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Abstract 

Schiff base condensation, the reaction of a primary amine with an aldehyde or a ketone to give an azomethine, is still one 

of the most heavily used preparative operations in coordination, medicinal and materials chemistry. Its appeal rests on a 

deceptively simple picture: two components, one new bond, water as the only by-product. In practice the way that bond 

is made varies enormously, and the choice between the procedures available is seldom argued on quantitative grounds. 

This review compares the classical reflux preparation of Schiff bases with the non-conventional routes that have largely 

displaced it, namely microwave irradiation, ultrasonic irradiation, mechanochemical grinding and milling, catalysis by 

natural acids, ionic liquids and deep eutectic solvents, and aqueous or one-pot protocols. The imine route is then placed 

beside other strategies that deliver comparable targets: Mannich aminomethylation, diazotisation-coupling, reductive 

amination, and the copper-catalysedazide-alkyne cycloaddition. Reported times, isolated yields, catalyst demand and the 

few available green metrics are collected from primary reports and compared directly, along with the direct-versus-

template question governing how the metal complexes are assembled. Three points recur. Energy-input methods 

compress reaction times by one to three orders of magnitude while usually raising yield by ten to twenty percentage 

points; on atom economy the condensation is matched only by the Mannich reaction and by catalytic reductive 

amination, and is far ahead of diazotisation-coupling and amide coupling; and the reversibility that makes the imine easy 

to form remains its practical weakness. A minimum reporting set is proposed to make future comparisons meaningful. 

Keywords: Schiff base; azomethine; condensation reaction; green synthesis; microwave and ultrasonic irradiation; 

mechanochemistry; template synthesis; comparative preparative methods. 

 

INTRODUCTION 

Few reactions in the synthetic repertoire have been reused as often, and with as little change, as the condensation 

Hugo Schiff described in the middle of the nineteenth century. The azomethine group it produces, -CH=N-, is small, 

easy to install and unusually informative: it carries a lone pair suitable for coordination, a polarised double bond that 

responds to substituents, and a diagnostic infrared band that makes the reaction easy to follow. That combination 

explains why Schiff bases and their metal complexes continue to appear across such different fields, from antimicrobial 

and anticancer screening [1] to corrosion protection [2], ion sensing [3], asymmetric catalysis [4] and the construction 

of crystalline porous frameworks [5]. 

What has changed is not the reaction but the way it is run. For most of the twentieth century the standard operation 

was refluxing equimolar carbonyl compound and amine in ethanol or methanol, usually with a drop of acetic acid, for 

anything between an hour and a full day [6]. Over the last two decades that procedure has been progressively 

displaced, in the published record at least, by microwave irradiation, sonication, solventless grinding and catalysis with 

materials as ordinary as lemon juice [7]. Reviews of these developments are numerous and several are good [8, 9, 10], 

but almost all treat the greener methods as self-evidently superior and stop there. 

The more useful question, and the one addressed here, runs in two directions at once. How do the various ways of 

making a Schiff base compare when time, isolated yield, purification effort and waste are set side by side? And how does 

the condensation itself compare with the other coupling strategies a chemist might reasonably choose for a related 
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target: Mannich aminomethylation, diazotisation-coupling, reductive amination, or click cycloaddition? Mass-based green 

metrics answer part of both questions [11], but they are still rarely reported here. This review assembles what has 

been reported, compares it as carefully as the primary data allow, and marks where the comparison cannot yet be 

made. 

 

2. WHAT ACTUALLY GOVERNS THE CONDENSATION 

2.1 A two-step mechanism with a narrow optimum 

Although textbooks draw imine formation as a single arrow, it is two distinct events separated by a change in rate-

determining step (Figure 1). The amine adds to the carbonyl carbon to give a tetrahedral carbinolamine, and that 

intermediate then loses water to give the C=N bond. Classical kinetic work on aliphatic systems established both stages 

and, importantly,  

 
Figure 01: The Schiff base condensation drawn as the two elementary steps that it actually comprises: nucleophilic 

addition of the amine to the carbonyl carbon to give a carbinolamine, followed by acid-catalysed dehydration to the 

azomethine. The reaction is reversible, and the water it releases drives the reverse process.  showed that acid catalyses 

the second but suppresses the first by protonating the amine [12, 13]. The consequence is the familiar bell-shaped pH-

rate profile shown in Figure 2, with a maximum that for a weakly basic aromatic amine sits somewhere between pH 4 

and 5 and moves upward as the amine becomes more basic [14]. Above that region dehydration becomes rate-limiting; 

below it, the concentration of free amine collapses and the addition step controls the rate. 

 
Figure 02: Dependence of the rate of imine formation on pH for three amine basicities. The curves are constructed 

from the classical two-step rate law and are illustrative only; they are not experimental measurements. Below the 

maximum the concentration of free amine limits the rate, above it dehydration of the carbinolamine does, and the 

maximum therefore moves to higher pH as the amine becomes more basic. 

Subsequent investigations refined rather than overturned this image. Polarographic measurement of the benzaldehyde-

hydrazine system made it possible to separate the formation and dehydration equilibria of the carbinolamine and 

estimate its protonation constants [15] and equilibrium work on formaldehyde with weakly basic anilines showed how 

small the formation constants become when the nucleophile is poor [16]. Steric and hydrogen bonding factors could 



Salih MR. UPI j. chem. life sci., Vol: 9, Issue: 2, 2026; 44-62 

[46] 
 

change the profile further [17], sometimes resulting in many breaks in the curve. Later, computations in explicit water 

reproduced the essential features and made the role of the solvent explicit: water molecules relieve the ring strain of 

the proton-transfer transition states, and acid catalysis provides much of the driving force for the forward reaction [18, 

19]. The practical lesson to the bench chemist is trite but often overlooked. A catalytic amount of a weak acid is 

helpful; a stoichiometric amount is not. 

2.2 Substrate electronics and the water problem 

Aromatic aldehydes with electron withdrawing groups condense faster and form more stable products than those with 

electron donating groups. Ketones are always more challenging than aldehydes for the obvious steric and electronic 

reasons. Weakly basic aromatic amines are also slow partners and with them the equilibrium constant itself might 

become so small that the imine is impossible to isolate at all [20]. The kinetic and thermodynamic selectivity might be 

opposed when there is competition of many amines for one carbonyl molecule. This is exactly the characteristic that is 

utilised in dynamic covalent libraries [21]. 

The reaction produces water, and the water can drive the reverse reaction. Practically every preparative variation to be 

examined below can be viewed as a different answer to the same question: how do you get rid of water, or make its 

presence irrelevant? Azeotropic removal, molecular sieves, solventless circumstances, quick heating to alter the 

equilibrium before hydrolysis can compete, template capture of the product by a metal ion, all remedies to that one 

problem. Table 01 shows the structural classes generated by the same condensation depending on the choice of the 

carbonyl and amine partners. 

Table 01: Principal structural classes of Schiff bases, with the carbonyl and  

amine partners from which each is obtained. 

Class Carbonyl partner Amine partner Characteristic feature 

Aldimine (benzylidene 

amine) 

Aromatic or aliphatic 

aldehyde 
Primary amine 

The common case; -CH=N-, usually 

crystalline and easy to purify 

Ketimine Ketone Primary amine 

Slower to form, more readily 

hydrolysed, often needs forcing 

conditions 

Salicylaldimine 2-Hydroxybenzaldehyde Primary amine 
Intramolecular O-H...N hydrogen 

bond; strong N,O chelation 

Salen type (N2O2) Salicylaldehyde (2 equiv.) Diamine (1 equiv.) 
Tetradentate; the reference ligand 

class in asymmetric catalysis 

Acyclic bis-Schiff base 
Dialdehyde, or 2 equiv. 

aldehyde 

2 equiv. amine, or 1 

equiv. diamine 

Two azomethine units joined by a 

flexible spacer 

Macrocyclic ([1+1], 

[2+2]) 
Dialdehyde Diamine 

Ring closure; usually requires a 

metal template to give one product 

Hydrazone Aldehyde or ketone 
Hydrazine or acyl 

hydrazide 

C=N-N unit; markedly more 

resistant to hydrolysis 

Thiosemicarbazone Aldehyde or ketone Thiosemicarbazide 
N,N,S donor set; heavily studied for 

biological activity 

Oxime Aldehyde or ketone Hydroxylamine 
C=N-OH; much larger formation 

constant than a simple imine 

Amino-acid Schiff base Salicylaldehyde alpha-Amino acid 
Water soluble; biologically relevant 

model system 

Polymer-supported 

Schiff base 
Aldehyde 

Free -NH2 of 

chitosan or a 

polyamine 

Grafting of the azomethine onto a 

macromolecular support 

Imine-linked 

framework 
Polytopic aldehyde Polytopic amine 

Crystalline porous network; 

reversibility is essential to 

crystallisation 
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3. THE CONVENTIONAL PREPARATION, AND WHERE IT BECOMES EXPENSIVE 

The normal procedure is easy to say. One equiv. of carbonyl compound and 1 equiv. of amine are mixed in an alcohol, a 

few drops of glacial acetic acid added and the mixture refluxed until analysis by thin-layer chromatography shows the 

limiting reagent to be exhausted. Times recorded for this surgery vary greatly. Ortho-hydroxyketimines derived from 

hindered ketones were refluxed at 140 degrees Celsius for at least twenty-four hours [22]. Imidazole derived systems 

were refluxed for about an hour before the reaction was judged complete [23]. In a systematic study of eight 

dithiocarbazate and thiosemicarbazone Schiff bases the conventional route was the slowest of the four procedures 

examined [24]. “This has three costs. The first is energy, the hours of reflux at an alcohol's boiling point repeated 

across a sequence of twelve or twenty analogues is a huge and largely unmeasured expense. The second is a solvent. 

Recrystallisation requires 20-30 ml ethanol for a typical 1 mmol preparation, a similar amount is required for the 

reaction, and solvent dominates the waste inventory, but does not appear in the reaction equation. The third expense 

is less visible and it is about the product, not the method. The heating for a prolonged period in a protic solvent leads 

to partial hydrolysis, and in the case of sensitive substrates side reactions, due to the water produced by the reaction. 

In several comparative studies it is reported that the conventionally prepared samples required further purification 

while the non-conventional prepared samples did not [24, 25]. This does not render the classical method wrong. It 

remains the most reliable route if a substrate is thermally resilient, if the scale is big and if no specialised equipment is 

available, and is still the method against which every alternative is measured [26]. 

 

4. ENERGY-INPUT ROUTES TO THE SAME IMINE 

4.1 Microwave irradiation 

Of the alternatives, microwave-assisted synthesis has been studied most and is the most convincing. Dielectric heating 

raises the bulk temperature of a polar mixture far faster than an oil bath can, and because the imine forms quickly once 

the barrier is crossed, the time saving is dramatic rather than marginal. The comparison reported by Kundu and co-

workers is representative: reactions that took twenty-four hours under reflux were complete in one minute under 

microwave irradiation, and the isolated yields rose from 79-87% to 94-97% [22]. Imidazole Schiff bases show the same 

behaviour from the other side of the comparison: 90-98% yield within two to four minutes under irradiation, against 

roughly an hour at reflux [23]. 

The method is not restricted to simple benzylidene anilines. Calix[4]resorcinarene Schiff bases were obtained in 80-91% 

yield under mild microwave conditions in ethanol [27], pyrimidine-based congeners in 72-81% [28], and catalyst-free 

protocols on aminophenols give phenolic Schiff bases directly, with a work-up that amounts to little more than washing 

[29]. Natural catalysts combine well with the technique: cashew shell extract used as a natural acid under solventless 

microwave conditions gave one-pot access to a series of Schiff bases with high yield and, according to the authors, 

elimination of side products [30]. Attempts have also been made to model the process quantitatively, relating yield to 

applied power and molar ratio [31]. Metal complexes have been prepared the same way, either from the isolated ligand 

or in a single operation [32, 33], and recent surveys of the field are broadly consistent in their conclusions [34, 35]. 

4.2 Ultrasonic irradiation 

Sonication works by a different physical mechanism. Acoustic cavitation produces transient bubbles whose collapse 

generates local hot spots and intense micro-mixing, so the benefit appears mainly in heterogeneous or poorly mixed 

systems rather than through bulk heating. For Schiff base chemistry the practical outcome is similar to microwave 

activation, though usually less extreme: reaction times of minutes instead of hours, and yields improved by a modest but 

consistent margin. In one of the few three-way comparisons available, a catalyst-free series of bis-Schiff bases prepared 

from aromatic aldehydes and diamines was run under conventional heating, microwave irradiation and ultrasound, and 

the sonochemical route gave the products in high yield and the shortest times of the three [36]. Ultrasonic preparation 

of Schiff bases from 4-aminoantipyrine in ethanol with glacial acetic acid reached 86% within five minutes [37], and 2-

aminopyridine derivatives condensed with 3-ethoxysalicylaldehyde rapidly enough that the products could be grown as 

single crystals and characterisedcrystallographically [38]. 

Where sonication is genuinely distinctive is in the preparation of the metal complexes. Because nucleation is fast and 

mixing is efficient, sonochemically prepared complexes are frequently obtained as nanostructured solids with narrow 

size distributions, which is difficult to achieve by slow reflux [39, 40]. Nano-sized Fe(II), Cd(II) and Zn(II) complexes 

prepared this way have been used directly as precursors to metal oxide nanoparticles [41], and Ag(I) and Ni(II) 

complexes obtained sonochemically performed well as visible-light photocatalysts [42]. An elegant recent example 

assembles manganese bis(imino)pyridine complexes in one pot and one step in thirty minutes, without an added acid 

catalyst and without any attempt to exclude water, replacing what had been a multiday, multistep sequence [43]. Direct 

comparisons of the ultrasonic and conventional routes for the same ligand and the same complexes confirm the pattern 

[44, 45]. 

4.3 Grinding and ball milling 

Mechanochemistry removes the solvent altogether. In its simplest form the two solids are ground together in a mortar 

for a few minutes; in its instrumented form a vibrational or planetary mill does the same work reproducibly and at scale 

[46, 47]. Fluorinated imines prepared by manual grinding of equimolar substrates at room temperature were obtained 

in good to excellent yields after only fifteen minutes, and the authors note that these yields were comparable to or 
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higher than those reported for the same compounds by other methods [48]. Chromone-derived Schiff bases were 

obtained in 80-81% isolated yield by the same approach [49], and imine formation proceeds well even in the solid state 

on a polymer backbone, where efficient energy delivery by ball collisions promotes rapid condensation without any 

chemical solvent [50]. 

The strength of the approach is its waste profile rather than its speed, and this is where the few quantitative 

assessments are most useful: systematic evaluation of mechanochemical protocols against solution chemistry, using 

atom economy, E-factor, process mass intensity and related indicators, shows a consistently lower environmental 

footprint, driven mainly by the absence of bulk solvent and by better stoichiometric control [51, 52]. Its limitation is 

equally clear. Liquid or low-melting substrates are awkward, scale-up of manual grinding is not credible, and a small 

amount of liquid additive is often needed anyway, which weakens the solvent-free claim. A three-way comparison of 

microwave, ultrasonic and mechanochemical preparation of quinazolinone Schiff bases found yields spanning 11-90% 

across the series, a reminder that the mechanochemical option is substrate-sensitive in a way the others are not [53]. 

4.4 Catalysts and reaction media 

A parallel line of work leaves the heating conventional and changes the catalyst instead. Fruit juices containing citric, 

ascorbic and malic acids have been used as natural acid catalysts under solvent-free conditions, giving Schiff bases in 

good yields with a work-up limited to filtration and washing [54]. Yields of this kind are fully competitive with mineral 

acid catalysis: condensation of vanillin with p-aminoacetophenone under lime juice catalysis, by grinding alone, gave 

94.45% of the isolated imine [55]. The approach extends to multicomponent condensations run in water [56] and to 

substrates as demanding as benzoxazolinones [57]. The literature on lemon juice as a general biocatalyst and medium is 

now substantial [58], and the same chemistry has been adapted for undergraduate teaching, where the pedagogical value 

of a reaction run in citrus juice is obvious [59]. 

Designer solvents occupy the other end of the same spectrum. Ionic liquids can act as solvent and catalyst 

simultaneously, and an imidazolium system used with microwave heating gave pyrrolopyrimidine Schiff bases in 82-94% 

yield with good recovery of the medium [60]. Deep eutectic solvents offer much of the same behaviour at a fraction of 

the cost and with better biodegradability [61, 62, 63]. Water-tolerant Lewis acids such as metal triflates deserve 

particular mention: at low loading they accelerate imine formation and exchange enough to give near-quantitative yields 

of crystalline imine-linked networks under mild conditions [64]. Heterogeneous oxide catalysts extend the reaction 

upstream, generating the aldehyde in situ from an alcohol so that the imine is formed in a single operation from a more 

accessible feedstock [65]; a related strategy reduces a nitroarene in situ and condenses the resulting amine under 

milling [66]. Broader surveys of metal-free and bio-based methodology place these developments in context [67]. 

4.5 Water, one-pot assemblies and continuous operation 

Running the condensation in water is counter-intuitive, since water is the by-product, but it works more often than 

expected. Salicylaldehyde-derived Schiff bases were obtained in excellent yield in water under microwave irradiation, 

whereas the same substrates under thermal conditions gave lower yields and a more tedious work-up [25]. Imine-

linked frameworks have likewise been assembled in water in high yield, and under microwave conditions the reaction 

time falls considerably [68]. Reversibility can even be turned into a synthetic tool: using imine exchange rather than de 

novo condensation allowed a crystalline framework to be prepared by simple stirring under reflux in twenty minutes 

[69]. One-pot multicomponent variants, in which the Schiff base is generated and consumed without isolation, are 

common in heterocyclic synthesis [70] and in the direct assembly of complexes [71]. 

Table 02: Representative preparations of Schiff bases and their metal complexes, grouped by activation route.  

Values are those stated in the primary reports; n.r. indicates that the source did not report the quantity. 

System Route 
Conditions and 

reaction time 

Isolated yield 

(%) 
Ref. 

ortho-Hydroxyketimines  

(12 compounds) 
Conventional 

Reflux at 140 °C, at least 

24 h 
79-87 [22] 

ortho-Hydroxyketimines  

(12 compounds) 

Microwave, 

solvent-free 
1 min 94-97 [22] 

Imidazole Schiff bases Conventional 
Reflux in ethanol, about 1 

h 
n.r. [23] 

Imidazole Schiff bases Microwave Ethanol, 2-4 min 90-98 [23] 

Salicylaldehyde + aromatic amines Conventional 
Thermal, in water; tedious 

work-up 

lower than MW 

(n.r.) 
[25] 

Salicylaldehyde + aromatic amines Microwave Water as solvent, one step excellent (n.r.) [25] 

Pyrimidine Schiff base congeners Microwave 
Two microwave steps, 300 

W 
72-81 [28] 
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System Route 
Conditions and 

reaction time 

Isolated yield 

(%) 
Ref. 

Calix[4]resorcinarene Schiff bases Microwave Ethanol, mild conditions 80-91 [27] 

Benzylidene (phenolic) Schiff bases 
Microwave, 

catalyst-free 
Solventless high (n.r.) [29] 

Schiff bases with cashew shell 

extract 

Microwave, 

natural acid 
Solvent-free, one pot high (n.r.) [30] 

Pyrrolo[2,3-d]pyrimidine Schiff 

bases 

Microwave + 

ionic liquid 

[HMIM][TFSI] as solvent 

and catalyst 
82-94 [60] 

Schiff base of o-vanillin and its 

complexes 

Microwave vs 

conventional 

Both routes run for 

comparison 
n.r. [32] 

Cr(III) Schiff base and mixed-ligand 

complexes 

Microwave vs 

conventional 

Shorter time and lower 

energy by MW 
n.r. [33] 

Bis-Schiff bases from diamines 

Conventional / 

MW / 

ultrasound 

All three compared, no 

catalyst 
high by US (n.r.) [36] 

4-Aminoantipyrine Schiff bases (3a-

k) 
Ultrasound 

40 kHz, ethanol, AcOH, 0-

5 min 
up to 86 [37] 

2-Aminopyridine Schiff bases Ultrasound 
Short irradiation; crystals 

obtained 
high (n.r.) [38] 

Mn bis(imino)pyridine complexes Ultrasound 
One pot, one step, 30 min, 

methanol 
n.r. [43] 

Ferrocenyl Schiff base and 

complexes 

Ultrasonication-

solvothermal 

One-pot equimolar 

condensation 

high mass yield 

(n.r.) 
[45] 

Fluorinated imines (12 new 

compounds) 
Manual grinding 

Solvent-free, room 

temperature, 15 min 

good to 

excellent (n.r.) 
[48] 

Chromone-derived imines Grinding Solvent-free 80-81 [49] 

Vanillin + p-aminoacetophenone 
Grinding, lime 

juice catalyst 
Solvent-free 94.45 [55] 

Quinazolinone Schiff bases (27 

compounds) 

MW / US / 

milling 

Ethanol; no further 

purification needed 
11-90 [53] 

Amino-acid Schiff bases and Cu(II) 

complexes 

Conventional vs 

pestle and 

mortar 

Reflux in ethanol vs solid 

state 
n.r. [26] 

Dithiocarbazate and 

thiosemicarbazone Schiff bases (8) 

Conventional vs 

grinding, water, 

lemon juice 

All four compared n.r. [24] 

Schiff base and Ni(II) complex from 

dichloroaniline 

Conventional vs 

green 

Green route faster and 

higher yielding 
n.r. [82] 

 

5. LIGAND FIRST OR COMPLEX FIRST: DIRECT VERSUS TEMPLATE PREPARATION 

For metal complexes the choice of preparation is not only about energy input. It is about order of operations, and the 

two possibilities are set out in Figure 3. In the stepwise route the Schiff base is isolated, purified and characterised, and 

only then treated with the metal salt. In the template route the metal ion is present while the condensation occurs, and 

it organises the fragments around itself. The template effect was recognised early in macrocyclic chemistry and has been 

exploited ever since [72, 73]. Its value is greatest when the target is a ring. Condensation of a dialdehyde with a diamine 

in the absence of a metal ion generally gives a mixture of [1+1], [2+2] and [3+3] products that is difficult to separate; in 

the presence of a suitable cation, one of these is selected and isolated cleanly [74]. The selection is genuinely sensitive 

to the metal: ionic radius, coordination number and preferred geometry, and even the halide counter-ion, determine 

which macrocycle forms [75]. In some systems the metal stops the condensation halfway, giving a half-condensed ligand 
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that cannot be obtained otherwise [76], and in others the choice of cation decides between a tridentate and a 

tetradentate salen-type product [77]. Reviews of pyridine-containing macrocycles and of one-pot macrocyclic 

complexes document how general this control has become [78, 79]. 

 
Figure 03: Stepwise and template routes to a Schiff base metal complex. In the stepwise route the  

ligand is isolated and characterised before metallation; in the template route the metal ion selects one 

 macrocycle from what would otherwise be a mixture of ring sizes. 

 

The template route has a well-known cost: the metal is difficult to remove afterwards, so the free ligand may be 

inaccessible [80]. Non-template preparations avoid that problem and give a ligand that can be fully characterised before 

complexation, which matters when the ligand itself is the object of study [81]. Combining a template with an energy-

input method is increasingly common, and ultrasonication combined with solvothermal treatment has been used to 

reach ferrocenyl Schiff base complexes in high yield [45]. In short, the two routes answer different questions, and 

reporting a template preparation as though it were simply a faster way to the same compound is misleading. 

 

6. PREVIOUS STUDIES: READING THE COMPARATIVE LITERATURE TOGETHER 

A number of groups have done the useful thing and run the same substrates by two or more methods in the same 

laboratory, sometimes extending the comparison to the derived metal complexes [82]. Their results are collected in 

Table 2 and summarised by activation route in Figure 4; read together they support several statements that no single 

paper establishes on its own. The first is that the time saving is real and large. Across the comparisons in Table 2 the 

reduction in reaction time is rarely less than one order of magnitude and is sometimes three, the extreme case being 

twenty-four hours reduced to one minute [22]. The second is modest gains in yields. Typically the improvement is a 

gain of ten to twenty percentage points, and is biggest where the conventional yield was poor. This is consistent with 

the view that quick heating outruns breakdown and hydrolysis rather than affecting the inherent thermodynamics. 

Third, the purity is also usually increased; some authors indicate that the product obtained by the non-traditional 

technique was pure enough to be used without recrystallisation, whereas the conventional product was not [25, 53]. 

Fourth, in the case of three green methods being compared with each other instead of with reflux, the most common 

ranking places microwave first, ultrasound second and grinding or natural acid catalysis third [7, 83], albeit with a 

narrow margin and clearly substrate-dependent. Two warnings need to be made. Very few of these studies disclose 

energy use and practically none indicate solvent mass therefore the environmental claim is mainly based on the 

qualitative reasoning that less time and less solvent must mean less impact. Also, the comparisons are not always fair: 

conventional conditions are occasionally taken from an older article instead of re-optimised, which flatters the new 

method. Where re-optimisation has been done properly, the advantage of the non-conventional route is smaller but 

still present [8]. Table 3 sets the four strategies against each other feature by feature. 
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Figure 04: Isolated yields reported for Schiff base preparations, grouped by the route used to drive the condensation. 

Ranges are those given in the primary reports collected in Table 2; a single marker denotes a single reported value. 

 

Table 03: The four ways of driving the condensation, compared feature by feature. Entries summarise the studies 

collected in Table 02. 

Feature 
Conventional 

reflux 

Microwave 

irradiation 

Ultrasonic 

irradiation 

Grinding or ball 

milling 

Typical 

reaction time 
1-24 h 

seconds to a few 

minutes 
2-30 min 5-30 min 

Typical 

isolated yield 
70-90% 80-98% 80-95% 80-95% 

Solvent 

demand 

20-30 mL per mmol, 

plus recrystallisation 
little or none 

a few mL, mainly for 

cavitation 

none, or a drop of 

grinding liquid 

Equipment standard glassware 

dedicated or 

domestic microwave 

reactor 

ultrasonic bath or 

probe 

mortar and pestle, 

or a mixer or 

planetary mill 

Scale usually 

demonstrated 
up to gram and above 1-5 mmol 1-5 mmol 

1-5 mmol, gram 

scale reported 

Solid product 

obtained 
well formed crystals 

often improved 

crystallinity 

small, narrowly 

distributed particles 

microcrystalline or 

partly amorphous 

Principal 

limitation 

time, energy and 

solvent 

poor coupling for 

non-polar mixtures 

limited benefit in 

homogeneous 

solution 

strongly substrate-

dependent; liquids 

awkward 

 

7. THE SCHIFF BASE ROUTE SET AGAINST OTHER PREPARATION METHODS 

So far the comparison has been internal. It is more interesting to ask how the condensation compares with the other 

reactions a chemist might use to attach a nitrogen-containing fragment to an aromatic scaffold, since the choice of 

reaction usually decides the shape of the whole project. 

7.1 Mannich aminomethylation 

The Mannich reaction condenses an active-hydrogen compound, formaldehyde and a secondary amine to give a beta-

amino carbonyl compound, and the resulting Mannich bases occupy much the same biological territory as Schiff bases 

[84]. The two reactions are often used in sequence, with a triazole Schiff base aminomethylated to give the 

corresponding Mannich base [85]. As a preparative operation the Mannich reaction is more demanding: three 
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components rather than two, formaldehyde as an unpleasant reagent, regiochemical questions when the substrate has 

more than one acidic position, and a product linked through a flexible methylene bridge rather than a rigid, conjugated 

C=N unit [86]. Its compensating advantages are that the product is not hydrolytically labile in the way an imine is, and 

that the amine component can be varied almost without limit [87]. 

7.2 Diazotisation and coupling 

Azo compounds are made by diazotising a primary aromatic amine at 0-5 degrees Celsius and coupling the diazonium 

salt with an electron-rich partner [88]. The chromophore obtained is far stronger than an azomethine, which is why azo 

chemistry dominates dye and colorimetric-reagent work. The preparative cost, however, is high. The reaction needs 

strict temperature control, strong mineral acid, and a nitrite salt; the diazonium intermediate is unstable and in some 

cases hazardous; and the yields reported for well-behaved systems, 45-80% in a representative series, are lower than 

those routinely obtained for imines [89]. Efforts to green the sequence, for example by replacing mineral acid with an 

acidic ion-exchange resin, address some of these problems but not the low-temperature requirement [90]. Recent 

surveys of azo synthesis describe the same migration towards microwave, ultrasonic and solvent-free protocols seen in 

Schiff base chemistry [91]. 

7.3 Reductive amination and amide coupling 

If the target is a stable secondary amine rather than an imine, reductive amination is the obvious route, and 

mechanistically it simply adds a reduction step to the same condensation [92]. Catalytic versions using molecular 

hydrogen are now highly developed [93, 94], and enzymatic reductive aminases carry out condensation and reduction in 

one active site with excellent enantioselectivity [95]. The trade-offs are straightforward. The product is robust and 

configurationally defined, but the route needs a reductant, a catalyst, and often pressure equipment, and selectivity 

between primary, secondary and tertiary products is a genuine difficulty. Amide coupling, the other common way to 

join an amine to a carbon fragment, is more reliable still but is notorious for its poor atom economy because of the 

coupling reagents involved. 

7.4 Azide-alkyne cycloaddition 

The copper-catalysedazide-alkyne cycloaddition is the modern benchmark for reliability. It is high-yielding, 

regioselective, tolerant of water and of most functional groups, and gives a triazole that is essentially inert to hydrolysis, 

oxidation and reduction [96, 97]. Against a Schiff base condensation it wins decisively on product stability and on 

functional-group tolerance. It loses on three counts: it needs a metal catalyst, whose removal is a real problem in 

biological applications and has driven much of the work on heterogeneous copper systems [98]; it needs an organic 

azide, which restricts substrate availability and raises safety concerns that only recent reagent development has begun 

to address [99]; and it requires both partners to be pre-functionalised, so the apparent one-step simplicity conceals two 

preparative steps upstream [100]. 

7.5 The cost side: green metrics 

Placed on the mass-based metrics, and using the model reactions collected in Table 4, the imine condensation sits at the 

top of the table (Figure 5). It joins two molecules and expels one water molecule, so its theoretical atom economy for a 

typical benzylidene aniline is close to 91%, the only loss being the eighteen mass units of water. The Mannich reaction is 

almost identical in principle, though it carries a third component. Catalytic reductive amination with hydrogen is 

marginally higher still, at about 91%, since the added mass is only two units; with borohydride it falls to roughly 88%. 

Amide coupling with a carbodiimide is far worse, because the urea by-product is heavier than the fragment it delivered. 

The azide-alkyne cycloaddition is the interesting case: the cycloaddition itself is fully atom-economical, but preparing the 

azide from a benzylic halide brings the two-step figure down to about 70%, and the catalyst, ligand and solvent are 

counted nowhere in any of these numbers [11, 101]. 

Atom economy alone, however, is a poor guide, as several authors have argued forcefully [102]. The E-factor, which 

counts everything, usually tells a different story, because for small-scale preparations solvent dominates the waste 

inventory regardless of the reaction chosen. This is exactly why the solventless and aqueous variants of the Schiff base 

condensation matter more than their yield improvements suggest. Where the full set of mass and energy metrics has 

been applied to a comparable condensation, the reductions achieved by switching to a green protocol have been large: 

in one detailed treatment of azachalcone synthesis, waste production fell by roughly 95% on the E-factor and the energy 

intensity dropped by about two orders of magnitude [103]. Comparable analyses of multicomponent routes to 

pharmaceuticals reach similar conclusions [104]. 
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Figure 05: Atom economy calculated for the model reactions listed in Table 4. The values follow from the 

stoichiometry alone and take no account of solvent, catalyst, work-up or the preparation of the coupling partners 

themselves. 

Table 04: Model reactions used for the atom-economy comparison in Figure 5. Values are calculated from the 

stoichiometry shown and are not taken from any experimental report. 

Route Model reaction 
By-products 

counted 

Atom 

economy (%) 

Schiff base condensation PhCHO + PhNH2 ->PhCH=NPh H2O 90.96 

Mannich 

aminomethylation 

PhCOCH3 + HCHO + HN(CH3)2 -> 

PhCOCH2CH2N(CH3)2 
H2O 90.77 

Reductive amination 

(H2) 
PhCHO + PhNH2 + H2 -> PhCH2NHPh H2O 91.05 

Reductive amination 

(NaBH4) 

PhCHO + PhNH2 + 0.25 NaBH4 -> 

PhCH2NHPh 
borate salts 87.80 

Azide-alkyne 

cycloaddition 

(cycloaddition step only) 

PhCH2N3 + PhC(triple bond)CH -> 1-benzyl-

4-phenyl-1,2,3-triazole 
none 100.00 

Azide-alkyne route 

counted from the halide 
PhCH2Br + NaN3, then PhC(triple bond)CH NaBr 69.57 

Diazotisation and 

coupling 

PhNH2 + NaNO2 + 2 HCl + PhOH -> 4-

hydroxyazobenzene 
2 H2O, NaCl, HCl 60.22 

Amide coupling with 

DCC 
PhCOOH + PhNH2 + DCC ->PhCONHPh dicyclohexylurea 46.78 

 

8. PRODUCT QUALITY: PURITY, CRYSTALLINITY AND PARTICLE SIZE 

The preparation route affects more than the number in the yield column. Because non-conventional methods reach 

completion before side reactions accumulate, the crude products are frequently cleaner, and several authors report 

that recrystallisation could be omitted entirely [53]. The solid-state properties differ too. Sonochemical preparation, 

with its rapid and spatially uniform nucleation, tends to give small, narrowly distributed particles, and this has been used 

deliberately to obtain nanoscale complexes [39, 40]. Microwave preparation has been reported to improve crystallinity 

in complexes prepared under otherwise identical conditions [34]. Mechanochemical products, by contrast, are often 

microcrystalline or partly amorphous, which is an advantage for dissolution but a disadvantage if single crystals are 

required for structure determination. These differences are rarely discussed, yet they matter directly for applications 

where surface area or particle size governs performance [105]. 
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9. VERIFYING THAT THE IMINE IS REALLY THERE 

The analytical burden is light because the sole objective of the reaction is one new bond, but it has to be satisfied 

properly. The primary evidence is the disappearance of the carbonyl stretch around 1700 cm-1 and the appearance of 

an azomethine band in the region of between about 1580 and 1650 cm-1, sometimes higher for strongly conjugated 

systems. This is the observation reported in essentially every paper cited here [49]. This is confirmed by proton NMR 

which shows a singlet for the azomethine at about 8.3-8.6 ppm and the absence of the aldehyde proton [55]. Mass 

spectrometry and elemental analysis determine the composition and a proportion of the literature single-crystal 

diffraction settles the geometry and supports the E configuration [38]. 

Table 5 collects the observations that together make the case. For metal complexes the diagnostic set expands. A shift 

of the azomethine band to lower wavenumber on complexation indicates coordination through the imine nitrogen, 

molar conductance distinguishes electrolytes from non-electrolytes, magnetic moments and electronic spectra suggest 

the geometry, and thermogravimetry identifies lattice and coordinated water [41, 105]. What is often missing, and 

should not be, is any evidence that the product prepared by the new method is the same substance as that prepared by 

the old one. Melting point and infrared agreement is the minimum; a mixed melting point or an overlaid diffraction 

pattern would be better. 

Table 05: Analytical evidence normally used to establish that the azomethine bond has formed and, for the complexes, 

that it coordinates. 

Observation What it establishes Behaviour usually reported 

Loss of the carbonyl 

stretch 

The aldehyde or ketone has been 

consumed 
Band near 1700 cm-1 disappears 

New azomethine stretch The C=N bond has formed 
Roughly 1580-1650 cm-1; higher for 

strongly conjugated systems 

Azomethine singlet in 1H 

NMR 
One imine proton per condensation 

Near 8.3-8.6 ppm; the CHO signal near 

9.8-10.0 ppm is absent 

Imine carbon in 13C 

NMR 
Confirms the C=N carbon Commonly 155-165 ppm 

Molecular ion in MS Molecular formula 
M+ or [M+H]+ consistent with the loss 

of one H2O 

Elemental analysis Composition Found within about 0.4% of calculated 

Single-crystal diffraction Geometry and configuration 
E configuration about C=N; planarity of 

the chelate ring 

Shift of the azomethine 

band on complexation 
Coordination through the imine nitrogen 

Shift of roughly 10-30 cm-1 to lower 

wavenumber 

Molar conductance Electrolytic or non-electrolytic complex Distinguishes ionic from neutral species 

Magnetic moment and 

electronic spectra 
Oxidation state and geometry 

Square planar, tetrahedral or 

octahedral assignment 

Thermogravimetry Lattice and coordinated water 
Stepwise mass loss below and above 

about 150 °C 

Powder diffraction Crystallinity and phase purity 
Sharp reflections for crystalline solids; 

halo for amorphous ones 

Comparison with the 

conventionally prepared 

sample 

That the two routes give the same 

substance 

Agreement of melting point, infrared 

and NMR; rarely reported 

 

10. REVERSIBILITY: THE SAME PROPERTY THAT HELPS AND HURTS 

The imine bond is formed under thermodynamic control, and it can be broken the same way. In synthesis this is an 

advantage, because errors are corrected during assembly; it is the basis of dynamic covalent chemistry and the reason 

imine-linked frameworks crystallise at all [5, 106]. It also makes possible tricks that are impossible with irreversible 

bonds, such as preparing a framework by exchange in twenty minutes [69] or depolymerising and reconstructing it at 

the end of its life. In application the same property is a liability. Imines hydrolyse in aqueous acid, and the concern has 

been raised explicitly in the corrosion-inhibition literature, where a compound is asked to survive in 1 M hydrochloric 

acid for hours; one group addressed it directly by monitoring the imine absorption band to demonstrate that their 
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ligand remained intact [107]. Metal ions can also promote hydrolysis rather than protect against it, and complexes have 

been isolated containing both the intact ligand and its hydrolysis product in the same molecule [108]. The strategies 

developed for frameworks are instructive: strong interlayer hydrogen bonding that shields the C=N from water [109], 

or chemical locking of the imine into an irreversible heterocycle [110, 111]. Reviews of imine-linked frameworks treat 

this as the central design problem of the field [112]. 

 

11. HOW THE CHOSEN ROUTE FOLLOWS THE COMPOUND INTO ITS APPLICATION 

The preparation is not indifferent to what the compound is later required to do. Regarding corrosion inhibition, 

efficiencies over 90% in 1 M hydrochloric acid have now become commonplace for Schiff bases with several 

heteroatoms and extended conjugated systems [113, 114, 115] and the same molecules can be prepared by thermal or 

microwave condensation with no reported difference in performance [116]. Inhibitors based on chitosan, obtained by 

condensation of an aldehyde with the free amino groups of the biopolymer, exemplify the direct transfer of the process 

to macromolecular substrates [117]. 

In sensing, where limits of detection are often in the nm range, the ligand must be spectroscopically pure, therefore 

purification is more important than speed [118, 119]. The salen family is the reference case in catalysis and its 

commercial use in hydrolytic kinetic resolution gives a view of what a well-behaved Schiff base ligand may support [120, 

121]. In each of these sectors the path is selected for a different reason. This is precisely the argument against treating 

any one strategy as universally optimum. 

 

12. GAPS, WEAKNESSES AND WHAT SHOULD BE REPORTED 

Three weaknesses in the current literature stand out. Reporting is inconsistent: reaction time is almost always given, 

isolated yield usually, solvent volume rarely, and energy consumption almost never, so the environmental claims that 

justify the newer methods cannot generally be checked. Comparisons are often unfair, with re-optimised new 

conditions set against literature values for the old ones. And scale is nearly always small; the great majority of the 

microwave, ultrasonic and grinding preparations discussed here were carried out on 1-5 mmol, which tells us little 

about whether the advantage survives a hundredfold increase, although flow and milling equipment now exists that 

would allow the question to be answered [51]. 

Three opportunities follow. The first is straightforward: report the numbers. Table 6 sets out a minimum reporting set 

that would cost an author nothing and would make cross-laboratory comparison possible. The second is to treat the 

substrate scope honestly, since the substrate-sensitivity of mechanochemistry in particular is under-reported. The third 

is to close the loop between preparation and property, by preparing the same compound by two routes and testing 

both, rather than assuming that identical spectra imply identical performance. Figure 6 summarises, as a practical map, 

how the choice might be made in the meantime. 

 
Figure 06: A practical map for choosing a preparative route, based on what the target is and on how the substrate 

behaves rather than on which method is currently fashionable. 
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Table 06: Minimum reporting set proposed for comparative preparative studies of Schiff bases, with an indication of 

how often each item is currently given. 

Item to report Why it matters 
How often reported at 

present 

Scale, in mmol of limiting 

reagent 
Yield and time are scale dependent Usually 

Total solvent volume, reaction 

and work-up 
Solvent dominates the waste inventory Rarely 

Catalyst identity, loading and 

recovery 

Determines whether the route is catalytic in 

practice 
Sometimes 

Nominal power and measured 

energy input 
The only basis for an energy claim Almost never 

Time to full conversion, by TLC 

or HPLC 
Distinguishes conversion from isolated yield 

Usually, but the method is 

often unstated 

Isolated yield after a stated 

purification 
Makes yields comparable between laboratories Usually 

Purity, and the method used to 

measure it 
Separates a clean product from a fast one Sometimes 

Direct comparison with the 

conventional sample 
Confirms the two routes give the same compound Rarely 

E-factor or process mass 

intensity 
Turns a green claim into a number Almost never 

Number of repeats and the 

spread of yields 
Shows whether the advantage is reproducible Almost never 

 

CONCLUSION 

Schiff base condensation remains the most economical way to install a nitrogen-carbon double bond, and nothing in the 

comparative literature challenges that position. What has changed is how the reaction is run. Microwave irradiation, 

sonication, mechanochemical grinding and catalysis by inexpensive natural acids all compress reaction times from hours 

to minutes or seconds, generally raise isolated yields by ten to twenty percentage points, and reduce or remove the 

solvent that dominates the waste inventory. Ranked against the alternatives, the condensation is as atom-economical as 

catalytic reductive amination and the Mannich reaction, far ahead of diazotisation-coupling and amide coupling, and 

ahead of the azide-alkyne route once the preparation of the azide is counted; it is simpler to run than any of them, and 

less stable than all of them. For metal complexes the decision is a different one, between a template assembly that can 

select a single macrocycle and a stepwise route that yields a fully characterised free ligand. The unresolved issue is not 

chemical but evidential. Until reaction mass, solvent volume and energy are reported alongside yield and time, the 

environmental case for the greener protocols will rest on plausibility rather than measurement. 
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