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Abstract 

Chapter one of this thesis describes preliminary efforts towards the development of the rhodium-

catalyzed allylic arylation reaction employing nucleophiles containing ortho-DMGs (directed metalation 

groups). Unfortunately, a variety of rhodium(I) catalysts and carbonate-based leaving groups screened 

during the optimization studies were not successful within this reaction, with poor regioselectivity being 

observed in all cases. 

Chapter two describes the optimization and scope of the copper-catalyzed SN2´ allylic arylation 

reaction using DoM (Directed ortho Metalation)-derived nucleophiles. An air stable and environmentally 

benign copper(I)-NHC catalyst has been found to facilitate this SN2´ allylic arylation process, forming 

C−C bonds in a highly regioselective manner. A variety of DMGs and acyclic allylic bromides were 

tolerated within this reaction, with a single example showcasing its application on the analogous 

cyclohexene derivative. Preliminary efforts towards the enantioselective variant of this reaction are also 

described. 

Chapter three describes the development and optimization of the DMG dance reaction on the 7-

azaindole heterocycle, thus allowing its highly regioselective functionalization via sequential DoM 

reactions. Excellent C-6 anion formation of 7-azaindole was achieved, with a variety of carbon-based and 

heteroatom-based electrophiles being well tolerated. Preliminary application of the DoM reaction on L-

745870, an antipsychotic agent containing the 7-azaindole skeleton, was successful. Studies towards the 

synthesis of other potentially bioactive analogues of L-745870 via this methodology are currently 

ongoing. 
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Chapter 1 

Transition Metal-Catalyzed Allylic Arylation using Directed ortho 

Metalation Derived Nucleophiles 

1.1 Introduction 

1.1.1 Transition Metal-Catalyzed Allylic Substitution 

The regio- and stereoselective construction of C−C and C−X bonds remains both a 

challenging and important problem in synthetic organic chemistry. In recent years, the transition 

metal-catalyzed allylic substitution reaction has been a significant focus, since it provides an 

opportunity to develop a catalytic process, thereby making it an attractive process for a wide array 

of applications within the realm of target directed synthesis (Scheme 1.1).1,2 

 

Scheme 1.1 General overview of the transition metal-catalyzed allylic substitution reaction with 

acyclic allylic substrates. 

Scheme 1.1 outlines the general process, wherein oxidative addition of the transition 

metal-complex affords the π–allylmetal(III) complex iii. Subsequent attack with an external 

nucleophile at either allylic terminus, can either occur through direct attack on the allylic species 

via an outer-sphere mechanism (soft nucleophiles, pKa < 25) or initial attack on the metal center 

followed by reductive elimination (hard nucleophiles, pKa > 25) to afford the substitution 

products iv and v. Although seminal work on transition metal-catalyzed allylic substitution 
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i or
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R'
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M = Pd, Rh, Ru, Mo, etc.
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focused on symmetrical allylic substrates (R = R´), to circumvent any regioselectivity issues, later 

work examined unsymmetrical substrates (R´ = H). Although nucleophilic attack at the least 

substituted terminus yields the achiral linear product viii, often as a mixture of the E/Z isomers, 

the preferential attack at the more substituted allyl terminus provides branched products vii and 

ent-vii, containing a stereogenic center. To this end, there are three potential pathways for the 

formation of enantiomerically enriched products (Scheme 1.2). 

 

Scheme 1.2 Overview of the three pathways for the asymmetric transition metal-catalyzed allylic 

substitution reaction. 

The first process involves the conversion of a racemic starting material i to the 

enantiomerically enriched product iii via dynamic kinetic asymmetric transformation (DYKAT) 

using a chiral ligand on the metal center. Alternatively, the linear, achiral starting material ii can 

undergo alkylation via the π-facial discrimination between the two possible enantiotopic faces of 

the olefin, thereby allowing selective formation of either vii or ent-vii. In this case, 

enantioselective formation of the final branched product is dictated by the rates at which 

intermediates iv and vi are alkylated relative to π-σ-π isomerization. The stereospecific alkylation 

with enantioenriched starting material iii negates the need for a chiral ligand. Initial oxidative 

addition occurs via inversion of stereochemistry, which is followed by nucleophilic attack either 
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via inversion for soft nucleophiles (pKa < 25), or retention with hard nucleophiles (pKa > 25). In 

this case, the rate of nucleophilic attack needs to be significantly faster than that of the π-σ-π 

isomerization to reduce the racemization. Although there has been significant progress with 

regard to the development of soft nucleophiles, the analogous process with hard nucleophiles 

remains underdeveloped. 

1.1.1.1 Palladium-Catalyzed Allylic Arylation 

While palladium-based catalysts have been frequently employed in allylic substitutions, 

the scope of nucleophiles has generally been limited to soft nucleophiles. As a result, there have 

been limited reports of hard nucleophiles (pKa > 25) being employed under palladium catalysis. 

For example, Hayashi and co-workers reported the first example of a Grignard reagent being 

utilized in palladium-catalyzed allylic substitution reactions.3 Interestingly, the choice of complex 

was crucial for efficient reaction, with Pd(PPh3)4 leading to poor conversion compared to 

PdCl2(dppf) (52% vs 100%). Regardless of the initial starting material (Eq. 1, 1.1 or 1.2), the 

nucleophile preferentially adds at the least substituted terminus of the π-allyl species, albeit with a 

limited scope of aryl nucleophiles. In addition, reactions of 2-Me and 4-Me aryl Grignards 

proceed smoothly, albeit longer reaction times are required (4 vs 25 hours) and a decrease in 

regioselectivity with 2-MeC6H4MgBr favoring the linear product (b:l = 1:5) is observed. 

Although this was the first example of allylic arylation using palladium catalysis, the poor 

regioselectivity severely limits its synthetic utility for asymmetric synthesis. 
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1.1.1.2 Nickel-Catalyzed Allylic Arylation 

Hayashi and co-workers also demonstrated the influence of the metal upon the reaction 

outcome, as both palladium- and nickel-based catalysts provide complementary selectivity.3 For 

instance, while the aryl Grignard preferentially attacks the least substituted π-allyl terminus with a 

palladium catalyst, the analogous nickel catalyst preferentially attacks the most substituted 

terminus, thus forming 1.3 (Eq. 2). As is common with this chemistry, the regiochemistry of the 

starting material used (1.1 or 1.2) has limited impact on the selectivity (1.3:1.4 ≥ 4:1). 

 

1.1.1.3 Iridium-Catalyzed Allylic Arylation 

Alexakis demonstrated the first iridium-catalyzed allylic substitution using Grignard 

nucleophiles.4 Treatment of the allylic carbonate 1.5 using standard conditions utilized for soft 

nucleophiles5 afforded 1.7 in moderate yield, albeit with poor regio- and modest to good 

enantiocontrol (51-98%, b:l = 1:6 to 2:1, 63-99% ee). Moreover, the reaction scope was limited to 

cinnamyl examples and only two aryl Grignards, which given the relatively poor selectivity 

severely limits the potential utility of this chemistry for synthetic applications. 

Me

OTES

Me

Ph
Me Ph

Me OTES

1.1 or

1.2
1.3 1.4

PdCl2(dppf) (2.0 mol%)
PhMgBr (2.0 equiv.)

Et2O, RT, 4 h

from: 1.1 (83%, 1.3:1.4 = 9:91)
         1.2 (100%, 1.3:1.4 = 4:96)

(1)

Me

Ph
Me Ph

1.3 1.4

NiCl2(dppf) (2.0 mol%)
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Et2O, RT, 4 h

from: 1.1 (91%, 1.3:1.4 = 81:19)
         1.2 (100%, 1.3:1.4 = 88:12)

Me

OTES

Me OTES

1.1 or

1.2

(2)
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1.1.1.4 Rhodium-Catalyzed Allylic Substitution  

1.1.1.4.1 Rhodium-Catalyzed Allylic Substitution with Soft Nucleophiles 

In 1984, Tsuji and co-workers reported the first highly regioselective rhodium-catalyzed 

allylic substitution reaction with unsymmetrical allylic carbonate electrophiles 1.8 (Eq. 4).6 To 

this end, a variety of stabilized nucleophiles e.g. 1.9 provide products 1.10 and 1.11 with 

excellent regioselectivity using both Rh(I) and Rh(II) complexes, with RhH(PPh3)4 modified in 

situ with P(nBu)3 being the optimum catalyst for this process.  

 

This work demonstrated the unusual regioselectivity obtained under rhodium catalysis, 

whereby allylic alkylation with regioisomeric allylic carbonates provides nucleophile addition to 

the same terminus as the leaving group. Additional studies by Tsuji and co-workers compared 

this unique selectivity with that obtained with the palladium-catalyzed allylic substitution 

(Scheme 1.3).7 Interestingly, the same selectivity is obtained irrespective of the regioisomeric 

starting material 1.8 or 1.12 under palladium catalysis, generally favoring the linear product. In 

contrast, the rhodium-catalyzed process provides the branched and linear products 1.13 and 1.14 

from the analogous allylic carbonates 1.8 and 1.12 respectively, using the β-keto ester pro-

nucleophile. Interestingly, the unique selectivity was ascribed to the intermediacy of a σ-allyl 

rhodium complex, albeit no mechanistic evidence was provided. 

R OCO2Me
R

Ph

1.5 1.7 (7 examples) 
(51-98%, b:l = 1:6 to 2:1, 63-99% ee)

(3)

[Ir(COD)Cl]2 (2.0 mol%)
(S,S,S)-1.6 (4.4 mol %)

PhMgBr (1.5 equiv.)
ZnBr2 (0.75 equiv.), LiBr (1.5 equiv.)

THF, 25 °C, 15-18 h O
P

O
Ar

Ar

Me

Me

(S,S,S)-1.6 (Ar = 2-MeOC6H4)

RhH(PPh3)4 (2.5 mol%)
PnBu3 (5.0 mol%)

Me

OCO2Me

MeO

O

OMe

O

1.8 1.9
Me

OMe

O

MeO

O

dioxane, 100 °C, 2 h

1.10

Me OMe

O

OMeO
1.11

86%, 1.10:1.11 ≥ 99:1

(4)
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Scheme 1.3 Comparing the regioselectivity observed via rhodium vs palladium catalysis. 

Evans and Nelson reexamined this process using a catalyst derived from the in situ 

modification of Wilkinson’s catalyst Rh(PPh3)Cl with triorganophosphites.8 Treatment of 

secondary and tertiary allylic carbonates 1.15 with the sodium enolate of dimethylmalonate using 

Wilkinson’s catalyst modified with P(OMe)3 furnished the branched regioisomer 1.16 with 

exquisite regioselectivity in all cases (Eq. 5). The improved regioselectivity was ascribed to the π-

accepting nature of the triorganophosphite ligands, which increases the electrophilicity of the π-

allyl intermediate. 

 

Additional studies probed the origin of the unparalleled regioselectivity using deuterated 

allylic carbonate 1.18, which they rationalized would probe the fluxionality of the π-allyl 

complex (Eq. 6).9 For example, the steric and electronic equivalence of the two allylic positions 

in 1.18 would likely provide an equimolar ratio of regioisomeric products 1.19 and 1.20 if the 

reaction proceeds via a fluxional π-allyl intermediate. Treatment of the allylic carbonate 1.18 with 

the sodium anion of dimethyl malonate, in the presence of Wilkinson’s catalyst modified by 

triphenylphosphite afforded 1.19 as the only regioisomer in excellent yield (by 1H NMR). The 

absence of regioisomer 1.20 supports the Tsuji hypothesis that this rhodium-catalyzed allylic 

Me

OCO2Me cat. MLn
NuH Me

Nu
Me Nu Me OCO2Me

cat. MLn
NuH

1.8 1.121.13 1.14

where NuH = EtCOCH2CO2Me

(a) Pd2(dba)3•CHCl3, PPh3, NuH, THF, RT
      from 1.8: 89% (1.13:1.14 = 27:73); from 1.12: 93% (1.13:1.14 = 29:71)
(b) RhH(PPh3)4, PnBu3, NuH, dioxane, 100 °C
      from 1.8: 81% (1.13:1.14 = 86:14); from 1.9: 97% (1.13:1.14 = 28:72)

OCO2Me

R1 R2

cat. Rh(PPh3)3Cl
P(OR)3

NaCH(CO2Me)2
30 °C

CH(CO2Me)2

R1 R2 R2

R1

CH(CO2Me)2

1.15 1.16 1.17

(5)

(1.16:1.17 = 93:7 to ≥99:1)
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substitution reaction proceeds via a σ-allyl complex (1.22) rather than a π-allyl complex (1.21), 

and that σ-π-σ isomerization is much slower than alkylation. 

 

Since the rate of isomerization may be influenced by steric hindrance at either allylic 

terminus, they also tested unsymmetrical substrates 1.23 and 1.24 (Scheme 1.4). Interestingly, the 

steric difference between the isopropyl and methyl groups had no impact on the regioselectivity, 

and the malonate is incorporated at the same terminus as the leaving group in both cases.  

 

Scheme 1.4 Probing the effects of steric bulk on the regioselectivity of the rhodium-catalyzed 

allylic alkylation reaction. 

In order to further test this hypothesis, they probed the stereochemical outcome using the 

unsymmetrical enantiomerically enriched allylic carbonate 1.27 (Scheme 1.5, R = Me, Lg = 

CO2Me), which should lead to a significant amount of racemization if the reaction proceeds via a 

σ-allyl complex. Surprisingly, the allylic alkylation product 1.29 was formed in excellent yield 

and with excellent conservation of enantiomeric excess (98% cee, Nu = CH(CO2Me)2). This 

result implies that the reaction proceeds via a double inversion process with soft nucleophiles 

through the enyl (σ+π) allyl intermediate 1.28.  
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Δ
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Scheme 1.5 Proposed mechanism for the stereospecific rhodium-catalyzed allylic alkylation 

reaction. 

1.1.1.4.2 Rhodium-Catalyzed Allylic Substitution with Hard Nucleophiles 

Additional studies demonstrated that the above finding was general for the regio- and 

stereospecific rhodium-catalyzed allylic substitution reaction for an array of carbon- and 

heteroatom stabilized nucleophiles (pKa < 25). Nevertheless, the application of these conditions 

to unstabilized nucleophiles proved significantly more challenging. In 2003, Evans and Uraguchi 

reported the first example of rhodium-catalyzed allylic substitution utilizing unstabilized 

nucleophiles (Scheme 1.6),10 albeit using simple phenyllithium and para-functionalized 

aryllithiums. The results showed the ability to circumvent many of the previously reported 

problems associated with the basicity of the aryllithium reagents by using the less basic zinc 

reagents. To this end, a new catalyst with an unusual leaving group, in combination with additives 

were critical for regioselectivity. Thus, the hydrotris(pyrazolyl)-borate rhodium complex 1.31 

was shown to be the optimal catalyst, in conjunction with a fluorinated allylic carbonate 1.30, and 

dba as an additive to promote turnover to afford product 1.32. Furthermore, although soft 

nucleophiles proceed with net overall retention, the use of unstabilized arylzinc nucleophiles 

occur with inversion, as showcased through the synthesis of (S)-ibuprofen (1.34).10 As noted 

previously (Scheme 1.2), the inversion of stereochemistry presumably occurs through initial 

attack of the arylzinc directly onto the rhodium center, followed by reductive elimination. 

R

OLg Rh(I)

R

RhIII Nu

R

Nu

1.27 1.28 1.29
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Scheme 1.6 Application of the Evans’ allylic arylation reaction to the synthesis of (S)-ibuprofen 

1.34. 

In 2006, Oshima and co-workers reported the rhodium-catalyzed allylic substitution of 

allyl Grignard reagents using methyl allylic ethers.11 Although they also observed no catalytic 

reactivity with Wilkinson’s catalyst, [Rh(COD)Cl]2 provided moderate regioselectivity. In 

contrast with the work of Evans and Uraguchi, the reaction provides identical selectivity 

irrespective of the allylic ether utilized, albeit the reaction was more sluggish for the linear allylic 

ether 1.35 (Eq. 7). This is interesting since the results are very similar to those observed using 

palladium, and thereby demonstrates the ability to access a π-allyl intermediate at higher 

temperature. 

 

In 2006, Gong and co-workers reported a rhodium-catalyzed arylation of electron-

deficient cyclic allylic acetates 1.39 with arylzincs 1.40 to afford 1.41 (Eq. 8).12 In contrast, poor 

yields were obtained with arylboronic acid nucleophiles due to decomposition of starting allylic 

acetate 1.39. Hence, the more reactive arylzinc chlorides facilitate the reaction at much lower 

Me

OCO2CH(CF3)2 cat. 1.31

(S)-1.30

Et2O, LiBr, dba
ArZnBr, 0 °C Me

Ar

where Ar = iBu

(R)-1.32

Me Ar

1.33
90%

((R)-1.32:1.33 = 10:1, 100% cee)

cat. RuCl3, NaIO4
CCl4, aq. MeCN

Me CO2H

Ar

1.34 (74%)

1.31

N N

HB Rh

N N

N N

Ph OMe

Ph

OMe

1.35 or

1.36

[Rh(COD)Cl]2
CH2=CHCH2MgCl

THF, ↑↓ Ph
Ph

1.37 1.38
from: 1.35 (59%, 1.37:1.38 = 89:11, 12 h)
         1.36 (59%, 1.37:1.38 = 87:13, 3 h)

(7)
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temperatures (0 °C vs 50 °C), affording 1.41 in improved yield (93% vs 56%; when Ar = Ph), 

with negligible effect on enantioselectivity. 

 

Similar to the work by Evans and Uraguchi,10 Martin and co-workers reported a single 

example of a stereospecific rhodium-catalyzed allylic arylation of the enantioenriched allylic 

methyl carbonate (+)-1.42 (Eq. 9).13 Excellent regiocontrol was observed via reaction with simple 

phenylzinc bromide in the presence of [Rh(CO)2Cl]2, to provide (−)-1.43. Consistent with the 

mechanism proposed in Scheme 1.2, this reaction proceeded with overall inversion of 

stereochemistry. 

 

More recently, Evans and O’Connor described the first example of a rhodium-catalyzed 

allylic substitution reaction using unstabilized sp3-hybridized benzyl Grignard reagents.14 

Interestingly, the choice of rhodium complex had negligible effect on the reaction, with 

comparable efficiency and regioselectivity observed for both air stable RhCl3�xH2O and the 

standard conditions utilized for the corresponding aryl nucleophiles.10 The reaction proceeds via 

net inversion of stereochemistry, albeit not in a stereospecific manner, which supports the 

proposed inner sphere mechanism of this reaction (Eq. 10). 

NO2
OAc ArZnCl

Rh(acac)(C2H4)2
(R)-BINAP

THF, 0 °C, 25 h

NO2
Ar

1.39 1.40 1.41
7 examples (79-93%, 85-96% ee)

(8)

Ph

OCO2Me

(+)-1.42

[Rh(CO)2Cl]2
PhLi, ZnBr2

THF, RT Ph

Ph

(−)-1.43
(99%, b:l ≥ 19:1, 91% cee)

(9)
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1.1.1.4.3 Rhodium-Catalyzed Allylic Substitution – Mechanistic Hypothesis 

Evans proposed a general mechanism to explain the excellent, albeit unique, 

stereospecificity observed in the rhodium-catalyzed allylic substitution reaction using both hard 

and soft nucleophiles (Scheme 1.7).8–10 

 

Scheme 1.7 Mechanism proposed for the stereospecific rhodium-catalyzed allylic substitution 

reaction (where S-Nu = soft nucleophile; H-Nu = hard nucleophile). 

Thus, oxidative addition of the Rh(I) complex to the enantiomerically enriched allylic 

substrate i, from the opposite face relative to the leaving group, affords enyl (σ+π) intermediate ii 

with inversion of stereochemistry. Subsequent attack with a soft nucleophile on the opposite face 

of the enyl intermediate via an outer sphere mechanism affords iii, again with inversion of 

stereochemistry. This double inversion process provides the enantiomerically enriched product iii 
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with overall retention (i à iii). In contrast, a hard nucleophile preferentially attacks the metal 

center via an inner sphere mechanism; subsequent reductive elimination occurs on the same face 

as the metal, thus providing ent-iii with overall inversion (i à ent-iii).  

The stereochemical leakage observed for these reactions is dependent on the rate of 

nucleophilic addition to enyl intermediate ii (k2 and k3) relative to the rate of isomerization to the 

achiral σ-allyl intermediate iv (k1). Provided k2,k3 >> k1, product iii will be formed in high 

enantiomeric excess. 

1.2 Project Aims 

In the report by Evans and Uraguchi concerning the first allylic arylation reaction, only a 

limited scope of nucleophiles were examined (Scheme 1.6).10 We envisioned an opportunity to 

combine directed ortho metalation (DoM) and allylic substitution to probe the ability to examine 

more functionalized nucleophiles 1.49 from 1.48 accessed by DoM methodology, as it will allow 

the rapid and convenient synthesis of complex aromatic scaffolds that contain useful ortho 

synthetic handles (DMGs) for further functionalization (1.50, Scheme 1.8). 

 

Scheme 1.8 Proposed allylic arylation reaction by combining DoM and allylic substitution 

reactions. Metalation = Li; Transmetalation = Zn, Mg, Al; Transition Metal = Rh, Ni. 

1.2.1 Background of Directed ortho Metalation (DoM) 

The prevalence of aromatic compounds in the fields of medicinal chemistry and materials 

science, emphasizes the importance of developing methods towards their synthesis in a highly 

regioselective fashion. While classical methods such as electrophilic and nucleophilic aromatic 

DMG
Metalation

+
Transmetalation

1.48

DMG

1.49

MXn

Transition Metal
Catalyzed Allylic
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R1 R1 R1

1.50

R2
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substitution (SEAr and SNAr respectively) represent widely applied and effective methods in 

synthetic aromatic chemistry,15 they are typically limited by regioselectivity issues, not to 

mention the requisite harsh conditions. Recently, the rapidly advancing catalytic C−H activation 

reaction has attracted numerous groups towards its application on aromatic and heteroaromatic 

moieties.16,17 While there have been significant advances in this field, the problems with 

regioselectivity provide ongoing challenges for further development.  

The independent discoveries by Gilman18 and Wittig19 of regioselective ortho-

deprotonation of anisole by n-BuLi set the groundwork for the development of this DoM reaction, 

arguably the most efficient method today for the regioselective synthesis of polyfunctionalized 

aromatic molecules.20,21 

The DoM process is depicted in the following general equation (Scheme 1.9). 

 

Scheme 1.9 General form of the DoM reaction. 

An arene bearing a DMG (1.51) undergoes regioselective deprotonation by a strongly 

basic alkyl lithium reagent (pKa = 50-53) to afford the ortho-lithiated species 1.52. Subsequent 

quench of this reactive intermediate with a suitable electrophile leads to the desired product 1.53.  

Following the seminal work of Wittig and Gilman, numerous groups have contributed to 

greatly improving the robustness of this reaction through the introduction of a variety of carbon- 

and heteroatom-based directed metalation groups (DMGs). While there are stark differences 

between DMGs, there remains a commonality amongst all – the presence of a heteroatom to 

coordinate with the alkyllithium that allows highly regioselective ortho-deprotonation. Carbon-

based DMGs encompass carboxylic acids, esters, secondary and tertiary amides, and oxazolines; 

DMG DMG
LiRLi E+

DMG
E

1.51 1.52 1.53



 

 

 

14 

while O-methoxymethyl, N-Boc, N-Piv, secondary and tertiary sulfonamides, and O-carbamates 

are a select few commonly utilized heteroatom-based DMGs.  

While Scheme 1.9 represents the overall DoM process, the precise mechanistic picture 

remains unclear. Two competing proposals, each with accumulated evidence, are currently used 

to rationalize the regioselective DoM reaction: the “Complex-Induced Proximity Effect” 

(CIPE),20 and “Kinetically Enhanced Metalation” (KEM).22 While both postulates invoke proton 

transfer as the rate determining step in the reaction mechanism, they differ in the distinction for 

the formation of a complexed species prior to proton transfer.23  

Curtin and Roberts first proposed that the highly regioselective nature of DoM through 

coordination of lithium to a DMG heteroatom.24 This leads to the formation of the pre-

deprotonated complex 1.54, an important intermediate within the CIPE model.20 This complex 

brings the ortho proton within close proximity to promote selective ortho-deprotonation via 

transition state 1.55. Irreversible deprotonation leads to 1.52, which upon quenching with a 

variety of electrophiles regioselectively affords 1,2-disubstituted products 1.53 (Scheme 1.10) 

that constitute the strength of the DoM reaction. 

 

Scheme 1.10 Overview of the CIPE mechanism for the DoM reaction. 

Evidence for CIPE was provided by Beak and co-workers who reported monitoring the 

C=O stretching frequency of the amide 1.56 (Scheme 1.11) by stopped-flow IR spectroscopy over 

the course of the reaction.25,26 The starting benzamide 1.56 (νC=O = 1650 cm-1) gave rise to the 

reversible formation of 1.57 with νC=O = 1625 cm-1, since there is no deuterium incorporation 

observed upon quenching of 1.57 with D2O. Nevertheless, if the reaction is allowed to proceed, 
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the νC=O = 1625 cm-1 disappears and a band at νC=O = 1588 cm-1 appeared. This was attributed to 

α´-lithiated benzamide 1.58, which upon D2O quench gave 1.59 with high deuterium 

incorporation. These results have been accepted as indirect evidence for a CIPE mechanism 

operating for DoM. 

 

Scheme 1.11 Stopped-flow IR experiment supporting inferentially the CIPE rationale for the 

DoM reaction. 

In 2003, Slocum and co-workers presented direct 13C NMR evidence for the formation of 

alkyllithium-substrate complexes through metalation studies conducted with dimethoxybenzenes 

(DMBs) in hydrocarbon solvents.27 Alkyllithiums exist in various aggregation states which are 

highly dependent on the reaction solvent as well as the presence of bidentate ligands, such as 

TMEDA, that effectively break down these aggregates.20,28–30 In hydrocarbon solvents, such as 

hexanes or benzene, n-BuLi exists as a hexameric species, rendering it unreactive.31 However, 

addition of either an ethereal solvent or TMEDA causes n-BuLi to exist as mixtures of tetrameric 

and dimeric species, or monomeric/dimeric species, thus allowing ortho-metalation to proceed. 

Interestingly, Slocum and co-workers found that metalation of both 1,2-DMB (1.60, Scheme 

1.12) and 1,3-DMB (1.63) proceed in high yields in hexane, toluene or cyclohexane without the 

requirement of additive TMEDA. Consequently, they proposed that in these cases, it is the 

substrates themselves that act as bidentate ligands, allowing the deaggregation of the alkyllithium 

reagent. This was supported by 13C NMR, which indicates the appearance of a slightly shielded 

methoxy carbon signal over time (1.61 and 1.64). 

Ar N

O
CH3

CH3

RLi
Ar N

O
CH3

CH3
Ar N

O
CH2

CH3
Ar N

O
CH2D

CH3

-RH D2O
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Li
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Scheme 1.12 Regioselective metalation of DMBs 1.60 and 1.63 via alkyllithium deaggregation 

via the aryl diether starting materials. 

As mentioned above, a competing hypothesis to CIPE for the mechanism of a DoM 

reaction suggests that the inductive electron-withdrawing nature of the DMG makes the ortho-

hydrogen the most acidic site. This proposal, termed the “Kinetically Enhanced Metalation” 

(KEM) by Schleyer and co-workers,32 suggests that DoM proceeds through the tetrahedral 

transition state as shown in Figure 1.1 (1.66). Calculations suggest that multi-coordinated 

tetrahedral transition state lowers the activation energy barrier for the deprotonation event. 

Experimental studies performed on anisole are consistent with a KEM rationalization.33 At room 

temperature in the presence of butyllithium, no reaction occurs, while when in the presence of 

BuLi/TMEDA at low temperatures, ortho-lithiation occurs, although 6Li,1H-HOESY 

(Heteronuclear Overhauser Effect Spectroscopy) spectra show no prior complexation.  
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Figure 1.1 Tetrahedral TS as proposed by Schleyer for the KEM mechanism of the DoM 

reaction. 

Beyond DoM’s utility to form 1,2-difunctionalized aromatics is its unique ability to 

provide routes to the synthesis of 1,2,3- and 1,2,4-trisubstituted aromatics that constitute 

challenging scaffolds for classical methodologies. To this end, intramolecular34–36 and 

intermolecular36,37 competition experiments have been performed with a variety of different 

anchor DMGs to obtain an approximate hierarchy of these systems, which has served as a guide 

to plan routes towards synthetic targets. Thus different para-related DMGs, afford products 1.67 

upon electrophilic quench with high regioselectivity as a function of the more powerful DMG 

(1.67, Figure 1.2). Similarly, with few exceptions, two different meta-related DMGs lead to high 

regioselectivity at their common site (1.68). 

 

Figure 1.2 Regioselective DoM as a function of DMGs in competitive (1.67) and synergistic 

(1.68) ways. 
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1.2.2 Use of Directed ortho Metalation-Derived Nucleophiles in Allylic Substitution 

Reactions 

1.2.2.1 Previous Methods and Limitations 

1.2.2.1.1 The Directed ortho Metalation (DoM) Reaction 

While a variety of electrophiles have been demonstrated to be viable for the DoM 

reaction to afford ortho-substituted DMG bearing aromatic compounds, the reactions with allyl 

electrophiles has often yielded “spurious results”.38 Both Snieckus38 and d’Angelo39 encountered 

similar problems in the reaction of allyl bromide with ortho-lithiated species derived from 

substrate 1.69 (Eq. 11). The desired compound 1.71 (12%) was obtained only as only a minor 

component in addition to recovered diethylbenzamide starting material 1.69 (23%) and 

brominated product 1.73 (40%).  

 

The formation of the ortho-brominated product 1.73 was not surprising since Beak and 

co-workers previously reported allyl bromide to be a brominating agent in reactions with 

aryllithiums.40 Interestingly, Snieckus and co-workers reported the analogous reaction with the 

diethyl O-carbamate DMG substrate (1.70) to proceed smoothly, yielding the desired ortho-

allylated product 1.72 in 75% yield.  

Both the Snieckus38 and d'Angelo39 groups circumvented this issue via the 

transmetalation of the ortho-lithiated diethylbenzamide species with magnesium and copper 

reagents respectively. Thus, the ortho-allyldiethylbenzamide 1.71 from bare benzamide 1.69 was 

obtained in high yield via the magnesiate and cuprate species (Scheme 1.13).  

DMG 1) s-BuLi/TMEDA (1.5 equiv.)
     THF, −78 °C, 25 min

Br (2.5 equiv.)

DMG DMG

Br

          CONEt2 (1.69)
          OCONEt2 (1.70)
DMG:

2)

THF, −78 °C           CONEt2 (1.71, 12%)
          OCONEt2 (1.72, 75%)
DMG: 1.73 (40%)

(11)
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Scheme 1.13 Regioselective ortho-allylation of DMG substrates via DoM. 

In addition to facilitating the reaction with allyl bromide, this transmetalation protocol 

has allowed DoM to accommodate other previously troublesome electrophiles, such as alkyl 

aldehydes.38 Due to the numerous ways that an allyl moiety can be further functionalized, such as 

via hydroboration, dihydroxylation and iodolactonization, development of a reliable methodology 

for its regioselective incorporation by DoM chemistry has been advantageous in the total 

syntheses of important targets.41 

1.2.3 Allylation via C−H Activation 

In recent years, considerable focus within the synthetic community has been given 

towards development of C−H activation reactions, a very attractive methodology due to its high 

atom- and step-economy. A select few recent examples of transition metal catalyzed C−H 

allylation reactions will be presented. 

1.2.3.1 Rhodium-Catalyzed C−H Allylation 

In 2013, Glorius reported a Rh(III)-catalyzed intermolecular C−H allylation reaction of 

benzamides 1.74 with methyl allylic carbonates 1.75 (Eq. 12). The combination of [{Cp*RhCl2}2] 

and AgSbF6 salt was required for maximum selectivity and reactivity, with products 1.75 formed 

with complete γ-selectivity and good to excellent E/Z-isomeric ratio in most cases.42 

Nevertheless, the E/Z-isomeric ratio is greatly diminished for the sterically bulky allylic 

carbonate 1.75 (R = Ph: E/Z = 2:1).  

CONEt2
1) s-BuLi/TMEDA

Br

CONEt2

3)
2) MgBr2•2Et2O

1) s-BuLi/TMEDA

Br

CONEt2

3)
2) CuI•Me2S

1.71 (82%) 1.71 (71%)1.69
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This represents a potential complementary methodology for the DoM process discussed 

above (Scheme 1.13) and the reaction we plan to accomplish enantioselectively via a combined 

DoM − rhodium-catalyzed process (Scheme 1.8). 

1.2.3.2 Cobalt-Catalyzed C−H Allylation 

Following a recent trend in synthetic chemistry, wherein reactivity of first-row transition 

metals are compared with those of noble metals, Glorius and co-workers reported the first cobalt-

catalyzed C−H cyanation, halogenation, and allylation reactions of indoles 1.77 (Eq. 13).43 Thus, 

using the 2-pyrimidyl directing group and bench-stable [Cp*Co(CO)I2] catalyst led to selective 

C-2 allylation of 1.77 with simple methyl allylic carbonate 1.78 to give products 1.79, thus 

overriding the inherent C-3 nucleophilicity of indole (<1% of the undesired C-3 isomer was 

observed). Remarkably, this allylation reaction showed exquisite catalytic activity (TON = 474) 

at room temperature, although since only simple methyl allylic carbonate 1.78 was reported, the 

generality of this reaction is unknown. 

 

 

  

CONiPr2 OCO2Me

R

[{Cp*RhCl2}2] (2.5 mol%)
AgSbF6 (10-30 mol%)

PivOH (1.0 equiv.)
PhCl, 35-50 °C, 18 h

CONiPr2

R

1.74 1.75 (R = H, Me, nBu, Ph)
(2.0 equiv.)

1.76
(63-85%, E/Z = 2:1 to 37:1)

(12)

N

N
N

OCO2Me
R

N

N
N

R[Cp*Co(CO)I2] (0.5 mol%)
AgSbF6 (1.25 mol%)

PivOH (5 mol%)
DCE, argon, RT, 4 h

1.79 
(6 examples, 89-97%)

1.77 1.78
(2.0 equiv.)

(13)
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1.3 Results 

1.3.1 Synthesis of DoM-Based Starting Materials 

For initial studies of the ortho-allylation reaction, the O-methoxymethyl DMG substrate 

1.81 was prepared following a one-step protocol from the commercially available phenol 1.80 

(Eq. 14). 

 

1.3.2 Synthesis of Branched Allylic Starting Materials 

The preparation of requisite allylic carbonates 1.84-1.86 is shown in Scheme 1.14. The 

addition of vinylmagnesium bromide to the aldehyde 1.82 afforded the allylic alcohol 1.83, which 

was deprotonated with LiHMDS and trapped with BOC-ON and methyl chloroformate, 

respectively, to furnish the allylic carbonates 1.84 and 1.85. Alternatively, the allylic alcohol 1.83 

was protected with CDI and the intermediate was converted into 1.86 with hexafluoroisopropanol 

and catalytic DMAP. 

 

Scheme 1.14 The Synthesis of allylic carbonates 1.84-1.86. 

1.3.3 Optimization of Reaction Conditions 

With the required starting materials in hand, we initiated studies to establish the 

optimized conditions for the metalation of substrate 1.81. After finding conditions to achieve 

OH 1) NaH
    THF, 0 °C
2) MOM-Cl

1.80

OMOM

1.81

(14)

Ph

O

H

1.82

MgBr
THF, 0 °C → RT Ph

OH

1.83

LiHMDS
THF, 0 °C

CDI
CH2Cl2, 0 °C

Ph

OCO2CH(CF3)2

1.86
then 

HOCH(CF3)2, DMAP
CH2Cl2, RT

then 
BOC-ON or ClCO2Me

0 °C → RT

Ph

OCO2R

1.84 (R = tBu)
1.85 (R = Me)
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excellent level of anion formation (>90%) by deuterium quench experiments using both 

tetrahydrofuran and diethyl ether solvents,44,45 these were applied in the allylic arylation reaction 

(Table 1.1), using zinc(II) bromide as the transmetalation reagent (entry 1). Unfortunately, these 

experiments were unsuccessful, with only recovery of starting materials in all cases. Although 

zinc(II) bromide is regularly used for transmetalation of simple phenyllithium,10 more 

complicated aromatic moieties have been found to typically utilize zinc(II) chloride.46–48 

Gratifyingly, the application of the optimum MXn species 1.49 (Scheme 1.8) (MXn = ZnCl) to the 

allylic arylation reaction provided greater success to afford 1.87, albeit with poor regioselectivity. 

Additional studies examined the effect of different catalytic systems, as well as leaving 

groups on the overall reaction. The combination of zinc(II) chloride with the 

hydrotris(pyrazolyl)borate rhodium(I) catalyst (1.31) proved effective for both allylic carbonates 

1.86 and 1.84, affording the desired products 1.87 and 1.88 with 60% conversion, with slight 

preference for the linear product (Table 1.1, entries 2 and 3). Switching to Martin’s [Rh(CO)2Cl]2 

catalyst, utilized previously for allylic substitution reactions,13 also gave promising results. 

Unfortunately, subjecting the fluorinated allylic carbonate 1.86 to these conditions led to no 

improvement in the efficacy of the reaction, but showed a slight improvement in regioselectivity 

(entry 4). Reaction of the allylic methyl carbonate 1.85 in ether afforded no reaction (entry 5) but 

full conversion was achieved in THF as the solvent (entry 6). Screening the catalyst loading from 

10 mol% to 5 mol% has little effect on the efficiency of the reaction, albeit under these conditions 

the linear product 1.88 was found to be favoured (entry 8). Adaption of the conditions of the 

reported highly regioselective nickel-catalyzed allylic substitution reaction49 did not improve the 

regioselectivity of the reaction (entry 9).  
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Table 1.1 Optimization of the rhodium-catalyzed allylic arylation of DoM-derived nucleophile 

1.81.a 

 

1.4 Future Work 

Hence, given the rather disappointing results, we elected to abandon this approach, since 

we envisioned that the directing group may be the reason for the rather poor selectivities. 

Furthermore, we envisioned that an analogous outcome could be provided via a copper-catalyzed 

SN2´ reaction of 1.49 with 1.89 (Scheme 1.15), which would also constitute a novel process in the 

context of the allylic substitution reaction. 

Entrya Starting 
Material 

Catalyst Ligand ZnX2 Additive Solvent % Conversionb 1.87:1.88b 

1 1.86 TpRh(C2H4)2 dba ZnBr2 LiBr Et2O 0 - 

2 “ “ “ ZnCl2 LiBr “ ~51 1:1.5 

3 1.84 “ “ “ “ “ ~59 1:2 

4 1.86 [Rh(CO)2Cl]2 - “ - “ ~50-60 ~1:1 

5 1.85 “ - “ - “ 0 - 

6 “ “ - “ - THF >95 1:2 

7 “ [Rh(COD)Cl]2 - “ - “ ~30 N/Ac 

8d “ [Rh(CO)2Cl]2 - “ - “ >95 1:2 

9e “ Ni[P(OPh)3]4 - “ - “ >95 1:3.25 

10 “ - - “ - “ 0 - 
a Unless stated otherwise, all reactions utilized 10 mol% catalyst loading. b % Conversion and ratio of the 
regioisomers (1.87:1.88) was determined using 400 MHz 1H NMR. c Ratio of regioisomers is not reported due to 
the low conversion. d 5% catalyst loading was used. e Addition of enyl (σ+π) species was performed at RT and the 
reaction mixture was heated to 50 °C. 

Ph

OCO2R OMOM
cat. RhI, ligand

tBuLi, ZnX2, additive

solvent, 0 °C → RT, 14 h
Ph

Ph

OMOM

1.84 (R = tBu)
1.85 (R = Me)

1.86 (R = CH(CF3)2)

1.81
(2.5 equiv.)

1.88

MOMO

1.87

(15)
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Scheme 1.15 Proposed SN2´ reaction to allow highly regioselective incorporation of DoM-

derived nucleophiles 1.49 with 1.89. 

1.5 Conclusions 

While the rhodium-catalyzed allylic substitution reaction has become a very effective 

method for construction of C−C bonds, allowing incorporation of both hard10 and soft50,51 

nucleophiles in a highly regioselective and stereospecific manner, this work indicates the 

additional challenges associated with the use of hard nucleophiles containing ortho-DMGs. The 

inherent coordinating nature of these DMGs may have resulted in the poor selectivities, and while 

alteration of catalyst or ligand may resolve these issues, the preliminary studies within this 

chapter were not met with success. 
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1.6 Experimental Section 

1.6.1 General Information 

All reactions were carried out under a nitrogen atmosphere using flame-dried glassware. 

Anhydrous THF was freshly distilled from sodium benzophenone ketyl. All compounds were 

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

data consistent with being ≥95% by 1H NMR. 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. Melting points (uncorrected) were 

obtained from 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%), 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-400 or Bruker 

Avance-500 spectrometer operating at 400 MHz and 500 MHz respectively (1H NMR frequency, 

corresponding 13C frequencies are 100 MHz and 125 MHz respectively) 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, 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 (e, 
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even), from methyl and methine carbons (o, odd). Unless otherwise indicated, reagents were 

obtained from commercial sources and were used without further purification. Solutions of nBuLi 

and tBuLi bases were purchased from Sigma-Aldrich and were titrated biweekly using N-

benzylbenzamide as indicator.52  

1.6.2 Experimental Procedure for the Synthesis of 

bis(ethylene)hydrotris(pyrazolyl)borate rhodium(I) (1.31) 

To a flame-dried flask was added bis(ethylene)rhodium(I) chloride dimer (0.250 g, 0.643 

mmol, 1.0 equiv) and potassium tri(1H-pyrazol-1-yl)hydroborate (0.600 g, 2.378 mmol, 3.7 

equiv) under an inert atmosphere. Anhydrous dimethylformamide (9.0 mL) was then added, and 

the resultant solution was allowed to stir overnight at room temperature. The solution was diluted 

with water (31 mL) and stirred for a further ca. 10 minutes before the resulting yellow solid was 

filtered. This yellow solid was then dissolved in dichloromethane and purified via flash column 

chromatography (neutral alumina gel, eluting with dichloromethane) to yield 

bis(ethylene)hydrotris(pyrazolyl)borate rhodium(I) (0.524 g, 1.588 mmol, 57% yield) as a yellow 

solid. 

Bis(ethylene)hydrotris(pyrazolyl)borate rhodium(I) (1.31)  

Color and State: Yellow solid (mp = 138 °C (dec.); Lit = 140 °C (dec.)53). 

All spectral data are consistent with those reported.10 

1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 2.0 Hz, 3 H), 7.58 (d, J = 2.0 Hz, 3 H), 6.18 (t, J = 2.0 

Hz, 3 H), 2.51 (b s, 8 H). 

IR (Neat) 2457 (w), 1821 (w), 1499 (m), 1394 (s), 1304 (s), 1215 (s), 1115 (s), 1042 (vs), 757 

(vs), 732 (s), 716 (vs), 662 (s) cm-1. 

 

N N

HB Rh

N N

N N
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1.6.3 Experimental Procedure for the Synthesis of (methoxymethoxy) benzene (1.81) 

To a flame-dried flask was added sodium hydride (2.34 g, 58.4 mmol, 1.1 equiv, 60% 

dispersion in mineral oil) under an atmosphere of argon. Following addition of anhydrous 

dimethylformamide (75 mL), the suspension was cooled to 0 °C. In a separate flask, phenol (5.00 

g, 53.1 mmol, 1.0 equiv) was dissolved with anhydrous dimethylformamide (25 mL), and then 

added dropwise to the suspension of sodium hydride. After stirring at this temperature for ca. 30 

minutes, the reaction mixture was allowed to warm to room temperature and stirred for ca. 1 

hour. The reaction mixture was then cooled back down to 0 °C, followed by dropwise addition of 

MOM-Cl (30.4 mL, 63.8 mmol, 1.2 equiv, 2.1 M solution in toluene), before allowing the 

reaction mixture to warm up to room temperature. After stirring at this temperature for ca. 12 

hours, the mixture was cooled back to 0 °C, quenched by the addition of water and extracted into 

diethyl ether. The combined organic layers were washed with potassium hydroxide (1 M solution 

in water) followed by water, dried (anhyd. MgSO4), filtered and concentrated in vacuo to afford 

the crude product. Purification by flash column chromatography (silica gel, eluting with diethyl 

ether / hexane) afforded (methoxymethoxy) benzene (1.81) (5.72 g, 41.4 mmol, 78%) as a 

colorless oil. 

 (Methoxymethoxy)benzene (1.81) 

Color and State: Colorless oil. 

All spectral data are consistent with those reported.54 

1H NMR (400 MHz, CDCl3) δ 7.32-7.28 (m, 2 H), 7.06-6.99 (m, 3 H), 5.19 (s, 2 H), 3.49 (s, 3 

H). 

IR (Neat) 3067 (w), 2954 (w), 2902 (w), 1598 (s), 1494 (vs), 1406 (w), 1229 (s), 1197 (s), 1149 

(vs), 1079 (vs), 1028 (vs), 754 (vs), 691 (vs) cm-1. 

OMOM
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Experimental Procedure for the Synthesis of Allylic Carbonate 1.84 

 

To a flame-dried flask was added vinyl magnesium bromide (20.0 mL, 20.0 mmol, 1.3 

equiv, 1 M solution in tetrahydrofuran) under an atmosphere of argon. Following addition of 

anhydrous tetrahydrofuran (30 mL), the mixture was cooled to 0 °C. After dropwise addition of 

hydrocinnamaldehyde 1.82 (2.0 mL, 13.4 mmol, 1.3 equiv), the reaction mixture was allowed to 

warm up to room temperature slowly, and stirred for ca. 15 hours. The reaction mixture was 

quenched by the addition of saturated aqueous ammonium chloride and extracted into diethyl 

ether. The combined organic layers were dried (anhyd. MgSO4), filtered and concentrated in 

vacuo to afford the crude product. Purification by flash column chromatography (silica gel, 

eluting with diethyl ether / hexane) afforded allylic alcohol 1.83 (1.76 g, 10.8 mmol, 81%) as a 

colorless oil. 

To a flame-dried flask was added allylic alcohol 1.83 (1.76 g, 10.8 mmol, 1.0 equiv) 

under an atmosphere of argon. Following addition of anhydrous tetrahydrofuran (35.0 mL), the 

mixture was cooled to 0 °C. After dropwise addition of LiHMDS (12.3 mL, 12.3 mmol, 1.2 

equiv, 1 M solution in tetrahydrofuran), the solution was stirred at 0 °C for ca. 30 minutes. BOC-

ON (4.01 g, 16.3 mmol, 1.5 equiv) was then added in one portion. The reaction mixture was 

allowed to warm up to room temperature slowly, and stirred for ca. 15 hours. The reaction 

mixture was quenched by the addition of saturated aqueous ammonium chloride and extracted 

into diethyl ether. The combined organic layers were dried (anhyd. MgSO4), filtered and 

concentrated in vacuo to afford the crude product. Purification by flash column chromatography 

Ph

OCO2
tBu

Ph

O

H

1.82

MgBr
THF, 0 °C → RT Ph

OH

1.83

LiHMDS
THF, 0 °C
then 

BOC-ON 
0 °C → RT

1.84
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(silica gel, eluting with diethyl ether / hexane) afforded allylic carbonate 1.84 (1.80 g, 6.83 mmol, 

63%) as a colorless oil. 

Tert-butyl 4-phenylpent-1-en-3-yl carbonate (1.84) 

Color and State: colorless oil. 

1H NMR (500 MHz, CDCl3) δ 7.30-7.26 (m, 2 H), 7.21-7.17 (m, 3 H), 5.83 (ddd, J = 17.3, 10.5, 

6.7 Hz, 1 H), 5.30 (d, J = 17.2 Hz, 1 H), 5.22 (d, J = 10.4 Hz, 1 H), 5.02 (br q, J = 6.6 Hz, 1 H), 

2.75-2.62 (m, 2 H), 2.04 (dddd, J = 13.8, 9.6, 7.5, 6.3 Hz, 1 H), 1.90 (ddt, J = 14.4, 9.9, 6.1 Hz, 1 

H), 1.50 (s, 9 H). 

13C NMR (100 MHz, CDCl3) δ 153.05 (e), 141.34 (e), 136.28 (o), 128.53 (o), 128.47 (o), 126.09 

(o), 117.38 (e), 82.07 (e), 77.38 (o), 36.01 (e), 31.48 (e), 27.91 (o). 

IR (Neat) 2980 (w), 2934 (w), 1736 (vs), 1498 (w), 1369 (m), 1251 (vs), 1156 (vs), 849 (s), 753 

(m), 699 (vs) cm–1. 

HRMS (ESI [M+Na]+) calcd for C16H22O3Na 285.14612, found 285.14545. 

1.6.4 Experimental Procedure for the Synthesis of Allylic Carbonate 1.85 

To a flame-dried flask was added allylic alcohol 1.83 (200 mg, 1.23 mmol, 1.0 equiv) 

under an atmosphere of argon. Following addition of anhydrous tetrahydrofuran (5.0 mL), the 

mixture was cooled to 0 °C. After dropwise addition of LiHMDS (1.48 mL, 1.48 mmol, 1.2 

equiv, 1 M solution in tetrahydrofuran), the solution was stirred at 0 °C for ca. 30 minutes. 

Methyl chloroformate (0.15 mL, 1.94 mmol, 1.6 equiv) was then added in one portion. The 

reaction mixture was allowed to warm up to room temperature slowly, and stirred for ca. 15 

hours. The reaction mixture was quenched by the addition of saturated aqueous ammonium 

chloride and extracted into diethyl ether. The combined organic layers were dried (anhyd. 

MgSO4), filtered and concentrated in vacuo to afford the crude product. Purification by flash 

Ph

OCO2
tBu
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column chromatography (silica gel, eluting with diethyl ether / hexane) afforded allylic carbonate 

1.85 (0.182 g, 0.824 mmol, 67%) as a colorless oil. 

Methyl 5-phenylpent-1-en-3-yl carbonate (1.85) 

Color and State: colorless oil. 

All spectral data are consistent with those reported.55 

1H NMR (500 MHz, CDCl3) δ 7.28 (t, J = 7.5 Hz, 2 H), 7.21-7.17 (m, 3 H), 5.83 (ddd, J = 17.2, 

10.5, 6.7 Hz, 1 H), 5.33 (d, J = 17.2 Hz, 1 H), 5.25 (d, J = 10.4 Hz, 1 H), 5.09 (br q, J = 6.7 Hz, 1 

H), 3.79 (s, 3 H), 2.75-7.62 (m, 2 H), 2.05 (dddd, J = 13.8, 9.3, 7.4, 6.5 Hz, 1 H), 1.93 (ddt, J = 

14.1, 10.0, 6.0 Hz, 1 H).  

13C NMR (100 MHz, CDCl3) δ 155.27 (e), 141.15 (e), 135.83 (o), 128.51 (o), 128.40 (o), 126.09 

(o), 117.78 (e), 78.48 (o), 54.68 (o), 35.91 (e), 31.30 (e). 

IR (Neat) 3028 (w), 2955 (w), 1744 (vs), 1498 (w), 1335 (w), 1256 (vs), 1081 (w), 791 (s), 749 

(m), 699 (s) cm–1.  

HRMS (ESI [M+Na]+) calcd for C13H18O3Na 243.09917, found 243.09845. 

1.6.5 Experimental Procedure for the Synthesis of Allylic Carbonate 1.86 

To a flame-dried flask was added CDI (600 mg, 3.70 mmol, 1.2 equiv) under an 

atmosphere of argon. Following addition of anhydrous dichlormethane (3.70 mL), the mixture 

was cooled to 0 °C. After dropwise addition of allylic alcohol 1.83 (465 mg, 2.87 mmol, 1.0 

equiv), the solution was stirred at 0 °C for ca. 10 minutes, before warming up to room 

temperature for ca. 3 hours. The reaction mixture was quenched by the addition of water and 

extracted into dichloromethane. The combined organic layers were washed with water, dried 

(anhyd. MgSO4), filtered and concentrated in vacuo to afford a crude oil. This oil was redissolved 

in anhydrous dichloromethane (2.90 mL) before treatment with 1,1,1,3,3,3-hexafluoroisopropanol 
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(1.50 mL, 14.3 mmol, 5.0 equiv) and DMAP (350 mg, 2.87 mmol, 1.0 equiv) at room 

temperature. The reaction mixture was stirred at room temperature for ca. 14 hours before it was 

quenched with water. The combined organic layers were dried (anhyd. MgSO4), filtered and 

concentrated in vacuo to afford the crude product. Purification by flash column chromatography 

(silica gel, eluting with dichloromethane / pentane) afforded allylic carbonate 1.86 (506 mg, 1.42 

mmol, 50%) as a colorless oil. 

1,1,1,3,3,3-Hexafluoropropan-2-yl 5-phenylpent-1-en-3-yl carbonate 

(1.86) 

                               Color and State: colorless oil. 

All spectral data are consistent with those reported.10 

1H NMR (400 MHz, CDCl3) δ 7.30 (t, J = 7.3 Hz, 2 H), 7.21 (t, J = 7.2 Hz, 1 H), 7.16 (d, J = 7.2 

Hz, 2 H), 5.84 (ddd, J = 17.3, 10.5, 6.9 Hz, 1 H), 5.56 (septet, JH-F = 6.0 Hz, 1 H), 5.36 (d, J = 

17.2 Hz, 1 H), 5.32 (d, J = 10.5 Hz, 1 H), 5.12 (br q, J = 6.7 Hz, 1 H), 2.76-2.64 (m, 2 H), 2.12 

(dddd, J = 14.0, 8.8, 7.5, 6.5 Hz, 1 H), 1.99 (dddd, J = 14.2, 9.3, 6.8, 5.7 Hz, 1 H). 

IR (Neat) 3030 (w), 2960 (w), 1771 (vs), 1649 (w), 1605 (w), 1495 (m), 1456 (m), 1385 (s), 1363 

(s), 1299 (s), 1252 (vs), 1196 (vs), 1138 (s), 1110 (vs), 1006 (s), 907 (s), 748 (m), 689 (s) cm–1. 

1.6.6 Representative Experimental Procedure for the Rhodium-Catalyzed Allylic 

Arylation Reaction 

To a flame-dried flask was dissolved 1.81 (0.132 g, 0.955 mmol, 2.5 equiv) in anhydrous 

tetrahydrofuran (2.9 mL) under an inert atmosphere. This reaction mixture was then cooled to 0 

°C before the dropwise addition of tert-butyllithium (0.597 mL, 0.955 mmol, 2.5 equiv, 1.6 M in 

pentane). The reaction mixture was then stirred for 1 hour at this temperature. In a separate flask 

zinc chloride (0.130 g, 0.955 mmol, 2.5 equiv) was sublimed under vacuum, before it was 
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dissolved in anhydrous tetrahydrofuran (0.96 mL). The zinc chloride (1 M solution in anhydrous 

tetrahydrofuran) was then added via dropwise addition to the flask containing lithiated-1.81 at 0 

°C. Immediately following the addition of zinc chloride, the flask was allowed to warm to room 

temperature, and stirred at this temperature for ca. 1 hour. In a separate flame-dried flask was 

dissolved [Rh(CO)2Cl]2 (0.015 g, 0.038 mmol, 0.1 equiv) in anhydrous tetrahydrofuran (10 mL). 

After cooling this flask to 0 °C, allylic carbonate 1.85 (0.084 g, 0.382 mmol, 1.0 equiv) was 

added followed by dropwise addition of the aryl zinc chloride solution. The reaction mixture was 

stirred at this temperature for ca. 30 minutes before warming to room temperature overnight. The 

reaction mixture was quenched with saturated aqueous ammonium chloride and extracted with 

diethyl ether. The combined organic layers were dried (anhyd. MgSO4), filtered and concentrated 

in vacuo to afford the crude product. Purification by flash column chromatography (silica gel, 

eluting with ethyl acetate / hexane) afforded 1-(methoxymethoxy)-2-(5-phenylpent-1-en-3-

yl)benzene 1.88 (0.089 g, 0.314 mmol, 82%, b:l = 1:2) as a colorless oil. 

1-(Methoxymethoxy)-2-(5-phenylpent-1-en-3-yl)benzene (1.88) 

Color and State: colorless oil. branched:linear = 1:2 

1H NMR (500 MHz, CDCl3) δ 7.27-7.24 (m, 2 H), 7.21-7.15 (m, 5 H), 7.08 (dd, J = 8.3, 1.0 Hz, 

1 H), 6.99 (td, J = 7.5, 1.2 Hz, 1 H), 6.02 (dddd, J = 17.6, 11.3, 9.5, 7.6 Hz, 1 H), 5.16 (app. d, J = 

2.8 Hz, 2 H), 5.07 (m, 1 H), 5.04 (d, J = 1.2 Hz, 1 H), 3.82 (br q, J = 7.4 Hz, 1 H), 3.45 (s, 3 H), 

2.65 (m, 1 H), 2.55 (m, 1 H), 2.07-2.02 (m, 2 H). 

13C NMR (125 MHz, CDCl3) δ 154.88 (e), 142.69 (e), 141.69 (o), 133.30 (e), 128.60 (o), 128.39 

(o), 128.12 (o), 127.79 (o), 125.80 (o), 122.09 (o), 114.52 (o), 114.45 (e), 94.70 (e), 56.18 (o), 

42.25 (o), 36.40 (e), 34.00 (e). 
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IR (Neat) 3061 (w), 3025 (w), 2930 (m), 1635 (w), 1599 (w), 1488 (s), 1452 (m), 1230 (s), 1151 

(vs), 1076 (s), 999 (vs), 919 (s), 752 (vs), 698 (s) cm-1. 

HRMS (ESI [M]+) calcd for C19H22O2 282.1614, found 282.1608. 
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Chapter 2 

Copper-Catalyzed Allylic Arylation using Directed ortho Metalation 

Derived Nucleophiles 

2.1 Introduction 

2.1.1 Overview of Copper-Catalyzed Allylic Substitution 

While there have been a number of transition metal catalysts utilized for allylic 

substitution reactions (see Section 1.1.1), copper catalysis is often more proficient for hard 

nucleophiles (Scheme 2.1).1–3 

 

Scheme 2.1 Overview of the copper-catalyzed SN2´-allylic alkylation reaction. 

Scheme 2.1 outlines the general mechanism for the copper-catalyzed allylic substitution 

reactions, which is initiated via complexation of i with the metal to afford ii and thereby initiates 

oxidative addition to afford the σ–allylcopper(III) complex iii. Subsequent reductive elimination 

affords the γ–product iv, wherein any σ-π-σ isomerization results in mixtures of the branched and 

linear regioisomer iv/v. Interestingly, electron-deficient ligands L promote rapid reductive 

elimination of iii, thereby improving the regioselectivity for the branched adduct iv. 

2.1.2 Overview of SN2´-Reactions 

While Grignard and alkyllithium reagents have a venerable history in the 1,2-addition to 

carbonyls, Kharasch and Tawney reported the first highly chemoselective 1,4-addition via the 

addition of 1 mol% copper(I) chloride (Scheme 2.2, 2.1 à 2.2 vs 2.1 à 2.3).4  

R X
NuCuL

R X

Cu
Nu

L

R

CuNu X
L

R

Nu

i ii iii iv

R Nu

v

+



 

 

 

38 

 

Scheme 2.2 Effect of Cu(I) salts on the regioselectivity of the 1,4-addition of Grignard reagents 

to cyclic enones. 

This concept was later utilized to control the SN2- vs SN2´-addition of carbon 

nucleophiles to allylic substrates.5 Although there was little known with regard to the reaction 

mechanism, Goering and others provided important insight into this process over the next two 

decades.6–9 In this section, some of the most influential work towards the currently accepted 

mechanism for this reaction will be discussed. 

In 1983, Goering and co-workers reported on the regioselective addition of LiCuMe2 to 

cis- and trans-2.4 (Eq. 1). In the case of cis-2.4, the formation of the α-alkylation product 2.5 was 

favoured affording equimolar (Z)- and (E)-2.5, whereas trans-2.4 lead exclusively to the (E)-2.5 

isomer.6 Interestingly, treatment of cis-2.4 under analogous conditions, albeit at lower 

temperature (−78 °C), led to almost complete inversion of olefin geometry to afford (E)-2.5 

exclusively. 

 

While the formation of this α-alkylated product was previously proposed to occur via SN2 

oxidative addition to 2.4, followed by reductive elimination, the olefin isomerization observed 

upon reaction with cis-2.4 does not support this hypothesis. Alternatively, this isomerization can 

be ascribed to initial SN2´ oxidative addition to cis-2.4. At 0 °C, the σ-π-σ isomerization will be in 

competition with reductive elimination, thus allowing for the equimolar ratio of (E)- and (Z)-2.5 
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to be formed through bond rotation. However, at lower temperature, reductive elimination will 

not be favoured, thus allowing σ-π-σ isomerization to occur in a reversible manner, leading to 

final equilibration to the more stable product ((E)-2.5). 

In 1983, Goering and co-workers examined the effect of different copper complexes on 

both the regio- and enantioselectivity of the alkylation reaction with 2.7 and 2.8 (Scheme 2.3, A 

vs B).7 The regioisomers 2.7 and 2.8 had negligible influence on the regioselectivity in the 

reaction with neutral complex LiCunBu2 (A), which resulted in the formation of the conjugated 

adduct 2.9 as the major adduct. Interestingly, the electron-deficient complex LiCu(CN)R (R = 

Me, nBu) (B) with 2.7 and 2.8 favours the γ–alkylation product in both cases (2.12 and 2.13 

respectively), although selectivity is diminished for the reaction of 2.8, affording the α–alkylation 

conjugated product 2.13.   

 

Scheme 2.3 The effect of electron-withdrawing ligands on allylic alkylation reactions of (R)-(−)-

2.7 and (R)-(+)-2.8. 
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The above data supports initial SN2´-oxidative addition, with the ratio of regioisomers 

formed being dependent on their relative rates of reductive elimination. Electron-deficient 

complexes (e.g. LiCu(CN)R) inherently favour copper(I) over copper(III) species, thus promoting 

reductive elimination to give the γ–alkylation product. In contrast, electron-neutral ligands (e.g. 

LiCunBu2) allow σàπ isomerization, which leads to regiochemical leakage. To establish the 

stereochemical outcome of this reaction, Goering converted 2.9 to the known carboxylic acid 

2.11, thus confirming overall inversion of stereochemistry (86-88% cee).  

In 1983, Goering and co-workers reported the reaction with allylic carbamate 2.14 (R = 

CONHPh) to afford 2.16 with overall retention of stereochemistry (Scheme 2.4).8 Initial 

deprotonation of the carbamate N−H with nBuLi, followed by oxidative addition via addition of 

methyl lithium in the presence of copper iodide, leads to the syn-cuprate intermediate. Final 

reductive elimination affords 2.16 with overall retention of stereochemistry, thus complementing 

previous reports whereby overall inversion of stereochemistry was observed with an acetate as a 

leaving group.9 

 

Scheme 2.4 SN2´-reaction of cuprate derived from the allylic carbonate 2.14. 

The mechanistic work of Goering6–9 played an important role in the development of the 

currently accepted mechanism for copper-catalyzed SN2´-allylic alkylation reactions (Scheme 

2.5).10 
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Scheme 2.5 Currently accepted mechanism for the copper-catalyzed SN2´ allylic substitution 

reaction. 

As seen in Scheme 2.5, the reaction is initiated by copper coordination to either 

enantiotopic face of olefin i, and it is this initial π-facial discrimination that dictates the 

stereochemical course of the reaction (iv vs ent-iv). SN2´-oxidative addition affords the σ-allyl 

complex iii, which undergoes reductive elimination to afford the corresponding γ-adducts iv, or 

σàπ allyl isomerization to species v. Provided the rate of reductive elimination is much faster 

than σàπ allyl isomerization, which is often controlled by electron-deficient copper-complexes, 

good regioselectivity in formation of product iv is observed. Unfortunately, electron-neutral or 

rich copper complexes retard this reductive elimination reactive to iv, thus allowing σàπ 

isomerization to v, at which point steric effects at either terminus dictate the selectivity, with a 

mixture of iv and vii often formed.  
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While there has been considerable effort towards controlling the regioselectivity of allylic 

alkylation reactions through the variation of leaving groups and ligands, in addition to the copper 

catalyst, consideration must be given to a variety of other reaction parameters that may influence 

these reactions. For instance, solvent choice is critical for both regio- and enantioselectivity, as 

both diethyl ether and tetrahydrofuran have been reported to completely switch the 

regioselectivity,11 and there have been examples where coordinating ethereal solvents form 

racemates.12 Furthermore, while some reactions require low temperatures to achieve high 

selectivity, others are found to proceed better at higher temperatures. Similar effects may also be 

observed through alteration of catalyst loading, counter-ion, order and time of addition, that 

makes reaction optimization highly substrate-dependent. Rather than detailing the importance of 

each reaction parameter, their significance will be emphasized through examples described in 

Section 2.1.3. 

2.1.3 Addition of Hard Nucleophiles to π–Allyl Systems via Copper Catalysis 

Contrary to other transition metals utilized in allylic substitution reactions (see Section 

1.1.1), there is a dearth of knowledge on the copper-catalyzed SN2´-allylic alkylation reactions 

using unstabilized nucleophiles (pKa > 25). Although the original work of Kharasch and Tawney 

demonstrated copper’s unique ability to alter the reactivity of unstabilized nucleophiles,4 it was 

only in 1975 that Claesson and co-workers reported the copper-catalyzed allylic alkylation 

reaction.13 In this report, the copper-catalyzed SN2´-allylic alkylation on the allylic methylether 

2.17 with methylmagnesium iodide and catalytic amounts of copper(I) iodide, furnished 2.18 with 

high regioselecitivity (Eq. 2). 
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In 1995, van Koten and co-workers reported the first enantioselective variant of the 

copper-catalyzed allylic substitution reaction.14 In this work, the leaving group, order of addition, 

and reaction temperature have a significant influence on the overall enantioselectivity of the 

reaction. Thus, the acetate leaving group coupled with the slow and independent addition of both 

Grignard reagent and substrate 2.19 to an ethereal solution of the catalyst 2.20 afforded product 

2.21 with optimal enantioselectivity, with up to 42% enantiomeric excess (Eq. 3).  

 

While this result provides only modest enantioselectivity, it is an important proof-of-

principle that has stimulated countless related studies. For instance, subsequent work has shown a 

variety of ligand-modified copper catalysts, which tolerate a plethora of nucleophiles and leaving 

groups. Copper-catalyzed enantioselective allylic substitution reactions are summarized in 

reviews by Woodward,1 Oshima,2, Krause3,15 and Alexakis.3,10 Hence, only the work since 2008 is 

documented in the following sections, which are organized by ligand class. 

2.1.3.1 Phosphorus based Ligands 

In 2009, Alexakis and co-workers reported the first dynamic kinetic asymmetric 

transformation (DYKAT) in a copper-catalyzed allylic substitution reaction of cyclic allylic 

bromides 2.22 (Eq. 4).16 A critical feature to this discovery was previous work by the Bäckvall 

group17 on the racemization of enantiopure allylic esters via copper-catalysis, which suggested the 

existence of an equilibrium between the copper(III)-allyl intermediates prior to product 
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formation. Hence, a variety of copper catalysts, ligands, leaving groups, nucleophiles, and 

reaction solvents were screened to gain insight into their influence on the enantioselectivity with 

the cyclic allylic bromides 2.22. Interestingly, while the leaving group had little influence on 

reactivity, it did have a profound effect on the enantioselectivity, with the least coordinating 

leaving groups providing greatest stereoinduction (Br >> Cl >> OP(O)Ph2 > OCO2Me > OAc).16 

Furthermore, dichloromethane was most proficient at inducing stereocontrol, while ethereal 

solvents led to the formation of racemic products. Excellent yields were obtained for all Grignard 

reagents studied, except phenylmagnesium bromide, for which racemic product 2.24 (R2 = Ph) 

was formed. 

 

Alexakis and co-workers also found that the matched phosphoramidite ligand (S,S,S)-

2.23 was critical for this reaction, since the mismatched ligand (R,S,S)-2.23 resulted in a decrease 

in enantioselectivity (78% vs 18% ee). 

Alexakis expanded the scope of nucleophiles tolerated for this reaction by reporting 

reactions of Grignards possessing terminal olefin groups as well as previously problematic 

MeMgBr (70-99% yield, 60-99% ee). Interestingly, they also reported a single example of a 

symmetrical acyclic allylic bromide, which gave product in modest yield and with very poor 

enantioselectivity (60%, 8% ee).18  

However, in 2011, Alexakis and co-workers reported an improved protocol using the 

symmetrical acyclic allylic chlorides, in which the ligand proved critical for garnering enhanced 

selectivity. To this end, the phosphoramidite (R,R,R)-2.26 (Ar = 2-Naphth) provided 

Br

n
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enantioselectivities ranging from 74-91%. Interestingly, the unsymmetrical acyclic allylic 

chlorides 2.25 (where R = H, Me) were also tolerated, which also improved the level of 

regiocontrol (Eq. 5). In this case, the modification of phosphoramidite ligand to (R,R,R)-2.26 (Ar 

= 2-MeOC6H4), led to the formation of 2.27 (R = H), which contains a tertiary stereogenic center 

with excellent regio- and enantioselectivity (SN2´:SN2 = 11:1, 84-92% ee), albeit with poor E/Z 

selectivities. The product 2.27 (R = Me) was formed as a single geometrical isomer, but with poor 

regiocontrol and as a racemate (SN2´:SN2 = 2:1, 0% ee).  

 

While the reaction of an (E)-allylic substrate with an organocopper reagent has 

previously been shown to lead to some isomeric leakage,19,20 the formation of an equimolar 

mixture of the E/Z isomers (Eq. 5) was unprecedented.21 This contradicted the previously 

accepted DYKAT mechanism, prompting Alexakis to study the reaction mechanism further. To 

this end, in order to establish absolute stereochemistry, the mixture of E/Z isomers of 2.30 was 

subjected to ozonolysis and reduction (Scheme 2.6). Remarkably, (R)-2.31 was obtained as a 

single product in high yield and excellent conservation of enantiomeric excess (91% yield, 98-

100% cee), implying that while a 1:1 mixture of geometrical isomers (E)- and (Z)-2.30 were 

formed during the allylic alkylation reaction, initial oxidative addition occurs on the same face in 

each case.21  
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R = H (49%, 84% ee)
R = Me (60%, 0% ee)

(Z)-2.27
(38%, 92% ee)

(N/A)

Ph Me

R

2.28
(8%)
(32%)

2.25

(R,R,R)-2.26 (Ar = 2-MeOC6H4)

O
P

O
N

Ar

Ar

(5)



 

 

 

46 

 

Scheme 2.6 Further derivatization of 2.30 to probe the absolute stereochemistry of the allylic 

alkylation reaction. 

Alexakis proposed a possible mechanism accounting for the formation of (E)/(Z)-2.30 as 

a single enantiomer, as outlined in Scheme 2.7. While racemic mixture of pro-E i allows 

oxidative addition to the Si-face, thus affording (R)-(E)-iv, it does not allow oxidative addition on 

the Re-face. Rather, initial C−C bond rotation of (R)-i to give the corresponding pro-Z (R)-i is 

required. Subsequent oxidative addition to the Si-face, followed by reductive elimination, affords 

(R)-(Z)-v with the same central stereochemistry, albeit the opposite geometrical isomer ((R)-(E)-

iv) as the product of the pro-E (S)-i substrate, supporting the formation of both E/Z isomers in a 

1:1 mixture. 

 

Scheme 2.7 Mechanistic rationale for the 1:1 formation of enantiopure (E)- and (Z)-isomers iv 

and v. 
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Alkyllithium reagents are typically avoided in many metal-catalyzed reactions, which can 

primarily be attributed to the problems associated with controlling the regio-, chemo-, and 

enantioselectivity due to background reactions. Nevertheless, despite these compelling issues, 

Feringa and co-workers reported the first enantioselective copper-catalyzed SN2´-allylic 

alkylation reaction using various alkyllithium reagents with allylic halides 2.32 (Eq. 6).12 Critical 

to the success of this reaction is slow addition of the alkyllithium reagent via syringe pump (2-5 

hours) and the choice of solvent. For example, ethereal solvents significantly decrease both the 

regio- and enantioselectivity in the formation of 2.34 (b:l = 1:3, 28% ee), which was attributed to 

the increased reactivity of the alkyllithium reagents in this type of solvent. The reaction was 

successful for both primary and secondary alkyllithiums, and remarkably, functional groups that 

would typically be highly reactive towards alkyllithium reagents such as esters, free hydroxyl 

groups, and those prone to lithium-halogen exchange were also tolerated. Unfortunately, the 

optimum catalyst was somewhat substrate dependent, as the chiral ligands (R,Rp)-2.33, (S,R,R)-

2.23, and (S,S,S)-2.26 were all required depending on the electrophile.  

 

In 2012, Feringa demonstrated that the allylic alkylation of 2.32a could be achieved with 

comparable yield and selectivity using (S,S,S)-2.26 rather than (R,Rp)-Taniaphos (2.33) as the 

chiral ligand.22 Interestingly, they reported that sec-butyllithium could be tolerated in this 

reaction, affording products 2.36 (R2 = sBu) with moderate regioselectivity, albeit with poor 

enantioselectivity (b:l = 9:1, 20% ee). The regio- and enantioselectivity in the reaction of 2.32a to 

R1 X

cat. CuBr•SMe2
(R,Rp)-2.33 or (S,R,R)-2.23 or (S,S,S)-2.26

R2Li
CH2Cl2, −80 °C R1

R2

2.34
72-99%, b:l = 4:1 to ≥19:1, 82->99% ee

2.32a (X = Cl)
2.32b (X = Br)

Fe

PPh2
NMe2

PPh2

(R,Rp)-2.33
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2.36 (R1 = Ph: 80%, b:l ≥19:1, 82% ee) was further improved with the phosphoramidite ligand 

(S,R,R)-2.23, which was applied to a number of related substrates (Eq. 7).  

 

In addition, the formation of quaternary stereogenic centers with good to excellent regio- 

and enantioselectivities (74-93%, b:l = 9:1 to ≥19:1, 72-90% ee) from primary alkyl halides with 

a similar catalyst was described.22 

Okamoto and co-workers reported the first example of a copper-catalyzed SN2´ allylic 

substitution reaction of pyridyl ether-based leaving groups 2.36 with primary alkyl Grignards to 

give products 2.37, albeit with poor regio- and enantioselectivity (Eq. 8, b:l = 5:1, 60% ee).23 

Later work by Feringa sought to improve both the regio- and enantioselectivity of this allylic 

alkylation reaction with ether-based leaving groups.24 Although the previously reported 

copper/phosphoramidite catalysis were ineffective, the methoxy and benzyloxy derivatives of 

2.36 in conjunction with BF3�OEt2 as the Lewis acid, afforded products 2.37 with poor 

regiocontrol and modest enantiocontrol (Eq. 8, b:l = 1:1 to 1:2, 68-82% ee).24 Switching the 

Lewis acid to BF2OTf25 provided significant improvement in selectivity compared to BF3�OEt2 

(b:l = 9:1 vs 2:1, ee = 98% vs 80%). Moreover, benzyl ethers were optimal for cinnamyl type 

ethers 2.36 (R1 = 1-Naphth, R = Bn: b:l ≥19:1 vs R = Me: b:l = 4:1), albeit with a relatively 

narrow scope of alkyllithiums.  

R1 Cl

cat. CuBr•SMe2
(S,R,R)-2.23

R2Li
CH2Cl2, −80 °C R1

R2

2.35 (R2 = sBu, iPr)
77-98%, b:l = 9:1 to ≥19:1, 76-92% ee

2.32a

(7)
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2.1.3.2 N-Heterocyclic Carbene based Ligand Systems 

Since the late 1990s, N-heterocyclic carbene (NHC) ligands have rapidly expanded in 

organic synthesis.  More specifically, the strong σ-donating nature is showcased in a variety of 

different transition metal-catalyzed transformations, including Cu-catalyzed SN2´ allylic 

alkylation reactions. In accord with this trend, Hoveyda and co-workers reported the first copper-

catalyzed allylic substitution reaction using chiral bidentate NHC-Ag complexes 2.38-2.40 

(Figure 2.1).26,27 

 

Figure 2.1 Hoveyda bidentate NHC-Ag ligands. 

The addition of alkyl-substituted vinylaluminum reagents 2.43, derived from terminal 

acetylene 2.42, to allylic phosphates 2.41 using chiral NHC complex 2.40 furnished 2.44 in a 

highly regio- and enantioselective manner (Scheme 2.8).26 Although the reaction is tolerant of 

electron-donating and withdrawing aryl susbtituted allylic phosphates, only a few alkyl 

substituted variants were studied, which required longer reaction times and lower temperatures 

(−50 °C) for comparable results (e.g. R = (CH2)2CHC(CH3)2, cyclohexyl).  
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Scheme 2.8 Hoveyda copper-catalyzed allylic vinylation with alkyl-based alkynes. 

Initial attempts to apply this methodology proved problematic due to poor selectivity in 

the hydroalumination reaction of aryl-substituted terminal alkynes 2.45. However, treatment of 

2.45 with DIBAL-H in the presence of different nickel-complexes led to selective formation of 

the α- and β- hydroalumination products 2.46 and 2.47 (Scheme 2.9).  

 

Scheme 2.9 Methods for selective hydroalumination reaction of alkynes via nickel-catalysis. 

Treatment of the allylic phosphates 2.48 with the styryl aluminates 2.50 under the 

standard conditions outlined in Scheme 2.8, afforded 2.51 in moderate yield, and with good to 

excellent regio- and enantioselectivity (Scheme 2.10: 78-92%, b:l ≥ 99:1, 74-96% ee).26 However, 

the alkyl substituted derivatives 2.48 (R = (CH2)2CHC(CH3)2) provided significantly lower 

enantioselectivities. Hydroalumination of the electron-rich aryl substituted terminal alkynes 2.49 

also provides diminished β:α selectivity (β:α = 70 to >96%); however, they furnished 2.51 and 

2.52 with excellent SN2´:SN2 regioselectivity (Scheme 2.10). 
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Scheme 2.10 Copper-catalyzed allylic vinylation of allylic phosphates using styryl aluminates. 

In 2010, Hoveyda reported the copper-catalyzed allylic arylation of allylic phosphates 

2.55 using NHC-Cu complexes 2.38 and 2.39 (Scheme 2.11).27 Aryldialkylaluminum reagents are 

known to have a higher propensity of transferring the aryl unit to copper, which is a critical 

feature for the success of this methodology. A variety arylaluminates 2.54, derived from 

commercially available aryllithiates 2.53, underwent reaction with 2.55 to afford products 2.56, 

bearing quaternary stereogenic centers, with moderate to excellent enantioselectivity (81-98%, b:l 

≥ 19:1, 67-94% ee). Notably, electron-deficient arylaluminates 2.54 resulted in modest 

enantiocontrol (e.g. 2.54, R1 = CF3: 66% ee). Interestingly, the CuCl2�2H2O catalyst used is 

bench top stable, an improvement on the previously reported air and moisture sensitive 

(CuOTf)2�C6H6 complex.28 

 

Scheme 2.11 Regioselective copper-catalyzed allylation of arylaluminates 2.54. 

Additional studies reported the formation of 2- and 3-lithiated furans and thiophenes, 

which are formed by conventional deprotonation and lithium-halogen exchange, respectively, and 
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can also be successfully applied as nucleophiles in this allylation reaction (89-98% yield, b:l ≥ 

19:1, 73 to >96% ee).27 

In 2011, Hoveyda and co-workers reported a copper-catalyzed SN2´ allylic alkynylation 

reaction of allylic phosphates 2.57 with terminal aluminates 2.59, forming 2.60 in good to 

excellent regio- and enantioselectivity (Scheme 2.12).29 Diisobutyl(phenylethynyl)aluminum 2.59 

was prepared via treatment of 2.58 with DIBAL-H and catalytic triethylamine.30 In this series, 

only aryl variants of 2.57 were studied, and while the reaction for ortho-bromo and -methoxy 

were well tolerated (96-97% yield, ≥98% ee), the ortho-methyl group was completely 

unreactive.29  

 

Scheme 2.12 Regioselective copper-catalyzed allylic alkynylation of allylic phosphates 2.57. 

In 2011, Tomioka and coworkers reported a copper-catalyzed SN2´ allylic arylation of 

allylic bromides utilizing simpler, monodentate chiral NHC−based complexes.31 Hence, the 

electron-deficient NHC-complexes 2.63 and 2.64 facilitate the addition of Grignards 2.62 to the 

corresponding allylic bromides 2.61 (Eq. 9), albeit with only poor to moderate regio- and 

enantioselectivity (92-99% yield, b:l = 2:1 to 9:1, 52-89% ee).  In addition the choice of NHC-

complex was highly substrate dependent, thereby limiting the potential synthetic utility. 
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In 2013, Mauduit and co-workers reported the copper-catalyzed SN2´ allylic alkylation of 

allylic phosphates 2.66 with Grignard reagents using bidentate hydroxyalkyl NHC ligand 2.67 to 

afford 2.68 (Eq. 10).32 The Grignard reagents are particularly appealing as nucleophiles, since 

they readily deprotonate the imidazolium salt to affect the in situ formation of the NHC−Cu 

complexes. Interestingly, the optimal copper source was (CuOTf)2�C6H6, which promotes the 

reaction with a variety of bulky sp3-hybridized Grignard reagents, albeit with moderate regio- and 

poor enantioselectivity (R2 = H, R3 = iPr: 64-79%, b:l = 9:1, 46-66% ee). In contrast, sp2-

hybridized Grignards promote SN2 addition (R2 = H, R3 = vinyl, phenyl: b:l ≤ 1:19). Overall, only 

a limited number of allylic phosphates 2.66 were examined and the selectivity for the quaternary 

substituted products 2.68 was significantly lower (R2 = Me, R3 = iBu: 62%, b:l = 4:1, 87% ee).32 

 

Sawamura and coworkers reported the use of (Z)-allylic phosphates 2.70 with 2.69, to 

provide 2.72 in moderate to excellent regio- and enantioselectivity (Eq. 11)33, which complements 

the Hoveyda allylic alkynylation reaction with (E)-allylic phosphates 2.57 (see Scheme 2.12),29 

This work involved the in situ generation of both the metalated alkyne and the chiral NHC−Cu 

complex, thus allowing allylic phosphates with base-sensitive functional groups to be tolerated. 

Interestingly, only allylic phosphates 2.70 participated in this reaction, and allylic substrates 

bearing other leaving groups (Cl, Br, OCO2Me) are inert under these conditions. A variety of (Z)-
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allylic substrates (2.70: R2 = alkyl, OSiR3, OCOR), with both long- and short alkyl side-chains, 

underwent successful reaction to afford 2.72. Similarly, derivatives with distal protected alcohols 

and esters afforded products 2.72 in 55-90% yield, and with good to excellent regiocontrol and 

excellent enantiocontrol (b:l = 9:1 to ≥19:1, 88-95% ee), albeit substrates with α-, β-, or γ-

branching were not reported. A study of the scope of the alkyne substrates indicated that alkyl-, 

silyl- and phenyl-substituted alkynes 2.69 afforded products 2.72 with good to excellent 

regioselectivity, albeit with poor enantioselectivity in most cases (49-91%, b:l = 11:1 to ≥19:1, 

65-86% ee).  

 

2.1.3.3 Ligand-free Systems 

While much focus has been placed on the development of copper-catalyzed SN2´ allylic 

alkylation reactions to afford γ–functionalized products, Feringa and co-workers recently reported 

a complementary ligand-free method, which permits α–functionalization.34 Feringa demonstrated 

the direct treatment of 2-heteroaryllithium reagents 2.73 with allylic bromides 2.74 in the 

presence of CuBr�SMe2 afforded 2.75 in a relatively efficient manner and with high 

regioselectivity (Eq. 12). Interestingly, comparable results were obtained at both −80 °C and −5 

°C, albeit at higher temperatures increased amounts of homocoupling of allylic bromide 2.74 was 

observed. Electron-neutral and deficient acyclic allylic systems 2.74 were also well tolerated, and 

while the reaction occurred with 2.74 (R = CO2R), direct 1,2-addition was a major side-product.  
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2.2 Project Aims 

As described above, copper-catalyzed allylic substitution reactions with hard 

nucleophiles have been well documented. However, studies of examples using aryl nucleophiles 

has been limited in general to simple arenes, in which the examination of aryl substrates 

containing ortho-DMGs has not been forthcoming. Continuing the theme of Chapter 1, we 

wished to discover and develop a new methodology based on combined Snieckus directed ortho 

metalation (DoM)35 and Evans’ allylic arylation36 reactions under copper catalysis. We proposed 

that the use of DoM-derived nucleophiles 2.77 from 2.76 in a copper-catalyzed allylic arylation 

would provide a methodology for the rapid and convenient synthesis of complex aromatic 

scaffolds, with useful ortho synthetic handles (DMGs) for further functionalization (2.78, Scheme 

2.13). 

 

Scheme 2.13 Proposed allylic arylation reaction by combining DoM and allylic substitution 

reactions. Metalation = Li; Transmetalation = Zn, Mg, Al. 
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2.3 Results 

2.3.1 Synthesis of DoM-Based Starting Materials 

For the preliminary studies on the ortho-allylation reaction, the requisite O-

methoxymethyl (2.80) and O-carbamate (2.81) DMG substrates were prepared following a one-

step protocol from the commercially available phenol 2.79 (Eq. 13).  

 

In addition, the amide (2.83, 2.84) and oxazoline (2.85) DMG substrates were prepared 

from the corresponding benzoyl chlorides 2.82 (Scheme 2.14). In cases where the benzoyl 

chlorides were not commercially available or were particularly expensive, they were prepared by 

treatment of the corresponding benzoic acids with oxalyl chloride and catalytic DMF to give the 

acid chlorides 2.82. 

 

Scheme 2.14 Synthesis of benzamides 2.83 and 2.84 and aryl oxazolines 2.85. 

2.3.2 Synthesis of Linear Allylic Starting Materials 

The linear allylic starting materials 2.89-2.91 (Scheme 2.15) were prepared via a 3-step 

sequence involving initial Horner-Wadsworth-Emmons homologation to give the esters 2.87 from 

the corresponding commercially available aldehydes 2.86. Subsequent DIBAL-H reduction 

afforded the linear allylic alcohols 2.88, which are common intermediates for the proposed allylic 
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substitution chemistry. Synthesis of allylic phosphate 2.89 was accomplished via a one-pot 

protocol involving triethylamine, DMAP and chlorophosphate. Similarly, linear allylic acetate 

2.90 was prepared via treatment with acetyl chloride and DMAP. Finally, synthesis of allylic 

bromides 2.91 was accomplished via reaction with PBr3; maintaining the temperature at −40 °C is 

crucial for success of this reaction, as warming leads to isomerization to the undesired branched 

allylic bromide. In the case of the O-benzyl protected linear allylic starting material (2.91g), 

where the requisite aldehyde was not commercially available, it was prepared via initial bis-

benzyl protection of the precursor diol, followed by ozonolysis.  

 

Scheme 2.15 Synthesis of the linear allylic starting materials 2.89-2.91. 

2.3.3 Reaction Optimization 

The recent report on the allylic arylation by the Hoveyda and coworkers provided the 

basis for studying the copper-catalyzed allylic substitution reaction (see Section 2.1.3.2, Scheme 

2.11).27 Preliminary studies utilizing Hoveyda’s conditions, albeit slightly modified by omission 

of the chiral ligand were successful. Thus treatment of 2.80 with 2.89 using catalytic amounts of 

CuCl2�2H2O led to the desired branched regioisomer 2.96 as the major product (Table 2.1, entry 

1). Although the oxazolino-based DMG substrate (2.85) was also successful in this reaction, the 

relatively poor selectivity for the branched regioisomer prompted the examination of other 

directing groups (entry 2). Interestingly, diethylbenzamide 2.83 afforded a significant 

O

H

HWE
Homologation

R OEt

O

2.86 2.87

DIBAL-H
THF, −78 °C → RT

R OH

2.88

R Br

2.91

Et2O, −40 → −20 °C, 2 h

R OCOMe

R OPO(OEt)2
2.89

2.90

PBr3

MeCOCl
DMAP

CH2Cl2, RT

ClPO(OEt)2
NEt3, DMAP

CH2Cl2, 0 °C → RT

R
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improvement in selectivity for the formation of 2.98 (entry 3), while the diisopropylbenzamide 

2.84 provided 2.99 with improved yield at the expense of the regioselectivity (entry 4). 

Table 2.1 Optimization of copper-catalyzed SN2´ allylic alkylation reactions of DMG-based 

aromatics.a 

 

Encouraged by these promising results, especially for the diethylbenzamide 2.83 which 

afforded the greatest selectivity, we optimized the reaction further (Scheme 2.16). Initial 

optimization attempts were fraught with reproducibility issues, affording mixtures of allylic 

phosphate starting material 2.89 and ortho-amidebenzophenone 2.100, which was ascribed to 

incomplete transmetalation of the ortho-lithiobenzamide to the aluminum species 2.94, thus 

allowing self-condensation to occur. 

DMG 1. tBuLi (1.0 equiv.)
    THF, −78 °C, 1 h
2. Et2AlCl (1.1 equiv.)
    hexane, −78 °C→RT, 12-20 h

DMG

AlEt2

2.92
2.93
2.94
2.95

(3.0 equiv.)

2.80 (DMG = OMOM)
2.85 (DMG = oxazoline)
2.83 (DMG = CONEt2)
2.84 (DMG = CONiPr2)

CuCl2•2H2O (10 mol%)

THF, −78 °C→RT, 16 h

Ph OPO(OEt)2
Ph

DMG

2.96a
2.97a
2.98a
2.99a

(2.89)

Entry DMG Yield (%)a b:la 

1 -OMOM 60 4:1 

2  
 
 

40 2:1 

3 -CONEt2 46 10:1 

4 -CONiPr2 67 6:1 
a % yield and branched to linear ratio determined using  
500 MHz 1H NMR.  

O

N
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Scheme 2.16 Problems encountered in generation of the aluminate 2.94. 

Although the diisopropylbenzamide 2.84 provided lower branched to linear selectivity 

compared to the corresponding diethylbenzamide 2.83 (Table 2.1, entry 4 vs 3), the increased 

steric bulk prevented self-condensation. In light of this, we focused our attention on 2.84 for 

optimization studies (Table 2.2). 

Application of standard reaction conditions utilizing THF as the reaction solvent, with the 

CuCl2�2H2O catalyst for the reaction of allylic phosphate 2.89 with aryl alane 2.94 gave products 

2.99a and 2.101a in good yield, albeit with moderate selectivity (Entry 1). Switching the copper 

source and solvent to an NHC-based catalyst and CH2Cl2 respectively, which are well 

precedented for copper-catalyzed allylic substitution reactions,26,32,33 afforded very little 

improvement in efficiency and selectivity for 2.99a / 2.101a (entries 2 and 3 vs 1). Presumably, 

this is due to the copper catalyst simply acting as a Lewis acid under these reaction conditions 

rather than undergoing initial SN2´-oxidative addition. Replacement of the allylic phosphate with 

the corresponding bromide (2.91a) led to a remarkable reversal in regioselectivity to afford 2.99a 

and 2.101a in a 1:5 ratio and in similar yield (entry 4). However, reaction of the allylic bromide 

with either an arylmagnesium or organozinc of 2.84 led to full conversion of the substrate, 

favouring the formation of linear 2.101a over branched 2.99a in both cases (entries 5 and 6). 

CONEt2
1. tBuLi (1.0 equiv.)
    THF, −78 °C, 1 h
2. Et2AlCl (1.1 equiv.)
    hexane, −78 °C→RT, 12-20 h

CONEt2

AlEt2

2.94
(3.0 equiv.)

2.83

CuCl2•2H2O (10 mol%)

THF, −78 °C→RT, 16 h

Ph OPO(OEt)2
Ph

Et2NOC

2.98
(2.89)

Ph OPO(OEt)2

2.89

CONEt2O

Ph

2.100
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Since dialkylzincs are more nucleophilic than the corresponding monoalkyl species, we envisaged 

that exploiting this feature would promote the reductive elimination step, thus minimizing σ-π-σ 

equilibrations, which leads to decreased regioselectivity. Using the NHC−Cu complex C2 (X = 

Cl, Br), the diaryl zincate of 2.84 gave only slight improvement in regioselectivity for 2.99a and 

2.101a (entries 7 and 8), which prompted the examination of other NHC−Cu complexes. 

Gratifyingly, the slightly less sterically encumbered NHC C1 (X = Cl), in combination with an 

increased quantity of the diaryl zincate of 2.84, dramatically improved both the reactivity and 

selectivity, furnishing product 2.99a in 95% yield with ≥19:1 ratio of branched to linear 

regioisomers (Entry 9). Decreasing the stoichiometry of the diaryl zincate of 2.84 to 2.0 equiv 

gave comparable results (entry 10), although further reduction was not advantageous (entry 11). 
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Table 2.2 Optimization of the Cu(I)-catalyzed allylic arylation of DoM-based nucleophile 2.84. 

 

2.3.4 Scope of Allyl Electrophiles 

Armed with the optimized reaction conditions (Table 2.2, entry 10), we undertook 

exploration of the scope of acyclic allylic bromides (Table 2.3). Allylic bromides with benzyl and 

phenyl side chains were well tolerated, with both products 2.99b and 2.99c being formed in high 

yield and with excellent regioselectivity (entries 2 and 3). Interestingly, the isomerization of 2.99c 

to its more stable conjugated linear tri-substituted olefinic regioisomer was not observed. Alkyl 

allylic bromides also participated with similar efficiency, albeit some isomerization was observed 

Cu

NN

X

C1

Cu

NN

X

iPr

iPr

iPr

iPr

C2

Ph Lg

"Nu"
"Cu" cat.
Ligand

Solvent, Temp.

Ph

CONiPr2 Ph

CONiPr2

2.89a (LG = OPO(OEt)2)
2.91a (LG = Br)

2.99a 2.101a

(15)

a  All reactions were performed on a 0.15 mmol reaction scale. b Ar represents the aryl nucleophile post metalation/transmetalation, 
where Ar = 2.84. c Represents solvent in which catalyst, ligand, and allylic substrate is mixed prior to addition of nucleophile. 
Metalation/transmetalation is always performed using THF as the solvent. D % yield of 2.99a as determined by GC, using 
pentadecane as standard. e Ratio of the regioisomers was determined using 500 MHz 1H NMR on the crude reaction mixtures. f 
Reaction was stirred at −78 °C for 30 min before being warmed to room temperature for 15 h. g % Conversion to a mixture of 2.99a 
and 2.101a was determined using 500 MHz 1H NMR. h Value in parentheses represents the isolated yield.  

Entrya Nub Starting 
Material 

“Cu” Catalyst Solventc T (°C) Yield (%)d 2.99a:2.101ae 

1 ArAlEt2 (3.0) 2.89a CuCl2!2H2O (10 mol%) THF −78 " 0 72 6:1 

2 “ “ C1 (X = Cl, 5 mol%) CH2Cl2 −78 " RTf 74 6:1 

3 “ “ C2 (X = Cl, 5 mol%) “ “ 77 6:1 

4 “ 2.91a “ “ “ 65g 1:5 

5 ArMgBr (3.0) “ “ “ “ ≥95g 1:8 

6 ArZnCl (3.0) “ “ “ “ ≥95g 1:3 

7 Ar2Zn (2.0) “ C2 (X = Cl, 3 mol%) " ” 39 1:1 

8 Ar2Zn (2.0) “ C2 (X = Br, 3 mol%) “ “ 52 1.5:1 

9 Ar2Zn (3.0) “ C1 (X = Cl, 3 mol%) “ “ 95 ≥19:1 

10 Ar2Zn (2.0) 2.91a C1 (X = Cl, 3 mol%) CH2Cl2 −78 ! RTf 95 (98%)h ≥19:1 

11 Ar2Zn (1.5) “ C1 (X = Cl, 3 mol%) “ “ 97 19:1 
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for the α- and β- branched systems 2.99e and 2.99f (entries 5 and 6). Substrates with distal O-

benzylated alkyl chains were also successfully employed under the reactions conditions, with 

2.99g being obtained in high yield and regioselectivity (entry 7).  This is a particularly important 

example for target directed synthesis applications. 

Table 2.3 Scope of allylic bromides for the copper-catalyzed SN2´ allylic arylation reaction with 

diaryl zincate 1.151a.a,b,c 

 

Encouraged by the success of allylation reactions using acyclic allylic bromides, we 

investigated the cyclic allylic bromide 2.103, a substrate known to be problematic in rhodium-

catalyzed allylic substitutions due to the problem with oxidative addition. Gratifyingly, treatment 

of 2.103 with 2.102a furnished 2.104 in excellent yield (Eq. 17). 

R Br

R

CONiPr2

2.91 2.99

Zn
CONiPr2 CONiPr2

2.102a
(2.0 equiv)

Cu

NN

Cl
C1 (3.0 mol%)

CH2Cl2
−78 °C (30 min) → RT (15 h)

(16)

CONiPr2

2.99e, 94% (17:1)

5

CONiPr2

2.99f, 93% (15:1)

6

BnO
CONiPr2

2.99g, 80% (≥19:1)

7

a All reactions were performed on a 0.25 mmol reaction scale. b Yields of isolated products. 
c Values in parentheses represent ratio of the regioisomers, as determined using 500 MHz 1H 
NMR on the purified products.  

Ph

CONiPr2

2.99a, 98% (≥19:1)

1

Ph
CONiPr2

2.99b, 95% (≥19:1)

2

Ph

CONiPr2

2.99c, 83% (≥19:1)

3

CONiPr2

2.99d, 82% (≥19:1)

4
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2.3.5 Scope of DoM-Based Nucleophiles 

To further showcase the methodology, we extended the studies to functionalized 

diisopropylbenzamides and other DMG substrates. Thus reaction of OMOM dizincate 2.105 with 

2.91a led to formation of product 2.107a with comparable efficiency and regioselectivity to the 

diisopropylamide DMG (compare entries 1 vs 2, Table 2.4). O-Carbamate DMG substrate 2.106 

was effective in the allylic substitution reaction, although there was a pronounced reduction in 

regioselectivity when the allylic substrate 2.91 contains α–branching (entry 3 vs entry 4). 

Synthetically challenging 1,2,3-trisubstituted aromatics 2.99h and 2.99i were prepared via this 

methodology, illustrating the ability of DMGs to act synergistically for so called “in-between” 

metalation-substitution (entry 5), and in concert with the inherent hierarchy of DMGs (entry 6).35 

Additionally, 1,2,4-trisubstituted aromatics 2.99j and 2.99k were obtained with excellent 

regioselectivity for the branched isomer (entries 7 and 8). 

CONiPr2

2.103 2.104 (89%)

Zn
CONiPr2 CONiPr2

2.102a
(2.0 equiv)

Cu

NN

Cl
C1 (3.0 mol%)

CH2Cl2
−78 °C (30 min) → RT (15 h)

(17)

Br

a Reaction was performed on a 0.25 mmol reaction scale. b Yield of isolated product. 
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Table 2.4 DMG-based substrate scope in the copper-catalyzed SN2´ allylic arylation reaction.a,b,c, f 

 

2.3.6 Enantioselective Copper-Catalyzed Allylic Arylation Reactions 

Given the importance of enantioselective synthesis of C−C bonds in organic synthesis, 

we sought to develop an enantioselective variant of our methodology (Table 2.5). Preliminary 

attempts were performed under Hoveyda’s standard conditions27 utilizing 2.89a and CuCl2�2H2O, 

albeit with an alternative ligand. Unfortunately, neither phosphoramidite L1 nor phosphite L2 

invoked any enantioselectivity in the reaction of 2.89a with the aryl nucleophile (entries 1 and 2). 

Interestingly, the conversion and regioselectivity obtained using these chiral ligands was identical 

to those observed without the ligand, suggesting that the ligand is not undergoing coordination to 

the metal in these cases. Unfortunately, the examination of alternate copper sources was also 

unsuccessful, with (CuOTf)2�C6H6 in the allylation of the aryl aluminate of 2.84 also affording a 

CONiPr2

2.99h, 95% (4:1)

5

Ph

CONiPr2

2.99i, 62% (10:1)

6

CONiPr2

2.99j, 68% (≥19:1)

7

Ph Ph

CONiPr2

2.99k, 61% (≥19:1)

8

Ph

MeO

OMe Me F

R Br

R

DMG

2.91 2.99 (DMG = CONiPr2)
2.107 (DMG = OMOM)
2.108 (DMG = OCONEt2)

Zn
DMG DMG

2.102 (DMG = CONiPr2)
2.105 (DMG = OMOM)
2.106 (DMG = OCONEt2)

(2.0 equiv)

Cu

NN

Cl
C1 (3.0 mol%)

CH2Cl2
−78 °C (30 min) → RT (15 h)

(18)

Ph

CONiPr2

2.99a, 98% (≥19:1)

1

OMOM

2.107a, 95% (≥19:1)

2

OCONEt2

2.108a, >95% (≥19:1)d,e

3

OCONEt2

2.108e, 86% (6:1)

4

Ph Ph

a All reactions were performed on a 0.25 mmol reaction scale. b Yields of isolated products. c Numbers in brackets 
represent ratio of the regioisomers, as determined using 500 MHz 1H NMR on the purified products. d % 
Conversion was determined using 500 MHz 1H NMR. e Ratio of regioisomer determined using 500 MHz 1H 
NMR on the crude reaction mixture. f Numbers above structures represent Entry 1, Entry 2, etc. 
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racemic mixture (entry 3). Treatment of the allylic substrates 2.89a and 2.90a with the 

monoarylzinc from 2.84 significantly diminished the reactivity (entries 4 and 5). Since other 

copper catalysts, all commonly utilized for enantioselective SN2´ allylic alkylation reactions, were 

unsuccessful (entries 6-8), we examined NHC−Cu complexes C3 and C4. Given the success 

achieved in the synthesis of the racemic products with the diaryl zincate and NHC−Cu C1 (Table 

2.2, entry 10), we were surprised to find that while high levels of conversion were achieved with 

complexes C3 and C4, the reaction provides the racemates (entries 9 and 10). 
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Table 2.5 Attempted enantioselective SN2´ allylic arylation reaction for benzamide DMG-based 

substrates. 

 

We hypothesize that the lack of enantioselectivity may, at least to some degree, be 

attributed to the reaction solvent. Previous work by Feringa reported the remarkable effect of 

solvent choice on both the regioselectivity and enantioselectivity of reactions with alkyllithiums 

Entrya Nub Starting 
Material 

“Cu” Catalyst Ligand Solventc T (°C) Conversion 
(%)d 

rsd ee (%)e 

1 ArAlEt2 
(3.0) 

2.89a CuCl2!2H2O 
(10 mol%) 

L1 
 (11 mol%) 

THF 0 >95 5:1 0 

2 “ “ “ L2 
(11 mol%) 

“ “ >95 5:1 0 

3 “ “ (CuOTf)2!C6H6 
(5 mol%) 

L1 
(10 mol%) 

“ −40 °C 50 1:2 0 

4 ArZnCl 
(3.0) 

“ “ “ “ “ <5 N/A N/A 

5 ArZnCl 
(3.0) 

2.90a “ - “ “ <5 N/A N/A 

6 ArAlEt2 
(3.0) 

2.89a CuTC 
(5 mol%) 

L1 
(5.5 mol%) 

CH2Cl2 −78 " −40 °C 
 

>95 5:1 0 

7 “ “ CuBrSMe2 
(10 mol%) 

L3 
(11 mol%) 

“ “ <5 N/A N/A 

8 ArZnCl 
(3.0) 

2.91a CuBrSMe2 
(5 mol%) 

L1 
(11 mol%) 

diglyme ” >95 1:1 0 

9f Ar2Zn 
(2.0) 

“ C3 
(5 mol%) 

- CH2Cl2 −78 °C " RT >95 1:1 <5 

10f “ “ C4  
(5 mol%) 

- “ “ 30xx 1:2 0 

a  All reactions were performed on a 0.25 mmol reaction scale. b Ar represents the aryl nucleophile post metalation/transmetalation, 
where Ar = 2.84. c Represents solvent in which catalyst, ligand, and allylic substrate is mixed prior to addition of nucleophile. 
Metalation/transmetalation is always performed using THF as the solvent. d % Conversion and regioisomeric ratio as determined using 
500 MHz 1H NMR on the crude reaction mixture. e ee values were determined by HPLC on the purified 2.99a. f Reaction was stirred 
at −78 °C for 30 min before being warmed to room temperature for 15 h. g Yield of 2.99a determined by GC analysis. 

Ph LG

"Nu"
"Cu" cat.
Ligand

Solvent, Temp.

Ph

CONiPr2 Ph

CONiPr2

2.89a (LG = OPO(OEt)2)
2.90a (LG = OAc)
2.91a (LG = Br)

2.99a 2.101a

(19)

O
P

O
N

Me
Ph

Me
Ph

L1

O
P

O
N

Me
Ph

Me
Ph

Ph

PhPh

Ph
O

O

L2

O
P

O

L3

OMe
Cu
Cl

NN

PhPh

Ph

Ph

Ph

Ph

C3

Cu
Cl

NN

PhPh

PhPh

C4
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and showed that the presence of diethyl ether as a co-solvent causes a significant decrease of both 

aspects.12 Feringa rationalized that the absence of the coordinating solvent allowed for the 

superior selectivity, as it prevented the deaggregation of the alkyllithium reagents, and thereby 

prevented the formation of the highly reactive alkyllithium species. Further attempts to enhance 

the enantioselectivity for this reaction will examine alternate NHC−Cu complexes and removal of 

the ethereal solvent (required for metalation) prior to addition of DoM substrate, are in progress. 

2.4 Future Work 

2.4.1 Stereospecific Copper-Catalyzed Allylic Arylation 

Preliminary studies concerning the scope of the electrophiles which are useful in the 2.91 

à 2.99 reaction (Eq. 16) demonstrated that this methodology is not only effective for acyclic 

allylic bromides, and encompassed only a single cyclic example 2.103 (Eq. 17). Arylation of 

cyclic substrate 2.103 circumvents inherent regioisomeric problems of allylic substitution 

reactions and the use of enantioenriched starting allylic bromide (R)-2.103 suggests the potential 

for performing this reaction in a stereospecific fashion (Eq. 20). Based on the mechanism 

proposed in Scheme 2.5 (Section 2.1.2), overall inversion of stereochemistry in the formation of 

(S)-2.104 from the reaction of 2.102a and 2.103 is expected. If the formation of racemate 2.104 is 

observed, this would be an indication that the σ-π-σ equilibration precedes the reductive 

elimination, but this would not be expected due to the π–acidic nature of NHC ligands. 

 

Zn
CONiPr2CONiPr2

2.102a (2.0 equiv.)

Cu

NN

Cl
C1 (3.0 mol%)

CH2Cl2
−78 °C (30 min) → RT (15 h)

(R)-2.103 (S)-2.104

CONiPr2
Br

(20)
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2.4.2 Further Development of an Enantioselective Variant of the Allylic Substitution 

Reaction of DMG – Based Substrates 

As indicated above (Table 2.5), the preliminary attempts towards the development of an 

enantioselective variant of allylic substitution of DMG-based substrates were not met with 

success. We propose to examine conditions that would overcome this problem. It is well 

documented that coordinating solvents such as Et2O and THF have detrimental effects on 

induction of chirality, with either poor or no enantioselectivity being observed.12 While we 

always used the non-coordinating CH2Cl2 solvent in reactions with the chiral NHC−Cu 

complexes, this solvent was always only a minor component of the total reaction volume. Our 

initial metalation / transmetalation steps were performed in the coordinating solvent 

tetrahydofuran. While this is required since it increases the reactivity of the alkyllithium reagents, 

its presence may be preventing enantioinduction in the final allylic arylation step. This issue 

could potentially be circumvented by either performing a solvent switch post-transmetalation 

since, at this stage, the transmetalated species should be stable, or via removal of some of the 

tetrahydrofuran to try to limit its detrimental effects in the allylation step. Furthermore, the lack 

of enantioselectivity in the reaction of 2.91a à 2.99a (Eq. 21) could be the result of the 

components of the NHC catalysts C3 and C4 being too far removed from the chiral pocket, 

therefore having no opportunity for enantioinduction. A more elaborate chiral NHC (C5) will be 

used which, although not having been utilized in allylic substitution reactions before, may be 

more effective for this transformation given that the chiral inducing components are in closer 

proximity to the active site (Eq. 21). 
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2.4.3 Extension of the Copper-Catalyzed SN2´ Allylic Arylation Reaction to the Synthesis 

of Molecules with Quaternary Stereogenic Centers 

Recent work has developed the copper-catalyzed SN2´ allylic substitution into a very 

efficient route towards the synthesis of substrates bearing quaternary stereogenic centers. We 

wish to extend this methodology to allylic bromides 2.111 (Eq. 22), with the aim to synthesize 

substrates 2.112 from the reaction of 2.102 with 2.111 in a regioselective manner. Analogous to 

the ternary examples presented previously (Table 2.3 and Table 2.4), this would allow for the 

selective placement of more complex allylic moieties ortho to a variety of DMG-containing 

substrates, and would provide a unique, potentially general and useful synthesis of ortho-allylated 

DMG-bearing aromatic molecules. 

 

2.5 Conclusions 

Copper-catalyzed SN2´-allylic substitution is indeed a powerful tool for addition of 

unstabilized nucleophiles (pKa > 25) to allylic substrates in a highly regioselective fashion. The 

discovery of the regioselective allylic arylation with ortho-DMG derived nucleophiles described 

Zn
CONiPr2CONiPr2

2.102a (2.0 equiv.)

CH2Cl2
−78 °C (30 min) → RT (15 h)

2.91a 2.99a (ee = ?)

Ph Br

Cu
Cl

NN

OO

Me

Me
iPr

iPr

C5

Ph

CONiPr2 (21)

Zn
DMGDMG

2.102

R2 Br

Cu

NN

Cl
C1 (3.0 mol%)

CH2Cl2
−78 °C (30 min) → RT (15 h) R2

DMG

2.111 2.112

R1 R1

R1

(22)

R3

R3
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in this chapter proved useful for the construction of complex ortho-allylated aromatic molecules. 

The prospect of further manipulation of both the DMG and the allyl group should pique interest 

within the organic community, as increasingly complex aromatics will become accessible.   
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2.6 Experimental Section  

2.6.1 General Information 

All reactions were carried out under a nitrogen atmosphere using flame-dried glassware. 

Anhydrous THF was freshly distilled from sodium benzophenone ketyl. All compounds were 

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

data consistent with being ≥95% by 1H NMR. 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. Melting points (uncorrected) were 

obtained from 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%), 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-400 or Bruker 

Avance-500 spectrometer operating at 400 MHz and 500 MHz respectively (1H NMR frequency, 

corresponding 13C frequencies are 100 MHz and 125 MHz respectively) 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, 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 (e, 
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even), from methyl and methine carbons (o, odd). Unless otherwise indicated, reagents were 

obtained from commercial sources and were used without further purification. Solutions of tBuLi 

bases were purchased from Sigma-Aldrich and were titrated biweekly using N-benzylbenzamide 

as indicator.37 Zinc(II) chloride solutions (1.0 M in tetrahydrofuran) were freshly prepared 

separately for each reaction via subliming zinc(II) chloride (from Sigma Aldrich) under vacuum 

and dissolving in freshly distilled tetrahydrofuran. 

2.6.2 Experimental Procedure for the Synthesis of (methoxymethoxy) benzene (2.80) 

To a flame-dried flask was added sodium hydride (2.34 g, 58.4 mmol, 1.1 equiv, 60% 

dispersion in mineral oil) under an atmosphere of argon. Following addition of anhydrous 

dimethylformamide (75 mL), the suspension was cooled to 0 °C. In a separate flask, phenol (5.00 

g, 53.1 mmol, 1.0 equiv) was dissolved with anhydrous dimethylformamide (25 mL), and then 

added dropwise to the suspension of sodium hydride. After stirring at this temperature for ca. 30 

minutes, the reaction mixture was allowed to warm to room temperature and stirred for ca. 1 

hour. The reaction mixture was then cooled back down to 0 °C, followed by dropwise addition of 

MOM-Cl (30.4 mL, 63.8 mmol, 1.2 equiv, 2.1 M solution in toluene), before allowing the 

reaction mixture to warm up to room temperature. After stirring at this temperature for ca. 12 

hours, the mixture was cooled back to 0 °C, quenched by the addition of water and extracted into 

diethyl ether. The combined organic layers were washed with potassium hydroxide (1 M solution 

in water) followed by water, dried (anhyd. MgSO4), filtered and concentrated in vacuo to afford 

the crude product. Purification by flash column chromatography (silica gel, eluting with diethyl 

ether / hexane) afforded (methoxymethoxy) benzene (2.80) (5.72 g, 41.4 mmol, 78%) as a 

colorless oil. 
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 (Methoxymethoxy)benzene (2.80) 

Color and State: Colorless oil. 

All spectral data are consistent with those reported.38 

1H NMR (400 MHz, CDCl3) δ 7.32-7.28 (m, 2 H), 7.06-6.99 (m, 3 H), 5.19 (s, 2 H), 3.49 (s, 3 

H). 

IR (Neat) 3067 (w), 2954 (w), 2902 (w), 1598 (s), 1494 (vs), 1406 (w), 1229 (s), 1197 (s), 1149 

(vs), 1079 (vs), 1028 (vs), 754 (vs), 691 (vs) cm-1. 

2.6.3 Experimental Procedure for the Synthesis of phenyl diethylcarbamate (2.81) 

To a flame-dried flask was added sodium hydride (510 mg, 12.8 mmol, 1.2 equiv, 60% 

dispersion in mineral oil) under an atmosphere of argon. Following addition of anhydrous 

dimethylformamide (15 mL), the suspension was cooled to 0 °C. In a separate flask, phenol (1.00 

g, 10.6 mmol, 1.0 equiv) was dissolved with anhydrous dimethylformamide (5 mL), and then 

added dropwise to the suspension of sodium hydride. After stirring at this temperature for ca. 30 

minutes, the reaction mixture was allowed to warm to room temperature and stirred for ca. 2 

hours. The reaction mixture was then cooled back down to 0 °C, followed by dropwise addition 

of diethylcarbamic chloride (2.42 mL, 19.1 mmol, 1.6 equiv), before allowing the reaction 

mixture to warm up to room temperature. After stirring at this temperature for ca. 12 hours, the 

mixture was cooled back to 0 °C, quenched by the addition of water and extracted into ethyl 

acetate. The combined organic layers were dried (anhyd. MgSO4), filtered and concentrated in 

vacuo to afford the crude product. Purification by flash column chromatography (silica gel, 

eluting with ethyl acetate / hexane) afforded phenyl diethylcarbamate (2.81) (1.64 g, 8.51 mmol, 

80%) as a colorless oil. 
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 Phenyl diethylcarbamate (2.81) 

Color and State: Colorless oil.  

All spectral data are consistent with those reported.39 

1H NMR (400 MHz, CDCl3) δ 7.38-7.33 (m, 2 H), 7.21-7.16 (m, 1 H), 7.14-7.11 (m, 2 H), 3.45-

3.39 (br m, 4 H), 1.26-1.21 (br m, 6 H). 

IR (Neat) 2976 (w), 2878 (w), 1712 (vs), 1595 (w), 1472 (m), 1271 (s), 1151 (vs), 1097 (m), 959 

(s), 741 (vs), 689 (vs) cm-1. 

2.6.4 Representative Experimental Procedure for the Synthesis of Benzamide Starting 

Materials 2.83, 2.84a-e 

To a flame-dried flask was added 3-methoxybenzoyl chloride (0.853 g, 5.00 mmol, 1.0 

equiv) under an atmosphere of argon. Following addition of anhydrous dichloromethane (25.0 

mL), diisopropylamine (1.05 mL, 7.50 mmol, 1.5 equiv) was added slowly. Triethylamine (2.09 

mL, 15.0 mmol, 3.0 equiv) was then added slowly, and the reaction mixture was allowed to stir at 

room temperature for ca. 14 hours. The mixture was quenched by the addition of aqueous 

solution of hydrochloric acid (1 M), and extracted into ethyl acetate. The combined organic layers 

were washed with saturated aqueous sodium bicarbonate, dried (anhyd. MgSO4), filtered and 

concentrated in vacuo to afford the crude product. Purification by flash column chromatography 

(silica gel, eluting with ethyl acetate / hexane) afforded N,N-diisopropyl-3-methoxybenzamide 

2.84b (0.598 g, 2.54 mmol, 51%) as a colorless solid. 
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2.6.4.1 Spectral Data for the Benzamide Starting Materials 2.83, 2.84a-e 

 

 N,N-Diethylbenzamide (2.83) 

Color and State: Colorless oil. 

All spectral data are consistent with those reported.40 

1H NMR (400 MHz, CDCl3) δ 7.39-7.35 (m, 5 H), 3.54 (br s, 2 H), 3.25 (br s, 2 H), 1.24 (br s, 3 

H), 1.11 (br s, 3 H). 

IR (Neat) 3059 (w), 2973 (m), 1625 (vs), 1458 (m), 1364 (m), 1285 (s), 1220 (m), 1095 (s), 734 

(m), 704 (vs) cm-1. 

 

 N,N-Diisopropylbenzamide (2.84a) 

Color and State: Colorless solid. (mp = 69-70 °C; Lit = 73-74 °C41) 

All spectral data are consistent with those reported.42 

1H NMR (500 MHz, CDCl3) δ 7.39-7.36 (m, 3 H), 7.31-7.29 (m, 2 H), 3.81 (br s, 1 H), 3.56 (br s, 

1 H), 1.51 (br s, 6 H), 1.17 (br s, 6 H). 

IR (Neat) 2967 (w), 1629 (vs), 1439 (m), 1371 (m), 1337 (vs), 1211 (w), 1037 (w), 735 (w), 702 

(m) cm-1. 

 

  N,N-Diisopropyl-3-methoxybenzamide (2.84b) 

Color and State: Colorless solid. (mp = 92-93 °C; Lit = N/A) 

All spectral data are consistent with those reported.42 

1H NMR (500 MHz, CDCl3) δ 7.29 (t, J = 8.1 Hz, 1 H), 6.91-6.84 (m, 3 H), 3.82 (s, 3 H), 3.79 

(br s, 1 H), 3.54 (br s, 1 H), 1.51 (br s, 6 H), 1.17 (br s, 6 H). 

CONEt2

CONiPr2

CONiPr2

OMe



 

 

 

76 

IR (Neat) 3083 (w), 2968 (m), 2932 (m), 1622 (vs), 1578 (s), 1459 (s), 1246 (s), 1148 (s), 888 

(m), 788 (vs), 713 (s) cm-1. 

 

  N,N-Diisopropyl-2-methoxybenzamide (2.99c) 

Color and State: Colorless solid. (mp = 112-114 °C; Lit = 89-90 °C43) 

All spectral data are consistent with those reported.43 

1H NMR (500 MHz, CDCl3) δ 7.31-7.26 (m, 1 H), 7.14 (dd, J = 7.4, 1.7 Hz, 1 H), 6.95 (td, J = 

7.4, 0.7 Hz, 1 H), 6.88 (d, J = 8.3 Hz, 1 H), 3.81 (s, 3 H), 3.81 (s, 3 H), 3.67 (septet, J = 6.7 Hz, 1 

H), 3.49 (septet, J = 6.8 Hz, 1 H), 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, 3 H), 1.03 (d, J = 6.8 Hz, 3 H). 

IR (Neat) 2994 (w), 2968 (m), 2935 (w), 1620 (vs), 1583 (m), 1461 (s), 1238 (s), 1170 (m), 758 

(vs) cm-1. 

 

N,N-Diisopropyl-4-methylbenzamide (2.99d) 

Color and State: Colorless solid. (mp = 87-88 °C; Lit = 85-86 °C44) 

All spectral data are consistent with those reported.42 

1H NMR (400 MHz, CDCl3) δ 7.18 (app q, J = 8.0 Hz, 4 H), 3.68 (br s, 2 H), 2.35 (s, 3 H), 1.32 

(br s, 12 H). 

IR (Neat) 2976 (m), 2964 (s), 2929 (s), 1620 (vs), 1469 (m), 1370 (s), 1207 (m), 1189 (m), 828 

(s) cm-1. 

 

 N,N-Diisopropyl-4-fluorobenzamide (2.99e) 

Color and State: Colorless solid. (mp = 92.0-93.0 °C) 

CONiPr2

OMe

CONiPr2

Me

CONiPr2

F
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1H NMR (400 MHz, CDCl3) δ 7.33-7.28 (m, 2 H), 7.09-7.03 (m, 2 H), 3.68 (br s, 2 H), 1.34 (br s, 

12 H). 

13C NMR (100 MHz, CDCl3) δ 170.18 (e), 162.88 (e, d, 1JCF = 247.88 Hz), 135.15 (e, d, 4JCF = 

3.80 Hz), 127.87 (o, d, 3JCF = 7.98 Hz), 115.57 (o, d, 2JCF = 21.92 Hz), 20.85 (o). (the carbon in 

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

IR (Neat) 2988 (w), 2970 (m), 2931 (m), 1619 (vs), 1468 (m), 1372 (s), 1223 (s), 1191 (m), 827 

(s) cm-1. 

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

2.6.5 Representative Experimental Procedure for the Synthesis of Allylic Bromides 

2.91a-g 

 

To a flame-dried flask was added sodium hydride (1.61 g, 40.2 mmol, 1.2 equiv, 60% 

dispersion in mineral oil) under an atmosphere of argon. Following addition of anhydrous 

tetrahydrofuran (67.1 mL), the suspension was cooled to 0 °C. After dropwise addition of ethyl 2-

diethoxyphosphorylacetate (8.00 mL, 40.2 mmol, 1.2 equiv), this flask was stirred at this 

temperature for ca. 30 minutes. While stirring at 0 °C, aldehyde 2.86 (4.90 mL, 33.5 mmol, 1.0 

equiv) was added via dropwise addition, before allowing the reaction mixture to warm up to room 

temperature. After stirring at this temperature for ca. 12 hours, the mixture was quenched by the 

addition of saturated aqueous ammonium chloride and extracted into ethyl acetate. The combined 

organic layers were dried (anhyd. MgSO4), filtered and concentrated in vacuo to afford the crude 

product. Purification by flash column chromatography (silica gel, eluting with ethyl acetate / 

hexane) afforded allylic ester 2.87 (5.41 g, 26.5 mmol, 79%) as a colorless oil. 

O

H R OEt

O

2.86 2.87

DIBAL-H
THF, −78 °C → RT

R OH

2.88

R
R Br

2.91

Et2O, −40 → −20 °C, 2 h
PBr3

(EtO)2P(O)CH2CO2Et (1.2 equiv.)
NaH (1.2 equiv.)
THF, 0 °C → RT
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To a flame-dried flask, under an atmosphere of argon, was dissolved allylic ester 2.87 

(5.41 g, 26.5 mmol, 1.0 equiv) in anhydrous tetrahydrofuran (53.0 mL). The mixture was cooled 

to −78 °C, before diisobutylaluminum hydride (66.3 mL, 66.4 mmol, 2.5 equiv, 1 M solution in 

tetrahydrofuran) was added via dropwise addition. After stirring at this temperature for ca. 3 

hours, the reaction mixture was allowed to warm up to room temperature, and stirred at this 

temperature for ca. 12 hours. The reaction mixture was cooled down to 0 °C before sequential 

addition of methanol and saturated aqueous Rochelle via dropwise addition. The mixture was 

allowed to stir until separate layers formed, followed by extraction with ethyl acetate. The 

combined organic layers were washed with saturated aqueous sodium chloride, dried (anhyd. 

MgSO4), filtered and concentrated in vacuo to afford the crude product. Purification by flash 

column chromatography (silica gel, eluting with ethyl acetate / hexane) afforded 2.88 (3.10 g, 

19.1 mmol, 72%) as a colorless oil. 

To a flame-dried flask, under an atmosphere of argon, was dissolved allylic alcohol 2.88 

(3.10 g, 19.1 mmol, 1.0 equiv) in anhydrous diethyl ether (38.2 mL). The mixture was cooled to 

−40 °C, before dropwise addition of phosphorus tribromide (0.628 mL, 6.69 mmol, 0.35 equiv). 

The reaction mixture was allowed to slowly warm up to −20 °C over ca. 1 hour, before stirring at 

this temperature for ca. 1 h. The reaction mixture was quenched with saturated aqueous sodium 

bicarbonate and extracted into diethyl ether. The combined organic layers were washed with 

saturated aqueous sodium chloride, dried (anhyd. MgSO4), filtered and concentrated in vacuo to 

afford the crude product. Purification by flash column chromatography (silica gel, eluting with 

pentane) afforded 2.91 (2.28 g, 10.1 mmol, 53%) as a colorless oil. 
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2.6.5.1 Spectral Data for the Starting Allylic Bromides 2.91a-g, 2.103 

 

 (E)-(5-Bromopent-3-enyl)benzene (2.91a) 

Color and State: Colorless oil. 

All spectral data are consistent with those reported.45  

1H NMR (500 MHz, CDCl3) δ 7.32 (app t, J = 7.3 Hz, 2 H), 7.24-7.20 (m, 3 H), 5.84 (dt, J = 

15.1, 6.6 Hz, 1 H), 5.75 (dtt, J = 16.0, 7.5, 1.1 Hz, 1 H), 3.96 (dd, J = 7.3, 0.5 Hz, 2 H), 2.74 (t, J 

= 7.8 Hz, 2 H), 2.42 (app q, J = 7.5, 2 H). 

IR (Neat) 3027 (w), 2928 (w), 1660 (w), 1603 (w), 1454 (m), 1437 (w), 1204 (s), 965 (m), 745 

(s), 698 (vs) cm-1. 

 

 (E)-(4-Bromobut-2-enyl)benzene (2.91b) 

Color and State: Colorless oil. 

All spectral data are consistent with those reported.46  

1H NMR (500 MHz, CDCl3) δ 7.31 (app t, J = 7.4 Hz, 2 H), 7.24 (app t, J = 7.3 Hz, 1 H), 7.18 

(app d, J = 7.3 Hz, 2 H), 5.93 (dt, J = 14.6, 7.1 Hz, 1 H), 5.77 (dtt, J = 15.1, 7.5, 1.3 Hz, 1 H), 

3.97 (d, J = 7.5 Hz, 2 H), 3.41 (d, J = 6.6 Hz, 2 H). 

IR (Neat) 3028 (w), 2902 (w), 1659 (w), 1603 (w), 1453 (m), 1431 (w), 1205 (s), 965 (s), 745 (s), 

697 (vs) cm–1. 

 

(E)-(3-Bromoprop-1-enyl)benzene (2.91c) 

Color and State: Colorless oil. 

All spectral data are consistent with those reported.47  

Ph Br

Ph
Br

Ph Br
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1H NMR (500 MHz, CDCl3) δ 7.40-7.38 (m, 2 H), 7.33 (app t, J = 7.5 Hz, 2 H), 7.29-7.26 (m, 1 

H), 6.65 (d, J = 15.6, 1 H), 6.40 (dt, J = 15.6, 7.8 Hz, 1 H), 4.16 (d, J = 7.7 Hz, 2 H),  

IR (Neat) 3026 (w), 2961 (w), 1646 (w), 1578 (w), 1450 (m), 1431 (m), 1199 (s), 1134 (m), 960 

(vs), 745 (vs), 691 (vs) cm-1. 

 

(E)-1-Bromohex-2-ene (2.91d) 

Color and State: Colorless oil. 

All spectral data are consistent with those reported.48  

1H NMR (500 MHz, CDCl3) δ 5.77 (dt, J = 15.1, 6.6 Hz, 1 H), 5.69 (dtt, J = 16.0, 7.4, 1.2 Hz, 1 

H), 3.95 (dd, J = 7.3, 0.6 Hz, 2 H), 2.05 (app q, J = 7.1 Hz, 2 H), 1.41 (septet, J = 7.4 Hz, 2 H), 

0.91 (t, J = 7.4 Hz, 3 H). 

IR (Neat) 2960 (m), 1661 (w), 1458 (w), 1437 (m), 1380 (w), 1203 (vs), 962 (vs) cm-1. 

 

 (E)-(3-Bromoprop-1-enyl)cyclohexane (2.91e) 

Color and State: Colorless oil.  

All spectral data are consistent with those reported.49  

1H NMR (500 MHz, CDCl3) δ 5.72 (dd, J = 15.4, 6.4 Hz, 1 H), 5.64 (dtd, J = 15.0, 7.4, 1.0 Hz), 

3.95 (d, J = 7.4 Hz, 2 H), 2.03-1.96 (m, 1 H), 1.75-1.70 (m, 4 H), 1.68-1.62 (m, 1 H), 1.33-1.03 

(m, 5 H). 

IR (Neat) 2921 (vs), 1656 (w), 1446 (m), 1201 (s), 963 (s) cm-1. 

 

 (E)-1-Bromo-5-methylhex-2-ene (2.91f) 

Color and State: Colorless oil.  

Br
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All spectral data are consistent with those reported.50  

1H NMR (500 MHz, CDCl3) δ 5.76 (dt, J = 14.6, 7.2 Hz, 1 H), 5.68 (dt, J = 14.9, 7.4 Hz, 1 H), 

3.96 (d, J = 7.2 Hz, 2 H), 1.94 (app t, J = 6.8 Hz, 2 H), 1.65 (septet, J = 6.7 Hz, 1 H), 0.89 (d, J = 

6.7 Hz, 6 H). 

IR (Neat) 2957 (vs), 2925 (vs), 1661 (w), 1466 (m), 1385 (w), 1203 (s), 967 (s) cm-1.  

 

 (E)-((4-Bromobut-2-enyloxy)methyl)benzene (2.91g) 

Color and State: Colorless oil 

All spectral data are consistent with those reported.51  

1H NMR (500 MHz, CDCl3) δ 7.37-7.33 (m, 4 H), 7.31-7.27 (m, 1 H), 5.98 (dt, J = 15.1, 7.5 Hz, 

1 H), 5.89 (dt, J = 15.4, 5.3 Hz, 1 H), 4.53 (s, 2 H), 4.05 (d, J = 5.1 Hz, 2 H), 3.97 (d, J = 7.2 Hz, 

2 H). 

IR (Neat) 3028 (w), 2849 (m), 1495 (w), 1452 (m), 1359 (m), 1204 (s), 1104 (vs), 965 (s), 736 

(s), 697 (vs) cm-1. 

 

 3-Bromocyclohex-1-ene (2.103) 

Color and State: Pale yellow oil. 

All spectral data are consistent with those reported.51  

1H NMR (500 MHz, CDCl3) δ 5.94-5.90 (m, 1 H), 5.84-5.80 (m, 1 H), 4.86-4.84 (m, 1 H), 2.25-

1.91 (m, 5 H), 1.72-1.66 (m, 1 H). 

IR (Neat) 3032 (w), 2931 (m), 1640 (w), 1435 (m), 1394 (w), 1184 (s), 1165 (m), 1088 (m), 1034 

(m), 998 (m), 730 (vs) cm-1. 

OPh Br
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2.6.6 Experimental Procedure for the synthesis of (2.5-dimesitylcyclopent-3-

enylidene)copper(III) chloride (C1) 

To a flame-dried flask was added 2-chloro-1,3-dimesityl-2,3-dihydro-1H-imidazole (3.50 

g, 10.3 mmol, 1.0 equiv), copper(I) chloride (1.118 g, 11.3 mmol, 1.1 equiv), and sodium tert-

butoxide (1.085 g, 11.3 mmol, 1.1 equiv) under inert atmosphere. To this flask was added 

anhydrous tetrahydrofuran (103 mL, and the resulting solution was stirred for ca. 12 hours. The 

reaction mixture was filtered through a celite plug and concentrated in vacuo to afford (2.5-

dimesitylcyclopent-3-enylidene)copper(III) chloride (C1) (2.96 g, 7.34 mmol, 72% yield) as a 

light beige solid. 

 

 1,3-Bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene copper(I) chloride 

(C1) 

Color and State: Light beige solid. (mp = 253 °C (dec.); Lit = N/A) 

All spectral data are consistent with those reported.52  

1H NMR (500 MHz, CDCl3) δ 7.05 (s, 2 H), 7.00 (s, 4 H), 2.35 (s, 6 H), 2.11 (s, 12 H). 

IR (Neat) 2914 (m), 1483 (s), 1399 (m), 1234 (m), 929 (m), 860 (s), 741 (vs), 700 (m) cm-1. 

2.6.7 Experimental Procedure for the Synthesis of (E)-diethyl 5-phenylpent-2-enyl 

phosphate (2.89) 

To a flame-dried flask, under an atmosphere of argon, was dissolved allylic alcohol 2.88 

(393 mg, 2.42 mmol, 1.0 equiv) in anhydrous dichloromethane (6.0 mL). Following the addition 

of triethylamine (0.51 mL, 3.63 mmol, 1.5 equiv) and N,N-dimethylpyridin-4-amine (60.0 mg, 

0.484 mmol, 0.20 equiv), the reaction mixture was cooled to 0 °C. Chlorodiethylphosphate (0.53 

mL, 3.63 mmol, 1.5 equiv) was added at 0 °C and the reaction was allowed to stir at room 

Cu

NN

Cl
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temperature for ca. 12 hours. The reaction mixture was quenched with saturated aqueous 

ammonium chloride and extracted into dichloromethane. The combined organic layers were dried 

(anhyd. MgSO4), filtered and concentrated in vacuo to afford the crude product. Purification by 

flash column chromatography (silica gel, eluting with pentane) afforded (E)-diethyl 5-

phenylpent-2-enyl phosphate (2.89) (665 mg, 2.23 mmol, 92%) as a colorless oil. 

 

(E)-Diethyl 5-phenylpent-2-enyl phosphate (2.89) 

Color and State: Colorless oil.  

All spectral data are consistent with those reported.53 

1H NMR (500 MHz, CDCl3) δ 7.28 (app t, J = 7.6 Hz, 2 H), 7.21-7.17 (m, 3 H), 5.84 (dt, J = 

15.2, 7.2 Hz, 1 H), 5.64 (dtt, J = 15.3, 6.3, 1.5 Hz, 1 H), 4.47 (t, J = 7.3 Hz, 2 H), 4.10 (app 

pentet, J = 7.3 Hz, 4 H) 2.71 (t, J = 7.7 Hz, 2 H), 2.39 (app q, J = 7.4 Hz, 2 H), 1.33 (t, J = 7.0 

Hz, 6 H). 

IR (Neat) 2983 (w), 2932 (w), 2859 (w), 1719 (w), 1454 (w), 1395 (w), 1229 (s), 1166 (m), 1007 

(vs), 970 (vs), 802 (m), 747 (s), 700 (s) cm-1. 

 

2.6.8 Experimental Procedure for the Synthesis of (E)-5-phenylpent-2-enyl acetate (2.90) 

To a flame-dried flask, under an atmosphere of argon, was dissolved allylic alcohol 2.88 

(500 mg, 3.08 mmol, 1.0 equiv) in anhydrous dichloromethane (7.0 mL). After cooling the 

reaction mixture to 0 °C, was added N,N-dimethylpyridin-4-amine (565 mg, 4.62 mmol, 1.5 

equiv) in one portion, and allowed to stir for ca. 15 minutes. Acetyl chloride (0.33 mL, 4.62 

mmol, 1.5 equiv) was added via dropwise addition at 0 °C, before the reaction mixture was 

allowed to warm up to room temperature, and stirred at this temperature for ca. 15 hours. The 

Ph OPO(OEt)2
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reaction mixture was cooled back to 0 °C, quenched with water and extracted into 

dichloromethane. The combined organic layers were washed with saturated aqueous sodium 

chloride, dried (anhyd. MgSO4), filtered and concentrated in vacuo to afford the crude product. 

Purification by flash column chromatography (silica gel, eluting with diethyl ether / hexane) 

afforded (E)-5-phenylpent-2-enyl acetate (2.90) (0.539 mg, 2.64 mmol, 86%) as a colorless oil. 

 

 (E)-5-Phenylpent-2-enyl acetate (2.90) 

Color and State: Colorless oil.  

All spectral data are consistent with those reported.54 

1H NMR (500 MHz, CDCl3) δ 7.28 (app t, J = 7.6 Hz, 2 H), 7.21-7.17 (m, 3 H), 5.82 (dt, J = 

14.8, 7.2 Hz, 1 H), 5.60 (dt, J = 14.7, 6.6 Hz, 1 H), 4.51 (d, J = 6.4 Hz, 2 H), 2.71 (t, J = 7.7 Hz, 2 

H), 2.38 (app q, J = 7.4 Hz, 2 H), 2.06 (s, 3 H). 

IR (Neat) 3027 (w), 2933 (w), 2856 (w), 1736 (vs), 1604 (w), 1454 (m), 1381 (m), 1225 (vs), 

1024 (s), 964 (s), 746 (s), 699 (vs) cm-1. 

2.6.9 Representative Experimental Procedure for the Copper-Catalysed Allylic 

Substitution with a DoM-Derived Nucleophile 

To a flame-dried flask was added N,N-diisopropylbenzamide 2.84a (205 mg, 1.00 mmol) 

under an atmosphere of argon. Following dissolution in anhydrous tetrahydrofuran (3.00 mL), 

this flask was cooled to −78 °C. After dropwise addition of tert-butyllithium (0.730 mL, 1.05 

mmol, 1.44 M solution in pentane), this flask was stirred at this temperature for 1 hour. In an 

additional flame-dried flask was dissolved zinc chloride (68 mg, 0.500 mmol), which had been 

sublimed under vacuum, in anhydrous tetrahydrofuran (0.5 mL). This solution of zinc chloride 

(1.0 M solution in tetrahydrofuran) was added to the flask containing ortho-lithiated N,N-

Ph O Me
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diisopropylamide 2.84a, whilst stirring at −78 °C, via dropwise addition. Upon completion of the 

addition, this flask was allowed to warm up to room temperature, and stirred at this temperature 

of ca. 1 hour. In an additional flame-dried flask was added C1 (X = Cl) (3.3 mg, 0.008 mmol) 

and allylic bromide 2.91a (56.0 mg, 0.250 mmol) via gas-tight syringe. Under an atmosphere of 

argon was added anhydrous dichloromethane (0.500 mL) before cooling down to −78 °C. After 

stirring for ca. 10 minutes was added the solution of dizincate of 2.102a prepared previously, via 

syringe pump (0.3 mL / minute). Following addition, the mixture was allowed to stir at −78 °C 

for ca. 30 minutres before warming to room temperature. After stirring at room temperature for 

ca. 15 hours, the mixture was quenched by the addition of saturated aqueous ammonium chloride 

and extracted into diethyl ether. The combined organic layers were dried (anhyd. MgSO4), 

filtered and concentrated in vacuo to afford the crude product. Purification by flash column 

chromatography (silica gel, eluting with ethyl acetate / hexane) afforded 2.99a (85.6 mg, 0.245 

mmol, 98%) as a pale yellow oil. 

 

2.6.9.1 Spectral Data for the Allylic Substitution Products  

 

 N,N-Diisopropyl-2-(5-phenylpent-1-en-3-yl)benzamide (2.99a) 

Color and State: Pale yellow oil. branched:linear ≥ 19:1 

(Although there was a complicated mixture of rotamers present in these NMR studies, the major 

rotameric form has been fully characterized via careful study of both the COSY and HSQC) 

 

1H NMR (500 MHz, CDCl3) δ 7.35-7.32 (m, 2 H), 7.29-7.10 (m, 7 H), 6.02 (ddd, J = 17.4, 10.1, 

7.5 Hz, 1 H), 5.10 (d, J = 9.8 Hz, 1 H), 5.04 (d, J = 17.0 Hz, 1 H), 3.77-3.64 (m, 1 H), 3.57 (br q, 

Ph
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J = 7.3 Hz, 1 H), 3.53 (m, 1 H), 2.80-2.70 (m, 1 H), 2.58-2.48 (m, 1 H), 2.21-2.07 (m, 1 H), 2.03-

1.91 (m, 1 H), 1.61-1.55 (m, 6 H), 1.12-1.03 (m, 6 H). 

13C NMR (125 MHz, CDCl3) δ 170.36 (e), 142.69 (e), 141.77 (o), 140.97 (o), 140.54 (e), 138.41 

(e),128.53 (o), 128.28 (o), 127.47 (o), 126.14 (o), 125.61 (o), 125.19 (o), 114.95 (e), 50.79 (o), 

45.91 (o), 45.82 (o), 38.23 (e), 33.88 (e),  20.96 (o), 20.81 (o), 20.75 (o), 20.59 (o). 

IR (Neat) 3026 (w), 2967 (m), 1628 (vs), 1600 (m), 1497 (m), 1434 (s), 1334 (vs), 1212 (m), 994 

(w), 914 (m), 748 (s), 699 (vs) cm-1. 

HRMS (ESI [M+H]+) calcd for C24H32NO 350.2478, found 350.2464.  

 

 N,N-Diisopropyl-2-(1-phenylbut-3-en-2-yl)benzamide (2.99b) 

Color and State: Colorless oil. branched:linear ≥ 19:1 

(Although there was a complicated mixture of rotamers present in these NMR studies, the major 

rotameric form has been fully characterized via careful study of both the COSY and HSQC) 

1H NMR (500 MHz, CDCl3) δ 7.41-7.32 (m, 2 H), 7.29-7.22 (m, 4 H), 7.20-7.11 (m, 3 H), 6.02 

(ddd, J = 17.5, 10.1, 7.5 Hz, 1 H), 4.98 (d, J = 10.2 Hz, 1 H), 4.77 (d, J = 17.2 Hz, 1 H), 3.78-3.65 

(m, 2 H), 3.56-3.46 (m, 1 H), 3.24 (dd, J = 13.7, 3.3 Hz, 1 H), 2.81 (dd, J = 13.6, 10.5 Hz, 1 H), 

1.64 (app t, J = 6.4 Hz, 6 H), 1.11 (d, J = 6.5 Hz, 3 H), 1.05 (d, J = 6.7Hz, 3 H). 

13C NMR (125 MHz, CDCl3) δ 170.45 (e), 141.89 (o), 140.63 (e), 140.39 (e), 139.94 (o), 138.07 

(e), 129.68 (o), 128.09 (o), 127.83 (o), 126.26 (o), 125.95 (o), 125.15 (o), 115.84 (e), 50.82 (o), 

48.11 (o), 45.85 (o), 43.25 (e), 20.89 (o), 20.83 (o), 20.78 (o), 20.64 (o). 

IR (Neat) 3025 (w), 2968 (m), 1624 (vs), 1493 (m), 1435 (s), 1334 (vs), 1211 (m), 992 (w), 914 

(m), 733 (vs), 699 (vs) cm-1. 

HRMS (ESI [M+H]+) calcd for C23H30NO 336.2322, found 336.2309.  
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 N,N-Diisopropyl-2-(1-phenylallyl)benzamide (2.99c) 

Color and State: Colorless oil. branched:linear ≥ 19:1 

(Although there was a complicated mixture of rotamers present in these NMR studies, the major 

rotameric form has been fully characterized via careful study of both the COSY and HSQC) 

 

1H NMR (500 MHz, CDCl3) δ 7.46-7.37 (m, 2 H), 7.30-7.25 (m, 3 H), 7.21-7.11 (m, 4 H), 6.30 

(ddd, J = 17.0, 10.2, 6.8 Hz, 1 H), 5.30-5.27 (m, 1 H), 5.23-4.75 (m, 2 H), 3.33 (septet, J = 6.6 

Hz, 1 H), 3.31 (septet, J = 6.7 Hz, 1 H), 1.54 (d, J = 6.7 Hz, 3 H), 1.49 (d, J = 6.7 Hz, 3 H), 1.01 

(d, J = 6.6 Hz, 3 H), 0.23 (d, J = 6.7 Hz, 3 H). 

13C NMR (125 MHz, CDCl3) δ 170.41 (e), 142.26 (e), 141.25 (ox2), 140.41 (o), 139.56 (e), 

138.68 (e), 129.29 (o), 128.58 (o), 128.49 (o), 128.36 (o), 126.50 (o), 126.24 (o), 125.54 (o), 

116.66 (e), 50.88 (o), 49.99 (o), 45.81 (o), 20.81 (o), 20.62 (o), 20.50 (o), 19.47 (o). 

IR (Neat) 3059 (w), 2968 (m), 1625 (vs), 1598 (m), 1490 (m), 1435 (s), 1335 (vs), 1211 (w), 999 

(w), 917 (m), 751 (m), 701 (s) cm-1. 

HRMS (ESI [M+H]+) calcd for C22H28NO 322.2165, found 322.2152.  

 

 2-(Hex-1-en-3-yl)-N,N,-diisopropylbenzamide (2.99d) 

Color and State: Colorless oil. branched:linear ≥ 19:1 

(Although there was a complicated mixture of rotamers present in these NMR studies, the major 

rotameric form has been fully characterized via careful study of both the COSY and HSQC) 

 

1H NMR (500 MHz, CDCl3) δ 7.32-7.25 (m, 2 H), 7.19-7.15 (m, 1 H), 7.09-7.07 (m, 1 H), 5.96 

(ddd, J = 17.7, 10.1, 7.3 Hz, 1 H), 5.07-4.95 (m, 2 H), 3.64 (septet, J = 6.6 Hz, 1 H), 3.48 (septet, 
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J = 7.2 Hz, 1 H), 3.44 (br q, J = 7.4 Hz, 1 H), 1.82-1.61 (m, 2 H), 1.57 (d, J = 7.1 Hz, 6 H), 1.48-

1.34 (m, 1 H), 1.27-1.16 (m, 1 H), 1.13-1.06 (m, 6 H), 0.87 (t, J = 7.2 Hz, 3 H). 

13C NMR (125 MHz, CDCl3) δ 170.43 (e), 142.19 (o), 141.07 (e), 138.39 (e), 128.38 (o), 127.60 

(o), 125.96 (o), 125.15 (o), 114.43 (e), 50.76 (o), 45.83 (o), 45.70 (o), 38.80 (e), 20.98 (o), 20.86 

(o), 20.75 (o), 20.68 (e), 20.65 (o), 14.13 (o). 

IR (Neat) 2960 (m), 1628 (vs), 1599 (m), 1433 (s), 1332 (s), 1211 (m), 992 (w), 912 (m), 754 (s), 

699 (m) cm–1. 

HRMS (ESI [M+H]+) calcd for C19H30NO 288.2322, found 288.2332.  

 

 2-(1-Cyclohexylallyl)-N,N-diisopropylbenzamide (2.99e) 

Color and State: Colorless oil. branched:linear = 17:1 

 

(Although there was a complicated mixture of rotamers present in these NMR studies, the major 

rotameric form has been fully characterized via careful study of both the COSY and HSQC) 

 

1H NMR (500 MHz, CDCl3) δ 7.32-7.24 (m, 2 H), 7.19-7.13 (m, 1 H), 7.08 (d, J = 8.1 Hz, 1 H), 

5.94 (ddd, J = 17.0, 9.9, 9.3 Hz, 1 H), 5.00 (dd, J = 10.1, 1.8 Hz, 1 H), 4.91 (dd, J = 17.0, 1.2 Hz, 

1 H), 3.57 (septet, J = 6.7 Hz, 1 H), 3.47 (septet, J = 6.8 Hz, 1 H), 3.13 (br t, J = 8.9 Hz, 1 H), 

2.01-1.91 (m, 1 H), 1.77-1.56 (m, 10 H), 1.35-0.78 (m, 12 H). 

13C NMR (125 MHz, CDCl3) δ 170.39 (e), 141.17 (o), 140.42 (e), 138.57 (e), 128.25 (o), 127.70 

(o), 125.68 (o), 125.26 (o), 115.22 (e), 52.99 (o), 50.66 (o), 45.77 (o), 42.63 (o), 31.12 (e), 31.10 

(e), 26.67 (e), 26.48 (e), 20.99 (o), 20.91 (o), 20.74 (o), 20.60 (o).  
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IR (Neat) 2967 (w), 1625 (s), 1599 (m), 1486 w), 1434 (m), 1334 (s), 1211 (w), 992 (w), 911 

(m), 730 (vs) cm-1. 

HRMS (ESI [M+H]+) calcd for C22H34NO 328.2635, found 328.2620. 

 

 N,N-Diisopropyl-2-(5-methylhex-1-en-3-yl)benzamide (2.99f) 

Color and State: Colorless oil. branched:linear = 15:1 

(Although there was a complicated mixture of rotamers present in these NMR studies, the major 

rotameric form has been fully characterized via careful study of both the COSY and HSQC) 

1H NMR (500 MHz, CDCl3) δ 7.30-7.25 (m, 2 H), 7.18-7.13 (m, 1 H), 7.08-7.06 (m, 1 H), 5.96 

(ddd, J = 17.4, 9.9, 7.6 Hz, 1 H), 5.01 (d, J = 9.6 Hz, 1 H), 4.96 (d, J = 17.2 Hz, 1 H), 3.70 

(septet, J = 6.6 Hz, 1 H), 3.57-3.45 (m, 2 H), 1.62-1.54 (m, 8 H), 1.13-1.06 (m, 6 H), 0.94-0.86 

(m, 7 H). 

13C NMR (125 MHz, CDCl3) δ 170.32 (e), 142.11 (o), 141.20 (e), 138.23 (e), 128.31 (o), 127.65 

(o), 125.90 (o), 125.14 (o), 114.91 (e), 50.66 (o), 45.98 (e), 45.79 (o), 43.89 (o), 25.66 (o), 23.33 

(o), 22.02 (o), 20.98 (o), 20.87 (o), 20.79 (o), 20.53 (o). 

IR (Neat) 2959 (m), 1631 (vs), 1599 (w), 1434 (s), 1335 (vs), 1212 (w), 994 (w), 913 (w), 754 

(m) cm-1. 

HRMS (ESI [M+H]+) calcd for C20H32NO 302.2478, found 302.2471.  

 

 2-(1-(Benzyloxy)but-3-en-2-yl)-N,N-diisopropylbenzamide (2.99g) 

Color and State: Colorless oil. branched:linear ≥ 19:1 

(Although there was a complicated mixture of rotamers present in these NMR studies, the major 

rotameric form has been fully characterized via careful study of both the COSY and HSQC) 

CONiPr2
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1H NMR (500 MHz, CDCl3) δ 7.33-7.17 (m, 8 H), 7.12 (dd, J = 7.9, 3.4 Hz, 1 H), 6.15 (ddd, J = 

17.3, 10.5, 6.7 Hz, 1 H), 5.18 (d, J = 10.3 Hz, 1 H), 5.12 (d, J = 17.2 Hz, 1 H), 4.50-4.45 (m, 2 

H), 3.87-3.76 (m, 2 H), 3.74-3.65 (m, 2 H), 3.51 (septet, J = 6.7 Hz, 1 H), 1.60 (d, J = 7.1 Hz, 3 

H), 1.58 (d, J = 7.0 Hz, 3 H), 1.10 (d, J = 6.3 Hz, 3 H), 1.09 (d, J = 6.6 Hz, 3 H). 

13C NMR (125 MHz, CDCl3) δ 170.32 (e), 139.16 (o), 139.04 (e), 138.74 (e), 137.35 (e), 128.81 

(o), 128.39 (o), 128.28 (o), 127.82 (o), 126.67 (o), 125.19 (o), 116.42 (e), 73.83 (e), 72.81 (e), 

50.92 (o), 45.94 (o), 45.85 (o), 20.97 (o), 20.83 (o), 20.69 (o). 

IR (Neat) 3063 (w), 2966 (m), 1628 (vs), 1435 (m), 1336 (s), 1211 (w), 1161 (w), 993 (w), 916 

(w), 752 (m), 698 (m) cm-1. 

HRMS (ESI [M+H]+) calcd for C24H32NO2 366.2428, found 366.2418.  

 

2-(Cyclohex-2-enyl)-N,N-diisopropylbenzamide (2.104) 

Color and State: Colorless oil. 

 

(Although there was a complicated mixture of rotamers present in these NMR studies, the major 

rotameric form has been fully characterized via careful study of both the COSY and HSQC) 

 

1H NMR (500 MHz, CDCl3) δ 7.32-7.26 (m, 2 H), 7.21-7.16 (m, 1 H), 7.09 (d, J = 7.3 Hz, 1 H), 

5.94-5.90 (m, 1 H), 5.60 (d, J = 10.2 Hz, 1 H), 3.68 (septet, J = 6.7 Hz, 1 H), 3.51 (septet, J = 6.7 

Hz, 1 H), 3.46-3.42 (m, 1 H), 2.20-1.75 (m, 4 H), 1.66-1.48 (m, 8 H), 1.09 (d, J = 6.9 Hz, 3 H), 

1.08 (d, J = 6.9 Hz, 3 H). 
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13C NMR (125 MHz, CDCl3) δ 170.56 (e), 142.46 (e), 138.26 (e), 130.04 (o), 129.24 (o), 128.31 

(o), 128.15 (o), 126.27 (o), 124.74 (o), 50.82 (o), 45.75 (o), 39.15 (o), 32.55 (e), 25.13 (e), 21.71 

(e), 20.81 (o), 20.79 (o), 20.63 (o), 20.50 (o). 

IR (Neat) 3018 (w), 2966 (m), 1630 (vs), 1600 (w), 1449 (m), 1435 (s), 1335 (vs), 775 (w), 756 

(m) cm-1. 

HRMS (EI [M]+) calcd for C19H27NO 285.2093, found 285.2099. 

 

1-(Methoxymethoxy)-2-(5-phenylpent-1-en-3-yl)benzene (2.107a)  

Color and State: Colorless oil. branched:linear ≥ 19:1 

 

1H NMR (500 MHz, CDCl3) δ 7.27-7.24 (m, 2 H), 7.21-7.15 (m, 5 H), 7.08 (dd, J = 8.3, 1.0 Hz, 

1 H), 6.99 (td, J = 7.5, 1.2 Hz, 1 H), 6.02 (dddd, J = 17.6, 11.3, 9.5, 7.6 Hz, 1 H), 5.16 (app d, J = 

2.8 Hz, 2 H), 5.07 (m, 1 H), 5.04 (d, J = 1.2 Hz, 1 H), 3.82 (br q, J = 7.4 Hz, 1 H), 3.45 (s, 3 H), 

2.65 (m, 1 H), 2.55 (m, 1 H), 2.07-2.02 (m, 2 H). 

13C NMR (125 MHz, CDCl3) δ 154.88 (e), 142.69 (e), 141.69 (o), 133.30 (e), 128.60 (o), 128.39 

(o), 128.12 (o), 127.79 (o), 125.80 (o), 122.09 (o), 114.52 (o), 114.45 (e), 94.70 (e), 56.18 (o), 

42.25 (o), 36.40 (e), 34.00 (e). 

IR (Neat) 3061 (w), 3025 (w), 2930 (m), 1635 (w), 1599 (w), 1488 (s), 1452 (m), 1230 (s), 1151 

(vs), 1076 (s), 999 (vs), 919 (s), 752 (vs), 698 (s) cm-1. 

HRMS (ESI [M+H]+) calcd for C19H23O2 283.1693, found 283.1686. 

 

 2-(5-Phenylpent-1-en-3-yl)phenyl diethylcarbamate (2.108a) 

Color and State: Colorless oil. branched:linear ≥ 19:1 
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1H NMR (500 MHz, CDCl3) δ 7.34-7.28 (m, 4 H), 7.27-7.16 (m, 5 H), 6.03 (ddd, J = 17.2, 10.2, 

7.1 Hz, 1 H), 5.15-5.08 (m, 2 H), 3.63 (br q, J = 7.4 Hz, 1 H), 3.50-3.41 (m, 4 H), 2.77-2.59 (m, 2 

H), 2.12 (app q, J = 7.6 Hz, 2 H), 1.33-1.23 (m, 6 H). 

13C NMR (125 MHz, CDCl3) δ 154.03 (e), 149.34 (e), 142.21 (e), 140.97 (o), 135.93 (e), 128.49 

(o), 128.31 (o), 127.95 (o), 127.01 (o), 125.73 (o), 125.57 (o), 123.05 (o), 114.67 (e), 42.33 (e), 

42.29 (o), 41.80 (e), 36.11 (e), 33.71 (e), 14.40 (o), 13.45 (o). 

IR (Neat) 2976 (w), 1712 (vs), 1636 (w), 1595 (w), 1497 (m), 1414 (s), 1202 (vs), 1152 (vs), 960 

(s), 910 (m), 731 (s), 690 (s) cm-1. 

HRMS (ESI [M+H]+) calcd for C22H28NO2 338.2115, found 338.2105. 

 

2-(1-Cyclohexylallyl)phenyl diethylcarbamate (2.108e) 

Color and State: Colorless oil. branched:linear = 6:1 

 

1H NMR (500 MHz, CDCl3) δ 7.24-7.14 (m, 3 H), 7.10 (dd, J = 8.0, 1.1 Hz, 1 H), 5.96 (dt, J = 

17.0, 9.5 Hz, 1 H), 5.03 (d, J = 9.7 Hz, 1 H), 5.01 (d, J = 16.8 Hz, 1 H), 3.52 (q, J = 6.3 Hz, 2 H), 

3.42 (q, J = 6.5 Hz, 2 H), 3.25 (app t, J = 9.3 Hz, 1 H),  1.96-0.79 (m, 16 H). 

13C NMR (125 MHz, CDCl3) δ 154.07 (e), 149.42 (e), 140.13 (o), 135.96 (e), 128.46 (o), 126.62 

(o), 125.37 (o), 123.09 (o), 115.54 (e), 50.48 (o), 42.27 (e), 41.93 (e), 41.55 (o), 31.56 (e), 31.43 

(e), 26.66 (e), 26.50 (e), 14.54 (o), 13.56 (o). 
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IR (Neat) 2973 (w), 1715 (vs), 1636 (w), 1449 (m), 1414 (s), 1208 (vs), 1152 (vs), 991 (w), 961 

(m), 910 (m), 750 (s) cm-1. 

HRMS (ESI [M+H]+) calcd for C20H30NO2 316.2271, found 316.2264.  

 

 N,N-Diisopropyl-3-methoxy-2-(5-phenylpent-1-en-3-yl)benzamide 

(2.99h) 

Color and State: Yellow oil. branched:linear = 4:1 

(Although there was a complicated mixture of rotamers present in these NMR studies, the major 

rotameric form has been fully characterized via careful study of both the COSY and HSQC) 

 

1H NMR (500 MHz, CDCl3) δ 7.29-7.11 (m, 6 H), 6.85-6.83 (m, 1 H), 6.75-6.71 (m, 1 H), 6.38 

(ddd, J = 17.1, 10.1, 8.1 Hz, 1 H), 5.04-4.98 (m, 2 H), 3.82 (s, 3 H), 3.79-3.66 (m, 1 H), 3.54-3.47 

(m, 2 H), 2.80-2.72 (m, 1 H), 2.52-2.45 (m, 1 H), 2.32-1.87 (m, 2 H), 1.61-1.57 (m, 6 H), 1.14-

1.08 (m, 6 H). 

13C NMR (125 MHz, CDCl3) δ 170.33 (e), 158.48 (e), 143.13 (e), 140.83 (o), 139.79 (e), 139.52 

(o), 128.61 (o), 128.35 (o), 128.10 (o), 127.43 (o), 125.34 (o), 117.60 (o), 116.35 (e), 114.50 (e), 

111.13 (o), 55.26 (o), 50.73 (o), 47.00 (o), 45.73 (o), 35.27 (e), 24.31 (e), 20.92 (o), 20.82 (o), 

20.64 (o), 20.54 (o). 

IR (Neat) 3024 (w), 2964 (m), 1627 (vs), 1578 (m), 1455 (s), 1433 (s), 1334 (vs), 1207 (m), 1033 

(s), 999 (w), 911 (m), 743 (m), 699 (s) cm-1. 

HRMS (ESI [M+H]+) calcd for C25H34NO2 380.2584, found 380.2571. 
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 N,N-Diisopropyl-2-methoxy-6-(5-phenylpent-1-en-3-yl)benzamide 

(2.99i) 

Color and State: Colorless solid (mp = 96-97°C). branched:linear = 10:1 

 

1H NMR (500 MHz, CDCl3) δ 7.29 (app t, J = 7.2 Hz, 2 H), 7.24 (app t, J = 7.9 Hz, 1 H), 7.19-

7.17 (m, 3 H), 6.89 (d, J = 7.6 Hz, 1 H), 6.72 (d, J = 7.9 Hz, 1 H), 5.97 (ddd, J = 17.1, 10.1, 7.2 

Hz, 1 H), 5.16 (d, J = 17.2 Hz, 1 H), 5.11 (d, J = 10.1 Hz, 1 H), 3.78 (s, 3 H), 3.69 (septet, J = 6.7 

Hz, 1 H), 3.47 (septet, J = 6.9 Hz, 1 H), 3.41-3.35 (m, 1 H), 2.82-2.76 (m, 1 H), 2.55 (ddd, J = 

13.6, 10.3, 6.2 Hz, 1 H), 2.15 (tdd, J = 14.3, 10.1, 4.9 Hz, 1 H), 1.95-1.88 (m, 1 H), 1.59 (d, J = 

6.9 Hz, 3 H), 1.54 (d, J = 6.6 Hz, 3 H), 1.14 (d, J = 6.7 Hz, 3 H), 1.00 (d, J = 6.5 Hz, 3 H). 

13C NMR (125 MHz, CDCl3) δ 167.34 (e), 155.57 (e), 142.63 (e), 142.33 (e), 140.88 (o), 129.10 

(o), 128.53 (o), 127.41 (e), 125.96 (o), 119.35 (o), 115.45 (e), 108.44 (o), 55.51 (o), 50.79 (o), 

45.85 (o), 45.51 (o), 37.05 (e), 34.33 (e), 21.24 (o), 20.87 (o), 20.71 (o), 20.42 (o). 

IR (Neat) 2963 (m), 1618 (vs), 1595 (s), 1433 (vs), 1334 (s), 1211 (m), 1035 (s), 995 (m), 913 

(s), 744 (vs), 697 (vs) cm–1. 

HRMS (ESI [M+H]+) calcd for C25H34NO2 380.2584, found 380.2583. 

 

 N,N-Diisopropyl-4-methyl-2-(5-phenylpent-1-en-3-yl)benzamide (3s) 

Color and State: Colorless oil. branched:linear ≥ 19:1 

(Although there was a complicated mixture of rotamers present in these NMR studies, the major 

rotameric form has been fully characterized via careful study of both the COSY and HSQC) 
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1H NMR (500 MHz, CDCl3) δ 7.28-7.22 (m, 2 H), 7.19-7.10 (m, 4 H), 7.00 (d, J = 8.3 Hz, 2 H), 

6.01 (ddd, J = 17.6, 10.1, 7.4 Hz, 1 H), 5.08 (d, J = 10.1 Hz, 1 H), 5.04 (d, J = 17.0 Hz, 1 H), 3.69 

(septet, J = 6.6 Hz, 1 H), 3.56-3.42 (m, 2 H), 2.78-2.69 (m, 1 H), 2.57-2.47 (m, 1 H), 2.35 (s, 3 

H), 2.22-2.06 (m, 1 H), 2.01-1.88 (m, 1 H), 1.58 (d, J = 6.8 Hz, 3 H), 1.56 (d, J = 6.9 Hz, 3 H), 

1.09 (d, J = 6.8 Hz, 3 H), 1.07 (d, J = 6.6 Hz, 3 H). 

13C NMR (125 MHz, CDCl3) δ 170.63 (e), 142.80 (e), 141.91 (o), 140.58 (e), 138.16 (e), 135.69 

(e), 128.55 (o), 128.28 (o), 127.99 (o), 126.84 (o), 125.59 (o), 125.17 (o), 114.85 (e), 50.78 (o), 

45.91 (o), 45.79 (o), 38.13 (e), 33.92 (e), 21.55 (o), 20.97 (o), 20.85 (o), 20.81 (o), 20.63 (o). 

IR (Neat) 3024 (w), 2967 (w), 1621 (s), 1496 (w), 1437 (s), 1334 (s), 1211 (m), 992 (w), 909 (s), 

728 (vs), 698 (vs) cm-1. 

HRMS (ESI [M+H]+) calcd for C25H34NO 364.2635, found 364.2629. 

 

 4-Fluoro-N,N-diisopropyl-2-(5-phenylpent-1-en-3-yl)benzamide (2.99k) 

Color and State: Colorless oil. branched:linear ≥ 19:1 

(Although there was a complicated mixture of rotamers present in these NMR studies, the major 

rotameric form has been fully characterized via careful study of both the COSY and HSQC) 

 

1H NMR (500 MHz, CDCl3) δ 7.29-7.23 (m, 2 H), 7.19-7.13 (m, 3 H), 7.11-7.08 (m, 1 H), 7.04-

7.01 (m, 1 H), 6.93-6.91 (m, 1 H), 5.96 (ddd, J = 17.4, 10.1, 7.3 Hz, 1 H), 5.12 (d, J = 10.2 Hz, 1 

H), 5.05 (d, J = 17.1 Hz, 1 H), 3.64 (septet, J = 6.7 Hz, 1 H), 3.57 (app q, J = 7.3 Hz, 1 H), 3.52-

3.44 (m, 1 H), 2.79-2.69 (m, 1 H), 2.56-2.48 (m, 1 H), 2.17-2.04 (m, 1 H), 2.00-1.87 (m, 1 H), 

1.57 (d, J = 6.8 Hz, 3 H), 1.55 (d, J = 6.8 Hz, 3 H), 1.09 (app t, J = 7.2 Hz, 6 H). 
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13C NMR (125 MHz, CDCl3) δ 169.60 (e), 162.76 (e, d, 1JCF = 247.06 Hz), 143.67 (e, d, 3JCF = 

6.4 Hz), 142.37 (e), 141.01 (o), 134.51 (e, d, 4JCF = 3.9 Hz), 128.55 (o), 128.35 (o), 126.94 (o, d, 

3JCF = 8.9 Hz), 125.74 (o), 115.54 (e), 114.39 (o, d, 2JCF = 21.7 Hz), 113.31 (o, d, 2JCF = 21.7 Hz), 

50.88 (o), 45.95 (o), 45.91 (o), 38.05 (e), 33.81 (e), 20.98 (o), 20.83 (o), 20.76 (o), 20.58 (o). 

IR (Neat) 3026 (w), 2968 (w), 1622 (s), 1606 (s), 1495 (m), 1438 (s), 1335 (s), 1210 (m), 991 

(w), 909 (s), 728 (vs), 698 (s) cm-1. 

HRMS (ESI [M+H]+) calcd for C24H31FNO 368.2386, found 368.2375.  
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Chapter 3 

Directed ortho Metalation (DoM) of Isomeric Azaindoles. DoM – DMG 

Dance for the Regioselective Functionalization of 7-Azaindoles 

3.1 Introduction 

3.1.1 Modern Methods of Aromatic and Heteroaromatic Ring Functionalization 

The directed ortho metalation (DoM) reaction has been extensively developed by 

Snieckus, among others, into one of the most effective methods towards regioselective ortho-

functionalization of aromatic moieties (see Chapter 1, Section 1.2.1).1 Similarly, since the initial 

report of the catalytic C−H activation reaction of aryl derivatives in 19892  this field has 

undergone rapid advances, using a variety of metals and directing groups (DGs), to facilitate the 

highly selective ortho-functionalization via a six- or seven-membered cyclic transition state. 

Nevertheless, the current challenges in this area are in the ability to directly functionalize the 

meta- and para-positions. 

3.1.1.1 C−H Activation Methods 

3.1.1.1.1 C−H Borylation 

In 1993, Marder and co-workers reported the first example of meta-borylation of 

toluene.3 While this work was aimed to probe the active catalytic species of iridium-catalyzed 

borylation reactions, which lead to the synthesis of novel tris(boryl)iridium complexes [(η6-

arene)Ir(Bcat)3] via reaction in toluene, the formation of trace amounts of both meta- and para-

borylated products of toluene were observed. 
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In 2002, Smith4 and Hartwig5 independently advanced the preliminary finding of Marder, 

with the mono-borylation of 3.1 to afford 3.2 in high yield and meta-selectivity using HBpin, 

(Ind)Ir(COD) and dppe. 

 

In 2002, Hartwig and co-workers reported another iridium catalyzed meta-selective C−H 

borylation.5 Although [RhCl(COD)]2 and Pt(dba)2 gave poor conversion (20% and 0% 

respectively), the combination of [IrCl(COD)]2 with bpy ligand facilitated the conversion of 3.3 

to furnish 3.4 in good to excellent yields, with only trace quantities of the diborylated product 

being observed. While this is the first example of this kind, its very limited substrate scope (3 

examples, R1 = Me, OMe and R2 = Me, Br) warranted further study. 

 

Snieckus and co-workers explored this highly selective meta-borylation of 1,3-

disubstituted aromatics in the context of a variety of commonly utilized DMGs (3.5, DMG = 

CONEt2, OCONEt2, OMOM, SO2NEt2; R2 = OMe), and established a general route to 

compounds 3.6 in good to excellent yields (Eq. 3).6 

 

MeO2C Cl
(Ind)Ir(COD)

dppe
HBpin

cyclohexane, 100 °C, 25 h

MeO2C Cl

Bpin

3.2
(95%)

3.1

(1)

[IrCl(COD)]2
bpy

B2pin2

80 °C, 16 h

R1

R2

R1

R2

Bpin

3.3
R1=H, Me, OMe

R2=H, Me, Br

3.4
(72-86%)

(2)

DMGMeO

cat. [Ir(COD)(OMe)]2
dtbpy
B2pin2

hexanes, 80 °C, 18 h

DMGMeO

Bpin

3.5 3.6
(53-98%)

(3)
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To this end, they improved the scope of this reaction with a variety of alternate 

substituted aromatics with a focus on the most effective DMGs (3.5, DMG = CONEt2 (98%), 

OCONEt2 (87%)). This work demonstrates the value of combined DoM – Ir-catalyzed borylation 

to achieve the synthesis of 1,3,5-, 1,3,4-, and 1,2,3,5-substituted (hetero)aromatic moieties, which 

are difficult to access by alternative methods (Eq. 4, 3.7 à 3.8). 

 

In 2015, Itami reported a new iridium catalyst bearing the bulky phosphine ligand L1 that 

enables para-borylation of mono-functionalized aromatics 3.9 to afford 3.10 with moderate 

regioselectivity,7 which represents an improvement to the previously reported methods.5 Itami 

hypothesized that the regiocontrol with other catalyst systems depends upon both the sterics 

associated with the substrate and the ligand, which results in mixtures. While other groups 

resolved these regioselectivity issues by performing their borylation reactions using 1,3-

disubstituted aromatic moieties,5,6 the Itami group explored additional phosphine based ligands – 

anticipating that those containing the largest steric bulk would allow preferential para-borylation. 

This was achieved using ligand L1, yielding 3.10 (R1 = TMS) in high yield and good para 

selectivity (94%, p:m = 9:1), and was generalized (Eq. 5).  

 

DMG
TMSR1

cat. [Ir(COD)(OMe)]2
dtbpy
B2pin2

hexanes, 80 °C, 18 h

DMG
TMSR1

Bpin

3.7
(R1 = OMe, Br, TMS)

(DMG = CONEt2, OCONEt2)

3.8
(59-93%)

(4)

R1
cat. [Ir(COD)OH]2

cat. L1
B2pin2

hexanes, 85 °C, 20-72 h

3.9
(R1 = SiR3, CR3, CR2OH, CR(OR)2)

R1

Bpin
3.10

(24-94%, p:m = 1:2 - 11:1)

(5)
MeO
MeO P

P

Me

Me

Me
Me

Me

Me
Me

Me
L1 (Xyl-MeO-BIPHEP)



 

 

 

104 

3.1.1.1.2 C−H Activation for the Formation of Remote C−C Bonds  

In 2009, Gaunt reported the first example of highly meta-selective C−H activation using 

copper catalysis.8 Previously, the Gaunt group reported that copper catalysis provides 

complementary reactivity to that of palladium.9 Thus selective C-3 arylation of indole 3.11 

affords 3.13 via a highly reactive Cu(III) species while palladium-catalysis gives the C-2 arylated 

product (Scheme 3.1).  

 

Scheme 3.1 Regioselective C-2 and C-3 substitution of indole using copper catalysis. 

Gaunt rationalized that this alternate reactivity is due to the oxidation of Cu(II) to Cu(III) 

by the hypervalent iodine reagent to give a highly electrophilic d8-[PhCuIIIOTf]OTf species, 

which subsequently undergoes reaction at the indole C-3 position, thus suggesting an 

electrophilic mechanism for  the arylation process. In 2009, Gaunt extended this methodology,8 

allowing meta-reactivity for a variety of aromatic substrates, thus complementing the previously 

reported ortho-selectivity via the coordinating effects of palladium. A broad range of ortho-, 

meta-, and para-functionalized aromatics (3.14) were tolerated to give products 3.15, although 

greater efficiency was achieved using electron-rich substrates (Eq. 6). 

 

N
Me

[TRIP−I−Ar]OTf
cat. Cu(OTf)2, dtbpy

DCE, 35 °C N
Me

Ar

N
Me

Ar
[Ar−I−Ar]BF4

cat. IMesPd(OAc)2
AcOH, 60 °C, 15 h

3.113.12 (60%) 3.13 (86%)
C3:C2 = >20:1

HN O

tBu

R

3.14

cat. Cu(OTf)2
[Ph−I−Ph]X

DCE, 50-70 °C, 24-48 h

where X = OTf, BF4

HN O

tBu

R

3.15
18 examples (11-93%)

Ph

(6)
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A subsequent report by Gaunt indicated that the copper catalyst is not required for this 

transformation, wherein identical selectivity was achieved on 2-Me-pivanilide (3.14, R = 2-Me) 

at elevated temperatures (80 °C) in similar yields (78% vs 79%).10 

Given the high energies associated with the formation of the well-defined coordinated 

intermediate required for activation of remote C−H bonds, there has been limited success in 

application of directing groups (DGs) for this task. However, in 2012, Yu and co-workers 

reported the first palladium-catalyzed example showcasing exquisite meta-selectivity using a 

nitrile-containing DG.11 Interestingly, the directing group was proposed to enable access to the 

meta-position via a 12-membered ring transition state, promoted by the linear geometry of the 

nitrile group (3.16, Figure 3.1).  

 

Figure 3.1 Model to rationalize the unique meta-selectivity observed with substrate 3.16. 

Central to the success of this DG is its ability to remain in the same plane as the targeted 

meta C−H bond, which was achieved through the optimization of the substituents (R1 = tBu, R2 = 

H vs R1 = tBu, R2 = iBu; m:p:o = 59:33:8 vs 95:4:1). Multiple mono- (R1 = H), and di-substituted 

olefins 3.18 were well tolerated, affording compounds 3.19 in modest to excellent yields and 

selectivity (39-98%, m:(p+o) = 3:1 to ≥19:1, E:Z = 1:75 to 55:1). Furthermore, a variety of o-, m-, 

p-substituted aromatics (3.17) provided high selectivity (39-89%, m:(p+o) = 9:1 to ≥19:1), except 

the meta-F case, where olefination in the para-position was observed to a greater extent (52%, 

m:p:(o+o’) = 75:18:7).  

H

O

R1

N
Pd

R2
R2

R1

3.16
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While the DG developed by the Yu group is very effective towards altering the inherent 

reactivity observed for aromatic ring C−H activation reactions, it is not the most elegant since the 

starting materials require at least eleven steps to prepare, and the removal and/or functionalization 

of the DG is challenging. In subsequent work, Yu and co-workers extended this methodology to 

the tetrahydroquinoline and aniline scaffolds with the incorporation of similar nitrile-containing 

DG using an amide linkage to facilitate facile cleavage.12 Thus a variety of amide linkers were 

investigated, in which the mono-α-fluorine substituted DG substrate 3.20 (Scheme 3.2), in the 

presence of the Ac-Gly-OH as ligand, provided the greatest meta-selectivity for the formation of 

3.22. The enhanced selectivity of the fluorine substituent was attributed to promoting the 

carbonyl group to adopt the optimal orientation. Moreover, the electron-rich amino acid-derived 

ligand exploits the inherent electron-deficient nature of the meta-position of 3.20 compared to the 

ortho-position. While this olefination reaction provided excellent meta-selectivity, examples that 

lacked functionality at one of the meta-positions of 3.22 often resulted in the formation of 

disubstituted olefin products, thus accounting for the low yields (mono:di = 16:1 to 1:1). Overall, 

the result is the formation of a Heck product without the use of a functionalized coupling partner. 

The cleavage of the DG proceeded in high yield (95%), although it was only tested on a single 

substrate (3.22 à 3.23, X = H, R1 = H, R2 = CO2Et). 

H

O

tBu

N iBu
iBu

tBu

3.17

X

cat. Pd(OPiv)2
AgOPiv

DCE, 90 °C, 30-48 h

O

tBu

N iBu
iBu

tBu

3.19
(39-98%, m:(p+o) = 3:1 to ≥19:1, E/Z = 1:9 to ≥19:1)

X

R1

R2

R1

R2

3.18

(7)
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Scheme 3.2 Highly meta-selective olefination of 3.20 using palladium catalysis. 

Yu and coworkers further showcased the versatility of the same DG derivative 3.20 with 

the development of a highly meta-selective acetoxylation reaction to give compounds 3.24 (32-

66%, m:o = 9:1 to ≥19:1), albeit an alternate oxidant was required to improve the overall 

efficiency of the process (AgOAc vs. PhI(OAc)2 = trace vs. 68%) (Eq. 8). 

 

Additional studies extended the application of the complex DG with some modification 

3.25 for the synthesis of phenol derived systems 3.27.13 Interestingly, while mono-substituted 

olefins 3.26 were primarily examined, the reaction is also effective with a 1,2-difunctionalized 

olefin 2.16 and an array of o-, m-, p- functionalized aromatics to afford 3.27 (Eq. 9) in good to 

excellent yields and regioselectivities (52-91%, m:(p+o) = 7:1 to ≥19:1). Nevertheless, the 

formation of the di-olefinated product 3.28 (29%) was observed for the unsubstituted aryl system 

3.25 (X = H), which accounted for the lower yield (X = H: mono = 60%). 

3.20

X
N Me

O
O

FN

3.21

cat. Pd(OAc)2
Ac-Gly-OH

AgOAc
HFIP, 90 °C, 24-48 h

3.22
35-87%, m:(p+o) = 11:1 to ≥19:1

X
N Me

O
O

FCNR1
R2

R1

R2
HCl/EtOH (1:5)

90 °C, 3 h
X

N
H

Me

R1
R2

3.23 (95%)

3.20

X
N Me

O
O

FN cat. Pd(OAc)2
Ac-Gly-OH
PhI(OAc)2

Ac2O
HFIP, 90 °C, 24-48 h

3.24
32-66%, m:o = 9:1 to ≥19:1

X
N Me

O
O

FCN

AcO
(8)
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Although this approach provides a unique method to override the inherent reactivity of 

aniline and phenol, the DGs utilized require lengthy synthetic sequences to install and remove. In 

contrast, Larrosa and co-workers recently reported a much simpler one-pot method towards 

highly meta-selective arylation of phenolic derivatives, using a strategy invoking CO2 as a 

traceless DG.14 To this end, they take advantage of the inherent electrophilic reactivity of phenols 

towards ortho-carboxylation with CO2 using the Kolbe-Schmitt reaction. The ability to affect 

transition metal-catalyzed decarboxylative functionalization of benzoic acids, and employ 

carboxylic acids for ortho-C−H functionalization prompted the combination of these properties in 

the development of this one-pot methodology for meta-arylation (Eq. 10). Preliminary work 

identified PEPPSI-IPr as the optimum catalyst for facilitating the ortho-C−H arylation reaction 

and decarboxylation of salicylic acid (3.29, R1 = 2-CO2H). Subsequently, they probed possible 

conditions for the initial Kolbe-Schmitt reaction of phenol (3.29, R1 = H), in which KOH 

followed by CO2 provided the optimal reaction efficiency. Combining these reagents afforded 

3.31 in 65% yield (87%/step), with no bis-arylation being observed. A variety of ortho- and meta-

substituted phenols were well tolerated, with weakly electron-donating and withdrawing groups 

proceeding in moderate to high yields with 3.29 (ortho: 46-83%; meta: 60-77%). Unfortunately, 

when R1 = 3-OMe, the target molecule 3.31 was afforded in low yield (25%), and the starting 

material with R1 = NO2 was completely incompatible. Furthermore, para substituted phenol 

H

O
X

O NN CN
CO2Et

cat. Pd(OAc)2
Ac-Gly-OH

AgOAc
HFIP, 90 °C, 24 h

O
X

O NN CN

CO2Et

3.25 3.26 3.27
52-91%, m:(p+o) = 7:1 to ≥19:1

(9)

O

O NN CN

CO2Et

3.28

EtO2C
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derivatives 3.29 (R1 = 4-F) were not tolerated (11%), indicating that steric bulk directly adjacent 

to the developing target C−H bond has a negative impact on the overall reaction.  

 

3.1.1.2 The DoM Methodology for Functionalization of meta-/para-Positions 

While the DoM reaction is stalwart in providing a general methodology for ortho-

functionalization of aromatic molecules, it also has utility for the indirect meta-functionalization. 

These methods are a) the anionic ortho-Fries rearrangement, b) the latent DMG tactic and, c) a 

commonly referred to as “walk-around-the-ring” strategy. These will be discussed briefly in the 

following sections. 

3.1.1.2.1 The Anionic ortho-Fries Rearrangement 

Dannecker and Fariborz reported the first example of this rearrangement using a urea 

variant in 1974 (Scheme 3.3).15 Thus, treatment of 3.32 with two equivalents of n-BuLi resulted 

in initial N-deprotonation, followed by ortho-deprotonation. The resulting dianaion was then 

heated at reflux to allow the anionic ortho-Fries rearrangement, affording 2-aminobenzamides 

3.34 in moderate yields.  

Me

Me

I

OH

R1

3.29
(3.0 equiv.)

(where R1 = 2-Alk, 2-OR, 2-Hal,
3-Alk, 3-OR, 3-Hal, 3-NO2, 4-F)

3.30

3.29, KOH, 50 °C, 10 min; then
CO2 (25 atm), 190 °C, 2 h; then

3.30, cat. PEPPSI-IPr or cat. Pd(OAc)2, Ag2CO3
AcOH, 130 °C, 16-40 h

OH

R1
Me

Me

3.31
0-77%

(10)
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Scheme 3.3 Anionic ortho-Fries rearrangement with urea-derived DMGs. 

A subsequent report by Snieckus and coworkers showed that urea 3.36 undergoes the 

anionic ortho-Fries rearrangement in a highly efficient and selective manner in most cases (87-

97%) to give 3.37 (Scheme 3.4), with one exception (R = 2-Ph: 51%), presumably due to the 

steric effects.16 Interestingly, the choice of base for the initial deprotonation had a pronounced 

influence on the regioselectivity with substituted aromatics (R ≠ H), with migration of the amide 

onto the unsubstituted phenyl group occurring preferentially with tBuLi. As both the urea moiety 

and the R-group (R = 3-/4-OMe, 3-/4-Cl) synergistically act to stabilize the anion common to the 

same ring, equilibrium will favour the formation of 3.37 after migration. Following protection of 

the free amine N−H to give 3.38, subsequent metalation and quench with a variety of 

electrophiles afforded 3.39 with high efficiency (85-99%), representing complex 1,2,3-

trifunctionalized aromatics. This work was the basis for the development of a directed remote 

metalation (DreM) route to acridones.17 

 

Scheme 3.4 The anionic ortho-Fries rearrangement in the synthesis of 3.39. 

Although this methodology does not allow for DoM to directly functionalize meta 

relative to the DMG, it does so in an indirect manner, affording meta substitution relative to 

N N H

R2R1

O

3.32
(R1 = Ph, Me)

(R2 = Ph, Me, Et, nBu, Cy, α-Np)

nBuLi (1.0 equiv.)
THF

N N
R2R1

O Li

3.33

NH
R1

H
N

O
R2

3.34
(42-57%)

1. RLi
2. E+

NH
R1

H
N

O
R2

3.35

E

nBuLi (1.0 equiv.)
THF
then
↑↓

NPh
O

NEt2 1. LDA
THF, 0 °C

2. 0 °C → RT

NHPh O

NEt2

1. sBuLi, TMEDA
THF, −78 °C, 1 h

2. E+

−78 °C → RT

NMePh O

NEt2

E

3.36 3.37
(51-97%) 3.39

(85-99%)

NMePh O

NEt2

3.38
(87%)

1. nBuLi
THF, 0 °C, 1 h

2. MeI then
dioxane

(where R = H)R R
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initial position of the urea DMG. To complete such a tactic, excision of the DMG is necessary 

(see Section 3.1.1.2.2). While a variety of other heteroatom-bound DMGs have been reported to 

function in a similar manner,18 they will not be discussed in this review. 

3.1.1.2.2 The –OAm and –SO2NR2 Latent DMGs 

In 1992, Snieckus first reported the use of the O-carbamate as a latent DMG in the 

synthesis of polysubstituted aromatic compounds. To illustrate, the reaction of 3.40 allows the 

synthesis of challenging 3,4-disubstituted naphthalenes 3.43 (Scheme 3.5).19 After consecutive 

introduction of carbamoyl (3.41) and silyl electrophiles (3.42), the O-carbamate may be 

selectively removed by treatment with iPrMgCl/Ni(acac)2 to afford 3.43.  

 

Scheme 3.5 The O-Carbamate as a latent DMG for the synthesis of 3.43. 

In 2004, Snieckus and Milburn reported that the sulfonamide may also serve as a latent 

DMG.20 Thus, a variety of substituted aryl sulfonamides 3.44 (Eq. 11) were shown to undergo 

efficient hydrodesulfamoylation upon reaction with iPr2Mg and Ni(acac)2 to furnish products 3.44 

(18-97% yields).  
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While not the first to discover a boron-based DMG,21 the Cheon group recently 

demonstrated a unique method for the synthesis of meta-iodinated phenol (3.50, Scheme 3.6). 

Thus treatment of the boronic acid 3.46 with N-methyl-1,3-diaminopropane (3.47) afforded 3.48, 

which upon treatment with (TMP)2Mg resulted in selective ortho-deprotonation; quench with 

iodine and lengthy treatment with ammonium chloride gave 3.49 which, without isolation, was 

demethylated and protodeboronated to furnish 3.50 in good yield in a six step sequence. While 

this procedure is clearly a tedious and inefficient route towards the synthesis of 3.50, which is 

commercially available ($34/5g from Sigma Aldrich), it could be a very useful methodology for 

other electrophiles and substituted derivatives of 3.46. 

 

Scheme 3.6 Synthesis of 3.50 via DoM reaction of 3.48 containing a boron-derived DMG 

followed by protodeboronation. 

3.1.1.2.3 “Walk-Around-the-Ring” DoM 

In 1989, Snieckus and co-workers first introduced the concept of “walking-around-the-

ring” DoM, thereby developing new methods for the synthesis of polyfunctionalized aromatics.22 

This methodology involves iterative metalations – sequential introduction of electrophiles that act 

as DMGs (Scheme 3.7). Since the most reactive metalation site of 3.51, in between amide and 

methoxy DMGs, is blocked by the TMS group, the position ortho to the amide functionality, 

being the more powerful metalation group compared to OMe, is the next deprotonation site. 

Sequential DoM-E+ quench of 3.52 and then 3.53 afforded tetra- and penta-substituted aromatic 
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rings. The “walking-around-the-ring” tour was completed by a final metalation-TMS quench to 

deliver 3.54 in 46% overall yield. 

 

Scheme 3.7 The “Walk-Around-the-Ring” DoM methodology for the synthesis of hexa-

substituted benzene 3.54. 

The selective formation of these hexa-substituted aromatics is otherwise a very 

synthetically challenging task. While both the “walking-around-the-ring” and anionic ortho-Fries 

methodologies allow alternate positions of the aromatic framework to be accessed, they suffer 

from a common drawback: the presence of the DMG in the aromatic which, if not desired in the 

final product, must be easily modifiable (several steps) or equally readily removable 

(challenging).  

3.1.2 Importance of the 7-Azaindole Heterocycle 

The indole nucleus (3.55) has historically attracted significant attention due to its 

prevalence in a plethora of biologically active molecules, natural products, and more recently in 

the material science. Given the bioisosteric nature of the 4-, 5-, 6-, or 7-azaindole series (3.56), 

the organic chemistry community has been particularly interested in their isolation and synthesis, 

as they could potentially enhance and modify the bioactivity observed with the analogous indole 

heterocycles.  

 

Figure 3.2 Indole (3.55) and azaindole (3.56) heterocycles. 
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While most azaindole derivatives are derived by synthesis, those within the Variolin 

family are azaindole natural products, being isolated from the marine sponge Kirkpatrickia 

varialosa. For example, Variolin B (3.57, Figure 3.3), isolated by Munro and co-workers, has 

been found to exhibit pronounced anti-cancer activity (IC50 = 210 ng/mL against leukemia P388 

cells).23 

 

Figure 3.3 Variolin B (3.57) – a 7-azaindole natural product with anti-cancer activity. 

In 2001, Morris and Anderson reported the first total synthesis of Variolin B (Scheme 

3.8).24 The synthesis commenced with 3.58 and 3.59, neither of which are commercially 

available, to provide 3.57 in six steps and 26% overall yield. The key synthetic step is the 

deoxygenation/cyclization process from 3.60 to 3.61, which is based on previous work in the 

Morris group.25 Unfortunately, this step leads to the formation of several side-products based on 

alternate rearrangement reactions that occur under the acidic conditions, thus resulting in a 

modest yield (47%) of 3.61. Given the commercial availability of 7-azaindole ($1.52/g from 

Combi-Blocks), its manipulation by regioselective functionalization may be considered for the 

synthesis of a variety of variolin analogues to compete with classical de novo methods. 
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Scheme 3.8 Morris and co-workers total synthesis of Variolin B (3.57).24 

Although azaindoles have not been studied as exhaustively as indoles in the realm of 

medicinal chemistry, there exist numerous azaindole analogues of high pharmacological 

importance. Research by Zuccotto and co-workers demonstrated the advantages associated with 

poly-aza heterocycles as protein kinase inhibitors due in part to their behavior as donors and 

acceptors of H−bonds,26 hence placing azaindole derivatives as promising synthetic targets. 

Furthermore, as high homology exists between 5-azaindole and 5-hydroxyindole, an important 

motif in indole-based metabolites (i.e. melatonin, 5-HIA), initial efforts focused on the synthesis 

of this group of isosteres. The recent literature illustrates the significance of the 7-azaindole 

isomer, with its structure being present in over 2800 patent reports. Given the sheer number of 7-

azaindole-derived pharmaceuticals, only 7-azaindole protein kinase inhibitors possessing C−2 

and/or C−6 functionalization will be included in this summary.27 

Since the early 1990s, Aurora kinases have been considered anticancer targets in view of 

the critical role they play in the regulation of mitosis, and the fact that they are typically 

overexpressed in human tumors.28 There exist three different Aurora kinases: Aurora A, B, and C, 

and the development of molecules with the capability to selectively inhibit each of these could 

lead to advancement in this important field. Recently, effective small molecules based on the 7-

azaindole scaffold have been reported, e.g., GSK 1070916 (Figure 3.4, 3.62).29,30 Adams and co-

workers synthesized a plethora of analogues with variation of groups at C-2 and C-4, both shown 
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to be crucial for beneficial effects (≥20-fold attenuation in the in vitro Aurora B inhibition 

relative to unfunctionalized 7-azaindole), and found 3.62 to exhibit greatest activity.  

 

Figure 3.4 Aurora kinase (3.62) and C-Met kinase (3.63) inhibitors. 

Met kinase is a tyrosine kinase that plays a crucial role in normal physiological events, 

and is responsible for the mediation of the cellular response to invasions, angiogenesis, among 

others. Overexpression of Met kinase is believed to lead to metastasis. In 2008, Cai and co-

workers synthesized analogues derived from 3.63 (Figure 3.4), via altering the functionality at 

both the C-2 and C-3 positions.31 In this study, they found 3.63, and its isomeric form with the C-

3 3-pyridyl substituent provides best kinase inhibitory activity (IC50 = 2.0 nM for both cases). 

Rho kinase (ROCK) is a serine/threonine kinase that plays an integral role in signal 

transduction pathways such as cellular contraction. The ROCK kinase exists as two isoforms 

(ROCK-I and ROCK-II), and their inhibition could potentially provide therapy for conditions 

such as hypertension and multiple sclerosis. Previous work by Chowdhury and co-workers 

showed that benzimidazole32 and benzothiazole33 derivatives were potent inhibitors.. Thus, 3.64 

exhibited potent inhibition of both ROCK-I and ROCK-II (IC50 = 12 nM and 2.0 nM, 

respectively).34  
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Figure 3.5 Rho kinase (3.64) and COX (3.65) inhibitors. 

In the area of pain and inflammation, the enzyme cyclooxygenase (COX), existing in two 

isoforms: COX-1 and COX-2. COX-2 is thought to be responsible for the sensation of pain. 

Selective inhibition of COX-2 is proposed to allow for the perception of pain to be minimized. In 

2005, Beswick and co-workers synthesized a variety of 7-azaindole derivatives of which 3.65 

demonstrated good activity and high selectivity.35 

The above brief review selectively focuses on C-4 and C-6 substituted 7-azaindole 

derivatives that have shown high biological activity. To date, most synthetic routes for substituted 

7-azaindole involve ring annulation on substituted pyridine derivatives. Given that 7-azaindole is 

commercially available, these tedious routes may possibly be circumvented if methods for 

selective functionalization of 7-azaindole are developed. This constitutes the aim of this thesis 

research. 

3.2 C-6 Functionalization of 7-Azaindoles and the DMG Dance 

3.2.1 Methods for the Synthesis of C-6 Substituted 7-Azaindoles 

The synthesis of C-6 substituted 7-azaindole has proved to be a challenging task that has 

been addressed by annulation and direct methods.36 
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3.2.1.1 Annulation Methods 

3.2.1.1.1 From Pyridine Derivatives 

A prominent method for the synthesis of substituted 7-azaindoles is via pyrrole ring 

annulation from the corresponding previously functionalized pyridine derivatives. Classical 

methods for the construction of indoles, such as the Fischer indole synthesis, are often not 

efficient for 7-azaindoles due to the inherent electron-deficient nature of the pyridine ring. In 

2008, Hajós and co-workers reported a two-step synthesis of 3.68 from thioalkyl-containing N-

iminopyridinium ylides 3.66 (Scheme 3.9).37 In addition to the expected 1,3-dipolar cycloaddition 

products from the reaction of 3.66 with DMAD, the pyridyleneamines 3.67, the result of an 

alternate [3,3]-diaza-Cope rearrangement of the initially formed conjugate addition product were 

obtained in poor yields (15-36%). The subsequent thermal cyclization reaction of 3.67 afforded 7-

azaindole derivatives 3.68 in moderate yields (46-60%), although very long reaction times were 

required. 

 

Scheme 3.9 Synthesis of 7-azaindole 3.68 from 3.66. 

The Larock38 and Castro39 indole synthesis is a prominent heteroannulation method. This 

method has been adapted to the synthesis of 7-azaindoles, an example of which is the synthesis of 

the bioactive 6-fluoro-7-azaindole 3.72 (Scheme 3.10).40 Thus, 3.70, prepared by SNAr, DoM and 

Sonogashira chemistry, was subjected to catalytic copper(I) iodide treatment in DMF to afford 

3.71 in moderate yield (58%) via purportedly a 5-endo-dig reaction.41 Subsequent cleavage of the 
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N-1 carbamate under basic conditions gave 3.72, representing the first synthesis of this compound 

(6 steps, 10% overall yield from 3.69). 

 

Scheme 3.10 Synthesis of 3.72 via a 5-endo-dig cyclization reaction. 

In 2009, Willis and co-workers reported a sequential palladium-catalyzed intermolecular 

amination and SNAr reaction to afford a variety of C-6 functionalized 7-azaindoles (Eq. 10, 

3.76).42 Thus, compound 3.73, prepared as a E/Z mixture via a Wittig homologation of the 

corresponding aldehydes,43 was treated with the aniline derivative 3.74 to furnish product 3.76. 

Although only one example of a C-6 monofunctionalized azaindole product was reported, a 

variety of para-functionalized anilines and alkyl amines led to 7-azaindole derivatives in 53-96% 

yields. The optimized reaction conditions seem to be highly substrate dependent requiring 

screening of a variety of ligands.  

 

3.2.1.1.2 From Pyrrole Derivatives 

Another logical retrosynthetic analysis of 7-azaindole involves the late-stage formation of 

the pyridine ring, a tactic that has been widely exploited. A select few cases for the synthesis of 

C-6 substituted 7-azaindoles will be outlined. In 2010, Hecht and co-workers reported the 

synthesis of 7-azaindole 3.82 via a 4-step procedure from enamine 3.77 and lactam acetal 3.78 
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(Scheme 3.11).44 The key step involved a cyclocondensation of 3.77 with 3.78 under basic 

conditions to form azaindolenine 3.79. Standard bromination of 3.79 using NBS resulted in an 

inseparable mixture of mono- and di-brominated products. However, using 3.80 achieved 

selective bromination to give the corresponding 5-brominated derivative in high yield (82%). 

Application of Buchwald’s Pd-catalyzed hydroxylation reaction with KOH resulted in the 

formation of the corresponding 5-hydroxy derivative accompanied by serendipitous oxidation. 

Following acetylation, 3.82 was obtained in poor yield (28% over 4 steps). 

 

Scheme 3.11 Synthesis of the polysubstituted 7-azaindole 3.82. 

Multicomponent reactions (MCR) have attracted significant attention in recent years not 

only because of their highly atom economical nature, but also due to their prowess at synthesizing 

complex products from simple starting materials in a facile manner.45 The prominence of 

heteroaromatics in the pharmaceutical industry has stimulated the application of MCRs, with 

indoles being one of the most desirable targets. Iaroshenko and co-workers reported the three-

component, one-pot reaction of benzoylacetonitrile 3.83 with aldehydes 3.84 and pyrrole 

derivatives 3.85 to afford 7-azaindoles 3.87 in moderate yields (37-66%), with the final oxidation 

from intermediate 3.86 simply requiring air.46  
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Scheme 3.12 Multicomponent reaction synthesis of polysubstituted 7-azaindole 3.87. 

3.2.1.1.3 Direct C-6 Functionalization 

The ready availability of the 7-azaindole backbone has stimulated the development of 

methods for their direct C-6 functionalization. In 1992, Ohshiro and co-workers took advantage 

of the Reissert−Henze−type reaction to regioselectively incorporate halogen and thiocyanato 

groups directly into the C-6 position of 7-azaindole (Scheme 3.13).47 The conversion of 3.88 into 

3.89 using methyl chloroformate was greatly enhanced by addition of HMDS (20% vs 66% 

yields). Subsequent deprotection proceeded in quantitative yield to afford 3.90. A variety of other 

halogens and a single example of a thiocyanato 7-azaindoles were prepared (21-57%). 

 

Scheme 3.13 Synthesis of 6-Cl 7-azaindole 3.90 via the Reissert-Henze reaction. 

While there have been previous reports on the use of the DoM strategy to functionalize 

the C-6 position of 7-azaindole, these typically involved the iterative metalation of the C-4, C-5, 

and C-6 positions, with incorporation of an additional DMG at the C-5 to achieve C-6 

functionalization. The first such report by L’Heureux and co-workers involved DoM of 3.91. 

Incorporation of various electrophiles included F to afford 3.92 (Scheme 3.14).48 While standard 
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towards SNAr reactions, LiTMP was effective to form the C-6 anion, which upon trapping with 

methyl chloroformate afforded 3.93 in moderate yield. 

 

Scheme 3.14 Synthesis of 3.91 via sequential DoM reactions. 

Following the above work, Snieckus reported the regioexhaustive functionalization of the 

7-azaindole scaffold via DoM chemistry (Scheme 3.15).49 Thus DoM of the 3-diethylsulfonamido 

7-azaindole 3.94, followed by DOCD3 quench experiments showed that peri(C-4)- rather than C-

2-metalation occurred presumably due to an N-anionic shielding effect. Hydroxylation using the 

boronation-hydrogen peroxide protocol followed by treatment with diethylcarbamoyl chloride 

furnished the dicarbamoylated product 3.95. After TMS incorporation via a DoM reaction, the 

anionic ortho Fries rearrangement led to an OàC migration to afford the 5-diethylamide 3.97, 

which after considerably experimentation, by use of LiTMP under Barbier conditions followed by 

in situ quench with TMSCl, afforded 3.98 in excellent yield (84%). While this represented the 

first example of the synthesis of poly-substituted 7-azaindole scaffolds using DoM, the final 

metalation required the use of Barbier-type in situ electrophile quench conditions, thus severely 

limiting the scope of electrophiles to either silicon- or boron-based that can be incorporated. 
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Scheme 3.15 Ring-walk DoM sequence to the polysubstituted 7-azaindole 3.98. 

In the following year, Knochel and co-workers reported a similar route for the synthesis 

of poly-functionalized 7-azaindole molecules, with a “halogen dance” being the key step leading 

to the C-6 brominated product 3.101 (Scheme 3.16).50 As in the previous synthesis (Scheme 

3.15), optimum yields were obtained when Barbier-type in situ quench conditions were utilized. 

The structure of 3.101 was confirmed by X-ray crystallography confirming a sometimes 

unnoticed caveat, the halogen dance product proceeding via the transient intermediate 3.100. By 

its very nature, this methodology is limited to the synthesis of C-6 brominated derivatives. 

Knochel also reported an analogous method that led to the formation of C-6 magnesiates via 

deprotonation with TMPMgCl�LiCl (turbo Grignard). This methodology allowed the synthesis of 

7-azaindoles bearing acyl and other halo 6-substitution in 61-63% yields. 

 

Scheme 3.16 Synthesis of 3.101 via DoM – halogen-dance reactions. 
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In 2009, Fagnou and coworkers reported the regioselective 6-arylation of 7-azaindoles 

3.104 by the coupling of 3.102 with a series of bromobenzenes 3.103 (Eq. 11).51 Optimized 

conditions involved Pd(OAc)2 catalyst, DavePhos ligand, Cs2CO3, PivOH and required excess of 

the 7-azaindole N-oxide 3.102 (2.0 equiv vs 1.0 equiv = 87% vs 57% yields), which inevitably 

limits application of this chemistry to commercially available or easily synthesized starting 

materials. A variety of aryl bromides (3.103) with both para- electron-donating and electron-

withdrawing substituents were subjected to these reaction conditions, with comparable yields 

being achieved (54-68%). Only a single example of an ortho substituted 3.103 was reported, 

which gave a substantially lower yield of product presumably due to a steric effect (3.104, o-Me 

vs p-Me = 46% vs 87%). 

 

3.2.2 The Directed Metalation Group (DMG) Dance 

Sames has recently reported the synthesis of poly-functionalized pyrazoles and 

imidazoles via a concept named the SEM-switch (Scheme 3.17).52,53 In this work, a simple 

protocol for the migration of the SEM-group from N-1 to N-2 was developed, thus allowing the 

differing reactivity of the C−H bonds within these heteroaromatics to be exploited. Using this 

concept, the regioexhaustive substitution of the pyrazole scaffold was established.52 It is well 

known that an N-substituted pyrazole substrate undergoes SEAr at the C-4 position and that the C-

5 position is the most acidic C−H bond. As previous work reported by Fagnou and co-workers 
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“σ-deprotonation mechanism”,54 the Sames group envisaged its application towards selective C-5 

arylation (Figure 3.6).  

 

Figure 3.6 Overview of the reactivity of pyrazole 3.105. 

Given the known N-to-N transposition of the SEM group, the regioselective synthesis of 

arylated pyrazoles was set as the goal (Scheme 3.17). The synthesis of starting material 3.107 

required three steps via selective C-4 bromination, SEM-incorporation, and Suzuki coupling. 

C−H activation and coupling with a variety of aryl bromides (Ar1Br) afforded derivatives of 

3.107 in a highly regioselective manner, and in moderate to high yields. While electron-deficient 

and electron-neutral aryl bromides were well tolerated (58-82% yields of products), para-

substituted electron-donating groups were much less effective (e.g. p-OMe: 35% yield). Although 

the transposition of the SEM group using catalytic SEMCl was not attempted on all derivatives of 

3.108, the few that were tested proceeded in excellent yields (80-84%). Sames hypothesized that 

this migration is driven by formation of the more thermodynamically stable product 3.109. 

Subsequent C-3 C−H activation proceeded efficiently, with comparable yields to those observed 

for the initial C-5 arylation (3.110, 64-88%). Subsequently, Sames reported application of the 

SEM-switch in the regioexhaustive substitution of imidazole53 and 1,2,4-triazole.55 

H

N N
R

HH

12

3
4

5

unreactive
position

most acidic
C−H bond

nucleophilic
position

C−H Arylation : C-5 > C-4 >> C-3

3.105
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Scheme 3.17 Application of the SEM-switch in the synthesis of poly-substituted pyrazole 3.110. 

In 2013, Chen and co-workers reported synthesis of o-pyridinium phenols (3.113a) and 

anilines (3.113b) via a 1,3-radical rearrangement process from pyridine N-oxides (3.111a) or N-

amidates (3.111b) and diaryliodonium salts 3.112 (Scheme 3.18).56 Recent work has showcased 

the versatility of hypervalent iodine salts in direct substitution with nucleophiles and in cross-

coupling reactions for the synthesis of valuable aromatic compounds.57 In this reaction, a variety 

of functionalized pyridine N-oxides and N-imino ylide nucleophiles were well tolerated, with 

methyl, cyano, fluoro, and benzyl pyridine N-oxides (3.111a) undergoing reaction with 3.112 to 

give products 3.113a in moderate to high yields (58-89%). A limited number of symmetrical and 

unsymmetrical alkyl substituted iodonium salts (3.112, R3 = H, 4-Me, 4-F, 2,4-Me, 4-tBu) were 

also tested, giving 1,2-disubstituted products 3.113 in all cases. The single example using a 

strongly electron-withdrawing group R3 = p-CF3 resulted in no reaction. This work provides a 

new methodology for the synthesis of o-pyridinium phenols and anilines. Mechanistic work 

involving cross-over experiments supports a 1,3-radical rearrangement via recombination of 

3.115 and 3.116 occurring in an intramolecular fashion. 

N NH

3.106

N N

3.107
SEM

Ph

N N
SEM

PhAr1Br
cat. Pd(OAc)2, P(nBu)Ad2

K2CO3, PivOH
DMA, 140 °C, 12 h

Ar1

3.108
(35-82%)

N N

Ph
Ar1

3.109
(80-84%)

cat. SEM-Cl
MeCN, 95 °C

SEM

Ar2Br
cat. Pd(OAc)2, P(nBu)Ad2

K2CO3, PivOH
DMA, 140 °C, 12 h
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Scheme 3.18 Synthesis of o-pyridinium phenols (3.113a) and anilines (3.113b) via 1,3-radical 

rearrangement. 

3.3 Project Aims 

As part of studies in the Snieckus laboratories to establish useful routes towards 4- and 7-

substituted benzimidazoles, compounds difficult to prepare,58,59 the DoM chemistry of N-CONiPr2 

benzimidazole 3.117 was undertaken. The synthesis of 7-TMS derivative 3.118 was 

accomplished (Scheme 3.19) and its treatment with catalytic ClCONiPr2 led to DMG N-1 to N-3 

migration to give 3.119 in quantitative yield, thereby establishing the first carbamoyl DMG dance 

reaction. This DMG dance has been successfully executed on a variety of 7-substituted 

benzimidazoles and its efficiency appears to be a function of the steric bulk of the C-7 substituent 

(Scheme 3.19 box). 

 

Scheme 3.19 The N-1 to N-3 DMG dance on the benzimidazole 3.118. 
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In the course of our investigation of the DoM chemistry of 7-azaindoles,49 we undertook 

the study of N-1 carbamoyl azaindole 3.121, readily prepared from commercially available 3.120. 

While successful C-2 DoM reactivity was being established yielding derivatives 3.122 (Scheme 

3.20), we hypothesized60 that the proximate 1,7-relationship of the nitrogen atoms may promote, 

induced by steric effects, DMG dances 3.122 à 3.123 and 3.126 à 3.127 from the isomeric 

azaindoles 3.121 and 3.125 respectively. Successful application of this DMG dance concept, 

followed by metalation at the vacant ortho sites, would allow for the synthesis of the C-2 and C-6 

bis-functionalized respective 7-azaindoles 3.124 and 3.128 in a highly regioselective manner. 

 

Scheme 3.20 Outline of the main aims of the thesis research. 

3.3.1 Previous Work 

3.3.1.1 Synthesis of N-1 and N-7 N,N-dialkylcarbamoyl 7-Azaindoles 

Prior to exploration of the DoM reaction at the C-2 and C-6 positions of 7-azaindole, 

regioselective DMG incorporation to afford 3.121 and 3.125 respectively must be accomplished. 

Although a select few N-1 DMG azaindoles have been previously synthesized,49,61 selective N-7 

DMG-bearing 7-azaindoles had not been reported. The early work by Robison involving selective 

formation of N-1 and N-7 methyl derivatives 3.130 and 3.129 respectively from the parent 
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heterocycle 3.120 (Scheme 3.21)62 served as an appropriate precedent for our carbamoylation 

studies.  

 

Scheme 3.21 Selective N-1 and N-7 methylation of 7-azaindole 3.120.62 

Thus, synthesis of N-1 carbamoyl derivaties 3.133 and 3.134 was achieved by initial 

deprotonation of 3.120 followed by treatment with diethyl and diisopropyl carbamoyl chloride, 

while first quaternization of the pyridine nitrogen of 3.120 with the same reagents followed by 

mild base treatment furnished compounds 3.131 and 3.132 respectively in good to excellent 

yields (Scheme 3.22).63  

 

Scheme 3.22 Selective N-1 and N-7 carbamoylation of 7-azaindole 3.120. 

3.3.1.2 Synthesis of C-2 Substituted 7-Azaindoles 

After considerable experimentation with different bases, solvents, and conditions, 

treatment of 3.134 with LDA by an inverse addition protocol established efficient C-2 metalation 

(3.135a, 1D/0D = 90%) (Eq. 12).63 Of particular note is the hygroscopic nature of starting material 

3.134, which caused incomplete metalation unless it was dried via azeotropic distillation with 

toluene prior to reaction. Using the optimized conditions, the synthesis of 2-substituted 

derivatives 3.135a-o was achieved.64 Further useful metalation (3.135e, f, i, j) and cross-coupling 

(for 3.135d, i, k, m, o) chemistry may be envisaged for future research. 

N N
H N NN N

MeMe

1. NaNH2
xylene, ↑↓, 8 h

2. MeI
xylene, ↑↓, 2 h

3.120 3.130
(19%)

3.129
(88%)

1. MeI
RT, 3 d

2. K2CO3
H2O, 0 °C

N N
H N NN N

CONR2CONR2

1. NaH (1.3 equiv.)
DMF, 0 °C

2. ClCONR2 (1.5 equiv.)
0 °C→RT, 12 h

3.120 3.133 (R = Et; 80%)
3.134 (R = iPr; 93%)

3.131 (R = Et; 72%)
3.132 (R = iPr; 70%)

1. ClCONR2 (2.0 equiv.)
CH2Cl2, RT, 1 d

2. K2CO3 (4.0 equiv.)
RT, 3 d
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Table 3.1 Substrate scope for the synthesis of C-2 substituted derivatives 3.135. 

 

3.3.2 Results 

3.3.2.1 The N-1 to N-7 7-Azaindole DMG Dance 3.135 à  3.136 

With a variety of C-2 functionalized 7-azaindoles 3.135 in hand, the feasibility of the 

proposed N-1 to N-7 DMG dance (3.135 à 3.136, Eq. 13) was explored. Based on the 

benzimidazole precedent (Scheme 3.19),65 we envisaged that 2-silyl substituted derivatives 

3.135o-q may participate in the N-1 to N-7 DMG migration under catalytic ClCONiPr2 conditions 

to give products 3.136o-q. Unfortunately, these reactions afforded no conversion, with starting 

material being recovered in all cases. 

 

N N
CONiPr2

SnBu3

3.135k (69%)
(5.0 equiv. SnBu3Cl)

N N
CONiPr2

PPh2

3.135l (76%)
(2.5 equiv. Ph2PCl)

N N
CONiPr2

Bpin

3.135m (>95%)
(5.0 equiv. (iPrO)Bpin)

N N
CONiPr2

O

3.135n (80%)
(5.8 equiv. (B(OCH3)3,

then H2O2)

N N
CONiPr2

TMS

3.135o (91%)
(2.5 equiv. TMSCl)

11 12 13 14 15

N N
CONiPr2

CO2H

3.135f (70%)
(excess CO2)

N N
CONiPr2

3.135g (91%)
(3.0 equiv. 4-MeO-C6H4-CHO)

N N
CONiPr2

CHO

3.135h (32%)
(2.5 equiv. DMF)

N N
CONiPr2

SPh

3.135i (91%)
(2.5 equiv. (SPh)2)

N N
CONiPr2

SO2Ph

3.135j (32%)
(2.5 equiv. NFSI)

6 7 8 9 10

OH

OMe

N N
CONiPr2

D

3.135a (94%, 90% 1D/0D)
(9.0 equiv. CD3OD)

N N
CONiPr2

Cl

3.135b (70%)
(2.5 equiv. C2Cl6)

N N
CONiPr2

Br

3.135c (64%)
(2.5 equiv. Br2)

N N
CONiPr2

I

3.135d (90%)
(2.5 equiv. I2)

N N
CONiPr2

CONiPr2

3.135e (92%)
(2.5 equiv. ClCONiPr2)

1 2 3 4 5

N N
CONiPr2

3.134

1. LDA (2.2 equiv.)
     THF, −78 °C, 1 h

(inverse)
2. E+ (X equiv.) N N

CONiPr2

E

3.135

(12)

N N
CONiPr2

E
ClCONiPr2 (10 mol%)
MeCN, 100 °C, 12 h N N

E

CONiPr2

3.135o-q 3.136o (E = TMS)
3.136p (E = TES)
3.136q (E = TIPS)

(13)



 

 

 

131 

Computational studies66 established that N-1 carbamoyl derivatives 3.133 and 3.134 are 

the thermodynamically stable isomers, while the corresponding N-7 carbamoyl systems 3.131 and 

3.132 represent the kinetically most stable isomers. This is undoubtably due to the greater 

aromaticity of the former compounds and may be used to rationalize the unfavourable migration 

3.135 à  3.136 result (Eq. 13). To corroborate the computation results, 6-substituted derivatives 

3.137 and 3.138 were required. Initial C-6 metalation studies on 3.131 (Table 3.2, entries 1-3) 

unfortunately resulted in undetectable incorporation of deuterium regardless of the base utilized. 

This suggests lower C-6 acidity of 3.135 compared to that of pyridine C-2 acidity. While external 

quench DoM conditions (normal and inverse addition) are utilized for stoichiometric metalation, 

in situ quench methods (Barbier and Martin conditions) allow the functionalization of an unstable 

anionic species formed in equilibrium concentrations. Experiments carried out utilizing Barbier 

conditions (LDA/TMSCl, entry 4) showed quantitative conversion to 3.137 by GC-MS of crude 

product; however, normal work-up resulted in desilylation to starting material. Use of Barbier 

conditions but with an anhydrous work-up (entries 5-6) showed formation of products 3.137b and 

3.137c in excellent conversion (1H NMR). The instability of these silyl and boronyl derivatives to 

ipso-protodesilylation and –protodeboronation parallels characteristics of similar 2-substituted 

pyridines. Also, the in situ quench conditions require compatibility of the electrophile with the 

base, thus greatly diminishing the possible substrate scope. As a result, we returned to examining 

C-6 metalation of 3.132 using normal or inverse addition electrophile quench procedures. The 

recent results on the transformation 3.134 à 3.135 (normal vs inverse addition = 12% vs 36%; 

DMG = CONEt2 vs CONiPr2 = 36% vs 91%) offered encouragement. Initial attempts using 

inverse metalation conditions using LDA as base on 3.132 were met with success, with high 

levels of deuterium incorporation using 2.5 equiv (entry 7, 73% 1D/0D). Switching to the more 
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sterically hindered LiTMP provided slight improvement (entry 8, 77% 1D/0D). Allowing the 

reaction mixture to warm to −40 °C for 10 minutes after stirring at −78 °C for 30 minutes 

followed by CD3OD quench gave product with high deuterium incorporation (entry 9, 90% 

1D/0D). Unfortunately, reproducibility issues were encountered, leading to unreliable levels of 

conversion. Gratifyingly, altering the base to tBuLi from nBuLi used to prepare the LiTMP 

reagent resolved these problems, and decreased the amount of required base to 1.5 equiv. 

However, while excellent levels of deuterium incorporation was obtained, cleavage of the DMG 

to give starting C-6 deuterated 3.120 was observed as a by-product, presumably due to 

methoxide-mediated process. This problem was overcome simply by quenching with D2O, 

providing product 3.138 with excellent levels of deuterium incorporation (entry 10, 1D/0D = 

93%). This result represents the first reported example of a C-6 DoM reaction on a bare N-7 

DMG substituted 7-azaindole, which may be contrasted with the “walk-around-the-ring” DoM 

chemistry which led to the formation of a 6-substituted N-1 DMG 7-azaindole isomeric system.49 
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Table 3.2 Optimization studies for C-6 metalation of N-7 substituted 7-azaindoles 3.131 and 

3.132. 

 

3.3.2.2 Synthesis of 6-Substituted N-7 Carbamoyl 7-Azaindoles 

Armed with the optimized reaction conditions for the C-6 metalation of 3.132 (Table 3.2, 

entry 10), we explored the scope of the reaction (Table 3.3). We were very pleased to find that 

this reaction protocol is rather general, for halogen (entries 2-4), carbon-based (entries 5-7), and 

heteroatom-based electrophiles (entry 8). While high levels of conversion (92 - ≥95%) was 

obtained in all cases based on NMR analysis of the crude reaction mixture, yields of isolated 

products were compromised due to the instability of 3.137 and 3.138. A particularly interesting 

finding was the importance of stoichiometry using iodine as the electrophile, with a slight excess 

(1.05 equiv) of iodine giving the mono-iodinated 3.138b as a single product. Contrastingly, 3.0 

equiv of iodine provided complete conversion to bis-iodinated product 3.138c, which may be the 

a  All reactions were performed on a 0.41 mmol reaction scale. b % Conversion / deuteration was determined by 
400 MHz 1H NMR on the crude reaction mixture. c Metalation was stirred at −78 °C for 30 mins before being 
warmed up to −40 °C for 10 mins. Electrophile was added at −78 °C, and stirred for 1.5 h at this temperature. D 
LiTMP was prepared with 1.6 equiv. 2,2,6,6-tetramethylpiperidine and 1.5 equiv. tBuLi. 

Entrya Starting 
Material 

DoM  
Conditions 

Base  
(equiv) 

Electrophile 
 (equiv) 

Work-up Deuteration 
/ Conversion 

(%)b 

1 3.131 Normal sBuLi / TMEDA (1.2 / 1.3) CH3OD (9.0) aqueous 0 

2 “ “ LDA (1.3) “ “ 0 

3 “ “ LDA (2.5) “ “ 0 

4 “ Barbier LDA (1.5) TMSCl (3.0) “ 0 

5 “ “ “ “ anhydrous 91 

6 “ “ LDA (2.5) iPrOBpin (5.0) “ 85 

7 3.132 Inverse “ CH3OD (9.0) aqueous 73 

8 “ “ LiTMP (2.2) “ “ 77 

9c “ “ LiTMP (2.5) “ “ 90 

10c 3.132 Inverse LiTMP (1.5)d D2O (10.0) aqueous 93 

N N
DMG

N N
DMG

E

1. Base (X equiv.)
THF, −78 °C, 1 h
2. E+ (X equiv.)

THF, −78 °C, 1 h
3.131 (DMG = CONEt2)
3.132 (DMG = CONiPr2)

3.137  (DMG = CONEt2)
3.138 (DMG = CONiPr2)

(14)
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result of C-6, C-3 dianion formation or of C-3 electrophilic substitution. Mixtures of products 

3.138b and 3.138c were obtained when 1.05-3.0 equiv of iodine were used. Since reactions of 

3.132 with excess LiTMP followed by quench with excess of other electrophiles gave only C-6 

substituted products (entries 4-8), it is likely that formation of 3.138c is the result of a C-3 

electrophilic iodination process. 

Table 3.3 Synthesis of C-6 substituted 7-azaindoles 3.138.a,b,c 

 

In view of the inability to obtain products 3.138a-3.138h due to instability, we proposed, 

based on the computational data (vide supra), the greater thermodynamic stability of 3.134 

compared to 3.132, we might be able to perform a “DMG dance” from N-7 to N-1 on the crude 

material 3.138. If successful, an additional advantage is the elimination of an isolation step, thus 

improving its overall efficiency. In order to test this proposition, the DMG dance was carried out 

on the bare system (3.132, Table 3.4). Gratifyingly, optimum conditions for the DMG dance were 

achieved swiftly, with temperature playing a crucial role (entries 1 vs 2) in agreement with the 

N NMe

3.138e (95%)
(3.0 equiv MeI)

N NEt2NOC

3.138f (>95%)
(3.0 equiv ClCONEt2)

N N

3.138g (>95%)
(3.0 equiv 4-MeO-C6H4-CHO)

N NPhS

3.138h (>95%)
(3.0 equiv (SPh)2)

5 6 7 8

OH

MeO

CONiPr2 CONiPr2 CONiPr2 CONiPr2

N ND

3.138a (93%, D1/D0: 93%)
(10.0 equiv D2O)

N NI

3.138b (92%)
(1.05 equiv I2)

N NI

3.138c (>95%)
(3.0 equiv I2)

I

N NCl

3.138d (>95%)
(3.0 equiv C2Cl6)

1 2 3 4

CONiPr2 CONiPr2 CONiPr2 CONiPr2

N N
CONiPr2

N N
CONiPr2

E

1. LiTMP (1.5 equiv)
THF, −78 °C (30 min) → −40 °C (10 min)

(inverse)
2. E+ (X equiv)

THF, −78 °C, 1.5 h
3.132 3.138

(15)

a All reactions were performed on a 0.41 mmol reaction scale. b All % yields represent conversion as 
determined by 400 MHz 1H NMR on the crude reaction mixture. c Numbers above structures 
represent Entry 1, Entry 2, etc. 
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computational results regarding thermodynamic stability of N-1 carbamoyl 3.134 over the N-7 

isomer 3.132. 

Table 3.4 Preliminary DMG dance studies on N-7 carbamoyl 7-azaindole 3.132.  

 

With the optimum conditions for the DMG dance of 3.132 to 3.134 in hand, we subjected 

other 6-substituted derivatives 3.138 to these conditions and the results are given in Table 3.5. 

Given the precedent that the N-1 to N-3 carbamoyl DMG migration for benzimidazole proceeded 

with greatest efficiency for bulky C-7 substituents (Scheme 3.19), we rationalized that bulky C-6 

substituted derivatives 3.138 would favour the DMG dance to give 3.139. We were very pleased 

to find that this procedure afforded 3.139 in good yields over the two steps (49-77%). To note, the 

low yields of halogenated products 3.139b-d are not the result of issues with the metalation 

reaction, rather the DMG dance since the latter reaction always led to formation of products 

resulting from cleavage of the carbamoyl DMG. The reason why this does not occur for other 

derivatives 3.139a, 3.139e-h is not clear at this stage.   

N N
CONiPr2

N N
CONiPr2

N N
CONiPr2

N N
H

3.132 3.134 3.132 3.120

MeCN, T (°C), 12 h
(16)ClCONiPr2 (25 mol%)

Entrya T (°C)a % Yield 
(3.134 : 3.132 : 3.120) 

1 60 80 : 10 : 7 

2 95 >95 : 0 : 0 

a All reactions were performed on a 0.20 mmol reaction scale. b All % yields represent 
conversion as determined by 400 MHz 1H NMR on the crude reaction mixture. 
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Table 3.5 Synthesis of 6-Substituted N-1 Carbamoyl 7-Azaindoles.a,b,c  

 

The reaction of 3.132 with MeI gave a mixture of 3.139e (72% yield over two steps) and 

3.140 (minor) (Figure 3.7). 

 

Figure 3.7 Minor side-product from the reaction of 3.132 with MeI as electrophile. 

3.3.2.3 Functionalization of 6-Thiophenyl N-1 Carbamoyl 7-Azaindole and a Metalation 

of the Pharmaceutical L-745870 

In order to follow one of the goals of our study to obtain 2,6-disubstituted 7-azaindoles 

(Scheme 3.20), we applied the optimized metalation conditions (Eq. 12) on 3.139h (Table 3.5, 

entry 8). To our delight, metalation followed by iodination afforded 3.141h in high yield (83%). 

This result indicates that C-2 metalation reactivity is not greatly affected by the presence of a C-6 

substituent.  

N NMe

3.139e (72%)
(3.0 equiv MeI)

N NEt2NOC

3.139f (61%)
(3.0 equiv ClCONEt2)

N N

3.139g (66%)
(3.0 equiv 4-MeO-C6H4-CHO)

N NPhS

3.139h (77%)
(3.0 equiv (SPh)2)

5 6 7 8

OH

MeO

CONiPr2 CONiPr2 CONiPr2 CONiPr2

N ND

3.139a (76%, D1/D0: 93%)
(10.0 equiv D2O)

N NI

3.139b (58%)
(1.05 equiv I2)

N NI

3.139c (57%)
(3.0 equiv I2)

I

N NCl

3.139d (49%)
(3.0 equiv C2Cl6)

1 2 3 4

CONiPr2 CONiPr2 CONiPr2 CONiPr2

N N
CONiPr2

N N
CONiPr2

E N NE
CONiPr2

ClCONiPr2 (25 mol%)
MeCN, 95 °C, 12 h

1. LiTMP (1.5 equiv)
THF, −78 °C (30 min) → −40 °C (10 min)

(inverse)
2. E+ (X equiv)

THF, −78 °C, 1.5 h
3.132 3.138 3.139

a All reactions were performed on a 0.41 mmol reaction scale. b Given % yields are of isolated products 
after two steps.  c Numbers above structures represent Entry 1, Entry 2, etc. 
  

N NEt

3.140 (< 5%)

CONiPr2
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Eager to apply our methodology to modify natural product and pharmaceutical structures 

led to finding L-745870 (3.142, Scheme 3.23), an antipsychotic agent67 as a target candidate. 

Following initial synthesis of 3.142, it was converted to the N-1 carbamoyl derivative 3.143. Its 

treatment under our optimized conditions (Eq. 12) followed by deuteration quench afforded 3.144 

in high yield and satisfactory deuterium incorporation (88%, 1D/0D = 62%). 

  

 

Scheme 3.23 Application of N-1 carbamoylation and DoM reaction of L-745870 (3.142). 

3.4 Future Work 

3.4.1 Synthesis of C-2 and C-6 Substituted 7-Azaindole Derivatives 

As mentioned previously (Sections 3.3.1.2 and 3.3.2.3), a variety of C-2 and C-6 halo or 

thioaryl 7-azaindole derivatives 3.135 and 3.139 may be envisaged as substrates for undergoing 

subsequent Suzuki and other cross-coupling reactions,68,69 allowing the synthesis of previously 

unknown C-2 (3.146) and C-6 (3.145) aryl derivatives (Scheme 3.24).  

N N N N
I

CO2NiPr2
PhSPhS

CO2NiPr2

3.139h 3.141h
(83%)

1. LDA (2.2 equiv)
THF, −78 °C

2. I2 (2.5 equiv) (17)

N N
H

N

N

Cl

3.142
(L-745870: Anti-psychotic)

N N

N

N

Cl

3.143
(57%)

CONiPr2
N N

N

N

Cl

3.144
(88%, 62% 1D/0D)

CONiPr2

D

1. LDA (2.2 equiv)
THF, −78 °C

2. CD3COOD (9.0 equiv)

1. NaH (1.3 equiv)
DMF, 0 °C

2. ClCONiPr2 (1.5 equiv)
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Scheme 3.24 Proposed cross-coupling reactions of C-2 and C-6 substituted N-1 carbamoyl 7-

azaindoles 3.135 and 3.139. 

The availability of 3.139f bearing unique C-6 amide1,49 and N-1 carbamoyl DMGs49 may 

allow selective DoM-E+ quench reactions, leading to 3.147 and 3.148 derivatives respectively 

(Scheme 3.25). 

 

Scheme 3.25 Proposed selective synthesis of C-5 and C-2 substituted N-1 carbamoylated 7-

azaindoles 3.147 and 3.148. 

Additional 6-substituted N-1 carbamoyl 7-azaindoles 3.139 will be subjected to the 

optimized conditions developed for C-2 iodination via DoM (Eq. 12), with the aim of 

synthesizing an array of 2,6-disubstituted 7-azaindoles 3.141 (Eq. 18). 

 

Since both aryl phenylsulfides70 and iodides are known to undergo cross-coupling 

reactions, there is potential for C-2 and C-6 cross-coupling of 3.141h in a highly orthogonal 

fashion to give 7-azaindoles 3.149 and 3.150 (Scheme 3.26).68,69 

N NR1

CO2NiPr2

3.135, 3.139

R2 Pd cat.

(with R1 = H,
R2 = I, SPh, SnBu3, Bpin, TMS)

Ar2X N NH
CO2NiPr2

3.146

Ar2

N NAr1

CO2NiPr2

3.145

H Pd cat.

(with R1 = I, SPh,
R2 = H)

Ar2X

N NEt2NOC

3.139f

CONiPr2
N NEt2NOC

3.148

CONiPr2
N NEt2NOC

3.147

CONiPr2

C-2 DoM+E+C-5 DoM+E+
E

E

N N N N
I

CO2NiPr2
E1E1

CO2NiPr2

3.139 3.141

1. LDA (2.2 equiv)
THF, −78 °C

2. I2 (2.5 equiv) (18)



 

 

 

139 

 

Scheme 3.26 Orthogonal C-2 and C-6 cross-coupling of 3.141h. 

3.4.2 Metalation and DMG Dance Chemistry of Pharmaceutical L-745870 

Following the preliminary studies (Scheme 3.23), the generalization of the N-1 

carbamoyl 7-azaindole derivative 3.144 synthesis from 3.143 will be explored (eqn 19). 

 

In a similar manner, we hope to further showcase our methodology for regioselective 

functionalization of 3.142. Selective N-7 carbamoylation to afford 3.151 has been accomplished. 

Subsequent DoM, electrophile quench and DMG dance will allow the synthesis of 6 substituted 

N-1 carbamoyl derivatives 3.152 and subsequently possibly C-2, C-6 7-azaindoles (Scheme 

3.27). 

 

Scheme 3.27 Proposed synthesis of 6-substituted N-1 carbamoylated 7-azaindoles 3.152. 
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3.5 Conclusions 

Directed ortho metalation is indeed a powerful tool for the regioselective construction of 

polysubstituted aromatics.1,15,18,22,49 The discovery of the N-to-N DMG dance on the 7-azaindole 

framework as described in this chapter should prove useful for the construction of derivatives of 

this heterocycle which are new, difficult to access by conventional means, and valuable in 

medicinal chemistry programs in the pharmaceutical industry. The successful results of this 

chapter has stimulated current work in the Snieckus group to extend the exciting DMG dance 

concept to the benzimidazole65 and indazole71 heterocycles. The potential application of the DoM 

– DMG dance methodology should pique interest within the organic community for its 

application to the concept in the synthesis of many other heteroaromatic systems.  
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3.6 Experimental Section 

3.6.1 General Information 

All reactions were carried out under a nitrogen atmosphere using flame-dried glassware. 

Anhydrous THF was obtained from an SPS 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% by 1H NMR. 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. Melting points (uncorrected) were 

obtained from 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%), 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-400 spectrometer 

operating at 400 MHz (1H NMR frequency, corresponding 13C frequencies are 100 MHz) 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, 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. Unless otherwise 

indicated, reagents were obtained from commercial sources and were used without further 

purification. Solutions of nBuLi and tBuLi bases were purchased from Sigma-Aldrich and were 
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titrated biweekly using N-benzylbenzamide as indicator.72 Diisopropylamine and 2,2,6,6-

tetramethylpiperidine were distilled from calcium hydride, and stored over flame-dried KOH for 

up to one month. 

3.6.2 Experimental Procedure for the Preparation of 3.142: 

In a flame-dried flask was added N,N-dimethyl-1-(1H-pyrrolo[2,3-b]pyridine-3-

yl)methanamine (0.535 g, 3.05 mmol, 1.2 equiv) and 1-(4-chlorophenyl)piperazine (0.500 g, 2.54 

mmol, 1.0 equiv) under an inert atmosphere. This mixture was dissolved in toluene (12.7 mL) 

before heating at reflux for ca. 14 hours. The reaction mixture was cooled back to room 

temperature, concentrated in vacuo, and purified by flash column chromatography (Hexanes / 

EtOAc) to afford 3.142 (0.340 g, 1.04 mmol, 41% yield) as a colorless solid. 

3-((4-(4-Chlorophenyl)piperazin-1-yl)methyl)-1H-pyrrolo[2,3-

b]pyridine (3.142) 

Color and State:  Colorless solid (mp = 219-222 °C; Lit = 226-227 °C73). 

All spectral data are consistent with those reported.73  

1H NMR (400 MHz, CDCl3) δ 8.71 (s, 1 H), 8.31 (d, J = 3.9 Hz, 1 H), 8.10 (d, J = 7.9 Hz, 1 H), 

7.25 (s, 1 H), 7.18 (d, J = 8.6 Hz, 2 H), 7.09 (dd, J = 8.0, 4.9 Hz, 1 H), 6.82 (d, J = 8.7 Hz, 2 H), 

3.75 (s, 2 H), 3.16 (t, J = 4.6 Hz, 4 H), 2.64 (t, J = 4.7 Hz, 4 H). 

IR (Neat) 3056 (w), 2927 (w), 2853 (w), 1421 (w), 1265 (s), 896 (w), 732 (vs), 704 (vs) cm-1. 

3.6.3 Representative Experimental Procedure for the Preparation of N-1 Carbamoylated 

7-Azaindoles 

7-Azaindole (0.746 g, 6.31 mmol, 1.00 equiv) was dissolved in the minimum amount of 

anhydrous DMF (2.5 mL) in a flame-dried round bottom flask under an inert atmosphere. The 

solution was cooled to 0 °C and NaH (60% dispersion in mineral oil, 0.400 g, 10.00 mmol, 1.30 

N N
H

N N
Cl
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equiv) was added in one portion and the resulting mixture was allowed to stir until effervescence 

ceased. Diisopropyl carbamoyl chloride (1.55 g, 9.49 mmol, 1.50 equiv) was added in one portion 

and the resulting suspension was stirred for 30 min at 0 °C, before being allowed to warm to RT 

overnight. The reaction mixture was quenched with H2O (10 mL) and was partitioned with 

EtOAc (30 mL). The organic layer was washed with H2O (4 x 10 mL), dried over MgSO4, 

subjected to filtration, and the solvents were removed under reduced pressure. The crude product 

was purified by flash column chromatography (Hexanes / EtOAc) to afford the N-1 

carbamoylated 3.134 (1.44 g, 5.88 mmol, 93% yield) as a colorless solid. 

3.6.4 Spectral Data for N-1 Carbamoylated 7-Azaindoles 

N,N-Diisopropyl-1H-pyrrolo[2,3-b]pyridine-1-carboxamide (3.134) 

Color and State:  Colorless solid. (mp = 110-111 °C (hexanes)) 

1H NMR (400 MHz, CDCl3) δ 8.26 (dd, J = 4.6, 1.1 Hz, 1 H), 7.77 (dd, J = 7.8, 1.3 Hz, 1 H), 

7.30 (d, J = 3.8 Hz, 1 H), 7.00 (dd, J = 7.7, 4.6 Hz, 1 H), 6.44 (d, J = 3.7 Hz, 1 H), 3.66 (sept, J = 

6.7 Hz, 2 H), 1.33 (d,  J = 6.9 Hz, 12 H). 

13C NMR (100 MHz, CDCl3) δ 151.26 (C), 147.76 (C), 144.00 (CH), 128.97 (CH), 127.04 (CH), 

120.95 (C), 117.26 (CH), 102.69 (CH), 49.09 (CH), 20.99 (CH3). 

IR (Neat) 3003 (w), 2965 (w), 2934 (w), 1670 (vs), 1435 (s), 1410 (s), 1320 (vs), 1268 (s), 1207 

(s), 1046 (s), 802 (s), 783 (vs), 777 (s), 731 (s) cm-1. 

HRMS (EI [M]+) calcd for C14H19N3O 245.1528, found 245.1533. 

 

3-((4-(4-Chlorophenyl)piperazin-1-yl)methyl)-N,N-diisopropyl-1H-

pyrrolo[2,3-b]pyridine-1-carboxamide (3.143) 

Color and State:  Light yellow solid (mp = 173-174 °C). 

N N
CONiPr2

N N
CONiPr2

N N
Cl
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1H NMR (400 MHz, CDCl3) δ 8.34 (d, J = 3.2 Hz, 1H), 8.05 (d, J = 7.5 Hz, 1H), 7.33 (s, 1H), 

7.18 (d, J = 8.5 Hz, 2H), 7.10 (dd, J = 7.1, 4.7 Hz, 1H), 6.82 (d, J = 8.7 Hz, 2H), 3.80 (septet, J = 

6.5 Hz, 2H), 3.71 (s, 2 H), 3.15 (t, J = 4.1 Hz, 4H), 2.64 (t, J = 4.1 Hz, 4H), 1.43 (d, J = 6.4 Hz, 

12H). 

13C NMR (100 MHz, CDCl3) δ 151.27 (C), 150.12 (C), 148.25 (C), 144.15 (CH), 129.06 (CH), 

128.42 (CH), 125.98 (CH), 124.53 (C), 121.19 (C), 117.31 (CH), 117.08 (CH), 113.18 (C), 54.01 

(CH2), 53.10 (CH2), 49.39 (CH2), 49.11 (CH), 21.02 (CH3). 

IR (Neat) 2967 (w), 2821 (w), 1677 (s), 1596 (m), 1496 (s), 1326 (vs), 1297 (s), 1231 (s), 818 

(m), 776 (m), 732 (m) cm–1. 

HRMS (EI [M]+) calcd for C25H32N5OCl 453.2295, found 453.2289. 

3.6.5 Representative Experimental Procedure for the Preparation of N-7 Carbamoylated 

7-Azaindoles 

7-Azaindole (2.50 g, 21.2 mmol, 1.00 equiv) was dissolved in the minimum amount of 

anhydrous dichloromethane (30.0 mL) in a flame-dried round bottom flask under an inert 

atmosphere. Diisopropyl carbamoyl chloride (6.93 g, 42.3 mmol, 2.00 equiv) was then added in 

one portion, and the reaction mixture was allowed to stir at room temperature for ca. 24 hours. 

Potassium carbonate (11.7 g, 85.0 mmol, 4.00 equiv) was then added in one portion, and the 

reaction mixture was allowed to stir for ca. 72 hours. The reaction mixture was then quenched 

with aqueous hydrochloric acid (1 M) and was partitioned with ethyl acetate. The organic layer 

was then washed three times with aqueous hydrochloric acid (1 M), before the resulting aqueous 

layer was basified with saturated aqueous sodium carbonate and partitioned with 

dichloromethane. The aqueous layer was extracted with dichloromethane (3×), before the organic 

phase was dried over MgSO4, filtered and concentrated in vacuo to afford the crude product. The 



 

 

 

145 

crude product was purified via recrystallization (hexanes / EtOAc) to afford N,N-diisopropyl-7H-

pyrrolo[2,3-b]pyridine-7-carboxamide 3.132 (3.63 g, 14.8 mmol, 70% yield) as a yellow solid.  

 

N,N-Diisopropyl-7H-pyrrolo[2,3-b]pyridine-7-carboxamide (3.132) 

Color and State:  Yellow solid (mp = 199-200 °C (hexanes / EtOAc)). 

1H NMR (400 MHz, CDCl3) δ 8.12 (dd, J = 7.3, 0.8 Hz, 1 H), 7.92 (d, J = 2.5 Hz, 1 H), 7.59 (dd, 

J = 6.2, 0.7 Hz, 1 H), 6.88 (dd, J = 7.3, 6.3 Hz, 1 H), 6.67 (d, J = 2.5 Hz, 1 H), 3.69 (br s, 1 H), 

3.17 (br s, 1 H), 1.72 (d, 4.0 Hz, 3 H), 1.60 (d, J = 4.2 Hz, 3 H), 1.23 (d, J = 3.7 Hz, 3 H), 1.07 (d, 

J = 3.7 Hz, 3 H). 

13C NMR (100 MHz, CDCl3) δ 150.58 (C), 147.50 (CH), 146.34 (C), 131.75 (C), 131.29 (CH), 

125.08 (CH), 108.60 (CH), 101.27 (CH), 52.08 (CH), 47.40 (CH), 21.16 (CH3), 20.42 (CH3), 

20.24 (CH3), 19.89 (CH3). 

IR (Neat) 3002 (m), 2966 (m), 2931 (m), 1713 (vs), 1608 (m), 1430 (s), 1372 (s), 1320 (vs), 1265 

(vs), 1159 (s), 1034 (s), 977 (s), 855 (s), 791 (vs), 756 (s), 721 (vs) cm-1. 

HRMS (EI [M]+) calcd for C14H19N3O 245.1528, found 245.1522. 

3.6.6 Representative Experimental Procedure for C-6 DoM and Subsequent DMG Dance 

2,2,6,6-tetramethylpiperidine (0.11 mL, 0.653 mmol, 1.6 eqiuv) was dissolved in 

anhydrous tetrahydrofuran (1.41 mL) in a flame-dried round bottom flask under an inert 

atmosphere. This mixture was cooled to −5 °C before dropwise addition of tert-butyl lithium 

(0.45 mL, 0.612 mmol, 1.5 equiv, 1.36 M in pentane). This reaction mixture was allowed to stir at 

−5 °C for ca. 20 minutes before it was cooled down to −78 °C. In a separate flame-dried flask 

under an inert atmosphere was dissolved N,N-diisopropyl-7H-pyrrolo[2,3-b]pyridine-7-

carboxamide 3.132 (0.100 g, 0.408 mmol, 1.0 equiv) in anhydrous tetrahydrofuran (4.5 mL), 

N N
CONiPr2
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before it was added dropwise to the flask containing lithium 2,2,6,6-tetramethylpiperidin-1-ide 

via syringe pump (0.2 mL / minute). Following the addition of 3.132, the reaction mixture was 

stirred at −78 °C for 30 minutes before being warmed to –40 °C. After stirring at this temperature 

for 10 minutes, the reaction mixture was cooled back down to −78 °C. In a separate flame-dried 

flask under an inert atmosphere was dissolved 1,2-diphenyldisulfane (0.267 g, 1.224 mmol, 3.0 

equiv) in tetrahydrofuran (1.5 mL), before it was added via dropwise addition to the flask at −78 

°C, ensuring T < −72 °C. The reaction mixture was then allowed to stir at this temperature for 1.5 

hours before it was quenched with water at −78 °C. After allowing the reaction mixture to warm 

to room temperature, the reaction mixture was extracted into dichloromethane. The combined 

organic layers were dried with MgSO4, filtered and concentrated in vacuo to afford N,N-

diisopropyl-6-(phenylthio)-7H-pyrrolo[2,3-b]pyridine-7-carboxamide (3.138h). 

To this N,N-diisopropyl-6-(phenylthio)-7H-pyrrolo[2,3-b]pyridine-7-carboxamide 

(3.138h) was added diisopropyl carbamoyl chloride (0.017 g, 0.102 mmol, 0.25 equiv) and 

anhydrous acetonitrile (10.0 mL) under an inert atmosphere. The reaction mixture was heated to 

reflux (~95 °C) for ca. 12 hours before it was cooled to room temperature, and concentrated in 

vacuo to afford crude product. Purification by flash column chromatography (silica gel, eluting 

with ethyl acetate / hexane) afforded N,N-diisopropyl-6-(phenylthio)-1H-pyrrolo[2,3-b]pyridine-

1-carboxamide 3.139h (0.111 g, 0.314 mmol, 77% yield) as a colorless solid. 

3.6.7 Spectral Data for Products of C-6 DoM and DMG Dance 

 

6-Deutero-N,N-diisopropyl-1H-pyrrolo[2,3-b]pyridine-1-carboxamide 

(3.139a) 

Color and State:  Colorless solid (mp = 106-108°C). 
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1H NMR (500 MHz, CDCl3) δ 8.34 (d, J = 3.9 Hz, 0.07 H), 7.88 (d, J = 7.8 Hz, 1 H), 7.37 (d, J = 

3.4 Hz, 1 H), 7.10 (d, J = 7.9 Hz, 1 H), 6.53 (d, J = 3.4 Hz, 1 H), 3.75 (septet, J = 6.7 Hz, 2 H), 

1.42 (d, J = 6.6 Hz, 12 H). 

13C NMR (125 MHz, CDCl3) δ 151.25 (C), 147.69 (C), 144.00 (CD), 129.00 (CH), 127.04 (CH), 

120.97 (C), 117.21 (CH), 102.72 (CH), 49.10 (CH), 20.96 (CH3). 

IR (Neat) 2970 (m), 2932 (w), 1681 (s), 1431 (m), 1413 (s), 1320 (vs), 1208 (m), 1045 (m), 774 

(m), 713 (m) cm–1. 

 

6-Iodo-N,N-diisopropyl-1H-pyrrolo[2,3-b]pyridine-1-carboxamide (3.139b) 

Color and State:  Colorless solid (mp = 92-94 °C). 

1H NMR (400 MHz, CDCl3) δ 7.53 (d, J = 8.1 Hz, 1H), 7.48 (d, J = 8.0 Hz, 1H), 7.39 (d, J = 3.8 

Hz, 1H), 6.51 (d, J = 3.6 Hz, 1H), 3.78 (septet, J = 6.6 Hz, 2H), 1.44 (d, J = 6.6 Hz, 12H). 

13C NMR (100 MHz, CDCl3) δ 150.33 (C), 147.00 (C), 130.48 (CH), 128.02 (CH), 127.68 (CH), 

120.14 (C), 109.76 (C), 103.02 (CH), 49.32 (CH), 20.92 (CH3). 

IR (Neat) 2969 (w), 2932 (w), 1690 (vs), 1429 (m), 1405 (s), 1318 (vs), 1207 (m), 1091 (m), 897 

(m), 815 (m), 780 (w), 747 (m). 

HRMS (EI [M]+) calcd for C14H18N3OI 371.0495, found 371.0493. 

 

3,6-Diiodo-N,N-diisopropyl-1H-pyrrolo[2,3-b]pyridine-1-carboxamide 

(3.139c) 

Color and State:  Colorless solid (mp = 145-147 °C). 

1H NMR (400 MHz, CDCl3) δ 7.56 (d, J = 8.1 Hz, 1H), 7.51 (s, 1H), 7.36 (d, J = 8.1 Hz, 1H), 

3.77 (septet, J = 6.6 Hz, 2H), 1.43 (d, J = 6.6 Hz, 12H). 

N N
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13C NMR (100 MHz, CDCl3) δ 149.11 (C), 146.23 (C), 131.94 (CH), 131.00 (CH), 128.56 (CH), 

122.73 (C), 111.19 (C), 58.28 (C), 49.41 (CH), 20.80 (CH3). 

IR (Neat) 2967 (m), 2928 (m), 1680 (vs), 1397 (s), 1313 (vs), 1290 (vs), 1204 (s), 1083 (s), 934 

(s), 813 (m), 775 (m), 732 (m) cm–1. 

HRMS (EI [M]+) calcd for C14H17N3OI2 496.9461, found 496.9470. 

 

6-Chloro-N,N-diisopropyl-1H-pyrrolo[2,3-b]pyridine-1-carboxamide 

(3.139d) 

Color and State:  Yellow solid (mp = 117-119 °C). 

1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 7.9 Hz, 1H), 7.42 (d, J = 4.0 Hz, 1H), 7.12 (d, J = 8.5 

Hz, 1H), 6.53 (d, J = 3.6 Hz, 1H), 3.77 (septet, J = 6.6 Hz, 2H), 1.44 (d, J = 6.8 Hz, 12H). 

13C NMR (100 MHz, CDCl3) δ 150.31 (C), 146.10 (C), 145.19 (C), 131.27 (CH), 127.95 (CH), 

119.53 (C), 117.50 (CH), 102.92 (CH), 49.26 (CH), 20.89 (CH3). 

IR (Neat) 2969 (w), 2933 (w), 1683 (vs), 1410 (s), 1322 (vs), 1294 (s), 817 (m), 783 (m) cm–1. 

HRMS (EI [M]+) calcd for C14H18N3OCl 279.1138, found 279.1141. 

 

N,N-Diisopropyl-6-methyl-1H-pyrrolo[2,3-b]pyridine-1-carboxamide 

(3.139e) 

Color and State:  Pale yellow solid (mp = 99-101 °C). 

1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 8.3 Hz, 1H), 7.34 (d, J = 3.5 Hz, 1H), 6.96 (d, J = 7.8 

Hz, 1H), 6.47 (d, J = 3.5 Hz, 1H), 3.78 (septet, J = 6.5 Hz, 2H), 2.58 (s, 3 H), 1.43 (d, J = 6.6 Hz, 

12H). 
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13C NMR (100 MHz, CDCl3) δ 152.78 (C), 151.42 (C), 147.40 (C), 129.03 (CH), 126.58 (CH), 

118.33 (C), 117.14 (CH), 102.62 (CH), 49.01 (CH), 24.34 (CH3), 20.97 (CH3). 

IR (Neat) 2967 (w), 2928 (w), 1673 (s), 1433 (s), 1413 (s), 1323 (vs), 1207 (s), 908 (m), 772 (s), 

720 (vs) cm–1. 

HRMS (EI [M]+) calcd for C15H21N3O 259.1685, found 259.1675. 

 

N6,N6-Diethyl-N1,N1-diisopropyl-1H-pyrrolo[2,3-b]pyridine-1,6-

dicarboxamide (3.139f) 

Color and State:  Bright orange solid (mp = 94-95 °C). 

1H NMR (400 MHz, CDCl3) δ 7.95 (d, J = 8.0 Hz, 1H), 7.49 (d, J = 3.8 Hz, 1H), 7.44 (d, J = 8.1 

Hz, 1H), 6.57 (d, J = 3.8 Hz, 1H), 3.74 (septet, J = 6.6 Hz, 2H), 3.56 (q, J = 7.1 Hz, 2H), 3.37 (q, 

J = 7.0 Hz, 2H), 1.38 (d, J = 6.2 Hz, 12H), 1.25 (t, J = 7.1 Hz, 3H), 1.16 (t, J = 7.0 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 169.22 (C), 150.84 (C), 148.74 (C), 145.48 (C), 129.88 (CH), 

128.86 (CH), 121.42 (C), 116.96 (CH), 103.02 (CH), 49.23 (CH), 43.54 (CH2), 40.23 (CH2), 

20.81 (CH3), 14.62 (CH3), 13.00 (CH3). 

IR (Neat) 2969 (m), 2931 (m), 1683 (s), 1625 (s), 1428 (s), 1413 (s), 1315 (vs), 1281 (vs), 1207 

(s), 1105 (s), 1045 (s), 834 (m), 764 (s), 731 (s) cm–1. 

HRMS (EI [M]+) calcd for C19H28N4O2 344.2212, found 344.2223. 

 

6-(Hydroxyl(4-methoxyphenyl)methyl)-N,N-diisopropyl-6-

(phenylthio)-1H-pyrrolo[2,3-b]pyridine-1-carboxamide (3.139g) 

Color and State:  Light beige solid (mp = 213-215 °C). 
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1H NMR (400 MHz, CDCl3) δ 10.93 (bs, 1H), 7.93 (d, J = 7.8 Hz, 1H), 7.35 (d, J = 8.6 Hz, 2H), 

7.23 (d, J = 8.1 Hz, 1H), 7.18 (t, J = 2.9 Hz, 1H), 7.00 (s, 1H), 6.85 (d, J = 8.7 Hz, 2H), 6.42 (dd, 

J = 3.5, 2.0 Hz, 1H), 3.98 (broad singlet, 2H), 3.77 (s, 3H), 1.20 (d, J = 7.0 Hz, 12H). 

13C NMR (100 MHz, CDCl3) δ 159.22 (C), 154.89 (C), 153.40 (C), 148.36 (C), 133.03 (C), 

129.47 (CH), 128.94 (CH), 125.88 (CH), 119.74 (C), 113.94 (CH), 113.83 (CH), 100.53 (CH), 

78.71 (CH), 55.38 (CH3), 46.09 (CH), 21.30 (CH3). 

IR (Neat) 3149 (w, broad), 2966 (m), 2931 (m), 2872 (w), 1675 (s), 1511 (s), 1424 (s), 1293 (vs), 

1247 (vs), 1173 (s), 1128 (s), 1034 (vs), 895 (m), 818 (s), 768 (s), 735 (s) cm–1. 

HRMS (EI [M]+) calcd for C22H27N3O3 381.2052, found 381.2058. 

 

N,N-Diisopropyl-6-(phenylthio)-1H-pyrrolo[2,3-b]pyridine-1-carboxamide 

(3.139h) 

Color and State:  Colorless solid. 

1H NMR (400 MHz, CDCl3) δ 7.69 (d, J = 8.1 Hz, 1H), 7.55 (m, 2H), 7.34 (m, 4H), 6.90 (d, J = 

8.2 Hz, 1H), 6.48 (d, J = 3.4 Hz, 1H), 3.67 (septet, J = 6.3 Hz, 2H), 1.31 (d, J = 5.8 Hz, 12H). 

13C NMR (100 MHz, CDCl3) δ 153.61 (C), 150.84 (C), 147.19 (C), 134.28 (CH), 132.75 (C), 

129.70 (CH), 129.38 (CH), 128.40 (CH), 127.05 (CH), 118.43 (C), 116.53 (CH), 102.89 (CH), 

49.17 (CH), 20.84 (CH3). 

IR (Neat) 2966 (w), 2925 (w), 1683 (s), 1432 (m), 1407 (m), 1324 (vs), 907 (m), 732 (m) cm–1. 

HRMS (EI [M]+) calcd for C20H23N3OS 353.1562, found 353.1572. 

3.6.8 Representative Experimental Procedure for C-2 DoM 

A solution of LDA was prepared via the dropwise addition of t-BuLi (0.46 mL, 0.622 

mmol, 2.2 equiv, 1.36 M in pentane) to diisopropylamine (0.10 mL, 0.685 mmol, 2.4 equiv) in 
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anhydrous tetrahydrofuran (1.3 mL) at −5 °C. This solution was stirred at this temperature for ca. 

20 minutes, before it was cooled to −78 °C. In a separate flame-dried flask freshly azeotroped 

3.139h (0.100 g, 0.283 mmol, 1.0 equiv) was dissolved in anhydrous tetrahydrofuran (2.0 mL). 

This solution was subsequently added to the solution of LDA dropwise via syringe pump (0.20 

mL/minute) at −78 °C, and the resulting reaction mixture was stirred for 1 hour at −78 °C. In a 

separate flame-dried flask was dissolved iodine (0.180 g, 0.707 mmol, 2.5 equiv) in anhydrous 

tetrahydrofuran (1.0 mL). This solution was subsequently added to the metalated 3.139h 

dropwise whilst stirring at −78 °C. Following the addition, the reaction mixture was stirred for 1 

hour at −78 °C before it was allowed to warm up to room temperature and stirred at that 

temperature for ca. 12 hours. The reaction mixture was quenched with saturated aqueous 

ammonium chloride and extracted with dichloromethane. The combined organic layers were 

washed with saturated aqueous sodium thiosulfate, dried with MgSO4, filtered and concentrated 

in vacuo to afford crude product. Purification by flash column chromatography (silica gel, eluting 

with ethyl acetate / hexane) afforded 3.141h (0.113 g, 0.236 mmol, 83% yield) as a colorless 

solid. 

 

2-Iodo-N,N-diisopropyl-6-(phenylthio)-1H-pyrrolo[2,3-b]pyridine-1-

carboxamide (3.141h) 

Color and State:  Colorless solid (mp = 162-163 °C). 

1H NMR (400 MHz, CDCl3) δ 7.60 (d, J = 8.3 Hz, 1H), 7.57 (m, 2H), 7.34 (m, 3H), 6.86 (d, J = 

8.3 Hz, 1H), 6.72 (s, 1H), 3.50 (septet, J = 6.6 Hz, 1H), 3.48 (septet, J = 6.6 Hz, 1H), 1.58 (d, J = 

6.8 Hz, 3H), 1.41 (d, J = 6.8 Hz, 3H), 1.13 (d, J = 6.7 Hz, 3H), 0.98 (d, J = 6.6 Hz, 3H). 
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13C NMR (100 MHz, CDCl3) δ 154.13 (C), 149.59 (C), 148.88 (C), 134.98 (CH), 131.64 (C), 

129.31 (CH), 128.64 (CH), 127.94 (CH), 119.08 (C), 116.19 (CH), 113.04 (CH), 77.76 (C), 51.72 

(CH), 46.80 (CH), 21.12 (CH3), 20.41 (CH3), 20.38 (CH3), 19.68 (CH3). 

IR (Neat) 2970 (m), 2933 (w), 1693 (vs), 1473 (m), 1431 (s), 1398 (s), 1314 (vs), 1266 (s), 1103 

(s), 1025 (s), 813 (s), 735 (vs), 689 (s) cm-1. 

HRMS (ESI [M+H]+) calcd for C20H23ON3IS 480.06010, found 480.05957. 

 

2-Deutero-3-((4-(4-chlorophenyl)piperazin-1-yl)methyl)-N,N-

diisopropyl-1H-pyrrolo[2,3-b]pyridine-1-carboxamide (3.144) 

Color and State:  Light yellow solid (mp = 171-173 °C). 

1H NMR (400 MHz, CDCl3) δ 8.33 (dd, J = 4.6, 1.6 Hz, 1 H), 8.05 (dd, J = 7.8, 1.5 Hz, 1 H), 

7.33 (s, 0.38 H), 7.18 (d, J = 8.8 Hz, 2 H), 7.10 (dd, J = 7.8, 4.6 Hz, 1 H), 6.81 (d, J = 9.1 Hz, 2 

H), 3.80 (septet, J = 6.6 Hz, 2 H), 3.71 (s, 2 H), 3.15 (t, J = 4.9 Hz, 4 H), 2.64 (t, J = 4.8 Hz, 4 H), 

1.42 (d, J = 6.8 Hz, 12 H). 

13C NMR (100 MHz, CDCl3) δ 151.23 (C), 150.07 (C), 148.20 (C), 144.12 (CH), 129.02 (CH), 

128.39 (CH), 125.99 (CD), 124.51 (C), 121.16 (C), 117.29 (CH), 117.07 (CH), 112.87 (C), 53.89 

(CH2), 53.03 (CH2), 49.31 (CH2), 49.09 (CH), 20.99 (CH3). 

IR (Neat) 2966 (w), 2932 (w), 2821 (w), 1676 (s), 1596 (m), 1496 (s), 1326 (vs), 1296 (s), 1230 

(s), 818 (m), 776 (m), 732 (s) cm-1. 

HRMS (EI [M]+) calcd for C25H31
2HN5OCl 354.2358, found 454.2351. 
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