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Abstract Reactions of epoxidized alkyl soyate with four
different alcohols: ethanol, isopropyl alcohol, 2-ethyl-
hexanol, benzyl alcohol, in the presence of Brgnsted acid
catalyst, were investigated. Products, not reported in prior
studies of similar reactions, were found. These were furan
fatty acid alkyl esters (FFE, mixture of alkyl 8-(5-hexyl-
2-furyl) octanoate and alkyl 9-(5-pentyl-2-furyl)nonanoate)
which were unambiguously identified by means of GC-MS
and two-dimensional NMR. Evidence suggests that the
FFE are formed by an acid-catalyzed rearrangement of the
epoxidized linoleates. The FFE were formed in presence of
all four alcohols tested and in the presence of either sulfu-
ric acid or Amberlyst 15 catalyst. Yields of up to 13 %, as
quantified by GC and NMR spectroscopies, were observed.
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Introduction

The ring-opening reaction of epoxidized vegetable oil
or fatty acid alkyl esters is widely used for synthesis of
biobased lubricants [1-9] and polyol precursors, which
are used in the synthesis of biobased polyurethane poly-
mers [10-13].The epoxidized alkyl oleate can be efficiently
ring-opened with alcohols under acidic conditions, accord-
ing to Scheme 1 [1, 14-16]. Since vegetable oil is a com-
plicated mixture of triglycerides, often having different
functional groups on each fatty chain, epoxidized methyl
oleate is quite often used as a model system. This allows
the researcher to evaluate the reactivity of the epoxy ring
without further complications caused by the other groups
in the epoxidized vegetable oil. Due to the complexity of
the epoxidized vegetable oil system, it is hard to prove or
disprove that the reaction of the more complicated chains
occurs in the same way. In other words, the main products
are often assumed, without evidence, to be the ones that
would be obtained if each epoxy group in a fatty acid chain
reacted independently in the same manner that the epoxy
group in epoxidized methyl oleate reacts. The result is that
the reaction schemes in many articles [2, 4, 8, 9, 12, 13]
describing the synthesis of biobased lubricants and poly-
ols are similar to Scheme 2.

However, there are some publications where ring-open-
ing has been more carefully studied. Researchers studying
epoxidized linoleic acid or esters, and similar systems hav-
ing two epoxy groups separated by a—CH,—group, always
reported that the products formed contain a cyclic group
[17-23].These products are a result of the attack of the
hydroxyl group, formed from the ring-opening of the first
epoxide ring, on the second epoxide ring (Scheme 3). Thus,
the close proximity of the two epoxide rings enables them
to react with each other.
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Scheme 2 Purported ring-opening reaction of epoxidized vegetable oil with alcohol. Ref. [2, 4, 8, 9, 12, 13]. ROH is water or a primary alcohol
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Scheme 3 Ring-opening, accompanied by intra- molecular ring
opening in bis-epoxy systems [17-22]. The nucleophile (ROH)
is water or acetic acid. Most of the authors report the formation of

This contrast illustrates the need for a more detailed
study of systems of intermediate complexity between
methyl oleate and vegetable oil in order to better under-
stand the products formed when biobased lubricants are
synthesized from vegetable oils. The new model must
contain the important feature of epoxides in close prox-
imity, yet not have the intramolecular complications of
a triacylglycerol system. Soybean oil alkyl ester gives
such an opportunity. In the current work, we report a
finding on the ring-opening reaction of epoxidized soy-
bean alkyl esters with alcohol in the presence of Brgn-
sted acid (H,SO, or Amberlyst 15) catalysts. We report
the observation that the epoxidized linoleic acid alkyl
esters in these experimental conditions yield furan
fatty acid esters (mixture of alkyl 8-(5-hexyl-2-furyl)
octanoate and alkyl 9-(5-pentyl-2-furyl)nonanoate).
Such products have erroneously been ignored in at least
one earlier synthesis of lubricants from epoxidized veg-
etable oils [8].
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five-member rings; Morten et al. [23]. report conditions at which six-
membered cycles are predominantly formed. In their work, ROH is
an internal alcohol group

Experimental Procedures
Materials

Amberlyst 15 catalyst ion exchange resin and 2-ethylhex-
anol were from Sigma-Aldrich. Amberlyst 15 catalyst is a
strongly acidic, macroreticular polystyrene resin with sul-
fonic acid functionality. It has been used by other research-
ers [6, 8, 16, 24] for epoxide-ring opening studies. It has
catalytic activity similar to sulfuric acid, but is easier to
separate from the reaction products.

Epoxidized methyl soyate (EMS) and epoxidized 2-ethyl-
hexyl soyate (E2ES) were supplied from Arkema (Philadel-
phia, PA, USA). They are sold under the trade names Viko-
flex 7010 and Vikoflex 4050, respectively. GC—MS analysis
showed that the E2ES contained significant amounts of EMS.

Ethyl acetate (HPLC grade) was from EMD Chemicals
Inc. (Gibbstown, NJ, USA). Hexanes (HPLC grade), iso-
propyl alcohol (IPA, certified ACS plus) were from Fisher
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Scientific (Fairlawn, NJ, USA). Benzyl alcohol (99 %) was
from Acros Organics (Geel, Belgium). Sulfuric acid (95—
98 %, A.C.S. Reagent) was from Sigma-Aldrich (St. Louis,
MO, USA). PVDF 0.2 pm pore size syringe filter (13 mm
disposable) and #52 filter paper were from Whatman (Clin-
ton, NJ, USA).

Methods
Syntheses

First, 500 ml (456 g, estimated 1.65 mol epoxide groups)
E2ES and 500 ml (421 g, 3.24 mol) 2-ethylhexanol were
placed in a 2-L reactor with a mechanical stirrer and pro-
portional/integral/derivative temperature control. The reac-
tion mixture was heated to the preset temperature (60 or
120 °C) and, when it was reached, 10 g Amberlyst 15 cata-
lyst was added. Samples (~0.1 ml) were periodically taken
for analysis with NMR and GC-MS. Before tests, they
were filtered through a 0.2 m pore size syringe filter.

The reaction at 60 °C was stopped after 400 h. For the
reaction, carried out at 120 °C, the ring-opening reaction was
deemed essentially complete and the reaction was stopped
after 24 h. The reaction mixture was filtered through What-
man#52 filter paper, and the reactor and the catalyst were
rinsed with hexane. The rinse was collected with the product.
The hexane and the unreacted 2-ethylhexanol were removed
by Kugelrohr distillation (110 Pa, up to 110 °C).

Small-Scale Reactions

Briefly, 0.3 mL EMS, 6 ml alcohol (ethanol, isopropanol
or benzyl alcohol) and 0.20 g Amberlyst 15 catalyst were
placed in a 100-mL Pyrex test tube, capped, and the test
tubes were placed in a multireactor (PRS120R) with a digi-
tal controller (PRST120) from J-Kem Scientific, Inc. (St.
Louis, MO, USA). Control test tubes, without catalyst,
were also prepared and placed in the multireactor. The con-
troller was set at 60 °C. Periodically, samples were taken
and analyzed with GC-MS. After 24 h, the reaction was
stopped, the excess alcohol removed and the samples were
analyzed with NMR. The GC-MS showed that, in addition
to the reaction of the epoxide ring, partial transesterifica-
tion of the ester group had occurred.

Small-Scale Reactions with Sulfuric Acid as a Catalyst

First, 0.3 mL EMS, 6mL EtOH and 60 pnL H,SO, were
placed in a test tube, and the test tubes were then placed in
the multi-reactor for 45 min at 120 °C, 260 min at 60 °C,
or 305 min at room temperature. Afterwards, samples were
taken for GC. The GC-MS showed that, in addition to the

reaction of the epoxide ring, partial transesterification of
the methyl ester group had occurred.

GC-MS

First, 40 wL of the reaction mixture were diluted in 1 mL
ethyl acetate then 0.2 pwL of the diluted solution was injected
into the GC-MS. The GC-MS was from Agilent Tech-
nologies (Santa Clara, CA, USA). The oven was a model
7890A, with triple axis detector 5975C inert XL EI/CI
MSD. The instrument was equipped with an SPB-1 column
(30 m x 0.25 mm x 0.25 pm) from Supelco (Bellefonte, PA,
USA).The inlet conditions were 250 °C with a He flow rate of
1 mL/min. The oven program was a ramp of 4 °C/min from
100 to 300 °C, followed by a 12 min hold at 310 °C. MS in
the Electron Impact (EI) mode was used. The conditions were:
mass range 34—720 amu, 2% sampling rate and electron multi-
plier O V relative. The peak areas were normalized by the sum
of the peak areas for the palmitate and stearate. No adjust-
ments were made for the difference in the response factors.

Some of the GC-MS fragments of the compounds are
listed below:

Methyl  9-(5-pentyl-2-furyl)  nonanoate:ret.  time:
28.65 min.m/z(ab. %): 309(4), 308(21), 278(2), 277(9),
237(12), 179(13), 166(17), 165(100), 151(3), 108(11),
107(22), 95(42), 94(15), 81(16), 55(15), 43(20).

Methyl 8-(5-hexyl-2-furyl) octanoate:ret. time: 28.75 min.:
miz(ab. %): 309(4), 308(18), 277(9), 251(9), 237(1), 165(16),
152(17), 151(100), 107(19), 95(39), 94(16), 81(14), 55(13).

Ethyl 9-(5-pentyl-2-furyl) nonanoate: ret. time:
30.15 min.: m/z(ab. %): 323(5), 322(20), 277(16), 251(10),
179(14), 166(18), 165(100), 151(4), 108(11), 107(24),
95(39), 94(16), 81(16), 55(14), 43(19).

Ethyl  8-(5-hexyl-2-furyl) octanoate: ret. time:
30.24 min.: m/z(ab. %): 323(4), 322(17), 277(15), 165(18),
152(17), 151(100), 107(20), 95(37), 94(17), 81(14), 55(12).

Isopropyl 9-(5-pentyl-2-furyl) nonanoate: ret. time:
30.82 min.: m/z(ab. %): 336(12), 294(5), 293(25), 277(16),
207(10), 165(44), 107(14), 95(18), 44(51), 40(100).

Isopropyl 8-(5-hexyl-2-furyl) octanoate: ret. time:
30.94 min.: m/z(ab. %): 337(2), 336(17), 294(10), 293(41),
277(25), 207(11), 165(14), 152(13), 151(71), 107(20),
95(29), 94(15), 81(14), 55(14), 44(55), 40(100).

Benzyl 9-(5-pentyl-2-furyl) nonanoate: ret. time:
41.16 min.:m/z(ab. %): 385(4), 384(13), 294(19), 293(98),
165(43), 108(10), 107(20), 95(20), 91(100), 81(12), 55(12),
43(16).

Benzyl 8-(5-hexyl-2-furyl) octanoate: ret. time:
41.27 min.: m/z(ab. %):385(4), 384(13), 294(20), 293(97),
165(6), 151(47), 107(18), 95(20), 91(100), 81(11), 55(11).

2-Ethylhexyl 9-(5-pentyl-2-furyl)nonanoate: ret. time:
40.18 min.m/z(ab. %):407(9), 406(33), 294(38), 293(58),
277(37), 223(16), 179(18), 166(26), 165(100), 151(5),
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108(12), 107(27), 95(32), 94(18), 81(16), 71(25), 57(38),
55(22), 43(30).

2-Ethylhexyl  8-(5-hexyl-2-furyl)  octanoate:  ret.
time:40.30 min. m/z(ab. %):407(9), 406(30), 294(37),
293(55), 277(39), 165(20), 152(22), 151(100), 107(23),
95(30), 94(17), 81(14), 71(25), 57(37), 55(20), 43(20).

NMR

NMR spectra were obtained in CDCl; on a Bruker Avance
500 NMR spectrometer (Billerica, MA, USA) operating at
500.11 MHz for 'H and 125.75 MHz for '*C, using a 5-mm
BBO probe. Chemical shifts are reported in parts per mil-
lion (ppm) from tetramethylsilane calculated from the lock
signal. For some of the samples DEPT, COSY, HSQC, and
HMBC correlation experiments were conducted to help
with the assignments of the spectral peaks.

Results and Discussion
Identification

We attempted to synthesize bio-based lubricant additives
following the procedure described in the literature [8].
When E2ES reacted with 2-ethylhexanol in the presence of
Amberlyst 15 catalyst, it produced an interesting product
distribution. Most interestingly, the product mixture also
showed distinct NMR signals which could not be attributed
to any of the groups formed by Schemes 1,2 and 3. It was
determined that these signals were due to the presence of
furan fatty acid esters (FFE) (Scheme 4). The NMR sig-
nals, listed in Scheme 4 and circled in Fig. 1, are in good
agreement with the literature data [25]. The other NMR
signals of FFE could not be unambiguously identified due
to overlap with those from the other fatty acids in the mix-
ture, such as palmitic acid alkyl ester.

The GC retention times of the FFE were slightly higher
than for the corresponding alkyl stearate; the triads of com-
pounds: alkyl stearate, alkyl 9-(5-pentyl-2-furyl)nonanoate
and alkyl 8-(5-hexyl-2-furyl) octanoate eluted very close
to each other and in the order listed, but without over-
lap of their peaks. We did not find MS of FFE with other
alkyl group but methyl. The MS of the methyl 8-(5-hexyl-
2-furyl) octanoate and methyl 9-(5-pentyl-2-furyl) nona-
noate are available in the literature [26, 27]. Our results
were close to the MS spectra reported by White et al. [27].
Abbott and Gunstone [26] reported the same main frag-
ments, but with differing abundances, putatively due to the
variation in the parameters of the employed mass spectrom-
eters. Our MS results are listed in the Methods section.

We did not test the reaction with Lewis catalyst, but we
found a reference that boron trifluoride etherate in dioxane
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Scheme 4 Furan fatty acid methyl esters. The top isomer also shows
the characteristic MS fragmentation pattern; the bottom one also
shows the labels for the characteristic atoms in the NMR spectra. 'H
NMR: a § = 2.54 ppm, triplet, J = 7.6 Hz; ¢ § = 5.81 ppm, singlet;
13C NMR: a § = 28.3 ppm, b § = 154.4-154.6 ppm, c: § = 104.75-
104.82 ppm

at room temperature overnight catalyzes the rearrange-
ment of epoxidized methyl linoleate to several compounds,
including furan fatty methyl esters (21 % yield) [26].

Kinetics and Mechanism of the Reaction

One hypothesis for the formation of the FFE involves the
rearrangement of epoxidized linoleic esters (ELE) with a
loss of water. The mechanism can be written in two steps.
The first step is an acid-catalyzed rearrangement of one of
the epoxide groups in ELE to a keto group. The second step
is the rearrangement leading to the formation of the furan
group (See Scheme 5). Both steps have literature precedent.
Rios et al. [16] reported that epoxidized methyl oleate,
when reacting with alcohol in presence of Amberlyst 15
catalyst, also yields keto fatty acids, due to rearrangement.
The second step was reported by Foglia et al. [28].

If this is the correct mechanism for this reaction, we
would expect to observe two characteristic pieces of evi-
dence. First, Rios et al. [16] have reported that in their
system, the yield of keto fatty acids, as a proportion of the
products, increases with the increase in the reaction tem-
perature. In other words, increasing the relative rate of step
1 means that the yield of the FFE should increase with the
increase of temperature. Second, an induction period in the
formation of the FFE should be expected, since they are
secondary products only formed after the formation of one
keto group.

Figure 2 shows the disappearance of the ELE and the
appearance of the FFE, as monitored by GC-MS, at two
temperatures: 60 and 120 °C. The linear parts of the curves
were used to estimate the apparent activation energies of
the reactions. The disappearance of epoxidized methyl
oleate, disappearance of epoxidized methyl linoleates and
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Fig. 1 'H (x axis), '’C (y axis) and HSQC NMR of the product of an Amberlyst 15-catalyzed reaction between E2ES and 2-ethylhexanol at

120 °C. The peaks, characteristic for the furan group, are circled
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Scheme 5 Possible mechanism for two-step transformation of bis-
epoxides into the furan group, based on literature reports. The first
step follows Rios et al. [16]; the second step is reported by Foglia
et al. [28]

appearance of methyl furan fatty acids each had apparent
activation energies of ~85 kJ/mol. We could not discern
an effect of the temperature change on the proportion of
epoxidized methyl linoleate that was transformed to FFE.
This suggests that the main reactions of the bis-epoxy ring
shared a common initial step, which was rate-determining.
Because there was no induction period or lag in the for-
mation of the FFE, it was either formed directly from the
epoxidized methyl linoleate, or from an intermediate that
reacted relatively fast to form FFE.On the basis of these
observations, we offer another possible mechanism for the
formation of FFE,which does not involve the formation of a
keto group (Scheme 6).

Reaction at 60 °C
5 257 —T~Furan methyl esters x3
© - O~ Epoxydized methyl oleate
I3 2.0 =/ Epoxidized methyl linoleate
(¢
® 154
€ .
8 104 Tl
5 =0 -0
S 0.5 T e0manL. o
0.0 -
T T T T
0 100 200 300
time, hours
3.0 Reaction at 120 °C
. == Furan methyl esters x3
3 257 - O~ Epoxydized methyl oleate
= —/—Epoxidized methyl linoleate
5 20+
B 15p
c s‘
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o O~
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Fig. 2 Concentrations of the epoxidized methyl oleates, epoxidized
methyl linoleates (sum of both isomers) and methyl furan esters in
the reaction of E2ES with 2-ethylhexanol in the presence of Amber-
lyst 15 catalyst
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Scheme 6 Proposed possible alternative mechanism for the forma-
tion of furan fatty acids from bis-epoxy fatty acids, based on the
current kinetics data. The beginning of this reaction is the rate-deter-
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Scheme 7 Possible reaction, leading to the decrease of the furan
fatty acid at long reaction times. This is a reverse of the Paal-Knorr
furan synthesis

The concentration profile of FFE showed that they
decompose at higher reaction times. This decomposition is
beyond the scope of this paper. It is a reasonable explana-
tion, however, that the furan ring hydrolyzes to form 9,12
(10,13)-diketones in a reverse Paal-Knorr reaction (see
Scheme 7). Keto groups were identified in the NMR spec-
tra of the reaction mixture, giving evidence to this hypoth-
esis, although we do not have enough definitive evidence
to determine what proportion was formed directly from an
epoxy to keto rearrangement, and what was accounted for
by a furan to diketo reaction.

Scope of the Reaction

Smaller-scale experiments between EMS and other alcohols
(ethanol, isopropanol and benzyl alcohol) in the presence of
Amberlyst 15 catalyst also yielded FFE products. Judging
from the GC peak areas, the yields were 0.9 % for benzyl
alcohol, 7 % for isopropanol and 1.6 % for ethanol after 24 h
at 60 °C. This can be compared to the maximum of 13 %
FFE yield, observed for the reaction of E2ES with 2-eth-
ylhexanol. Possible variables for future study in this reac-
tion are polarity, solvent, scale, and excess of alcohol. An
additional observation is that the benzyl alcohol noticeably
swelled the catalyst, possibly reducing yield. Control experi-
ments showed no change when EMS and the above alcohols
were placed together without catalyst for 24 h at 60 °C.

The sulfuric acid also promoted the formation of
FFE. When ethanol, EMS, and sulfuric acid were mixed
together, the yields were 6.5 % at 120 °C, 6.1 % at 60 °C,
and 9.1 % at room temperature. With sulfuric acid, both the
reaction of the epoxide rings and the FFE yields were faster
than with Amberlyst 15 catalyst. This is probably due to
the higher effective amount of sulfate groups in the sulfuric
acid catalyst.
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mining and is common with the other ring-opening reactions in the
system. This leads to them having the same activation energy

In our study, we observed that transesterification
occurred in parallel to the reaction of the epoxy ring, dif-
fering from some literature reports, where the epoxy rings
react faster and the transesterification takes place only
after their depletion [5, 14, 15]. However, in our study, the
methyl ester groups are more reactive than the higher alco-
hol or glycerol ester group used by the other authors. In our
case, it was even an advantage as it allowed the de-convo-
lution of GC-MS fragmentation of several esters from the
furan fatty acids.

In conclusion, we report that ring-opening of fatty acid
materials containing the bis-epoxy group can lead to prod-
ucts that cannot be predicted by using epoxidized methyl
oleate as a model system. We identified a product—furan
fatty acid ester—that has not been reported before in the
synthesis of biobased materials, perhaps because only
the composition of the ring opened epoxidized methyl
oleate products has been investigated in sufficient detail.
For example, '*C NMR of the product by Lathi and Mat-
tiasson [8], where they react epoxidized soybean oil with
2-ethylhexanol in the presence of Amberlyst 15 catalyst,
has a peak at ~105 ppm, indicating the presence of furan
fatty acids. Nevertheless, the authors did not comment on
this peak, and their schemes suggest that only ring-open-
ing reactions according Scheme 2 took place. Such lack of
knowledge of the actual composition of biobased lubricants
can lead to a hindrance in understanding the real structure—
property relationships.
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