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ABSTRACT 

 

Metal-catalyzed cross-coupling reactions of aryl halides or pseudohalides with 

nucleophiles have been ubiquitous and powerful tools to construct new C–C bonds in 

synthetic organic chemistry. Among the nucleophiles, arylboronic acids and their esters 

(arylboronates) are the most popular reagents due to their versatile reactivity and 

reasonable stability. In 2016, our group reported a highly efficient aromatic C–H 

borylation catalyzed by (POCOP)Ir complexes. Here we continued the development of the 

(pincer)Ir-catalyzed system by surveying a series of iridium and rhodium complexes of 

pincer ligands. We have disclosed that only iridium complexes supported by pincer 

ligands with a central aryl donor are capable of catalyzing aromatic C–H borylation. The 

newly tested (PCP)Ir complex has shown improved chemoselectivity (C–H borylation vs. 

olefin hydroboration, and sp2 C–H vs. sp3 C–H borylation) compared to the previously 

reported (POCOP)Ir complexes. In terms of regioselectivity, C–H borylation of PhF 

showed certain variations when different precatalysts were examined. On the other hand, 

C–H borylation of PhCF3 generally followed the state-of-the-art C–H borylation catalyzed 

by the iridium complexes supported by neutral bidentate ligands. 

In addition to arylboron reagents, group 14 main group reagents have also shown 

their utility in cross-coupling chemistry. Germanium, positioned between silicon and tin 

on the periodic table, however, receives much less attention. There are only a few 

examples of cross-coupling reactions using organogermanes as nucleophiles in the 

existing literature. Here we have developed a robust and efficient ligandless Pd-catalyzed 
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germylation protocol to prepare arylgermanes with tert-butoxy substituents from aryl 

bromides. The germylation reagent, sodium tri-tert-butoxygermanate, is readily prepared 

from commercially available GeCl2·C4H8O2. This highly efficient catalytic system has a 

wide substrate scope with excellent isolated yields and only produces NaBr as a byproduct.  

The newly prepared arylgermanes have been studied in the subsequent Pd-

catalyzed cross-coupling reaction. We undertook a detailed screening of reaction 

conditions to identify the optimal condition. Using fluoride as a base is required for 

successful catalysis and adding water significantly increases the yield of the desired cross-

coupling product. The possible roles of fluoride and water have been discussed. The 

reaction scope and preliminary chemoselective cross-coupling experiments have shown 

that the newly prepared arylgermanes indeed have useful and unique reactivity compared 

to the existing reagents.  
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HRMS High Resolution Mass Spectrometry 
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Me Methyl 
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nBu n-Butyl 

NMP N-Methyl-2-pyrrolidone 
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TBAF Tri-n-butylammonium Fluoride 

TBE tert-Butylethylene 
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temp. Temperature 
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CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW 

1.1 Introduction to Pd-Catalyzed Cross-Coupling Reactions 

Transition-metal-catalyzed reactions have become one of the most important 

synthetic methods in organic chemistry. One of the most important catalyzed reactions is 

the cross-coupling reaction of aryl halides or pseudohalides with nucleophiles to construct 

new C–C or carbon–heteroatom (C–N, C–B, C–O, C–S, etc.) bonds.1–6 In the initial stage 

of the development of coupling reactions in the early 1970s, palladium, nickel, and copper 

proved to be most useful in cross-coupling reactions, but palladium later dominated the 

field because the scope of Pd-catalyzed reactions quickly grew, and palladium often 

provided enhanced selectivity over the other two metals.5 Many organometallic/main 

group nucleophiles have been explored in the Pd-catalyzed reactions (Figure I-1).5 These 

cross-coupling reactions became extremely popular and useful in both academia and 

industry, especially after discovering the enhanced activity of catalysts supported by 

bulky, strongly σ-donating ligands in the 1990s.5 These great successes and their broad 

impact on the chemical community led to Heck, Negishi, and Suzuki being awarded the 

Nobel Prize in Chemistry in 2010 “for palladium-catalyzed cross coupling in organic 

synthesis.”7,8 Besides C–C bond formation, the strategies have been extended to carbon–

heteroatom bond cross-coupling reactions, including Miyaura borylation (C–B),9 

Buchwald–Hartwig amination (C–N).10  

1



2 

Figure I-1. Pd-catalyzed cross-coupling reactions of aryl halides with various coupling 

partners. 

Almost all these Pd-catalyzed cross-coupling reaction follows the same general 

mechanism depicted in Figure I-2.5 The ligated palladium(0) species A activates aryl 

halide via oxidation addition to form the palladium(II) aryl/halido complex B. In the 

Mizoroki–Heck reaction, coordination and migratory insertion of the olefin into the Pd–

C(aryl) bond gives the intermediate C. This is followed by β-hydride elimination to form 

the cross-coupling product. Palladium(0) species A is regenerated subsequently by a base-

assisted elimination of hydrogen halide from intermediate D. However, in other reactions, 

such as Suzuki–Miyaura and Negishi reactions, palladium(II) aryl/halido complex B 

undergoes transmetalation with the organometallic/main group nucleophile (or 

heteroatom nucleophile in carbon–heteroatom cross-coupling reactions) to generate the 

intermediate E, followed by reductive elimination to give the coupled organic product and 

regenerate palladium(0) complex A. 
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Figure I-2. General mechanisms of Pd-catalyzed cross-coupling reactions. Left: 

Mizoroki–Heck reaction. Right: Other cross-coupling reactions. 

 

Among main group nucleophiles, arylboronic acids and esters, arylsilanes, and 

arylstannanes are commonly utilized due to their versatile reactivity and good functional 

group tolerance, compared to organozinc and organomagnesium reagents.2,5 Arylboronic 

acids and esters are by far the most popular coupling partners due to their operational 

simplicity and environmentally benign nature.11,12 However, some aryl boronic acids, such 

as 2-heteroarylboronic acids and polyfluorophenylboronic acids, suffer from difficult 

isolation and base and/or temperature sensitivity, which limits their application in coupling 

reactions.13–16 Arylsilanes, on the other hand, benefit from their high stability to air, 

moisture, and temperature. Furthermore, the low toxicity of arylsilanes and rich earth 

abundance of silicon provide additional advantages. However, the strong C–Si bonds are 

rather inert and need to be activated by high temperature and strong bases for successful 

transmetalation.17,18 Arylstannanes are advantageous from their stability to air and 

moisture and good reactivity, but organotin reagents are highly toxic, so special care is 
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needed while handling.19 The diversity of main group nucleophiles in cross-coupling 

reactions not only provides complementary methodologies for synthesis but also allows 

potential chemoselective cross-coupling reactions to construct more complex organic 

molecules.20–26  

 

1.2 Introduction to Preparation of Arylboronic Acid Derivatives 

Arylboronic acid derivatives are useful in organic synthesis. In addition to serving 

as coupling partners in Suzuki–Miyaura reactions, they can be easily transformed into 

various carbon–heteroatom bonds (C–N, C–O, C–S, C–Cl, C–Br, etc.) with appropriate 

reagents.27–29 Therefore, the synthesis of arylboronic acid derivatives is of great interest to 

synthetic chemists.  

 

1.2.1 Conventional Borylation 

Traditional synthesis of arylboronic acids and esters involves organolithium or 

Grignard reagents (Figure I-3a).30 Aryl halides are converted to strongly basic 

organolithium or Grignard intermediates. Treating the intermediates with boron 

electrophiles, such as trialkyl boronate, followed by hydrolysis or transesterification under 

acidic conditions, affords the desired boronic acids or esters. 
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Figure I-3. Preparation of arylboronic acid derivatives. a) Conventional synthesis 

through aryllithium or Grignard reagents. b) Pd-catalyzed C–X borylation. c) Ir-

catalyzed C–H borylation. 

 

1.2.2 Catalytic Borylation of Aryl Halides 

Compared to the traditional synthesis, catalytic synthesis of arylboronic acid 

derivatives via aryl halide or C–H borylation is more attractive. The catalytic approaches 

minimize the waste generated and have better tolerance for base-sensitive functionalities.  

Catalytic borylation of aryl halides involves the coupling reaction with the B–B 

and B–H reagents (Figure I-3b). Since the first example of Pd-catalyzed borylation of aryl 

halides reported by Miyaura and co-workers in 1995,31 advances in borylation catalyzed 

by palladium9 as well as other transition metals, including nickel,32 copper,33,34 iron,35,36 

and zinc,37 have been well reported.38,39 Other strategies, including transition metal-

free40,41 and photoinduced42–44 borylation reactions, have been reported as well. 

 

1.2.3 Catalytic Arene C–H Borylation 

Direct aromatic C–H borylation is even more appealing because it avoids the need 

for a pre-functionalized precursor with carbon–halogen bonds (Figure I-3c). In the past 20 
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years, C–H borylation has progressed tremendously from a side reaction of organometallic 

synthesis45 to a prominent synthetic method.46–48 Although a variety of transition 

metal37,49–57 and main group58 complexes has shown catalytic reactivity to aromatic C–H 

borylation, iridium complexes supported by bipyridine-based and bidentate phosphine 

ligands have shown remarkably high efficiency to the aromatic C–H borylation with high 

turnover numbers.59–61  

The Ir-catalyzed borylation features high efficiency with low catalyst loading and 

sterically controlled regioselectivity on a benzene ring.62 Monosubstituted benzenes 

usually lead to the formation of a mixture of meta- and para-borylation products. 

Exceptions are those arenes with small and strongly electronegative substituents, such as 

fluorobenzene.63 Symmetrically substituted 1,2- and 1,4-disubstituted benzenes usually 

give a single product and 1,3-disubstituted benzenes also form a single product because 

only one C–H bond (meta to both substituents) is more sterically accessible than the 

others.62 

The generally accepted mechanism of Ir-catalyzed borylation is depicted in Figure 

I-4.60,64 The neutral-bidentate-ligand-supported iridium complex reacts with excess H–B 

or B–B reagent to generate the 16-electron trisboryl iridium(III) complex F which is 

responsible for C–H activation to form the intermediate G. Reductive elimination to form 

C–B bond gives the intermediate H. It is followed by the reaction with H–B or B–B 

reagent to regenerate complex F. 
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Figure I-4. General mechanism of aromatic C–H borylation catalyzed by neutral 

bidentate-ligand-supported iridium complexes. 

 

1.3 Introduction to Preparation of Arylgermane Derivatives 

Arylgemanes, unlike other main group aryl reagents, have been almost neglected 

in synthetic organic chemistry until very recently.24,65–69 Nonetheless, the research has 

shown that arylgermanes are useful transmetalation reagents in homogeneous Pd-

catalyzed cross-coupling reactions.24,70–82 Moreover, Schoenebeck and co-workers have 

recently demonstrated that arylgermanes have unique, versatile, and orthogonal reactivity 

in cross-coupling chemistry and other transformations (vs. arylboron, arylsilicon, and 

aryltin reagents).66,67,83 Other applications include serving as traceless linkers in solid-

phase synthesis,84 Friedel–Crafts acyldegermylation,85 synthesis of iodine(III) reagents,86 

and bulky groups to impart enhanced enantioselectivity in catalysis.87 Over the century, 

synthetic chemists have developed various syntheses to prepare the desired arylgermanes.  
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1.3.1 Conventional Germylation 

Similar to conventional borylation, traditional syntheses of arylgermanes often 

include nucleophilic substitution by using preformed aryllithium or Grignard reagents 

from aryl halides (Figure I-5, top).71,88–91 However, strongly basic intermediates limit the 

functional group tolerance on the substances. In addition, selective monoarylation of 

germanium tetrahalides or tetraalkoxygermanes in a controlled manner is more 

challenging.90,92 When Grignard reactions are employed, a total absence of free 

magnesium or strict control on the stoichiometric equivalence of reagents is required to 

avoid the formation of digermanes or polygermanes.89,93 The direct reactions by mixing 

halogermanes, aryl halides, and metal reductants, such as sodium,88 magnesium,94,95 

copper,92 and zinc,96 have also been reported with limited scope (Figure I-5, bottom).  

 

 

Figure I-5. Conventional synthesis of arylgermanes. 

 

1.3.2 Catalytic Germylation of Aryl Halides 

Transition metal-catalyzed germylation of aryl halides with Ge–H/Ge–Ge reagents 

allows smooth conversion of aryl halides to arylgermanes with better compatibility to 

sensitive functional groups (Figure I-6). In 1991, Tanaka and co-workers first reported the 

Pd-catalyzed germylation of aryl halides using Me2ClGe–GeClMe2.
97 In 2002, Oshima 
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and co-workers reported Pd-catalyzed germylation of Ar–I with tri(2-furyl)germane.75 

The resulting aryltri(2-furyl)germane is active in Pd-catalyzed cross-coupling reaction 

upon activation by TBAF. Pd-catalyzed germylation of aryl halides using Ge–H reagents 

have also been applied to the synthesis of multifunctionalized arylgermanes, 

arylgermatranes, and π-conjugated materials.24,98,99 Rh-catalyzed synthesis of 

arylgermatrane via germylation of aryl halides has been reported as well.100  

 

 

Figure I-6. Pd- or Rh-catalyzed germylation of aryl halides. 

 

1.3.3 C–H Germylation  

An alternative pathway to synthesize arylgermanes is through transition metal-

catalyzed C–H germylation with Ge–H/Ge–Ge reagents (Figure I-7). The first example of 

dehydrogenative C–H germylation was reported by Seki, Murai, and co-workers in 1996, 

in which ruthenium and rhodium complexes were found to be active for the synthesis of 

vinylgermanes from olefins and nBuGeH.101 Later research of dehydrogenative 

germylation focused more on using rhodium complexes because of their exceptional 

ability to activate C–H bonds. Murai, Takai, and co-workers demonstrated that rhodium 

complexes were promising for intramolecular dehydrogenative sp2 and sp3 C–H 

germylation to synthesize germaheterocyclic compounds.102–104 The Rh-catalyzed 

dehydrogenative C–H germylation has been utilized to synthesize π-conjugated molecules 

with intriguing photophysical and electronic properties.99,105  



 

10 

 

 

Figure I-7. Pd- or Rh-catalyzed C–H germylation. 

 

Pd-catalyzed C–H germylation using Me3Ge–GeMe3 has also been reported. 

These reactions either needed directing groups to achieve regioselective C–H 

activation106–108 or were based on the known template to form palladacycle 

intermediates,109–111 followed by functionalization with Ge2Me6 to give germylation 

products. Similar sp3 C–H germylation reactions have been reported as well.112,113 Notably, 

most of these reactions were merely “additional” examples to the silylation reaction. 

Very recently, Schoenebeck and co-workers reported “formal” C–H germylation 

through aryl sulfonium salts (Figure I-8).114,115 Arylsulfonium salt intermediates were 

synthesized through regioselective C–H functionalization without a directing group and 

utilized with no further purification in the Pd-catalyzed or metal-free germylation. The 

corresponding 2,3,7,8-tetrafluorothianthrene and dibenzothiophene moieties can be 

readily recovered and reused. 
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Figure I-8. Schoenebeck’s recent reported “formal” C – H germylation. 

 

It is worth mentioning that none of the abovementioned C–H germylation methods 

were capable of preparing arylgermanes with germanium–halogen or germanium–oxygen 

bonds. One reason is that many tetravalent Ge–H or Ge–Ge reagents with halogen or 

oxygen substituents are too unstable to isolate or simply unknown. 

 

1.3.4 Germylene Insertion of Aryl Halides 

Germylenes, germanium analogues of carbenes, are divalent germanium 

compounds that have a singlet ground state with an empty p-orbital and a lone pair on 

germanium.116,117 Similar to carbenes, divalent germylenes can undergo σ-bond insertion 

reactions to form tetravalent germanium species.116–118 Therefore, insertion of 

germanium(II) dihalides into aryl carbon–halogen bonds provides an attractive approach 

to synthesize aryltrihalogermanes. Free germanium dihalides are extremely reactive so 

early examples used germanium dihalides which were generated in situ at high 

temperature (over 150 °C) to react with aryl halides to give desired 

aryltrihalogermanes.92,118 In 1999, Schmidbaur and co-workers used an AlCl3-catalyzed 
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reaction of Ar–Br with germanium dichloride–dioxane complex (GeCl2·C4H8O2) at 80 °C 

to prepare arylgermanes as mixtures of ArGeBr3 and ArGeCl3 in excellent overall yields 

(Figure I-9, top).90 Suzuki and co-workers, in 2001, reported the direct synthesis of 

PhGeCl3 from elemental germanium, GeCl4, and PhCl.119 In this reaction, GeCl2 was 

formed as an intermediate, and 98% of germanium was converted to PhGeCl3 selectively 

(Figure I-9, bottom). Although this reaction featured remarkable atom-efficiency, the need 

of using an autoclave at over 300 °C made this reaction impractical to use in regular 

laboratory synthesis.  

 

 

Figure I-9. Germylene insertion into an aryl carbon–halide bond to form 

aryltrihalogermane. 

 

1.4 Introduction to Pincer Ligands 

Pincer ligands are a broad class of tridentate chelating ligands capable of 

meridional coordination to a metal center. Organometallic complexes supported by 

meridionally chelating tridentate ligands were first reported in 1976 by Shaw and co-

workers,120 but the term “pincer” was not introduced until 1989 by van Koten.121 Since 

then, pincer ligands have been widely utilized and studied in organometallic chemistry 

and homogeneous catalysis. Pincer ligands are attractive because of their ability to impart 

remarkable thermal stability to the metal complexes and generate a well-defined 

coordination sphere.122,123  
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The electronic and steric properties of pincer ligands can be fine-tuned by precise 

control on the central donor (X), side donors (LRn), arm linkers (Y), and other substituents 

(Z), without significantly affecting the coordination environment at the metal center 

(Figure I-10).122 The electron-donating ability of the binding donors (X and L) affects the 

electronic properties of the pincer complexes. The central donor (X) particularly can 

impart effect at the metal center through the trans influence. The overall electron-donating 

ability of pincer ligands can be studied through combined experimental results from the 

DFT studies on Ir–CO124 and Pt–Cl125 complexes and X-ray crystallographic data of 

various Pd–Cl and Pd–I complexes.126–129 The electron-donating ability of the anionic 

central donor follows the order of boryl > silyl > alkyl ~ phosphido > aryl > amido. The 

steric properties are mainly controlled by the substituents on side donors (R). Tertiary 

phosphines as side donors are popular due to their well-understood properties as 

supporting ligands in organometallic chemistry and the steric properties have been 

reported by Tolman.130  

 

 

Figure I-10. Generic pincer complexes. M = metal center; X = central donor; L = side 

donors; R = substituents on side donors; Y = specific arm linkers; Z = other substituents.  
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The nomenclature of pincer ligands usually identifies three donor atoms in order, 

LXL. Common pincer complexes incorporate two fused five-membered metallacycles. 

The arm linkers (Y) can determine the ring size and consequently affect the bite angle. 

When it is necessary to specify the arm linkers and/or the ring sizes, the more 

comprehensive “[m,n]-LYXYL” nomenclature can be used, where m and n denote the 

ring size and Y denotes the arm linker atoms.131 Pincer ligands can be categorized 

according to the neutral or ionic nature of their binding donors. For example, monoanionic 

LXL-type pincer ligands consist of an anionic central donor and two neutral side donors 

(L = neutral donor; X = anionic donor). Representative examples of LXL-type pincer 

ligands are shown in Figure I-11. 

 

 

Figure I-11. Selective examples of LXL-type pincer ligands. 
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CHAPTER II  

SYNTHESIS OF PXL PINCER COMPLEXES OF IRIDIUM AND RHODIUM AND 

THEIR CATALYTIC REACTIVITY TO AROMATIC C–H BORYLATION 

 

2.1 Introduction 

2.1.1 The State-of-the-Art Aromatic C–H Borylation 

The state-of-the-art catalytic aromatic C–H borylation uses iridium complexes 

supported by bipyridine-based or bidentate phosphine ligands as catalysts, which were 

first contemporaneously developed by Ishiyama, Miyaura, Hartwig and co-workers,59 and 

Maleczka, Smith, and co-workers.60 In the first system developed by Ishiyama, Miyaura, 

Hartwig, and co-workers, [Ir(COD)Cl]2 and bipyridine were selected to catalyze the 

borylation under mild conditions. In this system, there was a long induction period for the 

formation of the active iridium species, and a large excess of arene (60 equiv) was 

needed.59 Similar stoichiometric excess of one of the reagents was also required in 

Maleczka’s and Smith’s system.60 The problems were later overcome by using the 

combination of [Ir(COD)(OMe)]2 and tBu-bpy. This system, which catalyzes the 

borylation at ambient temperature and allows the use of arenes and the boryl source in a 

1:1 ratio, is commonly called the “ITHM arene borylation system” (refer to the initials of 

the four authors).132 

 

 Part of this chapter is reprinted with permission from “Examination of a Series of Ir and Rh PXL Pincer 

Complexes as (Pre)catalysts for Aromatic C–H Borylation” by Hung, M.-U.; Press, L. P.; Bhuvanesh, N.; 

Ozerov, O. V. Organometallics 2021, 40, 1004−1013. Copyright 2021 American Chemical Society. 
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2.1.2 Pincer Complexes of Iridium in Aromatic C–H Borylation 

Pincer-supported iridium complexes have been used in C–H borylation chemistry. 

In 2011, Shimada and co-workers reported (PSiP)Ir-catalyzed C–H borylation of benzene 

with B2pin2.
133 A year later, Driess, Hartwig, and co-workers demonstrated that the iridium 

complexes supported by the sterically bulky SiCSi (silylene–aryl–silylene), GeCGe 

(germylene–aryl–germylene), and POCOPtBu pincer ligands were capable of catalyzing C–H 

borylation of benzene with HBpin.134 In 2016, our group reported catalysis of aromatic C−H 

borylation with HBpin by iridium complexes supported by POCOP-type pincer ligands 

(Figure II-1 top).63 These catalysts were capable of >104 turnovers, rivaling the activity of the 

best iridium catalysts supported by bidentate ligands. Interestingly, the (POCOP)Ir catalysis 

proceeded by a different mechanism, in which the C–H activation happens at a 14-electron 

boryl-free iridium(I) center (Figure II-1 bottom). In addition, the catalysis requires the use of 

a sacrificial olefin for kinetic reasons. This is in contrast to the catalysis by the bidentate-

ligand-supported iridium, which does not require and is indeed poisoned by simple olefins 

(Figure I-4).134 On the whole, there exists a remarkable mechanistic diversity of possible C−H 

borylation pathways with iridium, depending on the supporting ligands and the substrate. 
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Figure II-1. Top: (POCOP)Ir-catalyzed arene C−H borylation. Bottom: Proposed 

reaction mechanism of (POCOP)Ir-catalyzed arene C−H borylation. 
 

2.2 Results and Discussion 

On the basis of our 2016 work, a series of iridium complexes supported by PXP- 

and PXL-type ligands were examined as arene C–H borylation catalysts, potentially 

targeting improved selectivity and activity. Some analogous pincer complexes of rhodium 

were tested in this work as well. 

 

2.2.1 Synthesis of Pincer Ligands 

We set out to examine a variety of ligands with a central aryl group, as well as 

ligands that possess other central anionic donors based on amido, boryl, or silyl (Figure 
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II-2). Ligands 204–215 have phosphines as L-type side donors and an aryl site as an X-

type central donor (PCP ligands). The series of ligands were selected to explore steric and 

electronic variations in the PCP pincer structure. Ligand 216 was chosen to compare a 

sulfur donor to a phosphorus donor and also to examine the steric effect of three tert-butyl 

groups about the metal as opposed to four isopropyl or four tert-butyl groups. Ligands 

217−220 were chosen to test the viability of different X-type central donors: amido, boryl, 

and silyl. 

 

 

Figure II-2. LXL-type pincer ligands in this study. 

 

204,63 206,135 207,136 209,137 210,137 211,138 212,139 213,139 214,140 215,140 217,126 

218,141 219,142 and 220133 have been previously reported and were synthesized as 
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described in the literature. 205 was prepared from 1,3-resorcinol 221, Cy2PCl, and Et3N 

as a base. 208 was prepared analogously from 2-hydroxycarbazole 222, iPr2PCl, and nBuLi 

as a base. 208 contained two isomers in a ca. 1:1 ratio. In the 31P{1H} NMR spectrum in 

C6D6 at ambient temperature, four 31P NMR resonances were observed. 31P NMR 

resonances at δ 148.7 and 147.9 were assigned to P−O of two isomers, respectively, and 

31P NMR resonances at δ 61.2 and 60.6 were assigned to P−N of two isomers, respectively. 

The 1H NMR spectrum also showed two sets of resonances that correspond to two isomers. 

The nature of the two isomers was not determined, but we tentatively assume that these 

are rotamers arising from restricted rotation associated with the N−P and/or C−O−P bonds. 

216 was synthesized from 3-hydroxybenzyl alcohol 223. 223 was chlorinated with SOCl2 

and pyridine to provide 3-hydroxybenzyl chloride 224. 224 was treated with NaH and 

tBu2PCl to provide compound 225. 225 was then treated with NaStBu to provide 216. 

 

 

Figure II-3. Synthesis of 205, 208, and 216. 
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2.2.2 Synthesis and Characterization of Pincer Complexes 

All of the pincer complexes in this study are shown in Figure II-4. The pincer 

complexes of rhodium, 236-HCl,143 238-H2,144 and 239-HCl,142 were prepared as 

previously described. Literature procedures were also used to obtain Ir complexes with 

central donors other than aryl, 232-HCl,145 233-COE,141 234-H4,146 and 235-HCl.133 

 

 

Figure II-4. Pincer complexes of iridium and rhodium in this study. 

 

Installation of the PCP ligands into the coordination sphere of iridium is most 

conveniently accomplished via reaction of the ligand precursor with [(COD)IrCl]2 or 

[(COE)2IrCl]2. The insertion of a metal center into the central aromatic C−H bond and the 

loss of the olefin placeholder ligand, COD and COE, can ideally lead to the five-coordinate 

iridium(III) complex (pincer)Ir(H)(Cl) (Figure II-5, method A). However, method A does 

not always provide for the clean formation of the desired product; therefore, different 

strategies were sampled to access the desired (pincer)Ir complexes. 
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Figure II-5. Different Methods for Metalation of PCP Ligands. 

 

Reacting [(COD)IrCl]2 or [(COE)2IrCl]2 with pyridine prior to the addition of the 

ligand precursor results in the formation of a pyridine adduct, (pincer)Ir(H)(Cl)(py) 

(Figure II-5, method B). The pyridine ligand can then be abstracted with BF3OEt2 to give 

the desired five-coordinate complex (pincer)Ir(H)(Cl). This approach has been reported to 

access clean (POCOP)Ir and (POCOP)Rh complexes.63,140,147 Alternatively, 

[(COD)M(OAc)]2 (M = Ir, Rh) was also used in the metalation of the pincer ligands to 

yield the products (pincer)Ir(H)(OAc).140,148 The κ2-acetate ligand provides protection to 

the sixth coordination site of the iridium center (Figure II-5, method C). Another approach 

(Figure II-5, method D) was described by Waterman and co-workers, who reported that 

the synthesis of 201-HCl in high yield from the ligand precursor with [(COE)2IrCl]2 under 

an atmosphere of H2.
149 Besides iridium(I) precursor, iridium(III) trisboryl precursor, 
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(MesH)Ir(Bpin)3 was tested to metalate pincer ligand, aiming to make (pincer)IrHx(Bpin)y 

complexes (Figure II-5, method E). 

Methods A–E were then screened for the metalation of a PCP ligand on the 10–

100 μmol scale (Table II-1). Iridium complexes 203-HCl, 226-HCl, 227-HCl, and 228-

HCl were successfully formed via method A. Using method B, 230-HClpy and 240-

HClpy were successfully formed. 231-HOAc was formed cleanly by using method C. 

Method D was used to yield 226-HCl and 229-HCl. Unfortunately, we were not able to 

optimize the syntheses or isolation of the desired iridium products from the reactions using 

207, 210, 211, 213, and 215. 

 

Table II-1. Screening of methods for metalation of PCP pincer ligands.a 
ligand method A method B method C method D method E 

204 ○63 − − − − 

205 ○ − − ○ − 

206 ○135 − − − − 

207 − × × × × 

208 
△ with [(COD)IrCl]2 

○ with [(COE)2IrCl]2 
△ − − − 

209 
▲with [(COD)IrCl]2 

△with [(COE)2IrCl]2 
○ △ △ × 

210 △ △ × × − 

211 × × × × △ 

212 ▲150 − − ○ − 

213 − × × × × 

214 × 
△ with [(COD)IrCl]2 

○ with [(COE)2IrCl]2 
× × − 

215 × × × × △ 

216 × − ○ × − 
aLegend: ○, the desired product formed as the only product; △, the desired product formed as a major 

product (>50%); ▲, the desired product was observed as a minor product (<50%); ×, the desired 

product was not observed or identified; −, did not test. 
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Figure II-6 shows the syntheses of new iridium complexes (top) and the improved 

syntheses of 229-HCl and 237-HCl (bottom) on a preparative scale. 229-HCl and 237-

HCl have been previously accessed via method A in low yields and with difficult 

workup.140,150 The use of method D allowed isolation of these compounds in excellent 

yields from a single step. 226-HCl, 228-HCl, 230-HClpy, 231-HOAc, and 240-HClpy 

were then prepared in moderate to excellent yields by the best methods on the basis of the 

screening experiments in Table II-1. 230-HClpy and 240-HClpy both exist as a pair of 

isomers, related by the exchange of positions of pyridine and chloride about the octahedral 

iridium (Figure II-7). Abstraction of pyridine from 230-HClpy and 240-HClpy was 

attempted by reacting with BF3OEt2. The “pyridine-free” unsaturated iridium complexes 

230-HCl and 240-HCl were observed in the reaction mixture with excess BF3OEt2, as 

well as the expected byproduct BF3py. The pentane-soluble 230-HCl was then 

successfully isolated in 54% yield. However, attempts at the isolation of 240-HCl from 

the reaction mixture were not successful due to the similar solubilities of 240-HCl and 

BF3py. Neither recrystallization nor reprecipitation from toluene, pentane, or mixed 

solvents was successful. Using THF or column chromatography on silica gel to separate 

240-HCl from BF3py resulted in the regeneration of 240-HClpy. The preparation of 

(pincer)Ir(H)(Cl) through method B (+ pyridine abstraction) seemed to work only if the 

resulting (pincer)Ir(H)(Cl) and BF3py have a dramatic solubility difference. Further 

attempts to transform 240-HClpy to other iridium complexes did not lead to any isolable 

iridium complexes (Figure II-8).  
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Figure II-6. Preparative synthesis of iridium and rhodium complexes. 

 

 

Figure II-7. Two configurational isomers in 230-HClpy and 240-HClpy. 
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Figure II-8. Attempted transformations of 240-HClpy. 

 

The newly synthesized complexes 226-HCl, 228-HCl, 230-HCl, and 231-HOAc 

were characterized by 1H, 13C{1H}, and 31P{1H} NMR spectroscopy and elemental 

analysis. 230-HClpy, 240-HClpy, and 240-HCl were characterized by 1H and 31P{1H} 

NMR spectroscopy. The 1H NMR chemical shifts for Ir–H and 31P{1H} NMR chemical 

shifts are given in Table II-2. 

 

Table II-2. 1H NMR (Ir–H) and 31P NMR chemical shifts of iridium complexes. 
 1H NMR (Ir–H) (ppm) 31P NMR (ppm) 2JP–P (Hz) 

203-HCl63 –36.6 173.5 – 

226-HCl –37.25 166.7 – 

228-HCl –36.77 171.1, 115.6 373 

230-HClpy 
–20.74 (major) 

–20.42 (minor) 

144.6, 120.9 (major) 

144.1, 112.0 (minor) 

406 (major) 

395 (minor) 

230-HCl –36.39 172.7, 150.1 385 

231-HOAc –28.80 156.8 – 

240-HClpy 
–21.20 (major) 

–21.33 (minor) 

147.0, 80.6 (major) 

145.2, 80.1 (minor) 

383 (major) 

373 (minor) 

240-HCl –37.42 170.9, 106.0 365 
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The solid-state structure of 231-HOAc was determined by single-crystal XRD 

methods (Figure II-9). As expected, the pincer ligand 216 is bound meridionally (P1–Ir1–

S1 = 164.61(3)°) to the iridium center. One of the oxygen atoms (O2) in the κ2-acetate is 

trans to the central aryl carbon (C1), and another oxygen atom (O3) is trans to the implied 

hydride ligand. The Ir1–O3 bond (2.296(2) Å) trans to the hydride is longer than the Ir1–

O2 bond (2.211(2) Å) trans to C(aryl). The tert-butyl group on the sulfur donor is syn to 

the hydride ligand. 

 

 

Figure II-9. The ORTEP151 drawings (50% probability ellipsoids) of 231-HOAc 

(CCDC 2041134). Hydrogen atoms and methyl groups of tert-butyl arms are omitted for 

clarity. Selected distances (Å) and angles (deg): Ir1–C1, 1.998(3); Ir1–O2, 2.211(2); Ir1–

O3, 2.296(2); P1–Ir1–S1, 164.61(3); O2–Ir1–S1, 91.38(7); O2–Ir1–P1, 103.78(7); C1–

Ir1–S1, 83.98(10); C1–Ir1–P1, 81.36(10). 
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2.2.3 Catalysis of Aromatic C–H Borylation 

We then examined the catalytic activity of the iridium and rhodium complexes in 

the aromatic C–H borylation. In our previous report, both 1-hexene and C2H4 allowed 

efficient catalysis with 203-HCl.63 In this study, we selected 1-hexene for its operational 

simplicity in the J. Young NMR tube experiments. The reaction progress was followed by 

1H NMR spectroscopy using cyclohexane as an internal standard. The model reaction used 

HBpin as the limiting reagent, 25 equiv of C6D6 as the substrate, 1 mol% precatalyst 

loading, and 3 equiv of 1-hexene. 

The screening results are summarized in Table II-3. Iridium complexes bearing 

PXL-type pincer ligands with an aryl carbon as a central donor, except for 227-HCl, 

catalyzed aromatic C–H borylation with moderate to good chemoselectivity over the 

competing hydroboration side reaction (Table II-3, entries 1–7). 227-HCl only catalyzed 

hydroboration of 1-hexene (Table II-3, entry 3). Iridium complexes supported by the PBP, 

PNP, PNSb, and PSiP ligands did not show catalytic activity for aromatic C–H borylation; 

they did catalyze hydroboration (Table II-3, entries 8–11). The rhodium complexes also 

did not catalyze C–H borylation (Table II-3, entries 12–15). The reaction without 1-hexene 

was also conducted. Without 1-hexene, none of the reactions gave any detectable 

formation of C6D5Bpin.  
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Table II-3. Aromatic C−H borylation experiments using iridium or rhodium 

precatalysts.a 

 
    yield (%)b 

entry precatalyst time (h) conversion (%)b C6D5Bpin hexyl–Bpin 

1 203-HCl 1 100 80 19 

2 226-HCl 15 100 89 11 

3 227-HCl 24 100 1 96 

4 228-HCl 3 100 85 13 

5 229-HCl 3 100 89 11 

6 230-HCl 15 94 65 29 

7 231-HOAc 15 95 40 45 

8 232-HCl 15 100 2 98 

9 233-COE 1 100 0 95 

10 234-H4 15 100 2 94 

11 235-HCl 15 100 2 98 

12 236-HCl 16 5 0 4 

13 237-HCl 16 16 0 4 

14c 238-H2 0.16 100 0 81 

15 239-HCl 15 88 0 71 
aReaction conditions: HBpin (36 μL, 0.25 mmol), 1-hexene (93 μL, 0.75 mmol), and precatalyst (2.6 

μmol) in C6D6 (555 μL, 6.27 mmol), 80 °C, under Ar. bConversions and yields were determined by 
1H NMR spectroscopy using cyclohexane as an internal standard. Errors were estimated to be ±2.5%. 
cReaction was completed at ambient temperature in 10 min. 

 

In the previously reported (POCOP)Ir-catalyzed C–H borylation, it has been 

shown that the reaction is sensitive to the steric hindrance.63 The steric properties at the 

metal center in pincer complexes are mainly controlled by substituents on side donors.122 

Comparing the steric properties of 203-HCl, 231-HOAc, and 227-HCl, and the 

chemoselectivity for C–H borylation over hydroboration shows that as the steric 

environment at the iridium center becomes more crowded, the chemoselectivity decreases 

(Table II-4). 
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Table II-4. Comparison of the steric hindrance and the chemoselectivity of iridium 

complexes. 

iridium complex structure 
“methyl groups” 

on side donors 

chemoselectivity: 

C–H borylation/hydroboration 

203-HCl 

 

8 81/19 

231-HOAc 

 

9 47/53 

227-HCl 

 

12 1/99 

 

After we identified the promising complexes 203-HCl, 226-HCl, 228-HCl, 229-

HCl, 230-HCl, and 231-HOAc for aromatic C–H borylation, 229-HCl was chosen as a 

precatalyst to further examine different reaction conditions because it showed the best 

reactivity and chemoselectivity (Table II-3, entry 5). First, we identified that 1-hexene is 

a promising H2 acceptor. Table II-5 summarizes the results when various olefins were 

used in comparison to 1-hexene. Bulky tert-butylethylene and internal alkenes did not 

provide the desired reactivity (Table II-5, entries 2–4). Next, we investigated the effect of 

the reagent ratio on the reactivity and chemoselectivity, and the results are summarized in 

Table II-6. A large excess of arene is crucial for good chemoselectivity (Table II-6, entries 

4–6 vs. entries 1–3). The chemoselectivity was not much affected by the amount of 1-
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hexene added when more than 2 equiv of 1-hexene was used. However, using 3 equiv of 

1-hexene allowed completion of the reaction within 19 h, while up to 38 h was required 

when 2 equiv of 1-hexene was used (Table II-6, entries 3 and 6 vs. entries 2 and 5). These 

results are consistent with the previously reported aromatic C–H borylation by (POCOP)Ir 

complexes.63 

 

Table II-5. Aromatic C−H borylation using different olefins.a 

 
   yield (%)b 

entry olefin conversion (%)b C6D5Bpin alkyl–Bpin 

1 1-hexene 100 83 17 

2 tert-butylethylene (TBE) 100 3 1 

3 cis-cyclooctene (COE) 100 0 0 

4 norbornene 100 10 3 
aReaction conditions: HBpin (36 μL, 0.25 mmol), 229-HCl (0.27 μmol), C6D6 (550 μL, 6.21 mmol), 

olefin (0.74 mmol), 80 °C, under Ar, 18 h. bConversions and yields were determined by 1H and/or 
11B{1H} NMR spectroscopy using cyclohexane as a 1H internal standard. Errors were estimated to be 

±2.5%. 

 

Table II-6. Effect of reagent ratio on product ratio using 229-HCl as a precatalyst.a 

 
    yield (%)b 

entry C6D6 (M) [X] 1-hexene (M) [Y] conversion (%)b C6D5Bpin hexyl–Bpin 

1 1.7 [5] 0.33 [1] 33 23 9 

2 1.7 [5] 0.66 [2] 100 72 28 

3c 1.7 [5] 1.0 [3] 100 64 36 

4 8.4 [25] 0.33 [1] 47 40 6 

5 8.4 [25] 0.66 [2] 100 86 14 

6c 8.4 [25] 1.0 [3] 100 83 17 
aReaction conditions unless specified otherwise: HBpin (70 μL, 0.48 mmol, 0.33 M), 229-HCl (0.49 

μmol), C6D6, 1-hexene in n-heptane, 80 °C, under Ar, 38 h. bConversions and yields were determined 

by 11B{1H} NMR spectroscopy. Errors were estimated to be ±2.5%. cHBpin was consumed after 19 h. 
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With the optimized conditions in hand, we then tested the regioselectivity of the 

catalysis using complexes 203-HCl, 226-HCl, 228-HCl, 229-HCl, 230-HCl, and 231-

HOAc. The regioselectivity of aromatic C–H borylation catalyzed by pincer catalysts in 

the previously reported examples, similar to those catalyzed by non-pincer iridium 

catalysts, is mainly sterically controlled.62,63 When 202-HCl was used as a precatalyst in 

our 2016 study, borylation of PhF with 0.03 mol% precatalyst loading at 80 °C for 24 h 

under an atmosphere of C2H4 gave a borylated product mixture in 45% yield 

(ortho/meta/para = 40/46/14).63 The same conditions for the borylation of PhCF3 gave a 

mixture of borylated products in total 43% yield (ortho/meta/para = 0/70/30).63 In this 

study, PhF and PhCF3 were selected as model substrates to test the regioselectivity on sp2 

C–H bonds when different iridium complexes were used as precatalysts. 

Table II-7 details the results of the regioselectivity tests in reactions conducted at 

80 °C for 24 h with 0.1 mol% precatalyst loading using PhF and PhCF3, respectively. 203-

HCl and 229-HCl showed the highest reactivity, fully consuming HBpin with 0.1 mol% 

precatalyst loading in 24 h (Table II-7, entries 1, 4, 7, and 10). Reactions catalyzed by 

229-HCl gave the highest chemoselectivity for C–H borylation over hydroboration of up 

to 5.8:1. The C–H borylation of PhF, which has a small fluorine substituent, yielded 

mixtures of all three possible products; however, different product ratios were observed 

when 229-HCl, 230-HCl, and 231-HOAc were used in comparison to 203-HCl (Table 

II-7, entries 4–6 vs. entry 1). The borylation of PhCF3, which has a larger substituent, gave 

very similar regioselectivity when different precatalysts were used (Table II-7, entries 7–

12). In addition, we investigated the chemoselectivity of precatalysts 203-HCl and 229-
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HCl with regard to the activation of sp2 C–H, sp3 C–H, or C–Cl bonds using 3-

chlorotoluene as a test substrate (Figure II-10). In both experiments, C–Cl bonds remained 

untouched. 229-HCl possessed excellent sp2/sp3 C–H selectivity in a ratio of 35/1, while 

the selectivity of 203-HCl was 5.6/1. 

 

Table II-7. Regioselectivity test for aromatic C−H borylation using iridium 

precatalysts.a 

 
    yield (%)b  

entry precatalyst ArH conversion (%)b Ar–Bpin hexyl–Bpin ortho/meta/parac 

1 203-HCl PhF 100 66 32 54/40/6 

2 226-HCl PhF 49 32 8 55/40/5 

3 228-HCl PhF 60 34 15 52/41/7 

4 229-HCl PhF 100 81 14 32/54/14 

5 230-HCl PhF 30 4 17 30/44/26 

6 231-HOAc PhF 93 19 45 22/67/11 

7 203-HCl PhCF3 100 66 25 0/69/31 

8 226-HCl PhCF3 27 12 8 0/71/29 

9 228-HCl PhCF3 33 15 14 0/69/31 

10 229-HCl PhCF3 96 72 14 0/69/31 

11 230-HCl PhCF3 26 3 11 0/72/28 

12 231-HOAc PhCF3 81 16 26 0/75/25 
aReaction conditions when PhF is used as the substrate: HBpin (62 μL, 0.43 mmol), 1-hexene (160 μL, 

1.28 mmol), and precatalyst (0.45 μmol) in PhF (1.00 mL, 10.7 mmol), 80 °C, under Ar, for 24 h. 

Reaction conditions when PhCF3 is used as the substrate: HBpin (48 μL, 0.33 mmol), 1-hexene (125 μL, 

1.00 mmol), and precatalyst (0.34 μmol) in PhCF3 (1.00 mL, 8.14 mmol), 80 °C, under Ar, for 24 h. 
bConversions and yields were determined by 1H NMR spectroscopy using cyclohexane as an internal 

standard. Errors were estimated to be ±2.5%. cProduct ratios were determined by 19F NMR spectroscopy. 

 

 

Figure II-10. Chemoselectivity for sp2 C−H, sp3 C−H, and C−Cl bonds. 
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2.3 Conclusion 

This work demonstrated the synthesis of an array of PXL pincer ligands and their 

iridium and rhodium complexes, including several new compounds. These complexes 

were then tested as precursors in aromatic C–H borylation that used HBpin as the boron 

reagent and required an olefin additive. The role of the olefin was studied in a previous 

publication for the prototypical catalysts based on the POCOP ligands, where it was 

determined that the olefin is not merely a stoichiometric scavenger of the H2 byproduct 

but is necessary to access the key unsaturated (pincer)Ir intermediate that is responsible 

for the C–H activation of the aromatic substrate. 

In the present study, it was discovered that rhodium pincer complexes were 

incapable of C–H borylation, and only the iridium complexes of pincer ligands with a 

central aryl site displayed meaningful activity in C–H borylation. A comparison of the 

activity and the chemoselectivity (vs. the competing olefin hydroboration) identified 

iridium complexes of the originally studied 203-HCl (POCOP type) and the newly tested 

229-HCl (PCP type) pincers as the most promising, with 229-HCl delivering a moderate 

improvement over 203-HCl. The regioselectivity of the C–H borylation in mono- and bis-

substituted benzenes closely follows that observed in the “classical” iridium C–H 

borylation complexes supported by neutral bidentate phosphines or bipyridines. Since the 

mechanism of C–H borylation by Ir catalysts supported by pincer ligands is quite different, 

we conclude that the regioselectivity is substrate-controlled and reflects primarily a steric 

preference for C–H bonds without a neighboring ortho substituent. 
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2.4 Experimental 

2.4.1 General Consideration 

Unless specified otherwise, all manipulations were performed under an argon 

atmosphere using standard Schlenk or glovebox techniques. Toluene, pentane, THF, Et2O, 

and isooctane were deoxygenated (by purging) and dried using an Innovative Technology 

Pure Solv MD-5 Solvent Purification System and stored over molecular sieves in an 

argon-filled glove box. C6D6 were dried over and distilled from a NaK/benzophenone/18-

crown-6 mixture and stored over molecular sieves in an argon-filled glovebox. CDCl3, 

toluene-d8, CH2Cl2, PhF, PhCF3, Et3N, pyridine, MeCN, 1,4-dioxane, 1-hexene, 

cyclohexane, and mesitylene were dried over calcium hydride, distilled or vacuum 

transferred, and stored over molecular sieves in an argon-filled glove box. BF3OEt2 was 

distilled under argon and stored in an argon-filled glove box. NaH was rinsed with 

isooctane, dried under vacuum, and stored in an argon-filled glove box. Celite and silica 

were dried at 180 °C under vacuum overnight and store in an argon-filled glove box. 

[(COD)IrCl]2,
152 [(COE)2IrCl]2,

152 [(COD)Ir(OAc)]2,
153 (MesH)Ir(Bpin)3,

154 

[(COD)RhCl]2,
155 N,Nʼ-dimethyl-m-phenylenediamine,156 203-HCl,63 207,136 209,137 

210,137 211,138 212,139 213,139 214,140 215,140 227-HCl,135 232-HCl,145 233-COE,141 234-

H4,146 235-HCl,133 236-HCl,143 238-H2,144 and 239-HCl142 were synthesized according to 

published procedures. NaStBu was synthesized according to the published procedures 

using tBuSH as a starting material.157 All other chemicals were used as received from 

commercial vendors. 
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All NMR spectra were recorded on a Varian Inova 500 NMR spectrometer (1H 

NMR, 499.431 MHz; 13C{1H} NMR, 125.595 MHz; 31P{1H} NMR, 202.187 MHz; 19F 

NMR, 469.897 MHz), a Varian VnmrS 500 NMR spectrometer (1H NMR, 499.690 MHz; 

13C NMR, 125.660 MHz; 31P NMR, 202.292 MHz; 19F NMR, 470.139 MHz), a Varian 

Inova 400 spectrometer (1H NMR, 399.465 MHz; 11B NMR 128.159 MHz), Bruker 

Avance Neo 400 spectrometers (1H NMR, 400.2 MHz; 13C NMR, 100.630 MHz, and 1H 

NMR, 400.09 MHz; 13C NMR, 100.603 MHz, respectively), and a Varian Inova 300 NMR 

(1H NMR, 299.971 MHz; 31P{1H} NMR, 121.430 MHz) spectrometer. All spectra were 

recorded at ambient temperature unless otherwise noted. Chemical shifts are reported in δ 

(ppm). For 1H and 13C{1H} NMR spectra, the residual solvent peak was used as an internal 

reference (C6D6 at δ 7.16 for 1H NMR and δ 128.06 for 13C NMR; CDCl3 at δ 7.26 for 1H 

NMR and δ 77.16 for 13C NMR). 11B{1H} NMR spectra were referenced externally using 

neat BF3OEt2 at δ 0, 31P{1H} NMR spectra were referenced externally using 85% 

phosphoric acid at δ 0, and 19F NMR spectra were referenced externally using neat 

trifluoroacetic acid at δ –78.5. 

Elemental analyses were performed by Complete Analysis Laboratories, Inc. 

(Highland Park, NJ). 

 

2.4.2 Synthesis and Characterization 

Synthesis of 207. In a 50 mL culture tube, resorcinol (221) (1.138 g, 10.34 mmol) 

was dissolved in 5 mL of THF. Cy2PCl (4.878 g, 20.96 mmol) was added, followed by 

Et3N (8.0 mL, 57 mmol) with 15 mL of THF. The reaction was stirred at 85 ºC for 20 h. 



 

36 

 

The mixture was filtered through Celite over a frit. Excess Cy2PCl and solvent were 

removed under vacuum at 60 °C to provide the product as a thick, colorless oil (5.0 g, 96% 

yield). The product was determined to be >95% pure by 1H and 31P{1H} NMR 

spectroscopy and used without further purification. 1H NMR (499 MHz, C6D6) δ 7.46 

(quin, J = 2.2 Hz, 1H), 7.11–7.06 (m, 1H), 7.03–6.98 (m, 2H), 1.97 (br d, J = 13.1 Hz, 

4H), 1.78–1.60 (m, 16H), 1.60–1.43 (m, 8H), 1.36–1.24 (m, 4H), 1.23–1.05 (m, 12H); 

13C{1H} NMR (126 MHz, C6D6) δ 161.3 (d, 2JP–C = 9.6 Hz), 130.0 (s), 112.1 (d, 3JP–C = 

11.7 Hz), 109.5 (t, 3JP–C = 11.5 Hz), 38.5 (d, 1JP–C = 18.7 Hz), 28.4 (d, JP–C = 18.8 Hz), 

27.4 (d, JP–C = 7.5 Hz), 27.2 (d, JP–C = 12.6 Hz), 27.0 (d, JP–C = 7.1 Hz), 26.7 (s); 31P{1H} 

NMR (202 MHz, C6D6) δ 142.4.  

Syntheisis of 208. In a 50 mL culture tube, 2-hydroxycarbazole (222) (788 mg, 

4.30 mmol) was dissolved in 20 mL of THF. nBuLi (3.6 mL, 9.0 mmol, 2.5 M in hexane) 

was added dropwise at ambient temperature. The reaction was stirred at ambient 

temperature for 20 min. iPr2PCl (1.42 g, 9.30 mmol) was then added slowly. The reaction 

was stirred at 85 ºC for 22 h. All volatiles were removed under vacuum. 5 mL of pentane 

was added, the mixture was filtered through Celite over a frit. Excess iPr2PCl and solvent 

were removed under vacuum to provide the product as a thick, yellow oil (1.8 g, >98% 

yield). The product tends to solidify over time. The product was determined to be >93% 

pure by 31P{1H} NMR spectroscopy and used without further purification. Based on the 

1H NMR spectrum, the product contains two isomers in 1:1 ratio. The exact nature of the 

isomers was not determined. 1H NMR (499 MHz, C6D6) δ 8.26 (br q, J = 2.2 Hz, 1H), 

8.21 (dd, J = 8.2, 2.4 Hz, 1H), 7.94 (d, J = 7.3 Hz, 1H), 7.88 (d, J = 7.7 Hz, 1H), 7.85 (d, 
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J = 8.5 Hz, 1H), 7.82 (d, J = 8.4 Hz, 1H), 7.75 (br t, J = 2.0 Hz, 1H), 7.44 (d, J = 8.1 Hz, 

1H), 7.41–7.35 (m, 1H), 7.34–7.26 (m, 3H), 7.23 (t, J = 6.9 Hz, 1H), 7.21 (t, J = 7.0 Hz, 

1H), 2.86 (oct, J = 7.0 Hz, 2H), 2.59 (oct, J = 7.0 Hz, 2H), 1.91–1.78 (m, 4H), 1.23 (t, J = 

7.0 Hz, 6H), 1.21 (t, J = 7.0 Hz, 6H), 1.04 (dd, J = 18.0, 7.0 Hz, 6H), 1.04 (dd, J = 15.7, 

7.2 Hz, 12H), 0.99 (dd, J = 18.4, 6.9 Hz, 6H), 0.74 (dd, J = 13.0, 7.0 Hz, 6H), 0.65 (dd, J 

= 13.0, 7.0 Hz, 6H); 13C{1H} NMR (126 MHz, C6D6) δ 159.3 (dd, JP–C = 8.7, 1.2 Hz), 

158.8 (dd, JP–C = 8.6 Hz), 148.8 (d, JP–C = 22.6 Hz), 147.7 (d, JP–C = 22.2 Hz), 144.0 (d, 

JP–C = 11.6 Hz), 143.2 (d, JP–C = 11.6 Hz), 127.1 (d, JP–C = 1.2 Hz), 125.3 (d, JP–C = 1.2 

Hz), 125.2 (d, JP–C = 3.0 Hz), 124.7, 121.5, 121.5, 120.9, 120.7 (br, 2C), 120.4, 119.8 (d, 

JP–C = 2.6 Hz), 119.5, 113.3, 113.2 (d, JP–C = 22.9 Hz), 112.9 (d, JP–C = 9.1 Hz), 112.6 (d, 

JP–C = 10.1 Hz), 103.5 (d, JP–C = 13.5 Hz), 103.2 (dd, JP–C = 23.5, 11.8 Hz), 26.2 (d, JP–C 

= 14.4 Hz), 26.0 (d, JP–C = 13.9 Hz), 20.3 (d, JP–C = 30.4 Hz), 20.2 (d, JP–C = 30.3 Hz), 

19.6 (d, JP–C = 10.9 Hz), 19.6 (d, JP–C = 11.0 Hz), 28.8 (d, JP–C = 18.8 Hz), 28.8 (d, JP–C = 

18.5 Hz), 18.0 (d, JP–C = 20.5 Hz), 17.3 (d, JP–C = 8.8 Hz); 31P{1H} NMR (202 MHz, C6D6) 

δ 148.7, 147.9, 61.2, 60.6. 

Synthesis of 211. This synthesis was based on the previous method in the literature 

with minor modification.138 In a 50 mL culture tube, N,Nʼ-dimethyl-m-phenylenediamine 

(1.418 g, 10.41 mmol) was dissolved in THF (10 mL). nBuLi (9.00 mL, 22.5 mmol, 2.5 

M in hexane), was added dropwise at ambient temperature. THF (5 mL) was added to the 

reaction. The reaction was stirred at ambient temperature for 1 h. iPr2PCl (3.58 g, 23.4 

mmol) was then added slowly. The reaction was stirred at 85 ºC for 18 h. The mixture was 

filtered through Celite over a frit and the solvent was removed under vacuum. The residue 
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was re-dissolved in pentane and filtered through Celite over a frit. The solvent was 

removed under vacuum to provide the crude product. The crude product was purified by 

recrystallization from pentane at –35 °C to provide the product as a yellow solid (2.28 g, 

59% yield). 1H NMR (499 MHz, C6D6) δ 7.63–7.56 (m, 1H), 7.21 (t, J = 8.2 Hz, 1H), 6.91 

(dt, J = 8.1, 2.3 Hz, 2H), 2.78 (d, 3JP–H = 1.4 Hz, 6H), 1.80 (hept d, J = 5.9, 3.3 Hz, 4H), 

1.03 (dd, J = 16.4, 6.9 Hz, 12H), 0.97 (dd, J = 11.8, 7.0 Hz, 12H); 13C{1H} NMR (126 

MHz, C6D6) δ 153.7 (dd, JP–C = 19.9, 1.2 Hz), 129.0 (t, JP–C = 1.3 Hz), 107.8 (d, JP–C = 

15.3 Hz), 106.2 (t, JP–C = 18.3 Hz), 34.6 (d, JP–C = 6.5 Hz), 27.0 (d, JP–C = 16.8 Hz), 19.9 

(d, JP–C = 11.0 Hz), 19.7 (d, JP–C = 27.5 Hz); 31P{1H} NMR (202 MHz, C6D6) δ 71.7. 

Synthesis of 3-hydroxybenzyl chloride (224). In a 50 mL culture tube, 3-

hydroxybenzyl alcohol (223) (1.475 g, 11.88 mmol) was dissolved in CH2Cl2 (30 mL). 

Pyridine (1.60 mL, 19.9 mmol) was added. The reaction was cooled down to 0 °C in an 

ice bath. SOCl2 (2.60 mL, 35.6 mmol) was added dropwise to the reaction. After the 

addition of the SOCl2, the ice bath was removed, and the reaction was allowed to stir at 

ambient temperature for 20 h. Water (5 mL) was added to the reaction dropwise with 

vigorous stirring. (Caution: Gas evolution!) The separated CH2Cl2 phase was washed by 

water (10 mL x 2) and dried over anhydrous Na2SO4. The solvent was removed under 

vacuum to provide the product as a white solid (1.43 g, 84% yield). The 1H NMR and 

13C{1H} NMR data matched the previously reported data in the literature.158 The product 

was used in the next step without further purification. 

Synthesis of di-tert-butyl(3-(chloromethyl)phenoxy)phosphine (225). In a 50 

mL culture tube, 3-hydroxybenzyl chloride (224) (1.257g, 8.816 mmol) was dissolved in 
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THF (10 mL). NaH was suspended in THF (2 mL) in a 7 mL vial and added slowly to the 

reaction. THF (1 mL x 4) was used to rinse the 7 mL vial and added to the reaction. The 

reaction was stirred at ambient temperature for 3 h. tBu2PCl (1.615 g, 8.939 mmol) was 

dissolved in THF (1 mL) in a 7 mL vial and added slowly to the reaction. THF (1 mL x 3) 

was used to rinse the 7 mL vial and added to the reaction. The reaction was heated at 75 

°C for 23 h. The mixture was filtered through Celite over a frit and the solvent was 

removed under vacuum to provide the product as an orange oil (2.59 g, >99% crude yield). 

The product was determined to be >88% pure by 1H and 31P{1H} NMR spectroscopy and 

used without further purification. 1H NMR (499 MHz, C6D6) δ 7.29 (br q, J = 2.0 Hz, 1H), 

7.18 (br dtd, J = 8.3, 2.4, 0.8 Hz, 1H), 6.98 (t, J = 7.9 Hz, 1H), 6.72 (br d, J = 7.6 Hz, 1H), 

4.07 (s, 2H), 1.10 (d, J = 11.7 Hz, 18H); 13C{1H} NMR (126 MHz, C6D6) δ 160.5 (d, JP–

C = 9.3 Hz), 139.5, 129.9 (d, JP–C = 0.6 Hz), 121.8, 118.7 (d, JP–C = 10.2 Hz), 118.4 (d, JP–

C = 11.8 Hz), 46.0, 35.7 (d, JP–C = 26.4 Hz), 27.5 (d, JP–C = 15.8 Hz); 31P{1H} NMR (202 

MHz, C6D6) δ 153.6. 

Synthesis of 216. In a 50 mL culture tube, di-tert-butyl(3-

(chloromethyl)phenoxy)phosphine (225) (1.28 g, 4.46 mmol) was dissolved in MeCN (20 

mL). NaStBu (500 mg, 4.46 mmol) was added to the reaction. The reaction was stirred at 

ambient temperature for 26 h. The mixture was filtered through Celite over a frit and the 

solvent was removed under vacuum. The residue was re-dissolved in pentane (5 mL) and 

filtered through Celite over a pipette. The solvent was removed under vacuum to provide 

the product as an orange oil (1.14 g, 75% yield). The product was determined to be 85% 

pure by 1H NMR spectroscopy and used without further purification. 1H NMR (400 MHz, 
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C6D6) δ 7.51 (br q, J = 2.2 Hz, 1H), 7.19 (br dtd, J = 8.0, 2.4, 1.0 Hz, 1H), 7.07 (t, J = 7.8 

Hz, 1H), 6.95 (br d, J = 7.5 Hz, 1H), 3.60 (s, 2H), 1.19 (s, 9H), 1.13 (d, J = 11.7 Hz, 1H); 

13C{1H} NMR (101 MHz, C6D6) δ 160.5 (d, JP–C = 9.5 Hz), 141.1, 129.7, 122.5, 119.4 (d, 

JP–C = 10.8 Hz), 117.0 (d, JP–C = 11.2 Hz), 42.5, 35.7 (d, JP–C = 26.6 Hz), 33.8, 31.0, 27.5 

(d, JP–C = 15.7 Hz); 31P{1H} NMR (202 MHz, C6D6) δ 152.5. 

Synthesis of 226-HCl. In a 50 mL Teflon screw-capped Schlenk flask, 205 (598 

mg, 1.19 mmol) was dissolved in 6 mL of toluene. [(COD)IrCl]2 (386 mg, 0.575 mmol) 

was added with 5 mL of toluene. The reaction mixture was degassed by a freeze-pump-

thaw cycle and the flask was refilled with H2 (1 atm). The reaction was heated at 140 ºC 

for 43 h. The mixture was filtered through Celite over a frit, and the solvent was removed 

under vacuum to provide the crude product as a brick red solid (954 mg). The product was 

purified by recrystallization from a concentrated PhF solution layered with pentane at –35 

°C. The crystal was triturated with toluene to remove PhF to give a dark red solid (755 mg 

in three crops, 90% yield). A part of 13C{1H} NMR spectrum (δ 29–25) was integrated to 

determine the number of 13C NMR resonances of –CH2– in the cyclohexyl rings. 1H NMR 

(499 MHz, C6D6) δ 6.91–6.85 (m, 1H), 6.84–6.78 (m, 2H), 2.72 (tt, J = 12.2, 3.3 Hz, 2H), 

2.42–2.24 (m, 2H), 2.06–1.83 (m, 10H), 1.75–1.35 (m, 18H), 1.21–0.90 (m, 12H), –37.25 

(t, J = 13.7 Hz, 1H); 13C{1H} NMR (126 MHz, C6D6) δ 166.5 (vt, JP–C = 6.5 Hz), 125.8 

(s), 115.5 (br s), 105.6 (t, JP–C = 5.4 Hz), 41.3 (vt, JP–C = 14.5 Hz), 38.7 (vt, JP–C = 16.5 

Hz), 27.7, 27.3 (br t, JP–C = 2.7 Hz), 27.0–26.7 (m, 4C), 26.6–26.3 (m, 2C), 26.0, 26.0; 

31P{1H} NMR (202 MHz, C6D6) δ 166.7; Elem. Anal. Calcd for C30H48ClIrO2P2: C, 49.34; 

H, 6.62. Found: C, 49.51; H, 6.53. 
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Synthesis of 228-HCl. In a 10 mL culture tube, 208 (110 mg, 0.265 mmol) and 

[(COE)2IrCl]2 (112 mg, 0.125 mmol) were dissolved in 4 mL of toluene. The reaction was 

heated at 110 ºC for 44 h. The mixture was filtered through Celite over a frit, and the 

solvent was removed under vacuum to provide the crude product as a purple solid (160 

mg). The residue was purified by flash column chromatography on silica gel using 

pentane/toluene/Et2O as gradient eluent (100/0/0 to 0/100/0 to 0/0/100) to give a pure 

product as a purple solid (138 mg, 86% yield). 1H NMR (499 MHz, C6D6) δ 7.93–7.85 

(m, 1H), 7.44 (d, J = 8.2 Hz, 1H), 7.27–7.18 (m, 3H), 7.01 (d, J = 8.2 Hz, 1H), 3.26–3.14 

(m, 1H), 2.89–2.75 (m, 1H), 2.75–2.63 (m, 1H), 2.38–2.23 (m, 1H), 1.30 (dd, J = 19.6, 

6.9 Hz, 3H), 1.29 (dd, J = 17.5, 7.2 Hz, 3H), 1.17 (dd, J = 16.5, 7.2 Hz, 3H), 1.17 (dd, J = 

15.2, 7.1 Hz, 3H), 1.12 (dd, J = 18.9, 7.1 Hz, 3H), 1.04 (dd, J = 18.8, 7.0 Hz, 3H), 1.01 

(dd, J = 17.6, 7.0 Hz, 3H), 0.74 (dd, J = 16.7, 7.0 Hz, 3H), –36.77 (t, J = 13.9 Hz, 1H); 

13C{1H} NMR (126 MHz, C6D6) δ 164.7 (dd, JP–C = 6.5, 5.8 Hz), 160.1 (dd, JP–C = 19.9, 

5.7 Hz), 140.7 (dd, JP–C = 8.0, 1.7 Hz), 132.7 (d, JP–C = 1.6 Hz), 124.4, 122.3, 121.2, 115.3, 

113.7 (d, JP–C = 8.0 Hz), 112.6, 105.9 (d, JP–C = 11.0 Hz), 105.3 (br), 31.5 (dd, JP–C = 26.1, 

5.6 Hz), 31.4 (dd, JP–C = 20.4, 3.3 Hz), 29.5 (dd, JP–C = 29.6, 5.2 Hz), 27.5 (dd, JP–C = 24.1, 

3.0 Hz), 19.2 (t, JP–C = 2.1 Hz), 18.8 (d, JP–C = 10.4 Hz), 18.4 (d, JP–C = 1.3 Hz), 17.5, 

17.5, 17.1 (d, JP–C = 7.7 Hz), 17.0 (d, JP–C = 3.6 Hz), 16.9 (t, JP–C = 2.1 Hz); 31P{1H} NMR 

(202 MHz, C6D6) δ 171.1 (d, J = 373 Hz), 115.6 (d, J = 373 Hz); Elem. Anal. Calcd for 

C24H35ClIrNOP2: C, 44.82; H, 5.49; N, 2.18. Found: C, 45.05; H, 5.64; N, 2.07. 

Synthesis of 229-HCl. This synthesis was modified from the previous method in 

the literature, which suffered from difficult isolation and low yield.150 In a 50 mL Teflon 
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screw-capped Schlenk flask, 212 (153 mg, 0.452 mmol) and [(COD)IrCl]2 (195 mg, 0.218 

mmol) were dissolved in 10 mL of toluene. The reaction mixture was degassed by three 

freeze-pump-thaw cycles and the flask was refilled with H2 (1 atm). The reaction was 

heated at 110 ºC for 18 h. Volatiles were removed under vacuum. The resulting solid was 

rinsed with pentane (2 mL x 3) to provide the product as an orange-red solid (220 mg, 

89% yield). The 1H NMR and 31P{1H} NMR data match the previously reported data in 

the literature.150  

Synthesis of 230-HClpy. In a 50 mL Teflon screw-capped Schlenk flask, 

[(COE)2IrCl]2 (302 mg, 0.337 mmol) and pyridine (0.55 mL, 6.8 mmol) were dissolved in 

7 mL of toluene. 214 (275 mg, 0.700 mmol) was added to the reaction mixture with 8 mL 

of toluene. The reaction was heated at 150 ºC for 17 h. The mixture was filtered through 

Celite over a frit, and the solvent was removed under vacuum to provide the crude product 

as a tan solid (508 mg). The crude product was further purified by reprecipitation from a 

concentrated PhF solution layered with pentane at –35 °C. The solid was triturated with 

toluene and pentane to remove PhF to give a tan solid (300 mg, 64% yield). Based on the 

1H and 31P{1H} NMR spectra, the product contains two isomers in 99:1 ratio. Major 

isomer: 1H NMR (499 MHz, C6D6) δ 11.80–7.72 (br m, 2H), 7.56 (d, J = 7.5 Hz, 1H), 7.43 

(d, J = 8.5 Hz, 1H), 7.35 (d, J = 8.5 Hz, 1H), 7.24–7.12 (m, 2H), 6.67 (t, J = 7.5 Hz, 1H), 

6.19 (br s, 2H), 3.08–2.81 (m, 1H), 2.70–2.48 (m, 1H), 2.48–2.26 (m, 1H), 2.25–2.02 (m, 

1H), 1.58 (dd, J = 17.2, 7.0 Hz, 3H), 1.33 (dd, J = 14.4, 6.9 Hz, 3H), 1.21 (dd, J = 16.2, 

7.0 Hz, 3H), 1.11 (dd, J = 12.6, 7.1 Hz, 3H), 1.04–0.91 (m, 9H), 0.88 (dd, J = 14.4, 7.2 

Hz, 1H), –20.74 (t, J = 17.2 Hz, 1H); 13C{1H} NMR (126 MHz, C6D6) δ 164.5 (dd, JP–C = 
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10.6, 4.7 Hz), 155.8 (d, JP–C = 3.3 Hz), 152.6, 136.3, 132.8, 129.0 (d, JP–C = 7.3 Hz), 126.1, 

125.3, 124.5, 122.8, 114.6 (d, JP–C = 4.6 Hz), 114.5 (d, JP–C = 11.5 Hz), 110.1 (dd, JP–C = 

8.6, 2.6 Hz), 32.4 (dd, JP–C = 30.1, 5.4 Hz), 31.4 (dd, JP–C = 18.4, 8.6 Hz), 30.1 (dd, JP–C = 

31.3, 4.4 Hz), 28.4 (dd, JP–C = 26.5, 6.9 Hz), 18.3 (d, JP–C = 5.9 Hz), 17.9, 17.6, 17.1 (d, 

JP–C = 4.0 Hz), 16.9, 16.7 (d, JP–C = 3.4 Hz), 16.7, 16.3; 31P{1H} NMR (202 MHz, C6D6) 

δ 144.6 (d, J = 406 Hz), 120.9 (d, J = 406 Hz). Minor isomer: 1H NMR (499 MHz, C6D6) 

(only Ir–H can be identified) δ –20.42 (t, J = 15.4 Hz, 1H); 31P{1H} NMR (202 MHz, 

C6D6) δ 144.1 (d, J = 395 Hz), 112.0 (d, J = 395 Hz). 

Synthesis of 230-HCl. In a J. Young NMR tube, 230-HClpy (146 mg, 0.209 

mmol) were dissolved in C6D6 (1 mL). BF3OEt2 (220 μL, 1.78 mmol) was added to the 

reaction mixture. The reaction was heated at 100 ºC and monitored by 1H and 31P{1H} 

NMR spectroscopy. After 14 h, all volatiles and excess BF3OEt2 were removed under 

vacuum. Pentane (5 mL) was added, and the mixture was allowed to sit at –35 °C 

overnight. The solid was filtered out through Celite over a pipette and the solid was further 

washed with cold pentane (2 mL x 3). Pentane was removed from the combined filtrate 

under vacuum to provide an orange solid (76 mg). The crude product was further purified 

by flash column chromatography on silica gel using pentane/toluene as gradient eluent 

(100/0 to 0/100) to give a pure product as an orange-red solid (74 mg, 54% yield). 1H 

NMR (499 MHz, C6D6) δ 7.44 (d, J = 7.6 Hz, 1H), 7.35 (d, J = 8.6 Hz, 1H), 7.24 (d, J = 

8.6 Hz, 1H), 7.12 (d, J = 7.6 Hz, 1H), 7.07 (t, J = 7.6 Hz, 1H), 2.76 (sept, J = 7.1 Hz, 1H), 

2.71 (sept, J = 7.1 Hz, 1H), 2.65–2.51 (m, 1H), 2.41–2.26 (m, 1H), 1.29 (dd, J = 17.5, 7.2 

Hz, 3H), 1.24 (dd, J = 17.1, 7.2 Hz, 3H), 1.21–1.09 (m, 15H), 1.03 (dd, J = 15.9, 6.9 Hz, 
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3H), –36.42 (t, J = 13.2 Hz, 1H); 13C{1H} NMR (126 MHz, C6D6) δ 166.5 (dd, JP–C = 10.1, 

5.0 Hz), 155.3 (d, JP–C = 3.7 Hz), 132.7, 129.0 (d, JP–C = 7.5 Hz), 127.4, 125.5, 123.1, 

115.2 (d, JP–C = 5.7 Hz), 114.4 (d, JP–C = 12.1 Hz), 105.8 (m), 30.3 (dd, JP–C = 22.8, 6.1 

Hz), 30.1–29.5 (m, 2C), 28.9 (dd, JP–C = 29.4, 4.6 Hz), 18.4 (d, JP–C = 3.3 Hz), 18.3, 17.7, 

17.6 (d, JP–C = 3.4 Hz), 17.1 (d, JP–C = 6.3 Hz), 16.9 (d, JP–C = 7.9 Hz), 16.4 (d, JP–C = 4.1 

Hz), 16.2 (br); 31P{1H} NMR (202 MHz, C6D6) δ 172.7 (d, J = 385 Hz), 150.1 (d, J = 385 

Hz); Elem. Anal. Calcd for C22H34ClIrO2P2: C, 42.61; H, 5.53. Found: C, 42.58; H, 5.58. 

Synthesis of 231-HOAc. In a 10 mL culture tube, 216 (327 mg, 85% pure 0.82 

mmol) and [(COD)Ir(OAc)]2 (0.30 g, 0.42 mmol) were dissolved in 6 mL of toluene. The 

reaction was heated at 120 ºC for 37 h. The mixture was filtered through Celite over a frit, 

and the solvent was removed under vacuum to provide the crude product as a brown solid 

(587 mg). The residue was purified by flash column chromatography on silica gel using 

pentane as eluent to give a purer product. The product was then further purified by 

recrystallization from a saturated pentane solution at –35 °C to give a faint orange crystal 

(116 mg, 24% yield). Single crystals suitable for X-ray analysis were obtained by slow 

evaporation of pentane at –35 °C. 1H NMR (499 MHz, C6D6) δ 6.80–6.75 (m, 2H), 6.55–

6.50 (m, 1H), 3.99 (d, J = 16.6 Hz, 1H), 3.71 (dd, J = 16.6, 2.0 Hz, 1H), 1.91 (s, 3H), 1.39 

(d, J = 14.5 Hz, 9H), 1.34 (d, J = 14.1 Hz, 9H), 1.13 (s, 9H), –28.80 (d, J = 19.6 Hz, 1H); 

13C{1H} NMR (126 MHz, C6D6) δ 185.7, 165.9 (d, JP–C = 3.0 Hz), 147.6 (d, JP–C = 5.0 

Hz), 126.5, 122.7, 116.3, 107.9 (d, JP–C = 11.4 Hz), 48.6, 42.5 (d, JP–C = 1.8 Hz), 41.8 (d, 

JP–C = 23.4 Hz), 39.6 (d, JP–C = 31.0 Hz), 28.8 (d, JP–C = 4.7 Hz), 28.7 (d, JP–C = 1.4 Hz), 
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27.4 (d, JP–C = 4.7 Hz), 26.0; 31P{1H} NMR (202 MHz, C6D6) δ 156.8; Elem. Anal. Calcd 

for C21H36IrO3PS: C, 42.62; H, 6.13. Found: C, 42.91; H, 6.07. 

Synthesis of 237-HCl. This synthesis was modified from the previous method in 

the literature, which required multi-step synthesis.136 In a 50 mL Teflon screw-capped 

Schlenk flask, 212 (144 mg, 0.425 mmol) and [(COD)RhCl]2 (101 mg, 0.205 mmol) were 

dissolved in 2 mL of toluene. The reaction mixture was degassed by three freeze-pump-

thaw cycles and the flask was refilled with H2 (1 atm). The reaction was heated at 120 ºC 

for 20 h. The reaction mixture was again degassed by three freeze-pump-thaw cycles and 

the flask was refilled with H2 (1 atm). The reaction was heated at 120 ºC for 22 h. Volatiles 

were removed under vacuum. The resulting solid was rinsed with pentane (2 mL x 3) to 

provide the product as a yellow solid (181 mg, 93% yield). The 1H NMR and 31P{1H} 

NMR match the previously reported data in the literature.136 

Synthesis of 240-HClpy. In a 10 mL culture tube, [(COD)IrCl]2 (275 mg, 0.409 

mmol) and pyridine (0.13 mL, 1.6 mmol) were dissolved in 7 mL of toluene. 209 (293 

mg, 0.858 mmol) was added to the reaction mixture. The reaction was heated at 110 ºC 

for 1.5 h. The mixture was filtered through Celite over a frit, and the solvent was removed 

under vacuum to provide the crude product as a tan powder (505 mg). The crude product 

was rinsed with pentane (2 mL x 3) to provide the product as a tan solid (475 mg, 89% 

yield). Based on the 1H and 31P{1H} NMR spectra, the product contains two isomers in 

94:6 ratio. Major isomer: 1H NMR (400 MHz, C6D6) δ 10.48 (br s, 1H), 7.87 (br s, 1H), 

6.95 (t, J = 7.8 Hz, 1H), 6.73 (d, J = 7.9 Hz, 1H), 6.67 (t, J = 7.5 Hz, 1H), 6.56 (br s, 1H), 

6.31 (d, J = 7.7 Hz, 1H), 6.01 (br s, 1H), 3.86 (br d, J = 3.4 Hz, 1H), 2.48–2.31 (m, 1H), 
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2.05–1.87 (m, 2H), 1.80–1.66 (m, 1H), 1.44 (dd, J = 17.5, 6.9 Hz, 6H), 1.22 (dd, J = 15.0, 

7.0 Hz, 3H), 1.10 (dd, J = 13.3, 7.1 Hz, 3H), 1.05 (dd, J = 14.8, 6.9 Hz, 3H), 1.01 (dd, J = 

15.9, 7.3 Hz, 3H), 0.92 (dd, J = 15.0, 7.4 Hz, 3H), 0.87 (dd, J = 13.7, 7.1 Hz, 1H), –21.20 

(t, J = 15.9 Hz, 1H); 13C{1H} NMR (126 MHz, C6D6) δ 164.4 (t, JP–C = 6.5 Hz), 154.69 

(dd, JP–C = 15.4, 5.4 Hz), 152.1 (br), 151.9 (br), 136.2, 124.4 (br), 124.4 (br), 124.3, 117.7 

(t, JP–C = 3.6 Hz), 103.6 (d, JP–C = 11.8 Hz), 103.0 (d, JP–C = 11.2 Hz), 31.8 (dd, JP–C = 

21.6, 7.5 Hz), 31.1 (dd, JP–C = 29.2, 5.0 Hz), 30.5 (dd, JP–C = 24.1, 5.3 Hz), 30.2 (dd, JP–C 

= 27.5, 3.6 Hz), 18.8 (d, JP–C = 6.6 Hz), 18.5, 18.0, 17.9 (d, JP–C = 8.2 Hz), 17.8 (d, JP–C = 

3.6 Hz), 17.2, 16.9 (d, JP–C = 4.7 Hz), 16.5; 31P{1H} NMR (202 MHz, C6D6) δ 147.0 (d, J 

= 384 Hz), 80.6 (d, J = 384 Hz). Minor isomer: 1H NMR (400 MHz, C6D6) (only N–H and 

Ir–H can be clearly identified) δ 3.93 (br d, J = 3.5 Hz, 1H), –21.33 (t, J = 14.9 Hz, 1H); 

31P{1H} NMR (202 MHz, C6D6) δ 145.2 (d, J = 373 Hz), 80.1 (d, J = 373 Hz). 

 

2.4.3 Screening of Methods for Metalation of LXL-Type Pincer Ligands 

2.4.3.1 General Procedure for J. Young NMR Tube Reactions 

Method A. The ligand (1.1 equiv), Ir–Cl precursor (1.0 equiv [Ir]; [(COD)IrCl]2 or 

[(COE)2IrCl]2), and the solvent were added to a J. Young NMR tube. The J. Young NMR 

tube was then placed into an oil bath at the indicated temperature for the time reported and 

monitored by 1H and/or 31P{1H} NMR spectroscopy. 

Method B. Ir–Cl precursor (1.0 equiv [Ir]; [(COD)IrCl]2 or [(COE)2IrCl]2), 

pyridine (in excess), and the solvent were added to a J. Young NMR tube. The ligand (1.1 

equiv) was then added to the J. Young NMR tube. The J. Young NMR tube was then 
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placed into an oil bath at the indicated temperature for the time reported and monitored by 

1H and/or 31P{1H} NMR spectroscopy.  

Method C. The ligand (1.1 equiv), [(COD)Ir(OAc)]2 (1.0 equiv [Ir]), and the 

solvent were added to a J. Young NMR tube. The J. Young NMR tube was then placed 

into an oil bath at the indicated temperature for the time reported and monitored by 1H 

and/or 31P{1H} NMR spectroscopy. 

Method D. The ligand (1.1 equiv), Ir precursor (1.0 equiv [Ir]; [(COD)IrCl]2, 

[(COE)2IrCl]2, or [(COD)Ir(OAc)]2), and the solvent were added to a J. Young NMR tube. 

The J. Young NMR tube was then degassed through a freeze-pump-thaw cycle, refilled 

with hydrogen (H2; 1 atm; ca. 2 mL, 0.08 mmol), placed into an oil bath at the indicated 

temperature for the time reported, and monitored by 1H and/or 31P{1H} NMR spectroscopy. 

The J. Young NMR tube was degassed and refilled with H2 if indicated during the reaction. 

Method E. The ligand (1.1 equiv), [(MesH)Ir(Bpin)3] (1.0 equiv [Ir]), and the 

solvent were added to a J. Young NMR tube. The J. Young NMR tube was then placed 

into an oil bath at the indicated temperature for the time reported, and monitored by 1H, 

11B{1H}, and/or 31P{1H} NMR spectroscopy. 

The results of screening of methods for metalation of PXP-type pincer ligands 

were summarized in Table II-1. 

 

2.4.3.2 Screening of Methods for Metalation of 205 

Method A with [(COD)IrCl]2. 205 (125 μL, 69 μmol, 0.55 M in toluene) and 

[(COD)IrCl]2 (21.8 mg, 32.5 μmol) were added to a J. Young NMR tube. Toluene (0.7 
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mL) was added to form a yellow solution. The J. Young NMR tube was closed. The yellow 

solution was immediately analyzed by 31P{1H} NMR spectroscopy, then again after the J. 

Young NMR tube was placed into an oil bath at 120 °C for 23 h, at 140 °C for 28 h and 

over a weekend. The yellow solution turned brown-red upon heating. Prior to heating, the 

31P{1H} NMR spectrum contained multiple 31P NMR resonances. After 23 h at 120 °C, 

the 31P{1H} NMR spectrum contained 226-HCl (46%), free ligand (18%), and other 

unidentified 31P NMR resonances. After 28 h at 140 °C, the 31P{1H} NMR spectrum 

contained 226-HCl (67%), free ligand (6%), and other unidentified 31P NMR resonances. 

After a weekend at 140 °C, the 31P{1H} NMR spectrum contained 226-HCl (79%), free 

ligand (5%), and other unidentified 31P NMR resonances. 

Method A with [(COE)2IrCl]2. 205 (115 μL, 63 μmol, 0.55 M in toluene) and 

[(COE)2IrCl]2 (27 mg, 30 μmol) were added to a J. Young NMR tube. Toluene (0.7 mL) 

was added to form an orange solution. The J. Young NMR tube was closed. The orange 

solution was immediately analyzed by 31P{1H} NMR spectroscopy, then again after the J. 

Young NMR tube was placed into an oil bath at 120 °C for 23 h, and at 140 °C for 22 h. 

The yellow solution turned brown-red upon heating. Prior to heating, the 31P{1H} NMR 

spectrum contained multiple broad 31P NMR resonances. After 23 h at 120 °C, the 31P{1H} 

NMR spectrum contained 226-HCl (81%), free ligand (9%), and other unidentified 31P 

NMR resonances. After 22 h at 140 °C, the 31P{1H} NMR spectrum contained 226-HCl 

(95%) and free ligand (5%). 

Method D with [(COD)IrCl]2. 205 (93 μL, 51 μmol, 0.55 M in toluene) and 

[(COD)IrCl]2 (16.4 mg, 24.4 μmol) were added to a J. Young NMR tube. Toluene (1 mL) 
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was added to form a yellow solution. The J. Young NMR tube was closed. The J. Young 

NMR tube was then degassed through a freeze-pump-thaw cycle and refilled with H2 (1 

atm; ca. 2 mL, 0.08 mmol). The solution was analyzed by 31P{1H} NMR spectroscopy 

after the J. Young NMR tube was placed into an oil bath at 120 °C for 19 h, and at 140 °C 

over a weekend. The yellow solution turned orange upon heating, and slowly turned dark 

red. After 19 h at 120 °C, the 31P{1H} NMR spectrum contained 226-HCl (88%) and free 

ligand 205 (12%). After a weekend at 140 °C, the 31P{1H} NMR spectrum contained 226-

HCl (94%) and free ligand 205 (6%). 

Method D with [(COE)2IrCl]2. 205 (115 μL, 63 μmol, 0.55 M in toluene) and 

[(COE)2IrCl]2 (27 mg, 30 μmol) were added to a J. Young NMR tube. Toluene (1 mL) 

was added to form a yellow solution. The J. Young NMR tube was closed. The J. Young 

NMR tube was then degassed through a freeze-pump-thaw cycle and refilled with H2 (1 

atm; ca. 2 mL, 0.08 mmol). The solution was analyzed by 31P{1H} NMR spectroscopy 

after the J. Young NMR tube was placed into an oil bath at 120 °C for 19 h. The yellow 

solution turned orange upon heating, and slowly turned to dark red. After 19 h at 120 °C, 

the 31P{1H} NMR spectrum contained only 226-HCl. 

After the screening, method D with [(COE)2IrCl]2 was chosen to synthesize 226-

HCl on a preparative scale. 

 

2.4.3.3 Screening of Methods for Metalation of 207 

Method B with [(COD)IrCl]2. [(COD)IrCl]2 (27.8 mg, 41.4 μmol) and pyridine 

(1.0 mL, 12 mmol) were added to a J. Young NMR tube to form a yellow solution. 207 
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(25.5 mg, 89.1 μmol) was then added to the J. Young NMR tube to form a yellow solution. 

The J. Young NMR tube was closed. The yellow solution was immediately analyzed by 

31P{1H} NMR spectroscopy, then again after the J. Young NMR tube was placed into an 

oil bath at 110 °C for 20 h and at 150 °C for 74 h. The yellow solution turned to a light-

yellow solution after heating at 110 °C for 20 h. Prior to heating and after heating at 110 

°C for 20 h, both 31P{1H} NMR spectra contained multiple unidentified 31P NMR 

resonances. After heating at 150 °C for 74 h, the 31P{1H} NMR spectrum contained two 

major 31P NMR resonances at δ 140.4 (13%) and 139.9 (52%), respectively, and other 

unidentified 31P NMR resonances. 

Method B with [(COE)2IrCl]2. [(COE)2IrCl]2 (32.9 mg, 36.7 μmol) and pyridine 

(0.7 mL, 9 mmol) were added to a J. Young NMR tube to form an orange-red solution. 

207 (23.0 mg, 84.3 μmol) was then added to the J. Young NMR tube to form an orange 

solution. The J. Young NMR tube was closed. The orange solution was immediately 

analyzed by 31P{1H} NMR spectroscopy, then again after the J. Young NMR tube was 

placed into an oil bath at 110 °C for 21 h and at 150 °C for 97 h. The orange solution 

turned to a light-yellow solution after heating at 110 °C for 21 h. Prior to heating and after 

heating at 110 °C for 21 h, both 31P{1H} NMR spectra contained multiple unidentified 31P 

NMR resonances. After heating at 150 °C for 97 h, the 31P{1H} NMR spectrum contained 

two major 31P NMR resonances at δ 140.4 (8%) and 139.9 (37%), respectively, and other 

unidentified 31P NMR resonances. 

Method C. 207 (45 mg, 0.16 mmol) and [(COD)Ir(OAc)]2 (53 mg, 74 μmol) were 

added to a J. Young NMR tube. Toluene (0.8 mL) was added to form a light-brown 
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solution. The J. Young NMR tube was closed. The light-brown solution was immediately 

analyzed by 31P{1H} NMR spectroscopy, then again after the J. Young NMR tube was 

placed into an oil bath at 120 °C for 18 h and at 150 °C for 73 h. The light-brown solution 

turned darker upon heating. Prior to heating, the 31P{1H} NMR spectrum contained 

multiple unidentified broad 31P NMR resonances. After 18 h at 120 °C, the 31P{1H} NMR 

spectrum contained a sharp 31P NMR resonance at δ 173.4 (6%) and other unidentified 

broad 31P NMR resonances. After 73 h at 150 °C, the 31P{1H} NMR spectrum contained 

the same 31P NMR resonance at δ 173.4 (13%) and other unidentified 31P NMR resonances. 

Method D with [(COD)Ir(OAc)]2. 207 (22.8 mg, 79.6 μmol) and [(COD)Ir(OAc)]2 

(28.6 mg, 39.8 μmol) were added to a J. Young NMR tube. Toluene (0.4 mL) was added 

to form a light-brown solution. The J. Young NMR tube was closed. The J. Young NMR 

tube was then degassed through three freeze-pump-thaw cycles and refilled with H2 (1 

atm; ca. 2 mL, 0.08 mmol). The light-brown solution was immediately analyzed by 31P{1H} 

NMR spectroscopy, then again after the J. Young NMR tube was placed into an oil bath 

at 120 °C for 21 h and at 150 °C for 6 h. All 31P{1H} NMR spectra contained multiple 

unidentified 31P NMR resonances. 

Method E. 207 (26 mg, 91 μmol) and [(MesH)Ir(Bpin)3] (59 mg, 85 μmol) were 

added to a J. Young NMR tube. C6D6 (0.4 mL) was added. The solution was immediately 

analyzed by 31P{1H} NMR spectroscopy, then again after the J. Young NMR tube was 

placed into an oil bath at 80 °C for 13 h and 60 h. All 31P{1H} NMR spectra contained 

multiple unidentified 31P NMR resonances. 
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Since the attempted metalation reactions of 207 were not clean enough to isolate a 

pure complex of iridium, the synthesis on a preparative scale was not performed. 

 

2.4.3.4 Screening of Methods for Metalation of 208 

Method A with [(COD)IrCl]2. 208 (35 mg, 84 μmol) and [(COD)IrCl]2 (25 mg, 37 

μmol) were added to a J. Young NMR tube. Toluene (1 mL) was added to form a yellow 

solution. The J. Young NMR tube was closed. The yellow solution was immediately 

analyzed by 31P{1H} NMR spectroscopy, then again after the J. Young NMR tube was 

placed into an oil bath at 110 °C for 42 h, and at 150 °C for 24 h. Prior to heating, the 

31P{1H} NMR spectrum contained multiple 31P NMR resonances. After 42 h at 110 °C, 

the 31P{1H} NMR spectrum contained at least five sets of 31P NMR resonances for pincer 

complexes. After 24 h at 150 °C, the 31P{1H} NMR spectrum contained three sets of 31P 

NMR resonances for pincer complexes. 

Method A with [(COE)2IrCl]2. 208 (88 μL, 47 μmol, 0.537 M in toluene) and 

[(COE)2IrCl]2 (20.2 mg, 22.5 μmol) were added to a J. Young NMR tube. Toluene (1 mL) 

was added to form an orange solution. The J. Young NMR tube was closed. The orange 

solution was immediately analyzed by 31P{1H} NMR spectroscopy, then again after the J. 

Young NMR tube was placed into an oil bath at 110 °C for 40 h. Prior to heating, the 

31P{1H} NMR spectrum contained multiple 31P NMR resonances. After 40 h at 110 °C, 

the 31P{1H} NMR spectrum contained only 228-HCl. 

Method B with [(COD)IrCl]2. [(COD)IrCl]2 (36.5 mg, 54.3 μmol) and pyridine (10 

μL, 0.12 mmol) were added to a J. Young NMR tube. Toluene (1 mL) was added to form 
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a yellow solution. 208 (375 μL, 108 μmol, 0.289 M in toluene) was then added to the J. 

Young NMR tube to form an orange solution. The J. Young NMR tube was closed. The 

orange solution was immediately analyzed by 31P{1H} NMR spectroscopy, then again 

after the J. Young NMR tube was placed into an oil bath at 110 °C for 16 h. Prior to heating, 

the 31P{1H} NMR spectrum contained multiple 31P NMR resonances. After 16 h at 110 

°C, the 31P{1H} NMR spectrum contained a set of 31P NMR resonances for 228-HClpy 

(70%) and other unidentified 31P NMR resonances. 

After the screening, method A with [(COE)2IrCl]2 was chosen to synthesize 228-

HCl on a preparative scale. 

 

2.4.3.5 Screening of Methods for Metalation of 209 

Method A with [(COD)IrCl]2. 209 (105 μL, 61.2 μmol, 0.583 M in toluene) and 

[(COD)IrCl]2 (20.4 mg, 30.4 μmol) were added to a J. Young NMR tube. Toluene (1 mL) 

was added to form an orange solution. The J. Young NMR tube was closed. The orange 

solution was immediately analyzed by 31P{1H} NMR spectroscopy, then again after the J. 

Young NMR tube was placed into an oil bath at 110 °C for 43 h. The orange solution 

turned dark red upon heating. Prior to heating, the 31P{1H} NMR spectrum contained two 

major 31P NMR resonances. After 43 h at 110 °C, the 31P{1H} NMR spectrum contained 

a set of 31P NMR resonances at δ 169.5 (d, J = 367 Hz), 104.8 (d, J = 367 Hz), which was 

assigned to 240-HCl (46%) and other unidentified 31P NMR resonances. 

Method A with [(COE)2IrCl]2. 209 (91 μL, 53 μmol, 0.583 M in toluene) and 

[(COE)2IrCl]2 (23.1 mg, 25.8 μmol) were added to a J. Young NMR tube. Toluene (1 mL) 
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was added to form a brown suspension. The J. Young NMR tube was closed. The brown 

suspension was immediately analyzed by 31P{1H} NMR spectroscopy, then again after the 

J. Young NMR tube was placed into an oil bath at 110 °C for 23 h. The brown suspension 

turned purple solution upon heating. Prior to heating, the 31P{1H} NMR spectrum 

contained multiple broad 31P NMR resonances. After 23 h at 110 °C, the 31P{1H} NMR 

spectrum contained 240-HCl (71%) and other unidentified 31P NMR resonances. 

Method B with [(COD)IrCl]2. [(COD)IrCl]2 (22.7 mg, 33.8 μmol) and pyridine 

(6.0 μL, 74 μmol) were added to a J. Young NMR tube. Toluene (1 mL) was added to 

form a solution. 209 (116 μL, 67.6 μmol, 0.583 M in toluene) was then added to the J. 

Young NMR tube to form a yellow solution. The J. Young NMR tube was closed. The 

yellow solution was immediately analyzed by 31P{1H} NMR spectroscopy, then again 

after the J. Young NMR tube was placed into an oil bath at 110 °C for 1.5 h. The yellow 

solution turned faint yellow upon heating and turned yellow after 1.5 h at 110 °C. Prior to 

heating, the 31P{1H} NMR spectrum contained multiple 31P NMR resonances. After 1.5 h 

at 110 °C, the 31P{1H} NMR spectrum contained a major set of 31P NMR resonances at δ 

146.5 (d, J = 385 Hz), 80.6 (d, J = 385 Hz), which was assigned to 240-HClpy (93%) and 

other minor unidentified 31P NMR resonances. 

Method C. 209 (65 μL, 38 μmol, 0.583 M in toluene) and [(COD)Ir(OAc)]2 (12.7 

mg, 17.7 mmol) were added to a J. Young NMR tube. Toluene (1 mL) was added to form 

a brown-yellow solution. The J. Young NMR tube was closed. The brown-yellow solution 

was immediately analyzed by 31P{1H} NMR spectroscopy, then again after the J. Young 

NMR tube was placed into an oil bath at 110 °C for 42 h. The brown-yellow solution 
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turned light-brown upon heating. Prior to heating, the 31P{1H} NMR spectrum contained 

multiple broad 31P NMR resonances. After 42 h at 110 °C, the 31P{1H} NMR spectrum 

contained two sets of 31P NMR resonances for two pincer complexes (60% and 28%, 

respectively) and other unidentified 31P NMR resonances. 

Method D with [(COE)2IrCl]2. 209 (91 μL, 53 μmol, 0.583 M in toluene) and 

[(COE)2IrCl]2 (22.7 mg, 25.3 μmol) were added to a J. Young NMR tube. Toluene (1 mL) 

was added to form a brown suspension. The J. Young NMR tube was closed. The J. Young 

NMR tube was then degassed through a freeze-pump-thaw cycle and refilled with H2 (1 

atm; ca. 2 mL, 0.08 mmol). The brown suspension was analyzed by 31P{1H} NMR 

spectroscopy after the J. Young NMR tube was placed into an oil bath at 120 °C for 37 h. 

The brown suspension turned to a purple solution after 37 h at 120 °C. After 37 h at 120 

°C, the 31P{1H} NMR spectrum contained 240-HCl (84%) and other unidentified 31P 

NMR resonances. 

Method E: 209 (24 mg, 69 μmol) and [(MesH)Ir(Bpin)3] (44 mg, 63 μmol) were 

added to a J. Young NMR tube. C6D6 (0.5 mL) was added to form a bright orange solution. 

The bright orange solution was immediately analyzed by 31P{1H} NMR spectroscopy, 

then again after the J. Young NMR tube was placed into an oil bath at 80 °C for 66 h. Prior 

to heating, the 31P{1H} NMR spectrum contained only free 209. After 66 h at 80 °C, the 

31P{1H} NMR spectrum contained multiple unidentified 31P NMR resonances. 

Attempt at pyridine abstraction of 240-HClpy. 240-HClpy (20 mg, 31 μmol) was 

dissolved in C6D6 (1 mL) in a J. Young NMR tube. BF3OEt2 (40.0 μL, 324 μmol) was 

added to form a dark purple solution. The reaction was heated at 100 °C for 14 h. 1H and 
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31P{1H} NMR spectroscopy showed full consumption of 240-HClpy and clean formation 

of 240-HCl. Excess BF3OEt2 and volatiles were removed under vacuum. The reddish-

purple solid was dissolved in C6D6 and analyzed by 1H and 31P{1H} NMR spectroscopy. 

The 31P{1H} NMR spectrum contained only 240-HCl. The 1H NMR spectrum contained 

240-HCl, BF3py and trace BF3OEt2. The purification was attempted by 

recrystallization/reprecipitation from toluene, pentane, THF, and the mixed solvents, and 

flash column chromatography. Recrystallization or reprecipitation were not successful 

methods to purify 240-HCl because 240-HCl and BF3py have similar solubility in toluene 

and pentane. Flash column chromatography on silica gel using toluene as eluent or 

dissolving the mixture in THF led to partial or full regeneration of 240-HClpy. 240-HCl 

was characterized with BF3py and trace BF3OEt2 by 1H, 13C{1H}, and 19P{1H} NMR 

spectroscopy. 1H NMR (499 MHz, C6D6) δ 6.86 (t, J = 7.8 Hz, 1H), 6.66 (d, J = 7.9 Hz, 

1H), 6.28–6.13 (m, 1H, overlapped with BF3py), 3.77 (br s, 1H), 2.74–2.59 (m, 1H), 2.59–

2.45 (m, 1H), 2.36–2.21 (m, 1H), 2.05–1.91 (m, 1H), 1.27 (dd, J = 17.2, 7.2 Hz, 3H), 1.21–

1.07 (m, 12H), 1.03 (dd, J = 15.6, 7.0 Hz, 1H), 0.94–0.82 (m, 6H), –37.42 (br s, 1H). 

13C{1H} NMR (126 MHz, C6D6) δ 166.6 (t, JP–C = 6.2 Hz), 156.6 (m), 125.2, 111.1 (m), 

104.1 (d, JP–C = 12.4 Hz), 103.3 (d, JP–C = 11.5 Hz), 31.3 (dd, JP–C = 25.2, 5.0 Hz), 29.6–

28.7 (m, 2C), 27.7 (dd, JP–C = 30.2, 3.1 Hz), 18.0, 17.8 (d, JP–C = 7.2 Hz), 17.7–17.4 (m, 

2C), 17.2 – 16.9 (m, 2C), 16.9–16.6 (m, 2C). 31P{1H} NMR (202 MHz, C6D6) δ 170.9 (d, 

J = 365 Hz), 106.0 (d, J = 365 Hz). 

Attempt at converting 240-HClpy to 240-hexene. 240-HClpy (28.1 mg, 43.3 

μmol) was dissolved in toluene (1 mL) in a 7 mL vial. BF3OEt2 (53 μL, 0.43 mmol) was 
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added. The reaction was stirred at ambient temperature for 24 h. The mixture was filtered 

through Celite over a pipette. Excess BF3OEt2 and volatiles were removed under vacuum. 

The resulting solid was suspended in pentane (10 mL) in a 50 mL culture tube. NaOtBu 

(20 mg, 0.21 mmol) and 1-hexene (15 μL, 0.12 mmol) were added to the culture tube. The 

reaction mixture was vigorously stirred for 2 d and changed from cloudy suspension to 

orange solution with white precipitation. The mixture was filtered through Celite over a 

frit. All volatiles were removed under vacuum. The resulting solid was analyzed by 

31P{1H} NMR spectroscopy. The 31P{1H} NMR spectrum contained unreacted 240-

HClpy (26%), one major set of 31P NMR resonances at δ 174.4 (d, J = 372 Hz), 104.1 (d, 

J = 372 Hz), which was assigned to 240-hexene (33%) and other unidentified 31P NMR 

resonances. 

Attempt at reacting 240-HCl in situ with propargyloxytrimethylsilane. 240-HClpy 

(17.7 mg, 27.3 μmol) and propargyloxytrimethylsilane (20 μL, 0.13 mmol) were dissolved 

in C6D6 (1 mL) in a J. Young NMR tube. BF3OEt2 (17 μL, 0.13 mmol) was added. A black 

solid formed immediately, and the solution became colorless over time. The solution was 

immediately analyzed by 31P{1H} NMR spectroscopy, then again after the J. Young NMR 

tube was stirred at ambient temperature for 37 h. Both 31P{1H} NMR spectra showed no 

31P NMR resonance.  

Attempt at reacting 240-HClpy with NaBEt3H. 240-HClpy (20.5 mg, 31.6 μmol) 

was dissolved in toluene (0.5 mL) in a J. Young NMR tube. NaBEt3H (32 μL, 32 μmol, 

1.0 M in toluene) was added to form a yellow solution. The solution was immediately 

analyzed by 31P{1H} NMR spectroscopy, then again after the J. Young NMR tube was 
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placed into an oil bath at 70 °C for 28 h and 80 °C for 20 h. The solution turned orange 

after heating at 70 °C. All 31P{1H} NMR spectra contained multiple unidentified 31P NMR 

resonances. 

Attempt at reacting 240-HClpy with HBpin. 240-HClpy (15.7 mg, 24.2 μmol) and 

HBpin (18 μL, 0.12 mmol) were dissolved in toluene (0.5 mL) in a J. Young NMR tube. 

The light-yellow solution was immediately analyzed by 31P{1H} NMR spectroscopy, then 

again after the J. Young NMR tube was placed into an oil bath at 80 °C for 21 h and 100 

°C for 4 h. Before heating, the 31P NMR spectrum contained only 240-HClpy. After 

heating at 80 °C for 21 h and 100 °C for 4 h, the 31P NMR spectrum contained one major 

set of 31P NMR resonances at δ 166.8 (d, J = 345 Hz), 118.4 (d, J = 345 Hz), and other 

minor unidentified resonances. All volatiles were removed under vacuum. The residue 

was dissolved in C6D6 and analyzed by 1H and 31P{1H} NMR spectroscopy. Although the 

31P NMR spectrum looked approximately the same, the 1H NMR spectrum contained 

multiple unidentified Ir–H peaks. 

After screening, method B with [(COD)IrCl]2 was chosen to prepare 240-HClpy 

on a preparative scale. However, the attempts to isolate 240-HCl or other derivatives were 

not successful. Therefore, the preparation of 240-HCl was not performed on a preparative 

scale. 

 

2.4.3.6 Screening of Methods for Metalation of 210 

Method A with [(COD)IrCl]2. 210 (38.1 mg, 112 μmol) and [(COD)IrCl]2 (36 mg, 

54 μmol) were added to a J. Young NMR tube. Toluene (1.5 mL) was added to form an 
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orange solution. The J. Young NMR tube was closed. The orange solution was 

immediately analyzed by 31P{1H} NMR spectroscopy, then again after the J. Young NMR 

tube was placed into an oil bath at 110 °C for 39 h. The orange solution turned to an 

orange-brown solution with significant precipitation upon heating, then to a dark purple 

solution after 39 h at 110 °C. Prior to heating, the 31P{1H} NMR spectrum contained two 

broad 31P NMR resonances. After 39 h at 110 °C, the 31P{1H} NMR spectrum contained 

a major 31P NMR resonance at δ 103.4 (s), which was assigned to (210)Ir(H)(Cl), 241-

HCl (56%), and other unidentified 31P NMR resonances. 

Method A with [(COE)2IrCl]2. 210 (24.0 mg, 70.5 μmol) and [(COE)2IrCl]2 (30 

mg, 33 μmol) were added to a J. Young NMR tube. Toluene (1.5 mL) was added to form 

a brown solution. The J. Young NMR tube was closed. The brown solution was 

immediately analyzed by 31P{1H} NMR spectroscopy, then again after the J. Young NMR 

tube was placed into an oil bath at 110 °C for 36 h and at 150 °C for 18.5 h. The brown 

solution formed significant precipitation upon heating, then turned to a dark purple 

solution after 36 h. Prior to heating, the 31P{1H} NMR spectrum contained one major 31P 

NMR resonance. After 36 h at 110 °C, the 31P{1H} NMR spectrum contained 241-HCl 

(36%) and other unidentified 31P NMR resonances. After 18.5 h at 150 °C, the 31P{1H} 

NMR spectrum contained 241-HCl (56%) and other unidentified 31P NMR resonances. 

Method B with [(COD)IrCl]2. [(COD)IrCl]2 (29.3 mg, 44.0 μmol) and pyridine (35 

μL, 0.43 mmol) were added to a J. Young NMR tube. Toluene (1 mL) was added to form 

a solution. 210 (30.7 mg, 90.2 μmol) was then added to the J. Young NMR tube to form 

an orange solution. The J. Young NMR tube was closed. The orange solution was 
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immediately analyzed by 31P{1H} NMR spectroscopy, then again after the J. Young NMR 

tube was placed into an oil bath at 110 °C for 23 h and at 150 °C for 24 h. The orange 

solution turned yellow upon heating. Prior to heating, the 31P{1H} NMR spectrum 

contained multiple broad 31P NMR resonances. After 23 h at 110 °C, the 31P{1H} NMR 

spectrum contained 241-HClpy (82%) and other unidentified 31P NMR resonances. After 

24 h at 150 °C, the 31P{1H} NMR spectrum contained 241-HClpy (84%) and other 

unidentified 31P NMR resonances. 

Method B with [(COE)2IrCl]2. [(COE)2IrCl]2 (37 mg, 41 μmol) and pyridine (33 

μL, 0.41 mmol) were added to a J. Young NMR tube. Toluene (1 mL) was added to form 

a solution. 210 (30.4 mg, 89.3 μmol) was then added to the J. Young NMR tube to form a 

yellow-orange suspension. The J. Young NMR tube was closed. The yellow-orange 

suspension was immediately analyzed by 31P{1H} NMR spectroscopy, then again after the 

J. Young NMR tube was placed into an oil bath at 110 °C for 12 h. The yellow-orange 

suspension turned to a yellow solution upon heating and significant white precipitation 

formed after 12 h at 110 °C. Prior to heating, the 31P{1H} NMR spectrum contained 

multiple 31P NMR resonances. After 12 h at 110 °C, the 31P{1H} NMR spectrum contained 

a major 31P NMR resonance at δ 79.9 (s), which was assigned to 241-HClpy (66%) and 

other unidentified 31P NMR resonances. 

Method C: 210 (12.1 mg, 35.5 μmol) and [(COD)Ir(OAc)]2 (12.0 mg, 16.7 mmol) 

were added to a J. Young NMR tube. Toluene (1 mL) was added to form a brown-red 

solution. The J. Young NMR tube was closed. The brown-red solution was immediately 

analyzed by 31P{1H} NMR spectroscopy, then again after the J. Young NMR tube was 
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placed into an oil bath at 110 °C for 42 h and at 150 °C for 6 h. The brown-red solution 

turned light-brown upon heating. Prior to heating, the 31P{1H} NMR spectrum contained 

multiple broad 31P NMR resonances. After 42 h at 110 °C, the 31P{1H} NMR spectrum 

contained three major 31P NMR resonances at δ 91.6 (s) (44%), 81.2 (s) (33%), 71.9 (s) 

(12%), respectively, and other unidentified 31P NMR resonances. After 6 h at 150 °C, the 

31P{1H} NMR spectrum did not change. 

Method D with [(COD)IrCl]2: 210 (23.3 mg, 68.4 μmol) and [(COD)IrCl]2 (21.9 

mg, 32.6 μmol) were added to a J. Young NMR tube. Toluene (1 mL) was added to form 

a yellow solution. The J. Young NMR tube was closed. The J. Young NMR tube was then 

degassed through two freeze-pump-thaw cycles and refilled with H2 (1 atm; ca. 2 mL, 0.08 

mmol). The yellow solution was immediately analyzed by 31P{1H} NMR spectroscopy, 

then again after the J. Young NMR tube was placed into an oil bath at 110 °C for 13 h and 

at 150 °C for 24 h. The yellow solution turned faint yellow (almost colorless) with white 

precipitation after 13 h at 110 °C. Prior to heating, after 13 h at 110 °C and 24 h at 150 °C, 

all 31P{1H} NMR spectra contained multiple unidentified 31P NMR resonances. 

Method D with [(COE)2IrCl]2: 210 (15.7 mg, 46.1 μmol) and [(COE)2IrCl]2 (20.6 

mg, 23.0 μmol) were added to a J. Young NMR tube. Toluene (1 mL) was added to form 

a brown solution. The J. Young NMR tube was closed. The J. Young NMR tube was then 

degassed through two freeze-pump-thaw cycles and refilled with H2 (1 atm; ca. 2 mL, 0.08 

mmol) to give a brown solid with black precipitation. The brown solution was immediately 

analyzed by 31P{1H} NMR spectroscopy, then again after the J. Young NMR tube was 

placed into an oil bath at 110 °C for 13 h and at 150 °C for 24 h. The brown solution turned 
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light-yellow with brown precipitation after 13 h at 110 °C. Prior to heating, the 31P{1H} 

NMR spectrum contained one 31P NMR resonance. After 13 h at 110 °C and 24 h at 150 

°C, both 31P{1H} NMR spectra contained multiple unidentified 31P NMR resonances. 

Since the attempted metalation reactions of 210 were not clean enough to isolate a 

pure complex of iridium, the synthesis on a preparative scale was not performed. 

 

2.4.3.7 Screening of Methods for Metalation of 211 

Method A with [(COD)IrCl]2. 211 (19.4 mg, 52.6 μmol) and [(COD)IrCl]2 (17.0 

mg, 25.3 μmol) were added to a J. Young NMR tube. Toluene (0.5 mL) was added to form 

an orange solution. The J. Young NMR tube was closed. The J. Young NMR tube was 

placed into an oil bath at 120 °C for 2 h. The orange solution turned black upon heating. 

After heating at 120 °C for 2 h, significant black precipitation formed and the solution 

became almost colorless, indicating the Ir complexes were not soluble in toluene. Further 

investigation was not performed. 

Method B with [(COD)IrCl]2. [(COD)IrCl]2 (20 mg, 30 μmol) and pyridine (50 μL, 

0.62 mmol) were added to a J. Young NMR tube. Toluene (0.4 mL) was added to form a 

solution. 211 (23.5 mg, 63.8 μmol) was then added to the J. Young NMR tube to form an 

orange-red solution. The J. Young NMR tube was closed. The orange-red solution was 

immediately analyzed by 31P{1H} NMR spectroscopy, then again after the J. Young NMR 

tube was placed into an oil bath at 120 °C for 12 h. The orange-red solution turned to an 

orange suspension upon heating. Prior to heating and after 12 h at 120 °C, both 31P{1H} 

NMR spectra contained multiple 31P NMR resonances. 
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Method C. 211 (19.4 mg, 52.6 μmol) and [(COD)Ir(OAc)]2 (19.1 mg, 26.6 mmol) 

were added to a J. Young NMR tube. Toluene (0.5 mL) was added to form a dark brown 

solution. The J. Young NMR tube was closed. The dark brown solution was immediately 

analyzed by 31P{1H} NMR spectroscopy, then again after the J. Young NMR tube was 

placed into an oil bath at 120 °C for 24 h and at 150 °C for 16 h. Prior to heating, after 24 

h at 120 °C, and after 16 h at 150 °C, all 31P{1H} NMR spectra contained multiple broad 

31P NMR resonances. 

Method D with [(COD)IrCl]2. 211 (44.1 mg, 120 μmol) and [(COD)IrCl]2 (36.7 

mg, 54.6 μmol) were added to a J. Young NMR tube. Toluene (0.7 mL) was added to form 

a brown-orange solution. The J. Young NMR tube was closed. The J. Young NMR tube 

was then degassed through three freeze-pump-thaw cycles and refilled with H2 (1 atm; ca. 

2 mL, 0.08 mmol). The brown-orange solution was immediately analyzed by 31P{1H} 

NMR spectroscopy, then again after the J. Young NMR tube was placed into an oil bath 

at 110 °C for 48 h and at 150 °C for 16 h. The brown-orange solution turned darker with 

the formation of precipitation upon heating. Prior to heating, the 31P{1H} NMR spectrum 

contained multiple 31P NMR resonances. After 48 h at 110 °C, the 31P{1H} NMR spectrum 

contained three major 31P NMR resonances at δ 116.2 (57%), 93.1 (21%), –2.7 (12%), 

respectively, and other unidentified 31P NMR resonances. After 16 h at 150 °C, the 31P{1H} 

NMR spectrum contained the same three major 31P NMR resonances at δ 116.2 (63%), 

93.1 (21%), –2.7 (10%), respectively, and other unidentified 31P NMR resonances. 

Method E. 211 (21.0 mg, 57.0 μmol) and (MesH)Ir(Bpin)3 (37.8 mg, 54.5 μmol) 

were added to a J. Young NMR tube. Toluene (0.5 mL) was added to form a faint yellow 
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solution. The faint yellow solution was immediately analyzed by 11B{1H} and 31P{1H} 

NMR spectroscopy, then again after the J. Young NMR tube was placed into an oil bath 

at 80 °C for 1 h. Prior to heating, the 31P{1H} NMR spectrum contained only free 211 

ligand, and the 11B{1H} NMR spectroscopy contained (MesH)Ir(Bpin)3 precursor and 

trace HBpin. After 1 h at 80 °C, the 31P{1H} NMR spectrum contained a set of 31P NMR 

resonances at δ 112.8 (d, J = 339 Hz), 112.1 (d, J = 339 Hz), which was tentatively 

assigned to a 242-H3Bpin (87%), a 31P NMR resonance at δ 112.5 (s), which was 

tentatively assigned to 243-H3Bpin (10%), and other unidentified 31P NMR resonances. 

The 11B{1H} NMR spectrum contained HBpin, tolyl–Bpin, a 11B NMR resonance at δ 

37.1, which was tentatively assigned to 242-H3Bpin, and an unknown 11B NMR resonance 

at δ 21.4. Volatiles were removed under vacuum. The residue was dissolved in C6D6 and 

analyzed by 1H NMR spectroscopy. The hydride region of the 1H NMR spectrum 

contained two hydrides resonances at δ –8.59 (br s, 1H), –10.37 (br s, 2H), which were 

tentatively assigned to 242-H3Bpin. 

 

 

Figure II-11. Structures of 242-H3Bpin and 243-H3Bpin. 

 

Since the attempted metalation reactions of 211 were not clean enough to isolate a 

pure complex of iridium, the preparation on a preparative scale was not performed. 
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2.4.3.8 Screening of Methods for Metalation of 213 

Method B with [(COD)IrCl]2. [(COD)IrCl]2 (37.9 mg, 56.4 μmol) and pyridine 

(1.0 mL, 12 mmol) were added to a J. Young NMR tube to form a yellow solution. 213 

(37.8 mg, 134 μmol) was then added to the J. Young NMR tube to form an orange solution. 

The J. Young NMR tube was closed. The orange solution was immediately analyzed by 

31P{1H} NMR spectroscopy, then again after the J. Young NMR tube was placed into an 

oil bath at 110 °C for 20 h and at 150 °C for 24 h. The orange solution turned to a light-

yellow solution after heating at 110 °C for 20 h. Prior to heating, 31P{1H} NMR spectrum 

showed a broad 31P NMR resonance at δ –17 (br). After heating at 110 °C for 20 h and 

150 °C for 24 h, both 31P{1H} NMR spectra contained multiple unidentified 31P NMR 

resonances. 

Method B with [(COE)2IrCl]2. [(COE)2IrCl]2 (40.3 mg, 45.0 μmol) and pyridine 

(0.7 mL, 9 mmol) were added to a J. Young NMR tube to form an orange-red solution. 

213 (28.4 mg, 101 μmol) was then added to the J. Young NMR tube to form an orange 

solution. The J. Young NMR tube was closed. The orange solution was immediately 

analyzed by 31P{1H} NMR spectroscopy, then again after the J. Young NMR tube was 

placed into an oil bath at 110 °C for 21 h and at 150 °C for 29 h. The orange solution 

turned to a light-yellow solution after heating at 110 °C for 21 h. All 31P{1H} NMR spectra 

contained multiple unidentified 31P NMR resonances. 

Method C. 213 (70 mg, 0.25 mmol) and [(COD)Ir(OAc)]2 (82 mg, 0.11 mmol) 

were added to a J. Young NMR tube. Toluene (1.5 mL) was added to form an orange-

brown solution. The J. Young NMR tube was closed. The orange-brown solution was 
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immediately analyzed by 31P{1H} and/or 1H NMR spectroscopy, then again after the J. 

Young NMR tube was placed into an oil bath at 120 °C for 18 h and at 150 °C for 73 h. 

Some precipitation formed at ambient temperature in the orange-brown solution. The 

orange-brown solution turned to a light-orange solution upon heating. Prior to heating, the 

31P{1H} NMR spectrum contained two major 31P NMR resonances with other unidentified 

31P NMR resonances. After 18 h at 120 °C, the 31P{1H} NMR spectrum contained multiple 

unidentified 31P NMR resonances. After 73 h at 150 °C, the 31P{1H} NMR spectrum 

contained a major 31P NMR resonance at δ 24.6 (39%) and other unidentified 31P NMR 

resonances. 1H NMR spectrum contained multiple hydride 1H NMR resonances. 

Method D with [(COD)Ir(OAc)]2. 213 (22.9 mg, 81.1 μmol) and [(COD)Ir(OAc)]2 

(27.8 mg, 38.7 μmol) were added to a J. Young NMR tube. Toluene (0.4 mL) was added 

to form an orange-brown solution. The J. Young NMR tube was closed. The J. Young 

NMR tube was then degassed through three freeze-pump-thaw cycles and refilled with H2 

(1 atm; ca. 2 mL, 0.08 mmol). The orange-brown solution was immediately analyzed by 

31P{1H} NMR spectroscopy, then again after the J. Young NMR tube was placed into an 

oil bath at 120 °C for 21 h and at 150 °C for 6 h. Prior to heating and after heating at 120 

°C for 21 h, both 31P{1H} NMR spectra contained multiple unidentified 31P NMR 

resonances. After 6 h at 150 °C, the 31P{1H} NMR spectrum contained a major 31P NMR 

resonance at δ 31.2 (72%) and other unidentified 31P NMR resonances. 

Method E. 213 (17.6 mg, 62.3 μmol) and (MesH)Ir(Bpin)3 (42 mg, 61 μmol) were 

added to a J. Young NMR tube. C6D6 (0.4 mL) was added. The solution was immediately 

analyzed by 31P{1H} NMR spectroscopy, then again after the J. Young NMR tube was 
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placed into an oil bath at 80 °C for 13 h and 60 h. All 31P{1H} NMR spectra contained 

multiple unidentified 31P NMR resonances. 

Since the attempted metalation reactions of 213 were not clean enough to isolate a 

pure complex of iridium, the synthesis on a preparative scale was not performed. 

 

2.4.3.9 Screening of Methods for Metalation of 214 

Method A with [(COD)IrCl]2. 214 (10.0 mg, 25.4 μmol) and [(COD)IrCl]2 (8.0 mg, 

12 μmol) were added to a J. Young NMR tube. Toluene-d8 (1 mL) was added to form an 

orange solution. The J. Young NMR tube was closed. The solution was analyzed by 1H 

NMR spectroscopy after the J. Young NMR tube was placed into an oil bath at 120 °C for 

21 h. The orange solution turned brown-red upon heating. Yellow precipitation was 

formed after 21 h. After 21 h at 120 °C, the 1H NMR spectrum contained cyclooctadiene 

isomers and other unidentified 1H NMR resonances. 

Method A with [(COE)2IrCl]2. 214 (79 μL, 35 μmol, 0.443 M in toluene) and 

[(COE)2IrCl]2 (15.1 mg, 16.9 μmol) were added to a J. Young NMR tube. Toluene (1 mL) 

was added to form a yellow solution. The J. Young NMR tube was closed. The yellow 

solution was immediately analyzed by 31P{1H} NMR spectroscopy, then again after the J. 

Young NMR tube was placed into an oil bath at 110 °C for 23 h, and at 150 °C for 19 h. 

The yellow solution turned orange and gel-like upon heating. Significant precipitation 

formed after 23 h at 110 °C. The solution turned red with precipitation after 19 h at 150 

°C. Prior to heating, the 31P{1H} NMR spectrum contained 31P NMR resonances of free 
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ligand and other unidentified broad 31P NMR resonances. After 23 h at 110 °C and 19 h 

at 150 °C, the 31P{1H} NMR spectrum showed no 31P NMR resonances. 

Method B with [(COD)IrCl]2. [(COD)IrCl]2 (19.3 mg, 28.7 μmol) and pyridine 

(5.2 μL, 65 μmol) were added to a J. Young NMR tube. Toluene (0.8 mL) was added to 

form a yellow solution. 214 (118 μL, 57.5 μmol, 0.487 M in toluene) was then added to 

the J. Young NMR tube to form an orange-yellow solution. The J. Young NMR tube was 

closed. The orange-yellow solution was immediately analyzed by 31P{1H} NMR 

spectroscopy, then again after the J. Young NMR tube was placed into an oil bath at 110 

°C for 54 h, and at 150 °C for 20 h. The orange-yellow solution turned brown with tan 

precipitation after heating at 150 °C for 20 h. Prior to heating, the 31P{1H} NMR spectrum 

contained multiple 31P NMR resonances. After 54 h at 110 °C, the 31P{1H} NMR spectrum 

contained multiple broad 31P NMR resonances. After 20 h at 150 °C, the 31P{1H} NMR 

spectrum contained 230-HClpy (66%), and other unidentified pincer complexes. 

Method B with [(COE)2IrCl]2. [(COE)2IrCl]2 (29.4 mg, 32.8 μmol) and pyridine 

(25 μL, 0.31 mmol) were added to a J. Young NMR tube. Toluene (1 mL) was added to 

form an orange solution. 214 (155 μL, 68.7 μmol, 0.443 M in toluene) was then added to 

the J. Young NMR tube to form a light-yellow solution. The J. Young NMR tube was 

closed. The light-yellow solution was immediately analyzed by 31P{1H} NMR 

spectroscopy, then again after the J. Young NMR tube was placed into an oil bath at 150 

°C for 21 h. The light-yellow solution turned darker yellow with white precipitation after 

21 h. Prior to heating, the 31P{1H} NMR spectrum contained multiple 31P NMR resonances. 

After 21 h at 150 °C, the 31P{1H} NMR spectrum contained only 230-HClpy. 
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Method C. 214 (160 μL, 77.9 μmol, 0.487 M in toluene) and [(COD)Ir(OAc)]2 (27 

mg, 38 mmol) were added to a J. Young NMR tube. Toluene (1 mL) was added to form a 

yellow solution. The yellow solution then turned brown and gel-like immediately. The J. 

Young NMR tube was closed. The brown, gel-like solution was immediately analyzed by 

31P{1H} NMR spectroscopy, then again after the J. Young NMR tube was placed into an 

oil bath at 110 °C for 42 h and at 150 °C for 8 h. The brown, gel-like solution turned 

brown-red, clear solution after 28 h at 110 °C. Prior to heating, the 31P{1H} NMR spectrum 

contained a broad 31P NMR resonance. After 42 h at 110 °C, the 31P{1H} NMR spectrum 

contained multiple unidentified 31P NMR resonances. After 8 h at 150 °C, the 31P{1H} 

NMR spectrum contained more unidentified 31P NMR resonances. 

Method D with [(COD)IrCl]2. 214 (40 μL, 16 μmol, 0.406 M in toluene-d8) and 

[(COD)IrCl]2 (5.5 mg, 8.2 μmol) were added to a J. Young NMR tube. Toluene-d8 (1 mL) 

was added to form a light-yellow solution. The J. Young NMR tube was closed. The J. 

Young NMR tube was then degassed through a freeze-pump-thaw cycle and refilled with 

H2 (1 atm; ca. 2 mL, 0.08 mmol). The solution was analyzed by 1H NMR spectroscopy 

after the J. Young NMR tube was placed into an oil bath at 120 °C for 17 h. The solution 

turned darker and the yellow precipitation formed upon heating. The solution turned 

orange-red with yellow precipitation after 17 h. After 17 h at 120 °C, the 1H NMR 

spectrum contained cyclooctadiene isomers and other unidentified 1H NMR resonances. 

After screening, method B with [(COE)2IrCl]2 was chosen to prepare 230-HClpy 

on a preparative scale. 
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2.4.3.10 Screening of Methods for Metalation of 215 

Method A with [(COD)IrCl]2. 215 (129 μL, 26.8 μmol, 0.208 M in toluene-d8) and 

[(COD)IrCl]2 (9.0 mg, 13 μmol) were added to a J. Young NMR tube. Toluene-d8 (1 mL) 

was added to form an orange solution. The J. Young NMR tube was closed. The solution 

was analyzed by 1H NMR spectroscopy after the J. Young NMR tube was placed into an 

oil bath at 120 °C for 21 h. The orange solution turned yellow-orange upon heating. After 

21 h at 120 °C, the 1H NMR spectrum contained cyclooctadiene isomers and other 

unidentified 1H NMR resonances. 

Method B with [(COD)IrCl]2. [(COD)IrCl]2 (19.5 mg, 29.0 μmol) and pyridine 

(5.5 μL, 68 μmol) were added to a J. Young NMR tube. Toluene (0.8 mL) was added to 

form a yellow solution. 215 (90 μL, 59 μmol, 0.655 M in toluene) was then added to the 

J. Young NMR tube to form an orange-yellow solution. The J. Young NMR tube was 

closed. The orange-yellow solution was immediately analyzed by 31P{1H} NMR 

spectroscopy, then again after the J. Young NMR tube was placed into an oil bath at 110 

°C for 70 h, and at 150 °C for 67 h. The orange-yellow solution turned yellow after heating 

at 150 °C for 20 h. Prior to heating, the 31P{1H} NMR spectrum contained multiple 31P 

NMR resonances. After 70 h at 110 °C, the 31P{1H} NMR spectrum contained a set of 31P 

NMR resonances for a pincer complex and other unidentified 31P NMR resonances. After 

67 h at 150 °C, the 31P{1H} NMR spectrum contained multiple unidentified 31P NMR 

resonances for numerous pincer complexes. 

Method B with [(COE)2IrCl]2. [(COE)2IrCl]2 (35.5 mg, 39.6 μmol) and pyridine 

(8.0 μL, 99 μmol) were added to a J. Young NMR tube. Toluene (1 mL) was added to 
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form a solution. 215 (121 μL, 79.3 μmol, 0.655 M in toluene) was then added to the J. 

Young NMR tube to form an orange-yellow solution. The J. Young NMR tube was closed. 

The orange-yellow solution was immediately analyzed by 31P{1H} NMR spectroscopy, 

then again after the J. Young NMR tube was placed into an oil bath at 110 °C for 24 h, 

and at 150 °C for 21 h. The orange-yellow solution turned faint yellow upon heating and 

turned yellow after 21 h at 150 °C. Prior to heating, the 31P{1H} NMR spectrum contained 

multiple broad 31P NMR resonances. After 24 h at 110 °C, the 31P{1H} NMR spectrum 

contained a set of 31P NMR resonances for a pincer complex (39%) and other unidentified 

31P NMR resonances. After 21 h at 150 °C, the 31P{1H} NMR spectrum contained the 

same set of 31P NMR resonances (37%) and other unidentified 31P NMR resonances. 

Method C. 215 (102 μL, 66.8 μmol, 0.655 M in toluene) and [(COD)Ir(OAc)]2 

(24.0 mg, 33.3 mmol) were added to a J. Young NMR tube. Toluene (1 mL) was added to 

form a yellow solution. The J. Young NMR tube was closed. The yellow solution was 

immediately analyzed by 31P{1H} NMR spectroscopy, then again after the J. Young NMR 

tube was placed into an oil bath at 110 °C for 25 h and at 150 °C for 8 d. The yellow 

solution turned orange after 25 h at 110 °C and turned brown-red after 62 h at 150 °C. 

Prior to heating, the 31P{1H} NMR spectrum contained multiple broad 31P NMR 

resonances. After 25 h at 110 °C, the 31P{1H} NMR spectrum contained a set of 31P NMR 

resonances for a pincer complex (18%) and other unidentified 31P NMR resonances. After 

8 d at 150 °C, the 31P{1H} NMR spectrum contained the same set of 31P NMR resonances 

(58%) and other unidentified 31P NMR resonances. 
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Method D with [(COD)IrCl]2. 215 (68 μL, 14 μmol, 0.208 M in toluene-d8) and 

[(COD)IrCl]2 (4.7 mg, 7.0 μmol) were added to a J. Young NMR tube. Toluene-d8 (1 mL) 

was added to form a light-yellow solution. The J. Young NMR tube was closed. The J. 

Young NMR tube was then degassed through a freeze-pump-thaw cycle and refilled with 

H2 (1 atm; ca. 2 mL, 0.08 mmol). The solution was analyzed by 1H NMR spectroscopy 

after the J. Young NMR tube was placed into an oil bath at 120 °C for 17 h. The solution 

slowly turned orange-red upon heating. After 17 h at 120 °C, the 1H NMR spectrum 

contained cyclooctadiene isomers and other unidentified 1H NMR resonances.  

Method D with [(COE)2IrCl]2. 215 (112 μL, 73.4 μmol, 0.655 M in toluene) and 

[(COE)2IrCl]2 (32.8 mg, 36.6 μmol) were added to a J. Young NMR tube. Toluene (1 mL) 

was added to form a light-yellow solution. The J. Young NMR tube was closed. The J. 

Young NMR tube was then degassed through a freeze-pump-thaw cycle and refilled with 

H2 (1 atm; ca. 2 mL, 0.08 mmol). The solution turned to a yellow suspension. The mixture 

was analyzed by 31P{1H} NMR spectroscopy after the J. Young NMR tube was placed 

into an oil bath at 110 °C for 24 h, and at 150 °C for 21 h. The yellow suspension turned 

orange solution with some yellow precipitation upon heating and turned red solution after 

21 h at 150 °C. After 24 h at 110 °C, the 31P{1H} NMR spectrum contained multiple 

unidentified 31P NMR resonances. After 21 h at 150 °C, the 31P{1H} NMR spectrum 

contained multiple unidentified 31P NMR resonances.  

Method E. 215 (22 mg, 62 μmol) and (MesH)Ir(Bpin)3 (41 mg, 59 μmol) were 

added to a J. Young NMR tube. C6D6 (0.5 mL) was added to form an orange-yellow 

solution. The orange-yellow solution was immediately analyzed by 1H, 11B{1H}, and/or 
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31P{1H} NMR spectroscopy, then again after the J. Young NMR tube was placed into an 

oil bath at 80 °C for 19 h. Prior to heating, the 1H and 31P{1H} NMR spectra contained 

only free 215 ligand and the (MesH)Ir(Bpin)3 precursor. After 19 h at 80 °C, the 1H NMR 

spectrum contained free mesitylene, HBpin, C6D5Bpin, two hydrides resonances at δ –

7.72 (br, s, 1H) and –10.91 (br s, 2H), which were tentatively assigned to (215)IrH3Bpin, 

244-H3Bpin, and other unidentified 1H NMR resonances. The 31P{1H} NMR spectrum 

contained two pincer complexes (86% and 14%, respectively). The 11B{1H} NMR 

spectrum contained HBpin (20%), C6D5Bpin (37%), a resonance at δ 36.5 (s), which was 

tentatively assigned to 244-H3Bpin (30%), and an unidentified 11B NMR resonance at δ 

21.6 (s) (13%). 

Since the attempted metalation reactions of 215 were not clean enough to isolate a 

pure complex of iridium, the synthesis on a preparative scale was not performed. 

 

2.4.3.11 Screening of Methods for Metalation of 216 

Method A with [(COD)IrCl]2. 216 (110 mg, 85% pure, 0.27 mmol) and 

[(COD)IrCl]2 (107 mg, 0.159 mmol) were added to a J. Young NMR tube. Toluene (1 mL) 

was added to form a solution. The J. Young NMR tube was closed. The solution was 

analyzed by 31P{1H} NMR spectroscopy after the J. Young NMR tube was placed into an 

oil bath at 120 °C for 36 h. After 36 h at 120 °C, the 31P{1H} NMR spectrum contained 

multiple unidentified 31P NMR resonances. 

Method C. 216 (155 μL, 78.3 μmol, 0.505 M in toluene) and [(COD)Ir(OAc)]2 

(28.3 mg, 39.4 mmol) were added to a J. Young NMR tube. Toluene (1 mL) was added to 
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form an orange-red solution. The J. Young NMR tube was closed. The orange-red solution 

was immediately analyzed by 31P{1H} NMR spectroscopy, then again after the J. Young 

NMR tube was placed into an oil bath at 120 °C for 37 h. Prior to heating, the 31P{1H} 

NMR spectrum contained two 31P NMR resonances (at δ 149.1 and 148.1) and one 31P 

NMR resonance (at δ 60.3) from the impurity in the ligand. After 37 h at 120 °C, the 

31P{1H} NMR spectrum contained 231-HOAc and the same 31P NMR resonance from the 

impurity. 

Method D with [(COD)IrCl]2. 216 (190 μL, 96.0 μmol, 0.505 M in toluene) and 

[(COD)IrCl]2 (33.0 mg, 49.0 μmol) were added to a J. Young NMR tube. Toluene (1 mL) 

was added to form a solution. The J. Young NMR tube was closed. The J. Young NMR 

tube was then degassed through two freeze-pump-thaw cycles and refilled with H2 (1 atm; 

ca. 2 mL, 0.08 mmol). The resulting orange solution was immediately analyzed by 31P{1H} 

NMR spectroscopy, then again after the J. Young NMR tube was placed into an oil bath 

at 110 °C for 13 h and 150 °C for 24 h. The orange solution turned black upon heating, 

slowly turned orange again at 110 °C, and turned black again at 150 °C. Prior to heating, 

the 31P{1H} NMR spectrum contained two 31P NMR resonances (at δ 156.0 and 154.0) 

and one 31P NMR resonance (at δ 60.3) from the impurity in the ligand. After 13 h at 110 

°C, the 31P{1H} NMR spectrum contained multiple unidentified 31P NMR resonances and 

the same 31P NMR resonance from the impurity. After 24 h at 150 °C, the 31P{1H} NMR 

spectrum did not change much. 

Method D with [(COE)2IrCl]2. 216 (95 μL, 48 μmol, 0.505 M in toluene) and 

[(COE)2IrCl]2 (21.7 mg, 24.0 μmol) were added to a J. Young NMR tube. Toluene (1 mL) 
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was added to form a solution. The J. Young NMR tube was closed. The J. Young NMR 

tube was then degassed through two freeze-pump-thaw cycles and refilled with H2 (1 atm; 

ca. 2 mL, 0.08 mmol). The resulting orange solution was immediately analyzed by 31P{1H} 

NMR spectroscopy, then again after the J. Young NMR tube was placed into an oil bath 

at 110 °C for 13 h and 150 °C for 24 h. The orange solution turned darker upon heating 

and turned black at 150 °C. Prior to heating, the 31P{1H} NMR spectrum contained 

multiple 31P NMR resonances (around δ 160–150) and one 31P NMR resonance (at δ 60.3) 

from the impurity in the ligand. After 13 h at 110 °C, the 31P{1H} NMR spectrum 

contained multiple unidentified 31P NMR resonances. After 24 h at 150 °C, the 31P{1H} 

NMR spectrum contained multiple unidentified 31P NMR resonances. 

After the screening, method C was chosen to synthesize 231-HOAc on a 

preparative scale. 

 

2.4.4 Catalysis of Aromatic C–H Borylation  

2.4.4.1 Aromatic C–H Borylation Experiments Using Iridium or Rhodium 

Precatalysts 

Stock solutions of iridium and rhodium precatalysts were prepared by weighing 

the respective compound into a 1 mL glass volumetric tube and dissolving in C6D6 or PhF 

to the line on the volumetric tube. The stock solution was stored at –35 °C in an argon-

filled glove box. A stock solution of iridium and rhodium precatalyst (2.6 μmol) was added 

to a J. Young NMR tube. The solvent was removed under vacuum. HBpin (36 μL, 0.25 

mmol), 1-hexene (93 μL, 0.75 mmol) if indicated, cyclohexane (22 μL, 0.20 mmol) as a 
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1H NMR internal standard and C6D6 (555 μL, 6.27 mmol) were then added. The NMR 

tube was closed, brought out of the glovebox, and placed into an oil bath at 80 °C for the 

time reported. The reaction was monitored by 1H and/or 11B NMR spectroscopy. The 

conversion and yields were determined by comparing the integration of the 1H NMR 

resonances of methyl groups on Bpin of HBpin (δ 1.01 in C6D6), C6D5Bpin (δ 1.12 in 

C6D6), hexylBpin (δ 1.07 in C6D6), and hexenylBpin (δ 1.10 in C6D6) to the cyclohexane 

internal standard (δ 1.40 in C6D6). The errors of the quantitative NMR spectroscopy are 

well studied and reported within 1% under optimal conditions.159 We tentatively estimated 

the errors in our results to be within 5% (± 2.5%) since the 1H NMR resonances integrated 

were all well separated. The results with 1-hexene were summarized in Table II-3 and the 

results without 1-hexene were summarized in Table II-8. 
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Table II-8. Aromatic C−H borylation experiments using iridium or rhodium precatalysts 

without 1-hexene.a 

 
entry precatalyst time (h) conversion (%)b yield (%)b 

1 203-HCl 15 11 0 

2 226-HCl 15 0 0 

3 227-HCl 24 0 0 

4 228-HCl 15 0 0 

5 229-HCl 15 2 0 

6 230-HCl 15 0 0 

7 231-HOAc 15 0 0 

8 232-HCl 14 0 0 

9 233-COE 14 <2 0 

10 234-H4 14 6 0 

11 235-HCl 14 2 0 

12 236-HCl 15 0 0 

13 237-HCl 16 0 0 

14 238-H2 14 0 0 

15 239-HCl 15 4 0 
aReaction conditions: HBpin (36 μL, 0.25 mmol) and precatalyst (2.6 μmol) in C6D6 (555 μL, 

6.27 mmol), 80 °C, under Ar. bConversions and yields were determined by 1H NMR spectroscopy 

using cyclohexane as an internal standard. Errors were estimated to be ±2.5%. 

 

A representative example using 231-HOAc as a precatalyst with 1-hexene (Table 

II-3, entry 7) was shown below: 231-HOAc (13.4 mg, 22.6 μmol) was dissolved in C6D6 

in a 1 mL glass volumetric tube to provide a stock solution (22.6 mM of 231-HOAc in 

C6D6). The stock solution (115 μL, 2.60 μmol) was added to a J. Young NMR tube. The 

solvent was removed under vacuum. HBpin (36 μL, 0.25 mmol), 1-hexene (93 μL, 0.75 

mmol), cyclohexane (22 μL, 0.20 mmol) and C6D6 (555 μL, 6.27 mmol) were then added. 

The J. Young NMR tube was closed. The colorless solution was immediately analyzed by 

1H NMR spectroscopy, then again after the J. Young NMR tube was placed into an oil 
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bath at 80 °C for 1 h and 15 h. Prior to heating, the 1H NMR spectrum contained: HBpin 

(95%), C6D5Bpin (4%), and hexylBpin (<1%). After 1 h at 80 °C, the 1H NMR spectrum 

contained: HBpin (51%), C6D5Bpin (35%), hexylBpin (13%), and hexenylBpin (<1%). 

After 15 h at 80 °C, the 1H NMR spectrum contained: HBpin (5%), C6D5Bpin (40%), 

hexylBpin (45%), hexenylBpin (7%), and other unidentified resonances of methyl groups 

on Bpin (<3%).  

 

2.4.4.2 Aromatic C–H Borylation Reactions Using Different Olefins 

A stock solution of 229-HCl in C6D6 (25 µL, 10.8 mM, 0.27 μmol), HBpin (36 

μL, 0.25 mmol), C6D6 (525 µL, 550 µL in total, 6.21 mmol), cyclohexane (22 μL, 0.20 

mmol) as a 1H NMR internal standard, and olefin (0.74 mmol) were added to a J. Young 

NMR tube. The J. Young NMR tubes were immediately analyzed by 1H and 11B{1H} 

NMR spectroscopy, then again after the J. Young NMR tubes were placed into an oil bath 

at 80 °C for 18 h. The results were summarized in Table II-5. 

 

2.4.4.3 Effect of Reagent Ratio on Product Ratio Using 229-HCl as a Precatalyst 

A series of J. Young NMR tubes were each loaded with a stock solution of 229-

HCl in C6D6 (45 µL, 10.8 mM, 0.49 μmol) and HBpin (70 μL, 0.48 mmol). Benzene was 

added in the quantities indicated: entries 1–3 (170 µL, 215 µL in total, 2.4 mmol), entries 

4–6 (1025 µL, 1070 µL in total, 12.1 mmol). 1-hexene was added in the quantities 

indicated: entries 1 and 4 (60 µL, 0.48 μmol), entries 2 and 5 (120 µL, 0.960 μmol), entries 

3 and 6 (180 µL, 1.44 μmol). A known amount of heptane was added to normalize the 
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total solvent volume of each experiment to 1.445 mL. The J. Young NMR tubes were 

immediately analyzed by 11B{1H} NMR spectroscopy, then again after the J. Young NMR 

tubes were placed into an oil bath at 80 °C for 19 h and 38 h. In all entries, trace (<1%) 

quantities of unknown HBpin decomposition products were observed by 11B{1H} NMR 

spectroscopy. The results were summarized in Table II-6. 

 

2.4.4.4 Regioselectivity Test for Aromatic C–H Borylation Reactions 

A stock solution of precatalyst (0.001 equiv) was added to a 50 mL Teflon screw-

capped Schlenk flask. The solvent was removed under vacuum. HBpin (1 equiv), 1-hexene 

(3 equiv), and PhF or PhCF3 (25 equiv) were then added. The flask was closed, brought 

out of the glovebox, and placed into an oil bath at 80 °C for 24 h. After the reaction, 40 

μL of cyclohexane was added as a 1H NMR internal standard. The conversions were 

analyzed by 1H NMR spectroscopy using C6D6 as a solvent. After the 1H NMR 

spectroscopy analysis, volatiles were removed under vacuum. 40 μL of cyclohexane was 

added as a 1H NMR internal standard. The yields and product ratios were analyzed by 1H 

and 19F NMR spectroscopy using CDCl3 as a solvent, respectively. The conversions were 

determined by comparing the integration of the 1H NMR resonances of methyl groups on 

Bpin of HBpin (δ 1.01 in C6D6) to the cyclohexane internal standard (δ 1.40 in C6D6). The 

yields were determined by comparing the integration of the 1H NMR resonances of methyl 

groups on Bpin of 2-FC6H4Bpin (δ 1.37 in CDCl3), 3-FC6H4Bpin (δ 1.35 in CDCl3), 4-

FC6H4Bpin (δ 1.34 in CDCl3), 3-F3CC6H4Bpin (δ 1.36 in CDCl3), 4- F3CC6H4Bpin (δ 1.36 

in CDCl3), and hexylBpin (δ 1.25 in CDCl3) to the cyclohexane internal standard (δ 1.43 
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in CDCl3). The product ratios were determined by comparing the integration of the 19F 

NMR resonances of 2-FC6H4Bpin (δ –103.3 in CDCl3), 3-FC6H4Bpin (δ –115.0 in CDCl3), 

4-FC6H4Bpin (δ –109.2 in CDCl3), 3-F3CC6H4Bpin (δ –63.4 in CDCl3), and 4-

F3CC6H4Bpin (δ –63.8 in CDCl3). The errors of the quantitative NMR spectroscopy are 

well studied and reported within 1% under optimal conditions.159 We tentatively estimated 

the errors in our results to be within 5% (± 2.5%). The results were summarized in Table 

II-7. 

 

2.4.5 Details of X-Ray Structural Determination of 231-HOAc (CCDC 2041134) 

2.4.5.1 Data Collection 

A Leica MZ 7.5 microscope was used to identify a colorless block with very well-

defined faces with dimensions (0.42 x 0.408 x 0.372 mm3) from a representative sample 

of crystals of the same habit. The crystal mounted on a nylon loop was then placed in a 

cold nitrogen stream (Oxford) maintained at 110 K.  

A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for 

crystal screening, unit cell determination, and data collection. The goniometer was 

controlled using the APEX3 software suite, v2017.3-0.160 The sample was optically 

centered with the aid of a video camera such that no translations were observed as the 

crystal was rotated through all positions. The detector (Bruker - PHOTON) was set at 6.0 

cm from the crystal sample. The X-ray radiation employed was generated from a Mo 

sealed X-ray tube (K = 0.71073Å with a potential of 40 kV and a current of 40 mA). 
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45 data frames were taken at widths of 1.0. These reflections were used in the 

auto-indexing procedure to determine the unit cell. A suitable cell was found and refined 

by nonlinear least squares and Bravais lattice procedures. The unit cell was verified by 

examination of the h k l overlays on several frames of data. No super-cell or erroneous 

reflections were observed. 

After careful examination of the unit cell, an extended data collection procedure 

(8 sets) was initiated using omega scans. 

 

2.4.5.2 Data Reduction, Structure Solution, and Refinement 

Integrated intensity information for each reflection was obtained by reduction of 

the data frames with the program APEX3.160 The integration method employed a three-

dimensional profiling algorithm and all data were corrected for Lorentz and polarization 

factors, as well as for crystal decay effects. Finally, the data were merged and scaled to 

produce a suitable data set. The absorption correction program SADABS161 was employed 

to correct the data for absorption effects. 

Systematic reflection conditions and statistical tests of the data suggested the space 

group P-1. A solution was obtained readily (Z=4; Z'=2) using XT/XS in APEX2.160,162–165 

Hydrogen atoms were placed in idealized positions and were set riding on the respective 

parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters. 

The absence of additional symmetry and voids were confirmed using PLATON 

(ADDSYM).166 The structure was refined (weighted least squares refinement on F2) to 
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convergence.162–165,167 ORTEP-3 and POV-ray were employed for the final data 

presentation and structure plots.151,168 
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CHAPTER III  

PALLADIUM-CATALYZED GERMYLATION OF ARYL BROMIDES USING 

SODIUM TRI-TERT-BUTOXYGERMANATE 

 

3.1 Introduction 

We are interested in using arylgermanes in Pd-catalyzed cross-coupling reactions 

because of their potential orthogonal reactivity and chemoselectivity.24,68 However, in 

contrast to the arylstannane analogue, the readily prepared trialkylarylgermanes are not 

effective partners in homogeneous Pd-catalyzed cross-coupling.66,83 It appears that 

ArGe(alkyl)3 can in some cases be activated for coupling reactions by the presence of an 

intramolecular extra donor, but this is a synthetically limited strategy.73,169 Typical 

arylboron and arylsilicon reagents used as coupling reagents carry electronegative 

substituents, most commonly an alk-/aryl-/siloxide (Figure III-1). The existing evidence 

with germanium suggests that electronegative substituents on germanium are 

advantageous for Pd-catalyzed coupling reactions.24,74,76–78 However, to the best of our 

knowledge, the only report of direct construction of aryl C–Ge bonds with electronegative 

substituents on germanium resulted in a mixture of ArGeCl3 and ArGeBr3.
90 The direct 

synthesis of arylgermane with oxygenated substituents has not yet been discovered or 

studied. Therefore, a new synthetic method to prepare such arylgermanes is of interest.  
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Figure III-1. Examples of arylboron and arylsilicon reagents with electronegative 

substituents (highlighted in red) in Pd-catalyzed cross-coupling reactions. 

 

3.1.1 Germylation of Aryl Halides Using Germanium Anion Reagents 

Although the yields are typically low (20–60%), germylation through the reactions 

between aryl halides and germyllithium reagents has been studied (Figure III-2, top), in 

addition to the aforementioned germylation methods (see Chapter 1, Section 1.3).170–173 

The substitution of aryl halides by Et3Ge germyl anion proceeds via two different 

pathways and the rates depend on the substrates. Generally, the reactions between Et3Ge 

germyl anion and Ar–F, Ar–Br, and Ar–I are dominated by a free radical reaction, while 

in the case of Ar–Cl, both free radical and aryne processes are involved.171 To the best of 

our understanding, the reaction between aryl halides and trialkoxygermanium anion, 

Ge(OR)3, (germanate) has not been studied (Figure III-2, bottom). This transformation is 

attractive because it provides a direct synthesis of arylgermanes with oxygenated 

substituents. 
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Figure III-2. Germylation of aryl halides by anionic germanium species. 

 

3.1.2 Preparation of Germanium Anion Reagents 

Several different approaches have been reported to prepare the trialkylgermyl, 

trisilylgermyl, and digermanyl anions from tetravalent germanium compounds, including 

the reductive cleavage of Ge–Cl and Ge–Ge bonds by lithium metal,174 deprotonation of 

Ge–H by tBuLi,173 and treating Ge(SiMe3)4 with MeLi (Figure III-3).172 Similar 

germylsodium and germylpotassium compounds have been reported as well.174  

 

 

Figure III-3. Preparation of alkyl-/silylgermyllithium reagents.  

 

The preparation of alkali germanates with oxygenated substituents has been 

reported as well. In 1991, Veith and co-workers reported the preparation of sodium tri-

tert-butoxygermanate, “NaGe(OtBu)3” (301) but only studied its application in the 

inorganic synthesis and main group structural research.175 
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3.2 Results and Discussion  

We were interested in using germanates with oxygenated substituents in 

germylation of aryl halides because they appeared stoichiometrically matched for the 

replacement of halide in aryl halides to form the corresponding arylgermanes. In addition, 

the resulting arylgermanes seem potent for the following Pd-catalyzed cross-coupling 

reactions.  

 

3.2.1 Synthesis of Germanate Derivatives  

First, we were able to synthesize the 301 from GeCl2·C4H8O2 (302) and NaOtBu 

(303) (Figure III-4). “NaGe(OtBu)3” can be viewed as an adduct of NaOtBu with the di-

tert-butoxygermylene “Ge(OtBu)2” or as the conjugate base of the unknown tri-tert-

butoxygermane, HGe(OtBu)3. 301 is soluble in nonpolar organic solvents, such as pentane, 

benzene, and toluene. The solid-state structure of 301 was determined by single-crystal 

XRD (Figure III-4). The structure is that of a dimer [NaGe(OtBu)3]2, with the sodium 

cations each coordinating to four oxygens in the core of the dimer, without any close Na–

Ge contacts. The structure of 301 is similar to that of its stannanate analog.176 The 

electrochemical properties of 301 were studied via cyclic voltammetry in CH2Cl2 (Figure 

III-5). 301 showed a chemically irreversible oxidation event at a peak potential of +0.19 

V (vs. the Fc/Fc+ couple). It has been suggested that the inflection-point potentials can 

better represent standard electrochemical potentials of chemically irreversible waves.177 

Therefore, the inflection-point potentials were determined to be +0.01 V (vs. the Fc/Fc+ 

couple) by using the first derivative plot. 
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Figure III-4. The synthesis and the ORTEP151 drawing (50% probability ellipsoids) of 

[NaGe(OtBu)3]2 (301) (CCDC 2057607). Hydrogen atoms are omitted for clarity. 

Selected distance (Å) and angles (°): Ge1–O1, 1.911(3); Ge1–O2, 1.887(3); Ge1–O3, 

1.901(3); O1–Ge1–O2, 86.97(13); O2–Ge1–O3, 95.44(13); O1–Ge1–O3, 86.99(13). 

 

 

Figure III-5. Cyclic voltammogram (left) of 301 (1.0 mM in CH2Cl2) (vs. Fc/Fc+) and 

its first derivative plot (right).  

 

The synthesis of a series of other alkali germanate derivatives was screened (Figure 

III-6). NaGe(OiPr)3 (305) and NaGe(OEt)3 (307) were synthesized analogously by 

reacting 302 with NaOiPr (304) and NaOEt (306), respectively. The reactions of 302 with 

NaOMe (308), N(CH2CO2Na)3 (310), and sodium and lithium pyrrolides led to intractable 

solids. No reaction occurred when adding 303 to “NHGe” germylene (312). Several 

attempts at making LiGe(R)(OR’O) (R = Me or nBu; OR’O = pinacolato or catecholato) 
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resulted in unidentified mixtures or intractable solids. Cation metatheses of 301 with 

nBu4NBr and Ph4PBr led to complex mixtures. Reacting 301 with N(CH2CO2H)3 (321) 

led to the partial conversion of tri-tert-butoxygermanate to di-tert-butoxygermylene, 

[Ge(OtBu)2]2 (322), which suggests that the tert-butoxy group on germanium can serve as 

a base to deprotonate the acidic proton.  

 

 

Figure III-6. Synthesis of germanate derivatives. 

 

The solid-state structure of 307, characterized by XRD, shared a very similar core 

dimer structure with 301 (Figure III-7). However, the dimeric structure forms a one-

dimensional polymer by the additional Na–O coordination. In the polymeric crystal 

structure, each sodium cation coordinates to five oxygens, four in the dimer core and one 
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of the neighboring dimer. In this dissertation, 307 will be represented by the empirical 

formula NaGe(OEt)3. 

 

 

Figure III-7. The ORTEP151 drawing (50% probability ellipsoids) of NaGe(OEt)3 (307) 

(CCDC 2095668). Hydrogen atoms are omitted for clarity. Top: Extracted dimeric 

structure (side view). Bottom: Polymeric structure (top view). Selected distance (Å) and 

angles (°): Ge1–O1, 1.862(3); Ge1–O2, 1.916(3); Ge1–O3, 1.890(3); O2–Na2, 2.373(3); 

O5–Na1, 2.394(3); O1–Ge1–O2, 95.20(13); O2–Ge1–O3, 89.32(13); O1–Ge1–O3, 

88.54(13). 

 

3.2.2 Germylation of Aryl Halides Using Germanate Derivatives 

We then investigated the application of germanates in aryl halide germylation. We 

first chose 4-FC6H4Br (323b) and [NaGe(OtBu)3]2 (301) as model substrates and screened 

the reaction in C6D6 as solvent catalyzed by palladium catalysts (Table III-1). We were 

able to determine that the addition of the DPPF or tBu-bpy ligands was not advantageous, 
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and that catalysis proceeded just as well with the “ligand-free” precursors Pd2dba3 and 

Pd(OAc)2 (Table III-1, entries 1–4). The optimal practical conditions appear to consist of 

using 0.1 mol% Pd(OAc)2 at 100 °C (oil bath temperature), allowing for the near-

quantitative formation of 4-FC6H4Ge(OtBu)3, 324b in a few hours (Table III-1, entry 5). 

Experiments with 0.01 mol% palladium proceeded to completion as well but took 

significantly longer (ca. 2 weeks) (Table III-1, entry 6). Under temperatures below 80 °C 

the progress of the reaction was very slow (Table III-1, entries 7–9). No germylation was 

observed in the absence of added palladium catalyst (Table III-1, entry 10). The fact that 

no traditional ligands are needed to support the catalysis is suggestive of the generation of 

heterogeneous palladium.66,178–181 In order to gain more insight, a pair of comparative 

experiments with and without the addition of elemental mercury to the reaction mixture 

was conducted. In the experiment with mercury added, the conversion was only partially 

depressed, rendering this result inconclusive (Table III-1, entry 10 vs. entry 11). Although 

we cannot exclude the possible heterogeneous catalysis, we speculate the Ge(OtBu)3 

germanate anion itself may be envisaged to serve as a supporting ligand182–186 for 

molecular palladium species as well as the substrate nucleophile.  

 

 

 

 

 

 



 

91 

 

Table III-1. Optimization of aromatic C–Br germylation reaction conditions.a 

 
entry catalyst (mol%) additive (mol%) temperature (°C) time (h) yield (%)b 

1 Pd2dba3 (2.5) DPPF (6) 100 22 >95 

2 Pd2dba3 (2.5) tBu-bpy (6) 100 22 >95 

3 Pd2dba3 (2.5) – 100 2 >95 

4 Pd2dba3 (0.05) – 100 1.5 >95 

5 Pd(OAc)2 (0.1) – 100 3 >95 

6c Pd(OAc)2 (0.01) – 100 20 32 

7d Pd(OAc)2 (0.1) – 80 20 >95 

8 Pd(OAc)2 (0.1) – 60 20 3 

9 Pd(OAc)2 (0.1) – 40 20 <1 

10 – – 100 22 <1 

11 Pd(OAc)2 (0.1) – 100 2 75 

12 Pd(OAc)2 (0.1) Hg (240) 100 2 45 
a323b (50 μmol), 301 (26 μmol, 52 μmol Ge), and palladium catalyst in C6D6 (0.6 mL). bYields were 

determined by 19F NMR spectroscopy using PhCF3 as an internal standard. cReaction went to completion 

after 2 weeks. dOnly 23% yield after 3 h. 

 

With the successful germylation of 323b using 301, we expanded the scope to 

other germanium(II) reagents: GeCl2·C4H8O2 (302), NaGe(OEt)3 (307), [Ge(OtBu)2]2 

(322), CsGeCl3 (325). To our surprise, none of these germanium(II) reagents provided any 

conversion of 323b to the germylation products with 1 mol% Pd loading. We further tested 

the germylation protocol with an aryl chloride, 4-FC6H4Cl (323b-Cl), as a substrate and 

found it to be much less reactive (Table III-2). 324b was formed in low yield even with 5 

mol% Pd loading. Preliminary screening of supporting ligands had only modest 

improvement. It is likely that efficient germylation of aryl chlorides would require a 

carefully selected, highly donating supporting ligand that is resistant to the replacement 

by the excess germanate.5 
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Table III-2. Preliminary ligand screening of aromatic C–Cl germylation reaction.a 

 
entry Pd cat. (mol%) ligand (mol%) yield (%)b 

1 Pd2dba3 (2.5) – 44 

2 Pd(OAc)2 (5) – 47 

3 Pd(OAc)2 (5) DPPF (5) 60 

4 Pd(OAc)2 (5) tBu-bpy (5) 39 

5 Pd(OAc)2 (5) rac-BINAP (5) 11 

6 Pd(OAc)2 (5) Ph3PO (5) 51 
a323b-Cl (49 μmol), 301 (26 μmol, 52 μmol Ge), Pd source, and ligand if indicated, in 

C6D6/toluene (600 μL), heated at 100 °C for 21 h. bYields were determined by 19F NMR 

spectroscopy using PhCF3 as an internal standard. 

 

3.2.3 Reaction Scope of Germylation of Aryl Bromides 

With the details of the procedure optimized for 323b, we expanded the reaction 

scope with various aryl/alkenyl bromides (Figure III-8). A wide variety of functionalities 

were tolerated under the reaction conditions, including aryl fluoride, aryl ether and ester, 

carboxamide, arylsilane, boronic ester, terminal alkene, terminal alkyne, cyano group, and 

an unprotected amino group (Figure III-8A). Both electron-rich (323c, 323n, 323o, and 

323q) and -poor (323d–323f, 323k, 323m, and 323p) aryl bromides were converted to the 

desired products in excellent yields. Reactions of aryl bromides with one or two ortho 

substituents (323q–323s) were significantly slower but still went to completion. 

Heteroaryl (Figure III-8B) and alkenyl (Figure III-8C) bromides were successfully 

transformed to the corresponding arylgermanes in excellent yields; however, a higher 

catalyst loading (1 mol%) was required for the alkenyl bromides. Representative aryl 

germanes 324b and 324h were prepared on a gram scale in >97% isolated yields (Figure 

III-9).  
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Figure III-8. Reaction scope of germylation of aryl halides. Reaction condition: 

aryl/alkenyl bromide 323 (50 μmol, 1.0 equiv), 301 (0.5–0.6 equiv or 1.0–1.2 equiv Ge 

to C–Br bond), and Pd(OAc)2 (0.1 mol% to C–Br bond) in C6D6, 100 °C, 3 h. Yields 

were isolated yields. a130 °C. b1 mol% (to C–Br bond) of Pd(OAc)2 was used. 
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Figure III-9. Gram-scale synthesis of aryl germanes. 

 

Unprotected hydroxy, nitro, acetyl, and carboxylic anhydride groups proved 

incompatible with the methodology (Figure III-8D). 301 appears to react rapidly with 

acidic Ar–OH and Ar–COCH3 in 323af and 323ah via protolysis, with the release of free 

tBuOH. To test the sensitivity of 301 to the hydroxy group, 301 was reacted with 2,6-

dimethylphenol (326) in an absence of palladium catalyst and free tBuOH was observed. 

The nitro group in 323ag was reduced by 301 to the azoxy derivative187 much faster than 

the Pd-catalyzed germylation. This reductive coupling of the nitro group was further 

optimized. Reaction of 4-nitrotoluene (327) (2 equiv) and 301 (1.5 equiv, 3 equiv Ge) at 

ambient temperature overnight or at 100 °C for 1 h led to a clean conversion to 4,4’-

dimethylazoxybenzene (328-MeMe) and sodium tri-tert-butoxygermanolate, 

NaOGe(OtBu)3 (329) (Figure III-10, top). However, the attempted reductive cross-

coupling of nitroarenes using 327 and 323ag results in a mixture of all four possible 

products (Figure III-10, middle). The attempt to couple 327 and 323o using 301 was not 

successful. 323o was left untouched and only homocoupling of 327 was observed (Figure 

III-10, bottom). 
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Figure III-10. Reductive coupling of nitroarene by 301. 

 

3.2.4 In situ Generated Germanates in Germylation 

Seeking to further simplify the procedure, we tested whether 301 could be prepared 

in situ for germylation (Table III-3). This test reaction was successful (Table III-3, entry 

2) when using a toluene/THF (50/50) mixture. The use of KOtBu (330) instead of NaOtBu 

(303) did not lead to product formation, indicating that the choice of the alkali metal cation 

may be critical. 324b was prepared from 302, 303, and 323b in 93% isolated yield on a 1 

mmol scale. 
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Table III-3. Germylation with in situ generated tri-tert-butoxygermanate.a 

 
entry MOtBu solvent conversion of 323b (%)b yield (%)b 

1 NaOtBu (303) toluene 26 26 

2 303 toluene/THF (50/50) >95 95 

3 303 toluene/THF (80/20) 76 71 

4 303 1,4-dioxane 0 0 

5 KOtBu (330) toluene/THF (50/50) 16c 0 
a302 (1.0–1.1 equiv), 303 or 330 (3.0–3.3 equiv), 323b (1.0 equiv), and Pd(OAc)2 (0.1 mol%) in 

the indicated solvent were heated at 100 °C for 20 h. bConversions and yields were determined by 
19F NMR spectroscopy using PhCF3 as an internal standard. c16% of 323b were reduced to PhF. 

 

We then screened different sodium alkoxides and N(CH2CO2Na)3 (310) using this 

approach, aiming to prepare arylgermane with different alkoxide substituents and 

arylgermatranone (Table III-4). With 1 mol% Pd(OAc)2 loading, 323b were fully 

consumed after heating at 100 °C for 20 h when NaOEt (306) and NaOnBu (331) were 

used. In entry 4, the resulting mixture consisted of the desired FC6H4Ge(OEt)3 (332) 

(61%), presumably FC6H4Ge(OEt)2(Cl/Br) (333) (20%), and an unknown (19%). Treating 

the reaction mixture with excess 306 fully converted 333 to 332 but did not affect the 

unknown. This result is surprising because the germylation using the isolated NaGe(OEt)3 

(307) did not lead to any reaction conversion. In entry 7, the resulting mixture consisted 

of the desired FC6H4Ge(OnBu)3 (334) (69%), PhF (12%), and an unknown (16%). NaOMe 

(308), NaOiPr (304), and 310 did not lead to any conversion under this condition. In 

summary, using other alkoxides other than NaOtBu (303) did not provide satisfactory 

results for preparing other arylgermane derivatives. 
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Table III-4. Germylation with other in situ generated germanates.a 

 
entry NaOR Pd loading (mol%) conv. of 323b (%) yield of ArGe(OR)3 (%) 

1 308 0.1 0 0 

2 306 0.1 0 0 

3 308 1 0 0 

4 306 1 100 61 (81)b 

5 304 1 0 0 

6 304c 1 0 0 

7 331  1 100 69 

8 310 1 0 0 
a302 (65 μmol), NaOR (200 μmol) or 310 (70 μmol), 323b (60 μmol), and Pd(OAc)2 (0.6 or 0.06 

μmol) in toluene/THF (0.6/0.6 mL) were heated at 100 °C for 20–21 h. The results were analyzed by 
19F NMR spectroscopy. bTreating the resulting mixture with excess 306 increased the yield. c304 was 

in situ generated from iPrOH and NaOtBu (303). 

 

3.2.5 Mechanistic Discussion  

Since the Pd-catalyzed germylation of aryl bromides proceeded without extra 

ligands, we speculated the Ge(OtBu)3 germanate anion can serve as a ligand to support the 

molecular palladium species. In addition, germanate(II) was likely responsible for the 

reduction of initial palladium(II) to palladium(0) when Pd(OAc)2 was used. We attempted 

to isolate possible active palladium intermediates with Pd–Ge bonds by mixing Pd(OAc)2 

and Pd2dba3 with [NaGe(OtBu)3]2 (301). However, these reactions only led to unidentified 

mixtures. 

The mercury test experiment suggested that the reaction could be catalyzed by both 

homogeneous and heterogeneous palladium species. In either case, we believe the first 

step of the reaction mechanism is the oxidative addition of aryl bromides to a palladium(0) 

center I to form a palladium(II) phenyl/bromido complex J, considering aryl chlorides are 
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much less reactive than Ar–Br, which follows the traditional trend of reactivity to Pd-

catalyzed cross-coupling reactions.5 Next, transmetalation of 301 with complex J leads to 

the elimination of NaBr and generates palladium(II) phenyl/germyl complex K. NaBr can 

be observed in all germylation experiments as a fine white powder forms as the reactions 

proceed. Complex K undergoes reductive elimination to form the desired germylation 

product and regenerate palladium(0) species I (Figure III-11). Germylene insertion is 

unlikely to be involved in the reaction mechanism with the evidence that germylation of 

323b using 322 did not result in observable consumption of 323b or 322, nor the formation 

of gemylation product. However, when 303 (1 equiv with respect to Ge) was added to the 

reaction, 322 was rapidly converted to 301. Heating the reaction gave a clean formation 

of 324b quantitatively, demonstrating that germanate is a promising and important 

germylation reagent in the reaction (Figure III-12).  

 

 

Figure III-11. Proposed mechanism of Pd-catalyzed germylation of aryl bromides using 

[NaGe(OtBu)3]2. 
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Figure III-12. Germanate vs. germylene in the gemylation reaction. 

 

3.3 Conclusion 

Sodium tri-tert-butoxygermanate (301) and sodium triethoxygermanate (307) 

were synthesized and characterized by crystal XRD. Both reagents can be easily 

synthesized from commercially available GeCl4 or GeCl2·C4H8O2 (302). 

A robust and efficient Pd-catalyzed catalysis for the germylation of aryl bromides 

with 301 has been developed. The reaction converted a broad range of aryl bromides to 

arylgermanes in excellent isolated yields and did not require any auxiliary ligands for 

palladium. Furthermore, a protocol to generate 301 in situ from 302 and NaOtBu (303) for 

germylation has been developed for an even easier reaction set-up. A plausible mechanism 

was proposed, in which the germanate anion plays an important role in the transmetalation 

step. 

 

3.4 Experimental 

3.4.1 General Consideration 

Unless specified otherwise, all manipulations were performed under an argon 

atmosphere using standard Schlenk or glovebox techniques. Toluene, pentane, THF, Et2O, 

and isooctane were deoxygenated (by purging) and dried using an Innovative Technology 
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Pure Solv MD-5 Solvent Purification System and stored over molecular sieves in an 

argon-filled glove box. C6D6 were dried over and distilled from a NaK/benzophenone/18-

crown-6 mixture and stored over molecular sieves in an argon-filled glovebox. CDCl3, 

CD3CN, 1,4-dioxane, PhCF3, MeCN, EtOH, iPrOH, nBuOH were dried over calcium 

hydride, distilled or vacuum transferred, and stored over molecular sieves in an argon-

filled glove box. Me3SiCl was distilled under argon and stored in an argon-filled glove 

box. Catechol (317) and 2,6-dimethylphenol (326) were sublimed under vacuum and 

stored in an argon-filled glove box. Liquid aryl/alkenyl bromide derivatives were degassed 

by three freeze-pump-thaw cycles or purging, dried over molecular sieves overnight, and 

stored over molecular sieves in an argon-filled glove box. Celite and silica were dried at 

180 °C under vacuum overnight and store in an argon-filled glove box. [NaGe(OtBu)3]2 

(301),175 GeCl2·C4H8O2 (302),188 and 1,3-di-tert-butyl-1,3,2-diazagermol-2-ylidene 

“NHGe” (312)189 were synthesized according to published procedures. NaOiPr (304) and 

NaOnBu (331) were synthesized by reacting sodium metal in the corresponding alcohols. 

N(CH2CO2Na)3 (310) was synthesized by reacting N(CH2CO2H)3 (321) in an aqueous 

NaOH solution and dried under vacuum at 110 °C overnight. NaH was rinsed with 

isooctane, dried under vacuum, and stored in an argon-filled glove box. All other 

chemicals were used as received from commercial vendors. 

All NMR spectra were recorded on a Varian Inova 500 NMR spectrometer (1H 

NMR, 499.431 MHz; 13C{1H} NMR, 125.595 MHz; 19F NMR, 469.897 MHz), Varian 

VnmrS 500 NMR spectrometers (13C{1H} NMR, 125.646 MHz and 11B{1H} NMR, 

160.366 MHz, respectively), and Bruker Avance Neo 400 spectrometers (1H NMR, 400.2 
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MHz; 13C NMR, 100.630 MHz, and 1H NMR, 400.09 MHz; 13C NMR, 100.603 MHz, 

respectively). All spectra were recorded at ambient temperature unless otherwise noted. 

Chemical shifts are reported in δ (ppm). For 1H and 13C{1H} NMR spectra, the residual 

solvent peak was used as an internal reference (C6D6 at δ 7.16 for 1H NMR and δ 128.06 

for 13C NMR; CDCl3 at δ 7.26 for 1H NMR and δ 77.16 for 13C NMR). 19F NMR spectra 

were referenced externally using neat trifluoroacetic acid at δ –78.5. 19F NMR spectra 

were referenced externally using neat boron trifluoride diethyl etherate at δ 0. 

ESI and APCI-HRMS experiments were performed using a Thermo Scientific Q 

Exactive Focus. The sample was injected into a 10 µL sample loop and carried using 

MeOH as a mobile phase at a flow rate of 300 µL/min. When necessary, lithium acetate 

was added to a sample (final concentration of 100 ng/mL in the sample) prior to sample 

injection for the cationization of the compound in positive ESI mode. The ESI source 

spray voltage was set to 3.75 kV, and the sheath gas and auxiliary gas flow rates were set 

to 10 and 0 arbitrary units, respectively. The auxiliary gas temperature was set to 50 °C. 

For the APCI source, the discharge current was set at 5 µA, and the sheath gas and 

auxiliary gas flow rates were set to 30 and 0 arbitrary units, respectively. The auxiliary 

gas temperature was set to 250 °C. For both ESI and APCI, the transfer capillary 

temperature was held at 250 °C and the S-Lens RF level was set at 50 V. The mass 

resolution was tuned to 70000 FWHM at m/z 200. Exactive Series 2.11/Xcalibur 4.2.47 

software was used for data acquisition and processing. 
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3.4.2 Details of X-Ray Structural Determination of 301 (CCDC 2057607) 

3.4.2.1 Data Collection 

A Leica MZ 7.5 microscope was used to identify a suitable colorless block with 

very well-defined faces with dimensions (max, intermediate, and min) 0.561 x 0.457 x 

0.427 mm3 from a representative sample of crystals of the same habit. The crystal mounted 

on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained at 110 K. 

A BRUKER Quest X-ray (fixed-Chi geometry) diffractometer with a PHOTON II 

detector was employed for crystal screening, unit cell determination, and data collection. 

The goniometer was controlled using the APEX3 software suite.160 The sample was 

optically centered with the aid of a video camera such that no translations were observed 

as the crystal was rotated through all positions. The X-ray radiation employed was 

generated from a Mo-Iμs X-ray tube (K = 0.71073Å). 

45 data frames were taken at widths of 1. These reflections were used to determine 

the unit cell. The unit cell was verified by examination of the h k l overlays on several 

frames of data. No super-cell or erroneous reflections were observed. 

After careful examination of the unit cell, an extended data collection procedure 

(9 sets) was initiated using omega and phi scans. 

 

3.4.2.2 Data Reduction, Structure Solution, and Refinement 

Integrated intensity information for each reflection was obtained by reduction of 

the data frames with the program APEX3.160 The integration method employed a three-

dimensional profiling algorithm and all data were corrected for Lorentz and polarization 
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factors, as well as for crystal decay effects. Finally, the data were merged and scaled to 

produce a suitable data set. The absorption correction program SADABS161 was employed 

to correct the data for absorption effects. 

Systematic reflection conditions and statistical tests of the data suggested the space 

group P-1. A solution was obtained readily (Z=2; Z' = 2 × 0.5) using XT/XS in 

APEX3.160,162–165 Hydrogen atoms were placed in idealized positions and were set riding 

on the respective parent atoms. All non-hydrogen atoms were refined with anisotropic 

thermal parameters. The absence of additional symmetry and voids were confirmed using 

PLATON (ADDSYM).166 The structure was refined (weighted least squares refinement 

on F2) to convergence.162–165,167 Larger residual electron density peaks were present, 

suggesting whole molecule disorder. ORTEP-3 and POV-ray were employed for the final 

data presentation and structure plots.151,168 

 

3.4.3 Details of X-Ray Structural Determination of 307 (CCDC 2095668) 

3.4.3.1 Data Collection 

A Leica MZ 7.5 microscope was used to identify a suitable colorless block with 

very well-defined faces with dimensions (max, intermediate, and min) 0.204 x 0.183 x 

0.109 mm3 from a representative sample of crystals of the same habit. The crystal mounted 

on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained at 110 K. 

A BRUKER Quest X-ray (fixed-Chi geometry) diffractometer with a PHOTON II 

detector was employed for crystal screening, unit cell determination, and data collection. 

The goniometer was controlled using the APEX3 software suite.160 The sample was 
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optically centered with the aid of a video camera such that no translations were observed 

as the crystal was rotated through all positions. The X-ray radiation employed was 

generated from a Mo-Iμs X-ray tube (K = 0.71073Å). 

45 data frames were taken at widths of 1. These reflections were used to determine 

the unit cell using CELL_NOW which suggested twinning.190 The unit cell was verified 

by examination of the h k l overlays on several frames of data. No super-cell or erroneous 

reflections were observed. 

After careful examination of the unit cell, an extended data collection procedure 

(3 sets) was initiated using omega scans. 

 

3.4.3.2 Data Reduction, Structure Solution, and Refinement 

Integrated intensity information for each reflection was obtained by reduction of 

the data frames with the program APEX3.160 The integration method employed a three-

dimensional profiling algorithm and all data were corrected for Lorentz and polarization 

factors, as well as for crystal decay effects. Finally, the data were merged and scaled to 

produce a suitable data set. The absorption correction program TWINABS191 was 

employed to correct the data for absorption effects. 

Systematic reflection conditions and statistical tests of the data suggested the space 

group P-1. A solution was obtained readily (Z= 4; Z' = 2) using XT/XS in APEX3.160,162–

165 Hydrogen atoms were placed in idealized positions and were set riding on the 

respective parent atoms. All non-hydrogen atoms were refined with anisotropic thermal 

parameters. The absence of additional symmetry and voids were confirmed using 
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PLATON (ADDSYM).166 The structure was refined (weighted least squares refinement 

on F2) to convergence.162–165,167 ORTEP-3 and POV-ray were employed for the final data 

presentation and structure plots.151,168 

 

3.4.4 Electrochemical Experiments of 301 

Electrochemical experiments were performed using a CH Instruments Model 

700D Series Electrochemical Analyzer and Workstation (CH Instruments Inc., Austin, 

TX) in conjunction with a three electrodes electrochemical cell. The working electrode 

was a CHI104 glassy carbon electrode with a diameter of 3 mm (CH Instruments Inc., 

Austin, TX); the auxiliary electrode was a platinum wire; the reference electrode was a 

Ag/AgNO3 electrode. The Ag/AgNO3 electrode was prepared as a bulk solution of 0.01 

M AgNO3 and 0.1 M nBu4NPF6 in CH2Cl2, which was separated from the analyte solutions 

by a fine porosity frit. Cyclic voltammetry experiments were conducted in CH2Cl2 with 

0.1 M nBu4NPF6 as the supporting electrolyte at a scan rate of 100 mV/s under argon at 

ambient temperature (23±2 °C, 296±2 K). The concentration of the 301 solution was 1.0 

mM. The electrochemical potentials were externally referenced to the Me10Fc/Me10Fc+ 

redox couple. The collected data were then converted to be referenced to the Fc/Fc+ redox 

couple.192 

 

3.4.5 Synthesis of Alkali Germanate Derivatives 

Synthesis of 305. GeCl2·C4H8O2 (302) (179 mg, 0.773 mmol) and NaOiPr (304) 

(206 mg, 2.51 mmol) were dissolved in THF (4 mL) in a 10 mL culture tube. The reaction 
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was heated at 85 °C overnight. All volatiles were removed. Pentane was then added to 

extract 305. The white solid was filtered off by a pad of Celite over a frit. Pentane was 

removed under vacuum to give a white sticky solid (203 mg, 96% yield). 1H NMR (499 

MHz, C6D6) δ 4.27 (hept, J = 6.2 Hz, 3H), 1.27 (d, J = 6.2 Hz, 18H). 

Synthesis of 307. GeCl2·C4H8O2 (302) (606 mg, 2.62 mmol) and NaOEt (306) 

(596 mg, 8.76 mmol) were dissolved in THF (10 mL) in a 50 mL culture tube. The reaction 

was heated at 85 °C overnight. All volatiles were removed from the resulting orange 

suspension under vacuum. Pentane was then added to extract 307. The white solid was 

filtered off by a pad of Celite over a frit. Pentane was removed under vacuum to give an 

off-white solid as a crude product (600 mg). The crude product was purified by 

recrystallization from a saturated pentane solution at –35 °C to give a pure product as a 

white crystal (496 mg, 82% yield). 1H NMR (499 MHz, C6D6) δ 3.83 (q, J = 6.9 Hz, 12H), 

1.22 (t, J = 6.9 Hz, 18H); 13C{1H} NMR (126 MHz, C6D6) δ 57.1, 21.0. 

Attempted synthesis of NaGe(OMe)3 (309). GeCl2·C4H8O2 (302) (502 mg, 2.17 

mmol) and NaOMe (308) (379 mg, 2.51 mmol) were suspended in THF (15 mL) in a 50 

mL culture tube. The reaction was heated at 85 °C for 5 h. The mixture was filtered through 

a pad of Celite over a frit. All volatiles were removed under vacuum to give a benzene-

insoluble solid (410 mg).  

Attempted synthesis of NaGe[(O2CCH2)3N] (311). GeCl2·C4H8O2 (302) (130 

mg, 0.561 mmol) and N(CH2CO2Na)3 (310) (145 mg, 0.564 mmol) were suspended in 

THF (15 mL) in a 50 mL culture tube. The reaction was heated at 80 °C overnight. The 
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mixture was filtered through a pad of Celite over a frit. All volatiles were removed under 

vacuum to give a benzene- and chloroform-insoluble yellow solid. 

301 (23.0 mg, 36.5 μmol, 73.0 μmol Ge) and N(CH2CO2H)3 (321) (15 mg, 78 μmol) 

were mixed in toluene (1 mL). The reaction mixture was heated at 110 °C overnight. The 

mixture was filtered through a pad of Celite over a frit. All volatiles were removed under 

vacuum to give a white solid (17 mg). 1H NMR (C6D6) spectrum contained 301 (31%) and 

[Ge(OtBu)2]2 (322) (62%). 

Attempted synthesis of 313. 1,3-Di-tert-butyl-1,3,2-diazagermol-2-ylidene (312) 

(29 mg, 0.12 mmol) and NaOtBu (303) (11 mg, 0.11 mmol) were dissolved in C6D6 (0.6 

mL) in a J. Young NMR tube to form a light-yellow solution. The reaction was heated at 

85 °C overnight and analyzed by 1H NMR spectroscopy. The 1H NMR spectrum contained 

only starting materials, indicating no reaction occurred.  

Attempted synthesis of NaGe(NC4H4)3 (315-Na). NaH (29.1 mg, 1.21 mmol) 

was suspended in THF (3 mL) in a 20 mL vial. To the suspension was added pyrrole (314) 

(82 μL, 1.2 mmol) at ambient temperature. (Gas evolution!) The reaction was stirred at 

ambient temperature for 1 h. GeCl2·C4H8O2 (302) (90 mg, 0.39 mmol) was added to the 

milky white suspension and the reaction was stirred at ambient temperature overnight. The 

resulting brown suspension was filtered through a pad of Celite over a frit. Volatiles were 

removed from the faint yellow filtrate under vacuum to give a benzene-insoluble yellow 

solid (69 mg).  

Attempted synthesis of LiGe(NC4H4)3 (315-Li). Pyrrole (314) (174 mg, 2.59 

mmol) was dissolved in Et2O (5 mL) in a 20 mL vial. The vial was cooled down to –35 



 

108 

 

°C in a freezer before the slow addition of nBuLi (1.0 mL, 2.5 mmol, 2.5 M in hexane). 

The reaction was allowed to warm up to ambient temperature. GeCl2·C4H8O2 (302) (185 

mg, 0.799 mmol) was  added to the cloudy reaction mixture with additional Et2O (2 mL). 

The reaction turned clear light-yellow solution immediately. The reaction was stirred at 

ambient temperature for 20 h. After 20 h, significant grey precipitation was formed, and 

the solution turned colorless. The colorless solution was separated, and volatiles were 

removed under vacuum to give a benzene-insoluble white solid (127 mg). 

Attempted syntheses of LiGe(pin)nBu (318). GeCl2·C4H8O2 (302) (96.1 mg, 

0.415 mmol) and pinacol (316) (48.5 mg, 0.410 mmol) were dissolved in Et2O (3 mL) in 

a 10 mL culture tube. The tube was cooled down to –35 °C in a freezer before the slow 

addition of nBuLi (0.50 mL, 1.2 mmol, 2.5 M in hexane). The reaction was stirred at 

ambient temperature for 2 d and it turned to a yellow cloudy suspension. The mixture was 

filtered through a pad of Celite over a frit. Volatiles were removed from the yellow filtrate 

under vacuum to give a white solid (57 mg). The 1H NMR (C6D6) spectrum showed 

various unidentified 1H NMR resonances. 

Pinacol (316) (55.1 mg, 0.466 mmol) was dissolved in Et2O (0.5 mL) in a 7 mL 

vial. The vial was cooled down to –35 °C in a freezer before the slow addition of nBuLi 

(0.60 mL, 1.5 mmol, 2.5 M in hexane). The milky suspension was cooled down to –35 °C 

again in a freezer before the addition of GeCl2·C4H8O2 (302) (107 mg, 0.462 mmol) with 

additional Et2O (0.5 mL). The reaction was stirred at ambient temperature for 23 h and it 

turned to a light-yellow cloudy suspension. The mixture was filtered through a pad of 

Celite over a frit. Volatiles were removed from the yellow filtrate under vacuum to give a 
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gluey oil (76 mg). The 1H NMR (C6D6) spectrum showed various unidentified 1H NMR 

resonances. 

GeCl2·C4H8O2 (302) (82 mg, 0.35 mmol) and pinacol (316) (43 mg, 0.36 mmol) 

were dissolved in toluene (2 mL) in a 10 mL culture tube. nBuLi (0.45 mL, 1.1 mmol, 2.5 

M in hexane) was added dropwise to the reaction at ambient temperature. The yellow 

cloudy suspension was heated at 110 °C for 44 h and it turned to a brown-orange cloudy 

suspension. The mixture was filtered through a pad of Celite over a frit. Volatiles were 

removed from the filtrate under vacuum to give a benzene-insoluble tan solid.  

Pinacol (316) (56.5 mg, 0.478 mmol) was dissolved in toluene (0.5 mL) in a 10 

mL culture tube. The tube was cooled down to –35 °C in a freezer before the slow addition 

of nBuLi (0.60 mL, 1.5 mmol, 2.5 M in hexane). The cloudy suspension was cooled down 

to –35 °C again in a freezer before the addition of GeCl2·C4H8O2 (302) (108 mg, 0.466 

mmol) with additional toluene (0.5 mL). The reaction was heated at 110 °C for 18 h and 

it turned to a brown cloudy suspension upon heating. The mixture was filtered through a 

pad of Celite over a frit. Volatiles were removed from the orange filtrate under vacuum to 

give an orange solid (72 mg). The 1H NMR (C6D6) spectrum showed various unidentified 

1H NMR resonances. 

Attempted syntheses of LiGe(pin)Me (319). Pinacol (316) (55.8 mg, 0.472 

mmol) was dissolved in THF (5 mL) in a 20 mL vial. The vial was cooled down to –35 

°C in a freezer before the slow addition of MeLi (1.0 mL, 1.6 mmol, 1.6 M in Et2O). The 

colorless solution was cooled down to –35 °C again in a freezer before the addition of 

GeCl2·C4H8O2 (302) (107.5 mg, 0.4641 mmol). The reaction turned yellow immediately 



 

110 

 

and was stirred at ambient temperature for 24 h. Volatiles were removed under vacuum to 

give a benzene- and chloroform-insoluble yellow powder. 

Pinacol (316) (53.8 mg, 0.455 mmol) was dissolved in THF (4 mL) in a 20 mL 

vial. The vial was cooled down to –35 °C in a freezer before the slow addition of MeLi 

(0.60 mL, 0.96 mmol, 1.6 M in Et2O). The reaction was stirred for 5 min before the 

addition of GeCl2·C4H8O2 (302) (101 mg, 0.436 mmol) and another portion of MeLi (0.30 

mL, 0.48 mmol, 1.6 M in Et2O). The yellow solution was stirred at ambient temperature 

for 16 h. Volatiles were removed under vacuum to give a chloroform-insoluble yellow 

powder. 

Pinacol (316) (52.8 mg, 0.447 mmol) was dissolved in toluene (3 mL) in a 10 mL 

culture tube. MeLi (0.90 mL, 1.4 mmol, 1.6 M in Et2O). The cloudy suspension was stirred 

for 5 min before the addition of GeCl2·C4H8O2 (302) (99.8 mg, 0.431 mmol) with 

additional toluene (1.5 mL). The reaction turned yellow immediately and was heated at 

120 °C for 14 h. The resulting orange suspension was filtered through a pad of Celite over 

a frit. Volatiles were removed under vacuum to give a tan solid (85 mg). The 1H NMR 

(CDCl3) spectrum showed various unidentified 1H NMR resonances. 

Attempted synthesis of LiGe(cat)Me (320). Catechol (317) (56.5 mg, 0.513 

mmol) was dissolved in THF (4 mL) in a 20 mL vial. The vial was cooled down to –35 

°C in a freezer before the dropwise addition of MeLi (1.0 mL, 1.6 mmol, 1.6 M in Et2O). 

The solution turned cloudy upon addition but turned clear after full addition. The colorless 

solution was stirred for 10 min before the addition of GeCl2·C4H8O2 (302) (114 mg, 0.492 

mmol). The solution turned yellow immediately and cloudy after a few minutes. The 
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reaction was stirred at ambient temperature for 19 h. The mixture was filtered through a 

pad of Celite over a frit. Volatiles were removed from the light-yellow filtrate under 

vacuum to give a white solid (194 mg). The 1H NMR (CDCl3) spectrum showed various 

unidentified 1H NMR resonances. 

Catechol (317) (50.0 mg, 0.454 mmol) was dissolved in THF (4 mL) in a 20 mL 

vial. The vial was cooled down to –35 °C in a freezer before the dropwise addition of 

MeLi (0.60 mL, 0.96 mmol, 1.6 M in Et2O). The reaction was stirred for 10 min before 

the addition of GeCl2·C4H8O2 (302) (100 mg, 0.432 mmol) and another portion of MeLi 

(0.30 mL, 0.48 mmol, 1.6 M in Et2O). The solution turned yellow immediately and to a 

white cloudy suspension gradually. The reaction was stirred at ambient temperature for 20 

h. The mixture was filtered through a pad of Celite over a frit. Volatiles were removed 

from the light-yellow filtrate under vacuum to give a white solid (176 mg). The 1H NMR 

(CDCl3) spectrum showed various unidentified 1H NMR resonances. 

Catechol (317) (60.3 mg, 0.548 mmol) was suspended in toluene (4 mL) in a 10 

mL culture tube. The vial was cooled down to –35 °C in a freezer before the dropwise 

addition of MeLi (1.1 mL, 1.8 mmol, 1.6 M in Et2O). The suspension turned clear 

immediately. The clear solution was stirred for 10 min before the addition of 

GeCl2·C4H8O2 (302) (99.8 mg, 0.431 mmol). The reaction turned to a yellow suspension 

immediately and was heated at 120 °C for 20 h. The supernatant was separated and 

volatiles were removed under vacuum to give a yellow solid. The 1H NMR (CDCl3) 

spectrum showed various unidentified 1H NMR resonances. 
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Cation metathesis of 301. [NaGe(OtBu)3]2 (301) (58.4 mg, 185 μmol Ge) and 

TBABr (60.4 mg, 187 μmol) were mixed in toluene/Et2O (4/4 mL) in a 20 mL vial. The 

reaction was stirred over a weekend at ambient temperature. The resulting white/grey solid 

was filtered off by a pad of Celite over a frit. Volatiles were removed from the brown 

filtrate under vacuum to give white crystal and orange solid (53 mg in total). 1H NMR 

(C6D6) spectrum showed a major unknown 1H NMR resonance for tert-butyl and some 

other unidentified minor resonances.  

[NaGe(OtBu)3]2 (301) (82.5 mg, 265 μmol Ge) and TBABr (86.8 mg, 269 μmol) 

were mixed in THF (30 mL) in a 50 mL culture tube. The reaction was heated at 80 °C for 

90 h. The volatiles were removed under vacuum. Toluene was added and the solid was 

filtered off by a pad of Celite over a frit. Removal of volatiles gave a white solid (145 mg). 

1H NMR (C6D6) spectrum showed multiple unidentified 1H NMR resonances.  

[NaGe(OtBu)3]2 (301) (20.0 mg, 63.5 μmol Ge) and Ph4PBr (25.6 mg, 61.1 μmol) 

were mixed in C6D6 (0.6 mL) in a J. Young NMR tube to form a suspension. The reaction 

was stirred at ambient temperature and followed by 1H NMR spectroscopy. After 12 d, the 

1H NMR spectrum contains only one set of 1H NMR resonances for phenyl but three 

different 1H NMR resonances for tert-butyl. The mixture was passed through a pad of 

Celite and the residue was re-dissolved in CD3CN. The 1H NMR (CD3CN) spectrum 

contained multiple unidentified 1H NMR resonances for phenyl and tert-butyl.  
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3.4.6 Development of Catalytic Germylation of Aryl Bromides Using 301 

Stock solutions of Pd2dba3 or Pd(OAc)2, and DPPF or tBu-bpy, if indicated, in 

C6D6 were added to a J. Young NMR tube. [NaGe(OtBu3)]2 (301) (16 mg, 51 μmol Ge) 

was added as a solid. Stock solutions of 4-FC6H4Br (323b) (50 μmol) and PhCF3 (15 μmol) 

in C6D6 were then added. A known amount of C6D6 was added to normalize the total 

solvent volume of each experiment to 0.6 mL. The J. Young NMR tube was closed, 

brought out of the glovebox, and placed into an oil bath at the indicated temperature for 

the time reported. The reaction was monitored by 1H and/or 19F NMR spectroscopy. The 

conversions and yields were determined by comparing the integration of the 19F NMR 

resonances of 4-FC6H4Br (323b) (δ –116.4 in C6D6) and 4-FC6H4Ge(OtBu)3 (324b) (δ –

110.4 in C6D6) to the PhCF3 internal standard (δ –63.48 in C6D6). The results were 

summarized in Table III-1 (entries 1–10). 

 

3.4.7 Mercury Test of the Catalytic Germylation of Aryl Bromides  

[NaGe(OtBu3)]2 (301) (32.0 mg, 102 μmol Ge) and stock solutions of 4-FC6H4Br 

(323b) (140 μL, 99.3 μmol, 0.709 M in C6D6), Pd(OAc)2 (165 μL, 0.100 μmol, 0.00607 

M in C6D6), and PhCF3 (60.0 μL, 28.7 μmol, 0.479 M in C6D6) were well mixed and 

diluted to 2 mL with C6D6 using a volumetric flask. 1 mL of the reaction mixture was 

transferred to a 10 mL culture tube and Hg (24.0 mg, 0.120 mmol, ca. 2.4 equiv.) was 

added to the culture tube. Another 1 mL of the reaction mixture was transferred to another 

10 mL culture tube. Both culture tubes were closed and placed into an oil bath at 100 °C 

for 2 h with a vigorous stir. The reaction mixture was transferred to a J. Young NMR tube 
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and analyzed by 1H and 19F NMR spectroscopy. The conversions and yields were 

determined by comparing the integration of the 19F NMR resonances of 4-FC6H4Br (323b) 

(δ –116.4 in C6D6) and 4-FC6H4Ge(OtBu)3 (324b) (δ –110.4 in C6D6) to the PhCF3 internal 

standard (δ –63.48 in C6D6). The results were summarized in Table III-1 (entries 11 and 

12). 

 

3.4.8 Catalytic Aromatic C–Br Germylation using Other Germanium(II) Reagent  

3.4.8.1 Germylation with GeCl2·C4H8O2 (302) 

302 (12.0 mg, 51.8 μmol), stock solutions of 323b (57 μL, 50 μmol, 0.883 M in 

C6D6), Pd(OAc)2 (15 μL, 0.52 μmol, 0.0345 M in C6D6), and PhCF3 (40.0 μL, 15.3 μmol, 

0.383 M in C6D6), and C6D6 (390 μL) were mixed in a J. Young NMR tube to form a 

yellow solution with some insoluble 302. The J. Young NMR tube was closed and 

analyzed by 1H and 19F NMR spectroscopy, and again after placing into an oil bath at 100 

°C for 20 h. The insoluble 302 dissolved into solution upon heating. Both 1H and 19F NMR 

spectra suggested there was no reaction. 

 

3.4.8.2 Germylation with [NaGe(OEt)3]2 (307) 

Entries 1–6. 323b (50 μmol, 1 equiv), 307, Pd(OAc)2, and PhCF3 were added to a 

J. Young NMR tube. A known amount of C6D6 was added to normalize the total solvent 

volume of each experiment to 0.6 mL. The J. Young NMR tube was closed and placed 

into an oil bath at the temperature for the time indicated. The reaction was analyzed by 1H 

and 19F NMR spectroscopy.  
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Entries 7–10. 323b (100 μmol, 1 equiv), 307, Pd(OAc)2, PhCF3, and NaOEt (306) 

if indicated, were added a 10 mL culture tube. A known amount of toluene was added to 

normalize the total solvent volume of each experiment to 1 mL. The culture tube was 

closed and placed into an oil bath at 100 °C for 20 h. The reaction mixture was then passed 

through a pad of Celite over a pipette into an NMR tube and analyzed by 19F NMR 

spectroscopy.  

The detailed conditions were summarized in Table III-5. All entries showed neither 

consumption of 323b and 307, nor the formation of FC6H4Ge(OEt)3 (332).  

 

Table III-5. Detailed conditions of attempted germylation using 307. 
entry 307 (equiv Ge) Pd(OAc)2 (mol%) 306 (equiv) temperature (°C) time (h) 

1 1 0.1 – 100 22 

2 1 0.1 – 130 24 

3 1 1 – 100 20 

4 1 1 – 130 22 

5 1 5 – 100 20 

6 2 1 – 100 20 

7 1 1 – 100 20 

8 1.5 1 – 100 20 

9 1 1 1 100 20 

10 1 1 2 100 20 

 

3.4.8.3 Germylation with [Ge(OtBu)2]2 (322) 

Synthesis of 322. In a 50 mL culture tube, 302 (1.55 g, 6.69 mmol) and 303 (1.31 

g, 13.6 mmol) were dissolved in THF (20 mL). Caution: Exothermic! The reaction was 

heated at 100 °C for 2 h. The solid was filtered off by a pad of Celite over a frit. Volatiles 

were removed under vacuum. The resulting residue was purified from a saturated pentane 

solution at –35 °C to give a pure product as a white solid (926 mg, 63% yield). The solid-
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state structure has been reported as a dimer, similar to that of its stannylene analog.193,194 

1H NMR (400 MHz, C6D6) δ 1.48 (s, 36). 

322 (12.9 mg, 58.9 μmol Ge), stock solutions of 323b (64.0 μL, 55.7 μmol, 0.871 

M in C6D6), Pd(OAc)2 (24.0 μL, 0.566 μmol, 0.0236 M in C6D6), and PhCF3 (40.0 μL, 

15.8 μmol, 0.396 M in C6D6), and C6D6 (470 μL) were mixed in a J. Young NMR tube to 

form a colorless solution. The J. Young NMR tube was closed and analyzed by 1H and 19F 

NMR spectroscopy, and again after placing into an oil bath at 100 °C for 3 h and 21 h. All 

1H and 19F NMR spectra suggested there was no reaction. NaOtBu (303) (430 μL, 59.3 

μmol, 0.138 M in C6D6) was added to the reaction mixture, and the 1H NMR spectrum 

showed full and clean conversion of 322 to [NaGe(OtBu)3]2 (301) at ambient temperature. 

The reaction was then placed into an oil bath at 100 °C for 3 h and analyzed by 1H and 19F 

spectroscopy. Both 1H and 19F spectra showed 323b and 301 were fully consumed, and 4-

FC6H4Ge(OtBu)3 (324b) was formed quantitatively. 

 

3.4.8.4 Germylation with CsGeCl3 (325) 

325 (19.5 mg, 62.5 μmol), stock solutions of 323b (68 μL, 59 μmol, 0.871 M in 

C6D6) and Pd(OAc)2 (17.5 μL, 0.604 μmol, 0.0345 M in C6D6), toluene (0.6 mL), and 

THF (0.6 mL) were mixed in a 10 mL culture tube to form a colorless solution with 

insoluble 325. The culture tube was closed and placed into an oil bath at 100 °C for 20 h. 

The resulting orange suspension was analyzed by 19F NMR spectroscopy, which suggested 

there was no reaction. 
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3.4.9 Preliminary Tests of Catalytic Germylation of Aryl Chlorides 

Stock solutions of Pd2dba3 or Pd(OAc)2 and ligands, if indicated, in C6D6 were 

added to a J. Young NMR tube. 301 (16 mg, 51 μmol Ge) was added as a solid. Stock 

solutions of 4-FC6H4Cl (323b-Cl) (50 μmol) and PhCF3 (15 μmol) in C6D6 were then 

added. A known amount of toluene was added to normalize the total solvent volume of 

each experiment to 0.6 mL. The J. Young NMR tube was closed and placed into an oil 

bath at 100 °C for 21 h. The reaction was monitored by 19F NMR spectroscopy. The 

conversions and yields were determined by comparing the integration of the 19F NMR 

resonances of 4-FC6H4Cl (323b-Cl) (δ –116.9 in toluene) and 4-FC6H4Ge(OtBu)3 (324b) 

(δ –110.2 in toluene) to the PhCF3 internal standard (δ –63.48 in toluene). The results were 

summarized in Table III-2. 

 

3.4.10 Synthesis and Characterization of New Germane Products 

3.4.10.1 General Procedures 

General Procedure A. 301 (ca. 16 mg, 25 μmol, 51 μmol Ge) was added as a solid 

to a J. Young NMR tube. Pd(OAc)2 (0.005 μmol) and bromobenzene derivatives 323 (ca. 

50 μmol) were then added as a solid or stock solution in C6D6. A known amount of C6D6 

was added to normalize the total solvent volume of each experiment to 0.6 mL. The NMR 

tube was closed and placed into an oil bath at 100 °C for 3 h. The mixture was filtered 

through a pad of Celite over a pipette, and volatiles were removed under vacuum. The 

residue was purified by flash column chromatography on silica gel using Et2O as eluent. 
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General Procedure B. 301 (0.5 equiv, 1 equiv Ge) and bromobenzene derivatives 

323 (1 equiv) was added as a solid or liquid to a 50 mL culture tube. Pd(OAc)2 (0.001 

equiv) was added. Toluene was added as a solvent. The culture tube was closed and placed 

into an oil bath at 100 °C overnight. The mixture was filtered through a pad of Celite over 

a frit, and volatiles were removed under vacuum. The residue was purified by flash column 

chromatography on silica gel using Et2O as eluent. 

General Procedure C. 302 (1 equiv) and 303 (3.3 equiv) were mixed in THF (5 

mL) in a 50 mL culture tube. Bromobenzene derivatives 323 (1 equiv), Pd(OAc)2 (0.001 

equiv), and toluene (5 mL) were then added. The culture tube was closed and placed into 

an oil bath at 100 °C overnight. The mixture was filtered through a pad of Celite over a 

frit, and volatiles were removed under vacuum. The residue was purified by flash column 

chromatography on silica gel using Et2O as eluent. 

 

3.4.10.2 Synthesis and Characterization of Arylgermanes 

Tri-tert-butoxyphenylgermane (324a). General Procedure A was used: 301 (17.0 

mg, 54.0 μmol Ge) and bromobenzene (323a) (5.3 μL, 50 μmol) reacted to provide a 

colorless oil (18 mg, 98% yield). 1H NMR (499 MHz, CDCl3) δ 7.81–7.64 (m, 2H), 7.52–

7.30 (m, 3H), 1.36 (s, 27H); 13C{1H} NMR (126 MHz, CDCl3) δ 137.6, 134.0, 130.3, 

128.4, 74.3, 32.6; HRMS (ESI) m/z [M + Li]+ calculated for C18H32
74Ge7LiO3: 377.1718, 

measured: 377.1716. 324a was also independently synthesized from heating PhGeCl3 

(319 mg, 1.25 mmol) and NaOtBu (368 mg, 3.83 mmol) in toluene (5 mL) at 140 °C for 
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86 h. After filtration of solid and evaporation of volatiles, 324a can be isolated as an oil 

(385 mg, 83% yield) 

Tri-tert-butoxy(4-fluorophenyl)germane (324b). General Procedure A was used: 

301 (15.4 mg, 48.9 μmol Ge) and 323b (54.0 μL, 47.0 μmol, 0.871 M in C6D6) reacted to 

provide a colorless oil (18 mg, >98% yield). General Procedure B was used: 301 (3.83 g, 

12.2 mmol Ge) and 323b (2.10 g, 12.0 mmol) reacted to provide a colorless oil (4.62 g, 

>98% yield). General Procedure C was used: 302 (240 mg, 1.04 mmol) and 303 (322 mg, 

3.35 mmol) and 323b (110 μL, 1.00 mmol) reacted to provide a colorless oil (360 mg, 

93% yield). 1H NMR (499 MHz, C6D6) δ 7.81–7.65 (m, 2H), 6.92–6.71 (m, 2H), 1.43 (s, 

27H); 19F NMR (470 MHz, C6D6) δ –110.4 (tt, JF–H = 9.0, 5.8 Hz); 13C{1H} NMR (126 

MHz, C6D6) δ 164.7 (d, JF–C = 250.0 Hz), 136.3 (d, JF–C = 7.7 Hz), 133.4 (d, JF–C = 3.8 

Hz), 115.8 (d, JF–C = 20.6 Hz), 74.5, 32.7; HRMS (ESI) m/z [M + Na]+ calculated for 

C18H31F
74GeNaO3: 411.1361, measured: 411.1352.  

Tri-tert-butoxy(4-methoxyphenyl)germane (324c). General Procedure A was used: 

301 (16.9 mg, 53.7 μmol Ge) and 4-bromoanisole (323c) (85.0 μL, 52.7 μmol, 0.620 M in 

C6D6) reacted to provide a colorless oil (21 mg, >98% yield). 1H NMR (400 MHz, C6D6) 

δ 7.85 (d, J = 8.8 Hz, 2H), 6.78 (d, J = 8.8 Hz, 2H), 3.23 (s, 3H), 1.50 (s, 27H); 13C{1H} 

NMR (101 MHz, C6D6) δ 161.8, 135.7, 128.7, 114.4, 74.3, 54.6, 32.8; HRMS (ESI) m/z 

[M + Li]+ calculated for C19H34
74Ge7LiO4: 407.1823, measured: 407.1813. 

Tri-tert-butoxy(4-trifluoromethylphenyl)germane (324d). General Procedure A 

was used: 301 (16.7 mg, 53.0 μmol Ge) and 1-bromo-4-(trifluoromethyl)benzene (323d) 

(50.0 μL, 200 μmol, 0.250 M in C6D6) reacted to provide a white solid (22 mg, >98% 
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yield). General Procedure B was used: 301 (319 mg, 1.01 mmol Ge) and 323d (140 μL, 

1.00 mmol) reacted to provide a white solid (0.43 g, 98% yield). 1H NMR (400 MHz, 

C6D6) δ 7.86–7.73 (m, 2H), 7.37–7.26 (m, 2H), 1.42 (s, 27H); 19F NMR (470 MHz, C6D6) 

δ –63.9; 13C{1H} NMR (101 MHz, C6D6) δ 142.4, 134.5, 132.3 (q, JF–C = 32.3 Hz), 125.2 

(q, JF–C = 3.7 Hz), 124.7 (q, JF–C = 272.4 Hz), 74.8, 32.6; HRMS (ESI) m/z [M + Li]+ 

calculated for C19H31F3
74Ge7LiO3: 445.1592, measured: 445.1579. 

Ethyl 4-(tri-tert-butoxygermyl)benzoate (324e). General Procedure A was used: 

301 (16.6 mg, 52.7 μmol Ge) and ethyl 4-bromobenzoate (323e) (90.0 μL, 50.7 μmol, 

0.563 M in C6D6) reacted to provide a colorless oil (22 mg, 98% yield). 1H NMR (400 

MHz, C6D6) δ 8.13 (d, J = 8.3 Hz, 2H), 7.93 (d, J = 8.3 Hz, 2H), 4.09 (q, J = 7.1 Hz, 2H), 

1.44 (s, 27H), 1.01 (t, J = 7.1 Hz, 3H); 13C{1H} NMR (101 MHz, C6D6) δ 165.9, 143.2, 

134.2, 132.8, 129.5, 74.7, 61.0, 32.7, 14.2; HRMS (ESI) m/z [M + Li]+ calculated for 

C21H36
74Ge7LiO5: 449.1929, measured: 449.1921. 

N,N-Diethyl-4-(tri-tert-butoxygermyl)benzamide (324f). General Procedure A was 

used with modifications: The reaction was heated at 130 °C for 4 h. 301 (16.7 mg, 53.0 

μmol Ge) and N,N-diethyl-4-bromobenzamide (323f) (13.6 mg, 53.1 μmol) reacted to 

provide a colorless oil (24 mg, 97% yield). 1H NMR (400 MHz, C6D6) δ 7.92 (d, J = 8.1 

Hz, 2H), 7.37 (d, J = 8.1 Hz, 2H), 3.30 (br s, 2H), 2.77 (br s, 2H), 1.46 (s, 27H), 1.04 (br 

s, 3H), 0.63 (br s, 3H); 13C{1H} NMR (101 MHz, C6D6) δ 170.0, 140.2, 138.7, 134.1, 

126.9, 74.6, 43.0 (br), 39.5 (br), 32.7, 14.0 (br), 13.3 (br); HRMS (ESI) m/z [M + H]+ 

calculated for C23H42
74GeNO4: 470.2320, measured: 470.2311. 
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Trimethyl(4-(tri-tert-butoxygermyl)phenyl)silane (324g). General Procedure A 

was used: 301 (16.5 mg, 52.4 μmol Ge) and (4-bromophenyl)trimethylsilane (323g) (200 

μL, 49.4 μmol, 0.247 M in C6D6) reacted to provide a colorless oil (20 mg, 92% yield). 1H 

NMR (499 MHz, C6D6) δ 7.95 (d, J = 7.6 Hz, 2H), 7.47 (d, J = 7.6 Hz, 2H), 1.50 (s, 27H), 

0.17 (s, 9H); 13C{1H} NMR (101 MHz, C6D6) δ 143.0, 138.4, 133.5, 133.5, 74.4, 32.8, –

1.3; HRMS (ESI) m/z [M + Li]+ calculated for C21H40
74Ge7LiO3

28Si: 449.2113, measured: 

449.2104. 

Tri-tert-butoxy(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)germane 

(324h). General Procedure A was used: 301 (18.0 mg, 57.1 μmol Ge) and 2-(4-

bromophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (323h) (15.0 mg, 53.0 μmol) 

reacted to provide a white solid (26 mg, >98% yield). General Procedure B was used: 301 

(1.00 g, 3.17 mmol Ge) and 323h (880 mg, 3.11 mmol) reacted to provide a white solid 

(1.50 g, 97% yield). 1H NMR (499 MHz, C6D6) δ 8.19 (d, J = 7.4 Hz, 2H), 8.04 (d, J = 

7.4 Hz, 2H), 1.45 (s, 27H), 1.10 (s, 12H); 11B{1H} (160 MHz, C6D6) δ 31.6; 13C{1H} NMR 

(126 MHz, C6D6) δ 141.4, 135.2, 133.6, 131.8 (br), 83.9, 74.4, 32.7, 24.9; HRMS (ESI) 

m/z [M + Li]+ calculated for C24H43
11B74Ge7LiO5: 503.2570, measured: 503.2559. 

Tri-tert-butoxy(4-vinylphenyl)germane (324i). General Procedure A was used: 301 

(16.6 mg, 52.7 μmol Ge) and 4-bromostyrene (323i) (180 μL, 50.0 μmol, 0.278 M in C6D6) 

reacted to provide a colorless oil (20 mg, >98% yield). 1H NMR (400 MHz, C6D6) δ 7.87 

(d, J = 8.1 Hz, 2H), 7.23 (d, J = 8.1 Hz, 2H), 6.49 (dd, J = 17.6, 10.9 Hz, 1H), 5.60 (dd, J 

= 17.6, 0.9 Hz, 1H), 5.07 (dd, J = 10.9, 0.9 Hz, 1H), 1.48 (s, 27H); 13C{1H} NMR (101 



 

122 

 

MHz, C6D6) δ 139.8, 137.3, 136.9, 134.5, 126.5, 115.0, 74.4, 32.8; HRMS (ESI) m/z [M 

+ Li]+ calculated for C21H34
74Ge7LiO3: 403.1874, measured: 403.1868. 

Tri-tert-butoxy(4-ethynylphenyl)germane (324j). General Procedure A was used 

with modifications: 301 (16.5 mg, 52.4 μmol Ge) and 1-bromo-4-ethynylbenzene (323j) 

(115 μL, 49.4 μmol, 0.430 M in C6D6) were heated with Pd(OAc)2 (0.52 μmol) at 100 °C 

for 1 h to provide a white solid (20 mg, >98% yield). 1H NMR (400 MHz, C6D6) δ 7.78 

(d, J = 8.1 Hz, 2H), 7.42 (d, J = 8.1 Hz, 2H), 2.73 (s, 1H), 1.42 (s, 27H); 13C{1H} NMR 

(101 MHz, C6D6) δ 138.7, 134.1, 132.2, 124.8, 83.5, 79.2, 74.5, 32.7; HRMS (ESI) m/z 

[M + Li]+ calculated for C20H32
74Ge7LiO3: 401.1718, measured: 401.1713. 

4-(Tri-tert-butoxygermyl)benzonitrile (324k). General Procedure A was used with 

modifications: 301 (17.0 mg, 54.0 μmol Ge) and 4-bromobenzonitrile (323k) (300 μL, 

50.7 μmol, 0.169 M in C6D6) were heated with Pd(OAc)2 (100 μL, 0.051 μmol, 0.51 mM 

in C6D6) at 130 °C for 5 h to provide a white solid (20 mg, >98% yield). 1H NMR (400 

MHz, C6D6) δ 7.66–7.57 (m, 2H), 7.05–6.96 (m, 2H), 1.38 (s, 27H); 13C{1H} NMR (101 

MHz, C6D6) δ 143.1, 134.3, 131.6, 118.4, 114.7, 74.8, 32.6; HRMS (APCI) m/z [M + H]+ 

calculated for C19H32
74GeNO3: 396.1588, measured: 396.1580. 

Tri-tert-butoxy(m-tolyl)germane (324l). General Procedure A was used: 301 (16.2 

mg, 51.4 μmol Ge) and 3-bromotoluene (323l) (95.0 μL, 50.0 μmol, 0.526 M in C6D6) 

reacted to provide a colorless oil (19 mg, >98% yield). 1H NMR (400 MHz, CDCl3) δ 

7.61–7.48 (m, 2H), 7.29 (t, J = 7.6 Hz, 1H), 7.23 (d, J = 7.6 Hz, 1H), 2.38 (s, 3H), 1.36 (s, 

27H); 13C{1H} NMR (126 MHz, CDCl3) δ 137.8, 137.3, 134.5, 131.1, 131.0, 128.2, 74.2, 
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32.6, 21.7; HRMS (ESI) m/z [M + Li]+ calculated for C19H34
74Ge7LiO3: 391.1874, 

measured: 391.1869. 

Methyl 3-(tri-tert-butoxygermyl)benzoate (324m). General Procedure A was used: 

301 (16.6 mg, 52.7 μmol Ge) and methyl 3-bromobenzoate (323m) (10.8 mg, 50.2 μmol) 

reacted to provide a colorless oil (21 mg, 98% yield). 1H NMR (400 MHz, C6D6) δ 8.88 

(s, 1H), 8.11 (d, J = 7.8 Hz, 1H), 8.02 (d, J = 7.4 Hz, 1H), 7.10 (t, J = 7.7 Hz, 1H), 3.44 

(s, 3H), 1.46 (s, 27H); 13C{1H} NMR (101 MHz, C6D6) δ 166.4, 138.6, 138.3, 135.3, 

131.7, 130.9, 128.6, 74.7, 51.8, 32.7; HRMS (ESI) m/z [M + Li]+ calculated for 

C20H34
74Ge7LiO5: 435.1773, measured: 435.1769. 

Tri-tert-butoxy(3-methoxyphenyl)germane (324n). General Procedure A was used: 

301 (16.9 mg, 53.7 μmol Ge) and 3-bromoanisole (323n) (110 μL, 51.5 μmol, 0.468 M in 

C6D6) reacted to provide a colorless oil (20 mg, 97% yield). 1H NMR (400 MHz, C6D6) δ 

7.68–7.59 (m, 1H), 7.55 (dt, J = 7.3, 1.0 Hz, 1H), 7.15–7.10 (m, 1H), 6.78 (ddd, J = 8.3, 

2.7, 1.0 Hz, 1H), 3.32 (s, 3H), 1.48 (s, 27H); 13C{1H} NMR (101 MHz, C6D6) δ 159.9, 

139.1, 129.7, 126.3, 119.8, 116.1, 74.4, 54.6, 32.7; HRMS (ESI) m/z [M + Li]+ calculated 

for C19H34
74Ge7LiO4: 407.1823, measured: 407.1818. 

3-(Tri-tert-butoxygermyl)aniline (324o). General Procedure A was used with 

modifications: 301 (16.7 mg, 53.0 μmol Ge) and 3-bromoaniline (323o) (160 μL, 50.2 

μmol, 0.314 M in C6D6) reacted to provide a cloudy oil. The residue was purified by flash 

column chromatography on silica gel using Et2O as eluent to give a crude product (19 mg). 

The crude product was extracted by cold pentane (2 mL) and the solid was filtered off by 

a pad of Celite. The solvent was evaporated under vacuum to give the product as a white 
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solid (17 mg, 88% yield). 1H NMR (400 MHz, C6D6) δ 7.33 (dt, J = 7.7, 1.0 Hz, 1H), 

7.18–7.16 (m, 1H), 7.06 (t, J = 7.7 Hz, 1H), 6.30 (ddd, J = 7.7, 2.5, 1.0 Hz, 1H), 2.79 (br 

s, 2H), 1.50 (s, 27H); 13C{1H} NMR (101 MHz, C6D6) δ 147.1, 138.4, 129.4, 123.6, 120.1, 

116.9, 74.3, 32.8; HRMS (ESI) m/z [M + Li]+ calculated for C18H33
74Ge7LiNO3: 392.1827, 

measured: 392.1819. 

(3,5-Bis(trifluoromethyl)phenyl)tri-tert-butoxygermane (324p). General 

Procedure A was used: 310 (16.0 mg, 50.8 μmol Ge) and 1-bromo-3,5-

bis(trifluoromethyl)benzene (323p) (180 μL, 49.1 μmol, 0.273 M in C6D6) reacted to 

provide a white solid (24 mg, 97% yield). 1H NMR (499 MHz, C6D6) δ 8.42 (s, 2H), 7.76 

(s, 1H), 1.36 (s, 27H); 19F NMR (470 MHz, C6D6) δ –64.1 (s); 13C{1H} NMR (126 MHz, 

C6D6) δ 141.6, 134.1 (m), 131.76 (q, JF–C = 33.2 Hz), 124.2 (m), 123.9 (q, J = 272.9 Hz), 

75.3, 32.5; HRMS (ESI) m/z [M + Na]+ calculated for C20H30F6
74GeNaO3: 529.1203, 

measured: 529.1206. 

N,N-Dimethyl-2-(tri-tert-butoxygermyl)aniline (324q). General Procedure A was 

used with modifications: The reaction was heated at 100 °C for 7 h. 301 (17.2 mg, 54.6 

μmol Ge) and N,N-dimethyl-2-bromoaniline (323q) (160 μL, 49.9 μmol, 0.312 M in C6D6) 

reacted to provide a white solid (21 mg, >98% yield). 1H NMR (400 MHz, CDCl3) δ 7.87 

(dd, J = 7.4, 1.7 Hz, 1H), 7.40 (ddd, J = 8.0, 7.4, 1.7 Hz, 1H), 7.23 (dd, J = 8.0, 1.2 Hz, 

1H), 7.14 (td, J = 7.4, 1.2 Hz, 1H), 2.70 (s, 6H), 1.38 (s, 27H); 13C{1H} NMR (101 MHz, 

C6D6) δ 160.1, 136.5, 136.0, 132.0, 124.9, 121.9, 74.6, 47.0, 32.6; HRMS (ESI) m/z [M + 

H]+ calculated for C20H38
74GeNO3: 414.2058, measured: 414.2049. 
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Tri-tert-butoxy(2,6-diisopropylphenyl)germane (324r). General Procedure A was 

used with modifications: The reaction was heated at 100 °C for 21 h. 301 (16.4 mg, 52.0 

μmol Ge) and 2-bromo-1,3-diisopropylbenzene (323r) (11.4 mg, 47.3 μmol) reacted to 

provide a colorless oil (20 mg, 93% yield). 1H NMR (499 MHz, CDCl3) δ 7.35 (t, J = 7.7 

Hz, 1H), 7.20 (d, J = 7.7 Hz, 2H), 4.08 (hept, J = 6.7 Hz, 2H), 1.42 (s, 27H), 1.24 (d, J = 

6.7 Hz, 12H); 13C{1H} NMR (126 MHz, CDCl3) δ 155.0, 134.4, 130.6, 124.6, 75.4, 32.7, 

31.8, 25.7; HRMS (ESI) m/z [M + Li]+ calculated for C24H44
74Ge7LiO3: 461.2657, 

measured: 461.2649.  

Tri-tert-butoxy(mesityl)germane (324s). General Procedure A was used with 

modifications: The reaction was heated at 100 °C for 20 h. 301 (16.4 mg, 52.0 μmol Ge) 

and 2-bromo-1,3,5-trimethylbenzene (323s) (185 μL, 49.8 μmol, 0.269 M in C6D6) reacted 

to provide a white solid (21 mg, >98% yield). 1H NMR (400 MHz, C6D6) δ 6.75 (s, 2H), 

2.79 (s, 6H), 2.05 (s, 3H), 1.44 (s, 27H); 13C{1H} NMR (126 MHz, C6D6) δ 143.6, 140.1, 

133.8, 130.0, 74.7, 32.7, 25.3, 21.0; HRMS (ESI) m/z [M + Li]+ calculated for 

C21H38
74Ge7LiO3: 419.2187, measured: 419.2179. 

Tri-tert-butoxy(naphthalen-2-yl)germane (324t). General Procedure A was used: 

301 (16.5 mg, 52.4 μmol Ge) and 2-bromonaphthalene (323t) (10.0 mg, 48.3 μmol) 

reacted to provide a colorless oil (20 mg, >98% yield). 1H NMR (400 MHz, CDCl3) δ 8.29 

(s, 1H), 8.00–7.75 (m, 4H), 7.62–7.45 (m, 2H), 1.41 (s, 27H); 13C{1H} NMR (101 MHz, 

CDCl3) δ 135.2, 135.0, 134.3, 133.1, 129.7, 128.6, 127.9, 127.8, 127.1, 126.3, 74.4, 32.6; 

HRMS (ESI) m/z [M + Li]+ calculated for C22H34
74Ge7LiO3: 427.1874, measured: 

427.1867. 
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Tri-tert-butoxy(naphthalen-1-yl)germane (324u). General Procedure A was used: 

301 (16.2 mg, 51.4 μmol Ge) and 1-bromonaphthalene (323u) (145 μL, 50.0 μmol, 0.345 

M in C6D6) reacted to provide a white solid (20 mg, 95% yield). 1H NMR (499 MHz, 

C6D6) δ 9.03 (d, J = 8.5 Hz, 1H), 8.32 (d, J = 6.9 Hz, 1H), 7.63 (d, J = 8.2 Hz, 1H), 7.59 

(d, J = 8.2 Hz, 1H), 7.48–7.40 (m, 1H), 7.30–7.23 (m, 2H), 1.49 (s, 27H); 13C{1H} NMR 

(101 MHz, C6D6) δ 136.7, 136.0, 134.6, 134.4, 131.4, 130.0, 129.1, 126.3, 126.3, 125.4, 

74.9, 32.7; HRMS (ESI) m/z [M + Li]+ calculated for C22H34
74Ge7LiO3: 427.1874, 

measured: 427.1868. 

1,2-Bis(tri-tert-butoxygermyl)benzene (324v). General Procedure A was used with 

modifications: 301 (34.0 mg, 108 μmol Ge) and 1,2-dibromobenzene (323v) (240 μL, 50.2 

μmol, 0.209 M in C6D6) reacted with Pd(OAc)2 (0.100 μmol) at 100 °C for 3 h to provide 

a white solid (33 mg, >98% yield). 1H NMR (499 MHz, CDCl3) δ 8.33–8.24 (m, 2H), 

7.49–7.39 (m, 2H), 1.41 (s, 54H); 13C{1H} NMR (126 MHz, CDCl3) δ 143.8, 137.2, 129.2, 

75.3, 32.9; HRMS (ESI) m/z [M + Li]+ calculated for C30H58
72Ge74Ge7LiO6: 667.2820, 

measured: 667.2818. 

1,4-Bis(tri-tert-butoxygermyl)benzene (324w). General Procedure A was used with 

modifications: 301 (33.0 mg, 105 μmol Ge) and 1,4-dibromobenzene (323w) (11.9 mg, 

50.4 μmol) reacted with Pd(OAc)2 (0.100 μmol) at 100 °C for 3 h to provide a white solid 

(33 mg, >98% yield). 1H NMR (499 MHz, C6D6) δ 8.01 (s, 4H), 1.45 (s, 54H); 13C{1H} 

NMR (126 MHz, C6D6) δ 140.5, 134.0, 74.6, 32.7; HRMS (ESI) m/z [M + Li]+ calculated 

for C30H58
72Ge74Ge7LiO6: 667.2820, measured: 667.2817. 
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2-(Tri-tert-butoxygermyl)pyridine (324x). General Procedure A was used. 301 

(17.0 mg, 54.0 μmol Ge) and 2-bromopyridine (323x) (115 μL, 50.1 μmol, 0.436 M in 

C6D6) reacted to provide a colorless oil (18 mg, 97% yield). 1H NMR (400 MHz, C6D6) δ 

8.52 (dt, J = 4.8, 1.5 Hz, 1H), 7.88 (dt, J = 7.6, 1.5 Hz, 1H), 6.97 (td, J = 7.6, 1.5 Hz, 1H), 

6.56 (ddd, J = 7.6, 4.8, 1.5 Hz, 1H), 1.55 (s, 27H); 13C{1H} NMR (101 MHz, C6D6) δ 

164.3, 150.5, 134.7, 130.6, 124.2, 74.5, 32.7; HRMS (ESI) m/z [M + H]+ calculated for 

C17H32
74GeNO3: 372.1588, measured: 372.1584. 

2-Fluoro-5-(tri-tert-butoxygermyl)pyridine (324y). General Procedure A was 

used: 301 (16.2 mg, 51.4 μmol Ge) and 2-fluoro-5-bromopyridine (323y) (80.0 μL, 50.0 

μmol, 0.625 M in C6D6) reacted to provide a colorless oil (16 mg, 82% yield). 1H NMR 

(400 MHz, C6D6) δ 8.77 (s, 1H), 7.85 (td, J = 8.3, 1.7 Hz, 1H), 6.36 (dd, J = 8.3, 2.4 Hz, 

1H), 1.36 (s, 27H); 19F NMR (470 MHz, C6D6) δ –65.2 (d, J = 7.3 Hz); 13C{1H} NMR 

(101 MHz, C6D6) δ 165.5 (d, JF–C = 241.6 Hz), 153.5 (d, JF–C = 14.5 Hz), 146.3 (d, JF–C = 

7.6 Hz), 130.7 (d, JF–C = 4.7 Hz), 109.9 (d, JF–C = 36.1 Hz), 75.0, 32.6; HRMS (ESI) m/z 

[M + H]+ calculated for C17H31F
74GeNO3: 390.1494, measured: 390.1486. 

2,5-Bis(tri-tert-butoxygermyl)pyrazine (324z). General Procedure A was used with 

modifications: 301 (32.2 mg, 102 μmol Ge) and 2,5-dibromopyrazine (323z) (11.7 mg, 

49.2 μmol) reacted with Pd(OAc)2 (0.99 μmol) at 100 °C for 1 h to provide a white solid 

(32 mg, 98% yield). 1H NMR (400 MHz, C6D6) δ 9.43 (s, 2H), 1.45 (s, 54H); 13C{1H} 

NMR (101 MHz, C6D6) δ 160.7, 150.9, 75.1, 32.6; HRMS (ESI) m/z [M + H]+ calculated 

for C28H57
72Ge74GeN2O6: 663.2644, measured: 663.2641. 
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Tri-tert-butoxy(furan-3-yl)germane (324aa). General Procedure A was used with 

modifications: The reaction was heated at 100 °C for 31 h. 301 (17.2 mg, 54.6 μmol Ge) 

and 3-bromofuran (323aa) (125 μL, 50.5 μmol, 0.404 M in C6D6) reacted to provide a 

colorless oil (17 mg, 94% yield). 1H NMR (400 MHz, C6D6) δ 7.61 (dd, J = 1.6, 0.8 Hz, 

1H), 7.14 (t, J = 1.6 Hz, 1H), 6.44 (dd, J = 1.6, 0.8 Hz, 1H), 1.43 (s, 27H); 13C{1H} NMR 

(101 MHz, C6D6) δ 149.3, 143.4, 116.9, 113.0, 74.4, 32.6; HRMS (ESI) m/z [M + Li]+ 

calculated for C16H30
74Ge7LiO4: 367.1510, measured: 367.1511. 

Tri-tert-butoxy(thiophen-3-yl)germane (324ab). General Procedure A was used 

with modifications: The reaction was heated at 100 °C for 16 h. 301 (17.3 mg, 54.9 μmol 

Ge) and 3-bromothiophene (323ab) (135 μL, 50.5 μmol, 0.374 M in C6D6) reacted to 

provide a colorless oil (19 mg, >98% yield). 1H NMR (400 MHz, C6D6) δ 7.68 (dd, J = 

2.7, 1.0 Hz, 1H), 7.33 (dd, J = 4.9, 1.0 Hz, 1H), 6.96 (dd, J = 4.9, 2.7 Hz, 1H), 1.44 (s, 

27H); 13C{1H} NMR (101 MHz, C6D6) δ 136.1, 133.3, 131.1, 126.2, 74.4, 32.7; HRMS 

(ESI) m/z [M + Li]+ calculated for C16H30
74Ge7LiO3

32S: 383.1285, measured: 382.1281. 

Tri-tert-butoxy(thiophen-2-yl)germane (324ac). General Procedure A was used 

with modifications: 301 (16.9 mg, 53.7 μmol Ge) and 2-bromothiophene (323ac) (130 μL, 

50.0 μmol, 0.385 M in C6D6) reacted with Pd(OAc)2 (0.52 μmol) at 100 °C for 1 h to 

provide a colorless oil (18 mg, 96% yield). 1H NMR (400 MHz, CDCl3) δ 7.65 (dd, J = 

4.7, 0.9 Hz, 1H), 7.50 (dd, J = 3.4, 0.9 Hz, 1H), 7.21 (dd, J = 4.7, 3.4 Hz, 1H), 1.37 (s, 

27H); 13C{1H} NMR (101 MHz, CDCl3) δ 135.9, 134.9, 131.6, 127.7, 74.7, 32.3; HRMS 

(ESI) m/z [M + Li]+ calculated for C16H30
74Ge7LiO3

32S: 383.1282, measured: 382.1281. 
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Tri-tert-butoxy(styryl)germane (324ad). General Procedure A was used with 

modifications: 301 (16.7 mg, 53.0 μmol Ge) and β-bromostyrene (323ad) (240 μL, 50.4 

μmol, 0.211 M in C6D6, E/Z = 90/10) reacted with Pd(OAc)2 (0.52 μmol) at 100 °C for 3 

h to provide a yellow oil (20 mg, >98% yield). The product contains Based on the 1H 

NMR spectrum, the product contains E/Z isomers in 90:10 ratio. (E)-tri-tert-

butoxy(styryl)germane (E-324ad): 1H NMR (499 MHz, CDCl3) δ 7.48 (d, J = 7.4 Hz, 2H), 

7.37 (t, J = 7.4 Hz, 2H), 7.34–7.28 (m, 1H, overlaps with the Z-isomer), 7.25 (d, J = 18.4 

Hz, 1H), 6.37 (d, J = 18.4 Hz, 1H), 1.38 (s, 27H); 13C{1H} NMR (101 MHz, CDCl3) δ 

146.8, 137.1, 128.9, 128.6, 126.9, 124.0, 73.9, 32.4; (Z)-tri-tert-butoxy(styryl)germane (Z-

324ad): 1H NMR (499 MHz, CDCl3) δ 7.73 (d, J = 6.9 Hz, 2H), 7.43–7.34 (m, 1H, 

overlaps with the E-isomer), 7.34–7.28 (m, 3H, overlaps with the E-isomer), 5.85 (d, J = 

14.1 Hz, 1H), 1.31 (s, 27H); 13C{1H} NMR (101 MHz, CDCl3) δ 147.9, 129.2, 128.5, 

127.8, 125.2, 74.1, 32.3 (one 13Csp2 resonance is missing; presumably overlaps with the E-

isomer at δ 137.1); HRMS (ESI) m/z [M + Li]+ calculated for C20H34
74Ge7LiO3: 403.1874, 

measured: 403.1867. 

Tri-tert-butoxy(1H-inden-2-yl)germane (324ae). General Procedure A was used 

with modifications: 301 (17.0 mg, 54.0 μmol Ge) and 2-bromo-1H-indene (323ae) (190 

μL, 50.4 μmol, 0.265 M in C6D6) reacted with Pd(OAc)2 (21 μL, 0.50 μmol, 23.6 mM in 

C6D6) at 100 °C for 1 h to provide a yellow oil (19 mg, 93% yield). 1H NMR (400 MHz, 

CDCl3) δ 7.58–7.50 (m, 1H), 7.50–7.45 (m, 1H), 7.42 (td, J = 2.0, 0.7 Hz, 1H), 7.35–7.28 

(m, 1H), 7.25 (td, J = 7.4, 1.3 Hz, 1H), 3.65 (d, J = 2.0 Hz, 2H), 1.39 (s, 27H); 13C{1H} 

NMR (101 MHz, CDCl3) δ 146.2, 144.3, 143.9, 143.7, 126.6, 125.8, 123.8, 121.8, 74.2, 
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42.6, 32.6; HRMS (ESI) m/z [M + Li]+ calculated for C21H34
74Ge7LiO3: 415.1874, 

measured: 415.1862. 

 

3.4.11 Attempted Germylation of 323af, 323ag, 323ah, and 323ai and the Related 

Experiments  

3.4.11.1 Attempted Germylation of 323af 

301 (17.0 mg, 54.0 μmol Ge), 5-bromo-2-methylphenol (323af) (9.6 mg, 51 μmol), 

Pd(OAc)2 (100 μL, 0.0518 μmol, 0.518 mM in C6D6), and C6D6 (500 μL) were mixed in 

a J. Young NMR tube to form a light-brown solution. The J. Young NMR tube was closed 

and analyzed by 1H NMR spectroscopy. Further heating at 100 °C for 3 h and 130 °C for 

13 h did not lead to any change. The 1H NMR spectrum indicated the formation of tBuOH 

from the deprotonation of 323af. Other products were not identified. The formation of 

tBuOH was observed by reacting 2,6-dimethylphenol with 301 in 3:1 or 1:1 (OH:Ge) ratio 

as well. 

 

3.4.11.2 Attempted Germylation of 323ag 

301 (17.8 mg, 56.5 μmol Ge), 1-bromo-4-nitrobenzene (323ag) (11.1 mg, 54.9 

μmol), Pd(OAc)2 (90 μL, 0.055 μmol, 0.607 mM in C6D6), and C6D6 (510 μL) were mixed 

in a J. Young NMR tube to form an orange solution. The color turned darker over time at 

ambient temperature. The NMR tube was closed and placed into an oil bath at 100 °C for 

3 h. The resulting mixture was analyzed by 1H NMR spectroscopy. The 1H NMR 

spectrum, in the aromatic region, contained 4,4’-dibromoazoxybenzene (328-BrBr) 
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(69%) at δ 7.96 (d, J = 8.9 Hz, 2H), 7.80 (d, J = 9.0 Hz, 2H), 7.26 (d, J = 8.9 Hz, 2H), 7.05 

(d, J = 9.0 Hz, 2H) and unreacted 323ag (31%). 301 was fully converted to NaOGe(OtBu)3 

(329) at δ 1.53 (s, 27H). 329 was detected by HRMS (ESI) m/z [M – Na]– calculated for 

C12H27
74GeO4: 309.1127, measured: 309.1126. The addition of Me3SiCl to the reaction 

mixture led to the formation of Me3SiOGe(OtBu)3 (335). The 1H and 13C{1H} NMR data 

of 335 observed in this experiment match the data for the independently synthesized 335. 

Synthesis of Me3SiOGe(OtBu)3 (335). GeCl4 (110 μL, 0.964 mmol) and KOtBu 

(330) (283 mg, 2.94 mmol), and THF (2 mL) were mixed in a 10 mL culture tube. The 

culture tube was closed and placed into an oil bath at 100 °C for 1 h. KOSiMe3 (490 μL, 

1 μmol, 2 M in THF) was added to the reaction mixture. The culture tube was closed and 

placed into an oil bath at 100 °C for 2 h. The solid was filtered off by a pad of Celite, and 

volatiles were removed under vacuum to give the product as a colorless oil (347 mg, 94% 

yield). 1H NMR (499 MHz, C6D6) δ 1.41 (s, 27H), 0.29 (s, 9H); 13C{1H} NMR (126 MHz, 

C6D6) δ 74.9, 32.3, 2.5; HRMS (ESI) m/z [M + Na]+ calculated for C15H36
74GeNaO4

28Si: 

405.1487, measured: 405.1489. 

Reductive coupling of 327 to 328-MeMe by 301. 301, 4-nitrotoluene (327), and 

C6D6 were mixed in a J. Young NMR tube. The NMR tube was closed and shaken at 

ambient temperature overnight or placed into an oil bath at 100 °C for 1 h. The resulting 

mixtures were analyzed by 1H NMR spectroscopy. The results were summarized in Table 

III-6. 4,4’-dimethylazoxybenzene (328-MeMe) has 1H NMR resonances (400 MHz, 

C6D6) at δ 8.32 (d, J = 8.0 Hz, 1H), 8.21 (d, J = 8.1 Hz, 1H), 7.04 (d, J = 8.0 Hz, 1H), 6.87 
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(d, J = 8.1 Hz, 1H), 2.08 (s, 3H), 1.99 (s, 3H). The 1H NMR spectroscopy data in CDCl3 

match the previously reported data in the literature.195 

 

Table III-6. Reductive coupling of nitroarene by 301. 

 
   unreacted S.M. (%)  yield (%) 

entry 327 (equiv) 301 (equiv Ge) 327 301  328-MeMe 329 

1 1.0 1.0 30 0  70 100 

2 1.0 1.5 0 0  100 100 

3 1.0 2.0 0 23  100 77 

 

Attempted reductive cross-coupling of nitroarene. 327 (12.8 mg, 93.3 μmol), 

323ag (19.4 mg, 96.0 μmol), 301 (89.6 mg, 284 μmol Ge) were dissolved in C6D6 (1 mL) 

in a J. Young NMR tube. The J. Young NMR tube was placed into an oil bath at 100 °C 

for 1 h. The resulting mixture was analyzed by 1H NMR spectroscopy. The 1H NMR 

spectrum showed all four possible azoxyarenes: 328-MeMe (25%), 328-BrBr (33%), 

328-MeBr, and 328-BrMe. For the last two species, the yields were 11% and 31%; 

however, due to the spectral similarity, it is difficult to determine which value corresponds 

to which species. 

Attempted coupling of nitroarene and aniline. 327 (350 μL, 73.8 μmol, 0.211 M 

in C6D6), 323o (235 μL, 73.8 μmol, 0.314 M in C6D6), 301 (23.2 mg, 73.7 μmol Ge) were 

mixed in a J. Young NMR tube. The J. Young NMR tube was placed into an oil bath at 

100 °C for 30 min. The resulting mixture was analyzed by 1H NMR spectroscopy. The 1H 
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NMR spectrum showed a full conversion of 301 to 329, untouched 323o, 328-MeMe, and 

leftover 327. 

 

3.4.11.3 Attempted Germylation of 323ah 

301 (17.1 mg, 54.2 μmol Ge), 4’-bromoacetophenone (323ah) (10.0 mg, 50.2 

μmol), Pd(OAc)2 (85 μL, 0.052 μmol, 0.607 mM in C6D6), and C6D6 (520 μL) were mixed 

in a J. Young NMR tube to form a colorless solution. The NMR tube was closed and 

placed into an oil bath at 100 °C for 3 h. The resulting mixture was analyzed by 1H NMR 

spectroscopy. The 1H NMR spectrum contained multiple unidentified 1H NMR resonances 

in the aromatic region and leftover 301 and free tBuOH in the aliphatic region. A reaction 

of 301 and 323ah without Pd(OAc)2 added gave similar results.  

 

3.4.11.4 Attempted Germylation of 323ai 

301 (17.1 mg, 54.3 μmol Ge), 4-bromophthalic anhydride (323ai) (11 mg, 48 

μmol), Pd(OAc)2 (100 μL, 0.0518 μmol, 0.518 mM in C6D6), C6D6 (200 μL), and THF 

(300 μL) were mixed in a J. Young NMR tube to form a light-yellow solution. The NMR 

tube was closed and placed into an oil bath at 100 °C for 3 h. The solution turned a bit 

cloudy after heating for 1 h. The resulting mixture was analyzed by 1H NMR spectroscopy. 

The 1H NMR spectrum contained two major sets of aromatic resonances at δ 7.99 (s, 1H), 

8.28 (d, J = 8.3 Hz, 1H), 8.18 (d, J = 8.3 Hz, 1H), and 7.69 (d, J = 8.3 Hz, 1H), 7.54 (s, 

1H), 7.33 (d, J = 8.3 Hz, 1H), respectively, and other unidentified minor resonances. 
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3.4.12 Germylation with in situ Generated Germanate 

3.4.12.1 Tri-tert-butoxygermanate 

302 (entries 1–3, 48 μmol; entries 4 and 5, 65 μmol) and 303 or 330 (entries 1–3, 

150 μmol; entries 4 and 5, 200 μmol) were mixed with solvent (entries 1–3, 1.0 mL; entries 

4 and 5, 1.2 mL) in a 10 mL culture tube. 323b (entries 1–3, 46 μmol; entries 4 and 5, 60 

μmol), Pd(OAc)2 (entries 1–3, 0.045 μmol; entries 4 and 5, 0.061 μmol), and PhCF3 were 

then added. The culture tube was closed and placed into an oil bath at 100 °C for 20 h. 

The reaction mixture was transferred to a J. Young NMR tube and analyzed by 1H and 19F 

NMR spectroscopy. The conversions and yields were determined by comparing the 

integration of the 19F NMR resonances of 323b (δ –116.4 in C6D6) and 324b (δ –110.4 in 

C6D6) to the PhCF3 internal standard (δ –63.48 in C6D6). The results were summarized in 

Table III-3. 

 

3.4.12.2 Other Germanates 

302 (ca. 15 mg, 65 μmol), sodium alkoxide (200 μmol) or 310 (18 mg, 70 μmol) 

were mixed in THF (0.6 mL) in a 10 mL culture tube. 323b (60 μmol), Pd(OAc)2 (entries 

1 and 2, 0.060 μmol; entries 3–8, 0.62 μmol), and toluene (0.6 mL) were added to the 

reaction. The culture tube was closed and placed into an oil bath at 100 °C for 20–21 h. 

The reaction mixture was transferred to a J. Young NMR tube and analyzed by 19F NMR 

spectroscopy. The results were summarized in Table III-4. 

In entry 4, after heating the reaction at 100 °C for 20 h, 19F NMR (THF/toluene) 

spectrum contained two broad peaks at δ –109.3 and –110.4. The reaction mixture was 
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passed through a pad of silica gel over a pipette. After removing volatiles under vacuum, 

the resulting white solid was analyzed by 1H and 19F NMR spectroscopy in a J. Young 

NMR tube. The 19F NMR (C6D6) spectrum with better resolution contained 

FC6H4Ge(OEt)3 (332) at δ –108.71 (61%), presumably FC6H4Ge(OEt)2(Cl/Br) (333) at δ 

–108.66 (20%), and an unknown at δ –109.7 (19%). NaOEt (306) (10.7 mg, 157 μmol) 

was added to the J. Young NMR tube. The J. Young NMR tube was placed into an oil 

bath at 100 °C for 20 h and analyzed by 1H and 19F NMR spectroscopy again. The 19F 

NMR (C6D6) spectrum showed a full conversion of 333 to 332. The isolation of 332 from 

the unknown was attempted by flash column chromatography on silica gel using pentane, 

toluene, Et2O, and THF as eluents. However, the purification of 332 was not successful. 

In entry 7, after heating the reaction at 100 °C for 21 h, 19F NMR (THF/toluene) 

spectrum contained FC6H4Ge(OnBu)3 (334) at δ –109.3 (69%), PhF at δ –114.5 (12%), a 

major unknown at δ –110.4 (16%), and other minor unidentified 19F NMR resonances. 

 

3.4.13 Attempted Syntheses of Pd–Ge Species  

[NaGe(OtBu)3]2 (301) (1–3 equiv Ge) was added to a J. Young NMR tube. A stock 

solution of Pd(OAc)2 or Pd2dba3 (20–100 μmol, 1 equiv Pd) in C6D6 was added to a J. 

Young NMR tube. The J. Young NMR tube was closed and analyzed by 1H NMR 

spectroscopy. Significant insoluble tan or black solid formed when the tube was placed in 

an oil bath at 50 or 80 °C. All 1H NMR spectra contained unidentified mixtures. 
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CHAPTER IV  

PALLADIUM-CATALYZED CROSS-COUPLING REACTION USING ARYLTRI-

TERT-BUTOXYGERMANES 

 

4.1 Introduction 

The use of arylgermanes in cross-coupling chemistry has been much less 

extensively explored and studied than their silane and stannane counterparts. Nonetheless, 

the handful of existing examples shows their potential in the Pd-catalyzed cross-coupling 

reactions to construct new C–C bonds. This section will provide an overview and 

chronologically introduce the developments of Pd-catalyzed cross-coupling reactions 

using arylgermanes and alkenylgermanes as coupling partners. 

 

4.1.1 Early Developments Using Germatranes (1996–Early 2000s)  

The first example of the Pd-catalyzed cross-coupling reaction using arylgermanes 

was described by Kosugi and co-workers in 1996. The report demonstrated the reactions 

of 4-MeC6H4Br with a series of germatrane reagents supported by a N(CH2CH2CH2
–)3 

substituent (also called “carbagermatranes”) (Figure IV-1, top). Notably, this reaction 

does not require a base additive, presumably due to the N→Ge dative interaction to create 

a pentavalent germanium center. However, the practical application of these 

carbagermatrane reagents is limited due to the expensive and difficult synthesis using 

Schwartz’s reagent.73 
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Figure IV-1. Germatranes in Pd-catalyzed cross-coupling reaction. 

 

Compared to the trialkyl-substituted analogs, germatranes supported by 

N(CH2CH2O
–)3 substituents are more easily prepared by treating aryltrihalogermanes or 

aryltrialkoxygermanes with triethanolamine and base. In 2002, Faller and co-workers 

reported the use of allyl-, phenyl-, alkenyl-, and alkynylgermatranes in the Pd-catalyzed 

cross-coupling reaction (Figure IV-1, bottom). In this reaction, TBAF was introduced as 

a base and the yields were generally lower than those reported by using Kosugi’s 

carbagermatranes.74 

 

4.1.2 Discovery of Various Arylgermanes (2002–2012) 

In 2002, Oshima and co-workers described the Pd-catalyzed cross-coupling 

reaction of aryltri(2-furyl)germanes with aryl bromides/iodides (Figure IV-2). Aryltri(2-

furyl)germanes used in the reaction were readily prepared from a Pd-catalyzed 

germylation of aryl iodides with tri(2-furyl)germane. Upon the activation by TBAF, all 

furyl groups were cleaved by fluoride, and hypervalent [ArGe(OH)3F]– species was 

suggested to undergo transmetalation with the palladium species.75 
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Figure IV-2. Aryltri(2-furyl)germanes in Pd-catalyzed cross-coupling reaction. 

 

Aryltrichlorogermanes and their completely hydrolyzed products, arylgermanium 

sesquioxides, were reported by Kosugi, Fugami, and co-workers to be competent cross-

coupling reagents upon activation by NaOH, avoiding expensive and toxic fluoride base. 

The active transmetalation species were assumed to be hypervalent [ArGe(OH)3+n]
n– (n = 

1 or 2) species. These methods featured simple reaction components and potential 

recyclability of inorganic germanium byproducts.76,77  

 

 

Figure IV-3. Aryltrichlorogermanes and arylgermanium sesquioxides in Pd-catalyzed 

cross-coupling reaction. 

 

In 2007, Spivey and co-workers identified that arylgermanes require at least two 

fluoride/chloride substituents on germanium to allow efficient nucleophilic activation by 

fluoride base in the Pd-catalyzed cross-coupling reactions. Bis(2-naphthylmethyl)-

substituted arylgermanes were demonstrated to be remarkably robust precursors and the 

2-naphthylmethyl–germanium bonds can be photochemically cleaved to form Ge–F bonds 

with Cu(BF4)2. The generated difluoro-substituted arylgermanes can be used in the 
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subsequent cross-coupling reaction with aryl bromides (Figure IV-4). The synthesis of an 

agrochemical fungicide Boscalid was demonstrated by this method.78,79   

 

 

Figure IV-4. Robust bis(2-naphthylmethyl)-substituted arylgermanes in Pd-catalyzed 

cross-coupling reaction. 

 

In 2004 and 2005, Wnuk and co-workers reported the preparation and catalytic 

application of alkenyltris(trimethylsilyl)germanes in the Pd-catalyzed cross-coupling 

reaction. The Ge–Si bonds were suggested to be oxidatively cleaved by peroxides under 

basic conditions to form Ge–OH bonds.196,197 In 2010, the same research group 

demonstrated multiple transfers of the phenyl group from PhnGeCl4–n (n = 1–3) in the 

cross-coupling reaction (Figure IV-5). A head-to-head comparison between silanes, 

germanes, and stannanes was studied. The chlorophenylstannanes were shown to be the 

most reactive. Even without any chloride substituent, tetraphenylstannane can be activated 

by fluoride to promote the transfer of up to four phenyl groups, while in the silane and 

germane counterparts, one chloride on silicon or germanium center is required and 

sufficiently allowed the efficient transfer of up to three phenyl groups in the Pd-catalyzed 

cross-coupling reaction with aryl halides.80,81 In 2011, they further reported 

chemoselective transfer of phenyl or allyl group from allylphenylgermanes (Figure IV-5). 

Allyl groups were transferred when NaOH was used as a base in the cross-coupling 
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reactions. On the other hand, phenyl groups were transferred when the germanes were 

treated with SbF5/C, and then activated by TBAF in cross-coupling reactions.82 

 

 

Figure IV-5. Transfer of multiple phenyl groups in Pd-catalyzed cross-coupling 

reaction. 

 

In 2012, Shindo and co-workers reported Pd-catalyzed cross-coupling reactions of 

alkenylgermanes activated by intramolecular carboxylate O→Ge interaction with aryl 

iodides. This method was utilized to successfully synthesize tamoxifen, a drug for 

hormonal therapy. 

 

 

Figure IV-6. Intramolecularly activated alkenylgermanes in Pd-catalyzed cross-coupling 

reaction. 

  

4.1.3 Recent Advancements (2018–present) 

The research on arylgermanes in Pd-catalyzed reactions went silent until the recent 

work reported by the Xiao and Schoenebeck groups. Xiao and co-workers, in 2018, 

described structural-modified germatranes which provide enhanced reactivity to the Pd-
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catalyzed reaction. The newly developed arylgermatranes tolerated hypervalent iodide 

reagents and remained inert to the Suzuki–Miyaura reaction condition when fluoride was 

not used, which provided opportunities for chemoselective synthesis of complex 

molecules.24  

 

 

Figure IV-7. Structural-modified germatranes in Pd-catalyzed cross-coupling reaction. 

 

In 2019, Schoenebeck and co-workers reported cross-coupling of 

aryltriethylgermanes with aryl iodides or iodonium reagents catalyzed by palladium 

nanoparticles (Figure IV-8).66 The Ar–GeEt3 bond was shown to be inert to homogenous 

Pd-catalyzed reactions, which gave it exceptional orthogonal reactivity toward many 

common organic reactions. Various orthogonal transformations of Ar–GeEt3 (vs. 

arylboron, arylsilicon, and aryltin reagents), including halogenation and Au-catalyzed 

arylation, have been described as well.65,67–69,83 

 

 

Figure IV-8. Nanoparticle Pd-catalyzed cross-coupling of aryltriethylgermanes. 
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4.2 Results and Discussion 

In Chapter III, we have developed an efficient catalytic synthesis of aryltri-tert-

butoxygermanes 324 with a wide substrate scope. The tert-butoxy substituents seem 

sufficiently electronegative to allow activation at the germanium center by a base additive 

to form a hypervalent germanium species. Therefore, we aimed to explore the application 

of aryltri-tert-butoxygermanes in the Pd-catalyzed cross-coupling reaction. 

 

4.2.1 Development of the Pd-Catalyzed Cross-Coupling Reaction Using Aryltri-tert-

butoxygermanes 

We first selected FC6H4Ge(OtBu)3 (324b) and 4-MeOC6H4Br (323c) as model 

substrates to screen various conditions. We initially tested the reaction using different 

palladium precursors and phosphine ligands. The model reaction used 324b (0.10 mmol, 

1 equiv), 323c (0.10 mmol, 1 equiv) as coupling partners, TBAF (0.3 mmol, 3 equiv) as a 

base, 5 mol% Pd catalyst loading in toluene (2 mL) at 120 °C (oil bath temperature) for 

20 h (Table IV-1). To our delight, when Pd(PPh3)2Cl2 was used, the desired cross-coupling 

biaryl product 401 was observed in 68% yield, although a significant amount of 

homocoupling product of arylgermane 402 (15%) was detected (Table IV-1, entry 1). We 

then screened other phosphine ligands using Pd2dba3 as a palladium precursor, including 

monodentate phosphines (Table IV-1, entries 5–11), bidentate phosphines (Table IV-1, 

entries 12, 13, 18, and 19), and some Buchwald phosphine ligands (Table IV-1, entries 

15–17). In all entries, the homocoupling product of aryl bromides 403 was detected in 

<5% yields. We determined that the combination of Pd2dba3 and tris(4-
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methoxyphenyl)phosphine, P(4-C6H4OMe)3, gave the optimal result, which affords 401 

in 70% yield and 402 in only 5% yield (Table IV-1, entry 7). Without palladium catalyst 

added, no products were formed (Table IV-1, entry 20). 

 

Table IV-1. Screening of palladium precursors and phosphine ligands. 

 
   yielda 

entry Pd precursor (mol%) ligand (mol%) 401 402 403 

1 Pd(PPh3)2Cl2 (5) – 68 15 2 

2 Pd(PPh3)2Cl2 (1) – 70 7 3 

3 Pd(PPh3)2Cl2 (0.1) – 46 6 <1 

4 Pd(PPh3)4 (4) – 63 23 <1 

5 Pd2dba3 (2.5) PPh3 (11) 64 16 <1 

6 Pd2dba3 (2.5) PPh3 (17) 62 16 <1 

7 Pd2dba3 (2.5) P(4-C6H4OMe)3 (13) 70 5 1 

8 Pd2dba3 (2.5) P(4-C6H4OMe)3 (18) 70 6 <1 

9 Pd2dba3 (2.5) P(o-tolyl)3 (13) 47 10 4 

10 Pd2dba3 (2.5) PCy3 (12 16 <1 0 

11 Pd2dba3 (2.5) PtBu3 (7) 36 11 2 

12 Pd2dba3 (2.5) DPPE (6) <1 3 0 

13 Pd2dba3 (2.5) DPPF (6) 40 12 0 

14 Pd2dba3 (2.5) rac-BINAP (6) 48 14 <1 

15 Pd2dba3 (2.5) SPhos (7) 35 10 1 

16 Pd2dba3 (2.5) DavePhos (7) 39 4 3 

17 Pd2dba3 (2.5) RuPhos (6) 46 10 2 

18 Pd2dba3 (2.5) DPEphos (7) 60 11 <1 

19 Pd2dba3 (2.5) Xantphos (6) 67 8 2 

20 – – <1 0 0 
aYields were determined by GC using n-decane as an internal standard. 

 

Next, we screened various bases and additives, including several inorganic 

fluorides, bifluoride, hydroxide, alkoxides, siloxide, carbonate, and phosphate, beside the 
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most common organic solvent-soluble fluoride source, TBAF (Table IV-2). Under three 

different conditions, TBAF outperformed all other bases and was identified as the most 

advantageous base (Table IV-2, entries 1–3).  

 

Table IV-2. Screening of bases and additives. 

 
   yielda 

entry condition base and additives (equiv) 401 402 403 

1 A nBu4NF (5) 67 14 2 

2 B nBu4NF (5) 63 15 4 

3 C nBu4NF (3) 61 7 <1 

4 C nBu4NF (3) + Et3N·3HF (3) 3 <1 9 

5 A CsF (5) 2 3 1 

6 B CsF (5) 0 0 0 

7 A LiF (5) 0 0 0 

8b A AgF (5) 21 24 1 

9 A KHF2 (5) 0 0 0 

10 C KHF2 (3) 0 0 0 

11 C Et3N·3HF (3) <1 <1 <1 

12 C NaOH (3) <1 0 <1 

13 A NaOEt (5) <1 0 0 

14 B NaOEt (5) 1 <1 1 

15 A NaOtBu (5) <1 0 2 

16 B NaOtBu (5) 1 0 3 

17 C KOtBu (3) 5 <1 <1 

18 C KOSiMe3 (3) 1 <1 <1 

19 A Cs2CO3 (5) 7 10 <1 

20 B Cs2CO3 (5) <1 3 <1 

21 C K3PO4 (3) <1 0 <1 
aYields were determined by GC using n-decane as an internal standard. bThe reaction was wrapped with 

aluminum foil to avoid light. 
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In the previous work by Wnuk and co-workers, the reactions of 

chlorophenylgermanes or allylphenylgermanes proceeded more favorably with the 

intentional addition of water (7–40 equiv with respect to Ge).80–82 In addition, Ge–O 

bonds, especially with sterically small alkoxy substituents, are prone to hydrolysis, and 

Kosugi, Fugami, and co-workers demonstrated that aryltrichlorogermanes under 

hydrolysis conditions (NaOH/H2O) and the completely hydrolyzed products, 

arylgermanium sesquioxides, were competent coupling partners in Pd-catalyzed cross-

coupling reactions.76,77 Therefore, we tested the effect of water as an additive or solvent 

to our system (Table IV-3). First, we identified that a cosolvent of toluene and THF gave 

the best result because it allowed reasonable solubility to all substrates and higher reaction 

temperature (Table IV-3, entry 2 vs. entries 1 and 3). When a cosolvent of THF and water 

was used, no desired coupling products were obtained (Table IV-3, entry 4). Interestingly, 

when 5–20 equiv of water was added as an additive to the reaction, a noticeable increase 

in the yield of 401 was observed (Table IV-3, entries 5–7). However, when more than 30 

equiv of water was added, the yield of 401 started to drop and the yield of 402 was 

increased (Table IV-3, entries 8 and 9). A similar trend in the influence of water addition 

has been reported in the literature.80 These results suggested that arylgermanium 

sesquioxides were not important intermediates in the reaction because >20 equiv of water 

had a disadvantageous effect on the reaction. To further confirm this conclusion and the 

importance of fluoride, we performed the reaction using NaOH as a base with adding 

water. As expected, no desired coupling products were observed (Table IV-3, entry 10). 
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Table IV-3. Effect of water as an additive and solvent. 

 
    yielda 

entry solvent temperature (°C) H2O (equiv) 401 402 403 

1b toluene 120 – 54 4 <1 

2b toluene/THF (50/50) 120 – 68 2 <1 

3b THF 80 – 26 <1 <1 

4b THF/H2O 80 – 0 0 4 

5 toluene/THF (50/50) 120 5 78 2 <1 

6 toluene/THF (50/50) 120 10 78 1 <1 

7 toluene/THF (50/50) 120 20 80 2 <1 

8 toluene/THF (50/50) 120 30 74 3 1 

9 toluene/THF (50/50) 120 50 55 10 3 

10c toluene/THF (50/50) 120 20 1 <1 <1 
aYields were determined by GC using n-decane as an internal standard. bPd2dba3 (0.5 mol%) and P(4-

C6H4OMe)3 (2.3 mol%) were used. cNaOH (3 equiv) instead of TBAF was used as a base. 

 

We then further optimized the reaction conditions by varying the catalyst loading, 

base loading, reagent ratio, and reaction temperature to see how these differences would 

affect the reaction. The results of varying catalyst loading were summarized in Table IV-4. 

With 5 or 20 equiv of water, 0.25 mol% of Pd2dba3 and 1.1 mol% of P(4-C6H4OMe)3 were 

sufficient to efficiently catalyze the cross-coupling reaction and gave the desired 401 in 

80% yield (Table IV-4, entries 5 and 6). Further lowering the catalyst loading led to a drop 

in the yields but even with a catalyst loading of as low as 0.05 mol% Pd2dba3, 401 was 

still produced in 65% yield, which gave a turnover number up to 650 (Table IV-4, entry 

1). The results of varying base loading and the reagent ratio were summarized in Table 

IV-5. Three equivalents of TBAF (with respect to Ge) were required to maintain both good 

reactivity and selectivity (cross-coupling vs. homocoupling) (Table IV-5, entry 3). For 
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example, when only 2 equiv of TBAF were used, the yield of 401 was 74% but the 

selectivity dropped from 40:1 to 12:1 (Table IV-5, entry 2). Using more than 3 equiv of 

TBAF or excess of either arylgermane or aryl bromide gave a slight but not significant 

increase of the yield of 401 (Table IV-5, entry 4–9). Lowering the reaction temperature 

than 120 °C had a detrimental effect on the reaction (Table IV-6). After the thorough 

screening, we were able to identify that the optimal condition consists of arylgermane (1 

equiv), aryl bromide (1 equiv), TBAF (3 equiv), water (20 equiv), Pd2dba3 (0.25 mol%, 

0.5 mol% Pd), P(4-C6H4OMe)3 (1.1 mol%) in toluene/THF (50/50) at 120 °C for 20 h.  

  

Table IV-4. Effect of the catalyst loading. 

 
   yielda 

entry Pd2dba3 (X mol%) H2O (Y equiv) 401 402 403 

1 0.05 5 65 3 <1 

2 0.05 20 43 <1 <1 

3 0.10 5 73 3 0 

4 0.10 20 56 <1 <1 

5 0.25 5 78 2 <1 

6 0.25 20 80 2 <1 

7 0.50 5 81 2 <1 

8 0.50 20 79 2 1 

9 1.0 5 78 1 1 

10 1.0 20 76 2 2 

11 2.5 5 67 1 2 

12 2.5 20 66 1 2 
aYields were determined by GC using n-decane as an internal standard. 
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Table IV-5. Effect of the base loading and reagent ratio. 

 
    yielda 

entry X Y Z 401 402 403 

1 1.0 1.0 1.0 37 6 <1 

2 1.0 1.0 2.0 74 5 1 

3 1.0 1.0 3.0 80 2 <1 

4 1.0 1.0 4.0 85 2 <1 

5 1.0 1.0 5.0 83 2 <1 

6 1.0 1.5 3.0 85 2 1 

7 1.0 2.0 3.0 86 2 1 

8 1.5 1.0 4.5 83 1 <1 

9 2.0 1.0 6.0 83 1 <1 
aYields were determined by GC using n-decane as an internal standard. 

 

Table IV-6. Effect of the reaction temperature. 

 
  yielda 

entry temperature (oil bath) (°C) 401 402 403 

1 120 80 2 <1 

2 100 48 <1 <1 

3 80 9 <1 0 

4 60 1 0 0 
aYields were determined by GC using n-decane as an internal standard. 

 

4.2.2 Reaction Scope 

With the optimized conditions in hand, we expanded the scope of reaction with 

various arylgermanes and aryl bromides. Both electron-rich and -deficient, as well as 
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sterically hindered and heteroaromatic arylgermanes and aryl bromides were converted to 

the biaryl compounds in moderate to good isolated yields (Figure IV-9). 

 

 

Figure IV-9. Reaction scope of Pd-catalyzed cross-coupling reaction using aryltri-tert-

butoxygermanes. 

 

4.2.3 Selective Reaction of –Bpin vs. –Ge(OtBu)3 

To compare the reactivity between aryl–Ge(OtBu)3 and arylboronate during the 

transmetalation,  324h was chosen to perform the cross-coupling reaction. Under a typical 

Suzuki–Miyaura reaction condition with a base of K3PO4, 324h was partially converted 

to 411, indicating the arylation on the boron site (Figure IV-10). 411 was characterized by 

1H NMR spectroscopy and HRMS (ESI). Further optimization will need to be done to 

isolate 411 in good yield but the current result has shown no formation of 412 and 413, 

suggesting that cross-coupling only took place between Ar–Br and Ar–Bpin and the –

Ge(OtBu)3 fragment still remained intact.      
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Figure IV-10. The selective reaction of –Bpin vs. –Ge(OtBu)3. 

 

4.2.4 Mechanistic Discussion: Role of Fluoride and Water 

We believe this reaction follows the general Pd-catalyzed cross-coupling reaction 

mechanism (Figure I-2, right). Fluoride activation is the key to the transmetalation 

process. It has been widely reported that “permanent” hypervalency at the germanium 

center seems to be required for the germanium species to undergo transmetalation with 

the palladium complex.24,70,73–82,169,196,197 To gain more mechanistic insight into how 

fluoride activates Ar–Ge(OtBu)3 and what the active transmetalation species is, we heated 

4-FC6H4Ge(OtBu)3 (324b) with or without TBAF (3 equiv) at 120 °C and followed the 

reaction by 19F and/or 1H NMR spectroscopy. Without TBAF, 324b was thermally stable 

in a toluene solution with no indication of decomposition at 120 °C for 1 h. With TBAF, 

the 19F NMR spectrum showed ca. 45% of 324b were consumed upon mixing at ambient 

temperature in a toluene solution to form multiple products. After heating at 120 °C for 1 

h, no peaks were detected in the 19F NMR spectrum. In a C6D6 solution, heating 324b with 

TBAF (3 equiv) at 120 °C led to a complex mixture. 1H NMR spectrum contained minor 

leftover 324b, tBuOH, nBu3N, 1-butene, and multiple other unidentified resonances. The 

formation of nBu3N and 1-butene came from the Hoffman elimination of nBu4N
+ cation. 
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The formation of tBuOH suggested that fluoride can attack at the germanium center to 

form a hypervalent species but also can substitute a Ge–OtBu bond with a Ge–F bond. The 

observations were in accordance with the literature75 and we speculate the active 

transmetalation germanium species to be [ArGe(OtBu)3–nF1+n]
–.   

Water can play several roles in the fluoride-promoted Pd-catalyzed cross-coupling 

reaction.70 It is worth mentioning the commercially available TBAF solution usually 

contained water in the solution. The formation of arylgermanium sesquioxide has likely 

been excluded from the productive catalytic cycle because performing this reaction with 

water/THF used as a cosolvent or in a presence of NaOH did not yield the desired cross-

coupling product. In fact, the formation of arylgermanium sesquioxide might be 

responsible for terminating the reaction when too much water was added. Denmark and 

co-workers have described the importance of water in the fluoride-activated Pd-catalyzed 

cross-coupling reaction of alkenylsilanols with aryl nonaflates and triflates. The amount 

of water in the hydrated crystalline of TBAF dramatically affected the yields of the 

reaction. When the anhydrous tetramethylammonium fluoride was used, the yield of the 

desired dropped to 1%; in contrast, TBAF·6H2O promoted the reaction effectively to give 

the product in 99% yield.198 In addition, the Pd–OH species has been reported to highly 

active towards transmetalation in the Suzuki–Miyaura reaction via the coordination of Pd–

OH to boronic acids.199 The formation of Pd–OH species from halide/hydroxide exchange 

may be beneficial to the transmetalation involving the germanium species as well. Finally, 

water has been reported to suppress the basicity of TBAF200,201 and accelerate the 
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substitution of bulky silyl chloride to silyl fluoride.202 The addition of water might also 

accelerate of fluorination of the Ge–OtBu bond.   

 

4.3 Conclusion 

We have successfully developed a Pd-catalyzed cross-coupling reaction using 

aryltri-tert-butoxygermanes and aryl bromides with the activation with TBAF and water. 

With the currently limited scope, the catalysis tolerates electron-rich and -deficient, 

sterically bulky, and heteroaryl bromides and germanes. Preliminary results suggest a 

different reactivity between Ar–Ge(OtBu)3 and Ar–Bpin, which provides a potential for 

chemoselective functionalization. 

Mechanistically, fluoride is required for efficient transmetalation. The role of 

fluoride is to activate the germanium center via substitution of tert-butoxide to form Ge–

F and the formation of hypervalent germanium species. Water is not required but 

significantly beneficial to the reaction when 5–20 equiv were added. The role of water is 

unclear but it has been reported in the literature to be advantageous to fluoride-promoted 

cross-coupling as well as fluorination reaction. 

 

4.4 Experimental 

4.4.1 General Consideration 

Unless specified otherwise, all manipulations were performed under an argon 

atmosphere using standard Schlenk or glovebox techniques. Toluene, pentane, THF, Et2O, 

and isooctane were deoxygenated (by purging) and dried using an Innovative Technology 
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Pure Solv MD-5 Solvent Purification System and stored over molecular sieves in an 

argon-filled glove box. C6D6 were dried over and distilled from a NaK/benzophenone/18-

crown-6 mixture and stored over molecular sieves in an argon-filled glovebox. Celite and 

silica were dried at 180 °C under vacuum overnight and store in an argon-filled glove box. 

324b, 324c, 324h, 324p, and 324y were synthesized according to the procedures in 

Chapter 3. The authentic samples of 401203 and 402203 for GC analysis were synthesized 

according to the published procedures. All other chemicals were used as received from 

commercial vendors. 

All NMR spectra were recorded on a Varian Inova 500 NMR spectrometer (1H 

NMR, 499.431 MHz; 13C{1H} NMR, 125.595 MHz; 19F NMR, 469.897 MHz), a Varian 

VnmrS 500 NMR spectrometer (1H NMR, 499.690 MHz; 13C NMR, 125.660 MHz; 19F 

NMR, 470.139 MHz), and Bruker Avance Neo 400 spectrometers (1H NMR, 400.2 MHz; 

13C NMR, 100.630 MHz, and 1H NMR, 400.09 MHz; 13C NMR, 100.603 MHz, 

respectively). All spectra were recorded at ambient temperature unless otherwise noted. 

Chemical shifts are reported in δ (ppm). For 1H and 13C{1H} NMR spectra, the residual 

solvent peak was used as an internal reference (C6D6 at δ 7.16 for 1H NMR and δ 128.06 

for 13C NMR; CDCl3 at δ 7.26 for 1H NMR and δ 77.16 for 13C NMR). 19F NMR spectra 

were referenced externally using neat trifluoroacetic acid at δ –78.5. 

GC–FID experiments were performed on Varian 450-GC (Agilent Technologies; 

Santa Clara, CA). In standard split/splitless mode, 1 µL of the sample was injected. The 

inlet temperature was kept at 250 °C. HP-5 was used as a gas chromatographic column 

with dimensions of 30 m length, 0.32 mm inner diameter, and 0.25 μm film thickness 
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(Agilent Technologies; Santa Clara, CA). Helium was used as a carrier gas at a constant 

flow of 4.0 mL/min. The column temperature was maintained at 60 °C for 1 min, raised 

to 300 °C at 40 °C/min, and held for 1 min (total time: 8 min). FID detector was used at 

300 °C with helium as a make-up gas at a constant flow of 25 mL/min, and H2 and air as 

combustion gases at a constant flow of 30 and 300 mL/min, respectively. Galaxie 

Chromatography Data System software was used for data acquisition and processing. 

ESI and APCI-HRMS experiments were performed using a Thermo Scientific Q 

Exactive Focus. The sample was injected into a 10 µL sample loop and carried using 

MeOH as a mobile phase at a flow rate of 300 µL/min. The ESI source spray voltage was 

set to 3.75 kV, and the sheath gas and auxiliary gas flow rates were set to 10 and 0 arbitrary 

units, respectively. The auxiliary gas temperature was set to 50 °C. For the APCI source, 

the discharge current was set at 5 µA, and the sheath gas and auxiliary gas flow rates were 

set to 30 and 0 arbitrary units, respectively. The auxiliary gas temperature was set to 250 

°C. For both ESI and APCI, the transfer capillary temperature was held at 250 °C and the 

S-Lens RF level was set at 50 V. The mass resolution was tuned to 70000 FWHM at m/z 

200. Exactive Series 2.11/Xcalibur 4.2.47 software was used for data acquisition and 

processing. GC–MS experiments were performed on Ultra GC/DSQ (ThermoElectron; 

Waltham, MA). DB-5MS was used as a gas chromatographic column with dimensions of 

30 m length, 0.25 mm inner diameter, and 0.25 μm film thickness (Agilent Technologies; 

Santa Clara, CA). Helium was used as a carrier gas at a constant flow of 1.2 mL/min. In 

splitless mode, 1 µL of the sample was injected. The inlet temperature was kept at 225 °C. 
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The column temperature was maintained at 50 °C for 3 min and raised to 300 °C at 20 

°C/min and held for 3 min. Transfer line and ion source were held at 250 °C. 

 

4.4.2 Determination of the Density of 4-FC6H4Ge(OtBu)3 (324b) 

An aluminum weighing dish was placed on an analytical balance in a glovebox at 

ambient temperature (23±2 °C, 296±2 K). 324b was added by using a 100 μL gas-tight 

syringe. The mass was allowed to stabilize for at least 10 sec before each mass reading. 

The mass was read after each addition of 324b. Three trials were done, and the results 

were summarized in Table IV-7 The density of 324b was determined by plotting the 

masses against the volumes of all three trials (Figure IV-11). The linear trend line equation 

is y = 1.0674x + 0.1814. The density of 324b was determined to be 1.07±0.01 g/mL. The 

errors for the density were defined as double the standard deviation of the slope provided 

by the LINEST function in MS Excel. 

 

Table IV-7. Volumes and masses measurement of 324b. 
trial 1  trial 2  trial 3 

volume (μL) mass (mg)  volume (μL) mass (mg)  volume (μL) mass (mg) 

10.0 10.9  20.0 21.8  30.0 32.2 

20.0 21.6  40.0 42.6  60.0 64.6 

40.0 42.5  60.0 64.1  90.0 97.0 

70.0 74.6       

100.0 106.5       
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Figure IV-11. Mass (mg) vs. volume (μL) plot of 324b. 

 

4.4.3 Optimization of Reaction Conditions 

Screening of palladium precursors and phosphine ligands. TBAF (0.30 mL, 

300 μmol, 1 M in THF) was added into a 10 mL culture tube. THF was then removed 

under vacuum. Tri-tert-butoxy(4-fluorophenyl)germane (324b) (36.5 μL, 101 μmol), 4-

bromoanisole (323c) (12.5 μL, 99.9 μmol), n-decane (20.0 μL, 103 μmol) as an internal 

standard, a stock solution of premixed Pd precursor and ligand were added to the culture 

tube. A known amount of toluene was added to normalize the total solvent volume of each 

experiment to 2 mL. The culture tube was closed, brought out of the glovebox, and placed 

into an oil bath at 120 °C for 20 h. The reaction mixture was passed through a pad of Celite 

over a pipette and analyzed by GC. The results were summarized in Table IV-1. 
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Screening of bases and additives. Condition A: 324b (36.5 μL, 101 μmol), 323c 

(12.5 μL, 99.9 μmol), Pd(PPh3)2Cl2 (3.5 mg, 5.0 μmol), the base (0.5 mmol), and n-decane 

(20.0 μL, 103 μmol) as an internal standard, were added to a 10 mL culture tube. Toluene 

(2 mL) was then added. The culture tube was closed, brought out of the glovebox, and 

placed into an oil bath at 120 °C for 20 h. The reaction mixture was passed through a pad 

of Celite over a pipette and analyzed by GC. Condition B: 324b (36.5 μL, 101 μmol), 323c 

(12.5 μL, 99.9 μmol), Pd(PPh3)2Cl2 (3.5 mg, 5.0 μmol), the base (0.5 mmol), and n-decane 

(20.0 μL, 103 μmol) as an internal standard, were added to a 10 mL culture tube. THF (2 

mL) was then added. The culture tube was closed, brought out of the glovebox, and placed 

into an oil bath at 80 °C for 20 h. Condition C: A stock solution of 324b (101 μmol), 323c 

(102 μmol), and n-decane (101 μmol) as an internal standard, and a stock solution of 

premixed Pd2dba3 and tris(4-methoxyphenyl)phosphine (1.0 μmol Pd and 2.3 μmol, 

respectively), were added to a 10 mL culture tube. The base/additive (0.3 mmol) and 

toluene/THF (1/1, 2 mL) were then added. The culture tube was closed, brought out of the 

glovebox, and placed into an oil bath at 100 °C for 24 h. The reaction mixture was passed 

through a pad of Celite over a pipette and analyzed by GC. The results were summarized 

in Table IV-2. 

Effect of water. 324b (36.5 μL, 101 μmol), 323c (12.5 μL, 99.9 μmol), n-decane 

(20.0 μL, 103 μmol) as an internal standard, a stock solution of premixed Pd2dba3 and 

tris(4-methoxyphenyl)phosphine (0.5 μmol Pd and 1.1 μmol, respectively), TBAF (0.30 

mL, 300 μmol, 1 M in THF), H2O were added to a 10 mL culture tube. A known amount 

of solvent was added to normalize the total solvent volume of each experiment to 2 mL. 
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The culture tube was closed, brought out of the glovebox, and placed into an oil bath at 

120 °C for 20 h. The reaction mixture was passed through a pad of Celite over a pipette 

and analyzed by GC. The results were summarized in Table IV-3. 

Effect of the Pd loading. 324b (36.5 μL, 101 μmol), 323c (12.5 μL, 99.9 μmol), 

n-decane (20.0 μL, 103 μmol) as an internal standard, a stock solution of premixed Pd2dba3 

and tris(4-methoxyphenyl)phosphine, TBAF (0.30 mL, 300 μmol, 1 M in THF), H2O were 

added to a 10 mL culture tube. A known amount of toluene/THF was added to normalize 

the total solvent volume of each experiment to 2 mL. The culture tube was closed, brought 

out of the glovebox, and placed into an oil bath at 120 °C for 20 h. The reaction mixture 

was passed through a pad of Celite over a pipette and analyzed by GC. The results were 

summarized in Table IV-4. 

Effect of the base loading. 324b (36.5 μL, 101 μmol), 323c (12.5 μL, 99.9 μmol), 

n-decane (20.0 μL, 103 μmol) as an internal standard, a stock solution of premixed Pd2dba3 

and tris(4-methoxyphenyl)phosphine (0.5 μmol Pd and 1.1 μmol, respectively), TBAF, 

H2O (36 μL, 2.0 mmol) were added to a 10 mL culture tube. A known amount of 

toluene/THF was added to normalize the total solvent volume of each experiment to 2 mL. 

The culture tube was closed, brought out of the glovebox, and placed into an oil bath at 

120 °C for 20 h. The reaction mixture was passed through a pad of Celite over a pipette 

and analyzed by GC. The results were summarized in Table IV-5, entries 1–5.  

Effect of the reagent ratio. 324b, 323c, n-decane (20.0 μL, 103 μmol) as an 

internal standard, a stock solution of premixed Pd2dba3 and tris(4-

methoxyphenyl)phosphine (0.5 μmol Pd and 1.2 μmol, respectively), TBAF (1 M in THF), 
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H2O (36 μL, 2.0 mmol) were added to a 10 mL culture tube. A known amount of 

toluene/THF was added to normalize the total solvent volume of each experiment to 2 mL. 

The culture tube was closed, brought out of the glovebox, and placed into an oil bath at 

120 °C for 20 h. The reaction mixture was passed through a pad of Celite over a pipette 

and analyzed by GC. The results were summarized in Table IV-5, entries 3, 6–9.  

Effect of the reaction temperature. 324b (36.5 μL, 101 μmol), 323c (12.5 μL, 

99.9 μmol), n-decane (20.0 μL, 103 μmol) as an internal standard, a stock solution of 

premixed Pd2dba3 and tris(4-methoxyphenyl)phosphine (0.5 μmol Pd and 1.1 μmol, 

respectively), TBAF (0.30 mL, 300 μmol, 1 M in THF), H2O (36 μL, 2.0 mmol) were 

added to a 10 mL culture tube. A known amount of toluene/THF was added to normalize 

the total solvent volume of each experiment to 2 mL. The culture tube was closed, brought 

out of the glovebox, and placed into an oil bath at the indicated temperature for 20 h. The 

reaction mixture was passed through a pad of Celite over a pipette and analyzed by GC. 

The results were summarized in Table IV-6. 

 

4.4.4 Synthesis and Characterization of Biaryl Products 

General procedures. Aryltri-tert-butoxygermane (324) (0.5 mmol), aryl bromide 

(323) (0.5 mmol), a stock solution of premixed Pd2dba3 and tris(4-

methoxyphenyl)phosphine in toluene (2.6 μmol Pd and 5.5 μmol, respectively), and 

toluene (5 mL in total) were added to a 50 mL culture tube. TBAF (1.5 mL, 1.5 mmol, 1 

M in THF), H2O (180 μL, 10 mmol), and THF (5 mL in total) were added to the reaction 

mixture. The culture tube was closed, brought out of the glovebox, and placed into an oil 
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bath at 120 °C for 20 h. After 20 h, the volatiles were removed under vacuum. 10 mL of 

CH2Cl2 and 10 mL of H2O were added to the reaction. The organic phase was separated, 

and the aqueous phase was extracted with CH2Cl2 (10 mL x 2). The combined organic 

phase was washed with brine (20 mL) and concentrated under vacuum. The residue was 

purified by column chromatography on silica gel to provide the product. 

Synthesis of 4-fluoro-4’-methoxybiphenyl (401). Following the general 

procedure, tri-tert-butoxy(4-fluorophenyl)germane (324b) (181 μL, 0.500 mmol) was 

reacted with 4-bromoanisole (323c) (64.0 μL, 0.511 mmol). The product was purified by 

column chromatography on silica gel using EtOAc/hexane (5/95) as eluent to provide a 

white solid (84 mg, 83% yield). The NMR data match the previously reported data in the 

literature.204 1H NMR (400 MHz, CDCl3) δ 7.66–7.39 (m, 4H), 7.22–7.08 (m, 2H), 7.07–

6.91 (m, 2H), 3.87 (s, 3H); 13C{1H} NMR (101 MHz, CDCl3) δ 162.2 (d, JF–C = 245.5 

Hz), 159.2, 137.1 (d, JF–C = 3.2 Hz), 132.9, 128.3 (d, JF–C = 7.9 Hz), 128.1, 115.6 (d, JF–C 

= 21.4 Hz), 114.4, 55.4; 19F NMR (470 MHz, CDCl3) δ –116.6 (tt, JF–H = 8.6, 5.3 Hz); 

HRMS (APCI) m/z [M + H]+ calculated for C13H12FO: 203.0867, measured: 203.0865. 

Synthesis of 4’-fluoro-3,5-bis(trifluoromethyl)biphenyl (404). Following the 

general procedure, 324b (181 μL, 0.500 mmol) was reacted with 1-bromo-3,5-

bis(trifluoromethyl)benzene (323p) (87.0 μL, 0.505 mmol). The product was purified by 

column chromatography on silica gel using hexane as eluent to provide a colorless oil 

which solidified over time (119 mg, 77% yield). The NMR data match the previously 

reported data in the literature.68 1H NMR (400 MHz, CDCl3) δ 7.98 (s, 2H), 7.87 (s, 1H), 

7.65–7.53 (m, 2H), 7.25–7.16 (m, 2H); 13C{1H} NMR (101 MHz, CDCl3) δ 163.5 (d, JF–
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C = 249.3 Hz), 142.5, 134.6 (d, JF–C = 3.3 Hz), 132.4 (q, JF–C = 33.3 Hz), 129.2 (d, JF–C = 

8.4 Hz), 127.2 (q, JF–C = 3.9 Hz), 123.5 (q, JF–C = 272.7 Hz), 121.1 (hept, JF–C = 3.9 Hz), 

116.5 (d, JF–C = 21.8 Hz); 19F NMR (470 MHz, CDCl3) δ –63.8 (s, 6F), –113.7 (tt, JF–H = 

8.4, 5.0 Hz, 1F); GC–MS (EI) m/z [M]+ calculated for C14H7F7: 308, measured: 308. 

Synthesis of 4’-fluoro-2,4,6-trimethylbiphenyl (405). Following the general 

procedure, 324b (181 μL, 0.500 mmol) was reacted with 2-bromo-1,3,5-trimethylbenzene 

(323s) (77.0 μL, 0.503 mmol). The product was purified by column chromatography on 

silica gel using hexane as eluent to provide a white solid (59 mg, 55% yield). 1H NMR 

(400 MHz, CDCl3) δ 7.18–7.14 (m, 2H), 7.14–7.10 (m, 2H), 6.99 (s, 2H), 2.37 (s, 3H), 

2.04 (s, 6H); 13C{1H} NMR (101 MHz, CDCl3) δ 161.8 (d, JF–C = 244.8 Hz), 138.1, 137.0 

(d, JF–C = 3.5 Hz), 136.9, 136.3, 131.0 (d, JF–C = 7.8 Hz), 128.3, 115.4 (d, JF–C = 21.1 Hz), 

21.1, 20.9; 19F NMR (470 MHz, CDCl3) δ –117.2 (quin, JF–H = 7.1 Hz); HRMS (APCI) 

m/z [M + H]+ calculated for C15H16F: 215.1231, measured: 215.1228. 

Synthesis of 2-fluoro-5-(4-fluorophenyl)pyridine (406). Following the general 

procedure, 324b (181 μL, 0.500 mmol) was reacted with 5-bromo-2-fluoropyridine (323y) 

(52.0 μL, 0.505 mmol). The product was purified by column chromatography on silica gel 

using EtOAc/hexane (5/95) as eluent to provide a white solid (71 mg, 74% yield). 1H NMR 

(400 MHz, CDCl3) δ 8.38 (br d, J = 2.3 Hz, 1H), 7.92 (td, J = 8.3, 2.6 Hz, 1H), 7.59–7.40 

(m, 2H), 7.23–7.11 (m, 2H), 7.00 (dd, J = 8.5, 2.9 Hz, 1H); 13C{1H} NMR (101 MHz, 

CDCl3) δ 163.2 (d, JF–C = 239.4 Hz), 163.0 (d, JF–C = 248.0 Hz), 145.8 (d, JF–C = 14.8 Hz), 

139.7 (d, JF–C = 7.9 Hz), 134.0 (d, JF–C = 4.7 Hz), 132.9 (d, JF–C = 3.3 Hz), 128.9 (d, JF–C 

= 8.2 Hz), 116.2 (d, JF–C = 21.7 Hz), 109.6 (d, JF–C = 37.7 Hz); 19F NMR (470 MHz, 
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CDCl3) δ –71.2 (br d, JF–H = 7.6 Hz), –114.8 (tt, JF–H = 8.6, 5.3 Hz); HRMS (APCI) m/z 

[M + H]+ calculated for C11H8F2N: 192.0619, measured: 192.0615. 

Synthesis of N,N-Diethyl-4’-fluoro-[1,1’-biphenyl]-4-carboxamide (407). 

Following the general procedure, 324b (181 μL, 0.500 mmol) was reacted with N,N-

diethyl-4-bromobenzamide (323f) (129 mg, 0.504 mmol). The product was purified by 

column chromatography on silica gel using EtOAc/hexane (30/70) as eluent to provide a 

white solid (131 mg, 97% yield). 1H NMR (400 MHz, CDCl3) δ 7.58–7.48 (m, 4H), 7.48–

7.38 (m, 2H), 7.16–7.07 (m, 2H), 3.55 (br s, 2H), 3.30 (br s, 2H), 1.24 (br s, 3H), 1.14 (br 

s); 13C{1H} NMR (101 MHz, CDCl3) δ 171.0, 162.7 (d, JF–C = 247.0 Hz), 141.0, 136.6 (d, 

JF–C = 3.2 Hz), 136.2, 128.8 (d, JF–C = 8.1 Hz), 127.0, 127.0, 115.8 (d, JF–C = 21.5 Hz), 

43.4 (br), 39.3 (br), 14.3 (br), 13.0 (br); 19F NMR (470 MHz, CDCl3) δ –115.8 (tt, J = 8.5, 

5.3 Hz); HRMS (ESI) m/z [M + H]+ calculated for C17H19FNO: 272.1445, measured: 

272.1457. 

Synthesis of N,N-Diethyl-4’-methoxy-[1,1’-biphenyl]-4-carboxamide (408). 

Following the general procedure, tri-tert-butoxy(4-methoxyphenyl)germane (324c) (203 

mg, 0.509 mmol) was reacted with 323f (135 mg, 0.527 mmol). The product was purified 

by column chromatography on silica gel using EtOAc/CH2Cl2 (3/97) as eluent to provide 

a white solid (116 mg, 80% yield). The NMR data match the previously reported data in 

the literature.205 1H NMR (400 MHz, CDCl3) δ 7.57–7.53 (m, 2H), 7.53–7.48 (m, 2H), 

7.44–7.37 (m, 2H), 7.00–6.92 (m, 2H), 3.81 (s, 3H), 3.53 (br s, 2H), 3.30 (br s, 2H), 1.22 

(br s, 3H), 1.14 (br s); 13C{1H} NMR (101 MHz, CDCl3) δ 171.2, 159.4, 141.6, 135.4, 
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132.8, 128.1, 126.9, 126.5, 114.3, 55.3, 43.3 (br), 39.3 (br), 14.2 (br), 12.9 (br); HRMS 

(ESI) m/z [M + H]+ calculated for C18H22NO2: 284.1645, measured: 284.1657. 

Synthesis of N,N-Diethyl-3’,5’-bis(trifluoromethyl)-[1,1’-biphenyl]-4-

carboxamide (409). Following the general procedure, (3,5-

Bis(trifluoromethyl)phenyl)tri-tert-butoxygermane (324p) (256 mg, 0.507 mmol) was 

reacted with 323f (130 mg, 0.508 mmol). The product was purified by column 

chromatography on silica gel using EtOAc/CH2Cl2 (2/98) as eluent to provide a white 

solid (172 mg, 87% yield). 1H NMR (499 MHz, CDCl3) δ 8.01 (s, 2H), 7.86 (s, 1H), 7.69–

7.59 (m, 2H), 7.57–7.45 (m, 2H), 3.57 (br s, 2H), 3.29 (br s, 2H), 1.26 (br s, 3H), 1.14 (br 

s); 13C{1H} NMR (126 MHz, CDCl3) δ 170.6, 142.6, 139.0, 137.9, 132.3 (q, JF–C = 33.3 

Hz), 127.4, 127.3 (m), 127.3 (m), 123.4 (q, JF–C = 272.8 Hz), 121.4 (hept, JF–C = 3.9 Hz), 

43.4 (br), 39.5 (br), 14.3 (br), 13.0 (br); 19F NMR (470 MHz, CDCl3) δ –63.7 (s); HRMS 

(ESI) m/z [M + H]+ calculated for C19H18F6NO: 390.1287, measured: 390.1302. 

N,N-Diethyl-4-(6-fluoropyridin-3-yl)benzamide (410). Following the general 

procedure, 2-fluoro-5-(tri-tert-butoxygermyl)pyridine (324y) (198 mg, 0.510 mmol) was 

reacted with 323f (134 mg, 0.523 mmol). The product was purified by column 

chromatography on silica gel using EtOAc/CH2Cl2 (8/92) as eluent to provide a white 

solid (124 mg, 89% yield). 1H NMR (400 MHz, CDCl3) δ 8.41 (dt, J = 2.7, 0.9 Hz, 1H), 

7.96 (ddd, J = 8.4, 7.6, 2.6 Hz, 1H), 7.60–7.51 (m, 2H), 7.51–7.42 (m, 2H), 7.00 (ddd, J 

= 8.5, 3.0, 0.5 Hz, 1H), 3.55 (br s, 2H), 3.29 (br s, 2H), 1.24 (br s, 3H), 1.14 (br s); 13C{1H} 

NMR (100 MHz, CDCl3) δ 170.7, 163.4 (d, JF–C = 239.9 Hz), 146.0 (d, JF–C = 14.9 Hz), 

139.8 (d, JF–C = 8.0 Hz), 137.5, 137.2, 134.2 (d, JF–C = 4.7 Hz), 127.3, 127.2, 109.7 (d, JF–
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C = 37.6 Hz), 43.4 (br), 39.4 (br), 14.4 (br), 13.0 (br); 19F NMR (470 MHz, CDCl3) δ –

70.6 (d, JF–H = 6.0 Hz); HRMS (ESI) m/z [M + H]+ calculated for C16H18FN2O: 273.1398, 

measured: 273.1409. 

 

4.4.5 Selective Reaction of –Bpin vs. –Ge(OtBu)3 

Tri-tert-butoxy(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)germane 

(324h) (48.4 mg, 97.8 μmol), 4-bromoanisole (323c) (12.5 μL, 99.9 μmol), a stock 

solution of premixed Pd2dba3 (445 μL, 2.4 μmol, 4.9 2.4 μmol Pd, 5.5 mM in 

MeCN/toluene) and SPhos (445 μL, 11 μmol, 25 mM in MeCN/toluene), K3PO4 (62.6 mg, 

293 μmol), and MeCN (555 μL) were mixed in a 10 mL culture tube. The tube was closed 

and placed into an oil bath at 100 °C for 16 h. The mixture was pass through a pad of 

Celite over a frit. Volatiles were removed under vacuum. The residue (56 mg) was 

analyzed by 1H NMR spectroscopy and HRMS. The 1H NMR (C6D6) spectrum contained 

unreacted 324h, tri-tert-butoxy(4’-methoxy-[1,1’-biphenyl]-4-yl)germane (411), and 

other unidentified 1H NMR resonances but did not contained 2-(4’-Methoxy-[1,1’-

biphenyl]-4-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (412) and 4,4”-dimethoxy-

1,1’:4’,1”'-terphenyl (413). Characterization of 411: 1H NMR (499 MHz, C6D6) δ 8.00 (d, 

J = 7.8 Hz, 2H), 7.51 (d, J = 7.8 Hz, 2H), 7.39 (d, J = 8.4 Hz, 2H), 6.81 (d, J = 8.4 Hz, 

2H), 3.33 (s, 3H), 1.52 (s, 27H); HRMS (ESI) m/z [M + Na]+ calculated for 

C25H38
74GeO4Na: 499.1874, measured: 499.1869.  
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4.4.6 Effect of Fluoride Experiments 

Tri-tert-butoxy(4-fluorophenyl)germane (324b) (18 μL, 50 μmol) and a stock 

solution of PhCF3 (25 μL, 9.9 μmol, 0.396 M in C6D6) were mixed in toluene (1 mL) in a 

J. Young NMR tube. The J. Young NMR tube was closed. The colorless solution was 

analyzed by 19F NMR spectroscopy immediately and again after placing it into an oil bath 

at 120 °C for 1 h. Both 19F NMR spectra were the same, indicating no changes were made. 

TBAF (0.15 mL, 150 μmol, 1 M in THF) was added to a J. Young NMR tube. The 

volatiles were removed under vacuum. 324b (18 μL, 50 μmol), a stock solution of PhCF3 

(25 μL, 9.9 μmol, 0.396 M in C6D6), and toluene (1 mL) were added. The J. Young NMR 

tube was closed. The colorless solution was analyzed by 19F NMR spectroscopy 

immediately and again after placing it into an oil bath at 120 °C for 1 h. Before heating, 

the 19F NMR spectrum contained PhCF3, 324b (55%), and several other unidentified 19F 

NMR resonances at δ –109.6, –113.1, –113.4, and –148.8. After heating at 120 °C for 1 h, 

the 19F NMR spectrum contained only PhCF3. 

To a J. Young NMR tube were added TBAF (0.10 mL, 100 μmol, 1 M in THF), 

324b (12 μL, 33 μmol), and C6D6 (0.4 mL). The J. Young NMR tube was closed. The 

colorless solution was analyzed by 1H and 19F NMR spectroscopy immediately and again 

after placing it into an oil bath at 120 °C for 30 min. Before heating, the 1H NMR spectrum 

contained 324b, THF, nBu4N
+, minor Bu3N, and several other unidentified 1H NMR 

resonances; the 19F NMR spectrum contained mostly 324b (55%) and two other 

unidentified 19F NMR resonances at δ –111.9, –112.6. After heating at 120 °C for 30 min, 

the 1H NMR spectrum contained THF, nBu3N, tBuOH, 1-butene, and several other 
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unidentified 1H NMR resonances; the 19F NMR spectrum contained multiple unidentified 

19F NMR resonances. 
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CHAPTER V  

CONCLUSIONS 

 

Further development of the previously demonstrated aromatic C–H borylation 

catalyzed by (pincer)Ir complexes has been accomplished. A series of PXL type pincer 

ligand and their complexes of iridium and rhodium were synthesized and characterized. 

The catalytic reactivity of these complexes was tested in the aromatic C–H borylation 

reaction using HBpin as the boron source and 1-hexene as the H2 acceptor. It has been 

shown that iridium complexes of PNP, PNSb, PSiP, and PBP pincer ligands, as well as 

rhodium complexes, were incompetent in the aromatic C–H borylation. Only iridium 

complexes of pincer ligands with a central aryl site showed meaningful activity in C–H 

borylation. 203-HCl (POCOP type) and 229-HCl (PCP type) demonstrated the best 

reactivity and chemoselectivity (vs. competing olefin hydroboration) over other pincer 

complexes. 229-HCl showed a modest improvement, compared to the previously reported 

203-HCl, and was chosen to further optimize the reaction condition. The newly optimized 

conditions were in general accordance with the previously reported ones. The 

regioselectivity of the C–H borylation was tested using PhF and PhCF3 as model 

substrates, and the results basically followed the state-of-the-art aromatic C–H borylation 

system catalyzed by iridium complexes bearing neutral bidentate ligands.  

A robust and efficient Pd-catalyzed germylation of aryl/alkenyl bromides using 

sodium tri-tert-butoxygermanate [NaGe(OtBu)3]2 (301) was reported. 301 can be used in 

the germylation reaction as a pure isolated form or generated in situ from GeCl2·C4H8O2 
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(302) and NaOtBu (303), which allows practical utilization in a regular organic synthesis 

laboratory. This catalytic reaction featured a simple reaction set-up with no auxiliary 

ligand, readily prepared germanium reagent, and easy isolation. Aryl bromides were 

converted to arylgermanes in almost quantitative yield with NaBr as a sole byproduct. The 

resulting ArGe(OtBu)3 (324) are poised for subsequent cross-coupling reactions. 

A Pd-catalyzed cross-coupling reaction to construct new C–C bonds using 

ArGe(OtBu)3 (324) was then developed. A thorough screening of reaction conditions 

allowed the identification of the optimized conditions, which consist of using TBAF as a 

base and water as an additive. The reaction scope demonstrated a reasonable tolerance to 

electron-donating and -withdrawing, and sterically bulky substituents. A preliminary 

study on chemoselective cross-coupling using 4-pinBC6H4Ge(OtBu)3 (324h) showed a 

reactivity difference between –Bpin and –Ge(OtBu)3. Further investigation is required to 

gain deeper insight. Fluoride has been identified to be an important reagent which cleaves 

the Ge–OtBu bond to generate the hypervalent germanium species [ArGe(OtBu)3–nF1–n]
– 

for transmetalation. 
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APPENDIX B 

MISCELLANEOUS REACTIONS 

 

B-1. Miscellaneous Synthesis 

Synthesis of 1,4,5,8-naphthalenetetracarboxylic diimide (601). 

1,4,5,8-Naphthalenetetracarboxylic dianhydride (5.07 g, 18.9 mmol), 

NH4OAc (29 g, 0.38 mmol) were refluxed in AcOH (100 mL) in a 250 mL 

round-bottom flask for 5 h. The solid was collected by vacuum filtration, 

washed by copious AcOH, water, and Et2O, and dried under vacuum to give a pure product 

as a tan solid (4.65 g, 92% yield). 1H NMR (499 MHz, DMSO-d6) δ 12.1 (s, 2H), 8.62 (s, 

4H). 

Synthesis of N,N’-di-tert-butoxycarbonyl-1,4,5,8-

naphthalenetetracarboxylic diimide (602). 1,4,5,8-

naphthalenetetracarboxylic diimide (53 mg, 0.20 mmol), (Boc)2O (184 mg, 

0.84 mmol), and DMAP (61 mg, 0.50 mmol) were dissolved in anhydrous 

DMF (3 mL) in a 10 mL Schlenk tube. The reaction was stirred at ambient 

temperature overnight. Volatiles were removed under vacuum. The residue 

was dissolved in CH2Cl2 (30 mL). The organic layer was washed with 1 M aqueous HCl 

(25 mL x 3), water (25 mL), and brine (25 mL) and dried over MgSO4. Volatiles removed 

under vacuum to provide a pale-yellow solid (64 mg, 69% yield). 1H NMR (500 MHz, 

CDCl3) δ 8.80 (s, 4H), 1.68 (s, 18 H). 
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 Synthesis of (carbazole-PNCOP)PdCl (603). In a J. Young 

NMR tube, 208 (58.9 mg, 0.142 mmol) and (COD)PdCl2 (38.9 mg, 

0.136 mg) were dissolved in 0.5 mL of C6D6. To the mixture was 

added 2,6-lutidine (33 μL, 0.28 mmol). The reaction mixture was heated at 100 °C in an 

oil bath for 16 h. The 31P{1H} NMR spectrum showed a full conversion to the desired 

product. The mixture was filtered by a pad of Celite over a pipette. Volatiles were removed 

under vacuum. The crude product was purified by recrystallization from toluene/pentane 

at –35 °C to provide a yellow solid (48 mg, 63% yield). 1H NMR (500 MHz, C6D6) δ 7.83 

(ddd, J = 7.3, 1.8, 0.8 Hz, 1H), 7.51 (dt, J = 8.3, 1.4 Hz, 1H), 7.24–7.16 (m, 2H), 7.14 – 

7.11 (m, 1H), 6.94 (dd, J = 8.3, 0.6 Hz, 1H), 2.70–2.56 (m, 2H), 2.31–2.19 (m, 2H), 1.40 

(dd, J = 19.1, 7.1 Hz, 6H), 1.40 (dd, J = 19.0, 7.2 Hz, 6H), 1.16 (dd, J = 15.3, 7.0 Hz, 6H), 

0.96 (dd, J = 16.1, 7.0 Hz, 6H); 13C{1H} NMR (126 MHz, C6D6) δ 165.1 (dd, JP–C = 11.1, 

2.5 Hz), 160.8 (d, JP–C = 26.8 Hz), 140.0 (dd, JP–C = 9.9, 2.0 Hz), 132.6 (d, JP–C = 0.6 Hz), 

124.7, 121.8, 121.4, 119.9 (dd, JP–C = 4.5, 1.2 Hz), 118.3, 114.7 (d, JP–C = 11.2 Hz), 112.6, 

106.2 (d, JP–C = 14.8 Hz), 29.5 (dd, JP–C = 18.9, 5.5 Hz), 28.1 (dd, JP–C = 13.9, 3.4 Hz), 

18.9, 18.5 (d, JP–C = 9.1 Hz), 17.4 (d, JP–C = 6.8 Hz), 16.9 (d, JP–C = 1.8 Hz); 31P NMR 

(202 MHz, C6D6) δ 192.7 (d, J = 410 Hz), 121.1 (d, J = 410 Hz); Elem. Anal. Calcd for 

C24H34ClNOP2Pd: C, 51.81; H, 6.16; N, 2.52. Found: C, 52.10; H, 5.89; N, 2.49. 

Synthesis of triethylammonium trichlorogermanate (604). 

GeCl4 (50 μL, 0.44 mmol) and HSiCl3 (45 μL, 0.45 mmol) were dissolved 

in C6D6 (0.5 mL) in a J. Young NMR tube. The reaction was stirred at ambient temperature 

for 30 min. Et3N (62 μL, 0.44 mmol) was added. The reaction was stirred over a weekend. 
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Two layers were formed. All the volatiles were removed under vacuum. 1H NMR (499 

MHz, CDCl3) δ 7.62 (s, 1H), 3.20 (q, J = 7.3 Hz, 6H), 1.34 (t, J = 7.3 Hz, 9H). 

Synthesis of tetra-n-butylgermane (605). A THF solution (40 

mL) of 1-bromobutane (9.03 g, 65.9 mmol) was slowly added via syringe 

to a warm (50 °C) suspension of Ge(OMe)4 (2.89 g, 14.7 mmol), 

magnesium (1.79 mg, 73.6 mmol) in THF (20 mL) under argon. (Caution: Exothermic!) 

The reaction was refluxed under argon for 17 h. The reaction mixture was passed through 

a pad of Celite over a frit using hexane and Et2O. Volatiles were removed under vacuum. 

Water was added, and the organic products were extracted by hexane and Et2O. The 

combined organic phase was washed with brine and dried over MgSO4. Volatiles were 

removed under vacuum to give a crude product as a yellow liquid (3.07 g). The liquid was 

purified by vacuum distillation to give a pure product as a colorless liquid (2.23 g, 50% 

yield). 1H NMR (499 MHz, CDCl3) δ 1.37–1.24 (m, 16H), 0.95–0.84 (m, 12H), 0.75–0.62 

(m, 8H); 1H NMR (499 MHz, C6D6) δ 1.50–1.32 (m, 16H), 0.95 (t, J = 7.1 Hz, 12H), 0.84–

0.76 (m, 8H); 13C{1H} NMR (126 MHz, CDCl3) δ 27.7, 26.8, 14.0, 12.6); 13C{1H} NMR 

(126 MHz, C6D6) δ 28.0, 27.2, 14.1, 12.9. 

Synthesis of tetrakis(2,6-dimethylphenoxy)germane (606). 

GeCl4 (89 mg, 0.42 mmol) and 2,6-dimethylphenol (0.25 g, 2.0 mmol) 

were dissolved in toluene (4 mL). Et3N (300 μL, 2.15 mmol) was 

added dropwise. The resulting white suspension was stirred at 

ambient temperature overnight. The solid was filtered off by a pad of Celite over a frit. 

Volatiles were removed to give a crude product as a white solid (264 mg). The excess 2,6-
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dimethylphenol was vacuum distilled off by heating the residue at 85 °C under vacuum 

for 3 h to give a pure product as a white solid (204 mg, 88% yield). 1H NMR (499 MHz, 

C6D6) δ 6.80–6.71 (m, 12H), 2.20 (s, 24H); 13C{1H} NMR (126 MHz, C6D6) δ 153.1, 

129.7, 129.1, 123.5, 17.3. 

Synthesis of tetraisopropoxygermane (607). GeCl4 (3.10 g, 14.5 

mmol), iPrOH (5.6 mL, 73 mmol), and Et3N (10 mL, 72 mmol) were mixed 

in toluene (100 mL) in a 250 mL round-bottom flask. The reaction was 

stirred at ambient temperature overnight. The solid was filtered off by a pad of Celite over 

a frit. Volatiles were removed to give a crude product. The residue was purified by vacuum 

distillation to give a pure product as a colorless liquid (2.69 g, 60% yield). 1H NMR (499 

MHz, C6D6) δ 4.63–4.22 (m, 4H), 1.27 (d, J = 6.1 Hz, 24H); 13C{1H} NMR (126 MHz, 

C6D6) δ 67.7, 26.1. 

Synthesis of tetra-tert-butoxygermane (608). GeCl4 (2.12 g, 9.89 

mmol) and NaOtBu (4.2 g, 44 mmol) were dissolved in THF (30 mL) in a 

50 mL culture tube. (Caution: Exothermic!) The reaction was heated at 85 

°C overnight. The solid was filtered off by a pad of Celite over a frit. Volatiles were 

removed to give a crude product (3.53 g). The residue was purified by vacuum distillation 

to give a pure product as a white solid (2.32 g, 64% yield). 1H NMR (499 MHz, C6D6) δ 

1.47 (s, 36H); 13C{1H} NMR (101 MHz, C6D6) δ 74.9, 32.4. 

Synthesis of Ge(pin)2 (609). Ge(OMe)4 (44 mg, 0.22 mmol) and 

pinacol (55 mg, 0.47 mmol) were dissolved in C6D6 (0.5 mL) in a J. Young 

NMR tube. The reaction was heated at 90 °C for 20 h. Volatiles were removed under 
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vacuum to give a white solid (69 mg, >98% yield). 1H NMR (499 MHz, C6D6) δ 1.14 (s, 

24H); 13C{1H} NMR (126 MHz, C6D6) δ 80.5, 25.0. 

Synthesis of Ge(cat)2(THF)2 (610). Ge(OMe)4 (25 μL, 0.17 

mmol) and catechol (37.3 mg, 0.339 mmol), C6D6 (0.4 mL), and CDCl3 

(0.5 mL) were added to a J. Young NMR tube. The reaction was 

transferred to a Schlenk flask, and the NMR tube was rinsed by THF. Volatiles were 

removed under vacuum to yield a white solid. 1H NMR (499 MHz, CDCl3) δ 6.92 (br s, 

4H), 6.79–6.34 (m, 4H), 4.23–3.67 (m, 8H), 1.93–1.51 (m, 8H); 13C{1H} NMR (126 MHz, 

CDCl3) δ 147.5, 119.2, 112.5, 70.8, 24.8. 

Synthesis of bis[bis(trimethylsilyl)amino]germylene (611). 

nBuLi (0.4 mL, 1 mmol, 2.5 M in hexane) was added to a cold solution of 

(Me3Si)2NH (183 mg, 1.13 mmol) in Et2O (1 mL). The resulting solution 

(Me3Si)2NLi was added to a cold suspension of GeCl2·C4H8O2 (302) in Et2O (2 mL). 

Additional Et2O (ca. 8 mL) was used to fully transfer (Me3Si)2NLi. The resulting orange 

suspension was stirred at ambient temperature for 19 h. Volatiles were removed under 

vacuum. Toluene was added. The mixture was passed through a pad of Celite over a frit. 

Volatiles were removed again under vacuum to give a solid (167 mg, 83% yield). 1H NMR 

(499 MHz, C6D6) δ 0.33 (s, 24H); 13C{1H} NMR (126 MHz, C6D6) δ 5.4. 

Synthesis of N(CH2CO2)3Ge(OH)(OH2)·(H2O)2 (612). 

GeO2 (72.8 mg, 0.696 mmol) and N(CH2CO2H)3 (321) (135 mg, 

0.706) were refluxed in water (2 mL) until the suspension turned to a clear solution. The 

volatiles were removed under vacuum. The solid was dried at 60 °C under vacuum to yield 
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a white solid (169 mg, 69% yield). 1H NMR (499 MHz, DMSO-d6) δ 3.90 (s, 6H); 13C{1H} 

NMR (126 MHz, DMSO-d6) δ 167.6, 62.4. 

Synthesis of di-tert-butoxychlorophenylgermane (613). 

Trichlorophenylgermane (315 μL, 1.95 mmol) and tBuOH (740 μL, 7.80 

mmol) were dissolved in toluene (5 mL). Et3N (1.2 mL, 8.6 mmol) was added. The 

reaction was heated at 105 °C for 20 h. The mixture was passed through a pad of Celite 

over a frit. Volatiles were removed under vacuum to give a colorless oil (0.64 g, >98% 

yield). 1H NMR (400 MHz, C6D6) δ 7.84–7.72 (m, 2H), 7.11–6.99 (m, 3H), 1.40 (s, 18H); 

13C{1H} NMR (101 MHz, C6D6) δ 136.3, 133.3, 131.4, 128.9, 76.4, 32.3. 

Synthesis of (FPNP)Pd[Ge(OtBu)3] (614). (FPNP)Pd(OTf) 

(203 mg, 0.293 mmol) and [NaGe(OtBu)3]2 (301) (175 mg, 0.556 mol 

Ge) were dissolved in toluene (10 mL) in a 50 mL round-bottom flask. 

The reaction was stirred at ambient temperature overnight. The color 

of the solution changed from dark purple to orange with precipitation. Toluene was 

removed under vacuum. Pentane (5 mL) was added and the solid was filtered off by a pad 

of Celite over a frit. Volatiles were removed under vacuum to give a yellow solid (232 mg, 

95% yield). 1H NMR (499 MHz, C6D6) δ 7.46–7.35 (m, 2H), 7.00–6.97 (m, 2H), 6.76–

6.63 (m, 2H), 3.20–2.88 (m, 4H), 1.56 (s, 27H), 1.28–1.17 (m, 12H), 1.10 (dvt, J = 7.0, 

6.9 Hz, 12H); 13C{1H} NMR (101 MHz, C6D6) δ 159.7 (vt, JP–C = 9.8 Hz), 154.1 (dvt, JF–

C = 236.6, JP–C = 4.5 Hz), 121.5 (vtd, JP–C = 18.2, JF–C = 4.7 Hz), 119.2 (d, J = 21.5 Hz), 

118.3 (d, J = 22.6 Hz), 115.8 (app. q, J = 6.3 Hz), 74.0, 34.1, 26.3 (vt, JP–C = 11.7 Hz), 
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20.8 (vt, JP–C = 2.7 Hz), 18.8; 19F NMR (470 MHz, C6D6) δ –129.6 (dd, J = 7.2, 4.8 Hz); 

31P{1H} NMR (202 MHz, C6D6) δ 52.4.  

 

B-2. Miscellaneous Reactions 

[NaGe(OtBu)3]2 (301) (30.2 mg, 95.9 μmol Ge) and GeCl2·C4H8O2 (302) (11.0 

mg, 47.5 μmol) were dissolved in THF (1.5 mL) in a 10 mL culture tube. The reaction 

was heated at 85 °C for 2 h. The mixture was passed through a pad of Celite, and volatiles 

were removed under vacuum to give a white solid. The 1H NMR (C6D6) spectrum 

indicated the clean and quantitative formation of [Ge(OtBu)2]2 (322). 

[NaGe(OtBu)3]2 (301) (19.1 mg, 60.6 μmol Ge, “182 μmol” tert-butoxy) and 

[Ge(OtBu)2]2 (322) (20.5 mg, 93.7 μmol Ge, “187 μmol” tert-butoxy) were dissolved in 

C6D6 (0.5 mL) in a J. Young NMR tube. The reaction was analyzed by 1H NMR 

spectroscopy immediately and again after placing it in an oil bath at 90 °C for 16 h. Both 

1H NMR spectra showed two well-defined 1H NMR resonances, assigned to 301 and 322, 

respectively, with no changes. The results suggested there is no fast exchange of tert-

butoxy groups in the NMR time scale. 

[Ge(OtBu)2]2 (322) (17.9 mg, 81.8 μmol Ge) and Ge(OtBu)4 (608) (405 μL, 82.2 

μmol, 0.203 M in C6D6) were dissolved in C6D6 (0.2 mL) in a J. Young NMR tube. The 

reaction was analyzed by 1H NMR spectroscopy immediately and after placing it in an oil 

bath at 70 °C for 13 h, and at 120 °C for 11 h. All 1H NMR spectra showed no changes. 

 [NaGe(OtBu)3]2 (301) (23.1 mg, 73.3 μmol Ge) and Ge(OtBu)4 (608) (360 μL, 73.1 

μmol, 0.203 M in C6D6) were dissolved in C6D6 (240 μL) in a J. Young NMR tube. The 
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reaction was analyzed by 1H NMR spectroscopy immediately and after placing it in an oil 

bath at 70 °C for 13 h, and at 120 °C for 11 h. All 1H NMR spectra showed no changes. 

[NaGe(OtBu)3]2 (301) (14.4 mg, 45.7 μmol Ge) and GeCl4 (285 μL, 46.2 μmol, 

0.162 M in C6D6) were dissolved in C6D6 (315 μL) in a J. Young NMR tube. The reaction 

was analyzed by 1H NMR spectroscopy immediately, after sitting at ambient temperature 

for 21 h and placing it in an oil bath at 80 °C for 7 h. Precipitation formation was observed 

after sitting at ambient temperature for 21 h. Much more precipitation formation was 

observed upon heating. The 1H NMR spectra before heating showed multiple unidentified 

resonances, presumably due to the formation of mixtures of GeClx(O
tBu)2–x, 

[GeCly(O
tBu)3–y]

–, and  GeClz(O
tBu)4–z. After heating at 80 °C for 7 h, the 1H NMR 

spectrum showed the formation of isobutylene, indicating the cleavage of the O–tBu 

bonds.  

Ge(OtBu)4 (608) (28.1 mg, 77.0 μmol) and GeCl4 (160 μL, 25.9 μmol, 0.162 M in 

C6D6) were dissolved in C6D6 (440 μL) in a J. Young NMR tube. The reaction was 

analyzed by 1H NMR spectroscopy immediately, after sitting at ambient temperature for 

21 h and placing it in an oil bath at 80 °C for 24 h. The 1H NMR spectra before heating 

showed no changes. After heating at 80 °C for 24 h, the 1H NMR spectrum showed the 

formation of new species with a ca. 13% conversion of 608. 

[NaGe(OtBu)3]2 (301) (35.0 mg, 111 μmol Ge), C6F6 (12.5 μL, 108 μmol), and 

PhCF3 (15.0 μL, 122 μmol) were dissolved in C6D6 (0.7 mL) in a J. Young NMR tube. 

The reaction was analyzed by 1H and 19F NMR spectroscopy immediately and after 
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placing it in an oil bath at 100 °C for 2 h, and at 120 °C for 23 h. All 1H and 19F NMR 

spectra showed no changes. 

[NaGe(OtBu)3]2 (301) (17.0 mg, 54.0 μmol Ge) and C6F5Br (200 μL, 50.2 μmol, 

0.251 M in C6D6) were dissolved in C6D6 (0.7 mL) in a J. Young NMR tube. White 

precipitation formed upon mixing. The reaction was analyzed by 1H and 19F NMR 

spectroscopy immediately. Both 1H and 19F NMR spectra showed the consumption of 301 

and the formation of C6F5Ge(OtBu)3. The reaction was sitting at ambient temperature for 

2 h and followed by 1H and 19F NMR spectroscopy. After 2 h, the 1H and 19F NMR spectra 

showed the full consumption of 301and C6F5Br. The mixture was passed through silica 

gel by using Et2O as an eluent. Volatiles were removed under vacuum to provide a 

colorless oil (24 mg). Based on the 19F NMR spectrum, C6F5Ge(OtBu)3 was determined 

to be 86% pure. Interestingly, the reaction does not require a palladium catalyst. The 

addition of Pd(OAc)2 (0.1 mol%) did not affect the reaction and provided almost the same 

purity of the final product (87% pure, based on the 19F NMR spectrum). The 

characterization data of C6F5Ge(OtBu)3: 
1H NMR (499 MHz, C6D6) δ 1.44 (s, 27H); 19F 

NMR (470 MHz, C6D6) δ –126.6 (br d, J = 18.3 Hz, 2F), –150.5 (br t, J = 18.4 Hz, 1F), –

161.6 (br s, 2F); HRMS (ESI) m/z [M + Na]+ calculated for C18H27
74GeNaO3: 483.0984, 

measured: 483.0969. 


