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An in-water dehydration of N-formamides to afford isocyanides using micellar conditions at room temp-
erature is reported. This method allows for the preparation of aliphatic isocyanides in an environmental
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friendly manner. The replacement of undesirable components such as phosphorous oxychloride, triethyl
amine and dichloromethane (the classical combination used for the dehydration of N-formamides), by
p-toluen sulphonyl chloride, sodium hydrogen carbonate and water makes this transformation really sus-
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Introduction

The search for synthetic methods with lower impact on the
environment has become a priority not only for the young gen-
erations of chemists but also for previous ones.! There is an
increasing awareness of using green methods, not only in pre-
parative chemistry, but also in pharmaceutical research.>
Medicinal chemists are increasingly aware green methods are
preferable even for the preparation of a few grams of sub-
stances. Avoidance of toxic reagents and solvents should
become a rule rather than a choice given the current global
environmental emergency, and it should apply as well to small
scale reactions.”

The isocyanide is an extremely fascinating functional group
above all for its chameleonic reactivity.®> Over the last century
isocyanides have been widely exploited as chemical reagents,
pivotal in multicomponent reactions.* For this reason, numer-
ous synthetic methodologies have been reported for their syn-
thesis.” The most versatile ones remain those that involve the
dehydration of formamides. Unfortunately, the best method in
terms of yield and applicability is based on the Ugi protocol
which employs phosphorus oxychloride along with an excess
of a tertiary nitrogen base (e.g., at least 3 equivalent of triethyl-
amine) in dichloromethane.® The exothermicity of this reac-
tion often requires cooling the reaction mixture below zero
degree Celsius. It is emblematic that none of the three
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reagents listed above can be considered green and safe.
Phosphorus oxychloride is toxic and corrosive, moisture sensi-
tive and requires to be periodically distilled before the use to
remove phosphoric acid and hydrogen chloride. Triethylamine
is flammable and corrosive, while dichloromethane is an
ozone depleting gas in the atmosphere.” Recently at least three
important contributions have been published aimed at
improving existing methodologies. The first one is based on
the use of tosyl chloride as dehydrating agents; however, it
holds the use of an excess of base (e.g., pyridine) and dichloro-
methane.® The second one is conceptually a simple modifi-
cation of the original Ugi protocol, where the reaction mixture
is directly loaded and eluted with diethyl ether onto a chromato-
graphic column, sparing solvents by skipping the traditional
work up step.’ The third one devised a novel electrochemical
method for the synthesis of isocyanides and it is based on the
anodic oxidation of aminotetrazoles.'® Each of these methods
has merits and increases the arsenal available to chemists
needing to synthesize isocyanides. Although all these pro-
cedures represent a contribution toward the greenness of iso-
cyanide synthesis, there is still room for improvement for
this methodology and lowering its environmental impact.
Furthermore, despite the novelty of the electrochemical
method, the galvanostatic conditions used might render
difficult the preparation of highly functionalized isocyanides as
demonstrated by the impossibility to prepare with this method
the simple p-methoxy benzyl isocyanide. After recently demon-
strating that certain isocyanides are metabolically stable'’ and
may be innovative pharmacophoric groups,'? we have started a
medicinal chemistry campaign aimed at identifying new bio-
logically active molecules containing the isocyanide group as
warhead and decided to find a new and versatile green method-
ology operating at room temperature for the synthesis of isocya-
nides starting from formamides, avoiding the use of phos-

This journal is © The Royal Society of Chemistry 2022
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phorus oxychloride, the excess of tertiary amine and dichloro-
methane. This idea arises from our extensive experience with
the chemistry of isocyanides. Indeed, although the isocyanide is
considered a very reactive functional group prone to rapidly
hydrolyze in water, this is not the case. Isocyanides are stable in
basic medium®® and start to hydrolyze at pH < 5.*

Results and discussion

Exploiting the hydrolytic stability of isocyanides, we thought it
would be possible to attempt an “in-water” synthesis using the
micellar strategy developed by Professor Lipshutz. Fifteen
years ago, he showed that surfactants like TPGS-750-M when
dissolved in water can self-aggregates in micelles with a dia-
meter of 40-50 nm.**"*® These micelles are not static, but there
is a dynamic exchanging equilibrium between the surfactant
molecules forming the micelles and those there are free in the
medium, allowing for the incorporation of reagents and pro-
ducts into the micelles.

The inner side of these micelles is hydrophobic, and it acts
as the reaction “solvent”, virtually allowing for the dissolution
of the water-insoluble reagents. Micelles behave like nanoreac-
tors operating at high concentration of reagents, thus dramati-
cally increasing the probability of reactive events."”

In Scheme 1, we reported the general mechanism for the
dehydration of formamides (1) to isocyanides (4) with a phos-
phorous or sulfur-based dehydrating agent.

It is evident that the base does not take an active part in the
reaction between the oxygen of the formamide and the electro-
philic group of the dehydrating agent. Its role is simply to act
as neutralizing agent favoring the formation of the isocyanide
group and maintaining a neutral pH of the medium.'®
Therefore, we reasoned that a weak, non-hazardous, and cheap
water-soluble base was more than enough to perform this task.
For this reason, we opted to evaluate the reaction using
sodium hydrogen carbonate. Finally, as dehydrating agent, we
focused our attention on tosyl chloride because it is: insoluble
in water, and therefore relatively stable to hydrolysis in an
aqueous environment; cheap, as it is continuously produced
on large scales being a waste in the synthesis of saccharin.
To test our idea, studied the dehydration of
N-phenethylformamide (5) to (2-isocyanoethyl)benzene (6) as
model reaction (Scheme 2). To note that before undertaking
this study, we evaluated the hydrolytic stability of tosyl chlor-
ide, (2-isocyanoethyl)benzene and N-phenethylformamide in
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Scheme 2 Model reaction.

5 wt% TPGS-750-M/H,0 and sodium bicarbonate. Formamide
and isocyanide compounds were found to be fully stable up to
24 h, while tosyl chloride was hydrolyzed in full very slowly
beyond 16 h (see ESIY).

We started by using TPGS-750-M as surfactant and trialed
different bases, while comparing the yields with respect to the
formation of the isocyanide using either the Ugi (see Table 1,
entry 1) or the Meier procedure (see Table 1, entry 2), carrying
out the reaction on 100 mg scale of formamide (Table 1). From
this first round of screening, we confirmed that sodium hydro-
gen carbonate is the best base and increasing the concen-
tration of the reaction medium had a positive effect on the
yield (see Table 1, entries 6 and 10). The use of nitrogen bases
such as TEA (see Table 1, entries 4 and 5), morpholine (see
Table 1, entries 8 and 9), collidine (see Table 1, entry 12) or
pyridine (see Table 1, entry 3) did not afford the desired
product. This can be ascribed to the addition reaction between
the base and tosyl chloride, followed by hydrolysis to tosic
acid. When the reaction with sodium hydrogen carbonate was
conducted without the surfactant (see Table 1, entry 7) we did
not observe the formation of the isocyanide as the tosyl chloride
did not dissolve in the medium. Finally, the use of a carbonate
base (see Table 1, entry 11) reduces the yield indicating that a
weak base as sodium hydrogen carbonate is the best option.

We then carried out a new round of reaction explorations by
locking sodium hydrogen carbonate as the base, while changing
concentration and other parameters such as temperature
(Table 2). Interestingly, when the reaction was run at 60 °C
using sodium hydrogen carbonate (see Table 2, entry 1) we did
not observe the formation of the product but the complete
hydrolysis of the tosyl chloride. It is reasonable to think that the
heating accelerates the hydrolysis rate of tosyl chloride.

The optimal conditions were mainly a function of concen-
tration, with the best result obtained at 1 M concentration of
formamide (see Table 2, entry 4). Further increasing the con-
centration to 1.5 M was detrimental (see Table 2, entry 5).

Finally, we proceeded to a third round of optimization by
locking sodium hydrogen carbonate, molarity, and tempera-
ture (25 °C), while changing the equivalents of tosyl chloride
and sodium hydrogen carbonate with a relative constant 1:2
ratio (Table 3) on a 300 mg scale of formamide. An optimal
molar equivalence for the said reagents was identified (see
Table 3, entry 2) (Fig. 1).

As the isocyanides could have similar polarity to tosyl chlor-
ide, we used a 0.5% solution of py-tetrazine in methanol as
TLC staining reagent, capitalizing on the [4 + 1] cycloaddition

Green Chem., 2022, 24, 7022-7028 | 7023
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Entry Dehydrating agent Base Solvent Time (H) Yield

1 POCI; 1 equiv. TEA 3 equiv. DCM dry 1 82%"

2 p-TsCl 1.5 equiv. Py 3 equiv. DCM dry 5 69%”

3 p-TsCl 1.5 equiv. Py 3 equiv. 5 wt% TPGS-750-M/H,0 16 Traces®

4 p-TsCl 1.5 equiv. TEA 3 equiv. 5 wt% TPGS-750-M/H,O 16 Traces®

5 p-TsCl 1.5 equiv. TEA 3 equiv. Water 16 No reaction®
6 p-TsCI 1.5 equiv. NaHCO;, 3 equiv. 5 wt% TPGS-750-M/H,0 16 24%°

7 p-TsCl 1.5 equiv. NaHCO; 3 equiv. Water 16 No reaction®
8 p-TsCl 1.5 equiv. Morpholine 3 equiv. 5 wt% TPGS-750-M/H,O 16 No reaction®
9 p-TsCl 1.5 equiv. Morpholine 3 equiv. Water 16 No reaction®
10 p-TsCI 1.5 equiv. NaHCO; 3 equiv. 5 wt% TPGS-750-M/H,0 48 47%°

11 p-TsCl 1.5 equiv. K,COj3 3 equiv. 5 wt% TPGS-750-M/H,O 48 28%

12 p-TsCl 1.5 equiv. Collidine 3 equiv. 5 wt% TPGS-750-M/H,O 48 No reaction”

“[Formamide] = 1 M; T'= 0 °C. ? [Formamide] = 1 M; T = r.t. °[Formamide] = 0.3 M; T = r.t. “[Formamide] = 0.45 M; T =r.t.

Table 2 Reaction conditions optimization as a function of reaction
molarity

Entry [Formamide] Yield
1 0.45M No reaction®
2 0.2 M No reaction”
3 0.67 M 58%”
4 1M 62%”
5 1.5M 42%”

“Reaction conditions: formamide (1 equiv.), p-TsCl (1.5 equiv.),
NaHCO; (3 equiv.), 5 wt% TPGS-750-M/H,0, 1 h, T = 60 °C. b Reaction
conditions: formamide (1 equiv.), p-TsCl (1.5 equiv.), NaHCO; (3
equiv.), 5 wt% TPGS-750-M/H,0, 16 h, T = r.t.

Table 3 Reaction conditions optimization as a function of molar
equivalents for tosyl chloride and sodium hydrogen carbonate in 1:2
ratio

Entry Dehydrating agent Base Yield
1 p-TsCl 1 equiv. NaHCO; 2 equiv. 56%"
2 p-TsCl 1.2 equiv. NaHCO; 2.4 equiv. 64%"“
3 p-TsCl 1.5 equiv. NaHCO; 3 equiv. 60%"*

“[Formamide] = 1 M, solvent = 5 wt% TPGS-750-M/H,0, 16 h, T =r.t.

Fig. 1 On the left: reaction mixture immediately after the addition of
the reagents; On the right: reaction mixture after 16 h.

reaction between isocyanides and py-tetrazine to form yellow-
coloured spots after gentle heating (Fig. 2)."

The work up procedure deserves a comment. Indeed, to
remove the excess of tosyl chloride, we added NH,OH 10% in

7024 | Green Chem., 2022, 24, 7022-7028
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Fig. 2 (A) TLC under UV before the work up; (B) TLC using 0.5% of py-
tetrazine in methanol as staining reagent, before the work up; (C) TLC
under UV after the work up; (D) TLC using 0.5% of py-tetrazine in
methanol as staining reagent, after the work up. (A) and (B) from left to
right: p-TsCl, cospot, reaction mixture (C) and (D) from left to right:
p-TsCl, cospot, organic phase.

the same volume with respect to the water used for the reac-
tion, stirring for 15 minutes, and then extracting the mixture
with EtOAc. In this case the tosyl chloride is converted into the
highly polar p-toluene sulfonamide facilitating the column
chromatography purification.

Using the optimized reaction conditions from Table 3,
entry 2, we then evaluated the use of other surfactants (Fig. 3)
without observing any significant improvement (Table 4). To
note that the use of Triton X raised concerns due to its
environmental toxicity.’

The generality of this procedure was then evaluated by pre-
paring different isocyanides as depicted in Fig. 4.

This methodology works with primary, secondary, and ter-
tiary aliphatic isocyanides as well as benzylic isocyanides. It is
also evident that the more the isocyanide is lipophilic, the
higher is the yield of the reaction. As expected, and already
reported in literature,® formamide dehydration triggered by
tosyl chloride works only when electron donating groups are
present on the aromatic ring and we succeed to form p-meth-
oxyphenyl isocyanide albeit in low yield, while we could not
prepare phenyl isocyanide as well as p-chloro phenyl isocya-
nides. For this type of isocyanides is indeed required a stron-
ger dehydrating agent like POCl;.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Structures of the surfactants used for reaction conditions optimization.

Table 4 Reaction conditions optimization using different surfactants

Entry Solvent Yield
1 2 wt% TPGS-750-M/H,0 38%°
2 2 wt% Nok/H,O 31%°
3 5 wt% SDS/H,0 31%"
4 5 wt% Triton X/H,O 39%*%
5 5 wt% CTAC/H,0 37%"

“Reaction conditions: formamide (1 equiv., [1M]), p-TsCl (1.2 equiv.),
NaHCO; (2.4 equiv.),16 h, T =r.t.

One advantage of this procedure is the possibility to re-use
the micellar aqueous solution by reloading fresh amounts of
all reagents and reactants to the aqueous solution after extrac-
tion of the desired product with EtOAc. We have recycled the
micellar solution on a scale of 500 mg of N-dodecylformamide,
observing only a slight decrease in yield for the isocyanide 14
(initial reaction: 89%; 1st recycle: 82%; 2nd recycle: 79%). We
have evaluated the amount of TPGS-750-M which was extracted

o
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during the recycling experiments and also its stability upon
the reaction conditions (see ESIT).>!

Finally, we synthesized 1-isocyanododecane (14) on a
10 mmol scale (2.13 g), using a mechanical stirrer (Fig. 5). We
obtained the desired product in 82% yield.

We have also verified the possibility of running a Passerini
multicomponent reaction on the crude obtained after quench-
ing with ammonium hydroxide and extraction with EtOAc.
Although the crude contains amounts of p-toluen sulphon-
amide and N-dodecylformamide, we succeed in forming the
desired multicomponent adduct in a 70% yield (Scheme 3).

Furthermore, we carried out an MCR in situ directly under
micellar conditions, without isolating the isocyanide. Even in
this case, we were able to form and isolate the multicompo-
nent product in good yield (Scheme 4). This is particularly
remarkable in our opinion for three reasons: (a) the possibility
not to isolate the isocyanide, useful above all for those charac-
terized by an unpleasant smell and a low boiling point; (b) a
reduced consume of solvent; (c) to confirm the possibility to

NC
9 10 "

Yield = 65% Yield = 68% Yield = 60%
NC
NC

A\

N

H Cl

15 16
Yield = 42% Yield = 70%

(o]
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Yield = 34% Yield = 82%

Isocyanides synthesized using aqueous micelles, with their isolated yields after column chromatography.
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Fig. 5 Synthesis of isocyanide 14 in a 10 mmol scale using a mechanical
stirrer.

SO

14 o o
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Scheme 3 Passerini reaction without purifying isocyanide 14.

1. p-TsCl, NaHCO3;
5% wt TPGS-750-M/H,0
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H
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Scheme 4 One pot tandem
reaction.

isocyanide synthesis and Passerini

carry out multicomponent reactions under aqueous micellar
conditions.**

Having established the best synthetic protocol, in order to
compare the different synthetic procedures, we decided to cal-

Table 5 PMI values for compound 6

View Article Online
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culate various PMI values (Table 5), with or without water. PMI
values were calculated using the “Process Mass Intensity
Calculator Tool” developed by the ACS GCI Pharmaceutical
Roundtable;>® E-factor values can be obtained just doing
PMI-1. In entries 1 and 2 are reported the values obtained by
considering all the reactants and solvents used for the reaction
and during the quenching (the mass of each reactant is
reported in the ESIf). The amount of TPGS-750-M which
cannot be recycled, due to degradation during the reaction or
because it has been lost during extraction (46.1% in total) has
been included in the calculation. Regarding our protocol, the
amount of water used is the sum of those employed for the
TPGS-750-M 5 wt% solution (1M with respect to the form-
amide) and during the quenching (500 mg on a 0.5 mmol
scale). For the Ugi protocol, the amount of water used is those
employed during the quenching (1000 mg); the amount of
solvent is those employed during the reaction (891.1 mg of
DCM). For the Meier protocol, the amount of water used is
those employed during the quenching (670 mg); the amount
of solvent is those employed during the reaction (891.1 mg of
DCM). In entries 3 and 4 we also considered the quantity of
solvent used for the extraction (1 mL of EtOAc on a 0.5 mmol
scale; this quantity is the same for Ugi and Meier procedures,
with the difference that the solvent used is dichloromethane).
In entry 5 and 6 we considered also the solvent used for the
chromatography purification. The quantity of solvent used is
the same for Ugi, Meier and our procedure. Having very
similar Rf, all the isocyanides required approximately 45 mL of
petroleum ether/EtOAc 8:2, which was then distilled and
recovered (we assumed a recovery of 90%). In entries 7, 8 and
9 we evaluated the contribution of each step of this process,
calculating the values of mass intensity for the reaction (MIg),
for the workup (Ml also including the quenching procedure),
and for the chromatography purification (MIp).>* For the PMI
values of all the isocyanide synthesized, see ESI.f From entries
1-4, it is possible to notice that our procedure is characterized
by a minor use of reactants and so it generates few organic
wastes. This is particularly evident looking at the values calcu-
lated without considering water. Nevertheless, our procedure
is more favourable also considering water and has the advan-
tage that the most part of the waste generated is aqueous and

Ugi Meier Our
Entry PMI values for compound 6 procedure” procedure® procedure
1 PMI substrate, reagents, solvents, water (reaction and quenching) 35,1 35,4 29,1
2 PMI substrate, reagents, solvents (reaction and quenching) 21,3 24,3 8,4
3 PMI substrate, reagents, solvents, water (reaction, quenching and workup) 53,6 57,3 45,2
4 PMI substrate, reagents, solvents (reaction, quenching and workup) 39,7 46,2 24,4
5 PMI substrate, reagents, solvents, water (reaction, quenching, workup and purification]b 99,8 112,2 104,3
6 PMI substrate, reagents, solvents (reaction, quenching, workup and purification)b 85,9 101,1 83,6
7 MI 19,9 22,1 18,8
8 My 33,7 35,2 26,1
9 MI,,° 46,2 54,9 59,2

“ According to our results following Meier and Ugi procedures (see Table 1, entries 1 and 2).  For the purification, we took into account the
solvent for chromatography, assuming a recovery of 90%. ¢ Water is included in this calculation.

7026 | Green Chem., 2022, 24, 7022-7028
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so it does not require an incineration process for its discard-
ing, thus producing less CO,. As one can see from entry 9, the
greatest contribution to PMI comes from the purification pro-
cedures, which generate more wastes and leads to an increase
in the PMI values (entries 5 and 6). Notwithstanding, we have
demonstrated that in our protocol this step in not mandatory,
but the isocyanide synthesized can be directly used in situ or
isolated without chromatography purification and used as
such.

Experimental
General isocyanide synthesis

The corresponding N-formamide (1 equiv.) was added to
5 wt% TPGS-750-M/H,0 (1 M) and the mixture was stirred for
~5 min. Afterwards, sodium hydrogen carbonate (2.4 equiv.)
and p-TsCl (1.2 equiv.) were added. The reaction was vigorously
stirred for 16 hours at room temperature.

Work up (0.5 mmol scale): after the addition of 0.5 mL of
10% NH,OH, the mixture was stirred for ~15 min. Then, it was
extracted with EtOAc (0.5 mL x 2), dried over sodium sulfate,
and concentrated under reduced pressure. When necessary,
the crude material purified by flash column
chromatography.

was

Procedure for the Passerini reaction with the isocyanide as a
crude

The crude 1-isocyanododecane (1 equiv.) was dissolved in
DCM, then isobutyraldehyde (1 equiv.) and 2-phenylacetic acid
(1 equiv.) were added. The reaction was stirred for 16 hours at
room temperature and then concentrated under reduced
pressure. The crude material was purified by flash column
chromatography (PE/EtOAc 8: 2).

Procedure for the one pot tandem isocyanide synthesis and
Passerini reaction

The corresponding N-formamide (1 equiv.) was added to
5 wt% TPGS-750-M/H,0 (1 M) and the mixture was stirred for
~5 min. Afterwards, sodium hydrogen carbonate (2.4 equiv.)
and p-TsCl (1.2 equiv.) were added. The reaction was vigorously
stirred for 16 hours at room temperature. Then isobutyralde-
hyde (1 equiv.) and 2-phenylacetic acid (1 equiv.) were added
to the mixture and the reaction was vigorously stirred for
16 hours at room temperature. It was extracted with EtOAc,
dried over sodium sulfate, and concentrated under reduced
pressure. The crude material was purified by flash column
chromatography (PE/EtOAc 8: 2).

Conclusions

We have reported a green methodology for the synthesis of iso-
cyanides via chemical dehydration of formamide in an
aqueous environment using the cheap and nontoxic sodium
hydrogen carbonate as base and tosyl chloride as dehydrating

This journal is © The Royal Society of Chemistry 2022
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agent. Although it is very difficult to fulfill all the twelve prin-
ciples of green chemistry,>® this methodology satisfies many of
them. The use of water as reaction medium fulfills principle 1
as well as 5. It is indeed well-known that the use of organic sol-
vents weights for an 80% of waste production in pharma-
ceutical manufactury.”® The use of 1.2 equiv. of tosyl chloride
and 2.4 equiv. of sodium hydrogen carbonate can be seen as
an advancement in the mass intensity of the process and as a
reduction of hazardous synthesis (principles 3, 4 and 12) in
comparison with the classical formamide dehydration pro-
cedures. Finally, the reaction can be carried out at room temp-
erature avoiding the use of cooling apparatuses (principle 6),
necessary when using POCI; as dehydrating agent and during
the quench of tosyl chloride.
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