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Carotenoids are widely distributed in nature,!> and protection
of the various organisms against photodestruction seems to be a
general function of the carotenoids.* In photosynthetic or-
ganisms, the carotenoids also serve as accessory pigments in the
light-harvesting process.>” The excited triplet states of carotenoids
are important intermediates in the protective reactions, and
consequently the triplet states of carotenoids have been the subject
of numerous investigations. Recently the excited triplet states
of all-trans-B-carotene and other polyenes have been studied by
time-resolved resonance Raman spectroscopy by us®-!! and by
Dallinger et al.!>!*  Although the experimental results of the two
groups are similar, the interpretations suggested are different,
implying either substantial twisting around double bonds®® or
essentially no changes in geometry!? upon electronic excitation.
Theoretical calculations!*16 and extrapolation of the results ob-
tained with shorter polyenes!” support the former suggestion, while
the apparent stability of a/l-trans-B-carotene toward trans—cis
isomerization under conditions where the triplet state is pro-
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Figure 1, Chromatograms of 3-carotene before and after Chl a sensitized
photoisomerization. The Ar-saturated solutions all contained 2 X 1073
M Chl a. Analysis wavelength 440 nm, other conditions specified in text.
(A) Lower trace, 107 M all-trans before illumination; middle trace, the
same solution after illumination for 15 min with A >610 nm; upper trace,
illuminated solution mixed with authentic 15-cis-8-carotene. Samples
diluted ten times with acetone before HPLC. (B) Lower trace, 10> M
15-cis before illumination; upper trace, 10~ M 15-cis after illumination
for 15 min with A >610 nm. Samples diluted five times with acetone
before HPLC.

Table I, Spectral Data of Photoisomers®

absorbance max, nm €max/ €341
all-trans 482,455, ~434 sh 20.69 + 0.32
cis I (9-cis) 476, 450, ~430 sh, 341 9.40 £ 0.58
cis IT (13-cis) 474, 448, ~430 sh, 341 2.16 £ 0.05
cis IIT (15-cis) 475,452, ~430 sh, 341 1.62£0.18

15-cis® 475,452, ~430 sh, 341 1.65

4@ Solvent, 88% acetone/12% H,O; maximum is in italics; sh,
shoulder. Spectra were taken in a flow-cell after HPLC. b Sam-
ple of authentic 15,15 -¢cis-g-carotene.

duced!>!8-25 supports the latter. Prompted by these conflicting
reports and by the possible importance of cis-carotenoids in
photosynthetic organisms,?6-2° we have initiated a study of the
triplet state chemistry of all-trans-B-carotene (all-trans) and
related compounds.

[llumination with red light (A >610 nm, 25-mm H,O filter,
89 mW /cm?) of a 10°3 M solution of all-trans® in Ar-saturated
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Table I, Distribution of Isomers (%)®?

cis1 cisII  cisIII

sample all-trans (9-cis) (13-cis) (15-cis)
all-trans® 99.0- 0 0.8- ~0.1
99.2 0.9
all-trans (15, 30, 45 min) 69.3 204 8.5 1.8
all-trans (air sat.) 90.0 4.7 4.3 1.1
all-trans (O, sat.) 89.9 4.6 4.3 1.2
all-trans (without Chle, 98.6 0 1.2 0.2
A >400 nm)
2 X 10°* M all-trans 79.9 148 4.4 1.0
(5, 15 min)
1 X10°* M all-trans 82.4 13.1 3.8 0.8
(5 min)
1 X10°% M all-trans? 82.9 11.9 3.9 1.3
(~y radiolysis)
15-cis 68.2 20.8 8.7 2.3
15-cis (O, sat.) 89.0 42 4.6 2.2

@ Substrate, 1073 M; solvent, 50% benzene/50% acetone; sensiti-

zer, 2 X 107 M Chla; A >610 nm; Ar saturated; photolysis time,
15 min unless otherw1se noted. Typical uncertainties on yields
are +0.5%. ? HPLC analysis at 440 nm. Isomer distributions
were calculated from corrected peak heights by assuming
€4a trans_ 9-cxs = €40 13-cls 554 €, trans/e 15-CiS = 133 &
0 06 The latter value was obtamed from detector response as a
function of the concentration of the isomers. ¢ All-trans-g-caro-
tene without photolysis. d Solvent, benzene; sensitizer, 2 X 1072
M naphthalene; dose, 400 krad; Ar saturated.
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All-trans- B- carotene

50% benzene/50% acetone (v/v) containing 2 X 103 M chloro-
phyll a (Chl @) and subsequent analysis of the samples by UV /vis
absorption spectroscopy after proper dilution with acetone reveal
only minor changes: blue-shift of A, from 455 to 453 nm along
with a 3.5% decrease in maximum absorbance and a slight increase
in absorbance around 340 nm. The absorbance at 440 nm was
nearly unchanged. Analysis of the solutions by reversed-phase
HPLC (4.6 X 250 mm Nucleosil 5C,3; 88% acetone/12% H,0,
1 mL/min) showed the formation of three new compounds, all
of which had a higher retention than all-trans. Typical chro-
matograms are shown in Figure 1. Absorption spectra of the
new fractions (blue-shifted A, and “cis-peak” around 340 nm)
are typical for mono-cis isomers,»31-3 and on the basis of the
increasing strength of the so-called cis peak at 341 nm in the
sequence cis [-cis II-cis III (Figure 1 and Table I) we have
assigned 9-cis, 13-cis, and 15-cis structures to these fractions.*
The assignment of 15,15'-cis-B-carotene (15-cis) to cis III was
confirmed by cochromatography of the illuminated sample with
authentic®® 15-cis, as shown in Figure 1.

Table II summarizes the isomer distribution after illumination
or v irradiation under various conditions. The values given in
Table II represent the stationary states except in the case of the
air- and oxygen-saturated solutions where the cis I (9-cis) isomer
still increased slowly beyond 15 min of illumination. Complete
mass balance with respect to all-trans and the cis isomers as well
as Chl a was observed in the absence of oxygen. In the presence
of oxygen, however, slow irreversible degradation (ca. 4% after
15 min) of the total amount of 8-carotene (107> M) was observed
during continuous illumination.

The amounts of the three isomers produced by sensitized
photolysis of all-trans were all initially linearly dependent upon
the illumination dose, indicating that they all are primary products
originating from all-trans and not formed from each other by
secondary isomerization. Illumination of Ar-saturated solutions
of all-trans and 15-cis with red light (A >610 nm) did not give
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Table III. Apparent Relative Quantum Yields of

Photoisomerization®
trans > trans = trans > 15-cis—>
9-cis 13-cis 15-cis trans
Ar sat. 0.013 0.088 0.028 1.00
O, sat. £0.001 0.010 0.004 0.39

@ HPLC analysis at 440 nm. Substrate, 1073 M carotene; sol-
vent, 50% benzene/50% acetone; sensitizer, 2 X 10" M Chla; A
>610 nm (RG 610). All yields are +10%.

detectable isomerization in the absence of Chl a. Even white light
(A >400 nm) had only a slight effect on all-trans under similar
conditions as shown in Table II. The photoisomerization is thus
dependent upon the presence of Chl @, and the mechanism involved
must be transfer of triplet energy from Chl a to B-carotene?! and
subsequent isomerization of triplet 8-carotene. Quenching of
excited singlet Chl a (electron-transfer mechanism) by $-carotene
is unimportant at the concentrations used in this study,* and
quenching of triplet Chl a by B-carotene in an electron-transfer
process is unlikely when the redox potentials are taken into
consideration.3%-%

In the presence of air or oxygen the isomerization of all-trans
was partly inhibited as revealed by the quantum yields (vide infra)
as well as the degree of isomerization (Table II). Lowering the
concentration of all-trans gave photostationary mixtures with a
smaller degree of isomerization as shown by the results obtained
with 1074 and 2 X 104 M all-trans (Table II).

Illumination of 15-cis in the absence or presence of oxygen but
under otherwise similar conditions as with all-trans led to a very
rapid isomerization, although oxygen also had an inhibitory effect
in this case. The photostationary mixtures obtained from 15-cis
are essentially identical with those obtained from all-trans with
respect to isomer distribution (Figure 1 and Table II). The time
dependence (under continuous illumination) of the isomerization
of 15-cis, however, showed that all-trans is the primary product.
The other isomers were formed only after a considerable amount
of all-trans had accumulated. This observation is in agreement
with the classical result obtained by Foote and co-workers?? on
the photoisomerization of 15-cis by singlet oxygen with methylene
blue as sensitizer. These workers, however, did not obtain the
photostationary state. # irradiation of all-trans in Ar-saturated
benzene containing 2 X 1072 M naphthalene as a sensitizer also
led to isomerization (Table II), and the isomer distribution is
similar to the one obtained by photolysis. As the formation of
carotene triplet states by radiolysis of benzene solutions is well-
known,® this result suggests that the triplet donor energy and
eventual ionic processes in the radiolysis are of minor importance,
at least under the present conditions.

The apparent relative quantum yields of Chl a sensitized
photoisomerization (A >610 nm) of 10~ M B-carotene (all-trans
and 15-cis) were determined, and the results are tabulated in Table
ITII. The kinetic scheme of the systems studied here are probably
complex, especially in the presence of oxygen. However, the
following points should be noticed: (i) the triplet isomerization
of 15-cis is an order of magnitude more efficient than the triplet
isomerization of all-trans; (ii) the triplet isomerizations are all
partly inhibited by oxygen; (iii) there is good correspondence
between the quantum yield ratios ®,.pea1s/®1s—irans and the
photostationary mass ratios (15-cis)/(all-trans) in both the absence
(2.9 X 1072 vs. 2.6 X 1072) and presence (1.0 X 102 vs. 1.3 X 1072)
of oxygen. These observations together with the fact that only
one photon-one bond isomerizations are observed are all com-
patible with a model where the relaxed triplet 3-carotene consists
of a mixture of several noninterconvertible species, each of them
being twisted around either the 9-, 13-, or 15-C=C double bond.
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The weight of a particular twisted species however, cannot ne-
cessesarily be inferred from the corresponding apparent quantum
yield of isomerization, as a low probability of twisted triplet—cis
ground-state transition could offset a high relative concentration
of the twisted triplet species. Interestingly, recent experiments
have shown that the resonance Raman spectra of all-trans and
15-cis are different in the ground states but apparently identical
in the triplet states.

In summary, we have in contrast to other reports in the liter-
ature!®20:2223 demonstrated that all-trans-8-carotene undergoes
trans—cis isomerization under conditions where the triplet state
is the most likely intermediate. This result can be valuable in the
interpretation of the resonance Raman spectra of triplet caro-
tenoids. Whether triplet-sensitized isomerizations can explain the
existence of cis-carotenoids in the reaction centers of photosyn-
thetic bacteria?6-2° is a possibility that deserves further investi-
gation.
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The importance of transition-metal carbene complexes! in such
processes as alkene metathesis, alkene polymerization,? and cy-
clopropanation reactions is becoming widely recognized. Although
these complexes are now known for most of the transition metals,
the cationic (7*-cyclopentadienyl)dicarbonyliron carbene complexes
(1) and various phosphine derivatives have been particularly well

studied. The pioneering work with these compounds was reported
by Pettit in 19663 and has been followed by further investigations
from several other laboratories.* The principal motivation for
these studies has been that (1) several of these complexes are
well-behaved spectroscopically observable species, (2) they can
be generated in the absence of the heteroatomic, stabilizing
substitutents that are common for many other classes of carbene
complexes, and (3) some of the iron complexes are of proven
synthetic utility.>

In an earlier paper,*® we briefly noted that the vinyliron complex

(1) For some recent review of transition-metal carbene complexes see: (a)
Casey, C. P. CHEMTECH 1979, 378-383. (b) Brown, F. J. In “Progress in
Organic Chemistry”; Lippard, S. J., Ed.; Wiley: New York, 1980; Vol. 27,
pp 1-122. (c) Cardin, D. J.; Norton, R. J. In “Organometallic Chemistry”;
Abel, E. W., Stone, F. G. A, Senior Reporters; The Chemical Society:
London, 1980; Vol. 8, pp 286-292; see also the earlier volumes of this series.

(2) Turner, H. W, Schrock, R. R. J. Am. Chem. Soc. 1982, 104,
2331-2333.

(3) Jolly, P. W_; Pettit, R. J. Am. Chem. Soc. 1966, 88, 5044-5045.

(4) For a recent summary of this work see ref 5¢, footnote 4.
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2 may serve as a simple precursor of the ethylidene complex 3a
by means of a protonation reaction (eq 1), consistent with reports
of electrophilic additions to other alkenyl and acetylenic com-
plexes.”® Subsequent to our paper, Cutler also made brief mention
of this reaction,® and in a very recent study, Casey employed this
approach for the isopropylidene complex 3b.1° This latter report
prompts us to communicate at this time our further findings that
demonstrate the generality of this approach to carbene complexes.

The requisite alkenyl complexes 2a—c!! are prepared by either
of two routes: reaction of alkenyllithium or alkenylmagnesium
halides with the iron iodide (eq 2)'? or acylation of the sodium

Cp(CO)zFel + M——</ — 2 2)

R
M =Lior MgX
! \
-t R)\COC‘ R hy
(CpICOIFel Na™ ————= Cp(CO)Fe—\ = 2 (3)

0

ferrate with a,(-unsaturated acid chlorides followed by photo-
chemical decarbonylation (eq 3).* Typical yields in the first case
are 25-40%, whereas the second route proceeds with overall yields
of ca. 60-90% but has the disadvantage of requiring two distinct
steps.

Methylene chloride solutions of the simple vinyl (2a) and the
isopropenyl (2b) complexes react with ether solutions of fluoroboric
acid (2 equiv) at -78 °C. After alkenes are added, the mixtures
are warmed to 25 °C and quenched with saturated aqueous sodium
bicarbonate in order to minimize acid-catalyzed rearrangement
of the products. Dimethylcyclopropanes are obtained from 1-
decene, isobutylene, styrene, and a-methylstyrene (eq 4).1%'* To
date, the yields of the cyclopropanes are not yet synthetically
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Chem. Soc. 1980, 102, 7802-7803. (b) Brookhart, M.; Tucker, J. R.; Husk,
G. R. 1bid. 1981, 103, 979-981.
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Organomet. Chem. 1976, 117, C21-C22. (b) Bell, R. A.; Chisholm, M. H.
Inorg. Chem. 1977, 16, 698-703. (c) Davidson, A.; Selegue, J. Am. Chem.
Soc. 1978, 100, 7763-7765. (d) Bruce, M. L; Wallis, R. C. Aust. J. Chem.
1979, 32, 1471-1485. (e) Adams, R. D; Davidson, A.; Selegue, J. P. J. Am.
Chem. Soc. 1979, 101, 7232-7238. (f) Bruce, M. I.; Swincer, A. G. Ausi.
J. Chem. 1980, 33, 1471-1483. (g) Marten, D. F. J. Org. Chem. 1981, 46,
5422-5425.

(8) We note that this approach is not necessarily limited to only protona-
tion but may permit the use of other electrophiles.

(9) Bodnar, T.; Cutler, A. R. J. Organomet. Chem. 1981, 213, C31-C36.

(10) Casey, C. P.; Miles, W. H.; Tukada, H.; O’Connor, J. M. J. Am.
Chem. Soc. 1980, 104, 3761.

(11) 2a: 'H NMR (CDCl,) 6.82 (dd, J = 16.5, 8.
5.70 (d, J = 8.5 Hz, | H, C=CHH), 5.23 (d = 16.5 Hz, | H, C=CHH)),
4.71 (s, 5 H, CsHs). 2b: 'H NMR (CDCl;) 5.58 (m, | H, C=CHH), 4.95
(m, 1 H, C=CHH), 4.79 (s, 5 H, CsHs), 2.12 (m, 3 H, CH;); ’C NMR
(CDCl,) 216.43 (2 CO), 153.67 (FeC=C), 124.89 (C=CH,), 85.58 (CsHs),
39.11 (CH;). 2¢: 'H NMR (CDCly), 7.10 (m, 5 H, Ar H), 5.60 (s, | H,
C=CHH), 5.30 (s, 1 H, C=CHH), 4.73 (s, 5 H, CsHs). We note that the
isopropenyl complex 2b is sufficiently stable to permit weighing and other
routine operations in the air.

(12) Green, M. L. H,; Ishaq, M.; Mole, T. Z. Naturforsch., B 1965, 20B,
598.

(13) Quinn, S.; Shaver, A. Inorg. Chim. Acta 1980, 39, 243-245. Spectral
data for the intermediate acyl complexes are typified by Cp(CO),FeCOC-
(CH,;)==CH,: 'H NMR (CDCl;) 5.34 (m, | H, C=CHH), 5.26 (m, | H,
C—CHH) 4.86 (s, 5 H, CsHy), 1.75 (dd, J = 14, 0.9 Hz, 3 H, CH,); 13C
NMR (CDCl;) 255.79 (FcC(O)C) 214.18 (2 CO), 157.77 (C(CH;)—C
118.76 (C==CH,), 86.13 (CsH;), 18.56 (CHj). This compound is quite
air-stable in that it may be purified by silica gel chromatography in the air.
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