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Abstract

Peridinin, a nor-carotenoid, exhibits an exceptionally high energy transfer efficiency to
chlorophyll a in photosynthesis in the sea. This efficiency would be related to the unique structure
of peridinin. To answer the question of why peridinin possesses the irregular C37 skeleton, we
have achieved the synthesis of three peridinin derivatives. Their ultrafast time-resolved optical
absorption and Stark spectra measurements have shown the presence of the characteristic
intramolecular charge transfer state and the featured electrostatic properties of peridinin.

The unique C37-skeletal nor-carotenoid peridinin (1) was isolated from planktonic algae
dinoflagellates associated with the marine red tide.1,2 Peridinin is a representative auxiliary
light-harvesting pigment for photosynthesis in the sea.3 In vivo, it is found that a
supermolecular structure is composed of two chlorophyll (Chl) a and eight peridinins
embedded in a protein complex denoted PCP.4 In this complex, exceptionally high (>95%)
energy transfer efficiency from peridinin to Chl a has been reported.3,5 It has been
postulated that the presence of an intramolecular charge transfer (ICT) state, which is
formed in carbonyl-containing carotenoids, is associated with the exceptionally high energy
transfer.6 In addition, an atypical and striking solvent effect on the lifetime of the lowest
excited singlet state of these carbonyl-containing carotenoids has been reported.6a Although
the precise nature of the ICT state is gradually beginning to unfold, there are no studies on
the relationship between the structural features of peridinin and its propensity for carrying
out high efficiency energy transfer in the PCP complex. In addition, Stark spectroscopy of
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peridinin has been performed to determine the change in electrostatic properties produced
upon excitation.7

We have already established a highly efficient method for the synthesis of peridinin,8 which
would be versatile and effective for providing various kinds of peridinin analogues, and
have started an investigation to answer the question of why peridinin possesses an irregular
C37 carbon skeleton along with allene and γ-ylidenbutenolide groups.

In a previous paper, we reported the synthesis of three peridinin derivatives as a series of
allene-modified compounds and their Stark spectra. The Stark spectra showed that the allene
group of peridinin effectively contributes to the generation of the large dipole moment in the
molecule.9 We then turned our attention to the C37 carbon skeleton of peridinin, which
makes it a “nor-carotenoid” and unlike the typical C40 system present in most carotenoids.
We designed three peridinin derivatives as a series of different π-electron chain length
compounds (Figure 1). We now describe the synthesis of these peridinin derivatives and the
results from ultrafast time-resolved optical absorption and the Stark spectra carried out on
the synthesized compounds in comparison with peridinin. The spectroscopic data point to
the characteristic ICT of peridinin and bring into focus an answer to the question of why
nature chose the irregular C37 carbon skeleton of peridinin.

On the basis of the stereocontrolled synthesis of peridinin by the modified Julia coupling of
8 with 9,8 we synthesized C33, C35, and C39 peridinin (Figure 2). The synthesis of C33
peridinin 2 would be realized by the Pd-catalyzed one-pot ylidenbutenolide formation
between the new iodide 5 and the reported alkyne 6.8 Meanwhile, the modified Julia
coupling between C15-allenic segment 710,11 and C20-ylidenbutenolide segment 8 would
produce C35 peridinin 3. Furthermore, applying the same method to the coupling between
C17-allenic segment 9 and C22-ylidenbutenolide segment 1010 may produce the desired
C39 peridinin 4, if the coupling product would be enough stable to be handled.

First, the synthesis of C33 peridinin 2 is described (Scheme 1). Aldehyde 11, which was
obtained by MnO2 oxidation followed by acetylation of the corresponding known C15-
allenic triol10–12 prepared from (−)-actinol, was transformed into the desired iodide 5 by the
Wittig reaction with triphenylphosphonium ethylide and NIS in 78% yield. Unfortunately,
the major product was the 11Z-isomer. The desired 11E-isomer 5 isolated easily isomerized
into a 1/3 mixture of 11E/11Z at room temperature, and hence we used the mixture as the
allenic half-segment. The crucial one-pot ylidenbutenolide formation from 5 and segment 6
(Figure 2) was explored as the key step in the synthesis of C33 peridinin 2. Thus, a mixture
of 5 and 6 was stirred in the presence of catalytic amounts of Pd(PPh3)4 and cuprous iodide
in triethylamine at 45 °C for 10 min. After the complete consumption of 6 was ascertained
by TLC, formic acid was added, and then the mixture was stirred at 45 °C to produce C33
peridinins in 35% yield as a mixture of stereoisomers. The undesired 11Z-isomer 5 resulted
in the undesired isomer of compound 2. The resulting mixture was then allowed to isomerize
in benzene at room temperature under fluorescent light in an argon atmosphere.9 As shown
in Figure 3, after 2 days, we observed that the initially generated major peak (peak 2)
transformed into another major peak (peak 1) in the HPLC. In addition, peak 3 became
larger in the equilibrium state. We isolated all peaks by mobile-phase HPLC and elucidated
their structures by NMR (400 MHz). Thus, we understood that peak 1 was fortunately (11E,
11′Z)-all-trans C33 peridinin 2, peak 2 was (11Z,11′Z)-isomer 2′, and peak 3 was (11E,
11′E)-isomer 2″, respectively. Interestingly, (11E,11′E)-isomer 2″ became the second
largest isomer in the equilibrium state.

Our next interest is the synthesis of C35 pedirinin 3 by the modified Julia olefination13 of
C15 allenic segment 7 with C20 ylidenbutenolide segment 88 (Figure 2 and Scheme 2).
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Sulfone 7 was obtained from 11 by a sequence of reduction, Mitsunobu reaction, and then
oxidation of the resulting sulfide in exellent yield. The reaction of an anion derived from 7
with 8 at −78 °C proceeded smoothly within 5 min in the dark to produce C35 peridinin 3 in
39% yield as a mixture of stereoisomers. Similar to the previous results of the modified Julia
olefination,8,9,14 the Z-isomer was predominant in a ratio of 15:85, which was changed to
84: 16 of the 11E- to 11Z-isomers by the isomerization under the usual conditions in an
equilibrium state after 2 days. Thus, we obtained C35 pedirinin 3 in our hands.

Our next interest was the synthesis of C39 pedirinin 4. If this longer conjugating polyene
derivative would stably exist, the very mild modified Julia olefination between 9 and 10
would yield the desired coupling product, which would be transformed into all-trans 4 by
isomerization according to the same synthetic strategy (Scheme 3). The stereocontrolled
preparation of C22 ylidenbutenolide segment 10 from alkyne 6 was fortunately successful
by the one-pot procedure; a mixture of 6 and vinyl iodide 12, which was prepared from
corresponding ester,8 was stirred at 45 °C for 10 min to produce the desired
ylidenbutenolide 13 in 40% yield as a 13′E/13′Z mixture (10:1). The reaction with the
corresponding hydroxy derivative of 12 did not give the desired result because of its
instability. The anion derived from 98 (Figure 2), which was the allenic half-segment of the
established peridinin synthesis, was stirred with 10 under the same condition. Fortunately,
the reaction was over within 5 min in the dark to produce the coupling products as a mixture
of the stereoisomers in almost 35% amount, in which the 13Z-isomer was estimated to be
48% of the mixture by HPLC analysis (13E-isomer was 19%). Isomerization to the desired 4
was again attempted by the same method. After 2 days, most of the 13Z-isomer of 4
changed to the all-trans C39 peridinin 4 (57% based on HPLC analysis) in an equilibrium
state. We then isolated both compounds and elucidated their structures by NMR (750 MHz).
The synthesized C39 peridinin gradually decomposed within 1 month under an argon gas
atmosphere at around −20 °C. This instability was in contrast to the case of peridinin, which
could be stored without any remarkable decomposition under the same conditions.

Ultrafast time-resolved optical absorption experiments with peridinin (1) and the C33, C35,
and C39 derivatives 2–4 were performed. The lifetime of the lowest excited singlet state of
peridinin (1) and many other carbonyl-containing carotenoids have been reported to depend
on the polarity of the solvent.6b,c This effect is attributed to the presence of an
intramolecular charge transfer (ICT) state in the manifold of the excited states for these
molecules. The lifetime of the lowest excited singlet state of the four compounds was then
measured, and the results are listed in Table 1.15 The data listed in Table 1 show that the
lifetime is shorter in a polar solvent, methanol, and is longer in a nonpolar solvent, n-hexane.
The lifetime of the lowest excited singlet state of C33 peridinin 2 is the one most strongly
dependent on the solvent polarity. In fact, this is the strongest solvent dependence on the
lifetime of the carotenoid excited state so far yet reported. Moreover, the most striking
observation in the data is that the lifetime of the ICT state converges to a value of 10 ± 1 ps
in the polar solvent, methanol, for all the peridinin analogues regardless of the extent of π-
electron conjugation. These results strongly support the idea that the S1 and ICT states act as
independent states, either uncoupled or due to different minima on the same potential energy
surface.15

In addition, the Stark spectra of peridinin (1) and C35 (3) and C39 (4) derivatives were
recorded in methyl methacrylate polymer at 77 K.16 The Stark spectra can determine the
change in electrostatic properties and estimate the change in the static dipole moment (|Δμ|)
between the ground state and the excited state. The |Δμ| values are determined to the
corresponding charge transfer (CT) absorption band. As a result, peridinin (1) showed the
largest |Δμ| value among all of them (Table 2). The |Δμ| value of peridinin agrees with that
reported by van Grondelle et al.7 Although peridinin possesses fewer conjugated double
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bonds and shows a λmax rather shorter than that of C39 peridinin 4, the |Δμ| value of
peridinin (1) is the largest among the three compounds. Thus, the C37 skeleton of peridinin
(1) would contribute to the large dipole moment of the molecule in the exited state to
facilitate energy transfer. This would be at least a partial answer to the question of why
peridinin (1) possesses an irregular C37 skeleton.

In summary, we have achieved the synthesis of three different peridinin derivatives as a
series modifying the length of the π-electron conjugated chain. The data of ultrafast time-
resolved optical absorption spectra of these derivatives including peridinin (1) strongly
supported the notion that the S1 and ICT states behave independently. In addition, the Stark
spectra of peridinin and its derivatives show that the |Δμ| value of peridinin was largest
among the C35 and C39 peridinin. Thus, peridinin (1) represents a molecule having a
remarkablely large static dipole moment that would facilitate energy transfer suggesting a
rationale for why peridinin possesses the irregular C37 skeleton.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Conjugated polyene-modified peridinin derivatives.
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Figure 2.
Synthetic strategy.
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Figure 3.
Isomerization and structures of C33 peridinin.
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Scheme 1.
Synthesis of C33 Peridinin 2
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Scheme 2.
Synthesis of C35 Peridinin 3
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Scheme 3.
Synthesis of C39 Peridinin 4
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Table 1

Lowest Excited Singlet State Lifetime of Peridinin and Derivatives

solvent

lifetime (ps)

C33-peridinin C35-peridinin peridinin C39-peridinin

n-hexane 4200 ± 200 1000 ± 100 186 ± 4 41 ± 1

methanol 11 ± 3 9 ± 1 10 ± 1 9 ± 1

τ(n-hex)/τ(meth) 382 111 19 5
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Table 2

λmax and Stark Spectral Data of Peridinin and Derivatives

λmax (nm)

|Δμ| (×10−29 C·m)hexane methanol

C33-peridinin 2 416.0 429.5

C35-peridinin 3 436.5 455.0 4.25

peridinin 1 454.0 472.0 5.42

C39-peridinin 4 469.0 488.5 5.29
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