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Abstract 

Chapter one of this thesis describes the iridium-catalyzed ortho-selective C–H borylation reaction 

of tertiary benzamides. An iridium(I) complex paired with an electron-deficient phosphine ligand allows 

for efficient C–H activation and borylation using B2pin2. N,N-diethylbenzamides are challenging 

substrates for the reaction, however a variety of N,N-diisopropylbenzamides are well tolerated, affording 

the borylated products in generally high yields and good to excellent regioselectivities. This methodology 

acts as a complementary method to both Directed ortho Metalation (DoM) and a previously developed 

meta-selective borylation. We have demonstrated the utility of these boron-containing products by further 

cross-coupling reactions and DoM chemistry. 

 

Chapter two of this thesis describes our efforts towards a transition metal-catalyzed 3-component 

reaction, combining C–H activation and allylic substitution chemistry. Preliminary results were fraught 

with issues of compatibility of the required conditions for these two powerful reactions, and therefore a 

metal-catalyzed 3-component reaction using an aryl halide, diene, and nucleophile was explored as an 

alternative. Results indicate that this reaction is feasible using cyclic amine nucleophiles, generating 

aminated proucts containing a new stereogenic center. Attempts to use additional nucleophiles, as well as 

initial efforts to make the reaction proceed in an enantioselective fashion, will be described. 
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Chapter 1 

An Iridium-Catalyzed ortho-Selective C–H Borylation Reaction 

 

1.1 Introduction 

 

1.1.1 C–H Activation 

 

 The selective formation of C–C and C–X bonds from minimally prefunctionalized 

starting materials is a highly significant area of organic synthesis. Manipulation of the chemically 

inert C–H bond has been a major focus for decades, with increasing attention given to catalytic, 

atom-economical methods.1,2 The ability to regioselectively incorporate functional groups at 

various sites on an aromatic ring has been extensively demonstrated, generally using a directing 

group (DG) (Scheme 1.1). Furthermore, reactions on simple arenes that are driven primarily by 

steric factors have also been reported, in addition to the development of catalyst complexes that 

do not undergo coordination to a DG.3 

 

Scheme 1.1 A general depiction of a directed C–H activation reaction. 

 

 A wide range of DGs, metal complexes, ligands, and coupling partners have been 

developed over the years, and often an oxidant or other additive is required to promote the 

DG

H
R X+

Metal Catalyst
Ligand

Oxidant
Additive

DG

R

1.1
Substrate

1.2
Coupling Partner

1.3
Coupling Product
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catalyst turnover. Nevertheless, the challenge remains that if the DG or coupling partner is 

changed, a complete re-optimization of the conditions is usually required. As a result, this 

currently very active and broad field still awaits the discovery of a general, all-encompassing 

method of C–H activation. Some early results of this type of transformation will be discussed in 

the following section. 

 

1.1.1.1 Introduction to Arene C–H bond Activation 

 

 The first example of a stoichiometric, transition metal-mediated aryl C–H bond cleavage 

was reported in 1963. Kleiman and Dubeck illustrated the reaction of excess azobenzene 1.4 with 

bis(cyclopentadienyl)nickel(II), which formed a new coordination complex consistent with 1.5 

(eqn 1).4 Although they could not determine if the nickel was in fact bound to the ortho-carbon, 

UV spectroscopic data supported the nickel interaction with the azo group, thus providing 

evidence for 1.5. 

  

 Following this seminal result, a variety of different metals have been studied for the 

oxidative addition into arene C–H bonds.1 For instance, in 1965, Chatt and Davidson reported the 

activation of benzene, naphthalene, anthracene, and phenanthrene C–H bonds using 

ruthenium(0)-phosphine complexes, and postulated a mechanism wherein precoordination of the 

arene to the metal occurs prior to oxidative insertion.5 Jones and coworkers later provided 

evidence for the intermediacy of an η2-rhodium complex, which provides a lower energy pathway 

N
N

NiCp2
135 ºC, 4 h

N
N

Ni

1.4 1.5
24%

(1)

H
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for oxidative addition (Scheme 1.2). To this end, they demonstrated that the energy of the η2-

complex of benzene (1.6) lies above that of the C–M–H adduct (1.7), albeit in the case of 

naphthalene, the η2-complex is more stable than the oxidative addition product.6,7 

 

Scheme 1.2 Precoordination of a metal species to an arene, followed by oxidative addition into 
the C–H bond. 

 

 In 1988, Bergman and coworkers demonstrated iridium as a competent transition metal 

for C–H activation of benzene.8 Thus, using a hydridoallyliridium complex 1.8 at high 

concentration in the absence of a phosphine ligand, furnished dinuclear oxidative addition 

product 1.10 (Scheme 1.3a). Hoyano and Graham independently reported a concurrent study on 

the photochemically generated iridium(I) complex for the activation of alkane C–H bonds, which 

facilitated the C–H oxidative addition of benzene.9 In 1994, Poveda and Carmona investigated an 

iridium(III) complex for C–H bond insertion (1.11, Scheme 1.3b).10 However, in this case the 

single metal site activates two benzene molecules with coordination to N2 to generate a 

bis(phenyl) complex 1.12, presumably occurring through an iridium(V) intermediate. 

+ Mn Mn M(n+2)
H

1.6
η2-complex

1.7
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Scheme 1.3 Iridium-mediated C–H activation of benzene (a) at low and high concentrations of 
hydridoallyliridium complex 1.8; (b) using Tp*Ir(III) complex 1.11. 

 

 Although the use of various metals for stoichiometric C–H insertion has been widely 

investigated,1 the ultimate goal was the discovery of a catalytic process for arene 

functionalization. To this end, an extensive array of methods have been developed for the 

formation of C–C and C–X (X = heteroatom) bonds under transition metal catalysis during the 

last 20 years.2,3 Thus, in 1998, Berry and coworkers reported an early example in the synthesis of 

aryl silanes 1.14 by dehydrogenative coupling of arenes 1.13 with triethylsilane (eqn 2).11 

Interestingly, the alkylsilane 1.15 was also formed under these conditions, and the selectivity for 

arylsilane 1.14 was much higher using ruthenium compared to rhodium complexes (Ru: 88:3 

arylsilane:alkylsilane vs Rh: 40:56 at 150 ºC). Since this report, the field of C–H silylation has 

expanded, with recent notable contributions made by Hartwig (rhodium catalysis),12 and Grubbs 

(potassium catalysis).13 

Ir

H

Ir
R3P

Ir
H

Ir

low concentration

high concentration

+

PR3, 45 ºC

45 ºC, 6 d

1.8

1.9

1.10

Tp*Ir H

1.11
Tp* = HB(3,5-Me2-pz)3

C6H6, 60 ºC, 1 h
N2 (2-3 atm)

Tp*Ir N2

1.12

(a)

(b)
−C2H6, −C2H4
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C–C bond formation by C–H activation will be described in Chapter 2. In addition, 

among the methods for C–X bond formation via C–H activation, C–B bond formation is of 

considerable utility as outlined in the following discussion.  

 

1.1.2 C–H Borylation: Initial Investigations 

 

 Since the discovery of the Suzuki–Miyaura reaction in the early 1970s,14,15 organoboron 

chemistry has re-emerged as an important contributor to pharmaceutical16,17 and material 

science.18 Mild and efficient methods for the selective incorporation of boron to a given 

intermediate are valuable, as further cross-coupling15 or electrophile-induced ipso-

deborylation19,20 chemistry can be envisaged. Although aryl boronic acids and esters can be 

formed from aryl halides, C–H borylation reactions are advantageous in terms of atom 

economy.21 To this end, the areas of meta- and ortho-selective C–H borylation have been 

explored in depth, and are summarized in the following discussion. 

 

 In 1995, Hartwig and coworkers described a stoichiometric borylation of alkenes and 

arenes using manganese, rhenium, or iron.22 Thus, the (CO)5MBcat (M = Mn or Re) and 

CpFe(CO)2Bcat complexes were each subjected to irradiation in benzene or toluene, affording the 

corresponding borylated arenes. The iron complex was found to be the most efficient of the three 

complexes, yielding 87% of PhBcat, and 70% of MePhBcat as a ~1:1 mixture of meta- and para-

+

Cp*Rh(H)2(SiEt3)2 (8 mol%)
or

(η6-C6Me6)Ru(H)2(SiEt3)2 (8 mol%)
SiEt3

Et3SiH

X

+ Et2HSiCH(CH3)SiEt3 (2)

1.13
X = CF3, F, H, CH3, Cl, Br

1.14 1.15

H

X
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isomers. A few years later, the same group explored the effect of different substituents on the 

aromatic ring (eqn 3).23 Using the Fe catalyst 1.17 gave mixtures of regioisomers 1.18-1.20, albeit 

ortho-borylated product 1.18 was only observed in one case (1.16, X = OMe). This result 

suggested that some coordination to the oxygen could be occurring, either from the metal center 

or the boron ligand, bringing the complex into close proximity to the ortho-C–H bond. Moreover, 

when less electron-rich (CO)5ReBcat was used, ortho-substituted 1.18 was the major regioisomer, 

albeit the specific ratio and yield was not reported. Additionally, the meta/para ratios were very 

similar for the weak electron-donating methyl and electron-withdrawing Cl and CF3 groups, while 

the NMe2 substituent furnished the para product as the major isomer, in a 1:8 meta/para ratio. 

 

 Hartwig also reported comparison studies to examine the different rates of reaction for 

the substituted benzene derivatives. Thus, while the Cl- and CF3-substituted arenes underwent 

borylation at the same rate as toluene, the electron-donating MeO- and Me2N-substituted 

derivatives underwent reaction at a significantly faster rate. 

 

 In 1999, Iverson and Smith described the first catalytic C–H borylation of unactivated 

hydrocarbons using iridium complexes.24 Interestingly, with stoichiometric iridium, the reaction 

rate as well as product distribution is highly dependent on the nature of the boron component. For 

example, using HB(C6F5)2 with complex 1.21, quantitative conversion was obtained at room 

Fe Bcat
OC

OC

X
H

H
H

+ hν
X

Bcat
X

Bcat

X

Bcat

++

Bcat = B
O

O X = Me,
      OMe,
      Cl,
      CF3, 
      NMe2,

   0  :  1.1  :  1.0
1.0  :  1.6  :  1.1
   0  :  1.5  :  1.0
   0  :  1.5  :  1.0
   0  :  1.0  :  8.0 2

1.16 1.17 1.18 1.19 1.20

(3)

70%,
52%,
55%,
33%,
30%,e
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temperature after 5 minutes, to afford only the iridium hydride complex 1.22 and borylated 

cyclohexane 1.23 (eqn 4). However, oxygen-substituted boranes required higher temperatures and 

furnished additional products with a different product distribution (eqn 5).  

 

 Although there was enhanced cyclohexane formation with HBpin (eqn 5), switching from 

the Cy-Ir complex 1.21 to the corresponding Ph-Ir complex afforded PhBR2 as the major 

organoboron product. In addition, HBpin gave the monoboryl compound 1.24 as the predominant 

product, whereas HBcat produced the corresponding diboryl complex. With these results in hand, 

the catalytic viability of the process was examined, which illustrated that the monoboryl complex 

could be used to catalyze the reaction of benzene with HBpin (eqn 6). 

 

 Smith and coworkers subsequently investigated the effect of aromatic ring substitution on 

the C–B bond forming reaction.25 Utilizing the same iridium catalyst 1.24, they demonstrated that 

monosubstituted aromatics afford mixtures of borylated products typically in similar ratios, the 

exception being anisole, which provided higher meta-selectivity (p:m:o = 1.00:4.06:0.08). 

Nevertheless, some substrates were unreactive under these conditions, and therefore the 

previously established Cp*Rh(η4-C6Me6) pre-catalyst for the borylation of alkanes was also 

Ir
Me3P

H
Cy

+   1/2 [HB(C6F5)2]2 C6D6, rt
+   CyB(C6F5)2Ir

Me3P
H

H

1.21 1.22 1.23

(4)

Ir
Me3P

H
Cy

+    6 HBpin
C6D6, 95 ºC

+    CyBpin    +    CyHIr
Me3P

Bpin
H

1.21 1.24
87%

1.26
40%

Ir
Me3P

D
C6D5

d6-1.25
13% 60%

+ (5)

C6H6    +    HBpin
1.24 (17 mol%)

150 ºC, 120 h
C6H5Bpin    +    H2

1.27
53%

(6)
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examined.26 This proved efficient for some substrates that were not compatible with the iridium 

catalyst, such as aniline, fluorinated benzene analogues, ethyl benzoate, diethylbenzamide, and a 

pyridine derivative. However, all of the monosubstituted arene cases still produced mixtures of 

isomers, and deviations in the product ratios were generally small when the rhodium catalyst was 

utilized. In contrast, although the reaction using diethylbenzamide 1.28 furnished a mixture of 

products, the ortho-borylated product 1.29 was obtained as the major isomer (eqn 7). The higher 

selectivity was ascribed to the greater chelate effect for the amide compared to the ester, which is 

presumably due to the increased resonance for ii in the former.27 

 

 In order to circumvent the regioselectivity issues observed for monosubstituted 

aromatics, Smith and coworkers described the highly meta-selective C–H borylation of di- and 

trisubstituted arenes 1.29 to furnish the mono-borylated adducts 1.30 (eqn 8, conditions a).28 

Miyaura and Hartwig independently described conditions for the borylation of mono- and 

disubstituted aromatics 1.29, wherein the monosubstituted derivatives provide mixtures of 

regioisomers and the disubstituted variants provide excellent selectivity for the meta-position 

(eqn 8, conditions b).29 Interestingly, both groups demonstrated the reaction is tolerant of 

symmetrical and unsymmetrical 1,3-disubstituted arenes, in addition to symmetrical 1,2- or 1,4-

disubstituted systems. 

 

NEt2

O Cp*Rh(η4-C6Me6) (2 mol%)
HBpin

neat, 150 ºC
NEt2

O

Bpin
1.28 1.29

50% (o:m:p ≈ 4:2:1)

(7)
Ph X

O

Ph X

O

i ii
X = NEt2, OEt

R1

H

R2
R1

Bpin

R2
a) (Ind)Ir(COD), dppe
     HBpin, 100-150 °C

or
b) [Ir(COD)Cl]2, bpy
    B2pin2, rt-80 °C

1.29
R1, R2 = X, Me, OMe, CO2R

1.30

(8)
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1.1.2.1 Mechanism of the Iridium-Catalyzed C–H Borylation of Arenes 

 

In 2002, Miyaura and Hartwig reported some mechanistic studies, which identified one of 

the potential intermediates in the catalytic cycle for the meta-selective C–H borylation reaction.29 

Thus, treatment of the iridium precatalyst 1.31 with dtbpy ligand 1.32 in the presence of B2pin2 

resulted in the formation of complex 1.33, which could be crystallized and subjected to X-ray 

diffraction for structural confirmation (Scheme 1.4). This was demonstrated to be a competent 

intermediate by subjecting 1.33 to reaction with C6D6, to generate the corresponding borylated 

product 1.34 in 80% yield.  

 

Scheme 1.4 Isolation of intermediate 1.33 in the C–H borylation catalytic cycle. 

 

 In the case of meta-selective borylation reactions, the regioselectivity is dictated by steric 

factors, and not influenced by coordination with ring substituents. This observation may be 

rationalized by the nature of the bidentate ligands employed in these transformations (Scheme 

1.5). For instance, if potentially coordinating arene DGs are used (ie. 1.35), the reversible 

coordination to iridium is likely to generate 1.36; however, this is an unproductive outcome, as 

partial ligand dissociation is disfavoured in the cases of bidentate ligands,30 and thus there is no 

open site for C–H activation. Consequently, the products that form directly from 1.34 by C–H 

insertion, which proceed through transition state i to afford the Ir(V) intermediate 1.37, are most 

likely to occur with with the least sterically hindered C–H bonds. Finally, reductive C–B 

[Ir(COE)2Cl]2 +

N N

B2pin2
C6H3Me3

Ir

COE

Bpin

BpinN
BpinN

1.331.321.31

C6D6
rt

3
Bpin

D
D

D

D
D
1.34
80%
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elimination from complex 1.37 generates the products observed in both the Smith and Hartwig 

studies.28,29  

 

Scheme 1.5 Regioselectivity control for borylations using bipyridyl ligands. 

 

The proposed Ir(III) ! Ir(V) pathway is supported by both experimental and theoretical 

studies.28,31,32 Although the systems examined in these studies typically employed bidentate 

ligands to afford meta-selective products, Lassaletta and coworkers reported a nitrogen-directed 

ortho-borylation reaction with a hemilabile N,N ligand.33 Thus, treatment of a variety of 2-

arylpyridines 1.38 with B2pin2 using an iridium catalyst with N,N-dibenzylhydrazone 1.39 as a 

ligand, furnished products 1.40 or 1.41 in good yields (eqn 9). Interestingly, the formation of the 

coordinated N–B bond depicted in 1.41 depends on steric factors, wherein hindered substrates 

afford products 1.40 with the (hetero)aromatic rings arranged in a nearly perpendicular fashion 

and less hindered derivatives afford the planar zwitterionic products 1.41. The assignments were 

confirmed by X-ray crystallography. 

 

Ir

Bpin

BpinpinB
NN + DG

ArH

Ir

Bpin

BpinpinB
NN

DG
ArH

Ir

Bpin

BpinpinB
NN

Ar H
DG

Ir

Bpin

BpinpinB
NN

Ar H
DG

Borylations controlled 
by steric factors

Borylation products

1.34 1.35

1.36

i 1.37

N N

Bpin

R1

R2

R1

R2

or
N

R1

R2

BpinH

[Ir(COD)OMe]2 (0.5 mol%)
1.39 (1 mol%)

B2pin2 (1 equiv)
HBpin (5 mol%)
THF 50-80 ºC

N N NBn2
1.39

1.38 1.411.40

(9)
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The observed change in regioselectivity was rationalized by the proposed mechanism in 

Scheme 1.6. Initial coordination of the DG-bearing substrate 1.43 to the iridium complex 1.42 

generates intermediate 1.44, similar to that (1.36) depicted in Scheme 1.5; however, the 

hemilabile ligand 1.39 promotes ligand dissociation to provide an open coordination site on 

iridium (1.45). C–H activation then occurs selectively at the position in close proximity to the DG 

(ortho), to generate Ir(V) species 1.46. Subsequent C–B reductive elimination, reassociation of 

the N,N ligand, and dissociation of the DG affords the ortho-borylated product 1.49 with high 

selectivity, and the addition of B2pin2 regenerates the active catalyst 1.42. 

  

Scheme 1.6 Proposed mechanism for the ortho-directed Ir-catalyzed borylation using hemilabile 
ligands (i.e. 1.39). 

 

 Although the process described above (eqn 9) was not the first example of an ortho-

directed borylation, it appears to be the first proposal of a catalytic cycle to explain the observed 

Ir

Bpin
BpinN
BpinN

Ir

Bpin

DG

BpinN
BpinN

Ir

Bpin

DG

BpinN
Bpin

N

H

Ir

Bpin

DG

BpinN
Bpin

N
H

Ir

Bpin

DG

BpinN
H

N

Bpin

Ir

Bpin

DG

BpinN
HN

Bpin

DG

Ph

Bpin

DG B2pin2
HBpin

1.42

1.44

1.45

1.46

1.47

1.48
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selectivity. Other examples of ortho-selective borylations will be described in the following 

section. 

 

1.1.2.2 Catalytic, ortho-Selective Borylation Reactions 

 

 The sterically-controlled methodologies developed for the C–H borylation of arenes are 

advantageous, often complementing the regioselectivity of other reactions. Nevertheless, it is of 

great value to have the ability to alter the selectivity, thus furnishing aromatics with new 

substitution patterns under catalytic conditions. To this end, Boebel and Hartwig developed the 

iridium-catalyzed ortho-selective borylation, using a new dialkyl hydrosilyl DG.34 Interestingly, 

while the directly bound silyl substituted arene (1.50) is ineffective (eqn 10), the addition of a 

one-atom linker between the ring and the silicon (1.51) affords high selectivity for the ortho-

borylated adducts 1.52 (eqn 11). In general the process favours monoborylation, albeit 

diborylation products are obtained in cases where starting materials lack ortho-functionality (9-

21%). 

 

 In the same report, Boebel and Hartwig also described an extension of this methodology 

to a one-pot silylation/ortho-borylation/desilylation of phenols 1.53 to afford 1.55, which were 

SiMe2H
multiple products

B2pin2 (1 equiv), HBpin (5 mol%)
[Ir(COD)Cl]2 (0.25 mol%)

dtbpy (0.5 mol%)
THF, 80 ºC

B2pin2 (1 equiv), HBpin (5 mol%)
[Ir(COD)Cl]2 (0.25 mol%)

dtbpy (0.5 mol%)
THF, 80 ºC

SiMe2H SiMe2H

H Bpin
R R

1.52
60-82%

1.51

1.50

(10)

(11)
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converted to the popular35,36 trifluoroborates 1.56 in an efficient manner (Scheme 1.7). In addition 

to the phenol derivatives, an aniline variant was also reported. 

 

Scheme 1.7 One-pot ortho-borylation of phenols using a silylation strategy. 

 

 This process represents a valuable alternative to other aromatic substitution strategies 

(e.g. SEAr reactions), as it is catalytic in nature and the silicon DG can be introduced and removed 

in the same pot. Nevertheless, the only competent DGs were silicon-based, and it is clearly 

beneficial to expand the type of ortho-selective borylation to alternate DGs.  

 

In 2009, Sawamura and coworkers developed a silica-supported phosphine-iridium 

catalyst (Silica-SMAP-Ir(OMe)(COD)) that displayed exceptional ortho-selectivity for boronic 

ester incorporation in the with a variety of DG-bearing substrates 1.57 (eqn 12).37 In particular, a 

range of substituted methyl benzoates with ortho-, meta-, and para-substitution afforded 1.58 in 

good to excellent yields, using both electron-rich and electron-poor substituents. In addition, 

esters, ethers, and a sulfonate ester are competent DGs. Moreover, N,N-dimethylbenzamide is 

also well tolerated, which to the best of our knowledge represents the first example of a tertiary 

amide being used in a catalytic, ortho-directed C–H borylation reaction. Interestingly, the chloro 

group also provides a suitable DG, albeit weaker than the ester groups, which was demonstrated 

XH

H

Et2SiH2
[Ir]

R

XSiEt2H

H
R

1) Et2SiH2, cat. [Ir(COD)Cl]2, C6H6
2) B2pin2, cat. HBpin, cat. [Ir(COD)Cl]2
    dtbpy, THF, 80 ºC
3) 4 M KHF2(aq), THF

B2pin2, HBpin
[Ir], dtbpy XSiEt2H

Bpin
R

KHF2
H2O

XH

BF3K
R

1.53

1.54

1.56

1.55X = O, NMe



 

 14 

in a competition experiment. Following this report, Sawamura also demonstrated that the silica-

supported metal-phosphine catalysts facilitate the borylation of phenol derivatives38 and various 

heteroaromatics,39 in addition to their ability to affect efficient site-selective C(sp3)–H bond 

activation.40,41 

 

 Although the Sawamura reaction displayed unparalleled ortho-selectivity, the silica-

SMAP ligand system is prepared using a 10-step sequence prior to the introduction of the 

metal.42,43 In contrast, Miyaura and coworkers reported in 2010 an ortho-selective borylation 

reaction of the aryl benzoates 1.59, using a commercially available catalyst and ligand (eqn 13).44 

This study demonstrates the importance of the highly electron-withdrawing tris[3,5-

bis(trifluoromethyl)phenyl]phosphine ligand for obtaining high selectivity in the formation of 

1.60 (98:2:0 o/m/p), and the impact of inert solvent on reaction efficiency. Several alkyl esters 

were examined (1.59, R2 = Me, Et, iPr, tBu), with substituents in each position on the ring (1.59, 

R1 = NMe2, Me, Br, CF3), to afford the corresponding borylated derivatives 1.60 in excellent 

yields, with the exception of 1.59, R1 = Br. Although the lower yields could indicate the 

possibility of Ar–X insertion by the metal species, this was apparently not observed in this 

process. 

DG

H
R

Silica-SMAP-Ir(OMe)(COD) (0.5 mol%)
B2pin2 (0.5 equiv)

hexane or octane, 25-100 ºC

DG

Bpin
R

1.57 1.58

DG = CO2Me, CO2Et, CO2tBu, CONMe2, SO3Me, 
         CH(-O(CH2)3O-), CH2OMOM, Cl

(12) Silica-SMAP-
Ir(OMe)(COD) =

SiO2

SiOO O

O
SiMe3

SiOO O

O
Si

P
Ir OMe
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 While great strides have been made to apply simpler conditions for ortho-borylations, 

they were primarily limited to ester DGs. In 2014, Smith and coworkers reported a new approach 

using a silyl phosphorus and nitrogen donor chelate ligand 1.62, which permits the ortho-

borylation for a wide range of DGs and substrates 1.61 (eqn 14).45 The bidentate ligand 1.62 was 

easily prepared from 2-bromoiodobenzene by a palladium-catalyzed coupling with a phosphine, 

followed by lithium-bromo exchange and quenching with chlorodiisopropylsilane. The resulting 

borylations proceed with high regioselectivity and generally moderate to excellent yields of 

products 1.63, albeit the methoxy DG gave the lowest yields. A variety of substituents (R) are 

tolerated for the ester 1.61, (DG = CO2Me); however, some diborylated products were observed 

for the para-substituted and meta-methoxy examples. Interestingly, tetrahydrofuran was the 

typical reaction solvent, which is unusual since these types of borylations generally require 

nonpolar, non-coordinating solvents.  

 

Smith also reported three examples of N,N-dimethylbenzamide substrates, which to the 

best of our knowledge, are the first examples of the ortho-selective borylation of tertiary 

benzamides following the single example reported by Sawamura (eqn 12). Nevertheless, although 

the simple and para-chloro-N,N-dimethylbenzamide were suitable substrates, the para-ester 

O

OR2
R1

O

OR2
R1

Bpin

[Ir(COD)OMe]2 (1.5 mol%)
P[3,5-(CF3)2C6H3]3 (6 mol%)

B2pin2 (1 equiv)
octane, 80 ºC, 16 h

1.59
(5 equiv)

1.60
H

(13)

R1 = H, NMe2, Me, Br, CF3
R2 = Me, Et, iPr, tBu

DG
R

DG
R

Bpin

[Ir(COD)OMe]2 (1.25 mol%)
1.62 (2.5 mol%)
B2pin2 (1 equiv)
THF, 80 ºC, 16 h

1.61 1.63
H

(14)

DG = CO2Me, CO2Et, CONMe2, 
         OMe, CON(Me)(OMe), 2-pyridyl

1.62

SiiPr2H

P(p-tolyl)2
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derivative 1.64 resulted in the formation of mixtures of regioisomers and diborylated products 

1.65 with increased B2pin2 (eqn 15). 

 

 

1.1.2.3 Complementary Methods: Directed ortho Metalation vs. Iridium-Catalyzed C–H 

Borylation 

 

 While catalytic C–H activation has emerged as a fundamental and important strategy for 

the derivatization of aryl groups, Directed ortho Metalation (DoM) should not be overlooked as 

an exceptionally selective method for aromatic functionalization. Since its independent discovery 

in the late 1930s by Gilman46 and Wittig,47 DoM has been extensively explored, particularly by 

Snieckus and coworkers, and has flourished as a strategy for regioselective synthesis of 

polysubstituted aromatics.48 The general concept invokes the use of a Directed Metalation Group 

(DMG), typically possessing a heteroatom, which can coordinate to the basic alkyllithium 

species, bringing it into close proximity (CIPE49) to activate the ortho-C–H bond. Subsequent 

deprotonation and treatment with an electrophile affords the 1,2-bisfunctionalized aromatics 1.67 

(Scheme 1.8).  

 

Scheme 1.8 A general depiction of the DoM reaction. 

 

Bpin

[Ir(COD)OMe]2 (1.25 mol%)
1.62 (2.5 mol%)

B2pin2 (2.0 equiv)
THF, 100 ºC, 16 h

1.64 1.65
95%

H
(15)

O

NMe2

O

MeO

O

NMe2
MeO

O

pinBH

DMG RLi DMG

H Li

E+ DMG

E
1.66 i 1.67
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 The nature and scope of DMGs, bases, and reaction conditions have been thoroughly 

examined over the years, and the scope of competent electrophiles has been greatly expanded to 

include powerful synthetic handles for further transformations. Notably, introducing functionality 

such as halogens, silicon, and tin provides opportunities for a variety of cross-coupling reactions. 

Of particular interest is the introduction of boron for the establishment of the valuable connection 

to the Suzuki–Miyaura reaction, to form new C–C bonds. Sharp and Snieckus demonstrated the 

formation of ortho-substituted aryl boronic acids 1.68 by metalation, electrophilic quench with 

B(OMe)3, and acidic workup in 1985 (Scheme 1.9).50 These intermediates readily participate in 

cross-coupling reactions under the standard conditions established by Suzuki and coworkers51 to 

furnish an array of unsymmetrical biaryls 1.69, which are difficult to obtain by classical methods. 

Further utility was demonstrated for 1.69, DMG = CONiPr2 in the conversion to the 

benzocoumarin 1.70.  

 

Scheme 1.9 Metalation/borylation of arenes by DoM, followed by cross-coupling and cyclization 
to provide benzocoumarins. 

 

 The DoM reaction therefore provides unique access to ortho-substituted arylboronic acids 

and biaryls from a cross-coupling reaction. In contrast, Snieckus and coworkers showed in 2010 

that an iridium-catalyzed C–H borylation reaction of DMG-bearing aromatics provides a general 

DMG

H
1.66

DMG = CONiPr2
            OCONEt2

i) sBuLi, TMEDA
    THF, –78 ºC
ii) B(OMe)3
iii) 5% aq. HCl

DMG

B(OH)2

Pd(PPh3)4 (3 mol%)
ArBr

2 M aq. Na2CO3
toluene, reflux

DMG

Ar

O

O DMG = CONiPr2
Ar = o-MeOPh1) BBr3, CH2Cl2

    –78 ºC-rt
2) HOAc, reflux, 12 h

1.68 1.69

1.70
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method for the synthesis of meta-boropinacolates (Scheme 1.10, 1.71 ! 1.73, step 1).52 The 

dtbpy ligand used in combination with the iridium catalyst facilitates the C–H activation, which is 

driven primarily by sterics and therefore, consistent with previous results utilizing 

monosubstituted arenes that provided mixtures of meta- and para-regioisomers. Interestingly, the 

1,3-disubstituted and 1,2,3-trisubstituted systems undergo highly regioselective borylation, which 

complements the products obtained by DoM. Specifically, when two DMGs are placed in a meta-

relationship 1.71, they act synergistically with a butyllithium base to metalate in between the two 

groups, providing difficult-to-obtain 1,2,3-trisubstituted arenes. However, the iridium-catalyzed 

borylation, in which the coordination to the DMG presumably plays no role in the process, leads 

to the introduction of the boronic ester in the least sterically hindered position to afford 1,3,5-

trisubstituted products. This prompted the development of complementary borylation/cross-

coupling reactions, which can either be initiated by DoM (1.71 ! 1.72) or C–H activation (1.71 

! 1.73) (Scheme 1.10). 

 

Scheme 1.10 Complementary DoM/C–H activation methods for borylation and cross-coupling, 
with their own unique regioselectivities. 

 

 The powerful and contrasting reactivity of DoM with iridium-catalyzed borylation 

demonstrates the ability to switch the regioselectivity between positions on the ring. Nevertheless, 

the DoM conditions require a stoichiometric amount of a strong base, cryogenic temperatures, 

and an aqueous workup between the metalation and cross-coupling procedures. In contrast, the 

C–H activation reaction takes advantage of catalytic conditions and does not require workup 

DMGMeO DMGMeO
DMGMeO

Ar

Ar

H

H

1) i) sBuLi, TMEDA
       THF, –78 ºC, 1 h
    ii) B(OMe)3
        –40 ºC, 3 h
2) aq. NH4Cl workup
3) Pd(PPh3)4, ArBr
    2 M aq. Na2CO3
    DME, 100 ºC ,16 h

1) [Ir(COD)OMe]2 
    dtbpy, B2pin2
    MTBE, 80 ºC, 16 h
2) [Pd(dppf)Cl2]CH2Cl2 
    ArBr, KOH
    MTBE/H2O 3:1, 80 ºC, 4 h

1.72 1.71 1.73
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before the cross-coupling reaction, albeit it proceeds at elevated temperature. The following 

discussion will describe our efforts towards developing an ortho-selective C–H borylation 

reaction of benzamides under mild reaction conditions. 

 

1.2 Project Aims 

 

 In the course of investigating a C–H activation reaction of phenyl N,N-diethylcarbamate 

1.74, we attempted an ortho-borylation of 1.74 to study its reactivity towards C–H activation. 

Unfortunately, applying a minor modification to the conditions established by Miyaura and 

coworkers for the ortho-selective borylation of benzoates afforded none of the desired product 

(eqn 16, 1.74 ! 1.75). We speculated that the potential 7-membered ring intermediate required 

for C–H activation in the case of 1.74, as opposed to Miyaura’s corresponding 6-membered ring 

system, could be a contributing factor for the efficient coordination of the metal and subsequent 

C–H insertion. We therefore opted to examine a more classical amide DG, which resulted in the 

formation of approximately 40% of the desired product (eqn 16, 1.28 ! 1.29). Interestingly, 11B 

NMR analysis indicates no coordination of either heteroatom of the DG to the ortho-Bpin. 

 

 We envisaged that these preliminary conditions could be further optimized and that a new 

method for the ortho-borylation of a variety of substituted benzamides could be developed. This 

DG

[Ir(COD)OMe]2 (1.5 mol%)

P

CF3

F3C

CF3

CF3

CF3F3C
(6 mol%)

B2pin2 (1.0 equiv)
toluene, 80 ºC, 16 h

DG

Bpin

1.74: DG = OCONEt2
1.28: DG = CONEt2

1.75: DG = OCONEt2, trace
1.29: DG = CONEt2, 39%

(16)
H
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would complement not only the meta-selective borylation previously developed in our 

laboratories,52 but also DoM, as it could proceed catalytically and under non-cryogenic conditions 

without the need for strong bases. We also anticipated that this process would lead to new 

reactivity patterns resulting in the ability to garner new regiocontrol for certain substitution 

patterns, which would provide access to new polysubstituted aromatic scaffolds. 

 

1.3 Results 

 

1.3.1 Optimization of the ortho-Borylation Reaction for Benzamides 

 

 Previous work in the Snieckus group demonstrated that the ortho-borylation of N,N-

diethylbenzamide 1.28 is also feasible under ruthenium catalysis (eqn 17).53 Nevertheless, of the 

examples studied, the reactions generally provide low yields and require higher temperatures. We 

sought to develop a milder, more efficient method for this ortho-borylation following the iridium-

catalyzed conditions (eqn 16, DG = CONEt2). 

 

 Based on the preliminary studies, which afforded 1.29 in moderate yield at 80 ºC (eqn 

16), we elected to examine the effect of lower temperatures (Table 1.1). To this end, the P(3,5-

(CF3)2C6H3)3 ligand utilized by Miyaura afforded 1.29 in significantly higher yield at room 

temperature (entry 3 vs eqn 16), while other electron-deficient ligands P(C6F5)3 and P(OPh)3 were 

ineffective for the reaction of 1.28 (entries 1 and 2). Additional studies probed the effect of 

NEt2

O

R
RuH2(CO)(PPh3)3

B2pin2, toluene, 125–135 ºC, 20 h
NEt2

O

R
Bpin

5 examples
30 - 75% yield

H
1.28 1.29

(17)
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solvent. Although MTBE and hexane are typical solvents for iridium-catalyzed borylation 

reactions,54 Smith and coworkers demonstrated that THF can also be employed.45 Nevertheless, 

the solvent screen indicated that toluene is superior in this case (entry 3 vs entries 4-6). Additional 

studies probed the effect of B2pin2 stoichiometry, since previously reports demonstrated that both 

Bpin groups can be incorporated into the product.29,52 Interestingly, decreasing the amount of 

B2pin2 results in a significantly lower yield (entry 7), whereas increasing the amount afforded 

1.29 in an improved 72% yield (entry 8). Additional attempts to optimize the reaction did not 

improve this result, and we therefore turned to examine the effect of the DG. Interestingly, 

although the Weinreb benzamide 1.76 was not a competent DG (entry 9), the more bulky N,N-

diisopropylbenzamide 1.78 furnished 1.79 in 92% yield (entry 10). 
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Table 1.1 Optimization of reaction conditions for the ortho-borylation of tertiary benzamides 

 

Entrya NR2 Ligand B2pin2 equiv Solvent Yield (%)b 

1c NEt2 P(C6F5)3 1.0 toluene trace 

2 ” P(OPh)3 ” ” ” 

3 ” P(3,5-(CF3)2C6H3)3 ” ” 65 (61) 

4 ” ” ” MTBE 42 

5 ” ” ” hexane 57 

6 ” ” ” THF 33 

7 ” ” 0.6 toluene 36 

8 ” ” 1.3 ” 72 

9 N(Me)(OMe) ” ” ” trace 

10d NiPr2
 P(3,5-(CF3)2C6H3)3 1.3 toluene 92 

a All reactions were performed on 0.25 mmol scale in a sealed microwave vial, using degassed solvent. 
b Yields determined by GC analysis (numbers in parentheses refer to yields of isolated product). c A 
microwave vial was required as the reaction vessel for borylations using N,N-diethylbenzamide. d Reaction 
using N,N-diisopropylbenzamide was performed in a microwave vial, but efficiency was not decreased 
using a round bottom flask in this case. 
 
 

1.3.2 Substrate Scope of Tertiary Benzamides 

 

 Although these results indicate that N,N-diisopropylbenzamide is the most efficient 

substrate, the N,N-diethylbenzamide is also effective. To this end, the substrate scope of the latter 

was examined, which highlights a number of inherent challenges (Table 1.2). For instance, 

NR2

O

NR2

O

Bpin

[Ir(COD)OMe]2 (3 mol%)
ligand (12 mol%)
B2pin2 (X equiv)
solvent, rt, 16 h
microwave vialH

1.28: R = Et
1.76: R = (Me)(OMe)
1.78: R = iPr

1.29: R = Et
1.77: R = (Me)(OMe)
1.79: R = iPr
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although the low conversions at room temperature could be improved by heating the reaction 

mixture, the improved conversion provided inconsistent yields of the isolated products (1.29b and 

c). These results were especially curious, as 1H NMR analysis of the crude reaction mixtures did 

not indicate the presence of any side-products. We speculated that the lower isolated yields could 

be attributed to products decomposing during purification; however, 1H NMR analysis using 1,3-

benzodioxole as an internal standard indicates that this is not the case. Additional studies 

attempted to alter the electronics of the substituents, which resulted in low conversion even at 

high temperature (1.29d-f).  

 

Table 1.2 Substrate scope for the ortho-borylation of N,N-diethylbenzamides 1.29a-fa,b,c 

 
a All reactions were performed on 0.25 mmol scale in a sealed microwave vial, using degassed solvent. 
b Yields of isolated material, after reaction at the temperature in parentheses. c Conversion values were 
determined by 400 MHz 1H NMR analysis of the crude reaction mixture. 
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O
MeO NEt2

O
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1.29d
r.t.: trace

80 ºC: ~40% conv.

1.29e
r.t.: ~25% conv.

110 ºC: ~45% conv.

1.29f
r.t.: ~25% conv.

110 ºC: ~65% conv.

NEt2

O

F
1.29b: 59% (80 ºC)

r.t.: ~30% conv.
80 ºC: >95% conv.
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1.29c: <45% (80 ºC)
(mixture with pinacol)

r.t.: trace
80 ºC: ~60% conv.
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O
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[Ir(COD)OMe]2 (3 mol%)
P(3,5-(CF3)2C6H3)3 (12 mol%)

B2pin2 (1.3 equiv)
toluene, rt, 16 h
microwave vial

H
1.28a-f 1.29a-f

R R

NEt2

O

1.29a: 72%
Bpin Bpin Bpin
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Although we do not fully understand the reasons for low conversion, we opted to 

examine the N,N-diisopropylbenzamide 1.78, which ultimately proved more successful (Table 

1.3). The ortho-borylation of halogenated derivatives, particularly the chloro and bromo 

substituents, is particularly attractive given the limitation with DoM in achieving a similar goal. 

Hence, under standard DoM conditions the benzamides either undergo lithium-halogen exchange 

(bromo) or act as weak DMGs (chloro), as opposed to ortho-deprotonation. The borylation of 

fluorinated benzamide analogues is also an attractive process given the impact of fluorine in 

medicinal chemistry in recent years.55,56 Interestingly, the reaction of ortho-halogenated 

benzamides is significantly affected by sterics; wherein the ortho-fluoro benzamide underwent 

borylation in high yield to afford 1.79b, whereas the ortho-chloro and -bromo derivatives were 

completely unreactive (1.79c and d). In contrast, the meta-halogenated derivatives all react under 

these conditions, albeit steric factors impact the ratio of regioisomeric products. Hence, the meta-

fluoro derivative provides the regioisomer with boron incorporation in between the DG and 

fluoro-substituent (64%), with only 25% of the desired isomer formed (1.79e). The DoM reaction 

of either 1.78e or 1.78f affords the exclusive in between metalation.57,58 Under the new 

conditions, the larger meta-chloro- and -bromo-substituted benzamides provided improved 

regioisomeric ratio of products 1.79f and 1.79g over the alternate C-2 isomer. Gratifyingly, para-

halogenated benzamides undergo the borylation with high efficiency and selectivity (1.79h-j), 

with no C–X bond insertion products being observed. In addition to halogenated substrates, alkyl 

substituents are also well tolerated in the reaction (1.79k). Furthermore, varying the electronics of 

the aryl ring using ortho-, meta-, and para-phenol derivatives generated borylated products in 

high yields in all cases (1.79l-n). Unfortunately, the electron-withdrawing substituted benzamides 

did not furnish any of the desired products (1.79o-p).  
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We were particularly interested in benzamide 1.79m, which displays unique selectivity in 

comparison to both DoM and the meta-selective borylations previously developed in our 

laboratory.52 Hence, we anticipated the extension of this methodology to benzamides containing a 

potential meta-coordinating group with respect to the amide would generate new substitution 

patterns that could not be conveniently accessed using DoM. Unfortunately, the preliminary 

studies have identified serious challenges with both conversion and regioselectivity (1.79q-s). 

Nevertheless, we anticipate that further studies will lead to the development of a selective 

borylation in the desired ortho-position. 
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Table 1.3 Substrate scope for the ortho-borylation of N,N-diisopropylbenzamides 

1.79a-s.a,b 

 
a All reactions were performed on 0.25 mmol scale, using degassed solvent. b Yields of isolated material.  
c Yields in parentheses refer to yields of the C-2 borylated regioisomer. d [Ir(COD)OMe]2 (5 mol%) and 
P[3,5-(CF3)2C6H3]3 (20 mol%) were used. e Product ratios were determined by 400 MHz 1H NMR analysis 
of the crude reaction mixture, and represent the ratio of desired product:C-2 regioisomer. 
 

1.3.3 Extension of the Benzamide ortho-Borylation Methodology: Cross-Coupling and 

DoM Chemistry 

 

 As described in Section 1.1.2.2, Snieckus and Marder took advantage of the 

complementarity of DoM and the sterically-driven C–H borylation reaction to demonstrate a 

general synthesis of 1,2,3- and 1,3,5-trisubstituted aromatics (Scheme 1.11, 1.72 and 1.73, 

respectively) from a common starting material. In addition, they nicely demonstrated the 

subsequent metalation and cross-coupling of the boropinacolate 1.80, to provide the 1,2,3,5-

1.79k: 95%

1.79a: 92%

NiPr2

O

NiPr2

O

NiPr2

O

NiPr2

O

NiPr2

O

NiPr2

O

NiPr2

O

PhOMe

Bpin X

Bpin

Bpin BpinBpin

BpinBpin
1.79n: 89%

1.79h: X = F     86%
1.79i:  X = Cl    95%
1.79j:  X = Br    98%

NiPr2

O

BpinEWG

1.79m: 84%

1.79o: EWG = CO2Me   trace
1.79p: EWG = CN          trace

NiPr2

O

Bpin

OMe

1.79l: 96%

NiPr2

O

NiPr2

O

Bpin

[Ir(COD)OMe]2 (3 mol%)
P[3,5-(CF3)2C6H3]3 (12 mol%)

B2pin2 (1.3 equiv)
toluene, rt, 16 hH

R R

MeO

X
X

1.79e: X = F    25% (64%)c
1.79f:  X = Cl   74% (18%)
1.79g: X = Br   82% (<5%)d

1.79b: X = F    95%
1.79c: X = Cl   trace
1.79d: X = Br   trace

NiPr2

O
AcHN

Bpin

NiPr2

O
BocHN

Bpin

NiPr2

O
AcO

Bpin
1.79q: >95% conv. 
2.5:1 product ratioe

1.79r: trace 1.79s: 50% conv. (50 ºC)
1:1 product ratio

1.78a-s 1.79a-s
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tetrasubstituted arene products 1.81. We envisaged that the ortho-borylation strategy would allow 

1.79m to undergo similar cross-coupling reactions to generate new 1,2,4-trisubstituted 

compounds 1.82, products which could also present the opportunity for further metalation 

chemistry, to selectively synthesize densely substituted aromatic compounds. 

 

Scheme 1.11 Complementary borylation/cross-coupling reactions from common benzamide 
1.78m. 

  

To first test the feasibility of a one-pot cross-coupling methodology, N,N-

diisopropylbenzamide 1.78a was subjected to the ortho-borylation conditions, followed by 

treatment with catalytic palladium, aqueous base, and iodobenzene in the same pot (eqn 18).52 

The corresponding biaryl product 1.83 was obtained in good yield, thus verifying the 

compatibility of the ortho-borylation with cross-coupling reactions. 
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 Furthermore, the one-pot protocol was applied to benzamide 1.78m, which proceeded 

smoothly to afford the biaryl 1.82 in modest yield (Scheme 1.12). In anticipation of the 

synergistic methoxy-amide DMG effect, treatment of 1.82 with butyllithium followed by 

electrophilic quench with iodine gave benzamide 1.84 in moderate yield, which represents a 

synthetically challenging construction of a 1,2,3,4-tetrasubstituted arene. Moreover, 1.84 is 

difficult to prepare via DoM chemistry; as outlined in Scheme 1.11, metalation of 1.78m occurs 

in between the directing groups, necessitating introduction of the iodine functionality first at C-2. 

A second metalation/cross-coupling to install the aryl moiety at C-6 would then be fraught with 

complications arising from competing lithium-iodide exchange. We therefore envisage our 

method as a powerful tool for constructing polysubstituted aromatics containing sensitive 

functional groups. 

 

Scheme 1.12 One-pot borylation/cross-coupling of benzamide 1.78m, followed by selective 
iodination via DoM. 

 

 Additionally, we examined the possibility of performing selective, iterative cross-

coupling reactions for some of the substrates. Due to the much higher reactivity of aryl iodides 

and bromides over the corresponding aryl chlorides in Suzuki–Miyaura cross-coupling 
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50%

MeO MeO
1. tBuLi (1.2 equiv)
    THF, −78 °C, 1h
2. I2 (3.0 equiv)
    −78 °C-rt, 16 h

NiPr2

O

Ar

MeO
H H I

1. ortho-borylation

1.78m 1.84, Ar = p-MeC6H4
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reactions,59 we postulated that chlorinated benzamide analogues 1.78f and 1.78i would, following 

the initial borylation, undergo selective cross-coupling of the incipient boropinacolate with aryl 

iodides. Gratifyingly, the benzamide 1.78f undergoes the one-pot iridium-catalyzed 

borylation/cross-coupling conditions to facilitate the formation of the biaryl 1.85 as the major 

product (Scheme 1.13). Subsequent cross-coupling using Pd2dba3 and SPhos furnished the teraryl 

derivative 1.86 in moderate yield.60 Although the second coupling proceeds modestly, both 

coupling reactions are unoptimized, which upon further tuning of these orthogonal reactions61 

will lead to a general and regioselective synthesis of para-related teraryls that may be of interest 

in material science.62 

 

Scheme 1.13 Orthogonal one-pot C–H activation borylation/cross-coupling and Suzuki–Miyaura 
cross-coupling of benzamide 1.78f. 
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1.4 Future Work 

 

 We have discovered a new iridium-catalyzed ortho-selective borylation methodology for 

benzamides and demonstrated its application in further DoM chemistry in addition to Suzuki–

Miyaura cross-coupling reactions. Future goals include studies to use the in situ-generated 

Schwartz reagent to reduced borylated benzamides to the corresponding aldehydes,63 or 

employing conditions previously established by Georg that utilize the Schwartz reagent directly64 

to afford moderate yields of the aldehyde. Hence, we plan to probe these conditions for the 

benzamides 1.79a-s (eqn 19). It is envisioned that the aldehydes 1.87 will provide useful 

intermediates for further transformations towards the synthesis of biologically active biaryls, as 

potential treatments for drug-resistant cancer, inflammation, protein misfolding, epilepsy, etc.65,66 

 

 In addition, the expansion of the synthetic utility of the borylated halogenated 

benzamides 1.79e-j is likely to broaden the applications of this chemistry. Having demonstrated 

the one-pot borylation/cross-coupling of an aryl group to afford 1.85, the attempted SNAr reaction 

at the chlorinated position of this biaryl should take advantage of the inductive and resonance 

electron-withdrawing effects of the amide and nitro substituents (Scheme 1.14, 1.85 ! 1.88). 

Additionally, compounds with para-fluoro or -chloro substituents (e.g. 1.89) may be suitable 

substrates for SNAr chemistry. An obvious caveat for SNAr reactions lies in the ability to 

overcome the rotational barriers of the biaryl 1.85 and amide 1.89, to facilitate nucleophilic attack 

at the halogen-bearing carbon. However, since high temperatures are typically required for SNAr 
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Bpin
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Bpin
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then LiAlH(OtBu)3
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reactions,67 it may be possible to affect this transformation, which would permit the synthesis of 

new types of polysubstituted aromatics. 

 

Scheme 1.14 Potential SNAr reactions for fluoro- and chloro-substituted benzamides. 

 

1.5 Conclusions 

 

 We have developed a fairly general and robust iridium-catalyzed ortho-selective 

borylation reaction of tertiary benzamides, which proceeds at room temperature. The 

regioselectivity is generally excellent, albeit some meta-substituted benzamides afford mixtures 

of isomers. The ortho-borylated benzamides are amenable to cross-coupling and DoM reactions, 

which facilitate the construction of new polysubstituted aromatics. Future work will explore 

additional applications of this methodology and its utility for the synthesis of complex aromatic 

scaffolds.  
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1.6 Experimental 

 

1.6.1 General Information 

 

Unless otherwise stated, all reactions were carried out using flame-dried glassware under an 

argon atmosphere with anhydrous solvents, using commercially available reagents that were 

purchased and used as received. Benzoic acids and benzoyl chlorides were purchased from 

Sigma-Aldrich or Combi-Blocks and converted to the corresponding amides in accordance with 

literature procedure.74 [Ir(COD)OMe]2 was purchased from Strem Chemicals; tris(3,5-

bis(trifluoromethyl)phenyl)phosphine was purchased from Oakwood Chemical; B2pin2 was 

purchased from Combi-Blocks. Solvents were purified and dried using the Innovative 

Technology, Inc. solvent purification system.68 Solvents used for borylation or cross-coupling 

reactions were degassed using a steady stream of nitrogen. [Ir(COD)OMe]2, tris(3,5-

bis(trifluoromethyl)phenyl)phosphine, and B2pin2 were weighed out in a glovebox. All 

compounds were purified by flash chromatography using silica gel 60 (40-63 µm, Silicycle) and 

gave spectroscopic data consistent with being ≥95% the assigned structure.  Analytical thin layer 

chromatography (TLC) was performed on pre-coated aluminium-backed 0.2 mm thick silica gel 

60-F254 plates (Merck) and visualized using UV light and by treatment with a KMnO4 dip, 

followed by heating. Melting points (uncorrected) were obtained on a Büchi M560 melting point 

instrument. IR spectra were recorded on a Agilent Technologies Cary 630 FT-IR (ATR) 

spectrometer; wavenumbers (ν) are given in cm−1; and the abbreviations w (weak, <25%), m 

(medium, 25-50%), s (strong, 51-75%), and vs (very strong, >75%) are used to describe the 

relative intensities of the IR absorbance bands.  Mass spectra were obtained through the 

Chemistry Department Mass Spectrometry Service, Queen’s University. 1H NMR and 13C NMR 
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spectra were recorded on a Bruker Avance DRX-400 spectrometer in CDCl3 at ambient 

temperature; chemical shifts (δ) are given in ppm and calibrated using the signal of residual 

undeuterated solvent as internal reference (CDCl3; δH = 7.26 ppm and δC = 77.16 ppm).  1H NMR 

data are reported as follows: chemical shift (multiplicity, 1st order spin system if available, 

coupling constant, integration).  Coupling constants (J) are reported in Hz and apparent splitting 

patterns are designated using the following abbreviations: s (singlet), d (doublet), t (triplet), q 

(quartet), m (multiplet), br (broad), app. (apparent) and the appropriate combinations.  13C NMR 

spectra with complete proton decoupling were described with the aid of an APT sequence, 

separating methylene and quaternary carbons (CH2, C), from methyl and methine carbons (CH3, 

CH). 

 

1.6.2 Representative Experimental Procedure for the Preparation of N,N-

Diethylbenzamides 1.28a-f 

 

To a solution of benzoyl chloride (12.4 mL, 107 mmol) in dichloromethane (530 mL) was added 

steadily dropwise diethylamine (16.6 mL, 160 mmol), monitoring the occurrence of any 

effervescence. Triethylamine (44.6 mL, 320 mmol) was then added steadily dropwise, and the 

mixture stirred for ca. 14 h. The mixture was quenched with 1 M HCl (ca. 300 mL), the layers 

separated, and the aqueous phase extracted with EtOAc (2 x 250 mL). The combined organic 

phase was washed with saturated NaHCO3 solution, dried over MgSO4, subjected to filtration, 

and concentrated in vacuo. Purification by flash column chromatography (silica gel, 

hexanes/EtOAc eluent) afforded N,N-diethylbenzamide 1.28a (15.0 g, 79%) as a pale yellow oil. 
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1.6.3 Spectral Data for N,N-Diethylbenzamides 1.28a-f 

 

 N,N-diethylbenzamide (1.28a) 

Colour and State: Pale yellow oil. 

Spectral data were found to be consistent with those reported.69 

1H NMR (400 MHz, CDCl3) δ 7.39-7.35 (m, 5H), 3.55 (br s, 2H), 3.25 (br s, 2H), 1.24 (br s, 3H), 

1.11 (br s, 3H). 

IR (Neat) 2973 (m), 2935 (w), 1625 (vs), 1425 (vs), 1285 (s), 1095 (s), 872 (m), 785 (s), 704 (vs) 

cm–1. 

 

 N,N-diethyl-4-fluorobenzamide (1.28b) 

Colour and State: Pale yellow oil. 

Spectral data were found to be consistent with those reported.70 

1H NMR (400 MHz, CDCl3) δ 7.36 (dddd, J = 9.4, 8.3, 4.7, 2.7 Hz, 2H), 7.09-7.04 (m, 2H), 3.52 

(br s, 2H), 3.25 (br s, 2H), 1.20 (br s, 3H), 1.13 (br s, 3H). 

IR (Neat) 2976 (m), 2937 (w), 1625 (vs), 1425 (vs), 1284 (s), 1219 (vs), 1093 (vs), 845 (vs), 811 

(s), 762 (s) cm–1. 

 

 4-(tert-butyl)-N,N-diethylbenzamide (1.28c) 

Colour and State: Colourless solid. mp = 54-56ºC (hexanes). 

(Both carbons N-CH2CH3 were not observed in the 13C APT NMR spectrum due to peak 

broadening as a result of amide rotation. A standard 13C NMR spectrum was therefore analyzed in 

addition to the APT, to aid in reporting these signals.) 
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1H NMR (400 MHz, CDCl3) δ 7.39 (app. dt, J = 8.4, 2.0 Hz, 2H), 7.30 (app. dt, J = 8.5, 1.9 Hz, 

2H), 3.53 (br s, 2H), 3.29 (br s, 2H), 1.31 (s, 9H), 1.22 (br s, 3H), 1.14 (br s, 3H). 

13C NMR (100 MHz, CDCl3) δ 171.62 (C), 152.36 (C), 134.47 (C), 126.28 (CH), 125.39 (CH), 

43.38 (br, CH2), 39.27 (br, CH2), 34.86 (C), 31.38 (CH3), 14.38 (br, CH3), 13.06 (br, CH3). 

IR (Neat) 2963 (m), 2938 (m), 2874 (m), 1621 (vs), 1463 (s), 1424 (s), 1282 (s), 1090 (s), 878 

(m), 834 (vs), 769 (s) cm–1. 

HRMS (ESI, [M+H]+) calcd for C15H24NO 234.18524, found 234.18462. 

 

 N,N-diethyl-2-methoxybenzamide (1.28d) 

Colour and State: Colourless oil. 

Spectral data were found to be consistent with those reported.71 

1H NMR (400 MHz, CDCl3) δ 7.31 (ddd, J = 8.3, 7.6, 1.7 Hz, 1H), 7.18 (dd, J = 7.4, 1.6 Hz, 1H), 

6.96 (td, J = 7.5, 0.7 Hz, 1H), 6.90 (d, J = 8.3 Hz, 1H), 3.81 (s, 3H), 3.57 (br s, 2H), 3.14 (q, J = 

7.1 Hz, 2H), 1.24 (t, J = 7.2 Hz, 3H), 1.03 (t, J = 7.1 Hz, 3H). 

IR (Neat) 2972 (m), 2935 (m), 1624 (vs), 1600 (vs), 1426 (vs), 1293 (s), 1243 (vs), 1087 (s), 

1022 (s), 878 (m), 752 (vs) cm–1. 

 

 N,N-diethyl-3-methoxybenzamide (1.28e) 

Colour and State: Colourless oil. 

Spectral data were found to be consistent with those reported.72 

1H NMR (400 MHz, CDCl3) δ 7.28 (t, J = 7.8 Hz, 1H), 6.92-6.88 (m, 3H), 3.80 (s, 3H), 3.53 (br 

s, 2H), 3.24 (br s, 2H), 1.23 (br s, 3H), 1.10 (br s, 3H). 

IR (Neat) 3083 (w), 2968 (m), 2932 (m), 1622 (vs), 1578 (s), 1442 (s), 1369 (s), 1340 (vs), 1293 

(vs), 1148 (s), 1032 (vs), 931 (m), 868 (s), 788 (vs), 755 (s), 713 (s) cm–1. 
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 N,N-diethyl-4-methoxybenzamide (1.28f) 

Colour and State: Pale yellow oil. 

Spectral data were found to be consistent with those reported.73 

1H NMR (400 MHz, CDCl3) δ 7.33 (app. ddd, J = 11.1, 4.4, 2.7 Hz, 2H), 6.89 (app. ddd, J = 

11.3, 4.3, 2.5 Hz, 2H), 3.82 (s, 3H), 3.41 (br s, 4H), 1.17 (br s, 6H). 

IR (Neat) 2971 (m), 2936 (m), 1608 (vs), 1422 (vs), 1246 (vs), 1172 (s), 1095 (s), 838 (vs), 764 

(s) cm–1. 

 

1.6.4 Representative Experimental Procedure for the Preparation of N,N-

Diisopropylbenzamides 1.78a-q 

 

To a solution of benzoyl chloride (8.3 mL, 71 mmol) in dichloromethane (350 mL) was added 

steadily dropwise diisopropylamine (15.0 mL, 107 mmol), monitoring the occurrence of any 

effervescence. Triethylamine (30.0 mL, 213 mmol) was then added steadily dropwise, and the 

mixture stirred for ca. 14 h. The mixture was quenched with 1 M HCl (ca. 200 mL), the layers 

separated, and the aqueous phase extracted with EtOAc (2 x 150 mL). The combined organic 

phase was washed with saturated NaHCO3 solution, dried over MgSO4, subjected to filtration, 

and concentrated in vacuo. Purification by flash column chromatography (silica gel, 

hexanes/EtOAc eluent) afforded N,N-diisopropylbenzamide 1.78a (9.34 g, 64%) as a colourless 

solid. 
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1.6.5 Spectral Data for N,N-Diisopropylbenzamides 1.78a-q 

 

 N,N-diisopropylbenzamide (1.78a) 

Colour and State: Colourless solid; mp = 70-71 °C (hexanes), lit. = 73-74 °C.74 

Spectral data were found to be consistent with those reported.74 

1H NMR (400 MHz, CDCl3) δ 7.40-7.28 (m, 5H), 3.76 (br s, 1H), 3.61 (br s, 1H), 1.47 (br s, 6H), 

1.20 (br s, 6H). 

IR (Neat) 2967 (m), 2930 (m), 2870 (w), 1624 (vs), 1599 (s), 1439 (s), 1370 (s), 1338 (vs), 1211 

(m), 1039 (m), 779 (s), 705 (vs) cm–1. 

 

 2-fluoro-N,N-diisopropylbenzamide (1.78b) 

Colour and State: Colourless solid; mp = 98-100 ºC (hexanes). 

1H NMR (400 MHz, CDCl3) δ 7.35-7.30 (m, 1H), 7.28-7.24 (m, 1H), 7.16 (td, J = 7.5, 0.9 Hz, 

1H), 7.07 (t, J = 8.8 Hz, 1H), 3.73 (septet, J = 6.6 Hz, 1H), 3.53 (septet, J = 6.8 Hz, 1H), 1.55 (d, 

J = 6.8 Hz, 6H), 1.19 (br d, J = 4.5 Hz, 3H), 1.08 (br d, J = 4.5 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 165.86 (C), 158.11 (C, d, 1JCF = 245.79 Hz), 130.19 (CH, d, 3JCF 

= 7.56 Hz), 127.88 (CH, d, 3JCF = 4.36 Hz), 126.95 (C, d, 2JCF = 19.26 Hz), 124.58 (CH, d, 4JCF = 

3.64 Hz), 115.79 (CH, d, 2JCF = 21.42 Hz), 51.21 (CH), 46.09 (CH), 20.96 (CH3), 20.74 (CH3), 

20.59 (CH3), 20.42 (CH3). 

IR (Neat) 2972 (m), 2934 (m), 2876 (w), 1631 (vs), 1454 (vs), 1341 (vs), 1039 (s), 849 (s), 764 

(vs) cm–1. 

HRMS (EI, M+) calcd for C13H18FNO 223.1372, found 223.1368. 
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 2-chloro-N,N-diisopropylbenzamide (1.78c) 

Colour and State: Colourless solid; mp = 128-129 ºC (hexanes).  

Spectral data were found to be consistent with those reported.75 

1H NMR (400 MHz, CDCl3) δ 7.40-7.35 (m, 1H), 7.29-7.25 (m, 2H), 7.22-7.18 (m, 1H), 3.61 

(septet, J = 6.7 Hz, 1H), 3.53 (septet, J = 6.8 Hz, 1H), 1.58 (d, J = 6.8 Hz, 3H), 1.57 (d, J = 6.8 

Hz, 3H), 1.22 (d, J = 6.7 Hz, 3H), 1.07 (d, J = 6.8 Hz, 3H). 

IR (Neat) 2965 (m), 2932 (m), 1625 (vs), 1431 (s), 1340 (vs), 1210 (s), 1104 (m), 1033 (s), 841 

(m), 775 (vs), 714 (s) cm–1. 

 

2-bromo-N,N-diisopropylbenzamide (1.78d) 

Colour and State: Colourless solid; mp = 146-148 ºC (hexanes).  

Spectral data were found to be consistent with those reported.74 

1H NMR (400 MHz, CDCl3) δ 7.55 (d, J = 7.8 Hz, 1H), 7.32 (t, J = 7.4 Hz, 1H), 7.21-7.17 (m, 

2H), 3.60 (septet, J = 6.7 Hz, 1H), 3.52 (septet, J = 6.8 Hz, 1H), 1.57 (app. t, J = 6.6 Hz, 6H), 

1.24 (d, J = 6.8 Hz, 3H), 1.06 (d, J = 6.8 Hz, 3H). 

IR (Neat) 2970 (m), 2931 (m), 1628 (vs), 1438 (s), 1340 (vs), 1211 (s), 1032 (s), 772 (vs), 737 

(vs) cm–1. 

 

 3-fluoro-N,N-diisopropylbenzamide (1.78e) 

Colour and State: Colourless solid; mp = 48-49 ºC (hexanes), lit. = 52-53 

ºC.76  

Spectral data were found to be consistent with those reported.57 

1H NMR (400 MHz, CDCl3) δ 7.35 (td, J = 7.9, 5.7 Hz, 1H), 7.09-7.00 (m, 3H), 3.72 (br s, 1H), 

3.61 (br s, 1H), 1.48 (br s, 6H), 1.20 (br s, 6H). 
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IR (Neat) 3071 (w), 2970 (m), 2932 (m), 2874 (w), 1630 (vs), 1584 (s), 1449 (vs), 1342 (vs), 

1146 (s), 1040 (s), 877 (s), 812 (s), 788 (s), 752 (vs), 706 (s) cm–1. 

 

3-chloro-N,N-diisopropylbenzamide (1.78f) 

Colour and State: Colourless solid; mp = 65-66 ºC (hexanes); lit. = 67-68 

ºC.76 

Spectral data were found to be consistent with those reported.76 

1H NMR (400 MHz, CDCl3) δ 7.36-7.29 (m, 3H), 7.18 (dt, J = 6.9, 1.6 Hz, 1H), 3.73 (br s, 1H), 

3.58 (br s, 1H), 1.48 (br s, 6H), 1.20 (br s, 6H). 

IR (Neat) 3068 (w), 2969 (m), 2932 (m), 1624 (vs), 1440 (s), 1340 (vs), 1037 (s), 887 (m), 806 

(s), 735 (vs), 696 (s) cm–1. 

 

3-bromo-N,N-diisopropylbenzamide (1.78g) 

Colour and State: Colourless solid; mp = 86-87 ºC (hexanes).  

Spectral data were found to be consistent with those reported.77 

1H NMR (400 MHz, CDCl3) δ 7.48 (dt, J = 7.4, 1.8 Hz, 1H), 7.44-7.43 (m, 1H), 7.25-7.20 (m, 

2H), 3.72 (br s, 1H), 3.57 (br s, 1H), 1.47 (br s, 6H), 1.18 (br s, 6H). 

IR (Neat) 3065 (m), 2966 (m), 2930 (m), 1622 (vs), 1444 (s), 1342 (vs), 1132 (m), 1036 (s), 804 

(vs), 724 (vs) cm–1. 

 

4-fluoro-N,N-diisopropylbenzamide (1.78h) 

Colour and State: Colourless solid; mp = 92-93 °C (hexanes). 

1H NMR (400 MHz, CDCl3) δ 7.30 (dd, J = 8.6, 5.4 Hz, 2 H), 7.06 (app t, J = 8.7 Hz, 2 H), 3.68 

(br s, 2 H), 1.34 (br s, 12 H). 
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13C NMR (100 MHz, CDCl3) δ 170.18 (C), 162.88 (C, d, 1JCF = 247.86 Hz), 135.15 (C, d, 4JCF = 

3.80 Hz), 127.87 (CH, d, 3JCF = 7.98 Hz), 115.57 (CH, d, 2JCF = 21.92 Hz), 20.85 (CH3) (the 

carbon N–CH was not observed due to peak broadening as the result of amide rotation). 

IR (Neat) 2988 (m), 2970 (m), 2931 (m), 2877 (w), 1619 (vs), 1600 (vs), 1510 (m), 1437 (s), 

1340 (vs), 1299 (m), 1223 (s), 1154 (s), 1094 (s), 1038 (s), 1013 (m), 842 (vs), 803 (s), 765 (s) 

cm–1. 

HRMS (EI, M+) calcd for C13H18FNO 223.1372, found 223.1380. 

 

4-chloro-N,N-diisopropylbenzamide (1.78i) 

Colour and State: Colourless solid; mp = 91-92 ºC (hexanes), lit. = 89-90 

ºC.75  

Spectral data were found to be consistent with those reported.77 Commercial sample was obtained 

from Combi-Blocks, and subjected to flash column chromatography (silica gel, 4:1 

hexanes/EtOAc eluent) prior to use. 

1H NMR (400 MHz, CDCl3) δ 7.35 (app. dt, J = 8.6, 2.0Hz, 2H), 7.25 (app. dt, J = 8.6, 1.9 Hz, 

2H), 3.65 (br s, 2H), 1.33 (br s, 12H). 

IR (Neat) 3061 (w), 2965 (m), 2930 (m), 1624 (vs), 1440 (s), 1339 (vs), 1213 (s), 1086 (s), 1016 

(vs), 852 (vs), 832 (vs), 739 (s) cm–1. 
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 4-bromo-N,N-diisopropylbenzamide (1.78j) 

Colour and State: Colourless solid; mp = 71-73 ºC (hexanes), lit. = 72-73 

ºC.78 

Spectral data were found to be consistent with those reported.78  

1H NMR (400 MHz, CDCl3) δ 7.53-7.50 (m, 2H), 7.20-7.17 (m, 2H), 3.65 (br s, 2H), 1.45 (br s, 

6H), 1.21 (br s, 6H). 

IR (Neat) 3047 (w), 2965 (m), 2928 (m), 1626 (vs), 1438 (vs), 1338 (vs), 1066 (s), 1011 (vs), 850 

(s), 828 (vs), 758 (s) cm–1. 

 

 N,N-diisopropyl-4-methylbenzamide (1.78k) 

Colour and State: Colourless solid; mp = 87-88 °C (hexanes), lit. = 85-86 

°C.79 

Spectral data were found to be consistent with those reported.74 

1H NMR (400 MHz, CDCl3) δ 7.22-7.16 (m, 4H), 3.68 (br s, 2H), 2.36 (s, 3H), 1.33 (br s, 12H). 

IR (Neat) 2964 (m), 2929 (m), 2868 (w), 1620 (vs), 1441 (s), 1370 (s), 1338 (vs), 1037 (s), 828 

(vs), 761 (s) cm–1. 

 

N,N-diisopropyl-2-methoxybenzamide (1.78l) 

Colour and State: Colourless solid; mp = 112-114 °C (hexanes), lit. = 89-90 

°C.80 

Spectral data were found to be consistent with those reported.80 

1H NMR (400 MHz, CDCl3) δ 7.29 (ddd, J = 8.3, 7.5, 1.7 Hz, 1H), 7.14 (dd, J = 7.4, 1.7 Hz, 1H), 

6.95 (td, J = 7.4, 0.7 Hz, 1H), 6.88 (d, J = 8.3 Hz, 1H), 3.81 (s, 3H), 3.67 (septet, J = 6.7 Hz, 1H), 
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3.49 (septet, J = 6.8 Hz, 1H), 1.56 (d, J = 6.4 Hz, 3 H), 1.54 (d, J = 6.6 Hz, 3 H), 1.14 (d, J = 6.5 

Hz, 3H), 1.03 (d, J = 6.8 Hz, 3H). 

IR (Neat) 2968 (m), 2935 (w), 2837 (w), 1620 (vs), 1600 (s), 1461 (s), 1341 (s), 1238 (s), 1170 

(m), 1022 (s), 933 (m), 844 (m), 760 (vs) cm-1. 

 

N,N-diisopropyl-3-methoxybenzamide (1.78m) 

Colour and State: Colourless solid; mp = 92-93 °C (hexanes). 

Spectral data were found to be consistent with those reported.74 

1H NMR (400 MHz, CDCl3) δ 7.27 (t, J = 7.9 Hz, 1H), 6.91-6.84 (m, 3H), 3.81 (s, 3H), 3.80 (br 

s, 1H), 3.55 (br s, 1H), 1.49 (br s, 6H), 1.18 (br s, 6H). 

IR (Neat) 3083 (w), 2968 (m), 2932 (m), 1622 (vs), 1578 (s), 1442 (s), 1369 (s), 1340 (vs), 1293 

(vs), 1148 (s), 1032 (vs), 931 (m), 868 (s), 788 (vs), 755 (s), 713 (s) cm–1. 

 

 N,N-diisopropyl-4-phenoxybenzamide (1.78n) 

Colour and State: Viscous colourless oil. 

1H NMR (400 MHz, CDCl3) δ 7.37-7.32 (m, 2H), 7.29 (app. dt, J = 9.1, 2.3 Hz, 2H), 7.15-7.11 

(m, 1H), 7.05-7.01 (m, 2H), 6.98 (app. dt, J = 9.2, 2.3 Hz, 2H), 3.72 (br s, 2H), 1.34 (br s, 12H). 

13C NMR (100 MHz, CDCl3) δ 170.68 (C), 157.95 (C), 156.67 (C), 133.78 (C), 129.95 (CH), 

127.68 (CH), 123.85 (CH), 119.46 (CH), 118.35 (CH), 20.91 (CH3) (the carbon N–CH was not 

observed due to peak broadening as the result of amide rotation). 

IR (Neat) 2968 (m), 2932 (w), 1625 (vs), 1587 (s), 1437 (s), 1335 (vs), 1232 (vs), 1160 (s), 1036 

(s), 917 (m), 869 (s), 753 (vs), 693 (s) cm–1. 

HRMS (EI, M+) calcd for C19H23NO2 297.1729, found 297.1722. 
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methyl 4-(diisopropylcarbamoyl)benzoate (1.78o) 

Colour and State: Colourless solid; mp = 86-87 ºC (hexanes).  

Spectral data were found to be consistent with those reported.74 

1H NMR (400 MHz, CDCl3) δ 8.07-8.04 (m, 2H), 7.38-7.36 (m, 2H), 3.93 (s, 3H), 3.72 (br s, 

1H), 3.54 (br s, 1H), 1.54 (br s, 6H), 1.14 (br s, 6H). 

IR (Neat) 2971 (m), 2930 (m), 1723 (vs), 1627 (vs), 1505 (m), 1436 (s), 1337 (s), 1282 (vs), 1117 

(s), 1037 (s), 863 (s), 784 (s), 745 (vs), 718 (vs) cm–1. 

 

4-cyano-N,N-diisopropylbenzamide (1.78p) 

Colour and State: Colourless crystalline solid; mp = 162-164 ºC 

(EtOAc/hexanes).  

Spectral data were found to be consistent with those reported.74 

1H NMR (400 MHz, CDCl3) δ 7.70-7.67 (m, 2H), 7.41-7.39 (m, 2H), 3.65 (br s, 1H), 3.56 (br s, 

1H), 1.53 (br s, 6H), 1.16 (br s, 6H). 

IR (Neat) 3058 (w), 2968 (m), 2929 (w), 2231 (m), 1624 (vs), 1442 (s), 1341 (vs), 1214 (m), 

1037 (s), 869 (s), 836 (s), 763 (s) cm–1. 

 

3-(diisopropylcarbamoyl)phenyl acetate (1.78q) 

Colour and State: Colourless crystalline solid; mp = 75-77 ºC 

(EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3) δ 7.39 (t, J = 7.9 Hz, 1H), 7.17 (app. dt, J = 7.6, 1.1 Hz, 1H), 7.12-

7.09 (m, 1H), 7.06 (app. t, J = 1.8 Hz, 1H), 3.82 (br s, 1H), 3.54 (br s, 1H), 2.30 (s, 3H), 1.49 (br 

s, 6H), 1.17 (br s, 6H). 
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13C NMR (100 MHz, CDCl3) δ 169.74 (C), 169.20 (C), 150.63 (C), 140.20 (CH), 129.66 (CH), 

123.03 (CH), 121.86 (CH), 119.17 (CH), 21.18 (CH3), 20.73 (CH3) (the carbon N–CH was not 

observed due to peak broadening as the result of amide rotation). 

IR (Neat) 2967 (m), 2934 (s), 1771 (s), 1623 (vs), 1451 (s), 1371 (s), 1344 (vs), 1203 (vs), 1038 

(s), 950 (s), 822 (m), 749 (s), 700 (s) cm–1. 

HRMS (EI, M+) calcd for C15H21NO3 263.1521, found 263.1526. 

 

1.6.6 Experimental Procedure for the Preparation of 3-acetamido-N,N-

diisopropylbenzamide 1.78r 

 

 

To a solution of 3-nitrobenzoic acid 1.78r-1 (0.50 g,  2.99 mmol) in dichloromethane (30 mL) 

was added oxalyl chloride (1.27 mL, 14.96 mmol), followed by dropwise addition of DMF (ca. 

10 drops). The reaction mixture was stirred for 1 h, and then concentrated in vacuo. The resulting 

residue was diluted with dichloromethane (30 mL), and diisopropylamine (0.63 mL, 4.49 mmol) 

was added dropwise, followed by triethylamine (1.25 mL, 8.98 mmol). The reaction mixture was 

stirred for ca. 14 h, followed by quenching with 1 M HCl (20 mL). The layers were separated, 

and the aqueous phase extracted with EtOAc (2 x 25 mL). The combined organic phase was 

washed with saturated NaHCO3 solution, dried over MgSO4, subjected to filtration, and 
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concentrated in vacuo. Purification by flash column chromatography (silica gel, hexanes/EtOAc 

eluent) afforded N,N-diisopropyl-3-nitrobenzamide 1.78r-2 (0.682 g, 91%) as a pale yellow solid. 

To a solution of N,N-diisopropyl-3-nitrobenzamide 1.78r-2 (0.400 g, 1.60 mmol) in methanol 

(6.5 mL) was added palladium on carbon (0.170 g, 0.160 mmol). The reaction mixture was then 

placed under an atmosphere of hydrogen using a hydrogen balloon, and stirred for ca. 14 h. The 

mixture was then subjected to filtration through Celite, washing with methanol, and the filtrate 

concentrated in vacuo to afford 3-amino-N,N-diisopropylbenzamide 1.78r-3 as an off-white solid 

(0.347 g, 99%). The crude product was used in the next step without further purification. 

To a solution of 3-amino-N,N-diisopropylbenzamide 1.78r-3 (0.100 g, 0.454 mmol) in 

dichloromethane (0.7 mL) was added triethylamine (0.095 mL, 0.681 mmol). The reaction 

mixture was cooled in an ice bath and acetyl chloride (0.032 mL, 0.454 mmol) was added 

dropwise. The reaction mixture was then stirred for ca. 14 h, allowing to warm to room 

temperature. The mixture was then washed with brine, and the organic phase dried over MgSO4, 

subjected to filtration, and concentrated in vacuo. Purification by flash column chromatography 

(silica gel, hexanes/EtOAc eluent) afforded 3-acetamido-N,N-diisopropylbenzamide 1.78r (0.110 

g, 92%) as a colourless solid. 

 

 3-acetamido-N,N-diisopropylbenzamide (1.78r) 

Colour and State: Colourless solid; mp = 148-151 ºC (EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3) δ 8.63 (br s, 1H), 7.57 (d, J = 8.0 Hz, 1H), 7.23 (t, J = 8.1 Hz, 1H), 

7.18 (s, 1H), 6.93 (d, J = 7.2 Hz, 1H), 3.86 (br s, 1H), 3.53 (br s, 1H), 2.10 (s, 3H), 1.54 (br s, 

6H), 1.13 (br s, 6H). 
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13C NMR (100 MHz, CDCl3) δ 171.30 (C), 169.03 (C), 138.81 (C), 138.69 (C), 129.22 (CH), 

120.81 (CH), 120.46 (CH), 117.53 (CH), 24.39 (CH3), 20.76 (CH3) (the carbon N–CH was not 

observed due to peak broadening as the result of amide rotation). 

IR (Neat) 3300 (w), 3264 (m), 3138 (w), 3086 (w), 2970 (m), 2935 (w), 1688 (s), 1608 (vs), 1551 

(vs), 1472 (s), 1374 (s), 1352 (vs), 1306 (vs), 1251 (s), 1157 (s), 1040 (s), 974 (w), 886 (s), 803 

(vs), 763 (s) cm–1. 

HRMS (EI, M+) calcd for C15H22N2O2 262.1681, found 262.1675. 

 

1.6.7 Experimental Procedure for the Preparation of tert-butyl (3-

(diisopropylcarbamoyl)phenyl)carbamate 1.78s 

 

To a solution of di-tert-butyl dicarbonate (0.16 mL, 0.681 mmol) in absolute ethanol (0.9 mL) 

was added 3-amino-N,N-diisopropylbenzamide 1.78r-3 (0.100 g, 0.454 mmol). The mixture was 

stirred at room temperature for ca. 14 h, after which the ethanol had evaporated. The mixture was 

partitioned between H2O and CH2Cl2, the layers separated, and the aqueous phase extracted with 

CH2Cl2 (2 x 10 mL). The combined organic phase was dried over MgSO4, subjected to filtration, 

and concentrated in vacuo. Purification by flash column chromatography (silica gel, 

hexanes/EtOAc eluent) afforded tert-butyl (3-(diisopropylcarbamoyl)phenyl)carbamate 1.78s 

(0.128 g, 88%) as a colourless solid. 
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tert-butyl (3-(diisopropylcarbamoyl)phenyl)carbamate (1.78s) 

Colour and State: Colourless solid; mp = 195-198 ºC (EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3) δ 7.40 (d, J = 8.0 Hz, 1H), 7.30-7.26 (m, 2H), 6.95 (dd, J = 7.5, 1.0 

Hz, 1H), 6.57 (br s, 1H), 3.85 (br s, 1H), 3.51 (br s, 1H), 1.51 (s, 9H), 1.49 (br s, 6H), 1.15 (br s, 

6H). 

13C NMR (100 MHz, CDCl3) δ 170.68 (C), 152.75 (C), 139.79 (C), 138.80 (C), 129.25 (CH), 

120.10 (CH), 118.84 (CH), 115.99 (CH), 80.76 (C), 28.47 (CH3), 20.84 (CH3) (the carbon N–CH 

was not observed due to peak broadening as the result of amide rotation). 

IR (Neat) 3262 (m), 3083 (w), 2967 (m), 2932 (m), 1725 (vs), 1608 (vs), 1587 (vs), 1459 (s), 

1348 (vs), 1235 (vs), 1154 (vs), 1038 (s), 895 (s), 793 (vs), 738 (s) cm–1. 

HRMS (EI, M+) calcd for C18H28N2O3 320.2100, found 320.2108. 

 

1.6.8 Representative Experimental Procedure for the Preparation of ortho-Borylated 

N,N-Diisopropylbenzamides 1.79a-n 

 

N,N-diisopropylbenzamide 1.78a (0.051 g, 0.25 mmol) was added to [Ir(COD)OMe]2 (0.0050 g, 

0.0075 mmol), tris(3,5-bis(trifluoromethyl)phenyl)phosphine (0.020 g, 0.030 mmol), and B2pin2 

(0.083 g, 0.325 mmol). Degassed toluene (1.5 mL) was added, and the solution was stirred at 

room temperature for ca. 16 h, after which it was concentrated in vacuo. Purification by flash 

column chromatography (silica gel, hexanes/EtOAc eluent) afforded N,N-diisopropyl-2-(4,4,5,5,-

tetramethyl-1,3,2-dioxaborolan-2-yl)benzamide 1.79a (0.076 g, 92%) as a beige solid. 
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1.6.9 Spectral Data for ortho-Borylated N,N-Diisopropylbenzamides 1.79a-n 

 

N,N-diisopropyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzamide 

(1.79a) 

Colour and State: Beige solid; mp = 111-114 ºC (hexanes), lit. = 108-110 ºC.81 

Spectral data were found to be consistent with those reported.81 

1H NMR (400 MHz, CDCl3) δ 7.80 (dd, J = 7.4, 0.9 Hz, 1H), 7.40 (td, J = 7.5, 1.4 Hz, 1H), 7.32 

(td, J = 7.5, 1.1 Hz, 1H), 7.16 (d, J = 7.5 Hz, 1H), 3.73 (septet, J = 6.6 Hz, 1H), 3.50 (septet, J = 

6.7 Hz, 1H), 1.58 (d, J = 6.6 Hz, 6H), 1.31 (s, 12H), 1.12 (d, J = 6.6 Hz, 6H). 

IR (Neat) 2978 (m), 2931 (m), 1629 (vs), 1597 (m), 1566 (w), 1449 (m), 1432 (s), 1352 (vs), 

1337 (vs), 1320 (vs), 1140 (vs), 859 (s), 778 (s), 657 (vs) cm–1. 

 

2-fluoro-N,N-diisopropyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzamide (1.79b) 

Colour and State: Beige solid; mp = 120-122 ºC (hexanes). 

1H NMR (400 MHz, CDCl3) δ 7.58 (dd, J = 7.3, 0.8 Hz, 1H), 7.27 (td, J = 7.9, 5.3 Hz, 1H), 7.13-

7.08 (m, 1H), 3.66 (septet, J = 6.6 Hz, 1H), 3.51 (septet, J = 6.8 Hz, 1H), 1.58 (d, J = 6.8 Hz, 6H), 

1.30 (s, 12H), 1.14 (d, J = 6.6 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 165.72 (C), 158.04 (C, d, 1JCF = 245.17 Hz), 132.54 (C, d, 2JCF = 

17.87 Hz), 131.58 (CH, d, 4JCF = 3.03 Hz), 129.00 (CH, d, 3JCF = 7.31 Hz), 118.20 (CH, d, 2JCF = 

21.94 Hz), 84.34 (C), 51.36 (CH), 46.03 (CH), 24.95 (CH3), 20.42 (CH3) (the carbon C–B was 

not observed due to quadrupolar broadening). 

IR (Neat) 2977 (m), 2934 (w), 1633 (s), 1430 (s), 1354 (vs), 1335 (vs), 1142 (s), 967 (s), 852 (s), 

761 (s) cm–1. 
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HRMS (EI, M+) calcd for C19H29BFNO3 349.2225, found 349.2231. 

 

5-fluoro-N,N-diisopropyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzamide (1.79e) 

Colour and State: Beige solid; mp = 129-131 ºC (hexanes). 

1H NMR (400 MHz, CDCl3) δ 7.80 (dd, J = 8.3, 6.3 Hz, 1H), 7.00 (td, J = 8.6, 2.4 Hz, 1H), 6.84 

(dd, J = 9.2, 2.5 Hz, 1H), 3.64 (septet, J = 6.6 Hz, 1H), 3.49 (septet, J = 6.6 Hz, 1H), 1.56 (d, J = 

6.4 Hz, 6H), 1.30 (s, 12H), 1.12 (d, J = 6.7 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 169.77 (C, d, 4JCF = 2.16 Hz), 164.47 (C, d, 1JCF = 251.81 Hz), 

147.89 (C, d, 3JCF = 6.71 Hz), 138.42 (CH, d, 3JCF = 8.09 Hz), 114.47 (CH, d, 2JCF = 19.74 Hz), 

112.15 (CH, d, 2JCF = 21.90 Hz), 84.15 (C), 51.04 (CH), 45.85 (CH), 24.97 (CH3), 20.45 (CH3), 

20.32 (CH3) (the carbon C–B was not observed due to quadrupolar broadening). 

IR (Neat) 2977 (m), 2932 (w), 1626 (vs), 1599 (m), 1578 (s), 1357 (vs), 1335 (vs), 1214 (s), 1145 

(vs), 1038 (s), 859 (s), 827 (s), 746 (s), 663 (s) cm–1. 

HRMS (EI, M+) calcd for C19H29BFNO3 349.2225, found 349.2220. 

 

 3-fluoro-N,N-diisopropyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzamide (1.79e′) 

Colour and State: Light beige solid; mp = 106-109 ºC, lit. = 104-106 ºC.57 

Spectral data were found to be consistent with those reported.57  

1H NMR (400 MHz, CDCl3) δ 7.32 (td, J = 7.9, 5.6 Hz, 1H), 7.03-6.99 (m, 2H), 3.78 (br s, 1H), 

3.54 (br s, 1H), 1.54 (br s, 6H), 1.33 (s, 12H), 1.20 (br s, 6H). 

IR (Neat) 2972 (m), 2932 (m), 2879 (w), 1623 (vs), 1437 (s), 1338 (vs), 1319 (vs), 1145 (s), 858 

(s), 791 (vs) cm–1. 
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5-chloro-N,N-diisopropyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzamide (1.79f) 

Colour and State: Beige solid; mp = 136-137 ºC. 

1H NMR (400 MHz, CDCl3) δ 7.73 (d, J = 8.0 Hz, 1H), 7.28 (dd, J = 8.1, 2.1 Hz, 1H), 7.12 (d, J 

= 2.0 Hz, 1H), 3.64 (septet, J = 6.6 Hz, 1H), 3.49 (septet, J = 6.7 Hz, 1H), 1.55 (d, J = 6.8 Hz, 

6H), 1.29 (s, 12H), 1.12 (d, J = 6.8 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 169.59 (C), 146.82 (C), 137.26 (CH), 136.96 (C), 127.45 (CH), 

124.79 (CH), 84.10 (C), 50.96 (CH), 45.76 (CH), 24.83 (CH3), 20.31 (CH3), 20.19 (CH3) (the 

carbon C–B was not observed due to quadrupolar broadening). 

IR (Neat) 2976 (m), 2929 (m), 1625 (vs), 1444 (m), 1351 (vs), 1335 (vs), 1134 (vs), 1040 (s), 854 

(s), 727 (s), 657 (s) cm–1. 

HRMS (EI, M+) calcd for C19H29BClNO3 365.1929, found 365.1939. 

 

 3-chloro-N,N-diisopropyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzamide (1.79f′) 

Colour and State: Light beige solid; mp = 131-134 ºC (hexanes). 

1H NMR (400 MHz, CDCl3) δ 7.32 (d, J = 7.8 Hz, 1H), 7.23 (t, J = 7.8 Hz, 1H), 7.11 (d, J = 7.5 

Hz, 1H), 3.97 (br s, 1H), 3.55 (br s, 1H), 1.50 (br s, 6H), 1.36 (s, 12H), 1.25 (br s, 6H). 

13C NMR (100 MHz, CDCl3) δ 170.51 (C), 143.85 (C), 139.03 (C), 129.85 (CH), 129.80 (CH), 

122.91 (CH), 83.98 (C), 25.26 (CH3), 20.74 (CH3) (the carbon C–B was not observed due to 

quadrupolar broadening; the carbon N–CH was not observed due to peak broadening as the result 

of amide rotation). 

IR (Neat) 2973 (m), 2931 (m), 1621 (s), 1428 (s), 1337 (vs), 1315 (vs), 1204 (m), 1140 (vs), 1051 

(s), 965 (m), 857 (s), 762 (vs) cm–1. 
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HRMS (EI, M+) calcd for C19H29BClNO3 365.1929, found 365.1930. 

 

5-bromo-N,N-diisopropyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzamide (1.79g) 

Colour and State: Off-white solid; mp = 136-137 ºC (hexanes). 

1H NMR (400 MHz, CDCl3) δ 7.67 (d, J = 8.1 Hz, 1H), 7.45 (dd, J = 8.0, 1.9 Hz, 1H), 7.29 (d, J 

= 1.6 Hz, 1H), 3.65 (septet, J = 6.5 Hz, 1H), 3.50 (septet, J = 6.5 Hz, 1H), 1.56 (d, J = 6.6 Hz, 

6H), 1.30 (s, 12H), 1.13 (d, J = 6.6 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 169.59 (C), 147.08 (C), 137.50 (CH), 130.55 (CH), 127.79 (CH), 

125.62 (C), 84.27 (C), 51.12 (CH), 45.91 (CH), 24.97 (CH3), 20.46 (CH3), 20.33 (CH3) (the 

carbon C–B was not observed due to quadrupolar broadening). 

IR (Neat) 2976 (m), 2927 (m), 1624 (vs), 1581 (s), 1438 (s), 1351 (vs), 1333 (vs, 1314 (vs), 1212 

(s), 1135 (vs), 1039 (s), 963 (s), 850 (s), 717 (s) cm–1. 

HRMS (EI, M+) calcd for C19H29BBrNO3 409.1424, found 409.1420. 

 

4-fluoro-N,N-diisopropyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzamide (1.79h) 

Colour and State: Beige solid; 111-114 ºC (hexanes). 

1H NMR (400 MHz, CDCl3) δ 7.45 (dd, J = 9.0, 2.4 Hz, 1H), 7.19 (dd, J = 8.4, 5.1 Hz, 1H), 7.05 

(td, J = 8.4, 2.5 Hz, 1H), 3.90-3.78 (m, 1H), 3.59-3.47 (m, 1H), 1.57 (d, J = 7.4 Hz, 6H), 1.31 (s, 

12H), 1.16 (d, J = 3.6 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 170.63 (C), 162.51 (C, d, 1JCF = 249.34 Hz), 139.68 (C, d, 4JCF = 

2.96 Hz), 126.79 (CH, d, 3JCF = 7.97 Hz), 121.38 (CH, d, 2JCF = 19.73 Hz), 117.16 (CH, d, 2JCF = 
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21.98 Hz), 83.70 (C), 51.10 (CH), 46.41 (CH), 25.01 (CH3), 20.51 (CH3), 20.38 (CH3) (the 

carbon C–B was not observed due to quadrupolar broadening). 

IR (Neat) 2974 (m), 2930 (m), 1631 (vs), 1419 (vs), 1335 (vs), 1271 (s), 1201 (s), 1135 (vs), 

1034 (s), 894 (s), 845 (s), 770 (s) cm–1. 

HRMS (ESI, [M+H]+) calcd for C19H30BFNO3 350.22973, found 350.22985. 

 

 4-chloro-N,N-diisopropyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzamide (1.79i) 

Colour and State: Off-white solid; mp = 121-123 ºC. 

1H NMR (400 MHz, CDCl3) δ 7.76 (d, J = 2.1 Hz, 1H), 7.36 (dd, J = 8.1, 2.3 Hz, 1H), 7.11 (d, J 

= 8.0 Hz, 1H), 3.73 (septet, J = 6.3 Hz, 1H), 3.51 (septet, J = 6.4 Hz, 1H), 1.56 (d, J = 6.5 Hz, 

6H), 1.31 (s, 12H), 1.13 (d, J = 6.0 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 170.37 (C), 142.91 (C), 135.30 (CH), 134.00 (C), 130.55 (CH), 

126.28 (CH), 84.12 (C), 51.09 (CH), 46.12 (CH), 24.99 (CH3), 20.51 (CH3), 20.35 (CH3) (the 

carbon C–B was not observed due to quadrupolar broadening). 

IR (Neat) 2976 (m), 2931 (w), 1632 (s), 1438 (m), 1366 (s), 1331 (vs), 1214 (s), 1136 (vs), 1032 

(s), 964 (m), 843 (s), 760 (m) cm–1. 

HRMS (EI, M+) calcd for C19H29BClNO3 365.1929, found 365.1941. 
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 4-bromo-N,N-diisopropyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzamide (1.79j) 

Colour and State: Beige solid; mp = 98-102 ºC. 

1H NMR (400 MHz, CDCl3) δ 7.91 (d, J = 2.0 Hz, 1H), 7.51 (dd, J = 8.2, 2.1 Hz, 1H), 7.04 (d, J 

= 8.3 Hz, 1H), 3.70 (septet, J = 6.3 Hz, 1H), 3.49 (septet, J = 6.7 Hz, 1H), 1.54 (d, J = 6.7 Hz, 

6H), 1.29 (s, 12H), 1.11 (d, J = 6.5 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 170.33 (C), 143.42 (C), 138.23 (CH), 133.50 (CH), 126.49 (CH), 

122.26 (C), 84.14 (C), 51.06 (CH), 46.06 (CH), 24.96 (CH3), 20.47 (CH3), 20.32 (CH3) (the 

carbon C–B was not observed due to quadrupolar broadening). 

IR (Neat) 2976 (m), 2930 (m), 1628 (vs), 1551 (m), 1441 (s), 1371 (s), 1342 (vs), 1321 (vs), 1213 

(s), 1137 (vs), 1037 (s), 963 (s), 837 (s), 763 (s), 719 (s) cm–1. 

HRMS (ESI, [M+H]+) calcd for C19H30BBrNO3 410.14966, found 410.14915. 

 

 N,N-diisopropyl-4-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzamide (1.79k) 

Colour and State: Beige solid. mp = 99-102 ºC. 

1H NMR (400 MHz, CDCl3) δ 7.61 (s, 1H), 7.20 (dd, J = 7.8, 1.1 Hz, 1H), 7.07 (d, J = 7.6 Hz, 

1H), 3.81-3.75 (m, 1H), 3.53-3.46 (m, 1H), 2.34 (s, 3H), 1.57 (d, J = 5.6 Hz, 6H), 1.31 (s, 12H), 

1.12 (d, J = 5.7 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 171.44 (C), 142.05 (C), 137.09 (C), 135.86 (CH), 131.09 (CH), 

124.63 (CH), 83.58 (C), 50.83 (CH), 45.76 (CH), 24.89 (CH3), 21.11 (CH3), 20.47 (CH3), 20.26 

(CH3) (the carbon C–B was not observed due to quadrupolar broadening). 

IR (Neat) 2972 (m), 2929 (m), 1625 (s), 1437 (s), 1370 (s), 1334 (vs), 1314 (vs), 1212 (s), 1144 

(vs), 1041 (s), 855 (s), 817 (vs), 674 (s) cm–1. 
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HRMS (EI, M+) calcd for C20H32BNO3 345.2475, found 345.2471. 

 

 N,N-diisopropyl-2-methoxy-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzamide (1.79l) 

Colour and State: Off-white solid. mp = 134-135 ºC (hexanes). 

1H NMR (400 MHz, CDCl3) δ 7.39 (d, J = 7.3 Hz, 1H), 7.28-7.24 (m, 1H), 6.95 (d, J = 8.2 Hz, 

1H), 3.78 (s, 3H), 3.61 (septet, J = 6.7 Hz, 1H), 3.48 (septet, J = 6.8 Hz, 1H), 1.58 (d, J = 6.8 Hz, 

6H), 1.30 (s, 12H), 1.10 (d, J = 6.7 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 168.20 (C), 155.01 (C), 134.72 (C), 128.29 (CH), 128.01 (CH), 

113.74 (CH), 84.02 (C), 55.70 (CH3), 51.04 (CH), 45.72 (CH), 24.96 (CH3), 20.52 (CH3), 20.38 

(CH3) (the carbon C–B was not observed due to quadrupolar broadening). 

IR (Neat) 3071 (w), 2981 (m), 2928 (m), 2877 (w), 1618 (s), 1430 (s), 1369 (s), 1339 (vs), 1308 

(vs), 1269 (vs), 1142 (vs), 1051 (vs), 854 (s), 747 (s), 681 (s) cm–1. 

HRMS (EI, M+) calcd for C20H32BNO4 361.2424, found 361.2423. 

 

 N,N-diisopropyl-5-methoxy-2-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)benzamide (1.79m) 

Colour and State: Off-white solid; mp = 127-129 ºC (hexanes). 

1H NMR (400 MHz, CDCl3) δ 7.75 (d, J = 8.3 Hz, 1H), 6.83 (dd, J = 8.4, 2.5 Hz, 1H), 6.66 (d, J 

= 2.2 Hz, 1H), 3.81 (s, 3H), 3.66 (septet, J = 6.6 Hz, 1H), 3.48 (septet, J = 6.7 Hz, 1H), 1.57 (d, J 

= 6.8 Hz, 6H), 1.29 (s, 12H), 1.10 (d, J = 6.5 Hz, 6H). 

13C NMR (100 MHz, CDCl3) δ 170.88 (C), 161.80 (C), 147.49 (C), 137.93 (CH), 112.88 (CH), 

110.57 (CH), 83.79 (C), 55.37 (CH3), 50.92 (CH), 45.68 (CH), 24.98 (CH3), 20.53 (CH3), 20.36 

(CH3) (the carbon C–B was not observed due to quadrupolar broadening). 
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IR (Neat) 2975 (m), 2933 (s), 1629 (vs), 1600 (s), 1559 (m), 1353 (vs), 1337 (vs), 1321 (vs) 1285 

(vs), 1134 (vs), 1031 (vs), 847 (vs), 749 (s) cm–1. 

HRMS (ESI, [M+H]+) calcd for C20H33BNO4 362.24972, found 362.24800. 

 

 N,N-diisopropyl-4-phenoxy-2-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)benzamide (1.79n) 

Colour and State: Light beige solid; mp = 115-116 ºC (hexanes). 

1H NMR (400 MHz, CDCl3) δ 7.43 (d, J = 2.4 Hz, 1H), 7.33 (t, J = 7.9 Hz, 2H), 7.20 (d, J = 8.4 

Hz, 1H), 7.10 (t, J = 7.4 Hz, 1H), 7.00 (d, J = 8.1 Hz, 2H), 6.97 (dd, J = 8.3, 2.4 Hz, 1H), 3.99 (br 

s, 1H), 3.55 (br s, 1H), 1.56 (br s, 6H), 1.29 (s, 12H), 1.18 (br s, 6H). 

13C NMR (100 MHz, CDCl3) δ 171.12 (C), 157.23 (C), 157.14 (C), 138.09 (C), 129.85 (CH), 

126.53 (CH), 124.84 (CH), 123.40 (CH), 120.29 (CH), 119.00 (CH), 83.27 (C), 51.06 (CH), 

46.54 (CH), 25.05 (CH3), 20.57 (CH3), 20.53 (CH3), 20.50 (CH3), 20.47 (CH3) (the carbon C–B 

was not observed due to quadrupolar broadening). 

IR (Neat) 2977 (m), 2926 (m), 1629 (s), 1588 (m), 1491 (s), 1343 (vs), 1330 (vs), 1324 (vs), 1225 

(vs), 1145 (vs), 1035 (s), 855 (vs), 754 (vs), 690 (s) cm–1. 

HRMS (ESI, [M+H]+) calcd for C25H35BNO4 424.26537, found 424.26349. 

 

1.6.10 Representative Experimental Procedure for the One-Pot ortho-Borylation/Cross-

Coupling Reaction 

 

N,N-diisopropylbenzamide 1.78a (0.051 g, 0.25 mmol) was added to [Ir(COD)OMe]2 (0.0050 g, 

0.0075 mmol), tris(3,5-bis(trifluoromethyl)phenyl)phosphine (0.020 g, 0.030 mmol), and B2pin2 

(0.083 g, 0.325 mmol) in a microwave vial. Degassed toluene (1.5 mL) was added, the vial was 
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sealed under nitrogen and the solution was stirred at room temperature for ca. 16 h. Pd(dppf)Cl2 

(0.0092 g, 0.013 mmol) was then added, followed by degassed H2O (0.5 mL), potassium 

hydroxide (0.070 g, 1.25 mmol), and iodobenzene (0.034 mL, 0.30 mmol). The reaction vessel 

was re-sealed under nitrogen and heated to 80 ºC for 6 h. The reaction mixture was cooled to 

room temperature and subjected to filtration through Celite, washing with CH2Cl2 and EtOAc. 

The filtrate was partitioned between H2O and CH2Cl2, the layers separated, and the aqueous phase 

extracted with CH2Cl2 (2 x 15 mL). The organic phase was dried over MgSO4, subjected to 

filtration, and concentrated in vacuo. Purification by flash column chromatography (silica gel, 

hexanes/EtOAc eluent) afforded N,N-diisopropyl-[1,1'-biphenyl]-2-carboxamide 1.83 (0.076 g, 

92%) as a beige solid. 

 

1.6.11 Spectral Data for Cross-Coupled Products 1.83, 1.82, and 1.85 

 

 N,N-diisopropyl-[1,1'-biphenyl]-2-carboxamide (1.83) 

Colour and State: Beige solid; mp = 110-111 ºC (hexanes). 

Spectral data were found to be consistent with those reported.82  

1H NMR (400 MHz, CDCl3) δ 7.57-7.54 (m, 2H), 7.42-7.29 (m, 7H), 3.43 (septet, J = 6.7 Hz, 

1H), 3.22 (septet, J = 6.8 Hz, 1H), 1.52 (d, J = 6.7 Hz, 3H), 1.28 (d, J = 6.9 Hz, 3H), 0.89 (d, J = 

6.8 Hz, 3H), 0.34 (d, J = 6.6 Hz, 3H). 

IR (Neat) 2967 (m), 2930 (m), 1617 (vs), 1445 (s), 1339 (vs), 1213 (s), 1137 (s), 1035 (s), 924 

(m), 842 (m), 741 (vs), 703 (vs) cm–1. 
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N,N-diisopropyl-4-methoxy-4'-methyl-[1,1'-biphenyl]-2-

carboxamide (1.82) 

Colour and State: Light brown solid; mp = 172-174 ºC (decomp.) 

(EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3) δ 7.40 (d, J = 8.0 Hz, 2H), 7.30 (d, J = 8.6 Hz, 1H), 7.16 (d, J = 7.8 

Hz, 2H), 6.94 (dd, J = 8.6, 2.6 Hz, 1H), 6.81 (d, J = 2.6 Hz, 1H), 3.84 (s, 3H), 3.46 (septet, J = 

6.6 Hz, 1H), 3.23 (septet, J = 6.8 Hz, 1H), 2.36 (s, 3H), 1.52 (d, J = 6.8 Hz, 3H), 1.30 (d, J = 6.8 

Hz, 3H), 0.91 (d, J = 6.6 Hz, 3H), 0.35 (d, J = 6.6 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 170.23 (C), 159.05 (C), 138.95 (C), 136.88 (C), 136.80 (C), 

130.63 (CH), 130.49 (C), 129.20 (CH), 129.03 (CH), 114.73 (CH), 111.71 (CH), 55.62 (CH3), 

50.64 (CH), 45.71 (CH), 21.24 (CH3), 21.01 (CH3), 19.65 (CH3), 19.58 (CH3). 

IR (Neat) 2997 (w), 2961 (m), 2934 (m), 1625 (vs), 1608 (s), 1438 (s), 1333 (vs), 1276 (vs), 1225 

(s), 1134 (vs), 1032 (vs), 934 (m), 867 (s), 809 (vs), 765 (s) cm–1. 

HRMS (EI, M+) calcd for C21H27NO2 325.2042, found 325.2048. 

 

4-chloro-N,N-diisopropyl-4'-nitro-[1,1'-biphenyl]-2-carboxamide 

(1.85) 

Colour and State: Colourless solid; mp = 190-192 ºC (EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3) δ 8.25 (d, J = 8.7 Hz, 2H), 7.72 (d, J = 8.7Hz, 2H), 7.44 (dd, J = 

8.3, 2.0 Hz, 1H), 7.36 (d, J = 8.4 Hz, 1H), 7.32 (d, J = 1.8 Hz, 1H), 3.41 (septet, J = 6.7 Hz, 1H), 

3.27 (septet, J = 6.8 Hz, 1H), 1.51 (d, J = 6.7 Hz, 3H), 1.26 (d, J = 6.8 Hz, 3H), 0.98 (d, J = 6.6 

Hz, 3H), 0.44 (d, J = 6.5 Hz, 3H). 
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13C NMR (100 MHz, CDCl3) δ 168.06 (C), 147.59 (C), 145.43 (C), 139.46 (C), 135.47 (C), 

133.97 (C), 130.95 (CH), 130.25 (CH), 129.18 (CH), 126.86 (CH), 123.74 (CH), 51.03 (CH), 

46.11 (CH), 20.82 (CH3), 20.68 (CH3), 20.04 (CH3), 19.75 (CH3). 

IR (Neat) 3107 (w), 2977 (m), 2936 (m), 1624 (s), 1511 (s), 1441 (s), 1337 (vs), 1105 (s), 1037 

(s), 870 (s), 825 (vs), 765 (vs), 701 (vs) cm–1. 

HRMS (EI, M+) calcd for C19H21ClN2O3 360.1241, found 360.1248. 

 

1.6.12 Experimental Procedure for the Preparation of 3-iodo-N,N-diisopropyl-4-

methoxy-4'-methyl-[1,1'-biphenyl]-2-carboxamide (1.84) 

 

To a solution of N,N-diisopropyl-4-methoxy-4'-methyl-[1,1'-biphenyl]-2-carboxamide 1.82 

(0.053 g, 0.163 mmol) in THF (1.5 mL) at −78 °C was added tert-butyllithium (1.05 M, 0.171 

mL, 0.179 mmol) dropwise, ensuring the internal temperature did not rise above −70 °C. The 

reaction mixture was stirred for 1 h at −78 °C, after which time a solution of iodine (0.124 g, 

0.489 mmol) in THF (1 mL) was added dropwise, ensuring the internal temperature did not rise 

above −68 °C. The reaction mixture was stirred for 30 min at −78 °C, then allowed to warm to 

room temperature and stirred for ca. 14 h. The mixture was quenched with saturated NH4Cl 

solution, and extracted with CH2Cl2 (2 x 10 mL) and EtOAc (2 x 10 mL). The combined organic 

phase was washed with saturated Na2O3S2, dried over MgSO4, subjected to filtration, and 

concentrated in vacuo. Purification by flash column chromatography (silica gel, hexanes/EtOAc 

eluent) afforded 3-iodo-N,N-diisopropyl-4-methoxy-4'-methyl-[1,1'-biphenyl]-2-carboxamide 

1.84 (0.048 g, 65%) as a beige solid. 
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3-iodo-N,N-diisopropyl-4-methoxy-4'-methyl-[1,1'-biphenyl]-2-

carboxamide (1.84) 

Colour and State: Beige solid; mp = 198-199 ºC. 

1H NMR (400 MHz, CDCl3) δ 7.42 (d, J = 8.0 Hz, 2H), 7.31 (d, J = 8.4 Hz, 1H), 7.15 (d, J = 7.8 

Hz, 2H), 6.83 (d, J = 8.6 Hz, 1H), 3.92 (s, 3H), 3.39 (septet, J = 6.6 Hz, 1H), 3.22 (septet, J = 6.7 

Hz, 1H), 2.36 (s, 3H), 1.59 (d, J = 6.8 Hz, 3H), 1.26 (d, J = 6.8 Hz, 3H), 1.08 (d, J = 6.5 Hz, 3H), 

0.31 (d, J = 6.5 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 169.07 (C), 157.62 (C), 143.80 (C), 137.27 (C), 136.38 (C), 

132.45 (C), 131.09 (CH), 129.69 (CH), 128.92 (CH), 110.35 (CH), 87.11 (C), 56.74 (CH3), 51.14 

(CH), 46.23 (CH), 21.25 (CH3), 21.00 (CH3), 20.26 (CH3), 20.16 (CH3), 19.98 (CH3). 

IR (Neat) 2970 (m), 2932 (m), 1624 (vs), 1434 (vs), 1327 (vs), 1284 (vs), 1109 (m), 1035 (s), 935 

(m), 801 (vs), 756 (m), 668(s) cm–1. 

HRMS (EI, M+) calcd for C21H26INO2 451.1008, found 451.1001. 

 

1.6.13 Experimental Procedure for the Preparation of N,N-diisopropyl-4''-methoxy-4-

nitro-[1,1':4',1''-terphenyl]-2'-carboxamide (1.86) 

 

To a solution of 4-chloro-N,N-diisopropyl-4'-nitro-[1,1'-biphenyl]-2-carboxamide 1.85 (0.041 g, 

0.114 mmol) in degassed dioxane (0.5 mL) in a microwave vial was added Pd2dba3 (0.0063 g, 

0.0069 mmol), dicyclohexyl(2′, 6′-dimethoxybiphenyl-2-yl)phosphine (0.0057 g, 0.014 mmol), 

potassium fluoride (0.0030 mg, 0.516 mmol), and 4-methoxyphenylboronic acid (0.035 g, 0.227 

mmol). The vial was sealed and heated to 110 ºC for 16 h. The reaction mixture was then cooled 

to room temperature and partitioned between 2 M NaOH and CH2Cl2. The layers were separated, 

and the aqueous phase extracted with additional CH2Cl2 (2 x 15 mL). The organic phase was 

NiPr2

O
MeO

Me

I
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dried over MgSO4, subjected to filtration, and concentrated in vacuo. Purification by flash column 

chromatography (silica gel, hexanes/EtOAc eluent) afforded N,N-diisopropyl-4''-methoxy-4-

nitro-[1,1':4',1''-terphenyl]-2'-carboxamide 1.86 (0.032 g, 65%) as a pale yellow solid. 

 

N,N-diisopropyl-4''-methoxy-4-nitro-[1,1':4',1''-terphenyl]-

2'-carboxamide (1.86) 

Colour and State: Pale yellow solid; mp = 236-237 ºC 

(EtOAc/hexanes). 

1H NMR (400 MHz, CDCl3) δ 8.27 (d, J = 8.6 Hz, 2H), 7.79 (d, J = 8.6 Hz, 2H), 7.65 (dd, J = 

8.1, 1.7 Hz, 1H), 7.59 (d, J = 8.6 Hz, 2H), 7.50 (d, J = 1.4 Hz, 1H), 7.47 (d, J = 8.1 Hz, 1H), 7.01 

(d, J = 8.5 Hz, 2H), 3.87 (s, 3H), 3.52 (septet, J = 6.6 Hz, 1H), 3.29 (septet, J = 6.7 Hz, 1H), 1.55 

(d, J = 6.1 Hz, 3H), 1.31 (d, J = 6.6 Hz, 3H), 0.96 (d, J = 6.7 Hz, 3H), 0.46 (d, J = 6.6 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 169.73 (C), 159.92 (C), 147.34 (C), 146.41 (C), 141.78 (C), 

138.53 (C), 133.67 (C), 132.17 (C), 130.23 (CH), 130.03 (CH), 128.37 (CH), 127.14 (CH), 

124.85 (CH), 123.68 (CH), 114.58 (CH), 55.55 (CH3), 50.97 (CH), 45.99 (CH), 20.91 (CH3), 

20.88 (CH3), 20.04 (CH3), 19.83 (CH3). 

IR (Neat) 2996 (m), 2964 (m), 2931 (m), 1623 (vs), 1597 (s), 1513 (vs), 1441 (s), 1339 (vs), 1242 

(vs), 1106 (s), 1029 (vs), 824 (vs), 743 (s), 698 (s) cm–1. 

HRMS (EI, M+) calcd for C26H28N2O4 432.2049, found 432.2042. 
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Chapter 2 

Development of a Three-Component C–H Activation/Allylic 

Substitution Reaction 

 

2.1 Introduction 

 

2.1.1 Transition Metal-Catalyzed C–H Alkylation of Arenes 

 

 The C–H activation reaction of sp2 and sp3 bonds has evolved into a powerful method to 

furnish complex small molecules in an atom economical fashion, by constructing new carbon-

carbon or carbon-heteroatom bonds without the necessity for prefunctionalization.1–3 In 

particular, C–H olefination and allylation reactions have been widely studied, as the products 

contain useful synthetic handles for further functionalization.2 An early example of this type of 

reaction was demonstrated in 1969 by Fujiwara and coworkers, who illustrated that aromatic C–H 

bonds could be activated using palladium to generate new C–C bonds with olefins.4 Initial results 

employed stoichiometric palladium and showcased the methodology for reactions of various 

aromatic compounds with alkenes, generally affording the trans-olefin products. However, 

catalytic amounts of palladium could also be employed, in the presence of an external oxidant, as 

demonstrated in the coupling of benzene 2.1 with styrene 2.2 (eqn 1). Furthermore, the aryl group 

preferentially adds to the less sterically encumbered carbon with unsymmetrical olefins, which is 

analogous to the Mizoroki–Heck reaction.5 
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 The discovery by Fujiwara that simple arene C–H bonds could be activated in this 

manner was groundbreaking, yet the yields were generally moderate, and the catalytic system did 

not have very efficient turnover numbers (TON). Tsuji and Nagashima later discovered that this 

transformation occurs with higher TON if tert-butyl perbenzoate is used as a proton acceptor, 

which permitted lower palladium loadings (<5%).6 In this regard, the conditions were effective 

for the reaction of benzene and furans 2.4 with various olefins 2.5 to provide products 2.6 in 

moderate yields (eqn 2). However, the use of substituted aromatics, such as chlorobenzene and 

toluene, resulted in the formation of mixtures of ortho-, meta-, and para-substituted products. 

    

 Although this type of oxidative coupling continued to be explored, there were still many 

challenges in its selectivity, as well as finding a catalyst system that would give sufficiently high 

TON for potential use in an industrial setting. To this end, Fujiwara and coworkers reported an 

efficient metalation of aryl C–H bonds, and their regio- and stereoselective addition to C–C 

multiple bonds (Scheme 2.1).7 This transformation proved unique in that the addition to alkynes 

produced the kinetic cis-alkenes, in contrast to the oxidative coupling reactions of arenes with 

olefins that furnish the trans-isomers (eqn 1). Three different addition reactions using an in situ-

generated cationic palladium system in TFA were described: an intermolecular addition to 

alkynes (Scheme 2.1a), a similar intermolecular addition to alkenes (Scheme 2.1c), and an 

+

Pd(OAc)2 (10 mol%)
Cu(OAc)2 or AgOAc

AcOH
reflux, 8 hH

(1)

2.1 2.2 2.3
Cu(OAc)2: 45%

AgOAc: 25%

O
+ CO2R2

R1

Pd(OCOPh)2 (1 mol%)
PhCO3t-Bu (1 equiv)
AcOH, 100 ºC, 3 h OR1 CO2R2

2.4 2.5 2.6
34-67% yield

(2)H
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intramolecular cyclization of tethered alkynes to furnish coumarins and quinolinones (Scheme 

2.1b). 

  

Scheme 2.1 Fujiwara’s C–H activation reactions: (a) intermolecular addition to alkynes; (b) 
intramolecular cyclization to alkynes; and (c) intermolecular addition to olefins. 

 

 An extensive substrate scope for the intermolecular alkyne addition (Scheme 2.1a) was 

explored, often using symmetrical or very highly substituted arene coupling partners 2.7. 

Moreover, even less functionalized, unsymmetrical starting arenes (e.g. 5-

methylbenzo[d][1,3]dioxole) exhibited good regioselectivity, in which 2-bromo-1,3,5-

trimethylbenzene is also compatible. Alkynes bearing unprotected aldehydes, esters, and acids 

were all tolerated, albeit no examples of unsymmetrical, electron neutral alkynes were examined. 

A plausible mechanism for the reaction was proposed based on deuteration studies, wherein TFA 

was shown to facilitate protonation of the vinyl-Pd intermediate to generate the final products 2.9. 

 

 Following these initial results, both the oxidative coupling method and the addition to C–

C multiple bonds of alkynes and alkenes have been widely investigated for simple arenes.8 

Nevertheless, although great strides have been made, there are still problems with controlling 

+ R1 R2
[PdO2CCF3]+

TFA Ar

R1 H

R2

H

X

R1

O
R

X O
R

R1

Ar H

Ar H +
p-OMePh

CO2R

p-OMePh

Ar CO2R

(a)

(b)

(c)

[PdO2CCF3]+

TFA

[PdO2CCF3]+

TFA

2.7 2.8 2.9

2.10 2.11

2.12 2.13 2.14
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regioselectivity for reactions with relatively unsymmetrical aromatic moieties. One of the most 

common ways to circumvent this problem is through the use of a directing group (DG), which 

coordinates the metal species to bring it closer in proximity to the target C–H bond for a selective 

insertion. The following section will describe methods that take advantage of this type of strategy. 

 

2.1.1.1 Directed C–H Activation of Arenes 

 

 In 1993, Murai and coworkers reported one of the first examples of a directing group-

mediated C–H alkylation of an arene.9 In this transformation (Scheme 2.2), aromatic substrates 

bearing carbonyl DGs 2.15 couple with olefins 2.16 under ruthenium catalysis, to afford the 

corresponding alkane products 2.17, a reaction which represents an overall addition rather than an 

oxidative coupling. The complex i was postulated as the key intermediate in this process. 

Interestingly, this study demonstrates that several benzophenone derivatives are effective 

substrates for this process, including two heteroaryl examples. The regioselectivity of this 

reaction was unparalleled, affording >99% of regioisomer 2.17, albeit only terminal olefins 2.16 

were examined which afford arylation products coupled at the less sterically hindered carbon. 

   

Scheme 2.2 Ruthenium-catalyzed directed C–H activation of ketones. 

 

O

R2
R1

+ R3
RuH2(CO)(PPh3)3 (2 mol%)

toluene, reflux

O

R2
R1

R3

R2

OR1

Ru
H

2.15 2.16 2.17

Ru(0) R3

i
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 While the synthesis of aromatic compounds with alkyl chains is quite valuable, it would 

also be advantageous to perform these highly selective aryl-olefin couplings to retain the double 

bond in the product, analogous to what was described previously for simple arenes (eqn 1). In 

2002, de Vries and van Leeuwen reported the palladium-catalyzed oxidative coupling of aniline 

derivatives 2.18 with n-butyl acrylate 2.19 to give products 2.20 (eqn 3).10 Several examples of 

substituted anilines were shown to be competent, albeit lower yields were obtained with ortho 

substituents and EWGs. Acetanilide, formanilide, and benzanilide derivatives are all tolerated as 

DGs, and the acetate (R2 = Ac) proved to be superior to the others. Interestingly, no reaction 

occurred when N-methylacetanilide was used in place of the secondary amide. 

 

   

 

 In the years since, significant advances have broadened the scope of DGs, metal 

complexes, and coupling partners that can be used in this type of C–H activation reaction.11,12 Of 

particular significance for this thesis project is the progress that has been made towards C–H 

olefination and allylation reactions. Due to the prevalence of rhodium and iridium catalysts in 

these types of transformations, and the interesting reactivity they display, examples of these will 

be discussed further. 

 

 

 

N R2

H

R1
+ CO2Bu

Pd(OAc)2 (2 mol%)
benzoquinone (1 equiv)

TsOH (0.5 equiv)
1:2 AcOH/toluene, 20 ºC

N R2

H

R1

CO2Bu
2.18 2.19 2.20

(3)

H
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2.1.1.2 Directed C–H Olefination or Allylation of Arenes 

 

In 2008 Shibata and coworkers described the addition of aryl ketones to alkynes and 

alkenes, which proceeds via C–H activation using a cationic iridium complex.13 Shibata 

demonstrated the reaction of several substituted ketones, but used only one symmetrical and one 

unsymmetrical alkyne, in which the latter formed the desired olefin product in moderate yield 

along with an inseparable unidentified isomer. Krische and coworkers later reported the 

prenylation of vinyl and aryl carboxamides 2.21 with allene 2.22 using catalytic amounts of the 

same cationic iridium complex to afford the prenylated adducts 2.23 (eqn 4).14 This work 

constitutes the first example of a C–H activation-initiated insertion reaction of an allene. 

Interestingly, the reaction did not proceed with a neutral iridium species, and the pyrrolidine-

derived amide is crucial for both reactivity and to suppress double bond isomerization into 

conjugation in 2.23. 

  

While this C–H activation-mediated allene insertion was innovative and products 

containing this allyl functionality can be quite useful for further transformations, only one allene 

example was described by Krische. In subsequent studies, rhodium has been more commonly 

used to catalyze these types of olefination and allylation reactions. For instance, Glorius and 

coworkers recently reported a selection of Rh(III)-catalyzed couplings of arenes with allyl and 

allenyl derivatives bearing a leaving group, to afford the corresponding allylated arene and 

dendralene (acyclic cross-conjugated polyene) products, respectively. The coupling of a variety 

O

N

H

+ •
Me

Me
[Ir(COD)2]BArF4 (1-5 mol%)
rac-BINAP (1-5 mol%)

THF, 120 ºC O

N

Me

Me
2.23

68-88% yield

(4)

2.21 2.22

R R
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of substituted benzamides 2.24 and heterocycles that have an amide DG, with allyl carbonate 2.25 

using a cationic rhodium catalyst furnished the allylated products 2.26 in moderate to good yields 

(eqn 5).15 Importantly, excess silver salt was required to increase the reactivity and selectivity. 

Furthermore, pivalic acid was necessary to improve the isomeric ratio, albeit higher loadings had 

a negative impact on the yield, which is presumably due to competitive coordination to the metal. 

The role of pivalic acid has been studied for various systems and it is thought to promote ligand 

dissociation, and reduce the barrier for the transition state to enable a concerted metalation-

deprotonation (CMD) transition state.16–18 Recent theoretical work also indicated that the pivalate 

anion plays a crucial role as a proton acceptor for Rh(III)-catalyzed C–H activation/coupling 

reactions.19 

  

 These conditions were also applied to aryl substrates bearing other nitrogen-containing 

DGs, using a range of allyl groups which afforded moderate to good yields and very high 

selectivity for the formation of the allyl versus the styrenyl isomer. Additional studies examined 

aspects of the mechanism, in which the reaction of a mixture of the unsubstituted 2.24 and [D5]-

2.24 provides a kinetic isotope effect (KIE) of 5.4. This value indicates that C–H bond cleavage is 

the rate-limiting step, and suggests the possibility of a CMD-type mechanism. The three potential 

mechanistic pathways are outlined in Scheme 2.3. 

NiPr2

O

H
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+
O OMe

O
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[{Cp*RhCl2}2] (2.5 mol%)
AgSbF6 (30 mol%)
PivOH (1.0 equiv)

PhCl, 35-50 ºC, 18 h
(5)

2.26
48-84% yield

2.24 2.25
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Scheme 2.3 Possible mechanisms for the rhodium-catalyzed C–H activation-allylation reaction of 
benzamides. 

 

 Pathway A involves an intramolecular nucleophilic substitution facilitated by DG 

coordination to rhodium to afford ii, while Pathway B entails oxidative addition of the allyl 

species to form a π-allyl intermediate iii with a less common Rh(V) oxidation state. Pathway C 

involves migratory insertion into the Rh–C bond in a similar fashion to Rh(III)-catalyzed 

oxidative Mizoroki–Heck reactions,20,21 and thus is the most likely pathway. Subsequently, 

coordination would restrict rotation and therefore suppress benzylic β-hydride elimination, to 

promote a β-oxygen elimination to afford 2.26. This type of β-oxygen elimination is known for 

transition metal species,22,23 hence this mechanism appears to be the most plausible. 

 

 In 2013, Glorius also reported a Rh(III)-catalyzed C–H activation and coupling of vinyl 

and aryl amides with allenyl carbinol carbonates 2.28, to generate dendralene derivatives 2.29 
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(eqn 6).24 This transformation presumably occurred via an analogous mechanism to that described 

in Scheme 2.3, but yielded dienes. The cationic rhodium complex in the presence of pivalic acid 

provided a suitable catalyst, albeit a copper oxidant was necessary to improve the reaction 

efficiency for the benzamide examples. 

 

 Although these are quite valuable transformations, they still required an electrophilic 

coupling partner bearing a leaving group. Nevertheless, there have been similar examples of 

rhodium-catalyzed C–H allylations using substituted allenes which avoid the necessity for a 

leaving group, analogous to what was previously described using iridium catalysis (eqn 4). For 

instance, Ma and coworkers demonstrated the coupling of N-methoxybenzamides 2.30 with 

allenes 2.31, which employed the same rhodium(III) catalyst utilized by Glorius for reactions of 

allyl carbonate electrophiles (eqn 7).25 A variety of both terminal and internal allenes were 

suitable coupling partners with arenes bearing EWG and EDG substituents (R1). Additionally, 

they successfully performed a sequential ortho,ortho’-diallylation, using two different allenes 

under nearly identical conditions. 

   

In 2013, Ye and Cramer developed a tunable class of chiral rhodium complexes, using 

this type of directed C–H allylation as a model reaction for screening the new catalysts.26 

NR2R3

O

+ •
R4

O

OMe

O

[Cp*Rh(MeCN)3][SbF6]2 (5 mol%)
PivOH (0.5 equiv)
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Dibenzoyl peroxide was effective for the in situ generation of the active rhodium(III) complex 

2.35, which promotes the coupling of the methoxybenzamides 2.33 with allenes 2.34 to afford the 

allyl derivatives 2.36 in moderate to excellent yields and with high enantiomeric ratios (eqn 8). 

Interestingly, neither Ma25 nor Cramer26 reported C–N reductive elimination under these 

conditions, which others have observed using secondary benzamide systems. However, this type 

of cyclization may be quite useful to form new heterocycles in an atom economical fashion, 

which will be discussed in the following section. 

  

 

2.1.2 C–H Activation and Cyclization of the Directing Group 

 

 The direct C–H alkylation followed by intramolecular C–X bond formation provides an 

efficient method for the preparation of heterocycles. These types of transformations have been 

demonstrated using mainly palladium or rhodium catalysis. Some of the early examples of this 

type of process from Fagnou’s group involved the reaction of anilides 2.37 and imines 2.40 with 

alkynes 2.38 to afford substituted indoles 2.39 (eqn 9)27 and isoquinolines 2.42, respectively (eqn 

10).28  
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2.35 (2 mol%)
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 In order to gain insight into the mechanism for the formation of isoquinolines 2.42, 

Fagnou used varying amounts of the rhodium-catalyst in the absence of the copper salt, which 

indicated that the yield of the product was consistent with the catalyst loading, thereby illustrating 

that copper is not essential for the C–N bond formation. Additionally, no product 2.42 was 

detected when the aldimine 2.40 bearing a 2-alkene substituent was subjected to the reaction 

conditions, thus precluding the possibility of an electrocyclization/oxidation mechanism. In light 

of these data, Fagnou proposed a mechanism that involved C–H bond cleavage by rhodium(III), 

insertion of the alkyne, and C–N reductive elimination from the Rh(III) species, which is then re-

oxidized by the copper salt.  

 

Fagnou and coworkers subsequently developed a method for the synthesis of 

isoquinolones 2.45, wherein an N–O bond acts as an internal oxidant, which circumvents the 

necessity for the copper salt to promote catalyst turnover (eqn 11).29 Hence, the reaction of 

benzhydroxamic acids 2.43 with the alkynes 2.44 proceeds using the same rhodium catalyst (eqn 

9) in the presence of CsOAc, to furnish isoquinolones 2.45 in moderate to excellent yields. A 

mechanistic pathway involving the intramolecular N–O bond cleavage which effectively re-
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oxidizes the metal with concomitant formation of the C–N bond, in either a concerted or stepwise 

fashion, was proposed. 

  

In 2011, Glorius and coworkers utilized Fagnou’s internal oxidant strategy with alkenes, 

which showed interesting differences in reactivity to the aforementioned alkynes. Thus, treatment 

of the benzamide 2.46 with terminal alkenes, under similar conditions as reported by Fagnou, 

furnished the styryl products 2.47 in a highly selective manner, which suggests a β-hydride 

elimination via intermediate i. In contrast, the OPiv substrate 2.48 under different reaction 

conditions afforded 2.49, preferring the direct reductive elimination from i (Scheme 2.4).30 This 

change in mechanism is presumably the result of possible chelation of the OPiv group to the 

rhodium center, which would suppress the β-hydride elimination and therefore favour the C–N 

reductive elimination. 

 

Scheme 2.4 β-Hydride vs C–N reductive elimination pathways for the synthesis of styryl 
benzamides and dihydroisoquinolones. 
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 Similar coupling reactions of aromatic DGs using alkenes,31 allenes,32,33 and alkynes34,35 

as coupling partners have been reported; however, the reactions with 1,3-dienes were particularly 

relevant to our project. In 2008, Lloyd-Jones and Booker-Milburn described the treatment of N-

aryl ureas 2.50 with electronically biased 1,3-dienes under palladium catalysis, to efficiently form 

a variety of indolines 2.51 (Scheme 2.5).36 In this reaction, C–H activation presumably leads to i, 

which initiates the formation of a new C–C bond between the aryl ring and the diene, resulting in 

a π-allyl intermediate that is intercepted by intramolecular nucleophilic attack by the DG.  

  

Scheme 2.5 Palladium-catalyzed 1,2-carboamination of dienes. 
 

 This transformation represents a powerful combination of C–H activation and allylic 

substitution chemistry. However, whilst 1,3-dienes have been used in similar annulations with 

palladium37 or rhodium38 catalysis, all of the reported examples have been of an intramolecular 

nature.  

 

The transition metal-catalyzed allylic substitution reaction, used in the above 

transformation (Scheme 2.5, ii ! 2.51), has developed over the years as a powerful method for 
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the formation of carbon-carbon and carbon-heteroatom bonds, employing a variety of different 

metal catalysts.39–41 A general mechanism for this reaction is illustrated in Scheme 2.6. 

  

Scheme 2.6 A general mechanism for the transition metal-catalyzed allylic substitution reaction. 

 

 Oxidative addition of a transition metal to the C–X bond of either allylic substrate 2.52 or 

2.53 generates the η3-allyl intermediate i. Nucleophilic attack of another component at either 

allylic terminus of i generates product 2.54 or 2.55. Consequentially, the metal catalyst is 

regenerated, and can re-enter the catalytic cycle. Due to the previous success of the C–H 

activation-mediated coupling of an aryl group and a diene, which generates a π-allyl complex 

(Scheme 2.5),36 we predicted the addition of an external nucleophile would constitute a 

completely intermolecular, atom-economical 3-component reaction. Attempts to affect this 

transformation will be described in Section 2.2. 
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2.2 Project Aims 

 

We envisaged combining C−H activation with allylic substitution would permit the 

selective combination of three components using a single catalyst, without the necessity for 

prefunctionalization (Scheme 2.7). Owing to the widespread use of rhodium and iridium catalysts 

in C−H activation and allylic substitution,40,41 we deemed that these would be the most obvious 

catalysts to initiate this investigation. Thus, treatment of 2.56 with butadiene with the requisite 

metal catalyst was expected to lead to species ii via initial coordinated intermediate i. Collapse of 

ii into the π-allyl species iii would be followed by nucleophilic attack leading to compounds 2.57. 

We anticipated that we would be able to employ chiral ligands in the reaction, which would allow 

for the generation of new allylic compounds in a regio- and enantioselective fashion. In view of 

the importance of DoM chemistry and the potential to introduce ortho-chiral allylic functionality, 

this transformation was expected to have considerable utility for the construction of 

polysubstituted aromatics. 

 

Scheme 2.7 Proposed multicomponent reaction of DMG-bearing aromatics using a single metal 
catalyst. 

  

Unfortunately, initial attempts to affect this transformation using a variety of iridium 

catalyst/ligand systems, starting materials, and conditions proved unsuccessful. Owing to the lack 

of reactivity, we opted to move to rhodium catalysis for this reaction, the results for which are 

discussed below. 
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2.3 Preliminary Results 

 

2.3.1 C–H Activation of N,N-Diethylbenzamide 

 

 Using a variety of DMG-bearing substrates, a number of C–H activation conditions were 

examined using 1,3-butadiene, in the absence and presence of a variety of nucleophiles. Although 

most of these attempts were unsuccessful, the powerful42 DMG-bearing N,N-diethylbenzamide 

2.58 resulted in the C–H activation product 2.59 using the cationic [RhCp*(MeCN)3](SbF6)2 

catalyst (Scheme 2.8). This rhodium complex was previously employed by Glorius and 

coworkers for the C–H activation of similar tertiary amides for coupling allenyl carbinol 

carbonates.24 Interestingly, the dimer 2.60 was also obtained in comparable yield, thereby making 

the process relatively efficient. 

  

Scheme 2.8 First results of C–H activation-diene coupling of N,N-diethylbenzamide. 

 

 Following this promising initial result, we postulated that the reaction proceeds through 

intermediate i, which in the absence of a suitable nucleophile, undergoes β-hydride elimination to 

afford the substituted 1,3-butadiene 2.59 (Scheme 2.8). Hence, we envisioned that the addition of 
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an external nucleophile should promote the formation of 2.57. However, since the reaction 

conditions utilize pivalic acid as an additive, a basic nucleophile would undergo rapid proton 

transfer to suppress the desired attack. We therefore sought to examine whether pivalic acid was 

required for this transformation to occur. We also wished to investigate the iridium variant of the 

rhodium catalyst. The cationic catalyst, [IrCp*(MeCN)3](SbF6)2 was therefore prepared according 

to the method reported for the corresponding rhodium complex.43 The results for this study are 

summarized in Table 2.1. 

Table 2.1 C–H activation reaction of benzamide with butadiene. Effect of the transition metal 
and additive. 

 

Entrya Catalyst Additive Product (Yield, %)b 

1 [RhCp*(MeCN)3][SbF6]2 PivOH 2.59 (25), 2.60 (20) 

2 ” - 2.59 (7) 

3 [IrCp*(MeCN)3][SbF6]2 PivOH NRc 

4 ” - ” 

a All reactions were performed on 0.25 mmol scale in a sealed tube. b Yields of isolated products. c Only 
SM was observed by 1H NMR. 
 

 It is evident that the pivalic acid plays an important role in this process, as the yield 

dropped dramatically when it is absent (entry 2). It also appears that the rhodium complex is the 

catalyst of choice, as its iridium counterpart provided no detectable product (entries 3 and 4). 
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O NEt2

O
O
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catalyst (5 mol%)
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(10.0 equiv)
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 We therefore moved forward to examine potential nucleophiles for this reaction (Table 

2.2). Although we hypothesized that basic nucleophiles would not be compatible with the 

reaction conditions, we attempted a reaction using an amine nucleophile shown to be successful 

in a Mizoroki–Heck variant of this transformation (entry 1).44 Unfortunately, the pyrrolidine, 

sodium acetate, and dimethyl malonate furnished none of the desired product (entries 2-4). 

Although we rationalized that the enolization of dimethyl malonate should be promoted by the 

presence of a carboxylic acid, only 2.59 and 2.60 were formed thereby indicating that the reaction 

is not impeded by the addition of a neutral third compound. Additional studies examined the less 

basic nucleophile, aniline; however, neither regioisomer 2.61 or 2.62 were formed (entry 5). We 

envisaged that a silyl enol ether derivative could provide a competent nucleophile, as this class of 

compounds has been used previously as a nucleophile for allylic substitution reactions.45 Despite 

the potential to undergo hydrolysis with pivalic acid, hydrolysis of silyl enol ethers often involves 

aqueous Brønsted acids (e.g. HF, HCl),46 metal salts,47 and/or a fluoride ion.48 Although the silyl 

enol ether was not an effective pronucleophile (entry 6), the formation of the diene 2.59 and 

dimer 2.60 indicated that the silyl enol ether was not interfering with the pivalic acid. We 

envisioned either elevating the temperature or employing fluoride salts in a similar manner to 

Hartwig,48 should increase the reactivity. Unfortunately, none of these conditions furnished any of 

the desired product (entries 7-9). 
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Table 2.2 Attempts to introduce external nucleophiles to the reaction. 

  

Entrya M Additive (equiv) Nu Temp (°C) Resultb 

1 Rh PivOH (1.0) pyrrolidine 60 NRc 

2 ” ” NaOAc ” ” 

3 Ir ” NaOAc ” ” 

4 Rh ” 
Dimethyl 

malonate 
” 2.59 + 2.60 

5 ” ” Aniline ” 
No 2.59/60 or 

2.61/2 observed 

6 ” ” 
 

” 2.59 (16%)e + 2.60 

7d ” - ” 100 2.59 (~7%)e 

8d Ir - ” ” NRc 

9 Rh 

PivOH (1.0) 

ZnF2 (5.0) 

CsF (1.33) 

” 60 ” 

a All reactions were performed on 0.25 mmol scale in a sealed tube. b Determined by 500 MHz 1H NMR 
analysis of the crude reaction mixture. c Only SM was observed by 1H NMR. d Reaction solvent was DCE. e 
Yields in parentheses refer to yields of isolated products. 

DG DG
Nu+

[MCp*(MeCN)3][SbF6]2 (5 mol%)
Cu(OAc)2 (15 mol%)

additive
(10.0 equiv)

CH2Cl2, temp, 20 h

Nu (5.0 equiv)

Nu

DG DG
+

2.61 2.62

2.59 2.60

AmDG

2.58
DG = CONEt2

H

OSiMe3
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 Due to the difficulty presented by the lack of compatibility of reagents for this 

transformation, and the fact that these were the sole C–H activation conditions successful for 

generation of minor amounts of product, we sought to examine a different approach for this 

multicomponent reaction. We envisaged that an alternative approach utilizing the reactivity of 

palladium in a Mizoroki–Heck reaction with a diene, followed by selective addition of an external 

nucleophile to the in situ-generated π-allyl, may be more successful. 

 

2.4 The Mizoroki–Heck Reaction 

  

In the late 1960s, Heck reported the transition metal-mediated addition of arylmercuric 

salts 2.63 to olefins 2.64, to afford a wide variety of styryl derivatives 2.65 (eqn 12).49 Palladium 

catalysts provide the most efficient transition metal, albeit rhodium and ruthenium complexes are 

also effective. Although the majority of examples utilize stoichiometric palladium, namely 

Li2PdCl4, Heck also demonstrated that the reaction proceeded catalytically, in the presence of a 

suitable additive to reoxidize the transition metal (usually a copper salt).  

  

Although the importance of this type of C–C bond forming reaction was evident from the 

outset, the availability and toxicity of the organomercury starting materials in combination with 

the requirement of stoichiometric palladium provided some serious limitations. To this end, 

Mizoroki and coworkers demonstrated that aryl iodides provide relatively benign alternatives to 

the arylmercuric salts, and that the reaction is amenable to catalysis in the presence of an 

inorganic base (KOAc) to sequester the hydrogen iodide.50 In 1972, Nolley and Heck reported a 

HgCl
R1

R2+

Li2PdCl4 (1 equiv)
CH3OH or CH3CN, rt

or
Li2PdCl4 (0.01-1.0 mol%)

CuCl2 (stoich.)
CH3OH, rt

R1

R2
(12)

2.63 2.64 2.65
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similar improvement, with a few variations.51 While Mizoroki’s conditions required high 

temperatures (120 ºC in MeOH) and a pressurized reaction vessel, Heck could perform the 

reaction neat, at steam bath temperatures. In addition, although potassium acetate was the optimal 

base for Mizoroki, Heck demonstrated that the bulky organic amine, tri-n-butylamine was 

superior.  

 

Nevertheless, even with these improvements, there were still difficulties in the 

isomerization of pure cis- or trans-olefin coupling partners. In addition, the reaction was limited 

to aryl or vinyl iodides, usually not as readily available as the corresponding bromide derivatives. 

In 1974, Dieck and Heck reported the use of organophosphinepalladium complexes (eqn 13),52 

which had been previously reported to facilitate oxidative addition of a variety of C–X bonds 

(where X = I, Br, Cl).53,54 

  

The introduction of the triphenylphosphine ligand resulted in much higher reactivity, 

which provided a process that utilized aryl bromides, iodides, and chlorides, albeit only a single 

example of the latter. The stereospecificity of the reaction was greatly influenced by the presence 

of the ligand, mirroring results seen in the first report using the mercuric chlorides with 

stoichiometric palladium, which did not require any added ligand (eqn 12). Thus, the cis- or 

trans-olefin starting materials generated the requisite adducts in a stereospecific manner. The 

triphenylphosphine did not necessarily influence the regioselectivity of the addition of the 

organopalladium intermediate to the alkene, since the ratio of regioisomers did not change 

X
R + R1

R2

Pd(OAc)2 (1 mol%)
PPh3 (2 mol%)

amine base (1.25 equiv)

2.66
(1 equiv)

2.67
(1.25 equiv)

neat, 100-135 ºC
7-70 h

R

R1

R2

2.68
cis olefin → cis product

trans olefin → trans product

(13)
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significantly; however, the rearrangement products observed from re-addition of the palladium 

hydride were greatly reduced and often undetectable.  

 

Since these initial results, this efficient catalytic coupling of aryl halides, triflates, and 

many other LG substrates with olefins has been explored comprehensively and is now commonly 

known as the Mizoroki–Heck reaction; the general reaction scheme is outlined below (Scheme 

2.9).5,55–57 Some features of this reaction will be discussed in further detail in the following 

sections. 

  

Scheme 2.9 A general depiction of the Mizoroki–Heck reaction. 
 

2.4.1 Mechanism and Enantioselective Variants of the Mizoroki–Heck Reaction 

  

 Although the mechanism of the Mizoroki–Heck reaction has been studied extensively, 

there are still some subtleties that remain unclear. The accepted general mechanistic picture is 

shown in Scheme 2.10.55,56,58 
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Scheme 2.10 General mechanism for the Mizoroki–Heck reaction. 

 

 In order to perform the necessary oxidative addition step, the Pd(0) oxidation state is 

required. Precatalysts can either be at the required Pd(0) oxidation state, or Pd(II) complexes can 

be reduced in situ by phosphines. The oxidative addition step is rate-determining and is highly 

dependent on X, with the order of reactivity being I >> OTf > Br >> Cl.59 It is a concerted 

process, with the C–X bond cleavage nearly synchronous with the M–C and M–X bond 

formation. The origin of regio- and stereoselectivity occurs in the migratory insertion step to give 

intermediate ii, and depends on the steric and electronic effects of olefin 2.70. Subsequent C–C 

bond rotation generates intermediate iii, which can then undergo a syn-β-hydride elimination to 

give the corresponding trans-olefin products 2.71. 

 

However, when cyclic olefin starting materials are employed, this C–C bond rotation 

cannot occur and therefore the β-hydride elimination must occur from a suitably placed syn-

hydrogen atom (e.g. Scheme 2.11, ii). The ability to effectively move the olefin away from the C–
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C bond formed in the reaction provides an opportunity to develop the enantioselective variant of 

the Mizoroki–Heck reaction, in both an intra- and intermolecular manner. To this end, Shibasaki 

and coworkers demonstrated the first enantioselective process in the late 1980s, with the synthesis 

of cis-dehydrodecalin derivatives 2.73 (Scheme 2.11).60 Treatment of the vinyl iodide 2.72 with a 

catalyst generated in situ from Pd(OAc)2, cyclohexene, and (R)-BINAP afforded the 

dehydrodecalin 2.73, with 46% enantiomeric excess (for R = CO2Me).  

    

Scheme 2.11 Enantioselective Heck synthesis of cis-dehydrodecalins. 

 

 Overman and coworkers previously introduced the use of silver salts, which reduces the 

formation of mixtures of double-bond regioisomers in intramolecular Heck arylations.61 It was 

postulated that the silver salts trapped the hydrohalic acids formed, thus preventing any 

readdition-elimination of palladium hydride species. 
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I
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L*nPd
I

R
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H
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L*nPd-I

R
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base•HI

R

I

R

H

1. Pd(OAc)2 (3 mol%)
    cyclohexene (6 mol%)
    (R)-BINAP (9 mol%)
    Ag2CO3 (2 equiv)
    NMP, 60 ºC, 3 h

2.72 2.73

2. 2.72, NMP
    60 ºC, 37.5 h

2.722.73

iii

36-46% ee
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 Hayashi and coworkers reported the first intermolecular enantioselective Mizoroki–Heck 

reaction, for the coupling of aryl triflates 2.75 with 2,3-dihydrofuran 2.74 to give dihydrofurans 

2.76 (eqn 14).62 Interestingly, they postulated that the lower enantioinduction in previous methods 

was due to partial dissociation of the chiral ligand during the olefin insertion step. Thus, changing 

from an aryl halide to an aryl triflate should provide a cationic palladium complex intermediate, 

thereby reducing the dissociation of the BINAP ligand. To this end, Hayashi demonstrated that 

while the reaction with phenyl iodide was effectively racemic, the analogous reaction with phenyl 

triflate furnished (R)-2.76 in 71% yield and 93% enantiomeric excess. 

  

 The isolation of both (R)-2.76 and (S)-2.77 suggests a kinetic resolution process during 

the course of the reaction, wherein intermediate (R)-ii has a preferred structure for further olefin 

insertion to (R)-iii and β-hydride elimination to afford (R)-2.76  (Scheme 2.12). In contrast, 

intermediate (S)-ii favours dissociation of palladium from the olefin to give (S)-2.77, albeit in 

lower enantiomeric excess due to a small amount of the (R)-ii dissociation product. This 

mechanistic pathway indicates that the carbometalation step in fact proceeds only with modest 

enantioselectivity. However, this has been greatly improved using chiral P,N-ligands, e.g. 

diphenylphosphinooxazolines. Using this type of ligand for the transformation depicted in eqn 14, 

lead to the formation of the (R)-enantiomer of 2.77 as the sole product in 87% yield and 97% 

enantiomeric excess, with none of the double bond-isomerized product 2.76 being detected.63  

+ ArOTf
[Pd(OAc)2–(R)-BINAP]

iPr2NEt
benzene

O O Ar O Ar+

2.74 2.75 (R)-2.76 (S)-2.77
73-93% ee

(14)
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Scheme 2.12 Mechanism of an enantioselective Mizoroki–Heck reaction. 

 

 Over the years, there has been extensive investigation into the most efficient classes of 

ligands for the enantioselective Mizoroki–Heck reaction, in terms of chemo-, regio-, and 

enantioselectivity.64 In addition to BINAP derivatives and the aforementioned phosphine-

oxazolines, diphosphine-oxazoline ferrocenyl ligands65 and phosphite-oxazolines,66 a class which 

has expanded to include sugar-based67 and biaryl68 phosphite-oxazolines, can be employed. 

Tuning the selectivity of these reactions has also been examined, with the comparison of BINAP 

to its monooxidized form BINAP(O), which allowed for the formation of either double bond 

regioisomer in a selective manner.69 While the reaction has been limited to aryl or vinyl triflates, 

since the cationic palladium species prevents ligand dissociation, Wu and Zhou recently reported 

the first asymmetric intermolecular Mizoroki–Heck reaction of aryl and vinyl halides 2.78 with 

the cyclic olefins 2.79 to afford 2.80 (eqn 15).70 These newly developed conditions provide 

greater substrate scope in high yields and with generally high regio- and enantioselectivities. 
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Since its discovery over 40 years ago, the Mizoroki–Heck reaction has developed into a 

general method for C–C bond formation, which includes the formation of stereogenic centers.  

 

2.4.2 The Mizoroki–Heck Reaction with Conjugated Dienes 

  

In 1978, Heck and coworkers applied this process to 1,3-dienes,71 which results in the 

intermediacy of an electrophilic π-allyl intermediate (cf. Scheme 2.5, ii), which can either reform 

the diene or be trapped with a suitable nucleophile. For example, the reaction of bromobenzene 

2.81 with isoprene 2.82 formed the diene 2.83 in 52% yield utilizing triethylamine as a base, but 

required higher catalyst/ligand loadings (5 and 10 mol%, respectively) due to the stability of the 

π-allyl intermediate formed. In contrast, the analogous reaction in the presence of piperidine 

resulted in the formation of the allylic amine 2.84 along with the diene 2.83 (eqn 16), which is the 

result of the nucleophilic trapping of the in situ-generated π-allyl species (Scheme 2.13). 

  

ArX +
Y

X = Br, Cl
Y = O, CH2, NBoc

Pd(dba)2 (2.5-5 mol%)
(R)-Xyl-SDP(O) (3-6 mol%)

iPr2NEt (3 equiv)
p-NO2PhCO2H (1 equiv)

(CH2OH)2 or MeOH, 80 ºC
or ethylene glycol, 70 ºC

YAr

37 examples
70-95% yield
82-98% ee

(15)(R)-Xyl-SDP(O) =
P(O)Xyl2
PXyl22.78 2.79 2.80

Br
+

Me
Me MePd(OAc)2 (1 mol%)

P(o-tol)3 (2 mol%)

piperidine (30 equiv)
neat, 100 ºC, 48 h

N+

35% 57%
2.81 2.82 2.83 2.84

(16)
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Scheme 2.13 Proposed mechanism for generation of the amine adducts in the Mizoroki–Heck 
reaction using dienes and secondary amines. 

 

 The allylic amines could be converted to the desired diene product via Hoffmann 

elimination using methyl iodide in the presence of aqueous base, thereby improving the yield of 

the diene 2.83. However, these allylic amines are important intermediates, as they demonstrate 

the ability to combine three separate components in an intermolecular fashion. To this end, Heck 

studied this reaction further by preparing π-allyl palladium complexes and trapping these 

intermediates with piperidine and morpholine to afford the allylic amines in low to moderate 

yields.72 In 1983, Dieck and coworkers examined the scope of this 3-component coupling with 

regard to the amine component (eqn 17).44 Treatment of the diene 2.86 with iodobenzene 2.85 in 
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the presence of cyclic and acyclic secondary amines furnished the linear amine adducts 2.88 in 

addition to the diene 2.87. Interestingly, unhindered primary amines also provide the branched 

amines 2.89, albeit in low yield (<15%) along with the diene 2.87 and linear allylic amine 2.88. 

 

 Although this 3-component reaction has great potential for the construction of allylic 

amines, to the best of our knowledge there have not been further reports on this type of coupling 

of an aryl halide, diene, and nucleophile. However, there are examples involving Mizoroki–Heck-

type annulation reactions which will be discussed in the following section. 

 

2.4.3 Mizoroki–Heck-type Intramolecular Cyclizations 

 

 Despite the limited development on the intermolecular Mizoroki–Heck reaction-π-allyl 

addition reaction with dienes, there have been a significant number of reports on intramolecular 

variants. For example, Larock and coworkers demonstrated the reaction of vinyl and aryl 

mercuric chlorides, e.g. 2.90, with various dienes, e.g. 2.91 (eqn 18).73 The resulting 

heteroannulation products (e.g. 2.92) are readily formed from the intramolecular trapping of the 

pendant phenol or aniline, a process that was later extended to acetoxy-substituted 1,3-dienes.74 

This transformation requires stoichiometric palladium to perform the carbometalation and 

consequential π-allyl formation, while the cyclization is thought to be base-mediated.  

   

Pd(OAc)2 (1 mol%)
PPh3 (2 mol%)Me

Ph

Me
N R2

R1

Ph

Me
Ph

Me

HNR1R2 N
R1

2.85 2.86 2.87 2.88 2.89
R2

(17)Ph I

OH

Me HgCl
+

2.91
(5.0 equiv)

1. LiPdCl3, MeCN
    –20 ºC - rt, o/n
2. K2CO3, 5 h, reflux Me

O

2.92
86%

(18)

2.90
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 The glaring limitation with the methodology is the necessity to employ stoichiometric 

palladium and utilize toxic organomercurials. The former issue was nicely circumvented using 

thallated benzoic acids as starting materials, which reoxidize the palladium thereby rendering the 

process catalytic.75 Furthermore, in accord with the earlier work of Dieck (eqn 17),44 Larock and 

coworkers demonstrated the efficient and general reaction of ortho-heteroatom functionalized 

iodo aromatics 2.93 with dienes (e.g. 2.94) to afford heteroannulated products 2.95 (eqn 19).76 

  

 Over the years, this type of palladium-catalyzed annulation has been widely studied,77,78 

and examples using 1,2-dienes,79–81 1,4-dienes,82,83 and unsaturated cyclopropanes and 

cyclobutanes84–86 have been demonstrated, in addition to 1,3-dienes.87,88 The proposed mechanism 

for the 1,3-dienes (Scheme 2.14) involves oxidative addition to 2.93 to form i, which upon 

carbometalation leads to intermediate ii, which in turn collapses to the π-allyl species iii. Upon 

deprotonation of the internal ortho-heteroatom to afford iv, there are two possible mechanistic 

pathways: Path A involves outer-sphere displacement of the palladium by the nucleophile, 

whereas Path B progresses through inner-sphere attack. The nature of the nucleophile and the 

ring size formed are important factors in determining which mechanistic pathway will 

predominate. For example, a carbanion nucleophile will follow Path A if a five-membered ring is 

formed (e.g. XH = CH(CO2R)2), although the frontal displacement is unusual for carbanions,89 

and Path B will be favoured for the same type of nucleophile if a six-membered ring is generated 

(e.g. XH = CH2CH(CO2R)2).90 

XH

I
n-C4H9+

Pd(OAc)2 (5 mol%)
base

X

n-C4H9

2.93 2.94 2.95
X = O, 75%
      CH2O, 56%
      NAc, 63%
      NTs, 84%
      CH2NTs, 81%

(19)
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Scheme 2.14 A plausible mechanism for the Heck coupling-heteroannulation of 1,3-dienes with 
2.93 substrates.  

 

2.4.4 Three-Component Heck-type Reactions of Vinyl/Aryl Triflates, Dienes, and 

Boronic Acids 

 

 As previously mentioned (Section 2.4.3), the intermolecular variant of the 3-component 

Mizoroki–Heck reaction using a basic nucleophile, such as an amine, has not been expanded upon 

further. Nevertheless, Sigman and coworkers have reported some pioneering work on similar 

multicomponent reactions using dienes, involving the coupling of a π-allyl species with boronic 

acids. Thus, Sigman demonstrated a new palladium-catalyzed, oxidative 1,2-diarylation reaction 

of styrene derivatives and 1,3-dienes with organostannanes,91 and subsequently described an 

oxidative 1,1-diarylation of terminal olefins that proceeds through a π-allyl intermediate.92 They 

also extended this methodology to a 3-component coupling of vinyl triflates 2.96 with conjugated 

dienes 2.97 and aryl boronic acids 2.98 to afford unconjugated dienes 2.99 (eqn 20).93 
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 It is noteworthy that the transformation to form 2.99 proceeds selectively without the 

formation of Mizoroki–Heck or Suzuki coupling products, and may be carried out under 

relatively simple reaction conditions. The solvent appears to act as a ligand for palladium,94 as no 

added ligand is required. Consequently, as expected, a large solvent effect was observed; in 

which common amide solvents such as DMA, NMP, and DMF lead to much better selectivity 

than other polar solvents such as t-AmylOH or DMSO. Furthermore, the addition of phosphine or 

phosphite ligands dramatically decreased the selectivity. This transformation was also applied to 

terminal alkenes in lieu of 1,3-dienes, to afford the corresponding 1,1-difunctionalized products. 

Although this is a powerful transformation, the scope of this reaction was limited to vinyl 

triflates, since aryl triflates were ineffective coupling partners. Furthermore, the third component 

is restricted to boronic acids, in which only aryl boronic acids were described. 

 

 Recently, Sigman and coworkers addressed the limitations of aryl triflate reactivity by 

turning to aryldiazonium tetrafluoroborates 2.100 (eqn 21).95 Reoptimization of the reaction was 

necessary, as the previously established conditions (eqn 20) gave only the Heck product. Using a 

bulky alcohol solvent to increase the selectivity of the reaction, and an additional amount of dba, 

which improved the yield (presumably by preventing accumulation of unligated Pd(0)), the 

reaction of 2.100 and 2.102 with substituted dienes 2.101 (R1 ≠ H) furnished the diarylated 

adducts 2.103. Interestingly, the yields of products were significantly diminished if the terminal 

group on the diene (R1) was not a sterically encumbered substituent, which is presumably the 

result of σ-π-σ isomerization of the Pd-allyl intermediate, leading to 1,4-diarylation byproducts. 

TfO

R2

R3 R1 ArB(OH)2

Pd2dba3 (3 mol%)
KF (1.7 equiv)

DMA, 55 ºC, 12 h
+ +

R1

Ar R2

R3

2.96
(1.0 equiv)

2.97
(1.0 equiv)

2.98
(1.5 equiv)

2.99
12 examples
46-97% yield

(20)
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 In this account, preliminary results using chiral ligands were also reported for three 

examples. Thus, reaction of phenyl diazonium salt 2.104, aryl dienes 2.105, and phenyl boronic 

acid 2.106 in the presence of chiral diene 2.107 afforded product 2.108 with good 

enantioselectivity, albeit in low yield. Interestingly, while the reaction proceeds at reduced 

temperature, the stoichiometry of the reagents was significantly increased (eqn 22). 

 

 Although these examples utilize electronically biased dienes, some difunctionalization 

reactions of simple dienes such as butadiene and isoprene were reported previously, using 

different conditions.96,97 Although this 3-component reaction represents a very efficient process, it 

requires boronic acids that proceed through a transmetalation/C–C bond formation mechanism. 

Hence, this limits the reaction in that only new C–C bonds are formed and potentially useful C–X 

(X = heteroatom) bonds would not be amenable to this process. We aim to improve upon this 

reaction and develop an atom-economical 3-component reaction as illustrated below.  

 

 

R1
Ar2B(OH)2

Pd2dba3 (5 mol%)
dba (15 mol%)

NaHCO3 (1.0 equiv)
tAmOH, rt, 12 h

+ + R1

Ar2

Ar1

2.100
(1.0 equiv)

2.101
(1.0 equiv)

2.102
(1.5 equiv)

2.103
14 examples
31-90% yield

(21)Ar1N2BF4 R2
R2

Ar PhB(OH)2

Pd2dba3 (10 mol%)
2.107 (22 mol%)

NaHCO3 (1.7 equiv)
DCE, –20ºC, 72 h

+ +
Ar

Ph
Ph

2.104
(1.0 equiv)

2.105
(1.6 equiv)

2.106
(1.5 equiv)

2.108

(22)PhN2BF4

2.107Me

i-Pr Me

OH
Me

Ar = (p-OMe)Ph, 25%, 78% ee
        Ph, 26%, 75% ee
        (p-CF3)Ph, 30%, 82% ee
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2.5 Results 

 

2.5.1 Oxidative Addition Method using Iodobenzene 

 

 In light of the aforementioned lack of success to affect the C–H activation (see Section 

2.3.1), we opted to examine the oxidative addition-mediated 3-component reaction similar to that 

reported by Heck and Dieck (see eqn 17).44,72 We anticipated that we would be able to increase 

the selectivity of the reaction to favour the amine adduct over the β-hydride elimination, and 

control regioselectivity. We postulated that using an electronically biased 1,3-diene would favour 

attack at one terminus of the in situ-generated π-allyl (see Scheme 2.13), and opted to begin our 

studies using trans-1-phenyl-1,3,-butadiene, with iodobenzene and pyrrolidine as the two 

coupling partners. The results from this study are outlined in Table 2.3. 
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Table 2.3 Optimization of the 3-component coupling of iodobenzene, trans-1-phenyl-1,3-
butadiene, and pyrrolidine. 

 

Entrya Diene Equiv Catalyst Ligand (mol%) 
Product Ratios (%)b,c 

2.109 2.110d 2.111 

1 1.5 Pd(OAc)2 PCy3 (10) trace trace >95 

2e 1.0 Pd2dba3 - ” ” ” 

3 1.5 Pd(OAc)2 PPh3 (40) (32) (<7) trace 

4 ” Pd(PPh3)4 PPh3 (10) 14 - 86 

5 0.86 ” ” 30 - 70 

6 0.5 ” PPh3 (20) major - trace 

7 0.5 Pd2dba3 PPh3 (20) (30-40) - trace 

a All reactions were performed on 0.5 mmol scale using pyrrolidine (12 equiv) as the solvent. b Product 
ratios were determined by 500 MHz 1H NMR analysis of the crude reaction mixture. c Numbers in 
parentheses refer to yields of isolated products. d The signals for product 2.110 overlap with impurities, and 
therefore ratios were not always quantified; however 2.110 appears consistently as a minor product. e 
Reaction was performed with 1.7 equiv of KF using 1.5 equiv of pyrrolidine in DMF. 
  

We initiated the study using similar reaction conditions as those employed by Heck and 

Dieck,44,72 albeit using tricyclohexylphosphine in lieu of the triphenylphosphine ligand, which we 

anticipated would suppress the β-hydride elimination. Nevertheless, the diene 2.111 was formed 

with excellent selectivity (entry 1). Additional studies utilized similar conditions as employed by 

Sigman for his 3-component coupling of conjugated dienes with vinyl triflates and boronic acids 

(entry 2).93 However, this also furnished the diene product 2.111, which is consistent with 

Sigman’s observation for aryl triflates versus vinyl triflates. Switching the ligand to 

I

Ph N

Ph Ph

N
Ph

+ +

catalyst (5 mol%)
ligand

pyrrolidine, 120 ºC, o/n

2.109 2.110 2.1112.85
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triphenylphosphine and increasing the L:Pd ratio to 8:1 provided the first promising result for the 

formation of 2.109 (entry 3). Additional studies examined the effect of changing the catalyst to 

Pd(PPh3)4 and aryl iodide stoichiometry. Although the former permits a reduction in the amount 

of triphenylphosphine, the reaction was unsuccessful (entry 4), whereas this in combination with 

excess aryl halide improved the ratio of products 2.109:2.110 (entry 5). Gratifyingly, a further 

reduction in the ratio of diene:aryl iodide to 1:2 and a ligand:palladium ratio of 4:1, furnished 

2.109 as the major product, with only trace amounts of β-hydride elimination product 2.111 

(entry 6). Moreover, the selectivity was retained for Pd2dba3 (entry 7), which we envisaged would 

permit the use of chiral ligands. Unfortunately, all attempts to improve upon the yield of the 

reaction were unsuccessful, and therefore the conditions in entry 7 were selected for the 

examination of the reaction scope. 

 

A number of chiral ligands were examined in the reaction; however, this study did not 

afford any encouraging results (Table 2.4). In the future, we will examine this reaction with the 

aryl triflate, which should form a cationic palladium complex and prevent any partial dissociation 

of the ligand which may be occurring. 
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Table 2.4 Attempts to impart enantioselectivity to the 3-component reaction of iodobenzene, 
trans-1-phenyl-1,3-butadiene, and pyrrolidine. 

 

Entrya Ligand L:Pd ratio Additive ee (%)b 

1 (R)-BINAP 2:1 - 0 

2 

 

2:1 - N/Ac 

3 

 

2:1 - N/Ad 

4 (R)-BINAP 2:1 Ag2CO3 (1.0 equiv) N/Ae 

a All reactions were performed on 0.5 mmol scale in a sealed tube using pyrrolidine (12 equiv) as the 
solvent. b ee values were determined by HPLC analysis of isolated material. c Insufficient material was 
isolated for HPLC analysis. d Only trace amounts of desired product 2.109* was observed by 500 MHz 1H 
NMR analysis of the crude reaction mixture. e The β-hydride elimination product 2.111 was the major 
product observed by 500 MHz 1H NMR analysis. 
 

 We decided to examine additional nucleophiles for the reaction, using the optimal 

conditions (Table 2.5, entry 1). We determined that the reaction should be performed neat, since 

using excess nucleophile in a solvent furnished the diene product 2.111, which limited the 

selection considerably. Interestingly, while piperidine provided a similar result as we observed 

with pyrrolidine (entry 2), acyclic amines proved ineffective in this process, leading to β-hydride 

elimination to afford 2.111 (entries 3-4). Furthermore, in the case with aniline and benzyl alcohol, 

one of the products (2.114) appeared to originate from the direct addition of the nucleophile to the 

I
Ph N

Ph Ph

N+

Pd2(dba)3 (2.5 mol%)
ligand

additive
pyrrolidine, 120 ºC, o/n

+

2.85
(2.0 equiv)

*
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* *
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diene, without reaction with the aryl iodide component (entries 5-6). Moreover, the silyl enol 

ether derivative also resulted in the formation of the β-hydride elimination product 2.111 (entry 

7). 

Table 2.5 Additional nucleophiles tested in the 3-component reaction. 

 

Entrya Nuc Product (Yield, %)b 

1 Pyrrolidine 2.109 (30-40) + 2.110 (minor) 

2 Piperidine 2.112 (27) 

3 Diethylamine 2.111 + impurities 

4 Diisopropylamine ” 

5 Aniline 2.111 + 2.114 

6 Benzyl alcohol ” 

7c 

 
2.111d 

a All reactions were performed on 0.5 mmol scale in a sealed tube using the nucleophile (12 equiv) as the 
solvent. b Yields of isolated products. c Reaction was performed with the addition of ZnF2 (12 equiv) and 
CsF (3.2 equiv). d Mixture with unidentifiable side-products, no desired product was observed. 
 

 Despite the challenges encountered with the development of this process, the 

transformation in Table 2.5 is still very promising, and represents a powerful method for 

preparing complex small molecules from the selective combination of three simple components 

intermolecularly. Clearly, additional work will focus on the identification of the optimal 

I
Ph

Nu

Ph Ph

Nu
+

Nu, 120 ºC, o/n
+ 2.112 2.113

Pd2(dba)3 (2.5 mol%)
PPh3 (20 mol%)

2.85
(2.0 equiv)

Ph
2.111

Ph

Nu

2.114

+

OSiMe3



 

 106 

conditions to improve the overall efficiency and permit greater reaction scope in the context of 

the pronucleophile component. 

 

2.6 Future Work 

 

 As previously mentioned, some of the future work will involve further optimization of 

the Mizoroki–Heck-type reaction conditions (Table 2.3). We anticipate the examination of the 

aryl triflate as opposed to the aryl iodide will improve reactivity and afford enantioenriched 

products 2.109* (eqn 23). As discussed previously (eqn 14), the triflate acts as a very good 

leaving group, allowing the formation of a cationic palladium species, which should prevent 

dissociation of the ligand.62 Additionally, in terms of trying to impart chirality, the conditions 

established by Wu and Zhou for a highly enantioselective Mizoroki–Heck reaction70 will be 

examined (eqn 15). For this, it would be prudent to use the same type of aryl halide (bromide or 

chloride) as was showcased in their methodology instead of iodobenzene. In addition, it will be 

interesting to determine whether the acyclic diene is the problem, since only cyclic olefins were 

previously tested.70 

  

 Another aspect which requires exploration is the necessity for the reaction to be 

performed neat, with a large excess of nucleophile, as this could limit the potential substrate 

scope to inexpensive, commercially available nucleophiles that are liquids. Although preliminary 

OTf
Ph N

Ph

Pd2(dba)3 (2.5 mol%)
ligand

additive
pyrrolidine, 120 ºC, o/n

+

2.85
(2.0 equiv)

2.109*
*

(23)
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results suggest that using a solvent is not effective, further investigations will focus on whether 

particular solvents lead to product formation. 

 

 In addition to working on the oxidative addition-mediated 3-component reaction, we also 

wish to develop the C–H activation process (Scheme 2.8), as this would result in the development 

of a very atom economical process. Although we were relatively unsuccessful in the identification 

of efficient C–H activation conditions in our studies using 1,3-butadiene, we did not attempt to 

use palladium catalysis. Since we have found that the combination of an aryl iodide, an 

electronically biased diene, and an amine nucleophile is feasible under palladium catalysis (Table 

2.3), we hope to initiate a study to develop a C–H bond cleavage reaction using palladium 

catalysis to provide products 2.116 (eqn 24).  

  

The challenge lies in that the conditions for C–H activation reactions under palladium 

catalysis tend to employ acid additives,12 which could cause the same problems encountered 

when we used pivalic acid with rhodium catalysis. Nevertheless, we will seek to examine 

different sets of previously reported conditions, in an attempt to find a compatible catalyst 

system. 

 

 

 

DG
+ Ph + N

H
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Ph

H
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2.115
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2.7 Conclusions 

 

 The 3-component reaction of an aryl iodide, a diene, and a nucleophile could have 

significant impact for the rapid construction of complex small molecules from simple building 

blocks. However, additional studies are required to improve the efficiency and generality of the 

reaction. Nevertheless, this multicomponent coupling constitutes an atom-economical method for 

the selective construction of two new C–C or C–X bonds, and the promising results obtained thus 

far provide proof-of-principle that will hopefully inspire additional studies. 
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2.8 Experimental 

 

2.8.1 General Information 

 

Unless otherwise stated, all reactions were carried out under an argon atmosphere with anhydrous 

solvents using commercially available reagents that were purchased and used as received. 

Iodobenzene was purchased from Alfa Aesar; 1,3-butadiene in hexanes, trans-1-phenyl-1,3-

butadiene, pyrrolidine and piperidine were purchased from Sigma-Aldrich; Pd(OAc)2 and 

Pd(PPh3)4 were purchased from Strem Chemicals; Pd2dba3 was purchased from Combi-Blocks. 

Solvents were used from a Innovative Technology, Inc. solvent purification system. All 

compounds were purified by flash chromatography using silica gel 60 (40-63 µm, Silicycle) and 

gave spectroscopic data consistent with being ≥95% the assigned structure.  Analytical thin layer 

chromatography (TLC) was performed on pre-coated 0.2 mm thick silica gel 60-F254 plates 

(Merck); visualized using UV light and by treatment with a KMnO4 dip, followed by heating. IR 

spectra were recorded on a Agilent Technologies Cary 630 FT-IR (ATR) spectrometer; 

wavenumbers (ν) are given in cm−1; and the abbreviations w (weak, <25%), m (medium, 25-

50%), s (strong, 51-75%), vs (very strong, >75%) and br (broad) are used to describe the relative 

intensities of the IR absorbance bands.  Mass spectra were obtained through the Chemistry 

Department Mass Spectrometry Service, Queen’s University. 1H NMR and 13C NMR spectra 

were recorded on a Bruker Avance DRX-500 spectrometer in CDCl3 at ambient temperature; 

chemical shifts (δ) are given in ppm and calibrated using the signal of residual undeuterated 

solvent as internal reference (δH = 7.26 ppm and δC = 77.16 ppm).  1H NMR data are reported as 

follows: chemical shift (multiplicity, 1st order spin system if available, coupling constant, 

integration).  Coupling constants (J) are reported in Hz and apparent splitting patterns are 
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designated using the following abbreviations: s (singlet), d (doublet), t (triplet), q (quartet), m 

(multiplet), br (broad), app. (apparent) and the appropriate combinations.  13C NMR spectra with 

complete proton decoupling were described with the aid of an APT sequence, separating 

methylene and quaternary carbons (CH2, C), from methyl and methine carbons (CH3, CH). 

 

2.8.2 Experimental Procedure for the Preparation of Benzamide 2.59 

 

Tris(acetonitrile)pentamethylcyclopentadienylrhodium(III) hexafluoroantimonate (0.010 g, 0.013 

mmol), diacetoxycopper (6.8 mg, 0.038 mmol), N,N-diethylbenzamide (0.044 g, 0.250 mmol), 

and pivalic acid (0.026 g, 0.250 mmol) were combined in a sealed tube under air. 

Dichloromethane (1.25 mL) was then added, followed by 1,3-butadiene (0.661 ml, 1.250 mmol). 

The tube was sealed and heated to 60 ºC for 16 h. The reaction mixture was washed into a round 

bottom flask using dichloromethane and the solution concentrated in vacuo. Purification by flash 

column chromatography (silica gel, eluting with hexanes/EtOAc) afforded (E)-2-(buta-1,3-

dienyl)-N,N-diethylbenzamide as a cloudy colourless oil. 

 

 (E)-2-(buta-1,3-dienyl)-N,N-diethylbenzamide (2.59) 

Colour and State: Cloudy, colourless oil. 

1H NMR (500 MHz, CDCl3) δ 7.58 (d, J = 7.8 Hz, 1H), 7.33 (t, J = 7.5 Hz, 1H), 7.25 (t, J = 7.3 

Hz, 1H), 7.19 (d, J = 7.3 Hz, 1H), 6.78 (dd, J = 15.7, 10.5 Hz, 1H), 6.55 (d, J = 15.5 Hz, 1H), 

6.45 (dt, J = 17.0, 10.2 Hz, 1H), 5.34 (d, J = 16.9 Hz, 1H), 5.19 (d, J = 10.0 Hz, 1H), 3.76 (br s, 

1H), 3.44 (br s, 1H), 3.08 (q, J = 7.1 Hz, 2H), 1.27 (t, J = 7.2 Hz, 3H), 1.00 (t, J = 7.1 Hz, 3H). 

NEt2

O



 

 111 

13C NMR (125 MHz, CDCl3) δ 170.41 (C), 137.20 (CH), 136.35 (C), 133.53 (C), 131.81 (CH), 

129.29 (CH), 128.79 (CH), 127.65 (CH), 126.28 (CH), 125.39 (CH), 118.54 (CH2), 42.90 (CH2), 

38.93 (CH2), 13.99 (CH3), 12.93 (CH3). 

IR (Neat) 2971 (m), 2933 (m), 1624 (vs), 1601 (s), 1425 (vs), 1281 (s), 1077 (m), 1002 (s), 945 

(m), 902 (m), 755 (vs) cm–1. 

HRMS (EI, M+) calcd for C15H19NO 229.1467, found 229.1469. 

 

2.8.3 Representative Experimental Procedure for the Three-Component Reaction of 

Aryl Iodides, Dienes, and Amines 

 

Tris(dibenzylideneacetone)dipalladium(0) (0.023 g, 0.025 mmol), triphenylphosphine (0.052 g, 

0.200 mmol), iodobenzene (0.112 mL, 1.0 mmol), and pyrrolidine (1.0 mL, 11.98 mmol), were 

combined in a sealed tube. The tube was wrapped in aluminum foil and trans-1-phenyl-1,3,-

butadiene (0.070 mL, 0.500 mmol) was added. The tube was sealed under nitrogen funnel and 

heated to 120 ºC for 14 h. The resulting mixture was washed into a round bottom flask with 

dichloromethane and concentrated in vacuo. Purification by flash column chromatography (silica 

gel, eluting with hexanes/EtOAc/1% NEt3) afforded the (E)-1-(1,4-diphenylbut-3-en-2-

yl)pyrrolidine as an orange-brown oil. 
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2.8.4 Spectral Data for Three-Component Reaction Products 2.109 and 2.112 

 

(E)-1-(1,4-diphenylbut-3-en-2-yl)pyrrolidine (2.109) 

Colour and State: Orange-brown viscous oil. 

1H NMR (500 MHz, CDCl3) δ 7.30-7.14 (m, 10H), 6.14 (app. d, J = 4.0 

Hz, 2H), 3.23 (dd, A of ABX, JAB = 13.2 Hz, JAX = 3.9 Hz, 1H), 3.12-3.07 (m, 1H), 2.80 (dd, B of 

ABX, JAB = 13.1 Hz, JBX = 9.7 Hz, 1H), 2.76-2.67 (m, 4H), 1.87-1.81 (m, 4H). 

13C NMR (125 MHz, CDCl3) δ 139.20 (C), 137.21 (C), 131.87 (CH), 130.87 (CH), 129.69 (CH), 

128.42 (CH), 128.01 (CH), 127.19 (CH), 126.25 (CH), 125.91 (CH), 69.59 (CH), 51.88 (CH2), 

41.27 (CH2), 23.36 (CH2). 

IR (Neat) 2960 (m), 2779 (m), 1599 (w), 1493 (m), 1450 (m), 1123 (m), 965 (s), 741 (vs), 693 

(vs) cm–1. 

HRMS (EI, M+) calcd for C20H23N 277.1830, found 277.1835. 

 

 (E)-1-(1,4-diphenylbut-3-en-2-yl)piperidine (2.112) 

Colour and State: Orange-brown viscous oil. 

1H NMR (500 MHz, CDCl3) δ 7.31-7.15 (m, 10H), 6.19 (app. d, J = 3.4 

Hz, 2H), 3.27-3.22 (m, 1H), 3.18 (dd, A of ABX, JAB = 13.2 Hz, JAX = 3.9 Hz, 1H), 2.81 (dd, B of 

ABX, JAB = 13.0 Hz, JBX = 9.7 Hz, 1H), 2.74-2.66 (m, 2H), 2.65-2.57 (m, 2H), 1.71-1.60 (m, 4H), 

1.48 (dt, J = 11.1, 5.5 Hz, 2H). 

13C NMR (125 MHz, CDCl3) δ 139.91 (C), 137.27 (C), 132.82 (CH), 129.67 (CH), 128.96 (CH), 

128.57 (CH), 128.17 (CH), 127.34 (CH), 126.38 (CH), 125.95 (CH), 70.16 (CH), 51.05 (CH2), 

38.91 (CH2), 26.47 (CH2), 24.86 (CH2). 

N

N



 

 113 

IR (Neat) 3026 (w), 2930 (m), 2852 (m), 2792 (m), 1600 (m), 1494 (m), 1492 (m), 1101 (m), 968 

(m), 743 (vs), 692 (vs) cm–1. 

HRMS (ESI, [M+H]+) calcd for C21H25N 292.20598, found 292.20612. 
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