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ABSTRACT

SYNTHESIS OF BIOLOGICALLY ACTIVE MOLECULES: NOVEL 

ANTIFUNGALS AND RETINAL ANALOGS.

by

LANGU PENG 

Advisor: Professor Valeria Balogh-Nair

PART I.

Syntheses of space r -a rm ed  retinal analogs were undertaken to 

serve as tools to investigate the tertiary structures of r e t in a l  

proteins, and to serve as models in the design of biopolymer b a s e d  

devices. A common key intermediate  was prepared  in a m u l t i - s t e p  

synthesis. Derivatizations of  this intermediate afforded three ana logs  

with functionalized spacer-arms attached to a seco-ring. The f i r s t  

analog contains an 11-carbon spacer-arm. In the second analog, t h e  

spacer is of  twelve carbon length and contains a polar c a rboxy l  

terminus. In the third analog, designed to generate  orderly arrays o f  

bacteriorhodopsin on gold, a disulfide bond joins two s p a c e r - a r m e d  

retinyl moiet ies.

PART II.

Syntheses of oxaziridines, metal lomacrocycles  and n i t ro n y l  

nitroxides were undertaken  to demonstrate  the antifungal p o te n t i a l
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of these novel pharm acophores .  Three bisoxaziridines,  the f i r s t  

example of a tr isoxaziridine,  a macrobicycl ic hexaoxaziridine. a 

Ni(II)-macrocyclic  amide complex. and a d e n d r i m e r - b a s e d  

tris(nitronyl  nitroxide) were synthesized efficiently. The a n t i f u n g a l  

activity of the compounds synthesized was evaluated in c o l l a b o r a t iv e  

studies. These studies established that at least three oxaziridine u n i t s  

per molecule are necessary to achieve high levels of a n t i f u n g a l  

activity. and they dem ons tra ted  the usefulness o f  

metal lomacrocycles  as antifungals. The t r is (n i t ronyln i t rox ide)  h a d  

antifungal activity against P. carinii  equiva lent  to that of the c u r r e n t  

drug, thereby strongly supporting the oxidoredox p h a r m a c o p h o r e  

h y p o th es is .
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1

Part I. SYNTHESIS OF THE SPACER-ARMED RETINALS.

1 . INTRODUCTION

H alobac ter ium  sa l inar ium , a member of Archaebacteria, t h r iv e s  

in highly saline environments and produces purple patches in its cell 

m em brane  under intense i llumination in anaerobic condit ions.  

Bacter iorhodopsin  (bR), the sole protein component  of th e s e

m em brane  pa tches , 1 was isolated from lysed cells of  H. salinarium  b y

sucrose densi ty gradient c en t r i fu g a t io n ."  The purple m e m b r a n e ,  

which consist of  75% bR and 25% phospholipids, provides a n  

a lternate  source of energy to the bacter ium by converting the light 

energy absorbed by bR to a proton gradient accross the cell 

m em brane  that in turn drives ATP synthesis and other ce l lu la r

p r o c e s s e s .3 The pro te in-bound retinal chrom ophore  in bR is 

responsible  for the purple color of the membrane.  Light a b s o r p t io n  

by the chromophore  triggers the photocycling of  bR. During th e  

photocycle, which contains several spectroscopically d is t inc t  

in termediates ,  the structure of  the p ro te in-bound chromophore  a n d  

the ter tiary structure of the protein change in concert to fac i l i ta te  

proton translocation.

The elucidation of bR’s tert iary structure is o f  great cha l lenge  

and is of widespread interest because bR, a small (ca. 26,000 D) 

integral m em brane  protein, has photochemistry  resembling that of  

more complex sensory rhodopsins found in animals. Further, b e c a u se
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bR is the simplest m em ber  of an extended family of  s e v e n - h e l ix  

t ran s -m em b ran e  proteins, elucidating its tertiary structure is o f  

fundamental importance to our understanding of  biological s t r u c t u r e  

and function. Moreover,  owing to its long-term stability to t h e r m a l  

and photochemical degradation,  high efficiency as an e n e r g y  

converter , and its relatively  simple structure in which the s e v e n  

membrane-spanning helices are organized in a rigid t w o - d i m e n s i o n a l  

hexagonal protein array, bR is of  great interest in the construct ion o f

b iopolym er-based  p h o t o s e n s o r s 4 and artificial r e c e p t o r s . 5

optoelectronic devices, and molecular devices such as spatial l igh t

modulators, light switches, and holographic storage m edia . 6'7

Prominent among the approaches employed to gain information 

on the tertiary s tructure of  bR are diffraction studies, s i t e - d i r e c t e d  

mutagenesis  experiments .  and studies employing synthetic bR
g

analogs .  Synthetic retinal analogs can be combined with t h e

apoprotein to yield artificial bRs, and studies of these bR analogs c a n  

serve as useful pointers towards elucidation o f  the tertiary s t r u c tu r e .  

Synthetic bR analogs can also be endowed with properties to e n h a n c e  

their  usefulness in bR-based  biomaterials. The objective of t h e  

present study was to synthesize retinal analogs based on the s p a c e r -

arm c o n c e p t .9 The spacer a rm-derivatized retinals are u n i q u e l y

suited to investigate the tertiary structure of b R .10*1- Thus, when t h e

spacer-arm of  the retinal is fluorescent-, spin-, or p h o to a f f in i t y  

label-derivat ized,  the retinal analogs can be employed to probe t h e  

tertiary structure of  bR at sites removed from the immediate v ic in i ty  

o f  the natural ret inal’s binding site. Analogs in which the s p a c e r -

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



3

arm 's  terminus is derivatized with thiols have the potential to  

generate  highly ordered  structures of bR on gold, suitable fo r  

diffraction studies.

1 . 1 .  B a c ter io rh o d o p s in  in the p u rp le  m em b ran e.

Bacter iorhodopsin  consists of  a tw o-d im ensiona l  h e x a g o n a l  

crystal lattice o f  bR-trimers in a lipid bilayer, that has a thickness o f  

about 5 nm and an average diameter  of 500 nm. Seminal e l e c t r o n

13
diffraction studies by Henderson and U n w in  at 7A r e s o l u t i o n  

revealed that each bacter iorhodopsin  molecule  consists of s e v e n  

t r an sm em b rane  a -he l ica l  segments or ien ted  nearly pe rpend icu lar  to 

the plane of the membrane.

F igure 1. Structure o f  the purple membrane from H. sa l in a r iu m . 13

When the pr imary  sequence of the po lypep t ide  chain of 248 a m i n o
14-15

acids in bR was establ ished by both amino acid  and DNA
16 • jse q u e n c in g ,  models  were proposed to de te rm ine  the amino ac id  

segments which form the seven a -he l ices  based on their a c c e s s ib i l i ty
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4

to proteolytic cleavage. and h y d r o p h o b i c i t y / h y d r o p h i l i c i t y  

cons idera t ions .  In all the models the hydrophobic sides of  the a -  

helices face the nonpolar lipids whereas the hydrophilic moieties a re  

oriented towards the interior of the molecule and the protein is 

oriented in the membrane with its C-terminus facing the c y to p lasm ic  

side and the N-term inus at the exterior of the cell m em brane .  L a te r

studies aimed at the assignment of amino acid sequences to a -h e l ica l
17a-e

segments based on data from neutron d i f f r a c t io n  an d
18

crosslinking using m - d ia z i r in o p h e n y l r e t in a l  led Khorana to propose 

a different model for the secondary structure.

I 9
Figure 2. The sequence of bR. showing the secondary structure.

The boxed-in regions are helical, the shaded areas show the 
approximate location of the hydrophobic region of the membrane.

However, more recent  protein folding studies by Khan a n d

! 9
E n g e lm a n  d e m o n s t ra te d  that the secondary s tructure (Figure 2)
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5

arises from the side-to-side associat ion of independent ly  s t a b le

helices, yielding a model for bR. This is also in agreement  with t h e
20

data from Henderson's  electron cryo-microscopic s tu d i e s  t h a t
e

yielded a th ree -d im ens iona l  e lec t ron-dens i ty  map for bR with 3.5 A 

resolution parallel and 10 A resolution perpendicular  to the plane o f  

the m em brane .

1 . 2 .  C h ro m o p h o re  stru ctu re  in  b a c ter io rh o d o p sin .

The light absorbing entity, the dA\-trans retinal chrom ophore  in

21a-c
bR. is attached to the e-amino group of L y s in e -2 1 6  on helix G of  

the protein, bacterio-opsin, through a protonated Schiff b a s e

l inkage. I l luminated purple m em brane  contains l i g h t - a d a p t e d

bacter iorhodopsin  (bRLA) that undergoes  a photocycle, during w h ic h  

protons are translocated from the inside to the outside of the cell. I n 

the absence of light. bR exists in a dark adapted state (bRDA) t h a t  

does not translocate protons.

i s  J I ^  + ^ LVS216

un LA 
b 568

The bRLA has a long wavelength absorption maximum at 568 nm a n d  

contains an a l l - t ra n s  retinal Schiff base, whereas bRDA has Xmax a t  

558 nm and is an equil ibrium mixture of two proteins, o n e
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6

contain ing an all- trans ,  the other the 13-cz's isomer. The isom er ic  

nature of the retinal in b R LA as being a l l -trans  has never b e e n  

quest ioned,  but bRDA was repor ted  by several authors to c o n ta in

roughly equal amounts of  the a l l - trans  and I3-czs  retinal Schiff  

bases. However, a carefully controlled extraction technique  c o m b in e d  

with quanti tat ion employing high perfo rm ance  l iqu id  

ch rom atography  dem ons tra ted  a 1 3 -cz s to  aU-trans isomeric ratio o f

23
2:1. The role this isomeric ratio plays in d a rk -a d ap te d  p u r p l e

m em brane  is not yet unders tood,  but it is believed that d i f f e r e n t  

conformational  states of  the protein may be involved.

The exact nature of the Schiff base linkage in bR has b e e n

controversia l  for over two decades. The strongest  evidence for a

p ro tonated  Schiff base linkage was derived from Resonance R a m a n

24 25a-b
e x p e r i m e n t s ,  later confirmed by FTIR measurements as well as

26
by studies which employed synthetic retinal analogs. The p ro p o sa l

27
by San do r fy ,  based on IR and UV studies o f  model p r o t o n a t e d  

Schiff  bases of retinal in organic solvents of  varying polarity, that t h e  

Schiff  base is not only pro tonated ,  but is also weakly h y d r o g e n  

bonded, was confirmed by solid state NMR measurements on a e -15N-

28
labeled bR analog.  The presence of water molecules acting as

bridge between charged and hydrogen bonded groups at the Schiff

29
base site has also been p r o p o s e d .  Employing [ 1 4 - 13C]- re t ina l

30
labeled bR in solid state nm r studies, Harbison et al. d e t e r m i n e d  

that dark -adap ted  bR contains the a l l -mans,  15 - a n t i  and the 13-cz's, 

1 5 - s y n  isomers of the ret inal  Schiff base, whereas the funct ional ,
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l igh t-adapted  form, contains only the a l l - t ra n s ,  15 -a n t i  i so m e r .  

Moreover, solid state magic angle spinning nmr s tudies on a [5-13C]- 

labeled bR analog indicated that the conformation o f  the retinal in bR

3 1 -3 2
is 6 - s - t r a n s .  The validity of the proposed 6 - s - t r a n s  form in bR 

was confirmed unequivocally  by m easurem ents  on a double R e ­

labeled [8 . 18- I3C 2]retinal-bR, using a novel ro ta t ional ly  r e s o n a n t

33
m agnetizat ion  exchange tec h n iq u e ,  suitable  to m e a s u r e  

in te rnuc lear  distances between like spins in solids. The early l i n e a r

34
dichroism studies by Heyn et al.. indicating that the long axis of t h e  

retinal is tilted ~ 2 0 ° from the membrane  plane towards  the e x t e r n a l  

surface of  the m em brane  has now been confi rm ed  by n e u t r o n

35
dif lract ion s tud ies ,  diffusion enhanced energy t r a n s f e r

36 . 37
m e a s u r e m e n t s  and second-harm onic  in te rfe rence  experiments.

Based on the data sum m arized  above. Figure 3 shows t h e  

general structure of  the binding pocket of the ret inal chromophore  in

38
l ight-adapted  bR. The Schiff base group of  the c h r o m o p h o r e  

separates the cytoplasmic and extracellular  p ro ton  pathways.  T h e  

ionone ring end of the retinal  is tilted toward the extracellular  s i d e  

and the vector from the Schiff base nitrogen to its proton is a l s o  

oriented towards the cell exterior.

The UV/VIS and biphasic CD spectra of bR is strongly r e d -  

shifted compared to that of  the retinal chrom ophore .  Association o f  

three bR molecules in clusters close enough for their r e t i n a l  

transition dipole moments to interact among each other  could e x p l a i n
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the exciton spli tting seen in the CD s p e c t r u m ,  but it could n o t  

account for the significant red-shift of  the absorption maximum.

CYTOPLASM

K -c e rm trH ia

EXTERIOR

F ig u r e  3. The Schiff  base site, retinal geometry and orientation of
the retinal chromophore in bR ^A  Key residues Asp-85. Asp-96.  Asp- 
212, Lys-216 and Arg-82. Tyr-81, Tyr-182, , Tyr-185. Tyr-189 and 
Pro-186. that form the binding pocket and/or participate in proton

38
transport are boxed.

Protonation o f  the retinal Schiff base alone also could not account  fo r  

the magni tude of  the observed red-shift.  Therefore, highly specific
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interactions of  the protonated Schiff base with the protein s e g m e n t s

at the vicinity o f  the binding site were held responsible for p r o v i d in g

a microenvironment conducive to these shifts. The red-shift, i.e., t h e

difference in the absorption maxima of  the protonated Schiff b a s e

compared to the rhodopsin, expressed in c m ' 1, has been defined as
40the opsin shift, amounting to 5,100 c m *1 in bR. To account for th is  

large value, the first "point-charge model" was proposed, based on  

the study of  the absorption spectra o f  a homologous series of
4 1

dihydrorhodopsins  and their respective protonated Schiff bases .  

This point charge model has since been revised (Figure 4) to in c lu d e
4 2 -4 3

the effect of a protein dipole at the ring binding site as well as 

the effect of the weak hydrogen bonding of the Schiff b a s e ' s  

counterion. The revised model also takes into account  t h e
44

contribution of  the 6 -s- trans  conformation of the retinal.

500 c m '1
protein dipole

1r

Lys

3400 cm 
weak H-bond

A *
1200 cm '' 

6-s-trans

-1 LA
F i g u r e  4. The 5,100 cm opsin shift in bR , showing the 

most important  contributions: the hydrogen-bonding interaction at 
the Schiff base site and the 6-s- trans  conformation at the ring

4 4binding site.
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1.3. T he b a c te r io r h o d o p s in  p h o to cy c le .

LAOnly the light-adapted form of bacteriorhodopsin,  bR , p u m p s

protons across the cell mem brane .  Upon photon absorption, r e t in a l

isomerizes around the C13-C14 bond then thermally  reverts to t h e

initial a l l - t rans  state, thereby passing a series of  i n t e r m e d i a t e s  

termed K590, L55(r M410, N 550 and O640 (Figure 5).

ops in < 6 psec10 ms.

opsin
640

ms

2 iisec50 |isec
625

550412

F igure 5. The photocycle of  bR. The absorption maxima of the 
intermediates are indicated by subscripts, the bonds undergoing 

isomeriza t ion/conformational  changes and the pro ton  uptake/release  
are shown by the partial structures and curved arrows respectively.

There is general consensus that the photoproduct, K590, formed in t h e

so called primary event, involves the change of  a l l - t rans .  6 - s - t ran s ,  

C=N ant i  chromophore  to a 13-c/s, 6-s - t ra n s ,  C=N a n t i  form w i th  

concomitant  movement  o f  the Schiff base away from its A s p - 2 1 2  

counterion in bR towards Asp-85 which can accept the proton f ro m  

the Schiff base in the L 550 to M 4J2 step. However,  more complex,
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branched and parallel photocycles have also been proposed as w e l l  

as additional intermediates, multiple forms o f  bR, and multiple f o r m s  

of in termediates  L, M, and O. A further s implif icat ion in Figure 5 is 

that the transient  species formed prior to K 59Q. i.e.. the excited s t a t e

of bR (lifetime ca. 500 fs) and in te rm edia te  J 625 (a g r o u n d s t a t e

species, but which is stable only at liquid helium tem pera tu res)  a r e  

not shown.

The photocycle is tightly coupled to proton transport.  D u r in g  

the L-M transition step. Asp-85 is p ro tona ted  by the Schiff b a s e . 46

4 7
and a proton is released to the ex tracel lu lar  m embrane  su r face ,  

followed by repro tona t ion  of the Schiff base from Asp-96 (M -N

48s tep) .  and subsequen t  proton uptake  from t h e

c y to p la s m / re p ro to n a t io n  of Asp-96 (during the N-O step a t  

physiological p H ) .49 There is a consensus that at least 11.6 K c a l /m o l  

of the absorbed q u an tu m 's  energy is stored in the primary s t e p .  

However, from the chemical point of view, much remains to be d o n e  

since the isomeric nature of the retinal is fully ascertained only in

the cases of bR and M412 intermediate. Thus, even the very nature o f

the primary photo isom eriza t ion  reaction in the photocycle has b e e n
50 . 51

re invest iga ted  recently using molecular  dynam ics  s im u la t ion s .  

Water molecules also appear  to play a crucial role in the p r o t o n  

pump cycle, thus dehydra t ion  of the m em b ran e s  slows down t h e

52
decay of the M 412 i n te r m e d ia te ,  and water  molecules a r e  

apparent ly  necessary  for the repro tona tion  of  the retinal Sch if f

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



1 2

53
b a se  from Asp-96. However,  even the best 3D structure model  o f

2°
bR presently a v a i la b le  does not permit  assigning the location o f  

water molecules within the tertiary structure.

1 . 4 .  “C lass ica l” and sp acer-arm ed  b a c ter io rh o d o p s in  
a n a l o g s .

1.4.1. The “classical” analogs  of bR.

Studies employing synthetic analogs of  the retinal chromophore 

were useful not only to explain the purple color of the m em brane  b y 

the external point charge model, but the hundreds of a n a lo g s

prepared,  mainly during the past two decades helped to e lu c id a t e

8
many structural and functional aspects of  BR. For in s ta n c e ,  

photoaffinity  label bearing retinal analogs synthesized w i t h

•O'18-54' 57 ,  • •r a d io l a b e l  p e rm i t ted  identification of specific amino ac id

residues likely to be presen t  in the retinal 's binding domain on t h e  

opsin. However, these labeling exper im ents  were not w i t h o u t  

difficulties. Thus, the earl iest  photoaffinity  labeling studies of  bR 

employed a m -d iaz i r in o ph en y l  analog of retinal  tritiated at t h e

1 8
a ldehyde carbon .  The crosslinking exper im ents  indicated S e r - 1 9 3  

and Glu-194 to be the predominant  sites of  crosslinking, and t h e  

model derived for bR based on these studies had the r e t i n a l  

chromophore  inclined towards helix 6 and oriented towards t h e  

external  surface of the membrane.  These results had to be r e v i s e d  

later, mainly because the bR analog could only be obtained in low 

yield ( 10%), and it was likely that the analog did not occupy t h e  

natural binding site.
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Recently, synthetic  retinals were also employed not fo r  

structural studies o f  BR, but to improve the properties of  BR to m a k e  

it more useful in molecular electronics applications. On June 25, 

1992 the space shutt le flight Columbia carried on board a "sm art"  

protein, bR, to test the viability of bR in a new optical t h r e e -

dimensional com puter  memory device. According to Dr. Robert R  

Birge, Director of Syracuse Universi ty  Center for M o le cu la r  

Electronics: The  three-d imensional  m em ory  operates by using t w o  

laser beams to activate a tiny irradiated volume inside a transparent  

rectangular solid that contains the protein. Because the size o f  th i s

irradiated volume is only 30 cubic millionth o f  a meter  - o n e

thousandth the size o f  a grain o f  sand- a small rectangular solid can  

store an enormous amount o f  in formation . For example, a 

rectangular solid with a volume o f  only 5 cubic cent imeters  can  

store 18 billion bytes o f  information - the content o f  some 4 ,0 0 0

college textbooks - including error correct ing bits. --- Birge e x p la in s  

that "the protein generates an electrical signal upon its absorption o f  

light from the lasers, and that this signal is used to assign the s t a t e  

o f  individual bits o f  information within the optical m em ory-- -  T he  

key issue in convert ing the marsh-grown protein to a c o m m e r c ia l l y  

viable substance f o r  use in computers, is the preparation o f  v o l u m e s  

o f  protein samples with a high degree o f  homogeneity  in terms o f  

light absorbance as well as a good orientation o f  the protein  w i th i n  

the transparent rectangular solid." The intrinsic properties of  n a t i v e  

bR which make it an ideal candidate in molecular e le c t ro n ic  

applications are: 1) Long-term stability to thermal a n d

photochemical  degradat ion  2) Picosecond photochemical  r e a c t io n  

times 3) High forward and reverse quan tum  yields that permit  t h e
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use of low light levels for switching 4) W a v e l e n g h t - i n d e p e n d e n t  

quantum yields 5) A large shift in the absorption s p e c t r u m

accompanying photochemistry  that permits accurate a n d  

reproducible ass ignm ent  of state 6 ) High two-photon cross sec t ions  

that permit act ivation in the IR and higher storage densities in 

digital optical memory applications 7) High second o r d e r

hyperpolarizabilities that open up nonlinear  optical applications a n d  

8 ) The ability to form thin films of  bR with excellent opt ica l  

propert ies by using the Langmuir-Blodgett  or polymer matrix sp in  

coating techniques.  Each of these propert ies of bR can be f u r t h e r  

modulated by using bR analogs reconstituted from synthetic r e t i n a l s  

and the apoprotein  bacterio-opsin.

1.4.2. The spacer-arm ed  analogs  o f  bR.

The concept of  using spacer -a rm ed  retinal analogs to 

investigate the tertiary st ructures of membrane proteins w a s

9
proposed in 1987. The domain of the tertiary structure that can b e  

elucidated with the help of spacer -arm ed  retinal analogs is b o th  

spatially and conceptually different from the one in v e s t i g a t e d

employing the ” classical analogs". In the latter case, the domain o f  

interest is relevant  mainly to the photochemical  event (that y ie ld s

photocycle in te rm ed ia te  K590 ), since the structure of this domain is 

geared towards optimization of  the selective and efficient l ight  

absorption by the retinal chromophore.  In the former, a n o t h e r  

domain of the ter t iary structure, spatially removed from the first, is 

involved. Thus, the spacer-arms are attached to a seco-ring to p e r m i t  

conformational mobility, but the 1,1'- and 5-methyl groups a r e
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preserved in the probes' s tructure to assure the recognit ion of  th e  

chromophore by the binding site (Figure 6 .)

Spacer

Label: spin, fluorescent, photoaffinity

9
Figure  6 . Schematic  representation of the spacer-arm concept.

Figure  7. A lkyl-spacer-armed retinals as m olecu la r  rulers

Synthesis and binding studies with a series of  alkyl s p a c e r - a r m e d

r e t i n a l s 12 revealed a channel-l ike space, ex tending  from the r e t i n a l ' s  

ring towards the m em brane  surface between the seven helices,

where spacer-arms can be inserted into bac te r io rhodops in .  Figure 7

illustrates the use of spacer -a rm s  as molecular ru l e r s ;  the Schiff
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base site is on helix G, and the four helices C, D, E, and F su rround  t h e  

spacer-arm. Taking into account the known orientat ion of t h e  

ret inal’s transition moment  in the membrane,  the binding of up to 

nine carbon length spacers, but not of  the ten carbon ones, i n d ic a t e d  

that the retinal’s ring is oriented towards the external surface of t h e
  c

membrane.  The retinal 's ring appears to be situated less than 12 A 

distance from the m em brane  surface. A precise value, assuming a n
3

extended conformation of the alkyl chain, is between 10.6-11.8 A. 

corresponding  to the perfectly binding 8-carbon and f i n e - s t r u c t u r e  

yielding 9-carbon spacer lengths. This data is excellent a g r e e m e n t  

with the distance obtained both from neutron diffraction and e n e r g y  

t rans fe r  exper iments .

1 . 4 . 3  Spacer-armed retinals  to immobilize  bR on gold.

 ̂8Following the work o f  Nuzzo and Allara in 1983,' showing that 

dialkyldisulf ides form oriented monolayers on gold surfaces,  t h e  

phenom ena  of molecular self-assembly, in which thio c o m p o u n d s  

(Figure 8 ) adsorb spontaneous ly  onto metallic surfaces to form s e l f ­

assembled monolayers (SAMs), has been an area of intense r e s e a r c h  

for molecular  imm obi l iza t ion .59' 61 SAMs are formed spontaneously

SH

dialkyl sulfidealkanethiol dialkyl disulfide

alkylxanthate
dialkylthiocarbamate

Figure 8. Surface-active organosulfur  compounds.
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by immersion of  an ultraflat gold surface, Au (111), ep i tax ia l ly  

grown on mica, into a dilute solution of  a thio compound in a n  

appropriate solvent (Figure 9).

Au (111) l > l

solution o f  surface-active 
material (e.g.. R-SH. RSSR)

immersion closely- packed, ordered
(seconds or hours) SAM

Figure  9. Formation of  self-assembled monolayers (S A M s ).59 61

Through variation of the thio com pounds’ terminal group, th e  

surface propert ies  exhibited by the SAM may be modified to o b ta in  

various propert ies .  such as h y d rop h ob ic i ty /h y d ro p h i l i c i ty .  o r  

acidi ty/basici ty. Further, functionalities may be introduced t h a t  

allows the SAM to be coupled to a range of biomolecules, e.g.. 

proteins, thereby immobilizing them.6- Even m am m alian  ceils can be  

adhered to surfaces using SAMs of a lkaneth io ia tes  on gold .6j 

Therefore, it should be possible to form SAMs from a protein such as 

bR. si te-specif ically  functionalized with a thiol or disulfide group a t  

the space r -a rm ’s terminus. The highly ordered, rigid bR a s se m b l ie s  

obtained should display unique propert ies enabling studies of th e  

tertiary structure  using a variety of sophist icated diffraction a n d  

microscopic imaging techniques. Moreover,  if successful,  th e se  

studies employing the thiolated spacer -arm ed  retinal analogs can b e  

extended to the investigation of  the ter tiary s tructures  of  o t h e r  

retinal proteins. Prime candidates for these studies will be the v isua l  

rhodopsins embedded in highly fluid natural m em branes ,  p r e c lu d in g
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investigation of their tertiary structures by diffraction tech n iq u e s .  

Another benefit of the bR-based SAMs might be their potential u se  

as novel materials in a variety of  applications, such as biosensor a n d  

optical memory devices and nanoscale electronics.

2. RESULTS AND DISCUSSION

2.1 Structura l  design o f  spacer-arm ed ret ina l  analogs .

Prior to our studies with spacer-armed retinals, all of th e

synthetic retinal analogs employed in conjunction with bR s tu d ie s

contained modif ications only of the retinal’s ring and/or  side cha in

in the immediate  proximity of the retinal's binding site. Based on

the hypothesis  that the interhelical spaces in bR may be able to

accommodate  various chemical structures, a conceptually  nove l

family of retinal analogs, called spacer-armed probes, were d e s ig n e d

9
to test this hypothesis (Figure 10a).

LINK

6 -s - t ra ns  orientation 
of the side chain

4

spacer-arm

6 - s -cis  orientation 
of the side chain

Figure 10a. Figure 10b.

The spacer -a rm ed  probes consist of three s tructurally  d i s t in c t  

parts: The polyene side chain from carbons 7-15, the t r u n c a te d ,

seco-ring that replaces the natural cyclohexenylidene  ring of t h e
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retinal,  and the spacer-arm. The full polyene side chain of  the r e t in a l  

is p reserved  in the sp ace r -a rm ed  probes so as to assure binding to 

the protein that results in bR analogs with absorption m ax im a close 

to the native bR, at ca. 570 nm. The cyclohexenylidene  ring of th e

natural retinal is not preserved in the spacer-armed probes, in w h ich

a truncated,  seco-ring, is employed instead. The im portance  of  th e  

seco-ring in the design of  the spacer-armed probes needs to b e  

further  emphasized.  The enhanced rotational freedom o f  the seco-  

ring, as compared to the rigid cyclohexene ring, allows the s p a c e r ­

armed retinal to assume a 6 - s - t r a n s  conformation on b ind ing ,  

without affecting the orientat ion of the spacer-arm towards  t h e  

external surface (Figure 10b). In contrast, spacer-arms at tached to an 

intact cyclohexene ring cannot assume conformations for binding in a 

natural (6-s- trans)  orientation. The nature of the link (Scheme 10a). 

that attaches the spacer-arm to the seco-ring of the ret inal  in t h e  

probes, must be a functionali ty  that will not interfere with e f f ic ien t  

binding of  the spacer -a rm ed  probe. In addition, it must be s tab le ,  

and its precursor  should be facile to derivatize a llowing th e  

introduction of a variety of  spacer-arms differing in chem ica l  

structure. A hydroxyl group, that by der iva t iza t ion  a l lows 

introduction of the spacer-arms,  via formation of ester linkages, w a s  

employed in the syntheses leading to the target compounds.

The length and s tructure of the spacer-arm is ano ther  cri t ical

factor to assure efficient reconstitution of a bR analog from the p r o b e  

and bacter io-opsin.  Thus, our previous s t u d i e s 10' 12 have shown t h a t  

retinals with alkyl spacer-arm s of up to 12A length could b e  

introduced into the interhelical spaces of bR, but longer alkyl s p a c e r -  

arms precluded formation of bR analogs. When s p a c e r - a r m s
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containing rigid conjugated double bonds or aromatic rings w e r e  

employed (Figure 11), only the retinal shown in 11C, in which t h e  

phenyl ring is attached with a flexible one carbon spacer, formed a 

bR analog. This indicated that any structure designed to fit t h e  

interhelical spaces must have flexibility, i.e., bond(s) that allow f r e e  

rotation in the proximity (ca. 3.5 A distance) of the ring binding s i te .  

We believe that at such distance from the retinal 's ring binding s i te , 

the interhelical channel is narrower or more discriminating t o w a r d s  

electron rich moieties. In the case of retinal shown in I IB. t h e  

spacer-arm extends too far with the aromatic ring clashing into t h e  

a-hel ical  segments of the protein which surround the i n te rh e l i c a l  

spaces. In the case of retinal shown in Figure 11 A. which has t w o  

conjugated double bonds prevent ing  free rotation of the s p a c e r ,  

minute adjustments to the interhelical space are not possible, hence a 

situation similar to that observed with retinal shown in Figure 1 1B 

a r ises .

BA C

Figure 11. Retinal analogs with electron-rich spacer-arms. 

Therefore,  it appears that flexibility o f  the spacer-arm at a d i s t a n c e  

of ca. 3.5 A (as in case of  11 A) and less than 6 A (as in case of 1 IB )
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from the retinal's ring binding site is crucial for generating bR 

analogs, and structures designed to fit the interhelical spaces m u s t  

satisfy this requirement.  In agreement  with the electron d i f f rac t io n  

studies, this suggests that Trp-185, may be si tuated at ca. 5 - 6 A 

distance below the retinal's ring. The presence  o f  this t r y p t o p h a n ' s  

aromatic side chain would narrow the interhelical  space, and w o u ld  

also hinder the binding of e lectron-rich moieties at 3.5A - 6 A 

distance below the ret inal’s ring.

Considering the properties of the interhel ical  spaces, t o g e t h e r  

with the goals set forth, namely to elicit in formation  on bR’s t e r t i a r y  

s tructure and to generate  bR-based novel materials ,  a set of t h r e e  

spacer-armed retinals were designed and synthesized as d e s c r i b e d  

vide infra.

2.2. Sy n thes is  o f  s p a c e r - a r m e d  r e t i n a l  a n a lo g s .

The rational for the synthesis of retinal analogs 1 1 - 1 3  is as 

follows: Retinal 11 with the eleven carbon length alkyl s p a c e r - a r m

has been synthesized p re v io u s ly .64 This compound would be of

interest because its spacer-arm, if fully extended,  should r e a c h

beyond the a-hel ical  domain formed by helices C. D, E, and F.

However, the first synthesis of 11 yielded submill igram amounts o f  

the material, adequate only for characterization of  the compound a n d  

for preliminary binding studies with opsin. Because of the paucity of  

the material available these binding studies were not conclusive; t h e  

analog had to be synthesized again, more efficiently, to o b ta in

adequate  amounts for in depth biochemical /biophysical  studies.
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CHOCHO
0 = <

13

CHO

12 CHO

COOH

Analogs 12  a n d  13 are novel compounds.  Analog 12.  in which t h e  

spacer arms have a polar terminus, will be employed, subsequen t  to 

further funct ional ization,  for the investigation of bR ’s t e r t i a r y  

structure. Retinal analog 13 in which a disulfide bond joins tw o  

spacer-armed retinyl moieties, will serve not only in studies g e a r e d  

towards elucidation of the tertiary structure, it will also be e m p l o y e d  

to obtain bR-based SAMs useful in materials  science applications, as 

described in section 1.4.1.

2 . 2 . 1 .  S y n th es is  o f  the c o m m o n  key in term edia te .

The synthetic  strategy we developed provides the o p p o r t u n i t y  

to generate s t ruc tura lly  diverse series of  retinal analogs using th e  

same intermediate, compound 10. Thus, all three target compounds.
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HO H °

1 1 -1 3 ,  were derived from a single precursor 1 0 , by s t r a i g h t f o r w a r d  

derivatizat ions with the appropria te  spacer-arms.

The most desirable  starting material for the synthesis of t h e

of a series of  a - t r im e th y ls i ly lo x y  ketones th a t  are useful fo r  

s tereoselective aldol addit ion reactions.  Compound 4 can be prepared 

in four s t e p s  according to Scheme 1. Thus, addit ion of acetone to 

protected p ro p io n a ld eh y d e  cyanohydrin  followed by hydrolysis a n d  

base- induced d e h yd ro cy an a t io n  converted the d i a s t e r e o m e r i c  

nitriles to the hydroxyke tone  3. The tertiary hydroxyl  group w a s  

then protec ted as t r imethyls i ly l  ether to allow e laborat ion of t h e  

polyene side chain.

key in termediate  10  is Heathcock’s ketone 4 .65 a pro to type  m e m b e r

N aH S03/ NaCN

o  h 2o , 0°

OH

CN H+, 50'
CN

1 2

MeC[=NSiMe3]OSiMe

H7S 0 4/ NaOH
MeaSiO

3 4

S c h e m e  1.
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Protected hydroxyketone ,  4, was converted to the seco-(3-ionone, 6 , 

in two steps according to Scheme 2. In the first step, t h e

regiospecifically genera ted  enolate was trapped with N-

p h e n y l t r i f l u o r o m e t a n e s u l f o n i m i d e 66'67 to give enol triflate 5 w h ic h

was then subm it ted  to a pa l lad ium -ca ta lyzed  H e c k - ty p e

o le f i n a t i o n 68’69 with methyl vinyl ether to afford the seco-(3-ionone

6 . in good yield.

O 1. LDA/THF, -78°

Me3SiO' 2. (CF3S 0 2)2NC6H5 Me3SiO' 
77%

O S 0 2CF3

5 Z /E  = 9/1

CH-,=CHCOCH,

73%

S c h e m e  2

6

O

The reaction conditions to generate  the enolate of 4 

regiospecifical ly,  i.e., with a high Z /£  ratio of  9/1, are critical to t h e  

success of the enti re  synthesis because the key in termediate  1 0

derived from the E-enolate  does not bind with the apoprotein. T h e

size of the subs t i tuen t  group plays an important  role in t h e

stereochemical  outcom e o f  the depro tonation,  as illustrated by t h e

transition state structures leading to the ( Z ) - 5  and ( E ) - 5  isomers.
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(Z)-enoIate TS (E)-enoiate TS

Because the repulsion is less between the methyl and i s o p r o p y l  

groups in the Z-isomer TS than between the methyl and M e 3 SiO-

groups in the  E-isomer TS, the Z-isomer TS is more stable, h e n c e

formation of (Z)-tr if late  is preferred.

It is important to notice that the enol triflates ( Z / E ) -5  can a n d  

must be separated and purified by vacuum  distillation prior to 

employing the (Z)- isomer in the Heck olefination. The triflates t e n d

to decompose on silica gel, thus their purif ication by flash c o lu m n

chromatography leads to poor yields. The triflates can be e a s i ly  

distinguished by their ‘H nmr spectra shown in Figure 12.

1.69 (d, J= 8  H z) 5.60 (q, J=8 H z)

OSO2CF3

OSiMe3

OSO2 CF3

OSiMe3

(Z)-5 (Eh 5

Figure 12. ‘H nmr of  isomeric triflates (Z)-5  and (E ) -5 .
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Heck reaction of  (Z)-5 with methyl vinyl ketone media ted  by Pd(0)  

species proceeded smoothly to give 6 in 73% yield. The highest yields 

are obtained in the Heck reaction when the alkene reactant is 

stabilized by an electron withdrawing,  e.g., ketone or ester group. 

Steric hindrance in the enol triflate (as in 5) has no significant  e f fec t  

on the reaction rate, and the double bond s te reochem is t ry  in th e  

final product results from pal lad ium-cata lyzed  equil ibrat ion,  h e n ce  

the most stable, E  product  is obtained in the react ion with m e t h y l  

vinyl ketone. Chain extension by a two carbon unit was effected b y

reacting 6 with a Corey type of silylated a ld im in e 70 (Scheme 3). T h e  

product was obtained as a 4.5 : 1 mixture of 9 - t r a n s  : 9 -c is  i so m ers  

that after separation by FCC afforded the pure, 9 - tra n s  isomer of 7.

+ ,CHO

LDA

76

.C02Et

NaH

8

S c h e m e  3.

The 9 - t r a n s  isomer of  te traenal  7 was subjected to a H o rn e r -  

W adsw orth -Em m ons reaction to obtain ester 8 in 94% yield as a 

mixture of 13-(£) /(Z)  isomers (Scheme 3). Deprotection of 8 w i th  

fluoride to 9, followed by reduction of the ester with DIB AH a n d

71subsequent CAMOX oxidat ion afforded a mixture o f  the 13-c / jY 13-  

t rans  isomers of the key intermediate 10 (Scheme 4). Pure 10 w a s
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obtained by FCC separation of  the mixture  and its structure w a s  

confirmed by ‘H and l3C nmr, and CI-MS.

no

THF, rt

1. DIBAL

2. CAMOX/CH2CI2

9  I I H  ,CHO
HO

S c h e m e  4.

2.2.2 S y n th e s i s  o f  the  s p a c e r - a r m e d  r e t i n a l s .

Three  spacer-armed retinal analogs, 1 1 - 1 3 .  were s y n t h e s i z e d  

by der iva t iza t ions  of their common precursor ,  key in termediate  1 0 .  

All space r -a rm s  were attached to the key in te rmedia te  10  b y  

ester if icat ion with carboxylic acids or acid chlorides of the t e r t i a r y  

alcohol in 10.

Although many useful and rel iable  methods for t h e  

esterification of  carboxylic acids have been reported in the l i t e r a t u r e ,  

a great need still exists for a versati le and simple process w h e r e b y  

esters may be formed under very mild condit ions,  especially in c a s e  

of  the retinal analogs which are very sensi t ive  to acids, bases a n d  

heat. Pyridine is one of the t raditional  catalysts for a c y la t io n  

reactions, but 4 -N ,N -d ia lky lam inopyr id ines ,  are approxim ate ly  f o u r  

powers o f  ten more reactive compared  to pyridine  when used a s
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7 °acylat ion catalysts (Scheme 5). " In consequence, they are used w i t h

increasing regularity for acylation reactions which proceed e i t h e r  

incompletely or not at all in pyridine. Generally, 0.05-0.2 mole o f  

catalyst is employed per  mole of substrate  with either  acids, 

anhydrides,  or acyl chlorides . The acid which is released may b e  

bound with an equ iva len t  amount of pyridine or t r i e t h y l a m i n e .  

Reactions may be conducted  in various media: hexane, to lu en e ,

benzene,  d ichloromethane ,  ethyl acetate, THF, t r ie thylamine.  o r  

p y r i d in e .

S c h e m e  5.

This type of acylation proceeds under mild conditions, at ro o m  

tempera ture ,  but half o f  the carboxylic acid is not conver ted  to

be solved by the incorpora t ion  of dicyclohexyl carbodi imide  (DCQ 

into the reaction (Scheme 6). We used their method to s y n t h e s i z e  

retinal analogs 11-13. T he  key intermediate, 10.  was esterified with 

the appropriate  carboxylic  acids or acid chlorides at r o o m  

tem pera tu re  in CH2CI2 , in the presence of PPY and DOC as t h e

catalysts. The yields ranged from 70% to 85%.

RCOX

e s t e r . 73 Hassner and A l e x a n i a n 74 have shown how the problem m a y
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RCOiH
DCC

►  (RCO)-iO
pg RCO2 

O ^ R

R'OH

RCO-.H +

S c h e m e  6.

Retinal analog 13 with the disulfide bond containing s p a c e r -  

arm, designed to form a m onolayer  on gold, was synthesized b y 

esterif icat ion of the key in te rm edia te  10 with 1 2 , 1 2 ’-d i th io -  

bis(dodecanoic  acid), according to Scheme 7. The disulfide w a s  

prepared by convert ing 12-b rom ododecano ic  acid to the Bunte sa l t  

with thiosulfate  ion, followed by in s i tu  reaction of the Bunte sa l t  

with iodine.

In collaborative work, the gold film, A u ( l l l )  will be i m m e r s e d  

into a dilute CH2CI2 solution of com pound  13 .  If the retinals form a

monolayer  on the gold's surface, the retinal analog 13 fixed to t h e  

gold surface via the th io l-der ivat ized  spacer arm, will be also b o u n d  

to the protein via the Schiff base linkage. We expect that in th i s
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manner the protein molecules will be organized, and their m o b i l i ty  

will be reduced because they will be "fixed" on the gold film. O rde r ly  

arrays of the protein will be generated suitable for d i f f rac t io n  

s tud ies .

o

I 10, PPY. DCC 
¥  CH2CI2

CHO

CHO
Sch em e  7.
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2 . 3 .  C o n c l u s i o n

A common, key synthetic in te rmedia te  was p rep a red  that b y 

der iva t iza t ions  led to space r -a rm ed  retinal analogs of  d i v e r s e  

s tructures.  This in termediate  was employed to synthesize  t h r e e  

sp ace r -a rm ed  retinal analogs: The first, compound 1 1 ,  contains a n 

11-carbon aliphatic spacer-arm. In the second analog, 1 2 .  the s p a c e r  

is of  12-carbon length and conta ins a polar carboxyl terminus. I n  

retinal analog 13 a disulfide bond joins two sp a ce r -a rm ed  r e t i n y l  

moieties. The first two analogs will be employed to investigate  t h e  

ter tiary structure of  bacteriorhodopsin. The third analog, designed to 

generate  orderly arrays of bac ter io rhodops in  adsorbed on gold will  

facilitate analysis of  its tert iary s tructure by diffraction t e c h n iq u e s .  

In addition, orderly arrays o f  bR generated by syntheses ,  will h a v e  

high potential  in modulating the propert ies of bR-based  m o le c u la r  

devices, and will represent  a novel approach to modify t h e  

propert ies  of  b iopolymer-based  mater ials .
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3 . EXPERIMENTAL

G en era l  t e c h n i q u e s .

Nuclear magnetic  resonance ( ‘H and 13C) spectra were r e c o r d e d  

on a Bruker NR300 MHz instrument in CDC13 solutions. Chemical shifts 

are reported as 8 values from te t ramethylsi lane .  Numbering of  t h e  

carbons for the l3C NM R spectra follows retinal numbering  instead o f  

the IUPAC system. Ultraviole t-vis ible  spectra  were recorded on a 

Hewlet t -Packard  HP8452A fast-scan UV/VIS diode a r r a y  

spectrophotometer .  Infrared spectra were m easured  on a Nicolet  

Magna 750 FT-IR spec t ro p ho to m e te r  as KBr pellets.  Electron im p a c t ,  

chemical ionization and fast atom bo m b ard em en t  mass spectra (EI- 

MS. CI-MS, and FAB-MS) were obtained with a Finnegan Mat SSQ70 

i n s t r u m e n t .
All air and/or m o is tu re -sens i t ive  reactions were carried out in 

flame-dried glassware  under nitrogen a tm osphere ,  using s t a n d a r d  

sy r inge /sep tum  techniques.  All operations involving c o m p o u n d s  

carrying chrom ophoric  groups longer than a triene moiety w e r e  

carried out in a dark room under dim red light ( ^ > 6 2 0  nm). R e t ina l  

analogs and other sensit ive compounds were stored under n i t r o g e n  

at -70°C in the dark. Anhydrous  solvents and air-sensi t ive r e a g e n t s  

used were purchased  from Sigma-Aldrich Inc. Reactions w e r e  

monitored by thin layer chromatography (TLC) on Polygram Sil G 

UV-254 plates and p repa ra t ive  TLC was carried out on A n a l t e c h  

silica gel GF glass plates. The spots were visualized by UV light a t  

254 and/or 365 nm, or  by dipping the plate in vanillin reagent (1.5 g 

vanillin, 0.5 mL conc. sulfuric acid, 100 m L ethanol) followed b y
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heating. Flash column chrom atography  (FCC) was carried out on  

silica gel (Merck, grade 60, 230-400 mesh), and high p e r f o r m a n c e  

liquid ch rom atography  (HPLC) was p e rfo rm ed  by using using a 

Hewlet t-Packard 1100 chromatograph equipped  with Chem S ta t ion  

and a DAD UV/VIS detector. The columns used were as follows: 

Analytical column: p-Porasil.  3.9 mm x 30 cm; S e m i - p r e p a r a t i v e  

column: Altex Lichrosorb Si60/5, 10 mm x 25 cm.

2 - H y d r o x y b u t y r o n i t r i l e  (1).

A 1000 ml, th ree-necked ,  roun d -b o t to m ed  flask fitted with a 

mechanical s ti rrer  and therm om eter  and charged with 104 g (1 .0  

mol) of sodium bisulfite dissolved in 350 ml of  water, was placed in 

an ice-water bath. A solution of sodium cyanide (49 g. 1 mol) in 

water (150 ml) and prop ionaldehyde  (58 g, 1 mol) were s e p a r a t e l y  

cooled to 0°C in an ice-salt bath. When the temperature  of  t h e  

vigorously-st irr ing sodium bisulfite solution has stabilized at 0°C th e  

cold solution of prop ionaldehyde  was added in one portion. T h e  

tempera ture  of the solution immedia te ly  increased to ca. 35°C, t h e n  

returned to ca. 0°C. After 30 min, the cold sodium cyanide so lu t io n  

was added in one portion. This mixture  was stirred for 2 h at 0°C. 

during which time a thick white precipitate of  sodium sulfite f o r m e d .  

The supernatant  liquid was decanted into a separatory funnel a n d  

the precipitate was washed with 350 ml of ice-water. The c o m b i n e d  

aqueous layers were extracted with e ther  (3 x 330 ml), and t h e  

extracts were washed with brine (350 ml). After drying ( M g S O J  a n d  

filtering, the ether was removed by means of a rotary evapora to r  a t  

rt. After the pH of  the residue was adjusted to 5, with a few drops o f
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concentrated hydrochloric  acid, the residue was distilled to g ive  

42.73 g (74%) of 2 -hy droxybu ty ron i t r i le ,  bp 108-110 °C (30 mm), as 

a colorless liquid.

'H NMR (CDClj): 5 1.07 (t, 3H, J=9 Hz, CH3), 1.86 (m, 2H, C H2), 2.87 (br, 

1H, OH), and 4.40 (dd, 1H, J= , Hz, CH).

2 - [ ( 1 ' - e t h o x y  ) - l - e t h o x y  ] but  y r o n  it r i l e  (2 ) .

In a 100 ml th ree-necked ,  round-bot tomed flask equ ipped  with a 

condenser topped with a calcium chloride drying tube, a m a g n e t i c  

stirring bar, a p ressu re -equa l iz ing  dropping funnel, and a 

thermometer ,  2 -h yd ro x y b u ty ro n i t r i l e  (40 g, 0.47 mol) and 0.5 ml 

concentrated hydrochloric  acid were introduced. Ethyl vinyl e t h e r  

(50.8 g, 0.7 mol) was then added dropwise to the stirred cyanohydrin 

maintaining the tem pera tu re  at 50°C. When the addition w a s  

complete, the mixture was heated to 90°C for 4 h. The condenser  w a s  

then replaced with a distillation head, and the dropping funnel a n d  

thermometer  were replaced with stoppers. Direct distil lation of th e  

gold-yellow solution from the reaction flask gave 71.1 g (96%) of 2 -  

[ ( l ' - e th o x y ) - 1-e thoxy]bu ty ron i t r i le ,  bp 55-60°C (15 mm), as a

colorless liquid.

'H nmr (CDC13) (major  d iastereomer):  5 1.08 (t, 3H, J=7 Hz, CH3), 1.20 

(tt, 3H, J= 7,8 Hz, CH3), 1.36 (dd, 3H, J= 8 Hz, CH3), 1.86 (m, 2H, CH2), 

3.53, 3.67 (m,m, 2H, CH2), 4.24, 4.41 (t, t, 1H, J= 7,8 Hz, CN-CH), 4 .8 5  

4.93 (q, q, 1H, J= 8 Hz, O-CH-O).

2 - H y d r o x y - 2 - m  e t h y l  p e n  t a n - 3 - o n e  (3) .
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A f lam e-dr ied ,  250 mL th ree -necked  round-bo t tom ed  flask w a s  

equipped with a magnetic st irring bar, low t e m p e r a t u r e

therm ometer ,  ni trogen inlet, rubber  septum, and a p r e s s u r e -  

equalizing d ropping  funnel that was sealed with a rubber  s e p t u m .  

The flask was charged with dry isopropy lam ine  (7.6 ml. 54 m m o l)  

and anhydrous THF (36.0 ml), cooled to -10°C and 1.6 M b u t y l l i t h i u m  

in hexane (33.9 ml, 54 mmol) was added  dropwise at a rate w h ic h

maintained the temperature  at -10°C. After the addit ion w a s

complete, the solution of lithium d i isopropy lam ide  (LDA) o b t a i n e d  

was cooled to -75 °C and 2 - [ ( l ' - e t h o x y ) - l - e t h o x y ] b u ty r o n i t r i l e  (5 g, 

32 mmol) was slowly added to the stirred solution at such a rate t h a t  

the tem p era tu re  of the reaction mixture  does not exceed -70°C. The  

mixture was stirred for 10 min then anhydrous acetone (4.2 g. 7 2 

mmol) was added over a 35 min period at -70°C. When the a d d i t i o n

was complete  the cooling bath was removed and the reaction mixture

was a llowed to warm to 0°C. The solution was poured into 30 ml of 

water and the resulting mixture was concentrated at a s p i r a t o r

pressure with a rotary evaporator  (30 °C water  bath) to rem ove  th e  

volatile organic  compounds. The aqueous residue was ex trac ted  w i th  

methylene chloride (3 x 30 ml). The combined organic layers w e r e  

washed with water (2 x 25 ml), then concentra ted with a r o t a r y  

evaporator  to obtain a yellow, syrupy residue. This mater ia l  w a s  

stirred with methanol  (14 ml) and aqueous 5% sulfuric acid (7.0 ml) 

overnight at rt. The methanol was evaporated  with a r o t a r y

evapora to r  (30°C water  bath) at asp i ra to r  pressure and the y e l lo w

residue was extracted with ether (3 x 30 ml). The combined  e x t r a c t s  

were shaken  in a 500 ml of separa to ry  funnel with 10 N a q u e o u s
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sodium hydroxide (5 ml) for 15 min. The layers were  separated,  a n d  

the ether layer was washed with brine (25 ml) and dried (M gSO J fo r  

2 h. The drying reagent  was removed by fi ltration through a coarse ,  

s in tered-glass  funnel, and the ether was rem oved  with a r o t a r y  

evaporator  (water bath below 40°C) at aspirator pressure .  The c r u d e  

product  was distilled at 57-58°C (15 mm) to give 9.42 g (83% yie ld )  

o f  3, a pale yellow oil.

'H nmr (CDC13): 8 1.09 (t, 3H, J=8Hz, 5-CH3), 1.63 (s, 6H. 1,T-Me), 2 .6 0  

(q, 2H, J= 8Hz, 5-CH;), and 3.86 (br. 1H, OH).

2 - M e t h y l - 2 - t r i m e t h y l s i l y l o x y p e n t a n - 3 - o n e ,  ( 4 ) .

A dry. 100 ml three necked round-bot tom ed flask equipped  with a 

magnetic  stirrer, reflux condenser, a nitrogen inlet, and a 

th e rm o m ete r  was charged  with 2 - h y d r o x y - 2 - m e t h y l p e n t a n - 3 - o n e  

(7.0 g, 63 mmol) and jV, 0 -b is ( t r im ethy ls i ly l )ace tam ide  (4.6 g. 3 2 

mmol). The mixture was heated at 100°C for 16 h with stirring a n d  

then cooled to rt. at which point the mixture becomes a semisolid as  

the acetamide crystallizes. The semisolid was di luted with 12.5 ml o f  

water  and stirred for 1 h. After the stirring was stopped, 50 ml o f  

hexane was added and the layers were separated. The aqueous layer 

was extracted with hexane (25 ml). The combined  hexane e x t r a c t s

were washed with water (4 x 25 ml) and then dr ied  ( M g S O J  for 2 h.

After  removing the drying reagent by filtration through a coarse ,  

s in tered-glass  funnel, the hexane was evapora ted  on a r o t a r y  

evapora to r  (25°C water  bath) at aspirator pressure .  The crude, p a le

yellow oil was dist illed to afford 9.24 g (83%) of 2 - m e t h y l - 2 -

t r im e th y l s i ly lo x y p e n ta n -3 -o n e ,  bp 71-73°C (15 mm), as a co lor less  

l iqu id .
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'H nmr (CDC13): 5 0.14 (s, 9H, SiMe3), 1.03 (t, 3H, J=7Hz, 5-CH3), 1.34 (s, 

6H, 1,1’-CH3), 2.66 (q, 2H, J=7 Hz, 5-CH,).

3 - t r i f l u o r o m e t h a n e s u l f o n y l o x y - 4 - m e t h y l - 4 - t r i m e t h y l s i l y l -  
o x y - 2 - p e n t a n e  (5) .

Lithium d i isopropylamide  (LDA) was p repared  by adding to a

solution of d i isopropy lam ide  (4.1 g, 0 .0 4  mmol) in anhydrous THF 

(54 ml) 1.6 M buty l l i th ium in /z-hexane (25 ml, 0.04 mmol) at -10°C 

under inert a tm osphere  and stirring the solution for 10 min. To th i s  

solution of LDA, cooled to -75°C, a solution of 2 - m e t h y l - 2 -

trimethylsi ly loxypentan-3-one (5 g, 27 mmol) in anhydrous THF ( 3 4  

ml) was added. Stirring was continued for an additional 1.5 h, then a 

solution of N-phenyl tr ifluoromethanesulfonimide (15 g, 40 mmol) in 

anhydrous THF (34 ml) was added. The resulting brown solution w a s  

warmed to rt and stirred for a further 48 h at rt. The r e a c t io n

mixture  was diluted with «-pen tane  (30 ml) and the organic l a y e r

was washed with saturated aqueous sodium bicarbonate  (2 x 20 ml) .  

After drying (M g S O J  and filtering, the solvents were removed at r t 

using a rotary evapora to r  at aspirator pressure. The crude p r o d u c t  

was distilled to give 4.51 g (77%) of  the enol triflate (Z)-5 as a 

colorless liquid, bp. 50-52°C (15 mm).

'H nmr (CDC13): 5 0.14 (s, 9H, SiCH3), 1.44 (s, 6H, 1,1’-CH3), 1.69 (d, 3H, 

J=8 Hz, 5-CH3), and 5.56 (q, 1H, J=8 Hz, =CH).

5 - [ l ' - ( t r i m e t h y l s i I y l o x y ) - l ' - m e t h y l e t h y l ] - 3 ( E ) , 5 ( E ) - h e p t e n -

2 -o n e  (6).
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A 100 ml th ree -n ecked  round-bo ttom ed  flask, equipped with a 

condenser, m agnetic stirrer, and a therm om eter, was charged w i th  

b is ( t r ip h e n y lp h o sp h in e )p a l la d iu m (II )  d ichloride (0.43 g, 2.2 m ol%) 

triethylamine (7.1 g, 70 mmol), methyl vinyl ketone (4.1 g, 59 m m o l)  

in DMF (45 ml), and enol triflate (Z )-5  (9 g, 28 mmol) and th e

mixture was heated to 75°C for 9 h. The mixture was cooled to r t . 

diluted with water (25 ml) and extracted with CH,C12 (3 x 25 ml). T h e  

combined extracts were washed with water (4 x 10 ml), d r i e d  

( M g S O J  and concentrated. The residue was purified by FCC on Si gel 

(300 g), eluting with 25% ether in hexane to obtain 3.48 g o f  th e  

k e to ne  6 (73% yield).

R f: 0.78, e the r /hexane= l:3

'H nmr (CDC13): 0.07 (s, 9H, SiCH3), 1.44 (s, 6H, 1,1’-CH3), 1.78 (d, J=7.3 

Hz, 3H, 5-CH3), 2.29 (s, 3H, 9-CH3), 5.59 (q, J=7.3 Hz,lH. 5-H), 6.64 (d. 

J=16 Hz, 1H, 7-H). 5 7.31 (d, J=16 Hz. 1H, 8-H).

3 - m e t h y l - 6 - ( l ' - t r i m e t h y l s i l y l o x y - l , - m e t h y l e t h y l ) - o c t a -  
2 ( E / Z ) , 4 ( E ) , 6 ( E ) - t r i e n a l  ( 7 a /7 b ) .

In a flame dried th ree-necked  round-bo ttom  flask, equipped with a 

low tem pera tu re  therm om eter, m agnetic stirrer, nitrogen inlet, a n d  

p ressu re -eq u a lized  adding funnel, lithium d iisopropylam ide (LDA) 

was prepared by adding to a stirred solution of d i is o p ro p y la m in e  

(1.12 g, 15 mmol) in anhydrous THF (5.2 ml) 1.6 M bu ty lli th ium  in

hexane (10 ml, 15 mmol) at -10°C  and stirring the mixture for 10 

min. The solution of LDA was cooled to -75°C  and s i ly la te d  

acetaldehyde r-butylimine (3.2 g, 18 mmol) in THF ( 5 ml) was a d d e d  

over a period o f  10 min followed by addition of 6 (2.0 g, 7 m mol) in

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



3 9

THF (3 ml). The reaction m ixture was w arm ed to -20°C  over a 4 h 

period, quenched with 60 ml of water, and was ex tracted  with 2 x 

60 ml ether. The organic layers were washed with brine (2 x 60 m l), 

dried (M gS0 4 ), and were concentra ted . The crude p roduct w a s  

purified by FCC on Si gel (100 g), eluting with 25% ether in hexane to  

give 1.29 g of 7 a  ( t r a n s ), 1.00 g of 7 b  (c is ), and 0.30 g of t r a n s / c i s  

mixture o f 7a  and 7b, ( 84 % overall yield).

R (: 0.42 (trans),  0.5 (cis), e the r/hexane=  1:3 

/imax (hexane): 290, 306, and 320 (fine structure) ( tran s  )

'H nmr (CDC13):

T ra n s : 5 0.08 (s, 9H, SiCH3), 1.39 (s, 6H. 1 ,T -C H 3), 1.78 (d. J=7.2 Hz. 

3H, 5-CH 3), 2.3 (s. 3H, 9-CH3), 5.8 ppm (q, J=7 Hz, 1H, 5-H), 5.9 (d. J=8 

Hz. 1H, 10-H), 6.6 (d, J=16 Hz. 1H. 8-H), 6.8 (d. J=16 Hz, 1H. 7-H), 10.1 

(d. J=8 Hz, 1H. 11-H).

3 , 7 - d i m e t h y l - 1 0 - ( l ' - t r i m e t h y l s i l y l o x y m e t h y l e t h y l ) - d o d e c a -  
2 ( E /Z ) ,4 (E ) ,6 (E ) ,1 0 (E ) - p e n ta e n o ic  a c id  e th y l  e s t e r  (8 a /8 b ) .

A 60% mineral oil dispersion of NaH (0.3 g, 7.5 mmol) was freed f ro m  

mineral oil by washing with dry THF and was resuspended in TH F ( 8 

ml). To this stirred suspension, a solution of t r i e th y l  

phosphonosenec ioa te  ( 1.1 g, 6.3 m m ol) in dry THF (20 ml) w a s

added dropwise at 0°C under inert a tm osphere. The m ix ture  w a s

stirred 30 min at 0 °C , another 30 min at rt, then cooled to 0°C  and a 

solution of 7 a  (1.50 g, 6.3 mmol) in THF ( 5 ml) was added slow ly , 

over a period of 30 min. The reaction m ixture was was stirred for 4.5 

h at rt then was quenched with 20  ml o f w a te r /e th e r  (1/1). T h e  

organic layer was separated and the aqueous layer was e x t r a c t e d
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with ether (100 ml). The combined organic layers were w ashed w i th  

brine (100 ml), dried (M gS 04), concen tra ted , and the product w a s  

purified by FCC on Si gel (200 g), eluting with 20% ether in hexane to 

give 1.43 g o f  the ester 8a a n d  8b  (overall yield 92% ). (1 g Trans  

and 0.43 g c is ) .

R t: 0 .67(Trans  ), 0.72 (Cis). e ther/hexane= . 1/3 

X.max (hexane): 358, 262 nm (8a , tra n s ) ,

Xmix (hexane): 354, 262 nm (8b . c is ) .

'H nmr (CDC13):

Trans: 5 0.08 (s. 9H. SiCH3), 1.26 (t, J=7 Hz. 3H, e s te r -C H 3), 1.39 (s, 6H, 

1.1'-CH3), 1.78 (d, J=7 Hz. 3H. 5 -C H 3), 2.0 (s, 3H, 9 -C H 3), 2.33 (s. 3H. 

13-C H 3), 4.13 (q, J=7 Hz. 2H. ester-C H J, 5.75 (q, J=7 Hz. 1H. 5-H), 5 .7 6  

(s, IH, 14-H), 6.17 (d, J = l l  Hz, 1H, 10-H), 6.27 (d, J=15 Hz, 1H, 12-H), 

6.3 (d, J=16 Hz. 1H, 8-H), 6.51 (d, J=16 Hz. IH. 7-H), 6.97 (dd, J=15. I 1 

Hz, IH, 11-H).

3 , 7 - d i m e t h y l  - 1 0 - ( l ' - h y d r o o x y  - l ' - m e t h y l e t h y l ) - d o d e c a -  
2 (E /Z ), 4 ( E ) ,  6 (E ) ,  8 (E ) ,  1 0 ( E ) - p e n t a e n o ic  ac id  e th y l  e s t e r
( 9 a / 9 b ).

To a solution of the ester 8 a  (2.7 g, 6 mmol) in THF (40 ml), 1 M 

te trab u ty lam m o n iu m  fluoride (10 ml, 10 mmol) in THF was a d d e d  

and the m ixture is stirred for 45 min at rt. The reaction m ixture w as

diluted with e ther (100 ml), the organic layer was separa ted , d r ie d

( M g S 0 4), and the solvents were rem oved. The crude oil ob tained  w a s  

purified by FCC on Si gel (200 g), eluting with 20% ether in hexane to 

give 9 a /9 b  (tra n s  : 1.516 g, 91% overall yield).

R f: 0.25 (trans), 0.33 (cis), hexane/e ther=4:1.
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A.max( hexane): 265, 360 nm 

'H nmr (CDC13):

Trans : 8 1.26 (t, J=7 Hz, 3H, e s te r -C H 3), 1.39 (s, 6H, l , r - C H 3), 1.78 (d, 

J=7 Hz, 3H, 5-CH3), 1.99 (s, 3H, 9 -C H 3), 2.33 (s, 3H, 13-C H 3), 4.13 (q, 

J=7 Hz, 2H, e s te r -C H J ,  5.75 (s, IH, 14-H), 5.76 (q, J=7 Hz, IH, 5-H), 

6.17 (d, J = l l  Hz. IH, 10-H), 6.27 (d, J=15 Hz, IH, 12-H), 6.30 (d, J=16 

Hz. IH, 8-H), 6.51 (d, J=16 Hz, IH, 7-H), 6.97 (dd, J=15, 11 Hz. 11-H).

3 , 7  - d i m e t h y l  - 10 - (1 * - h y d r o x y l - 1' - m e t h y l e t h a n y l ) - d o d e c a - 2 -  
( E / Z ) , 4 ( E ) , 6 ( E ) , 8 ( E ) , 1 0 ( E ) - p e n t a e n a l  ( lO a / lO b ) .

1 M solution of DIBAL ( 20 ml, 20  mmol) in hexane was a d d e d  

dropwise at -70°C under inert a tm osphere  to a solution of ester 9 a 

(2.32 g, 7.65 mmol) in anhydrous ether (120 ml). The solution w as

stirred for a further 5 min at -70°C , quenched with ethyl acetate ( 1 5 

ml), allowed to warm to 0°C, then 10 ml of water was added. T he  

m ixture was warmed to rt, diluted with ether (30 ml), and fi lte red . 

The white solid was washed with 10 ml of ether. The organic p h a se s  

were combined, washed with brine (20 ml), dried (M gS O J, and th e  

solvents were removed to yield 1.26 g of an oily residue. The re s id u e

was redissolved in CH,C1; (50 ml) and cooled to 0°C , 16.3 g of CAMOX 

(M n 0 2  on celite) was added slowly and the suspension  was s t i r r e d  

lh  at rt. The slurry was filtered through a celite pad on a s in te r e d -  

glass funnel, washed with CH2C12, and the filtrate concentra ted  in  

va cu o .  The product was separated and purified by FCC on Si gel (1 0 0  

g), eluting with 25% ether in hexane, to yield 0.97 g o f  10a (1 3 - t r a n s  

isomer) and 0.58 10b ( 1 3 -cis isomer), 84% overall yield.

R f: 0.196 (trans), 0.23(cis), hexane /e the r= 4 :1
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'H nmr (CDC13): 8 1.38 (s, 6H, 1.1’-CH3), 1.77 (d, J=7 Hz, 3H, 5-CH3), 2 .0  

(s. 3H, 9-CH3), 2.31 (s, 3H, 13-C H 3), 5.81 (q, J=7 Hz, IH, 5-H), 5.96 (d. 

J=8 Hz, IH, 14-H), 6.23 (d, J= l lH z ,  IH, 10-H), 6.36 (d, J=16 Hz, IH, 8 -  

H). 6.37 (d, J= 15 Hz, IH, 12-H), 6.47 (d, J=16 Hz, 1H,7-H), 7.11 (dd, 

J= 15,11 Hz, IH. 11-H), 10.09 (d, J=8 Hz, IH, 15-H).

1?C nmr (CDC13): 12.8 (9-Me), 13.1 (13-Me), 14.7(5-Me). 2 8 .5 (1 .1 '-M e )  

73.2 (10-C), 2 1 2 .1 (7 .1 4 -0 .  126.0(5-C), 129.3(12-C), 130.6( 8 .1 1-C). 

132.2( 6-C). 135.2( 9-C), 1 3 7 .6 (1 3 -0  and 19l.6( CHO).

FAB-MS (nitrobenzylalcohol): m/z = 260 (M+).

Spacer-arm ed retinal an a lo g  (11).

A flam e-dried  tw o-necked flask equipped with a nitrogen inlet w as  

charged with com pound 1 0 a  (26 mg, 0.1 mmol), 4 -

pyrro lid inopyrid ine  (15 mg, 0.1 mmol), and tr ie thy lam ine  (0.25 ml,

1.8 mmol) in 15 ml anhydrous CH:C1-,. Undecanoyl chloride (2 ml. 

14.4 m m o l)  in 2 ml of anhydrous CH:C1, was then added and th e  

mixture was stirred at rt for 2 h. The reaction mixture was d i lu te d  

with CH-.C1, (2.5 ml), washed with water (2 x 2.5 ml), the o rgan ic  

phase dried (M gS 04), and concentrated . The product was s e p a r a te d  

and purified by p rep a ra tive  TLC on Si gel, eluting with 50% ether in 

hexane, to yield 34 mg of an isomeric ( a l l - t r n n s /1 3 -c is )  mixture o f  

spacer-arm ed retinals l l a / l l b  (84% yield). The isomers w e r e  

separated by HPLC on a Lichrosorb sem i-p rep ara tive  column, e lu t in g  

with 10% ether in hexane at 3 ml/min flow rate. Retention t im e s  

were 19 min for the a ll-trans, and 14 min. for the 13-c/s i so m e r .  

R f: 0.44 (a\\-trans), 0.48 (1 3c /j) ,  e ther/hexane= 1:1 

Xmax (MeOH): 356 nm (al\-trans isom er)

perm ission of the copyright owner. Further reproduction prohibited without perm ission.



'H NMR (C D C I3): 8 0.85 (q, 2H, J= 6Hz, 9 ’H), 1 .15-1.22 (m, 14H, 2 ’-8’H), 

1.37 (s, 6H, 1,1’-C H 3), 1.75 (d, 3H, J=7Hz, 5 -C H 3), 2.02 (s, 3H, 9 -C H 3), 

2.33 (s, 3H, 13-CH3), 3.21( t, 2H, J=7Hz, l ’H), 5.79 (q, J=7 Hz, IH, 5-H ),

5.93 (d, J=8 Hz, IH, 14-H), 6.22 (d, J=10 Hz, IH, 10-H), 6.36 (d, J= 17 

Hz, IH, 8-H), 6.37 (d, J=17 Hz, IH, 12-H), 6.45 (d, J=17 Hz, IH, 7 -H ),

7.11 (dd, J= 10,17 Hz, IH, I l -H ) ,  10.09 (d, J=8 Hz, IH, 15-H).

CI-MS (NH3): m/z= 441 (M +), 457(M + NH4)""

Xmax(hexane): 370, 356, 336, 320, 275 nm ( fine structure)

S p a ce r -a r m ed  ret inal  an a lo g  (12).

The anhydride, prepared  from 1 ,11-undecaned icarboxy lic  acid ( 2 2 .4  

mg, 0.086 mmol) and d icyc lohexy lca rbod iim ide  (17.4 mg, 0 .0 8 6  

mmol) in anhydrous CH,C1-, (2 ml) was added, via a m icrosyringe, to  

a m ixture of 1 0 a  (22 mg, 85 mmol), 4 -p y rro lid in o p y r id in e  (12 m g, 

86 mmol), tr ie thy lam ine  (1.5 ml, 0 .09  mmol) and 2 ml a n h y d r o u s  

CH,C1; (2ml) under an inert atmosphere. The reaction mixture w a s  

stirred at rt for 12 h and then was diluted with ether (5 ml). T h e  

organic phase was w ashed with brine (5 ml), water (5 ml), d r i e d  

( M g S 0 4), and the solvent removed. The oily residue was separated b y  

FCC on Si gel, eluting with 50% ether in hexane, to give 32.5 mg o f

semisolid mixture of all- tra n s  and 13-cis  isomers of 12. The iso m e r ic

m ixture was separated  by HPLC on a L ichrosorb  s e m i - p r e p a r a t i v e  

column, eluting with 10% ether in hexane at 3 ml/min flow rate. T h e  

retention time of the a l l r r a n s -1 2  was 20 min.

R f: 0.8 (all-rrans), e th e r /h e x an e = l: l)

)imax( hexane): 375 nm { trans)

’H nmr (CDC13): 5 0.85 (q, 2H, J=6Hz, 9 ’H), 1.25 ( br, 14H, 3-8’H ),

1.37(s, 6H, l , l ’-Me), 2.02 (s, 3H, 9-CH3), 2.33 (s, 3H, 13-CH3), 2 .3 8 ( t ,
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2H, J=7Hz, 10’H), 3.21 (t, 2H, J=5Hz, l ’H), 5.79 (q, IH, J=7 Hz, 5-H),

5.93 (d, IH, J=8 Hz, 14-H), 6.22 (d, IH, J=10 Hz, 10-H), 6.36 (d, IH, 

J= 17 Hz, 8-H), 6.37 (d, IH, J=17 Hz, 12-H), 6.45 (d, IH, J=17 Hz, 7-H ),

7.11 (dd, IH, J=10,17 Hz, 11-H), 10.09 (d, IH J=8 Hz, 15-H).

CI-M S (NH3): m/z =474( M+1T.

12, 1 2 ' - d i t h i o - b i s ( d o d e c a n o ic  ac id ) .

Sodium thiosulfate (1.7 g, 7 mmol) was added to a suspension of 1 2 -  

bromododecanoic acid (2 g. 7 mmol) in 50% aqueous 1,4-dioxane (2 0

ml). The m ixture was heated at reflux (90°C) for 2 h until t h e  

reaction to the intermediate Bunte salt was com plete  (clear so lu tion ) .  

The oxidation to the corresponding  disulfide was carried out in s i tu  

by adding iodine in portions until the solution reta ined  a yellow to  

brown color. The excess iodine was re ti tra ted  with 15% s o d iu m  

pyrosulfite  in water. After removal of the dioxane by r o t a r y  

evaporation  the cream y suspension was filtered to yield the c r u d e  

product. Recrysta llization  from ethyl aceta te /TH F gave 1.25 g (77 %) 

12, 12'-dithio-bis(dodecanoic acid) as a white solid.

mp: 94°C

'H NMR (CDClj): 5 1.26 ( br, 32H, 2 .2 ,-9,9’ CH ;). 1.62 ( br. 4H.

10,10’CH2), 2.43 (t, 4H, J= 7Hz, 1,1’-CH,), 2.66 ( t, 4H, J=7Hz, 1 F I T ­

CH,). 11.33 (br, 2H, COOH).

FAB-MS (nitrobenzylalcohol): m /z=434 (M*)

S p a c e r -a r m e d  re t in a l  a n a lo g  (13).

The anhydride, prepared from 12,12’-d ith io -b is(dodecano ic  acid) (3 7 

mg, 0.08 mmol) and dicyclohexylcarbodiimide (33 mg, 0.16 mmol) in  

anhydrous C H 2C12 (1 ml) was added, via a m icrosyringe, to a m ix tu r e  

o f 1 0 a  (40 mg, 0.15 mmol), 4 -p y rro lid in o p y r id in e  (1.5 mg, 0 .01
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mmol), tr ie thy lam ine  ( 0 . 5  ml, 0.16 mmol) and anhydrous CH;C1, 

(2ml) under an inert a tm osphere and the mixture was stirred at r t  

overnight. The reaction mixture was diluted with CH:C12 (5 ml) a n d

was washed with brine (5 ml) and w ater (5 ml). The organic l a y e r

was dried (M g S 0 4), concentrated, and the residue was purified by FCC 

on Si gel (20 g), eluting with 50% ether in hexane to give 25 m g  

(45%) of the semisolid, crude product 13.

R f: 0.9, eluting with e the r/hexane= l: 1

'H NMR (CDC1,): 5 0.89 (t. 4H, J=8Hz. spacer-arm l l ' -H ) .  0.98-1.35 ( 

m, 32H, spacer-arm 2 ’-10'-H), 1.37 (s, 12H. 1,1'- CH3), 1.76 (d. 6H, J=7 

Hz, 5-CH3), 2.02 (s. 6H, 9-CH3), 2.31 (s, 6H, 13-CH3), 3.10( q, 4H. 

spacer-arm  l '-H ), 5.81 (q, J=7 Hz, 2H, 5-H), 5.95 (d. J=9 Hz. 2H, 14 -

H), 6.22 (d, 2H, J=10 Hz, 10-H), 6.36 (d, 2H, J=17 Hz, 8-H). 6.37 (d. 2H.

J= 17 Hz, 12-H), 6.45 (d, 2H, J=17 Hz, 7-H), 7.11 (dd, 2H, J=10,17 Hz. 

11-H), and 10.09 (d. 2H. J=9 Hz, 15-H).

Xmix( hexane): 365 nm.

CI-MS (NH3): m/c=946(M *)
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CHO

C’OOH

1 2

l l . r = 0 . H 5 ( c | .  211 ,  J =  6 1 1 / . )  
M ,  H = l  25(br .  1 4 1 1 )  
l . l ’- M c = l . 3 7 ( s .  H I )
I I I  = 1 . 5 8 ( 1 1 ,  211, J = 7  II/.) 
5 - M e = l . 7 5 < t l .  2H,  J = 7  H/.) 
l) - M e = 2 . 0 2 ( s ,  411)
I 3 - M e = 2 . . D ( s ,  III)  
I I | 0 ' = 2 . I 8 ( I ,  211, .1=7 I I / )  
l l _ s = 5 . 7 ‘) ( i | .  II I .  J= 7  II/.)

I l | 4 = 5 . y . l ( i l .  IH .  J = 8  II/.) 
H | , p h . 2 2 ( i l .  IH .  J= H)  II/.)

I l l  2=6,3601,  III ,  J = I 7  H / )  
H 8 =6.36( i l .  IH,  J = I 7  II/.) 
l l 7 =t) .4S(d.  I H ,  J=  17 Hz)
H,  ,=7.1 Kckl,  I H .  J =  1 0 , 17 H/.) 
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H|  |=7.11(d,  211, J = 17 Hz) 
H|  s=l().()9(d, 2H, J=9 Hz

t - [■ ■ t  t i i |—i~ i i i -|- i r  i r  | r  i i

9.0 8.0 7.0 6.0
~7

9-MeI 3-Me

5-Me

IMS

I I I —Ii I r T~ I T‘
5.0 4.0 3.0 2.0

'H  N M R  s p e c t r um o f  (he s p a c e r - a r m e d  ret inal  ana l og  13 in CDCI , .

1.0 -o .o

Lfl
ON



57

® r- ♦ • H -«

O
•H

<0

©©
CO

cn

m

m

co­

co
o.

VO
<N,

oo
©

oVO oo

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.

C
I-

M
S 

(a
m

m
on

ia
) 

sp
ec

tr
um

 
of

 
th

e 
sp

ac
er

-a
rm

ed
 

re
ti

na
l 

an
al

og
 

13
.



5 8

4 . REFERENCES

1. D. Oesterhelt and W. Stoeckenius, Nature New Biol. 1971 ,
233, 149.

2. B.M. Becher and J.Y. Cassim, Prep. Biochem.. 1975, 5, 161.

3. D. Oesterhelt, and W. Stoeckenius, Proc. Natl. Acad. Sci. USA,
1 9 7 3 , 70, 2853.

4. A. Boyer, M. Dery, P. Selles, C. Arbour and F. Boucher.
B iosensors and B ioelectronics , 1 9 9 5 , 10, 415.

5. T. Miyasaka, K. Koyama and I. Otoh, S c ie n ce , 1992. 255,
34 2 .

6. R.R. Birge, Annu. Rev. Phys. Chem., 1990, 41, 683.

7. D. Oesterhelt, C. Brauchle and N. Hampp, Q. Rev. Biophys.,
1 9 9 1 ,  24, 425.

8. V. Balogh-Nair and K. Nakanishi In "Chemistry and Biology o f  
Synthetic Retinoids, " M. I. Dawson, W. H. Okamura. Eds.. CRC 
Press, 1990, pp. 147-176.

9. V. Balogh-Nair In "Biophysical Studies o f  Retinal P ro te ins ,”
T. G. Ebrey, F. Frauenfelder, B. Honig and K. Nakanishi, Eds.,
U niversity  o f Illinois Press. 1987, pp.52-57.

10. V. Balogh-Nair, L. Chen and W.-X. Li. Biophys. J„ 1988,
53, 471a.

11. V. Balogh-Nair, L. Chen and W.-X. Li. Biophys. J., 1989,
55, 255a.

12. V. Balogh-Nair, L. Chen and W.-X, Li. Biophys. J., 1991,
59, 328a.

f c  __________
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



5 9

12. V. Balogh-Nair, L. Chen and W.-X, Li. Biophys. J., 1991,
59, 328a.

13. R. Henderson and P.N.T. Unwin, Nature, 1975 , 257, 28.

14. H.G. Khorana, G.E. Gerber, W.C. Herlihy, C.P. Gray, R.J. 
Anderegg, K. Nihei and K. Biemann, Proc. Natl. Acad.
Sci. USA , 1 9 7 9 ,  76, 5045.

15. Yu. A. Ovchinnikov, N.G. Abdulaev, M.Yu Feigina, A.V. 
Kiselev and N.A. Lobanov, FEBS Lett., 1979, 100, 219.

16. R.G. Dunn, J. McCoy, M. Simsek, A. Majumdar. S.H. Chang, 
U.L. Rajbhandary and H.G. Khorana, Proc. Natl. Acad. Sci. 
USA,  19 8 1 . 78, 6744.

17. (a) D.A. Agard and R.M. Stroud, Biphys. J., 1982 , 37, 589.
(b) J. Trewhella, S. Anderson, R. Fox, E. Gogol, S. Khan, D.M. 
Engelman and G. Zaccai, Biophys. J., 1983, 42, 233.
(c) M.P. Heyn. J. Westerhausen, I. Wallat and F. Seiff, Proc. 
Natl. Acad. Sci. USA, 1988 , 85, 2146.

18. K.-S. Huang, R. Radhakrishnan, H. Bayley and H.G. Khorana. 
J. Biol. Chem., 19 82 . 257, 13616.

19. T.W. Kahn and D.M. Engelman. Biochemistry, 1992 , 31. 
6 1 4 4 .

20. R. Henderson. J. Baldwin, T. Ceska, F. Zemlin, E. Beckmann, 
and K. Downing, J. Mol. Biol., 1990, 213, 899.

21 . (a) H.D. Lemke and D. Oesterhelt, FEBS Lett., 1981, 128, 
2 5 5 .
(b) A. Mullen, A.H. Johnson and M. Akhtar, FEBS Lett., 
1 9 8 1 ,  130, 187.
(c) H. Bayley, K.-S. Huang, R. Radhakrishnan, A.H. Ross,
Y. Takagaki and H.G. Khorana, Proc. Natl. Acad. Sci. USA, 
1 9 8 1 ,  78, 2225.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6 0

22 . A. Lewis, J. Spoonhower, R.A. Bogomolni, R.H. Lozier, and W. 
Stoeckenius, Proc. Natl. Acad. Sci. USA, 1974 , 71, 4462.

2 3 . P. Scherrer, W. Stoeckenius, M.K. Mathew, and W. Sperling, 
In "B iophysica l Studies o f  Retinal Proteins ," T.G. Ebrey, H. 
Frauenfelder, B. Honig and K. Nakanishi, eds.), University of 
Illinois Press, Urbana, p. 206, 1986.

24 . B. Aton, A.G. Doukas, R.H. Callender, B. Becher and T.G. 
E brey , B iochem is try  , 1 9 7 7 , 16. 2995.

25. (a) K.J. Rothschild and H. Marrero, Proc. Natl. Acad. Sci. 
USA. 1982. 79, 4045. (b) K. Bagley. G. Dollinger, L. 
Eisenstein. A.K. Singh and L. Zimanyi, Proc. Natl. Acad. Sci. 
U S A , 1 9 8 2 ,  79, 4972.

26 . F. Derguini. C. Caldwell, M.G. Motto, V. Balogh-Nair and K. 
N akan ish i .  J. Am. Chem. Soc. ,1983. 105, 646.

27 . P. Dupuis, F.J. Harosi. C. Sandorfy, J.M. Leclercq and D. 
Vocelle. Rev. Can. Biol., 1980. 39, 247.

28. G.S. Harbison. J. Herzfeld and R.G. Griffin, Biochemistry, 
1 9 8 3 .  22. 1. 29.

2 9 Y. Cao, G. Varo, M. Chang. B. Ni, R. Needleman and J.K.
Lanyi. B io c h e m is t r y , 1 9 9 1 , 30, 10972.

30. G.S. Harbison, S.O. Smith, J.A. Pardoen, C. Winkel, J.
Lugtenburg, J. Herzfeld, R. Mathies and R.G. Griffin, Proc. 
Natl. Acad. Sci. USA, 1984 , 81, 1706.

3 1. G.S. Harbison, S.O. Smith, J.A. Pardoen, J.M.L. Courtin. J.
Lugtenburg, J. Herzfeld, R.A. Mathies and R.G. Griffin, 
B io c h e m is tr y ,  1 9 8 5 ,  24, 6955.

32 . G.S Harbison, P.P. Mulder, J.A. Pardoen, J. Lugtenburg, J. 
Herzfeld and R.J. Griffin, J. Am. Chem. Soc., 1985, 107,
4 8 0 9 .

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



6 1

33. F. Creuzet, A. McDermott, R. Gebhard, K. Van der Hoef,
M.B. Spijker-Assink, J. Herzfeld, J. Lugtenburg, M.H. Levitt, 
and R.G. Griffin, Science  , 1991, 251, 783.

34. M.P Heyn, R.J. Cherry and U. Muller, J. Mol. Biol., 1977.
117, 607.

35. T. Hauss, S. Grzesiek, H. Otto. J. W esterhausen and M.P.
Heyn, Biochem istry, 1990 , 29. 4904.

36. Leder, R.O., Helgerson, S.L. and Thomas, D.D. J. Mol. Biol.,
1 9 8 9 ,  209. 683T

37. J.Y. Huang and A. Lewis. Biophys. J.. 1989 . 55, 835.

38. R.A. Mathies, S. Lin. J. Ames and W. Pollard, Annu. Rev.
Biophys. B iophys. Chem., 1991. 20, 491.

39. T.G. Ebrey, R. Becher, B. Mao and P. Kilbridge. J. Mol.
Biol.  1 9 7 7 , 1 12, 377.

40. V. Balogh-Nair. J.D. Carriker, B. Honig, V. Kamat, M.G.
Motto, K. Nakanishi, R. Sen, M. Sheves. M. Arnaboldi-Tanis. 
and K. Tsujimoto, Photochem. P hotobiol..  1981. 33, 483.

41. K. Nakanishi. V. Balogh-Nair, M. Amaboldi, K. Tsujimoto. 
and B. Honig. J. Am. Chem. Soc., 1980 , 102, 7945.

42. M. Okabe, V. Balogh-Nair and K. Nakanishi, Biophys. J..
1 9 8 4 ,  45, 272a.

43. F. Derguini, D. Dunn, L. Eisenstein, K. Nakanishi, K.
Odashima, V.J. Rao, L. Sastry and J. Termini, Pure & Appl.
C hem .,  1 9 8 6 ,  58, 719.

44. J. Lugtenburg, M. M uradyn-Szweykowska, J. Heeremans,
J.A. Pardoen, G.S. Harbison, J. Herzfeld, R.G. Griffin, S.O.
Smith and R.A. Mathies, J. Am. Chem. Soc., 1986, 108,
3 1 0 4 .

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



6 2

45 . J.K. Lanyi, Biochim. Biophys. Acta, 1993, 1183, 241.

4 6 . M.S. Braiman, T. Mogi, T. Marti, L.J. Stern, H.G. Khorana and
K.J. Rothschild, B io c h e m is tr y , 1988 ,  27, 8516.

47 . J. Heberle and N.A. Dencher, Proc. Natl. Acad. Sci. USA , 
1 9 9 2 ,  89, 5996.

48 . K. Gerwert. G. Souvignier and B. Hess, Proc. Natl. Acad. Sci. 
U S A , 1990 ,  87, 9774.

49 . Y. Cao, L.S. Brown, R. Needleman and K. Lanyi, 
B io c h e m is tr y ,  1993, 32, 10239.

50 . M. Nonella, A. Windemuth and K. Schulten, P hotochem .  
Photobiol., 1991,  54, 937.

51 . I. Logunov and K. Schulten. J. Am. Chem. Soc., 1996,  118. 
9 7 2 7 .

52. G. Varo and J.K. Lanyi, Biophys. J., 1991, 59, 313.

53 . L. Zimanyi, G. Varo, M. Chang, B. Ni, R. Needleman and J.
K. Lanyi. Biochemistry, 199 2 ,  31. 8535.

54 . R. Sen, R. T. Widlansky, V. Balogh-Nair and K. Nakanishi. J.
Am. Chem. Soc., 1983,  105, 5160.

55 . V. Balogh-Nair, C.E. Brathwaite, C.-X. Chen, L. Chen and S. 
Saba, 10th Internat. Congress on Photobiol., Jerusalem, 
Israel, Oct. 1988, Abstr. 125.

56 . T. Nakayama and H.G. Khorana, J. Org. Chem., 1990, 55, 
4 9 5 3 .

57 . W.-D. Ding, A. Tsipuras, H. Ok, T. Yamamoto, M.A. 
Gawinowicz and K. Nakanishi, B iochem is try ,  1990 ,  29, 
4 8 9 8 .

58 . R. G. Nuzzo and D. L. Allara, J. Am. Chem. Soc., 1983,

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



6 3

105, 4481.

59 . A. Ullman. Introduction to Ultrathin Films: From  Langm uir-  
Blodgett Films to Self-Assem bly , Academic Press, Boston,
1991.

6 0 . L.H. Dubois and R.G. Nuzzo, Annu. Rev. Phys. C hem .,1992.
43, 437.

6 1 . A. Ullman. Chem. Rev.. 1996, 96,1533.

62 . G.J. Legget, C.J. Roberts. P.M. Williams, M.C. Davies, , D.E.
Jackson and S.J.B. Tendler, L a n g m u ir ,  1993 , 9. 2356.

63 . G. M. Whitesides, D.L. Allara. A.N. Parikh and S.V. Atre, J. Am. 
Chem. Soc.. 1 9 9 5 . 117, 9529, and references therein.

64 . L. Chen, Ph.D. Dissertation. City University of New York. 1993.

6 5 . S.D. Young, C.T. Buse and C.H. Heathcock, Organic Syntheses . G. 
Saucy. Ed., 1984, 63, 79: C.H. Heathcock, C.T. Buse. W.A. 
Kleschick, M.C. Pirrung, J. Sohn and J. Lampe, J  Org. Chem., 
19 8 0 . 45. 1066.

66 . J.E. McMurry and W.J. Scott. Tetrahedron Lett.. 1983 . 24, 979.

67 . W.J. Scott and J.E. McMurry, Accts. Chem. Res., 1988, 21. 47.

68 . W.J. Scott, M.R. Pena, K. Sward, S.J. Stoessel and J.K. Stille, J.
Org. Chem.. 1985 , 50, 2302.

69 . R.F. Heck, Pure & Appl. Chem., 1981, 53. 2323.

70 . E.J. Corey, D. Enders, M.G. Bock, Tetrahedron Le tt. ,  1 9 7 6 ,  7: 
E.J. Corey and A.G. Myers, Tetrahedron Lett., 1984 , 25.
355 9 .

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



6 4

72 . B. Neises and W. Steglich, Angew, Chem. Int. Ed. Engl., 
1 9 7 8 , 17, 522.

7 3 . A. Hassner, L. Krepski and V. Alexanian, T etrahedron ,  
1 9 7 8 ,  34, 2069.

74 . A. Hassner and V. Alexanian, Tetrahedron Lett., 1978, 
4 4 7 5 .

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



65

Part II.

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



6 6

PART II. SYNTHESIS OF ANTIFUNGALS CONTAINING NOVEL  
PHARMACOPHORES.

1. INTRODUCTION

Once considered a nuisance, fungi are becoming a se r io u s  

pubiic-health  hazard. Epidemiologic studies in the m id - 1 9 8 0 s ,  

provided the first evidence that almost 40% of all deaths f rom  

hospita l-acquired infections are not caused by bacteria  or v i ruses ,  

but by fungi. Over the past decade, the incidence of fungal in fec t ions  

has increased even more d r a m a t i c a l ly .1 Although the h u m a n  

immunodefic iency virus (HIV) type 1 epidemic accounts for a large 

share of this increase, fungi had begun praying on the g row ing  

population o f  patients with impaired immune systems due to can c e r  

chemotherapy,  drug trea tments  with azoles, drugs designed to 

prevent rejection of t ransplanted  organs, burn patients,  and o ld e r  

patients because immune function declines with age. The dearth of  

effective and safe drugs, the emergence of drug-resistant species, t h e  

growing list of  pathogens, all contribute to the emerging fungal  

threat. In the race against this fungal threat, novel strategies a r e  

needed to successfully p revent  and treat fungal diseases. A n e w  

strategy towards the deve lopm ent  of antifungals is described below. 

This strategy is based on the recent  discovery of novel an t i fu n g a l  

oxidoredox p h a r m a c o p h o r e s . 2 To generate new types of an t i funga ls ,  

three of these pharmacophores,  oxaziridines, m eta l lomacrocycles  a n d  

nitronyl ni troxides were inserted,  by syntheses, into macrocyclic , 

podand and dendrimeric  carrier  structures. The anti fungal  ac t iv i ty  

of the compounds synthesized is assessed in collaborative studies.
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Since the discovery of crown ethers by P e d e r s e n , 3 new i d e a s

about macrocyclic ligand complexation c h e m i s t r y /  h o s t - g u e s t

com plem enta ry  p r i n c i p l e s /  molecular recognition a n d

supram olecu lar  c h e m i s t r y /  have been developed,  and thousands o f  

macrocycles have been synthesized. While the crown ethers h a v e  

enjoyed widespread applications in analytical  and s e p a r a t i o n  

chemistry,  a plethora  of  macrocyclic compounds now benefits f i e ld s  

as diverse as materials  science, biology and medicine. The s y n t h e s e s  

of  the first poly-oxa crown ethers, macrocyclic  polyethers b e a r i n g  

oxygen as donor atoms, was followed by the syntheses o f  

'thiacrowns',  'azacrowns' and other macrocycles in which one or m o r e  

types of  heteroatoms, such as O, N, S, P, Se, etc. were incorporated a s  

donors into the macrocyclic  rings. Cryptands and s p h e r a n d s  

consisting of one ring, and cavitands that are mult i-r ings have a lso  

been synthesized for different  purposes. Among the strategies fo r

obtaining macrocycles, the most useful syn theses  include W i l l i a m s o n  

type nucleophilic subst i tu t ion  and macrocyclizat ion reactions. T h e

two categories of  macrocyclizat ions are 'direct' syntheses in which n o  

template is involved, and ' template'  syntheses in which c y c l iza t io ns  

with unfavorable en tropy factors are promoted  by a metal ion. T h e  

importance of macrocyclic  chemistry cannot be o v e r e m p h a s i z e d :  

macrocycles and their complexes with a variety  of  ligands are u s e f u l  

models to study complex processes occurring in biological s y s t e m s .  

Thus, the elucidation of  the mechanism of  photosynthesis  and o x y g e n  

transport in respiratory systems benefited great ly  from studies w i t h  

model macrocyclic compounds.  Studies with macrocyclic  h o s t - g u e s t  

compounds deepened our unders tanding  of  how m o l e c u l a r

interactions form the basis of  the highly specific r e c o g n i t io n ,
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t ransport  and regulation,  processes found in biological s y s t e m s .  

Prominent examples are substrate binding to receptor p r o t e in s ,  

enzymatic react ions,  assembly of protein-protein complexes, a n t i g e n -  

antibody association, transcription of the genetic code, and c e l lu l a r  

recognition. Further, a number of  synthetic  macrocycles are p o t e n t  

inhibitors of  H I V - 1 .7*9 Here, we use the capacity of macrocycles to 

accommodate  mult iple  pharm acophore  units to design a n t i f u n g a l  

drugs with s t ruc tures  containing up to six units of  a n o v e l  

p h a r m a c o p h o r e . 10

Less effect ive than macrocycles as to accommodating m u l t i p l e  

pharmacophore  units, podands are nevertheless a t t r a c t i v e  

pharm acophore  carriers because of  their comparat ive  ease o f  

s y n th e s i s .2 Thus, before undertaking the syntheses of the m o r e  

complex macrocyclic  structures, podands can be employed to e x p lo r e  

the effects of the modificat ion of p ha rm aco ph o re 's  structure on t h e  

antifungal activity.

Dendrimers are polymers prepared  by repetitive b r a n c h i n g  

from a central core. Since the first report  of  their s y n t h e s i s , 11 t h e i r  

chemistry has experienced  a spectacular  development  and v e r y  

recently, d en d r im er  functionalization has received s u b s t a n t i a l  

a t ten t ion .  The numerous applications of d e n d r i m e r s 12 include r e d o x -  

active dendrimers useful in electron transfer s tudies ,13 g lycom im etic s  

that present mult iple  copies of sugar ligands on the surfaces o f  

dendrimers to mimic biological recognition p r o c e s s e s ,14 p r e p a r a t i o n  

of n a n o c l u s t e r s 15 within dendrimer “nanoreactors," dendrimers  w i t h  

very precise chemical  constitution and well-defined m o le c u l a r  

structures to generate  materials with unique p r o p e r t i e s , 12
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dendrimeric monolayers useful in the construction of  chemical sensor 

a r r a y s , 16 and dendrim ers  used for drug d e l i v e r y . 12 However, b e fo r e  

our studies, the application of dendr im ers  for drug delivery w a s  

limited to utilization of their polymeric  properties, and all of t h e s e  

applications involved large, (n+1) generation dendrimers . In th e  

present work, a first generation s tarburs t  dendrimer  s t r u c tu r e  

serves as template  for the synthesis  of a drug with m u l t ip le  

pharmacophore units and high anti fungal  activity.

This in troduction describes the syntheses of macrocyclic a n d  

other carrier structures,  and details the syntheses and properties of  

the novel oxidoredox pharmacophores that led to the development of  

a new breed of  antifungals.

1.1. Syn thes is  o f  macrocycl ic  im ines  and amides .

1.1.1 Synthes is  o f  m acrocycl ic  imines .

Schiff-base condensations (Scheme 1) have played a p r o m i n e n t  

role in macrocyclic  chemistry, and macrocyclic Schiff bases served as 

starting materials for some of our target compounds.

S ch e m e  1.

Bell and co-w orkers '7 reported a template directed synthesis of  

the hexa-aza macrocycle 1, by condensa t ion  of o - p h e n y l e n e d i a m i n e  

with p y r id ine -2 ,6 -d ic a rb o x a ld eh y d e .  Subsequent metal exchange and 

demetal la t ion steps afforded the m eta l- f ree  m acrocyc le ,  3 ,  albeit in
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I g
low yield (Scheme 2). Further, NMR and X-ray studies showed that 

the macrocycle 3 is very flexible and it has poor solubility in organic  

solvents, hence this type of compound has limited use.

o =NH

MeCN
NH o=-

18-crown-6

Sch em e  2.

Nelson and co-workers  developed a simple, one pot s y n th e s i s  

which generated a new group of cryptands of c o n s id e ra b le

p o t e n t i a l . ' 9' 20 Thus, cryptands of the type 4 were synthesized b y  

[3+2] condensations of a series of dicarbonyl compounds with t h e  

tripodal amine, tr is (2-aminoethyl)amine (Scheme 3). Since the yie lds  

of  these macrocyclizat ions was in the range of 45-60%'. t h e s e  

syntheses represent  a valuable  route to a new family of c r y p ta t i n g  

molecules that have the capacity to act as bi- or t r i - n u c le a t i n g  

ligands for transition metal ions or may serve as receptors for sm all  

organic  substrates.
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OH

Scheme 3.

Ditopic macropolycyclic  ligands yield b inuclear  cryptates of d i f f e r e n t  

types which depend on the nature of binding subunits i n c o r p o r a t e d
• >0 ■ ' j

in the structures." Lehn and co-workers '  reported an efficient r o u t e  

to ditopic macrobicyclic  ligands, such as 5 ,  via multiple (amine + 

aldehyde) condensat ions .  Compared to Nelson's cryptands t h e s e  

macrocycles have much larger cavities and can accommodate t w o  

metal ions. Compound 6. the copper! I) complex of the macrobicyclic
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ligand 5, is a b inuclear  macrobicyclic cryptate of axial type in w h ic h  

two Cu(I) ions are held inside the cavity, each bound by one o f  t h e

tripodal (amine, tri-imine) subunits located at the poles of the ligand.

•> ■»
M a r t e l l . "  reviewing the methods of one step [2+2] and [3+2] 

amine and aldehyde condensations, stressed the importance o f  t h e  

solvent employed. In the synthesis of macrobicyclic  cryptands t h e  

best yields were obtained using MeOH. Further, successful s y n t h e s i s  

of macrocyclic and macrobicyclic Schiff bases by [2+2] or [3+2] 

condensation of d ia ldehydes  with bis  or tris  pr imary a m i n e s  

requires, in addition to a suitable solvent, a rigid dialdehyde with its 

carbonyl groups extending toward the bridging position.

The importance of metal complexes of 2 .2 '-b ipyr id ine  in 

photochemistry ,  photophysics, and in the splitting of water led to

incorporation of multiple 2.2"-bipyri dy 1 units into m ac rocyc l ic  

structures. Thus, two groups have synthesized the macrobicyclic t r i s -  

bipyridine ligand 7 by template-free  [3+2] condensation of  4 .4 ' -  

d i fo rm y l -2 .2 ' -b ip y r id in e  with t r is (2 -am inoe thy l)am ine .

r r - o

X tt

C.O.’O
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Lehn’s g rou p '4 has shown that the tris-bipyridyl ligand 7 is e n d o w e d  

with rem arkable  complexation propert ies ,  readily forming d i n u c l e a r  

b is-Cu(I)  and trinuclear tris-Ag(I) complexes in high yields.

1.1.2. Sy n th es is  o f  m acrocycl ic  a m ides .

In the early e ig h t i e s , '5 it was establ ished that d e p r o t o n a t e d  

amide ligands confer  thermodynamic  stability to Cu(III) and N i ( I I I )  

states, and that it is the strong amido-N a  donor capacity that is 

responsible for the stabilization of  these high oxidation states. Since 

then, driven by the potential applications of stable, highly oxidiz ing 

metal centers as catalysts and as models for biological oxidations, a 

large number of  macrocyclic amides was synthesized using e i t h e r  

templated or non- tem pla ted  routes .*  In the following, only s e l e c te d  

examples of te t raam ido  macrocycles, germain in structural design to 

the novel antifungal agent V B N - 1 0 ,  will be described to illustrate t h e

difficulties encountered in the synthetic  methodologies.

H u n t e r 27 reported the synthesis of the tetraamide macrocycle 8.

using a one-step. [2+2] macrocyclizat ion reaction, albeit in low y ie ld  

(Scheme 4). In an attempt to improve the yield (10%) of m ac ro cy c le  

8, a two step synthesis was d e v e l o p e d : 28 The [2+1] c o n d e n s a t io n  

product of  the diamine with diacid chloride was prepared first, t h e n  

the podand obtained  was reacted fur ther  with the diacid chloride to 

obtain 8. However, this route yielded three major products; in  

addition to macrocycle  8, a cyclic te tramer,  9, and a [2]-catenane. 10,  

were isolated. It is interesting to note that the [2]-catenane, 1 0 ,  is 

locked into a well-defined conformation by a combination of H - b o n d s  

and h -k  interactions , and it is these interactions that template  t h e  

formation of  the interlocked ring system.

R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission



7 4

HCI

NEt3. CH2CI2
High dilution 

10%

S c h e m e  4.
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Collins’ g r o u p 29 succeeded in preparing te t raam ide  m ac ro cy c le  

11 ,  according to the p rocedures  summarized in Scheme 5. The 

synthesis was not without difficulties. Only after investigating a series 

of unsuccessful pathways to obtain the diamide diamines (D) did t h e y  

find that the diazides in te rm edia tes  (C), not isolated or stored, could 

be converted reproducibly  to the pure diamide d iamines  (D) in high 

yields. The macrocyclizat ion reaction of the latter to the t e t r a a m i d e  

macrocycles, in 20-30% yields, was accompanied by the c o n c o m i ta n t  

formation o f  fo u r -m e m b ere d  ring mono- and diimides produced b y  

alternative in tramolecular  cycl izat ion processes.

NH-, <) “ V
— § ! -------------

NHj CH2CI2£ t 3N aq.EtOH. A

NH
X=C1. H. MeO

NH NH

NH NH
NH2

X=HX=C1. MeO

V *
NH N 

NH r 

0 ^
a: X=H 
b: X=C1 
c  X=MeO

Sch em e  5.
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1 . 2 .  M eta l  com plexes  o f  m acrocyc l ic  am ides .

Current  interest in high valent metal species, such as t e r v a l e n t  

nickel and iron(IV),  stabilized by macrocyclic  ligands stems f r o m  

their role as oxidation catalysts, DNA cleaving agents, and sm a l l  

molecule mimics of the active sites found in oxidases such as P-450.

Tetraamide  macrocycles do not complex metals because t h e  

protonated amide does not contain a or-donating lone pair to lead t h e  

coordina t ion  process. However, te t radep ro to n a t io n  affords s t r o n g ly  

donating tetraamido-N ligands that are resistant  to o x id a t iv e  

des truct ion .  Collins et a l .29 developed eff icient  procedures for m e t a l  

insertion applicable to metals such as m anganese,  iron, cobalt, a n d  

nickel. To insert metals into polyamide macrocycles  it is best to u s e  

dry THF as solvent, low tem pera tu res  when bases strong enough to  

decompose THF are employed, strong bases to deprotonate the l ig a n d  

prior to metal addition, and use divalent  metal salts which h a v e  

some solubility in THF. In this manner, metal insertion into t h e  

te t raam ide  ligands, followed by oxidation, yielded h y d r o ly t i c a l ly  

stable complexes, such as 1 2 30 and 1 3 31 (Scheme 6 and 7).

V  IIyl.L i(M e,S i)N /T H F

•*H |
•M il

Schem e 6.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



7 7

1. i-BuLi. FeCIi, CH3CN.-45°C

2. 0 2, 25°C

3. Ph4PCI. H-,0

4. (NH-ifeCeiNO.ite

Schem e 7.

1 . 2 . 1 .  DNA c leavage  by m acrocycl ic  com plexes .

Site-specific recognition and cleavage of DNA using  

coordination compounds  continues to be an area of  c o n s id e ra b le
3 *>

in te res t .  '  Ni(II) square planar complexes in the presence o f  

potassium m onopersu lfa te  or magnesium m o n o p e r o x y p h t h a l a t e  

(MMPP), induce guanine-specif ic  modification of  s i n g l e - s t r a n d e d  

oligonucleotides leading to strand scission after treatment w i th

base .33 The postulated mechanism involves direct ligation of  nickel to 

guanine to form the key intermediate,  an octahedral n ic k e l ( I I I )
34

species, followed by base oxidation (Scheme 8).

DNA

KHSO

ixidant

guanosine oxidationStrand Scission -«

Schem e 8.
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Furthermore, systematic studies of  the ligand effects using Ni(II)

complexes of  a series of macrocyclic Schiff base l ig a n d s ,34 a l lo w ed  

prediction of  features of the complexes that affect their ca ta ly t ic  

activity: (1) square-planar Ni(II) complexes are adequate, octahedral

ones are not effective; (2) the cavity size of the macrocyclic l igand; ' 

(3) the overall charge of the coordination complex, and (4) the redox

potential associated with the Ni(II)/Ni(III) redox coup le .  6 In  

addition, the nature of  the terminal oxidant is of  critical im p o r tance :  

KHS05 and MMPP were effective as oxidants, but peracetic  acid 

displayed a diminished activity and H20 ; with ascorbate  w as  

ineffective. The use of molecular oxygen as terminal oxidant is 

detailed below.

Although reactions of molecular oxygen with Fe(II). Co(II). a n d  

Mn(II)  peptide complexes were descr ibed in the mid-seventies, t h e

first N i ( I I ) - 0 ; complex was reported  only a decade later.  

Furthermore, before this report, the redox potential of N i ( I I I ) /N i ( II) 

couple was considered too high to permit generation of N i( I I I )  s ta te s

by air oxidation. Kimura et a l .3/ p repared  N i ( I I ) - 0 2 complexes. 1 5  a -  

b, from dioxopentamines ,  and apparen t ly  these complexes could be  

activated to yield Ni(III) species, 1 6 a - b ,  effective in th e  

oxygenation of  aromatic substrates to phenolic products. A series o f  

analogs of  14  were also examined for reactivity with plasmid DNA

by Burrow's g ro u p .  Nickel and 0 : -dependent strand scission w a s  

observed for complexes of 1 4 a  and 1 4 c .  These ligands i m m e d ia t e l y  

form green complexes with N i2+ in water  in which only the t h r e e  

amino nitrogens o f  the macrocycle are coordinated. Raising the pH to 

about 9 effects amide depro tona t ion  to yield the p u r p l e
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pentacoord inate  complexes, 1 5 .  Exposure to air of c o m p o u n d s  15 

converted them to 16 having the hexacoordinate Ni(III) s u p e r o x id o  

s t r u c tu r e s .

h n :NH 0 ->
pH - 9 N Ni

1 6b : R=CH;C6H< 
c: R=F

1 4a : R=CH;CH? 
b : R=CH;,C6H< 
c : R=F

1 5a : R=CH2CH3 
b : R=CH2C6H 
c : R=F

1 . 2 . 2 .  T h e  m e t a l l o m a c r o c y c le  p h a r m a c o p h o r e .

Oxygen transfer is among the most important  reactions in 

biology, therefore metal-complex catalyzed transfer of oxygen a tom s  

to organic substrates is o f  interest in the study o f  b ioorgan ic  

mechanisms.  Prominent among studies of biomimetic  oxygen

transfer are m e ta l loporphyr in  catalyzed oxidations because of  th e i r

relationship to enzymatic  oxidations with cy tochrome P-450 .

However, a hitherto unexp lo red  aspect of meta l-complex  c a ta ly z e d  

oxygen transfer is the d eve lop m en t  of novel antifungal drugs b a sed

on the oxidoredox p ha rm acophore  hypothes is .  ‘ It is in this con tex t  

that the synthesis and biological evaluation of a nickel co n ta in in g  

metal lomacrocycle  V B N - 1 0 ,  an oxygen transfer agent with high 

antifungal activity, descr ibed  in Results and Discussion, w as  

u n d e r t a k e n .
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Epoxidation of alkenes with terminal  oxidants (PhIO, ROOR. 

NaOCl, etc.) is catalyzed by a variety of  square-planar  Ni(II)
39 .43

complexes including cyclams and sa lens .  In early m ech an is t ic  

s t u d i e s 40 an oxygen rebound  process was considered most l ike ly

(Scheme 9a), and the catalytic activity was tentatively ascribed to an

active oxo-nickel(IV) in termediate .  When hypochlorite is t h e
19

terminal  oxidant, H am il ton  et al. proposed  that the r e a c t iv e

reagent is the chloroxy radical.  G O \  (Scheme 9b), and that t h e

oxygen transfer  in the enzymic  reactions of P-450 and r e l a t e d

m onooxygenases  involves Fe(IV)-0*, a h igh-valent  i ro n -o x yg en  

species. For oxidations with hypochlorite as the terminal oxidant, but 

with nickel complexes instead of iron as the catalysts, s im i la r

mechanism s involving the chloroxy radical were proposed b y 

Burrows (Scheme 10a & 1 0 b ) .41 However, in these m ec h an ism s ,

unp receden ted  high-valent  nickel-oxygen species. (Ni(III)-OCl o r

N i ( I I I ) -0 * )  were the putat ive key intermediates.

H  •
M=0

0

*  Y Y + M

M + TO ----------- T + MO

S c h e m e 9a.

HOC1 + CIO" ------------- ** c i 2o  + OH"

C120  ------------- ► c r  + CIO*

Cl* + CIO c r  + CIO-

S c h e m e  9b.
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CUO or Cl

CIO-
C IO

cr
OCI

S c h e m e  10a.

LNi11 + HOC1 — ► [LNi' - O H f  + Cl' — ► LNi111 - O + H+

LNi11 + CIO' + H+ — ► LNin-0-Cl-H+ — ► LNi1" - O  + HC1

S c h e m e  10b.

Oxidation mechanisms involving hypochlori te  as the t e r m in a l  

oxidant are part icularly  relevant to our studies because s t im u la te d .  

HOCl-producing neutrophils  play a critical role in the i m m u n e  

response and they represent, along with the ‘N O -produc ing  

macrophages, the first line of defense against microorganisms.  Thus,  

in response to fungal attack, the neutrophils’ superoxide (O,'* ) is 

d ismuta ted into H:0 : which in turn is converted to HOC1 by th e  

neutrophi ls’ myeloperoxidase.  However, HOC1 is not the on ly  

important oxidant spewed out by neutrophils.  Since its phys io log ica l  

action lasts only ca. three hours, secondary oxidants with lo ng er  

lifetimes, for instance chloramines, enhance and prolong th e  

microbicidal action. According to the oxidoredox p h a r m a c o p h o r e  

h y p o t h e s i s ,2 metal lomacrocycles  could be converted by n e u t r o p h i l s ’ 

oxidants to metal-oxo complexes, thereby preserving the oxid iz ing
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equivalent of  HOC1 in a more effective form to modulate m ic rob ic ida l  

action. The anti fungal  activity of the V B N - 1 0  m e ta l lom a c ro c y c le  

(see Discussion part) in which nickel is complexed by f o u r  

deprotonated amide ligands, supports the o x id o red o x  

pharmacophore  hypothesis. However, it is not yet possible to 

ascertain whether  interactions with neutrophil  components a lone  

accounts for the antifungal effect of V B N - 1 0 .  It is likely that it a lso  

forms an adduct  with the pr imary defense molecule of t h e  

macrophages, the ‘NO radical, thereby modulating its c o n c e n t r a t io n  

and/or  t ransport .

1 . 3 .  O x a z i r i d i n e s .

Oxaziridines were first reported in the m i d - f i f t i e s / 4 46 a n d  

since then extensive investigations of  these small h e te ro c y c le s  

revealed their unusual  reactivity derived from the presence of t h e  

strained th re e -m e m b e re d  ring and a relatively weak N-0  b o n d .  

Salient features of the chemistry of  oxaziridines are. among o th e r s ,  

base-induced eliminations, thermal isomerization into n i t ro n e s .  

thermal and photochemical r ea r ran gem en ts  to a m id es ,  

fragmentation with lithium amides (electron transfer reactions), a n d

nitrogen and oxygen transfer r e a c t i o n s .47' 0 Oxaziridines h a v e  

become widely known because of  the synthetic utility of Davis'  

reagents, the stable and commercially  a v a i la b le

s u l fo n y lo x a z i r id in e s .51 They are highly successful for s u l f u r  

o x id a t io n s52 and have been utilized extensively for the synthesis o f

chiral a -h y d ro x y c a rb o n y l  c o m p o u n d s .53 The oxaziridine reagents o f  

Davis along with N-phosphinoyl-  and perf luorooxaziridines a r e
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capable o f  oxygen transfer  to olefins, but are not ideal for

epoxidation. However, recent rekindling of interest in o x a z i r id in iu m

salts more reactive than oxaziridines, led to their syntheses  in
54

enant iom erica l ly  pure form. Lusinchi et al.' have shown that th e s e  

enant iom erica l ly  pure oxaziridinium salts can be used to a ch iev e  

catalytic epoxidation of alkenes by Oxone with high

e n a n t io s e le c t iv i t i e s .

Balogh-Nair  group's interest in the synthesis  of novel  

oxazir idines stems from their oxygen transferr ing ability. Already a t  

the time of their discovery, Emmons realized that they are ac t ive  

oxygen compounds,  in some respects comparable to organ ic

peroxides, and therefore can be assayed by iodometric p r o c e d u r e s .  

They are m em bers  of a class of oxidizing reagents that have t h e i r  

active site oxygens as part of a th ree -m em b ered  ring. The s im i la r i ty  

in the s t ruc tures  of metal peroxides, dioxiranes. and o x a z i r id ine s  

suggests that they may have a common mechanism for ox y gen  

transfer, an S N2-type d isplacement  by the nucleophilic substra te  (Z) 

on the electrophilic oxygen atom (Scheme 11).

x .  X,
r ^ n  r  r * * o  -

X
JU  1 ■ ,U  *— 

} .—
-  | |  +  z — o

Y Y 

X=Metal, N, C, N S 0 2X Y =0, C

Y

S c h e m e  11.

The driving force for oxygen t ransfer  in these reagents  has b e e n  

related to relief of  ring strain and the enthalpy associated with t h e  

formation o f  double bonds in the products. Oxaziridines, being m o r e
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stable than metal peroxides and dioxiranes, are more suitable to

study the mechanisms involved in oxygen transfer. According to t h e  

oxidoredox pha rm acophore  h y p o t h e s i s , 2 because of their ability to 

transfer oxygen,  oxazir idines should display microbicidal act ion.  

Previous work in this labora tory  led to the syntheses of ox az i r id in e s  

and s u l f o n y l o x a z i r i d i n e s 10 with high antifungal  activities, l e n d in g  

strong support  to the oxidoredox pharm acophore  hypothesis. This

work (Results and Discussion part) represents  our continuing e f f o r t s

to explore the pha rm acop h ore  potential of the o x az i r id in e

fun c t io n a l i ty .

1 . 3 . 1 .  S yn thes is  and p r o p e r t ie s  o f  oxazir id ines.

The principal routes to N-alkyl and N-aryl o x a z i r id in e s 47 48 55 

include oxidation of imines, amination of  carbonyl compounds,  a n d  

photochemical  isomerization of  nitrones. The first of these m e t h o d s  

(Scheme 12) is by far the most commonly employed. Many o x id a n t s  

have been used, peracid oxidation is the most popular, but ox ida t io ns  

with alone, H20 ; with benzoylisocyanate  (PhCONHCO-OOH),

mixtures of  H;0 ; with nitriles (RC[NH]OOH), H-,0 ,-Se0:. 

hydroperox ides  such as /e r r - a m y lh y d ro p e ro x id e  with MoCl, o r  

Mo(CO)6 as c a t a l y s t s , 56 and transit ion metal-catalyzed oxidation of  

imines using molecular oxygen as the terminal oxidant a n d  

aldehydes as co-reductants are also known. 57

V = N - [°] , N
/

0 1

S c h e m e  12.
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The mechanism of the imine peroxy-acid reaction to oxaz i r id ines ,  

contrary to the epoxidation of alkenes, is p resum ably  a s t e p w i s e  

reaction involving pro tonat ion of the imine followed by a 

nucleophil ic  attack of the basic nitrogen atom on the peroxide b o n d  

(Scheme 13). 5859 Kinetic investigations failed to dist inguish b e t w e e n  

the one-s tep and two-step mechanisms, but formation of Z/E 

isomeric mixtures of oxazir idines from sterically definite  Schiff b a s e s  

supports the two-step mechanism.

one-step mechanism

N—

two-step mechanism

X R C 03H IC=N_  ► c N—

O —COR

Sch em e  13

Peroxy acids used in oxaziridine syntheses include p e ro x y a c e t ic  

acid, chiral m onopercam phoric  acids, perbenzoic  acid and m - 

chloroperbenzoic acid (m-CPBA), the latter being the most c o m m o n l y  

used oxidant. Optically active oxaziridines are usually prepared b y 

oxidation o f  achiral imines with chiral peracids, by oxidation of c h i r a l  

imines with achiral peracids, and by oxidation of imines in c h i ra l  

media. Other methods include t reatment of  oxaziridines w i t h
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brucine, photolysis of  nitrones in chiral solvents, and th e r m a l  

isomerization of  oxaziridines in optically active liquid c rys ta ls .60

The success o f  the peroxy-acid- imine  route to oxaz i r id ines  

d e p e n d s  on the stabil ity of the parent imine under acidic cond i t ions  

and on the stability of  the oxaziridine product. The thermal s tab i l i ty  

of oxaziridines varies greatly with substitution pattern. Thus, th e  

2 ,2 ' -d i - re r r -bu ty I-3 ,3*-b isoxaz ir id ine  decomposes with explosion,  

while 2 ,3 ,3 ’- t r ia lky lsubs t i tu ted  oxaziridines are quite stable. The 

C,N-dialkyl subs t i tu ted  oxaziridines are much less stable than C- 

ary l .N-alkyloxazir idines.  In the case of C-aryl s u b s t i t u t e d

oxaziridines. stabil ity depends on the substi tuents on the r ing  

nitrogen; among alkyl substi tuents,  the /-butyl group has the m o s t  

stabilizing effect. Electron withdrawing groups attached to th e  

nitrogen further stabilize the C-aryloxaziridines, but t h e s e

substituents may also have an adverse effect on reactivity a n d / o r  

biological activity. For instance, N-acyl groups are not suitable for  

stabilization because they undergo ring enlargement to dioxazoles on  

heating, and a bis-sulfonyloxazir idine was moderately toxic to Jurkat 

cells, while the correspond ing  bis-oxaziridine was completely d e v o id  

of toxici ty .8 These considerations,  along with other factors, must b e  

taken into account in the design of the oxidoredox h y p o t h e s i s - b a s e d  

antifungal agents.

Incorporation o f  a nitrogen atom into a th ree -m em bered  r ing  

substantial ly increases the barrier  to pyramidal inversion. This  

increase, from 6-7 Kcal/mol in trivalent amines to 18-20 Kcal/mol in

aziridines, is still insufficient ,  however, to allow isolation of op t ica l ly

active N-alkyl and N-arylaziridines. In oxaziridines, the barrier is
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raised to 28-30 Kcal/mol, hence oxaziridines show a r e m a r k a b l e  

configurational  stability about nitrogen. Because oxaziridines do n o t  

display invers ional  epimerization, there are many examples of p a i r s  

of isomers that are separable. Thus,  a variety of optically a c t iv e  

oxaziridines was prepared  by oxidation of imines (R:C=NR') with ( + )- 

m onopercam phor ic  acid (MPCA). Since unsym m etr ica l ly  s u b s t i t u t e d  

imines can exist in both cis  and trans  forms, (+)-MPCA oxidation o f  

imines 17  affords t ra n s -  and c/5-oxaziridines. 18  and 19 .  

respectively, which have a d ias te reom eric  r e l a t i o n s h i p . ' 8'60 T h e  

enantiomeric  excesses were de te rm ined  by nmr using ch i ra l  

solvating agents (CSAs). 61

V / '

[01
trans-18

cis-19

T h e  o x a z ir id in e  p h a r m a c o p h o r e .1 . 3 . 2

Despite an idea advanced in the early seventies that the cr i t ica l  

oxygenating species of flavin o x y g e n a s e s 62 is an oxaziridine, b e f o r e  

Balogh-Nair’s s t u d i e s 10 there were no efforts to explore t h e  

pharm acophore  potential of  the oxaziridine functionality. T h e s e  

oxygenases are unique in that they carry out the only known n o n -  

metal-ion requiring oxygen act ivation reactions in biological s y s t e m s .
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They bind and activate molecular oxygen, ultimately transferring one 

oxygen atom to substrate  and releasing the second as water. B ased  

on mechanist ic  studies of these enzymes, in 1974 Orf and D o lp h in 6: 

proposed an oxaziridine intermediate  as the m o n o o x y g e n a t in g  

species, derived  by rea r rangem ent  of an initial intermediate,  4 a -  

hydroperoxyflavin (Scheme 14). Working with nonenzymatic m o d e ls .  

Rastetter et a l .6i proposed that a nitroxyl radical derived f ro m  

Dolphin’s oxazir idine (Scheme 14), is a viable candidate for th e

oxygenating species. However, many other  mechanisms w e r e  

proposed later, not involving the oxazir idine. and these r e c e i v e d

more a t ten t ion .  64 The lack of interest in possible biological roles for  

oxaziridines can be attr ibuted to the fact that at the time of t h e

above mechanist ic  proposals not much was known about th e

chemistry o f  oxaziridines. However, based on prior work of Balogh-  

Nair 's group, we believed that their broad range of reactivities and

NH

io

nh Ref.63Ref.62

O H
H O I

“  SuO

S c h e m e  14. The putative oxygenating species in flavin
m o n o o x y g e n a s e s .62'63

their potential  to react with nitrogen and sulfur n u c le o p h i le s ,  

ubiquitous in biological systems, make  oxaziridines a t t r a c t i v e  

candidates for modula ting the oxidoredox processes occurring in 

phagocytic cells. The antifungal act ivity of  the first series of  

oxaziridines synthesized and tested against  P. c a r in iP 5 h a s  

dem ons t ra ted  the potential of this class of  compounds and len t  

support  to the oxidoredox pharmacophore  hypo thes is .2
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1 . 4 .  N i t r o n y l  n i trox id es .

N i t r o x id e s  constitute a very versatile class of compounds. They 

are widely used as spin probes and labels in EPR sp e c t ro s c o p y  

because of their sensitivity to the microenvironment ,  their m obi l i ty ,  

and their high chemical s t a b i l i ty .66 The latter property  has made it 

possible to carry out various reactions without affecting th e  

unpaired electron and to synthesize nitroxides with a great v a r i e ty

of structures.  Since their deve lopm ent  more than 25 years ago. t h e

availability o f  a wide variety of  chemical structures made n i t ro x id e s  

suitable for a large number o f  applications in biological sy s te m s .  

Besides their well-established role as probes of proteins'  a n d  

membranes '  structures, important  recent applications include t h e i r  

use as contrast  agents in nuclear magnetic  imaging (MRI) and o t h e r  

in v ivo  nmr techniques. Moreover,  nitroxides have provided n e w  

ways of measuring metabolism in v i v o , for instance m e a s u r i n g  

oxygen concentra tion in an accurate, nonperturbing way by in v i v o  

EPR o x i m e t r y . 67 The discovery of the first genuine organ ic

f e r r o m a g n e t , 68 in 1991, s t imulated interest in the application o f  

nitronyl nitroxides in an entirely different area, materials  science,  

where a current topic of interest is the construction of  novel o rgan ic  

spin systems that are not avai lable from conventional  inorgan ic

materials.  Balogh-Nair’s interest in nitronyl ni troxides arose f ro m  

the oxidoredox pharmacophore  h y p o t h e s i s 2 that predicted t h e i r  

microbicidal  activity, and this hypothesis  is subs tan t ia ted  by t h e  

high antifungal activity o f  the nitronyl nitroxides synthesized  in th is  

pro jec t .
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1.4.1 Synthesis  o f  n i trony l  nitroxides.

A versatile series o f  stable nitroxide free radicals possessing a 

A:- im id az o l in e - l -o x y l -3 -o x id e  grouping was synthesized  by Ul lm an  

in the late sixties and early sevent ies .  69 Referred to as n i t r o n y l  

nitroxides (21), these compounds can be synthesized b y  

condensation of 2 ,3 - d i h y d r o x y a m in o - 2 ,3 - d im e th y lb u ta n e  with a n  

aliphatic or aromatic a ldehyde followed by oxidation of the r e s u l t i n g  

di-iV-hydroxy in termediate ,  2 0 ,  with PbO: or N a I 0 4 (Scheme 15). To 

improve the propert ies o f  spin labels, or to develop novel m a te r i a l s  

with unusual magnetic properties, numerous nitronyl n i t ro x id es  

were synthesized, including stable di- and tr iradicals containing tw o  

or three nitronyl nitroxide units in a single molecule (Scheme 16). 0

P b ONHOH _RCHO^ H O - r / V o H  
NHOH \___/

- o - r s r '  N -O *

22

Schem e 15.

C H O

o_
O H C C H O

"O
N+.

NH O H

N H O H
_0

S chem e 16.
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1 . 4 . 2 .  T h e  n i tr o n y l  n i troxide  p h a r m a c o p h o re .

The rat ionale  for selecting ni tronyl nitroxides as p o t e n t i a l  

microbicidals is based on consideration of  the metabolic p a t h w a y s  

antifungal n i t r o n e s 71 might undergo according to the o x id o r e d o x  

pharmacophore  hypothes is  (Scheme 17).2

OHHOo--O
e-. H-

NHNH

V B N - 3

DNA-H
DNAOHo--o

N+

OHHO

nitronyl nitroxide NHNH

NO

0»
OHHO

N-oxidation
imino nitroxide OH HO'

/ -H:0 

/  N-oxidation

o--o
OH N+HO.

HO'OH

nitronyl nitroxideimino hydroxylamine

Sch em e  17. Pathways postulated for reductive (a), and oxidat ive (b) 
activation of the bisni trone V B N - 3 . 2
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Previous studies have shown that V B N -3 ,  a bisnitrone, is h ig h ly  

active against P. c a r i n i i . 1'1 Among the several m echanisms by w h ic h  

V B N -3  could work in v ivo ,  two pa thw ays are shown in Scheme 17 .2 

According to pa thw ay  a, reductive  activation would yield th e

diradical nitronyl nitroxide. This could release two *OH/mol of V B N -  

3. and cause the antifungal effect. DNA damage may also occur as a

result of H* abstraction by the diradical initially formed via p a th w a y  

a. According to pa thw ay  b, oxidative activation would yield th e  

nitronyl nitroxide, a diradical. Model experiments showed this radical 

can be obtained by air oxidation of V B N -3 ,  as a crystalline  a n d  

stable m a te r i a l .71 In v i v o , oxidants of neutrophils could a cc o m p lish

this step. The nitronyl nitroxide should readily react with *NO ( f ro m  

macrophages), since nitronyl n itroxides have been em ployed  to

detect *NO in a i r . 72 The reaction with *NO would yield the im ino  

nitroxide. The im ino nitrogen in imino nitroxides has a p r o n o u n c e d  

basic character, and can be reversib lv  protonated: the nitroxide is

reducible, for exam ple  by ascorbate  or SH groups. to th e  

corresponding hydroxy lam ine . The nitronyl nitroxide could also be 

derived from pa thw ay  a, by d e h y d ra t io n /o x id a t io n  steps. The b o n d  

energy for the OH bond in h yd ro xy lam in es  is relatively low ( - 7 0  

kcal/mol), and there fo re  reoxidation to the nitroxides can be d o n e  

with a variety of oxidants. In v ivo ,  the hydroxylam ines could be  

reoxidized to n itroxides, for exam ple by flavom onooxygenase, by a 

m etal-cata lyzed  reaction  that proceeds through superoxide, or b y 

m yeloperoxidase  oxidants of the neutrophils . The antifungal a c t iv i ty  

of the tris-nitronylnitroxide synthesized in this project suggests t h a t  

it is linked to its ability to undergo pathw ays a or b (Scheme 17). 

according to the oxidoredox pharm acophore  hypothesis.
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2 . RESULTS AND DISCUSSION

2 .1  S y n th e s is  o f  oxa z ir id in es .

Emulating biological processes is an attractive strategy fo r  

discovering new and better pharmaceutical agents. Thus, o x a z ir id in e s  

are not only of fundam ental in terest because o f  their in te r e s t in g  

chemistry, they are also im portant because of their usefulness as P -  

450 m im ic s .10 and th e i r  antifungal a c t iv i ty 2 against the p a th o g e n s  

Pneumocyst is  carinii  and Cryptococcus neoformans.  To evaluate t h e  

potential o f oxaziridines as antifungals, it was necessary to determine 

how many oxaziridine pharm acophore units a molecule must c o n ta in  

to achieve optimal antifungal activity. Only a few compounds a r e  

known to contain more than one oxaziridine unit, and except for t h e  

macrobicyclic hexaoxaziridine synthesized  by Balogh-Nair' g ro u p .10 

none are known to contain more than two. Therefore, a s y s te m a t ic  

investigation to synthesize com pounds with multiple o x a z ir id in e  

pharm acophore  units, such as bis-, tris-. and hexaoxazirid ines w a s  

undertaken as described below.

2.1 .1 . S y n th e s is  o f b iso x a z ir id in es .

The known b iso x a z i r id in e s47-55 73 (Figure 1) were not d e e m e d  

suitable as tem plates for our studies, e ither because of their lack o f  

stability and /o r because of the lim ited possibilities for a p p r o p r i a t e  

functionalization to enhance pharm acological properties. We se le c te d  

for synthesis target structures that contain N-alkyl, N-cycloalkyl, and
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H H

Figure 1. Structures o f the known bisoxaziridines.

EntryEntry'

R=Ar. heteroarom atic

x r 0x x _ 0

R =A r. h eteroarom atic

R=Ar. heteroarom atic

OHHO

R =Ar. heteroarom atic

HO

Table 1. Structures of the target bisoxaziridines.

N-aryl substituents on the oxaziridine ring (Table 1). In some of t h e

target structures an electron w ithdrawing group is attached to t h e

oxaziridine nitrogen to enhance thermal stability  and to a v o id  

rearrangem ents. Unlike known oxaziridines, where stabilization w a s  

sought but was not always achieved by an inert N - r e r f -b u ty l

substituent, in the target compounds 6-7 (Table 1) a h y d ro x y  m e th y l
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group attached to the qua te rnary  carbon was used instead. T he  

quaternary  carbon was expected to enhance stability by b lo ck in g  

rea rrangem en ts , and the hydroxym ethyl group should in c r e a s e  

water solubility and provide a functionalization site for m o d u la t io n  

of biological activity.

Condensation of a ldehydes with diamines. or of amines w i th

dialdehydes afforded bisimine precursors which were then o x id iz ed

to yield the target bisoxaziridines (Scheme 18).

H2N -Z -N H 2 + RCHO ---------- ► RH C=N -Z-N =CH R imine [O  ] ° . °. 
R H C -N -Z -N -C H R

O H C -Z -C H O  + NH2R ' •* R N -C -Z  H NR imine 0  O.
R N -C -Z -C -N R  

H H

Schem e. 18

Except for entry 16, all b isaldim ine in te rm ediates  w e r e

obtained in good yields by condensations of the amines a n d  

aldehydes in anhydrous methanol or acetonitrile  either at ro o m

tem pera tu re  or at reflux for 30 minutes (Table 2). The s tructures o f 

the bisaldim ines were confirm ed by their CI-MS, 'H and l3C n m r  

spectra. All the bisaldim ines. except the b is d ip h e n y lp h o s p h in o y l  

imine (entry 16, doublet at 9.35 ppm), had the characteristic  s igna l

of the imino protons between 8-9 ppm.

To oxidize the bisaldim ines to the target bisoxaziridines, t h r e e

oxidants m-CPBA, Oxone buffered with KHC03, and dioxirane w e re  

employed. Despite varying the reaction conditions for each o x id a n t ,  

only three of the target bisoxaziridines could be prepared in th is  

manner; entries 1, 4, and 16 (Table 2). However, these th r e e

bisoxaziridines were obtained in good to excellent yields by m - C P B A

R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.



96

Entry amine aldehyde
bisimine

( % )

bisoxaziridine
(%)

recovered
aldehyde

( % )

1 O H C - f V  CHO 79 91 -

2 0 - 0
O H C CHO

90 - 78

3 jO.O H C  N C H O

67 - 95

4 ^ x r c x . F - ^ ~ ^ - C H O 86 52 -

5 HO ~ ^ ~ y -  CHO 95 - 85

6
CHO

hCT 67 - 75

7 iX
CHO

78 - 85

8
M e u

H O — &  y ---C H O
M m O

87 - 95

9 ,„XrTX, iv leu
MO---^ ----------CH O

Mb O
62 - 75

10
CHO

«cr 76 - 74

11 HjNX j  C ^ NH: Or™ 68 - 86

12 F— < ^ ~ y ~  CHO 72 - 90

13
>d«G>

H O --- \ — C H O
MoO

95 - 78

14
CHO

HCf 86 - 85

15 , . X ^ X X iX
CHO

65 - 65

16*
1. NH,OH
2. PPh:Cl O H C — CHO 24 77 -

T ab le  2. Synthesis o f  bisoxaziridines.
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oxidation of the precursor bisimines. The failure to iso i la te  

oxaziridines (entries 2-3, and 5-15) can not be a ttr ibu ted  entirely  to  

the failure of the oxidizing agents employed. More likely, t h e  

oxazirid ines’ low stability and propensity  to fragm ent into two o r  

more products is a contributing factor. The stabilizing effect of an N- 

rerr-b u ty l  substituent is w ell-docum ented ; nevertheless, even s o m e  

o f  the N-t^rt-butyl substituted oxaziridines are known to d e c o m p o s e  

spon taneously  at room t e m p e r a t u r e . 55 It was reported t h a t  

oxazirid ines having an N -m ethylene  or an N -m ethinyl s u b s t i t u e n t  

are prone to spontaneous decom position, decom position by a c id s ,45b 

and by b a s e s 74 to yield a ldehydes, ketones and ammonia (S c h e m e  

19). Nevertheless, an N-methinyl substituted oxaziridine 24 (entry 4. 

Table 2) was stable, and could be obtained in 52% yield by m -CPBA 

oxidation of its bisimine precursor.

O + n h  
•  •o  + HN

HO
+ NH

4 5 a . 7 4Schem e 19. Decomposition of oxaziridines by acids and bases.

F_ O _ Z ' N£ T X l N/ i ^ 0 ^ F

24
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The ‘H nmr spectrum  of bisoxaziridine 2 4  showed a c h a ra c te r is t ic  

peak for the oxaziridine protons at 4.49 ppm (Figure 2). P ro to n  

chemical shifts are known to depend on the orientation of a d ja c e n t  

lone pairs of electrons, with protons t ra n s  to the lone p a i r s  

resonating at higher field than those cis. Several explanations for t h e  

phenom enon have been offered, such as upfield shifts caused b y 

transfer of electron density via the back lobe of the nitrogen lo n e  

pair, or by steric factors present when a nitrogen substituent is cis  to  

the protons of interest. Alternatively, it has been suggested that t h e  

anisotropic character o f the nitrogen lone pair causes the protons cis 

to it to shift downfieid. Boyd et. a l .7- reported that in oxaziridines.

- 0 - 4 , ' C T y

24

6-95,10

2.0 - 0.03 .0 1.04.05.06.07.09.0
PPm

8.0

Figure  2. ‘H NMR spectrum of b isoxaziridine 24 .

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



99

protons cis  to the lone pair resonate at ca. 5.4 ppm, w hereas p ro to n s  

trans  to it resonate close to 4.7 ppm (Figure 3). Since the o x a z i r id in e  

protons in bisoxaziridine 2 4  resonate at 4.49 ppm , t r a n s  

c o n f ig u ra t io n  can be assigned to these oxaziridines.

Cis: -  5.4 ppmTrans: ~ 4.7 ppm

Figure 3. Chemical shifts of the protons in isomeric t r a n s  and cis
o x a z i r id in e s .75

i3C Nmr is another diagnostic tool to assign cis versus t ra n s  

configuration to o x a z ir id in e s :76 Oxaziridine carbons resonate  in th e  

narrow range of 79-84 ppm. Aliphatic carbons t rans  to the n i t ro g e n  

lone pair in oxaziridines experience a considerable upfield  sh if t  

relative to cis  substituents (Figure 4). Moreover, a lthough  s m a l le r  

than the 9 ppm upfield shifts observed  for aliphatic carbons, u p f ie ld  

shifts of 3.5 ppm are characteristic  of ipso  carbons t r a n s  to th e  

nitrogen lone pairs. In agreem ent with the trans  geom etry  a s s ig n e d  

to 2 4 ,  the oxaziridine carbon resonates at 79.0 ppm. and the ipso  

carbon 's signal is at 129.2 ppm (Figure 4). Furthermore, the signals of 

the oxaziridine protons and carbons both appear as singlets in the ‘H 

and !3C nm r spectra of 2 4  indicating that the two o x a z ir id in e  

moieties in 24 have identical, t ra n s  geometry.
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14.4 ppm23.1 ppm

lone pair effects on N-C-a carbon resonances 
in oxaziridines

79.0 ppm

8 1 .6  ppm7 9 .7  ppm

CH
24

135.5 ppm

lone pair effects on the ipso carbon resonances 
in oxaziridines

Figure 4. C arb o n -13 chemical shifts in trans  and cis  oxazirid ines. 6

Like other active oxygen com pounds, bisoxaziridine 2 4  transfers its 

oxygen atom s to triphenylphosphine quantitatively (Figure 5). Thus.

| p p n 3

j c r c x

c T  .  " b
F  0 = P P h 3 F

XN=< V

i  I f

“ A )
H

| t~i— i i  |  i~'  i i I i ■ 1
1U  *.0 u 7JB U  SJ 4J> U

i i . 1 1 1
u  1.0 a j  

PP«

Figure 5. 'H  nmr spectrum of 24  with triphenylphosphine, in CDC13.
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addition of Ph3P to a CDCI3 solution of 24 led to loss of the o x a z ir id in e  

protons signal at 4.49 ppm with concomitant appearance of the im in e  

signal at 8.2 ppm.

Mass spectroscopy is especially useful for characterizing  o x a z ir id in e s  

because they loose oxygen from their molecular i o n s . '7 The Cl m a ss  

spectrum  of bisoxaziridine 2 4  showed the successive loss of tw o  

oxygen atoms, yielding fragm ents at m / z  439 and 4 2 3 . 

corresponding to 16 mass unit losses from the [M + l]+ ion (Figure 6).

When the b isoxaziridine 24, homogeneous by tic, w a s  

subm itted  to hplc analysis, two well separated peaks were o b s e r v e d  

(Figure 7). The separated peaks had identical mass spectra, a n d  

showed the typical loss of 16 mass units characteristic  o f  

oxaziridines. Unlike the case of a trisoxaziridine (see section 2 .1.2) 

that consisted of a m ixture of rapidly equilibra ting  c o n fo rm a tio n a l  

isomers, when the separated  peaks of 24  were rein jected  for hp lc  

analysis, single peaks were observed. This, and the spectral a n a ly se s  

suggested that 24 is a diastereomeric mixture o f 2 4 a  and 2 4 b .  Since 

the diastereom eric  m ixture was devoid of antifungal ac t iv ity ,  

preparative hplc separation of the diastereomers was not pursued.

24a

24b
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24

4 3 9

42 3
100

80

3 9 2

60

-  16
[ M  ♦ NH 1

4 7 2  *40

-  16

4 6 2

3 8 6
4 0 0

4 1 4 4S0 1464 4 9 6

4 7 8

4 2 53 7 5 4 0 0 450 4 7 5 50 0 52 5m/7

Figure  6. CI-M S (ammonia) of b isoxaziridine 24 .

Microsorb M V ™  C 1S Column 
Flow rate=0.5 rnl/min 
CH,CN'/Ether=95: 5

F ig u re  7. Hpl chromatogram of b isoxaziridine 2 4 .
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The bisoxazirid ine  2 5  was syn thesized  by condensation of 2 - 

a m in o -2 -m e th y l- l -p ro p a n o l  with t e r e p h th a ld ic a rb o x a ld e h y d e ,  

followed by oxidation of the bisimine with m-CPBA. Reaction w i th  

P P h 3, and the mass spectrum of 2 5  confirm ed the presence o f  tw o  

atoms of active oxygen per molecule. The ‘H nmr spectrum of 2 5 

(Figure 8) showed a singlet for the oxaziridine signal at 4.78 p p m . 

and the 13C nmr spectrum  (Figure 9) showed the oxaziridine c a r b o n  

resonance at 73.3 ppm, establishing the t rans  geometry of t h e  

oxazirid ine m oieties.

O
P hII

P
P hP h '

O HO H

Apart from the highly popular sulfonyloxaziridines. few o t h e r  

types of N -functionalized  oxaziridines are known. Until now N- 

p h o s p h in o y lo x a z i r id in e s 78'80 were limited to m o n o fu n c t io n a l iz e d  

derivatives, and so the bis-diphenyl phosphinoyloxazirid ine, 2 6 .  is 

the first member o f a h i th e r to  unknow n class of oxaziridines b e a r in g  

two oxaziridinyl moieties. Expected to be more alike in reactiv ity  to  

N -su lfonyloxaz irid ines than to the N-Alkyl derivatives, 2 6  w a s  

anticipated to be a powerful oxygen transfer agent, and perhaps a 

better antifungal than the som ewhat toxic sulfonyloxazirid ines. T h e  

b iso x a z ir id in e ,  2 6 .  was prepared b y  Arbuzov type, P"1 - Pv 

r e a r r a n g e m e n t 81'82 of the O -d ipheny lphosph ino -ox im es to the b is -  

diphenylphosphinoyl imines, and subsequent biphasic oxidation  o f
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7.44 (s)
4 . 7 8  ( S )

/  u  „  1 1 - 0 4  ( S )  -Z..iMe4 I w  J

\  5 3.51 (dd, J=11, 4 Hz)'
/ ^ H  6 13.61 (dd, J=11, 4 Hz)

2.16 (s, br)
HOOH

C D C 1

O H

2.0

F igure  8. ‘H NMR spectrum of bisoxaziridine 25 in CDC1V

HOOH

C D C I  ,

F ig u re  9. I3C NMR spectrum of bisoxaziridine 25 in CDC13.
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the imines with m-CPBA according to Scheme 20.

Ph2PCI
CHOOHC N -O H  E t3N .C H 2C l2.-45°C . N ;

24%
NaOAc. MeOH H 0' N

97%

N -P :Ph
Ph

Ph " 'p —N
Ph"

NaHCO3/CH2CI2.0oC
77%

Ph*

Schem e 20. Synthesis of b is -d ip h en y lp h o sp h in o y lo x az ir id in e .  2 6 .

The structures of the intermediates, and that of 26. were a s c e r t a in e d  

by their ‘H. I3C nmr, and CI-MS spectra, and by the transfer o f th e  

two active oxygens of 2 6  to P P h 3. The CI-MS spectrum  of 2 6 .  

characteristic of oxaziridines. showed sequential loss of two 16 m a ss  

units from the molecular ion. corresponding to the loss of two o x y g e n  

atoms (Figure 10).

. : c
3 64 M  *

330
_ C *  0 5  

2 83

5 J J

-  1 6
-  1 6

•sc

4 C

!l: 470 4 9 o 494 SO 3 320 r
i.

[ M *  N H  1
A

3*3

; 3 7« j XB* 600 619

636
i a n  6*»3 4 J J
(r. 1 i..

661 697 j
4 3 0 300 330 400 430 m/z ■’3°

F ig u re  10. CI-MS (NH3) spectrum of the bisoxaziridine 26 .
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Salient features o f the nm r spectrum included the precursor b is im in e  

proton resonance, a doublet at 9.35 ppm, deshielded by th e  

proximity of the d iphenylphosphinoyl groups cis to them, a n d

characterized by a coupling constant of 3JPH=31.5 Hz, indicating th a t  

the geometry of both imines was t r a n s . The signal of the tw o  

oxaziridine protons (cis to the phosphinoyl moieties), a doublet a t  

5.65 ppm with a coupling constant of 3J PH=8 Hz. confirm ed the t ra n s  

geometry of the oxaziridine groups.78

The bisoxaziridines showed no antifungal activity a g a in s t

Pneumocystis  carinii  at concentrations low enough to predict in v i v o  

potential. However, earlier work in this laboratory  showed that a 

hexaoxaziridine was a highly effective antifungal against P. carinii in  

cultures. Therefore, to establish the m inim um  num ber of oxaz ir id ine  

pharm acophore units per molecule that are a prerequisite  fo r  

antifungal activity. synthesis of oxaziridines containing th r e e

pharmacophore units per molecule was undertaken next.

2.1.2 Synthesis  o f  trisoxazirid ines.

Since the average molecular weight o f most of the useful sm all  

molecule drugs is below 1,000, and optim ally falls in the range of 

5 0 0 - 6 0 0 ,83 to append several pharm acophore  units to a m olecule, 

macrocycles and dendrim ers were envisaged as suitable c a r r ie r

structures. Dendrimers are particularly attractive when the goal is to 

append identical functionalities (Figure 11). Moreover, a su i ta b ly  

designed dendrim eric  core used as pharm acophore  carrier p r e v e n t s  

high polarity or high lipophilicity of the drug. The high p o la r i ty  

results in poor bioavailability , and high lipophilicity  results in slow
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excretion. Here, this strategy is em ployed to append three oxaziridine 

pharm acophore  units to the dendrim eric  core, 2 ,4 ,6 - tr is ( /? -  

fo rm y lp h e n o x y )-1,3 ,5 -tr iaz ine , to obtain the trisoxazirid ine 2 8 .  To 

the best of our knowledge com pound 2 8  is the first exam ple  of a 

trisoxaziridine. The 1.3,5-triazine was chosen as the central core o f 

the dendrim er both to facilitate synthesis and to enhance  th e  

m olecule 's drug potential. 1,3,5-Triazines are not toxic, and so m e  

triazine derivatives by them selves display fungicidal or a n t ib a c te r i a l  

p ro p e r t ie s .

... pharmacophore

Figure 11. Dendimers appended  with multiple pharm acophore
u n its .

T risoxaziridine 2 8 was syn thesized  efficiently, in three s te p s  

according to Scheme 21. Reaction of p -h y d ro x y b en z a ld e h y d e  w i th  

cyanuric chloride g av e  2 ,4 ,6 - tr is ( /? - fo rm y lp h en o x y )-1.3 ,5 - t r ia z in e  in  

78% y ie ld .84 This tria ldehyde was then condensed with 2 - a m i n o - 2 -  

m ethyl-1-propanol to yield the trisim ine 2 7  in 95% yield. O xida tion  

of the trisimine 27 with m -CPBA  in chloroform at room t e m p e r a t u r e  

afforded 2 8  in 91 % yield. This trisoxaziridine, a white pow der, can  

be stored without decom position  at -20°C for several m onths, and a 

concentra ted  solution of it in DMSO (30 mg/ml) is stable for s e v e ra l  

weeks. The three active oxygens of 28 are t ran s fe rred  to  

tr ipheny lphosph ine  rapidly and quantitatively.
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CHO

A  A .  * H0I N ci
OHCCHO

Benzene/ reflux

OH

CHO '•N OH

OH
m-CPBA ^ /r==\  N=’C■= N

OH

MeOH
HO

OH

HO

The s truc tures  of tris im ine 2 7  and that o f trisoxazirid ine 2 8 w e r e  

assigned on the basis o f ‘H. and l3C nmr. FT-IR, and MS data. S a lien t 

features of the trisim ine 2 7  spectra are the OH and C=N s t re tc h in g  

v ibrations at 3.399 and 1.643 c m 1, the singlet signal of the im in e  

protons at 8.29 ppm. and the imines’ carbon signal at 155.2 p p m  

( F i s u r e l  2).

N

S'°<' 7n
N=K

O.

H H

V

7.80 (d. J=8.5 Hz) 
7.30 (d. J=8.5 Hz) 

  8.29 (s)

3  4

w M e

n- 4 t
M e

1.15 (s)

2 7

C H o—  4.65 (t, J= 1 .6 Hz) 
I
OH

5.40 (s. br)

C,=
C2=
C3;
C4=
Cs;
c6=
C7:
8̂,

C9:

=172.8
=152.2
=134.7
=128.8
=121.3
=155.2
=60.9
8—23.9
=64.4

F ig u r e  12. 'H  and 13C nmr of the trisimine 27  in DMSO-d6.
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In the ‘H nmr spectrum of trisoxaziridine 28 (Figure 13) the signal of 

the three oxaziridine protons appears as a singlet at 5.03 p p m  

indicating that the three oxaziridines in 2 8  have identical, t ra n s  

geometry. Because the gem -dim ethyl groups are adjacent to a ch ira l  

center, their signals appear at slightly different chem ical shift v a lu e s  

of 1.00 and 1.02 ppm. respectively. The 13C nmr (Figure 14) shows a 

typical oxaziridine carbon resonance at 66.9 ppm. Unlike th e  

trisimine where the methyl signals have identical chem ical sh ifts , 

the signals of the methyl carbons adjacent to the chiral nitrogen atom 

in the trisoxaziridine 2 8  appear as separate peaks at 14.2 and 18.5 

p p m .

6-M e= 1 .00  (s, 9H)
7 -M e= 1 .02  (s, 9H) 
H5= 3 .3 2  (s, 6H) 
O H =4.87  (br, 3H) 
H3= 5 .0 3  (s, 3H) 
H2= 7 .2 3  (d, 6H, J=8Hz)  
H1= 7 .4 7  (d, 6H, J=8Hz:

N= <

OH 4

76

DMSO

OH

1.0 -OJ52-06.0 S.Q 4.07.08.09.010.0

Figure 13. ‘H nmr spectrum of the trisoxaziridine 28 in D M SO -d6.
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The FAB mass spectrum of 28  showed the typical f r a g m e n ta t io n  

pattern of oxaziridines, along with fragm entation  validating th e  

particular substitu tion  pattern present in 2 8 . Thus, the fragm ents a t  

m/~=687 [MH-16]*, 671 [MH-32]+, and 655 [MH-48]* correspond to  

sequential loss of one, two, and three oxygen atoms from the [M+l]* 

ion. The base peak at m / z =616 represen ts  the fragm ent [MH-87].* 

probably o f  structure  RCsO.* formed by loss of one of the th r e e  

oxaziridinyl moieties - NC(CH3)-,CH,OH - appended to the core. Losses 

of two [MH-(2 x 87 )]+ and three oxaziridinyl moieties [MH-(3 x 87)]* 

were also observed, as well as peaks resulting from d e m e th y la t io n s  

and dehydra tions . The presence of three active oxygens in 2 8  w a s  

corroborated by quantitative transfer o f  the oxygen atoms to PPh3.

180.0 160.0 140.0 120.0 100.0 80.0 60.0 40.0 20.0
ppm

Figure 14. I3C nmr spectrum of the trisoxaziridine 28 in DMSO-d6.
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100  - |

HO

28

80
OH

616

60 -
HO'

40

598511

52&47244220  -

-15432.
611-15 583414

6$5 627

7 0 0600500400

F igu re  15. FAB (NBA) mass spectrum of the trisoxaziridine 28 .

Unlike bisoxaziridines 2 4 - 2 6  which display antifungal e f f e c ts  

only at concen tra tions far exceeding the useful range, t r is o x a z ir id in e  

28 was active against P. car in i i  at a concentra tion  of 25 [ig/ml. O ver  

a period of seven days of incubation with P. carinii  cultures, 2 8 

caused ca. 50% reduction of the number of tropozoites com pared  to  

the control (Figure 16). This dem onstra ted  that the num ber o f  

oxaziridine pharm acophore  units per molecule is a critical factor fo r  

m odulation of antifungal activity. Therefore, to enhance the level o f  

activity so that complete inhibition of P. carinii  rep roduc tion  is 

achieved at concentra tions o f less than 10 |ig /m l, synthesis o f  d r u g
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candidates containing six oxaziridine pharm acophore  units p e r  

m olecule  was undertaken.

u
oINI
oJ3CUo23

*Sc
s
a.

18
17

16

15
14

13

12
11

10
9

8

7

6

5
4

3

2

1
0

Control
TMP/SMX 50/250 pg/mt 

28 25 pg/ml 
28 10 pg/mt 
28 1 pg/ml

—p- 
2

-4 -
5

 + .
6

Days

F ig u re  16. Inhibition o f  the growth of Pneumocys t is  c a r in i i  by the
antifungal trisoxaziridine 28.

2 .1 .3 .  S y n th e s is  o f  m a c ro c y c l ic  o x a z i r id in e s .

Since the oxaziridine pharmacophore was unknown prior to t h e  

studies of Balogh-Nair et a / . , 10 in the first a ttem pt to establish  i ts  

usefulness against Pneumocys t is  carinii, a macrocyclic c o m p o u n d ,  

3 0 .  containing several oxaziridine units, was synthesized in 1 9 9 2 .10 

This macrobicyclic hexaoxaziridine, the first macrocycle c o n ta in in g  

oxaziridine moieties, was highly active against Pneumocys t is  carinii  

in cultures at concentra tions of <1 p g / m l .2 The high level o f  

antifungal activity w arran ted  in v ivo  testing of the c o m p o u n d
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requiring gram amounts of the material. However, due to the low 

yield of ca. 10% in the first synthesis of 3 0  (Scheme 21, step b), t h e  

compound was available only in milligram amounts.

/ — \  4 ~ \  /.— *
o

'V* .- I, '  '  \W /l> - 4  />-<!
o ' *o  a  f =  l b  I o

+  | \ _J j  I

N ( C H 2C H 2 N H 2 ) 3  X “ ,N' _ / / “ ' ^ _ ^ fr /

I '

2 9 3 0
a: anhyd. EtOH. rfx/3h/N:: 88%.
b: m-CPBA/CHCl? - aq.NaHCO3/BTEAC/0-2°C. 6h; 10%.

Schem e 21. Synthesis o f the m acrobicyclic hexaoxaziridine, 3 0 . 10

To obtain adequate amounts of 30  for in v ivo  studies the s y n th e s i s  

was scaled-up. and the reaction conditions were modified, as 

described in the Experimental Section, to afford the h e x ao x a z ir id in e .  

hom ogeneous by hplc, in 35% yield. Moreover, it was necessary  to 

determ ine the configurations of the six oxaziridine moieties in 3 0 .  

and so nmr experim ents were carried out to establish  th e  

stereochemistries as described in the following section.

2 .1 .3 .1 . S te r e o c h e m is t r y  o f  the  m a c ro c y c l ic  o x a z i r id in e ,  30.

In principle, in the absence of d iastereofacial selectivity, th e  

peracid attacks on the six prochiral C=N bonds in 2 9  could have led  

to a complex m ixture of diastereom eric  products. Thus, m -CPBA 

could have attacked the six imine bonds from both the “endo” face 

and the “exo” face leading to E  and Z oxaziridine isomers, £ - 3 0 / Z - 3  0 

(Figure 17), in addition to the num erous other p o ss ib le

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



114

diastereom eric  products. However, in agreement with 'H and l3C n m r  

data and hplc analysis (single peak in several solvent sy s te m s) ,  

com pound 3 0  was obtained as a single diastereom er, indicating t h a t  

the reaction proceeds with high diastereofacial selectivity. While it is 

possible tha t other diastereom ers were formed, but could not b e  

isolated because  of their facile decom position (since the yield w a s  

only 35%), m olecular modeling showed that the rigid structure o f  

macrocyclic imine 2 9  will favor attack by the peracid from the exo  

face of the six stereoelectronically  equivalent imines. The ‘H and 13C 

nmr spectra  were in agreem ent with the rigid structure, and th e  

presence of six identical, stereoelectronically  equivalent, t rans  im in e  

bonds in the hexaimine 2 9  (Figures 18 and 19).

-CC-

-CC "

--Cc-
Z - 3  0

F ig u re  17. Postulated diastereom eric  products E 3 0 /Z 3 0 .
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H | =8.21 (s, 6H)
H 2=7.20 (s, 12H) 
H3=3.83 (br, 12H) 
H 4=2.85 (br, I2H)

29

C DC! '

-0.01.02.00.04.08 .0 5.07 .09.0 8.0
p p m

F igure  18. ‘H NMR spectrum of the macrocyclic imine 29 in CDCI

29

CDCI

120.0140.0 100.0 40.0100.0 160.0 00.0 20.0

F igure  19. n C NM R spectrum of the macrocyclic imine 29  in CDC13.
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The H nmr spectrum of 30  showed only one signal, a singlet, for th e  

oxaziridine protons, at 5 4.67 ppm (Figure 20). This indicated t h a t  

the six oxaziridine protons are magnetically equivalent, and that each

of these protons is anti  to the nitrogen lone pairs (Figure 21). T his

suggested that the peracid attacks on the imine bonds occurred  f ro m  

the exo faces, and that each oxaziridine in the macrocycle was an E

isomer. The arom atic rings' protons also gave only one signal, a

singlet at 8 6.95 ppm. and the diastereotopic methylene protons g a v e  

four anisochronous. well resolved signals at room tem perature . This 

data indicated that 30  has a rigid, highly symmetric structure, with a

three-fold axis o f  sym m etry.

i n

N \
 ^-O X ' H4t
q H4a

=2.44 (dd. 6H. J4b4a=l2H z .  J4b 3a= 2 H z )
J3b.4a= 2 H z )
J4aJb = 9Hz) 
f  3 a . 4 b = 9  H  Z )

n 4< b i

H 3(b)=2 .69 (dd. 6H.  J3b 3a=12Hz.  
H4(ai= 2 .87  (dd. 6H.  J4a.4b=12Hz.  
H 3la,=3.04 (dd. 6H.  J3a. jb=12Hz.  
H-,=4.67 ( s .  6H)

-O

30

3.0
ppm

-0.01.02.03.05.0 4.06.07.0B.O
ppm

F igu re  20. ‘H N M R spectrum of the macrocyclic oxaziridine 30 .

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



117

H H

F igure  21. 3D structure o f hexaoxaziridine 30 by M acrom odel85 
showing the E stereochemistry of the oxaziridine rings and the 

“e n d o " orientation of all nitrogen lone pairs.

The rigid, highly sym m etrica l 3D structure  obtained using th e  

program  M a c ro m o d e l85 was further supported  by the l3C n m r  

spectrum  of 30 consisting of only five peaks. Thus, all the six 

stereoelectronically  equ iva len t oxaziridine carbons resonate  at 80.1 

ppm, and the carbons within each group o f  the two sets of a ro m a tic  

and the two sets of methylene carbons have identical chem ical sh if ts  

(Figure 22).
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1

160.0 140.0 120-0 100.0 80 .0  60 .0  40.0 20 .0  <0.0
p p m

Figure  22. i:'C NMR spectrum of the macrocyclic oxaziridine 30.

There are no known s te reoselec tive  reactions o f ox az ir id in es  

which convert them to compounds of established s te re o c h e m is t ry ,  

and there are few X-ray studies on oxaziridines. For these rea so n s , 

spectroscopic studies have been directed towards d e v e lo p in g  

methods for ascertaining their absolute configuration a n d  

enantiom eric  composition. The ‘H nm r methods em ployed for th is  

purpose include the use diam agnetic chiral solvating agents (CSA) 

and chiral lan thanide  shift reagents (CLSR).8687 The latter class 

contain param agnetic  metals chelated to organic ligands that disperse 

the chemical shifts o f the enantiomers more efficiently than do ch ira l 

solvating agents. However, this advantage  of producing greater sh if t  

values is often offset by the line b roaden ing  caused by p a ra m a g n e t ic
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relaxation, and by form ation  of 2:1 or higher su bs tra te -C L S R  

com plexes, thereby in te rfer ing  with in te rp re ta tion  of the d a ta .  

P e rf lu o ro a lk y l-a ry lca rb in o ls ,  one example of the chiral so lv a tin g  

agents, has two relatively acidic hydroxyl and m ethine protons which 

can take part in hydrogen bonding interactions with substra tes to 

form short-lived, d ias te reom eric  chelate-like solvates, r e p r e s e n te d  

by structures A and B in Figure 23. In these structures. B, and B; are

F ig u re  23.

prim ary  and secondary basic sites on the chiral substra te  to be  

analyzed, and X is the chiral center. Once chelate  formation h a s  

taken place, the R subs ti tuen ts  on the enan tio m ers  e x p e r ie n c e  

differential shielding from the aryl ring in s truc tu res  A and B. Thus. 

R , is shielded in A while the other enantiom er has its R, s u b s t i tu e n t  

barely  affected by the aryl ring in B. The converse  is true for th e  

enan tio top ic  R, group, resu lting  in the opposite observed  senses o f  

nonequiva lence . The enan tiom eric  composition can be d e te r m in e d  

from the integrated peak in tensities, or more co n v en ien tly  from th e  

peak heights in some instances, e.g., in the case of th e  

hexaoxazirid ine  30 discussed below.
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The study o f  a series of o x a z i r id in e s 37 revealed that in u n h in d e r e d  

oxazirid ines, the nitrogen acts as B, site and the oxygen acts as B ; 

site, even though steric effects by bulky substituents  can switch th e  

prim ary  hydrogen  bonding site to oxygen (Figure 24. A to B). I n 

addition. C-aryl substituents can fu r th er  complicate in te rp re ta tion  o f  

the spectra l nonequivalence, since chelation, as shown in Figure 2 4 

(C  and D ). might also occur.

.H.
' ' O

c2CHR

Figure 24.

A m odification  of the Pirkle and Rinaldi m e t h o d 87 was em ployed to 

de te rm ine  the configuration of the six oxaziridine units in 3 0 .  

Addition of exactly one equ iva len t of ( R ) - ( - ) 2 ,2 .2 , - t r i f lu r o - 1 -(9- 

an th ry l)e th an o l  or its (S)-isom er (the CSAs) to 30  in b o th  

ex p erim en ts  resu lted  in split signals of equal intensity o f th e  

oxaziridine protons, with one half o f  each signal shifted upfield ( f ro m  

4.67 to 4.77 ppm). The addition of one equivalent of an e q u im o la r  

m ixture o f  the (R) and (S) shift reagen ts  to 3 0  gave only one signa l, 

shifted upfield (Figure 25, top spectrum ). The aromatic protons* 

signal at 6.95 ppm experienced changes paralleling those seen w i th  

the oxazirid ine  protons, and the signals of the m ethylene p r o to n s  

were also split upon addition of the (R)- or the (S)-CSA, s u g g e s t in g  

that chelates of the type C (Figure 24) are the most significant
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Ja H4(b)=2.44 (dd, 6H, J4b.4a= 12Hz. J4b.3a=2Hz)
H H3(b)=2.69 (dd, 6H, J3b.3a=12Hz, J3b.4a=2Hz)

4 H4(a)=2.87 (dd, 6H, J4a.4b=12Hz, J4a.3b=9Hz)
,4a H3(a,=3.04 (dd, 6H. J3a.3b=12Hz, J3a.4b=9Hz)

H,=4.67 (s. 3H)

(R)-(-) + (SM + )
2.2 ,2-Trifluoro-1 -(9-anthryl lethanol

2.42.62-83.0

(R H -l-2 ,2,2-Trifluoro-l-(9-anthry I lethanol

2.6 2.4

 v  ^
3.0 2.8

(S)-( + )-2.2.2-Trifluoro-l-( 9-anthryl (ethanol

2.42.62.83.0

CDCI

4b3a 3b4a

2.42.8 2.63.0

3.04.05.06.07.0
p p m

F ig u re  25. ‘H NM R spectrum of the diastereom eric chelates o f
m acrocyclic oxaziridine 30  with the nmr shift reagent (R)-(-)- and 

(S)-(+ )-2 ,2 ,2-Trifluoro-l-(9- anthryl)ethanol in CDC13.
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contributors to the shifts. Since the relative intensities of th e  

asynchronous resonances resulting from the interaction 3 0  with th e  

(+)- and the (-)-CSAs showed a ratio of 1:1. the results indicate t h a t  

3 0  encompasses (R.R) and (S.S) oxaziridines in a ratio of 1:1. T h e  

molecule has a th ree-fo ld  sym m etry axis along the two b r id g e h e a d  

nitrogen atoms, and a plane orthogonal to it. to encompass the t h r e e  

identical enan tiom eric  sets of (R.R) and (S.S) oxaziridines. As 

expected, hexaoxazirid ine 3 0  had no optical rotation, f u r t h e r  

supporting the assigned structure (Figure 26).

Figure 26. Structure o f hexaoxaziridine 30  (M acrom odel) show ing
the two enantiomeric sets of (R.R) and (S.S) oxaziridines.
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For X-ray studies, crystals of 3 0  were grown by slow d if fu s io n  

o f  e ther into a saturated m ethy lene  chloride solution of th e  

oxaziridine at -20°C over a period of several weeks. Although s ing le  

crystals could be obtained in this m anner (Figure 27), they were n o t  

of suitable quality for X-ray studies as determ ined by the group o f  

Professor Jon Clardy at Cornell University.

S

%

^ 8

&
V S

%

Figure 27. Single crystals o f  oxaziridine 30 (m a g n i f ic a t io n :  1x150).
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2 .1 .3 .2 . S y n th es is  and oxidation  o f  a t r i s (2 ,2 ’-b ipyrid ine  
c r y p t a n d .

The very low solubility of hexaoxazirid ine  3 0  in w a t e r  

prevented its intraperitoneal delivery to mice, and when it was given 

orally, mixed with peanut butter, its rapid decom position  rendered i t  

useless in v ivo .  These studies were conducted by Professor M a r i ly n  

S. Bartlett’ s group at the Indiana University  Medical School. T h e  

cryptand, 3 1 ,  having sym m etry  properties sim ilar to that of th e  

hexaim ine 2 9 ,  was considered  an attractive starting material fo r  

synthesis because the hexaoxazirid ine derived from it. having t h r e e  

bipyridyl moieties, was expected to have better water solubility t h a n  

3 0 .  Moreover, it was envisaged that the w ater solubility of th e  

hexaoxazirid ine derived  from 3 1  might be increased  even further if  

the six b ipyridine nitrogens in 31  could be oxidized to the polar N- 

oxide derivatives.

The cryp tand  3 1  was synthesized by tem plate-free  [3+2] 

condensation  of 4 ,4 ’-d ifo rm y l-2 ,2 ’-b ip y r id in e  with t r i s (2 - 

am inoethy l)am ine  in 70% y ie ld 88 (Scheme 22). However, instead o f  

the reported  four step synthesis, the 4 ,4 ’-d i f o r m y l - 2 .2 ’-b ip y r id in e  

was prepared  by a shorter route, in two s te p s ,89 and t h e  

m acrocyclization was carried out in MeOH instead of the T H F88a o r  

CH,CN88b em ployed by Beer et al. In our hands, using THF led to a 

polymeric m aterial, and no [3+2] m acrocyclization product could b e  

isolated. The s truc tu re  of 3 1  was confirmed by ‘H nmr and FAB-MS 

(Figure 28a and 28b).
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NMe;
NalO.

DMF, 140°, 18 h— N ■=N
■=N

OHC CHO
.\;(CH2CH2N'H2j3

MeOH, rt
70%

“  N

■=N

S chem e 22

H 9=2 . 80  (br. 12H)

=7.81 (s. 6H)
=7.96  (d. 6H. J=5 Hz)  
=8.91 (d. 6H. J=5 Hz)

6 .6'

8.09.0
p p m

3.3* CDCI. 7

- 0.02.0 1.03.06.07.0 5.09.0 6.0

F ig u re  28a. '.H nmr spectrum of the macrocyclic imine 31 in CDC13.
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821 [M+1]*

Figure  28b. FAB (NBA) mass spectrum of the macrocyclic imine 31.

Attempted oxidation of 31 with m -CPBA in CHC1, at various 

temperatures (27°C, -20°C. and -78°C), or in aqueous NaHCCVCHCl,, 

with or without phase transfer agent, failed to yield the desired
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hexaoxazirid ine as did Oxone. Thus, despite the num erous a t t e m p t s  

to oxidize hexaimine 31 to a hexaoxazirid ine, the only m ajor p r o d u c t  

isolated from these reactions was the decom position product, 4 .4 ’- 

d ifo rm y l-2 ,2 ’-b ipy rid ine . It is likely that the low stab ility  of th e  

oxaziridine is the major cause of these failures. How ever, the stability 

and/or the conform ational flexibility of the hexaim ine might a lso 

contribute to the problem. As indicated by the unresolved m e th y le n e  

peaks in its 'H nm r spectrum (Figure 28a), unlike the hexaim ine 2 9 

the rigid p recu rso r  of the h e x a o x a z i r id in e  3 0 , hexaim ine  3 1  is a 

much more flexible molecule.

2.2. S y n th es is  o f  a m acrocyc lic  a m id e  - N i11 c o m p le x ,  33.

The macrocyclic amide. 3 2 .  and its Ni(II) complex. 3 3 .  were f i rs t  

synthesized  by C.E. Brathwaite in this la b o ra to ry .  ° The in v i t ro

antifungal activity of 3 3 was found comparable to that of the d ru g  

currently  in use against P. carinii , and so we requ ired  a large scale  

synthesis of this compound. Therefore , ca. 10 gram s of m acrocyc lic  

amide 3 2 .  h itherto  available only in milligram am ounts, w as

prepared  following the route estab lished  p r e v i o u s l y .10 It w a s

converted  into 3 3  following a novel route (Schem e 23). T he

macrocyclic amide, 3 2 , was deprotonated  with l i th iu m  

b is ( t r im e th y ls i ly l)am id e  at low tem pera ture , and the Ni(II) w a s  

inserted using (P h 3P )2N iB r2. D eprotonation  prior to nickel in se r t io n  

was necessary  because the p ro ton a ted  amide does not contain a ct-  

donating lone pair to lead the coordination process.
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OR OR

OR OR

High dilution NH+ Cl

NHNH
•NH

OR OR

OR OR

OR OR

S c h e m e  23.

The UV and MS spectra  of the macrocyclic amide 32  w e r e  

identical with those reported  e a r l i e r ,10 as were the UV spectrum o f  

the Ni(II) complex, 33 , which showed an absorption  band at 366 n m 

and an [M+Ni] ion at m / z  1340 in the FAB-MS confirming th e  

presence  of the nickel in 3 3 .  The FTIR spectrum  of t e t r a a m id o  

m acrocycle 32  showed the expected amide bands (Figure 29). T h e  

FTIR spectrum  of the Ni(II) complex 3 3 show ed bands for th e  

d ep ro ton a ted  amides (Figure 30a) and, in addition, a band for th e

m etal-nickel vibration at 540.9 cm _l (Figure 30b).
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1.57
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50 3323.37 1424, 1114.73
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F igure  29. FTIR (KBr) spectrum of the macrocyclic amide 3 2 .
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F ig u re  30a. FT'IR (KBr) spectrum of the Ni(II) complex, 33.
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540.87 n i - n  stretching

0.1

0.1
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to
n

OJ

►iv

Figure 30b. F ar-F T IR  (dry film on polyethylene) spectrum o f  the
Ni(II) complex. 33.

In v ivo  s tudies in mice to determ ine the efficacy of the n ickel 

complex against the opportunistic  pathogen P. carinii  are in p ro g re s s  

at the testing laboratories of the National Institutes of Health.

2.3. Synthesis  o f  tris(n itronyI n itro x id e) ,  36.

Since the dendrim er 28 containing a 1,3.5-triazine co re  

appended with oxazirid inyl pharm acophores (Section 2.1.2.) s h o w e d  

promising antifungal activity, and was not toxic, we used this s a m e  

core to synthesize the tris(nitronyl nitroxide) 36 (Scheme 24).
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OHC

CHO

CHO NHOHHOHN> N
b enzene Acetonitrile

45%OH

OHC

H t f

HO
V N

> N

V N
f  <
>=N

Pb02

HO

H O

OH

S c h e m e  24.

C ondensation  of the tr isa ldehyde84 34  with 2 ,3 -d ih y d r o x y a m in o - 2 .3 -  

d im ethylbutane gave a colorless tris(di-AVhydroxy) in te rm edia te , 35, 

which was oxidized with PbO, to afford the tris(n itronyl n i t ro x id e )  

3 6  in excellent yield. The triradical 3 6 ,  obtained as d e e p - b lu e  

colored m icrocrysta lline  material, was stable at room t e m p e r a t u r e  

for several months. It had limited solubility in water, <2 m g/m l, b u t  

was very soluble in DM SO (34 mg/ml) so it could be tested  against P. 

car in i i  in cultures at both low and at high concentrations.
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HPLC analyses showed that the tris(n itronyl nitroxide 3 6 

consisted o f  a m ixture o f conform ers in equilibrium . W hen either o f 

the two m ajor HPLC peaks was separated, then reinjected fo r  

analysis, an identical pattern of peaks with the same intensity  ra tio s  

was seen as had been obtained prior to the separation of the peaks. 

Moreover, each peak had identical FAB-MS (Figure 31). Although th e  

FAB mass spectrum of 36 did not show molecular ion at m / z  822. it 

displayed a fragm entation  pattern in agreem ent with the ass igned  

s t ru c tu re .

5 5 9

4 4 8ac

2 0 6

. 4 6 4

25 9

4 3 2 52_8

2 2 2

4 7 8 5 9 0

3 7 42 6 0 6 0 0 6 6 5  6 9 5
7 1 5  7 4 6 8 1 2  3 4 6 6 8 9

6 0 0 m/z4 0 0 8 0 03 0 0 5 0 0 7 0 02 0 0

F igure  31. FAB (NBS) mass spectrum of tris(nitronyl nitroxide) 36.

The main fragmentation pathway a (Scheme 25), involves c leavage  

of the O -  phenyl ether bond and consecutive losses of two of th e  

three pheny ln itrony l nitroxides a ttached to the triazine ring g iv ing  

the ions at m / z  590 and 358. The latter releases a methyl radical to
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S ch e m e  25.
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yield the base peak at m/z=343. In pathw ay b , cleavage of t h e  

triazine-0  bond yields the m / z = 574 ion. Subsequent loss of a 

methyl, an oxygen, a methyl, and again an oxygen atom accounts f o r  

the ions at m / z - 559, 543, 528, and 512. In pathw ay c, as in a, t h e  

590 ion is formed first. It then loses two oxygens and a m e th y l  

radical to yield ions at m/z=574, 558, 543, and 528. Unlike in

pathway a. here the 590 ion has an oxaziridinyl nitroxide s t r u c tu r e ,  

accounting for the consecutive losses o f the 16 mass units. B ecause  

nitrones are not active oxygen compounds, to account for the lo sses

of 16 mass units from 574, one could invoke the cyclization of th e  

nitronyl moieties to oxaziridines. However, the loss of 16 mass u n i ts  

in nitrones are o f  no diagnostic value. Their intensity is s t ro n g ly  

dependent not only on the structure of the nitrone. but also on t h e  

experimental m easuring conditions, so it can range from <1% to c lose  

to 100% of the base peak 's  intensity. From the sparse evidence so f a r  

available, arom atic N-oxides do lose an oxygen atom to a n  

appreciable extent, but nonaromatic N-oxides do not share th i s  

propensity for oxygen ejection. Loss o f N-O* followed by loss o f  

oxygen from the m / z = 5 91 peak accounts for the fragments seen a t  

m/z=561 and 545. The peaks at m / z  464 and and 448 could r e s u l t  

from fragm enta tion  o f the nitronyl n itroxide ring and s u b s e q u e n t  

loss of a l6  mass unit.

Triradical 3 6  had a broad, long w avelength  absorption band a t

598 nm, typical o f  nitroxides,69 and bands at 362 and 252 nm in t h e

UV corresponding to the conjugated nitrones and the a ro m a t ic

moieties, respectively  (Figure 32).
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..O '

o *

Ns /)—O

3 6N"—
N-0

4 - .

3.5

2522.5

598
362 to

500 600400300200

F ig u re  32. U V -V IS  spectrum o f  the tris(nitronyl nitroxide) 36  in 
methanol at two different concentrations.

To facilitate spectral analysis of 3 6 ,  a param agnetic  species, it 

was reduced with m ethy lhy d raz ine  to the co rrespond ing  tr is (N - 

hydroxy) deriva tive  3 7 .  The UV-VIS spectrum of 3 7  (Figure 33) 

showed d isappearance  of the n itroxide band at 598 nm. and a s ligh t 

red shift of the nitrone band, from 362 to 368 nm. M oreover, th e  

latter band had a more pronounced  fine structure, w ith m axim a a t  

368 and shoulders at 345 and 371 nm. This indicates a more r ig id  

structure  having more extensive  planarity of the phenyl rings w ith  

the five m em bered rings containing the nitrone groups.
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216

268
0 5

500 600 700300200
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346, 37125-

0 -*
TOO500 600400300200

F ig u re  33. UV-VIS spectrum  of the reduction product 37 in
m ethanol a t two different concentrations.

100  -
404 469

i

453 j
Ii

4 2 0

J 'X 0'

£ h > O v £
P  HO '

400 500 600 700 800 m/z
F ig u re  34. FAB-MS (NBA ) spectrum of the reduction product 37.
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The FAB mass spectrum  of 3 7  (Figure 34), as was the case with 3 6 .  

lacked a molecular ion, but showed a fragm enta tion  p a t t e r n  

confirming the structure. Noteworthy is that cleavage of the O - 

Phenyl bond in 3 7  gave a fragment at m /z = 592. two mass u n i t  

higher than the fragm ent resulting from the same cleavage in 3 6 .  

thereby confirming reduction of the N-O’ to N-OH groups.

HPLC analysis o f the reduction product 37 (Figure 35) showed

Microsorb MV C 1S Column. MeOH, Flow rate=0.5 ml/min
m A U  -I

1 6 0 0 -j

1400  -  

1200  -

1000-]
J

8 0 0  -

m A U  

500 -

t

peak  *1

A III 'V

2.5 mm

reinjection of peak #1

2 5 1 2 5 mm

F igure  35. Hpl chrom atogram  of the reduction product 37 ( t o p  
panel), and chrom atogram  of the reinjected peak #1 (bottom panel).
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the presence of conformers at equilibrium, similar to that seen in th e  

case of the tris-radical 36.

Because of the excessive param agnetic  line-broadening, the !H 

nmr spectrum  of 3 6  could not be used to confirm its s t r u c tu r e .  

However, in situ reduction to the N-hydroxy derivative 3 7 .  a c h ie v e d  

by adding methylhydrazine to the nmr sample until the blue color o f  

the radical d isappeared , afforded a ‘H nmr spectrum that in d ire c t ly  

confirmed the structure  of 3 6 . To optimize separation of the signals , 

the reduction product was solubilized in a mixture of DMSO- 

d 6/b e n z e n e - d 6 (85:15) (Figure 36a).

B e n z e n e  n *

OH

fl.O
ppm

M e
Me*

DMSO

4.05.0 3.07.09.0

F ig u re  36a . 'H  nmr spectrum of the reduction product 3 7 / 3 7 ’ in
D M S O -d 6 - benzene-d6.

In addition to an as yet unidentified minor conformer (peaks sh o w n  

by *), the ‘H nmr spectrum confirm ed the presence of two d is t in c t ,  

major conform ers in 3 7 ,  each stabilized by a network of h y d r o g e n
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bonds (Figure 36b). In conform er 3 7  the hydrogen bonds are am o n g  

the three N-OH groups, w hereas in conformer 3 7 ’ hydrogen  b o n d in g  

of the n itrone’s =N+- 0 '  groups with the N-OH groups that stabilize th e  

s t r u c tu r e .

o- - k  ' /•
V  • ••

1 V - - ; .  " °  ^  -o - ' i
\  ' 'SK  ■ i /N \  ^  J>s •
V   -H ’ : 1 V  "

' l - 'H - o  ^
° ■ •' '  / V

3 7 '

M e' = l .02 (br. 32H)
H 4 =5.80 (d. 3H, J=12 Hz) 
H ? =6.13 (d. 3H, J=12 Hz) 
H 2 =6.66  (d, 3H. J=8 Hz) 
Hj =6.68  (d, 3H, J=8 Hz) 
OH=6.97 (br, 3H)

37

M e=l .09 (br, 32H) 
H,=6.60 (d, 3H. J=8 Hz) 
OH=6.97 (br, 3H)
H 3=7 .21 (d, 3H, J=8 Hz) 
H ,=7.87 (d, 3H, J= 8Hz) 
H~=8.05 (d, 3H, J=8 Hz)

F ig u r e  36b. Proton chem ical shifts of the hydrogen bonded 
conformers 3 7 / 3 7 ’ in DMSO-d6 - benzene-d6.

The 13C nm r spectrum of the reduction  product show ed twro d is t in c t  

sets of carbons thereby confirm ing  the presence of the two m a jo r  

con fo rm ers , 3 7  and 37’ (F igure  37).
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M olecular modeling using MACSPARTAN Plus (W avefunction Inc.. 

Irvine, CA) showed that each of the hydrogen bonded m a jo r  

conform ers has a th ree-fo ld  axis o f sym m etry and can achieve a

tent-like structure as show n for conform er 37 (Figure 38a). T h e
0

hydrogen bonds among the N-OH groups in 3 7  are longer ( -3 .6  A. 

Figure 38b) than the hydrogen  bonds in 3 7 ’ (-3 .0  A. Figure 3 8 c )  

formed by the nitrone g roups ' oxygen (=N *-0‘) with the N-OH g ro u p s ,  

suggesting that the latter conform er is more stable.

o i i

3 7 '

C , 4 = I 4 .3 
C , v= I 6.1 
C j — 1 8.9 
C[ , —27.8 
C| n =43.9  
C9 =59.6  
C« =67.1 
C6.= l 10.1 
C4 = 1 16-1
C v .7 = 1 25.
C2 = 1 52.2 
C5•= I 54.7 
Ci.i  =176.1

C( 4= 1 7.  8 
C, 3 =2 4 . 3  
C, 2 = 2 9 . 4  
C, ,= 3 0 . 7  
C, 0 = 4 8 . 5  
C9= 5 7 . 9  
C8= 6 0 . 4  
C6= l  10 . 7  
C , =  1 2 1 . 8  
C,  7=1 2 3 . 5  
C := 154 .1  
C^= 15 5 . 7

3 .7'

4
37

* 6

... .. JiJr'■'I ” WWfV t

10 '

OMSO

9  10

12

I 1 7 i 13 'i1

13
14

•I I<3 I I

1724 1 5 9 .1  145.1 1H .1  1 1 9 J  1M .1  K J  T IS  H I  M .0 **-•

F igu re  37. I3C nmr spectrum  of the reduction product 3 7 / 3 7 ’ in
DMSO-d6.
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Figure 38a. M A C S P A R T A N  Plus represen ta tion  o f  the hydrogen-
b o nded  conform er 3 7 ,  side view.
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Figure 38b. M A C S P A R T A N  Plus rep resen ta tion  o f  the hydrogen-
bonded conform er 3 7 .  top view.

3 .6 A

3.6 A
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Figure 38c. M A C S P A R T A N  Plus rep resen ta tion  o f  the hydroge
bon d ed  co n fo rm er  3 7 ’ . top view.

3.0A
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Figure 39 shows that the activity of the triradical 3 6  a g a in s t  

Pneumocys t is  carinii  at a concentra tion of 1 pg/m l is comparable to  

that o f TMP/SMX. the drug in current use. and at 10 or 25 pg/m l 3 6

is better. These results confirm the hypothesis of drug action a s

outlined in Scheme 17 (In troduction), and they dem onstrate  that a

m inim um  of three pharm acophore  un its /m olecu le  is needed to

achieve optim al antifungal activity.

16 Control
: ■  TMP/SMX 50/250 pg/ml 

~ T A 36 25 pg/ml
14 ” ▼ 36 10pg/ml
13 36 1 pg/ml

12

10

Days

F ig u re  39. Inhibition o f  the growth o f  P. carinii by the antifungal
tris(nitronyl n itroxide), 36 .
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2 . 4 .  C o n c lu s io n .

T h re e  bisoxaziridines, 2 4 - 2 6 .  were synthesized in good y ie ld s  

by w-CPBA oxidation of the corresponding  bisimines. Substitu tion  o f  

the oxaziridine nitrogen with a qu a te rnary  carbon, or with a n  

e lectron w ithdrawing group enhanced the oxaziridine's stability. T h e  

bisoxaziridines showed only modest activity in the antifungal a s s a y s  

against Pneumocystis  carinii.

A dend rim er-based  trisoxaziridine, 2 8 .  and a m ac ro b ic y c l ic  

hexaoxaziridine. 3 0 .  were synthesized  in good yields in m u l t i s t e p  

syntheses. Antifungal testing in collaborative studies established t h a t  

at least three oxaziridine units per molecule are necessary to a c h ie v e  

high levels of antifungal activity.

A Ni(II) macrocyclic amide complex. 3 3 ,  with a n t i f u n g a l  

properties was synthesized, dem onstra ting  the usefulness of th e  

m eta llom acrocyc le  pharm acophore .

A dendrim er-based  tris(nitronyl nitroxide). triradical 3 6 .  w a s  

synthesized efficiently, and its s tructure  was confirmed by th e  

spectral data of its reduction product. Its antifungal activity  w a s  

equivalent to that of the current drug lending strong support to th e  

oxidoredox pharm acophore hypothesis .
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4. EXPERIMENTAL

G en era l  t e c h n iq u e s

Nuclear m agnetic resonance ( !H and I3C) spectra were r e c o rd e d  

on a Bruker NR300 MHz instrument. Chemical shifts are reported as 5 

values from te tram ethy ls ilane . U ltraviolet-v isib le  spectra w e re  

recorded on a H ew lett-Packard  HP8452A fast-scan UV/VIS d iode  

array spectropho tom eter. Infrared  spectra were m easured on a 

Nicolet Magna 750 FT-IR sp ec troph o tom ete r  as KBr pellets. E lectron  

impact, chemical ionization and fast atom bom bardem en t m ass  

spectra (EI-MS, CI-MS, and FAB-MS) were obtained with a F in negan  

Mat SSQ70 instrum ent. The matrix for FAB mass spectra was m - 

nitrobenzyl alcohol (NBA) or glycerol. Crystals of the m acrocyclic  

bisoxaziridine 30 were visualized using an Olympus P M -1 OAK 

m icroscope.

All air and /o r  m o is tu re -sensitive  reactions were carried out in 

flam e-dried glassware under nitrogen atmosphere, using s t a n d a r d  

sy ringe /sep tum  techniques. A nhydrous solvents and a ir - s e n s i t iv e  

reagents used were purchased from Lancaster and S igm a-A ld rich  

Inc. Reactions were monitored by thin layer ch rom atography  (TLC) 

on Polygram Sil G UV-254 plates and preparative TLC was c a r r ie d  

out on Analtech silica gel GF glass plates. The spots were v isu a lized  

by UV light at 254 and/or 365 nm. Flash column c h r o m a to g r a p h y 90 

(FCC) was carried out on silica gel (Merck, grade 60, 230-400 m esh), 

and high perform ance liquid chrom atography  (HPLC) was p e r f o r m e d  

by using using a H ew lett-Packard  1100 chrom atograph e q u ip p e d  

with Chem Station and a DAD UV/VIS detector. The analytical column 

used was: Rainin Microsorb-MV C 18, 5p, 4.6 mm x 25 cm.
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Sy n th e s i s  o f  the b i so x az ir id in e  (24).

To a stirred solution o f  4 -f luo rob en za ld eh yde  (5.8 g, 47 m m o l)  

in anhydrous methanol (100 ml), 4 ,4 , -D iam in o -d ic y c lo h e x y lm e th a n e  

(5 g, 23.5 mmol) dissolved in anhydrous methanol (100 ml) w a s  

added slowly at rt, then the m ixture was refluxed under an i n e r t  

a tm osp here  for 2 h. After cooling to rt, the white precipita te  w h ic h  

has form ed was filtered off under suction, was washed w i th  

m ethanol twice, and dried under vacuum, to give 10 g of th e  

bisimine precursor o f 24 (86% yield).

Mp. 169-172°C.

'H NMR (CDC1,): 5 8.62 (s, 2H, N=CH), 7.69 (dd, 4H. J=9. 2 Hz. ArH),

7.06 (dd, 4H. J=9, 2 Hz. ArH), 1.80-0.88 (m. 22H).

To a solution of the above bisimine (2g. 4.7 mmol) in

chloroform  (40 ml), cooled in an ice b a th  . a cold solution of ra-CPBA 

(2.23 g, 9.4 mmol) in chloroform (40 ml) was added, and the m ix tu r e  

was stirred at 0 -2 °  for 2 h. The m ixture was washed su c c e ss iv e ly  

with cold, 10% aq N aH S 0 3 (40 ml), 5% aq K:C 0 3 (40 ml), and th e n  

water (2 x 25 ml). The solvent was removed under reduced p r e s s u r e  

until p roduct began to precipita te . The solid that had p r e c ip i t a te d  

was filtered, dried in vacuum at rt to give 1.12 g bisoxaziridine 24 as  

a white pow der (52% yield). HPLC analysis on a Rainin M ic ro so rb -  

MV™ C l8 column, flow rate 0.5 m l/min, eluting w i th  

a c e to n i t r i le /e th e r  (95:5) show ed that 24  was a m ixture of tw o  

d ia s te reo m ers  with re ten tion  times of 8.11 and 12. 52 m in

re s p e c t iv e ly .

Mp. 76°C.

'H NMR (CDClj): 8 7.37 (dd, 4H, J=9, 2 Hz, ArH), 7.04 (dd, 4H, J=9, 2 Hz, 

ArH), 4.49 (s, 2H, oxaziridine-H), 2.20-0.88 (m, 22H).
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13C NMR (CDClj): 5 165.3 (arom atic-C F), 115.3 (arom atic-C ), 1 2 9 .2  

( a ro m a tic -C )  (ip so -C ), 129.3, 79.0 (Oxaziridine-C), 70.4, 44.27, 31 .6 ,

31.5, 31.3, 31.1. 28.96.

UV-VIS (MeOH): 224. 248 nm.

FAB-MS (N BA ):m /c=472 [M + N H J \  455 [M + l] \  439 [MH-16]+, 4 2 3  

[M H -(2 x l6 ) ]+.

S y n th e s i s  o f  the b i s o x a z ir id in e  (25).

A solution of te re p h th a ld ic a rb o x a ld e h y d e  (1.34 g. 10 m m o l)  

and 2 - a m in o -2 - m e th y l - 1-p ro p a n o l  (2.3 g, 25 m mol) in a n h y d r o u s  

methanol (20 ml) was refluxed for 30 min. After cooling the r e a c t io n  

m ixture to rt, the white precipitate  was filtered off, and was dried in  

vacuum  at rt for 3 h. The crude product was crystallized f ro m

ch lo ro fo rm -ace to n itr i le  (2 : 1) to give 2.2 g of the bisimine p r e c u r s o r  

of 25 (79% yield).

'H NMR (DMSO-d6): 6 8.33 (s, 2H, N=CH), 7.79 (s. 4H), 3.32 (s. 4H), 2 .2  

(s. br. 2H), 1.16 (s. 12H).

FTIR (KBr): 3175. 2967. 1636 (C=N), 1567, 1473, 1379, 1304. 1284 .

1180. 1064 cm . 1

CI-MS (N H 3): m/z=217 [M + 1].‘

A solution of the above bisimine (2.76 g, 10 mmol) and m -

CPBA (6.69 g, 28.2 mmol) in chloroform (40 ml) was stirred at rt fo r

4 h. The reaction m ixture  was washed successively  with 10% a q

N aH SO j (20 ml), 5% aq K ,C 0 3 (20 ml), and finally with water (2 x 2 0

ml). After drying (M g S 0 4) and filtering, the so lvent was r e m o v e d

using a rotary evapora to r  at rt, to give 2.2 g o f  bisoxaziridine 2 5

(70% yield).
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'H  NMR (CDCI3): 5 7.44 (s, 4H, ArH), 4.78 (s, 2H, oxaziridine-H), 3 .61  

(dd, 2H. J = l l ,  4 Hz, CH2), 3.51 (dd, 2H, J = l l ,  4 Hz, CH2), 2.16 (s, br, 2H, 

OH), 1.15 (s, 6H. Me), 1.04 (s, 6H, Me).

,3C NMR (CDCI3): 5 138.1 (arom atic-CH ), 127.3 (arom atic-C ), 7 3 .3  

(oxaziridine-C), 69.5 (O C H 2), 61.7 (N-C), 20.3 ( C H 3), 18.4 (C H 3).

S y n t h e s i s  o f  b i s -d i p h e n y lp h o s p h in o y lo x a z i r i d i n e  (26) .

To a stirred mixture o f  terephthaldicarboxaldehyde (13.4 g, 0.1 m ol). 

NaOAc (89 g. 0.66 mol) and methanol (150 ml), cooled to 0°C. 

hydroxylamine hydrochloride (15.28 g, 0.22 mol) was added in sm a ll  

portions. The reaction m ixture was stirred for an additional hour a t  

0°C. then at rt for 2 h. W ater (150 ml) was added, and the m ix tu r e  

was allowed to stand at rt overnight. The solid was collected b y 

filteration to afford 14.24 g of the bis-oxime (97% yield).

M.p. 76°C.

'H NMR (CD3OD): 5 4.80 (br. 2H, OH), 7.51 (s, 4H. Ar-H), 8.00 (s. 2H. 

CH=N).

A 50 ml of three necked, round-bottomed flask was equipped with a 

magnetic stirrer, therm om eter, and a p ressu re -equa liz ing  d ro p p in g  

funnel attached to a nitrogen inlet. The flask was charged with t h e  

above bisoxime (0.6 g, 3.65 mmol), tr ie thy lam ine  (1 ml, 7.3 m m o l)  

and anhydrous CH,C1, (20 ml), and the m ixture was cooled to -45°C . 

C h lo rod ipheny lphosph ine  (1.38 ml. 7.3 mmol) was added d r o p w is e  

over a period of one hour, then the mixture was allowed to warm  to  

rt, and the solid was filtered. The organic layer was dried (Na2S 0 4), 

and the solvent stripped. The product was crystallized f r o m  

ben zen e /e th e r  (10:1) to give 0.5 g of the b is(N -phosphinoyl im in e )  

(24% yield).
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M.p. 120-122°.

‘H NMR (CDCI3): 5 7.47 (m, 10H, Ar-H), 7.88 (m, 10H, Ar-H), 8.11 (s. 

4H. Ar-H), 9.35 (d, 2H, 3JPH=31.5 Hz, CH=N).

To a mixture of b is(N -phosphinoyl imine) (500 mg, 0.94 m m ol), 

chloroform (100 ml) and sa turated  aq. NaHC03 (40 ml), m-CPBA (5 .7  

g, 1.88 mmol) in chloroform (20 ml) was added dropwise at 0-2°C. 

and the mixture was stirred for 2 h. After washing with cold 

solutions of 10% aq. NaHSO., and 5% aq. K;C 0 3, the organic layer w a s  

separated and stripped to about half of its volume. Ether was th e n  

added, and the resulting white precipita te  was filtered and dried in 

vacuum to give 400 mg of the b is(N -phosph inoy loxazirid ine) 2 6 

(77% yield).

'H NMR (CDCI3): 5 5.67 (d, 2H. 3J PH=8 Hz. oxaziridine-H), 7.40 (m, 10H. 

Ar-H). 7.80 (m. 10H. Ar-H), 8.12 (s, 4H. Ar-H).

CI-MS (NH,): m /c=584 [M + N H J \  566 [M]*. 550 (M -1 6 ]+, 534 [M- 

(2x16)]*.

Synthesis  of  the tr is im ine  ( 2 7 ) .

To a solution of 2 ,4 ,6 - t r is (p - fo rm y Ip h e n o x y ) -1.3 ,5 - tr iaz ine  (4.41 g. 

0.01 mol) in anhydrous m ethanol (100  ml), 2 - a m i n o - 2 - m e t h y l - 1- 

propanol (2.89 g, 0.032 mol) was added and the mixture was s t i r r e d  

at rt for 20 h. The white prec ip ita te  was filtered, w ashed w i th  

methanol (2 x 20 ml), and dried under vacuum to give 6.57 g of th e  

trisimine 27 (100% yield).

! h  NMR (DMSO-d6): 8 8.29 (s, 3H, N=CH), 7.80 (d, J=8.5 Hz, 6H), 7 .3 0  

(d, 6H, J=8.5 Hz,), 5.4 (br, 3H), 4.65 (t, J=1.6 Hz), 1.15 (s, 18 H).

13C NMR (DMSO-d6): 5 172.8, 155.2, 152.2, 134.7, 128.8, 121.3, 64 .4 ,

60.9, 23.9.
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FTIR (KBr): 3399.1, 2967.4. 2929.0, 2869.2, 1643.1. 1606.5, 1573.0 ,

1504.1. 1467.1, 1371.3, 1299.5. 1208.2, 1061.6, 1016.0, 848.8, 8 0 3 .2

c m '  ^.

S y n th es is  o f  the tr i soxaz ir id in e  (28).

To a solution of trisimine 27 (0.3 g, 0.46 mmol) in chloroform  (2 5  

ml). m-CPBA (0.4 g, 2.3 mmol) was added in one batch and th e  

m ixture was stirred at rt for 3 h. The reaction m ixture was w a s h e d

successively  with 5% aq sodium th iosulfa te  solution (5 ml), 10% a q

NaHC03 (5 ml), then with water ( 2 x 5  ml). The organic layer w a s  

dried (M g S O j,  filtered, then e ther was added (15 ml) until a w h i te  

precipitate formed. After keeping the suspension at -2 0 °C  o v e rn ig h t ,  

the p rec ip ita te  was filtered to give 0.3 g of trisoxazirid ine  2 8  (91% 

y ie ld ) .

lH  NMR (DM SO-d6): 5 7.47 (d. 6H, J=8  Hz), 7.23 (d, 6H. J=8 Hz), 5 .0 3  

(s. 3H). 4.87 (br. 3H.). 3.32 (s. 6H), 1.02 (s, 9H), 1.00 (s. 9H).

13c  NMR (DM SO-d6): 5 172.9. 152.2, 143.8, 133.7. 128.9, 72.1. 66 .9 . 

61.8. 18.5. 14.2.

FTIR (KBr): 3434.9. 2974.1, 1572.9. 1509.2, 1371.2, 1212.8, 10 55 .6

c m - 1.

FAB-MS (NBA): m / z - 703 [M+l]+, 687 [M -1 6 ] \  671 [M -(2 x l6 )J  ", 65  5 

[M-(3 x l 6 )]*. 616 (MH-87]", 529 [MH-(2x87)]+, 442 [M H-(3x87]+.

Sy n th es is  o f  the m acrobicyc l ic  im ine  (29).

A 100 ml, th ree-necked , ro u n d -b o tto m ed  flask was equ ipped  with a 

m agnetic stirrer, a condenser, and a pressure equaliz ing d ro p p in g  

funnel a ttached to a nitrogen inlet. The flask was charged w i th  

t r is (2 -am inoethy l)am ine  (0.292 g, 2 mmol) and anhydrous  m e th a n o l
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(50 ml), then te re p h th a ld ic a rb o x a ld e h y d e  (0.402 g, 3 mmol) in  

anhydrous m ethanol (50 ml) was added in one portion with s t i r r in g ,  

and the mixture was refluxed  under nitrogen a tm osphere  for 3 h. 

The reaction m ixture was allowed to stand overnight at rt and t h e  

insoluble m aterials were filtered through a sintered glass funnel o f  

medium porosity. The filtrate was reduced to half of its volume, t h e n  

water was added (10  ml) slowly with stirring until a w h i te  

p recip ita te  formed. The p rec ip ita te  was filtered through  a s in t e r e d -  

glass funnel of m edium  porosity  and was washed with water ( 2 x 5  

ml) then dried in vacuum  for 12 h, at rt to give 0.61 g of th e  

m acrobicyclic imine 29,  as a white powder (92% yield).

Mp:>300°C (dec.)

! h  NMR (CDCIj): 5 8.21 (s. 6H, HC=N), 7.20 (s. 12H, ArH), 3.83 ( b r  

12H, CH :), 2.85 (br, 12H, CH ; )

13c  NMR (CDCIj): 5 161.6 (C=N). 137.3 (Ar). 128.5 (Ar). 57.9 (CH,).

52.6 (CH:).

FTIR (KBr): 3387.8, 1642.9, 1456.5, 1438.5. 1381.9, 1303.1, 1077 .8 .

1033.9. 908.4, 832.2 c m ' 1.

FAB-MS (glycerol): m /z - 587 [M + l] . '

Syn th es is  o f  m a c r o b ic y c l i c  oxaz ir id ine  (30).

A 1000 ml ro u n d -b o t to m ed  flask was equipped with a m a g n e tic  

stirrer and a pressure  equalizing dropping funnel. The flask w a s  

charged with the m acrobicyclic  imine 29 (2 g, 3.4 mmol) dissolved in  

CHCI3 (200 ml), sa tu ra ted  aq NaHC03 (100 ml) and 6  g BTEAC (6 g).

The mixture was cooled to 0-2°C , and a solution of m -C PBA (8 g, 2 5 

mmol) in CHCI3 (200 ml) was added dropwise with stirring over a

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



153

period of 10 min. The reaction mixture was stirred for an additional 6 

h at 0-2°C, then the layers were separated . The organic layer w a s  

washed successively with 10% aq N a H S 0 3 (100 ml), 5% aq K,C03 ( 1 0 0  

ml) then water (2 x 100 ml), then e ther was added to the o rg an ic  

layer until a white precipitate formed. It was filtered and dried in 

vacuum for 8 h at rt to give 0.93 g of the macrobicyclic o x a z i r id in e  

30, as a white powder (40% yield).

!H NMR (CDC13): 5 6.95 (s. 12H. ArH). 4.67 (s. 6H. oxaziridine-H), 3 .0 4  

(dd. 6H. J=12. 9 Hz. CH,). 2.87 (dd, 6H. J=12, 9 Hz, CH2), 2.69 (dd. J=12. 

2 Hz. CH; ). 2.42 (dd. J=12, 2 Hz, 6H, CH2).

!'C NMR (CDC1-,): 5 130.1 (Ar-CH), 127.3 (Ar-C). 80.1 (o x az ir id in e-C ).

60.6 (O-NC). 54.0 (NC).

FTIR (KBr): 2952.1. 2814.2. 1444.6. 1353.2. 1300.9. 807.3 c m 1.

FAB-MS (NBA): m /z=683 [M +l]’ .

S y n th e s i s  o f  4 , 4 , - d i e n a m in e - 2 ,2 , -b ip y r id in e  (S c h e m e  2 2 ) . 89

A 25 ml th ree-necked , round-bo ttom ed  flask was equipped  with a 

therm om eter, a magnetic stirrer, and a condenser a ttached  to a 

nitrogen inlet. The flask was charged with 4 .4 ’- D im e th y l - 2 ,2 ’- 

bipyridine (1 g, 5.4 mmol), t e r r - b u to x y b is ( d im e th y la m in o ) m e th a n e  

(4.7 ml, 22.7 mmol), and anhydrous DM F (5 ml) and the m ixture  w a s  

heated for 18 h at 140° . After this had been cooled to rt, w ater  w a s

added (50 ml) and the mixture was extracted with CH2C12 (5 x 15 m l).

The organic layers were dried (M gS 04), concentrated, then e ther  w a s  

added to precip ita te  1.12 g (89%) o f  4 ,4 '- D ie n a m in e - 2 ,2 '- b ip y r id in e  

which was used directly in the next step.

*H NMR (CDCI3 ): 5 8.33 (d, 2H, J=5.5 Hz, 6 ,6 ’-ArH), 8.10 (d, 2H J=2Hz,

3,3*-ArH), 7.19 (d, 2H, J=14 Hz, CH=), 6.93 (d,d, 2H, J=5.5 Hz, 5 ,5 ’-

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



154

ArH). 5.07 (d, 2H, J=14 Hz, CH=), 2.86 (s, 12H, Me), 2.86 (s, 12H.

NMe,J.

S y n th e s i s  o f  4 ,4 ' -D i fo r m y l -2 ,2 ' -b ip y r id in e  ( S c h e m e  2 2 ) .89

To a solution of 4 ,4 ’-d ien am in e -2 ,2 -b ip y r id in e  (1.43 g, 4.8 mmol) in 

THF (20 ml), an aqueous solution of N a I0 4  (8 g, 37.4 mmol) w as 

added dropw ise  at rt and the reaction mixture was stirred for 12 h. 

The insolubles were removed by filtration and washed with THF (50  

ml). The solvent was removed under reduced pressure  a n d

d ich lo rom ethane  (60 ml) was added. The organic layer was w a sh e d  

twice with saturated aq N aH C 03 and once with water, dried (MgS0 4 ). 

and evapora ted  to dryness to give 0.97 g of 4 ,4 '-D ifo rm y l-2 .2 '-  

bipyridine (98 % yield).

1H NMR (CDCI3 ): 5 10.18 (s, 2H, CHO). 8.94 (d. J=5 Hz, 2H. 6 .6 ' -ArH). 

8.87 (d. J=1.5 Hz. 2H. 3.3'-ArH). 7.76 (dd. J=5 an d l.5  Hz. 2H. 5 ,5 '-  

ArH).

Synthes is  o f  m acrob icyc l ic  b ip yr id in e  (31).

A 25 ml th ree-necked , round-bo ttom ed  flask was equipped  with a 

magnetic stirrer, a thermometer, and a p ressu re -equa liz in g  d ro p p in g  

funnel a ttached to a nitrogen inlet. The flask was charged with a 

solution of 4 ,4 '-d ifo rm y l-2 ,2 ’-b ipyrid ine  (O.lg, 0.47 mmol) in

anhydrous THF (5 ml), then tr is (2 -am in oe thy l)am ine  (0.07 g, 0 .49  

mmol) in anhydrous THF (5 ml) was added dropwise, under an in e r t  

a tm osphere. The reaction mixture was stirred for 12 h at rt. The 

yellow prec ip ita te  was filtered, dissolved in chloroform  (10  ml), a n d  

the solution was stirred for 18 h at rt. The insolubles were r e m o v e d
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by filtration, the filtrate was concentrated  under reduced p r e s s u r e ,  

and then THF (5 ml) was added until a white prec ip ita te  formed. T h e  

suspension  was kept at -20°C  overnight, then it was filtered to g iv e

0.15 g macrobicyclic bipyridine 31 (38% yield), as a white solid.

! h  NMR (CDC13): 5 8 .9 l(d . 6H, J=5 Hz, 6 .6 '-ArH ). 7.94 (dd. 6H, J= l.  5 

Hz. 5.5'-ArH). 7.81 (s. 6H. 3,3’-ArH), 6.85 (s, 6H. CH=N). 3.79 (m. 12H. 

N =C H -C H ;). 2.80 ( m. 12H. CH2-N).

r'C NMR (CDC13): 5 159.8 (C=N). 150.3 (C2), 156.5 (C3). 131.5 (C4). 13 4 .3  

(CO. 121.3 (C6). 58.3 (C-C=N). 53.3 (C-N).

FAB-MS (NBA): m/z =821 [M +l]+.

Syn th es is  o f  M acro cy c l ic  amide (32).

2 .2 '-M e th v le n e b is (4 -n i t ro p h e n o l ) :

p-N itrophenol (27.8 g, 0.02 mol) and 5 ml of w ater were placed in to  

a 500 ml of th ree -necked  flask equipped with a mechanical s t i r r e r

and a condenser, and the m ixture was heated to 75°C  in an oil b a th .  

To this, conc. H2 S O 4 (24 ml) and 37% aq fo rm aldehyde  (0.12 mol. 1 0

ml) were then added. The tem perature  was kept beween 1 2 0 ° -  

1 3 0 ° C  for 2 h until the product separated into a pale yellowish s e m i ­

solid mass and a clear superna tan t liquid. The solid was filtered o f f  

and dissolved in 100 ml of 4% aq. NaOH. The dark red solution w a s  

filtered, and 5M HC1 was added to the filtrate until a pale y e l lo w  

precip ita te  formed and the color of the solution turned pale y e l lo w  

(pH=2-3). The prec ip ita te  was filtered, washed with 1000 ml o f  

water, and dried at 110°C, to give 28 g o f  2 ,2 '- M e th y le n e b i s ( 4 -  

nitrophenol), a pale yellow powder (95% yield).

Mp: 268°C.
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*H NMR(CDC1,):5 11.26 (s, 2H, -OH). 8.03 (d, 2H. J=8 Hz. 5 ,5 ’-ArH). 

7.94 (s. 2H, 3,3 '-ArH), 6.97 (d, 2H, J=8 Hz, 6 ,6 ’-ArH), 3.90 (s, 2H, CH2). 

13c  NMR (CDC13): 5 199.3 (C4), 176.9 (C,), 164.3 (C3), 163.3 (C5), 1 6 1 .6  

(C ;). 152.6 (C6), 66.8  (CH,).

FTIR (KBr): 3331.2. 1591.1, 1518.6, 1486.8. 1331.7. 1281.3, 1090 .8 .

836.5, 821.9. 752.3. 640.9 c m -1.

CI-MS (C H J: m/z=291 [M +l]+ .

2 .2 ,-m e th v Ie n e b is (4 -n i t ro p h e n y l  d e c v le th e r ) :

A 500 ml th ree -n eck ed , round-bottom ed flask was equipped with a 

magnetic stirrer, condenser and a nitrogen inlet. The flask w a s  

charged with of 2 ,2 '-m ethy lene  b is(4 -n itropheno l)  (5.8 g, 20 m m o l) ,  

I -b rom odecane  (8.86  g, 40 mmol), anhydrous K2CO3 (11.04 g. 8 0 

mmol) and anh yd rou s  DMF (150 ml). The mixture was stirred  a t  

6 5 °C  for 48 h. After cooling to rt, the m ixture was filtered through a 

sin tered-g lass funnel. The residue was washed with 200 ml of 

ethanol. The com bined  filtrates were concen tra ted  under r e d u c e d  

pressure. The bright yellow solid was isolated by trituration in 20 m l 

of ethanol. The solid was dried in vacuum at rt for 16 h to give 9.60 g 

of 2 ,2 '-m e th y le n e b is (4 -n i t ro p h e n y l  decyle ther)  as a yellow p o w d e r  

(84% yield).

*H NMR (CDCl^): 6 8.08 (d, 2H, J=3Hz, 3 ,3’-ArH), 8.05 (dd, 2H, J=10, 3 

Hz, 5,5*-ArH), 6.82 (d, 2H, J=10 Hz, 6 ,6 '-ArH). 4.00 (t, 4H, J=6  Hz, -CH;- 

O) , 3.95 (s, 2H, Ar-CH 2-Ar), 1.84 (q, 2H, J=7 Hz, 9 ’-CH2), 1.15-1.61 (m, 

14H, 2’-8’-CH;), 0.86 (t, 3H, J=7 Hz, lO’-CH,).

2 .2 ,-m e th v len eb is ( '4 -am in o p h en v l  d e c v l e t h e r ) :

To a stirred so lu tion  of 2 ,2 ’-m ethylene b i s ( 4 - n i t r o p h e n y ld e c y le th e r )  

(4 g, 7 mmol) in a m ixture of THF (100 ml), ethanol (200 ml) a n d
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water (50 ml), NH4CI (2 g, 40 mmol) and activated Zn dust (5 g)

were added and the mixture was kept at 50°C for 30 min. After a n  

additional hour of stirring at rt, the m ixture was filtered on a ce li te  

pad and the residue was washed with ethanol (100 ml). The s o lv e n ts  

were rem oved at reduced p ressure  and the dark brown solid w a s  

dried in vacuum for 16 h at rt to give 4.46 g of 2 ,2 '-m ethy lene  b is (4 -  

am inophenyl decylether) (98% yield).

'H NMR (DMSO-d6): 6 6.62 (d. 2H, J=8 Hz. 6 ,6 '-ArH), 6.32 (dd. 2H J=8 .

2 Hz, 5 .5’-ArH). 6.18 (s, 2H. 3.3*-ArH). 4.44 (s. 2H. Ar-CH:-Ar), 3.75 (t.

2H. J=6  Hz, l '-C H ; ). 1.59 (q, 2H. J=7 Hz. 9 ’-CH:). 0.9-1.6 (m. 14H. 2 ’-8 '-

C H : ). 0.83 (t, 3H, J=7 Hz. lO’-CH,).

Macrocvclic amide (3 2):

A 1000 ml three-necked, ro u n d -b o tto m ed  flask was equ ipped  a 

m agnetic stirrer, a condenser, a p ressure -equa liz ing  dropping fu n n e l  

a ttached to a nitrogen inlet. The flask was charged with of 2 .2 ’- 

m ethylenebis(4-am inophenyl decylether) (4 g. 2.6 mmol), a n h y d r o u s  

CH2CI2 (500 ml) and dry tr ie thy lam ine  (2 ml). To this, a solution of 

2 ,6 -p y rid in ed ica rb o n y lch lo r id e  (1.26 g, 6.2 mmol) in 50 ml o f 

anhydrous CH2CI2 was added dropwise. at rt, and the m ixture  w as  

stirred for 16 h at rt. Methanol (600 ml) was then added, and th e  

CH2CI2 was removed under reduced pressure at rt until the d a r k  

brown product began to p recip ita te . The product was dried in 

vacuum  at rt for 16 h to give 1.8 g the macrocyclic amide 3 2  (44% 

y ie ld ) .

'H NMR (CDClj): 8 8.05 (t, 2H, J=9 Hz, Ha), 8.38(d, 2H, J=9 Hz, H b), 9 .2 2  

(s, 4H, Hc), 7.64 (d, 4H, J=9 Hz, Hd), 6.93(d, 4H, J=9 Hz, He), 7 .02 (s, 4H, 

H f), 3.35-3.39 (br, 4H, Hg, H r ), 1.8-0.84 (m, 2 ,-9’CH2& 1 0 , C H 3).

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



158

FTIR (KBr): 3389.4. 1590.6, 1397.2 c m / '

CI-MS (NH3): m/c=1282 [M]+.

Synthesis o f  the Ni(II) com plex  o f  m acrocycl ic  amide (33).

A 500 ml th ree -n eck ed , round -bo ttom ed  flask was equipped with a 

magnetic stirrer, a condenser and a p ressu re -equa liz ing  d ro p p in g  

funnel a ttached to a nitrogen inlet. The flask was charged with th e  

macrocyclic amide 32 (3 g. 2.34 mmol) dissolved in anhydrous THF 

(200 ml), and a 1M solution of Li(M e3 S i)2 N in THF (10ml) was added. 

The mixture was stirred for 15 min at rt. then (Ph3 P ) 2 NiBr (1.8 g. 2.4 

mmol) was added and the m ixture was stirred for an additional 2 0 

min at rt. Rem oval of the solvent under reduced pressure at rt gave a 

dark brown pow der of the Ni(II) complex of macrocyclic amide. 11 

was washed once with CH;CI: (50 ml) and twice with water. The

brown powder was dried in vacuum  for 16 h at rt to give 3.86 g ot

33 (98% yield).

UV (MeOH): 366 nm

Far-FTIR (polyethylene film): 540 cm ’ 1 (Ni-N stretching).

CI-MS (NH,): m /z - 1338 [M + Ni]+.

Synthesis  of  2 , 4 , 6 - t r i s ( p - f o r m y l p h e n o x y  ) - l , 3 , 5 - t r i a z i n e  
( 3 4 ) .

Cyanuric chloride (1.2 g, 6.5 mmol) and p -h y d ro x y b en z a ld e h y d e  (3 .2  

g, 26.2 mmol) were added to a stirred suspension of Na2 C C 3 (10 g) in

benzene (100 ml), and the m ixture was refluxed for 20 h. A f te r

cooling, the solid was removed by filtration and was washed tw ice  

with hot ethyl acetate. The filtrate was ex tracted  with 10% a q  

Na2C03 twice and with water once. The com bined organic la y e rs
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were dried (N a2 SC>4 ) and concen tra ted  to give a white p re c ip i ta te  

that was collected by filtration to afford 2.1 g of 3 4 ,  as a w h i te  

powder (78% yield).

FTIR (KBr): 2833, 1702, 1567. 1361, 1211. 842, c m '1.

lH  NMR (CDCI3 ): 8 10.0 (s. 3H). 7.92 (d, 6H. J=8.5 Hz), 7.32 (d. 6 H.

J=8.5 Hz).

I3 C NMR (CDCI3 ): 5 122.2. 131.3, 134.5. 155.7. 173.2 (N=C). 190 .6  

(C=0).

FAB-MS (NBA): m/-=442 [M + 1]+.

S yn th es is  o f  t r i s (n i tro n y l  n itrox ide)  (36).

A mixture of 2 ,4 .6 -T ris ( /? -fo rm y lpheno xy )-1 ,3 ,5 - t r ia z in e  (0.32 g. 0 .7 2  

mmol) and N .N '-D ih y d ro x y -2 ,3 -d ia m in o -2 .3 -d im e th y lb u ta n e  (0.32 g. 

2.2 mmol) in anhydrous acetonitrile (50 ml) was stirred for 4 h at rt. 

The white p recip ita te  was filtered, washed with acetonitrile  (20 ml), 

and dried in vacuum to yield 0.28 g of 3 5  (45% yield). A solution o f  

this crude tris(d i-N -hydroxy) com pound 3 5  (0.16 g, 0.19 mmol) in a 

mixture of chloroform (15 ml) and methanol (5 ml) was then s t i r r e d  

with P b 0 2  (1-5 g, 11.6 mmol) at rt for 5 h. The m ixture was f i l te re d  

through a celite pad and the filtrate was concentra ted . T he  

tris(n itronyl nitroxide) was purified by FCC, eluting with e th y l  

a ce ta te /m e th an o l  (5:1) to give 0.2 g of 36 (33% yield), as deep b lu e  

c ry s ta ls .

M.p 350° (dec.)

Xmix (MeOH): 214, 252, 362 (nitrone), 598 (nitronyl nitroxide) nm. 

FTIR (KBr): 3188, 2982, 1593 (triazine ring), 1481, 1366 (N -O ’

stretching), 1218, 1171 c m '1.
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FAB-MS (glycerol): m/z= 590 [M-232]*, 358 [M-(2 x 232)]*. 343 [M -(2  

x 232)-15],- 574, 558. 543, 528, 512, 464, 448, 432. 416.

H y d r a z in e  r e d u c t i o n 91 o f  tris(nitronyl n i trox ide)  (36) to t h e  
h y d r o x y l a m i n e  ( 3 7 ) .

To a solution of the tris(nitronyl n itroxide) 3 6  in a n h y d r o u s  

methanol (15 ml), m ethy lhy d raz ine  (38 mg. 0.83 mmol) was a d d e d  

and the mixture was stirred at rt until the deep blue color o f th e  

radical 36 changed to ye llow -brow n (ca.15 min.). Evaporation of th e  

solvent under reduced pressure at 50°C gave a yellow-brown oil t h a t  

was purified by FCC eluting with m e th a n o l /e th e r  (10:3) to give 160  

mg of the hyd ro xy lam in e  3 7  (95% yield). HPLC analysis on a 

Microsorb MV C18 column, eluting with methanol showed the s a m p le  

to be a mixture o f  conformational isomers. 37 and 3 7 ’ . in addition to 

minor, unidentified  products , 

m.p. 136°C.

Amax (MeOH): 216. 268, 346(sh). 368. 371 (sh) nm.

Samples for 'H nmr m easurem ents  were p repared  by dissolving 2.5 

mg of compound 3 7 in 0.4 ml of DMSO and adding 2 drops (ca. 0 .0 6  

ml) of benzene-d6) to it.

'H NMR (DM SO-d6-b enzene-d6):

37: 5 1.09 (br, 36H. Me), 6.60 (d, 3H. J=8  Hz. 1-H), 6.97 (br. 3H. OH). 

7.21 (d, 3H, J=8 Hz. 3-H), 7.26 (s. benzene-H ), 7.87 (d. 3H, J=8 Hz, 2 -  

H), 8.05 (d, 3H, J=8  Hz, 4-H).

3 7 ’: 5 1.02 (br. 36H, M e'), 5.80 (d. 3H, J=12 Hz. 4'-H), 6.13 (d, 3H. J=12 

Hz, 3’-H), 6.66  (d, 3H, J=8 Hz, 2'-H), 6.68 (d, 3H, J=8 Hz, l '-H). 6.97 (br. 

3H, OH), 7.26 (s, benzene-H).

,3C NMR (DMSO-d6):
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3 7 :  8 17.8 (C 14), 24.3 (C l3). 29.4 (C i:), 30.7 (C M), 48.5 (C 10), 57.9 (Cq),

60.4 (C8), 110.7 (C6), 121.8 (C4). 123.5 (C37), 154.1 (C2), 155.7 (C<).

3 7 ’ : 8 14.3 (C,4.), 16.1 (C i r ). 18.9 (Ci: ), 27.8 (C i r ), 43.9 (C I0.). 59.6 (Cq.).

67.1 (C8-). 110.1 (C6.), 116.1 (C4.), 125.1 (C? r ). 152.2 (Cr ). 154.7 (Cv ). 

FAB-MS (NBS): m /z = 592 [M-232]*. 481. 469. 453. 420. 404. 393. 374.
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