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We have studied the chemical  shifts (CS) and coupling constants of the protons in the spectra  o f fu ro-  
coumarins  (Table 1) and have also calculated the v-e lec t ronic  charges  on the carbon atoms by the P P P  and 
HMOt methods (Table 2). 

The spec t rum of psoralen (I) was subjected to f i r s t - o r d e r  analysis;  the ass ignment  of the signals was 
pe r fo rmed  on the basis of information on the v -e lec t ron  densities (ED) on the carbon atoms.  As in the case 
of the coumar ins ,  the two doublets at 6.37 and 7.80 ppm (J=9.6 Hz) are  due to the protons in positions 3 
and 4. The singlets with ~ =7.70 and 7.46 ppm are  due to the two para  protons of the benzene nucleus. The 
v -e lec t ron  density on C 8 is higher than on C 5 (see Table 2), and therefore  the signal in the s t ronger  field 
must  be assigned to H 8 and that in the weaker  field to H 5. The two one-proton doublets at 6.85 and 7.72 ppm 
with a coupling constant of 2.3 Hz cor respond  to the hydrogen atoms of the furan nucleus. In agreement  
with the resul ts  of previous investigations [4-6], the signal with 6 =6.85 ppm is ass igned to H 4, and thatwith 
6 =7.77 ppm to Hs,. These resul ts  are  in agreement  with the ED values for  C 4, and C5,; the HMO and PPP  
methods give a higher negative charge on C4,. 

The spec t rum of bergapten (II) shows the features  descr ibed by Reisch et al. [7]: in those ca seswhere  
a coumarin has a substituent in position 5 of the molecule,  the signal f rom H 4 is shifted downfield to 8.00 
ppm and below. The resul ts  given a re  in agreement  with this rule.  

The shift mentioned is not connected with a change in the ED on C4, but is apparently due to the an- 
[sotropic influence on H 4 of the substituents at C 5. 

With the presence  in bergapten of a methoxy group in position 5, the ED on C s increases  as compared 
with that of psoralen (see Table 2, I), and the signal f rom H a shifts upfield by 0.36 ppm. The introduction 
of a methoxy group at position 8 affects H 5 in precise ly  the same way: in the spec t rum of xanthotoxin (Ill) 
the signal f rom H 5 shifts upfield by 0.35 ppm. As was to be expected, here the ED on C 5 increases  s imul-  
taneously (see Table 2). 

The introduction of O-alkyl substituents into the benzene nucleus of a furocoumarin  leads to some 
change in the chemical  shifts of the protons of the furan nucleus which, as a rule,  is accompanied by the 
corresponding changes in the calculated ED on the carbon atoms of the furan ring. Consequently, the ED 
around the corresponding nucleus is the main influence on the increase  or  decrease  in the CSs of the ring 
protons.  The corresponding corre la t ion  has a doubly qualitative nature:  with the CSs is compared not the 
full ED but only the calculated ED and, moreover ,  in a number of cases  (HMO method) the calculation is 
an extremely rough approximation. 

*For Communication I, see [1]. 
~The calculations by the PPP  and HMO methods were  per formed by means of p rograms  kindly provided 
by G. I. Kagan [2] and A. V. Tutkevich (for the pa rame te r s ,  see [3]). 
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TABLE 1. Features of the NMR Spectra of Furocoumarins* 

Chemical shift, 6, ppm; 
Cpd, Compound multiplicity,T J Hz 
No. 

II1 

IV 

VI 

VII 

VIII 

IX 

RJ R5 
\ I R4 (b) 
/ / \ / / \ / % ~  (a) 

\ o / % (  \ o / ~ ' o  
Rs 

Psoralen 
R:,=H(c); Rs=H(d); 
Ra'=H,(e); Rs'=H(f) ; 

Bergapten 
Rs =H(C); 
R~'=H (d): Ra'=H(e) 
R5 ::OCH3 (f) 

Xanthotoxin 
Rs =H(c);  R~'--H (d) 
Rff-:H (e) ; Rs =OCHa (f) 

Isopimpinellin 

R,'=H (c), Rs'=H(d) 
R~ =Rs=OCHa (e) 

Imperatonin 

R5 --H(c) ; R, '= H(d) 
Ra'=H (e) ; 

CHa(h) 
Rs=O--CH~--CH=C~ 

(f) (g) CH 3 
Isoimperatonin 

Rs=H(e);  R,'=H (d) 
Rj = H(e) ; 

CHa (h) 
Ra=O--CH:--CH=C( / 

(f) (g) "CHa 

a 6,37 (d 
b 7,80 (d 
o 7,70(s) 

6,26(d 
8,13(d 
7,10(s) 

6,35(d 
7,77(d 
7,35(s) 

6,22(d 
8,04(d 
6,94(d 

6,17(d 
7,60(d 

9,6) d 7,46(s) 
9,6) e 6,85(d, 2, 3) 

f 7,72(d, 2, 3) 

lO,O) d 7,02(d, 2,3) 
10,0) e 7,58(d, 2,3) 

f 4,26 (s) 

Oxypeucedanin 
Rs=H(C); R,'=H(d) 

R~'= H (e) ; R,~ 
0 CHa 

/ \ /  
O_CH:_CH_ C (h) 

(f) (g) \ 
CIt: 

Oxypeucedanin hydrate $ 
Rs =H(c) ; R,'=H ~d); 
Rs'=H(e) ; R~= 

OH OH CHa 
\ I /  

O--CH2--CH--C\ (h) 
(f) (g) CHa 

Biacangelicin:l: 

R~'=H (c); Rs'=H (d); 
R~, =OCH3 (e) 

OH OH 
I I /CHa 

Rs=O--CH2--CH-- CQ Ca) 
(f) (g)  CH3 

]O,O) d 6,82(d, 2,3) 
7,64(d, 2,3) I0,0)~ 4,28(s) 

lO,O) d 7,57(d, 2,3) 
lO,O) e 4,13(s) 
2,3 ) f 4, O/s) 

I0,0) d 7,60(d, 2,3) 
10,0) e 4,86(d, 6,5) 

7,20 (s) 
6,70 (d, 2,3) 

6,25(d, 10,0) 

8,14(d, 10,0) 
7,10(s) 
6,93(d , 2,3) 

6,27(d 9,0) 
8,17(d 9,0) 
7,28(s 

6,92(d, 2,5) 

g 6,19 ~ ,  10,0) 
8,30 ~, 1o,o) 
7,01 ~) 
7,14 , 2,5) 

a 6,29 (d, 10,2) 
b 8,16 (d, 10,2) 
c 7,18 (d, 2,5) 
d 7,80 (d, 2,5) 
e 4,17 (s) 

5,49(t,  6,5) 
1,70 (s) 

e 7,59 (d, 2,3) 

f 4,91(d, 6,1) 
5,53(t , 6,1) 

gh ),7o(s) 

e760(d 2,5) 
f 4140 (%'T1,2; 6,4) 

4,62 (q 11,2; 4,5) 

g 3,21(q, 4,6, 6,4) 
h 1,32(s) 

1,39(s) 

e 7,71 (d, 2,5) 
f 4,34 (q, 10,0; 8,3) 

4,75 (q, 10,0; 2,3). 
g 3,81 (q, 8,3; 2,3) 
h 1,28 (s) 

1,32 (s) 

f 4,24(% 10,3;8,0) 
4,54 (~, 10,3; 2,8), 

g 3,82(q,8,0; 2,8) 
h 1,24 (s) 

1.28 (~) 
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TABLE 1 (continued) 

Cpd. Chemical shift, 6, ppm; 
No. Compound multiplicity, "f ] Hz 

X 

XI 

Xll 

Xlll 

XIV 

XV 

XV1 

Ostruthol 

Ra=H (c); R, '=H (d); 
Rs'=H (e) 

OH 
Cf) ( g ) l . C H ~  

R6=--O--CHa-CH--C(  
I \CHa  (h) 

HaC O 
I 

( J )H>C=~--C=O 

(k) CHa (i)  

Peucedanin 

R5----H (c); Ra=H ~)  
R4'=OCHa (e); R~ = 

CH--CH3 (g)  
( f ) \  

CH3 
Anhydromarmesin 

Rs=H (c); Rs =H (d) 
CH3 

R~'----H (e); R ( = C H (  
(f) \ C H s  

ra ~) (b) 

iLpo  o 
/ (d) 

Rs' 
Isopsoralen 

R6----H (e); R~'=H (f) 

6,17 (d, 10,n) f 4.60(q,9,9;7,8), 
8.00 (d, 10,0) 4.85(q..q,9;3,3) 
6,98 (s) 5,45 (q, 7,8; 3,3) 
6,95 Ql, 2,5) ~ 1,35 (s) 

e 7,57 (d, 2,5) 1,39 (s) 
i 1,98 (wr) 
j 1,88(q,7,2; 1,5)~ 
k 6,17 (m) 

Sphondin 

R6~--OCH 3 (e); Rs'=H (f) 

Oroselone 

Ro=H (e); Rs'= 
--C-CHs (g)  

% 
CH2 
(f) 

Orese Iol 

(g )  

6,44 (d, I0,0) e 4,02 (~) 
7,88 (~, I0,0) f 3,33 ¢m) 

c 7 ,646)  g 1.44(d, 7,1) 
d 7,35 (s) 

a 6,28 (d, I0,0) 6,35 (s) 
b 7,71 (d, 10,0) ~ 3,04 ~), 
c 7,46 (s) g 1,31 7,0) 
d 7,29 (s) 

a 6,37 (d, I0.0) e 7.39 (s) 
b 7,82 (d. I0,0) f 7,71 (d. 2,3) 
c 7,39 (s) 
d 7,12 (d, 2.3) 

6.39 (d, 9,7) d 7,12 (d. 2,3) 
7,76 (d, 9,7) e 4,03 (s) 

c 6,77 (s) f 7,67 {d, 2,3) 

6,36 (d, I0,0) 7,33 (s) 
7,76 (d, 10,0) ~ 5,29 (wr) 

c 7.33 {s ) 5,81 (wr) 
d 6,92 (s) g 2,14 (wr) 

CH3 (g)  .a 6,34 (d, 10,0) d 6,92 (s) 
R~ '~ - -C(  c b 7.76 (d, I0,0) 7,32 (s) R6~H Ce); 7,37 (s) ~ 1,71 (s) 

CH2 (f) 

*The  s p e c t r a  w e r e  o b t a i n e d  on  a JNM-41-1-100 (100 MHz)  i n s t r u m e n t  
in  d e u t e r o c h l o r o f o r m  w i t h  t he  TMS s i g n a l  t a k e n  a s  z e r o .  
~ d -  d o u b l e t ;  t -  t r i p l e t ;  q -  q u a r t e t ;  w r -  u n r e s o l v e d  o r  w e a k l y  r e -  
s o l v e d  s i g n a l  a p p e a r i n g  in  t he  f o r m  of  a s i n g l e t ;  m -  m u l t i p l e t .  
~ T a k e n  in CD3OD. 
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TABLE 2. Effective r -E lec t ron ic  Charges on the Ring Carbon Atoms 
in Furocoumarin Molecules 

Sub- ] , Effective rr-eleetronic charge 
NO. stance G°mF°und I M~thod ] - ~ .  t - ~ , -  I C~. I C, Ca [ C' I C, 

I" Psoralen 

II Bergapten 

l l ,  

IV Isopimp- 
inellin 

XI Peucedanin 
XIII Isopsoralen 

XIV Sphondin 

PPP 
HMO 
PPP 
HMO 
PPP 
HMO 
HMO 

HMO 
PPP 
HMO 
HMO 

--0,0171--0,05~1+0,0251 - - 1 - 0 , 0 8 1  _0 ,0761_0 038 
- -0 ,076--0 ,087 ~-0,00i - -  --0 087--0  121~+0 028 
--0,034 -70,0t6 - -  / -- - - 0 ' , l l 8 - - 0  081!-:-01049 
- 0 , 1 0 8  +0,092 -- ] -- I--0,131--0,1141+0 094 

I-0,0191+0,055l-0,0101 - I - ~ -0 ,077 , -0 ,040  
--0,0751+0,0871--0,0~t41 - -  [ --  I--0,1231+0,020 
-O'106t+O'09-°l - ', -- I -- ',-°,1151+0,006 

-0,0781÷0 0881+0,0031 -- 0,088 -- I -- 
-o,o181+o,o511÷o,oo81-o,o~31 -- I-o 0801-0 038 
-0,0851+0,0871-0,0071-0,0591 - I--0'1131+0'021 I -  I-°;1141+°;°22 

7,57 - 7,&" 

5'~ t ~,35 - 7, IS 

"~ "f t 6.e7 - Z 46 o 8 [  'g I 
g- 6 L 7, a2_: 7, 3g 
o | 6 , 7 7  - 7 7  p, 

~5 4 ~ 7,58- 4sa 

s i6.1> 5.ff 
E 1 
"~ ~g 0 7,~ 7, e,o 8.5 z ~ ppm 

Fig. 1. Posit ions of the signals of 
the ring protons in the NMR spectra  
of the furocoumarins .  

In the spect rum of oxypeucedanin (VII), the region of the 
aliphatic protons is interesting for discussion; here,  in addition 
to the signals of the methyl groups,  there are  three one-proton 

/ o \ /  
quartets due to the protons of the - -O--CH2--CH--C--  fragment:  
the lat ter  form an ABX system close to an AMX system. The 
assignment of the signals in this case can be made unambiguously 
on the basis of the values of the s p i n - s p i n  coupling constants:  
the existence of a geminal constant shows that the quartets in the 
weaker  field are  due to a methylene group. The nonequivalence 
of the methylene protons is caused by the neighboring asymmet r ic  
carbon atom. 

The signal of the methine proton is shifted upfield because 
it is attached to a t h r ee -membered  ring. The opening of the lat ter  

leads to a paramagnet ic  shift of the signal of the methine proton to 3.81 ppm in the spect rum of oxypeueedanin 
hydrate (VIII). 

The assignment  given in Table 1 is also in harmony with the spect rum of ostruthol (X), in which the 
quartet at 3.81 ppm is shifted downfield by 1.64 ppm, which is the resul t  of the ester if ieat ion of the hydroxy 
group in the geminal position to the methine proton under consideration. 

For  biacangelicin (IX) a spectral  pattern in the region of aliphatic protons s imi lar  to that for oxy- 
peucedanin hydrate was to be expected (disregarding, of course ,  the appearance of the peak of a methoxy 
group). However, the CSs and coupling constants of the protons of the side chain of btacangeliein differ 
somewhat f rom the corresponding f igures for  oxypeueedanin hydrate,  which is apparently due to the pos-  
sibility of the formation of hydrogen bonds between the hydroxy groups of the side chain and of the coumarin 
nucleus. 

In the ostruthol molecule there is an angelic acid residue - an angeloyl group - which is frequently 
found in natural eoumarins.  The NMR spect ra  of angelic acid and the i someric  tiglic acid, and also of their 
methyl es te rs ,  have been studied by F r a s e r  [8], who showed the presence in them of long-range s p i n - s p i n  
coupling of the CH 3 protons with other protons.  

The splitting of the signals of the CH.~ groups as a resul t  of the long-range interaction is somet imes 
not observed directly,  and a doublet and a singlet with charac te r i s t ic  broadening appear in the spectrum,  
showing the presence of an angelic acid residue in the molecule of the substance considered. 

It is just this pattern which is found in the spect rum of ostruthol. The methyl group in the ~ position 
to the carboxyl gives a weakly resolved peak in the form of a broadened singlet at 1.98 ppm; the fl-methyl 
group gives a doublet each component of which has undergone additional weak splitting. The center  of the 
multiplet of the vinyl proton is at about 6.17 ppm. 

In considering the spectra  of the l inear furocoumarins ,  let us dwell on two examples of compounds 
with substituents in the furan nucleus. The assignments  in the spect rum of peucedanin (XI) present  no dif- 
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ficulty: in the region of a romat ic  protons the singlet at 7.64 ppm is due to H5, and the singlet at 7.35 ppm 
to HI e. Let us s ta r t  f rom the values of the calculated effective charges  (see Table 2). 

In anhydromarmes in  (XII}, the substituent is located at C5,. Consequently, the protons at C5, C8, and 
C 4, give singlets.  It is obvious that the signal in the weakest  field must be assigned to HHa, and the peak at 
7.29 ppm to Ht 8. In actual fact,  in the peucedanin spec t rum the signal f rom HI s is at 7.35 ppm. It may be 
expected that the replacement  of a methoxy group in position 4' by hydrogen will not lead to a substantial 
change in the CS of H 8. Fu r the rmore ,  the upfield shift of the H 4, signal (6.35 ppm) in the spec t rum of (:KID 
is completely normal ,  since there is an electron-donating substituent in the ortho position to this proton. 

In the spec t rum of the parent of the 2 ' ,3 '  : 7 ,8-furocoumarin  ser ies ,  isopsoralen (XIII), in place of the 
expected quadruplet f rom the protons in positions 5 and 6 a singlet appears at 7.39 ppm (7.37 ppm [9]). The 
charges  on C 5 and C 6 (see Table 2) are  -0 .007  and -0 .059  (HMO) and +0.008 and -0 .043  (PPP),  r e spec -  
t ively.  Thus, the electron densities at I,i 5 and [-I 6 will be different, and the equivalence of these protons is 
apparently due to the specific anisotropic influence of the furan ring in the 7,8 position. 

Bat terham and Lamberton [9] have considered the influence of a furan nucleus on the protons in po- 
sitions 5 and 6 without determining the mechanism of this influence. By comparing the CSs of protons a 
and b in naphthalene (XVII) and in the naphthofuran (XVIII) they found that in the transit ion (XVII)--* (XVIII) 
the signal f rom a shifted downfield by 0.23 ppm, and the signal f rom b, conversely,  upfield by 0.14 ppm. 

(b) (b) 

-~/'\I /,,/\/ 
o 
i I 

XVII XVIII 

Taking into account the fact that the analogous influence of the furan nucleus is exer ted on protons 5 and 
6 of coumarin,  these authors calculated the position of the signals f rom H 5 and I-I s of isopsoralen,  using the 
data of Dharmatti  et al. [10] for coumarin.* For  55 and 56 they obtained s imi lar  values of 7.49 and 7.45 ppm, 
which qualitatively explained the pattern observed.  

The equivalence of H 5 and HI 6 is retained in oroselone (XV), which has a substituent in the furan ring, 
and a ve ry  minute difference (0.02 ppm) is observed for 5~ and 56 in the spec t rum of oroselol  (XVI). 

The positions of the signals of the r ing protons in the spect ra  of the furocoumarins  are  shown sche-  
matical ly in Fig. 1. It follows f rom this that the intervals within which the signals of the var ious  protons 
appear overlap to a considerable extent, which complicates  the ass ignment  of the peaks in the spect ra  of 
compounds with unknown s t ruc tures  f rom the CS values alone. However, the use of s p i n - s p i n  coupling con-  
stants may substantially simplify the problem. Thus, only the signal f rom H 4, can fall into the region of 
the signals f rom H3, but if even one of the n u c l e i -  the pyrone or  the furan nucleus - has no additional sub- 
stituent, the signals mentioned can easi ly be differentiated by means of their  coupling constants.  The si tu- 
ation is somewhat more  complex with the identification of the protons of the benzene ring, but by consid-  
er ing the number and nature of the substituents and by using information on known compounds, it is possible 
as a rule,  to make fairly rel iable ass ignments .  

If the influence of a number of substituents on the CSs of the r ing protons is followed, some useful 
increments  can be obtained for empir ical  calculations.  [The CSs of the corresponding protons in psoralen 
(I) or in isopsoralen (XIII), depending on the type of furocoumarin  for which the calculation is made. are 
taken as the initial values.]  O-Alkyl substituents shift the signal of an ortho proton by 0.62 ppm and of a 
para  proton by 0.41 ppm in the downfield direction, while alkyl substituents shift the signal of an ortho p ro -  
ton by 0.30 ppm. Finally, O-alkyl substituents in position 5, r egard less  of their  size,  shift the signal of 
the C 4 proton downfield by an average of 0.24 ppm and the signal f rom HI 4, by 0.11 ppm. t  

*Since Dharmatt i  et al. [10] per formed the calculation for the spec t rum in te t rahydrofuran,  Bat terham and 
Lamberton [9] introduced a correc t ion  for the influence of the solvent, which was +0.11 ppm for all the p ro -  
tons of the benzene ring. Bearing in mind the resu l t s  of Grigg et al. [11], this method of introducing c o r -  
rec t ions  must  be regarded  as unsat isfactory.  
tAll  the f igures given relate to solutions in CDC13 or CCI 4. 

561 



S U M M A R Y  

The NMR spec t ra  of a s e r i e s  of l inear  and angular  fu rocoumar ins  have been studied. A s e r i e s  of 
ru les  of in te res t  for  s t ruc tu ra l  analys is  in this s e r i e s  of compounds has been drawn up. 

L I T E R A T U R E  C I T E D  

1. M . E .  P e r e l ' s o n ,  Yu. N. Sheinker,  G. P. Syrova,  and K. F. Turchin,  Khim. Pr i rodn.  Soedin., 6, 6 (1970! 
2. G . I .  Kagan, I. N. Fundyler ,  and G. M. Kagan, Teore t .  l~ksperim. Khim.,  2, 589 (1966). 
3. M . E .  P e r e l ' s o n ,  A. V. Tutkevich,  Yu. N. Sheinker,  and N. P. Gambaryan ,  Teore t .  ]~ksperim. Khim.,  

2, 575 (1966). 
4. G . S .  Reddy and J.  H. Goldstein, J. Phys.  Chem.,  65, 1539 (1961). 
5. E . J .  Corey,  G. Slomp, S. Dev, S. Tobinaga, and E. R. Glaz ier ,  J. Amer .  Chem. Soc., 8._0.0 ' 1204 (1958). 
6. R . J .  Abraham and H. J. Bernste in ,  Canad. J.  Chem.,  3.~7, 1056 (1959). 
7. J.  Reisch, J. Novak, K. Szendrel ,  and E. Minker,  Pha rmaz ie ,  22, 205 {1967). 
8. R . R .  F r a s e r ,  Canad. J.  Chem.,  3..8.8, 549 (1960). 
9. T . J .  Ba t t e rham and J. A. Lamber ton ,  Aust r .  J. Chem.,  17, 1305 (1964). 

10. S .S .  Dharmat t i ,  G. Govil, C. R. Kanekar ,  C. L. Khetrapal ,  and I. P. Virmani ,  P r o c .  Indian Acad. Sci., 
A56, 71 (1962). 

11. R. Grigg, J. A. Knight, and P. Roffey, Tet rahedron ,  2_~2, 330 (1966). 

562 


