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INTRODUCTION

Spiramycins, discovered in 1954, are 16-membered
macrolides produced by Streptomyces ambofaciens (1).
They show antimicrobial activity against Toxoplasma gondii
and Cryptosporidium, protozoal opportunistic infections as-
sociated with AIDS (2,3). The correlation between chemical
structure and biological activity of the family of 16-
membered macrolides is limited but studies indicate that
there is a loss of activity in spiramycins devoid of sugar
moieties. The absolute stereochemical requirements and
their effect on the activity of this series of compounds has
yet to be investigated.

We have recently presented a complete NMR spectral
characterization of the spiramycins I and III (4). Our current
interests involve producing derivatives of the spiramycins
employing techniques such as selective microbial biotrans-
formations of spiramycin biosynthetic precursors such as the
forocidins (acid hydrolytic products of spiramycin I) (Fig. 1).
This endeavor has required a complete and explicit spectral
characterization of both the spiramycins (4) as well as the
forocidins.

The major objective of the present study was to deter-
mine the conformation of the forocidins in solution using
molecular dynamics and two-dimensional NMR data. The
dihedral angles and coupling constants have been estimated
using extended Karplus-type equations, the results of which
have been compared to those obtained from the X-ray data
for 13-OH demycarosyl Leucomycin A; (4,5). With an un-
derstanding of the solution conformation of this spiramycin
hydrolytic product, one may better deduce how the parent
compound, spiramycin, as well as analogs of spiramycin af-
fect biological activity. '"H-NMR and '*C-NMR assignments
(Tables 1 and 2) of the forocidins I (6,7) (Figure 3) and the
isoforocidins I (4,5) (Figure 4) are also reported here.
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MATERIALS AND METHODS

Although the spiramycins are marketed commercially
(Sigma Chemical Co.) as a mixture of spiramycins I, II and
III, we were not able to detect any significant amounts of
spiramycin II in the mixture. Spiramycin I was easily sepa-
rated from the commercial mixture of spiramycins using a
modified column chromatography procedure and monitoring
the column fractions by TLC (4). Thermospray LC/MS spec-
tra were obtained in the column bypass mode using 50%
methanol in 0.1 M ammonium acetate as the mobile phase
and a Vestec Model mass spectrometer with a Technivent
data system and thermospray interface which was attached
to a Waters Associates 600-MS HPLC system. HPLC grade
ammonium acetate, methanol (MeOH) and acetonitrile
(ACN) were obtained from Fisher Scientific.

Hydrolysis of Spiramycin I

The spiramycins were hydrolyzed using a modified (6)
procedure. Spiramycin I (1 g) was dissolved gradually in 3 ml
of 1 N HCI and stirred on a magnetic stirrer for a period of
15 hr at room temperature. The hydrolysis reaction was
monitored by TLC [2:1:1, CHCI;:MeOH:10% NH,OH (bot-
tom layer) using UV [254 nm] and p-anisaldehyde spray re-
agent; spiramycin I {R; = 0.8} and hydrolytic product {R; =
0.2}]. After the completion of the reaction (spiramycin I to-
tally consumed), the pH of the solution was adjusted to 9.0
using 1 M NaOH. This solution was extracted with ethyl
acetate (3 X 100 ml) and the solvent evaporated to yield 0.45
gms of the hydrolytic product (forocidins and the cleaved
sugars).

The forocidins (R; = 0.2) were separated from the sugar
residues (R; = 0.4) using column chromatography [(9.5:0.5,
9.0:1.0, 8.5:1.5 in order of increasing polarity), CHCl;:MeOH]
and the column fractions were monitored by TLC {[5:1,
CHCIl,:MeOH using by p-anisaldehyde spray reagent]. The
forocidin mixture (0.200 g), a white powder, was further
dried in vacuum (24 hr). Thermospray LC/MS data of the
forocidin mixture indicated a single peak for the pseudomo-
lecularion (M + 1% = m/z 558).

HPLC Purification of Forocidins

The solvent system; 60:35:5, 0.1 M aq. ammonium ac-
etate:MeOH:ACN was used as the mobile phase. Ammo-
nium acetate (9.24 gms) was completely dissolved in distilled
water (1200 ml), MeOH (700 ml) and ACN (100 ml) were
added to make up 2000 ml of the mobile phase. The mobile
phase was stirred on a magnetic stirrer for a period of 15 min
until all phases were miscible, filtered through a 0.47 micron
filter (Alltech) using a Supelco filtering apparatus connected
to a water aspirator (20-25 torr) and degassed as per the
instructions in the Shimadzu High Performance Liquid Chro-
matography instruction manual.

Using the elution solvent, the forocidins were purified
by semi-preparative reversed phase HPLC on a C,5 column
(Alltech Econosil, 22.5 mm X 25 c¢cm) with a Shimadzu LC
600 (500 pl loop attached to the Rheodyne injector 7161)
solvent delivery system at 5 ml/min, coupled to a Shimadzu
SP 6A spectrophotometric detector operating at a wave-
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Fig. 1. Structure and numbering system used for Forocidins.

length of 232 nm. The data was analyzed by a Shimadzu
Chromatopac CR 601 recorder. Five injections of the foro-
cidin mixture (100 ul x 200 mg/ml each) were made. Two
fractions, I (Retention time = 40 min) and II (Retention time
= 80 min) corresponding to the two peaks in the UV chro-
matogram were collected separately and concentrated using
a Buchi Rotavapor®. The remaining solution was adjusted to
pH 9.0 using 1 N NaOH and extracted (5 X) with chloroform.
The chloroform extracts were pooled and the fractions ly-
ophilized on the Savant Lyophilizer to yield fractions I (33
mg) and IT (40 mg).

Further purification of fractions I and II was accom-
plished by column chromatography using CHCI,:MeOH (9:
1, 8.5:1.5, 8:2, in order of increasing polarity). The column
fractions were monitored by TLC (5:1, CHCI;:MeOH).
Compounds IA (4) (25 mg, 25% yield, m.p. 197-199°C, Mol.
wt. 557) and IB (5) (1 mg, 1% vyield, Mol. wt. 557) were
obtained from fraction I (Fig. 4) after evaporation of the
column fractions. Similarly compounds IIA (6) (15 mg, 15%
yield, m.p 143—-146°C, Mol. wt. 557) and IIB (7) (10 mg, 10%
yield, m.p. 143-146°C, Mol. wt. 557) were obtained from
fraction II (Fig. 3). Thermospray L.C/MS mass spectral data
of each of the hydrolytic products indicated a single peak for
the pseudomolecular ion (M + 1% = m/z 558) and no frag-
ment peaks were observed using this soft ionization tech-
nique.

NMR Spectral Characterization of the Forocidins

NMR spectra were obtained in CDCl, on a Varian VXR-
300 spectrometer operating at 300 MHz for proton and at 75
MHz for carbon. All samples were dissolved separately in
0.5 ml of deuterated chloroform (CDCl,) to obtain the 1-D
proton, 1-D carbon, APT, DEPTGL, 2-D COSY (*H-'H cor-
relation experiment) and 2-D HETCOR (*H-!3C correlation
experiment) phase-modulated spectra. The APT, DEPTGL
(7), COSY (90°) (8) and HETCOR (9) experiments were per-
formed using the standard Varian software (Tables 1 and 2).

The 'H-NMR spectra was obtained with double preci-
sion using a spectral width of 4,100 Hz using 30 K data
points, a 45° pulse angle, a 3.66 s acquisition time, a 2.0 s
relaxation delay and a total of 16 transients. With double
precision, data are obtained using a 32 bit integer format
instead of the standard 16 bit format, thus enabling the ac-
quisition of "H-NMR spectrum for 16 transients with a better
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signal to noise ratio. In the absence of double precision,
acquisition of the "H-NMR spectrum (using 32 K data points
and 3.996 s acquisition time) is automatically aborted after a
maximum number of transients (5 repetitions) are obtained.
The *C-NMR spectrum was obtained using a spectral width
of 16,502 Hz using 32 K data points, a 45° pulse angle, a 0.9
s acquisition time, a 3.0 s relaxation delay, Waltz modulated
proton decoupling and a total of 250 transients.

The COSY spectrum was obtained using a narrowed
2,358 Hz spectral width in both dimensions, a 90° acquisition
pulse angle, a 0.217 s acquisition time, a 1.0 s relaxation
delay, 256 increments each with 5 repetitions in the second
frequency domain, pseudo-echo shaped data processing,
giving a total acquisition time of 38.0 min. Double precision
was not used for the COSY experiment and therefore the
number of repetitions was set at 5 which is the maximum
possible. The HETCOR spectrum was obtained using 9,785
Hz spectral width in the 1-D (F2-carbon) dimension and
2,358 Hz in the 2-D (F1-proton) dimension, a 90° acquisition
pulse angle, a 0.105 s acquisition time, a 1.0 s relaxation
delay, 64 increments each with 1000 repetitions in the second
frequency domain, broadband modulated proton decoupling,
pseudo-echo shaped data processing, giving a total acquisi-
tion time of 20 hours.

Molecular Modeling

The X-ray model for 13-OH demycarosyl Leucomycin
A; (5) was built using MicroChem®. Molecular mechanics
and energy minimization was accomplished using ‘‘CSC
Chem 3D® Plus (version 3.0, Cambridge Scientific Comput-
ing)’’ software on the Macintosh-Plus™ to arrive at the struc-
tures for the forocidins and isoforocidins that were consis-
tent with the NMR data. The twisting of the 16-membered
lactone ring and conformation of the various substituents
was determined from key dihedral angles and 3J,44; coupling
constants estimated (Tables 3 and 4) using an ‘‘Extended
Karplus-type equation’’ (10,11) generated coupling table that
takes into account the heteroatom substitution on the adja-
cent carbon atoms. The MM2 parameters used in the CSC
Chem 3D® Plus software are a combination of those from
Allinger’s MM2 program, Ponder’s TINKER system and the
rest from Cambridge Scientific Computing, Inc. The default
MM2 parameters were used.

RESULTS AND DISCUSSION

Acid Hydrolysis of Spiramycin I

A literature procedure (6) describing spiramycin I hy-
drolysis indicated the formation of a single product using 2 N
HCI for a period of 15 hr at 37°C. On repeating this proce-
dure, it was observed that the reaction was completed at,
essentially, zero time (TLC indicated total conversion of
spiramycin I). After a period of 15 hr the reaction yielded a
black mixture, indicating acid decomposition of spiramycin
at these conditions. When spiramycin I was hydrolyzed us-
ing 0.1 N HCI for 15 hr at 37°C (12) the hydrolysis process
stopped with the formation of neospiramycin (4) (loss of the
mycarose sugar from spiramycin), while further hydrolysis
to forocidin (loss of mycarose and forosamine sugars from
spiramycin) did not occur.
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Table 1. 'H-NMR Chemical Shift Assignments of Forocidins

Proton # (6) 9a-OH F 1 (7Y9B-OH F 1 (4) 13¢-OH ISF 1 (5) 13-OH ISF 1
2a (2B) 2.66 dd 2.66 dd 2.64 dd
(11.0,16.0) (11.0,16.0) (11.1,16.0)
2b 2a) 2.19dd 2.19dd ~2.17
(1.0,16.0) (1.0,16.0)
3 3.78d 3.99d 396 d
*11.0) (11.0) (11.1)
4 3.07d 3.05d 3.11d
8.7 (10.1) 8.5)
S 4.11 3.97 3.75d
(10.1)NR (10.1)NR (8.9)
6 ~2.25 ~2.15 ~2.17
7a 1.32(NR) ~1.35 ~1.35
(13.5)
7b 0.85 ddd 0.84 0.84
(1.9,8.1,13.5) (7.0,14. 1)NR (7.3,13.9)NR
8 1.90 m ~2.09 ~2.17 ~1.73
9 4.09 4.43 6.08 dd 6.11
(9.7)NR (4.3)NR (10.6,15.5)
10 5.67 dd 5.62 dd 5.99 dd ~5.92
9.7,15.3) (4.3,15.3) (9.4,15.5)
11 6.25 dd 5.78 dd 6.12 dd ~6.61
(10.5,15.3) (9.1,15.3) (9.4,15.6)
12 6.01 dd 5.98 dd 5.54 dd ~5.62
(10.5,15.3) 9.1,15.4) (8.6,15.6) (8.2,15.3)
13 5.63 ddd 6.14 ddd 4.13 ddd 3.85 ddd
(1.5,8.9,15.3) (1.5,9.1,15.4) (5.0,8.6,13.9) (0.9,1.3,8.2)
14a (14B) 2.09 ddd 2.09 ddd 1.9 2H)
(2.3,8.9,9.8) (2.3,9.1,9.8) (17.5)NR
14b (140) 1.85 ddd 1.85 ddd
(1.5,8.7,9.8) (1.5,8.7,9.8)
15 5.27 ddd 5.24 ddd 5.12 ddd ~5.02
(2.3,6.6,8.7) 2.3,6.4,8.7) 0.6,6.3,12.2)
16 1.29d 1.25d 1.23d
(6.6) 6.4) 6.3)
17a (17,,) 2.90 ddd 2.90 ddd 2.93 ddd
(1.5,9.5,17.7) (1.5,9.5,17.7) (1.1,9.5,17.9)
17b (17.,) 2.42 dd 2.42 dd 2.37 dd
3.6,17.7) (3.6,17.7) (3.5,17.9)
18 980 s 9.77s 9.76 s 9.74 s
19 1.02d 1.02d 1.02 d 1.00d
(6.6) 6.8) (6.8)
20 3.50s 3.52s 3.53s 347 s
1’ 448d 4.43 443 d
(7.2) NR (7.47)
2 3.52 3.55 ~3.47
8.2) NR
o3 2.78 2.78 2.53
NR NR (10.9NR
4’ 3.5dd 3.26 dd ~3.13
(8.9,9.5) (9.0,10.7)
5 3.32dq 3.36 dg 3.31dd
(5.7,8.9 (6.3,9.0) (6.1,8.6)
6’ 1.20d 1.20d 1.26
5.7 6.3) 6.1)
3’ N(Me), 2.62 s 2.77 s 2.61s 2.56s

* Values in parenthesis are the observed coupling constants in the 1D 'H-NMR spectra.
~ indicates proton chemical shift from center of 2-D HETCOR experiment.

a,b indicate the methylene (CH,) protons, ‘a’ being more downfield than ‘b.’

NR indicates that the proton signal was either partially overlapped or unresolved.

s = singlet, d = doublet, t = triplet, dd = doublet of doublets, ddd = doublet of doublet

of doublets, dg = double of quartets, m = multipiet.
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Table 2. *C-NMR Chemical Shift Assignments of Forocidins

Carbon # ©)9«-OHFI (7H9B-OHFI (4)13¢-OHISFI  (5) 138-OH ISF I
1 C=0 174.0 173.7 173.1 173.5
2 CH, 33.8 38.9 38.6 37.6
3 CH-0O 68.2 66.8 67.0 69.4
4 CH-O 85.0 85.4 85.8 85.3
5 CH-0O 79.6 81.2 80.7 78.4
6 CH 29.7 31.5* 31.2% 29.5
7 CH, 30.6 38.5 29.7 30.4
8 CH 31.0 32.8* 31.6* 33.2
9 CH-0O 73.1 67.9 132.3 80.4
10 CH= 129.8 134.9 128.5 128.2
11 CH= 134.4 139.9 141.5 135.1
12 CH= 132.3 129.2 133.5 132.7
13 CH= 131.8 128.6 73.1 132.3
14 CH, 37.8 41.4 42.7 41.1
15 CH-O 69.2 67.1 68.6 68.9
16 CH, 20.1 21.6 21.7* 20.4
17 CH, 43.1 46.1 45.7 42.9
18 C=0 202.6 202.3 202.5 202.9
19 CH; 14.8 17.7 17.8 16.2
20 CH;-O 61.7 61.6 61.7 62.1
I CH-0O 104.2 104.1 104.3 104.5
2 CH-OH 70.6 70.2 70.7 71.8
3 CH-N 71.1 723 71.2 69.1
4 CH-0 70.3 69.7 70.3 75.1
5 CH-0O 733 73.1 733 73.0
6 CH, 17.8 20.9 21.6* 19.1
3 N(Me), 41.8 42.1 41.8 42.1

* May have interchangeable assignments.

The hydrolysis procedure was modified using 1 N HCl
at 37°C. By comparing R; values (product R; 0.2, spiramycin
I R;0.7) with those in the literature (6), the final hydrolytic
product (forocidin 1) was determined. Thermospray LC/MS
data of the product showed a single peak corresponding to
the pseudomolecular ion (M + 1 = m/z 558) of forocidin. In
contrast to earlier reports (6), a 300 MHz 'H-NMR analysis
of the hydrolytic product indicated a mixture of compounds.
Two aldehydic peaks were observed between 9-10 ppm
along with duplicate peaks with respect to the rest of the
molecule. Attempts to separate the compounds by recrys-
tallisation from benzene, methanol, methanol-water proved
unsuccessful. Purification of the hydrolytic products using
preparative TLC also proved futile.

When leucomycin A, is hydrolyzed (Fig. 2) in 0.3 N HCl
two macrolide products are formed, 9-OH forocidin II (9-OH
demycarosyl leucomycin A,) and 13-OH isoforocidin II (13-
OH demycarosyl leucomycin A,), due to an intramolecular
allylic rearrangement, while hydrolysis in 0.1 N HCI forms
only the 9-OH (13). Based on this information we predicted
9-OH forocidin I and 13-OH isoforocidin I as the two prob-
able products formed during the hydrolysis reaction.

Purification of the Hydrolytic Products

Purification of the hydrolysis mixture was carried out by
reversed phase HPLC on a C, column pre-attached to a C,4
reversed phase cartridge guard column. The chromatogram
showed two peaks corresponding to two fractions, fraction 1
(Retention time = 40 min) and fraction II (Retention time =

80 min) which were separated. Interestingly, once again the
'H-NMR spectrum (in deuterated CDCl,) of both fractions I
and IT showed two aldehydic signals in the region between
9-10 ppm as well as a host of overlapping signals in the
olefenic region. Careful evaluation of the 'H-NMR spectra
of each fraction indicated the presence of at least four com-
pounds, two in each of the fractions eluted on HPLC. The
entire chromatographic process was repeated using a semi-
prep reversed phase C,g column where greater quantities of
fractions I and II were collected. Further purification of frac-
tions I and II using HPLC recycling and different solvent
conditions was unsuccessful. Each of the fractions I and II
were subjected to normal phase stepped-gradient column
chromatography using silica gel with a mobile phase of chlo-
roform and methanol. Compounds IA (4) and IB (5) were
obtained from fraction I while compounds IIA (6) and 1IB (7)
were obtained from fraction II.

Molecular Modeling Studies

Structural analysis of the resulting forocidins and isofo-
rocidins was substantiated using the X-ray data for 13-OH
demycarosyl Leucomycin A, (isoforocidin II) (2), a close
structural analog as a guide (6). Using (2) as the backbone,
forocidins I (6,7) and the isoforocidins 1 (4,5) were built.
Molecular mechanics energy minimization molecular mod-
eling was used to arrive at the structures for the forocidins 1
(6,7) (Fig. 3) and isoforocidins I (4,5) that were consistent
with the NMR data. The conformational results from molec-
ular modeling and NMR data were compared to the X-ray
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Fig. 2. Allylic rearrangement, hydrolysis of Leucomycin A;.

data. The twisting of the 16-membered lactone ring and con-
formation of the various substituents were determined from
key dihedral angles (Tables 3 and 4) and 3] ;;; coupling con-
stants estimated using an extended Karplus-type equation
that takes into account the heteroatom substitution on the
adjacent carbon atoms. This equation is not suitable for ole-
finic protons.
Extended Karplus-type Equation ———

J = A + Bcosd + Ccos20 + cosd
[(AS1 + AS4) cos(6 — 120)
+ (AS2 + AS3)
cos(8 + 120)]

The Sugar Portion of the Compounds (4,5,6,7)

The sugar regions of all the compounds were similar. Of
the three anomeric sugar protons H-1', H-1”, and H-1" in
spiramycin I, H-1' is a doublet for the hydrolytic products
and showed a strong cross-peak to the adjacent methine pro-
ton H-2' in the 2D-COSY spectrum while protons H-1” and
H-1" were absent. This indicated the loss of both mycarose
and forosamine sugars from spiramycin I and thereby the
formation of forocidin I. From the cross-peaks in the 2D-
HETCOR spectrum corresponding to H-1', we identified the
carbon signal C-1’ while C-1" and C-1" signals of spiramycin
I were absent. Also, the proton and carbon signals for the
dimethyl amino group 4”-NMe, of forosamine and 7" methyl
of mycarose were absent. This confirmed that spiramycin I
was hydrolyzed with the loss of mycarose and forosamine
sugars to forocidin I. The remainder of the mycaminose pro-
ton signals were determined with the help of the COSY spec-

trum. Proton H-2' appeared as a doublet of doublets coupling
into the methine H-3' which in turn coupled to the adjacent
proton H-4'. The proton H-4’ appeared as a doublet coupling
into methine proton H-5' which in turn coupled strongly to
the methyl proton doublet H-6'. The cross-peaks in the
HETCOR spectrum corresponding to the sugar protons
helped identify the carbon signals C-2', C-3’, C-4’, C-5' and
C-6'. The forocidins and isoforocidins have a basic amino
sugar B-p-mycaminose, which has an a stereochemistry with
the aglycone.

Forocidin I {[compound IIA, (6)] (Fig. 3)

The 'H-proton NMR spectrum of compound IIA (6) ap-
peared similar to that of spiramycin I except for the loss of
two sugars. The compound was identified as a ‘forocidin I’
analog since the hydroxyl group was at position C-9. The
aldehydic carbon at ~200.0 3 was assigned to the aldehydic
carbonyl C-18 since there was a cross-peak in the HETCOR
spectrum to the broad singlet at ~9.6 3 which was assigned
to the aldehydic proton H-18. A weak cross-peak between
H-18 and the methylenes H-17a and H-17b (in the case of the
methylene protons ‘a’ being designated to the signal more
downfield and the other as ‘b’) indicated by the COSY spec-
trum explained the multiplicity (broad singlet) to the aldehy-
dic proton. Both the methylene protons which appeared as
multiplets show cross-peaks to C-17 in the HETCOR spec-
trum and to H-6 in the COSY spectrum. These cross-peaks
helped to accurately locate the position of the methine pro-
ton H-6 and carbon C-6 from the COSY and HETCOR spec-
trums respectively. The methylene protons H-17a and H-17b
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(6) Compound II A
9 0.-OH Forocidin 1

(7) Compound 11 B
9 3-OH Forocidin I

Fig. 3. Forocidins 1.

not only showed geminal coupling (observed value for
J17a.17 = 17.7 Hz), but also coupled very weakly to protons
H-18 (observed values for I,5, ;s = 1.5 Hz, J,4, ;3 = not
resolved) and strongly to H-6 (observed values for J,, ¢ =
9.5 Hz, J,7,6 = 3.6 Hz). Coupling constants for protons
H-17 (axial) and H-17 (equitorial) were calculated from the
dihedral angles obtained for the minimized structure of 9a-
OH forocidin I (Table 4). The coupling of H-17,, to H-6 was
small (J,,., ¢ = 2.8 Hz) while that of H-17,, to H-6 was large
(J17ax,6 = 14.7 Hz). The proton H-18 being on an sp2 carbon,
Karplus equation cannot calculate the coupling constants
between protons H-17 and H-18. The observed coupling con-
stants for H-17 cross-checked agreeably with the observed
values for H-6, while the appearance of H-18 as a broad
singlet indicated that the coupling between H-18 and H-17
were negligible. Thus we can characterize H-17a (downfield)
as H-17,, and H-17b (upfield) as H-17, protons.
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The downfield methine proton multiplet (~5.27 ppm)
was assigned to H-15 which coupled to the methylenes
H-14a and H-14b and strongly to the methyl doublet H-16.
From their respective cross-peaks in the HETCOR spec-
trum, the carbons C-15 and C-16 were determined. The
methylene protons H-14a and H-14b, which appeared as
multiplets, showed cross-peaks in the COSY spectrum to the
olefenic proton H-13, which was a doublet of doublets of
doublets and cross-peaks to C-14 in the HETCOR spectrum
thus differentiating between the methylene carbons C-14 and
C-17 was straightforward. The methylene protons H-14a and
H-14b besides coupling geminally (observed value for
V42140 = 9.8 Hz), also coupled to protons H-13 (observed
values for J,,, ;s = 8.9 Hz, J,, ;5 = 1.5 Hz) and H-15
(observed values for J,,, s = 2.3 Hz, J,,,,s = 8.7 Hz).
Coupling constants for protons 14a (axial) and 14 (equito-
rial) were calculated from the dihedral angles obtained for
the minimized structure of 9¢-OH forocidin I (Table 4). The
coupling of H-14f to H-15 was small (J, .5 ;5 = 3.0 Hz) while
that of H-14a to H-15 was large (J,,, s = 13.9 Hz). The
proton H-13 being olefinic, Karplus equation cannot calcu-
late the coupling constants between protons H-14 and H-13.
The observed coupling constants for H-14 cross-checked
agreeably with the observed values for H-13 and H-15. Thus
we can characterize H-14a as H-14p and H-14b as H-14a.

Table 3. Calculated Dihedral Angles and Coupling Constants for
Isoforocidins 1

(4) 130-OH ISF | (5) 138-OH ISF 1

Calculated Calculated
Dihedral Calculated Dihedral Calculated
Proton Angle Jouu Angle Jun

23-3 —172.485 12.92 —172.190 12.88
2a-3 70.315 0.97 70.667 0.95
3-4 —53.923 —0.15 —54.106 -0.16
4-5 —178.238 11.59 —179.553 11.60
5-6 —70.207 0.40 -70.752 0.38
6-73 166.902 14.80 167.439 14.83
6-7Ta —77.497 1.29 —177.023 1.32
6-17eq —65.124 2.69 —64.933 2.72
6-17ax 177.135 14.75 177.315 14.75
73-8 —59.770 3.15 —58.973 3.26
Ta-8 —174.118 14.92 —173.230 14.91
8-9 —4.141 —_ —2.027 —

8-19 CH, — 7.10 — 7.10
9-10 —179.684 — —180.000 —

10-11 177.949 — 178.296 —

11-12 178.951 — 178.859 —

12-13 163.627 — -79.974 —

13-1483 65.344 3.07 —54.033 2.65
13-14« —179.000 13.55 60.933 0.03
148-15 —66.315 1.71 —65.308 1.81
14a-15 177.925 14.10 179.553 14.13
15-16 CH, — 7.10 7.10
17eq-18 —70.057 — —69.000 —

17ax-18 44.206 — 44.397 —

1’2’ 173.643 10.39 173.723 10.39
2'-3- —180.000 11.60 —180.000 11.60
34 177.925 11.62 177.925 11.62
4'.5' —175.603 10.92 —175.568 10.92
546" CH,4 — 7.10 — 7.10
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Table 4. Calculated Dihedral Angles and Coupling Constants for
Forocidins [

(6) 90-OH F 1 (MH9B-OHFI
Calculated Calculated
Dihedral Calculated Dihedral Calculated
Proton Angle Juu Angle Yam
2B-3 —177.589 13.48 —177.065 13.43
20-3 64.605 1.38 65.133 1.34
3-4 —52.874 —0.08 —52.062 -0.03
4-5 178.450 11.59 178.296 11.59
5-6 —67.324 0.50 —67.081 0.51
6-78 —171.118 14.36 —173.054 14.54
6-Tax —56.074 3.82 —58.481 3.46
6-17eq —64.451 2.78 —-66.273 2.54
6-17ax 177.696 14.74 176.577 14.77
7B-8 —56.311 3.79 —58.586 3.44
T7a-8 —170.085 14.96 —172.069 15.03
8-9 —50.796 3.61 73.683 1.39
8-19 CH, — 7.10 7.10
9-10 —169.163 — 71.230 —
10-11 —180.000 — —180.000 —
11-12 —177.589 — —178.483 —
12-13 177.762 — 177.762 —
13-148 49.602 —_ 46.042 —
13-14a 167.278 — 163.603 —
143-15 —~55.189 3.06 —56.166 2.94
14a-15 —173.214 13.96 —-174.145 13.99
15-16 CH,4 7.10 7.10
17eq-18 —70.018 — —66.946 —
17ax-18 43.669 — 45.881 —_
1'-2’ 173.795 10.38 173.770 10.39
2'-3- —-180.000 11.60 —180.000 11.60
3'-4' 178.128 11.62 178.075 11.62
4'-5 —-175.694 10.93 —175.753 10.94
5'-6' CH, — 7.10 7.10

Proton H-13 coupled to the doublet of doublets corre-
sponding to the olefenic proton H-12 which in turn couples
to the olefenic proton H-11. The doublet of doublets for pro-
ton H-11.showed cross-peaks into the olefenic proton H-10
which also appeared as a doublet of doublets. By virtue of
the cross-peaks shown by each of the olefenic protons (H-10,
H-11, H-12 and H-13) into the four carbon signals, the ole-
fenic carbons (C-10, C-11, C-12 and C-13) were assigned.

The methine proton H-9 (position 9 is hydroxylated)
shows a strong cross-peak to H-10 (Jo ;o = 9.7 Hz) and a
weak one to H-8 (J, unresolved) in the COSY spectrum
which was very similar to that observed in spiramycin I. The
assignment of H-8 has been based on the weak cross-peaks
into H-9, H-7b and a methyl group H-19. No cross-peak has
been observed between the protons H-8 and H-7a. From the
respective cross-peaks in the HETCOR spectrum, the car-
bon signals, C-8, C-9 and C-19 were identified. The methoxy
methyl carbon C-20 showed a clear cross-peak in the HET-
COR spectrum to a distinct singlet around 3.3 ppm for the
methyl protons H-20. The signal at 174.0 ppm was assigned
to the lactone carbonyl C-1.

Proton H-6 showed a moderate cross-peaks in the
COSY spectrum to the methylen protons H-7a and H-7b,
while no cross-peaks into the doublet for the methine proton
H-5 were observed. The methylene proton H-7a could not be
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resolved completely, while H-7b appeared as doublet of dou-
blet of doublets. The methylene protons H-7a and H-7b be-
sides coupling to each other (geminal) could also couple to
the protons H-6 and H-8. The calculated coupling constants
for protons 7a (axial) and 78 (equitorial) obtained from the
dihedral angles obtained for the minimized structure of 9a-
OH forocidin 1 showed that each of the protons had a one
small and two large J values (Table 4). Since proton H-7a was
not resolved we were unable to characterize the stereochem-
istry of these protons.

Proton H-5 shows a cross-peak to the methine proton
doublet H-4 which in turn couples into H-3. The methine H-3
was coupled to one of the methylene protons H-2a, more
strongly than H-2b. Therefore, we have assigned the methine
carbons C-3, C-4 and C-5. The methylene protons H-2a and
H-2b besides showing geminal coupling (observed value for
Jra00 = 16.0 Hz) also coupled to H-3 (observed values for
Joa3 = 11.0 Hz, J,, ; = 1.0 Hz). The calculated coupling
constants for protons 2a (equitorial) and 2 (axial) are listed
in Table 4. The results showed that coupling of H-2a to H-3
was small (J,, ; = 1.4 Hz) while that of H-2B to H-3 was
large (J, 5 = 13.5 Hz). Thus we can characterize H-2a as
H-2B and H-2b as H-2a. Both pairs of methylene protons
H-7a and H-7b, as well as H-2a and H-23, show cross-peaks
to C-7 and C-2 respectively in the HETCOR spectrum. The
proton H-9 in (6) was assigned B stereochemistry (similar to
spiramycin I) and the compound (6) as 9a-OH forocidin 1.
'H-NMR and *C-NMR assignments are listed in Tables 1
and 2 and the molecular modeling results in Table 4.

Epi-forocidin I [Compound IIB, (7)] (Fig. 3)

The 'H-proton NMR spectrum of compound IIB (7) ap-
peared similar to that of 9a-OH forocidin I (6) with regard to
the loss of the two sugars and was identified as a ‘forocidin
I’ analog since the hydroxyl group was at position C-9. All
the other proton and carbon signals were assigned as in (6).
The methine proton H-9 (position 9 is hydroxylated) showed
strong cross-peaks to both H-10 (J, ;, = 4.3 Hz) and H-8 {J,
unresolved) in the COSY spectrum which was very different
to that observed in the COSY spectrum of 9a-OH forocidin
I or spiramycin I. For this isomer, proton H-9 was assigned
a stereochemistry and the compound (7) as 93-OH forocidin
I. 'H-NMR and '>C-NMR assignments are listed in Tables 1
and 2 and the molecular modeling results in Table 4.

All the other proton and carbon signals were assigned in
accordance with the spiramycin I structure. Molecular mod-
eling studies using the X-ray data of demycarosyl leucomy-
cin A, confirmed the stereochemistry of all the centers in IIA
(6) and IIB (7) with the exception of the hydroxyl group at
C-9. The compound was ‘forocidin I-type’ since the hy-
droxyl group was at position C-9. The methyl group H-19
along with the groups at carbons C-3, C-6 and C-15 have o
(below the plane) stereochemistry. The proton H-9 coupled
to H-8 in IIA (6) Jg o = 3.4 Hz) and IIB (7) Jg o = 1.0 Hz)
and also to the olefinic proton H-10 which was larger in I1A
6) Jyoo = 9.7 Hz, which can also be cross-checked from
the coupling patterns of H-10) than in IIB (7) J,4 o = 4.3 Hz,
which can be obtained from the coupling patterns of H-10).
The calculated coupling constant between protons H-9 and
H-8 from the dihedral angles obtained for the minimized
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structure of 9«-OH forocidin I was small (J3 o, = 3.6 Hz),
while in the case of 93-OH forocidin I was even smaller (Jg 5,
= 1.4 Hz). The proton H-10 being olefinic, Karplus equation
cannot calculate the coupling constants between protons H-9
and H-10. The proton H-9 in (6) was assigned 8 stereochem-
istry and the compound IIA was assigned as 9a-OH forocidin
I. The proton H-9 in (7) was assigned « stereochemistry and
the compound IIB was assigned as 93-OH forocidin I (or
epi-forocidin I).

Isoforocidin I [Compound IA, (4)] (Fig. 4)

The 'H-proton NMR spectrum of compound IA (4)
clearly indicated the loss of two sugars. The methylene pro-
tons H-14 which appeared as multiplets showed strong
cross-peaks in the COSY spectrum to the downfield methine
proton H-13 (~4.13 ppm, J,; 4, = 5.0, 13.9 Hz) which ap-
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B - Mycaminose

(4) Compound 1 A
13 a-OH Isoforocidin I

(5) Compound 1 B
13 3-OH Isoforocidin I

Fig. 4. 13-OH Isoforocidins 1.

Ramu, Shringarpure, and Williamson

peared as a doublet of doublet of doublets. This was different
as compared to the forocidin I isomers where, proton H-13
appeared downfield in the olefinic region. The olefinic pro-
ton H-10 coupled to proton H-9 in the olefinic region (~6.08
ppm) which in turn showed a weak cross-peak into H-8 (J,
unresolved) in the COSY spectrum. This difference in the
cross-peaks indicated the presence of the hydroxyl group on
carbon C-13 and the compound was classified as a ‘isoforo-
cidin I-type.’ This indicated a rearrangement of the hydroxyl
group from carbon C-9 to carbon C-13 and a subsequent
migration of the conjugated diene system from C-10 through
C-13 to C-9 through C-12. Therefore, an intramolecular al-
lylic rearrangement had occurred in forocidin I yielding iso-
forocidin I as had been previously described in the hydroly-
sis of leucomycin A;. All other protons were assigned in a
fashion similar to the forocidin I compounds. For this iso-
mer, proton H-13 was assigned  stereochemistry and the
compound IA (4) as 13a-OH isoforocidin 1. *H-NMR and
BC-NMR assignments are listed in Tables 1 and 2 and the
molecular modeling results in Table 3.

Epi-isoforocidin I [Compound IB, (5)] (Fig. 4)

As with compound IA (4), the "H-NMR spectrum of
compound IB (5) clearly indicated the loss of two sugars. In
addition, the "TH-NMR spectrum was very similar to that of
the 13a-OH isoforocidin I (4). The methylene protons H-14
which appeared as multiplets showed strong cross-peaks in
the COSY spectrum to the downfield methine proton H-13
(~3.79 ppm, J,; ,, = 0.9, 1.3 Hz) which appeared a doublet
of doublet of doublets. This was clearly similar to 13 «-OH
isoforocidin I (4) isomer. Here too proton H-9 (~6.08 ppm)
in the olefenic region and an intramolecular allylic rearrange-
ment had obviously occurred. All other protons were as-
signed in a fashion similar to the forocidin I-type com-
pounds. For this isomer, proton H-13 was assigned «a stereo-
chemistry and the compound IB (5) as 133-OH isoforocidin
I. '"H-NMR and '>*C-NMR assignments are listed in Tables 1
and 2 and the molecular modeling results in Table 3.

Molecular modeling studies confirmed the stereochem-
istry of all the centers in compounds IA (4) and IB (5) except
for the hydroxyl group at C-13. Both compounds were ‘iso-
forocidin I-type’ since the hydroxyl group was at position
C-13. The proton H-13 coupled to the methylene protons
H-14inIA (4) J 3 14 = 13.9Hz, J 5 144= 5.0 Hz) and IB (5)
(J13.1040 = 0.9 Hz, ;5 1,5 = 1.3 Hz) besides coupling to the
olefinic proton H-12 (in IA (4)J 5 ;, = 8.6 Hz, inIB (§)J 5
= 8.2 Hz). Coupling constants calculated from the dihedral
angles obtained for the minimized structure of 13a-OH iso-
forocidin I indicated at least one small (Jy35 145 = 3.1 Hz)
and one large (J;5 14, = 13.6 Hz) coupling between H-13 and
H-14 while in the case of 133-OH isoforocidin I both the
couplings for H-13 and the methylene protons were small
(J13.148 = 2.7Hz, 1,5 14, = 0.03 Hz). The proton H-12 being
olefinic, Karplus equation cannot calculate the coupling
constants between protons H-13 and H-12. After comparing
the observed and calculated values, the proton H-13 in
(4) was assigned B stereochemistry and the compound as
13a-OH isoforocidin I while the proton H-13 in (5) was
assigned « stereochemistry and the compound as 138-OH
isoforocidin I.



Conformational Analysis of Forocidins I and Isoforocidins I

Currently there are few clinically suitable antibiotics
available for the treatment of AIDS associated Toxoplasma
gondii and Cryptosporidium infections. The anti-protozoal
properties associated with the spiramycins may provide a
foundation for the design of new and effective therapeutic
agents to treat some of the most lethal opportunistic infec-
tions associated with AIDS. We are in the process of using
both the spiramycins and the forocidins as models for deter-
mining structure activity relationships in hopes of providing
information sufficient for the design of new 16-membered
macrolide therapeutics.
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