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The NMR spectra  of some synthetic der ivat ives  of coumar ins  were investigated for  the f i r s t  t ime  by Dharmatt i  
et al. [1]. Subsequently, with a number  of eoumar in  der ivat ives  containing alkyl and O-alkyl subst i tuents ,  we showed 
[2] that the NMR spectra  pe rmi t  the type of substi tution of the coumar in  nucleus to be determined.  

This paper  gives the resu l t s  of a considerat ion of the NMR spectra  of a la rge  number  of coumar ins .  This 
considerat ion was ca r r i ed  out with the main  s t ruc tura l  factors  de termining the chemical  shifts in aromat ic  and 
he te roaromat ic  sys tems  being taken into account. As is well known, for such sys tems a good corre la t ion  between the 
chemical  shift (CS) of the protons and the v -e lec t ron  density (ED) on the carbon atom is frequently observed [3-5].  
Another important  factor de te rmin ing  the posit ion of the proton signals  in these sys tems is the anisotropy of the 
magnet ic  suscept ib i l i ty  of the aromat ic  r ing.  

We obtained the ED figures used in this paper by calculat ions of the molecules  by the MO LCAO method in 
Hiickel's approximation.  The calculat ions were ca r r i ed  out with the same p a r a m e t e r s  as in a previous paper [6] (the 
p rogram of calculat ion was kindly provided by A. V. Tutkevich). The effects connected with the magnetic anisotropy of 
the r ings  and other groups were considered only in qualitative form.  

Table 1 gives the values  of the CS and the sp in-sp in  coupling constants  of the protons found* and Table 2 gives the 
values  of the v -e lec t ron ic  charges on the r ing  carbon atoms and also on the carbon atoms of the methoxy and acetoxy 
groups attached to the aromat ic  r ing.  

The dis t r ibut ion of ED in the coumar in  molecule {I) pe rmi t s  the assumption that the signals f rom H 3 will appear 
in the s t rongest  field and that f rom H 4 in the weakest field. In actual fact, the spect rum of coumar in  has two doublets, 
at 6.44 and 7.76 ppm, with sp in-sp in  coupling constants  of 9.8 Hz, due to the protons in posi t ions 3 and 4, respect ively .  
Between them there  is a complex mult iplet  re la t ing  to the protons of the benzene nucleus,  forming an ABCD four -sp in  
sys tem.  The calculation of this sys tem for the spect rum of coumarin  in te t rahydrofuran  obtained on a 60 MHz 
ins t rument  has been ca r r i ed  out by Dharmatt i  et al. [1]. 

It must  be noted that the spect rum calculated from the pa rame te r s  obtained for 100 MHz did not agree with the 
experimental  spec t rum in te t rahydrofuran.  It is natura l  that these pa rame te r s  did not descr ibe  the spect rum of 
coumar in  in CC14 or CDC13. In view of this,  we calculated the benzene par t  of the spect rum of coumar in  taken at 
100 MHz. The spectra  of coumar in  in CCI 4 and CDC13 are ext remely  s imi la r .  Because the posit ions of the l ines  the 
ass ignment  of which to t r ans i t ions  is more  or less  unambiguous agree fa i r ly  well  in these two solvents,  we used the 
spec t rum in CCI 4 for the calculation, since in this case there  is no superposi t ion of the bands of the CHCI~ in the CDC13 
on the coumar in  spect rum.  

The calculat ion was ca r r i ed  out by a p rogram based on an algori thm of Swalen and Reil ly [7]. The number  of 
l ines  for which the f requencies  and, l ess  accurately,  the in tensi t ies  were de termined only slightly exceeds the number  

*The spect ra  were obtained on a JNM-4H-100/100 MHz ins t rument  (in deuterochloroform) with the signal f rom 
te t ramethy l s i l ane  being taken as 0. 



Table 1. NMR Spectra of Coumarins 

Compound 

R$ 

Rs 

Coumarin (I) 
R~=R6=RT=Rs H 

7-Methoxycoumarin (herniarin) (II) (tI) 
Rz,=R6_Rs--H; RT=OCH3 (a) 

7-Acetoxycoumarin (III) 
Rs=R6 Rs=H 

RT=O -C--CI-t~ (a) 

O 
7-Iso pent enyloxyco umarin (IV) 

R~=R6--Rs--H 

/CH3 
RT=--O-  C H~-- CH =C (a) 

(b) (c) \ C H  3 

6,7-Dimethoxycoumarin (scoparone) (V) 

R0=OCH3. RT=O( Ha 
(a) ' (b) 

6-1sopentenyl-7-methoxycoumarin (VI) (suberosin) 
(a) 

R~--Rs=H; RT~OCH3 

(c) (d) /CHa  
Rs=--CH~-CH=C (b) 

\ CH3 
8-1sopentenyl-7-methoxycoumarin (osthole) (VII) 

Rs=R6--H; R7=O(H3(a) 
(c) (d) / E l l a  

Rs=--CH~- CH=C (b) 

"\CHz 
6-Hydroxy-5,7-dimethoxycoumarin (fraxinol) (VIII) 

Rs--H; Ro--OH(c)  
(b) (a) 

R~=OCHj; RT--OCH3 
6-Acetoxy-5,7.dimethoxycoumarin (fraxinol acetate) (IX) 

Rs=H; R~:OCH3(b )  

Rs=--O--C--CH3; (a) 
ii (e) Rr=OCH3 
0 

*s) singlet; d) doublet; t) triplet; q) quartet 

Chemical shift and coupling constant (6, ppm, multiplicity*, J Hz) 

aromatic protons 

6 

6.86 
(q; 7.8; 2.5) 

7.09 
(q; 8.0; 2.0) 

6.82 
(q; 9.4; 2.0) 

6.83 
(d; 8.2) 

aliphatic protons 

5.27 
(t; 7.5) 

5.21 
(t; 6.3) 



of energy leve l s  for  a ABCD sys tem.  This leads to some ambiguity in the ass ignment  of the l ines  and, consequently,  
to some close se ts  of p a r a m e t e r s ,  differ ing f rom one another by not m o r e  than ~1 Hz. Table 3 gives  the set of 
p a r a m e t e r s  for  which the best  ag reemen t  between the calculated and exper imenta l  spec t ra  at 70 and 100 MHz is 
achieved.  The values  of the ED on the cor responding  carbon atoms a re  based on the ass ignment  proposed in Table 3. 

Table 2. Calculated ~ -E lec t ron ie  Charges  on the Carbon Atoms of 
Some of the Compounds Studied* 

Compound [ q8 q4 [ q~ q. [ q7 I qs [qa: 
" --0,065 Coumarin (I) 

Herniarin (II) - -0 .088  

7-Aeetoxy- 
coumarin (III) ~ 0 , 0 8 4  

Scoparone (V) - -0 .089  

Fraxinol (VIII) - -0 ,119 

Fraxinol 
acetate (IX) - -0 ,112  

' +0,016 ÷0,0861 

÷0.0871 ~-0,021 

--0.0871 '~ . 

_0,0851 ~0024061 

+0,0901 - -  

÷ 0 , 0 9 0 1  - 

--0.028 -kO.O19 --0.0451 

--0.1021 --0.078 -- +0.10~ 

--0.066 - -  '--0,093 +0.0361 

- -  - -  --0.100]÷0.104] 

-- --0.135l~0.104 

- -  --0.13fi1+0.104 

qb qc 

). 1 0 - '  - -  

+0.036 

-~OA04 

+0,0  t 

*The numbering of the compounds and the labelling of the atoms is the same as in Table 1. 

The introduction of substi tuents into the benzene nucleus of coumar in  s impl i f ies  the par t  of the spec t rum due to 
the a romat i c  protons.  On cons ider ing  the total v - e l e c t r o n i c  charges  in the molecule  of 7-methoxycoumar in  (II) it is 
seen that the proton in posi t ion 8 must  undergo the g rea t e s t  sc reen ing  through ED. However,  this proton must  also 
undergo cons iderable  desc reen ing  as a resu l t  of the anisot ropic  influence of the benzene and pyrone r ings .  The 
combined action of these two fac to rs  leads to the situation that, although the signal f rom H 8 is shifted in the s t rong-  
f ield d i rec t ion  as compared  with the spec t rum of coumarin,  it neve r the l e s s  appears  in the region of lower  sc reen ing  
than the signals f rom H 3. 

Table 3. Calculated P a r a m e t e r s  of the Benzene Moiety 
in the NMR Spectrum of Coumarin 

Chemical shift, ppm Coupling constant, Hz 

E,191748L7% 741 17L 071 
The n - c u r r e n t s  in the a - p y r o n e  r ing a re  weaker  than in the benzene ring.  Consequently,  the signal f r o m  H 3 

shifts in the weak-f ie ld  d i rec t ion  under the influence of the anisotropy of the r ing to a s m a l l e r  extent than that f rom H 8. 
F u r t h e r m o r e ,  the d i f fe rences  in the anisot ropic  action of the carbonyl group (for H a) and of the e therea l  oxygen atoms 
(for Ha) may affect the posi t ions of the signals of the protons mentioned.  The ass ignment  of the signals to the protons 
in posi t ions 3 and 8 follows unambigously f rom a considerat ion of the spin-spin  coupling constants .  In actual fact ,  the 
s ignals  at 6.25 ppm with a coupling constant of 10 Hz must  be ass igned to H a and the doublet at 6.80 ppm with J = 2.5 Hz 

to Ha. 

A qual i ta t ive cor respondence  between the v - e l ec t ron i c  charges  and the CS is  observed  for  the protons of the 
benzene nucleus (a d e c r e a s e  in the negat ive charge in the sequence C 8, C 6, C5, and an inc rease  in the chemical  shift in 
the sequence H a, H 6, Hs). The additional desc reen ing  of Hs and H 8 under the influence of the v - c u r r e n t s  of the a - p y r o n e  
r ing is apparent ly  insignif icant .  

The lowest  ED is found for  C4, so that the signal f rom H a is found in the region of the weakest  f ield (6 = 7.66; 
J = 10 Hz). In pr incip le ,  the same noncorrespondence  with the ED as for  H 3 and H 8 is poss ible  for  the s ignals  f rom H 4 
and H 5, but this does not in fact exist ,  probably for  two reasons :  in the f i r s t  place,  the di f ference in the charges  on 
C 4 and C 5 is substant ial ly g r ea t e r  than in the case  of C a and C 8 and, in the second place,  the di f ference in dese reen ing  
due to the magnet ic  anisotropy of the r ings  is lower,  s ince Ha also undergoes  the anisotropic  influence of the benzene 
r ing.  

A s i m i l a r  p ic ture  is  observed  for  other  coumar ins  with O-alkyl substi tuents in posi t ion 7. In umbel l i fe rone  
aceta te  (III), the 6- and 8-  protons of the benzene r ing  undergo, in addition to a negative inductive influence of the 



O-acetyl  group, the influence of the magnetic anisotropy of this group, as a resu l t  of which the i r  signals a re  displaced 
to a weaker  field. It is apparently because  of jus t  this that the signal f rom H 8 has a g r e a t e r  CS than the signal f rom H6, 
although the ED on C6 is lower  than that on C 8. 

The posi t ions of the signals of the a romat i c  protons in the spec t rum of 7- isopentenyloxycoumarin  (IV) a r e  
p rac t i ca l ly  the same as in the case  of 7-methoxyeoumar in .  The methylene and methine protons of IV give a doublet 
with 6 = 4.56 (J = 6.4 Hz) and a t r ip le t  with 5 = 5.46 (J = 6.4 Hz), r espec t ive ly ,  f r o m  which the exis tence  of f ree  rotat ion 
round the C---C and C---O bonds may be infer red .  At the same t ime,  the methyl groups on the double bond are  not 
equivalent  and have somewhat differ ing values  of the CS (1.77 and 1.81 ppm). 

The spec t rum of 6, 7-d imethoxycoumar in  (IV) has a cha rac t e r i s t i c  quadruplet of the protons of the (~-pyrone r ing 
and two c losely  adjacent s inglets  due to the protons in posi t ions 5 and 8. The e lec t ron  density on C 8 is somewhat higher 
than on C 5, which p e r m i t s  the signal in the s t ronger  field to be asc r ibed  to H 8 and that in the weaker  field to H 6. The 
peaks of the protons of the methoxyl groups in posit ions 6 and 7 are  also shifted with r e spec t  to one another,  which is 
connected with the di f ference in the ED on the corresponding oxygen atoms.  The ~-e lec t ronic  charge on the oxygen of 
the methoxyl group in posi t ion 6 is +0.089 and in posi t ion 7 it is +0.101. Thus, the protons of the 7-methoxy group must  
be desc reened  to a g r e a t e r  extent than the protons of the 6-methoxy group and the i r  signals must  be p resen t  in a 

weaker  field.  

A s im i l a r  dis t r ibut ion of the signals of the a romat i c  protons is observed  in the spec t rum of suberosin  (VI) ; the 
only di f ference is that the signal f rom H 5 is in a weaker  field than the corresponding  signal in V. This is due to the 
d i f ference  in the e lec t ron-donat ing  p rope r t i e s  of the isopentenyl and methoxyl groups ; they are  weaker  in the la t te r .  
The par t  of the spec t rum of VI due to the aliphatic protons is s imi l a r  in s t ruc tu re  to the same par t  of the spec t rum of 
7- isopentenyloxycoumarin:  signals of two nonequivalent methyl groups on a double bond, a doublet of a methylene 
group, and a t r ip le t  with an intensity of one proton unit due to the methine proton on the double bond. The signals of the 
methyl groups,  l ike the components of the t r ip le t ,  a re  broadened somewhat because  of the homoallyl  in teract ion of the 
methine proton with the protons of the methyl  groups.  However,  the posi t ion of the corresponding signals in the spec t ra  
of IV and VI dif fer  substant ial ly because  in the f i r s t  case  the side chain is attached to the a romat i c  r ing through oxygen 
and in the second case  it is d i rec t ly  attached to the eoumarin  nucleus.  This d i f ference has the g rea tes t  effect on the 
posi t ion of the s ignals  of the methylene proton and the leas t  effect on the signals of the methyl group. Thus, two 
substi tuents widely dis t r ibuted in the natural  coumar ins  can be re l iab ly  dist inguished by the i r  NM-R spect ra .  

The spec t rum of an i s o m e r  of VI, osthole (VII), d i f fers  f rom that of VI only in the region of the a romat ic  protons.  
By analogy with II the doublet in the weaker  field (7.30 ppm) is asc r ibed  to H s and the doublet at 6.83 ppm to H~. 

In the spec t ra  of fraxinol (VIII) and fraxinol acetate  (IX) the SCs of the protons of the methoxyl groups have 
d i s s i m i l a r  values .  Calculation shows that the total ~ -e lec t ron ic  charges  on the oxygen atoms of the 5- and 7-methoxy 
groups of fraxinol  are ,  respec t ive ly ,  +0.102 and +0.100, while in fraxinol  acetate  they a re  +0.103 and +0.1Ol. Such a 
smal l  d i f ference in the r - e l e c t r o n i c  charges  on the oxygen can hardly be the cause of the cons iderable  di f ference in the 
CSs of the methoxyl protons.  Provis ional ly ,  according to the r e su l t s  of calculat ion,  the signal in the weaker  field is 
ascr ibed  to the 5-methoxy group and that in the s t ronger  field to the methoxy group in posit ion 7. 

It is also in te res t ing  to cons ider  the dependence of the chemica l  shifts of the protons on the magnitudes of the 
v - e l ec t ron i c  charges  for  different  molecu les .  In the f igure,  the exper imenta l  values of the CSs of the protons (6, ppm) 
have been plotted along the axis of absc i s sa s  and the total e lec t ron ic  charges  of the carbon atoms (q) along the axis of 
ordinates .  As can be seen f rom the f igure,  no l inear  relat ionship between the chemica l  shifts and the r - e l e c t r o n i c  
charges  is observed  for  protons occupying different  posi t ions in the coumar in  nucleus.  

The deviat ions f rom l inear i ty  are  due to the contribution of other  fac tors  to the magnitude of the CS and, 
consequently,  pe rmi t  an indi rec t  judgment of the d i rec t ion  of the action of these fac tors .  The main ones among them 
are  the ~ component of the e lec t ron  density and the magnet ic  anisotropy.  The contributions of each of these  fac tors  a re  
different  for  different  posi t ions.  An analysis  of the graph pe rm i t s  a number  of conclusions of both prac t ica l  and 

theore t ica l  nature .  

The signals f rom H 3 are  in the 6.25-6.45 ppm region;  the values  of the ED on C 3 a re  in the same range as for  C 6 
and C 8, i . e . ,  fac tors  exis t  which shift the signal f rom H 3 into a s t ronger  field. We have a l ready desc r ibed  one of them, 
the lower  anisotropy of the r ing.  The second and third fac tors  a re  the anisotropy of the C==~ group and the negative 
induction influence of the carbonyl on the vz-carbon atom, which acts in the opposite d i rect ion.  The resul tant  action of 



the f i r s t  two fac tors  p reva i l s  over  the action of the third,  and the signal f rom H s shifts into a s t ronger  field.  F r o m  the 
point of v iew o~ s t ruc tura l  analysis ,  the identif ication of the signals f rom H 3 p resen t s  no difficulty: they are  in the 
s t ronges t  f ield (the other  signals do not come into this region,  as a rule) and when the re  is no substi tuent at C 4 they a re  
split  into a 9-10  Hz doublet° 

The CS f rom H 4 is found in the range f r o m  7.65-8.15 ppm. The s t ra ight  l ine pass ing through the points 
cor responding  to ~ has a ve ry  gentle slope with r e spec t  to the axis of absc i s sas ,  which shows that the SC depends only 
sl ightly on the ED on the carbon atom. The identif ication of the H t atoms f rom the value of the CS and the spli t t ing 
constant l ikewise  encounters  no diff icul t ies ,  s ince the i r  s ignals  in the spec t ra  of the coumar ins  are  located in the 
weakest  f ield where the peaks of other  protons do not appear .  

~ I 2 0 '  

"~ . ~  
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5 .  
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e e e  .~ - - 8  
°, : : - -"  
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8 . 0  ~ 5  7.0 ?.5 8 , 0 ~ p p m  

Chemical  shifts of the protons as functions 
of the v - e l ec t ron i c  cha rges  on the carbon 
atom; the f igures  in the d iagram denote the 
numbers  of the protons to which the given 
points re la te  (3, points  of the protons at 
C3; 4, points of the protons at C4, and so on). 

The s i~]a ls  f rom the C 5, C 6, and C 8 protons are  p resen t  in overlapping regions  and, the re fo re ,  the CS cannot be 
used as a basils for  the i r  r e l i ab le  ass ignment .  It can be seen f rom the f igure  that the points of the protons of different  
types (H t, H 6, and H 8) are  grouped about three  s t ra ight  l ines  lying one under the other,  which is analogous to the 
d isp lacement  with r e spec t  to one another  on the scale  of chemica l  shifts.  

The s t ra ight  l ine cor responding  to the protons at C 8 is shifted into the region of the s t ronges t  f ield.  Such a 
sys temat ic  d isp lacement  of the s ignals  f rom H 8 may be connected with the negative induction effect and influence of 
the magnet ic  anisotropy of the unshared  pa i r s  of the he te rocyc l ic  oxygen atoms and also of the oxygen atom attached in 
posi t ion 7. 

It is in te res t ing  to note that in spite of the fact  that the points of each type of proton do not l ie  on,but a re  only 
grouped round , the  cor responding  s t ra ight  l ines,  as a ru le  a g r e a t e r  e lec t ron  density on a carbon atom cor responds  to 
a lower  value of the CS of the proton.  This pe rmi t s  the graph shown to be used for  purposes  of s t ruc tura l  analysis .  
Such a necess i ty  may a r i s e  where th ree  substi tuents a re  p resen t  in the benzene ring, when the spin-spin  coupling 
constant and the compara t ive  posi t ion of the signals a re  now incapable of giving additional information,  and the value 
of the CS of the remain ing  protons will  have dec i s ive  value.  In this case the e lec t ron  density on the r ing atoms of 
carbon may be calculated for  all the a l te rna t ive  s t ruc tu res .  By making use of the cor responding  s traight  line (see 
figure) it is  poss ib le  to de te rmine  the CS expected for  a given s t ruc tu re .  That s t ruc ture  for which the value of the CS 
of the proton found will be c loses t  to the exper imenta l  value may be r ega rded  as the most  probable .  

The sol~ation of such p rob lems  is also poss ib le  by another method, based on the use of an additive scheme.  On 
the bas is  of the exper imenta l  r e su l t s  for  compounds I - IX  the averaged  contributions f rom the substi tuents most  
f requent ly  encountered in the natural  coumarins  and the va lues  of the CSs of the protons of the benzene moiety  of the 
molecule  were  found. The chemica l  shift of the cor responding  proton in the molecule  of coumar in  was taken as the 
ini t ial  magnitude (see Table 3). The contributions obtained in this way are  given in Table 4. 

In Table 5 the CS of the a romat i c  protons found exper imenta l ly  and calculated a re  compared  fo r  the same 
compounds using the averaged  inc rements  f rom Table 4. 

The ma te r i a l  p resen ted  p e r m i t s  the use of the r e su l t s  of NMR spec t roscopy for  studying the s t ruc tu re  of new 
coumar ins  [8, 9]. 



T a b l e  4 .  C o n t r i b u t i o n s  f r o m  V a r i o u s  

S u b s t i t u e n t s  (ppm)  to  t h e  C h e m i c a l  Sh i f t  

o f  t h e  P r o t o n s  of  t h e  B e n z e n e  N u c l e u s  

in  t h e  N M R  of  t h e  S p e c t r a  o f  t h e  

C o u m a r i n s  

Substituent ] Ortho [ Meta Para 

CHaO -- 
CH a -  C -  0 - -  

IJ 
0 

C H a ) c = C H _ C H , , _  
CH a 
OH-- 

-0 .33  --0.05 --0.30 
- 0 . 1 0 + 0 . 0 9  --  

-0 .41 ' -0 .0~  --0,15 
I 

--0.26 --0.14 --0.15 

- -  + 0 . 1 3 .  - -  

1 I 

T a b l e  5.  C o m p a r i s o n  

t h e  A r o m a t i c  P r o t o n s  

a n d  C a l c u l a t e d  by  t h e  

o f  t h e  C h e m i c a l  S h i f t s  of  

O b t a i n e d  E x p e r i m e n t a l l y  

U s e  of A v e r a g e d  I n c r e m e n t  

Compound 

Herniarin 
7-Acetoxycouma- 

rill 
7-Isopentenyloxy- 

coumarin 
Scoparone 
Suberosin 
Osthole 
Fraxlnol 
Fraxinol acetate 

calc. exp. 

7.39 7.39 

7.53 7.53 

7.36 7.35 
7.12 6.04 
7.18 7.18 
7.30 7.30 

calc. exp. 

681 6.86 

7.09 7.09 

6.78 6.82 

6.78 6.83 

calc. exp. 

6.85 6.80 

7.!3 7.I4 

6.82 6.78 
6,91 6.90 
6.82 6.74 

6.59 679 
6.75 6.75 

[ 

10 



CONCLUSIONS 

The NMR spectra  of nine coumar in  der ivat ives  have been studied° The resu l t s  obtained may be used for purposes 
of s t ruc tura l  analys is .  
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