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Abstract: The reductive cyclization of different organic nitro compounds by carbon monoxide, cat-
alyzed by transition metal complexes, is a very efficient and clean strategy for the synthesis of many
N-heterocycles. However, its use requires the use of autoclaves and pressurized CO lines. In this
talk, the author will present the results obtained in his laboratories on the use of phenyl formate as
a convenient CO surrogate, able to liberate carbon monoxide under the reaction conditions and al-
lowing the use of a cheap glass pressure tube as a reaction vessel. In most cases, yields were better
than those previously reported by the use of pressurized CO, proving that the use of CO surrogates
can be a viable alternative to the gaseous reagent.
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1. Introduction

Nitrogen heterocycles are privileged structures in pharmaceutical chemistry and an
enormous effort is continuously done to improve their synthesis. Among the numerous
possible synthetic approaches, the reductive cyclization of nitroarenes and nitroalkenes
by carbon monoxide, catalyzed by transition metal complexes, is synthetically appealing
because of the easy availability of the reagents and the facile separation of the only stoi-
chiometric byproduct: CO2[1-3]. However, it requires the use of high-pressure equipment
and pressurized CO lines, which often are not available. The problem is also common to
other carbonylation reactions and, in the last decade, different solid or liquid substances
able to liberate CO under the reaction conditions have been developed [4-7]. Several years
ago, we started to investigate the use of formate esters as CO surrogates in the field of
reductive cyclization reactions of organic nitro compounds because they are cheap, non-
or little-toxic and because the stoichiometric byproduct, an alcohol or phenol, is unlikely
to interfere with the reaction course. In this account, our results in the field are summa-
rized.

2. Results
2.1. General Aspects

Before discussing the synthesis of the individual heterocycles, we will summarize
some general trends in the reactivity of nitro compounds with CO.
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1. Palladium, ruthenium and rhodium compounds have all been employed as catalysts,
but best results have been obtained by the use of palladium.

2. The best ligands in terms of activity and stability of the catalytic system are phenan-
throline and its substituted derivatives. Phosphines have been used as ligands in
many cases, but they are oxidized to phosphinoxides during the reaction.

3. Aryl formates can be decomposed into CO and phenols even by weak organic bases.
Alkyl formates are cheaper, but they are activated only by very strong bases, which
would not be compatible with most reactions. Alternatively, they can be decomposed
by the action of a ruthenium-based catalytic system.

4. When using CO surrogates, the reaction must be performed in a so-called “pressure
tube” which is a thick-walled vessel sealable by a PTFE or PTFE-lined screw cap.

2.2. Synthesis of Indoles from O-nitrostyrenes

The first reaction we tried to accomplish using formate esters as CO surrogates was
the synthesis of indoles from o-nitrostyrenes (Scheme 1) [8-10].
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Scheme 1. Synthesis of indoles from o-nitrostyrenes.

Initially, alkyl formates were attempted as CO surrogates (Scheme 1, right side) [11].
A palladium catalyst alone was inactive as no formate decomposition occurs in its pres-
ence when a weak base is present. A second catalyst, Rus(CO)12 was necessary. Yet, a high
180 °C temperature was required for efficient formate decomposition and the synthetic
results were not satisfactory, with a maximum indole yield around 70 %.

The use of aryl formates, best phenyl formate, allowed us to achieve much better
results and to employ just palladium as catalyst, thus simplifying the catalytic system
(Scheme 1, left side). This catalytic system was subjected to two optimization studies. Dur-
ing the first, the temperature was set at 140 °C. Almost quantitative yields could be
achieved in several cases, but substrates bearing sensitive groups still gave unsatisfactory
results [11]. Thus, we engaged in a second round of optimization of the reaction conditions
and we succeeded in finding a set of experimental conditions, which allow to work at 100
°C with as little as 0.2 mol % palladium [12].

The main synthetic results are reported in Figure 1, where the yields obtained under
different conditions are also compared. It should be noted that, whenever a comparison
is possible, the obtained yields are in most cases higher than the best previously reported
yields for the same reaction employing pressurized CO as a reductant. Only in a few cases
the reaction failed to yield an isolable indole.

2.3. Synthesis of Indoles from p-nitrostyrenes

The reactions described in the previous paragraph are very selective, but the synthe-
sis of the starting o-nitrostyrene is not always high yielding. In some cases, synthesizing a
B-nitrostyrene, where the nitro group is on the olefin moiety, is more straightforward.
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Figure 1. Indoles from o-nitrostyrenes. Conditions A: 0.27 mmol nitrostyrene, mol. 1 mol %
[Pd(Phen)2][BF:]2, 1 mol % Rus(CO)i2, 20 mol % Phen; mol. 40 pL EtsN; in butyl formate (10 mL), at
180 °C for 10h. Conditions B: 0.54 mmol nitrostyrene, 1 mol % Pd(CH3CN)2Clz, 2.5 mol % Phen, 240
puL HCOOPH, 40 pL EtsN, in CHsCN (10 mL), 140 °C for 3 h. Conditions C: 0.54 mmol nitrostyrene,
1 mol % Pd(CH3CN)2Clz, 5 mol % Phen, 260 uL HCOOPh, 100 pL EtsN, in CH3CN + DMF (9+1 mL),
at 100 °C for 6 h.

Reductive cyclization of [-nitrostyrenes was reported by Dong [13] and by us [14].
We thus decided to test the use of phenyl formate as a CO surrogate for this reaction

(Scheme 2).
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Scheme 2. Synthesis of indoles from -nitrostyrenes.

Despite some effort in optimizing the experimental conditions, only fair yields could
be obtained in the case of B-nitrostyrenes lacking any substituent in the alpha position. It
was found that bases catalyze the oligo/polymerization of the nitrostyrene itself. Better
results were obtained with a-aryl-p-nitrostyrenes, which are more reactive towards the
reductive cyclization and less prone to polymerization. The substrate scope is shown in
Figure 2 [15].

2.4. Synthesis of 3,6-dihydro-2H-[1,2]-oxazines from Nitroarenes and Conjugated Dienes

Free nitrosoarenes quickly react with conjugated dienes in a hetero Diels-Alder reaction
to give 3,6-dihydro-2H-[1,2]-oxazines [16]. However, the synthesis of nitrosoarenes is not
straightforward. Trapping of nitrosoarenes intermediately formed during the reduction
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of nitroarenes is an effective strategy to synthesize oxazines [17,18]. The experimental con-
ditions initially optimized for the synthesis of indoles using phenyl formate as a CO sur-
rogate proved to be also suitable for the synthesis of oxazines [19].
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Figure 2. Synthesis of indoles from f-nitrostyrenes. Experimental conditions: 0.54 mmol nitrosty-
rene, 1 mol% PdCl2(CHsCN)z, 5 mol% Phen, 260 uL PhOC(O)H, 120 pL EtsN, in 10 mL CHsCN, at
140 °C for 4 h,.

The synthetic results are shown in Figure 3. Excellent results were obtained in many
cases. The reaction only failed when the nitroarene bears strongly electrondonating sub-
stituents and when both the terminal positions of the diene are substituted. In the first
case, the reason is the low dienophile character of the electron rich nitrosoarenes and in
the second the reversibility of the formation of the oxazine at high temperature.
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Figure 3. Synthesis of oxazines from nitroarenes and conjugated dienes. Experimental conditions:
nitroarene 0.54 mmol, Pd(CH3CN)2Cl2 1 mol %, Phen 2.5 mol %, diene 4 equiv, HCOOPh 2.2 mmol,
EtsN 0.27 mmol, in 10 mL CH3CN, at 140 °C for 4 h.
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2.4. Synthesis of Carbazoles from o-nitrobiphenyls

Cyclization of o-nitrobiphenyls to carbazoles under the reducing action of carbon
monoxide has long been known [20], but has been little developed with respect to the
synthesis of indoles because it requires harsher conditions and affords lower yields of the
desired heterocycle. Wishing to solve the problem, we decided to apply our phenyl for-
mate protocol to this interesting reaction. Initial attempts were disappointing, but optimi-
zation of the reaction conditions allowed to reach high yields of the desired products. Key
points for success proved to be the use of DMF as solvent and of an inorganic base, best
NasPOus in place of EtsN. Synthetic results are shown in Figure 4. Yields are in general
higher than those previously obtained by the use of pressurized CO [21].
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Figure 4. Synthesis of carbazoles from o-nitrobiphenyls. Experimental conditions: nitrobiphenyl
(0.54 mmol), Naz[PdCl4] (1 mol %), Phen (5 mol %) HCOOPh (2.4 mmol), NasPOs (7.3x102 mmol) in
DMF (10 mL), for 5 h.

3. Conclusions

Use of CO as a reductant for nitroarenes and nitroalkenes presents many advantages
from a synthetic point of view, but is operationally complex for many groups. In this brief
presentation, we have presented our results on the use of formate esters as convenient CO
surrogates. In particular, phenyl formate can be activated even by weak bases, which do
not interfere or even have a beneficial role in the reactions. Worth of note, in most cases
the isolated yield in the desired heterocycle were higher than those previously obtained
for the same reaction when gaseous CO or even other reductant had been employed. The
only exception is the cyclization of -nitrostyrenes to indoles. The reason is that, in order
to give good results, this reaction requires too high CO pressures to be withstood by a
glass pressure tube. The high yields obtained in the other cases clearly show that the use
of a CO surrogates should not necessarily be considered as a second choice when the use
of pressurized CO is not possible, but may represent the best available option in any case.
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