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Abstract. Three novel, 6-s-locked rigidified retinals, racemic all-E 1,5-didemethyl-8,I6-methano- 
retinal, all-E 1,l-didt.methyl-8,18-methanoretinal and all-E 8a,18-didehydro-l,l-didemethyI-8,IX- 
methanoretinal were prepared in good yield in high purity on a 100-mg scale. For the prcparation 
of the key intermediate in the synthesis of 1,5-didemethyl-8,16-methanoretinal, reductive cyanation 
of an unsaturated cymohydrin to  the corresponding conjugated nitrile was accomplished using 
triethylsilane and trifluoroacetic acid. T h e  three locked retinals interact with bacterioopsin to  form 
bacteriorhodopsin with about the same rate as the native chromophore. This work proves that 
steric interaction of the I,l-dimethyl group in the chromophore is an important factor in binding to 
bacterioopsin. 

Introduction 

The membrane protein bacteriorhodopsin (bR) belongs to  
the important class of retinal proteins. It is present in the 
purple membrane of Halobacterium halobiiim b R  is 
folded into seven transmembrane helices and functions as 
a light-driven proton pump that converts the energy of 
light into that of a proton gradient over ihe bacterial 
membrane. T h e  bacterium uses this energy to  generate 
A T P  to drive its life processes. T h e  chromophore is all- 
trans retinal bound to  the €-amino group of lysine-216 via 
a protonated-Schiff-base (PSB) linkage3, see Figure 1. 
The  value of light-adapted bR (568 rim) is much 
larger than that of the model PSB compound from all-trans 
retinal and butylamine (440 nm in methanol). The  red 
shift in absorption maximum of bR,  relative to its model 
PSB, is due  to  interaction of the chromophore with the 
protein chain. T h e  difference in wave numbers (5100 
cm-I )  has been called the opsin shift4. 
A few factors contribute to  the opsin shift, amongst them 
delocalization of the positive charge and interaction with 
the counter-ion5. Solid-state "C-NMR spectroscopy of 
light-adapted bRs containing a specifically ciirbon-13-en- 
riched retinylidene group established thal the chro- 
mophore o f  b R  occurs in a planar 6-s-trans co~i format ion~.  
In solution, protonated all-trans retinylidenebutylamine 
occurs in the thermodynamically more stable twisted s-cis 
conformation'. 
In a bio-organic approach, b R  analogues are  regenerated 
by reaction of retinal analogue with the free protein, 
bacterioopsin (bO), obtained by bleaching of b R  in the 
presence of hydroxylamine'. We have studied the pair of 
isomeric b R  analogues with the 8,16- and 8,18- 
methanoretinylidene chromophore". T h e  8 , l b  and 8,18- 

'' Address: 1.C. Slater Institute. University of Amsterdam, Plantage 
Muidergracht 12, 1018 TV Amsterdam. Thc Netherlands. 

methano bridges lock the chromophore in almost planar 
6-.s-trans and 6-s-cis conformations, respectively, without 
substantially perturbing the electronic factors. (The mere 
presence of an extra alkyl substituent has only a small 
effect on the An,in of the retinal"'.) 8,16-Methanoretinal 
(I; see Figure 2 )  forms a b R  analogue that closely rescm- 
bles natural b R  (rate of binding, A m i m  570 nm, light-dark 
adaptation and proton-pump activity 90% ). The binding 
of X,18-methanoretinal (II), however, is slow and complex. 
8,lg-Methano-bR deviates considerably from the natural 
system (low rate of binding and a proton-pump activity of  
20%). From the opsin shift of 8,18-methano and 8 , l f J -  
methano-bR, it can be derived that a planar 6-s-truii.s 
conformation contributes approximately 1200 cm ~ I to the 
opsin shift". 
A molecular model of b R  has only recently become avail- 
able with the aid of high-resolution cryo-electron mi- 
croscopy". T h e  resolution of this model is still limited 
and the chromophore could not be  located. (The location 
of the chromophore in the protein has now bccm estab- 
lished by neutron-diffraction techniques''.) The  model 
suggests that the steric environment around the ring can 
accommodate the two 1-methyl groups only in the 6-s-trans 
Conformation. The  two 1-methyl groups in the 6-s-cis 
conformation would collide with helices D and F near 
residues methionine 118 and proline I86l4. Stcric hin- 
drance of the two 1-CH, groups in 8 , lSmethanoret inal  is 
then likely to  account for the slow binding o f  X,18- 
methanoretinal t o  bO. 
Further insight into the steric requirements of thc binding 
pocket can be attained by studying the interaction o f  bO 
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with retinal analogues that have a locked 6-s conforma- 
tion and that do not have methyl groups attached to the 
bicyclic ring part. T h e  novel racemic all-E 1,s-didemethyl- 
8,16-methanoretinal ( I ,  see Figure 2), all-E 1,l-dide- 
methyl-X,18-methanoretinal (2) and all-E 8a, 18-didehy- 
dro-I, I-didemethyl-X,IX-methanoretinal (3) are  the retinal 
analogues we have chosen for this study. 
A I M  I ,S-didemethyl-8, 16-methanoretinal and all-E I ,  1- 
didemethyl-X,18-methanoretinal form a pair of retinal 
analogues that contain the 6-s-truns- and 6-~-cis-locked 
conformations, respectively. 1 and 2 differ from all-E 
8,16-methanoretinal (I)  and all-E 8,18-methanoretinal (11) 
in that they lack methyl groups in the bicyclic part and 
unequal steric interaction arising from these methyl groups 
is ruled out. Comparison of their interactions with bacte- 
rioopsin will increase our understanding of the size of the 
binding pocket and the effects of the 6-s conformation. 
T h e  aromatic analogue of 2, all-E Xa,l8-didehydro-l,l-di- 
demethyl-8,18-methanoretinal (3 )  occupies similar space, 
compared to 1 and 2, but differs in electronic factors, due 
to the presence of the aromatic ring. 
In this paper, we describe the synthesis of 1, 2 and 3. 1 
has a chiral carbon atom (Cl) ;  it is obtained as a racemate 
in the total synthesis. T h e  novel compounds are character- 
ized and their interaction with b O  is discussed. 

Synthesis 

AIM I,S-didemethyl-8,16-rnethanoretinal (11, all+ 1,l-di- 
demethyl-8,lX-methanoretinal (2) and all-E 8a,l8-didehy- 
dro- I,S-didemethyl-8,l8-methanoretinal (3) each have a 
modified p-ionylidene part with respect to  the parent 
all-E retinal. For the synthesis of 1, 2 and 3, we first had 
to prepare the novel p-ionone analogues 1-(3,4,4a,5,6,7- 
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Fig. 3. Slruciure of n o d  P-ionotw unulogues 8, I3 and 14 

hexahydro-2-naphthaleny1)ethanone 8, 1-(3,4,5,6,7,8- 
hexahydro-2-naphthalenylkthanone 13 and 1-(5,6,7,8-te- 
trahydro-2-naphthaleny1)ethanone 14, see Figure 3. We 
anticipated that each of the p-ionone analogues could be  
extended to the corrcsponding retinal analogue via a well 
documented four-step chain-elongation sequence that has 
been used in the synthesis of retinal and many chemically 
modified retinals”’5.ih. 

All-E I,5-didemethyl-H, 16-methanoretinal (1) 

T h e  high-yield two-step preparation of racemic 4,4a,S,6- 
tetrahydro-2(3H)-naphthalenone (4) from 2-methoxy- 
naphthalene has recently been describedi7. It contains the 
hexahydronaphthalenyl structure that serves as an ideal 
s ta r t ing  m a t e r i a l  f o r  all-E l ,S-didemethyl-8,16-  
methanoretinal (11, see Scheme I .  Conversion of tetrahy- 
dronaphthalenone 4 into cyanohydrin 5 was effected by 
treating 4 with trimethylsilyl cyanideix and AICI, as a 
catalyst to  give the corresponding trimethylsilyloxy nitrile, 
which was hydrolysed with dilute HCI. Reductive elimina- 
tion of the alcohol group of the cyanohydrin with con- 
comitant double-bond shift into conjugation converts the 
unsaturated cyanohydrin into the conjugated nitrile 7 that 
contains the required naphthalenyl moiety. I t  is known 
that alcohols that can form a stabilized carbonium ion 
undergo reduction upon treatment with a protic acid and 
a hydride ion donor”. We found that, if cyanohydrin 5 is 
first suspended in triethylsilane and then treated with 
trifluoroacetic acid, the alcohol group is eliminated and 
regioselective hydride addition at  C-7 takes place, leading 
to the required conjugated nitrile 7. T h e  nitrile group of 7 
was converted into a methyl ketone function by treatment 
with methyllithium, giving the p-ionone analogue 8 in 
46% yield based on 4. 
8 was coupled in a Horner-Emmons reaction to the anion 
of (diethy1phosphono)acetonitrile to give the P-iony- 
lideneacetonitrile analogue, which was submitted to re- 
duction by diisobutylaluminum hydride (dibal). T h e  result- 
ing aldehyde 9 was reacted with the anion of 44di- 
ethylphosphono)-3-methyl-2-butenenitrile in a second 
Horner-Emmons reaction to give the retinonitrile. A final 
reaction of the retinonitrile with dibal gave a n  isomeric 
mixture, with 1 as the main constituent. T h e  all-E isomer 
is substantially less soluble in diethyl e ther  than the  Z 
isomers. Pure 1, which is racemic, was obtained by wash- 
ing the solid product with diethyl ether. 
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Scheme I .  Synthesis of all-E I,S-didemethyl-S, 16-methanoretinal (1). 



All-E I ,  I-didemethyl-8,IH-methanoretinul (2) 

p-Ionone analogue 1-(3,4,5,6,7,8-hexahyclro-2-naphtha- 
1enyl)ethanone (131, indispensable for tht: synthesis of 
all-E 1,1 -didemethyl-8, 18-methanoretinal (2), was pre- 
pared in two steps, as depicted in Scheme z! .  Diels-Alder 
reaction of 3-bromo-3-buten-2-one (1 1) and 1,2-bis- 
(methylcne)cyclohexane2' (10) gives unsaturated a-bromo 
ketone 12 that contains the carbon skeleton of 13 with 
one carbon-carbon double bond in the right place. The  
second double bond is introduced by elimination of hy- 
drogen bromide. Treatment of 12 with 1.5-diazabi- 
cyclo[4.3.0]non-5-ene (DBN) under strict exclusion o f  oxy- 
gen gave the required p-ionone analogue 1.3. 
p-Ionone analogue 13 contains the required sensitive di- 
hydrobenzene structure. In subsequent reactions leading 
to  2 excess base and oxygen must be avoided to  prevent 
aromatization. Coupling 13 in a Horner-E:mmons reac- 
tion to  the (diethy1phosphono)acetonitrile anion gave the 
P-ionylideneacetonitrile analogue, which wa< submitted t o  
reduction by dibal. T h e  resulting aldehyde 1.5 was treated 
with the anion of 4-(diethylphosphono)-3-methyl-2- 
butenenitrile to  give the retinonitrile. A final reaction 
with dihal gave a n  isomeric mixture with 2! as the main 
constituent. Although cyclohexadiene systems are  prone 
to  aromatization, after the four-step procedure no aroma- 
tized product was observed. Pure 2 was obtained after 
SiO, column chromatography. 

All-E Xu, 18-didehydro- I, 5-didemethyl-8, I8-methanorc~tinuI 
(3) 

3 was obtained from the aromatic p-ionone analogue 14. 
This p-ionone analogue is accessible by oxidation of the 
cyclohexadiene p-ionone analogue 13 with 2,3-dichloro- 
5,6-dicyano-l,4-quinonc (DDQ), as indicated in Scheme 2. 
Horner-Emmons coupling of 14 to the anicm of (diethyl- 
phosphono)acetonitrile and subsequent dihal reduction 
yielded aldehyde 16. This aldehyde was submitted to  
coupling to  the anion of 4-(diethylphosphono)-3-methyl- 
2-butenenitrile and subsequent dibal reduction, which gave 
a mixture of geometric isomers containing niainly 3. Pure 
3 was obtained after SiO, column chromatography. 

Spectroscopic characterization 

Muss spec 't romet ry 

The fast-atom-bombardment mass spectra of 1, 2 and 3 
show the parent peaks [M + HIi at, resprxtively, m / z  
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269.1885. 269.1943 and 267.1750. They are, within experi- 
mental error, fully in agreement with the calculated values 
for the corresponding molecular formulae (calculated for 
C , , H 2 5 0  269.1905 and for C,,)H,,O 267.1747). T h e  low- 
resolution FAB mass spectra a t  70 cV all show the parent 
peak of M+,  and characteristic peaks at Mt-15 and 
M+-29 due to  the loss of C H ,  and CHO,  respectively. A 
similar fragmentation pattern is found in retinal and many 
retinal anaIoguesg,'0.22. 

'H-NMR spectroscopy 

The  400-MHz 'H-NMR spectrum o f  1 (in CDCI,) is 
shown in Figure 4a. T h e  chemical-shift values and cou- 
pling constants o f  the signals in the vinylic region confirm 
the all-trans structure23 of 1. The A X  patterns of 15-H 
and 14-H appear  a t  6,,,, 10.1 1 and f i , , , ,  5.97 ppm (J,,,,.,,,, 
8.2 Hz). T h e  A M X  pattern of 10-H, 11-H and 12-H is 
present at fi,,,,, 6.38, 6 , , , ,  7.18 and fi , , , ,  6.40 ppm (Jil, , , . ,IIi 
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Scheme 2. Synthmv of uN-E I ,  I-drdcwc+thyl-X, 18-methunoretinul ( 2 )  und ull-E X I ,  IBdidchydro-I, 1-didernPthyl-8, IX-mc~thutiorc,tin(II (3  ), 



11.3 Hz, J, , , , . , , ,z  15.0 Hz). The signal of 7-H is present at 
6 6.38 ppm, and 5-H appears as  a broad singlet at 6 5.71 
PPm. 
The signals of the protons attached to  the bicyclic moiety 
form a complex pattern in the aliphatic region. The sig- 
nals were assigned using the 'H- 'H  COSY and the 
'H-"C COSY spectra. The spectrum was simulated to 
confirm the assignment. The presence of the chiral carbon 
atom (C-1) is reflected by large differences in chemical 
shift between protons o n  the same carbon atom cis or 
truns t o  I-H. This difference amounts to 0.69 ppm for 
both methylene groups next to the chiral carbon atom, 
2-CH, and 16-CH2; 0.28 ppm and 0.21 ppm for the 
methflene groups two carbon bonds away from the chiral 
carbon atom, 3-CH and 8a-CH ?, rcspcctively; and only 
0.02 ppm for 4-CH2, which is the methylene group that is 
farthest away from the chiral center. (The protons tram 
to I-H are tagged with ;I prime in Table 11.) The 9-CH, 
and 13-CH3 groups are easily rccngnisable and appear at 
6,,,, 2.06 ppm and 6,,,, 2.33 ppm (J11,4.H211 0.7 Hz). In 
Tables I and 11, the 'H-NMR chemical-shift values of  1, 
together with those o f  2 and 3, are collated. In the 
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'H-NMR spectrum of  I ,  compared to that of re- 
moval of the I-CH, group rcsults in large chemical-shift 
differences f o r  the ,!3 and y hydrogens. The equatorial 
protons have shifted downfield, the axial protons upfield, 
in accordance with the substituent effect of the methyl 
group. 
The 400-MHz 'H-NMR spectrum o f  2 ( in  CDCI,) is 
shown in Figure 4b. The all-trans structure of 2 is con- 
firmed by the chemical shift and coupling constants o f  the 
vinylic signals. The AX pattern o f  15-H and 14-H is 
present at 6,,,, 10.10 and 6,,,, 5.97 ppm, J 8.2 Hz. 10-H, 
1 I-H and 12-H give rise to an AMX pattern at 6,,,,, 6.41, 

15.0 Hz). 7-H appears at 6 6.05 ppm as a singlet. 
The high-field region reveals that the bicyclic part of the 
molecule contains the corrcct structure. 18-CHz and 8a- 
CH, appear a s  an AA'BB' sub-spectrum which is found 
at 6 2.14 and 2.43 ppm, respectively. based on comparison 
of these values with those in the spectrum o f  all-E 8,18- 
methanoretinal and the NOE effcct of  10-H on 8a-H. 
2-CH2 and 3-CHz give rise to a four-proton multiplet 
centered at 6 1.65 ppm, and the allylic I-CH, and 4-CHz 
form a four-proton multiplet at 6 2.09 ppm. Two sharp 
singlets of 9-CH, and 13-CH3 are easily recognised at 6 
2.06 and 2.33 ppm, respectively. 
The 400-MHz 'H-NMR spectrum of 3 (in CDCI,) is 
shown in Figure 4c. In  the low-field region, the vinylic and 
aromatic signals appear. The vinylic signals confirm the 
all-tran.s structure of 3. The AX pattcrn o f  14-H (6  6.00 
ppm; Jl,14.,l15 8.2 Hz) and IS-H (6 10.13 ppm) is present. 
12-H, I I-H and 10-H form an AMX pattern, appearing at 
6 6.46, 7.17 and 6.61, respectively (J , , , , . , , , ,  15.0 Hz, 
J , , , , , ~ , , , ,  11.2 Hz). The 10-H signal is split by additional 
couplings with 9-CH and the aromatic protons. 
The aromatic signals indicate a 1,2,4-trisubstituted ben- 
zene ring. The signal of 18-H appears at 6 7.06 ppm and 
displays ortho coupling with 8a-H ( J  8.0 Hz), the signal of 
8a-H appears at 6 7.23 ppm and displays ortho coupling 
with 18-H ( J  8.0 Hz) and rnctu coupling with 7-H ( J  2.2 
Hz) and the signal of 7-H appears as a broad singlct at 6 
7.20 ppm. The 'H- 'H COSY spectrum confirms the 
coupling between 7-H and 8a-H. 
In the high-field region, the signals of the cyclohexene 
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ring confirm the presence o f  this structural (clement. The  
1-CH, and 4-CH, next t o  the aromatic ring are almost 
equivalent and give rise to a multiplet at 6 2.78 ppm. The  
2-CH2 and 3-CH2 are  also very similar and give a multi- 
plet a t  6 1.81 ppm. T h e  signals of 9-CH3 ( 8  2.26 pmm) 
and 13-CH, ( 6  2.36 ppm) both appear as a doublet; 
9-CH, couples with 10-H ( J  1.3 Hz) and 13-CH3 couples 
with 14-tI ( J  1.2 Hz). The  presence of the ;iromatic ring 
induces large chemical shifts in the allylic protons ( I -H 
and 4-H). Comparing the 'H-NMR chemical shift value o f  
the allylic protons in the bicyclic part o f  2 and 3, a 
difference o f  0.70 ppm is found for I-H and 4-H and a 
difference of 0.15 ppm is found for 2-H and 3-H. 

"C-NMH spectroscopy 

13C-NMK spectroscopy is a powerful tool for establishing 
the structure of thc carbon backbone. The  100-MHz ' H -  
noise-decouplcd I3C-NMR spectrum of  1 is composed o f  
8 signals in the ,vp3 region and I 1  signal:; in the .sp' 
region, i n  accordance with the 19 different c-irbon atoms. 
T h e  A P T  spectrum reveals three negative peaks in the sp' 
region, the two methyl groups at  6 14.2 and 13.1 ppm and 
the signal of I-C at 35.2 ppm. Thc  five methylene carbon 
atoms of the bicyclic ring part appear a t  30.1 (2-C), 30.3 
(16-C), 22.3 ( 3 - 0 ,  26.3 (4-C) and 26.1 ppm (821-C). The  
signals o f  the proton-bearing carbon atoms were unam- 
biguously identified from the I H-'.'C COSY spectrum. 
In the sp2  region, 15-C is easily recognized based on its 
chemical shift ( 8  191.0 ppm). 5-C, 7-C, 10-C', 1 I-C, 12-C 
and 14-C are identified from the 'H-I3C COSY spec- 
trum. The  assignment of the peaks of thr: quaternary 
carbons was obtained from the long-range '11- I3C COSY 
spectrum. The  'jC-NMR chemical-shift values o f  1, 2 and 
3 and their assignments are given in Table 111. In the 
13C-NMR spectrum of 1, as compared t o  that of Ill, 
removal o f  the  I-methyl group induced an t : x p e ~ t e d ' ~  (Y 

effect o f  3.5 ppm downfield, p effect o f  6.9 (for C-2) and 
6.5 ppm (for C-16) upfield and a y effect of 4.1 (for C-3) 
and 3.1 ppm (for C-8a) downfield. 
T h e  100-MHz I H-noise-decoupled IjC-NMR spectrum o f  
2 shows 19 signals, in agreement with the 19 different 
carbon atoms. In the sp3 region the expected 8 signals are  
present, which were assigned form the ' H  - I3C COSY 
spectrum and the long-range 'H-I3C COSY spectrum. 
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82-C and 18-C appear  a t  6 24.1 and 20.2 ppm, respec- 
tively. The  signals of the allylic carbon aton-1s in the 
cyclohexene moiety appear close together at 6 30.1 (I-C) 
and 28.6 ppm (4-C). The  signals of 2-C and 3--C in the 
cyclohexcne part arc  also close together at  6 22.8 and 23.1 
PPm. 
In the ~ s p 2  region, the expected 1 I vinylic carbon signals 
are  present. 7-C, 10-C, ll-C, 12-C, 14-C and IS-C were 
assigned from the I H- I3C correlated spectrum. l h e  qua- 
ternary 5-C and 6-C are at  6 134.6 and 127.6 ppm. 
respectively; 6 133.5 ppm was assigned to  8-C. ( 'ompared 
t o  11, the  removal of the two I-methyl groups has ii 
pronounced influence on the chemical shifts of the hi- 
cyclic ring part of  the moleculc. 
The  100-MHz 'H-noise-decoupled "C-NMR spectrum of 
3 shows I8 signals. In the .sp3 region, five signals iirc 
present. The  signals of 19-C and 20-c', negative peaks i n  
the A P T  spectrum, are identified at 6 16.4 and 13.2 ppm, 
respectively. T h e  remaining three signals, positive peaks 
in the A P T  spectrum, are  assigned t o  the carbons in the 
cyclohexene ring. At 6 23.2 ppm, the signals o f  2-C and 
3-C coincide, according t o  the I H- 13C' COSY spectrum. 
T h e  signals at 6 29.2 and 29.6 ppm belong t o  I-[' and 4-C. 
In the sp' region, the expected 13 signals arc present. 
T h e  signals of the proton-bearing carbon atoms were 
casily identified from the lH-13C COSY spectrum. The  
signals of  the quaternary aromatic 5-c', 6-C and 8-C (6 
137.2, 137.5 and 139.4 ppm) could not be assigncd unam- 
biguously. Comparing the I3C-NMR spectrum o f  3 with 
that of 2, the chemical-shift differences for the allylic 
carbon atoms and thc ,&carbon atoms in the bic!/clic part 
are only very small (less than I ppm). 

U V / Vis spcctrosc'opy 

The A,,;, values of 1, 2 and 3 are  395 nm, 416 nm and 372 
nm, respcctively. T h e  value for 2 is within experimental 
error the same as that of I1 (415 nm) and that of I is 5 nm 
smaller than that of I .  This shows that the rcrnoval of ;I 
methyl group from an sp3 carbon atom, a s  expected, does 
not change the Am;a value. The  removal o f  a methyl group 
from an sp' carbon atom gives an expected 5 nm hyp- 
sochromic shift. T h e  A,,li, values o f  the protonatcd Schiff 
base of I (467 nm) and 2 (490 nm) are  also vcry close t o  
that of I (405  nm) and I1 (485 nm). 
The  A,;, value of 3 (372 nm) is 42 nm smaller than that o f  
2, showing that the tetrahydronaphthalene part in 3 con- 
tributes less t o  the conjugation o f  the system than the CS 
t o  C8 diene moiety in 2. T h e  A,,;, value of 3 agrees with 
the A,, values of the retinal with the naphthalcn8c system 
( 3,7 -d im e t h y I - 7- n a p h t h a le n y 1 - 2,4,6- he  p t a t r ie n ;I I '' ; 3 68 
nm). T h e  A,,,:, values of 1, 2 and 3 are collated in Table 
IV. 

Analogue pigment studies 

Bacterioopsin reacts with a slight excess of 1 :it room 
temperature to form, within seconds, the bR analogue 
bR(1)  with a A,,;, at 552 nm 54.103). After IS 
minutes, the conversion is complete. may be interchanged 



Similarly, ;I slight excess o f  retinal analogue 2 reacts with 
bO within seconds at room temperature. First. a broad 
absorption is observed with ii Anlcm at 582 nm. Before 
binding is complete. bR(2) undergoes further reaction to  a 
pigment with A,,,;, value o f  SOY nm. After 30 minutes, 
binding is complete. In the next I hours, the intensity of 
the absorption decreases slightly and the shifts fur- 
ther down to a final value of 504 nm. N o  further changes 
are then observed. 
A slight cxcess o f  retinal analogue 3 reacts, within seconds 
at room temperature, with bO to form bR(3) with a AmZm 
at SO1 nm (c , ,~ . ,~  47.107). After 30 minutcs, the conversion 
is complete and n o  more increase of the absorption at SO1 
nm is observed. 
If bR(1), bR(2) and bR(3) are treated with excess of all-E 
retinal. n o  increase in absorption at 508 nm is detected, 
indicating that, in each case, regeneration is complete and 
stiible towards displacement by retinal. This means that, 
in each o f  the three bR analogues, the retinal analogue 
occupies the binding pocket. 
BR(1) does show light-dark adaptation. Leaving it to 
stand in the dark for a few hours shifts the Amtm value to 
548 nm. I t  completely reverts to  the light-adapted form 
(A,, , ; ,  552 nm) upon exposure to  visible light. Due  to  
quick further reaction o f  bR(21, light adaptation o f  bR(2) 
cannot be studied. BR(3) does not show light-dark adap- 
t ii t ion. 
Binding o f  the retinal analogue pair 1 and 2 with bO to 
form bR(1) and bR(2) shows about the same kinetics as 
the binding of retinal to form bR. This is in strong 
contrast t o  the retinal analogue pair I and 11, where the 
binding o f  I is as rapid as retinal, but the binding of 11 is 
very slow. These facts show that steric hindrance between 
the I,l-dimethylgroups in the h-s-cis retinal I1 and the 
pcptide chain o f  bR is an important factor in the binding. 
When this factor is absent, such as in the pair 1 and 2, the 
binding o f  the retinal analogues is as efficient as retinal 
itself. 
From the A,,,., v;~lues o f  light-adapted bR(1) and the 
butylaminc protonated Schiff base of 1, the opsin shift o f  
bR(1) is calculated to amount t o  3300 cni- I. T h e  opsin 
shift of bR(2) amounts to  3230 c m - '  and the opsin shift 
of bK(3) amounts t o  3400 cni I. The A,,,:, values of 1, 2, 
3. their Schiff bases and their analogue bRs are collated 
in Table IV. 

Proton pump action 

We reconstituted bacteriorhodopsin in soybean phospho- 
lipid vesicles. Illumination of  vesicles with visible light 
rapidly increased the pH of the external medium. The  
resulting proton gradient decreases the velocity o f  proton 
uptake asymptotically until a steady state is reached, in 
which light-driven proton uptake equals the passive back 
leakage. T h e  extent of  proton uptake is measured as the 
difference between the p H  before illumination and the 
p H  reached at the steady state, expressed as (nmol H + / m g  
bR). When the light is then turned off, the protons 
re-equilibrate until the proton gradient has disappeared. 
bR(I) ,  bR(2) and bR(31, as  well as  native bR and bO were 
reconstituted in liposomes. For natural bR,  a proton- 
pump action of  21 I nmol H+/mg was recorded. For  
bR(1). bR(2) and bR(3), values of 107, 42 and 48 nmol 
H '/mg were recorded, respectively. The  value recorded 
for the proton-pump action o f  bR( 1) amounts to  approxi- 
mately S l %  of the value recorded for bR. The  values 
recorded for bR(2) and bR(3) are  equal within experimen- 
tal error and amount to  approximately 20% o f  the value 
recorded for bR. 

Discussion 

We have prepared a l l 4  I ,S-didemethyl-8,lh-methanoreti- 
nal ( I ) ,  all-E l,I-didemethyl-8,18-methanoretinal (2) and 
a l l 4  X a ,  18-didehydro- I ,  I-didemethyl-8,lX-methanoretinal 
(3). 1 has been prepared in a fair overall yield of 16%, 
based on  4,4a,S,6-tetrahydro-2(3H )-naphthalenone (41, 
and 2 and 3 have been prepared in 40% and 26% yield, 
respectively, based on 1,2-bis(methylene)cyclohexane (10). 
T h e  novel hexahydronaphthalenenitrile 7 is a crucial in- 
termediate in the synthesis of 1. In a first approach to  the 
synthesis of 7. we started from easily available 4,4a,5, 
6,7,X-hexahydrci-2(3H )-naphthalenone'", which could effi- 
ciently be converted into its silyloxy nitrile. Elimination of 
the elements of water should give 7. This reaction worked 
well for the silyloxy nitrile prepared from 3,4,4a,5,6,7- 
hexahydro-4a-methyl-2-napthalenenitrile'" (4a-methyl-7). 
However, treating our  silyloxy nitrile with POCl, in pyri- 
dine gave a complex mixture containing some 7, from 
which 7 could not be  separated on  preparative scale. 
W e  then used 4 as a starting material for synthesis of 7. 
W e  first tried reductive introduction of the nitrile func- 
tion by treating 4 with tosylmethyl isocyanide (tosMIC). It 
is known that, in some cases, tosMIC can be used for the 
reductive conversion o f  ketones into a nitrile2'. We ob- 
tained a complex mixture o f  products in which the desired 
product could not be identified. 
In a later approach, we first prepared cyanohydrin 5 from 
4. Treating 5 with trifluoroacetic acid and subsequent 
addition of triethylsilane effected reductive elimination of 
water t o  give ;I mixture o f  7 and some of its isomers, 
which could not be separated. First suspending 5 in a n  
excess of  triethylsilane and subsequent treatment of this 
suspension with trifluoroacetic acid quantitatively gave 
nitrile 7. Presumably. the carbonium ion 6 is formed, 
which immediately reacts with triethylsilane selectively on  
position C-7 to  form the conjugated nitrile 7. Using acetic 
acid instead of trifluoroacetic acid did not give this con- 
version; the acidity of acetic acid is probably too low t o  
generate the carbonium ion 6. 
T h e  next step is the conversion of the nitrile function of 7 
into the methyl ketone function o f  p-ionone derivative 8. 
This conversion was effected by treatment of 7 with 
methyl-lithium, its in the case of the 4a-methyl derivative 
of 7. Generally. this reaction is very efficient only for 
aromatic and saturated aliphatic nitriles and does not 
work well for unsaturated nitrilcs. However. in the case of 
the unsaturated, aliphatic 7 and 4a-methyl-7 this reaction 
works very well. 
Further reactions starting from p-ionone analogue 8 must 
be carried out  in dim red light. T h e  presence o f  the allylic 
bridgehead hydrogen atom at position C-I causes light 
instability in these systems. As far its we know, this is the 
first case where this type o f  light sensitivity has been 
observed during a retinal synthesis. Retinal 1 also shows 
this light-induced destruction, which was found t o  occur 
more rapidly in acetonitrile than in ethanol. For the 
preparation o f  retinal 2, care must be taken to  prevent 
aromatization o f  the dihydrobcnzene structure. T h e  sol- 
vents should be degassed and no excess base should be 
present. Under  these conditions. pure retinal 2 can be 
prepared with no trace o f  the corresponding aromatic 
system 3 being present. 3 can be prepared by treating 2 
with 2,3,5,6-tetrachloro- 1,4-quinone. However, it is more 
convenient to  prepare 3 starting from fi-ionone derivative 
14, which can easily be prepared starting from the dihy- 
drobenzene fi-ionone derivative 13 by DDQ oxidation. 
The  binding rates of 1 and 2 to  form bR(1) and bR(2) are  
both quick and in the samc range ;IS that of retinal and I, 
whereas the binding o f  11 to  bO is much slower. It is clear 
that the presence of  thc two I-methyl groups in I1 and 
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thcir ;ibscncc in 2 is responsible for this difference in 
behavior between the retinal pairs 1 and z! on the one 
hand and I and I1 on the other hand. This shows that 
there is ii stcric interfercncc between the two I-methyl 
groups and groups in the peptide chain o f  h l i .  This steric 
factor is probably the same factor that forces the native 
chromophorc in b R  in the characteristic O - s - t t u i i ~ s  confor- 
mation. Both 1 and I have been prepared in iacernic form. 
T h e  fact that we had to use raceniic mixtiires docs not 
change the conclusions. We studied the corresponding 
optically pure ( I  K)-II l  and ( I  S)-l l l ,  and thcy show only ii 
small difference (factor of  two) in binding rate,. the racemic 
form of 111 binds with an intermediate rate. Furthermore. 
chirality is only reflected in the c,,,,,, value but n o t  in the 
A,,,<, viiluc of the bK analogue. 
Unlike bR. h R ( I )  and hK(1), hR(2)  is rwt  stable but 
converts into ;I product with ;I smaller A n l z m .  This change is 
due t o  an ;is yet unknown factor in the interaction o f  the 
chromophorc and the protein. I n  this case, no covalent 
in te rx t ion  is involved because, from this product, bO can 
be obtained by bleaching thc pigment in thc presence of 
hydroxy lami ne . 
The opsin shift o f  hR(1) is 3300 cm I .  Exac,tly the same 
value has been found for bK(II1). This is 6tiO c m -  I less 
than the opsin shift of bK(1) (3950 cm ~~ '1, ii contribution 
of the S-methyl group t o  the opsin shift. relatcd to  the fact 
that. in the chromophorc in  b R  (and analogues), more 
positive charge is present on C-5 than in the correspond- 
ing modcl systems?'. T h e  clcctron-donating .ibility o f  thc  
5-methyl group stabilizes the charge in X,I(l-methano-bR 
[bR(I)] more than in 1.5-clidemethyl-X,Ih-methano-bR 
[bR(l)]. 
The  proton-pump activity o f  bR(1) is 51% O F  that  o f  bR. 
the same value a s  for the proton-pump activity of bR(II1) 
and S-demethyl-bR. The  proton-pump activity of hR(I )  is 
YO%. 'This result agrees with the fact that ..he 5-methyl 
group in bR contributes about SOr/r to the proton-pump 
activity. 
Retinal 2 and retinal 3 have virtually the same stereo- 
chemistry. but differ in electronic structure Idihydroben- 
zene I ' S .  benzene part). Both show an expected rapid 
reaction with bO to  form bR(2) and bR(3). bK(2) and 
bR(3) have similar opsin shifts (3230 and 3400 cm-I, 
respectively). The difference in electronic structure be- 
tween 2 and 3 appears to have no intlumce on the 
proton-pump activity and the opsin shift. The  low Anla,y 
value of the free retinal and the chromophore in hR(3) is 
in agreement with the fact that an aromatic system does 
not interact a s  well with the rest o f  the conjugatcd chain 
as ii dienc in i i  dihydrobcnzene structure. 

Experimental 

2111' inms spsctrometer. ii i i  inhti-iiinent with r c v c w  geometry. fitted 
with ;I high-field magnet a n d  coupled to ;I V.(;. I I / 2 5 0  d ; i t ; i  \y\ tc i i i .  
The sample\ were introduced via :I direct insertion prohc mto the ioii 
source. The ion-source temperature W;I\ gener;illy l50 ' ( ' .  During 
high-resolution FAI3-MS nie;isursment\. ;I resolving power of 200011 
( 10"; valley definition) was u\cil. 
Evaporation of solvents was performed 1 1 1  I ' ( I ( ~ I I O  ( 2 0  niiii I Ig). Purifi- 
cation was performed hy flash coluniii SiO, chromatogi iphy .  using 
cthcr/petroleuni-ethei- a s  eluent. unless \t;itcil otherwise 

IX.5 g ( 1  17 iiiinol) of 7-metlioxynaplitli~ilene ; i n d  75 in1 ol ctl iai iol  
were added to 600 nil of  liquid N H  1. IX.5 g ( 0 . X O  inol) of N;I wii\ 
;idded in small portion\. The NI I W;I\  then allowed to sv;ipor;ite. 
Water w;is ;idtled to  t h e  residue ;tiid the aqueou\ layer wiis cxtriictcd 
three time\ with ether. The comhincd organic layers w ' re  w;~sIicd 
with hrinc i ini l  dried over MgSO,. The \oIvci i t \  were t h e n  ev;ipo- 
r;ited. The re\itlue W:I\ dissolved in ;I mixture 0 1  150 nil 01 I'I IF iind 
300 ml of 350; HC104. The mixture w;i\ stirred l o r  5 11 a n d  then 
wa\ticd with ~ i t d .  NaC'l. Water w m  addctl and t h e  organic layer wii\ 
ncutr;ili7ed with s o l i d  K a l I ( ' O i .  The water laver was extracted with 
ether and the comhinetl  organic layers were w;ished wit li hriiic ; i n d  

dried over MgSO,. 'The solvent\ were ev;iporatetl and t i l e  product 
wii\ purified. yielding 10.0 g ( 0 2 ' i ) .  "(' N M K  ( 5 0  M l b ) :  6 100.5 
(( '=O): 157.1) (Xa-<'):  13X.Y: 170.0: 123.4: 37.5: 35.0: 20.X: 2X.X: 25.X. 

1.0 g (6.7 iiiniol) o f  4 was dissolved i n  4 ml ol toluene 1.0 g ( I 0  
mmol) ol T M S C "  antl 50 mg o f  AICI ,. were arlded. The niixturc was 
heated t o  Of+Y' for 24 h .  The solvent was then cv;iporatt:d ; i n d  ttic 
product purified (giving two pairs o f  iliastereomersl. ' I  1 N M R  1200 
MI I L ) :  6 hO2-S.92, ni (7-1 I + % I { ) :  5.37. \ ( 1 - 1  I ) :  2.3&2.20. iii: 

2.2o-?,(l8. ni: 2.93-I.f)7. m: I . ~ X - I . I X .  m: O.I f i .  s (SI ( I I ? ) .  "(' 
N M R  (SO M l l z ) :  6 111.5 ppm (X:i-C): 132.H: 127.0: 122.5: 121.5 (( 'N):  
W.1 (2 -C) :  37.5: 35.0 (4:i-C'); 20.4; 27.0: 25.X: 1.5 (Si-c.). The siloxy 
nitrilc W;IS cli\\olved i n  20 nil o f  T€IF. 10 ml o f  3 N  Il('1 wiis ;idtlctl 
a n d  the iiiixture w;i\ stirred for 30 min. The layers wsrc !hen 
separated and the water layer was extracted with ethei- .  The coiii- 
hined organic layers were neutralized with s a t d .  NnH<'( ) ,, w;ishcd 
with hrinc ;ind dried over MgSO,. The solvents were cvapor;itctl. 
yielding 1.01 g ( S O ' i )  o f  ii white solid. ' € 1  N M R  (20(1 M t b ) :  6 
~ . O 5 - S . 9 3 , n i , ~ 7 - ~ ~ + X - l ~ ~ 5 . 4 O , s ~ l - ~ l ~ 4 . l - 3 . ~ . h r . s ~ O l I ~ : 2 . ~ 2 - 2 . 3 S ,  
rn: 3.24-2.11. m; 2.00- 1.75. ni: I .65- 1 .2S. m. "(' N M R  (50 M I I f ) :  6 
142.5 (X:I-('): 133.2: 127.4: 121.5 (<"I: l21).7: 67.7 (C- -Ol l ) :  36.1: 35.0: 
20.3: 77.7: 25.X. 

1.0 g (5.7 niniol)  of 5 wiis suspended in h nil o f  trietliylsilanc ;it room 
tcmperaturc. I0 ml 0 1  trifluoro acetic acid wii\ ;idlied slowly. Thc 
mixture W;I\ \tirreii f o r  I h .  Water *:I\ xlileil a n t l  then \olid 
N a l l C ' O l  to ncutr:tlire the mixture. The layers were sep;ii-ated. Ttic 
water layer was extr;icted with ether and the comhincd c thcrcd  
layers were washed with hrinc and dricil over MgSO,. 'The \oIvciiI 
was evaporated and the product was puritied. Yield 0 .Xf )  g (05': ). ' 1 1  
N M R  (200 M l l t ) :  ii 0.07. s (I-€{): 5.83. m (S-11): 2.35-2.OX. 111: 

1.02-1.77. m: 1.72-1.46. m: 1.35-1.12. m. 1 7 ( '  N M R  (31 MII)) :  6 
143.3 (C-11): 135.6: 133.3 (C-11): 130.2: lOS.2: 34.1: 2O.h: 78.Y: 27.2: 
26.1; 2I.X. 

Chemicals were purchased ;is reagent-grade from J a  isscn C'himica 
(Belgium) or Altlrich ( M O ,  USA). Triniethylsilyl cyanide ~ c i i h  pre- 
pared ;iceording to R c c ~ ;  et ; I I . ~ " .  The following wlvents were dis- 
tilled prior to t i s t :  tetrahydrofuran (TI IF: from I i U H  .I ), diethyl 
ether (froni P,O,). petroleum ether (hp. 40-60°C': from P,O,). 
toluene (from Na),  C l 1 2 ( ' 1 2  (from C'afl, ). Reactions "ere generally 
carried o u t  in ;I nitrogen atmosphere. Dii~ohutylaluniinum hydride 
(dihal) was used ;IS I.IIM solution in hexancs: hutyllithium (RuLi) ;I\ 

I.hM solution in hexanch. 
N M R  spectra were r u n  i n  C'DC'I I (with tetramethylsilrne :is internal 
standard. 6 0 ppm) at ii Jcol FX-200 o r  ii llruker MSL-400 (operat- 
ing iit I 0 9 3  M I I L  and 400.1 Mil). respectively, for  I t l :  50.1 M t l t  and 
IO0.h M l f 7  f o r  I,('). UV/Vis spectra were run o n  a Varian DMS-200. 
using ethanol or 11-hcxane (spectroscopic grade) as solvent. Ihcterio- 
opcin was prepared according to published procedure5 "I, 
The FA13 ni:iss spectra were recorded on a V.G. Microm;iss ZAB- 

1.0 g (6.3 nirnol)  o f  7 was dissolved in 25 ml ot l t 1 F .  12 niniol 01 
methyllithium were added via ;I syringe ;it - 51N'. The niixtiirc wiis 
transterred to room temperature and stirred for 30 n i in .  18 nil o f  I N 
11<'1 was added and the mixture was stirred vigorously f o r  30 niiii. 
N a I l C O ,  was added ;ind the layers were sep;iratcd. Tho ;Iqucous 
layer was cxtrvcted twice with ether. The conihined organic layers 
were washed with hrine and SiO, was added. The miuture was 
stirred for I h ,  then MgSO, was added. The solids were filtered oft 
a n d  the solvents were evaporated. The product wci~\ purified. yield 
0.hO g(62?;). ' H  N M R  (200  M I L ) " :  (7 6.W s ( t l - 7 ) :  5.05. hr. ~ ( 1 1 - 5 ) :  
2.60-256. ni (4-CH,): 2.32, s (IY-CII 2.2X-2.II4. m; I.O>;-l.70. 111: 
1.69-1.42. ni: l .2X- l . l l ,  ni. "C N M R  ( 5 0  MI17): i5 lOO.2 (<'-(J): 
13Y.H: 137.4 (C-H): 136.6 (C-11): l33.f): 35.0: 70.S: 29.4: 1!0.4: 24.0; 
23.4: 22.0. 

" Retinoitl numbering used. see 1 and Ref .  34 



0.53 g (3.0 mmctl) o f  (diethy1phosphono);icetonitrile was dissolved in 
7 0  nil o f  TI1F and 2.5 mmol o f  BuLi were added via 21 syringe at 0°C. 
After stirring l or  10 niin. a solution o f  0.40 g (2.3 niniol) of 8 in I 0  ml 
o f  'T1IF was iidded dropwise. The mixture was stirred for 2 h ,  then 
water was iitlded. The layers were separated and the aqueous layer 
was extracted three times with ether. The combined organic layers 
were washed with brine. dried over MgSO, and filtered over SO2.  
The solvents were evaporated and the residue was purified, yielding 
O , ~ O  g (80%) o f  nitrile (as a X :  I mixture o f  9 . ~  and 9-Z isomers). ' H  
NMR (200  M H Z ) ~ , :  9-E: 6 6.47. s (7-H): 5.81. br. s (5-H); 5.24. s 
(10-H): 2.21. s (9-CH,3); 0 - Z :  6 6.40, s (7-€1); 5.72, br. s (5-H); 5.10. s 
(10-11); 2.01. s (V-CII.,). " C  NMR (50 Mllz): 9-F;: 6 157.7; 137.0; 
133.1; 132.7; 130.8; I 18.0; 92.3: 34.3; 29.5: 29.3: 25.6; 25.1; 21.7; 17.4. 
0.30 g (1.X mmol) of the nitrile was dissolved in dry petroleum ether 
and cooled to - 60°C'. 2.5 niniol of dihal were added via a syringe. 
The mixture was stirred for 15 min. then ii slurry o f  I0 g of SiO, and 
5 p of w;iter was added and the mixture was allowed to warm to 
room temperature. After 1 h. MgSO, was added and the solids were 
filtered o f f .  After cv:iporation o f  the solvent and purification. 0.30 g 
(X2V)  o f  aldehyde (as  a mixture o f  9-E a n d  9-Z isomers) was 
ohtained. ' 1 1  NMR (200 MtIz)34: 9-E: 6 10.14 ppm. d J 8.2 Hz 
( I  l-l!); 6.64. s (7-FI); 6.07. d. J X.2 Hz (10-11); 5.83. hr. s (5-H): 2.33. s 
(O-CHl): 7.39-1.97, ni; l.95-I.X4. m; 1.65-1.45. m; 1.33-1.12. m; 
%Z: 69 .65 .  d. J 8.2 l l z  ( I  I-H); 2.05, s (9-CH3). '.3C NMR (50  MHz): 
0-I<: 6 191.2; 155.X: 137.6: 135.5; 132.9; 13O.X; 124.4: 34.7; 29.7: 29.7; 
20.1; 25.7: 21.9; 13.5. 

0.54 g (2.5 mmol)  o f  ~-(diethylphosphono)-3-methyl-2-butenenitrile 
was dissolved in 20 ml of THF and 2.0 mmol of BuLi were added via 
;I syringe a t  0°C. After stirring for 10 min. il solution o f  0.30 g (1.5 
nirnol) of 9 in 10 ml o f  THF wiis added dropwise. The mixture was 
stirred overnight, then water was added. The layers were separated 
and the aqueous layers was extracted three times with ether. The 
combined organic layers were washed with brine. dried over MgSO, 
and then filtered over SiO,. The solvents were evaporated and the 
residue was purified, yielding 0.23 g (5X% 1 o f  an isomeric mixture o f  
nitriles ' t l  NMR (200 MHz)": 9-E: 6 5.69 ppm. hr. s (7-H): 5.16, s 

At ~ 60°C'. 7 mmol o f  dihal wiis added via a syringe t o  a solution of 
0.23 g (0.87 mmol) o f  the nitriles in CH,Cl,. After stirring for 30 min 
at -4(YC'. :I slurry o f  2 g of SiO, and I g of water was added. The 
mixture wiis stirred for 2 h at 0°C. then MgSO, was added. The 
solids were filtered o f f  and the solvents were evaporated. 0.20 g 
(XSC>) o f  an E / Z  mixture was obtained. In  order t o  purify the all-E 
isomer. i t  was stirred in diethyl ether for 30 min. Pure racemic 1 (0.1 
g) did not dissolve. The ' H -  and I3C-NMR characteristics of 1 are 
presented in Tables 1. 11 and 111. The UV/Vis and mass spectra are 
dcscrihed in the section spectroscopic characterization. 

(14-H); 2.21. s (I3-Ctl3k 2.03, s (9-CHj) .  

154 g ( I  .OO niol) o f  I ,2-cyclohexanediearboxylic anhydride were dis- 
solved in 4 I o f  THF. 38 g (1.0 mol) o f  LiAIH, was added at 0°C in 
small portions. Stirring was then continued for 1 h. 100 g o f  water 
was then added dropwise and the mixture was stirred overnight at 
room temperature. The products were filtered over a glass-fritted 
funnel. The filtrate was dried over MgSO, and neutralised with 
NH,CI and the solvents were evaporated. The remaining yellow 
viscous oil was distilled. yielding 79 g ( 5 5 % )  of 1.2-his(hydroxymethyI- 
me)-cyclohexane, a colorless viscous sirup. B.p. 125°C at 0.3 mmHg. 
' 1 1  NMR (300 MHz): 6 4.9-4.6. br. s (2 C-OH); 3.78-3.47, m, 4H; 
1.93-1.84, m, 2H; 1.56-1.35, m. 8H. 
1.7 g (55 mmol) of red phosphorus was dissolved in 150 ml of toluene 
under N,. 20.6 g (164 mol) of iodine was added and the mixture was 
refluxed f o r  h 10 g (69 mmol) of  1,2-bis(hydroxymethyI)cyclohexane 
in 20 ml of toluene was then added. The mixture was refluxed for X 
h. After cooling the mixture was washed with satd. NaHS,O, s o h ,  
sntd. NaHCO, soln., and with hrine. After drying over MgSO, the 
solids were filtered o f f  and the solvent was evaporated. The product 
wiis purified by distillation. b.p. 141°C at 0.5 mmHg. Yield 22.5 g 
(90%) of I .2-bis(iodomethyl)cyclohexane. 'H-NMR (200 MHz): 6 
3.14, dd. 4H; 2.15-2.0, m, 2H; 1.7-1.2, m, 8H. 
10 g (28 mmol) o f  product was added t o  a solution o f  4.6 g of KOH 
(82 mmol) in 10 g o f  dry methanol. The solution was stirred vigor- 
ously and refluxed for 4 h. After cooling, the lower layer was 
discarded and the upper layer dried with MgSO,. The solids were 
filtered off. yielding 2.0 g (67%') of 10. ' H  NMR (200 MHz): f i  4.92. 

s. 2H ( 2  C=CH); 4.64. s. 211 ( 2  C X H ) :  2.25. hr. s. 4H (2 C=C-CH,); 
I .63, hr. s, 4H (7 C'H 

21.0 g (0.3 mol) o f  freshly distilled 3-buten-2-one were added to IS0 
ml of water. 4X.O g (0.6 mol) of bromine were added dropwise at 
10-15°C. The mixture was then heated and distilled, yielding a yellow 
oi l .  The aqueous layer was discarded and the organic layer was dried 
over MgSO,. This layer contained ii mixture o f  3.4-dibromobutanone 
and 3-bromobutenone (S-lO%). Yield 26 g (58%).  An analytical 
amount was purified, the bulk being used in the next step without 
further purification. ' H  NMR (300 MHz): 6 6.85. d. J 2.5 Hz; 6.47, 
d. J 2.5 Hz; 2.40. s. "C-NMR (50  MlIz): 6 191.5 (2-C); 131.7 (3-C); 
129.5 ( 4 - 0 ;  28.4 (I-C). 

2.0 g ( I 9  mmol) o f  10 were dissolved in 15 ml of toluene. At room 
temperature, 2.76 g (19 mmol) of 11 were added. The mixture was 
heated t o  60°C' for 12 h. After evapctration ctf the solvent, the crude 
product was purified. Yield 3.6 g (76%). ' H  NMR (200 MHz): f i  
2.76-2.44. m. 211; 2.40. s. 2H; 2.28-1.96, m. 2H; 1.86. br. s 4H; 
1.68-1.52. m, 411. ' C  NMR (SO Mtlz): 6 201.4 (C=O); 127.1; 124.4; 
67.3 (C'-Br); 41.1; 32.7; 29.9; 29.3; 28.9; 23.6: 22.6. 

3.0 g (12 mmol) of I2 were dissolved in 25 ml of deoxygenated 
toluene, 1.3 g ( 12 mmol) o f  1.5-diazabicyclo[4.3.0]non-S-ene were 
added at 0°C and the mixture was stirred at room temperature for 24 
h. The solids were then filtered off and the solvent was evaporated. 
After purification. 1.9 g (93%) of product was obtained. ' H  NMR 

m, 6H; 1.71-1.61, m, 4H. " C  NMR (50 MHz): 6 197.8; 140.0 (q); 
138.6 (q); 133.4 (q); 126.4; 30.3; 28.6; 28.0; 24.7; 22.6; 22.2; 20.1. 

(200 MHz): 6 6.71. S. IH;  2.46-2.35. I. 2H; 2.31, s (CH,); 2.16-2.08, 

2.1 g (12 mmol) o f  (diethylphosphono);icetonitrile was dissolved in SO 
ml of T H F  and I 1  mmol of BuLi were added via a syringe at 0°C. 
After stirring for 10 min. a solution of 1.9 g ( 1  1 mmol) of 13 in 10 ml 
of T H F  was added dropwise. The mixture was stirred for 2 h, then 
water was added. After extraction o f  the product with ether, the 
organic layer was washed with brine, dried over MgSO, and filtered 
over SiO,. The solvents were evaporated and the residue was puri- 
fied, yielding 1.9 g (80%) o f  nitrile. ' f l  NMR (200 MHz): 6 6.16 ppm, 

m, 6H; 1.71-1.61. m. 4H. 
1.9 g (10 mmol) o f  the nitrile was dissolved in dry petroleum ether 
and cooled to ~ 60°C. 13 mmol of dibal was added via a syringe. The 
mixture was stirred for 15 min, then ii slurry o f  10 g of SiOL and 5 g 
of water was added and the mixture was allowed to warm to room 
temperature. After 1 h. MgSO, was added and the solids were 
filtered off. After evaporation of solvent and purification. 1.8 g 
(94%') of aldehyde was ohtained. ' H  NMR (200 MHz): all-E: f i  10.15, 

m, 211: 2.33, s (CF1,): 2.04. hr.s. 6H; 1.65. br.s. 4H. 

All-E I .  I-didemethyl-H.lh'-mcthunorc~tiriuI (2) 

S, IH;  5.25, S, I H  (HC-CN); 2.34-2.20, I, 2H; 2.23, s(CH3); 2.16-2.08, 

d, J 8.2 Hz, IH (CHO); 6.35, S, IH; 6.09, d. J 8.2 Hz, IH;  2.35-2.25, 

11  mmol of BuLi was added to a solution o f  2.6 g (12 mmol) of 
4-(diethylphosphono)-3-methyl-2-butenenitrile in 50 ml of T H F  at 
0°C. After stirring for 10 min. 1.8 g (9 mmol) of 15 in 5 ml of T H F  
was added dropwise. After stirring for 3 h. the mixture was poured 
into satd. NH,CI solution; the organic layer was separated and the 
water layer extracted three times with ether. The  combined ethereal 
layers were washed with brine and dried over MgSO,. The solids 
were filtered o f f ,  the solvents evaporated and the residue was puri- 
fied. yielding 2. I g (89(%) of an E/Z mixture of nitriles. At - 6O"C, 
12 mmol of dihal was added via a syringe to a solution of 2.1 g (8 
mmol) of the nitriles in CH2C12. After stirring for 30 min. at -60°C. 
a slurry of 10 g o f  SiOz and 5 g of water in diethyl ether was added. 
The mixture was stirred for 1 h at O"C, then MgSO, was added. The 
solids were filtered off and the solvents were evaporated. After 
purification, 1.8 g (85%) of an E/Z mixture was obtained. The 
isomers were separated SiO, column chromatography. The  'H-  and 
"C-NMR characteristics o f  2 are presented in Tables I and 111. The 
UV/Vis and mass spectra are descrihed in the section spectroscopic 
characterization. 
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11.7 g (4 mniol) o f  13 was dissolved in 20 ml o f  CH;Cl? and 0.8 g (4  
niniol) of DDO was ;idded. The mixture was stirre8.I for 4 h at OY'. 
The solids were filtered off iind the solvent was evaporated. The 
residue was purified and yielded 0.46 g (6676) o f  14. ' H  NMR (200 
M I I z ) ' ~ :  6 7.Oh-7.53, m (Xa-Cti + l8-Cll): 7.07, m (7-CH): 2.X2-2.6s. 
m ( l - ( T i 2  +4-C'H2): 2.50. s (CII]): 1.Xl-1.72. m (2-CH, +3-CH2) .  

.?-(.7,6* 7 . N - 7 ~ ~ t r c t / ~ ~ d r o - 2 - r ~ u ~ ~ l r t / ~ c r l ~ ~ t r ) ' l ~ - 2 - h ~ i t c ~ r ~ u l  (16) 

0.46 g (2.0 nimol) of (diethy1phosphono)acetonitrile was dissolved in 
20 nil o f T l 1 F  and 2.5 mmol of I h L i  were added via a syringe at 0°C. 
After stirring for 10 niin. a solution o f  0.44 g (2.5 rrlmol) o f  14 in 10 
ml o f  T H F  was added dropwise. The mixture was stirred for 2 h. 
then water was added. The  layers were separated and the aqueous 
layer was extriicted three timcs with ether. The  combined organic 
layers were washed with hrinc. dried over MgSO, and filtered over 
SiO,. The solvents were evaporated and the residue was purified. 
yielding 11.36 g (73%) o f  nitrile (as a 7:  I mixture of 9-E and 9-Z 
isomers). ' 1  I-NMR (200 MHz)": 9-E: 6 7.16-7.04. rn (7.11 + Ha-H + 
IX-11); 5.53. s (10-H): 2.75. m ( I - C H z  +4-CH2): 2.40. s (9-CH3): 1.78. 
m (2-C€I2 + 3-('Hz). 
0.36 g (1.8 mmol) o f  the nitrile was dissolved in dry petroleum ether 
and cooled to - 60Y:. 2.5 mmol of dihal were added via ii syringe. 
The mixture was stirred for IS min. then ;I slurry o f  10 g of SiOz and 
5 g of water was added and the mixture was allowed t o  warm to 
room temperature. After 1 h. MgSO, was added antl the solids were 
filtered off. After evaporation o f  solvent and purification. 0.30 g 
(82%) of aldehyde (as  :I mixture o f  8-/: ' /X isomer.i) was obtained. 
' H  NMR (200 MHz)": 9-E: 6 10.15. d. J 8.2 l l i  (11-H); 7.25. s 
(7-11): 7.20. m (18-H): 7.15, m (Xa-H): 6.39. d, J X.2 Hz (IO-ti): 2.77. 
m ( l - l l + 4 - t l ) ;  2.53, s (V-CH,); I.XO. m (2-11+3-H).  

A11-1; 8u. 18-tlidi~hytlro- 1. I-didcrric~th?.l-8, /N-r~~rtliur~orc~irrial (3)  

Mc/hotl  A. 0.54 g (2.5 mmol)  o f  4-(diethylphosph1,no)-3-methyl-2- 
hutenenitrile was dissolved in 20 ml o f  TIIF and 3.0 mmol o f  BuLi 
were added via a syringe at O'C. After stirring for I ( I  min, a solution 
of 0.30 g (1.5 mmol) of 16 in I0 ml of Tl1F was added dropwise. The 
mixture was stirred overnight, then water was added. The layers were 
separated and the aqueous layer was extracted three times with 
ether. The combined organic layers were washed w,ith brine, dried 
over MgSO, m d  filtered over 50,. The solvents were evaporated 
and the residue was purified, yielding 0.23 g ( S X V )  of an isomeric 
mixture of  nitriles. At -60°C. 2 mmol of dibal was added via ii  

syringe to a solution o f  0.23 g (0.87 mmol)  o f  the nitriles in CHLC12. 
After stirring for  30 min at -4O"C, a slurry of 2 g o f  SiO, and 1 g of 
water was added. The mixture was stirred for 2 h at 0°C. and MgSO, 
was then added. The solids were filtered off and the solvents were 
evaporated, 0.20 g (Xh%>) of an E/Z mixture was obtained, 

Method B. 0.50 g (1.9 mmol) ot 2 was dissolved in  CH ?CI, and 0.50 g 
(2.0 mmol)  of 2,3.5,h-tetrachloro-1,4-henzoquinone i n  5 ml o f  CHzClz  
was added. The mixture was retluxed for 1 4  h .  Water was then 
added and the organic phase was separated and drit:d over MgSO,. 
After evaporation o f  the solvents and purification, 0.36 g (73%) of 3 
w a s  obtained. The  ' H -  and '.'C-NMR characteristics are presented 
in Tahles I and 111. The UV/Vis and mass spectra :ire described in 
the section spectroscopic characterization. 

Schitf huse urid protonuted Schijy huse of I ,  2 mnd 3 

The Schiff bases were prepared in a cuvette in the UV/Vis photo- 
spectrometer by addition o f  excess of butylamine t o  a dilute solution 
o f  I .  2 o r  3 i n  methanol. Addition o f  ;I drop of concentrated 
hydrochloric acid t o  this methnnolic solution completely converted 
the Schiff hase into the proton;ited form. 

Binding c ~ ~ p e r i n w ~ t s  

Binding experiments were performed a s  described [earlier at room 
temperature'". Regeneration was followed in cuveties with a path 
length of 2 mm. Light-dark addaptation was performed as described 
earlier.". 

Incorporutroti of hR unu1ogue.s i n  phosphohprd ~~c.c-icli~s and light-drii.oi 
proton-piinip uction 

2 mg o f  bO was regenerated with all-E-retinal. 1, 2 and 3. hR. bR(1). 
bR(2). hR(3)  and bO were then precipitated. the pellct was taken up 

in millipore water arid precipitated. This was repeated twice. 'Ihc 
precipitatc was then  taken up i n  3 ml o f  a solutmn o f  ().ISM K('I iind 
2mM EDTA (pH 7). The  concentration was determined photospec- 
troscopicslly 2 mi o f  the bR wlution wiis added to 50 m g  of purified 
soybean phospholipids (asolcctin)". The suspension was then soni- 
cated using ii MSE probe-type ultrasonifier (probe di;iriieter 2 mm. 
freq. 21 k l l z ,  ampl. 5 pm) for 15 s. followed by 45 s of cc,wling during 
I h ". The mixture wiis kept under nitrogen and cooled in ice during 
sonication. According t o  this procedure, liposomes containing hO, 
hR. bR(1), hR(2) and bR(3) were prepared. The light-dcpcndent pl l  
changes were measured in a 2.5-ml temperature-controlled multipur- 
pose cuvette (25°C) equipped with ii stirring device and containing 
600 pl freshly prepared (modified) hR liposomes and 1.4 nil 0.15M 
KCI, 2mM EDTA plI  7 and 4 p g  vslinomycin. The pl l  of the 
medium was measured continuously using an Ingold gliiss electrode 
connected t o  a n  amplifier (Radiometer PF1M 63)  tind recorded on B 

Pantos U-22X unicorder. The  cuvette was illuminated with ii cold 
light source. The pll  changes upon illumination were calihriited by 
the addition of SO nmol  ~XI I I IC  acid. 
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