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Etienne Fleury,!?! Marie-Isabelle Lannou,/?! Olivia Bistri,?! Francois Sautel, ™!
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The relative stereochemical determination of naturally occur-
ring large polyketides has proved to be critical, especially
when the polyketides are available only in small quantities.
Difficulties are often circumvented by the tedious synthesis
either of adapted compound libraries (databases) or of all the
presumed structures, because both methods allow efficient
NMR comparison. To predict the stereochemistries of these
frameworks, we have developed a straightforward method
requiring neither the derivatisation of the natural product nor
the synthesis of a new database of model stereoisomers. With
the aid of *C NMR spectroscopy, the relative configurations

of the considered polypropionate segments are determined
through a statistical UDB analysis of each included tetrad
subunit followed by superposition of all predicted relative
configurations of these tetrads. Examination of the different
tetrads by statistical analysis consists of alternatively ruling
out the AJ values at positions where y and & effects could
interfere. In most cases this statistical '3C NMR UDB ap-
proach leads to the stereochemical assignment of large poly-
propionate structures in a reliable way.

Introduction

Full structural elucidation of natural products and syn-
thetic intermediates is a recurrent problem. In this field,
NMR spectroscopic investigation of intact molecules re-
mains the most powerful tool available for synthetic chem-
ists to overcome the stereochemical question. In cases of
cyclic compounds (with three- to six-membered rings), es-
tablishment of the relative configurations of substituents is
often solved on the basis of vicinal proton coupling con-
stants or nOe experiments. A much more challenging task
is the determination of the configurations of polysubsti-
tuted open chains and macrocyclic compounds. One spe-
cific case in this regard involves complex natural products
containing polyketide frameworks, often isolated in very
low yields.

Faced with the problem of determining the configuration
of a novel marine natural product featuring three contigu-
ous propionate units, we envisaged the establishment of a
straightforward method for the stereochemical assignment
of large polypropionate structures through simple and con-
ventional NMR spectroscopic data analysis.

[a] CNRS UMR 8638, Faculté de Pharmacie, Université Paris De-
scartes,
4 avenue de I'observatoire, 75270 Paris cedex 06, France
Fax: +33-1-43291403
E-mail: janick.ardisson@parisdescartes.fr
[b] CNRS/Pierre Fabre UMS 2597, Laboratoire Pierre Fabre,
3 rue des satellites, BP 94244, 31402 Toulouse cedex 4, France

In the specific case of two contiguous propionate units
(tetrads), the Universal NMR Database (UDB) developed
by Kishi has recently emerged as a very useful tool with
which to tackle the problem of configuration analysis.[!]
The main asset of the method is that derivatisation into
cyclic compounds is not necessary.

This approach is rooted in comparisons between the
chemical shifts of compounds with unknown configurations
and those of libraries of model compounds with known ste-
reostructures. In this way, the method proceeds by determi-
nation of the minimum *C NMR A¢ value (A = 6x — d1an)
between an unknown tetrad (X) and each of the eight pos-
sible model stereoisomers 1a-h previously reported by Kishi
(Scheme 1). To account for connectivity differences between
the tetrad to be defined and the simplified models 1a-h con-
stituting the database, Kishi suggested the adjustment of all
carbon chemical shifts of the unknown tetrad by a suitable
factor, this to be derived from empirically predicted chemi-
cal shifts. The Schaller program delivered with the Chem-
draw software package has been used for this purpose.
Kishi’s approach has been successfully applied to determine
the relative configurations of unknown compounds with
structures that incorporate unbranched tetrad units such as
1.

To date, the stereochemical determination of more com-
plex branched polypropionates remains difficult, implying
the time-consuming synthesis of all the presumed structures
or the elaboration of adapted stereoisomer databases (six-
teen stereoisomers for a pentad, thirty-two for a hexad).[?
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Scheme 1. Kishi’s eight la-h diastereoisomers. “Positions 1-6”
cited later relate to this model.

Here we present a powerful method for structural assign-
ment of structures containing three contiguous propionate
units (pentad and hexad patterns) based on an extension of
Kishi’s original UDB approach. Large polypropionates can
be considered, from a structural viewpoint, as superpositions
of different branched tetrad subunits. The proposed procedure
utilizes a statistical approach applied to the different tetrads
included in the studied segment.]

In the case of '3C NMR spectroscopic examination of
unit A (tetrad), containing two contiguous propionate com-
ponents, addition of a methyl group o to a hydroxy group
leads to some major changes in terms of chemical shifts
(Scheme 2). In the initial C5-C8 fragment, the additional
Me-C4 induces a vy effect at the C6 centre and § effects at
the C7 and Me-C6 positions. Moreover, addition of this
Me—C4 results in the formation of the new C7-C4 tetrad B,
which is also perturbed by Me-C8 (y and o effects at the
C6 and at the C5 and Me-C6 positions, respectively).[*!

yeffect: W
y rOH60H1 5 effect: ® y OHZOH
— R‘I 51 2 4;R2
La-s- SB‘J‘

C5-C8 tetrad A carbon numbering refers to position

in Kishi's diastereomer

carbon numbering refers to position
in Kishi's diastereomer

C7-C4 tetrad B

Scheme 2. a-Methyl tetrad substitution and additional y and & ef-
fects.

In 3C NMR spectroscopy, v and & effect values gener-
ated by a specific X moiety are closely related to the confor-
mation of the molecule: as shown below, y effects range
between 0.0 and 9.0 ppm and & effects between 0.0 and
3.0 ppm, depending on the relative stereochemistry
(Scheme 3).1%1

X H
J{F-B.Oto-a.o ppm xy( y=0.0 to - 3.0 ppm
(1,3 diaxial)

§=+2.5to + 3.0 ppm §=+0.2to + 1.7 ppm

'
C)l'(|3 8=+0.0 to + 0.5 ppm CHs
Ll % 1 5
H3CL d4 X
X
3=+0.0to + 0.5 ppm =-0.5 toi- 0.8 ppm
CHs HCZ

L
X

Scheme 3. The y and § effects of a substituent X in '*C NMR
spectroscopy.

To predict the relative stereochemistry of a C4-C8 pen-
tad unit, Kishi’s UDB method could be applied to tetrads
A and B separately. As indicated before, the carbon chemi-
cal shifts of the tetrad of interest must first be adjusted with
the aid of a '3C NMR prediction program.[!! In this case,
tetrads A and B are branched. Although the predictive pro-
gram takes the additional y and o effects into account,
average values of 2.5 ppm for a y effect and of 0.3-0.6 ppm
for a d effect are usually given, so the calculated adjustment
I [I = 6predicted (A or B) tetrad — 5predicted Kishi’s tetrad] is therefore
not representative. As a consequence, in the UDB analysis
of a tetrad such as A or B, aberrant Ad values can be ob-
served at the positions that support these additional effects.

We hence propose a statistical approach in which the A
values are alternatively omitted at positions at which y and 6
effects occur. Resulting misinterpretations are consequently
avoided because the corresponding aberrant responses are re-
moved from histograms and tables.

This approach was applied to different pentads encoun-
tered in compounds 2 and 3 described by Roush!® and in
the synthetic aflastatin fragment 4 and saliniketal A (5), re-
ported by Ikedal”l and Fenical,[®! respectively. The synthetic
three-contiguous-propionate framework (hexad) present in
aflastatin fragment 4 was also checked, as were those in
sekothrixide (6)! and zincophorin methyl ester (7) synthe-
sized by Cossy!'”! (Scheme 4).

Each example was carefully chosen in order to explore a
wide range of possibilities that can be encountered in the
structural elucidation of polypropionate natural com-
pounds.

In most cases, the proposed statistical *C NMR UDB
approach leads to the stereochemical assignment of the
large polypropionate structures without ambiguity. In cer-
tain specific examples, however, a single asymmetric centre
may not be determined. Despite the incomplete conclu-
sions, application of our statistical method dramatically de-
creases the number of diastereoisomers to synthesize for
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Zincophorin methylester 7

Scheme 4. Polypropionate segments examined by the statistical
UDB approach.

NMR comparison and complete assignment. Moreover,
consistently with Kishi’s observations,®! we have noticed
that classical '"H NMR UDB analysis is a complementary
tool. Indeed, a combination of '*C NMR and 'H NMR
spectroscopy allows the determination of the entire relative
stereochemistry of the polypropionates under consider-
ation. Nevertheless, this complementarity investigation can-
not be generalized and the systematic or unique use of 'H
NMR analysis has not so far been fully elucidated. Studies
are currently under investigation.

Results and Discussion

The pentads and hexads 2-7 are regarded as superposi-
tions of tetrad units. The relative configurations of the con-
sidered polypropionate segments are obtained by a statisti-
cal UDB analysis of each included tetrad subunit followed
by superposition of all predicted relative configurations of
these tetrads. For reasons of convention, the hydroxy func-
tion is considered to be the starting point of a tetrad.[*l In
this study, different examples evidence a (and/or B) substi-
tution with methyl, hydroxy or cyclic ether groups
(Scheme 4).

Analysis of compound 2 is described fully, whereas for
reasons of simplification only the results of the statistical
analysis are displayed for other compounds (see Supporting
Information for full data description).

Structural Assignment of Pentad Structures

NMR Analysis of the Pentad Unit of 2

Pentad 2 (see Schemes 4 and 5) was regarded as an a-
methyl-substituted tetrad. The UDB method could conse-
quently be applied to each dipropionate unit (C3-C6 and
C5-C2).

2 (C3-C6 tetrad) carbon numbering refers to position

in Kishi's diastereomer

y effect: W
rosmmmsnees B Seffect: @ | ------------ "
. OH OH
12 S 4 Sk 4
HOTY STy = HO™™
"o 0

2 (C5-C2 tetrad) carbon numbering refers to position in

Kishi's diastereomer

Scheme 5. Compound 2 (C3-C6 and C5-C2 tetrads) examined by
the statistical UDB approach.

As mentioned above, the first step consists of adjustment
of the reported '3C NMR values (Table 1) by removal of a
calculated increment I (I = Jpredicted A — Opredicted K)- 1 his
enables the direct comparison (Ad = &, — 61a.p) of '*C NMR
spectroscopic data for Kishi’s diastereoisomers!!®! and for
the tetrad under consideration. Variations in Ad are high-
lighted in Table 2 and Figure 1. The predicted relative con-
figuration of the studied tetrad corresponds to the configu-
ration of Kishi’s diastereoisomer associated with the mini-
mum X|AJ| value.

Table 1. Predicted and adjusted '3C NMR 6 values for compound
2 (C3-C6 tetrad A).

Noll ¢ 1¢C Position 6 13C 6 13C 6 1C
C  predicted® in predicted | reported  adjusted
2 2 Kishi’s Kishi’s (CDCly) 2

models model 2
N Ok Op — Ok ) oh=0-1
3 71.3 1 69.7 7.6 81.2 73.6
4 41.0 2 434 24 38.7 41.1
5 76.2 3 80.6 -44 79.9 84.3
6 439 4 389 5.0 404 354
10 9.3 5 8.9 0.4 12.9 12.5
11 15.6 6 14.8 0.8 17.5 16.7

[a] Carbon numbering corresponds to compound 2. [b] Cam-
bridgeSoft ChemNMR installed in CS Chem-Draw Package was
used for NMR data predictions. [c] Positions refer to Kishi’s dia-
stereoisomers.

Our statistical approach, in which positions 2, 3 and 5
were alternatively or simultaneously not taken into account
in the determination of X|Ad|, also led to this result (Table 2,
2nd part). In general, X|Ad| values in which v effect positions
are subtracted (in this example, position 2), are considered
a priority.
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Table 2. Differences in carbon chemical shifts (ppm) between 2 and 1a-h (C3-C6) — statistical study of the C3-C6 tetrad of 2.

Ao Ao Ao Ao Ao Ao Ao Ao
la 1b 1c 1d le 1f 1g 1h No.[l
s-a-s 5-5- s-a-a s-s-a a-a-s a-s-s a-a-a a-s-a
0.05 -3.40 1.32 -3.82 -3.08 -2.88 -2.94 -3.00 1
2.07 3.22 3.29 3.30 0.22 2.88 0.31 2.96 2
6.67 2.77 3.94 2.89 5.00 9.02 2.27 9.43 3
-1.61 -2.23 -2.08 -2.32 -1.42 -1.95 -1.61 -2.20 4
0.63 7.81 0.87 8.33 -0.47 1.68 -0.86 2.02 5
391 1.58 0.92 1.83 5.14 1.38 0.02 1.87 6
14.94 21.01 12.42 22.49 14.89 19.79 8.01 21.48 2|Ad|
12.87 17.79 9.13 19.19 14.67 16.91 7.70 18.52 -2
8.27 18.24 8.48 19.60 9.89 10.77 5.74 12.05 -3
6.20 12.25 5.19 16.30 9.67 7.89 5.43 9.09 -2-3
7.64 10.43 7.61 11.27 9.42 9.09 4.88 10.03 -3-5
[a] Numbers refer to positions in Kishi’s diastereoisomers 1a-h.
1 2 3 4 5 6
£=14.94 ==21.01 z=1242 x=2249
syn-anti-syn syn-syn-syn syn-anti-anti syn-syn-anti
==14.89 ==19.79 ==8.01 £=21.48

anti-anti-syn anti-syn-syn

anti-anti-anti anti-syn-anti

Figure 1. Histograms for the C3-C6 tetrad of 2 ('3C NMR analysis). In each figure, the framed histogram corresponds to the correct
relative configuration through Kishi’s UDB method. Positions highlighted in grey are not affected by additional y or & effects.

In other words, examination at positions 1, 4 and 6 (see
histograms in Figure 1), which are not affected by additive
v or & effects, was sufficient clearly to indicate the correct
relative configuration.

For the second C5-C2 tetrad, both syn-anti-syn and anti-
anti-syn relative configurations emerged as satisfactory can-
didates by statistical analysis (Table 3 and Figure 2).

Table 3. Statistical study of the C5-C2 tetrad of 2 (**C NMR analy-
sis).

Ao Ao Ao Ao Ao Ao Ao Ao
la 1b 1c 1d le 1f 1g 1h  No.

s-a-s  s-s-s  s-a-a  s-s-a  a-a-s  a-s-s  a-a-a  a-s-a

-0.15 -3.60 1.12 -4.02 -3.28 -3.08 -3.14 -3.20 I
207 322 329 330 022 288 031 296 2
6.87 297 414 3.09 520 922 247 963 3

-1.31 -193 -1.78 -2.02 -1.12 -1.65 -1.31 -190 4
063 7.81 0.87 833 047 168 086 202 5

-039 -2.72 -338 247 084 -292 428 -243 ¢

11.42 2225 1458 2323 11.13 2143 1237 22.14 Z|Ad|
9.35 19.03 11.29 1993 1091 1855 12.06 19.18 -2
455 19.28 1044 20.14 593 1221 990 1251 -3
248 16.06 7.15 16.84 571 933 959 9.55 -2-3
392 1147 957 1181 546 1053 9.04 1049 —3-5

However, the predicted anti-anti-anti structure for C3-C6
constrained the C5-C2 unit to possess an anti-anti-x rela-
tive stereochemistry, and therefore anti-anti-syn. Note that

the Ad values at positions 2, 3 and 5 shown in Figure 2 also
reflect the additional y and & effects generated by the o
methyl group with regard to the C5-C2 fragment (see also
Scheme 95).

Consequently, extension of the UDB method to the pentad
structure of 2 gave the correct syn-anti-anti-anti relative ste-
reochemistry prediction.

NMR Analysis of the Pentad Unit of 3

In a second application of the statistical approach, com-
pound 3 was subjected to complete '3C NMR spectroscopic
data analysis (Scheme 4 and Scheme 6).

In the following examples, only Z|Ad| values are reported,
because they represent the crucial values for accurate attri-
bution of the relative stereochemistry (see Supporting Infor-
mation for full data). As shown below, examination of the
C3-C6 segment showed the emergence of two preferential
configurations: anti-syn-syn and anti-anti-anti (Table 4).

In contrast, analysis of the C5-C2 unit led to the unam-
biguous prediction of an anti-anti-anti configuration
(Table 5).

Again, the anti-anti-anti prediction for the C5-C2 tetrad
implied an anti-anti-x relative stereochemistry for the first
C3-C6 tetrad. As a result, an anti-anti-anti configuration
could be predicted for the C3-C6 fragment.
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z=11.42 ¥ =22.25 ¥ =14.58 ¥ =23.23
Asx-s1a Syn-anti-syn  Asgxsip syn-syn-syn  Asxsic  syn-anti-anti Asxs1a  Syn-syn-anti
2=11.13 x=2143 =12.37 x=2214
Asx-s1e  anti-anti-syn Asxs1f anti-syn-syn Asxs1g  anti-anti-anti Asx-s1n  anti-syn-anti

Figure 2. Histograms for the C5-C2 tetrad of 2 ('*C NMR analysis).

‘OH OH : 'OH OH !
21 6 ‘ 2 4.
HO Y 3 Y 5™y => HO YT RIS
S ch 5 @5 e
9y 10 11 A o
3 (C3-C6 tetrad)
OH OH | OH OH
4 Lis ‘4 2 1
HO T 3 sy ™ => HO” Y s WS
LE = i T Y-
9 10 11 6

3 (C5-C2 tetrad)

Scheme 6. Compound 3 (C3-C6 and C5-C2 tetrads) examined by
the statistical UDB approach.

Table 4. Statistical study of the C3-C6 tetrad of 3 ('3C NMR analy-
sis).

A Ao Ao A Ao Ao A Ao

1a 1b 1c 1d le 1f 1g 1h  No.
s-a-s  s-s-S  s-a-a  s-s-a  a-a-S  a-s-s  a-a-a  a-s-a
20.84 27.01 17.82 28.49 1895 19.03 12.29 27.48 ZXZ|AJ|
18.27 2329 14.03 24.69 1823 15.65 11.48 24.02 -2
11.17 21.24 1088 22.60 1095 7.01 7.02 1505 -3
8.60 11.75 7.09 18.80 10.23 3.63 6.21 11.59 -2-3
8.14 11.03 7.61 11.87 9.02 293 548 10.63 —3-5

Table 5. Statistical study of the C5-C2 tetrad of 3 ('3C NMR analy-
sis).

Ao Ao Ao Ao Ao Ao Ao Ao

la 1b 1c 1d le 1f 1g 1h  No.
s-a-s  s-s-S  s-a-a  s-s-a  a-a-S  a-s-s  a-a-a  a-s-a
21.44 2191 1892 2339 1529 20.69 7.19 2238 Z|AJ|
18.87 18.19 1513 19.59 14.57 1731 6.38 1892 -2
14.87 19.24 15.08 20.60 1039 11.77 5.02 13.05 -3
1230 12.85 11.29 1680 9.67 839 421 9.59 -2-3
11.84 9.03 1181 987 846 7.69 348 8.63 -3-5

In conclusion, the complete anti-anti-anti-anti stereochem-
istry of 3 was fully deduced through statistical analysis.

NMR Analysis of the C9—C13 Pentad of the Synthetic
Aflastatin Fragment 4

Another interesting situation is that of the synthetic C9-
C13 aflastatin fragment 4. This could be regarded as an a-

hydroxy-substituted tetrad and introduction of this hydroxy
function creates a new tetrad (Schemes 4 and 7). Applica-
tion of the extended UDB method was therefore relevant
for this new structure.

C9-C13 pentad of the

synthetic aflastatin A8 N2 '\/\
fragment 4 % ST = 513: ¥
TiElE
OH OH OH OH OH OR OH OH

'QH OH

.

OH OH OH OH OH OH OH OH OH O
772/\/ 1“’/\%/\5 = '7.5/\/\: :
23 20 | b

C13-C10 tetrad

Scheme 7. C9-C13 pentad of the synthetic aflastatin fragment 4
(C9-C12 and C13-C10 tetrads) examined by the statistical UDB
approach.

In this case, as in those of compounds 2 and 3, combina-
tion of the predictions for the C9—C12 and C13-C10 tetrads
(anti-anti-syn and syn-syn-anti, respectively; see Tables 6, 7
and Supporting Information), allowed prediction of the
correct anti-anti-syn-syn configuration for the C9-C13 seg-
ment of the synthetic aflastatin intermediate 4. This result
validated the statistical method for a-hydroxy-substituted
tetrads.

Table 6. Statistical study of the C9-C12 tetrad of 4 ('*C NMR
analysis).

Ao Ao Ao Ao Ao Ao Ao Ao

la 1b 1c 1d le 1f 1g 1h  No.

s-a-s  s-s-S  s-a-a  §-s-a4  a-a-s  a-s-s  a-a-a  a-s-a

20.83 21.24 22.60 21.79 1515 2227 17.88 2325 Z|AJ|
5.81 11.30 11.23 1457 368 9.19 938 1035 -/3
525 926 677 1115 364 591 433 707 -13-6
142 609 483 825 038 418 586 459 -I-324




Table 7. Statistical study of the C13—C10 tetrad of 4 ('*C NMR
analysis).

Table 8. Statistical study of the C9-C6 tetrad of 5 ('3C NMR analy-
Sis).

A Ao Ao Ao Ao Ao Ao Ao Ao Ao Ao Ao Ao Ao Ao Ao
la 1b 1c 1d le 1f 1g 1h  No. la 1b 1c 1d le 1f 1g 1h  No.
s-a-s  §-s-S  s-a-a  S-s-a  a-a-S  a-s-S  a-a-a  a-s-a s-a-s  §-s-S  s-a-a  S-s-4  a-a-S  a-s-S  a-a-a  a-s-a
2807 1778 20.16 1295 27.87 23.79 20.58 2293 Z|AJ| 1601 1910 898 1691 20.13 16.57 1540 1739 Z|AJ|
10.65 544 639 333 1400 831 9.68 7.63 -I-3 737 770 411 799 1040 511 858 525 I3
601 270 565 155 884 639 953 571 -I-306 403 504 220 586 548 187 377 252 -1-2-3
898 431 557 215 1070 622 616 581 1324 721 477 378 386 936 491 707 4.64 -1-3-5

NMR Analysis of the C6—C10 Pentad of Saliniketal A (5)

The '3C NMR spectroscopic data for the two C9—C6 and
C7-C10 segments of saliniketal A (5) were then examined
and subjected to statistical analysis (Scheme4 and

Scheme 8).
O *O
PO~ NRY

NH,

<.«14
OH OH O

Saliniketal A5 (C7-C10 tetrad)

Scheme 8. Saliniketal A (5, C9-C6 and C7-C10 tetrads) examined
by the statistical UDB approach.

The saliniketal A (5) pentad is a particular case, featuring
a C-11 substituted hydroxy group in a B position to the C9—
C6 tetrad and an a position to the C7-C10 unit. Because
this is not a free hydroxy function, a third tetrad is not
generated; however, the ether substituent induces new y and
d effects that must be taken into account.

The C9-C6 tetrad is substituted by an a methyl and a
B cyclic ether group. In this specific environment, results
obtained in a strict application of Kishi’s original UDB
method suggested an incorrect syn-anti-anti preferential
configuration instead of the real anti-syn-anti (Table 8).

This observation constitutes an example in which ad-
ditional y and o effects lead to misinterpretation. By our
statistical approach, three configurations appeared to be
likely (syn-anti-anti, anti-syn-syn and anti-syn-anti) when
stereocentres that support v and § effects, induced by exter-
nal substituents on the C9-C6 tetrad, were alternatively or
simultaneously not taken into account (Table 8).

In parallel, analysis of the C7-C10 unit (substituted by
o and B’ methyl groups and an o’ cyclic ether) revealed a
preferential syn-anti-anti configuration without any doubt
(Table 9).

Table 9. Statistical study of the C7-C10 tetrad of 5 ('*C NMR
analysis).

Ao A Ao Ao Ao Ao Ao Ao
1a 1b 1c 1d le 1f 1g lh  No.
s-a-s  s-s-S  s-a-a s-s-a a-a-s  a-s-S a-a-a  a-s-a
13.61 1394 738 1455 1773 14.17 1380 1499 ZX|AJ|
599 954 490 1190 976 621 888 729 -3-2
315 8.60 384 11.88 640 609 723 717 326
7.70 1043 4.60 11.68 13.00 730 11.68 7.63 -3+4
754 750 427 755 1196 7.10 1017 7.02 -3-4-5

The unambiguous syn-anti-anti prediction for the C7—
C10 tetrad implied an anti-syn-x structure for the C9-C6
unit, but there was still uncertainty between the two anti-
syn-syn and anti-syn-anti possibilities. As a consequence,
statistical analysis of saliniketal A (5) by '3C NMR spec-
troscopy predicted the C7-C10 tetrad configuration. How-
ever, the stereochemistry at the C6 centre remained uncer-
tain.

Notably, thanks to statistical '*C NMR analysis, full
structural elucidation could have been achieved through the
synthesis of only two isomers and their comparison with

z=1.228 X =0.860 X =1.266 X =0.920
Asxs1a  Syn-anti-syn Asxs1b  Syn-syn-syn Asxs1c  syn-anti-anti Asx51a  Syn-syn-anti
_——-_- -—h_ - _——
¥ =1.084 X=0.733 X =1.202 X=0.612

Asx-ste  anti-anti-syn Asxs1f  anti-syn-syn

Figure 3. Histograms for the C9-C6 tetrad of 5 ("H NMR analysis).

Asxs19  anti-anti-anti Asxs1n  anti-syn-anti



the natural product instead of the sixteen that would ini-
tially have been required.

Because no conclusion relating to the C6 position could
be drawn from '*C NMR, 'H NMR examination of the
C9-C6 tetrad by the original UDB method was performed,
in accordance with Kishi’s proposal.!

The results obtained in the "H NMR analysis of the C9—
C6 unit showed that the anti-syn-anti configuration ap-
peared to be favoured (X = 0.612; see Figure 3).

Consequently, the determination of the anti-syn-anti-anti
relative stereochemistry of the C6-C10 unit of saliniketal 5
was achieved through a combination of statistical '*C and
classical 'TH NMR studies.

Structural Assignment of Hexad Structures

Encouraged by successful results relating to pentad units,
we turned to the examination of hexad patterns.

NMR Analysis of the C2—C7 Hexad of the Synthetic
Aflastatin Fragment 4

The synthetic aflastatin fragment 4, incorporating a C2—
C7 tripropionate unit, was selected for this first analysis
(Schemes 4 and 9). For this situation, the '3*C NMR exami-
nation was partitioned into three tetrads (C3-C6, C7-C4
and C5-C2).

5 C2-C7 hexad of the
' :\/\;" synthetic aflastatin
fragment 4

C5-C2 tetrad

Scheme 9. C2-C7 hexad of the synthetic aflastatin fragment 4 ex-
amined by the statistical UDB approach.

For the C3-C6 tetrad, two configurations emerged as sat-
isfactory candidates: sym-anti-syn and  anti-anti-syn
(Table 10).

Table 10. Statistical study of the C3-C6 tetrad of 4 ('*C NMR
analysis).

Ao Ao A A Ao Ao Ao Ao
la 1b 1c 1d le 1f 1g 1h  No.

s-a-s  s-s-S  s-a-a  S-s-a  a-@-s  a-s-S  a-a-a  a-s-a

19.65 25.14 2130 28.69 20.25 2585 21.58 27.69 Z|AJ|
9.07 17.10 1443 21.87 1090 1483 1517 1642 -3
8.61 1596 1254 2020 978 1427 1416 1535 -2-3
6.51 11.77 1236 1534 954 1223 1428 1341 -3-5
881 1494 1027 1875 10.64 1185 1042 1344 36
584 1373 1062 1792 7.62 11.08 11.56 1243 34
835 1380 838 1708 952 1129 941 1237 326
538 1259 873 1625 650 1052 1055 1136 -3-2-+4
625 961 820 1222 928 925 953 1043 -3-5-6
328 840 855 1139 626 848 1067 942 345

On application of the statistical analysis, the second frag-
ment (C7-C4) appeared to possess an unambiguous syn-
syn-anti relative stereochemistry (Table 11).

Table 11. Statistical study of the C7-C4 tetrad of 4 ('*C NMR
analysis).

Ao A Ao Ao Ao Ao Ao Ao

la 1b 1c 1d le 1f 1g 1h  No.

s-a-s  s-s-S  S-a-a  s-s-a4  a-a-s  a-s-S  a-a-a - a-s-a

33.97 23.68 26.06 18.85 33.77 29.69 2648 2883 X|AJ|
13.15 794 889 583 1650 10.81 1218 10.13 —/-3
1222 687 738 418 1552 936 10.87 844 134
681 350 645 235 964 719 1033 651 -1-3-6
1038 571 697 355 1210 7.62 756 721 1324
497 234 604 172 622 545 702 528 -1-3206
1131 678 848 520 1308 907 887 890 -13=2

Examination of the last unit (C5-C2) by statistical analy-
sis allowed three favourable configurations — anti-anti-anti,
anti-anti-syn and syn-anti-syn — to be proposed (Table 12).

Table 12. Statistical study of the C5-C2 tetrad of 4 ('*C NMR
analysis).

AS Ao Ao Ao AS Ao Ao Ao
la 1b 1c 1d le 1f 1g 1h  No.

s-a-s  s-s-S  s-a-a  s-S-a  a-a-s  a-s-S = a-a-a  a-s-a

1225 1090 11.60 1199 863 1127 724 1225 Z|AJ|
423 796 723 1057 416 519 574 635 -I-3
377 682 534 890 3.04 463 473 528 132
167 263 516 404 280 259 485 334 -[35

Superposition of the predictions for each of the three
studied tetrads led to an x-anti-anti-syn-syn prediction for
the C2-C7 unit of synthetic aflastatin fragment 4.

Finally, '"H NMR examination of the C5-C2 tetrad by
Kishi’s original UDB method implied a C5-C2 anti-anti-
syn structure (Figure 4).

By combination of these results, full structural elucida-
tion of the C2-C7 unit of synthetic aflastatin fragment 4
could be achieved with good agreement with the true syn-
anti-anti-syn-syn configuration.

7



2z =1.040 X =1.244

2 =0.882 2 =1.297

Asxs1a  Syn-anti-syn Asx510  Syn-syn-syn

Asxs1e anti-anti-syn Asxs1¢  anti-syn-syn

2=1.240 2 =1.236

B

% =1.086

H-_

¥ =1.158

Asxs1c  Syn-anti-anti Asxs1a Syn-syn-anti

Asxs1g anti-anti-anti Asxs1n anti-syn-anti

Figure 4. Histograms for the C5-C2 tetrad of 4 (‘H NMR analysis).

NMR Analysis of the C14-C19 Hexad of Sekothrixide (6)

Sekothrixide (6) was the second hexad subjected to statis-

tical UDB analysis (Schemes 4 and 10).

C14-C19 hexad of
sekothrixide 6

Scheme 10. C14-C19 hexad of sekothrixide (6) examined by the
statistical UDB approach.

In the first C15-C18 tetrad (Table 13), two preferential
relative configurations (syn-syn-syn and syn-syn-anti) were
found to be the most plausible.

For the second C19-C16 segment, statistical analysis de-
termined a syn-anti-syn configuration (Table 14).

The syn-anti-syn structure prediction for C19-C16 im-
plied a syn-syn-anti relative stereochemistry for the C15-
C18 unit and renders a syn-syn-x configuration for the
C17-C14 segment plausible.

Examination of the C17-C14 hexad by statistical 3C
NMR analysis (Table 15) did not identify a favourable can-
didate (although Kishi’s original UDB method indicated a

Table 13. Statistical study of the tetrad C15-C18 of 6 ('*C NMR
analysis).

A6 Ao A A Ao Ao Ao A
1a 1b 1c 1d le 1f 1g 1h  No.
s-a-s  s-s-s  S-a-a  s-s-a  a-a-s  a-s-S  a-a-a - a-s-a
2434 13.85 18.80 1413 29.79 2557 2229 2642 Z|AJ|
1672 6.68 12.74 642 20.71 1267 1608 1299 -I-3
1509 620 1233 6.02 1723 1185 1269 1225 -I-3-2
845 559 471 585 1134 545 632 611 —/3-5
998 342 1021 299 1089 927 1147 918 -I13-2-6
334 281 259 282 500 287 510 3.04 —/3-5-6

Table 14. Statistical study of the C19—C16 tetrad of 6 ('*C NMR
analysis).

A Ao A0 A0 AD Ao Ao Ao

1a 1b 1c 1d le 1f 1g 1h  No.
sa-s s s-a-a O aams  as-s  aa-a  a-s-a
16.72 2585 20.18 26.83 1621 2503 1895 2574 Z|AJ|
9.15 22.18 1534 23.04 1031 15.11 1578 1541 -3
504 1745 1076 1822 6.39 10.66 11.67 1071 -34
427 1553 877 1622 531 9.08 10.68 9.05 324
838 2026 1335 21.04 923 1353 1479 1375 32
586 1656 9.06 17.67 825 9.29 8.60 10.08 -3-6
509 1464 707 1567 717 7.71 7.61 842 326

plausible syn-anti-anti configuration; see £ = 13.54). The
relative stereochemistry at the C14 centre remained unde-
termined and only the structure of the C15-C19 fragment
was predicted.

Table 15. Statistical study of the C17-C14 tetrad of 6 (1*C NMR
analysis).

Ao Ao Ao Ao A6 Ao Ao Ao
la 1b 1c 1d le 1f 1g 1h  No.
s-a-s  s-s-s  s-a-a  s-s-a a-a-s  a-s-S  a-a-a  a-s-a
18.06 19.55 1354 20.11 20.19 2127 19.11 20.80 Z|Ad|
11.24 11.32 10.72 11.58 1191 917 1084 817 —-I-3
687 580 513 598 939 399 823 291 -[3=2
486 548 415 591 615 347 635 288 -I-3-2-6
827 711 974 11.51 8.67 865 896 814 —I-3-5
626 679 701 678 460 673 450 656 —I-3-5-6

Once again, at this stage, the number of possible remaining
isomers was strongly decreased thanks to statistical >C
NMR analysis (two instead of thirty-two ).
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S— IS W - | —
z=0.500 ~=0.583 ~=0.813 X =0.362
Asxs1a  syn-anti-syn Asxs1b  syn-syn-syn Asxs1c syn-anti-anti Asxs1a  syn-syn-anti
X =0.608 =0.712 ~=0.836 X =0.510
Asxs1e anti-anti-syn Asxs1¢  anti-syn-syn Asxs1g  anti-anti-anti Asxs1h  anti-syn-anti

Figure 5. Histograms for the C17-C14 tetrad of 6 (‘H NMR analysis).

As observed in the case of saliniketal (5), classical 'H
NMR UDB analysis of the C17-C14 fragment gave evi-
dence for the correct syn-syn-anti configuration (see Fig-
ure 5 and Supporting Information).

In this example, a combination of '*C and '"H NMR
analysis was again required in order to determine the com-
plete relative stereochemistry (anti-syn-syn-anti-syn) of the
hexad of sekothrixide 6.

NMR Analysis of the C8—C13 Hexad of Zincophorin

Methyl Ester (7)

Finally, the C8-C13 hexad of zincophorin methyl ester
(7) was examined (Schemes 4 and 11).

C11-C8 tetrad

C8-C13 hexad of
zincophorin methyl

ester 7

Scheme 11. C8—C13 hexad of zincophorin methyl ester (7) exam-
ined by statistical UDB approach.

Strict statistical '*C NMR analysis could only allow cor-
rect prediction of the C9-CI13 segment (see Tables 16, 17

and 18).

Table 16. Statistical study of the C9-C12 tetrad of 7 (3C NMR

analysis).

AS Ao AS Ao Ao Ao Ao Ad

1la 1b 1lc 1d le 1f 1g 1h  No.
S-a-s  $=s-S  S-a-a  S-s-d4  a-a-S  a-s-S  a-a-a  a-s-d

26.04 2531 2352 2595 2443 2513 17.21 26.58 Z|AJ|
9.52 1614 846 1708 1271 9.19 8.08 1035 -I-3
9.35 1482 7.07 1568 1439 821 649 929 -1-32
929 873 799 915 1184 791 682 873 I35
544 1324 615 1385 925 683 647 742 1326
538 715 707 732 670 653 680 686 -/-3-56

Table 17. Statistical
analysis).

study of the C13-C10 tetrad of 7 ('3C NMR

Ao A
la 1b

sS-a-s  §-S-§

Ao
1c

s-a-a

Ao
1d

S-8-d

Ao
le

a-a-s

A
1f

a-s-s

AS
1g

a-a-a

Ao
1h

a-s-a

No.

27.14 28.87
15.67 21.30
13.36 18.37
10.46 15.19
10.63 16.79
7.73 16.84

19.16
10.42
7.64
8.20
6.13
6.69

30.19
22.50
19.48
19.37
17.98
17.87

32.59
22.79
10.87 11.90
16.35 11.87
16.09 9.98
11.77  9.95

28.37
14.55

25.09
18.02
15.71
16.70
11.22
12.21

29.86
15.63
12.73
12.46
10.89
10.62

2IAI|

Table 18. Statistical
analysis).

study of the C11-C8 tetrad of 7 (**C NMR

A Ao A Ao A A6 Ao A6

1a 1b 1c 1d le 1f 1g 1h  No.

s-a-s  s§-s-S  s-a-a  s-S-a  a-a-S  a-s-S  a-a-a  a-s-a
18.06 19.55 13.54 20.11 20.19 2127 19.11 20.80 Z|Ad|
11.24 11.32 1072 11.58 1191 917 1084 817 -I-3
935 1005 930 1040 983 7.62 895 687 -I-34
6.87 580 513 598 939 399 823 291 -]32
638 584 657 567 576 570 449 529 1345
486 548 415 591 615 347 635 288 12306
498 453 371 480 731 244 634 1.61 -1-2-34

'"H NMR analysis was again able to address this problem
and the complete anti-anti-anti-anti-syn relationship was
correctly predicted, once more corroborating the relevance
of the method (see Figure 6 and Supporting Information).
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¥ =0.888 ¥ =0.857 ¥ =1.251 ¥ =1.042
Asx-51a  Syn-anti-syn Asx-51b  Syn-syn-syn Asxs1c  Syn-anti-anti Asx-51a  Syn-syn-anti

¥ =0.944 ¥ =1.062 ¥=0.792 =1.320
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Figure 6. Histograms for the C11-C8 tetrad of 7 (‘"H NMR analysis).

Conclusions

Large polypropionates have relevant implications for sev-
eral distinct research areas, such as natural products, struc-
tural elucidation, asymmetric synthesis, medicinal chemis-
try... Because of the challenge typically posed by the as-
signment of their configurations, here we suggest a general
method for such determination based on conventional
NMR spectroscopic examination of intact molecules. No
derivatisation is needed and the procedure does not require
the tedious synthesis of a new library of model stereoiso-
mers.

The proposed method consists of an extension of Kishi’s
original >*C NMR UDB approach through a statistical pro-
cess. In most cases it was successfully applied to the stereo-
chemical assignment of different pentads and hexads con-
sidered as a superpositions of tetrad units.

Notably, when a side-chain bears an a-substitution that
does not create a new tetrad, '>*C NMR prediction remains
exact but partial, because a single asymmetric centre might
not be determined. As previously envisioned by Kishi, clas-
sical 'H NMR UDB analysis of the involved tetrad unit
solves this problem and provides the full relative stereo-
chemistry. However, this "H NMR support cannot be gen-
eralized at this time.

Supporting Information (see also the footnote on the first page of
this article): Full data analysis of '3C- and '"H NMR values for all
examples.
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