
3. The H a m m e t t  equation applies  to the b romina t ion  of subst i tuted toluenes by N-bromosucc in imide  at all 
p r e s s u r e s ,  the p value for  any such reac t ion  fail ing off sha rp ly  as the p r e s su re  r i s e s .  
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P O S I T I O N  OF T H E  E N O L  P R O T O N  IN T H E  

O F  U N S Y M M E T R I C A L  . 3 - D I K E T O N E S  

A.  I .  K o I ' t s o v ,  V. V. K o p e i k i n ,  
I .  S.  M i l e v s k a y a ,  V. M. D e n i s o v ,  
E . F .  P a n a r i n ,  a n d  V. A.  Z u b k o v  

CHELATE F O R M S  

UDC 541.6: 541.49:547.442.3 

Nuclear  magnet ic  resonance  s pec t r a  have been used to fix the prefe r red  posi t ion of the rapid exchange 
proton of the i n t e rmo lecu l a r  H bonds of the chelate enol f o rms  of the ~-dicarbonyl  compounds.  Informat ion of 
this kind has a l r eady  been obtained for  a l imited number  of types of compounds:  the a - a c y l  der iva t ives  of the 
cycl ic  ketones [1,2] ,  the /3-ketoaldehydes [3, 4], and the r ing-subs t i tu ted  benzoylacetones [5]. The pr incipal  a im 
of the p re sen t  work  was to de te rmine  the position of the point of equi l ibr ium in the in t rachela te  A ~ ]3 equi l ib-  
r ium (ICE) in the a l iphat ic /3-diketones  RCOCH2COCH 3 ( I a - d ) :  R = C2H 5 (In), CH(CH3) 2 (Ib), C(CH3) 3 (Ic), and 

C(CH3) = CH 2 (Id) 

H H 
CH~ R [ CH~ 

O O O O 

H H 
(A) (B) 

Compar i son  has also been made of ICE data obtained f rom study of the 1H and 13C NMR spec t r a  with the resul ts  
of quan tum-chemica l  calcula t ions  on the re la t ive  s tabi l i t ies  of the (A) and (B) f o r m s .  The PMR s p e c t r a  of the 
var ious  compounds in CC14 solution, and the ~3C NMR s p e c t r u m  of compound (Id), were  obtained by ourse lves ;  
the NMR s p e c t r a  of the remaining  compounds were  taken f rom the l i t e r a tu re .  
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T A B L E  1. C h e m i c a l  Shif ts  fo r  the COCI-I 3 Group  1H and 
the  C a r b o n y l  G r o u p *  13C; F r a c t i o n  (8) of the (B) T a u t o m e r  
in the (I) D i k e t o n e s  [CS in ppm;  TMS; f~ = [B]/([A] + [B]), 
30~ ] 

Com- 
pound 

' I t (CCh)  

A 

- i91,6 

0,i5 i92,4 

0,13 t93,t 

0,06 t95,3 
0,29 175,5 
0,i7 t90,5 

192,i 
190,9 

0,i2 i93,4 

( I a )  

(Ib) 

(Ic) 

(Id) 
(Ie) 
(If 

(Ig) 

13C (l~m liquids) ~, q% from :he following dam 

6 (COR) 6(COCtt~) 6(COR) 

196,6 [61 
(196,0) [6] 
199,5 [6] 

0995) [6] 
29t,2 [6] 

(201,9) [6] 
t80,8 
171,2 [7] 
t90,5 [7] 
t92,i [6l 
190,9 ~: 
183,3 * * 

(185,6)** 

�9 A 6 (COCHa) 

58 

67 

96 
5 

5O 

70 ~t 

48 

51 

52 

5 
50 

57 

*Chemical shifts from 16, 7] were recalculamd to the TMS scale using the 
formula: 5 (TMS) = 192.8-6 (CSz). 
~'Vatu~ of 6(COR ) for the symme~ical RCOCHzCOR diketones am shown 
in parentheses. 
Sin CDC13 [8]. 
**In CDC13 [5]. 
tSFrom 170 NivF. data in benzend solution.'3:: 56% [1, 2]. 

T A B L E  2. C a l c u l a t e d  
Va lues  of  the E a , . r g y  Di f -  
fe r e n e e  (AE), and M e a -  
s u r e d  Va lues  of  the M o l a r  
F r e e  E n e r g y  Diffe re  ace 
(~G~ f o r  the (A) and (B) 
Eno l  T a u t o m e r i c  F o r m s  
of Compounds  f r o m  the 

RCOCH2COCH 3 (I) s e r i e s  

Corn- E~--E B, v~_G'B, 
pound kcal/mole kcal/mole 

(Ib) 
(Id) 
(Ih) 

+o3 +~',2 
-0,5 

0 
+0A 

< - I  

D I S C U S S I O N  O F  R E S U L T S  

Tab le  1 l i s t s  v a l u e s  of the c h e m i c a l  s h i f t s  (CS) of the COCH 3 p r o t o n s ,  and the C = O  g r o u p  13C n u c l e u s ,  in 
the eno l  f o r m s  of  the u n s y m m e t r i c a l  d i k e t o n e s  and in two m o d e l  c o m p o u n d s :  e thy l  a c e t o a c e t a t e  {Ie, R = OC2H5) 
w h e r e  the  ICE is  sh i f t ed  t oward  f o r m  (A); and a c e t y l a c e t o n e  (If) w h e r e  the ICE poin t  is  m i d w a y  be tween  f o r m s  
(A) .and (B). Da ta  on the r e l a t i v e  p r o p o r t i o n s  (8) of  the two i n t r a c h e l a t e  t a u t o m e r s  wi l l  a l s o  be p r e s e n t e d ,  these  
h a v i n g  b e e n  ob t a ined  f r o m  CS m e a s u r e m e n t s  on the P M R  and 13C NMR s p e c t r a ,  fo l lowing  the p r o c e d u r e s  ou t -  
l ined  in the e x p e r i m e n t a l  s e c t i o n .  

Va lues  of f~ c a l c u l a t e d  f r o m  c h e m i c a l  sh i f t  m e a s u r e m e n t s  on the 13C NMR s p e c t r a  of the two C=O g r o u p s  
w e r e  a l m o s t  i d e n t i c a l ;  the va lue  f o r  b e n z o y l a c e t o n e  (Ig, lq = Cells) was  c l o s e  to tha t  ob ta ined  f r o m  CS m e a s u r e -  
m e n t s  on the 170 NMR s p e c t r u m  [ 1 , 2 ] .  The r e l a t i v e  p r o p o r t i o n  of t a u t o m e r  (B) wi th  e n o l i z e d  RCO g r o u p  in-  
c r e a s e d  in p a s s i n g  th rough  a n R  s e r i e s :  0C2H5<< C2H 5 < CH 3 < CH(CH3) 2 < C(CH3) 3 < C6H 5 < C(CH3) = CH~. The 
to ta l  enol  c o n t e n t  of the RCOCH2COOC2H 5 (II) f ~ - k e t o e s t e r s ,  compounds  in which e n o l i z a t i o n  p r o c e e d s  l a r g e l y  
t h r ough  the RCO g r o u p ,  i n c r e a s e s  in this  s a m e  o r d e r .  This  is  o b v i o u s l y  due to the fac t  tha t  the R r a d i c a l  - 
C = O  g r o u p  coup l ing  which  s t a b i l i z e s  the ke to  s t r u c t u r e  b e c o m e s  w e a k e r  on m o v i n g  th rough  the s e r i e s  [9]. The 
va lue  of the A a  + c o n s t a n t ,  a m e a s u r e  of the d e g r e e  of  d i r e c t  p o l a r  coup l ing ,  d i m i n i s h e s  in p a s s i n g  th rough  the 
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Fig.  I. Charges  and ~r-bond 
o rde r s  (in paren theses )  in t a u t o m e r s  
(A) and (B) of me thacry loy lace tone  
(Id). 

f i r s t  five m e m b e r s  of the s e r i e s  [10]. It has been shown [4] that the relat ive propor t ion  of the c:helate fo rms  of 
the RCOCH(CH3)CHO aldoketones with enolized RCO group inc reases  in moving through this s ame  R s e r i e s .  

The values of the relat ive PMR A = 5KH--6 H, (6Hand 6 H a re  acetyl  group 5 values fo r  the diketo and 
enol fo rms)  fel l  off s teadi ly  in going f rom R =  OC2H 5 to C(CH3)= CH2, this d e c r e a s e  being accompanied by a 
co r respond ing  inc rease  in the re la t ive  propor t ion  of t au tomer  (B) p r e sen t  in the s y s t e m .  F o r  each ketone, the 
value of/3 calcula ted f rom A was g r e a t e r  than that obtained form the 13C NMR s p e c t r u m .  We bel ieve that p r e -  
fe rence  should be given to the value obtained f rom the 13C NMR s p e c t r u m .  The value of Ix cannot be considered 
as an exac t  m e a s u r e  of the posit ion of the ICE equi l ibr ium point. It  is seen  that ~ is sens i t ive  to d i r ec t  sub-  
s t i tuent  in teract ion in the t au tomer ,  and to i n t e r m o l e c u l a r  in terac t ion  as well,  but to a l e s s e r  degree  than e i ther  
6 ~ a n d  5 H. The C = O  group  CS's in the 13C NMR spec t r a  of the (A) and (B) t au tomers  a re  quite di f ferent  in 
vatue (5B-5 A > 30 ppm); they a re  m o r e  sens i t ive  to change in the ICE point posit ion than a re  the PMR CS's 
~ A - A B  = 0.24 ppm),  and are  only s l ight ly affected by o ther  f ac to r s .  

The COCH 3 signal  in the PMR s pec t rum  of the enol fo rm (Ie) has t r ip le t  s t ruc tu re  with ~0.7 Hz spli t t ing,  
this be ingthe  r e s u l t o f  s p i n - s p i n  coupling with the vinyl and enol pro tons .  In mix tu res  of (If) and (Id), this s ig -  

nal is a s inglet ,  the signal width at ha l f -wave  height being g r e a t e r  for  the f i r s t  compound than for  the second,  
and g r e a t e r  than also the width of the r e fe rence  TMS lines (0.6, 0.5, and 0.4 Hz, respec t ive ly) .  These obser-ca- 
tions a re  cons is ten t  with a shif t  in the ICE point toward the (B) fo rm of (Id), a compound in which there is  e s sen -  
t ially no H-bond sp in-sp in  coupling between the CH 3 and enol protons [2], and with the fact  that the constant  for  
s p i n - s p i n  coupling with the vinyl protons is no more  than 0.2 Hz [11]. 

Values of the total ene rgy  calculated by the CNDO/2 method were  used as m e a s u r e s  of the relat ive s t ab i -  
l i t ies of t au tomers  (A), (B), (Ib), (Id), and (Ih) R = OCH3.* Standard values of the bond lengths and valence an-  
~les were  used in these ca lcula t ions .  An except ion he re  was the O - H  bond length which was ~et equal to 1.10 
A [12]. Study was made  of the var ious  c o n f o r m e r s  resul t ing  f rom rota t ion around the C - R  bond. Values of 
E A - EB, the d i f ference  in total  ene rg ie s  of the m o s t  favored c o n f o r m e r s ,  are  given in Table 2 toge ther  with 
values  of G~ - G~, the d i f ference  in m o l a r  f ree  energ ies  calculated f rom the exp re s s ion  G ~ -  G~ = RTln[~/  
(1-fl)], using ~ values taken f rom Table 1. Predic t ions  concerning the effect  of R on chelate t au tomer  s tabi l i ty  
a r e c o n s i s t e n t w i t h t h e  expe r imen ta l  data .  F o r m s  (A) and (B) have e s sen t i a l l y  the same  dipole moment s .  The 
methods commonly  used fo r  calculat ing heats  of fo rmat ion  a re  ineffective he re because of the pecul iar i t ies  of 
the enol fo rm s t r u c t u r e s  (H atom located between two he t e roa toms) .  Figure  1 shows d i a g r a m s  fo r  the enol 
t au tomers  of (Id), toge ther  with charges  and bond o rde r s  calcula ted by the CNDO/2 method.  The degree  of 7r- 
e lec t ron  delocal iza t ion is h igher  in the m o r e  s table  t au tomer  (B) than in the other  t au tomer  (A). 

Thus,  e x p e r i m e n t  and calculat ion ag ree  in showing that  it is fo rm (B) with its long conjugation chain which 
p redomina tes  in (Id), a compound of i n t e r e s t  because of its ma rked  tendency toward polymer iza t ion .  Hydro -  
genat ion of (Id) leads to equal izat ion of the equi l ibr ium concentra t ions  of the (A) and (B) f o r m s .  

*There  was s c a r c e l y  any d i f ference  between the posi t ions of the ICE points in the (Ih) and ( Ie ) /3 -ke toes te rs ,  
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E X P E R I M E N T A L  

Methacry loy lace tone  (Id). Compound (Id) was p repa red  by the method of [13]; bp, 70-72~ (17 mm);  n~ 
1.4792; d~ ~ 0.9982 ( l i tera ture  values:  n~  1.4506, d~ s 1.001). PMR s p e c t r a  (CC14, 6, ppm): 2.07 s and 2.13 t (J = 
0.6 Hz) for  the CH~ group protons of the enol and keto f o r m s ,  r espec t ive ly ;  3.72 q (J = 0.6 Hz) ( -CH2-) ;  5.67 s 
(=CH-) ;  15.20 s (enol proton).  Multiplet  s ignals  at  1.92, 5.39, and 5.92 (J ~ 1 Hz) (-C(CHI3)----CH2). As r ead  
f r o m  the PMR s p e c t r a ,  (Id) was enolized to the extent  of 96.5 and 91.0% in CC14 solution and in the p~re liquid 
f o r m ,  rsesl~ectively. 13C NMR s p e c t r a  (pure liquid containing 10~ added CDC13; 5, ppm; TMS): H2~= C(CH3)- 
~]O~HH2COCH3:17.9-C-7 (enol and ketone) 26.3 and 3 0 . 2 - C - 6 ;  96.8 and 53.5-C-4;  121.3 and 1 2 6 . 2 - C - 1 ;  139.5 
and 1 4 4 . 3 - C - 2 ;  180.8 and 194 .8 -C-3 ;  195.3 and 2 0 1 . 0 - C - 5 .  The f i r s t  of each of these  en t r i e s  is for  the enol 
f o r m ,  the second fo r  the diketone fo rm.  Data on o ther  1 ,3-d icarboxyl ic  compounds were  used in c a r ry in g  out 
s ignal  a s s i g n m e n t  in these  s p e c t r a .  

P ivaloylacetone  (Ic}. A cooled mix tu re  of 33 ml  of ethyl  aceta te  and 6.2 ml  of methyl  t e r t -bu ty l  ketone 
was added dropwise  to a suspens ion  of 2.3 g of Na in 20 m l  of abs .  e the r ,  and the solution allowed to stand fo r  
6 h a t  0~ Ten g r a m s  of ice were  added to the resul t ing  m a s s ,  the water  l ayer  s epa ra t ed  off, washed with water ,  
then poured into a m i x t u r e  of 5 g of ice and 2 ml  of cone.  HC1. The organic l aye r  was washed with NaHCO 3 
solution and then poured into a sa tu ra ted  coppe r  ace ta te  solut ion.  The chelate  Cu complex was separa ted  f rom 
solut ion,  washed with e the r ,  and broken down with a 157~ H2SO ~ solution.  The decomposi t ion  product  was ex -  
t r ac t ed  with e the r .  The e t h e r  was then evapora t ed  off, and the residue redis t i l led  in vacuum; bp 65-67~ (29 
ram);  yield,  1.2 g.  Gas- l iqu id  c h r o m a t o g r a p h y  showed the product  obtained here  to be f ree  of contaminants .  

I sobutyry lace tone  (Ic) was p r e p a r e d  by the method of [14]. The s t ruc tu re  of the product  was conf i rmed by 
PMR spec t ro scopy .  The remain ing  reagents  were  analyt ical  grade  compounds which had been purified by f r a c -  
t ional  distillation. 

The PMR spectra were obtained with a C-60HL spectrometer, working in 8~ CCI~ solution at 26~ The 
error in the measured difference of the CSTs of the keto and ~nol form signals (A) was less than 0.01 ppm. The 
13C NMR spectra were obtained with an HX-90 spectrometer, working in the Fourier transform mode. 

The fractional content of form (B) was calculated from the formula: ~ = (5-SA)/(dB-dA) [1,2]. Here 6 is 
the mean CS for the CO group IZC NMR signal for the enol form of the diketone (1), and 6 A and 6 B the respective 
CSTs for the (A) and (B) tautomers. The quantity 5 was set equal to CS's for the corresponding ketoester (If): 
175.5 for R = CH 3 (cf. Table 1) and 169 for R = C6H s (not 173 as reported in [5]*). The CS's of the ketoesters 
(If) with RCOCH2COR (6 A + dB)/2 and C(CH3) 2 being unknown and the 5 A - 6 B difference only weakly dependent 
on R, the latter was assumed equal to the corresponding difference for (If), namely, 33.6 ppm. A similar pro- 
cedure was followed in evaluating ~ from the PMR data. This method of estimating ~ values is acceptable in 
cases in which the R group has only an insignificant effect on the CS of the NMR signal from the distant acyl 
group of the tautomer [CH3CO group in (1) diketones]. This condition was satisfied in our 13C NMR spectra, the 
value of 6(COO) for the enol forms of ketoesters (If) with R = CH 3, C6HH s, and CF 3 being 172.2 [7], 173, and 
171.5, respectively. The error in the determination of ~ arising from the measurement of the 13C NMR CS 

was ~1%. 

The authors wish to thank Yu. A. Ignat'ev for the 13C NIVIR spectrum of methacryloylacetone (Id). 

C O N C L U S I O N S  

1. The ~H and 13C NMR s p e c t r a  of the chelate  enol f o r m s  of RCOCH2COCH 3 d icarbonyl  compounds with 
R -- OC2H 5, C2H s, CH 3, CH (CH3) 2 , CsH 5 and C (CH)3=CH 2 have been analyzed.  

2. De te rmina t ion  has been made of the re la t ive  contents of two poss ib le  chelate  enol fo rms  of the d ike-  
tone t au tomer s ,  these fo rms  dif fer ing in the posit ion of the enol proton.  In running through the above R list ing,  
there  is an inc rease  in the f rac t ion  of the t a u t o m e r  in which the enol proton is located nea r  the RCO group oxy-  
gen.  
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NMR SPECTROSCOPIC STUDY OF COUPLING EFFECTS 

6. 13C NMR SPECTRA OF ALKYLSELENOBENZENES 

V. M.  B z h e z o v s k i i ,  G.  A .  K a l a b i n ,  
G. A .  C h m u t o v a ,  a n d  B .  A .  T r o f i m o v  

UDC 541.124:543.42.2.25:547,569.8 

The PhEAlk (E : O, or  Se) compounds a re  s imple  and effect ive  models  for  studying the c h a r a c t e r ,  and de-  
g r e e ,  of h e t e r o a t o m - a r o m a t i c  ring in teract ion.  The eonformat iona l  s t r u c t u r e s  of these compounds are affected 
by g e o m e t r i c a l  fac tors  and by the coupling of the unshared  e lec t ron  pair ,  and the vacant  he t e roa tom orbitals+ with 
the unsatura ted  f ragment .  The p re sen t  work  was a study of the chemica l  shifts (CS) in the 13C 5[MR spec t r a  of 
the a lkylse lenobenzenes  (Table 1), the data obtained being compared  with the resu l t s  of e a r l i e r  work  on the 
a lkoxy-  and alkyl thiobenzenes [1]. 

Study of the p -ca rbon  (C 4) CS's showed the e s t ab l i shmen t  of p - ~  coupling between the f ree  e lec t ron  pa i r  
of the Se a tom and the a romat i c  port ion of the molecule .  Thus,  the C ~ atom of PhSeMe is m o r e  highly shielded 
than the a roma t i c  ring ca rbon  of benzene (128.5 ppm),  and this despite  the fact  that  the molecule  contains the 
inductive e lec t ron  accep to r  group seMe.  Different  conditions a re  requ i red ,  however ,  for  over lap  with the neigh- 
bor ing carbon a tom 2p orb i ta l s  in e the rs ,  sul f ides ,  and se len ides .  Compar i son  of the C 4 CS's in the PhOMe, 
PhSMe, and PhSeMe (120.61, 124.52, and 125.55 ppm, respec t ive ly ) ,  led to the conclusion that donor coupling is 
somewhat  less  pronounced in the se lenides  than in the sulf ides ,  and much less  pronounced than in the e the r s .  
A diminution of the w-donor effect  in the 0 > S > Se s e r i e s  would be en t i re ly  cons is ten t  with the known v a r i a t i o n  
of the m e s o m e r i c  ef fec t  of a toms with unshared e l ec t ron  pa i r s  in moving through the periodic sys t em [211 the 
conditions for  2 p - ~  (O) over lap  being be t t e r  than for  3 p -  ~ (S) over lap ,  and st i l l  be t t e r  than for  4p-:r: (Se) over lap .  

Increas ing  the size of the alkyl subst i tuent  in the a lkylse lenobenzene reduces  the p - ca rbon  shielding (cf. 
Table 1), the resul t  being a s tepwise s t e r i c  breakdown of the p - u  coupling s i m i l a r  to that obse rved  e a r l i e r  in 
the sulf ides  [1]. In (V), the p - u  coplanar i ty  of the molecule  has been los t  to such extent that the C 4 CS (128.10 
ppm) is a lmos t  identical  with the t3C CS for  unsubsti tuted benzene (128.50 ppm).  This sugges ts  ~hat there is 
e s sen t i a l ly  no ~ -accep to r  selenium in terac t ion  in these molecu les .  By applying the s a m e  type of analysis  of 
the S-analog  (C a CS, 128.13 ppm),  it was concluded that a ce r t a in  degree  of p - ~  coupling st i l l  p reva i l s  in the 
te r t -bu toxybenzene  molecule  despi te  the breakdown in cop lanar i ty  (C 4 CS 122.88 ppm). An analys is  of the I~C 
CS's in the alkylvinyl e the r s  and sulf ides leads to these same conclusions [3, 4]. 
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