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ABSTRACT: The current manuscript describes the role and importance of catalysis and  Solvent-free & catalyst-free Biginelli
solvent effects for the Biginelli multicomponent reaction. The overwhelming number of —<€F =
new catalysts and conditions recently published for the Biginelli synthesis, including in
some manuscripts entitled “catalyst-free” and/or “solvent-free” have incentivized
controversies and hot debates regarding the importance of developing new catalysts and
reaction conditions to perform this very important multicomponent reaction. These so-
called “catalyst-free” reports have generated much confusion in the field, requiring urgent
elucidations. In this manuscript, we exemplify, demystify, and discuss the crucial role of
catalysis, solvent effects, mechanisms, kinetics, facts, presumptions, and myths associated
with the Biginelli reaction aiming to avoid current and future confusion and to stimulate
new approaches.

What is catulysis for? x &

H INTRODUCTION In this context, the Biginelli multicomponent reaction

Especially in the last 2 decades, the chemistry and biology of 3,4- (Scheme 1), announced by Pietro Biginelli in 1891 in a series

dihydropyrimidin-2(1H)-ones (or -thiones), also referred to as

Scheme 1. The General Biginelli Reaction Used in the

Synthesis of 3,4-Dihydropyrimidin-2(1H)-ones (or -thiones),
clearly evidenced by the large number of important reviews also Known as DHPMs

directly dealing with developments and improvements of the
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DHPMs, have experienced a return to prominence. This fact is

effects, and biological/medicinal effects.
Because of their already known biological activities as calcium
o o
channel modulators, mitotic kinesin inhibitors, adrenergic M
+
R? RS

receptor antagonists, antibacterials, antivirals, and others (see 4 (DHPMs)
3

the cited reviews), DHPM derivatives (examples in Figure 1)
have attracted much attention and interest of many research

groups, mainly considering the possibility of diversity generation of four preliminary descriptions,”>*® is the most direct and
and direct access to new libraries of bioactive compounds, which elegant methodology currently applied for the synthesis of
1924 DHPMs. Indeed, what is nowadays known as his eponymous
reaction was born as a controversial reaction, since the original
o\ proposed structure for the Biginelli adduct was wrongly assigned

OH ° oH and had to be later revisited.” Curiously, many authors wrongly
describe that the Biginelli reaction was discovered in 1893, while

may be even active also as racemic compounds.

i i i actually in this year Biginelli published the full account of his

Et v Et v v reaction.”*" The history of this reaction and of the man behind
! N/gs I N/KS I N/Ks the reaction has been nicely reviewed elsewhere.”

) ) ) Somehow, controversies surrounding the Biginelli reaction are

Monastrol Piperastrol Enastron still hotly debated. For instance, there is no consensus about the

Figure 1. Some examples of known biologically active dihydropyr-

imidinones (DHPMs). Received: January 21, 2014
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Figure 2. Reaction profiles (model reaction) in different solvents in a real catalyst-free version of the Biginelli reaction at 100 °C: (left) initial time and

(right) the full profile. All points refer to isolated yields.

actual mechanism for this transformation, and at least three question to answer, the truth is relatively simple: it is necessary to
propositions are well accepted and discussed (i.e., iminium, surpass all of the aforementioned drawbacks associated with this
enamine, or Knoevenagel mechanisms).**~>¢ Independently of reaction. It is also important to bear in mind that there are many
the used methodology or the preferred reaction mechanism, to reagents and substrates less reactive and more sensitive than the
the best of our knowledge, the importance of DHPMs have never generally tested model Biginelli reaction, that is, a mixture of
been questioned or doubted. benzaldehyde, urea, and ethyl acetoacetate affording one of the
As one could expect, mostly motivated by their biological simplest DHPM. Moreover, as is general knowledge, there are
importance, several new approaches to perform the Biginelli dozens of catalyzed reactions that work with no catalyst but,
reaction can be found in the literature. However, harsh reaction under noncatalyzed conditions, important features such as low
conditions, reagent excess, high temperatures, toxic solvents, temperatures, fast reactions, higher yields, higher selectivities,
expensive catalysts, purification issues, low yields, low more amenable reaction conditions, higher TON and TOF, and
selectivities, and long reaction times are drawbacks commonly other important features are usually severely limited. For
observed for DHPM syntheses using this three-component instance, under catalyzed conditions, the synthesis of DHPMs
reaction. The development of improved reaction conditions and may occur in only 10—15 min of reaction,*” but reagent excesses
new catalysts therefore became the natural solution to overcome were unfortunately still required. In a different example, the
all these shortcomings associated with the Biginelli reaction (as catalyzed reaction is described to proceed with yields ranging
highlighted in the cited reviews). Despite the increasing number from poor to excellent at 25 °C)43 but long reaction times were
of new catalysts and conditions for DHPMs syntheses, some needed to achieve such yields. Alternative methodologies such as
contentious publications have described the supposedly microwave irradiation** and ultrasound® have also been
“catalyst-free” version of the Biginelli reaction, as will be reported with yields ranging from reasonable to good. The
discussed and analyzed in due course. It is a fact that the application of some catalysts for the Biginelli reaction under
Biginelli reaction can be carried out in catalyst-free versions, but microwave*® or ultrasound*’ conditions has been already
with severe limitations, and this topic will be deeply evaluated described, and improved yields could be achieved when
herein. compared with those catalyst-free versions. More recently, the
Another controversial issue related to the Biginelli reaction is reaction under a grinding process has also been described, but the
the solvent effect. Despite being considered to be an effective presence of an iron-based catalyst was needed.**
reaction due to its multicomponent character (one-pot reaction), Due to our interest in the Biginelli reaction,* " in the current
many of the developed conditions require the use of toxic and manuscript, we intend to evaluate the so-called “catalyst-free”
expensive solvents, therefore contrasting with the green and conditions and solvent effects and compare some new results and
promising features of the Biginelli reaction. In this sense, mechanistics insights with those previously reported. We also
alternative solvents or media such as ionic liquids (ILs),” PEG,”” intend this manuscript to be critical and elucidative regarding

8 o
and water®® have been successfully tested. Moreover, aiming at
greener, more sustainable, and ecofriendly conditions, many

. . . 14
solvent-free versions of this reaction have also been reported. and doubts about the importance of catalysis for the develop-

. . 3
As cited before, PEG has also been used with success,” but the ment and improvements of this very important multicomponent
unique groperties of PEG as an alternative phase-transfer reaction (MCR).

catalyst* and its effect on catalytic efficiency (catalyst-philic)
are well documented.*'
At this point, one could reasonably question why it is necessary

facts, presumptions, and myths surrounding the Biginelli
reaction, aiming to avoid current and future confusion, strife,

B RESULTS AND DISCUSSION

to develop new catalysts or the use of any solvent (or other We initially tested the reactions in actual catalyst-free versions
medium) considering that the reaction works under solvent-free upon mixing benzaldehyde (2.00 mmol), urea (3.00 mmol), and
and catalyst-free versions. Despite appearing to be a tough ethyl acetoacetate (2.00 mmol) at 100 °C (known as the model
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reaction) in several solvents (1 mL) to evaluate the solvents
effects. Reaction profile monitoring is shown in Figure 2.

It is important to note that the tested ionic liquids (ILs) did
play a role for the Biginelli reaction and the best yields were
obtained with those ionic fluids (28% for BMI-PF, and 27% for
BMI-BF,). The positive IL effect over MCRs has already been
reviewed,” and the origin for this effect has been recently
suggested.””>' However, it is necessary to remember that trace
impurities such as acids (or metal traces)**™>* have a direct and
significant effect over many reactions conducted in these ionic
media. In this sense, it is necessary to guarantee the purity
(quality) of the IL to avoid misinterpretations and false results.
For some, the combination of a MCR and ILs can be designated
as “a perfect synergy for eco-compatible heterocyclic synthesis”.®
Acetonitrile, water, and ethanol, which are three commonly used
solvents in the Biginelli synthesis, gave comparable results with
those observed for the tested ILs.

It is also noted that most of these time courses for product
formation are sigmoidal, which is characteristic of an
autocatalyzed reaction. The Biginelli MCR is not autocatalyzed,
but the time courses have a similar behavior because of solubility
effects, which are directly associated with the nature of the
chosen solvent. The Biginelli adduct usually precipitates in the
reaction medium (thus leaving the reactive phase), therefore
displacing the equilibrium toward product formation. All three
components used in the reaction are usually soluble in most of
the commonly used solvents, whereas the product is usually
insoluble. That is why a similar effect as in autocatalyzed
reactions can be observed, and this effect is reflected by the
sigmoidal curves for most of the experiments. Bearing in mind
the possibility of recycling a catalytic system, solubility effects
may be crucial, and in this sense the role of a solvent is of
paramount importance. This possibility for solvent-free versions
is severely impaired.

The importance of the solvent associated with a catalyst for the
Biginelli reaction and its crucial effect for the 1,3-dicarbonyl
reagent has been very recently elucidated by Clark and co-
workers.>> The authors evaluated in their landmark article
different solvents, but in the presence of 10 mol % of
hydrochloric acid as the catalyst, and concluded that the solvent
affects the keto—enol tautomerization equilibrium. Indeed, the
formation of the enol (or enolate) and its stabilization (through
solvent interactions) are crucial for the reaction success, as
recently demonstrated by us® and others.’® Some have used
metals to promote the formation of 1,3-dicarbonyl complexes to
improve the nucleoghilicity of the carbon at C2 in the 1,3-
dicarbonyl reagent.>® Supposedly, upon displacing the equili-
brium toward the enol form, a positive kinetic effect would be
observed. Unfortunately, this presumption has been only
assumed rather than asserted with convincing tests. It was
shown®® that, indeed, the metal—enolate complex (which results
from the application of a Lewis acidic catalyst) may actually
hinder the reaction; and for these cases (once again), the solvent
choice is crucial in returning considerable reactivity to the
dicarbonyl reagent, which is not a possibility in the solvent-free
versions of the reaction.

There is no doubt that the presence of a catalyst (Bronsted or
Lewis) will affect the keto—enol tautomerization equilibrium.
However, in order to verify the pure solvent effect over the keto—
enol equilibrium constant (K;), we have conducted NMR
experiments to determine the proportion of each of the species in
the equilibrium for the different solvents (see the NMR spectra in
Figures $1—S7 in the Supporting Information). The results are
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summarized in Table 1. Only for comparison purposes, the
solventless (and catalyst-free) entry is also shown (see Table 1),

Table 1. Solvent Effect over the Keto—Enol Tautomerization

Equilibrium
I — R
S
o/\ O/\
Kp yield of
keto  enol (enol/ In(4/ isolated 4
solvent %) (%) keto) In(Ky)  urea) (%)*

solventless 57 43 0.76 —0.27 —0.99 54
toluene 64 36 0.57 —0.56 —-2.30 14
ethanol 39 61 1.54 0.43 —-1.67 24
CH,Cl, 29 71 2.50 0.92 —-2.04 17
water 38 63 1.67 0.51 —1.66 24
BMI-PFy 43 57 1.33 0.29 -1.56 28
BMI-BE, 50 50 1.00 0.00 —1.51 27

“Reaction for 4 h at 100 °C (model reaction).

but our interest at the moment is the solvent effect. Moreover, in
lieu of an actual equilibrium among all possible intermediates
(for the three most likely mechanism propositions) for the
Biginelli reaction, a relationship of the Biginelli adduct (4) and
the urea concentration (4/urea) was used for this metric (Figure
3), hence avoiding the need for a discussion of the mechanism at
the present moment. The mechanism of the catalyst-free reaction
will be evaluated and discussed in due course.

As can be depicted from Table 1, the supposition that favoring
the enol formation favors the Biginelli adduct formation is not as
direct as supposed. In this sense, the assumptions and
conclusions previously described™ that the reaction is
thermodynamically and not kinetically ruled seem to be correct.
It is important to highlight that the current experiments were
conducted in catalyst-free versions whereas those previously
reported* had at least 10 mol % of a catalyst (Bronsted or Lewis
acids). Furthermore, results in Table 1 indicate that assuming a
fast keto—enol equilibrium and knowing that the solvent is
responsible for this equilibrium, thermodynamics would be
therefore responsible for the observed yields and not the kinetic
control. These results already point firmly to the importance of
catalysis to improve the reaction yields and discard any possibility
of the so-called “catalyst-free” Biginelli reaction. The values for
Ky directly reflected the observed solvent effects, but solvent
effects did not interfere in the final yields after their maxima are
reached (see Figure 2). Solvent effects, however, had a direct
influence over the initial period of the reaction (Figure 2, left),
and this may be the origin for the assumption that keto—enol
equilibrium is crucial and that kinetic controls rule the Biginelli
adduct formation. DFT calculations and the Fukui functions (f~)
showed that, indeed, the enol tautomer is considerably more
reactive than its keto counterpart as the nucleophilic species and
therefore in accordance with the need for the enol formation to
further the reaction (Figure 3, right). If a fast keto—enol
equilibrium is assumed, the formed enol (even if present at low
proportions) would react and immediately be restored to
advance the Biginelli reaction. In this sense, once more, the
solvent seems to have a crucial role for the reaction and for the
Biginelli adduct formation upon favoring (facilitating) the enol
restoration. Yet again, these positive solvent effects would not be
possible in solvent-free versions of this MCR.

After evaluation of the solvent effects (under catalyst-free
conditions), we decided to evaluate the so-called “catalyst-free”
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Figure 3. (left) The influence of the solvent on the In(Ky) for the catalyst-free Biginelli reaction and (right) optimized geometries and calculated Fukui
functions (f°) for the indicated atoms and isosurfaces for both tautomers using the CAM-B3LYP/6-311+G(2df,p)/LANL2DZ level of theory.

Yield (%)

100
80 -
] . I
80 - "
70 - P
60
> yd
< 50 g
2 4 /
] / p
= 40 4 . / /
b 4 /f" ) —=— 0 mol%
20l / o~ *— 1 mol%
f p, " A 10 mol%
104 /g +— 50 mol%
1/ »— 100 mol%
0 B L Ll L] T L} L T L L
0 25 50 75 100 125 150 175 200 225
Time (min)

250

50 —a—() A
45 &1 _
| —4—10 —
40- —e—50 _—
2100 "
35 _
30 T 2
254 ' -
- ,3‘./'/
20 — -
. 'S p—
T . T M T ¥ T ' T b T M T
12 15 18 21 24 27 30
Time (min)

Figure 4. Reaction profiles (for the model reaction) with different ferrocene amounts (0—100 mol %) in solvent-free versions of the Biginelli reaction at
100 °C. (left) The full reaction profile and (right) the initial minutes of the reactions, which clearly indicate the catalytic effect of ferrocene. Note that an
actual solvent-free and catalyst-free reaction was accomplished and the maximum yield was 54%. All points refer to isolated yields.

Biginelli reaction. A recent publication has described the
synthesis of ferrocene-containing DHPMs to test these
derivatives in their abilities as radical scavengers.”” In the title
of this article, one could read “Solvent-Free and Catalyst-Free
Biginelli Reaction”. Despite the excellent report regarding the
radical scavenger ability for those iron-containing DHPM
derivatives, the chosen title may induce the reader to have
some confusion regarding the importance of catalysts to promote
the Biginelli reaction. In this case, the reactions were conducted
at 100 °C (a typical temperature for the Biginelli reaction), and
the yields for the iron-containing derivatives ranged from 25% to
50% in 4 h of reaction. It is important to note two significant
features of ferrocene: (i) Fe"(CsHs), can be easily oxidized to
[Fe"™(CH;),]* (ferrocenium cation); (ii) if Fe"(CiHs), can
decompose affording [Fe'(CsH;)]*, evidently, catalysis may take
place easily as a consequence of a vacant coordination site in the
metal center of the [Fe'(C;H;)]* derivative. Moreover, the
beneficial effect of iron compounds (catalysts) for the Biginelli
reaction are well documented,*®™%° despite no ferrocene
derivative having been described as a catalyst for this MCR.
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In order to evaluate the ferrocene effect as the catalyst for the
Biginelli reaction, we conducted several reactions at 100 °C for 4
h using different amounts of the iron derivative and a control
reaction, that is, a real catalyst-free version. The model reactions
(in solvent-free versions) were therefore carried out, and the
results are better visualized in Figure 4.

The observed rate constant (k) for the global reactions
could be easily calculated according to eq 1,

Y = Yo(l _ e_(kobst)) (1)

where Yis the yield (%), t is the time (min), and kg, (min™") is
the global kinetic rate constant (first order). The following k.,
were obtained for the different ferrocene amounts: 0.013 (0 mol
%), 0.014 (1 mol %), 0.029 (10 mol %), 0.024 (50 mol %), and
0.030 (100 mol %), respectively. These values leave no doubt of
the catalytic effect that ferrocene is exercising over the Biginelli
reaction. The reaction with equimolar amounts of the iron
compound has a yield approximately 6-fold higher than that
without the catalyst in the first 10 min of reaction (Figure 4,
right). It may also be noted that reactions with 1 mol % have

dx.doi.org/10.1021/jo5001498 | J. Org. Chem. 2014, 79, 3383-3397
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Figure S. (A) ESI(+)-MS/MS of the ion of m/z 186. (B) ESI(+)-MS/MS of the ion of m/z 121. The insets show the expanded regions and the isotope
pattern matching from the ESI(+)-MS spectra (calculated patterns shown in gray bars).

almost no effect and that starting from 10 mol %, the catalytic
effect is more pronounced. It is also noted that the highest yield
obtained with 100 mol % of ferrocene was 84%, that is, a 30%
increase compared with the reaction without any metal (the
catalyst-free and solvent-free conditions), pointing again to the
positive influence of ferrocene over both the kinetics (time
required to form the Biginelli adduct 4) and the final yields
(isolated Biginelli adduct).

To gain insights on the role of ferrocene for the Biginelli
reaction and how it is influencing the Biginelli reaction,
electrospray (tandem) mass spectrometry (ESI-MS(/MS)
experiments were conducted. ESI-MS(/MS) is known to be a
powerful tool capable of connecting solution and gas phase
chemistries®" through continuous snapshots of the changing
ionic composition of reaction solutions,”>~®° therefore facilitat-
ing the detection of key intermediates, including transient
species.66

Initially, ESI-MS of a 100 M methanolic solution of ferrocene
was directly injected. Both ESI-MS and ESI-MS/MS could be
acquired (Figure S).

During the ESI process, the metal center (i.e., Fe"") might be
oxidized to Fe"™.%” The high abundance of the signal of m/z 186
suppressed almost all other signals. To avoid iron oxidation and
to be sure of the cyclopentadienyl anion decomposition, the
experiment was once more repeated using an atmospheric
pressure chemical ionization (APCI) source instead of ESL. APCI
is known to generate ions by gas-phase proton transfer reactions,
thus eliminating the possibility of metal reduction by redox
reactions.®®

APCI-MS and APCI-MS/MS experiments returned very
elucidative results. The probe was heated varying the temper-
ature from 100 to 600 °C. At 100 °C, the ion of m/z 121 could be
detected, therefore showing that at the reaction temperature the
cation [Fe(CsH;)]* (m/z 121) forms as a consequence of ligand
decomposition; hence a stronger Lewis acid is available (and
formed in situ) being capable of catalyzing the Biginelli reaction.
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Figure 6. Optimized geometries and calculated Fukui functions (f*) for
the indicated iron atoms (see the arrows) and their isosurfaces using the
CAM-B3LYP/6-311+G(2df,;p) /LANL2DZ level of theory.

Once again, theoretical calculations (DFT) were used to shed
light on the ferrocene effect over the Biginelli reaction (Figure 6).
The calculations showed Fukui function values for the metal
center of f* 0.39 (decomposed ferrocene, [Fe"(CsHs)]"),
whereas before decomposition the calculated f* is considerable
lower (f* —1.29, virtually silent to the reaction as a Lewis acid).

As concluded from Figure 6, before one of the cyclo-
pentadienyl ligands leaves, no aldehyde is allowed to coordinate
to the metal center. However, after releasing one of the ligands,
the calculated Fukui function indicated that the metal center is
considerably more prone to aldehyde coordination, with
electrophilic character enhancement for the carbon of the C=
O bond of the aldehyde. These results point firmly to the catalytic
effect of ferrocene-based derivatives and are in accordance with
the experimental data presented herein.

Another very controversial and polemic article described the
use of NaCl as catalyst for the Biginelli reaction.”” The reaction
was conducted in DMF using an external temperature of 220—
230 °C in the presence of 10 mol % of NaCl during 40—180 min.
The yield obtained for product 4 (model reaction) was only 56%.
It is even more curious to note that two authors of the NaCl
article had already published”® (two years before) a manuscript
describing an actual catalyst-free Biginelli reaction conducted in

dx.doi.org/10.1021/jo5001498 | J. Org. Chem. 2014, 79, 3383-3397
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Table 2. Real Catalyst-Free Biginelli Reactions under Several Conditions Reported Previously

[¢]

HQN)]\NHZ *

1

o Ph
o

o o H

EtO N

H + M e | N/g
OEt M | o
3
2 H

4

entry 1:2:3 (mmol) temp (°C) solvent time yield (%) ref
1 23.1:15.4:15.4 65 THF 8—18h 20—-50 73
2 1.50:1.00:1.00 920 EtOH 5-7h 0 74
3 4.50:3.00:4.50 reflux EtOH 8h <12 75
4 7.50:5.00:5.50 reflux EtOH 8h 6 76
S 1.00:1.00:1.00 reflux EtOH 6h 0 77
6 5.20:4.00:4.00 reflux EtOH 7h 13 78
7 3.00:2.00:2.00 reflux EtOH 24h 26 79
8 7.50:5.00:5.00 reflux EtOH 210 min 0 80
9 1.50:1.00:1.00 40 EtOH 2h 0 81
10 1.50:1.00:1.00 reflux EtOH 6h traces 82
11 2.00:2.00:2.00 25 MeCN 4—12h 0 43
12 1.00:1.00:1.00 reflux MeCN 1h 0 83
13 1.20:1.00:1.20 reflux MeCN 3—4h 0 84
15 300:200:200 reflux MeCN 48 h traces 85
16 not available rt MeOH 48 h 0 86
17 0.50:1.00:1.00” 115 octane 1h traces 87
18 10.0:5.00:5:00 80 ‘water 8—12h 20—-30 88
19% 5.00:5.00:7.50 75 AcOH or EtOH or p-cymene 16 h 25, 6, 14¢ 55
204 11.0:10.0:10.0 30 MeCN or EtOH or THF or CH,Cl, 40—90 min 0 89
21 3.00:3.00:3.00 90 BMI-BF, or BMI-PF, 1h <35 49
22 7.50:5.00:5.00 140 ethylene glycol Sh traces 90
23 1.50:1.00:1.00 rt solvent-free or BMIL.BE, 10 min 0 42
24 1.20:1.00:1.00 70 DMF 8h 13 91
25 15.0:10.0:10.0 80 solvent-free 6h traces 92
26 1.50:1.00:1.00 25 solvent-free 3h 0 59
27°¢ 1.50:1.00:1.00 not available solvent-free 30 min 10 93
28 15.0:10.0:10.0 45 and higher solvent-free 45 min 0 94
29 5.00:5.00:5.00 50 solvent-free 25 min 0 95
30 2.50:2.00:2.00 100 solvent-free 9h traces 96
31 37.5:25.0:25.0 100 solvent-free 30 min 0 97
32 12.0:10.0:10.0 90 solvent-free 2h 43 98
33 3.00:2.00:2.00 80 solvent-free 8h 0 99
34 4.50:3.00:4.50 100 solvent-free 1h 29 100
350 1.20:1.00:1.00 80 solvent-free 9h 59 101
36 1.00:1.00:1.00 60 solvent-free 3h 0 102
37 3.00:2.00:2.00 120 solvent-free 3h 20 103

“4.MePhCHO instead of PhCHO. "Methyl acetoacetate instead of ethyl acetoacetate. “Respective yields for AcOH, EtOH, and p-cymene.

dg . .. . Lo
Sonication (ultrasound). “Microwave irradiation.

refluxing DMF for 90 min, and the Biginelli adduct 4 was
obtained in 51%. The 5% difference is absolutely insignificant;
therefore the NaCl in the reaction medium is no more than an
unnecessary (and inert/silent) component. Moreover, after the
reaction, the NaCl had to be separated from the product. In this
sense, one can fairly ask why NaCl has been described as a
catalyst for this MCR. Unfortunately, we have no plausible
explanation for this question why NaCl received the status of
“catalyst”. As we have shown (Table 1 and Figure 4), the catalyst-
free version of the reaction affords the Biginelli adduct in 54%
and the use of NaCl is at least senseless or redundant.

A description of a catalyst-free Biginelli reaction version
conducted at 100—105 °C for 1 h was described in 2002.”" The
authors claimed to obtain compound 4 (model reaction) in 81%
after purification by means of recrystallization from hot ethanol.
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This result was later directly questioned by others.”* As we have
described (Table 1 and Figure 4), in our hands, this result could
not be reproduced at all. Table 2 describes several real catalyst-
free results already reported, and it seems that no one was able to
reproduce this controversial yield for the model reaction (even
under several different conditions). Note that most of the
references cited in Table 2 are more recent than that reported in
2002.

In a general way, as is shown in Table 2, the yields are really
poor for the catalyst-free versions of the Biginelli reaction, and
most of these reports have been recently published. These
reports seem to indicate how important the presence of a catalyst
is for the Biginelli reaction, and indeed, most of them discuss this
issue. Moreover, as noted, no one could reproduce that yield

dx.doi.org/10.1021/jo5001498 | J. Org. Chem. 2014, 79, 3383-3397
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Scheme 2. Three Proposed and Discussed Mechanisms for the Biginelli Reaction: Iminium (A), Enamine (B), and Knoevenagel
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“Note that several charged and polar intermediates are invoked (a—n) and that the charge is the result of a direct protonation of those intermediates.
Moreover, without protonation, these intermediates would be neutral and therefore invisible to MS analysis.

reported in 2002 using several different conditions nor with
similar conditions (see Table 2).

Finally, we decided to investigate the real catalyst-free Biginelli
reaction mechanism. Today, three major mechanistic pathways
are accepted and discussed, that is, iminium, enamine, and
Knoevenagel mechanisms®*™® (Scheme 2).

ESI-MS has already proven to be an outstanding and
unsurpassed tool to investigate the Biginelli reaction mecha-
nism.”> Considering that MS is blind to neutral components, the
only restriction is that the intermediates had to be protonated
(Bronsted acid catalysts) to be detected or to be found associated
with a metal catalysts for a residual charge.”' As expected, the
protonation or complexation may result in significant alterations
on the intrinsic reactivity of the system,'** thereby making the
mechanistic analysis of the catalyst-free version of the Biginelli
reaction more challenging, and moreover, under protonation or
complexation conditions, the system may not reflect the actual
catalyst-free reaction.

To overcome this major shortcoming of the MS technique, the
elegant strategy of charge tags has been developed and
successfully applied for mechanistic investigations.'~'%®
Hence, we decided to use a known charge-tagged aldehyde
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derivative to investigate the real catalyst-free Biginelli mechanism
and follow the naturally charged intermediates using quantitative
ESI-MS experiments. Fortunately, we were able to detect and
characterize several intermediates (Figure 7) and follow their
relative abundances for a period of 4 h. A mixture of equimolar
quantities of the charge-tagged aldehyde (A in Figure 7), ethyl
acetoacetate, and urea were heated at 100 °C. After 15 min, the
crude mixture melts completely allowing it to be injected and
monitored online (Figure 7). The first ESI-MS could be acquired
only after 15 min (homogeneous mixture), and then, other ESI-
MS were obtained after 1, 2, and 4 h of reaction at 100 °C (see
Figures S10—12 in the Supporting Information).

Based on the MS data (Figure 7 and Figures S10—12), it was
possible to follow the reaction profile (Figure 8) and to propose a
kinetic model for the real catalyst-free transformation, as seen in
Scheme 3.

The MS data allowed the proposal of a simplified kinetic
model (Scheme 3). Up to now, no other technique has been
applied describing the simultaneous online monitoring and
detection (and characterization) of all of these intermediates
quantitatively. Moreover, despite it being a simplified model, it is
still a complex model (10 constants to be considered), and it is by
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Figure 7. Catalyst-free Biginelli reaction conducted at 100 °C and the charge-tagged intermediates. (I) High resolution ESI(+)-MS of the Biginelli
reaction using the charge-tagged aldehyde derivative after 15 min of reaction. (II) ESI(+)-MS/MS of the charge-tagged aldehyde A. (IIT) ESI(+)-MS/
MS of the charge-tagged intermediate B. (IV) ESI(+)-MS/MS of the charge-tagged intermediate C. (V) ESI(+)-MS/MS of the charge-tagged
intermediate D. (VI) ESI(+)-MS/MS of the charge-tagged intermediate E. (VII) ESI(+)-MS/MS of the charge-tagged intermediate F. (VIII) ESI(+)-

MS/MS of the charge-tagged intermediate G.

far the most complete kinetic model ever proposed for a Biginelli
MCR. Intermediate H has not been detected, indicating its very

transient nature, but even so, H has been considered in the
kinetic model and for the calculations. The unsuccessful
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Figure 8. ESI(+)-MS intensity data over time for all key intermediates containing the charge tag derivative. The initial plot for the charge-tagged
aldehyde (A) is an assumption whereas all other points were obtained from ESI(+)-MS experiments.

Scheme 3. Competing Mechanism for the Catalyst-Free Biginelli Reaction Based on the Iminium, Knoevenagel, and Enamine,
Respectively”
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“Note that intermediate H has not been detected.
detection of its signal does not necessarily means it is not formed, from MS analyses have been normalized for the description of
but it may be a case where the intermediate (H) is formed and the kinetic model.
instantaneously consumed. Urea has been named I and ethyl Initially, the global kinetics, that is, the consumption of A and
acetoacetate named J (the two unlabeled reagents). The data formation of F were evaluated according to eqs 2 and 3:
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Figure 9. Global kinetics associated with A consumption (top) and F formation (bottom). The dashed lines indicate the regression bands constructed

with a confidence level of 95%.

A = exp(—kyt) ()

F=1— exp(—kgt) 3)
where k, is the kinetic constant associated with the consumption
of the starting charge-tagged aldehyde (A), whereas k. is the
kinetic constant associated with formation of the final product
(F). The results are better visualized in Figure 9.

The global kinetic model approach proved to be simple and
capable of an excellent description (behavior and prediction) of
the concentration profiles based on the charge tag strategy used
in the MS experiments to monitor the consumption of the
charged reagent (aldehyde) and the formation of the Biginelli
adduct (k, = 0.0491 + 0.0016 min~" and kg = 0.0315 =+ 0.0030
min~'). The complete kinetic model based on Scheme 3,
however, has the limitation that several intermediates (as seen in
Scheme 2) could not be detected due to the absence of a charge
tag in their structures. Despite this severe limitation, a reasonable
approximation could be depicted based on the normalized data
from the MS experiments, as shown in Scheme 3. Equations
4—13 describe the equations for the kinetic model considering
only the charge-tagged intermediates detected and characterized
by the quantitative ESI-MS. Figure 10 shows the visualization of
the model. The solutions for eqs 4—13 were performed using the
DASSL numerical method.'*"'
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Figure 10. Kinetic plots obtained from the numerical solutions from eqs
4—13. The lines represent the plots based in the kinetic model, and the
points are from the normalized experimental data from the MS
experiments.
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Z_’f = kAL — k,B] — koBI + kyC ©
‘L_f = koBI — k,,C )
% = ki — keDI )
% = k,AJ — kE (8)
% = k;G + kDI + kgH ©)
‘:1_(: = k,B] - kG (10)
i_lj = k,BI — k,,C (11)
A kAT = kDI — KA — kBT + kyC

dt )
% = —k,BJ — k,AJ — koAl (13)

The set of differential equations derived from the kinetic
mechanism was solved numerically with the numerical integrator
DASSL.'*"'® The values of kinetic constants in the eqs 4 to 13
were estimated with the help of a standard maximum likelihood

L 111,112 ;
estimation procedure, as shown in Table 3.

Table 3. Estimated Kinetic Model Constants”

kinetic constant (min™") estimate standard deviation

k, 9.71 X 1072 3.45 x 1072

k, 1.69 1.62

k, 7.84 X 1072 499 x 1072

k, 125 x 107! 2.59 X 1072

ks 1.11 2.07

ke 1.14 x 107! 2.62 %1072

k; ~0

kg ~0

“Depicted in Scheme 3.

Overall, the kinetic model clearly indicates the competition of
the possible reaction pathways and highlights the importance of a
catalyst, especially considering that the catalyst not only reduces
reaction times and improves yields but also is responsible for the
reaction pathway selection, thereby favoring one of the possible
mechanisms. This issue is also fundamental for the consideration
of improved reaction condition optimizations and higher
selectivities and for the predictions and the design of new
catalysts. The values of the standard deviations express the
limitations of the methodology, because many intermediates
could not be monitored online.

Finally, the data from MS experiments also indicated a fast
equilibrium between B and C (Figure 11), thereby pointing to
the fact that urea excess does not have a beneficial effect when the
iminjum mechanism is favored in a determined reaction
condition. Despite an excess of urea favoring the iminium
formation, this also favors the second addition, and as previously
reported,*>° the reaction yields have a clear tendency to be
lowered.
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Figure 11. Kinetic correlation between intermediates B and C indicating
a fast equilibrium.

The kinetic constants obtained for the equilibrium (86.4 and
2.60 min~", ko and k;, respectively) are considerably larger than
the other constants, indicating therefore the fast equilibrium and
that, under catalyst-free conditions, a second urea addition to the
iminium intermediate (iminium mechanism) is much more likely
than the ethyl acetoacetate addition, which would be expected to
lead to the Biginelli adduct formation. Once again, the
importance of a catalyst to favor the Biginelli reaction desirable
pathway is indicated by the kinetic constants. Moreover, the
constant affording C (k,) is considerably larger than its
counterpart (kyy), showing therefore the negative effect of urea
excess in the reaction in which the iminium mechanism is taking
place.

In summary, we have demonstrated facts, presumptions, and
myths about the solvent-free and/or catalyst-free Biginelli
reaction. The literature has documented an increasing number
of publications regarding this important MCR. Many real
achievements have been observed for the Biginelli reaction;
however, several publications are, indeed, no more than simple
descriptions of new systems, which bring no actual improve-
ments. Indeed, the knowledge generated from the increasing
number of works with no more than the description of a new
reaction condition is usually deficient, or even misleading.
Imprecision and a fundamental lack of understanding are
problems commonly observed in publications regarding the
Biginelli reaction. The increasing number of papers, however, has
not led to a proportional increase in the knowledge about the
Biginelli reaction. There is no reasonable doubt of the
importance of catalysis for the Biginelli reaction, and the role
of the catalyst is not only to facilitate the formation of the final
product but also to select a preferred reaction pathway among
other important features highlighted in this manuscript. The
solvent effect, in many cases, is crucial to favoring the enol
tautomer (from the 1,3-dicarbonyl compound) and to speed up
the reaction. A solvent-free system represents a desirable
condition, but it is not essentially, since it often is used in the
isolation or purification of the Biginelli product. In this sense, we
would like to suggest some issues to be observed aiming at real
improvements for the Biginelli reaction:

(i) Reactions above 100 °C should be avoided. Many
substrates are sensitive to temperature effects, and above
this temperature side reactions, decompositions, and lack
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(it)

(iii)

(iv)

)

(vi)

(vii)

(viii)

(ix)

)

of selectivity are highly favored. Room temperature
conditions to perform the reaction are necessary for the
progress of the reaction, and only a few successful
examples have been described (see the cited reviews).
Solvent-free conditions are welcome but not essential. In
cases in which a solvent is required, the preferred
conditions use water, PEG, ethanol, and ionic liquids.
Other alternative solvents (media) not listed, but with a
green appeal, are also welcome.

Aiming at a proper recycling of the catalytic system, the
solvent effect plays a very unique role since the Biginelli
adducts are usually insoluble in most of the solvents used
in the reaction. The solvent usually facilitates catalytic
system recycling, which is considerably harder to perform
with no solvent.

Reactions conditions that require one of the reagents to be
used in excess mean that no actual improvement has been
attained. Some conditions have been described with two
(of three) reagents in excess (see the cited reviews).
However, at the current stage of development of the
Biginelli reaction, such conditions represent no improve-
ment at all. Indeed, equimolar use of the reagents has not
been described in many examples reported so far. When a
significant gain in terms of yields, selectivity, and time is
achieved, the use of one reagent in excess may be justified.
If one of the reagents needs to be used in large excess, the
condition has no actual improvement, and equimolar
conditions (for the three reagents) are still highly
desirable.

Catalyst amounts above 10 mol % should not be used at all,
except for asymmetric versions of the Biginelli reaction,
since this field is only beginning to be developed''® and
the first asymmetric version was published only in 2005."**
Otherwise, it makes no sense anymore to describe new
systems requiring catalysts loads above 10 mol %. Indeed,
the conditions should be adjusted to use no more than §
mol %, despite the fact that, for some exceptions, it is still
acceptable to use 10 mol %. However, to use such a large
catalyst amount (10 mol %), other conditions must clearly
be favored, for example, lower temperatures, no reagent
excess, etc.

Catalytic systems that require long reaction times (above
6—8 h) do not bring significant contributions, except for
asymmetric versions of the Biginelli reaction that today
usually require several days (typically a week).

Catalytic systems with yields below 80% for the model
reaction under optimized conditions do not represent any
improvement.

Catalyst recycle and reuse is often difficult, and this issue
has much room for improvements. To label a catalytic
system as “recyclable” for the Biginelli reaction, at least five
runs must be conducted without significant decrease in
yields.

As noted for the catalyst-free mechanism, the importance
of a catalyst is not only to improve yields and shorten
reaction times but also to improve selectivity of the
reaction pathway. Reports without any supportive
mechanistic suggestions are only descriptive and bring
no actual improvement to the knowledge already available
for the Biginelli reaction.

It is not appropriate to label a new Biginelli reaction
condition as “green” when it does not fulfill the above
criteria I=VIII or when nongreen procedures are required
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during product isolation or recycling of the catalytic
system.

(xi) The use of “catalyst-free” in manuscript titles is, in a
general way, no more than a buzzword and only brings
confusion to the Biginelli reaction.

Finally, we suggest authors to bear those issues in mind prior to
the writing and publishing of a new catalytic system for the
Biginelli reaction. Otherwise, no real improvements nor advances
of the reaction will be described. Hopefully, this manuscript
contributes to avoiding current and future confusion, strife, and
misinterpretation regarding the Biginelli reaction and the
fundamental role of catalysis for this very important MCR.

B EXPERIMENTAL SECTION

General. Reagents were purified (distilled or crystallized) previous
to their use. Solvents were used as HPLC grades of purity.

MS Analyses. ESI-MS(/MS) and APCI-MS(/MS) measurements
were performed in the positive ion mode (m/z S0—2000 range) on a
Synapt HDMS (Waters Co.) instrument. This instrument has a hybrid
quadrupole/ion mobility/orthogonal acceleration time-of-flight (oa-
TOF) geometry and was used in the TOF V+ mode. All ferrocene
samples were dissolved in methanol to form 100 M solutions and were
directly infused into the ESI source at a flow rate of 20 yL/min. The
charge-tagged aldehyde (0.12 mmol), urea (0.12 mmol), and ethyl
acetoacetate (0.12 mmol) were mixed and melted at 100 °C prior to the
analysis. After the mixture melts, 2 uL of the crude mixture was diluted
to 1.00 mL (MeOH) and immediately injected. ESI source conditions
were as follows: capillary voltage 3.0 kV; sample cone 20 V; extraction
cone 3 V.

Theoretical Calculations. The theoretical treatment of the systems
included in this work was performed using the density functional theory
(DFT) approach of the Gaussian 09 series of programs.''> The CAM-
B3LYP DFT functional was used in this study.''® CAM-B3LYP
combines the features of hybrid functionals such as B3LYP'"” with the
long-range corrected functionals of Hirao and co-workers."'® Geometry
optimization was conducted with the 631LAN basis set (i.e., Lanl2dz for
Fe and 6-31G(2dfp) for the other elements). Harmonic frequency
calculations were performed to verify whether we have located a genuine
minimum. The optimized geometries were used for the single point
calculation at CAM-B3LYP/ 6-311++G(2df,p) /LANL2DZ level of
calculation. The Fukui functions''® were employed to determine the
reactivity sites in the molecule. This function, denoted as f(7), is defined
as the derivative of the electron density, p(7), with respect to the total
number of electrons of the system, N, under a constant external

potential, v(7):
]um (14)

9p(7)
ON
Due to the discontinuity of the first derivative in eq 14 with respect to
the number of electrons, N, the following three functions can be defined
in a finite difference approximation:

1) = [

f+ (F) = P(7)N+1 = p(Fy (15a)

F7#) =p(F)y — p(Fly-n (15b)
°() = L[p(Fasr — P

F6) = HpFyar — o] 150

where p(F)n.1, p(F)y and p(F)y_; are the electronic densities of the
system with N + 1, N, and N — 1 electrons, respectively, all with the
ground state geometry of the N electron system. Equations 15a, 15b, and
15c are evaluated for nucleophilic, electrophilic, and free radical attacks,
respectively. The finite difference formulation is frequently used in
combination with the condensed Fukui function. The condensed Fukui
functions can also be employed to determine the reactivity of each atom
in the molecule. The corresponding condensed functions are given by
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fl:r =q (N + 1) — q(N) (for nucleophilic attack) (16a)
fi =q(N) = q(N—1) (forelectrophilic attack) (16b)
fk0 = [qk(N +1) — qk(N — 1)]/2  (forradical attack) (16¢)

where qi(N + 1), qi(N), and g,(N — 1) are the partial charges at atom k
on the anion, neutral, and cations species, respectively. We calculated the
partial charges of each atom using CHELPG (charges from electrostatic
potentials using a grid based) method."*

NMR Analyses. NMR spectra were recorded on a 7.05 T instrument
using a 5 mm internal diameter probe operating at 300 MHz for 'H and
at 75 MHz for '*C. Chemical shifts were expressed in parts per million
(ppm) and referenced by the signals of the residual hydrogen atoms of
the deuterated solvent (DMSO-dy), as indicated in the legends.
Investigative experiments for the keto—enol equilibrium determination
(200 puL of ethyl acetoacetate and 800 uL of the solvent) were
performed at 20 °C in an NMR tube containing a sealed capillary tube
charged with D,0/TMSP-d,, which was used for field homogeneity
adjustment and scale reference (0.0 ppm).

General Procedure for the Model Biginelli Reactions. A
Schlenk tube containing 1 mL of the solvent (or no solvent), 2.00 mmol
of benzaldehyde, 2.00 mmol of the 1,3-dicarbonyl compound (ethyl
acetoacetate), and 3.00 mmol of urea was allowed to react at 100 °C for 4
h (or the indicated time). As indicated in the text, a catalyst may be
included in the reaction, but most of those are real catalyst-free versions
(see the main text). After the indicated time, the precipitated substrates
were purified by washing them with cold water. Crystallizations may be
required to reach the maximum yields. Important: we performed many
reactions using urea in excess because most of the manuscripts already
published described the Biginelli synthesis using an excess of this reagent.
Therefore, we used urea excess for comparative purposes. However, we have
already demonstrated that, despite urea excess favoring the iminium
formation (Scheme 2A), it also favors a second urea addition to the iminium
cation and, for those conditions in which the iminium mechanism is favored,
aldehyde excess is highly greferred.so Excess of the 1,3-dicarbonyl may also
favor the reaction g/ields,l " and the only reagent that should not be used in
excess is urea.*”*° Unfortunately, the use of urea excess is another myth
surrounding the Biginelli reaction and has been widely used without scientific
criteria.

Ethyl-6-methyl-2-ox0-4-phenyl-1,2,3,4-tetrahydropyrimi-
dine-5-carboxylate (4). 'H NMR (DMSO-d,, 300 MHz) & ppm 9.22
(s, 1H), 7.76 (s, 1H), 7.29—7.18 (m, SH), 5.14 (s,1H), 3.97 (q, 2H, ] =
6.8 Hz),2.24 (s, 3H), 1.07 (t, 3H, ] = 6.8 Hz). *C NMR (DMSO-d,, 75
MHz) & ppm 165.8, 152.6, 148.8, 145.3, 128.8, 127.7, 126.7, 99.7, 59.6,
54.4,18.2, 14.5. FT-IR (KBr, cm™) 3252, 3109, 2972, 1728, 1689, 1645,
1468, 1230, 1097, 778. Mp 212—213 °C (literature'*® 203—204).

General Procedure for the Catalyst-Free Biginelli Reaction
with the Charge-Tagged Aldehyde. A mixture of 0.12 mmol of each
reagent (charge-tagged aldehyde, ethyl acetoacetate, and urea) was
heated at 100 °C. After 15 min, the mixture melted completely and could
be injected and analyzed by MS.
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