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13C N M R  S P E C T R A  O F  3 -  A N D  5 - S U B S T I T U T E D  

F L A V O N E  D E R I V A T I V E S  

G.  A.  K a t a b i n ,  N.  N.  P o g o d a e v a ,  
N.  A.  T y u k a v k i n a ,  a n d  D.  F .  K u s h n a r e v  

UDC 547.972+543.422.25 

In a study of  the a c i d - b a s e  c h a r a c t e r i s t i c s  of flavone compounds [1-3] a number  of fea tu res  of the b e h a v -  
ior  of compounds with the 3 -  and 5-  models  of substi tution have b e e n  detected the r eason  for  which cons i s t s  in 
the specif ic  na tu re s  of t he i r  e l ec t ron ic  and geome t r i ca l  s t r u c t u r e s  [4, 5]. 

In view of the fact  that  changes  in the lSC chemica l  shifts  ag ree  semiquant i ta t ive ly  with changes  in the 
e l ec t ron  densi t ies  on the co r r e spond ing  ca rbon  a toms  under  the influence of subst i tuents  in an a roma t i c  s y s t e m  
[6, 7], we have studied the laC NMR s p e c t r a  of the compounds  of in te res t  to us in o r d e r  to obtain informat ion  on 
t h e i r  e lec t ron ic  s t ruc tu res .  

In  the p resen t  work  we have cons idered  the t3C s p e c t r a  of 3-hydroxyf lavone (II), 3-methoxyf lavone (III), 
5-hydroxyf lavone (IV), and 5-methoxyf lavone (V) and have identified all the s ignals  (Table 1) 

I. R=H 

III. R = 3-OCH3 
R ~ a  8' ' I', R = 5 - O H  

~ ~". R = ~-OCHa 

The ass ignment  of the s ignals  was based  on the r e su l t s  obtained both f r o m  high-resolu t ion  13C NMR s p e c -  
t r a  and f r o m  s p e c t r a  with the b road-band  suppress  ion of s p i n - s p i n  coupling with 1H nucle L 

The p rocedure  for  the in te rpre ta t ion  of the spec t r a  has  been explained for ,  as an example ,  the case  of 
3-hydroxyflavone,  the 13C N1VIR s p e c t r u m  of  which is shown in Fig° 1. Under  the conditions of b road-band  d e -  
coupling f r o m  the protons ,  the s ignals  cor responding  to the pa i r s  of equivalent  carbon a toms  C-2 ' ,  6' ,  and 
C-3% 5' of the a roma t i c  r ing B (127.63 and 128.46 ppm) a re  dist inguished f r o m  the signals  of the o ther  13C nu-  
clei  having d i rec t ly  at tached p ro tons  by t he i r  approx imate ly  doubled intensity. The i r  r e la t ive  a s s ignmen t  is 
s imple,  since the t 3 C -  IH constants  through th ree  bonds in the benzene ring a r e  a lways cons iderably  g r e a t e r  in 
absolute  magnitude than through two or  four  bonds [10] and have va lues  of the o rde r  of 6-10 Hz. The signal with 
6 127.63 ppm appea r s  in the h igh- reso lu t ion  spec t rum as a doublet  of t r i p l e t s  (1JcH 163.2 Hz; 3JcH 6.6 Hz), i .e.,  
it can be ass igned to the C-2 ' , 6 '  a toms ,  each  of which has two pro tons  at tached to the m e t a  carbon a toms  
(C-4 ' ,6 '  and C-2 ' , 4 ' ,  r espec t ive ly) .  

The signal with 5 128.46 ppm is a doublet of doublets  (1JcH 162.1 Hz, 3JCH 6.2 Hz) with a smal l  
additional splitting of the components ,  i .e.,  it co r r e sponds  to the C-3 ' , 5 '  ca rbon  a toms .  In the h i g h - r e s o l u -  

I rku tsk  Inst i tute of Organic  Chemis t ry ,  Siberian Branch of the Academy of Sciences of the USSR. Ao A. 
Zhdanov I rku t sk  State Univers i ty .  Trans la ted  f rom Khimiya Pr i rodnykh  Soedinenii, No. 4, pp. 513-519, J u l y -  
August, 1977. Original  a r t i c l e  submit ted F e b r u a r y  24, 1977. 
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Fig. 1. High- reso lu t ion  13C NMR s p e c t r u m  of 3-hydroxyf lavone (the 
posi t ions  of the s ignals  a r e  given in ppm f r o m  TMS). 

t ion spec t rum,  the C-4 '  s ignal  f o r m s  a doublet  of s y m m e t r i c a l  t r i p l e t s  (6 129.82 pprn, I J c H  161.8 Hz, 
s JcH 7.5 Hz), which dis t inguishes  it f r o m  the s ignals  of all  the o ther  ca rbon  a toms  having a d i rec t ly  a t -  
tached proton.  

The s ignals  of the ca rbon  a toms  with no protons  at tached can eas i ly  be  identified both f r o m  the absence  
of d i r ec t  CH constants  fo r  them in the h igh- reso lu t ion  spec t rum and by  t he i r  apprec iab ly  lower  intensi ty in 
the 13C (1 spec t rum.  The l a t t e r  is due to the i r  g r e a t e r  re laxa t ion  t ime  T 1 and the d e c r e a s e  in the O v e r h a u s e r  
ef fec t  fo r  them.  Among s ignals  of these  ca rbon  a toms  ( C - 1 ' , - 2 , - 3 , - 4 , - 9 , - 1 0 ) ,  the a s s ignmen t  of the C-4 c a r -  
bonyl  ca rbon  c a u s e s  no diff icul t ies  in view of the substant ia l ly  g r e a t e r  value of i ts  chemica l  shift  (172.96 ppm}. 
Apar t  f r o m  C-4,  the C-9,  C-2,  and C-3 nuclei,  to which e lec t ronega t ive  oxygen a t o m s  a r e  d i rec t ly  at tached,  
shifting the signal of the neighboring sp 2 C a tom downfield by 20-30 ppm, show the g r e a t e s t  desc reen ing  effect.  

The signal  of the C-9  carbon atom,  which has  two me ta  protons  appea r s  in the h igh- reso lu t ion  spec t rum 
in the f o r m  of a t r ip l e t  (5 154.59 ppm, 3JcH ~ 8 HZ)o The o ther  two desc r eened  ca rbon  a t o m s  can be identified 
f rom the widths of t he i r  s ignals  in the h igh-resolu t ion  13C NMR spec t rum,  since, because  of in te rac t ion  with the 
pro tons  of  r ing B,C-2 has  a cons iderab ly  g r e a t e r  line width when its s t ruc tu re  is not r e so lved  (5 145.2 ppm) 
than C-3 (5 139.03 ppm).  

The C-10 a tom has  an oxygen subst i tuent  in the ortho posi t ion (at C-9), which leads to an inc rease  in the 
sc reen ing  of C-10 by 10-15 ppm, i.e., i ts  signal is to be  expected in the s t ronges t  field (121,28 ppm). In the 
h igh- reso lu t ion  s p e c t r u m  the signal has the f o r m  of a quar te t  with JCH 9.8 and 4.5 Hz, apparent ly  through i n t e r -  
action with H-6 and H-8,  r e spec t ive ly .  F o r  C - I '  (5 131.29 ppm), the fine s t ruc tu re  of the signal of which is 
masked  by over lapping with the C-3 ' , 5 '  components ,  such mult ipl ic i ty  cannot be  detected.  The  C - I '  s ignal 
should appea r  in the spec t rum in the f o r m  of a s y m m e t r i c a l  t r ip le t  because  of in terac t ion  with H-3 '  and H-5 ' ,  
as  is obse rved  in the s p e c t r a  of o ther  monosubst i tu ted f lavones .  

The C-5,  -6, -7, and -8 s ignals  cannot be identified f r o m  the na ture  of t he i r  mul t ip l ic i t ies ,  s ince each  of 
t hem a p p e a r s  in the  s p e c t r u m  in the f o r m  of a doublet of doublets because  of the d i rec t  a t t achment  of the p r o -  
ton and the p r e s e n c e  of a pro ton  on a m e t a  ca rbon  atom. The quar te t  shifted upfield to the g r e a t e s t  extent  
(5 118.34 ppm, 1JCH 166 Hz, 3JcH 7.3 Hz) can be ass igned to C-8 ,  since, because  of  the e the r  oxygen in the 
or tho  posi t ion the screening  of th is  a tom mus t  be  10-15 ppm g r e a t e r  than for  benzene.  The  me ta -ke tone  f r a g -  
ment  does not in fact  have an influence on the sc reen ing  of C-8.  Converse ly ,  the C-7  signal is de sc r eened  to 
the g r e a t e s t  extent,  which is due to the influence of the CO group in the p a r a  posi t ion with a v e r y  sl ight c o n t r i -  
bution to the sc reen ing  of th is  ca rbon  a tom f r o m  the m e t a  e the r  group (5C_ 7 133.65 ppm, 1JCH 164 Hz, 3JCH 8.6 t 
The C-5 and C-6 mul t ip le t s  a r e  fa i r ly  c lose  to one another  (5 124.75 and 125.50 ppm), and it is imposs ib le  to 
a s s ign  t hem unambiguously.  

A s i m i l a r  p r o c e d u r e  was used in the ana lys i s  of the spec t r a  of compounds (HI-V). The r e su l t s  obtained 
(see Table  1) a r e  in good a g r e e m e n t  with the va lues  of the 13C chemica l  shifts known fo r  flavone i t se l f  [8] and 
fo r  some its de r iva t ives  [9]. 
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The effects  shown by the substituents at C-3 and C-5 on the chemical  shift of the carbon atoms of the 
flavone skeleton can be expressed  in t e r m s  of the values of A5 found as the differences  between the chemical  
shifts in unsubstituted flavone (1) and in the cor responding  der ivat ives  (Table 2). 

A compar i son  has been made of the values of/~6 obtained for  (II-V) and the changes in the ~-charge  on 
the corresponding carbon a toms (Aq~) calculated f rom the values of qv (Table 3). 

The p a r a m e t e r s  of the cor re la t ion  equation A6 = a + bAq~r a re  given below (r is the cor re la t ion  coefficient, 
and s is the mean square deviation): 

Equation Compound a b r s 
1 I-~lI --1,25 334,95 0,877 2,60 
2 l-~III --0,29 310,45 0,894 2,31 
3 I~IV --1,9{} 66.02 0,240 6.75 
4 I-~V --3,28 91,87 0.408 5,49 

Equations (1} and (2) were  obtained with the exclusion of the values for  C3, since the 13C chemical  shift 
of this carbon atom, to which a substituent is d i rect ly  attached, is determined by combination of  the effects of 
the la t ter  (in the f i r s t  place, the induction effect), and the method of calculating charges  takes  into account only 
the redis tr ibut ion of the v-e lec t ron  density. Since these fac tors  also play a role for the o ther  a toms of the skel -  
eton, but to a sma l l e r  degree,  it may be considered that a semiquantitative relat ionship exists  between the ex-  
per imenta l  and calculated pa r am e te r s .  A different pat tern  is observed for  the 5-subst i tuted flavones (equations 
3 and 4), where there  is no corre la t ion .  A s follows f rom the mate r ia l  given below, a good qualitative connection 
exis ts  between the chemical  shifts in the 13C NMR spec t ra  and the react iv i t ies  of the flavones studied. Appa r -  
ently, the use of the ~ approximation incorrec t ly  re f lec ts  the charge  distr ibution in the 5-subst i tuted compounds. 

Let  us cons ider  the interconnection of the experimental  resul ts  obtained f rom the 13C NMR spec t ra  with 
the pK values of the hydroxy groups of the flavone derivative.  

Methoxy groups at C-3 (III) o r  C-5 (V) have little effect  on the distribution of the charge  density in ring 
B (Table 2). Exceptions are  C-2 ' ,6 '  in the f i r s t  case.  The replacement  of the 5-OCH 3 group by a hydroxy group 
(IV) somewhat dec rea se s  the e lec t ron densi ty  in r ing Bo In actual fact, the acidity of the 4 ' -hydroxy  group in 
4 ' ,5-dihydroxyflavone (pK 1 = 8.74 [2]) is higher than in 4 ' -hydroxyf lavone (pK = 9.14 [1]). Conversely ,  a hy -  
droxy group at C-3 ra i ses  the electron density on C-4 v. The acidity of the 4 ' -hydroxy  group in 3 ,4 ' -d ihydroxy-  
flavone (pK 1 = 9.2 [1]) falls somewhat in compar i son  with 4 ' -hydroxyflavone.  

The appearance  of nucteophilic substituents at C-5 (IV, V) has a substanial effect on the charge density 
distr ibution in ring A. The e lectron density fal ls  in the meta posi t ions (C-7 and C-9) and r i ses  in the ortho and 
pa ra  positions (C-6, C-8, C-10). It may be assumed that the acidit ies of 6 -  and 8-hydroxy groups introduced 
additionally into 5-hydroxyflavone should be lower, and that of a 7-hydroxy group higher,  than when these groups 
a re  introduced into the flavone molecule (I). This is in good agreement  with the fact that in 5,7-dihydroxyflavone 
pK 1 = 7.4 [12], while in 7-hydroxyflavone pK = 8.12 [1]. 

Nucleophilic substituents at C-3 (II and III) also show a substantial influence on the distribution of the 
e lec t ron density in ring A as compared with flavone. Under the influence of an OCH 3 group the e lectron density 
falls in the C-6, C-7, and C-8 positions and r i se s  at C-5, C-9,  and C-10. The e lec t ron density in ring A of 
3-hydroxyflavone is higher than in 3-methoxyflavone and unsubstituted flavone. An exception is formed by C-7 
and C-8, where it va r i e s  only slightly, which agrees  well with the fact that the 7-hydroxy groups in 3 ,7 -d ihy-  
droxyflavone (pK1 = 8.3 [1]) and in 7-hydroxyflavone have s imi la r  ionization capaci t ies .  

In cont ras t  to the 5-substi tuted flavones, where substituents exer t  a d i rec t  influence on the chemical  shift 
of the carbon atoms in ring A and, consequently, on the e lec t ron density distr ibution in it, the case  of the 
3-subst i tuted flavones this influence is t r ans formed  through the state of the carbonyl  group and the e ther  oxy-  
gen of the pyrone ring. As can be seen f rom Tables 1 and 2, the introduction of nucleophilic substituents at 
C-3 leads to changes in the chemical  shifts of the pyrone f ragment  that are  analogous in direct ion to those ob-  
served on the introduction of the same substituents into an aromat ic  sys tem (benzene) [13]: the signals of the 
carbon atoms in the ortho and para  positions shift upfield, and the signal of the carbon a tom to which the sub- 
stituent is attached shifts downfield. 

On this basis ,  it may be concluded that a nucleophilic substituent at C-3 leads to an increase  in the a r o -  
matici ty of the pyrone f ragment  and to a possible stabilization of the pyryl ium s t ructure .  This conclusion is in 
harmony with those which we made on the bas is  of spectral  information [5]. 
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I t  is known [14] that  subst i tuents  increas ing  the e lec t ron  density on the carbonyl  carbon lower  its r e a c t i -  
v i ty  with r e spec t  to nucleophil ic a t tack.  However ,  since the C = O  bond is readi ly  polar ized ,  pa r t  of the excess  
e l ec t ron  density on the carbonyl  ca rbon  is t r a n s f e r r e d  to the oxygen, a resu l t  of which is an increased  r e a c t i v i -  
ty of the carbonyl  oxygen in re la t ion  to e lec t rophi l ic  at tack,  for  example ,  by the proton of an acid. The opposi te  
pa t t e rn  is obse rved  when the nature  of the substi tuent  is reversed°  It  follows f rom this that  an inc rease  in the 
e lec t ron  density at  C-4 must  lead to a r i s e  in the bas ic i ty  of the f lavones.  

The values  of A5 (see Table  2) p e r m i t  the assumpt ion  that for  the 3 -OR-subs t i tu ted  f lavones and 5 - m e t h -  
oxyflavone the re  is an inc rease  in the e lec t ron  density at C-4, and fo r  5-hydroxyf lavone a dec r ea se  due to the 
fo rmat ion  of an in t r amolecu la r  hydrogen bond. Consequently, in the s e r i e s  of f lavones studied, 5-hydroxyf lavone 
should have a lower  bas ic i ty  than unsubst i tuted flavone, and 5 -me thoxy-3 ,5 -me thoxy- ,  3 -hydroxy- ,  and 3 - m e t h -  
oxyflavones h igher  bas ic i t i e s .  In actual  fact ,  the bas ic i ty  of 5-methoxyf lavone is h igher  (PKbase = -1 .22  [5]) 
and that  of 5-hydroxyf lavone is lower  (PKbase = - 3 . 0 7  [3]) than fo r  unsubsti tuted flavone (PKbase = -1 .33  [3]). 

Con t ra ry  to expecta t ions ,  the bas i c i t i e s  of 3-subs t i tu ted  f lavones  [3] a r e  lower  than that of unsubsti tuted 
f lavone.  In our  opinion, this anomoly is due to the s te r ic  influence of the subst i tuent  at C-3 on the s c r e e n i n g 0 f  
the c lo ses t  carbon a toms  in the l~C NMR s p e c t r u m  and does not re f lec t  on d i rec t  change in the charge  on the 
atom. At the s ame  t ime,  it may  be that  it is not magnitude of the charge  but s te r ic  f ac to r s  that  exer t  a subs t an -  
t ia l  influence on the bas i c i t i e s  of the 3-subs t i tu ted  f lavones.  A sti l l  g r e a t e r  reduct ion in bas ic i ty  is c h a r a c t e r -  
istic fo r  3 - a m i n o -  and 3 -b romof l avones  [15]. 

Thus,  by means  of spec t r a l  c h a r a c t e r i s t i c s  it has  been s tr ikingly conf i rmed  that  the cause s  of the l ower -  
tug of the bas i c i t i e s  of  3 -  and 5-hydroxyf lavones  a r e  different .  The in terconnect ion of the chemica l  shif ts  
of the lZC nuclei  in the 3-  and 5-subs t i tu ted  f lavones with the i r  chemica l  p rope r t i e s  evaluated in t e r m s  of the 
ac id i ty  and bas i c i t y  constants  that  has  found in the p re sen t  work  shows the  poss ib i l i ty  of using these  s p e c t r a l  
c h a r a c t e r i s t i c s  fo r  pred ic t ing  the r eac t iv i t i e s  of f lavones.  A quanti tat ive e s t ima te  may  become  poss ib le  when 
the m a s s  of expe r imen ta l  r e su l t s  is  broadened.  

E X P E R I M E N T A L  

The 13C NMR s p e c t r a  were  recorded  on a Var ian  CFT-20  s p e c t r o m e t e r  working in the F o u r i e r  r eg ime .  
The compounds were  studied in the f o r m  of solutions in (CD3)2SO having a concentra t ion  of 25 m g / m l  with the 
addition of 5 vol .~  of TMS, placed in tubes with an internal  d i a m e t e r  of 5 m m  at 30°C. Under monoresonance  
conditions about 20,000 F o u r i e r  r e s p o n s e s  were  summed,  and under  the conditions of double 13C-{IH} r e s o -  
nance 1,000 r e sponses .  The chemica l  shifts  were  calculated re la t ive  to TMS and t he i r  reproducib i l i t i es  were  
de te rmined  exper imenta l ly  (±0o02 ppm for  a reproducibi l i ty  of the concent ra t ion  of ±1% and the same conditions 
of record ing  the spect ra) .  

The p r e c e d u r e s  fo r  synthesizing the f lavones (II-V) and the i r  chemica l  c h a r a c t e r i s t i c s  have been given in 
p rev ious  pape r s  [1-3 ]. 

S U M M A R Y  

The 13C NMR of a number  of 3 -  and 5-hydroxyf lavones  and of 3 -  and 5-methoxyf lavones  have been studied 
fo r  the f i r s t  t ime  and all  the s ignals  have been assigned.  A compar i son  of the chemica l  shif ts  of the 13C nuclei 
with the acidity and bas ic i ty  p a r a m e t e r s  of the compounds invest igated and with the r e su l t s  of ca lcula t ions  of 
1r-charge density has been made.  It  has been shown that the chemica l  shif ts  of the individual s ignals  in the 13C 
NMR spec t r a  a r e  qual i ta t ively connected with e s t i m a t e s  of the reac t iv i t i e s  o f  the compounds studied. 
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We have p rev ious ly  r epor t ed  the isolat ion f rom the roo ts  of Feru la  pal l ida Eug. Kor .  and Fe ru la  t s c h i m -  
ganica  Lipsky of two new e s t e r s ,  which were  cal led fe ro l in  (I) and chimganidin (II) [1, 2]. On saponification,  
both  subs tances  w e r e  cleaved,  forming a sesqu i te rpene  diol with the composi t ion  C15H2602, identical  with angren-  
diol (IID descr ibed  p rev ious ly  [3] and one mole  of an acid - p -hydroxybenzoic  acid (IV) f r o m  (I) and vaui l l ic  acid 
(V) f r o m  (II). Consequently,  ferol in  and chimganidin  a r e  m o n o e s t e r s  of the ac ids  mentioned and of the s a m e  
diol. N. Po K i r ' y a l o v  has  p rev ious ly  isolated angrendiol  in the f r e e  s ta te  f r o m  the r e s in s  of a n u m b e r  of spec ies  
of Fe ru l a  and has  shown that  it has  a b icycl ic  ca rbon  skeleton with one double bond and two secondary  hydroxy 
groups  [3], but the quest ion of its s t ruc tu re  has r emained  open. 

In the p r e sen t  p a p e r  we give the r e su l t s  of a de te rmina t ion  of the s t ruc tu re  of  the diol i t se l f  and of the 
pos i t ions  of the acid res idues  in the subs tances  that  we have isolated.  The UV s p e c t r u m  of (HI) has  a m a x i m u m  
at 210 nm (3.18), which is c h a r a c t e r i s t i c  for  nonconjugated dienic compounds [4], and i ts  IR s p e c t r u m  has  ad-  
sorpt ion bands at 3430 c m  -1 (hydroxy group) and 1660 cm "a and i ts  IR s p e c t r u m  has  adsorpt ion bands at 
3430 c m  -I  (hydroxy group) and 1660 c m  -j (double bond). 

In the PMR s p e c t r u m  of angrendiol  (III) (Fig° 1), a s ix -p ro ton  singlet  with its cen te r  at 1.01 ppm, c o n s i s t -  
ing of two doublets,  is due to the methyl  of an isopropyl  group° Two t h r e e - p r o t o n  s ingle ts  at  1.58 and 1.37 ppm 
a r e  due to methyl  groups  at a double bond and a hydroxy group, r e spec t ive ly .  A proton gemina l  to a hydroxy 
group a p p e a r s  in the spec t rum in the f o r m  of a quar te t  at 4o16 ppm with 3j = 11.4 and 5.3 Hz. 

When (IID was ace ty la ted  with acet ic  anhydride  in pyridine,  a d iacetyl  de r iva t ive  was obtained with the 
compos i t ion  C19H3004 (VI) the IR spec t rum of which lacked the absorp t ion  band of hydroxy groups,  while in the 
PMR spec t rum,  in addition to the d i sappea rance  of the two-pro ton  broadened  singlet  at 3.10 ppm due to two hy-  
droxy groups,  a pa r amagne t i c  shift of the s ignals  of the proton in the geminal  posit ion to a hydroxy group  
(AS = L20  ppm) and of the t e r t i a r y  methyl  group at the o the r  hydroxyl  (AS ~- 0.1 ppm) was observed.  

These  r e su l t s  show that  in actual  fact  one of the hydroxy groups  is secondary  and the o the r  is t e r t i a r y ,  
being p r e sen t  in the geminal  posi t ion to a methyl  group. 

As can be  seen f r o m  Fig. 1, in the region of olefinic p ro tons  the re  a r e  t h r ee  doublet s ignals  at 4.62, 4.89, 
and 5.11 ppm, the l ines  of which a r e  apprec iab ly  broadened.  These  s ignals  a r e  not p r e sen t  in the spec t rum of 
the t e t r ahydrode r iva t ive  (VII), with the composi t ion  CI~I-I~IO 4, obtained by the hydrogenat ion of angrendiol  d i a c e -  
tare  ove r  plat inum in acet ic  acid, i .e.,  (III) has  not one but two double bonds.  

The p r e s e n c e  of an i sopropyl  group and two methyl  groups  and of two double bonds shows that, with the 
composition Ci5H2602, angrendiol  probably  has  the monocycl ic  s t ruc tu re  of g e r m a c r a n e .  
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