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CHAPTER I

INTRODUCTION

1-2: Geneva! introduotion

Investigation on the visual pigments offers unique opportunities to ex-
plore and to contribute to the understanding of some of the fundamental
biological processes. One of the main fields of research of modern bio-
logy is the processing of information (reception, replication, transla-
tion,transduction, transport, etc.)- We can distinguish between inter-
nal information coming from the inside of a biological system, and ex-
ternal information like vision, hearing, taste and smell. By studying
the visual process one may hope to get a better insight into some of the
aspects of the handling of information. A related field is that of bio-
logical excitation. Little is known about the mechanism of biological
excitation, whether of receptors, nerves or muscles that deliver a large
response when triggered by a relatively minuscule stimulus. In vision,
the stimulus of a dark-adapted rod reaches the ultimate physical limit:
one photon.

Membranes and their structure constitute an other problem of central bio-
logical concern. Visual pigments are membrane proteins with a molecular
mass of about 40,000 D and their primary structure is still unknown.
By studying visual pigments one hopes to get a better insight in their
structure and function. This knowledge is useful in the study of other
excitable membranes such as the nerve cell membrane and the chloroplast
membrane.

Rhodopsin, the rod cell visual pigment, is an outstanding system to stu-
dy because it is relatively easy to handle and it absorbs in the visual
region of the electromagnetic spectrum.
Rhodopsin and all other cone visual pigments contain an 11-cis retinyli-
dene { or % n_ Cis retinylidene) chromophore (Fig.1-1) covalentlylink-
ed, via a Schiff base, to a colourless apoprotein called opsin ( Bownds
and Wald,1965; Fager et al.,1972; Ebrey and honig,1975; Know!es,1975).
In the protein the retinylidene residue is surrounded by an apoprotein
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which has about a hundred and fifty times bigger molecular mass than the
chromophoric part.It is generally believed that thechromophore is buried
in a hydrophobic pocket. This is based on the stability of the rhodopsin
chromophore towards attack by reactive agents like hydroxylamine (Wald
and Brown,1954) and sodium borohydride {Bownas and Wald,1965).

Figure 1-1: Structure of 11-cis retinal

1-2: Photochemistry of rhodopsin

The process of dim-light vision starts with the absorption of a photon
by the chromophore of rhodopsin (A = 500 nm). The primary photochemi-

IDclX

cal event is the very rapid formation of a red-shifted species, batho-
rhodopsin (A = 543 nm) via the excited-state of rhodopsin. At physio-
logical temperature bathorhodopsin has a life-time of 10"° sec. and de-
composes, in the dark, through a series of intermediate stages into free
all-trans retinal and opsin as shown schematically in Figure 1-2 (Hub-
bard et al.,1965). The formation of bathorhodopsin is the only photo-
chemical step in the sequence, the other reactions are thermally con-
trolled. In the retina all-trans retinal isomerises to 11-cis retinal,
which combines with opsin to form rhodopsin; thus a new cycle may start
Wald et al.,1956; Hubbard,1956).
Irradiation of rhodopsin at 77 K results in a photostationary mixture
of rhodopsin, bathorhodopsin and isorhodopsin. The latter is a pigment
(A = 490 nm) with the prosthetic group in the 9-cis form { Hubbard

nicix

and Wald,1952) which is not found under physiological conditions.
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rhodopsin
500

hv

bathorhodopsin ,

> -140°C

lumirhodopsin

> -40°C

metarhodopsin

> -15°C

metarhodopsin II,on

all-trans retinal + opsin
3o /

Figure 1-2: Sequence of intermediates of the photolysis of bovine
rhodopsin in vitro. The subscript gives the absorption
maximum in nm.

1-3: Studying the photochemistry of vision; the use of laser resonance
Reman speetroscopy

Since the discovery of the batho-pigments much attention has been paid
to give a detailed description for the primary photochemical event in
vision.
Almost twenty years ago Yoshizawa and Wald (1963) suggested that the
photochemical step could be a cis-trans isomerization around the 11-12
double bond of the retinylidene chromcphore. In later years more and
more experimental data were obtained which could not be explained by
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the hypothesis of "simple" cis-trans isomerization.
In 1972 Busch et al. showed that bathorhodopsin has a formation time of
less than 6 picoseconds even at 70 K (36 psec at 4 K). It is hard to un-
derstand how cis-trans isomerization with its large change in molecular
geometry can occur in this short time and especially so if one takes in-
to account that this part of the molecule is surrounded by the protein.
The quantum efficiency of the photochemical conversion is very high
(<j>=0.67) both at room temperature (Dartnall ,1958) and 77 K (Hurley et al.
1977; Suzuki and Cal lender et al.,1981). Generally the quantum efficien-
cy of photochemical cis-trans isomerization of retinylidene imines is
very low and decreases with decreasing temperature; the process is sup-
pressed completely at 77 K (Waddel1,1973). The bathochromic shift of 45
nm from rhodopsin to bathorhodopsin and the energy storage of 35 kcal.
mol" (Cooper,1979a) in bathorhodopsin with regard to rhodopsin are not
easily explained without further assumptions on the basis of an all-trans
retinylidene structure for the chromophore of bathorhodopsin.
Determination of the structure of bathorhodopsin and comparison of this
structure with those of rhudopsin and isorhodopsin will allow us to ob-
tain fundamental information about the primary step of the visual trans-
duction. If the chromophore in bathorhodopsin has an all-trans retinyli-
dene structure the primary event in vision must be cis-trans isomeriza-
tion; if bathorhodopsin has a retro-retinylidene structure the primary
event must be a photochemical hydrogen shift, etc.
In our studies we are dealing with a small coloured part of a molecule
surrounded by a hundred and fifty times bigger protein. We therefore
need a technique which gives us structural information about the coloured
part without interference by the rest of the protein.
The absorption of light by rhodopsin and bathorhodopsin is effected by
the chromophore; the protein is completely transparent for electronic
radiation of about 320 nm wavelength. However, electronic spectra are
not usually very discriminative about structural differences; this is
especially the case in the visual pigment field where there is a lack of
vibrational fine structure in the electronic absorption bands.
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Resonance Raman (RR) spectroscopy gives specific vibrational information
about the chromophoric part without contribution of the apoprotein.
Raman spectroscopy is concerned with the phenomenon of a change of the
frequency when light is scattered by molecules. When the exciting light
has the frequency of an electronic absorption of the molecule some of
the Rairan lines are enhanced by a factor 10 . These vibrations are due
to the chromophoric part of the molecule. This phenomenon is called the
resonance Raman effect.

RR spectroscopy of a chromoprotein like rhodopsin will only give infor-
mation about the chromophoric part where some of the vibrations are en-
hanced by a factor 10 . The vibrations of the colourless apoproteinhave
the normal Raman intensity and are at least 10 times as weak as the
strongly enhanced lines of the chromophore. We therefore can gather vi-
brational information about the chromophore essentially without inter-
ference by the rest of the protein.

Some years ago Oseroff and Callender (1974) published the first RR spec-
tra of a photostationary mixture of rhodopsin, isorhodopsin and batho-
rhodopsin at 77 K. They found that bathorhodopsin shows three lines with
high intensities at 853, 875 and 922 cm" ;these are also found in the
RR spectra measured at room temperature (Eyring and Mathies,1979; Stryer
et al.,1981). These lines do not occur in the RR spectra of rhodopsin,
isorhodopsin and model compounds. The RR spectra of rhodopsin and iso-
rhodopsin show a close resemblance with those of the corresponding mo-
del systems, indicating that in rhodopsin and isorhodopsin the chromo-
phore has an almost unperturbed 11-cis and 9-cis structure. The RR
spectrum of bathorhodopsin does not resemble a model system (Eyring et
al.,1980a) (Fig.1-3).

It is evident that the three bathorhodopsin lines at 853, 875 and 922
cm contain structural information about the chromophoric part in batho-
rhodopsin. In other words, the three lines are a handle to investigate
the chromophoric structure of bathorhodopsin. Van der Meer et al. (1976)
attributed the batho-lines to Hydrogen-0ut-0f-Plane (HOOP) vibrations of
an exomethylene group on the basis of the frequencies of these lines.
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Figure 1-3: The BR spectra of the visual pigments rhodopsin,
isorhodopsin and bathorhodopsin.

A classic approach in vibrational investigations is the specific re-
placement of a hydrogen atom by deuterium. This results in a considera-
ble change in the frequency going from the C-H to the C-D vibrations,
due to the large difference in atomic mass between H and D. The ratio
of the v / v is approximately (according to Herzberg's formula):

C~D C~"H

C-D' C-H

Bathorhodopsin, fully deuterated at the positions 18 or 19 of the chro-
mophore, was obtained starting from the rhodopsins which were fully deu-
terated on these positions. The unique bathorhodopsin lines of the 18-
or 19-deuterated pigment occur within 20 cm* related to the native pig-
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merits, thereby showing that the unique bathorhodopsin lines are not due
to exomethylene HOOP vibrations. In that case shifts of about 150 cm"
would have been observed (Eyring et al.,1980a; Fransen et al.,1980).
If the batho-lines are indeed due to HOOP vibrations they must be due
to chain HOOP'S (Eyring et al.,1980a).

1-4: HOOP vibrations

The frequency of a HOOP due to a single H-atom attached to an isolated
C=C double bond occurs at 825 cm (Colthup et al.,1975). Replacement
of this H-atom by a D-atom gives a DOOP near 660 cm" (Fig.1-4).

J
825 cm-1

660 cm-1

Figure 1-4: Deuterium shift of the HOOP of a single H attached
to a C=C double bond.

When a H-atom is attached at both sides of a C=C double bond, the two
CH-wag vibrations, originally at S20 cm" , couple to give an A combi-

m ^
u

nation at 970 cm" and a B combination at 780 cm (Fig.I-5a). (This
splitting is asymmetric with respect to the original single C-H HOOP
because in the B combination there is a C=C twist contribution.)
When one H-atom is replaced by deuterium in a trans 1,2-disubstituted
ethylene, one line is observed at the uncoupled frequency vu at 920 cm

-1while a new line with frequency v.. appears near 730 cm (Fig.I-5b).The
H/D frequency ratio is about 0.8 . The frequencies of the CH- and CD-
wag vibrations are too far away from each other to couple.
When both hydrogen atoms are replaced by deuterium two lines are ob-
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-1 2

served near 730 cm (Fig.I-5c). When two sp C-H fragments are linked
via a single bond the C-H HOOP vibrations do not couple.
It is evident that by judicious application of deuterium incorporation
on specific positions in a conjugated molecule the position of the
double bonds can be located.

vo
1

730

VDVD
II

780 920 970 cm-1

V H

I
920 cm-1

~730 cm-1 o^ ^

Figure 1-5: Frequency shifts of the ethylenic hydrogens upon replace-
ment of none (a), one (b) or both (c) hydrogen atoms by
deuterium in 1,2-disubstituted ethylenes.

J-S: Purpose of the investigations described in this thesis

The subject of this study is the preparation of 11-cis and 9-cis reti-
nals deuterated at specific positions of the chain with a high deuteri-
um incorporation and a high chemical purity. The reaction of opsin with
these compounds gives rhodopsin and isorhodopsin with a deuterium label
on the predetermined positions of the chromophore.

Because essential changes during photoisomerization from bathorhodopsin
to either rhodopsin and isorhodopsin have to take place in the central
part Cg-C,, of the chromophore, we expected that the batho-lines would
be due to HOOP vibrations from this part of the chromophore. Therefore
we wanted to incorporate deuterium specifically on the positions 10,11
and 12 and the combinations 10,11 and 11,12.

If bathorhodopsiri has a retro-retinylidene structure then there must be
a C=C double bond between the positions 10 and 11, while H-.„ is a sing-
le H-atom attached to the C12=

ci3 double bond (Fig.I-6a). If bathorhod-
opsin has an all-trans retinylidene structure the C=C double bond must
be located between the C-atoms 11 and 12, while H,Q is a single H-atom
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attached to the Cg=C1Q double bond (Fig.I-6b).

CH3 H,, CH3

H10 H12

Figure 1-6: a. Part of a retro-retinylidene structure; b. part of
an all-trans retinylidene structure.

It is evident that the location of the C=C double bond can be deter-
mined with the bathorhodopsins deuterated on the mentioned positions.
For these studies we collaborated with the group of Prof. Or. R.Mathies
(Univ. Cal., Berkeley), who has excellent RR facilities and has made
important contributions to RR spectroscopy in the field of visual and
related pigments. The RR experiments of the deuterated visual pigments
were carried out at Berkeley.

The purpose of the investigations described in this thesis is
I to prepare bathorhodopsins, specifically labelled with high deuteri-

um content at positions 10,11 or 12 of the chromophore.

II to use the labelled compounds to demonstrate the 'anomalous' RR
bathorhodopsin lines are indeed HOOP vibrations of the chromophore.

III to assign these batho-lines to specific vibrations of the chromo-
phore.

IV to determine where the double bond (C,Q=1.. or C - M ^ I ? )
 1S located

in the chromophore.

V to differentiate experimentally between the structures shown in
Figure I-6a and Figure I-6b.
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CHAPTER II

SYNTHESIS OF DEUTERIUM LABELLED RETINALS WITH HIGH DEUTERIUM CONTENT

ON SPECIFIC POSITIONS

II-l: Introduction

For our investigations of the three 'anomalous' lines of bathorhodopsin
we needed deuterium labelled retinals on specific positions. Because we
plan to study vibrational spectra the deuterium incorporation has to be
high. If the incorporation is low the spectra could show lines from the
unlabelled compound having the same or even higher intensity than the
lines of the labelled compound. Therefore we aimed at synthesizing re-r
tihals with a deuterium incorporation of at least 95%. Deuterium has to
be incorporated in one of the final steps in the reaction sequence in
order to prevent subsequent loss of isotope leading to products with an
isotope incorporation which is too low.

For the introduction of deuterium we chose the conversion of a propar-
gyl alcohol into an ethylenic alcohol by the LiAlH. reductive method
(Raphael,1955). It is known that acetylenic bonds linked to a C-OH
group react with the Al-H or Al-D bond under the formation of a C--H
vinylic double bond and a Cg-Al bond (Fig.Il-1) (Grant & Djerassi,1974).

OH ° A 1 0H

1 2 3

Q R., =R2 = H

b J?i = H R2 = D

c R j r D R Ï = H

a Ri = R2 = D

Figure I I - l : Conversion of acetylenic alcohol with LiAlD. or
LiAlH into allylic alcohols.
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Reaction of the C,-A1 bond with H or D + gives C,-H or C3~D respective-

ly. It is clear that in the resulting allylic alcohol fragment the hy-

drogen atom on position 2 originates from the LiAlH. reagent, while the

hydrogen atom on position 3 comes from the H-O used in the working up

process. The fact that these two hydrogen atoms derive from different

reagents can be used to prepare selectively the 2-deutero-allylic alco-

hol (3c)-, the 3-deutero-allylic alcohol (3b)- and the 2,3-dideutero-

allylic alcohol (3d) derivative.

0-

OH °~
10

The acetylenic-C-20-acetal (10) can be the right precursor for the se-

lective preparation of ll-mono-,12-mono- and 11,12-dideutero-all-trans

retinal by using the right combination of LiAlH^, LiAlD., H20 and D2<3.

It contains all the carbon atoms of a vitamin A carbon skeleton. After

introduction of deuterium only one step is necessary to remove the wa-

ter and to deprotect the aldehyde.

A similar precursor (̂ 5) can be used for the preparation of 10-mono-,

10,11-di- and 11-monodeutero-all-trans retinal. The deuterated retinals

can also be obtained in one step after deuterium incorporation.

15

Irradiation of the all-trans (deuterated) retinals in a polar medium

such as acetonitrile gives a photo-mixture consisting of mainly the

9-cis, 11-cis, 13-cis and all-trans isomers. These isomers can be sepa-

rated by high-performance liquid chromatography (HPLC).
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11-2: Synthetic schemes

II-2.1: Synthesis of 9-(2,616-trimethyl-l-oyolohexen-l-yl)-l,l-dime-
thoxy-3-hydvoxy-317-dimethyl-non-618-diene-4-yne (10); the
preparation of 11-mono-, 12-mono- and 11,12-dideutero-all-
trans retinal

The acetylenic-C-20-acetal (^0) can be prepared by coupling of the an-
ion of the C.,-hydrocarbon (9) with the commercially available 1,1-di-
methoxy-3-butanone [12).

/0—

12

The C.g-hydrocarbon (9J is a known compound which can be prepared from
B-ionone (6) via coupling with propargylmagnesium bromide. The Grignard
reagent is prepared by reaction of propargyibromide and Mg in ether in
the presence of HgClp. Under these reaction conditions 2 (Fig.II-2)
can be obtained in almost quantitative yield without formation of a
trace of the allenic byproduct 4_ (Hoffmann-La Roche & Co.,1949; Isler,
1950; Humphlett and Burness,1956). Direct dehydration of 1_ leads to a
mixture of mainly 9 and its crystalline retro-isomer 5.

OH

L

Therefore conversion of T_ into £ is effected by first converting the
tertiary 9-OH into a 9-acetate (&) by reaction of 2 wltn acetic anhy-
dride/pyridine in toluene in the presence of a catalytic amount of 4-
(dimethylamino) pyridine. Base-catalyzed elimination with sodium amide

* (Broek and Imgtenburg,1980)
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o R, = D R2 = H

b R 1 =H R2 = D

c RT = R2 = D

Figure II-2: Preparation of 11-mono-, 12-mono- and 11,12-di-
deuteroretinal.

and l,5-diazabicyclo-[4.3.0]-non-5-ene in toluene of the acetate group
of 8 gives an E/Z (1:1) mixture of £ (modification of the method of
Eiter and Truscheit,1960). The acetal 2£ is obtained by reaction of the
E/Z mixture of ̂  with BuLi at -60°C and by adding commercial 12_ (Kini

et al.,1979). Reaction of 1£ with LiAlH^ in ether, work up with DoO (
99.75% purity) and extraction of the resulting compound with ether fol-
lowed by addition of 85% HJPO. (for the deprotection of the aldehyde
and the dehydration of the alcohol) results in 11-monodeuteroretinals
(lla). Special attention has to be paid on this final step in the react-
ion sequence. In most cases the acid treatment gives good results; some-
times, however, the work-up fails and no retinals are obtained. Reaction
of ]J) with LiAlD., followed by work-up with H„0 and acid treatment gives
12-monodeuteroretinals (lib). Reduction of JLO with LiAlD^ and work-up
with D20 gives 11,12-dideuteroretinals (lie).
The deuterium incorporations of the three deuterated retinals were found
(mass spectra) to be better than 95%. These results show that the reduct-
ive method is excellent for deuterium incorporation as one of the final



20

steps.

II-2.2: Synthesis of 9-(236)6-trimethyl-l-eyelohexen-l-yl)-l,l-dime-
thoxy-3!t7-dimethyl-7-hydroxy-non-3,8-diene-5-yne (IS); the
preparation of 10-mono-, 10,11-di- and 11-monodeutero-all-
trans retinal

The retinyiidene derivative Q!5) can be prepared by coupling of the an-
ion of l,l-dimethoxy-3-ene-5-yne (14_) with p-ionone (6J.

o—
•o—

14

Compound 21 can be easily prepared from the commercially available 1,1-
dimethoxy-3-butanone (22) in high yield (Fig.II-3). Coupling of 22. with
propargylmagnesium bromide gives compound 21 in quantitative yield. The
Grignard reagent is prepared as described in II-2.1. Direct dehydration
of 13 with P0C1, in pyridine gives 14 as an 1:1 mixture of the E and Z
isomers. Jacobs, Berg, Brandsma and Arens (1965) described the synthesis
of 21-They prepared the enyne-acetal 21 i" three steps starting from 1,1-
dimethoxy-3-butanone and propynyl-lithium. Compound 2£ is obtained by
allowing the E/Z mixture of 14_ to react with BuLi at -60°C, followed by
the addition of B-ionone. Reaction of j ^ with LiAlD. in ether, work-up
with H20 and treatment with 85% HgPO. for ten minutes gives 10-monodeu-
tero retinal (16a). By using LiAlH^ and D?0 11-monodeutero retinal (16b)
is obtained. 10,11-Dideutero retinal (16c) is obtained by reaction of 15
with LiAlD^, work-up with D20 and acid treatment with 85% H^PDQ.

The deuterium incorporations of the three retinals are better than 95%.
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o- R)0=D.R„ =
b R10=H.Rn =

Figure II-3: Preparation of'10-mono-, 11-mono- and 10,11-di-
deutero retinal.

II-3.3: Synthesis of 14>20,20,20-tetradeutero-all-trans retinal

In priciple, the hydrogen atoms on position 2 of l,l-dimethoxy-3-buta-

none [12) can easily be exchanged by deuterium.

11 11

If we could find conditions to obtain J7, fully deuterated on position
2, we should have an elegant precursor for the synthesis of 14-monodeu-
tero retinal using the reaction scheme in Fig.II-3. However, although
the hydrogen atoms on position 2 exchange more rapidly than those on
position 4 we did not find conditions under which we could fully deute-
rate position 2 without some partial exchange of the hydrogens on posi-

* {Broek and Lugtenburg,1982)
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tion 4. In order to keep the RR results intelligible we decided to ex-
change all five base-labile hydrogen atoms of 12. The resulting 14,20,20-
20-tetradeutero retinal will allow insight into the effect of 14-H on the
RR spectrum of bathorhodopsin, taking into account the perturbation due
to the presence of a CD3-methy1 group.

Treatment of JL2 with D20 in the presence of K2C03 has leen repeated
three times to give l,l-dimethoxy-2,2,4,4,4-pentadeutero-3-butanone (18)
(Fig. I1-4). Compound 28 was submitted to the same reaction sequence as
described in II-2.2 to give mainly all-trans 14,20,20,20-tetradeutero-
retinal (21). From the mass spectrum we calculated a total tetradeuteri-
um incorporation on the 14 and 20 positions of 80%. The remaining hydro
gen is randomly distributed over the positions 14 and 20 giving a deute-
rium incorporation of 95% on position 2i-

20 21

Figure II-4: Preparation of 14,20,20,20-tetradeutero retinal.
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II-2.4: Synthesis of 10-monodeutero retinal via a Wittig approach *

Before we had found the method described in II-2.1 and II-2.2 we used a
method based on a route developed by Pommer (1960). The crucial step of
the synthesis is a Wittig condensation (Wittig and Schoeikopf,1954) of
[2-deutero-2-(B-ionylidene) ethyl] triphenylphosphonium bromide (25)
with 4-acetoxy-2-methylcrotonaldehyde (22).

25

Compound 22 was available to us and 25 can easily be prepared in one
step from the known 9-(l-deuterovinyl)-e-ionol (^4) (Oroshnik and Mel-
bane,1949). In our group we had experience with this Wittig condensation
leading to vitamin A acetate (Fransen et al.,1980).

Upon LiAlD. reduction of the acetyienic alcohol 22. (FiQ-H-o)» which can
easily be prepared from B-ionone, 24 can be obtained in high yield
and with high deuterium incorporation. The acetate 26 is obtained by re-
action of ̂ 5_ with BuLi at -50°C , followed by the addition of 22. Sapo-
nification of 26̂  with 10% KOH in methanol and subsequent oxidation with
MnO, (Attenburrow et al.,1952) of the resulting retinol gives a mixture
of mainly all-trans and 11-cis 10-monodeutero retinal (27).
The deuterium incorporation based on the mass spectrum was 60%. We had
not expected this deuterium loss during the reaction sequence. By opti-
malizing the reaction conditions we were only able to increase the deu-
terium incorporation to 82%.

We do not expect that deuterium loss on C,Q will occur during the basic
saponification of the vitamin A acetate nor during the MnO„ oxidation
of the 15-0H leading to the aldehyde stage. Thus deuterium loss presum-
bly takes place during the formation of the Wittig salt ̂ 5 or by the
condensation of the Wittig salt with the Cg-acetate 22. 100 MHz XH-NMR
is unable to give accurate deuterium incorporation values. We have not
investigated this problem of deuterium loss any further.

* (Broek and Lugtenburg,1980)
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Figure II-5: Preparation of 10-monodeutero retinal.

Our results illustrate that starting from a highly deuterated molecule
such as 2A_ deuterium loss can occur when the deuterium is introduced at
an early stage of the reaction sequence. When molecules with a high deu-
terium content are required it is therefore necessary to introduce the
deuterium in one of the final steps of the reaction scheme.

II—2.5: Attempted synthesis of 14-mono- and 12,14-dideutero-all-trans

retinal

The RR investigation of 14,20,20,20-tetradeutero bathorhodopsin showed
that the 14-H contributes to the unique batho-lines (see Chapter III).
It is clear that we had to investigate 14-mono- and 12,14-dideutero
bathorhodopsin to establish the contribution to the 14 HOOP in the RR
spectrum of bathorhodopsin and its possible coupling with the 12 HOOP.

OH

32

a R=H
b R=D
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We expected that 32a could be the right precursor for the preparation of
14-mono-, 15-mono- and 14,15-dideutero retinal by using the right com-
binations of LiAlH,, LiAlD4> H20 and DgO. We thought to obtain the pre-
cursor by coupling C.g-ketone (31a) with ethoxy-ethyn 28. By using the
appropriately deuterated C.g-ketone (31b) 12,14-dideutero retinal can
also be obtained (via 32b).

R <i>

31 28

a R = H
b R = D

We found a simple preparation of ̂ la and jilb in high yield based on the
well known C.,-building unit (S) as shown in Figure I1-6. The reactions
leading to j) are described in II-2.1. The acetylenic alco^.l 29 is ob-
tained by reacting j? with BuLi at -60°C followed by the addition of
acetaldehyde. Reaction of ̂ 9 with LiAlH^ in THF and quenching of the re-
action product with FLO gives the alcohol ^Oa. Reaction of ̂ 9 with LiAlD.
and work-up with HgO gives the monodeuterated alcohol 3Qb. Oxidation
with activated MnO» of the alcohols 30a and ̂ Ob gives mainly the all-
trans and the 9-cis isomers of 31a and 31b, respectively. The deuterium
incorporation of 31b is at least 97% based on the mass spectrum.

Compound 28 can easily be prepared in high yield starting from the
commercially available ethyl-vinyl ether. Bromination of this ether gives
ethyl 1,2-dibromo-ethyl ether which is converted into ethyl bromo-vinyl
ether by dehydrobromination with N,N-diethylaniline. Subsequent dehydro-
bromination with sodium amide in liquid ammonia results in ̂ 8 (Brandsma,
1971).
Thus we could prepare Cjg-ketone, 12-monodeutero-C.g-ketone with a high
deuterium incorporation and the ethoxy-ethyn ether 28 in good yields.
However, we could not find conditions under which 28 reacts with 31.
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XAA

29

R ^ ^ R

30 31

O K — H

b R= D

Figure II-6: Preparation of C.fi-ketone and 12-monodeutero-
-C --ketone.

la

II-2.6: Preparation of 15-monodeutero-all-trans retinal

To investigate the possible role of the 15-H vibrations in bathorhodop-
sin we needed 15-monodeutero retinal. This monodeuterated retinal is
easily available by the reduction of retinoic acid with LiAlD. to 15,15-
dideutero retinol. Subsequent MnO2 oxidation gives 15-monodeutero reti-
nal with a deuterium incorporation which is higher than 99.5%.

II-3: Purification and characterization of the specifically
deuterated all-trans retinals

The crude deuterated all-trans retinals obtained from the syntheses,were
first purified by silicagel column chromatography. The resulting all-
trans retinal fraction was then submitted to HPLC purification under dim
red light condition to afford the all-trans isomer with a 100% chemical
purity. The pure deuterated retinals were characterized by their A

max
value (UV-vis), HPLC retention time, deuterium incorporation by mass
spectroscopy; the positi<
spectroscopy (Fig.II-7).

spectroscopy; the position of the deuterium was checked by H MR
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The deuterium incorporations are:

10-monodeuteroretinal > 96 % D
11-monodeuteroretinal > 95 % D
12-monodeuteroretinal > 99.5 % D
15-monodeuteroretinal > 99.5 % D

10,11-dideuteroretinal > 97.5 % D2

11,12-dideuteroretinal > 96 % D2

14,20,20,20-tetradeuteroretinal > 80 % D4 ( > 95 % incorporation
on position 14 )

1

11-D

11.12-D

10 8 6 t 2 Oppm

Figure II-7: 100 MHz NMR spectra of deutero-all-trans retinal.

II-4:: Photochemistry of all-trans (deuterated) retinals; isolation and
characterization of the deuterated 11-cis, 9-ais, 13-cis and
all-trans retinals

Polyenes under light excitation show cis-trans isomerization. The dou-
ble bonds in retinal also undergo photochemical cis-trans isomerization.
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In the case of retinal the photoisomerization process is strongly depend-
ent on the polarity of the medium. Thus irradiation of all-trans retinal
in hexane gives mainly the 9-cis and the 13-cis isomers together with
some 9,13-dicis which is formed after a long irradiation time;under these
conditions no trace of 11-cis retinal could be detected. Irradiation
of all-trans retinal in ethanol gives 9-cis, 11-cis, 13-cis and all-
trans as the main products. Irradiation of all-trans retinal in aceto-
nitrile shows the highest amount of 11-cis retinal in the photostation-
ary phase. Liu et al. have investigated the photochemistry of all-trans
retinal very thoroughly. They analyzed the photostationary mixture ob-
tained after prolonged irradiation of all-trans retinal in acetonitrile
by comparison of the HPLC retention times with those of synthesized di-
cis retinal isomers (Denny, Chun and Liu,1981 and references therein).
The formation of the mono-cis derivatives is very rapid; a small amount
of the 9,13-dicis isomer is the only dicis isomer formed under these con-
ditions. Upon longer irradiation also the 7,13-dicis, 9,11-dicis and the
7,9-dicis isomers form part of the photostationary mixture { < 1 % ).

I I I I I I I T 1 I I T I

12 10 8 6 i 2 0
t in min

Figure II-8: HPLC trace of the photoisomerization mixture of (deutero)-
retinals, irradiated in acetonitrile. Order of elution:
I=13-cis, II=9,13-dicis, III=ll-cis, IV=9-cis, V=7-cis and
VI=all-trans.
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We irradiated the deuterated all-trans retinals in acetonitrile to ob-
tain the highest possible amount of 11-cis. Figure 11-8 shows a typical
HPLC-trace of a photo-mixture of deuterated all-trans retinal for two
hours in acetonitrile at room temperature using a Tungsten lamp (100W).
Under these conditions the photochemistry results in a mixture of 13-
cis, 9,13-dicis, 11-cis, 9-cis, 7-cis and all-trans. The peaks were iden
tified by comparison with reported HPLC-traces (Rotmans,1973; Denny and
Liu,1977 and 1981).

The main isomers of the photoisomerization mixture could be isolated by
HPLC separation. By this procedure we obtained sufficient material
(0.5-1.0 mg) of 9-cis, of 11-cis and of 13-cis deuterated retinal with
a high degree of purity (98% based on HPLC analysis). These isomers
were further characterized by their absorption maxima (UV/Vis) and the
deuterium incorporation was checked in some cases by mass spectroscopy.
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CHAPTER III

RESONANCE RAMAN SPECTROSCOPY OF DEUTERIUM LABELLED BATHORHODOPSIN ANALOGUES A

III-l: Introduction

The deuterated bathorhodopsin analogues can be obtained upon irradiation
of the corresponding rhodopsin or isorhodopsin analogues at 77 K. Irrad-
iation with green or blue light results in a photo steady-state mixture
of rhodopsin, isorhodopsin and bathorhodopsin, in which bathorhodopsin
is present upto 53%. Addition of yellow light, which is preferentially
absorbed by bathorhodopsin, reduces the bathorhodopsin concentration in
the steady-state mixture considerably (53 to 23%). The bathorhodopsin
concentration can be suppressed completely by only using monochromatic
yellow light (Oseroff and Callender,1974). >

To establish which lines belong to bathorhodopsin, rhodopsin or isorhod- '
opsin the following procedure has been adopted. The spectra of the (deu-
teratpc*} photo-mixtures are compared with the room temperature rapid-
flow spectra of (deuterated) rhodopsin and isorhodopsin.The lines, which
have other frequencies than those of the deutero rhodopsin- and isorhod-
opsin analogues, must originate from the deuterated bathorhodopsin deri-
vatives. For the lines which have common frequencies, the dependance of
the intensity of those lines upon the bathorhodopsin concentration in
the photo steady-state tells us, in most cases, which of these lines al-
so belong to deuterated batho.-hodopsin.

III-2: The RR spectra of the deuterated bathorhodopsins; assignment
of the 'anomalous' lines of bathorhodopsin

Figure III-l shows the RR spectrum of a photo steady-state mixture of the
unmodified visual pigments (a), as well as the RR spectra of steady-state
mixtures of the rhodopsin, isorhodopsin and bathorhodopsin analogues,
whose chromophores have been deuterated at the indicated position(s) *
(b-h). The bathorhodopsin lines are indicated in the Figure by their
wavenumber. All lines in the low frequency region (below 950 cm" ) with
high intensity have definitively been assigned to deuterated bathorhod-



31

16 17

600 BOO 1000 cm-1

co in

b 11D • * "

600 800 1000 cm-1

figure III-l: RR spectra of steady-state mixtures {at 77 K) of
bathorhodopsin, rhodopsin and isorhodopsin and of
analogues, deuterated at the indicated position(s).
Lines, marked by their wavenumber, are due to batho-
rhodopsin vibrations.
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opsifis. Only in the RR spectrum of the 10,11-D, photostationary state

(f) there is a weak line at 644 cm which cannot be conclusively as-

signed to 10,11-Dp rhodopsin or 10,11-0» isorhodopsin.

Comparison of the spectra la and lb shows that two of the low frequen-

cy lines are almost unperturbed by the replacement of a hydrogen atom

at C,, by deuterium. The 922 cm" line, present in unmodified bathorhod-

opsin, is completely absent in the RR spectrum of 11-D bathorhodopsin

(the residual scattering at 923 cm could be completely assigned to 11-

D rhodopsin and 11-D isorhodopsin). The RR spectrum shows a prominent

line at 743 cm with the same intensity as the two other batho-lines

(854 and 875 cm" ) and as the 922 cm" line in unmodified bathorhodop-

sin. This means that replacement of a C,,-H in bathorhodopsin by a Cn-D

bond can be correlated with the disappearance of one line (at 922 cm"1)

from the spectrum and the simultaneous appearance of another line (at

743 cm" 1). This fact and the large isotope effect of 1.24 (= 922/743)

definitively allows the assignment of the 922" line in the RR spectrum

of bathorhodopsin to the C,,-H HOOP wag, and the 743 cm line in the

11-D bathorhodopsin spectrum to the 11 DOOP vibrations. All the spectra

of the bathcrhodopsirts, having a C,,-H bond, show a prominent line around
-1

920 cm ; in the RR spectra of the analogues, having a C.,,-D bond (b,e,f)

the line around 920 cm has disappeared and one prominent line is pre-

1

10

sent around 740 cm" . The spectra reproduced in Figure III-la and 1c

permit us to definitively assign the 875 cm" batho-line to the C1n-H

HOOP wag. The RR spectrum of the compound, having a C,n-H bond, shows a
-1 -1

line around 875 cm which disappears and shifts to approximately 705 cm

in the RR spectrum of the analogue in which the C,Q-H bond is replaced

by a Cir-D bond ( spectrum c). The H/D frequency ratio is 1.24 (=875/704).
1

The assignment of the 854 cm line of bathorhodopsin is more complicated.

The interpretation preferred by us, is as follows; see for alternative

interpretations Eyring et al.,1982).

The RR spectrum of the 12-D visual pigments (spectrum d) shows the Cj^-D

DOOP at 699 cm"1 (an isotope effect of 1.23 = 854/699); the 10 and 11

HOOP's are unaffected. There is a line at 842 cm" with high intensity

and two low intensity lines at 815 and 828 cm" .The RR spectrum of the
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10 D
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12 D

600 600 1000 cm-1

Figure III-l: continued.
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11,12-Dp analogue (spectrum e) is very revealing, showing four lines of
about equal intensity. Comparison of the RR spectrum of 11,12-D» with
that of the unmodified pigments shows that the 854 cm" line of batho-
rhodopsin represents an overlap of two vibrations: one is the 12 HOOP
wag , which transforms into a 12 DOOP at 683 cm" upon deuteration, and
the other vibration is almost unperturbed by 11,12-dideuterium substi-
tution. The 848 cm line of 11,12-D9 bathorhodopsin and part of the

-1854 cm line of unmodified bathorhodopsin, can be assigned to the 14

HOOP vibration. We base this on the RR spectrum of the 14,20-D. ana-
logue ( spectrum g) which shows a line at 685 cm due to the 14 DOOP
(consistent with an isotope effect of 1.24 (=854/685)).
The presence of the C20

n
3-group in 14,20-D4 perturbs some of the other

low frequency lines. The batho-lines are coupled with the C,nH,- and
the CggHo-vibrations (like rocking and C-CH, stretching). Deuteration
of the methyl group highly affects the frequencies of these rocking and
stretching modes. The coupling of the HOOP-modes with the CD,-modes dif-
fers considerably from their coupling with the CH,-modes. This has been
discussed for the case of 19D3-bathorhodopsin (Eyring et al.,1980a).
We expected a similar perturbation, due to C2o

H3 deuteration, to be
present in the RR spectrum of 14,20-D. bathorhodopsin. The complete ana-
lysis of bathorhodopsin with respect to the 12 HOOP and 14 HOOP contri-
butions, will be possible when the RR spectra of 14-D and 12,14-D,,-
bathorhodopsin have been measured.

In the RR spectrum of bathorhodopsin there is no HOOP vibration due to
15-H. The RR spectrum of 15-0 bathorhodopsin does not show any intensity
in the region expected for a 15 DOOP (spectrum h).
It is evident from this description that the HOOP modes of the CJQ-C.,-

C 1 2 part of the bathorhodopsin chromophore behave as "isolated" HOOP
vibrations. They do not show the coupling expected for HOOP vibrations
connected via a C=C double bond. To our knowledge this is the first mo-
lecule which shows this unexpected lack of coupling between the CH-wag
vibrations of two H-atoms attached to either side of a C=C double bond.



35

11-12D

600 800 1000 cm-1

10-11D

600 800 1000 cm"1

U D 2 0 D 3

15D

700 900 1100 cm-1 800 1000 cm-'

Figure III-1: continued.
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Summarizing, we can conclude from the RR spectra that

I substitution of hydrogen atom(s) by deuterium at specific
position(s), enables to assign the 'anomalous' lines of
bathorhodopsin to chain HOOP'S.

II it is possible to assign these bathorhodopsin lines to
specific vibrations of chain vinyl hydrogens.

III the HOOP vibrations behave like single CH-wags.
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CHAPTER IV

SOME GENERAL CONSIDERATIONS

IV-1: Introduction

In the preceding chapter we discussed RR spectra of bathorhodopsin ana-
logues, labelled with deuterium at specific selected positions. A sig-
nificant and unexpected result is the feature that the HOOP vibrations
of the Cg-Cp part of the retinylidene moiety of bathorhodopsin are
practically uncoupled. This behaviour is not understandable on the basis
of a relaxed conjugated eis or trans polyene structure. It is therefore
evident that the primary reaction in the process of vision, i.e. the
transformation of photoexcited rhodopsin into bathorhodopsin, cannot
be described as a "simple" Z-»-E transformation about the C-^-C.p bond.
In order to give even a qualitative rationalization of the unique cha-
racteristics of the bathorhodopsin molecule one has to assume the oc-
curence of "non planar" double bond structures in the chromophore and
significant interactions with the protein part of the molecule. There
is good prospect that a complete vibrational analysis of the RR spec-
tra of bathorhodopsin (analogues), possibly complemented by indications
obtained by other techniques, will lead to a detailed description of the
structure of the primary photoproduct bathorhodopsin and of the mechanism
of the first step of the process of vision. Still at this stage specu-
lations on the basis of the results obtained may prove valuable, in
particular so since these may indicate the routes to follow in the fur-
ther exploration of the wonderful chemistry of the process of vision.
In a recent publication (Eyring, Curry, Broek, Lugtenburg and Mathies,
1982) one such discussion has been offered in which the characteristic
features of the RR spectrum of bathorhodopsin are rationalized on the
basis of a "transoid" structure with strongly twisted Cij-C-,? bonc' anc*
a perturbation near C,2 effected by ( a negative charge of) the protein.
We wish to refer to this paper for the details of this interpretation
that even suggests a model for the excited-state relaxation of rhodopsin
and bathorhodopsin based on Raman intensities.
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In this thesis we like to elaborate on an alternative description that
adheres more to the Double Hydrogen Transfer Tautomerization (DHTT) hy-
pothesis. The two discussions together may offer a picture of the present
situation of our knowledge and above all provide us with a valuable broad
basis for deciding on routes to follow for further exploration.

IV-8: Confoimational features

In the photochemistry of polyenes and related compounds the ground-state
conformations play a very important role. Vroegop et al (1973) showed
that methylation of Z-hexatriene on carbon 2, giving rise to steric inter-
actions between the methyl group and the hydrogen atom on carbon 5, re-
sults in a shift of the conformational equilibrium to the cZt form. The
11-cis retinylidene chromophore of rhodopsin contains a 2-methyl-Z-hexa-
triene moiety centered on the 11-12 bond. Based on the data of Z-hexa-
triene it is assumed that in the chromophore the 12-s-cis form is pre-
dominant, as has been established for 11-cis retinal in solution (Sper-
ling and Rafferty,1969) and in the crystalline state (two different
crystal structures, twists in the single bonds (Gilardi et al.,1971;
Drikas et al.,1981)). The Schiff base nitrogen is supposed to be hydro-
gen bonded (Fig.IV-1).

Nu

HCH

Figure IV-1: Structure of the chromophore of rhcdopsin according
to the DHTT hypothesis (the twists are marked by • ),



39

The ionone moiety is buried in a hydrophobic pocket of the protein
(Matsumoto and Yoshizawa,1975). The binding-energy of rhodopsin is 10
kcal mole". This means that the chromophore and the apoprotein form an
energetically favourable complex. The observation of a low intensity
10 HOOP- and coupled 11-12 HOOP vibration in rhodopsin (Eyring et al.,
1982) is consistent with a non planar structure at the 10-11 and 12-13
single bonds as has been predicted for this type of non planar struc-
tures by Eyring et al. (1980 a).

* IV-2a: The Schiff base nitrogen in rhodopsin

An important matter is to what extent the nitrogen of the Schiff
base in rhodopsin is hydrogen-bonded (SB..H) or protonated (SBH+).
An excellent technique to study the state of protonation of the
Schiff base is 13C-NMR spectroscopy because the chemical shifts are
directly related to the charge distribution over the carbon atoms.
Abrahamson et al. (1977) studied 13C-NMR of 14 13C-rhodopsin and of
Schiff base model compounds and their protonated forms. The chemical
shift of the C14 position of the 13C-enriched rhodopsin corresponds
to the values for unprotonated or hydrogen-bonded model systems
(130 ppm downfield from TMS) and not to that of protonated Schiff
base models (120 ppm downfield from TMS).

Siebert and Mantele (1980) have published the results cf a new spec-
troscopie t.echnique (flash induced kinetic infrared spectroscopy) ,

. which they applied to the rhodopsin/meta I and the rhodopsin/ metall
transitions. The results indicate that the Schiff base nitrogen is
hydrogen bonded.
The RR spectra of rhodopsin, isorhodopsin, bathorhodopsin and pro-
tonated bases of the free chromophores indicate that the Schiff base
is protonated (Oseroff and Callender,1974; Shriver et al.,1976;
Eyring and Mathies,1979; Aton et al.,1980), but as long as the hy-
drogen-bonded Schiff base models have not been measured this pos-
sibility cannot be excluded. The results of these techniques are
summarized below:

SB SB...H SBH+

13
C NMR

IR
RR

X
X

X
X

If a conclusion is to be drawn from these experiments, we think it
must be in favour of the hydrogen-bonded Schiff base because the
possibility of an unprotonated Schiff base (SB) is not consistent
with the RR studies, and the possibility of a protonated Schiff
base is not consistent with the 13C NMR and IR studies.
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Figure IV-2:: Possible structures of the chromophore of rhodopsin (A)
upon excitation and of the arrangement corresponding to
the minimum in the excited-state hyperface (B).

IV-3: Structures and transformations in the excited-state

Vertical excitation of the chromophore of rhodopsin leads to an excited-
singlet state of rhodopsin (R ), in which the chromophore is polar with
a negative charge on the N-atom and a substantial positive charge on C„
(Fig.IV-2 A) (nb: the absence of the electron releasing 19-CH, group in
9-desmethyl-rhodopsin leads to a significant hypsochromic shift of 36 nm
(A = 464 nm)). This description of the excited-state of rhodopsin is
consistent with the polarity of the excited singlet-state of 11-cis re-
tinal, all-trans retinal, its Schiff base and its protonated Schiff base.
These compounds show an increase of the electric dipole moment going from
SQ to Sj (Ay= 13.0 D )with a negative charge on the 0/N-atom and a po-
sitive charge in the polyene part (Mathies and Stryer,1976). The nega-
tive charge on the N-atom in the excited-state of rhodopsin (R ) is con-
sistent with the high pKfl - value of 16.6 of the excited Schiff base of

retinal in comparison to the pK_ - value of 6.95 of that in the ground-
a

state (Schaffer, Yamoka and Becker,1975).
In Figure IV-3 trajectories along energy hyperfaces are depicted for the
ground- and excited-state of the rhodopsin and bathorhodopsin intercon-
version. From the vertically excited-state of rhodopsin an energy minimum
can be reached in which a 19-H atom is bound to the 19-C atom and a
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Figure IV-3: Schematic representation of trajectories along energy
hyperfaces of the ground- and excited-state for the
rhodopsin and bathorhodopsin interconversion.

nucleophilic site in the protein, and the hydrogen atom of an other
nucleophilic site is bound by this site and the Schiff base nitrogen
(Fig.IV-2 B). We assume that the close fit of the protein, as in the
ground-state of rhodopsin, constrains the chromophore to keep the tors-
ions of about 50° in the 10-11, 12-13 and 14-15 bonds.
From this energy minimum the system can easily come down, crossing the
small energy gap, to the ground-state hyperface. On that hyperface it
will eiteher return to the rhodopsin structure or move to reach the
bathorhodopsin constellation. In the latter case, according to the DHTT
hypothesis, a 19-H atom has shifted to a hetero atom and the Schiff
base nitrogen has been converted into a -N-H group (Fig.IV-4). At low
temperatures (< -140°C) the protein maintains the torsions in the 10-11,
12-13 and 14-15 bonds, whi^h are now twisted double bonds, resulting in
a high energy content for the ground-state of bathorhodopsin that re-
presents a large energy storage {35 kcal mole" , Cooper.1979). This high
energy content of bathorhodopsin acts as the driving force for the ensu-
ing thermal reactions.
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The energy gap between the excited-state hyperface minimum and the maxi-
mum of the ground-state hyperface ( E> 35 kcal mol" ) is very small.
This allows a very rapid intersystem crossing from the excited-state
minimum to the ground-state hyperface of bathorhodopsin and rhodopsin.

Figure IV-4: Structure of bathorhodopsin according to the DHTT
hypothesis.

The conversion to the ground-state hyperface is the product determining
step but not the rate determining step. This description agrees with the
fact that the quantum efficiency { * = 0.67 ) is independent on the
temperature and wavelength; it is also not dependent on perturbations
like deuteration of the chromophore. Each photo steady-state mixture
( at 77 K) has the same composition within a series of deuterated visual
pigments if compared under irradiation at the same wavelength.

Below 10 K the excited-state of rhodopsin (R ) has a measurable life-
time ( 36 psec; Peters et al.,1977). The barrier on the excited-state
hyperface is high enough with respect to kT. Upon treatment of rhodopsin
with Dg0 to form deuterated rhodopsin the life-time of the excited-state
(R ) increases considerable ( 254 psec; Peters et al.,1977). This im-
portant feature is explained in a direct way when adopting the DHTT
hypothesis. The model comprises a tunneling reaction in which the two

hydrogens (N...H and C1Q-H) move simultaneously (Goldanskii,1979).
l" *

Above 20 K, the life-time of the excited-state (R ) becomes too short
to be measured with the present-day techniques ( < 6 psec.).
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IV-4: Two forms of bathorhocbpsin

At low temperature there is a photostationary equilibrium between rhod-
opsin, isorhodopsin and bathorhodopsin. For the conversion of isorhod-
opsin into bathorhodopsin a similar mechanism can be assumed as des-
cribed for the conversion of rhodopsin into bathorhodopsin. Bathorhod-
opsin (Batho I ), formed from rhodopsin, differs in conformation about
the 9-10 and 11-12 single bonds from bathorhodopsin (Batho II ) formed
from isorhodopsin. We assume that there is a dynamic equilibrium between
Batho I and Batho II on the second time-scale. On the psec. and nanosec.
time-scale the Batho I / Batho II interconversion will not take place.
This is in agreement with picosecond kinetic studies; the bathorhodopsin
form obtained from isorhodopsin on the psec. time-scale differs from
that obtained from rhodopsin (Applebury,1980). UV-vis experiments at
77 K also give evidence for the existence of two forms for bathorhod-
opsin (Sasaki, Tokunaga and Yoshizawa,1980).

Upon illumination of rhodopsin and isorhodopsin their RR spectra show
the three characteristic bathorhodopsin lines within 30 psec. (Hayward
et al.,1981), indicating that the two bathorhodopsin forms are in-
distinguishable by RR techniques.

IV-S: Thermal transformation of bathorhodopsin

In bathorhodopsin the chromophore is highly strained. As soon as the
mobility of the protein part (at temperatures > -140°C) allows the
chromophore to relax, it will assume an other geometry: formation of
1 umirhodopsin (Fig.IV-5). In the reaction of Tumirhodopsin to metarhod-
opsin I (> -40°C) the 19-exomethylsne group in lumirhodopsin is con-
verted into a 19-methyl group under formation of the energetically

j favourable all-trans retinylidene structure in metarhodopsin I. This
' conversion is effected by a shift of the same hydrogen atom that was

present in the 19-CH, of rhodopsin before the lightabsorption because
otherwise H/D exchange on C.g should have been tstected during the photo-

s' chemistry of 19-CD3-rhodopsin; no deuterium loss has been observed

during the photolysis of 19-trideutero-rhodopsin (Fransen et al.,1980).
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Figure IV-5: Photolysis of rhodopsin and isorhodopsin.

The 9-methyl group has two functions: In the first place it provides
a H-atom, which is transfered to the nucleophilic site in the protein,
and secondly, like the 13-methyl group and the tail end of the chromo-
phore, it serves as a handle to enable the protein in keeping the
torsions in the polyene system. In the absence of the 9-methyl group or
13-methyl group there will be more space between the protein and the
chromophoric part so that the protein part cannot constrain the chromo-
phore in the twisted conformation. In both 9-desmethyl- and 13-desmethyl
bathorhodopsin there will be no significant torsions about the double
bonds and no prominent scattering in the 800-950 cm" region of their
RR spectra; this is in agreement with the results of the RR investig-
ation of 9-desmethyl- and 13-desmethyl bathorhodopsin (Eyring et al.,
1980 a; Mathies, personal communication) (Fig.IV-6).

In the description given the C,g-H, Cj.-H, Cij-H, ^ia~^ am* ̂ 15~
are attached to twisted C=C double bonds. The important results from
our studies with deuterium labelled analogues are that the three low
wavenumber bands in the RR spectrum of bathorhodopsin are intense and
uncoupled HOOP vibrations oi the C10~H, C-^-H and C,2-H + C14-H wags.
The C15-H atom forms an exception: the 15 HOOP vibrations are not ob-
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800 1000 cm-1

Figure IV-6: The RR spectra of unmodified-, 9-desraethyl- and 13-des-
methyl bathorhodopsin (publication with permission of
R.A. Mathies) (Asterix denoted lines have components
due to Ammonyx-LO).

served in the RR spectrum. On second thought this is not astonishing
because the C.g-H is attached to the Schiff base having an electronic
environment different from that of the other hydrogen atoms involved.
Thus the torsions "in the 10-11, 12-13 and 14-15 double bonds of batho-
rhodopsin may explain both the intensity of the HOOP vibrations in the
RR spectrum of bathorhodopsin and the fact that they are uncoupled.
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IV-6: Concluding remarks

In this chapter we discussed the results reported in this thesis on the
basis of one of the possible hypotheses as an alternative to the one
put forward in our recent publication (Eyring et al.,1982). The DHTT
hypothesis in which it is essential that the protein and the chromophore
closely fit to each other in both rhodopsin and bathorhodopsin, deserves
further experimental testing since it can explain

- the intense HOOP vibrations in the RR spectrum of bathorhodopsin and
their lack of coupling.

- the very rapid formation of bathorhodopsin, even at low temperature
(4 K).

- the energy storage of 35 kcal mole" in bathorhodopsin
- the kinetic D/H isotope effect (factor 7).

Summarizing we may conclude that by the RR studies on the deuterated
bathorhodopsin analogues, which have been prepared by combining bovine
opsin with the synthesized deuterium labelled retinals with high deu-
terium content (> 95%) on specific positions, the three low wavenumber
bands of bathorhodopsin can be attributed to the 10 HOOP, 11 HOOP and
14 + 12 HOOP vibrations. An important and unexpected result is that the
HOOP vibrations are practically uncoupled so that at the moment it
seems not feasible to localize double bonds in the chromophore of batho-
rhodopsin.

There is good prospect that a complete vibrational analysis of the RR
spectra of bathorhodopsin (analogues), possibly complemented by indi-
cations obtained by other techniques, will lead to a detailed des-
cription of the structure of the primary photoproduct bathorhodopsin
and of the mechanism of the first reaction step of the process of vision.
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CHAPTER V

EXPERIMENTAL DETAILS

All experiments with the modified visual pigments were carried out by
Prof. Dr. R.A. Mathies and his coworkers in the Department of Chemistry,
University of California, Berkeley, U.S.A. The experimental details are
described in: G.Eyring, B.Curry, A.Broek, J.Lugtenburg and R. Mathies,
"Assignment and interpretation of hydrogen-out-of-plane vibrations in
the Resonance Raman spectra of rhodopsin and bathorhodopsin", Biochem.,
21, 384-393 (1982).

general.

H NMR spectra were recorded at 99.5 MHz on a Jeol PS 100 spectrometer
or at 100 MHz on a Jeol PFT 100 NMR apparatus; COCl, was used with te-
tramethylsilane (6=0.0) as internal standard.

Mass spectra were determined with an AEI MS 902 mass spectrometer (El)
or (Dept. of Chemistry.Municipal University of Amsterdam) with a Varian
MAT 711 double focussing mass spectrometer with a combined EI/FI/FO ion
source and coupled to a spectro system MAT 100 data acquisition unit.
IR spectra were recorded on a Beckmann IP.-10 spectrophotometer and
UV/Vis spectra (in hexane) on a Cary 15 spectrophotometer.
HPLC was carried out on a Spectra-Physics SP 3500 B liquidchromatograph
equipped with a Valco universal inlet system and a Pye Unicam LC 3 UV
detector (operating at 360 nm). The HPLC analysis was performed on a
column (25 cm x 9.0 mm), packed with partisil 5. Elution was effected
with ether/pentane (1:5 v/v) at a flow of 3.6 ml/min. HPLC separation
was carried out under dim red light (>600 nm).

Irradiation of the deuterated all-trans retinals.

A solution of the deuterated retinal in acetonitrile (ca. 0.5 mg/ml) was
irradiated under Argon,using a Tungsten lamp (100 W) for 2 h. During
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the irradiation the solution was stirred magnetically. The solution was
not cooled, so that the temperature rose to ca. 40°C during the irrad-
iation. All glassware was treated with an aqueous solution of N a ^ O -
and subsequently with distilled water prior to the irradiation, to
prevent possible isomerization due to traces of l?-

All experiments were carried out in a nitrogen atmosphere; distilled,
dry solvents were used.
Propargyl bromide (Aldrich), e-ionone (Aldrich) and l,l-dimethoxy-3-
butanone (Aldrich) were distilled prior to use. For the reductions we
used LiAlD4 (98 atom % D from Aldrich) and D20 (99.75 * from Merck).

Synthesis of 11-mono-, 12-mono- and 11,12-dideutero-all-trans retinal.

9-(2-Px>opynyl)~ Q-ionol 17)

To a mixture of 52 mmol (1.27 g) of Mg and 3.7 mmol (1.0 g) of HgCl2 in
40 znl of dry ether 52 nmol (6.2) propargylbromide was added dropwise.
After stirring for 30 min. 10.4 mmol (2.0 g) of g-ionone (6) in 10 ml
of ether was added dropwise. The mixture was stirred for an additional
45 min. after which time tic (ether/petroleum ether 15:85) showed no
starting material. A saturated solution of NH4CI (40 ml) was added and
the ethereal extract dried. Evaporation of the eluent afforded 2.37 g
(98%) of 7̂  as a pale yellow oil.
lH-NMR 6: 6.12 (AB,J(7-H,8-H) 16.0 Hz, 1H, 7-H), 5.28 (AB,J(7-H,8-H)
16.0 Hz, 1H, 8-H), 2.46 (d,J(10-H,12-H) 2.0Hz, 2H, 10-H), 2.2 (br.s, 1H,
OH), 2.04 (t,J(10-H,12-H) 2.0 Hz, 1H, 12-H), 1.9 (br.m, 2H, 4-H), 1.64
(s, 3H, 9-CH3), 1.6-1.4 (br.m, 4H, 2-H and 3-H), 1.36(s, 3H, 5-CH3),
0.96 (s, 6H, two I-CH3).

9-(2-Propynyl)-fl~ionyl acetate (8)

17.2 Mmol (1.76 g) of acetic anhydride and 8.6 mmol (1.05 g) of 4-(di-
methylamino)pyridine were added to a stirred solution of 8.6 mmol (2.0
g) of T. ̂ n 40 ml of toluene. After stirring for 1 h at room temperatu-
re a saturated solution of NaCl (20 ml) was added and the reaction mix
ture was extracted with ether (2x). The combined organic layers were
dried and evaporated to a light brown oil to yield 2.13 g (90%) of 8.
lH-NMR : 2.78 (d, J(10-H,12-H) 2.0 Hz, 2H, 10-H), 1.98 (s, 3H, CH3COO).

3-(&Ionylidene) propyne (9)
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7.J Mmol (0.28 g) of NaNH2 (55% suspension in toluene) and 3.6 mmol (
0.45 g) of l,5-diaza-bicyclo-(4.3.0)-non-5-ene were added to a solution
of 7.3 nmol (2.0 g) of 8 in 30 ml of toluene. The reaction mixture was
refluxed for 25 min. After cooling, the mixture was poured into ice-wa-
ter and the layers separated. The water layer was extracted with tolu-
ene (2x). The combined organic layers were washed with a saturated ague
ous solution of NH4CI, dried and evaporated to afford 1.44 g (92%) of 9_
as a brown oil.
iH-NMR : 6.82 (AB, J(7-H,8-H) 16.0 Hz, 1H,8-Hcis), 6.31 (AB, J(7-H,8-H)
16.0 Hz, 2H, 7-HCis and 7-Htr)/ 6-05 (d, J(7-H,8-H) 16.0 H2, 1H, 8-Htr)»
5.40 and 5.32 (two s, 2H, 10-Hcj.s and 10-Htr) • 3.24 and 3.12 (two d,
J(10-H,12-H) 2.0 Hz, 2H, 12-Hcis and 12-Htr).

Aoetylenio-C-20-aoetal (10)

A stirred solution of 5.6 mmol (1.2 g) of £ in 20 ml of THF was cooled
at -60°C and 8.4 mmol of BuLi in 5 ml of hexane (15% soln. in hexane)
and 8.4 mmol (1.1 g) of l,l-dimethoxy-3-butanone were added. After 1 h
during which time the temperature of the mixture rose to room tempera-
ture water was added. The mixture was extracted with petroleum ether 40/
60, dried and evaporated to yield 1.7 g (90%) of V0_ as a red/brown oil.
iH-NME : 4.88 (m, 1H, 15-H), 4.16 (s, 1H, OH), 3.42 and 3.32 (two d,
6H, two O-CH3), 3.3 (t, 2H, 14-H).

11,12-Dideutero-all-trans retinal (lie)

To a stirred suspension of 2.6 mmol (0.11 g) of L1A1D4 in 10 ml of ether
1.3 mmol (0.45 g) of J£ in 5 ml of ether was added. The reaction mixture
was refluxed for 3 h, after which time it was cooled to room temperature
The mixture was worked-up by adding 5 ml of D2O. After separation of the
water and ether layer 10 ml of H3PO4 (85%) was added to the organic la-
yer with vigorous stirring. After 10 min. both layers were separated and
the ether layer was subsequently washed with 10% aqueous NaHCO3 and brine
The ethereal extract was dried and concentrated to afford a mixture of
mainly all-trans and 9-cis retinal. After purification by column chroma-
tography (silicagel 60, 4% ether in petroleum ether 40/60) the all-trans
fraction was further purified by HPLC.

F.T. iH-NMR : 10.11 (d, J(14-H,15-H) 8.2 Hz, 1H, 15-H), 6.31 (AB,J(7-H,
8-H) 16.9 Hz, 1H, 7-H), 6.14 (AB, J(7-H,8-H) 16.9 Hz, 1H, 8-H), 6.18 (s,
1H, 10-H), 5.96 (d, J(14-H,15-H) 8.2 Hz, 1H, 14-H), 2.33 (d, J(14-H,20-
H) 1.1 Hz, 3H, 20-H), 2.03 (d, J(10-H,19-H) 1.1 Hz, 3H, 19-H), 1.72 (s,
3H, 18-H), 1.9 (br#m, 2H,4-H), 1.58-1.43 (m, 4H, 2-H and 3-H), 1.04 (s,
6H, 16-H and 17-H). Mass spectrum: M + 286; deuterium incorporation >96%.
UV (Xmax (nm)): all-trans (244,369), 9-cis (360), U-cis (363), 13-cis
(252,363).

11-Monodeutero-all-trans retinal (lla)

The same procedure as described for lie, except that the reduction was
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carried out with LiAlH4. F.T. 1H-NMR : 10.11 (d, J(14-H,15-H) 8.1 Hz,
1H, 15-H), 6.36 (s, 1H, 12-H), 6.33 (AB, J(7-H,8-H) 16.1 Hz, 1H, 7-H),
6.18 (s, 1H, 10-H), 6.17 (AB, J(7-H,8-H) 16.1 Hz, 1H, 8-H), 5.97 (d,
J(14-H,15-H) 8.1 Hz, 1H, 14-H), 2.33 (s, 3H, 20-H), 2.02 (s, 3H, 19-H),
1.9 (br.m, 2H, 4-H), 1.72 (s, 3H, 18-H), 1.6-1.4 (m, 4H, 2-H and 3-H),
1.04 (s, 6H, 16-H and 17-H). Mass spectrum: M+ 285; deuterium incorpora-
tion > 95%. UV (Amax (nm)): all-trans (369), 9-cis (360), 11-cis (362),
13-cis (252,363).

12-Monodeutero-all-trana retinal (lib)

The same procedure as described for lie, except that the reaction mix-
ture, after reduction with L1AID4, was worked-up by adding H2O.
F.T. 1H-NMR : 10.11 (d, J(14-H,15-H) 8.1 Hz, 1H, 15-H), 7.14 {&, J(10-H,
11-H) 11.6 Hz, 1H, 11-H), 6.33 (d, J(7-H,8-H) 16.1 Hz, 1H, 7-H), 6.19
(d, J(10-H,ll-H) 11.6 Hz, 1H, 10-H), 6.17 (d, J(7-H,8-H) 16.1 Hz, 1H,
8-H), 5.97 (d, J(14-H,15-H) 8.1 Hz, 1H, 14-H), 2.33 (s, 3H, 20-H), 2.02
(s, 3H, 19-H), 1.9 (br.m, 2H, 4-H), 1.72 (s, 3H, 18-H), 1.55-1.4 (m, 4H,
2-H and 3-H), 1.04 (s, 6H, 16-H and 17-H). Mass spectrum: M+ 285; deute-
rium incorporation > 99.5%. UV {\m3X (nm)): all-trans (369), 9-cis (360)
ll-cis_(362), 13-cis (252,363).

Synthesis of 10-mono-, 11-mono-, 10,11-di- and 14,20,20,20-tetradeute-
ro-all-trans retinal.

13l-dimethoxy-3-hydroxy-3-methyl-hex-5-yne (13)

To a mixture of 151.5 mmol (3.68 g) of Mg and 11.0 mmol (3.0 g) of HgCl2
in 100 ml of ether 151.5 mmol (18.0 g) of propargyl bromide was added.
After stirring for 45 min. 30.3 mmol (4.0 g) of l,l-dimethoxy-3-buta-
none (12) in 10 ml of ether was added dropwise. The mixture was stirred
for an additional 90 min. after which time tic (ether/petroleum ether
1:4) showed no starting material. A saturated solution of NH4CI (60 ml)
was added and the mixture was extracted with ether. The organic layer
was washed with brine and the ethereal extract dried. Evaporation of the
eluent afforded 5.21 g (100%) of J^.

ÏH-NMR : 4.64 (t, 1H, 1-H), 3.52 (s, 1H. OH), 3.32 (s, 6H, OCH3), 2.36
(d, 2H, 4-H), 2.10 (t, 1H, 6-H), 1.90 (d, 2H, 2-H), 1.08 (s, 3H,3-CH3).

1,l-dimethoxy-3-methyl-hex-3-ene-5-yne (14)

4.5 Ml (1.5 eq) of freshly distilled POCI3 was added dropwise to a stir-
red solution of 30.3 mmol (5.2 g) of J^ in 60 ml of pyridine. After stir
ring for 3 h the mixture was poured into ice-water and extracted with
ether (2x). The combined organic layers were washed with 10% aqueous
NaHCO3, dried and evaporated to a light brown oil to yield 4.39 g (94%)
of 1£ (two isomers).lH-NMR : 5.36 (br s, 1H, 4-H), 4.58 and 4.46 (t, 1H,
1-H), 3.32 (s, 6H, OCH3), 3.04 (t, 1H,6-H), 2.62 and 2.36 (d, 2H, 2-H),
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1.92 and 1.84 (s, 3H, 3-CH3).

Aaetylenia-C-20-aaetal (IS)

A stirred solution of 6.5 mmol (1.0 g) of ̂ £ in 25 ml of THF was cooled
to -60°C and 7.8 mmol of BuLi in 4.9 ml of hexane (1.6 M soln. in hexa-
ne) was added. After 1 h, during which time the temperature of the mix-
ture rose to room temperature, the mixture was cooled again to -60°C and
7.8 mmol (1.5 g) of B-ionone (6) in 5 ml of THF was added dropwise. Af-
ter 4 h, during which time the temperature of the mixture rose to room
temperature, a saturated aqueous solution of NH4CI (30 ml) was added.
The mixture was extracted with petroleum ether 40/60, was dried and eva-
porated to yield ^5. as a red/brown oil.

10-Monodeutero-all-trans, retinal (16a)

l.o G of the crude product (15) in 10 ml of ether was added to a stirred
suspension of 0.25 g (ca. 2 eq) of L1AID4 in 20 ml of ether. The reacti-
on mixture was refluxed for 3 b, after which time the mixture was cooled
to room temperature. The mixture was worked-up by adding 10 ml of water.
After separation of the water and the ether layer 15 ml H3PO4 (85%) was
added to the organic layer with vigorous stirring. After 10 min. 15 ml
of water was added and the two layers were separated. The ether layer
was washed carefully with 10% aqueous solution of NE1HCO3, was dried and
concentrated to afford a mixture of isomers of 16a. After purification
by column chromatography (silicagel 60, 4% ether in petroleum ether 40/
60) the all-trans fraction was further purified by HPLC.
F.T.lH-NMR : 10.11 (d, J(14-H,15-H) 8.1 Hz, 1H, 15-H), 7.14 (d, J(ll-H,
12-H) 15.3 Hz, 1H, 11-H), 6.36 (d, J(ll-H,12-H) 15.3 Hz, 1H, 12-H), 6.33
(AB, J(7-H,8-H) 16.1 Hz,lH, 7-H), 6.17 (AB, J(7-H,8-H) 16.1 Hz, 1H, 8-H),
5.97 (d, J(14-H,15-H) 8.1 Hz, 1H, 14-H), 2.33 (s, 3H, 20-H), 2.03 (s, 3H,
19-H), 1.9 (br.m, 2H,4-H), 1.72 (s, 3H, 18-H), 1.56-1.43 (m, 4H, 2-H and
3-H), 1.04 (s, 6H, 16-H and 17-H). Mass spectrum: M+ 285; deuterium in-
corporation > 96%. UV (Xmax (nm)): all-trans (369), 9-cis (360), 11-cis
(251, 362), 13-cis (250, 362).

11-Monodeutero-all-trcms retinal (16b)

The same procedure was applied as described for 16a. The reaction mixtu-
re, after reduction with LiAlH^, was worked up by adding D2O.
F.T.iH-NMH : 10.11 (d, J(14-H,15-H) 8.1 HZ, 1H, 15-H), 6.36 (s, 1H, 12-H),
6.33 (AB, J(7-H,8-H) 16.1 Hz, 1H, 7-H), 6.18 (s, IH, 10-H), 6.17 (AB, J(
7-H,8-H) 16.1 Hz, 1H, 8-H), 5.97 (d, J(14-H,15-H) 8.1 Hz, IH, 14-H), 2.33
(s, 3H, 20-H), 1.9 (br.a, 2H, 4-H), 1.72 (s, 3H, 18-H), 1.6-1.4 (m, 4H,
2-H and 3-H), 1.04 (s, 6H, 16-H and 17-H). Mass spectrum: M+ 285; deute-
rium incorporation > 95%. UV (Xmax (nm)): all-trans (369), 9-cis (360),
11-cis (362), 13-cis (252, 363).
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lOjll-Didsutero-all-trans retinal (16a)

The same procedure was applied as described for 16a. The reaction mixtu-
re/ after reduction with LiAlD4, was worked up by adding D2O.
F.T.1&-NMR : 10.10 (d, J(14-H,15-H) 8.1 Hz, 1H, 15-H), 6.36 (s. 1H.12-H)
6.33 (AB, J(7-H,8-H) 16.1 Hz, 1H, 7-H), 6.17 (AB, J(7-H,8-H) 16.1 Hz, 1H,
8-H), 5.97 (d, J(14-H,15-H) 8.1 Hz, 1H, 14-H), 2.33 (s, 3H,20-H), 2.03
(s, 3H, 19-H), 1.9 (br.m, 2H, 4-H), 1.72 (s, 3H.18-H), 1.6-1.4 (m, 4H,
2-H and 3-H), 1.04 (s, 6H, 16-H and 17-H). Mass spectrum : M + 286; deu-
terium incorporation > 97.5%. UV U m a x (run)): all-trans (369), 9-cis
(361), 11-cis (252,362), 13-cis (363).

1, l-DimethoxySj 2, 43 4, 4-pentadeutero-3-butanone (18)

To a suspension of 15.1 mmol (2.0 g) of l,l-dimethoxy-3-butanone (j_2) and
151.5 mmol (3.0 g) of D2O was added 1.0 g of K2CO3. After stirring for 24
h the mixture was worked up by extraction with ether (4x). Evaporation of
the eluent afforded ^8_. To ensure complete deuterium incorporation the
procedure was repeated twice.
*H-NMR : 4.78 (s, 1H, 1-H), 3.36 (s, 6H, OCH3) and 7.56 (s, 1H, 1-H), 3.72
(s, 3H, OCH3) due to small amount of l-methoxy-2,4,4,4-tetradeutero-but-
-l-ene-3-one.

ltl-Dimethoxy-2J2-dideutero-3-trideutero methyl-hex-3-ene-5-yne (19)
37.9 Mmol (4.5 g) of propargyl bromide was added to a mixture of 37.9
mmol (0.92 g) of Mg and 2.75 mmol (0.75 g) of HgCl2 in 30 ml of ether.
After stirring for 45 min. 7.6 mmol (1.0 g) of jiJ3 in 4 ml of ether was
added dropwise. The mixture was stirred for an additional 90 min. A sa-
turated solution of NH4CI (20 ml) was added and the mixture was extract-
ed with ether. The organic layer was washed with brine and the ethereal
extract was dried and evaporated. The residue was dissolved in 20 ml of
pyridine and 1.1 ml (1.5 eq) of freshly distilled POCI3 was added drop-
wise. After stirring for 3 h the mixture was poured into ice-water and
extracted with ether, was washed with 10% aqueous solution of NaHCC^,
was dried and evaporated to yield 1.1 g (93%) of 19.
1H-NMR : 5.34 (br.s, 1H, 4-H), 4.52 and 4.44 (s, 1H, 1-H), 3.30 (s, 6H,
OCH3), 3.04 (t, 1H, 6-H).

14,14,20,20,20-Pentadeutero aaetylenia-C-20-aoetal (20)

A stirred solution of 6.5 mmol (ca. 1.0 g) of _1£ in 25 ml of THF was
tooled to -60°C and 7.8 mmol of BuLi in 4.9 ml of hexane {1.6 M soln.
in hexane) was added. After 1 h, during which time the temperature of the
mixture rose to room temperature, the mixture was cooled again to -60°C
and 7.8 mmol (1.5 g) of g-ionone (6) in 5 ml of THF was added dropwise.
After 4 h, during which time the temperature of the mixture rose to room
temperature, a saturated aqueous solution of NH4CI (30 ml) was: added. The
mixture was extracted with petroleum ether 40/60, was dried and evapora-
ted to afford 20 as a brown oil.
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14,20,20,20-te.tvadeutero-all-trans retinal (21)

The same procedure was applied as described for 16a. The starting mate-
rial 20_, after reduction with MAIH4, was worked up by adding H2O.
F.T.lH-NMR : 10.11 (s, 1H, 15-H), 7.13 (dd, J(10-H,ll-H) 11.5 Hz, J(ll-H,
12-H) 15.3 Hz, 1H, 11-H), 6.36 (d, J(ll-H,12-H) 15.3 Hz, 1H, 12-H), 6.32
(AB, J(7-H,8-H) 16.1 Hz, 1H, 7-H) , 6.18 (d, JU0-H,ll-H) 11.5 Hz, 1H, 10-
H), 6.17 (AB, J(7-H,8-H) 16.1 Hz,lH, 8-H), 2.03 (s, 3H, 19-H), 1.9 (br.m,
2H, 4-H), 1.72 (s, 3H, 18-H) 1.6-1.4 (m, 4H, 2-H and 3-H), 1.04 (s, 6H,
16-H and 17-H). Mass spectrum: M+ 288; deuterium incorporation 82% D4.
UV (Amax (ran)): all-trans (369), 9-cis (360), 11-cis (252, 362), 13-cis
(251, 363).

Synthesis of 10-monodeutero retinal (via Wittig approach).

9-Ethynyl-8-ionol (23)

100 Ml of THF through which acetylene was bubbling was cooled to -25°C
after 1 h. To this solution 104 romol (13.9 g) of ethylmagnesium bromide
(freshly prepared from 104 mmol (11.35 g) of ethylbromide and 104 mmol
(2.55 g) of Mg in THF) was added dropwise. The mixture was stirred for
1 h after which time 52 mmol (10.0 g) of S-ionone (6) in THF was added
dropwise. After 6 h the acetylene stream was stopped and replaced by
nitrogen. The reaction mixture was stirred overnight at room temperature
A saturated aqueous solution of NH4CI was added and the two layers were
separated. The aqueous layer was extracted with ether (3x) and the com-
bined organic layers were dried and evaporated to yield 11.2 g (98%) of
23 as a pale yellow oil.

"TH-NMR : 6.44 (d, J(7-H,8-H) 16.0 Hz, 1H.7-H), 5.56 (d, J(7-H,8-H) 16.0
Hz, 1H, 8-H), 2.56 (s, 1H, 11-H); IR (KBr):3400 [v(OH)]f 3300 [v( =C)]
cm"1 and 2100 [v(CSC)] cm"1.

9-(l-Deuterovinyl)-ê-ionol (24)

9.1 Mmol (2.0 g) of 23_ in 5 ml of ether was added to a suspension of 18.3
mmol (0.77 g) of LiAlD4 in ether (25 ml). After refluxing for 48 h a Na,
K-tartrate solution (20%) was added, and the water layer extracted with
ether (4x). The combined organic layers were washed with brine, were
dried and evaporated to yield 2.0 g (100%) of 24_ as a pale yellow oil.
iH-NMR : 6.08 (d, J(7-H,8-H) 16.0 Hz, 1H, 7-H), 5.52 (d, J(7-H,8-H) 16.0
Hz, 1H, 8-H), 5.24 and 5.04 (two br. m, 2H, 11-H); IR (KBr) : 3360 cm-1
[v(OH)].

[ 2-deutero-S- (2, G3 6-trimetkyl-l-cyclohexen-l-y I) -3-methy 1-2, 4-pentadie~
nyl] tviphenylphosphoniunibromide (25)

To a solution of 1.8 mmol (0.4 g) of 24_ in 10 ml of MeOH was added 1.8
mmol (0.62 g) of Ph3P.HBr. After standing for 48 h the mixture was eva-
porated to yield 0.94 (95%) of 25 as a pale yellow glass.
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lO-Monodeuteroretinyl aaetate (26)

To a solution of o.9 nunol (0.5 g) of 25 in 5 ml of THF was added 1.3amol
(0.19 g) of 4-acetoxy-2-methylcroton aldehyde(22).The reaction mixture
was cooled to -50°C and 1.8 mmol of BuLi in 1.1 ml of 'ïexane was added
(15% soln. in hexane). After 3 h,during which time the temperature rose
to room temperature, water was carefully added. The water layer was ex-
tracted with petroleum ether 40/60 (2x) and the combined organic layers
were dried and evaporated to yield 0.24 g (80%) of 26 as a yellow oil.

10-Monodeuteroretinal (27)

The crude acetate 7&_ was dissolved in 7 ml of 10% KOH in MeOH. After 1 h
water was added and the water layer was extracted with petroleum ether
40/60 (3x). The combined organic layers were dried and evaporated to a
yellow oil. This oil was dissolved in methylenechloride (10 ml) and 1.7
g of activated MnO2 was added. After shaking overnight the mixture was
filtered and the filtrate was evaporated to yield a mixture of isomers
of "2TK After purification by column chromatography (silicagel 60, 4%
ether in petroleum ether 40/60) the mixture of isomers was separated by
HPLC into all-trans, 9-cis, 11-cis and 13-cis 10-D-retinal (J27J .
F.T^H-NMR : 10.11 (d, J(14-H,15-H) 8.1 Hz, 1H, 15-H) , 7.14 (d, Jdl-H,
12-H) 15.3 Hz, 1H, 11-H), 6.36 (d, J(ll-H,12-H) 15.3 Hz, 1H.12-H), 6.33
(AB, J(7-H,8-H) 16.1 Hz, 1H, 7-H), 6.17 (AB, J(7-H,6-H) 16.1 Hz, 1H, 8-H)
5.97 (d, J(14-H,15-H) 8.1 Hz, 1H, 14-H), 2.33 (s, 3H, 20-H), 2.03 (s, 3H,
19-H), 1.9 (br.m, 2H,4-H), 1.72 (s, 3H,18-H), 1.56-1.43 (m, 4H, 2-H and
3-H), 1.04 (s, 6H, 16-H and 17-H). The other signals in the spectrum are
assigned to nondeuterated retinal. Mass spectrum: M + 285; deuterium in-
corporation 82%. OV (Amax (nm)): all-trans (369), 9-cis (360), 11-cis
(251, 362), 13-cis (362).

15-Monodeutero-all-trans ret inal .
To a cooled (ice-bath) suspension of 0.3 g (ca.2 eq) of LiA.lD4 in 20 ml
of ether 3.3 mmol (1.0 g) of all-trans retinoic acid in ether (50 ml)
was added dropwise. After stirring for 3 h at 0°C the mixture was worked
up by adding water (10 ml) and extracted with ether (3x). The combined
organi.c layers were dried (Na2SO4) and evaporated, followed by solution
in n-hexane (50 ml). Because of the instability of the resulting 15,15-
dideutero retinol, the alcohol was oxidized immediately by adding 7.0 g
of activated MnC>2. After shaking overnight the mixture was filtered and
the filtrate evaporated to yield a mixture of mainly all-trans and 13-
cis 15-monodeutero retinal. After purification by column chromatography
(silicagel 60; 4% ether in petroleum ether 40/60), the all-trans frac-
tion was purified further by HPLC.F.T^H-NMR : 7.14 (dd, J(10-H,ll-H)
11.5 Hz, J(ll-H,i2-H) 15.3 Hz, 1H, 11-H), 6.36 (d, J(ll-H,12-H) 15.3 Hz,
1H, 12-H), 6.32 (AB, J(7-H,8-H) 16.1 Hz, 1H, 7-H), 6.18 (d, J(10-H,ll-H)
11.5 Hz, 1H, 10-H), 6.17 (AB, J(7-H,8-H) 16.1 Hz, 1H. 8-H), 5.97 (s, 1H,
14-H), 2.33 (d, J(14-H,20-H) 1.1 Hz, 3H, 20-H), 2.03 (s,3H, 19-H), 1.9
(br.m, 2H, 4-H), 1.72 (?- 3H, 18-H), 1.5-1.4 (m,4H,2-H and 3-H), 1.04
(s, 6H, 16-H and 17-H)-Mass spectrum: M + 285; deuterium incorporation:
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> 99.5%. OV <.\max (nm)): all-trans (369), 9-cis (360), U-cis (362),
13-cis (362)

Ci8"ket(>ne (.31a) and 12-monodeutero-Cis-ketone (31b).

8-(2, 236-trimethyl-l-ayeZohexen-l-yl)-2-hydpoxy-6-methyl-oct—S17-d£ene-
3-yne (29)
A stirred solution of 14.0 mmol (3.0 g) of 9_ in 50 ml of THF was cooled
to -60°C and 15.4 mrnol of BuLi in 9.6 ml of Hexane (1.6M soln. in hexane)
was added. After stirring for 30 min 28.0 mmol (1.2 g) of acetaldehyde
(freshly distilled) was added dropwise. After 2 h, during which time the
temperature of the mixture rose to room temperature, a saturated aqueous
solution of NH4CI (20 ml) was added. The mixture was extracted with pe-
troleum ether 40/60; the organic layer was dried and evaporated to yield
3.3 g (92%) of 29_.

(31a) via 8-(2,236~trimethyl-l-oyclohexen-l-yl)-2-hydcoxy-6-
-methy l-oa t-3, 5, ?-triene (30a)

To a stirred suspension of 0.5 g (ca. 2 eq) of LiAlH^ in 40 ml of THF
1.65 g of the cr"de alcohol 29 in 15 ml of THF was added. The reaction
mixture was refluxed for 3 h,' after which time it was cooled to room tem-
perature. The mixture was worked up by adding 10 ml of water, followed by
extraction with petroleum ether 40/60 (3x). The combined organic layers
were dried ana evaporated. The crude residue was dissolved in methylene
chloride (40 ml) and 11.0 g of activated MnC>2 was added. After shaking
overnight the mixture was filtered, the residue was washed with ether
(3x), and the filtrate was evaporated. The product was purified by column
chromatography (silicagel 60; 3% ether in petroleum ether 40/60) to yield
1.4 g (85%) of 31a as a 1:1 mixture of the 9Z/E isomers. IH-NMR : 7.63
(dd, J(U-H,12-H) 15.4 Hz and J(IO-H.U-H) 11.2 Hz, 1H, 11-H), 6.42 Id,
J(7-H,8-H) 15.4 H2, 1H, 7-H), 6.2 (br.d, 3H, 8-H, 10-H and 12-H), 2.24
(s, 3H, 13-CH3), 2.04 ( s, 3H, 9-CH3), 2.0 (br.m, 2H, 4-H), 1.70 (s, 3H,
6-CH3), 1.6-1.5 (m, 4H, 2-H and 3-H), 1.00 (s, 6H, 2x 2-CH3).

12-Monodeutero-Cjg-ketoKS (31b)

The same procedure was applied as described for 31a. Compound 2£ was re-
duced with LiAU>4 and worked up by adding water. Mass spectrum: M + 259;
deuterium incorporation > 97.5%.
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SUMMARY

One of the main fields of research of modern biology is the processing
of information (reception, replication, transduction, etc.)- By study-
ing the visual process one hopes to get a better insight into some of
the aspects of the handling of information.

Rhodopsin, the rod cell visual pigment, contains an 11-cis retinyiidene
chromophore covaiently linked, via a Schiff base, to a colourless apo-
protein called opsin, which has about a hundred and fifty times bigger
molecular mass than the chromophoric part. The process of dim-light
vision starts with the absorption of a photon by the chromophore of
rhodopsin; the resulting excited-state relaxes via a series of distinct,
meta-stable intermediates to a bleached mixture of all-trans retinal
and opsin. Only the first reaction in this sequence (rhodopsin •* batho-
rhodopsin} is directly caused by light.

To obtain fundamental information about the primary step of the visual
transduction it is necessary to determine the chromophoric structure of
bathorhodopsin. Resonance Raman (RR) spectroscopy gives specific vibra-
tional information about the chromophoric ptrt without interference by
the apoprotein. The RR spectrum of bathorhodopsin shows three lines with
high intensity at 853, 875 and 922 cm"1 which do not occur in the RR
spectra of rhodopsin, isorhodopsin ( a pigment with a 9-cis retinyli-
dene chromophore) and model compounds. To study the batho-lines, which
contain structural information about the chromophore of bathorhodopsin,
we chose a classic approach in vibrational investigations: study of
deuterium-substituted bathorhodopsin analogues. Me therefore needed
11-cis and 9-cis deuterated retinals with high deuterium content (>95%)
on specific positions: 10, 11, 12, 14 and 15. For the introduction of
deuterium we chose the conversion of a propargyl alcohol into an ethylen-
ic alcohol by the LiAlH. reductive method. Starting from commercially
available compounds we prepared precursors, containing a propargyl al-
cohol part, which could be converted into 10-mono-, 11-mono-, 12-mono-,
10,11-di-, 11,12-di- and 14,20,20,20-tetradeutero-all-trans retinal by
using the right combination of LiAlD., LiAlH-, D2O and HgO.Photochemistry
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of the all-trans deuterated retinals gave the 11-cis and 9-cis isomers
(Chapters II and V).
Through collaboration with Prof.Dr. R. Mathies and his coworkers (Univ.
of Cal., Berkeley, USA) the deuterated visual pigments were prepared
and the RR spectra were measured. These spectra established that the
three lines of bathorhodopsin are due to 11 HOOP (922 cm" 1), 10 KOOP
(875 cm"1) and 14 ( + probably 12) HOOP (853 cm"1) vibrations. A sig-
nificant and unexpected result was that the HOOP vibrations behave like
single CH-wags, showing practically no coupling. This makes bathorhod-
opsin a unique molecule; to our knowledge this is the first molecule
which shows this lack of coupling between CH-wag vibrations of H-atoms
attached to either side of what is considered to be a C=C double bond
(Chapter III).

In a recent publication a discussion is given in which the characteris-
tic features of the RR spectrum of bathorhodopsin are rationalized on
the basis of a "transoid" structure with strongly twisted C,,-C,2 bond
and a perturbation near C,2 effected by the protein.
In Chapter IV we elaborate on an alternative description that adheres
more to the Double Hydrogen Transfer Tautomerization (DHTT) hypothesis,
which is based on the assumption that the chromophore is closely sur-
rounded by the protein in both rhodopsin and bathorhodopsin. The
hypothesis can explain both the intense HOOP vibrations in the RR
spectrum of bathorhodopsin and their lack of coupling.

* ( Eyring, Curry, Broek, Lugtenburg and Mathies, Biochem. 21, 384 (1982).
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SAMENVATTING

Een vaii de belangrijkste onderzoekgebieden van de moderne biologie is
het proces van informatie verwerking ( receptie, replicatie, transductie,
enz.)- Door bestudering van het visuele proces hoopt men een beter in-
zicht te krijgen in enkele aspekten van de informatie verwerking.
Het gezichtspigment rhodopsine, dat wordt aangetroffen in de staafjes
in de retina, bevat de chromofore groep 11-cis retinal, die via een
Schiffse base binding vast zit aan het kleurloze apoproteine opsine.
Het opsine heeft een molekuulgewicht dat ongeveer honderd en vijftig
maal zo groot is als het chromofore deel. Het proces van het wit-zwart
zien begint met het opnemen van een foton door de chromofoor van
rhodopsine; de ontstane aangeslagen toestand relaxeert via een aantal
metastabiele tussenprodukten tot een nagenoeg kleurloos mengsel -.an all-
trans retinal en opsine. Slechts de eerste reaktie {rhodopsine -* batho-
rhodopsine) wordt direkt door licht veroorzaakt.
Om fundamentele informatie te verkrijgen over de eerste stap van de
visuele transductie is het noodzakelijk de chromofore struktuur van
bathorhodopsine vast te stellen. Resonantie Raman (RR) spektroskopie
geeft specifieke vibrationele informatie over het chromofore deel
zonder beTnvloeding door het apoproteine. Het RR spektrum van batho-
rhodopsine laat drie lijnen met hoge intensiteit zien bij 853, 875 en
922 cm" , welke niet voorkomen in de RR spektra van rhodopsine, iso-
rhodopsine ( een pigment met een 9-cis retinylideen chromofoor) en
model verbindingen. Ter bestudering van de batho-lijnen, die struktu-
rele informatie bevatten over de chromofoor van bathorhodopsine, kozen
we voor een klassieke methode in vibratie onderzoek: bestudering met
deuterium gesubstitueerde bathorhodopsines. Hiervoor hadden we 11-cis
en 9-cis gedeutereerde retinal1 en nodig met een hoog deuterium gehalte
(> 95%) op specifieke plaatsen: 10, 11, 12, 14 en 15. Voor de invoering
van deuterium kozen we voor de omzetting van een propargyl alkohol in
een ethyleen alkohol door reduktie met LiAlH,. Uitgaande van kommer-
cieel verkrijgbare verbindingen synthetiseerden we precursors die een
propargyl alkohol funktie bevatten, die konden worden omgezet in 10-mo-
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no-, 11-mono-, 12-mono-, 10,11-di-, 11,12-di- en 14,20,20,20-tetradeutero
all-trans retinal door een juiste kombinatie van LiAlD., LiAlH., DjO en
H20 te gebruiken. Bestraling van de gedeutereerde all-trans retinal Ten
gaf de 11-cis en 9-cis isomeren (Hoofdstukken II en V).
Door samenwerking met Prof.Dr. R. Mathies en zijn medewerkers ( Univ.
van Cal., Berkeley,USA) werden de gedeutereerde visuele pigmenten bereid
en de RR spektra opgenomen. Uit de spektra kon worden vastgesteld dat
de drie lijnen van bathorhodopsine toe te schrijven zijn aan 11 HOOP
(922 cm' 1), 10 HOOP (875 cm"1) en 14 ( + waarschijnlijk 12) HOOP (853
cm" ) vibraties. Een belangrijk en onverwacht resultaat was dat de HOOP
vibraties zich gedragen als enkelvoudige C-H vibraties van H-atomen die
vrijwel geen koppeling vertonen. Dit maakt bathorhodopsine tot een uniek
molekuul; voor zover we weten is dit het eerste molekuul dat dit gebrek
aan koppeling vertoont tussen C-H vibraties van H-atomen aan "dubbele"
bindingen.

In een recent artikel is een diskussie gevoerd waarin de karakteris-
tieke kenmerken van het RR spektrum van bathorhodopsine worden geratio-
nalizeerd op grond van een "transoide" struktuur met een sterk ver-
draaide C^-Cjg binding en een verstoring bij C,2, veroorzaakt door het
eiwit. In hoofdstuk IV geven we een alternatieve beschrijving die meer
in overeenstemming is met een "Double Hydrogen Transfer Tautomerization"
hypothese, die gebaseerd is op de veronderstelling dat de chromofoor
nauw omsloten is door het eiwit, zowel in rhodopsine als in bathorho-
dopsine. Deze hypothese kan zowel de grote intensiteit van de HOOP
vibraties in het RR spektrum van bathorhodopsine verklaren als hun
gebrek aan koppeling

* (Eyring, Curry, Bioek, Lugtenburg en Mathies, Biochem. ,21_,384 <1S82).
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De overige leden van het wetenschappelijk en technisch personeel, in het
bijzónder de heer 0.0. van Houte, Kees Erkelens en Piet Postma ben ik
erkentelijk voor de medewerking,die ik steeds heb mogen ontvangen. De
heren M. Pison.J.O. Pot en A.G. Huigen hebben met veel toewijding de te-
keningen voor dit proefschrift verzorgd.



STELLINGEN

1. De door Hess voorspelde gelijkheid: n' (Y>i^o)=n(7)-dus van de dyna-
mische viscositeit.n1j gemeten bij parallelle superpositie bij zeer
lage frequentie (w+o), en van de niet-Newtonse viscositeit.n, geme-
ten bij een eindige afschuifsnelheid y- moet aan een tekort in diens
theoretische behandeling worden geweten.

S.Hess, Physiaa, 87A, 273 (1977).

2. Het onderverdelen van Ĉ Ĥ N"1" ionen, gevormd uit BrCH2CH{CH3)CN, in
drie soorten met verschillende ion strukturen met een nauwkeurig-
heid in procenten, op grond van CA spectra, wanneer het CA spectrum
van een der strukturen niet bekend is binnen deze nauwkeurigheid,
is onjuist.

M.M.Sarneel, W.Heerma en G.Dijkstra, Org.Mass Speatr., 16,267 (1981).

3. De stelling van de Stichting Natuur en Milieu dat het " gezien de
beschikbare gegevens aannemelijk is dat vele tienduizenden Neder-
landse kinderen van lood te lijden hebben ", is niet juist.

St.Natuur en Milieu, brochure "Lood uit het Milieu",eind 1981.

4. De door Zhang et al. getrokken konklusie, dat de theoretische scho-
telhoogte afneemt met de lengte van de kolom, is voorbarig.

I.Zhang, G.Zhou, M.Bao, X.Li en. P.Lu, Chromatographia,14,lZè (1981).

5. De absorptie maxima van visuele pigmenten, welke variëren van 425
tot 580 nm, zijn niet eenduidig te verklaren door modellen met een
geprotoneerde Schiffse base.

6. Het verdient aanbeveling om voor het predoctorale gedeelte (le fase)
van de lerarenopleiding een zodanige vorm en inhoud te kiezen dat
deze aan alle studenten de mogelijkheid biedt zien kennis en vaar-
digheden te verwerven op kommunitatief gebied.

Nieuw Academisch Statuut, Art. 9.16.



7. Het door Kropp et al. voorgestelde mechanisme van de door hen ont-
dekte ionogene fotoreakties van alkylhalogenides wordt onvoldoende
ondersteund door de door hen beschreven experimenten.

P.J.Kropp, G.S.Poindexter, N.J.Pienta en D.C.Hamilton,
J.Am.Chem.Soc, 98, 813S (1976).

8. De bewering van Gilbert et al. dat de positie van een methoxy-groep
in ethylvinylether/anisole addukten vastgesteld is door de afwezig-
heid van een triplet of quartet met J= 7 Hz, is onjuist.

A.Gilbert, G.N.Taylor en A.Collins, J.C.S. Perkin I, 1218 (1980).

9. Het valt te betreuren dat veel plaatselijke, christelijke kerken
afwijzend staan tegenover de nationale evangelisatie-aktie
"Projekt '82 ".

31 maart 1982,
A.D. Broek


