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Abstract— The natural abundance **C Fourier transform magnetic resonance spectra of rifamycin S
and some of its derivatives have been studied. A combination of five different approaches has made
unambiguous assignments for most of the resonances possible: (1) comparative study of the non-
decoupled and noise-decoupled spectra; (2) *C spectral characteristics; (3) spectral comparison be-
tween derivatives; (4) selective proton decoupling; (5) biogenetic evidence. Pulse and Fourier trans-
form *C NMR spectroscopy provides a more complete picture of these complex molecules than was

previously obtained by '"H NMR spectroscopy.

INTRODUCTION

The rifamycins are a family of antibiotics obtained
by fermentation and chemical modification. They
have been used successfully in the therapy of
diseases caused by gram-positive and gram-
negative bacteria and especially in tubercular in-
fections. ™ The basic structure of the rifamycins is
shown in Fig 1. It fundamentally consists of two
parts: a naphthoquinone chromophore which is
spanned by an aliphatic bridge called the ansa. In
particular, rifamycin B is the one produced by
fermentation, on oxidation it gives rifamycin O,
which can then be transformed into rifamycin S by
hydrolysis with loss of glycolic acid. Rifamycin SV
is obtained by the reversible reduction of the latter.
The structure of rifamycins was determined inde-
pendently by: (1) extended chemical degradation of
rifamycin S, mainly followed by *H NMR spectro-
scopy;? (2) X-ray diffraction study of the p-
iodoanilide of rifamycin B.>

The present study shows that *C NMR spec-
troscopy is an important technique, in addition to
'H NMR spectroscopy,®~ for structure elucidation
of new rifamycin derivatives. In fact, the ansa
carries many H atoms and has been successfully
studied by 'H NMR. On the other hand, the
chromophore carries few H atoms and *C NMR
appears the more suitable tool. This work served
as an essential prerequisite to the study of biogene-
sis, which has been reported elsewhere.? The use of
13C NMR spectroscopy to detect *C enrichment at
specific positions is a very elegant and powerful
aid to the elucidation of biosynthetic pathways.!°12

RESULTS AND DISCUSSION
The natural abundance proton noise-decoupled
13C Fourier transform spectrum of rifamycin S in

CDCl, solution is shown in Fig 2. It can be seen
that the signals of all 37 C atoms are well separated
and spread over a range of about 200 ppm. The
assignments reported were made essentially by
five approaches:

(1) Comparative study of the non-decoupled and
noise-decoupled spectra. This approach was pos-
sible in this favourable case because the overlap of
the components of multiplets, arising from carbon
13-proton coupling, is not too severe. In fact, it
allowed not only primary, secondary, tertiary and
quaternary carbon atoms to be distinguished, but
also the direct coupling constants ('J) and some of
the long range ones (3J and ®J) to be obtained. The
use of proton off-resonance decoupling confirmed
all these attributions.

(2) 8C spectral characteristics. Data on chemi-
cal shifts, coupling constants and steric effects
available in the literature'®~'* were used. In parti-
cular it has been assumed that there are very
significant steric effects in this case, as it is most
likely that the rifamycin conformation in solution
can be considered as fixed.

(3) Spectral comparison with other rifamycin
derivatives. This approach proved necessary be-
cause of the complexity of the molecule under
study.

(4)Selective proton decoupling. For the moment
this approach has only been used to assign those
carbons which had crucial biogenetic implications.
The checking of the tentative assignments by this
approach will be the subject of a future work.

(5) Biogenetic evidence. Examination of the
spectra of samples of rifamycin S obtained by fer-
mentation in the presence of *C enriched pre-
cursors made it possible to distinguish between
alternative assignments.®
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Fig 2. Rifamycin S-'H noise-decoupled FT**C NMR spectrum (CDCl;-60°C-6-25 kHz range).

For discussion’s sake the signals (Fig 2) can be
divided into four groups characteristic of different
types of C atoms. The first region, about 0-50 ppm,
characteristic of sp® C atoms bonded to C atoms;
the second region, about 50-100 ppm, character-
istic of sp? C atoms bonded to heteroatoms; the
third region, about 100-150 ppm, characteristic of
sp? C atoms not bonded to heteroatoms; the fourth
region, about 150-200 ppm, characteristic of CO
carbons and aromatic carbons bound to oxygen.

Assignments in the first region (0-50 ppm). The
high field 2 kHz range, FT '*C spectrum of rifamy-
cin S is shown in Fig 3. The upper trace refers to
the non-decoupled spectrum, the lower trace to the
noise-decoupled spectrum. By comparing the two

(a)

b)

spectra eight quartets could be identified, deriving
from the eight Me groups linked to C atoms, name-
ly, C-13, C-14, C-30, C-31, C-32, C-33, C-34 and
C-36. It appears that five quartets show further
multiplicities, while the remaining three show only
J (e.g. C-32 vs C-13). Thus, the five quartets
correspond to Me groups bound to tertiary C
atoms and are C-31, C-32, C-33, C-34 and also
C-30 (see later), while the remaining three corres-
pond to Me groups bound to quaternary C atoms
and are C-13, C-14 and C-36.

Among the latter ones C-13 was assigned to the
higher field signal because it is bound to an sp® C
atom, C-14 and C-36 to the lower field signals,
because they are bound to sp? C atoms. As far as

75 70 65 60 55 S50 45 40 35 30 25 20 15 0 5 O
ppm

Fig 3.

Rifamycin S-Fourier Transform *C NMR spectrum (CDCl;-60°C-high field 2 kHz range)

(a) "H non-decoupled (b) 'H noise-decoupled.
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the resonance of Me-13 is concerned, it has a 8-CO
group, whose effect relative to the corresponding
cycloalkane is to shift its resonance significantly
upfieit & @R danmral siife v -5 mal SIo
in agessment Wil we, vathes, arisevesdthy e, SR,
resonances of aromatic hydrocarbons!” and acetyl
groups.’® The choice between them was possibie
upon examination of the spectrum of 25-desacetyl
rifarmvcin S 31 1g. 41, Wnere lne signdi gt T90'ts
absent.

Among the other five Me groups which show
further multiplicities due to 4J and I, the signal at
lowess Hedd was assigned 10 CT3D becanse i s
linked to an sp? C atom and shows only one further
multiplicity, attributed to the cis three bond coup-
ling with H-17 (about 5 Hz). The four remaining
Me groups 31, 32, 33 and 34 which are spread over
an intervat of about 8 ppm, caanot be unambi-
guousty attributed without *1 selective decoupiing,
i.e. by irradiating the corresponding proton signals.®
Nomeinéiess a tentgiive assggnment s brqoosed.
Such an assignment is based on consideration of the
“y effect,” i.e. the steric polarization shift which
has been observed whenever a carbon is close to a
y-carbon or a y-oxygen.'* On the assumption that
the conformation of rifamycin S in solution'®
subsiantaly corresponds to that, shown wn Fig 3,
derived by X-ray analysis,? the y-effect is expected

E. MARTINELLI et al.

to operate on C-31, C-32, C-33 and C-34 and can
be represented by the number and type of groups in
y-position as follows C-3 1/C22-H' C-32/CyH,
@Zfﬂl‘l, \J23‘€{, <5 \/22 ' \/2 Cz;'(;ﬁ'\:,
G R, \,»fgéi,w@@.(&, CHa winanandgdasy
field is then tentatively attributed to C-32, and that
at the lowest field to C-31; C-33 and C-34 shouid
then resonate at the same field.

Suniftatiy. tertditve assignmetits are praposetior
the methine carbons G268, G-22, G-24 and C-26,
which are easily identified from the corresponding
doublets in the non-decoupied spectrum. For
fhese carbons the y-efiert can be yepresenied as
foliows: C-20/Me 32; C-22/Me 31 and Me 33;
C-24/Me 34; C-26/Me 33. The signal at highest
field is then tentatively attributed to C-22 and that
at the lowest to C-20 because it is « to an sp? car-
bon atom. C-24 and C-26 shoutd then resonate at
the same fieid.

Ta,

Assigaments i fite secand regroa OU-1IR1 noni

The signal of C-37 is easily identified by its
multiplicity in the non-decoupled spectrum and by
its chemical shift.

The methine carbons linked to oxygen, C-21,
C-23, C-25 and C-27, are easily identified being
aoudlets with a large ¥} n the non-decoupted spec-
trum. Their attribution is not possible without the
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Fig4. Correlation of 1*C chemical shifts for some rifamycin derivatives.
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Fig5. Stereomodel of rifamycin S.

appropriate 'H selective decoupling which should spectrum of rifamycin S is shown in Fig 6. The
be decisive as the corresponding proton signals are  upper trace refers to the non-decoupled, the lower

sufficiently separated.® one to the noise-decoupled spectrum. By compar-
ing the two spectra it can be seen that six signals
Assignments in the third region (100-150 ppm) are doublets and the others are fundamentally

The low field region, 2-5kHz range FT “C singlets. From inspection of the structure the

o ooy o

(b} W
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190 185 180 75 170 165 160 155 150 145 40 135 130 125 120 S 110 105 100
ppm

Fig 6. Rifamycin S-Fourier Transform **C NMR spectrum (CDCl3-60°C-low field 25 kHz range)
(a) 'H non-decoupled (b) 'H noise-decoupled.
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carbons giving rise to doublets must be C-3, C-17,
C-18, C-19, C-28 and C-29. The other signals must
be C-2,C-5,C-9,C-10,C-16 and C-12.

Among the doublets, C-3 was assigned at 117-1
ppm because it is the only one in this region still
present in the spectrum of hexahydro rifamycin S
(4) (Fig 4), where the three double bonds of the
ansa have been hydrogenated. By comparing this
spectrum with that of tetrahydro rifamycin S (3)
(Fig 4) two new signals are apparent in this region
or the latter. C-29 was assigned to the low field
signal and C-28 to the high field signal because the
conjugation effect of the enolether group causes a
negative charge on C-28. which is shielded.?® The
attribution of the three signals corresponding to
carbons C-17, C-18 and C-13 was established as
follows: C-17 and C-19 were assigned by 'H
selective decoupling; C-18 by exclusion. It is
noteworthy that a comparison of the conjugated
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system {from C-15 to C-19) of rifamycin §° with
similar model systems?'~% indicated an inversion
of the attributions for C-17 and C-19 and would
have thus led to an incorrect assignment. Never-
theless the literature values for a, 8 unsaturated
carbonyl compounds? are in agreement with the
chemical shifts observed for carbons C-16 and
C-17 in the spectrum of 18, 19-dihydrorifamycin S
(2) (Fig 4).

The assignments of the singlets in this region
were accomplished using data found in the litera-
ture. C-16 was assigned to the signal at 130-5 ppm
as it occurs as a broad singlet in the non-decoupled
spectrum and because it is shiffed downfield in
18,19-dihydrorifamycin S (2) (Fig 4). C-12 is
actually an sp? C atom and iis appearance in this
region can be rationalized considering that it has
two « oxygens and one a carbonyl. Our assignment
is in agreement with correlation data''® and is

Table 1. ¥C Chemical shifts of the rifamycin derivatives 1,2, 3,4, 5,6 and 7¢

Carbon 1 2 3 4 5 6 7
1 1846 1847 1848 1856 1846 177-8 1856
2 110-.6 110-6 110-4 1109 1105 114-6° 110-4¢
3 117-1 1169 1170 1174 1166  116:3¢ 119-0
4 1820  182-1 1821 1832 1820 1820 1816
5 110-8 11009 1108 1116 111-0 1158 1109
6 172.4 172.8 1728 1735 171-17 1732 1726
7 11599 1153 1150 1156 1154 1239 1142
8 1667 1667 1668 167-5 166-8  168-4  166-7
9 130-7 1307 1309 1318 1306 1336 1310
10 1390 1388 1387 1394 1388 139-8 1391
11 1917 1915 1920 1936 1912 1924 1920
12 108-3 1080 1075 108-0 1090 1086 1058
13 75 7-6 7-5 7-8 75 88 81
14 22-1 217 21-3¢  20:9¢ 229 220 21-2¢
15 169-5 169-6 1755 176:5 169-3 1694 1698
16 130-5 1366 45-0 452 1312 1307 1271/
17 133-8 1366 3564 304% 1332 1336 133-5
18 124-0 23-5¢  20-8  21-6¢ 1236 1241 12437
19 142-1 31-0¢ 31414 32:3¢ 1416 142:1  139-1
20 38-8 34-2 34-5¢ 3344 397 38-8 40-5¢
21 73:3» 718 713> 7322 7112 733 73-4%
22 326 33-0 3304 35-1¢ 3244 32-8 31-0¢
23 73-3» 73 739 7412 T72:3v 73.56 76-0P
24 373 379 38-2¢ 3514 376 37-4 32-6¢
25 7712 773 771 7T76® 7710 7722 TIP
26 373 371 3694 3584 376 37-4 35-94
27 81-5» 8006 778 79:3* 851> 8i-0> 87-2°
28 115-5 1176 1184 37-4¢  112-8 1158 111-2¢
29 144-8 1438  141-6 63-8 1477 1442 1444
30 20-1 199 179 18-2 20-1 20-0 20-3¢
31 16-8 15-2 14-7¢  15-2¢  16'5 17-0 17-7¢
32 88 86 8:7¢ 9-1¢ 82 88 7-5¢
33 11-6 11-4¢ 93¢ 10-5¢ 124 113 9-5¢
34 11-6 1072 11-0¢  11-0¢ 11-0c¢ 113 12-0¢
35 173-0  172-8 172.8 1735 — 1728 1702
36 21-0 20-9 21-3¢ 22:3¢ — 21-0 21-2¢
37 56-7 56-9 57-5 57-4 56-1 570 —

%n ppm downfield from TMS as internal standard.
bedefoggsignments within each of these groups of signals not known.
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corroborated by its appearance as a quartet with a
small 2J. Comparison with data for aromatic com-
pounds?® shows that C-9 and C-10 should resonate
at lower fields than C-5 and C-7. Furthermore, C-9
and C-10 were assigned on the basis of the non-
decoupled spectrum (Fig 6) where C-10 appears as
a doublet with a small 3J due to coupling with H-3.
C-7 was assigned to the signal at 115-9 ppm be-
cause it appears as a quartet and on the basis of
biogenetic evidence.? Of the two remaining signals
in this region, which by exclusion must be C-2 and
C-5, the lower field one was assigned to C-5 on the
basis of biogenetic evidence.®

Assignments in the fourth region (150-200 ppm)

The signal at 173-0 ppm was assigned to C-35
because it is absent in the spectrum of 25-desacetyl
rifamycin S (Fig 4) and owing to its multiplicity in
the non-decoupled spectrum (Fig 6). The signal at
169-5 ppm was assigned to C-15 on the basis of its
chemical shift?® and considering that it is at the same
field in the dihydro derivative and shifted down-
field in the tetra and hexahydro derivatives (Fig 4).
In fact, conjugation of a carbonyl group with a
double bond increases the electron density at the
carbonyl carbon with consequent shielding.?*27

The remaining five C atoms to be attributed can
be divided into two groups: the two aromatic car-
bons bearing oxygen, which resonate at higher
fields and the three carbonyls, which resonate at
lower fields.’® Comparison with data for phenolic
compounds indicates that C-8 should resonate at a
higher field than C-6 and this was confirmed by
biogenetic studies.® The signal at 184-6 ppm was
assigned to C-1 because it is shifted upfield in the
spectrum of 8-acetyl rifamycin S (6) (Fig 4). This
behavior is interpreted as due to the presence in
rifamycin S of the strong intramolecular H-bond
between C-8 OH and the acceptor C-1 CO,?® that
induces polarization of the C=O bond with de-
shielding of C-1. This attribution is corroborated
by the multiplicity shown in the non-decoupled
spectrum indicating a three bond trans coupling
constant *J of 9 Hz. Consequently, the attribution
of C-4 was made on the basis of its structural sim-
ilarity to C-1 and was placed at 182-0 ppm. Finally,
the signal at the lowest field in the spectrum was
assigned to C-11, in agreement with the value ex-
pected for a cyclopentenone.?

The conformation of 23-dehydroxy-27-deme-
thoxy-23,27-epoxy-rifamycin S (7) is quite different
from that of rifamycin S and we can expect the
signals of all the sp® carbons of the ansa to move
with respect to rifamicyn S because they exper-
ience different y-effects, whilst those of the chro-
mophore do not. Examination of the spectrum
clearly confirms such a trend (Fig 4).

On examination of the correlation chart of *C
chemical shifts for the rifamycin derivatives studied
one additional aspect is apparent, i.e. the chemical
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Table 2. One bond (J) and some two bond (?J) and three
bond (3J) coupling constants of rifamycin $¢

Carbon U 2J 3] Carbon U J 3
[ — — 9 20 130 b b
2 — 4 — 21 140 4 b
3 183 — — 22 122 b 4
4 — — — 23 140 b b
5 — — — 24 122 4 b
6 — — b 25 140 b b
7 — 6 — 26 122 b 4
8 — — o 27 140 b e
9 — — — 28 150 6 b
10 — — 4 29 192 6 b
11 — — b 30 128 — 5
12 — 3 — 31 128 b b
13 132 — — 32 128 4 4
14 131 — -— 33 131 4 b
15 — — 4 34 131 4 4
16 — b b 35 — 6 —
17 157 b b 36 130 — —
18 153 b 4 37 140 — —
19 159 b b
“Values in Hz.
bNot determined.

shift difference between C-29 and C-28 decreases
on passing from rifamycin S to dihydro and tetra-
hydro rifamycin S. This can be considered as due
to the fact that the more hydrogenated derivatives
allow more flexibility to the chain and this is re-
flected by a decrease of the conjugation in the
enolether.

The *C chemical shifts of rifamycin S (1), dihy-
drorifamycin S {2), tetrahydro rifamycin S (3),
hexahydrorifamycin S (4), 25-desacetyl rifamycin S
(5), 8-acetyl rifamycin S (6), and 23-dehydroxy-27-
demethoxy-23,27-epoxy rifamycin S (7), are re-
ported in Table 1. The one bond coupling con-
stants 'J and some 2J and % for rifamycin S are
reported in Table 2.

EXPERIMENTAL
The C spectra were recorded at 25-15 MHz on a Jeol
PS-100 instrument equipped with PFT 100 Fourier trans-
form accessory. This includes deuterium lock and high
power noise modulated heteronuclear decoupling, cap-
able of at least a 50 ppm decoupling range. The pulse
width for a 90° pulse was 18 usec, though generally a
much shorter pulse (approx. 30°) was employed. The
number of accumulations used ranged from 2000 to
50,000, but was normally around 4000. The concentra-
tion of the rifamycin samples ranged from 0-3to 0-6 M.
The rifamycins 1, 3, 4 and 7 were prepared according to
the procedures of Oppolzer,® § according to Maggi,?
while 2 and 6 according to Cricchio.*

Acknowledgments— We thank Dr. R. Cricchio for supply-
ing the rifamycins and Mr. K. Eguchi for technical
assistance.

Note added in proof. We have recently become aware
of a paper by R. Hollenstein and W. von Philipsborn,
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Helv. Chim. Acta, 55, 2030 (1972) reporting *C NMR
spectra of oprn-chein fogar-comguzaied Jditnones. oMy
assignments for C-17 to C-19 are in agreement with those
reparted by these authars.
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