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ABSTRACT: A green and selective method for the generation of bi-aryl compounds through C—H ary-

lation of heterocyclic N-oxides is presented in which the addition of ascorbic acid as a promoter is not 

required for either the generation of an aryldiazonium species or the subsequent arylation. Reaction 

conditions were optimised through Multivariate Data Analysis, including Orthogonal Projections to La-

tent Structures (OPLS) and Design of Experiments (DoE) methodologies resulting in further sustainabil-

ity improvements, and were then applied to a range of substrates to establish the scope and limitations 

of the process. The reaction was studied using in-situ infra-red spectroscopy and a mechanism is pre-

sented that accounts for the available data from this and previous studies. The reaction was also per-

formed on a multigram scale, with calorimetry studies to support further scale-up of this promoter-free 

transformation.  

Keywords:  Radical arylation, Aryldiazonium salts, Green Chemistry, N-oxide heterocycles, Design of 

Experiments, Calorimetry
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INTRODUCTION 

 Palladium catalysed cross-coupling reactions have become a staple of organic synthesis since 

their discovery in the 1970s and have been extensively studied in the intervening decades.1 Partly as a 

consequence of their wide use, a number of drawbacks with these methods have been highlighted in-

cluding: the preparation of the aryl halide and aryl metal coupling partners; the use of some-times exot-

ic palladium – ligand combinations and the requirement for elevated reaction temperatures in many 

cases. Each of these considerations can have a significant impact on the length, cost and sustainability 

of any new synthetic route, especially during scale-up, and can reduce the substrate scope when high-

ly functionalised or sensitive substrates are to be employed.  

 New methodologies focusing on the insertion of a metal complex into aromatic C—H bonds 

have recently emerged in an attempt to address some of these issues but the majority still require the 

use of a transition metal catalyst,2–9 the long-term sustainability of which, particularly in the case of the 

platinum-group metals, is an area of considerable concern.10 

 A potentially more sustainable approach is the direct arylation of aromatic rings employing an 

aryl radical species generated in-situ.11,12 Aryl radical species 1 can be obtained from the corresponding 

arylboronic acids 2,13–16 arylhalides 3,17 aryldiazonium salts 418–21 and diaryliodonium salts 522–24 (Fig-

ure 1). 

Figure 1. Radical-mediated C-H arylation 
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Addition of the aryl radical to a second aryl species (Ar—H) followed by oxidation / rearomatisa-

tion then leads to a biaryl product 6. Amongst the methods for the generation of biaryls, Gomberg and 

Bachmann described one of the first radical-mediated arylations of aromatic rings through the in-situ 

generation of an aryl radical by reaction of an aryldiazonium salt with a base in water.25–27 Although 

conceptually simple, a major limitation of this transformation arises when the aryl radical is reacted with 

complex aromatics, leading to chaotic additions and mixtures of regioisomeric products.28 For example, 

whereas unsubstituted heterocyclic substrates such as furan, thiophene and pyrrole exclusively led to 

the 2-arylated product,18,20,22,23 reactions with pyridine provided a mixture of regioisomers,28 albeit in 

reasonable yields. Along with problems arising due to the high reactivity of the aryl radical intermedi-

ates, an additional challenge is the handling of the potentially unstable aryldiazonium precursors. Alt-

hough these high energy species are routinely handled on large scale,29–32 safety concerns33 still inhibit 

their adoption among the wider synthetic community.  

 

 Recently, Carrillo and co-workers described an elegant method telescoping a diazotisation and 

a radical-mediated arylation reaction using ascorbic acid as the sole promoter for both steps (Scheme 

1).34 

 

Scheme 1. Telescoped diazotisation / arylation 

 

 

The in-situ generation of the aryldiazonium salt from a cheap and readily available aniline helps 

to address safety concerns around the isolation of these species, while the use of an organic promoter 

(ascorbic acid) provides an intriguing alternative to standard metal-catalysed couplings. As well as sub-
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strates such as furan 8 which undergo addition of an aryl radical at the 2-position to give the biaryl 

product 9, they showed that pyridine N-oxide 11 also underwent a regioselective addition of the aryl 

radical derived from aniline 10 to give the product 12 (Scheme 1). This single example of such an im-

portant heterocyclic structure is significant and represents a major advance in this class of coupling re-

action. Attracted by the reactivity of an aryl radical species with pyridine N-oxide 11 and in line with our 

interest in aryldiazonium compounds,32 we sought to expand this methodology to other pharmaceutical-

ly relevant nitrogen heterocycles. Within this paper we show that quinoline N-oxides and their deriva-

tives are effective coupling partners for arylation with aryldiazonium species and that ascorbic acid is 

not required as an additive in this reaction, contrary to previous reports. We also demonstrate how in-

dustry-standard statistical and experimental tools can be used to rapidly optimise the reaction and pro-

vide additional mechanistic understanding. 

 

RESULTS AND DISCUSSION 

 

As a starting point to our research we examined a series of nitrogen containing heterocycles of rele-

vance to the pharmaceutical industry to establish if the reaction was also applicable to these scaffolds 

(Table 1). For the initial screening process the reaction conditions reported by Carrillo and co-workers34 

were adapted, reducing the excess of tert-butyl nitrite to 1.2 equivalents and omitting the DMSO cosol-

vent. The reaction was found to be remarkably substrate specific; whilst pyridine N-oxide 11 and pyra-

zine N-oxide 13 could be arylated with outstanding regioselectivity but disappointing yield (Table 1, en-

tries 1 and 2), only traces of the possible regioisomeric adducts 21 and 22 were detected by LC/MS 

when pyridazine N-oxide 14 and pyrimidine N-oxide 15 were evaluated as potential substrates (Table 

1, entries 3 and 4). Although single ring nitrogen heterocycles did not react in high yield, we were de-

lighted to observe that fused ring systems displayed significantly more promise. For example, quinoline 

N-oxide 16 and quinoxaline N-oxide 17 were both successfully arylated under our standard conditions 

in 60% and 71% yield respectively (Table 1, entries 5 and 6). Surprisingly, the isomeric isoquinoline 

N-oxide 19 gave only traces of the arylated products 25 under these standard conditions (Table 1, en-

try 7).  
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Table 1: Screening of heterocyclic N-oxides 

 

Entry Substrate Product Yielda 

1 

  

22% 

2 

  

19% 

3 

  

Tracesb 

4 

  

Tracesb 

5 

  

60% 

6 

  

71% 

7 

  

Tracesb 

aIsolated yield after purification by column chromatography. bA mixture of regioisomers was observed 

by LC/MS. 
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Whilst not exhaustive, this initial series of heterocyclic N-oxides suggested this transformation 

should have significantly broader scope than the single example reported by Carrillo and co-workers34 

and provided a number of interesting trends that warranted further investigation. These promising pre-

liminary results encouraged us to screen different organic solvents in order to evaluate the impact of 

the reaction medium on the yield through OPLS analysis.35 The solvent screening results required by 

this statistical method were obtained through the evaluation of inexpensive benzocaine 7 and commer-

cially available quinoline N-oxide 16 as model substrates for this transformation in a series of common 

organic solvents (Table 2) selected from a PCA model (Figure 2).36 

Figure 2: PCA solvent model 

NH2
N

N

7 16 23

O

O

OEt

O

OEt

O

L-ascorbic acid (10.0 mol%)
tBuONO (1.2 equiv)

Solvent (50 vol)

rt, 17 h
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These reaction media were selected according to their difference in terms of physico-chemical 

properties, also referred to as solvent descriptors. These inherent descriptors were identified and re-

ported by Carlson and co-workers36 to describe each solvent through numerical values in nine dimen-

sions: melting point, boiling point, dielectric constant, dipole moment, refractive index, normalised 

Reichardt-Dimroth parameter, lipophilicity (logP) and water solubility. The spatial position of a solvent in 

the PCA solvent model in Figure 2 is representative of the combination of those descriptors. 

Table 2: Solvent screening for the radical arylation of quinoline N-oxide 16 

 

Entry Solvent HPLC yielda Isolated yieldb 

1 Heptane 0% - 

2 Toluene 1% - 

3 1,4-Dioxane 1% - 

4 THF 1% - 

5 EtOAc 1% - 

6 DMSO 4% - 

7 EtOH 7% - 

8 Water 9% - 

9 DMF 16% 19% 

10 Acetone 31% 33% 

11 CH2Cl2 42% 40% 

12 MeCN 50% 60% 

aHPLC yield calculated with calibration curve. bIsolated yield after purification by column chromatog-

raphy. 
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The reaction did not proceed well in heptane, toluene, 1,4-dioxane, tetrahydrofuran, ethyl acetate, 

DMSO, ethanol and water as only low yields were observed by HPLC (Table 2, entries 1-8). DMF, ace-

tone and dichloromethane gave 16%, 31% and 42% yield of the biaryl product 23 respectively (Table 2, 

entries 9–11). Among all the solvents screened, acetonitrile gave the product in 60% isolated yield 

(Table 2, entry 12). As mentioned previously, these screening results were used to build the OPLS re-

gression model describing reaction yield as a function of solvent properties in order to increase process 

understanding. This regression method aims to find the multidimensional direction in the solvent de-

scriptors space that explains the maximum variance in the yield (Figure 3). 

Figure 3: OPLS regression model 

 

 

Descriptors highlighted in green show a statistically-significant positive correlation with reaction yield; 

those in red show a statistically-significant negative correlation with reaction yield; and those in dark 

blue/grey show a correlation that is not statistically significant (95% confidence interval). The model 

(R2X=63.9%, R2Y=74.8%, Q2=43.7%) revealed that solvents with high dipole moment, dielectric con-

stant and normalised Reichardt-Dimroth37 parameters resulted in high yield whereas increased lipo-
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philicity of the solvent was detrimental to the yield (Figure 3). Accordingly, this model highlights the 

clear affinity of the reaction for polar, polarisable solvents, which is consistent with the large number of 

charged intermediates involved in the transformation (vide infra). Although the PCA model used con-

tains a wide variety of “green” alternatives, the only solvents predicted to give similar or better yields 

than acetonitrile were nitromethane and trifluoroethanol, which are both less desirable from a sustaina-

bility perspective. Therefore acetonitrile was chosen for the further development of this transformation 

through Design of Experiment methodology.    

Design of Experiments is a multifactorial analysis technique allowing the identification of key re-

action parameters within a previously defined space. With suitable solvent and model substrates estab-

lished, it was decided to evaluate the impact of other reaction parameters (Table 3), including the 

ascorbic acid loading (A), the number of equivalents of quinoline N-oxide 16 (B), the solvent volumes 

(C) and the temperature (D) through 20 runs using a full factorial model where HPLC yield was used as 

the response (see supporting information).  

Table 3: Design of Experiment summary with optimised conditions 

Entry Settings 
Ascorbic acid 

(mol %) 
 (A) 

Quinoline  
N-oxide 17 (equiv) 

 (B) 

Solvent 
volumes 

(vol) 
 (C) 

Temperature 
  

(°C) 
 (D) 

1 Minimum 1% 1.0 10 0 °C 

2 Centre 10.5% 2.0 55 20 °C 

3 Maximum 20% 3.0 100 40 °C 

4 Selected - 2.0 10 40 °C 

 

The results were interpreted using Design-Expert (version 7.1.1, Stats-Ease, Inc) software with-

out transformation in order to obtain the half-normal plot (Figure 4) of this accurate but not predictive 

model due to the significant curvature detected (R2 = 0.9104, Adj R2 = 0.8760, Pred R2 = 0.7795). 
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Figure 4: Half-normal plot using HPLC yield as response 

 

Orange: positive effects; Blue: negative effects; Green: error from replicates 

 

The half-normal plot revealed that the temperature (D) had the greatest influence as reactions 

performed at elevated temperatures gave the best results (Figure 4). This study also revealed that the 

interaction between the amount of quinoline N-oxide 16 (B) and the temperature (D) also had a signifi-

cant impact on the reaction (Figure 5): whilst a high loading of quinoline N-oxide 16 was beneficial to 

the reaction at high temperature (red line), it was found to be detrimental at low temperature (black 

line). Although this result does not seem intuitive, it was reproducible and was believed to be sympto-

matic of the mechanistic complexity of the reaction. A response surface design to estimate the curva-

ture would be required in order to fully understand the actual effect of the curvature on this interaction. 
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Figure 5: Quinoline N-oxide equivalents / temperature interaction plot 

 

 

While the amount of quinoline N-oxide 16 (B) and the temperature (D) were found to have a pro-

nounced impact on the yield, the number of solvent volumes (C) and more surprisingly, the loading of 

ascorbic acid (A) had no impact on the reaction outcome within the ranges studied and as a conse-

quence of these results,  minimum quantities of these reagents could be used to render this metal-free 

process even more sustainable. A compromise consisting of two equivalents of the N-oxide heterocycle 

at 40 °C in 10 volumes of solvent was selected as exhibited in Table 4, entry 4. The unexpected result 

obtained in this study with regards to the impact of ascorbic acid (A) loading on this transformation 
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raised the intriguing possibility of reducing the loading still further and warranted additionnal investiga-

tion of its role in this radical arylation. 

 Carrillo and co-workers34 hypothesised the possible role of ascorbic acid in this radical arylation 

of heterocycles as shown in Figure 6. 

Figure 6: Hypothetical role of ascorbic acid 

 

 

In this proposed mechanism, aniline 26 is diazotised in the presence of tert-butyl nitrite and 

ascorbic acid to form the aryldiazonium ascorbate salt 27 which reacts to generate the key intermediate 

2838 which was believed to generate aryl radicals through spontaneous dediazotisation and generation 

of a stable ascorbate radical.38 In order to probe this hypothesis, we elected to prepare the compound 

36 according to the method published by Doyle and co-workers39 and to study its behaviour under the 

reaction conditions (Scheme 2).  
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Scheme 2: Tentative synthesis of diazoether 36 

 

 

The reaction of 4-(trifluoromethyl)benzenediazonium tetrafluoroborate 34 with ascorbic acid 35 in 

aqueous acetonitrile led to the formation of a precipitate which was isolated by filtration. While standard 

analysis of the precipate by 1H NMR, 13C NMR and mass spectrometry were consistent with the report-

ed structure 36,39 the IR spectrum exhibited three distinct bands in the carbonyl region  

(1781 cm-1, 1760 cm-1 and 1693 cm-1) which did not match the single carbonyl functionality of 36. While 

this result was unexpected, a detailed study40 by Ley and co-workers has shown that rather than 36, 

the isolated product was 37, arising from a Japp-Klingemann rearrangement (Figure 7).  

Figure 7: Japp-Klingemann rearrangement for hydrazine formation40 
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The proposal from Carrillo and co-workers34 involving the formation of a diazoether intermedi-

ate38 was inconsistent with this observation and we decided to monitor the reaction with an infrared 

probe and LC/MS in order to identify potential reaction intermediates. Optimal reaction conditions pre-

viously established through DoE were thus adapted with minimal amounts of ascorbic acid used 

(1.0 mol%) in a reaction where the product could be easily isolated by precipitation and filtration 

(Scheme 3). 

Scheme 3: Reaction for IR and LC/MS monitoring 

 

The infrared trace of the reaction mixture was analysed with the software iC IR (version 4.3, 

Mettler Toledo) with the attribution of representative wavenumber for every component involved in this 

arylation, except for the product 44 as no characteristic band could be identified to monitor its formation 

(see supporting information).  

The identification of characteristic wavenumbers for each reagent allowed the monitoring of 

their behavior over the course of the reaction (Figure 9). As expected, 4-(trifluoromethyl)aniline 42, 

6-methoxyquinoline N-oxide 43 and tert-butyl nitrite were consumed while the formation of 
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4-(trifluoromethyl)benzenediazonium intermediate 34 was observed. Further analysis of the infrared 

spectra collected during this experiment allowed the identification of a potential intermediate with a 

99.2% fit through the predicative function ConcIRT (pink line, Figure 8). It is noteworthy that the trend 

observed for this predicted intermediate is consistent with the behavior of a reaction intermediate as it 

is formed and consumed at the same time. In addition to the prediction of possible intermediates in-

volved in the transformation, a predicted infrared spectrum was also generated for this intermediate 

(Figure 9). 

 

 

 

Figure 8: Wavenumbers monitoring and potential intermediate identification 

NH2

N
N

42 43 44 (40%)

O
O

OMe

F3C

OMe

F3C

L-ascorbic acid (1.0 mol%)
tBuONO (1.2 equiv)

MeCN (10 vol)

40 °C

 

Entry Component Wavenumber 
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1 4-(Trifluoromethyl)aniline 42 1125 to 1097 cm-1 

2 4-(Trifluoromethyl)benzenediazonium 34 725 to 711 cm-1 

3 6-Methoxyquinoline N-oxide 43 1232 to 1199 cm-1 

4 tert-Butyl nitrite 1656 to 1540 cm-1 

5 Simulated intermediate Calculated 

 

Moreover, a compound exhibiting a similar behavior to the intemediate identified through ReactIR anal-

ysis was also detected by LC/MS with a molecular weight of 333 g.mol-1. As similarities were observed 

between the infrared spectrum of the intermediate and those of the aniline 42, and the aryldiazonium 

35 (Figure 10, bands at 1616 cm-1, 1320 cm-1, 1168 cm-1, 1116 cm-1 and 1062 cm-1), a structure derived 

from these scaffolds was envisaged for this intermediate. In addition to this observation, the molecular 

weight obtained by LC/MS allowed us to postulate that this intermediate was the triazene 45, arising 

from the reaction of aryldiazonium 34 with the aniline 42. This theory was supported by the the ready 

preparation and isolation of 45 using conditions similar to those in the coupling reaction (Scheme 4). 

Scheme 4: Preparation of triazene intermediate 45 

 

 

Comparison of the infrared spectrum of isolated triazene 45 (see supporting information) with the calcu-

lated spectrum of the predicted intermediate showed a high degree of similarity (Figure 9).  
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Figure 9: Comparison of triazene 45 with other reaction components by IR 
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Entry 
Aniline  

174 
Aryl diazonium 185 Simulated intermediate 

Triazene  

264 

1 1614 cm-1 N.A.  1614 cm-1 1614 cm-1 

2 1324 cm-1 1318 cm-1 1322 cm-1 1317 cm-1 

3 1159 cm-1 1150 cm-1 1167 cm-1 1152 cm-1 

4 1109 cm-1 N.A. 1118 cm-1 1101 cm-1 

5 1064 cm-1 1064 cm-1 1064 cm-1 1063 cm-1 

 

Selected among the similarities exhibited by the spectra, a significant medium band at 1614 cm-

1 corresponding to the N—H bend and a strong band around 1320 cm-1 corresponding to the aromatic 

amine C—N stretch were observed. This result provides strong evidence of a triazene intermediate 

which could either be involved on the catalytic pathway (Figure 10, Pathway A) or simply acts as an 

aryldiazonium reservoir (Pathway B). 

Figure 10: Postulated reaction pathways from the triazene compound 45 
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Hence, in Pathway A, triazene 45 acts as a radical initiator in an analogous manner to method-

ologies involving triazene intermediates41 to generate a reactive aryl radical 46 and a stabilised aniline 

radical 47, the release of nitrogen providing a driving force of this process (Figure 10). These radical 

species may then be involved in the arylation shown in Figure 6 to generate the product 44, with the 

aniline radical 47 being reduced during the process. Alternatively the triazene may act as an off-cycle 

reservoir of aryldiazonium 34 which can react with the N-oxide 43 through a yet unknown mechanism 

(Pathway B), in which ascorbic acid may or may not be involved. While we feel that Pathway B is most 

likely to be radical in nature, an ionic mechanism cannot be ruled out at this stage. The difficulty of in-

vestigating these reactions is compounded by the fact that a radical mechanism would require only a 

trace amount of an initiator, following which the chain propogating species may be intermediates in the 

mechanism from 43 to 44 as shown in Figure 6 (radical cycle). 

During their investigations using furan as the coupling partner, Carrillo and co-workers34 

showed that ascorbic acid had a benificial impact on the reaction when starting from a pre-formed dia-

zonium salt, but no control reaction was reported starting from the aniline.  It is possible that the N-
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oxide functionality itself can somehow promote formation of an aryl radical such as 46 when ascorbic 

acid is not present (Figure 10, Pathway B). We therefore elected to conduct control reactions with furan 

as the coupling partner using the conditions reported by Carrillo and co-workers in the presence and 

absence of ascorbic acid (Table 4).34 

Table 4: Control reactions 

 

Entry Conditions Yield 

1 Literature34 64% 

2 With ascorbic acid 52% 

3 Without ascorbic acid 53% 

 

While the yields were lower than those reported in the literature, identical results were obtained 

regardless of the presence or absence of ascorbic acid and confirm that neither the ascorbic acid, nor 

the N-oxide functionality are required to promote the generation of an aryl radical intermediate. To add 

to the confusion, a number of groups have reported reactions involving the reaction of aryldiazonium 

salts in the presence of ascorbic acid where control reactions without this reagent show significantly 

inferior results, although some product is often observed.42 What is clear is that the mechanism of the-

se reactions warrants further investigation, and is likely to be significantly more complex than first 

thought. 

The true test of any new green methodology often comes during scale-up where the sustainabil-

ity advantages become more important. We therefore decided to study this radical arylation using reac-

tion calorimetry in order to demonstrate the synthetic potential of this methodology while generating 

data which could support our mechanistic hypothesis. Reaction of 4-(trifluoromethyl)aniline 42 with 

6-methoxyquinoline N-oxide 43 under optimised conditions (Scheme 5) was carried out on a 5 gram 
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scale in a reaction calorimetry vessel equipped with a gas flow monitor with the aim to monitor the en-

ergy of the system and to identify potentially hazardous exothermic and gas-evolving events. It is 

noteworthy that the product of this arylation precipitated spontaneously from the reaction mixture and 

was isolated by filtration in 39% yield, thus delivering 3.9 grams of the target compound 44 (Scheme 5). 

Scheme 5: Reaction for scale-up and calorimetry study 

 

 

The dropwise addition of 4-(trifluoromethyl)aniline 42 to a mixture containing 6-

methoxyquinoline N-oxide 43 in acetonitrile at 40 °C proved to be very mildly exothermic with a 3 °C 

predicted adiabatic temperature rise. Subsequent controlled addition of tert-butyl nitrite to the reaction 

mixture over 10 minutes correlated with a strongly exothermic event and substantial gas evolution (Fig-

ure 11) with a calculated 81 °C adiabatic temperature rise. Accumulation (of reagent or intermediates) 

was also a concern with 88% of the total heat output occurring after the addition of tert-butyl nitrite was 

complete, implying that the reaction was intrinsically slower than the rate of addition. This issue could 

be addressed by increasing the rate of reaction (for example by increasing reaction temperature) or by 

reducing the rate of tert-butyl nitrite addition and will be examined prior to further scale-up.  

 

 

Figure 11: Gas and heat output of experiment shown in Scheme 5 
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In addition to these results, the chart presented in Figure 11 is consistent with the formation of the in-

termediate discussed previously as two distinct peaks were observed during the calorimetry study. We 

suspect that the sharp peak between 1.9 and 2.5 hours corresponds to the direct reaction of the aryldi-

azonium species, while the second peak, between 1.9 and 4.7 hours, which was broader than the first, 

could be attributed to the consumption of the triazene intermediate 45. However, given the relatively 

modest yield of the reaction, it is also possible that the two peaks correspond to the desired reaction 

and an as yet unknown side reaction. 

The previous studies allowed the identification of optimal reaction conditions excluding ascorbic 

acid which were applied to a range of functionalised anilines and N-oxide heterocycles in order to de-

fine the scope and the limitations of this reaction (Table 5). 

 

 

 

 

Table 5: Scope of the C-H arylation of N-oxide heterocycles 
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Entry Aniline 
N-oxide 

heterocycle 
Product 

Yield 
without 

35a 

Yield 
with 
35a 

1 

  
 

52% 53% 

2 

  
 

52% 54% 

3 

  
 

55% 51% 

4 

   

44% 58% 

5 

   

52% 51% 

6 

   

52% 50% 

7 

   

53% 51% 
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Entry Aniline 
N-oxide 

heterocycle 
Product 

Yield 
without 

35a 

Yield 
with 
35a 

8 

 
  

70% 65% 

9 

  
 

74% N.A. 

10 

   

15% 22% 

11 

  
 

43% 43% 

12 

   

35% 34% 

aIsolated yield after chromatography. 

 

The electronic properties of both the aniline and the N-oxide heterocycle did not appear to affect 

the reaction as all combinations gave similar results with yields around 50%. Nevertheless it is note-

worthy that aminopyridine derivatives were much less efficient coupling partners compared to their oth-

erwise similar aniline counterparts (Table 5, entries 1 and 12). This observation is consistent with our 

experience of pyridyldiazonium species exhibiting lower stability than the corresponding phenyldiazoni-

um compounds.32 In contrast, the arylation proved to be compatible with a representative range of func-

tional groups used in medicinal chemistry such as amide (Table 5, entry 11), esters (Table 5, entries 1, 
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2 and 12), a N-Boc protected amine (Table 5, entry 4) and halides (Table 5, entries 5 and 7), which 

provide significant opportunity for further elaboration. In addition, steric encumbrance of the N-oxide 

coupling partner was well tolerated (Table 5, entry 5) with the presence of an ortho-methyl group hav-

ing no apparent impact on the yield of the transformation. This study also confirmed the observation of 

regiospecificity for the 2-position of the N-oxide heterocycle as only traces of the potential regioisomeric 

adducts were observed by LC/MS during this work. The close similarity between the yields obtained 

with and without ascorbic acid provides strong evidence that this additive is not required for the reac-

tion to proceed.  

While arylated heterocyclic substrates could be prepared in moderate to good yields through 

this radical C-H arylation reaction, we elected to apply this methodology to the pharmaceutically rele-

vant substrate SB222200 71, a selective, reversible and competitive antagonist of human NK-3 recep-

tor (Figure 12).43 

Figure 12: Formal synthesis of SB222200 

 

The C-H arylation developed in this work required the preparation of the N-oxide substrate 56 

which was achieved in 67% yield by oxidation of methyl 4-carboxy-quinoline 66 using m-CPBA. This 

example showed the ease of introduction of the N-oxide group on quinoline substrates as this com-
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pound was obtained in good yield with unoptimised reaction conditions. Subsequent arylation of 

N-oxide heterocycle 56 was carried out in 70% yield and the methyl ester of 62 was directly converted 

to the corresponding amide 69 (85%) in the presence of DABAl-Me3 67 and chiral amine 68.44 The 

N-oxide group was then easily removed through unoptimised hydrogenation conditions catalysed by 

rhodium on activated charcoal and delivered the arylated quinoline 70 in 93% yield. The conversion of 

70 to 71 has been reported in the literature45 so our work represents a formal total synthesis of 

SB222200.  

CONCLUSION 

In conclusion, we have developed a sustainable C-H radical arylation of quinoline N-oxide de-

rivatives using a variety of industry-standard tools (Multivariate Data Analysis, Design of Experiments, 

IR monitoring and reaction calorimetry) to accelerate the research while simultaneously providing valu-

able mechanistic insights. The understanding provided by the careful use of these tools can be used to 

support decision making processes when choices and compromises need to be made and we hope 

that this demonstration will stimulate their wider adoption within the chemistry community. In our hands, 

the use of ascorbic acid as a putative promoter of the reaction is not necessary as very similar yields 

were observed in the presence or absence of this material. The use of in-situ monitoring and support-

ing analytical techniques has allowed the identification of a triazene intermediate which could potential-

ly act as a precursor to the active radical species and has highlighted the need for further detailed in-

vestigation of the reaction. Our optimised process releases nitrogen, t-butanol and water as the only 

co-products; is compatible with a wide range of functional groups and was successfully performed on a 

multigram scale. While the N-oxide functionality is required for high regioselectivity, it is unlikely to be 

present in the final product and can be removed under catalytic conditions to afford the corresponding 

2-arylquinoline, providing expedient access to this pharmaceutically important family of compounds. 

Current work is focused on expanding our understanding of the mechanistic course of this intriguing 

reaction and we will report on our findings in due course. 

EXPERIMENTAL SECTION 
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General Procedure for the screening of N-oxide heterocycles and solvents (Tables 1 and 2): To a 

round bottom flask containing ethyl 4-aminobenzoate 7 (250 mg, 1.513 mmol), N-oxide heterocycle 

(3.03 mmol) and L-ascorbic acid 35 (27 mg, 0.151 mmol) under a nitrogen atmosphere was added de-

gassed solvent (12.5 mL), followed by tert-butyl nitrite (0.240 mL, 1.816 mmol) and the reaction mixture 

was stirred for 17 hours at 20 °C. After this time, reaction mixture was evaporated to dryness and the 

crude product was purified by silica gel chromatography eluting with either heptane/ethyl acetate or 

CH2Cl2/MeOH mixtures to yield the target compound. 

2-(4-(Ethoxycarbonyl)phenyl)pyridine N-oxide (19): Orange solid (81 mg, 22% yield), Mp 119–

120 °C. 1H NMR (DMSO-d6, 400 MHz): δ 8.39-8.38 (m, 1H), 8.07 (d, 2H, J = 8.6 Hz), 8.00 (d, 2H, 

J = 8.6 Hz), 7.72-7.67 (m, 1H), 7.45-7.48 (m, 2H), 4.37 (q, 2H, J = 7.1 Hz), 1.36 (t, 3H, J = 7.1 Hz) 

ppm. 13C NMR (DMSO-d6, 100 MHz): δ 165.3 (CIV), 146.6 (CIV), 140.2, 137.2 (CIV), 130.2 (CIV), 129.6, 

128.7, 127.7, 126.1, 125.5, 60.9, 14.1 ppm. HRMS (ESI+): calculated for C14H14NO3 [M + H]+ 244.0960, 

found 244.0968. 

2-(4-(Ethoxycarbonyl)phenyl)pyrazine N-oxide (20): Orange solid (69 mg, 19% yield), Mp 154–

159 °C. 1H NMR (DMSO-d6, 400 MHz): δ 8.83 (s, 1H), 8.55 (d, 1H, J = 4.1 Hz), 8.48 (d, 1H, 

J = 4.1 Hz), 8.08 (d, 2H, J = 8.5 Hz), 8.01 (d, 2H, J = 8.5 Hz), 4.36 (q, 2H, J = 7.1 Hz), 1.35 (t, 3H, 

J = 7.1 Hz) ppm. 13C NMR (DMSO-d6, 100 MHz): δ 165.2 (CIV), 148.4, 146.9, 142.5 (CIV), 134.5, 133.7 

(CIV), 130.9 (CIV), 129.7, 128.9, 61.0, 14.1 ppm. HRMS (ESI+): calculated for C13H13N2O3 [M + H]+ 

245.0924, found 245.0921. 

2-(4-(Ethoxycarbonyl)phenyl)quinoline N-oxide (23): Pale pink solid (264 mg, 60% yield), Mp 196–

200 °C. 1H NMR (DMSO-d6, 400 MHz): δ 8.67 (d, 1H, J = 8.8 Hz), 8.19 (d, 2H, J = 8.6 Hz), 8.15 (d, 1H, 

J = 8.7 Hz), 8.12 (d, 2H, J = 8.6 Hz), 8.05 (d, 1H, J = 8.5 Hz), 7.90 (dd, 1H, J1 = 8.8 Hz, J2 = 1.5 Hz), 

7.81-7.78 (m, 2H), 4.39 (q, 2H, J = 7.1 Hz), 1.38 (t, 3H, J = 7.1 Hz) ppm. 13C NMR (DMSO-d6, 

100 MHz): δ 165.3 (CIV), 142.8 (CIV), 141.5 (CIV), 137.8 (CIV), 130.8, 130.3 (CIV), 129.9, 129.7 (CIV), 

128.9, 128.7, 128.6, 124.9, 123.4, 119.4, 61.0, 14.2 ppm. HRMS (ESI+): calculated for C18H16NO3 

[M + H]+ 294.1127, found 294.1125. 
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2-(4-(Ethoxycarbonyl)phenyl)quinoxaline N-oxide (24): Beige solid (317 mg, 71% yield), Mp 212–

215 °C. 1H NMR (CDCl3, 400 MHz): δ 8.93 (s, 1H), 8.70 (dd, 1H, J1 = 8.3 Hz, J2 = 1.2 Hz), 8.24 (d, 2H, 

J = 8.5 Hz), 8.18 (dd, 1H, J1 = 8.5 Hz, J2 = 1.4 Hz), 8.09 (d, 2H, J = 8.5 Hz), 7.89-7.80 (m, 2H), 4.45 (q, 

2H, J = 7.2 Hz), 1.44 (t, 3H, J = 7.2 Hz) ppm. 13C NMR (CDCl3, 100 MHz): δ 165.9 (CIV), 147.0, 144.6 

(CIV), 138.6 (CIV), 137.6 (CIV), 134.1 (CIV), 132.0 (CIV), 131.6, 130.7, 130.0, 129.8, 129.4, 119.4, 61.4, 

14.4 ppm. HRMS (ESI+): calculated for C17H15N2O3 [M + H]+ 295.1076, found 295.1077. 

General Procedure for the Design of Experiments (Table 3): To a round bottom flask containing 

ethyl 4-aminobenzoate 7 (250 mg, 1.513 mmol, 1.0 equiv.), quinoline N-oxide hydrate 16 (80% w/w, 

desired number of equivalents) and L-ascorbic acid 35 (desired loading) under a nitrogen atmosphere 

was added degassed acetonitrile (desired volume), followed by tert-butyl nitrite (0.240 mL, 1.816 mmol) 

and the reaction mixture was stirred for 17 hours at the desired temperature. The reaction mixture was 

then diluted in a 50 mL volumetric flask with ethyl acetate to dissolve the solids and the solution was 

analysed by HPLC by diluting 250 µL into 1250 µL of acetonitrile. Yields were calculated from a calibra-

tion curve (see Supporting Information for full details). 

Procedure for the synthesis of the hydrazine derivative 37 (Scheme 2): L-ascorbic acid 35 

(346 mg, 1.96 mmol) was added to a round bottom flask containing 4-

(trifluoromethyl)benzenediazonium tetrafluoroborate 34 (510 mg, 1.96 mmol) dissolved in a mixture of 

acetonitrile (1 mL) and water (7.5 mL) and the resulting mixture was stirred at room temperature for 30 

minutes. A precipitate was formed and was filtered off the reaction mixture to give the hydrazine deriva-

tive 37 as a white solid (575 mg, 1.65 mmol, 84% yield).  

(3R,4S)-4-Hydroxy-2-oxotetrahydrofuran-3-yl-2-(2-(4-(trifluoromethyl)phenyl)hydrazinyl)-2-

oxoacetate (37): White solid (575 mg, 84% yield), Mp 195–200 °C. 1H NMR (DMSO-d6, 400 MHz): δ 

11.13 (s, 1H), 8.67 (s, 1H), 7.51 (d, 2H, J = 8.5 Hz), 6.86 (d, 2H, J = 8.5 Hz), 6.17 (bs, 1H), 5.70 (d, 1H, 

d = 7.8 Hz), 4.71 (aq, 1H J = 7.6 Hz), 4.52 (at, 1H, J = 8.0 Hz), 4.08 (at, 1H, J = 8.3 Hz) ppm. 13C NMR 

(DMSO-d6, 100 MHz): δ 170.2 (CIV), 158.6 (CIV), 155.9 (CIV), 155.2 (CIV), 126.4, 126.3, 124.9 (CIV, q, 

Page 30 of 40

ACS Paragon Plus Environment

Organic Process Research & Development

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

J = 270.3 Hz), 118.9 (CIV, q, J = 31.8 Hz), 111.7 (at, J = 29.5 Hz), 76.0, 69.4 ppm. HRMS (ESI+): Calcu-

lated for C13H12F3N2O6 [M + H]+ 349.0642, found 349.0653 

Procedure for IR and LC/MS monitoring experiment (Scheme 3): To a 400 mL EasyMax 402 (Met-

tler Toledo) reactor fitted with an IR probe (Mettler Toledo ReactIR iC 10 with MCT detector using 

HappGenzel apodization fitted with a DiComp (Diamond) probe connected with AgX 6mm x 2m Fiber 

(Silver Halide)) under a nitrogen atmosphere was charged L-ascorbic acid 35 (6 mg, 0.31 mmol) diluted 

in previously degassed acetonitrile (100 mL), followed by 6-methoxyquinoline N-oxide 43 (10.87 g, 62.1 

mmol) and 4-(trifluoromethyl)aniline 42 (3.91 mL, 31.0 mmol). The resulting mixture was stirred at 40 

°C and monitored by IR and LC/MS for 21 hours. 6-Methoxy-2-(4-(trifluoromethyl)phenyl)quinoline N-

oxide 44 precipitated spontaneously during the course of the reaction and was isolated by filtration to 

give a beige solid (3.92 g, 12.3 mmol, 40% yield). 

6-Methoxy-2-(4-(trifluoromethyl)phenyl)quinoline N-oxide (44): Beige solid (3.92 g, 40% yield), Mp 

218–223 °C. 1H NMR (CDCl3, 400 MHz): δ 8.75 (d, 1H, J = 9.5 Hz), 8.09 (d, 2H, J = 8.4 Hz), 7.77 (d, 

2H, J = 8.3 Hz), 7.69 (d, 1H, J = 8.6 Hz), 7.46 (d, 1H, J = 8.6 Hz), 7.43 (dd, 1H, J1 = 9.6 Hz, 

J2 = 2.7 Hz), 7.14 (d, 1H, J = 2.4 Hz), 3.98 (s, 3H) ppm. 13C NMR (CDCl3, 100 MHz): δ 159.6 (CIV), 

141.8, 137.80, 137.1, 131.3, 131.0 (q, J = 32.6 Hz), 130.0, 125.2 (q, J = 3.8 Hz), 124.5, 124.0 (q, 

J = 272.2 Hz), 123.40, 122.9, 122.0, 105.9, 55.8 ppm. HRMS (ESI+): Calculated for C17H13F3NO2 

[M + H]+ 320.0893, found 320.0895. 

Preparation of 1,3-bis(4-(trifluoromethyl)phenyl)triazene (45) (Scheme 4): To a round bottom flask 

containing a stirr bar and 4-(trifluoromethyl)aniline 42 (0.195 mL, 1.552 mmol) in TBME (5 mL) was 

added tert-butyl nitrite (0.123 mL, 0.931 mmol) and the resulting mixture was stirred for 2 hours at room 

temperature. The solvent was then removed under reduced pressure and the resulting solid was tritu-

rated in heptane. Filtration of the slurry afforded 1,3-bis(4-(trifluoromethyl)phenyl)triazene 45 (178 mg, 

0.534 mmol, 69 % yield) as an orange solid. 
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1,3-Bis(4(-trifluoromethyl)phenyl)triazene (45):46 Orange solid (178 mg, 69% yield), Mp 114–116 °C. 

1H NMR (DMSO-d6, 400 MHz): δ 13.07 (bs, 1H), 7.78-7.60 (m, 8H) ppm. HRMS (ESI+): Calculated for 

C14H10F6N3 [M + H]+ 334.0773, found 334.0773 

Control reactions – synthesis of ethyl 4-(furan-2-yl)benzoate 9 (Table 4): To a glass tube containing 

benzocaine 7 (83 mg, 0.5 mmol) under a nitrogen atmosphere was added previously degassed ace-

tonitrile (5 mL), followed by furan 8 (0.36 mL, 5.00 mmol), tert-butyl nitrite (0.1 mL, 0.750 mmol) and a 

previously prepared solution of DMSO (0.1 mL) with or without L-ascorbic acid 35 (0.88 mg, 5.0 µmol). 

The resulting mixture was stirred for 14 hours at room temperature and was evaporated to dryness un-

der reduced pressure. The crude product was then purified by silica gel chromatography eluting with 

heptane/ethyl acetate to give ethyl 4-(furan-2-yl)benzoate 9 (56 mg, 0.26 mmol, 52% yield with 

L-ascorbic acid 35; 57 mg, 0.27 mmol, 53% yield without L-ascorbic acid 35) as a white solid. 

Ethyl 4-(furan-2-yl)benzoate (9): White solid (56 mg, 52% yield with L-ascorbic acid 35; 57 mg, 53% 

yield without L-ascorbic acid 35), Mp 57–60 °C. 1H NMR (CDCl3, 400 MHz): δ 8.07 (d, 2H, J = 8.6 Hz), 

7.73 (d, 2H, J = 8.4 Hz), 7.53 (d, 1H, J = 1.3 Hz), 6.80 (d, 1H, J = 3.4 Hz), 6.52 (dd, 1H, J1 = 3.5 Hz, 

J2 = 1.7 Hz), 4.40 (q, 2H, J = 7.1 Hz), 1.42 (t, 3H, J = 7.1 Hz) ppm. 13C NMR (CDCl3, 100 MHz): δ 166.4 

(CIV), 153.0 (CIV), 143.1, 134.7 (CIV), 130.1, 129.0 (CIV), 123.4, 112.0, 107.2, 61.0, 14.4 ppm. HRMS 

(ESI+): Calculated for C13H13O3 [M + H]+ 217.0859, found 217.0852. 

Scale-up and calorimetry study (Scheme 5): To a 100 mL Reaction Calorimetry 1 (RC 1, Mettler To-

ledo) reactor under a nitrogen atmosphere was charged 6-methoxyquinoline N-oxide 43 (10.87 g, 62.1 

mmol), followed by previously degassed acetonitrile (50 mL). The solution was then stirred at 40°C and 

a first calibration was performed (Cp = 2221 J/[Kg.K]). 

Aniline addition: 4-(trifluoromethyl)aniline 42 (3.91 mL, 31.0 mmol) was added dropwise with a syringe 

pump over 10 minutes to the previous solution at 40°C and a second calibration was performed 

(Cp = 1948 J/[Kg.K]). The RC 1 instrument indicated a total heat output of 0.33 kJ and a predicted adi-

abatic temperature rise of  3 °C. No gas output was observed during the addition of the 4-

(trifluoromethyl)aniline 42. 
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tert-Butyl nitrite addition: tert-butyl nitrite (4.92 mL, 37.2 mmol) was then added dropwise with a syringe 

pump over 10 minutes to the previous reaction mixture under nitrogen at 40°C and a third calibration 

was performed (Cp = 2170 J/[Kg.K]) after 19 hours. The RC 1 instrument indicated a total heat output 

of 10.4 kJ and a predicted adiabatic temperature rise of 81°C. 

Work-up / isolation: The slurry was then stirred for 17 hours at 40°C under nitrogen before being cooled 

down to 20 °C. 6-Methoxy-2-(4-(trifluoromethyl)phenyl)quinoline N-oxide 44 precipitated spontaneously 

during the course of the reaction and was isolated by filtration to give a beige solid (3.88 g, 12.15 

mmol, 39% yield). 

General Procedure for the substrate scope using optimised reaction conditions (Table 5): To a 

glass tube containing the aniline (1.0 equiv) and the N-oxide heterocycle (2.0 equiv) [L-ascorbic acid 35 

(1.0 mol%) when required] under a nitrogen atmosphere was added degassed acetonitrile (10 vol-

umes), followed by tert-butyl nitrite (1.2 equiv.) and the reaction mixture was stirred for 17 hours at 

40 °C. The reaction mixture was then evaporated to dryness and the crude product was purified by sili-

ca gel chromatography eluting with either heptane/ethyl acetate or CH2Cl2/MeOH mixtures to yield the 

target compound. 

2-(4-(Ethoxycarbonyl)phenyl)-6-methoxyquinoline N-oxide (57): Beige solid (252 mg, 52% yield 

without L-ascorbic acid 35; 244 mg, 50% yield with L-ascorbic acid 35), Mp 201–204 °C. 1H NMR 

(CDCl3, 400 MHz): δ 8.76 (d, 1H, J = 9.5 Hz), 8.18 (d, 2H, J = 8.4 Hz), 8.05 (d, 2H, J = 8.5 Hz), 7.68 (d, 

1H, J = 8.5 Hz), 7.48 (d, 1H, J = 8.8 Hz), 7.42 (dd, 1H, J1 = 9.6 Hz, J2 = 2.7 Hz), 7.14 (d, 1H, 

J = 2.5 Hz), 4.43 (q, 2H, J = 7.1 Hz), 3.97 (s, 3H), 1.43 (t, 3H, J = 7.1 Hz) ppm. 13C NMR (CDCl3, 

100 MHz): δ 166.2 (CIV), 159.6 (CIV), 142.4 (CIV), 137.9 (CIV), 137.8 (CIV), 131.3 (CIV), 131.0 (CIV), 

129.6, 129.4, 124.6, 123.6, 122.9, 122.1, 106.0, 61.2, 55.8, 14.3 ppm. HRMS (ESI+): calculated for 

C19H18NO4 [M + H]+ 324.1232, found 324.1230. 

2-(4-(tert-Butyl)phenyl)quinoline N-oxide (58): Red solid (255 mg, 55% yield without L-ascorbic acid 

35; 238 mg, 51% yield with L-ascorbic acid 35), Mp 156–160 °C. 1H NMR (CDCl3, 400 MHz): δ 8.86 (d, 

1H, J = 8.5 Hz), 7.95 Hz (d, 2H, J = 8.1 Hz), 7.84 (d, 1H, J = 8.1 Hz), 7.77-7.75 (m, 1H), 7.72 (d, 1H, J 

= 8.8 Hz), 7.62-7.59 (m, 1H), 7.55-7.50 (m, 3H), 1.37 (s, 9H) ppm. 13C NMR (CDCl3, 100 MHz): δ 152.8 
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(CIV), 145.1 (CIV), 142.3 (CIV), 130.5, 129.5, 129.4, 128.3, 128.0, 125.4, 125.3, 125.3, 123.3, 120.3, 

34.9 (CIV), 31.3 ppm. HRMS (ESI+): calculated for C19H20NO [M + H]+ 278.1539, found 278.1544. 

2-(4-((N-Boc)aminomethyl)phenyl)-8-methylquinoline N-oxide (59): Orange solid (107 mg, 44% 

yield without L-ascorbic acid 35; 236 mg, 58% yield with L-ascorbic acid 35), Mp 119–123 °C. 1H NMR 

(CDCl3, 400 MHz): δ 7.83 (d, 2H, J = 8.2 Hz), 7.65 (d, 2H, J = 9.0 Hz), 7.44-7.41 (m, 4H), 7.37 (d, 1H, 

J = 8.6 Hz), 4.91 (bs, 1H), 4.38 (d, 2H, J = 5.7 Hz), 3.20 (s, 3H), 1.47 (s, 9H) ppm. 13C NMR (CDCl3, 

100 MHz): δ 155.9 (CIV), 146.1 (CIV), 142.1 (CIV), 140.2 (CIV), 134.1 (CIV), 133.8, 133.2 (CIV), 131.7, 

129.7, 127.9, 127.4, 126.8, 125.6 (CIV), 123.0, 79.6 (CIV), 44.5, 28.4, 25.6 ppm. HRMS (ESI+): calculat-

ed for C22H25N2O3 [M + H]+ 365.1860, found 365.1875. 

2-(4-Bromophenyl)-3-methylquinoline N-oxide (60): Beige solid (235 mg, 52% yield without 

L-ascorbic acid 35; 233 mg, 51% yield with L-ascorbic acid 35), Mp 140–143 °C. 1H NMR (CDCl3, 

400 MHz): δ 8.71 (d, 1H, J = 8.5 Hz), 7.81 (d, 1H, J = 7.6 Hz), 7.73-7.60 (m, 5H), 7.32 (d, 2H, 

J = 8.6 Hz), 2.24 (s, 3H) ppm. 13C NMR (CDCl3, 100 MHz): δ 146.1 (CIV), 140.4 (CIV), 132.2, 132.0 

(CIV), 131.0 (CIV), 130.8, 129.8, 129.3 (CIV), 128.8, 127.3, 126.0, 123.3 (CIV), 120.2, 20.6 ppm. HRMS 

(ESI+): calculated for C16H13
79BrNO [M + H]+ 314.0175, found 314.0188. 

6-Methoxy-2-(4-chlorophenyl)quinoline N-oxide (61): Beige solid (294 mg, 53% yield without 

L-ascorbic acid 35; 286 mg, 51% yield with L-ascorbic acid 35), Mp 140–143 °C. 1H NMR (CDCl3, 

400 MHz): δ 8.75 (d, 1H, J = 9.6 Hz), 7.94 (d, 2H, J = 8.6 Hz), 7.68 (d, 1H, J = 8.6 Hz), 7.51 (d, 2H, 

J = 8.5 Hz), 7.47 (d, 1H, J = 8.8 Hz), 7.44 (dd, 1H, J1 = 9.6 Hz, J2 = 2.7 Hz), 7.13 (d, 1H, J = 2.7 Hz), 

3.97 (s, 3H) ppm. 13C NMR (CDCl3, 100 MHz): δ 159.4 (CIV), 142.1(CIV), 137.8 (CIV), 135.2 (CIV), 131.9 

(CIV), 131.0 (CIV), 130.9, 128.5, 124.4, 123.4, 122.7, 122.0, 105.9, 55.7 ppm. HRMS (ESI+): Calculated 

for C16H13
35ClNO2 [M + H]+ 286.0629, found 286.0633. 

4-(Methoxycarbonyl)-2-phenylquinoline N-oxide (62): Orange solid (251 mg, 70% yield without 

L-ascorbic acid 35; 351 mg, 65% yield with L-ascorbic acid 35), Mp 112–117 °C. 1H NMR (CDCl3, 400 

MHz): δ 9.05 (dd, 1H, J1 = 8.3 Hz, J2 = 1.0 Hz), 8.87 (dd, 1H, J1 = 8.6 Hz, J2 = 1.0 Hz), 8.24 (s, 1H), 

7.96 (dd, 2H, J1 = 8.3 Hz, J2 = 1.5 Hz), 7.80 (ddd, 1H, J1 = 8.3 Hz, J2 = 6.8 Hz, J3 = 1.2 Hz), 7.74 (ddd, 

1H, J1 = 8.3 Hz, J2 = 6.8 Hz, J3 = 1.2 Hz), 7.57-7.46 (m, 3H), 4.02 (s, 3H) ppm. 13C NMR (CDCl3, 100 

MHz): δ 165.4 (CIV),144.1 (CIV), 143.1 (CIV), 132.8 (CIV), 130.6, 129.9, 129.7, 129.5, 128.5, 127.3 (CIV), 
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126.8, 126.7, 122.4 (CIV), 120.3, 52.6 ppm. HRMS (ESI+): calculated for C17H14NO3 [M + H]+ 280.0968, 

found 280.0976. 

2-(2-Chloro-6-methoxypyridin-3-yl)-quinoxaline N-oxide (63): Brown solid (58 mg, 15% yield with-

out L-ascorbic acid 35; 117 mg, 22% yield with L-ascorbic acid 35), Mp 174–180 °C. 1H NMR (CDCl3, 

400 MHz): δ 8.82 (s, 1H), 8.65 (d, 1H, J = 8.1 Hz), 8.18 (d, 1H, J = 8.3 Hz), 7.89-7.76 (m, 3H), 6.87 (d, 

1H, J = 8.9 Hz), 4.03 (s, 3H) ppm. 13C NMR (CDCl3, 125 MHz): δ 165.5 (CIV), 148.0 (CIV), 147.9, 145.0 

(CIV), 142.5, 137.4 (CIV), 136.9 (CIV), 131.7, 130.5, 130.2, 119.3, 117.9 (CIV), 109.8, 54.5 ppm. HRMS 

(ESI+): calculated for C14H11
35ClN3O2 [M + H]+ 288.0534, found 288.0544. 

2-(6-Acetamidopyridin-3-yl)quinoxaline N-oxide (64): White solid (201 mg, 43% yield without 

L-ascorbic acid 35; 99 mg, 43% yield with L-ascorbic acid 35), Mp 245–250 °C. 1H NMR (DMSO-d6, 

400 MHz): δ 10.81 (s, 1H), 9.18 (s, 1H), 9.08 (d, 1H, J = 2.0 Hz), 8.56-8.53 (m, 2H), 8.26 (d, 1H, J = 8.8 

Hz), 8.17 (dd, 1H, J1 = 8.5 Hz, J2 = 1.4 Hz), 7.96-7.88 (m, 2H), 2.16 (s, 3H) ppm. 13C NMR (DMSO-d6, 

125 MHz): δ 170.2 (CIV), 153.3 (CIV), 149.3, 148.0, 144.4 (CIV), 139.6, 137.1 (CIV), 136.7 (CIV), 132.0, 

131.2, 130.3, 121.7 (CIV), 119.2, 112.7, 24.5 ppm. HRMS (ESI+): calculated for C15H13N4O2 [M + H]+ 

281.1033, found 281.1034. 

2-(5-(Methoxycarbonyl)pyridin-3-yl)quinoline N-oxide (65): White solid (162 mg, 35% yield without 

L-ascorbic acid 35; 158 mg, 34% yield with L-ascorbic acid 35), Mp 180–183 °C. 1H NMR (CDCl3, 400 

MHz): δ 9.34 (d, 1H, J = 1.9 Hz), 9.30 (d, 1H, J = 1.4 Hz), 9.04 (s, 1H), 8.84 (d, 1H, J = 8.8 Hz), 7.92 

(d, 1H, J = 8.1 Hz), 7.85-7.80 (m, 2H), 7.72-7.68 (m, 1H), 7.56 (d, 1H, J = 8.6 Hz), 3.99 (s, 3H) ppm. 

13C NMR (CDCl3, 100 MHz): δ 165.4 (CIV), 153.5, 151.2, 142.3 (CIV), 141.1 (CIV), 138.1, 131.1, 130.1, 

129.6, 129.2, 128.2, 125.6, 122.4, 120.2, 52.6 ppm. One quaternary carbon peak is missing. HRMS 

(ESI+): calculated for C16H13N2O3 [M + H]+ 281.0921, found 281.0923. 

Synthesis of 4-(methoxycarbonyl)quinoline N-oxide (56): To a solution of methyl quinoline-4-

carboxylate 66 (1.94 g, 10.36 mmol) in 2 MeTHF (100 mL) at room temperature under air was added 

portionwise m-CPBA (1.967 g, 11.40 mmol). The resulting solution was stirred for 24 hours at room 

temperature and the solvent was removed under reduced pressure. The crude product was partitioned 

between ethyl acetate and saturated aqueous NaHCO3 and the organic layer was dried over anhy-

Page 35 of 40

ACS Paragon Plus Environment

Organic Process Research & Development

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

drous Na2SO4 before being concentrated in vacuo. The crude product was then purified by silica gel 

chromatography eluting with dichloromethane/acetone to give 4-(methoxycarbonyl)-quinoline N-oxide 

56 (1.40 g, 6.89 mmol, 67% yield) as a white solid. 

4-(Methoxycarbonyl)quinoline N-oxide (56): White solid (1.40 g, 67% yield), Mp 152–153 °C. 

1H NMR (CDCl3, 400 MHz): δ 9.07 (dd, 1H, J1 = 8.1 Hz, J2 = 1.5 Hz), 8.78 (dd, 1H, J1 = 8.2 Hz, 

J2 = 1.5 Hz), 8.55 (d, 1H, J = 6.4 Hz), 8.01 (d, 1H, J = 6.4 Hz), 7.82 7.70 (m, 2H), 4.02 (s, 3H) ppm. 

13C NMR (CDCl3, 100 MHz): δ 165.1 (CIV), 142.3 (CIV), 134.4, 130.4, 130.2, 128.4 (CIV), 126.8, 124.4, 

123.0 (CIV), 119.8, 52.6 ppm. HRMS (ESI+): Calculated for C11H10NO3 [M + H]+ 204.0655, found 

204.0653 

Synthesis of 2-phenyl-4-(carboxy-(S)-α-ethylbenzylamine)quinoline N-oxide (69): To a stirred so-

lution of DABAL-Me3 67 (193 mg, 0.75 mmol) in anhydrous THF at room temperature under nitrogen 

was added (S)-α-ethylbenzylamine 68 (0.108 mL, 0.75 mmol) and the resulting solution was stirred at 

40°C for 1 hour. To this mixture 4-(methoxycarbonyl)-2-phenylquinoline N-oxide 62 (140 mg, 0.50 

mmol) was added and the reaction was stirred at reflux for 22 hours. The reaction mixture was cooled 

to ambient temperature and quenched with aqueous HCl (2 M) dropwise and was extracted with ethyl 

acetate. The organic phase was separated and evaporated to dryness under reduced pressure. The 

crude product was then purified by silica gel chromatography eluting with heptane/ethyl acetate to give 

2-phenyl-4-(carboxy-(S)-α-ethylbenzylamine)-quinoline N-oxide 69 (162 mg, 0.42 mmol, 85 % yield) as 

an off-white solid. 

2-Phenyl-4-(carboxy-(S)-α-ethylbenzylamine)quinoline N-oxide (69): Off-white solid (162 mg, 85% 

yield), Mp 90–100 °C. 1H NMR (CDCl3, 400 MHz): δ 9.03 (d, 1H, J = 8.3 Hz), 8.32 (d, 1H, J = 8.8 Hz), 

7.76 (d, 1H, J = 8.1 Hz), 7.69 (d, 2H, J = 7.5 Hz), 7.50 (d, 2H, J = 7.1 Hz), 7.40-7.21 (m, 9H), 5.15 (q, 

1H, J = 7.8 Hz), 2.20-2.00 (m, 2H), 1.07 (t, 3H, J = 7.4 Hz) ppm. 13C NMR (CDCl3, 100 MHz): δ 165.6 

(CIV), 143.6 (CIV), 142.5 (CIV), 141.1 (CIV), 133.9 (CIV), 131.7 (CIV), 130.6, 130.2, 129.6, 129.0, 128.7, 

128.2, 127.4, 127.1, 125.9, 125.6 (CIV), 121.1, 119.5, 56.2, 29.7, 11.5 ppm. HRMS (ESI+): Calculated 

for C25H23N2O2 [M + H]+ 383.1754, found 383.1761 
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Synthesis of 2-phenyl-4-(carboxy-(S)-α-ethylbenzylamine)quinoline (70): 2-phenyl-4-(carboxy-(S)-

α-ethylbenzylamine)quinoline N-oxide (69) (147 mg, 0.38 mmol,), Johnson Matthey 5% rhodium on 

charcoal type 20A paste, 60% wet (99 mg, 0.02 mmol) and THF (3.5 mL) were added to a hydrogena-

tion reactor which was purged 3 times with 5 bar of nitrogen and then 3 times with 3 bar of hydrogen. 

The reaction was then stirred at room temperature under 3 bar of hydrogen for 2 hours and was 

stopped by flushing the hydrogenation reactor with nitrogen. The reaction mixture was then filtered 

through a plug of Celite to remove the catalyst and the filtrate was evaporated in vacuo. The crude 

product was then purified by silica gel chromatography eluting with heptane/ethyl acetate to give 2-

phenyl-4-(carboxy-(S)-α-ethylbenzylamine)quinoline (70) (131 mg, 0.36 mmol, 93 % yield) as a stable 

white foam. 

2-Phenyl-4-(carboxy-(S)-α-ethylbenzylamine)quinoline (70): Off-white solid (162 mg, 85% yield), Mp 

140–150 °C. 1H NMR (DMSO-d6, 400 MHz): δ 9.25 (d, 1H, J = 8.5 Hz), 8.30 (d, 2H, J = 6.9 Hz), 8.13 

(d, 1H, J = 8.1 Hz), 8.08 (s, 1H), 8.02 (dd, 1H, J1 = 8.6 Hz, J2 = 0.8 Hz), 7.82 (dd, 1H, J1 = 7.1 Hz, 

J2 = 0.5 Hz), 7.63-7.54 (m, 4H), 7.46 (d, 2H, J = 7.1 Hz), 7.38 (d, 2H, J = 7.6 Hz), 7.28 (at, 1H, 

J = 7.3 Hz), 5.06 (q,1H, J = 6.6 Hz), 1.91-1.79 (m, 2H), 0.98 (t, 3H, J = 7.4 Hz) ppm. 13C NMR (DMSO-

d6, 100 MHz): δ = 166.7 (CIV), 156.3 (CIV), 148.4 (CIV), 143.9 (CIV), 143.8 (CIV), 138.8 (CIV), 130.6, 

130.3, 130.0, 129.4, 128.8, 127.8, 127.6, 127.3, 127.0, 125.6, 123.9 (CIV), 116.9, 55.5, 29.7, 11.7 ppm. 

HRMS (ESI+): Calculated for C25H23N2O [M + H]+ 367.1805, found 367.1806 

NOTE 

The results of reactions in the presence of ascorbic acid (Tables 1, 2, 3 and 5) were previously pre-

sented in this journal (Colleville, A. P.; Horan, R. A. J.; Olazabal, S.; Tomkinson, N. C. O. Org. Process 

Res. Dev., 2015, 19, 1434–1434). This paper was retracted by the authors immediately after online 

publication when control reactions revealed that the presence of ascorbic acid had little or no impact on 

the outcome of the reaction. 

 

 

Page 37 of 40

ACS Paragon Plus Environment

Organic Process Research & Development

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

ASSOCIATED CONTENT 

Supporting Information 

Experimental procedures, 1HNMR, 13C NMR, OPLS, DoE, calorimetry and DSC data.  

AUTHOR INFORMATION 

Corresponding Author 

*E-mail: richard.a.horan@gsk.com  

Note: The authors declare no competing financial interest. 

ACKNOWLEDGEMENTS 

The authors thank Mr. Andrew Payne for assistance with calorimetry studies, Dr Alain Simpson for as-

sistance with ReactIR monitoring and Dr William Leavens for HRMS analyses. A.P.C. is grateful to 

GlaxoSmithKline for funding through the GlaxoSmithKline - University of Strathclyde industrial Ph.D. 

scheme. 

REFERENCES 

(1) Johansson Seechurn, C. C. C.; Kitching, M. O.; Colacot, T. J.; Snieckus, V. Angew. Chem. Int. Ed. 

2012, 51, 5062–5085. 

(2) Chen, X.; Engle, K. M.; Wang, D.-H.; Yu, J.-Q. Angew. Chem. Int. Ed. 2009, 48, 5094–5115. 

(3) Engle, K. M.; Yu, J.-Q. J. Org. Chem. 2013, 78, 8927–8955. 

(4) Phipps, R. J.; Gaunt, M. J. Science. 2009, 323, 1593–1597. 

(5) Campeau, L.-C.; Rousseaux, S.; Fagnou, K. J. Am. Chem. Soc. 2005, 127, 18020–18021. 

(6) Campeau, L.-C.; Stuart, D. R.; Leclerc, J.-P.; Bertrand-Laperle, M.; Villemure, E.; Sun, H.-Y.; 

Lasserre, S.; Guimond, N.; Lecavallier, M.; Fagnou, K. J. Am. Chem. Soc. 2009, 131, 3291–3306. 

(7) Campeau, L.-C.; Bertrand-Laperle, M.; Leclerc, J.-P.; Villemure, E.; Gorelsky, S.; Fagnou, K. J. Am. 

Chem. Soc. 2008, 130, 3276–3277. 

(8) Lyons, T. W.; Sanford, M. S. Chem. Rev. 2010, 110, 1147–1169. 

(9) Ackermann, L.; Vicente, R.; Kapdi, A. Angew. Chem. Int. Ed. 2009, 48, 9792–9826. 

Page 38 of 40

ACS Paragon Plus Environment

Organic Process Research & Development

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

(10) Hunt, A. J.; Farmer, T. J.; Clark, J. H. Element Recovery and Sustainability; Royal Society of 

Chemistry: Cambridge, 2013. 

(11) Bonin, H.; Sauthier, M.; Felpin, F.-X. Adv. Synth. Catal. 2014, 356, 645–671. 

(12) Sun, C.-L.; Shi, Z.-J. Chem. Rev. 2014, 114, 9219–9280. 

(13) Seiple, I. B.; Su, S.; Rodriguez, R. A.; Gianatassio, R.; Fujiwara, Y.; Sobel, A. L.; Baran, P. S. J. 

Am. Chem. Soc. 2010, 132, 13194–13196. 

(14) Mai, W.; Yuan, J.; Li, Z.; Sun, G.; Qu, L. Synlett 2012, 2012, 145–149. 

(15) Singh, P. P.; Aithagani, S. K.; Yadav, M.; Singh, V. P.; Vishwakarma, R. A. J. Org. Chem. 2013, 78 

, 2639–2648. 

(16) Demir, A. S.; Reis, Ö.; Emrullahoglu, M. J. Org. Chem. 2003, 68, 578–580. 

(17) Sun, C.-L.; Li, H.; Yu, D.-G.; Yu, M.; Zhou, X.; Lu, X.-Y.; Huang, K.; Zheng, S.-F.; Li, B.-J.; Shi, Z.-

J. Nat. Chem. 2010, 2, 1044–1049. 

(18) Hari, D. P.; Schroll, P.; König, B. J. Am. Chem. Soc. 2012, 134, 2958–2961. 

(19) Honraedt, A.; Le Callonnec, F.; Le Grognec, E.; Fernandez, V.; Felpin, F.-X. J. Org. Chem. 2013, 

78, 4604–4609. 

(20) Honraedt, A.; Raux, M.-A.; Grognec, E. Le; Jacquemin, D.; Felpin, F.-X. Chem. Commun. 2014, 

50, 5236–5238. 

(21) Wetzel, A.; Pratsch, G.; Kolb, R.; Heinrich, M. R. Chem. - A Eur. J. 2010, 16, 2547–2556. 

(22) Kita, Y.; Morimoto, K.; Ito, M.; Ogawa, C.; Goto, A.; Dohi, T. J. Am. Chem. Soc. 2009, 131, 1668–

1669. 

(23) Dohi, T.; Ito, M.; Yamaoka, N.; Morimoto, K.; Fujioka, H.; Kita, Y. Angew. Chem., Int. Ed. 2010, 49 

, 3334–3337. 

(24) Ackermann, L.; Dell’Acqua, M.; Fenner, S.; Vicente, R.; Sandmann, R. Org. Lett. 2011, 13, 2358–

2360. 

(25) Gomberg, M.; Bachmann, W. E. J. Am. Chem. Soc. 1924, 46, 2339–2343. 

(26) Rüchardt, C.; Merz, E. Tetrahedron Lett. 1964, 5, 2431–2436. 

(27) Eliel, E. L.; Saha, J. G.; Meyerson, S. J. Org. Chem. 1965, 30, 2451–2452. 

(28) Beadle, J. R.; Korzeniowski, S. H.; Rosenberg, D. E.; Garcia-Slanga, B. J.; Gokel, G. W. J. Org. 

Page 39 of 40

ACS Paragon Plus Environment

Organic Process Research & Development

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Chem. 1984, 49, 1594–1603. 

(29) Nielsen, M. A.; Nielsen, M. K.; Pittelkow, T. Org. Process Res. Dev. 2004, 8, 1059–1064. 

(30) Molinaro, C.; Mowat, J.; Gosselin, F.; O’Shea, P. D.; Marcoux, J.-F.; Angelaud, R.; Davies, I. W. J. 

Org. Chem. 2007, 72, 1856–1858. 

(31) Hogan, P. J.; Cox, B. G. Org. Process Res. Dev. 2009, 13, 875–879. 

(32) Colleville, A. P.; Horan, R. A. J.; Tomkinson, N. C. O. Org. Process Res. Dev. 2014, 18, 1128–

1136. 

(33) Oger, N.; D’Halluin, M.; Le Grognec, E.; Felpin, F.-X. Org. Process Res. Dev. 2014, 18, 1786–

1801. 

(34) Crisóstomo, F. P.; Martín, T.; Carrillo, R. Angew. Chem. Int. Ed. 2014, 53, 2181–2185. 

(35) Trygg, J.; Wold, S. J. Chemom. 2002, 16, 119–128. 

(36) Carlson, R.; Lundstedt, T.; Albano, C.; Hordvik, A.; Wold, S.; Elguero, J. Acta Chem. Scand. 1985, 

39b, 79–91. 

(37) Reichardt, C. Angew. Chem. Int. Ed. Eng. 1965, 4, 29–40. 

(38) Costas-Costas, U.; Gonzalez-Romero, E.; Bravo-Diaz, C. Helv. Chim. Acta 2001, 84, 632–648. 

(39) Doyle, M. P.; Nesloney, C. L.; Shanklin, M. S.; Marsh, C. A.; Brown, K. C. J. Org. Chem. 1989, 54, 

3785–3789. 

(40) Browne, D. L.; Baxendale, I. R.; Ley, S. V. Tetrahedron 2011, 67, 10296–10303. 

(41) Kimball, D. B.; Haley, M. M. Angew. Chem., Int. Ed. 2002, 41, 3338–3351. 

(42) Bu, M.; Lu, G.; Cai, C. Synlett 2015, 26, 1841–1846. 

(43) Sarau, H. M.; Griswold, D. E.; Bush, B.; Potts, W.; Sandhu, P.; Lundberg, D.; Foley, J. J.; Schmidt, 

D. B.; Webb, E. F.; Martin, L. D.; Legos, J. J.; Whitmore, R. G.; Barone, F. C.; Medhurst, A. D.; 

Luttmann, M. A.; Giardina, G. A.; Hay, D. W. J. Pharmacol. Exp. Ther. 2000, 295, 373–381. 

(44) Novak, A.; Humphreys, L. D.; Walker, M. D.; Woodward, S. Tetrahedron Lett. 2006, 47, 5767–

5769. 

(45) Bennacef, I.; Perrio, C.; Lasne, M.-C.; Barré, L. J. Org. Chem. 2007, 72, 2161–2165. 

(46) Chen, N.; Barra, M.; Lee, I.; Chahal, N. J. Org. Chem. 2002, 67, 2271–2277. 

Page 40 of 40

ACS Paragon Plus Environment

Organic Process Research & Development

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


