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Acceleration of the Passerini reaction in the presence of
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Abstract—An accelerating effect of nucleophilic additives was revealed for the Passerini multi-component reaction. The influence
of aqueous solutions on the reaction rate was studied in detail and the direct involvement of water in the bond-making step was
attributed as the basis of an accelerating effect. Other nucleophiles were tested as alternatives to water; as a result N-hydroxy-
succinimide is proposed as an accelerant of the Passerini reaction.
� 2005 Elsevier Ltd. All rights reserved.
Water is known to be an irreplaceable solvent and
reagent for biochemical transformations, which are
notable for high selectivity and atom efficiency. In the
past, synthetic organic chemistry did not use water as
a solvent due to poor solubility and, in some cases, the
instability of organic reagents in aqueous solutions.
Now, it has been recognized that chemical reactions in
mixed aqueous solutions or two-phase systems often
give better results than in organic solvents and the insolu-
bility of the final products facilitates their isolation.1 It is
also known that several bimolecular reactions are dra-
matically accelerated in water, but only the Diels–Alder
reaction has been studied in detail.2 In most cases, a
reduction of the hydrophobic surface of the reactants
during the activation process accounted for the acceler-
ation effect, although polarization of the reactants,
complex formation and direct involvement of water in
the bond-making step were also discussed.3 Multi-com-
ponent reactions (MCR), where a final product is
formed from several starting materials, are more com-
plex topics for the study of these effects.4 In fact, aque-
ous solutions could have a contrary influence on the
rates of sub-reactions and the resulting rate change
could be positive as well as negative. Recently, Pirrung
and Das Sharma have described the profound rate accele-
rating effect of aqueous solutions when compared to or-
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ganic solvents in the case of the Ugi and Passerini multi-
component reactions.5 This acceleration was attributed
to a combination of hydrophobic and cohesive energy
density effects. In contrast, when carrying out our inves-
tigation of the Ugi reaction in water we did not observe
this effect and in several cases a considerable decrease in
the reaction rate was registered.6

Due to the popularity of the Ugi and Passerini reactions
as powerful tools for the synthesis of diverse and
complex organic compounds it would be useful to study
the influence of water on the reaction rates of one exam-
ple in detail. We would like to present our work devoted
to the Passerini multi-component reactions in the
presence of water and other hydroxyl-containing
compounds. We expect our results to be important for
the development of catalysis in the area of isocyanide-
based chemistry.

Previously, three main factors, which have an influence
on the rate of the Passerini reaction, were evaluated:
acidity of the medium, concentration of the reagents
and the polarity of the solvents.4 Thus, in the presence
of strong mineral acids the reaction was complete in
1 min.7,8 It was also established that, in contrast to the
Ugi reaction, the Passerini reaction is accelerated in
aprotic solvents.9 Another important factor is the
concentration of reagents, because all MCRs including
the Passerini reaction proceed better if the reactants
are present in high concentration, that is 0.5–1 M.4 In
the case of the Passerini reaction, dilution favours two
component side reactions as illustrated in Scheme 1. It
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Scheme 1. The Passerini reaction and competing hydrolysis.
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should be noted that these side processes make a study
of hydrophobic effects practically impossible. In fact,
the low solubility of the reactants in water enhances
the influence of the hydrophobic effect on the reaction
rate, but the yield of three component products is
decreased with dilution. Recently, the accelerating effect
of high pressure was discovered for a sterically demand-
ing Passerini reaction.10

Taking into account the principal obstacles to the study
of the Passerini reaction in dilute aqueous solutions, we
chose a relatively concentrated (0.25 M) solution of
reactants in pure water and also mixed aqueous solu-
tions as reaction media: water–acetonitrile mixtures
(3:1, 1:1 and 1:3). Acetonitrile was used as a solvent
mixed with water and, in comparison with benzene,
had only an insignificant negative effect on the reaction
rate. In the course of this investigation, we also used
weak organic acids 1a–d, various aldehydes 2a–d,
water-soluble isocyanides 3a and b and water-insoluble
isocyanide 3c. The conversion of starting materials was
determined by reverse-phase HPLC monitoring.11

The results summarized in Table 1 reveal that the reac-
tion is accelerated in mixed aqueous solutions and even
Table 1. The Passerini reaction in aqueous solutions at 0.25 M concentratio

Combination Reaction timea (h)/isolated y

Acetonitrile Acetonitrile–water, 3:1 A

1a; 2a; 3a 92/80 47/92 1

1a; 2a; 3b 65/93 34/90 1

1a; 2b; 3a 225/41 112/15b 9

1a; 2b; 3b 160/55 89/11b 8

1a; 2c; 3b >300/12 95/0b 7

1b; 2d; 3cc 193/42 — 7

1c; 2d; 3ac 182/49 — 8

1d; 2b; 3bc 167/46 — 7

a This time indicates 90% conversion of starting isocyanide for aliphatic alde
b Hydrolysis of isocyanides is the predominant process.
c The system is heterogeneous.
a small addition (up to 10 equiv) of water results in a sig-
nificant acceleration of the reaction. The reaction time
depends strongly on the structure of the aldehydes.
Thus, the use of aliphatic aldehyde 2a results in shorten-
ing the reaction time in aqueous solutions. In contrast,
the choice of the aromatic aldehyde 2b leads to an
increase in the reaction rate and a decrease of the yields
in aqueous solution. Moreover, due to competing
hydrolysis of the isocyanide, no products could be iso-
lated using the aromatic aldehyde 2c, which contains
an electron-donating group. It should be noted that
due to the hydrolysis of isocyanides, the yields of the
target products 4 in aqueous solution were lower than
in pure acetonitrile. In addition, we have noted a corre-
lation between the concentration of the reactants and
the observed ratio of products 4/5. For example, reac-
tion of aromatic aldehydes with isocyanides and organic
acids failed in pure water at a concentration lower than
0.1 M. On the other hand, we found that the ratio of 4/5
can be improved if both isocyanide and aldehyde are liq-
uids, which are poorly soluble in water, so they form a
separate phase, whilst the acid has good solubility in
water (combination 1b; 2d; 3c). In contrast, the use of
water-soluble isocyanides 3a and b in combination with
insoluble aldehydes and acids has a negative effect (combi-
ns

ields of the Passerini products after 72 h (%)

cetonitrile–water, 1:1 Acetonitrile–water, 1:3 Water

8/90 5/85 3/78

3/86 3.5/82 2/75

4/12b 89/10b 87/9b

2/9b 76/8b 75/8b

0/0b 70/0b 69/0b

4/24b — 11/62

5/10b — 88/9b

9/11b — 74/7b

hydes and 75% for aromatic aldehydes (HPLC monitoring).
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nations 1c; 2d; 3a and 1d; 2b; 3b). These data are also
summarized in Table 1. It should be noted that the
reaction times for the heterogeneous systems are not
accurate because the reaction rates are correlated with
intensity of shaking or magnetic stirring. In addition,
these systems were sensitive to the addition of surfac-
tants. For example, addition of a 0.1 M amount of cetyl-
pyridinium chloride results in a nearly 30-fold decrease
of reaction time for the combination 1b; 2d; 3c. Taking
this into account, we suggest that the Passerini reaction
might be taking place on the boundary surface. Indeed,
at high concentrations of isocyanide and aldehyde,
which are favourable for formation of an adduct, effec-
tive protonation of this adduct on the phase boundary
can promote the Passerini reaction.

In summary, despite a pronounced accelerating effect,
aqueous solutions can only be used in organic synthesis
as a media for the Passerini reaction occasionally due to
the known reactivity of water towards isocyanides and
the sensitivity of the process in water due to the solubil-
ity of starting reagents.

Thus, water seems to be not only a solvent for the Passe-
rini reaction but its influence can be explained through
direct involvement in the bond-making step. We suggest
that water plays the role of nucleophilic additive increas-
ing the addition rate of the isocyanide as a second nucle-
ophile. Therefore, reagents used in peptide chemistry
as nucleophilic additives (N-hydroxybenzotriazole,
N-hydroxysuccinimide and 4-nitrophenol) have been
tested to verify this theory.12 All the reagents exhibited
a profound rate accelerating effect, but N-hydroxy-
succinimide was selected as a more conventional addi-
tive due to its good solubility in water, facilitating
isolation of the target products.13 Selected results of
the Passerini reaction in the presence of N-hydroxy-
succinimide are summarized in Table 2. These data re-
veal the fact that the reaction time in the presence of
1 equiv of N-hydroxysuccinimide can be compared with
the reaction time in 50–75% aqueous solutions. On the
other hand, no side hydrolysis was observed with
N-hydroxysuccinimide. In addition, the effect did not
depend on the comparative solubility of the starting
reagents in water. In this way, our attempt to separate
the accelerating effect from its solvent component was
successful. As a result, the independent finding of an
�ideal� solvent and accelerator is now possible for each
combination of the starting reagents in the Passerini
reaction. Interestingly it was found that nucleophiles
with a donating group like mercaptans have a negative
Table 2. The Passerini reaction in the presence of N-hydroxy-

succinimide

Combination Reaction timea (h) Isolated yields (%)

1a; 2a; 3a 12 93

1a; 2a; 3b 9 95

1b; 2d; 3c 65 89

1d; 2b; 3b 56 86

a This time indicates 90% conversion of starting isocyanide for ali-

phatic aldehydes and 75% conversion of starting aldehydes (HPLC

monitoring).
effect on the reaction rate opening the way to the devel-
opment of inhibitors for the Passerini reaction.

Despite its long study, the mechanism of the Passerini
reaction is still a matter for discussion, because kinetic
and preparative investigations have led to different mech-
anistic suggestions.4 As intermediates in this reaction
hemiacetals,14N-protonated isocyanides,7 zwitter ionic15

and hydrogen-bonded adducts9 have been proposed. It
is also not known which step determines the reaction
rate. Analysis of published data allows discrimination
between reactions in the presence of strong and weak
acids. Therefore, it is correct to consider the formation
of a hydrogen-bonded adduct of the carbonyl compound
with organic acids to be a rate-determining step, if we
discuss the Passerini reaction promoted by weak acids.
This mechanism can explain the significantly slower rates
observed in protic, hydrogen-bonding solvents. On the
other hand, the effective protonation of an isocyanide–
carbonyl adduct seems to be possible for strong acids
and so, the formation of this adduct is a rate-determining
step in the present instance. This supposition is corrobo-
rated by the observation7 that, using aqueous solutions
of mineral acids, it is impossible to carry out the Passerini
reaction without a great excess (5–10 equiv) of carbonyl
compound due to the side protonation of isocyanides. In
this way, the mechanism of the reaction depends on the
nature of the starting materials and can also be changed
through solvent replacement. Using this idea as a basis
we propose the following mechanism for reaction accel-
eration in aqueous solutions or in the presence of hydro-
xyl-containing additives (Scheme 2). The first step is the
reversible formation of adduct A with water or N-
hydroxysuccinimide, which can react with isocyanide
faster than the starting carbonyl compound. We consider
such a model to be good for an explanation of the more
pronounced effect in the case of aliphatic aldehydes. The
formation of adduct A is less preferable for aromatic
aldehydes because the sp2–sp2 bond is converted into
the less stable sp2–sp3 bond. The proposed mechanism
is a rough model, which requires improvement. Multi-
component condensations involve a set of reversible
sub-reactions and many factors have an influence on
chemical equilibriums.16

The investigations presented in this work allow us
to predict further development of our method for
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Scheme 2. Proposed mechanism of the effect.
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acceleration of isocyanide-based multi-component reac-
tions (IBMCRs). In our opinion, the most promising
area is the discovery of new IBMCRs.17 The discovery
of novel IBMCRs in the presence of nucleophilic addi-
tives is in progress and results will be published in due
course. We also hope that chiral nucleophilic additives
may be used for stereochemical induction in the Passe-
rini reaction.18

In summary, we have found that the rate accelerating
effect for the Passerini reaction in aqueous solutions can-
not be explained only through the properties of water as
a solvent. This effect has been attributed to the direct
involvement of water in a bond-making step and this
was collaborated by the similar influence of other nucleo-
philes. Using nucleophilic additives, we have discov-
ered a novel method for the acceleration of the
reaction. These observations will be useful for the crea-
tion of practical and mild procedures for obtaining
diverse compounds using the Passerini reaction.
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