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ABSTRACT 

 

The importance of organoboron compounds in chemical synthesis is apparent from 

the Nobel Prizes awarded to Herbert C. Brown (1979) and Akira Suzuki (2010) for their 

contribution to the development of new synthetic methodologies involving C-B bonds. 

Recently, dehydrogenative C-H borylation has emerged as an attractive approach to 

organoboron compounds. Multiple examples of catalytic conversion of unactivated C-H 

bonds in alkanes, benzylic and allylic C(sp
3
)-H bonds, as well as C(sp

2
)-H bonds in 

alkenes have been reported. Notably, the dehydrogenative C(sp)-H borylation of 

terminal alkynes (abbreviated as DHBTA) is missing in the list above.  

Here we describe the first example of DHBTA catalyzed by a new SiNN iridium 

pincer complex. The reaction is strictly chemoselective and can be performed under very 

mild conditions with terminal alkynes in high yield. We then explore Rh analogs of these 

SiNN iridium complexes. Although the new Rh compounds turned out to be inactive as 

DHBTA catalysts, they brought to light the unusual dual non-innocence behavior of the 

SiNN ligand. The (SiNN)Rh system also turned out to be a modest benzene borylation 

catalyst. 

Later, impressive TONs of 6500 for DHBTA were achieved by a new unsymmetric 

PNP iridium complex from ligand screening. The synthesis and characterization of the 

possible intermediates in DHBTA are also discussed. We also present the discovery of a 

new selective dehydrogenative diboration of the DHBTA products, alkynylboronates. 
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The independent synthesis and characterization of the possible catalytic intermediates in 

the diboration are also described.  

Electrophilic iridium complexes have shown their great ability to activate strong 

bonds or serve as strong Lewis acids to catalyze reactions. We describe synthetic 

approaches to a highly electrophilic iridium triflate complex supported by a PNP pincer 

ligand and its equilibrium with ether solvents.  

The value of making new triarylmethyl cations is relevant to both 

hydrodefluorination of C(sp
3
)-F bonds and organometallic chemistry. We illustrate the 

synthesis of selected triarylmethanol and triarylmethyl chloride bearing electron 

withdrawing groups. Preliminary attempts to generate highly electrophilic triarylmethyl 

cations are also shown. 
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NOMENCLATURE 

 

L ligand 

THF tetrahydrofuran 

DBU 1,8-diazabicycloundec-7-ene 

HBpin pinacolborane 

HBcat catecholborane 

B2pin2 bis(pinacolato)diboron 

B2cat2 bis(catecholato)diboron 

COD 1,5-cyclooctadiene 

COE cis-cyclooctene 

ind indenyl 

dba dibenzylideneacetone 

BINAP 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl 

DPPF 1,1'-bis(diphenylphosphino)ferrocene 

dtbpy 4,4’-di-tert-butyl-2,2’-dipyridyl 

py pyridine 

OTf triflate 

OAc acetate 

Mes mesityl 

Ts tosyl 

PTFE polytetrafluoroethylene 
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HDF hydrodefluorination 

DHBTA dehydrogenative borylation of terminal alkynes 

RT room temperature 

TON turnover number 

TOF turnover frequency 

DFT density functional theory 
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CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW 

1.1 General introduction for pincer ligands 

The beauty of organometallic chemistry is that the properties of metal centers can 

be controlled by the surrounding ligands. Pincer ligands are tridentate ligands that 

commonly bind to metal in the meridional fashion which provide their transition metal 

complexes with great stability and often impose unusual reactivity.
1
 Since the first 

example of pincer ligands was reported by Shaw in the mid-1970s,
2
 metal complexes 

with pincer ligands have attracted lots of attention especially in strong bond (e.g. C-H,
3
 

C-N,
4,5

 C-O
6
 bonds) and small molecule (e.g. NH3,

7
 CO2,

8,9
 CH4

10
) activation. Pincer 

ligands are usually abbreviated by their donor atoms, EXE’ (E and E’: side arm donors; 

X: center donor) (Scheme 1-1, left). Occasionally, the abbreviation EYXYE’ would be 

used instead, where Y denotes the specific linker atom (Scheme 1-1, right).  

 

 

Scheme 1-1. General scheme for pincer metal complexes. 
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Scheme 1-2. Metal complexes bearing representative examples of pincer ligands. 
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Representative examples of pincer ligands are shown in Scheme 1-2. The pincer 

ligand arrays are generally divided into four main categories. The first one is the neutral 

array in which all three donors are neutral. Most of neutral pincers ligands contain 

carbene (1A)
11

 or pyridine (1B)
12

 as the central donors. The second pincer motif is the 

monoanionic array, including widely used POCOP ligands that are based on resorcinols 

(1C),
13,14

 diarylamino PNP ligands (1D) developed by Liang
15

 and Ozerov,
16

 Fryzuk’s 

PNP ligands (1E),
17

 Peters’ NNN ligand (1F),
18

 and PSiP ligands (1G).
19

 Dianionic 

pincer ligands are relatively rare. The few examples to date include the SiOSi (1H)
20,21

 

and SiNSi ligands (1I)
22

 reported by Tobita and Bercaw’s unsymmetrical NNO ligand 

(1J).
23

 The final pincer motif is the trianionic array. Representative examples include the 

NNN (1K)
24

 and ONO ligands (1L)
25

 by Heyduk, Veige’s NCN ligand (1M),
26

 and the 

OCO ligand (1N) reported by Bercaw.
27

   

1.2 Group 9 pincer complexes in C-H bond activation 

1.2.1 C(sp
3
)-H bond activation: Catalytic alkane dehydrogenation 

The first stoichiometric alkane dehydrogenation mediated by a homogeneous metal 

complex was reported by Crabtree in 1979.
28

 Catalytic transfer dehydrogenation and 

acceptorless dehydrogenation of alkanes was then developed by Felkin
29-31

 and 

Crabtree.
32-34

 The TONs in these systems were limited by the instability of the metal 

catalysts at the high temperatures required for reaction. Goldman also reported a 

thermochemical transfer-dehydrogenation of different alkanes and hydrogen acceptors 

catalyzed by (PMe3)2Rh(CO)Cl.
35,36

 The rhodium catalyst was very durable, however, 

the requirement of a H2 atmosphere restricted the applicability of this system. The 
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application of pincer complexes to alkane dehydrogenation was first reported by Jensen 

(Scheme 1-3) in 1996.
37

 PCP iridium complex 101 displayed high activity for transfer 

hydrogenation between cyclooctane and tert-butylethylene with exceptional thermal 

stability. The (PCP)Ir motif can be seemed as a chelating mimic of Goldman’s 

[(PMe3)2RhCl] system. No observable decomposition was observed after heating at 200 

°C for one week.  The robustness of 101 induced by the PCP pincer ligand apparently is 

the key to the extended lifetime of catalysis.  

 

Scheme 1-3. Alkane dehydrogenation with PCP Ir complex by Jensen. 

 

The various modified PCP iridium complexes are active in alkane 

dehydrogenation.
3
 Independently developed by Brookhart

38,39
 and Jensen,

40
 one 

noteworthy modification was the application of bisphosphinite POCOP iridium 

complexes as catalysts (Scheme 1-4, top). Both 102 and 103 showed significantly higher 

reactivity than the benchmark catalyst 101 in the transfer hydrogenation between 

cyclooctane and tert-butylethylene. The success of catalytic alkane dehydrogenation by 

PCP and POCOP iridium complexes did not only limit in dehydrogenation of 

cycloalkanes but also led to other applications, such as alkane metathesis, 

dehydroaromatization of n-alkanes, dehydrogenation of saturated polyolefins. 
3
 The 

mechanism proposed for transfer hydrogenation by 102 and 103 is similar to 101 
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(Scheme 1-4, bottom). tert-Butylethylene inserts into an Ir-H bond of 102 and 

reductively eliminates to yield (PCP)Ir 3-coordinated species 105 that is in equilibrium 

with it alkene adducts 106. Cyclooctane oxidatively adds on the iridium center and 

undergoes β-H elimination to yield cyclooctene and produces 102 to complete the 

catalytic cycle. 

 

Scheme 1-4. POCOP iridium complexes as the alkane dehydrogenation catalysts (top) 

and proposed mechanism of transfer hydrogenation catalyzed by 102 (bottom). 

 

1.2.2 C(sp
2
)-H bond activation: C-H vs C-X (X = halide or O) activation 

Utilization of aryl halides or aryl esters (ArO2CR, O2CR = carboxylate, carbamate, 

carbonate) in C-C coupling reactions with a Pd(0) or Ni(0) catalyst has been explored 

intensely and has become one of the most useful synthetic methods.
41-43

 Recently Rh 

complexes have also demonstrated their catalytic reactivity in the coupling reactions 
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where the oxidative addition of C-X (X = halide or O) appears to be the crucial step.
44-49

 

In these substrates, the metal has a choice between multiple C-H bonds or a C-X bond; 

hence the selectivity is an important question. 

Milstein showed only C-H activation of halobenzenes occurs when using the 

cationic pyridine based PNP Ir complex 108 (Scheme 1-5, top) and yields aryl halide 

hydride product 110 after mild heating.
50

 In Ozerov’s research,
51

 the reaction of 

diarylamido PNP Ir complex 111 and norbornene in chlorobenzene yields a mixture of 

C-H oxidative addition products 112 (Scheme 1-5, bottom). Heating the mixtures at 70 

°C showed isomerization of other isomers of 112 into 112-a. Further heating at even 

higher temperature led to >80% C-Cl oxidative addition product 113. 

 

Scheme 1-5. C-H vs C-Cl oxidative addition on Ir pincer complexes by Milstein (top) 

and Ozerov (bottom). 

 

Studies of C-H oxidative addition of aryl halides
52

 and aryl carboxylates
53

 (with 

various functional groups) to the (PNP)Rh fragment have also been reported. For aryl 

carboxylates (Scheme 1-6), only C-H oxidative addition onto the rhodium center was 
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observed when PhO2CPh and MeO2CPh were used as substrates. Direct acyl-O oxidative 

addition was observed for PhO2CCF3. For PhO2C
t
Bu and PhO2CNEt2, activation of the 

ortho-C-H bond occurred first and thermolysis led to phenyl-O oxidative addition 

products. 

Scheme 1-6. Reaction of PNP Rh fragment with various esters. 

 

1.2.3 C(sp)-H bond activation: Alkyne dimerization 

Alkyne dimerization is a 100% atom-economical method of synthesizing 1,3- 

conjugated enynes. The stoichiometric dimerization of terminal alkynes by a PCP 

iridium pincer complex 126 was first reported by Krogh-Jespersen and Goldman
54

 

(Scheme 1-7). Following the thorough mechanistic studies, the authors concluded the 

dimerization does not proceed catalytically due to the steric crowding which inhibits C-

C reductive elimination. 

 

Scheme 1-7. Stoichiometric dimerization of phenylacetylene. 
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Scheme 1-8. Catalytic alkyne dimerization by (PNP)Rh complexes. 

 

In 2006, Ozerov group reported three PNP rhodium complexes which are capable 

of catalyzing alkyne dimerization (Scheme 1-8).
55

 The proposed mechanism of the 

catalytic reaction is shown at Scheme 1-9. The alkyne complex 132-a is generated from 

the dihydride precatalyst with two equivalents of alkyne. Oxidative addition of C(sp)-H 

bond gives the Rh(III) hydride alkynyl complex 132-b. Insertion of another equivalent of 

alkyne followed by reductive coupling and ligand displacement leads to the 1,3-enyne 

products. The selectivity between gem- and E- isomers is determined by the difference in 

the reaction barrier of 1,2- or 2,1-insertion. The Z-isomer is generally not observed.  

The rhodium complex 131 supported by a “tied” PNP ligand appeared as a highly 

regioselective catalyst that led to >90% E-selectivity with both aliphatic and aromatic 

substrates. Originally the selectivity difference between 131 and 129/130 was believed 

to be due to the greater steric pressure induced at the rhodium center by the tied ligand 

compared to the untied ligands. However, after careful examination of a series of related 

PNP, PCP, and POCOP ligands, no clear trends were observed.
56
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Scheme 1-9. Possible mechanisms for alkyne dimerization catalyzed by (PNP)Rh 

complexes. 

 

It is also relevant to mention that Chirik’s recent report discussing the reaction of 

Co(I) methyl complex 137 with two equivalents of terminal alkynes immediately to 

yield 138 with the loss of CH4 (Scheme 1-10).
57

 138 has been characterized by X-ray 

crystallography and confirmed as an octahedral Co(III) complex with trans-acetylide 

ligands. 138 is stable both in the solid state and in benzene-d6 at room temperature. The 

catalytic reactivity of 138 towards to alkynes is still under investigation. 

 

Scheme 1-10. Oxidative addition of terminal alkyne with a PNP cobalt complex. 
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1.3 Hydroboration and C-H borylations (dehydrogenative borylation)  

1.3.1 Overview 

The importance of organoboron compounds in organic chemistry is evident from 

the Nobel Prize awarded to Herbert C. Brown
58

 (1979) and Akira Suzuki
59

 (2010) for 

their contribution to the development of new synthetic methodologies involving C-B 

bonds. Numerous methods have been employed to synthesize organoboron 

compounds,
60

 and one of the oldest and most important methods is hydroboration. 

Hydroboration refers to the addition of H-B bonds onto C-Y (Y = C, N, O) double bonds 

or C-C triple bonds. Dialkylboranes can react with alkenes or alkynes without catalysts 

in a syn-addition and anti-Markovnikov fashion to yield alkylboranes or 

alkenylboranes.
61

 The reactions between dialkoxylboranes (e.g. pinacolborane or 

catecholborane) with alkenes or alkynes are usually sluggish and require catalysts 

(Scheme 1-11).
62,63

 The use of catalysts is not merely to accelerate hydroboration but is 

also required for regioselectivity or chemoselectivity. 

 

Scheme 1-11. Hydroboration of alkenes or alkynes with dialkoxyboranes.  

 

In the last two decades, dehydrogenative C-H borylation has become another 

attractive approach to organoboron compounds,
64,65

 especially in making arylboronates. 

Arylboronates are traditionally synthesized in two ways. First, making aryl lithium or 
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Grignard reagents from aryl halides then reacting with boric ester.
60

 Second, reacting 

aryl halides with diboron reagents or boranes under palladium catalysis to yield 

arylboronates (Scheme 1-12, top).
66

 Both protocols would generate stoichiometric salts 

as the by-products. Synthesis of arylboronates through direct C-H borylation is more 

atom-economic and environmentally friendly (Scheme 1-12, bottom).
67,68

 Besides arenes, 

dehydrogenative borylation of C(sp
3
)-H bonds in alkanes,

69-71
 C(sp

2
)-H bonds in 

alkenes
72,73

 as well as benzylic
74

 and allylic
75

 borylation have also been reported. 

 

Scheme 1-12. Traditional methods for making arylboronates and dehydrogenative 

borylation of arenes. 

 

1.3.2 Arene borylation by Ir bipyridine & bisphosphine complexes 

In 2002, Smith
67

 and Hartwig
68

 et al. independently reported dehydrogenative arene 

borylation catalyzed by iridium complexes (Scheme 1-13). Bisphosphine ligands were 

employed in Smith’s system and the catalysis generally required heating to 100 – 150 °C. 
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In contrast, the reactions catalyzed by the Hartwig’s iridium bipyridine complexes would 

function at a lower temperature range, between room temperature and 80 °C. The 

iridium bipyridine systems have been optimized with TON exceeding 24,000 recorded in 

the most favorable case.
76

  

 

Scheme 1-13. Initial reports of arene borylation by Smith (top) and Ishiyama, Miyaura 

and Hartwig (bottom). 

 

Arene borylation by Ir bipyridine and bisphosphine complexes are both favor 

mechanisms involving Ir(III)/Ir(V) cycles based on experimental and DFT studies.
67,76-78

 

A representative proposed mechanism of arene borylation catalyzed by the iridium 

bipyridine system is depicted in Scheme 1-14.
76

 Triboryl cyclooctene complex 139 has 

been independently synthesized and its boryl transferring ability has been 

demonstrated.
68,76

 The labile cyclooctene ligand dissociates from 139 to generate an 

empty coordination site for incoming arenes. C(sp
2
)-H activation then occurs on the 
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electron-rich Ir(III) center of 140 to form an Ir(V) intermediate 141. C-B bond formation 

yields Ar-Bpin through reductive elimination and reacts with B2pin2 to regenerate 140.  

 

Scheme 1-14. Proposed mechanism for the iridium-catalyzed borylation of arenes. 

 

Tremendous subsequent research has made iridium catalyzed arene borylation as  

one of the most powerful methods for the synthesis of arylboronates, and these 

methodologies have also been applied to polymer functionalization and natural products 

total syntheses.
64

 The regioselectivity in borylation of monosubstituted arenes is 

predominately controlled by the steric factors, resulting in a mixture of m- and p-

disubstituted products. In 2008, Hartwig described the selective directed ortho-

borylation of arenes by using dialkyl hydrosilyl groups as the directing groups (Scheme 

1-15).
79

 The origin of ortho-selectivity is proposed to be from initial activation of the 

silane moiety yielding a bisboryl silyl species 143. C-H bond cleavage of this 

intermediate would then be directed at the ortho position through the chelation effect.  
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Scheme 1-15. ortho-Directed arene borylation and proposed mechanism. 

 

1.3.3 Application of pincer complexes in borylation 

1.3.3.1 Dehydrogenative borylation of arenes 

Numerous examples of arene borylation catalyzed by pincer complexes have been 

reported (Figure 1-1).
80-87

 In general, the performances of these pincer complexes did not 

reach the height of Hartwig’s and Smith’s systems that was described in the last section. 

Relatively high catalyst loading (5 mol%) are usually required to achieve reasonable 

yields.  
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Figure 1-1. Various pincer catalysts for arene borylation. 

 

Nevertheless, it is worthy to mention a rare example of cobalt-catalyzed arene 

borylation by Chirik (Scheme 1-16, top).
83

 Several PNP and NNN cobalt pincer 

complexes have shown their ability to catalyze borylation of methylfuran and 146 is the 

most active catalyst. Using 0.02 mol% of 146, a TON close to 5000 was recorded for the 

borylation of methyl furan-2-carboxylate at room temperature. 146 also showed 

impressive borylation performance on other heteroarenes and arenes. A plausible 

mechanism for 146 catalyzed borylation of furan is depicted in the bottom of Scheme 1-

16. The cobalt precatalyst 146 first reacts with two equivalents of HBpin to yield 147-

trans which was observed in-situ by NMR spectroscopies. 147-trans then isomerizes to 

147-cis and eliminates dihydrogen to give boryl complex 148. C-H activation of furan 
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occurs on the cobalt center then undergoes reductive elimination to furnish the product. 

Finally HBpin oxidatively adds onto 150, regenerating 147-cis. 

 

Scheme 1-16. Cobalt-catalyzed arene borylation (top) and proposed mechanism for 

borylation of methylfuran by 146 (bottom). 

 

1.3.3.2 Hydroboration of alkenes 

Comparing to other C(sp
3
) organometallic nucleophiles, the high stability of 

alkylboronates makes them valuable building blocks in organic synthesis.
60,88

 

Hydroboration of alkenes by Rh and Ir complexes, especially Wilkinson’s catalyst, has 

been used extensively for alkylboronates production.
89,90

 However, side reactions and 

relatively high catalyst loadings using expensive metals were still problematic in many 
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cases. The first example of Fe-catalyzed alkene hydroborations was reported by Huang 

(Scheme 1-17).
91

  

 

Scheme 1-17. Iron pincer complex catalyzed alkene hydroboration by Huang.
92

 

 

Using the iron dichloride complex 151 supported by the Milstein PNN ligand
92

 as 

the precatalyst, excellent yields were obtained with aliphatic alkenes upon addition of 

NaHBEt3. In the presence of CH3CN, reactions of vinylarenes with HBpin exclusively 

formed alkylboronates. Unlike what is usually observed when Rh and Ir complexes are 

used as the catalysts, no hydrogenation and dehydroborylation was detected. Soon after 

Huang’s report, Chirik also demonstrated several iron dinitrogen pincer complexes are 

capable of catalyzing alkene hydroboration (Scheme 1-18),
93

 including 153 which is 

analogous to 152 that Huang was using in the catalyst screening.  

 

Scheme 1-18. Iron dinitrogen complexes as alkene hydroboration catalysts by Chirik.  
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After the success in iron catalysis, alkene hydroboration catalyzed by cobalt pincer 

compounds was also reported by Chirik
83

 and Huang
94

 (Schem 1-19). Compared to iron 

catalysis, exclusive hydroboration of vinylarenes was observed by cobalt catalysts 

without the need for any additives. Notably, an unprecedented TON (19,800) and TOF 

(40,000 h
-1

) was recorded when using 160 as the catalyst.
94

 

 

Scheme 1-19. Cobalt complexes as alkene hydroboration catalysts by Chirik and Huang.  

 

1.3.3.3 Dehydrogenative borylation of alkenes 

Dehydrogenative borylation of alkenes was originally reported as the side reaction 

of the hydroboration. Instead of avoiding this “deleterious” pathway, several fine-tuned 

catalyst systems have been reported to yield alkenylboronates selectively.
95

 Szabó 

discovered a highly vinylic selective C-H borylation that was catalyzed by a palladium 

NCN pincer complex 162 (Scheme 1-20, top).
96

 The substrate scope was limited to 

cyclic alkenes or functionalized terminal alkenes, and the reaction was carried out under 

oxidative conditions with hypervalent iodine reagent PhI(TFA)2 as the stoichiometric 

oxidant. A proposed mechanism incorporating a Pd(II)/Pd(IV) cycle is shown in Scheme 

1-20 (bottom). 162 is first oxidized by PhI(TFA)2 to Pd(IV) complex 163 followed by 



 

19 

 

transmetallation with B2pin2. An alkene then inserts to the Pd-B bond and eliminates an 

alkenylboronate to regenerate 162. 

 

Scheme 1-20. Dehydrogenative borylation of alkenes by a NCN pincer palladium 162 

(top) and proposed mechanism (bottom). 

 

Iwasawa later presented dehydrogenative borylation of alkenes catalyzed by PSiP 

Pd complexes with a wider substrate scope (Scheme 1-21, top).
97,98

 More impressively, 

diborylalkenes can be obtained simply by controlling the number of equivalents of 

B2pin2. In the stoichiometric reaction study, the corresponding palladium boryl complex 

has been synthesized independently from 167 and shown to react with styrene to form 

the corresponding alkenylboronate. In contrast to Szabó’s system, a Pd(0)/Pd(II) 
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catalytic cycle is proposed for the PSiP Pd system (Scheme 1-21, bottom). The catalytic 

cycle starts from insertion of an alkene to the Pd-B bond of 169 and performs β-H 

elimination to yield an alkenylboronate. The forming palladium hydride complex 171 

can react with B2pin2 to regenerate 169. An alkenylboronate can undergo a second 

borylation in the presence of an excess of B2pin2 through a similar insertion/β-H 

elimination sequence. The regioselectivity of the second borylation is dictated by the R- 

group on the alkenes. 

 

Scheme 1-21. Dehydrogenative borylation of alkenes by a PSiP pincer palladium (top) 

and proposed mechanism (bottom). 
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1.3.3.4 Hydroboration of terminal alkynes 

Hydroboration of terminal alkynes with dialkylboranes typically undergoes anti-

Markovnikov and syn-addition resulting in E-vinylboronates as products.
61

  Catalytic 

reactions of terminal alkynes with less active dialkoxyboranes have also been reported 

with different levels of regioselectivity (mainly E-selective).
62,63

 In 2012, Leitner 

reported an unusual Z-selective hydroboration of terminal alkynes catalyzed by a PNP 

ruthenium pincer hydride complex 174 (Scheme 1-22, top).
99

 Good to excellent yields 

were obtained for various terminal alkyl and aryl alkynes with >90% Z-selectivity with 

remarkably low catalyst loading. 174 reacts with HBpin to yield the boryl complex 175 

with evolution of H2. Analysis by X-ray crystallography shows three hydride ligands are 

located on the same plane. One is a terminal hydride and the other two hydrides are 

bridging to the boron on the Bpin. Analogous yield and selectivity were observed when 

using isolated 175 as the catalyst, and examination of the reaction mixtures after 

catalysis with 
31

P NMR spectroscopy showed 175 as the only P-containing species. 

These findings suggest 175 as the entry point into the catalytic cycle. Combining with 

the deuterium-labeled experiment, the mechanism for the Z-selective hydroboration was 

proposed (Scheme 1-22, bottom). 
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Scheme 1-22. Z-selective hydroboration of terminal alkynes and proposed mechanism. 

 

 175 is first obtained from 174 and HBpin, and reacts with a terminal alkyne to 

yield 176 with release of H2. The terminal alkyne in 176 undergoes 1,2-hydrogen 

migration to the vinylidene intermediate 177. Pinacolborate then couples to the α-carbon 

on vinylidene to form the C-B bond in 178. Coordination of HBpin and liberation of 
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alkenylboronate yields 179. Finally, terminal alkyne binds to ruthenium to close the 

catalytic cycle. The unique Z-selectivity presumably comes from the steric repulsions in 

the formation of vinylidene intermediate 177. The mechanism has been further 

supported and examined in details with DFT calculation by Chen.
100

 

1.3.3.5 Borylation of other substrates 

Szabó demonstrated that SeCSe Pd pincer complex 181 could catalyze boryl 

transfer reaction of vinyl cyclopropanes, vinyl aziridines and allyl acetates with 

tetrahydroxydiboron to yield allylboronic acids (Scheme 1-23, top).
101

 The unstable 

allylboronic acids were further treated with KHF2 to obtained the stable potassium 

trifluoro(allyl)borates. The substrate scope was later extended to allyl alcohols
102

 and 

B2pin2 could be used as a cheaper boron source when using 182 as the catalyst to 

directly yield allylboronates (Scheme 1-23, bottom).
103

 

 

Scheme 1-23. Borylation of vinyl cyclopropanes, vinyl aziridines and allyl acetates (top), 

and borylation of allyl alcohols (bottom). 
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A plausible mechanism of borylation of allyl alcohol was proposed in Scheme1-24. 

The first step is transesterfication of B2pin2 with allyl alcohol to obtain 185 that may be 

catalyzed by 183. The Bpin moiety then transfers from 185 to palladium to give boryl 

complex 184. 184 finally reacts with activated allyl alcohol substrate 186 to result in 

allylboronate and alkoxy-Bpin.
103

   

 

Scheme 1-24. Proposed mechanism of borylation of allyl alcohols.  
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CHAPTER II  

CATALYTIC DEHYDROGENATIVE BORYLATION OF TERMINAL ALKYNES 

BY A SINN PINCER COMPLEX OF IRIDIUM
1
 

2.1 Introduction 

Conversion of hydrocarbon carbon-hydrogen bonds into carbon-boron bonds has 

progressed over the last two decades from initial reports
104,105

 to a prominent and widely 

used synthetic method.
64,65,106

  Dehydrogenative borylation of aromatic C-H bonds has 

been brought to particularly impressive heights with the advent of highly active iridium 

catalysts of Hartwig et al.
68

 and Smith et al.
67

 with supporting bipyridine and bidentate 

phosphine ligands. Multiple examples of catalytic conversion of unactivated C-H bonds 

in alkanes,
69-71

 benzylic
74

 and allylic C(sp
3
)-H bonds,

75
 as well as C(sp

2
)-H bonds in 

alkenes
72,73

 have been reported (See Figure 2-1). Conspicuously absent from this list are 

the C(sp)-H bonds of terminal alkynes.  C(sp)-H bonds are quite strong 

thermodynamically, but possess substantially higher acidity than C(sp
2
)-H and C(sp

3
)-H 

bonds in hydrocarbons without strongly electron-withdrawing groups.  Thus, activation 

of C(sp)-H bonds is often not viewed as a challenge because they can be fairly reliably 

“activated” by deprotonation.  In spite of this, catalytic dehydrogenative C(sp)-H 

borylation of terminal alkynes (referred to as DHBTA from here on) has not yet been 

reported.   

                                                 

1
 Reprinted in part with permission from “Catalytic Dehydrogenative Borylation of 

Terminal Alkynes by a SiNN Pincer Complex of Iridium” by Lee, C.-I.; Zhou, J.; 

Ozerov, O. V. J. Am. Chem. Soc. 2013, 135, 3560, Copyright [2013] by American 

Chemical Society. In this chapter, all DFT calculations are done by Dr. Jia Zhou. 
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Figure 2-1. Representative examples of dehydrogenative borylation (a) alkane 

borylation by Hartwig
 
(b) arene borylation by Ishiyama, Miyaura, Hartwig and Smith (c) 

benzylic borylation by Ishiyama and Miyaura (d) alkene borylation by Brown (e) allylic 

borylation by Szabό.  

 

The products of DHBTA, alkynylboronic esters (alkynylboronates), are valuable 

building blocks in organic synthesis.  A very recent review summarized the use of 

alkynylboron compounds (alkynylboronates, dialkylalkynylboranes, and others) in 

organic synthesis.
107

  Alkynylboronates can be viewed as potentially convenient 

coupling partners in the alkynyl version of the Suzuki coupling, similar to the most 

common use of aryl- and alkenyl-boronic esters, but their convenience is severely 

diminished by sensitivity to moisture.
108,109

  Even more attractive are their reactions that 

utilize the boryl-substituted C≡C functionality “simply” as a substituted alkyne: 

cyclotrimerization,
110

 [3+2] cycloaddition,
111

 cyclopentenone synthesis,
112

 

hydrozirconation,
113

 enyne metathesis,
114

 and others.
115-118

 These reactions produce new 

organic structures containing C-B bonds that would be difficult or impossible to 

introduce by late-stage C-H or C-X borylation and that themselves could be used for C-

C bond forming Suzuki-type coupling or C-B oxidation reactions.  Currently, the 
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attractiveness of alkynylboronic esters is limited by the three-step conventional synthesis 

that involves treatment of the deprotonated alkyne with a boric ester, followed by 

carefully controlled protonation with dry Brønsted acids.
119

 Dehydrogenative C-H 

borylation would clearly be a much more attractive route that would help unleash the full 

synthetic promise of alkynylboronic esters.  It seems to us that the challenge in 

discovering a method for catalytic DHBTA to alkynylboronates lies not “merely” in the 

finding of a catalyst that would convert a C-H bond of the terminal alkyne to a C-B bond, 

but rather in the finding of such a catalyst that does not more rapidly catalyze addition of 

a B-H bond across the triple bond. Traditionally, terminal alkynes react with 

dialkylboranes to yield alkenylboranes.
61

 Catalysis of hydroboration of alkynes with the 

less reactive dialkoxyboranes (e.g., pinacolborane and catecholborane) has also been 

reported with various levels of regioselectivity.
62,63

 

The C-H activation step of the state-of-the-art iridium catalysts for aromatic C-H 

borylation apparently involves a concerted hydrogen transfer from a coordinated arene to 

a boryl ligand on trivalent iridium.  This hydrogen transfer has significant proton transfer 

character and the basic character of the Ir-boryl bond is boosted by two other, strongly 

donating spectator boryl ligands attached to Ir.
78

  Our group’s interest in transition metal 

complexes of pincer ligands (typically defined as tridentate, meridionally or T-shaped 

binding ligands)
1,120

 led us to wonder whether this step is adaptable to a pincer-derived 

framework.  Without pursuing a precise structural analogy to the Hartwig/Smith Ir 

catalysts, we envisioned that a tridentate, dianionic pincer ligand carrying a strong donor 

comparable to a boryl might provide an operationally related environment.  
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Incorporating boryl donors into pincer ligands remains somewhat of a challenge, and we 

focused on silyl as another ligand of strong σ-donating ability.  We conceived of a ligand 

combining a central amido site for ease of attachment to a metal, a side silyl donor, and 

another neutral side donor opposite the silyl.  We now report our success in synthesizing 

such a ligand, characterizing its iridium complexes that contain unusual structural 

features, and their successful use in catalysis.  Although our original expectations of 

broad-scope C-H borylation catalysis have not come to pass, the catalytic system we 

arrived at is very active and selective in C-H borylation of terminal alkynes.  

2.2 Results and discussion 

2.2.1 Synthesis of the SiNN ligand   

The synthesis of the proto-pincer ligand 204 is depicted in Figure 2-2. 4-Toluidine 

served as the precursor for both “halves” of the ligand.  Selective bromination of 4-

toluidine with NBS gave 2-bromo-4-toluidine in excellent yield.  We then employed a 

variation of the Skraup reaction
121

 to synthesize 8-bromo-6-methylquinoline. This 

reaction produced a mixture of 8-bromo-6-methylquinoline and 6-methylquinoline, but 

optimization of the conditions enabled us to obtain a 96:4 mixture with 202 as the major 

component, in 80% isolated yield on >10 g scale. The mixture was successfully used 

directly in the subsequent syntheses of 203Br and 203H.  8-Bromoquinoline has been 

used in ligand synthesis before,
18,122-124

  but is relatively expensive or needs to be made 

from the 8-aminoquinoline via diazotization.
125

  Our simple and scalable synthesis of 

202 can be quite useful for constructing other polydentate ligands with a quinoline unit.  

We originally envisioned Buchwald-Hartwig coupling of 202 with 4-toluidine to give 
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203H, followed by bromination to obtain 203Br.  Unfortunately, bromination of 203H 

led to a different isomer 203Br-x.
126

  We were thus forced to use 2-bromo-4-toluidine in 

the coupling with 202.  This was not ideal because both substrates possessed an aryl 

bromide functionality, but we were nonetheless able to isolate 203Br in 44% yield. 

 

Figure 2-2.  Synthesis of the SiNN ligand and its iridium complexes. 

 

Installation of the silyl group was accomplished by deprotonation of the NH in 

203Br with NaH, followed by addition of n-BuLi,
127

 quenching with 3.2 equivalents of 

i
Pr2SiHCl, and hydrolysis.  The material obtained from this reaction was an oil that 

contained ca. 90% of 204 and proved very difficult to purify.  However, the Na 

derivative 205 could be isolated in a pure form in 80% yield (based on 203Br) by 

recrystallization. Pure samples of 204 could then be obtained via hydrolysis of 205.  The 
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NMR spectroscopic features of 204 and 205 were unsurprising, including the 
1
JSi-H = 183 

Hz for 204, a typical value for triorganosilanes.
128

 

2.2.2 Synthesis of the SiNN complexes of Ir   

Compound 205 reacted smoothly with [(COE)2IrCl]2 (Figure 2-2, COE = 

cyclooctene) to produce complex 206 in 78% yield after workup and recrystallization.   

One of the COE ligands was retained in the Ir coordination sphere in 206.  Crucially, the 

iridium center inserted into the Si-H bond of the resulting in a silyl/hydride functionality.  

Complex 206 displayed a hydridic resonance at -21.1 ppm in the 
1
H NMR spectrum with 

a small JSi-H (8 Hz),
 
and a resonance at 28.4 ppm in the 

29
Si NMR spectrum. 

Reaction of 206 with HBpin (Figure 2-2, HBpin = pinacolborane) resulted in the 

clean formation of the new product 207, concurrent with the liberation of cyclooctane 

which displayed a singlet at 1.5 ppm in the 
1
H NMR spectrum. The hydridic resonance 

of complex 207 was at -14.7 ppm in the 
1
H NMR spectrum with a larger JSi-H (32 Hz)

 

than that in 206 and a 
29

Si resonance at 35.2 ppm in the 
29

Si NMR spectrum. In the 
11

B 

NMR spectrum, the Bpin resonances were accidentally degenerate with a signal at 28.9 

ppm.   

2.2.3 XRD and DFT studies of the SiNN complexes of Ir 

X-ray diffraction studies on the single crystals of 206 and 207 allowed the 

determination of their structures in the solid state (Figure 2-3, top).  In order to augment 

the X-ray studies, particularly with respect to the location of the Ir-bound hydrogen in 

each complex, we also carried out DFT calculations on the molecules of 206 and 207 in 

the gas phase using the M06 functional (Figure 2-3, bottom).  The calculated structures 
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closely reproduced the positions of the non-hydrogen atoms from the experimental XRD 

determination.  The longer calculated Si-H distance in 206 (2.007 Å ) vs 207 (1.889 Å ) is 

consistent with the observed JSi-H values of 8 and 32 Hz, respectively.   

 

Figure 2-3.  ORTEP drawings
129

 (50% probability ellipsoids) of 206 (top left) and 207 

(top right) showing selected atom labeling, and drawings of the DFT-calculated 

structures of 206 (bottom left) and 207 (bottom right). Hydrogen atoms are omitted for 

clarity, except for the hydride on the Ir atom.  Selected bond distances (Å ) and angles 

(deg) for 206, with DFT-derived metrics in square brackets: Ir1-Si1, 2.3573(15) [2.391]; 

Ir1-H, [1.596]; Si1-H, [2.007]; C1-C2, 1.423(9) [1.413]; Si1-Ir1-H, [56.3]. For 207: Ir1-

Si1, 2.4130(14) [2.452]; Ir1-H, [1.609]; Si1-H, [1.889]; Ir1-B1, 2.069(5) [2.064]; Ir1-B2, 

2.062(6) [2.055]; Si1-Ir1-H, [50.4]; B1-Ir1-B2, 66.5(2), [64.4].  

 

The Ir-Si distance in 207 is ca. 0.05 Å  longer than in 206 and ca. 0.08 Å  longer than 

Tilley’s Ir(V) complexes with SiPh3 ligands.
130

  Non-classical Si-H interactions in metal 
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complexes have received a significant amount of attention.
128,131,132

  The values for 207 

are borderline for the presence of an Si-H bonding interaction, but the values for 206 are 

rather outside of that range.  Thus, 206 should be viewed as containing trivalent iridium 

with classical silyl and hydride ligands, whereas 207 could be considered an Ir
V
 

silyl/hydride or an Ir
III

 Si-H complex depending on the rather arbitrary divide based on 

the Si-H metrics.   

The B-H interactions in 207 can be conclusively ruled out. The two Ir-boryl 

fragments feature essentially the same metrics, there is no apparent B-H coupling, and 

the calculated B-H distances are far outside of the B-H bonding range.  The Ir-B 

distances in 207 are similar to the analogous Ir-Bpin and Ir-Bcat* distances reported in 

the literature (1.97-2.08 Å ).
68,133 

 

Figure 2-4.  Drawings showing the immediate coordination environment about Ir in 206 

(left) and 207 (right) based on the DFT-calculated structures. 

 

The structure of 207 can be described as Y-shaped five-coordinate, with Nquinoline, Si, 

and H forming the “Y” about the Ir atom (Figure 2-4).  Y-shaped structures are common 

for five-coordinate d
6
 complexes, but the stem of the Y is almost invariably a π-donor 
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ligand.
134

  The fact that the stem of the Y in 207 is occupied by Nquinoline (not a π-donor) 

is unusual.  The coordination environment about Ir in 207 can be viewed as two Y’s in 

different planes with a common Ir node (Figure 2-4).  One of the Y’s in 207 is the same 

as in 206; the other is defined by Namido (π-donor at the stem) and the two boryl ligands.  

The B-Ir-B angle in 207 is quite acute at 66.5°, but this is a common feature of the Y-

type geometry, particularly when it involves boryl ligands.
135

  The B…B distance of ca. 

2.26 Å  is too long to contemplate boron-boron bonding. 

2.2.4 Catalytic DHBTA studies.   

 

Figure 2-5.  Catalytic DHBTA reaction (details in Tables 2-1, 2-2 and 2-3). 

 

The summary of optimization of the DHBTA reactions (Figure 2-5) is given in 

Table 2-1.  Addition of HBpin to 1 mol% 206 in C6D6 followed by addition of equimolar 

(vs HBpin) amount of PhCCH all at once led to vigorous H2 gas evolution.  Analysis of 

the mixture by NMR spectroscopy after ca. 10 min revealed formation of ca. 50% of the 

alkynylboronate product, along with ca. 50% of unreacted HBpin and PhCCH (Table 2-1, 

entry 5).  This composition remained virtually unchanged when monitored further at RT.  

These observations are consistent with the presence of an active and selective, but short-

lived catalyst.  Performing analogous experiments with a higher loading of 206 allowed 

us to achieve higher conversion and yield (entry 6), but that did not seem to be an ideal 

solution.  Performing experiments with 1% catalyst loading, but using different molar 
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ratios of HBpin to PhCCH (entries 9, 10) pointed to the apparent detrimental effect of 

the higher alkyne concentration or the higher alkyne/HBpin ratio.   We surmised that 

rationed addition of the alkyne to the HBpin reagent solution containing the catalyst 

should give improve results and that indeed turned out to be the case (entries 11, 12).  

Even simply spreading the addition of the alkyne over 30 s (1 mmol scale) allowed 

yields and conversion in excess of 90%. 

 

Table 2-1.  Optimization of DHBTA (reaction in Figure 2-5).  

Entry
a
 R- 

Alkyne: 

HBpin 

Solvent Catalyst Yield
b
 

1
c
 Phenyl- (208) 1:1 C6D6 no catalyst 0%

d
 

2
e
 Phenyl- (208) 1:1 C6D6 2.5 mol% [(COE)2IrCl]2 0%

f
 

3
e
 Phenyl- (208) 1:1 C6D6 

20 mol% PCy3 + 

5 mol% [(COE)2IrCl]2 

0%
f
 

4
e
 Phenyl- (208) 1:1 C6D6 

20 mol% PPh3 + 

5 mol% [(COE)2IrCl]2 

0%
f
 

5 Phenyl- (208) 1:1 C6D6 1 mol% 206 46% 

6 Phenyl- (208) 1:1 C6D6 5 mol% 206 >95% 

7 Phenyl- (208) 1:1 C6H5F 1 mol% 206 57% 

8 Phenyl- (208) 1:1 THF 1 mol% 206 48% 

9 Phenyl- (208) 5:1 C6D6 1 mol% 206 15%
g
 

10 Phenyl- (208) 1:5 C6D6 1 mol% 206 >95% 
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Table 2-1 Continued.  Optimization of DHBTA (reaction in Figure 2-5).  

Entry
a
 R- Alkyne: 

HBpin 

Solvent Catalyst Yield
b
 

11 Phenyl- (208) 1:2 C6D6 1 mol% 206 76% 

12 Phenyl- (208) 1:2 C6D6 1 mol% 206 >95% 

13 
4-Me-C6H4- 

(209) 

1:2 C6D6 1 mol% 207 99% 

14 
4-Me-C6H4- 

(209) 

1:2 C6D6 
1 mol% 205 + 

0.5 mol% [(COE)2IrCl]2 

99% 

a
 The catalyst and HBpin were dissolved in specific solvent in a J. Young tube. Alkyne 

was then added in once (entries 1-11) or added in 4 portions with 1 min intervals (entries 

12-14) and the mixture was allowed to stand at ambient temperature for 10 min, see 

experimental for details. 
b
 NMR yield. 

c 
70 °C, 24 h. 

d
 Only unreacted HBpin and 

phenylacetylene were present. 
e
 RT, 30 min. 

f
 Multiple products, including 

alkenylboronates, were observed but not alkynylboronate (208P). 
g
 Based on HBpin.  

 

Table 2-2 detail the substrate scope of our investigations and shows that this 

methodology is readily applicable to aryl-, alkyl-, and silyl-substituted alkynes.  By 

NMR spectroscopy the reaction resulted in nearly quantitative yields of the 

alkynylboronic esters.  The crude products appear to be >95% pure, but are significantly 

darkened by the highly colored Ir complexes (catalyst residue and decomposition 

products).  The alkynylboronate products that are solids at RT (Table 2-2, entries 1-4 

and 9) were isolated in the pure, colorless form in 88-95% yield by sublimation from the 

crude reaction mixture after the removal of solvent and excess HBpin in vacuo. Even 

liquid alkynylboronate product (Table 2-2, entry 10) could be isolated in 85% yield by 

using a modified sublimation apparatus.  Trimethylsilyl propargyl ether (Table 2-2, entry 

8) gave only a very poor yield of the product.  Given that DHBTA can be run in THF as 
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solvent, there is no reason to think that coordination of an ether via oxygen to Ir is a 

problem.  It seems more likely that propargylic C-O cleavage is possible and leads to 

catalyst deactivation.  This notion is supported by that the homopropargyl ether (Table 

2-2, entry 10) undergoes DHBTA in high yield and that the bulkier propargylic substrate 

Me3SiOCMe2CCH (Table 2-2, entry 9) also works fine in this reaction. 

 

Table 2-2.  DHBTA of various alkynes catalyzed by 206. 

Entry
a
 R- Yield

b,c
 Entry

a
 R- Yield

b,c
 

1   

(208) 

96% 

(90%) 
6  

(213) 
99% 

2  

(209) 

99% 

(95%) 
7 

 

(214) 

99% 

3   

(210) 

99% 

(88%) 
8  

(215) 

9%
e
 

4  

(211) 

98%
d
 

(90%
d
) 

9 

(216) 

99% 

(92%) 

5  

(212) 
99% 10 

(217) 

98% 

(85%) 

a
 The catalyst 206 (0.0010 mmol) and HBpin (0.20 mmol) were dissolved in C6D6 in a J. 

Young tube. Alkyne (0.10 mmol for monoynes [0.050 mmol for 1,7-octadiyne]) was 

then added in 4 portions with 1 min intervals and the mixture was allowed to stand at 

ambient temperature for 10 min, see experimental for details. 
b
 NMR yield. 

c
 Yields in 

parenthesis are isolated yields in
 
preparative-scale reactions which used toluene as 

solvent instead of C6D6. 
d
 Yield of diborylated product. 

e
 The remaining is unreacted 

alkyne and pinacolborane. 
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When 206 was treated with excess HBpin, purple 207 is rapidly formed prior to the 

addition of alkyne and this color turns blue gradually during the addition of the alkyne in 

successful reactions.  Not surprisingly, analogous catalytic turnover was observed when 

isolated 207 was used in place of 206 (Table 2-1, entry 13).  In addition, the active 

catalyst could also be generated in situ from 205 and [(COE)2IrCl]2 with the same 

reaction outcome (Table 2-1, entry 14).  On the other hand, HBpin reacted with 1-hexene, 

styrene, or 3,4-dihydro-2H-pyran only slowly in the presence of 1 mol% 206, with <40% 

conversion (to hydroboration products) at RT for 24 h.  No reaction was detected 

between HBpin and furan or thiophene (arguably the most reactive substrates in 

aromatic C-H borylation)
64,65,106

 in the presence of 1 mol% 206 at 70 °C for 24 h.   

No reaction was observed between HBpin and phenylacetylene in C6D6 at 70 °C for 

24 h (Table 2-1, entry 1).  Interestingly, this is in contrast to the previous report 

uncatalyzed hydroboration of alkynes with in-situ prepared HBpin in CH2Cl2.
136

 Using 

[(COE)2IrCl]2 or [(COE)2IrCl]2/R3P as catalysts led to the formation of multiple products 

at RT (primarily hydroboration) but no alkynylboronate (Table 2-1, entries 2-4). 

Intrigued by the facts that HBpin reacted with alkenes much slower than alkynes in 

the presence of 206, we thought 206 could be used for selective borylation of C(sp)-H 

bonds in enynes and the alkene portion remain intact. The results of DHBTA of various 

enynes catalyzed by 206 are shown in Table 2-3. Low yields were generally obtained for 

enynes with propargylic heteroatoms (entry 1, 3 and 4) except 219 (entry 2) which has 

bulky substituents. The low yields could be improved by using higher catalyst loading, 
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more HBpin, and slower addition of enyne (entry 6 and 7). Fair yield was obtained for 

using malonic ester-derived enyne (entry 5). 

 

Table 2-3. DHBTA of various enynes catalyzed by 206. 

Entry Enyne Alkyne: HBpin Catalyst loading Yield
b
 

1
a
 

(218) 

1:2 1 mol%  <5% 

2
a
 

(219) 

1:2 1 mol%  >95% 

3
a
 

(220) 

1:2 1 mol%  <5% 

4
a
 

(221) 

1:2 1 mol%  <5% 

5
a
 

(222) 

1:2 1 mol% 55% 

6
b
 

(218) 

1:10 10 mol%  >95% 

7
b
 

(220) 

1:10 10 mol%  >95% 

a
 The catalyst 206 (0.0010 mmol) and HBpin (0.20 mmol) were dissolved in C6D6 in a J. 

Young tube. Enyne (0.10 mmol) was then added in 4 portions with 1 min intervals and 

the mixture was allowed to stand at ambient temperature for 10 min. 
b
 The catalyst 206 

(0.0050 mmol) and HBpin (0.50 mmol) were dissolved in C6D6 in a Schlenk flask. 

Enyne (0.050 mmol) was then added in dropwise in a 20 min interval. See experimental 

for details. 
c
 NMR yield.  
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2.3 Mechanistic considerations 

Figure 2-6 shows the mechanism of DHBTA that was proposed in our original 

report.
137

 We have established the formation of the diboryl complex 207.  So we had 

envisioned that it can likely react with a terminal alkyne to give intermediate 2A 

presumably followed by C-B reductive elimination and boryl hydride addition to give 

complex 2B. Finally, 2B would possibly react with pinacolborane to release H2 and 

regenerate 207. However, DFT calculations later performed by Dr. Zhou
138

 indicated the 

reaction barrier from 207 to 2A is too high to proceed at ambient temperature. Inspired 

by the chemistry of SiNN Rh complexes,
139

 an alternative possible mechanism with 

phenylacetylene as the model substrate depicted in Figure 2-7; it seems more feasible.
138

 

 

Figure 2-6. Original proposed DHBTA mechanism. 

 

At the beginning, diboryl complex 207 is proposed to undergo isomerization to 

form a “borotautomer” 207-x. This process involves the Bpin migration from Ir atom to 

N(amido) atom. The barrier of this process is reasonably low, only 14.1 kcal/mol at the 

B2PLYP-D3 level of theory. Structure 207-x is 2.9 kcal/mol higher in energy than 
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structure 207, which is consistent with the experiments in which only structure 207 is 

observed. The Bpin migration provides more space surrounding Ir atom for an incoming 

alkyne binding and also makes the formal oxidation state of Ir changing from + 3 to +1. 

Ph-C≡C-H could oxidatively add to 207-x resulting in complex 223. In addition, Ph-

C≡C-H can form a π complex 230 with structure 207-x, which is 11.6 kcal/mol lower in 

energy than when they are separate.  

 

Figure 2-7. Energy profile for Ph-C≡C-Bpin elimination reaction (top) and H2 

production reaction (bottom). Relative free energies (in kcal/mol) in solvent at various 

levels of theory are shown.  
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Complex 223 only needs extra 4.7 kcal/mol energy to overcome TS223,224 to form 

complex 224. Afterwards, 225 is generated with B-N bond breaking in complex 224 

with elimination of Ph-C≡C-Bpin. Addition of HBpin to 225 results 226 and follows by 

H migration (226 to 227), H2 formation (227 to 228) and H2 dissociation (228 to 229) to 

form 207-x to finish the catalytic cycle. These steps are all with small barriers, or even 

barrierless.  

2.4 Conclusion 

In this work we are reporting iridium complexes featuring a new silyl-amido-

quinoline tridentate SiNN pincer ligand.  The silyl moiety of this ligand results from the 

insertion of the iridium center into the Si-H bond of the parent proto-ligand.  The 

geometry and presumably the electronic interactions in the Ir/Si/H triangle appear to be 

able to adapt in response to the changes in the metal coordination sphere.  This 

mechanism of electronic adaptability is rather unexplored for a spectator donor site in a 

polydentate ancillary ligand. 

The new iridium SiNN complexes are active catalysts for selective conversion of 

terminal alkynes into alkynylboronic esters via dehydrogenative C-H borylation 

(DHBTA) with pinacolborane.  This is a new and significantly advantageous method of 

synthesis of alkynylboronates.  Optimization of the reactions conditions allowed us to 

achieve ca. 100 turnovers at ambient temperature in <10 min with aryl-, alkyl-, and silyl-

substituted terminal alkynes.  The catalyst is remarkably chemoselective, performing 

DHBTA, but no other catalytic alkyne transformation under the same conditions.  

Moreover, the catalyst showed low or no activity towards heteroarenes and alkenes.  The 
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reactivity of the catalyst is limited by a decomposition pathway that apparently stems 

from a side reaction with the alkyne substrate. 

The origins of the high reactivity selectively towards terminal alkynes and the 

origins of the decomposition reaction are not yet clear.  In particular, it is not obvious 

whether all elements of the rather specific ligand design executed here are critical for the 

success of alkyne C-H borylation.  The great variety of accessible pincer ligands 

promises exciting directions for exploring this new reaction further.   

2.5 Experimental 

General Considerations.  Unless specified otherwise, all manipulations were 

performed under an Ar atmosphere using standard Schlenk line or glovebox techniques. 

Toluene, fluorobenzene, THF, diethyl ether, pentane, C6D6 were dried over 

NaK/Ph2CO/18-crown-6, distilled or vacuum transferred and stored over molecular 

sieves in an Ar-filled glovebox. CH2Cl2, CD2Cl2 and CDCl3 were dried with and then 

distilled from CaH2 and stored over molecular sieves in an Ar-filled glove box. 

[(COE)2IrCl]2,
140

 218,
141

 219,
142

 220,
142

 221,
142

 222
143

 were prepared according to 

published procedures. Alkynes were deoxygenated by three freeze-pump-thaw cycles 

prior to use. All other chemicals were used as received from commercial vendors. NMR 

spectra were recorded on a Varian Inova 300, Mercury 300 (
1
H NMR, 299.952 MHz; 

13
C NMR, 75.421 MHz), Varian Inova 400 (

1
H NMR, 399.535 MHz; 

11
B NMR, 128.185 

MHz; 
29

Si NMR, 79.366 MHz) and NMRS 500 (
1
H NMR, 499.703 MHz; 

13
C NMR, 

125.697 MHz) spectrometer. 
1
H-

29
Si double quantum filter (DQF)

144
 experiments on 

compounds 206 and 207 were performed on Varian Inova 400. Chemical shifts are 
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reported in δ (ppm). For 
1
H and 

13
C NMR spectra, the residual solvent peak was used as 

an internal reference (
1
H NMR: δ 7.15 for C6D6, 5.32 for CD2Cl2, 7.24 for CDCl3; 

13
C 

NMR: δ 128.06 for C6D6, 53.84 for CD2Cl2, 77.16 for CDCl3). For 
29

Si NMR, spectra 

were referenced externally to δ = 0 ppm by using Me4Si. For 
11

B NMR, spectra were 

referenced externally to δ = 0 ppm by using BF3･Et2O. Melting points were measured in 

the rate of 0.1 °C /min by SRS MPA100 Automated Melting Point Apparatus. Elemental 

analyses were performed by CALI Labs, Inc. (Parsippany, NJ). 

Note: In 
13

C NMR spectra of alkynylboronates, quaternary carbon atoms attached 

to boron were usually not observed due to low intensity. 

Computational details.  All computations were carried out with the Gaussian09 

program.
145

 All of the geometries were fully optimized at the M06
146

 level of theory. The 

Stuttgart basis set and the associated effective core potential (ECP) was used for Ir atom, 

and an all-electron 6-311G(d,p) basis set was used for the other atoms. The harmonic 

vibrational frequency calculations were performed to ensure that a minimum was 

obtained. 

2-bromo-4-toluidine (201).  Six hundred milliliters of CH3CN in a 2 L round 

bottom flask was cooled down to 0 °C by ice bath and 4-toluidine (30.1 g, 281 mmol) 

was added to it.  N-bromosuccinimide (51.0 g, 287 mmol) was then added in portions 

during 1.5 h to this stirring solution. After stirring further at ambient temperature for 2 h, 

the volatiles were removed in vacuo and the residue was redissolved in 100 mL CH2Cl2. 

The CH2Cl2 solution was filtered through Celite and washed with 3×50 mL H2O and 

then 50 mL of saturated NaCl(aq) to remove the succinimide by-product. The volatiles 
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were then removed in vacuo to yield a brown liquid. Its 
1
H NMR spectroscopic analysis 

revealed the purity of the liquid is over 98%, and the liquid was used directly in 

subsequent synthetic steps. Yield: 49.2 g (94%).  
1
H NMR (500 MHz, C6D6): δ 7.11 (d, J 

= 2.0 Hz, 1H), 6.65 (dd, J = 8.0, 2.0 Hz, 1H), 6.20 (d, J = 8.0 Hz, 1H), 3.33 (br s, 2H, -

NH2), 1.91 (s, 3H, Ar-CH3).  
13

C{
1
H} NMR (126 MHz, C6D6): δ 142.3, 133.0, 129.2, 

128.6, 115.8, 109.3, 20.0. 

8-bromo-6-methylquinoline (202).  2-bromo-4-toluidine (201) (15.0 g, 80.7 

mmol), NaI (18.2 g, 121 mmol) and glycerol (9.96 g, 108 mmol) were transferred to a 

250 mL Schlenk flask and cooled to 0 °C by means of an ice bath. (The use of smaller 

amounts of NaI increased the fraction of the undesired 6-methylquinoline.) Then, 45 mL 

of 98% H2SO4 was added to the stirring mixture over 3 min. Purple vapors were 

generated during the process which indicated formation of I2. The mixture was heated to 

140 °C for 1 h and then allowed to cool down to ambient temperature. 200 mL of H2O 

and 200 mL of CH2Cl2 were added to the flask to assist in transferring mixture to a 1 L 

Erlenmeyer flask. The Erlenmeyer flask was then placed into an ice bath at 0 °C and 1 M 

NaOH(aq) was added slowly to neutralize H2SO4 until the litmus paper test indicated an 

alkaline solution. Na2SO3 was then added to mixture to quench excess I2. The mixture 

was then filtered through a fritted funnel (The side product, acrolein polymer, clogged 

the funnel easily. Stirring the mixture in the funnel was needed to keep a reasonable 

filtration rate). The filtrate was transferred to a 1 L separation funnel and extracted with 

3×200 mL of CH2Cl2. The combined organic phase was dried with anhydrous Na2SO4 

and filtered into a 2 L three-necked flask. The volatiles were removed in vacuo and then 
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10 mL of CH2Cl2 was added to assist in transferring the black oily residue to a 100 mL 

Schlenk flask. After removing the volatiles in vacuo, the residue was subjected to 

vacuum distillation. Pale yellow oil was collected at 90-100 °C. The oil solidified on 

standing and was used directly in later synthesis of 203H and 203Br. Yield: 14.3 g 

(80%). 
1
H NMR spectroscopic analysis revealed ca. 96:4 ratio of 8-bromo-6-

methylquinoline to 6-methylquinoline. 6-methylquinoline could be removed if needed 

via recrystallization from ethanol to get white crystals of 202. M.p. (after 

recrystallization): 51.0-51.3 °C.  
1
H NMR (300 MHz, CDCl3): δ 8.93 (dd, J = 4.2, 1.8 Hz, 

1H), 8.02 (dd, J = 8.1, 1.8 Hz, 1H), 7.87 (d, J = 1.8 Hz, 1H), 7.49 (s, 1H), 7.37 (dd, J = 

8.1, 4.2 Hz, 1H), 2.47 (s, 3H, Ar-CH3). 
13

C{
1
H} NMR (75 MHz, CDCl3): δ 149.8, 143.2, 

136.7, 135.5, 134.6, 128.9, 126.3, 123.7, 121.4, 20.8. Selected NMR data for 6-

methylquinoline. 
1
H NMR (300 MHz, CDCl3): δ 8.79 (dd, J = 4.2, 1.8 Hz, 1H), 7.29 (dd, 

J = 8.1, 4.2 Hz, 1H), 2.49 (s, 3H, Ar-CH3).   

 

Figure 2-8. From left to right: Skraup reaction mixture before work-up; side product, 

acrolein polymer; 8-bromo-6-methylquinoline after distillation; solidified 8-bromo-6-

methylquinoline. 

 

Compound 203H.  In an Ar-filled glove box, 8-bromo-6-methylquinoline (202) 

(3.02 g, 13.6 mmol), 4-toluidine (1.79 g, 16.7 mmol) and BINAP (134 mg, 0.215 mmol) 
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were transferred to a 100 mL PTFE-valved gas-tight flask and dissolved in 15 mL 

toluene. After stirring for 1 min, Pd(OAc)2 (30.1 mg, 0.134 mmol Pd) and 5 mL toluene 

were added and stirred for 3 min. Sodium tert-pentoxide (2.25 g, 20.4 mmol) was then 

added to the solution with 10 mL toluene to assist in transfer. The flask was taken 

outside the glovebox and heated at 120 °C for 1 d. After allowing the mixture to cool to 

ambient temperature, 1 mL of H2O was added to quench the reaction and then the 

volatiles were removed in vacuo. The residue was dissolved in CH2Cl2 then passed 

through a short column of Celite and silica gel. After removing volatiles in vacuo and 

redissolving in CH3CN, the solution was passed through Celite to get rid of orange 

precipitate. The volatiles were removed to yield brown liquid; its 
1
H NMR spectroscopic 

analysis revealed indicated >98% purity. Yield: 2.66 g (79%).  
1
H NMR (500 MHz, 

CDCl3): δ 8.71 (dd, J = 4.5, 1.5 Hz, 1H), 8.09 (br s, 1H, N-H), 7.99 (dd, J = 8.0, 1.5 Hz, 

1H), 7.36 (dd, J = 8.0, 4.5 Hz, 1H), 7.31(d, J = 8.0 Hz, 2H), 7.25 (s, 1H), 7.20 (d, J = 8.0 

Hz, 2H), 6.96 (s, 1H), 2.45 (s, 3H, Ar-CH3), 2.37 (s, 3H, Ar-CH3).  
13

C{
1
H} NMR (126 

MHz, CDCl3): δ 146.5, 140.7, 139.3, 137.5, 137.4, 135.5, 132.0, 130.0, 129.1, 121.7, 

121.1, 115.4, 109.2, 22.5, 21.0. 

Compound 203Br-x.  203H (2.57g, 10.3 mmol) was dissolved in 50 mL CH3CN in 

a 250 mL round bottom flask. The flask was cooled down to 0 °C by means of an ice 

bath and N-bromosuccinimide (1.84 g, 10.3 mmol) was then added in portions during 40 

min to this stirring solution. After stirring further at ambient temperature for 30 min, the 

solution was poured into a 1 L Erlenmeyer flask which contained 200 mL H2O. 

Precipitate was collected by filtration of the solution and the precipitate was dried in 
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vacuo to yield yellow solid.  Its 
1
H NMR spectroscopic analysis indicated >98% purity. 

Yield: 2.91 g (86%). 
1
H NMR (500 MHz, CDCl3): δ 8.69 (dd, J = 4.0, 1.5 Hz, 1H), 8.50 

(dd, J = 8.5, 1.5 Hz, 1H), 8.07 (br s, 1H, N-H), 7.46 (dd, J = 8.5, 4.0 Hz, 1H), 7.26 (m, 

3H), 7.19 (d, J = 8.5 Hz, 2H), 2.52 (s, 3H, Ar-CH3), 2.36 (s, 3H, Ar-CH3).  
13

C{
1
H} 

NMR (126 MHz, CDCl3): δ 146.7, 140.4, 138.8, 138.1, 137.5, 135.5, 132.6, 130.1, 128.2, 

122.7, 121.4, 109.8, 109.2, 24.5, 21.0.  

Compound 203Br.  In an Ar-filled glove box, Pd(OAc)2 (129 mg, 0.575 mmol Pd) 

and BINAP (581 mg, 0.933 mmol) were transferred to a 100 mL PTFE-valved gas-tight 

flask and dissolved in 30 mL toluene. After stirring 3 min, 10 mL of a toluene solution 

which contained 8-bromo-6-methylquinoline (202) (5.10 g, 23.0 mmol) and 2-bromo-4-

toluidine (201) (6.05 g, 32.5 mmol) was added to the mixture and stirred for 3 min. 

Sodium tert-pentoxide (4.09 g, 37.2 mmol) was then added to the solution with 10 mL 

toluene to assist in transfer. The flask was taken outside the glovebox and heated at 115 

°C for 2 d. At that point, 
1
H NMR spectroscopic analysis of an aliquot revealed 35% 

conversion based on 8-bromo-6-methylquinoline. After 4 d, 
1
H NMR analysis revealed 

65% conversion, which did not increase upon further heating. After allowing the mixture 

to cool to ambient temperature, 1 mL of H2O was added to quench the reaction and then 

the volatiles were removed in vacuo. The residue was purified via column 

chromatography (1:10 ethyl acetate/hexane on silica; Rf of (203Br): 0.64; Rf of 2-

bromo4-toluidine (201): 0.38; Rf of 8-bromo-6-methylquinoline (202): 0.18). The 

volatiles of the eluate were removed in vacuo to get yellow needle crystals.  Its 
1
H NMR 

spectroscopic analysis indicated >98% purity. Yield: 3.29 g (44%).  M.p.: 94.5-95.4 °C.  
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1
H NMR (300 MHz, CDCl3): δ 8.75 (dd, J = 4.2, 1.8 Hz, 1H), 8.33 (br s, 1H, N-H), 7.99 

(dd, J = 8.4, 1.8 Hz, 1H), 7.57 (d, J = 8.4 Hz, 1H), 7.47 (d, J = 1.8 Hz, 1H), 7.37 (dd, J = 

8.4, 4.2 Hz, 1H), 7.21 (d, J = 1.8 Hz, 1H), 7.12 (dd, J = 8.4, 1.8 Hz, 1H), 7.01 (s, 1H), 

2.44 (s, 3H, Ar-CH3), 2.33 (s, 3H, Ar-CH3).  
13

C{
1
H} NMR (75 MHz, CDCl3): δ 147.0, 

139.6, 137.7, 137.4, 137.2, 135.5, 133.7, 133.1, 129.0, 128.8, 121.8, 120.3, 116.4, 116.3, 

110.1, 22.5, 20.6. 

Compound NaSiNN∙THF (205) via 204.  In an Ar-filled glovebox, (203Br) (2.19 

g, 6.68 mmol) and NaH (482 mg, 20.1 mmol) were added to a 250 mL Schlenk flask and 

dissolved in 30 mL of THF. The solution color changed from yellow to dark red 

gradually, and the mixture was left to stir at ambient temperature overnight. The flask 

was taken outside the glovebox, connected to a Schlenk line while maintain an Ar 

atmosphere, and placed in a -78 °C dry ice/acetone cooling bath. n-BuLi (6.68 mL of 2.5 

M solution in hexanes, 16.7 mmol) was slowly added to the solution over the course of 1 

min via syringe. The mixture was left to stir at -78 °C. After 3 h, diisopropylchlorosilane 

(3.23 g, 21.5 mmol) was added to the solution slowly over the course of 1 min via 

syringe. The cooling bath was removed and the mixture was allowed to reach ambient 

temperature and was stirred for 15 h. 10 mL of 1 M HCl(aq) was then added to the 

solution to quench reaction and it was allowed to stir at ambient temperature for 4 h, 

causing the color to change from dark red to yellow-brown. NaHCO3 was added to the 

solution to neutralize until litmus paper test indicated an alkaline solution. The solution 

was transferred to a separation funnel and extracted with 3×30 mL of CH2Cl2. The 

combined organic phase was dried with anhydrous MgSO4 and filtered through Celite. 



 

49 

 

The volatiles were removed in vacuo and the residue was redissolved in pentane. The 

solution was filtered through Celite to remove pentane-insoluble materials and then the 

volatiles were removed in vacuo to yield a yellow oil. 
1
H NMR spectroscopic analysis 

revealed that the oil contained over 90% 204. Compound 204 is difficult to purify 

through column chromatography, so the oil was directly taken in subsequent synthetic 

steps to make its sodium derivative 205. (Pure 204 could be obtained through hydrolysis 

of 205; this process would be described later.) The Schlenk flask containing the yellow 

oil was taken into the glovebox. NaH (481 mg, 20.0 mmol) was added along with 30 mL 

of THF. The solution color changed from yellow to dark red gradually, and the mixture 

was left to stir at ambient temperature overnight. The mixture was then filtered through 

Celite and the volatiles were removed in vacuo from the filtrate. The residue was 

recrystallized in THF/pentane and the solids were washed with pentane and then dried in 

vacuo to get red crystals. The recrystallization process was repeated one more time. 

Combined yield: 2.43 g (80%).  
1
H NMR (500 MHz, C6D6): δ 7.61 (dd, J = 8.0, 1.5 Hz, 

1H), 7.48 (m, 2H), 7.35 (d, J = 8.0 Hz, 1H), 7.20 (d, J = 8.0 Hz, 1H), 6.87 (s, 1H), 6.73 

(dd, J = 8.0, 4.0 Hz, 1H), 6.37 (s, 1H), 3.80 (s, 1H, Si-H), 3.17 (m, 4H, CH2(2,5) of 

THF), 2.39 (s, 3H, Ar-CH3), 2.26 (s, 3H, Ar-CH3), 1.24 (m, 2H, CHMe2), 1.18 (m, 4H, 

CH2(3,4) of THF), 1.07 (d, J = 7.0 Hz, 6H, CHMe2), 0.99 (d, J = 7.0 Hz, 6H, CHMe2).  

13
C{

1
H} NMR (126 MHz, C6D6): 163.7, 157.3, 144.5, 142.3, 139.1, 137.9, 136.2, 132.4, 

131.9, 128.1, 127.4, 124.2, 120.5, 110.0, 106.4, 67.8, 25.4, 22.6, 21.3, 19.8, 19.3, 11.4.  

29
Si{

1
H}NMR (79 MHz, C6D6): -4.62 (s). 
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Synthesis of 204 by hydrolysis of pure NaSiNN∙THF (205).  In a Ar-filled 

glovebox, NaSiNN∙THF (205) (30 mg, 0.066 mmol) was dissolved in 0.5 mL of C6D6 in 

a 10 mL Schlenk flask. The flask was taken outside the glovebox and H2O (100 µL, 5.6 

mmol) was added to the solution. The solution color changed from red to yellow 

immediately. After 1 min, the volatiles were removed in vacuo and the residue was 

redissolved in pentane. The solution was filtered through Celite and then the volatiles 

were removed from the filtrate in vacuo to yield a yellow oil. The oil was taken up in 

C6D6 for NMR analysis. 
1
H NMR (500 MHz, C6D6): δ 8.68 (br s, 1H, N-H), 8.55 (dd, J 

= 4.0, 1.5 Hz, 1H), 7.58 (d, J = 8.0 Hz, 1H), 7.56 (dd, J = 8.0, 2.0 Hz, 1H), 7.53 (d, J = 

2.0 Hz, 1H), 7.27 (d, J = 1.5 Hz, 1H), 7.05 (dd, J = 8.0, 2.0 Hz, 1H), 6.82 (dd, J = 8.0, 

4.0 Hz, 1H), 6.74 (s, 1H), 4.47 (t, J = 3.8 Hz, 1H, Si-H), 2.19 (s, 3H, Ar-CH3), 2.18 (s, 

3H, Ar-CH3), 1.40 (m, 2H, CHMe2), 1.13 (d, J = 7.0 Hz, 6H, CHMe2), 1.10 (d, J = 7.0 

Hz, 6H, CHMe2).  
13

C{
1
H} NMR (126 MHz, C6D6): δ 146.7, 145.2, 142.2, 138.7, 138.0, 

137.6, 135.3, 132.6, 131.7, 129.5, 129.1, 122.7, 121.8, 115.4, 109.3, 22.3 (Ar-CH3), 21.0 

(Ar-CH3), 19.4 (CHMe2), 19.3 (CHMe2), 11.5 (CHMe2).  
29

Si NMR (79 MHz, C6D6): δ 

4.63 (d, JSi-H = 183 Hz). 

Synthesis of (SiNN)Ir(COE) (206).  In a Ar-filled glove box, 205 (500 mg, 1.10 

mmol) and [(COE)2IrCl]2 (490 mg, 0.546 mmol) were allowed to dissolve in 10 mL of 

fluorobenzene in a 50 mL Schlenk flask. The solution turned black immediately, and 

then changed to deep blue over the next 10 min. After 1 h, 10 mL CH2Cl2 were added to 

the flask to assist in filtering the solution through Celite and then the volatiles were 

removed in vacuo from the filtrate. (Note: CH2Cl2 could not be used directly as a 
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reaction solvent since it reacted with 205.) The residue was redissolved in a 

CH2Cl2/pentane mixture, and the flask was then placed in a -35 °C freezer for overnight. 

The next day the gray solid was collected, washed with cold pentane, and dried under 

vacuum. The decanted solution was combined with the washings, and the volatiles were 

removed in vacuo. The residue was then redissolved in CH2Cl2/pentane, placed in the 

freezer and collected in the same manner to yield the second fraction. The 

recrystallization process was repeated once more to yield the third fraction. Combined 

yield: 566 mg (78%).  
1
H NMR (500 MHz, CD2Cl2): δ 8.44 (d, J = 5.0 Hz, 1H), 8.27 (d, 

J = 8.0 Hz, 1H), 7.59 (s, 1H), 7.55 (dd, J = 8.0, 5.0 Hz, 1H), 7.39 (d, J = 8.0 Hz, 1H), 

7.25 (s, 1H), 7.03 (d, J = 8.0 Hz, 1H), 6.77 (s, 1H), 3.94 (m, 2H), 2.42 (s, 3H, Ar-CH3), 

2.37 (m, 2H), 2.34 (s, 3H, Ar-CH3), 1.66 (m, 6H), 1.45 (m, 6H), 0.94 (m, 12H, CHMe2), 

-21.14 (s, 1H, Ir-H).  Selected 
1
H-

29
Si DQF (400 MHz, CD2Cl2) data for Ir-H: -21.14 (d, 

JSi-H = 8.0 Hz). 
13

C{
1
H} NMR (126 MHz, CD2Cl2): δ 159.9, 153.7, 146.3, 142.7, 141.8, 

140.6, 139.5, 134.5, 131.2, 130.9, 128.5, 120.9, 119.3, 113.3, 111.3, 55.0, 33.1 (br), 32.7, 

27.0, 22.4, 21.0, 19.9, 19.8, 16.0 (br).  
29

Si NMR (79 MHz, CD2Cl2): δ 28.4 (br).  Anal. 

Calcd for C31H43IrN2Si: C, 56.07; H, 6.53. Found: C, 55.96; H, 6.59. 

Synthesis of (SiNN)Ir(Bpin)2 (207).  In a Ar-filled glove box, 206 (100 mg, 0.151 

mmol) was dissolved in 3 mL of fluorobenzene in a 25 mL Schlenk flask. After 1 min, 

pinacolborane (110 µL, 0.758 mmol) was added to the flask and the solution turned 

purple immediately. After 30 min, the volatiles were removed in vacuo. The residue was 

redissolved in a CH2Cl2/pentane mixture, and the flask was then placed in a -35 °C 

freezer for overnight. The next day the purple precipitate was collected, washed with 
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cold pentane and dried under vacuum. The decanted solution was combined with the 

washings, and the volatiles were removed in vacuo. The residue was then redissolved in 

CH2Cl2/pentane, placed in the freezer and collected in the same manner to yield the 

second fraction. Combined yield: 105 mg (86%).  
1
H NMR (500 MHz, CD2Cl2): δ 10.03 

(d, J = 5.5 Hz, 1H), 8.30 (d,  J = 8.0 Hz, 1H), 7.67 (s, 1H), 7.55 (dd, J = 8.0, 5.5 Hz, 1H), 

7.49 (d, J = 8.0 Hz, 1H), 7.16 (s, 1H), 7.06 (d, J = 8.0 Hz, 1H), 6.85 (s, 1H), 2.45 (s, 3H, 

Ar-CH3), 2.35 (s, 3H, Ar-CH3), 1.90 (m, 2H, CHMe2), 1.24 (s, 12H, -CH3 on Bpin), 1.14 

(s, 12H, -CH3 on Bpin), 1.11 (d, J = 6.5 Hz, 6H, CHMe2), 0.96 (d, J = 6.5 Hz, 6H, 

CHMe2), -14.72 (s, 1H, Ir-H).  Selected 
1
H-

29
Si DQF (400 MHz, CD2Cl2) data for Ir-H: -

14.72 (d, JSi-H = 32 Hz). 
13

C{
1
H} NMR (126 MHz, CD2Cl2): δ 159.2, 155.2, 153.0, 146.2, 

139.6, 139.1, 136.8, 135.6, 130.7, 130.1, 129.3, 121.2, 117.9, 113.7, 112.9, 82.5, 25.3, 

25.2, 22.3, 20.9, 19.6, 19.3, 15.2. 
11

B NMR (128 MHz, CD2Cl2): δ 28.9.  
29

Si NMR (79 

MHz, CD2Cl2): δ 35.2 (br). Anal. Calcd for C35H53B2IrN2O4Si: C, 52.04; H, 6.61. Found: 

C, 52.03; H, 6.63. 

Reaction of pinacolborane with phenylacetylene without any added catalyst.     

Pinacolborane (15 µL, 0.10 mmol) and phenylacetylene (11 µL, 0.10 mmol) were 

dissolved in 0.5 mL C6D6 in a J. Young tube. After 1 d at 70 °C, analysis by 
1
H NMR 

spectroscopy revealed that only unreacted pinacolborane and phenylacetylene were 

present. 

Reaction of pinacolborane with phenylacetylene catalyzed by [(COE)2IrCl]2.  

[(COE)2IrCl]2 (5.0 mg, 0.0056 mmol) was dissolved in 0.5 mL C6D6 in a J. Young tube. 

Pinacolborane (32 µL, 0.22 mmol) was added to the solution and followed by 
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phenylacetylene (26 µL, 0.22 mmol). After 30 min, analysis by 
1
H NMR revealed 

phenylacetylene was all consumed. Multiple products included alkenylboronates were 

observed but not alkynylboronate (208P).  

Reaction of pinacolborane with phenylacetylene catalyzed by 

[(COE)2IrCl]2/PCy3.  [(COE)2IrCl]2 (8.3 mg, 0.0093 mmol) and PCy3 (10.3 mg, 0.037 

mmol) were dissolved in 0.5 mL C6D6 in a J. Young tube. After 30 min at ambient 

temperature, pinacolborane (27 µL, 0.19 mmol) was added to the solution and followed 

by  phenylacetylene (21 µL, 0.19 mmol). After 30 min, analysis by 
1
H NMR revealed 

phenylacetylene was all consumed. Multiple products included alkenylboronates were 

observed but not alkynylboronate (208P).  

Reaction of pinacolborane with phenylacetylene catalyzed by 

[(COE)2IrCl]2/PPh3.  [(COE)2IrCl]2 (8.5 mg, 0.0095 mmol) and PPh3 (9.9 mg, 0.038 

mmol) were dissolved in 0.5 mL C6D6 in a J. Young tube. After 30 min at ambient 

temperature, pinacolborane (27 µL, 0.19 mmol) was added to the solution and followed 

by phenylacetylene (21 µL, 0.19 mmol). After 30 min, analysis by 
1
H NMR revealed 

phenylacetylene was all consumed. Multiple products included alkenylboronates were 

observed but not the alkynylboronate (208P).  

Dehydrogenative borylation of alkynes in different solvents.  Stock solution of 

206 (22 µL of 0.045 M stock solution in C6D6, 0.0010 mmol) and pinacolborane (15 µL, 

0.10 mmol) were dissolved in 0.5 mL of the specified solvent in a J. Young tube. 

Phenylacetylene (11 µL, 0.10 mmol) was then added at once and mixed in. After 10 min, 

a drop of solution was transferred to another J. Young tube followed by 0.5 mL C6D6. 
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The reaction yield was determined on 
1
H NMR by the ratio of integration of methyls on 

Bpin. The results are summarized in Table 2-4. 

 

Table 2-4. DHBTA in different solvents. 

Solvent Yield of 208P
a
 

C6D6 46%
b
 

C6H5F 57%
b
 

THF 48%
b
 

a
 based on pinacolborane 

b
 The remaining percentage is unreacted phenylacetylene and 

pinacolborane. 

 

Reaction of pinacolborane with phenylacetylene catalyzed by 5 mol% 206.  

Stock solution of 206 (110 µL of 0.045 M stock solution in C6D6, 0.0050 mmol) and 

pinacolborane (15 µL, 0.10 mmol) were dissolved in 0.5 mL of C6D6 in a J. Young tube. 

Phenylacetylene (11 µL, 0.10 mmol) was then added at once and mixed in. 208P was 

obtained in >95% yield which was determined by 
1
H NMR spectroscopy. 

Pinacolborane/alkyne ratio optimization for dehydrogenative borylation of 

alkynes.  Stock solution of 206 (40 µL of 0.025 M stock solution in C6D6, 0.0010 mmol) 

and pinacolborane were dissolved in 0.5 mL C6D6 in a J. Young tube. Phenylacetylene 

was then added at once and mixed in. After 10 min, the reaction yield was determined by 

1
H NMR analysis via the ratio of integration of the methyl groups on Bpin or of aryl-H 

signals on phenyls. The results are summarized in Table 2-5. 

 

 

 



 

55 

 

Table 2-5. Pinacolborane/alkyne ratio optimization for DHBTA. 

Pinacolborane Phenylacetylene Yield of 208P 

0.10 mmol 0.10 mmol 46%
a, c

 

0.10 mmol 0.50 mmol 15%
a, c

 

0.50 mmol 0.10 mmol > 95%
b, c

 
a
 based on pinacolborane 

b
 based on phenylacetylene 

c
 The remaining is unreacted 

phenylacetylene and pinacolborane. 

 

Optimization of the method of addition of alkyne.  A: Addition of alkyne all at 

once.  Stock solution of 206 (40 µL of 0.025 M stock solution in C6D6, 0.0010 mmol) 

and pinacolborane (29 µL, 0.20 mmol) were dissolved in 0.5 mL C6D6 in a J. Young 

tube. Phenylacetylene (11 µL, 0.10 mmol) was then added at once and mixed in. After 

10 min, the reaction yield was determined on 
1
H NMR by the ratio of integration of aryl-

H signals of the phenyl groups.  B: Addition of alkyne in 4 portions.  Stock solution of 

206 (40 µL of 0.025 M stock solution in C6D6, 0.0010 mmol) and pinacolborane (29 µL, 

0.20 mmol) were dissolved in 0.2 mL C6D6 in a J. Young tube. Phenylacetylene (11 µL, 

0.10 mmol) in 0.2 mL C6D6 was then added in 4 portions with 1 min intervals. After 10 

min, the reaction yield was determined on 
1
H NMR by the ratio of integration of aryl-H 

signals of the phenyl groups. The results are summarized in Table 2-6. 

 

Table 2-6. Optimization of the method of addition of alkyne. 

Pinacolborane/phenylacetylene Alkyne addition method Yield of 208P
a
 

2:1 Add in once 76%
b
 

2:1 Add in 4 portions > 95%
b
 

a
 based on phenylacetylene 

b 
The remaining is unreacted phenylacetylene and 

pinacolborane. 
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Reaction of pinacolborane with 4-methylphenylacetylene catalyzed by in-situ 

generating 206.  [(COE)2IrCl]2 (40 µL of 0.0125 M stock solution in C6D6, 0.00050 

mmol) and 205 (40 µL of 0.025 M stock solution in C6D6, 0.0010 mmol) were mixed in 

a J. Young tube. After 30 min, pinacolborane (200 µL of 1.0 M stock solution in C6D6, 

0.20 mmol) was added, and 4-methylphenylacetylene/1,4-dioxane (200 µL of 0.50 M 4-

methylphenylacetylene/ 0.35 M 1,4-dioxane stock solution in C6D6, 0.10 mmol for 4-

methylphenylacetylene and 0.070 mmol for 1,4-dioxane)  was then added in 4 portions 

with 1 min intervals. 209P was obtained in 99% yield which was determined by 
1
H 

NMR spectroscopy using 1,4-dioxane as an internal standard.  

Reaction of pinacolborane with 4-methylphenylacetylene catalyzed by 207.  

Stock solution of 207 (80 µL of 0.0125 M stock solution in C6D6, 0.0010 mmol) and 

pinacolborane stock solution (200 µL of 1.0 M pinacolborane stock solution in C6D6, 

0.20 mmol) were mixed in a J. Young tube. 4-methylphenylacetylene/1,4-dioxane (200 

µL of 0.50 M 4-methylphenylacetylene/ 0.35 M 1,4-dioxane stock solution in C6D6, 0.10 

mmol for 4-methylphenylacetylene and 0.070 mmol for 1,4-dioxane)  was then added in 

4 portions with 1 min intervals. 209P was obtained in 99% yield which was determined 

by 
1
H NMR spectroscopy using 1,4-dioxane as an internal standard.  

Reaction of pinacolborane with olefins in the presence of 206.  Stock solution of 

206 (40 µL of 0.0125 M stock solution in C6D6, 0.00050 mmol) and pinacolborane (15 

µL, 0.10 mmol) were dissolved in 0.2 mL C6D6 in a J. Young tube. Olefin (0.050 mmol 

of 1-hexene, styrene or 3,4-dihydro-2H-pyran) in 0.2 mL C6D6 was then added in 4 

portions with 1 min intervals. After 1 d at ambient temperature, analysis by 
1
H NMR 
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revealed that ca. 30% conversion for 1-hexene, ca. 20% conversion for styrene based on 

alkenyl-H integration. The major product was alkylboronate, and trace amounts of trans-

alkenylboronate and cis-alkenylboronate were also observed. No reaction was observed 

with 3,4-dihydro-2H-pyran. 

Reaction of pinacolborane with heteroarenes in the presence of 206.  Stock 

solution of 206 (40 µL of 0.025 M stock solution in C6D6, 0.0010 mmol) and 

pinacolborane (29 µL, 0.20 mmol) were dissolved in 0.2 mL C6D6 in a J. Young tube. 

Heteroarenes (0.10 mmol of furan or thiophene) in 0.2 mL C6D6 was then added in 4 

portions with 1 min intervals. After 1 d at 70 °C, analysis by 
1
H NMR revealed that only 

unreacted pinacolborane and heteroarenes were present. 

General procedure for the NMR-scale dehydrogenative borylation of alkynes. 

In an Ar-filled glove box, stock solution of 206 (80 µL of 0.0125 M stock solution in 

C6D6, 0.0010 mmol) and pinacolborane stock solution (200 µL of 1.0 M pinacolborane 

stock solution in C6D6, 0.20 mmol) were mixed in a J. Young tube. Alkyne/1,4-dioxane 

(200 µL of 0.50 M alkyne [0.25 M for 1,7-octadiyne] / 0.35 M 1,4-dioxane stock 

solution in C6D6, 0.10 mmol for monoynes [0.050 mmol for 1,7-octadiyne] and 0.070 

mmol for 1,4-dioxane) was then added in 4 portions with 1 min intervals. The J. Young 

tube was taken outside the glovebox, after 10 min, reaction yield was determined on 
1
H 

NMR measurement by using 1,4-dioxane as internal standard. The reagent ratio was 

calibrated through the integration ratio from a 
1
H NMR spectrum of a sample obtained 

by mixing 100 µL of the pinacolborane stock solution and 100 µL alkyne/1,4-dioxane 

stock solution in 0.3 mL C6D6 in another J. Young tube without adding 206. 
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Ph-C≡C-Bpin (208P).  
1
H NMR (500 MHz, C6D6): δ 7.38 (m, 2H, Ar-H), 6.85 (m, 

3H, Ar-H), 1.02 (s, 12H, -CH3 on Bpin).  
13

C{
1
H} NMR (126 MHz, C6D6): δ 132.7, 

129.3, 128.5, 122.7, 101.9 (br, C≡C-B), 84.1, 24.7.  
11

B NMR (128 MHz, C6D6): δ 24.7.  

The 
1
H and 

13
C NMR spectral data were in agreement with those reported in the 

literature.
110

 

4-Me-C6H4-C≡C-Bpin (209P).  
1
H NMR (500 MHz, CDCl3): δ 7.39 (d, J = 7.5 

Hz, 2H), 7.08 (d, J = 7.5 Hz, 2H), 2.31 (s, 3H, Ar-CH3), 1.29 (s, 12H, -CH3 on Bpin).  

13
C{

1
H} NMR (126 MHz, CDCl3): δ 139.8, 132.6, 129.2, 118.9, 102.2 (br, C≡C-B), 

84.4, 24.8, 21.7.  
11

B NMR (128 MHz, CDCl3): δ 23.8.  The 
1
H and 

13
C NMR spectral 

data were in agreement with those reported in the literature.
147

 

Me3Si-C≡C-Bpin (210P).  
1
H NMR (500 MHz, C6D6): δ 0.94 (s, 12H, -CH3 on 

Bpin), 0.07 (s, 9H, -CH3 of SiMe3).  
13

C{
1
H} NMR (126 MHz, C6D6): δ 110.8 (br, C≡C-

B), 84.1, 24.6, -0.5.  
11

B NMR (128 MHz, C6D6): δ 23.6.  The 
1
H and 

13
C NMR spectral 

data were in agreement with those reported in the literature.
110

 

pinB-C≡C-(CH2)4-C≡C-Bpin (211P).  
1
H NMR (500 MHz, C6D6): δ 1.78 (m, 

4H), 1.25 (m, 4H), 0.99 (s, 24H, -CH3 on Bpin).
13

C{
1
H} NMR (126 MHz, C6D6): δ 

103.9 (br, C≡C-B), 83.6, 27.3, 24.7, 19.1.  
11

B NMR (128 MHz, C6D6): δ 23.8.  The 
1
H 

and 
13

C NMR spectral data were in agreement with those reported in the literature.
110

  

nBu-C≡C-Bpin (212P).  
1
H NMR (500 MHz, CDCl3): δ 2.23 (t, J = 7.0 Hz, 2H), 

1.49 (m, 2H), 1.39 (m, 2H), 1.24 (s, 12H, -CH3 on Bpin), 0.87 (t, J = 7.5 Hz, 3H).  

13
C{

1
H} NMR (126 MHz, CDCl3): δ 105.3 (br, C≡C-B), 84.2, 30.3, 24.8, 22.1, 19.4, 
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13.7.  
11

B NMR (128 MHz, CDCl3): δ 23.4. The 
1
H, 

13
C and 

11
B NMR spectral data 

were in agreement with those reported in the literature.
118,148

  

ClCH2-(CH2)2-C≡C-Bpin (213P).  
1
H NMR (500 MHz, CDCl3): δ 3.61 (t, J = 6.5 

Hz, 2H), 2.43 (t, J = 6.5 Hz, 2H), 1.95 (pentet, J = 6.5Hz, 2H), 1.24 (s, 12H, -CH3 on 

Bpin).  
13

C{
1
H} NMR (126 MHz, CDCl3): δ 102.8 (br, C≡C-B), 84.3, 43.6, 31.0, 24.8, 

17.1.  
11

B NMR (128 MHz, CDCl3): δ 23.3. The 
1
H, 

13
C and 

11
B NMR spectral data 

were in agreement with those reported in the literature.
149

 

Ph-(CH2)2-C≡C-Bpin (214P).  
1
H NMR (500 MHz, C6D6): δ 7.02 (m, 3H), 6.90 

(m, 2H), 2.55 (t, J = 7.5 Hz, 2H), 2.20 (t, J = 7.5 Hz, 2H), 0.99 (s, 12H, -CH3 on Bpin).  

13
C{

1
H} NMR (126 MHz, C6D6): δ 140.6, 128.62, 128.61, 126.5, 103.7 (br, C≡C-B), 

83.7, 34.8, 24.7, 21.9.  
11

B NMR (128 MHz, C6D6): δ 24.1. 

Me3SiO-CH2-C≡C-Bpin (215P).  Selected NMR data for 215P: 
1
H NMR (500 

MHz, C6D6): δ 4.08 (s, 2H, O-CH2-C≡C); Selected NMR data for 215: 
1
H NMR (500 

MHz, C6D6): δ 4.05 (d, J = 2.5 Hz, 2H, O-CH2-C≡C). 

Me3SiO-C(Me)2-C≡C-Bpin (216P).  
1
H NMR (500 MHz, C6D6): δ 1.44 (s, 6H), 

0.96 (s, 12H, -CH3 on Bpin), 0.31 (s, 9H, -CH3 on TMS). 
13

C{
1
H} NMR (126 MHz, 

C6D6): δ 107.9  (br, C≡C-B), 84.0, 66.9, 32.8, 24.7, 2.2.  
11

B NMR (128 MHz, C6D6): δ 

23.9. 

Me3SiO-(CH2)2-C≡C-Bpin (217P).  
1
H NMR (500 MHz, C6D6): δ 3.50 (t, 2H, J = 

7.0 Hz), 2.28 (t, 2H, J = 7.0 Hz), 0.98 (s, 12H, -CH3 on Bpin), 0.01 (s, 9H, -CH3 on 
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TMS). 
13

C{
1
H} NMR (126 MHz, C6D6): δ 101.4  (br, C≡C-B), 83.7, 61.1, 24.7, 24.2, -

0.4.  
11

B NMR (128 MHz, C6D6): δ 23.7. 

218P.  
1
H NMR (500 MHz, C6D6): δ 5.66 (m, 1H, alkenyl-H), 5.12 (m, 1H, 

alkenyl-H), 4.94 (m, 1H, alkenyl-H), 3.87 (s, 2H, O-CH2-C≡C), 3.84 (d, J = 5.2 Hz, O-

CH2-C(H)=C), 0.97 (s, 12H, -CH3 on Bpin). 

219P.  
1
H NMR (500 MHz, C6D6): δ 5.90 (m, 1H, alkenyl-H), 5.24 (m, 1H, 

alkenyl-H), 4.98 (m, 1H, alkenyl-H), 4.16 (dt, J = 5.2, 1.6 Hz, 2H, O-CH2-C(H)=C), 1.88 

(m, 2H), 1.63 (m, 2H), 1.49(m, 4H), 1.22 (m, 1H), 1.08 (m, 1H), 0.97 (s, 12H, -CH3 on 

Bpin). 

220P.  
1
H NMR (500 MHz, C6D6): δ 7.70 (d, J = 8.1 Hz, 2H, Ar-H), 6.86 (d, J = 8.1 

Hz, 2H, Ar-H), 5.45 (m, 1H, alkenyl-H), 4.98 (m, 1H, alkenyl-H), 4.83 (m, 1H, alkenyl-

H), 3.96 (s, 2H, N-CH2-C≡C), 3.72 (d, J = 6.4 Hz, 2H, N-CH2-C(H)=C), 1.97 (s, 3H, Ar-

CH3), 0.91 (s, 12H, -CH3 on Bpin). 

221P.  Selected NMR data for 221P: 
1
H NMR (500 MHz, C6D6): δ 3.99 (s, 2H, N-

CH2-C≡C); Selected NMR data for 221: 
1
H NMR (500 MHz, C6D6): δ 3.96 (d, J = 2.5 

Hz, 2H, N-CH2-C≡C). 

222P.  Selected NMR data for 222P: 
1
H NMR (500 MHz, C6D6): δ 3.03 (s, 2H, 

CH2-C≡C); Selected NMR data for 222: 
1
H NMR (500 MHz, C6D6): δ 2.94 (d, J = 2.5 

Hz, 2H, CH2-C≡C). 

NMR-scale dehydrogenative borylation of enynes with higher 206 loading.  In 

an Ar-filled glove box, 206 (3.3 mg, 0.0050 mmol) and pinacolborane (73 µL, 0.50 

mmol) were dissolved in 0.5 mL C6D6 in a 10 mL Schlenk flask. After stirring 1 min at 
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ambient temperature, enyne (0.050 mmol of 218 or 220) in 0.5 mL C6D6 was then added 

dropwise in 20 min. After all enyne was added, 0.5 mL of solution was transferred to a J. 

Young tube and reaction yield was determined on 
1
H NMR measurement. 

General procedure for the preparative-scale dehydrogenative borylation of 

alkynes.  In an Ar-filled glove box, 206 (6.8 mg, 0.010 mmol) and pinacolborane (290 

µL, 2.00 mmol) were dissolved in 1.5 mL toluene in a 25 mL Schlenk flask. After 

stirring 3 min at ambient temperature, alkyne (1.00 mmol for monoynes; 0.500 mmol for 

1,7-octadiyne) in 0.5 mL toluene was then added dropwise in 30 s. Bubbles evolved 

immediately which indicated H2 generation. After all alkyne was added, the mixture was 

stirred for 5 min and then the volatiles were removed in vacuo. The purity of the crude 

product was >95% by 
1
H NMR analysis. Purification of solid alkynylboronates (208P-

211P and 216P, for setup see Figure 2-9): The crude product was transferred to a 

sublimation apparatus assisted by Et2O and then removed Et2O in vacuo. The apparatus 

was taken outside the glovebox and heated in oil bath. After sublimation was finished, 

the coolants (dry ice/acetone) were removed carefully and the apparatus was taken into 

the glovebox. The product condensed on the cold finger was carefully washed to a 

beaker by Et2O, and the Et2O solution was then transferred to a Schlenk flask. The 

purified product was obtained after removing Et2O in vacuo. Purification of liquid 

alkynylboronate (217P, for setup see Figure 2-10): Two 8 mL and one 20 mL 

aluminum weigh boats were placed in a sublimation apparatus. The crude product was 

transferred to 8 mL aluminum weigh boats by toluene and then removed toluene in 

vacuo. The apparatus was taken outside the glovebox and heated in oil bath. After 
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sublimation was finished, coolants (dry ice/acetone) were removed carefully. The 

condensed alkynylboronate melted slowly during removal of coolants, and the apparatus 

was leant slightly to let melted alkynylboronate drop into the 20 mL aluminum weigh 

boat. After all the alkynylboronate melted, the apparatus was taken into the glovebox.  

The product collected in the 20 mL weigh boat and residue on the cold finger were 

carefully washed to a beaker by Et2O, and the Et2O solution was then transferred to a 

Schlenk flask. The zapurified product was obtained after removing Et2O in vacuo. 

 

Figure 2-9. Left: Setup of a sublimation apparatus. Right: Alkynylboronate collection 

after sublimation.  

 

 

Figure 2-10. From left to right: Before distillation; After distillation, before removal of 

coolant; After removal of coolant. 
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Ph-C≡C-Bpin (208P).  White solid, yield:  205 mg (90%). 

4-Me-C6H4-C≡C-Bpin (209P).  White solid, yield:  231 mg (95%).   

Me3Si-C≡C-Bpin (210P).  White solid, yield: 197 mg (88%). 

pinB-C≡C-(CH2)4-C≡C-Bpin (211P).  White solid, yield: 161 mg (90%). 

Me3SiO-C(Me)2-C≡C-Bpin (216P).  White solid, yield: 259 mg (92%). 

Me3SiO-(CH2)2-C≡C-Bpin (217P).  Pale yellow oil, yield: 227 mg (85%). 

X-Ray data collection, solution, and refinement for 206.  A Leica MZ 75 

microscope was used to identify a suitable deep-blue multifaceted crystal with 

dimensions (max, intermediate, and min; in mm) 0.25 × 0.17 × 0.12 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 

GADDS X-ray (three-circle) diffractometer was employed for crystal screening, unit cell 

determination, and data collection. The goniometer was controlled using the FRAMBO 

software.
150

  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 was set at 5.0 cm from the crystal sample. The X-ray radiation employed was 

generated from a Cu sealed X-ray tube (K  = 1.5418 Å  with a potential of 40 kV and a 

current of 40 mA) fitted with a graphite monochromator in the parallel mode (175 mm 

collimator with 0.5 mm pinholes). A total of 180 data frames were taken at widths of 

0.5° with an exposure time of 15 s. These reflections were used to determine the unit cell 

using Cell_Now.
150

 A suitable cell was found and refined by nonlinear least-squares and 
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Bravais lattice procedures.  Integrated intensity information for each reflection was 

obtained by reduction of the data frames with SAINTplus.
150

 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 was 

merged and scaled to produce a suitable data set. SADABS
150

 was employed to correct 

the data for absorption effects. The structure was solved in the monoclinic P21/n space 

group using XS
151

 (incorporated in SHELXTL). All non-hydrogen atoms were refined 

with anisotropic thermal parameters. The hydrogen atoms were placed in idealized 

positions and refined using riding model. The structure was refined (weighted least-

squares refinement on F
2
) to convergence. Although the Ir-H ligand couldn’t be located 

in the crystal structure confidently, its presence is indicated both by 
1
H and 

1
H-

29
Si DQF 

NMR spectroscopic data. 

X-Ray data collection, solution, and refinement for 207.  A Leica MZ 75 

microscope was used to identify a suitable purple multifaceted crystal with dimensions 

(max, intermediate, and min; in mm) 0.18 × 0.15 × 0.06 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 GADDS X-ray (three-

circle) diffractometer was employed for crystal screening, unit cell determination, and 

data collection. The goniometer was controlled using the FRAMBO software.
150

  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 was set at 

5.0 cm from the crystal sample. The X-ray radiation employed was generated from a Cu 
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sealed X-ray tube (K  = 1.5418 Å  with a potential of 40 kV and a current of 40 mA) 

fitted with a graphite monochromator in the parallel mode (175 mm collimator with 0.5 

mm pinholes). A total of 180 data frames were taken at widths of 0.5° with an exposure 

time of 15 s. These reflections were used to determine the unit cell using Cell_Now.
150

 A 

suitable cell was found and refined by nonlinear least-squares and Bravais lattice 

procedures.  Integrated intensity information for each reflection was obtained by 

reduction of the data frames with SAINTplus.
150

 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 was merged and 

scaled to produce a suitable data set. SADABS
150

 was employed to correct the data for 

absorption effects. The structure was solved in the monoclinic C2/c space group using 

XS
151

 (incorporated in SHELXTL). All non-hydrogen atoms were refined with 

anisotropic thermal parameters. The hydrogen atoms were placed in idealized positions 

and refined using riding model. The structure was refined (weighted least-squares 

refinement on F
2
) to convergence. Although the Ir-H ligand couldn’t be located in the 

crystal structure confidently, its presence is indicated both by 
1
H and 

1
H-

29
Si DQF NMR 

spectroscopic data. The SQUEEZE protocol included in PLATON
150

 was used to 

account for disordered solvent molecules found in the crystal lattice that could not be 

satisfactorily modeled. 
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CHAPTER III  

DUAL-SITE NON-INNOCENCE OF THE SINN PINCER LIGAND IN COMPLEXES 

OF RHODIUM
2
 

3.1 Introduction 

Transition metal-catalyzed borylation of C-H bonds has become an important 

synthetic tool over the last two decades.
64,65,106

  The products of C-H borylation, 

organoboronate esters, are versatile building blocks in organic synthesis, enabling facile 

formation of new carbon-carbon and carbon-heteroatom bonds.   In particular, much 

attention has been dedicated to and considerable success achieved in Ir-catalyzed 

borylation of aromatic C-H bonds.
67,68,152

  Our group recently reported a complementary 

Ir catalyst capable of dehydrogenative C-H borylation of terminal alkynes (DHBTA, 

Scheme 1).
137

  Our Ir system was based on a novel SiNN supporting pincer ligand that 

combines nitrogenous amido and quinoline-type donors with the Si-H functionality. We 

showed that 206 can be rapidly converted to 207 in the presence of HBpin and that either 

206 or 207 can be used as a pre-catalyst.   In the present work, we explore Rh analogs of 

these Ir SiNN complexes.  Although the new Rh compounds turned out to be inactive as 

DHBTA catalysts, they brought to light an unusual dual non-innocence
153,154

 behavior of 

the SiNN ligand. The (SiNN)Rh system also turned out to be a modest benzene 

borylation catalyst. 

                                                 

2
 In this chapter, all DFT calculations are done by Dr. Jia Zhou. The experimental work 

was performed by Nathanael A. Hirscher and Chun-I Lee. Nathanael A. Hirscher was a 

visiting undergraduate research student who worked during the summer of 2013 with 

Chun-I Lee as his mentor. 
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3.2 Results and discussion 

By analogy with the synthesis of 206, 205 smoothly reacted with one-half equiv. of 

[(COE)2RhCl]2 in fluorobenzene at ambient temperature to produce a blue solution of 

301 (Scheme 3-1).  Workup of the reaction by filtration and recrystallization allowed 

isolation of 301 in 66% yield as an analytically pure blue solid.  
1
H and 

13
C{

1
H} NMR 

spectra of 301 displayed the expected features similar to 206, with the resonances 

corresponding to the organic framework of SiNN and of COE readily identifiable.  An 

upfield 
1
H NMR resonance was observed at -16.9 ppm corresponding to the SiH 

hydrogen bound to Rh (cf. δ -21.1 ppm in 206).  This resonance displayed coupling to 

103
Rh (JRh-H = 31 Hz) and possessed satellites from coupling to 

29
Si (JSi-H = 51 Hz).   

 

Scheme 3-1. Synthesis of SiNN complexes of Ir and Rh, and DHBTA catalysis by Ir 

complexes. 
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A single-crystal X-ray diffraction study (Figure 3-1) established that 301 is 

isomorphous with 206, crystallizing in the same space group (P21/n) with unit cell 

volumes within 0.5% of each other.  On the molecular level, 301 and 206 are nearly 

superimposable,
150

 with only small differences in the metrics associated with the 

coordination sphere of the metals. Treatment of 301 with 5 equiv. of HBpin by analogy 

with the synthesis of 302-x resulted in the predominant formation of a new product that 

could be isolated as a yellow solid in 59% yield.  It contained 
1
H NMR resonances 

expected for all the constituent groups in “(SiNN)Rh(Bpin)2”, however several features 

distinguishing it from 207 were immediately apparent.  First of all, the yellow color of 

302-x was suspect, as 207 is purple whereas both 206 and 301 are blue.  Instead of a 

single resonance for the Bpin methyl groups (as is the case for 207), 302-x exhibited 

several.
150

  In the 
11

B NMR spectrum, 302-x presented two resonances at 41.3 and 23.8 

ppm vs. a single one at 28.9 ppm for 207.  Finally, we were not able to measure the JSi-H 

value for 302-x (assumed <1 Hz).  That was inconsistent with the exact structural analog 

of 207 (JSi-H = 32 Hz) because the change from Ir to Rh dramatically increased the JSi-H 

value in 301 (51 Hz) vs 206 (8 Hz).  These observations led us to envision a different, 

isomeric structure for 302-x, which was confirmed by a single-crystal X-ray diffraction 

study (Figure 3-1). 302-x can be viewed as a “borotautomer” of 302, differing by 

migration of one of the boryl groups onto the central N of the SiNN ligand.  The hydride 

in 302-x was not located by XRD methods, but its presence is apparent from the doublet 

(JRh-H = 30 Hz) at -15.0 ppm in the 
1
H NMR spectrum. 
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Figure 3-1. ORTEP drawings
129

 of 301 (left, 80% probability ellipsoids) and 302-x 

(right, 50% probability ellipsoids) showing selected atom labeling. Hydrogen atoms are 

omitted for clarity.  Select bond distances (Å ) and angles (deg) for 301: Rh-Si, 

2.3787(13); C1-C2, 1.388(8); Si-Rh-N2, 140.87(11). For 302-x: Rh-Si, 2.2223(9); Rh-

B2, 2.007(3); N1-B1, 1.459(4); Si-Rh-N2, 106.51(7); N1-Rh-B2, 175.33(11). 

 

 

Figure 3-2. Drawings
129

 of the DFT calculated structures of 301 (left), 302-x (middle) 

and 302 (right).  N2 is the quinoline N. 

 

We used density functional theory (at the M06/SDD/6-311G** level)
146

 to calculate 

structures of 301, 302, and 302-x.  Figure 3-2 shows the immediate coordination 

environment in the three calculated Rh structures.  The non-H atom positions reproduce 

those in the available XRD-determined ones well. The calculated structures of 206 and 
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207 were reported by us previously,
137

 using the same DFT methods.  The three distinct 

X-type ligands (boryl, silyl, hydride) in 302-x and are of very strong trans-influence and 

adopt a facial arrangement.  The approximately square-pyramidal coordination sphere 

about Rh is completed by two neutral nitrogenous donors (quinoline and borylated 

diarylamine); the silyl ligand is trans to the empty site.
155,156

  DFT-calculated free 

energies of the 3a-M/3b-M isomers are consistent with the experimental facts: for Ir, 207 

is preferred by 1.8 kcal/mol; while for Rh, 302-x is favored by 5.2 kcal/mol.  The free 

energy barrier for the direct migration of the boryl from M in 207 or 302 to N was 

calculated to be 16.9 kcal/mol for M = Ir and 12.0 kcal/mol for M = Rh; both are 

consistent with rapid migration at ambient temperature. 

Figure 3-3 depicts the geometries in the M/Si/H triangles in compounds 206/207(-

x)/301/302(-x).  The variation of the geometric parameters within these structures can be 

viewed as reflective of the continuum between Si-H σ-complexes and silyl/hydride 

oxidative addition.
128,131,132

  301 and 302 clearly belong to the former, while 207-x and 

302-x to the latter.  As discussed previously,
137

 206 is probably best viewed as a 

silyl/hydride complex while 207 is a borderline structure.  The geometrical changes in 

206/207(-x)/301/302(-x) are not limited only to the Si-H distances.  There is a 

monotonous correlation between the increase in the Si-H distance and increase in the Si-

M-H angle on the one hand, and decrease in the M-Si and M-H distances on the other.  

This is consistent with the notion of strengthening M-Si and M-H interactions upon 

diminishment of the Si-H interactions.  The complexity of interactions of Si-H bonds 
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with transition metals has been thoroughly studied and analyzed,
128,131,132

 but Si-H as an 

adaptable spectator donor site in a chelating ligand has not been widely used.
157-159

   

 

Figure 3-3.  Metric parameters in the M/Si/H triangles (M = Rh or Ir) in compounds 

206/207(-x)/301/302(-x).  DFT calculated distances (Å ) in blue, Si-M-H angles (°) in red, 

XRD-determined M-Si distances in black. 

 

In contrast to its iridium analog, 301 showed no DHBTA activity.  Treatment of 

301 with HBpin in C6D6, followed by 4-MeC6H4CCH, gave rise to no alkynylboronate 

after 3 d at RT.  Instead, incomplete and unselective hydroboration of 4-MeC6H4CCH to 

various alkenylboronates took place.  On the other hand, we noted that 302-x underwent 

degradation in benzene solutions over time, with PhBpin signals detectable in the 

mixture. Thermolysis of 301 or 302-x in C6D6 in the presence of excess HBpin 

demonstrated that either can function as a modest benzene borylation catalyst, resulting 

in ca. 30 turnovers after 48 h at 80 °C (Table 3-1).  Using B2pin2 in place of HBpin 
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resulted in a smaller number of turnovers of C6D6 under the same conditions.  The 

degradation of 302-x in solution in the absence of HBpin is not simply due to 

stoichiometric borylation of benzene as it also decomposed in cyclohexane-d12 solution 

with significant HBpin release. Although there are examples of Rh C-H borylation 

catalysts in the literature,
70,80,160-164

 they have not so far risen to the impressive efficiency 

of Ir catalysis.
67,68,152

  The catalytic reactivity of the (SiNN)Rh system is in contrast with 

the lack of arene borylation we previously observed with (SiNN)Ir.   

 

Table 3-1. Catalytic borylation of neat C6D6 (80 °C, 48 h) using 301 and 302-x. 

Rh Catalyst
a
 Boron Source C6D5Bpin Yield

b
 

301 HBpin 27% 

302-x HBpin 33% 

301 B2pin2 7% 

302-x B2pin2 5% 

a 
Rh:Bpin ratio of 1:100. 

b 
Yield based on Bpin equivalents, determined by 

1
H NMR vs 

C6Me6 internal integration standard. 

 

Interestingly, recent work on the “traditional” iridium aromatic C-H borylation 

catalysts supported by bypiridine-type ligands highlighted the usefulness of an Si-H 

moiety as a directing group in the substrate.
79,165

  The intermediate 143 proposed
79

 by 

Hartwig et al. (Figure 3-4) bears a structural resemblance to 302-x in that the 

coordination sphere of the metal in 143 also contains three facially-disposed strong 

trans-influence X-type ligands (silyl, boryl, boryl) and two neutral nitrogenous donors.  
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The use of supporting bidentate and tridentate ligands containing spectating silyl ligands 

in Ir-catalyzed aromatic borylation has also been reported recently.
87,166

 

 

 Figure 3-4. Intermediate proposed by Hartwig et al. (143) and 302-x. 

 

3.3 Conclusion 

In summary, the new Rh complexes of the SiNN ligand uncovered its potential for 

unusual double non-innocence.  In addition to the previously noted capacity of the Si-H 

moiety of SiNN to adapt to the changes in the environment about the metal center, we 

now report that it can be complemented by the non-innocence of the amido site.  The 

amido nitrogen can reversibly accept a boryl group from the metal.  Taken together, 

these two phenomena characterize a ligand with an exceptional ability to reversibly 

adapt to events at the metal center.  While the integrity of the Si-H moiety would likely 

be challenged in reactions involving polar reagents, we believe the unusual adaptability 

of SiNN may be advantageous in catalysis with non-polar substrates. Here, we 

demonstrate modest activity of the SiNN Rh complexes in benzene borylation.   

3.4 Experimental 

General Considerations.  Unless specified otherwise, all manipulations were 

performed under an Ar atmosphere using standard Schlenk line or glovebox techniques. 
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Toluene, fluorobenzene, diethyl ether, pentane, benzene, C6D6 were dried over 

NaK/Ph2CO/18-crown-6, distilled or vacuum transferred and stored over molecular 

sieves in an Ar-filled glovebox. CH2Cl2, CD2Cl2, CDCl3 were dried with and then 

distilled from CaH2 and stored over molecular sieves in an Ar-filled glove box. C6D12 

was deoxygenated by three freeze-pump-thaw cycles and stored over molecular sieves in 

an Ar-filled glovebox. Compound 205 was prepared according to the published 

procedure.
137

  Alkynes were deoxygenated by three freeze-pump-thaw cycles prior to 

use. All other chemicals were used as received from commercial vendors. NMR spectra 

were recorded on a Varian Inova 300, Mercury 300 (
1
H NMR, 299.952 MHz; 

13
C NMR, 

75.421 MHz), Varian Inova 400 (
1
H NMR, 399.535 MHz; 

11
B NMR, 128.185 MHz; 

13
C 

NMR, 100.465 MHz; 
29

Si NMR, 79.366 MHz) and NMRS 500 (
1
H NMR, 499.703 MHz; 

13
C NMR, 125.697 MHz) spectrometer. 

1
H-

29
Si double quantum filter (DQF)

144
 

experiments on compounds 301 and 302-x were performed on Varian Inova 400. 

Chemical shifts are reported in δ (ppm). For 
1
H and 

13
C NMR spectra, the residual 

solvent peak was used as an internal reference (
1
H NMR: δ 7.15 for C6D6, 7.26 for 

CDCl3, 5.32 for CD2Cl2, 1.38 for cyclohexane-d12; 
13

C NMR: δ 128.06 for C6D6, 77.16 

for CDCl3, 53.84 for CD2Cl2). For 
29

Si NMR, spectra were referenced externally to δ = 0 

ppm by using Me4Si. For 
11

B NMR, spectra were referenced externally to δ = 0 ppm by 

using BF3･Et2O. Elemental analyses were performed by CALI Labs, Inc. (Parsippany, 

NJ). 

Computational details.  All computations were carried out with the Gaussian09 

program.
145

 All of the geometries were fully optimized by the M06
146

 functional. The 
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Stuttgart basis set and the associated effective core potential (ECP) was used for Rh and 

Ir atoms, and an all-electron 6-311G(d,p) basis set was used for the other atoms. The 

harmonic vibrational frequency calculations were performed to ensure that either a 

minimum or first-order saddle point was obtained. The energies reported here are Gibbs 

free energies in the gas phase at 298.15 K and 1 atm unless noted otherwise. 

 

Table 3-2.  Calculated energies of compounds under study (gas phase, 298 K). 

Compound 

Enthalpy 

in au. 

Gibbs Free 

Energy in au. 

Relative 

Enthalpy 

in kcal/mol 

Relative Gibbs 

Free Energy in 

kcal/mol 

  Rh   

302 -2224.407884 -2224.536999 4.12 5.17 

302TS -2224.390886 -2224.517925 14.79 17.14 

302-x -2224.414451 -2224.545245 0.0 0.0 

  Ir   

207 -2218.238137 -2218.367228 0.0 0.0 

207TS -2218.211080 -2218.340331 16.98 16.88 

207-x -2218.232884 -2218.364371 3.30 1.79 

 

[Rh(COE)2Cl]2.  [Rh(COE)2Cl]2 was synthesized using a modified literature 

procedure.
167

  In a 100 mL Schlenk flask containing a stir bar, RhCl3·3H2O (0.99 g, 3.8 

mmol) was dissolved in 6 mL of H2O and 12 mL of 
i
PrOH. To this solution, cis-
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cyclooctene (COE) (2.0 mL, 15 mmol) was added. The resultant mixture was purged of 

air by three freeze-pump-thaw cycles on the Schlenk line, after which the system was 

closed under partial vacuum. The reddish-brown reaction mixture was heated to 45°C in 

an oil bath and stirred overnight. The flask was allowed to cool to ambient temperature, 

and the resultant yellow precipitate was separated from the red/brown solution using a 

glass fritted filter, which was rinsed with cold methanol. A fine mustard-yellow powder 

was obtained and dried under vacuum (1.18 g, 88% yield). 

(SiNN)Rh(COE) (301). In an Ar-filled glovebox, 205 (103 mg, 0.225 mmol) was 

added along with [Rh(COE)2Cl]2 (79 mg, 0.11 mmol) to a 25 mL Schlenk flask 

containing a stir bar. This was dissolved in 3 mL of fluorobenzene, and the resultant blue 

solution was stirred in the glovebox at RT for 50 min. The dark blue solution and 

precipitate were filtered through Celite, with CH2Cl2 used to rinse the flask and Celite. 

The filtrate was reduced to dryness under vacuum, and reconstituted in 1 mL CH2Cl2. 

This was layered with 5 mL pentane, and stored in at a -35 °C freezer overnight. 

Afterward, the dark blue solid was recovered by decanting the dark blue solution off; the 

solid was rinsed with 1 mL cold pentane and dried under vacuum. A second crop was 

obtained from the decanted solution in similar fashion, and combined with the first crop 

(84 mg, 66% yield). 
1
H NMR (500 MHz, C6D6): δ 7.83 (s, 1H, Ar-H), 7.73 (d, JH-H = 8.2 

Hz, 1H, Ar-H), 7.54 (d, JH-H = 4.8 Hz, 1H, Ar-H), 7.45 (d, JH-H = 8.2 Hz, 1 H, Ar-H), 

7.42 (s, 1H, Ar-H), 7.01 (d, JH-H = 8.2 Hz, 1H, Ar-H), 6.54 (dd, JH-H = 8.2, 4.8 Hz, 1H, 

Ar-H), 6.39 (s, 1H, Ar-H), 4.16 (m, 2H, alkenyl-H), 2.48 (m, 2H), 2.32 (s, 3H, Ar-CH3), 

2.16 (s, 3H, Ar-CH3), 1.82 (m, 2H), 1.75 (m, 2H), 1.62 (m, 4H), 1.38 (m, 10H, includes 
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Si(CHMe2)2), 1.29 (d, JH-H = 7.2 Hz, 6H, Si(CHMe2)2), -16.89 (d, JRh-H = 31 Hz, 1H, Rh-

H). Selected 
1
H-

29
Si DQF (400 MHz, C6D6) data for Rh-H: -16.89 (dd, JRh-H = 301 Hz, 

JSi-H = 51 Hz). 
13

C{
1
H} NMR (126 MHz, CD2Cl2): δ 159.7 (d, J = 2.5 Hz, 2-position at 

the quinoline fragment), 153.0 (br s), 145.1, 142.1, 140.1, 138.5, 136.0, 134.9, 131.2, 

129.5, 128.9, 120.8, 118.1, 111.5 (br s), 109.9 (br s) (15 Ar-C), 71.8 (d, J = 10 Hz, 

alkenyl-C on COE), 32.9, 32.0 (br s), 26.9, 22.4, 21.0, 20.4, 19.9, 17.2 (8 aliphatic C, 2 

Ar-CH3 + 3 on COE + 3 for 
i
Pr). 

29
Si{

1
H} NMR (79 MHz, C6D6): δ 42.8 (br). Anal. 

Calcd for C31H43N2RhSi: C, 64.79; H, 7.54. Found: C, 64.53; H, 7.49. 

Figure 3-5. ORTEP drawings (50% probability ellipsoids) of 206 (left)
137

 and 301 (right) 

showing select atom labeling.   

 

(SiN(B)N)Rh(Bpin) (302-x). In an Ar-filled glovebox, 301 (70 mg, 0.12 mmol) 

was dissolved in 2 mL fluorobenzene in a 25 mL Schlenk flask, and HBpin (90 μL, 0.62 

mmol) was then added to the flask. The reaction mixture was allowed to stir for 2 h at 

RT; the dark blue solution became dark brown over this time. The volatiles were then 

removed under vacuum. The residues were redissolved in 2 mL pentane, and dried under 

vacuum. The pentane/vacuum process was repeated two more times. Another 2 mL 
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pentane was added and the mixture was vigorously stirred for 10 min. The suspension 

was filtered through a fritted funnel, and the yellow solid was washed with 1 mL pentane 

twice and dried in vacuo. (52 mg, 59% yield). 
1
H NMR (400 MHz, C6D6): δ 9.95 (d, JH-H 

= 4.8 Hz, 1H, Ar-H), 7.85 (d, JH-H = 1.6 Hz, 1H, Ar-H), 7.74 (d, JH-H = 8.1 Hz, 1H, Ar-

H), 7.53 (d, JH-H = 1.9 Hz, 1H, Ar-H), 7.22 (dd, JH-H = 8.4, 1.6 Hz, 1H, Ar-H), 7.09 (dd, 

JH-H = 8.1, 2.1 Hz, 1H, Ar-H), 6.69 (m, 2H, Ar-H), 2.14 (s, 3H, Ar-CH3), 1.95 (m, 1H, 

CHMe2), 1.89 (s, 3H, Ar-CH3), 1.69 (d, JH-H = 7.3 Hz, 3H, CHMe2), 1.46 (d, JH-H = 7.3 

Hz, 3H, CHMe2), 1.39 (s, 12H, CH3 on Bpin), 1.28 (s, 6H, CH3 on Bpin), 1.23 (m, 1H, 

CHMe2), 1.14 (d, JH-H = 7.3 Hz, 3H, CHMe2), 1.06 (s, 6H, CH3 on Bpin), 0.72 (d, JH-H = 

7.3 Hz, 3H, CHMe2), -14.98 (d, JRh-H = 30 Hz, 1H, Ir-H). Selected 
1
H-

29
Si DQF (400 

MHz, C6D6) data for Ir-H: δ -14.98 (d, JRh-H = 30 Hz). The JSi-H value was too small to be 

determined (<1 Hz). 
13

C{
1
H} NMR (126 MHz, C6D6): δ 153.5 (d, J = 2.0 Hz, 2-position 

at the quinoline fragment), 150.6, 148.7, 146.8, 144.9, 137.0, 136.0, 135.7, 135.1, 130.1, 

130.0, 128.8, 128.6, 125.1, 121.9 (15 Ar-C), 84.5 (Cquart, Bpin on N), 80.79, 80.78 (2 

Cquart, Bpin on Ir), 26.5, 26.1, 25.8, 24.6, 21.2, 21.1 (d, J = 1.4 Hz), 21.0, 20.7, 20.3, 20.1, 

18.6 (d, J = 2.3 Hz, Si(CHMe2)2), 17.7 (d, J = 4.4 Hz, Si(CHMe2)2) (12 aliphatic C, 2 Ar-

CH3 + 6 for
 i
Pr + 4 for CH3 on Bpin). 

29
Si{

1
H} NMR (79 MHz, C6D6): 54.9 (d, JRh-Si = 

52 Hz). 
11

B NMR (128 MHz, C6D6): 41.3 (N-B), 23.8 (Ir-B). Anal. Calcd for 

C35H53B2N2O4RhSi: C, 58.51; H, 7.44. Found: C, 58.39; H, 7.60.  
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Figure 3-6. Left: Removal of all volatiles before filtration. Right: Filtration through a 

fritted funnel. 

  

Representative procedure for attempted catalysis of DHBTA.  To a J. Young 

NMR tube in an Ar-filled glovebox, a 0.0125 M stock solution of 301 in C6D6 (80 μL, 

1.0 μmol) was added, followed by 0.20 mL of neat C6D6. Then, HBpin (29 μL, 0.20 

mmol) was added via microsyringe. The tube was shaken and the contents were allowed 

to react for 3 min. After this, 4-ethynyltoluene (13 μL, 0.10 mmol) was dissolved in 0.20 

mL C6D6. This solution was added in four parts in one-minute intervals. After addition 

of HBpin, the solution changed colors from dark blue to yellow-brown, and this mixture 

was allowed to react at RT. After 3 d, analysis by 
1
H NMR spectroscopy revealed 43% 

trans-CH3-C6H4-CH=CH-Bpin, 30% gem-CH3-C6H4-CH(Bpin)=CH2, 5% cis-CH3-

C6H4-CH=CH-Bpin, and 22% 4-ethynyltoluene. All volatiles were removed in vacuo 

and redissolved in CDCl3, and the 
1
H NMR (500 MHz, CDCl3) spectral data of 

alkenylboronates were in agreement with those reported in the literature.
168,169

 
1
H NMR 

(500 MHz, CDCl3):  Trans-CH3-C6H4-CH=CH-Bpin: δ 7.40 (d, JH-H = 8.0 Hz, 2H, Ar-H), 

7.38 (d, JH-H = 19 Hz, 1H, alkenyl-H), 7.15 (d, JH-H = 8.0 Hz, 2H, Ar-H), 6.12 (d, JH-H = 
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19 Hz, 1H, alkenyl-H), 2.35 (s, 3H, Ar-CH3), 1.32 (s, 12H, CH3 on Bpin). Gem-CH3-

C6H4-CH(Bpin)=CH2: δ 7.39 (d, JH-H = 8.0 Hz, 2H, Ar-H), 7.13 (d, JH-H = 8.0 Hz, 2H, 

Ar-H), 6.06 (d, JH-H = 3.0 Hz, 1H, alkenyl-H), 6.02 (d, JH-H = 3.0 Hz, 1H, alkenyl-H), 

2.34 (s, 3H, Ar-CH3), 1.33 (s, 12H, CH3 on Bpin). Cis- CH3-C6H4-CH=CH-Bpin: δ 7.47 

(d, JH-H = 8.0 Hz, 2H, Ar-H), 7.19 (d, JH-H = 15 Hz, 1H, alkenyl-H), 7.12 (d, JH-H = 8.0 

Hz, 2H, Ar-H), 5.54 (d, JH-H = 15 Hz, alkenyl-H), 2.36 (s, 3H, Ar-CH3), 1.31 (s, 12H, 

CH3 on Bpin). 

Catalytic reaction of 301 with C6H6 and HBpin.  To a J. Young NMR tube in an 

Ar-filled glovebox, a 0.010 M stock solution of 301 in C6H6 was added (400 μL, 0.0040 

mmol). To this, HBpin (12 μL, 0.080 mmol) was added. After 2 min, the dark blue 

solution became yellow/brown. The NMR tube was sealed and taken out of the glovebox 

to place in an 80 °C oil bath to heat for three days. The reaction mixture was then 

transferred into a Schlenk flask, with pentane and CH2Cl2 used to rinse the NMR tube. 

The solvent was removed under vacuum, and the solid residue was dissolved in CDCl3. 

PhBpin formation was confirmed by both 
1
H and 

13
C NMR spectroscopic analysis.

170
 

The quartenary carbon atom attached to boron was not observed in the 
13

C NMR 

spectrum due to low intensity. 
1
H NMR (300 MHz, CDCl3) of PhBpin: δ 7.81 (d, JH-H = 

7.9 Hz, 2H, Ar-H), 7.46 (m, 1H, Ar-H), 7.37 (m, 2H, Ar-H), 1.35 (s, 12H, CH3 on Bpin). 

13
C{

1
H} NMR (75 MHz, CDCl3) of PhBpin: δ 134.9, 131.4, 127.8, 83.9 (Cquart, Bpin), 

25.0 (CH3, Bpin). 

Catalytic reaction of 301 with C6H6 and B2pin2. To a J. Young NMR tube in an 

Ar-filled glovebox, B2pin2 (10 mg, 0.041 mmol) was added. To this, a 0.010 M stock 
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solution of 301 in C6H6 was added (400 μL, 0.0040 mmol). The NMR tube was sealed 

and taken out of the glovebox to place in an 80°C oil bath to heat for three days. The 

dark blue solution became brown. The reaction mixture was then transferred into a 

Schlenk flask, with pentane and CH2Cl2 used to rinse the NMR tube. The solvent was 

removed under vacuum, and the solid residue was dissolved in CDCl3. PhBpin formation 

was confirmed by both 
1
H and 

13
C NMR spectroscopic analysis. 

Catalytic reaction of 301 with C6D6 and HBpin. To a J. Young NMR tube in an 

Ar-filled glovebox, a 0.0125 M stock solution of 301 in C6D6 was added (80 μL, 0.0010 

mmol) followed by 266 μL of neat C6D6.  To this, hexamethylbenzene and HBpin (200 

µL of 0.25 M hexamethylbenzene/ 0.50 M HBpin stock solution in C6D6, 0.050 mmol 

for hexamethylbenzene and 0.10 mmol for HBpin) was added in once. The NMR tube 

was sealed and taken out of the glovebox to place in an 80 °C oil bath, and the reaction 

progress was monitored by 
1
H NMR spectroscopy. After 48 h, 27% yield (based on 

HBpin) of D5-PhBpin was determined on 
1
H NMR measurement by the ratio of 

integration of methyl signals of Bpin to methyl signals of hexamethylbenzene. 

Catalytic reaction of 301 with C6D6 and B2pin2. To a J. Young NMR tube in an 

Ar-filled glovebox, a 0.0125 M stock solution of 301 in C6D6 was added (80 μL, 0.0010 

mmol) followed by 251 μL of neat C6D6. To this, hexamethylbenzene and B2pin2 (200 

μL of 0.25 M hexamethylbenzene/ 0.250 M B2pin2 stock solution in C6D6, 0.050 mmol 

for hexamethylbenzene and 0.050 mmol for B2pin2) was added in once. The NMR tube 

was sealed and taken out of the glovebox to place in an 80°C oil bath, and the reaction 

progress was monitored by 
1
H NMR spectroscopy. After 48 h, 7% yield (based on Bpin 
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equivalent of B2pin2) of D5-PhBpin was determined on 
1
H NMR measurement by the 

ratio of integration of methyl signals of Bpin to methyl signals of hexamethylbenzene.  

Catalytic reaction of 302-x with C6D6 and HBpin. To a J. Young NMR tube in an 

Ar-filled glovebox, a 0.0125 M stock solution of 302-x in C6D6 was added (80 μL, 

0.0010 mmol) followed by 266 μL of neat C6D6.  To this, hexamethylbenzene and 

HBpin (200 μL of 0.25 M hexamethylbenzene/ 0.500 M HBpin stock solution in C6D6, 

0.050 mmol for hexamethylbenzene and 0.10 mmol for HBpin) was added in once. The 

NMR tube was sealed and taken out of the glovebox to place in an 80°C oil bath and the 

reaction progress was monitored by 
1
H NMR spectroscopy. After 48 h, 33% yield (based 

on HBpin) of D5-PhBpin was determined on 
1
H NMR measurement by the ratio of 

integration of methyl signals of Bpin to methyl signals of hexamethylbenzene. 

Catalytic reaction of 302-x with C6D6 and B2pin2.  To a J. Young NMR tube in 

an Ar-filled glovebox, a 0.0125 M stock solution of 302-x in C6D6 was added (80 μL, 

0.0010 mmol).  To this, hexamethylbenzene and B2pin2 (200 μL of 0.25 M 

hexamethylbenzene/ 0.250 M B2pin2 stock solution in C6D6, 0.050 mmol for 

hexamethylbenzene and 0.050 mmol for B2pin2) was added in once, followed by 251 μL 

of neat C6D6. The NMR tube was sealed and taken out of the glovebox to place in an 

80°C oil bath, and the reaction progress was monitored by 
1
H NMR spectroscopy. After 

48 h, 5% yield (based on Bpin equivalent of B2pin2) of D5-PhBpin was determined on 
1
H 

NMR measurement by the ratio of integration of methyl signals of Bpin to methyl 

signals of hexamethylbenzene. 
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Decomposition of 302-x in C6D6. 302-x (25 mg, 0.035 mmol) was dissolved in 0.5 

mL C6D6 to result in a yellow solution in a J. Young tube. The solution was analyzed by 

1
H and 

11
B{

1
H} spectroscopy immediately. The solution color turned green gradually. 

After 6 h at RT, analysis by 
1
H NMR spectroscopy indicated roughly equal amount of 

HBpin (δ 0.98) and C6D5Bpin (δ 1.10) formation. HBpin (δ 28.2) and C6D5Bpin (δ 31.0) 

were also observed in the 
11

B{
1
H} NMR spectrum. The identity of HBpin was further 

confirmed by the 
11

B NMR spectrum that showed a doublet at 28.2 ppm (JH-B = 170 

Hz).
171

 

 

Figure 3-7. 
1
H NMR spectra of 302-x in C6D6 after RT 10 min (top) and RT 6 h 

(bottom). 
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Figure 3-8. 
11

B{
1
H} NMR (top) and 

11
B NMR (bottom) spectra of 302-x in C6D6 after 

RT 6 h. 

 

Decomposition of 302-x in cyclohexane-d12. 302-x (5 mg, 0.007 mmol) was 

dissolved in 0.5 mL cyclohexane-d12 to result in a light yellow solution in a J. Young 

tube. The solution was analyzed by 
1
H and 

11
B{

1
H} spectroscopy immediately. The 

solution color turned darker gradually. After 6 h at RT, analysis by 
1
H NMR 

spectroscopy indicated HBpin (δ 1.18) formation. HBpin (δ 28.4) was also observable in 

the 
11

B{
1
H} NMR spectrum, and the identity of HBpin was further confirmed by the 

11
B 

NMR spectrum that showed a doublet at 28.4 ppm (JH-B = 170 Hz).  
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Figure 3-9. 
1
H NMR spectra of 302-x in C6D12 after RT 10 min (top) and RT 6 h 

(bottom). 

 

Figure 3-10. 
11

B{
1
H} NMR (top) and 

11
B NMR (bottom) spectra of 302-x in C6D12 after 

RT 6 h. The signals of 302-x were not observable due to its low solubility in C6D12. 
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X-Ray data collection, solution, and refinement for 301.  A Leica MZ 75 

microscope was used to identify a suitable dark-blue multifaceted crystal with 

dimensions (max, intermediate, and min; in mm) 0.41 × 0.27 × 0.12 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 

GADDS X-ray (three-circle) diffractometer was employed for crystal screening, unit cell 

determination, and data collection. The goniometer was controlled using the FRAMBO 

software.
150

  

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 

was set at 5.0 cm from the crystal sample. The X-ray radiation employed was generated 

from a Cu sealed X-ray tube (K = 1.5418 Å  with a potential of 40 kV and a current of 

40 mA) fitted with a graphite monochromator in the parallel mode (175 mm collimator 

with 0.5 mm pinholes). A total of 180 data frames were taken at widths of 0.5° with an 

exposure time of 15 s. These reflections were used to determine the unit cell using 

Cell_Now.
150

 A suitable cell was found and refined by nonlinear least-squares and 

Bravais lattice procedures.  

Integrated intensity information for each reflection was obtained by reduction of the 

data frames with SAINTplus.
150

 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 was merged and scaled to produce a 

suitable data set. SADABS
150

 was employed to correct the data for absorption effects. 
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The structure was solved in the monoclinic P21/n space group using XS
151

 (incorporated 

in SHELXTL). All non-hydrogen atoms were refined with anisotropic thermal 

parameters. The hydrogen atoms were placed in idealized positions and refined using 

riding model. Two alkenyl-hydrogens in the cyclooctene fragment and Rh-H were 

assigned from Q peaks near the expected positions and refined. The structure was 

refined (weighted least-squares refinement on F
2
) to convergence. The presence of Rh-H 

is also indicated both by 
1
H and 

1
H-

29
Si DQF NMR spectroscopic data. 

X-Ray data collection, solution, and refinement for 302-x.  A Leica MZ 75 

microscope was used to identify a suitable yellowish block with very well defined faces 

with dimensions (max, intermediate, and min) 0.3 mm x 0.2 mm x 0.18 mm 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 X-ray (three-circle) diffractometer was employed for crystal 

screening, unit cell determination, and data collection.
 
The goniometer was controlled 

using the APEX2 software suite, v2008-6.0.
150

 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 was set at 6.0 cm from the crystal sample 

(APEX2, 512x512 pixel). The X-ray radiation employed was generated from a Mo 

sealed X-ray tube (K = 0.70173Å  with a potential of 40 kV and a current of 40 mA) 

fitted with a graphite monochromator in the parallel mode (175 mm collimator with 0.5 

mm pinholes). 
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180 data frames were taken at widths of 0.5.  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, a standard data 

collection procedure was initiated using omega scans.   

Integrated intensity information for each reflection was obtained by reduction of the 

data frames with the program APEX2.
150

 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 was merged and scaled to 

produce a suitable data set. The absorption correction program SADABS
150

 was 

employed to correct the data for absorption  

Systematic reflection conditions and statistical tests of the data suggested the space 

group P21/c. A solution was obtained readily using SHELXTL (XS).
151

 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. Solvent 

molecules which could not be identified or modeled to a disordered know solvent were 

found. Thermal ellipsoids of the solvent molecules suggested partial occupancy and / or 

significant disorder. Eventually the solvent were SQUEEZED using PLATON.
150

 The 

results indicated 62 electrons, and a volume of 352.2 Å
3
. Since we could not recognize 

the nature of solvent or its disorder, the formula and the density reported in the CIF file 

does not represent the actual values. Absence of additional symmetry and voids were 
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confirmed using PLATON (ADDSYM).
150 

The structure was refined (weighted least 

squares refinement on F
2
) to convergence.

151,172
  Although the Rh-H ligand couldn’t be 

located in the crystal structure confidently, its presence is indicated both by 
1
H and 

1
H-

29
Si DQF NMR spectroscopic data. 
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CHAPTER IV  

DEHYDROGENATIVE BORYLATION OF TERMINAL ALKYNES BY PNP 

PINCER COMPLEXES OF IRIDIUM 

4.1 Introduction 

In the chapter 2, we presented the first example of DHBTA catalyzed by SiNN Ir 

complexes (Figure 4-1).
137

 The reaction is chemoselective and can be performed under 

very mild conditions with alkyl-, aryl- and silyl- terminal alkynes in high yield. The 

origins of the excellent chemoselectivity and high activity are still unknown. Moreover, 

it is unclear whether all the structural factors of the specific SiNN ligand are essential for 

DHBTA. Later, in the study of Rh analogues of the Ir-DHBTA catalyst, an unusual 

double non-innocence of the SiNN ligand was observed (chapter 3). Besides the flexible 

Si-H moiety, the amido nitrogen can reversibly accept a boryl group from the metal.  

 

Figure 4-1. DHBTA catalyzed by 206. 

 

Inspired by the chemistry of the SiNN Rh complexes, one possible mechanism of 

DHBTA involving boryl transfer to and from the center amido group of the ligand 

backbone is depicted in the section 2-3. From the DFT studies and the phenomenon we 

observed in the SiNN Rh complexes, the N(amido) donor seems to play the central role in 

DHBTA. Here we report the performance of a series of related ligands in DHBTA and 



 

91 

 

lead to the discovery of a new highly active catalyst 415-Ir-COE, synthesis and 

characterization of the possible intermediates in DHBTA.  

4.2 Results and discussion 

4.2.1 Synthesis and screening of ligands for DHBTA 

In light of the success of 206 in DHBTA, we decided to examine a series of ligands 

that systematically varied some of the SiNN features (Figure 4-2). From 401-H to 405-H 

and 1-F, we preserved the central amido donor and the quinoline fragment but removed 

the silyl side arm (401-H) or replaced it with other hemilabile donors (402-H to 405-H 

and 1F). For 406-H and 407-H, the silane segment and the central amido donor are 

maintained; however, the quinoline moiety was eliminated (406-H) or substituted with a 

phosphine donor (407-H). We also included the PNP ligand (408-H) and the 

PCP/POCOP ligands (409-H to 410-H) because these are common pincers with a rich 

history of C-H activation chemistry with Ir.
3,51,173,174

 The examination of related 

isopropyl PCP/POCOP ligand (411-H and 412-H) is still undergoing at the time of this 

writing. 

 

Figure 4-2. General strategy of ligand screening for DHBTA. 
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The syntheses of ligands used in the screening of DHBTA are shown in Scheme 4-1. 

Quinoline derivatives (i.e. 401-H,
124

 402-H, 403-H, 404-H, 405-H,
18

 1F
18

) could be 

readily synthesized via Buchwald-Hartwig coupling from 8-bromoquinoline with 

various anilines or 8-aminoquinoline. The synthesis of 4S1 is adapted from our previous 

synthesis of 4S2.
175

 The dilithiation of bis(2-bromo-4-methylphenyl)amine with 2 

equivalents of n-BuLi followed by aqueous workup and column chromatography 

produced 4S1 in 86% yield. Treatment of 4S1 with n-BuLi, followed by addition of 

i
Pr2SiHCl and work up gave 406-H in 73% yield. The new SiNP ligand 407-H was first 

prepared by Alyson Christopher in our group from 4S2 through a similar protocol. 

 
Scheme 4-1. Synthesis of ligands used in screening DHBTA. 

 

We demonstrated before that DHBTA could be carried out by generating 206 in situ 

from the reaction between 205 and [(COE)2IrCl]2 (Scheme 4-2).
137

 Therefore, ligands 
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with central amido donors (401-H to 408-H and 1F) were deprotonated with 1 

equivalent of NaN(SiMe3)2 and mixed with 0.5 equivalent of [(COE)2IrCl]2. We 

assumed generation of the corresponding Ir cyclooctene complexes analogous to 206 in 

situ and these mixtures were used to test DHBTA. For PCP/POCOP ligands (409-H and 

410-H), we directly took the iridium dihydride complexes (101
176

 and 102
177

) to 

examine DHBTA.   

 
Scheme 4-2. DHBTA catalyzed by 206 generating in situ from 205. 

 

1 mol% Ir catalyst was tested in the reaction between 4-ethynyltoluene (209) and 2 

equivalent of HBpin. The results are summarized in Table 4-1. None of the ligands 

tested showed any DHBTA reactivity except for 408-H. In general, sluggish and 

nonselective hydrogenation and hydroboration were observed for 401-H to 407-H and 

1F. For PCP/POCOP iridium complexes (101 and 102), a mixture of trans-

alkenylboronate (4A1-2) and cis-alkenylboronate (4A1-3) were observed as major 

products. Interestingly, the use of 408-H gave 76% alkynylboronate 209P after 10 min at 

ambient temperature and 90% yield after 1 h. About 3% 4-ethyltoluene (4A1-1) was also 

formed from hydrogenation which was not detected in the reactions catalyzed by SiNN 

Ir complexes. 
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Table 4-1. Ligand screening in DHBTA. 

 

For 401-H to 408-H and 1F: In the following order, the ligand (0.0010 mmol), 

NaN(TMS)2 (0.0010 mmol), [(COE)2IrCl]2 (0.00050 mmol) and HBpin (0.20 mmol) 

were mixed in C6D6 in a J. Young tube. 4-ethynyltoluene (0.10 mmol) was then added in 

4 portions with 1 min intervals and the mixture was allowed to stand at ambient 

temperature for 10 min (see experimental for details). For 101 and 102: The iridium 

complex (0.0010 mmol) and HBpin (0.20 mmol) were mixed in C6D6 in a J. Young tube. 

4-ethynyltoluene (0.10 mmol) was then added in 4 portions with 1 min intervals and the 

mixture was allowed to stand at ambient temperature for 10 min (see experimental for 

details).
 
 

 

111 also gave the same result in the test reaction,
150

 so we used 111 for the further 

DHBTA studies. 4-Ethynyltoluene (209), trimethylsilylacetylene (210), and 1-hexyne 
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(212) were chosen as model substrates for aromatic, silyl, and aliphatic terminal alkynes 

respectively (Table 4-2). In general, using 111 gave lower yields than 206 after 10 min at 

RT. For 209 and 210, DHBTA was finished in 1 h and gave excellent yields. When 

using 111 as the catalyst, a small amount of the hydrogenation product 4A1-1 was also 

observed. The catalytic activity of 111 towards 212 was significantly slower than 209 

and 210 and only achieved 50% yield after 3 h. 

 

Table 4-2. DHBTA catalyzed by 111. 

 

 

4.2.2 Testing of (PNP)Ir complexes with various phosphine substituents 

We were encouraged by the activity shown by the PNP ligand 408-H. The PNP 

framework is readily modifiable, thus we selected several PNP ligands with different 

steric and electronic properties to install onto iridium (Scheme 4-3) for testing in 

DHBTA. The synthesis of 413-H was recently reported by our group.
178

 413-H was 

liquid and proved very difficult to purify; however, the Li derivative (413-Li) could be 
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isolated in a pure form in 56% yield. 413-Li was then reacted with 0.5 equivalent of 

[(COE)2IrCl]2 to yield 413-Ir-COE. 414-Ir-COE
179

 and 415-Ir-COE were synthesized 

via one-pot reactions by deprotonation of neutral ligands and treatment with 

[(COE)2IrCl]2. 

 

Scheme 4-3. Synthesis of (PNP)Ir(COE) complexes. 

 

The newly synthesized (PNP)Ir(COE) complexes (413-Ir-COE, 414-Ir-COE, 415-

Ir-COE), 111, and the previously reported 206 were all tested in DHBTA by using 209 

as the model substrate. The results were summarized in Table 4-3. Under 1 mol% 

catalyst loading, 413-Ir-COE, 415-Ir-COE, 111, as well as 206 gave excellent yields at 

ambient temperature, whereas 414-Ir-COE did not (entry 4). When the catalyst loading 

was lowered to 0.25%, 206 gave 43% yield after 1 h (entry 6) and the yield did not 

increase with longer reaction times.  
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Table 4-3. Catalytic results for DHBTA using various PNP Ir complexes and 206. 

 

Entry Catalyst Loading 

(mol%) 

Time Con. 

(%) 

Yield 

(%) 

Note 

1 206 1 10 min 100 99  

2 111 1 1 h 100 95 10 min: 81% yield 

3 413-Ir-COE 1 10 min 100 97  

4 414-Ir-COE 1 10 min 27 21  

5 415-Ir-COE 1 10 min 100 97  

6 206 0.25 1 h 44 43 10 min: 37% yield 

7 111 0.25 4 h 100 90 10 min: 34% yield 

8 413-Ir-COE 0.25 2 h 100 82 10 min: 45% yield 

9 415-Ir-COE 0.25 10 min 100 92  

10 415-Ir-COE 0.05 2 h 100 85  

11 415-Ir-COE 0.025 8 h 100 85 10 min: 13% yield 

12 415-Ir-COE 0.025 1 h
a
 100 84  

13 415-Ir-COE 0.01 2 h
a
 77 65  

The iridium complex and HBpin (0.20 mmol) were mixed in C6D6 in a J. Young tube. 

209 (0.10 mmol) was then added in 4 portions with 1 min intervals and the mixture was 

allowed to stand at ambient temperature (see experimental for details).
 a
 60 

o
C. 

 

415-Ir-COE showed superior reactivity to 111 and 413-Ir-COE that gave 92% 

yield in 10 min. The reaction rate could be promoted by heating to 60 
o
C (entry 11 and 

12) without significant yield loss and gave remarkable turnover number (~3400) with 

0.025 mol% catalyst loading. The highest turnover number 415-Ir-COE could achieve 
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was 6500 (entry 13), though under incomplete conversion at 0.01 mol% loading. In 

terms of chemoselectivity, using 206 in the DHBTA gave 209P as the product 

exclusively; 2 to 10% of hydrogenation product 4A1-1 was observed in all (PNP)Ir 

complexes catalyzed reactions as the major side products (Figure 4-3). 

 

Figure 4-3. Partial 
1
H NMR spectra of DHBTA reaction mixtures catalyzed by a) 1 

mol% 413-Ir-COE (entry 3 in Table 4-3) and b) 1 mol% 206 (entry 1 in Table 4-3). 

 

To further explore the catalytic reactivity of 415-Ir-COE, 209, 210, 5-chloro-1-

pentyne (213) and 3-methyl-3-trimethylsiloxy-1-butyne (216) were chosen as model 

substrates for aromatic, silyl, aliphatic terminal alkynes and propargyl ethers 

respectively (Table 4-4). 84-99% NMR yields were obtained for all four substrates with 

0.025 to 0.1 mol% loading of 415-Ir-COE as the catalyst, and the alkynylboronate 

products (209P and 216P) in the preparative-scale reactions could be easily purified by 

recrystallization and isolated in good yield. A mercury test
180

 was performed with 0.025 

mol% 415-Ir-COE loading and 209 as substrate. No significant yield changes were 
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observed for either 209P or the major side-product 4A1-1 which suggests that the 

catalysis is homogeneous. 

 

Table 4-4. DHBTA of representative terminal alkynes catalyzed by 415-Ir-COE. 

 

 

a
 415-Ir-COE and HBpin (0.20 mmol) were mixed in C6D6 in a J. Young tube. Alkyne 

(0.10 mmol) was then added in 4 portions with 1 min intervals at RT and the mixture 

was heated at 60 
o
C (see experimental for details).

 b
 NMR yield. 

c
 Yields in parentheses 

are isolated yields in preparative-scale (10 mmol alkyne) reactions that used toluene as 

the solvent instead of C6D6. 

 

4.2.3 Synthesis of proposed intermediates in DHBTA 

In order to understand the reaction mechanism and the origin of chemoselectivity in 

DHBTA catalyzed by (PNP)Ir systems, (
Me

PNP
iPr

)Ir (408-Ir) system was chosen for the 

further studies. The C2v-symmetic ligand structure of 408-Ir system leads to nice signals 
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in the 
31

P NMR spectrum that are easy to track and a lot of (
Me

PNP
iPr

)Ir chemistry is also 

already known.
51,173,174

 We decided to independently synthesize possible intermediates 

in DHBTA by reacting (
Me

PNP
iPr

)Ir precusors with HBpin, terminal alkynes, and 

alkynylboronates (Figure 4-4) and examining them in both stoichiometric and catalytic 

reactions. 

 

Figure 4-4. Strategy of examining possible intermediates in DHBTA. 

 

In our original report, we showed the iridium diboryl complex 207 can be 

synthesized by reacting 206 with 5 equivalents of HBpin;
137

 and isolated 207 exhibited 

the same catalytic activity as 206. Treating 111 with 5 equivalents of HBpin, however, 

led to a mixture of 408-Ir-H3Bpin and 408-Ir-HBpin and in equilibrium with free H2 

(top, Scheme 4-4). Because the reaction of 111 with HBpin did not yield 408-Ir-Bpin2, 

we employed an alternative route of heating 408-Ir-HMes, a good synthon for 

(
Me

PNP
iPr

)Ir,
173

 with 1 equivalent of B2pin2 to get 408-Ir-Bpin2 in 83% isolated yield 

(bottom, Scheme 4-4).  
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Scheme 4-4. The synthesis of 408-Ir-HBpin and its equilibrium with 408-Ir-H3Bpin 

(top). The synthesis of 408-Ir-Bpin2 (bottom). 

 

In the 
1
H NMR spectrum, 408-Ir-HBpin exhibited an up-field signal at -19.8 ppm 

(t, 1H, JP-H = 8.4 Hz), and the peak sharpened upon 
11

B decoupling (Figure 4-5, left) 

which suggests that this proton interacted with a boron atom of the boryl. In contrast, 

408-Ir-H3Bpin displayed two broad up-field signals at -5.3 (1H, ω1/2 = 60 Hz) and -12.4 

(2H, ω1/2 = 64 Hz) ppm in the 
1
H NMR spectrum at ambient temperature. Only the peak 

at -5.3 ppm (ω1/2 = 35 Hz) sharpened upon 
11

B decoupling (Figure 4-5, right) , but the 

width of the peak at -12.4 ppm remained unchanged that we can unambiguously assign 

the peak at -5.3 ppm to the proton associated with a boron atom. The up-field signals of 

408-Ir-H3Bpin can be further resolved via variable temperature (VT) 
1
H NMR analysis 

(Figure 4-6) that displayed three distinct peaks (-5.39, -9.43, -15.35 ppm) at 213K. From 

the data of 
1
H{

11
B} and VT 

1
H NMR spectroscopy, 408-Ir-H3Bpin is best described as 

an exo-σ-borane dihydride complex.
181
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Figure 4-5. The upfield region of 
1
H and 

1
H{

11
B} NMR spectrum (400 MHz, C6D6) of 

408-Ir-HBpin (left) and 408-Ir-H3Bpin (right). 

 

 

Figure 4-6. Partial (upfield region) 
1
H NMR spectrum (500 MHz, toluene-d8) of 408-Ir-

H3Bpin as a function of temperature. Small amount of unidentified impurity (marked 

with asterisks) was shown near -9.2 ppm. 
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       The attempts to obtain a well-defined terminal alkyne complex have been 

unsuccessful so far. Reacting 408-Ir-H2 or 408-Ir-HMes with one equivalent or excess 

of 209 under various conditions all led to mixtures of unidentified products that have 

resisted our attempts at isolation and separation (Scheme 4-5). The phenomenon might 

be related to the fact that Rh analog 129 has been shown to be an alkyne dimerization 

catalyst
55

 and PCP/POCOP iridium complexes reacted alkynes to form a variety of 

allene or enyne complexes.
54,182

  

 

Scheme 4-5. Unsuccessful attempts of making terminal alkyne related complexes. 

 

Before attempting to make an alkynylboronate complex, we considered the possible 

structures of (
Me

PNP
iPr

)Ir with an alkynylboronate, and therefore did DFT calculations 

on the three conceivable isomers for (
Me

PNP
iPr

)Ir with 209P: the alkynylboronate π-

complex, 408-Ir-p-tol; the vinylidene complex, 408-Ir-v-tol; and the alkynyl boryl 
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complex, 408-Ir-ynlBpin-tol (Figure 4-7). 408-Ir-v-tol was calculated to be the lowest 

energy isomer, with 408-Ir-p-tol and 408-Ir-ynlBpin-tol lying 3.4 and 7.7 kcal/mol 

higher in energy, respectively. 

 

Figure 4-7. DFT calculation of three possible isomers of  (
Me

PNP
iPr

)Ir + 209P. 

 

Mixing 408-Ir-HMes with one equivalent of 209P at ambient temperature 

overnight led to two products which appeared at 43.9 (5%) and 25.6 (11%) ppm 

respectively in the 
31

P NMR spectrum (Scheme 4-6, top), and further heating the mixture 

at 100 
o
C for 1 h cleanly converted all iridium complexes to a single product that 

resonated at 43.9 ppm in the 
31

P NMR spectrum, which was isolated and identified as 

408-Ir-v-tol. The Me3Si substituted vinylidene analog 408-Ir-v-TMS was also 

characterized without isolation by using 210P as the reactant (Scheme 4-6, bottom). The 

vinylidene resonances were observed at 282.8 and 269.3 ppm in the 
13

C NMR spectrum 

as expected for 408-Ir-v-tol and 408-Ir-v-TMS respectively.
183

 The result is consistent 

with the DFT prediction of 408-Ir-v-tol as the thermodynamically favored isomer. 
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Scheme 4-6. Synthesis of vinylidene complexes 408-Ir-v-tol and 408-Ir-v-TMS. 

 

Conversion of osmium boryl alkynyl complexes to vinylideneboronate esters has 

been observed by Esteruelas and López,
184

 thus we expected other kinetically stable 

intermediates to 408-Ir-v-tol should be obtained if a suitable (
Me

PNP
iPr

)Ir precursor was 

reacted with 209P at milder conditions. We first attempted to mix 111 with 209P then 

removed all volatiles immediately. The residue was redissolved in C6D6 and analyzed by 

1
H and 

31
P NMR spectroscopy. The major product was assigned as an alkynylboronate 

π-complex 408-Ir-p-tol (Scheme 4-7), and its phosphine signal in the 
31

P NMR 

spectrum was appeared at 25.6 ppm which was identical to the observed intermediate in 

the synthesis of 408-Ir-v-tol. We also observed 9% of 408-Ir-HBpin formation 

indicates that Csp-B bond cleavage is facile and the quantity of 408-Ir-HBpin would 

increase over the longer reaction times. The assignment of 408-Ir-p-tol was supported 

by its aromatic proton signals of the 2,6-positions on 209P in the 
1
H NMR spectrum 

were shifted downfield significantly to 8.28 ppm which is characteristic of internal 
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aromatic alkyne π-complexes.
182,185,186

 However, the isomerization from 408-Ir-p-tol to 

408-Ir-v-tol at ambient temperature (about 50% after 15 h) prevented the isolation of 

pure 408-Ir-p-tol.  

 

Scheme 4-7.  Synthesis of 408-Ir-p-tol. 

 

We surmised that a more electron-poor alkyne should be thermodynamically less 

predisposed to form a vinylidene,
183

 so the rearrangement should be retarded by 

decreasing the electron density of the triple bond due to both a ground state and a 

transition state effect. To examine the postulation, we replaced 209 with 4A2-Bpin as 

the reactant and mixed with pre-cooled 111 at -35 
o
C. We were able to isolate 408-Ir-p-

Ftol as red-orange solid in 74% yield (Scheme 4-8). To the best of our knowledge, this 

is the first alkynylboronate π-complex that has been isolated and characterized. 
31

P NMR 

spectroscopic analysis showed a singlet at 26.1 ppm, which was close to 408-Ir-p-tol. 

Consistent with our proposal, the conversion of 408-Ir-p-Ftol to the vinylidene complex, 

408-Ir-v-Ftol is significantly slower (about 5% after 15 h) than 408-Ir-p-tol at ambient 

temperature. Like 408-Ir-p-tol, the aromatic proton signals of the 2,6-positions on 4A2-

Bpin in 408-Ir-p-Ftol were also downfield shift to 8.22 ppm in the 
1
H NMR spectrum. 
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In the 
13

C NMR spectrum, the carbon signal of alkynyl-C (C≡C-B) in 408-Ir-p-Ftol (δ 

105.7) was slightly downfield shift than in free 4A2-Bpin. 

 

Scheme 4-8. Synthesis of 408-Ir-p-Ftol. 

 

4.2.4 X-ray diffraction and density functional theory studies of 408-Ir-HBpin, 408-Ir-

Bpin2, 408-Ir-v-tol, and 408-Ir-p-Ftol 

The solid-state structure of 408-Ir-HBpin is shown in Figure 4-8 (left). To 

reinforce the X-ray studies, especially with respect to the location of the Ir-H and 

compare with analogous 410-Ir-HBpin (right) reported by Heinekey et al,
181

 Dr. Jia 

Zhou also performed density functional theory (DFT) analysis in the gas phase using the 

M06 functional. Based on the DFT results, the degree of B-H bond activation is larger in 

408-Ir-HBpin than in 410-Ir-HBpin that is depicted by the shorter Ir-B and Ir-H bond 

distance and longer B-H bond distance in 408-Ir-HBpin.  
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 408-Ir-HBpin 

(X-ray) 

408-Ir-HBpin 

(DFT) 

410-Ir-HBpin 

(X-ray) 

410-Ir-HBpin 

(DFT) 

Ir-H 1.69(4) 1.639 1.56(6) 1.706 

Ir-B 2.049(6) 2.033 2.082(5) 2.114 

H-B 1.788 1.608 1.47(6) 1.406 

B-Ir-H 56.1(15) 50.5 45(2) 41.5 

Figure 4-8. ORTEP drawing (50% probability ellipsoids) of 408-Ir-HBpin (top left) 

showing selected atom labeling and depiction of 410-Ir-HBpin (top right). Hydrogen 

atoms are omitted for clarity in the ORTEP drawing, except for the hydride on the Ir 

atom. The selected bond distances (Å ) and angles (deg) for 408-Ir-HBpin and 410-Ir-

HBpin are summarized in the table at bottom. 

 

The structure of 408-Ir-Bpin2 can be described as Y-shaped five-coordinate where 

the Y was defined by N(amido) and two boryls (Figure 4-9, top left) with an acute B-Ir-B 

angle (68.2 ° ). The Y-shaped geometry is exactly expected for a five-coordinate d
6
 

complex
134,135

 when the equatorial plane contains a single good π-donor (N(amido)) and 

two strong σ-donors (two boryls). Two Ir-boryls are shown almost the same metrics and 

the Ir−B distances are similar to the analogous Ir−Bpin distances reported in the 

literature (2.02−2.07 Å).
68,137

 In general, all parameters of bond distances and bond 

angles on the equatorial plane are very close to the previous reported 207 (top right).
137
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The B…B distance of 2.29 Å is too long for boron-boron interaction thus 408-Ir-Bpin2 

should be viewed as an Ir(III) diboryl complex. 

 

 408-Ir-Bpin2 207 

Ir-B 2.034(4), 2.048(4) 2.062(6), 2.069(5) 

Ir-N(amido) 2.078(3) 2.073(4) 

N(amido)-Ir-B 144.1(1), 147.1(1) 146.2(2), 147.0(2) 

B-Ir-B 68.2(2) 66.5(2) 

Figure 4-9. ORTEP drawing (50% probability ellipsoids) of 408-Ir-Bpin2 (top left) 

showing selected atom labeling and depiction of 207 (top right). Hydrogen atoms are 

omitted for clarity in the ORTEP drawing. The selected bond distances (Å ) and angles 

(deg) for 408-Ir-Bpin2 and 207 are summarized in the table at bottom. 

 

X-ray quality crystals of 408-Ir-v-tol and 408-Ir-p-Ftol were grown from 

fluorobenzene/pentane and the solid structures are shown in Figure 4-10. The structure 

of 408-Ir-v-tol and 408-Ir-p-Ftol can be described as having a slightly distorted square 

planar geometry. For 408-Ir-v-tol, C2-C1-Ir bond angle (178.2°) is very close to 180° 

which is the character of a typical vinylidene complex.
183

 The Ir-C1 and C1-C2 bond 

lengths of 1.807 and 1.334 Å , respectively, are similar to the analogous distances in the 

[(Ph2PCH2SiMe2)2N]Ir=C=CH2 vinylidene complex reported by Fryzuk.
187

 In the 
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structure of 408-Ir-p-Ftol, 4A2-Bpin is bound to iridium through a unsymmetrical η
2
 

fashion (Ir-C1: 2.165 Å , Ir-C2: 2.101 Å ) which is similar to other square planar Ir(I) 

alkyne complexes.
182,188,189

 Both the elongation of C≡C bond (1.304 Å ) and the bending 

of C≡C-Cipso (147.5°) and C≡C-B (161.9°) away from 180° indicate back-donation from 

the iridium center to the π* orbitals of C≡C bond.
41,190

 

 

Figure 4-10. ORTEP drawings (50% probability ellipsoids) of 408-Ir-v-tol (left) and 

408-Ir-p-Ftol (right) showing selected atom labeling and hydrogen atoms are omitted 

for clarity. For 10-Ir-v-tol, one of two molecules in the asymmetric unit is shown, and a 

non-coordinated fluorobenzene molecule is omitted for 408-Ir-p-Ftol. Selected bond 

distances (Å ) and angles (deg) for 408-Ir-v-tol: Ir-C1, 1.807(4); C1-C2, 1.334(5); P2-

Ir1-P1, 164.84(3); C2-C1-Ir, 178.2(3); C1-C2-C3, 120.1(3); C1-C2-B 113.1(3); C3-C2-

B, 126.8(3). Selected bond distances (Å ) and angles (deg) for 408-Ir-p-Ftol: Ir-C1, 

2.165(11); Ir-C2, 2.101(12); C1-C2, 1.301(15); C1-C2-C3, 147.5(11); B-C1-C2, 

161.9(11).  

 

4.2.5 Stoichiometric reactions of (
Me

PNP
iPr

)Ir complexes 

To examine the possible roles that four new isolated (
Me

PNP
iPr

)Ir complexes 

played in DHBTA, these compounds were tested with the three components in DHBTA: 

A terminal alkyne (substrate), HBpin (substrate), and H2 (by-product). 408-Ir-HBpin 

was reacted with three different terminal alkynes to study the boryl transfer ability: 209, 

210 and 4A2-H (Scheme 4-9, top). After 10 min at ambient temperature, approximately 
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50% yield of the corresponding alkynylboronates was observed in 
1
H NMR spectrum for 

all three substrates. The amount of alkynylboronate did not increase with longer reaction 

times; however, other side reactions such as hydrogenation occurred. By 
31

P NMR 

spectroscopic analysis, different degrees of unreacted 408-Ir-HBpin were observed 

along with multiple phosphorus containing species formed but could not be assigned at 

this stage. Surprisingly, 408-Ir-Bpin2 was inert to all three major components in 

DHBTA: HBpin, terminal alkyne and H2 (Scheme 4-9, bottom) in stoichiometric 

reactions at ambient temperature. 
31

P NMR spectroscopic analysis showed 408-Ir-Bpin2 

was the only observable phosphorus containing compound in each reaction mixture. 

Only heating of 408-Ir-Bpin2 under 1 atm H2 at 100 
o
C overnight led to 41% 408-Ir-

H3Bpin formation. 

 

Scheme 4-9. Boryl transfer from 408-Ir-HBpin to terminal alkynes (top) and reactivities 

of 408-Ir-Bpin2. 
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Scheme 4-10. Reactivities of 408-Ir-v-tol (top) and  408-Ir-p-Ftol (bottom). 

 

408-Ir-v-tol was stable toward to both HBpin and 209 at ambient temperature 

(Scheme 4-10, top). On the other hand, treating 408-Ir-v-tol with H2 quickly resulted in 

gem-alkenylboronate (4A1-4) formation and unidentified iridium compounds in 1 h at 

ambient temperature. After overnight, 111 was the only observable species by 
31

P NMR 

spectroscopic analysis. Treating 408-Ir-p-Ftol with 1 equivalent of HBpin at ambient 

temperature slowly and cleanly leads to 408-Ir-HBpin formation (Scheme 4-10, bottom); 

meanwhile, equal amount of free 4A2-Bpin was observed in the 
1
H NMR spectrum. The 

reaction between 408-Ir-p-Ftol and 4A2-H was relatively sluggish that no noticeable 
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change after 10 min, and only made 8% conversion after 2 h at ambient temperature 

based on analysis by 
31

P NMR spectroscopy. Exposing 408-Ir-p-Ftol under 1 atm H2 

quickly yielded 27% 408-Ir-H3Bpin and 24% unknown iridium species in 10 min, and 

the formation of 408-Ir-H3Bpin proved the Csp-B bond cleavage is effortless again. Cis-

alkenylboronate (4A2-1) was also observed as the hydrogenation product of 4A2-Bpin. 

4.2.6 Catalytic results for DHBTA using various (
Me

PNP
iPr

)Ir complexes  

    Table 4-5 summarizes the results when newly synthesized (
Me

PNP
iPr

)Ir compounds, 

along with 408-Ir-H2 were tested in DHBTA. When 111 was treated with excess HBpin, 

yellow mixture of 408-Ir-HBpin and 408-Ir-H3Bpin immediately formed before 

addition of alkyne. Not surprisingly, comparable yield and hydrogenation side-product 

(4A1-1) ratio was observed when isolated 408-Ir-HBpin was used instead of 111 (entry 

1 and 2). 408-Ir-p-Ftol also gave very similar performance on 4A2-H to 111 (entry 5 

and 6). In contrast, 408-Ir-Bpin2 showed no DHBTA after the first 10 min (entry 3) and 

only gave 37% 209P after 3 h indicating 408-Ir-Bpin2 is clearly not in the DHBTA 

catalytic cycle. The inertness of 408-Ir-Bpin2 in the DHBTA was correlated with its 

poor reactivity in the previous stoichiometric reactions. Finally, 408-Ir-v-tol also 

showed poor reactivity (entry 4) eliminating involvement of alkynylboronate formation 

through vinylidene intermediates in the mechanism.   
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Table 4-5. Catalytic results for DHBTA using various (
Me

PNP
iPr

)Ir complexes.  

 

 

Entry Ir catalyst Alkyne DHBTA Yield (10 min) Note 

1 111 209 81%  

(16% 209, 3% 4A1-1) 

95% after 1 h  

(5% 4A1-1) 

2 408-Ir-HBpin 209 82%  

(16% 209, 2% 4A1-1) 

96% after 1 h  

(4% 4A1-1) 

3 408-Ir-Bpin2 209 0% (all 209) 37% after 3 h 

4 408-Ir-v-tol 209 17% (80% 209) 85% after 1 h 

5 111 4A2-H 45% 65% after 1 h 

6 408-Ir-p-Ftol 4A2-H 49% 64% after 1 h 

 

4.3 Conclusion 

     Through ligand screening, we have shown the discovery of new DHBTA catalysts 

supported by various PNP ligands. Using the unsymmetric PNP supported iridium 

complex 415-Ir-COE TONs of 6500 was achieved. Good to excellent yields were 

obtained under mild conditions for aryl-, silyl-, and alkyl-substituted terminal alkynes. 

Unlike the strict chemoselectivity in the (SiNN)Ir system, <10% hydrogenation products 

are observed as the main side-products in all the (PNP)Ir systems. 

      Several 
Me

PNP
iPr

 iridium complexes analogous to intermediates in the original 

proposed DHBTA catalytic cycle have been synthesized and tested in both 

stoichiometric and catalytic reactions. The vinylidene (408-Ir-v-tol) and diboryl (408-
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Ir-Bpin2) complexes are inert to both terminal alkynes and HBpin, plus their poor 

performance in DHBTA that we could rule them out of the catalytic cycle of the 

(
Me

PNP
iPr

)Ir system. The inactivity of 408-Ir-Bpin2 is in contrast to analogous 

(SiNN)Ir(Bpin)2 207 which might imply that a diboryl structure is not essential for 

successful DHBTA. On the other hand, hydride boryl (408-Ir-HBpin) and 

alkynylboronate π-complex (408-Ir-p-Ftol) show nearly identical performance to 111. 

Further organic application using 415-Ir-COE and related kinetic studies are in progress.  

4.4 Experimental 

General Considerations.  Unless specified otherwise, all manipulations were 

performed under an Ar atmosphere using standard Schlenk line or glovebox techniques. 

Toluene, fluorobenzene, THF, Et2O, pentane, C6D6 were dried over NaK/Ph2CO/18-

crown-6, distilled or vacuum transferred and stored over molecular sieves in an Ar-filled 

glovebox. Mesitylene, CH2Cl2, CD2Cl2 and CDCl3 were dried with and then distilled 

from CaH2 and stored over molecular sieves in an Ar-filled glove box. 206,
137 

401-H,
124

 

2-tert-butylmercaptoaniline,
191

 8-bromo-6-methylquinoline,
137

 405-H,
18

 1F,
18

 4S2,
175

 

bis(2-bromo-4-methylphenyl)amine,
192

 111,
51

 408-Ir-HMes,
51 

101,
176

 102,
177

 414-H,
193

 

415-H,
178

 209P,
137

 210P
137

 were prepared according to published procedures. (Me3Si)2O 

and alkynes were deoxygenated by three freeze-pump-thaw cycles prior to use. All other 

chemicals were used as received from commercial vendors. NMR spectra were recorded 

on a Varian Inova 300, Mercury 300 (
1
H NMR, 299.952 MHz; 

13
C NMR, 75.421 MHz; 

31
P NMR, 121.42 MHz), Varian Inova 400 (

1
H NMR, 399.535 MHz; 

11
B NMR, 128.185 

MHz; 
13

C NMR, 100.465 MHz; 
29

Si NMR, 79.366 MHz) and NMRS 500 (
1
H NMR, 
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499.703 MHz; 
19

F NMR, 469.854 MHz; 
13

C NMR, 125.697 MHz; 
31

P NMR, 202.283 

MHz) spectrometer. For 
1
H and 

13
C NMR spectra, the residual solvent peak was used as 

an internal reference (
1
H NMR: δ 7.15 for C6D6, 5.32 for CD2Cl2, 7.24 for CDCl3; 

13
C 

NMR: δ 128.06 for C6D6, 53.84 for CD2Cl2, 77.16 for CDCl3). For 
29

Si NMR, spectra 

were referenced externally to δ = 0 ppm by using Me4Si. For 
11

B NMR, spectra were 

referenced externally to δ = 0 ppm by using BF3･Et2O. For 
19

F NMR, spectra were 

referenced externally to δ = -78.5 ppm by using CF3COOH. For 
31

P NMR, spectra were 

referenced externally to δ = 0 ppm by using 85% H3PO4. Mass spectrometric analyses 

were carried out by the Texas A&M University Laboratory for Biological Mass 

Spectrometry (LBMS). Elemental analyses were performed by CALI Labs, Inc. 

(Parsippany, NJ). 

Note: In 
13

C NMR spectra of alkynylboronates and vinylidenes, quaternary carbon 

atoms attached to boron were usually not observed due to low intensity. 

Computational details.  All computations were carried out with the Gaussian09 

program.
145

 All of the geometries were fully optimized at the M06
146

 level of theory. The 

Stuttgart basis set and the associated effective core potential (ECP) was used for Ir atom, 

and an all-electron 6-311G(d,p) basis set was used for the other atoms. The harmonic 

vibrational frequency calculations were performed to ensure that a minimum was 

obtained. 

Synthesis of 402-H. In an Ar-filled glove box, Pd2(dba)3 (180 mg, 0.196 mmol) 

and BINAP (245 mg, 0.393 mmol) were transferred to a 25 mL PTFE-valved gas-tight 

flask and dissolved in 5 mL toluene. After stirring 3 min, 8-bromoquinoline (1.25 mL, 
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9.58 mmol) and 2-aminophenyl phenyl sulfide (2.35 g, 11.7 mmol) was added to the 

mixture and stirred for 1 min. Sodium tert-butoxide (1.39 g, 14.5 mmol) was then added 

to the solution with 5 mL toluene to assist in transfer. The flask was taken outside the 

glovebox and heated at 115 °C for 4 d. After allowing the mixture to cool to ambient 

temperature, 0.5 mL of H2O was added to quench the reaction and then the volatiles 

were removed in vacuo. The residue was redissolved with CH2Cl2 and filtered through 

Celite. The volatiles of filtrate were removed in vacuo and the residue was purified via 

column chromatography (1:10 ethyl acetate/hexanes on silica; Rf of 402-H: 0.58; Rf of 

2-aminophenyl phenyl sulfide: 0.48). The volatiles of the eluate were removed in vacuo 

to get yellow solid. Its 
1
H NMR spectroscopic analysis indicated >97% purity. Yield: 

2.39 g (76%). 
1
H NMR (500 MHz, CDCl3): δ 8.91 (br s, 1H, N-H), 8.65 (m, 1H, Ar-H), 

7.98 (d, JH-H = 8.0 Hz, 1H, Ar-H), 7.68 (d, JH-H = 8.0 Hz, 1H, Ar-H), 7.51 (d, JH-H = 8.0 

Hz, 1H, Ar-H), 7.46 (d, JH-H = 8.0 Hz, 1H, Ar-H), 7.30 (m, 3H, Ar-H), 7.25 (m, 2H, Ar-

H, overlapping with the solvent peak), 7.14 (m, 3H, Ar-H), 7.04 (m, 1H, Ar-H), 6.91 (m, 

1H, Ar-H). 
13

C{
1
H} NMR (126 MHz, CDCl3): δ 147.7, 143.2, 139.3, 139.2, 136.2, 136.1, 

136.0, 129.8, 129.1, 129.0, 128.9, 127.0, 126.3, 123.4, 121.8, 121.6, 117.9, 117.5, 108.9. 

HRMS (ESI) calcd. for C21H17N2S (M+H)
+
: 329.1112. Found: 329.1107. 

Synthesis of 403-H. In an Ar-filled glove box, Pd2(dba)3 (22 mg, 0.024 mmol) and 

BINAP (31 mg, 0.050 mmol) were transferred to a 25 mL PTFE-valved gas-tight flask 

and dissolved in 3 mL toluene. After stirring 3 min, 8-bromoquinoline (350 µL, 2.68 

mmol) and 2-tert-butylmercaptoaniline (434 µL, 2.39 mmol) was added to the mixture 

and stirred for 1 min. Sodium tert-butoxide (361 mg, 3.75 mmol) was then added to the 
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solution with 2 mL toluene to assist in transfer. The flask was taken outside the glovebox 

and heated at 115 °C for 3 d. After allowing the mixture to cool to ambient temperature, 

0.5 mL of H2O was added to quench the reaction and then the volatiles were removed in 

vacuo. The residue was purified via flash column chromatography (1:10 ethyl 

acetate/hexanes on silica). The volatiles of the eluate were removed in vacuo to get 

yellow oil. Its 
1
H NMR spectroscopic analysis indicated >98% purity. Yield: 339 mg 

(46%). 
1
H NMR (500 MHz, C6D6): δ 10.18 (br s, 1H, N-H), 8.59 (d, JH-H = 4.0 Hz, 1H, 

Ar-H), 7.67 (t, JH-H = 8.0 Hz, 2H, Ar-H), 7.59 (d, JH-H = 8.0 Hz, 1H, Ar-H), 7.53 (d, JH-H 

= 8.0 Hz, 1H, Ar-H), 7.19 (t, JH-H = 8.0 Hz, 1H, Ar-H), 7.13 (d, JH-H = 8.0 Hz, 1H, Ar-H), 

6.99 (d, JH-H = 8.0 Hz, 1H, Ar-H), 6.76 (m, 2H, Ar-H), 1.27 (s, 9H, SC(CH3)3). 
13

C{
1
H} 

NMR (126 MHz, C6D6): δ 147.9, 146.1, 140.7, 140.1, 139.8, 135.9, 130.6, 129.4, 127.5, 

122.0, 121.7, 120.6, 117.5, 116.7, 108.5, 47.5 (SC(CH3)3), 31.1 (SC(CH3)3). HRMS (ESI) 

calcd. for C19H21N2S (M+H)
+
: 309.1425. Found: 309.1437. 

Synthesis of 404-H. In an Ar-filled glove box, 8-bromo-6-methylquinoline (532 

mg, 2.40 mmol), 2-methoxyaniline (356 mg, 2.89 mmol) and BINAP (24 mg, 0.038 

mmol) were transferred to a 25 mL PTFE-valved gas-tight flask and dissolved in 1.5 mL 

toluene. After stirring for 1 min, Pd(OAc)2 (5.7 mg, 0.025 mmol Pd) and 0.5 mL toluene 

were added and stirred for 3 min. Sodium tert-pentoxide (379 mg, 3.44 mmol) was then 

added to the solution with 2 mL toluene to assist in transfer. The flask was taken outside 

the glovebox and heated at 120 °C for 3 d. All the volatiles were removed in vacuo and 

the residue was purified via column chromatography (1:8 ethyl acetate/hexanes on silica) 

to yield yellow oil. Its 
1
H NMR spectroscopic analysis indicated >98% purity. Yield: 
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565 mg (89%). 
1
H NMR (500 MHz, CDCl3): δ 8.75 (dd, JH-H = 4.0, 1.5 Hz, 1H), 8.50 (s, 

1H, N-H), 7.99 (dd, JH-H = 8.0, 1.5 Hz, 1H, Ar-H), 7.69 (d, JH-H = 8.0 Hz, 1H, Ar-H), 

7.42 (s, 1H, Ar-H), 7.36 (dd, JH-H = 8.0, 4.0 Hz, 1H, Ar-H), 6.99 (m, 4H, Ar-H), 3.94 (s, 

3H, OCH3), 2.48 (s, 3H, Ar-CH3). 
13

C{
1
H} NMR (126 MHz, CDCl3): δ 150.3, 146.8, 

139.5, 138.1, 137.3, 135.5, 131.6, 129.1, 121.7, 121.4, 120.7, 117.5, 116.0, 110.9, 110.2, 

55.8 (OCH3), 22.5 (Ar-CH3). HRMS (ESI) calcd. for C17H17N2O (M+H)
+
: 265.1341. 

Found: 265.1332. 

Synthesis of 4S1. In an Ar-filled glovebox, bis(2-bromo-4-methylphenyl)amine 

(8.03 g, 22.6 mmol) was dissolved in 80 mL Et2O in a 250 mL Schlenk flask. The flask 

was then taken outside of glovebox, connected to a Schlenk line and maintained an Ar 

atomosphere, and placed in a -45 °C dry ice/acetone cooling bath to result in a slurry. n-

BuLi (18.1 mL of 2.5 M solutions in hexanes, 45.3 mmol) was added dropwise over the 

course of 30 min via syringe. The solution color turned to yellow and then white 

precipitate formed. After addition of n-BuLi, the solution was left to stir at -45 °C for 30 

min further and the mixture was allowed to warm to room temperature. After stirring at 

room temperature for 1 h, the flask was placed in a 0 °C ice bath and water (3.0 mL, 166 

mmol) was slowly added in 1 min via syringe. The volatiles were removed in vacuo to 

result in yellow liquid with white precipitate. TLC analysis revealed that the liquid 

contained ~90% of desired product and ~10% di-4-tolylamine. The liquid part was 

purified via column chromatography (hexanes on silica, Rf of 4S1: 0.61, Rf of di-4-

tolylamine: 0.13). The volatiles of eluate were removed to get slightly yellow liquid. Its 

1
H NMR spectroscopic analysis indicated >98% purity. Yield: 5.39 g (86%). 

1
H NMR 
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(500 MHz, C6D6): δ 7.22 (s, 1H, Ar-H), 7.05 (d, JH-H = 8.0 Hz, 2H, Ar-H), 6.88 (d, JH-H = 

8.0 Hz, 2H, Ar-H), 6.80 (d, JH-H = 8.0 Hz, 1H, Ar-H), 6.68 (d, JH-H = 8.0 Hz, 1H, Ar-H), 

5.80 (br s, 1H, N-H), 2.10 (s, 3H, Ar-CH3), 1.93 (s, 3H, Ar-CH3). 
13

C{
1
H} NMR (126 

MHz, C6D6): δ 140.2, 140.0, 133.6, 132.0, 130.5, 130.2, 129.1, 120.9, 116.3, 112.5, 20.8 

(Ar-CH3), 20.1 (Ar-CH3). 

Synthesis of 406-H. In an Ar-filled glovebox, 4S1 (1.00 g, 3.62 mmol) was 

dissolved in 20 mL Et2O in a 50 mL Schlenk flask. n-BuLi (3.19 mL of 2.5 M solutions 

in hexanes, 7.98 mmol) was added dropwise over the course of 10 min via syringe. The 

solution color turned from colorless to yellow and then white precipitate formed. After 

addition of n-BuLi, the solution was left to stir at ambient temperature for 2 h further, 

and 
i
Pr2SiHCl (1.42 mL, 8.32 mmol) was then added dropwise over the course of 10 min. 

The solution was left to stir at ambient temperature for 15 h. The flask was then taken 

outside of glovebox, 5 mL 1M HCl(aq) was added to the flask and the solution was left to 

stir at ambient temperature for 2 h. NaHCO3 was added to neutralize the solution and 

remove all volatiles in vacuo. The liquid part of the residue was purified through column 

chromatography (hexane on silica, Rf of 406-H: 0.39). The volatiles of eluate were 

removed to get colorless liquid. Its 
1
H NMR spectroscopic analysis indicated >98% 

purity. Yield: 827 mg (73%). 
1
H NMR (500 MHz, C6D6): δ 7.35 (s, 1H, Ar-H), 7.27 (d, 

JH-H = 8.5 Hz, 1H, Ar-H), 6.96 (d, JH-H = 8.5 Hz, 1H, Ar-H), 6.93 (d, JH-H = 8.5 Hz, 2H, 

Ar-H), 6.84 (d, JH-H = 8.5 Hz, 2H, Ar-H), 5.64 (br s, 1H, N-H), 4.26 (t, JSi-H = 178 Hz, 

JH-H = 3.5 Hz, 1H, Si-H), 2.16 (s, 3H, Ar-CH3), 2.12 (s, 3H, Ar-CH3), 1.19 (m, 2H, 

CHMe2), 1.08 (d, JH-H = 7.5 Hz, 6H, CHMe2), 1.03 (d, JH-H = 7.5 Hz, 6H, CHMe2). 
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13
C{

1
H} NMR (126 MHz, C6D6): δ 147.2, 142.7, 137.8, 131.7, 130.9, 130.2, 129.7, 

125.2, 120.0, 117.7, 20.9 (Ar-CH3), 20.7 (Ar-CH3), 19.3 (CHMe2), 19.1 (CHMe2), 11.3 

(CHMe2). 
29

Si NMR (79 MHz, C6D6): δ 0.6 (d, JSi-H = 178 Hz). HRMS (ESI) calcd. for 

C20H30NSi (M+H)
+
: 312.2148. Found: 312.2139. 

Synthesis of 407-H. A 100 mL Schlenk flask was charged with 4S2 (515 mg, 1.31 

mmol), diethyl ether (20 mL), and a stir bar. n-BuLi (1.10 mL of 2.5 M solutions in 

hexanes, 2.75 mmol) was added drop-wise via syringe to a stirring solution.  Stirred was 

continued for 1 h and then 
i
Pr2SiHCl (250 µL, 1.46 mmol) was added slowly via syringe.  

The solution became a murky yellow color.  The reaction mixture was then stirred for 12 

h and prior to being quenched with degassed H2O (50 µL).  The volatiles were then 

removed in vacuo and the resulting residue was dissolved in pentane and filtered through 

Celite. All volatiles were removed in vacuo to yield white solid. Its 
1
H NMR 

spectroscopic analysis indicated 95% purity. Yield: 479 mg (85%). The material was 

further recrystallized from pentane prior testing its catalytic reactivity in DHBTA. 
1
H 

NMR (500 MHz, C6D6):  7.48 (m, 2H, Ar-H), 7.37 (d, JH-H = 8.2 Hz, 1H, Ar-H), 7.19 

(dd, JH-H = 8.4 Hz, JP-H = 5.0 Hz, 1H, Ar-H), 7.13 (s, 1H, N-H), 6.97 (dd, JH-H = 8.2, 2.0 

Hz, 1H, Ar-H), 6.88 (dd, JH-H = 8.4, 2.0 Hz, 1H, Ar-H), 4.46 (t, JSi-H = 183 Hz, JH-H = 4.0 

Hz, 1H, Si-H), 2.18 (s, 3H, Ar-Me), 2.17 (s, 3H, Ar-Me), 1.97 (m, 2H, P(CHMe2)2), 1.47 

(m, 2H, Si(CHMe2)2), 1.21 (d, JH-H = 7.4 Hz, 6H, Si(CHMe2)2), 1.15 (d, JH-H = 7.4 Hz, 

6H, Si(CHMe2)2), 1.11 (dd, JP-H = 15 Hz, JH-H = 7.0 Hz, 6H, P(CHMe2)2), 0.98 (dd, JP-H = 

12 Hz, JH-H = 7.0 Hz, 6H, P(CHMe2)2).  
13

C{
1
H} NMR (126 MHz, C6D6): 149.1 (d, JC-P 

= 19 Hz), 147.0, 138.6, 138.6, 133.5, 133.5, 131.6, 131.5, 131.0, 121.0, 120.4 (d, JP-C = 
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15 Hz), 115.7, 23.6 (d, JP-C = 10 Hz, P(CHMe2)2), 20.9 (Ar-CH3), 20.8 (Ar-CH3), 20.4, 

(d, JP-C = 19 Hz, P(CHMe2)2), 19.6 (Si(CHMe2)2), 19.5 (Si(CHMe2)2), 19.2 (d, JP-C = 9.0 

Hz, P(CHMe2)2), 11.6 (Si(CHMe2)2).  
31

P{
1
H} NMR (202 MHz, C6D6):  -15.4. 

29
Si 

NMR (79 MHz, C6D6): δ 5.2 (d, JH-Si = 183 Hz). HRMS (ESI) calcd. for C26H43NPSi 

(M+H)
+
: 428.2902. Found: 428.2908. 

Ligand screening of DHBTA. For central amido donor ligands (401-H to 408-

H and 1F):  In an Ar-filled glove box, stock solution of a ligand (40 µL of 0.025 M 

stock solution in C6D6, 0.0010 mmol) and sodium bis(trimethylsilyl)amide (40 µL of 

0.025 M stock solution in C6D6, 0.0010 mmol) were mixed in a vial for 10 s. 

[(COE)2IrCl]2 (40 µL of 0.0125 M stock solution in C6D6, 0.00050 mmol) was added to 

the vial and mixed for 10 s, and the mixture was then transferred to a J. Young tube. 

Pinacolborane stock solution (200 µL of 1.0 M pinacolborane stock solution in C6D6, 

0.20 mmol) was added to the J. Young tube. 4-ethynyltoluene (209)/1,4-dioxane (200 µL 

of 0.50 M 4-ethynyltoluene (209)/ 0.35 M 1,4-dioxane stock solution in C6D6, 0.10 

mmol for 4-ethynyltoluene and 0.070 mmol for 1,4-dioxane) was then added in 4 

portions with 1 min intervals. The J. Young tube was taken outside, after 10 min, 

reaction yield was determined on 
1
H NMR measurement by using 1,4-dioxane as 

internal standard. The reagent ratio was calibrated through the integration ratio from a 

1
H NMR spectrum of a sample obtained by mixing 100 µL of the pinacolborane stock 

solution and 100 µL 4-ethynyltoluene (209)/1,4-dioxane stock solution in 0.3 mL C6D6 

in another J. Young tube without adding other reagents. For central aryl donor ligands 

(101 and 102):  In an Ar-filled glove box, stock solution of an iridium complex (80 µL 
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of 0.0125 M stock solution in C6D6, 0.0010 mmol) was transferred to a J. Young tube. 

Pinacolborane stock solution (200 µL of 1.0 M pinacolborane stock solution in C6D6, 

0.20 mmol) was added to the J. Young tube. 4-ethynyltoluene (209)/1,4-dioxane (200 µL 

of 0.50 M 4-ethynyltoluene / 0.35 M 1,4-dioxane stock solution in C6D6, 0.10 mmol for 

4-ethynyltoluene (209) and 0.070 mmol for 1,4-dioxane) was then added in 4 portions 

with 1 min intervals. The J. Young tube was taken outside, after 10 min, reaction yield 

was determined on 
1
H NMR measurement by using 1,4-dioxane as internal standard. 

The reagent ratio was calibrated through the integration ratio from a 
1
H NMR spectrum 

of a sample obtained by mixing 100 µL of the pinacolborane stock solution and 100 µL 

4-ethynyltoluene (209)/1,4-dioxane stock solution in 0.3 mL C6D6 in another J. Young 

tube without adding other reagents. 

4A1-1. 
1
H NMR (500 MHz, C6D6): δ 7.00 (s, 4H, Ar-H), 2.46 (q, JH-H = 7.6 Hz, 2H, 

Ar-CH2CH3), 2.14 (s, 3H, Ar-CH3), 1.10 (t, JH-H = 7.6 Hz, 3H, Ar-CH2CH3). 

4A1-2. 
1
H NMR (500 MHz, C6D6): δ 7.75 (d, JH-H = 18 Hz, 1H, alkenyl-H), 7.27 (d, 

JH-H = 8.0 Hz, 2H, Ar-H), 6.85 (d, JH-H = 8.0 Hz, 2H, Ar-H), 6.42 (d, JH-H = 18 Hz, 1H, 

alkenyl-H), 2.01 (s, 3H, Ar-CH3), 1.12 (s, 12H, CH3 on Bpin). 

4A1-3. 
1
H NMR (500 MHz, C6D6): δ 7.61 (d, JH-H = 8.0 Hz, 2H, Ar-H), 7.17 (d, JH-

H = 15 Hz, 1H, alkenyl-H), 7.00 (d, JH-H = 8.0 Hz, 2H, Ar-H), 5.78 (d, JH-H = 15 Hz, 1H, 

alkenyl-H), 2.09 (s, 3H, Ar-CH3), 1.06 (s, 12H, CH3 on Bpin). 

413-Li. In a 100 mL Schlenk flask under Ar atmosphere, bis(2-bromo-4-

methylphenyl)amine (1.31 g, 3.69 mmol) was dissolved in 30 mL of Et2O. The solution 

was placed in freezer for 2 h at -35 C. n-BuLi (5.00 mL of 2.5 M solution in hexanes, 
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12.5 mmol) was added and the solution was stirred overnight after which some white 

precipitate was observed. The solution was cooled to -35 C in freezer for 1 h, then 

Et2PCl (1.66 mL, 13.6 mmol) was added. The mixture immediately became bright 

yellow-orange gradually fading to a light yellow. After 3 h, the reaction was quenched 

with 200 μL degassed H2O/MeOH 1:1 soln. Solution was stirred for 20 min, then 

volatiles were removed. Product was extracted with Et2O then filtered over Celite 

yielding a pale yellow solution. Volatiles were reduced leaving a yellow oil. The oil was 

diluted in pentane then filtered over Celite, and all volatiles were removed in vacuo. 10 

mL pentane was added to dissolve the residue, and n-BuLi (1.8 mL of 2.5 M solution in 

hexanes, 4.5 mmol) was added dropwise in 5 min. The solution color turned bright 

yellow immediately and fine yellow powder formed. The solution was stirred 1 h at RT 

and filtered through a fritted funnel. The yellow powder was washed with cold pentane 

and dried in vacuo. Yield: 785 mg (56%). 
1
H NMR (500 MHz, C6D6): δ 7.03 (dd, 2H, JH-

H = 8.5 Hz, JP-H = 5.5 Hz, Ar-H), 6.99 (m, 2H, Ar-H), 6.93 (dd, 2H, JH-H = 8.5, 2.0 Hz, 

Ar-H), 2.24 (s, 6H, Ar-CH3), 1.48 (m, 4H, -CH2CH3), 1.19 (m, 4H, -CH2CH3), 0.88 (m, 

12H, -CH2CH3). 
13

C{
1
H} NMR (126 MHz, C6D6): δ 167.2 (m), 132.3, 131.4, 126.1, 

126.0, 125.5, 20.7, 19.8 (br), 10.6, 10.5. 
31

P{
1
H} NMR (202 MHz, C6D6):  -26.9 (br). 

413-Ir-COE. [(COE)2IrCl]2 (130 mg, 0.145 mmol) was dissolved in 2 mL 

fluorobenzene in a 25 mL Schlenk flask and resulted an orange suspension. Solution of 

413-Li (109 mg, 0.288 mmol) in 1 mL PhF was added dropwise in 30 s and the mixture 

turned clear deep orange. After 10 min, the solution was filtered through Celite and 

removed all volatiles in vacuo. 5 mL pentane was added to the flask and used a spatula 
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to dislodge the orange powder from the walls of the flask. The solution was vigorously 

stirred for 1 h and filtered through a fritted funnel. The powder was washed by cold 

pentane and dried in vacuo to yield orange solid. Yield: 125 mg (64%). 
1
H NMR (500 

MHz, C6D6): δ 7.82 (d, JH-H = 8.0 Hz, 2H, Ar-H), 6.85 (m, 4H, Ar-H), 2.72 (m, 2H, 

alkenyl-H on COE), 2.39 (m, 2H), 2.21 (s, 6H, Ar-CH3) 1.89 (m, 2H), 1.59 (m, 16H), 

1.00 (m, 12H, P(CH2CH3)2).
13

C{
1
H} NMR (126 MHz, C6D6): δ 164.4, 131.7, 130.6, 

128.6, 126.2, 115.5, 42.6, 33.1 (t, JP-C = 3.8 Hz), 32.9, 27.4, 22.9 (br), 20.4, 17.7 (br), 9.2. 

31
P{

1
H} NMR (121 MHz, C6D6):  19.6 (d, J = 15 Hz). Anal. Calcd for C30H46IrNP2: C, 

53.39; H, 6.87. Found: C, 53.25; H, 6.83. 

414-Ir-COE. 414-H (175 mg, 0.310 mmol) and NaN(TMS)2 (57 mg, 0.31 mmol) 

were dissolved in 10 mL toluene in a 50 mL Schlenk flask to result in a yellow solution. 

[(COE)2IrCl]2 (138 mg, 0.154 mmol) in 5 mL toluene was added to the flask dropwise in 

3 min interval. Solution color turned orange during the addition. After 1 h, the solution 

was filtered through Celite and silica gel, and all volatilves were removed in vacuo. 5 

mL Et2O was added to the flask and used a spatula to scratch the film on the wall to 

result orange powder. The solution was vigorously stirred for 1 h and filtered through a 

fritted funnel. The powder was washed by cold Et2O and dried in vacuo to yield an 

orange solid. Its 
1
H NMR spectroscopic analysis indicated >95% purity. Yield: 199 mg 

(74%). The material was further recrystallized from CH2Cl2/Et2O prior testing its 

catalytic reactivity in DHBTA. The 
1
H NMR (500 MHz, C6D6) spectral data were in 

agreement with those reported in the literature.
179

 
1
H NMR (400 MHz, CD2Cl2): δ 7.82 

(br, 8H, Ar-H), 7.43 (m, 12H, Ar-H), 7.34 (dt, JH-H = 8.5 Hz, JP-H = 2.7 Hz, 2H, Ar-H), 
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6.92 (td, JP-H = 4.8 Hz, JH-H= 1.8 Hz, 2H, Ar-H), 6.83 (dd, JH-H = 8.5, 1.8 Hz, 2H, Ar-H), 

2.62 (m, 2H, alkenyl-H on COE), 2.12 (s, 6H, Ar-CH3), 1.76 (m, 2H), 1.20 (m, 2H), 1.08 

(m, 2H), 0.94 (m, 2H), 0.78 (m, 4H). 
13

C{
1
H} NMR (100 MHz, CD2Cl2): δ 161.8, 134.2 

(br, 4C), 133.1, 131.9, 130.3, 128.6 (t, JP-C = 4.6 Hz, 4C), 127.1 (t, JP-C = 3.4 Hz), 115.1, 

50.1, 32.2, 31.7 (t, JP-C = 3.4 Hz), 26.6, 20.2. 
31

P{
1
H} NMR (121 MHz, CD2Cl2):  28.1 

(br).  

415-Ir-COE. 415-H (202 mg, 0.406 mmol) and NaN(TMS)2 (74 mg, 0.41 mmol) 

were dissolved in 10 mL toluene in a 50 mL Schlenk flask to result in a yellow solution. 

[(COE)2IrCl]2 (182 mg, 0.203 mmol) in 5 mL toluene was added to the flask dropwise in 

3 min interval. Solution color turned orange during the addition. After 1 h, the solution 

was filtered through Celite and silica gel, and all volatilves were removed in vacuo. 5 

mL Et2O was added to the flask and used a spatula to scratch the film on the wall to 

result orange powder. The solution was vigorously stirred for 1 h and filtered through a 

fritted funnel. The powder was washed by cold Et2O and dried in vacuo to yield orange 

solid. Its 
1
H NMR spectroscopic analysis indicated >95% purity. Yield: 223 mg (69%). 

The material was further recrystallized from CH2Cl2/Et2O prior testing its catalytic 

reactivity in DHBTA. 
1
H NMR (500 MHz, C6D6): δ 8.13 (br, 4H, Ar-H), 7.61 (dd, JH-H = 

8.5 Hz, JP-H = 5.0 Hz, 1H, Ar-H), 7.46 (dd, JH-H = 8.5 Hz, JP-H = 4.0 Hz, 1H, Ar-H), 7.12 

(d, JH-H = 8.5 Hz, 1H, Ar-H), 7.03 (m, 6H, Ar-H), 6.92 (d, JH-H = 8.5 Hz, 1H, Ar-H), 6.74 

(d, JH-H = 8.5 Hz, 1H, Ar-H), 6.69 (d, JH-H = 8.5 Hz, 1H, Ar-H), 3.48 (br, 2H, alkenyl-H 

on COE), 2.40 (m, 2H), 2.18 (m, 5H, included Ar-CH3), 2.04 (s, 3H, Ar-CH3), 1.61 (m, 

2H), 1.42 (m, 2H), 1.33 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 1.13 (m, 8H, included 
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CHMe2), 1.00 (br, 2H).
13

C{
1
H} NMR (75 MHz, C6D6): δ 164.3 (dd, JP-C = 16, 4.8 Hz), 

162.5 (dd, JP-C = 18, 3.4 Hz), 136.4 (d, J = 7.8 Hz), 135.9 (d, JP-C = 7.8 Hz), 135.0 (d, JP-C 

= 9.5 Hz), 132.7, 131.9, 131.6, 129.8, 128.2, 126.4 (d, JP-C = 6.5 Hz), 126.0 (d, JP-C = 6.5 

Hz), 123.1 (d, JP-C = 3.8 Hz), 122.5 (d, JP-C = 3.8 Hz), 116.7 (d, JP-C = 9.4 Hz), 114.3 (d, 

JP-C = 9.1 Hz), 44.4, 32.8, 32.4 (d, JP-C = 5.4 Hz), 27.1, 24.0 (d, JP-C = 22 Hz), 20.5, 20.3, 

18.8, 17.5. 
31

P{
1
H} NMR (202 MHz, C6D6):  31.2 (d, JP-P = 360 Hz), 27.2 (d, JP-P = 360 

Hz). Anal. Calcd for C40H50IrNP2: C, 60.13; H, 6.31. Found: C, 59.91; H, 6.27. 

General procedure for the NMR-scale dehydrogenative borylation of alkynes 

(Table 4-3). In an Ar-filled glove box, stock solution of an iridium complex (80 µL of X 

mM stock solution in C6D6, Y mmol; 1 mol%: X = 12.5, Y = 1.0 × 10
-3

; 0.25 mol%: X 

= 3.1, Y = 2.5 × 10
-4

; 0.05 mol%: X = 0.62, Y = 5.0 × 10
-5

; 0.025 mol%: X = 0.31, Y = 

2.5 × 10
-5

; 0.01 mol%: X = 0.125, Y = 1.0 × 10
-5

) was transferred to a J. Young tube. 

Pinacolborane stock solution (200 µL of 1.0 M pinacolborane stock solution in C6D6, 

0.20 mmol) was added to the J. Young tube. 4-ethynyltoluene/1,4-dioxane (200 µL of 

0.50 M 4-ethynyltoluene / 0.35 M 1,4-dioxane stock solution in C6D6, 0.10 mmol for 4-

ethynyltoluene and 0.070 mmol for 1,4-dioxane) was then added in 4 portions with 1 

min intervals. The J. Young tube was taken outside, the reaction yield was determined 

on 
1
H NMR measurement by using 1,4-dioxane as internal standard. The reagent ratio 

was calibrated through the integration ratio from a 
1
H NMR spectrum of a sample 

obtained by mixing 100 µL of the pinacolborane stock solution and 100 µL 4-

ethynyltoluene/1,4-dioxane stock solution in 0.3 mL C6D6 in another J. Young tube 

without adding other reagents. 
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General procedure for the NMR-scale DHBTA catalyzed by 415-Ir-COE 

(Table 4-4). In an Ar-filled glove box, stock solution of 415-Ir-COE (80 µL of X mM 

stock solution in C6D6, Y mmol; 0.1 mol%: X = 1.25, Y = 1.0 × 10
-4

; 0.025 mol%: X = 

0.31, Y = 2.5 × 10
-5

) was transferred to a J. Young tube. Pinacolborane stock solution 

(200 µL of 1.0 M pinacolborane stock solution in C6D6, 0.20 mmol) was added to the J. 

Young tube. Alkyne/1,4-dioxane (200 µL of 0.50 M alkyne / 0.35 M 1,4-dioxane stock 

solution in C6D6, 0.10 mmol for alkyne and 0.070 mmol for 1,4-dioxane) was then added 

in 4 portions with 1 min intervals. The J. Young tube was taken outside, the reaction 

yield was determined on 
1
H NMR measurement by using 1,4-dioxane as internal 

standard. The reagent ratio was calibrated through the integration ratio from a 
1
H NMR 

spectrum of a sample obtained by mixing 100 µL of the pinacolborane stock solution 

and 100 µL alkyne/1,4-dioxane stock solution in 0.3 mL C6D6 in another J. Young tube 

without adding other reagents. The 
1
H NMR spectral data of alkynylboronates were in 

agreement with those reported in the literature.
137

  

General procedure for the preparative-scale DHBTA catalyzed by 415-Ir-COE 

(Table 4-4). In an Ar-filled glove box, 415-Ir-COE (200 µL of 0.0125 M stock solution 

in C6D6, 0.0025 mmol) and pinacolborane (2.90 mL, 20.0 mmol) were dissolved in 15 

mL toluene to form a light yellow solution in a 100 mL PTFE-valved gas-tight flask. 

After stirring 3 min at ambient temperature, alkyne (10.0 mmol) was then added 

dropwise in 30 s. Solution color remained light yellow and bubbles evolved slowly 

which indicated H2 generation. After all alkyne was added, the flask was taken out 

glovebox and heated to 60 C. After 1 h, the flask was allowed to cool to ambient 
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temperature and taken into the glove box. The solution was transferred to a 100 mL 

Schlenk flask and removed all volatiles in vacuo. The crude product was redissolved in 

pentane and placed in a -35 C freezer for overnight. The next day the solid was 

collected, washed with cold pentane, and dried in vacuo. The decanted solution was 

combined with the washings, and the volatiles were removed in vacuo. The residue was 

then redissolved in pentane, placed in the freezer and collected in the same manner to 

yield the second fraction.   

209P.  White solid, yield: 1.70 g (70%). 

216P.  White solid, yield: 2.25 g (80%). 

Synthesis of 408-Ir-HBpin. In a Ar-filled glove box, 111 (505 mg, 0.811 mmol) 

was dissolved in 5 mL fluorobenzene in a 25 mL Schlenk flask and pinacolborane (140 

µL, 0.965 mmol) was added. The solution color turned from orange to yellow 

immediately. After 5 min, all volatiles were removed in vacuo to result in yellow sticky 

fiber-like solid (see Figure 4-11). The residue was redissolved in 1 mL pentane and 

removed all volatiles in vacuo. The residue was dissolved in 1 mL hexamethyldisiloxane 

then placed in a -35 °C freezer for 2 d. The solution was decanted and yellow solid was 

dried in vacuo. (Note: The synthesis on a smaller scale resulted difficulty to isolate 

product due to its high solubility in hexamethyldisiloxane.) Yield: 321 mg (53%). 
1
H 

NMR (500 MHz, C6D6): δ 7.79 (d, JH-H = 8.5 Hz, 2H, Ar-H), 7.05 (s, 2H, Ar-H), 6.86 (d, 

JH-H = 8.5 Hz, 2H, Ar-H), 3.11 (m, 2H, CHMe2), 2.27 (m, 2H, CHMe2), 2.22 (s, 6H, Ar-

CH3), 1.34 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 1.28 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 

1.24 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 1.12 (s, 12H, CH3 on Bpin), 1.03 (dvt, J = 14, 7.0 
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Hz, 6H, CHMe2), -19.82 (t, JP-H = 8.4 Hz, 1H, Ir-H). 
13

C{
1
H} NMR (126 MHz, C6D6): δ 

164.4 (t, JP-C = 11 Hz), 133.1, 131.7, 126.0 (t, JP-C = 3.1 Hz), 124.3 (t, JP-C = 20 Hz), 

115.8 (t, JP-C = 5.3 Hz), 81.2 (Cquart, Bpin), 24.7 (CH3, Bpin), 24.5 (t, JP-C = 15 Hz), 24.0 

(t, JP-C = 15 Hz), 20.1, 19.5 (t, JP-C = 3.0 Hz), 18.8, 18.7 (t, JP-C = 2.2 Hz), 16.4. 
31

P{
1
H} 

NMR (121 MHz, C6D6): δ 51.8. 
11

B{
1
H} NMR (128 MHz, C6D6): δ 26.4. Anal. Calcd 

for C32H53BIrNO2P2: C, 51.33; H, 7.14. Found: C, 51.24; H, 7.31. 

 

Figure 4-11. Left: Fiber-like 408-Ir-HBpin; Right: 408-Ir-HBpin after recrystallization 

from hexamethyldisiloxane. 

 

Observation of 408-Ir-H3Bpin. In a Ar-filled glove box, 408-Ir-HBpin (20 mg, 

0.027 mmol) was dissolved in 0.5 mL C6D6 (toluene-d8 was used instead for variable-

temperature NMR analysis) in a J. Young tube. The tube was taken out and degassed by 

three freeze-pump-thaw cycles and back-filled with H2 (1 atm, excess). After 10 min at 

RT, the tube was taken up for NMR analysis. 
1
H NMR (400 MHz, C6D6): δ 7.78 (d, JH-H 

= 8.5 Hz, 2H, Ar-H), 6.98 (s, 2H, Ar-H), 6.77 (d, JH-H = 8.5 Hz, 2H, Ar-H), 2.81 (m, 2H, 

CHMe2), 2.22 (s, 6H, Ar-CH3), 2.00 (m, 2H, CHMe2), 1.31 (dvt, J = 14, 7.0 Hz, 6H, 

CHMe2), 1.23 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 1.17 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 

1.07 (s, 12H, CH3 on Bpin), 1.04 (dvt, J = 14, 7.0 Hz, 6H, -CHMe2), -5.35 (br s, 1H, ω1/2 
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= 60 Hz), -12.40 (br s, 2H, ω1/2 = 64 Hz). Selected 
1
H{

11
B} NMR data (400 MHz, C6D6): 

-5.35 (br s, 1H, ω1/2 = 35 Hz), -12.40 (br s, 2H, ω1/2 = 64 Hz). Selected 
1
H NMR data 

(293 K, 500 MHz, toluene-d8): -5.43 (br s, 1H), -12.51 (br s, 2H). Selected 
1
H NMR data 

(213 K, 500 MHz, toluene-d8): -5.39 (br s, 1H), -9.43 (br s, 1H), -15.35 (br s, 1H). 

31
P{

1
H} NMR (202 MHz, C6D6): δ 40.8. 

11
B{

1
H} NMR (128 MHz, C6D6): δ 32.9. 

Synthesis of 408-Ir-Bpin2. In an Ar-filled glove box, 408-Ir-HMes (133 mg, 0.180 

mmol) and B2pin2 (46 mg, 0.18 mmol) were transferred to a 10 mL PTFE-valved gas-

tight flask and dissolved in 0.5 mL mesitylene. The flask was taken outside the glovebox 

and heated at 100 °C for 1 h. The solution color turned from brown to yellow gradually 

and yellow crystals formed. After allowing the mixture to cool to ambient temperature, 

the flask was taken into glovebox. Et2O was added to the flask to assist transferring the 

solution to a 25 mL Schlenk flask, and then the volatiles were removed in vacuo. The 

residue was redissolved in CH2Cl2/pentane mixture, and the flask was then placed in a -

35 °C freezer for overnight. The next day the solid was collected and washed with cold 

pentane and dried under vacuum to get yellow solid. The decanted solution was 

combined with the washings, and the volatiles were removed in vacuo. The residue was 

then redissolved in CH2Cl2/pentane, placed in the freezer and collected in the same 

manner to yield the second fraction. Combined yield: 130 mg (83%). 
1
H NMR (500 

MHz, C6D6): δ 7.57 (d, JH-H = 8.5 Hz, 2H, Ar-H), 6.96 (s, 2H, Ar-H), 6.84 (d, JH-H = 8.5 

Hz, 2H, Ar-H), 2.93 (m, 4H, CHMe2), 2.23 (s, 6H, Ar-CH3), 1.48 (dvt, J = 14, 7.0 Hz, 

12H, CHMe2), 1.19 (dvt, J = 14, 7.0 Hz, 12H, CHMe2), 1.18 (s, 24H, CH3 on Bpin). 

13
C{

1
H} NMR (126 MHz, CDCl3): δ 161.9 (t, JP-C = 9.2 Hz), 132.8, 130.8, 125.2 (t, JP-C 
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= 3.5 Hz), 124.2 (t, JP-C = 20 Hz), 114.6 (t, JP-C = 4.5 Hz), 81.6 (Cquart, Bpin), 25.7 (CH3, 

Bpin), 23.8 (br), 20.6, 19.0 (br), 17.0. 
31

P{
1
H} NMR (202 MHz, C6D6): δ 46.4. 

11
B{

1
H} 

NMR (128 MHz, CDCl3): δ 28.5. Anal. Calcd for C38H64B2IrNO4P2: C, 52.18; H, 7.38. 

Found: C, 52.28; H, 7.24. See Figure 4-12 for colors of different boryl complexes. 

 

Figure 4-12. From top to bottom: 408-Ir-H3Bpin, 408-Ir-Bpin2, 408-Ir-HBpin in C6D6. 

 

Attempt of making terminal alkyne related complexes (1). 111 (14 mg, 0.023 

mmol) was dissolved in 0.5 mL PhF in a 10 mL Schlenk flask and followed by 209 (226 

µL of 0.1 M stock solution in C6D6, 0.0226 mmol). After 10 s at RT, all volatiles were 

removed in vacuo. The residue was redissolved in C6D6 and analysis by 
31

P spectroscopy 

revealed 36% 111 and 64% unidentified mixtures: 6% unknown 4U-1-A (δ 40.3), 32% 

unknown 4U-1-B (δ 29.7), 26% unknown 4U-1-C (δ 28.6).  

Attempt of making terminal alkyne related complexes (2). 111 (10 mg, 0.018 

mmol) was dissolved in 0.5 mL C6D6 in a J. Young tube and followed by 209 (11 µL, 

0.087 mmol). After 10 min at RT, analysis by 
31

P spectroscopy revealed 36% unknown 

4U-2-A (δ 37.5), 36% unknown 4U-2-B (δ 30.4), 28% unknown 4U-2-C (δ 28.3).  
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Attempt of making terminal alkyne related complexes (3). 408-Ir-HMes (12 mg, 

0.016 mmol) was dissolved in 0.5 mL mesitylene in a J. Young tube and followed by 

209 (32 µL of 0.5 M stock solution in mesitylene, 0.016 mmol). After 1 d at RT, analysis 

by 
31

P spectroscopy revealed 58% 408-Ir-HMes and 42% unidentified mixtures: 6% 

unknown 4U-3-A (δ 48.4), 5% unknown 4U-3-B (δ 37.3), 16% unknown 4U-3-C (δ 

29.9), 4% unknown 4U-3-D (δ 29.1), and 11% unknown 4U-3-E (δ 28.2).  

Observation of 408-Ir-v-tol and 408-Ir-p-tol. In a Ar-filled glove box, 408-Ir-

HMes (15 mg, 0.021 mmol) and 209P (210 µL of 0.1 M stock solution in mesitylene, 

0.021 mmol) was dissolved in 300 µL mesitylene in a J. Young tube. After overnight, 

31
P NMR spectroscopic analysis revealed formation of two products: 5% 408-Ir-v-tol 

and 11% 408-Ir-p-tol. 

Synthesis of 408-Ir-v-tol. In a Ar-filled glove box, 408-Ir-HMes (118 mg, 0.160 

mmol) and 209 (39 mg, 0.16 mmol) was dissolved in 1.0 mL mesitylene in a J. Young 

tube. The tube was taken out of then placed in a 100 °C oil bath for 1 h.  The J. Young 

tube was allowed to cool to ambient temperature and brought into a glove box. The 

solution was transferred to a 25 mL Schlenk flask with fluorobenzene to assist. All 

volatiles were removed in vacuo. The residue was redissolved in PhF/pentane, and the 

flask was then placed in a -35 °C freezer for overnight. The next day the solid was 

collected and washed with cold pentane and dried under vacuum to get brick red solid. 

The decanted solution was combined with the washings, and the volatiles were removed 

in vacuo. The residue was then redissolved in PhF/pentane, placed in the freezer and 

collected in the same manner to yield the second fraction. Combined yield: 70 mg (51%).  
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1
H NMR (500 MHz, C6D6): δ 8.19 (d, J = 8.5 Hz, 2H, Ar-H), 7.67 (d, JH-H = 8.5 Hz, 2H, 

Ar-H), 7.15 (d, JH-H = 8.5 Hz, 2H, Ar-H, overlapping with the solvent peak), 7.06 (s, 2H, 

Ar-H), 6.83 (d, JH-H = 8.5 Hz, 2H, Ar-H), 2.58 (m, 4H, CHMe2), 2.21 (s, 6H, Ar-CH3), 

1.38 (m, 12H, CHMe2), 1.18 (m, 24H, CHMe2 and CH3 on Bpin). 
13

C{
1
H} NMR (126 

MHz, C6D6): δ 282.8 (t, JP-C = 10 Hz, Ir=C), 163.4 (t, JP-C = 11 Hz), 133.0, 132.6, 131.8, 

129.0, 127.0 (t, JP-C = 3.0 Hz), 126.8, 124.8 (t, JP-C = 21 Hz), 120.9, 116.6 (t, JP-C = 7.0 

Hz), 82.0 (Cquart, Bpin), 26.4 (t, JP-C = 15 Hz), 25.1 (CH3, Bpin), 21.1, 20.4, 19.4, 18.5. 

(Note: In 
13

C NMR spectra, the quaternary carbon atom attached to boron was not 

observed.) 
31

P{
1
H} NMR (202 MHz, C6D6): δ 43.9. 

11
B{

1
H} NMR (128 MHz, C6D6): δ 

22.5. Anal. Calcd for C41H59BIrNO2P2: C, 57.07; H, 6.89. Found: C, 57.18; H, 6.89. 

Synthesis of 408-Ir-v-TMS. In a Ar-filled glove box, 408-Ir-HMes (52 mg, 0.070 

mmol) and 210P (16 mg, 0.070 mmol) was dissolved in 0.5 mL mesitylene in a J. Young 

tube. The tube was left at RT overnight. 
31

P NMR spectroscopic analysis revealed that 

60% conversion to 408-Ir-v-TMS and no observable intermediate. The tube was then 

placed in a 100 °C oil bath for 1 h. 
31

P NMR spectroscopic analysis revealed >90% 

conversion to 408-Ir-v-TMS. The tube was brought in a glove box and the solution was 

transferred to a 25 mL Schlenk flask. All volatiles were removed in vacuo to yield a red 

oil, and attempts on recrystallization of residue was failed. The residue was taken up in 

C6D6 for NMR analysis. 
1
H NMR (500 MHz, C6D6): δ 7.66 (d, JH-H = 8.5 Hz, 2H, Ar-H), 

7.04 (s, 2H, Ar-H), 6.81 (d, JH-H = 8.5 Hz, 2H, Ar-H), 2.70 (m, 2H, CHMe2), 2.60 (m, 

2H, CHMe2), 2.22 (s, 6H, Ar-CH3), 1.48 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 1.42 (dvt, J = 

14, 7.0 Hz, 6H, CHMe2), 1.27 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 1.18 (dvt, J = 14, 7.0 
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Hz, 6H, CHMe2), 1.10 (s, 12H, CH3 on Bpin), 0.49 (s, 9H, CH3 on TMS). 
13

C{
1
H} NMR 

(126 MHz, C6D6): δ 269.3 (t, JP-C = 8.8 Hz, Ir=C), 163.8 (t, JP-C = 11 Hz), 132.9, 131.8, 

126.0 (t, JP-C = 3.3 Hz), 124.4 (t, JP-C = 21 Hz), 116.3 (t, JP-C = 5.1 Hz), 81.7 (Cquart, Bpin), 

26.7 (t, JP-C = 15 Hz), 26.6 (t, JP-C = 15 Hz), 24.9 (CH3, Bpin), 20.5, 19.7, 19.6, 18.6, 

18.5, 1.2 (SiMe3). (Note: In 
13

C NMR spectra, the quaternary carbon atom attached to 

boron was not observed.) 
31

P{
1
H} NMR (202 MHz, C6D6): δ 44.0. 

11
B{

1
H} NMR (128 

MHz, C6D6): δ 21.6.  

Synthesis of 408-Ir-p-tol. In an Ar-filled glove box, 111 (34 mg, 0.054 mmol) was 

dissolved in 1 mL flurobenzene in a 25 mL Schlenk flask and stock solution of 209P 

(540 µL of 0.1 M stock solution in C6D6, 0.054 mmol) was added to the solution, and the 

solution color turned red-orange immediately. After 10 s, all volatiles were removed in 

vacuo. The residue was taken up in C6D6 for NMR analysis. 
31

P NMR spectroscopic 

analysis revealed 85% π complex, 9% 408-Ir-HBpin and 6% unidentified species. 
1
H 

NMR (300 MHz, C6D6): δ 8.28 (d, JH-H = 8.1 Hz, 2H, Ar-H), 7.76 (d, JH-H = 8.1 Hz, 2H, 

Ar-H), 6.99 (d, JH-H = 8.1 Hz, 2H, Ar-H), 6.90 (s, 2H, Ar-H), 6.86 (d, JH-H = 8.1 Hz, 2H, 

Ar-H), 2.60 (m, 2H, CHMe2), 2.20 (m, 8H, Ar-CH3 of PNP and CHMe2), 2.00 (s, 3H, 

Ar-CH3 of alkynylboronate), 1.41 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 1.20 (m, 24H, CH3 

on Bpin and -CHMe2), 0.94 (dvt, J = 14, 7.0 Hz, 6H, CHMe2). 
31

P{
1
H} NMR (121 MHz, 

C6D6): δ 25.6. 

Synthesis of 4-CF3-C6H4-C≡C-Bpin (4A2-Bpin). The procedure was adapted 

from previous reported synthesis.
137

 In an Ar-filled glove box, 206 (14 mg, 0.020 mmol) 

and pinacolborane (580 µL, 4.00 mmol) were dissolved in 4 mL PhF in a 50 mL Schlenk 
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flask. After stirring 3 min at ambient temperature, 4-CF3-C6H4-C≡C-H (4A2-H, 326 µL, 

2.00 mmol) in 3 mL PhF was then added dropwise in 5 min. Bubbles evolved 

immediately which indicated H2 generation. After all alkyne was added, the mixture was 

stirred for 5 min and then the volatiles were removed in vacuo. The residue was 

recrystallized in PhF/pentane in a -35 °C freezer. After overnight, the solution was 

decanted and the solid was washed with 1 mL pentane three times. The solid was dried 

in vacuo to yield off-white crystal. Yield: 441 mg (74%). 
1
H NMR (500 MHz, C6D6): δ 

7.11 (d, JH-H = 8.5 Hz, 2H, Ar-H), 6.97 (d, JH-H = 8.5 Hz, 2H, Ar-H), 1.02 (s, 12H, -CH3 

on Bpin). 
13

C{
1
H} NMR (126 MHz, C6D6): δ 132.8, 130.8 (q, JF-C = 33 Hz), 126.1, 

125.4 (q, JF-C = 3.8 Hz), 124.4 (q, JF-C = 270 Hz, CF3), 100.0 (br, C≡C-B), 84.4 (Cquart, 

Bpin), 24.7 (CH3, Bpin). 
19

F NMR (470 MHz, C6D6): δ -63.7. 
11

B{
1
H} NMR (128 MHz, 

C6D6): δ 24.4.  

Synthesis of 408-Ir-p-Ftol. In an Ar-filled glove box, 111 (204 mg, 0.327 mmol) 

was dissolved in 2 mL fluorobenzene in a 25 mL Schlenk flask. The flask was placed in 

a -35 °C freezer for 2 h. 4A2-Bpin (97 mg, 0.33 mmol) was added to the solution, and 

the solution color turned red-orange immediately. After 10 s, all volatiles were removed 

in vacuo. (Note:  Longer reaction times would result in more 408-Ir-HBpin formation.) 

3 mL pentane was added to the flask and used a spatula to scratch the film on the wall to 

result red-orange powder. The solution was vigorously stirred for 10 min and then 

placed in a -35 °C freezer for overnight. The next day the solution part was separated 

and 3 mL pentane was added to the flask. The solution with suspension was filtered 

through a fritted funnel. The solid was washed with pentane and dried under vacuum to 
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get red-orange solid. Yield: 221 mg (74%). 
1
H NMR (500 MHz, C6D6): δ 8.22 (d, JH-H = 

8.5 Hz, 2H, Ar-H), 7.71 (d, JH-H = 8.5 Hz, 2H, Ar-H), 7.39 (d, JH-H = 8.5 Hz, 2H, Ar-H), 

6.87 (s, 2H, Ar-H), 6.84 (d, JH-H = 8.5 Hz, 2H, Ar-H), 2.54 (m, 2H, CHMe2), 2.19 (s, 6H, 

Ar-CH3), 2.08 (m, 2H, CHMe2), 1.33 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 1.19 (s, 12H, 

CH3 on Bpin), 1.14 (dvt, J = 14, 7.0 Hz, 12H, CHMe2), 0.87 (dvt, J = 14, 7.0 Hz, 6H, 

CHMe2). 
13

C{
1
H} NMR (100 MHz, CD2Cl2): δ 164.4 (t, JP-C = 9.4 Hz), 132.6, 131.3, 

131.0, 130.1, 127.6 (q, JF-C = 32 Hz), 126.7 (t, JP-C = 3.1 Hz), 125.4 (q, JF-C = 3.8 Hz), 

125.2 (q, JF-C = 270 Hz, CF3), 124.8 (t, JP-C = 20 Hz), 114.7 (t, JP-C = 4.8 Hz), 105.7 

(C≡C-B), 83.5 (Cquart, Bpin), 25.0 (CH3, Bpin), 24.1 (t, JP-C = 13 Hz), 23.5 (t, JP-C = 13 

Hz), 20.3, 18.6, 18.4, 17.6, 17.1. 
31

P{
1
H} NMR (202 MHz, C6D6): δ 26.1. 

11
B{

1
H} NMR 

(128 MHz, C6D6): δ 25.5. 
19

F NMR (470 MHz, C6D6): δ 62.9. Anal. Calcd for 

C41H56BF3IrNO2P2: C, 53.71; H, 6.16. Found: C, 53.73; H, 6.29.  

Reaction of 408-Ir-HBpin with 4-ethynyltoluene. 408-Ir-HBpin (14 mg, 0.019 

mmol) and stock solution of  4-ethynyltoluene (190 µL of 0.1 M stock solution in C6D6, 

0.019 mmol) was dissolved in 0.3 mL C6D6 in a J. Young tube. After 10 min at RT, 

analysis by 
31

P NMR spectroscopy revealed 56% 408-Ir-HBpin, 16% unknown A (δ 

48.8), 14% unknown B (δ 29.5), 14% unknown C (δ 28.7). ~45% Bpin converted to 4-

Me-C6H4-C≡C-Bpin based on analysis by 
1
H NMR spectroscopy. The amount of 4-Me-

C6H4-C≡C-Bpin did not increase for the longer reaction time, and other side reactions 

such as hydrogenation occurred.  

Reaction of 408-Ir-HBpin with 4-CF3-C6H4-C≡C-H. 408-Ir-HBpin (11 mg, 

0.014 mmol) and stock solution of  4-ethynyltoluene ( 28 µL of 0.5 M stock solution in 
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C6D6, 0.014 mmol) was dissolved in 0.4 mL C6D6 in a J. Young tube. After 10 min at 

RT, analysis by 
31

P NMR spectroscopy revealed 52% 408-Ir-HBpin, 23% unknown A’ 

(δ 49.2), 14% unknown B’ (δ 28.9), 14% unknown C’ (δ 28.5), and 3% 408-Ir-p-Ftol. 

~50% Bpin converted to 4-CF3-C6H4-C≡C-Bpin based on analysis by 
1
H NMR 

spectroscopy. The amount of 4-CF3-C6H4-C≡C-Bpin did not increase for the longer 

reaction time, and other side reactions such as hydrogenation occurred.  

Reaction of 408-Ir-HBpin with TMS-C≡C-H. 408-Ir-HBpin (11 mg, 0.014 

mmol) and stock solution of  trimethylsilylacetylene (28 µL of 0.5 M stock solution in 

C6D6, 0.014 mmol) was dissolved in 0.4 mL C6D6 in a J. Young tube. After 10 min at 

RT, analysis by 
31

P NMR spectroscopy revealed 5% 408-Ir-HBpin, 33% unknown A’’ 

(δ 48.7), 44% unknown B’’ (δ 44.6), 14% unknown C’’ (δ 41.0), 6% unknown D’’ (δ 

39.3) and 3% unknown E’’ (δ 34.5). ~50% Bpin converted to TMS-C≡C-Bpin based on 

analysis by 
1
H NMR spectroscopy.  

Reaction of 408-Ir-Bpin2 with pinacolborane. 408-Ir-Bpin2 (13 mg, 0.015 mmol) 

and stock solution of pinacolborane (15 µL of 1.0M stock solution in C6D6, 0.015 mmol) 

was dissolved in 0.5 mL C6D6 in a J. Young tube. The mixture was heated at 100 °C 

overnight, analysis by 
1
H and 

31
P NMR spectroscopy revealed that only unreacted 408-

Ir-Bpin2 and pinacolborane were present. 

Reaction of 408-Ir-Bpin2 with 4-ethynyltoluene. 408-Ir-Bpin2 (12 mg, 0.014 

mmol) and stock solution of 4-ethynyltoluene (27 µL of 0.50M stock solution in C6D6, 

0.014 mmol) was dissolved in 0.5 mL C6D6 in a J. Young tube. After 3 h at RT, analysis 

by 
1
H and 

31
P NMR spectroscopy revealed that only unreacted 408-Ir-Bpin2 and 4-
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ethynyltoluene were present. The mixture was heated at 100 °C overnight, 408-Ir-Bpin2 

was still intact based on the analysis by 
31

P NMR spectroscopy, but 4-ethynyltoluene 

was consumed to yield a mixture of products. 

Reaction of 408-Ir-Bpin2 with H2. 408-Ir-Bpin2 (10 mg, 0.012 mmol) was 

dissolved in 0.5 mL C6D6 in a J. Young tube. The tube was degassed by three freeze-

pump-thaw cycles and back-filled with H2 (1 atm, excess). After 3 h at RT, analysis by 

1
H and 

31
P NMR spectroscopy revealed that only unreacted 408-Ir-Bpin2 and H2 were 

present. The mixture was heated at 100 °C overnight, and there was 59% 408-Ir-Bpin2 

and 41% 408-Ir-H3Bpin based on the analysis by 
31

P NMR spectroscopy. 

Reaction of 408-Ir-v-tol with H2. 408-Ir-v-tol (10 mg, 0.011 mmol) was dissolved 

in 0.5 mL C6D6 in a J. Young tube. The tube was degassed by three freeze-pump-thaw 

cycles and back-filled with H2 (1 atm, excess). After 1 h at RT, 80% 408-Ir-v-tol was 

converted to several unknown products (no observable signals in 
31

P NMR) and 

H2C=C(4-Me-C6H4)(Bpin) based on the analysis by 
1
H NMR spectroscopy. After RT 

overnight, 111 was the only observable species in 
31

P NMR spectroscopy analysis. 

Selected NMR data for H2C=C(4-Me-C6H4)(Bpin). 
1
H NMR (500 MHz, C6D6): δ 6.39 

(d, J = 3.0 Hz, 1H, alkenyl-H), 6.15 (d, J = 3.0 Hz, 1H, alkenyl-H), 1.05 (s, 12H, -CH3 

on Bpin). 

Reaction of 408-Ir-v-tol with pinacolborane. 408-Ir-v-tol (12 mg, 0.014 mmol) 

and stock solution of pinacolborane (14 µL of 1.0M stock solution in C6D6, 0.014 mmol) 

was dissolved in 0.5 mL C6D6 in a J. Young tube. After 3 h at RT, analysis by 
1
H and 

31
P 

NMR spectroscopy revealed that only unreacted 408-Ir-v-tol and pinacolborane were 
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present. The mixture was heated at 100 °C for 1 h, <5% decomposition of 408-Ir-v-tol 

was observed by 
1
H NMR spectroscopy analysis and 408-Ir-v-tol remained the only 

observable species in the 
31

P NMR spectrum. 

Reaction of 408-Ir-v-tol with 4-CH3-C6H4-C≡C-H. 408-Ir-v-tol (11 mg, 0.013 

mmol) and stock solution of 4-ethynyltoluene (26 µL of 0.50M stock solution in C6D6, 

0.013 mmol) was dissolved in 0.5 mL C6D6 in a J. Young tube. After 3 h at RT and 1 h 

at 100 °C, analysis by 
1
H and 

31
P NMR spectroscopy revealed that only unreacted 408-

Ir-v-tol and 4-ethynyltoluene were present. After 15 h at 100 °C, <5% decomposition of 

408-Ir-v-tol was observed by 
1
H NMR spectroscopy analysis and 408-Ir-v-tol remained 

the only observable species in the 
31

P NMR spectrum. 

Reaction of 408-Ir-p-Ftol with H2. 408-Ir-p-Ftol (10 mg, 0.011 mmol) was 

dissolved in 0.5 mL C6D6 in a J. Young tube. The tube was degassed by three freeze-

pump-thaw cycles and back-filled with H2 (1 atm, excess). The solution color turned 

lighter orange gradually. Afer 10 min at RT, there were 49% 408-Ir-p-Ftol, 27% 408-

Ir-H3Bpin, and 24% unknown (δ 31.1) based on the analysis by 
31

P NMR spectroscopy. 

Reaction of 408-Ir-p-Ftol with pinacolborane. 408-Ir-p-Ftol (11 mg, 0.011 

mmol) and stock solution of pinacolborane (22 µL of 0.5 M stock solution in C6D6, 

0.011 mmol) was dissolved in 0.5 mL C6D6 in a J. Young tube. After 10 min at RT, there 

were 14% 408-Ir-HBpin and 86% 408-Ir-p-Ftol based on the analysis by 
31

P NMR 

spectroscopy. After 4 h at RT, there were 83% 408-Ir-HBpin and 17% 408-Ir-p-Ftol 

based on the analysis by 
31

P NMR spectroscopy, and analysis by 
1
H NMR spectroscopy 
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revealed that only free 4-CF3-C6H4-C≡C-Bpin, free pinacolborane, 408-Ir-HBpin, 408-

Ir-p-Ftol were present. 

Reaction of 408-Ir-p-Ftol with 4-CF3-C6H4-C≡C-H. 408-Ir-p-Ftol (10 mg, 0.011 

mmol) and stock solution of 4-CF3-C6H4-C≡C-H (22 µL of 0.50M stock solution in 

C6D6, 0.011 mmol) was dissolved in 0.5 mL C6D6 in a J. Young tube. After 10 min at 

RT, analysis by 
1
H and 

31
P NMR spectroscopy revealed that only unreacted 408-Ir-p-

Ftol and 4-ethynyltoluene were present. After 2 h at RT, analysis by 
1
H NMR 

spectroscopy revealed 8% free 4-CF3-C6H4-C≡C-Bpin and 92% 408-Ir-p-Ftol were 

present as alkynylboronate related species.  

General procedure for the NMR-scale dehydrogenative borylation of alkynes 

(Table 4-5). In an Ar-filled glove box, stock solution of iridium catalyst (80 µL of 

0.0125 M stock solution in C6D6, 0.0010 mmol) and pinacolborane stock solution (200 

µL of 1.0 M pinacolborane stock solution in C6D6, 0.20 mmol) were mixed in a J. Young 

tube. Alkyne/1,4-dioxane (200 µL of 0.50 M alkyne/ 0.35 M 1,4-dioxane stock solution 

in C6D6, 0.10 mmol for alkyne and 0.070 mmol for 1,4-dioxane) was then added in 4 

portions with 1 min intervals. The J. Young tube was taken outside, after 10 min, 

reaction yield was determined on 
1
H NMR measurement by using 1,4-dioxane as 

internal standard. The reagent ratio was calibrated through the integration ratio from a 

1
H NMR spectrum of a sample obtained by mixing 100 µL of the pinacolborane stock 

solution and 100 µL alkyne/1,4-dioxane stock solution in 0.3 mL C6D6 in another J. 

Young tube without adding iridium catalyst.  
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X-Ray data collection, solution, and refinement for 408-Ir-HBpin. A Leica MZ 

75 microscope was used to identify a suitable yellow block with very well defined faces 

with dimensions (max, intermediate, and min) 0.65 mm x 0.55 mm x 0.30 mm 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 

GADDS X-ray (three-circle) diffractometer was employed for crystal screening, unit cell 

determination, and data collection.
 
The goniometer was controlled using the FRAMBO 

software, v.4.1.05.
150

 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 was set at 5.0 cm from the crystal sample. The X-ray radiation employed 

was generated from a Cu sealed X-ray tube (K = 1.5418 Å  with a potential of 40 kV 

and a current of 40 mA) fitted with a graphite monochromator in the parallel mode (175 

mm collimator with 0.5 mm pinholes). 180 data frames were taken at widths of 0.5. 

These reflections were used to determine the unit cell using Cell_Now.
150 

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 (26 sets) was initiated using omega and phi scans. 

Integrated intensity information for each reflection was obtained by reduction of the data 

frames with APEX2.
150

  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 was merged and scaled to produce a suitable data 

set. SADABS
150

 was employed to correct the data for absorption effects. Systematic 
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reflection conditions and statistical tests indicated the space group P21/c. A solution was 

obtained readily using SHELXTL (SHELXS).
151

 Hydrogen atoms were placed in 

idealized positions and were refined using riding model. All non-hydrogen atoms were 

refined with anisotropic thermal parameters. The hydride on iridium was assigned from a 

Q peak near the expected position and refined. The presence of Ir-H is also indicated 

both by 
1
H NMR spectroscopic data. The structure was refined (weighted least squares 

refinement on F
2
) to convergence.

151,172
 Platon

150
 was used to verify the absence of 

additional symmetry.  

X-Ray data collection, solution, and refinement for 408-Ir-Bpin2. A yellow, 

multi-faceted block of suitable size (0.80 x 0.70 x 0.45 mm) was selected from a 

representative sample of crystals of the same habit using an optical microscope and 

mounted onto a nylon loop. Low temperature (110 K) X-ray data were obtained on a 

Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube, Kα = 0.71073 Å ). All 

diffractometer manipulations, including data collection, integration and scaling were 

carried out using the Bruker APEXII software.
150

 An absorption correction was applied 

using SADABS.
150

 The space group was determined on the basis of systematic absences 

and intensity statistics and the structure was solved by direct methods and refined by 

full-matrix least squares on F
2
. The structure was solved in the monoclinic P21/c space 

group using XS
151

 (incorporated in SHELXTL). All non-hydrogen atoms were refined 

with anisotropic thermal parameters. All hydrogen atoms were placed in idealized 

positions and refined using riding model. The structure was refined (weighted least 

squares refinement on F
2
) and the final least-squares refinement converged.  
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X-Ray data collection, solution, and refinement for 408-Ir-v-tol. A Leica MZ 75 

microscope was used to identify a suitable red block with very well defined faces with 

dimensions (max, intermediate, and min) 0.08 mm x 0.02 mm x 0.02 mm 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 

GADDS X-ray (three-circle) diffractometer was employed for crystal screening, unit cell 

determination, and data collection.
 
The goniometer was controlled using the FRAMBO 

software, v.4.1.05.
150

 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 was set at 5.0 cm from the crystal sample. The X-ray radiation employed 

was generated from a Cu sealed X-ray tube (K = 1.5418 Å  with a potential of 40 kV 

and a current of 40 mA) fitted with a graphite monochromator in the parallel mode (175 

mm collimator with 0.5 mm pinholes). 180 data frames were taken at widths of 0.5. 

These reflections were used to determine the unit cell using Cell_Now.
150 

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 (26 sets) was initiated using omega and phi scans. 

Integrated intensity information for each reflection was obtained by reduction of the data 

frames with APEX2.
150

  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 was merged and scaled to produce a suitable data 

set. SADABS
150

 was employed to correct the data for absorption effects. Systematic 
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reflection conditions and statistical tests indicated the space group P-1. A solution was 

obtained readily (Z' = 2; Z = 4) using SHELXTL (SHELXS).
151

 Hydrogen atoms were 

placed in idealized positions and were refined using riding model. All non-hydrogen 

atoms were refined with anisotropic thermal parameters. Elongated thermal ellipsoids on 

(O1-O2-C36 to C41) group suggested disorder which was modeled successfully between 

two positions. Restraints and constraints were used to keep the bond distances, angles, 

and the thermal ellipsoids meaningful.
150

 The structure was refined (weighted least 

squares refinement on F
2
) to convergence.

151,172
 Platon

48
 was used to verify the absence 

of additional symmetry; however it suggested presence of 50 Å
3
 voids with no (0 e

-
/Å

3
) 

electrons in them, which agreed with the difference map showing no electron density in 

the voids.   

X-Ray data collection, solution, and refinement for 408-Ir-p-Ftol. A Leica MZ 

75 microscope was used to identify a suitable orange block with very well defined faces 

with dimensions (max, intermediate, and min) 0.23 mm x 0.21 mm x 0.13 mm 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 

GADDS X-ray (three-circle) diffractometer was employed for crystal screening, unit cell 

determination, and data collection.
 
The goniometer was controlled using the FRAMBO 

software, v.4.1.05.
150

 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 was set at 5.0 cm from the crystal sample. The X-ray radiation employed 

was generated from a Cu sealed X-ray tube (K = 1.5418 Å  with a potential of 40 kV 
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and a current of 40 mA) fitted with a graphite monochromator in the parallel mode (175 

mm collimator with 0.5 mm pinholes). 180 data frames were taken at widths of 0.5. 

These reflections were used to determine the unit cell using Cell_Now.
150 

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, a 

standard data collection procedure (9 sets) was initiated using omega and phi scans.  

Integrated intensity information for each reflection was obtained by reduction of the data 

frames with APEX2.
150

  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 was merged and scaled to produce a suitable data 

set. SADABS
150

 was employed to correct the data for absorption effects. Systematic 

reflection conditions and statistical tests indicated the space group P21/n. A solution was 

obtained readily using SHELXTL (SHELXS).
151

 A molecule of fluorobenzene was 

found solvated. Hydrogen atoms were placed in idealized positions and were refined 

using riding model. All non-hydrogen atoms were refined with anisotropic thermal 

parameters. Thermal ellipsoids indicated fluorobenzene and CF3 groups were disordered. 

While the latter disorder was successfully modeled the former could be only modeled 

only with strong restraints / constraints. The structure was refined (weighted least 

squares refinement on F
2
) to convergence.

150,151,172
 Platon

48
 was used to verify the 

absence of additional symmetry and voids.  
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CHAPTER V  

DEHYDROGENATIVE DIBORATION OF ALKYNYLBORONATES CATALYZED 

BY SINN IRIDIUM COMPLEXES
3
 

5.1 Introduction 

Multisubstituted olefins are important structural motifs in drugs, natural products, 

and functional materials.
194,195

 Chemists have developed many methodologies to 

synthesize multisubstituted olefins in a stereocontrolled fashion.
194,195

 Among these 

methodologies, selective Suzuki-Miyaura coupling of multiborylated alkenes appeared 

as an attractive route.
196-199

 Multiborylated alkenes are relatively harmless and stable 

starting materials that undergo Suzuki-Miyaura coupling with high selectivity and yields. 

Syntheses of multiborylated alkenes are summarized in Figure 5-1.  

 

Figure 5-1. Syntheses of 1,1-diborylalkenes (top), 1,2-cis-diborylalkenes (middle) and 

triborylalkenes (bottom). 

 

                                                 

3
 In this chapter, all DFT calculations are done by Dr. Jia Zhou. 
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Traditionally, 1,1-diborylalkene was made from gem-diboration of 1,1-dichloro- or 

1,1-dibromoalkenes through Li-halide exchange and then reaction with 

bis(pinacolato)diboron (B2pin2) (Figure 5-1, top).
200,201

 On the other hand, 1,2-cis-

diborylalkenes are more widely used building blocks that are readily available from 

diboration of terminal or internal alkynes (Figure 5-1, middle). Since the discovery of 

diboration of alkynes by Suzuki, Miyaura and co-workers in 1993,
202

 the methodology
203

 

has been extensively studied. These reactions utilize B2pin2 and bis(catecholato)diboron 

(B2cat2) as the typical boron reagents and are usually catalyzed by platinum
202,204-210

 or 

copper
211-213

 complexes. Syntheses of triborylalkene were relatively rare and only two 

examples have been reported which employ platinum-catalyzed diboration of 

alkynylboronates (Figure 5-1, bottom).
214

  

 

Figure 5-2. DHBTA catalyzed by (SiNN)Ir complexes. 

 

In the Chapter 2, we demonstrated the first example of dehydrogenative borylation 

of terminal alkynes (DHBTA) catalyzed by a SiNN pincer cyclooctene iridium complex 

(Figure 5-2).
137

 The reaction was highly chemoselective leading to alkynylboronates in 

excellent yields. This motivated us to explore the potential to further borylate 

alkynylboronates in a one-pot reaction. Here we report the discovery of a new selective 

dehydrogenative diboration of alkynylboronates. The independent synthesis and 
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characterization of the possible catalytic intermediates in the diboration will also be 

described. 

5.2 Results and discussion 

5.2.1 Discovery and optimization of dehydrogenative diboration of alkynylboronates 

 
Figure 5-3. Original idea of one-pot synthesis of diborylalkenes. 

 

Originally inspired by the success of 206 in DHBTA, we set out to evaluate the 

potential to develop a one-pot synthesis that could combine DHBTA and hydroboration 

(Figure 5-3). Ideally after successful DHBTA, hydroboration can be perform in syn-

addition fashion to alkynylboronates to yield 1,1-gem-diborylalkenes or 1,2-trans-

diborylalkenes. 4-Ethynyltoluene (209) was chosen as the model substrate. According to 

the previous DHBTA protocol, 209 was first reacted with 3.5 equivalents of 

pinacolborane to cleanly yield 209P. Hydroboration was first attempted, simply from 

heating up the reaction mixture at 55 °C. However, after 24 h, multiple hydrogenation 

and hydroboration products were observed (Scheme 5-1, top) including 34% yield of 

gem-diborylalkene (5A-Bpin2). Degassing the reaction mixtures and refilling with 1 atm 

Ar before heating still resulted in a similar product distribution. Surprisingly, heating at 

55 °C under 1 atm CO, the DHBTA mixture produced only two major products: 34% 

yield of 5A-Bpin2, and 55% yield of a new triborylalkene product, 5A-Bpin3 (Scheme 5-

1, bottom) after heating at 55 °C for 8 h. The product ratio did not change even with 
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additional heating. The formation of the unexpected product, 5A-Bpin3, can be viewed 

as the result of diboration of 209P. Although diboration of alkynes is well-known in the 

literature,
203

 we believe this is the first diboration of alkynes using dialkoxyborane as the 

boron reagent and losing dihydrogen as the by-product.  

 

Scheme 5-1. Attempts at further borylation of alkynylboronates.  

 

After the discovery of this unusual diboration, we started to examine factors to 

optimize the yield of triborylalkenes and the results are summarized in Table 5-1. The 

product ratio between 5A-Bpin2 and 5A-Bpin3 did not change significantly when 

fluorobenzene (entry 2) or THF (entry 3) was selected as the solvent. Heating the 

reaction mixture at 80 °C led to slightly higher 5A-Bpin2 yield, however, the amount of 

other side products also increased (entry 4). We surmised that increasing the equivalents 

and concentration of HBpin should favor 5A-Bpin3 formation. By increasing the amount 

of HBpin to 5 equivalents and reducing the solvent volume, the yield of 5A-Bpin3 was 

achieved an impressive 88% (entry 5). Finally, the reaction could also be carried out in 
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neat HBpin and the product ratio of 5A-Bpin3 to 5A-Bpin2 was further improved to 

about 20 (entry 6). Considering the cost of HBpin and the small yield improvement from 

entry 5 to entry 6, the conditions of entry 5 were selected for the subsequent substrate 

scope examination. 

 

Table 5-1. Summary of the optimization of alkynylboronates diboration.  

 

Entry Eq. of 

HBpin 

Conc. of 

HBpin (M) 

Solvent Temp Time 5A-Bpin2 5A-Bpin3 

1 3.5 0.56  C6D6 55 °C 8 h 39% 55% 

2 3.5 0.56  PhF 55 °C 8 h 45% 50% 

3
a
 3.5 0.56  THF 55 °C 8 h 26% 43% 

4 3.5 0.56  C6D6 80 °C 3 h 52% 32% 

5 5.0 3.0  PhF 55 °C 18 h 7% 88% 

6 10 6.3  neat 55 °C 18 h 5% 91% 

a 
26% 209P. 

 

5.2.2 Substrate scope of one-pot dehydrogenative diboration of alkynylboronates 

Various terminal alkynes were subjected to explore the scope of the one-pot 

synthesis of triborylalkenes catalyzed by 206, and the results are summarized in Table 5-

2. Generally after removal of volatiles, the pentane insoluble triborylalkenes can be 
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easily separated by suspending the mixture in pentane and filtering through a fritted 

funnel. 70 - 80% isolated yields were obtained for all aromatic alkynes regardless of 

whether electron-donating or electron-withdrawing groups were present (5A-Bpin3 – 

5D-Bpin3). Good to fair NMR yields were observed for aliphatic alkynes (5E-Bpin3 – 

5G-Bpin3), however, the isolated yields were significantly lower than aromatic alkynes. 

We found the solubility of aliphatic triborylalkenes in pentane to be much higher which 

was responsible for low isolated yields. Use of other solvent with even poorer solvating 

power than pentane, like 2,2-dimethylbutane is under investigation to help with the 

isolation of products.  

 

Table 5-2. Substrate scope of one-pot diboration of alkynylboronates.
a,b,c

  

 

a
 206 (0.020 mmol) and HBpin (10 mmol) were dissolved in PhF in a PTFE-valved gas-

tight flask. Alkyne (2.00 mmol) was then added in 4 portions with 1 min intervals at RT. 

After 10 min, the mixture was degassed, refilled with 1 atm CO and heated at 55 
o
C for 

18 h (see experimental for details).
 b

 Isolated yield. 
c
 Yields in parentheses are NMR 

yield. 
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5.2.3 Independent synthesis of (SiNN)Ir(CO) and its equilibrium with (SiNN)Ir(CO)2 

Since the diboration of alkynylboronates took place under CO atmosphere, we 

wanted to examine the reaction of the starting catalyst 206 with CO in the absence of 

alkynes and HBpin. Treating the in-situ generated 206 from 205 and [(COE)2IrCl]2 with 

1 atm CO at ambient temperature led to an equilibrium mixture of the monocarbonyl 

adduct 501 and bis(carbonyl) adduct 502 (Scheme 5-2). We were able to isolate 501 as a 

brown solid in 92% yield.  

 

Scheme 5-2. The synthesis of 501 and its equilibrium with 502. 

 

In the 
1
H NMR spectrum, 501 showed an up-field Ir-H signal at -15.52 ppm, and no 

signal for Ir-H was observed in the 
1
H-

29
Si DQF spectrum, which suggests that this 

proton has no interaction with the silicon atom. On the other hand, the Ir-H signal of 502 

displayed a more downfield position (-6.1 ppm) presumably because the hydride is 

trans- to a carbonyl. In the 
1
H-

29
Si DQF spectrum, a small Si-H coupling constant (JSi-H 

= 2.1 Hz) was observed which suggested 502 should be viewed as a silyl hydride 

complex.
128,131

 The existence of CO in both complexes is supported by the 

corresponding absorption peaks at 1977 cm
-1

 for 501, and 2057 and 2007 cm
-1

 for 502 in 

the IR analysis. 
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An X-ray quality crystal of 501 was grown from CH2Cl2/pentane and the solid 

structures are shown in Figure 5-4 (top). To assist the X-ray studies, especially the 

location of the Ir-H, density functional theory (DFT) calculations were carried out on 

501 in the gas phase using the M06 functional (Figure 5-4, bottom). The positions of 

nonhydrogen atoms from the experimental XRD determination were closely reproduced 

in the DFT calculated structure. The longer calculated Si-H distance in 501 (2.183 Å ) 

versus 206 (2.007 Å ) and 207 (1.889 Å ) is in agreement with no observable Si-H 

coupling, and JSi-H values of 8 and 32 Hz, respectively. Both the calculated Si-H distance 

and the JSi-H of 501 are outside of the range for a Si−H bonding interaction, hence 501 

can be confidently viewed as an d
6
-Ir(III) silyl hydride complex.

128,131
 

 

Figure 5-4. ORTEP drawing
129

 (50% probability ellipsoids) of 501 (top) showing 

selected atom labeling, and drawing of the DFT-calculated structures of 501 (bottom). 

Hydrogen atoms are omitted for clarity, except for the hydride on the Ir atom.  Selected 

bond distances (Å ) and angles (deg) for 501, with DFT-derived metrics in square 

brackets: Ir1-Si1, 2.3366(15) [2.376]; Si1-H, [2.183]; Ir1-H1, [1.592]; Ir2-H1, [3.117]; 

Ir1-Ir2, 2.9074(8) [3.046]; Si1-Ir1-N2, 124.89(11) [127.51]; Si1-Ir1-H1, [63.17]; Ir1-C1-

O1, 176.1(5) [177.75].  
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Interestingly, 501 forms a dimer structure in the solid state with a 2.907 Å  distance 

between two iridium centers. No π-π stacking is obsersevd and the hydrides are clearly 

terminal (Ir1-H1: 1.592 Å ; Ir2-H1: 3.117 Å ), ruling out the possibility of a hydride-

bridged dimer. Many examples of d
10

-d
10

 and d
8
-d

8
 dimers,

215-220
 most commonly with 

Pd(II) and Pt(II) can be found in the literature, and unsupported d
8
-d

8
 interactions have 

also been reported.
221,222

 The M...M distances in the d
8
-d

8
 dimers supported by briging 

ligands are usually in the range of 2.7-3.2 Å ,
223,224

 and the M...M distances in the 

unsupported d
8
-d

8
 dinuclear complexes are 2.8-3.1 Å .

221,222
 However, the d

6
-d

6
 

interaction has not been observed to the best of our knowledge. 5-coordinate d
6
 

complexes usually require a certain degree of steric protection of the open coordination 

site, and that would prevent the possible formation of a d
6
-d

6
 interaction. 501 is unique 

in that its square pyramid base is almost perfectly flat, so two iridium centers can 

approach each other to ~ 3.0 Å , which is the common M…M distance for these types of 

interactions.
221,222

 It is still not clear whether or not the dimer presists in solution and 

experiments like diffusion-ordered NMR might be helpful for elucidating the status of 

501 in solution. 

5.2.4 Examination of isolated 501 and other CO complex in the borylation 

To examine the possible role of 501 in the diboration of alkynylboronates, we first 

tested 501 in the reaction between isolated 209P and HBpin under 1 atm CO (Scheme 5-

3). 80% yield of 5A-Bpin3 and 14% yield of 5A-Bpin2 were observed by 
1
H NMR 

spectrum after 12 h. The observation of two major products, 5A-Bpin3 and 5A-Bpin2, 

was consistent with the results observed from one-pot synthesis reactions but with 
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slightly different product ratio. This suggested 501 acts as the actual entry point into the 

catalytic cycle of the diboration.  

 

Scheme 5-3. Borylation of 209P with HBpin catalyzed by 501. 

 

During the optimization of diboration, we found the product ratio of gem-

diborylalkenes and triborylalkenes did not change once all the alkynylboronates were 

consumed. It seems triborylalkenes are not generated from alkynylboronates via gem-

diborylalkenes. To further prove this point, we independently synthesized a gem-

diborylalkene 5A-Bpin2 via a recently published protocol.
225

  

Scheme 5-4. Borylation of 5A-Bpin2 with HBpin catalyzed by 501. 

 

Treating 5A-Bpin2 with 5 equivalents of HBpin and 3 mol% 501 under 1 atm CO, 

resulted in no observable change in the 
1
H NMR spectrum after 2 h at 55 °C (Scheme 5-

4). To ensure a trace amount of impurity in 5A-Bpin2 does not interfere with the reaction, 

1 equivalent of 4A2-Bpin was added to the mixture, which was then degassed and 

heated at 55 °C. After 3 h, 
1
H NMR spectroscopic analysis revealed all 4A2-Bpin was 
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converted to 5B–Bpin2 and 5B–Bpin3, with 5A-Bpin2 was still remained intact. The 

results unambiguously proved a free gem-diborylalkene is not an intermediate to a 

triborylalkene.  

501 was also tested in the reactions between terminal alkynes and HBpin. Using 1 

mol% of 501, 209 was reacted with 2.5 equivalents of HBpin under 1 atm argon 

(Scheme 5-5, top). After 3 h at 55 °C, 70% conversion was observed with two major 

products: 4A1-1 and 4A1-4 in about 1:1 ratio, with a trace amount of 5A-Bpin2-b. 

Under 1 atm CO, the reaction was completed in 3 h and gave higher yields of 5A-Bpin2-

b. The reaction can also be carried out with only 0.1 mol% 501. 100% conversion of 209 

and similar product distributions were observed after 15 h at 55 °C. No significant 

product ratio change was observed when using 10 equivalents of HBpin or switching the 

solvent to CH3CN or THF. Remarkably, greater than 90% selectivity of diboration 

product 5G-Bpin2-b was observed after 3 h when trimethylsilylacetylene (210) was used 

as the substrate (Scheme 5-5, bottom). However, the reaction was sluggish, and whole 

the ratio of other products increased. 60% conversion and 30% yield of 5G-Bpin2-b was 

observed after 1 d. 

 

Scheme 5-5. Borylation of terminal alkynes with HBpin catalyzed by 501. 
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In contrast to the reactivity with terminal alkynes, no reaction was observed 

between HBpin with 1-hexene or styrene in the presence of 1 mol % 501 (Scheme 5-6, 

top). B2pin2 also did not react with 209 under the same conditions (Scheme 5-6, middle). 

Heating HBcat with 209 in the presence of 1 mol % 501 at 55 °C for 15 h, at least eight 

unidentified products were observed based on Ar-CH3 signals in the 
1
H NMR spectrum 

(Scheme 5-6, bottom). 

 

Scheme 5-6. Control experiments. 

 

5.2.5 Observation of irreproducible borylation in the blank reaction 

When we performed the control experiments of 209P with HBpin in the absence 

of 501, irreproducible 5~40% conversion of 209P to 5A-Bpin2 and 5A-Bpin3 was 

occasionally observed after 15 h at 55 °C. This phenomenon aroused our attention and 

made us contemplate whether or not iridium contaminants on the glassware were active. 

For example, active iridium species might covalently bond to J. Young tubes or form 

nanoparticles deposits that cannot be washed out with acetone. After repeatedly cleaning 

both J. Young tubes and caps with more vigorous solutions, like base bath (KOH/EtOH), 



 

159 

 

aqua regia (HCl/HNO3), and Piranha solution (H2O2/H2SO4), no conversion was 

observed for the control reactions. Also, no reaction was observed when using J. Young 

tubes that were never in contact with iridium species. The identity of the active species is 

still not clear at this stage. Further control reactions with mercury tests, examination of 

iridium powder and a carbonyl cluster, Ir4(CO)12, are currently under investigation. 

5.3 Mechanistic considerations 

Although the nature of the catalytic species is still not clear, a generic catalytic 

cycle (using “[Ir]” to represent the unidentified iridium catalyst) for explaining different 

borylation products is postulated in Figure 5-5. The status of [Ir] at each step is unknown. 

The catalytic cycle starts from an alkyne and HBpin binding to the iridium center and 

reacting to yield hydride alkenyl complexes 505-a or 505-b. Normal hydroboration 

products, an E-alkenylboronate or a gem-alkenylboronate, are obtained after reductive 

elimination and 503 would be regenerated. The hydride alkenyl complexes 505-a or 505-

b could also react with another equivalent of HBpin to lose H2 and form a boryl alkenyl 

complex 506, followed by reductive elimination to yield a dehydrogenative diboration 

product, 1,2-cis-diborylalkene. A triborylalkene can be obtained through the same 

sequence, starting from an alkynylboronate instead. This proposed mechanism not only 

rationalizes the formation of different products but also explains why the higher 

diboration product ratios are observed when using more equivalents of HBpin.   
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Figure 5-5. Proposed mechanism for diboration. 

 

5.4 Conclusion 

In this chapter, we described the development of a convenient one-pot synthesis of 

triborylalkenes directly from terminal alkynes. The process consisted of a DHBTA and a 

novel dehydrogenative diboration. Good isolated yields were obtained for various 

aromatic alkynes, but the yields for aliphatic alkynes were lower mainly due to solubility 

issues during isolation attempts. The carbonyl complex 501 has been independently 

synthesized from 206 and has shown to possess the ability to catalyze diboration. 

Preliminary mechanistic studies suggested the triborylalkenes are not obtained from 

borylation of free diborylalkenes. Further experiments are needed to elucidate the details 

of the catalytic mechanism.  

5.5 Experimental 

General Considerations.  Unless specified otherwise, all manipulations were 

performed under an Ar atmosphere using standard Schlenk line or glovebox techniques. 

Toluene, fluorobenzene, THF, diethyl ether, pentane, C6D6 were dried over 

NaK/Ph2CO/18-crown-6, distilled or vacuum transferred and stored over molecular 
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sieves in an Ar-filled glovebox. CH2Cl2, CD2Cl2 and CDCl3 were dried with and then 

distilled from CaH2 and stored over molecular sieves in an Ar-filled glove box. 5A-

Bpin2
225

 was prepared according to published procedures. Alkynes were deoxygenated 

by three freeze-pump-thaw cycles prior to use. All other chemicals were used as 

received from commercial vendors. Pinacolborane was purchased from Sigma-Aldrich 

in the Sure/Seal form. NMR spectra were recorded on a Varian Inova 300, Mercury 300 

(
1
H NMR, 299.952 MHz; 

13
C NMR, 75.421 MHz), Varian Inova 400 (

1
H NMR, 399.535 

MHz; 
11

B NMR, 128.185 MHz; 
29

Si NMR, 79.366 MHz) and NMRS 500 (
1
H NMR, 

499.703 MHz; 
13

C NMR, 125.697 MHz) spectrometer. 
1
H-

29
Si double quantum filter 

(DQF)
144

 experiments on compounds 501 and 502 were performed on Varian Inova 400. 

Chemical shifts are reported in δ (ppm). For 
1
H and 

13
C NMR spectra, the residual 

solvent peak was used as an internal reference (
1
H NMR: δ 7.15 for C6D6, 5.32 for 

CD2Cl2, 7.24 for CDCl3; 
13

C NMR: δ 128.06 for C6D6, 53.84 for CD2Cl2, 77.16 for 

CDCl3). For 
29

Si NMR, spectra were referenced externally to δ = 0 ppm by using Me4Si. 

For 
11

B NMR, spectra were referenced externally to δ = 0 ppm by using BF3･Et2O. 

Elemental analyses were performed by CALI Labs, Inc. (Parsippany, NJ). 

Note: In 
13

C NMR spectra of triborylalkenes, quaternary carbon atoms attached to 

boron were usually not observed due to low intensity. 

Computational details.  All computations were carried out with the Gaussian09 

program.
145

 All of the geometries were fully optimized at the M06
146

 level of theory. The 

Stuttgart basis set and the associated effective core potential (ECP) was used for Ir atom, 

and an all-electron 6-311G(d,p) basis set was used for the other atoms. The harmonic 
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vibrational frequency calculations were performed to ensure that a minimum was 

obtained. 

Reaction of 209 and HBpin catalyzed by 206. Stock solution of 206 (64 µL of 

0.0125 M stock solution in C6D6, 0.00080 mmol) and pinacolborane stock solution (280 

µL of 1.0 M stock solution in C6D6, 0.28 mmol) were mixed in a J. Young tube. 209/1,4-

dioxane (160 µL of 0.50 M 209/0.35 M 1,4-dioxane stock solution in C6D6, 0.080 mmol 

for 209 and 0.056 mmol for 1,4-dioxane) was then added in 4 portions with 1 min 

intervals. After 10 min, the J. Young tube was taken outside and heated at 55 °C. After 

24 h, analysis by 
1
H NMR spectroscopy revealed all 209 has been consumed and showed 

34% yield of 5A-Bpin2. Other hydrogenation and/or hydroboration products including 

4A1-1, 5A-1, and 5A-2 were observed. Selective 
1
H NMR (500 MHz, C6D6) data for 

5A-Bpin2: δ 8.15 (s, 1H, alkenyl-H). Selective 
1
H NMR (500 MHz, C6D6) data for 4A1-

1: δ 6.40 (d, JH-H = 18 Hz, 1H, alkenyl-H). Selective 
1
H NMR (500 MHz, C6D6) data for 

5A-1: δ 2.84 (t, JH-H = 8.0 Hz, 1H,CH2-CH2(Bpin)). Selective 
1
H NMR (500 MHz, C6D6) 

data for 5A-2: δ 3.20 (d, JH-H = 8.0 Hz, 1H, CH2-CH(Bpin)2). 

Reaction of 209 and HBpin catalyzed by 206 then degassed and treated with 1 

atm CO.  Stock solution of 206 (64 µL of 0.0125 M stock solution in C6D6, 0.00080 

mmol) and pinacolborane stock solution (280 µL of 1.0 M stock solution in C6D6, 0.28 

mmol) were mixed in a J. Young tube. 209/1,4-dioxane (160 µL of 0.50 M 209/0.35 M 

1,4-dioxane stock solution in C6D6, 0.080 mmol for 209 and 0.056 mmol for 1,4-dioxane) 

was then added in 4 portions with 1 min intervals. After 10 min, the J. Young tube was 

taken outside and degassed by three freeze-pump-thaw cycles, and the tube was refilled 
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with 1 atm CO. The tube was heated at 55 °C. After 8 h, analysis by 
1
H NMR 

spectroscopy revealed all 209 has been consumed and showed 39% yield of 5A-Bpin2 

and 55% yield of 5A-Bpin3. 

Reaction of 209 and HBpin catalyzed by 206 then degassed and treated with 1 

atm Ar.  Stock solution of 206 (64 µL of 0.0125 M stock solution in C6D6, 0.00080 

mmol) and pinacolborane stock solution (280 µL of 1.0 M stock solution in C6D6, 0.28 

mmol) were mixed in a J. Young tube. 209/1,4-dioxane (160 µL of 0.50 M 209/0.35 M 

1,4-dioxane stock solution in C6D6, 0.080 mmol for 209 and 0.056 mmol for 1,4-dioxane) 

was then added in 4 portions with 1 min intervals. The J. Young tube was taken outside, 

after 10 min, the tube was degassed by three freeze-pump-thaw cycles and refilled with 1 

atm argon. The tube was heated at 55 °C. After 24 h, analysis by 
1
H NMR spectroscopy 

revealed all 209 has been consumed and showed 31% yield of 5A-Bpin2. Other 

hydrogenation and/or hydroboration products including 4A1-1, 5A-1, and 5A-2 were 

observed.   

Reaction catalyzed by 206 then degassed and treated with 1 atm CO in various 

solvents.  Stock solution of 206 (64 µL of 0.0125 M stock solution in C6D6, 0.00080 

mmol) and pinacolborane stock solution (280 µL of 1.0 M stock solution in THF or 

fluorobenzene, 0.28 mmol) were mixed in a J. Young tube. 209/1,4-dioxane (160 µL of 

0.50 M 4-ethynyltoluene/0.35 M 1,4-dioxane stock solution in THF or fluorobenzene, 

0.080 mmol for 209 and 0.056 mmol for 1,4-dioxane) was then added in 4 portions with 

1 min intervals. The J. Young tube was taken outside, after 10 min, the tube was 

degassed by three freeze-pump-thaw cycles and refilled with 1 atm CO. The tube was 
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heated at 55 °C. After 8 h, a drop of solution was transferred to another J. Young tube 

followed by 0.5 mL C6D6. The reaction yield was determined by 
1
H NMR spectroscopy 

based on the integration of Ar-CH3. 

Reaction of 209 and 5 equivalents of HBpin catalyzed by 206.  206 (4.0 mg, 

0.0060 mmol), 1,4-dioxane (30 µL, 0.35 mmol), pinacolborane (435 µL, 3.00 mmol) 

were dissolved in 0.5 mL fluorobenzene in a 25 mL PTFE-valved gas-tight flask. 209 

(76 µL, 0.60 mmol) was added dropwise in 1 min. After 10 min, the flask was brought 

outside glovebox, degassed by three freeze-pump-thaw cycles, and refilled 1 atm CO. 

The flask was heated at 55 °C. After 18 h, 0.5 mL C6D6 was added to the flask to 

dissolve all the mixtures. The solution was analyzed by 
1
H NMR spectroscopy and 

showed 7% yield of 5A-Bpin2 and 88% yield of 5A-Bpin3. 

Reaction of 209 in neat HBpin catalyzed by 206.  206 (3.3 mg, 0.0050 mmol), 

1,4-dioxane (30 µL, 0.35 mmol), pinacolborane (726 µL, 5.00 mmol) were added in a 25 

mL PTFE-valved gas-tight flask. 209 (63 µL, 0.50 mmol) was added dropwise in 1 min. 

After 10 min, the flask was brought outside glovebox, degassed by three freeze-pump-

thaw cycles, and refilled 1 atm CO. The flask was heated at 55 °C. After 18 h, 0.5 mL 

C6D6 was added to the flask to dissolve all the mixtures. The solution was analyzed by 

1
H NMR spectroscopy and showed 5% yield of 5A-Bpin2 and 91% yield of 5A-Bpin3. 

General procedure for the preparative-scale dehydrogenative borylation of 

alkynes.  In an Ar-filled glove box, 206 (13 mg, 0.020 mmol) and pinacolborane (1.45 

mL, 10.0 mmol) were mixed in a 25 mL PTFE-valved gas-tight flask. After stirring 3 

min at ambient temperature, alkyne (2.00 mmol) in 1.0 mL fluorobenzene was then 
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added dropwise in 1 min. Bubbles evolved immediately which indicated H2 generation. 

After all alkyne was added, the mixture was stirred for 5 min. The flask was then 

degassed via two freeze-pump-thaw cycles and refilled 1 atm CO. The solution color 

turned from indigo to orange. The flask was heated at 55 °C for 18 h and the mixture 

was allowed to cool to ambient temperature. 5 mL Et2O was added to the flask to assist 

in transferring to a 50 mL Schlenk flask, and all volatiles were removed in vacuo. 10 mL 

pentane was added to the flask and sonicated for 20 min. The solution was filtered 

through a fritted funnel, and the solid was washed with cold pentane and dried in vacuo. 

The decanted solution was combined with the washings, and the volatiles were removed 

in vacuo. The residue was then redissolved pentane, placed in the freezer and collected 

in the same manner to yield the second fraction. 

5A-Bpin3. White solid, isolated yield: 729 mg (74%). 
1
H NMR (500 MHz, CDCl3): 

δ 7.17 (d, JH-H = 8.0 Hz, 2H, Ar-H), 7.01 (d, JH-H = 8.0 Hz, 2H, Ar-H), 2.28 (s, 3H, Ar-

CH3), 1.28 (s, 12H, -CH3 on Bpin), 1.25 (s, 12H, -CH3 on Bpin), 1.08 (s, 12H, -CH3 on 

Bpin). 
13

C{
1
H} NMR (126 MHz, CDCl3): δ 142.5, 136.3, 128.4, 127.8, 83.9 (Cquart, 

Bpin), 83.5 (Cquart, Bpin), 83.2 (Cquart, Bpin), 25.1 (CH3, Bpin), 25.0 (CH3, Bpin), 24.7 

(CH3, Bpin), 21.3 (Ar-CH3). 
11

B NMR (128 MHz, CDCl3): δ 29.9. HRMS (MALDI) 

calcd. for C27H44B3O6 (M+H)
+
: 497.3417. Found: 497.3391. 

5B-Bpin3. White solid, isolated yield: 884 mg (80%). 
1
H NMR (500 MHz, CDCl3): 

δ 7.47 (d, JH-H = 8.0 Hz, 2H, Ar-H), 7.33 (d, JH-H = 8.0 Hz, 2H, Ar-H), 1.30 (s, 12H, -

CH3 on Bpin), 1.24 (s, 12H, -CH3 on Bpin), 1.04 (s, 12H, -CH3 on Bpin). 
13

C{
1
H} NMR 

(126 MHz, CDCl3): δ 149.1, 128.7 (q, JF-C = 32 Hz), 128.2, 124.7 (q, JF-C = 3.7 Hz), 
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124.6 (q, JF-C = 270 Hz), 84.3 (Cquart, Bpin), 83.8 (Cquart, Bpin), 83.6 (Cquart, Bpin), 25.1 

(CH3, Bpin), 24.9 (CH3, Bpin), 24.6 (CH3, Bpin). 
19

F NMR (470 MHz, CDCl3): δ -63.3. 

11
B NMR (128 MHz, CDCl3): δ 29.9. HRMS (MALDI) calcd. for C27H41B3F3O6 (M+H)

+
: 

551.3134. Found: 551.3127. 

5C-Bpin3. White solid, isolated yield: 763 mg (75%). 
1
H NMR (500 MHz, CDCl3): 

δ7.21 (d, JH-H = 8.0 Hz, 2H, Ar-H), 6.75 (d, JH-H = 8.0 Hz, 2H, Ar-H), 3.75 (s, 3H, Ar-

OCH3), 1.27 (s, 12H, -CH3 on Bpin), 1.25 (s, 12H, -CH3 on Bpin), 1.09 (s, 12H, -CH3 on 

Bpin). 
13

C{
1
H} NMR (126 MHz, CDCl3): δ 158.9, 138.1, 129.1, 123.2, 83.9 (Cquart, 

Bpin), 83.5 (Cquart, Bpin), 83.2 (Cquart, Bpin), 55.3 (OCH3), 25.04 (CH3, Bpin), 24.98 

(CH3, Bpin), 24.7 (CH3, Bpin). 
11

B NMR (128 MHz, CDCl3): δ 30.4. HRMS (MALDI) 

calcd. for C27H44B3O7 (M+H)
+
: 513.3366. Found: 513.3346. 

5D-Bpin3. White solid, isolated yield: 680 mg (71%). 
1
H NMR (500 MHz, CDCl3): 

δ 7.21 (m, 5H, Ar-H), 1.30 (s, 12H, -CH3 on Bpin), 1.27 (s, 12H, -CH3 on Bpin), 1.08 (s, 

12H, -CH3 on Bpin). 
13

C{
1
H} NMR (126 MHz, CDCl3): δ 145.4, 127.8, 127.7, 126.8, 

84.0 (Cquart, Bpin), 83.5 (Cquart, Bpin), 83.3 (Cquart, Bpin), 25.04 (CH3, Bpin), 24.95 (CH3, 

Bpin), 24.7 (CH3, Bpin). 
11

B NMR (128 MHz, CDCl3): δ 29.9. HRMS (MALDI) calcd. 

for C26H42B3O6 (M+H)
+
: 483.3241. Found: 483.3257. 

5E-Bpin3. White solid, isolated yield: 396 mg (39%). 
1
H NMR (500 MHz, CDCl3): 

δ 7.24 (m, 4H, Ar-H), 7.14 (m, 1H, Ar-H), 2.66 (s, 4H, -CH2-CH2-), 1.30 (s, 12H, -CH3 

on Bpin), 1.26 (s, 12H, -CH3 on Bpin), 1.24 (s, 12H, -CH3 on Bpin). 
13

C{
1
H} NMR (126 

MHz, CDCl3): δ 143.7, 128.6, 128.2, 125.5, 83.8 (Cquart, Bpin), 83.4 (Cquart, Bpin), 83.1 

(Cquart, Bpin), 40.3, 37.4, 25.1 (CH3, Bpin), 25.03 (CH3, Bpin), 24.97 (CH3, Bpin). 
11

B 
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NMR (128 MHz, CDCl3): δ 29.8. HRMS (MALDI) calcd. for C28H45B3O6Na (M+Na)
+
: 

533.3401. Found: 533.3377. 

5F-Bpin3. Off-white solid, isolated yield: 197 mg (21%). 
1
H NMR (500 MHz, 

CDCl3): δ 2.35 (t, J = 7.5 Hz, 2H), 1.30 (m, 4H), 1.26 (s, 12H, -CH3 on Bpin), 1.22 (s, 

12H, -CH3 on Bpin), 1.21 (s, 12H, -CH3 on Bpin), 0.84 (t, J = 7.5 Hz, 3H). 
13

C{
1
H} 

NMR (126 MHz, CDCl3): δ 83.6 (Cquart, Bpin), 83.3 (Cquart, Bpin), 83.0 (Cquart, Bpin), 

37.7, 32.9, 25.1 (CH3, Bpin), 24.95 (CH3, Bpin), 24.92 (CH3, Bpin), 23.0, 14.2. 
11

B 

NMR (128 MHz, CDCl3): δ 30.1. HRMS (MALDI) calcd. for C24H45B3O6Na (M+Na)
+
: 

485.3400. Found: 485.3423. 

5G-Bpin3. White solid, isolated yield: 268 mg (28%).
1
H NMR (500 MHz, CDCl3): 

δ 3.48 (t, J = 7.5 Hz, 2H), 2.46 (t, J = 7.5 Hz, 2H), 1.85 (pentet, J = 7.5 Hz, 2H), 1.27 (s, 

12H, -CH3 on Bpin), 1.22 (s, 12H, -CH3 on Bpin), 1.21 (s, 12H, -CH3 on Bpin). 
13

C{
1
H} 

NMR (126 MHz, CDCl3): δ 83.9 (Cquart, Bpin), 83.4 (Cquart, Bpin), 83.2 (Cquart, Bpin), 

45.4, 35.1, 33.6, 25.1 (CH3, Bpin), 25.0 (CH3, Bpin), 24.9 (CH3, Bpin). 
11

B NMR (128 

MHz, CDCl3): δ 30.0. HRMS (MALDI) calcd. for C23H42B3ClO6Na (M+Na)
+
: 505.2856. 

Found: 505.2854. 

Synthesis of 501. In a Ar-filled glove box, 205 (514 mg, 1.12 mmol) and 

[(COE)2IrCl]2 (505 mg, 0.563 mmol) were allowed to dissolve in 10 mL of 

fluorobenzene in a 50 mL Schlenk flask. The solution turned black immediately, and 

then changed to deep blue over the next 10 min. After 1 h, 10 mL CH2Cl2 were added to 

the flask to assist in filtering the solution through Celite and then the solution was 

transferred to a 100 mL PTFE-valved gas-tight flask. The flask was degassed via freeze-
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pump-thaw once and refilled 1 atm CO. The solution turned pink immediately which 

indicated 502 formation. After 10 min at RT, the flask was degassed again via freeze-

pump-thaw once and refilled 1 atm CO. After 30 min at RT, the solution was filtered 

through Celite and removed all volatiles in vacuo to result brown powder. The flask was 

taken outside the glovebox and 10 mL pentane was added. The flask was taken to 

sonication for 20 min to disperse the powder and filtered through a fritted funnel. The 

brown powder was further washed with pentane and dried in vacuo. Yield: 602 mg 

(92%).  
1
H NMR (500 MHz, CD2Cl2): δ 8.69 (m, 1H, Ar-H), 8.12 (m, 1H, Ar-H), 7.28 

(dd, JH-H = 8.4, 4.8 Hz, 1H, Ar-H), 6.98 (d, JH-H = 1.8 Hz, 1H, Ar-H), 6.85 (dd, JH-H = 8.4, 

1.8 Hz, 1H, Ar-H), 6.77 (s, 1H, Ar-H), 6.46 (br s, 1H, Ar-H), 6.09 (br s, 1H, Ar-H), 2.28 

(s, 3H, Ar-CH3), 2.19 (s, 3H, Ar-CH3), 1.61 (m, 1H, CH(Me)2), 1.07 (d, JH-H = 7.5 Hz, 

3H, CH(Me)2), 0.90 (d, JH-H = 7.5 Hz, 3H, CH(Me)2), 0.70 (m, 1H, CH(Me)2), 0.45 (d, 

JH-H = 7.5 Hz, 3H, CH(Me)2), 0.35 (d, JH-H = 7.5 Hz, 3H, CH(Me)2), -15.52 (s, 1H, Ir-H).  

Selected 
1
H-

29
Si DQF (400 MHz, CD2Cl2) data for Ir-H: Not observable. 

13
C{

1
H} NMR 

(126 MHz, CD2Cl2): δ 176.4, 160.0, 154.1, 149.5, 145.5, 144.0, 139.8, 137.3, 133.3, 

131.8, 131.1, 128.1, 122.5, 121.9, 114.2, 114.0  (15 Ar-C + 1 CO), 22.2, 21.0, 20.6, 19.4, 

19.1, 19.0, 17.8, 15.1 (8 aliphatic C: 2 Ar-CH3 + 6 for Si
i
Pr2). 

29
Si{

1
H} NMR (79 MHz, 

CD2Cl2): δ 34.1 (br s). IR (solid, cm
-1

): 1977. Anal. Calcd for C24H29IrN2OSi: C, 49.55; 

H, 5.02. Found: C, 49.39; H, 4.91. 

Observation of 502. In a Ar-filled glove box, 501 (30 mg, 0.052 mmol) was 

dissolved in 0.5 mL CD2Cl2 in a J. Young tube. The tube was taken out and degassed by 

three freeze-pump-thaw cycles and back-filled with CO (1 atm, excess). The solution 
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color turned to pink immediately. After 10 min at RT, the tube was taken up for NMR 

analysis. 
1
H NMR (500 MHz, CD2Cl2): δ 8.60 (m, 1H, Ar-H), 8.00 (m, 1H, Ar-H), 7.77 

(d, JH-H = 8.4 Hz, 1H, Ar-H), 7.53 (br s, 1H, Ar-H), 7.30 (dd, JH-H = 8.4, 4.8 Hz, 1H, Ar-

H), 7.13 (d, JH-H = 1.8 Hz, 1H, Ar-H), 6.92 (dd, JH-H = 8.4, 1.8 Hz, 1H, Ar-H), 6.58 (s, 

1H, Ar-H), 2.36 (s, 3H, Ar-CH3), 2.28 (s, 3H, Ar-CH3), 1.63 (m, 1H, CH(Me)2), 1.25 (m, 

4H, CH(Me)2 + CH(Me)2), 1.08 (d, JH-H = 7.5 Hz, 3H, CH(Me)2), 1.04 (d, JH-H = 7.5 Hz, 

3H, CH(Me)2), 0.92 (d, JH-H = 7.5 Hz, 3H, CH(Me)2), -6.10 (s, 1H, Ir-H). Selected 
1
H-

29
Si DQF (400 MHz, CD2Cl2) data for Ir-H: -6.10 (d, JSi-H = 2.1 Hz). 

13
C{

1
H} NMR (126 

MHz, CD2Cl2): δ 174.1, 169.8, 158.2, 154.7, 149.0, 147.5, 140.1, 138.2, 137.3, 135.3, 

132.0, 129.1, 128.3, 122.2, 115.1, 113.6, 111.5 (15 Ar-C + 2 CO), 22.3, 20.8, 20.7, 20.2, 

19.7, 19.4, 18.0, 16.0 (8 aliphatic C: 2 Ar-CH3 + 6 for Si
i
Pr2). IR (CH2Cl2, cm

-1
): 2057, 

2007. 

Reaction of 209P with HBpin catalyzed by 501. 209P/1,4-dioxane (80 µL of 1.0 

M 209P/0.35 M 1,4-dioxane stock solution in C6D6, 0.080 mmol for 209P and 0.028 

mmol for 1,4-dioxane), pinacolborane (200 µL of 1.0 M stock solution in C6D6, 0.200 

mmol), and 501 (160 µL of 0.0050 M stock solution in C6D6, 0.00080 mmol) were 

mixed in a J. Young tube. The tube was degassed by three freeze-pump-thaw cycles and 

back-filled with 1 atm CO. The tube was then heated at 55 °C. After 12 h, analysis by 
1
H 

NMR spectroscopy revealed all 209P was consumed and mainly converted to 5B-Bpin2 

(14% yield) and 5B-Bpin3 (80% yield). 

Reaction of 5A-Bpin2 with HBpin catalyzed by 501. 5A-Bpin2 (14 mg, 0.037 

mmol), 1,4-dioxane (10 µL, 0.12 mmol), pinacolborane (180 µL of 1.0 M stock solution 
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in C6D6, 0.180 mmol), and 501 (80 µL of 0.0125 M stock solution in C6D6, 0.001 mmol) 

were dissolved in 0.3 mL C6D6 in a J. Young tube. The tube was degassed by three 

freeze-pump-thaw cycles and back-filled with 1 atm CO. The tube was then heated at 55 

°C. After 2 h, analysis by 
1
H NMR spectroscopy revealed only unreacted 5A-Bpin2 and 

pinacolborane. 4A2-Bpin (11 mg, 0.037 mmol) was added to the tube. The tube was 

degassed by three freeze-pump-thaw cycles and back-filled with 1 atm CO. The tube 

was then heated at 55 °C. After 3 h, analysis by 
1
H NMR spectroscopy revealed all 4A2-

Bpin was consumed and converted to 5B-Bpin2 and 5B-Bpin3. The integration of CH3 

on Bpin of 5A-Bpin2 remained by using 1,4-dioxane as the internal standard. 

Reaction of 4-ethynyltoluene and HBpin catalyzed by 501 under Ar. 501 (80 

µL of 0.00625 M stock solution in CH2Cl2, 0.00050 mmol) was transferred to a 10 mL 

Schlenk flask and removed all volatiles in vacuo. 0.2 mL C6D6 was added to dissolve 

501 and transferred the solution to a J. Young tube. Pinacolborane (18 µL, 0.13 mmol) 

and 4-ethynyltoluene (6 µL, 0.05 mmol) were added to the J. Young tube followed by 

0.2 mL C6D6. After 30 min at ambient temperature, analysis by 
1
H NMR revealed only 

that unreacted pinacolborane and 4-ethynyltoluene were present. The solution was 

heated at 55 °C for 3 h, analysis by 
1
H NMR spectroscopy revealed 70% conversion of 

4-ethynyltoluene. 4A1-1 (30% yield) and 4A1-4 (28% yield) were observed as the major 

products with 6% of 5A-Bpin2-b. Selective 
1
H NMR (500 MHz, C6D6) data for 4A1-4: δ 

6.23 (d, JH-H = 3.2 Hz, 1H, alkenyl-H), 6.06 (d, JH-H = 3.2 Hz, 1H, alkenyl-H). Selective 

1
H NMR (500 MHz, C6D6) data for 5A-Bpin2-b: δ 6.48 (s, 1H, alkenyl-H). 
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Reaction of 4-ethynyltoluene and HBpin catalyzed by 501 under CO. 501 (80 

µL of 0.00625 M stock solution in CH2Cl2, 0.00050 mmol) was transferred to a 10 mL 

Schlenk flask and removed all volatiles in vacuo. 0.2 mL C6D6 was added to dissolve 

501 and transferred the solution to a J. Young tube. Pinacolborane (18 µL, 0.13 mmol) 

and 4-ethynyltoluene (6 µL, 0.05 mmol) were added to the J. Young tube followed by 

0.2 mL C6D6. The tube was degassed by three freeze-pump-thaw cycles and back-filled 

with 1 atm CO. The tube was then heated at 55 °C. After 3 h, analysis by 
1
H NMR 

spectroscopy revealed 100% conversion of 4-ethynyltoluene. 4A1-1 (38% yield), 4A1-4 

(32% yield), and 5A-Bpin2-b (26% yield) were observed as the major products.  

Reaction of 4-ethynyltoluene and HBpin catalyzed by 0.1 mol% 501 under CO. 

501 (8 µL of 0.00625 M stock solution in CH2Cl2, 0.00005 mmol) was transferred to a 

10 mL Schlenk flask and removed all volatiles in vacuo. 0.2 mL C6D6 was added to 

dissolve 501 and transferred the solution to a J. Young tube. Pinacolborane (18 µL, 0.13 

mmol) and 4-ethynyltoluene (6 µL, 0.05 mmol) were added to the J. Young tube 

followed by 0.2 mL C6D6. The tube was degassed by three freeze-pump-thaw cycles and 

back-filled with 1 atm CO. The tube was then heated at 55 °C. After 15 h, analysis by 
1
H 

NMR spectroscopy revealed 100% conversion of 4-ethynyltoluene. 4A1-1 (42% yield), 

4A1-4 (34% yield), and 5A-Bpin2-b (20% yield) were observed as the major products.  

Reaction of 4-ethynyltoluene and large excess HBpin catalyzed by 501 under 

CO. 501 (80 µL of 0.00625 M stock solution in CH2Cl2, 0.00050 mmol) was transferred 

to a 10 mL PTFE-valved gas-tight flask and all volatiles were removed all in vacuo. 

Pinacolborane (73 µL, 0.50 mmol) and 209 (6 µL, 0.05 mmol) were added into the flask. 
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The flask was brought outside the glovebox, degassed by three freeze-pump-thaw cycles, 

and refilled 1 atm CO. The flask was heated at 55 °C for 3 h and allowed to cool to 

ambient temperature. The flask was brought in the glovebox, and 20 µL of the solution 

was transferred to a J. Young tube followed by 0.5 mL C6D6. 
1
H NMR spectroscopic 

analysis showed 100% conversion of 4-ethynyltoluene. 4A1-1 (36% yield), 4A1-4 (25% 

yield), and 5A-Bpin2-b (40% yield) were observed as the major products.  

Borylation of 209 in different solvents.  501 (80 µL of 0.00625 M stock solution 

in CH2Cl2, 0.00050 mmol) was transferred to a 10 mL Schlenk flask and removed all 

volatiles in vacuo. 0.2 mL of the specific solvent was added to dissolve 501 and 

transferred the solution to a J. Young tube. Pinacolborane (18 µL, 0.13 mmol) and 209 

(6 µL, 0.05 mmol) were added to the J. Young tube followed by 0.2 mL of the specific 

solvent. The tube was degassed by three freeze-pump-thaw cycles, and refilled 1 atm CO. 

The tube was heated at 55 °C for 15 h and allowed to cool to ambient temperature. The 

tube was brought in the glovebox, and 20 µL of the solution was transferred to a J. 

Young tube. 0.5 mL C6D6 was added to the J. Young tube, and 
1
H NMR spectroscopic 

analysis was used to determine the yield by the ratio of integration of alkenyl-H. The 

results are summarized in Table 5-3. 

 

Table 5-3. Borylation of 209 in different solvents. 

Solvent Conversion Yield of 

4A1-1 

Yield of  

4A1-4 

Yield of 

5A-Bpin2-b 

CH3CN 76% 36% 23% 9% 

THF 100% 44% 27% 24% 
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Reaction of olefins and HBpin catalyzed by 501 under CO. 501 (80 µL of 

0.00625 M stock solution in CH2Cl2, 0.00050 mmol) was transferred to a 10 mL Schlenk 

flask and removed all volatiles in vacuo. 0.2 mL C6D6 was added to dissolve 501 and 

transferred the solution to a J. Young tube. Pinacolborane (18 µL, 0.13 mmol) and olefin 

(0.05 mmol of 1-hexene or styrene) were added to the J. Young tube followed by 0.2 mL 

C6D6. The solution was heated at 55 °C for 15 h, analysis by 
1
H NMR spectroscopy 

revealed only unreacted olefin and HBpin were present.  

Reaction of 4-ethynyltoluene and B2pin2 catalyzed by 501 under CO. 501 (80 

µL of 0.00625 M stock solution in CH2Cl2, 0.00050 mmol) was transferred to a 10 mL 

Schlenk flask and removed all volatiles in vacuo. 0.2 mL C6D6 was added to dissolve 

501 and transferred the solution to a J. Young tube. Bis(pinacolato)diboron (B2pin2, 32 

mg, 0.13 mmol) and 4-ethynyltoluene (6 µL, 0.05 mmol) were added to the J. Young 

tube followed by 0.2 mL C6D6. The tube was degassed by three freeze-pump-thaw 

cycles, and refilled 1 atm CO. The solution was then heated at 55 °C for 3 h, analysis by 

1
H NMR revealed that only unreacted B2pin2 and 4-ethynyltoluene were present. 

Reaction of 4-ethynyltoluene and HBcat catalyzed by 501 under CO. 501 (80 

µL of 0.00625 M stock solution in CH2Cl2, 0.00050 mmol) was transferred to a 10 mL 

Schlenk flask and removed all volatiles in vacuo. 0.2 mL C6D6 was added to dissolve 

501 and transferred the solution to a J. Young tube. Catecholborane (HBcat, 13 µL, 0.13 

mmol) and 4-ethynyltoluene (6 µL, 0.05 mmol) were added to the J. Young tube 

followed by 0.2 mL C6D6. The tube was degassed by three freeze-pump-thaw cycles, 

and refilled 1 atm CO. The solution was then heated at 55 °C for 3 h, analysis by 
1
H 
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NMR spectroscopy revealed that at least 8 products were present based on the signals of 

Ar-CH3. 

Reaction of trimethylsilylacetylene and HBpin catalyzed by 501 under CO. 501 

(80 µL of 0.00625 M stock solution in CH2Cl2, 0.00050 mmol) was transferred to a 10 

mL Schlenk flask and removed all volatiles in vacuo. 0.2 mL C6D6 was added to 

dissolve 501 and transferred the solution to a J. Young tube. Pinacolborane (18 µL, 0.13 

mmol) and trimethylsilylacetylene (210) (7 µL, 0.05 mmol) were added to the J. Young 

tube followed by 0.2 mL C6D6. The tube was degassed by three freeze-pump-thaw 

cycles, and refilled 1 atm CO. The solution was then heated at 55 °C for 3 h, analysis by 

1
H NMR spectroscopy revealed 15% conversion based on trimethylsilylacetylene and 

>90% product selectivity for cis-diborylalkene 5G-Bpin2-b. 
1
H NMR (500 MHz, C6D6) 

data for 5G-Bpin2-b: δ 6.95 (s, 1H, alkenyl-H), 1.22 (s, 12H, CH3 on Bpin), 1.08 (s, 12H, 

CH3 on Bpin), 0.20 (s, 9H, CH3 on Me3Si). After 55 °C for 1 d, analysis by 
1
H NMR 

spectroscopy revealed 60% conversion and 30% yield for 5G-Bpin2-b. The mixtures of 

other products included trans-alkenylboronate 5G-1 formation were observed. Selective 

1
H NMR (500 MHz, C6D6) data for 5G-1: δ 7.49 (d, JH-H = 21 Hz, 1H, alkenyl-H), 6.58 

(d, JH-H = 21 Hz, 1H, alkenyl-H). After 55 °C for 2 d, analysis by 
1
H NMR spectroscopy 

revealed the ratio of other product increased but not 5G-Bpin2-b.  

Reaction of 209P with HBpin without any added catalyst. Pinacolborane (54 µL, 

0.37 mmol) and 209P (18 mg, 0.074 mmol) were dissolved in 0.5 mL C6D6 in a J. 

Young tube. After 18 h at 55 °C, analysis by 
1
H NMR spectroscopy revealed that only 

unreacted pinacolborane and 209P were present. 
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X-Ray data collection, solution, and refinement for 501.  A black, multi-faceted 

block of suitable size (0.46 x 0.35 x 0.30 mm) was selected from a representative sample 

of crystals of the same habit using an optical microscope and mounted onto a nylon loop. 

Low temperature (110 K) X-ray data were obtained on a Bruker APEXII CCD based 

diffractometer (Mo sealed X-ray tube, Kα = 0.71073 Å ). All diffractometer 

manipulations, including data collection, integration and scaling were carried out using 

the Bruker APEXII software.
150

 An absorption correction was applied using 

SADABS.
150

 The space group was determined on the basis of systematic absences and 

intensity statistics and the structure was solved by direct methods and refined by full-

matrix least squares on F
2
. The structure was solved in the triclinic P-1 space group 

using XS
151

 (incorporated in SHELXTL). All non-hydrogen atoms were refined with 

anisotropic thermal parameters. All hydrogen atoms were placed in idealized positions 

and refined using riding model. The structure was refined (weighted least squares 

refinement on F
2
) and the final least-squares refinement converged.  
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CHAPTER VI  

SYNTHESIS OF PNP IRIDIUM TRIFLATE COMPLEXES 

6.1 Introduction 

Electrophilic iridium complexes have shown their great ability to activate strong 

bonds, such as C(sp
3
)-H bonds of alkanes,

226-228
 C(sp

2
)-H bonds of arenes,

226,229
 N-H 

bonds
5,230,231

 and C-O bonds.
232

 They also serve as strong Lewis acids to catalyze 

reactions, for example: olefin polymerization,
233

 Nazarov cyclization,
233-236

 Diels-Alder 

reaction,
234

 and others.
237,238

 In the Ozerov group, we have a long history of studies of 

bond activation mediated by well-defined iridium pincer complexes.
5,51,173,174,239

 In this 

chapter, we describe the approach to synthesize a highly electrophilic iridium complex 

supported by a PNP pincer ligand, (PNP)Ir(H)(OTf) (601) and its equilibrium with ether 

solvents. The reaction of 601 with diamine or bipyridine ligands will also be discussed.  

6.2 Results and discussion 

6.2.1 Synthesis of (PN(H)P)Ir(H)(OTf)2 

In the previous work by Dr. Zhu in our group,
240

 we attempted to synthesize 

(PNP)Ir(H)(OTf) (601) via substitution reaction of (PNP)Ir(H)(Cl) (602, Scheme 6-1) 

but unsuccessfully. Reaction of (PNP)Ir(H)(OAc) (603) with Me3SiOTf resulted in the 

equilibrium with 601 and Me3SiOAc; however, 601 could not be isolated in the pure 

form because the equilibrium mixture reverted to 603 under vacuum. (PNP)Ir(H)(Mes) 

(408-Ir-HMes) has been used as “(PNP)Ir” equivalent by losing mesitylene in the 

previous study,
173

 hence we proposed another approach to 601 via protonation of 408-Ir-

HMes with HOTf to prevent the equilibrium issue.  
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Scheme 6-1. Previous attempts to 601
240

 and proposed alternative synthesis. 

 

Treating 408-Ir-HMes with excess of HOTf in toluene after 2 d at RT did not lead 

to 601 but instead yielded the bis-triflic acid adduct of the (PNP)Ir fragment 604 

(PN(H)P)Ir(H)(OTf)2 in excellent yield (Scheme 6-2). The reaction was proposed to 

proceed through an intermediate 605, which was observed through treating 408-Ir-

HMes with excess HOTf in C6D6. After 20 min at RT, analysis by 
31

P NMR 

spectroscopy showed a major signal at δ 36.9, and a hydride signal at δ -34.02 (t, JP-H = 

15 Hz) with a peak corresponding to N-H at δ 9.96 in the 
1
H NMR spectrum. The 

coordination environments of PNP iridium hydride complexes can be disclosed by the 

hydride chemical shift. In general, we would expect very upfield shifts if the hydride 
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were trans to an empty site (δ -45.6 for 602). The hydride chemical shift of 605 (-34) 

suggesting the hydride is not trans to an empty side.  Also, the N-H chemical shift is 

consistent with hydrogen bonding with triflate, so we propose the triflate in 605 as 

bridging NH and iridium center.     

 

Scheme 6-2. Synthesis of 604 and observation of 605. 

 

6.2.2 Synthesis and characterization of (PNP)Ir(H)(OTf) 

Although 601 was not directly obtained from 418-Ir-HMes by protonation, the 

product 604 can be seen as “601 + HOTf”. We then sought a suitable base to selectively 

neutralize one equivalent of HOTf in 604 to yield 601. By reacting 604 with Et3N, 

(PNP)Ir(H)2 and (PNP)Ir(D)(C6D5) were observed as major products. (PNP)Ir(H)2 was 

formed possibly from Et3N bound to [(PNP)Ir(H)]
+
 and followed by β-H 

elimination.
241,242

 NaH suspension in THF could successfully neutralize one equivalent 

of HOTf in 604 to yield 601, however, the strong binding of THF to 601 made the full 
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removal of THF impossible. Even under prolonged high-vacuum, THF residue was still 

observable in the 
1
H NMR spectrum. Since 601 is a coordinatively unsaturated 16 e

-
 

Ir(III) complex, it is reasonable to postulate THF would bind to the iridium center in 601 

through the lone pair on the oxygen atom to form a THF adduct 601-THF. The 

equilibrium between 601 and THF adduct  601-THF was monitored by the chemical 

shift difference between two methine peaks and the hydride signal in the 
1
H NMR 

spectrum (Table 6-1).  

 

Table 6-1. Equilibrium between 601 and 601-THF.
a
 

 

Entry 

Eq of 

THF 

1
H NMR of 

CHMe2 (ppm) 

Difference of 

CHMe2 (ppm) 

1
H NMR of 

Ir-H (ppm) 

31
P NMR 

(ppm) 

1 0
b
 2.48, 3.22

 0.74 -45.5 46.9 

2 0.25 2.53, 3.16 0.63 -43.7 44.7 

3 0.8 2.56, 3.06 0.50 -40.2 40.3 

4 2.0 2.64, 2.94 0.30 -36.2 35.3 

5 20 2.70, 2.83 0.13 -32.3 30.4 

a
 C6D6 was used as the solvent. 

b
 From the experiment that using 2,2,6,6-

tetramethylpiperidine as the base, see experimental for the details. 



 

180 

 

Based on the spectroscopic data, we cannot rule out the involvement of a bis THF 

monocation. Notably, the cationic iridium bis acetone adduct 

[Ir(H)2(PPh3)3(acetone)2](BF4) has been characterized by Crabtree.
228

  Performing the 

neutralization with NaH in Et2O resulted in the similar solvent coordination problem, 

and using the NaH/PhF reaction system led to multiple unidentified compounds. 

Since coordination solvents are generally needed for solvation of inorganic bases, 

we turned our interest back to organic bases. Besides previously used Et3N, pyridine 

usually shows strong coordination ability to the coordinatively unsaturated complexes. 

Hence 2,6-lutidine or 2,2,6,6,-tetramethylpiperidine are preferred because the steric bulk 

near the nitrogen atoms diminishes their ability to coordinate. By utilizing the 2,2,6,6,-

tetramethylpiperidine as the base in PhF, we could neutralize 1 eq. of HOTf in 604 to 

obtain 601 in the most “naked” form (Scheme 6-3). Nevertheless, the low crystallinity of 

601 made all the attempts to isolate pure form of 601 unsuccessful. During the prolonged 

work up process, 601 would unavoidably react with trace amount of coordination solvent 

or moisture from extra operations. 

 

Scheme 6-3. Synthesis of 601 from 604. 
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The H-D exchange rate of 601 with C6D6 was measured at room temperature and 

showed first-order kinetics (Figure 6-1). The half-life of 601 (7.3 h) was about 50% of 

602 (15 h) that we reported earilier.
5
 Recently, the Grubbs group reported 111 catalyzed 

H-D exchange reaction between aromatic compounds and tertiary silanes and D2O or 

C6D6 (Figure 6-2, top).
243

 The mechanism (Figure 6-2, bottom) was proposed through 

exchanging Ir-H to Ir-D through oxidative addition/reductive elimination with deuterated 

solvents, and the deuterium in Ir-D was transferred to substrates through the same 

oxidative addition/reductive elimination process. Other precedents for similar hydrides 

undergoing H/D exchange were also reported in the literatures.
244-248

 

 

 

Figure 6-1. H-D exchange rate measurement of 601. 
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Figure 6-2. Catalytic H-D exchange reaction and proposed mechanism by Grubbs.
243

 

 

6.2.3 Synthesis and characterization of [(PNP)Ir(H)(L2)](OTf) 

We also wanted to examine the reactions between coordinatively unsaturated 601 

and L2 type ligands.  601 generated in situ could readily react with one equivalent of 

ethylenediamine or bipyridine ligands to form the 6-coordinate [(PNP)Ir(H)(L2)](OTf) 

type complexes 606-608 in good yields (Scheme 6-4). The light yellow 606, and olive-

green 607 and 608 are insoluble in pentane that can be easily separated by suspending 

the mixture in pentane and filtering through a fritted funnel. Comparing to 602, the 

hydride peaks of 606-608 in the 
1
H NMR spectra shift downfield from -45 to -17 - -20 

ppm which is similar to the trend observed by Dr. Lei Fan for a series of 6-coordinate 

(PNP)Ir(H)(Ar)(py) complexes.
249

 The ethylenediamine or bipyridine ligands also 

showed desymmetrization after coordination to the iridium center in the 
1
H NMR spectra.  
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Scheme 6-4. Synthesis of 606-608. 

 

6.3 Conclusion 

In this chapter, the synthesis of 601 through selective neutralization of 604 was 

described. The H-D exchange rate of 601 was slightly faster than the previously reported 

602. The equilibrium between 601 and ether solvents was observed, however, the 

attempts to isolate pure form of 601 were unsuccessful. On the other hand, 601 

generated in situ could react with diamine or bipyridine ligands to form stable 18 e
-
 Ir(III) 

triflate salts. 

6.4 Experimental 

General Considerations. Unless specified otherwise, all manipulations were 

performed under an Ar atmosphere using standard Schlenk line or glovebox techniques. 

Toluene, fluorobenzene, THF, diethyl ether, pentane, C6D6 were dried over 

NaK/Ph2CO/18-crown-6, distilled or vacuum transferred and stored over molecular 

sieves in an Ar-filled glovebox. CH2Cl2, CD2Cl2 and CDCl3 were dried with and then 

distilled from CaH2 and stored over molecular sieves in an Ar-filled glove box. All other 

chemicals were used as received from commercial vendors. NMR spectra were recorded 

on a Varian Inova 300, Mercury 300 (
1
H NMR, 299.952 MHz; 

13
C NMR, 75.421 MHz), 

Varian Inova 400 (
1
H NMR, 399.535 MHz; 

11
B NMR, 128.185 MHz and NMRS 500 



 

184 

 

(
1
H NMR, 499.703 MHz; 

13
C NMR, 125.697 MHz) spectrometer. Chemical shifts are 

reported in δ (ppm). For 
1
H and 

13
C NMR spectra, the residual solvent peak was used as 

an internal reference (
1
H NMR: δ 7.15 for C6D6, 5.32 for CD2Cl2, 7.24 for CDCl3; 

13
C 

NMR: δ 128.06 for C6D6, 53.84 for CD2Cl2, 77.16 for CDCl3). For 
11

B NMR, spectra 

were referenced externally to δ = 0 ppm by using BF3･Et2O. For 
19

F NMR, spectra were 

referenced externally to δ = -78.5 ppm by using CF3COOH. For 
31

P NMR, spectra were 

referenced externally to δ = 0 ppm by using 85% H3PO4. Elemental analyses were 

performed by CALI Labs, Inc. (Parsippany, NJ). 

(PN(H)P)Ir(H)(OTf)2 (604). 408-Ir-HMes (2.01 g, 2.72 mmol) was dissolved in 

20 mL toluene in a 100 mL PTFE-cap gas-tight flask, upon stirring, HOTf (4.0 mL of 

2.0 M stock solution in Et2O, 8.0 mmol) was added to the mixture. The flask was capped 

and the solution was stirred at ambient temperature. Solution color turned from deep 

brown to light yellow gradually, during the time, white fine powder precipitated out. 

After 2 d, the solution was filtered through a fritted funnel, and the white powder was 

washed with Et2O and dried in vacuo. Yield: 2.26 g (90%). 
1
H NMR (500 MHz, CDCl3): 

δ 10.84 (s, 1H, N-H), 7.52 (s, 2H, Ar-H), 7.10 (d, JH-H = 8.0 Hz, 2H, Ar-H), 6.99 (d, 

JH-H = 8.0 Hz, 2H, Ar-H), 3.34 (m, 2H, CHMe2), 2.92 (m, 2H, CHMe2), 2.43 (s, 6H, 

Ar-Me), 1.66 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 1.48 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 

1.33 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 0.86 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), -31.02 (t, 

JP-H = 15 Hz, 1H, Ir-H). 
31

P{
1
H} NMR (121 MHz, CDCl3): δ 31.8. Anal. Calcd for 

C28H42F6IrNO6P2S2: C, 36.52; H, 4.60. Found: C, 36.63; H, 4.79. 
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Observation of 605. 604 (10 mg, 0.014 mmol) was placed in a J. Young tube 

followed by HOTf (100 µL of 0.56 M stock solution in Et2O, 0.056 mmol) and 0.5 mL 

C6D6. After 20 min, analysis by 
31

P NMR spectroscopy revealed ~80% 606 formation (δ 

36.9). Selected 
1
H NMR data of 605 (300 MHz, C6D6): δ 9.96 (s, 1H, N-H), – 34.02 (t, 

JP-H = 15 Hz, 1H, Ir-H). 

Equilibrium between 601 and 601-THF. 601 (22 mg, 0.024 mmol) was 

suspended in 1 mL THF in a 10 mL Schlenk flask. NaH (5 mg, 0.21 mmol) was added to 

the solution, and the solution color turned to yellow immediately. After 10 min, all 

volatiles were removed in vacuo. The residue was redissolved in pentane and filtered 

through Celite. All volatiles of filtrate were removed in vacuo and redissolved in 0.5 mL 

C6D6 and the solution was taken up for NMR analysis. 0.25 eq THF (compared to 602) 

was observed in the 
1
H NMR spectrum. Different amount of THF (overall 0.8 eq, 2.0 eq, 

20 eq) was then added to the J. Young tube and the solution was taken up for 
1
H and 

31
P 

NMR analysis. 

(PNP)Ir(H)(OTf) (601). 604 (11 mg, 0.012 mmol) was suspended in 1 mL PhF in 

a 10 mL Schlenk flask. 2,2,6,6-Tetramethylpiperidine (33 µL of 0.36 M stock solution in 

pentane, 0.012 mmol) was added to the solution, and the solution color turned to deep 

blue-green immediately. After 5 min, all volatiles were removed in vacuo. The residue 

was redissolved in pentane and filtered through Celite. All volatiles of filtrate were 

removed in vacuo and redissolved in 0.5 mL C6D6. All volatiles were removed in vacuo, 

redissolved in 0.5 mL C6D6, and the solution was taken up for NMR analysis.  
1
H NMR 

(300 MHz, C6D6): δ 7.66 (dt, J = 8.6, 2.0 Hz, 2H, Ar-H), 6.91 (m, 2H, Ar-H), 6.62 (dd, J 
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= 8.6, 2.0 Hz, 2H, Ar-H), 3.22 (m, 2H, CHMe2), 2.48 (m, 2H, CHMe2), 2.13 (s, 6H, Ar-

CH3), 1.31 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 1.20 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 

1.01 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 0.90 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), -45.45 (t, 

J = 12 Hz, 1H, Ir-H). 
31

P{
1
H} NMR (121 MHz, C6D6): δ 46.9. 

19
F NMR (282 MHz, 

C6D6): δ -77.4.   

Kinetic studies of 601 in H-D exchange. 604 (11 mg, 0.012 mmol) was suspended 

in 1 mL PhF in a 10 mL Schlenk flask. 2,2,6,6-Tetramethylpiperidine (33 µL of 0.36 M 

stock solution in pentane, 0.012 mmol) was added to the solution, and the solution color 

turned to deep blue-green immediately. After 5 min, all volatiles were removed in vacuo. 

The residue was redissolved in pentane and filtered through Celite. All volatiles of 

filtrate were removed in vacuo and redissolved in 0.5 mL C6D6. All volatiles were 

removed in vacuo, redissolved in 0.5 mL C6D6. The solution was left at ambient 

temperature and the integration of Ir-H was monitored by 
1
H NMR spectroscopy.  

Synthesis of 606. 604 (101 mg, 0.110 mmol) was suspended in 3 mL 

fluorobenzene in a 10 mL Schlenk flask. 2,2,6,6-Tetramethylpiperidine (19 µL, 0.11 

mmol) was added to the solution, and the solution color turned to deep blue-green 

immediately. After 5 min, all volatiles were removed in vacuo. 3 mL pentane was added 

to the flask and used a spatula to scratch the solid on the wall, and all volatiles were 

removed in vacuo. The residue was redissolved in pentane and filtered through Celite. 

All volatiles of filtrate were removed in vacuo and redissolved in 3 mL fluorobenzene. 

Ethylenediamine (8 µL, 0.12 mmol) was added to the solution. The solution color turned 

from deep blue-green to yellow immediately. After 2 h, all volatiles were removed in 
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vacuo. 5 mL pentane was added to the flask and used a spatula to scratch the film on the 

wall to result light yellow powder. The suspension was stirred vigorously for 2 h and 

filtered through a fritted funnel. The light yellow solid was washed with pentane and 

dried in vacuo. Yield: 73 mg (80%). 
1
H NMR (500 MHz, C6D6): δ 7.46 (d, JH-H = 8.5 Hz, 

2H, Ar-H), 6.85 (s, 2H, Ar-H), 6.64 (d, JH-H = 8.5 Hz, 2H, Ar-H), 4.25 (s, 2H), 3.11 (s, 

2H), 2.82 (m, 2H), 2.61 (s, 2H), 2.51 (s, 2H), 2.16 (m, 8H, included Ar-CH3), 1.16 (m, 

12H, CHMe2), 1.06 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 0.87 (dvt, J = 14, 7.0 Hz, 6H, 

CHMe2), - 21.18 (t, JP-H = 16 Hz, 1H, Ir-H). 
13

C{
1
H} NMR (126 MHz, CDCl3): δ 161.3 

(t, JP-C = 8.8 Hz), 131.2, 131.0, 125.6 (t, JP-C = 3.6 Hz), 121.9 (t, JP-C = 25 Hz), 120.7 (q, 

JF-C = 320 Hz, C on OTf), 116.0 (m), 51.6, 44.8, 26.8 (t, JP-C = 17 Hz), 24.7 (t, JP-C = 13 

Hz), 20.5, 18.8, 18.7, 18.6, 18.4 (m). 
31

P{
1
H} NMR (202 MHz, C6D6): δ 23.7. 

19
F NMR 

(470 MHz, C6D6): δ -78.8. Anal. Calcd for C29H49F3IrN3O3P2S: C, 41.92; H, 5.94. Found: 

C, 42.12; H, 5.79.                                                       

Synthesis of 607. 604 (110 mg, 0.119 mmol) was suspended in 3 mL 

fluorobenzene in a 10 mL Schlenk flask. 2,2,6,6-Tetramethylpiperidine (21 µL, 0.123 

mmol) was added to the solution, and the solution color turned to deep blue-green 

immediately. After 5 min, all volatiles were removed in vacuo. 3 mL pentane was added 

to the flask and used a spatula to scratch the solid on the wall, and all volatiles were 

removed in vacuo. The residue was redissolved in pentane and filtered through Celite. 

All volatiles of filtrate were removed in vacuo and redissolved in 3 mL fluorobenzene. 

4,4’-Di-tert-butyl-2,2’-dipyridyl (30 mg, 0.11 mmol) was added to the solution. The 

solution color turned from deep blue-green to brown gradually. After 2 h, all volatiles 
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were removed in vacuo. 5 mL pentane was added to the flask and used a spatula to 

scratch the film on the wall to result olive-green powder. The suspension was stirred 

vigorously for 2 h and filtered through a fritted funnel. The olive-green solid was washed 

with pentane and dried in vacuo. Yield: 95 mg (77%). 
1
H NMR (500 MHz, CDCl3): δ 

9.15 (d, JH-H = 6.0 Hz, 1H, Ar-H), 8.42 (m, 3H, Ar-H), 7.54 (d, JH-H = 8.6 Hz, 2H, Ar-H), 

7.42 (dd, JH-H = 6.0, 1.8 Hz, 1H, Ar-H),7.32 (dd, JH-H = 6.0, 1.8 Hz, 1H, Ar-H), 6.81 (m, 

4H, Ar-H), 2.35 (m, 4H, CHMe2), 2.21 (s, 6H, Ar-CH3), 1.46 (s, 9H, 
t
Bu on bipyridine), 

1.40 (s, 9H, 
t
Bu on bipyridine), 1.11 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 1.01 (dvt, J = 14, 

7.0 Hz, 6H, CHMe2), 0.40 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 0.27 (dvt, J = 14, 7.0 Hz, 

6H, CHMe2), -18.29 (t, JP-H = 16 Hz, 1H, Ir-H). 
13

C{
1
H} NMR (126 MHz, CDCl3): δ 

164.4, 163.9, 160.7 (t, JP-C = 8.5 Hz), 158.4, 157.4, 157.1, 150.4, 131.8, 131.2, 126.3 (t, 

JP-C = 3.8 Hz), 125.2, 123.6, 121.7, 121.3, 121.2 (q, JF-C = 320 Hz, C on OTf), 121.1 (t, 

JP-C = 24 Hz), 116.6 (t, JP-C = 4.6 Hz), 36.0, 35.9, 30.55, 30.52, 27.6 (t, JP-C = 18 Hz), 

25.9 (t, JP-C = 13 Hz), 20.5, 18.4, 18.2, 17.7, 17.4. 
31

P{
1
H} NMR (202 MHz, C6D6): δ 

23.3. 
19

F NMR (470 MHz, C6D6): δ -78.2. Anal. Calcd for C45H65F3IrN3O3P2S: C, 52.01; 

H, 6.30. Found: C, 52.24; H, 6.27.  

Synthesis of 608. 604 (101 mg, 0.110 mmol) was suspended in 3 mL 

fluorobenzene in a 10 mL Schlenk flask. 2,2,6,6-Tetramethylpiperidine (19 µL, 0.11 

mmol) was added to the solution, and the solution color turned to deep blue-green 

immediately. After 5 min, all volatiles were removed in vacuo. 3 mL pentane was added 

to the flask and used a spatula to scratch the solid on the wall, and all volatiles were 

removed in vacuo. The residue was redissolved in pentane and filtered through Celite. 
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All volatiles of filtrate were removed in vacuo and redissolved in 3 mL fluorobenzene.  

(8 µL, 0.12 mmol) was added to the solution. The solution color turned from deep blue-

green to yellow immediately. After 2 h, all volatiles were removed in vacuo. 5 mL 

pentane was added to the flask and used a spatula to scratch the film on the wall to result 

light yellow powder. The suspension was stirred vigorously for 2 h and filtered through a 

fritted funnel. The olive-green solid was washed with pentane and dried in vacuo. Yield: 

92 mg (80%). 
1
H NMR (500 MHz, CDCl3): δ 9.63 (d, JH-H = 5.8 Hz, 1H, Ar-H), 9.15 (m, 

2H, Ar-H), 8.77 (d, JH-H = 5.8 Hz, 1H, Ar-H), 8.06 (dd, JH-H = 5.8, 1.6 Hz, 1H, Ar-H), 

7.90 (dd, JH-H = 5.8, 1.6 Hz, 1H, Ar-H), 7.56 (d, JH-H = 8.5 Hz, 2H, Ar-H), 6.86 (d, JH-H = 

8.5 Hz, 2H, Ar-H), 6.79 (s, 2H, Ar-H), 4.10 (s, 3H, CO2Me), 4.07 (s, 3H, CO2Me), 2.43 

(m, 4H, CHMe2), 2.21 (s, 6H, Ar-Me), 1.13 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 1.05 (dvt, 

J = 14, 7.0 Hz, 6H, CHMe2), 0.39 (dvt, J = 14, 7.0 Hz, 6H, CHMe2), 0.23 (dvt, J = 14, 

7.0 Hz, 6H, CHMe2), -17.79 (t, JP-H = 16 Hz, Ir-H). 
31

P{
1
H} NMR (202 MHz, CDCl3): δ 

24.7. 
19

F NMR (470 MHz, CDCl3): δ -78.5.  
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CHAPTER VII  

DESIGN AND SYNTHESIS OF HIGHLY ELECTROPHILIC TRIARYLMETHYL 

CATION PRECURSORS 

7.1 Introduction 

Carbon-fluorine bonds are among the most inert functionalities in organic 

chemistry.
250

 The inertness can be explained by both thermodynamic and kinetic aspects: 

Thermodynamically, the C-F bond is the strongest single bond to carbon;
250-252

 

kinetically, organofluorine compounds are poor ligands to metal complexes and unlikely 

to undergo oxidative addition.
250-252

 As poor leaving groups, SN2 nucleophilic 

substitution is sluggish with fluorides.
61

 The activation of C-F bonds is especially 

motivated by the environmental impact. Chlorofluorocarbons (freons or CFC), 

hydrofluorocarbons (partially fluorinated alkanes, HFC), and perfluorocarbons 

(perfluoroalkanes, PFC), have been depicted as “super-greenhouse gases” due to their 

extremely high global warming potential and long life-time.
253

  

         In 2005, our group reported catalytic hydrodefluorination (HDF) of C(sp
3
)-F bonds 

at room temperature using [Et3Si][B(C6F5)4] as the catalyst.
254

 The reactivity and 

durability of silylium cations were later improved by applying carboranes as the 

counterions.
255

 The HDF mediated by silyliums is proposed to follow the catalytic cycle 

shown in Scheme 7-1. The silylium cations abstract the fluoride of organofluorine 

compounds to generate silyl fluorides and carbocations. The carbocations gain hydrides 

from silanes to yield alkanes and regenerate silylium cations to complete the catalytic 

cycle. 
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Scheme 7-1. Silylium mediated C-F bond activations. 

 

        Typically using trialkylsilane, HDF was successfully performed for a variety of 

organofluorine substrates. Slower rates were observed when the degree of fluorination 

increased, and the perfluoroalkanes are totally unreactive. To seek out the more powerful 

HDF catalyst, a theoretical study of hydride and fluoride affinities of carbenium and 

silylium cations was conducted in cooperation with Prof. Gusev.
256

 From the study, the 

fluoride abstraction from perfluorinated substrates by the commonly used 

trialkylsilylium cations was shown to be thermodynamically disfavored (Scheme 7-2, 

top), explaining the observed inactivity of perfluoroalkanes in HDF.  

 

Scheme 7-2. Representative values of fluoride (FA) and hydride (HA) affinities, all 

values were calculated in chlorobenzene.  
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On the other hand, the high fluoride affinities of chlorine-substituted silylium 

cations suggested they would be made be strong candidates for the next generation of 

HDF catalysts. However, these chlorine-substuted silylium cations also have high 

hydride affinities which prevent them from being generated by reacting corresponding 

silanes with the plain trityl cation (Ph3C
+
, Scheme 7-2, bottom). Intrigued by the 

computational results, abstraction of hydrides from chlorosilanes would be more 

favorable by utilizing more electrophilic triarylmethyl cation reagents. 

        The value of making new triarylmethyl cations is also relevant in organometallic 

chemistry
257-259

 because trityl salts are regularly used in hydride abstraction of metal 

hydride complexes to generate coordinatively unsaturated species that are active in 

catalysis such as hydrogenation and polymerization. The use of trityl cations as strong 

oxidants to oxidize transition metal complexes has also been reported.
260

 In this chapter, 

we illustrate the synthesis of the selected triarylmethanol and triarylmethyl chloride 

bearing electron withdrawing groups. The attempts to generate highly electrophilic 

triarylmethyl cations are also shown. 

7.2 Results and discussion 

7.2.1 Design and synthesis of triarylmethanols 

We selected five triarylmethanols as the starting target molecules (Scheme 7-3, top). 

The structure of 701-OH
261

 is closest to triphenylmethanol. Since our goal was to 

synthesize new electrophilic triarylmethyl carborane reagents and use them to generate 

silylium cations, the stability and coordination ability of electron withdrawing 

substituents on triarylmethyl precursors towards to silylium cations was taken into 
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consideration. Among common electron withdrawing groups, -CF3 is reactive with a 

silylium cation,
254

 and –CN or –NO2 show strong coordination that diminish the silylium 

character.
262

 Hence fluorine substitutions are preferred because their inertness and 

weaker coordination ability compared to other halogen substitutions.
263,264

 From 702-

OH to 704-OH, the numbers of m-F substituents increase on triphenylmethanols from 2 

to 6. Meta-fluorine substitutions are favored because they serve as the strong electron 

withdrawing groups by the inductive effect and no opposite resonance effect that occurs 

when fluorine are on ortho- or para- positions.
265

 Finally, perfluorotriphenylmethanol 

705-OH was chosen as the precursor to the most electrophilic triarylmethyl cation.
266,267

 

The general strategy of making triarylmethyl carboranes is shown at the bottom of 

Scheme 7-3. First, converting the selected triarylmethanols to triarylmethyl halides or 

triarylmethyl triflates, and the halides or triflates could be abstracted either by sodium 

carborane or silver carborane.  

 

Scheme 7-3. Objective triarylmethanol (top) and strategy of making triarylmethyl 

carboranes (bottom). 
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701-OH was synthesized in good yield from fluorenone and commercially 

available PhMgBr solution (Scheme 7-4).
268

 For the syntheses of 702-OH and 703-OH, 

the Grignard reagent 706 was prepared from 3,5-difluorobromobenzene and Mg powder 

in THF (Caution: The solid or concentrated form of fluorine-containing Grignard 

reagents might be potentially explosive so dryness or concentration of the Grignard 

reagent solution should be prevented before quenching), and the THF solution of  706 

was then reacted with benzophenone or ethyl benzoate to yield 702-OH or 703-OH.  

 
Scheme 7-4. Synthesis of 701-OH to 704-OH.  
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Notably, the removal of excess Mg powder before reacting 706 with carbonyl 

compounds is essential to prevent pinacol coupling reaction
269

 as the side reaction. The 

attempt to make 704-OH through 706 with diethyl carbonate in the same protocol, 

however, led to significant amount of diol 707 as the side product and failed to isolate 

704-OH. The formation of 707 can be explained as the result of single electron transfer 

(SET) reaction that shows in the Scheme 7-5.
270

 The reactions between a Grignard 

reagent and a ketone compound is generally been taught that undergoing through the 

polar mechanism (Scheme 7-5, top).
61

 The nucleophilic R group in the Grignard reagent 

attacks carbonyl carbon leads to a magnesium alkoxide, and after aqueous work-up, 

alcohol is obtained by hydrolyzing the magnesium-oxygen bond.  

 

Scheme 7-5. Polar and SET pathways for the reaction between Grignard reagents and 

ketone compounds. 

 

A Grignard reagent could also react with a ketone compound through the SET 

pathway (Scheme 7-5, bottom) and lead to an ion pair. If the ketyl radical of an ion pair 

diffuse from the solvent cage and undergo dimerization then a diol would be obtained 

after hydrolysis. The factors result in diol products from various Grignard reagents with 
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ketone compounds have been extensively studied by Ashby and Walling.
270-272

 Based on 

the experimental results, four ways to reduce the diol formation were identified: 1) 

Using high purity Mg (impurities like Fe would increase SET
270,271

); 2) Using less 

coordinating solvents; 3) Adding anion radical scavengers; 4) Reducing the reaction rate. 

Performing the reaction at a lower temperature or using Mg from different sources 

did not lead to significant product ratio change. The ratio of 704-OH to 707 can be 

improved by pairing THF with other less polar solvents (Table 7-1). The lower the 

polarity of the co-solvent (Snyder polarity index
273

: THF, 4.2; Et2O, 2.8; toluene, 2.3; 

pentane, 0), the higher yield of 704-OH was obtained. However, the scalability of the 

reaction was restricted by the poor solubility of the 706 in pentane. 

 

Table 7-1. Solvent effect in making of 704-OH. 

 

Solvent 704-OH : 707
a
 

THF 78:22 

THF/Et2O (1:4) 86:14 

THF/toluene (1:4) 91:9 

THF/pentane (1:4) 95:5 

a
 The product ratio was determined by 

19
F NMR spectroscopy. 
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Several syntheses were described for 705-OH in the literature.
267,274

 We found the 

Li-Br exchange of C6F5Br with n-BuLi at -78 °C followed by reaction with diethyl 

carbonate at -25 °C led to good yield of 705-OH (Figure 7-1). We attempted to apply the 

procedure to make 704-OH that using 3,5-difluorobromobenzene instead of C6F5Br, and 

>90% NMR yield was indicated by 
19

F NMR spectroscopy. However, the high solubility 

of 704-OH in all organic solvents even pentane prevented the isolation of 704-OH.    

 

Figure 7-1. Synthesis of 705-OH. 

 

7.2.2 Synthesis of triarylmethyl chlorides 

SOCl2 and acetyl chloride are commonly used for converting triarylmethanol to 

triarylmethyl chloride.
265,275-278

 Heating 701-OH to 703-OH in neat acetyl chloride at 60 

°C overnight can yield corresponding triarylmethyl chloride 701-Cl to 703-Cl in good 

yields (Scheme 7-6). For 704-OH, which was hard to isolate in the pure form, the 

reaction mixture from 3,5-difluorobromobenzene + n-BuLi + diethyl carbonate could be 

directly treated with acetyl chloride and 704-Cl was isolated in 75% yield in a one pot 

reaction.  
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Scheme 7-6. Synthesis 701-Cl to 704-Cl. 

 

        Heating 705-OH with acetyl chloride yieled triarylmethyl acetate 705-OAc instead 

of triarylmethyl chloride (Figure 7-2), as indicated by the characteristic peak of the 

acetyl at δ 2.15 (CH3COO) in the 
1
H NMR spectrum and δ 169.1 (CH3COO) in the 

13
C 

NMR spectrum. 705-OH was unreactive toward to SOCl2 or HCl(aq), and it also 

remained intact after treating with HOTf, Tf2O or (CF3CO)2O with or without a base.  

 

Figure 7-2. Synthesis of 705-OAc. 
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7.2.3 Attempt to synthesize triarylmethyl carboranes and triarylmethyl triflates 

Abstraction of the chloride from the plain trityl chloride, Ph3CCl was achieved by 

using Na[HCB11Cl11] to cleanly yield [Ph3C][HCB11Cl11].
279

 Analogous to this 

procedure, 704-Cl was mixed with 1 eq of Na[HCB11Cl11] in PhF, and the solution 

turned red immediately which indicated the corresponding triarylmethyl cation 

formation. However, analysis by 
19

F NMR spectroscopy only showed 19% conversion of 

704-Cl after workup. The reaction of 701-Cl to 703-Cl with 1 eq of Na[HCB11Cl11] in 

PhF also led to incomplete conversion (Scheme 7-7). No reaction was observed when 

performing the reaction between 702-Cl and Na[HCB11Cl11] in CD3CN. We also 

attempted to synthesize triarylmethyl triflate from triarylmethyl chloride. Mixing 701-Cl 

and 702-Cl with Me3SiOTf resulted no reaction at room temperature and led to multiple 

products upon heating at 70 °C. No observable change was observed for 703-Cl and 

704-Cl with Me3SiOTf even heating at 70 °C.  

 

Scheme 7-7. Attempt of synthesis of triarylmethyl carboranes. 

 

The chloride abstraction of triarylmethyl chlorides by sodium carboranes or the 

triflate exchange reactions did not proceed completely and cleanly that might be 

explained by the high Lewis acidity of corresponding triarylmethyl cations. The 
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employment of stronger halide abstraction reagents such like silylium or silver 

carboranes in the reactions will be reasonable options in the future work.  

7.3 Conclusion 

In this chapter, the syntheses of various triarylmethanols and triarylmethyl chlorides 

bearing electron-withdrawing groups have been described. The percentage of the diol 

side product in making triarylmethanol was proved to decreased when using less polar 

solvents. Perfluorotritylmethanol was inert to most chlorination and triflation reagents 

except acetyl chloride that led to perfluorotrityl acetate. The attempts of abstraction of 

chlorides from the new triarylmethyl chlorides by sodium carboranes were unsuccessful 

so far. 

7.4 Experimental 

General Considerations. Unless specified otherwise, all manipulations were 

performed under an Ar atmosphere using standard Schlenk line or glovebox techniques. 

Toluene, fluorobenzene, THF, diethyl ether, pentane, C6D6 were dried over 

NaK/Ph2CO/18-crown-6, distilled or vacuum transferred and stored over molecular 

sieves in an Ar-filled glovebox. CH2Cl2 and CDCl3 were dried with and then distilled 

from CaH2 and stored over molecular sieves in an Ar-filled glove box. 701-OH was 

prepared according to published procedures.
268

 All other chemicals were used as 

received from commercial vendors. NMR spectra were recorded on a Varian Inova 300, 

Mercury 300 (
1
H NMR, 299.952 MHz; 

13
C NMR, 75.421 MHz), Varian Inova 400 (

1
H 

NMR, 399.535 MHz) and NMRS 500 (
1
H NMR, 499.703 MHz; 

13
C NMR, 125.697 

MHz; 
19

F NMR, 469.854 MHz) spectrometer. Chemical shifts are reported in δ (ppm). 
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For 
1
H and 

13
C NMR spectra, the residual solvent peak was used as an internal reference 

(
1
H NMR: δ 7.15 for C6D6, 7.24 for CDCl3; 

13
C NMR: δ 128.06 for C6D6, 77.16 for 

CDCl3, 29.84 for (CD3)2CO). For 
19

F NMR, spectra were referenced externally to δ = -

78.5 ppm by using CF3COOH. 

Synthesis of 702-OH.  In an Ar-filled glove box, magnesium powder (954 mg, 39.2 

mmol), 1,2-dibromoethane (25 µL, 0.29 mmol) and 60 mL THF were transferred to a 

250 mL Schlenk flask. After stirring 10 min, 3,5-difluorobromobenzene (3.00 mL, 26.1 

mmol) was slowly added in 3 portions in 15 min intervals over the course of 45 min. 

During that time, the solution color turned from colorless to yellow which indicated the 

Grignard reaction occurred. The solution temperature increased significantly and boiling 

was observed. (Note: Pause the addition of 3,5-difluorobromobenzene if the solution 

begin to boil too violently.) After addition all of 3,5-difluorobromobenzene, the solution 

was left to stir at RT overnight. The solution was then filtered through Celite to get rid of 

excess magnesium. A solution of benzophenone (3.77 g, 20.7 mmol) in 10 mL THF was 

added to the flask dropwise over 1 min. The solution was left to stir at RT overnight. The 

flask was brought out of glovebox and quenched with 80 mL 1 M HCl(aq). The solution 

color turned from dark brown to yellow. The organic layer was separated and the water 

layer was extracted with 100 mL of hexanes twice. The organic layer was combined and 

dried with anhydrous MgSO4. The solution was filtered through Celite and dried in 

vacuo to yield a yellow oil. The oil was triturated by pentane and sonicated. White 

powder formed and precipitated, and the solution was filtered through a fritted funnel. 

The white powder was washed with cold pentane and dried in vacuo. Yield: 4.85 g 
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(79%). The 
1
H and 

13
C NMR spectral data were in agreement with those reported in the 

literature.
280

 

Synthesis of 703-OH.  In an Ar-filled glove box, magnesium powder (1.82 g, 75.0 

mmol), 1,2-dibromoethane (45 µL, 0.52 mmol) and 60 mL THF were transferred to a 

250 mL Schlenk flask. After stirring 10 min, 3,5-difluorobromobenzene (5.76 mL, 50.0 

mmol) was slowly added in 3 portions in 15 min intervals over the course of 45 min. 

During that time, the solution color turned from colorless to yellow which indicated the 

Grignard reaction occurred. The solution temperature increased significantly and boiling 

was observed. (Note: Pause the addition of 3,5-difluorobromobenzene if the solution 

begin to boil too violently.) After addition all of 3,5-difluorobromobenzene, the solution 

was left to stir at RT overnight. The solution was then filtered through Celite to get rid of 

excess magnesium. Ethyl benzoate (3.00 mL, 21.0 mmol) was added to the flask 

dropwise over 1 min. The solution was left to stir at RT overnight. The flask was 

brought out of glovebox and quenched with 80 mL 1 M HCl(aq). The solution color 

turned from dark brown to yellow. The organic layer was separated and the water layer 

was extracted with 100 mL of hexanes twice. The organic layer was combined and dried 

with anhydrous MgSO4. The solution was filtered through Celite and dried in vacuo to 

yield a yellow oil. The oil was triturated by pentane and sonicated. White powder 

formed and precipitated, and the solution was filtered through a fritted funnel. The white 

powder was washed with cold pentane and dried in vacuo. Yield: 3.24 g (46%). The 
1
H 

and 
13

C NMR spectral data were in agreement with those reported in the literature.
265
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Examination of solvent effect in making of 704-OH.  In an Ar-filled glove box, 

magnesium powder (737 mg, 30.3 mmol), 1,2-dibromoethane (20 µL, 0.23 mmol) and 

20 mL THF were transferred to a 100 mL Schlenk flask. After stirring 10 min, 3,5-

difluorobromobenzene (2.30 mL, 20.0 mmol) was slowly added in 5 portions in 10 min 

intervals over the course of 50 min. During that time, the solution color turned from 

colorless to yellow which indicated the Grignard reaction occurred. The solution 

temperature increased significantly and boiling was observed. (Note: Pause the addition 

of 3,5-difluorobromobenzene if the solution begin to boil too violently.) After addition 

all of 3,5-difluorobromobenzene, the solution was left to stir at RT 1h. The solution was 

then filtered through Celite to get rid of excess magnesium and the filtrate was divided to 

4 portions equally (~11.5 mL for each portion). Every portion was diluted with 46 mL 

specific solvent: THF, Et2O, toluene, pentane. Diethyl carbonate (150 µL, 1.24 mmol) 

was then added to every portion. After RT 4 h, a drop of the solution was quenched with 

H2O and extracted with CDCl3. The CDCl3 solution was then examined by 
19

F NMR 

spectroscopy. 

Synthesis of 705-OH. In an Ar-filled glovebox, pentafluorobromobenzene (12.4 g, 

50.0 mmol) was dissolved in 100 mL Et2O in a 250 mL Schlenk flask. The flask was 

taken outside the glovebox, connected to a Schlenk line while maintain an Ar 

atmosphere, and placed in a -78 °C dry ice/acetone cooling bath. n-BuLi (20.0 mL of 2.5 

M solution in hexanes, 50.0 mmol) was slowly added to the solution over the course of 

10 min via syringe. The mixture was left to stir at -78 °C. After 2 h, diethyl carbonate 

(2.00 mL, 16.5 mmol) was added to the mixture over the course of 1 min via syringe and 
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allowed to warm to -25 °C (a cooling bath made with dry ice/ethanol : ethylene glycol = 

3:7). After 3 h, 2 M HCl(aq) was added to quench the reaction. The organic layer was 

extracted with hexanes and dried over anhydrous MgSO4. The hexanes solution was 

filtered through Celite and dried in vacuo to yield slightly yellow crude product. The 

crude product was redissolved in hot hexanes and placed in a -35 °C freezer. After 

overnight, the solid was collected and redissolved in hot hexanes and placed in a -35 °C 

freezer.  After overnight, the white solid was collected and dried in vacuo. Yield: 6.19 g 

(71%). 
1
H NMR (500 MHz, CDCl3): δ 4.24 (m, 1H, -OH). 

19
F NMR (470 MHz, CDCl3): 

-141.1 (6F), -152.1 (3F), -161.3 (6F). 

Synthesis of 701-Cl.  701-OH (505 mg, 1.95 mmol) was dissolved in acetyl 

chloride (2.5 mL, 35 mmol) in a 25 mL PTFE-valved gas-tight flask. The flask was 

heated at 65 °C overnight and allowed to cool to ambient temperature. The solution was 

transferred to a 25 mL Schlenk flask with CH2Cl2 to assist. After removing all volatiles 

in vacuo, the residues were redissolved in hexanes then filtered through Celite. The 

volatiles of filtrate were removed in vacuo and the crude product was recrystallized from 

hexanes to yield white solid. Yield: 413 mg (76%). The 
1
H and 

13
C NMR spectral data 

were in agreement with those reported in the literature.
261

 

Synthesis of 702-Cl.  702-Cl was prepared through the same procedure as 701-Cl 

but used 702-OH as the starting material instead of 701-OH to yield white solid. Yield: 

80%. 
1
H NMR (500 MHz, CDCl3): δ 7.32 (m, 6H), 7.21 (m, 4H), 6.78 (m, 3H). 

13
C{

1
H} 

NMR (126 MHz, (CD3)2CO): δ 163.3 (dd, JF-C = 247, 13 Hz), 150.5 (t, JF-C = 8.8 Hz), 

144.9, 130.1, 129.3, 129.0, 113.7 (m), 104.3 (t, JF-C = 26 Hz), 80.9 (m, Ar3C). 
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Synthesis of 703-Cl.  703-Cl was prepared through the same procedure as 701-Cl 

but used 703-OH as the starting material instead of 701-OH to yield white solid. Yield: 

84%. 
1
H NMR (500 MHz, CDCl3): δ 7.32 (m, 6H), 7.21 (m, 4H), 6.78 (m, 3H). 

13
C{

1
H} 

NMR (126 MHz, (CD3)2CO): δ 163.3 (dd, JF-C = 247, 13 Hz), 150.5 (t, JF-C = 8.8 Hz), 

144.9, 130.1, 129.3, 129.0, 113.7 (m), 104.3 (t, JF-C = 26 Hz), 80.9 (m, Ar3C). 

Synthesis of 704-Cl.  In an Ar-filled glovebox, 3,5-difluorobromobenzene (9.64 g, 

50.0 mmol) was dissolved in 100 mL Et2O in a 250 mL Schlenk flask. The flask was 

taken outside the glovebox, connected to a Schlenk line while maintain an Ar 

atmosphere, and placed in a -78 °C dry ice/acetone cooling bath. n-BuLi (20.0 mL of 2.5 

M solution in hexanes, 50.0 mmol) was slowly added to the solution over the course of 

10 min via syringe. The mixture was left to stir at -78 °C. After 3 h, diethyl carbonate 

(2.00 mL, 16.5 mmol) was added to the mixture over the course of 1 min via syringe and 

allowed to warm to -25 °C (a cooling bath made with dry ice/ethanol : ethylene glycol = 

3:7). After 3 h, 2 M HCl(aq) was added to quench the reaction. The organic layer was 

extracted with hexanes and dried over anhydrous MgSO4. The hexanes solution was 

filtered through Celite and dried in vacuo to yield a yellow viscous oil. The oil was 

further dried in vacuo at 60 °C for 2 h. Acetyl chloride (25 mL, 350 mmol) was added to 

dissolve the oil and transferred to a 100 mL PTFE-cap gas-tight flask. The solution was 

placed in a 65 °C oil bath. After 1 d, the flask was allowed to cool to ambient 

temperature, and all volatiles were removed in vacuo to yield off-white solid. Pentane 

was added to the flask and sonicated. The solution was filtered through a fritted funnel, 

and the white powder was washed with cold pentane and dried in vacuo.  Yield: 4.33 g 
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(68%). 
1
H NMR (500 MHz, CDCl3): δ 7.32 (m, 6H), 7.21 (m, 4H), 6.78 (m, 3H). 

13
C{

1
H} 

NMR (126 MHz, (CD3)2CO): δ 163.3 (dd, JF-C = 247, 13 Hz), 150.5 (t, JF-C = 8.8 Hz), 

144.9, 130.1, 129.3, 129.0, 113.7 (m), 104.3 (t, JF-C = 26 Hz), 80.9 (m, Ar3C). 
19

F NMR 

(470 MHz, CD3CN): -110.1. 

Synthesis of 705-OAc.  705-OH (1.06 g, 2.01 mmol) was dissolved in acetyl 

chloride (3.0 mL, 42 mmol) in a 25 mL PTFE-valved gas-tight flask. The flask was 

heated at 65 °C overnight and allowed to cool to ambient temperature. The solution was 

transferred to a 25 mL Schlenk flask with CH2Cl2 to assist. After removing all volatiles 

in vacuo, the residues were redissolved in hexanes then filtered through Celite. The 

volatiles of filtrate were removed in vacuo and the crude product was recrystallized from 

hexanes to yield white solid. Yield: 738 mg (67%). 
1
H NMR (500 MHz, CDCl3): δ 2.15 

(s, 3H, CH3COO). 
13

C{
1
H} NMR (126 MHz, CDCl3): δ 169.1 (CH3COO), 145.0 (m), 

141.8 (m), 137.8 (m), 113.3 (m), 76.0 (m, Ar3C), 21.2 (CH3COO). 
19

F NMR (470 MHz, 

CDCl3): 138.8 (6F), 152.1 (3F), 161.7 (6F). 

Attempt of making triarylmethyl chloride from 705-OH.  705-OH (1.00 g, 1.89 

mmol) was mixed with SOCl2 (2.0 mL, 28 mmol) in a 10 mL PTFE-valved gas tight 

flask. The flask was heated at 65 °C overnight and allowed to cool to ambient 

temperature. An aliquot was dissolved in CDCl3 and analyzed by 
1
H and 

19
F NMR 

spectroscopy revealed only unreacted 705-OH was presented.  

Attempt of making triarylmethyl chloride from 705-OH with HCl(aq).  705-OH 

(113 mg, 0.213 mmol) was mixed with 35% HCl(aq) (1.0 mL, 9.6 mmol) in a 10 mL 
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Schlenk flask. After 1 h at RT, an aliquot was dissolved in CDCl3 and analyzed by 
19

F 

NMR spectroscopy revealed only unreacted 705-OH was presented.  

Attempt of making triarylmethyl triflate from 705-OH with Tf2O.  705-OH (25 

mg, 0.047 mmol) and Tf2O (12 µL, 0.071 mmol) was dissolved in 0.5 mL C6D6 in a J. 

Young tube and was heated to 70 °C. After 15 h, the solution was analyzed by 
19

F NMR 

spectroscopy and showed only unreacted 705-OH.  

Attempt of making triarylmethyl triflate from 705-OH with Tf2O and K2CO3.  

705-OH (33 mg, 0.062 mmol) and K2CO3 (25 mg, 0.18 mmol) were mixed in 2 mL 

CH3CN in a 10 mL Schlenk flask, and Tf2O (16 µL, 0.095 mmol) was added to the 

solution. After 1 h at RT, the solution was analyzed by 
19

F NMR spectroscopy and 

showed an unidentified mixture.  

Attempt of making triarylmethyl triflate from 705-OH with Tf2O and pyridine.  

705-OH (24 mg, 0.045 mmol) and pyridine (10 µL, 0.124 mmol) were dissolved in 0.5 

mL C6D6 in a J. Young tube, and Tf2O (12 µL, 0.071 mmol) was added to the solution. 

The tube was heated to 70 °C. After 2 d, the solution was analyzed by 
19

F NMR 

spectroscopy and showed only unreacted 705-OH.  

Attempt of making triarylmethyl triflate from 705-OH with Me3SiOTf.  705-

OH (33 mg, 0.061 mmol) and trimethylsilyl triflate (Me3SiOTf, 15 µL, 0.083 mmol) 

were dissolved in 0.5 mL C6D6 in a J. Young tube and the tube was heated to 70 °C. 

After 2 d, the solution was analyzed by 
19

F NMR spectroscopy and showed only 

unreacted 705-OH. 
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Attempt of making triarylmethyl trifluoroacetate from 705-OH with TFAA.  

705-OH (307 mg, 0.579 mmol) and trifluoroacetic anhydride (TFAA, 400 µL, 2.83 

mmol) were dissolved in 3 mL Et2O in a 25 mL PTFE-valved gas-tight flask. The flask 

was heated to 40 °C. After 15 h, the solution was allowed to cool to ambient temperature 

and the volatiles were removed in vacuo. The white solid was dissolved in CDCl3 and 

showed only unreacted 705-OH in the 
19

F NMR spectrum. 

General procedures for attempts of making triarylmethyl carborane from 

triarylmethyl chloride (For 701-Cl to 704-Cl).  Triarylmethyl chloride (~ 70 mg) and 

Na[HCB11Cl11] (1 eq) were placed in a 25 mL Schlenk flask, followed by 3 mL PhF. 

Solution color turned to red immediately. After 2 h, the mixture was filtered through a 

fine fritted funnel and removed all volatiles in vacuo. The residue was redissolved in 

CD3CN and analyzed by 
1
H and 

19
F NMR spectroscopies.  

Attempt of making triarylmethyl carborane from 702-Cl in CD3CN.  702-Cl (9 

mg, 0.03 mmol) and Na[HCB11Cl11] (15 mg, 0.03 mmol) were dissolved in 0.5 mL 

CD3CN in a J. Young tube. No color change was observed after 4 h, and analysis by 
1
H 

and 
19

F NMR spectroscopies revealed only unreacted 702-Cl in the spectra.  

General procedures for attempts of making triarylmethyl triflate by reacting 

Me3SiOTf with triarylmethyl chloride (For 701-Cl to 704-Cl). Triarylmethyl chloride 

(~ 20 mg) and Me3SiOTf (3.5 eq) were dissolved in a 0.5 mL C6D6 in a J. Young tube. 

After RT 20 min, the mixtures were analyzed by 
1
H and 

19
F NMR spectroscopies. The 

tube was then heated at 70 °C overnight and then analyzed by 
1
H and 

19
F NMR 

spectroscopies.  



 

209 

 

CHAPTER VIII  

SUMMARY 

This dissertation surveyed the C-H borylation mediated by group 9 pincer 

complexes, as well as the synthesis of iridium triflates and triarylmethyl species. We are 

reporting iridium and rhodium complexes featuring a new silyl-amido-quinoline 

tridentate SiNN pincer ligand. The geometry and presumably the electronic interactions 

in the M/Si/H triangle appear to be able to adapt in response to the changes in the metal 

coordination sphere. Besides the Si-H moiety, the new Rh complexes of the SiNN ligand 

uncovered the ligand’s potential for unusual double non-innocence. For example, the 

amido nitrogen can reversibly accept a boryl group from the metal. Taken together, these 

two phenomena identify a ligand with an exceptional ability to reversibly adapt to events 

at the metal center.  

The new iridium SiNN complexes are active catalysts for selective conversion of 

terminal alkynes into alkynylboronic esters via dehydrogenative C-H borylation 

(DHBTA) with pinacolborane. Optimization of the reactions conditions allowed us to 

achieve ca. 100 turnovers at ambient temperature in <10 min with aryl-, alkyl-, and silyl-

substituted terminal alkynes. Later, through ligand screening, we discovered new 

DHBTA catalysts supported by various PNP ligands. Using the unsymmetric PNP 

supported iridium complex TONs of 6500 were achieved. Unlike the strict 

chemoselectivity in the (SiNN)Ir system, <10% hydrogenation products are observed as 

the main side-products in all the (PNP)Ir systems. Several 
Me

PNP
i
Pr iridium complexes 

analogous to intermediates in the original proposed DHBTA catalytic cycle have been 
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synthesized and tested in both stoichiometric and catalytic reactions. We also developed 

a convenient one-pot synthesis of triborylalkenes directly from terminal alkynes. The 

process consisted of a DHBTA and a novel dehydrogenative diboration. Further 

experiments are needed to elucidate the details of the catalytic mechanism.  

The syntheses of PNP iridium triflate complexes were described, and while the 

equilibrium between (PNP)Ir(H)(OTf) and ether solvents is observed, the attempts to 

isolate pure form of (PNP)Ir(H)(OTf) were unsuccessful. On the other hand, 

(PNP)Ir(H)(OTf) generated in situ could react with diamine or bipyridine ligands to 

form stable 18 e
-
 Ir(III) triflate salts. 

Finally, the syntheses of various triarylmethanols and triarylmethyl chlorides 

bearing electron-withdrawing groups have been described. Perfluorotritylmethanol was 

inert to most chlorination and triflation reagents except acetyl chloride that led to 

perfluorotrityl acetate. So far, attempts to abstract chloride from the new triarylmethyl 

chlorides by sodium carboranes were unsuccessful. 
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