannot account for the small loss of chlorooctane in this reaction. Neither octane 
(hydrodehalogenation) or hexadecane (dimerization) could be detected by GC analysis. 
bHydrodehalogenated arene was observed in 7 %. Yields are determined by GC analysis calibrated 
against 1,3,5-trimethoxybenzene as an internal standard. 
 
 
Table 2.5. Examination of Alternative Reductants and Additives. 

 

 
 

Entry Deviation from above 
2.3 
(%) 

2.5 
(%) 

2.6 
(%) 

2.7 
(%) 

Returned 2.1 
(%)a 

Returned 2.2 
(%) 

1 TDAE instead of Zn 0 0 4 0 73 0 
2 Mn instead of Zn 14 1 12 33 111 8 

3 
Mn and LiBr instead of 
Zn and LiClb 

4 13 8 30 80 0 

4 LiBr instead of LiCl 42 24 24 8 68 0 
5 MgCl2 instead of LiCl 41 1 13 20 66 22 

aCalculated with respect to mmol of alkyl chloride used. bChlorobenzene (1 equiv) was used along with 
DIPEA (20 mol%). DIPEA had no effect on reaction outcome. Yields are determined by GC analysis 
calibrated against 1,3,5-trimethoxybenzene as an internal standard. 
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Second, halide exchange plays a key role by increasing the reactivity of  the alkyl chloride. We 

found that 10-30% of  bromide or iodide, regardless of  how it was introduced, was essential for 

reasonable reaction rates (Figures 2.4, 2.5 and Tables 2.5, 2.6). 

 

Figure 2.4. Evidence for Bromide Co-catalysis. 

 

 

aReactions were run on a 0.5 mmol scale. Yields were determined by GC analysis calibrated against 
1,3,5-trimethoxybenzene as an internal standard. bReaction run with DIPEA (20 mol%). DIPEA had 
no effect on reaction outcome. 
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Figure 2.5. Evidence for Iodide Co-catalysis. 

 

 

After 24 h of  reaction the yields are determined by GC analysis calibrated against 1,3,5-
trimethoxybenzene as an internal standard. 
 
 
Table 2.6. Optimization of Iodide Concentration. 

 

 
 

Entry 
LiI  

(x mol%) 
2.3 
(%) 

2.5 
(%) 

2.6 
(%) 

2.7 
(%) 

Returned 2.1 
(%) 

Returned 2.2 
(%) 

1 10 89 6 10 1 3 0 
2 20 83 8 11 1 4 0 
3 30 85 8 13 2 4 0 
4 40 82 10 15 1 3 0 
5 50 78 11 18 1 2 0 
6 100 59 15 25 2 4 0 

Yields are determined by GC analysis calibrated against 1,3,5-trimethoxybenzene as an internal 
standard.  
  



 23 

Studies on halide exchange showed that it is fast compared to the rate of  reaction (reaching 

equilibrium in 1-2 h vs 24 h for reaction time) and unfavorable (Table 2.7–2.14, Figure 2.6). 

Significantly, the presence of  zinc and lithium salts altered the equilibrium to more strongly favor alkyl 

iodide/bromide (Table 2.7–2.14, Figure 2.6). This led to the counterintuitive outcome that increasing 

total chloride concentration increased alkyl iodide concentration (Table 2.7–2.14, Figure 2.6). Under 

concentrations of  salts chosen to mimic those present catalytic reactions, we found that the amount 

of  alkyl iodide increased as the concentration of  ZnCl2 increased, although the ratio of  alkyl-Cl/alkyl-

I remained large in all cases (≥98:2, Table 2.14). We tentatively attribute this phenomenon to the 

favorable formation of  LiZnCl3
 over LiZnCl2Br or LiZnCl2I, resulting in sequestration of  chloride as 

the concentration of  Zn2+ increases at later reaction times.34 The halogen exchange is also somewhat 

faster than reported for exchanges in amide solvents with only sodium bromide, but this process could 

be catalyzed by zinc:  catalysis of  alkyl halogen exchange by titanium, zirconium, rhodium, and iron 

salts has been reported.35  
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Table 2.7. Effect of LiCl on the Equilibrium Between Chlorooctane and Bromooctane in the 
Presence of LiBr. 

 
 

Entry LiCl (x equiv) Time 2.1 (%) 2.42 (%) 2/2.42 

1 1 

20 min 105 1 143 
40 min 107 1 126 

1 h 106 1 141 
2 h 108 1 136 
5 h 105 1 139 

2 0 

20 min 100 4 16 
40 min 100 4 15 

1 h 99 4 15 
2 h 100 4 15 
5 h 98 4 15 

Refer to Section 2.6.3.5: General procedure for equilibrium study was followed with LiBr (43.5 mg, 

0.50 mmol, 1.0 equiv), LiCl (21.2 mg, 0.50 mmol, 1.0 equiv), and 1-chlorooctane (85.0 𝜇L, 0.50 mmol, 
1.0 equiv). Yields are determined by GC analysis calibrated against 1,3,5-trimethoxybenzene as an 
internal standard.  
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Table 2.8. Effect of LiCl and ZnCl2 on the Equilibrium Between Chlorooctane and Bromooctane. 

 

 
 

Entry Conditions Time 2.1 (%)a 2.42 (%)a 2.1/2.42  

1 Omit LiCl 

20 min 86 13 4 

Equilibrium established slowly 
40 min 86 13 4 

1 h 85 12 4 
2 h 86 12 5 
8 h 81 10 5 

2 Omit ZnCl2 

0 min 110 2 45 

Fast equilibration 

5 min 108 0 n/a 
10 min 111 0 n/a 
15 min 107 0 n/a 
20 min 110 0 n/a 
40 min 106 0 n/a 

1 h 107 0 n/a 
2 h 107 0 n/a 
8 h 108 0 n/a 

3 No deviations 

0 min 94 15 4 

Equilibration takes >20 min 

5 min 94 8 7 
10 min 99 5 12 
15 min 99 4 16 
20 min 104 3 22 
40 min 107 1 63 

1 h 105 1 105 
2 h 104 1 128 
8 h 102 <1 132 

aCalculated based on the overall mmol of halooctane (0.5 mmol total). Refer to Section 2.6.3.5: General 
procedure for equilibrium study was followed with ZnCl2 (68.2 mg, 0.50 mmol, 1.0 equiv), LiCl (21.2 

mg, 0.50 mmol, 1.0 equiv), 1-chlorooctane (68.0 𝜇L, 0.4 mmol, 0.8 equiv), and 1-bromooctane (17.3 

𝜇L, 0.1 mmol, 0.2 equiv). Yields are determined by GC analysis calibrated against 1,3,5-
trimethoxybenzene as an internal standard.  
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Table 2.9. Equilibrium Between Chlorooctane and Bromooctane Under Mock Catalytic Conditions 
at Different Levels of Conversion. 

 
  

TON Analytical Additive Amounts Experimental Additive Amounts 
0a 100 mol% LiCl LiCl (21.2 mg, 0.50 mmol) 

0b 10 mol% ZnBr2 
100 mol% LiCl 

ZnBr2 (11.3 mg, 0.05 mmol) 
LiCl (21.2 mg, 0.50 mmol) 

1 
10 mol% ZnBr2 
10 mol% ZnCl2 
100 mol% LiCl 

ZnBr2 (11.3 mg, 0.05 mmol) 
ZnCl2 (6.9 mg, 0.05 mmol) 
LiCl (21.2 mg, 0.50 mmol) 

10 
10 mol% ZnBr2 
90 mol% ZnCl2 
100 mol% LiCl 

ZnBr2 (11.3 mg, 0.05 mmol) 
ZnCl2 (61.4 mg, 0.45 mmol) 
LiCl (21.2 mg, 0.50 mmol) 

aPrior to the reduction of NiBr2(dme) pre-catalyst to Ni(0) by Zn. bFollowing the NiBr2(dme) pre-
catalyst reduction by Zn 
 

Refer to Section 2.6.3.5: General procedure for equilibrium study was followed with 1-

chlorooctane (85.0 𝜇L, 0.50 mmol, 1.0 equiv) and the experimental additive amounts given in Figure 

Table 2.9. The amounts of LiCl, ZnBr2, and ZnCl2 used in this experiment are based on the proposed 

catalytic cycle in Figure 1.8. Only LiCl is present before the reduction of NiBr2(dme) pre-catalyst by 

Zn. The use of 10 mol% of ZnBr2 mimics the catalytic conditions after the initial reduction of 10 mol% 

of NiBr2(dme) pre-catalyst to Ni(0) by Zn before the first turnover. After the first turn over, 10 mol% 

of ZnBr2 and 10 mol% ZnCl2 would be present following the reduction of (L)NiCl2. At the usual 

catalyst loading, complete product formation would be at ten turnovers. 
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Table 2.9 Continued 
 

Entry TON  20 min 40 min 1 h 2 h 5 h 7 h 

1 0a 
2.1 (%) 109 107 101 105 109 105 

2.42 (%) 0 0 0 0 0 0 
2.1/2.42 n/a n/a n/a n/a n/a n/a 

2 0b 
2.1 (%) 102 101 101 102 103 102 

2.42 (%) 0 0 0 0 0 0 
2.1/2.42 n/a n/a n/a n/a n/a n/a 

3 1 
2.1 (%) 104 102 99 101 101 100 

2.42 (%) 0 0 0 0 0 0 
2.1/2.42 n/a n/a n/a n/a n/a n/a 

4 10 
2.1 (%) 104 104 103 103 101 103 

2.42 (%) 1 1 1 1 1 1 
2.1/2.42 177 126 109 96 96 96 

5 
0b 

(Omit LiCl) 

2.1 (%) 105 105 105 107 106 96c 

2.42 (%) 0 0 0 0 0 0c 

2.1/2.42 n/a n/a n/a n/a n/a n/a 

6 
1 

(Omit LiCl) 

2.1 (%) 107 106 106 108 105 97c 

2.42 (%) 0 0 0 0 0 0c 
2.1/2.42 n/a n/a n/a n/a n/a n/a 

7 
10 

(Omit LiCl) 

2.1 (%) 106 107 107 108 105 93c 
2.42 (%) 0 0 0 0 0 0c 
2.1/2.42 n/a n/a n/a n/a n/a n/a 

aPrior to the reduction of NiBr2(dme) pre-catalyst to Ni(0) by Zn. bFollowing the NiBr2(dme) pre-
catalyst reduction by Zn. cRecorded at 24 h. Yields are determined by GC analysis calibrated against 
1,3,5-trimethoxybenzene as an internal standard.  
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Figure 2.6. Reaction Time Course with Catalytic Amount of Bromide. 

 

 

 

Yields are determined by GC analysis calibrated against 1,3,5-trimethoxybenzene as an internal 
standard.  

  

Aryl-Cl (2.1) 
Alkyl-Cl (2.2) 
Aryl-Alkyl (2.3) 
Alkyl-Alkyl (2.5) 
Aryl-H (2.6) 
Alkyl-H (2.7) 
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Table 2.10. Effect of LiCl on the Equilibrium Between Chlorooctane and Iodooctane in the 
Presence of LiI. 

 
 

Entry LiCl (x equiv) Time 2.1 (%) 2.43 (%) 2/2.43 

1 1 

1 min 100 0 n/a 
20 min 104 0 n/a 
40 min 104 0 n/a 

1 h 104 0 n/a 
2 h 106 0 n/a 
7 h 98 0 n/a 

2 0 

1 min 95 1 118 
20 min 95 1 100 
40 min 98 1 106 

1 h 98 1 99 
2 h 100 1 95 
7 h 97 1 96 

Refer to Section 2.6.3.5: General procedure for equilibrium study was followed with LiI (67.0 mg, 0.50 

mmol, 1.0 equiv), LiCl (21.2 mg, 0.50 mmol, 1.0 equiv), and 1-chlorooctane (85.0 𝜇L, 0.50 mmol, 1.0 
equiv). Yields are determined by GC analysis calibrated against 1,3,5-trimethoxybenzene as an internal 
standard.  
 
  



 30 

Table 2.11. Effect of LiCl on the Equilibrium Between Chlorooctane and Iodooctane in the 
Presence of ZnI2. 

 

 
 

Entry LiCl (x equiv) Time 2.1 (%) 2.43 (%) 2.1/2.43 

1 1 

1 min 97 2 64 
20 min 86 12 7 
40 min 83 22 4 

1 h 75 27 3 
2 h 68 32 2 
7 h 69 33 2 

2 0 

1 min 100 0 n/a 
20 min 103 0 n/a 
40 min 104 1 195 

1 h 100 1 122 
2 h 102 2 65 
7 h 96 4 22 

Refer to Section 2.6.3.5: General procedure for equilibrium study was followed with ZnI2 (159.6 mg, 

0.50 mmol, 1.0 equiv), LiCl (21.2 mg, 0.50 mmol, 1.0 equiv), and 1-chlorooctane (85.0 𝜇L, 0.50 mmol, 
1 equiv). Yields are determined by GC analysis calibrated against 1,3,5-trimethoxybenzene as an 
internal standard.  
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Table 2.12. LiCl Effect on the Equilibrium Between Chlorooctane and Iodooctane in the Presence 
of LiI. 

 

 
 

Entry LiCl (x equiv) Time  2.1 (%)a 2.43 (%)a 2.1/2.43 

1 1.0 

1 min  100 0 n/a 
20 min  99 0 n/a 
40 min  102 0 n/a 

1 h  110 0 n/a 
2 h  101 0 n/a 
7 h  92 0 n/a 

2 0 

1 min  80 20 4 
20 min  78 18 4 
40 min  80 20 4 

1 h  77 17 4 
2 h  78 20 4 
7 h  76 18 4 

aCalculated based on the overall mmol of halooctane (0.5 mmol total). Refer to Section 2.6.3.5: General 
procedure for equilibrium study was followed with LiI (67.0 mg, 0.50 mmol, 1.0 equiv), LiCl (21.2 mg, 

0.50 mmol, 1.0 equiv), 1-chlorooctane (68.0 𝜇L, 0.4 mmol, 0.8 equiv), and 1-iodooctane (18.1 𝜇L, 0.1 
mmol, 0.2 equiv). Yields are determined by GC analysis calibrated against 1,3,5-trimethoxybenzene as 
an internal standard.  
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Table 2.13. LiCl Effect on the Equilibrium Between Chlorooctane and Iodooctane in the Presence 
of ZnI2. 

 

 
 

Entry LiCl (x equiv) Time  2.1 (%)a 2.43 (%)a 2.1/2.43 

1 1.0 

1 min  79 19 4 
20 min  71 22 3 
40 min  68 28 2 

1 h  62 27 2 
2 h  61 34 2 
7 h  56 32 2 

2 0 

1 min  80 20 4 
20 min  80 18 4 
40 min  82 19 4 

1 h  78 16 5 
2 h  79 18 4 
7 h  72 18 4 

aCalculated based on the overall mmol of halooctane (0.5 mmol total). Refer to Section 2.6.3.5: General 
procedure for equilibrium study was followed with ZnI2 (159.6 mg, 0.50 mmol, 1.0 equiv), LiCl (21.2 

mg, 0.50 mmol, 1.0 equiv), 1-chlorooctane (68.0 𝜇L, 0.4 mmol, 0.8 equiv), and 1-iodooctane (18.1 𝜇L, 
0.1 mmol, 0.2 equiv). Yields are determined by GC analysis calibrated against 1,3,5-trimethoxybenzene 
as an internal standard.  
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Table 2.14. Equilibrium Between Chlorooctane and Iodooctane Under Mock Catalytic Conditions 
at Different Turnover Numbers (TON). 

 

 
  

TON Analytical Additive Amounts Experimental Additive Amounts 
0a 100 mol% LiCl LiCl (21.2 mg, 0.50 mmol) 

0b 10 mol% ZnI2 
100 mol% LiCl 

ZnI2 (16.0 mg, 0.05 mmol) 
LiCl (21.2 mg, 0.50 mmol) 

1 
10 mol% ZnI2 
10 mol% ZnCl2 
100 mol% LiCl 

ZnI2 (16.0 mg, 0.05 mmol) 
ZnCl2 (6.9 mg, 0.05 mmol) 
LiCl (21.2 mg, 0.50 mmol) 

10 
10 mol% ZnI2 
90 mol% ZnCl2 
100 mol% LiCl 

ZnI2 (16.0 mg, 0.05 mmol) 
ZnCl2 (61.4 mg, 0.45 mmol) 
LiCl (21.2 mg, 0.50 mmol) 

20 
10 mol% ZnI2 
190 mol% ZnCl2 
100 mol% LiCl 

ZnI2 (16.0 mg, 0.05 mmol) 
ZnCl2 (129.5 mg, 0.95 mmol) 
LiCl (21.2 mg, 0.50 mmol) 

aPrior to the reduction of NiI2•4H2O pre-catalyst to Ni(0) by Zn. bFollowing the NiI2•4H2O pre-
catalyst reduction by Zn 
 

Refer to Section 2.6.3.5: General procedure for equilibrium study was followed with 1-

chlorooctane (85.0 𝜇L, 0.50 mmol, 1.0 equiv) and the experimental additive amounts given in Table 

2.14. The amounts of LiCl, ZnI2, and ZnCl2 used in this experiment are based on the proposed catalytic 

cycle in Figure 1.8. Only LiCl is present before the reduction of NiI2•4H2O pre-catalyst by Zn. The 

use of 10 mol% of ZnI2 mimics the catalytic conditions after the initial reduction of 10 mol% of 

NiI2•4H2O pre-catalyst to Ni(0) by Zn before the first turnover. After the first turn over, 10 mol% of 

ZnI2 and 10mol% ZnCl2 would be present following the reduction of (L)NiCl2. At the usual catalyst 

loading, complete product formation would be at ten turnovers. To probe how excess ZnCl2 affects 

the equilibrium, 190 mol% of ZnCl2 was employed. 
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Table 2.14 Continued 
 

Entry TON  1 min 20 min 40 min 1 h 2 h 7 h 

1 0a 
2.1 (%) 102 111 105 104 104 106 

2.43 (%) 0 0 0 0 0 0 
2.1/2.43 n/a n/a n/a n/a n/a n/a 

2 0b 
2.1 (%) 103 102 103 104 103 102 

2.43 (%) 0 0 0 0 0 0 
2.1/2.43 n/a n/a n/a n/a n/a n/a 

3 1 
2.1 (%) 107 106 104 104 105 102 

2.43 (%) 0 0 0 0 0 0 
2.1/2.43 n/a n/a n/a n/a n/a n/a 

4 10 
2.1 (%) 95 97 98 97 99 94 

2.43 (%) 1 1 1 1 1 1 
2.1/2.43 157 70 68 67 67 66 

5 20 
2.1 (%) 105 102 105 104 104 99 

2.43 (%) 0 1 1 1 2 2 
2.1/2.43 n/a 181 113 85 66 60 

aPrior to the reduction of NiI2•4H2O pre-catalyst to Ni(0) by Zn. bFollowing the NiI2•4H2O pre-
catalyst reduction by Zn. Yields are determined by GC analysis calibrated against 1,3,5-
trimethoxybenzene as an internal standard. 

 

While iodide exchange to enhance the reactivity of  alkyl bromides,14 sulfonic acid esters,36 

epoxides,37 and chlorides11 in cross-coupling reactions is now well established, the use of  bromide is 

more rare.38 In cases where iodide co-catalysis isn’t practical, the use of  bromide co-catalysis should 

be considered. 

Finally, studies with a variety of  ligands revealed that PyBCam nickel catalysts are unique in 

being able to react with both substrates at similar rates, even with activation by halide exchange (Table 

2.1). Compared to nickel complexes of  tpy´´´, which could also react with both substrates but formed 

both biaryl and bialkyl, nickel PyBCam catalysts avoid biaryl formation entirely and form only small 

amounts of  alkyl dimer. The origin of  these differences in reactivity are not yet clear and are the 

subject of  ongoing studies, but it is clear that PyBCam and PyBCamCN are a distinctive, new class of  

tridentate ligands for nickel catalysis.39 
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2.5. Conclusions. 

In conclusion, the first selective cross-electrophile coupling reaction of aryl chlorides with 

primary alkyl chlorides has been developed by the synergistic effect of three changes: a new, selective 

ligand (PyBCamCN), LiCl to enhance catalyst turnover, and bromide/iodide co-catalysis. The 

mechanism by which PyBCamCN improves yields is under investigation and will be reported in due 

course. We expect that the generally unreactive nature of alkyl and aryl chlorides should make this 

new method to functionalize them a useful addition to synthesis. 

 

2.6. Experimental. 

2.6.1. Reagents. 

Metals 

Zinc flake (-325 mesh) was purchased from Alfa Aesar, stored in a nitrogen filled glovebox, and used 

as received.  

 

Nickel(II) bromide ethylene glycol dimethyl ether (NiBr2(dme)) was synthesized according to the 

literature procedure and stored in a nitrogen filled glovebox.40 The amount of dme present in the 

NiBr2(dme) was determined by elemental analysis and the mass of NiBr2(dme) was calculated 

accordingly.  

 

Nickel(II) iodide hydrate was purchased from Strem, stored in a nitrogen filled glovebox, and used as 

received. The amount of hydrate present in the NiI2•xH2O was determined by elemental analysis and 

the mass of NiI2•xH2O was calculated accordingly. 

 

Ligands 
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Pyridine-2-carboxamidine•HCl (PyCam•HCl, L8•HCl) was synthesized according to the literature 

procedure.41 

 

[2,2´-Bipyridine-6-carboximidamide•HCl (BPyCam•HCl, L9) was synthesized according to the 

literature procedure.42 

 

Pyridine-2,6-bis(carboximidamide)•2HCl (PyBCam•2HCl) was synthesized according to the literature 

procedure.43 

 

Pyridine-2,6-bis(N-cyanocarboxamidine) (PyBCamCN) was synthesized according the literature 

procedure.44 

 

All other ligands tested were purchased from commercial suppliers and used as received. 

 

Solvents 

1-Methyl-2-pyrrolidinone (NMP, anhydrous) was purchased from Sigma Aldrich, stored in a nitrogen 

filled glovebox, and used as received. 

 

Other Reagents 

tert-Butyl-3-chloropropylcarbamate was synthesized according to the literature procedure and 

characterization data matched those reported in the literature.45 

 

Boc-3-chloropropylbenzylamine was synthesized according to the literature procedure and 

characterization data matched those reported in the literature.46 
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All other starting materials were purchased from commercial suppliers and were used as received 

unless otherwise noted. 

 

2.6.2. Methods. 

NMR Spectroscopy 

1H and 13C NMR spectra were acquired on 400 and 500 MHz AVANCE spectrometer equipped with 

a DCH cryoprobe (Bruker), at a sample temperature of 25 °C. NMR spectra were recorded with 

TopSpin 3.5.6 (Bruker). The Bruker AVANCE 400 NMR spectrometer was supported by NSF grant 

CHE-1048642. The Bruker AVANCE 500 NMR spectrometer was supported by a generous gift from 

Paul J. and Margaret M. Bender. 

Referencing and absolute referencing to TMS, apodization, Fourier transform, phase and baseline 

corrections, and spectral analyses were carried out with MestReNova 12.0.4 (Mestrelab Research). 

NMR chemical shifts are reported in ppm and are referenced to the residual solvent peak for CDCl3 

(δ = 7.26 ppm, 1H NMR; δ = 77.16 ppm, 13C NMR. Coupling constants (J) are reported in Hertz. In 

the 13C NMR spectra of aryl compounds containing boron (2.21-2.23) the resonance corresponding 

to the carbon adjacent to boron was not observed.47 

 

Gas Chromatography 

GC analyses were performed on an Agilent 7890A GC equipped with dual DB-5 columns (20 m × 

180 μm × 0.18 μm), dual FID detectors, and hydrogen as the carrier gas. A sample volume of 1 μL 

was injected at a temperature of 300 °C and a 100:1 split ratio. The initial inlet pressure was 20.3 psi 

but varied as the column flow was held constant at 1.8 mL/min for the duration of the run. The initial 
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oven temperature of 50 °C was held for 0.46 min followed by a temperature ramp of 65 °C/min up 

to 300 °C. The total run time was 5.0 min and the FID temperature was 325 °C. 

 

GC/MS Analysis 

GC/MS analyses were performed on a Shimadzu GCMS-QP2010 equipped with an RTX-5MS 

column (30 m × 0.25 mm × 0.25 μm) with a quadrupole mass analyzer using helium as the carrier gas. 

The analysis method used in all cases was 1 μL injection of sample, an injection temp of 250 °C, and 

a 20:1 split ratio. The initial inlet pressure was 8.1 psi, but varied as the column flow was held constant 

at 1.0 mL/min for the duration of the run. The interface temperature was held at 275 °C, and the ion 

source (EI+, 30 eV) was held at 200 °C. The initial oven temperature was held at 60 °C for 1 min with 

the detector off, followed by a temperature ramp, with the detector on, to 300 °C at 20 °C/min. Total 

run time was 13.00 min. 

 

Chromatography 

Chromatography was performed on silica gel (EMD, silica gel 60, particle size 0.040-0.063 mm) using 

standard flash techniques, on a Teledyne Isco CombiFlash instrument using pre-packaged cartridges, 

on a Teledyne Isco Rf-200 (detection at 210 nm and 280 nm), or on a Biotage Isolera One (detection 

at 210 nm and 400 nm, on KPsil columns). Products were visualized by UV, KMnO4 stain, PMA stain, 

or fractions were analyzed by GC.  

 

Infrared Spectroscopy 

Infrared (IR) spectra were recorded on a Bruker Alpha Platinum ATR FT-IR spectrometer and are 

reported in wavenumbers (cm-1). 
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Elemental Analysis 

Elemental analyses were performed by CENTC Elemental Analysis Facilities at the University of 

Rochester, funded by NSF CHE-0650456. 

 

High Resolution Mass Spectrometry 

UW-Madison: High resolution mass spectra (HRMS). Mass spectrometry data was collected on a 

Thermo Q Exactive™ Plus (thermofisher.com) via flow injection with electrosprayionization or via 

ASAPMS™ (asap-ms.com) by the chemistry mass spectrometry facility at the University of 

Wisconsin-Madison. The purchase of the Thermo Q Exactive™ Plus in 2015 was funded by NIH 

Award 1S10 OD020022-1 to the Department of Chemistry.  

 

2.6.3. General Procedures. 

2.6.3.1. General Procedure for Reaction Optimization. 

 

Reactions were set up in a N2 filled glove box. A catalyst solution was prepared by charging an oven 

dried scintillation vial with a PTFE-coated stirbar, the listed nickel source (0.05 mmol, 10 mol%) and 

the listed ligand (0.05 mmol, 10 mol%). The solids were dissolved in NMP (1 mL) and allowed to stir 

for one hour. A second oven-dried 1-dram vial with a PTFE-coated stirbar was charged with the listed 

additive (0.50 mmol, 1.0 equiv), chlorobenzene (51.0 𝜇L, 0.50 mmol, 1.0 equiv), 1-chlorooctane (85.0 

𝜇L, 0.50 mmol, 1 equiv), and 1,3,5-trimethoxybenzene (7.4 mg, 0.044 mmol) as an internal standard. 

This was dissolved in 1 mL of the prepared catalyst solution before the zinc (65.4 mg, 1.0 mmol, 2.0 

equiv) was added. The reactions were sealed with a screw cap fitted with a PTFE-faced silicone septum. 
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The reaction vial was then removed from the glovebox and allowed to stir (1250 RPM) at the listed 

temperature for the listed reaction time.   

 

GC Analysis 

The reactions were monitored by GC analysis, by taking a 10 𝜇L aliquot of the crude reaction mixture 

with a gas-tight syringe. The aliquot was diluted with Et2O (0.50 mL), quenched with 200 𝜇L NaHSO4, 

filtered through a 2-cm silica plug in a Pasteur pipette, and collected in a GC vial. The resulting solution 

was analyzed by GC and yields were determined based on the peak area of the analyte compared to 

1,3,5-trimethoxybenzene as an internal standard. 

 

Isolation and Purification 

Reactions were isolated on a 0.5 mmol scale of chlorobenzene and 1-chlorooctane. The crude reaction 

mixture was filtered through celite, the celite was washed with acetone (3 × 4 mL), and the combined 

filtrate was concentrated by rotary evaporation. The crude mixture was diluted with Et2O (40 mL) and 

washed with DI water (40 mL). The aqueous layer was extracted with Et2O (3 × 20 mL), the organic 

layers were combined, dried over MgSO4, filtered, and the filtrate was concentrated by rotary 

evaporation. The crude mixture was purified by column chromatography (80:1 pentane/Et2O) to 

provide octylbenzene as a clear oil.  
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2.6.3.2. General Procedure A. 

 

Reactions were set up in a N2 filled glove box. For a preparative-scale benchtop procedure, see 2.6.3.4. 

Preparative-Scale Benchtop Procedure. A catalyst solution was prepared by charging an oven dried 

scintillation vial with a PTFE-coated stirbar, NiBr2(dme) (15.4 mg, 0.05 mmol, 10 mol%) and 

PyBCamCN (10.7 mg, 0.05 mmol, 10 mol%). The solids were dissolved in NMP (1 mL) and allowed 

to stir for 30 min-1 h forming a homogenous, forest green solution. However, omitting the NiBr2(dme) 

and ligand pre-stir did not impact productive catalysis. A second oven-dried 1-dram vial with a PTFE-

coated stirbar was charged with LiCl (21.2 mg, 0.50 mmol, 1.0 equiv), the appropriate aryl chloride 

(0.50 mmol, 1.0 equiv), alkyl chloride (0.125 mmol, 0.25 equiv), and 1,3,5-trimethoxybenzene (7.4 mg, 

0.044 mmol) as an internal standard. This was dissolved in 1 mL of the prepared catalyst solution 

before the zinc (65.4 mg, 1.0 mmol, 2.0 equiv) was added. The reactions were sealed with a screw cap 

fitted with a PTFE-faced silicone septum before being removed from the glovebox. The reaction was 

allowed to stir at 80 °C for 1 h. Using a syringe, N2 sparged alkyl chloride (0.125 mmol, 0.25 equiv) 

was added every hour until a total of 0.5 mmol (1.00 equiv) of alkyl chloride was added to the reaction. 

After these additions the reaction was allowed to stir (1250 RPM) at 80 °C for a total of 18-24 h.  

 

GC Analysis 

The reactions were monitored by GC analysis, by taking a 10 𝜇L aliquot of the crude reaction mixture 

with a gas-tight syringe. The aliquot was diluted with Et2O (0.50 mL), quenched with 200 𝜇L NaHSO4, 

filtered through a 2-cm silica plug in a Pasteur pipette, and collected in a GC vial. The resulting solution 

was analyzed by GC and yields were determined based on the peak area of the analyte compared to 

1,3,5-trimethoxybenzene as an internal standard. 
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Isolation and Purification 

Purification A. Reactions were isolated on a 0.5 mmol scale of aryl chloride and alkyl chloride without 

the addition of an internal standard to avoid difficulties in separating 1,3,5-trimethoxybenzene from 

the desired product. The crude reaction mixture was diluted with EtOAc (5 mL) and slurried with 1-

3 g of silica gel before the volatile solvents were removed by rotary evaporation. The resulting dry-

loaded product was purified by column chromatography on silica to provide the desired products.  

 

Purification B. Reactions were isolated on a 0.5 mmol scale of aryl chloride and alkyl chloride without 

the addition of an internal standard to avoid difficulties in separating 1,3,5-trimethoxybenzene from 

the desired product. The crude reaction mixture was filtered through celite, the celite was washed with 

acetone (3 × 4 mL), and combined filtrate was concentrated by rotary evaporation. The crude mixture 

was diluted with Et2O (40 mL) and washed with DI water (40 mL). The aqueous layer was extracted 

with Et2O (3 × 20 mL), the organic layers were combined, dried over MgSO4, filtered, and the filtrate 

was concentrated by rotary evaporation. The crude mixture was purified by column chromatography 

on silica to provide the desired products. 

 

NOTE: There was no difference in yield when comparing Purification A and Purification B.    

2.6.3.3. General Procedure B. 

 

Reactions were set up in a N2 filled glove box. A catalyst solution was prepared by charging an oven 

dried scintillation vial with a PTFE-coated stirbar, NiI2•4H2O (19.3 mg, 0.05 mmol, 10 mol%) and 

PyBCamCN (10.7 mg, 0.05 mmol, 10 mol%). The solids were dissolved in NMP (1 mL) and allowed 
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to stir for 30 min-1 h forming a homogenous, dark yellow solution. A second oven-dried 1-dram vial 

with a PTFE-coated stirbar was charged with LiCl (21.2 mg, 0.50 mmol, 1.0 equiv), the appropriate 

aryl chloride (0.50 mmol, 1.0 equiv), alkyl chloride (0.50 mmol, 1.0 equiv), and 1,3,5-

trimethoxybenzene (7.4 mg, 0.044 mmol) as an internal standard. This was dissolved in 1 mL of the 

prepared catalyst solution before the zinc (65.4 mg, 1.0 mmol, 2.0 equiv) was added. The reactions 

were sealed with a screw cap fitted with a PTFE-faced silicone septum before being removed from 

the glovebox. The reaction was allowed to stir (1250 RPM) at 80 °C for 18-24 h.  

 

GC Analysis  

Same as Procedure A as noted above. 

 

Isolation and Purification 

Purification B as noted above.  

 

2.6.3.4. Preparative-Scale Benchtop Procedure. 

 

A catalyst solution was prepared on the benchtop by charging a scintillation vial with a PTFE-coated 

stirbar, NiBr2(dme) (216 mg, 0.701 mmol, 10 mol%), PyBCamCN (149.4 mg, 0.701 mmol, 10 mol%) 

with no effort to avoid exposure to air. The scintillation vial was capped with a septa and evacuated 

before being backfilled with N2. N2 sparged NMP (9 mL) was added to the scintillation vial and the 

solution allowed to stir at rt for 10 min resulting in a clear, homogeneous, forest green solution. A 

Schlenk flask was fitted with an addition funnel and flame dried under vacuum before being backfilled 

with N2. The addition funnel was removed and LiCl (297 mg, 7.01 mmol, 1.0 equiv), 3-chloroanisole 
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(1.00 g, 7.01 mmol, 1.0 equiv), and zinc (917 mg, 14.0 mmol, 2.0 equiv) were added to the Schlenk 

flask. The addition funnel was replaced and the reaction evacuated and backfilled with N2. The catalyst 

solution was transferred to the reaction via syringe under N2 and the addition funnel was charged with 

2-(chloromethyl)tetrahydropyran (1.18 g, 8.76 mmol, 1.25 equiv), and NMP (5 mL). The reaction 

vessel was lowered into a pre-heated 80 °C oil bath resulting in a color change from forest green to 

dark brown and the alkyl chloride solution was added dropwise to the stirring solution over 2 h. After 

this addition, the reaction was allowed to stir (500 RPM) at 80 °C for an additional 20 h.  

         

         

 
Image 1. Reaction setup 
with solids weighed into 
flask to form catalyst 
solution. 

 
Image 2. Addition of LiCl, 
aryl chloride, and zinc 
flake. 

 
Image 3. Completed 
catalyst solution. 

 
Image 4. Reaction after 
addition of the catalyst 
solution via syringe under 
N2. 

 
Image 5. Reaction setup 
prior to dropwise addition 
(11:30 am). 

 
Image 6. Reaction after 
completion of the dropwise 
addition (1:35 pm). 
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Isolation and Purification 

The reaction was cooled to room temperature and diluted with Et2O (60 mL) before being washed 

with a solution of saturated brine (60 mL). The Et2O layer collected and the aqueous layer was 

extracted with Et2O (3 × 30 mL). The combined organic layers were dried over MgSO4, filtered, and 

the filtrate was concentrated by rotary evaporation. The resulting crude material was diluted with 

EtOAc and slurried with silica gel before the volatile solvents were removed by rotary evaporation. 

The resulting dry-loaded product was purified by column chromatography on silica to afford 2-(3-

methoxybenzyl)tetrahydropyran (2.35) as a clear, colorless oil (915 mg, 63% yield). 

 

2.6.3.5. General procedure for equilibrium study. 

Reactions were set up in a N2 filled glove box. To a 1-dram vial containing a PTFE-coated stir bar 

was added the listed additives, alkyl halides, and NMP (1 mL). The reaction vials were sealed with a 

screw cap fitted with a PTFE-faced silicone septum. The reaction vials were then removed from the 

glovebox and allowed to stir (1250 RPM) in a reaction block at 80 °C. After stirring for the amount 

of time listed, 10 𝜇L aliquots of reaction mixture were removed with a 50 𝜇L gas-tight syringe and 

quenched with 200 𝜇L of 1 M aqueous NaHSO4, diluted with ether (1.5 mL), and filtered through a 

short silica pad in a pipette packed with glass wool. The filtrate was analyzed by GC. 

 

2.6.4. Specific Procedures and Product Characterization. 

 

 

Octylbenzene (2.3) [CAS: 2189-60-8] 
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General Procedure A was followed with chlorobenzene (54.8 mg, 0.49 mmol, 1 equiv) and 1-

chlorooctane (72.5 mg, 0.49 mmol, 1.0 equiv). After 24 h, the reaction was quenched following 

Purification B and the crude material was purified by chromatography (hexanes) to afford the product 

(76.1 mg, 82% yield) as a colorless oil. Characterization data matched those reported in the literature.48 

1H NMR (500 MHz, CDCl3) δ 7.28 (m, 2H), 7.18 (m, 3H), 2.61 (t, J = 7.8 Hz, 2H), 1.62 (quint, J = 

7.4 Hz, 2H), 1.38 – 1.21 (m, 10H), 0.89 (t, J = 6.3 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 143.0, 128.4, 128.2, 125.5, 36.0, 31.9, 31.5, 29.5, 29.4, 29.3, 22.7, 

14.1.  

HRMS (ESI) [M]+ m/z calcd for C14H22
+ 190.1716, ASAP-MS found 190.1715. 

IR (cm-1) 3061, 2923, 2853, 1494, 741, 696. 

 

 

Ethyl 4-(4-anisole)butyrate (2.8) [CAS: 4586-89-4] 

A modified General Procedure A was followed with 4-chloroanisole (71.3 mg, 0.5 mmol, 1 equiv) and 

ethyl 4-chlorobutyrate (17.5 𝜇L/h (0.125 mmol/h), 0.625 mmol in total, 1.25 equiv). After a total of 

19 h, the reaction mixture was filtered through silica gel with 5:1 pentane/Et2O and the filtrate was 

concentrated by rotary evaporation. The resulting residue was purified by column chromatography 

(gradient from 40:1 pentane/Et2O to 20:1 pent/Et2O) to afford the product (70.6 mg, 64% yield) as 

a colorless oil. This procedure was repeated to establish its reproducibility and the second reaction 

provided the product (76.8 mg, 69% yield) in similar yield. Characterization data matched those 

reported in the literature.49 

O

OEt

MeO
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1H NMR (500 MHz, CDCl3) δ 7.10 (d, J = 8.6 Hz, 2H), 6.83 (d, J = 8.6 Hz, 2H), 4.13 (q, J = 7.1 Hz, 

2H), 3.78 (s, 3H), 2.60 (t, J = 7.6 Hz, 2H), 2.31 (t, J = 7.5 Hz, 2H), 1.92 (quint, J = 7.5 Hz, 2H), 1.25 

(t, J = 7.1 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.6, 158.0, 133.6, 129.5, 113.9, 60.3, 55.3, 34.3, 33.7, 26.9, 14.3. 

HRMS (ESI) [M+Na]+ m/z calcd for C13H18O3Na+ 245.1148, found 245.1145. 

IR (cm-1) 2937, 2835, 1730, 1612, 1512, 1243, 1176, 1034, 811.  

 

 

Ethyl 4-(3-anisole)butyrate (2.9) [CAS: 57816-01-0] 

A modified General Procedure A was followed with 3-chloroanisole (71.3 mg, 0.5 mmol, 1 equiv) and 

ethyl 4-chlorobutyrate (17.5 𝜇L/h (0.125 mmol/h), 0.625 mmol in total, 1.25 equiv). After a total of 

24 h, the reaction mixture was filtered through silica gel with 10:1 pentane/EtOAc and the filtrate was 

concentrated by rotary evaporation. The resulting residue was purified by column chromatography 

(50:1 pentane/EtOAc) to afford the product (96.8 mg, 87% yield) as a colorless oil. Characterization 

data matched those reported in the literature.49 

1H NMR (500 MHz, CDCl3) δ 7.20 (td, J = 7.3, 1.9 Hz, 1H), 6.83 – 6.68 (m, 3H), 4.13 (q, J = 7.2 Hz, 

2H), 3.80 (s, 3H), 2.63 (t, J = 7.6 Hz, 2H), 2.32 (t, J = 7.5 Hz, 2H), 1.96 (quint, J = 7.5 Hz, 2H), 1.26 

(t, J = 7.1 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.6, 159.7, 143.2, 129.4, 121.0, 114.3, 111.4, 60.3, 55.2, 35.3, 

33.7, 26.5, 14.3. 

HRMS (ESI) [M+Na]+ m/z calcd for C13H18O3Na+ 245.1148, found 245.1144. 

IR (cm-1) 2941, 1730, 1258, 1151, 1038, 776, 695. 
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Ethyl 4-(4-tolyl)butyrate (2.10) [CAS: 36440-63-8] 

General Procedure A was followed with 4-chlorotoluene (63.3 mg, 0.5 mmol, 1 equiv) and ethyl 4-

chlorobutyrate (4 × 17.5 𝜇L, 0.5 mmol, 1 equiv) added portionwise in 4 equal portions over 3 h. After 

a total of 24 h, the reaction was quenched following Purification A and the crude material was purified 

by chromatography (50:1 pentane/EtOAc) to afford the product (63.4 mg, 61% yield) as a colorless 

oil. Characterization data matched those reported in the literature.50 

1H NMR (500 MHz, CDCl3) δ 7.14 – 7.06 (m, 4H), 4.14 (q, J = 7.1 Hz, 2H), 2.63 (t, J = 7.6 Hz, 2H), 

2.36 – 2.29 (m, 5H), 1.95 (quint, J = 7.5 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.6, 138.4, 135.5, 129.1, 128.5, 60.3, 34.8, 33.8, 26.8, 21.1, 14.4. 

HRMS (ESI) [M+Na]+ m/z calcd for C13H18O2Na+ 229.1199, found 229.1196. 

IR (cm-1) 2925, 1732, 1515, 1143, 782. 

 

 

Ethyl 4-(2-tolyl)butyrate (2.11) [CAS: 105986-51-4] 

General Procedure A was followed with 2-chlorotoluene (63.3 mg, 0.5 mmol, 1 equiv) and ethyl 4-

chlorobutyrate (4 × 17.5 𝜇L, 0.5 mmol, 1 equiv) added portionwise in 4 equal portions over 3 h. After 

a total 24 h, the reaction was quenched following Purification A and the crude material was purified 

by chromatography (50:1 pentane/EtOAc) to afford the product (15.6 mg, 15% yield) as a colorless 

oil. Characterization data matched those reported in the literature.49 

1H NMR (500 MHz, CDCl3) δ 7.19 – 7.07 (m, 4H), 4.14 (q, J = 7.1 Hz, 2H), 2.69 – 2.59 (m, 2H), 

2.37 (t, J = 7.4 Hz, 2H), 2.32 (s, 3H), 1.91 (dq, J = 9.7, 7.5 Hz, 2H), 1.26 (t, J = 7.1 Hz, 3H). 

O

OEt

Me

O

OEt

Me



 49 

13C{1H} NMR (126 MHz, CDCl3) δ 173.7, 139.8, 136.1, 130.4, 129.1, 126.2, 126.1, 60.4, 34.1, 32.7, 

25.5, 19.4, 14.4. 

HRMS (ESI) [M+NH4]
+ m/z calcd for C13H22O2N

+ 224.1645, found 224.1642. 

IR (cm-1) 2938, 2868, 1731, 1148, 740. 

 

 

Ethyl 4-(4-(dimethylamino)phenyl)butanoate (2.12) [CAS: 1365610-67-8] 

General Procedure A was followed with 4-chloro-N,N-dimethylaniline (77.8 mg, 0.5 mmol, 1 equiv) 

and ethyl 4-chlorobutyrate (4 × 17.5 𝜇L, 0.5 mmol, 1 equiv) added portionwise in 4 equal portions 

over 3 h. After a total of 24 h, the reaction was quenched following Purification A and the crude 

material was purified by chromatography (20:1 pentane/EtOAc) to afford the product (85.0 mg, 72% 

yield) as a colorless oil. Characterization data matched those reported in the literature.49 

1H NMR (500 MHz, CDCl3) δ 7.07 (d, J = 8.6 Hz, 2H), 6.71 (d, J = 8.6 Hz, 2H), 4.13 (q, J = 7.1 Hz, 

2H), 2.92 (s, 6H), 2.57 (t, J = 7.6 Hz, 2H), 2.32 (t, J = 7.6 Hz, 2H), 1.92 (quint, J = 7.7 Hz, 2H), 1.26 

(t, J = 7.1 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.8, 149.2, 129.7, 129.2, 113.1, 60.3, 41.0, 34.2, 33.8, 27.0, 14.4. 

HRMS (ESI) [M+H]+ m/z calcd for C14H22NO2
+ 236.1645, found 236.1641. 

IR (cm-1) 2979, 2936, 2800, 1730, 1615, 1520, 1143, 824. 

 

 

Ethyl 4-(4-mercaptophenyl)butanoate (2.13) 

General Procedure A was followed with 4-chlorothiophenol (72.3 mg, 0.5 mmol, 1 equiv) and ethyl 

4-chlorobutyrate (4 × 17.5 𝜇L, 0.5 mmol, 1 equiv) added portionwise in 4 equal portions over 3 h. 
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After a total of 24 h, the reaction was quenched following Purification A and the crude material was 

purified by chromatography (gradient from 20:1 pentane/EtOAc to 10:1 pentane/EtOAc) to afford 

the product (78.7 mg, 70% yield) as a clear oil.  

1H NMR (500 MHz, CDCl3) δ 7.28 – 7.20 (m, 4H), 4.11 (q, J = 7.1 Hz, 2H), 2.92 (t, J = 7.2 Hz, 2H), 

2.43 (t, J = 7.2 Hz, 2H), 1.92 (quint, J = 7.2 Hz, 2H), 1.23 (t, J = 7.2 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 172.9, 134.7, 132.0, 130.7, 129.1, 60.5, 33.2, 32.9, 24.3, 14.3. 

HRMS (ESI) [M+Na]+ m/z calcd for C12H16O2SNa+ 247.0763, found 247.0760. 

IR (cm-1) 2980, 1728, 1477, 1204, 1095, 811. 

 

 

Ethyl 4-(4-(trifluoromethyl)phenyl)butanoate (2.14) [CAS: 1235271-20-1] 

General Procedure A was followed with 4-chlorobenzotrifluoride (90.3 mg, 0.5 mmol, 1 equiv) and 

ethyl 4-chlorobutyrate (4 × 17.5 𝜇L, 0.5 mmol, 1 equiv) added portionwise in 4 equal portions over 3 

h. After a total of 24 h, the reaction was quenched following Purification B and the crude material was 

purified by chromatography (50:1 pentane/EtOAc) to afford the product (76.8 mg, 59% yield) as a 

colorless oil. Characterization data matched those reported in the literature.49 

1H NMR (500 MHz, CDCl3) δ 7.53 (d, J = 7.9 Hz, 2H), 7.29 (d, J = 7.9 Hz, 2H), 4.13 (q, J = 7.1 Hz, 

2H), 2.71 (t, J = 7.7 Hz, 2H), 2.32 (t, J = 7.4 Hz, 2H), 1.97 (quint, J = 7.5 Hz, 2H), 1.25 (t, J = 7.1 Hz, 

3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.3, 145.7 (q, J = 1.5 Hz), 128.9, 128.4 (q, J = 32.1 Hz), 125.4 

(q, J = 3.8 Hz), 124.4 (q, J = 271.8 Hz), 60.4, 35.0, 33.6, 26.3, 14.3. 

HRMS (ESI) [M+Na]+ m/z calcd for C13H15F3O2Na+ 283.0916, found 283.0914. 

IR (cm-1) 2939, 1731, 1322, 1115, 843. 
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Methyl 4-octylbenzoate (2.15) [CAS: 54256-51-8] 

General Procedure A was followed with methyl 4-chlorobenzoate (85.3 mg, 0.5 mmol, 1 equiv) and 

1-chlorooctane (4 × 21.2 𝜇L, 0.5 mmol, 1 equiv) added portionwise in 4 equal portions over 3 h. After 

a total of 24 h, the reaction was quenched following Purification A and the crude material was purified 

by chromatography (40:1 pentane/EtOAc) to afford the product (65.2 mg, 53% yield) as a colorless 

oil. Characterization data matched those reported in the literature.51 

1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 8.3 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 3.90 (s, 3H), 2.68 – 

2.62 (m, 2H), 1.62 – 1.59 (m, 2H), 1.33 – 1.24 (m, 10H), 0.88 (t, J = 6.9 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 167.3, 148.7, 129.7, 128.6, 127.7, 52.1, 36.2, 32.0, 31.3, 29.6, 29.4, 

29.4, 22.8, 14.2. 

HRMS (ESI) [M+H]+ m/z calcd for C16H25O2
+ 249.1849, found 249.1845. 

IR (cm-1) 2925, 2855, 1721, 1610, 1274, 1107, 762. 

 

 

Methyl 2-methoxy-5-octylbenzoate (2.16) 

General Procedure A was followed with methyl 5-chloro-2-methoxybenzoate (100.3 mg, 0.5 mmol, 1 

equiv) and 1-chlorooctane (4 × 21.2 𝜇L, 0.5 mmol, 1 equiv) added portionwise in 4 equal portions 

over 3 h. After a total of 23 h, the reaction was quenched following Purification A and the crude 

material was purified by chromatography (gradient from 20:1 pentane/EtOAc to 10:1 

pentane/EtOAc) to afford the product (81.9 mg, 59% yield) as a colorless oil.  
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1H NMR (500 MHz, CDCl3) δ 7.60 (d, J = 2.3 Hz, 1H), 7.26 (dd, J = 8.5, 2.4 Hz, 1H), 6.88 (d, J = 

8.5 Hz, 1H), 3.88 (s, 3H), 3.87 (s, 3H), 2.55 (t, J = 7.7 Hz, 2H), 1.57 (quint, J = 7.3 Hz, 2H), 1.32 – 

1.22 (m, 10H), 0.87 (t, J = 7.0 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 167.0, 157.3, 134.7, 133.5, 131.5, 119.7, 112.1, 56.2, 52.1, 34.9, 

32.0, 31.6, 29.6, 29.4, 29.3, 22.8, 14.2. 

HRMS (ESI) [M+H]+ m/z calcd for C17H27O3
+ 279.1955, found 279.1951. 

IR (cm-1) 2925, 2854, 1729, 1254, 1082, 731. 

 

 

Ethyl 4-(3-naphthyl)butyrate (2.17) [CAS: 6326-90-5] 

General Procedure A was followed with 3-chloronaphthalene (81.3 mg, 0.5 mmol, 1 equiv) and ethyl 

4-chlorobutyrate (4 × 17.5 𝜇L, 0.5 mmol, 1 equiv) added portionwise in 4 equal portions over 3 h. 

After a total of 22 h, the reaction was quenched following Purification A and the crude material was 

purified by chromatography (gradient from 40:1 pentane/EtOAc to 20:1 pentane/EtOAc) to afford 

the product (95.8 mg, 79% yield) as a colorless oil. Characterization data matched those reported in 

the literature.50 

1H NMR (500 MHz, CDCl3) δ 7.84 – 7.77 (m, 3H), 7.63 (s, 1H), 7.45 (dqd, J = 8.1, 6.8, 1.4 Hz, 2H), 

7.35 (dd, J = 8.3, 1.8 Hz, 1H), 4.14 (q, J = 7.1 Hz, 2H), 2.84 (t, J = 7.6 Hz, 2H), 2.37 (t, J = 7.5 Hz, 

2H), 2.12 – 2.02 (m, 2H), 1.27 (dt, J = 7.1, 4.1 Hz, 3H).  

13C{1H} NMR (126 MHz, CDCl3) δ 173.6, 139.0, 133.7, 132.1, 128.1, 127.7, 127.5, 127.3, 126.7, 126.0, 

125.3, 60.4, 35.4, 33.7, 26.5, 14.3. 

HRMS (ESI) [M+Na]+ m/z calcd for C16H18O2Na+ 265.1199, found 265.1194. 

IR (cm-1) 2935, 1729, 1600, 1179, 817, 746. 
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Ethyl 4-(3,4-benzodioxole)butyrate (2.18) [CAS: 99557-75-2] 

A modified General Procedure A was followed with 5-chloro-1,3-benzodioxole (78.3 mg, 0.5 mmol, 

1 equiv) and ethyl 4-chlorobutyrate (17.5 𝜇L/h (0.125 mmol/h), 0.625 mmol in total, 1.25 equiv). 

After a total of 24 h, the reaction mixture was filtered through silica gel with 10:1 pentane/EtOAc 

and the filtrate was concentrated by rotary evaporation. The resulting residue was purified by column 

chromatography (gradient from 50:1 pentane/EtOAc to 10:1 pentane/EtOAc) to afford the product 

(73.1 mg, 62% yield) as a colorless oil. 1H NMR matches literature,52 but no 13C NMR has been 

reported to date.  

1H NMR (500 MHz, CDCl3) δ 6.71 (d, J = 7.9 Hz, 1H), 6.66 (d, J = 1.7 Hz, 1H), 6.61 (dd, J = 7.8, 

1.7 Hz, 1H), 5.90 (s, 2H), 4.12 (q, J = 7.1 Hz, 2H), 2.56 (t, J = 7.6 Hz, 2H), 2.29 (t, J = 7.5 Hz, 2H), 

1.90 (quint, J = 7.5 Hz, 2H), 1.24 (t, J = 7.2 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.6, 147.7, 145.8, 135.3, 121.3, 109.0, 108.2, 100.9, 60.3, 34.9, 

33.6, 26.9, 14.3. 

HRMS (ESI) [M+Na]+ m/z calcd for C13H16O4Na+ 259.0941, found 259.0936. 

IR (cm-1) 2936, 1729, 1489, 1243, 1035, 808. 

 

 

Ethyl 4-(3-fluoro-5-methoxyphenyl)butanoate (2.19) 

General Procedure B was followed with 1-chloro-3-fluoro-5-methoxybenzene (80.3 mg, 0.5 mmol, 1 

equiv) and ethyl 4-chlorobutyrate (75.3 mg, 0.5 mmol, 1 equiv). After 18 h, the reaction was quenched 
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following Purification B and the crude material was purified by chromatography (gradient from 

hexanes to 2:23 EtOAc/hexanes) to afford the product (81.0 mg, 67% yield) as a colorless oil.  

1H NMR (500 MHz, CDCl3) δ 6.53 – 6.47 (m, 2H), 6.45 (dt, J = 10.7, 2.3 Hz, 1H), 4.13 (q, J = 7.1 

Hz, 2H), 3.78 (s, 3H), 2.61 (t, J = 7.5 Hz, 2H), 2.31 (t, J = 7.4 Hz, 2H), 1.94 (quint, J = 7.6 Hz, 2H), 

1.26 (t, J = 7.1 Hz, 3H).  

13C{1H} NMR (126 MHz, CDCl3) δ 173.3, 163.6 (d, J = 245.7 Hz), 160.9 (d, J = 11.3 Hz), 144.5 (d, J 

= 8.8 Hz), 110.1 (d, J = 2.5 Hz), 107.6 (d, J = 21.4 Hz), 99.1 (d, J = 25.2 Hz), 60.3, 55.4, 35.1 (d, J = 

2.5 Hz), 33.5, 26.1, 14.24.  

HRMS (ESI) [M+H]+ m/z calcd for C13H18FO3
+ 241.1235, ASAP-MS found 241.1231. 

IR (cm-1) 2939, 1729, 1590, 1461, 1134, 1034, 838. 

 

 

Diethyl (4-(3-phenylpropyl)benzyl)phosphonate (2.20) 

General Procedure B was followed with diethyl 4-chlorobenzylphosphonate (131.4 mg, 0.5 mmol, 1 

equiv) and 1-chloro-3-phenylpropane (77.4 mg, 0.5 mmol, 1 equiv). After 18 h, the reaction was 

quenched following Purification B and the crude material was purified by chromatography (gradient 

from 3:7 EtOAc/hexanes to 4:1 EtOAc/hexanes) to afford the product (88.3 mg, 51% yield) as a 

colorless oil.  

1H NMR (500 MHz, CDCl3) δ 7.32 – 7.25 (m, 3H), 7.21 (dd, J = 8.1, 2.5 Hz, 2H), 7.18 (d, J = 8.0 Hz, 

2H), 7.13 (d, J = 7.8 Hz, 2H), 4.05 – 3.96 (m, 4H), 3.12 (d, J = 21.5 Hz, 2H), 2.66 – 2.60 (m, 4H), 1.98 

– 1.90 (m, 2H), 1.24 (t, J = 7.1 Hz, 6H).  

13C{1H} NMR (126 MHz, CDCl3) δ 142.3, 140.3 (d, J = 3.8 Hz), 129.7 (d, J = 7.6 Hz), 128.8 (d, J = 

8.8 Hz), 128.6 (d, J = 2.5 Hz), 128.4, 128.3, 125.7, 60.0 (d, J = 7.6 Hz), 35.4, 35.0, 33.4 (d, J = 138.6 

Hz), 32.9 (d, J = 1.3 Hz), 16.4 (d, J = 5.0 Hz). 
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31P NMR (162 MHz, CDCl3) δ 26.7. 

HRMS (ESI) [M+H]+ m/z calcd for C20H28O3P
+ 347.1771, ASAP-MS found 347.1766. 

IR (cm-1) 3024, 2981, 1507, 1245, 1022, 956, 847. 

 

 

Ethyl 4-(4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethyl)phenyl)butanoate (2.21) 

General Procedure A was followed with 2-(4-chlorophenethyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (133.3 mg, 0.5 mmol, 1 equiv) and ethyl 4-chlorobutyrate (4 × 17.5 𝜇L, 0.5 mmol, 1 

equiv) added portionwise in 4 equal portions over 3 h. After a total of 22 h, the reaction was quenched 

following Purification A and the crude material was purified by chromatography (gradient from 50:1 

pentane/EtOAc to 20:1 pentane/EtOAc) to afford the product (85.1 mg, 49% yield) as a colorless 

oil. 13C NMR spectrum of 2.21 is missing the resonance corresponding to the carbon adjacent to boron, 

consistent with other reports.53 

1H NMR (500 MHz, CDCl3) δ 7.13 (d, J = 7.7 Hz, 2H), 7.06 (d, J = 7.7 Hz, 2H), 4.11 (q, J = 7.1 Hz, 

2H), 2.71 (t, J = 8.2 Hz, 2H), 2.60 (t, J = 7.6 Hz, 2H), 2.30 (t, J = 7.7 Hz, 2H), 1.92 (quint, J = 7.6 Hz, 

2H), 1.29 – 1.19 (m, 15H), 1.12 (t, J = 7.8 Hz, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.7, 142.1, 138.6, 128.4, 128.1, 83.2, 60.3, 34.8, 33.8, 29.6, 26.7, 

24.9, 14.4. 

HRMS (ESI) [M+NH4]
+ m/z calcd for C20H35BNO4

+ 363.2690, found 363.2691. 

IR (cm-1) 2979, 2936, 1733, 1371, 1143, 733. 
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Ethyl 4-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)butanoate (2.22) [CAS: 

1365610-75-8] 

General Procedure B was followed with 4-chlorophenylboronic acid pinacol ester (119.3 mg, 0.5 mmol, 

1 equiv) and ethyl 4-chlorobutyrate (75.3 mg, 0.5 mmol, 1 equiv). After 18 h, the reaction was 

quenched following Purification B and the crude material was purified by chromatography (gradient 

from hexanes to 2:23 EtOAc/hexanes) to afford the product (116.2 mg, 73% yield) as a colorless oil. 

Characterization data matched those reported in the literature.49 13C NMR spectrum of 2.22 is missing 

the resonance corresponding to the carbon adjacent to boron, consistent with other reports.53 

1H NMR (500 MHz, CDCl3) δ 7.73 (d, J = 7.9 Hz, 2H), 7.19 (d, J = 7.9 Hz, 2H), 4.12 (q, J = 7.1 Hz, 

2H), 2.66 (t, J = 7.6 Hz, 2H), 2.30 (t, J = 7.5 Hz, 2H), 1.95 (quint, J = 7.7 Hz, 2H), 1.34 (s, 12H), 1.25 

(t, J = 7.1 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.4, 144.8, 134.9, 127.9, 83.7, 60.2, 35.3, 33.6, 26.4, 24.9, 14.2. 

HRMS (ESI) [M+Na]+ m/z calcd for C18H27BO4Na+ 341.1895, found 341.1893. 

IR (cm-1) 2978, 2933, 1731, 1610, 1357, 1141, 1088, 856. 

 

 

Ethyl 4-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)butanoate (2.23) 

General Procedure A was followed with 2-(3-chlorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(119.3 mg, 0.5 mmol, 1 equiv) and ethyl 4-chlorobutyrate (4 × 17.5 𝜇L, 0.5 mmol, 1 equiv) added 

portionwise in 4 equal portions over 3 h. After a total of 24 h, the reaction was quenched following 

Purification A and the crude material was purified by chromatography (20:1 pentane/EtOAc) to 

afford the product (104.0 mg, 65% yield) as a clear oil. 13C NMR spectrum of 2.23 is missing the 

resonance corresponding to the carbon adjacent to boron, consistent with other reports.53 
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1H NMR (500 MHz, CDCl3) δ 7.65 – 7.63 (m, 2H), 7.33 – 7.26 (m, 2H), 4.12 (q, J = 7.1 Hz, 2H), 2.65 

(t, J = 7.6 Hz, 2H), 2.31 (t, J = 7.5 Hz, 2H), 1.96 (quint, J = 7.6 Hz, 2H), 1.35 (s, 12H), 1.25 (t, J = 7.1 

Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.7, 140.9, 135.0, 132.6, 131.6, 128.0, 83.9, 60.4, 35.2, 33.9, 

26.8, 25.0, 14.4. 

HRMS (ESI) [M+Na]+ m/z calcd for C18H27BO4Na+ 340.1931, found 340.1926. 

IR (cm-1) 2979, 2934, 1733, 1355, 1143, 709. 

 

 

Ethyl 4-(1H-indol-6-yl)butanoate (2.24) 

General Procedure A was followed with 6-chloro-1H-indole (75.8 mg, 0.5 mmol, 1 equiv) and ethyl 

4-chlorobutyrate (4 × 17.5 𝜇L, 0.5 mmol, 1 equiv) added portionwise in 4 equal portions over 3 h. 

After a total of 23 h, the reaction was quenched following Purification A and the crude material was 

purified by chromatography (gradient from 10:1 pentane/EtOAc to 8:1 pentane/EtOAc) to afford 

the product (81.6 mg, 71% yield) as a pale yellow oil.  

1H NMR (500 MHz, CDCl3) δ 8.10 (s, 1H), 7.56 (d, J = 8.1 Hz, 1H), 7.19 (s, 1H), 7.15 (dd, J = 3.2, 

2.4 Hz, 1H), 6.97 (dd, J = 8.0, 1.5 Hz, 1H), 6.52 (ddd, J = 3.1, 2.0, 1.0 Hz, 1H), 4.13 (q, J = 7.1 Hz, 

2H), 2.77 (t, J = 7.5 Hz, 2H), 2.35 (t, J = 7.5 Hz, 2H), 2.02 (quint, J = 7.6 Hz, 2H), 1.26 (t, J = 7.1 Hz, 

3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.9, 136.3, 135.6, 126.2, 123.9, 121.1, 120.6, 110.7, 102.5, 60.4, 

35.5, 33.9, 27.2, 14.4. 

HRMS (ESI) [M+H]+ m/z calcd for C14H18NO2
+ 232.1332, found 232.1328. 

IR (cm-1) 3400, 2932, 2858, 1712, 1250, 721. 
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Ethyl 4-(2-methylquinolin-6-yl)butyrate (2.25) 

A modified General Procedure A was followed with 6-chloro-2-methylquinoline (88.8 mg, 0.5 mmol, 

1 equiv) and ethyl 4-chlorobutyrate (17.5 𝜇L/h (0.125 mmol/h), 0.625 mmol in total, 1.25 equiv). 

After a total of 24 h, the reaction was quenched following Purification A and the crude material was 

purified by chromatography (gradient from 50:1 pentane/EtOAc to 10:1 pentane/EtOAc) to afford 

the product (81.7 mg, 63% yield) as a slightly yellow oil. 

1H NMR (500 MHz, CDCl3) δ 7.94 (dd, J = 13.5, 8.4 Hz, 2H), 7.50 (d, J = 8.9 Hz, 2H), 7.23 (d, J = 

8.4 Hz, 1H), 4.10 (q, J = 7.1 Hz, 2H), 2.80 (t, J = 7.6 Hz, 2H), 2.71 (s, 3H), 2.33 (t, J = 7.4 Hz, 2H), 

2.07 – 1.98 (m, 2H), 1.23 (t, J = 7.2 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.5, 158.4, 146.8, 138.9, 135.8, 130.8, 128.7, 126.5, 126.2, 122.1, 

60.4, 35.1, 33.7, 26.4, 25.4, 14.3. 

HRMS (ESI) [M+H]+ m/z calcd for C16H20NO2
+ 258.1489, found 258.1485. 

IR (cm-1) 2939, 1728, 1601, 1374, 1179, 1026, 827. 

 

 

Ethyl 4-(thiophen-2-yl)butanoate (2.26) [CAS: 91950-17-3] 

General Procedure B was followed with 2-chlorothiophene (59.3 mg, 0.5 mmol, 1 equiv) and ethyl 4-

chlorobutyrate (75.3 mg, 0.5 mmol, 1 equiv). After 18 h, the reaction was quenched following 

Purification B with 5% aq NH4OH instead of brine and the crude material was purified by 

chromatography (gradient from hexanes to 2:23 EtOAc/hexanes) to afford the product (32.7 mg, 33% 

yield) as a colorless oil. A 1H NMR for 2.26 was reported in CDCl3 (example 17),54 but it appears to 

O

OEtS
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actually be of the methyl ester according to the experimental (esterification in methanol) and the 

reported spectrum:  it is missing the expected ethyl CH3 at 1.26 ppm and the 2H signal at 4.13 ppm 

and has an unexpected 3H singlet at 3.67 ppm. 

1H NMR (500 MHz, CDCl3) δ 7.12 (dd, J = 5.1, 1.2 Hz, 1H), 6.92 (dd, J = 5.1, 3.4 Hz, 1H), 6.80 (dd, 

J = 3.5, 1.1 Hz, 1H), 4.13 (q, J = 7.1 Hz, 2H), 2.88 (t, J = 7.5 Hz, 2H), 2.36 (t, J = 7.4 Hz, 2H), 2.01 

(quint, J = 7.5 Hz, 2H), 1.26 (t, J = 7.1 Hz, 3H).  

13C{1H} NMR (126 MHz, CDCl3) δ 173.2, 144.1, 126.8, 124.5, 123.2, 60.3, 33.4, 29.1, 26.9, 14.2. 

HRMS (ESI) [M+H]+ m/z calcd for C10H15O2S
+ 199.0787, ASAP-MS found 199.0785. 

IR (cm-1) 2934, 1729, 1163, 1026, 847, 823, 694.   

 

 

3-(3-phenylpropyl)pyridine (2.27) [CAS: 1802-34-2] 

General Procedure B was followed with diethyl 3-chloropyridine (56.8 mg, 0.5 mmol, 1 equiv) and 1-

chloro-3-phenylpropane (77.4 mg, 0.5 mmol, 1 equiv). After 16 h, the reaction was quenched following 

Purification B with 5% aq NH4OH instead of brine and the crude material was purified by 

chromatography (2:3 EtOAc/cyclohexane) to afford the product (65.0 mg, 66% yield) as a pale yellow 

oil. Characterization data matched those reported in the literature.44 

1H NMR (500 MHz, CDCl3) δ 8.47 – 8.42 (m, 2H), 7.49 (dt, J = 7.8, 2.0 Hz, 1H), 7.29 (dd, J = 8.2, 

6.8 Hz, 2H), 7.22 – 7.16 (m, 4H), 2.66 (q, J = 8.1 Hz, 4H), 2.01 – 1.92 (m, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 150.0, 147.4, 141.7, 137.4, 135.7, 128.4, 125.9, 123.2, 35.3, 32.6, 

32.4. 

HRMS (ESI) [M+H]+ m/z calcd for C14H16N
+ 198.1277, found 198.1276. 

IR (cm-1) 3025, 2930, 2855, 1598, 1485, 1075, 744, 703. 

N

Ph
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Ethyl 4-(6-methoxypyridin-3-yl)butanoate (2.28) 

General Procedure B was followed with 5-chloro-2-methoxypyridine (71.8 mg, 0.5 mmol, 1 equiv) 

and ethyl 4-chlorobutyrate (75.3 mg, 0.5 mmol, 1 equiv). After 16 h, the reaction was quenched 

following Purification B with 5% aq NH4OH instead of brine and the crude material was purified by 

chromatography (10:1 DCM/MeOH) to afford the product (81.5 mg, 73% yield) as a yellow oil. 

Characterization data matched those reported in the literature.44 

1H NMR (500 MHz, CDCl3) δ 7.96 (d, J = 2.4 Hz, 1H), 7.40 (dd, J = 8.5, 2.5 Hz, 1H), 6.68 (d, J = 

8.5 Hz, 1H), 4.12 (q, J = 7.2 Hz, 2H), 3.91 (s, 3H), 2.57 (t, J = 7.6 Hz, 2H), 2.31 (t, J = 7.4 Hz, 2H), 

1.91 (quint, J = 7.5 Hz, 2H), 1.25 (t, J = 7.1 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.3, 162.8, 146.1, 138.9, 129.2, 110.5, 60.3, 53.3, 33.4, 31.3, 

26.5, 14.2. 

HRMS (ESI) [M+H]+ m/z calcd for C12H18NO3
+ 224.1281, found 224.1279. 

IR (cm-1) 2940, 1729, 1606, 1489, 1387, 1283, 1252, 1176, 1142, 1023, 828. 

 

 

4-octylanisole (2.29) [CAS: 3307-19-5] 

General Procedure A was followed with 4-chloroanisole (71.3 mg, 0.5 mmol, 1 equiv) and 1-

chlorooctane (74.3 mg, 0.5 mmol, 1.0 equiv) added in one portion. After 24 h, the reaction mixture 

was loaded directly onto a silica gel column and purified by column chromatography (40:1 

pentane/Et2O) to afford the product (72.2 mg, 66% yield) as a colorless oil. Characterization data 

matched those reported in the literature.48 

NMeO
O

OEt
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1H NMR (500 MHz, CDCl3) δ 7.10 (d, J = 8.5 Hz, 2H), 6.83 (d, J = 8.6 Hz, 2H), 3.79 (s, 3H), 2.54 (t, 

J = 7.2 Hz, 2H), 1.68 – 1.49 (m, 2H), 1.37 – 1.09 (m, 10H), 0.88 (t, J = 6.8 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 157.7, 135.2, 129.4, 113.8, 55.4, 35.2, 32.0, 31.9, 29.6, 29.5, 29.4, 

22.8, 14.3. 

HRMS (ESI) [M+H]+ m/z calcd for C15H25O
+ 221.1900, ASAP-MS found 221.1900. 

IR (cm-1) 2922, 2852, 1611, 1510, 1459, 1242, 1038, 818. 

 

 

1-methoxy-4-(3-phenylpropyl)benzene (2.30) 

A modified General Procedure A was followed with 4-chloroanisole (71.3 mg, 0.5 mmol, 1 equiv) and 

1-chloro-3-phenylpropane (17.9 𝜇L/h (0.125 mmol/h), 0.625 mmol in total, 1.25 equiv). After a total 

of 19 h, the reaction mixture was filtered through silica gel with 5:1 pentane/Et2O and the filtrate was 

concentrated by rotary evaporation. The resulting residue was purified by column chromatography 

(50:1 pentane/Et2O) to afford the product (94.6 mg, 84% yield) as a colorless oil. Characterization 

data matched those reported in the literature.55 

1H NMR (500 MHz, CDCl3) δ 7.36 – 7.29 (m, 2H), 7.26 – 7.19 (m, 3H), 7.17 – 7.12 (d, J = 8.6 Hz, 

2H), 6.90 – 6.85 (d, J = 8.6 Hz, 2H), 3.82 (s, 3H), 2.68 (t, J = 7.7 Hz, 2H), 2.64 (t, J = 7.7 Hz, 2H), 

1.97 (tt, J = 9.3, 6.8 Hz, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 157.8, 142.5, 134.5, 129.4, 128.6, 128.4, 125.8, 113.8, 55.4, 35.5, 

34.6, 33.3. 

HRMS (ESI) [M+H]+ m/z calcd for C16H19O
+ 227.1430, ASAP-MS found 227.1428. 

IR (cm-1) 3027, 2933, 2856, 1611, 1511, 1243, 1036, 731. 
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Trimethoxy-[3-(4-methoxyphenyl)propyl]silane (2.31) [CAS: 40715-68-2] 

General Procedure A was followed with 4-chloroanisole (71.3 mg, 0.5 mmol, 1 equiv) and (3-

chloropropyl)trimethoxysilane (4 × 22.8 𝜇L, 0.5 mmol, 1 equiv) added portionwise in 4 equal portions 

over 3 h. After a total of 24 h, the reaction was quenched following Purification B and the crude 

material was purified by chromatography (9:1 hexanes/EtOAc) to afford the product (43.3 mg, 32% 

yield) as a colorless oil.  

1H NMR (400 MHz, CDCl3) δ 7.09 (d, J = 8.6 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H), 3.78 (s, 3H), 3.55 (s, 

9H), 2.58 (t, J = 7.6 Hz, 2H), 1.76 – 1.64 (m, 2H), 0.72 – 0.63 (m, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 157.8, 134.5, 129.5, 113.8, 55.4, 50.7, 38.4, 24.9, 8.9. 

HRMS (ESI) [M+Na]+ m/z calcd for C13H22O4SiNa+ 293.1180, found 293.1176. 

IR (cm-1) 2934, 2838, 1510, 1460, 1243, 1183, 1077, 1037, 806.  

 

 

1-methoxy-4-(2-phenoxyethyl)benzene (2.32) [CAS: 127294-20-6] 

A modified General Procedure A was followed with 4-chloroanisole (71.3 mg, 0.5 mmol, 1 equiv) and 

(2-chloroethoxy)benzene (17.3 𝜇L/h (0.125 mmol/h), 0.625 mmol in total, 1.25 equiv). After a total 

of 19 h, the reaction mixture was filtered through silica gel with 5:1 pentane/Et2O and the filtrate was 

concentrated by rotary evaporation. The resulting residue was purified by column chromatography 

(gradient from 40:1 pentane/Et2O to 30:1 pentane/Et2O) to afford the product (73.3 mg, 64% yield) 

as a colorless oil. Characterization data matched those reported in the literature.56 

1H NMR (500 MHz, CDCl3) δ 7.34 (t, J = 7.9 Hz, 2H),  7.28 (d, J = 8.9 Hz 2H), 7.04 – 6.90 (m, 5H), 

4.20 (t, J = 7.1 Hz, 2H), 3.86 (s, 3H), 3.11 (t, J = 7.1 Hz, 2H). 
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13C{1H} NMR (126 MHz, CDCl3) δ 158.9, 158.4, 130.4, 130.1, 129.5, 120.8, 114.6, 114.0, 68.9, 55.3, 

35.0. 

HRMS (ESI) [M-OPh]+ m/z calcd for C9H11O
+ 135.0804, found 135.0803. 

IR (cm-1) 2937, 2836, 1513, 1241, 1033, 906, 727. 

 

 

2-(4-methoxybenzyl)tetrahydrofuran (2.33) [CAS: 859999-32-9] 

A modified General Procedure A was followed with 4-chloroanisole (71.3 mg, 0.5 mmol, 1 equiv) and 

2-(chloromethyl)tetrahydrofuran (13.6 𝜇L/h (0.125 mmol/h), 0.625 mmol in total, 1.25 equiv). After 

a total of 22 h, the reaction was quenched following Purification A and the crude material was purified 

by chromatography (gradient from 50:1 pentane/EtOAc to 20:1 pentane/EtOAc) to afford the 

product (66.3 mg, 69% yield) as a colorless oil. Characterization data matched those reported in the 

literature.57 

1H NMR (500 MHz, CDCl3) δ 7.15 (d, J = 8.4 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 4.03 (quint, J = 6.6 

Hz, 1H), 3.89 (q, J = 7.2 Hz, 1H), 3.78 (s, 3H), 3.74 (td, J = 7.9, 6.3 Hz, 1H), 2.86 (dd, J = 13.7, 6.5 

Hz, 1H), 2.70 (dd, J = 13.7, 6.4 Hz, 1H), 1.96 – 1.79 (m, 3H), 1.55 (dq, J = 11.5, 8.0 Hz, 1H). 

13C{1H} NMR (126 MHz, CDCl3) δ 158.1, 131.1, 130.2, 113.8, 80.3, 68.0, 55.3, 41.1, 31.0, 25.7. 

HRMS (ESI) [M+H]+ m/z calcd for C12H17O2
+ 193.1223, ASAP-MS found 193.1221. 

IR (cm-1) 2935, 2835, 1612, 1512, 1244, 1177, 1034. 

 

 

2-(4-methoxybenzyl)tetrahydropyran (2.34) [CAS: 1408141-63-8] 
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General Procedure A was followed with 4-chloroanisole (71.3 mg, 0.5 mmol, 1 equiv) and 2-

(chloromethyl)tetrahydropyran (4 × 15.7 𝜇L, 0.5 mmol, 1.0 equiv) added portionwise in 4 equal 

portions over 3 h. After a total of 24 h, the reaction was quenched following Purification A and the 

crude material was purified by chromatography (gradient from 20:1 pentane/EtOAc to 15:1 

pentane/EtOAc) to afford the product (93.0 mg, 90% yield) as a colorless oil. Characterization data 

matched those reported in the literature.56 

1H NMR (500 MHz, CDCl3) δ 7.13 (d, J = 8.6 Hz, 2H), 6.83 (d, J = 8.7Hz, 2H), 3.98 (ddt, J = 11.5, 

4.1, 1.8 Hz, 1H), 3.79 (s, 3H), 3.48 – 3.36 (m, 2H), 2.82 (dd, J = 13.8, 6.6 Hz, 1H), 2.59 (dd, J = 13.8, 

6.5 Hz, 1H), 1.80 (dq, J = 12.4, 2.7 Hz, 1H), 1.56 (tt, J = 12.1, 4.1 Hz, 2H), 1.52 – 1.36 (m, 2H), 1.27 

(tdd, J = 12.9, 10.9, 4.0 Hz, 1H). 

13C{1H} NMR (126 MHz, CDCl3) δ 158.1, 131.0, 130.4, 113.7, 79.1, 68.7, 55.3, 42.4, 31.5, 26.2, 23.6. 

HRMS (ESI) [M+H]+ m/z calcd for C13H19O2
+ 207.1380, ASAP-MS found 207.1377. 

IR (cm-1) 2934, 2835, 1612, 1511, 1243, 1036. 

 

 

2-(3-methoxybenzyl)tetrahydropyran (2.35) [CAS: 1258063-60-3] 

The preparative-scale benchtop procedure was followed with 3-chloroanisole (1.0 g, 7.01 mmol, 1 

equiv) and 2-(chloromethyl)tetrahydropyran (1.18 g, 8.76 mmol, 1.25 equiv) added dropwise via 

addition funnel over 2 h. After stirring at 80 °C for a total of 24 h, the reaction was cooled to room 

temperature and diluted with Et2O (20 mL). The reaction was washed with a solution of saturated 

brine (4 × 50 mL). The combined aqueous layer was extracted with Et2O (20 mL) and the organic 

layers were combined, dried over MgSO4, and concentrated by rotary evaporation to provide a yellow 

oil. The resulting crude was dry-loaded and purified by column chromatography (gradient from 20:1 
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pentane/EtOAc to 10:1 pentane/EtOAc) to provide the product (915 mg, 63% yield) as a clear, 

colorless oil. Characterization data matched those reported in the literature.58 

1H NMR (500 MHz, CDCl3) δ 7.20 (t, J = 7.8 Hz, 1H), 6.83 – 6.73 (m, 3H), 4.01 – 3.95 (m, 1H), 3.80 

(s, 3H), 3.49 (dtd, J = 10.8, 6.6, 2.0 Hz, 1H), 3.42 (td, J = 11.8, 2.4 Hz, 1H), 2.86 (dd, J = 13.6, 6.6 Hz, 

1H), 2.62 (dd, J = 13.6, 6.5 Hz, 1H), 1.85 – 1.77 (m, 1H), 1.65 – 1.53 (m, 2H), 1.52 – 1.38 (m, 2H), 

1.34 – 1.24 (m, 1H). 

13C{1H} NMR (126 MHz, CDCl3) δ 159.6, 140.6, 129.3, 121.9, 115.3, 111.5, 78.8, 68.8, 55.3, 43.4, 

31.6, 26.2, 23.6. 

HRMS (ESI) [M+H]+ m/z calcd for C13H19O
+ 207.1380, ASAP-MS found 207.1378. 

IR (cm-1) 2935, 2836, 1256, 1087, 1041, 696. 

 

 

4-(4-methoxybenzyl)-2,2-dimethyl-1,3-dioxolane (2.36) 

General Procedure A was followed with 4-chloroanisole (71.3 mg, 0.5 mmol, 1 equiv) and 4-

(chloromethyl)-2,2-dimethyl-1,3-dioxolane (4 × 17.7 𝜇L, 0.5 mmol, 1.0 equiv) added portionwise in 4 

equal portions over 3 h. After a total of 24 h, the reaction was quenched following Purification A and 

the crude material was purified by chromatography (gradient from 20:1 pentane/EtOAc to 10:1 

pentane/EtOAc) to afford the product (59.7 mg, 54% yield) as a colorless oil. Characterization data 

matched those reported in the literature.59 

1H NMR (500 MHz, CDCl3) δ 7.13 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 4.33 – 4.24 (m, 1H), 

3.95 (dd, J = 8.1, 5.9 Hz, 1H), 3.79 (s, 3H), 3.63 (dd, J = 8.1, 6.9 Hz, 1H), 2.96 (dd, J = 13.8, 6.1 Hz, 

1H), 2.72 (dd, J = 13.8, 7.2 Hz, 1H), 1.43 (s, 3H), 1.35 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 158.4, 130.2, 129.7, 114.0, 109.2, 77.0, 69.1, 55.3, 39.3, 27.1, 25.8. 
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HRMS (ESI) [M+H]+ m/z calcd for C13H19O3
+ 223.1329, ASAP-MS found 223.1327. 

IR (cm-1) 2986, 2936, 2836, 1613, 1513, 1245, 1035. 

 

 

6-(4-methoxyphenyl)hexan-1-ol (2.37) [CAS: 102831-36-7] 

A modified General Procedure A was followed with 4-chloroanisole (71.3 mg, 0.5 mmol, 1 equiv) and 

6-chlorohexan-1-ol (16.7 𝜇L/h (0.125 mmol/h), 0.625 mmol in total, 1.25 equiv). After a total of 22 

h, the reaction was quenched following Purification A and the crude material was purified by 

chromatography (gradient from 20:1 pentane/EtOAc to 5:1 pentane/EtOAc) to afford the product 

(69.6 mg, 67% yield) as a colorless oil. Characterization data matched those reported in the literature.60 

1H NMR (500 MHz, CDCl3) δ 7.09 (d, J = 8.8 Hz, 2H), 6.82 (d, J = 8.1 Hz, 2H), 3.79 (s, 3H), 3.63 (t, 

J = 6.6 Hz, 2H), 2.55 (t, J = 7.7 Hz, 2H), 1.61 (s, 1H), 1.57 (tq, J = 12.8, 7.2 Hz, 4H), 1.36 (tq, J = 

11.0, 5.8, 5.0 Hz, 4H). 

13C{1H} NMR (126 MHz, CDCl3) δ 157.7, 135.0, 129.4, 113.8, 63.1, 55.4, 35.1, 32.9, 31.8, 29.1, 25.7. 

HRMS (ESI) [M+H]+ m/z calcd for C13H21O2
+ 209.1536, [M-OH]+ m/z calcd for C13H19O

+ 191.1430, 

ASAP-MS found 209.1534, 191.1428. 

IR (cm-1) 3338, 2929, 2855, 1612, 1511, 1243, 1035, 731. 

 

 

3-(4-methoxyphenyl)propyl acetate (2.38) 

A modified General Procedure A was followed with 4-chloroanisole (71.3 mg, 0.5 mmol, 1 equiv) and 

3-chloropropyl acetate (15.4 𝜇L/h (0.125 mmol/h), 0.625 mmol in total, 1.25 equiv). After a total of 
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22 h, the reaction was quenched following Purification A and the crude material was purified by 

chromatography (gradient from 40:1 pentane/EtOAc to 15:1 pentane/EtOAc) to afford the product 

(54.4 mg, 52% yield) as a colorless oil. Characterization data matched those reported in the literature.61 

1H NMR (500 MHz, CDCl3) δ 7.10 (d, J = 8.5 Hz, 2H), 6.83 (d, J = 8.3 Hz, 2H), 4.07 (t, J = 6.6 Hz, 

2H), 3.79 (s, 3H), 2.63 (t, J = 7.7 Hz, 2H), 2.05 (s, 3H), 1.97 – 1.88 (m, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 171.3, 158.0, 133.3, 129.4, 113.9, 63.9, 55.4, 31.3, 30.5, 21.1. 

HRMS (ESI) [M+NH4]
+ m/z calcd for C12H20NO3

+ 226.1438, found 226.1434. 

IR (cm-1) 2953, 2836, 1735, 1612, 1512, 1236, 1034, 810. 

 

 

Tert-butyl (3-phenylpropyl)carbamate (2.39) [CAS: 147410-39-7] 

General Procedure B was followed with chlorobenzene (56.3 mg, 0.5 mmol, 1 equiv) and tert-butyl (3-

chloropropyl)carbamate (92.3 𝜇L, 0.5 mmol, 1 equiv) added in one portion. After 42 h, the reaction 

was quenched following Purification B and the crude material was purified by chromatography 

(gradient from hexanes to 4:1 hexanes/EtOAc) to afford the product (72.9 mg, 62% yield) as a 

colorless oil. Characterization data matched those reported in the literature.49 

1H NMR (500 MHz, CDCl3) δ 7.34 (t, J = 7.6 Hz, 2H), 7.25 (t, J = 7.2 Hz, 3H), 4.70 (s, 1H), 3.26 – 

3.10 (m, 2H), 2.70 (t, J = 7.8 Hz, 2H), 1.87 (quint, J = 7.3 Hz, 2H), 1.52 (s, 9H). 

13C{1H} NMR (126 MHz, CDCl3) δ 156.1, 141.6, 128.5, 128.4, 126.0, 79.1, 40.3, 33.2, 31.8, 28.5. 

HRMS (ESI) [M+Na]+ m/z calcd for C14H21NO2Na+ 258.1465, found 258.1463. 

IR (cm-1) 3345, 2972, 2928, 2861, 1689, 1505, 1451, 1363, 1246, 1165, 740, 697. 
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tert-butyl benzyl(3-phenylpropyl)carbamate (2.40) 

General Procedure A was followed with chlorobenzene (56.3 mg, 0.5 mmol, 1 equiv) and tert-butyl 

benzyl(3-chloropropyl)carbamate (4 × 36.1𝜇L, 0.5 mmol, 1 equiv) added portionwise in 4 equal 

portions over 3 h. After a total of 24 h, the reaction was quenched following Purification B procedure 

and the crude material was purified by chromatography (gradient from hexanes to 9:1 hexanes/EtOAc) 

to afford the product (100.7 mg, 62% yield) as a colorless oil.  

1H NMR (500 MHz, CDCl3) δ 7.38 – 7.13 (m, 10H), 4.46 (d, J = 24.8 Hz, 2H), 3.26 (d, J = 62.4 Hz, 

2H), 2.60 (s, 2H), 1.84 (s, 2H), 1.50 (s, 9H). 

13C{1H} NMR (126 MHz, CDCl3) δ
 156.1, 155.7, 141.9, 141.7, 138.8, 138.6, 128.6, 128.5, 128.4, 128.4, 

127.8, 127.2, 125.9, 79.7, 50.7, 50.1, 46.6, 46.3, 33.3, 29.8, 28.5. 

HRMS (ESI) [M+Na]+ m/z calcd for C21H27NO2Na+ 348.1934, found 348.1931. 

IR (cm-1) 3061, 3027, 2972, 2928, 1688, 1455, 1412, 1363, 1156, 882, 735, 697. 

 

 

1-cyclopentyl-4-methoxybenzene (2.41) [CAS: 1507-97-7] 

A modified General Procedure A was followed with 4-chloroanisole (71.3 mg, 0.5 mmol, 1 equiv) and 

chlorocyclopentane (15.1 𝜇L/h (0.125 mmol/h), 0.625 mmol in total, 1.25 equiv). After a total of 22 

h, the reaction was quenched following Purification A procedure and the crude material was purified 

by chromatography (100:1 pentane/EtOAc) to afford the product (31.0 mg, 35% yield) as a colorless 

oil. Characterization data matched those reported in the literature.62  

1H NMR (500 MHz, CDCl3) δ 7.17 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 8.5 Hz, 2H), 3.80 (s, 3H), 2.95 

(tt, J = 9.9, 7.4 Hz, 1H), 2.10 – 2.00 (m, 2H), 1.80 (ddd, J = 9.9, 7.1, 4.9 Hz, 2H), 1.74 – 1.63 (m, 2H), 

1.61 – 1.50 (m, 2H). 
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13C{1H} NMR (126 MHz, CDCl3) δ 157.6, 138.5, 127.9, 113.6, 55.3, 45.1, 34.7, 25.4. 

HRMS (ESI) [M+H]+ m/z calcd for C12H17O
+ 177.1274, ASAP-MS found 177.1272. 

IR (cm-1) 2951, 2866, 2834, 1612, 1512, 1242, 1038, 824. 
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3.1. Introduction. 

In the past decade, C(sp2)–C(sp3) cross-electrophile coupling (XEC) has emerged as a powerful 

tool for exploring chemical space with abundant, readily available starting materials from a variety of  

substrate pools.1,2,3 The scope of  this approach has improved dramatically with better understanding 

of  reaction mechanisms allowing for the development of  new catalytic systems that can promote 

couplings with previously inaccessible classes of  substrates such as aryl chlorides, 4  aliphatic 

alcohols,5,6,7 and carboxylic acid derivatives.8,9,10 However, one useful, distinct class of  substrates that 

has remained notably absent from XEC reaction development is phenol-derived aryl sulfonate esters. 

Despite the wealth of  literature showing aryl C–O electrophiles are competent reactants in nickel-

catalyzed cross-coupling reactions,11,12,13 there are only a few reports employing them in C(sp2)–C(sp3) 

XEC reactions,14,15 perhaps due to challenges associated with aryl triflates under reductive conditions. 

This underrepresentation arises from three main issues (Figure 3.1): 1) triflate anions have been shown 

to inhibit the rate of  reduction of  Ni(II) species at the surface of  zinc;16 2) oxidative addition of  aryl 

triflates is more challenging than the analogous aryl bromide17 and chloride,4 and 3) while electron-

poor aryl triflates work in some cases, electron-neutral and electron-rich aryl triflates provide very low 

yields. We show here how the challenges associated with aryl triflates can be overcome by individually 

addressing three issues: substrate activation selectivity, inhibition of  catalyst turnover by triflate anions, 

and competing side reactions.  
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Figure 3.1. Challenges for Using Aryl Triflates in Cross-Electrophile Coupling Reactions. 

 

 

Aryl triflates have posed a long-standing challenge for nickel XEC.18 In redox neutral C–C 

couplings, conditions have been developed that can not only engage aryl triflates in productive cross-

couplings, but also considerably less reactive aryl methyl ethers. However, our work in cross-Ullman 

chemistry has shown that nickel bipyridine (and related catalysts) are unreactive towards aryl triflates,17 

and select reductive XEC methodologies have demonstrated preferential oxidative addition into aryl 

halides in the presence of  aryl triflates.18 This challenge is, in part, due to inhibition of  reduction of  

nickel by triflate anions (Figure 3.1a). Despite having similar reduction potentials, the reduction of  

(dtbbpy)NiCl2 occurs more readily than the reduction of  (dtbbpy)Ni(OTf)2 at the surface of  zinc.16 

This inhibitory effect can be overturned with the addition of  sufficient quantities of  alkali chloride 

salts, increasing the yield of  Ni0 from 0% to 44%. ZnCl2, which is inevitably generated under the 

reaction conditions, did not counteract this inhibitory effect, suggesting cation identity can 

significantly influence reduction kinetics. Additionally, some reports have shown that the addition of  

lithium bromide can promote oxidative addition of  aryl triflates by nickel catalysts. Consequently, 
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lithium halide salts present in sufficient quantities should both aid in the consumption of  aryl triflates 

and effective turnover of  the nickel catalyst. 

Despite these insights, the challenge of  achieving a general, selective XEC reaction with aryl 

triflates has been elusive for a decade. In 2017 Hosoya and coworkers reported the cross-coupling of  

electron-deficient/electron-neutral aryl triflates and nonaflates with alkyl iodides (24 examples 50 + 

28%, Figure 3.2b).14 Electron-rich aryl triflates afforded no cross-coupled product and employing alkyl 

bromides instead of  alkyl iodides under these conditions led to a 68% decrease in yield, presumably 

due to slower formation of  the requisite alkyl radical (and suggesting that there is a reactivity difference 

between electron-rich and electron-poor aryl triflate). In 2019 Shu reported the alkylation of  tyrosine 

on peptide through conversion of  the side-chain phenol to the corresponding aryl triflate followed by 

subsequent cross-coupling with primary alkyl bromides generated in situ via treatment of  alkyl 

tosylates with alkali bromide salts.15 Though reaction yields were typically high (21 examples, 69 + 

14%, Figure 3.2c), the effects of  deviations on the steric and electronic profile of  the aryl triflate were 

not studied. To date, no report has demonstrated a general XEC reaction for both electron-rich and 

electron-deficient aryl triflates (Figure 3.2). The methods presented by both Hosoya and Shu employ 

a nickel bathophenanthroline catalyst, suggesting that evaluating other catalysts could be key to 

addressing the limitations in applying aryl triflates in nickel XEC. In 2020, our group published a 

method for the cross-electrophile coupling of  aryl chlorides with alkyl chlorides, two functional 

groups that are commonly unreactive under conventional XEC conditions, that was enabled by the 

use of  PyBCamCN as the ancillary ligand.4 Accordingly, we hypothesized that this ligand could be used 

to promote the oxidative addition of  electron-rich aryl triflates, which should have analogous reactivity 

to aryl chlorides. 
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Figure 3.2. Aryl C–O Electrophiles in Cross-Coupling Reactions. 

 

 

Another critical parameter to ensure a selective XEC reaction is controlling alkyl radical 

generation. The rate of  radical generation must be closely matched with the rate of  oxidative addition, 

otherwise formation of  undesired homodimer species will dominate. In situ conversion of  unreactive 

alkyl electrophiles into reactive species has been used in a variety of  C(sp2)–C(sp3) XEC 

methodologies. Most notably, alkali iodide salts are used to generate alkyl iodides from alkyl sulfonate 

esters,7 alkyl bromides,18 and alkyl chlorides4 effectively “turning on” reactivity with diverse 

electrophiles and enabling cross-selective reactions. We envision halide exchange can be useful tool to 

not only upregulate alkyl electrophile reactivity, but to fine-tune and even downregulate alkyl reactivity 

by modulating both the identity and stoichiometry of  the employed halide additive (Figure 3.3). 
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Figure 3.3. A Strategy for Selective Cross-Coupling Between Two Electrophiles. 

 

 

 

3.2. Reaction Optimization. 

3.2.1. Aryl Triflates and Alkyl Bromides 

Early into our studies, we observed significant ligand effects depending on the electronics of  

the aryl triflate. Initial evaluation of  the reaction with electron-poor 4-carbomethoxyphenyl triflate 

(3.1) and 1-bromooctane (3.2) afforded methyl 4-octylbenzoate (3.3) in 90% yield using 

phenanthroline (phen) as the ligand (Table 3.1, entry 1). Reactions employing other bidentate amine 

ligands, such as bathophenanthroline (L2) and bipyridines (L3–L5), provided 3.3 in 8–74% yields 

(Table 3.1, entries 2–5). Changing from NMP as solvent reduced yields, as did decreasing the reaction 

temperature from 60 °C. The primary side reactions observed were reductive dimerization of  1-

bromooctane, reduction of  the aryl triflate to generate methyl benzoate, and homocoupling of  the 

arene.  
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Table 3.1. Ligand Effects on the Cross-Electrophile Coupling of Aryl Triflates with Alkyl Bromides.a 

 

 

Entry Ar–OTf Alk–Br Ligand Additive Productb (%) Prod/Dimer 

1 3.1 3.2 phen – 90 9.4 

2 3.1 3.2 BPhen – 74 4.6 

3 3.1 3.2 Bpy – 57 1.6 

4 3.1 3.2 dtbbpy – 15 0.3 

5 3.1 3.2 dmbpy – 8 0.2 

6 3.5 3.6 phen – 18 0.4 

7 3.5 3.6 phen LiCl 25 2.1 

8 3.5 3.6 Terpy LiCl 9 0.3 

9 3.5 3.6 BpyCam LiCl 7 0.2 

10 3.5 3.6 PyBCam LiCl 41 1.8 

11 3.5 3.6 PyBCamCN LiCl 52 2.5 
aReactions run on a 0.2 mmol scale in 250 µL of NMP. bYields were determined by GC analysis 
calibrated against dodecane as an internal standard.  

 

Under the same reaction conditions that provided high yield of  3.3, cross-electrophile 

coupling of  electron-rich 4-methoxyphenyl triflate (3.5) with ethyl 4-bromobutyrate (3.6) afforded the 

cross-coupled product 3.7 in 18% yield due to competitive alkyl dimerization (Table 3.1, entry 6). The 

addition of  LiCl reduced alkyl dimer formation and improved yields of  3.3 to 25%. Different lithium 

salt additives decreased selectivity and yield. The use of  tridentate amine ligand pyridine 2-

carboxamidine (PyBCam) further improved the cross-selectivity towards the product, while 

terpyridine and bipyridine 6-carboxamidine (BpyCam) ligands gave low yield. An improvement to 52% 

yield was achieved by using PyBCamCN (L9) as a ligand (Table 3.1, entry 11). 
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3.2.2. Aryl Triflates and Alkyl Chlorides. 

The ability to couple both alkyl bromides and chlorides would be versatile in multistep 

synthesis, but alkyl chlorides are much less reactive. Cross-coupling between 4-methoxyphenyl triflate 

3.5 with ethyl 4-chlorobutyrate afforded product in 55% yield using PyBCamCN and LiCl. However, 

under the same conditions, coupling between an electron-deficient 4-carbomethoxyphenyl triflate 3.1 

with 1-chlorooctane 3.9 resulted in 5% yield of cross-coupled product and unconsumed alkyl chloride. 

Under the hypothesis that halide exchange may help achieve cross-selectivity, various halide sources 

were introduced through the nickel precatalysts and exogenous salt additives (Table 3.2). Elevating 

temperature to 80 °C and introducing a catalytic amount of iodide increased the product yield but did 

not lead to full consumption of the alkyl chloride. PyBCamCN was again the optimal ligand as it allowed 

activation of aryl triflate and resulted in minimal aryl dimerization. 

Table 3.2. Introducing Halide Sources Through Nickel Catalyst and Salt Additives. 

 

 

Entry Ni Precatalysts LiX Additives Total Amount of  I– 3.3 (%) 

1 NiBr2(dme)a LiCl (1 equiv) 10 mol%b 5 

2 NiI2•4H2O LiCl (1 equiv) 20 mol% 44 

3 NiCl2(dme) 
LiCl (1 equiv),  

LiI (20 mol%) 
20 mol% 41 

4 NiCl2(dme) 
LiCl (1equiv),  

LiI (1 equiv) 
100 mol% 88 

5 NiCl2(dme) LiI (1 equiv) 100 mol% 60 

6 NiCl2(dme) LiI (2 equiv) 200 mol% >99 
a5 mol% of catalyst loading was used. bTotal amount of bromide is noted. Yields reported are 
calibrated against 1,3,5-trimethoxybenzene as an internal standard. 
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3.3. Reaction Scope. 

Electron-deficient aryl triflates such as those bearing ketone and trifluoromethyl substituents 

coupled in high yields (3.2, 3.10–3.12). While electron-deficient heteroaryl triflate pyridine coupled in 

high yield (3.13), quinoline coupled in low yield (3.14). When 4-chlorophenyl triflate was employed as 

a substrate lower yield was observed, presumably due to selectivity problems associated with oxidative 

addition to the chloride rather than the triflate. Electron-rich aryl triflates (3.7 and 3.18) coupled well 

and steric encumberment ortho- to the triflate are well tolerated (3.17 and 3.19). 

Electron-rich aryl triflates bearing thioether and aliphatic substituents were coupled in good 

yields (3.7, 3.17, and 3.18). The reaction tolerates halogenated arenes with fluorine or chlorine 

substituted compounds 3.22 and 3.23 being formed in 69% and 50% yields, respectively. The 

improved yield of  3.20 compared to 3.19 is attributed to the additional steric bias for triflate coupling 

provided by the methyl group. Reactions with aryl triflates bearing more reactive halogen substituents, 

such as bromine, iodine, or activated chlorines (i.e.: 2-chloropyridine) were unsuccessful, presumably 

due to competitive oxidative addition. Naphthalene (3.24) and benzothiazole (3.25) derived aryl 

triflates coupled in 64% and 53% yields. Orthogonality to conventional cross-coupling was 

demonstrated by the synthesis of  the pinacol boronic ester 3.26 in 67% yield. We also explored the 

application of  this coupling to more complex substrates and observed couplings with estrone (3.27) 

and tyrosine (3.28) derivatives in 71% and 47% yields, although the stereocenter in 3.28 was partially 

racemized from >95% to 39% ee. 
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Figure 3.4. Scope of the Cross-Electrophile Coupling of Aryl Triflates with Alkyl Halides Under 
Modular Conditions. 

 

aReaction run using Condition A. bReaction run using Condition B. cReaction run using Condition C. 

dEnantiomeric excess determined by SFC equipped with a chiral column. eThe reaction was stirred 

for 48 h. fReaction was run at 4 mmol scale. 
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Alkyl bromides with -branching were effective coupling partners and that both esters and 

boranes were tolerated; alkyl branched product 3.29 was formed in 49% yield and functionalized 

products 3.30 and 3.31 were generated in 67% and 46% yields, respectively. The selectivity of  the 

reaction for alkyl bromides was excellent, as 1-bromo-4-chlorobutane coupled exclusively with the 

alkyl bromide to provide 3.32 in 48% yield (rest were returned aryl triflate). The decrease in yield 

observed with variation to the alkyl bromide are due to increased alkyl dimerization and 

protodetriflation.  

Couplings with alkyl chlorides tolerate aryl and alkyl ethers, including substrates with a -

leaving group susceptible to elimination, as shown by the formation of compounds 3.34 and 3.35 in 

46% and 78% yields. A variety of functional groups can be included, such as acetonides (3.37), acylated 

alcohols (3.38), and carbamate protected amines (3.39), formed in 52%, 71%, and 59% yields, 

respectively. Secondary alkyl chlorides are challenging, but compound 3.40 formed in 40% yield. Both 

reaction conditions were tested on gram-scale on the benchtop to show the synthetic utility of this 

transformation. 

 

3.4. Mechanistic Studies. 

The need to employ different ligands depending on the arene electronics and changes in 

byproduct profiles suggested that there may be subtle mechanistic differences between these couplings. 

General substrate trends showed reactions with PyBCamCN were more selective for product formation 

over aryl dimerization but required longer reaction times. Additionally, reactions with PyBCamCN 

worked well to couple both alkyl bromides and chlorides, whereas phen was only successful in 

coupling of activated aryl triflates with alkyl bromides. A series of mechanistic studies were run to gain 

a better understanding of the origins of these reactivity differences. 
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3.4.1. Comparisons of Reactions with Phen and PyBCamCN. 

The cross-coupling reaction between phenyl triflate (3.47) with 1-bromooctane (3.2) was 

followed over time and compared with the two conditions using either phen or PyBCamCN. The 

reaction aliquots were quenched with I2/LiCl to quantify the formation of organometallic reagents in 

the reaction mixture (Figure 3.5).19 XEC reactions with phenyl triflate (3.47) using phen as the ligand 

for nickel resulted in 62% yield of Ph–I compared to 2% using PyBCamCN as the ligand. 

Concentrations of Ph–I above the 5 mol% Ni loading were attributed to an arylzinc reagent (PhZnCl) 

generated in situ by transmetalation from nickel to zinc. When 4-carbomethoxyphenyl triflate (3.1) was 

used in place of phenyl triflate (3.47) under phen/nickel catalysis, the corresponding aryl iodide was 

observed in 28% yield.  
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Figure 3.5. Assessment of the Presence of Organometallic Reagents. 

 

 

 

mmol calculated from GC calibrated yield against 1,3,5-trimethoxybenzene. 
 

Figure 3.6 demonstrates the reactivity of phen ligated nickel with phenyl triflates (3.47) and 4-

carbomethoxyphenyl triflate (3.1) with or without LiCl present. Iodine quenching experiments showed 

that 1) phen ligated nickel without LiCl additive generates significant quantities of arylzinc along with 

cross-coupled product, and 2) the addition of LiCl converts arylzinc to aryl dimers through 

acceleration of transmetalation (complete conversion to aryl dimer within 30 min of reaction). The 

ratio of arylzinc to cross-coupled product varies based on aryl electronics. Activated aryl triflates 
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generate less arylzinc (and thus more product) compared to unactivated aryl triflates. These 

experiments prompted us to question whether aryl zinc species were involved in product formation, 

as has been reported in some types of XEC-style reactions,20 or unproductive side products. 

Figure 3.6. Effect of LiCl on (phen)NiCl2 Catalyzed Reaction. 

 

 

3.4.2. Role of the Aryl Zinc Species. 

A series of  control reactions were run to determine the conditions necessary for in situ 

formation of  arylzinc halide and showed that: 1) no arylzinc was generated in the absence of  a Ni 

catalyst, and 2) phen ligated nickel is required for phenylzinc formation, as neither nickel alone nor 

PyBCamCN ligated nickel generated phenylzinc. These observations, along with work by Hintermann,21 

suggest that phenylzinc is generated by transmetalation from arylnickel(II) to zinc salts present in 
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solution. Additionally, the reduced formation of  arylzinc observed with 4-carbomethoxy phenyl 

triflate (3.1) suggests that the electronics of  the arene can affect the rate of  transmetalation.22 Notably, 

phenylzinc accumulated once alkyl bromide was depleted and only aryl triflate remained, suggesting 

that arylzinc formation occurs as a consequence of  poor oxidative addition selectivity between 

coupling partners. 

To further shed light upon the fate of  arylzinc reagents in these XEC reactions, we conducted 

a series of  competition experiments between electronically-matched aryl triflates and arylzinc halide 

reagents. Reaction of  bromooctane with a 1:1 ratio of  phenylzinc chloride and 3-methylphenyl triflate 

showed that the aryl triflate reacted faster than the phenylzinc chloride (Figure 3.7). When phen was 

used as the ligand, a 2:1 selectivity for coupling the triflate was observed despite the high concentration 

of  phenylzinc present compared to the catalytic conditions. The same experiment with PyBCamCN 

showed opposite selectivity of  1:6 of  3-octyltoluene (i) to octylbenzene (ii). When employing 

PyBCamCN as the ligand, arylzinc does not form in an appreciable amount (less than 5 mol%), 

therefore the selectivity can be attributed to the reduced formation of  arylzinc species. The possibility 

that alkyl zinc reagents are responsible for product formation was tested via a similar competition 

experiment between 1-bromooctane and dodecyl zinc bromide (Figure 3.8). Reactions with phen or 

PyBCamCN both showed a 2:1 selectivity for coupling the alkyl bromide over the alkylzinc, suggesting 

that product formation is not occurring via an in situ Negishi coupling. 
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Figure 3.7. Competition Study Between Phenyl Zinc and Aryl Triflate. 

 

 

Entry Ligand/Additive Yield 3.54 (%) Yield 3.48 (%) Ratio 3.54:3.48 

1 phen (L1) 40 24 3:1 

2 PyBCamCN (L9), LiCl 3 19 1:6 

GC yield calibrated against 1,3,5-trimethoxybenzene as an internal standard is reported after 24 h. 

 
Figure 3.8. Competition Study Between Alkyl Zinc and Alkyl Bromide. 

 

 

Entry Ligand/Additive Ratio 3.48:3.55 

1 phen (L1) 2:1 

2 PyBCamCN (L9), LiCl 2:1 

Ratio calculated from GC yield calibrated against 1,3,5-trimethoxybenzene as an internal standard. 

 

3.5. Complex Role of the Lithium Additives. 

In related cross-electrophile coupling reactions, LiCl was shown to be effective at promoting 

the reduction of  various Ni(II) species at the surface of  zinc, while ZnCl2 (which is necessarily formed 

under the reported XEC conditions) was shown to inhibit reduction of  the same species suggesting 

that the cation is the key to this observed reactivity.16 Based on our previous work we hypothesized 

that we could use LiX salts to both accelerate the reduction of  nickel at zinc and modulate the rate of  

radical generation through an in situ Finkelstein reaction. 

In the cross-coupling of triflate 3.1 and alkyl chloride 3.9 with lithium chloride as a 

(super)stoichiometric additive, the cross-coupled product was only observed in 12% yield while the 

reduced aryl triflate and recovered alkyl chloride were seen in 21% and 50%, respectively. When LiBr 
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was used in place of LiCl the product was formed in 40% yield with 22% of the alkyl chloride 

recovered, supporting the hypothesis that halide identity in the salt additive is crucial for controlling 

reactivity of alkyl electrophiles (Figure 3.9). This was further demonstrated when LiI was employed, 

improving the yield to 86%. Employing lithium salts with non-halide counteranions afforded 

moderate conversion of the aryl triflate to the corresponding arene and recovered alkyl chloride. We 

observed that the added halide sources (bromide or iodide) has a strong correlation with the 

consumption of alkyl chloride (Figure 3.10). 

Figure 3.9. Effect of Li Additives on Product Formation. 

 

 

Entry Li Additive 3.3 (%) 

1 LiCl 12 

2 LiBr 40 

3 LiI >99 

4 LiBF4 2 

5 LiOTf 3 

Yields reported are calibrated against 1,3,5-trimethoxybenzene as an internal standard. 
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Figure 3.10. Correlation Between Lithium Iodide Amounts and Alkyl Chloride Consumption. 

 

 

 

Yields reported are calibrated against 1,3,5-trimethoxybenzene as an internal standard. 

 

3.6. Discussion. 

The selectivity of  a cross-coupling reaction is based upon the relative rates of  each productive 

and unproductive elementary step, with the most selective reactions being ones in which the net 

productive pathway is faster than any side reaction. However, cross-electrophile coupling reactions 

mediated by a single catalyst have substrate activation steps (oxidative addition, SET, XAT, etc.) that 

are often governed by similar parameters, causing perturbations to reaction conditions to 

unpredictably effect multiple processes. Conversely, a scenario in which substrate activation steps are 

completely orthogonal to one another, would enable modular reaction conditions that can tune each 

step individually to decrease undesirable side reactivity. In our studies we found a synergistic effect 
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between ligand selection and halide exchange process, which was critical in achieving cross-selectivity 

between electronically diverse coupling partners. 

 

3.6.1. Ligand Trends. 

During our optimization, we found that judicious selection of ligand was necessary depending 

on coupling partners. We considered the following factors when developing the conditions: 1) arene 

electronics and 2) alkyl halide identity. Phen was effective for coupling electron deficient aryl triflates 

with alkyl bromides. One possible explanation is due to the decreased propensity of (phen)NiArX to 

undergo transmetalation to form arylzinc reagents when the aryl ligand is electron deficient (Figure 

3.6, Condition A). PyBCamCN outperformed phen in couplings with electron neutral and rich aryl 

triflates. In analogy to our previous report on the cross-electrophile coupling of aryl chlorides, 

PyBCamCN is effective at the oxidative addition of traditionally inert aryl electrophiles. Notably, in 

comparison to phen, PyBCamCN favors cross-coupling over homodimerization of the arene. 

When coupling alkyl chlorides, PyBCamCN was used regardless of arene electronics. Lithium 

salt additives are required to activate the alkyl chlorides via halide exchange. Since phen-ligated nickel 

generates arylzinc (Figure 3.6), the addition of LiCl accelerates transmetalation back to nickel, resulting 

in rapid aryl dimerization and decreased yields of cross-product. However, PyBCamCN does not 

generate arylzinc species (Figure 3.5), and lithium salt additives should not promote undesired aryl 

dimerization. 

 

3.6.2. Transmetalation as a Side Reaction. 

Lithium salts have been shown to play multiple roles in cross-coupling reactions. Lithium 

chloride can accelerate the rate of transmetalation in Negishi reactions by solubilizing surface-bound 

organozinc species,23 aiding in the formation of higher order zincates,24 and increasing the dielectric 
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constant of the reaction medium.25 Because of this literature precedent and the beneficial effect of 

LiCl in our reaction, we sought to investigate the potential intermediacy of organozinc species. This 

titration method19 quantifies any organometallic species that forms by conversion to the 

corresponding iodoarene. We note that a concentration of iodoarene greater than that of the nickel 

catalyst loading (5–10 mol%) would be indicative of the formation of an arylzinc intermediates. 

Control experiments support arylzinc formation occurs via transmetalation of arylnickel onto an 

equivalent of ZnX2 rather than direct insertion of the aryl triflate into zinc. PyBCamCN-ligated nickel 

forms 3% iodoarene, which suggests no arylzinc intermediates are generated. However, phen-ligated 

nickel generates up to 67% iodoarene by the end of the reaction, leading us to consider the 

implications of arylzinc species on product formation. 

Based on our mechanistic experiments with phen-ligated nickel, we hypothesize that cross-

product does not form through arylzinc intermediates due to the following reasons: 1) increased 

amounts of iodobenzene was observed following consumption of the alkyl halide, suggesting that 

transmetalation is slower than radical capture and reductive elimination, and is not a pathway towards 

productive chemistry and 2) competition experiments (Figure 3.7) showed that phen-ligated nickel 

preferentially forms the cross-product from the aryl triflate rather than the arylzinc reagent. The 

addition of LiCl to these reactions accelerates transmetalation of arylzinc back onto the nickel catalyst 

and only forms aryl dimer, suggesting that an arylzinc is not a productive on-cycle intermediate. For 

PyBCamCN, organozinc formation does not appear to occur under these conditions. However, if it did 

occur it would outcompete aryl triflate to form product and aryl dimer. Nonetheless, given the very 

low amount of biaryl observed in catalytic reactions, this suggests that arylzinc formation is not a 

viable pathway in reactions with PyBCamCN. 
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3.6.3. Halide Exchange beyond Finkelstein. 

The rate of oxidative addition of aryl electrophiles is impacted by the electronics, with 

increased electron density leading to slower oxidative addition. Cross-selectivity between two 

electrophiles requires the rates of each activation step to be matched (Figure 3.3). Tuning the reactivity 

of the alkyl coupling partner (radical generation) relative to the aryl partner (oxidative addition) enables 

cross-coupling across a broad range of electrophiles. Notably, this strategy allows for both increasing 

and decreasing the rate of alkyl radical generation through the selection of an appropriate lithium salt 

additive.  

For electron-poor aryl triflates with alkyl bromides no salt additives were required as their 

intrinsic reactivity with nickel was already matched (Figure 3.4, Condition A). For electron-rich aryl 

triflates with alkyl bromides the intrinsic rate of radical generation was fast compared to oxidative 

addition, resulting in alkyl homodimerization and returned aryl triflate (Table 3.1, entry 6). To address 

this mismatch, we found the addition of LiCl promoted cross-selectivity over alkyl dimerization (Table 

3.1, entry 7). We attribute this to an in situ halide exchange via an SN2 reaction between the alkyl 

bromide and Cl–, creating an equilibrium that favors the alkyl chloride. Direct radical generation from 

the alkyl chloride is significantly slower than from the alkyl bromide which slows down consumption 

of the alkyl coupling partner. We propose this halide exchange process to the chloride creates an “alkyl 

reservoir” that slowly releases the more reactive alkyl bromide at a rate that is well-matched with the 

oxidative addition of the aryl triflate. 

When employing alkyl chlorides in our studies, we found that activation of C–Cl bond was 

necessary for achieving cross-selectivity. In the case of electron-poor aryl triflates a significant rate 

enhancement of radical generation was required to match with the faster rate of oxidative addition. 

We addressed this challenge through the addition of LiI, which promotes the in situ exchange to form 

the more reactive alkyl iodide. However, with electron-rich aryl triflates and alkyl chlorides, LiCl 
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additive with PyBCamCN afforded satisfactory yields of product. Based on our previous studies, we 

hypothesize that increasing total chloride concentration makes available the catalytic bromide 

introduced through the nickel precatalyst. This is due to the chloride preferentially ligating to Zn2+ 

while the bromide can participate in halide exchange and activate the alkyl electrophile. 

The halide identity of an alkyl halide has a significant effect on the rate of radical generation 

under cross-electrophile coupling conditions. Adding of lithium halide salts to a cross-electrophile 

coupling employing an alkyl halide that is susceptible to SN2 allows for rapid equilibration of the 

lithium halide and alkyl halide (Figure 3.10). This strategy allows for facile tuning of radical generation 

through both the identity of the halide in (increased intrinsic reactivity of each halide), and the 

stoichiometry of the LiX salt (altering the relative concentration of each different alkyl-X). Importantly, 

the addition of LiCl minimizes alkyl dimerization by pushing equilibrium towards the alkyl chloride 

(Figure 3.11). 

Figure 3.11. Identity of Halide and the Rate of Radical Generation. 

 

 

 

In addition to halide exchange as a tuning strategy for alkyl radical generation, lithium salts 

have beneficial effects for nickel reduction.16 Firstly, we and others have observed that LiCl can 

overcome the inhibitory effect of ZnCl2 that builds up throughout the reaction.(ref) Furthermore, 

Ni(OTf)2 is challenging to reduce to Ni(0) (Figure 3.1a) but the addition of LiCl promotes this 

reduction and restores catalytic reactivity. 
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3.6.4. Proposed Mechanism. 

Based on the data collected from our mechanistic studies, we proposed the following 

mechanism (Figure 3.12). Oxidative addition of aryl triflate into nickel(0) I results in the formation of 

arylnickel(II) II. This is likely the nickel resting state, which then captures an alkyl radical to form a 

transient diorganonickel (III) III. This undergoes reductive elimination to generate the cross-coupled 

product and a nickel triflate salt IV. At this point we cannot rule out complex IV has a nickel(II) 

oxidation state. Zinc reduces this nickel salt to Ni(0) I for the complete catalytic cycle.  

We have shown that PyBCam to be a proficient ligand for cross-coupling electron-rich aryl 

triflates with alkyl bromides and chlorides, while phen is well-suited for the cross-coupling of electron-

poor aryl triflates with alkyl bromides, in analogy to work by Hosoya.14 In case of phen, our studies 

suggest that transmetalation between arylnickel(II) and zinc salts generate arylzinc species. However, 

this species does not participate in product formation, instead this is an unproductive off-cycle 

pathway. The triflate derived byproducts (aryl–H and aryl–aryl) are likely a result of arylzinc formation. 

The rate of alkyl radical formation is dictated by the identity of the halide salt additive. Through 

in situ SN2, the identity of the alkyl halide in solution can be tuned to match the reactivity of aryl triflate 

oxidative addition. In this halide exchange equilibrium, conversion of the alkyl coupling partner into 

the alkyl chloride slows down the rate of radical generation. This equilibrium favors the alkyl chloride, 

which creates an alkyl reservoir effect and tunes the alkyl radical generation to better match with a 

slow oxidative addition. In situ generation of alkyl bromide/iodide enhances the rate of radical 

generation to match with a faster oxidative addition. Taken together, this halide exchange strategy 

enables cross-coupling across a broad range of aryl and alkyl coupling partners.  
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Figure 3.12. Proposed Mechanism for the Cross-Electrophile Coupling of Aryl Triflates with Alkyl 
Halides. 

 

 

 

3.7. Conclusions. 

We have demonstrated C(sp2)–C(sp3) cross-electrophile coupling between aryl triflates and 

alkyl electrophiles. Notably, our strategy allows for the coupling of electronically diverse aryl triflates 

with alkyl bromides and chlorides. Key to achieving cross-selectivity was the selection of an 

appropriate ligand and lithium salt additive that tunes the alkyl reactivity by creating a halide exchange 

equilibrium. Mechanistic studies revealed nuanced effects of ligand and salts on tuning the rates of 

activation of each coupling partner. We anticipate this halide exchange strategy can be broadly applied 

to coupling different classes of electrophiles, especially in cases where coupling partners have 

inherently mismatched reactivity in nickel catalysis. 

 

3.8. Experimental. 

3.8.1. General Information. 

3.8.1.1. Reagents. 

Metals 
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Zinc flake (-325 mesh) was purchased from Alfa Aesar and activated according to the method reported 

by Everson et al.18 by washing with 1 M HCl for 1 minute followed by washing with water and diethyl 

ether. The resulting grey powder was flame dried under vacuum in a scintillation vial and stored under 

N2. 

 

Nickel(II) bromide ethylene glycol dimethyl ether [NiBr2(dme)] was synthesized according to the 

literature procedure and analyzed by elemental analysis prior to use.26 The resulting orange powder 

was stored under N2. 

 

Nickel(II) chloride ethylene glycol dimethyl ether [NiCl2(dme)] was synthesized according to the 

literature procedure and analyzed by elemental analysis prior to use.26 The resulting yellow powder was 

stored under N2. 

 

Bis(1,5-cyclooctadiene)nickel(0) [Ni(COD)2] was purchased from Strem, stored in the glovebox, and 

used as received. 

 

(2,2´:6´,2˝-terpyridine)nickel(II)chloride [(terpy)NiCl2] was synthesized according to the literature 

procedure and isolated as an air stable green solid.27 

 

Ligands 

1,10-Phenanthroline (phen) was purchased from Sigma Aldrich, stored in a glovebox, and used as 

received. 

 

4,7-Diphenyl-1,10-phenanthroline (BPhen) was purchased from Sigma Aldrich, stored in a glovebox, 
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and used as received. 

 

2,2´-Bipyridine (bpy) was purchased from Sigma Aldrich, stored in a glovebox, and used as received. 

 

4,4´-Di-tert-butyl-2,2´-bipyridine (dtbbpy) was purchased from Sigma Aldrich, stored in a glovebox, 

and used as received. 

 

4,4´-Dimethoxy-2,2´-bipyridine (dmbpy) was purchased from Sigma Aldrich, stored in a glovebox, 

and used as received. 

 

2,2´:6´,2˝-Terpyridine (terpy) was purchased from Sigma Aldrich, stored in a glovebox, and used as 

received. 

 

2,2´-Bipyridine-6-carboximidamide•HCl (BPyCam•HCl, L1) was synthesized according to the 

literature procedure.28 The resulting white powder was dried under vacuum and stored in a glovebox. 

  

Pyridine-2,6-bis(carboximidamide)•2HCl (PyBCam•2HCl, L2) was synthesized according to the 

literature procedure.29 The resulting white powder was dried under vacuum and stored in a glovebox. 

 

Pyridine-2,6-bis(N-cyanocarboxamidine) (PyBCamCN, L3) was synthesized according to the literature 

procedure.30 The resulting white powder was dried under vacuum and stored in a glovebox. 

 

Solvents 

Anhydrous N-methylpyrrolidone (NMP), N,N-dimethylformamide (DMF), and N,N-
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dimethylacetamide (DMA), dimethylsulfoxide (DMSO) were purchased from Sigma Aldrich, stored 

in a glovebox, and used as received. For reactions outside of the glovebox the reagents were sparged 

with N2 for >10 minutes prior to use. Acetonitrile (MeCN), tetrahydrofuran (THF), and toluene were 

obtained by passage though activated alumina and molecular sieves in a solvent purification system 

and stored in a glovebox.  

 

Aryl Substrates 

Methylparaben trifluoromethanesulfonate was synthesized according to the literature procedure.31 The 

resulting oil was stored in the glovebox. 

 

4-Benzoylphenyl trifluoromethanesulfonate was synthesized according to the literature procedure.32 

The resulting solid was stored in the glovebox. 

 

4-(Trifluoromethyl)phenyl trifluoromethanesulfonate was synthesized according to the literature 

procedure.31 The resulting oil was stored in the glovebox. 

 

Pyridin-3-yl trifluoromethanesulfonate was synthesized according to the literature procedure.33 The 

resulting oil was stored in the glovebox. 

 

Quinolin-6-yl trifluoromethanesulfonate was synthesized according to the literature procedure.31 The 

resulting oil was stored in the glovebox. 

  

4-Chlorophenyl trifluoromethanesulfonate was synthesized according to the literature procedure.33 

The resulting oil was stored in the glovebox. 
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Phenyl trifluoromethanesulfonate was synthesized according to the literature procedure. 34  The 

resulting oil was stored in the glovebox. 

 

4-Methoxyphenyl trifluoromethanesulfonate was synthesized according to the literature procedure.31 

The resulting oil was stored in the glovebox. 

 

2-Methoxypheny trifluoromethanesulfonate was synthesized according to the literature procedure.35 

The resulting oil was stored in the glovebox. 

 

4-(Methylthio)phenyl trifluoromethanesulfonate was synthesized according to the literature 

procedure.36 The resulting oil was stored in the glovebox. 

 

2-Methylphenyl trifluoromethanesulfonate was synthesized according to the literature procedure.37 

The resulting oil was stored in the glovebox. 

 

3-Methylphenyl trifluoromethanesulfonate was synthesized according to the literature procedure.38 

The resulting oil was stored in the glovebox.  

 

2,3-Dihydro-1H-inden-5-yl trifluoromethanesulfonate was synthesized according to the literature 

procedure.39 The resulting oil was stored in the glovebox. 

 

4-Fluorophenyl trifluoromethanesulfonate was synthesized according to the literature procedure.40 

The resulting oil was stored in the glovebox. 
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4-Chloro-3-methylphenyl trifluoromethanesulfonate was synthesized according to the literature 

procedure.41 The resulting oil was stored in the glovebox. 

 

Naphthalen-2-yl trifluoromethanesulfonate was synthesized according to the literature procedure.31 

The resulting oil was stored in the glovebox. 

 

2-Methylbenzo[d]thiazol-5-yl trifluoromethanesulfonate was synthesized according to the literature 

procedure.36 The resulting oil was stored in the glovebox. 

 

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl trifluoromethanesulfonate was synthesized 

according to the literature procedure.35 The resulting oil was stored in the glovebox. 

 

(8R,9S,13S,14S)-13-Methyl-17-oxo-7,8,9,11,12,13,14,15,16,17-decahydro-6H 

cyclopenta[a]phenanthren-3-yl trifluoromethanesulfonate (estrone triflate) was synthesized according 

to the literature procedure.32 The resulting solid was stored in the glovebox. 

 

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-(((trifluoromethyl)sulfonyl)oxy)phenyl)propanoate 

was synthesized according to the literature procedure.42 The resulting oil was stored in the glovebox. 

 

Phenylzinc chloride was synthesized according to the literature procedure and obtained as a solution 

in THF.43 This solution was stored in a glovebox and titrated with iodine prior to use.Error! Bookmark not 

defined. 
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Alkyl Halide Substrates 

1-Bromooctane was purchased from Sigma Aldrich and sparged with N2 prior to use. 

 

Ethyl 4-bromobutyrate was purchased from Sigma Aldrich and sparged with N2 prior to use. 

 

(Bromomethyl)cyclohexane was purchased from Sigma Aldrich and sparged with N2 prior to use. 

 

4-Bromo-1-chlorobutane was purchased from Sigma Aldrich and sparged with N2 prior to use. 

 

2-(3-Bromopropyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane was purchased from Sigma Aldrich and 

sparged with N2 prior to use. 

 

(3-Chloropropyl)benzene was purchased from Sigma Aldrich and sparged with N2 prior to use. 

 

(2-Chloroethoxy)benzene was purchased from Sigma Aldrich and sparged with N2 prior to use. 

 

2-(Chloromethyl)tetrahydrofuran was purchased from Sigma Aldrich and sparged with N2 prior to use. 

 

4-(Chloromethyl)-2,2-dimethyl-1,3-dioxolane was purchased from Sigma Aldrich and sparged with N2 

prior to use. 

 

3-Chloropropyl acetate was purchased from Sigma Aldrich and sparged with N2 prior to use. 

 

tert-Butyl (3-chloropropyl)carbamate was purchased from Sigma Aldrich and sparged with N2 prior to 
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use. 

 

Bromocyclopentane was purchased from Sigma Aldrich and sparged with N2 prior to use. 

 

Chlorocyclopentane was purchased from Sigma Aldrich and sparged with N2 prior to use. 

 

1-Bromo-2-isopropylbenzene was purchased from Alfa Aesar, sparged with N2, and stored in the 

glovebox prior to use. 

 

1-Chlorooctane was purchased from Sigma Aldrich and sparged with N2 prior to use. 

 

Dodecylzinc bromide was synthesized according to the literature procedure and obtained as a solution 

in DMA.44 This solution was stored in a glovebox and titrated with iodine prior to use.Error! Bookmark not 

defined. 

 

Other Reagents 

Lithium chloride (LiCl) was purchased from Sigma Aldrich and dried under vacuum before being 

stored in a glovebox. 

 

Lithium bromide (LiBr) was purchased from Sigma Aldrich and dried under vacuum before being 

stored in a glovebox. 

 

Sodium chloride (NaCl) was purchased from Sigma Aldrich and dried under vacuum before being 

stored in a glovebox. 
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Dodecane was purchased from Sigma Aldrich and used as received. 

 

Hexamethyldisiloxane was purchased from Sigma Aldrich and used as received. 

 

n-Butyllithium (1.6 M in hexanes) was purchased from Sigma Aldrich and titrated with iodine to 

determine the concentration prior to use.Error! Bookmark not defined. 

 

Potassium tert-butoxide was purchased from Sigma Aldrich, stored in the glovebox, and used as 

received. 

 

3.8.1.2. Methods. 

NMR Spectroscopy 

1H and 13C NMR spectra were acquired on 400 and 500 MHz AVANCE spectrometer equipped with 

a DCH cryoprobe (Bruker), at a sample temperature of 25 °C. NMR spectra were recorded with 

TopSpin 3.5.6 (Bruker). The Bruker AVANCE 400 NMR spectrometer was supported by NSF grant 

CHE-1048642. The Bruker AVANCE 500 NMR spectrometer was supported by a generous gift from 

Paul J. and Margaret M. Bender. 

Referencing and absolute referencing to TMS, apodization, Fourier transform, phase and baseline 

corrections, and spectral analyses were carried out with MestReNova 12.0.4 (Mestrelab Research). 

NMR chemical shifts are reported in ppm and are referenced to the residual solvent peak for CDCl3 

(δ = 7.26 ppm, 1H NMR; δ = 77.16 ppm, 13C NMR. Coupling constants (J) are reported in Hertz. 

 

Gas Chromatography 
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GC analyses were performed on an Agilent 7890A GC equipped with dual DB-5 columns (20 m × 

180 μm × 0.18 μm), dual FID detectors, and hydrogen as the carrier gas. A sample volume of 1 𝜇L 

was injected at a temperature of 300 °C and a 100:1 split ratio. The initial inlet pressure was 20.3 psi 

but varied as the column flow was held constant at 1.8 mL/min for the duration of the run. The 

initial oven temperature of 50 °C was held for 0.46 min followed by a temperature ramp of 

65 °C/min up to 300 °C. The total run time was 5.0 min and the FID temperature was 325 °C. 

 

GC/MS Analysis 

GC/MS analyses were performed on a Shimadzu GCMS-QP2010 equipped with an RTX-XLB 

column (30 m × 0.25 mm × 0.28 μm) with a quadrupole mass analyzer using helium as the carrier gas. 

The analysis method used in all cases was 1 𝜇L injection of sample, an injection temp of 225 °C, and 

a 25:1 split ratio. The initial inlet pressure was 7.8 psi, but varied as the column flow was held constant 

at 1.0 mL/min for the duration of the run. The interface temperature was held at 250 °C, and the ion 

source (EI+, 30 eV) was held at 250 °C. The initial oven temperature was held at 50 °C for 2 min with 

the detector off, followed by a temperature ramp, with the detector on, to 280 °C at 40 °C/min. The 

temperature was held at 280 °C for 3 min. Total run time was 11.75 min. 

 

Chromatography 

Chromatography was performed on silica gel (EMD, silica gel 60, particle size 0.040-0.063 mm) using 

standard flash techniques, on a Teledyne Isco CombiFlash instrument using pre-packaged cartridges, 

on a Teledyne Isco Rf-200 (detection at 210 nm and 280 nm), or on a Biotage Isolera One (detection 

at 210 nm and 400 nm, on Sfar Duo columns). Products were visualized by UV, KMnO4 stain, PMA 

stain, or fractions were analyzed by GC. 
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Elemental Analysis 

Microanalysis samples were weighed with a PerkinElmer Model AD6000 Autobalance and their 

compositions were determined with a PerkinElmer 2400 Series II Analyzer by the CENTC Elemental 

Analysis Facility at the University of Rochester, funded by NSF CHE-0650456. 

 

Infrared Spectroscopy 

Solid state FT-IR spectroscopic data were collected in ATR mode using a Bruker TENSOR 27 

spectrometer located in the Chemical Instrumentation Instructional Laboratory at the University of 

Wisconsin-Madison Department of Chemistry and are reported in wavenumbers (cm-1).  

 

High Resolution Mass Spectrometry 

UW-Madison: High resolution mass spectra (HRMS). Mass spectrometry data was collected on a 

Thermo Q Exactive™ Plus (thermofisher.com) via flow injection with electrosprayionization or via 

ASAPMS™ (asap-ms.com) by the chemistry mass spectrometry facility at the University of 

Wisconsin-Madison. The purchase of the Thermo Q Exactive™ Plus in 2015 was funded by NIH 

Award 1S10 OD020022-1 to the Department of Chemistry. 

 
3.8.2. General Procedures. 

3.8.2.1. General Procedure for Reaction Optimization with Electron Poor Arenes. 

 

 

 

Reactions were set up in a N2 filled glove box. A catalyst solution was prepared by charging an oven-
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dried 1-dram vial with a PTFE-coated stirbar, NiBr2(dme) (3.1 mg, 0.01 mmol, 5 mol%), and the listed 

ligand (0.05 mmol, 5 mol%). The solids were dissolved in NMP (250 𝜇L) and allowed to stir at rt for 

10 min. To this solution methyl 4-(trifluoromethylsulfonyloxy)benzoate (56.8 mg, 0.20 mmol, 1.0 

equiv), 1-bromooctane (38.6 mg, 0.20 mmol, 1.0 equiv), and zinc (activated zinc flake, 26.2 mg, 0.40 

mmol, 2.0 equiv) were added, followed by dodecane (10 𝜇L, 0.044 mmol) as an internal standard. The 

reaction vials were sealed with screw caps fitted with PTFE-faced silicone septa and removed from 

the glovebox. The reaction was allowed to stir (1250 RPM) at the listed temperature for 18 h.  

 

NMR Analysis 

The crude reaction mixture was filtered through silica gel (~4 g) with a 3:1 mixture of pentane/EtOAc 

and the filtrate was concentrated by rotary evaporation. Hexamethydisiloxane (10 𝜇L, 0.0471 mmol) 

was added as an external standard and the residue was diluted with CDCl3 (~500 𝜇L). The resulting 

solution was analyzed by NMR and the spectra automatically phase and baseline corrected to provide 

a stable baseline. The integration of the hexamethyldisiloxane diagnostic peak at 0.061 ppm was set to 

18 protons and yields determined based on the integrated ratio of a characteristic product peak. 

 

GC Analysis  

The reaction was monitored by GC analysis by taking a 10 𝜇L aliquot of the crude reaction mixture 

with a gas-tight syringe. The aliquot was diluted with EtOAc (0.50 mL), filtered through a 2-cm silica 

plug in a Pasteur pipette, and collected in a GC vial. The sample was analyzed by GC using our 

standard method and the yields were determined based on the peak area of the analyte compared to 

dodecane as an internal standard. 

 

Isolation and Purification 
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Reactions were isolated on a 0.2 mmol scale of aryl triflate and alkyl bromide. In some cases isolated 

reactions were run without the addition of an internal standard to avoid difficulties in separating 

dodecane from the desired product. The crude reaction mixture was filtered through silica gel (4 cm 

silica plug in a thick-walled glass pipette) with EtOAc (~10 mL) and the filtrate was concentrated by 

rotary evaporation. The resulting material was purified by column chromatography on silica to provide 

the desired products.  

 

3.8.2.2. General Procedure for Electron Poor Arenes. 

 

Reactions were set up in a N2 filled glove box. For a preparative-scale benchtop procedure, see 8.3.2.5 

General Procedure for Preparative-Scale Benchtop Reactions. An oven-dried 1-dram vial with a 

PTFE-coated stirbar was charged with NiBr2(dme) (3.1 mg, 0.01 mmol, 5 mol%) and phen (1.8 mg, 

0.01 mmol, 5 mol%). The solids were dissolved in NMP (250 𝜇L) and allowed to stir at rt for >10 min 

resulting in a green solution. To this solution was added the listed aryl triflate (0.20 mmol, 1.0 equiv), 

the listed alkyl bromide (0.20 mmol, 1.0 equiv), and dodecane (10 𝜇L, 0.044 mmol) as an internal 

standard. The zinc reductant (activated zinc flake, 26.2 mg, 0.40 mmol, 2.0 equiv) was added last, 

resulting in a slow color change from green to dark brown. The reaction vial was sealed with a screw 

cap fitted with a PTFE-faced silicone septum and removed from the glovebox. The reaction was 

allowed to stir (1250 RPM) at 60 °C for 18 h.  

 

NMR Analysis 

Same as General Procedure as noted above. 
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GC Analysis 

Same as General Procedure as noted above. 

 

Isolation and Purification 

Same as General Procedure as noted above. 

 

3.8.2.3. General Procedure for Reaction Optimization with Electron Rich Arenes. 

 

Reactions were set up in a N2 filled glove box. A catalyst solution was prepared by charging an oven-

dried 1-dram vial with a PTFE-coated stirbar, NiBr2(dme) (3.1 mg, 0.01 mmol, 5 mol%), listed ligand 

(0.05 mmol, 5 mol%), and additive (0.40 mmol, 2.0 equiv). The solids were dissolved in NMP (250 

𝜇L) and allowed to stir at rt for 10 min. To this solution 4-(trifluoromethylsulfonyloxy)anisole (51.2 

mg, 0.20 mmol, 1.0 equiv), ethyl 4-bromobutanoate (39.0 mg, 0.20 mmol, 1.0 equiv), and zinc 

(activated zinc flake, 26.2 mg, 0.40 mmol, 2.0 equiv) were added, followed by dodecane (10 𝜇L, 0.044 

mmol) as an internal standard. The reaction vials were sealed with screw caps fitted with PTFE-faced 

silicone septa and removed from the glovebox. The reaction was allowed to stir (1250 RPM) at the 

listed temperature for 48 h.  

 

NMR Analysis 

Same as General Procedure as noted above. 
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3.8.2.4. General Procedure for Electron Rich Arenes. 

 

Reactions were set up in a N2 filled glove box. For a preparative-scale benchtop procedure, see 3.8.2.5 

General Procedure for Preparative-Scale Benchtop Reactions. An oven-dried 1-dram vial with a 

PTFE-coated stirbar was charged with NiBr2(dme) (3.1 mg, 0.01 mmol, 5 mol%), PyBCamCN (2.1 mg, 

0.01 mmol, 5 mol%), and LiCl (17.0 mg, 0.40 mmol, 2.0 equiv). The solids were dissolved in NMP 

(250 𝜇L) and allowed to stir at rt for >10 min resulting in a light blue solution. To this solution was 

added the listed aryl triflate (0.20 mmol, 1.0 equiv), the listed alkyl halide (0.20 mmol, 1.0 equiv), and 

dodecane (10 𝜇L, 0.044 mmol) as an internal standard. The zinc reductant (activated zinc flake, 26.2 

mg, 0.40 mmol, 2.0 equiv) was added last, resulting in a slow color change from blue to dark brown. 

The reaction vial was sealed with a screw cap fitted with a PTFE-faced silicone septum and removed 

from the glovebox. The reaction was allowed to stir (1250 RPM) at 60 °C for 48 h.  

 

NMR Analysis 

Same as General Procedure as noted above. 

 

GC Analysis  

Same as General Procedure as noted above. 

 

Isolation and Purification 

Same as General Procedure as noted above. 
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3.8.2.5. General Procedure for Preparative-Scale Benchtop Reactions. 

A catalyst solution was prepared on the benchtop by charging a scintillation vial with a PTFE-coated 

stirbar, NiBr2(dme) (63.3 mg, 0.205 mmol, 5 mol%), and either Phen (36.9 mg, 0.205 mmol, 5 mol%) 

or PyBCamCN (43.7 mg, 0.205 mmol, 5 mol%) and LiCl (348 mg, 8.20 mmol, 2.0 equiv). The 

scintillation vial was capped with a septa and evacuated before being backfilled with N2. N2 sparged 

NMP (5.13 mL) was added to the scintillation vial and the solution was allowed to stir at rt for 10 min. 

A Schlenk flask was charged with a stir bar and activated zinc (536 mg, 8.20 mmol, 2.0 equiv) before 

being flame dried under vacuum, backfilled with N2, and allowed to cool. The listed aryl triflate (4.10 

mmol, 1.0 equiv) and alkyl halide (4.10 mmol, 1.0 equiv) were sparged with N2 and added via syringe 

under N2 to the catalyst solution. The catalyst suspension was then cannula transferred to the Schlenk 

flask via syringe under N2. The reaction flask was added to a pre-heated 60 °C oil bath and allowed to 

stir (500 RPM) for 24 or 48 h for reactions with Phen or PyBCamCN, respectively.  

 

 
Image 1. Reaction 
setup with solids 
weighed into a 
scintillation vial to form 
catalyst solution. 

 
Image 2. Preparation of 
the Schlenk flask and 
addition of zinc 
reductant. 

 
Image 3. Catalyst 
solution after 10 
minutes of stirring and 
addition of the 
substrates (Phen 
conditions). 

 
Image 4. Reaction after 
addition of the catalyst 
solution to the zinc 
reductant. 

 

Isolation and Purification 
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The reaction was cooled to rt and diluted with Et2O (60 mL) before being washed with a solution of 

saturated brine (60 mL). The Et2O layer was collected and the aqueous layer was extracted with Et2O 

(3 × 30 mL). The combined organic layers were dried over MgSO4, filtered, and the filtrate was 

concentrated by rotary evaporation. The resulting crude material was diluted with EtOAc and made 

into a slurry with silica gel before the volatile solvents were removed by rotary evaporation. The 

resulting dry-loaded product was purified by column chromatography on silica. 

 

3.8.3. Product Characterization. 

 

 

Methyl 4-octylbenzoate (3.3) [CAS: 54256-51-8] 

The general procedure for reaction optimization with electron poor arenes was followed using the 

conditions from Entry 1 in Table 3.1 with methyl 4-(((trifluoromethyl)sulfonyl)oxy)benzoate (56.8 mg, 

0.20 mmol, 1.0 equiv) and 1-bromooctane (38.6 mg, 0.20 mmol, 1.0 equiv) as substrates. After 18 h, 

the crude reaction mixture was loaded onto silica gel and purified by column chromatography (40:1 

hexanes/Et2O) to afford the product (40.4 mg, 81% yield) as a colorless oil. This procedure was 

repeated to establish its reproducibility and the second reaction provided the product (44.9 mg, 0.181 

mmol, 90% yield) in similar yield. Characterization data matched those reported in the literature.4 

1H NMR (400 MHz, CDCl3) δ 7.96 – 7.93 (m, 2H), 7.26 – 7.23 (m, 2H), 3.90 (s, 3H), 2.65 (t, J = 7.7 

Hz, 2H), 1.62 (q, J = 7.3 Hz, 2H), 1.30 – 1.26 (m, 10H), 0.89 – 0.86 (m, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 167.4, 148.7, 129.7, 128.6, 127.7, 52.1, 36.2, 32.0, 31.3, 29.6, 29.4, 

29.4, 22.8, 14.2. 

MS (EI) [M]+ m/z calcd for C16H24O2
+ 248.18; a solution in ethyl acetate found: 248.15. 
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IR (cm-1) 2924, 2855, 1720, 1609, 1277, 1177, 1107. 
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(4-octylphenyl)(phenyl)methanone (3.10) [CAS: 64357-43-3] 

The general procedure for electron poor arenes was followed with 4-benzoylphenyl 

trifluoromethanesulfonate (66.1 mg, 0.20 mmol, 1.0 equiv) and 1-bromooctane (38.6 mg, 0.20 mmol, 

1.0 equiv) as substrates. After 18 h, the crude reaction mixture was loaded onto silica gel and purified 

by column chromatography (40:1 hexanes/Et2O) to afford the product (43.9 mg, 75% yield) as a 

colorless oil. This procedure was repeated to establish its reproducibility and the second reaction 

provided the product (49.2 mg, 84% yield) in similar yield. Synthesis of this compound is reported, 

however, no spectra have been reported to date. 

1H NMR (500 MHz, CDCl3) δ 7.79 (d, J = 7.6 Hz, 2H), 7.74 (d, J = 7.8 Hz, 2H), 7.58 (t, J = 7.4 Hz, 

1H), 7.48 (t, J = 7.6 Hz, 2H), 7.29 – 7.26 (m, 3H), 2.69 (t, J = 7.8 Hz, 2H), 1.65 (quint, J = 7.5 Hz, 

2H), 1.34 – 1.27 (m, 10H), 0.88 (t, J = 6.7 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 196.7, 148.4, 138.1, 135.2, 132.3, 130.5, 130.1, 128.5, 128.3, 36.2, 

32.0, 31.3, 29.6, 29.5, 29.4, 22.8, 14.3. 

MS (EI) [M]+ m/z calcd for C21H26O
+ 294.20; a solution in ethyl acetate found: 294.20. 

IR (cm-1) 2924, 2855, 1659, 1600, 1277, 700. 

 

 

Ethyl 4-(4-benzoylphenyl)butanoate (3.11) [CAS: 1220102-02-2] 

The general procedure for preparative-scale benchtop reactions was followed using Phen (36.9 mg, 

0.21 mmol, 5 mol%) as a ligand and 4-benzoylphenyl trifluoromethanesulfonate (1.35 g, 4.10 mmol, 

1.0 equiv) and ethyl 4-chlorobutyrate (587 𝜇L, 4.10 mmol, 1.0 equiv) as substrates. After 18 h, the 
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crude reaction mixture was extracted with Et2O (3 × 30 mL) and washed with brine (3 × 100 mL). 

The resulting organic solution was dried over sodium sulfate, filtered, and concentrated to a yellow 

oil. The oil was purified by column chromatography (gradient from 10:1 pentane/EtOAc to 3:1 

pentane/EtOAc) to afford the product (894.7 mg, 74% yield) as a slightly yellow oil. Characterization 

data matched those reported in the literature.45 

1H NMR (500 MHz, CDCl3) δ 7.78 (d, J = 6.8 Hz, 1H), 7.74 (d, J = 8.2 Hz, 2H), 7.55 (t, J = 7.4 Hz, 

1H), 7.45 (t, J = 7.7 Hz, 2H), 7.29 (d, J = 8.2 Hz, 2H), 4.13 (q, J = 7.1 Hz, 2H), 2.73 (t, J = 7.7 Hz, 

2H), 2.34 (t, J = 7.4 Hz, 2H), 2.02 – 1.96 (m, 2H), 1.25 (t, J = 7.1 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 196.2, 173.1, 146.6, 137.7, 135.4, 132.2, 130.3, 129.9, 128.4, 128.2, 

60.2, 35.0, 33.4, 26.1, 14.2. 

HRMS (ESI+) [M+H]+ m/z calcd for C19H21O3
+ 297.1485, [M+NH4]

+ m/z calcd for C19H24NO3
+ 

314.1751, [M+Na]+ m/z calcd for C19H20O3Na+ 319.1305; a solution in acetonitrile with 10 mM 

NH4OAc found: 297.1482, 314.1747, 319.1298. 

 

 

1-octyl-4-(trifluoromethyl)benzene (3.12) [CAS: 725251-79-6] 

The general procedure for electron poor arenes was followed with 4-(trifluoromethyl)phenyl 

trifluoromethanesulfonate (58.8 mg, 0.20 mmol, 1.0 equiv) and 1-bromooctane (38.6 mg, 0.20 mmol, 

1.0 equiv) as substrates. After 18 h, the crude reaction mixture was loaded onto silica gel and purified 

by column chromatography (100% hexanes) to afford the product (31.9 mg, 62% yield) as a colorless 

oil. This procedure was repeated to establish its reproducibility and the second reaction provided the 

product (33.8 mg, 65% yield) in similar yield. Characterization data matched those reported in the 

literature.46 
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1H NMR (500 MHz, CDCl3) δ 7.52 (d, J = 8.0 Hz, 2H), 7.28 (d, J = 8.0 Hz, 2H), 2.65 (t, J = 7.8 Hz, 

2H), 1.62 (q, J = 7.4 Hz, 2H), 1.31 – 1.26 (m, 10H), 0.90 – 0.87 (m, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 147.0, 128.6, 128.0, 127.6, 125.1 (q, J = 3.7 Hz), 35.8, 31.8, 31.2, 

29.4, 29.2, 29.2, 22.6, 14.0. 

HRMS (ESI+) [M]+ m/z calcd for C15H21F3
+ 258.1590; ASAP-MS found: 258.1587. 

IR (cm-1) 2926, 2857, 1323, 1118, 1067, 1019. 

 

 

3-octylpyridine (3.13) [CAS: 58069-37-7] 

The general procedure for electron poor arenes was followed with 3-pyridinyl 

trifluoromethanesulfonate (45.4 mg, 0.20 mmol, 1.0 equiv) and 1-bromooctane (38.6 mg, 0.20 mmol, 

1.0 equiv) as substrates. After 18 h, the crude reaction mixture was loaded onto silica gel and purified 

by column chromatography (20:1 pentane/Et2O) to afford the product (37.2 mg, 97% yield) as a 

yellow oil. This procedure was repeated to establish its reproducibility and the second reaction 

provided the product (31.7 mg, 83% yield) in similar yield. Characterization data matched those 

reported in the literature.47 

1H NMR (500 MHz, CDCl3) δ 8.43 – 8.41 (m, 2H), 7.47 (dt, J = 7.8, 2.0 Hz, 1H), 7.18 (dd, J = 7.8, 

4.8 Hz, 1H), 2.60 – 2.52 (m, 2H), 1.63 – 1.57 (m, 2H), 1.30 – 1.25 (m, 10H), 0.87 (t, J = 6.9 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 150.1, 147.3, 138.1, 135.9, 123.3, 33.1, 32.0, 31.3, 29.5, 29.3, 29.3, 

22.8, 14.2. 

HRMS (ESI+) [M+H]+ m/z calcd for C13H21N
+ 192.1747; a solution in acetonitrile with 10 mM 

NH4OAc found: 192.1748. 

IR (cm-1) 2955, 2924, 2854, 1422, 1026, 712. 
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3-octylquinoline (3.14) 

The general procedure for electron poor arenes was followed with 3-quinolinyl 

trifluoromethanesulfonate (55.4 mg, 0.20 mmol, 1.0 equiv) and 1-bromooctane (38.6 mg, 0.20 mmol, 

1.0 equiv) as substrates. After 18 h, the crude reaction mixture was loaded onto silica gel and purified 

by column chromatography (gradient from 20:1 pentane/Et2O to 10:1 pentane/Et2O) to afford the 

product (13.6 mg, 28% yield) as a yellow oil. Characterization data matched those reported in the 

literature.48 

1H NMR (500 MHz, CDCl3) δ 8.78 (d, J = 2.2 Hz, 1H), 8.07 (d, J = 8.4 Hz, 1H), 7.91 (d, J = 2.1 Hz, 

1H), 7.76 (dd, J = 8.1, 1.4 Hz, 1H), 7.65 (ddd, J = 8.4, 6.8, 1.5 Hz, 1H), 7.52 (ddd, J = 8.1, 6.8, 1.2 Hz, 

1H), 2.79 (t, J = 7.7 Hz, 2H), 1.75 – 1.70 (m, 2H), 1.49 – 1.25 (m, 10H), 0.88 (t, J = 6.9 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 152.3, 146.9, 135.6, 134.2, 129.3, 128.6, 128.3, 127.4, 126.6, 33.4, 

32.0, 31.3, 29.6, 29.4, 29.3, 22.8, 14.2. 

HRMS (ESI+) [M+H]+ m/z calcd for C17H24N
+ 242.1903; a solution in acetonitrile with 10 mM 

NH4OAc found: 242.1898. 

IR (cm-1) 2924, 2853, 1495, 749. 

 

 

Ethyl 4-(4-chlorophenyl)butanoate (3.15) [CAS: 3435-98-1] 

The general procedure for electron rich arenes was followed with 4-chlorophenyl 

trifluoromethanesulfonate (52.1 mg, 0.20 mmol, 1.0 equiv) and ethyl 4-bromobutyrate (39.0 mg, 0.20 

mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture was loaded onto silica gel and 
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purified by column chromatography (50:1 pentane/EtOAc) to afford the product (17.0 mg, 37% yield) 

as a colorless oil. Characterization data matched those reported in the literature.49 

1H NMR (500 MHz, CDCl3) δ 7.26 – 7.24 (m, 2H), 7.12 – 7.10 (m, 2H), 4.12 (q, J = 7.1 Hz, 2H), 2.62 

(t, J = 7.6 Hz, 2H), 2.30 (t, J = 7.5 Hz, 2H), 1.93 (quint, J = 7.5 Hz, 2H), 1.25 (t, J = 7.2 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.5, 140.0, 131.9, 130.0, 128.6, 60.5, 34.6, 33.7, 26.6, 14.4. 

HRMS (ESI+) [M+H]+ m/z calcd for C12H16ClO2
+ 227.0833, [M+NH4]

+ m/z calcd for C12H19ClNO2
+ 

244.1099, [M+Na]+ m/z calcd for C12H15ClO2Na+ 249.0653; a solution in acetonitrile with 10 mM 

NH4OAc found: 227.0828, 244.1094, 249.0647. 

IR (cm-1) 2980, 2935, 2870, 1730, 1492, 1246, 1092, 799. 

 

 

Ethyl 4-phenylbutanoate (3.16) [CAS: 10031-93-3] 

The general procedure for electron rich arenes was followed with phenyl trifluoromethanesulfonate 

(45.2 mg, 0.20 mmol, 1.0 equiv) and ethyl 4-bromobutyrate (39.0 mg, 0.20 mmol, 1.0 equiv) as 

substrates. After 48 h, the crude reaction mixture was loaded onto silica gel and purified by column 

chromatography (40:1 pentane/Et2O) to afford the product (29.4 mg, 76% yield) as a colorless oil. 

This procedure was repeated to establish its reproducibility and the second reaction provided the 

product (29.9 mg, 78% yield) in similar yield. Characterization data matched those reported in the 

literature.50 

1H NMR (400 MHz, CDCl3) δ 7.31 – 7.27 (m, 2H), 7.21 – 7.17 (m, 3H), 4.13 (q, J = 7.2 Hz, 2H), 2.66 

(t, J = 7.6 Hz, 2H), 2.32 (t, J = 7.5 Hz, 2H), 1.97 (quint, J = 7.6 Hz, 2H), 1.26 (t, J = 7.1 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3) δ 173.7, 141.6, 128.6, 128.5, 126.1, 60.4, 35.3, 33.8, 26.7, 14.4.  

MS (EI) [M]+ m/z calcd for C12H16O2
+ 192.12; a solution in ethyl acetate found: 192.10. 

O

OEt
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IR (cm-1) 2932, 1732, 1200, 700. 

 

 

Ethyl 4-(4-methoxyphenyl)butanoate (3.7) [CAS: 4586-89-4] 

The general procedure for electron rich arenes was followed with 4-methoxyphenyl 

trifluoromethanesulfonate (51.2 mg, 0.20 mmol, 1.0 equiv) and ethyl 4-bromobutyrate (39.0 mg, 0.20 

mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture was loaded onto silica gel and 

purified by column chromatography (gradient from 100% pentane to 40:1 pentane/Et2O) to afford 

the product (28.9 mg, 65% yield) as a colorless oil. This procedure was repeated to establish its 

reproducibility and the second reaction provided the product (30.8 mg, 69% yield) in similar yield. 

Characterization data matched those reported in the literature.4 

1H NMR (500 MHz, CDCl3) δ 7.09 (d, J = 8.4 Hz, 2H), 6.83 (d, J = 8.2 Hz, 2H), 4.12 (q, J = 7.1 Hz, 

2H), 3.79 (s, 3H), 2.59 (t, J = 7.6 Hz, 2H), 2.30 (t, J = 7.5 Hz, 2H), 1.92 (quint, J = 7.5 Hz, 2H), 1.25 

(t, J = 7.1 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.7, 158.0, 133.7, 129.5, 113.9, 60.4, 55.4, 34.4, 33.8, 26.9, 14.4. 

MS (EI) [M]+ m/z calcd for C13H18O3
+ 222.13; a solution in ethyl acetate found: 222.10. 

IR (cm-1) 2936, 1732, 1512, 1246, 1177, 1038, 737. 

 

 

Ethyl 4-(2-methoxyphenyl)butanoate (3.17) [CAS: 33209-76-6] 

The general procedure for electron rich arenes was followed with 2-methoxyphenyl 

trifluoromethanesulfonate (51.2 mg, 0.20 mmol, 1.0 equiv) and ethyl 4-bromobutyrate (39.0 mg, 0.20 

mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture was loaded onto silica gel and 
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purified by column chromatography (20:1 pentane/Et2O) to afford the product (26.8 mg, 60% yield) 

as a colorless oil. This procedure was repeated to establish its reproducibility and the second reaction 

provided the product (27.2 mg, 61% yield) in similar yield. Characterization data matched those 

reported in the literature.51 

1H NMR (500 MHz, CDCl3) δ 7.18 (td, J = 7.8, 1.8 Hz, 1H), 7.12 (dd, J = 7.3, 1.7 Hz, 1H), 6.88 (td, 

J = 7.4, 1.1 Hz, 1H), 6.84 (dd, J = 8.1, 1.1 Hz, 1H), 4.12 (q, J = 7.1 Hz, 2H), 3.81 (s, 3H), 2.67 – 2.64 

(m, 2H), 2.32 (t, J = 7.6 Hz, 2H), 1.92 (quint, J = 7.6 Hz, 2H), 1.25 (t, J = 7.2 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.9, 157.6, 130.2, 130.0, 127.3, 120.5, 110.4, 60.3, 55.3, 34.1, 

29.7, 25.2, 14.4. 

HRMS (ESI+) [M+H]+ m/z calcd for C13H19O3
+ 223.1329, [M+NH4]

+ m/z calcd for C13H22NO3
+ 

240.1594, [M+Na]+ m/z calcd for C13H18O3Na+ 245.1148; a solution in acetonitrile with 10 mM 

NH4OAc found: 223.1327, 240.1591, 245.1145. 

IR (cm-1) 2938, 2836, 1730, 1494, 1241, 1031, 751. 

 

 

Ethyl 4-(4-(methylthio)phenyl)butanoate (3.18) 

The general procedure for electron rich arenes was followed with 4-methylthiophenyl 

trifluoromethanesulfonate (54.5 mg, 0.20 mmol, 1.0 equiv) and ethyl 4-bromobutyrate (39.0 mg, 0.20 

mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture was loaded onto silica gel and 

purified by column chromatography (gradient from 100% pentane to 40:1 pentane/Et2O) to afford 

the product (28.9 mg, 65% yield) as a colorless oil. This procedure was repeated to establish its 

reproducibility and the second reaction provided the product (30.8 mg, 69% yield) in similar yield. 

Characterization data matched those reported in the literature .52 
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1H NMR (500 MHz, CDCl3) δ 7.21 – 7.19 (m, 2H), 7.10 (d, J = 8.2 Hz, 2H), 4.13 (q, J = 7.1 Hz, 2H), 

2.61 (t, J = 7.6 Hz, 2H), 2.47 (s, 3H), 2.30 (t, J = 7.4 Hz, 2H), 1.93 (quint, J = 7.5 Hz, 2H), 1.25 (t, J = 

7.1 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.6, 138.7, 135.7, 129.2, 127.3, 60.4, 34.7, 33.7, 26.6, 16.5, 14.4. 

MS (EI) [M]+ m/z calcd for C13H18O2S
+ 238.10; a solution in ethyl acetate found: 238.10. 

IR (cm-1) 2924, 2880, 1732, 1512, 1390, 1204, 1146, 737. 

 

 

Ethyl 4-(o-tolyl)butanoate (3.19) [CAS: 105986-51-4] 

The general procedure for electron rich arenes was followed with o-tolyl trifluoromethanesulfonate 

(48.0 mg, 0.20 mmol, 1.0 equiv) and ethyl 4-bromobutyrate (39.0 mg, 0.20 mmol, 1.0 equiv) as 

substrates. After 48 h, the crude reaction mixture was loaded onto silica gel and purified by column 

chromatography (40:1 hexanes/Et2O) to afford the product (21.3 mg, 52% yield) as a colorless oil. 

This procedure was repeated to establish its reproducibility and the second reaction provided the 

product (20.6 mg, 50% yield) in similar yield. Characterization data matched those reported in the 

literature.51 

1H NMR (500 MHz, CDCl3) δ 7.16 – 7.10 (m, 4H), 4.14 (q, J = 7.1 Hz, 2H), 2.66 – 2.63 (m, 2H), 2.37 

(t, J = 7.4 Hz, 2H), 2.32 (s, 3H), 1.92 (quint, J = 7.5 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.6, 139.8, 136.1, 130.4, 129.1, 126.2, 126.1, 60.4, 34.1, 32.7, 

25.5, 19.3, 14.4. 

HRMS (ESI+) [M+Na]+ m/z calcd for C13H18O2Na+ 229.1199; a solution in acetonitrile with 10 mM 

NH4OAc found: 229.1199. 

IR (cm-1) 2937, 2870, 1731, 1247, 1147, 732. 
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Ethyl 4-(m-tolyl)butanoate (3.20) 

The general procedure for electron rich arenes was followed with m-tolyl trifluoromethanesulfonate 

(48.0 mg, 0.20 mmol, 1.0 equiv) and ethyl 4-bromobutyrate (39.0 mg, 0.20 mmol, 1.0 equiv) as 

substrates. After 48 h, the crude reaction mixture was loaded onto silica gel and purified by column 

chromatography (40:1 hexanes/Et2O) to afford the product (25.8 mg, 63% yield) as a colorless oil. 

This procedure was repeated to establish its reproducibility and the second reaction provided the 

product (27.2 mg, 61% yield) in similar yield. Characterization data matched those reported in the 

literature.51 

1H NMR (500 MHz, CDCl3) δ 7.19 – 7.16 (m, 1H), 7.02 – 6.97 (m, 3H), 4.13 (q, J = 7.1 Hz, 2H), 2.63 

– 2.60 (m, 2H), 2.33 – 2.30 (m, 5H), 1.95 (quint, J = 7.6 Hz, 2H), 1.26 (t, J = 7.1 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.7, 141.5, 138.1, 129.5, 128.4, 126.8, 125.6, 60.4, 35.2, 33.9, 

26.7, 21.5, 14.4. 

HRMS (ESI+) [M+H]+ m/z calcd for C13H19O2
+ 207.1380, [M+NH4]

+ m/z calcd for C13H22NO2
+ 

224.1645, [M+Na]+ m/z calcd for C13H18O2Na+ 229.1200; a solution in acetonitrile with 10 mM 

NH4OAc found: 207.1379, 224.1644, 229.1198. 

IR (cm-1) 2981, 2930, 2868, 1732, 1027, 699. 

 

 

Ethyl 4-(2,3-dihydro-1H-inden-5-yl)butanoate (3.21) [CAS: 34704-33-1] 

The general procedure for electron rich arenes was followed with 2,3-dihydro-1H-inden-5-yl 

trifluoromethanesulfonate (53.2 mg, 0.20 mmol, 1.0 equiv) and ethyl 4-bromobutyrate (39.0 mg, 0.20 

O

OEt
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mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture was loaded onto silica gel and 

purified by column chromatography (40:1 hexanes/Et2O) to afford the product (29.9 mg, 64% yield) 

as a colorless oil. This procedure was repeated to establish its reproducibility and the second reaction 

provided the product (25.6 mg, 55% yield) in similar yield. 

1H NMR (500 MHz, CDCl3) δ 7.15 (d, J = 7.6 Hz, 1H), 7.06 (s, 1H), 6.96 (dd, J = 7.6, 1.6 Hz, 1H), 

4.14 (q, J = 7.1 Hz, 2H), 2.88 (td, J = 7.4, 4.2 Hz, 4H), 2.62 (t, J = 7.6 Hz, 2H), 2.33 (t, J = 7.5 Hz, 

2H), 2.07 (quint, J = 7.5 Hz, 2H), 1.95 (quint, J = 7.5 Hz, 2H), 1.26 (t, J = 7.1 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.7, 144.6, 141.9, 139.4, 126.4, 124.6, 124.3, 60.3, 35.1, 33.9, 

32.9, 32.6, 27.0, 25.7, 14.4. 

HRMS (ESI+) [M+H]+ m/z calcd for C15H21O2
+ 233.1536, [M+NH4]

+ m/z calcd for C15H24NO2
+ 

250.1802, [M+Na]+ m/z calcd for C15H20O2Na+ 255.1356; a solution in acetonitrile with 10 mM 

NH4OAc found: 233.1534, 250.1800, 255.1352. 

IR (cm-1) 2941, 2846, 1731, 1144, 909, 729. 

 

 

Ethyl 4-(4-fluorophenyl)butanoate (3.22) [CAS: 1693-05-6] 

The general procedure for electron rich arenes was followed with 4-fluorophenyl 

trifluoromethanesulfonate (48.8 mg, 0.20 mmol, 1.0 equiv) and ethyl 4-bromobutyrate (39.0 mg, 0.20 

mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture was loaded onto silica gel and 

purified by column chromatography (gradient from 100% pentane to 40:1 pentane/Et2O) to afford 

the product (30.6 mg, 73% yield) as a colorless oil. This procedure was repeated to establish its 

reproducibility and the second reaction provided the product (27.5 mg, 65% yield) in similar yield. 

Characterization data matched those reported in the literature.51 
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1H NMR (500 MHz, CDCl3) δ 7.13 (dd, J = 8.4, 5.4 Hz, 2H), 6.96 (dd, J = 10.0, 7.4 Hz, 2H), 4.12 (q, 

J = 7.1 Hz, 2H), 2.62 (t, J = 7.6 Hz, 2H), 2.30 (t, J = 7.4 Hz, 2H), 1.93 (quint, J = 7.5 Hz, 2H), 1.25 (t, 

J = 7.1 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.5, 161.4 (d, J = 243.3 Hz), 137.2 (d, J = 3.4 Hz), 129.9 (d, J 

= 7.6 Hz), 115.2 (d, J = 21.2 Hz), 60.4, 34.4, 33.7, 26.8, 14.4. 

MS (EI) [M]+ m/z calcd for C12H15FO2
+ 210.10; a solution in ethyl acetate found: 210.10. 

IR (cm-1) 2982, 2936, 2866, 1732, 1508, 1219, 1146, 737. 

 

 

Ethyl 4-(4-chloro-3-methylphenyl)butanoate (3.23) 

The general procedure for electron rich arenes was followed with 4-chloro-3-methylphenyl 

trifluoromethanesulfonate (54.9 mg, 0.20 mmol, 1.0 equiv) and ethyl 4-bromobutyrate (39.0 mg, 0.20 

mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture was loaded onto silica gel and 

purified by column chromatography (40:1 pentane/Et2O) to afford the product (23.9 mg, 50% yield) 

as a colorless oil. This procedure was repeated to establish its reproducibility and the second reaction 

provided the product (23.9 mg, 50% yield) in similar yield. 

1H NMR (500 MHz, CDCl3) δ 7.16 (d, J = 1.7 Hz, 1H), 7.13 (d, J = 7.8 Hz, 1H), 6.96 (dd, J = 7.6, 

1.8 Hz, 1H), 4.13 (q, J = 7.1 Hz, 2H), 2.59 (t, J = 7.6 Hz, 2H), 2.33 (s, 3H), 2.30 (t, J = 7.5 Hz, 2H), 

1.93 (quint, J = 7.5 Hz, 2H), 1.26 (t, J = 7.1 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.5, 140.8, 134.3, 133.6, 131.0, 129.1, 126.9, 60.5, 34.5, 33.7, 

26.5, 19.7, 14.4. 

HRMS (ESI+) [M+Na]+ m/z calcd for C13H17ClO2
+ 263.0809; a solution in acetonitrile with 10 mM 

NH4OAc found: 263.0808. 
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IR (cm-1) 2980, 2932, 2864, 1731, 1497, 1147, 1051, 819. 

 

 

Ethyl 4-(naphthalen-2-yl)butanoate (3.24) [CAS: 6326-90-5] 

The general procedure for electron rich arenes was followed with naphthalen-2-yl 

trifluoromethanesulfonate (55.2 mg, 0.20 mmol, 1.0 equiv) and ethyl 4-bromobutyrate (39.0 mg, 0.20 

mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture was loaded onto silica gel and 

purified by column chromatography (20:1 pentane/Et2O) to afford the product (29.8 mg, 61% yield) 

as a colorless oil. This procedure was repeated to establish its reproducibility and the second reaction 

provided the product (32.2 mg, 66% yield) in similar yield. Characterization data matched those 

reported in the literature.51 

1H NMR (500 MHz, CDCl3) δ 7.80 (dd, J = 14.3, 7.7 Hz, 3H), 7.63 (s, 1H), 7.44 (dddd, J = 14.5, 8.2, 

6.9, 1.5 Hz, 2H), 7.34 (dd, J = 8.4, 1.7 Hz, 1H), 4.13 (q, J = 7.1 Hz, 2H), 2.83 (t, J = 7.6 Hz, 2H), 2.36 

(t, J = 7.5 Hz, 2H), 2.06 (quint, J = 7.5, 7.1 Hz, 2H), 1.26 (t, J = 7.1 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.6, 139.1, 133.7, 132.2, 128.1, 127.7, 127.6, 127.4, 126.7, 126.1, 

125.3, 60.4, 35.4, 33.8, 26.5, 14.4. 

MS (EI) [M]+ m/z calcd for C16H18O2
+ 242.13; a solution in ethyl acetate found: 242.15. 

IR (cm-1) 3055, 2982, 2936, 1728, 1373, 1265, 733. 

 

 

Ethyl 4-(2-methylbenzo[d]thiazol-5-yl)butanoate (3.25) 

The general procedure for electron rich arenes was followed with 2-methylbenzo[d]thiazol-5-yl 

trifluoromethanesulfonate (59.5 mg, 0.20 mmol, 1.0 equiv) and ethyl 4-bromobutyrate (39.0 mg, 0.20 

O

OEt
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mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture was loaded onto silica gel and 

purified by column chromatography (gradient from 20:1 pentane/EtOAc to 5:1) to afford the product 

(27.9 mg, 53% yield) as a yellow oil.  

1H NMR (500 MHz, CDCl3) δ 7.75 (d, J = 1.5 Hz, 1H), 7.72 (d, J = 8.1 Hz, 1H), 7.18 (dd, J = 8.1, 

1.6 Hz, 1H), 4.12 (q, J = 7.1 Hz, 2H), 2.82 (s, 3H), 2.81 (t, J = 7.6 Hz, 2H), 2.33 (t, J = 7.4 Hz, 2H), 

2.01 (quint, J = 7.5 Hz, 2H), 1.25 (t, J = 7.1 Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.6, 167.4, 153.9, 139.8, 133.3, 125.8, 122.1, 121.3, 60.4, 35.2, 

33.7, 26.9, 20.3, 14.4. 

HRMS (ESI+) [M+H]+ m/z calcd for C14H18NO2S
+ 264.1053; a solution in acetonitrile with 10 mM 

NH4OAc found: 264.1048. 

IR (cm-1) 2980, 2933, 2868, 1729, 1552, 1246, 1172, 1026, 813. 

 

 

Ethyl 4-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)butanoate (3.26) [CAS: 

1365610-75-8] 

The general procedure for electron rich arenes was followed with 4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)phenyl trifluoromethanesulfonate (70.4 mg, 0.20 mmol, 1.0 equiv) and ethyl 4-

bromobutyrate (39.0 mg, 0.20 mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture 

was loaded onto silica gel and purified by column chromatography (40:1 pentane/EtOAc) to afford 

the product (42.6 mg, 67% yield) as a colorless oil. Characterization data matched those reported in 

the literature.4 
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1H NMR (500 MHz, CDCl3) δ 7.74 – 7.73 (m, 2H), 7.19 (d, J = 7.5 Hz, 2H), 4.12 (q, J = 7.1 Hz, 2H), 

2.66 (t, J = 7.6 Hz, 2H), 2.30 (t, J = 7.5 Hz, 2H), 1.98 – 1.92 (m, 2H), 1.33 (s, 12H), 1.25 (t, J = 7.2 

Hz, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.6, 145.0, 135.1, 128.1, 83.8, 60.4, 35.4, 33.8, 26.5, 25.0, 14.4. 

HRMS (ESI+) [M+H]+ m/z calcd for C18H28BO4
+ 319.2075, [M+NH4]

+ m/z calcd for C18H31BNO4
+ 

336.2341, [M+Na]+ m/z calcd for C18H27BO4Na+ 341.1895; a solution in acetonitrile with 10 mM 

NH4OAc found: 319.2067, 336.2337, 341.883. 

IR (cm-1) 2979, 1732, 1612, 1358, 1214, 1142, 1089, 859. 

 

 

(8R,9S,13S,14S)-13-methyl-3-octyl-6,7,8,9,11,12,13,14,15,16-decahydro-17H-

cyclopenta[a]phenanthren-17-one (3.27) 

The general procedure for electron rich arenes was followed with (8R,9S,13S,14S)-13-methyl-17-oxo-

7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a]phenanthren-3-yl trifluoromethanesulfonate 

[estrone trifluoromethanesulfonate] (80.5 mg, 0.20 mmol, 1.0 equiv) and 1-bromooctane (38.6 mg, 

0.20 mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture was loaded onto silica gel 

and purified by column chromatography (gradient from 40:1 pentane/Et2O to 20:1 pentane/Et2O) to 

afford the product (53.8 mg, 73% yield) as a colorless oil. This procedure was repeated to establish its 

reproducibility and the second reaction provided the product (50.7 mg, 69% yield) in similar yield. 

1H NMR (500 MHz, CDCl3) δ 7.23 (d, J = 7.9 Hz, 1H), 7.01 (dd, J = 8.0, 1.9 Hz, 1H), 6.95 (d, J = 

1.8 Hz, 1H), 3.03 – 2.83 (m, 2H), 2.60 – 2.49 (m, 3H), 2.48 – 2.41 (m, 1H), 2.32 (td, J = 11.0, 4.0 Hz, 

1H), 2.22 – 1.92 (m, 4H), 1.71 – 1.41 (m, 8H), 1.41 – 1.22 (m, 10H), 0.94 (s, 3H), 0.91 (t, J = 7.1 Hz, 

3H). 
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13C{1H} NMR (126 MHz, CDCl3) δ 220.9, 140.4, 136.9, 136.2, 129.0, 125.8, 125.2, 50.5, 48.0, 44.3, 

38.2, 35.8, 35.4, 31.9, 31.6, 31.5, 29.5, 29.4, 29.2, 26.6, 25.7, 22.6, 21.6, 14.1, 13.8. 

HRMS (ESI+) [M+H]+ m/z calcd for C26H39O
+ 367.2995; ASAP-MS found: 367.2995. 

IR (cm-1) 2923, 2853, 1737, 1612, 1500, 821. 

 

 

(S)-2-((tert-butoxycarbonyl)amino)-3-(4-octylphenyl)propanoic acid (3.28) 

The general procedure for electron rich arenes was followed with (S)-2-((tert-butoxycarbonyl)amino)-

3-(4-(((trifluoromethyl)sulfonyl)oxy)phenyl)propanoic acid [L-tyrosine trifluoromethanesulfonate] 

(85.5 mg, 0.20 mmol, 1.0 equiv) and 1-bromooctane (38.6 mg, 0.20 mmol, 1.0 equiv) as substrates. 

After 48 h, the crude reaction mixture was loaded onto silica gel and purified by column 

chromatography (gradient from 20:1 pentane/EtOAc to 10:1 pentane/EtOAc) to afford the product 

(30.2 mg, 39% yield) as a colorless oil in 39% ee based on chiral SFC-MS. This procedure was repeated 

to establish its reproducibility and the second reaction provided the product (43.0 mg, 55% yield) in 

similar yield. 

1H NMR (500 MHz, CDCl3) δ 7.10 (d, J = 8.0 Hz, 2H), 7.02 (d, J = 7.8 Hz, 2H), 4.95 (d, J = 8.4 Hz, 

1H), 4.56 (q, J = 6.6 Hz, 1H), 3.71 (s, 3H), 3.04 (qd, J = 13.9, 6.0 Hz, 2H), 2.56 (dd, J = 8.8, 6.7 Hz, 

2H), 1.61 – 1.57 (m, 3H), 1.41 (s, 9H), 1.32 – 1.21 (m, 10H), 0.88 (t, J = 6.9 Hz, 3H). Note: Minor 

rotameric peaks are present in the 1H, but only peaks from the major compound are reported. 

13C{1H} NMR (126 MHz, CDCl3) δ 172.6, 155.3, 141.8, 133.2, 129.3, 128.7, 80.0, 61.4, 54.6, 52.3, 

38.1, 35.7, 32.0, 31.6, 29.6, 29.5, 29.4, 28.4, 22.8, 14.2. 



 133 

HRMS (ESI+) [M+H]+ m/z calcd for C23H38NO4
+ 392.2795, [M+Na]+ m/z calcd for C23H37NO4Na+ 

414.2615; a solution in acetonitrile with 10 mM NH4OAc found: 392.2791, 414.2611. 

IR (cm-1) 3347, 2952, 2917, 2849, 1736, 1690, 1527, 1164, 1061, 831. 

 

Methyl 4-(cyclohexylmethyl)benzoate (3.29) 

The general procedure for electron poor arenes was followed with methyl 4-

(((trifluoromethyl)sulfonyl)oxy)benzoate (56.8 mg, 0.20 mmol, 1.0 equiv) and 

(bromomethyl)cyclohexane (27.9 𝜇L, 0.20 mmol, 1.0 equiv) as substrates. The alkyl bromide was 

sparged with nitrogen for 10 min prior to being added outside the glovebox by syringe. After 18 h, 

the crude reaction mixture was loaded onto silica gel and purified by column chromatography (100:1 

pentane/EtOAc) to afford the product (22.7 mg, 49% yield) as a colorless oil. Characterization data 

matched those reported in the literature.53 

1H NMR (500 MHz, CDCl3) δ 7.95 – 7.93 (m, 2H), 7.21 – 7.19 (m, 2H), 3.90 (s, 3H), 2.53 (d, J = 7.1 

Hz, 2H), 1.71 – 1.62 (m, 5H), 1.32 – 1.12 (m, 4H), 0.98 – 0.93 (m, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 167.4, 147.2, 129.6, 129.3, 127.8, 52.1, 44.3, 39.8, 33.2, 26.6, 26.4. 

HRMS (ESI+) [M+NH4]
+ m/z calcd for C15H24NO2

+ 250.1802, [M+Na]+ m/z calcd for C15H20O2Na+ 

255.1356; a solution in acetonitrile with 10 mM NH4OAc found: 250.1800, 255.1353. 

IR (cm-1) 2922, 2850, 1719, 1274, 1177, 1109, 102, 757. 

 

 

Methyl 4-(4-methoxy-4-oxobutyl)benzoate (3.30) 
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The general procedure for electron poor arenes was followed with 4-carbomethoxyphenyl triflate 

(142.1 mg, 0.50 mmol, 1.0 equiv) and methyl 4-bromobutyrate (90.5 mg, 0.50 mmol, 1.0 equiv) as 

substrates. After 24 h, the crude reaction mixture was loaded onto silica gel and purified by column 

chromatography (gradient from 100 hexanes to 100 dichloromethane) to afford the product (76.7 mg, 

65% yield) as a colorless oil. Characterization data matched those reported in the literature.54 

1H NMR (500 MHz, CDCl3) δ 7.91 – 7.86 (m, 2H), 7.17 (d, J = 8.0 Hz, 2H), 3.83 (s, 3H), 3.59 (s, 3H), 

2.63 (t, J = 7.7 Hz, 2H), 2.26 (t, J = 7.4 Hz, 2H), 1.90 (quint, J = 7.5 Hz, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 173.7, 167.1, 146.9, 129.8, 128.5, 128.1, 52.0, 51.6, 35.1, 33.3, 

26.1. 

IR (cm-1) 2943, 1712, 1605, 1431, 1271, 1173, 1101, 760, 702. 

 

 

Methyl 4-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propyl)benzoate (3.31) 

The general procedure for electron poor arenes was followed with methyl 4-

(((trifluoromethyl)sulfonyl)oxy)benzoate (56.8 mg, 0.20 mmol, 1.0 equiv) and 2-(3-bromopropyl)-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane (42.3 𝜇L, 0.20 mmol, 1.0 equiv) as substrates. The alkyl 

bromide was sparged with nitrogen for 10 min prior to being added outside the glovebox by syringe. 

After 18 h, the crude reaction mixture was loaded onto silica gel and purified by column 

chromatography (gradient from 40:1 pentane/EtOAc to 20:1 pentane/EtOAc) to afford the product 

(28.0 mg, 46% yield) as a colorless oil. 1H NMR matched those reported in the literature,55 however, 

the reported 13C NMR has 9 signals. 

1H NMR (500 MHz, CDCl3) δ 7.93 (d, J = 8.3 Hz, 2H), 7.23 (d, J = 8.2 Hz, 2H), 3.89 (s, 3H), 2.67 – 

2.64 (m, 2H), 1.74 (quint, J = 7.7 Hz, 2H), 1.24 (s, 12H), 0.82 (t, J = 7.9 Hz, 2H). 
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13C{1H} NMR (126 MHz, CDCl3) δ 167.4, 148.4, 129.7, 128.7, 127.7, 83.2, 52.1, 38.7, 25.9, 25.0. 

HRMS (ESI+) [M+H]+ m/z calcd for C17H26BO4
+ 305.1919, [M+NH4]

+ m/z calcd for C17H29BO4N
+ 

322.2184, [M+Na]+ m/z calcd for C17H25BO4Na+ 327.1738; a solution in acetonitrile with 10 mM 

NH4OAc found: 305.1911, 322.2180, 327.1732. 

IR (cm-1) 2977, 2935, 1720, 1610, 1273, 1144, 1108, 967. 

 

 

Methyl 4-(4-chlorobutyl)benzoate (3.32) 

The general procedure for electron poor arenes was followed with methyl 4-

(((trifluoromethyl)sulfonyl)oxy)benzoate (56.8 mg, 0.20 mmol, 1.0 equiv) and 1-bromo-4-

chlorobutane (23.0 𝜇L, 0.20 mmol, 1.0 equiv) as substrates. The alkyl bromide was sparged with 

nitrogen for 10 min prior to being added outside the glovebox by syringe. After 18 h, the crude 

reaction mixture was loaded onto silica gel and purified by column chromatography (40:1 

pentane/EtOAc) to afford the product (21.8 mg, 48% yield) as a colorless oil. Characterization data 

matched those reported in the literature.56 

1H NMR (500 MHz, CDCl3) δ 7.97 – 7.95 (m, 2H), 7.25 (d, J = 8.2 Hz, 2H), 3.90 (s, 3H), 3.56 – 3.54 

(m, 2H), 2.71 – 2.68 (m, 2H), 1.81 – 1.79 (m, 4H). 

13C{1H} NMR (126 MHz, CDCl3) δ 167.2, 147.5, 129.9, 128.6, 128.1, 52.1, 44.9, 35.3, 32.1, 28.3. 

HRMS (ESI+) [M+H]+ m/z calcd for C12H16ClO2
+ 227.0833, [M+NH4]

+ m/z calcd for C12H19ClO2N
+ 

244.1099, [M+Na]+ m/z calcd for C12H15ClO2Na+ 249.0653; a solution in acetonitrile with 10 mM 

NH4OAc found: 227.0829, 244.1094, 249.0648. 

IR (cm-1) 2950, 2862, 1716, 1610,1434, 1274, 1178, 1020, 762. 
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1-methoxy-4-(3-phenylpropyl)benzene (3.33) [CAS: 40715-68-2] 

The general procedure for electron rich arenes was followed with 4-methoxyphenyl 

trifluoromethanesulfonate (51.2 mg, 0.20 mmol, 1.0 equiv) and (3-chloropropyl)benzene (30.9 mg, 

0.20 mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture was loaded onto silica gel 

and purified by column chromatography (100:1 pentane/EtOAc) to afford the product (37.0 mg, 82% 

yield) as a colorless oil. Characterization data matched those reported in the literature.4 

1H NMR (500 MHz, CDCl3) δ 7.30 – 7.27 (m, 2H), 7.20 – 7.17 (m, 3H), 7.12 – 7.09 (m, 2H), 6.85 – 

6.82 (m, 2H), 3.80 (s, 3H), 2.65 (t, J = 7.7 Hz, 2H), 2.60 (t, J = 7.5 Hz, 2H), 1.97 – 1.91 (m, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 157.9, 142.5, 134.5, 129.4, 128.6, 128.4, 125.8, 113.9, 55.4, 35.5, 

34.7, 33.3. 

HRMS (ESI+) [M+H]+ m/z calcd for C16H18O
+ 227.1430; ASAP-MS found: 227.1429. 

IR (cm-1) 3026, 2934, 2856, 1611, 1511, 1243, 1036, 698. 

 

 

1-methoxy-4-(2-phenoxyethyl)benzene (3.34) [CAS: 127294-20-6] 

The general procedure for electron rich arenes was followed with 4-methoxyphenyl 

trifluoromethanesulfonate (51.2 mg, 0.20 mmol, 1.0 equiv) and (2-chloroethoxy)benzene (31.3 mg, 

0.20 mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture was loaded onto silica gel 

and purified by column chromatography (gradient from 100% pentane to 50:1 pentane/Et2O) to 

afford the product (21.0 mg, 46% yield) as a colorless oil. Characterization data matched those 

reported in the literature.4 
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1H NMR (500 MHz, CDCl3) δ 7.30 – 7.26 (m, 2H), 7.23 – 7.20 (m, 2H), 6.94 (tt, J = 7.4, 1.1 Hz, 1H), 

6.92 – 6.89 (m, 2H), 6.88 – 6.85 (m, 2H), 4.14 (t, J = 7.1 Hz, 2H), 3.80 (s, 3H), 3.05 (t, J = 7.2 Hz, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 159.0, 158.4, 130.4, 130.1, 129.6, 120.8, 114.7, 114.1, 69.0, 55.4, 

35.1. 

HRMS (ESI+) [M+H]+ m/z calcd for C15H17O2
+ 229.1223; ASAP-MS found: 229.1222. 

IR (cm-1) 3031, 2935, 2869, 2834, 1612, 1512, 1239, 1174, 1032, 752. 

 

 

2-(4-methoxybenzyl)tetrahydrofuran (3.35) [CAS: 859999-32-9] 

The general procedure for electron rich arenes was followed with 4-methoxyphenyl 

trifluoromethanesulfonate (51.2 mg, 0.20 mmol, 1.0 equiv) and 2-(chloromethyl)tetrahydrofuran (24.1 

mg, 0.20 mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture was loaded onto silica 

gel and purified by column chromatography (gradient from 40:1 pentane/EtOAc to 10:1 

pentane/EtOAc) to afford the product (30.1 mg, 78% yield) as a colorless oil. Characterization data 

matched those reported in the literature.4 

1H NMR (500 MHz, CDCl3) δ 7.16 – 7.13 (m, 2H), 6.85 – 6.82 (m, 2H), 4.05 – 3.99 (m, 1H), 3.91 – 

3.86 (m, 1H), 3.79 (s, 3H), 3.75 – 3.71 (m, 1H), 2.85 (dd, J = 13.7, 6.4 Hz, 1H), 2.69 (dd, J = 13.7, 6.5 

Hz, 1H), 1.94 – 1.79 (m, 3H), 1.58 – 1.51 (m, 1H). 

13C{1H} NMR (126 MHz, CDCl3) δ 158.2, 131.2, 130.3, 113.9, 80.4, 68.1, 55.4, 41.1, 31.0, 25.8. 

HRMS (ESI+) [M+H]+ m/z calcd for C12H17O2
+ 193.1223; ASAP-MS found: 193.1222. 

IR (cm-1) 2934, 2860, 2835, 1612, 1512, 1244, 1059, 1034, 833. 
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2-(2-methoxybenzyl)tetrahydrofuran (3.36) 

The general procedure for preparative-scale benchtop reactions was followed using PyBCamCN (43.7 

mg, 0.21 mmol, 5 mol%) as a ligand and 2-methoxyphenyl trifluoromethanesulfonate (1.05 g, 4.10 

mmol, 1.0 equiv) and 2-(chloromethyl)tetrahydrofuran (445 𝜇L, 4.10 mmol, 1.0 equiv) as substrates. 

After 48 h, the crude reaction mixture was extracted with Et2O (3 × 30 mL) and washed with brine (3 

× 100 mL). The resulting organic solution was dried over sodium sulfate, filtered, and concentrated 

to a slightly yellow oil. The oil was purified by column chromatography (gradient from 10:1 

pentane/EtOAc to 8:1 pentane/EtOAc) to afford the product (385.2 mg, 49% yield) as a colorless 

oil. Characterization data matched those reported in the literature.57 

1H NMR (500 MHz, CDCl3) δ 7.22 (t, J = 7.1 Hz, 2H), 6.92 (td, J = 7.4, 1.1 Hz, 1H), 6.88 (dd, J = 

8.6, 1.1 Hz, 1H), 4.17 (quint, J = 6.5 Hz, 1H), 3.99 – 3.89 (m, 1H), 3.84 (s, 3H), 3.77 (td, J = 7.8, 5.8 

Hz, 1H), 2.96 (dd, J = 13.4, 6.4 Hz, 1H), 2.81 (dd, J = 13.4, 6.8 Hz, 1H), 2.00 – 1.80 (m, 3H), 1.67 – 

1.54 (m, 1H). 

13C{1H} NMR (126 MHz, CDCl3) δ 157.5, 130.8, 127.4, 127.4, 120.4, 110.2, 78.7, 67.8, 55.2, 36.1, 

31.0, 25.6. 

HRMS (ESI+) [M+H]+ m/z calcd for C12H17O2
+ 193.1223, [M+Na]+ m/z calcd for C12H16O2Na+ 

215.1043; a solution in acetonitrile with 10 mM NH4OAc found: 193.1224, 215.1041. 

 

 

4-(4-methoxybenzyl)-2,2-dimethyl-1,3-dioxolane (3.37)  

The general procedure for electron rich arenes was followed with 4-methoxyphenyl 
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trifluoromethanesulfonate (51.2 mg, 0.20 mmol, 1.0 equiv) and 4-(chloromethyl)-2,2-dimethyl-1,3-

dioxolane (28.3 𝜇L, 0.20 mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture was 

loaded onto silica gel and purified by column chromatography (20:1 pentane/EtOAc) to afford the 

product (23.0 mg, 52% yield) as a colorless oil. 1H NMR matched those reported in the literature,4 

however, our report is missing one 13C NMR signal. 

1H NMR (500 MHz, CDCl3) δ 7.14 – 7.11 (m, 2H), 6.85 – 6.82 (m, 2H), 4.31 – 4.26 (m, 1H), 3.95 

(dd, J = 8.1, 5.9 Hz, 1H), 3.79 (s, 3H), 3.63 (dd, J = 8.1, 7.0 Hz, 1H), 2.95 (dd, J = 13.7, 6.1 Hz, 1H), 

2.72 (dd, J = 13.8, 7.2 Hz, 1H), 1.43 (s, 3H), 1.35 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 158.4, 130.3, 129.7, 114.0, 109.2, 69.1, 55.4, 39.3, 27.1, 25.9. 

HRMS (ESI+) [M+H]+ m/z calcd for C13H19O3
+ 223.1329, [M+NH4]

+ m/z calcd for C13H22NO3
+ 

240.1594, [M+Na]+ m/z calcd for C13H18O3Na+ 245.1148; a solution in acetonitrile with 10 mM 

NH4OAc found: 223.1326, 240.1588, 245.1142. 

IR (cm-1) 2986, 2936, 2836, 1613, 1513, 1245, 1058, 1035, 731. 

 

 

3-(4-methoxyphenyl)propyl acetate (3.38) [CAS: 125092-37-7] 

The general procedure for electron rich arenes was followed with 4-methoxyphenyl 

trifluoromethanesulfonate (51.2 mg, 0.20 mmol, 1.0 equiv) and 3-chloropropyl acetate (27.3 mg, 0.20 

mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture was loaded onto silica gel and 

purified by column chromatography (gradient from 20:1 pentane/EtOAc to 10:1 pentane/EtOAc) to 

afford the product (29.6 mg, 71% yield) as a colorless oil. Characterization data matched those 

reported in the literature.4 
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1H NMR (500 MHz, CDCl3) δ 7.10 (d, J = 8.6 Hz, 2H), 6.83 (d, J = 8.6 Hz, 2H), 4.07 (t, J = 6.6 Hz, 

2H), 3.79 (s, 3H), 2.63 (t, J = 7.7 Hz, 2H), 2.06 (s, 3H), 1.95 – 1.89 (m, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 171.3, 158.0, 133.4, 129.4, 114.0, 64.0, 55.4, 31.4, 30.5, 21.1. 

HRMS (ESI+) [M+Na]+ m/z calcd for C12H16O3Na+ 231.0992; a solution in acetonitrile with 10 mM 

NH4OAc found: 231.0992. 

IR (cm-1) 2953, 2836, 1735, 1512, 1235, 1034, 810. 

 

 

tert-butyl (3-(4-methoxyphenyl)propyl)carbamate (3.39) [CAS: 1227797-33-2] 

The general procedure for electron rich arenes was followed with 4-methoxyphenyl 

trifluoromethanesulfonate (51.2 mg, 0.20 mmol, 1.0 equiv) and tert-butyl (3-chloropropyl)carbamate 

(38.7 mg, 0.20 mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture was loaded onto 

silica gel and purified by column chromatography (gradient from 20:1 pentane/EtOAc to 10:1 

pentane/EtOAc) to afford the product (31.1 mg, 59% yield) as a colorless oil. 1H NMR matched those 

reported in the literature,58 however, 13C NMR has not been reported. 

1H NMR (500 MHz, CDCl3) δ 7.09 (d, J = 8.6 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H), 4.53 (s, 1H), 3.78 (s, 

3H), 3.14 (q, J = 6.7 Hz, 2H), 2.58 (t, J = 7.6 Hz, 2H), 1.77 (quint, J = 7.4 Hz, 2H), 1.44 (s, 9H). 

Reported peaks are for the major Boc rotamer. A minor rotamer is present, but too low in 

concentration to effectively characterize. 

13C{1H} NMR (126 MHz, CDCl3) δ 158.0, 156.1, 133.7, 129.4, 114.0, 79.2, 55.4, 40.3, 32.3, 32.1, 28.6. 

HRMS (ESI+) [M+H]+ m/z calcd for C15H24NO3
+ 266.1751, [M+NH4]

+ m/z calcd for C15H27N2O3
+ 

283.2016, [M+Na]+ m/z calcd for C15H23NO3Na+ 288.1570; a solution in acetonitrile with 10 mM 

NH4OAc found: 266.1743, 283.2009, 288.1562. 
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IR (cm-1) 3349, 2976, 2933, 1688, 1511, 1243, 1165, 1036. 

 

 

1-cyclopentyl-4-methoxybenzene (3.40) [CAS: 1507-97-7] 

The general procedure for electron rich arenes was followed with 4-methoxyphenyl 

trifluoromethanesulfonate (51.2 mg, 0.20 mmol, 1.0 equiv) and chlorocyclopentane (20.9 mg, 0.20 

mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture was loaded onto silica gel and 

purified by column chromatography (100:1 pentane/EtOAc) to afford the product (14.2 mg, 40% 

yield) as a colorless oil. Characterization data matched those reported in the literature.4 

1H NMR (500 MHz, CDCl3) δ 7.16 (d, J = 8.5 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 3.79 (s, 3H), 2.97 – 

2.90 (m, 1H), 2.07 – 2.01 (m, 2H), 1.83 – 1.75 (m, 2H), 1.71 – 1.62 (m, 2H), 1.58 – 1.50 (m, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 157.8, 138.7, 128.1, 113.8, 55.4, 45.3, 34.9, 25.6. 

HRMS (ESI+) [M+H]+ m/z calcd for C12H17O
+ 177.1274; ASAP-MS found: 177.1272. 

IR (cm-1) 2950, 2867, 2834, 1612, 1512, 1242, 1177, 1038, 824. 

 

 

Methyl 4-(3-cyanopropyl)benzoate (3.41) 

The general procedure for electron rich arenes was followed with methyl 4-

(((trifluoromethyl)sulfonyl)oxy)benzoate (142.1 mg, 0.50 mmol, 1.0 equiv) and 4-chlorobutanenitrile 

(51.8 mg, 0.50 mmol, 1.0 equiv) as substrates. After 48 h, the crude reaction mixture was loaded onto 

silica gel and purified by column chromatography (10:1 hexanes/EtOAc) to afford the product (84.3 

mg, 83% yield) as a white solid. Characterization data matched those reported in the literature.59 
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1H NMR (500 MHz, CDCl3) δ 7.97 – 7.95 (m, 2H), 7.24 (dd, J = 8.4, 2.3 Hz, 2H), 3.88 (s, 3H), 2.81 

(t, J = 7.3 Hz, 2H), 2.31 (t, J = 7.1 Hz, 2H), 2.01 – 1.94 (m, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 166.9, 145.1, 130.0, 128.6, 128.5, 119.2, 52.1, 34.4, 26.6, 16.5. 

HRMS (ESI+) [M+H]+ m/z calcd for C12H14NO2
+ 204.1019, [M+NH4]

+ m/z calcd for C12H17N2O2
+ 

221.1285; a solution in acetonitrile with 10 mM NH4OAc found: 204.1016, 221.1281. 

IR (cm-1) 2928, 2235, 1706, 1604, 1431, 1270, 1173, 1098, 757, 701. 

 

 

Benzyl (3-(6-methylpyridin-3-yl)propyl)carbamate (3.42) 

The general procedure for electron rich arenes was followed with 6-methylpyridin-3-yl 

trifluoromethanesulfonate (120.6 mg, 0.50 mmol, 1.0 equiv) and benzyl (3-chloropropyl)carbamate 

(113.8 mg, 0.50 mmol, 1.0 equiv) as substrates. After 24 h, the crude reaction mixture was loaded onto 

silica gel and purified by column chromatography (70:30 hexanes/EtOAc) to afford the product (86.7 

mg, 61% yield) as a colorless oil. 

1H NMR (500 MHz, DMSO) δ 8.28 (s, 1H), 7.50 (dd, J = 7.9, 2.3 Hz, 1H), 7.39 – 7.29 (m, 6H), 7.15 

(d, J = 7.9 Hz, 1H), 5.02 (s, 2H), 3.01 (q, J = 6.6 Hz, 2H), 2.54 (t, J = 7.7 Hz, 2H), 2.42 (s, 3H), 1.74 

– 1.64 (m, 2H). 

13C{1H} NMR (126 MHz, DMSO) δ 156.6, 155.6, 149.2, 137.7, 136.6, 134.3, 128.8, 128.2, 128.2, 123.1, 

65.6, 31.4, 29.4, 24.0. 

HRMS (ESI+) [M+H]+ m/z calcd for C17H21N2O2
+ 285.1598; a solution in acetonitrile with 10 mM 

NH4OAc found: 285.1591. 

IR (cm-1) 3420, 1706, 1252, 1047, 1021, 1000, 819, 757. 

 

N

N
H

Cbz
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Methyl 4-(3-(trimethoxysilyl)propyl)benzoate (3.43) 

The general procedure for electron rich arenes was followed with methyl 4-

(((trifluoromethyl)sulfonyl)oxy)benzoate (142.1 mg, 0.50 mmol, 1.0 equiv) and (3-

chloropropyl)trimethoxysilane (99.4 mg, 0.50 mmol, 1.0 equiv) as substrates. After 24 h, the crude 

reaction mixture was loaded onto silica gel and purified by column chromatography (60:40 

hexanes/EtOAc) to afford the product (28.3 mg, 19% yield) as a viscous colorless oil. 

1H NMR (500 MHz, CDCl3) δ 7.98 – 7.95 (m, 2H), 7.27 – 7.25 (m, 2H), 3.92 (s, 3H), 3.58 (s, 9H), 

2.71 (t, J = 7.6 Hz, 2H), 1.81 – 1.74 (m, 2H), 0.71 – 0.67 (m, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 167.2, 147.8, 129.6, 128.6, 127.8, 51.9, 50.5, 39.0, 24.3, 8.9. 

IR (cm-1) 2927, 1711, 1280, 1110, 901, 720, 647. 

 

 

3-(4-(Trifluoromethyl)phenyl)propan-1-ol (3.44) [CAS: 180635-74-9] 

The general procedure for electron rich arenes was followed with 4-(trifluoromethyl)phenyl 

trifluoromethanesulfonate (147.1 mg, 0.50 mmol, 1.0 equiv) and 3-chloropropan-1-ol (47.3 mg, 0.50 

mmol, 1.0 equiv) as substrates. After 24 h, the crude reaction mixture was loaded onto silica gel and 

purified by column chromatography (70:30 hexanes/EtOAc) to afford the product (51.2 mg, 50% 

yield) as a colorless oil. Characterization data matched those reported in the literature.60 

1H NMR (400 MHz, CDCl3) δ 7.53 (d, J = 8.0 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 3.67 (t, J = 6.4 Hz, 

2H), 2.81 – 2.73 (m, 2H), 1.98 – 1.80 (m, 2H), 1.75 (s, 1H). 

OH

F3C
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13C{1H} NMR (101 MHz, CDCl3) δ 146.0 (q, J = 1.5 Hz ), 128.8, 128.3 (q, J = 32.4 Hz), 125.3 (q, J = 

3.8 Hz) 124.4 (q, J = 271.8 Hz), 61.9, 33.8, 31.9.  

19F{1H} NMR (377 MHz, CDCl3) δ -62.3. 
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