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Ah&act--The Cinchon alkaloids cinchoninone and quinidinone are the substrates for the cinchoninone: NADPH 
oxidoreductases I and II described previously. The in vitro assay of this activity is complicated by the tendency of the 
substrates in neutral aqueous solution to undergo mutarotation owing to tautomerism. The composition of such 
solutions at equilibrium has been determined using a combination of ‘H NMR and r3C NMR spectroscopy and shown 
to contain the keto, enol and diol forms of both the 8S and 8R steric series. All these species exist at different 
concentrations. Furthermore, the position of the equilibrium favours the 8S-isomers rather than the 8R-form found in 
both the crystalline solid and the natural biosynthetic intermediate, cinchoninone. 

INTRODUCIION 

The bark of Cinchona ledgeriana provides the quinoline 
alkaloids, principally quinine, cinchonidine, quinidine 
and cinchonine (Fig. l), which are of value for their 
bittering anti-malarial and anti-arrhythmic properties [ 11. 
These alkaloids appear to be closely related biosyntheti- 
ally, being two pairs of steric isomers at the C-8 and C-9 
chiral centres, each enantiomeric series being represented 
by a C-6’ methoxylated and a C-6’ umnethoxylated form. 
Preliminary radiolabelling data 123 indicate that cincho- 
ninone may be of key importance as the intermediate 
immediately prior to cinchonine and cinchonidine. The 
biosynthesis of quinoline alkaloids in C. kdg&ana ali 
suspension cultures [3-6] is being investigated. It has 
been demonstrated [73 that these cultures contain two 
isoenxymes, cinchoninone : NADPH oxidoreductases I 
and II, which reduce cinchoninone (isoenxymes I and II) to 
an unequal mixture of cinchonine and cinchonidine, and 
quinidinone (i soenxyme II only) to an unequal mixture of 
quinine and quinidine in NADPHdependent reactions. 
These enxymes are central to determining the relative 
amounts of 8S,9R- and 8R9Scnantiomers formed and to 
precluding the formation of the unnatural epi-8eries 
(8R.9R and 8S,9S) [8]. 

solutions of the substrates. The former of these problems 
has been tackled using a combination of high-resolution 
‘HNMR and t3CNMR to determine the positions of 
enantiomeric and tautomerk isomerism, respectively. The 
results are reported herein. 
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Them are two major problems associated with the 
study of this reduction in vitro. Firstly, in cinchtminone 
and quinidinone the presence of a fully conjugated 
quinoline nuckus promotes tautomerism around the C-9 
carbonyl in polar solvents [9]. This results in steric 
inversion of the C-8 proton, and generates a solution 
which potentially could contain the 8R- and 8S-keto and 
geminal dials and the Z- and Ecnols (Fig. 2). Secondly, the 
species representing the true substrate(s) need to be 
determined. Thus, in order to interpret the kinetk para- 
meters obtained for the oxidoreductases in uirro (see ref. 
[TJ), it is necessary to describe fully the composirion of 
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Table 1. ‘H NMR spectral data from the spectra of Cinchona quinoline alkaloids in CDCla 

H Cinchonine Quinidine Cincboninonc Cinchonidine Quinine 

2 

3’ 

5’ 

6 

-0Me 
7’ 

8’ 

2 
3 

4 

9 

-OH 
10 

8.86 
(d; 4.6) 
7.58 
(d; 4.6) 
8.08 
(d; 8.6) 
7.66 
(1; 7.7, 7.7) 

7.45 
(t; 7.7, 7.7) 
7.98 
(d; 8.2) 
na. 
3.29 
(0; 1.5, 7.9, 13.7) 
2.86 
(q; 10.1, 13.4) 
n.a. 
n.a. 
na. 
3.08 
(o; 4.6, 9.2, 9.2) 
5.67 
(d; 4.6) 
3.34 s (br) 
5.97 

8.67 8.97 
(d; 4.3) (d; 4.4) 
7.51 1.65 
(d; 4.6) (d; 4.6) 
7.17 8.H) 
(s; meto = 2.4) (d; 8.5) 

- 7.72 
(I; 7.7, 7.7) 

3.87 - 

7.31 7.58 
(d; 9.2, meta = 2.7) (I; 7.7, 7.7) 
7.97 8.12 
(d; 9.2) (d; 8.5) 
na. 
3.21 9: 
(0; 1.5, 7.9, 13.1) (d; 10.3, 14.1) 
2.88 na. 
(q; 9.9, 13.0) 
na. na. 
na. na. 
na. La. 
3.07 4.16 
(0; 4.4, 8.6, 9.2) (q; 9.8, 18.4) 
5.50 - 

(d; 4.3) 
na. - 

5.% 5.92 

8.82 
(d; 4.6) 
7.55 
(d; 4.8) 
8.09 
(d; 8.5) 
7.65 
(L; 7.6, 7.6) 

8.70 
(d; 4.6) 
7.49 
(d; 4.6) 
7.22 
(s; meto = 2.7) 

- 

7.44 
(t; 7.6, 7.6) 
7.96 
(d; 8.5) 

El 
(h; 2.7, 5.4, 10.6, 13.3) 
3.05 
(q; 10.3, 13.6) 
na. 
na. 
na 
3.11 
(0; 4.6, 8.1, 8.1) 
5.62 
(d; 4.3) 
n.a. 
5.71 

3.90 
7.33 
(d; 9.2, meta = 2.7) 
7.99 
(d; 9.2) 
na. 
3.36 
(h; 2.8, 5.6, 10.6, 13.5) 
3.07 
(q; 10.1, 13.7) 
na. 
na. 
na. 
3.15 
(0; 4.9, 8.8, 8.8) 
5.55 
(d; 4.3) 
3.39 s (br) 
5.74 

(0; 7.3, 10.3, 16.2) (0; 7.5, 10.1, 16.4) (0; 7.3, 10.0, 17.3) (0; 7.4, 10.2, 17.3) (0; 7.7, 10.1, 17.4) 
4.99 4.98 5.08 4.93 4.95 
(d; 16.0) (d; 16.6) (d; 16.2) (d; 15.9) (d; 16.7) 

4.99 5.05 4.89 4.91 
(d; 10.8) (d; 11.1) (d; 10.8) (d; 9.9) 

lla 

llb 

Multiplicity of couplings (in Hz) are given in parentheses. 
na. = Not assigned. 

crystalline quinidinone undergoes slow mutarotation [9], 
forming a mixture of 8R- and 8S-epimers. In non-polar 
solution, epimerization does not occur. As shown in 
Fig. 3c, the ‘H NMR spectrum, obtained from a solution 
of pure crystalline cinchoninone in CDCIJ, of the ketone 
derived from cinchonidine closely correlates with that of 
cinchonine (Fig. 3a), confuming that it is the 8R-species 
which crystallizes. The IS-isomer cannot be obtained as a 
crystalline solid. The assignment of H-8 of cinchoninone 
to the resonance at 4.16 ppm is confirmed by its being fully 
exchangeable in D20. 

‘H NMR spectra of cinchoninone and quinidinone in 
aqueous solution 

The 8R:8S ratio was obtained from the ‘HNMR 
spectra of the DC1 salts of these bases, which are freely 
soluble in D20. As it was desired to determine the ratio in 
conditions as close as possible to those used for the 
enzymological studies [7], the pD of the solutions was 
adjusted to between 6.4 and 6.5 with NaOD. Above 
pH 6.5-7.0, the free base precipitates and is too insoluble 
for spectral determinations to be made. As it takes less 
than 3 hr for enantiomeric equilibrium to be established 
[9], spectra were obtained from such solutions ap- 

proximately 3 and 17 hr after solubilization. These 
spectra were identical, indicating that equilibration was 
complete, and showed resonances due to both steric series. 
Figures 3d and 3e show those obtained after 17 hr for 
cinchoninone and quinidinone. From the areas of the 
peaks due to the different steric isomers the 8R: 8s ratio 
was determined as 7.74: 2.26 for cinchoninone and 
6.74:3.26 for quinidinone. Thus, in solution, it is the 
opposite steric series (8s) to the crystalline form (8R) 
which dominates. 

“C NMR spectra of cinchoninone and quinidinone in 

aqueous solution 

Preliminary experiments showed by 13CNMR that 
tautomeric equilibrium was rapidly established, there 
being no difference between the spectra obtained 2,18 and 
170 hr after dissolution. The resonances in the 13C NMR 
spectra of cinchoninone and quinidinone in D20 after 
approximately 18 hr are given in Table 2. The majority of 
the carbon atoms within these structures have a chemical 
shift close to the reduced forms and can readily be 
assigned on that basis [13]. As expected, the resonance 
around 71 ppm from C-9 has been lost and replaced by a 
carbonyl resonance at about 198 ppm, and C-8 shows the 
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Fig. 3. ‘H NMR spectra of CtnchoM quinolioc alkaloids in the 
region 6.248 ppm. (a) Cinchoninc in CDCl,; @) cinchonidinc in 
CDCI,; (c)cin&onioonc in CDCl,; (d)dnchoninone in D20 
@D 6.R (e)quinidinonc in 40 @D 6.5). For acquisition 

conditions, tux Experimental. 

expected small downfield shift (co 3 ppm) as a result of 
this change. 

The equilibrium mixture could potentially contain up to 
six species resulting from tautomerism at the C-8 to C-9 
bond (Fig. 2), viz. the 8S- and OR-ketones, the 8S- and 8R- 
diols and the Z- and E-8,9cnols. A strong resonance at 

198 ppm indicates that, like oxaloacetate [14], the keto 
form is the predominant species at neutral pD. Minor 
resonances, indicative of the presence of the two enol and 
the diol species, are also apparent. Thus, minor resonances 
at 107.38 ppm in cinchoninone and at 103.39 ppm in 
quinidinone are assigned to the C-9 geminal diol on the 
basis of analogy with other dioxy-substituted carbons 
such as those in sucrose (104.4 ppm) [ 151, tazettine 
derivatives (101.2 ppm) [16] and exe-brevicomin 
(107.6 ppm) [15]. 

The enol could be present as one or both of the Z- and 
E-isomers. From a consideration of the structures in- 
volved, it is found that both these forms are subject to 
steric interference since the 8,9double bond causes the 
two rings of the molecule to be brought into closer 
proximity than in the keto or diol species. Nevertheless, 
the 13C NMR spectra contain a number of minor reson- 
ances which can satisfactorily be assigned to C-7, C-8 and 
C-9 of the enolic species. In cinchoninone, resonances at 
139.32,138.56,125.14 and 117.94 ppm may be assigned to 
the two C-8 and the two C-9 nuclei of the Z- and E-enols. 
The assignment of the higher field resonances to C-8 is 
based on comparison with a number of other alkaloids 
such as the cryptoechinulines (144.4 and 111.7 ppm) [ 173 
and the staphidines of Delphinium (146.7 and 101.2 ppm) 
1183, which contain similar partial structures. It has not 
proved possible to distinguish the pairs of resonances 
representative of the Z- and E-forms. C-7 also, as 
expected shows small changes due to the Z- and E- 
configurations, and two minor resonances at 24.42 and 
24.19 ppm may be assigned to this nucleus. In quin- 
idinone, similarly, resonances are found with the correct 
chemical shifts for the enolic species, at 138.97.136.8 1 and 
117.77 ppm. The other C-9 resonance is lost, presumably 
as it underlies a signal from another nucleus, possibly C- 
11. Two resonances at 24.89 and 24.78 ppm may be 
assigned to C-7. 

CONCLUSIONS 

By using a combination of high-resolution 1 H NMR and 
“C NMR it has proved possible to resolve the mixture of 
structures present in solutions of the alkaloids cincho- 
ninone and quinidinone. The steric isomer which crystal- 
lizes is shown, by ‘HNMR, to be the opposite to that 
predominant in aqueous solution, the 8Sconformer being 
the more favoured species with both compounds. The 
8R : 8s ratio found (23 : 77) for cinchoninone in aqueous 
solution is similar to the cinchonine:cinchonidine ratio 
obtained (39:61) when cinchoninone (8R) is reduced in 
oitro by the cinchoninone: NADPH oxidoreductases 
from C. ledgeriana cells [TJ. While this may be coinciden- 
tal, it could indicate that the affinities of the isoenzymes 
for cinchoninone and cinchonidinone are similar. 

The “CNMR spectra show that in neutral solution, 
although the keto is the dominant species, sign&ant 
amounts of both the enol and the geminal diol are present. 
Although an accurate quantitative determination of the 
concentration of each of these cannot be obtained from 
broad-band ’ Hdecoupled “C NMR spectra, the 
keto:enol:diol ratio for oxaloacetate obtained by 
13C NMR [ 143 (pH 7.0) from the peak heights of the C-3 
resonances is 75: 14: 11, which agrees well with the values 
74: 18 :8 (pH 7.4) obtained by rapid-reaction analysis of 
the enzymatic reduction of oxaloacetate [20]. The peaks 
due to the C-9 resonances in the 13CNMR spectra of 
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Table 2. ‘“C chemical shifts for ciuehoninone and quinidinone in DzO 
@D 6.4) 

555 

cindloninone QlCdiOOaC 

C Keto Eool* Dial* Keto Errol’ Dial* 

2 49.08 
3 3628 
4 27.30 
5 23.54 
6 48.73 
7t 23.60 

8t 63.26 

9t 197.97 

IO 138.91 
11 124.05 
OMe - 
2 147.89 
3’ 121.59 
4 150.59 
5’ 117.48 
6’ 129.48 
7’ 130.10 
8’ 131.69 
9’ 124.82 

10 137.09 

49.20 
36.40 
27.36 
24.01 
4861 

24.19 23.84 24.78 
24.42 24.89 

138.56 63.64 136.81 
139.32 138.97 
117.94 107.38 198.32 117.77 103.39 
125.14 n.r. 

136.73 
125.46 
56.42 

144.25 
122.35 
147.66 
102.98 
159.69 
117.06 
130.69 
123.11 
137.67 

*As for keto unless shown otherwise. 
t Values for both Z- and E-en01 species are shown but not assigned to one or 

the other form. 
n.r., Not resolved due to overlapping peaks. 

Table 3. Relative composition of an equilibrium mixture of 
einchoninone or quinidinone in D20 at pD 6.4 

Tautomcric 
SpYZieS 

Cinchoninonc Quinidinone 

8s 8R 8s 8R 

Keto 49 I4 47 22 
Enol* 14 15 

10 n.r. 
Diol 10 3 11 5 

l Z and E, not assigned 
n.r.. Not resolved. 

cinchoninone and quinidinone give ratios for 
keto:enol:diol of 76: 13: 11 and 69: 15: 16, respectively, 
very similar to those obtained for oxaloacctate by two 
independent methods [14,20]. Hence, tbe equilibrium 
mixtures of cinchortinone and quinidinone may be con- 
cluded to contain species in the ratios shown in Tabk 3. 
Using these values, the real substrate concentrations may 
be predicted and the apparent kinetic constants of tbe 
cinchoninone : NADPH oxidoreductases corrected [7j. 

EXPERIMENTAL. 

Materials. D,O and CDCIJ from Aldrich: gold label 99.996 
atom y0 for ‘H NMR, 99.8 atom % for “C NMR. NaOD was 
from Fluorochem Ltd. as a 30 % (w/v) soln in 99.8 atom % D20. 
Cinchoninone and quinidinone were prepared by oxidation of 
einchonidine and quinine (Sigma), respectively, with potassium t- 
butylate [12]. 

Prepnrarion o/alkoloidsfor NMR spectroscopy. The DC1 salts 
of the keto bases were obtained by D20 substitution of Hz0 
from a soht (300 mg) in dilute HCl. For ‘H NMR, ca 10 mg was 
dissolved in 2ml D20 and the pD adjusted to 6.5 with 1 M 
NaOD in D1O. For “C NMR, co 250 mg dissolved in 1 ml D,O 
was similarly treated. ‘HNMR spectra were also recorded for 
solnsoftbefreebaseswithca5mginlmlCDCI,. 

Recording of NMR spectra. ‘HNMR were recorded on a 
Bruker CXP 300 spectrometer (300 MHz) at normal probe temp. 
Spectra were recorded in CDQ with a spectral width of %OO Hz, 
a 32K data tabk, a 10 set pulse repetition rate and a 10 m pulse 
width Spectra were recorded in D1O @D 6.5) using a spectral 
width of 3500 Hz_ a 32K data tabk, a 6 set repetition rate and a 
2Om pulse width. In both solvents a pulse angle of 90” was 
used The signal from DzO was used as the external lock and 
&mieal shifts were determined relative to a TMS standard in 
CDC& or to the Hz0 monance (4.88 ppm) in D20. 

r3CNMR sprctm were determined on a Jeol JNM-FXlOO 
Fourier transform NMR spectrometer at 25.05 MHz Spectra 
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wcrc rccordcd et ambient temp. using tbs dcutarium signal of 
DsO es the intcnud lock signal with full broad-band proton 
decoupling of 2500 Hz from e 99.55 MHz source. Chemical shifts 
were measured on 6024 H.2 sweep width spa&a rcletive to an 
internal capillary standard of TMS, eccumulatcd with a pulse 
angkof30”.apulscwidthofS~eodapulscrepetitionof3scc. 
Approximetcly 20 C00 data accumulations wcrc obtained on each 
sample. 
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