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Abstract

Characterization of (all-E)- and (15Z)-lycopene purified from natural origin, and
isomerization of (all-E)-lycopene to Z-isomers by heating, photoirradiation, and catalyst
were demonstrated.
A large amount of (all-E)-lycopene was successfully purified from tomato paste using
an improved method that included a procedure to wash crystalline powder with acetone.
The melting point of (all-E)-lycopene was determined to be 173.2 °C by differential
scanning calorimetry (DSC) measurements. Bathochromic shifts were observed in the
absorption maxima of all solvents tested (at most a 36 nm shift for λ2 in carbon
disulfide, as was observed in hexane) and were accompanied by absorbance decreases,
namely, a hypochromic effect, showing a higher correlation between the position and
the intensity of the main absorption bands. This bathochromic shift was dependent upon
the polarizability of the solvent rather than its polarity. The structure of (all-E)-lycopene
in CDCl3 and C6D6 was identified on the basis of one- and two-dimensional nuclear
magnetic resonance (NMR) spectra, including
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H and

13

C NMR, homonuclear

correlation spectroscopy (1H-1H COSY), heteronuclear multiple-quantum coherence
(HMQC), and heteronuclear multiplebond connectivity (HMBC).
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(15Z)-Lycopene was prepared by thermal isomerization of (all-E)-lycopene derived
from tomatoes, and isolated by using a series of chromatographies. The fine red
crystalline powder of (15Z)-lycopene was obtained from 556 mg of (all-E)-lycopene
with a yield of 0.6 mg (purity: reversed-phase HPLC, 97.2%; normal-phase HPLC,
≥99.9%), and 1H and 13C NMR spectra of the isomer were fully assigned. Moreover, the
occurrence and availability of the 15Z-isomer were discussed on the basis of the
calculation method.
Thermal isomerization of (all-E)-lycopene was investigated in various organic
solvents. Isomerization ratios to the Z-isomers of lycopene in CH2Cl2 and CHCl3 over
24 h were calculated to be 19.7% and 11.4% at 4 °C and 77.8% and 48.4% at 50 °C,
respectively. In CH2Br2, more than 60% was attained in the first several hours,
independent of temperature. The predominant Z-isomers obtained thermally, (9Z)- and
(13Z)-lycopene, were purified and their absorption maxima and molar extinction
coefficients in hexane were determined for the first time. Absorption values at 460 nm
were also measured for both Z-isomers along with (all-E)-lycopene to accurately
evaluate their concentrations by HPLC analysis. This approach successfully revealed
that (13Z)-lycopene formed predominantly in benzene or CHCl3 at 50 °C; in contrast,
the 5Z-isomer was preferentially obtained in CH2Cl2 or CH2Br2.
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Photoisomerization of (all-E)-lycopene to the corresponding Z-isomers was
investigated under visible to middle-infrared light irradiation in the presence of several
sensitizers, including edible ones. Highly purified (all-E)-lycopene from tomato paste
was isomerized to Z-isomers to the extent of 46.4–57.4% after irradiation with the
sensitizers for 60 min in acetone, in which a thermodynamically-stable isomer of
(5Z)-lycopene was predominantly generated, while kinetically-preferable (9Z)- and
(13Z)-lycopene were dominant without sensitizer. Examination of the time course of
photoisomerization demonstrated that the highest isomerization efficiency (80.4%) was
attained using erythrosine as the sensitizer under 480–600 nm light irradiation in hexane
for 60 min, a protocol which successfully suppressed the decomposition of lycopene.
(5Z)-Lycopene, reported as a more bioavailable isomer, was again predominantly
produced with erythrosine and rose bengal in each solvent.
Catalytic isomerization of (all-E)-lycopene to Z-isomers using iron(III) chloride was
investigated and optimized under various conditions of solvents, concentrations of
iron(III) chloride, and reaction temperatures. The total contents of Z-isomers converted
were higher in the order of CH2Cl2 (78.4%) > benzene (61.4%) > acetone (51.5%) >
ethyl acetate (50.8%) at 20 °C for 3 h using 1.0 × 10−3 mg/mL iron(III) chloride for 0.1
mg/mL (all-E)-lycopene. However, the decomposition of lycopene was markedly
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accelerated in CH2Cl2. As the concentration of catalyst increased in acetone, the
Z-isomerization ratio of lycopene increased to more than 80%, followed by rapid
decomposition of lycopene to undetectable levels using > 4.0 × 10−3 mg/mL iron(III)
chloride with the above concentration of (all-E)-lycopene. Finally, greater isomerization
(79.9%) was attained at 60 °C in acetone for 3 h in the presence of 1.0 × 10−3 mg/mL
iron(III) chloride, largely without decomposition of lycopene (remaining ratio of total
amount of lycopene isomers after the reaction, 96.5%).
As a method without use of organic solvents and food additives, thermal
isomerization of (all-E)-lycopene in edible vegetable oils (perilla, linseed, grape seed,
soybean, corn, sesame, rapeseed, rice bran, safflower seed, olive, and sunflower seed
oil) was also investigated. Purified (all-E)-lycopene from tomatoes was converted to
Z-isomers in the range of 44.8 to 58.8% content, and the remaining ratio of total amount
of lycopene isomers without decomposition were ranged from 38.8 to 79.6% after
heating at 100 °C for 1 h in the vegetable oils. Both of the values were exceedingly high
in sesame oil; 58.8% of total Z-isomers content and 78.3% of remaining lycopene. In
particular, (5Z)-lycopene which has higher bioavailability and antioxidant capacity as
well as greater storage stability among the Z-isomers was notably increased in that oil;
approximately threefold higher than the average of the other vegetable oils.

v

Contents
Graphical abstract ...............................................................................................

i

Abstract .....................................................................................................................

ii

Contents ....................................................................................................................

vi

Abbreviations ........................................................................................................

xi

Chapter 1
General introduction ...........................................................................................1
1.1. Background...........................................................................................................2
1.2. Research objectives ..............................................................................................6
1.3. References ............................................................................................................8

Chapter 2
Purification and characterization of (all-E)-lycopene from
tomato paste ............................................................................................................14
2.1. Table of contents .................................................................................................15
2.2. Introduction ........................................................................................................15
2.3. Materials and methods ........................................................................................16
2.3.1. Chemicals
2.3.2. Extraction and purification of (all-E)-lycopene from tomato paste
2.3.3. UV−vis, FTIR, mass, and NMR spectroscopic analyses
2.3.4. DSC analysis
2.3.5. HPLC analysis
vi

2.3.6. Computational analysis
2.4. Results and discussion ........................................................................................19
2.4.1. Physical Properties of (all-E)-Lycopene
2.4.2. NMR Assignment of (all-E)-Lycopene
2.5. Reference ............................................................................................................28

Chapter 3
Isolation and characterization of (15Z)-lycopene thermally
generated from a natural source................................................................32
3.1. Table of contents .................................................................................................33
3.2. Introduction ........................................................................................................33
3.3. Materials and methods ........................................................................................35
3.3.1. General
3.3.2. Preparation of (all-E)-lycopene
3.3.3. Thermal isomerization of lycopene
3.3.4. Isolation of (15Z)-lycopene
3.3.5. NMR spectroscopy
3.3.6. Computational analysis
3.4. Results and discussion ........................................................................................39
3.4.1. Isolation of (15Z)-lycopene thermally generated from a tomato sample
3.4.2. Characterization of (15Z)-lycopene by NMR spectroscopy
3.4.3. Computational simulation of isomerization of (all-E)-lycopene to
(15Z)-lycopene and other mono-Z-isomers.
3.5. Reference ............................................................................................................54

Chapter 4
Effects of solvent and temperature on E/Z isomerization of

vii

(all-E)-Lycopene ...................................................................................................58
4.1. Table of contents .................................................................................................59
4.2. Introduction ........................................................................................................59
4.3. Materials and methods ........................................................................................60
4.3.1. Chemicals
4.3.2. Isomerization of (all-E)-lycopene
4.3.3. HPLC analysis
4.3.4. Isolation and identification of (9Z)- and (13Z)-lycopene
4.3.5. UV–vis and NMR spectroscopic analyses of (all-E)-, (9Z)-, and
(13Z)-lycopene
4.3.6. Evaluation of isomerization rate
4.4. Results and discussion ........................................................................................64
4.4.1. General profile of the thermal isomerization of (all-E)-lycopene
4.4.2. Purification and characterization of (9Z)- and (13Z)-lycopene
4.4.3. Thermal isomerization of lycopene and relevant solvent effects
4.5. Reference ............................................................................................................80

Chapter 5
Photosensitized E/Z isomerization of (all-E)-lycopene aiming
at practical applications ..................................................................................84
5.1. Table of contents .................................................................................................85
5.2. Introduction ........................................................................................................85
5.3. Materials and methods ........................................................................................86
5.3.1. Chemicals
5.3.2. Preparation of (all-E)-lycopene.
5.3.3. Photosensitized isomerization of (all-E)-lycopene
5.3.4. HPLC analysis
5.4. Results and discussion ........................................................................................88

viii

5.4.1. Photoisomerization with various sensitizers
5.4.2. Time course of the photosensitized isomerization of lycopene and solvent
effects on the content of Z-isomers
5.5. Reference ............................................................................................................97

Chapter 6
Enhanced E/Z isomerization of (all-E)-lycopene by employing
iron(III) chloride as a catalyst

................................................................100

6.1. Table of contents ...............................................................................................101
6.2. Introduction ......................................................................................................101
6.3. Materials and methods ......................................................................................102
6.3.1. Chemicals
6.3.2. E/Z isomerization of (all-E)-lycopene using iron(III) chloride
6.3.3. HPLC analysis
6.3.4. Evaluation of the decomposition rate
6.4. Results and discussion ......................................................................................104
6.4.1. Profile of isomerization of (all-E)-lycopene to Z-isomers in the presence
of iron(III) chloride
6.4.2. Effect of solvent on isomerization of (all-E)-lycopene with iron(III)
chloride
6.4.3. Dependence of iron(III) chloride concentration on isomerization of
(all-E)-lycopene
6.4.4. Effect of reaction temperature on isomerization of (all-E)-lycopene with
iron(III) chloride and a possible isomerization process
6.5. Reference .......................................................................................................... 118

Chapter 7
Vegetable oil-mediated thermal isomerization of
ix

(all-E)-lycopene: facile and efficient production of
Z-isomers.................................................................................................................121
7.1. Table of contents ...............................................................................................122
7.2. Introduction ......................................................................................................122
7.3. Materials and methods ......................................................................................123
7.3.1. Chemicals
7.3.2. Purification of (all-E)-lycopene
7.3.3. Thermal isomerization of purified (all-E)-lycopene in vegetable oils
7.3.4. HPLC analysis
7.4. Results and discussion ......................................................................................126
7.5. Reference ..........................................................................................................135

Chapter 8
Overall conclusion.............................................................................................138

Acknowledgements ...........................................................................................142
Publications ...........................................................................................................144

x

Abbreviations

B3LYP: Becke-3-Lee-Yang-Parr
CCl4: tetrachloride
C6D6: benzene-d6
CDCl3: chloroform-d
CH2Br2: dibromomethane
CH2Cl2: dichloromethane
CHCl3: chloroform
DFT: density-functional theory
DIPEA: N,N-diisopropylethylamine
DSC: differential scanning calorimetry
Erythrosine: erythrosine B
FA: fatty acid
FAB: fast-atom bombardment
FTIR: fourier transform infrared
1

H-1H COSY: homonuclear correlation spectroscopy

HMBC: heteronuclear multiplebond connectivity

xi

HMHU: (3E,5E,7E,9E,11E,13E,15E,17E,19E,21E,23E)-3,7,11,16,20,24hexamethylhexacosa-3,5,7,9,11,13,15,17,19,21,23-undecaene
HMQC: heteronuclear multiple-quantum coherence
HPLC: high-performance liquid chromatography
HRMS: high-resolution mass spectrum
IV: iodine value
MB: methylene blue
MTBE: methyl tert-butyl ether
ND: not detected
NMR: nuclear magnetic resonance
NOE: nuclear Overhauser effect
PTFE: polytetrafluoroethylene
RB: rose bengal
SD: standard deviation
SV: saponification value
SE: standard error
TMS: tetramethylsilane
TMTU: (2Z,4E,6E,8E,10E,12E,14E,16E,18E,20E,22Z)-6,10,15,19-tetramethytetracosa-

xii

2,4,6,8,10,12,14,16,18,20,22-undecaene
TS: transition state
UV–vis: ultraviolet–visible
UZ: unidentified Z-isomer of lycopene

xiii

Chapter 1
General introduction
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1.1. Background
Lycopene is a well-known carotenoid found abundantly in vegetables and fruits with
a red color such as tomatoes, red carrots [1], watermelons, and gac (Momordica
cochinchinensis) [2] as well as in microorganisms such as Dunaliella salina [3],
Chlorella spp. [4,5], and Blakeslea trispora [6,7]. Lycopene, like other carotenoids, is
responsible for the characteristic bright color of these organisms and plays a protective
role against oxidative stress [8–10]. The natural benefits of lycopene have been applied
not only to food and dietary supplements as edible colorants and antioxidants, but also
to medical approaches to cancer and arteriosclerosis prevention [11–13], taking
advantage of its physiological properties and biocompatibility. These useful functions of
lycopene, the molecular formula of which is C40H56, have been attributed to its chemical
structure containing many unsaturated bonds in which eleven double bonds are
conjugated and more effectively allow the absorption of relatively long-wavelength
light and quench singlet oxygen. Therefore, many researchers have studied this useful
pigment, and published excellent reports from the middle of the 20th century [14–19].
However, these studies were performed with lycopene prepared from different origins
and with different purification degrees, which could lead to a misunderstanding due to
different values for basic physicochemical properties. Under these circumstances, first
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of all, we performed an extraction of (all-E)-lycopene (Figure 1A) with higher purity
from a tomato paste, and determined its physical and chemical properties including
some spectrophotometric measurements.
The structural assignments and UV–vis spectral features of (5Z)-, (9Z)- and
(13Z)-lycopene (Figure 1B–D), the predominant Z-isomers contained in processed
tomato products [20], were demonstrated through the successful acquisition of highly
purified preparations of the isomers by using a series of chromatographies [21].

Figure 1. Chemical structures of the predominant isomers of lycopene contained in
processed

tomato

products:

(A)

(all-E)-lycopene;

(9Z)-lycopene; (D) (5Z)-lycopene.
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(B)

(13Z)-lycopene;

(C)

On the other hand, (15Z)-lycopene (Figure 2) which would be generated from
(all-E)-lycopene by geometric isomerization was considered to be a putative isomer for
more than half a century, whereas a possible (15Z)-lycopene was synthesized via a
Wittig reaction [22,23]. In the present study, we revealed, for the first time, the
occurrence of (15Z)-lycopene from natural sources during a heat treatment by isolating
and identifying the isomer on the basis of more sophisticated chromatographic and
spectroscopic methods, respectively. These characterization of (all-E)-lycopene and the
Z-isomers is considered important to attain depth the discussions about isomerization of
lycopene.

Figure 2. Chemical structure of (15Z)-lycopene. (15Z)-Lycopene in this study was
purified from a mixture of lycopene isomers, which was prepared by heating
(all-E)-lycopene of a tomato origin.
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Although lycopene has a large number of geometric isomers caused by E/Z
isomerization at arbitrary sites within the 11 conjugated double bonds (Figure 1), most
lycopene is present in the all-E-configuration (Figure1A) in plants, representing about
80–97% of total lycopene in tomatoes and related products [20]. However, in the human
body, such as blood and prostate tissue, more than 50% of total lycopene exists in the
Z-form (Figure 1B–D) [20,24–29]. This suggests that Z-isomers of lycopene are more
bioavailable than the all-E-configuration. In fact, according to experiments using a
Caco-2 human intestinal cell model [30] and lymph cannulated ferrets [29], the
bioavailability of Z-isomers of lycopene was shown to be significantly greater than that
of the all-E-configuration. Also in humans, the intake of tomato sauce rich in Z-form
lycopene brought about a marked increase of plasma lycopene concentration, compared
with one rich in all-E-isomer [31]. In addition, Z-isomers of lycopene have been
reported to show a higher antioxidant capacity than the all-E configuration [32–34]. As
such, it is conceivable that intake of Z-isomers of lycopene could be preferable for
health reasons because of their good bioavailability and functionality, and it is therefore
important to gain a better understanding of the isomerization of (all-E)-lycopene to
Z-isomers and to develop the efficient methods for this reaction. Since global trend is
toward natural and additive-free for foods and drinks, and it is required to produce more
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safely and accurately lycopene preparations rich in Z-forms without those chemical
agents, we developed not only the isomerization methods using additives and organic
solvents putting importance on efficiency but also additive- and organic solvent-free
isomerization method. Namely, we demonstrated the isomerization of (all-E)-lycopene
by heating, photoirradiation, and catalyst in organic solvent putting importance on
efficiency, and heating in edible vegetable oils putting importance on natural,
respectively, in this study.

1.2. Research objectives
This study focuses on characterization of (all-E)- and (15Z)-lycopene purified from
natural origin, and isomerization of (all-E)-lycopene to Z-isomers. First of all we aimed
to establish a purification method of (all-E)-lycopene from tomato paste, and acquired
its chemical and physical properties to deepen the understanding of the E/Z
isomerization reaction of lycopene in Chapter 2. In the same way, (15Z)-lycopene which
has never identified from natural origin was purified and characterized in Chapter 3.
Then we aimed to establish isomerization methods of (all-E)-lycopene to Z-isomers,
which were focused on both efficiency (Chapter 4–6) and natural (Chapter 7). Detailed
objectives of this study as follows:
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♦ To examine the fundamental data such as the melting point, UV–vis, IR, and NMR
spectra of purified (all-E)-lycopene from tomato paste (Chapter 2).
♦ To characterize (15Z)-lycopene which has never identified from natural origin by
spectral methods such as UV–vis, 1H, and 13C NMR spectroscopy (Chapter 3).
♦ To develop the efficient isomerization method of (all-E)-lycopene to Z-isomers by
heating, photoirradiation, and catalyst in organic solvent (Chapter 4–6).
♦ To develop the additive- and organic solvent-free isomerization method of
(all-E)-lycopene to Z-isomers by heating in edible vegetable oils (Chapter 7).
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2.1. Table of contents

2.2. Introduction
Many researchers have studied lycopene and published excellent reports from the
middle of the 20th century [1−6]. However, these studies were performed with lycopene
prepared from different origins and with different purification degrees, which could lead
to a misunderstanding because of different values for basic physicochemical properties.
Under these circumstances, we performed an extraction of (all-E)-lycopene (Figure 1)
with higher purity from a tomato paste and determined its physical and chemical
properties, including some spectrophotometric measurements. The results of our study
give new criteria for the identification of lycopene and contribute to the fundamental
chemistry of this carotenoid in the food science and technology field.

Figure 1. Chemical structure of (all-E)-lycopene. The NOE correlations observed in the
two-dimensional NMR measurements are shown as curved lines in one half-side of the
symmetrical structure of the lycopene.
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2.3. Materials and methods
2.3.1. Chemicals
All reagents and solvents used in this study were summarized in Table 1.
Table 1 Summery of reagents and solvents used in this study
regents

grade

supplier

extra pure
specially prepared

Nakaraitesuku Co., Ltd.
Nakaraitesuku Co., Ltd.

acetonitrile
anisole

specially prepared
extra pure

Wako Pure Chemical Industries, Ltd.
Kishida Chemical Co., Ltd.

benzene
benzonitrile
t-butyl methyl ether
carbon bisulfide

extra pure
special
extra pure
special

Nakaraitesuku Co., Ltd.
Wako Pure Chemical Industries, Ltd.
Nakaraitesuku Co., Ltd.
Wako Pure Chemical Industries, Ltd.

CDCl3
CHCl3
CH2Cl2
cyclohexane

99.8%
extra pure
extra pure
specially prepared

Sceti Co., Ltd.
Wako Pure Chemical Industries, Ltd.
Nakaraitesuku Co., Ltd.
Wako Pure Chemical Industries, Ltd.

N,N-dimethylaniline
dimethyl phthalate
ethanol
hexanea

special
special
extra pure
extra pure

Wako Pure Chemical Industries, Ltd.
Nakaraitesuku Co., Ltd.
Nakaraitesuku Co., Ltd.
Wako Pure Chemical Industries, Ltd.

methanol
pyridine
tetrahydrofurana

HPLC
special
extra pure

Sigma-Aldrich Co.
Nakaraitesuku Co., Ltd.
Wako Pure Chemical Industries, Ltd.

acetic ether
acetone

a

a

Used after distilling.

2.3.2. Extraction and purification of (all-E)-lycopene from tomato paste
All procedures were performed at room temperature, unless otherwise indicated. A
total of 500 mL of CH2Cl2 was added to 50 g of tomato paste (Kagome Co., Ltd., Tokyo,
16

Japan; lycopene content, 8–12 g/kg) in an Erlenmeyer flask, and the mixture was stirred
for 60 min in darkness. The organic layer was separated with a separatory funnel, and
repetitive extraction was performed on the resulting suspension by the same volume of
CH2Cl2. The solvent was evaporated on a rotary evaporator under a vacuum (170
mmHg) at 25 °C for 30 min. The crude extract (345 mg) containing lycopene was
dissolved in 15 mL of benzene at 60 °C within ten minutes, and recrystallized at 4 °C
for 4 h under shading. The resulting crystals were collected by suction filtration on a
Kiriyama funnel (No. 5B filter paper), rinsed with 100 mL of acetone, and dried in
vacuo: 188 mg of fine red crystalline powder, M.p. 173.2 °C (DSC). HPLC: ≥ 99.3%.
UV–vis: Table 1. IR (KBr): Table 2. NMR: Table3. HRMS–FAB (m/z): [M + H] + calcd
for C40H57, 537.4460; found, 537.4418.

2.3.3. UV−vis, FTIR, mass, and NMR spectroscopic analyses
UV–vis spectra of the purified lycopene were measured in organic solvents over a
scanning range of 200–600 nm, and the λ maxima of the compounds were determined.
Spectra were recorded with a Hitachi U-2910 spectrophotometer (Tokyo, Japan).
IR spectrum of (all-E)-lycopene was obtained by JASCO FT/IR 4100 (Tokyo) using
the KBr disc in the range of 4000–400 cm−1.
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The HRMS of (all-E)-lycopene was recorded in the positive-ion mode by FAB+ on a
JOEL JMS-700T instrument (Tokyo), using 3-nitrobenzyl alcohol as the matrix.
NMR spectra of (all-E)-lycopene were recorded using a JEOL JMN-LA400 FT 400
NMR spectrometer at 400 MHz (1H) and 100 MHz (13C). Chemical shifts were recorded
as the δ value (ppm) using TMS as an internal standard. Spectra were observed on
CDCl3 and C6D6.

2.3.4. DSC analysis
The melting point of purified (all-E)-lycopene was determined by DSC using a
DSC-60A system (Shimadzu, Kyoto, Japan). DSC measurements were performed with
aluminum sample pans and empty reference pans. Both the sample and reference were
scanned at a heating rate of 5 K/min from 303 to 473 K under a nitrogen atmosphere
with a flow rate of 50 mL/min. The mass of the sample was 7 mg. All measurements
were performed in triplicate.

2.3.5. HPLC analysis
Reversed-phase HPLC analysis with a photodiode array detector (SPD-M10AVP,
Shimadzu, Kyoto, Japan) was performed under the following conditions: column, YMC
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Carotenoid (250 × 4.6 mm i.d., 5 µm particles, YMC, Kyoto); solvent A,
methanol/MTBE/ H2O (75:15:10, v/v/v); solvent B, methanol/MTBE/H2O (7:90:3,
v/v/v); gradient, started with 100% eluent A and ended with 100% eluent B over a
period of 35 min; flow rate 3.0 mL/min; column temperature, 22 °C. A typical
chromatogram of the lycopene isomers was obtained with a retention time of and
absorption maxima at: (13Z)-lycopene (24.6 min; 440.0, 465.0, 496.5 nm; (Z)-peak [7]
at 361 nm with relative intensity of 59.2% DB/DII), (9Z)-lycopene (27.6 min; 441.0,
467.0, 497.5 nm; (Z)-peak at 361 nm with 13.7% DB/DII), (all-E)-lycopene (31.9 min;
445.0, 472.5, 503.5 nm), and (5Z)-lycopene (32.6 min; 445.0, 472.0, 503.5 nm). The
quantification of all lycopene was performed by peak area integration at 470 nm,
showing a reliable approximation for the analysis of isomers [8,9].

2.3.6. Computational analysis
In order to evaluate the validity of the experimental value, Ab initio and DFT
calculations on the infrared spectrum of (all-E)-lycopene were performed with Gaussian
03 software using the B3LYP functional and 6-31G(d) basis set.
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2.4. Results and discussion
2.4.1. Physical Properties of (all-E)-Lycopene
In this study, a large amount of (all-E)-lycopene was successfully purified from
tomato samples without laborious chromatographic procedures [10,11]. This improved
method included a procedure to wash crystalline powder with acetone, in which the
solubility of (all-E)-lycopene was low (ca. 0.75 mg/mL) [12]. The total yield of the pure
(all-E) form (purity ≥ 99.3% by HPLC) was at least 30% when the lycopene content of
the tomato paste was considered. The DSC curve for the purified lycopene showed in
Figure 2. The melting point was determined from the onset point of the DSC curve [13],
which was scanned at a heating rate of 5 K/min: two possible melting points of 163.8 °C
and 173.2 °C were observed. The lower value would be attributed to the lycopene
(Z)-isomers arose from the (all-E) form because of the heating process. The content of
the (all-E) form was reduced to 61.6% by reversed-phase HPLC for lycopene samples
after the DSC measurement. The melting point of (all-E)-lycopene was then determined
to be 173.2 °C, which was consistent with the value obtained by Manchand et al [5].
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Figure 2. DSC curve of the purified (all-E)-lycopene.

Lycopene has an electron spectrum characterized by eleven conjugated double
bonds, which geometrically impose a linear and highly planar structure. The UV spectra
and summery of absorption maxima and molecular extinction coefficient of the purified
(all-E)-lycopene in thirteen organic solvents were showed in Figure 3 and Table 2,
respectively. In hexane, (all-E)-lycopene showed strong absorption maxima at 502.5,
471.0, and 444.0 nm with molar extinction coefficients estimated as 168 × 103, 182 ×
103, and 118 × 103, corresponding to vibrational transition energies of 0–0, 0–1, and 0–2,
respectively. The peak at approximately 360 nm, the so-called Z-peak [7,14], was not
observed in this sample. Furthermore, absorption maxima and molar extinction
coefficients with (all-E)-lycopene were measured in various organic solvents to
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investigate the solvent effect on the electronic spectrum of the molecule. All values for
the maxima (λ2) of the fine structure in this study were also consistent with the
calculated values according to an empirical rule [15–17]. The values (λ1, λ2, and λ3)
listed in this table were plotted as a function of wavelength in Figure 4A. From these
results, bathochromic shifts in the absorption maxima were observed in all solvents
tested (at most a 36 nm shift for λ2 in carbon disulfide, as was observed in hexane), and
were accompanied by absorbance decreases, namely a hypochromic effect, showing a
higher correlation between the position and the intensity of the main absorption bands.
Although many studies suggested that the bathochromic shift had been independently
reported previously [18,19], the highly purified (all-E)-lycopene had first enabled a
discussion of the solvent effect on this carotenoid. This bathochromic shift depends on
the polarizability of the solvent because of high correlation between them (Figure 4B)
[20], rather than on its polarity (data not shown). We revealed the solvent effect on the
electron spectra of (all-E)-lycopene for the first time. It has been difficult to evaluate the
solvent effect for (all-E)-lycopene because of its different purification grade with
different origins. This finding contributes to the fundamental chemistry of carotenoids,
and will be a new criterion for the identification and evaluation of lycopene in
agriculture, food, and medical fields.
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Figure 3. Ultraviolet (UV) spectra of the purified (all-E)-lycopene in thirteen organic
solvents.
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Figure 4. Relationships between the absorption maxima and molar extinction
coefficients of (all-E)-lycopene in various solvents (A), and between the polarizabilities
of the solvents and the absorption maxima (B). The values of λ1 (○), λ2 (●), and λ3 ( )
are from Table 1. Polarizability of the solvent is calculated as follows: (n2−1)/(n2+2),
where n is the refractive index of the solvent [22].

The IR spectrum of (all-E)-lycopene was measured (Figure 5) and characteristic
absorptions are shown in Table 2, along with those calculated by the Gaussian program.
Observed and calculated values from C−H and C=C stretches, and C−H out-of-plane
attributed to the alkene as well as other origins, were consistent with each other. This
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computational estimation with high fidelity would depend on the restriction of the
molecular motion of lycopene caused by the eleven conjugated double bonds. Therefore,
these observations will facilitate an evaluation of the relative free energy of lycopene
(Z)-isomer contained in foods or originate from heat-induced isomerization.

Figure 5. Infrared (IR) spectrum of the purified (all-E)-lycopene.
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Table 3. Infrared absorption bands of (all-E)-lycopene extracted and purified from
tomato paste and their calculated values
frequency (cm−1)

origin
found

calcda

3038,
3020 m
2968,
2912,

3072−3055,
3033−3007 m
2981−2962,
2926−2894,

2854 s
1627, 1552 w

2894 m to s
1636, 1558 m

C−H deformation, methylene/methyl

1441 m

1460−1444 m

C−H deformation, methyl

1391,
1364 m
960 s

1399−1375,
1364−1350 m
976−946 s

C−H stretch, alkene
C−H stretch, methylene/methyl

C=C stretch

C−H out-of-plane,
(E) disubstituted double bond
a

Calculated by the Gaussian program.

2.4.2. NMR assignment of (all-E)-lycopene
The structure of (all-E)-lycopene has been identified on the basis of one- and
two-dimensional NMR spectra including 1H- (Figure 6) and
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C-NMR, 1H-1H-COSY

(homonuclear correlation spectroscopy), HMQC (heteronuclear multiple-quantum
coherence), and HMBC (hetero-nuclear multiple-bond connectivity). Chemical shifts
for proton and carbon signals of the (all-E)-lycopene in this work were good accordance
with those of the synthetic (all-E)-lycopene [20] (Table 3). Spectral data on
(all-E)-lycopene in CDCl3 were also independently reported by different literatures [22–
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25]; however, some values reported were not consistent among the previous studies, e.g.
for the coupling constants of protons H−C(11), H−C(11´) and the chemical shift value
of carbon atoms C(14), C(14´). In our study with thoroughly purified lycopene, the
coupling constant values between H−C(11), H−C(11´) and H−C(10), H−C(10´), and
between H−C(11), H−C(11´) and H−C(12), H−C(12´) were measured as 11.4 and 14.9
Hz, respectively. The chemical shift for C(14), C(14´) could be assigned to the signal
observed at 132.64 ppm by the HMQC experiment, and refinement of the NMR signal
assignment of (all-E)-lycopene was then achieved in CDCl3.
Measurements were subsequently performed in another solvent, C6D6 in expectation
of NMR signal charts distinct from those obtained in CDCl3 because of differences in
their physical properties such as polarity, resonancy, and viscosity. Proton and

13

C

signals in C6D6 were preliminarily assigned by the results obtained in CDCl3, and
ascertained by 1H homonuclear decoupling and the NOE difference experiments in
addition to the above two-dimensional measurements (Figure 1). As shown in Table 3,
chemical shifts in methyl protons between H−C(19), H−C(19´) and H−C(20), H−C(20´)
were discriminated in C6D6 at 1.925 and 1.876 ppm respectively (Table 3), whereas
these signals appeared as a singlet at 1.968 ppm in CDCl3 (this study and the references
[23,24]). Furthermore, the coupling system between H−C(14), H−C(14´) and H−C(15),
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H−C(15´) could be analyzed in C6D6, whereas their corresponding signals in CDCl3
overlapped with H−C(8), H−C(8´), and H−C(11), H−C(11´), respectively and were
assigned to a multiplet. The observed spin signal occurred in the AA´BB´ type system,
to which similar coupling was assigned in some carotenoids such as prolycopene and
(9Z,9´Z)-7,8,7´,8´-tetrahydrolycopene [21,26], and the full assignment of 1H and

13

C

signals was then given in Table 3. The unambiguous determination attained in this study
will also help to analyze the (Z)-isomers occurring in natural sources and those
generated from the isomerization of (all-E)-lycopene by a heating process.

Figure 6. 1H NMR spectrum of the purified (all-E)-lycopene. (400 MHz, CDCl3).
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Chapter 3
Isolation and
characterization of
(15Z)-lycopene thermally
generated from a natural
source
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3.1. Table of contents

3.2. Introduction
Lycopene has a large number of geometric isomers caused by E/Z isomerization at
arbitrary sites within the eleven conjugated double bonds, and 71 kinds of Z-isomers are
theoretically possible [1]. However, it is a small part of them have been characterized by
spectral methods such as UV–vis, 1H, and

13

C NMR spectroscopy. The structural

assignments and UV–vis spectral features of (5Z)-, (9Z)- and (13Z)-lycopene, the
predominant Z-isomers generated during heat [1,2] or photoirradiation treatment [3,4],
were demonstrated through the successful acquisition of highly purified preparations of
the isomers by using a series of chromatographies [2]. The other theoretically-possible
mono-Z-isomer by heating, (15Z)-lycopene (Figure 1), was rationally synthesized via a
Wittig reaction [5,6], but could not be identified during the heat or photoirradiation
process, possibly because of thermodynamic instability and the presence of a small
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amount of the lycopene isomer generated by isomerization [7]. On the other hand, the
structure [8,9], thermal isomerization [10,11], and bioavailability and function [12,13]
of a similar symmetrical carotenoid of (15Z)-β-carotene have been extensively
examined.

Figure 1. Chemical structure of (15Z)-lycopene. (15Z)-Lycopene in this study was
purified from a mixture of lycopene isomers, which was prepared by heating
(all-E)-lycopene of a tomato origin.

In the present study, (15Z)-lycopene with high purity was prepared from a mixture of
lycopene isomers thermally converted from the all-E form of a tomato origin, and
structural characterization was performed by spectral methods including UV–vis, 1H,
and

13

C NMR spectroscopy. This results of this study will provide an insight into

(15Z)-lycopene and validate previous descriptions of spectral properties of a
theoretically-synthesized 15Z-isomer [14–19], including those of the synthetic
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(15Z)-lycopene [5,6].

3.3. Materials and methods
3.3.1. General
Analytical grade acetone, CH2Cl2, DIEPA, ethanol and MTBE were obtained from
Nakaraitesuku Co., Ltd. (Kyoto, Japan), CDCl3 was obtained from Sceti Co., Ltd.
(Tokyo, Japan), and HPLC-grade methanol was obtained Sigma-Aldrich Co. (St. Louis,
MO, USA). Hexane obtained from a solvent-dispensing system supplied by Glass
Contour (Nikko Hansen & Co., Ltd., Osaka, Japan) under a nitrogen atmosphere after a
preliminary distillation. DFT calculations were performed with the Gaussian 09
software (Rev. D.01), and conformational search was done using CONFLEX 7 program
(Rev. B, Conflex corp., Tokyo) [20].

3.3.2. Preparation of (all-E)-lycopene
(all-E)-Lycopene was isolated from tomato paste (Kagome Co., Ltd., Tokyo;
lycopene content, 8–12 g/kg) using procedures similar to those previously described
[1,2], i.e., extraction with CH2Cl2, recrystallization from benzene, and washing with
acetone and ethanol under shading conditions: 750 mg of a fine red crystalline powder
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from 140 g of a tomato sample; reversed-phase HPLC, ≥99.0% purity. Purified
lycopene was stored at −80 °C until just before use.

3.3.3. Thermal isomerization of lycopene
Purified (all-E)-lycopene (110 mg), which was dissolved in 170 mL of benzene, was
transferred into a 300-mL stainless steel pressure vessel (TP300KG, Unicontrols Co.,
Ltd., Chiba, Japan), purged with argon, and then heated at 79 °C for 19 h in an oil bath.
These procedures were conducted on five batches of the lycopene solution. The yield of
isomerization to Z-forms was estimated to be nearly 70% of all lycopene isomers by the
reversed-phase HPLC method.

3.3.4. Isolation of (15Z)-lycopene
Purification of the 15Z-isomer from the mixture of thermally-isomerized lycopene
was conducted using three-step column chromatography. All procedures were carried
out at room temperature, and light exposure was kept to a minimum throughout
purification. A batch of the lycopene mixture, which was isomerized in benzene, was
evaporated to dryness under reduced pressure, and then dissolved in 5.0 mL of hexane.
The insoluble residues (ca. 40 mg), which mostly consisted of (all-E)-lycopene, were
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removed using a 0.2-µm polytetrafluoroethylene membrane filter (DISMIC-25HP,
Advantec, Tokyo) prior to chromatographic separations. The supernatant was divided
into six potions and repeatedly applied to HPLC on three normal-phase columns
tandemly connected under the following conditions: column, Nucleosil 300-5 (3 ×
250-mm in length, 10-mm inner diameter, 5-µm particle size, GL Sciences Inc., Tokyo);
solvent, hexane/DIPEA (500:1, v/v); flow rate, 2.0 mL/min; column temperature,
ambient; photodiode array detector (SPD-M10AVP, Shimadzu, Kyoto, Japan). These
procedures were applied to the other four batches, and the fractions with retention times
of 49.5–52.0 min were collected and evaporated to dryness, leaving 13.4 mg of a
red-brown substance. The resulting partially-purified sample was dissolved in 5.0 mL of
hexane, and separated again under the same chromatographic conditions, except for the
solvent (hexane/DIPEA [2000:1, v/v]). The eluted fractions with retention times of
56.0–60.0 min were combined, evaporated, and dried under reduced pressure. The
resulting red substances (2.6 mg) were dissolved in 1.5 mL of benzene, and added to
reversed-phase HPLC under the following conditions: column, YMC Carotenoid (250 ×
10-mm

inner

diameter,

5-µm

particle

size,

YMC,

Kyoto);

solvent

A,

methanol/MTBE/H2O (75:15:10, v/v/v); solvent B, methanol/MTBE/H2O (7:90:3,
v/v/v); gradient, started with 100% eluent A and ended with 100% eluent B over a
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period of 35 min; flow rate 3.0 mL/min; column temperature, 22 °C. The fractions with
retention times of approximately 24.7 min were collected and dried in vacuo, resulting
in the 15Z-isomer being obtained: 0.6 mg of fine red crystalline powder; reversed-phase
HPLC, 97.2% purity; normal-phase HPLC, ≥99.9%. The purity of (15Z)-lycopene by
reversed- and normal-phase HPLC was estimated by peak area integration at 470 nm, as
previously reported [1,3].

3.3.5. NMR spectroscopy
The NMR spectra of (15Z)-lycopene were recorded on a JMN-LA400 FT NMR
spectrometer (JEOL, Tokyo) at 400 MHz for 1H and 100 MHz for 13C. Chemical shifts
were recorded as a δ value (ppm) using tetramethylsilane as an internal standard.
Spectra were observed in C6D6 as well as CDCl3.

3.3.6. Computational analysis
The geometric optimization of (all-E)- and (15Z)-lycopene was performed with DFT
as implemented in Gaussian 09 using the B3LYP functional and 6'31G(d) basis set
including a zero point vibrational energy correction. Prior to the calculation for
(all-E)-lycopene, the structures of the conjugated all-E-polyenes, CnHn+2 (n = 4–22,
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even number) were optimized at the ground singlet states, and followed by the
methylated undecaenes TMTU (Figure 2A) and HMHU (Figure 2B). The structure of
HMHU was estimated using initial conformers at 30º intervals of the dihedral angles of
the free rotation in a stepwise manner for two ethyl groups, and (all-E)-lycopene was
then estimated in the same way. The initial conformations of (all-E)-lycopene were also
ascertained using the CONFLEX method and MMFF94s force field. (15Z)-lycopene
and the other mono-Z-isomers were similarly optimized by referring to the results of the
all-E-isomer. Twisted TS geometries were obtained using a TS search. Vibrational
frequency calculations were carried out in all cases to confirm the stationary point.
Energy differences between the ground state and TS electronic energies corresponded to
the activation energy of the isomerization reaction.

Figure 2. Chemical structures of (A) TMTU and (B) HMHU.

3.4. Results and discussion
3.4.1. Isolation of (15Z)-lycopene thermally generated from a tomato sample
The occurrence of (15Z)-lycopene from (all-E)-lycopene during a heating has been
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suggested by several studies, and this has mainly been based on analyses of UV–vis
spectra, in which the Z-peak ratio of the isomer, DB/DII, was estimated to be 75–79% in
a HPLC mobile phase [2,16,19]. However, the existence of the Z-isomer from a natural
source has not yet been demonstrated. In the present study, a purification procedure for
(15Z)-lycopene was exploited using an elaborate HPLC technique. Prior to isolating the
Z-isomer, the geometric isomerization of (all-E)-lycopene, which was purified from
tomato paste, was conducted by heating at 79 °C for 19 h under optimal conditions that
excluded oxygen and light irradiation. Among the possible geometrical types for
lycopene in the isomerized mixture, any isomers containing the Z-configuration in the
molecule were considered to be more soluble in the hexane solvent than
(all-E)-lycopene [21]. The remaining (all-E)-lycopene (40 mg in each batch; ca. 30% of
all isomers of lycopene) was effectively removed by filtration only, and the other crude
Z-isomers were then prepared using this simple fractionation technique.
In the first chromatographic purification step, three normal-phase HPLC columns
connected in tandem were applied to separate (15Z)-lycopene (retention time, 49.5–52.0
min; DB/DII, 79% [2]) from the crude fraction (Figure 3A). The ratio of (15Z)-lycopene
to all isomers was estimated to be no more than 10% by comparisons with the peak
areas; taking into account the previous removal of insoluble (all-E)-lycopene, the
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amount of the 15Z-isomer produced during the thermal process was very small,
typically a few percent or less. These results could reflect the relatively low generation
rate and/or relatively higher free energy of the 15Z-isomer [7,22]. On the other hand,
large amounts of (9Z)- and (13Z)-lycopene were observed with peak retention times of
approximately 55 and 45 min, respectively, which is consistent with previous findings
[2,17,19]. A second normal-phase HPLC was then applied to the partially-purified
fraction under the same conditions as those for the columns and mobile phase, except
for the amine concentration. HPLC separation equipped with a reversed-phase column
was conducted on fractions abundant in (15Z)-lycopene, which resulted in 0.6 mg of the
highly purified 15Z-isomer (Figure 3B) being successfully obtained from 556 mg of
(all-E)-lycopene as a starting material. The purity of (15Z)-lycopene was estimated to be
97.2% by reversed-phase HPLC analysis, in which the small amount of impurities
would have been (all-E)-lycopene generated from the reversion of (15Z)-lycopene to
(all-E)-lycopene during the chromatographic procedure, because the peak retention time
of approximately 33 min showed the all-E-isomer (Figure 3B), which was easily
removed in the purification process. Similar findings were previously observed in the
purification of other mono-Z-isomers [2]. The actual purity of (15Z)-lycopene was then
considered to be sufficiently high to be subjected to structural characterization using
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NMR spectroscopy, as the value estimated in normal-phase HPLC analysis was high
(≥99.9%). Therefore, pure (15Z)-lycopene was now obtained from the thermally
isomerized lycopene sample of a natural origin. The fine control of the concentration of
amine in the normal-phase HPLC eluent led to the discovery of the isomer.

Figure 3. Separation of (A) geometrical isomers of lycopene, generated during a
heating process, by normal-phase chromatography as the first purification step (solvent:
hexane/DIPEA [500:1], v/v) and (B) purified (15Z)-lycopene was then analyzed by
reversed-phase HPLC.
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3.4.2. Characterization of (15Z)-lycopene by NMR spectroscopy
As noted in many previous studies [2,14–19], (15Z)-lycopene derived from natural
sources has been identified tentatively by the DB/DII ratio on the basis of UV–vis
spectroscopy i.e. the relative intensity of the Z-peak at approximately 360 nm to the
absorption maximum of the isomer. In the present study, in order to confirm the
occurrence of (15Z)-lycopene from natural sources, an attempt to characterize the
isomer was conducted using NMR spectroscopy including two-dimensional analyses as
well as 1H and 13C NMR, in combination with comparisons to the spectral data obtained
from the synthesized (15Z)-lycopene [5,6]. The spectral analyses of lycopene
demonstrated that the solubility of the Z-isomer in both CDCl3 and C6D6 was higher
than that of (all-E)-lycopene [21]; therefore, these spectra could be measured at a
relatively higher concentration (1.0 mg/mL) in each solvent. This property facilitated
measurements, especially in the case of 13C and two-dimensional NMR analyses.
Proton (Figure 4) and 13C spectra of the purified (15Z)-lycopene were listed in Table
1 and Table 2, respectively. By considering differences in the geometric structures of
(15Z)- and (all-E)-lycopene, it is reasonable to assume that the 15Z-isomer exhibited
more distinctive chemical shift values around the center of the molecule as compared to
those of the all-E-isomer, but had equivalent values at the terminals. For example, the
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large and lower magnetic field shifts of H–C(14) and H–C(14′) in (15Z)-lycopene were
predictable because each proton was placed in diamagnetic anisotropy due to the
π-systems between C(13) and C(13′), and vice versa for the H–C(15) and H–C(15′)
protons of the 15Z-isomer [21]. The values of the chemical shift in (15Z)-lycopene
around the center of the molecule were different from those of the all-E form, and were
also consistent with the results obtained from synthetic data [5] for both nuclear species
in CDCl3 (Tables 1 and 2): for example, ∆δ = 0.43 ppm for H–C(14) and H–C(14′);
−0.23 ppm for H–C(15) and H–C(15′). Similar results were obtained with the other
solvent C6D6, and the chemical shift values of C(14), C(14′), C(15), and C(15′) on
(15Z)-lycopene were clearly different from those of the all-E-isomer. Furthermore, the
coupling constants for (15Z)-lycopene in 1H NMR, which were not reported even for
synthetic ones [5], were determined in both solvents. The coupling system between
H−C(14), H−C(14′) and H−C(15), H−C(15′) were observed separately in C6D6, whereas
their corresponding signals in CDCl3 overlapped with those of H−C(11), H−C(11′) and
H−C(12), H−C(12′), respectively, and could only be assigned to multiplets (Table 1).
The observed spin signal in C6D6 was attributed to the AA′BB′ type system and similar
coupling was recognized in some carotenoids, such as prolycopene [5,8] and
(all-E)-lycopene [1], which had the centrosymmetric structure in their molecules. As
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described previously [1], NMR measurements of carotenoids in C6D6 in addition to
CDCl3 solvents effectively detected and discriminated spectral differences based on the
physical properties of the solvent, such as polarity, resonance, and viscosity. This study
successfully confirmed the existence of (15Z)-lycopene derived from a natural source
and the validity of the characterization of the synthetic lycopene [5,6] and others [14–
19]. The unambiguous determination attained in this study will also assist in identifying
the unidentified Z-isomers occurring in natural sources and those generated from the
isomerization of lycopene during the heating and irradiation process, especially for the
di-Z-isomer with a centrosymmetric structure such as (5Z,5′Z)- and (9Z,9′Z)-lycopene,
as well as with a 15Z-configuration.

Figure 4. 1H NMR spectrum of the purified (15Z)-lycopene. (400 MHz, CDCl3).
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3.4.3.

Computational

simulation

of

isomerization

of

(all-E)-lycopene

to

geometrical isomerization

of

(15Z)-lycopene and other mono-Z-isomers.
A computational

approach

to

examine

the

(all-E)-lycopene to 15Z- and other mono-Z-isomers was performed using the Gaussian
program by considering conformational changes in the terminal moieties of the
molecule, each of which contained two methylene groups at C(3)/C(4) and C(3′)/C(4′)
with lower rotational barriers. Calculations of the free energy for a series of polyenes
were antecedent to those of (all-E)-lycopene and the Z-isomers: the energies of the
all-E-polyene CnHn+2 were estimated in the order of the molecular formula, starting
from

buta-1,3-diene

(n

=

4)

to

(3E,5E,7E,9E,11E,13E,15E,17E,19E)-docosa-1,3,5,7,9,11,13,15,17,19,21-undecaene (n
= 22). The alkylated undecaenes of TMTU and HMHU were then calculated as
described in the Materials and Methods section. An estimation for the full-length
(all-E)-lycopene molecule was then carried out and followed by the mono-Z-isomers. In
addition to the individual conformational changes at the two methylene groups of the
terminal regions of the molecule, two conformation types were considered as the initial
conformer in the calculation of the free energy of (all-E)-lycopene: namely, the syn-like
conformer of lycopene which has terminal groups on the same side of the central planar
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conjugated polyene (Figure 5A,B), and the anti-like conformer which has the terminal
units on the opposite sides of each other (Figure 5C,D). The energy of the syn-like
structure of (all-E)-lycopene was calculated as a more stable conformer than that of the
anti-like conformer, although this difference was too small to be significant (Table 3,
Figure 5A–D).

Figure 5. Calculated minimum-energy conformation of (A–D) (all-E)-lycopene and (E–
H) (15Z)-lycopene. The left figures (top views) show outlooks from a different angle of
lycopene, corresponding to the conformation on the right side (side views). C(3)/C(4)
and C(3′)/C(4′) groups at the terminal regions of the molecule in A, B, E, and F are on
the same side (syn-like conformation) to the 11 conjugated double bonds in the planar
configuration of lycopene, while those in C, D, G, and H are on the opposite side
(anti-like conformation).
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Calculations with initial conformers estimated by the CONFLEX method also supported
these results (data not shown). The energies of the (15Z)-lycopene conformers in the
syn-like and anti-like types were then evaluated by referring to that of (all-E)-lycopene,
and those of (5Z)-, (9Z)-, and (13Z)-lycopene were estimated by the same method. The
results obtained showed that the energy of (15Z)-lycopene was the highest among the
isomers and the order of stability was as follows: (all-E)- ≈ (5Z)- > (9Z)- > (13Z)- >
(15Z)-lycopene (Table 3). The order of the relative stability of the isomers was
consistent with that of a previous study [7]. Free energies were also calculated for the
constitutional isomers of lycopene, (all-E)-β-carotene and (15Z)-β-carotene, using the
same procedure. These energies were estimated to be −62.3 and −51.5 kJ/mol,
respectively, with reference to the value of (all-E)-lycopene in the syn-like form as zero,
which also suggested the relatively labile nature of lycopene, as shown in the
experimental results [23,24].
Moreover, the activation energies of the isomerization from (all-E)-lycopene in the
syn-like form to each Z-isomer were evaluated in the singlet state from energy
differences between the ground state and TS electronic energies. The energy to
(13Z)-lycopene was experimentally determined to be 99.6 kJ/mol in a benzene solvent
(Figure 6), and was calculated as 87.9 kJ/mol in the present study (Table 3), implying
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that this theoretical approach is appropriate for evaluating energies. The values to
(15Z)-lycopene were then calculated as 90.4 kJ/mol and 91.2 kJ/mol at the twisted
angles of +94.7° and −95.0°, respectively (Table 3, Figure 7). The other
thermally-preferable isomers were estimated using the same method, and activation
energies were determined in the order of (13Z)- < (15Z)- < (9Z)- < (5Z)-lycopene, for
which the geometry of the methylene units did not influence the values obtained (Table
3). This order was supported by previous findings [7] as well as experimental data [1].
Consequently, (15Z)-lycopene was the more preferred isomer on the basis of kinetic
parameters, but was unfavorable according to thermodynamic considerations: the back
reaction to the all-E form could readily occur and give isomers other than the 15Z form.
As discussed above, we only obtained 0.6 mg of (15Z)-lycopene with higher purity from
556 mg of (all-E)-lycopene. However, this result was reasonable because the ratio of
(15Z)-lycopene to the all-E form was estimated to be 1:39, calculated according to the
equation of K = exp (−∆G/RT) (K, equilibria constant; R, gas constant; T, absolute
temperature), and the difference between the calculated value and the experimental
value would be caused by a lack of the calculation accuracy (disregard of the solvent
effects or lack of the base function accuracy) or non-reaching of the isomerization
reaction to a equilibrium state.
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(15Z)-Lycopene was thermally generated and purified from a natural source, and
mainly identified by an NMR technique for the first time as a natural origin. Moreover,
the occurrence and availability of the 15Z-isomer were also discussed on the basis of the
calculation method, which provided a rational explanation for the experimental results
obtained. Thus, a focus on the basic strategy, which tends to be avoided in these days of
fast technology and chemistry, will contribute to basic and applied studies on
carotenoids through the benefit of highly developed instrumental measurements.

Table 3. Calculated gibbs free energy (∆G) of lycopene isomers and activation energy
(∆Ea) of rotational barriers for the isomerization process of (all-E)-lycopene to
(mono-Z)-lycopene at the S0 state
∆Ga (kJ/mol)

lycopene

syn-like

a

∆Eab (Φc) (kJ/mol)

anti-like

(all-E)
(5Z)

0.00
0.042

0.318
0.339

148.1 (+99.5°), 148.1 (−100.5°)

(9Z)
(13Z)

4.02
4.35

4.52
4.52

100.8 (+95.7°)
87.9 (+95.8°), 87.9 (−96.2°)

(15Z)

11.6

10.8

90.4 (+94.7°), 91.2 (−95.0°)

The energies (in kJ/mol) are presented with reference to (all-E)-lycopene in the S0 state.

Calculations were performed in the syn- and anti-like conformation of the C(3)/C(4)
and C(3′)/C(4′) groups at the terminal regions of the lycopene molecule to the 11
conjugated double bonds in the planar configuration (see also Figure 5). bCalculated
from the syn-like conformation of (all-E)-lycopene (see Figure 5A,B). cDihedral angle
(Φ) of C(n−1)–C(n)–C(n+1)–C(n+2) for (nZ)-lycopene (n = 5, 9, and 13) and C(14)–
C(15)–C(14′)–C(15′) for (15Z)-lycopene. Clockwise and counter-clockwise rotations
were examined.
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Figure 6. Arrhenius plots of thermal isomerization of (all-E)-lycopene to
(13Z)-lycopene in benzene. Experimental conditions were described in detail previously
[1].

Figure 7. Calculated geometries of lycopene in twisted TSs with dihedral angles of (A)
+94.7° and (B) −95.0° at the C(14)–C(15)–C(15′)–C(14′) position.
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Chapter 4
Effects of solvent and
temperature on E/Z
isomerization of
(all-E)-Lycopene
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4.1. Table of contents

4.2. Introduction
The E/Z isomerization of carotenoids upon heating has been demonstrated for some
representative compounds, including β-carotene, lutein, and zeaxanthin [1−4]. It has
been also reported that astaxanthin was isomerized by heating in organic solvents, and a
higher rate of isomerization was achieved in alkyl halides such as CH2Cl2 and CHCl3
[5,6]. However, there are few reports discussing the effect of solvents on the E/Z
isomerization of lycopene; consequently, the present investigation was conducted to
characterize the isomerization of lycopene in various organic solvents. Based on the
study of astaxanthin [5], we focused on the solvent effects of alkyl halides including
CH2Cl2, CHCl3, carbon CCl4, and CH2Br2, as well as acetone, hexane, and benzene,
other commonly used solvents in the study of carotenoids. Furthermore, the influence of
temperature on Z-isomerization was investigated for each solvent.
Prior to the investigation of solvent effects on lycopene isomerization, (9Z)- and
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(13Z)-lycopene, predominantly formed during the heating process, were exhaustively
purified from heat-treated tomato paste and characterized by UV–vis and NMR
spectroscopy, and their molar extinction coefficients were successfully determined for
the first time. These fundamental spectroscopic data are essential for the investigation of
the solvent effects on the E/Z isomerization of lycopene.

4.3. Materials and methods
4.3.1. Chemicals
HPLC-grade acetone, hexane, benzene, CH2Cl2, CHCl3, CCl4, and CH2Br2 were
obtained from Kanto Chemical Co., Inc. (Tokyo, Japan). DIPEA was purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo). (all-E)-Lycopene was obtained by a
method described previously [7] or was provided by Wako Pure Chemical Industries,
Ltd. (Osaka, Japan).

4.3.2. Isomerization of (all-E)-lycopene
(all-E)-Lycopene was dissolved in the respective solvents at a concentration of 0.1
mg/mL, and the solutions were filtered through a 0.2-µm PTFE membrane filter
(Advantec Co., Ltd., Tokyo). A 5-mL sample was transferred from each of the solutions
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to a 10-mL screw-capped tube. The headspace was filled with nitrogen gas, and the tube
was tightly capped to prevent oxygen entry through the closure. The isomerization of
(all-E)-lycopene was conducted at 4 °C and 50 °C in the dark. After the reaction, the
solvent was removed from the reaction tube by a nitrogen gas stream, and the residue
was re-dissolved in hexane. Normal-phase HPLC was used to analyze the lycopene
isomers.

4.3.3. HPLC analysis
Normal-phase HPLC analysis was conducted according to the method described by
Schierle et al. (1997) [8] with some modifications. The sample was cooled to 5 °C using
an autosampler with a cooler (L-2200, Hitachi Ltd., Tokyo) immediately before the
analysis. The detection wavelength of the compound was set at 460 nm (L-2455,
Hitachi Ltd.) where the differences in molar extinction coefficients among lycopene
isomers are relatively smaller. The mobile phase consisted of hexane containing 0.1%
DIPEA and the stationary phase consisted of three Nucleosil 300-5 columns connected
in tandem (3 × 250 mm in length, 4.6 mm inner diameter, 5 µm particles, GL Sciences
Inc., Tokyo). The flow rate and column temperature were set at 1 mL/min and 30 °C,
respectively. Reversed-phase HPLC analysis was performed according to the method of
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Takehara et al. (2014) [7].

4.3.4. Isolation and identification of (9Z)- and (13Z)-lycopene
In older to characterization of the major lycopene Z-isomers, (9Z)- and
(13Z)-lycopene, generated by thermal isomerization, they were isolated by preparative
HPLC. (all-E)-Lycopene was dissolved in benzene at a concentration of 0.7 mg/mL, and
the solution was heated at 75 °C for 14.5 h in the dark. After heating, the solvent was
evaporated on a rotary evaporator, and the residue was dissolved in hexane at a
concentration of 14.8 mg/mL. After filtering through a 0.2-µm PTFE membrane filter,
the solution was injected into the normal-phase HPLC instrument at room temperature
as described above, except for the mobile phase (hexane/DIPEA (400:1 v/v)) and flow
rate (2.0 mL/min). Under these conditions, fractions of crude (9Z)-lycopene at a
retention time of 48.8–54.2 min and crude (13Z)-lycopene at 39.5–43.2 min were
isolated and applied to a second normal-phase chromatographic separation using a
hexane/DIPEA mobile phase at 700:1 (v/v) for the 9Z-isomer or 2000:1 (v/v) for the
13Z-isomer. Finally, the third normal-phase chromatographic separation was conducted
with hexane/DIPEA (500:1 v/v) to further purify (13Z)-lycopene.
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4.3.5. UV–vis and NMR spectroscopic analyses of (all-E)-, (9Z)-, and
(13Z)-lycopene
UV–vis spectra of the purified lycopene isomers were measured in hexane over a
scanning range of 200–600 nm, and the λ maxima and minima of the compounds were
determined. Spectra were recorded with a Hitachi U-3010 spectrophotometer (Tokyo).
The absorption at 460 nm was also measured to give an accurate estimation of the
concentration of lycopene isomers by comparing the molar extinction coefficient of
(all-E)-lycopene to those of (9Z)- and (13Z)-lycopene at that wavelength.
(9Z)-Lycopene and (13Z)-lycopene were identified by 1H and 13C NMR spectroscopic
analysis. NMR spectra of the lycopene isomers were recorded using a JEOL
JMN-LA400 FT 400 NMR spectrometer (Tokyo) at 400 MHz (for 1H) and 100 MHz
(for

13

C). Chemical shifts were recorded as the δ value in ppm using tetramethylsilane

as an internal standard. Spectra were obtained in C6D6 as well as in CDCl3.

4.3.6. Evaluation of isomerization rate
In order to evaluate the effect of solvent species on isomerization of
(all-E)-lycopene, the reaction rate constants were calculated. Namely, assuming a
first-order reaction, the increment in the concentration of total Z-isomers with
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isomerization time was fitted to the equation (1) shown below:
ln C = −kt + ln C0

(1)

where C and C0 are the concentration and initial concentration of (all-E)-lycopene,
respectively, k is the reaction rate constant, and t is the reaction time. Only the linear
portion of the plot between the natural log of concentration and time was considered.
Numerical values are presented as mean ± SD.

4.4. Results and discussion
4.4.1. General profile of the thermal isomerization of (all-E)-lycopene
The overall isomerization progress of (all-E)-lycopene was estimated as the total
amount of Z-isomers in various organic solvents over 24 h, and was described as a
percentage represented by the ratio of the amount of Z-isomers to the total amount of
lycopene isomers including the (all-E)-form (Figure 1). The isomerization ratios at 4 °C
increased gradually in CH2Cl2 and CHCl3, reaching 19.7% and 11.4%, respectively,
over 24 h (Figure 1A). In CH2Br2, the isomerization ratio of the Z-isomers exceeded
60% within the first hour, whereas ratio increments were hardly observed in acetone,
hexane, benzene, and CCl4 at this temperature for the period of time tested.
Alternatively, at the relatively higher temperature of 50 °C, the isomerization ratios of
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the Z-isomers increased in all of the organic solvents tested (Figure 1B): CH2Cl2,
77.8%; CH2Br2, 75.0%; CHCl3, 48.4%; acetone, hexane, benzene, and CCl4, 34.7–38.1.
Thus, promoted Z-isomerization of (all-E)-lycopene has been first demonstrated in
CH2Br2 as well as CH2Cl2 and CHCl3, whilst some experiments were carried out on
astaxanthin [5,6].

Figure 1. Changes in the content of (Z)-lycopene isomers thermally isomerized at (A)
4 °C and (B) 50 °C in various organic solvents: (●) acetone; (○) hexane; (▲) benzene;
( ) CH2Cl2; (■) CHCl3; (□) CCl4; (◆) CH2Br2. Isomerization was expressed as a
percentage of the amount of Z-isomers to the total amount of lycopene isomers
including (all-E)-lycopene.

The thermally isomerized lycopene solutions obtained at 50 °C over 24 h (Figure 1B)
were separated on a normal-phase HPLC column. The typical chromatograms of these
samples are shown in Figure 2 as well as that of purified (all-E)-lycopene (unheated).
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The predominant Z-isomer emerged in benzene as (13Z)-lycopene (Figure 2B), while
many kinds of other geometrical isomers, including (5Z)-, (9Z)-, and (13Z)-lycopene
were observed in a CH2Cl2 solvent system (Figure 2C).

Figure 2. Normal-phase HPLC chromatograms of (A) (all-E)-lycopene and thermally
generated Z-isomers at 50 °C for 24 h in (B) benzene and (C) CH2Cl2. Three
(mono-Z)-lycopene designated in the charts were tentatively identified according to the
literature [9–11], and ascertained by 1H and 13C NMR spectroscopic analyses.
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This characteristic difference in the isomerization profiles can lead to the selective
enrichment of a desirable isomer by taking advantage of the properties of the solvent, as
discussed below. The absorption maxima for each peak k–y in the chromatogram were
also measured using a photodiode-array detector (Table 1). Several peaks were
subsequently identified as certain geometrical isomers according to the visible spectral
data and retention times in HPLC described in the literatures [9−11], as well as the
characterizations by NMR spectroscopy carried out in this study. The absorption
maxima of the di-Z-isomers, (9Z,13′Z)- and (9Z,13Z)-lycopene (peaks k and q,
respectively) showed a remarkable hypsochromic shift as compared to that of
(all-E)-lycopene. On the other hand, those of the di-Z-isomers including a peripheral
Z-configuration gave a relatively lower displacement, such as (5Z,9′Z)- (peak s),
(5Z,9Z)- (peak w), and (5Z,5′Z)-lycopene (peak y). The relative intensities of the Z-peak
are also shown in Table 1 as % DB/DII, in which larger values were observed for (13Z)and (15Z)-lycopene isomers having a Z-configuration around the center of the molecule
[9−11].
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4.4.2. Purification and characterization of (9Z)- and (13Z)-lycopene
In order to obtain accurate estimations of the concentrations of (9Z)- and
(13Z)-lycopene, these isomers were purified from the Z-isomer mixture obtained by
heating in benzene at 75 °C. From a starting material weight of 2,000 mg of
(all-E)-lycopene, 90 mg of the 9Z-isomer (reversed-phase HPLC, 98.8% purity;
normal-phase HPLC, ≥ 99.9%) and 18.4 mg of the 13Z-isomer (reversed-phase HPLC,
97.0%; normal-phase HPLC, ≥ 99.9%) were obtained. The relatively lower purities of
the compounds yielded by reversed-phase HPLC was caused by the presence of
(all-E)-lycopene which would be attributed to the isomerization to the all-E-form during
the chromatographic procedure; the all-E-isomer could be easily separated from these
Z-isomers by the aforementioned purification steps.
The structures of purified (9Z)- and (13Z)-lycopene were ascertained by 1H and

13

C

NMR spectroscopic analyses (Figure 3), and these assignments are listed along with
those of the all-E-form (Table 2, 3). NMR measurements were performed in two
solvents, CDCl3 and C6D6, in order to acquire characteristic NMR signals as observed in
the previous analysis of (all-E)-lycopene [8]. The shift differences (∆δ) against the
values of (all-E)-lycopene were larger around the Z-double-bond structures of the
lycopene isomers in the measurements of both nuclei and both solvents. Principal
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assignments for the (9Z)- and (13Z)-lycopene were in good agreement with those of the
values previously reported in CDCl3, including synthetic ones [9], and more
sophisticated identifications were achieved for the coupling constants in this work. The
spin signals attributed to AA′BB′-type systems were more distinctively observed in
C6D6 for H–C(14), H–C(14′), H–C(15), and H–C(15′) of (9Z)-lycopene, while simple
doublet of doublet (dd) patterns were obtained for the protons of (13Z)-lycopene as a
result of the apparent loss of molecular symmetry.
The absorption maxima and molar extinction coefficients of (9Z)- and
(13Z)-lycopene were determined in hexane to be 1.64 × 105 M−1· cm−1 at 465 nm and
137 × 103 M−1· cm−1 at 464 nm, respectively (Figure 4 and Table 4). The hypsochromic
shift accompanying the hypochromic effects of the Z-isomers has made it difficult for
researchers to estimate the concentrations of isomerized lycopene in solution from
chromatographic measurements. The molar extinction coefficients of (9Z)-, (13Z)-, and
(all-E)-lycopene, predominant isomers formed during the heating process, were also
measured at 460 nm in the same solvent. These values, determined as 1.28 × 105, 1.47 ×
105 and 1.18 × 105 M−1· cm−1, respectively, could facilitate the compensation of isomer
concentrations in the chromatographic analyses, and aid in the accurate estimation of
the isomerization profile of lycopene during the thermal process. In addition, the Z-peak
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ratios of DB/DII were calculated from the values in Table 4 as 14.0% for the 9Z-form and
56.2% for the 13Z-form, which are compatible with the values presented in Table 1 and
other literature values [10,12].

(A)

(B)

Figure 3. 1H NMR spectra of the purified (A) (9Z)- and (B) (13Z)-lycopene. (400 MHz,
CDCl3).
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Figure 4. Ultraviolet (UV) spectra of the purified (A) (all-E)-, (B) (9Z)- and (C)
(13Z)-lycopene in hexane.
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4.4.3. Thermal isomerization of lycopene and relevant solvent effects
Isomerization of (all-E)-lycopene to the individual Z-isomers was investigated in
several organic solvents at 4 °C and 50 °C (Figure 5), in which (9Z)- and
(13Z)-lycopene were estimated in a manner compensating for the different molar
extinction coefficients described above. In benzene at 4 °C, (all-E)-lycopene was hardly
isomerized to the Z-forms (Figure 5A), and similar observations were made in acetone,
hexane, and CCl4 (data not shown). In CH2Cl2 and CHCl3 at 4 °C, the content of
(all-E)-lycopene gradually decreased with the concomitant emergence of the Z-isomers
(Figure 5B,C). After 24 h incubation, the ratios of (5Z)- and (13Z)-lycopene reached
10.3% in CH2Cl2 and 8.8% in CHCl3, respectively, as the predominant isomer. A rapid
decrease in the all-E-content was observed in CH2Br2, followed by an increment of
(5Z)-lycopene to 27.7% during the first several hours (Figure 5D). The degree of the
solvent effect on isomerization was thus demonstrated (Figure 5B–D), and the rate
constants for isomerization to Z-isomers were calculated as the first-order reaction of
(all-E)-lycopene elimination as follows: (1.52 ± 0.61) × 10−5 s−1 in CH2Cl2; (8.0 ± 0.5) ×
10−6 s−1 in CHCl3; > 1.0 × 10−3 s−1 in CH2Br2. These results indicated that
(5Z)-lycopene was likely to be a predominant product in the solvents having a relatively
strong solvent effect (Figure 5B,D), while the (13Z)-isomer was prominent in solvents
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with a weak effect (Figure 5C).

Figure 5. Thermal isomerization of (all-E)-lycopene to individual Z-isomers (A to D) at
4 °C and (E to H) at 50 °C in (A, E) benzene, (B, F) CH2Cl2, (C, G) CHCl3 and (D, H)
CH2Br2. Changes in the isomer content are presented with regard to the total amount of
lycopene isomers resulting at each point of sampling: (●) (all-E)-lycopene; (○)
(13Z)-lycopene; (▲) (9Z)-lycopene; ( ) (5Z)-lycopene; (■) total amount of the other
Z-isomers.

At the relatively higher temperature of 50 °C (Figure 5E–H), the isomerization
ratios of the Z-isomers were accelerated in the all the organic solvents above in
comparison with those at 4 °C. The rate constants for isomerization to the Z-isomers at
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50 °C were calculated to be (3.4 ± 0.4) × 10−5 s−1 in benzene, (1.41 ± 0.28) × 10−4 s−1 in
CH2Cl2, (8.7 ± 0.3) × 10−5 s−1 in CHCl3, and > 1.0 × 10−3 s−1 in CH2Br2. The rate
constants in the other solvents examined were approximately equal to that of benzene:
(3.3 ± 0.8) × 10−5 s−1 in acetone; (3.7 ± 0.3) × 10−5 s−1 in hexane; (3.3 ± 0.1) × 10−5 s−1
in CCl4 (data not shown). Similar tendencies were also obtained at this temperature,
namely, the rate constants for isomerization were larger in solvents with a strong solvent
effect, generating (5Z)-lycopene as a predominant isomer; in contrast, (13Z)-lycopene
was predominant in solvents with a weaker effect. The isomerization profiles to the
individual isomers in acetone, hexane, and CCl4 were also in good accordance with that
of benzene. In CH2Cl2 and CHCl3, (13Z)-lycopene emerged as the predominant isomer
and gradually decreased after reaching its maximum of ca. 20% after the initial 2–3 h, at
which time the other Z-isomers started to increase. These observations were described
in previous studies [8,13]. According to [14], the potential energies of all-E- and
mono-Z-isomers are in the order of (all-E)- > (5Z)- > (9Z)- > (13Z)-lycopene, and the
magnitude of the activation energies of the isomerization from (all-E)-lycopene to
(mono-Z)-lycopene are (5Z)- > (9Z)- > (13Z)-lycopene. These computational results are
well accounted for in our experimental findings. Namely, (13Z)-lycopene was
kinetically favored, while the 5Z-isomer was thermodynamically preferred. In CH2Cl2
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and CH2Br2, a strong solvent effect should lower the isomerization activation energies
to the 5Z-isomer. Once the thermodynamically stable Z-isomer of lycopene was
produced, (di-Z)- and (tri-Z)-lycopene isomers having Z-configuration at C(13 or 13′)
and C(9 or 9′) could easily be generated because of the lower activation energies of
subsequent isomerization reactions.
The mechanism of the conversion of (all-E)-lycopene to Z-isomers, as depicted
below, could be explained in a similar manner to that of Z-isomerization of
(all-E)-β-carotene by Fe-MCM-41 or titanium tetrachloride [15–18]:
(Lycopene)E − e− ⇌ (Lycopene•+)E

(2)

(Lycopene•+)E ⇌ (Lycopene•+)Z

(3)

(Lycopene•+)Z + e− ⇌ (Lycopene)Z

(4)

The carbon atom of an alkyl halide is partially positive because of the difference in
electronegativity between the carbon and halogen atoms, leaving the carbon atom
susceptible to attack by a chemical species with high electron density. According to the
Lewis definition, CH2Br2, CHCl3, and CH2Cl2 are defined as acids because they are
electron acceptors, while lycopene is a base owing to its electron-rich conjugated
double-bond structure. Therefore, it is quite likely that the carbon atoms of the alkyl
halides are associated with the double-bond moieties of (all-E)-lycopene.
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When (all-E)-lycopene was dissolved in these alkyl halides, isomerization
progressed in the following order: CH2Br2 > CH2Cl2 > CHCl3. The differences in the
strengths of the solvent effect among these solvents can be explained by the hard and
soft acids and bases (HSAB) theory [19–21]. According to the HSAB theory, a soft
Lewis acid/soft Lewis base pair or a hard Lewis acid/hard Lewis base pair will react
easily because of the formation of strong bonds. The strength of the charge on the
carbon atoms can be arranged in ascending order of CHCl3, CH2Cl2 and CH2Br2 on the
basis of electronegativity, and the softness of the acid is indicated by the reversed order.
Lycopene can be classified as a soft base because it has a large polarizability owing to
the eleven conjugated double bonds in its structure; isomerization occurred in these
solvents in that order preferentially. On the other hand, the apparently contradictory
result at 4 °C in CCl4 (Figure 1A) makes the effect worthy of further study.
So far, CHCl3 and CH2Cl2 have been commonly used in various applications with
lycopene, such as an extraction solvent [22,23], mobile phase in HPLC analysis [24,25],
and as an entrainer in supercritical extraction [26]. It would be more appropriate to pay
attention to lycopene processing with these solvents, instead of estimating the apparent
quantity of the Z-isomers.
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Chapter 5
Photosensitized E/Z
isomerization of
(all-E)-lycopene aiming at
practical applications
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5.1. Table of contents

5.2. Introduction
To isomerize (all-E)-carotenoids to Z-isomers, heat treatment has been the typical
method used so far

[1−4]. There are some reports on the photosensitized E/Z

isomerization of carotenoids, an alternative method to thermal processing, which has
been confined to (all-E)-β-carotene [5,6]. However, it is not clear that the reaction also
occurs about lycopene. Here, we report on the first instance of photoisomerization of
(all-E)-lycopene using various photosensitizers, including edible ones, aiming at
practical applications.
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5.3. Materials and methods
5.3.1. Chemicals
Analytical grade acetone, ethyl acetate and MTBE were obtained from
Nakaraitesuku Co., Ltd. (Kyoto, Japan), and HPLC-grade methanol was obtained
Sigma-Aldrich Co. (St. Louis, MO, USA). Hexane was obtained from a solvent
dispensing system supplied by Glass Contour (Nikko Hansen & Co., Ltd., Osaka,
Japan) under a nitrogen atmosphere. MB (Figure 1A) was purchased from Nacalai
Tesque, Inc. (Kyoto, Japan), and chlorophyll a, erythrosine, and RB (Figure 1B–D)
were purchased from Wako Pure Chemical Industries, Ltd. (Osaka).

Figure 1. Chemical structures of the photosensitizers used in this study: (A) methylene
blue; (B) chlorophyll a; (C) erythrosine; (D) rose bengal.
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5.3.2. Preparation of (all-E)-lycopene
(all-E)-Lycopene was obtained from tomato paste (Kagome Co., Ltd., Tokyo, Japan;
lycopene content, 8–12 g/kg) as described in previous reports [3,4]: 360 mg of fine red
crystalline powder from 70.4 g of tomato material; reversed-phase HPLC, ≥ 99.1%
purity.

5.3.3. Photosensitized isomerization of (all-E)-lycopene
To the (all-E)-lycopene solution in acetone (2 × 10−5 mol/L), MB, chlorophyll a,
erythrosine or RB were added at the same molar ratio as lycopene. After nitrogen gas
was bubbled through the solutions, samples were irradiated by xenon lamp
(XB-50101AA, Ushio Inc., Tokyo) equipped with optical filters corresponding to the
absorption wavelength of the individual sensitizers: MB and chlorophyll a, irradiation
range ≥ 600 nm (LV0610 optical filter, Asahi Spectra Co., Ltd., Tokyo); erythrosine and
RB, 480 to 600 nm (GIF filter, Nikon Corporation, Tokyo). The photosensitization
reaction was conducted at 32 °C for 60 min in a 10 × 10 mm glass container with a lid.
The reaction mixtures were sampled and the contents of lycopene isomers were
analyzed by reversed-phase HPLC based on the peak areas.
The time-dependent photoisomerization behavior in acetone, ethyl acetate, and
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hexane was also investigated under the same conditions as described above using
erythrosine and RB, both of which are legitimate, stable and sufficiently inexpensive to
be applicable for practical use.

5.3.4. HPLC analysis
Z-Isomers of lycopene were separated with a C30 carotenoid column (250 × 4.6 mm
inner diameter, 5 µm particles, YMC, Kyoto) using two mobile phases consisting of (A)
methanol/ MTBE/H2O (75:15:10, v/v/v) and (B) methanol/MTBE/H2O (7:90:3, v/v/v).
The gradient profile was as follows: 0–3 min, 0–27% B linear; 3–15 min, 27–55% B;
15–25 min, 55–65% B; 25–35 min, 65–85% B; 35–40 min, 85–95% B; 40–48min, 95–
100% B. Flow rate was 1.0 mL/min and column temperature was maintained at 25 °C.
The quantification of Z-isomers of lycopene was performed by peak area integration at
470 nm using a UV–vis detector (JASCO Co., Tokyo).4 (13Z)-, (9Z)-, (all-E)-, and
(5Z)-lycopene were identified by peaks with the retention times of 33.8, 37.9, 42.4, and
42.9 min, respectively, with this system.

5.4. Results and discussion
5.4.1. Photoisomerization with various sensitizers
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The photoisomerization of (all-E)-lycopene to the corresponding Z-forms was
performed in acetone in the presence of four kinds of sensitizers using filtered light.
After irradiation with 480–600-nm light for 60 min, the concentrations of
undecomposed lycopene remaining in solution were determined to be 1.5 × 10−5 mol/L
(with MB), 1.7 × 10−5 mol/L (chlorophyll a), and 1.7 × 10−5 mol/L (without sensitizer)
under ≥ 600-nm light irradiation; 0.7 × 10−5 mol/L (erythrosine), 1.0 × 10−5 mol/L (RB),
and 1.9 × 10−5 mol/L (without sensitizer) by the HPLC analysis, typical chromatograms
shown in Figure 2. The total amounts of Z-isomers relative to the remaining lycopene
after the reaction were 57.4%, 51.3%, 47.7%, and 46.4% with MB, chlorophyll a,
erythrosine, and RB, respectively (Table 1). On the other hand, the blank tests irradiated
at the light regions more than 600 nm and between 480 and 600 nm without sensitizer
resulted in a Z-isomer content of only 7.4% and 7.7%, respectively. To the best of our
knowledge, photoisomerization of (all-E)-lycopene was previously conducted by Stahl
and co-workers [7], and Lee and Chen [8]. However, Stahl and co-workers [7]
performed the iodine-catalyzed isomerization; the iodine is inedible, and the reaction
mechanism would contain a radical process principally [9]. Then, Lee and Chen [8]
carried out the isomerization of (all-E)-lycopene by direct light irradiation for 60 min,
obtained a few percent of Z-isomers. Our results obviously indicated that the usage of
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sensitizer and filtered light resulted in an accelerated isomerization of (all-E)-lycopene
to Z-isomers. MB was the most efficient sensitizer for the isomerization among the
reagents tested; however, it is not approved for use in food processing. In contrast,
chlorophyll a, erythrosine, and RB are usable in such industrial fields, and therefore
erythrosine appears to be the most suitable sensitizer for (all-E)-lycopene isomerization.
As for the individual Z-isomers generated, several Z-isomers of lycopene were
observed in the HPLC chart in addition to (5Z)-, (9Z)-, and (13Z)-lycopene (Figure 2B)
predominantly contained in processed food [1,10]. In all cases with the above
sensitizers after 60-min irradiation, (5Z)-lycopene showed the greatest increase to
39.9%, 31.7%, 37.7%, and 29.9% relative to the remaining lycopene with MB,
chlorophyll a, erythrosine, and RB, respectively (Table 1). On the other hand, (9Z)-,
(13Z)-, and other Z-isomers increased to less than 10% with each sensitizer under the
same irradiation duration. (5Z)-Lycopene exhibits higher bioavailability [10] and
antioxidant activity [11] compared to (all-E)-lycopene and possibly to (9Z)- and
(13Z)-lycopene. In addition, (5Z)-lycopene is estimated to be thermodynamically more
stable than (9Z)- and (13Z)-lycopene according to the results of quantum chemistry
calculations [12]. Therefore, we believe that photosensitized isomerization is an
effective method to produce lycopene isomers with sophisticated functionalities and
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greater storage stability among the Z-isomers.

Figure 2. Reversed-phase HPLC charts of (A) (all-E)-lycopene and photoirradiated
lycopene with rose bengal (RB) as a sensitizer (B) in acetone and (C) in hexane at 32 °C
for 60 min. Unidentified peaks contain multi-(Z)-isomers as well as other
mono-(Z)-isomer(s).

95

96

5.4.2. Time course of the photosensitized isomerization of lycopene and solvent
effects on the content of Z-isomers
In order to determine the optimum condition for photosensitized isomerization of
(all-E)-lycopene, the sensitizers erythrosine and RB approved for use in food processing
and have good isomerization efficiency, as mentioned above, were used. The time
course examinations of photosensitized isomerization of lycopene were carried out with
the sensitizers in acetone (Figures 3A,B). The total amount of Z-isomers of lycopene
with erythrosine was slightly greater than with RB, and (5Z)-lycopene constituted the
majority of Z-isomers with both sensitizers. Using erythrosine, (9Z)-lycopene, a
kinetically-preferable isomer, initially emerged and likely reversed to the (all-E)-form
with time.
Next, solvent effects on isomerization with the two sensitizers was investigated using
ethyl acetate (Figures 3C,D) and hexane (Figures 3E,F), both of which are approved for
use in the food, drink and dietary supplement manufacturing industries. After irradiation
in ethyl acetate for 60 min, the concentrations of lycopene remaining in solutions were
0.6 × 10−5 mol/L with both erythrosine and RB; on the other hand, relatively higher
levels of lycopene were obtained in hexane: 1.7 × 10−5 mol/L with erythrosine and 1.4 ×
10−5 mol/L with RB. The total amounts of Z-isomers relative to the remaining lycopene
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after 60-min irradiation were 80.4%, 67.6%, and 47.7% in hexane, ethyl acetate, and
acetone, respectively (Figures 3E,C,A), and a similar tendency was also observed with
RB (Figures 3F,D,B). As for the individual Z-isomers, (5Z)-lycopene was again
predominantly produced in each condition and both (9Z)-lycopene and (13Z)-lycopene
exceeded 10% by content after 60-min irradiation with erythrosine (Figure 3E) or RB
(Figures 2C, 3F) in hexane. In addition, the total amount of other Z-isomers except for
(5Z)-, (9Z)- and (13Z)-lycopene was also markedly increased in hexane, 19.7% and
19.4% with erythrosine and RB, respectively. These results demonstrate that the usage
of a less polar solvent not only accelerated Z-isomerization but also was effective in
suppressing the decomposition of lycopene. To explain the higher rate of the
photosensitized isomerization of (all-E)-lycopene to the Z-isomers, it could be
reasonable to investigate the energy gap between the photosensitizer in an excited triplet
state and the (all-E)-lycopene in a triplet state [5,6,13].
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Figure 3. Photoisomerization of (all-E)-lycopene to individual Z-isomers in (A, B)
acetone, (C, D) ethyl acetate, and (E, F) hexane with (A, C, E) erythrosine and (B, D, F)
RB as a sensitizer under 480–600 nm light irradiation. Changes in the isomer content
are presented relative to the total amount of lycopene isomers at each sampling point:
(○) (all-E)-lycopene; (●) (5Z)-lycopene; ( ) (9Z)-lycopene; (▲) (13Z)-lycopene; (□)
other Z-isomers including those unidentified; (■) total amount of Z-isomers.

In conclusion, the photoisomerization of (all-E)-lycopene to Z-isomers with
sensitizer and filtered light has proven to be more effective than thermal isomerization.
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In particular, the reaction condition with erythrosine in hexane under 60-min irradiation
at wavelengths between 480 nm and 600 nm was the best method to enrich the content
of Z-isomers and suppress the decomposition of lycopene. These findings will
contribute to the development of facile isomerization of (all-E)-lycopene to Z-isomers in
the fields of food, drink and dietary supplement manufacturing.
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Chapter 6
Enhanced E/Z
isomerization of
(all-E)-lycopene by
employing iron(III) chloride
as a catalyst
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6.1. Table of contents

6.2. Introduction
There have been some reports on the E/Z isomerization of carotenoids, except for
lycopene, using a catalyst such as iron(III) chloride [1,2], Fe-MCM-41 [3,4], and
titanium tetrachloride [5], but no observations from the perspective of both
isomerization efficiency and recovery of the carotenoids have been published. In
connection with our studies of E/Z isomerization, we report here on the first instance of
catalytic E/Z isomerization of (all-E)-lycopene using iron(III) chloride applicable to
industrial manufacturing in the fields of food, drink and dietary supplements. In this
study, to understand the E/Z isomerization characteristics of lycopene using the catalyst,
the effects of reaction solvent, concentration of iron(III) chloride, and reaction
temperature were investigated, and the reaction condition was optimized. This new
procedure will be an effective tool for E/Z isomerization of lycopene and will contribute
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to the understanding of the catalytic isomerization process regarding lycopene.

6.3. Materials and methods
6.3.1. Chemicals
(all-E)-Lycopene was purified as previously described [6,7] or obtained from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan). Iron(III) chloride was purchased from
Wako Pure Chemical Industries, Ltd. HPLC-grade hexane, acetone, ethyl acetate,
benzene and CH2Cl2 were obtained from Kanto Chemical Co., Inc. (Tokyo, Japan).
DIPEA was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo).

6.3.2. E/Z Isomerization of (all-E)-lycopene using iron(III) chloride
(all-E)-Lycopene was dissolved in acetone, ethyl acetate, benzene, or CH2Cl2 at a
concentration of 0.1 mg/mL, and a suitable amount of iron(III) chloride was added to
the solution. From each of the solutions, 5 mL of sample was immediately transferred to
a 10-mL screw-capped tube, the headspace was purged with nitrogen gas, and the tube
was tightly capped to prevent oxygen from coming into contact with the solution. The
isomerization reaction was conducted at a specified temperature for up to 24 h under
darkness. The reaction mixtures at a given time during the isomerization were filtered
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through a 0.2-µm polytetrafluoroethylene membrane filter (Advantec Co., Ltd., Tokyo)
before the HPLC separation.

6.3.3. HPLC analysis
Normal-phase HPLC analysis with a photodiode array detector (L-2455; Hitachi Ltd.,
Tokyo) was conducted according to the method described previously [7]. Briefly, the
analysis was performed on three Nucleosil 300-5 columns connected in tandem (3 × 250
mm in length, 4.6 mm inner diameter, 5 µm particle size; GL Sciences Inc., Tokyo) with
hexane containing 0.1% DIPEA, at a flow rate of 1.0 mL/min, and a column
temperature at 30 °C. The quantification of lycopene isomers was performed by peak
area integration at 460 nm.

6.3.4. Evaluation of the decomposition rate
The decomposition of lycopene associated with isomerization reaction was evaluated.
Assuming that the decomposition of lycopene is approximated by first order kinetics,
the decomposition rate constant (k) can be calculated according to the equation: ln
(C/C0) = −kt, where C and C0 are the concentration and initial concentration of lycopene
isomers, respectively, and t is the reaction time. Only the linear portion of the plot
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between the natural log of concentration and time was considered. Numerical values are
presented as mean ± SD.

6.4. Results and discussion
6.4.1. Profile of isomerization of (all-E)-lycopene to Z-isomers in the presence of
Iron(III) chloride
The normal-phase HPLC charts of (all-E)-lycopene (purity, ≥99.0%) and generated
Z-isomers of lycopene by the reaction with iron(III) chloride are shown in Figure 1.
(13Z)-Lycopene predominantly emerged as a Z-isomer at 20 °C for one hour with
iron(III) chloride at a concentration of 5.0 × 10−4 mg/mL in acetone (Figure 1B), while a
number of Z-isomers including (5Z)-, (9Z)-, and (13Z)-lycopene were observed with a
relatively high level of the catalyst (1.6 × 10−2 mg/mL) (Figure 1C). Each peak (a–l)
designated in the chromatogram was also characterized using a photodiode-array
detector. Several Z-isomers of lycopene were identified according to the retention times
in HPLC, visible spectral data, and the relative intensities of the Z-peak as % DB/DII
described in previous researches (Table 1) [7–13].The absorption spectra of the isomers
having a 13Z-configuration around the center of the molecule, such as (9Z,13′Z)- and
(9Z,13Z)-lycopene (peaks a and h, respectively) as well as (13Z)-lycopene, showed
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significant blueshifts, and the values of % DB/DII increased considerably compared with
that of (all-E)-lycopene. However, those of the isomers containing a peripheral
Z-configuration, such as (5Z,9′Z)- and (5Z,5′Z)-lycopene (peaks i and l) as well as
(5Z)-lycopene, were relatively lower.

Figure 1. Normal-phase high-performance liquid chromatographic analysis of (A)
(all-E)-lycopene and catalytically generated Z-isomers using iron(III) chloride at a
concentration of (B) 5.0 × 10−4 mg/mL or (C) 1.6 × 10−2 mg/mL at 20 °C for one hour in
acetone. The lycopene was prepared at an initial concentration of 0.1 mg/mL. (5Z)-,
(9Z)-, and (13Z)-lycopene designated in the charts were identified according to the
previous studies [7–13]. Some of the peaks (a–l) were tentatively identified as shown in
Table 1.
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6.4.2. Effect of solvent on isomerization of (all-E)-lycopene with iron(III) chloride
Isomerization of (all-E)-lycopene (0.1 mg/mL) to Z-isomers was investigated in the
presence of iron(III) chloride (1.0 × 10−3 mg/mL) at 20 °C in several solvents, including
ones permitted for use in food and beverage production. The total contents of Z-isomers
converted were estimated to range between 50–80% when the remaining lycopene
without decomposition was taken as 100% (Table 2), and showed an increase in
efficiency in the following order: CH2Cl2 > benzene > acetone > ethyl acetate.
Relatively higher isomerization contents in CH2Cl2 and benzene might be caused by
differences in the solvation states, because the absorption maxima of lycopene were
characteristically red-shifted in these solvents compared with acetone and ethyl acetate
[6]. Some studies have also reproducibly reported that Z-isomerization of carotenoids
including lycopene were promoted in halogenated solvents, such as CH2Cl2, CHCl3 and
dibromomethane [7,14,15].
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In terms of each Z-isomer generated, it was demonstrated that the content of
(5Z)-lycopene increased temporally in each solvent tested, whereas (13Z)-lycopene
maintained constant values or decreased (Table 2). According to computational methods,
the magnitudes of the activation energy of isomerization from (all-E)-lycopene to each
(mono-Z)-isomer were estimated in the following order: (5Z)- > (9Z)- > (13Z)-lycopene,
and the relative potential energy of (mono-Z)-lycopene on the basis of (all-E)-lycopene
was in the order: (13Z)- > (9Z)- > (5Z)- ≈ (all-E)-lycopene [16,17]. Taking into account
the increase in other Z-isomers of lycopene, kinetically-favored (13Z)-lycopene was
produced immediately after the reaction and was followed by the reversed reaction to
(all-E)-lycopene

and

subsequent

isomerization

to

thermodynamically-stable

(5Z)-lycopene or (multi-Z)-lycopene containing the 5Z-configuration [16,17]. Such
tendencies for the isomerization were also observed in the thermal isomerization of
(all-E)-lycopene [6,7]. In benzene, (9Z)-lycopene markedly increased compared with
the other solvents tested, while, in CH2Cl2, (5Z)-lycopene and the other Z-isomers of
lycopene markedly increased. This characteristic difference in the isomerization
preference would lead to the selective enrichment of an isomer with desirable
Z-configuration by taking advantage of the solvent properties.
The remaining ratios of total amount of lycopene isomers without decomposition
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after the 12-h reaction were higher in the order of acetone > benzene > ethyl acetate >
CH2Cl2 (Table 2). Lycopene was hardly decomposed in acetone and benzene: the
remaining ratios of lycopene after the 12-h reaction were both more than 90%. On the
other hand, in CH2Cl2, the remaining lycopene after 3 h and 12 h was only 79.4% and
47.5%, respectively. It has been reported that astaxanthin, a kind of carotenoid, was also
decomposed in CH2Cl2 [14]. Together with the availability of acetone and ethyl acetate
in food processing in many countries, the two solvents are considered to be suitable for
use in the isomerization of (all-E)-lycopene for the food, beverage, and dietary
supplement manufacturing industries. In comparison with ethyl acetate, acetone is able
to isomerize (all-E)-lycopene to Z-isomers more efficiently and largely without
lycopene decomposition. To optimize the isomerization reaction for compatibility with
food processing, experiments were performed using acetone as a solvent in the
following sections.

6.4.3. Dependence of iron(III) chloride concentration on isomerization of
(all-E)-lycopene
The isomerization of (all-E)-lycopene (0.1 mg/mL) was investigated using iron(III)
chloride at concentrations ranging from 5.0 × 10−4 to 1.6 × 10−2 mg/mL (Figure 2). The
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more catalyst was added to the reaction solution, the greater the production of Z-isomers
of lycopene. The total contents of Z-isomers reached about 40% within one hour with an
iron(III) chloride concentration of 5.0 × 10−4 mg/mL, and were maintained at a constant
level for 24 h (Figure 2A). On the other hand, with a catalyst concentration of 1.0 × 10−3
mg/mL, the total content of Z-isomers was progressively increased after an initial burst
of conversion and reached about 60% for 24 h (Figure 2B). Moreover, at higher
concentrations of no less than 2.0 × 10−3 mg/mL, more than 80% isomerization was
attained for a 24-h period at longest (Figure 2C–F). As for individual isomers,
(13Z)-lycopene mainly increased with iron(III) chloride at concentrations of 5.0 × 10−4
and 1.0 × 10−3 mg/mL. In the case of catalyst at a concentration of no less than 2.0 ×
10−3, (5Z)- and the other Z-isomers emerged as the predominant isomers. However,
while (13Z)-lycopene initially increased during 1–2 h of reaction with iron(III) chloride
at all concentrations tested, it gradually decreased concomitant with the increase in the
other Z-isomers. The computational approach discussed above accounts for this
isomerization profile. Namely, (13Z)-lycopene which has a low activation energy was
remarkably increased at a relatively lower concentration of iron(III) chloride, and
(5Z)-lycopene which has a higher activation energy but lower potential energy increased
remarkably at a relatively higher catalyst concentration. In addition, once the
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thermodynamically stable (5Z)-isomer of lycopene has been formed, (di-Z)- and
(tri-Z)-lycopene isomers can be easily generated because of the lower activation
energies of the subsequent isomerization reactions.
Since all of the lycopene was degraded in the presence of iron(III) chloride at
concentrations of 8.0 × 10−3 and 1.6 × 10−2 mg/mL, their time courses were limited to
12 h (Figure 2E) and 3 h (Figure 2F), respectively. As is often seen in the general
catalytic reaction, the higher the concentration of iron(III) chloride, the faster the
decomposition of lycopene. The decomposition rate constants were (1.9 ± 0.2) × 10−6
s−1, (1.8 ± 0.6) × 10−6 s−1, (1.8 ± 0.5) × 10−6 s−1, (9.2 ± 2.6) × 10−6 s−1, (3.1 ± 0.6) × 10−5
s−1, and (1.2 ± 0.5) × 10−4 s−1 with iron(III) chloride concentrations of 5.0 × 10−4, 1.0 ×
10−3, 2.0 × 10−3, 4.0 × 10−3, 8.0 × 10−3, and 1.6 × 10−2 mg/mL, respectively. Up to an
iron(III) chloride concentration of 2.0 × 10−3 mg/mL (the molar ratio of lycopene to
iron(III) chloride is 1:0.066), lycopene was hardly decomposed during the reaction: the
total amount of the remaining lycopene was 90.3% with 2.0 ×10−3 mg/mL catalyst for
0.1 mg/mL of (all-E)-lycopene in acetone for 24 h at 20 °C. Therefore, to exploit this
isomerization procedure for practical applications, it is preferable that the molar ratio of
lycopene to iron(III) chloride is 1:0.1 or less, which can suppress the decomposition of
lycopene and increase the content of Z-isomers efficiently.
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Figure 2. Isomerization of (all-E)-lycopene to Z-isomers using iron(III) chloride at
concentrations of (A) 5.0 × 10−4 mg/mL, (B) 1.0 × 10−3 mg/mL, (C) 2.0 × 10−3 mg/mL,
(D) 4.0 × 10−3 mg/mL, (E) 8.0 × 10−3 mg/mL, and (F) 1.6 × 10−2 mg/mL at 20 °C in
acetone. The lycopene was prepared at an initial concentration of 0.1 mg/mL. Changes
in the isomer content (%) are presented relative to the total amount of lycopene isomers
at each sampling point: (○) (all-E)-lycopene; (●) total content of Z-isomers; ( )
(5Z)-lycopene; (▲) (9Z)-lycopene; (□) (13Z)-lycopene; (■) sum of Z-isomers of
lycopene other than (5Z)-, (9Z)-, and (13Z)-forms. Because of the higher decomposition
levels of the lycopene (panels E and F), analyses were limited to shorter reaction
durations (see also in the text).

6.4.4. Effect of reaction temperature on isomerization of (all-E)-lycopene with
iron(III) chloride and a possible isomerization process
Using the above catalyst concentration of 1.0 × 10−3 mg/mL, the isomerization
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temperature of (all-E)-lycopene in acetone was optimized in the range of 0–60 °C. As
the reaction temperature was raised, the total content of Z-isomers of lycopene markedly
increased (Table 3). Especially, the isomer content approached 80% within a few hours
after heating at 60 °C. In addition, at a reaction temperature of 60 °C, the other
Z-isomers of lycopene increased considerably because of the possible enhancement of
(di-Z)- and (tri-Z)-lycopene containing (5Z)-configuration, as discussed above. Focusing
on the reaction times of 3 h and 12 h, (5Z)-lycopene and other Z-isomers of lycopene
increased in a time-dependent manner in each case, whereas (13Z)-lycopene decreased.
(9Z)-Lycopene also increased temporally in the range of 0–40 °C while it decreased at
the elevated temperature of 60 °C. Furthermore, the total amount of lycopene was
hardly decreased during the reaction period: the remaining lycopene exceeded 90% of
the initial dose in each measurement after 12 h (Table 3). Thus, a higher level of
isomerization was successfully achieved at 60 °C while suppressing the decomposition
of lycopene to a minimum, and is thus appropriate for practical applications.
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We propose that the mechanism of E/Z isomerization of lycopene using iron(III)
chloride could follow a similar process to that of (all-E)-β-carotene using iron(III)
chloride [1,2], Fe-MCM-41 [3,4], or titanium tetrachloride [5] as described below:
(Lycopene)E + Fe3+ ⇌ (Lycopene•+)E + Fe2+

(1)

(Lycopene•+)E + Fe3+ ⇌ (Lycopene2+)E + Fe2+

(2)

(Lycopene•+)E ⇌ (Lycopene•+)Z

(3)

(Lycopene2+)E ⇌ (Lycopene2+)Z

(4)

(Lycopene2+)Z + Fe2+⇌ (Lycopene•+)Z + Fe3+

(5)

(Lycopene•+)Z + Fe2+ ⇌ (Lycopene)Z + Fe3+

(6)

First iron(III) ions in the catalyst accept an electron from (all-E)-lycopene, (Lycopene)E,
and also from the resulting cations (Lycopene•+)E shown in equilibriums (1) and (2). The
cation species (Lycopene•+)E and (Lycopene2+)E, which are able to rotate at the
electron-deficient site formerly double-bonded, isomerize to the corresponding Z-forms,
(Lycopene•+)Z and (Lycopene2+)Z in equilibriums (3) and (4), respectively. Finally, the
Z-isomerized lycopene cation species accept the electron from iron(II) ions to form
Z-isomers of lycopene in equilibriums (5) and (6).
In this study, we found that (all-E)-lycopene isomerizes to Z-isomers efficiently and
largely without decomposition by employing an appropriate solvent and concentration
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of iron(III) chloride as catalyst under optimized temperature: the isomerization ratio of
(all-E)-lycopene (0.1 mg/mL) to Z-isomers and the total amounts of the remaining
lycopene were attained at 79.9% and 96.5%, respectively, with 1.0 × 10−3 mg/mL
iron(III) chloride in acetone for 3 h at 60 °C. This catalytic procedure is not only more
effective in obtaining Z-isomers of lycopene exhibiting good functionalities, but is also
applicable to industrial manufacturing in the fields of food, drink and dietary
supplements requiring less facility investment.
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Chapter 7
Vegetable oil-mediated
thermal isomerization of
(all-E)-lycopene: facile and
efficient production of
Z-isomers
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7.1. Table of contents

7.2. Introduction
As discussed in the previous chapter, we demonstrated basic studies on the thermal[1] and photo-isomerization [2] of (all-E)-lycopene, and finally attained a greater
isomerization to the corresponding Z-isomers (79.9% conversion) in the presence of a
catalyst [3] almost without decomposition of lycopene (96.5% recovery). Although our
developed methods showed high efficiency for geometrical isomerization of
(all-E)-lycopene and are amenable to foods and beverages manufacturing, some organic
solvents or food additives such as erythrosine and iron(III) chloride were employed in
each procedure. Since the global trend is toward natural and additive-free foods and
drinks, we embarked on a new study on lycopene preparations rich in Z-forms without
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those chemical reagents. Several studies have also reported that some organic solvents,
such as CH2Cl2 and CHCl3, promoted thermal Z-isomerization of carotenoids including
lycopene [4–6], and have stimulated interest in the possible effects induced by biogenic
solvents like vegetable oils. Here, we investigated the potential of eleven different kinds
of edible vegetable oils available in the market to isomerize (all-E)-lycopene to
Z-isomers under heat treatment. This simple but effective method will be an alternative
tool for the Z-isomerization of (all-E)-lycopene under conditions suitable for food
processing.

7.3. Materials and methods
7.3.1. Chemicals
All solvents were of analytical-grade, except for the HPLC-grade methanol
(Sigma-Aldrich Co., St. Louis, MO) and vegetable oils for cooking (perilla, linseed,
grape seed, soybean, corn, sesame, rapeseed, rice bran, safflower seed, olive, and
sunflower seed oils). The suppliers of the oils were summarized in Table 1 with some
chemical properties [7–10].
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7.3.2. Purification of (all-E)-lycopene
(all-E)-Lycopene was obtained from tomato oleoresin (Lyc-O-Mato® 15%, LycoRed
Ltd., Beer-Sheva, Israel) according to the previous description [1]: 493.4 mg of fine red
crystalline powder from 3.12 g of tomato material; reversed-phase HPLC, ≥ 98.3%
purity. Purified lycopene was stored at −80 °C until just before use.

7.3.3. Thermal isomerization of purified (all-E)-lycopene in vegetable oils
The edible vegetable oils used in this study were perilla, linseed, grape seed, soybean,
corn, sesame, rapeseed, rice bran, safflower seed, olive, and sunflower seed oil. Purified
(all-E)-lycopene was dispersed into each vegetable oil at the concentration of 10 mg/mL,
and the residues were dissolved by sonication in an ice-cold bath (SUS-300, Shimadzu,
Kyoto, Japan) at 300 W for 20 min. Almost no isomerization of (all-E)-lycopene was
observed after the process. From each of the solutions, 25 µL of sample was withdrawn
with a microsyringe, transferred to a small vial, and the headspace was purged with
argon gas. Immediately, the vessels were tightly closed to minimize the oxygen
exposure and placed in an oil-bath at 100 °C for 1 h or 3 h under dark conditions. After
the thermal treatment, each reaction mixture was diluted in 5 mL of benzene and filtered
through a 0.2-µm polytetrafluoroethylene membrane filter (Advantec Co., Ltd., Tokyo,

129

Japan) prior to the HPLC separation.

7.3.4. HPLC analysis
Reversed-phase HPLC analysis with a C30 carotenoid column (250 × 4.6 mm inner
diameter, 5 µm particles, YMC, Kyoto) was conducted according to the method
described previously [1]. The quantification of Z-isomers of lycopene was carried out
by peak area integration at 470 nm by a UV–vis detector (JASCO Co., Tokyo), and the
peaks were identified according to previous works [1–4].

7.4. Results and discussion
Purified (all-E)-lycopene samples dissolved in corn and sesame oils which are nearly
equivalent in IVs and SVs and FA compositions (Table 1) [9,10] were thermally
isomerized at 100 °C for 1 h. The resulting lycopene mixtures were separated on a
reversed-phase HPLC column. The typical chromatogram of each sample is shown in
Figure1, as well as that of intact (all-E)-lycopene. The predominant mono-Z-isomers
produced were identified according to previous works [1–4] and defined spectral data
for (5Z)-lycopene (Figure 2, 3 and Tables 2, 3). In corn oil (Figure 1B), (9Z)- and
(13Z)-lycopene were prevailing except for the all-E-form, while (5Z)-lycopene and
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putative (5Z,9′Z)- and (5Z,9Z)-isomers [11] were significantly increased in sesame oil
(Figure 1C). These mono-Z-isomers are often found in the human body as well as in
processed tomato products [12,13]. Some peaks assumed (multi-Z)-lycopene were also
detected in both vegetable oils.

Figure 1. Reversed-phase HPLC chromatograms of (A) (all-E)-lycopene and thermally
treated lycopene at 100 °C for 1 h in (B) corn oil and (C) sesame oil. Peaks with
asterisks around the (9Z)-lycopene denote the di-Z-isomers having 5Z-configuration:
(5Z,9′Z)-lycopene with the retention time of 40.6 min and (5Z,9Z)-lycopene of 41.4 min
[11]. Unidentified peaks contain other mono-Z- and multi-Z-isomers.
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Figure 2. 1H NMR spectrum of the purified (5Z)-lycopene. (400 MHz, CDCl3).

Figure 3. Ultraviolet (UV) spectra of the purified (5Z)-lycopene in hexane.
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Thermal isomerization of (all-E)-lycopene to the Z-isomers was conducted in various
kinds of vegetable oils having different IVs at 100 °C for 1 h. The percentage contents
of the isomers obtained are listed in Table 4. The total content of Z-lycopene surpassed
58.8% after the heat treatment in sesame oil, and the values attained in the eleven
vegetable oils were higher in the order corresponding to sesame > rice bran, grape seed,
safflower seed, soybean, corn, linseed > olive, rapeseed, perilla > sunflower seed oil. As
for the individual Z-isomers generated, profiles of components of the Z-isomers were
almost the same amongst the tested vegetable oils except for sesame oil, in which
(5Z)-lycopene increased approximately 3–5 times compared with the others.
(5Z)-Lycopene was estimated to be kinetically unfavorable but thermodynamically more
stable than (9Z)- and (13Z)-lycopene by the results of quantum chemistry calculations
[14]. The preferential occurrence of (5Z)-lycopene from (all-E)-lycopene in sesame oil
is considered to be independent of the IVs and SVs and FA composition, because these
values were similar to those of corn oil [9,10]. Colle et al. (2013) also indicated that
there was no correlation between these values and thermal isomerization tendencies of
(all-E)-lycopene by the experiments of using olive and fish oils [15]. It can be supposed
that the preference is due to the catalytic ingredients in sesame oil, such as iron, which
increased a content of (5Z)-isomer [3] probably by lowering the activation energy
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during isomerization to the corresponding isomer [14, 16]. In fact, the sesame oil used
in this study contained rich minerals such as iron, copper, selenium and so on than other
vegetable oils [17]. Interestingly, (5Z)-lycopene has been reported to show higher
bioavailability [18] and antioxidant capacity [19] compared with (all-E)-lycopene and
possibly to (9Z)- and (13Z)-lycopene.
The remaining ratios of total amount of lycopene isomers without decomposition
were investigated under the above conditions, and found to be high in the following
order: sunflower seed, sesame, soybean, rapeseed, corn, olive, safflower seed, rice bran
(79.6–74.2%) > perilla, grape seed (55.8, and 54.1%, respectively) > linseed oil (38.8%).
The decomposition of lycopene in oils showing higher remaining ratios, such as
sunflower seed and sesame oils, would probably be suppressed by natural antioxidants
contained in the oils, such as α-tocopherol and sesamol, respectively [10]. In fact,
1

H-NMR signals at 5.95 and 6.77–6.88 ppm, possibly derived from the spectra of lignan

derivatives [20], were observed in a sesame oil used in this study (Figure 4). On the
other hand, lycopene was largely degraded in perilla, linseed, and grape seed oil. The
high IV of these oils brought about the accelerated decomposition of lycopene, because
the double bonds in FAs can undergo the formation of peroxy radicals harmful to
lycopene [10,15].
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As a practically important criterion, efficiency of Z-isomerization with vegetable oils
was assessed for the Z-isomers of lycopene in total amount and for 5Z-isomer,
considering the remaining ratio of total amount of lycopene isomers without
decomposition after the thermal treatment (Figure 5). In eight oils, more than 35% of
the efficiency of total Z-isomerization could be attained for 1 h, whereas only two oils
showed such high efficiency after 3 h (Figure 5A). When sesame oil was employed, the
efficiency remained above 45% during the period tested, and in particular,
(5Z)-lycopene production was threefold greater than the average of the other oils
(Figure 5B). The thermal Z-isomerization efficiency of (all-E)-lycopene in sesame oil is
estimated to be higher than in common organic solvents such as acetone, benzene and
hexane: approximately 40% of total Z-isomers content and less than 3% of
(5Z)-lycopene content by heating in those solvents, even without considering the
decomposition of lycopene [4]. In perilla and linseed oils, however, the efficiencies were
quite low at ca. 5% for total Z-isomers and less than 0.5% for (5Z)-lycopene for 3 h,
because high decomposition ratios of lycopene depend on the high IVs discussed above.
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Figure 4. 1H NMR spectrum of the sesame oil. The signals at 5.95 and 6.77–6.88 ppm,
possibly derived from the spectra of lignan derivatives [18].

Figure 5. Efficiency of E-to-Z isomerization of lycopene in various vegetable oils.
(all-E)-Lycopene was heated at 100 °C for 1 h (solid bars) and 3 h (shaded bars) in each
oil. The efficiencies of isomerization to (A) Z-isomers of lycopene in total amount and
(B) (5Z)-lycopene were calculated by multiplying the percentage content of Z-isomers
by remaining ratio of total amount of lycopene isomers without decomposition and by
one-hundredth. Error bars indicate the SD from triplicate samples.
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Chapter 8
Overall conclusion
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In this study, we demonstrated the fundamental data acquisition, and thermal-, photoand catalystic isomerization of (all-E)-lycopene, and characterization of an unidentified
Z-isomer of lycopene; (15Z)-lycopene.
In Chapter 2, the chemical and physical properties such as the melting point, UV−vis
spectra, IR spectra and NMR spectra of (all-E)-lycopene were obtained using an
extremely purified extract from tomato paste. These results provided a new insight into
the spectroscopic and geometrical properties of lycopene.
In Chapter 3, (15Z)-lycopene was thermally generated and purified from a natural
source, and mainly identified by an NMR technique for the first time as a natural origin.
Moreover, the occurrence and availability of the 15Z-isomer were also discussed on the
basis of the calculation method, which provided a rational explanation for the
experimental results obtained.
In Chapter 4, the elaborate UV–vis and NMR investigation of lycopene isomers, by
which the molar extinction coefficients of (9Z)- and (13Z)-lycopene were determined
for the first time, facilitated an accurate quantification of the concentrations of
Z-isomers formed during heat treatment. The isomerization rates of the purified
(all-E)-lycopene were examined in seven different solvents (acetone, hexane, benzene,
CH2Cl2, CHCl3, CCl4, and CH2Br2) at 4 °C and 50 °C. Promoted Z-isomerization of
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(all-E)-lycopene has been first demonstrated in CH2Br2 as well as CH2Cl2 and CHCl3 at
both temperatures. In CH2Cl2 and CH2Br2, (5Z)-lycopene was generated as the
predominant isomer within the processing time, independent of the heating temperature;
on the other hand, the 13Z-isomer was preferentially formed in the other solvents.
In Chapter 5, the photoisomerization of (all-E)-lycopene to Z-isomers with sensitizer
and filtered light has proven to be more effective than thermal isomerization. In
particular, the reaction condition with erythrosine in hexane under 60 min of irradiation
at wavelengths between 480 and 600 nm was the best method to enrich the content of
Z-isomers and suppress the decomposition of lycopene. As for the individual Z-isomers
generated, (5Z)-lycopene which has higher bioavailability, antioxidant capacity, and
greater storage stability among the Z-isomers was increased significantly by the
photosensitized E/Z isomerization.
In Chapter 6, (all-E)-lycopene was isomerized to Z-isomers efficiently and largely
without decomposition by employing an appropriate solvent and concentration of
iron(III) chloride as catalyst under optimized temperature: the isomerization ratio of
(all-E)-lycopene (0.1 mg/mL) to Z-isomers and the total amounts of the remaining
lycopene were attained at 79.9% and 96.5%, respectively, with 1.0 × 10−3 mg/mL
iron(III) chloride in acetone for 3 h at 60 °C.
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In Chapter 7, the thermal isomerization of (all-E)-lycopene in edible vegetable oils
was investigated for individual Z-isomers of lycopene quantitatively, and has
demonstrated to be highly effective to obtain the isomers with ease for food processing.
Especially in sesame oil, highly functional (5Z)-lycopene was increased significantly.
These findings will contribute to the fundamental chemistry of lycopene, and the
development of facile isomerization of (all-E)-lycopene to Z-isomers in the fields of
food, drink, and dietary supplement manufacturing.
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