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Amberlyst-H+ catalyzed
condensation reactions of renewable keto acids
with paraformaldehyde: synthesis of a new dispiro
bis-lactone ring system 2,9,13-trioxadispiro[4.1.4.3]
tetradecane-3,6,10-trione†

Ananda S. Amarasekara, *a Uyen Ha, a Marina S. Fonari, bd

Shabari Nath Bejagam b and Davor Margetić c

The sulfuric acid and Amberlyst-H+ catalyzed condensation reactions of renewable feedstock levulinic acid

with paraformaldehyde under neat conditions at 80 �C gives 2,9,11,14-tetraoxadispiro[4.1.5.3]pentadecane-

3,6-dione in 91–93% yield, in which the structure was confirmed by single crystal X-ray crystallography. A

similar condensation reaction between 4-ketopimelic acid and paraformaldehyde at 80 �C gives 2,9,13-

trioxadispiro[4.1.4.3]tetradecane-3,6,10-trione. This new dispiro bis-lactone was found to composed of

a 1.6 : 1 mixture of isomers with planes of symmetry bisecting the tetrahydro-2H-pyran-4-one rings

through the carbonyl groups.
Introduction

The recent interest in feedstock chemicals and fuels based on
renewable resources has led to explorations into a variety of
biomass derived materials such as lactic acid,1 triglycerides,2

1,3-propanediol,3 furfural, 2,5-furandicarboxylic acid or its
derivatives,4–6 and lignin derived vanillin.7,8 4-Oxopentanoic
acid or levulinic acid (LA) is also another potential monomer for
the preparation of renewable generation polymeric materials
and a feedstock compound for fuel precursors. This key
renewable chemical can be produced from a number of carbo-
hydrates and most notably from abundant cellulosic biomass
via a series of reactions involving depolymerization of the
cellulosic fragment, dehydration to 5-hydroxymethylfurfural
and rehydration.9–11 In addition, LA was listed as one of the top
12 most promising value added chemicals from biomass by the
Biomass Program of the US Department of Energy in 2004 12 and
also continues to rank highly in more recent reviews of major
bio renery target products.13 Although the current global LA
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production is around 2600 tons per year, it is expected to grow
in the coming years, particularly due to the introduction of the
Bione process, which has been projected to lower the
production costs to as low as US$ 0.09–0.22 per kg.14 This
versatile C-5 keto-acid can be used in the synthesis of a range of
useful chemicals such as 2-methyl tetrahydrofuran, g-valer-
olactone, acrylic acid, 1,4-pentanediol, b-acetylacrylic acid, a-
angelica lactone, d-amino levulinic acid, etc.,14,15 and some of
these compounds have been used for the preparation of poly-
mers and fuel precursors.16–18 Additionally, our recent studies
have revealed a new route for the preparation of a renewable C-7
polymer building block by aldol condensation between LA and
glyoxylic acid as well. During this work we reported the facile
preparation of the bis-lactone, 1-methyl-2,8-dioxabicyclo[3.3.0]
oct-4-ene-3,7-dione by sulfuric acid catalyzed condensation of
LA with glyoxylic acid at 80 �C, under solvent free conditions,
and the resulting unsaturated lactone could be catalytically
reduced to a well-known polymer building block.19

The aldol condensation reactions between LA and formal-
dehyde were rst reported in 1955, then during the period of
1955–1960, Olsen and co-workers published on their attempts
to characterize various incomplete aldol condensation products
resulting from sulphuric acid catalyzed condensation of form-
aldehyde with LA.20–23 Since these early experiments were
carried out in glacial acetic acid medium with limited amount
of formaldehyde, complex mixtures of products were formed
with different degrees of condensation, together with their
acetate derivatives as well. Then in 1964 Crabb and Cookson
mentioned a LA – formaldehyde condensation product in
a spectroscopy study, where they used the 1H NMR coupling
RSC Adv., 2017, 7, 23917–23923 | 23917
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Fig. 1 Acid catalyzed condensation of levulinic acid (1) with para-
formaldehyde (2) producing 2,9,11,14-tetraoxadispiro[4.1.5.3]penta-
decane-3,6-dione (3).
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constants to identify 1,3-dioxalane and 1,3-dioxan rings,
reporting only the proton coupling constants of the 1,3-dioxan
ring protons in the condensation product.24 Therefore, as far as
we are aware there are no reports on proper identication and
complete characterization of the LA – formaldehyde condensa-
tion product in the literature. Consequently, we have under-
taken to reinvestigate this reaction with a vast potential in
upgrading the important renewable feedstock LA. In this
publication we report our studies on condensation of LA with
paraformaldehyde (PF) using a series of diverse Brönsted acid
catalysts including solid acid catalysts as shown in Fig. 1, and
structural studies on the condensation product. The heteroge-
neous Amberlyst-H+ catalyst was found to be equally effective as
sulfuric acid in this reaction. We have studied the recyclability
of this catalyst as well, since the solid acid catalysts are more
attractive in scaled up processes due to facile separation and
possible reusability.25 In addition, we have studied the exten-
sion of this simple carbon number upgrading technique scal-
able to industrial production to another related renewable
feedstock 4-ketopimelic acid (4-KPA) also, as shown in Fig. 2.

Experimental
Materials and instrumentation

Levulinic acid (>99%), furfural (>99%), paraformaldehyde
(>99%), acetic anhydride, sulfuric acid (>99%) and Amberlyst-15
hydrogen form (catalog number 216380) were purchased from
Aldrich Chemical Co. The Amberlyst-15 hydrogen form was
used as it is without modication or purication. 1H NMR
spectra were recorded in CDCl3 on a Varian Mercury plus
spectrometer operating at 400 MHz and chemical shis are
given in ppm downeld from TMS (d ¼ 0.00). 13C NMR spectra
in CDCl3 were recorded on the same spectrometer operating at
100 MHz; chemical shis were measured relative to CDCl3 and
converted to d(TMS) using d(CDCl3) ¼ 77.00, FT-IR spectra were
recorded on a Thermo Nicolet IR 200 spectrometer using KBr
pellets. High resolution mass spectra were recorded using
a MDS Sciex API QStar Pulsar – hybrid quadrupole/time-of-ight
instrument with electro spray ionization.
Fig. 2 Acid catalyzed condensation of 4-ketopimelic acid (4) with parafo
3,6,10-trione (5).

23918 | RSC Adv., 2017, 7, 23917–23923
General procedure for the synthesis of 2,9,11,14-
tetraoxadispiro[4.1.5.3]pentadecane-3,6-dione (3)

A mixture of levulinic acid (116 mg, 1.0 mmol), para-
formaldehyde (210 mg, 7.0 mmol) and Brönsted acid catalyst
(10–20 mol%) was prepared in a small round bottom ask and
the closed ask was heated in an oil bath at 80 �C for 6–48 h.
The resulting mixture was rst treated with 10 mL of ice cold
water, ltered and the residue was recrystallized with aqueous
ethanol to give 2,9,11,14-tetraoxadispiro[4.1.5.3]pentadecane-
3,6-dione (3) as white crystals. The percent yields of 3 formed
in a series of experiments are shown in Table 1. Mp 159–161 �C,
Lit. mp 162–163 �C.20

HRMS: calcd for C11H14O6 [M + Na]+, 265.06881; found,
265.06605.

FT-IR: 732, 926, 986, 1039, 1135, 1169, 1197, 1369, 1699,
1794, 2857 cm�1.

1H NMR (CDCl3) d 2.32 (1H, d, J ¼ 18.0 Hz), 3.00 (1H, d, J ¼
18.0 Hz), 3.75 (1H, d, J¼ 11.6 Hz), 3.80 (1H, d, J¼ 11.6 Hz), 3.92
(1H, d, d, J ¼ 2.2, 12.0 Hz), 3.98 (1H, d, J ¼ 11.6 Hz), 4.00 (1H, d,
d, J¼ 2.2, 11.6 Hz), 4.02 (1H, d, J¼ 11.6 Hz), 4.03 (1H, d, J¼ 11.6
Hz), 4.21 (1H, d, J¼ 9.6 Hz), 4.29 (1H, d, J¼ 9.6 Hz), 4.35 (1H, d,
J ¼ 12.0 Hz), 4.60 (1H, d, J ¼ 6.4 Hz), 4.97 (1H, d, J ¼ 6.4 Hz).

13C NMR (CDCl3) d 33.7 (C-4), 49.9 (C-5), 53.3 (C-7), 68.2 (C-8/
12), 68.7 (C-8/12), 70.9 (C-13/15), 72.1 (C-13/15), 74.4 (C-1), 94.0
(C-10), 173.4 (C-3), 204.5 (C-6).
Recyclability study of the solid acid catalyst Amberlyst-15 H+

in the synthesis of 3

A mixture of levulinic acid (116 mg, 1.0 mmol), para-
formaldehyde (210 mg, 7.0 mmol) and Amberlyst-15 H+ (20
mol%) was prepared in a small round bottom ask and the
closed ask was heated in an oil bath at 80 �C for 24 h. The
resulting mixture was treated with 10 mL of ethanol, centri-
fuged at 1700g for 6 min to recover the solid catalyst. The
catalyst was further washed with a second 10 mL portion of
ethanol, then combined ethanol layer was evaporated and the
residue was recrystallized from aqueous ethanol to give 3 as
white crystals. The recovered Amberlyst-15 H+ catalyst was dried
at 50 �C, for 15 h, and was reused for the synthesis of 3 using the
same procedure. The % yields of reusing the same catalyst
sample in ve catalytic cycles are shown in Fig. 3.
Synthesis of 2,9,13-trioxadispiro[4.1.4.3]tetradecane-3,6,10-
trione (5)

A mixture of 4-ketopimelic acid (174 mg, 1.0 mmol), para-
formaldehyde (150 mg, 5.0 mmol) and conc. H2SO4 (20 mol%)
rmaldehyde (2) producing of 2,9,13-trioxadispiro[4.1.4.3]tetradecane-

This journal is © The Royal Society of Chemistry 2017
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Table 1 Reactant mole ratios, catalysts, reaction conditions and isolated % yields in the acid catalyzed condensation of levulinic acid (LA, 1) with
paraformaldehyde (PF, 2) producing 2,9,11,14-tetraoxadispiro[4.1.5.3]pentadecane-3,6-dione (3)

Entry LA : PF (mole : mole) Catalyst (mole%)
Reaction conditions
(temperature, time)

3 yield
(%)

1 1 : 6 H2SO4 (10) 70 �C, 6 h 32
2 1 : 7 H2SO4 (10) 80 �C, 12 h 55
3 1 : 7 H2SO4 (10) 80 �C, 24 h 62
4 1 : 7 H2SO4 (20) 80 �C, 24 h 93
5 1 : 10 H2SO4 (20) 80 �C, 48 h 86
6 1 : 7 H3PO4 (20) 80 �C, 24 h 40
7 1 : 7 p-TsOH (20) 80 �C, 24 h 88
8 1 : 7 [(HSO3)

3C3C1im][Cl] (20) 80 �C, 24 h 76
9 1 : 7 Amberlyst-15 H+ form (20) 80 �C, 24 h 91
10 1 : 6 Amberlyst-15 H+ form (20) 80 �C, 24 h 80
11 1 : 6 Amberlyst-15 H+ form (10) 80 �C, 24 h 53
12 1 : 7 Amberlyst-15 H+ form (20) 80 �C, 12 h 55
13 1 : 7 SiO2–SO3H, (20) 80 �C, 24 h 42
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was prepared in a small round bottom ask and the closed ask
was heated in an oil bath at 80 �C for 24 h. The resulting mixture
was rst treated with 10 mL of ice cold water, ltered, and the
residue was recrystallized with aqueous ethanol to give 22,9,13-
trioxadispiro[4.1.4.3]tetradecane-3,6,10-trione (5) as white crys-
tals. 211 mg, 88% yield, mp 186–188 �C.

HRMS: calcd for C11H12O6 [M + Na]+, 263.05316; found,
263.05039.

FT-IR: 731, 926, 960, 1023, 1149, 1196, 1232, 1377, 1422,
1710, 1792, 2855 cm�1.

A mixture of conformational isomers in 1.6 : 1 ratio, 1H NMR
(CDCl3) d 2.32 (2H, d, J¼ 18.0 Hz), 2.52 (2H, d, J¼ 17.6 Hz), 2.97
(2H, d, J ¼ 17.6 Hz), 3.23 (2H, d, J ¼ 18.0 Hz), 3.78 (2H, d, J ¼
11.6 Hz), 3.88 (2H, d, J¼ 12.0 Hz), 3.97 (2H, d, J¼ 12.0 Hz), 4.10
(2H, d, J ¼ 11.6 Hz), 4.22 (2H, d, J ¼ 9.2 Hz), 4.27 (2H, d, J ¼ 9.6
Hz), 4.41 (2H, d, J ¼ 9.2 Hz), 4.50 (2H, d, J ¼ 9.6 Hz). 13C NMR
(CDCl3) d 33.2 (C-4,11), 33.9 (C-4,11), 53.6 (C-5,7), 53.9 (C-5,7),
70.2 (C-1,8), 70.4 (C-1,8), 74.3 (C-12,14), 74.5 (C-12,14), 172.6
(C-3,10), 201.7 (C-6).
Fig. 3 Recyclability of the solid acid catalyst Amberlyst-15 H+ in the
synthesis of 3. A mixture of levulinic acid (1.0mmol), paraformaldehyde
(7.0 mmol) and 20 mol% Amberlyst-15 H+ were used in all experi-
ments, 80 �C, and 24 h.

This journal is © The Royal Society of Chemistry 2017
Crystal structure determination of 2,9,11,14-tetraoxadispiro
[4.1.5.3]pentadecane-3,6-dione (3)

The single crystals suitable for X-ray crystallography were grown by
dissolving the sample inmethanol (30 mgmL�1) and allowing the
undisturbed solution to evaporate slowly at room temperature for
one week. Single crystal X-ray diffraction experiment for 3 was
performed on a Bruker AXS SMART APEX CCD diffractometer
equipped with a cryostat system [graphite monochromatic Mo Ka
radiation, l ¼ 0.71073 Å] at 215 K. Data integration and nal unit
cell parameters were obtained using SAINT+.26 Absorption
corrections were applied by a semi-empirical approach using
SADABS,27 and the crystal structure was solved by direct methods
and rened using SHELXS and SHELXL program packages.28 All
H-atom positions were located using difference Fourier methods
and rened freely. In 3 the oxycarbonyl fragment O(1)–C(2)–O(3)
(ESI, Fig. 3†) of hydrofuran ring is disordered over two positions
and was rened with partial occupancies of 0.88(4) and 0.12(4).
Theminor position was rened in isotropic approximation. The C-
bound hydrogen atoms were found from difference Fourier map
and rened freely. Compound 3 with formula C11H14O6, Mr ¼
242.22; crystallizes in the monoclinic crystal system, sp. gr. P21/n.
Unit cell dimensions: a ¼ 10.326(3) Å, b ¼ 5.8596(15) Å, c ¼
17.227(4) Å, b ¼ 97.085(4)�; V ¼ 1034.4(5) Å3, Z ¼ 4; D(calcd) ¼
1.555 Mg m�3, m ¼ 0.128 mm�1, F(000) ¼ 512.

Total of 15 211 reection intensities were measured,
including 3061 [R(int) ¼ 0.0586] independent reections and
2129 reections with I > 2s(I). Goodness-of-t on F2 1.045. Final
divergence factors for reections with I > 2s(I): R1 ¼ 0.0510, wR2

¼ 0.1095. R indices (all data): R1 ¼ 0.0825, wR2 ¼ 0.1229.
Crystallographic data for 3 have been deposited with the

Cambridge Crystallographic Data Center with deposition
number CCDC 1521968.

Results and discussion
Synthesis and characterization of 2,9,11,14-tetraoxadispiro
[4.1.5.3]pentadecane-3,6-dione (3)

In our experiments we have studied the condensation between
LA and paraformaldehyde under neat conditions, omitting the
RSC Adv., 2017, 7, 23917–23923 | 23919
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use of glacial acetic acid as a solvent to avoid the formation of
acetate products as seen in previous studies.20–23 In addition, we
have used at least six equivalents of formaldehyde as 5 equiva-
lents are required for complete hydroxymethylation and
another equivalent for 1,3-dioxane ring closure. However the
early attempts with exactly six equivalents gave much lower
yields and experiments using seven equivalents of para form-
aldehyde produced the highest yields. Theoretically only six
equivalents of formaldehyde are sufficient to give 3, although
the optimized conditions revealed the usage of seven equiva-
lents. Therefore, we have checked the crude reaction product of
the seven equivalent experiment by 1H NMR for any by prod-
ucts, and no side products were detected. However, some
unreacted paraformaldehyde was observed on the relatively low
temperature upper section of the reaction ask due to subli-
mation. Therefore, the extra equivalent was necessary to
compensate for the sublimation during the reaction, since
reactions were carried out without a solvent.

The yields of product 3 from a series of experiments testing
various Brönsted acid catalysts under different conditions, levu-
linic acid–formaldehyde mole ratios are shown in Table 1. In the
initial experiment LA : PF 1 : 6 ratio was tested as it is the stoi-
chiometric ratio to produce the tricyclic condensation product.
However, with 10 mol% sulfuric acid catalyst was used at 70 �C,
for 6 h, producing only a 32% yield as shown in entry 1 of Table 1.
The increase in molar ratio to LA : PF 1 : 7 and increasing the
reaction time up to 24 h and catalyst loading to 20 mol%
improved the yield of 3 to 93% as shown in entries 2–4 in the
Table 1. Further increases in the amount of PF to LA : PF 1 : 10
and reaction time to 48 h caused a slight decrease in the yield.
Therefore, optimum reaction conditions were found to be heat-
ing a mixture of LA and PF in 1 : 7 mole ratio for 24 h at 80 �C,
with 20 mol% conc. H2SO4 as the catalyst, as shown in Table 1.

We have tested additional strong acid catalysts as well;
phosphoric, p-toluenesulfonic acids and the acidic ionic liquid: 1-
(3-propylsulfonic)-3-methylimidazolium chloride [(HSO3)

3C3C1-
im][Cl];29,30 nevertheless these acids produced only lower yields of
3 (entries 6–8). The solid acid catalysts are easier to recover for
reuse and can be considered as environmentally benign catalysts,
therefore two solid acid catalysts Amberlyst-15 (4.7 mmol H+ per
g) and sulfonated silica: SiO2–SO3H (0.726 mmol H+ per g)31 were
also tested under similar conditions. Amberlyst-15 gave a 91%
yield, comparable to conc. H2SO4, whereas SiO2–SO3H gave a low
42% yield (entries 9 and 13).

The controlled experiments using LA: PF ratio 1 : 6 with
Amberlyst-15 H+ catalyst loadings at 20 and 10% gave lower
yields, 80 and 53% (entries 10 and 11). Furthermore, a shorter
reaction time of 12 h, with LA : PF ratio 1 : 7 also produced
a lower yield of 55% as shown in entry 12.

We have studied the recyclability of the Amberlyst-15 H+

catalyst by reusing the recovered catalyst for four more cycles.
The% yields of 3, in ve catalytic cycles are shown in Fig. 3. This
experiment shows that Amberlyst-15 H+ solid acid catalyst can
be reused up to ve cycles without appreciable loss in catalytic
activity. The LA, PF condensation product was identied as
2,9,11,14-tetraoxadispiro[4.1.5.3]pentadecane-3,6-dione (3) by
spectroscopic methods and X-ray crystallography. High
23920 | RSC Adv., 2017, 7, 23917–23923
resolution mass spectrum of the product indicated the molec-
ular formula of 3 as C11H14O6. The FT-IR spectrum of 3 shows
strong absorptions at 1699 and 1794 cm�1 for ketone and g-
lactone carbonyl groups. The 1H NMR of 3 showed 14 separate
peaks for the 14 protons in the compound (ESI, Fig. 1†). The
high eld pair of doublets at 2.32 (1H, d, J ¼ 18.0 Hz), and 3.00
(1H, d, J ¼ 18.0 Hz) ppm can be assigned to two C-4 methylene
protons. The 1H–1H COSY spectrum of 3 showed a cross-peak
for 2.32, 3.00 ppm doublets further conrming their coupling.
The two doublets at 4.60 and 4.97 ppm with a coupling constant
of 6.4 Hz was assigned to C-10methylene dioxy group protons in
the 1,3-dioxolane ring. The 13C NMR spectrum of 3 showed 11
peaks for the 11 carbons in the compound. The low eld carbon
absorptions at 173.4 and 204.5 ppm can be assigned to g-
lactone and ketone carbonyl groups of the tricyclic product.

Compound 3 crystallized in a centrosymmetric space group
belonging to monoclinic crystal system. All bond lengths and
bond angles in molecule 3 are consistent with the correspond-
ing reference values (ESI, Tables 1 and 2†).32 Single crystal X-ray
structure of 3 shows chair conformations of tetrahydro-2H-
pyran-4-one and 1,3-dioxane ring as shown in Fig. 4. Hydro-
furan ring adopts an envelope conformation with C(5) atom
deviating at 0.418 Å from the C(2)–O(3)–C(4)–C(6) mean plane.
Molecules 3 in crystal are linked to each other through van der
Waals interactions (ESI, Fig. 4†).
Synthesis and characterization of 2,9,13-trioxadispiro[4.1.4.3]
tetradecane-3,6,10-trione (5)

The aldol condensation reaction of 4-ketopimelic acid (4-KPA)
and PF was studied as an extension of the acid catalyzed LA–PF
reaction and as an effort to upgrade this renewable feedstock as
well. The 4-ketopimelic acid or 4-oxoheptanedioic acid is another
important biomass derived compound, related to levulinic acid.
This keto-diacid was prepared by Perkin reaction of furfural with
acetic anhydride and hydrolysis of the resulting b-furanylacrylic
acid as shown in Fig. 5, following our previously reportedmethod
in 57% overall yield.33 Although 4-KPA is known for more than 70
years, this symmetrical diacid has been used in the synthesis only
in a few occasions.34 Missio et al. have used 4-KPA as the key
starting compound for the enantioselective synthesis of (�)-g-
jasmolactone,35 and in a few occasions the diacid has been used
directly as a monomer in polymer synthesis.36–41

Based on the experience from LA–PF study, we have used ve
equivalents of PF in the 4-KPA–PF experiments, leaving one
extra equivalent than the required four equivalents for complete
hydroxymethylation of both a-carbons at the keto group. The
optimum reaction conditions were found to be heating
a mixture of 4-KPA and PF in 1 : 5 mole ratio for 24 h at 80 �C,
with 20 mol% conc. H2SO4 as the catalyst. The product was
isolated aer washing the acid with water and was identied as
a compound with a new spiro bis-lactone ring system; 2,9,13-
trioxadispiro[4.1.4.3]tetradecane-3,6,10-trione by spectroscopic
methods. The attempts to produce crystals suitable for single
crystal X-ray crystallography were not successful with this
condensation product. High resolution mass spectrum of the
product indicated the molecular formula of 5 as C11H12O6. The
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Single crystal X-ray structure of 2,9,11,14-tetraoxadispiro[4.1.5.3]pentadecane-3,6-dione (3). Bond distances and angles are in the ESI.†

Fig. 5 Synthesis of 4-ketopimelic acid (4) from furfural via b-furanylacrylic acid.

Table 2 Relative energies of B3LYP/6-31G* optimized structures of 3.
The optimized structures are available in the ESI, Fig. 5

Structure
Lactone
carbonyl

Lactone
ring

1,3-Dioxane
ring

Erel
a/

kcal mol�1

3a Up Out Chair 0
3b Down Out Chair 0.4
3c Up In Chair 1.6
3d TS Down Out Chair 1.3
3e Down In Boat 9.3
3f Down Out Boat 5.1

a Etot + ZPVE.
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FT-IR spectrum of 5 shows strong absorptions at 1710 and 1792
cm�1 for ketone and g-lactone carbonyl groups. The 1H NMR of
5 showed 12 doublet peaks in two sets indicating the adduct 5 is
composed of two conformational isomers in 1.6 : 1 ratio. In
addition, the simpler 1H NMR spectra points out that both these
isomers have symmetry planes that bisects the molecule
through the keto carbonyl group and O-13 axis.

The high eld pair of doublets at 2.32 (2H, d, J¼ 18.0 Hz) and
3.23 (2H, d, J ¼ 18.0 Hz) ppm can be assigned to two C-4,11
methylene protons of the minor isomer. Whereas the doublets
at 2.52 (2H, d, J ¼ 17.6 Hz) and 2.97 (2H, d, J ¼ 17.6 Hz) ppm can
be assigned to two C-4,11methylene protons of themajor isomer.
The pairs peaks at 33.2, 33.9 ppm in the carbon spectrum were
assigned to C-4/11 of the two isomers; similarly, 53.7, 53.9 ppm
for the C-5/7; 70.2, 70.4 ppm for C-1/8 and 74.3, 74.5 ppm were
assigned to C-12/14 of the two isomers. Interestingly, only single
peaks were observed for g-lactone and keto carbonyl carbons of
the two isomers at 172.6 and 201.7 ppm (complete NMR spectra
are available in the ESI, Fig. 1†). The 1H–1H COSY NMR spectrum
of 5 also conrmed these assignments. We have tested common
solvents and solvent mixtures for separation of the two isomers
using thin layer chromatography and crystallization; however, all
attempts to separate the isomers by chromatography as well as
fractional crystallization were not successful.
Computational studies on the structures of 3

The DFT calculations (B3LYP/6-31G* method) were performed
to identify energetically most stable conformation of 3. All
attempts to model boat conformation of tetrahydro-2H-pyran-4-
one ring of 3 ultimately led to the chair conformation. The most
stable calculated chair conformation of 3 has the structure 3a,
which differs from the one obtained by X-ray crystallography
This journal is © The Royal Society of Chemistry 2017
analysis. The B3LYP/6-31G* optimized 3a structure has the
lactone carbonyl group oriented up with respect to tetrahydro-
2H-pyran-4-one ring keto carbonyl group, i.e. 3a up,out (ESI,
Fig. 5†). On the other hand, X-ray structure; 3b down,out is
higher in energy by only 0.4 kcal mol�1 (Table 2). The in-
conformation of lactone ring in 3c up,in has the higher rela-
tive energy than the out orientation, but the energy barrier for
in/out ipping of lactone ring in transition state 3d down,out TS
is very low (1.3 kcal mol�1) indicating a facile conformational
change around C1 and C4 methylene groups. The boat confor-
mation of 1,3-dioxane ring is energetically less favourable than
chair conformation, giving the boat conformers 3e and 3f with
the highest relative energies.

Proposed mechanism for the formation of the condensation
product 2,9,13-trioxadispiro[4.1.4.3]tetradecane-3,6,10-trione
(5)

We have proposed a mechanism for the formation of the new
tricyclic bis-lactone 2,9,13-trioxadispiro[4.1.4.3]tetradecane-
RSC Adv., 2017, 7, 23917–23923 | 23921
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Fig. 6 Proposed mechanism for the formation of 2,9,13-trioxadispiro[4.1.4.3]tetradecane-3,6,10-trione (5) by the H2SO4 catalyzed conden-
sation of 4-ketopimelic acid (4) with paraformaldehyde (2).
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3,6,10-trione (5) by the acid catalyzed condensation of 4-keto-
pimelic acid (4) with paraformaldehyde (2) as shown in Fig. 6.
The stepwise acid catalyzed aldol condensation of 4-KPA with
four molecules of formaldehyde can lead to four hydrox-
ymethylations at C-3 and C-5 of 4-KPA. Then this a,a,a0,a0-
tetrahydroxymethyl-4-KPA intermediate undergoes two lactoni-
zations and a ring closure to a tetrahydro-2H-pyran-4-one under
acidic conditions producing the tricyclic product 5.

Conclusion

The acid catalyzed condensation reaction of renewable feedstock
levulinic acid with paraformaldehyde can be used to upgrade the
carbon number of levulinic acid from C-5 to C-11 in excellent
yield by simple catalytic process without a solvent. The conden-
sation product was identied as 2,9,11,14-tetraoxadispiro[4.1.5.3]
pentadecane-3,6-dione. A similar condensation between another
renewable feedstock 4-ketopimelic acid with paraformaldehyde
gives a new dispiro bis-lactone ring system 2,9,13-trioxadispiro
[4.1.4.3]tetradecane-3,6,10-trione, which was formed as a two
symmetrical isomeric compounds in 1.6 : 1 ratio. Acid catalyzed
aldol condensation without a solvent is an all renewable carbon
based path to produce these useful lactones and currently we are
studying the possible polymerizations of these compounds to
produce renewable carbon based polyesters and polyamides.42

Acknowledgements

We thank National Science Foundation grants CBET-1336469,
HRD-1036593, DMR-0934212, DMR-1523611 (PREM) and US
Department of Agriculture grant CBG-2010-38821-21569 for
nancial support.

References

1 T. Maharana, S. Pattanaik, A. Routaray, N. Nath and
A. K. Sutar, React. Funct. Polym., 2015, 93, 47–67.
23922 | RSC Adv., 2017, 7, 23917–23923
2 K. F. Adekunle, Open J. Polym. Chem., 2015, 5, 34–40.
3 C. Lee, M. Aroua, W. Daud, P. Cognet, Y. Pérès-Lucchese,
P. Fabre, O. Reynes and L. Latapie, Renewable Sustainable
Energy Rev., 2015, 42, 963–972.

4 A. S. Amarasekara, in Renewable Polymers, Synthesis,
Processing and Technology, ed. Vikas Mittal, Wiley-Scrivener,
Salem, MA, 1 edn, 2011.

5 A. Gandini, Polym. Chem., 2010, 1, 245–251.
6 A. Gandini, A. J. D. Silvestre, C. P. Neto, A. F. Sousa and
M. Gomes, J. Polym. Sci., Part A: Polym. Chem., 2009, 47,
295–298.

7 A. S. Amarasekara, B. Wiredu and A. Razzaq, Green Chem.,
2012, 14, 2395–2397.

8 A. S. Amarasekara and A. Razzaq, ISRN Polym. Sci., 2012,
2012, 532171.

9 A. Mukherjee, M. J. Dumont and V. Raghavan, Biomass
Bioenergy, 2015, 72, 143–183.

10 F. D. Pileidis and M. M. Titirici, ChemSusChem, 2016, 9(6),
562–582.

11 A. S. Amarasekara and M. A. Animashaun, Catal. Lett., 2016,
146(9), 1819–1824.

12 T. Werpy, G. Petersen, A. Aden, J. Bozell, J. Holladay,
J. White, A. Manheim, D. Eliot, L. Lasure and S. Jones, Top
value added chemicals from biomass, Results of screening for
potential candidates from sugars and synthesis gas, DTIC
Document, vol. 1, 2004.

13 J. J. Bozell and G. R. Petersen, Green Chem., 2010, 12, 539–
554.

14 J. J. Bozell, L. Moens, D. C. Elliott, Y. Wang,
G. G. Neuenscwander, S. W. Fitzpatrick, R. J. Bilski and
J. L. Jarnefeld, Resour., Conserv. Recycl., 2000, 28, 227–239.

15 D. W. Rackemann and W. O. Doherty, Biofuels, Bioprod.
Bioren., 2011, 5, 198–214.

16 A. S. Amarasekara and S. A. Hawkins, Eur. Polym. J., 2011, 47,
2451–2457.

17 Y. Zhang, L. Wu, F. Li and B. Li, J. Chem. Ind. Eng., 2006, 57,
992–996.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra02303k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

1/
6/

20
25

 4
:1

7:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
18 Y. Zhang, Z. Guo, J. Cheng and Z. Fang, Acta Polym. Sin.,
2009, 180–186.

19 A. S. Amarasekara and U. Ha, Tetrahedron Lett., 2016, 57,
2598–2600.

20 S. Olsen, Acta Chem. Scand., 1955, 9, 101–110.
21 S. Olsen, E. Aalrust and H. Blom, Chem. Ber., 1957, 90, 1389–

1398.
22 S. Olsen, A. Henriksen and R. Brauer, Justus Liebigs Ann.

Chem., 1959, 628, 1–36.
23 S. Olsen, H. Balk and K. Finholdt, Justus Liebigs Ann. Chem.,

1960, 635, 52–66.
24 T. A. Crabb and R. C. Cookson, Tetrahedron Lett., 1964, 679–

686.
25 M. A. Harmer, in Industrial processes using solid acid catalysts,

Blackwell Science Ltd., 2002, pp. 86–119.
26 SAINT+, Version 6.45, Bruker AXS Inc., Madison, Wisconsin,

USA, 2003.
27 G. M. Sheldrick and G. M. Sheldrick, SADABS, Program for

Empirical Absorption Correction of Area Detector Data,
University of Gottingen, Gottingen, Germany, 1997.

28 G. M. Sheldrick, Acta Crystallogr., Sect. C: Struct. Chem., 2015,
71, 3–8.

29 A. S. Amarasekara, Chem. Rev., 2016, 116, 6133–6183.
30 A. S. Amarasekara and M. A. Hasan, Tetrahedron Lett., 2014,

55, 3319–3321.
This journal is © The Royal Society of Chemistry 2017
31 B. Wiredu and A. S. Amarasekara, Catal. Commun., 2014, 48,
41–44.

32 N. Kirillov, E. Nikiforova, A. Vasyanin and M. Dmitriev, Russ.
J. Org. Chem., 2015, 51, 513–517.

33 A. S. Amarasekara, M. A. Hasan and E. Larkin, J. Renewable
Mater., 2016, 5(1), 62–66.

34 J. Attenburrow, J. Elks, D. F. Elliott, B. A. Hems, J. O. Harris
and C. I. Brodrick, J. Chem. Soc., 1945, 571–577.

35 L. J. Missio and J. V. Comasseto, Tetrahedron: Asymmetry,
2000, 11, 4609–4615.

36 D. G. Barrett, W. Luo and M. N. Yousaf, J. Mater. Chem. B,
2015, 3, 1405–1414.

37 D. V. Lopatik and I. F. Osipenko, Vestsi Akad. Navuk BSSR,
Ser. Khim. Navuk, 1971, 93–96.

38 F. Falk, J. Chromatogr., 1965, 17, 450–465.
39 J. A. Powell, Synthesis and Analysis of Keto-Polyesters. Am.

Chem. Soc., Conference proceedings, CAPLUS
AN2007:1197196, 2007, p. GEN-819.
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