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I. INTRODUCTION 

The preparation, chemical and physical properties of aromatic six-embered nitrogen-containing 

heterocyclic compounds (e.g. pyridines, d<azines, etc.) and their occurrence and function in 

biological systems have been extensively studied. However, the chemistry of reduced azines has 

been largely unexplored, with the exception of the dihydroazines (DHA) that are lately attracting 

pnrticular attention. These compounds, which are actually diverse nitrogen analogs of 

cyclohexadienes and previously thought to be highly unstsble, have in recent years achieved same 

prominence, due to recent advances in theoretical, bio- and medicinal chemistry. 

Particularly dihydroazines containing the 1,4-dihydropyridine moiety1 are of great interest t o  

biochemists, as this structure plays an important role at the active site of the "hydrogen - 
transferring coenzyme" NADH (1) (reduced nicotinamide adenine dinuoleotide). In order to better 

understand the NADH biochemistry, it has become important to synthesize a wide range of DHA 

derivatives - both chiral and achiral - for use as NADH analogs.2 Dihydropyrimidinic analogs of 

the dihydronicorinamide moiety of NADH provide new opportunities to modify metabolic processes and 

clarify the mechanisms of biological redox reactions involving NADH. Moreover, since C-bound 

nucleosides have been found to exhibit novel antiviral and antitumor activity3, it would also be 

of interest to prepare analogous C-substituted dihydropyrimidinic nucleosides. 

In the area of drug development, the chemistry of DNA shows great promise, particularly since the 

4-aryldihydropyridines exhibit powerful vasodilating activities via blocking of the calcium 

channel and modifying the movement of caw into and within cells. The explosive activity in this 
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area of heteroeycll~ synthesis has produced an exponential erowth in patent applications and 

papers, and has led to the marketing of a new, effective drug for treating cardiac patients, 

rnifedipine (2).4 Other active 4-aryldihydropyridine derivatives, such as nimodipine and nicar- 

dipine (cerebral vasodilators) and nitrendipine (an antihypertensive) are presently undergoing 

clinical Further interest in DHA chemistry was stimulated by the demonetration of drug- 

delivery systems using dihydropyridines to achieve enhanced transport of meditation across 

biological membranes.6 

Most of the information available today centers around the dihydropyridines, although a few 

reparcs dealing with dihydropyrazines7 and dihydropyridazines8 have appeared. Until recently, 

papers describing the synthesis and chemistry of dihydropyrimidines were very limited. Only a 

handful dealt with successful synthesis, and a few with chemical properties - for example, 

reaction of dihydropyrimidines with electrophiles, and comments relating to "instability" and 

"susceptibility to oxidation". Since we could not discern why introdnetion of a nitrogen atom at 

the p-position of dihydropyridine should lead to decreased stability, we entertained the thought 

that perhaps not so much the instability of the dihydropyrimidines, but rather the synthetic 

approaches used to obtain them, caused the inacessibility of the compounds. So, we initiated a 

derailed study of the preparation and properties of dihydropyrimidines. As we were able to develop 

a simple route for synthesis of a model dihydropyrimidine, which exhibit amidinic tautomerim, the 

door was opened to expand our knowledge of dihydropyrimidine chemistry. This account relates to 

the work we have achieved in this area; we incorporate in chis account only monocyclic 

dihydropyrimidines being unequivocally identified. Particular attention will be given to thoae 

dihydropyrimidines bearing no substituents on the ring nitrogen(s1, and which can undergo 

oxidation to the correeponding pyrimidines. 

All the dihydropyrimidines being described in this Review can be present in several tautomeric 

struct~res. In order to differentiate them we used the capitals A, 8 ,  C, D, E. The capitals A, 8 ,  

C, refer to the cyclic enamines, in which the lone part of the p-electrons of the sp3 nitrogen can 

conjugate with the four n-electrons of the diene, and the capitals D. E to the cyclic imines, in 

which such conjugation cannot occur. 



11. SYNTHESIS 

The methods f o r  p r e p a r i n g  dihydropyrimidines can be conven ien t ly  d i v i d e d  i n t o  rwo main groups:  

c y c l < z a t i o o s  of a c y c l i c  fragments  and m o d i f i c a t i o n s  o f  p re -x i s t ing  pyrimidine r i n g s .  

1I.a Cycl iza r ion  Methods 

1 1 . 1  From = , I - l insa tu ra red  Carbonyl Compounds. 

The r e a c t i o n  of a d d i n e s  with r e a d i l y  a v a i l a b l e  a ,@-unsa tu ra ted  carbonyl  ~ ~ m p o u n d s  seems an 

a r m a c t i v e  <3+3> approach t o  o b t a i n  dihydropyrimidines.  However, u n t i l  r e c e n t l y ,  on ly  a few 

r e a c t i o n s  of t h i s  type were known as the  r e s u l t  of a f o r t u i t o u s  combination of r e a c t i o n  c o n d i t i o n s  

and s t a r t i n g  mate r ia l s .10  

Considerat ion of the p o s s i b l e  mechanisms of dihydropyrimidine formation from o,P-unsaturated 

carbonyl  compounds and amidines suggested t h a t  t h e  r e a c t i o n  occurs v i a  n u c l e o p h i l i e  a t t a c k  by 

amidine a t  the a c t i v a t e d  dovble bond (Il ichaellype a d d i t i o n ) ,  fol lowed by r i n g  c l o s u r e  and 

dehydrat ion (see Scheme I). 

Scheme 1  

A new approach t o  o b t a i n  6-mthyl-2,4-diphenyldihydropyrimidine ( % I ,  o r i g i n a l l y  syn thes ized  by 

nuhemamlo and subsequently by Heyes and i(obertsl',  i n v o l v e s  the  condensat ion of benzalacerone and 

benzamidine i n  benzene along wi th  a z e o t r o p i c  removal of the  water.'' The method however f a i l e d  

when a t t empt ing  t o  syn thes ize  o t h e r  dihydropyrimidines,  p a r t i c u l a r l y  those w i t h  f e w r  and less  

bulky s u b e t i f u e n t s .  
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A new attempt to prepare these compounds, namely first prepal-ation and isolation of the 

hydronytetrahydropyriiidiie ( 3 ,  followed by dehydration of (3) to the dihydropyrimidine (4), 

proved to be successful. Applying this strategy, a nearly quantitative yield of 6-hydroxy-1,4,5,6- 

tetrahydropyrimidines (3) could be easily achieved under mild conditions, and optimal methods for 

carrying our the dehydration reaction were developed. This new and versatile synthetic route 

indeed enables the preparation of a large variety of dihydropyrimidines.13 

These results induced us to attempt the synthesis of the parent 1,4(1,6)- dihydropyrimidine, a 

goal long sought by synthetic chemists. Past attempts to prepare it from acrolein failed.lnv14,15 

However, using the two-step method, 6-hydroxytetrahydropyrimidine (3) was prepared in high yield 

from acrolein and farmamidine. Dehydration of this product was carried out by boiling in 

aimethoxyethane (or in other solvents, such as acetonitrile or DMF), yielding the unsubsriruted 

dihydropyrimidine (4). Unfortunately, under the conditions used, 4 was extremely unstable and 

could not be isolated in a pure state. However, NMR end MS spectra verified its presence.16 By 

applying this method to the reaction of acrolein with acetamidine or benzamidine, a high yield of 

both 2loerhyl- or 2-phenyl-dihydropyrimidine was The 2-phenyl derivative is stable, 

whereas the Z-methyl product decomposes, though nor as rapidly as the parent molecule. In all 

these reactions involving acrolein, polymerization of the starting material was prevented by 

addition of hydroquinone. 

Dihydropyrimidines functionalined at position 5, which display interesting activities as calcium 

antagonists, membranotropic agents and antioxidants, were also prepared in good yields. The 

dehydration was particularly successful when using acid catalysis or acetic acid as the solvent.18 

These results are reminiscent of the classical synthesis of Schiff bases, in which the dehydration 

of the N,O-hemiacetal intermediates is accelerated by general acid catalysis.19 

The initlal product of dehydration of hydroxytetrahydropyrimidine (3) is probably the unstable 

4,5-dihydropyrimidine 48, which presumably undergoes either thermal suprafacial [1,51-hydrogen 

migration to the corresponding 1,6-dihydropyrimidine ( 4 0  or imine-enamine tauromeric 

rearrangement to the 1,4-dihydropyrimidine 4A. (Scheme 2). 



Apparently, the rate of hydrogen migration is fast, since 4,5-dihydropyrimidines were neither 

isolated nor detected spectroscopically. However, some indirect, but not unequivocal, proofs for 

the intermediacy of 4.5-dihydropyrimidines were obtained: in the reaction of ~hydrarybenzal- 

acetone ( 6 )  with benzamidine, instead of the desired dihydropyrinidine (7A) (which is stabilized 

by intramolecular hydrogen bonding), the corresponding bridgehead compound (9) was isolated." 

(See Scheme 3). 

The key step in this reaction is likely the formation of highly reactive 4.5-dihydropyrimidine 

(BE), in which the phenolic hydroxy group rapidly attacks position 6 before proton migration 

occurs to the dihydropyrimidine 7A. 
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moreover, for specific assignment of the protons at C(4) and C(5), in the course of structural 

investigations via W, the deuterated dihydropyrimidine was prepared." 

The ratio of deuteration at position 5 is what would be expected from a kinetic isotope effect 

during the isomerisation of 4.5-dihydropyrimidine to the more stable tauromerie 1.4- and 1,6- 

dihydra compounds. 

The mechanism of this hydrogen migration needs further study. It would be interesting to compare 

the races of and substituent influences on this migration with the similar processes in the last 

step of Hantzsch's synthesis of dihydropyridines, and in hydrogen migration in dihydropyridazine 

Series. 

II.a.2 Prom p-Dicarbonyl Compounds. 

The four-component condensatioo reaction of 9-dicarbonyl compounds with amonia (or ammonium 

salts) and carbonyl-containing substance8 seems to be a convenient and rather promising <3+l+l+l>- 

fragment approach for the preparation of 1,Zdihydropyrimidines (Scheme 4). 

Scheme 4 

This reaction is nearly identical to the elassieal Hantzsch synthesis of dihydropyridines, vith 

only tke molar ratio of starting materials being changed. However, only isolated examples of its 

application are found in the literature. Krshnke and coworkersZZ were the first to attempt this 

method, but its use for the successful isolation of 1.2-dihydropyrimidines, was only achieved by 

Hoffmann and coworkers.Z3 Other authors subsequently employed this approach for various 

purposes.24 

A recent report of the quantitative preparation of amino vinyl ketonesZ5 from ammonium acetate and 



p-di~arbonyl compounds stimulated the development of a modified <4+1+1> approach for preparation 

of 1,Z-dihydropyrimidines in high yields.z6 A similar preparation utilizing a gem-diamine 

containing two trifluoromethyl groups was also reported." It ie surprising that 

methylenediamineZ8 has not been used as a starting marerial for this reaction. 

In addition, 1-substituted 1,2-dihydropyrimidines have been obtained in an aluminium chloride- 

catalyzed reaction of diimines, carbonyl compounds or their acetalsZ9 and via imidoylketenimine 

rearrangement at room tem~erature.~~ Polish workers claimed the formation of dihydropyrimidines by 

reaction of methyl aluminares with a~rylonitrilee.~' 

I1.b Pyrimidine Derivatives as Starring Materials 

I1.b.l Addition of Organometallic Reagents 

Several reactions of organolithium compounds or Grignard reagents with pyrimidines or its 

derivatives have been reported to give, after suitable workup, a mixtvre of 2- and 4-substituted 

pyrirnidine~.~.~' Although these reactions occur via unstable dihydropyrimidines, nos; of these 

early investigations were aimed at preparing substituted pyrimidines, and therefore, the 

dihydropyrimidine intermediates were never isolated and very seldom identified. The action of Li- 

organic reagents (particularly, aryl and hetaryl lithium) on pyrimidine and derivatives has been 

used recently for the preparation of d i h y d r ~ p y r i r n i d i n e s . ~ ~ ' ~ ~ , ~ ~  

This addition usually occurs at the unsubstituted positions. Thus, in the case of pyrimidines, a 

mixture of 1,6- (or 1,4-) and 1.2-dihydropyrimidines is obtained as a result of nucleophilic 

addition to the C=N bonds: the formation of 1,6- (or 1,4-) dihydropyrimidines predominates. When 

only a single unsubsrituted or sterically less-hindered position is available, one product 
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An interesting example of an unusual 2,5-addition of organometallics is the addition of 

butyllithium fa 4,6-dialkoxypyrimidines to give the 2-butyl-4,6-dialkoxy-2,5-dihydropyrimidines. 

The formation of these compounds probably occurs via the interm?diate 1,2-dihydropyrimidines3', 

which most likely undergo a tautomeric hydrogen shift. A series of 2,s-dihydropyrimidines of this 

type was prepared analogously. 38 

OAlk OAlk OAIk OAlk 

II.b.2 Addition of Neutral Nucleophiles 

Lbcently it has been established 38a that 5airrapyrimidine when dissolved in liquid ammonia at 

-45.C undergoes covalent addition a t  C-2, yielding 2-amino-5aitro-1,Z-dihydropyrimidine LO ( R  = 

H). Adducr 10 (R = H) is unstable in the liquid ammonia a t  -45'C and slowly converts at -35'C to 

the 4-amino adducr I1 (R = H). This 4-amino adduct formation occurs very fast when liquid ammonia 

is allowed to react at room temperature. 2-R-5-nitropyrimidines (R = CH3, SCH3, C6H5. S02CH3) give 

with liquid ammonia at -35'C exclusive addition at C-4; 4-mefhoxy-Sa i t roppimid ine  only yields 

the C-2 adducr. All attempts to isolate these adducts failed. Since they are very'stable in liqvid 

amonia: their H '3~- and 1 5 ~ - ~ M 3  spectra could easily be measured and their rauromric 

structures identified. 

[I,S]-hydrogen shift Amidine rauromerism 

II.b.3 Reduction with Complex Mtal H y d r e  

The reducrion of pyrimidines by complex m r a l  hydrides ta yield dihydrapyrimidine has n o t  k e n  

~ysteaatically investigated. Earlier attempts show that the influence of groups at the 2-, 4-, 5- 



and 6 r p o s i t i o n s  on hydr ide  r e d v c t i o n  i s  unclear, and t h a t  an e lec t ron-wi thdrawing  moiety (C02Et, 

CN, etc.) i n  t h e  5 - p o s i t i o n  *pears  t o  f a c i l i t a t e  p y r i m i d i n e  r i n g  reduc t ion .39  

I n  1968, Mamaev and Gracheva4' r e p o r t e d  on t h e  LiAlH4 r e d u c t i o n  of  4.6-diphenylpyrimidin-2(1H)- 

one. The ye l low by-? roduc t . i so la ted  f ro rn  t h e  r e a c t i o n  mix tu re  was sugges ted  t o  be 4.6-diphenyl- 

1 ,Z-dihydropyrimidine,  a l though  t h e y  cou ld  n o t  p r e p a r e  i t  i n  an a n a l y t i c a l l y  p u r e  form. By 

o p t i m i z a t i o n  o f  t h i s  r e a c t i o n ,  we were a b l e  t o  a t t a i n  t h i s  eonpound i n  a 78% y ie ld .41  

The LiAlH4 r e d u c t i o n  of pyrimidin-2-ones p r o b a b l y  p r o c e e d s  by a mechanism s i m i l a r  t o  cha r  p roposed  

f o r  t h e  r e d u c t i o n  of amides,  i.e. i n i t i a l  r e d u e t i o n  of t h e  amide group t o  t h e  imine,  f o l l o m d  by 

r e d u c t i o n  of  t h e  C=N double  bond. 

Evidence f o r  t h e  in te rmediacy  of  4.6-diphenylpyrimidine can be t a k n  from t h e  f a c t  t h a t  WA1H4 

r e d u c t i o n  of 4.6-diphenylpyrimidine indeed  gave t h e  1.2-dihydropyrimidine. Analogously,  2 ~ h e n y l -  

1,6-dihydrop yrimidine was p r e p a r e d  by LiAlH4 r e d u c t i o n  of  Z-phenylp yrimidin-4(3z)-one and of  2- 

p h e n y ~ y r i m i d i n e . ~  @ a n t i t a f i v e  p r e p a r a t i o n  of a a e r i e s  of 4.6-dialkory ( o r  a lky1 th ia ) -2 ,5 -  

d ihydropyr imid ines  was ach ieved  by LiAlH4 r e d u c t i o n  of  t h e  co r respond ing  p y r i m i d i n e s ,  based on t h e  

h o w l e d g e  t h a t  e l ec t ron-dona t ing  groups a t  p o s i t i o n s  4 andfor  6  of  t h e  pyr imid ine  r i n g  t end  t o  

s t a b i l i z e  t h e  2,5-dihydro 

II.b.4 Misce l l aneous  b t h o d s  

1,6-Dihydropyrimidines wre i s o l a t e d  i n  t h e  z i n c ,  a c e t i c  a c i d  c a t a l y z e d  r i n g  c o n t r a c t i o n  of  

p y r i m i d i n e s  to p y r r o l e s . 4 3  

 irk^^ has  r e c e n t l y  shown t h a t  i n  t h e  p resence  of t r i f l u o r o a c e t i c  a c i d ,  pyr imid ine  and 5- 

methylpyrimidine r e a c t  w i t h  a number of a c t i v e  a romat ic  comounds t o  form s t a b l e  4-aryl- 

s u b s t i t u t e d  dihydropyrimidinium s a l t s ,  from which t h e  dihydropyrimidine bases  wre obta ined .  

Kashima st. p r e p a r a t i o n  of i - s u b s t i t u t e d  1.2-, 1,4- and 1,6-dihydropyrimidines  by 

t h e  Raney n i c k e l  d e s u l f u r i z a t i o n  of pyrimidine-2(1H)-thiones and t h e i r  d ihvdro  d e r i v a t i v e s .  Some 
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unusual ~ y ~ l o a d d i t i ~ ~  and rearrangement reactions have also been shown to yield dihydropyrimidi- 

n e ~ . ~ ~  Rearrangement of 1-benryl-3,5-dimethylpyrazole in the presence of sodium amide was recently 

reportedb7 to give 1.2-dihydropyrimidines. 

111. STRUCTURE AND STABILITY 

AS indicated above the five possible two-dimensional structures for the isomeric 

dihydropyrimidines can be conveniently divided into two groups, namely the cyclic enamines (A-C), 

and the cyclic imines (D-E). 

Most of the knom dihydrapyrimidines have either the 1,2- or the tautomerit 1.4- and 1,6-dihydro 

structures, probably because of p-conjugation exisring in these entities. This structure is 

potentially homoaromatic as it contains ap-electron-deloealiaed entity, obeying the Huekel 4n+2 

rule. The degree of aromaticity of these compounds depends upon the orbital energies of the plone 

pair and the %-system, as well as, obviously, the degree of planarity of the molecule. 

Gaussian-70 ab initio calculations of the energy of unsubstituted dihydrapyrimidines yielded the 

following order of stability: 8>~2>2>&b9 

These results usually agree with the experimentally observed behavior of substituted 

dihydropyrimidine compounds. One can assume that less stable cyclic imines W E  will ieomerize 

spontaneously via proton transfer (usually (1.31 or [1,51) to the mare stable eyclic enamines A-B- 

C, particularly where the energy difference between the imine and enamine ie large. men energy 

difference is small, the isomers can exist in tautomeric equilibrium. Tautomerism can also be 

achieved by a proper selection of solvent and ring eubstifuents. 

By comparing all available data on chemical stability of cyclic iminee and enamines one can 

conclude that, in general, the presence of electron-withdrawing subsrituents such as -COR, -C02R, 

-CN, -NO2. -S02R, etc. on the p-position of eyclic enamines, enhance their chemical stability. 

Similarly, introduction of electron-donating substituents such as -NR2, -SR. -OR, e f e .  in the o or 

1 positions of usually unstable cyclic imines leads to enhanced chemical stability and enables 

easy ieolation of these compounds. The only isolated 2,5-(E)37.38*42 and 4,5-(~)~' 

dihydropyrimidines reported so far indeed contain such electron-donating groups. 



Recent X-ray examinat ions of t h e  molecular structures of  d i f f e r e n t  dihydrapyrimidine isomers were 

c a r r i e d  o u t  i n  o r d e r  t o  o b t a i n  unambiguous s t r u c t u r a l  assignments  f o r  the  conformation of t h e s e  

molecules  i n  the  s o l i d  s t a t e .  Thus, an X-ray d i f f r a c t i o n  s t u d y  an 4,6,6-trimethyl-2-p henyl- 

dihydropyrimidine (12)  c l e a r l y  showed5' the  1,6-dihydro s t r u c t u c e  12X i n  which s i m i l a r  t o  the 1.2- 

d ihydropyr id ines l ,  s l i g h t  d e v i a t i o n s  f r o m  s t r i c t  p l a n a r i t y  was observed [N(1) and C(6) atom o u t  of 

r i n g ] ,  t h e  1one)a i r  e l e c t r o n s  of N ( 1 )  undoubtedly con juga t ing  wi th  the  double bands. 

The s t r u c t u r e ,  geometry and conformation of s o l i d  2 , 4 - d i p h e n y l - 6 - w t h y l d i h y d r o p n i i i d l n e  ( 5 )  were 

a l s o  determined by X-ray d i f f r a ~ t i o n . ' ~  The a n a l y s i s  c l e a r l y  shows t h a t  i n  the  s o l i d  s t a r e ,  t h i s  

c o q o u n d  has t h e  1,4-dihydro s t r u c t u r e  5A, w i t h  a ndnplanar  r i n g .  Atoms N ( 1 )  and C(4) are o u t  of 

the  p lane  f o r r e d  by t h e  t w o  double bonds IC(Z)=N(3) and C(5)=C(6)1 by about  0.10 and 0.25 8 ,  

r e q e c t l v e l y ,  producing a r i n g  wi th  a f l a t - b o a r  conformation.  P a r t i c u l a r l y  i n t e r e s t i n g  d a t a  were 

obta ined  from t h e  X--ray d i f f r a c t i o n  a n a l y s i s  of 4,6-diphenyl-l,2-dihydrapycimidine (13C) i n  which 

both C(2) [ =47 ' ]  and C(5) [ = I S o ]  w r e  o u t  of the  plane.53 In a d d i t i o n ,  the  d i s t a n c e  between t h e  

two r i n g  n i t r o g e n s  of 2.8 b i s  too  g r e a t  t o  p e r m i t  f o r m a ~ i o n  o f  a manohomopyrazole e x h i b i t i n g  

"homoaromaticity". 

At tenpfs  t o  v e r i f y  t h e  p resence  of "homoaromaticity" i n  s o l u t i o n s  of 4.6-diphenyl-1,Z- 

dihydrotlyrimidine (13C) by NHR measurements, as p r e v i o u s l y  found f o r  d i h y d r o r e r r a ~ i n e ~ ~ ,  were nor 

succe86ful .  One l i k e l y  e m l a n a t i o n  f o r  t h i s  might be s i g n i f i c a n t l y  f a s t e r  invers ion  f l i p p i n g  i n  

the  1,2-dihydrapyrimidine r i n g ,  which, t o  f r e e z e ,  r e q u i r e s  even lower e m e r i m e n r a l  r e n p e r a t v r e s  

than those we  i n v e s t i g a t e d .  A d e t a i l e d  a n a l y s i s  of and 13c NHR spectra of  1 , ~ -  

dihydrapycimidinium s a l t s  was reported.24a Authors assumed that t h e  Z ~ o s i t i o n  i n  t h e s e  s a l t s  l i e s  

o u t  of the  p l a n e  of t h e  conjugated p o r t i o n  of the  molecule. Xowewr, a t t e w r s  t o  observe p o s s i b l e  
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i n v e r s i o n  i n  t h i s  system produced no change i n  t h e  'H NMR spectrum d o w  t o  -60DC. 

It should be no ted  t h a t  the  c r y s t a l  s t r u c t u r e  of e a c h  of these  c o q o u n d s  demonstrates  t h e  presence 

of an in te rmolecu la r  NH...N hydrogen bonds. Molecular a s s o c i a t i o n  through the  NH...N hydrogen bond 

br idge  i s  undoubtedly one of the  major f a c t o r s  rebpons ib le  f o r  t h e  f a c t  t h a t  as a r u l e ,  1,6-, 1,4- 

and 1,2-dihydrapyrimidines u n s u b s t i t u t e d  a t  N(1) are s o l i d s ,  while  N-subst i tuted d e r i v a t i v e s , 4 5  as 

w e l l  as ~ , 5 - d i h y d r o p y r i r n i d i n e 6 , ~ " ~ ~ ~ ~ ~  are l i q u i d s ,  o r  low m l t i n g  s o l i d s .  

Dihydropyrimidinee i n  which t h e  Nl-hydrogen i s  a v a i l a b l e  f a r  in te rmolecu la r  hydrogen bonding are 

s o l u b l e  i n  p o l a r  and r a t h e r  i n s o l u b l e  i n  nonpolar  s o l v e n t s  (as CC14, hexane, cyclohexane,  e t c . ) .  

When dihydropyrimidines are s u b s t i t u t e d  i n  the  p o s i t i o n  1 ,  t h e s e  s o l u b i l i t y  c h a r a c t e r i s t i c s  are 

reversed .  

Most of the  syn thes ized  2,5-dihydropyrimidines are e a s i l y  sublimed even a t  room t e n p e r a t u r e .  

S u r p r i s i n g l y ,  a low t e n p e r a t u r e  X-ray d i f f r a c t i o n  s t u d y  on t h e  s i n g l e  c r y s t a l s  of 4,6-diefhoxy- 

2,5-dihydroppimidine showed t h a t  r h i s  molecule i s  c o n p l e t e l y  p l a n a r .  

IV. TAUTOmRISM 

Exis tence  of the  f i v e  i somer ic  dihydropyrimidines (A-E) wi th  d i f f e r e n t  ground stare energy and 

consequently d i f f e r e n t  s t a b i l i t i e s ,  g ives  r i s e  t o  va r ious  i somer iza t ion  p r o c e s s e s ,  which are 

r e v e r s i b l e  or i r r e v e r s i b l e  migra t ions  of an e n t i t y  from one s i t e  t o  a n o t h e r .  The s tudy  of these  

i s o m e r i z a t i a n s  i s  s t i l l  i n  i t s  in fancy .  Thermal i s o m e r i z a t i o n s ,  i n c l u d i n g  hydrogen t r a n s f e r  i n  

DHA, may be d iv ided  i n t o  those invo lv ing ,  fo rmal ly ,  e i t h e r  [1,3]-hydrogen s h i f t  ( amid in ic  and 

imine-namine tautomerism) or [1,5]-hydrogen s h i f t .  

T L  is common p r a c t i c e  t o  c l a s s i f y  hydrogen migra t ions  as e i t h e r  rea r rangements  o r  rauromerisms, 

the  former being r e s e r v e d  f o r  i r r e v e r s i b l e  or elow processes, while  the l a t t e r  being used t o  

d e s c r i b e  f a s t ,  r e v e r s i b l e  exchanges.54 

1V.a Amidinic Tau tomer im 

Although p r o t o t r o p i c  t a u t o m e r i m  of conpounds con ta in ing  an amidine moiety h a s  been s tud ied  

the  d a t a  ob ta ined  on r h i s  type of e q u i l i b r i u m  are r a t h e r  q u a l i t a t i v e  and have nor  

been e q l o r e d  s y s t e m a t i c a l l y .  The d i f f i c u l t i e s  stem p r i m a r i l y  from t h e  common e q e r i e n c e  t h a t  

p r o t o n  t r a n s f e r  between e l e c t r o n e g a r i v e  atoms, such as n i t r o g e n ,  i s  n r y  f a s t . 5 5 , 5 6  

The S t r u c t u r e  of amid in ic  coapounds has  u s u a l l y  been given i n  the  l i t e r a t u r e  as a presumed, 

predominant tautomer,  without  suppor t ing  evidence f o r  a d e f i n i t i v e  s t r u c t u r e .  No d a t a  on 

tauLomerism of dihydropyrimidines were a v a i l a b l e  before our work. 



~ ~ i d i ~ i ~  tautomerism in dihydropyrimidines was detected at first by spectral studies (NMR, IR, W) 

of solutione of 6-methyl-2.4-diphenyl-dihydropyrimidines (5).12 Particularly noteworthy is the 

observation of two individual tautomeric structures in the NMR spectra measured in aprotic dipolar 

solvents (DMS0, W A ) .  However, when the IR and UV spectra of solid 5 were recorded in KBr, only 

one fautomer was present, but a definitive structural assignment could not be made from these data 

alone. X-ray diffraction, however, showed that in the crystalline sfate, compound 5 exists in the 

1.4-dihydro from 5L5' Thus, a combination of X-ray, NMR. IR and W data are required to make 

definite spectroscopic assignments for each of the rautomers. Thus, the IR v,, band at 1700 cm-I 

was attributed to the stretching mode of the C-C-NH-C-N fragment of 5 4  whereas, the new band at 

1645 em-'. which appears in solution. is due to the C-C-N-C-NH fragment of 58. 

Usefulness of IR and NMR data in assigning tautomer structure was further validated by our studies 

of dihydropyrimidine 12 using Silversmith's data.57 We assigned ir the 1,6-taurameric form 12B, 

based on a reinvestigation of its IR band at 1652 cm-I, which is similar to the IR spectra of 5B. 

This was later confirmed by X-ray analysis.51 

The infrared spectra of a series of these compounds were of particular inreresr, since 

characteristic absorptions in the 1600-1700 cm-' region seem to provide an excellent tool for 

differentiation between the tautomers. For a large number of newly prepared materials, it has been 

eonsistenfly observed that the C-C-NH-C=N band of the l,4-tautoners appears 30-60 cm-I higher in 

frequency than the corresponding band for the C-C-N-C-NH fragment of the 1,6-tautomer. The 

correctness of these assignments was confirmed recently by Kashima et a1.45 Appearance of two 

publications, in 1 9 7 8 - 1 9 7 9 ~ ~ ~ ~ ~  claiming that all attempts (even at -88.C) t o  obtain the NMR 

Spectra of dihydrapyrimidine tautomera, failed, stimulated further investigations aimed at 

identifying the factors enabling observation of such annular tautomerism. It was found5', that in 

DNSO-d6 solution tautomerism was affected by the following factors: dryness of the solvent, 

micro~on~enrration of H+ ions in solutions, paramagnetic impurities, and solute concentration. 

Recalling that proton transfer between two hereroatoms is usually rapid (on the NMR time 

scale), 55956 it would be expected that the use of an aprotic dipolar solvent (DMSO, HHPA), should 

decrease the rate of tautomeriam (due to strong intermolecular hydrogen-bonding with the solvent) 

and enable observation of the NMR signals of individual rautomers. 

The fact that in CDC1) only "average" spectra were observed may be attributed both to a lack of 

hydrogen-bonding stabilization and to the minute amounts of acid which are usually present in this 

Solvent. When the spectra were measured at low temperature on a dilute sample in purified CDC13 

tautomerism was indeed observed.58 

Knowledge of the effects of solute and solvent purity on the rate of tautomerism made possible a 

syetematic study of the temperature and concentration dependence of the rate of tautomerism. 
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Quantitative analysis of dynamic 'H NMR dara in specially purified CDC13 containing different 

concentrations of solute 5 enabled a determination of the effect of concentration on the rate.59 

At fixed temperature kA can be written a*:  

where kl corresponds to a monomolecular reaction, while k2 corresponds to a bimolecular path. 

The kinetie parameters derived from these measurements are: 

For kl: 

k1 (300K)= 31 +4 s-';~3-4.5 t0.6 kcal/mol;~~=3.8 + 0.6 kcal/rnol;A~'=-43 + 3 cal/deg ma1 
For k2: 

k, (300K)=(1.0 + 0.2) r lo3 M-' 9-I, ,~$-3.3 + 0.7 kcal/mol;A*=2.7 + 0.7 kcal/mol; 

~$--41 + 3 calldeg mol 

This kinetic behavior suggests that two mechanisms are involved in the transformation between 

tautomers: one is first order with respect to concentration of 5, while the other is second order. 

The first-order reaction involves the solvent in a protolytic reaction, whereas the second-order 

reaction can be described as a proton exchange between two molecules of 5, resulting from 

bimoleeular collision. This intermolecular mechanism of proton transfer in the cyclic amidine 

5A czz? 5B is different from the intramolecular mechanism of proton transfer in acyclic anidines, 

being usually independent of the concentration of the solute. 

In acyclic amidines rotation about the C-N bond can position the hydrogen on the N(sp3) near the 

lane pair of the ~(s~'). leading to intramolecular hydrogen bonding that enables proton migration. 

In contrast, in cyclic amidines conformational changes of the ring system cannot produce intramo- 

3 lecular hydmgen bonding (because the hydrogen on the N ( s ~  ) and the lone pair of the N(sp2) are 

oriented in different directions). In this case, only intermolecular proton transfer is possible. 

By understanding the factors influencing annular amidinic tautomerim in dihydropyiimidines, we 

were able to show that by suitable modification of the substituents or of the ring system itself, 

it was p088ible to increase or decrease the extent of delocalization of the lone pair of nitrogen 

electrons, with a concomitant increase or decrease in the rate of proton transfer.56 The 



d e l o c a l i z a r i o n  e f f e c t  was obta ined  by s tudy ing  cowounde i n  which phenyl  groups a t  p o s i t i o n  2  of 

d i h y d r ~ p y r i m i d i n e ~  wre replaced by methyl groups,  o r  i n  which the  conjugated C=C double bond was 

reduced t o  t h e  corresponding t e t rahydropyr imid ines .  Using bo th  these  approaches,  the  r e d u c t i o n  of 

d e l o e a l i z a r i o n  d r a s t i c a l l y  enhanced hydrogen exchange. Having a phenyl  i n s t e a d  of the  - thy1 group 

a t  p o s i t i o n  6  i n  d i h y d r ~ p y r i m i d i n e  5 decreased the  rate  of t a u t o m e r i z a t i o n ,  and s e p a r a t e  s i g n a l s  

f o r  both isomers were detectable  by and 13c NMR i n  CDC13 a t  r a t h e r  h igh  c o n c e n t r a t i o n s  (0.1 M) 

and at ambient t eopera tu re .  Furthermore w observed t h a t  t h e  s t e r i c  environment of s u b s r i t u e n t s  

a d j a c e n t  t o  the  amid in ic  Fragment of dihydropyrimidines ( p a r t i c u l a r l y  the  b u l k i n e s s  of 

subs f i fuenrS  a t  the  neighbouring sp3-hybridized carbon) a l s o  a f f e c t s  t a u t a m r i c  exchange. Furrher  

i n v e s t i g a t i o n s ,  however, are necessa ry  t o  c l a r i f y  the  mechanisms. I n  p a r t i c u l a r  "N NMR s t u d i e s  of 

annular tautomerism of dihydropyrimidines are of g r e a t  i n t e r e s t  s i n c e  the chemica l - sh i f t  d a t a  

enab le  c a l c u l a t i o n  of the  e l e c t r o n  d e n s i t y  on the  n i t r o g e n .  A c o r r e l a t i o n  of t h e  l a t t e r  wi th  the  

r a t e s  of t a u t o m r i s m  f o r  a number of v a r i o u s l y  s u b s t i t u t e d  dihydropyrimidines would be a c r i t i c a l  

test of the  " d e l o c a l i z a t i o n  hypothesis" .  

NNR-spectroscopy has  been very  u s e f u l  t o  determine t h e  amid in ic  tautomerism of the  0-adducts 10 

and 11 f a r e d  between S a i t r o p y r i m i d i n e s  and l i q u i d  ammonia.38av60 ID t h e  C-2-adduct 1 0  (R = H) 

t h e  carbon atoms a t  C-4 and C-6 have i d e n t i c a l  chemical s h i f t s ,  i n d i c a t i n g  the  e x i s t e n c e  of an 

e q u i l i b r i u m  between both 1,2-dihydro coopounds (10C). 1 5 ~  NMR specr roscapy  of the  a-adduct 10 (R = 

H) a lso  shows i d e n t i c a l  chemical s h i f t s  f o r  both n i t r o g e n s  confirming the  t a u t o m r i c  e q u i l i b r i u m  

loc. "N NMR spectroscopy of the  C-4 adducr 11 (R = H) h a s  r e v e a l e d  t h a t  t h i s  C-4 adducr  i s  

e x c l v s i v e l y  p r e s e n t  as the  I ,&-dihydro rauromer l1A (R = H). No i n d i c a t i o n  f o r  the  presence of 

rauromer 118  was found. The adduc t s  11 (R = SCH3 and S02CH3) however e x i s t  as a t au tomer ic  mixture 

of t h e  l ,4-dihydro ( 1 1 0  and 3,4-dihydropyrimidine ( I I B ) .  

1V.b Imine-enamine Tau tomer im 

From s t r u c t u r a l  c o n s i d e r a t i o n  of t h e  i somer ic  dihydropyrimidines two d i s t i n c t  types O F  imine- 

enamine t a u t o m r i m  can be p r e d i c t e d ,  namely t h a t  between 4,5- (E) and 1,4-dihydropyrimidines (A) 

and between the  2,5- (2) and 1,2-isomers (i). 

Imine-enadne t a u t o m r i c  r e a r r a n g e r e n t  was proposed as a p o s s i b l e  mechan is t i c  e w l a n a t i a n  of the  
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fo rmat ion  of d i h y d r o p r i m i d i n e e  by condensat ion of  a ,@-unsa tu ra ted  ca rbony l  caopounda wi th  

amidines  (see Scheme 2) .  

The e q u i l i b r i v m  between 1,Z- and 2,5-dihydropyl imidines  depends most ly  on t h e  f ree -energy  

d i f f e r e n c e  between t h e  two isomers ,  s o l v e n t  p o l a r i t y  and s u b s t i t u e n t  e f f e c t s  on the 

dihydropyrimidine r i n g .  Where f r e e s n e r g y  d i f f e r e n c e  i s  nor overwhelmingly l a r g e ,  t a u t a m r i c  

e q u i l i b r i a  can be observed e v e r i m e n t a l l y  f a r  v a r i o u s  d ihydroaz ines .  I n  the case o f  l a r g e  energy 

d i f f e r e n c e s ,  f a s t  r e a r r a n g e r e n t  to t h e  thermodynamically more s f a b l e  i s o m r  occurs. This  can 

e q l a i n  t h e  e x i s t e n c e  of iminesnamine  tautomerism i n  4.6-diphenyl-l,2-dihydrapyrimidine. Where 

1.2-dihydropyrimidine i s  p r e s e n t  as a s i n g l e  t a u t o m r ,  i n t r o d u c t i o n  o f  pheny l  m o i e t i e s  at  4- and 

6- p o s i t i o n  of 1.2-dihydropyrimidine enab led  o b s e r v a t i o n  of  two r a u t o m r i c  forms,  i . e .  4,6- 

diphenyl-1,2-(13C) and -2,s-dihydiopyrimidine (130)  ( u s i n g  'H and 13c NMR). The r a t i o  of 13C t o  

130 ( i n  C D C ~ ~ )  i s  2:1, g i v i n g  a AG, v a l u e  of 0.41 ~ ~ ~ l / ~ ~ l - ~  f o r  t h e  r a u r o m r i s m  i n  C D C I ~ .  It 

should he no ted  t h a t  i n  DMSO-d6, t h e  e q u i l i b r i u m  is c o a p l e t e l y  s h i f t e d  ro t h e  1 ,2-dihydropyrimidi-  

ne s t r u c t u r e ,  t h e  reason, o b v i o u s l y ,  i s  dus t o  s t r o n g  hydrogen bonding wi th  t h e  s o l v e n t ,  p r o v i d i n g  

a d d i t i o n a l  s t a b i l i z a t i o n .  (An analogous e f f e c t  was observed i n  1 , 6 - d i h ~ d r a p y r a z i n e . ~ ~ )  

Reduct ion of  p y r i m i d i n e s ,  c o n t a i n i n g  e l e c t r o n - d o n a t i n g  groups a t  p o s i t i o n  4 and 6 ,  w i t h  l i t h i u m  

aluminum hydr ide  g i v e s  as s i n g l e  f i n a l  p roduc t  t h e  2,s-dihydlopyrirnidine d e r i v a t i v e s ,  which are 

s u b s t a n t i a l l y  more s t a b l e  than  t h e  i n t e r m e d i a t e  1 ,2-dihydropyrimidines ,  undergoing imine-mamine 

t a u t a m r i s m .  42 

It was suggested t h a t  nonsy- t r i ca l ly  s u b s t i t u t e d  1,2-dihydropyrimidines  undergo t a u r o m r i e  

e q u i l i b r a t i o n  v i a  a [1,51-hydrogen s h i f t . 2 3  The same v a r i e t y  of t a u t o e r i s m  can be supposed for  

a l l  N-unsubsf i tuted 1 , 2 - d i h y d r a p r i m i d i n e s .  S v p r a f a c i a l  [1 ,51  s i g m a t r o p i c  hydrogen s h i f t  could 

a l s o  be r e s p o n s i b l e  f o r  t h e  t r a n s f o r m a t i o n  of  u n s t a b l e  4 ,5-dihydrapyrimidines  t o  the 

thermodynamically mare s t a b l e  1 ,6-dihydrapyrimidines .  (See Scheme 2) .  

Above-ntioned e x a o p l e s  show t h a t  knowledge on m i g r a t i o n s  i n  d ihydroaz ines  i s  l i m i t e d  and t h a t  

d e r a i l e d  research of t h e s e  p r o c e s s e s  w i l l  c e r t a i n l y  p r o v i d e  a deeper  unders tand ing  o f  t h e  problems 

of rautomerism and rea r rangements  as a whole, as ell as of t h e  e n e r g e t i c s ,  r e a c r i v i t y  and 

mechanisms of  t h e  formarion of a v a r i e t y  of  d ihydroaz ines .  



D i l - m e r h a n e  Photochemical Rearrangements 

on  our o w  exper ience  and d a t a  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  we can observe t h a t  

i n t e r e o n ~ r s i o n  between 1,4- 1,6- and 4.5-dihydropyrimidines and between 1,2- and 2,5-isomers i s  

p o s s i b l e  under thermal  cond i t ions .  Thermal i n t e r c o n v e r s i o n  between t h e  two groups i s  n o t  obse rved ,  

b u t  photochemical  rearrangement of 1,4- (and 1.6-) d i h y d r ~ p y r i m i d i n e s  t o  1.2-isomers h a s  been 

shown. 

A di-r-or thane mechanism was svggested for t h e  photochemical  i som%riza t ion  of 4,6-diphenyl-1,6- 

dihydropyrimidine (138) i n t o  5.6-diphenyl-1,Z-dihydropyrimidine (15C). It i n v o l v e s  the  formation 

of 2,4-diazabicyclo[3.l.OIhex-Z(3)~ne (14) as an subsequent  opening of the  

th ree -memkred  r i n g  i n  14 wi th  concomitant homo [1 ,5 ]  hydrogen s h i f t  from n i t r o g e n  to  carbon 2 

y i e l d i n g  4,5-diphenyl-2,5-dihydropyriiidine (15D), t h a t  undergoes an imine-enamine t au tomer i sa r ion  

i n f o  15C. 

Although the  2,5-dihydropyrimidines could n e i t h e r  k i s o l a t e d  nor d e t e c t e d  by s p e c t r o s c o p i c  means, 

i ts intermediacy seems very l i l r e l y  as demonstrated by the  f a c t  t h a t  on i r r a d i a t i o n  of ao N - l  

deu teca ted  ana log  of 13,  and o x i d a t i o n  of t h e  p h o t o l y s i s  a mixture of 4,5(=5.6)-diphenylpyrimi- 

d i n e s  was obta ined  con ta in ing  56.5% deuter ium a t  C(2); t h i s  amount of deuter ium i s  e w e c t e d  f o r  a 
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homa[l,s]-deuterium shift from nitrogen in 14 to ~(2) in ISD. Eloreaver, recent 'H and 13c NHR 

specfrascopic investigations showed evidence for the formation of 6-(p-rrifluoromethylphenyl) 2,4- 

diazabicyclo[3.1.Olhex-Z(3)sne in the ph~tolysis of 4-(p-rrifluoromethylphenyl) 

dihydr~pyrirnidine.~' The isolation of the 1,2-dihydropyrimidine (1SC) failed because of 

instability; therefore, evidence for its presence was only based on spectral and chemical data. It 

is of interest that by irradation of 1,4(1,6)-dihydropyrimidines containing electron-withdrawing 

substituenfs at position 4 ,  besides the divnerhane rearrangement a photochemical ring 

contraction into imidazoles has been observed.62 

A 2-thiazolyl or 4-pyridyl grovp in position 4 causes an exclusive photoinduced ring contraction 

into an imidazole, while the 2-pyridyl substituenr at C-4, however, leads to both an imidazole and 

a 5-substituted 1,2-dihydropyrimidine, whereas phenyl substitution in position 4 yields only 

derivatives of 1,2-dihydropyrimidine. 

V.b Thermal Rearrangements 

Very little work has been published on the thermolytie reactions of dihydropyrimidines. An 

interesting rearrangemot was reported when 67nethyl-2,4,6-triphenyl-l,6-dihydropyriidie (16B) 

was heated at 210.C. Ammonia was evolved and 2.4,6-triphenylpyridine (17) was A 

plausible mechanism for this rearrangement has been proposed. lbrmal rearrangements of 

dihydropyrimidines deserve further attention. 



V I .  REACTIVITY 

The mast important  chemical p r o p e r t y  of dihydropyrimidines i s  t h e i r  e a s y  o x i d a t i o n  t o  t h e  

corresponding pyr imid ines  ( v i a  dehydrogenat ion,  hydrogen t r a n s f e r  o r  d i s p r o p o r t i o n a t i o n ) .  Hornever, 

a l though  many such o x i d a t i o n s  have been c a r r i e d  out, they were aimed a t  e n a b l i n g  i d e n t i f i c a t i o n  of 

dihydropyrimidines from the  pyrimidfne formed, r a t h e r  than t o  s tudy  the  k i n e t i c s  and mechanism of 

the  o x i d a t i o n  r e a c t i o n s  themselves. 

It should be no ted  t h a t  the  1,4-dihydrapyrimidine (5A) =easily reduces  some asp-unsa tu ra ted  ke tones  

t o  s a t u r a t e d  ketones ( f o r  example, chalcane,  benzilideneacetylacetooo, maleic  anhydride,  etc.), as 

w e l l  as some a c t i v a t e d  ca rbonyls ,  such as r r i f l u o r o a c e t o n e ,  p y r u v i c  a c i d  and phenyl  g lyoxyla re .  

This  i w o r t a n t  p r o p e r t y  of dihydropyrimidines needs  f u r t h e r ,  through q u a n t i t a t i v e  i n v e s t i g a t i o n .  

The 2-amino-5aitro-1,Z-dihydropyrimidines (10C) and the  t a u t o m r i c  mixture of the  4-amino-5- 

nitro-1,4-dihydro-(11A) and 4-amino-5?litro-3,4-dihydropyrimidine (116) are very  conven ien t ly  

Converted i n t o  the  corresponding 2 -amino-5a i t ropyr imid ines  and 4 -amino-5a i r ropyr imid ines  respec- 

t i v e l y  by o x i d a t i o n  wi th  po tass ium permanganare in l i q u i d  ammonia a t  low r e o p e r a r ~ r e . ~ ~ ~  This  

method p r o v i d e s  us w i t h  an e f f l r i e n r  synthetic t o o l  f o r  i n t r o d u c i n g  amino groups i n  h e t e r o c y c l i c  

system.63 

Tautomeric 1,4- and 1.6-dihydropyrimidines e a s i l y  undergo n u c l e o p h i l i c  a d d i t i o n  and react with  

e l e c t r o p h i l i c  r e a g e n t s .  For exawle, upon prolonged c o n t a c t  with mois tu re ,  the  a d d i t i o n  of water 

across t h e  C-C bond wi th  q u a n t i t a t i v e  formation of 6-hydroxy-1.4,5,6,-tetrahydropyrimidines, was 

observed. The p r o d u c t s  are identical t o  those  ob ta ined  by the  i n t e r a c t i o n  of a , p u n s a r u r a r e d  

carbonyl  conpounds wi th  amidines and i n d i c a t e  t h e  r e v e r s i b i l i t y  of t h e  dehydra t ion  s t e p  i n  t h e  

covrse of dihydropyrimidine formation from 6-hydrolrytetrahydropyrimidines. 4.6-Diphenyl-1,4(3,4)- 

dihydropyrimidine r e a c t s  with methyl iod ide  or m t h y l  chloroformate i n f o  4.6-diphenyl-3-methyl (o r  

mtho~ycarbonyl)-3,4-dihydropyrimidine.~ 

V I I .  CONCLUSION 

During our i n v e s t i g a t i o n s  of the  chemis t ry  of dihydropyrimidine systems,  we h a w  been rewarded by 

o b s e r v a t i o n s  of s u r p r i s i n g  rearrangements ,  and s e v e r a l  k inds  of t au tomer ic  transformations.,  a s  

w e l l  as t h e  amassing of new physiochemieal  d a t a .  

Further  i n v e s t i g a t i o n s  of dihydropyrimidines should cons iderab ly  expand our  v i s t a s  i n  h e t e r o c y c l i c  

chemis t ry ,  as w e l l  as i n  biomedical  r e s e a r c h .  
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