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Abstract

We have developed procedures for synthesizing dimethyl polyenes using living polymerization techniques and have initiated in-
vestigations of the spectroscopic properties of these molecules. Purification using high-performance liquid chromatography (HPLC) of
the polyene mixtures resulting from the syntheses promises to provide all-trans polyenes with a wide range in the number of conjugated
double bonds. Low temperature optical measurements on these model systems, both in glasses and in n-alkane mixed crystals, yield
absorption and fluorescence spectra with considerably higher vibronic resolution than the spectra currently available for carotenoids
with comparable conjugation lengths. The dimethyl polyenes thus allow a more precise exploration of the electronic properties of
long, linearly conjugated systems. These studies can be used to verify the existence of low-lying singlet states predicted by theory and
recently invoked to explain low-resolution fluorescence, Raman excitation spectra, and the transient absorption spectroscopy of
carotenoids. Steady state and time-resolved optical studies of the dimethyl series will be used to better understand the energies and
dynamics of the low energy electronic states relevant to the photochemistry and photobiology of all linearly conjugated systems.
© 2004 Elsevier Inc. All rights reserved.
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In the early 1970s, Kohler and co-workers [1-6] ob-
served features in the electronic spectra of linear con-
jugated polyenes that were interpreted in terms of an
excited singlet state lying at lower energy than the state
responAg

1B+ states, ren-
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predictions for the energies of additional low-lying 1A§
and !B excited states not easily detected spectroscopi-
cally, especially in longer polyenes, which have ex-
tremely low fluorescence yields (<107%), even at low
temperature. This model has persisted as the state-of-



the photophysics and photochemistry of carotenoids in
biological systems?

In this mini-review, the synthesis, purification, and
spectroscopic analysis of dimethyl polyenes are de-
scribed. Preliminary experiments illustrate the promise
of this approach to test the validity of the Tavan and
Schulten predictions and to confirm the recent experi-
mental sightings of additional low-lying electronic states
in carotenoid spectroscopy. The dimethyl polyene series
combines the advantages of relatively straightforward
synthetic access to a broad range of polyene conjugation
lengths, the potential for considerably higher resolution
spectroscopy than is possible for corresponding carote-
noids, and the important theoretical advantage of their
unsubstituted, symmetric structures. It is important to
note that the Tavan and Schulten results apply to sim-
ple, symmetric polyenes and do not consider the e ects
of methyl substitutions, cyclic end groups, nonplana-



high vacuum periodically during the metathesis to re-
move the butene formed as a by-product of the poly-
merization to help drive the equilibrium toward higher
conjugation lengths.

This synthetic method has several advantages over
the stepwise syntheses leading to polyenes. It provides a
variety of di erent size conjugated polyenes in a single
reaction, which under appropriate conditions can be
isolated as pure materials. Also, since the reaction is a
living polymerization, the amount of material isolated,
and the conjugation lengths, depend on the amount and
timing of added additional monomer. The catalyst and
the monomer both are commercially available, obviat-
ing the need to synthesize complicated intermediates.

There also are several drawbacks to this synthesis.
There is little or no stereoselectivity in the metathesis step
leading to initial materials that not only have multiple
conjugation lengths but also have nearly random cis/
trans © bond geometries. Furthermore, the conjugation
length depends not only on the relative amount of the
butene produced (Step 4, see Scheme 1), but also on the
solubility of the intermediate polyenes. For instance, the
conditions described by Tao and Wagener produce iso-
lable quantities of polyenes only up to nine conjugated &
bonds, along with a substantial amount of insoluble red-
colored material. The Mo-carbene catalyst is also air and
moisture sensitive, requiring the reaction to be done us-
ing inert atmosphere techniques with rigorously dried
and degassed starting materials.

We have modified the reaction taking advantage of
recent advances in metathesis catalyst design to provide
similar products under experimentally more accommo-
dating conditions. Polymerization of 2,4-hexadiene
with Grubbs’ second-generation carbene catalyst {[1,
3-bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene]di-
chloro(phenylmethylene)-(tricycyclohexylphosphine)ru-
thenium} [32] not only provides longer isolable
conjugation lengths, but also has the added benefit of
being less sensitive to air and moisture. Under the
modified conditions, polyenes with up to 11 conjugated
bonds were observed using UV-visible spectroscopy,
and polyenes containing up to 15 © bonds were observed
by MALDI-FT-MS. We note however that Grubbs’
catalyst produces more of the cis isomers for a given
conjugation length, which helps with the solubility, but
makes separation more di cult.

Purification of dimethyl polyenes

Current synthetic and purification capacities are
summarized in Figs. 3 and 4. Fig. 3 shows the HPLC
separation of a typical sample prepared by the living
polymerization of hexadiene using the Schrock catalyst.
The array of chromatographic peaks detected at wave-
lengths sensitive to polyenes with specific conjugation
lengths illustrates the broad distributions of conjugation

lengths and isomers in these samples. These mixtures
provide significant challenges in isolating all-trans iso-
mers for detailed spectroscopic investigations. The dis-
tinctive shift in the strongly allowed 1'A






with frequencies of ~1200 and ~1600cm™. In the less-
resolved emission spectra of carotenoids these vibronic
features often coalesce into progression of what appears
to be an intermediate frequency of ~1400 cm~1. Further
analysis of the tetradecahexaene spectra (Christensen,



[17] F.S. Rondonuwu, Y. Watanabe, J.-P. Zhang, K. Furuichi, Y.
Koyama, Chem. Phys. Lett. 357 (2002) 376-384.

[18] R. Fujii, T. Inaba, Y. Watanabe, Y. Koyama, J.P. Zhang, Chem.
Phys. Lett. 369 (2003) 165-172.

[19] G. Cerullo, D. Polli, G. Lanzani, S. De Silvestri, H. Hashimoto,
R.J. Cogdell, Science 298 (2002) 2395-2398.

[20] C.C. Gradinaru, J.T.M. Kennis, E. Papagiannakis, I.H.M. van
Stokkum, R.J. Cogdell, G.R. Fleming, R.A. Niederman, R. van
Grondelle, Proc. Natl. Acad. Sci. USA 98 (2001) 2364-2369.

[21] E. Papagiannakis, S.K. Das, A. Gall, I.H.M. Stokkum, B. Robert,
R. van Grondelle, H.A. Frank, J.T.M. Kennis, J. Phys. Chem. B
107 (2003) 5642-5649.

[22] E. Papagiannakis, J.T.M. Kennis, I.H.M. van Stokkum, R.J.
Cogdell, R. van Grondelle, Proc. Natl. Acad. Sci. USA 99 (2002)
6017-6022.

[23] W. Wohlleben, T. Buckup, J.L. Herek, R.J. Cogdell, M. Motzkus,
Biophys. J. 85 (2003) 442-450.

[24] D.S. Larsen, E. Papagiannakis, I.H.M. van Stokkum, M. Vengris,
J.T.M. Kennis, R. van Grondelle, Chem. Phys. Lett. 381 (2003)
733-742.

[25] H. Yoshida, M. Tasumi, J. Chem. Phys. 89 (1988) 2803-2809.

[26] K.L. D’Amico, C. Manos, R.L. Christensen, J. Am. Chem. Soc.
102 (1980) 1777-1782.

[27] F. E enberger, H. Schlosser, Synthesis-Stuttgart (1990) 1085-
1094.

[28] J.H. Simpson, L. McLaughlin, D.S. Smith, R.L. Christensen, J.
Chem. Phys. 87 (1987) 3360-3365.

[29] F. Babudri, A.R. Cicciomessere, G.M. Farinola, V. Fiandanese,
G. Marchese, R. Musio, F. Naso, O. Sciacovelli, J. Org. Chem. 62
(1997) 3291-3298.

[30] D. Tao, K.B. Wagener, Macromolecules 27 (1994) 1281-
1283.

[31] K. Knoll, R.R. Schrock, J. Am. Chem. Soc. 111 (1989)



	Linear polyenes: models for the spectroscopy and photophysics of carotenoids
	Results and discussion
	Synthesis of dimethyl polyenes
	Purification of dimethyl polyenes

	Optical spectroscopy of dimethyl polyenes
	Summary/conclusions
	Acknowledgements
	References


