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Abstract. Ca(OTf),/BuyNPF, catalytic system has been illustrated for the synthesis of Diels—Alder adduct
for the first time. This procedure tolerates substrate diversity and delivers high yield. Use of environmentally
benign catalyst, high yields and substrate diversity are the highlight of the existing method.
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1. Introduction

The Diels—Alder reaction is a [4+42] cycloaddition
reaction first described by Otto Diels and Kurt Alder.'
It is a pericyclic reaction involving the addition of a
conjugated diene to a substituted alkene/alkyne (the
“dienophile”). The reaction is of great synthetic utility
for forming new carbon-carbon c-bonds resulting in a
six-membered unsaturated ring adduct. It is well-
established that the reaction proceeds via an aromatic
transition state in a concerted mechanism.”

In the years following the discovery of the reaction,
its potential utility in synthesis was widely acknowl-
edged. In 1960, Yates and Eaton® reported the first
examples of Lewis-Acid catalysed Diels—Alder reac-
tions using one molar equivalents of AICl;. Further
development and optimisation followed, with other
Lewis acids such as FeCl;, BF;, and SnCl, being
used.* With acidic catalysts, rates of reaction, the
preference for endo stereoselectivity, and regioselec-
tively are increased.” This is a consequence of low-
ering the LUMO of the dienophile by the increased
electron deficiency caused by the Lewis acid, and
changes in the orbital coefficients which cause stron-
ger secondary orbital interactions and larger regio-
chemical preference. There are also downsides to
adding Lewis or protic acids — undesired side reactions
may also be accelerated.’

The landmark discovery of hydrophobic accelera-
tion of Diels—Alder reactions was reported by Breslow
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and co-workers in 1980.° The effects of polarity,’
hydrophobicity,® solute-solvent interactions,” and
internal pressure,' have been extensively studied. As
stated previously, the reactivity of a given diene with a
dienophile is based on the energy gap. In the past
decade, significant advances have been made in Diels—
Alder reactions that form heterocyclic adducts, which
proceed by the formation of C-X o-bonds
(X=0O,N,S)—a variant known as the Hetero-Diels—
Alder Reaction.''™* The conditions used for these
reactions tend to be substrate-dependent,'” and the
scope of this work is limited to the normal electron-
demand Diels—Alder reactions.

Unless a catalyst is used, the reaction tends to be
endothermic and elevated temperatures are required to
induce product formation.'® The presence of Lewis
acid catalysts enhances the rate of the reaction, as well
as regio- and stereoselectivity while allowing it to
proceed at lower temperatures.'” Currently, tradition-
ally used Lewis acids are being replaced for organic
catalysts with newer classes of Lewis acidic salts. The
AICl3/FeCls-catalysed procedure is also adopted for
Diels—Alder reaction.'®

Several catalysts have been reported that selectively
result in the formation of a particular enantiomer or in
a major product. Most notably, these are organocat-
alytic Diels—Alder reactions, which contain chiral
centres as a common feature such as BINOL-derived
catalysts, silicon organocomplexes, and N-Hetero-
cyclic carbenes.'® ' There are far-reaching uses for
this cycloaddition reaction.”**® The testaments to its
synthetic utility are the several dozens of natural
products whose total syntheses involve the reaction as
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one of the steps. A few notable ones include: Mor-
phine, Cortisol, and Gibberilic Acid.?*~'

Through herein, we aimed to improve the yield of
the Diels—Alder reaction using calcium-based Lewis
acids in catalytic amounts for various diene-dienophile
combinations. Ca(Il) based catalysts have known uses
for activation of carbonyls, alcohols, and olefins. The
Lewis acidity of Ca, when coordinated to bulky
ligands, makes it a suitable candidate for the Diels—
Alder reaction.”® Furthermore, it is more widely
available and is hence a sustainable alternative to
transition-metal catalysis.

2. Results and Discussion

The aim of this work is to explore Ca (II) based Lewis
acids as sustainable, efficient catalysts for the normal
electron-demand Diels—Alder reaction at relatively
milder conditions. Ca(OTf), have been shown to be
effective for the activation of carbonyls, alcohols, and
alkenes. Moreover, when the reaction was performed
with isoprene and anthracene, the desired product was
not formed even in prolonged time and catalyst
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(mol%). However, reactions proceed smoothly with
cyclopentadine as diene. Thus, cyclopentadine (CPD)
and 1,4-naphthoquinone was used as the model sub-
strate for the optimization of reaction conditions. Our
initial efforts in the development of this methodology
began with screening various catalysts, solvents,
loading of catalyst (mol%), temperature as well as
additive as noted in Tables 1 and 2.

First, we examine the impact of catalysts on the
Diels—Alder reaction. Initially, the model reaction was
carried out using different catalyst AICl; FeClj,
Ca(OTf),, CaCl, and BuyNPFq (entries 1-5; Table 1)
and we observed that Ca(OTf), furnished the best
yield of Diels—Alder adduct. Anhydrous CaCl, in high
loadings also did not furnish product, whereas 20%
yield was obtained in the case of FeCly (entry 1;
Table 1). BuyNPFg exhibited low yields of Diels—
Alder product. Interestingly, no product formation was
detected in the absence of catalyst Ca(OTf), (entry18;
Table 1).

Next solvent screening was performed in order to
get the best solvent system for Diels—Alder reaction.
Various solvents such as acetonitrile, chloroform,
dichloromethane (DCM), anhydrous dichloromethane,

Table 1. Optimization of solvents for the Diels—Alder reaction

catalyst (mol%)

z>+

solvent, temperature

bee

@]

Entry Catalyst (mol%) Solvent Yield (%)[b]
1 FeCl; (5%) DCM 20
2 AICI13 (5%) DCM 5
3 NBu,PF¢ (5%) DCM 10
4 CaCl, (5%) DCM nd
5 Ca(OTf), (5%) DCM 55
6 Ca(OTY), (5%) Acetonitrile 35
7 Ca(OTY), (5%) Chloroform 45
8 Ca(OTf), (5%) Dry DCM 65
9 Ca(OTf), (5%) Toluene 25
10 Ca(OTf), (5%) THF 10
11 Ca(OTY), (10%) Dry DCM 75
12 Ca(OTY), (15%) Dry DCM 75
13 Ca(OTf), 20%) Dry DCM 77
14 Ca(OTf),(10%) + NBu4PFg(10%) Dry DCM 98
15 Ca(OT1),(10%) + Proline (10%) Dry DCM 75
16 Ca(OTf)»(10%) + BuyNF (10%) Dry DCM 77
17 Ca(0Tf),(10%) + KPF¢ (10%) Dry DCM 65
18 No catalyst Dry DCM nd

l2lReagents and conditions: Cyclopentadine (2 mmol), and 1,4-naphthoquinone (4 mmol), catalyst system, solvents,

temp 0 °C to —20 °C.
Psolated yield.



J. Chem. Sci. (2020) 132:48

Page 3 0of 6 48

Table 2. Optimization of temperature and time for the Diels—Alder reaction'®!

O Ca(0Tf)2(10%) @)
+
D - (I e
Dry DCM, temp,

o) time o)
Entry Temp (°C) Time (h) Yield (%) ™™
1 rt to 40 °C 8 nd
2 rt to 20 °C 8 nd
3 rt to 0 °C 8 25
4 rt to —20 °C 8 96
5 rt to —20 °C 6 96
6 rt to —20 °C 4 96
7 rt to —20 °C 3 93

[“]Reagents and conditions: Cyclopentadine (2 mmol), and 1,4-naphthoquinone (4 mmol), Ca(OTf),/BuyNPF¢ (10 mol%),

anhydrous dichloromethane.
Pligolated yield; nd: not detected.

toluene and tetrahydrofuran (THF) were used as sol-
vents on the model reaction (entries 5-10; Table 1) in
presence of Ca(OTf),. In the presence of solvents
dichloromethane and chloroform the products were
formed in moderate amounts (entries 5, 7; Table 1).
However, when the same reaction was conducted with
anhydrous dichloromethane as a solvent, the corre-
sponding product was obtained in appreciable yield
(entry 8; Table 1). Thus anhydrous dichloromethane
was used as an ideal solvent for all the reactions.

Subsequently, we screened the effect of loading of
catalyst Ca(OTf), from 5 to 20 mol% on the Diels—
Alder reaction. The obtained results in Table 1 (entries
8, 11-13) reveal that 10 mol% of the -catalyst
accomplished best yields of Diels—Alder adduct (entry
12; Table 1). Further increase in the amount of cata-
lyst loading up to 20 mol % (entry 11; Table 1) did not
significantly affect the yields of Diels—Alder product.
As a result, the optimum mole % of catalyst was
conformed 10 mol% (entry 12; Table 1).

After securing the optimal reaction conditions,
considering the importance of additives, we carried out
the reaction with 10 mol% of catalyst Ca(OTf), and
various additives proline, BuyNF, KPF4 and BuyNPF¢
in 10 mol%. The reaction attempt between cyclopen-
tadine and 1,4-naphthoquinone using catalyst system
Ca(OTf), and L-proline, both in 10 mol% worked in a
similar fashion (entry 15, Table 1), as it works alone
with Ca(OTf),. It is likely that L-Proline did not take
part in the reaction catalytically and was present as a
spectator ion. However, the yields of Diels—Alder

reaction of cyclopentadine and 1,4-naphthoquinone
were substantially enhanced with the catalytic system
Ca(OTf), (10 mol%) and NBuyPFg (10 mol%) (entry
14; Table 1). We have since determined that the large
rate enhancements seen in the Diels—Alder reaction are
due to the presence of NBu,PF¢. Herein, the results
infer that the presence of additive NBu,PF¢ plays a
key role in the catalytic system. Diels—Alder reaction
of cyclopentadiene and 1,4-naphthoquinone using
catalyst system Ca(OTf), and NBuyPF¢ (both in 10
mol%) furnished optimum yields.

After optimizing the best catalyst system, our next
focus was to investigate the effect of temperature on
the catalytic activity in model reaction. The tempera-
ture of the reaction mixture gradually varied from
room temperature to 40 °C and room temperature to
—20 °C. It was found that a decrease in temperature
down to —20 °C improve the yield of the product
associated with room temperature (entry 4; Table 2).
Furthermore, with the solvent, mol% of catalyst
loading, and the temperature in hand, we have opti-
mized the effect of time (entries 4—7; Table 2) on the
Diels—Alder reaction. The result listed in Table 2
confirmed that the 4 h is the optimum time for the
model reaction (entry 6; Table 2), moreover, increas-
ing the time up to 8 h, found no adequate effect on the
yield of products (entries 4-5; Table 2).

The summary of reactions with the novel Ca(Il)
based catalytic system is summarised in Table 3. The
reactions were performed with 1:2 mole ratio of die-
nophile: diene and 10 mol% of Ca(OTf),/NBu,PF¢ in
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Table 3. Synthesis of Diels—Alder adducts with calcium
catalysts'®!

Entry Product Yield "

1 96%

;i
OQO
W

85%

P

0

96%

96%

w
©o o 0080

85%

3
i

90%

5t
o’

trace

)

v

o) trace

o,
o
C

trace

9 G

(al Reagents and conditions: Dienophile (2 mmol), diene (4
mmol), Ca(OTf),/BuyNPF¢ (10 mol%), anhydrous dichlor-
omethane, temp 0 °C to —20 °C, 4 h.

®) Isolated yield.

anhydrous DCM at —20 °C for 4 h, except where
mentioned otherwise. Six products were synthesised in
appreciable yields with the new catalyst combination,
namely, Diels—Alder adduct. The reactions with
methyl and ethyl acrylate as the dienophiles were
unsuccessful (entry 7, 8; Table 3). However, reaction
works well along with butyl acrylate (entry 5;
Table 3). Further, reactions with benzoquinone and
maleic anhydride also worked.

The reaction of the naphthoquinone and benzo-
quinone with cyclopentadine gave excellent yields of
the desired cycloadduct (entry 1, 3; Table 3).
Encouraged by these results, we further checked the
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scope of this methodology; it was observed that maleic
anhydride and benzyl maleimide also provide good
yields (entry 4, 6; Table 3). Further, we noticed that
anthracene gave a modest yield of DA adduct with
maleic anhydride (entry 2; Table 3). Whereas, under
similar condition, in contrast to maleic anhydride,
styrene does not provide any DA adduct with CPD
(entry 9; Table 3). The experiment revealed that die-
nophiles viz., acrolein, cinnamaldehyde, but-2-enoyl
chloride, failed to produce desired products.

The proposed mechanism for the reaction is based on
previously proposed mechanisms of Ca (II) based cata-
lysts. In essence, the Ca(Il) ions act in conjugation with
the non-coordinating PF¢ in order to activate the carbonyl
groups (Figure 1). Ca(OTf), are expected to catalyze the
reaction by activating the dienophile via reversible
coordination to Ca (I), resulting in a favorable transition
state for driving the reaction forward. The presence of
bulky anions likely enhances the electrophilicity by
leaving Ca(Il) with unsaturated coordination sites.

The common feature among all the products
obtained with Ca(Il) is that they all contain a ketone
group conjugated to the double bond, i.e., they are
labile to chelating activation by the calcium ions.
Calcium triflate, Ca(OTf),/(n-Bu),NPFs, has been
shown as an effective Lewis acid catalyst for the
normal electron-demand Diels—Alder reaction. The
use of the additive is to enhance the Lewis acidity of
Ca(Il) ions in order to induce LUMO lowering of
dienophiles. All products were obtained in excellent
yields with no competing side-reactions taking place.
The newly developed catalytic system is a sustainable
alternative to existing methodologies.
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Figure 1. Proposed mechanism for Ca(OTf),/BuyNPFg
Ca(Il) catalysed Diels—Alder reaction.
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Diels—Alder Reactions with calcium-based Lewis
acids system Ca (OTf), and Bu,NPFs: 10 mol% of the
catalyst system (Ca (OTf),/BuyNPF¢) were taken in a
flask containing DCM (2.5 mL per mmol of dienophile)
and equipped with a magnetic bead. The vessel was
purged with N, gas and was stirred for 30 min to 1 h
until most of the solids dissolved. Following this, the
dienophile (2 mmol; 1,4-naphthoquinone) was added
and the stirring was continued for 30 more minutes.
Upon thorough dissolution of the dienophile, the reac-
tion vessel was cooled to —20 °C for 15 min. To this
solution was added diene (4 mmol, 2 equivalents;
cyclopentadine) dropwise over 30 min via addition
funnel at —20 °C. The mixture was stirred for 4 h at
—20 °C and allowed to warm to 0 °C. The reaction was
quenched at 0 °C by addition of cold aqueous citric acid
solution (10 mL). The aqueous layer was extracted with
CH,Cl, (3 x 20 mL). The combined organic layers
were washed with cold 50% saturated aqueous
NaHCOs; solution (20 mL) and cold saturated aqueous
brine solution (100 mL). The organic layer concen-
trated in vacuo. This crude product was purified on
column chromatography using EtOAc/hexanes.

Spectral data: Entry 1: "H NMR (400 MHz, CDCls):
0 8.04-8.00 (m, 2H), 7.71-7.67 (m, 2H), 5.98 (t, 2H,
J = 1.6 Hz), 3.66 (d, 2H, J = 1.6 Hz), 3.46-3.45 (m,
2H), 1.74-1.52 (m, 2H); '*C NMR (100 MHz, CDCl5):
197.7, 135.5, 134.0, 126.8, 49.5, 49.2, 29.6; entry 2: 'H
NMR (400 MHz, CDCls): 6 7.34-7.31(m, 4H),
7.25-7.17 (m, 4H), 4.82 (s, 2H), 3.51 (d, 2H, J = 1.2
Hz); >C NMR (100 MHz, CDCl5): 170.4, 140.6, 138.1,
127.7,127.1,125.2, 124 4, 48.0, 45.4. entry 4: '"H NMR
(400 MHz, CDCl): 6 6.31 (t, 2H, J = 2.0 Hz),
3.58-3.57 (m, 2H), 3.35-3.50 (m, 2H), 1.79-1.77 (m,
1H), 1.58-1.49 (m, 1H); >*C NMR (100 MHz, CDCl5):
171.1, 135.5, 52.7, 47.1, 46.1; entry 5: "H NMR (400
MHz, CDCls): 6 6.09 (t, 2H, J = 1.6 Hz), 3.38 (t, 2H,
J=1.6 Hz), 3.32 (t, 2H, J = 3.2 Hz), 3.23-3.22(m, 1H),
1.74-1.72 (m, 2H), 1.54-1.52 (m, 2H), 1.44-1.37 (m,
2H), 1.31-1.21 (m, 2H), 0.91-0.87 (m, 3H), °C NMR
(100 MHz, CDCly): 6 174.7, 137.7, 67.9, 46.5, 43.3,
39.2, 34.5, 26.6, 19.1,14.6; entry 6: '"H NMR (400
MHz, CDCls): 6 7.40-7.24 (m, 5H), 5.89 (t, 2H), 4.48
(s, 2H), 3.57 (t, 2H, J = 1.6 Hz), 3.24 (t, 2H, J = 1.6
Hz), 1.70-1.67 (m, 1H), 1.55-1.49 (m, 1H).

3. Conclusions

In summary, we have demonstrated the efficacy of
complexes of calcium triflate, Ca(OTf), in combina-
tion with /(n-Bu)4NPFg, in catalyzing Diels—Alder
reactions. The reactivity of Ca(OTf),/(n-Bu)4NPF¢ has
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allowed the synthesis of products that are either dif-
ficult to obtain through conventional Ca(OTf), catal-
ysis. Herein the reactions proceeded under reasonably
mild conditions to give the Diels—Alder adduct in fair
to good yields. We believe that this methodology will
be amenable over the existing methods.
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