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Abstract—Fourier-transform ' 'C NMR spectra of nine coumarinoid compounds of medicinal interestare reported. Allof
the carbon resonances are assigned with the aid of various spectral techmques and stable isotopic labeling. The
substituent effects on the chemical shifts in several systems are also discussed.

With the advent of Fourer-transform methods and
computer technology, natural-abundance ''C NMR (FT-
'C NMR) has become a sensitive and powerful tool in the
structural elucidation of natural products and studies of
chemical conformation. The availability of *'C NMR data
on coumarinoids in the literature is still scarce, despite the
abundance of this moiety in plant natural products and its
important usc in pharmaceuticals. Among the latter, the
4-hydroxycoumarin moiety is present in many of the
leading anticoagulants used clinically today. Part of the
scarcity of data can be attributed to the general difficulties
in shiclding assignments ¢specially for a new class of
compounds. Assignments of shicldings? on the basis of
chemical intuition alone are often equivocal, although
confidence can be gained if onc compares the data with
analogs or similar systems. Unequivocal carbon shielding
assignments can, however, be obtained by suitable
instrumental techniques and with the aid of specific
isotopic labelling. In this paper, carbon assignments on a
number of coumarinoids are reported using FT NMR
spectroscopy, off-resonance and gated decoupling, along
with specific deuterium and ''C labelling.

Spectral assignments. The shielding assignments of all
carbons for coumarinoid compounds 1-9 arc shown on
Tables 1 and 2. The carbon shieldings of coumarin, 1, have
been previously assigned.'* The shieldings of 4-
hydroxycoumarin, 2, were assigned as follows. The
positions of C-9, C-8 and C-10 were first tentatively
located with reference to anisole® and to o<resol.” The

tPresented in part at the 1974 Pacific Conference on Chemistry
and Spectroscopy. San Francisco, California.

tSupported in part by Clinical Pharmacology Section. School of
Pharmacy, University of Southern California. That portion of the
research carried on at the California Institute of Technology was
supported by the Public Health Service, Rescarch Grant
GM-11072 from the Division of Medical Sciences and the National
Science Foundation. That portion of the research carried out at
Washington was supported by an American Foundation for
Pharmaceutical Education fellowship (W. Porter).

§The term “shieldings” used in this context is from Stothers,
Ref. 11

general regions for absorption by C-2, C-3 and C-4 could
be deduced from the shifts of methyl vinyl ether)
A cyclohexenone,” saturated e-lactone™ and coumarin.
The differentiation of quaternary carbons (C-2, C4, C-9
and C-10) from the tertiary carbons (C-3 and C-8) was
accomplished by the off-resonance decoupled techniques.
The off-resonance decoupled "'C spectrum of 2 (Fig. 1)
indicates that those signals tentatively assigned by (.2,
C4, C9 and C-10 remain as singlets, although C-9 and
C-10 display a small coupling attributable to the vicinal
protons. This small coupling serves to differentiate the
signals from C-8. Furthermore, C-9 and C-10 could be
casily differentiated by the downfield shift of C-9 arising
from the attached oxygen.

The assignments of -5, (-6 and C-7 could not be
clearly made by direct comparison with anisole and
o-cresol alone. However, the 4-OH group is expected to
make a larger change in the shift of C-5 relative to the
same carbon in coumarin than of C-6 or C-7. On this basis,
the signal at 123.01 ppm rather than 13234 ppm was
assigned as arising from C-8. Confirmation of this
assignment was obtained from the spectrum of the
partially deuterated 6.7-dideuterio-4-hydroxycoumarin, 3
(Fig. ). Here decreases were observed in the intensities
of the signals of (-6 and C-7 because of deuterium-''C
couplings and the nuclear Overhauser effect. The signals
for C-6 and -7 were differentiated on the basis of the
additive cffect of methyl substitution in o-cresol. The
shielding value at C4 (equivalent to -6 in 2} of anisole is
only slightly downfield of the same carbon in o-cresol,
whereas C-$ (equivalent to C-7 in 2) is 2.4 ppm upficld of
the corresponding carbon in o-cresol. On this basis, the
signals for C-6 and C-7 are those at 1242 ppm and at
131.7 ppm, respectively. The assignment of (-3 was
confirmed by D-H exchange. because the C-3H and C-4H
protons can be readily cxchanged. The diminished
intensity of the signal at 90.98ppm confirmed the
assignment of C-3 (Fig. 3). The remaining assignments
were C-2 and C4. A gated-decoupled spectrum (Fig. 4) of
these carbons exhibits a broad multiplet for the downfi¢ld
signal and sharp doublet for the upficld signal. A multipiet
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Table 1. Carbon shieldings of coumarin and related compounds
4-Hydroxy- 4-Methoxy- 3-Bromo-4-
Coumarin coumarin coumarin hydroxycoumarin
Carbon* 1 2 4 5
C-4 14393 16545 16580 162.18
C:2 159.61 161.78 161.32 158.40
C9 11 15338 162,47 151.60
[N 131.69 132.34 13241 132,68
C6 124.23 123.62 123.86 124.26
C-s 128.22 123.01 122.51 12327
C-8 116.04 116.14 116.18 11633
C-10 118.59 11873 11499 11582
C-3 116.04 90.98% 90.06 89.13
C-1 - — — —
c-12 - - - -
¢ — -
C-14 - — - -
C-r - — - -
c.> — _ - -
oy — -
Cs - -
O-ME - - 56.88 -

*Chemical shifts are in ppm from internal TMS except sodium warfarin whose
chemical shifts were measured with external 1,4-dioxane and converted to the TMS
scale using the factor 67.4 ppm. Compounds 1.2, 4 were recorded by a Varian X1.-100,

compounds 3. 8, 6. 7. 9 by a Brukarian,
spectrometer.

is expected for C-4 because of coupling with several
protons while a sharp doublet is expected for C-2 from
coupling with the C-3 proton. Therefore, the upfield
signal was assigned to be C-4 and the downfield one to be
C-2. Recently, identical carbon shieldings for 2 ' and 4
have been published elsewhere employing alternate
methods for assigning these spectra.

The carbon shieldings for 2 are substantially different

and compound § by a Vanan CFT-20

from 1 itself. The 4-OH causes C-4 to shift downfield by
21.5ppm but C-3 upfield by 25.16 ppm. Similar effects
arising from clectronegative groups are known for
alkenes.” The C-S resonance of 1 is shifted upfield more
than Sppm in 2 whercas C-9 is essentially unchanged.
This result suggests a y cffect between the 4-OH group
and the proton at C-5.”" The cause of the y effect in this
syslem may be attributable to the steric interaction of
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Table 2. Carbon shieldings of coumarin and related compounds

Warfarin 4.2

3-Benzyl-4,5-di- Sodium

Phenprocoumon hydroxycoumarin methy! cther warfarin
Carbon* é 7 8 9
4 16069 16263 16321 17874
-2 161 %5 162 458 162.30 16797
C9 182 15311 143,01 153,49
C.? 131.68 132.08 131.39 131.62
C6 1367 110.21 12382 12394
[N 12344 18457 126.69 136.60
8 11628 107 86 116.58 11668
C-10 11611 103 80 116.76 3
-3 78R 102.41 11976 103.4
c-1n 4174 28.69 6.8 36.1
12 2159 . 4571 46.6
C-13 1268 — 20706 26,46
C-14 .- — 0.1 0.3
C-r 143.65 140.17 14221 145.0
[ 12787 12813 12793 12804
¥ 128.8° 128.28 128.44 1289
4 12578 12¢78 12393 12602
O-ME — - 6189

*Chemical shifts are in ppm from internal TMS except sodium warfarin whose chemical
shifts were measured with external 1. 4-dioxane and converted to the TMS scale using the
factor 67.4 ppm. Compounds 1,2, 4 were recorded by a Varian XL.-100. compounds 3,5.6,7.9
by a Brukanan and compound 8 by a Vanan CFT-20 spectrometer.
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Fig. 1. Off-resonance FT "'C NMR spectrum of 2 in DMSO-d.. The septet on the far right was denived from the
solvent. Concentration 0.7 M.

*An alternative explanation of the upficld ¢flectis that it may be
due to the hyperconjugative effect of the frec electron pair of
oxygen transmitted through the = bond svstem similar to the
y-anti effect suggested by Fhel et al. (E. L. Ehel et al.. J. Am.
Chem. Soc. 97, 322 (19753 The authors wish to thank one of the
referees for pointing this out

these two groups similar to the l-alkyl substituted
naphthalene systems.t'""

The carbon shielding of 4-methoxycoumarin, 4, closely
rescmble those of 2 as expected, and the assignments are
straightforward.

The carbon  assignments

of 3-bromo-4-hydroxy-
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Fig. 2. FT °C NMR spectrum of 27% 3% in 2 dissolved in DMSO-d.. The septet on the far right was derived from the
solvent. Concentration 0.3 M.

*+The carbon shicldings of 3 could not be accurately distinquished from 2 with the expenmental condition employed
since only 27% 3 in 2 was used for the spectral measurement.
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(-2 and C4 exhibit upfield shifts in excess of 3 ppm while
C-3 is shifted about 1 ppm in the same direction. The
influence on the rest of the ring system is small cxcept on
C-9 which shows an upfield shift of 1.78 ppm. These

coumarin, 5, were also deduced by a direct comparison of
its spectrum with that of 2. Substitution of bromine on C-3
produces perturbations on the shielding of the carbon
being substituted and of the ncighboring C atoms. Both
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Fig. 3. tar FTC NMR spectrum of 2in DMSO-d. (0 FT "C NMR spectrum of 2 in DMSO-d. after equilibration
with 0.1 ml of D.O for 2hr.
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Fig. 4. ta) Gated decoupled FT °C NMR spectrum of 2in DMSO-d.. Pulse delay. 4.2 secs. Only C-2and C-4 expanded
scale are shown. (b} Expanded FT "'C NMR spectrum of 2 in DMSO-d, Pulse delay 0.4 sees. Only C-2and Cd are
shown.

results are not consistent with the shielding parameters
observed for simple bromine-substituted alkenic or
aromatic systems.'"

The carbon shieldings of the $-hydroxycoumarin ring in
phenprocoumon, 6. were assigned by a direct comparison

+7°C phenprocoumon labelled at (-2 was synthesized by ring
opening and decarboxylation of phenprocoumon followed by
recarboxylation and ring closure with barium ''C-carbonate. The
synthetic procedure will be published elsewhere (W. R. Porter and
W. F. Trager).

of its spectrum with that of 2. The shielding assignments
are straightforward (Table 1) except for C-2 and C4
which are too close to be readily differentiated. The
spectrum of 6 enriched with "Ct a1 C-2 (Fig. 5) indicated
that the resonance for this carbon, unlike the cor-
responding signal in 2, occurs downfield of C4 by
0.86 ppm.™ The assignments for C-11, C-12, C-13 were
also reported previously,'” and were substantiated by an
off-resonance decoupled spectrum  (Fig. 6). The
resonances for C-1, C4' were assigned by analogy to
those of monoalkyl-substituted benzenes.”
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Fig. 5. FT "C NMR spectrum of 6 in DMSO-d... Left top shows cnhancement of (-2 signal by (" enrichment.
Middle shows portion of its off-resonance spectrum. Concentration 0.7 M.
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Fig. 6. FT ""C NMR spectrum of 9 1n D.0. Right top shows portion of its off-resonance decoupled spectrum.
Concentration 0.7 M.

The assignments of the carbon shieldings of 3-benzyl- The resonances of the ether formed by treatment of
4,5-dihydroxycoumarin, 7, were made with reference to  sodium warfarin, the commonly used oral anticoagulant,
those of 6 and 2. The closeness of the C-2 and C4  with methyl iodide (4-warfarin-methvl cther, 8) were
resonances lead to an arbitrary assignment. assigned by comparison with several model compounds.
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The resonance 207.06 ppm is near the expected value for a
methyl ketone (20625 ppm in 2-butanone™) and is there-
fore assigned by C-13. The resonances for C-11, C-12,
C-14 and the OMe carbon were assigned on the basis of
off-resonance decoupling. The resonances for C-1'-C-¥
on the phenyl ring were assigned as before. The remainder
of the spectrum was assigned by analogy to 2. The large
downfield shift of C-3 1o 110.76 ppm wis strikingly
different from the resonance of C-3in 4 at 90.06 ppm and
in 6 al 10788 ppm. Indced. the position of the C-3
resonance of 8 s even downfield of the corresponding
signal in coumarin itse!f (Table 1), §t seems lkely thatin 2
or 4, C-3 experiences a large upfield shift due to
conugation. Whereas in 8, and to a lesser ¢xtent in 6, this
same effect 1s not seen because the coplananty of the
methoxyl substituent with the o, g-unsaturated lactone
system necessary for a strong resonance interaction is
inhibited through steric hindrance with the subslituent at
C-3. The downficld position of C-3 relative to 1
presumably dug to the electronegativity of the OMe
group.

Sodium warfarin, 9. is poorly soluble in DMSO
Consequently, its “CNMR spectrum was recorded in
water with [d-dioxane as the reference. The observed
resonances were converted to the TMS scale by adding a
factor of 674ppm.~ The carbon shiclding assignments
were derived from comparisons of the spectrum with
those of 6 and 8. The shielding for C-6 through C-9 ol 9are
essentially idenuical to those of the model compounds
while C-3 15 shifted upficld with respect 1o 6 and downfield
with respect 1o 2. an effect consistent with the previous
discussion. Both C-3 and C-10 are shifted downfield with
respect to both mode! compounds. These shifts are
presumably due to a combination of solvent effects and
the influence of the amonic nature of warfann. Major
<hanges in the shieldings are secn for C-2 and 3 The
signals of these two carbons were differentiated by the
enhancement of the C-2 signal intensity via addition of 9
labelled with ~'C at C-2.* The reason for the large
downfield shift of C4 relative 1o the position of the
analogous carbon in 8 is nol readily apparent. However,
recent work n our laboratories suggests that the effect
may be due to a substantial contnbution of the chromone
resonance structure to the amon

The keto carbon on the side cham, C-13, 18 assigned to
the most downfield signal by analogy 1o 8. The shicldings
for C-11, C2 and C-14 were adduced by the off-
resonance decoupled spectrum shown in Fig. 7. while the
shieldings for the side chain wromatic nng were readily
assigned by 1 comparison with 6 and with & monoalks)-
substituted benzene.”

EXPERIMENTAL
Shiclding measurements were made using a Brukarian,™ a
Varian XL-100, or & Vanan CFT-20 pulsed FT spectrometer
operating at 15.09, at 28 2 and at 20 MH2, respectivels for O For
the Brukaren spectromeler. the temp. was maintamed  al

*Sodium warfarin labelled at (-2 with *'C was svathesized by
desulfurizaton of 2 'Cowarfann ethylene dithioketad Detints waill
be published elsewhere (W R, Porter and W F Trager)

s The asuthors are indebted to . Rodney Haddock. Beecham.
Inc.. London, for a generous @ft of this matenal.

§$Compounds purchased commercially are coumarin and d-
hydroxycoumarin, Aldnch Chemical: sodium warfann (Pan-
warfann *), Abbotl Laboratofies.

"W F Trager. unpublished data

3705 LOF with a Bruker B-ST temp. control umit. Off-resonance
and gated-decoupling’’ techniques were used in facilitating
spectral acquimition. A Iypical spectrum was run with an
acquisition time of 0.8 sec, pulse delay of 1.0 sec, sweep width of
o0 Hz and 8K data points. The conwentrations of most soins
were 0.5-07¢M (where indicated) DMSO-d, or in CIX'L,.
T™MS  was used as the nternal standard. Sodium warfann,
however, was myveshigated in water because of its low solubility in
DMSO  For o, the field-frequency stability was achieved by
lockimg onto an external deuterium oxide sample w hich contained
1.4 diovane (13773701 ta serve as the external standard and 2
field-frequency lock.

The samples used 1n thin work were cither gifts.i were
synthesized, or were commercially available:d all were used
without further purtfication. The labeling of the hydroxy
coumann: was achieved by exchange with deutenum oude over
plannum oxide n a bomb. maintained at 1MF for Jhr The
positions of 1) substitution were venfied by a detailed analyas of
the ABCI>type proton spectra of J-hvdroxycoumarin at M), 90,
100 and 220 MHy. The averages of the four chemical shifts in ppm
relatne to TMS and couplings 1n Hz obtained from the proton
spectra ot different frequencies were WL T35 <001 W2,
TR QDL WL TR -0 and W, TR - 000 and 112, 1.0 0.9,
NLAV03 I, 03-02,J23, 78 -01;J24, 7901 and 134,
16+ 0.1. The chemical shifts of the two protons with one large
and three smaller couplings are cleatly due to the protons at nng
positions ¥ amd K. These shafts correspond closely to the ~hifts of
the residual protons (P3% and " 82ppm) in the dideuterated
4-hvdroxycoumarin The need fur o detailed analysis 1s evident
from the fact that the two upfield protons, one of which must be
cither on the & or -ring carbon, have a very small chemical-shift
difference (002 ppm)

4 Mcthoxveoumarin, 4, was svathesized by methyvlation of
$-hvdroxscoumann with BE, in MeOH.” § was prepared by the
it methed™ and 7 was svathesized by a condensation reaction
using resoranal and cthyl benzyl malonate * 6. was synthesized
my a refined method of Schroeder of ol ™

Compound B was prepared by 1iodomethane method outhned as
follows To g oln of 33 gt moler of sodivm warfann, USSP
W ml acctone was added 20g 10.14 mole) odomethane. The
mixture was refluned fur 36 hr. Acetone was removed a1 racae
and the residue was partitioned between W0 ml dicthyi ether and
Wml IN NaDH. The cther soln was concentrated 1o give a white
orystalline ppt, which was recosered by sucthion filtrstion 1o yvield
1S.Cgedsimp 124 126 (i mp 127 yandamixture of thisand
an authentic sample guve no mop. depression. The IR spectrum
showed a strong absorption at 1" em and the PMR spectrum
showed two sharp profiles at 204 ppm (ade-chan Met and at
100 ppm (MO

Note added an Proof- Recenthy. the assignment of the S8
protons have been further contitmed by the PMR cpectrum of -
detterio - 4 hvdrovycoumann synthevsed by specihc deuterium-
halogen exchange
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