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INTRODUCTION

The 1960 Symposium on Vitamin A and Metabolism held at Biirgenstock' marked the amazing
progress in vitamin A research during the preceding years of this century. It all began with the
description of the fat soluble active principal from egg yolk in 1909 by Stepp, which was
subsequently designated as vitamin A by McCollum.? Elucidation of its structure by Karrer in 1931°
and its first total synthesis in 1937* were followed by the development of the first industrial
preparation by Isler and coworkers at Hoffman-La Roche® and several other industrial routes in
rapid succession (see Section II), making vitamin A readily available. The importance of
stereoisomerism of the pentaene chain was clearly recognized through the elegant work of Wald
in elucidating the important role of the 11-cis and the all-trans isomers in the visual process® and
the successful isolation, identification and synthesis of six geometric isomers of vitamin A.” Indeed,
most of the cornerstones in vitamin A research were laid during that period.
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Fig. 1. The structure and numbering system of all-trans-vitamin A.
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During the last ten years, aided by rapid development of new synthetic techniques, separation
methods and photochemical knowledge there has been a renewed interest in the syntheses of the
missing isomers and structurally modified analogues. The discovery of new biological activities of
vitamin A, dependent on geometry of the polyene chain and structural variation, also provided
an added impetus for development of new methodologies for preparation of the pentaene
derivatives. For example the toxicity and cancer-preventive-activity correlation studies,®® acne
therapy'®—with the recent marketing of 13-cis-retinoic acid under the trade name of ACCU-
TANE,! and the proton pumping activities in bacteriorhodopsin as well as in vision demonstrated
the importance of the polyene geometry."

Of the six earlier known geometric isomers, four were labelled'® as sterically unhindered
(all-trans, 9-cis and 9,13-dicis) and two sterically hindered (11-cis and 11,13-dicis) because of
1,7-hydrogen,hydrogen interactions (Fig. 2a, b). These, however, represent only six of the possible
sixteen geometric isomers (Fig. 3). For some time, missing were ten other hindered isomers
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Fig. 2. Non-bonded hydrogen-hydrogen interactions in cis-isomers of vitamin A and carotenoids. (a)

1,6-interaction in 9-cis or 13-cis geometry. (b} 1,7-interaction in ll<is or 7-trans geometry. (c)

1,8-interaction, not observed in vitamin A or naturally occurring carotenoid isomers. (d) 1,9-interaction
in 7-cis geometry. Clearly, any deviation from planarity rapidly diminishes the steric crowding.

8-cis HO

all-trans 11-cis 13-cis
all-E 9z 112 132
<N -~ o - Al
H CHO
9-cis,1l-cls 9-cis,13-cis 11-c1s,13-¢is 9-cis,11-cis,13-cls
97,112 97,132 112,132 92,117,132
CHO
0
7 cls 7-cis,9-cis 7-¢1s,9-c1s.13-¢1s  7-cls.13-cis
72,92 72,92,132 72,132
7-cis,11-cis 7-cis,11-cis,13-cis 7-cis,9-cls,11-cis oll-cis
72,112 72,112,137 72,892,112 oll-Z

Fig. 3. Sixteen possible geometric isomers of vitamin A. While the alcohol form is commonly known as

vitamin A, other derivatives also exhibit similar growth activities. To distinguish between these active

compounds the following names have been recommended by IUPAC:!*!$ retinol for X = CH,0OH (a);

retinal acetate (¢) and retinonitrile (f) for X = CO,R, CH,;0Ac and CN, respectively, are also commenly
used in the literature. (cf. Figure 1)
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including the manifold of the eight much more sterically crowded (through 1,9-hydrogen,hydrogen
interactions, Fig. 2d) isomers containing the 7-cis geometry. The syntheses of these isomers and
methodologies for the stereoselective construction of the polyene chain have been of interest and
is the main subject of the current review.

2. PHOTOISOMERIZATION OF POLYENES IN THE VITAMIN A SERIES

The importance of photochemical geometric isomerization of polyenes is evident not only in
its role in the visual processes,'® but also in the synthesis of geometric isomers of polyenes in general
and vitamin A in particular. The studies by Zechmeister on carotenoids'’ and Hubbard and Wald
on vitamin A'® perhaps best reflect the pivotal roles played by photochemistry in the developments
of the respective fields. Even the more recent activities of synthesis of stereoisomers of vitamin A
and related compounds seemed to have been rekindled by new findings in the photoisomerization
process."” It is therefore appropriate to begin this review on stereoisomers of vitamin A with a
discussion on the photochemistry of homologous polyenes. The current survey will emphasize
preparative aspects of the photoisomerization process and, in particular, as applied to synthesis
of stereoisomers. Quantitative photochemical, photophysical and theoretical discussions on
polyenes will be kept to a minimum. For detailed discussions on these subjects, particularly on the
photochemistry,® spectroscopy and theory”? on visual pigments and related chromophores,
readers are referred to several excellent review articles which appeared recently in the literature.

The reactive states

Photoisomerization of polyenes in the vitamin A series can be brought about by direct
irradiation'’® as well as by triplet photosensitization.” Cumulative evidence appear to suggest that
different reactive states are involved under these two conditions of irradiation. For example,
compounds without low lying n, n* states (alcohols, esters, carboxylic acids, imines and hydro-
carbons), generally exhibit strong fluorescence and give almost undetectable amounts of triplets.?
(For details see later sections; reactions from the excited singlet states). For compounds with
high intersystem crossing efficiencies (e.g. retinal, Ib), the quantum yield of triplet sensitized
isomerization of the trans isomer was found to be more than an order of magnitude ( < 0.002)>%
lower than that from direct irradiation ( ~ 0.10).7-® While the cis isomers give different sets of
numbers,?®3%3! it appears safe to conclude that direct irradiation of the trans isomer leads
predominantly to reaction from the excited singlet state and sensitized irradiation results in reaction
from the triplet state.

The triplet sensitized isomerization process
Selective sensitization of dienes. The photostationary state (PsS) composition of a two isomer
system is a function of the product of the excitation and the decay ratios:***

(o e (6)l€)
[cis] PsS_ K, Jexcie \Kc deay.

The decay ratio is unique to a given system and essentially independent of reaction conditions for
photochemical processes (however see discussions below). Therefore, traditionally, manipulation
of product composition has been accomplished through controlled variation of the excitation ratio.

For direct irradiation the excitation ratio is the ratio of extinction coefficients (C.¢./C.¢c) of the
two isomers at the irradiation frequency. Hence the normally blue shifted absorption spectrum of
the cis isomer allows the use of light of long wavelength for enrichment of the cis isomer. In the
case of triplet sensitized isomerization, the excitation ratio is the rates of energy transfer from the
sensitizer to the two isomeric acceptors. The possibility of varying product composition by varying
rates of energy transfer was established by Hammond and coworkers in the classical study of
sensitized isomerization of stilbenes and 1,3-pentadiene.**

The constant composition of isomers produced by high energy sensitizers could be changed by
the employment of sensitizers of energy lower than that of the trans isomer. The resultant cis
enriched product mixtures were due to selective pumping of the trans isomer as a result of the more
favored rate of energy transfer. However, in these systems further systematic lowering of the donor
energy failed to continue the increase of the cis isomer; in fact, instead a reversal of isomer
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distribution resulted.* Measurement of rates of energy transfer showed a less rapid decrease of the
transfer rates to the higher energy cis isomer than to the trans when the donor energy fell below
those of each isomer.* The exact nature of such endothermic energy transfer generated much
controversy™® in the past but is not of concern here. Nevertheless the observation seemed to have
diminished the synthetic value of the method.

Subsequently, it became evident that the latter difficulty could be eliminated in systems with
a large difference in the excitation energies of the isomeric pair. One class of compound that fulfilled
the condition was the sterically crowded conjugated systems with the cis isomer existing in a
substantially non-planar conformation.”’” Therefore, it was shown®® from the Saltiel plot® of a
photostationary state study of f-ionol (17b) that the excitation energy difference between the two
isomers exceeded ~ 15 kcal mol~'. For the relatively planar trans isomer (NMR data of 8-ionone
suggest a ring-chain dihedral angle of 25-30°)* the excitation energy was assumed to be between
56-60 kcal mol ~', a typical range of values for linear dienes.® However, for the non-planar cis
isomer (NMR data suggested a minimum value of 40-53°),**? a value of 75kcal mol~' was
obtained.”® Hence, it was not surprising that trans to cis isomerization under selective sensitization
conditions was reported to be quantitative.’’*

Subsequent reports from this laboratory extended the method to a large number of dienes in
the vitamin A series®* including the simple dienes of the C,; (17h*), the C,, (17c—g*) or the C,;
(17a, b’*) framework and other more elaborately substituted dienes (17k, m, n***3). Generally, any
triplet sensitizer of energy between 53-60 kcal mol ~! ¥ could be used. The common ones were o -
and f-acetonaphthone. However for compounds with a highly substituted quaternary carbon at
C, (17p-s%), isomerization was not observed under a variety of irradiation conditions. Presumably
the excessive ring-chain steric repulsion in the excited state of these compounds changed the decay
ratios prohibitively in favor of the trans isomer. Nevertheless, this photochemical method,
including isomerization of the trienes (next section), represents a general procedure for introducing
7-cis geometry of compounds in the vitamin A series.

a: X =COCH; it X=CH;

X b: X=CH(CH;)OH j X=CH;,

é(\/ ¢ X=CH,0H k: X =CH(CH,)CHO

d: X=CN m: X = CH(CH,)SO,CH;,

17 e. X =CO,Et n: X =CH,CH(OH)C=CC(CH,)=CH,
f. X=COH p: X=C(CH,),OH
g X=CH,; q: X =C(OCH,CH,0)CH,
h: X=Cl r: X =C(SO,CH)XCH,CH,CH;,

s: X = C(OH)CH,)CH=CH,

Selective sensitization of trienes. Selective photosensitization of the trienes in the vitamin A series
also resulted in the conversion of the 7-trans isomers to the two sterically crowded 7-cis isomers.>*
The lower triplet excitation energy of the trienes (47-8 kcal mole for the parent 1,3,5-hexatriene)*®
required the use of lower energy sensitizers. 9-Fluorenone and benzanthrone (51 and
46 kcal mol ~')* were the two most commonly used.* Recently, the phthalein dye sensitizers such
as Rose Bengal and Eosin (E; ~ 41 kcal mol ~!)*! were also found to be efficient sensitizers®? for
selective isomerization, uncomplicated by radical catalyzed side reactions reported to take place
with other halogen containing sensitizers in sensitized isomerization of simple olefins.* The much
red-shifted absorption characteristics of such dyes are clearly desirable properties for the sensitized
isomerization process. The trienes examined so far included the simple C,; compounds (18b—e,>*
a, f-k*2) and other substituted trienes (19,% 20, 21,* 22, 23%). Conversions to the 7-cis and 7,9-dicis
isomers generally exceeded 909, and were sometimes nearly quantitative (Table 1). The early
general statement®®* of quantitative conversions to the 7-cis isomers, based on analyses by low field
NMR, now appears to be overly optimistic in most cases, Also, with the use of phthalein dye
sensitizers, triplet sensitized isomerization of f-ionylideneacetaldehyde (18a) has been successfully
demonstrated® (Table 2), thus superseding the earlier erroneous observation of failure to undergo
isomerization at the 7,8-bond under sensitized irradiation conditions.”® It was noted that the less
crowded 11-cis-like system (alloocimene) did not result in selective isomerization to the cis isomer.%

The presence of four isomers in the trienes made the system more complicated than the dienes.
It deserves a closer examination. The case of §-ionylideneacetonitrile (18b) is shown in Fig. 4. The
primary products from the all-trans isomer were predominantly the mono-cis although small



Table 1. Photostationary state (PsS) compositions of isomers of trienes in the vitamin A series under
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selective sensitization®

Ratio of 7-cis

7-trans isomers

Compound Sensitizerb to 7-cis,9-cis remaining, %
18a, X = GO RB 1.00 : 1.6° 9.5
18b, X = CN RB 1.00 ; 1.00% g
18c, X = oM Bz 1.00 : I'de 5
184, X = CO,Et Bz 1.00 : 1.92 3.5
18e, X = CONGH,CHe Eo 1.00 : 2.3d 4.5
18f, X = (0,i-Pr Bz 1.00 : 1.8d 4.6

RB 1.00 : 1.6 7.9
18h, X = CO,Q#,° Bz 1.0 : 1.0 10
18k, X = COS-2-quin.® RB 1.0 : 4.2 17
18m, 10-fluoro, RB 3.3 : 1.009 18
T xean

RB 1.0 : 81€ 9.4

19

a. Ref. 38 and 52.

Some of the data in
b. RB = Rose Bengal; Bz » benzanthrone; Eo = FEosin.

ref. 38 did not reach PsS.

Deuterated acetone

and Corning 3-67 filter with phthalein dyes and CDCl3 and Corning 3-74
filter with Bz as sensitizer. c. By hplc. d. By 1H-nmr. e. Unpublished
results of A. Nakayama, H., White and R. S. H. Liu.

Table 2. Quantum yield of photoisomerization of retinal (1b) isomers

Isomer Conditions of irradiation Products (ratio) “iso
all-trans  Direct, hexane 9c/13¢ (1:4) .06-.22
1b hexane .07
3-methylpentane 04%, 0.11
Direct, ethanol .33d
me thanol 7¢/9¢/11c/13¢ (1:10:30:60) .04¢
Biacetyl sensitized, Gi; 0N 13 <.003°
ca, 13c a7t
9-cis Direct, hexane t/9c,13c (2:1) .58
) 3-methylpentane .18¢
methanol 4:1) .04¢
Biacetyl sensitized, CHyCN (5:1) .20°
11-cis Direct, hexane t/11c,13c (5:1) .28
3 hexane .25
3-methylpentane 245 %
methanol t .04¢
ca, t 28
Biacetyl sensitized, CHyN ¢ a7
cey, t .75
Biacetyl sensitized, hexane t .158
13-cis Direct, hexane t .48
) 3-methylpentane t .21¢
methanol t .05
ccl, t .4
Biacetyl sensitized, CHyN ¢ .15
ce1, t .35
9-cis,13-cis Direct, 3-methylpentane 9c/13c (1:1) .20°
5b methanol t/9c/13c (1:8:10) .04¢
Biacetyl sensitized, CHyN (2:3:5) .20°
a. Ref. 27. b. Ref. 29. c. Ref. 25. d. Ref. 28, e. Ref. 30. f. Ref. 26.

8. Ref., 31.
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7-cis,9-cis

100 m 10 20h

Fig. 4. Progress of Rose Bengal sensitized isomerization of all-trans-f-ionylideneacetonitrile in acetone-d
with light >480 nm. Two different time scales are shown with the initial periods in minutes and the latter
in hours.

amounts of the dicis isomer were detectable even at very early stages of the reaction (<1%
conversion). The same situation was observed for the linear triene, alloocimene.* Interconversion
of excited intermediates in the form of activated processes could account for the minor amounts
of the two-bond isomerized products.”’ The total amount of the two 7-trans isomers (all-trans and
9-cis) reached a photostationary state of less than 109 after the first two hours of irradiation. The
two 7-cis isomers, on the other hand, did not reach a stationary state until several hours later. The
latter result was probably due to a secondary selective sensitization process with the sensitizer
transferring energy to the two nonplanar 7-cis isomers at much slower and slightly different rates.

a: X=CHO ii X=CH,0OH
b: X=CN i X =CH(OH)-Bu

X ¢ X=COH k: X = COS-2-quinoline
d: X =CO,Et m: 10-fluoro, X = CHO
e X=H

18 f. X =CO,-Pr

g X =(CON(CH,)CH;,
b: X = CO,CH(CH,),

The slow rate of redistribution of the final products could be an additional experimental parameter
for preparing mixtures enriched in either of the two 7-cis isomers, thus increasing the synthetic
potential of the photochemical method.

Examples of surprisingly highly regioselective and stereoselective photosensitized isomerization
of trienes are known.**** The report of conversion of the acetoxyester 19 to a final product
mixture 10:1 in favor of the 7-cis,9-cis isomer* was followed by the observation of conversion of
two isomeric sulfones 20 and 21 to mixtures containing predominantly respectively the 7-cis and
the 7,13-dicis isomers.* In addition the C-lactone 22 and the Diels—Alder adduct 23 from vitamin
A acetate under selective sensitization conditions were reported to give exclusively the 7-cis
isomer.* Application of these photochemical observations to stereoselective synthesis of isomers
of vitamin A will be described in the next section.
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An explanation for these synthetically desirable photochemical observation was recently
offered. The observed selectivity was attributed to a change of the direction of decay of the planar
triplet from preferential twisting of one double bond to the other upon variation of the substitution
pattern.*® The increased amount of the 9-cis geometry in the final product mixture of the acetoxy

C6H5 GeHs

OAc soz
ijiv(/COzEt Wc%m W
C02Me
d:\x)\“l M e

triene-ester  (7-cis,9-cis/7-cis=10) as compared to the parent trienc-ester, 18d,
(7-cis,9-cis/7-cis = 1.2) was first rationalized in terms of increased steric crowding around the
9,10-double bond. The results of the remaining compounds, which shared the common feature of
having the bulky substituents at the reaction center (the rotating C-10) was attributed to solvent
induced hindered rotation of C-10 with the excited molecule opting for selective decay via twisting
of the unaffected 7,8-bond. These situations could be depicted in terms of changes of the torsional
potential curves near the Franck—Condon triplets (Fig. S5). It should be noted that similar
arguments have been used to account for medium effects on luminescence properties of compounds
(the Dellinger-Kasha model)*®* and viscosity effect on stilbene isomerization.®

Longer polyenes and 3-dehydro compounds. Polyenes with four or more double bonds in the
vitamin A series were reported not to give 7-cis isomers under triplet sensitized conditions.*** The
early work based on qualitative NMR analyses with the retinal (1b)** was confirmed by more
recent studies using HPLC analyses,”*? however with the C,;-ketone (24a) up to 11% of the 7-cis
isomer has since been detected by HPLC.%2 The extensive study of Waddell et al. of biacetyl
sensitized isomerization of all-trans-retinal and its cis isomers showed that only unhindered isomers
were formed from the triplet state even when acetonitrile was used as solvent.? The lack of hindered
isomers was attributed to a reversal of the shape of the excited torsional potential curve from one
favoring the perpendicular intermediate for dienes and trienes to one favoring the planar
intermediates for the longer polyenes.®® The same reversal of the shape of the torsional potential
curve was predicted by calculated (extended Hiickel method) results by Hoffmann.%

X a: X =COCH;,
b: X=CN
¢ X=CHO

,2:1\

s
s1080ND <& &, ssBOND

Fig. 5. Medium and substituent effects on the portion of the torsional potential curve nearby planar
all-trans triene triplets. (a) Simple trienes (e.g. 18d) in the absence of solvent cage induced barriers around
the 9,10 (left) and the 7,8 bonds (right). (b) Simple trienes with added solvent induced barriers. (c)
Internally reduced barrier due to steric repulsions such as in 9-substituted triene 19. (d) Externally
increased barrier due to increased volume of activation in 10-substituted trienes 20-23.
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Interconversion of isomeric triplets apparently was not sufficiently rapid to establish an
equilibrium before deactivation to the ground state. The identical triplettriplet absorption spectra
of several retinal isomers® once were considered supporting evidence for equilibrated triplets.®
However, the concept was not consistent with the different extinction coefficients of transient
absorption of isomers* and the observation that only one-bond isomerization products (except
when starting with the 9-cis,13-cis isomer) were obtained from sensitized isomerization of retinal
isomers.”

The quantum yields of photosensitized isomerization of isomeric retinals determined by Kropf
and Hubbard,” Ottolenghi and coworkers,® Weiss and coworkers® (both by UV analyses) and
Waddell et al.”* (by HPLC) (Table 2) showed that isomerization of the cis isomers was more efficient
than the trans. Ottolenghi also concluded from the observation of the lack of oxygen quenching
on sensitized isomerization of 1l-cis-retinal that the 1l-cis to trans isomerization involved
non-relaxed “vibronic” triplets.” The triplet state was suggested to be involved in isomerization
of cis isomers under direct irradiation.?”

Compounds in the vitamin A, series (3-dehydro) were found not to undergo triplet sensitized
isomerization to the 7-cis isomers.®® For example 3-dehydro-B-ionone (25) was found to be stable
under sensitized irradiation. Decay via the cyclohexadiene portion of the chromophore was
considered the cause for the low reactivity.%

The sensitized geometric isomerization is rarely accompanied by unwanted side reactions. The
only documented case of unimolecular reaction of f-ionone 17a to the a-pyran 26% can be

N v, = —
0 25 = T
26

17a

A~

explained by the sequence of geometric isomerization and thermal 6e electrocyclization. The lack
of other concerted processes is most likely due to unfavorable energy changes associated with the
conversion of a triplet polyene to a triplet rearranged product. Documented bimolecular reactions
are few. Only a vitamin A acetate, cyclobutyl and cyclohexenyl dimers (apparently not identical
with those from direct irradiation)®’ were isolated from product mixtures obtained from biacetyl
sensitized irradiation.®

Polyenes in the vitamin A series (particularly the 3-dehydro derivatives) were reported to react
with singlet oxygen efficiently.®™ Hence exclusion of oxygen is necessary not only for avoiding
quenching triplet sensitizers but also for eliminating oxygenation of substrates.

Reactions from the excited singlet states

Concerted and other side reactions. Not restricted on energy grounds, polyenes in excited singlet
states undergo a variety of concerted reactions such as electrocyclizations of 4, 6 and 8 electrons,”
sigmatropic reactions including formation of allenic products™ and internal 4 + 2 cycloadditions
of hexatrienes.”” Singlet state reactions of polyenes in the vitamin A series are on the other hand
quite limited. Only two types of unimolecular reactions are known: sigmatropic hydrogen
migration and electrocyclization. Even for these the scope is quite narrow. Only a brief summary
of these two reactions, supplementing those covered in an earlier review,? will be attempted here.

When assuming the preferred twisted 6-S-cis conformation for compounds in the vitamin A
series,” the C-8 of the side chain becomes ideally located for accepting a hydrogen atom from
CH,-5 in a sigmatropic process. Hence such 1,5-hydrogen migration is an efficient, and in fact the
only known, sigmatropic photochemical reaction for polyenes in the series. The reaction was
reported to be most efficient for the dienes. For example, in f-ionol (17b) the geometric
isomerization was not competitive (cis isomer was not observed) with hydrogen migration.” The
decrease in efficiency of the reaction in compounds of extended conjugation such as f-ionone 17a
and triene derivatives™ was indicated by the extensive geometric isomerization process accom-
panying the sigmatropic process. However, because of the irreversible nature of the hydrogen
migration process under the usual conditions of irradiation the rearranged retro-y-products were
usually the sole end products.
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Rearrangements of the several dienes (17a,* b, e, f,2d’¢) and trienes (18d-i,> b, ¢, ') were
reported. Among tetraenes only 24b was reported to give a similar product.™

Upon heating, several retro-y-products were reported to revert back to the isomeric mixtures
of the dienes.™ Photoisomerization of retro-y-ionol (27),” photochemical cycloaddition of retro-
y-ionone (28),” and photochemical and thermal® internal cycloaddition of retro-y-
ionylidenemalononitrile (29) have also been reported.

OH . Ej{L EjD)/OH

o = 2

@)

NC CN

Photochemical electrocyclization for compounds in the vitamin A series is limited to the 6e
process of the 5-6, 7-8 and 9-10 double bonds regardless of the length of the polyene chain. In
the case of the trienenitrile 18b the cyclization process was shown to proceed by way of
photoisomerization to the 7-cis isomer followed by ring closure in a separate photochemical step.”
The concerted nature of the process was indicated by the different stereochemistry of the photo
and the thermal products from the same 7-cis isomer.™ In the same vein different thermal and
photochemical cyclized products were obtained from ethyl f-ionylideneacetate (18d) which were
interconvertible through base catalyzed epimerization.” That the S-cis, S-cis conformer (e.g. 30)

CN hv
CN + 9-cis

18b + retro-y-isomers

ﬁﬁ@ ﬁiil

3 3
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was involved in the ring closure process was indicated by the failure of the 7-cis,9-cis isomer of
18b and the 7-cis isomer of §-ionylidenemalononitrile (31), both too crowded to exist in the
bis-S-S-cis-conformation, to photocyclize. Retrocyclization could take place with light of shorter
wavelengths. Reopening of the cyclohexadiene ring proceeded in a stereorandom manner.%

Several tetraenes (24a,*' b, ¢®?) and a pentaene (retinal)® were also reported to produce
cyclized products upon extended irradiation. In the last case, surprisingly only the 13-cis isomer
was isolated.

The absence of electrocyclic and sigmatropic reactions at other portions of the polyene chain
is probably due to the cumulative effects of a general preference for the S-trans conformation in
the polyene chain® and the higher quantum yields of isomerization of the cis isomers back to the
trans (see below). In that regard it will be of interest to study such processes in conformationally
modified polyenes such as those with the trifluoromethyl group® where the cis isomers are more
stable.

For shorter chain compounds the side reactions, particularly the irreversible sigmatropic
rearrangement process, make direct irradiation a less desirable condition for the preparation of
geometric isomers. Triplet sensitization is clearly preferred. However, for other modified com-
pounds geometric isomerization may not be complicated by side reactions. Thus, for the aromatic
diene-ester 32°2 (and also hindered stilbenes)® the conversion to the two central cis isomers exceeded
90% when light of long wavelengths was employed. For longer chain compounds, geometric
isomerization is competitively more favored, and therefore, the process can be profitably used for
conversion of the trans isomer to the cis at the final stage, or occasionally in the middle of a

synthetic sequence.
~ALCO; Et =
— —~~CO; Et

32

The geometric isomerization process. The early work of photoisomerization of compounds in
the vitamin A series was of a preparative nature involving the isolation and identification of
geometric isomers of retinal.'®* Irradiation of the more readily available all-trans isomer of retinal
in hexane gave predominantly the 13-cis isomer plus a small amount of the 9-cis isomer. On the
other hand when ethanol was used as solvent, the visually important 11-cis isomer constituted up
to 25% of the product mixture (long wavelength excitation).'® This observation reported many years
ago is still the most direct route to small amounts of this hindered isomer, the most important one
in vision research. Popularity of this simple procedure has been enhanced by the observation of
increased amounts of cis isomers in dipolar aprotic solvents®’® and the recent advancement in
chromatographic separation techniques. In fact, recently such methods allowed isolation of several
of the minor components of the dicis geometry in the irradiation mixture of retinal.®

The exact cause for the solvent dependent photochemical behavior of the polyene, however,
remains a mystery. In addition to the parent retinal many derivatives and analogues have since
been shown to exhibit solvent dependent photochemistry: 3-dehydro- (33b),*%' 10-fluoro- (34),
14-fluoro- (35),” 9-demethyl (36),” 13-demethyl (37)°*%° 9,13-didemethyl (38),” 14-methyl (39)*
and several aromatic retinals (41).% Even in two polyene esters, similar photochemical behavior
has been observed (methyl retinoate®” and the aromatic retinoid 42%). On the other hand, vitamin
A alcohol®” and vitamin A acetate'® were shown to be solvent insensitive. Deuteration (40) was
shown to have no effect on the isomerization process.'®!

CHO 34: 10-fluoro
iji\)\/\)\/ 35 14-fluoro
36: 9-demethyl

33h 37: 13-demethyl
38: 9,13-didemethyl
" 39: 14-methyl
7\ I CHO 40: 14,15-dideutero

x
8 10 12 14
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RMCHO

R = Phenyl, o-tolyl, mesityl, 2~chloro-6-fluorophenyl,

41 3,4,5-trimethoxyphenyl, piperonyl
ICX\)\/\)\/ COyEt
CH3O
42

Recently it was shown that the 11-cis rich retinal product mixtures in ethanol could be mimicked
even in isooctane when an excess of a Lewis acid such as Eu(fod), was added.!">'® Also, retinonitrile
(1f) has since been added to the list of compounds showing solvent dependent photochemistry. '
Results of all these systems, particularly those where quantitative data are available, are
summarized in Table 3.

Two types of data are listed. The synthetically more meaningful data of photostationary state
compositions were more frequently reported. However, such data are dependent on excitation
wavelengths, the duration of the irradiation period and also sensitive to complicating degradation
processes. Therefore, not too surprisingly, the data reported by different groups vary quite
significantly. The initial ratios (relative quantum yields) are also included whenever available. These
numbers are less sensitive to variation of the excitation wavelength when samples are analyzed after
very low conversions. (For quantum yields of isomerization of retinal, data in Table 2 should be
consulted.)

For compounds with shorter conjugation, the product mixtures are generally insensitive to
solvent variation (Table 4). These include systems with the conjugation near the ring; e.g. the
C,s-aldehyde (18a),'” the C s-ketone (24a)'* and the C,s-ester (18d),'® and those with conjugation
on the chain portion of the vitamin A system, e.g. 5,6,7,8-tetrahydroretinal (43a),'®
5,6,7,8-tetrahydroretinonitrile (43b),'™ dehydrocitral (44)'" and 9-cis-retro-y-retinal (45).'®

R ™ X a: X=0H
b: X =0Ac

x AN
R
34 .
~~—~n CHO

Temperature dependent quantum yields of isomerization have been reported for both the
all-trans?’® and the 11-cis isomers?®>? of retinal. The latter result was unusual in that lowering the
temperature actually increased the quantum yields.”

The low lying excited singlet states of polyenes. The identity of the reactive state, hence the nature
of the low lying states and the relative ordering of the low lying excited states, are clearly of primary
concern for understanding of the photochemical properties of polyenes. The extensive spec-
troscopic studies in recent years have yielded much meaningful information on the excited state
properties (and the identity of the excited states) of compounds in the vitamin A series. In Table
S are listed data of several derivatives of the homologues in the vitamin A series. The alcohols are
representative of most of the derivatives in having low intersystems crossing efficiencies while
aldehydes and ketones are exceptional in having higher triplet yields.

The uv-vis absorption spectra of vitamin A and related pentaenes are dominated by a strong
absorption band near 325-270 nm (in nonpolar solvents).'® It is associated with the n—n*
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Table 3. Distribution of cis isomers formed during direct irradiation of all-trans-retinal and related
compounds

Compound Solvent Photostationary states, § Initial ratio
Aex,nm t ; 7c; 9 ; llc ; 13c ; other 7c: 9 : llc: 13¢

Retinal hexane 30 70 ;0 ; 5 ; 0 ;24 ; 12 0: .25: 0 :1.00%
5380 40 ;0 ; 5.5 3.555 ; -°  0:.28:0 :1.00°
43 62 ;0 ; 5 ; 0 ;3 ; 28
d 4 ;0 ; 5 ; 0 ;52 ; 2°
3-methylpentane 0: .15: 0 :1.00f
isooctane 3 67 ;0 ; 7 ; 0 ;27 ; 08
isooct. + Bu(fod)y 515 33 ;0 ;17 ;33 ; 8 ; 88 .
ether 0: .15: tr :1.00
diglyme d 28 ;0 ; 7 ;24 ;41 ; of
pyridine d 19 ;7 ;13 ;35 ;3 ; 1°
DMSO d 20 ;2 ;17 ;37 ;28 ; 2°

.06: .29:1.51:1,00f

ethanol 390 52.5; .5; 7 ; 19.5; 24.5; 1%  .0l: .16: .50:1.00%
430 45 ;1 ; 12.5; 20 ; 21.5; 1

.04: .24: .81:1.00f

methanol ,05: .23: .95:1.00f
acetonitrile >80 31 ;4.5 23 ;29 ; 9.2; ¥ .27: .70:1.9 :1.00°
d 20 ;7 ;12 ;43 ;19 ; 6°
9-Demethyl-  hexane 4 59 ;1.3 1.2; 0 ;37 ; ot
retinal acetonitrile d 40 ;7.2; 83;20 ;21 ; o
13-Demethyl- 3-methylpentane 30 83 ;0 ; 7 ;10 ; 0 ; 0
retinal 430 83 ;0 ; 9 ;.7 ; 0 ; ot
hexane d 8 ;0 ; 9.7, 2.6; 6.8; O
acetonitrile d 37 $9.1;37 ;17 ; 0 ;
ethanol 30 51 ;3 ;2 ;23 ;0 ; O
430 37 ;3 ;30 ;27 ; 0 ; 0
acetonitrile 350 4 ;6 ;24 ;25 ; 0 ; 0?
35 ;8 ;3 ;2 ; 0 ; o
9,13-Dide-  hexane d 83 ; 2.4; 3.0; 4.0; 5.7; o
methylretinal acetonitrile d 34 ;19 ;20 ;23 ; 0 ; OO
14-Methyl-  hexane 30 41 ;0 ; 3 ; 0 ;49 ; sb
retinal 450 26 ;0 ; 4 ; 2 ;62 ; S
ethanol 390 40 ;0 ; 5 ;19 ;32 ; 4%
450 23 ;0 ; 7 ;35 ;32 ; 3t
acetonitrile 3% 32 ;0 ; 7 ;37 ;22 ; 1t
430 19 ;0 ; 8 ;49 ;23 ; of
10-Fluoro-  hexane 380 0: .32:0  :1.00f
retinal acetonitrile >380 .64: .27:1.12:1.00f
14-Fluoro-  hexane >380 0: .43: .11:1.00f
retinal ether 380 0:1.14:1.31:1.00F
acetonitrile >380 .44:3.4 :6.2 :1.00f
3-Dehydro-  hexane d 8 ;0 ;1 ;0 ;17 ;10
retinal ethanol d 52 ;4 ;19 ;17 ; 8 ; O
acetonitrile d a4 ;12 ;26 ;13 ; 5 ; O
Methyl heptane d 13 ;0 ;21 ; 2 ;14 ;49K
retincate  IMSO 10 ;3 ;14 ;12 ;20 ; 41K
Retinoni-  hexane 360 41 ;0 ;13 ; 0 ;35 ; 1t
trile ethanol 360 23 ;7 ;17 ;16 ;19 ; 18*
acetonitrile 360 22 ;7 ;16 ;20 ;235 ; 12%

a. Ref, 25. b, Ref. 105. c. Ref. 87. d. Unfiltered fluorescent or tungsten lamps.
e. Ref, 88. f. Ref. 28. g. Ref. 102. h. Ref. 93. i. Ref. 94. j. Ref. 91. k. Ref. 97.
2. Ref. 104,
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Table 4. Initial product distribution and/or photostationary state compositions in direct irradiation of

trienes or tetraenes in the vitamin A series

Compound Solvents Products Initial ratio PsS-composition (t)a
18a Hexane 7c,7¢9¢,9% 1.00:.21: ,S7 37; 25; 16; 255
- Benzene 1.00:.32:1.25 35; 24; 18; 23
Chloroform 33; 25; 18; 24
Methanol 36; 26; 15; 23
Acetonitrile 37; 23; 17; 23

24a Hexane 7¢,7¢%,9%,11¢  .21: 0 :1.00:1.5 7; O; 11; 8; 74b

T Benzene 7, 0; 16; 8; 68
Chloroform 13; 4; 25; 10; 48
Methanol 15; 5; 24; 9; 4S
Acetonitrile 10; 3; 20; 6; 61

18d Chloroform 7¢,7c9¢c, 9% 16; 32; 8; 45°

o Acetonitrile 16; 32; 8; 44

593 Acetonitrile 9c,13c; no 11c®

40b Hexane 9c,11c,13% 20; 6; 29; 34%»€
Acetonitrile 17; 8; 29; 32

gl Hexane No central c:lsf

) Acetonitrile No central cisf

20 Hexane all t, 9cl3c 15; 29; 568

- Ethanol 9; 49; 42
Acetonitrile 15; 36; 49

a. Last entry being the starting material. b. Ref. 10S. c. Ref. 100. d. Ref. 104.

e. Ref. 106. f. Ref. 107.

Table 5. Quantum yields of fluorsecence (®;) and triplet yields (®;) of representative polyenes in the

g. Ref. 108. Not clear whether PsS was reached,

vitamin A series

Compound Solvent °F °T

C,-aldehyde, 18a Hydrocarbon  .042° .42
Alcohol .45¢

€ g-alcobol, 18g Hydrocarbon  .083%

C,,-aldehyde, 24b Hydrocarbon .0066% .66°
Alcohol 07912 41°
QLN .51¢

€, -alcohol Hydrocarbon  .069% .00074

Cm-ketone, Eff Hydrocarbon 238

Retinal (C,(), 1b Hydrocarbon  .00s°  .0001° .a3f
Alcohol .004¢ .08-.12¢
Acetonitrile .16

Retinol, la Hydrocarbon  .258 .0188 o3
Alcohol .338 .0168 .o3?

Methyl retinoate, 1d  Hydrocarbon .61}

N-butyl Schiff base  Hydrocarbon <o 3h <.oh

of 1b

C,,-aldehyde Hydrocarbon .066% .009082 41,0 s
Alcohol 128 .00072 .033°
QLN .095¢

C,,-alcohol Hydrocarbon  .019% .0068d

a. Ref. 113. b. R. S. Becker, R. V.
and E. J. Land, Fara. Trans. II. 74,
J. Am. Chem. Soc., 101, 6348 (1979).

2246 (1978).
d. Ref. 122.

Bensasson, J. Lefferty, T. G. Truscott
c. P. K. Das and R, S. Becker,
e. Ref. 29. f. R. Bensasson,

E. J. Land and T. G. Truscott, Photochem. Photobiol., 21, 419 (1975). g. Ref. 111,
h. Ref. 20. i. T. Takemura, K. Chihara, R. S. Becker, P. K. Das and G. L. Hug,
J. Am. Chem. Soc., 102, 2604 (1980).

1943
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transition to the state of 'B, symmetry (a linear pentaene of the C,, point group is generally used
to approximate the chromophore of the all-trans isomer). However, the radiative lifetimes of most
of these polyenes are found to be much too long for a symmetry allowed transition. For example
the experimental radiative lifetime for retinol is 200 nsec while that calculated from the absorption
intensity is 2.7 nsec.!"%!"!

Two types of forbidden transitions are possible in at least some of the compounds. For
polyenals and polyenones the n, n* state is an obvious possibility. The recent comprehensive studies
by Das and Becker''%!"* of homologous compounds in the series showed that the relative positions
of the n, n* and =, n* states are chain length dependent. From the absorption''? and the emission'"®
properties, they concluded that for compounds with two to four double bonds the n, n* state is
the lowest, for those with five and six double bonds the n, 7n* and the =, n* states are close in energy,
and for those with seven and more double bonds the =, n* state is the lowest. However, even for
compounds in the last group the radiative lifetimes are “anomalously” long.

The fluorescence intensity of retinal and related aldehydes and ketones was shown to be solvent
dependent ranging from non-fluorescent in thoroughly dried hydrocarbon solvents to moderately
strong in hydroxylic solvents.''>!"* The intensity could also be enhanced by the hydrogen bonding
additives in hydrocarbon solvents''>!!* and cations in polar solvents,'"* presumably due to changes
of relative ordering of the n, #* and =, n* states. The concentration of a substrate was also shown
to have a marked effect on the fluorescent properties.''®!'” For example, it was reported that in
a hydrocarbon solvent retinal was non-fluorescent at low concentration (<10~*M) but in-
creasingly fluorescent at higher concentrations.'” The once anomalous wavelength dependent
fluorescent property of retinal was therefore explained in terms of selective excitation of dimers.'"
Selective excitation of different low-lying excited singlets was once suggested as a possible
explanation.''®

The presence of a low lying symmetry forbidden state in compounds without low lying n, n*
states is not at first an obvious one. However through a concerted effort of spectroscopic'*® and
theoretical'® studies first on the octatetraene system it was shown that the doubly excited state of
the 'A,; symmetry is in fact more stable than the singly excited IB, state. Since these pioneering
studies, much supporting evidence for this extraordinary conclusion have become available,
including high resolution single photon absorption studies on model polyenes with varying
length,2'?! the radiative lifetime of vitamin A homologues (Table 5),'” two photon absorption on
retinol'® and retinal'®* and other more refined calculations.'®® The relative levels of the two =, =*
states have been shown to be chain length dependent with longer polyenes favoring the forbidden
'A; state. For longer chain polyenes (more than 5 double bonds) in the vitamin A series there is
now a general agreement that the “anomalous” long lifetimes are due to involvement of such
states.”

Explanations for the photoisomerization process. Several attempts were made to explain the
solvent dependent photochemistry of polyenes in the vitamin A series. That the 11-cis isomer of
retinal was also obtained in aprotic dipolar solvents such as acetonitrile?” showed that the ethanol
result first observed by Wald was not due to any specific interaction of the aldehyde with the
hydroxylic solvents. That the isomer distribution in different solvents (Table 3) seems to parallel
with the dielectric constants of solvent rather than refractive indices (the latter significantly affect
the position of the absorption band)'?*'?’ suggests that the bulk property of solvent polarity rather
than polarizability of solvents has a more important effect on the photochemical properties. An
attempt® was made to relate the solvent effect to the dipolar character of the orthogonal ethylene
and polyenes (the Salem zwitterionic intermediates).'”'” The directions of isomerization of retinal
and several substituted retinals were rationalized in terms of selective stabilization of zwitterionic
intermediates by the dipolar solvents, particularly those twisted at the central most double bonds.*

This explanation, however, was not consistent with the subsequent observation of a lack of
solvent dependent photochemistry in a shorter chain homologue, the C,s-aldehyde (18a) and the
negligible effect in the C ,-ketone (24a).'” Furthermore, calculated results on the hexatriene system,
which gave results in excellent agreement with the stereochemical properties of the photochemical
internal cyclization reaction of hexatrienes to the bicyclo[3.1.0Jhexenes,'* suggested the excited
trienes taking on the dipolar character only when approaching a geometry very close to that of
the perpendicular structure (the sudden polarization effect).”®’ It became doubtful that at such a
late stage, solvent stabilization could have any effect on dictating the direction of photo-
isomerization of a polyene.
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Instead, an explanation involving possible reversal of state level ordering in different solvents
was put forward to account for the observed photochemistry. Parallel to what was concluded from
the spectroscopic studies,'” it was suggested that the n, 7 * state remained as the lowest lying excited
state in all solvents for the shorter chain C;-aldehyde and the C-ketone, hence the solvent
independent photochemistry. The closeness of the n,n* and the =, n* states in the pentaenes
(retinal) and the hexaenes (3-dehydroretinal) and the expected dependence of the n, n* level on
solvent polarity led to the situation of having different reactive states in different solvents. In polar
solvents, the photochemistry was dominated by the =, n* state, and in non-polar solvents, by the
n, n* state.

In the same vein, the photochemistry of retinal-Eu(fod); adduct, where the main absorption
band was much red-shifted, was explained in terms of reordering of the =, * and n, n* states.'®
The situation is probably related to Song’s observation of enhanced retinal fluorescence by metal
ions.'

It was noted that the directions of chemistry appeared to be in agreement with the expected
n-electron distribution in these two states. The observed selective photoisomerization at the more
highly substituted double bonds in nonpolar solvents was attributed to the higher bonding
n-electron density of the n, n* state; and the random photoisomerization in polar solvents,
the lower n-electron density of the n, n* state.'” The exact positions of the n, n* states in polyene
esters have not been defined. Based on spacing of the n, n* and =, n* states in simple esters'**!*
it is conceivable that in longer polyenes the two states are also nearly degenerate which could
account for the observed solvent dependent photochemistry of the pentaene esters.

A general trend of photoisomerization of the polyenes, when carried out in hydrocarbon
solvents, is preferred isomerization at the more highly substituted double bonds, e.g. the
trisubstituted double bonds in the regular vitamin A series,’*®’ the tetrahydro- (43)'* and the
aromatic (41) derivatives,” and the tetrasubstituted double bonds in the 14-methyl analogues (39).*
The reduction of the 13-cis isomer to trace amounts in 13-demethylretinal®® ** also falls into this
general pattern. The trend indicates that steric relief is a dominant factor in determining the
direction of relaxation of the planar excited polyenes.

Another general trend is the regioselective isomerization at the trisubstituted double bond near
the end of the polyene chain, i.e. 13-cis > 9-cis (Table 3). The result was believed due to medium
directed selective twisting of the partial double bonds in the planar excited singlets.* Preferential
isomerization at the site involving the least amount of displacement of solvent molecules (usually
at the double bond with the smallest end group) led to the observed results. A simple way to
describe the situation is the different spatial requirements for isomerization at the 13,14 and the
9,10 double bonds as shown in Fig. 6. Therefore, it appears that medium directed preferential decay
of the planar excited polyenes occurs in excited singlets as well as in the triplet states (see above).

The more complex mixtures of the pentaenes obtained during irradiation of these polyenes in
polar solvents can be viewed as a resuit of diminishing influence of the steric effect with a
concomitant loss of selectivity. Hence, isomerization took place at all four side chain double bonds
with a slight preference for isomerization at the central most double bond as shown in 3-dehydro®
and substituted retinals.’”®? This result is consistent with the lower n-bond order as noted earlier.

Fig. 6. Different spatial requirements for the isomerization of an all-frans-vitamin A derivative to 13-cis
(right) and to 9-cis (left). For clarity the alternative process of rotating the right hand portion of the
molecule for formation of the 9-cis isomer is not shown.

TET Vol. 40, No. 11—B
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The n, n* —n, n* explanation, however, cannot be a unique one for all polyenes. The solvent
dependent photochemistry of retinonitrile observed recently'” demanded a different explanation
because the nitriles are not likely to have low-lying n, n* states. The cylindrical symmetry of the
cyano group should make its n, #* state similar to the second n, n* state of a carbonyl group and
similarly should be much higher in energy. In fact, such transitions in simple nitriles were detected
in the far uv region."™ Therefore, it would be highly unlikely that this state could cross the low
lying =, n* state as a result of interaction with solvent.

The forbidden 'A; state has been brought into the picture.'™ Reordering of the two n, n* states
(the “ionic” 'B, state and the “covalent” 'A; state)? in different solvents was suggested as a
possible explanation for the retinonitrile result.!® This explanation is in agreement with the now
commonly accepted notion among spectroscopists of the low lying of the 'A; state in polyenes (see
above). And it might not necessarily be in conflict with the n, #* —=, n* explanation discussed
earlier. In fact, the different amounts of the 1l-cis isomer in the product mixture of tet-
rahydroretinal and tetrahydroretinonitrile when irradiated in hexane could be an indication of the
involvement of two different reactive states, even though forbidden in both cases. However, before
embracing this idea as a general explanation, other issues must first be resolved. For example, it
remains to be established that in polar solvents the position of the relaxed 'B, state indeed shifts
dramatically to the extent sufficient to cross the lower “covalent” 'A; state. Also, it remains to
be resolved of the different implications of the solvent dependent photochemistry suggesting a near
degeneracy of the two 7, m* states at the pentaene stage and the spectroscopic studies indicating
degeneracy at the triene stage.?

Other photochemical properties have been attributed to changes of relative heights of the n, n*
and/or the two m, * states. For example, the recently reported temperature dependent quantum
yields of photoisomerization of all-trans-retinal were explained in terms of involvement of either
the upper n, n* or the 'A; state.?® Adding to the complication of possible state reordering upon
variation of temperatures is conformer population changes, a situation of particular concern for
the cis isomers. Both the increase of the extinction coefficients of uv absorption spectra!®-3%13 and
quantum yield of isomerization of 11-cis-retinal at lower temperatures® have been attributed to
an increase of the 12-S-trans conformer.'*’ Calculations further indicated possible dependence of
ordering of excited singlet states on conformations and configurations of polyenes.'*®

That 13-cis methyl retinoate gave a noticeable amount of the hindered 11,13-dicis isomer (14%)
among initial products during its irradiation in hexane'® in contrast to zero amount of the 11-cis
isomer when irradiating the all-trans isomer in the same solvent could possibly be an experimental
evidence for variation of ordering of the low lying excited singlet states or their separation among
different isomers.'3®

THE SYNTHESIS OF ISOMERS OF VITAMIN A AND RELATED COMPOUNDS

The synthetic chemistry of vitamin A has been reviewed on several occasions by a number of
contributors to the field,’*'¥” most notably, including Mayer and Isler with their important
contribution in 1971 in the authoritative book *“Carotenoids”.'® The purpose of the current effort
is to describe methodologies for the stereoselective synthesis of configuration isomers of vitamin
A, with particular emphasis on more recent advances in this field. No attempt will be made to
provide an exhaustive coverage of all methods developed in vitamin A synthesis. With these
constraints in mind, we are likely to omit some of the important contributions in the vitamin A
area. To these contributors, we wish to offer our apology.

The early effort directed toward the synthesis of the all-trans and the five cis isomers containing
the 7-trans geometry (9-cis, 11-cis, 13-cis, 9,13-dicis and 11,13-dicis) will first be reviewed. A section
on new synthetic methodology will follow. The last section will be devoted to a review of recent
effort in the synthesis of all missing stereoisomers.

The synthesis of six T-trans stereoisomers of vitamin A

The C,,+ C¢ route. In 1947 Isler et al.’ at Hoffmann-La Roche in Basel reported the first
industrial synthesis of all-trans-vitamin A via a C,,+ C, convergent sequence starting from the
B-C,.-aldehyde, 46:
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OH
48 47 48
H NNX
gi X=CH20H
49 g X=OH l b X=CHO
b: X=0OAc & X=CH,OAc

According to this reaction sequence, condensation of aldehyde 46 with the Grignard derivative
of 2-cis-3-methyl-2-penten-4-yn-1-ol 47 (cis-“‘pentol”’) afforded the Cy-diol, 48 which was succes-
sively semihydrogenated over Lindlar catalyst to the 11-cis,13.cis-diol 49a, regioselectively
monoacetylated to 49b and concomitantly dehydrated and isomerized at both cis double bonds to
give all-trans-retinyl acetate 1e. Lastly, saponification of the acetate provided crystalline all-trans-
vitamin A, 1a.

By replacing the cis form of Cg-alkenynol with its corresponding trans isomer (50) in the same
sequence, Oroshnik'” also prepared the hindered 11-cis isomer of retinol (3a) and retinal (3b).

A~
46 + ,)*/\OH _— M' oH —
OH
50

N N
s enali— —
X

&
b X=CHO
3 X

In the same paper Oroshnik™'* described the preparation of the 11-cis,13-cis isomer of vitamin
A (68). After MnO, oxidation, 1-cis,13-cis-retinal (6b) was obtained. Acknowledged only indirectly
in the literature, Oroshnik apparently also prepared and supplied substantial amounts of the 13-cis

isomer of retinol and retinal.'® The relatively unstable 11-cis,13-cis isomer has been isolated from
a mixture produced by acid-catalyzed isomerization of 11-cis-retinal.'®

In yet another variation of the versatile C,,+ C, route, starting from the isomeric
B-C,.-aldehyde 51, Eiter e al."”"'* effected the synthesis of 9-cis-vitamin A acetate 2e by the
following sequence of reactions. This synthetic scheme featured a surprisingly high degree of

ﬁ\)\CHO_____ W\OA{;A—; S
OH =
S
2e
OAc

51 52

~n
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selectivity (85-897;) in the final base-induced (DBN) dehydrobromination of the bromide prepared
by reaction of 52 with PBr;, wherein the 9-cis configuration was introduced.

The Cys+ C; route. Several isomers of retinal have been synthesized by C,5+ Cs approaches
starting from either all-trans- or 9-cis-f-ionylideneacetaldehyde (18a or 56) including the first
reported total synthesis of vitamin A.*

CHO /k/CHO
OO 0y

18a

A~

Using methyl f-methylglutaconate (53) as the C,-chain extension unit, Robeson et al.'"*'s
prepared and characterized the all-trans, 13-cis, 9-cis and 9-cis, 13-cis isomers of retinal as illustrated
for the all-trans and 13<is forms. Recently, the diester of 11-cis,13-cis-diacid 54 has been shown

X~ CHO H\/C02 Me PN COzH
+ x~CO5H
Co,Me 2

189 53 54
R |

COxH
4c

~

to be significantly distorted from planarity about the 12-S-single bond as a result of steric
interaction between the two carbomethoxy substituents.'*

The stereoselective syntheses of isomeric retinals whereby the C,, carbon skeleton was generated
by the condensation of a metal dienolate derivative of ethyl senecioate (55) with f-C,s-aldehyde
was first reported by Matsui et al'”’ in 1958. The stereochemical outcome of the Matsui
condensation was governed by the nature of the solvent and counterion in the generation of the
requisite dienolate form.

—s1
‘(\\“\Y\ 1 a,b
18a +/l\/C02€t No =
N,
N’{ R
——4aq,b
55 X
4c
RGN —2ap
W > & X=CH,OH
P 2c b X=CHO
+ 55 X L X=CO,H
CHO
TNy e K
56 Q — 5q,b
X
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The BASF industrial preparation of all-frans-retinoic acid and its ester derivatives was
developed by Pommer and Sarnecki'*® and featured the Wittig condensation of phosphorane 58
with the C;-aldehydic ester (or acid) 59.

by — Qv e e
57 58

59

~ ~~—

The key intermediate, phosphorane 58, was prepared from the reaction of vinyl-f-ionol (57)
with triphenylphosphine hydrochloride followed by base-induced dehydrochlorination of the
phosphonium chloride.

In 1965, Weedon and coworkers effected the first stereoselective synthesis of 11-cis,
13-cis-retinoic acid (6¢) by the Wittig condensation of 58 with 4-hydroxy-3-methyl-2-butenolide 60
which underwent reaction as its tautomeric cis-aldehydic acid forms.'”

58 h — e B S
88 + HO o0 MCOZH + CoaH
60 2

” - 8¢ 4c

L\co
(o] o 2

The final product mixture, formed in 68-75% overall yield, consisted of the 11,13-dicis acid and
its 13-cis isomer in a ratio of 64:36. These isomers were subsequently separated by fractional
crystallization.'®6!

The predominant formation of the thermodynamically less stable 11-cis isomer in the Wittig
reaction was unprecedented for polyene systems, although well established for simple olefinic
systems where the cis configuration is stereoselectively formed.'é

In a similar approach, the Italian group headed by Cainelli and Cardillo'*"'$* used the lithium
dienolate derivative of the sodium salt of senecioic acid 6la in a stereoselective synthesis of
13-cis-retinoic acid, 4e.

(o]
'S
180 + I 2 v — (O B
a1 82
Ac
R RN — ~ 4c
CO,H

63

According to this procedure, the initially formed lactone 62 was stereoselectively ring-opened
with base and then acetylated to acetoxy acid 63. Lastly, base-induced elimination of acetic acid
provided the desired isomerically pure 13-cis isomer of retinoic acid (4c).

Alternatively, Heathcock and Dugger'® prepared lactone 62 and its 9-cis form (64) from the
respective reactions of all-trans-f-C,s-aldehyde or its 9-cis isomer with the lithium dienolate
derivative of ethyl senecioate (55).

TN+ Aot e A
CHO

58 55 oo
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The method of choice for the stereoselective synthesis of the 9-cis-C,s-aldehyde (56)!'%* involves
the formation of the intermediate lactone 65, which can be readily prepared by reaction of
B-cyclocitral with either 55 or 61.'%

0
'
CHO [<) o
Eji ;a5 B éij\olsAL HO. oo
65

Cardillo has also reported on a stereospecific synthesis of all-frans-retinal using the dilithio
derivative of 3-methyl-3-buten-1-0l.'s’

OHI
e;
180+Li/j\/\oLi_» ~ OH —= —= —1a

The C; + C,+ C, + C, route. This relatively cumbersome route represents the first successful
synthesis of the 9-cis isomer of vitamin A,

The C;-ketone was prepared by Reformatski reaction of the C,-bromoester (66) with f-ionone
followed by reaction with methyllithium. A substantial amount of the 9-cis isomer (67) was

AN
Eji\)\o + Br /\’TOR Zn CHali
o)
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isolated'® along with the all-trans-C s-ketone (24a). Subsequent condensation of 67 with eth-
oxyacetylene followed by acid hydrolysis led to 9-cis-retinal (2b).'®

Recent developments in vitamin A synthesis

Several diverse approaches to the synthesis of isomers of vitamin A and its derivatives have
recently been developed.

The Mukaiyama'™ approaches featured the Lewis acid catalyzed condensation of
B-ionylideneacetaldehyde dimethyl acetal 68 with trimethylsilyl (or ethyl) dienol ether 69 to give
isomeric 11-methoxy-11,12-dihydroretinals, 70. Subsequent base-induced elimination of methanol
followed by iodine catalyzed isomerization provided all-trans-retinal in 429, overall yield form 68.

OMe OMe
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The all-trans form of ethyl retinoate was stereoselectively prepared by Trost and Fortunak'”
by the condensation of the dianion of C,; acid 71 with the C,, aldehydic ester 72, acetylation of
the relatively unstable hydroxy acid 73a to give the threo diastereomeric acetoxy ester 73b and,
lastly, Pd(0) mediated decarboxylative elimination to produce isomerically pure C,, ester 1d.
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Stork and Kraus'” have reported on a vinylogous aldolization reaction sequence to give an
isomeric mixture of the important intermediate, C-ketone (24a:67 = 85:15).

T+ o T o
OH
17a
A ™A — x .
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A highly stereoselective sulfone route to vitamin A wherein the tetraenme side chain was

generated by a sulfone alkylation—sulfinic acid elimination sequence, was first reported by Julia and
Arnould™ in 1973, and since then, has been successfully exploited by several research groups.

GeHs
02
ﬁ\)\/\sozceHs + Br\)\/COzMe B® SN - COoMe BO g

Hoffman-La Roche (New Jersey) chemists'™ and, quite independently, a French group headed
by Decor'” of Rhone-Poulenc Industries reported on the syntheses of all-trans-vitamin A and its
acetate by similar reaction routes starting from all-zrans-C,s-sulfone and Cs-chloro acetate, 76.
Both groups studied the final elimination step in considerable detail and attained excellent overall
yields (83-89%) and product stereoselectivities (9-trans:9-cis & 73:7 to 82:18).

GeHs
SO2
74 + CI Be, Ejj:f¥i§/LVJ\/~\OAC-§9~1up
-~ \)\/\OAC
77

Olson and coworkers,'”” also of Hoffmann-La Roche (New Jersey), developed an equally
efficient “through process™ perparation of crystalline all-frans-vitamin A acetate starting from
all-trans-C,s-bromotriene78 (prepared from vinyl-g-ionol, §7) and C,-p-tolylsulfone, 79.
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The Fischli-Mayer C,; + C, sulfone approach'” to all-trans-vitamin A involved the alkylation
of B-ionyl phenyl sulfone 80 with all-trans-C,chloro acetates (9-trans:9-cis = 0.63). Brief warming
of the isomeric mixture with Pd(C,H;CN),CL,-Et;N in acetonitrile resulted in a significant increase
of the 9-trans to 9-cis ratio to 2.43. Lastly, fractional crystallization gave all-trans-vitamin A acetate
of 95%, isomeric purity in 71% overall yield.
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In 1978, Manchand and coworkers'” reported a unique C,s + C; convergent approach to the
synthesis of all-trans-vitamin A wherein the pi-allylpalladium complex of prenyl acetate was regio-
and stereoselectively alkylated at the d-position by the anion of C,s-sulfone 74 to give the acetoxy
sulfone 77 in 53%, yield. Subsequent base-induced elimination of benzenesulfinic acid followed by
acetylation afforded vitamin A acetate of 959, isomeric purity.

: / Cl\
74 +—§ \C]/ ;7_—‘77 —s1e
OAc

The first C,, + C,, convergent synthesis of methyl retinoate by the coupling of B-cyclocitryl
phenyl sulfone 82 with C,,-bromo derivative 83 (94%,) followed by the double elimination of two
equivalents of benzenesulfinic acid in 94% yield was described by Torii and Uneyama'® in 1977.

CeHs
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A final product ratio of 13-trans:13-cis = 5 was realized.
Otera et al.'® have recently reported a novel synthesis of methyl retinoate by the sulfone route

outlined below.

(EGHS C6H5 C5H5
502 2
GeHs Cghg
502l 02|
OH — —— R
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13t/13c =1.5

An interesting variation of the ylide condensation was the report of reaction of isonitrile 84
with benzaldehyde. However similar reaction with the Cs-acetate resulted in the formation of the
oxazole 85. The method was not successfully applied to vitamin A synthesis.'®?
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The Grignard reaction of the C,,component 86 with 2,2,6-trimethylcyclohexanone was
reported to give the Cy-~compounds in high yield."® However, subsequent conversion to vitamin
A acetate was accomplished only in 20°%] yield.

/I\/\/k/x
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éio'*' /MX Z

=

A new retinal synthesis was recently reported by Ruzziconi and Schlosser.'® A one pot reaction
of B-ionylideneethyl chloride with the C,—~uprate 87 and two equivalents of methyllithium gave
isoretinal 88. Oxidation of 88 with dimethyl sulfoxide in the presence of
N,N-dicyclohexylcarbodiimide gave a mixture of four geometric isomers of retinal
(11,13-dicis: 11-cis: 13-cis:all-trans = 1:1:4:5).
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The synthesis of T-cis and other missing 7-trans isomers of vitamin A

The eight isomers of retinal which constitute the 7-cis manifold (Fig. 3) were previously
believed'® to be synthetically unattainable due to excessive steric crowding between the methyl
groups on the C,- and C,-positions (Fig. 2). This early misconception was effectively dispelled by
several examples wherein the 7-cis configuration was invoked for intermediates in synthetic and
photochemical investigations.

Thus, in 1957, Biichi and Yang® demonstrated that 8-ionone underwent photoisomerization
to the corresponding 7-cis form which was in rapid thermal equilibrium with its ring-closed pyran
isomeric form (see previous section).” This result was later confirmed by Marvell and coworkers'®’
by 'H-NMR spectroscopy.

In 1964, Redel er al.'® described the preparation of C,diene 89 which possessed the 7-cis
configuration by catalytic semihydrogenation of its corresponding 7-dehydro precursor. In this
experiment, acidic workup resulted in isomerization of the 7-cis bond to its trans form with the
formation of f-ionylideneacetaldehyde.
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More recently, Kienzle and Mayer!®"'®® reported the first total synthesis of the optically active
carotenoid, (3S,3S)-astaxanthin, 92, wherein the key intermediate 90 was converted to its
corresponding aldehyde and catalytically hydrogenated over Lindlar catalyst to give the stable
7-cis-C,s-keto aldehyde 91.
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In the 1970’s, Liu and Ramamurthy’* at the University of Hawaii reported that the
photosensitized isomerization of a series of f-ionyl and f-ionylidene derivatives resulted in the
stereoselective formation of their stable 7-cis forms. The general nature of this photochemical
isomerization process has been previously described in the earlier Section: The Triplet Sensitized
Isomerization Process.

Thus, with procedures in hand for the facile introduction of the 7-cis configuration in key
reaction intermediates, standard synthetic methodologies were employed for the first syntheses of
7-cis isomers of vitamin A.

Irradiation of f-ionylideneacetonitrile 18b in the presence of benzanthrone as photosensitizer
generated in near quantitative yield a ~ 3:2 mixture of 7-cis- (93) and 7-cis,9-cis-C s-nitriles (94).
Alternatively, this same mixture of isomeric nitriles could be realized in 959 yield by the Emmons
reaction of 7-cis-f-ionone with diethylphosphonoacetonitrile 97 (NaH, DMF). Reduction of the
7-cis- and 7-cis,9-cis-C,s-nitriles with diisobutylaluminum hydride (DIBAL) afforded in 75% yield
a corresponding mixture of isomeric C,s-aldehydes. At this stage the isomers were isolable on silica
gel columns giving 7-cis- (95) and 7-cis,9-cis-C,s-aldehyde (96).°'® Each of the aldehydes was
subjected to base-catalyzed condensation with acetone to give 7-cis- (98) and 7-cis,9-cis-C q-ketone
(99).'%%1% However, reaction of these ketones with the C,-phosphonate 97 gave two isomer mixtures
of retinoate esters which were subjected to chromatographic separation to give pure 7-cis- (9d),
7-cis,9-cis- (10d), 7-cis,13-cis- (12d) and 7-cis,9-cis,13-cis-retinoate methyl esters (14d). Reduction
with LAH and oxidation with MnQ, yielded the corresponding retinols (9a, 10a, 12a, 14a) and
retinals (9b, 10b, 12b, 14b) respectively.'® Conversion of the ketones to the retinals was also
accomplished via intermediate retinonitriles (91, 10f, 12f, 14f) using the C,-nitrile 97 in the Emmons
reaction.'

93,94
Ej:}o + (Eto)2 POCHZX—]
a X=CN
+ 97(x=COMe) -
22 ——-‘
X
=_/" 97 =_/ =__ 4~
96 «+ i — — ;"‘_-. = . _— X
99 10, 14
8 X=CHpOH ; b. X=CHO
g X=CO,Me, f X=CN
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A stereoselective synthesis of 7-cis,9-cis-f-ionylidencacetaldehyde (96) was devised in these
laboratories and employed in a Cs+ C; synthetic sequence for the preparation of the readily
separable isomeric pair, 7-cis,9-cis- and 7-cis,13-cis-retinal.* They key feature of this lengthy
sequence was the high stereoselectivity of the benzanthrone-sensitized photoisomerization of
C,s-acetoxyester 19 to the corresponding 7-cis,9-cis form (see Section IIB). Subsequent acid-
catalyzed ethanolysis afforded 7-cis,9-cis-C,s-hydroxyester 100 and 7-cis-C,s-butenolide 101 which
were readily separated by column chromatography on silica gel. Conversion of hydroxyester 100
to 7-cis,9-cis-C,s—aldehyde was effected by sequential treatment with (a) methanesulfonyl chloride,
triethylamine; (b) sodium borohydride in HMPA; (c) LAH and (d) MnO,. A standard C,; + C;
chain extension reaction of 96 with 102 C,—phosphonoester afforded a 1:1 mixture of 7-cis,9-cis-
(10d) and 7-cis,9-cis,13-cis-retinoates (14d) which were chromatographically separated and rou-
tinely converted to the desired corresponding retinals (10b, 14b).

OAC OAc
e ot ™
19 OAc
=, SO2Et - O5Et —. CHO
T TP -0
4 |OH 96

Et9, PO
98+ = — 10d +14d
102 COLEt

. A highly stereoselective Cs + C; sulfone route to methyl 7-cis-retinoate which entailed the
introduction of the 7-cis configuration by photosensitized isomerization at the C,, level has been
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reported.”’ Alternatively, starting with cis-Cs-bromoester 103 the 7-cis,13-cis-retinoate, 12d, was
obtained stereoselectively.*’
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The doubly hindered 7-cis,11-cis isomer of retinal was prepared according to the following
reaction sequence:'s!

CI — —
28 + (GeHs), P =~ ﬁjivz\:«vcf—‘ m=\ _‘Ej(l\
3
A\
104

A\
103 108, >—OH >= o
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Starting from isomerically pure 7-cis-C s-aldehyde (95), the Wittig reaction with chloro-
methylenetriphenylphosphorane (104) gave an isomeric mixture of chlorotetraenes, 105, which,
without isolation was reacted with two equivalents of butyllithium to give a dehydrochlorinated
and lithiated derivative = which when quenched with acetaldehyde produced
T-cis-11,12-didehydro-C s—alcohol 106. Oxidation with MnO, followed by catalytic semi-
hydrogenation over Lindlar catalyst afforded the 7-cis,11-cis-C,s-ketone 107. Next, the C;; + C,
chain extension reaction with diethylphosphonoacetonitrile, 97 (NaH, DMF-benzene, 1:15)
resulted in very high trans stereoselectivity for the newly formed 13-double bond ( > 90%,). Lastly,
reduction of nitrile 11f with DIBAL gave the doubly hindered 7-cis, 11-cis-retinal(11b) in 95%/ yield.

The minor isomer formed in the Emmons reaction was also isolated and characterized as
7-cis,11-cis,13-cis-retinonitrile (15f). The corresponding retinal was not isolated, but instead
underwent thermal isomerization to the 7-cis,13-cis isomer, from possibly two consecutive steps of
6e electrocyclization. A similar isomerization process was observed for 11-cis,13-cis-retinal. ™%

With only minor variations of the above reaction sequence, the ethyl esters of 7-cis,9-cis,11-cis-
(13c) and all-cis-retinoic acid (16c) were recently prepared.'®
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The Corey reaction'™ of 7-cis,9-cis-C s-aldehyde (96) with dibromomethylenetriphenyl-
phosphorane (108) afforded the relatively unstable 7-cis,9-cis-dibromotetraene 109, which, after
removal of phosphorus compounds, was converted to 7-cis,9-cis-11,12-didehydro-C,s-carbinol 110.
Manganese dioxide oxidation followed by catalytic semihydrogenation gave the all-cis-C,;-ketone,
111. Lastly, C,; + C, elaboration of the side chain by treatment with ethyl lithiotrimethylsilylacetate
(112) provided a 1:1 mixture of tricis and all-cis-retinoates, 13d and 16d.

After HPLC separation, the two esters were reduced separately with DIBAL to give the
corresponding vitamin A derivatives (13a, 16a). Manganese dioxide oxidation converted the tricis
alcohol to 7-cis,9-cis,11-cis-retinal (13b).
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Progress has also been made on synthesis of the two missing 7-trans isomers: 9-cis,11-cis and
9-cis,11-cis,13-cis. A particularly elegant synthesis of 9-cis,11-cis,13-cis-retinal (8b) was recently
reported by Okamura et al.'® Their novel approach featured a thermally (69°, 2h) induced
[1,5]-sigmatropic hydrogen shift in vinylallene 113 to give a mixture consisting of 1l-<cis,
11cis,13-cis and the new 9-cis,11-cis,13-cis (8a) isomer of vitamin A. Subsequently a
bicyclo[4.2.0]Joctadiene derivative (114) was isolated which was believed to derive from the missing
9-cis, 11-cis isomer (5a) via consecutive 8¢ and 6e electrocyclization processes under conditions for
sigmatropic hydrogen migration,'?
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Low temperature (4°) oxidation of retinol 8a with MnO, afforded the relatively unstable
9-cis, 11-cis,13-cis-retinal 8b. This highly hindered isomer was found to undergo slow isomerization
with a half-life of ca 2h at 45° to the thermodynamically more stable 9-cis, 13-cis form of retinal,
also probably by consecutive pyranylization and ring-opening processes (see above for 11,13-dicis
and 7,11,13-tricis isomers). The steric congestion and resultant nonplanarity of the polyenal
chromophore in 8b is reflected in the large hypsochromic shift of the ultraviolet absorption
maximum to 302 nm (¢ = 15,500) in hexane.!'%

The final isomer in the 7-trans manifold, 9-cis,11-cis-retinal (5b) was prepared by Kini'%
according to the following six-step, non-stereoselective reaction sequence:

iIVK\CHO—‘ I —_ I ]
i S H M
cl W/O jfo

In this approach, the key intermediate, 9-cis,11-cis-C s-ketone, 115 (together with its 11-cis
isomer) was synthesized along with the corresponding 11-cis isomer from a mixture of 9-cis and
all-trans-B-ionylideneacetaldehyde following a sequence of reactions similar to those in preparation
of the 7,11-dicis isomers."” Emmons reaction with diethylphosphonacetonitrile (97) under condi-
tions which favored the 13-trans configuration in the newly constructed double bond (nonpolar
solvents) afforded a mixture of isomeric retinonitriles. After column chromatographic separation
of two 13-trans-retinonitriles, the mixture was reduced with diisobutylaluminum hydride to the
corresponding isomeric retinals which were readily separated by HPLC to give pure
9-cis,11-cis-retinal, 5b. The presence of the dicis isomer in photo-mixtures from irradiation of
all-trans-retinal was subsequently reported.”
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In conclusion, all sixteen geometric isomers of vitamin A have been synthesized although the
aldehyde form of two of the less stable 7-cis isomers have yet to be prepared and characterized
(7-cis, 11cis, 13-cis and all-cis). The chapter of stereoisomers of vitamin A has therefore approached
the final page. Nevertheless, improved synthetic methodologies in terms of increased stereo-

selectivity for preparation of these known isomers will remain a continued challenge to workers
in the field.

The synthesis of isomers of vitamin A, (3-dehydro) and other vitamin A analogues

In contrast to the vast amount of chemical literature for the preparation of stereoisomers of
vitamin A,, the less stable vitamin A, series of compounds has received far less attention. The major
efforts have centered on the standard C,, + C, and C,s + C,; methodologies previously described
for the preparation of the structurally similar isomers of vitamin A.

Thus, in 1962, Isler et al.'"”"'® reported on the synthesis of six isomers of 3-dehydrovitamin A:
all-trans (33a,b); 9-cis (119a,b); 1l-cis (122a,b); 13-cis (107a,b); 9-cis,13cis (120a,b) and
11-cis,13-cis (123a, b).
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Vitamin A, acid (33c),"* ester (33d)® and nitrile (33f)* have also been prepared by the reaction

of 3-dehydro-f-ionylideneacetaldehyde (116)'*® with the C; phosphonate and phosphorane
derivatives.
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The methyl esters of all-trans- and 13-cis-vitamin A, acid were recently prepared by Uneyama
and Torii'® according to the following C,, + C,, reaction sequence.

CeHs H 6H5
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Cainelli and Cardillo'® have also reported the stereoselective synthesis of
9-cis-3-dehydro-B-ionylideneacetic acid (125), a precursor to the key intermediate 9-cis-C,;-
aldehyde 118 for the preparation of 9-cis isomers in the vitamin A, series, by the reaction of
safranal (124) with the dilithio derivative of senecioic acid.
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Of the eight isomers that possess the 7-cis configuration, only 7-cis-3-dehydroretinal (127) has
been prepared to date. This isomer was synthesized by a standard C + C, reaction sequence
starting from 7-cis-Cs-tetraene ketone 126 which had in turn been generated from its correspond-
ing 7-trans form by photochemical isomerization.®
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Because of the interest in structure-reactivity relationships in studies of cancer prevention,?
visual pigment” and bacteriorhodopsin analogues,'? a large number of structurally modified
derivatives of vitamin A have been synthesized in recent years. This subject has been thoroughly
reviewed by Balogh-Nair and Nakanishi.®! Other new analogues have since been reported.”

SEPARATION METHODS AND SPECTROSCOPIC DATA

Separation of vitamin A isomers

The traditional method of fractional recrystallization was successful in separation of the earlier
known six geometric isomers of vitamin A.*!%1% However, most of the recently prepared cis
isomers are oils under common laboratory conditions. For these, chromatographic methods are
preferred.

Because of the usual low thermal stability of the polyenes, gas chromatographic methods are
rarely used in separation of geometric isomers of vitamin A and derivatives. Separation of the more
stable isomers after their protection with silyl end groups has been reported.”

The most useful current method of separation of isomers is high pressure (performance) liquid
chromatography, HPLC. Several reviews are available compiling conditions for separation of
isomers on preparative scale,”™ on analytical or semi-preparative scale particularly on those
derivatives of interest to the vision researchers,® and separations of vitamin A metabolites or
retinoids in pharmaceutical or therapeutic studies.® In general uncoated silica gel columns are
preferred in separation of isomers. The chromatogram for a photomixture of retinal isomer is
shown as a representative example (Fig. 7).* Bonded columns, particularly those with cyanoalkyl
side chains, were found attractive because of possible reversal of order of elution for a given set
of isomers.”” Reverse phase columns have been extensively used in separation of compounds with
different end groups. Separation of isomers are usually limited to the all-trans and 13-cis pair.”
Alumina based HPLC columns are rarely used. Even though the first successful separation of
retinal isomers was done on alumina columns,'®*® some of the more hindered isomers were found
to isomerize on such columns.”

Separation of isomers of f-ionylideneacetaldehyde (18a) and the C,;-ketone (24a), the two key
intermediates in synthesis of isomers of vitamin A and carotenoids are more readily achieved at
the C,s-aldehyde stage. (See Figs. 8 and 9 for chromatographs of isomer mixtures of the two
compounds.) The synthetic pair of all-trans and 9-cis isomers of the C,;-aldehyde were readily
separated on silica gel columns. Even the more closely separated pair of isomers with the 7-<is
geometry, could be separated on commercial preparative columns such as Waters Prep-500
columns' and other low pressure columns.

Spectroscopic properties of vitamin A isomers

Electronic spectroscopy, which only provides limited structural information on geometric
isomers of vitamin A, nevertheless has been the most important tool in vision related studies.®®
The characteristic data on isomers of retinal recorded at room temperature are tabulated in Table
6. Low temperature spectra of several geometric isomers have been recorded.'®!* The 11-cis isomer
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Fig. 7. A chromatogram (Si-60 HPLC column, 360 nm detection) of an irradiated mixture of retinal
(=380 nm, in CH,CN). The minor peaks have retention times identical to 7-cis,13-cis ( # 1), 9-cis,13-cis
(# 2), 9=cis,11-cis (#) and 7-cis,9-cis ( # 4) isomers.
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Fig. 8. A chromatogram (HPLC) of four isomers of C,s-aldehyde. A Si-60 10 um preparative column
(25 mm x 1/2in) was used with 109, ether in hexane as solvent.
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Fig. 9. A chromatogram (HPLC) of geometric isomers of the C,cketone. A Si-60 10 um preparative

column was used with 10% ether in hexane as solvent. The retention time of the 7-cis, 9-cis isomer was

in between those of 9-cis and 7-cis isomers, while that of the 9-cis, 11-cis isomer was identical to that of
the 11-cis isomer. The peak in front of the 9-cis isomer was that of the retro-y-isomer.
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Table 6. UV-vis absorption data of isomers of retinol

Hexane Ethanol
Isomer \m.x € by nax €

All trans® 368 48,000 383 42,884
7-cis 359 as,100 3779 38,000
9-cis? 363 37,660 373 36,010
11-cis? 365 26,360  379.5 24,940
13-cis? 363 38,770 375 35,500
7,9-dicis 351 42,500

7,11-dicis 355 18,800 3743 16,000
7,13-dicis?"d 357

9,11-dicis® 352 30,600 3689 27,000
9,13-dicis? 359 34,170 368 32,380
11,13-dicist 302 17,000
7,9,11-tricis® 345 22,000

7,9,13-tricis 346° 36,600

9,11,13-tricis® 302 15,500 302 14,300

a. Ref. 209. b. W. DeGrip, R. S. H. Liu, A. E. Asato and
V. Ramamurthy, Nature, 262, 416 (1976). c. Ref. 191.

d. M, Denny, A. Kini, H. Matsumoto and R. S. H. Liu,
unpublished results. e. Ref, 196. f. Ref. 192.

g. Ref. 193. h. Ref. 195,

showed the unusual feature of a large increase of extinction coefficient at lower temperatures. For
obvious reasons, circular dichroism has not been used for studies of naturally occurring vitamin
A isomers although extensive CD studies have recently been applied to carotenoids*'® and visual
pigments.?!

Vibrational spectroscopy (infrared) has been used in configurational assignments especially in
the early synthetic work on the sterecisomers of vitamin A.

Recently the advent of Resonance Raman and FT-IR spectroscopy added a new dimension
to vibrational spectroscopy in studies of polyene chromophores. The former is particularly useful
for protein bond retinyl systems. Several excellent review articles are available.?'>2'>2'4 We refer the
readers to these papers for detailed information.

Nuclear magnetic resonance spectroscopy is currently the method of choice for structural
assignments of geometric isomers. The general availability of high field spectrometers in recent
years further enhanced the usefulness of the method. An excellent example is the recent extensive
study of '*C-NMR spectra of carotenoids.?’

The most extensive compilation of 'H-NMR data on isomers of vitamin A and derivatives was
that of Englert and coworkers in the 1971 treatise of “Carotenoids”?'® and PC-NMR data by
Englert in 1974.2'7 We now attempt to update those listings by compiling recent data along with
selected earlier ones on key proton chemical shifts and coupling constants (Table 7) and carbon
shifts (Table 8) of vitamin A isomers. Also listed are isomers of the key synthetic intermediates,
the C,;-aldehyde and the C,s-ketone (Tables 9 and 10). Limited data on compounds in the vitamin
A, series are listed in Table 11. To limit the tables to a manageable length we have arbitrarily chosen
to list, whenever possible, data obtained in the most commonly used solvent: deuterated
chloroform. It should be noted that the possible presence of acidic impurites in this solvent
sometimes introduces the complication of isomerization of the cis isomers, especially during
extended storage.

The data in these tables are generally temperature independent. The exceptions are the chemical
shifts of retinals in aromatic solvents (specific solvent solute interactions)'*® and that of
11-cis-retinal in acetone-d, (12-S-cis, and 12-S-trans equilibrium).2'® Also, for the 7-cis isomers the
1,1-dimethyl groups exhibit DNMR features characteristic of a two site exchange.***?" It was
believed to be due to restricted rotation about the 6,7 single bond. The average barrier heights
of 12-14 kcal mol ~! is, however, too low for resolution of chiral rotational isomers.?'*

TET Vol. 40, No. 11--C
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Table 7. 'H-NMR data of isomers of retinal, methyl retinoate, retinonitrile, retinol and vitamin A acetate
from the literature (in CDCl, unless otherwise specified)

Methyls (8, ppm) Vinyl hydrogens (§, ppm) Coupling Constant (J, Hz)

€, o-compound 1 s ¢ 13 7 8 10 1 12 14 15 7,8 10,11 11,12 14,15
All-trans, 1

an 1.04 1.72 2.03 2.33 6.36 6.18 6.20 7.15 6,37 5.98 10.12 16.5 12.0 15.4 8.0%
CooMe 1.03 1.72 2.01 2.37 6.26 6.16 6.15 7.01 6.30 5.79 -- 16,0 11.4 15.0

N 1.02 1.72 1.93 2.21 5.19 c
O4,0H 1.97 1.85 6.14 6.09 6.08 6.60 6.27 5.67 4.29 d
CH,08c 1.03 1.70 1.95 1.89 6.18 6.12 6.09 6.65 6.27 5.61 4.70 16 11.1 15.2 7.0%
7-cis, 9

ap 1.05 1.52 1.93 2.31 5.99 6.18 6.25 7.86 6.37 5.98 10.12 11.3 11.5 15.0 8.2%
COoMe 1.04 1.52 1.90 2.34 5.95 6.11 6.22 6.93 6.26 5.78 -- 13.0 11.8 14.6 b
N 1.06 1.52 1.2 2.22 5.99 6.12 6.90 6.88 6.26 5.19 -- 12 11.5 14.8 §
CGH,0H 5.68 5.92 5.49 6.41 6.00 5.58 1.3 4.5 7.2 f
9-cis, 2

ao 1.05 1.75 2.00 2.30 6.31 6.64 6,06 7.20 6.27 5.9 10.07 15.9 11.8 15.4 8.2
CooMe 1.05 1.75 2,01 2.35 6.23 6.65 6.05 7,10 6.27 S5.79 --  16.0 12.0 15.0 b
N

11-cis, 3

o 1.02 1.71 1.99 2.36 6.32 6.14 6.54 6.69 5.92 6,07 10.10 16.0 13.0 11.5 8.0%
COMe 1.03 1.71 2.00 2.35 6.35 6.21 6.63 6.67 6.00 S5.84 -- 16.0 11.9 10.8 b
N 1.02 1.72 1.96 2,24 6.31 6.13 6.48 6.62 5.84 5.27 -- 15.4 11.7 11.7 ¢
CH,0H 1.96 1.93 6.17 6.10 6.13 6.65 6.60 5.55 4.30 d
aL,0Ac 1.93 1.92 6.20 6.12 6.56 6.33 5.87 5.63 4.71 d
13-cis, 4

T 1.04 1.72 2.02 2.14 6.35 6.18 6.23 7.05 7.28 5.85 10.20 16.0 11.1 15.0 8.0%
CooMe 1.02 1.72 1.9 2.07 6.26 6.17 6.26 7.00 7.78 5.65 -- 16.5 11.4 15.2 b
N 1.02 1.70 1.99 2.04 6.30 6.15 6.18 6.97 6.79 5.05 -- 16 11 15 £
CH,0H 1.96 1.93 6.17 6.10 6.13 6.65 6.60 5.55 4.30 d
CH 0% 1.95 1.96 6.17 6.10 6.12 6.69 6.59 5.47 4.74 d
7-cis,9-cis, 10

ao "71.05 1.46 1.87 2.30 6.10 6.58 6.02 7.16 6.26 5.95 10.10 12.4 12.4 15.1  7.sf
CooMe 1.04 1.46 1,84 2.33 6.06 6.57 5.97 7.02 6,17 5.76 -- 12,2 11.8 14,5 £
o 1.05 1.48 1.88 2.22 5.79 6.56 6.08 6.99 6.20 5.19 -- 12 11.5 15 £
CH,OH 1.00 1.43 1.81 1.76 5.9 6.5 6.0 6.60 6.15 5.65 4.24 12.5 11.0 14.5 7.4f
7-cis,ll-cis, 11

o "71.02 1.50 1.88 2.33 5.95 6.07 6.58 6.5 5.92 6.02 10.05 12.4 i i 7.8f
COoMe 1.01 1.50 1.85 2.31 5.90 6.04 6,6 6.5 5.86 5.80 -- 12.8 11 12 £
oN 1.04 1.54 1.90 2.24 5.92 6.08 6.6 6.5 5.8 522 -- 12.5 123 12] £
7-cis,13-cis, 12

a0 "1.07 1.54 1,94 2.10 5.98 6.11 6.36 6.92 7.22 5.80 10.20 11.5 11.2 15.5  8.0f
CooMe 1.06 1.54 1.96 2.09 6.00 6.23 6.36 7,07 7.82 5.63 -- 13.2 11.2 15.2 b

CN 1.04 1.5 1.92 2,06 5.99 6.14 6.27 6.85 6.8 5.08 -- 12 10 15 f
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Table 7 (Contd)

1963

Methyls (§, ppm)

Vinyl hydrogens (&, ppm)

Coupling Constant (J, Hz)

C;-compound 1 s 9 13 7 8§ 10 11 12 14 15 7,8 10,11 11,12 14,15
9-cis,ll-cis, §
foc o “1.04 1.74 2.08 2.36 6.26 6.64 6.40 6.72 5.86 5.98 10.06 16.0 11.5 11.5  7.6°
o]
9-cis,13-cis, 6
ao 1.05 1.77 2.05 2.15 6.36 6.68 6.16 7.16 7.25 5.87 10.27 16.0 10.5 15.0 8.0°
COtMe 1.03 1.74 1.99 2.06 6.28 6.66 6.17 7.09 7.72 5.65 -- 16.0 10.5 150 b
11-cis,13-cis, 7
a0 1.01 1.68 1.96 2.07 6.28 6.08 6.20 6.77 6.11 5.98 9.71 16.0 12.5 11.8 8.13
CoOMe 1.02 1.71 1.96 2.17 6.27 6.12 6.41 6.63 6.99 5.70 --  16.3 12.1 11.6 b
N 1.02 1.72 1.98 2.20 6.36 6.10 6.46 6.72 6.32 5.08 -- 16.0 12.0 12.0  f
H,0H 1.93 1.88 6.16 6.04 6.03 6.49 5.86 5.54 4.04 a
H,0hc 6.19 6.08 6.09 6.49 5.87 5.49 4.73 d
7¢,%,11c, 13
CHO T 1.03 1.44 1.84 2.32 6.08 6.48 6.38 6.66 5.83 6.04 10.07 12.5 12.2 12.7 8,18
COOEt 1.03 1.45 1.82 2.31 6.04 6.49 6.33 6.51 5.78 5.81 -- 12,2 12.3 1.7 ¢
N 1.05 1.45 1.86 2.23 6.32 6.47 6.07 6.58 5.80 5.25 -- 12,5 11.5 11.5 £
7¢,9¢,13, 14
CH 1.0 1.47 1.88 2.12 5.97 6.52 6.13 6.99 7.12 S.83 10.20 12.1 10.5 14.5  8.0°
COtMe 1.03 1.46 1.84 2.05 6.05 6.57 6.09 7.00 7.66 5.64 -- 12.5 11.2 15.3  f
o™ 1.05 1,52 1.90 2.06 6.01 6.58 - £
7c,11¢,13¢, 1§
an 1.02 1.51 1.88 2.05 6.61 9.56 £
COMe 1.01 1.48 1.94 2.14 5.90 6.03 6.5 6.5 6.9 566 -- 12,5 i i £
o™ 1.02 1.51 1.89 2.17 5.94 6.07 6.4 6.4 6.6 5.07 -- 12,2 i i
%,11c,1%c, 8
fo2 ) 1.04 1.47 1.88 2.12 5.97 6.52 6.13 6,99 7.12 5.83 10.20 12.1 10.5 14.5  8.0"
Come 1.03 1.73 1.99 2.18 6.29 6.68 6.30 6.71 6.90 5.70 -- 16,0 1.1 11.8 b
N
CH,OH 1.02 1.72 1.86 1.93 6.20 6.65 5.97 6.57 5.81 5.57 4.04 15.5 12 12 7.0h
all-cis, 16
COOEt 1.03 1.44 1,81 2.13 6.04 6.50 6.84 6.57 6.21 5.67 -- 12.8 12.0 12.2 g
o 1.06 1.46 1.90 2.20 saz -~ 123 13 nd o«
CHOH 1.03 1.45 1.85 1.77 6.00 6.48 S5.88 6.44 5,78 5.53 4.03 12.4 11.7 11.5 6.78
a. Ref. 150. b. B. A. Halley and E. C. Nelson, J. Chromatogr., 175, 113 (1979). c. Ref. 104.
d. Ref. 216. e. Ref. 189. f. Unpublished results of A. E. Asato, M. Denny, A. Kini and
R. S. H. Liu. g. Ref. 193, h, 195. i. Not well resolved. j. J values obtained in C.D
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Table 9. 'H-NMR data of isomers of the C,,-ketone (24a) and the C,s-aldehyde (18a)°

Chemical Shift Coupling Constants
Methyls (8, ppm) Vinyl Hydrogens (6, ppm) . J, Hz
ClS-CHO 1 S 9 13 7 8 10 11 12 7,8 10,11 13,12
all-trans 1.02 1.68 2.18 -- 6.63 6.11 S5.79 -- ~- 16,0 -- b
7-cis 1.02 1,52 2.16 -- 6.15 6.05 5.85 -- -- 12,0 -- b
9-cis 1.02 1.68 2.00 -- 6.56 7.03 5.79 -- ~- 15,5 -- b
all-cis 1.02 1,52 1.93 -- 6.19 6.86 5.68 -~ 12,0 - b
C1 s-ketone
all-trans 1.02 1.70 2.05 2.33 6.43 6.22 6.22 7.58 6.12 16.2 11.8 15.3°
7-cis 1.01 1.48 1.94 2.26 6.05 6.10 6.23 7.48 6.11 12.5 11.7 15.3°
9-cis 1.00 1.70 2.01 2.25 6.34 6.68 6.08 7.62 6,08 159 12.1 14.8°
11-cis 1.00 1.69 1.99 2.21 6.40 6.24 7.39 6.85 5.97 16.1 12.3 11.9°
7¢,S¢ 1.02 1.43 1.87 2.26 6.14 6.62 6.00 7.55 6.03 12.3 12.1 15.2°
7c,11c 1.02 1.58 1.92 2.09 6.02 6.14 7.42 6.88 5.95 12.5 11.5 12.2°
9¢,1lc 1.00 1.70 2.04 2.21 6.36 6.69 7.29 6.94 5.93 16,0 12.5 11.8°
all-cis 1.06 1.48 1.94 2.22 6.15 6.61 7.28 6.88 5.94 12.5 12 11d
a. In CDC13. b. Ref. 43. c. Unpublished results of M. Denny, A. Kini and
R. S. H. Liu. d. Ref. 193,

Table 10. *C-NMR (4, ppm) data of isomers of C,,-aldehyde and C,4-ketone in CDCl,

1965

C-1 C-2 C-3 C-4 16,17 C-18 C-19 C-20 C-5 C6 C7 C-8 C9 C-10 C-11 C-12 ¢-13

€, 5-CHO
all-trans 34.1 39.7 19.4 33.4 28,9 21.6 12.9 -- 132.5 137.2 135.4 135.7 154.6 128.7 190.9 -- a
7-cis 34.4 38.8 18.7 31.8 28.4 21,2 15.1 .- 130.4 135,8 136.5 132.9 156.6 129.6 191.6 -- b
9-cis 34.3 39.8 19.2 33.3 29.0 21.8 21.1 -- 132.4 137.4 136.4 128.0 154.6 127.8 189.6 -- a
7c,9c 34.2 38.9 18.8 32.2 28,7 21,7°22.3° -- 131.7 ?  136.3 128.9 158.6 126.3% 190.9 -- b

Cls-ketone b
all-trans 34,1 39.5 19.0 33.0 28.8 21.7 13.0 27.5 130.7 137.1 131.0 139.1 145.2 128.9 136.4 127.4 198.1
9-cis 3¢.2 39.4 19.1 32.9 28.9 21,1 21.8 27.7 130.5 137.5 132.1 125.9 144.3 128.8 137.8 128.3 198.2°

a. Ref, 217.

C-8, C-10 signals could be reversed.

b. Unpublished results of D.

Mead, A. E. Asato and R. S. H. Liu.

c. The C-18, C-19 signals and the

Table 11. 'H-NMR data of isomers of vitamin A, and 3-dehydroretinal (in CDC]; unless otherwise
specified)

Methyls (§, ppm)

Vinyl hydrogens (8, ppm)

Coupling Constant (J, Hz)

C-compound 1 S 9 13 3 4 7 8 10 11 12 14 15 7,8 10,11 11,12 14,15
All-trans, 33

an 1.02 1.86 2.02 2,31 5.74 5.85 6.34 6.30 6.22 7.12 6.37 5.97 10.09 16.2 11.5 15.0 8.1°

CHOH 1.86 1.96 1.86 5.72 S.85 6.17 6.26 6.14 6.62 6.30 5.67 4.28 b
7-cis, 127

o 1.03 1.58 1.96 2.30 5.78 5.80 5.95 6.17 6.26 7.05 6.33 5.9 10.06 12.5 11.4 14.9 8.28
9-cis, }}?

cHo 1,06 1.91 2.02 2.29 5.77 5.86 6.31 6.80 6.10 7.21 6.32 5.95 10.16 15.9 15.0 8.23

CH,0H 1.99 1.92 5.74 5.88 6.17 6.80 6.04 6.72 6.24 5.69 4.32 b
11-cis, 122

a® | 1.06 1.76 1.73 1.80 5.68 5.84 6.32 6.32 6.58 6.37 5.5 6.10 9.92 ? 11.9 1.5 7.8%
13-cis, }}Z

an 1.87 2.03 2,14 5.74 5.84 6.33 6.33 6.25 7.05 7.29 5.86 10.16% 16.3 11.45 14.55 7.6C
9-cis,13-cis, }30

CHOH ) 1.95 1.89 5.71 5.83 6.19 6.19 6.08 6.46 5.88 5.56 4.07 b
a. Ref. 90; also 300 Miz, ref. 52. b. Ref. 216. c. In C.D.. d. Ref. S2.
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X-ray crystal structures of vitamin A isomers are limited to the following compounds:
all-trans-2° 11-cis-2"*2 and 13-cis-retinal,”® all-trans-retinoic acid,2**® all-trans-vitamin A
acetate™ and methyl 7-cis,9-cis-retinoate.”?” For a given compound the ring-chain®* conformation
may change from S-cis to S-trans depending on the method of crystallization. A very unusual case
is in 13-cis-retinal where simultaneous presence of both conformers in one unit cell was reported.’
The crystal structure of all-trans-dehydroretinal has also been solved recently.”®
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