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ABSTRACT

SYNTHETIC COMPOUNDS TO PROBE MOLECULAR EVENTS IN

BACTERIORHODOPSIN.

by

Liang Chen 

Adviser: Professor Valeria Balogh-Nair

B acterio rhodopsin  (bR), th e  only p ro te in  species of th e  purp le 

m em berane of Halobacterium haloblum, functions as a  light-driven proton 

pum p. It contains all-£rans retina l as  a  chrom ophore, which is  bound to 

a  ly sine-216 residue via a  pro tonated  Schiff base linkage. Absorption of 

light as energy by all-trcms retinal in bR initiates a  cyclic photoreaction, 

during  w hich a  proton is actively translocated across the m em brane.

The presence of all-fcrans retinal in  th is  protein provides a  m eans of 

investigating  the  s tru c tu re  of the  active sites  an d  th e  m echan ism  of 

action. A m ethod for probing the  s tru c tu re  of protein is through th e  use 

of photoaffinity labeling. Aryl azlde, triflorom ethylphenyl diazirine, and  

diazoacetoxy retinals have been  synthesized for th is purpose. Incubation 

o f th e se  re tin a ls  w ith b ac te r io -o p s in  y ie lded  p ig m en ts  ab so rb in g  

maximally a t 472, 465, and  540  nm , respectively. The m ethod of finding 

labeled  site(s) in  bR by c ro ss-lin k in g  u s in g  trifluo rom ethy lpheny l 

diazirine analog is being u sed  by Dr. C rouch 's group in the  Eye Institute, 

Medical University of South  Carolina.
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The ring -truncated  retinal containing sp acer arm  with seven carbons 

h as  also been  synthesized  for rapid prelim inary testing  of binding ability 

to  the  retinal b ind ing  site of opsin. Binding s tu d ies  w ith th is analog and 

b ac te rio -o p s in  show ed  an  abso rp tio n  p ig m en t g en era ted  w ith an  

absorption m a x i m u m  a t 480 nm . The form ation of the series of pigments 

from  above analog retinals indicated th a t th e  ring  binding site in  natu re  

bR is flexible enough.

By a p p lic a tio n  of th e  N uclear O v e rh a u s e r  E ffect (NOE) to  

conform ational analysis , we have found evidence th a t ring -truncated  

ana log  re tin a ls  c a n  genera te  d ifferen t s ta b le  co n fo rm ations. The 

conform ational equilibrium , 6 -s-cis and  6 -s-tran s , can also exist in each 

conform ation. M oreover, we have found th a t  a  stabilizing in teraction 

between lone p a irs  an d  the electrons of th e  n  system  of the polyene chain 

m ay occur in  ring -trunca ted  analogs in o u r  case. This effect has been 

observed w hen acid  chlorides were em ployed for esteriflcation of ring- 

t r u n c a te d  a n a lo g s . A p p aren tly  th e s e  an a lo g s  a re  found  two 

conform ational isom ers in the pure sta te , an d  ano ther one can exist in 

so lu tio n  a s  w ell. The 1 -d iazoacetoxy re tin a l  can  lead  to  f o u r  

conform ations a s  Indicated by four individual dlazo protons. Finally, the 

stereochem istry  of ring-truncated  analog re tin a ls  h a s  been  established  

and  a  detailed p ic tu re  of the molecule h a s  em erged.
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I. INTRODUCTION.

1.1 Bacteriorhodopsin

A. Bacteriorhodopsin In the purple m em brane.

Halobacterium haloblum, a  m em ber of the A rchaebacteria, thrives in 

highly sa line  environm ents an d  p roduces p u rp le  p a tch es  in  its cell 

m em b ran e  u n d e r  in ten se  illu m in a tio n , in  an ae ro b ic  cond itions. 

B acteriorhodopsin (bR), the sole pro tein  com ponent of these  membrane 

p a tc h es , w as d iscovered by O este rh e lt an d  S to ec k en iu s1 and  was 

isolated from  lysed cells of H. haloblum  by su c ro se  density  gradient 

cen trifugation .2 The purple m em brane, w hich consists of 75% bR and 

25% p h o sp h o lip id s , provides an  a lte rn a te  so u rce  of energy to th e  

bacterium , by converting the light energy abso rbed  by bR to a  proton 

gradient across the  cell m em brane th a t in tu rn  drives ATP synthesis and 

other cellular p rocesses .3

The elucidation of bacteriorhodopsin 's te rtia ry  s tructu re  is of great 

challenge an d  is of w idespread in te rest because bR, a  sm all (ca. 26,000 

D) re tin a l-co n ta in in g  integral m em brane p ro te in , h a s  s tru c tu re  and  

p h o to c h e m is try  re sem b lin g  th a t  o f th e  m ore  com plex senso ry  

rhodopsins found in  anim als. F u rther, recent s tud ies on bR films have 

focussed  on  th e ir  optical properties (such a s  photochrom ism , light- 

induced d ichroism  and  birefringence) which m ake them  ideal m aterials 

for m olecular electronic applications, su ch  as fast optical processing 

an d  ho lographic inform ation s to rag e .4 Syn thetic  analogs of the bR
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m olecu le  reported  h ere  a re  carefu lly  designed  so th a t  they  can  

co n trib u te  to th e  concerted  efforts by  several d isc ip lines, d irected  

tow ards the better u n d ers tan d in g  of bR 's tertiary stru c tu re , leading to 

the  elucidation of sensory  m ech an ism s as well as to the ir applications 

in  m olecular electronics.

Three molecules of bacterio rhodopsin  associate in clusters in  the 

m em b ran e  to form  a  tw o-d im ensional hexagonal la ttice. Sem inal 

e lec tro n  diffraction s tu d ie s  b y  H enderson  an d  U n w in 5a' b a t 7 A 
reso lu tion  revealed th a t each  bacterio rhodopsin  m olecule consists of 

seven transm em brane a-helical segm ents oriented nearly  perpendicular 

to th e  plane of the m em brane (Fig. 1.1.1).

Figure 1 .1 .1 . Bacteriorhodopsin trim er in  the purple m em brane and  
the seven transm em brane segm ents of bacteriorhodopsin.

(Rrom H enderson e t a t , 19755a)
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W hen the prim ary sequence of the polypeptide chain  of 248 amino 

ac id s in  bR w as e s ta b lish e d  by b o th  am ino  ac id6a*b and DNA 

s e q u e n c in g ,7 m odels were proposed  to  determ ine th e  am ino acid 

segm ents which form  the seven a-helices based  on their accessibility to

«>se „ «»* ”°MOtt 2S*>
car

•u 30

<8>
O o titd t

Figure 1 .1 .2 . Secondary structure m odel for th e  polypeptide chain of 
bacteriorhodopsin. IFfrom Engelm an e ta l., 198019

proteolytic cleavage,8 an d  hydrophobicity/hydrophilicity considerations9 

(Figure 1.1.2). In all th e  m odels the hydrophobic sides of the a-helices 

face th e  nonpo lar lip ids w hereas the hydrophilic moieties are oriented 

tow ards th e  in terior of the  molecule and  th e  protein  is  oriented in  the 

m em brane w ith its  C -term inus facing the  cytoplasm ic side and the N-

2084
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term inus at the exterior of th e  cell m em brane. Later stud ies aim ed at 

the assignm ent of amino acid sequences to a-helical segm ents based  on 

d a ta  from  n e u tro n  d if f r a c t io n 10a' e a n d  crosslink ing  u s in g  m - 

d iaz irinopheny lre tina l11 led K liorana to propose a different m odel for 

the  secondary  s tru c tu re .12 T hus, to explain the crosslinking data , in 

w hich labeling of both S er-193  and  G lu-194 in helix F was observed, 

th e  n um ber of am ino acids assigned  to  the cytoplasmic loop joining 

helices E an d  F had to be a lm ost doubled, and the size of the cytosolic 

loop jo in ing  helices F and  G halved, com pared to E ngehnan 's model. 

Further refinem ents of the  secondary  structu re  model, based  on recent 

spectroscop ic  d a ta  and  site-d irected  m utagenesis experim ents, along 

w ith  th e ir relevance to th e  m echan ism  of the ligh t-d riven  p ro to n  

transpo rt by  bR, will be d iscussed  in Section C.

B. S truc tu re  of the retinal chrom ophore in bacteriorhodopsin.

The light-absorbing entity , the all-trans  retinal chrom ophore (1) in 

bacteriorhodopsin , is a ttached  to the e-amino group of Lysine-21613a‘c 

on helix  G of the protein, bacterio-opsin , through a  p ro tonated  Schiff 

b ase  linkage .14 Illum inated pu rp le  m em brane contains light-adapted  

bac terio rhodopsin  (bRLA) th a t  undergoes a  photocycle, du ring  w hich 

p ro tons are translocated from  the inside to the outside of the cell.15 In 

the  absence of light, bR exists in a  dark adapted state (bRDA) th a t does 

no t translocate  protons.
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The bR1̂  h as  a  long wavelength abso rp tion  m axim um  at 568 nm  

and  contains an  all-frans retinal Schiff base , w hereas bRDA has Xmax a t 

558  n m  and  Is an  equilibrium  m ixture of two pro teins, one containing 

an  a ll-trans, the o ther the  13-c/s Isomer. The Isomeric na tu re  of th e  

retina l In bR1̂  as being all-trans has never been  questioned, bu t bRDA 

w as reported  by several au th o rs  to con tain  roughly  equal am ounts of 

the  a ll-trans and 13-c/s re tina l Schiff b a s e s .16a_1 Recently, however, a  

carefully controlled extraction techn ique com bined w ith quantitation 

employing high perform ance liquid chrom atography dem onstrated a  13- 

c/s to all-trans isomeric ratio  of 2 :1 .17 The role th is isomeric ratio plays 

in  d ark -ad ap ted  pu rp le  m em brane is n o t yet understood , b u t it is 

believed th a t  different conform ational s ta te s  o f the  protein  may be 

involved.

The exact n a tu re  of the  Schiff b ase  linkage h as  been controversial 

for over two decades. The strongest evidence for a  protonated Schiff 

base  linkage was derived from  R esonance Ram an experim ents,18 later 

confirm ed by FTIR19a*b m easu rem en ts  as well as  by  stud ies which 

em ployed syn thetic  re tin a l ana logs .20 The proposal by Sandorfy ,21 

based  on IR and UV stud ies of model p ro tonated  Schiff bases of retinal 

in  organic solvents of varying polarity, th a t  the Schiff base is not only 

protonated, b u t is also weakly hydrogen bonded, w as confirmed by solid 

s ta te  NMR m easu rem en ts  on a  e -15N -labeled  b ac te rio rh o d o p sin
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a n a lo g .22 The presence of w ater m olecules acting  as bridge between 

charged  an d  hydrogen bonded groups a t th e  Schiff base site h a s  also 

b e e n  p ro p o se d .22*23 Linear d lch ro ism  s tu d ie s  by M athies et a l .24 

e s tab lish ed  th a t  the  N-H bond  in  the  Schiff base  points tow ards the 

ex tern a l surface, th u s  Asp-212 on helix  G w as proposed as the m ost 

likely counterion  of the Schiff base. Em ploying [14-13C]-retinal labeled 

b a c te r io rh o d o p s in  in solid s ta te  n m r s tu d ie s , H arbison  e t a l.25 

determ ined  for the first time th a t d a rk -ad ap ted  bR  contains the  all- 

tra n s , \  5 -anti and  the 13-cts, 15-syn isom ers of the retinal Schiff base, 

w hereas the  functional, light-adapted form , contains only the all-trans, 

15 -anti isom er (Pig. 1.1.3). Moreover, solid sta te  magic angle spinning 

n m r  s tu d ie s  on a  (5-13C )-labeled  bR  an a lo g  ind icated  th a t  the  

conform ation  of the  retinal in bR  is 6 -s -fra n s .26a*b (Fig. 1.1.3). This 

re su lt  differs from  the preferred, 6 -s-c/s (twisted 40-70° ou t of plane) 

ring -ch a in  conform ation pred icted  on theore tica l grounds27 th a t both 

a ll- tra n s  re tina l and  less h indered  els isom ers of retinal assum e in 

so lu tion  a s  well as in the  crystalline s ta te . While the assignm ent of 

s y n / a n t l  geom etries, based  on th e  in te rp re ta tio n  of chem ical sh if t 

values alone, w as questioned on theore tica l g rounds ,28 the validity of 

th e  p roposed  6-s-trans  form  in  bR w as confirm ed unequivocally by 

m easu rem en ts  on a  double 13C-labeled I8 ,1 8 -13C2iretinal-bR, u sin g  a  

novel ro ta tio n a lly  re so n a n t m agnetiza tion  exchange te c h n iq u e ,29 

su itab le  to m easure internuclear d istances betw een like spins in solids. 

T hus, com parison of the d a ta  obtained in case of the (8,18-13C2]retinal- 

bR  w ith  th o se  m easured  in  m odel retinoic acids, where in  the 6-s-cis  

fo rm  th e  in ternuclear distance betw een C-8 an d  C-18 is 3.1 A resu lts  in
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a  dipolar coupling of 255 Hz w hereas In the 6 -s-trans  com pound the 

corresponding d istance of -4 .2  A yields a  dipolar coupling of only 130 

Hz, allowed unam biguous assignm ent of the 6-s-trans configuration for 

bR.

Linear d ichrolsm  stud ies by  Heyn e t a l.,30 in  agreem ent with later 

s tu d ies ,31a_d established th a t  the long axis of th e  re tina l is tilted - 20° 

from  the  m em brane plane. Energy transfer experim ents by Otomo et 

a l .32 suggested  th a t the re tln a l’s transition  dipole m om ent, which lies 

along th e  long axis (polyene chain) of the  retinal. Is tilted  tow ards the 

cytoplasm ic su rface . In c o n tra s t, th e  early  pho toaffin ity  labeling 

experim en ts ,11 th a t  suggested th a t the retlnal's long axis tilts towards 

the  ex ternal surface, has now  been confirm ed by n eu tro n  diffraction 

s tu d ie s ,33 d iffusion en h an ced  energy tran sfe r m easu rem en ts34 and 

second-harm onic interference experiments35 (Fig. 1.1.3).

I n s id a  Hgn),  D H a l i l  G

25 A

ISA
IIA

Outside

Figure 1 .1 .3 . The Schiff b ase  site, retinal geometry and  orientation of
the retinal chrom ophore in bR1̂ .
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C. The bacteriorhodopsin photocvcle an d  proton translocation.

After light excitation of its  re tina l chrom ophore, bacteriorhodopsin  

undergoes a  photochem ical cycle consisting  of several in te rm ed ia tes, 

K590. L550, M412. N520 a n d  0620 d is t in g u ish a b le  th ro u g h  th e ir  

ab so rp tio n  sp ec tra . More com p lica ted , b ra n c h e d  a n d  p a ra lle l 

p h o to cy c le s  h av e  a lso  b e e n  p ro p o se d  a s  well a s  a d d itio n a l 

interm ediates, su ch  as KL a n d  R350, m ultiple forms of bR, and  m ultiple 

form s of in term ediates L, M, an d  O, b u t for th is  d iscussion  a  m ore 

generally accepted, sim pler photocycle, show n in  Figure 1.1.4., will be 

u sed . A fu rth er sim plification in Figure 1. 1.4 is th a t th e  tra n s ie n t 

species formed prior to K590, i.e., the excited electronic state of bR (bR*, 

lifetime ca. 500 fem ptoseconds) and  in term ediate J 625 (a g roundsta te  

species, b u t which is stable only a t liquid helium  tem peratures) are no t 

shown.

In term ediate  K590, th e  b a th o ch ro m ica lly  sh ifted  p h o to p ro d u c t 

form ed from  Je25  fa the so  called  p rim ary  event, decays therm ally , 

th rough  in term ediates L, M, N an d  O u n t i l  the system  re tu rn s  to  its  

original sta te , bR 1̂ .  Based on  resonance R am an36*40, FTIR,41*47 and  

n m r  stud ies25-263*48 and  th e  u se  of synthetic  retinal analogs49 there  is 

general co n sen su s th a t th e  p rim ary  event involves the change of all- 

trans, 6-s-trans, C -N  anti chrom ophore to a  13-cfs, 6-s-trans, C=N anti 

form  with concom itant m ovem ent of th e  Schiff base  away from  its Asp- 

212 counterion in  bR towards A sp-85 w hich can  accept the pro ton  from  

th e  Schiff base in  the  L550 to  M412 step; the proton is finally released  to  

th e  extracellular side of the m em brane. Subsequently, retinal takes up
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an o th er proton from the  cytoplasm ic side of the m em brane, through 

Asp-96, during the M412 to N520 transition . Finally, retinal reisomerizes 

to  the  13-trcins geometry and  the N520 interm ediate relaxes back to bR 

th ro u g h  the 0620 in term ediate . The isom eric n a tu re  of photocvcle 

in te rm ed ia te s  involved in  th e  p ro to n  tra n s lo c a tio n  ac ro ss  th e  

m em brane has recently been reviewed by  M athies et a I.50

Figure 1 .1 .4 . The photocycle of bacterlorhodopsin. The absorption 
m axim a of the  interm ediates are indicated by subscrip ts, the bonds 
undergoing isom erization/conform ational changes and  the proton 

up take/re lease  are shown by the partia l s tructu res and  curved arrows
respectively.

bfC  (trans/cis-1/ 1)

0620  (trans)

K590 (cis)

M412 (cis) L550 (cis)
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From  a  chem ical point of view, m u ch  rem ains to be still done, since 

the isom eric na tu re  of the retinal is fully ascerta ined  only In the  cases 

of bR  an d  th e  M412 Interm ediate. T h u s, even the  very natu re  of the  

p rim ary  photoisom erization  reac tio n  In th e  photocycle h a s  b e e n  

reinvestigated recently using  m olecular dynam ics sim ulations.51 Taking 

Into account the  presence of possib ly  as m any as ten molecules of water 

in bR, som e of which m ay be d irectly  hydrogen bonded  to the Schiff 

b a se  to  solvate the ion pair. It w as p roposed  th a t  a  13 ,14-d icfs 

p h o to is o m e r iz a tio n  is  s ig n if ic a n t ly  fav o red  over a  1 3 -c fs  

p h o to iso m eriza tio n .52 W hether 13-cfs or 13,14-cficfs isom erization 

should  occur depends on the torsional barrier of the 14-15 bond in the 

pho to reaction  an d  on the n a tu re  of th e  com plex counterion of th e  

Schiff base. W ater m olecules also  ap p ear to play a  crucial role in  the 

proton pum p cycle. Thus dehydration of the m em branes slows down the 

decay of the M412 in term ediate ,53 an d  w ater m olecules are apparently  

necessary  for the reprotonation of th e  retina l Schiff base54'56 from Asp- 

96 . However, even th e  b e s t 3D s tru c tu re  m odel of bR p re s e n t ly  

av a ilab le57 does not perm it th e  assig n m en t of the  location of w ate r 

m olecules w ithin the tertiary s tru c tu re .

The la test model for the 3D s tru c tu re  of the proton channel in bR, 

proposed by Henderson e ta l .,57 w as based  on electron ciyo-microscopic 

s tu d ies  th a t h a d  a  resolution of 3 .5  A in  the direction parallel to the  

m em brane plane; however, the  resolu tion  was considerably lower (ca. 8 

A) in  the  direction perpendicular to th e  m em brane's plane. Therefore, 

resu lts  from  o ther investigations: su c h  as  1) FT-IR studies using  single 

am ino acid m u tan ts  of bR w hich ind icated  th a t substitu tions of specific
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a sp a rtic  acid re s id u es  in bR h ad  sign ifican t effect on its  pro ton 

pum ping  ability (Figure 1 .1 .5 ).47 2) Spectroscopic studies employing 

isotopically labeled retinal analogs ,58 and  3) Prediction of the identities 

of th e  interior am ino acid re s id u es  in bR based  on hydrophobicitv ,59 

w ere employed in com bination w ith H enderson 's d a ta  to develop the 

m odel (Figure 1.1.6) usefu l for fu tu re  investigations of the m olecular 

m echanism s of the proton conductance in bR.

a as

Figure 1 .1 .5 . Helical wheel projection m ap of bR showing the location 
ojf the seven a-helical segm ents (A-G) of bR. The amino acid residues, 

Asp-85, Asp-96 an d  Asp-212, whose m utation strongly reduced bR's 
ability to translocate p ro tons, and  hence are thought to be directly 

involved in  proton pum ping, are show n in solid ovals.
(From Mogi e ta l.,  47a l.
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Cytoplasm

£
Asp212

I

Exterior

Figure 1 .1 .6 . Schem atic representation  of the  retinal binding site's 
boundary  In bR with respect to the location of the key residues Asp-85, 

Asp-96, Asp-212, Lys-216 and Arg-82 which line the proton channel
IFrom H enderson e ta l .57].

D. The external polnt-charge m odels of bacterlorhodopsin.

The UV/VIS an d  b iphasic CD sp e c tra  of bacterlo rhodopsin  is 

s trong ly  red -sh ifted  com pared to  th a t o f the  re tina l chrom ophore
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(Figure 1 1.7). A ssociation of th ree  bR molecules in c lu ste rs  c lose 

enough  for their retina l transition  dipole m om ents to  in teract am ong  

e a c h  o th e r could  exp la in  th e  exciton sp littin g  se en  in  th e  CD 

sp e c tru m ,60 b u t it could not account for the significant red-shift of the 

absorp tion  maximum. Protonation of the retinal Schiff base

Figure 1 .1 .7 . The UV/VIS spectrum  (a) and CD S pectrum  (b) of
bacterlorhodopsin.

alone also could n o t accoun t for the m agnitude of th e  observed red- 

sh ift. Therefore, highly specific interactions of the  pro tonated  Schiff 

b a se  with the pro tein  segm ents a t the vicinity of the binding site  were 

held  responsible for providing a  microenvironm ent conductive to  these  

sh ifts . The red-shift, i.e., th e  difference in  the absorption  m axim a of 

th e  protonated  Schiff b ase  com pared to rhodopsin, expressed  in  cm*1, 

h a s  been  defined as the  opsin  shift, am ounting to 5 ,100  cm *1 in  bR .61

(a) (b)

CO
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To accoun t for th is  large value, the firs t "point-charge model" was 

proposed, based on th e  study  of the absorption spectra of a  homologous 

series of dihydrorhodopsins and their respective protonated Schiff bases 

in m eth an o l so lu tio n s .62 This po in t charge m odel h as  since been  

revised to  include th e  effect of a  p ro te in  dipole a t the ring b inding  

site63*64 as well as  th e  effect of the weak hydrogen bonding of the Schiff 

b ase 's  counterion. The revised m odel also  takes in to  accoun t th e  

con tribu tion  of th e  6 -s -tra n s  co n fo rm atio n 65 o f the retina l (Figure 

1. 1.8 ).

500 cm"1 
protein dipole

3400 cm"' 
weak H-bond

1200 cm"' 
6-s -trans

Figure 1 .1 .8 . The 5 ,100  cm *1 opsin shift in light-adapted bR, showing 
the m ost Im portant contributions: the hydrogen-bonding in teraction a t 
the Schiff base site and  the 6 -s-trans conform ation a t the ring binding

site IMathies e t a l.65]

E. Synthetic analogs of bacterlorhodopsin.

To u n d e rs ta n d  how  bR  functions a t th e  m olecular level, i t  is  

necessary  to  elucidate the structu re  of the protein  itself as well a s  the 

conform ation of th e  re tin a l chrom ophore in  its  p ro tein-bound s ta te . 

Among the  approaches successfully employed are: 1) Direct application



15

of sophisticated techniques su ch  as solid sta te  nnir, time-resolved FTIR, 

re so n a n c e  R am an, tw o -p h o to n  a b s o rp tio n  a n d  su b p ic o se c o n d  

spectro scop ies 2) M utagenesis experim en ts com bined either w ith  

pro ton  translocation  s tu d ies  or w ith sophisticated  spectroscopies to  

th e  study  of bR m utan ts in w hich am ino acids thought to be crucial for 

th e  function have been altered  and  3) Design and synthesis of retinal 

analogs th a t can be com bined w ith th e  apoprotein to yield artificial 

bR s. These can  provide u se fu l p o in te rs  in  bR labeling experim ents 

d irec ted  tow ards the elucidation  of th e  p ro te in 's  te rtia ry  s tru c tu re . 

U nlabeled analogs also can  be em ployed in spectroscopic stud ies to  

e lucidate bR 's tertiary  s tru c tu re . Among the h u n d red s of syn thetic  

analogs of bR stud ied  so  far, th e  ones m ost pertinen t to the  p resen t 

w ork bear instead of the p-ionone m oiety either a  truncated ring form of 

it or an  arom atic rin g ..

Among the arom atic analogs th e  synthetic retina ls 1 -5 6 6 *6 7  are 

particu larly  relevant to th e  work p resen ted  here. Although all of them  

form ed bacterlorhodopsin analogs, with blue shifted absorption m axim a 

(shown in  parentheses), re tina ls 1 - 3  gave the artificial bRs only in low 

yields (ca. 10%).66*67 However, w hen the aromatic ring  carried ortho 

m ethyl su b stitu en ts , as in  4 - 5 , the yield of visual rhodopsin (from 4) 

an d  bR analog (from 5) were bo th  high (>80%). Therefore, the influence 

of th ese  ortho  su b stitu en ts , th a t m ay help  to anchor the re tina l's  ring 

to the b inding site by hydrophobic interactions with the opsins, were be 

taken  into account in  the design of novel analogs. Our hypothesis th a t 

th e  ring  m ethyl su b s titu e n ts  are  h ighly  im portan t67 a s  m olecu lar
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recognition elem ents w as confirm ed by high yield binding of synthetic 

retinals 6 -768 and 8 -969 to bacterioopsin.

O ther im portan t bacterlorhodopsin  analogs, especially relevant to 

the  design of the novel type, spacer-arm ed re tin a ls ,70 are the ones in 

w hich th e  full cyclohexyl ring of the retinal w as no t required to form 

th e  bR 's. T h u s, even ring -trunca ted  re tina ls , su ch  as 1 0 , yield bR  

analogs (Amax ca. 460-480 nm) in good yields,71'74 provided th a t the full 

polyene side chain of the chromophore is conserved.

1  <bRDA X m . , = « 8 0  nm) 2  ( b R D A  X r a „ = 4 7 0  nm) 3  (bRD* X m a x = 4 8 5  nm)

4 (Rh Xmax=460 nm) 5 {bR Xmax=476 nm) 3 (bR^A Xmax=460 nm)

N

7  <bRDA x m.,=450 nm) 8 (bRDA Xmax=472 nm) 9  (bRDA Xmax=470 nm)

d: 3-pentyl 
e: 2-butyl 
f: isopropyl
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1.2 Sc;-sory R hodopsins.

O rgan ism s th a t  p o sse ss  im age-reso lv ing  eyes, i.e ., m olluscs, 

a rth ro p o d s  and  v erteb ra tes , reac t to  illum ination  w ith the  help of 

sen so ry  system s. The absorp tion  of light by  rhodopsins contained in 

th e  sensory  photoreceptor cells triggers transm em brane currents leading 

to  n eu ra l responses. Unlike bacterio rhodopsin , th a t u se s  all-frans 

re tina l to  transduce th e  energy of th e  pho ton  in to  a  proton gradient to 

drive m etabolic p ro cesses  uphill, th e  v isua l rhodopsins th a t act as  

exquisite ly  sensitive light detectors, em ploy an  11-cis isom er of the  

retina l clirom ophore.

12

2

Prom  the early experim ents of George Wald on the n a tu re  of the  

v isual chrom ophore ,75 m uch  work h a s  been  devoted to the  elucidation 

of th e  m olecular m echan ism s th a t leads from  excitation of the visual 

rhodopsins to the sensation  of vision. Progress h a s  become more rapid 

on  rh o d o p s in  ch em istry , s tru c tu re  a n d  to p o g rap h y  s in c e  th e  

e s ta b lis h m e n t o f b o v in e  rh o d o p s in 's  p r im a ry  se q u e n c e  b  y 

O vchinnikov’s 76 an d  H argrave 's77 g roups a  decade ago. T hus, today 

bovine rhodopsin  is one of the b e s t characterized  in trinsic m em brane 

p ro te ins. We know  its  topography in  th e  d isc m em brane ,78 its am ino 

acid and  oligosaccharide com position78*79 an d  the site of attachm ent of
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Its 11 -cis re tina l chrom ophore to Lysine-296 of the o p sin .80 through a  

pro tonated  Schiff base linkage .81 Recently, m utagenesis experim ents 

e s ta b l is h e d  G lu -113  as  th e  S ch iff  b a se  c o u n te r io n .82 The 

p h o to ch em istry  of re tina ls  an d  rh o d o p s in s 4*83 have been stud ied  

extensively. The conform ation of the re tina l in the binding  site, and  

its  in te rac tions with the opsin  giving rise to the typical absorption84 

an d  CD sp e c tra 85 of visual pigm ents (Figure 1.2.1) have also been 

th rough ly  investiga ted ,86 and  an  external point charge model87 was 

p roposed  to  explain the  overall environm ental im pact of the p ro te in  

bind ing  site  on the absorption m axim a of the visual pigm ents. In this 

m odel, b a se d  on th e  s tu d ies  of a  se ries of d ihydrorhodopsins, in  

addition to  th e  counterion of the Schiff base, a  negative protein charge 

w as p laced  equ id istan t (-3 A) from C-12 and  C-14 above the plane of 

the retinal. Subsequent stud ies employing a  retinal analog with 11 -cis 

and  fixed 12-s -trans geometry in two-photon absorption studies88 led to 

the  p roposal th a t the poin t charge could be an  asp arta te  or glutam ate 

residue w hich  also serves as the counterion of the Schiff base (Figure 

1.2.2). In co n trast to the case of bacterlorhodopsin. w here the 6 -s-trans 

conform ation of the pro tein-bound retinal m akes a  m ajor contribution 

to the red  shift, in visual rhodopsins th is effect is no t im portant. Thus, 

solid s ta te  n m r studies of m odel retinals and  rhodopsins reconstituted 

with re tina ls containing 13C labels established th a t rhodopsin  contains 

a  twisted 6 -s -cis conformation of the ring-polyene side ch a in .89
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(a) (b)

60,000*4

M

i 20,000

<00400 300300

o
<0
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20

0
<00300 500400

„  , . v , , d n l i n j t h  (na)Wavclangth (na)

Figure 1 .2 .1 . (a) The absorption spectra  of bovine rhodopsin In 
detergent solution and  11 -cis retinal in  hexane solution, (b) CD

spectrum  of bovine rhodopsin.

Figure 1 .2 .2 . Single counterion model of bovine rhodopsin  showing a  
glutamic acid residue undernea th  the plane of the polyene!Birge e t  a/]88.
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A bsorption of a  photon  by rhodopsin  resu lts  In the 11 -cts to trans  

isom erization of th e  re tina l m oiety and th e  subsequen t therm al s tep s 

(bleaching) w hich involve conform ational changes of the opsin . Our 

u n d e rs ta n d in g  of th e  dynam ics of th e  isom erization even t, a  

fu n d am e n ta l p rob lem  in  ph o to ch em istry  and  biology, w as greatly  

e n h a n c e d  by  re c e n t ad v an ces  in  th e  genera tion  of c o m p re s s e d  

fem ptosecond optical p u lse s  th a t perm itted  the  stu d y  of th is u ltrafast 

isom erization at room  tem peratu re . These stud ies dem onstrated  th a t 

th e  first step  in vision, th e  fastest of the photochem ical reactions ever 

s tu d ied , is essen tia lly  com plete in 200 f s .90 Synthetic retinals were 

ex tensive ly  em ployed to  s tu d y  the  isom erization  an d  su b se q u en t 

therm al even ts .91'92 T hus, the  chrom ophore’s configuration in  the first 

b leach ing  in term ediate, p ho to rhodopsin ,93 and  in bathorhodopsin .94 

th e  firs t in te rm ed ia te  s tab le  a t  liquid n itrogen  tem pera tu re , were 

in v estig a ted  u s in g  a n  1 1-c/s-locked re tin a l (Figure 1.2.3). These 

dem onstra ted  th a t th e  protein-bound retinal in these interm ediates has 

an  11 -trans geometry with nearby single bonds highly distorted.
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'Rhodopsin (500mrv)

bus Pboiorhodopsin (35Snm)> -  40p*

ipsin (34Siun), - 40ns

Lumirtiodopsin (497nm), - I6|U

2233K

Metarbodopsin I (478nm), - lms

•H*

r*Metarhodopsin II (3R0nm), - 10ms i ■)>
Hypcrpobri ration. Signal Tnnsduction.| 2370K

Mctaihodopsin 111 (465nm), - lÔs

"All-cans Retinal (387nm) Opsin
itomense

F igu re  1 .2 .3 . The bleaching sequence of bovine rhodopsin .95

O ne of th e  Interm ediates o f bleaching, Meta n. is  the photoactive 

form  o f rhodopsin. This conform ation sta te  of the protein triggers the  

tra n sd u c tio n  p rocess via p erip h era l m em brane p ro te in s96: Meta n  

in te rac ts  with a  G-protein, tran sd u c in  and  produces an  activated form 

of tran sd u c in  by exchanging th e  bound  GDP for GTP. The a-subun it of 

t r a n s d u c in  th e n  ac tiva tes a  p h o sp h o d ie s te ra se , by  rem oving its  

inh ib ito ry  subun it. The activated phosphodiesterase then , hydrolyses 

cyclic GMP, which is p resen t in  large am ounts in the rod outer segm ent 

m em b ran es of the  vertebrate pho to recep to r cells. In the absence of
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M eta II, cyclic GMP m ain ta ins the inflow of so d iu m  and  calcium  ions 

across the cell m em brane; it is Meta II th a t triggers the cascade which 

c u lm in a te s  in  th e  s h u t  off of th is  d a rk  c u r r e n t  lead ing  to  

hyperpolarization of the cell m em brane. This effect is transm itted via a 

neu ra l netw ork to the optic nerve w hich leads to  sensation  of vision 

registered in the brain.

1.3  Photoaffinity Labeling o f Rhodopsins.

P hotoaffin ity  labeling  p ioneered  by  W e s th e im e r ,97 in v o lv e s  

activation of a  labeling u n it, by light, to  c rea te  a t  the  target site a  

highly reactive species (carbene, nitrene or diradical) w hich will undergo 

rapid  reaction with its environm ent leading to  the  formation of covalent 

bonds (Figure 1 .3 .1).98 In s tru c tu ra l s tu d ies, it can  be used either to 

Investigate th e  th e  m ake-up  of a  target site  w ith in  a  molecule, e.g., 

iden tifica tion  of am ino  ac id  re s id u es  o f  a n  active site , or for 

identification of a  m em ber of a  m ulticom ponent system  su ch  as the  

com ponents of biological m em branes to  s tu d y  th e ir  topography. In 

addition to the  s tru c tu ra l stud ies, this technique is also used  to study 

function: T hus, covalent b ind ing  of a  labeling group to an active site 

can resu lt in  la tte r's  perm anen t inactivation. Alternatively, com ponents 

of a  system  can  be linked to accomplish the sam e purpose.
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F igure  1 .3 .1 . Schem atic rep resen tation  of photoaffinity labeling: X.
and Y are com ponents of an  Interacting system , and L Is the 

photoaffinity label carried by Y. The XY com plex Is allowed to form, 
and  the label is then  activated by  Irradiation. Depending on the 

lifetime of th e  reactive species generated an d  the dissociation rate of the 
complex, specific as well as non-specific labeling can take p lace .98

The choice of th e  photoafflnity  label em ployed Is crucial for the  

success of th e  labeling experim ents:

The diazoacetoxy label h a s  been  show n99 to  be a  suitable function 

for photoafflnity labeling of rho d o p sin , despite th e  fact th a t i t  is  h ea t 

an d  acid labile, and  th e  carbene p roduced  from  It Is prone to  Wolff 

rearrangem en t. But, with a  re tin a l analog  bearing  the diazoacetoxy 

label reported e a r l ie r ,"  difficulties were encountered  because th e  opsin 

b o u n d  preferentially  w ith th e  3R  isom er. In addition, rad io labeled
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m aterial of sufficiently high specific activity could n o t be p repared . 

T hese problem s have now b een  solved by a ttach ing  th e  label to a 

trunca ted  ring, and  by applying the m ethod of Corey & M yers100 for the 

p repara tion  of diazoesters from  hydroxyl In term ediates an d  glyoxylic 

acid chloride p-toluene sulfonylhydrazone, in the presence of bases. The 

base-induced  side reaction leading to a  p-sulflnate ester can  be avoided 

by using  a  weaker base, N ,N-dim ethylaniline, followed by  addition of 

EtgN in s itu , to obtain the diazoacetate in  high yield (80%).

Azides are a t p resen t th e  m ost com m only u sed  photoactivatable 

reagents to  label biological sy stem s ,101 despite their lesser reactivity (in 

com parison  to carbenes), u n d esirab le  side reactions of th e  n itrenes 

generated (Scheme 1.3 .1),102 the variability in the hydrolytic stability of 

th e  covalent linkages form ed (e.g. u n stab le  Glu an d  Asp b u t stable 

Cysteine adducts), and  the fact th a t they  are bu lky  all argue against 

the ir u se . However, the higher selectivity of n itrenes com pared with the

EtHN
e.g. EtNH-

Schem e 1.3.1
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carbenes can  be an  advantage as It in c reases  th e  site  specificity of 

labeling in  the rhodopsins. Further, the ring  binding site in rhodopsins 

is know n to  accep t bulky  g roups , 103 an d  arom atic ring containing 

retina l analogs w hich have m ethyl su b s titu e n ts  o rtho  to the polyene 

side chain  have been  show n to form pigm ents in good yields.67 Another 

im portant consideration for labeling of rhodopsins th a t we hypothesized 

w as th a t th e  u n d es ired  side reac tions of the n itren e s  observed in  

so lu tion  s tu d ie s  m ay take place to  a  le s se r  ex ten t in  the pro tein  

environm ent. This seem s to  be b o m  o u t by  th e  un ique  chem ical 

behavior, i.e .. u n u su a l k inetic s tab ility  of the n itren e  produced in 

photolysis experim ents of 4-carboxyphenylazide in the solid state where 

tight pack ing  su p p re sse s  transla tional an d  vibrational m otions of th e  

n itren e .104 Therefore, aryl azides have a  good potential to be employed 

successfully  for th e  labeling of rhodopsins.

The trifluorom ethyldiazirine label is very attractive for labeling of 

the retina l b inding  site in  rhodopsins. Phenyltrifuorom ethyi-diazirines 

are stable u n d er a  variety of conditions w hich one expects to encounter 

in  th e  labeling  of a  biological sy stem . 105 They can  be pho to lyzed  

efficiently (by irradiation at 350 nm) to a  carbene w hich inserts into C- 

H an d  C-O b o n d s in  high yields, w ith very little rearrangem ent to th e  

linear diazo isom er th a t is photochem ically inert.
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N = N

O *
CF,

hv

350 nm

N = N  

CF3

* N,

(I J

hv

95% 50%

CF.

S ch em e 1 .3 .2

The presence of fluorines in  th e  label represent a  further advantage In 

th a t  th ey  perm it 19F n m r s tu d ie s  to  be carried out on th e  labeled 

m aterial. The trifluorom ethyldiazirine group is somewhat bulky  b u t in  

view of the  leniency of the ring  b ind ing  site in rhodopsin th is  m ay no t 

prevent the binding. The re su lts  obtained by Khorana's group ,106 while 

th is  work was in progress, nam ely, efficient labeling of bovine rhodopsin  

a t  h e lic e s  C an d  F  w ith  th e  1 1 -c is  isom er of th e  sam e  

tr if lu o ro m e th y ld ia z ir in o p h e n y l lab e l b earing  re tin a l we w ere 

syn thesiz ing  encourages u s  to  p u rsu e  our labeling s tu d ie s  of th e  

bacterlorhodopsin.
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II. RESULTS AND DISCUSSION

A. Synthesis of Retinals Bearing a  Photoafflnity Label.

The photoafflnity  labelling te ch n iq u e  by  u s in g  retina l analogs 

ca rry ing  th e  photolabel a t th e  ring  position  can be carried out to 

identify and  to determ ine its orientation in  the lipid bilayer in the cases 

of bacterlorhodopsin and  rhodopsin. The advantage is tha t after carbene 

or n itrene insertion, the Schiff base can  be reduced thereby crosslinking 

th e  pro tein  with the retinal moiety. This crosslinking protein could then 

be analyzed in order to gain inform ation abou t the polypeptide chain. 

It w ould be usefu l to delineate th e  specific  p ro te in -ch ro m o p h o re  

in te rac tio n  responsib le  for s tru c tu ra l a n d  functional properties of 

bacterlorhodopsin (or rhodopsin) as well as to  deduce the precise folding 

of th e  pro tein  around  th e  retinal m oiety an d  the helical arrangem ent. 

R etinal analogs u sed  for photoafflnity labelling were designed to  fit the 

following requirem ents:98 

Retinal analog for photnaffinify labeling

(i) The labelled retinal should  be able to bind readily without 

causing conformation d istortions of opsin.

(ii) The labelled retinal shou ld  be stable to the binding 

conditions used.

(ill) The photolabile group shou ld  undergo facile photolysis at 

wavelength which would cause minimal protein damage.

(iv) The interm ediate generated by irradiation should react 

Instantly  an d  should  undergo little rearrangem ent.
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(v) A reasonably simple route should  be available for the

synthesis of the retina l analogs bearing a  photoafflnity

label.

Photoaffinity labeled 3 ( |l - 14C]diazoacetoxy)-frans-retinal (I) w as 

p re p a re d  by  N akan ish i's  group, 100b,107a.b photolysis of th e  

diazoacetoxy group w ithin the b inding site led to ca. 25% crosslinking 

of b ac te rlo rh o d o p sin , th u s  show ing th a t  th is  synthetic  re tina l is 

su itab le  for photoafflnity labeling of th e  active site in proteins. More 

recently, th e  photoafflnity labeling resu lts  from  their group107b showed 

th a t the  chrom ophore (I) chain  is oriented with the lonone ring inclined 

tow ard the outside of the m em brane and  the  9-Me group also faces the 

extracellular side of the m em brane.

For m ore d e ta iled  in fo rm a tio n  a b o u t te rtia ry  s tru c tu re ,  

photoafflnity labeling of bacterlorhodopsin  w as carried out in  our group 

according to  a  sequence consisting of th e  following stages: (1) syntheses 

of retina l analogs bearing different photolabile groups; (2 ) b inding  of 

th e  labelled  re tina ls to bacterio -opsin  to ob ta in  b ac terlo rh o d o p sin

1
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analogs having a  photolabile group in serted  Into the active site: (3) 

activation of the photolabel to  obtain crosslinked  bacterlo rhodopsin  

analogs; (4) photobleaching  of th e  crosslinked  bac terlo rhodopsin  

analogs to  cleave a  Schiff b ase  (aldim ine) linkage. Inform ation  

regarding th e  bacterlorhodopsin  tertiary structu re  and  the location of 

the retinal moiety can therefore be obtained173 (e.g. Figure A).

opsin
opsinO

N =NN=N

Xmax (465  nm )40a  Xmax (360 nm)

hu, 350 nm-------p.
crosslinked protein

opsin
hv, 500 nm 
 ►

cleaved Schiff base

opsin

Amino acid analysis 
Amino acid sequencing

IDENTIFICATION 
OF FRAGMENTS

Schem e A Photoaffinity labeling of bacterlorhodopsin.
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2 .1  Synthesis of Aryl azide Retinal.

The synthetic rou tes leading to  analogs of retinal in m ost cases 

follow m ethodology developed for th e  sy n th esis  of Vitamin A and  

ca ro ten o id s . 109 The to tal syn theses described  there  m ake u se  of the 

W ittig  an d  H orner co n d e n sa tio n s  of ca rb o n y l co m p o u n d  w ith  

triphenylphosphonium  halides or dialkyl phosphonates, Grignard or Nef 

re a c tio n  of carbony l co m p o u n d s  w ith  m e ta l ace ty lid es , a ldo l 

condensations, Reform atsky reaction of carbonyl com pounds w ith a- or 

7-  haloeste rs and  n itriles, etc. The w ay u sed  involves the links in a 

ch a in  of developm ent by th e  a ttach m en t of C2 and  Cg pieces w hich are 

functionalized in order to facilitate extension. It can be seen  th a t any 

reac tio n , w hich re su lts  in  th e  p ro d u c tio n  of an  a ,f J -u n s a tu ra te d  

carbonyl com pound could be taken for retinal synthesis (Scheme 2.1.1). 

However, new  modified reagents, su ch  as  phosphoryl-stabillzed anions, 

a n d  o ther syn thetic  m ethods in c lu d in g  th e  addition  of th e  w ho le  

polyene ch a in  to th e  cyclohexyl ring , su b s tan tia lly  in c reased  the  

window of possible syn thesis  of re tina ls . Recent and  useful synthetic 

procedures are outlined in  the following Schem es.
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J
11

X4 J I r

> O O o

S c °

C 20 

-► c ,8 + c 2
C 15 + C 5 

C is  + C3 + c 3

"** C j3 + C3 + C 5 

C 13 + C j + C 3 + C2

► C 10 + C3 + C 3 + C5

Schem e 2 .1 .1

A s te re o s p e c if ic  s y n th e s is  o f  V itam in  A from  2 ,2 ,6 -  

tr im e th y lc y c lo h e x an o n e110 u sed  as a  key reaction  a  vanadium  (V)- 

ca ta ly zed  re a r ra n g e m e n t o f an  e th y n y l - s u b s t i tu te d  2 ,2 ,6 - 

trimethylcyclohexenyl derivative to obtain 8 -oxo com pound, w hich then  

could be transform ed in to  one with a  7 ,8  double bond (Scheme 2.1 .2  a). 

A versatile sy n th esis  of re tin a l and  its  analogs contain ing  modified 

rings w as accom plished  by  condensation  of th e  entire side cha in  of 

retinal to cyclic k e tonel l l a  or benzaldehyde108 (Scheme 2.1.2 b, c).

The su lfone sy n th e s is  of V itam in A w as reported  by  Ju lia  e t  

al. l l l b  (Schem e 2 .1 .2  d). A lkylation of allylic su lfones an d  th e ir  

su b seq u en t 1,2 -elim ination lead to a  num ber of synthetic p rocedures 

for the p reparation  of vitam in A.
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bK  ^
MeMgBr

J^C H O  + [(CH3)3Si]2NLi

c )  w = J v K .  +  ^ P s X ^ J y c o i E 1 ------------------ * -FlCX ' ^ '  Br‘
N=N H

- s g ^ v  < * j 6 r A / * A 'S j
F 3 < y ^ A  H MnOj , * N

N=N

C I - s ^ J ^ ^ N .  V y  I S O 2 R

d )  g ^ A - s o 2R -----------------

OAc

S ch em e 2 .1 .2

The reaction  of ace ta ls  w ith  enol e th ers  provides a  valuable 

supp lem en t to the  aldol condensation . Dienoxysilanes in th e  presence 

of TiCl4/Ti(i-Pr)4 catalysis selectively caused  cross-aldol-type addition 

products in  high yield (Schem e2.1.3).112
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OMe. OMe

Schem e 2 .1 .3

Application of low-valent titan ium  induced  reductive elimination 

gave a  new  and highly stereoselective approach to Vitamin A113 (Scheme 

2.1.4).

B rM g -=

95%

OH
EtMgBr

OHO^ 002 
90%

Et

„ 3 i ,
90% OH

SiMejBu

flindlar 85%LAH 80%
OH OH

.OH,

OH

J LAH / TiCl3 85% 
|  n-Bu4NF 80%

S chem e 2 .1 .4
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\  cry recently, a  highly selective syn thesis of Vitamin A appears to 

rep re se n t th e  first application of Pd-catalyzed alkenyl-alkenyl coupling 

to  syn thesis  of retinoids114 (Scheme 2.1.5).

B ased on a  great deed of previous an d  recen t work from  m any 

g ro u p s, th e  rou te we u sed  con tains th e  connections in  a  chain  of 

d e v e lo p m e n t by  the  ad d itio n  of C 2 an d  Cg p ieces w hich  a r e  

fu n ctio n a lized  in  order to ease  elongation. We have u se d  th ese  

reac tions an d  o ther sim ilar reactions to facilitate th e  synthesis of our 

re tin a l analogs from readily available sta rting  m aterials.

We decided to initiate ou r photoatfinity labeling studies based on 

a  classical re tina l analog which used  a  simple aryl azlde due to its easy 

sy n th esis ; a lso  the  n itrene is less reactive an d  m ore selective th an  a  

ca rb e n e .98 M ethyl groups were in troduced a t 2' and  6 ' positions of the 

arom atic  r in g  to mimic the 1,1 an d  5 -m ethyls p rese n t in  n a tu ra l 

re tina l.

L .  I t-BuLi, ZnBr2, Pd(PPh3 )4

2) n-Bu4NF

Schem e 2 .1 .5

N ative retinal In bR Arom atic analog
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The preparation  of the azido group on the phenyl ring could be 

accom plished by the m ost com m on m ethod; conversion of aryl am ine to 

azide by diazotisation followed by  treatm ent w ith sodium  azide (Scheme 

2 .1 .6 , eq. 1).115-117 The other m ethod for preparation of aryl azide is by 

nucleophilic  arom atic su b s titu tio n  a t positions highly ac tiva ted  by 

electron withdrawing groups (Scheme 2.1.6, eq. 2 ).118

0  q T  q n ;  p r N*
R R R

„  s j r  - s -
n o2 n o 2

Schem e 2 .1 .6

In our case, however, the  first m ethod could not be u sed  because 

th e  polyene ch a in  is  sensitive  to acid. O n the o ther h a n d , the  4- 

brom o,2,6  dim ethyl groups on  th e  ring are no t very s trong  electron 

w ithdraw ing g roups, and  so  th e  second m ethod  could n o t be used  

e ither. A alternative m ethod for covertlng G rignard reagen t to  azide 

seem ed to be suitable for our case, as reported by Bruner e t al.(Scheme 

2.1.71.119

TsN3

Na4P207 F f ^
25°

Schem e 2 .1 .7

0MgX
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G rignard  reag e n ts  reac t w ith  tosyl azide to form sa lts  of 

tosyltriazenes u n d er mild conditions. These then  decompose to give aryl 

azides in the presence of tetrasodium  pyrophosphate decahydrate.

Our efforts focused on the syn thesis of the title retinal analog by 

the  C0 +C3 +C2 +C5  route to m ake the full retinal side chain, followed by 

m aking the azido group as shown by disconnection a t the double bond 

(Scheme 2.1.8).

Schem e 2 .1 .8

The synthetic strategy began with the com m ercially available 4-bromo- 

2,6-dim ethylaniline 1. The corresponding aldehyde 2 was synthesized 

b y  first genera ting  th e  diazonlum  species from  th e  aniline 1 and  

n itro u s  acid . The g rea t u se fu ln e ss  of ary l diazonium  ions as 

in te rm ed ia tes re su lt  from  the excellence of N2 as  a  leaving g ro u p . 

Reaction w ith formaldoxim e in th e  p resence of copper catalyst gave 

benzaldehyde 2 in  30-40%  yield, after s team  distillation followed by 

purification of flash chrom atography on silica gel (Scheme 2 .1 .9).120a
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HONO

Ail approach to the 7-8 double bond w as carried ou t by the aldol 

condensation121 between benzaldehyde 2 and  acetone in  the presence 

of KOH to obtain 4-(4,-brom o-2',6 '-dim etliylphenyl)-3-buten-2-one 3 in 

85% isolated yield .120b The tran s  form  was indicated by the coupling 

constan t (J = 16 Hz).

O

KOH

2 3

Schem e 2 .1 .1 0

2.29 (s)

I <
7.21 (s)

7.56 (d, J = 16 Hz)

—  2.37 (s)

6.3 (d, J  = 16 Hz)

3
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We expected tha t the best way to  achieve a  full chain would be by 

carry ing  o u t elongation in  two step s  from  3 . The first could ad d  two 

carbons by Q j and generate the 9-10  double bond w hich is required to 

be the  tra n s  form, then  it could be fu rth e r extended by  five carbons Cg 

to  generate  th e  complete retina l side ch a in . A C 12+C2 syn thesis of 3- 

m ethyl-5-(4 '-brom o-2\6 '-d im ethylphenyl)-penta-2 ,4-dienal 4  w as used  

h ere  (a m ethod  created by Corey et a l .122). The m ethod u sed  in  retinal 

s y n th e s is 123 appears to offer special advantages, i.e., h igh efficiency, 

p ro ced u ra l sim plicity and  m ildness of reac tion  conditions. The silyl 

aldim ine 10  was made by carrying ou t two steps, w hich are first m aking 

acetaldehyde t-butylimtne 9  from the condensation  of acetaldehyde an d  

tert-bu ty lam ine, followed b y  a-sily la tion  w ith  trim ethylchlorosilane in 

th e  p re se n ce  of lith ium  diisopropylam ide (LDA) to  give 10  in  60%  

overall distilled yield, Schem e 2.1.11.

H2 H “  , 1) LDA I
CH3CHO -------------► CH3CH=N—j—  ► —  Si—V ,

KOH 2) (CHahSiCl | ^ N —

8  9 10

Schem e 2 .1 .1 1

Conversion of ketone 3 to th e  aldehyde 4  could be accom plished 

essentially  in  one step by th is  m ethod. The reaction proceeded a t  -780C 

to  yield a  60:40 E:Z m ixture of aldehyde 4a , 4b  after hydrolysis a n d  

Isolation, 75-80% yield (Scheme 2.1.12).
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^/=N —|—

TMS 10 4a

3
LDA.THF

-78°

O
4b

Schem e 2 .1 .1 2

As we can  see  from  th e  *H NMR sp ec tru m , th e re  are  two 

characteristic chem ical shifts th a t aid in  specifying the stereochem istry 

of th e  created  double bond in  th e  case  of th e  aldehyde 4 a  an d  4b. The 

first is th e  sh ift of the 9-m ethyl group; w hen the aldehyde is cis to th is 

m ethyl its chem ical shift is close to 8 2 .39, due to the deshleldlng cone 

of the  carbonyl group. The second  is the shift of the 8 -H w hich can be 

d ifferen tia ted  by  its  sh a rp e r ch a rac te r relative to  the 7-H  w hich is  

b roadened  due to  long-range coupling to two m ethyl groups, 5 -Me and 

9-Me. In troduction  of the com plete re tina l side chain  in  one step  from

6.39 (d, J=16Hz) 

4 a

7.29 (d, J=16Hz) 

4b
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4 a  em ployed one of th e  m o st frequen tly  u sed  m ethods in  re tina l 

sy n th e s is ; the W ittig-H orner re a c tio n  involving a  p h o sp h o n a te  

carbanion. The phosphonate 1 3 124 w as prepared from butenote 11, as 

show n in synthetic schem e 2 .1 .13 .

C02Et m s  Br—v COoEt P(OEt)j ?
^  '  2    (EtO feP-^ C02Et

CCU '  H „
H

11 12 13

S ch em e 2 .1 .1 3

The brom lnation of b u te n o a te  11 with N-brom osuccinim ide in  

te t r a c h o r o m e th a n e  gave 1 2 ,  th e n  followed tre a tm e n t w ith  

triethylphosphite a t reflux tem p era tu re  giving about a  40:60 m ixture of 

cis and tran s 13 in  60-73% overall distilled yield.

The reaction  of th e  a n io n  of th is  p h o sp h o n a te  w ith  tra n s  

aldehyde 4a  produced th e  retinoate 5  in 80% yield,125 including a  40:60 

m ixture of 13-cis versus all tra n s  ester. This reaction usually generates 

tra n s  double bonds a t the  reac tio n  center; therefore, the  C (ll)-C (12) 

doub le  bond  shou ld  b e  fo u n d  in  th is  configuration an d  th e  only  

m ixture could exist a t th e  C(13)-C(14) position.
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4b

S ch em e 2 .1 .1 4

The s tru c tu ra l assignm ents were verified by  exam ination of the 

3 0 0  MHz *H NMR spectrum  of the  m ixture in  CDCI3 . The 13-Me group 

of the 13-cis com pound 5b was a t 8  2 .2 7  a s  com pared to 8  2.34 in  the 

tra n s  isom er 6 a  d u e  to carbonyl anisotropy. The 12-H was a t 8  7.82 

(J=15 Hz) in  the 13-cis isom er 5b and  show ed the  characteristic upheld 

sh ift to  8  6.32  (J=15 Hz) in  the  tran s  isom er 5a. Flash chrom atography 

allowed th e  separation  of the all-trans es te r in  95% purity.

5a

NaH, THF

0 j- c o 2b

5b

2.06 (s) /6 .9 S  (dd, J  = 15, 11 Hz) 
1 /  ,2 .3 4  (s)

4.21 (q, J = 7 Hz)

I 5.71

1.26 (t, J = 7 Hz)
.78 (s) 

6.32 (d, J  = 15 Hz)

6.2 (d, J  = 11 Hz)

5a
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6.97 (dd, J = 15, 11 Hz)

2.27(s)

-  5.66 (s)

7.82 (d, J = 15 Hz)

5b

R eduction  of es te r  5 w ith  DIBAL In e th er gave th e  co rrespond ing  

alcohol, w hich w as th en  converted Into the aldehyde 6  w ith  CAMOX 

(MnC>2 /C elite) In CH2C I2 to  o b ta in  75-80%  overall y ield  from  

preparative TLC separation.

,C02Et l) DIBAL

2) CAMOX

Schem e 2 .1 .1 5

7.15 (dd, J = 15, 11 Hz)

Bl

I p -  2.31 (s)
. I I (“  10.1(d ,J = 8 Hz)

I L_ 5 .9 9  (d, J = 8  Hz) 

6.41 (d, J  = 15 Hz)

6a
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7.04 (dd, J  = 15, 11 Hz)

Br

2.15 (s)

5.82 (d, J = 8  Hz)

7.30 (d, J = 15 Hz) 10.12 (d, J = 8  Hz)

6 b

The aldehyde In com pound 6  was protected In order to produce 

an  azido group on the  p h en y l ring. A cetalization  an d  dioxolan 

form ation are the m ost efficient an d  u su a l m ethods for the  protection 

of aldehyde and  k e to n e  g roups. Several m e th o d s  u s in g  various 

catalysts, su ch  as protic acids 126 or Lewis acids (FeCla, NH4NO3, BF3, 

ZnC l2 )127. have been  described . Rare ea rth  chlorides are efficient 

catalysts for the acetalization of aldehydes as reported by  Luchie and 

Gem al.128 This reaction is very easy  to perform  and  the m axim um  yield 

is ob ta in ed  w ith in  a  few m in u te s  a t  room  tem p era tu re . This is 

especially valuable for our acid-sensitive com pounds, l 29a in  contrast to 

m ethods w hich employ higher tem peratures or strong acid .127

In order to  seek  th e  conditions for th e  conversion of 6  to aryl 

azide we u sed  4  as a  m odel com pound, according to the procedures of 

Luche and Sm ith (Scheme 2.1.16).
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1 ) MeOH,CH(OEt)3

LaCl3 *H20
4  --------------------------

2) Mg, I2, ether
3) Tosyl Azide, Na4P20 7

4c

Schem e 2 .1 .1 6

The aryl azide 4 c  was obtained from  4b using  a  careful one po t 

procedure. The p roduct w as Isolated by TLC In 43% yield and th e  azide 

form ed w as verified by  the peak a t 2150  cm*1 In the IR spectrum  (Fig.

2 . 1 . 1).

7.15 (s)

If
4 c ■ ? *

Figure 2 .1 .1 . IR spectrum  
of aiyl azide 4c.

The sam e reaction w as then  carried ou t w ith retinal 6  to yield 10 O.D. 

(optical density) aiy l azide retinal 7 a  from  HPLC purification ( UV: 360 

n m  In hexane). The NMR spectrum  of the compound 7 a  confirm ed 

th e  expected polyene geometry (Fig. 2.2.2). Important features useful for 

configurational assig n m en ts inc lude th e  vicinal coupling co n stan ts , 

J 7.8 -  16.0 Hz and J n , i 2 = 15 Hz (trans and  trans, respectively) and  the 

characteristic  constan ts of doublet-doublet, 11-H, J11 ,10.12 “ 15,11 Hz.
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2.27 (s) 7.15 (dd, J = 15, 11 Hz)

7.16 (s

I— 2.3 (s)
p  10.1 (d, J = 8  Hz) 

L- 5.99 (d, J = 8  Hz)

7a

Conversion of bromosilyl ether 14 to azidosilyl e ther followed by  

cleavage and  reoxldation could  be a  way to  improve the yield, because 

com pound  14 is m ore s tab le , and  the  resu lting  azido functionality  

w ould n o t be  d es tro y ed  b y  th e  co n d itio n s of desily la tion  an d  

reoxidation (Scheme 2 .1 .17).130

1) DIBAL, ether-78°
5

2) ClSi(Me)2(t-Bu)

14

1) Mg, Io, ether------2—i----- p-
2) Tosyl Azide

K T _  N:Na4P207 " s

Sip— J — l  ► 7
I ' 2) CAMOX

Schem e 2 .1 .1 7
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F igure  2 . 1 . 2  A  (3) *H NMR spectrum  of a ll-trans 3 -azido retinal 7 a .
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2 .2  J: , he sis of Trifluoromethylphenyl Diazirine Retinal.

Two general ap p ro ach es  to  the 3H -diazirine skeleton  w ere  

reported  by Sm ith and  Knowles (Scheme 2 .2 .1).131' 132* 98 In the first, 

an  aldehyde was reacted w ith chloram ine and am m onia to give 1,3,5- 

triazabicyclo[3.1.0.] hexanes, w hich arise from the condensation of the 

firs t formed diaziridine with excess aldehyde and ammonia. Formation 

of th e  diazirines w as accom plished  by partied acid hydrolysis of th e  

bicyclic com pound to the  d iazirid ine w hich w as then  trappped  by 

oxidation (Scheme 2.2.1. I ).98 In a  thorough investigation, the authors 

fo u n d  th a t hydroxy lam ine-O -su lphonic  acid could  be u sed  w ith 

advantage to replace the unstab le  chloramine (Scheme 2.2.1. 2 ).98

Ar

1 ) AK3K) N ^N
A i - ^ A r  L

H

t-BuNH2 4 ^ N - ' B u  A r -  r  'BU
2 ) ArCHO ► A r - C '  NH2OSO3H

t-BuOQ A r - C ^ H
------------- ► J N

H

Schem e 2 .2 .1
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U nfortunately, the form er ap p ears  not to be a  general m ethod 

since it failed in the case of o ther diazirines (P-CH3-: P-CH3O-). The 

la tte r  p repara tion  was found to  give quite low yield. The m ethod , 

however, w as applied by Seltzer e t a l.133 in a  synthesis of the diazirine 

re tin a l analog as given in Schem e 2 .2 .2 , in w hich conversion of 

benzaldehyde to diazirine gave only 7% yield.

• D N B S.hv/C C l, I l)NaOAc
A /C H O  2) CH3OH ^ L  ,C02CH3 2) Na0H/H20-CH30H

I n n  l)N H 3/tBuOCl 1  C 
CH2a 2 j ^ W C 0 2C H 3 2) HgO, (7%) ^

■vu'hrai ^

CHO 1 > (C2H50)P(0)CHC(CH3)=CHCN 
NaH, Ca H6

—
3) DIBAL 2) DIBAL/CH2C12

CgHg

I) (C2H50)P(0)CHC(CH3)=CHCN

H y C C ^  ____» * ■ « « . .  ^  Hj O C ^ ^
N = N  S D lB A l/Q H s N C N

Schem e 2 .2 .2

The second approach by Bayley e t a l.134 was based on a  general 

procedure by Schm itz and  O hm e135 w hich produced dialkyl diazirines 

in good yield (Scheme 2 .2 .3 ).98

( f y °  1)NH3 ,  r T ' 1< l' H o c b 'H *  r / ' X "

81%

Schem e 2 .2 .3
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T he 3 -aryl-3-triflu  o rom ethy ld iaz irines, a  new  c lass  of aryl 

diazirines, were prepared by  B runner e t a l .105 This synthetic route h as  

b een  w idely employed due to its h igher yield in spite of th e  la rge  

num ber of steps involved (Scheme 2 .2 .4 ).98

In th e  sam e year a s  we sy n th esized  (trifluorom ethyl)diazirine 

r e t in a l ,  K h o ra n a 's  g r o u p 10 8 b re p o rte d  th e  s y n th e s is  o f th e  

(trifluoromethyl)diazirine re tina l, to investigate the orientation of retinal 

in  the visual pigment, bovine rhodopsin . The results from their g roup108a 

suggested th a t the P-ionone ring  of re tina l orients toward helices C and 

F. (Trlfluoromethyl)-diazirine was incorporated  in to  the phenyl ring  by 

th e  m e th o d s described b y  B ru n n e r105 an d  N assal e t a l . is e  an d  the 

com plete  polyene w as a tta c h e d  b y  W ittig reaction  u s in g  th e  C io  

p h o sphon ium  bromide in  th e  p resence of lithium  bis(trimethylsily)amide 

in  THF as  shown in Schem e 2 .2 .5 .

NH2OH

overall yield 50-60%

Schem e 2 .2 .4
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1) n-BuLi, (trifluoro-
| 1) DIBAL, CgHg | acetyl)piperidene, THF

( P Y  2>UA1H4.THF A s p o S i - l -  2) NH2OH, Py

3) QSi(Mc)2(t-Bu) I 3)TsCl, Py
DMF 4) NH3, ether

 ̂ - 1 -qj_| 1) Py chlorochromate, CH2CI2

F 3C \ A A  I   * FaCv 2) Bi(Ph)3p(0)CH2C(CH3)=CHCH
HN-NH N=N =CHC(CH3)=CHC02CH2CH5.

t(CH3)3Si]2NU, THF, 63%

FaG

1) DIBAL, ether 
C O 2B  2) M n02, CH2CI2

F,C,

N=N
3) NaBH4,THF-H20

4) MnC>2 . CH2a 2
N=N

Schem e 2 .2 .5

O ur Initial approach  to (trifluorom ethyl)diazirine retinal analog 

took th e  re tin o a te  5 th ro u g h  red u c tio n  an d  p ro tec tion  to give an 

in te rm ed ia te  1 4 , since it w as read ily  available from  the  aryl azide 

in term ediate. The ester 5  was reduced  with DIBAL an d  the  resulting 

p rim ary  alcoho l w ith o u t se p a ra tio n  w as p ro tec ted  by  a  TBDMS 

protective group, using the  mild conditions described b y  Wetter et al.137 

to  give a  60 :40  m ixture of all-trans 14a  and  13-cis silyl ether 14b in 

80% yield from  the starting ester 5 (Scheme 2.2.6).
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5
2) dSi(M e)2(t-Bu)

1) DIBAL, ether -78°

14

Schem e 2 .2 .6

It is easy  to  recognize th e  sily l e th er 1 4  from the 1H NMR 

spectrum . Triplet 14-H was revealed after reduction and protection . 

The isom ers of cis and  tran s  silyl e th e r can be distinguished from  the 

chem ical shift of 14-H, 6 5.63 tran s  1 4 a  relative to 6 5.5 cis 14b. The 

11 -H is shifted upheld to 5 6 .56  as  com pared to 11 -H a t 6 6.9 in 5.

6.56 (dd, J =  15, 11 Hz)
4.4 (d, J = 6 )

| 0.9 (s)

Bi | L_ 0.06 (s) 
5.63 (t = 6  Hz)

14a

6.55 (dd. J = 15, 11 Hz)

B

/  5.5 (t, J = 6  Hz)

4 < -h
14b



Adding diazirine m oiety to  the retinal was done by the procedure 

of B runner et a l.105 th rough five steps from 14. Com pound 14 was 

converted to a , a , a-Trifluoroaceto com pound 15 upon treatm ent with 

n -b u ty llith iu m  followed b y  N -trifluoroacetypiperld ine 1 9 . In this 

reaction, w ith careful tem peratu re  control, the initial adduct formed by 

a ttack  of th e  aryllith ium  u p o n  the  am ide does not decom pose to a  

ketone, thereby preventing a  second addition of the aryllithium species, 

an d  allowing isolation of th e  trifluoroaceto  com pound 15. The yield 

from  TLC w as 5~10% . It w as found th a t  th e  m ajority of sta rting  

m aterial w as decom posed d u rin g  the course of th is reaction (Scheme

In com pound  15  th e  desh ield ing  cone of the carbonyl group 

m akes the  2 ,4  proton signal on the ring shifted more downfleld (6 7.7) 

th a n  in the  brom o com pound 14 (8 7.2).

2.2.7).

14

15
19

Schem e 2 .2 .7
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Conversion of ketone 15 to tosyl oxime 17 w as carried out in a  one-pot 

p rocedu re  by  trea tm en t w ith  hydroxylam ine in 1:1 m ixture of ethyl 

alcohol a n d  pyridine to give 16  in  alm ost quantitative yield, followed by 

trea tm en t w ith tosyl chloride in pyridine a t reflux. Unfortunately, the 

la tte r reaction  failed under the  reaction conditions. Due to su ch  high 

tem perature, a  polymer could be formed.

NOTs
i s  NH2OH.Hq ^ TsC1X  17

EtOH/Py F3C ^A >»k  H 1 Py
refluxNOH

3)HPLC
O 18a

POLYMER

Schem e 2 .2 .8

However, the retinal 18a  w as m ade directly from 15 by deprotection of 

th e  sily l group w ith  te tra b u ty la m m o n iu m  fluoride in  THF an d  

su b se q u e n t oxidation  of th e  re su ltin g  alcohol w ith CAMOX. T h e  

iso la tion  by  TLC followed b y  HPLC gave a ll-trans 1 8 a  in  a lm o s t 

quantatlve yield (Scheme 2.2.8).
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7.1 (dd, J  = 15. 11 Hz) 2.3 (s)

1 0 .1  (d. J = 8  Hz)

O 6.4 (d, J =  15 Hz)

18

We tu rned  our atten tion  to Schem e 2 .2 .9  since we could n o t get 

through the synthetic route described in  Schem e 2.2.8.

Schem e 2 .2 .9

The abbreviated p lan  Involved disconnection at the double bond to give 

th e  illu stra ted  C5 an d  C2 fragm ents, a n d  syn thesis of the d iazirine 

group on short pieces before completion of the  full chain.

Conversion to aceta ls is  a  very genera l m ethod for protecting 

aldehydes aga in st add ition  b y  nucleoph iles a t th e  carbonyl group.



1

T "
4 .0

T TT T T ■*V
3 . 0

T " 'T '"
2.08.0r ■ T

9 . 010.0
T "  I  '  6.0T 1.0

PPM

F ig u re  2.2.1 A (1) NMR spectrum  of a ll-tran s re tin a l 18a.



o

15

T**w*l/W

11.2
— r ~  u .o

— i—  
8.6i o . a  i o . a i o . 4  i o . 2  1 0 .0  a . a

PPM

Figure 2.2.1 A (2) *H NMR spectrum  o f a ll-tra n s re tin a l 18a.

— i—  9.4



F i g u r e  2 . 2 . 1  A  (3) NMR spectrum  of a ll-trans retina l 1 8 a .
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Ethylene glycol, which gives a  cyclic dloxolane derivative, Is th e  m ost 

frequently  employed reagent for th is  purpose, allowing easy conversion 

to an  aldehyde after acidic hydrolysis. Aldehyde 2 w as converted  to 

benzaceta l 2 0  In 87% yield after separation  by flash chrom atography 

(Scheme 2,2.10).

The structure of com pound 2 0  was confirmed by 1H NMR w hich 

show ed no  aldehyde peak, the  7-H at 6 5 .99, and four p ro tons In the 

region 5 3.99-4.17.

Preparation of trifluoroacetobenzacetal 21 was done by brom ine- 

l i t h iu m  ex c h a n g e  a t  -4 0 °C  follow ed by  a d d it io n  o f N- 

txiiluoroacetylpiperidine 19 . This provided 2 1  In 65% yield (Scheme 

2 .2 .11). It w as noticed  th a t th e  yield from th is reaction  w as m uch 

Im proved, In con trast to  th e  previous sim ilar reaction (5-10%). The 

re su lts  m ay be due to  the com pound 14 having a  sensitive polyenal 

cha in . This was probably destroyed during  halogen-lithium  exchange 

due to radical species.138

HOCH2CH2OH

TsOH

2 20

Schem e 2 .2 .1 0
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o -" \
I L 0> 1) n-BuLi, THF, -40°^ I I  Q>

BrA<A r"\ F3C ĴvA
2) FjC-C-nJ  o

o
2 0  19 21

Schem e 2 .2 .1 1

An attem pted  application of the  p resen t m ethod for synthesis of 

corresponding oxime from the ketone 21  was again unsuccessfu l due to 

th e  loss of the protecting group. Using a  ketal group a s  protection after 

m aking the 7, 8 double bond was then considered (Scheme 2.2.12).

°  m22  23

NHj

NOH 24 N0Ts 25

HN-NH 26 N=N 27

Schem e 2 .2 .1 2
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The sam e reaction was carried out by  Schem e 2.2 .9  from 3 to provide 

2 2  in  85*90% yield. The Br of com pound 2 2  was again replaced by Li 

u sin g  n-butyllithium , at -40°C. th en  the organometallic com pound was 

c o n v e rte d  in to  th e  tr if lu o ro a c e to p h e n y l co m p o u n d  2 3  w ith  

triiluoroacetylpiperidine 19.

2 2 (s) .6.56 (d, J = 16 Hz)

7.18 (s) ] I '  1.55 (s)

\  ^ '  3.99 (m)

5.61 (d, J = 16 Hz)

2 .2  (s)

7.71 (s)

O

22 23

The resu lting  ketone 23 , upon trea tm en t w ith liydroxylamine led to 24 . 

The 1H NMR spectrum  shows a  very obvious upheld shift from 6 7.71 in  

2 3  to  6 7.1 in 2 4  due to the carbonyl group replacement.

2 .2  (s)

7.1 (s)

NOH

2 4

The reac tion  of 2 4  an d  p -to luenesu lfony l chloride gave 2 5 . Two 

doublet peaks located m uch downfleld a t 8 7.36 and 8 7 .86 in  lH NMR 

spectrum  indicates tosyl oxime formation.



6 7

7.0

7.36 (d, J = 7 Hz)

N
2.45 (s)

1—  7.86 (d, J = 7 Hz) 

25

The diaziridine 2 6  was obtained by trea tm en t w ith liquid am m onia 

at -78°C and  warm ing to room  tem perature In a  sealed tube. The yield 

w as quantitative from  2 5 . The NMR spectrum  w as observed after 

flash  chrom atographic separation . The diaziridine 2 6  showed the two 

pro tons on nitrogens as a  broadened doublet located a t 6 2.75, b 2 .19, 

respectively, w hich couple to one another (J  = 8 Hz).

O xidation of d iaziridine 2 6  w ith  CAMOX in  CH2CI2 a t room  

tem perature gave diazirine 2 7  In a  quantitative yield. The overall yield 

of diazirine 2 7  from bromo com pound 19  was 20%.

2.27 (s)

H N - N H

| 1— 2.75 (d, J = 8 Hz)
2.19 (d, J = 8 Hz)

2 6

N = N

2 7
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The NMR spectrum  of the diazirine 2 7  showed the 2 ,4  protons 

on the phenyl ring as a  slightly broadened singlet a t 6 6 .8 .

acetone

2 7  28

S chem e 2 .2 .1 3

Hydrolysis of keta l to ketone w as accom plished  by dilute HC1 to get 

pu re  com pound 28 , from TLC separation, in  85 % yield.

7.56 (d, J  = 16 Hz)

—  2.37 (s)

6.3 (d, J =  16 Hz)
N=N

2 8

However, we unsuccessfu lly  a ttem pted  to elongate the chain of 

2 8  with silyl aldim ine 1 0 , since 2 8 , in  th e  p resence of the lithium  

d lisopropy lam ide , u n d erw en t lo ss  of d iazirine  ring  yielding the  

corresponding mixture of 2 9 a  and 29b  (Scheme 2.2.14).



69

f 3c

F3C ^ A
1)LDA

2) 10

O 29a

N=N

28 O
29b

Schem e 2 .2 .1 4

Both 2 9 a  an d  29b were confirmed by NMR and  13C NMR, as well as 

by th e  MS spectrum  (Cl: M+l 297). The singlet from  the 2 ,4  protons at 

6 6.8  on  th e  phenyl ring in 1H NMR is a  characteristic  sh ift showing 

the diazirine moiety a t the 3 position. After reaction , the 2 ,4  protons 

in  2 9  show ed a  downfield shift to 6 7.7 w hich is th e  sam e chem ical 

sh ift as in  th e  trifluoromethylphenyl ketone 23. The 13C NMR spectrum  

of 2 9  revealed bo th  a  carbon of a  ketone a t 6 197.6 and a  carbon of an 

aldehyde a t 6 192.

2.3 (s) /  
7.7 (s) | /

6.5 (d, J  = 16 Hz)

/ — 2.41 (s)
, j— 10.17 (d ,J  = 8 Hz)

F3C.
| 6.02 (d, J  = 8  Hz)

6.34{d, J = 16 Hz)
O

29a
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2.23 (s)
I  6.05 (d, J = 8  Hz)

F3C,

10,14 (d ,J  = 8 Hz)

7.40 (d, J  = 16 Hz)

29b

To explain tills result, It Is th o u g h t th a t the diazirine ring was opened 

by  strong base In aqueous solution during  workup with water. Therefore 

It could be taking place as show n in  Schem e 2.2.15. Improvement of the 

w orkup , however, m ight m ake it possible to save the diazirine, as  by 

u sin g  aqueous NH4CI Instead of w ater.

„ N = N
r

OH-

N11 lN-OH H -N -O H

S ch em e 2 .2 .1 5
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Our next approach  to  the diazirine w as to explore the possibility 

of 3 1  as a  key in te rm ed ia te  crossover in C 2 extension. The u se  of 

t-butyldimethylsilyl groups in organic synthesis w as first introduced by 

S tork et a l.139 an d  by  Corey et a l.140 It is now  considered to be one of 

the  m ost useful protective groups. It is m ore stab le  to hydrolysis than  

a  trim ethyl or an  isopropyldim ethylsilyl e th e r  b u t it is still readily 

cleaved by  fluoride ion or aqueous acid. Silyl e ther 31 was available 

from  tra n s  aldehyde 4 a  in  two s tep s  (Schem e 2.2 .16). R eduction of 

aldehyde 4 a  w ith DIBAL in  e th e r gave a  quantita tive yield. The 

re su ltin g  allylic alcoho l w as su b se q u e n tly  p ro tec ted  w ith  tert- 

butyldimethylsilyl chloride in the  presence of imidazole, producing 80- 

85% overall yield of silyl ether 31.

J ^ C H O  ^  ^  4a 1) DIBAL
j f V  2) ClSi(Me)2(t-Bu) j Q T  ^  O SI-f-

2 NaH 1 1   S *  31
DMF

30

Schem e 2 .2 .1 6

The alternative sy n th esis  of 31  w as efficiently carried ou t in 3 steps 

from  2. The Wittig H orner reaction betw een 2  and  phosphonate 13 in  

D M F directly  gave a  d iene e s te r  3 0  follow ed by  red u c tio n  and  

pro tection , in 66% overall yield b ased  o n  benzaldehyde 2 (Schem e 

2.2.16).
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2.3 (s) 
I

6.85 (d, J  = 16 Hz) 
r-2.4 (s)

12 (S> \ JX\i
4.2 (q, J  = 7 Hz)
1.3 (t, J  = 7 Hz)

5.8 (t, J  = 6 Hz) 
6.27 (d, J = 16 Hz)

3 0

6.35 (d, J  = 16 Hz)
1.89 (s) 4.35 (d, J = 6  Hz)

,—  0.08 (s)

- | -  0.9 (s) 

^  | t -  5.68 (t, J = 6 Hz)
6.20 (d, J  = 16 Hz)

31
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Tho synthetic route from  31  to  diazirine aldehyde 3 2  is outlined 

in Schem e 2.2.17.

l)n-BuLi 
31    F3C,

* > «  O

32

| NH,OH-HCl
OSI—I— — ------- -

I EtOH/Py

F3C.
NOH

33

O S \-~  TsCIl
i 1 ---------►
1 Py F*C

NOTs

OSF-j—

34

NH3

ether

F3C 
HN-NH

35

CAMOX
----------- ► F3C
CH2Cl2 N=N

S ch em e 2 .2 .1 7

3 6

T reatm ent of 3 1  w ith 1.1 equivalen t of n-buty llith ium  followed b y  

addition of N-trifhiroroacetylpiperidine 19 gave the coupled product 32  

in  48% yield, after separa tion  by  flash chrom atography. The diazirine 

3 6  w as p repared  by  carry ing  o u t the sam e procedure a s  described  

previously, from  the  oxim e 3 3  via O-tosyloxime 3 4  p lu s  am m o n ia  

yielding the diaziridine 3 5  a n d  oxidation of the la tte r w ith CAMOX. 

The yield d ropped  d u rin g  tosy lation  of oxime 3 3 ,  due to high 

tem perature necessary. This led to a  total yield of 18% in  four steps.
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300 MHz lH NMR spectra  of 3 2 , 3 4 , 3 6  were taken in CDC13, 

and assignm ents are shown below.

2.3 (s) 
I

f ,cx
OSi

32

7.37 (d, J = 8  Hz)

2 29 (s) 6.42 (d. J = 16 Hz)

I
OSi

2.46 (s) — r \ . s o 3'

7.87 (d, J = 8  Hz)

6.29 (d. J = 16 Hz)

3 4

2.29 (s) 6.42 (d, J  = 16 Hz)

F , c . A A  I I

N=N 6.24 (d, J  = 16 Hz)

3 6
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The t-butyl dim ethyl siloxy protecting group w as rem oved with 

tetra-butylam m onium  fluoride in THF to obtain the  allylic alcohol 37 . 

W ithout separation, the alcohol 3 7  w as directly oxidized by CAMOX to 

give aldehyde 38 In 80% yield after TLC separation (Scheme 2.2.18).

OH CAMOX

N=NN=N
3 83 7

S ch em e 2 .2 .1 8

A clear aldehyde doublet peak  w as recorded in  th e  1H NMR spectrum , 

located downfield a t 6 10.1 with a  coupling constan t of 8 Hz.

7.0 (d, J = 16 Hz) 
■2.39 (s)

F,C,

N=N

10.1 (d, J = 8 Hz)

8 Hz)
6.39 (d. J = 16 Hz)

3 8

Elongation of the  side chain  to its  full length  w as achieved as 

p lan n ed  via  a  Wittig H om er reaction  using  the Cg ph o sp h o n a te  13, 

yielding 75-80% of the diazirine retinoate 3 9  as a  Z:E m ixture of 40:60.



S chem e 2 .2 .1 9

After isolation by  TLC, the s tru c tu ra l assignm ents were validated by 

exam ination  of the  300  MHz 1H NMR sp e c tru m  of th e  m ix ture in  

CDCI3. The 11 -trans geometry was confirmed by a  15 Hz coupling with 

12-H in bo th  isom ers. The 13-trans assignm ent w as show n by  the  8

2 .3 4  shift of th e  13-m ethyl group as com pared to  6 2.1 in  the  13-cis 

isom er. The u p f ie ld 6 6 .3  resonance  of 12-H w as characteristically  

sh ifted  fu rth er to 87 .8  in  the  13-cis case . In addition, a  slightly 

b roadened  peak a t 8 6.8  o f 2 ,4  pro tons on th e  phenyl ring indicated 

th a t  the diazirine group rem ained at the  3 position.
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6 .8  (s)

6.5 (d, J = 16 Hz)

2.3 (s)—j 2 . 0  (s) 
I

6.97 (dd, J =  15, 11 Hz)

2.35 (s)

F3C ^ A v ^ k  I 5.78 (s)
nA n  6.32 (d, J  = 15 Hz)

6.21 (d. J = 11 Hz)

6.34 (d. J = 16 Hz)

3 9 a

6.96 (dd. J = 15. 11 Hz)

2.27 (s)

.  5.66 (s)

^  c o 2b

N=N 7.8 (d, J = 15 Hz)

39b
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The filial two s tep s  to generate diazirine retina l 4 0  were carried 

ou t in a  one pot procedure of reduction  an d  oxidation. The esters 3 9  

were reduced w ith DIBAL to the  corresponding alcohols and reoxidized 

to the aldehydes 4 0  by CAMOX (Scheme 2.2.20).

1) DIBAL

2) CAMOX 
3 9   »

3) HPLC

Schem e 2 .2 .2 0

The !H NMR spectrum  of th e  all-trans aldehyde 40 a  in CDCI3 is 

given in  Fig. 2 .2 .2  A. The NMR an d  HPLC of the m ixture showed that 

th e  13-E /Z  ratio  w as approxim ately as observed in the starting  esters, 

indicating th a t there  had  been  no  isom erization.

As a  com parison with Schem e 2 .2 .5 , our synthetic route seem s 

easier to approach  w ith C2 an d  Cb in hand , since the C10 phosphonium  

brom ide u se d  in  th e  H offm ann-LaR oche sy n th e s is  is no t easy  

available. 141 However, using  twice th e  Cb phosphonate  13 Instead of 

C 10 in Schem e 2 .2 .5  is also tho u g h t to be su itab le for th is  synthesis 

b e c a u s e  th e  W ittig -H o rn er re a c tio n  d id  n o t d am ag e  th e  

(trifluoromethyl)diazirine ring.

FoC

CHO

N=N
40a

F.C, CHO
N=N

40b
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7.13 (dd, J = 15, 11 Hz)
2.32 (s)

10.1 (d, J = 8  Hz)

5.97 (d, J = 8  Hz)

N=N 6.4 (d, J  = 15 Hz)

40a
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2 .3  Synthesis of 1 -Diazoacetoxy Retinal.

The syn thesis  of th e  seco-ring probes was designed to use  the 

sam e s ta rtin g  m ateria l, in te rm ed ia te  5 2 , as  show n below for th e  

preparation of a  series of ring-truncated  retinal analogs, su ch  as these 

bearing  photoaffinity labels, spacer arm s of variable length attached to 

th e  seco-ring. an d  functionalization  with rep o rte r g roups th rough  

esterifications.

There are m an y  lite ra tu re  reports of m ethods to convert either 

e s te rs  or alcohols in to  d iazoaceta tes by  m aking  diazo groups by 

acy lations of a lc o h o ls142-143 or directly  from  a -c a rb o n s  of e s te r  

com pounds101 -144*148 (Scheme 2.3.1). The former was considered in our 

case because of a  te rtia ry  alcohol at C(l).

Native retinal in bR 52a

1)
TsNHNCHCOQ

2)
Rj CHCO2R2 NaN0 2, HQ R ,C H C 0 2R2

n 2n h2 or
iC 5Hn ONO
O l3C0 2H
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TsN3 / CH3CN ^2
3) Et02CCH2C02Et ------------------- ► Et02CCC02Et

El3N

4) Ph3P = CHC02R + TsN3 -------- ► N2CHC02R

S ch em e 2 .3 .1

We u sed  th e  m ethod of H ouse e£.al. 149 an d  la ter modified by  

Corey e t a l 101 The method, however, was applied by Nakanishi's group 

in  a  syn thesis  of the diazoacetoxy retinal analog (I).100 The reaction  

utilized the  acid chloride of glyoxilic acid tosylhydrazone as acy lating  

agen t for esterification with trie thy l am ine or N,N-dimethylaniline to  

p roduce the  diazoacetoxy com pounds. The u se  of a  weak base (N,N- 

dim ethylaniline) to replace triethylam ine w as reported15lb to promote a  

clean  reac tion  betw een glyoxylic acid chloride tosylhydrazone an d  

alcohols to form the corresponding diazoacetate. The yields observed 

could  reach  as high as 90% in  th e  case of secondary  alcohols, as 

com pared w ith using  triethylam ine alone, w hich resulted  in yields of 

42-55% .142’149 The formation o f undesired product, leading to low yield, 

h a s  b een  ra tiona lized  as th e  re s u lt  o f a  p rocess su c h  as  th e  

following:101

xt^ N H S 0 2To1 o
Tn1 No O N2II Et3N N S Tol j, „ RCHOH ||

HC  ► | _  o  -► HCCOSTol ---------- — ► HCCOCH2R
> 0  H ^ 0  _  > g

a  x O Et3NHQ or Q
II

RCH2OSTol

S ch em e 2 .3 .2
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At th is point in the  sy n thesis  of diazoacetate. an  efficient route 

to in term ediate 5 2  h ad  been  begun based  on a  four-step  reaction as 

re p o rte d  b y  H eathcock  e t a l . , 150 show n  in S chem e 2 .3 .3 . 

Propionaldehyde was trea ted  w ith NaCN in the presence of NaHSC>3, 

followed b y  a  acid-catalyzed reaction  w ith ethyl vinyl e ther to give 

nitrile com pound 43. The following aldol addition of nitrile com pound 

4 3  w ith acetone , an d  su b se q u e n t ac id -induced  hydrolysis of the 

condensed  p roduct an d  b ase-in d u ced  dehydrocvanation provided a- 

hydroxy pentanones 44. Protection of the te rtian ’ hydroxyl group using 

N ,0 -b is  (trim ethylsilyl) acetam ide gave pen tanone 4 5 . 2 -M ethyl-2- 

trim ethylsilyl-oxypentane-3-one 45  contains the gem  dimethyl groups 

requ ired  for th e  pro tein  b in d in g  site , a n d  th e  te rtia ry  alcohol is 

p ro tec ted  w ith the silyl group in  order to  produce the  polyenal side 

chain .

NaHSOj, NaCN

41 42 43

MeC(OSiMe3 )=NSLMe3

H2 S 04, NaOH

44

Schem e 2 .3 .3

45
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The ketone 4 5  w as successfully converted into the seco (5-ionone 

derivative 4 7  according to the procedures of Scott e t al.151*153 by Wei- 

Xing Kozak (Professor Balogh-Nair's group). Conversion of ketone 45  

in to  an enolate ion with lithium  diisopropylam ide followed by trapping 

of enolate with N-phenyltrifluorom ethane sulfonim ide gave vinyl triflate

The reaction of vinyl triflate 4 6  w ith  m ethyl vinyl ketone in the 

p resence of a  catalytic am ount of b is(triphenyl-phosphine) dichloro- 

palladium(II) and  an  excess of triethylam ine gave the desired dienone 

47^295

The stereoselectivity of enolate form ation can be very high under 

conditions of kinetic control. Apparently, the  Z-enolate of ketone 45  is 

bo th  more stable and  faster formed th an  th e  E-enolate.

46 .

-SIC

O 1) LDA / THF, -78° 
^  2) (CF3S0 2)2NC^H5

-SIC

,o so 2c f  3 c h 2= c h c o c h 3

Pd(PPh3)2Cl2*L_si(
O

DMF, EtN3 |

45 4 6 4 7

Schem e 2 .3 .4

I3V V
> = < .  OSi(CH3)3 

H aC ^C H a

H3C H3CN .OSi(CH3)3

Z E
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The com position of enolate m ixtures could be determ ined by allowing 

th e  enolates to react with N-phenyltrifluorom etlianesulfonim ide. Rapid 

form ation of enol triflate and su b seq u en t determ ination of the ratio of 

enol triflates revealed, by 1H NMR, the ratio  of enolates to be Z:E 9:1. 

The vinyl triflate 4 6  showed the quarte t signal of a  vinyl proton a t 6 5.5 

a n d  co rrespond ing  doublet signal of vinyl m ethyl p ro to n s a t 6 1.7, 

w hich  were assigned  to the Z configuration as being  th e  m ajor one. 

T h is assignm en t w as confirm ed b y  u sin g  th e  NOE difference NMR 

technique, w hich clearly showed enhancem ent a t 8 5 .5  on irradiation of 

th e  gem dim ethyl p ro tons (Fig. 2 .3 .1  A; a is an  NOE difference 

sp ec tru m  by obtaining two spectra: one b is a  specific-proton-irradiated 

1H spectrum , and  the  other c  is a  conventional lH spectrum ; the letter 

is sub trac ted  from the former to obtain the  difference NOE spectrum).

1.7 (d, J = 8 Hz)
1.3 (d, J = 8 Hz)

h3c  o s o 2c f3
/ ! = \^O S i(C H 3)3 — 0.15(s)

/  H3C CH3
5.5 (q, J = 8 Hz) I

1.4 (s) 5.6 (q, J = 8 Hz)

46-Z 46-E

However, an  undesirab le  byproduct derived from  th e  triflating 

reag en t a ttack ing  th e  a-carbon  o f ketone 4 5  w as also noted  from the 

l H NMR analysis of com pound 4 6 . Saturation of the  m ethyl group at 8

1.4  gave an  enhancem ent of the proton a t 8 3 .9  and w as assigned to 56  

(Fig. 2.3.1 B).

C H3a,O S l(C H 3)3

3 \ = = < ^ H 3 
H 0 S 0 2CF3
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Figure 2 .3 .1  (A-C) Vinyl triflate 4 6 .
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F ig . 2 .3 .1  C NOE difference spectrum  (a), speciflc-proton-irradlated
!H spectrum  (b), an d  conventional 1H spectrum  (c) In CDCI3 .
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3.9 (m, J = 7 Hz)
\ s o 2c f 3

1.4 (d, J = 7 H z )  1 , 0

0.14 (s) S iO *^x “
I

1.3 (s)

5 6

The resu lt could be a ttribu ted  to steric h ind rance  from  both silyl ether 

an d  gem d im ethyl groups n ex t to the  ketone. There is com petition 

between trapp ing  of the  enolate and a  reaction of a-carbon  anion of the 

ketone w ith N -phenyltrifluorom ethanesulfonim ide.

LDA.THF 
 ►

-78°

(CF3S02)2NC6H5
SO2CF 3

4 5 56

Schem e 2 .3 .5

It was quite difficult to isolate vinyl triflate 4 6  from  5 6  by either flash 

ch ro m ato g rap h y  or d istillation. Fortunately , th is  byproduct of the  

Heck reaction  d id  no t react w ith m ethyl vinyl ketone in  the presence of 

b is(tr ip h en y l-p h o sp h in e ) d ich lo ropallad ium , there fo re  it could be 

separated in  th is step.

The Heck reaction proceeded by the  reduction of the palladiumdl) 

catalyst to  a  palladium (0 ) species, p resu m ab ly  by  the  m ethyl vinyl
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k e to n e . 154 The resu lting  palladium (O) species Is th en  capab le  of 

en tering  the  catalytic cycle (Figure 2 .3.1) by oxidative addition of the  

vinyl triflate 4 6  as an  electroplille an d  coordination with th e  m ethyl 

vinyl ketone to  afford a  palladium (II) species, such  as 5 8 . A genera l 

po in t to recognize is the instability  of C-Pd bond in the presence of a  fl- 

hydrogen  atom . The final s tage  of the  Pd-m ediated reaction  is th e  

elim ination of Pd-H to give p ro d u c t 4 7 . The two sets of vinyl p ro tons a t 

5 7.3 and  6 6 .42 corresponding to  7-H an d  8 -H, a s  well as  the m ethyl 

group of ketone at 6 2 .3 could b e  seen  on the NMR spectrum . The 

resu lting  double bond in  the tra n s  form w as confirmed by the 16 Hz 

coupling constant between 7-H an d  8 -H.

59

Figure 2 .3 .2 . M echanism  o f  Heck reaction
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1.80 (d, J = 7 Hz)
\

7.29 (d, J = 16 Hz) 

O
5.95 (q, J = 7 Hz)—  ^  2 31 (S)

0.07 ( s )  S i a 'X  I—  6.43(d, J = 16 Hz)
1 I

1.39 (s) 

47

Reaction of dienone 4 7  with different C2 homologation reagents 

produced the resu lts shown below.

Me
47

3S , ^ N M e 3 ^ L ^ J ^ c h c

- S i O " \
I

4 8 a  (60%)

IDA
CHO+

- S i
I

48b (40%)

47

(EtO)oP(0)CH2CN
 2 2  ^

NaH SiO'
I

CN
+ CN-SiO '

I

4 9 a  (90%) 49b (10%)

Schem e 2 .3 .6

The shift of th e  9-Me group In these two pairs of Isomers 48  an d  

4 9  is obvious In b o th  cis and  tran s cases; w hen  the aldehyde or nitrile
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is cis to th e  9-Me, th e  chem ical shift is a t 8 2 .3 for th e  aldehyde and 

6 2.2  for th e  nitrile, presum ably due to  the  desh ield ing  cone of both 

groups. In the cis com pounds the deshielding cone of aldehyde or nitrile 

show s its influence on the 8 -H to sh ift the resonance  more downfield 

(8 7.5 for 48b , 8 7.0 for 48b) than  the 7-H (8 6.8  for 48b, 8 6.6  for 49b).

6.81 (d, J =  16Hz)

1.78 (d, J = 7 Hz) 2.30 (s)

5.81 (q, J = 7 Hz)— 10.12 (d, J = 8  Hz)

0.08 (s) _  - S i O ' X  | *—  5  9 6  « •  J  = 8  «*>
6.60 (d, J = 16Hz)

1.39 (s)

48a

6.70 (d, J  = 16Hz)
,-------2 . 1 2  (s)

L / — 5.88 (d, J = 8  Hz)

- S i O ^ C  I CH°  10*18<d’J = 8Hz>
7.50 (d, J  = 16Hz)

48b
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6.64 (d, J = 16Hz)

1.78 (d, J = 7 Hz) 2.19(s)

5.80 (q, J = 7 H z ) -  L ^ J ^ C N  

0.06 ( s )  S i O ^ C  | L- 5 1 8 <s>
I | 6.55 (d, J  = 16Hz)

1.39 (s)

4 9 a

6 .6 6  (d, J  = 16Hz)
I 2.04 (s)

I
■SiO 

I 7.00 (d, J = 16Hz)

5.13 (d, J = 8  Hz)

49b
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The triene nitrile 4 9  could be reduced  to trienal 4 8  ( tra n s /c is  

=9 /1) in  85-90%  overall yield w ith  DIBAL.155 The trans trienal 4 8 a  

w as su b jec ted  to  the  W ittig-H orner re ac tio n  w ith the an ion  of 

phosphonate  13, producing the retinoate 5 0  hi 80-85% yield bu t a s  a 

m ixture of isom ers (E/Z = 6 0 /4 0 ) .12915

48a

(Et0)2P(0)v j* y C02B 

13 H

COoEt

-S iO
50a

NaH

COoEt-S iO

50b

S ch em e  2 .3 .7

The final three steps of the syn thesis  gave the 1 -hydroxy retinal 5 2  in 

50-60% overall yield (Scheme 2.3.8).

S ch em e 2 .3 .8
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The t-butyl dim ethyl siloxy p ro tec ting  group was cleaved with 

tetra-butylam m onium  fluoride to generate the 1 -hydroxy ethyl retinoate 

5 1 . Tills w as subjected to a  reduction-oxidation  sequence to give 1- 

hydroxy retinal 52  (Fig.2.3.3).

1.78 (d, J  = 7 Hz) —^

5.69 (q, J = 7 Hz)

0.06 (s) —

6.48 (d, J = 16 Hz)
6.96 (dd, J =  15.11 Hz)

.33 (s)

C 0 2Et =
2  1.24 (t, J = 7 Hz)

I 1—  5.76 (s)
6.34 (d, J  = 15 Hz)

1.99 (s)

J  6.17 (d ,J
1.39 (s) 6.31 (d, 3 = 1 6 1

= 11 Hz)

5 0 a

6.95 (dd. J = 15.11 Hz)
2.04 (s)

5.62 (s)

I
■SiO 

I

I c o 2b

7.77 (d, J = 15 Hz)

50b
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1.75 (d, J = 7 Hz) —^  

5.78 (q, J = 7 Hz) —

6.43 (d, J = 16 Hz)

1.99(S) / 6-96(5d^ = ,5- 11HZ) 
j r i—  2-33 (s)

C 0 2B

1.39 (s)

4.14 (q, J = 7 Hz)
1.24 (t, J = 7 Hz)

I 1—  5.76 (s)
6.34 (d, J  = 15 Hz)

6.19 (d, J = 11 Hz)
6.28 (d, J = 16 Hz)

51a

6.95 (dd. J  = 15, 11 Hz)
2.04 (s)

5.63 (s)

I COgEt
7.77 (d, J = 15 Hz)

51b
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1.77 (d, J  = 7 Hz) —^  

5.81(q, J = 7 Hz) —

6.47 (d, J = 16 Hz)

2.00 (s) /  7,11 J = 15, 11 Hz^1 r
,CHO 10.09 (d, J = 8 Hz)

2.31 (s)

I 1—  5.96 (d, J = 8 Hz)
^  6.37 (d, J = 15 Hz)

1.38 (s)
6.23 (d, J = 11 Hz)

6.36 (d, J  = 16 Hz)

5 2 a

7.01 (dd, J  = 15, 11 Hz)
2.13 (s)

^  5.83 (d, J = 8 Hz)

CHO 10.09(d, J  = 8Hz)

7.28 (d, J  = 15 Hz)

52b
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Figure 2.3.3 A NMR spectrum  of a ll-tran s 1 -hydroxy re tin a l 52a.
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Alternatively, 5 2  could be sy n th e s iz ed 70 as shown in Schem e 

2 .3 .9 . The sta rting  m aterial cou ld  be prepared  in high yield from  

tris(trim ethylsilyl)ketenim ine an d  acetaldehyde by the p rocedure  of 

S a to . 156 Desilylation of (Z)-1 -cyano-1 -trim ethylsilyl-1 -propene gives 

(Z )-l-cy an a lk -l-en y l an ion . T his an ion  w as reported to  reac t w ith 

carbonyls with retention  of its  configuration 157 to obtain the  (E)-2-(l- 

hydroxyalkyl)alk-2-enenitriles in good yield. However, poor yields were 

reported  when the carbonyl com pound was acetone. The complete side 

ch a in  from  the aldehyde could  be m ade by two sequences u s in g  Cs 

followed by reduction-reoxidation to give 52.

Approch of th e  key in term ed ia te  52  h a s  been carried  ou t by 

a tta c h m e n t of the full polyene side-chain  in  one step  followed by 

reduction , dehydration of a  te rtia ry  alcohol, and final oxidation w ith  

CAMOX to yield the desired  5 2  (Schem e 2 .3 . 10).158 A lthough th e  

dehydration of the tertiary alcohol failed in  the hands of another worker 

in ou r group, we th in k  th a t th e  reaction  of dehydration  shou ld  be 

fu rther investigated at th is point.

CN D1BAL

NaH 2) CAMOX NaH 2) CAMOX
13 1) DIBAL 13 1) DIB AL

 ►  *■

5 2

Schem e 2 .3 .9
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EtMgBrEtMgBr —SiO
l^OH

CAMOX
52

Schem e 2 .3 .1 0

At th e  beginning, we thought we could exam ine the  generality of 

the esteriflcation procedure, an d  see if steric h indrance from  such  a  long 

polyene chain  an d  the gem  dim ethyl groups could p reven t the  reaction 

from  tak in g  place. The u se  of dim ethyl am ino pyrid ine (DMAP) or 4- 

P yrro lid inopyrid ine (PPY) (2.5 tim es m ore reactive  th a n  DMAP) as 

acy lation  ca ta ly sts  in esteriflca tion  ap p eared  to be su ited  for o u r  

p u r p o s e . 159*161 O ur esteriflcation  s tu d ie s  began  w ith  1-hydroxyl 

re tinoa te  51  since it h a s  a  full side ch a in  and  is m ore stab le  than  1- 

hydroxy  re tin a l 5 2 . 1-hydroxy re tinoate  5 1  gave 5 4  in 45% yield

(Scheme 2.3.11).

51

DCC, Et3N, PPY 
CH2a 2i 25°C

CH3(CH2)5C02H 

O

S chem e 2 .3 .1 1

54
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The 1H NMR sp ec tru m  of th e  p roduct 5 4  revealed a  downfleld 

shift of th e  gem dimethyl groups a t 6 1.56 (6 1.39 for 51), a  clear triplet 

a t 5 2 .16 , and  th e  m ethylene p ro tons of the chain  a t 6 1 .23. The 

term inal m ethyl protons a t  6 0 .83  unam biguously  Indicated the long 

ch a in  form ed by  esteriflca tion . This provided a  s tim u lu s  for the  

com pletion of the synthesis of a  series of analogs bearing  photoaffinity 

labeling an d  spacer arm s o f variable length  since we knew  th a t the 

esteriflcation of th is  tertiary  alcohol would no  longer be  a  problem  for 

us.

1.78 (d, J  = 7 Hz)

6.43 (d, J = 16 Hz)
6.96 (dd, J  = 15, 11 Hz) 
r— 2.33 (s)

, . | /-»/-, r-» 4.14 (q, J  = 7 Hz)
5.69 (q, J  = 7 Hz) 1.24(t J  = 7Hz)

2.16 (t, J  = 7 Hz) -  

1.23 (br) |  

0.83 (br)—

I 1—  5.76 (s)
^  6.29 (d, J = 15 Hz)

6.19 (d, J =  11 Hz) 
6.28 (d, J  = 16 Hz)

1.56 (s)

5 4 a
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Figure 2 .3 .4  *H NMR spectrum of 7C retinoate 54 .



Next ta rge t w as the  co nversion  of th is  te rtia ry  alcohol into 

d iazoaceta te . The glyoxylic ac id  ch lo ride  tosylhydrazone 5 7  w as  

em ployed for esteriflcation and  w as therefore prepared  by first reacting 

glyoxylic acid with tosyl hydrazide followed by trea tm en t with thionyl 

chloride, as reported by House et a l. 149

SOoNHNCHCOCIs o 9nhnchco9h
(0H)2CHC02H

55 5 6 5 7

S ch em e 2 .3 .1 2
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E steriflcation  of th e  te rtia ry  alcohol of 5 2  w ith 5 7  in the 

presence of 4-pyrrolidinopyridine afforded a  m ixture of all-trans 5 3 a  

an d  13-cis 53b  (2 /1 ) in  45-50%  overall yield. However, the  p- 

to luenesulfonyl hydrazone es te r 5 8  and p-to luenesulfinate es te r 5 9  

were not obtained from th is  reaction.

52
T sNHNCHCOCl

 ►
N si'

, PPY CH2C12
NoHC o

53

Schem e 2 .3 .13

TsHNNCH O

HPLC traces  of p roducts, a ll-trans 5 3 a  and  13-cis 5 3 b , are given In 

Figure 2 .3 .5 . A a n d  B, respectively. Figure 2 .3 .5 . C shows a  second 

stage purification of a ll-trans 5 3 a , by reducing po lar solvent EtOAc 

from  15% to 5% in  hexane.
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tta
t e a

Solvent: 15%EtOAc
in hexane

Column: Liehrosorb
(semi-prep)

Flow: 3 mL/min.

\ ______i  a ta
TIm  (■IK.)

ta ta

Solvent: 15% EtOAe 
In hexane 

Column: Liehrosorb 
(semi-prep) 

Flow: 3 mL/min.

f. ta ta

A. HPLC trace of all-trans 53a  B. HPLC trace of 13-cis-trans 53b

Solvent: 5% EtOAc 1i
4M In hexane

Column: Liehrosorb
m (seml-prep)

Flow: 3 mL/min.tm

IN
• L
II l> M 41TIM (■!*•> M

C. HPLC second stage purification of all-trans 53a

Figure 2 .3 .5  HPLC traces for A ll-trans Retinal 53a and 13-cls Retinal
53b.

Form ation of the two d iazoacetates, 5 3 a  and 53b , was In each  

case determ ined by  300 MHz *H NMR In CDCI3 after HPLC purification. 

However, unexpectedly, *H NMR show ed th e  appearance of two pairs of
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each  type of pioton in alm ost equal intensity , such  as  two pairs of the 

doublet signal of 15-H at 6 10.07 and 10.08. The two m ethyl groups a t 

C(1) are no longer equivalent in  chem ical shift; one is a t 5 1.82 and the 

o th e r is shifted to 5 1.87. hi addition, there are four conform ational 

isom ers in all-trans 53a  (Fig. 2 .3 .6  A) and  13-cis 53b  (Pig. 2 .3 .7  A), as 

ind icated  by four se ts  of diazo p ro tons in alm ost equal intensity . The 

chem ical shifts of the four singlets were also different, i.e., 5 4.70, 4.83, 

4 .95 , 5.18 in all-trans 53a and 6  4.70, 4.84, 4.96, 5 .19 in  13-cis 53b.

T hese re su lts  su g g ested  th a t  co n fo rm atio n a l isom ers are 

genera ted  in a ll-trans 5 3 a  an d  13-cis 53b , respectively. Ultraviolet 

spectrom etry  of 53a  and  53b show ed absorption a t 374  n m  (Fig. 2.3.6 

B) and  368 nm  (Fig. 2 .3 .7  B). The strong  absorption n e a r  225 nm  in 

hexane could be considered to be characteristic of a  diazo functionality 

d u e  to a  m ixture of comformational isom ers.



110

6.36 (d, J = 16 Hz)
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The sim ilar com poimd of 3-((l-14C]diazoacetoxy)-oll-£rans retinal 

I , show n below, w as syn thesized  by  N akanish i's group (the yield of 

c ro ss-link ing  w as 25% from th is  photoaffinity group). 100b .l07b 

sim ilar doubling  of NMR peaks w as repo rted . Only one NMR diazo 

signal a t 6 4 .74  an d  a  UV (hexane) p eak s a t 360 nm , an d  254 n m  

(diazoacetoxy) in  all-frans retinal I  were observed.

Som e questions are: 1) how  com e there  are doubling of NMR 

p eak s an d  four individual diazo p ro tons w ith such  different chem ical 

sh ifts, a s  com pared with re tina l I; 2) if the conform ational isom ers do 

ex ist in  so lu tion  a t room  tem pera tu re , w hich p a r t would be derived 

from  w hich  conform ation? It w as n o ted  th a t  th e  r in g -tru n ca ted  

derivatives m ay be led to conform ations since th e  hexene ring was 

m odified in to  the seco-ring. The C(l)-C(6 ) bond, th u s , is considered 

m ost im portan t in determ ining the overall conformation.

N uclear O verhauser Effect difference spectroscopy is rapidly 

becom ing  m ore im p o rta n t a s  a  too l for o rgan ic s tru c tu re  and  

conform ational analysis, since it offers g reat advantages of sensitivity 

a n d  selectivity over older m ethods for m easuring  the NOE .163 The 

conform ations of d ienone 4 7  an d  trien a l 4 8 a  in  solution have been 

determ ined by NOE difference NMR technique. Figures 2 .3 .8  (A-C) and

1
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2 .3 .9  (A-H) give the pro ton  sp ec tra  of d ienone 4 7  and  trienal 48a  as 

well a s  the  co rrespond ing  NOE difference sp ec tra  while sa tu ra tin g  a  

series of 1-Me2, 5-Me, 9-Me etc., w hich are sum m arized in Table 2.3.1

and 2.3.2.

Table 2 .8 .1 . NOE E nhancem ents Observed for Dienone 47  in CDCI3.

Irradiation p p m  NOE observed in 4 7

1-Me2 1.39 5-H. 7-H, 8 -H

5-Me 1.80 7-H. 8 -H

9-Me 2.31 7-H. 8 -H, 11-H

Interestingly , th e  gem  dim ethyl p ro tons (1-Me2) in trienal 4 8 a  

showed three downfield NOE's a t 8 5.81 an d  8 6 .60 as well as 8 6.81, 

co rresp o n d in g  to  5-H , 8 -H a n d  7-H, respective ly  (Fig. 2 .3 .9  A). 

Irradiation of 5-Me w as also revealed 7-H an d  8 -H (Fig. 2 .3 .9  B). These 

NOE d a ta  accorded w ith dienone 4 7  (Fig. 2 .3 .8  A, B).



T able 2 .3 .2 . NOE E nhancem ents O bserved for Trienal 4 8 a  in CDCI3. 

Irradiation ppm  NOE observed in 4 8 a

1-Me2 1.39 5-H. 7-H, 8 -H

5-Me 1.78 7-H. 8 -H, 5-H

9-Me 2.30 7-H. 11-H

5-H 5.81 1-Me2 5-Me

10-H 5.96 8 -H

8 -H 6.60 10-H

7-H 6.81 5-Me, 9-Me

11-H 10.12 9-Me

It w as previously hypothesized from  these resu lts th a t th e  gem 

d im ethyl groups sterically  took  a  position  som ehow  a t th e  sam e 

d is tan ce  from  7-H and  8 -H b y  ro ta tin g  a  C(6)-C(7) single bond . 

However, th is hypothesis can  no t acco u n t for the fact th a t NOE was 

observed between 5-Me and  8 -H. O ne explanation of th ese  resu lts  

cou ld  be th a t a  slow exchange tak es  p lace between 6 -s-cis an d  6 -s- 

tra n s  along C(6)-C(7) with an  approxim ate ratio of 1:1 in solution a t 

room  tem peratu re. The NOE d a ta  go well with th is equilibrium  a s  

given in  Scheme 2.3.14.
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Figure 2 .3 .8  (A-D) Dienone 47 .
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6 -s-cis 6 -s-trans

Schem e 2 .3 .1 4

All-trans retinal (vitamin A aldehyde), a s  known, occurs in solution 

as  a  m ix tu re  of n ea rly  p la n a r  6 - s - t ra n s  a n d  d is to rted  6 -s-c is  

conform ations, w ith the la tte r p redom inating27’163 (Schem e 2.3 .15). 

A ccord ing  to  c a lc u la tio n s  o f s ta b i l i t ie s  o f th e  r i n g - c h a i n  

conform ers,163*164 m ost retinal chrom ophores show  6 -s-cis configuration 

a t ring sites with a  C(5)-C(6)-C(7)-C(8) to rsional angle 0  between -30° 

an d  -80° in solution and in th e  crystal. It is very interesting th a t a  ring- 

truncated  retinal analog in our case h as  exactly th e  sam e characteristic 

of existing a s  a  m ixture of 6 -s-tran s  an d  6 -s-cis as n a tu ra l retinal in 

solution.

O

6 -s-cis 6 -s-trans

S chem e 2 .3 .1 5
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Nevertheless, the 9-Me In dlenone 4 7  gave two dovvnfield NOE's,

7-H an d  8 -H (Fig. 2 .3 .8  C). It was also considered th a t there  Is another 

slow  exchange happ en in g  betw een 8 -s-cls an d  8 - s - tra n s  (Scheme 

2.3.16).

i £ l
O S i-

I

i i  o

i £ l
OSi—

I

S ch em e 2 .3 .1 6

NOE difference NMR techn ique d e term in ed  th e  s tru c tu re  of 

trienal 4 8 a  by sa tu ra tion  of 9-Me. This gave rise to  NOE a t 8 6.8 (Fig. 

2 .3 .9  C), w hich w as confirmed to  be assigned to  the 7-H. The 7-H in  

tu rn  yielded two upheld  NOE's at 8 2.3 and  8 1.78 (Fig. 2 .3 .9  D), which 

were 9-Me and 5-Me, respectively. The 8 -H gave upheld  10-H NOE a t 8 

5 .96  to  fu rther confirm the tran s  configuration (Fig. 2 .3 .9  E).

SiOL 1

II

SiO. i .c
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In particu lar, looking a t th e  Newman projections of dienone 4 7  

and  trienal 48a  along the C(1) an d  C(6 ) bond as shown in Figure 2 .3 .10  

(A-C), the conform ations of A-C can be possibly  considered based  on 

NOE data. A appears th e  m ost likely. It seem s im possible to have the 

conform ations o f D-G because  these  conform ations would no t show  a  

strong  NOE betw een th e  1 -Me2 and 5-H, and  a t the sam e time NOE 

between 1-Men and 7-H as well as 8 -H.

Exam ination of the  l H NMR spectra  of 51a , 54a , 5 2 a , and  5 3 a  

showed interesting com parisons for the 5-H, 7-H, 8 -H, 1-Me2, 5-Me, as 

summarized in Table 2.3.3.

Table 2 .3 .3 . *H NMR Chem ical Shifts (in ppm) of 5-H, 7-H, 8 -H, 1 - 
Me2, 5-Me, and  -CRHC02R' an d  UV Absorptions (in nm) for 51a, 54a,

52a , and 53a.

R etinoate
/R etinal

5-H 7-H 8 -H l-Mejj 5-Me -c r h c o 2r UV (hexane)

51a 5.78 6.43 6.28 1.39 1.78 358

54a 5.69 6.43 6.28 1.56 1.78 2.16 (R = H) 362

52a 5.81 6.47 6.36 1.38 1.77 360

53a 5.61
5.62

6.36
6.59

6.33
6.36

1.82
1.87

1.73
1.80

4.70 (R = N2) 
4.83 

4.95 
5.18

374
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plane of double bonds
OR

n
CH

perpendicu lar A
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F igure  2 .3 .1 0 . Possible conform ations of dienone 4 7  and trienal 4 8 a  

along C (l) and  C(6 ) bond. The assignm ents "syn" and "anti" refer to the 

relative position of th e  oxygen atom  of the  aldehyde and R = SiMe3 .
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For the re tin a l 5 3 a , w hich show ed doubling of th e  NMR 

p eak s , there  was a large UV red shift com pared to the retinal 52a. The 

d o u b led  l H NMR peaks in the retinal 5 3 a  (or 53b) could indicate th a t 

th e re  are  two conform ational isom ers in  solution. Both the red shift 

a n d  th e  chem ical sh ift in  5 3 a  m ay be explained  u s in g  different 

conform ations from 54a: assum ing  th a t one possibility is a  stabilizing 

in te ra c tio n  betw een specific conform ations of 5 3 a  in  solution and 

an o th e r  possibility is  the existence of o ther contribu tions to the total 

energy of the system , hi the  conform ation of 53a, the lone pairs on the 

carbony l oxygen of ester po in t toward th e  electrons of the jr. system  of 

th e  polyene chain. The lone pairs  on the oxygen of the  carbonyl ester 

could  som ehow  approach to the term inal double bond at C(5) or C(7) to 

genera te  two conform ational isom ers via a  six m em bered ring in space. 

T he difference between 5 3 a  and  54a  is due to there being a  much larger 

negative charge on the  carbonyl oxygen in 5 3 a . due to the a-d iazo  

carbony l resonance and therefore an  interaction Is possible between 

th is  oxygen and  either C(5) or C(7). We therefore have four possible 

conform ations as  indicated by four individual diazo p ro tons, because 

th e  CC bond  h as  a  high proportion of double bond  character, which 

re su lts  in  the  rotation being h in d ered ,165*166 so th a t the diazo proton 

is  in  d ifferent m agnetic env ironm ents, i.e., th e  diazo group can  be 

e ith e r cis or tran s  to the carbonyl oxygen and th is  oxygen can Interact 

e ith e r w ith C(5) or C(7), as expressed  in  Figure 2.3.11 (i-iv). Use of the 

re so n an ce  arrow (<-»■) is m ean t to show  th a t there is probably not real a 

b o n d  form ation between the  carbonyl oxygen and C(5) or C(7).
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T here is a  p reced en t for the  id ea  of a  stabilizing in te ra c t io n  

betw een th e  lone pair and  the Jt sy stem  in  a  conform ational s tu d y  of 

c inchona  alkaloids with four conform ations in  quinine or qu in ld ine .167 

T hus, the dipolar group of the es te r n ear the seco-ring is responsib le for 

bo th  red  sh ift an d  chem ical shift in  5 3 a . This interaction would predict 

th a t a  com pound II w ith (CH3)2N-CC>2- as su b stitu ten t w ould show  a  

sim ilar doubling of the polyene hydrogens in  the NMR spectrum , and  

also a  quarte t for the (CHafeN- m ethyl groups.

(CH^N O'

S ince exchanges are slow on the chem ical shift time scale, it is 

possib le  to  observe sep ara te  diazo p ro to n s in  5 3 a  by  sa tu ra tio n  

tra n s fe r168*169, in  w hich irradiation of one diazo proton resonance will 

cause  sa tu ra tio n  to be carried in to  th e  o ther signal by th e  exchange 

p rocess. Efficient sa tu ra tion  transfer, however, had  been occurring in 

ou r case, the  enhancem en t of th e  diazo pro ton  peak a t 6 5 .1 8  would 

itse lf have been  carried across into ano ther conformer, resu lting  in  an  

en h a n c e m e n t o f diazo p ro ton  peak  a t 6 4 .70  (Fig. 2 .3 .1 2  A, B). 

Likewise, th e  enhancem en t of th e  diazo p ro ton  peak  at 5 4 .95  would 

itse lf have b een  carried ac ross in to  an o th er conformer, re su ltin g  in 

enhancem ent of diazo proton peak a t 6 4.83 (Fig. 2.3.12 C, D).

These NOE difference experim ents strongly suggest th a t there are
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two slowly exchanging equilib ria In solution. In th is case, the diazo 

pro tons proved to be really helpful in showing four conformations.

The shoulders observed in the  UV spectrum  (Fig. 2 .3 .6  B) could be 

changed by lowering the tem perature a t - 40 °C (Fig. 2.3.13), suggesting 

a  com bination of the conform ations w ith line structure.

On the other h an d , th e  carbonyl group of the es te r  in  retinoate 

5 4 a  is away from or ou t o f th e  it system  of the polyene plane. T h is 

would be reflected on th e  7-H, 8 -H, an d  5-Me. These have the sam e 

chem ical sh ifts as in the re tin o a te  5 1 a , bu t the difference in  5-H  is 

about 0.1 ppm.

From early experim ents, an  a ttem pt to obtain the diazoacetoxy 

re tina l 5 3  by only using  4 -pyrrolidinopyridine (PPY) did no t work. An 

exam ination of the XH NMR sp ec tru m  of the product from  th is reaction 

show ed two aromatic doub le ts a t 8 7 .56  and 8 7.33 as well as a  proton 

peak  a t  8 4 .36 . This ind ica ted  a  tosyl group on the  re tina l moiety, 

w hich was assigned to 58 . However, treatm ent with various bases such  

a s  tr ie th y lam in e , N ,N -d im eth y lan ilin e , and  p y rid in e , gave no  

conversion of 5 8  into diazo com pound 5 3  even with heating  to 40 C°. 

The tosyl group was n o t elim inated , because rearrangem ent did no t 

occur under these conditions before th e  acylatlon.101

Bases
------------------- ► No product 5 3
or h ea t to 40°

5 8

S ch em e 3 .3 .1 7

TsHNNCH
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111 sum m ary, the analog, 5 3 a , h a s  the sam e behavior as native  

retinal, i.e., an  equilibrium  of 6 -s-cls an d  6 -s-tran s . The equilibrium  

actually  begins from dlenone 4 7  and keeps th is ch a rac te r until the full 

side chain  is completed. The retinal 5 3  can generate four conform ations 

as ind ica ted  by four Ind iv idual diazo p ro to n s. The r in g -tru n ca ted  

derivatives in our case can lead to different conform ations w hich are 

stable enough to exist in solution at room  tem perature.
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B. Synthesis of Spacer-arm ed Reilnals.

The Idea of u s in g  rin g -tru n ca ted  re tln a ls  is  b ased  on th e  

concept70*10e th a t novel types of probes, with varying lengths of spacer 

arm s th a t carry labels, anchored to the retinal binding site is shown hi 

Schem e B (a). The spacer-arm ed com pounds as show n in Schem e B (b) 

are u sed  for rap id  prelim inary testing of the  probe's binding ability to 

th e  retinal binding site of opsin.

The probes contain ing  spacer arm s with a  variable num ber of 

carbons are th u s  designed: (1) to determ in the probes' binding ability to 

th e  retinal b inding  site  of opsin, (2 ) to anchor th e  active sites of the 

protein with label-bearing spacer arms through cross-linking, and  (3) to 

reveal th e  s t ru c tu ra l  fu n c tio n s of b a c te r io rh o d o p s in  a t  th e ir  

photoactivated stage.

; OC^H^OCCHN2

a. b.

spacer armspacer arm

Schem e B
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2 .4  Synthesis of all-trans 7C Spacer-arm ed Retinal.

In order to obtain a m ore com prehensive understand ing  of the 

tertiary  structu re , we undertook th e  syn thesis of novel types of probes 

6 0 a  and  6 6 . U sing th e  sam e cond itions as th ese  for 1-hydroxy 

retinoate 51 . we were successfu l In obtaining the probe 6 0 a  (Fig. 2.4.1 

A). The latter reactions were found to be complete in 4 hours a t room  

tem perature. The yield was Improved to around 75-80% by adding 1.2-

1.5 equiv. of acylating agent.

CH3(CH2)5C02H
5 2   ►

DCC, Et3N, PPY
CHoC12 25°C*» it

S chem e 2 .4 .1

1.78 (d. J = 7 Hz) 

5.72 (q, J  = 7 Hz)

2.16 (t, J = 7 Hz)

1.23 (br) |  

0.83 (br;

6.47 (d, J = 16 Hz)
7.11 (dd, J =  15, 11 Hz)

,CHO 10.09 (d, J = 8  Hz)

I 1— 5.96 (d, J = 8  Hz)
6.37 (d, J = 16 Hz)

6.21 (d, J = 11 Hz)
6.36 (d, J = 15 Hz)

1.56 (s)

1.99 (s)

60a
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In the previous rou te for sy n th e s is  of key interm ediate 5 2 ,  

conversion of ester 5 0  to retinal 5 2  w as accom plished by reduetion- 

reoxidation followed by cleavage of th e  protective group,129b Schem e 

2 .4 .2 . This gave little or no acylated p roducts. The compound 52 from  

th is  procedure showed a  deep color u n d er light with cut-off at X> 610- 

620  n m  in the dark room. Exam ination of th e  1H NMR spectrum  did 

n o t show a  difference. It is not clear why esteriflcation is prevented in 

th is reverse procedure, as compared with Schem e 2.3.8.

1)DIBAL CHO n-Bu4NF CHO
5 0  — — ►. I ------

2) CAMOX g'j( THF, rt HC

62 52

Schem e 2 .4 .2

1.76 (d, J = 7 Hz)

6.56 (d, J = 15 Hz) 

2 .0 1  (s) ✓ 7J7.11 (dd, J  = 15,11 Hz) 
,—  2.31(8)

5.71 (q, J = 7 Hz) —

0.08 ( s )  Sit I I 1— 5.96 (d, J = 8  Hz)
I 6.37 (d, J = 16 Hz)
6.21 (d, J  = 11 Hz)

6.40 (d, J = 15 Hz)

^ J k . C H O  10.09 (d, J = 8  Hz)

1.38 (s)

6 2 a
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Ail alternative approach to syn thesis of the title com pound w as 

carried  ou t from com pound 5 0  via desilylation 63, reduction-protection 

giving 6 4 , esterificatlon 6 5  followed by desilylatlon-reoxldation to  

ob tain  th e  retinal 6 0  in low overall yield (due to  the large num ber of 

s teps involved (Scheme 2.4.3)).

n-BuJNTF L ^ X > s J ^ C 0 2Et D DIBAL - 1 -
50  ------ ^  ,

THF‘ r t HO',X  H 2)ClSi(Me)2(t-Bu)HOJ ^  H

51 63

OSi OH
DCC, PPY RORO

6564

CAMOX-----------
RO

60

R = CO(CH2)5CH3

Schem e 2 .4 .3

Utilizing heptanoyl chloride Instead of heptanoic anhydride for 

esterificatlon resulted In th ree phenom ena: 1) using the sam e procedure 

ex cep t for adding hep tanoy l chloride a t 0-5°C, th e  reac tio n  was 

exotherm ic; 2 ) the am m onium  sa lt formed from  the reaction du rin g  

addition  of the heptanoyl chloride; 3) a  quantitative yield was obtained
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as  m onitored by  TLC. All sta rtin g  m ateria l moved to th e  top. Ju st 

below the  front of the solvent. HPLC analysis from th is p roduct, which 

w as pure  by TLC, produced m any peaks. One major peak had  the sam e 

re ten tion  time a s  6 0 a . The o ther m inor p roducts could have resu lted  

from  isomerization and  decomposition.

However, it is  In teresting  to no te th a t there is a  b ig  difference 

betw een the product 60a  an d  th e  product 6 1 a  in both  the ir UV and  TH 

NMR spectra. The former h a s  UV absorption at 368 nm  (Fig. 2.4.1 B in 

hexane) and  h a s  alm ost th e  sam e XH NMR spectrum  (Fig. 2.4.1 A) as 

5 2 a  (Fig. 2 .3 .3  A). The la tter h as  UV absorption a t 374 n m  (Fig. 2 .4 .2  B 

in  hexane). The gem dim ethyl groups of 6 1 a  in the !H NMR (Fig. 2.4.2 

A) appear as two distinct peaks a t 6 1.86 (l-Me(b)l and  6 1.92 |l-M e(a)l 

as we observed in 53a. The 5-Me moved upheld to 6 1.40 and  appeared 

as two pairs  of doublets, an d  th e  7-H  an d  8 -H show ed a  singlet a t 

6 6.47.

6.47 (s)
1.39 (d, J = 7 Hz) —i
1.40 (d, J = 7 Hz) \

J k  CHO 10.09 (d, J = 8 Hz)
6.21 (d, J = 8 Hz)

1.22 (br) /
I 6.38 (d, J = 15 Hz) 

6.23 (d, J = 11 Hz)
6.47 (s) 

1.92 (s)
1.86 (s)

2.45 (t, J = 7 Hz)
3.36 (t, J = 7 Hz)

61a
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NOE difference s p e c tra  gave a  lo t of Inform ation on b o th  

con fig u ra tio n  a n d  co n fo rm atio n , a s  show n in  Fig. 2 .4 .3  (A-J). 

Irradiation of a  series of 5-Me. 9-Me, 13-Me, 11-H and 15-H (Fig. 2.4.3 

D-H), sum m arized in Table 2 .4 .1 , produced NOE's w hich confirmed that 

the  re tin a l 6 1 a  h ad  a  linear a ll-tran s  configuration. Also, Irradiation 

of a  series of l-Me(a), l-M e(b), 7-H & 8 -H, 5-Me (Fig. 2 .4 .3  A-D) gave 

NOE's consistent with the conclusions reached about conform ations of 

4 7  and  48a.

Table 2 .4 .1  NOE E nhancem en ts Observed for Retinal 6 1 a  in  CDCI3. 
Irradiation PPm  NOE observed in  61a

5-Me 1.40 5-H, 7-H, 8 -H

1-Me(b) 1.86 7-H, 8 -H

1 -Me(a) 1.92 5-H

9-Me 1.99 7-H, 8 -H, 1 1-H

13-Me 2.31 11-H, 15-H

5-H 5.96 l-Me(a)

7-H,8 -H 6 .47 l-Me(b), 9-Me

11-H 7.11 9-Me, 13-Me

15-H 10.09 13-Me

The d a ta  in  Table 2 .4 .1  show  th a t re tina l 6 1 a  h a s  th e  sam e 

c h a ra c te r is tic  o f 6 -s -c is  a n d  6 - s - t ra n s , a s  w ell a s  p o ss ib le  

conform ations along  C (l)-C (6 ) th ro u g h  A to C (Fig. 2 .3 .10 ), w hich 

fu rth e r support previous analysis. Both retlnals 6 0 a  an d  6 1 a  are the 

sam e molecular weight as show n by MS spectra; 373 (MH+), 260 (MH+ 

-C7H 130).
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The questions are: 1) why did 61a  show  a  red sh ift (to 376 nm )

com pared to 6 0 a  (368 nm)? 2) why are the chemical shifts so  different

from  each  o ther?  The only  difference between the reac tions th a t

produced  60a  and  61a Is In the acylating agents used. A bsorptions at

3 6 8  n m  or 376  n m  Indicate th a t the polyene chains are com plete in

each  com pound (six double bonds). For retinal 61a, however, it w as

noticeable th a t it had  alm ost the sam e red  sh ift as the  diazoacetoxy

retina l 53a. The former gave absorption at 376 nm. and  the latter gave

absorption a t 374 nm. Exam ination of the !H NMR sp ec tra  revealed a

com m on appearance in th e  5-H, 7-H, 8 -H, 1-Me2. 5-Me and  pro tons

(-CRH.CO2R') of spacer a rm  for one pair of 6 0 a  and 5 4 a  and  the other

pair of 6 1 a  and 53a, as sum m arized In Table 2.4.2.

Table 2 .4 .2 . 1H NMR Chem ical Shifts (In ppm) of 5-H, 7-H, 8 -H, 1- 
Me2. 5-Me, and  -CRHCO2R' and  UV Absorptions (In nm) for 51a, 54a,

52a , 60a , 61a, 53a.

R etinoate
/R etinal

5-H 7-H 8 -H l-Me* 5-Me -CRHC02 R' UV (hexane)

51a 5.78 6.43 6.28 1.39 1.78 358

* 54a 5.69 6.43 6.28 1.56 1.78 2.16 (R = H) 362

52a 5.81 6.47 6.36 1.38 1.77 360

♦ 53a 5.61
5.62

6.36
6.59

6.33
6.36

1.82
1.87

1.73
1.80

4.70 (R = N2) 
4.83 
4.95 
5.18

374

* 60a 5.72 6.47 6.36 1.56 1.78 2.16 (R = H) 368

♦ 61a 5.96 6.47 6.47 1.86
1.92

1.39
1.40

2.45 (R = H) 
3.36

376

* Using acid anhydride. ♦ Using acid chloride.



169

Both th e  red  sh ift an d  th e  chem ical sh if ts  in  6 1 a  m ay be 

explained by the presence of different conform ations com pared to 60a. 

In the conform ation of 61a, it is suggested th a t the lone pairs on the 

carbonyl oxygen of the ester point toward the electrons of the jc system  

of the polyene chain . T hus, the dipolar group of th e  ester near the 

seco-ring is  responsib le for bo th  red sh ift th e  chem ical shift. These 

re s u lts  a re  c o n s is te n t w ith  th e  a n a ly s is  re a c h e d  a b o u t th e  

conform ations of 53a, i.e., the lone pairs on the oxygen of the carbonyl 

es te r could som ehow  approach to the term inal double bond a t C(5) or 

C(7) from  e ith e r th e  top or bottom  of th e  polyene p lane via a  six 

m em bered ring  in space as shown in  Figure 2 .3 .11  (i and  ill). Our 

assum ption  can  be explained using  lH NMR and  NOE data. The 5-H at 

6 5 .96 in  6 1 a  is  more downfield than  the 5-H  a t 6 5 .72  in 60a. It can 

be though t th a t the  5-H is deshielded by the  carbonyl group close to it. 

For the sam e reason, the  chemical environm ent a t th e  7-H and 8 -H are 

identical, an d  th e  gem dim ethyl groups are  sep ara ted  and  are more 

downfield, one a t 5 1 .86 and  the other a t  6 1.92 (6 1.82 and 6 1.87 for 

53a), in co n trast to a  singlet at 5 1.56 in  6 0 a  (5 1.56 for 54a).

The gem  dim ethyl groups in 6 1 a  (or 53a) are  separate . W hen 

sa tu ra ting  the  l-Me(a) a t 1.92 (Fig. 2 .4 .3  A) and  l-M e(b) a t  1.86 (Fig.

2 .4 .3  B) in 6 1 a  gave rise to two dowfeild NOEs a t 6 5 .96  and 6 6 .47 , 

w hich a re  th e  5-H  and  7&8-H, respectively. In 6 1 a  (or 53a) both 

m ethyl g roups are on the sam e side, an d  therefore give different lH 

NMR p eaks. The carbonyl oxygen is on th e  opposite side and a  lone 

pair is therefore in  position to in teract w ith the  Jt system  either at C(5)
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or a t  C(7). The evidence p resen ted  here suggests th a t th is  assum ption  

Is In fact correct.

Figure 2 .4 .4 . Two conform ations of 6 1 a  an d  53a  along C(l)-C(6) bond.

In 6 0 a  (or 5 4 a ) th e  two m ethyl g roups a t  C(l)  a re  identical, 

m ean ing  th a t  th ey  are  sym m etrically  p laced above an d  below th e  

polyene chain . T his p reven ts th e  carbonyl oxygen lone pairs  from 

approaching either from above or below th e  plane o f the  polyene chain.

According to  a  B aldw in 's ru le , th e  X (e.g. C+ or O )  can  n o t 

approach from the top  (or bottom) of the n; bond, so no interaction (ring 

closure) is possible by add ition  to a n  endocyclic double bond In a  5- 

membered nearly p lanar ring a s  shown.

R= C6 Hj 3  61a  (1)

R= CHN2  53a  (1)

6 1 a  (2 ) 

5 3 a  (2)
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Normally, closure is possible w ith a  sim ilar 6 -memberd ring, because it 

is non-p lanar. In th e  p re se n t case , it is  proposed th a t ro ta tion  is

conform ation a  sim ilar situation  is found. This would be reflected on 

the 7-H and  8 -H w hich have exactly the  sam e chemical shifts in 60a  as 

in the  re tina l 5 2 a , b u t th e  difference in  the 5-H is about 0.1 ppm . 

Moreover, the protons (-CHoCOoR) of the  spacer arm  rem ain a  triplet at 

the norm al region 6 2 .16  in  6 0 a  (or 54a) as com pared with th e  retinal 

61a  at 8 2 .48 and 3 .36  (diazo protons in  53a: 8 4.70, 4.83, 4.95, 5.18).

In 5 2 a  the expected conform ation will be with one of the methyl 

group perip lanar an d  the hydroxyl group and the other m ethyl group 

opposite, i.e.,

52a

Figure 2 .4 .5 . Conformations of 52a along C(1 )-C(6 ) bond.

When using  th e  acid anhydride, no strong Lewis acid is present, 

so  no  tertiary  carbocation would be produced at C(l). Thus, th e  sam e 

conform ation as in  5 2 a  would be retained. The reaction is slow. The 

acid chloride is a  s tronger Lewis acid, therefore the following Schem e

2.4.4 is suggested:

h in d ered  a ro u n d  th e  C (l)-C (6 ) o  b o n d , 170 an d  therefore in  one

CH3

O
F ast

O
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HO 1

li3 % RCOCI

EUN H' +o - k
R-C-CIi

O -

13 15

113 i i

oII
R -C -O Et3NHCI

R= C6H i3  

R= CHN2

61a

53 a

R - ^ O (1)

O - ^ R

lj3

(2)

Schem e 2 .4 .4

As a  result, the different reagen ts do m ake a  difference, and  the 

carbonyl group of the ester In re tina ls 5 3 a  and  61a dramatically m akes 

b o th  lH NMR and UV spectra  d ifferent from  retinal 60a by being In a  

different conform ation. It Is very In teresting  If th is molecule can  not 

only exist In two conformational Isom ers b u t also th a t another one can 

occur In solution as well.



Esteriflcation of 5 2  with phenylacetyl chloride under the same 

conditions as described in 01  gave a phenylacetate spacer arm  probe 66 

in  quantitive yield by  TLC m onitoring. HPLC analysis of th is product, 

w hich was pure from TLC, again showed it to consist of m any peaks. 

However, using phenylacetic anhydride instead of phenylacetyl chloride 

yielded no product. This resu lt could be a ttribu ted  to the large sizes of 

b o th  reac tan ts , pheny lacetic  anhydride an d  5 2 a , w hich prevents 

esterlflcation (Scheme 2.4.5).

PhCHoCOCl 
Et3N, PPY

HO
52 (PhCHjCOljO

No product
Et3N, PPY 

CH2C12

S chem e 2 .4 .5

Figure 2 .4 .6  gave a n  im pure l H NMR sp ec tru m  from  HPLC 

(involving two peaks), and  the protons (phCHoCOoR) of the spacer arm  

show four individual peaks a t 6 3-5.



,CHO

6.08 . 010.0 9 . 0
PPM

Figure 2 .4 .6  !H NMR spectrum  of re tin a l 6 6 .



175

2 .5  Synthesis of 9-cis 7C Spacer-arm ed Retinal.

In order to investigate  the conform ations of r in g - tru n c a te d  

retinals. 9-cis probe 6 9 a  h a s  been synthesized. The 1-hydroxy 9-cis 

retina l 68  was p repared  u n d er the sam e procedures as given in  the 

syn thesis of 52. The tra n s  trienal 4 8 a  produced the all-trans and  13- 

cis isom ers, 52a  and  52b, while the cis trienal 48b  produced the  9-cis 

and  9, 13 di-cis isom ers, 67a  and 67b.

1)n-Bu4NF
2)DIBAL

3) Camox

Schem e 2.5 .1

The chem ical sh ift o f the  8 -H show s th a t the re tina l is a  9-cis isom er 

b ecause  in th is case the  aniso tropy  of 11-12 double bond causes i t  to 

appear a t 8 7.07. S tereochem istry w as assigned by integration of the l4 -H  

signals in the 300 MHz TH NMR spectrum  of the m ixture, which were a t 8 

5 .7 4  in 9-cis 67a and  6 5.62 in  9, 13 di-cis 67b. The large downfield shift 

to  8 7.72 of the 12-H in  the 13-cis isom er 67b is again a  consequence of 

carbonyl anisotropy.
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1.78 (d, J = 7 Hz) 6.36 (d, J = 16 Hz)

\  . | , -  2.00 (s)
5.73 (q, J = 7 Hz) —

I
0.07 (s) - S iO ' 

I

1.39 (s)

f  6.09 (d, J  = 11 Hz)
/  6.98 (dd, J = 15,11 Hz) 

-  6.21 (d, J  = 15 Hz)

5.74 (s)

231 (s) COoEt 4.13 (q, J = 7 Hz) 
1.26 (t, J = 7 Hz) 

7.07 (d, J = 16 Hz)

6 7 a

6.98(dd, J =  15,11 Hz)

1.99 (s)

— 7.72 (d, J  = 15 Hz)

V - C° 2Et
I
5.62 (s)

67b
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The final th ree s te p s  w ere rem oval of the silyl group with 

tetrabuty l am monium fluoride, reduction  of the ester with DIBAL to the 

alcohol, and  oxidization by CAMOX to  the  aldehyde 6 8 , w h ich  w as 

produced in overall 54% yield (Scheme 2.5.2).

1) CH3(CH2)5C02H 
DCC, Et3N, PPY

HO

CHO
2) HPLC

CHO

6 8  69a

Schem e 2 .5 .2

E sterification of 9 -c is -1-hydroxy re tina l 6 8  under th e  sam e 

conditions used for the retinal 6 0  produced the NMR (Fig. 2 .5 .2  A,) 

a n d  UV (360 nm) sp ec tra  (Fig. 2 .5 .2  B), indicating product 6 9 a . The 

yield of the  reaction was 72% after flash  chrom atography separation  

an d  fu rther purification by HPLC. Figure 2.5.1 gives a  HPLC trace  for 

com pound 69a.

Solvent: 15% EtOAc 
In hexane 

Column: Lichrosorb 
a (semi-prep)

"•* Flow: 3 mL/mln.

I* II  14

Figure 2 .5 .1  HPLC trace for 9-cis Retinal 69a.
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The lH NMR d ata  for th e  all-trans 60a and 9-cis 6 9 a  isom ers show 

th a t the 11-trans arrangem ent is confirm ed by 15 Hz coupling. The 13- 

tran s  assignm ent is a ssu re d  b y  6 2 .3  shift of the 13-Me in both isom ers 

(5 2.1 in 13-cis isomer), and  by  the upheld  6 6.3 resonance of 12-H which 

is characteristically  sh ifted  u p h eld  to 6 7 .28 in the  13-cis isom ers. A 

sm all upheld  sh ift of the  10-H  an d  a  downheld shift of the 11-H for the 

9-cis 6 9 a  were observed. N onetheless, -CH9CQ9R gave two triplets at 

5 2.16 and 6 2.39. These could be generated from conformers at C(l), due 

to the 9-cis polyene chain . This was n o t observed in 60a.

The re su lts  aga in  co n firm  o u r p rev ious belief th a t  different 

conform ational isom ers can  b e  generated, depending on the different 

reagents used . The es te r  carbonyl groups of products, su ch  as 60a, 54a  

and  69a , are away from  o r o u t of th e  plane of the polyene moiety. The 

ester carbonyl groups of p ro d u cts , su ch  as 5 3 a  and 61a , are close to or 

in  th e  p lane of the polyene m oiety. This allows th e  possib ility  of a 

stabilizing interaction betw een a  lone pair on the oxygen atom  and  the it 

system.
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C . Preparation of Bacterlorhodopsin Analogs.

Incubation  of th e  sy n th esized  re tin a ls  with the appropriate 

p ro te ins constitu ted  the second stage of th is  project. The study of the 

pigm ent analogs serves to clarify th e  n a tu re  of chrom ophore-opsin 

in te rac tio n s . T hus, it is im portan t to  see w hether modified retinal 

w ould  com bine to give sa tisfac to ry  p ig m en ts . Not only efficient 

regeneration  of the pigm ent from  th e  syn thetic  retinal b u t also similar 

p roperties and  function to the native pigm ent are needed. The curves 

generated by the pigment analogs can produce a  binding titration curve. 

T his reveals th a t the  greater the  am oun ts of synthetic retinal added, 

th e  greater the  am oun ts of th e  p igm en t th a t are generated until 

sa tu ra tio n  takes place a t a  1:1 ratio  of the chrom ophore to the opsin. 

After regeneration, several experim ents can  be carried out to see the 

n a tu re  of the pigm ent analogs from synthetic  retinals. Addition of the 

n a tiv e  ch rom ophore  to a  so lu tio n  o f th e  p igm ent analog, the 

d isp lacem ent experim ent, indicates how  well fitted the retinal analog 

w ould be to the  b ind ing  site  of the  p ro te in . 171 Irradiation of the 

p igm ent analog would show an  absorp tion  red shift due to dark-light 

adap tation  of bacterlorhodopsin.

2 .6  Binding S tudies.

B inding with retinal 7a: The aryl re tina l 7 a  was synthesized in  its all 

tra n s  form  in order to study  its  b inding to bacterio-opsin. Incubation of 

p u re  r e tin a l  7 a  w as carried  o u t a t a  ra tio  of 2:1 (in O.D.’s). 

Figure 2.6.1 shows a  HPLC trace. An absorption maximum in the UV
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A.
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Figure 2 .6 .2  Binding studies with all-trans retinal 7a. 
A. bRDA-bRLA B. Displacement by native retinal:

1) 1 mln. 2) 15 min. 3) 3 h. 4) 4h.
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spectrum  of retina l 7a was found at 360 nm  in hexane, as  well as a  

rap id  growth of a  peak at 472 nm  due to an  absorption pigment. This 

reached its m axim um  value in about 4 h rs.

Light adaption  of the pigment analog a t the 480 nm  absorption 

m axim um  w as observed by  irradiation with a  750 W projector lamp 

filtered through a  410 nm  cut-off glass filter, as given in Figure 2.6.2 A. 

However, th is  pigm ent analog showed a  d isp lacem ent by the native 

chromophore added (Figure 2.6.2 B).

Binding w ith retinal 18a: All tran s  retina l 18a, giving HPLC profile 

and  UV spectrum  in Figure 2.6.3 A and B, was incubated with bR opsin 

in  a  ratio of abou t 1:1 (in O.D.'s). The pigm ent curve gave a  peak a t 

470 nm  Figure 2 .6 .4  A. Displacement of th is pigment by native retinal 

is  also presented in Figure 2 .6 .4  B.

Binding with retinal 40a: The HPLC trace and  UV spectrum  of the pure 

a ll-tran s diazirine 4 0 a  are show n in  Figure 2.6 .5  A and  B. It was 

Incubated w ith a  suspension  of bacterio-opsin in double distilled H2O 

in  about a  1:2 ratio  (in O.D.'s) of the chrom ophore to  the  protein. The 

pigm ent curve generated a t 465 nm  is given in  Figure 2 .6 .6  A. This is 

sim ilar to those found for 7a (Xmax 472 nm) an d  18a (Xmax 470 nm) b u t 

shifted to sho rter wavelength with respect to native bR. The absorption 

m axim um  show ed a  slight red shift and  a  very slight decrease in its e 

w hen the pigm ent was exposed to 15 m in of illumination through a  750 

W projector lam p with a  410 nm  filter (Fig 2 .6 .6  B). The CD spectrum  of
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Figure 2 .6 .5  Binding studies with all-trans retinal 40a. 
A. HPLC trace profile. B. UV spectrum.
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Figure 2 .6 .6  Binding studies with all-trans retinal 40a. 
A. Pigment formation plotted by uv /v is  measurement: 

1) 1 min. 2) 2 mln. 3) 3 mln. 4) 15min. 5) 30 min.
B. bRDA.bRLA
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Figure 2.6.8 Binding studies with all-trans retinal 40a.
A. Displacement t y  native retinal: 1) 1 mln. 2) 1 h. 3) 2 h. 4) 3.5 h. B. 

HPLC profile of co-lnjectlon with bound retinal 40a from CH2 CI2  

extraction and retinal 40a. C. UV spectrum.



191

tills pigm ent showed a  positive Cotton effect at 445 nm  and a  negative 

Cotton effect a t 545 as  shown in Figure 2 .6 .7 , sim ilar to th a t of the 

native p igm ent a t different wavelength. Yet tills synthetic  analog of 

bacterio rhodopsin  was replaced by native retinal as shown in Figure 

2.6.8 A.

In o rder to  ascerta in  the nature of the bound  chrom ophore, the 

p igm ents ca n  be hexane-w ashed a t low tem p era tu res to elim inate 

excess u n b o u n d  retinal, and the bound retinal can then  be extracted by 

sh ak in g  w ith CH2CI2 ,172 which d en a tu res  the  protein  b u t does not 

isomerize th e  chrom ophore. This can be examined by the retention time 

in HPLC. The HPLC profile of the extract showed that the chromophore 

4 0 a  w as u n ch an g ed  during the  experim ent as Indicated by a  HPLC 

trace of a  sam p le  contain ing  betw een b o u n d  ch rom ophore  an d  

chrom ophore (Figure 2.6.8 B).

F in d in g  labeled  site(s) in bR  by  cro ss-lin k in g  u sin g  th is  

trifluorom ethylphenyl diazirine analog h as  been  studied at the Medical 

University’ of South  Carolina by using tandem  m ass spectrometry.173

Binding w ith retinal 5 3 a : The incubation of the diazoacetoxy 5 3 a  with 

b ac te rio -o p sin  In 1:1 ratio (in O .D .'s) w hich  w as m onitored  by 

abso rp tion  sp ec tra , led to the corresponding  pigm ent analog with a  

m axim um  a t 540  n m  as given in Figure 2 .6 .9 . However, there was no 

d isplacem ent by  the native chrom ophore added. This indicated tha t the 

sam e b inding  site may be occupied by the diazoacetoxy retinal 53a  (Fig.

2 .6 .10  B). W hen th e  pigment generated from  5 3 a  and bacterio-opsin
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was exposed to a  brief period of illum ination from a projector lam p (750 

W w ith  a  410 nm  filter), the ab so rp tio n  m axim a was seen  no t to 

undergo a  red shift and to have a  very slight decrease in its intensity 

(Fig. 2 .6 .10  A).

B inding w ith probes 60a and  O la : The m ethods used  for b inding 

s tu d ie s  of retinals 6 0 a  an d  6 1 a  w ere identical to those described  

before. In Table 2.6.1, the absorption m axim a of both retinals in  the UV 

sp ec tra  and  HPLC retention tim es as well as their pigments are given. 

It is noted tha t both pigments a t the  beginning absorbed at 486 nm  and 

la ter moved to 480 nm. This re su lt could be attributed to th e  initial 

overlap of the non-bound chrom ophore 's absorption with th a t of the 

p igm ent's absorption. On the o ther h an d , w hen both pigm ents were 

exposed to  15 m in  of irradiation th rough  a  750 W projector lam p with a  

410  n m  filter, there appeared e ither n o  or a  very slight red  shift. The 

HPLC profiles, UV spectra, the curves of pigment formations, and the 

curves of b R ^ -b R 1̂  and the d isp lacem ent plotted by second derivative 

m easu rem en t of retinals 60a , 6 1 a  are  given in Figure 2 .6 .11 , Figure 

2.6.12, and  Figure 2.6.13, respectively.

A slower displacem ent in 6 0 a  w as revealed after the native retinal 

added . This denoted th a t the b ind ing  site of this probe w as close to 

n a tu re  one, so it was difficult to  be  replaced.



a)
tso e -

1408:
1200 

loeo- 
■08:

4eo<

Solvent: 15% EtOAc 
in hexane 

column: Lichrosorb 
(semi-prep) 

Flow: 3 mL/min

to
T I m  ( B l n . )

V
IS 20

0.3

0.3

10. 2'

0.1

200 200 400

b)
o.

BBS4BO
M a w  t « n | t h ( n a > >

a) HPLC trace and UV spectrum  
in hexane of pure all-trans 
retinal 6 0 a .

b) Pigment formation plotted by 
uv/vls measurment:
1) 5  min.
2 ) 2 0  min.
3) 45 mln.
4) 18 h.

F ig u re  2 .6 .1 1  B inding stu d ies w ith a ll-tra n s 7C re tin a l 6 0 a . CD
cn



196

t! . 0E-4

0.0E+0- DA
LA

W-l .0E-4*

300 600Have 1ength(nm)

B.
1.2E-4
»1 . 0E-4

7C DISPLRCEMENT
6.0E-5

500 600 700Have!ength(nm)
F ig u re  2 .6 .1 2  Binding stud ies w ith  a ll-trans 7C retinal 60a.

A. bRDA-bR1̂  B. Displacement by native retinal: 1) 1 min. 2) 19 h .



A) itM
leee 
#00 

t a a  

4 e a  

te a -  

a

i

Solvent: 15% .EtOAc 
in hexane 

Column: Lichrosorb 
(semi-prep) 

Flow: 3 miL/min

ta
Tlaw Cialn.l

19 c a

C)

~ z.ee-9

E B Bs a a408
H a v a U n g t h l m )

b) 2.2
2.0

1.6

- 1 . 4

“ 1 . 2

0.2-
0.B200

d)

•4.BC-9

5  2 .0 E -5

-4 .0 E -S ■ LA 
D A

4oa 450 500
H a v a l a n g t h ( n a )

Figure 2 .6 .1 3  Binding studies with all-trans 7C retinal 61a. a) HPLC 
trace profile, b) UV spectrum, c) Pigment formation plotted by second  

derivative measurement: 1) 5 min. 2) 30 mln. 3)1 h. 4) 3 h. d) b R ^ b R 1̂



198

Table 2 .6 .1 . Retention Time (mln), UV (In nm). and Pigment Formation
(in nm) for Retinals 60a  and 61a.

Retinal Retention time Solvent system  
(mln) (% in hexane)

60a

61a

15

15

15% EtoAc 

15% EtoAc

UV (hexane) 
(nm)

368

376

Pigment
(nm)

480

480

* Column: Lichrosorb (semi-prep): Flow: 3 m L/m in.

Binding w ith probe 6 6 : The incubation  of the  retinal 6 6  w ith

bacterio-opsin in 3:1 ratio  (O.D's), w hich was m onitored by absorption 

spectra, gave the corresponding pigment analog with a  maximum at 460 

n m  as shown in Figure 2.6.14.

1.BE—4

< - 1 .0E-4

300 40014 eve1ength(nm)500 600

Figure 2 .6 .1 4  Binding retinal 6 6  with bR -opsin:l )1 min. 2)1.5 H 3) 5 H
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D iscussion of binding studies;

Although the  retinal w ith  a  sp acer arm  consisting of a  seven 

carbon chain  attached  to the seco-ring  via an ester link (60a or 61a) 

was bouded to bacterio-opsin. two questions rem ain: 1) conformation 

of spacer arm  In the channel of protein; 2 ) the acceptability of flexible 

ch a in s  u n d er c o n s tra in t by  a  p o la r so lvent shell outside of th e  

m em brane. Binding studies w ith synthetic retinals, 7a, 18a, 40a, 53a, 

6 0 a , especially 6 6 , show th a t the  ring  binding site In bR is looser or 

elastic enough to su it even highly modified retinals. However, the room 

of the ring binding site m ay lead  to the  hydrocarbon long chain folded 

once touched by a  m em brane ex ternal surface. It is also difficult to 

p red ict how  the conform ation of hydrocarbon  chain  Is affected by 

so lv a tio n . 174 The more g lobular gauche form  is preferred in  the  

condensed phase, as predicted by  theoretical calculations.

Since there was no d isp lacem en t of probe 53a, the real binding 

site  m ay have been  reach ed . B ecause both  6 0 a  and 6 1 a  sh o w  

ab so rp tio n  m axim a a t 480  nm , p resum ab ly  they have th e  sam e 

conform ations in the pro tein  n o  m atte r w hat different conform ations 

they may have In solution.
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III. EXPERIMENTAL

3 .1  G eneral T echniques:

All air a n d /o r  m oisture-sensitive reac tio n s were carried out in 

flam e-dried  glassw are u n d er n itrogen or argon  atm osphere, using 

s ta n d a rd  sy ringe/sep ta  techniques. All operations involving compounds 

carry ing  a  chrom ophoric groups longer th a n  th e  triene moiety were 

carried  o u t in the dark  room  under dim  red  light. Retinal analogs and 

o th e r sensitive com pounds were stored u n d e r  nitrogen a t -70°C in the 

d a rk . A nhydrous so lven ts  and  a ir-sen sitiv e  reag en ts  u sed  were 

p u rch ase d  from Aldrich Chemical Company. The petroleum  ether used 

w as the  fraction boiling at 35-60°C. Reactions were m onitored by thin 

layer chrom atography  (TLC) on Polygram Sil G UV-254 plates and 

preparative TLC was carried ou t on Analtech S ilica Gel GF glass plates. 

T he sp o ts  were visualized by UV light a t 254  a n d /o r  365 nm , or by 

d ip p in g  th e  p la te  in  vanillin reagent (1.5 g vanillin , 0.5  mL conc. 

su lfu ric  acid, 100 mL of ethanol) followed by heating . F lash column 

chrom atography  (FCC) was carried ou t according to the  procedure of 

S till eLaL 175 on silica gel (Merck, grade 60, 230-400  mesh), and high 

perform ance liquid chrom atography (HPLC) w as perform ed by using a 

H ew lett-Packard HP 1099 liquid chrom atograph equipped with a  diode 

a rra y  detector. The colum ns used  were as follows: Analytical column: 

(A-Porasil, 3 .9  m m  x 30  cm; Sem i-preparative colum n: Altex Lichrosorb 

S i-6 0 /5 , 10 m m  x 25 cm.

N uclear m agnetic resonance  (*H an d  13C NMR) sp ec tra  were



201

recorded  on a  B ruker NR-300 MHz In stru m en t In C-DCI3 so lu tions. 

C hem ical sh ifts  are  given as 6 values from  te tra m e th y ls ila n e . 

N um bering  of th e  ca rb o n s for th e  NMR sp e c tra  follows re tin a l 

num bering instead  of the IUPAC system:

Ultraviolet-visible (UV/VIS) spectra  were recorded on a  Hewlett- 

Packard HP UV 8452A fast-scan UV/VIS diode array spectrophotom eter 

an d  C ircular Dichroic (CD) sp ec tra  were obtained on a  AVIV 60 DS 

spectropolarim eter. Infrared spectra  were m easured  on a  Perkin-Elmer 

2 4 7  grating in frared  spectropho tom eter a s  KBr pellets. The m ass 

sp ec tra  were obtained with a  Finnigan Mat SSQ 70 instrum ent.

3 .2  Synthesis of Retinal Analogs.

4-(4 '-brom o-2\6 '-d iinethylphenyI)-3-buten-2-one (3) .121

NaOH solution (IN, 3 mL) was added to a  stirred  mixture of 4- 

b rom o-2 ,6 -d im ethy lbenzaldehyde120 (2.4 g, 10 mmol) in acetone (89 

mL), and  w ater (30 mL) a t 10°C. After 1.5 h, d ilute H2SO4 (10%, 1.5 

mL) was added to quench th e  reaction an d  the  m ixture was diluted 

w ith sa tu ra ted  NaCl and  extracted w ith 3 x 50 mL portions of ether. 

The com bined e ther layers were dried over MgSO,*. evaporated and the 

residue was chrom atographed (FCC) on Si gel (~125 g) and eluted with
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5% EtOAc in petro leum  ether to obtain 2 .4  g (84% yield) of compound 

3.

Rf: 0.32, ethyl acetate/petro leum  ether = 1 / 1 9  

UV (MeOH): 288  nm .

1H NMR: 6 7 .56  (d, J  = 16 Hz, 1H, 8 -H), 7.21 (s 2H, 2- & 4-H), 6.30(d, J

= 16 Hz, 1H, 7-H), 2 .37  (s. 3H, 9-Me), 2.29 (s, 6H, 1,5-Me).

13C NMR: 6 .197 .80  (0=0). 140.65, 138.55, 133.30, 132.98, 131.04,

122.26, 27.61, 20.76.

3-m ethyl-5-(4'-brom o-2,,6'-dlmethyIphenyl)-penta-2(E)/2(Z),4(E)> 

dlenal (4a/4b).

A flam e-dried, 250 mL three-necked round-bottom ed flask was 

equipped with a  m agnetic stirring bar, low tem peratu re  therm om eter, 

n itrogen inlet, ru b b e r  septum , and a  p ressu re -eq u a liz in g  dropping 

funnel th a t w as sealed  w ith a  rubber sep tum . The flask was charged 

with dry  diisopropylamine (2 g, 20 mmole) in  dry THF (10 mL), cooled to 

-10°C an d  1.6 M butyllithium  in hexane (12.5 mL, 20 mmol) was slowly 

added a t a  ra te  w hich m aintained the tem peratu re a t -10°C. After the 

addition was com plete, the solution of lith ium  diisopropylamide (LDA) 

obtained was cooled to -70°C and silylated acetaldehyde t-butylim ine122 

(3.4 g, 20 mmol) in  anhydrous THF (10 mL) w as added over 7 m in  

period. The reaction  m ixture was stirred for 15 min, cooled to below - 

70°C an d  brom oketone 3 (3 g, 12 mmol) in  anhydrous THF (8 mL) was 

added. The resu lting  m ixture was w arm ed to -20°C over a  4  h  period 

and th en  quenched a t r t with 15 ml of w ater and  extracted with 3 x 40
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mL of ether. The com bined extracts were w ashed with brine, dried over 

MgSC>4 and  concentrated  on  a rotary evaporator. The products were 

separa ted  by FCC on Si gel (~ 150 g), eluted with 25% ether in pentane, 

to give 1.4 g of 4a (trans) and  1.1 g of 4b (cis) (overall yield 75-80%).

Rf: 0.43 (trans), 0.57 (cis), e ther/pen tane= l /3  

UV (MeOH): 314, 248 nm  (trans), 306, 248 nm  (cis).

*H NMR:

tra n s  6 10.15 (d, J  = 8 Hz, 1H, 11-H), 7.20 (s, 2H, 2 & 4-H), 6.99 (d, J  

= 16 Hz, 1H, 7-H), 6.39 (d, J  = 16 Hz, 1H, 8 -H), 6.0 (d. J  = 8 Hz 1H, 10- 

H), 2.39 (s, 3H, 9-Me), 2.27 (s, 6H. 1,5-Me).

cis 5 10.15 (d, J  = 8 Hz. 1H 11-H), 7.29 (d, J  = 16 Hz. 1H, 8 -H), 7.21 (s, 

2H, 2- & 4-H), 6.95 (d ,J = 16 Hz, 1H, 7-H), 6.0 (d. J  = 8 Hz. 1H, 10-H), 

2 .29  (s, 6H, 1,5-Me), 2.21 (s, 3H, 9-Me).

»3C NMR:

tran s  5 191.12 (C=0), 153.98, 138.20, 137.48, 133.04, 130.90, 130.09, 

121.37, 20.74, 12.97.

3,7-dimethyl-9-(4'-bromo-2',6'-dlmethyIphenyl)-nona-2(E)/(Z),4(E}, 

6 (E),8 (E)>tetraenoic acid ethyl ester (5a/5b).

A 60% dispersion of NaH in m ineral oil (0.162 g, 4 mmol) was 

added  to a  flam e-dried 3-necked flask  under nitrogen in let and was 

freed from  the m ineral oil by  w ashing with anhydrous THF (2 mL) twice 

a n d  w ithdraw ing the su p e rn a tan t solvent with a  syringe, after which 

anhydrous THF (10 mL) w as added. Triethyl phosphonosenecioate124 

(0.95 g, 4  mmol) in THF (5 mL), dried w ith 4A m olecular sieves for 45
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m ln., w as added dropwise to the stirred NaH suspension  at 0°C and the 

an ion  form ation carried ou t for ano ther 30 m ln a t rt. The reaction 

m ixture was cooled to 0° and  the  aldehyde 4 a  (1.0 g, 4 mmol) in THF (8 

mL) was added. The ice b a th  w as removed and  stirring was continued 

a t r t for 3.5 h . TLC showed the formation of yellow products with high 

Rf values. The reaction m ixture w as poured  into ice-water and the 

organic p h ase  w as w ashed w ith brine an d  dried over MgSC>4. The 

p roducts  were purified by FCC on Si gel (~ 80 g) and  eluted with 25% 

e th e r  in  hexane, to give 0.72 g 5 a  (trans) an d  0 .48  g 5b  (cis) (86% 

overall yield).

Rf: 0.75 (trans), 0.83 (cis), e ther/pen tane = 1 / 3  

UV (MeOH): 356, 250 nm  (trans), 350, 250 nm  (cis).

NMR:

tra n s  6 7 .18 (s. 2H. 2- & 4-H). 6.95 (dd. J  = 15.11 Hz. 1H. 11-H). 6 .4~ i

(d. J  = 16 Hz. 1H, 7-H), 6.35 (d. J  = 16 Hz, 1H. 8 -H), 6.32 (d, J  = 15 Hz. 

1H, 12-H), 6 .19  (d, J  = 11 Hz. 1H, 10-H), 5 .78 (s, 1H, 14-H), 4.21 (q, J  = 

7Hz, 2H, ester-CH 2). 2.31 (s, 6H, 1,5-Me), 2 .3 4  (s, 3H, 13-Me), 2.06 (s. 

3H, 9-Me), 1.26 (t, J  = 7 Hz, 3H. ester-Me).

cis 6 7.82 (d, J  = 15 Hz, 1H, 12-H), 7 .19 (s, 1H, 2- & 4-H), 6.97 (dd, J  = 

15, 11Hz, 1H, 11-H), 6 .54  (d, J  = 16 Hz, 1H, 7-H), 6.32 (d, J  = 16 Hz. 

1H, 8 -H), 6.31 (d, J  = 11 Hz. 1H. 10-H). 5 .66  (s, 1H, 14-H). 4 .14 (q, J  = 

7 Hz, 2H. ester-CH2), 2 .27 (s, 6H, 1,5-Me), 2 .2 7  (s, 3H, 13-Me), 2.0 (s. 

3H, 9-Me), 1.26 (t, J  = 7 Hz, 3H, ester-Me).
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3.7-dimethyl-9>(4'-bromo-2,,6 ,-dimethyIphenyI)-nona-2(E/ZJ,4(E)f 

6 (E),8 (E)-tetraenal (6 a / 6 b).

Esters 5 a /5 b  (43 mg, 0.11 mmol) In anhydrous ether (3 mL) were 

reduced w ith 1M diisobutylalum inum  hydride in hexane (DIBAL) (0.22 

mL, 0.22 mmol) a t -70°C u n d er inert atm osphere. After 5 m in, EtOAc 

(1 mL) was added to d estroy  the excess hydride, the m ixture w as 

warmed to  rt, filtered, an d  the  solvents removed. The residue was 

redissolved in  CH2CI2 (5 mL), the  oxidizing agent CAMOX (~ 1.2 g) was 

added and the suspension was stirred a t rt for 30 min. The thick slurry 

was filtered through a  celite p ad  using a  sintered-glass funnel, and  was 

concentrated in vacuo, The product was purified by PCC on Si gel ( - 1 0  

g) and e lu ted  with e th e r /h e x a n e  (1/3)  to  yield 27 mg of aldehydes 

6 a / 6 b (trans:cis=2:l, 72% overall yield).

Rf: 0.34 (trans), 0.42 (cis). e ther/hexane = 1 / 3  

UV (hexane): 360 nm , 280 nm .

UV(MeOH): 362 nm, 282 nm.

1H NMR: 6 10.10 (d, J  = 8 Hz, 1H. 15-H), 7.19 (s, 2H. 2- & 4-H), 7.15 

(dd, J  15,11 Hz, 1H, 11 -H), 6 .60  (d, J  = 16 Hz, 1H, 7-H), 6.41 (d. J  = 15, 

1H 12-H), 6.35 (d. J  = 16 Hz. 1H, 8 -H), 6 .24  (d. J  = 11 Hz, 1H. 10-H). 

5.99 (d, J  = 8 Hz. 1H, 14-H), 2.31 (s, 3H, 13-Me), 2.27 (s, 6H, 1,5-Me),

2.1 (s, 3H, 9-Me).

3.7-dim ethyl-9-(4'-azldo-2',6’-dimethylphenyl)-nona-2(E),4(E)f6(E), 

8 (E)-tetraenal (7a).

To b rom ore tlna ls 6 a / 6 b (10 mg, 0 .028  mmol) d isso lved  in
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anhy d ro u s m ethanol (4 mL). LaCl3-6H20  (2 mg. 0 .008 mmol) and  

anhydrous trim ethyl orthoform ate (1 mL, 6 mmol) were added a t r t 

u n d er an  Inert atm osphere . 128 Acetal form ation was complete in 10 

m ln, as shown by the blue sh ift of the  UV m axim um  from 364 nm  to 

330 nm. The solvent was removed and  dry m agnesium  turnings (excess) 

an d  a  crysta l of iodine were ad d ed  to  th e  residue redissolved in  

anhydrous ether. After the form ation  of the  Grignard reagen t was 

com plete (60 min), a  solution of tosvl azide (6.4 mg, 0.032 mmol) in  

anhydrous ether (3 mL) was in troduced a t 5°C by a  syringe. Stirring was 

con tinued  for an  additional 3 0  m in, th e  precipitate was filtered off, 

washed with dry ether (3 mL), and  dried in a  vacuum  desiccator. To the 

residue suspended  in dry e th er (4 mL) and  cooled to 6°C, a  solution of 

sodium  pyrophosphate decahydrate (14 mg, 0 .032 mmol) in w ater (6 

mL) was added dropwise. After s tirring  overnight the ether layer was 

separated , and  the  aqueous layer w as extracted with 2 x 5  mL ether. 

The organic layer w as dried over MgSC>4 and  concentrated. The product 

was purified by HPLC on a  |i-Porasil analytical column eluted with 10% 

ether in hexane a t 1 m L/m in to yield 7 a  (retention time 22 min; ~ 10 

O.D.). (1.0 Optical D ensity u n it of m aterial = 1 mL solution showing 

absorbance value of 1.0 in a  1 cm  path  length cell]

Rf; 0.3 (trans), e ther/hexane = 1:3 

UV (hexane): 360 , 280 nm.

*H NMR: 6 10.10 (d. J  = 8 Hz. 1H, 15-H), 7.16 (s, 2H. 2- & 4-H), 7.15 

(dd. J =  15, 11 Hz, 1H, l l -H),  6 .62 (d. J  = 16. 1H. 7-H), 6.43 (d. J  = 15 

Hz, 1H. 8 -H). 6.41 (d, J  = 15 Hz. 1H. 12-H). 6 .26  (d, J  = 11 Hz. 1H. 10-
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H). 5 .99  (d, J  = 8 Hz, 1H, 14-H), 2 .30  (s, 3H. 13-Me), 2.27 (s, 6H, 1,5- 

Me), 2 .10 (s, 3H, 9-Me).

3,7-dim ethyI-9-(4,-bromo-2'f6 ,-dlmethyl-phenyl)-nona-2(E/Z),4(B), 

6 (E),8 (E )-tetraen-l-tert-butyldim ethylsilane (14a/ 14b).

A IM  solution of DIBAL in  h ex an e  (2 ml, 2 mmol) w as added 

dropw ise, a t -70°, to a  solution of es te r  5 a /5 b  (350 mg, 0 .9  mmol) In 

anhydrous ether (5 mL) and  the  m ixture w as stirred 5 mln at -70°C. The 

ex cess DIBAL was destroyed w ith  cold w ater an d  the  m ixture w as 

allow ed to w arm  to rt. The organic layer was separated , an d  the 

aqueous layer was extracted w ith 3 xlO mL of ether. The organic layers 

w ere  d ried  over MgSCX* an d  th e  so lven t w as rem oved. To the 

b rom ore tlna ls th u s  ob tained , a  so lu tion  of imidazole (136 mg, 2 .0  

mmol), and  f-butyldimethylsilyl chloride (166 mg. 1.1 mmol) In DMF(5 

mL) was added at rt. The m ixture w as stirred for 16 h , then H2O (2 mL) 

followed by hexane (10 mL) were added , the m ixture was extracted 

w ith  3 x 1 0  mL of hexane. The organic layer was w ashed twice with 

w ater, dried over MgSC>4 and  the  e th er solvent removed. Separation by 

preparative TLC on Si gel, elution w ith 20% ether In hexane, gave 403 

m g of protected brom oretlnols 1 4 a /1 4 b  ( tran s/c is  =5:1; 95% overall 

yield).

Rf: 0.83 (trans), 0.86 (cis), e th e r/h ex an e= l /3 .

UV (hexane): 328 , 260 nm  (mixture of 1 4 a  and l4b )

*H NMR:



208

tra ils 6 7.15 (s, 2H, 2- & 4-H). 6 .56  (dd. J  = 15, 11 Hz, 1H. l l -H),  6.40 

(d, J  = 16 Hz, 1H, 7-H), 6.31 (d, J  = 16 Hz, 1H, 8 -H), 6 .30  (d, J  = 15 Hz, 

1H, 12-H), 6 .2  (d, J  = 11 Hz, 1H, 10-H), 5.63 (t. J  = 6 Hz, 1H. 14-H),

4 .34  (d, J  = 6 Hz, 2H, 15-H), 2.3 (s, 6H, 1,5-Me), 2.01 (s, 3H, 9-Me),

1.80 (s. 3H, 13-Me). 0.90 (s, 9H, Sl-Me3), 0 .06  (s, 6H. Si-Me2).

els 6 7.15 (s. 2H. 2- & 4-H), 6 .55 (dd, J  = 15, 11 Hz. 1H, 11-H), 6.5 (d, 

J  = 16 Hz, 1H. 7-H), 6.31 (d, J  = 16 Hz, 1H, 8 -H), 6 .30  (d, J  = 15 Hz,

1H, 12-H), 6 .2  (d. J  = 11 Hz, 1H, 10-H), 5 .50  (t. J  = 6 Hz, 1H. 14-H),

4 .36  (d. J  = 6 Hz. 2H, 15-H). 2.3 (s, 6H, 1,5-Me), 2 .00  (s, 3H. 9-Me),

1.80 (s, 3H, 13-Me), 0 .90 (s, 9H, Sl-Me3), 0 .07  (s, 6H. Sl-Me2).

3,7-dimethyl-9-(4'-trifluoroaceto-2',6'-dimethyIphenyI)-nona-2(E/Z)t 

4(E),6 (E),8 (E)-tetraen-l-tert-butyIdim ethylsilane (15a/ 15b).

To a  s tirred  so lu tion  of 1 4 a / 1 4 b  (50 mg, 0.11 mmol) in 

anhydrous ether (3 mL) 1.1 equivalent (0.08 mL) of 1.6 M butyllithium  

In hexane was added a t -50°C under inert atm osphere. The tem perature 

w as allowed to rise to 0°C in  1 h  and  th en  the m ixture was cooled again 

to  -50°C and  N-trlfluoroacetylpiperidine 1 9 176 (19.4 mg, 0.11 mmol) in 

anhydrous e ther (3 mL) was added an d  th e  m ixture was stirred for a  

fu rther 3 h  a t -50 °C. The cooling bath  w as rem oved and the mixture 

w as hydrolyzed with sa tu ra ted  aqueous NH4CI. The organic phase was 

w ashed th ree  tim es with aqueous NH4CI, dried with MgSCXj, and the 

solvents were rem oved in vacuo. The crude p roduct was purified by  

preparative TLC on Si gel, eluting with 25% e ther in hexane, to give 5 

mg of 1 5 a /1 5 b  ( tra n s /c is = 5 /l : 9.6% overall yield).

Rf: 0.68 (trans), 0 .70  (cis), e ther/hexane = 1 / 3
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UV (hexane): 350 nm , 286 n m  (mixture of 15a/15b)

*H NMR:

tran s  6 7.71 (s, 2H, 2- & 4-H). 6.6  (dd, J  = 15, 11 Hz. 1H. 11-H). 6 .4  (d, 

J  = 16 Hz, 1H, 7-H), 6.31 (d, J  = 16 Hz, 1H. 8 -H). 6.3 (d, J  = 15 Hz, 1H,

12-H), 6 .2  (d, J  = 11 Hz, 1H, 10-H), 5 .65 (t, J  = 6 Hz, 1H, 14-H). 4 .4  (d. 

J  = 6 Hz, 2H, 15-H), 2.3 (s, 6 H. 1.5-Me), 2.0  (s. 3H. 9-Me), 1.8 (s, 3H.

13-Me), 0.9 (s, 9H, Si-Me3), 0 .07  (s, 6H, Si-Me2).

cis 6 7.71 (s, 2H, 2- & 4-H), 6.6  (dd, J  = 15, 11 Hz, 1H, 11-H), 6 .4  (d, J  

= 16 Hz, 1H, 7-H), 6.31 (d, J  = 16 Hz, 1H. 8 -H), 6.3 (d, J  = 15 Hz, 1H,

12-H), 6.2  (d, J  = 11 Hz, 1H, 10-H), 5 .50  (t, J  = 6 Hz, 1H, 14-H), 4 .4  (d, 

J  = 6 Hz. 2H, 15-H), 2.3 (s, 6H, 1.5-Me). 2.0  (s. 3H. 9-Me), 1.8 (s. 3H,

13-Me), 0.9 (s, 9H, Si-Me3), 0 .07  (s, 6H, Si-Me2).

3,7-dlniethyl-9-(4'-trlfluoroaceto-2’,6'-dlmethylphenyI)-nona-2(E), 

4(E),6 (E),8 (E) tetraenal (18a).

A so lu tio n  of 1 5 a  /  1 5 b  (3 m g, 0 .0 0 6  m m ol) a n d

tetrabutylam m onlum  fluoride (1.97 mg. 0.007 mmol) In THF (5 mL) was 

stirred  a t r t  for 30 mln. After dilution with ether, the reaction m ixture 

w as w ashed  with brine a n d  w ater an d  the e ther layer was dried  over 

M gS0 4 . The extract was evaporated  to  d ryness and the residue w as 

d isso lved  In CH2C12 (2 mL). CAMOX (100 mg) w as added an d  the 

p ro g ress  of the oxidation w as m onitored by  TLC. After 15 m ln the 

slu rry  w as filtered on a  celite pad . and  the filtrate was evaporated. The 

p ro d u c t was separated b y  preparative TLC on Si gel, eluting w ith 25% 

e th er In hexane, and was fu rther purified by HPLC on an analytical | a -
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PorasU colum n elu ted  with 20% EtOAc in hexane. (1.0 m l/m in  flow 

ra te , retention  tim e = 7 m in; ) to afford 25 O.D. of the retinal analog 

18a.

Rf: 0.31, e ther/hexane = 1 / 3  

UV (hexane): 366, 280 nm

1H NMR: 6 10.1 (d. J  = 8 Hz, 1H, 15-H), 7.71 (s. 2H. 2 & 4-H), 7.12 (dd, 

J  = 15, 11 Hz. 1H, 11-H), 6 .60 (d, J  = 16 Hz, 1H, 7-H). 6 .40 (d, J  = 15 Hz, 

1H, 12-H). 6.35 (d. J  = 16 Hz, 1H, 8 -H), 6 .24  (d, J  = 11 Hz, 1H, 10-H), 

5 .97  (d, J  = 8 Hz, 1H, 14-H), 2.32 (s, 3H, 13-Me), 2 .27  (s, 6H, 1,5-Me),

2.1 (s, 3H, 9-Me).

3-m cthyl-5-(4,-bromo-2',6,-diinethylphenyI)-penta-2(E)/2(Z),4(E)- 

dienaenoic acid ethyl ester (30a/30b).

A 60% m ineral oil d ispersion of NaH (9.41 mg. 0.22 mmol) was 

freed from  m ineral oil by w ashing with DMF an d  w as suspended  in 

DM F (8 mL). To th is  s u s p e n s io n  a  s o lu tio n  of t r i e t h y l  

phosphonosenecioate124 (49.6 mg, 0 .187 mmol) in dry DMF (3 mL) was 

added dropwise at 0°C under inert atm osphere. The mixture was stirred 

for 30 min a t 25°C, th en  cooled to 10°C, and th e n  a  solution of 4- 

brom o-2,6 -Dimethyl- benzaldehyde120 (40 mg, 0 .187  mmol) in DMF (8 

mL) w as added. S tirring w as continued for 10 h  a t r t  and  then  water 

(10 mL) w as added an d  the  organic layer w as separated . The aqueous 

layer w as extracted with 3 x 5  mL. h ex a n e /e th e r (1/1),  the combined 

organic layers were dried  over MgSC>4, and the so lvents removed by
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evaporation. The product was purified by FCC on Si gel (~ 10 g) eluting 

w ith 25% e ther in hexane to give 46 mg of brom oesters 3 0 a /3 0 b  (76% 

overall yield).

Rf: 0.85 (trans), 0 .88  (cis), e ther/hexane = 1 / 3  

lH NMR:

tra n s  6 7 .15  (s, 2H, 2 & 4-H), 6.85 (d, J  = 16 Hz, 1H, 7-H), 6 .27  (d, J  = 

16 Hz, 1H, 8 -H), 5.82 (s, J  = 6 Hz. 1H, 10-H), 4 .20  (q. J  = 7 Hz, 2H, 

ester-C H 2), 2 .40  (s, 3H, 9-Me), 2 .29  (s, 6H, 1 ,5-Me), 1.26 (t, J  = 7 Hz, 

3H , ester-Me).

cis 6 7 .15 (s. 2H, 2 & 4-H), 6.85 (d, J  = 16 Hz, 1H, 7-H), 7.82 (d. J  = 16 

Hz, 1H. 8 -H). 5.71 (s, J  = 6 Hz. 1H. 10-H), 4 .20  (q. J  = 7 Hz, 2H, ester- 

CH2). 2 .32  (s, 3H, 9-Me), 2 .29 (s, 6H, 1,5-Me), 1.26 (t, J  = 7 Hz, 3H, 

ester-Me).

l-(4'-brom o-2',6'-dlm ethylphenyl)-3-methyI-5-tert-butyldimethyl- 

s  1 lane-1(E),3(E)-pentene (31).

A I M  solu tion  of DIBAL (0.59 ml, 0 .5 9  mmol) in hexane w as 

added  dropw ise, a t -70°C u n d er in e rt a tm osphere  to a  solution of 

aldehyde 4 a  (0.15 g, 0.5 mmol) in  anhydrous ether (5 mL). The mixture 

w as stirred  for a  further 5 min a t -70° and  th en  was quenched with cold 

w ater a n d  allowed to warm to rt. The organic layer was separated  and 

aqueous layer w as extracted with 3 x 5  mL ether. The combined extracts 

w ere d ried  over MgS04 , and  solvent w as rem oved. To the residue, a  

so lu tion  o f imidazole (0.092 g, 1.3 mmol) an d  t-butyldim ethylsilyl 

ch loride (0 .082 g, 0.5  mmol) in  DMF (5 mL) w as added at rt. T he
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m ixture was stirred  for 16 li th en  H2O (2 mL) followed by hexane (10 

mL) were added, and  the m ixture w as extracted with 3 x 1 0  mL hexane. 

The hexane phase w as w ashed twice with water, dried over MgSC>4 and 

evaporated to d ryness. Purification by PCC on Si gel (~ 30 g), eluting 

w ith 20% ether in hexane, gave 0.2 g of 31 (95% yield)

Rf: 0 .68, ether/hexane= 1 /4 .

1H NMR: 5 7.18 (s, 2H, 2 & 4-H), 6 .46 (d, J  = 16 Hz. 1H, 7-H), 6.35 (d, 

J  = 16 Hz, 1H, 8 -H), 5 .68  (t, J  = 6 Hz, 1H, 10-H), 4.35 (d, J  = 6 Hz, 2H,

11-H), 2 .36 (s, 6H, 1 ,5 -Me), 1.89 (s, 3H, 9-Me), 0 .9  (S, 9H, Si-t-Bu), 

0 .08  (s, 6H, Si-Me2).

1—(4'-trifluoroaceto-2',6'-dimethylphenyI)-3-methyl-5-tert- 

butyld im ethyl-silane-l (E),3(E)-pentene (32).

To a  stirred  so lu tion  of th e  protected alcohol 31 (0.58 g, 1.5 

mmol) in anhydrous e th er (5 mL) 1.1 equivalent (1.03 mL) o f  1.6 M 

buty llith ium  in hexane w as added  dropwise a t -40°C u n d er an  inert 

a tm osphere . The tem p era tu re  wets allowed to rise  to  0°C ( lh) ,  the 

m ixture was then  cooled to -50°C an d  N -trifluoroacetylpiperidine176 

(0 .27 g, 1.5 mmol) in  anhydrous e ther (5 mL) was added a n d  stirring 

w as con tinued  for a  fu rth e r 3 h  a t -50°C. The cooling b a th  was 

rem oved and  the  m ix tu re  w as hydrolyzed w ith sa tu ra te d  aqueous 

NH4CI. The organic p h ase  w as w ashed th ree tim es w ith aqueous 

NH4CI, dried over MgS04 , and  the solvent removed in vacuo. The crude 

p roduct was purified by  FCC on Si gel (~ 40 g), eluting with 25% ether 

in  hexane to give 0 .29  g of 32 (48% yield).

Rf: 0 .75, e ther/hexane= l:3 .



213

1H NMR: 6 7.71 (s, 2H, 2 & 4-M), 6 .47  (d, J  = 16 Hz, 1H, 7-H), 6.35 (d, 

J  = 16 Hz. 1H, 8-H), 5.69 (t, J  = 6 Hz, 1H, 10-H). 4.35 (d, J  = 6 Hz. 2H.

1 1-H), 2 .36  (s, 6H, 1.5-CH3). 1.89 (s, 3H, 9 -CH3). 0.9 (s, 9H, Si-t-Bu), 

0 .08  (s, 6H, Si-Me2).

13C NMR: & 180.06 (C=0), 145.23, 141.53 , 140.23, 137.06, 134.11, 

129.40, 127.58, 126.11, 123 .99 ,60 .31 ,25 .96 .21 .19 , 12.44

l-{ 4 '-[trifluoromethyl-0 -(p-toluenesulfonyl)-oxime]-2 'f6 '-diinethyl 

phenyl}-3-m ethyl-5-tert-butyldim ethylsilane-l(E),3(E)-pentene (34).

A solu tion  of 3 2  (280 mg, 0 .7  m m ol) an d  hydroxylam ine 

hydrochloride (49 mg, 0.7  mmol) In 5 mL anhydrous ethanol/pyridine 

(1/2)  w e is  heated  a t 62°C for 4 h. The so lven ts were removed under 

reduced  p ressu re , the residue was dissolved In ether (15 mL), and the  

solution w as w ashed with water (5 mL). The organic layer was dried 

over MgSC>4, an d  the  solvent was rem oved. The crude m aterial w as 

refluxed for 2 h  w ith p-toluenesulfonyl chloride (0.17 g, 0 .9  mmol) in 

dry pyridine (5 mL). The pyridine was removed under reduced pressure, 

and  the residue w e is  dissolved In ether (10 mL), and  the ether layer was 

w ashed  w ith w ater (5 mL), dried over MgSC>4. Removal of the solvent 

gave 0.12 g of the crude product. Purification by  preparative TLC on Si 

gel, eluting with 30% ether In hexane, gave 0.11 g of the tosyl oxime 3 4  

(28% yield).

Rf: 0.43, e ther/hexane = 1/3.

1H NMR: 6 7 .87 (d, J  = 8 Hz. 2H, 2 & 4-H). 7.37 (d. J  a 8 Hz, 2H, 3,5- 

H), 7.02 (s. 2H, 2 & 4-H). 6.42 (d. J  = 16 Hz. 1H. 7-H). 6.29 (d. J  = 16



214

Hz. 1H. 8-H). 5.65 (t, J  = 6 Hz. 1H, 10-H). 4.37 (d. J  = 6 Hz. 2H, 11-H), 

2 .46  (s, 3H, 4 ’-CH3), 2.29 (s, 6H, 1.5-Me), 1.88 (s, 3H. 9-Me), 0.9  (s. 9H, 

Sl-t-Bu), 0 .08  (s, 6H, Si-Me2).

13C NMR: 6 139.02, 136,33, 136,23, 134.21, 132.32, 130.41, 127.68, 

127.59, 126.81, 124.44, 65.96, 60.39, 25.73, 21.03, 12.44

I-(4'-trifluorom elhyldia2irln-2'(6'-dimethylphenyl)-3-methyl-5>tert- 

butyIdi m ethyIsilane-1 (E) ,3 (E) -pentene (36).

The tosyl oxime 3 4  (0.11 g, 0 .18  mmol) w as d isso lved in 

anhydrous ether (2 mL) an d  cooled to  -70°C in V-vial w ith m in in e r 

valve. Liquid am m onia (0.7 mL) w as charged by syringe an d  the 

m ixture w as stirred a t r t  for 24h . The excess am m onia was allowed to 

evaporate a t  rt. The w hite p rec ip ita te , p -to luenesulfonam ide, w as 

rem oved by  filtration and w ashed  w ith ether (15 mL). The com bined 

ether layers were dried over MgSC>4 and  ether was removed. The product 

w as dissolved in CH2CI2 (5 mL) an d  stirred  with CAMOX (~ 0 .5  g) 

m on ito ring  the progress of th e  oxidation  by TLC. S ep ara tio n  by 

preparative TLC on Si gel, elu ting w ith 30% ether in hexane, afforded 

57-68 m g of the diazirine 3 6  (75-85% yield).

Rf: 0.86, ether/hexane = 1 /3 .

IH NMR: 6 6.82 (s, 2H, 2 & 4-H), 6 .42 (d, J=16 Hz, 1H, 7-H), 6 .24  (d. J  

= 16 Hz, 1H. 8-H). 5.65 (t, J  = 6Hz, 1H, 10-H). 4.38 (d, J  = 6 Hz, 2H,

I I-H),  2 .3 0  (s, 6H, 1.5-CH3). 1.89 (s. 3H. 9-CH3), 0.9 (s. 9H, Si-t-Bu), 

0 .08  (s, 6H, Si-Me2).

13C NMR: 6 140.56, 139.25, 138.91, 136.82, 133.95, 132.80. 130.80, 

126.42. 125.64. 124.02. 65.85, 60.30. 25.97. 21.14, 12.47
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3-methyI-5-(4’-trifluorom ethyldiazirin-2,,6 ,-dlmethyIphenyl)-penta- 

2(E),4(E)-dlenaI (38).

A so lu tio n  of d iaz irin e  3 0  (19 m g, 0 . 0 4  mmol) and  

tetrabutylam m onium  fluoride (28 mg, 0 .08  mmol) in  THF (5 mL) was 

stirred  a t room  tem perature for ~30 m in. The reaction m ixture was 

diluted w ith ether, and  ether layer w as w ashed  successively with brine 

and w ater, then  dried over MgSCX*. The solvent w as removed and the 

residue w as dissolved in  CH2CI2 (2 mL). CAMOX (-120  mg) was added 

and  the p rogress of th e  oxidation w as m onitored  with TLC. The 

product w as purified by  preparative TLC on Si gel, eluting with 30% 

ether in hexane, to give 13 m g of com pound 3 8  (94% yield).

Rf: 0.33, e ther/hexane = 1 /3 .

1H NMR: 6 10.1 (d, J  = 8 Hz. 1H, 1 1-H), 7 .05 (d, J  = 16 Hz, 1H, 7-H), 

6.82 (s, 2H, 2 & 4-H), 6 .3 9  (d, J  = 16 Hz. 1H, 8-H), 5 .99  (d. J  = 8 Hz, 

1H, 10-H), 2.39 (s, 3H, 9-Me). 2.22 (s, 6H. 1.5-Me).

13C NMR: 6 191.23 (C=0), 153.38, 137.82 , 136.96, 132.80, 130.35, 

128.18, 125.94, 125.82, 123 .92 ,25.63 ,21 .07 , 13.45.

3 f7-dimethyI-9-(4'-trifIuoromethyIdiazirin-2',6'-diinethyIphenyl)- 

nona-2(E)/(Z),4(E),6(E),8(E)-tetraenoic acid ethyl ester  (39a/39b).

A 60% m ineral oil dispersion of NaH (1.68 mg, 0.042 mmol), freed 

of m ineral oil by w ashing w ith THF, w as resuspended  in THF (1 mL). To 

th is su sp en sio n  a  solution of triethyl p h o sp h o n o sen ec io a te124 (13.2 

mg, 0 .0 4  mmol) in  d ry  THF (1 mL) w as added  a t 0°C u n d er inert 

atm osphere. The m ixture w as stirred for 30 m in at 25°C, then  cooled to
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0°C, and a  solution of the dlenal 3 8  (13 mg, 0 .04  mmol) In THF (1 mL) 

w as added. The m ixture w as stirred  for 3 h  at r t and  th en  sa tu ra te d  

NH4CI (3 mL) was added an d  the organic layer w as separated . The 

aqueous layer was extracted with 3 x 5  mL ether, the combined organic 

layers w ere w ashed  with brine, d ried  over MgSC>4 and  the solvents 

removed. The product was purified by  preparative TLC on Si gel, eluting 

w ith  20% e th er in hexane, to  give 14.1 m g of e s te rs  3 8 a /3 9 b  (all- 

tran s /13  -cis = 2 :1: 80% overall yield).

Rf: 0.68 (trans), 0.73 (cis), ether /hexane = 1 /3 .

UV (MeOH): 357 nm . 260 nm  (a m ixture of 39a/39b )

1H NMR:

tran s 6 6 .9 7 (d d , J =  15,11 Hz, 1H, 11-H), 6 .82 (s, 2H, 2 &4-H), 6.6 (d, 

J  = 16 Hz, 1H, 7-H), 6.35 (d, J  = 16 Hz, 1H, 8 -H), 6.3 (d, J  = 15 Hz, 1H,

12-H), 6.21 (d, J  = 11 Hz. 1H, 10-H), 5 .78  (s, 1H, 14-H), 4.21 (q, J  = 7 

Hz, 2H, ester-CH2), 2.35 (s, 3H, 13-Me), 2 .29  (s, 6H, 1,5-Me), 2.07 (s, 

3H, 9-Me), 1.27 (t, J  = 7 Hz , 3H, ester-M e).

cis 6 7.81 (d, J  = 15 Hz, 1H, 12-H), 6 .97  (dd, J  = 15,11 Hz, 1H), 6.82 (s,

2H, 2 & 4-H), 6.6  (d, J  = 16 Hz, 1H, 7-H). 6 .35 (d, J  = 16 Hz, 1H, 8 -H),

6.21 (d. J  = 11 Hz, 1H, 10-H), 5.78 (s, 1H, 14-H), 4.21 (q, J  = 7 Hz, 2H, 

ester-CH2), 2.35 (s, 3H, 13-Me), 2.29 (s. 6H, 1.5-Me), 2.07 (s, 3H. 9-Me), 

1.27 (t, J  = 7 Hz, 3H, ester-Me).

3,7-dim ethyl-9-(4'-trinuorom ethyIdiazirin-2lt6'-dlmethyl-phenyl)- 

nona-2(E),4(E),6(E),8(E)-tetraenal (40a).

To a  solution of ester 3 9 a /3 9 b  (20 mg, 0.05 mmol) in anhydrous
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e th er (1 111L) was added with 1.0 M DIBAL in hexane (0.1 mL, 0.1 mmol) 

a t -78 °C u n d e r  in e rt atm osphere. After 5 m in, EtOAc w as added 

followed by w ater to destroy  th e  excess hydride. The m ixture was 

w arm ed to rt, filtered, and  the  solvents were removed. The residue was 

d isso lved  in  CH2CI2 (3 mL), CAMOX (-1 1 0  mg) w as added, an d  the 

su sp en sio n  w as stirred  a t r t for 30 min. The slurry  was filtered though 

a  ce lite  p a d  u s in g  a  s in te red -g lass  fu n n e l an d  th e  filtra te  was 

concentrated In vacuo. The product was separated by preparative TLC on 

S i gel. eluting w ith 30% ether in hexane; final purification was effected 

by  HPLC on a  n-Porasil colum n, eluting with 10% EtOAc in hexane (1.0 

m l / m ln flow ra te , re ten tion  time; 11 min), to give 4 .8  mg of retinal 

analog 4 0 a  (28% yield).

Rf: 0 .28  (trans), e ther/hexane = 1 /3 .

UV (hexane): 360 nm , 280 nm , 225 nm

iHNM R: 610.1  (d, J  = 8 Hz, 1H. 15-H), 7.13 (dd. J  = 15,11 Hz, 1H, 11- 

H), 6 .83  (s, 2H, 2 & 4-H), 6 .65  (d. J  = 16 Hz. 1H, 7-H), 6.41 (d, J  = 15 

Hz, 1H. 12-H), 6 .36  (d, J  = 16 Hz. 1H. 8 -H). 6.25 (d, J  = 11 Hz, 1H, 10- 

H), 5 .97  (d, J  = 8 Hz, 1H, 14-H), 2.32 (s, 3H, 13-Me), 2.3  (s. 6H. 1,5-H),

2 .10  (s. 3H, 9-Me).

(m /z) (relative intensity) 375 (M+H)+ (90), 392 (M+NH4K  (53).

3-trifluoromethanesulfonyloxy-4-M ethyl-4-trimethyIsilyk>xy-2-pent- 

en e (46).

Lithium  diisopropylam ide (LDA) w as p repared  by adding  to a  

stirred  solution of diisopropylamine (4.1 g, 0 .04  mol) in anhydrous THF
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(50 mL) 1.6 M butyllithium  in hexane (25 mL, 0 .04  mol) at -10°C under 

inert atm osphere and  stirring  the m ixture for 10 m in. The solution 

contain ing  the LDA w as cooled to below -70°C (dry ice-acetone bath) 

an d  a  solution of 2 -M ethyl-2-trim ethylsilyloxypentan-3-one150 (5.0 g, 

0 .027  mol) in dry THF (5 mL) w as added. Stirring was continued for an 

additional 1 h, then  N-phenyl trifluoro-m ethanesu lfonim ide179 (15 g, 

0 .0 4  mol) was added  as  a  finely ground solid. The resulting brown 

solution was warm ed to r t and  stirred  for a  fu rther 48 h. The reaction 

m ixture was diluted with p en tan e  (30 ml) and  the organic phase was 

w ashed  with 2 x 40 mL sa tu ra ted  aqueous NaHCC>3, and  dried over 

M gS04. The oily residue, after the removal of the solvents a t reduced 

p ressu re , was purified by FCC on Si gel (~ 250 g). eluting with 25% 

e th er in  hexane, to yield 7.8 g of the enol triflate 4 6  and by-product 56  

(4 6 /5 6  = 2 .5 /1 , overall yield 96%).

Rf: 0.75, ether/hexane = 1 :3

iH  NMR: 6 5.6 (q, J  = 7 .0  Hz, 1H), 1.73 (d, J  = 7.0 Hz. 3H), 1.44 (s, 6H, 

1 -Me2), 0 .14 (s, 9H, Si-Me3).

5 -I l’-(trim ethylsIlyloxy)-l'-m ethylethyIl-3(E),5(E)-hepten-2-one (47).

151 .153 .177 .178

A m ixture of b is(tripheny lphosph ine)pallad lum  (II) dichloride 

(Pd(PPh3)2Cl2) (0.43 g, 2.2  mol%), 4 6 /5 6  (2 .5 /1) (9 g . 0.028 mol, based 

on  46), triethylam ine (7.1 g, 0 .07  mol) an d  vinyl ketone (4.1 g, 0.059 

mol) in DMF (45 mL) w as hea ted  to  75°C for 9 h . The mixture was 

cooled to rt, diluted with water (25 mL) and  extracted with 3 x 25 mL
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of e th er/h ex an e  (1/1). The organic phase was washed with brine, dried 

over MgSC>4 and  concentrated . The residue was purified by FCC on Si 

gel (~ 300  g), eluting with 25% ether in  hexane, to obtain 3 .48  g of 4 7  

(73% yield).

Rf: 0.78, ether/hexane = 1:3.

IH NMR: 6 7 .30 (d, J  = 16 Hz. 1H. 8 -H), 6 .64  (d, J  = 16 Hz. 1H, 7-H), 

5 .59  (q, J  = 7.3 Hz, 1H. 5-H), 2.29 (s, 3H, 9-Me). 1.78 (d, J  = 7.3 Hz, 

3H, 5-Me). 1.44 (s, 6H, 1-Me2). 0 .07 (s, 9H, Si-Me3).

3 -m ethyl-6-(l'-trim ethyIsllylo2cy-l’-methylethyl)-octa-2(E/Z),4(E), 

6 (E)-trienal (48a/48b).

L ithium  diisopropylam ide LDA w as prepared  by  add ing  to a  

stirred  solution of diisopropylamine (0.6 mL, 4.3 mmol) in anhydrous 

THF (8 mL) 1.6 M butyllithlum  in  hexane (2.7 mL, 4.3 mmol) a t -10eC 

u n d e r  in e rt atm osphere an d  stirring  th e  m ixture for 10 m in. The 

solution w as cooled to -70°C and  silylated acetaldehyde t-butylim ine122 

(0.72 g, 4 .2  mmol) in THF (4 mL) w as added  over a  7 m in period 

followed by  addition of 4 7  (0.5 g, 2.1 mmol) in  THF (4 mL). The reaction 

m ixture w as warm ed to -20°C over a  4 h  period, quenched w ith 10 mL 

of w ater, and  was extracted with 3 x 15 mL ether. The organic layers 

were w ashed with brine, dried over MgSCXj and  concentrated. H ie crude 

p roduct w as purified by FCC on Si gel (~ 50 g), eluting with 25% ether 

in p en tan e , to give 443 mg of 4 8 a /4 8 b  (223 mg (trans), 220 m g (cis), 

80% overall yield],

Rf: 0 .42  (trans), 0 .5  (cis), e ther/hexane = 1 /3 .

X n W h e x a n e ) :  290, 306. 320 n m  (fine structure) (trans)
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Xujax(hexane): 295, 302, 322 nm  (fine structure) (cis) 

lH NMR:

tran s 6 10.1 (d, J  = 8 Hz, 1H, 11-H). 6.8  (d, J  = 16 Hz, 1H, 7-H), 6.6 (d, 

J  = 16 Hz, 1H, 8 -H), 5.9 (d, J  = 8 Hz, 1H. 10-H). 5 .8  (q. J  = 7 Hz, 1H, 5- 

H), 2.3 (s, 3H, 9-Me), 1.78 (d, J  = 7.2 Hz, 3H. 5-Me), 1.39 (s, 6H, 1- 

Me2), 0.08 (s, 9H, Si-Me3).

cis. 6 10.1 (d, J  = 8 Hz, 1H, 11-H), 7.5 (d, J  = 16 Hz, 1H. 8 -H), 6.8 (d, J  

= 16 Hz, 1H, 7-H), 5.82 (d. J  = 16 Hz, 1H, 10-H). 5.8 (q, J  = 7 Hz, 1H, 

5-H), 2.0  (s, 3H, 9-Me), 1.78 (d, J  = 7 Hz. 3H. 5-Me), 1.39 (s, 6H. 1- 

Me2), 0.08 (s, 9H, Si-Me3).

3-m ethyl-6-(l'-trim ethyIsily loxy-l'-m ethyIethyl)-octa-2(E /Z ),4(E ), 

6 (E )-trlen -l-n itrlle  (49a/49b ).

A 60% m ineral oil dispersion of NaH (0.3 g, 7.5 mmol) was freed 

from m ineral oil by  w ashing w ith dry THF and  resuspended  in THF (8 

mL). To th is  su sp e n s io n  a  so lu tion  of th e  diethyl cyanom ethyl- 

phosphonate  (1.1 g, 6.3  mmol) in dry THF (20 mL) w as added at 0°C 

u n d er inert atm osphere. The m ixture was stirred  for 30  m in at 25°C, 

th e n  cooled to 10°C, and  a  solution of 4 7  (1.5 g, 6.3 mmol) in THF (5 

mL) was added. The reaction  m ixture was stirred  for .10 h  a t r t an d  

th en  was quenched with 10 mL water. The organic layer was separated 

an d  the  aqueous layer w as extracted with 3 x 15 mL of ether and 

hexane (1 /1 ). The com bined  extracts were dried  over M gS04  and 

concentrated, and  the p roduct was purified by FCC on Si gel (~ 80 g), 

eluting with 25% ether in hexane, to give 1.42 g of 4 9 a /4 9 b  (0.99 g 

(trans), 0.43 g (cis), overall yield 91%).
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Rf: 0 .64 (trans), 0.58 (cis). ether /hexane = 1 /3 .

*H NMR:

tra n s  6 6 .64  (d, J  = 16 Hz, 1H, 7-H), 6 .55  (d, J  = 16 Hz. 1H, 8 -H). 5.8  

(q, J  = 7 Hz, 1H, 5-H), 5.18 (s, 1H.10-H) 2 .19  (s, 3H. 9-Me), 1.78 (d, J  =

7.2 Hz, 3H, 5-Me), 1.39 (s, 6H, 1-Me2), 0 .08  (s, 9H, Si-Me3). 

cis 5 7 .00 (d, J  = 16 Hz, 1H, 8 -H), 6 .60  (d, J  = 16 Hz, 1H, 7-H). 5.8 (q, 

J  = 7 Hz, 1H, 5-H), 5.13 (s, 1H.10-H) 2 .04  (s, 3H, 9-Me). 1.78 (d, J  = 7.2 

Hz, 3H, 5-Me), 1.39 (s, 6H, 1-Me2), 0 .08  (s, 9H, Si-Me3).

3,7-dim ethyI-10-(l'-trim ethylsiIyoxym ethyiethyl)-dodeca-2(E/Z), 

4(E),6(E),8(E),10(E)-pentaenoic acid eth y l ester  (50a/50b).

A 60% m ineral oil d ispersion  of NaH (72 mg, 1.8 mmol) was 

freed of m ineral oil by washing w ith d ry  THF and  re suspended in THF 

(10 mL) u n d er inert atmosphere. To th is stirred  suspension, a  solution 

of triethyl phosphonosenecioate124 (0.5 g, 1.8 mmol) in THF (12 mL) 

w as added  dropwise a t 0°C u n d e r  in e r t atm osphere. The reac tio n  

m ixture w as cooled to 0°C and aldehyde 4 8 a  (0.5 g, 1.8 mmol) in THF 

(12 mL) was added. Stirring was con tinued  for 3 h  at r t and then  water 

w as added. The organic layer w as sep ara ted , w ashed with brine and  

dried over MgSCX*. The product w as purified  by FCC on Si gel (~ 60 g), 

e lu ting  w ith  25% e ther in hexane, to  give 1.2 g of retinyl este rs  

5 0 a /5 0 b  (trans:cis 1 .5 /1; 86% overall yield).

Rf: 0 .67 (trans), 0.72 (cis), e ther/hexane = 1 /3 .

UV (hexane): 358, 262 nm  (trans), 354. 260 n m  (cis) 

lH NMR:
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tran s  66 .97  (dd, J  = 15. 11 Hz. 1H, 1 1-H). 6.51 (d. J  = 16 Hz, 1H. 7-H),

6 .3  (d. J  = 16 Hz, 1H, 8 -H), 6 .27  (d, J  = 15 Hz, 1H, 12-H), 6 .17  (d. J  = 

11 Hz, 1H. 10-H), 5 .76  (s, 1H. 14-H), 5.75 (q, J  = 7 Hz, 1H. 5-H), 4.13 

(q, J  = 7 Hz, 2H, ester-CH2). 2.33 (s, 3H, 13-Me), 2 .0  (s, 3H, 9-Me), 1.78 

(d, J  = 7 Hz, 3H, 5-Me). 1.39 (s. 6H, 1-Me2), 1.26 (t, J  = 7 Hz, 3H. ester- 

Me), 0 .08  (s, 9H, Sl-Me3).

cis 6 7.7 (d, J  = 15 Hz, 1H, 12-H), 6 .97 (dd, J  = 15, 11 Hz, 1H, 11-H), 

6 .1 7  (d, J =  11 Hz, 1H, 10-H). 5.75 (q, J  = 7 Hz, 1H. 5-H), 5.63 (s, 1H, 

14-H), 4.13 (q, J  = 7 Hz, 2H, ester-CH2), 2.01 (s, 3H, 13-Me), 2 .0  (s, 3H, 

9-Me). 1.78 (d, J  = 7 Hz. 3H. 5-Me). 1.39 (s, 6H, 1-Me2), 1.26 (t, J  = 7 

Hz. 3H, ester-Me), 0 .08  (s, 9H. Si-Me3).

3 ,7-dim ethyl-10-(l'-hydro3cyl-l'-m ethylethyl)-dodeca-2(E/Z),4(E)f 

6(E),8(E),10(E)-pentaenoic acid ethyl ester (51a/51b).

To a  solution of the este rs  5 0 a /5 0 b  (0.6 g, 1 .6 mmol) In THF (20 

mL), tetrabutylam m onium  fluoride (0.5 g, 1.6 mmol) w as added, and  

th e  m ixture was stirred  for 45 mln a t rt. After adding  e th er (10 mL) the 

organic layer was separated , w ashed with brine followed by water, dried 

over MgSC>4, an d  the so lvents were removed. The crude  oil obtained 

w as purified by  FCC on Si gel (~ 60 g), eluting w ith  25% e ther in  

h ex an e , to yield 0 .45  g of esters 5 1 a / 5 1 b  ( tra n s /c is  = 1 .4 /1 : overall 

yield 92%).

Rf: 0 .25  (trans), 0.33 (cis), ethyl acetate/hexane = 1 /2 .

UV (hexane): 265, 360 nm  (a mixture of 51a/51b) 

lH NMR:
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tra ils  6 6 .97  (dd, J  = 15, 11 Hz, 1H, 11-H), 6.51 (d, J  = 16 Hz, 1H, 7-H), 

6 .30  (d, J  = 16 Hz. 1H, 8 -H), 6 .27 (d, J  = 15 Hz. 1H, 12-H), 6.17 (d, J  = 

11 Hz, 1H. 10-H), 5 .76  (s. 1H, 14-H), 5 .75  (q, J  = 7 Hz. 1H, 5-H), 4.13 

(q. J  = 7 Hz, 2H, ester-CH2), 2 .33 (s, 3H. 13-Me), 1.99 (s, 3H, 9-Me),

1.78 (d, J  = 7 Hz. 3H, 5-Me), 1.39 (s, 6 H. 1-Me2), 1.26 (t, J  = 7 Hz. 3H, 

ester-Me).

cis 6 7 .78 (d, J =  15 Hz. 1H, 12-H). 6.95 (dd, J  = 15, 11 Hz. 1H, ll-H ), 

6.50(d, J  = 16 Hz, 1H, 7-H), 6.32 (d, J  = 16 Hz, 1H, 8 -H), 6.17 (d, J  = 11 

Hz. 1H, 10-H), 5 .75 (q, J  = 7 Hz. 1H, 5-H), 5 .63  (s. 1H, 14-H), 4.13 (q, J  

= 7 Hz. 2H, ester-CH2), 2.01 (s, 3H, 13-Me), 2 .04  (s, 3H, 9-Me), 1.78 (d. 

J  = 7 Hz, 3H. 5-Me), 1.39 (s, 6H, 1-Me2), 1.26 (t, J  = 7 Hz, 3H, ester- 

Me).

3,7-dim ethyl-10-(l'-hydroxyl-l'-m ethyIethanyl)-dodeca-2(E/Z),4(E), 

6(E),8(E),10(E)-pentaenal (52a/52b).

A IM  solution of DIBAL (1.0 mL, 1.0 mmol) in hexane was added 

dropw ise a t -78°C u n d e r  in e rt a tm o sp h ere  to a  solution of esters 

5 1 a /5 1 b  (137 mg. 0.45 mmol) in anhydrous e ther (6 mL). The mixture 

w as stirred  for a  further 5 min a t -78°C, quenched  with EtOAc (1 mL), 

allowed to  w arm ed to rt, diluted with e ther, filtered, and the solvents 

were rem oved. The residue was redissolved in  CH2C12 (5 mL), CAMOX 

(~ 0 .35  g) w as added, and the suspension  w as stirred  a t r t for 30 mln. 

The slu rry  w as filtered through a  celite p ad  on a  sintered-glass funnel, 

w ashed with CH2C12 and  the filtrate concentrated  In vacuo. The product
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w as purified by FCC on Si gel (~ 20 g), eluiing with 25% ether in 

hexane, to yield 72 mg of retinal analogs 5 2 a /5 2 b  (tran s/c is  = 1 .3/1; 

62% overall yield).

Rf: 0.23 (trans), 0 .28  (cis), ethyl aceta te /hexane = 1:2.

Xmaxfiiexane) (trans isomer from  HPLC): 350, 3 6 0 . 390 (fine structure), 

270 nm.

*H NMR:

tran s  5 10.1 (d, J  = 8 Hz, 1H, 15-H), 7.1 (dd, J  = 15. 11 Hz, 1H, 11-H), 

6 .45  (d. J  = 16 Hz, 1H, 7-H), 6 .33  (d, J  = 16 Hz, 1H. 8 -H), 6 .27 (d. J  =

15 Hz, 1H. 12-H), 6.2  (d, J  = 11 Hz. 1H, 10-H). 5.96 (d, J  = 8 Hz. 1H, 

14-H), 5 .75 (q. J  = 7 Hz. 1H, 5-H), 2.3 (s, 3H. 13-Me), 2.0 (s. 3H, 9-Me),

1.78 (d, J  = 7 Hz, 3H, 5-Me), 1.4 (s, 6H, 1-Me2).

cis 6 10.1 (d, J  = 8 Hz, 1H, 15-H), 7 .28 (d, J  = 15 Hz. 1H, 12-H). 7.1 

(dd. J  = 15, 11 Hz, 1H. 11-H), 6 .45 (d. J  = 16 Hz. 1H, 7-H), 6.33 (d. J  =

16 Hz, 1H. 8 -H), 6.2 (d, J  = 11 Hz, 1H, 10-H), 5.83 (d, J  = 8 Hz, 1H. 14- 

H), 5.75 (q, J  = 7 Hz, 1H. 5-H). 2 .15  (s. 3H. 13-Me). 2 .0  (s, 3H, 9-Me),

1.78 (d, J  = 7 Hz, 3H, 5-Me), 1.4 (s, 6H. 1-Me2).

3,7-dim ethyl-10'(l'-d lazoacetoxy-1'-methylethyl)-dodeca-2(E/Z), 

4(E),6(E),8(E),10(E)-pentaenal (53a /53b ).101

Glyoxylic acid chloride p -to luenesu lfony lhvdrazone149 (70 mg, 

0 .27  mmol) in CH2C12 (2 mL) w as added to solution of 5 2 a /5 3 b  (48 mg, 

0 .1 8  mmol) in  CH2C12 (3 mL) a t 0-3°C u n d er stirring  in an  in e r t  

atm osphere. Dimethylaniline (33 mg, 0 .27 mmol) in CH2C12 (2 mL) was 

added an d  stirring was continued  for another 10 m in  prior to injection
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of 4 -pyrrolidinopyridine (8 mg, 0 .054  mmol) in CH2Cl2(2 mL). The 

m ixture was stirred  for a  fu rther 10 m in a t 0-3°C an d  then  for 4  h rs at 

r t  an d  then  EtgN (1 mL) an d  water (5 mL) were added . The organic 

layer w as w ashed  w ith b rin e , dried  over MgSC>4 an d  the solvents 

removed. The product was purified by  PCC on Si gel (~ 3 g), eluting with 

50% EtOAc in  hexane, to yield 27 mg of retinals 5 3 a /5 3 b  (trans/c is = 

2 /1 . 45% overall yield). Separation of the retinal isom ers was effected 

by  HPLC on a  Lichrosorb sem i-preparative colum n, eluting with 15% 

EtOAc in  hexane a t 3 m L /m in  flow ra te  [ re ten tion  times: 14 min 

(trans), 9 m in (cis)).

Rf: 0 .58  (trans), 0 .67  (cis), ethyl acetate/hexane = 1 :2  

Xmaxfhexane): 368, 374 . 394  nm  (fine structure), 225, 270 nm  (trans). 

XmaxJhexane): 355, 368. 385 nm (fine structure), 225, 270 nm(cis).

NMR:

tran s  8 10.08, 10.07 (d, J  = 8 Hz, 15-H), 7.11. 7.08 (dd, J  = 15 , 11 Hz, 

11-H), 6 .59, 6 .36  (d, J  = 16 Hz, 7-H). 6 .36 , 6.33 (d. J  = 15 Hz, 8-H). 

6 .29 , 6 .18 (d, J  = 16 Hz. 12-H), 6.23. 6 .19  (d. J  = 11 Hz. 10-H). 5.95,

5 .94  (d, J  = 8 Hz. 14-H), 5 .62 , 5.61 (q. J  = 8 Hz. 5-H), 5.18. 4.95, 4.83. 

4 .70  (s, diazo-H), 2 .31 ,2 .29  (s, 13-Me), 2 .04 ,1 .98  (s, 9-Me), 1.87 (s, 1- 

Mea). 1.82 (s, 1-Meb), 1.80, 1.73 (d. J  = 7 Hz, 5-Me). 

cis 8 10.17, 10.16 (d, J  = 8 Hz, 15-H), 7 .27, 7.25 (d, J  = 15 Hz, 12-H).

7.00, 7.01 (dd, J  = 15, 11 Hz, 11-H), 6.59, 6.36 (d, J  = 16 Hz, 7-H), 6.31, 

6 .20  (d. J  = 16 Hz. 8-H), 6 .26, 6.24 (d. J  = 11 Hz. 10-H), 5.83, 5.82 (d, J  

= 8 Hz, 14-H), 5 .62, 5.61 (q. J  = 8 Hz. 5-H). 5.19, 4 .96 , 4.84, 4.70 (s. 

diazo-H), 2 .13 , 2.12 (s, 13-Me), 2 .04, 1.98 (s. 9-Me), 1.87 (s, 1-Mea). 

1.82 (s. 1 -Meb), 1.80, 1.73 (d. J  = 7 Hz. 5-Me).
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Cl-MS (NH3):

(m/z): 299 (M-l - N2), 299 (M+ - HN2), 259 (M+ - C2HN20).

3 f7-dim ethyI-10-(r-heptanoxy-r-m ethyIethyl)-dodeca-2(E/Z)t4(E)t 

6 (E),8(E), 10(E)-pentaenal (60a/60b).

Heptanoic anhydride, prepared from  heptanoic acid (19 mg, 0.15 

mmole) and  dicyclokexylcarbodiimide (35 mg, 0 .15 mmol) in CH2C12 (4 

mL) was added, via a  syringe filter a t rt, to a  m ixture of 5 2 a /5 2 b  (33 

mg, 0.13 mmol), 4 -pyrrolidlnopyridine (19 mg, 0.13 mmol) and E^N  (1 

mL, 7.2 mmol) in  dry CH2C12 (3 mL) u n d e r an  inert atm osphere. The 

reaction  m ixture was stirred  a t r t  for 4  h  an d  th en  was diluted w ith 

e th e r  (5 mL). The organic p h ase  w as w ashed  w ith brine, dried over 

MgSC>4 an d  the solvent rem oved. The crude product was purified by  

preparative TLC on Si gel, eluting with 25% ether in  hexane, to yield 31 

m g of retinal analogs 6 0 a /6 0 b  ( tra n s /c is  = 2 /1 ; 74% yield). Further 

separation  of the retinal isom ers was effected by HPLC on a  Lichrosorb 

sem i-preparative colum n, elu ting  w ith 15% EtOAc in hexane a t 3 

m l/m in  flow rate (retention tim es: 15 m in (trans), 11 min (cis)l.

Rf: 0.62 (trans), 0.68(cis), ethyl aceta te /hexane = 1 /2 .

Xjnax (hexane): 350, 368. 390 (fine structure), 270 nm  (trans).

Xmax (hexane): 345, 360. 380 (fine structure), 270 nm  (trans). 

l H NMR:

tran s  6 10.09 (d. J  = 8 Hz, 1H, 15-H), 7.11 (dd. J  = 15 , 11 Hz, 1H, 11- 

H). 6.47 (d, J  = 16 Hz. 1H. 7-H), 6 .36 (d, J  = 16 Hz, 1H, 8-H), 6.27 (d, J  

= 15 Hz. 1H, 12-H). 6.21 (d. J =  11 Hz. 1H, 10-H), 5.96 (d. J  = 8 Hz. 1H.
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14-H), 5 .72  (q, J  = 7 Hz. 1H, 5-H). 2.31 (s, 3H. 13-Me). 2.16 (t. J  = 7 

Hz, 2H, clialn-CH 2). 1.99 (s, 3H, 9-Me). 1.78 (d, J  = 7 Hz, 3H, 5-Me).

1.56 (s. 6 H, 1-Me2), 1.23 (br. 8H. chain-(CH2)4-). 0 .83  (t, 3H. chain- 

Me).

cis. 6 10 .17 (d, J  = 8 Hz, 1H. 15-H), 7 .28 (d. J  = 15 Hz, 1H, 12-H). 7.01 

(dd, J  = 15 , 11 Hz, 1H, 11-H), 6.45 (d, J  = 16 Hz. 1H. 7-H). 6 .37 (d, J  = 

16 Hz, 1H, 8 -H), 6 .24  (d, J  = 11 Hz. 1H. 10-H), 5 .8 4  (d, J  = 8 Hz, 1H, 

14-H), 5 .72  (q. J  = 7 Hz. 1H, 5-H), 2 .15 (t. J  = 7 Hz. 2H, chain-CH2),

2 .13  (s, 3H, 13-Me), 1.99 (s, 3H, 9-Me), 1.78 (d. J  = 7 Hz, 3H, 5-Me),

1.56 (s, 6 H. 1-Me2), 1.2 (br, 8H. chain-(CH2)4-), 0 .83  (t, 3H, chaln-Me). 

CI-MS (NH3):

m /z : 390  ([M+NH4I+, 10), 373 (MH+, 100), 260 (MH+ - C7H13O, 40).

3 (7-di m ethyl-10-( r-heptanoxy-l'-m  ethy let hyl)-dodeca-2 (E) V4(E) V6(E) y 

8 (E)» 10(E)-pentaenal (61a).

To a  m ix tu re  of 5 2 a / 5 2 b  (28 m g. 0 .11  m m ol), 4- 

pyrrolld lnopyrldlne (17 mg, 0.11 mmol) an d  d ry  EtaN (0.85 mL, 6 

mmol) In CH2C12 (3 mL), heptanoyl chloride (19.8 mg, 0.13 mmol) was 

added  a t  0-5°C under Inert atm osphere. The reaction mixture was kept 

a t r t  for 4  h . The white precipitate w as filtered off and w ashed with 

CH2C12. The filtrate w as w ashed  with brine, dried over MgS04 and  the 

solvent removed. The crude oil obtained was purified by  preparative TLC 

on Si gel. eluting with 25% e ther In hexane, to give 36  mg of spacer- 

arm ed re tina ls 6 1 a /6 1 b  (yield 90%). Final purification was effected by
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HPLC on a  L ichrosorb sem i-preparative colum n, elu ting  with 15% 

EtOAc in hexane, a t 3 m L/m in flow rate (the product from preparative 

TLC showed m any peaks by HPLC). (retention time: 15 m in (trans)].

Rf: 0.63, ethyl acetate/hexane = 1:2.

Xmax (hexane): 362, 376. 395 (fine structure), 275 nm  (trans).

*H NMR:

6 10.09 (d, J  = 8 Hz, 1H, 15-H). 7.11 (dd, J  = 15, 11 Hz. 1H, 11-H), 6.47 

(s, 2H, 7-H & 8 -H), 6 .38  (d, J  = 15 Hz, 1H, 12-H), 6 .23  (d, 2H, 10-H & 

14H), 5.96(q, J  = 8 Hz, 1H, 5-H), 3 .36, 2 .45  (t, J  = 7 Hz, 2H, chain- 

CH2). 2.31 (s, 3H. 13-Me), 1.99 (s, 3H. 9-Me), 1.92 (s. 3H, 1-Mea). 1.86 

(s, 3H, 1-Meb), 1.40, 1.39 (d. J  = 7 Hz. 3H. 5-Me), 1.22 (br, 8H, chain- 

(CH2)4-), 0 .83 (t, 3H, chain-Me).

CI-MS (NH3):

m /z : 390 ((M+NH41+, 20), 373 (M+l, 50), 260 (MH+ - C7H13O, 100).

3,7-dim ethyl-10-(l'-trim ethylsilyoxym ethyIethyl)-dodeca-2(E/Z)f 

4(E),6(Z),8(E), 10(E)-pentaenoic acid ethyl ester  (67a/67b).

A 60% m ineral oil d ispersion  of NaH (16.5 mg. 0.41 mmol), 

freed  of m inera l oil by  w ashing  w ith anhy d ro u s THF (2 mL), w as 

re su sp en d ed  in  THF (8 mL). To th is stirred  su sp en sio n  a  solution of 

triethyl phosphonosenecioate124 (0.11 g, 0 .4  mmol) in  d ry  THF (5 mL) 

w as added  a t 0°C u n d er inert a tm osphere. The reaction  m ixture was 

s tirred  for 30  m in a t rt, th en  cooled to  0°C, an d  a  solution of th e  

tr len a l 48b  (0.1 g, 0 .4  mmol) in  THF (5 mL) was added . Stirring was 

con tinued  for 3.5  h  a t r t, water w as added to the reaction mixture and
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the  organic layer was separated . The aqueous layers were extracted with 

2 x 5  mL ether, the organic layers were w ashed with brine, dried over 

MgS04 and  the solvents were rem oved. The product w as purified by  

FCC on Si gel (~ 30  g), eluting with 25% ether in hexane, to give 0 .12  g 

of retinyl esters 6 7 a /6 8 b  (trans:cis 2 / 1 :  86% overall yield).

Rf: 0.62 (trans). 0 .69 (cis), e ther/hexane = 1 /3 .

X,„ax (hexane): 358, 265 nm , (a m ixture of 67a/67b)

!H NMR:

tran s 6 7.07 (d, J  = 16 Hz, 1H. 8-H), 6 .98  (dd, J  = 15, 11 Hz, 1H, 11-H), 

6 .36  (d. J  = 16 Hz, 1H, 7-H). 6.21 (d. J  = 15 Hz, 1H, 12-H), 6 .09  (d, J  = 

11 Hz. 1H, 10-H), 5 .74  (s, 1H, 14-H). 5 .73 (q, J  = 7 Hz. 1H, 5-H), 4 .13 

(q, J  = 7 Hz, 2H, ester-CH 2). 2.31 (s, 3H, 13-Me), 2.00 (s, 3H, 9-Me),

1.78 (d, J  = 7 Hz, 3H, 5-Me), 1.39 (s, 6H, 1-Me2), 1.26 (t, J  = 7 Hz, 3H, 

ester-Me), 0 .07  (s, 9H, Si-Me3).

cis 5 7.72 (d, J  = 15 Hz, 1H. 12-H), 7 .07  (d, J  = 16 Hz. 1H, 8 -H), 6 .98 

(dd, J  = 15, 11 Hz, 1H, 11-H). 6 .36  (d, J  = 16 Hz, 1H, 7-H), 6 .09  (d, J  = 

11 Hz, 1H, 10-H), 5 .62  (s, 1H, 14-H). 5 .73 (q. J  = 7 Hz, 1H, 5-H), 4 .13  

(q. J  = 7 Hz, 2H, ester-C H 2), 2 .00  (s, 3H, 9-M e),1.99 (s. 3H, 13-Me),

1.78 (d, J  = 7 Hz, 3H, 5-Me), 1.39 (s, 6H, 1-Me2). 1.26 (t, J  = 7 Hz, 3H, 

ester-Me), 0 .07 (s, 9H, Si-Me3).

3,7-dim ethyl-10-(l'-heptanoxy-r-m ethylethyl)-dodeca-2(E),4(E), 

6(Z),8(E),10(E)-pentaenal (60a).

Heptanoic anhydride, p repared  from  heptanoic acid (19.5 m g,

0 .1 5  mmole) an d  dicyclohexylcarbodiim ide (35 mg. 0 .15 mmol) in
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C H 2CI2 (3 mL) w as added, via  a  syringe filter a t rt, to  a  m ixture of 

6 8 a /6 8 b  (33 mg, 0.13 mmol). 4-pyrrolidinopyridine (19 mg, 0 .13 mmol) 

an d  EtgN (1 mL, 7.2 mmol) in  d ry  CH2CI2 (3 mL) u n d er an  inert 

a tm osphere . The reaction m ixture w as stirred  a t r t  for 4 h  and  then  

w as d ilu ted  with ether (5 mL). The organic phase  w as w ashed with 

b rine, dried  over MgSC>4 and th e  solvent removed. The crude product 

w as purified by preparative TLC on Si gel (~ 3 g), eluting with 25% ether 

in hexane, to  yield 35 mg of spacer-arm ed retinal 6 9 a /6 9 b  (9 c is /9 ,13 

dicis = 2 /1 ;  72% yield). F u rther separation  of the  retinal isom ers was 

effected by  HPLC on a  Lichrosorb sem i-prparative column, eluting with 

15% EtOAc in  hexane a t 3 m l/m in  flow rate (retention tim es: 14 mln 

(9-cis)l.

Rf: 0.3, e ther/hexane = 1 / 3

Xmax (hexane): 350, 360 . 375 (fine structure), 275 nm  (9 cis).

!H NMR:

9 cis 6 10.15 (d, J  = 8 Hz, 1H, 15-H), 7.18 (dd, J =  15,11 Hz. 1H. 11-H).

6 .95  (d. J  = 16 H z.lH , 8 -H). 6 .3 5  (d, J  = 16 Hz. 1H. 7-H). 6 .30  (d, J  = 

15, 1H, 12-H), 6.12 (d, J  = 11. 1H, 10-H), 5.96 (d, J  = 8 Hz. 1H. 14-H), 

5 .75  (q, J  = 7 Hz, 1H, 5-H). 2.31 (s, 3H, 13-Me), 2.15, 2 .39 (t, J  = 7Hz, 

2H, chain-CH 2), 2 .0  (s, 3H, 9-Me), 1.78 (d, J  = 7 Hz, 3H, 5-Me), 1.57 (s, 

6 H, 1-Me2), 1.23 (br, 8H, chain-(CH2)4-J, 0.83 (t, 3H, chain-Me).

9 .13  dicis 6 10.17 (d, J  = 8 Hz, 1H, 15-H), 7.29 (d, J  = 15, 1H, 12-H), 

7 .19  (dd, J  = 15,11 Hz, 1H, 11-H), 6.95 (d, J  = 16 Hz.lH , 8 -H), 6.35 (d, 

J  = 16 Hz. 1H, 7-H). , 6.15 (d, J  = 11, 1H, 10-H). 5 .74  (d, J  = 8 Hz, 1H, 

14-H), 5 .7 6  (q. J  = 7 Hz. 1H. 5-H). 2.31 (s, 3H. 13-Me). 2 .16. 2 .39  (t, J  =
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7Hz. 2H, chain-CH2). 2 .0  (s. 3H. 9-Me), 1.78 (d, J  = 7 Hz, 3H. 5-Me),

1.57 (s, 6H, 1-Me2). 1.23 [br, 8H, chain-(CH2)4-l, 0 .83 (t, 3H, chain - 

Me).

3 .3  M isce llan eo u s O x id a tio n s  w ith  CAMOX (C elite -adso rbed  

m anganese dioxide).

CAMOX was prepared  using  a  purified celite m atrix179a according 

to  the procedure developed in  our laboratory,179b except th a t with the 

ox idations d esc rib ed  h e re  a  KMn0 4 / M n S 04  ratio  of 1 / 1 . 5  was 

employed to prepare the reagent. However, the CAMOX prepared in 

th is  m anner effected th e  oxidations reported here in good yield. In 

addition to  the oxidation of the re tina l p recursors already described, 

benzyl alcohol, nero l an d  geran io l were oxidized in CH2C12 to th e  

corresponding aldehydes w ithin 15 m in a t rt, in 90, 91 and 93% yields, 

respectively. The oxidation o f 2 ,6-dichlorophenol gave a  m ixture of 

p roducts com posed of th e  1 ,4-bezoquinone (21%), d iphenoquinone 

(18%), and  the  C-O dim er (50%) resulting  from oxidative coupling of 

the  phenol.



IV. APPENDIX

A bbreviation: Name:

CAMOX Celite-adsorbed m anganese dioxide

(M n02/Cellte).

DCC Dicyclohexylcarbodiimide.

DBU 1,8-dlazabIcyclo(5.4.01undec-7

DIBAL Dllsobutylalum lnum  hydride.

LAH Lithium alum inum  hydride.

LDA Lithium diisopropylamide.

PPY 4-pyrrolidinopyridine.

Py . Pyridine.

TBDMSCl ferf-Butyldimetylsiyl chloride.

TsCl p-toluenesulfonyl chloride.

O.D. Optical density.
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