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This book is a collection of problems in organic chemistry finding its origin 
between 2010 and 2015 at École normale supérieure Paris‐Saclay (at that time 
École normale supérieure de Cachan).

In the context of students’ preparation for a competitive national examination 
in Chemistry (Agrégation de Sciences Physiques, option Chimie), giving access 
to teaching positions in French higher education institutions, a number of exer-
cises dealing with multistep syntheses of natural products and active pharma-
ceutical ingredients were created from chemical research literature.

After extensive selection, adjustment, and modification, part of the original 
material is compiled in this volume. It is completed by exercises related to the 
field of chemical biology, which we consider an essential branch of chemical edu-
cation, taught at Université Pierre et Marie Curie.

Besides its initial purpose, this work reflects to some extent a common practice 
in organic chemistry research laboratories, often on the occasion of group semi-
nars, which is going through multistep synthesis with questions related to syn-
thetic strategies, reaction conditions, and transformation mechanisms. In this 
respect, several excellent titles are available and are listed in the section “Further 
Reading.”

While we tried to inject some of this essence in our book, our objective was also 
to provide a broad readership, not necessarily specialized in organic chemistry, 
an accessible set of problems in multistep synthesis, including experimental 
aspects, which are not extensively covered by current offers available on the mar-
ket. The “self‐studying” nature of this book indeed allows the reader to be assisted 
by a number of indications such as detailed textual description of the operating 
conditions (rate and order of reagents addition), macroscopic observations (color 
change, gas evolution, formation of a precipitate, increase in temperature, etc.), 
workup procedures (neutralization, extraction, etc.), as well as selected charac-
teristic spectroscopic or spectrometric data of the products (infrared vibrations, 
1H‐NMR and 13C‐NMR, mass spectrometry, etc.). Elucidation of molecular 
structure is thereby seen as a puzzle to be solved by aggregating available pieces. 
This vision of chemistry as essentially a game and a source of intellectual stimu-
lation, shared by many of our colleagues, is worth being put forward, especially 
in the present troubled times when “societal impact” tend to constitute the quasi‐
exclusive input and justification for scientific research.

Preface



Prefacexii

We stress that our book aims to be a practice medium adapted from published 
syntheses, not a strictly authentic description thereof. Indeed we chose to favor 
pedagogy over authenticity when we estimated that part of the original research 
article was not completely suited for teaching purposes. For example, while we 
enforced to keep intact the “spirit” of the initial work, we also took the freedom 
to slightly modify reaction conditions or synthetic routes and add expected char-
acteristic spectroscopic data when missing in the original article, in order to cre-
ate a story which, although not entirely real, remains mostly plausible. These 
modifications are listed as footnotes throughout the book. As teachers, we see 
such a choice as a requirement to render state‐of‐the‐art syntheses overall acces-
sible to nonexperts; while as researchers, we are convinced that students need to 
be in contact as early as possible with the practice of chemistry as it is performed 
in research laboratories.

In the first part, Chapters 1–5 describe short syntheses, with the longest linear 
sequences below five steps, which are well suited to emphasize the understand-
ing of operating conditions and workup procedures. Process‐scale syntheses of 
active pharmaceutical ingredients are especially represented, shedding light on 
common practices of the chemical industry that are often unknown (or unsuita-
ble) to academic laboratories. Then, Chapter 6, presenting the total synthesis of 
a complex biologically active macrolide, might appear as uncommon in the sense 
that only a few chemical structures are mentioned (mostly starting materials, 
by‐products, and target compounds). Rather, a number of indications are given 
in a textual form. Such a presentation, which somehow parallels the ability of 
some chemists to precisely define complex molecular structure by merely 
employing appropriate words, undoubtedly requires effort to maintain a suffi-
cient level of mental representation. Chapters 7–10 deal with the synthesis of 
photochromic and fluorescent molecules, whose properties either allow the con-
trol of reactivity with light or the monitoring of enzyme activity in a biological 
context. Some general aspects of structure–property relation are included. 
Chapters 11–14 report synthetic approaches toward various natural products. 
Although slightly more “classical” in their form, as compared to other problems 
in the book, they highlight the detours, surprises, and dead ends commonly 
faced in total synthesis. Finally, given the growing interest for education at the 
chemistry/biology interface and the key role played by chemists in understand-
ing living systems at the molecular scale, Chapters 15 and 16 are dedicated to the 
chemical synthesis of relevant bioactive compounds and study of their biological 
activities, with emphasis on the relation between tridimensional structure and 
function.

We express our warmest thanks to the reader paying attention to this book and 
our words, and also to our past and present students, colleagues, and mentors, 
for their input on this work.

Paris, France Nicolas Bogliotti
January 2017 Roba Moumné
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1

Atovaquone is a pharmaceutical compound marketed in the United States under 
different combinations to prevent and treat pneumocystosis and malaria. In a 
report from 2012, a team of researchers described a novel synthetic process scala-
ble to 200 kg, starting from isochromandione 1 and aldehyde 2 (Scheme 1.1) [1, 2].

The route to 1 is described in Scheme 1.2. A mixture of phthalic anhydride 3 
and Et3N (1.07 equiv.) heated at 80 °C is treated over 4 h by portions of malonic 
acid (1.2 equiv.) and maintained at 80 °C for 10 h. Gas evolution was observed all 
along that period.1 After adding an excess of aq. HCl solution and cooling the 
mixture to 25 °C, the solid is filtered off and dried to afford acid 5 in 67% yield. 
This transformation presumably occurs through intermediate 4, having the 
molecular formula C10H8O5 and containing two carboxylic acid groups [3, 4].

Atovaquone: An Antipneumocystic Agent

1 This phenomenon was not reported in the original article, but was clearly observed under similar 
reaction conditions [3].

Question 1.1: Write the structure of 4 and suggest a plausible mechanism for its 
formation.

Question 1.2: Suggest a plausible mechanism for the formation of 5 from 4.

A solution of 5 in chlorobenzene is reacted for 3 h at 30 °C in the presence of 
HBr (0.05 equiv.) and Br2 (1 equiv.) in acetic acid. This reaction leads to the for-
mation of intermediate 6 (molecular formula C9H8O3) undergoing loss of a mol-
ecule of water to give intermediate 7, transformed into lactones 8 and 9 under 
reaction conditions. Water is then added, and the mixture is refluxed for 3 h and 
cooled to 60 °C. The organic layer is removed, the aqueous layer is extracted 
with chlorobenzene, and the combined organic layers are concentrated under 
reduced pressure. Addition of i‐PrOH followed by cooling to 0 °C results in the 
formation of a solid, which is filtered, washed with i‐PrOH, and dried to afford 
1 in 75% yield.

Question 1.3: Write the structure of 6 and suggest a plausible mechanism for its 
formation from 5 and its transformation into 7.



1 Atovaquone: An Antipneumocystic Agent2

Compound 1 was found to be sensitive to basic conditions, undergoing unex-
pected transformation into a new product 10. While HRMS analysis reveals a 
signal at m/z = 161 for 1 (negative mode chemical ionization), a signal at m/z = 325 
(positive mode chemical ionization) was observed for 10. 13C‐NMR spectra 

O

O

O

1O

O

Atovaquone

OH

Cl

Cl+

2

O

H

Scheme 1.1 

O

O

O

3 5 (67%)
O

CO2H
HO2C CO2H

HBr
AcOH

Br2

PhCl
30°C

6

O

O

7

O

O

8 (major)

O

O
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+

BrBr
Br HO

O

O

O

H2O

reflux
75%

1

4
then aq. HCl

−H2O

(C9H6O3)
M = 162.14 g mol−1

Et3N, 80°C

(C10H8O5) (C9H8O3)

Scheme 1.2 

Question 1.4: Suggest a plausible mechanism for the formation of 1 from 8 
and 9.

Question 1.5: The 1H‐NMR spectra reported for compounds 1, 3, and 6 are 
described in the following table.2 Assign characteristic signals for each com-
pound and identify the corresponding spectrum (A, B, or C).

Spectrum Description

A 1H‐NMR (400 MHz, CDCl3): 8.30–8.28 (m, 1H), 8.10–8.08 (m, 1H), 
7.91–7.82 (m, 2H), 5.14 (s, 2H) [2]

B 1H‐NMR (500 MHz, CDCl3): 8.05–8.01 (m, 1H), 7.93–7.90 (m, 1H) [5]
C 1H‐NMR (400 MHz, CDCl3): 7.86–7.84 (d, 1H), 7.73–7.69 (t, 1H), 7.63‐7.52 

(m, 2H), 4.13 (br. s, 1H), 1.97 (s, 3H) [2]

2 In CDCl3 solution, compound 5 was found to spontaneously convert to 6.
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Question 1.6: Suggest a plausible structure for the ion derived from 1 corre-
sponding to signal at m/z = 161.

Question 1.7: Suggest a plausible structure for 10, based on HRMS, 13C‐NMR, 
and 1H‐NMR analysis.

Cl

HO

O

Cl

O

O

Cl

cat. DMF
EtOAc
55 °C

Cl

Cl

O

H2
cat. Pd/C

quinaldine
EtOAc
20 °C

Cl

H

O

O

O

O

1

isobutylamine
AcOH, 38 °C

81%
(3 steps)

11 12 2

O

O

O
Cl

O

O

Atovaquone

OH

Cl

NaOMe, MeOH

then aq. AcOH
86%

13

N Me
Quinaldine

15

O

O

MeO
O

Cl
14

Cl

O

O
CO2MeH NMe2

O

DMF

Scheme 1.3 

show peaks at 161.3 and 189.5 ppm for 1, and at 161.5, 163.4 and 190.0 ppm for 
10. This latter compound also exhibits by 1H‐NMR spectroscopy (in DMSO‐d6) 
a broad signal at 6.57 ppm, exchangeable with D2O.

The end of synthesis is described in Scheme 1.3. A suspension of carboxylic 
acid 11 in ethyl acetate, in the presence of a catalytic amount of dimethylfor-
mamide (DMF), is warmed to 55 °C and treated with oxalyl chloride (1.1 equiv.) 
by slow addition over 30 min, to give acyl chloride 12. The crude solution is 
concentrated, cooled to 20 °C, and quinaldine (1.4 equiv.) is added. The mix-
ture is transferred into a hydrogenation vessel loaded with a catalytic amount 
of Pd/C, and stirred under hydrogen atmosphere until conversion to aldehyde 
2 is complete. After removing the catalyst by filtration, 1, acetic acid, and 
isobutylamine are successively added to the mixture; then, stirring at 38 °C 
until complete reaction results in the formation of 13, isolated in 81% yield 
after filtration.
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Finally, addition of a solution of sodium methoxide (1.2 equiv.) in methanol to 
a suspension of 13 in methanol at 20 °C followed by stirring for 18 h leads to the 
formation of a dark‐red solution. Careful monitoring of the reaction reveals the 
rapid formation of methyl ester 14, as well as lactone 15. Treatment with aque-
ous acetic acid results in the precipitation of atovaquone as a bright‐yellow solid 
collected by filtration in 86% yield.

 Answers

Question 1.8: Suggest a plausible reaction mechanism for the formation of 12 
from 11. Clearly evidence the role played by DMF.

Question 1.9: What is the role of quinaldine during the hydrogenation step? 
Which other reagent is commonly used to perform such a transformation?

Question 1.10: Suggest a plausible mechanism for the transformation of 13 into 
14 and 15, and their conversion into atovaquone.

Question 1.1: 

O

O

O

3

O−O

OHHO

OO

OHHO

H

HNEt3+
OO

OHHO

O

−O2C

+  CO2 (g)

OO

OH−O

O

O

OH

O

HO2C HO2C

–

O

OH

O

HO2C
4

O H
H

H
+

NEt3

Remark: Hydrogen atoms in the malonic position are less acidic than those of the 
carboxylic acids and many acid/base exchanges can take place during the reac-
tion. However, only deprotonation at this position allows C–C bond formation, 
finally leading to 4, thus shifting all acid/base equilibria toward the desired 
compound.
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Question 1.2: 

5

HO

HO2C

O

O

O

HO2C

H O

HO2C

4 +  CO2 (g)

Question 1.3: 

5
O
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Question 1.4: 

A common mechanism can be suggested for the formation of 1 from 8 or 9:
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M = 162.14 g mol−1

O

O

O

+  HBr

Br− or HO−

1

(C9H6O3)



1 Atovaquone: An Antipneumocystic Agent6

Question 1.5: 

Spectrum A corresponds to compound 1: 4 aromatic CH, aliphatic CH2 signifi-
cantly up‐fielded (α to both an oxygen atom and a carbonyl group).
Spectrum B corresponds to compound 3: 4 aromatic CH.
Spectrum C corresponds to compound 6: 4 aromatic CH, 1 exchangeable H 
(broad, typically OH), aliphatic CH3.3

3 Although this spectrum was initially assigned to 5 [2], several studies evidenced an equilibrium 
in CDCl3 solution favoring its existence as 6 [6, 7].

Question 1.6: 

O

O

O

Ion derived from 1: [M–H]−
O

O

O

Question 1.7: 

The mass spectrometry (MS) analysis of 10 in positive mode shows a signal at 
m/z = 325, likely corresponding to [M + H]+ ion and thereby suggesting that 10 
(M = 324) is a dimer of 1. While the 13C‐NMR spectrum of 1 shows characteris-
tic signals for ester (161.3 ppm) and ketone (189.5 ppm), 10 presumably con-
tains two esters (161.5 and 163.4 ppm) and a ketone (190.0 ppm). The presence 
of a broad signal at 6.57 ppm (exchangeable with D2O) in the 1H‐NMR spectrum 
of 10 reveals the presence of a hydroxyl group. Finally, since 1 contains both an 
enolizable H atom that could be easily deprotonated under basic conditions and 
an electrophilic ketone moiety, it could self‐dimerize to the following com-
pound 10.

O

O

O

O

OH

O
10
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Question 1.8: 
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Question 1.9: 

Quinaldine, like the commonly used quinoline (lacking the methyl substituent), 
adsorbs at the surface of palladium thus reducing catalyst activity (“poisoning” 
the catalyst) and avoiding further reduction of aldehyde function into alcohol.

Question 1.10: 
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In 2012, an optimized route to the brain‐penetrant Smoothened (SMO) receptor 
antagonist SEN794, investigated for the treatment of tumors affecting the central 
nervous system, was reported [1, 2].

The first steps of the original medicinal chemistry route to the target com-
pound are described in Scheme 2.1. A commercially available compound 1 is 
converted in two steps into compound 3, which undergoes Negishi coupling 
with functionalized pyridine 4 to give 5.

A mixture of 2‐chloro‐5‐nitroaniline 1 and sulfuric acid (1.4 equiv.) in water, 
cooled to 0 °C, is treated dropwise with an aqueous solution of sodium nitrite (1.2 
equiv.). After 30 min at 0 °C, a cationic intermediate is formed (compound 2, 
molecular formula: C6H3ClN3O2), then an aqueous solution of KI (1.4 equiv.) is 
added dropwise while the temperature is maintained below 10 °C. After 2 h at rt, 
the mixture is extracted with EtOAc, the combined organic layers are washed 
with aq. Na2S2O5 solution and brine, yielding a brown solid after drying over 
MgSO4 and evaporation. Crystallization from i‐PrOH affords 3 as a brown‐red 
solid in 71% yield. Its infrared spectrum shows bands at 3086, 1522, 1342, 869, 
and 738 cm−1.

SEN794: An SMO Receptor Antagonist

Question 2.1: Write the structure of compounds 1 and 2.

Question 2.2: Suggest a plausible reaction mechanism for the formation of 3 
from 1.

Question 2.3: Assign infrared absorption bands reported for compound 3.

Compound 3 is dissolved in anhydrous dimethylacetamide (DMA) and treated 
with organozinc reagent 4 (1.4 equiv.), PPh3 (0.2 equiv.), and Pd(PPh3)4 (0.05 
equiv.). The solution is heated to 60 °C for 30 h, cooled to rt, and added to a mix-
ture containing EtOAc, aq. NaOH (2M), and crushed ice. After stirring for 1 h and 
letting stand for 1 h 30 min, the suspension is filtered and the solid is washed with 
EtOAc. The filtrate is recovered and the layers are separated. The aqueous phase 
is extracted with EtOAc and concentrated to give a brown solid (point 1), which 
is taken up with aq. HCl (1M) and washed with EtOAc (point 2). The acidic 
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 aqueous phases are combined, cooled to 0 °C, and made basic with aq. NaOH 
(10M). This results in the formation of a brown solid (point 3), which is washed 
with water and dried to afford 5 in 41% yield.1

Cl

NO2

I
NaNO2
H2SO4

H2O, 0 °C
1

KI

H2O
0–10 °C

71%
3

Cl

NO2

5

N

Me
N

Me

ZnBr4

cat. Pd(PPh3)4

PPh3
DMA, 60 °C

45%

2

+

HSO4
−

NMe 2

O
DMA

C6H3ClN3O2

Scheme 2.1

1 The workup procedure has been slightly simplified as compared to that originally described [2].

Question 2.4: Suggest a plausible reaction mechanism for the transformation of 
3 into 5.

Question 2.5: What is the composition of the solid obtained at point 1?

Question 2.6: Indicate the repartition between organic and aqueous layers of 
DMA, compound 5, and other organic by‐products at point 2.

Question 2.7: What is the composition of the solid obtained at point 3?

The last steps leading to SEN794 are shown in Scheme 2.2. They involve con-
version of nitro 5 into bromide 7 followed by additional functionalization lead-
ing to carboxylic acid 8, which undergoes final amide bond formation.

A suspension of pyridine 5 in EtOH is treated with SnCl2 (3.6 equiv.) and aq. 
HCl (37%); then the resulting solution is heated to 60 °C for 3 h. Evaporation of 
the solvent leads to a residue (point 1), which is taken up with aq. HCl (1M) to 
give a suspension that is washed with EtOAc. The aqueous layer is cooled to 0 °C, 
made basic with aq. NaOH (10M) and extracted with EtOAc (point 2). 
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The organic layers are combined, washed with aq. Na2CO3 solution, water, and 
brine, followed by drying over MgSO4 and evaporation to give 6 in 76% yield.

Question 2.8: Give the structure of compound 6 and indicate its ionization 
state at point 1.

Question 2.9: Indicate the ionization state of 6 at point 2 and its repartition 
between aqueous and organic layers.

Compound 6 is dissolved in aq. HBr (48%), cooled to 0 °C, treated dropwise 
with an aqueous solution of NaNO2 (1.1 equiv.), and stirred for 30 min at rt. The 
mixture is cooled to −5 °C, treated dropwise with a solution of CuBr (1.1 equiv.) 
in aq. HBr (48%), left to warm to rt, and stirred for 1 h. After cooling to −5 °C, 
aq. NaOH (5M) is added and the resulting mixture is extracted with EtOAc. The 
combined organic layers are washed with water and brine, dried over MgSO4, 
filtered, and concentrated to afford a brown oil, which was purified by column 
chromatography to give 7 in 64% yield. The 1H‐NMR data for 7 are reported as 
follows:

1H‐NMR (400 MHz, DMSO‐d6) for 7: 8.53 (m, 1H); 7.75–7.70 (m, 1H); 7.73 
(d, J = 2.4 Hz, 1H); 7.64 (dd, J = 8.0 Hz, 2.4 Hz, 1H); 7.60 (d, J = 8.0 Hz, 1H); 7.53 
(d, J = 7.8 Hz, 1H); 2.36 (s, 3H).

Question 2.10: Assign 1H‐NMR signals reported for compound 7 and justify 
their multiplicity.

Carboxylic acid 8, obtained in two steps from 7, is added by portions over 
10 min to a suspension of carbonyldiimidazole (CDI) (1.2 equiv.) in CH2Cl2, 
resulting in intensive bubbling (point 1). The mixture is stirred for 1 h, followed 
by dropwise addition of a solution of amine 9 over 10 min. After stirring for 
3 days at rt, the solution is washed with aq. NaOH (0.9M) (point 2), layers are 
separated, and organic phase is dried over Na2SO4 to afford SEN794.2

Question 2.12: What is the origin of bubbling observed at point 1?

Question 2.13: Why is the solution washed with a basic aqueous solution at 
point 2?

Question 2.11: Suggest a plausible mechanism for the transformation of 8 into 
SEN794.

Question 2.14: Predict the relative polarity of compounds 8 and SEN794 
observed by thin‐layer chromatography (SiO2).

In an optimized synthetic route, access to key pyridine 7 was redesigned start-
ing from methyl‐ketone 10 (Scheme 2.3). This strategy is based on the formation 

2 The product obtained contains about 6% w/w CH2Cl2.


