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Chapter I: Reductive cyclization of nitroarenes.

1. Introduction.

1.1. Nitrogen-heterocycles.

The wide class of nitrogen-containing aromatic compounds contains some of the most important
building blocks for the synthesis of more complex molecules. In particular nitro compounds and
anilines occupy a prominent role in organic synthesis owing to their use as starting materials for a
plethora of nitrogen-heterocycles with a wide range of applications as dyes,*? explosivest“l and
pharmaceutical materials.®! Different N-heterocycles are predominant functional scaffolds in many
natural compounds, which make them essential for the chemical reactions that occur in all living
organisms. For many decades, medicinal chemists have been constructing N-heterocycles scaffolds
for their biologically active properties.[®"! It is thus not surprising that the interest in developing new
and improved methodologies to synthesize N-heterocycles has steadily been growing. Nitroarenes are
considered one of the most common entry point for the preparation of almost all N-heterocycles. ]
Thus, any transformation that involves using them directly to prepare N-heterocycles in one pot is
highly desirable since it saves one or more synthetic step.l!

For many years now, our research group have been developing accessible methods for the preparation
of various N-heterocycles through reductive cyclization of the appropriate nitroarene precursor. [0l
In the next paragraphs, we will focus specifically on reporting and discussing the previous techniques
used to prepare carbazoles since part of the practical work of this thesis deals with optimizing a novel
catalytic procedure for Pd-catalyzed reductive cyclization of 2-nitrobiphenyl to produce carbazoles.

1.2. Carbazoles.

The tricyclic carbazole ring system (Figure 1) is an essential component of many biologically active
natural compoundst*®2® (e.g., alkaloids) and synthetic drugs®? (Figure 2). In synthetic materials,
carbazoles are valuable m-extended building blocks for both small-molecule and polymeric opto-
/thermo-electronic materials because of their desirable electronic and charge transport characteristics,
as well as their high thermal stability.[?°! To tune the carbazole’s properties and incorporate them into
more complex compounds either the chemical functionalization of the parent carbazole moiety or the
construction of the tricyclic scaffold from simple, readily available molecules is required. Due to its
electron-rich nature, carbazole (Figure 1) are considered a moderate nucleophile that can be
functionalized with a variety of electrophiles (acyl, tertiary alkyl, nitro, halogen, etc.).*% The most
reactive positions for electrophilic substitution are the “para” positions to the nitrogen atom (position
3 and 6). However, alternative syntheses are required when functionalization of the 2, 4, 5, or 7 ring
positions is needed, or when mono and/or unsymmetrical substitution patterns are desired or for
functional groups that cannot readily be introduced by electrophilic substitution.[3-3l
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Figure 1. Structure of carbazole ring system.
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1.3. Methods for carbazole formation.

Given the tremendous demand on functionalized carbazoles and their derivatives across many fields,
carbazoles have received considerable attention in the literature, particularly in terms of their synthetic
methodology. In the past decades, a considerable number of improved or novel methods for carbazole
synthesis have been reported. The reported methods were classified based on whether they lead to
generation of the benzene (A) ring or pyrrole (B) ring or both rings of the carbazole in tandem. 34

1.3.1. Methods involving formation of benzene ring (A).

Numerous methods involving a 6me electrocyclic reaction have been developed to construct the
carbazole A (benzene) ring from indoles modified with unsaturated moieties on the C2 and C3. An
efficient protocol for the synthesis of a broad range of carbazole derivatives is the electrocyclic reaction
of 2,3-divinylindoles 1 to functionalized carbazoles 2. Usually, this reaction is carried out at high
temperatures in the presence of dehydrogenating agents such as palladium on activated carbon or 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (Scheme 1).[>381 Some recent developments will be
discussed below.

X X
— Pd/C or DDQ
Q / Y solvent, reflux O O Y
N Z “H - N Z
H 2 H
1

Scheme 1. 6ze electrocyclic reaction for carbazole formation. 353!

A synthetic procedure for carbazoles was developed by Langer and co-workers starting from N-
methyl-2,3-dibromoindoles 3. These are used as starting material for a double-Heck coupling reaction
with acrylic esters 4 in tandem with 6n-electrocyclization (Scheme 2). During the cyclization, the
aromaticity of the indole moiety is maintained by a [1,5]-H shift leading to the intermediate 5.
Aromatization of the new six-membered ring to the final carbazole 9-methyl-2,9-dihydro-1H-
carbazole 7 is achieved by dehydrogenation using with Pd/C in refluxing xylene.B7l Although, this
method affords carbazoles in good yields, the need for synthesising brominated indoles as the starting
point and the limited variations of substituents in the product (only ester group) are the main
drawbacks.
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Scheme 2. Langer’s method for carbazole formation.”)

[4+2] Cycloadditions are a widely used class of reactions for the construction of six-membered ring
systems in organic synthesis. Their value is especially due to the usually high regioselectivity, with
respect to other reactions, in the formation of substituted six membered rings. Thus, these approaches
have been reported for the synthesis of the A (benzene) ring of carbazoles. Tao et al. developed a
procedure for synthesis of benzo [a]carbazoles that starts with a [4+2] cycloaddition between 3-
alkenylindoles 8 and a benzyne generated in-situ from 2-trimethylsilylphenyl triflate 9 in the presence
of caesium fluoride in acetonitrile-toluene. The reaction was performed under dioxygen atmosphere
thus the intermediately formed Diels—Alder cycloadduct is eventually oxidized to yield the carbazole
scaffold 10 (Scheme 3).[8
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Scheme 3. Tao et al. synthesis of benzo[a]carbazoles. 8!
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One advantage of this procedure over Langer’s method is that it does not require an extra
dehydrogenation step since the aromatization of the cycloadduct is achieved directly under dioxygen
atmosphere. However, preparation of the indole precursor remains an obstacle.

1.3.2. Methods involving formation of pyrrole ring (B).

Fischer indole synthesis, first proposed in 1883, is one of the oldest reactions in organic chemistry, but
it still remains an essential reaction for the formation of the five-membered ring in indoles.¥ The
procedure involves the reaction of a phenylhydrazine with a carbonyl compound (aldehyde or ketone)
under acidic conditions. The Borsche—Drechsel modification of the Fischer synthesis, some years later,
allowed the preparation of carbazoles in an analogous way. The synthetic pathway involves the
condensation of cyclohexanones 11 with phenylhydrazines 12 to produce arylhydrazones 13, which
undergo an acid-promoted isomerization followed by a [3,3]-sigmatropic rearrangement to produce
the five-membered ring. The so formed aminal then eliminates ammonia to affords 1,2,3,4-
tetrahydrocarbazoles 14 (Scheme 4).140-%%1 Finally, carbazoles 15 can be obtained by dehydrogenation
using palladium on activated carbon or chloranil.

: N©) O\ . ©\ [3,3]-sigmatropic
1 aq. AcOH SN H NH rearrangement NH
— > | _— h -
* reflux NH NH o NH
L 9 9
N2 . R ] R R
12 H 13
re-aromatization NH  cyclization NHz  _NH, _ chloranil O
» NH, ————> NH > NH NH
or Pd/C O
R
R R R
1,2,3,4-tetrahydrocarbazoles carbazoles

14 15

Scheme 4. Key steps for the Borsche—Drechsel carbazole synthesis.[3%-4]

Another classical method to obtain carbazole 18 is through the thermal reaction of 1-
phenylbenzotriazole which is known as the Graebe—Ullmann synthesis (Scheme 5).[44 The starting
material, 1-phenylbenzotriazole 17, can be obtained by diazotization of N-(2-aminophenyl)aniline
16.145-461 Despite the fact that this reaction proceeds almost quantitatively with unsubstituted 1-
phenylbenzotriazole, it is very sensitive to the presence and nature of substituents. Few information is
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known about the mechanism of this reaction, but most likely it involves a diradical intermediate in the
thermolysis of the triazole.[*"]

\
©/N NaNO,, HCI ®/N© A, neat ‘ O
’ —_—
\© 0-5°C N, N
16 17

18
1-phenylbenzotriazoles

Scheme 5. Graebe-Ullmann synthesis of carbazoles. 4!

In 1975, Akermark and co-workers reported a palladium (11)-catalyzed oxidative cyclization of N,N-
diarylamines 19 to carbazoles 22 (Scheme 6).*81 The reaction proceed through an initial direct
palladation of the C-H of one aromatic ring of the amine to from the intermediate 20. Palladation of
the second aromatic ring leads to the formation of palladacycle 21, which in turn undergoes reductive
elimination forming the central carbon-carbon bond of the carbazole skeleton. This method represents
one of the pioneering works on the synthesis of the five-membered ring of carbazoles by direct C-H
activation. Although the procedure showed a general applicability owing to the tolerance of a wide
range of substituents, it requires stoichiometric amounts of palladium(ll) acetate, thus limiting its
interest for preparative purposes.[*®! More recently, Knolker and co-workers reported a catalytic
version of the reaction. In this modification, catalytic amounts of palladium can become effective by
re-oxidation of palladium(0) to palladium(I1) using copper(ll) acetate as stoichiometric oxidant.[*%-5¢]
Since then, numerous alternative oxidants (e.g., tert-butyl hydroperoxide, benzoquinone, and catalytic
tin(1l) acetate in combination with oxygen, oxygen, and air, respectively) have been reported (Scheme
6).59691 Recently, Knolker and co-workers have also isolated and characterized by X-ray
crystallography a palladacycle of the type 21.'% This key intermediate, proposed by Akermark 37
years before, 8l was trapped by using pivaloyloxy and acetyl groups for directed palladation.[’®!

12
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Scheme 6. Palladium (11) mediated oxidative cyclization of N,N-diarylamines to carbazoles.[48-5¢]

The traditional method for the preparation of the required diarylamines 19 is the copper mediated
Ullmann-Goldberg coupling of acetanilides 23 with bromobenzenes 24 followed by alkaline
hydrolysis of the generated acetamide moiety (Scheme 7).["*74 Nowadays, the preferred method for
the synthesis of diarylamines is the palladium(0)-catalyzed Buchwald-Hartwig amination (Scheme
7).[581 The advantages of this protocol over the Ullmann-Goldberg one are that it requires only
catalytic amounts of the transition metal and can be performed under milder reaction conditions.

1 2 ! 2
R@\ /@R 1. Cu, K,CO3, pyridine R@\ /@R
+ -

r}rH Br 2.20% KOH, EtOH N

23 Ac 24 H

Ulimann-Goldberg coupling 19
R! R2 R! R?

@\ /@ Pd catalyst, ligand @\ /@
+ »

X H,N base, solvent I?l

25 26 H

X= CI,Br,I,OTf,ONf,0Ts 19

Buchwald-Hartwig amination

Scheme 7. Traditional methods for synthesis of diarylamines.[-8%
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A one-pot, two-step method for the synthesis of carbazoles was reported by Larock and co-workers in
2004.18% The method involves cross-coupling of 2-iodoanilines 27 with silylaryl triflates 28 in the
presence of cesium fluoride. The reaction is believed to proceed through an aryne intermediate
followed by palladium(0)-catalyzed cyclization of the afforded biarylamine to produce carbazoles 30
(Scheme 8).[81821 The advantage of this method is the use of a palladium(0) species as the active
catalyst for the cyclization reaction, this allows for lower catalyst loadings and oxidizing reaction
conditions are not needed. A drawback of that methodology is the fact that the starting materials
(halogenated arylamines) are not as easily accessible as the non-halogenated arylamines that are used
in the palladium(11)-catalyzed Akermark process discussed before (Scheme 6).

R TMS R2
@il TMS]@ 1. CsF, MeOH @\ @ R2
—
NHR3 TfO 2. Pd catalyst N
27 ligand, base FI{?’
29 30

Scheme 8. Larock synthesis of carbazoles.[®12

Recently, Ackermann and Althammer reported a modification of Larock method. The modification
involves a palladium-catalyzed one-pot domino N—H/C—H bond activation that leads to the formation
of carbazoles 22.[8384 Through this procedure, a range of carbazoles were synthesized by coupling of
different anilines 26 with 1,2-dihaloarenes 31 (Scheme 9).

R R2
@\ Clj@ Pd catalyst R R2
+ e
NH, X ligand, base N
|
26 31 H
X=Cl, Br, | 22

Scheme 9. Ackermann and Althammers synthesis of carbazoles.[3-84]

Although less atom-economical, a similar approach is the synthesis of carbazoles 30 through double
palladium(0)-catalyzed Buchwald—Hartwig coupling of 2,2-dihalobiphenyls or biphenyl-2,2’-diyl
bistriflates 32 with primary amines or ammonia (Scheme 10).[8581 The starting material can be
prepared by Suzuki-Miyaura cross coupling of the appropriate coupling partners.

14



x  * HN-R® > N-R3
Q or Cu(l) O
R2 32 R2 30
X=OTf, Br

Scheme 10. Synthesis of carbazoles via two-fold Buchwald-Hartwig coupling. 588

Stokes and co-workers reported a procedure for synthesis of substituted carbazoles 34 from readily
available biaryl azides 33 using a Rhz(I1) carboxylate catalyst (Scheme 11).1%1 A drawback of this
method is the strong dependence of carbazole formation on the electronic and steric nature of the R?,
R3, or R* substituents. Electron withdrawing groups on R? (e.g., F and CI) result in higher yields,
whereas lower conversion and yield were observed when R? is an electron donating group (e.g. Me).[8*-
%1 The starting biaryl azides 33 were synthesized through Suzuki cross-coupling reaction of 2-
bromoanilines 35 and phenyl boronic acids 36 followed by a diazotization/azidation sequence
(Scheme 12).18% The method is more environmentally friendly than the previously described double
Buchwald-Hartwig coupling, since it only produces N2 as side product. However, arylazides are less
stable and less abundant on the market than arylhalides and their preparation is not always
straightforward.

Rho(02CCF7)s or Rhy(O,CCHs5)a R*  qa

O (5 mol%) R'
RS . . o R*
4 A mol sieves , PhMe, 60 °C

N3

33 34

Scheme 11. Synthetic method for substituted carbazoles from biaryl azides.[®]

Br R2 5 mol% O R2 G R?
(HO).B Pd(PPhs), NaNO,
R’ + _— » R - » R!
NH, K2CO3 NH, NaN;

35 36 33

N3

Scheme 12. Synthesis of biaryl azides through Suzuki cross-coupling then diazotization followed by
azidation.[®
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An advantageous method for the synthesis of highly substituted carbazoles is achieved through the
electrophilic aromatic substitution of electron-rich arylamine 38 with tricarbonyl(s*-cyclohexa-1,3-
dienylium)iron complex salts 37.°%%1 These cations efficiently gives electrophilic aromatic
substitution on arylamines. Oxidative cyclization of the resulting iron-arylamine complexes 39 leads
directly to carbazoles 40 (Scheme 13). The sequence of those two reactions represents a highly
convergent pathway to many carbazoles. The reaction involves consecutive iron-mediated C-C and C-
N bond formations followed by aromatization. Alternatively, reaction of the arylamines 38 with the
tricarbonyl iron-coordinated cyclohexadienylium ions 37 in air leads to direct formation of the
tricarbonyl iron-coordinated 4a,9a-dihydrocarbazoles 41. Afterwards, demetallation of the complexes
41 to the corresponding free ligands and subsequent aromatization afford the carbazoles 40.

RS R’
2
(CO)sFe + ——» (CO)sFe R
X HoN R3 RS
4
37 R
- - o - 38 39 2N R®
X :BF4 ,PF6 R4
cylization by air arylamine cyclization l
R" R2 R R?
R5 R5
PVl - g e Yas
R® Pd/C R6
'\\l R4 '\\l R4
H H
41 40

Scheme 13. Iron-mediated synthesis of carbazoles.***%!

Knolker and co-workers have developed an approach analogous to the iron-mediated carbazole
synthesis discussed above (Scheme 13) employing a molybdenum-mediated reaction instead. The
reaction begins with formation of regio- and stereoselective molybdenum complex 44 via electrophilic
aromatic substitution of electron-rich arylamines 43 with the cationic molybdenum complex 42.
Oxidative cyclization of 44 with simultaneous aromatization and demetallation using activated
manganese dioxide affords the carbazoles 45 (Scheme 14).[°4
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Scheme 14. Knalker molybdenum-mediated carbazole synthesis.[*

Recently, Cho et al showed that N-H carbazoles can be accessed through a visible-light-induced
reaction of 2,2’-diaminobiaryls 46 in the presence of tert-butyl nitrite without the need of external
photosensitizer (Scheme 15).1%%1 This method proceeds through an in-situ formation of a visible-light-
absorbing photosensitizing intermediate, benzocinnoline N-imide (I11), and it only requires t-BuONO,
molecular oxygen and natural resources such as visible light to afford NH carbazoles in moderate
yields (25-70 %). The transformation of triplet molecular oxygen to singlet oxygen that, in turn,
promotes the synthesis of carbazole is activated by benzocinnoline N-imide (111) intermediate. These
claims were supported by experimental and computational studies.

R2 R2
O tBUONO (1.3 equiv.) D
NH, DCE (0.1M), O,
NH,
Q CFL (24W)
46 rt, 24h
R1 B ~ / R1
+ O isolated yield %= 26-70
/ N

o O NH
R2 /
L " i

Y

NH

R'I
=

Scheme 15. A visible-light-induced synthesis of N-H carbazoles from 2,2’-diaminobiaryls.[®
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One of the most widely employed methods for carbazole synthesis involves the deoxygenative
cyclization of o-nitrobiphenyl derivatives in the presence of suitable organophosphorus reagents. This
method is commonly referred to as the Cadogan cyclization (Scheme 16).[°6%1 The most important
advantages of this method are the increased substrate scope, higher substituent tolerance, and a more
precise regiocontrol of functional group placement within the product (determined by relative position
in the biphenyl starting material). A variety of functionalized carbazoles has been prepared by this
procedure. The widely accepted mechanism for this transformation involves exhaustive deoxygenation
to a singlet nitrene that later undergoes a C-H insertion, although evidence has also been provided that
the cyclization may occur at the nitrosoarene stage.

The reaction is commonly conducted by refluxing in an excess of triethyl phosphite, as both the
reductant and the reaction solvent. While generally successful, this procedure exhibits considerable
substrate dependence, both in terms of the reaction time and product distribution. In addition, the
desired carbazole is often contaminated by the N-ethoxy derivative, which results from alkyl transfer
to the product either directly from solvent or, more likely, from the triethyl phosphate by-product of
the reaction.!%-1% Thyjs side reaction is particularly dominant in case of long reaction times or with
substrates bearing electron-donating substituents.

P(OEt); P(OEt),

— > _—
NO, NO N N
H OEt
Major Minor

Scheme 16. Cadogan synthesis of carbazole.!%¢-%]

Furthermore, the undesired alkylated impurity is usually difficult to remove, requiring careful, tedious
chromatographic purification, which complicates the large-scale syntheses required for industrial
applications. Attempts have been made to solve the problem of unwanted alkylation by the reagent or
by-product by using triphenylphosphine which offered the possibility to remove the by-product,
triphenylphosphine oxide, by a number of methods including precipitation, or chromatography, thus
simplifying purification.[*° However, the generation of a large amount of phosphorus waste detracts
from this approach. Apart from the low sustainability in terms of atom economy, another main
drawback of this method is the relatively high cost derived from using a stoichiometric reductant based
on phosphorus. As a more environmentally friendly alternative to Cadogan reaction, five-membered
ring heterocycles have been carried out more effectively through transition metal catalyzed reductive
cyclization reactions of nitroarenes with CO as the stoichiometric reductant.'%-1%¢1 |ndeed, a large
variety of bulk[19-112] and finel*: 15 1131141 chemicals have been prepared often with high efficiency
with these systems. A plethora of nitrogen-containing heterocycles have been prepared by intra-
molecular cyclization of suitably ortho-substituted nitroarenes using CO as a stoichiometric reductant
(Scheme 17).
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Scheme 17. Intra-molecular cyclization reactions of nitroarenes.

Although less studied than intra-molecular cyclizations, examples of inter-molecular cyclization
reactions have been also reported. In the latter reactions, the unsaturated group is on a separate
molecule with respect to the nitroarene (Scheme 18).120: 12 115-116] This makes the inter-molecular
reactions a valuable alternative to reactions in Scheme 13 because reagents are often commercially
available, whereas most of the reagents for the reactions in Scheme 17 need to be synthesized in one

or more steps.
L . Ql
R
NH @ ji jC'}‘ \\R
N R R
| NO,
.// Ru3(CO)43

Ar-BIAN | N Pd/Phen H-0
// or Ruz(CO)4,/Ar-BIAN 2

R' R
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Scheme 18. Inter-molecular nitroarene cyclization reactions, 1% 12 115-116]
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More recently, g-nitroolefins have also been employed as substrates, to give indoles, thienopyrroles
or pyrroles (Scheme 19).[13-14.16.117]

R, Ra
Pd/Phen
,/« sy)\rNOZ . : E§7R1
\\ | N s N
H

R4 +CO, -CO2 et

Scheme 19. Cyclization of B-nitrostyrenes and nitrodienes.[*3-14 161171

The reactions shown in Scheme 17 can be catalyzed by low-valent complexes of ruthenium*16 118-119]
rhodium#-2 or palladium!t® 33 122124 and, in a few cases, even iron complexes have been
demonstrated to be competent catalysts.[*2>12¢]

Palladium/phosphine catalysts are effective for the reductive cyclization of o-nitrostyrenes to indoles
but fail when applied to biaryl substrates.*% It should be noted that the use of phosphite and phosphine
as a ligand is not advisable for a long-term use of the catalyst. Specifically, phosphines have been
observed to be converted quantitatively into the corresponding phosphine oxides under similar
conditions.[*?”128] Thus, the catalyst loses activity and stability as triphenylphosphine is oxidized and,
moreover, removal of the phosphine oxide from the product by crystallization causes unacceptably
large product losses in most cases.l*?”] Therefore, in the last decade, the most studied and the most
active and selective systems reported are based on the use of palladium/phenanthroline complexes.

The first reports on transition metal catalyzed reductive cyclization of nitrobiaryls to produce
carbazoles employed Ruz(CO)12 as the catalyst under relatively harsh conditions such as 220 °C and
50 bar of CO (Scheme 20).122%-1%0] The forcing conditions and the moderate yields of carbazoles
obtained due to competitive formation of products from CO insertion and over-reduction, significantly
limit the synthetic utility of this system.

O Ru3(C0O)4,, NaCl O O
- Q0 - 0 C
> ;
H

+
CO (50 bar), 220 °C N O NH,
N02 [
100 % conversion H
carbazole CO insertion over-reduction
5 : 2 : 1

Scheme 20. Ruthenium-catalyzed reductive cyclization of nitrobiphenyls.[t29-130]

Milder conditions were investigated by Davies and co-workers for the synthesis of indoles (Scheme
21)*271 and carbazoles (Scheme 22)B3! starting from o-nitrostyrenes and 2-nitrobiphenyls,
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respectively. Treatment of ortho-nitrostyrenes with palladium (I1) and 1,10-phenanthroline or 3,4,7,8-
tetramethyl-1,10- phenanthroline (TMPhen) in DMF at 1 bar of CO and 80 °C afforded indoles in good
to excellent yields. The synthesis of indoles by this strategy was considered more convenient since it
employs cheap carbon monoxide as the stoichiometric reductant with low catalyst loading and CO3 is
the only stoichiometric by-product, which offers significant economic and environmental advantages
over the standard triethylphosphite deoxygenation procedure. The synthesis of carbazoles from o-
nitrobiphenyl required much harsher conditions, higher catalyst and ligand loadings at higher pressure
and temperature (Scheme 18). In addition, only a relatively narrow substrate scope was reported
including few functionalized carbazoles in many cases in moderate yields.[*!

1 mol% Pd(OAc), or Pd(TFA),

X\@\/N 2 mol% 1,10-phen or tm-Phen
NO 15 psig CO, 80 °C

2

X
Iz /E
=

DMF, 16h

Scheme 21. Davies’ mild conditions for palladium-catalyzed reductive cyclization of 2-
nitrostyrenes. 271

2 mol% Pd(OAc),

O O 4 mol% 1,10-phen O
! 70 psi CO, 140 °C
NO, DMF, 16h H
97%

Scheme 22. Davies’ mild conditions for palladium-catalyzed reductive cyclization of 2-
nitrobipheny!.[%]

Despite the high efficiency of several of these reactions, their use has not spread outside the limited
number of groups that reported them. This is most likely because they generally involve the use of
pressurized CO, requiring safety measures and pressure equipment that are not available in most
synthetic organic laboratories. This issue is common to other carbonylation reactions and in recent
years many reagents have been studied that are able to release CO in situ in order to overcome the
problem.[*3-1321 However, some of these reagents are toxic (for example Mo(CO)s) or not
commercially available. Moreover, in several cases the decomposition of the CO-releasing molecule
and the actual catalytic reaction need to be performed in two separate reactors connected to each other.
Since the reactors should be able to withstand at least a moderate pressure (a few bars) these facts limit
the scale of the reaction to available reactors.
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Our group at Milano University has developed a synthetic method based on the use of formate esters
as suitable CO releasing substances in the preparation of indoles from o-nitrostyrenes.[*®l Formate
esters are convenient because of their commercial availability, low cost and low toxicity. Phenyl
formate was found to be more effective than alkyl formates, allowing lower temperatures to be
employed and higher selectivities to be achieved. Moreover, phenyl formate can be activated by weak
organic bases, whereas alkyl formates require the use of strong bases or the addition of a ruthenium
catalyst, which makes the catalytic system more complex. The reactions could be operated in a single
glass pressure tube. This equipment is cheap and available in different sizes. A steel autoclave can also
be used, but without the need for pressurized CO. The best catalytic system optimized for the synthesis
of indoles is based on the use of Pd(CH3CN).Cl> as pre-catalyst and 1,10-phenanthroline as ligand,
phenyl formate as the CO releasing agent and triethylamine as the base to activate it, in acetonitrile at
140 °C (Scheme 19).

R

o > Pd(CH5CN),Cl,, Phen N \§R
- Ay

G HCOOPh, EtzN =

R NO, : R~ N

CH3;CN, 140 °C

Scheme 23. Ragaini’s optimized catalytic system for indole synthesis.[*8]

The developed protocol was also tested in other reactions, such as the synthesis of oxazines from
nitroarenes and dienes, the cyclization of o-nitrobiphenyl to give carbazole, the synthesis of quinolones
from chalcones and the cyclization o of S-nitrostyrenes to give indoles (Scheme 24).[:81

5 mol% Pd(CH3;CN),Cl, Ph
6.5 mol% Phen + ©:
N NH,
H

4.4 equiv. HCOOPh
NO, 0.54 equiv.Et3N
CH4CN, 180 °C, 5 h y =46 %

-

by-product

1 mol% Pd(CH3CN)QC|2
= 2.5 mol% Phen O |
O 4.4 equiv. HCOOPh N
NO, OMe  0.54 equiv.EtsN H O
CH4CN, 140 °C, 3 h OMe
y =67 %

recovered by filtration
no chromatographic separation

g
o

1 mol% Pd(CH3CN),Cl,

3 N N0z 2.5 mol% Phen A
4.4 equiv. HCOOPh N
0.54 equiv.Et3N H
4
1 mol % Pd(CH3CN),Cl, T
©/ 2.5 mol % Phen ©/N

CH3CN, 140 °C, 7 h y=51%

4.
0.54 equiv. Et3N a0
16 equiv. 44 equiv. HCOOPh y=97%
CH3;CN, 140 °C, 3 h Sole product

detected by GC-MS
Scheme 24. Synthesis of other N-heterocycles (yields of isolated products are reported).[*8!
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The protocol worked in all cases even though experimental conditions were not optimized for these
specific reactions. Wide margins for improvement clearly existed, but the oxazine yield was already
higher than that previously obtained using pressurized CO.

Since the single experiment for the synthesis of an oxazine by the palladium/phenanthroline catalyzed
reaction of nitrobenzene and 2,3-dimethylbutadiene using phenyl formate as a CO source (4" reaction
in Scheme 24) had given an excellent yield (97%), the scope and limitation of the reaction were
afterwards studied. Many functional groups were well tolerated, and yields were higher than those
obtained by any previously reported method.[*"! Instead, the unoptimized synthesis of carbazole (1%
reaction in Scheme 24) gave only a low yield (<50%), thus leaving room for improvement. One aim
of this work is to investigate several modifications of the reported catalytic system to make it suitable
for the synthesis of carbazoles.

Part of the work of this thesis focused on the optimization of the previously reported catalytic protocol
for the synthesis of carbazoles from o-nitrobiaryls as well as investigating the scope and mechanism
of the reaction. The large difference on the optimized conditions and the catalyst behavior with respect
to those optimized for indoles synthesis, suggests important differences between the mechanism of the
two reactions and stability of the involved intermediates.

1.3.3. Methods involving both rings of the carbazole.

Besides the synthetic strategies that leads to the formation of either ring A or B of the carbazole ring
discussed above, there are several synthetic procedures in which both rings A and B are formed in one
step. However, the starting compound in almost all cases is an aromatic ring bearing an alkyne group
ortho to a N-alkynyl amino group. A representative example is discussed below.

An important example on methods constructing both the benzene (A) ring and the pyrrole (B) ring of
the carbazole in tandem is the Vollhardt-type cyclotrimerization of diynes 47 and alkynes 48 developed
by Witulski and Alayrac.'*31 This method uses catalytic amounts of Wilkinson’s catalyst
[RhCI(PPh3)s] for the preparation of substituted carbazoles 49 (Scheme 25).1'*¥1 However, the
decreased availability of the precursors is usually a drawback for these reactions.

[RhCI(PPh3)3]
48 49 1

2
_ R? R®  Re
1 R3 Wilkinson's catalyst R’
R / + R4—RS > R®
47 l LR

Scheme 25. Witulski and Alayrac tandem formation of both the benzene (A) ring and the pyrrole (B)
ring of the carbazole system.[*3]
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2. Results and discussion.

Our aim is to take advantage of the previously described preliminary experiment (1% reaction in
Scheme 24) using our phenyl formate catalytic procedure and applying several modifications to make
it suitable for carbazole synthesis. Taking into account Davies conditions for Pd(OAc). catalyzed
reductive cyclization using CO gas (Scheme 22).

2.1. Optimization of the catalytic system.

At first the reaction was investigated employing the commercially available o-nitrobiphenyl as the
model substrate to determine the optimum conditions for the synthesis of carbazole. We started our
investigation by re-testing our previously developed protocol.

Table 1. Pd-catalyzed reductive cyclization of 2-nitrobiphenyl: solvent effect.®
5 mol % Pd(CH3CN),Cl,
O O 9 mol% 1,10-Phen
solvent, 180°C, 5h N
NO> 4.4 equiv.HCOOPh H
0.54 equiv. Et;N

Entry solvent % conversion % carbazole selectivity % amine selectivity
1 CH3CN 94.7 35.3 29.8
2 DMF 99.7 66.0 20.1

(a) Experimental conditions: o-nitrobiphenyl (107.6 mg, 0.54 mmol), Pd(CH3CN)2Cl; 5 mol%, Phen 9 mol%, HCOOPh
(260 pL, 2.38 mmol, 4.4 equiv.), EtsN (40 pL, 0.28 mmol, 0.54 equiv.), solvent (10 mL), 180 °C, time=5h. Reactions were
performed in a pressure tube. The reagent conversion and product selectivity were measured by gas chromatography using
biphenyl as the internal standard.

The reductive cyclization reactions of ortho-functionalized nitroarenes using carbon monoxide as the
reductant and Pd complexes as the catalyst works well in polar solvents. In the preliminary experiments
on ortho-nitrobipheny! reported by the group,™® acetonitrile was used as the solvent. Methanol or
other protic solvents are not compatible with the transformation since they will lead to a faster
reduction of the nitro to amine and its subsequent carbonylation to form carbamates and ureas. DMF
is often a good solvent for these reactions,®¥! thus we tested it before screening other conditions.
Noticeably, its use almost doubled the selectivity in carbazole and allowed to reach nearly complete
conversion (>99%). For this reason, it was selected instead of acetonitrile for the rest of the
optimization.
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Smitrovich and Davies performed a comprehensive screening conditions employing Pd(OAc). and
phenanthroline as the catalyst for the synthesis of carbazoles from o-nitrobiphenyls. By changing the
precatalyst to palladium(ll) trifluoroacetate they noticed a lack of activity thus concluding that an
important factor was the presence of a coordinating anion.®¥! Since, during the cyclization, a series of
proton transfer are involved in the synthesis of the final product, it is possible that acetate acts as a
bifunctional catalyst in promoting these transfers and make the reaction irreversible.[®l Prompted by
these results, we performed some experiments using either Pd(OAC)2 as the catalyst (entry 3, Table 2)
or Pd(CH3CN)2Cl: in presence of a source of acetate (entry 2, Table 2). The temperature was lowered
by 20 °C with respect to the experiments in Table 1 in order to better distinguish the effect of variations.
The absence of acetate anion had no effect on the reaction (compare entries 1 and 2, Table 2), in fact
Pd(CH3CN).Cl, gave much better conversion than Pd(OAc). (compare entries 1 and 3, Table 2), while,
the addition of chloride source enhanced the conversion even when Pd(OAC): is used as the catalyst
(compare entries 3 and 4, Table 2). Thus, our initial hypothesis was not confirmed by these initial
results. Therefore, we decided to use Pd(CH3CN)2Cl> as the catalyst for the rest of the optimization.

Table 2. Pd-catalyzed reductive cyclization of 2-nitrobiphenyl: effect of acetate and chloride ions.
5 mol% catalyst
O O 9 mol% 1,10-Phen
DMF, 160°C, 16h \
NO3 4.4 equiv.HCOOPh H
0.54 equiv. EtzN

. % % carbazole % amine
Entry catalyst additive _ o .
(Mol%) conversion selectivity selectivity
1®  Pd(CH3CN).Cl,  -----mmmn- 99.7 55.5 24.8
2@ Pd(CHCN).Cl, TN acetate 99.6 54.5 252
®)
3@ Pd(OAC), -------- 74.2 44.3 11.3
C)2 . . .
4@ Pd(OAC) PPN ?2)'0”0'9 99.8 54.5 14.6
50) Pd(OAc), -----ee- 100 82.1 2.0
6®© Pd(OAc), - 100 85.4 4.6
709 Pd(OAc), - 98.9 24.6 25.3
g€ Pd(OAC), - 97.5 39.9 17.9

(@) Experimental conditions: o-nitrobiphenyl (107.6 mg, 0.54 mmol), Pd-catalyst 5 mol%, Phen 9 mol%, HCOOPh (260
pL, 2.38 mmol, 4.4 equiv.), EtsN (40 pL, 0.28 mmol, 0.54 equiv.), DMF (10 mL), 160 °C, time=16h. Reactions were
performed in a pressure tube. The reagent conversion and product selectivity were measured by gas chromatography using
biphenyl as the internal standard. (b) The reaction was performed in a glass liner that was later inserted in a steel autoclave
and charged with CO (6 bar) adapting the procedure reported in ref.[3%] see the experimental part for details. (c) phenol
(4.4 equivalent) was added. (d) EtsN (0.54 equivalent) was added. (e) phenol (4.4 equivalent) and EtsN (0.54 equivalent)
were added.
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The use of CH3CN as the solvent already allowed us to reach full conversion of the starting reagent
(entry 1, Table 2) but only a moderate selectivity in carbazole due to amine formation. In our attempt
to understand what causes the amine formation and thereby decreases the selectivity in carbazole, we
run several reactions under conditions similar to those employed by Davis (we cannot add CO
continuously to keep pressure constant, so we applied a higher initial CO pressure) that use CO gas as
the stoichiometric reductant and tested the effect of phenol and EtzN separately as well as both together
(entries 5-8, Table 2). We found out that phenol had little effect on the reaction (compare entries 5 and
6, Table 2) while EtsN (entry 7, Table 2) increased the selectivity in the amine side product and greatly
decreased the selectivity in carbazole. Addition of both phenol and EtsN (entry 8, Table 2) had a lesser
negative effect on the reaction, possibly because hydrogen bonded EtzN is less noxious to the reaction.
Thus, we decided to study the effect of the identity and the amount of base in more depth. First, the
effect of base amount in our phenyl formate protocol was studied (Table 3). Halving the amount of the
base increased the selectivity in carbazole and decreased it in amine (entries 2, 4). It appears that EtsN
plays a relevant role in the over-reduction of o-nitrobiphenyl to o-aminobiphenyl side product. Hence,
we decided to investigate the effect of the type of base as well. In fact, replacing EtsN with K>COs
(entry 4, Table 3) gave full conversion, even with the use of Pd(OAc). pre-catalyst and in absence of
any chloride ion, with concomitant increase of the selectivity in carbazole to 72%. Thus, we decided
to test several different bases including organic and inorganic ones for the reaction (Table 4).

Table 3. Effect of base amount on the reaction.®

5 mol% catalyst

O O 9 mol% 1,10-Phen
DMF, 160°C, 16h \

NO> 4.4 equiv.HCOOPh H
Et;N

Entry catalyst amount of base % conversion % carbazole % amine
selectivity selectivity

1 Pd(CH3CN)2Cl: 0.54 equiv. 99.7 55.5 24.8

2 Pd(CH3CN)2Cl: 0.27 equiv. 99.6 60.4 15.6

3 Pd(OAC)2 0.54 equiv. 74.2 44.3 11.3

4 Pd(OAC)2 0.27 equiv. 79.2 53.2 8.9
5®) Pd(OAC)2 0.27 equiv. 100.0 72.0 12.2

(a) Experimental conditions: o-nitrobiphenyl (107.6 mg, 0.54 mmol), Pd-catalyst 5 mol%, Phen 9 mol%, HCOOPh (260
pL, 2.38 mmol, 4.4 equiv.), EtsN, DMF (10 mL), 160 °C, time=16h. Reactions were performed in a pressure tube. The
reagent conversion and product selectivity were measured by gas chromatography using biphenyl as the internal standard.
(b) K2CO3 was used instead of Et3N as the base.
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Table 4. Screening of bases.®
5 mol% Pd(CH3CN)2C|2
O O 9 mol% 1,10-Phen
DMF, 160°C,5h N
NO, 4.4 equiv.HCOOPh H
0.27 equiv. base

Entry base % conversion % carbazole selectivity % amine selectivity
1 EtsN 99.2 55.2 19.0
2 DBU 100.0 57.2 30.0
3 Li2COs 100.0 84.7 5.8
4 Na2CO3 100.0 87.6 3.8
5 K2CO3 100.0 81.3 6.7
6 Cs2C0s 95.3 68.5 9.4
7 KH2PO4 85.0 49.1 31.1
8 K2HPO4 99.9 81.3 8.3
9 K3PO4-H20 99.9 86.4 4.4
10 K3POg4 100.0 87.1 4.1
11 NazHPO4 87.1 62.9 24.3
12 NasPO4 100.0 89.0 2.4

(a) Experimental conditions: o-nitrobiphenyl (107.6 mg, 0.54 mmol), Pd(CH3sCN),Cl> 5 mol%, Phen 9 mol%, HCOOPh
(260 pL, 2.38 mmol, 4.4 equiv.), base (0.27 equiv.), DMF (10 mL), 160 °C, time=5h. Reactions were performed in a
pressure tube. The reagent conversion and product selectivity were measured by gas chromatography using biphenyl as the
internal standard.

Most of the inorganic bases gave better results than organic ones. Although the reason has still not
been elucidated, N-based organic bases increased selectivity in 0-aminobiphenyl (entries 1 and 2, Table
4). As shown before in (entry 5, Table 3) replacing EtsN with K2COs in one experiment greatly
improved both the conversion and selectivity of the reaction. When comparing the use of K2COs with
K3POg4 (entries 5 and 10, Table 4) and the use of Na2COs with NasPOg4 (entries 4 and 12, Table 4), it
appears that phosphates gave better selectivity in carbazole than carbonates.

Conversion decreased in case of KH2PO4and NaxHPO4 (entries 7, 11, Table 4, respectively). This can
be attributed to lower solubility in DMF. Moreover, those bases can act as a hydrogen source which
explains the increase of the selectivity in aminobiphenyl. Small differences between sodium and
potassium salts for example in the tribasic salt can also be attributed to small differences in solubility.
Among the carbonates (entries 3-6, Table 4), Na2COs gave the best results. Therefore, we tested
NasPOs and it gave the best selectivity in carbazole (entry 12, Table 4). Thus, it was chosen as the base
for the rest of the optimization due to the much better yield (89%) at a lower temperature (160 °C) and
a lower base amount (0.27 equiv.) compared to our starting point (yield=~66%, entry 2, Tablel).
Settled on NasPOs as the base of choice, we re-investigated the possibility to change the solvent (Table
5). However, DMF remained the best solvent for our conditions. A possible explanation for this
behaviour is the low solubility of the inorganic base in the other solvents.
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Table 5. Re-investigation of the effect of different solvents using an inorganic base.®
5 mol% Pd(CH3CN)ZC|2
O O 9 mol% 1,10-Phen
solvent, 160°C,5h N
NO> 4.4 equiv.HCOOPh H
0.27 equiv. NagPOq4

Entry solvent % conversion % carbazole % amine selectivity
selectivity
1 DMF 100.0 89.0 2.4
2 DME 39.0 25.6 16.6
3 CH3CN 94.8 73.0 8.7
4 Me-THF 21.5 33.0 10.5

(a) Experimental conditions: o-nitrobiphenyl (107.6 mg, 0.54 mmol), Pd(CH3sCN),Cl> 5 mol%, Phen 9 mol%, HCOOPh
(260 pL, 2.38 mmol, 4.4 equiv.), NasPOs (24 mg, 0.146 mmol, 0.27 equiv.), solvent (10 mL), 160 °C, time=5h. Reactions
were performed in a pressure tube. The reagent conversion and product selectivity were measured by gas chromatography
using biphenyl as the internal standard.

Since the identity and the amount of the base plays such an important role in our conditions, a re-
optimization of the amount of base was performed in the aim of further reducing it. We were pleased
to find out that the amount of base can be lowered down to 0.135 equiv. (~12 mg) without affecting
the conversion and still maintaining an excellent selectivity (entry 3, Table 6). The reaction could be
performed even using a lower amount of base (only 0.0675 equiv.) with only a slight decrease in the
selectivity (entry 4, Table 6). To avoid potential experimental error in weighing such little amount (~6
mg), 0.135 equiv. of the base was used in the following optimization.

Table 6. Optimization of the amount of the base.®

5 mol% Pd(CH3CN),Cl,

O O 9 mol% 1,10-Phen
DMF, 160°C,5h \
H

NO> 4.4 equiv.HCOOPh
Na3PO4
Entry amount of % conversion % carbazole % amine selectivity
NasPO4 selectivity
1 0.54 equiv. 100 87.3 2.5
2 0.27 equiv. 100 89.0 2.4
3 0.135 equiv. 100 89.6 2.8
4 0.0675 equiv. 100 87.7 4.1

(a) Experimental conditions: o-nitrobiphenyl (107.6 mg, 0.54 mmol), Pd(CH3sCN).Cl, 5 mol%, Phen 9 mol%, HCOOPh
(260 pL, 2.38 mmol, 4.4 equiv.), NasPO4, DMF (10 mL), 160 °C, time=5h. Reactions were performed in a pressure tube.
The reagent conversion and product selectivity were measured by gas chromatography using biphenyl as the internal
standard.
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Several experiments were performed to determine the optimum temperature and time for our
procedure. The reaction can be performed at a lower temperature (entry 3, Table7) but the selectivity
in aminobiphenyl slightly increased. Also, performing the reaction at 170°C (entry 4, Table 7) gave a
better result than 160°C (entry 3, Table 6) and the best selectivity in carbazole so far. Comparing
entries 2 and 3 in Table 7, it can be noted that besides the increase in conversion with time, there is
also an increase of carbazole selectivity with time which is indirect indication that some reaction
intermediate is accumulating. Most likely the intermediate o-nitrosobiphenyl is more stable than other
nitroso intermediate involved in reductive cyclizations (e.g., o-nitrosostyrene). Its cyclization into the
carbazole is not a so fast reaction even at relatively high temperatures, this made us reconsider our
assumption that the initial electron transfer from palladium to the nitrobiphenyl is the rate determining
step. To avoid incomplete conversion or accumulating intermediates while applying the devised
protocol for substituted nitrobiaryls, the reaction was performed at 170 °C. The reaction was also
carried out for longer time for the same reason, although in most cases is likely that full conversion is
reached after 1h (entry 4-5, Table 7).

Table 7. Optimization of reaction temperature and time.®
5 mol% Pd(CH3;CN),Cl,

9 mol% 1,10-Phen
DMF
N

NO> 4.4 equiv.HCOOPh H
0.135 equiv. NasPO,

Entry temperature  time (h) %o conversion % carbazole % amine
(°C) selectivity selectivity

1 120 2 51.8 69.3 6.6

2 140 2 78.0 84.4 4.0

3 140 5 100 89.4 4.1

4 170 1 100 92.3 2.8

5 170 2 100 92.0 2.6

6 180 1 100 90.5 2.3

(a) Experimental conditions: o-nitrobiphenyl (107.6 mg, 0.54 mmol), Pd(CH3sCN),Cl> 5 mol%, Phen 9 mol%, HCOOPh
(260 pL, 2.38 mmol, 4.4 equiv.), NasPO4 (12 mg, 0.073 mmol, 0.135 equiv.), DMF (10 mL). Reactions were performed in
a pressure tube. The reagent conversion and product selectivity were measured by gas chromatography using biphenyl as
the internal standard.

Phenanthroline has proven to be of general applicability in the field of reduction and carbonylation
reactions of nitroarenes.[**135] However, it is not necessarily the best ligand of this class for all
reactions. In a recent paper,!** Ragaini and coworkers investigated the use of a series of substituted
phenanthrolines in a synthesis of thienopyrroles related to the reaction in Scheme 19 and showed that
4,7-dimethoxyphenanthroline was more effective than other phenanthrolines. Most likely, the more
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electron donating character of this ligand with respect to unsubstituted phenanthroline favors the initial
electron transfer from the palladium complex to the nitroarene. The same beneficial effect could occur
even for the reaction of nitrobiaryl and may allow to improve the performance of the catalytic system
for those reactions in which the results are only moderate or good. Thus, we repeated some experiments
that initially gave lower conversion and selectivity using 4,7-dimethoxyphenanthroline to check if the
reaction can be further improved under milder conditions (Table 8).

The use of 4,7-dimethoxyphenanthroline had a negative effect on the selectivity in carbazole (compare
entry 1, Table 8 to entry 3, Table 7), while the conversion is slightly increased in some cases (see entry
1, Table 7 and entry 2, Table 8). These results are a further indication that the initial electron transfer
from the palladium complex to the nitroarene is not the rate determining step in case of the reductive
cyclization of o-nitrobiphenyls. It appears that the relatively high stability of o-nitrosobiphenyl makes
the rate of cyclization step at least comparable to that of the reduction of the nitro group.

Table 8. Use of 4,7-dimethoxy-1,10-phenanthroline as the ligand.®
5 mol% Pd(CH3CN)2C|2

9 mol% 4,7-dimethoxyphen
DMF
N

NO> 4.4 equiv.HCOOPh H
0.135 equiv. NazPO,

Entry temperature time (h) % conversion % carbazole % amine
(°C) selectivity selectivity

1 140 5 94.4 75 16.3

2 120 2 67.1 61.1 16.8

(a) Experimental conditions: o-nitrobiphenyl (107.6 mg, 0.54 mmol), Pd(CH;CN).Cl> 5 mol%, 4,7-dimethoxyphen 9
mol%, HCOOPh (260 pL, 2.38 mmol, 4.4 equiv.), NasPO, (12 mg, 0.073 mmol, 0.135 equiv.), DMF (10 mL). Reactions
were performed in a pressure tube. The reagent conversion and product selectivity were measured by gas chromatography
using biphenyl as the internal standard.

It is thus interesting to establish the rate determining step in order to further improve the catalytic
reaction. Besides the possible mechanistic progresses of the work, since the use of 4,7-
dimethoxyphenanthroline did not impart any significant improvement to the reaction, 1,10-
phenanthroline was employed for the rest of the optimization.
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Table 9. Optimization of the catalyst and ligand amounts.®
Pd(CH;CN),Cl,
DMF, 170°C \
NO; 4.4 equiv.HCOOPh H
0.135 equiv. NazPO,

Entry catalyst ligand time (h) % conversion % carbazole % amine

(mol%) (mol%) selectivity selectivity
1 2 9 1 97.4 86.9 2.9
2 2 5 1 93.2 89.3 1.7
3 2 5 2 96.8 92.8 1.6
4 2 5 3 98.7 90.8 1.7
5 1 5 1 86.6 86.2 1.8
6 1 5 2 945 90.8 1.7
7 1 5 3 96.2 90.0 2.0
8 1 5 5 97.8 90.8 2.2
9 0.1 5 16 94.2 85.3 5.0

(a) Experimental conditions: o-nitrobiphenyl (107.6 mg, 0.54 mmol), Pd(CH3sCN).Cl,, Phen, HCOOPh (260 pL, 2.38
mmol, 4.4 equiv.), NasPO4 (12 mg, 0.073 mmol, 0.135 equiv.), DMF (10 mL), 170 °C, time=5h. Reactions were performed
in a pressure tube. The reagent conversion and product selectivity were measured by gas chromatography using biphenyl
as the internal standard.

Given the relatively high amount of ligand and metal precursor employed, we aimed at reducing both.
At first, the catalyst loading was lowered from 5 mol% to 2 mol% while keeping the same amount of
ligand (entry 1, Table 9), then the amount of ligand was also lowered to 5 mol% (entry 2). In both
cases, good yield was obtained but a little decrease in the conversion was observed. The conversion
and selectivity only slightly enhance with increasing the time of the reaction (entries 2-4, 5-8, Table
9). Interestingly the catalyst loading can be decreased down to 0.1 mol% prolonging the reaction time
up to 16 h (entry 9, Table 9), although a little decrease in the carbazole selectivity was observed. It is
important to mention that in entries 2-8, Pd-black was detected in the early stage of the reaction
(already forming after 30 minutes) indicating a decrease in the stability of the catalyst at lower ligand
concentrations. As explained before, presence of chlorides impart stability to the system. Therefore, 1
mol% of the catalyst and 5 mol% of the ligand were employed in combination with a chloride source
to the reaction, in order to prevent an early deactivation of the catalyst.
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Table 10. Testing different sources of chloride.®
catalyst, chloride source
5mol% 1,10-Phen
DMF, 170°C, 5h \
NO, 4.4 equiv.HCOOPh H
0.135 equiv. NazPO,

% carbazole % amine

Entry catalyst additive time % conversion L -
selectivity selectivity
1 mol % 5 mol% NaCl
1 PA(CH;CN):Cl, 2h 93.2 88.2 1.7

2 mol % 10 mol% NaCl
2 PA(CH;CN):Cl, 1lh 91.6 90.3 1.9

2 mol % 5 mol% PPN
3 Pd(CH3CN)Cl> chloride 1h 99.3 91.0 2.1

0.1 mol % 5 mol% PPN
) Pd(CH3CN).Cl; chloride 16h 80.5 84.6 6.7

0.1 mol % 0.5 mol% PPN

° Pd(CH3CN).Cl, chloride 16 h 60.5 79.5 6.0
° Ntsz;C:g/&] ____________ 2h 99.8 91.3 1.4
! Ntzn[n;c;gﬂ] ____________ 3h 99.8 91.0 15
8 Ntzn[n;c;gﬂ] ____________ S5h 99.9 95.0 17
) NizTF?ollgﬁ] ------------ 2h 100.0 90.0 15

(a) Experimental conditions: o-nitrobiphenyl (107.6 mg, 0.54 mmol), Pd-catalyst, Phen 5 mol%, HCOOPh (260 pL, 2.38
mmol, 4.4 equiv.), NasPO, (12 mg, 0.073 mmol, 0.135 equiv.), DMF (10 mL), 170 °C, time=5h. Reactions were performed
in a pressure tube. The reagent conversion and product selectivity were measured by gas chromatography using biphenyl
as the internal standard.

The addition of NaCl to the reaction (entries 1 and 2, Table 10) did not have a positive effect (compare
with entries 6 and 2 in Table 9) most likely due to the low solubility of the salt in DMF. Addition of
an organic source of chloride such as PPN chloride slightly improved conversion and selectivity
(compare entry 3 in Table 10 to entry 2 in Table 9). However, it seems that its effect is highly dependent
on the concentration of the catalyst (entries 4 and 5 in table 10) and at a low catalyst loading the
addition of PPN chloride has a negative effect. To avoid the presence of organic counterions and to
ensure a precise Pd/chloride ratio without the need of weighing very small amounts of salts, we tested
Na2[PdCl4] as a catalyst. Thus, the concentration of chloride in the reaction medium was double
compared to Pd(CH3CN)2Cly, this had a positive effect on both the conversion and the selectivity of
the reaction (entry 8 in Table 10). In addition, formation of metallic palladium at an early stage of the
reaction was not observed.
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Table 11. Control experiments and limitations of catalytic system.®
5 mol% Pd(CH3CN)2C|2

9 mol% 1,10-Phen
DMF, 160°C
' N

NO, 4.4 equiv.HCOOPh H
0.27 equiv. K,CO3
Entry % conversion % carbazole selectivity % amine selectivity
109 12.7 59.8 0.0
20 80.6 70.0 12.9
3© 100.0 72.0 8.6
4©9 100.0 75.0 11.7
5¢9) 100.0 76.1 13.0

(a) Experimental conditions: o-nitrobiphenyl (107.6 mg, 0.54 mmol), Pd(CH3CN)2Cl; 5 mol%, Phen 9 mol%, HCOOPh
(260 pL, 2.38 mmol, 4.4 equiv.), KoCO3 (20.2 mg, 0.146 mmol, 0.27 equiv.), DMF (10 mL), 160 °C. Reactions were
performed in a pressure tube. The reagent conversion and product selectivity were measured by gas chromatography using
biphenyl as the internal standard. (b) time=5h. (c) time=16. (d) reaction was performed in absence of HCOOPh. (e) PdCl;
was used instead of PA(CH3CN)2Cls. (f) 5 pL of H20 were added. (g) 50 pL of H,O were added.

A control experiment was carried out to check the actual role of formate. A reaction was thus
performed in the absence of phenyl formate (entry 1, Table 11) to test if DMF can act as a source of
CO. In fact, DMF is known to decompose to give CO and dimethylamine on heating. Only ~7 mg of
carbazole were detected corresponding to a GC yield of 7.6 %. Further experiments were performed
to test the limitation of the devised protocol. The use of PdCI (entry 2, Table 11) was tested since it
is a cheaper pre-catalyst: the reaction proceeded giving relatively good initial results, although a pre-
formation of the active complex by stirring PdCl2 and the ligand might be necessary to get better yields.
It was not worth it to investigate the use of that catalyst in more depth since Naz[PdCl4] was selected
as the best precursor, that is also cheap and easily obtainable from PdCl,. Some reactions were
performed to check the effect of water by adding few microliters on purpose (5 pL, 50 pL) (entries 4
and 5 in Table 11, respectively). In both cases water had a positive effect on the carbazole selectivity
(compare with entry 3, Table 11) while also the amine selectivity increases. Water, in conjunction with
CO, is known to reduce nitroarenes to anilines efficiently. It was initially our concern whether moisture
present in any reagent or solvent may be the cause for the low selectivity in the first attempts to get
carbazole. However, these experiments clearly show that trace amounts of water cannot be held
responsible for the formation of large amounts of amine.

Finally, some experiments were performed to test the sensitivity of the devised protocol and see if it
can be applied in less demanding mediums and hence increase the availability of the reaction for
synthetic chemistry. To our surprise, assembling the components of the reaction in air did not quench
the reaction (entry 2, Table 12) and the starting nitrobiphenyl was fully converted while keeping a high
selectivity. This indicates the high stability of our protocol which utilize Na2[PdCl4] as the catalyst.

When assembling the reaction under Oz (entry 3, Table 12), the reaction slowed down indicating that
excess of O has a negative effect on the activity, however the selectivity in carbazole was relatively
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high. The result indicates a partial catalyst deactivation probably due to the formation of stable inactive
complexes.[* No metallic palladium precipitation was anyway noticed. In addition, assembling the
reaction in air using undistilled commercial DMF gave ~ 94% yield (entry 4, Table 12). The reaction
was also performed in the absence of 1,10-phenanthroline (entry 5, Table 12) to verify if the catalyst
Naz[PdCl4] is stable enough for the reaction to proceed without adding a ligand. No conversion of
nitrobiphenyl was detected indicating the essential role of phenanthroline as the ligand.

Table 12. Limitations of the optimized catalytic system.®
1 mol% Naz[PdC|4]
5 mol% 1,10-Phen
DMF, 170°C, 5h
NO . N
2 4.4 equiv.HCOOPh H
0.135 equiv. NazPO,

Entry % conversion %o carbazole selectivity % amine selectivity intial gas phase
1 99.9 95.0 1.7 N2
2 100.0 97.0 1.2 air
3 30.0 91.3 3.3 02
40) 100.0 93.5 1.4 air
5© 0.0 0.0 0.0 N2

(a) Experimental conditions: o-nitrobiphenyl (107.6 mg, 0.54 mmol), Naz[PdCl4] 1 mol%, Phen 5 mol%, HCOOPh (260pL,
2.38 mmol, 4.4 equiv.), NasPO4 (12 mg, 0.073 mmol, 0.135 equiv.), DMF (10 mL), 170 °C, time=5h. Reactions were
performed in a pressure tube. The reagent conversion and product selectivity were measured by gas chromatography using
biphenyl as the internal standard. (b) Reaction was assembled using undistilled commercial DMF. (c) reaction was
performed in the absence of Phen.

As a proof of the robustness and applicability of the devised procedure, a 15-fold large-scale synthesis
was performed using a lower catalyst loading (0.5 mol%) and decreasing the solvent amount to one
third of the required volume in order to facilitate the work-up. The reaction was also assembled in the
air. Very nicely the product was separated in 85% vyield using a work-up that did not involve a
chromatographic separation (see experimental section) making the procedure even more accessible,
valuable for preparative purposes and economically advantageous. Hence, herein we report a highly
stable protocol for carbazole synthesis (Scheme 26) that can tolerate air and moisture, uses phenyl
formate as a CO surrogate and can be performed using commercial DMF. Overall, this makes our
strategy for carbazole preparation a very convenient method for the synthetic chemist.

1 mol% Na,[PdCl,]

5 mol% 1,10-Phen
DMF, 170°C, 5h

N
NO2 4.4 equiv.HCOOPh H
0.135 equiv. NazPOy, GC yield= 95%

Scheme 26. Optimized conditions for reductive cyclization of 2-nitrobiphenyls.
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2.2. Preparation of nitrobiaryl substrates

Once we determined the ideal conditions for the reaction, the scope and limitations of the catalytic
system were investigated by running the reaction on different substrates of the same class. Thus, part
of this thesis regarded the preparation of o-nitrobiaryls, mostly by either the Suzuki-Miyaura cross
coupling!® (Table 13) or the Ullmann cross coupling!*¥7-138] (Scheme 27) of the suitable coupling
partners. Some substrates were prepared by nitration of the bipheny! precursor!®? (Scheme 28), or by
simple organic transformation of another substrate such as hydrolysist’® (Scheme 29),
demethylation%?1 (Scheme 30) or reduction™**! (Scheme 31).

Table 13. Nitrobiphenyls prepared through Suzuki-coupling.®

R, Pd(PPhj), R,
e G O
Toluene R4
reflux ,3-24 h NO,
X=l, Br, CI Boronic acid o-Nitrobiphenyls
50-71
Entry halonitrobenzene boronic acid time (h) o-Nitrobiphenyls isolated yield
1.
Q (HO)ZBO 16 Me 95%
NO,
50
2 ‘Q’ (HO)B @ 18 MeO 96%
NO, NO,
51
NO,
52
)
N\
4- ) w O
H
NO,
53
NO,
54
NO,
55
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18. OzNQC| (HO)2B©
NO,
19. NCQCI (HO)ZBO
NO,
jN
20.) Y—cl (HO)ZBO
NO,
@
21. Br
-
NO,
22.@ g,

O,N  NO,

-

NO,
67
NO,
68
N
12 /N 83%
NO,

69
IR a S
NO,

70
D OO -
O,N  NO,
7

(a) Experimental conditions: halonitrobenzene (5 mmol), boronic acid (5.5 mmol, 1.1 equiv.), K2COs (1.38 g, 10 mmol, 2
equiv.), Pd(PPhs)s (58 mg, 0.05 mmol, 1 mol%), toluene (8 mL), water (5 mL); (b) 2-chloro-3nitropyridine (5.4 mmol),
phenylboronic acid (7 mmol), K,COs (13 mmol), Pd(PPhs)s4 (0.1 mmol, 2 mol%), 1,2-dimethoxyethane (8 mL), water (3
mL); (¢) DMF (15 mL) was used instead of the toluene/water mixture; (d) 1,4-dibromo-2,3-dinitrobenzene (1.63 g, 5
mmol), phenylboronic acid (1.83 g, 15 mmol, 3 equiv.), K.COs3 (2.76 g, 20 mmol, 4 equiv.), Pd(PPhs)s (116 mg, 0.1 mmol,

2 mol%), toluene (10mL), water (10 mL).

1. Br + | \

NO,

2. Br + |
Q= - =
NO,
I
3. Br + \E\>
S

Cu/PdCl, —
' \ /)
DMSO, 3h, 130°C N
NO,
72 (42%)
CuPdCl, =
o~ S/
DMSO, 16h, 130°C N
NO,
73 (27%)
Cu bronze S
reflux, 3h, 200 °C Q \/\:S
NO,
74 (66%)

Scheme 27. Nitrobiphenyls prepared through Ullmann cross-coupling.
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fuming HNOg, HOAc
e :
6 h, 100°C

83% N02

Scheme 28. Preparation of 4,4’-dibromo-2-nitrobiphenyl by nitration of 4,4’-d|bromobiphenyl.

KOH, MeOH
wooe Y - oo )
r.t., 16h

No2 99% NO,

Scheme 29. Preparation of 2-nitrobiphenyl-4-carboxylic acid by hydrolysis of 4-carbomethoxy-2-
nitrobiphenyl.

BBr;,DCM
(-0
r.t., 5h
NO, 74% N02

Scheme 30. Preparation of 4-hydroxy-2-nitrobiphenyl by demethylatlon of 4-methoxy-2-
nitrobiphenyl.

Fe, HCI
O,N > H,N
EtOH, H,0

N02 reflux, 3h No2
62%

Scheme 31. Preparation of 4-amino-2-nitrobiphenyl by reduction of 2,4-d|n|trob|phenyl.

2.3. Investigating the scope of the reaction.

Having the optimized conditions in our hands and the prepared 2-nitrobiaryls, we proceeded with the
exploration of the reaction scope (Table 14).
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Table 14. Substrate Scope.®
1 mol % Na,[PdCl,]

5 mol% 1,10-Phen
DMF, 170°C, 5h R

Z
:;;
Y
=z
z

NO, 4.4 equiv.HCOOPhO H
50-78 0.135 equiv. NazPO, 79-102
Entry nitrobiphenyl carbazole yield
1.
93%®)
79
¢ -0
Me 98%
N
NO, N
50 80
3. Meo MeO 88%
NO, N
51 81
“ e Q) i)
F3C 89%
NO, N
52 82
Q
OO0 o Oy
/ C
H ( 92%
NO, H N
53 83
6. M
N
NO, N
54 80
et
OMe 89%
NO, N
55
C OO
CF3 80%

=z
o
N

©
m
:O )
Os
T o
Je)
O/
= 312: *
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NO, N
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- OO D -
N N
O,N  NO, H H
7 102

(a) Experimental conditions: o-nitrobiaryl (0.54 mmol), Nay[PdCls] 1 mol%, Phen 5 mol%, HCOOPh (260pL, 2.38 mmol,
4.4 equiv.), NasPO4 (12 mg, 0.073 mmol, 0.135 equiv.), DMF (10 mL), 170 °C, time=5h. Reactions were performed in
pressure tube. Isolated yields are reported. (b) GC yield=95%. (c) isomer ratio from GC chromatogram is 1.85:1. (d)
reaction mixture was acidified before separation. (¢) an alternative pathway to obtain the product is hydrolysis of the
corresponding ester 97 which proceed with a yield 95%. (f) Naz[PdCls] 2 mol % and Phen 5 mol%. were used, time= 16
h. (g) Naz[PdCl4] 2 mol % and 4,7-dimethoxyphenanthroline 5 mol%. were used, time= 16 h.

Generally, our optimized catalytic procedure shows significant substituent-tolerance affording
substituted carbazoles in good to excellent yields. Compounds 80-83 were prepared in two different
approaches from nitrobiphenyls where the substituent is either on the ring bearing the nitro group or
on the unsubstituted phenyl. Apart from compound 83, both ways afforded the cyclized product in
almost the same yield which means that both electron donating and electron withdrawing groups are
well tolerated on either ring of the nitrobiphenyl. Regarding 2-trifluoromethylcarbazole 83, the small
decrease in yield (9%) can be explained by the electron withdrawing effect of CFs group. In fact, the
initial reduction of the nitro group, leads to the intermediate formation of a nitrosobiphenyl. The
electrophilic nitroso group is then responsible for the cyclization. However, an electron withdrawing
group on the other aromatic ring, could slow down the cyclization step leading to a partial
accumulation of the nitroso intermediate and thus to the possible formation of side products. However,
this effect is not observed with the other substrates and this is most likely because the reaction is
performed under relatively robust conditions and at complete conversions, thus differences in
conversion could not be appreciated.

We continued to explore the applicability of our catalytic system for the reductive cyclization of other
substituted nitrobiaryls focusing on obtaining carbazoles with significant pharmaceutical value. We
were pleased to find out that carbazoles bearing strong electron donating group such as methoxy group
can be obtained in a very good yield (compound 81, entry 7, Table 14). Clausine V 86, a common anti-
HIV drug bearing two methoxy groups was prepared in 86% yield (entry 12, Table 14).

The position of the substituent on the nitrobiphenyl did not have a major effect on the yield of the
product. For instance, nitrobiphenyls bearing methyl group on o-, m-, or p- position with respect to the
C-C bond between the two phenyl rings were all well tolerated affording methylcarbazole in 85%,
99%, 97% vyield, respectively (entries 10, 11, 6, Table 14, respectively).
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The reductive cyclization of 3’-methyl-2-nitrobiphenyl (entry 11, Table 14) afforded two isomers with
a ratio of 1.85:1 that was identified through GC analysis before the chromatographic separation.
Unfortunately, only the major isomer could be separated in a pure form the column (see experimental
part). The H! NMR spectrum of the major fraction corresponds to 1-methylcarbazole indicating that
the cyclization is favoured on the ortho-position with respect to the methyl group.

Halogenated carbazoles were also prepared in very good yields (entries 13-16, Table 14). The lower
yields in case of bromide substituent (entries 15, 16, Table 14) can be attributed to an activation of C-
Br bond by palladium catalyst resulting in side-reactions that decreases the selectivity in the required
product. This also explain why the yield of the dibromocarbazole 90 is lower than the mono-
bromocarbazole 89. However, the yield of dibromocarbazole 90 which is a valuable precursor for
phosphorescent devices!*4%-142 js still satisfactory (63%, entry 16, Table 14). Carbazoles bearing acetyl
group and benzoyl group were also prepared in very good yields (entries 17 and 18, respectively, Table
14).

Revising the literature reporting biologically valuable carbazoles and their structure activity
relationship (SAR),[**% it can be clearly noted that substituents such as COOMe, COOH, OH, OMe,
and CHO impart some biological activity to the carbazole scaffold (see Figure 2). The aldehyde group
was well tolerated with a yield of 92% (entries 5, 9 in Table 14). The reductive cyclization of 4-
carbomethoxy-2-nitrobiphenyl proceeded smoothly affording the corresponding carbazole in 93%
yield (entry 19, Table 14). On the other hand, 2-nitrobiphenyl-4-carboxylic acid afforded the
corresponding carbazole only in a poor yield (20%, entry 20, Table 14). Taking into account that some
of the product may be present as a sodium salt, the reaction mixture was acidified before the
chromatographic separation, however the main loss of the product is probably due to the fact that the
COOH group may cling to the OH groups of the silica causing the product to not elute entirely. A more
convenient pathway to obtain carbazole-2-carboxylic acid 94 is the hydrolysis of 2-
carbomethoxycarbazole 93 that proceed smoothly with a 95% yield. Moreover, 2-hydroxycarbazole
95 was synthesized in 77% vyield (entry 21, Table 14) which offer the possibility of further
functionalization of the hydroxyl group. It is also worth mentioning that reductive cyclization of

hydroxy-2-nitrobiphenyl was reported to be either very difficult reaction®*41%1 or to not work at
all.[1o2]

We were pleased to obtain the 2-aminocarbazole 96 in a very good yield of 83% (entry 22, Table 14)
which contradicts our previous expectation regarding the effect of such a strongly electron donating
substituent on the reductive cyclization of nitroarenes. At this stage, it became clear to us that the
reductive cyclization of 2-nitrobiphenyl follows a different mechanism from that of 2-nitrostyrenes.
The relative rates of the steps in the catalytic cycle of the rection are clearly different and most probably
the higher stability of the intermediate makes the cyclization step acquire more importance on the
overall rate of the reaction.

Reductive cyclization of 4-cyano-2-nitrobiphenyl affords the corresponding carbazole 97 in only 66%
yield (entry 23, Table 14). From previous experiences on this kind of reactions, the reductive
cyclization of nitroarenes bearing nitrile group is usually complicated by side product formation thus
the result in this case is still surprisingly good.
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The biologically important natural alkaloid a-carboline 98 was synthesized in 74% vyield (entry 24,
Table 14). However, the reductive cyclization of 3-nitro-2-phenylpyridine 69 and 2-(2-
nitrophenyl)pyridine 73 proceeded in poor yields (entries 25 and 26, respectively, Table 14). When
the reaction was applied to 2-(2-nitrophenyl)thiophene (entry 27, Table 14) under optimized condition,
unconverted substrate was recovered. Repeating the reaction with higher catalyst loading (2 mol%)
and prolonging the time to 16 hours resulted in formation of the product 100 in 27% yield, although
the conversion was still not complete. As mentioned above, in a recent article our group reported that
4,7-dimethoxy-1,10-phenanthroline had a strong positive effect on the reductive cyclization of 2- and
3-(2-nitrovinyl)-thiophenes to thienopyrroles™ which somewhat resembles the reductive cyclization
of 2-(2-nitrophenyl)thiophene. Thus, we decided to test the use of 4,7-dimethoxy-1,10-phenanthroline
for that reaction obtaining an increased yield of 35%. This improvement suggests that further
optimization of the reaction may enhance the yields of those carbazoles with an extra heteroatom that
proved to be problematic substrates. The low yield in those cases indicate that either the reduction of
the nitro group is more difficult or that the formed intermediate is highly stable.

A carbazole with an extra fused aromatic ring was also obtained in an excellent yield (98%, entry 28,
Table 14). An initial test on the possibility of performing a double reductive cyclization of 2,3-dinitro-
1,1’-terphenyl (entry 29, Table 14) succeeded affording the double cyclized product in 20 % vyield.
Considering the challenging nature of the substrate structure with two adjacent NO2 groups which
sterically hinder the reaction and the fact that the catalyst and ligand amounts were not doubled, that
initial result is quite promising and clearly there is room for improvement in the near future.

2.4. Kinetic study of the thermal cyclization of 2-nitrosobiphenyl.

Owing to the indirect evidence found during the optimization indicating that the cyclization of o-
nitrosobiphenyl intermediates is a determinant step in the reductive cyclization of o-nitrobiphenyls, a
deeper study on the thermal cyclization of o-nitrosobiphenyl 104 in DMF was started. Surprisingly,
studies on this reaction have not been reported so far in the literature although 2-nitrosobiphenyl is a
bench-stable compound. First, o-nitrosobiphenyl 104 was prepared through selective oxidation of o-
aminobiphenyl 103 using Oxone (KHSOs. %2 KHSO4. %2 K2SO4) as the oxidizing agent (Scheme 32).

A kinetic study of the thermal cyclization of 2-nitrosobiphenyl 104 in DMF at 100 °C was performed.
The progress of the reaction was followed by UV spectroscopy (Scheme 33) since 2-nitrosobiphenyl
has a strong absorption band at 770 nm. The cyclization reaction was found to be first order in o-
nitrosobiphenyl (Figure 3). When a base is added, in this case triethylamine, the rate of the reaction is
also first order in the base, with a non-zero intercept, up to a point (10 equiv. with respect to
nitrosobiphenyl) where a plateau is reached (Figure 4). The effect of inorganic bases on the rate of the
reaction could not be studied due to their low solubility in organic solvents at 100 °C which will not
ensure the accuracy of the reported concentrations and will complicate the recording of the UV spectra.
The results obtained using triethylamine anyway indicate that the role of the base is not confined to
the activation of phenylformate. The base is also involved in the cyclization step and accelerates it. A
previous theoretical studies on the cyclization reaction reported by Davies!**é1 propose that a reversible
1,5-hydrogen migration is involved in the 1,5-electrocyclization of nitrosobiphenyl. We thus propose
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that this H-migration is indeed facilitated by bases and shifting the reversible process towards N-
oxygenated intermediate that, under catalytic conditions in the presence of Pd and CO, is irreversibly
reduced to carbazole (Scheme 34).

O e O
NH, rt., 5h N

103 O 104

Scheme 32. Synthesis of 2-nitrosobiphenyl.

OO0 —
100 °C
104
Amax= 770 nm

Scheme 33. Uncatalyzed cyclization of 2-nitrosobiphenyl.

In(Abs)nitrosobiphenyl

0.00 1.00 2.00 3.00 4.00 5.00 6.00
Time (h)

Figure 3. linear relation between In (Abs) and time. 2-nitrosobiphenyl (conc. 2mg/mL, 0.055 mmol,
10 mg), DMF (5 mL), 100 °C, absorbance was recorded by UV-spectroscopy at 770 nm.
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450 4,20 421 421

Rate of the reaction

0.00 5.00 10.00 15.00 20.00 25.00
Number of equivalent of Et,N

Figure 4. Effect of EtsN on rate of the reaction. 2-nitrosobiphenyl (conc. 2mg/mL, 0.055 mmol, 10
mg), appropriate amount of the base with respect to 2-nitrosobiphenyl was added, DMF (5 mL), 100
°C, absorbance was recorded by UV-spectroscopy at 770 nm.

= O Q0 — O
NS
4 +N H

-0
[0.0] [+20.3] [+10-3] [-19.3]

10

Scheme 34. B3LYP/6-31+G*-optimized geometries and energies for the 1,5-electrocyclization of 2-
nitrosobiphenyl. Energies are given in kcal/mol relative to reactants.

3. Conclusions.

In conclusion, we have developed a highly stable protocol for carbazole synthesis (Scheme 26) that
can tolerate both air and moisture and can be performed using commercial DMF without distilling it.
Strength of the protocol is that it avoids handling pressurized CO lines since the reaction employs
phenyl formate as a CO surrogate which enable the synthetic chemist to perform the reaction in a
pressure tube, a cheap and readily available tool for any laboratory. Moreover, the reported catalytic
system can tolerate a wide range of substituents, including both electron donating and electron
withdrawing groups regardless of their position on the substrate. The practical value of the method
was demonstrated by synthesizing several carbazoles with pharmaceutical or thermo/electrical
applications in good to excellent yields. Besides the robustness and stability of our procedure, the
reaction can also be easily scaled-up affording carbazole in a very good yield (85%) even under more
challenging conditions and using a work-up that did not involve column chromatography, making our
procedure even more accessible, valuable for preparative purposes and economically advantageous.
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4. Experimental work.

4.1. General consideration.

Unless otherwise stated, all reactions and manipulations were performed under a dinitrogen
atmosphere using standard Schlenk apparatus. All glassware and magnetic stirring bars were kept in
an oven at 120 °C for at least two hours and let to cool under vacuum before use. Solvents were dried
and distilled by standard procedures and stored under dinitrogen atmosphere. EtsN and DBU were
distilled from CaH.. Inorganic bases were dried by heating at 180 °C for 8 h under vacuum, then left
to cool down under vacuum and were stored under dinitrogen. They were weighed in the air but stored
under dinitrogen atmosphere to avoid water uptake. Phenyl formate was prepared following a
procedure reported in the literature (see below). Deuterated solvents were purchased by Sigma-
Aldrich: DMSO-de (commercially available in 0.75 mL vials under dinitrogen atmosphere) was used
as purchased while CDCl3z was filtered on basic alumina, degassed with three freeze-pump-thaw
cycles, and stored under dinitrogen over 4 A molecular sieves. 1,10-Phenanthroline (Phen) was
purchased as hydrate (Sigma-Aldrich). Before use, it was dissolved in CH2Cly, dried over Na;SO4
followed by filtration under dinitrogen atmosphere and evaporation of the solvent in vacuum. Phen
was weighed in the air but stored under dinitrogen atmosphere to avoid water uptake. All the palladium
precursors employed in this work were prepared starting from commercially available PdClI. (see
below). Unless otherwise stated commercially available reagents were used as received.

4.2. General analysis methods.

'H-NMR and 3C-NMR spectra were recorded at frequencies of 300 or 400 MHz for the proton and
75 or 101 MHz for the carbon on Bruker Avance 300/400 spectrometers. Chemical shifts are reported
in ppm relative to TMS; the data are reported as follows: proton multiplicities (s=singlet, d=doublet,
t=triplet, q=quartet, dd= doublet of doublet, td= triplet of doublet, ddd= doublet of doublet of doublet,
m=multiplet and br.=broad), coupling constants and integration.

Elemental analyses were performed on a Perkin EImer 2400 CHN elemental analyser.

GC quantitative analyses were performed on a DANI 86.10 gas chromatograph equipped with a FID
detector using a SUPELCO Analytical SLB™-5ms column (Fused Silica Capillary Column 30 m x
0.32 mm x 0.5 um film thickness). A standard analysis involves the preparation of a sample solution
in CH2Cl> of conc. 0.1 mg/mL calculated with respect to the amount of biphenyl used as an internal
standard. A complete list of the instrumental parameters employed is showed in Table 15. A calibration
curve was made using biphenyl as the internal standard. The compounds used as standards were
obtained as follow: aminobiphenyl 103 was prepared as previously reported™*’! (see below), carbazole
was recrystallized from ethanol, and commercial o-nitrobiphenyl was purchased from Fluorochem and
used without further purification. The purity of all the standards used for calibration was checked by
'HNMR and elemental analysis.
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Table 15. Instrumental parameters for Gas-chromatographic analyses for DANI 86.10 HT.®

COLUMN PROGRAM

rate (°C/min) temperature (°C) time (min)
- 60 6
20 120 1
7 160 0
15 270 20.34

INJECTOR PROGRAM

rate (°C/min) temperature(°C) time (min)
- 50 0
700 120 0
200 275 42

(@) Injection volume: 1.0 uL, carrier gas: He, carrier gas pressure: 1.2 bar, air pressure at the detector: 0.7 bar, hydrogen
pressure at the detector: 0.7 bar, auxiliary gas: Nz, auxiliary gas pressure: 1.3 bar, detector temperature: 300 °C, total
time= 43.02 min.

4.3. Kinetic studies:

Kinetic studies of the thermal cyclization reaction of 2-nitrosobiphenyl 104 were performed following
the reactant conversion by UV spectrophotometry. The absorbance was recorded on a single beam
UV-visible spectrophotometer at 770 nm (the Amax Of 2-nitrosobiphenyl). Reactions were performed
under N2 in a Schlenk glassware consisting of a 10 mL chamber connected to a glass cuvette, so that
the progress of the reaction can be followed without the need to transfer the reaction content into an
external cuvette. Before starting the reaction, 5 mL of DMF was added into the apparatus under
nitrogen and the blank was recorded. The solvent was then discarded, and the apparatus was cleaned.
Then, 1 ml of 2-nitrosobipheny! stock solution was added using a pipette (10 mg, 0.055 mmol, prepared
by dissolving 100 mg of 2-nitrosobiphenyl in 10 mL DMF). In case of reactions carried out in presence
of EtsN, the appropriate amount of the base with respect to 2-nitrosobiphenyl was added at this stage.
DMF was added to reach an overall volume of 5 mL and then the first absorbance at time=0 was
recorded. After that the reaction was heated at 100 °C by immersing the 10 mL chamber of the
glassware in a preheated oil bath. The absorbance was recorded at selected time interval after fast
cooling of the reaction mixture in a water bath.

4.4. General protocol for optimization trials conducted in a pressure tube.

The reaction was performed under dinitrogen atmosphere placing the pressure tubes in a large mouth
Schlenk tube. All the palladium catalysts were added to the reaction through stock solutions prepared
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in the appropriate solvent. Every catalyst was weighed and stored in the air except for Pd(OAc)2 that
was stored under dinitrogen. All the solutions were prepared under dinitrogen atmosphere using
distilled solvents. For catalytic runs that required an amount of Phen less than 10 mg, a stock solution
was prepared to avoid large weighing errors.

In a typical catalytic reaction, the substrate was weighed in the air and placed in a heavy-wall glass
pressure tube. Stock solutions of the catalysts and Phen were added. An amount of solvent required to
reach a total volume of 10 mL was added and the reaction mixture was stirred for 10 min. Finally,
phenyl formate and the base were added in this order. The pressure tube was plugged with a screw cap
and immersed in a preheated oil bath at the appropriate temperature. At the end of the reaction, the
pressure tube was lifted from the oil and let to cool to room temperature. Then, the screw cap was
carefully removed, the excess of CO was vented, and the content were analyzed by GC or subjected to
column chromatography. (Caution: evolution of dissolved CO from the solution may continue for
some minutes, keep the tube under a hood).

4.5. Procedure for catalytic reactions conducted in an autoclave.

For entries 5-8 in Table 2, the method was adapted from Davies article.[]

2-Nitrobiphenyl (117 mg, 0.589 mmol) was weighed in the air in a glass liner and then placed inside
a Schlenk tube with a wide mouth under a dinitrogen atmosphere. Then a stock solution of the catalyst
and ligand, prepared by dissolving Pd(OAc). (80.0 mg, 0.356 mmol, 2 mol%) and 1,10-phenanthroline
(128 mg, 0.710 mmol, 5mol%) in DMF (50 mL), and DMF (3.35 mL) were added. When specified in
the footnote to the tables, additives (phenol and EtsN) were added at this stage. The liner was closed
with a screw cap having a glass wool-filled open mouth which allows gaseous reagents to exchange.
The Schlenk tube was immersed in liquid nitrogen until the solvent froze and evacuated and filled with
dinitrogen three times. The liner was rapidly transferred to a 200 mL stainless steel autoclave and this
was then evacuated and filled with dinitrogen three times. The system was pressurized with CO (6 bar)
and subsequently immersed in a pre-heated oil bath at 140 °C for 16 h. At the end of the reaction, the
autoclave was quickly cooled with an ice bath and vented. The reagent conversion and product
selectivity were measured by gas chromatography using biphenyl as the internal standard.

4.6. Procedure for a 15-fold large scale synthesis of carbazole 79.

In a 250 mL Fisher-Porter bottle 2-nitrobiphenyl (1.614 g, 8.1 mmol), Phen (73 mg, 0.405 mmol, 5
mol%), Naz[PdCl4] (23.8 mg, 0.081 mmol, 1 mol%) and DMF (50 mL) were added in the air and the
reaction was stirred for 10 min at rt. Phenyl formate (3.9 mL, 35.64 mmol, 4.4 equiv.) and NasPOa4
(179.5 mg, 1.095 mmol, 0.135 equiv.) were added. The bottle was closed and transferred to an oil bath
preheated at 170 °C. The reaction mixture was heated with continuous stirring for 16 hours. Then the
reactor was lifted from the oil bath and allowed to cool to room temperature. The reaction was filtered
to remove Pd-black, then poured into water (100 mL) containing 1 mL of HCI (to get rid of Phen and
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any amine impurity), a precipitate formed. The reaction mixture was filtered, and the precipitate was
washed with ag. NaHCO3 solution to get rid of phenol. The solid was then dissolved in CH.Cl (30
mL), dried over Na,SOj4. After filtration, evaporation of the solvent under reduced pressure afforded
the pure carbazole 79 (1.15 g, 85%).

4.7. Preparation of phenyl formate.

O
I HO Ac,0, AcONa H\n/o
H”SOH  + - g \©

The synthesis was performed following a procedure reported in the literature.[4%]

Under a dinitrogen atmosphere, formic acid (38 mL, 1 mol) was added to acetic anhydride (76 mL, 0.8
mol) in a 250 mL Schlenk flask. The mixture was stirred at 60 °C for 1 h and then let to cool to room
temperature. This mixture was transferred using a cannula into a 500 mL flask containing phenol (18.8
g, 200 mmol) and sodium acetate (16.4 g, 200 mmol) keeping the flask into a water/ice cooling bath
during the addition. (Attention: the reaction is rather exothermic.) The reaction was stirred for 3 h at
room temperature and then diluted with toluene (150 mL). The solution was washed with water (3 x
100 mL) and the organic phase was dried over MgSQO4. After filtration, evaporation of toluene under
reduced pressure at room temperature afforded phenyl formate as a pale-yellow liquid (yield 65%).
Figure 5: '"H NMR (400 MHz, CDCls) & 8.33 (s, 1H), 7.47 - 7.41 (m, 2H), 7.30 (t, J = 7.5 Hz, 1H),
7.18 ppm (m, 2H). Figure 6: 3C NMR (101 MHz, CDCls) § 159.33, 149.98, 129.73, 126.39, 121.16

ppm.

4.8. Synthesis of palladium catalysts.

a) Synthesis of PA(CH3CN)2Clo.
The synthesis was performed following a procedure reported in the literature.[*4°]

PdClI, (1.011 g, 5.70 mmol) was suspended into 70 mL of CH3CN and refluxed for 2 h. In order to
remove undissolved material, the hot reaction mixture was filtered through filtering paper by using a
Teflon cannula. The solution was cooled to 0 °C to promote the precipitation of the desired complex.
The so-formed orange-yellow solid was filtered through a Buchner funnel. (1.470 g, 99.5 % vyield).

Elemental analysis for C4HsCI2N2Pd. Calc.: C 18.52; H 2.33; N 10.80. Found: C 18.80; H 2.28; N
10.80.

b) Synthesis of Pd(OAC)2.
The synthesis was performed following a procedure reported in the literature. 5]

50



PdClI> (1 g, 5.72 mmol) was suspended into 100 mL of water. HCOONa (1.6 g, 23.4 mmol) and NaOH
(2 g, 50 mmol) were subsequently added. After 30 min metallic Pd in the form of finely divided powder
appeared. Water was removed and the obtained solid washed with water (3 x 30 mL). The solid was
suspended in 40 mL of glacial acetic acid and 0.6 mL of concentrated nitric acid was slowly added
under stirring. The mixture was refluxed for 30 min while nitrogen was bubbled inside the reaction
solution to remove NO- from the reaction mixture. The volume of the reaction mixture was reduced to
one third using gentle heating. After allowing to cool to room temperature an orange powder
precipitated. It was collected by filtration on a Buchner funnel affording the desired compound (0.86
g, 86 % vyield).

Elemental analysis for C4HsO4Pd. Calc.: C 21.40; H 2.69. Found: C 21.54; H 2.67.

c) Synthesis of Naz[PdCl4]

The synthesis was adapted from a synthetic procedure for Li2[PdCls] reported in the literature. 511
PdCI, (0.50 g, 2.8 mmol) was suspended in distilled water (3 mL) and NaCl (0.33 g, 5.6 mmol) was
added. The reaction was heated at 70°C for 1h until complete dissolution of PdCl,. The obtained
brown-red solution was allowed to cool to room temperature and filtered on filter paper by canula.
Water was then evaporated under vacuum affording a brown solid that was smashed into powder and
kept under vacuum at 80 °C for 8 h (until constant weight).

4.9. Preparation of 0-aminobiphenyl (103)t52
OO0 e OO
H EtOH, NH,CI

NO, NH;
103

The synthesis was performed following the general procedure reported in the literature.*47]

In a 2-necked 250 mL round-bottomed flask was charged with ethanol (40 mL). Iron powder (7 g, 125
mmol) was added in portions under efficient stirring, followed by concentrated HCI (1.1 mL, 12.5
mmol). The suspension was stirred at 65 °C for 2 h and was then cooled to 55 — 60 °C over a period
of 10 min. Then 25% aqueous ammonium chloride solution (20 mL) was added. o-Nitrobiphenyl (4.98
g, 25 mmol) was added in portions (exothermic) while maintaining the internal temperature at 65 — 80
°C. The reaction mixture was stirred at 55-65 °C for an additional 3 h and was then cooled to 40 °C.
Ethanol (50 mL) and Celite (10 g) were added subsequently. The reaction mixture was filtered over a
pad of Celite (10 g) with suction. The filter cake was washed with EtOH (100 mL), and the filtrate was
concentrated under reduced pressure. To the residue, ethyl acetate (60 mL) and saturated aqueous
NaHCO3 (25 mL) were added. The biphasic mixture was stirred at 20-25°C, and the organic layer was
separated. The organic layer was washed with brine (2x30 mL) and dried over sodium sulfate. The
solvent was removed under reduced pressure to afford the product as a light brown solid (3.24 g, 65
% vyield). The product was analytically pure and was used without further purification.
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Figure 7: *H NMR (400 MHz, CDCls) § 7.52 -7.42 (m, 4H), 7.41 - 7.32 (m, 1H), 7.23 - 7.10 (m, 2H),
6.86 (t, J = 7.4 Hz, 1H), 6.80 (d, J = 7.9 Hz, 1H), 3.83 ppm (br. s, 2H). Figure 8: 13C NMR (101 MHz,
CDCls) & 143.35, 139.55, 130.58, 129.21, 128.93, 128.61, 127.88, 127.30, 118.93, 115.85.

Elemental analysis for C12H1u1N. Calc.: C 85.17; H 6.55; N 8.28. Found: C 84.80; H 6.66; N 8.18.

4.10. Preparation of o-nitrosobiphenyl (104)1%

Y e OO
DCM, H,0
NH, rt., 5h N

/r

103 O 104

The synthesis was performed following the general procedure reported in the literature.*54

In a 250 mL Schlenk flask, o-aminobiphenyl (1.7 g, 10 mmole) was dissolved in CH.Cl, (15 mL). To
this solution, Oxone (KHSOs. %2 KHSO4. %2 K2SO4 - 12.3 g, 40 mmole, 4 equiv.) and 65 mL of water
were added. The reaction was stirred under dinitrogen at room temperature and the progress of the
reaction was followed by TLC until completion (5h). At the end of the reaction, the two layers were
separated, and the aqueous layer was extracted with CH2Cl, (2 x 50 mL), the combined organic layers
were washed with 1 N HCI (2x 50 mL), saturated NaHCOs3 solution (2x 50 mL), water (2 x 50 mL),
brine (2 x 50 mL) and dried over MgSOg4. Then, it was filtered, the solvent was evaporated under
reduced pressure. The compound was further purified by recrystallization from ethanol affording the
pure product as white crystals (1.185 g, 56% yield). The NMR was concentration dependent due to
dimerization of 2-nitrosobiphenyl in solution.[*5%l Thus, the sum of the signals of monomer and dimer
are overlapped in the reported NMR spectra. A doublet at 5.61 is due to dimer while that at 6.24 is due
to monomer (Figure 9).

Figure 9: 'H NMR (400 MHz, DMSO-ds) & 8.00 - 7.84 (m), 7.72 - 7.39 (m), 7.34 (d, J = 6.7 Hz), 7.17
(dd, J = 6.0, 2.7 Hz), 7.06 (t, J = 8.2 Hz), 6.90 (d, J = 7.9 Hz), 6.24 (d, J = 8.0 Hz), 5.61 ppm (d, J =
7.8 Hz). Figure 10: 3C NMR (101 MHz, DMSO-ds) **C NMR (101 MHz, DMSO-ds) & 163.45,
145.56, 139.90, 139.38, 137.03, 136.78, 136.56, 136.41, 135.86, 134.73, 132.44, 131.92, 131.62,
131.36, 130.53, 129.90, 129.22, 129.17, 128.91, 128.57, 128.42, 128.34, 128.28, 128.14, 127.97,
127.76, 125.10, 123.54, 105.63 ppm.

Elemental analysis for C12HgNO. Calc.: C 78.67; H 4.95; N 7.65. Found: C 78.98; H 5.0; N 7.80.

4.11. Preparation of 2-nitrobiaryls through Suzuki-Miyaura cross-coupling.

All the 2-halonitrobenzenes and boronic acids employed in the Suzuki-Miyaura couplings were
obtained from commercial sources. The only exception is 1,4-dibromo-2,3-dinitrobenzene whose
synthesis is reported below.
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1,4-dibromo-2,3-dinitrobenzene

BrQBr

O,N  NO,

A first attempt to get the double nitration of 1,4-dibromobenzene was performed in a 1:1 mixture of
HNO3 (65 wt %) and H2SO4 (96 wt %) at 95 °C for 5 h. However only mono-nitrated compound was
recovered in almost quantitative yield.

The 2-nitro-1,4-dibromobenzene obtained was thus nitrated following the indication of Hammond et
al.[*1 In a 250 mL round bottom flask, 2-nitro-I,4-dibromobenzene (21.7 g, 77.2 mmol) and sodium
nitrate (32.7 g, 385 mmol) were suspended in 100 mL H2SOs (88 wt %) at 0°C. The flask was
immediately immersed in a preheated oil-bath. The mixture was heated at 100 °C for five hours and
then poured into crushed ice (~500 mL). The crude solid was collected by filtration on a Buchner
funnel and thoroughly washed with water affording 22.4 g of a yellow solid mainly containing the
three isomers: 2,3-, 2,5- and 2,6-dinitro-1,4-dibromobenzene.The three isomers can be separated
following the procedure reported by Sunde et al.[**! In particular, 3 g (9.3 mmol) of crystalline pale
yellow 2.3-dinitro-1,4-bromobenzene were isolated by recrystallizing the crude from acetic acid (29
mL). Yield 12 %. Figure 11: *H NMR (400 MHz, CDCls) § 7.75 ppm (s, 2H). Figure 12: °C NMR
(101 MHz, CDCl3) 6 182.95, 136.99, 114.47 ppm.

Elemental analysis for CeH2Br2N2O>. Calc.: C 22.11; H 0.62; N 8.60. Found: C 21.83; H 0.70; N
8.33.

General procedure for synthesis of 2-nitrobiphenyls through Suzuki-Miyaura cross-
coupling.[%?]

In a 50 mL 2-neck flask, a mixture of the desired 2-halonitrobenzene (5 mmol), boronic acid (5.5
mmol, 1.1 equiv.), K2COs (1.38 g, 10 mmol, 2 equiv.) and Pd(PPhs)s (58 mg, 0.05 mmol, 1 mol%)
were added under nitrogen. The flask was then evacuated and filled with dinitrogen three times. Water
(5 mL) and toluene (8 mL) were added then the flask was closed and heated to reflux. The reaction
was followed by TLC and upon complete consumption of the starting material (2-24 h), the reaction
was cooled, filtered over a pad of celite, and washed with Et2O (50 mL). The organic mixture was
washed with H2O (2 x 50 mL) and brine, dried over MgSOa, and concentrated in vacuo. Column
chromatography of the residue (hexane: ethyl acetate) gave the pure product.

4-Methyl-2-nitrobiphenyl (50)1%

w0

NO,
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Prepared according to general synthesis from 4-bromo-3-nitrotoluene (1.08 g, 5 mmol) and
phenylboronic acid (0.67 g, 5.5 mmol). Column chromatography (95:5 hexane: EtOAc) gave the
product as a yellow oil (1.013 g, 95% yield). Figure 13: *H NMR (400 MHz, CDCls3) § 7.67 (s, 1H),
7.46 -7.37 (m, 4H), 7.34 -7.30 (m, 3H), 2.47 ppm (s, 3H). Figure 14: 3C NMR (101 MHz, CDCls) §
149.26, 138.80, 137.56, 133.61, 133.13, 131.85, 128.74, 128.12, 128.06, 124.49, 20.96 ppm.

Elemental analysis for C13H11NO3. Calc.: C 73.23; H 5.20; N 6.57. Found: C 72.95; H 5.42; N 6.90.

4-Methoxy-2-nitrobiphenyl (51)1102

NO,

Prepared according to general synthesis from 4-bromo-3-nitroanisole (1.16 g, 5 mmol) and
phenylboronic acid (0.67 g, 5.5 mmol). Column chromatography (95:5 hexane: EtOAc) gave the
product as a yellow solid (1.10 g, 96% yield). Figure 15: *H NMR (400 MHz, CDCl3) & 7.44 -7.32
(m, 5H), 7.31-7.21 (m, 2H), 7.15 (dd, J = 8.6, 2.6 Hz, 1H), 3.90 ppm (s, 3H). Figure 16: 13C NMR
(101 MHz, CDCls) 6 159.28, 149.84, 137.46, 132.94, 128.84, 128.77, 128.19, 128.00, 118.83, 109.18,
56.08 ppm.

Elemental analysis for C13H11NOz. Calc.: C 68.11; H 4.84; N 6.11. Found: C 68.41; H 5.04; N 6.27.

4-Trifluoromethyl-2-nitrobiphenyl (52)12%2]

NO,

Prepared according to general synthesis from 4-bromo-3-nitrobenzotrifluoride (1.35 g, 5 mmol) and
phenylboronic acid (0.67 g, 5.5 mmol). Column chromatography (90:10 hexane: EtOAc) gave the
product as a yellow solid (1.1 g, 82% yield). Figure 17: *H NMR (300 MHz, CDCls) § 8.13 (s, 1H),
7.88 (d, J=8.0 Hz, 1H), 7.62 (d, J = 8.0 Hz, 1H), 7.52 -7.39 (m, 3H), 7.38 -7.27 ppm (m, 2H). Figure
18: 3C NMR (75 MHz, CDCls) & 149.30, 139.95, 136.09, 133.01, 130.92 (q, J =34.5 Hz), 129.17,
129.09, 128.93 (q, J = 3.3 Hz), 127.89, 123.00 (q, J= 271.5), 121.60 (q, J = 3.7 Hz) ppm. Figure 19:
%F (376 MHz, CDCls) § -62.72 ppm (s, 3F).

Elemental analysis for C13HsFsNO>. Calc.: C 58.44; H 3.02; N 5.24. Found: C 58.41; H 3.20; N 5.30.

4-Formyl-2-nitrobiphenyl (53)[1%2

Prepared according to general synthesis from 4-chloro-3-nitrobenzaldehyde (0.928 g, 5 mmol) and
phenylboronic acid (0.67 g, 5.5 mmol). Column chromatography (40:60 hexane: EtOAc) gave the
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product as a yellow solid (1.01 g, 89% yield). Figure 20: *H NMR (300 MHz, CDCls) & 10.10 (s, 1H),
8.33 (d, J = 1.5 Hz, 1H), 8.12 (dd, J = 7.9, 1.6 Hz, 1H), 7.65 (d, J = 7.9 Hz, 1H), 7.51-7.40 (m, 3H),
7.40-7.28 ppm (m, 2H). Figure 21: 3C NMR (75 MHz, CDCls) & 189.55, 149.92, 141.76, 136.26,
136.07, 133.10, 132.35, 129.27, 129.07, 127.84, 125.19 ppm.

Elemental analysis for C13H9NOz. Calc.: C 68.72; H 3.99; N 6.16. Found: C 68.77; H 4.31; N 6.25.

4’-Methyl-2-nitrobiphenyl (54)157]

ases

NO,

Prepared according to general synthesis from 1-bromo-2-nitrobenzene (1.01 g, 5 mmol) and 4-
tolylboronic acid (0.75 g, 5.5 mmol). Column chromatography (90:10 hexane: EtOAc) gave the
product as a yellow oil (0.992 g, 93% yield). Figure 22: *H NMR (400 MHz, CDCl3) & 7.83 (d, J =
8.1 Hz, 1H), 7.61 (td, J = 7.6, 1.3 Hz, 1H), 7.51 -7.40 (m, 2H), 7.29 - 7.19 (m, 4H), 2.42 ppm (s, 3H).
Figure 23: °C NMR (101 MHz, CDCls) § 149.49, 138.24, 136.33, 134.49, 132.28, 132.01, 129.54,
128.01, 127.84, 124.08, 21.31 ppm.

Elemental analysis for C13H11NO3. Calc.: C 73.23; H 5.20; N 6.57. Found: C 73.08; H 5.12; N 6.49.

4’-Methoxy-2-nitrobiphenyl (55)15]

NO,

Prepared according to general synthesis from 1-bromo-2-nitrobenzene (1.01 g, 5 mmol) and 4-
methoxyphenylboronic acid (0.835 g, 5.5 mmol). Column chromatography (90:10 hexane: EtOAC)
gave the product as a yellow solid (1.112 g, 97% vyield). Figure 24: *H NMR (400 MHz, CDCls) &
7.80 (d, J = 8.4 Hz, 1H), 7.59 (t, J = 8.2 Hz, 1H), 7.44 (t, J = 7.5 Hz, 2H), 7.26 (d, J = 8.8 Hz, 2H),
6.96 (d, J = 8.8 Hz, 2H), 3.84 ppm (s, 3H). Figure 25: 3C NMR (101 MHz, CDCls) § 159.82, 149.54,
135.97, 132.26, 132.04, 129.61, 129.25, 127.85, 124.12, 114.34, 55.42 ppm.

Elemental analysis for C13H11NOs. Calc.: C 68.11; H 4.84; N 6.11. Found: C 67.76; H 4.99; N 6.20.

4-Trifluoromethyl-2-nitrobiphenyl (56)*%8

NO,

Prepared according to general synthesis from 1-bromo-2-nitrobenzene (1.01 g, 5 mmol) and 4-
(trifluoromethyl)phenylboronic acid (1.045 g, 5.5 mmol). Column chromatography (90:10 hexane:
EtOAcC) gave the product as a yellow solid (1.21 g, 90% yield). Figure 26: *H NMR (400 MHz, CDCls)
'H NMR (400 MHz, CDCls3) § 7.95 (dd, J = 8.1, 1.1 Hz, 1H), 7.75 - 7.61 (m, 3H), 7.56 (td, J = 7.9,
1.4 Hz, 1H), 7.50 - 7.36 ppm (m, 3H). Figure 27: *C NMR (101 MHz, CDCl3) & 149.00, 141.47,
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135.24, 132.84, 131.94, 130.40 (g, J = 33.3 Hz), 129.14, 128.50, 125.70 (q, J = 3.7 Hz),124.52, 124.18
(q, J = 273.71 Hz) ppm. Figure 28: *°F NMR (376 MHz, CDCls) § -62.55 (s, 3F) ppm.

Elemental analysis for C13HsFsNO>. Calc.: C 58.44; H 3.02; N 5.24. Found: C 58.33; H 3.15; N 5.22.

4’-Formyl-2-nitrobiphenyl (57)1*%

2
SaWs
H

NO,

Prepared according to general synthesis from 2-bromonitrobenzene (1.01 g, 5 mmol) and 4-
formylboronic acid (0.83 g, 5.5 mmol). Column chromatography (90:10 hexane: EtOAc) gave the
product as pale-yellow crystals (0.854 g, 75% yield). Figure 29: *H NMR (300 MHz, CDCl3) § 10.07
(s, 1H), 8.01 - 7.87 (m, 3H), 7.68 (td, J = 7.5, 1.2 Hz, 1H), 7.56 (td, J = 7.9, 1.4 Hz, 1H), 7.52 - 7.39
ppm (m, 3H). Figure 30: *C NMR (75 MHz, CDCls) & 191.78, 149.98, 143.91, 136.02, 135.51,
132.86, 131.85, 130.09, 129.24, 128.84, 124.64 ppm.

Elemental analysis for C13HgNOs. Calc.: C 68.72; H 3.99; N 6.16. Found: C 69.08; H 4.24; N 6.24.
2’-Methyl-2-nitrobiphenyl (58)*58 1601
Me
NO,

Prepared according to general synthesis from 2-bromonitrobenzene (1.01 g, 5 mmol) and 2-
tolylboronic acid (0.75 g, 5.5 mmol). Column chromatography (95:05 hexane: EtOAc) gave the
product as a yellow oil (1.002 g, 94% vyield). Figure 31: *H NMR (400 MHz, CDCl3) *H NMR (400
MHz, CDCl3) 4 8.00 (d, J =8.2 Hz, 1H), 7.64 (td, J = 7.5, 1.2 Hz, 1H), 7.52 (t, J = 8.5 Hz, 1H), 7.38
-7.18 (m, 4H), 7.10 (d, J = 7.5 Hz, 1H), 2.11 ppm (s, 3H). Figure 32: 3C NMR (101 MHz, CDCls) &
149.24, 137.58, 136.66, 135.74, 132.67, 132.31, 130.11, 128.40, 128.32, 125.88, 124.23, 20.01 ppm.

Elemental analysis for C13H1:NO.. Calc.: C 73.23; H 5.20; N 6.57. Found: C 73.12; H 5.36; N 6.53.
3’-Methyl-2-nitrobiphenyl (59)[61l
Me
NO,

Prepared according to general synthesis from 2-bromonitrobenzene (1.01 g, 5 mmol) and 3-tolyl
boronic acid (0.75 g, 5.5 mmol). Column chromatography (95:05 hexane: EtOAc) gave the product as
a yellow oil (1.043 g, 98% vyield). Figure 33: *H NMR (300 MHz, CDClIs) § 7.85 (dd, J = 8.0, 0.8 Hz,
1H), 7.61 (td, J = 7.5, 1.3 Hz, 1H), 7.53 -7.39 (m, 2H), 7.33 (t, J = 7.5 Hz, 1H), 7.23 (d, J = 7.6 Hz,
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1H), 7.14 (d, J = 9.9 Hz, 2H), 2.41 ppm (s, 3H). Figure 34: 3C NMR (75 MHz, CDCls) § 149.45,
138.47, 137.42, 136.53, 132.27, 132.03, 129.11, 128.66, 128.62, 128.12, 125.06, 124.07, 21.50 ppm.

Elemental analysis for C13H11NO>. Calc.: C 73.23; H 5.20; N 6.57. Found: C 73.23; H 5.36; N 6.56.

4,4’-Dimethoxy-2-nitrobipheny! (60)!58]

NO,

Prepared according to general synthesis from 4-bromo-3-nitroanisole (1.16 g, 5 mmol) and 4-
methoxyphenylboronic acid (0.835 g, 5.5 mmol). Column chromatography (80:20 hexane: EtOAC)
gave the product as a yellow solid (1.28 g, 99% yield). Figure 35: *H NMR (400 MHz, CDCls) & 7.35-
7.29 (m, 2H), 7.25 - 7.18 (m, 2H), 7.13 (dd, J = 8.6, 2.7 Hz, 1H), 6.97 - 6.89 (m, 2H), 3.88 (s, 3H),
3.83 ppm (s, 3H). Figure 36: *C NMR (101 MHz, CDCls) § 159.43, 158.87, 149.73, 132.85, 129.50,
129.26, 128.24, 118.67, 114.19, 109.00, 55.96, 55.35 ppm.

Elemental analysis for C14H13NOs. Calc.: C 64.86; H 5.05; N 5.40. Found: C 64.70; H 5.19; N 5.26.

4-Fluoro-2-nitrobiphenyl (61)0% 1621

(-0

NO,

Prepared according to general synthesis from 2-bromo-5-fluoronitrobenzene (1.1 g, 5 mmol) and
phenylboronic acid (0.67 g, 5.5 mmol). Column chromatography (90:10 hexane: EtOAc) gave the
product as a yellow solid (0.76 g, 70% yield). Figure 37: *H NMR (300 MHz, CDCl3) § 7.61 (dd, J =
8.0, 2.5 Hz, 1H), 7.50 -7.27 ppm (m, 7H). Figure 38: **C NMR (75 MHz, CDCls) § 161.38 (d, J =
249.75 Hz), 149.53 (d, J = 7.5 Hz), 136.61, 133.62 (d, J = 7.8 Hz), 132.73 (d, J = 3.57 Hz), 128.90,
128.52, 128.09, 119.75 (d, J = 21.0 Hz), 111.93 (d, J = 26.5 Hz) ppm. Figure 39: °F NMR (376 MHz,
CDCl3) 6 -111.25 (dd, J = 13.2, 7.7 Hz, 1F).

Elemental analysis for C12HgFNO». Calc.: C 66.36; H 3.71; N 6.45. Found: C 66.65; H 4.08; N 6.32.

4-Chloro-2-nitrobiphenyl (62)15

-0

NO,

Prepared according to general synthesis from 2-bromo-5-chloronitrobenzene (1.18 g, 5 mmol) and
phenylboronic acid (0.67 g, 5.5 mmol). Column chromatography (90:10 hexane: EtOAc) gave the
product as a yellow oil that slowly crystallized (0.83 g, 71% vyield). Figure 40: *H NMR (400 MHz,
CDCl3) 6 7.86 (d, J = 2.1 Hz, 1H), 7.60 (dd, J = 8.3, 2.2 Hz, 1H), 7.48 - 7.36 (m, 4H), 7.34 -7.27 ppm
(m, 2H). Figure 41: 3C NMR (75 MHz, CDCls) § 149.59, 136.40, 134.92, 134.08, 133.16, 132.50,
128.93, 128.70, 127.96, 124.34 ppm.
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Elemental analysis for C12HgCINO.. Calc.: C 61.69; H 3.45; N 5.99. Found: C 61.73; H 3.74; N 5.78.

4-Bromo-2-nitrobiphenyl (63)16]

-0

NO,

Prepared according to general synthesis from 4-bromo-1-iodo-2-nitrobenzene (1.64 g, 5 mmol) and
phenylboronic acid (0.67 g, 5.5 mmol). Column chromatography (90:10 hexane: EtOAc) gave the
product as a yellow solid (1.11 g, 80% vyield). Figure 42: *H NMR (400 MHz, CDCls3) § 8.00 (d, J =
2.0 Hz, 1H), 7.75 (dd, J = 8.2, 2.0 Hz, 1H), 7.48 - 7.39 (m, 3H), 7.36 - 7.27 ppm (m, 3H). Figure 43:
13C NMR (101 MHz, CDCls) § 149.57, 136.30, 135.35, 135.24, 133.26, 128.85, 128.61, 127.78,
127.04, 121.34 ppm.

Elemental analysis for C12HgBrNO>. Calc.: C 51.83; H 2.90; N 5.04. Found: C 51.70; H 3.02; N 4.92.

4-Acetyl-2-nitrobiphenyl (64)[%?

HO-O
Me

NO,

Prepared according to general synthesis from 4-chloro-3-nitroacetophenone (1.0 g, 5 mmol) and
phenylboronic acid (0.67 g, 5.5 mmol). Column chromatography (90:10 hexane: EtOAc) gave the
product as a pale-yellow solid (1.14 g, 94% yield). Figure 44: *H NMR (400 MHz, CDCls) § 8.39 (d,
J=1.6 Hz, 1H), 8.17 (dd, J = 8.0, 1.7 Hz, 1H), 7.57 (d, J = 8.2 Hz, 1H), 7.48 -7.39 (m, 3H), 7.36 -
7.29 (m, 2H), 2.67 ppm (s, 3H). Figure 45: 3C NMR (101 MHz, CDCl3) & 195.50, 149.55, 140.46,
136.87, 136.41, 132.58, 131.50, 129.05, 128.99, 127.83, 124.06, 26.77 ppm.

Elemental analysis for C14H11NOz. Calc.: C 69.70; H 4.60; N 5.81. Found: C 69.47; H 4.70; N 5.78.

4-Benzoyl-2-nitrobiphenyl (65)1%2]

HO-O
PH

NO,

Prepared according to general synthesis from 4-chloro-3-nitrobenzophenone (1.31 g, 5 mmol) and
phenylboronic acid (0.67 g, 5.5 mmol). Column chromatography (90:10 hexane: EtOAc) gave the
product as a yellow solid (1.47 g, 97% yield). Figure 46: 'H NMR (400 MHz, CDCl3) *H NMR (400
MHz, CDCls) 6 8.26 (d, J = 1.6 Hz, 1H), 8.06 (dd, J =7.9, 1.7 Hz, 1H), 7.91 - 7.80 (m, 2H), 7.66 (t, J
=7.4Hz, 1H), 7.63 - 7.51 (m, 3H), 7.51 - 7.42 (m, 3H), 7.42 - 7.33 ppm (m, 2H). Figure 47: 3C NMR
(101 MHz, CDCl3) 6 194.01, 149.29, 139.88, 137.61, 136.56, 136.51, 133.41, 133.23, 132.31, 130.11,
129.05, 128.87, 127.92, 125.64 ppm.

Elemental analysis for C19H13NOz. Calc.: C 75.24; H 4.32; N 4.62. Found: C 74.84; H 4.48; N 4.48.
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4-Carbomethoxy-2-nitrobiphenyl (66)1%

NO,

Prepared according to general synthesis from methyl-4-chloro-3-nitrobenzoate (1.08 g, 5 mmol) and
phenylboronic acid (0.67 g, 5.5 mmol). Chromatography (1:1 hexane: EtOAc) gave the product as a
yellow solid (1.12 g, 87 % vyield). Figure 48: *H NMR (300 MHz, CDCls)  *H NMR (300 MHz,
CDCl3) 6 8.49 (d, J =1.5Hz, 1H), 8.26 (dd, J = 8.0, 1.6 Hz, 1H), 7.55 (d, J = 8.0 Hz, 1H), 7.49 - 7.39
(m, 3H), 7.38 - 7.29(m, 2H), 3.99 ppm (s, 3H). Figure 49: 3C NMR (75 MHz, CDCls) § 165.04,
149.43, 140.49, 136.54, 132.95, 132.37, 130.52, 129.03, 129.01, 127.90, 125.39, 52.89.

Elemental analysis for C14H11NOg4. Calc.: C 65.37; H 4.31; N 5.45. Found: C 65.19; H 4.38; N 5.48.

2,4-Dinitrobiphenyl (67)1164

NO,

Prepared according to general synthesis from 1-chloro-2,4-dinitrobenzene (1.01 g, 5 mmol) and
phenylboronic acid (0.67 g, 5.5 mmol). Column chromatography (40:60 hexane: EtOAc) gave the
product as a yellow solid (1.06 g, 87% yield). Figure 50: *H NMR (300 MHz, CDCl3) § 8.71 (d, J =
2.1 Hz, 1H), 8.47 (dd, J = 8.5, 2.2 Hz, 1H), 7.69 (d, J = 8.5 Hz, 1H), 7.55 - 7.40 (m, 3H), 7.40 - 7.28
ppm (m, 2H). Figure 51: *C NMR (75 MHz, CDCls) & 149.28, 147.05, 142.42, 135.37, 133.36,
129.72, 129.25, 127.83, 126.60, 119.86 ppm.

Elemental analysis for C12HgN20a. Calc.: C 59.02; H 3.30; N 11.47. Found: C 58.96; H 3.48; N 11.24.

4-Cyano-2-nitrobiphenyl (68)1%2

o)

NO,

Prepared according to general synthesis from 4-chloro-3-nitrobenzonitrile (0.91 g, 5 mmol) and
phenylboronic acid (0.67 g, 5.5 mmol). Chromatography (60:40 hexane: EtOAc) gave the product as
a yellow solid (1.03 g, 92% yield). Figure 52: *H NMR (300 MHz, CDCls) § 8.16 (d, J = 1.6 Hz, 1H),
7.91 (dd, J = 8.0, 1.6 Hz, 1H), 7.63 (d, J = 8.0 Hz, 1H), 7.54 - 7.41 (m, 3H), 7.39 - 7.29 (m, 2H).
Figure 53: 3C NMR (75 MHz, CDCls) & 149.41, 140.77, 135.58, 135.29, 133.22, 129.50, 129.16,
127.82,127.77, 116.62, 112.55 ppm.

Elemental analysis for C13HgN20>. Calc.: C 69.64; H 3.60; N 12.49. Found: C 69.59; H 3.76; N 12.46.
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3-Nitro-2-phenylpyridine (69)1¢°!

7N\

NO,

Prepared by modification of the general synthesis. In a 50 mL 2-neck flask, 2-chloro-3-nitropyridine
(0.85 g, 5.4 mmol), phenylboronic acid (0.85 g, 7 mmol), K2COs (1.8 g, 13 mmol), Pd(PPhz)s (118
mg, 0.1 mmol, 2 mol%), were suspended in 1,2-dimethoxyethane (8 mL) and water (3 mL) under a
dinitrogen atmosphere. The reaction was heated to 85 °C for 16 h. The reaction was then cooled,
CH2Cl> (40 mL) was added and the water phase was separated. The organic phase was dried over
Na>SOs and the organic solvent was evaporated under vacuum. Chromatography (70:30 hexane:
EtOAc) gave the product as an orange solid (0.99 g, 83% vyield). Figure 54: *H NMR (400 MHz,
CDCls) 6 8.86 (dd, J =4.7, 1.5 Hz, 1H), 8.14 (dd, J = 8.1, 1.5 Hz, 1H), 7.61- 7.53 (m, 2H), 7.52 - 7.40
ppm (m, 4H). Figure 55: 3C NMR (101 MHz, CDCls) § 153.00, 152.22, 146.40, 136.34, 132.36,
129.96, 128.90, 128.21, 122.53.

Elemental analysis for C11HgN2O.. Calc.: C 66.00; H 4.03; N 13.99. Found: C 66.29; H 3.96; N 14.16.

1-(2-Nitrophenyl)naphthalene (70)!*66-1671

NO,

Prepared by modification of the general synthesis from 2-bromonitrobenzene (1.01 g, 5 mmol) and 1-
naphthaleneboronic acid (0.95 g, 5.5 mmol). DMF was used instead of toluene/water mixture and the
reaction was performed at 100 °C for 6 h. After letting the flask cooling to room temperature, the
reaction mixture was poured into water (30 mL) and extracted with EtOAc (3 x 30 mL). The combined
organic layers were washed with water and brine and dried over Na;SO4. Chromatography (90:10
hexane: EtOAc) gave the product as a yellow solid (0.76 g, 61% yield). Figure 56: 'H NMR (400
MHz, CDCl3H NMR (400 MHz, CDCls) § 8.08 (dd, J = 8.1, 1.2 Hz, 1H), 7.91 (d, J = 8.2 Hz, 2H),
7.70 (td, J=7.5, 1.3 Hz, 1H), 7.61 (td, J = 7.9, 1.4 Hz, 1H), 7.56 - 7.38 (m, 5H), 7.35 ppm (dd, J =
7.0, 1.0 Hz, 1H). Figure 57: *C NMR (101 MHz, CDCls) & 149.93, 135.63, 135.40, 133.58, 133.22,
132.68, 131.59, 128.78, 128.70, 128.60, 126.71, 126.19, 125.36, 124.97, 124.37 ppm.

Elemental analysis for C1s6H11NOo. Calc.: C 77.10; H 4.45; N 5.62. Found: C 76.79; H 4.61; N 5.58.

2°,3’-Dinitro-1,1’:4°,1>'-terphenyl (71)68l

O,N  NO,

1,4-dibromo-2,3-dinitrobenzene was prepared according to procedure reported above.
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Prepared according to general synthesis from 1,4-dibromo-2,3-dinitrobenzene (1.63 g, 5 mmol) and
phenylboronic acid (1.83 g, 15 mmol), K2COs (2.76 g, 20 mmol), Pd(PPh3)s (115.6 mg, 0.1 mmol, 2
mol%), toluene (10 mL), water (10 mL). Chromatography (70:30 hexane: EtOAc) gave the product as
a yellow solid (1.4 g, 87% yield). Figure 58: *H NMR (400 MHz, CDCls) § 7.66 (s, 1H), 7.53 - 7.43
(m, 3H), 7.42 -7.35 ppm (m, 2H). Figure 59: 1*C NMR (101 MHz, CDCls) § 142.85, 135.65, 134.64,
133.50, 129.60, 129.32, 127.96 ppm.

Elemental analysis for C1gH12N204. Calc.: C 67.50; H 3.78; N 8.75. Found: C 67.69; H 4.04; N 8.40.

4.12. Preparation of 2-nitrobiaryls through Ullmann cross-coupling.

3-(2-Nitrophenyl)pyridine (72)1137: 16

N

N
NO,

3-lodopyridine (0.47 g, 3.0 mmol), 2-bromonitrobenzene (0.92 g, 4.5 mmol), copper powder (0.76 g,
12 mmol) and PdClI. (27 mg, 0.15 mmol) were placed 25 mL Schlenk flask and dry DMSO (9 mL)
was added under nitrogen. The mixture was heated to 130 °C for 3h while stirring. After letting the
flask cooling to room temperature, 10 wt% NHs (15 mL) was added and the mixture stirred for one
hour. The aqueous phase was then extracted with CH2Cl, (3 x 25 mL), the combined organic layers
dried over Na,SQyg, filtered and the solvent was evaporated. Chromatography (gradient elution from
95:5 to 80:20 hexane: EtOAc) gave the product as a dense yellow oil (0.25 g, 42% yield) Figure 60:
'H NMR (400 MHz, CDCls) § 8.65 (dd, J = 4.9, 1.5 Hz, 1H), 8.59 (d, J = 1.8 Hz, 1H), 7.99 (dd, J =
8.1, 1.2 Hz, 1H), 7.74 - 7.62 (m, 2H), 7.62 - 7.51 (m, 1H), 7.43 (dd, J = 7.6, 1.4 Hz, 1H), 7.37 ppm
(ddd, J = 7.9, 4.9, 0.7 Hz, 1H). Figure 61: 1*C NMR (101 MHz, CDCls) & 148.88, 148.45, 147.66,
136.66, 134.36, 133.16, 132.78, 132.25, 129.57, 124.92, 123.72 ppm.

Elemental analysis for C11HgN20.. Calc.: C 66.00; H 4.03; N 13.99. Found: C 65.67; H 4.37; N 13.60.

2-(2-Nitrophenyl)pyridine (73)170-174]
\
\—/

NO,

2-Bromonitrobenzene (2.04 g, 10 mmol), copper powder (1.45 g, 23 mmol) and PdClI> (52 mg, 0.29
mmol) were placed 50 mL Schlenk flask and 2-bromopyridine (0.95 mL, 10 mmol), dry DMSO (10
mL) were added under nitrogen. The mixture was heated to 130 °C for 3h while stirring. After letting
the flask cooling to room temperature, 10 wt% NHs (100 mL) was added and the mixture stirred for
one hour. The reaction was filtered on a Buchner funnel and the solid washed with CHCl,. The filtrate
was then extracted with CH2Cl (3 x 50 mL), the combined organic layers dried over NaxSOs, filtered
and the solvent was evaporated. Chromatography (80:20 hexane: EtOAc) gave the product as an
orange solid (0.54 g, 27% yield) Figure 62: *H NMR (400 MHz, CDCls) *H NMR (400 MHz, CDCls)
68.62 (d, J=4.3 Hz, 1H), 7.87 (d, J = 8.6 Hz, 1H), 7.77 (td, J = 7.7, 1.7 Hz, 1H), 7.70 - 7.56 (m, 2H),
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7.56 - 7.40 (m, 2H), 7.35 - 7.20 (m, 1H). Figure 63: 3C NMR (101 MHz, CDCls) § 155.50, 149.68,
149.35, 136.96, 135.29, 132.46, 131.29, 129.28, 124.41, 122.97, 122.73 ppm.

Elemental analysis for C11HgN20.. Calc.: C 66.00; H 4.03; N 13.99. Found: C 65.69; H 4.25; N 13.67.

3-(2-Nitrobiphenyl)thiophene (74)t72
o<

The synthesis was performed following a procedure reported in the literature.[*%]

Copper bronze (2.86 g) was added in portions during 5 min to a mixture of 2-bromonitrobenzene (1.01
g, 5 mmol) and 3-iodothiophene (0.77 mL, 7.5 mmol) at 170-180 °C. The bath temperature was raised
and maintained at 200-210 °C for 3 h. On cooling, the products were extracted into hot acetone and
the extracts filtered through Celite and evaporated to give a brown residue. Column chromatography
(90:10 hexane: EtOAc) gave the product as a yellow oil (0.68 g, 66 % vyield). Figure 64: *H NMR
(400 MHz, CDCl3) & 7.78 (d, J = 8.1 Hz, 1H), 7.60 - 7.52 (m, 1H), 7.51 - 7.40 (m, 2H), 7.39 - 7.35 (m,
1H), 7.34 - 7.29 (m,1H), 7.09 ppm (dd, J = 4.9, 1.3 Hz, 1H). Figure 65: 3C NMR (75 MHz, CDCls)
5 149.40, 137.12, 132.28, 131.85, 130.94, 128.30, 127.55, 126.36, 124.02, 123.63 ppm.

Elemental analysis for C1o0H7NO>S. Calc.: C 58.52; H 3.44; N 6.82. Found: C 58.65; H 3.61; N 6.61.

4.13. Preparation of 2-nitrobiaryls through simple organic transformations.

4,4’-Dibromo-2-nitrobiphenyl (75)1%?

NO,

4,4’-Dibromobiphenyl (5 g, 16 mmol) was dissolved in glacial acetic acid (60 mL), and the mixture
was stirred and heated to 100 °C. Then, fuming concentrated nitric acid (95%, 20 mL) was added and
the resulting mixture was allowed to react for another 6 h. After the reaction solution was cooled to
room temperature, the reaction was poured into 1 M NaOH (100 mL) to partially neutralize the acid,
resulting in the formation of a yellow precipitate that was extracted with CH2Cl (2 x 50 mL), washed
vigorously with H20 (2 x 100 mL) and brine, dried over MgSOa4, and concentrated in vacuo to a yellow
solid. Recrystallization from ethanol afforded the pure compound (4.74 g, 83% yield). Figure 66: H
NMR (400 MHz, CDCls) 6 8.02 (d, J = 1.9 Hz, 1H), 7.75 (dd, J = 8.2, 2.0 Hz, 1H), 7.55 (d, J = 8.5
Hz, 2H), 7.29 (d, J = 8.2 Hz, 1H), 7.15 ppm (d, J = 8.5 Hz, 2H). Figure 67: 3C NMR (101 MHz,
CDCl3) 6 149.33, 135.69, 135.40, 134.22, 133.14, 132.13, 129.52, 127.43, 123.16, 121.94 ppm.

Elemental analysis for C12H7BraNO>. Calc.: C 40.37; H 1.98; N 3.92. Found: C 40.59; H 2.24; N 3.69.
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2-Nitrobiphenyl-4-carboxylic acid (76)%

NO,

Prepared by hydrolysis of 4-carbomethoxy-2-nitrobiphenyl. To a solution of KOH (0.45 g, 8 mmol, 2
equiv.) in MeOH (10 mL) was added 4-carbomethoxy-2-nitrobiphenyl 66 (1.023 g, 4 mmol). The
reaction was stirred for 6 h, during which time a precipitate formed. An additional equivalent of KOH
(0.23 g, 4 mmol) and MeOH (5 mL) were added, and the reaction was stirred overnight (20 h). Then
the reaction was diluted with H,O (100 mL) and acidified with concentrated HCI to pH = 2. The
mixture was extracted with EtOAc (3 x 100 mL). The combined layers were dried over MgSO4 and
concentrated to dryness, yielding a fluffy pale-yellow solid (0.963 g, 99 % yield). Figure 68: *H NMR
(400 MHz, CDCl3) 6 11.27 (br s, 1H), 8.58 (d, J = 1.4 Hz, 1H), 8.35 (dd, J = 8.0, 1.6 Hz, 1H), 7.61 (d,
J =8.0 Hz, 1H), 7.53 - 7.41 (m, 3H), 7.40-7.31 (m, 2H). Figure 69: *C NMR (101 MHz, CDCl3) &
169.68, 149.55, 141.50, 136.35, 133.50, 132.62, 129.44, 129.24, 129.10, 127.89, 126.05 ppm.

Elemental analysis for C13H9NOg4. Calc.: C 64.20; H 3.73; N 5.76. Found: C 64.39; H 3.95; N 5.49.

4-Hydroxy-2-nitrobiphenyl (77)1%2

R ace

NO,

To an ice-cold solution of 4-methoxy-2-nitrobiphenyl 51 (0.46 g, 2 mmol) in freshly distilled CH2Cl;
(5 mL), BBrsz (0.3 mL, 3 mmol) was added under dinitrogen dropwise via syringe. Upon complete
addition, the ice bath was removed, and the reaction continued at room temperature for 5 h. At that
time, the reaction mixture was diluted with Et,O (25 mL), and the resulting solution was carefully
treated with 0.5 M HCI (10 mL). The layers were separated, and the aqueous layer extracted with
additional Et2O (2 x 20 mL). The combined organic layers were washed with brine, dried over MgSO4,
and concentrated in vacuo. Column chromatography of the residue (05:95, Et,O:CH2Cl>) give the
product as a yellow-orange powder (0.32 g, 74% vyield). Figure 70: *H NMR (300 MHz, CDCls3) §
7.47 -7.36 (m, 3H), 7.36 - 7.31 (m, 1H), 7.31 - 7.25 (m, 3H), 7.09 (dd, J = 8.4, 2.6 Hz, 1H), 5.20 ppm
(s, 1H). Figure 71: ¥3C NMR (75 MHz, CDCls) § 155.24, 137.29, 133.25, 129.18, 128.79, 128.16,
128.07, 119.73, 111.27 ppm.

Elemental analysis for C12HgNOs. Calc.: C 66.97; H 4.22; N 6.51. Found: C 67.32; H 4.60; N 6.37.

2-Nitro-4-biphenyl amine (78)
NO,

The synthesis was performed following a procedure reported in the literature. 13
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A stirred solution of 2,4-dinitrobiphenyl 67 (2.44 g, 10 mmol) in ethanol (50 ml.), and water (13 ml.)
containing 1-2 drops of concentrated hydrochloric acid (~60 uL) and iron powder (1.2 g, 20 mmol, 2
equiv.) was refluxed for 3 hours. The red solution was cooled, filtered from iron oxides, then
evaporated under reduced pressure to afford a brown residual oil. Column chromatography of the
residue (90:10 Hexane: Ethyl acetate) gave the pure product as a bright yellow solid (1.33 g, 62%
yield). Figure 72: *H NMR (400 MHz, CDCls3) § 7.44 - 7.31 (m,3H), 7.31 - 7.23 (m, 2H), 7.20 (d, J =
8.3 Hz, 1H), 7.11 (d, J = 2.4 Hz, 1H), 6.87 (dd, J = 8.3, 2.4 Hz, 1H), 3.98 ppm (br. s, 2H) ppm. Figure
73: 13C NMR (101 MHz, CDCls) § 146.65, 137.85, 132.87, 128.68, 128.15, 127.64, 126.18, 118.53,
109.79 ppm. NMR characterization of this compound was not previously reported in the literature.

Elemental analysis for C12H10N20>. Calc.: C 67.28; H 4.71; N 13.08. Found: C 67.53; H 4.75; N 13.43.

4.14. General procedure for nitrobiaryls cyclization to carbazoles.

The reaction was performed under dinitrogen atmosphere and the reaction components were assembled
at room temperature. To avoid weighing very small amounts of Na>[PdCl4] and 1,10-phenanthroline,
stock solutions of these reagents were prepared by dissolving respectively 32 mg of the former reagent
in 20 mL dry DMF (to give 1.6 mg/mL solution) and 98 mg Phen in 20 mL dry DMF (to give 4.9
mg/mL solution).

An ~20 mL pressure tube was placed in a Schlenk tube having a wide mouth and the tube was
evacuated and filled with dinitrogen three times. o-nitrobiphenyl (107.5 mg, 0.54 mmol) was added
first and the tube was evacuated and filled with dinitrogen three times again. Then, in a nitrogen flush,
1 mL of the Phen stock solution was added (corresponding to a ligand amount of 4.9 mg, 0.027 mmol,
5 mol%), followed by 1 mL of the catalyst stock solution (corresponding to a catalyst amount of 1.60
mg, 0.0054 mmol, 1 mol%), and DMF (8.0 mL) and the reaction was stirred for 10 min at rt. Finally,
phenyl formate (260 pL, 2.38 mmol, 4.4 equiv.) and NasPOs (12 mg, 0.073 mmol, 0.135 equiv.) were
added. The pressure tube was closed and transferred to an oil bath preheated at 170 °C. The reaction
mixture was heated with continuous stirring for 5 hours. Then the tube was lifted from the oil bath and
allowed to cool to room temperature. The reaction was filtered and DMF was evaporated under reduced
pressure. Column Chromatography of the residue (Hexane: Ethyl acetate) gave the pure product.

9H-Carbazole (79)158!

[
H

Prepared according to general synthesis from 2-nitrobiphenyl (107.6 mg, 0.54 mmol). Column
chromatography of the residue (95:5, hexane: ethyl acetate) gave the pure product as a white lustrous
solid (84 mg, 93.0 % yield), Rf= 0.33 (90:10 hexane: ethyl acetate). Figure 74: *H NMR (400 MHz,
DMSO-de) 6 11.27 (s, 1H), 8.11 (d, J = 7.8 Hz, 2H), 7.52 (d, J = 8.1 Hz, 2H), 7.40 (t, J = 7.6 Hz, 2H),
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7.17 ppm (t, J = 7.5 Hz, 2H). Figure 75: 3C NMR (101 MHz, DMSO-ds) & 139.74, 125.50, 122.42,
120.14, 118.49, 110.93 ppm.

Elemental analysis for C12H9N. Calc.: C 86.20; H 5.43; N 8.38. Found: C 85.94; H 5.63; N 8.33.

2-Methyl-9H-carbazole (80)F°!
Me

)

H

Prepared according to general synthesis from 4-methyl-2-nitrobiphenyl 50 (115.2 mg, 0.54 mmol).
Column chromatography afforded the product (96 mg, 98% vyield). The same compound was also
synthesized from 4’-methyl-2-nitrobiphenyl 54 (115.2 mg, 0.54 mmol). Column chromatography
afforded the product (95 mg, 97% vyield).

In both cases, column chromatography of the residue (90:10 Hexane: Ethyl acetate) gave the pure
product as a lustrous white solid, Rf=0.46 (90:10 Hexane: Ethyl acetate).

Figure 76: *H NMR (400 MHz, DMSO-dg) 8 11.10 (s, 1H), 8.04 (d, J = 7.8 Hz, 1H), 7.97 (d, J = 7.9
Hz, 1H), 7.44 (d, J = 8.1 Hz, 1H), 7.33 (t, J = 8.2 Hz, 1H), 7.27 (s, 1H), 7.12 (t, J = 7.9 Hz, 1H), 6.98
(dd, J = 7.9, 0.8 Hz, 1H), 2.47 ppm (s, 3H). Figure 77: C NMR (101 MHz, DMSO-ds) § 140.25,
139.76, 135.01, 124.97, 122.55, 120.22, 120.07, 119.87, 119.81, 118.39, 110.93, 110.83, 21.73 ppm.

Elemental analysis for C13H1u1N. Calc.: C, 86.15; H, 6.12; N, 7.73 Found: C 86.27; H 6.33; N 7.40.

2-Methoxy-9H-carbazole (82)17

"\
H

Prepared according to general synthesis from 4-methoxy-2-nitrobiphenyl 51 (123.8 mg, 0.54 mmol).
Column Chromatography afforded the product (93.7 mg, 88 % yield). The same compound was also
synthesized from 4’-methoxy-2-nitrobiphenyl 55 (123.8 mg, 0.54 mmol). Column Chromatography
afforded the product (94.8 mg, 89 % vyield)

In both cases, column chromatography of the residue (80:20 Hexane: Ethyl acetate) gave the pure
product as a white solid, Rf=0.35 (80:20 Hexane: Ethyl acetate).

Figure 78: *'H NMR (400 MHz, DMSO-ds) 5 1H NMR (400 MHz, DMSO) § 11.11 (s, 1H), 7.96 (dd,
J=10.6, 8.2 Hz, 2H), 7.43 (d, J = 8.0 Hz, 1H), 7.29 (t, J = 7.6 Hz, 1H), 7.11 (t, J = 7.4 Hz, 1H), 6.98
(d, J=2.2 Hz, 1H), 6.77 (dd, J = 8.5, 2.2 Hz, 1H), 3.84 ppm (s, 3H). Figure 79: *C NMR (101 MHz,
DMSO-ds) 6 158.56, 141.17, 139.79, 124.17, 122.74, 120.93, 119.28, 118.60, 116.25, 110.66, 107.73,
94.49, 55.25 ppm.

Elemental analysis for C13H1:NO. Calc.: C, 79.17; H, 5.62; N, 7.10 Found: C 79.02; H 5.65; N 7.07.
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2-(Trifluoromethyl)-9H-carbazole (82)%8

I
H

Prepared according to general synthesis from 4-trifluoromethyl-2-nitrobiphenyl 52 (144.3 mg, 0.54
mmol). Column chromatography afforded the product (113 mg, 89% yield), Rf= 0.36 (75:25 Hexane:

Ethyl acetate). The same compound was also synthesized from 4’-trifluoromethyl-2-nitrobiphenyl 56
(144.3 mg, 0.54 mmol). Column chromatography afforded the product (102 mg, 80% yield).

In both cases, column chromatography of the residue (80:20 Hexane: Ethyl acetate) gave the pure
product as a lustrous white solid, Rf = 0.36 (75:25 Hexane: Ethyl acetate).

Figure 80: 'H NMR (400 MHz, DMSO-ds) & 11.64 (s, 1H), 8.32 (d, J = 8.2 Hz, 1H), 8.22 (d, J = 7.8
Hz, 1H), 7.83 (s, 1H), 7.60 (d, J = 8.2 Hz, 1H), 7.54 - 7.41 (m, 2H), 7.24 ppm (t, J = 7.5 Hz, 1H).
Figure 81: *C NMR (101 MHz, DMSO-ds) & 140.90, 138.85, 127.11, 125.72 (g, J = 31.31 Hz),
125.39, 125.37 (q, J = 272.70 Hz), 121.50, 121.10, 121.06, 119.39, 114.84 (q, J = 4.04 Hz), 111.59,
108.06 (g, J = 4.04 Hz) ppm. Figure 82: °F NMR (376 MHz, DMSO-ds) & -59.25 (s, 3F) ppm.

Elemental analysis for C13HgF3N. Calc.: C, 66.38; H, 3.43; N, 5.96 Found: C 66.06; H 3.65; N 5.81.

2-Formyl- 9H-carbazole (83)1*%?

Prepared according to general synthesis from 4-formyl-2-nitrobiphenyl 53 (122.7 mg, 0.54 mmol).
Column chromatography afforded the product (96.8 mg, 92 % yield), Rf= 0.34 (80:20 Hexane: Ethyl
acetate). The same compound was also synthesized from 4’-formyl-2-nitrobiphenyl 57 (122.7 mg, 0.54
mmol) (96.8 mg, 92 % yield).

In both cases, column chromatography of the residue (80:20 Hexane: Ethyl acetate) gave the pure
product as a yellow solid, Rf=0.34 (80:20 Hexane: Ethyl acetate).

Figure 83: *H NMR (400 MHz, CDCls) & 10.14 (s, 1H), 8.40 (br s, 1H), 8.20 (d, J = 8.0 Hz, 1H), 8.14
(d, J=7.9 Hz, 1H), 7.99 (s, 1H), 7.77 (dd, J = 8.0, 0.8 Hz, 1H), 7.58 -7.44 (m, 2H), 7.34-7.27 ppm (m,
1H). Figure 84: 3C NMR (101 MHz, CDCls) § 192.67, 141.39, 139.23, 134.26, 128.79, 127.97,
122,55, 121.73, 121.53, 120.75, 120.40, 112.08, 111.24 ppm.

Elemental analysis for C13HgNO. Calc.: C, 79.98; H, 4.65; N, 7.17. Found: C,79.95; H, 4.84; N, 6.97.
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4-Methyl-9H-carbazole (84)1*%!

Prepared according to general synthesis from 2’-methyl-2-nitrobiphenyl 59 (115.1 mg, 0.54 mmol).
Column chromatography of the residue (95:5, hexane: ethyl acetate) gave the pure product as a white
solid (83.2 mg, 85.0 % yield), Rf= 0.26 (90:10 hexane: ethyl acetate). Figure 85: *H NMR (400 MHz,
DMSO-ds) 5 11.30 (s, 1H), 8.12 (d, J = 7.9 Hz, 1H), 7.52 (d, J = 8.1 Hz, 1H), 7.43 - 7.32 (m, 2H), 7.28
(t,J=7.6 Hz, 1H), 7.18 (t, J = 7.5 Hz, 1H), 6.95 (d, J = 7.1 Hz, 1H), 2.80 ppm (s, 3H). Figure 86: °C
NMR (101 MHz, DMSO-ds) 6 139.76, 139.71, 132.38, 125.35, 124.91, 122.92, 122.14, 120.89,
119.93, 118.54, 110.73, 108.57, 20.51ppm.

Elemental analysis for C13H11N. Calc.: C 86.15; H 6.12; N 7.73. Found: C 85.31 H 6.28; N 7.60.

1-Methyl-9H-carbazole and 3-methyl-9H-carbazole (85)*"!

|l_| Me

major isomer (A) minor isomer (B)
1.85 : 1

Prepared according to general synthesis from 3’-methyl-2-nitrobiphenyl 59 (115.1 mg, 0.54 mmol).
Column chromatography of the residue (95:5 Hexane: Ethyl acetate) afforded two fractions with an
overall yield of 99% (96.9 mg), the ratio between the two isomers were recorded from GC
chromatogram. First fraction was the pure major isomer (1-methyl-9H-carbazole) obtained as a
lustrous white solid, Rf= 0.22 (95:5 Hexane: Ethyl acetate). Figure 87: *H NMR (400 MHz, CDCls)
68.05 (d, J=7.8 Hz, 1H), 7.92 (br s, 1H), 7.89 (s, 1H), 7.40 (d, J = 3.6 Hz, 2H), 7.32 (d, J = 8.2 Hz,
1H), 7.28 - 7.16 (m, 2H), 2.54 ppm (s, 3H). Figure 88: *C NMR (101 MHz, CDCls) § 139.95, 137.85,
128.88, 127.31, 125.78, 123.66, 123.36, 120.38, 119.35, 110.69, 110.37, 21.56.

Elemental analysis for the pure isomer C13H11N. Calc.: C, 86.15; H, 6.12; N, 7.73 Found: C 85.39; H
6.42; N 7.14.

Second fraction was a mixture of the two isomers, 1-methyl-9H-carbazole 85a Rf=0.22 (95:5 Hexane:
Ethyl acetate) and 3-methyl-9H-carbazole 85b Rf= 0.13 (95:5 Hexane: Ethyl acetate) obtained as a
lustrous white solid.
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4-Dimethoxy-9H-carbazole (86)1*%]

|
H

Prepared according to general synthesis from 4,4’-dimethoxy-2-nitrobiphenyl 60 (140 mg, 0.54
mmol). Column chromatography of the residue (70:30, hexane: ethyl acetate) gave the pure product as
a white solid (105.6 mg, 86.0 % yield), Rf= 0.62 (60:40 hexane: ethyl acetate). Figure 89: *H NMR
(400 MHz, DMSO-dg) 6 10.97 (s, 1H), 7.83 (d, J = 8.5 Hz, 2H), 6.94 (d, J = 2.2 Hz, 2H), 6.73 (dd, J
= 8.5, 2.2 Hz, 2H), 3.82 ppm (s, 6H). Figure 90: 3C NMR (101 MHz, DMSO-ds) & 157.55, 141.03,
119.94, 116.46, 107.32, 94.65, 55.22 ppm.

Elemental analysis for C14H1sNO>. Calc.: C 73.99; H 5.77; N 6.16. Found: C 74.01 H 5.91; N 5.89.

2-Fluoro-9H-carbazole (87)1%8

Vo

|
H

Prepared according to general synthesis from 4-fluoro-2-nitrobiphenyl 61 (117.3 mg, 0.54 mmol).
Column Chromatography of the residue (90:10 Hexane: Ethyl acetate) gave the pure product as a
lustrous white solid (98.9 mg, 99% vyield), Rf= 0.22 (90:10 Hexane: Ethyl acetate). Figure 91: *H
NMR (400 MHz, DMSO-ds) 6 11.38 (s, 1H), 8.15 - 8.05 (m, 2H), 7.49 (d, J = 8.1 Hz, 1H), 7.37 (t, J
=7.6 Hz, 1H), 7.26 (dd, J = 10.1, 2.3 Hz, 1H), 7.16 (t, = 7.5 Hz, 1H), 7.04-6.93 ppm (m, 1H). Figure
92: 3C NMR (101 MHz, DMSO-ds) & 161.18 (d, J = 283.3 Hz), 140.40, 140.30, 125.25, 122.07,
121.47 (d, J = 10.5 Hz), 119.97, 119.20, 119.00, 111.02, 106.49 (d, J = 24.4 Hz), 97.34 (d, J = 26.2
Hz) ppm. Figure 93: °F NMR (376 MHz, DMSO-dg) & -115.97 (d, J =3.4 Hz, 1F) ppm.

Elemental analysis for C1oHgFN. Calc.: C 77.82; H 4.35; N 7.56 Found: C 77.45; H 4.65; N 7.85.

2-Chloro-9H-carbazole (88)158]

O

|
H

Prepared according to general synthesis from 4-chloro-2-nitrobiphenyl 62 (126.2 mg, 0.54 mmol).
Column chromatography of the residue (90:10 Hexane: Ethyl acetate) gave the pure product as a white
solid (107.5 mg, 99 % yield), Rf= 0.34 (90:10 Hexane: Ethyl acetate). Figure 94: *H NMR (400 MHz,
DMSO-de) 6 11.40 (s, 1H), 8.11 (d, J = 8.3 Hz, 2H), 7.59-7.45 (m, 2H), 7.46 - 7.35 (m, 1H), 7.25 -
7.10 ppm (m, 2H). Figure 95: 3C NMR (101 MHz, DMSO-ds) & 140.29, 140.07, 129.87, 125.94,
121.80, 121.52, 121.31, 120.30, 119.06, 118.65, 111.20, 110.59 ppm.

Elemental analysis for C12HgCIN. Calc.: C 71.48; H 4.00; N, 6.95 Found: C 71.51; H 4.26; N 6.56.
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2-Bromo-9H-carbazole (89)16]

Weey

|
H

Prepared according to general synthesis from 4-bromo-2-nitrobiphenyl 63 (150.18 mg, 0.54 mmol).
Column chromatography of the residue (90:10 Hexane: Ethyl acetate) gave the pure product as a white
solid (105 mg, 79 % yield), Rf= 0.6 (80:20 Hexane: Ethyl acetate). Figure 96: *H NMR (400 MHz,
DMSO-ds) 6 11.40 (s, 1H), 8.11 (d, J = 7.8 Hz, 1H), 8.06 (d, J = 8.3 Hz, 1H), 7.68 (d, J = 1.3 Hz, 1H),
7.52 (d, J=8.1 Hz, 1H), 7.42 (t, J = 8.2 Hz, 1H), 7.29 (dd, J = 8.3, 1.6 Hz, 1H), 7.18 ppm (t, J = 8.0
Hz, 1H). Figure 97: *C NMR (101 MHz, DMSO-ds) & 140.64, 139.91, 126.09, 121.89, 121.81,
121.59, 121.30, 120.35, 119.09, 118.14, 113.52, 111.23 ppm.

Elemental analysis for C1oHgBrN. Calc.: C 58.56; H 3.28; N 5.69 Found: C 58.92; H 3.32; N 5.52.

2,7-Dibromo-9H-carbazole (90)4%

|
H

Prepared according to general synthesis from 4,4'-bromo-2-nitrobiphenyl 75 (192.8 mg, 0.54 mmol).
Column chromatography of the residue (80:20 Hexane: Ethyl acetate) gave the pure product as a
yellow solid (110.6 mg, 63 % yield), Rf= 0.46 (90:10 Hexane: Ethyl acetate). Figure 98: *H NMR
(400 MHz, DMSO-dg) 6 11.52 (s, 1H), 8.08 (d, J = 8.3 Hz, 2H), 7.71 (d, J = 1.5 Hz, 2H), 7.32 ppm
(dd, J = 8.3, 1.8 Hz, 2H). Figure 99: *C NMR (101 MHz, DMSO-ds) & 140.85, 122.18, 122.01,
121.06, 118.78, 113.92 ppm.

Elemental analysis for C1oH7Br2N. Calc.: C 44.35; H 2.17; N 4.31 Found: C 44.54; H 2.41; N 4.11.

2-Acetyl-9H-carbazole (91)1174
ey
Me l\\l
H

Prepared according to general synthesis from 4-acetyl-2-nitrobiphenyl 64 (130.3 mg, 0.54 mmol).
Column chromatography of the residue (80:20 Hexane: Ethyl acetate) gave the pure product as a
yellow solid (81.5 mg, 72 % yield), Rf= 0.36 (80:20 Hexane: Ethyl acetate). Figure 100: *H NMR
(400 MHz, DMSO-dg) 6 11.53 (s, 1H), 8.21 (dd, J = 10.8, 8.1 Hz, 2H), 8.09 (dd, J = 1.4, 0.6 Hz, 1H),
7.79 (dd, J = 8.2, 1.5 Hz, 1H), 7.56 (d, J = 8.2 Hz, 1H), 7.47 (t, J = 8.2 Hz, 1H), 7.21 (t, J = 7.9 Hz,
1H), 2.68 ppm (s, 3H). Figure 101: 3C NMR (101 MHz, DMSO-ds) & 197.80, 141.28, 139.14, 134.09,
126.99, 126.11, 121.58, 121.12, 120.02, 119.09, 118.63, 111.37, 111.32, 26.94 ppm.

Elemental analysis for C14H11NO. Calc.: C 80.36; H 5.30; N 6.69 Found: C 80.03; H 5.44; N 6.74.
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2-Benzoyl-9H-carbazole (92)17

s

Ph l\ll
H

Prepared according to general synthesis from 4-benzoyl-2-nitrobiphenyl 65 (163.8 mg, 0.54 mmol).
Column chromatography of the residue (90:10 Hexane: Ethyl acetate) gave the pure product as a
yellow solid (127.5 mg, 87 % yield), Rf= 0.34 (90:10 Hexane: Ethyl acetate). Figure 102: 'H NMR
(400 MHz, DMSO-ds) & 11.53 (s, 1H), 8.28 (d, J = 8.1 Hz, 1H), 8.22 (d, J = 7.7 Hz, 1H), 7.89 (s, 1H),
7.84 -7.74 (m, 2H), 7.69 (t, J = 7.4 Hz, 1H), 7.64 -7.53 (m, 4H), 7.48 (t, J = 8.1 Hz, 1H), 7.23 ppm (t,
J = 7.4 Hz, 1H). Figure 103: 3C NMR (101 MHz, DMSO-ds) **C NMR (101 MHz, D20) § 196.20,
141.25, 138.92, 138.15, 133.87, 132.24, 129.59, 128.51, 127.18, 126.00, 121.66, 121.21, 120.24,
120.13, 119.29, 113.36, 111.47 ppm.

Elemental analysis for C19H13NO. Calc.: C 84.11; H 4.83; N 5.16 Found: C 83.87; H 4.94; N 5.37.

Methyl 9H-carbazole-2-carboxylate (93)15¢]

[
H

Prepared according to general synthesis from 4-carbomethoxy-2-nitrobiphenyl 66 (138.9 mg, 0.54
mmol). Column chromatography of the residue (80:20 Hexane: Ethyl acetate) gave the pure product
as a white solid (113.2 mg, 93 % yield), Rf= 0.43 (70:30 Hexane: Ethyl acetate). Figure 104: 'H NMR
(400 MHz, DMSO-de) 6 11.55 (s, 1H), 8.20 (dd, J =12.2, 8.0 Hz, 2H), 8.13 (d, J = 0.9 Hz, 1H), 7.79
(dd, J=8.2,1.5Hz, 1H), 7.57 (d, J = 8.2 Hz, 1H), 7.46 (t, J = 8.2 Hz, 1H), 7.21 (t, J = 7.9 Hz, 1H),
3.90 ppm (s, 3H). Figure 105: *C NMR (101 MHz, DMSO-ds) & 166.96, 141.10, 139.05, 127.09,
126.31, 126.21, 121.61, 121.13, 120.17, 119.26, 119.18, 112.36, 111.44, 52.08 ppm.

Elemental analysis for C14H11NO>. Calc.: C 74.65; H 4.92; N 6.22. Found: C 74.95; H 5.05; N 6.08.

9H-Carbazole-2-carboxylic acid (94)117]

[
H

Prepared according to general synthesis from 2-nitrobiphenyl-4-carboxylic acid 76 (131.3 mg, 0.54
mmol). After evaporation of DMF, the residue was dissolved in ethyl acetate, acidified with 1 M aq.
HCI, extracted with ethyl acetate (50 ml x 3), dried with anhydrous Na>SOQa, filtered and the solvent
was evaporated under reduced pressure. Column chromatography of the residue (60:40 Hexane: Ethyl

acetate) gave the pure product as a white solid (23 mg, 20 % yield), Rf= 0.35 (50:50 Hexane: Ethyl
acetate).
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The same compound was also synthesized by hydrolysis of methyl 9H-carbazole-2-carboxylate 93.

93 (225.3 mg, 1 mmole) in ethanol (25 mL) and H20 (5 mL) was added NaOH (0.6 g, 15 mmole, 15
equiv.), and the reaction mixture was refluxed for 16 h. After cooling to room temperature, ethanol
was evaporated, the residue was dissolved in ethyl acetate, acidified with 1 M ag. HCI, extracted with
ethyl acetate (50 ml x 3), dried with anhydrous Na>SOg, filtered and the solvent was evaporated under
reduced pressure to give the desired product 94 (200.7 mg, 95% yield).

Figure 106: *H NMR (400 MHz, DMSO-ds) 5 12.86 (br. s, 1H), 11.55 (s, 1H), 8.27 - 8.06 (m, 3H),
7.82 (dd, J = 8.2, 1.4 Hz, 1H), 7.57 (d, J = 8.2 Hz, 1H), 7.46 (t, J = 8.2 Hz, 1H), 7.19 ppm (t, J = 7.8
Hz, 1H). Figure 107: *C NMR (101 MHz, DMSO-ds) & 168.18, 141.11, 139.20, 127.64, 126.96,
126.01, 121.77, 121.09, 120.02, 119.65, 119.14, 112.61, 111.45 ppm.

Elemental analysis for C13H9NO.. Calc.: C 73.92; H 4.30; N 6.63. Found: C 73.67; H 4.53; N 6.55.

2-Hydroxy-9H-carbazole (95)114°]

Wes®,

[
H

Prepared according to general synthesis from 4-hydroxy-2-nitrobiphenyl 77 (116.2 mg, 0.54 mmol).
After evaporation of DMF, the residue was dissolved in ethyl acetate, acidified with 1N aq. HCI,
extracted with ethyl acetate (50 ml x 3), dried with anhydrous Na>SQg, filtered and the solvent was
evaporated under reduced pressure. Column chromatography of the residue (70:30 Hexane: Ethyl
acetate) gave the pure product as a buff solid (76.2 mg, 77.0 % yield), Rf=0.26 (70:30 Hexane: Ethyl
acetate). Figure 108: *H NMR (400 MHz, DMSO-dg) & 10.91 (s, 1H), 9.37 (s, 1H), 7.91 (d, ] = 7.7
Hz, 1H), 7.84 (d, J = 8.4 Hz, 1H), 7.36 (d, J = 8.0 Hz, 1H), 7.23 (t, J = 7.5 Hz, 1H), 7.06 (t, J = 7.4 Hz,
1H), 6.81 (s, 1H), 6.63 ppm (dd, J = 8.4, 1.7 Hz, 1H). Figure 109: 1*C NMR (101 MHz, DMSO-de) &
156.43, 141.41, 139.57, 123.68, 122.98, 120.76, 118.86, 118.31, 115.19, 110.35, 108.31, 96.35 ppm.

Elemental analysis for C12HgNO. Calc.: C 78.67; H 4.95; N 7.65 Found: C 78.36; H 5.19; N 7.44.

2-Amino-9H-carbazole (96)14
H2N

N

H

Prepared according to general synthesis from 4-amino-2-nitrobiphenyl 78 (115.7 mg, 0.54 mmol).
Column chromatography of the residue (gradient from 70:30 to 50:50 Hexane: Ethyl acetate) gave the
pure product as a light brown solid (81.8 mg, 83.0 % yield), Rf=0.27 (60:40 Hexane: Ethyl acetate).
Figure 110: *H NMR (400 MHz, DMSO-dg)  10.70 (s, 1H), 7.80 (d, J = 7.6 Hz, 1H), 7.68 (d, J = 8.3
Hz, 1H), 7.28 (d, J = 7.9 Hz, 1H), 7.15 (t, J = 7.5 Hz, 1H), 7.00 (t, J = 7.4 Hz, 1H), 6.58 (s, 1H), 6.45
(dd, J = 8.3, 1.7 Hz, 1H), 5.15 ppm (s, 2H). Figure 111: *C NMR (101 MHz, DMSO-ds) 5 147.81,
141.90, 139.21, 123.57, 122.80, 120.51, 118.14, 118.03, 113.05, 109.97, 108.09, 94.30 ppm.
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Elemental analysis for C12H9NO. Calc.: C 78.67; H 4.95; N 7.65 Found: C 78.36; H 5.19; N 7.44.

2-Cyano-9H-carbazole (97)15¢]

W

[
H

Prepared according to general synthesis from 4-cyano-2-nitrobiphenyl 68 (121.1 mg, 0.54 mmol).
Column chromatography of the residue (gradient elution from 95:5 to 80:20 Hexane: Ethyl acetate)
gave the pure product as an off-white solid (68.5 mg, 66.0 % yield), Rf= 0.32 (80:20 Hexane: Ethyl
acetate). Figure 112: 'H NMR (400 MHz, DMSO-ds) & 11.72 (s, 1H), 8.31 (d, J = 8.1 Hz, 1H), 8.23
(d, J = 7.8 Hz, 1H), 7.98 (s, 1H), 7.59 (d, J = 8.2 Hz, 1H), 7.51 (dd, J = 13.7, 7.6 Hz, 2H), 7.24 ppm
(t, J = 7.4 Hz, 1H). Figure 113: 13C NMR (101 MHz, DMSO-ds) & 141.00, 138.54, 127.56, 125.95,
121.52,121.34, 121.28, 120.13, 119.51, 115.21, 111.60, 106.81 ppm.

Elemental analysis for C13HgN>. Calc.: C 81.23; H 4.20; N 14.57. Found: C 81.53; H 4.48; N 13.49.

9H-Pyrido[2,3-b]indole (98)(

e

\

'\ll N
H

Prepared according to general synthesis from 3-(2-nitrophenyl)pyridine 72 (108.1 mg, 0.54 mmol).
Column Chromatography of the residue (70:30 Hexane: Ethyl acetate) gave the pure product as a white
solid (67.3 mg, 74.0 % vyield), Rf= 0.45 (50:50 Hexane: Ethyl acetate). Figure 114: *H NMR (400
MHz, DMSO-de) 6 11.81 (s, 1H), 8.48 (dd, J =7.7, 1.3 Hz, 1H), 8.43 (dd, J = 4.8, 1.4 Hz, 1H), 8.15
(d,J=7.8Hz, 1H), 7.53 (d, J =8.1 Hz, 1H), 7.46 (t, J = 7.5 Hz, 1H), 7.28 - 7.10 ppm (m, 2H). Figure
115: *C NMR (101 MHz, DMSO-dg) & 151.95, 146.06, 138.83, 128.33, 126.57, 121.12, 120.40,
119.38, 115.19, 114.93, 111.24 ppm.

Elemental analysis for C11HsN>. Calc.: C 78.55; H 4.79; N 16.66 Found: C 77.87; H 4.94; N 16.61.
5H-Pyrido[3,2-b]indole (99)177]
N=
Qi
b
H

Prepared according to general synthesis from 3-nitro-2-phenylpyridine 69 (108.1 mg, 0.54 mmol).
Column chromatography afforded the product (24.6 mg, 27 % yield). The same compound was also
synthesized from 2-(2-nitrophenyl)pyridine 73 (108.1 mg, 0.54 mmol). Column chromatography
afforded the product (27.3 mg, 30 % vyield).
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In both cases, column chromatography of the residue (gradient elution from 80:20 to 70:30 Hexane:
Ethyl acetate) gave the pure product as a light brown solid, Rf= 0.18 (70:30 Hexane: Ethyl acetate).
Figure 116: *H NMR (400 MHz, DMSO-ds) & 11.43 (s, 1H), 8.45 (dd, J = 4.6, 1.3 Hz, 1H), 8.20 (d,
J=17.8Hz, 1H), 7.88 (dd, J = 8.2, 1.3 Hz, 1H), 7.57 (d, J = 8.2 Hz, 1H), 7.50 (t, J = 8.1 Hz, 1H), 7.38
(dd, J = 8.2, 4.6 Hz, 1H), 7.24 ppm (t, J = 7.8 Hz, 1H). Figure 117: 3C NMR (101 MHz, DMSO-ds)
0 141.18, 140.51, 132.91, 127.42, 121.56, 120.21, 120.07, 119.36, 117.99, 111.74 ppm.

Elemental analysis for C11HgN». Calc.: C 78.55; H 4.79; N 16.66 Found: C 78.42; H 4.91; N 16.47.
8H-Thieno[2,3-b]indole (100)[!

X
\ S

N
H

Prepared by modification of the general synthesis from 3-(2-nitrophenyl)thiophene 74 (110.8 mg, 0.54
mmol) using 2 mol% catalyst and 5 mol% dimethoxyPhen. Column chromatography of the residue
(95:05 Hexane: Ethyl acetate) gave the pure product as a light brown solid (32.8 mg, 35 % yield), Rf=
0.10 (90:10 Hexane: Ethyl acetate). Figure 118: *H NMR (400 MHz, DMSO-dg) § 11.60 (s, 1H), 7.77
(d,J=7.6 Hz, 1H), 7.43 (dd, J = 19.8, 6.5 Hz, 2H), 7.17 (t, J = 7.4 Hz, 1H), 7.12 - 6.97 ppm (m, 2H).
Figure 119: *C NMR (101 MHz, DMSO-ds) & 141.95, 141.33, 123.90, 121.71, 121.39, 118.88,
118.78, 117.72,117.15, 111.59 ppm.

Elemental analysis for C10H7NS. Calc.: C 69.33; H 4.07; N 8.09 Found: C 69.16; H 4.34; N 7.93.

7H-Benzo[c]carbazole (101)E°

gy

g

Prepared according to general synthesis from 4-(2-nitrobiphenyl) naphthalene 70 (134.6 mg, 0.54
mmol). Column chromatography of the residue (95:05 Hexane: Ethyl acetate) gave the pure product
as a lustrous white solid (115 mg, 98 % yield), Rf= 0.25 (90:10 Hexane: Ethyl acetate). Figure 120:
'H NMR (400 MHz, DMSO-ds) & 11.82 (s, 1H), 8.77 (d, J = 8.3 Hz, 1H), 8.58 (d, J = 8.0 Hz, 1H),
8.05 (d, J =8.0 Hz, 1H), 7.92 (d, J = 8.8 Hz, 1H), 7.78 (d, J = 8.8 Hz, 1H), 7.75 - 7.62 (m, 2H), 7.45
(dd, J=16.5, 8.3 Hz, 2H), 7.32 ppm (t, J = 7.9 Hz, 1H). Figure 121: 3C NMR (101 MHz, DMSO-ds)
0 138.67, 137.47, 129.41, 129.13, 128.51, 126.92, 126.88, 124.01, 122.95, 122.85, 122.60, 121.58,
119.56, 113.98, 113.48, 111.65 ppm.

Elemental analysis for C16H11N. Calc.: C 88.45; H 5.10; N 6.45. Found: C 88.10; H 5.11; N 6.24.
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11,12-Dihydroindolo[2,3-a]carbazole (102)*68!

QL0

HoH

Prepared according to general synthesis Il from 2',3'-dinitro-1,1":4",1"-terphenyl 71 (173 mg, 0.54
mmol). Column chromatography of the residue (70:30 Hexane: Ethyl acetate) gave the pure product
as a white solid (28 mg, 20 % yield), Rf= 0.35 (70:30 Hexane: Ethyl acetate). Figure 122: *H NMR
(400 MHz, DMSO-dg) 6 11.05 (s, 2H), 8.15 (d, J = 7.8 Hz, 2H), 7.91 (s, 2H), 7.68 (d, J = 8.1 Hz, 2H),
7.38 (t, J = 7.6 Hz, 2H), 7.20 ppm (t, J = 7.5 Hz, 2H). Figure 123: **C NMR (101 MHz, DMSO-ds) &
138.97, 125.63, 124.51, 123.76, 120.07, 119.71, 118.91, 111.60 ppm.

Elemental analysis for C1gH12N>. Calc.: C 84.35; H 4.72; N 10.93. Found: C 84.11; H 4.91; N 10.64.
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Chapter I1: Oxidative carbonylation of anilines.

1. Introduction.

Isocyanates are important precursors in chemical industry, mostly employed in polyurethane synthesis.
Polyurethanes are widely used in almost every part of modern life in the form of plastic foams,
coatings, adhesives, sealants, elastomers and binders.[*81l17%1 The annual world production of
isocyanates is several millions metric tons and it is steadily increasing. The notable increase of
industrial interest for these compounds is evident from the recent investments on new plants by the
major producers in both Europe and Asia. The industrial synthesis of isocyanates involves the reaction
of an amine with phosgene (path A in Scheme 35). From an economical point of view, the phosgene-
based route appears to be the most efficient approach and that well-established technology seems to
be hard to replace. However, phosgene is a corrosive and very toxic material that is listed as a potential
chemical weapon by the Chemical Weapon Convention. In 2006, a large plant producing toluene
diisocyanate (TDI) was shut in Italy mainly due to the pressure from the local population and
authorities against the use of phosgene close to a densely populated area. Therefore, it is not surprising
that a tremendous effort has been made to develop a phosgene-free routes to isocyanates.

The two main alternatives that have been mostly investigated both at an industrial and academic level
are the reductive carbonylation of nitroarenes (path B in Scheme 35) [110.112.180-181] anq the oxidative
carbonylation of amines (path C in Scheme 35).[110:182-184 The former can produce isocyanates in one
step, but the direct synthesis of these products requires forcing conditions and the formed isocyanates
tend to oligomerize under these conditions. Thus, research in the last few decades have mostly been
focused on reactions performed in the presence of an excess of an alcohol or amine. Under these
conditions, the obtained products are carbamates and ureas respectively. Both of them can be thermally
cracked in a separate step to give the desired isocyanate and regenerate an equivalent of alcohol or
amine (Scheme 35).[18-191 Carbamates and ureas are also the products derived from the oxidative
carbonylation of amines.

co,
ROH
ArNHC(O)OR <—L ArNO, + CO+ ROH
carbamates (B)
ArNH, + C(0)Cl, ArNCO
phosgene isocyanates A
(A) HCI

ArNH, ArNHC(O)NHAr 7— ArNH, + CO+ O,
ureas (C)

Scheme 35. Reductive carbonylation of nitroarenes and oxidative carbonylation of amines.
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Also, it should be noted that carbamates and urea are important chemicals themselves not only possible
intermediates in the synthesis of isocyanates. Carbamates are final products and synthetically valuable
intermediates for the pharmaceutical 29221 and agrochemical industries [°* while, ureas have a
variety of applications [1* from traditional ones such as fertilizers [1°! and pesticides [l to the
recently developed ones such as receptors for anion recognition % biosensors %! and
pharmaceutically active agents.[2°0-2011 Thus, the interest in the synthesis of carbamates and ureas
extends far beyond their use as intermediates for isocyanate production. The reductive carbonylation
route affords carbamates and ureas in one step, but it can only be applied to nitroarenes, since
nitroalkanes are much more difficult to reduce and usually exhibit a completely different reactivity
compared to their aromatic counterparts. On the other hand, the oxidative carbonylation approach can
be applied to both aliphatic and aromatic amines. In the past years, research in our group has been
mostly focused on the reductive carbonylation of nitroarenes.[202-214

At first sight, it may appear that this reaction and the oxidative carbonylation of amines are very
different, but it has been shown that all the most active catalytic procedures for the former reaction
involve reduction of the nitroarene to the corresponding aromatic amine, which is subsequently
carbonylated. 22218 Dyring the latter stage, the metal is reduced. Therefore, the carbonylation step is
the same in both pathways and the main difference between them is that the oxidant in one case is the
nitroarene and in the other is a separately added oxidant (mostly dioxygen, possibly in the form of air).
We thus decided to study the oxidative carbonylation of amines, to see if we could enhance the current
state of the art taking advantage of our previous expertize.

Among the different reported catalytic strategies for this reaction, the one that has been most studied
and appears to be promising for potential industrial applications is that based on the use of a palladium
catalyst with an iodide salt or iodine as a promoter.[?1%-248] Fykuoka was the first to report the promoting
effect of iodide/iodine while using a heterogeneous catalyst 2292221 put the activity of this system was
quite low. Later, the activity of heterogeneous systems has been improved by others [223 226227, 229, 238,
244, 2461 However, the turnover frequencies (TOF) that can be achieved are only one or two orders of
magnitude lower than those obtained when employing homogeneous palladium catalysts. Therefore,
we decided to focus on the use of homogeneous systems.

The possible products of the reaction are ureas, oxamides (double carbonylation products) or
carbamates. The latter are produced when an alcohol is employed as solvent. However, similarly to
what occurs during the reductive carbonylation of nitroarenes, at least in the case of aromatic amines
carbamates are only formed later in the reaction by alcoholysis of the formed urea. Thus, we decided
to avoid the use of alcohols in our first investigation to focus on the carbonylation step. Aniline was
utilized as substrate because aromatic isocyanates are the most important. In addition, the oxidative
carbonylation of aromatic amines is in general harder than that of the more nucleophilic aliphatic
amines and achieving suitable conditions for the carbonylation of the former may lead to a strategy
that can be extended to the latter easily. However, we also consider the possible extension of the
obtained results to aliphatic amines. Thus, as a starting point we choose a system in the literature that
is not only highly active but can also give high selectivity for both aromatic and aliphatic amines.

Moreover, some outstanding results were obtained using non-conventional solvents such as
supercritical CO2 and ionic liquids. 2% 243 2451 Generally, highly polar solvents such as DMF give
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faster reactions, but in case of using aliphatic amines as substrates, significant amounts of oxamide
byproducts were formed. Gabriele and coworkers 234 were able to obtain the highest selectivity in
ureas through the use of dimethoxyethane (DME) as solvent and this was our starting point.

2. Results and discussion.

2.1. Role of iodide.

First, we tried to reproduce some of the best results reported in Gabriele’s article.[**1 (Table 16, entries
1 and 2) employing Pdl> as catalyst and KI as promoter, assembling the reaction in a Teflon-coated
autoclave (entry 3). To our surprise, the activity of the catalytic system was much lower than expected.

Table 16. Effect of the autoclave internal coating in the Pdl, catalyzed oxidative carbonylation of
aniline.®
(0.01 mmol) Pdl,, KI H

H
©/NH2 DME, 100 °C ©/N\[( \@
CO (16 bar), air (4 bar) o

Entry KI1/Pd mol ratio time (h) PhNH: conv. (%)® urea sel. (%)©
1d 10 15 89.0 84.3
2d 100 16 96.0 90.6
3¢ 10 16 33.7 60.6
4f 10 16 100 94.6

(a) Experimental conditions: the reactions were carried out using 10 mmol of aniline at 100 °C under 16 bar of CO and 4
bar of air, in DME (10 mL). Pdl, = 0.01 mmol. (b) Based on starting aniline and on quantitative GC analysis using
benzophenone as an internal standard. (c) Based on reacted aniline and on quantitative HPLC analysis using benzophenone
as an internal standard. (d) Data from ref.[?3l (¢) Performed in a Teflon-lined stainless steel autoclave. (f) Performed in a
stainless-steel autoclave.

Since a stainless-steel autoclave without Teflon coating was used in Gabriele’s work, we considered
the possibility that iodide ion and the hydriodic acid formed during the reaction could etch the metal
from the autoclave walls. For this reason, we performed a reaction in a non-coated stainless-steel
autoclave. In this way, the literature results were indeed reproduced (entry 4, Table 16).

The role of iodide has been attributed to various reasons in the previous literature, due to its adsorption
onto heterogeneous palladium nanoparticles [222-2231 to the formation of N-iodoaniline 2% to that of
carbamoyl iodides (RNHC(O)I) %1 to the generation of anionic low valent palladium complexes such
as [Pd(CO)sl], considered to be the catalytically active species 225232 and particularly to the ability
of iodine, formed by iodide anion by the action of dioxygen, to re-oxidize palladium(0) complexes
formed at the end of the catalytic cycle back to palladium(ll) [233-235. 239, 241, 2501 ' Djrect oxidation of
palladium(0) complexes by oxygen is also possible 2°11, but is generally too slow to avoid precipitation
of metallic palladium under carbonylation conditions. Indeed, a co-catalyst, that acts as an oxidation
catalyst for palladium, is required and the I,+KI system is able to play this role by oxidizing even
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metallic palladium and being quickly re-oxidized by dioxygen. 2> However, in most of the published
oxidative carbonylation works, the reaction was performed in stainless steel autoclaves and only in
few cases Hastelloy autoclaves [223 226227, 2291 or even less frequently glass reactors [225 232 2351 \yere
used and these were not the cases in which the highest activities were observed.

2.2. Effect of iron-containing promoters.

Iron is the most abundant element in stainless steel, so we tested the use of iron salts as promoters for
the catalytic reactions. 2521 In the previous literature, some examples have been reported of palladium
catalyzed carbonylation reactions of nitroarenes that employ iron as co-catalyst, in which aniline
appears to be an intermediate. [**% Furthermore, recently Krogul and Litwinienko!?*? have investigated
the effect of iron on the PdPy.Cl/I. catalyzed oxidative carbonylation of amines to carbamates and a
considerable effect of iron was recorded mostly on selectivity. However, the effect of iron in the
absence of iodine was not studied.

Since the reaction at 100 °C is relatively slow (less than 100 turnovers/hour on average) and aiming
for an industrial application, we decided to study the reaction under harsher conditions, 150 °C, 40 bar
of carbon monoxide and 10 bar of air. It must be noted that the ratio between the gases is such that the
system is outside the CO/O, flammability limits.[?°%l This has not always been the case for previously
reported systems. In general, rising the O> relative amount over the lower limit results in faster
reactions, but the associated risk would not be acceptable at an industrial level. The catalyst loading
was also decreased from 0.1 to 0.02 mol%.

We started by testing different iron promoters, FeClz, FeClz, FeSO4-2H,0, Fe(CO)s and Fe(OAC)z2,
using Pdl; as the catalyst. First, as a control experiment, we performed our reactions without the
catalyst, both with and without potassium iodide as promoter and we found that no product was formed
(entries 1 and 2, Table 17).

Comparing the results of the reactions performed with and without an iron promoter, it can be clearly
observed that iron has a positive effect on the catalytic system, both on the conversion and on the
selectivity. On the other hand, the effect of iodide is quite ambiguous. Indeed, we confirm that iodide
accelerates the reaction when no iron is present (entries 3 and 4, Table 17), but when an iron co-catalyst
is present, it inhibits it. Iron acetate and iron sulfate give similar results in the catalytic reactions
performed without KI. Addition of the latter has a negative effect mainly on the conversion (entries 8
and 9). This inhibitory effect can be observed also in the reactions carried out with FeCls. Comparing
the results in entries 15-17, in which the promoter amount is kept the same, the conversion decreases
with an increase in the KI amount. Moreover, the negative influence of Kl is more evident in the
presence of FeCl, and FeCls (compare entries 13 with 11 and 17 with 15). The best results were
obtained when FeCl> and FeCls are used as co-catalysts without potassium iodide, giving a relatively
high conversion and selectivity (entries 11 and 15). Further increase of the iron amount over a Fe/Pd
=50 ratio resulted in a decrease in selectivity (compare entries 11 and 12).
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Table 17. Pdl, catalyzed reactions using different iron promoters.®
Pdl,, Kl, promotor H H
2 p N N

©/NH2 DME, 150 °C, 3h X ©/ N \@
CO (40 bar), air (10 bar) 0
Entry KI/Pd_ mol promoter promoter_/Pd mol PhNH2 conv. urea sel.
ratio ratio (%)® (%)©

1@ 3 _ <1 _
2@ 100 - <1 -
3 - - 20.3 88.7
4 100 - 315 51.2
5 100 Fe(CO)s 50 40.2 78.1
6 100 Fe(CO)s 100 46.8 45.1
7 100 FeSO4-2H,0 30 19.0 79.0
8 - FeS0O4-2H,0 50 61.7 80.5
9 100 FeSQO4-2H.0 50 20.0 92.0
10 i Fe(OAC)2 50 64.7 85.8
11 - FeCl; 50 95.8 79.8
12 - FeCl; 100 95.0 70.3
13 100 FeCl; 50 38.4 74.0
14 100 FeCl; 100 81.6 66.7
15 - FeCl3 50 100 70.4
16 10 FeCls 50 91.8 72.5
17 100 FeCls 50 89.4 68.6
18 100 FeCl3 100 95.7 63.6
19 100 FeCl3 10 30.4 68.9

(a) Experimental conditions: the reactions were carried out in a Teflon-lined stainless-steel autoclave, using 10 mmol of
aniline at 150 °C, for 3 hours, under 40 bar of CO and 10 bar of air, in DME (10 mL). Catalyst amount 2.0 x 10 mmol.
(b) Based on starting aniline and measured by GC analysis using benzophenone as an internal standard. (c) Based on
converted aniline and measured by HPLC analysis using benzophenone as an internal standard. (d) No palladium was
added. The KI/Pd ratio reported is calculated based on a hypothetical 2.0 x 103 mmol amount of palladium.
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From the data available on the interplay between iron and iodide, it appears that the inhibitory effect
of iodide on the iron promoting ability is stronger when the iodide amount is large compared to that of
iron and that influence is higher if chloride is also present, despite the effect of chloride is beneficial
when no iodide is added.

Taking into account that both iodide and chloride are good ligands for iron(11/111) complexes, the best
explanation for the trends observed is that when the total halide concentration highly exceeds that of
iron, stable iron complexes (e.g. [Fe""X4]* or [Fe""X¢]*) are formed, which are unable to enter the
catalytic cycle. In fact, aniline can coordinate both to palladium and iron and the generation of these
complexes may influence the outcome of the catalytic reaction. On the other hand, formation of stable
halide complexes also decreases the iodide concentration in solution, which in turns can even decrease
the promoting effect of iodide. Later, we will discuss this aspect in more depth.

In order to completely avoid the use of iodine which is toxic and difficult to remove from the reaction,
we tested both Pd(OAc). and PdCl; as catalysts (Table 18).

Use of palladium acetate alone gave a low conversion and a poor selectivity into diphenylurea (entry
1, Table 18). When Pdl> was used under the same conditions, conversion was comparable, but
selectivity was higher (compare entry 1, Table 18, with entry 3 in Table 17). The addition of iron salts
not containing halides, such as FeSO4 and Fe(OAc)., had a moderate effect on conversion, which may
be positive or even negative depending on the relative amounts, and a positive effect on selectivity
(entries 2-4). It can be noted that in the absence of any halide, the addition of Fe(CO)s inhibited the
reaction (entry 5). This is an important observation because Fe(CO)s is a typical contaminant of carbon
monoxide, especially when it is stored in steel tanks. We employed aluminum alloy tanks during all
of this work, which should minimize the Fe(CO)s content in our CO. The tank material was never
specified in the previous works, but it is obvious that steel tanks were used at least in the older works,
since aluminum alloy tanks have become more commonly used only recently. Therefore, it is clear
that iron itself is not a promoter and only when a suitable anion is present it efficiently accelerates the
reaction.
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Table 18. Pd(OAc)2 and PdCI. catalyzed reactions using different iron promoters and in the absence

of any iodide source.®
Pd catalyst, promotor H
N

H
©/NH2 DME, 150 °C, 3h ©/N\[( \@
CO (40 bar), air (10 bar) o

Entry catalyst oromoter promoter_/Pd mol PhNH:2 conv. urea sel.

ratio (%)® (%)©

1 Pd(OAC): - 22.2 50.0
2 Pd(OAc),  FeS04-2H,0 50 30.7 76.7
3 Pd(OAC): Fe(OAC), 50 19.0 75.3
4 Pd(OAC): Fe(OAC), 100 8.3 55.4
5 Pd(OAC); Fe(CO)s 50 6.5 55.1
6 Pd(OAC); FeCl; 10 95.0 82.3
7 Pd(OAC): FeCl, 50 97.0 79.4
8 Pd(OAC)2 FeCl; 100 97.2 74.3
9 Pd(OAC); FeCls 10 95.3 81.2
10  Pd(OAc): FeCl3 50 99.6 76.9
11 Pd(OAc): FeCl3 100 98.9 72.9
12 PdClI: FeCls 50 99.2 76.6
13 PdCl: FeSO4-2H.0 50 63.5 70.5
14@  Pd(OAcC): FeCl, 10 68.0 86.9
15@  Pd(OAC): FeCl, 10 41.8 85.0
16 FeCls 50" 3.1 14.3

(a) Experimental conditions: the reactions were carried out in a Teflon-lined stainless-steel autoclave, using 10 mmol of
aniline at 150 °C, for 3 hours, under 40 bar of CO and 10 bar of air, in DME (10 mL). Catalyst amount 2.0 x 10" mmol.
(b) Based on starting aniline and measured by GC analysis using benzophenone as an internal standard. (c) Based on
converted aniline and measured by HPLC analysis using benzophenone as an internal standard. (d) Reaction time 1 hour.
(e) Reaction time 30 min (see text for a discussion of this reaction). (f) The promoter/Pd ratio is calculated based on the
standard 2.0 x 10 mmol palladium amount, even if the reaction was run in the absence of any palladium compound.

Much better conversions and selectivity were obtained when palladium acetate was combined with
FeCl, or FeCl3 (Table 18, entries 6-11). A graphical representation of the obtained results (Figure 124)
shows that FeCl, and FeClz have very similar effect. Clearly, the initial oxidation state of iron is not
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important, both precursors will equilibrate to the same complex under the reaction conditions, and the
small observed difference is because of the slightly different chloride content of the catalytic mixture.
Notably, only 10 equivalents of iron with respect to palladium (0.2 mol% with respect to aniline) is
enough to boost the activity almost to its highest level. A small positive effect on conversion was
observed with further increase of the iron amount but the selectivity decreased.
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Figure 124. Effect of FeCl, and FeCls as co-catalysts in the oxidative carbonylation reactions of
aniline catalyzed by Pd(OAc). and Pdl>+KI (mol ratio KI/Pd=100). Data from Tables 17 and 18.

Also, palladium chloride was tested as catalyst in the presence of either FeClz or FeSO4-2H,0 as
promoters. The results were comparable to those obtained using palladium iodide as catalyst under the
same conditions (compare entry 12 in Table 18, with 15 in Table 17 and entry 13 in Table 18 with
entry 8 in Table 17). On the other hand, it is worth noting that worse results were obtained with the
use of Fe(CO)s, FeS04.2 H20, and Fe(OACc)2 as promoters and palladium acetate as catalyst compared
to the use of the same promoters with palladium iodide.

As a final experiment, a reaction was carried out in the presence of FeClz and in the absence of any
palladium compound (entry 16). A very low conversion and trace amounts of diphenylurea were
observed, proving that iron itself has a negligible catalytic activity in this reaction and also that no or
insignificant palladium contamination of the Teflon coating of the autoclave occurred.

Overall, the trends discussed above show that the best results are achieved when palladium and iron
are employed together and in the presence of a halide. lodide is no better than chloride and it does not
seem to be relevant whether the halide is initially bound to either palladium or iron or both.

The results obtained when Fe(CO)s is employed as promoter must be taken into consideration. This
compound enhance the reaction when Pdl> is used as catalyst, but inhibits it when Pd(OAc): is
employed. This confirm that the presence of a halide is necessary for iron to act as a promoter and a
very small amount of it may already have a considerable influence, even if a larger amount is more
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effective (see later). This result is important in understanding the data reported in the previous
literature. As mentioned before, some Fe(CO)s was definitely present in the CO gas employed in most
earlier reports and this has likely resulted in the generation of some iron salts even when Hastelloy or
glass reactors were used. Therefore, the role of iodide may have been at least in part linked to its
interaction with iron even in those cases in which it did not actively provide the required iron by etching
the autoclave walls.

The negative effect of an excess of halide has been explained above. The positive effect of a small
amounts of halide may be attributed to the formation of bimetallic Pd-Fe complexes with a halogen
bridge since halides are much better bridging ligands than all other anions we tested, but a simpler
effect of halides on the redox potentials of the palladium and iron species involved must also be
considered.

Finally, it should be considered that at 150 °C, in 3 hours, diphenylurea can be hydrolyzed by the water
formed during the reaction (Scheme 36). The so formed aniline may be carbonylated again but may
also give byproducts. Thus, prolonging the reaction time once the reaction is almost complete can only
have negative effects. To test this possibility, we repeated the reaction corresponding to entry 6 in
Table 18 but stopping it after one hour or after just 30 min. The results (entry 14 and 15 in Table 18)
demonstrate that a higher selectivity is obtained in a shorter reaction time.

H H H
SO o o
— > + —_— 2
0] )

Scheme 36. Hydrolysis of diphenylurea.

The hydrolysis of diphenylurea was independently tested under the reaction conditions in Table 18,
starting from the urea and water concentrations that may be present at the end of the reaction if a
complete conversion of aniline into diphenylurea and water took place, without any side reaction. In
the absence of any other compound and in the Teflon-lined autoclave, the hydrolysis was negligible,
but the presence of a FeCls amount equal to that used in run 12 in Table 18 resulted in the hydrolysis
of 16% of the urea. Palladium salts can also catalyze this hydrolysis, but we could not test them because
they may have also caused the back carbonylation of some of the formed aniline.

Notably, already a 41.8 % conversion was observed after 30 min, corresponding to a TOF of 4190/h
(or 1780/h with respect to the formed urea). However, it must be considered that the TOF values
measured at a short reaction time are strongly underestimated in our case. In fact, we placed our
autoclaves in a preheated oil bath and counted the time of the reaction from that moment. However,
the insertion of the autoclave into the bath caused the oil temperature to drop, which took 15 min to
reach again the set temperature. Surely, the content of the autoclave took even longer time to
equilibrate due to the insulating power of the Teflon coating (2 mm thickness). Thus, the reaction was
stopped very close to the moment in which the reaction solution reached the set temperature or even
earlier than it did. [254
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2.3. The effect of different I/Fe and CIl/Fe ratios

Comparing the reactions performed in the Teflon lined stainless-steel autoclave using Pd(OAC): in
absence of Kl with those made using Pdl. in the presence of KI, with FeCls as co-catalyst (Figure
124), it is clear that better results are obtained when iodide is absent. Moreover, there is a strong
negative effect on conversion when a low amount of FeCls is used, which further confirms the
hypothesis made earlier that iodide coordinates to iron. Indeed, the worse result is obtained when a
low amount of FeCls (Fe/Pd = 10) is added to a solution containing a much larger amount of iodide
(1/Pd=100). Under these conditions, iron is probably completely deactivated, and its role is to only
withdraw iodide from the solution, so that a mutual deactivation occurs.

To better study the effect of the amount of chloride and iodide independently from the amount of iron,
we decided to test the effect of different amounts of either tetrabutylammonium chloride or iodide on
the activity of a catalytic system, Pd(OAc)2 + Fe(OAc). (mol ratio Fe/Pd = 50), that does not initially
contain any halide. Results are reported in Table 19 and Figure 125.

Table 19. Pd(OAc). catalyzed reactions using Fe(OAc). as promoter in the presence of either

BusN*CI- or BusN*I".®
Pd(OAc),, Fe(OAc),, halide

H
©/NH2 DME, 150 °C, 3h ©/N \@
CO (40 bar), air (10 bar)

Entry halide halide/Pd mol ratio PhNH2 conv. (%)® urea sel. (%)©
1 - - 19.0 75.3
2 CI 50 54.3 81.2
3 CI 100 79.9 79.0
4 CI 150 85.2 83.9
5 CI 200 93.5 89.0
6 CI 250 94.7 89.7
7 I 50 73.8 85.6
8 I 100 60.9 82.0
9 I 150 36.7 85.5
10 I 200 40.0 83.3
11 I 250 27.4 74.5

(a) Experimental conditions: the reactions were carried out in a Teflon-lined stainless-steel autoclave, using 10 mmol of
aniline at 150 °C, for 3 hours, under 40 bar of CO and 10 bar of air, in DME (10 mL). Catalyst amount 2.0 x 10" mmol,
mol ratio Fe(OAc)./Pd = 50. (b) Based on starting aniline and measured by GC analysis using benzophenone as an internal
standard. (c) Based on converted aniline and measured by HPLC analysis using benzophenone as an internal standard.
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Tetrabutylammonium was selected as a counter cation to ensure complete solubility of the salt under
the reaction conditions and minimize electrostatic interactions between the cation and the halide, which
may affect the reactivity of the latter.

Figure 125 demonstrates a clear trend with respect to chloride amount for the catalytic reactions: both
conversion and selectivity increase with increasing tetrabutylammonium chloride content. The effect
IS more noticeable on the conversion but tends to flatten at the highest ratios. The effect on selectivity
is more limited, but still significant. The ideal amount of BusN*ClI" is 250 to 1 with respect to the
catalyst (at a Fe/Pd ratio of 50), that is a 5:1 ratio compared to iron (or about 5:1 with respect to the
sum Fe+Pd).

The effect of iodide is quite different, though not unexpected, given the previous results. An amount
of iodide equimolar to that of iron promotes the reaction even more efficiently than the same amount
of chloride, but a further increase leads to an inhibition of the reaction. At a 5:1 I/Fe mol ratio the
results both in term of conversion and selectivity are close to those obtained in the absence of iodide,
which are in turn close, at least for the conversion, to those obtained with Pd(OAc): in the absence of
both iron and iodide (Table 18, entry 1).

100 -
90 -
80 -

70 -
—&—conv Cl-
—8—sel Cl-
—&—conv |-
—@—sel I-

60 -
50 -
40 A
30 -

conversion/selectivity (%)

20
10 +

0

0 50 100 150 200 250
Bu,N*CI- or Bu,N*I-/Pd mol ratio

Figure 125. The effect of BusN*Cl" and BusN*I" on the oxidative carbonylation of aniline catalyzed
by Pd(OAc). + Fe(OAc). (mol ratio Fe/Pd = 50). Data from Table 19.

It may seem surprising that increasing the amount of chloride increases the conversion whereas that of
iodide has an inhibiting effect. However, it should be recalled that the reaction produces water and the
latter gives strong hydrogen bonds to chloride, markedly decreasing its nucleophilicity and tendency
to coordinate to metals 255261, The same occurs with iodide to a much lower extent. Indeed, it is well
known that the order of nucleophilicity is F > Cl > Br > | in non-protic solvents, but exactly the reverse
in water and alcohols 255251 Thus, the amount of halide necessary to give the same number of
coordinated halide anions is larger for chloride than for iodide. If we naively suppose that the
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coordinating ability of iodide is not affected at all by water, then we reach the conclusion that the ideal
“coordinated halide”/(Fe+Pd) mol ratio is close to one. This is clearly simplified, but the actual number
should be very close. As discussed before, we concluded that the inhibiting effect of halides can be
explained by the possible formation of stable iron complexes of the kind [Fe'"X4]% or [Fe''"Xg]*, thus
coordination of aniline would be inhibited. However, the results now obtained show that the amount
of iodide sufficient to inhibit the reaction is much lower than that required to generate such complexes.
An ideal 1:1 “coordinated halide”/(Fe+Pd) ratio is only consistent with the formation of halogen-
bridged Pd-X-Fe or Fe-X-Fe species as catalytically active species.[?571258-2601 Higher halide
concentrations would be sufficient to break such complexes even if considerably lower than those
required to completely saturate the coordination sphere of the isolated palladium and iron ions.

As previously mentioned, iron compounds have been utilized in several cases as promoters for
palladium-catalyzed reductive carbonylation reactions of nitroarenes. By analyzing the available
information, mostly contained in the patent literature, it was noted more than twenty years ago that all
active systems also contained chlorides [, Since much evidence also suggested that amines were
intermediates in the process, it was proposed for the first time that the role of palladium might be that
of carbonylating the amine and that of iron to reduce the nitroarene and re-oxidize palladium. However,
it was also considered that a bimetallic Pd-Fe complex with bridging chlorides might be the real
catalytic species [18% 2141 At the time, the comparison between the reductive carbonylation of
nitroarenes and the oxidative carbonylation of amines was not stressed for the palladium catalysts
because it seemed that the oxidative carbonylation reaction did not need a second metal. However, the
results just discussed strengthen the similarity between the two reactions and led support to the
hypothesis that bimetallic species may be involved in both cases.

2.4. Reactions under milder conditions

The results discussed above prove that a high conversion can be reached in a short time at 150 °C, but
the selectivity of the reaction reaches a maximum around 90%, that would not be enough for an
industrial application. To increase the selectivity over this limit, we decided to investigate lower
reactions temperatures, even if this means to slow down the reaction. Thus, we lowered the temperature
to 100 °C and the pressure to a total of 20 bar and increased the reaction time to 15 h (Table 20).

First, we investigated the effect of small amounts of iron promoter (Table 20, entries 1-5). The ideal
Fe/Pd ratio is confirmed to be around 10 even under these milder conditions, but it is noteworthy that
just a 1:1 ratio Fe/Pd is sufficient to double the conversion with respect to the palladium-only system.
This ratio corresponds to just two pmol of iron!

It was also shown that 15 h are not required to reach complete conversion and 6 h are enough (entry
6). However, a shorter time, 3 h, is not enough at this temperature, even when the pressure is increased
back to the previously employed values (Entry 7).

Unfortunately, no benefit was observed on selectivity by lowering the reaction temperature. The effect
of the catalyst amount was thus investigated by increasing it fivefold at a constant aniline
concentration. Both Pdl> (entries 8-13) and Pd(OAc)2 (entries 14 and 15) were tested at this catalytic
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ratio, in the presence of either KI or FeClz as promoters. The results obtained confirm the generality
of the observation made under more forcing conditions: Kl is a less effective promoter than FeCls for
Pdl2 and the catalytic system lacking any iodide is better than those containing it. However, again
better selectivity was not achieved by lowering the catalytic ratio. On the other hand, a direct
comparison between entries 6 and 15 confirms that better selectivity is obtained with less catalyst, in
agreement with the previously reached conclusion that a higher absolute amount of FeCls causes a
decrease in selectivity.

Table 20. Synthesis of diphenylurea under milder conditions.®

Pd catalyst, promotor H
N
©/ NHz DME, 100 °C ©/ \O
CO (16 bar), air (4 bar)
PhNH2/Pd promoter/Pd ) PhNH2  ureasel.
mol ratio  mol ratio conv. (%)°  (%)°

Entry catalyst promoter

1 Pd(OAcC), - 5000 - 15 37.2 86.8
2 Pd(OAc),  FeCls 5000 1 15 71.9 83.2
3 Pd(OAc),  FeCls 5000 3 15 90.5 85.5
4 Pd(OAc),  FeCls 5000 10 15 100 83.4
5 Pd(OAc),  FeCls 5000 50 15 100 82.1
6 Pd(OAc),  FeCls 5000 50 6 100 80.8
7d Pd(OAc),  FeCl 5000 10 3 75.5 87.9
8 Pdl; KI 1000 10 3 9.0 28.7
9 Pdl; KI 1000 10 6 19.4 26.2
10 Pdl; KI 1000 10 16 337 60.6
11 Pdl; FeCls 1000 10 6 91.5 80.4
12 Pdl; FeCls 1000 10 15 96.0 67.7
13 Pdl; FeCls 1000 50 15 89.9 66.7
14 Pd(OAc),  FeCls 1000 50 15 100 81.9
15 Pd(OAc),  FeCls 1000 50 6 100 74.6

(a) Experimental conditions: the reactions were carried out in a Teflon lined stainless-steel autoclave, using 10 mmol of
aniline at 100 °C under 16 bar of CO and 4 bar of air, in DME (10 mL). (b) Based on starting aniline and measured by GC
analysis using benzophenone as an internal standard. (c) Based on converted aniline and measured by HPLC analysis using
benzophenone as an internal standard. (d) Under 40 bar of CO and 10 bars of air.
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2.5. Reaction byproducts.

Although many studies have been devoted to the oxidative carbonylation of amines with different
catalysts, we are not aware of any paper in which the identity of the byproducts (except for oxalamides)
were investigated in detail. The observation of formanilide, derived from the reductive elimination
from a PANHC(0)-Pd-H complex, has occasionally been mentioned. 2511 In order to shed light on the
lack of full selectivity for the oxidative carbonylation reaction we subjected the reaction mixture of
several of the catalytic reactions showing high conversion, but poor selectivity to GC-MS and HPLC-
MS analyses.

From the GC-MS analyses (Figure 126, 127 and 128), it immediately emerges that apart from the
aniline and phenyl isocyanate peaks (which derive from a thermal cracking of the product
diphenylurea, also observable as a weak peak, under the injector conditions) and trace amount of
formanilide (a), some smaller peaks can be observed. These are clearly identified in the NIRST
database as methyl phenylcarbamate (b), 2-methoxyethyl phenylcarbamate (c) and indole (d). Some
even smaller peaks could be identified as benzoxazolone (e) and 3-methoxyquinoline (f) (Scheme 37).

H H H OMe H O~
\ﬂ/ OMe
DRGNS R
a b c

Scheme 37. Byproducts observed by GC-MS.
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Figure 127. Detailed mass spectrum of each peak in the chromatogram of the GC-MS analysis (EI).
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Figure 128. Detailed mass spectrum of each peak in the chromatogram of the GC-MS analysis (EI).

The HPLC chromatogram, on the other hand, was very clean and only the diphenylurea peak could be
clearly observed (Figure 129). Specifically, no oligomeric polyanilines could be detected by this
technique. The latter would result from the direct oxidation of aniline by dioxygen and would easily
escape GC analysis.

The observation of phenyl isocyanate by gas-chromatography should not be taken as a proof of its
presence in solution without other supporting evidence. Indeed, diphenylurea can extensively
thermally crack in the injector of the instrument. For example, no aniline had remained at the end of
the reactions investigated by GC-MS in this work and yet the aniline peak is among the most intense
in the GC-MS spectrum (Figure 126). Gas-chromatographic analysis of aniline and phenyl isocyanate
should only be performed by employing a programmed variable temperature injector, so that the
temperature can be increased to the final value only after the more volatile (including aniline)
compounds of the mixture have left the injector. We routinely used such a procedure in the quantitative
analyses of our reaction mixtures and never observed the presence of phenyl isocyanate. Thus, we are
confident that the isocyanate observed during the GC-MS analysis is an artefact of the analytical
technique.
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Figure 129. Representative HPLC-MS analysis (ESI+)

Although the formation of the products in Scheme 37 was unexpected, it is not difficult to trace back
their origin. They are all clearly originating from the hydrolysis of the dimethoxyethane used as the
solvent by the water formed during the reaction. The two alcohols so formed result in the formation of
the two observed carbamates (b and ¢ in Scheme 37). It should be noted that the reaction between
diphenylurea and an alcohol to give a carbamate and an aniline equivalent is well known. It typically
occurs to a large extent when oxidative carbonylation reactions of amines or the reductive
carbonylation of nitroarenes are performed in an alcohol as solvent. However, it is an equilibrium
reaction and only becomes significant in the presence of a large excess of alcohol with respect to the
free amine. 221 Thus, the observed carbamates cannot result from the presence of trace amounts of the
two alcohols and their formation implies that DME hydrolysis occurs to a significant extent during the
reaction.
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Indole (d), on the other hand, can derive from a reaction of aniline with ethylene glycol, the doubly
hydrolyzed DME. Such reaction is known to occur under oxidizing conditions. [262-263]

Two more byproducts could be identified, which were present in trace amounts. Benzoxazolone (e)
clearly derives from the oxidation of aniline in the ortho position to give o-aminophenol. The latter
easily gives the cyclic carbamate under the reaction conditions. % The formation of 3-
methoxyquinoline (f) is less obvious. The presence of the methoxy group anyway suggests that DME
is again involved in its formation.

To quantify at least the main byproducts, pure methyl phenylcarbamate, 2-methoxyethyl
phenylcarbamate 105, and indole were used to set a calibration curve at the gas-chromatograph and
the reaction was repeated. The selectivities into these three products were respectively 2.4, 1.1 and
1.0%.

The formation of these products raises some concern on the use of DME as the solvent and suggests
that one of the reasons for which it seems to be more effective than others may simply be the fact that
it acts as internal drying agent, preventing the formed water to hydrolyze the produced urea.

Another solvent that is often employed in oxidative carbonylation reactions is dioxane. Though we did
not investigate the use of dioxane in detail, the GC-MS analysis of the solution after a reaction run in
this solvent instead of DME evidenced again the formation of carbamates deriving from its
hydrolytical ring opening. In this context, it should also be mentioned that the solvent that often gives
the best results in most of the cited references, although with low urea/oxalamide selectivity, is
dimethylformamide. The declared, and surely at least partly correct, rationale for this is that it has a
high dielectric moment, thus stabilizing the likely very polar transition state of the reaction. However,
it should not be forgotten that DMF is far from being an inert solvent.[?6%! |ts hydrolysis reaction has
been studied in detail 2662671 and DMF has even been used as a drying agent.[?¢®! Clearly, this would
not be an acceptable procedure for an industrial production and a different strategy must be pursued to
reach complete conversion. This will be the object of future work.

3. Conclusions

In this work we have investigated in more depth the classical Pd/I" catalytic system for the oxidative
carbonylation reaction of amines to ureas, which has been previously the topic of at least 30 papers.
Some surprising results have been found that lead to extensively reconsider what is known of this
catalytic system:

1) We confirmed that iodide alone promotes the activity of palladium in the oxidative
carbonylation reaction of amines, but its promoting ability is much lower than previously
estimated.

2) Under most of the previously employed experimental conditions, the main role of iodide is to
etch the autoclave walls to provide small amounts of iron in solution.
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3) When iron etching from the autoclave walls cannot occur, small, but sufficient, amounts of iron
may still come from the Fe(CO)s present as a contaminant of pressurized CO in all those cases
in which iron tanks were used to store it.

4) The ideal absolute iron amount under the presently employed conditions (930 mg aniline) is
just 1.1 mg, but even a tenfold lower amount (around 12 ppm with respect to the whole solution
weight) is sufficient to double the activity of the palladium catalyst. It is worth to note that
contamination of iron catalysts by noble metals is well known to be responsible for the catalytic
activity observed in some cases. However, the present work is a rare, if not unique, case in
which the contamination of a palladium catalysts by trace amounts of iron has such a large
promoting effect.

5) The presence of a halide is anyway required, but chloride can be equally or even more effective
than iodide in this respect. The ideal amounts of chloride and iodide differ, likely because
chloride coordination to metal ions can be hindered by the formation of strong hydrogen bonds
with the water formed during the reaction, whereas iodide is less affected by the presence of
water. A molar amount of iodide larger than that of iron causes a deactivation of the system,
suggesting that the active catalytic species may be a Pd/Fe dinuclear or higher aggregate hold
together by bridging halide ligands.

6) The reason for the good efficiency of DME as a reaction solvent is at least partly due to its
ability to act as a dehydrating agent, but the alcohols formed by its hydrolysis can reenter the
reaction and give small amounts of the corresponding carbamates and even some indole.
Hydrolysis of the solvent is likely involved even in other cases.

7) Though usually not mentioned, iodine is toxic and difficult to remove completely from the
reaction products. This is especially a problem if the produced urea is employed as an
intermediate in the synthesis of pharmaceuticals. The possibility of substituting it with a very
low amount of non-toxic iron chloride should be viewed favorably from an industrial point of
view.

The present work has clarified some previously overlooked aspects of the Pd/I" catalytic system, but
at the same time has raised new questions both of industrial and scientific nature: Stainless steel
contains other metals apart from iron: do any of them also show any promoting activity? Which is the
best way to remove the formed water without resorting to solvent hydrolysis or to the use of any reagent
that is stoichiometrically consumed? Which is the exact interplay between palladium, iron and the
halide? May a better catalyst can be prepared by knowing this? Work is in progress in our laboratories
to answer at least some of them. Our work on the effect of ppm amounts of iron compounds on the
classical Pd/I" catalytic system for the oxidative carbonylation reaction of amines to ureas was
published in 2019.[26%-270]
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4. Experimental work.

4.1. Materials and general procedures.

1,2-Dimethoxyethane used in the catalytic reactions was dried by distillation over Na/benzophenone
and stored under a dinitrogen atmosphere. Aniline was distilled over KOH under reduced pressure and
stored under dinitrogen. It can be weighed under air without problems but must be stored under an
inert atmosphere to avoid oxidation, carbonation, and water uptake. Pd(OAc)z %% and PdI, 271 were
prepared by literature methods. PdCI2(CH3sCN). was prepared by refluxing PdCI2 in acetonitrile until
the brown solid had completely dissolved and a yellow solution had formed. The solution was filtered
while hot to remove any traces of undissolved material and evaporated to dryness. 2-Methoxyethyl
phenylcarbamate was prepared (see below). All the other reagents and solvents were purchased from
Sigma-Aldrich or Alfa-Aesar and used without any further purification.

Synthesis and characterization of 2-methoxyethyl phenylcarbamate 105.

1 mL (1.09 g, 9.15 mmol) of phenyl isocyanate was added gradually to an excess of 2-methoxyethanol
(4 mL) at RT and the reaction was heated under reflux at 70 °C for 4h. Then the alcohol was removed
under reduced pressure and toluene was added to precipitate the urea formed during the reaction
because of small water impurities in the solvent or already present in the phenyl isocyanate as a
contaminant. The solution was filtered, and toluene was removed from the filtrate under reduced
pressure, affording the pure carbamate (1.072 g, 5.49 mmol, 60 % yield).

Figure 130:'H NMR (400 MHz, CDCls) § 7.48 (d, J = 7.9 Hz, 2H), 7.37 (t, J = 7.9 Hz, 2H), 7.14 (t, J
= 7.9 Hz, 1H), 4.41 (t, J = 4 Hz, 2H), 3.72 (t, J = 4 Hz, 2H), 3.49 ppm (5, 3H). Figure 131:1*C NMR
(100 MHz, CDCl3) & 153.50, 137.94, 128.94, 123.34, 118.69, 70.68, 63.97, 58.79 ppm.

4.2. Catalytic reactions.

All the catalytic reactions were performed in a stainless-steel autoclave lined with Teflon (c.a. 140 mL
free volume), or, for the control experiments, directly in a stainless-steel autoclave, both equipped with
a stirring bar. Since small amounts of catalyst were used, a stock solution of the catalyst (Pdl. or PdCl,
the latter added as PdCI2(CH3CN).) in aniline was prepared and stored under dinitrogen atmosphere.
The solution already contained the correct Pd/aniline ratio, so that the catalyst was weighed together
with aniline. When Pd(OAc). was used as the catalyst it was freshly dissolved in DME and the
appropriate amount of the obtained solution was added by volume. In a typical catalytic reaction, the
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reagents were transferred to the autoclave always following the same order. First KI, weighted under
air, was added. Then the aniline solution, also containing Pdl. when appropriate, was rapidly weighted
under air in a test tube and transferred to the autoclave. To ensure a complete transfer of the reagents
to the autoclave, the test tube was washed with the reaction solvent. When Pd(OAc). was used as the
catalyst, its solution in DME was added by volume and aniline was weighted in a test tube separately.
The remaining amount of solvent was then added by volume, using it to wash the test tube used to
weigh aniline. Finally, the iron promoter was added. When the amount of the iron promoter was lower
than 10 mg, a freshly prepared solution of it in DME was prepared under dinitrogen atmosphere and
then it was added by volume to the reaction mixture.

Reagent amounts or their molar ratios are reported in the tables or in their footnotes. In all cases, the
amine concentration was 1 M. The autoclave was then closed, and CO and air were charged in this
order at room temperature. The value of pressure after each gas addition was read after complete
stabilization of the system (i.e., when it remained constant for at least 5 min). Finally, the autoclave
was immersed in an oil bath preheated at the required temperature. This moment was taken as the start
of the reaction. At the end of the reaction, the autoclave was quickly cooled in an ice bath and vented.
The internal standard, benzophenone, was added to the reaction mixture (1/4 mass ratio with respect
to the starting aniline) and 25 mL of THF were also added to completely dissolve both benzophenone
and any precipitated diphenylurea. The solution was kept under stirring for half an hour. An aliquot of
the obtained solution was then diluted with CHzCl to perform the GC and HPLC analyses.

4.3. Quantitative analysis methods for catalytic reactions.

For catalytic reactions, quantitative analyses were performed either on a DANI 86.10 HT gas
chromatograph equipped with a SUPELCO Analytical SLB™-5ms column (Fused Silica Capillary
Column 30 m x 0.32 mm x 0.5 pm film thickness), or on a Shimadzu GC-2010 equipped with a Supelco
SLB™-5ms capillary column (GC-FAST technique), or on a HP 1050 series modular HPLC system
equipped with a MERCK LiChroCART® 125-4 HPLC-Cartridge Purospher® RP-18e (5um). HPLC
grade solvents - CHROMASOLV® were used for HPLC analyses, which were degassed by sonication
in an ultrasonic bath for half an hour before use. Quantitative analyses were carried out using the
internal standard method. Benzophenone was used as the internal standard. The wavelength of the UV
detector was set at 265 nm because this frequency is close to the maximum absorption of both
diphenylurea and benzophenone, thus maximizing the accuracy of the analysis. Unfortunately, aniline
absorbs weakly at this wavelength and its analysis is less reliable. This is the reason for which it was
routinely quantified by GC.

A standard GC analysis involves the preparation of a sample solution in CH2Cl,. An aliquot of the
reaction solution, treated as mentioned above, was diluted in CH2Cl> in order to obtain a final standard
concentration of 0.05 mg/mL for the analysis made with DANI 86.10 HT and 0.1 mg/mL for the
analysis made with Shimadzu GC-2010. Then 1 pL was injected into the GC. This analysis method
was used to determine the residual amount of aniline after the catalytic reaction because it showed a
higher reproducibility with respect to HPLC analysis. A complete list of the instrumental parameters
employed is showed in Table 21 and Table 22.
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A standard HPLC analysis involves the preparation of a sample solution in CH3OH/H,0 55:45. An
aliquot of the previously prepared reaction solution was diluted with CH3OH/H20 55:45 in order to
obtain a final standard concentration of 0.01 mg/mL of benzophenone. Then 100 pL of this sample
solution were injected into the HPLC (injection loop 20 pL). This analysis method was used to
determine the amount of diphenylurea.

Table 21. Instrumental parameters for Gas-chromatographic analyses for DANI 86.10 HT.®

COLUMN PROGRAM

rate (°C/min) temperature (°C) time (min)
- 60 6
25 120 -
7 160 -
15 270 20.34

INJECTOR PROGRAM

rate (°C/min) temperature(°C) time (min)
- 50 2
700 120 -
200 275 42

(@) Carrier gas: He, carrier gas pressure: 1.2 bar, air pressure at the detector: 0.7 bar, hydrogen pressure at the detector:
0.7 bar, auxiliary gas: N2, auxiliary gas pressure: 1.3 bar, detector temperature: 300 °C.

Table 22. Instrumental parameters for Gas-chromatographic analyses for SHIMADZU GC-2010.®

COLUMN PROGRAM

rate (°C/min) temperature (°C) time (min)
- 70 -
20 150 2.25
20 200 2.1
100 270 0.5

INJECTOR PROGRAM

rate (°C/min) temperature (°C) time (min)
- 120 -
25 270 3

(@) Carrier gas: He, carrier gas pressure: 10 bar, air flow: 400 mL/min, hydrogen flow: 40 mL/min, makeup-gas: Nz,
makeup flow: 30 mL/min, detector temperature: 280 °C.
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Appendix.

1. NMR spectra

J

T e

8 =8

— ™~ — ™
T T T T T T T N T T T T T T T T T T T T T v T v T v T T T T T T T
8.5 a0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

1 (ppm)
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Figure 6: 1*C NMR spectrum of phenyl formate in CDCls.
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Figure 22: 'H NMR of 4’-methyl-2-nitrobiphenyl 54 spectrum in CDCls.
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Figure 52: 'H NMR of 4-cyano-2-nitrobiphenyl 68 spectrum in CDCls.
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Figure 89: 'H NMR of 4-dimethoxy-9H-carbazole 86 spectrum in DMSO-ds.
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Figure 104: *H NMR of methyl 9H-carbazole-2-carboxylate 93 spectrum in DMSO-ds.
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Figure 113: *C NMR of 2-cyano-9H-carbazole 97 spectrum in DMSO-ds.
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©
T eowuo aganNOONO®O DV wOTm ~ =)
- VYL ANAHQORRENNININT SO0 NNN © n
5 S0 wb0wd NRNRNNNNNNNNRNNRKNNN = ~
| PR -

mmmmmmm

8.46
4846
8.45
8.45
—8.21
8.19
1789
7.89
7.87
7.87
7.5
7.5
7.5
7.5
7.4
4
3
3
3
7.26
— 7.24
7.23
SN
Z
=
/Z

H
w
»T T T
\—‘ T T T T T \—‘ T ‘H
85 84 83 82 81 80 79 78
|
|
l MUL A J o
) T EEL
T T T T T T T T T T T T T T T T T
16 15 14 13 12 11 10 8 7 5 4 3 2 1 0
f1 (ppm)
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Figure 118: *H NMR of 8H-thieno[2,3-b]Jindole 100 spectrum in DMSO-de.
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Figure 121: *C NMR of 7H-benzo[c]carbazole 101 spectrum in DMSO-ds.
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Figure 122: 'H NMR of 11,12-dihydroindolo[2,3-a]carbazole 102 spectrum in DMSO-ds.
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