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CARBON-13 MAGNETIC RESONANCE CHEMICAL SHIFT ADDITIVITY RELATION
SHIPS OF CLINICALLY USED FUROCOUMARINS AND FUROCHROMONES
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The natural abundance carbon-13 nuclear magnetic resonance spectra of various clinically used furocoumarins and
furochromones have been studied. The assignment of carbon chemical shift values were based on the theory of chemical ~

shift, additivity rules, SFORD spectra and model compounds.
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Introduction

The furocoumarins, methoxsalen (III), trioxsalen (IV)
and bergapten (V) are widely used in the treatment of
leukoderma. The furochromones, khellin (VIII) and visnagin
(VII) are well known as potent vasodilators. Although their
physico-chemical and physiological properties have been
thoroughly investigated [1-8], yet only few reports on their
13C-NMR studies have been published [9-14]. The present
work deals with further studies on the *C-NMR characteristics
of these compounds and some related derivatives. These are
psoralen (II) and dimethoxypsoralen (isopimpinellin) (VI).
Model compounds are also designed in an attempt to derive
chemical shift additivity values so that carbon chemical shifts
of related structures can be assigned unambiguously.
Furthermore, to compare carbon chemical shifts of the active
sites of furocoumarins and their relative photosensitizing
activity*. This might be helpful in studying the structure-
activity relationship in this series as well as in designing more
active derivatives.

Experimental

The proton noise decoupled and single-frequency off-
resonance decoupled (SFORD) *C-NMR spectra were
obtained at 50.30 MHz on a Varian XL-200-200 MHz Fourier
transform NMR spectrometer using a broad band 10 mm
probe. The samples were run at concentrations ca 1-2 M in
deuterated chloroform with tetramethylsilane as an internal
reference standard. Spectra were recorded with 8K data points
at a probe temperature of 23°. The chemical shifts were
measured at 5 KHz spectral width. Typical pulse widths were
10ps ,and the delay time between pulses was fixed at 2.0 sec.

Chemicals. Methoxsalen, bergapten and visnagin were
obtained from Memphis Company, Cairo, Egypt, trioxsalen

* Central Laboratory and blood Bank, Riyadh, Saudi Arabia.
+This work will be published later.

and khellin are commercially available and were used without
further purification.

Results and Discussion

Previously, the carbon-proton coupling constants arid the
effect of the substituents were used for the carbon chemical
shift assignments in furocoumarins and furochromones [11].
In the present study, however, carbon chemical shift
assignments are mainly based on chemical shift values derived
from model compounds, the single-frequency off-resonance
decoupled spectra (SFORD) as well as the effect of substituents
compared to some model compounds. The multiplicities
generated in the SFORD spectra enabled distinction between
methyl, methylene, methine and quaternary carbon resonances.

Table 1 shows the carbon chemical shift of furocoumarin
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TasLE 1.

BC-NMR CHEMICAL SHIFT VALUES OF FUROCOUMARINS AND FUROCHROMONES.*

Chemical Shift ppm

Others

Compd. C2 a C4 Cda Cs Cé6 c7 C8

C8a C2 c3

8-OCH, 4-CH, 8-CH, 2'-CH, 5-OCH, 2-CH,

No.

I 1604 116 4143.6 1188 128.1 1244 131.8 1164 1539

I 161.1 1147 1442 1156 1200 1250 1566 999 1522 1470 106.5

m 1604 1145 1445 1164 113.0 1262 147.6 1326 1429 146.7 1068 612 — — — — —_
v 1615 1127 1554 1092 1121 125.4 1532 1160 1489 1573 126 — 142 85 19.2 — —_
v 1603 1128 1394 1067 149.6 113.0 1585 940 1527 1450 1053 — — — — 603 —
VI 160.5 112.8 1394 107.7 1444 1149 1499 1283 1437 1453 1053 61.7 — — — 609 —
VI 1639 1108 1782 1125 1578 117.1 1536 952 1560 1452 1053 — - - — 61.8 200
Vi 1640 1106 1782 113.8 1474 1195 1489 130.0 1472 1455 1053 624 — — — 615 201

*Chemical shift values in ppm relative to TMS, solvent CDCL,.

compounds (II-VI), furochromones (VII and VIII) and
coumarin (I).

Furocoumarins. In complex molecules of natural
products, itis generally advisable to use model compounds of
single structures for assigning carbon chemical shifts with
great accuracy. In our work on furocoumarins, two main
models have been designed to obtain the parent compound
psoralen. These are models A and B. Model B psoralen can
be obtained by fusing 2-pyrone [11] and benzofuran [15],
while fusion of coumarin and furan [9-16] afforded model A
psoralen. The carbon chemical shift values derived for model
A and B, calculated and found values for psoralen and other
furocoumarins are listed in Table 2. It is evident from Table
2 that the overall carbon chemical shift differences between
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the found for psoralen and that calculated from model A and
B are -1.9 and +1.7, respectively. Therefore, the two models
can be equally applied for carbon chemical shifts prediction
in furocoumarins.

However, it should be pointed out that in fusing the C-
5 (106.8 ppm) of the 2-pyrone ring system (Model B) with the
C-5 (121.2 ppm) of the benzofuran ring system, a carbon
hybrid+is produced C-4a (115.6 ppm). The net result of this-
fusion is an increase of electron density of the C-5 of the
benzofuran and a decrease of the electron density of the C-5
of the 2-pyrone. This amounts to a downfield shift of the
C-5 of the 2-pyrpne ring system by+ 8.8 ppm. Also, fusion of
the C-6 (153.3 ppm) of the 2-pyrone ring system with C-6
(123.9 ppm) of the benzofuran ring system, produced a carbon
hybrid C-8a (152.2 ppm) with adownfield shift of +28.3 ppm.
The effect on C-5 of the 2-pyrone ring might be due to the
extended conjugation caused by the fusion of the benzene
nucleus of the benzofuran ring. These two values could be
utilized in elucidation of similar ring structures via their
carbon chemical shifts.

The predicted chemical shift values for methoxyp-
soralen (except for C-7 and C-8a) are in agreement with the
found values. The two carbons C-7 and C-8a have suffered a
downfield shift of 5.6 and 5.4 ppm, respectively than the
predicted values. So, the effect of a methoxy substituent in a
furocoumarin ring system will have a shielding effecton ortho
carbons of -9.2 ppm, (CF. benzene -14.6 ppm). However, in
caseof S-methoxypsoralen (bergapten) the predicted chemical
shift values due to the effect of 5-methoxy substitutent are in
agreement with the calculated values except for the C-8,
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TABLE 2. CALCULATED, FOUND AND DIFFERENCE IN CARBON CHEMICAL SHIFT VALUES OF PSORALENS.

Compound Chemical shiftin 3 ppm Accumulative
€2 c3 C4 C4a C5 Cc6 c7 C8 C8a C2 C3' 5-0CH, 8-OCH, difference
I Found 161.1 1147 1442 1156 1200 1250 1566 999 1522 147.0 106.6
Psoralen ModelA 1604 1164 1436 118.8 128.1 117.1 1374 1164 1539 143.0 109.7
' Diff.* 4.7 -1.7 +0.6 32 -81 +7.9 +192 -165 -1.7 +40 3.1 =-1.9
ModelB  162.0 117.0 1443 1146 1209 1272 1547 111.1 138.6 1445 106.5 =+1.7
Diff. 09 20 -01 +1.0 09 -22 +1.9 -11.2 +141 +25 +01
11 Found 160.4 1145 1445 1164 1130 1262 147.6 1326 1429 1467 1068 — 61.2
Methoxy- * Calc.** —  — — 1164 1120 1258 1420 1314 1376 — — — e
salen Diff. - - — — +1 +0.4 +56 +12 +54 — — — =
v 4CH, 8CH, 2-CH,
Trioxsalen Found 161.5 1127 1554 1092 112.1 1254 1532 1160 1489 1573 1026 142 8.5 19.2
Calc. — 1155 1535 1164 117.1 128.0 1574 1092 153.0 1563 107.4 212 212 212
Diff. — 28 +19 72 50 26 42 +68 41 +1.0 48 -7.0 127 2.0
v Found 1603 112.8 1394 1067 149.6 113.0 1585 940 1527 1450 1053 603
Bergapten Calc. e — — 106.5 1502 1139 1574 919 1530 — — —
Diff. — — — +#0.2 06 09 +1.1 +21 03 — —_— _
VI Found 160.5 112.8 1394 107.7 1444 114.9 149.9 1283 143.7 1453 1053 60.9 61.7
Isopim- — — 101.8 1435 1112 1428 1234 1384 — —_ — —_ — —_
pinellin  Diff. — — — +5.9 409 437 +71 +49 +53 — -

*Diff. = Difference **Calc. = Calculated

which suffered the downfield shift of 2.1 ppm. Thus, the
overall effect of a methoxyl substituent in the 5- position is
about -6.0 ppm, instead of -8.0 ppm observed in case of
benzene. However, this effect has not been observed on C-5
of methoxsalen. This shows that electron density at position
5 and 8 in psoralen molecule is of great importance in
mediating its photo-sensitizing activity. The methyl substituent.
of the methoxyl group in both, bergapten and methoxsalen,
hasachemical shiftvalue of 61.2 ppm which ismore deshielded
by 6.5 ppm than the methoxyd group of anisole [17].

Incaseof2',4,8-trimethylpsoralen, the predicted chemical
shift values showed significant differences from the observed
values, which range from -7.2 to +1.9 ppm. Derivation of any
general additivity rule was thus not possible. The chemical
shift values of the methyl substituents were also very different.
The 2'-methyl was similar to that of toluene while the 4- and
8- methyls suffered a shielding effect of 7 and 12.7 ppm,
respectively. This difference in electron density may be
attributed to the mesomeric effect of the furocoumarin ring
system.

Furochromones. The predicted chemical shift values
were calculated on the basis of values obtained in case of

chromone and psoralens, considering the effect of the methyl
substituent at C-5 in visnagin and C-5, C-8 positions in case
ofkhellin. The data derived for visnagin were in good agreement
with the observed values while those of khellin were also in
agreement with the observed values, except for C-8 of the
furochromone ring system. The effect of the methoxyl
substituent on the chemical shift value of this carbon is less by
11.6 ppm than the predicated value. However, the data obtained
for 5- methoxy and 8-methoxy psoralens were in good
agreement with the expected values (Table 2). This unusual
effect in khellin molecule may be due to the presence of two
methoxyl groups in the system (Table- 3).

This effect has also been noticed for the 5,8- di-
methoxypsoralen (isopimpinellin) but it is a deshielding
effectof +4.9 ppm. To obtain more information for this effect,
1,4- dimethoxybenzene (IX) was chosen as a model to
determine the effect of the two methoxyl substituents on the
carbon chemical shifts of C-1, C-4, C-2 and C-3 of the ben-
zene ring. According to the additivity rules, it is expected that
the effect on these carbons should be the sum of the effect of
the two methoxyl substituents. It turns out however that the
found carbon chemical shifts for these carbons are more than



Compounds, (Butterworth, Washington D.C. 1963).

7. M. Hesse and H. Schmidt, Moderne Methoden der
Pflanzenanalyze (Paech, K., Tracey, M. V. and Linskens,
H.F,, eds.) 6, p. 109, Springer, Berlin (1963).
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TaBLE 3. CALCULATED, FOUND AND DIFFERENCE IN CARBON CHEMICAL SHIFT VALUES OF VISNAGIN AND KHALLIN.
Compound Chamical Shift @ ppm
C2 C3 C4 Cda C5 C6 c1 C8 C8a C-2 C-3
Visnagin Found 1639 1108 1788 1125 1578  117.1 153.6 952 1560 1452 1053
Calc.** 1643 113.5 177.1 111.5 156.3 111.1 157.6 110.2 1572 147.0 106.6
Diff.* 0.4 27 +1.1 +1.0 +1.5 +6.0 4.0 -15.0 -12 -1.8 -13
Khellin  Found 164.0 110.6 178.2 113.8 1474 119.5 148.9 130.0 1472 145.5 1053
Calc. 164.3 113.5 177.1 1115 148.6 112.1 1432 141.6 142.8 147.0 106.6
Diff 43 29 +1.1 423 08 +7.4 +5.7 -11.6 +4.4 -15 -13
Diff. = Diference =~ **Calc. = Calculated.
‘that predicted by +4.28 ppm for C-1, C4 and +1.8 ppm 8. H. Schmidt, Fortschr. Chem. Org. Naturstoffe; 11, 124
for C-2, C-3, i.e., the four carbons have been deshielded (1954).
(Table 4). ' 9. E. Wenkert, B.L. Buckwater, LR. Burfitt, M.J. Gasic,
H.E. Gottlieb, E.W. Hagaman, F.M. Schell and P.M.
TaBLE 4. CARBON CHEMICAL SHIFT VALUES FOR 1,4- Wovkulich, Topics in Carbon-13 NMR Spectroscopy,
DIMETHOXY BENZENE Levy, G.C., Ed. (Wiley Interscience, New York, 1976)
Chemical Shift 3 ppm Vol 2,p.110.
10. D. Bergenthal, K. Szendrei and J. Reisch, Arch. Pharm.
C-1,C4 -2,C- !
¢ o 310, 390 (1977).
Calculated 150.00 1132 11. MH.A. Elgamal, N.H. Elewa, E.AM. Elkprisy and
g‘_’:f“d 1544.225 “51‘; H:Duddeck, Phytochemistry, 18, 139 (1979).
LEEE : i 12. M. Nicoleft, F. Delle Monache and G.B. Marini-Bettol,
J. Planta Med., 45 (4), 250 (1982).
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