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About 1000 articles were published last 15 years,
where originally determined structures were revised
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The cost of erroneous structure assignment

40 - 45 issues > 40-50 Issues
of J. Erron. Struct. of J. Revis. Struct.



There exists a scientific problem:
Reduce the stream of articles containing
mistaken structures.

«é Thereis along way to go before natural product
characterization can be considered a process
devoid of € unavoidable pitfallso.

K.C. NICOLAOU, S.A. SNYDER



Main Postulates of the Structure
Elucidation Philosophy

A Statements used for Structure Elucidation
can be consi dered as el t
hypotheses.

A Setting axioms and hypotheses associated
with a given problem is equivalent to the
creation of some particular axiomatic theory

A To obtain a valid solution to the problem, the
set of axioms must be true, consistent, and
complete.



l. Axioms and hypotheses reflecting

characteristic spectral features
A typical axiom confirmed by scientific experience:

If a molecule contains fragment A then its signals are
observed in spectral ranges X;, X,, € X e Xwhich are
characteristic for this fragment.

CH2 A [1450 cm™], CH3 A [1380 cm] A [1450cm]
Ano band atl]AflirdebgdODmecnmt CH2 i s

A typical hypothesis related to a given problem only:
If a signal is observed in a spectrum range X, then the
molecule contains at least one fragment of the set
Ai(X), A(X), ... A(X).

1450 cm* A CH2\/ CH3




Il. Axioms (hypotheses) of 2D NMR
Spectroscopy.
nNStandard Correl at.

COSY

A If a peak (H-1, H-2) is observed in COSY, then a
molecule contains the chemical bond
(C-1)- - (€-2)
HMBC
A If a peak (H-1, C-2) is observed in HMBC, then atoms
C-1 and C-2 are separated in the structure by ONE
or TWO chemical bonds:
(C-1)- - (€-2)or (C-1)- {X)- {C-2) , X=C, O,
NOESY
A If a peak (H-1, H-2) is observed in NOESY, then the
distance between H-1 HF2 in space is less than 5A




Il. Axioms (hypotheses) of 2D NMR

Spectroscopy.
NNonstandard Correl at i
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*H A'Si gnalStandafdo fia n
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are experimentally not
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A If the 2D NMR data contain
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N . contradictory.
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Ill. Structural axioms
necessary for structure assembling

A Allowable chemical composition: CHO, CHNO,
CHNOSE

A Possible molecular formula (formulae)
A Valences of atoms: N(3,4,5), S(2, 4, 6), P(3, 5)

A Hybrldlzatmn of each carbon atom :
Sp3, sp?, sp, sp® or sp?, not defined

A Carbon neighborhood with heteroatoms (C-X):

fb (X Is forbidden), ob (X I1s obligatory), not
defined

A List of obligatory fragments
A List of forbidden fragments



Properties of information used for the structure
elucidation

A Information is fuzzy by the nature (2 or 3 bonds
betweenHand Ciny [ 1 &)

A Not all expected correlations are observed in
spectra, i.e. information is incomplete

A Presence of nonstandard correlations (NSCs)
frequently makes information contradictory

A Number of NSCs and their lengths are unknown.
Signal overlapping leads to the appearance of
ambiguous correlations. Information is otherwise
uncertain

A Information can be false if a mistaken hypothesis is
suggested

AfRStructur al axsuljentse opingoh dfe ¢ t
the researcher. Information is in addition subjective.




Cconsequences:

A The human expert is frequently unable to
explicitly take I nto acc
derive all plausible structural hypotheses.

A As aresult different researchers may come to

different structures from the same
experimental data!

A Algorithms and software are necessary that
would be capable of inferring a valid solution
from an equivocal information.




Expert system Structure Elucidator - a Tool for
Deriving and Verifying Structural Hypotheses from
Equivocal Information.

A The system was specially developed for
orocessing the fuzzy, contradictory, incomplete,
uncertain, subjective and false information.

A In frames of the system, each problem is
formulated in terms of a partial axiomatic
theory.

A The system includes an inference machine
capable of generating all (without any
exception) structural hypotheses in a
reasonable time.

A The Most Probable Structure is selected using
fast algorithms of 13C NMR spectrum prediction




See Structure Elucidator overview In:

N Co mp uvassested methods for
molecular structure elucidation:

Real il zing a spectrosc

M. Elyashberg, K. Blinov, S. Molodtsov,
Y. Smurnyy, A. Williams, T. Churanova

Journal of Cheminformatics 2009, 1:3
doi:10.1186/1758-2946-1-3

(free assessed)
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Structure Elucidator as a
NPol ygraph Det e«

EXAMPLES



NHal il pepti ns MovehPotentB: Two
Anti-inflammatory Cyclic Depsipeptides from the

Vanuatu Marine Sponge Haliclonas peci es 0.

A.Randazzo, G. Bifulco, C. Giannini, M. Bucci, C. Debitus,
G. Cirino, L. Gomez-Paloma.

J. Am. Chem. Soc. 2001, 123, 10870




Hypotheses utilized by authors:
Elemental composition CHNO, C;,H,N,O4, N(3)
1D and 2D NMR data

The derived structure:

H,C
56.40 o8
O T—0H
35.60 g0” CH 35.10
: 18.00 O
@) I ‘
18.40 \ 28.10
31.90 \ — 49.50~_ ——CH
31.20 169.60 N~ 169.20 18.
CH H 64.50
14,40 34.10 o 119 30 oh
H4C -
3 114.70
14.20
172.40——
H,C——45.70 E—e
22.30 ol
173.30 44.20_°=
HaC //\NH /F
3 CH
26.10 117.80 S
0O 48.50 N—7O
/\ 290.90
177.30
H,;C
22.00 | I



H

CH
s2330 . . . :
420880 iéa r arttripeing moiety, being an
‘ } unprecedented four-membered N-O cyclic
N—O 4 Q
A/ 290.90 form éo

17\(.30
O
1. " The pr esN@wasintefred from acharacteristic IR band

at 1446 cm-1 (stretchings in this range have already been observed in
these systems <axiom>) O .

H A H A
H\ﬁ f/A HHA
— 1446 cm™ 1446 cmt—>
‘N-O N-0

A A

1446 cm™ —s CH2V CH3

2. A T huausual chemical shift of nitrogen (291, typical 110-120 ppm)
could be explained interms of an effectbyr i ng str ai no



Appli cati on of StruceEI
Molecular Connectivity Diagram (MCD)

4950 CH

\ 560
%6

9.20 C
7 169.60

N
290.90

O

ucC



Strict Structure Generation using hypotheses:
C;.H:,N,O4, N0 NSCs, N(3), No XY, N-O bond allowed.
Results:k=6A 4,t,=0.1s

' Best ? ro

HC HaG  HaC CHs
e} CHj,

LA g

N H,C o) H ©
h \CHS 3 O N
H3C / CH
(0] \O 3
HsC HaC H3C CH,
o)

HO
CH,
d,(**C) : 3.606 d,(*°C) :3.725
3 4 HO
H3C CH,4 CHs
HsC lo CH, o c:H3
H,;C N/l\</
HsCso H N
O CH, N

@)

\
0= 0] H
N—O N, N

HyC
d,(**C): 4.323 d,(**C) : 4.452




Average deviations of the Best Structure in the ranked file:

d, =d(HOSE) = 3.60 ppm Prediction
dy =d(NN) = 3.62ppm Accuracy
d, =d(Inc =3.43 ppm
 =d(inc) PP 1.6-1.8 ppm
0 H3(2:%.oo O
L Hsga 20 H3(232_30 I 48.50 —177.30
ST VRS He o\ /173£N/ \ 4420
. 2610~4570 N\
35.60.80.50  314.20 H 83'80’%_-'
'34.10_82.50
31.20 31? ; \O /172.40:
H N\
169.60 _N CH
~
O% \49.5/0 O\ /64-50 0

I 16920 '\, 2510

“ 28.10- \
HaC 60.80
18.00 O \
H3C

18.40 OH



Calculated 13C chemical shifts (Y) vs. experimental ones (X).

0
R_ //

177.30 E
\~ 4420 180
v
CH E
83807 23.10
‘ 140;
1724070 120
R’ 100 -
80
60
E o( 83.8 ; 44.97)
40 -
max — =
d," =40 ppm ! :
20 -
7“\““““\““““\““““\““\““\‘“‘\““\““\‘“‘\““\““\““\““
A h|nt [{0) the presence 20 40 60 80 100 120 140 160

Chemical Shifts (13C) : Experimental (ppm)

of NSCs in 2D NMR! Database: Generated Molecules
e Chemical Shifts (13C) : HOSE Calc. (ppm) (Current Record) (31 pts)

* Chemical Shifts (13C) : NN Calc. (ppm) (Current Record) (31 pts)



Fuzzy Structure Generation: m=1-15, a=x
Results: k=304A 284A 183,1,=35s

Original

dp1X) 1.526

dp1) 2.140

dp1%) 2.218

gLy 1.714 gLy 2.217 a1y 2.456
d\(1X) 1.879 dn(1X) 2.207 dn(1X) 2.480
dp(1) 1.526 Prediction

dXLy 1.714 Accuracy

dyi¥y 1.879  [1.6-1.8 ppm




nStructural Revision of Halipeptins: Synthesis of
the ThiazolineUnitand | sol ati on of Hal

C. D. Monico, A. Randazzo, G. Bifulco, P. Cimino,
M. Aquino, I. 1zzo, F. De Riccardis, L. Gomez-Paloma.

Tetrahedron Lett. 2002, 43, 5707.




New hypothesis from higher MS resolution (20,000).
Allowed composition: CHNOS, C;,H;,N,0-S, M=626.8481
For comparison: C;,H;,N,Oy, M=626,7819

14.40 35.60
\/\/31<
18.40
31.90
80.50 o
< CH
L | N\
35640 HBC\“ .10 \\H 169.60 4950.”” H
14.20 > j 0]
82.50 (3 6o 20// 3510  60.80
H4C NH H
2230~ 55 70 H9:50 s 28.10
45. :
- 28 OH
Hsc/ \ 64.50 e,
26.10 / "“I1cH
173.30 Ta
N H
NH
o) 117 50 /114 70-CH
H,, 30
’ / 290 90
(48 50~ /
H,C 177.30 83 80
22.00 \ \CH
23.1b



What would happen if StrucEluc was used from the

very beginning?

Hypotheses (constraints) on elemental composition:

C(31), H(52-56), O(0-10), N(0-10), S(0-2)
Modest MS resolution, m/z (M+H)* = 627.4073

i na i’ 1 4 LI |
"% Molecular Formula Generator i X|
~Allowed Elements —MF [Selected/Displayed/T otal - 0/3/3}
Mame Mass Ran.. RDBE Val.. # "Classic" MF MF Mass Mass Differ... RDBE
C v 12.000000 3 1.0 4
! ! ! ! 1 CaiHz 4 OzN4S CasHz gN405 626.353561 -0.045914 7.0
H |v | 1007825 |52.56 | 05 | 1 Ao D Are | 31 o4 00e
o |v| 15994315 |o010 | 00 | 2 2 C31Hg407MNgS1 | CxqHggMgO7S¢ | 6265371320 -0028155 7.0
Mo |v| 14003074 | 010 | D5 | 3 g C31H540gM. CyHggNgOg | B26389079 | 0010396 | 7.0
5 lv| 3torzor0 | 62 | 0D | 2 |
Add Element... Predict Limits Restore Data
Remove Element Clear Limits
—Monoisotopic Mass [Da)
627.4073 + {01
m/zVakie (D] | £ [0 Select Al Unselect All
Iv/iHation Lty Generator Dptions
~Rings and Double Bonds Equivalent I &pply Nitragen Bule
RDBE |0-1 i
vV Allow Integer Values [~ Allow Fractional Values (3enerate MF
0K | X Cancel I ? Help




Mass differe_nces IM/Z gy T Mcaiy| TOT three
possible molecular formulae

0.05
0.045 -
0.04 -

0.035 -
0.03 -

0.025 -
0.02 -
0.015 -

Mass difference

0.01 -
0.005 -

i

C31H5405N4S2 C31H5407N4S1 C31H5409N4

Revised MF Original MF




Structure generation from C;,H-,N,0-S and C;;H:,N,Oq
Hypotheses: N(3),S(2). No X1Y. N-O possible.

No User intervention.
Results: k=303, t4= 36 S

HO

Revised CH,

1
H5;C

H,C

CH30H3
Orlglnal
\%CH?,

NH

H5;C

HO

3 CH,
CH,
0 /
N0
0= N

dp(1y 1.112
gly 1.642
dv@X) 1.539

C31H54N4075

dp(1y 1.526
glXy 1.714
dv@) 1.879

C31H54N4O9

dp(13y 1.803
g1y 2.342
@) 2.142

C:31HS4N4C)7S




«Accuracy» and «Precision» in the choice of
the Most Probable Solution.

d=1.11
Precise and accurate
CHscH3
’? %CH?’
H3C
O 0 a0
CH3
H,C-0 0]
3 H3CH3C CH,
H,C d=1.52

Merely preciseée




N ANew Inhibitor of 5j-Hydroxyaverantin
Dehydrogenase, an Enzyme Involved In

Aflatoxin Biosynthesis, from
Trichoder ma hamat umo

E. Sakuno, K. Yabe, T. HamasakKi,
H. Nakajima
J. Nat. Prod. 2000, 63, 1677-1678




~One ketone and one ester group were indicated by carbon
resonances at d206.7 and 173.4 and IR bands at 1671 and
1707 cm-t. 0O

Hypotheses: O-C=0, (C)-C=0(C), 2 (O-H) are present

The structure derived by authors:

@)
127.40 / /
206.70
HO 1 76 \129 50




MCD corresponding to the hypotheses
postulated by Sakuno et al.
C
,~~42.40 yCH 61.70

,CH <

S cH, l Teodo

/QCH#‘CHA T 129.9(

U 127 40

,,CH

C C T
158.10




Fuzzy Structure Generation:
k=174A 80A 60,t,=30s

Three best structures:

1 (ID:14) 2 (ID:13) 3(ID:15)
Original N Va AN
0 O
\ ‘ [/
/O
0  OH
FsC OH o OH
HO \CH3
g1y 4.486 g1y 6.176 gty 6.410
dy@A3C) 4.137 dn(@AC) 5.453 on(13C) 5.565




nStructure Reassignment of the Fungal
Metabolite TAEMC161 as the Phytotoxin
Viridiolo

P. Wipf, A.D. Kerekes

J. Nat. Prod. 2003, 66, 716-718




Structure revision

Original

Revised using QM
13C NMR prediction

Q (@)
127.40 / /
__206.70 127 40
O 12730 N129.90 __206.70
CHs?b HO 127.30 klzg 90
30 | 36.50 \ CH 5°b
30. 36.50
158.70 158.10
/ \81 = \42 40/ 14 28.50 o 71.80 158.70 //158{
' 28.50
H3%0 80 | | / \81 70 \42.40 \ 137.00
H3C
61.70 142.40 60.80
HoO— N
122.10 145.80 /61 70 142.40 173.50
|| \122 10 \145 80 \
145 60 173.50
N\
O O

145.60—Q



What would happen if StrucEluc was used from
the very beginning?
No fragments are suggested.

CH
61.70(ob)

—
—
—

/

129.90(fb

206.70(ob)
173.50(ob) O O O H

C



Fuzzy Structure Generation:
m=0-20, a=x, stop at m=m,
k=494 A 398 A 272,t1,=1m 40 s

1 (ID:3) O 2 (ID:2) O 3 (ID:13) /Q
Revised || Original || 4
N
@)
HO )3
Q CH
HsC 3
@) 0O
H3C OH
HO HO

qX) : 2.137 g1y 4.486 g1y 6.383
an(1): 2.316 a1y 4.137 d\(1X) 5.453




NA New Structural Theme in the Imidazole-Containing
Al kal oi ds from a Cal careous
P. Ralifo, P. Crews, University of California, Santa Cruz
J. Org. Chem. 2004, 69, 9025-9029

C,0H,3N;0, DBE = 11

ANMR analysis allowed the unambiguous 2D structural

assignment of the molecule, its relative stereochemistry was
determined by ROESY data.o




1. Li, C. M.; Danishefsky, S. J. Tetrahedron Lett. 2006, 47, 385.

2. Chang, J. J.; Chan, B.; Ciufolini, M. A. Tetrahedron Lett. 2006, 47, 3599.

3. Aberle, N.; Ovenden, S. P. B.; Lessene, G.; Watson, K. G.; Smith, B. J.
Tetrahedron Lett. 2007, 48, 2199.

O
| CH;,
Original Candidate ;©/
H,C 4 ’




nStructure Revision of Spiroleucettadine, a Sponge Alkaloid with a
Bicyclic Core Meager in H-At o ms 0
K. White, T. Amagata, A. Oliver, K. Tenney, P. Wenzel, P. Crews
J. Org. Chem. 2008, 73, 87191 8722

Structure was reisolated and determined by X-ray.
Confirmed by 2D NMR data and QM DFT 13C calculations

Original Revised

H3C\ O O—cHh;
N O
OQO—— —
HN? .-‘3 N

Solvent




Structure Generation from OLD (erroneous) 2D NMR data
k=117A 83A 79, t;=10s

1 The best e 2 Original OHa
O © N O 0 Program detected that the
HAC - Original Structure was wrong.
Ned \ Hypotheses should be revised
yp
o:< :o HN== _—_o
N 0 N 0 CH
nd M /" OnH 3
< N IR? /
The
W) 2684 WO 3168
ad®) :2.190 ad®) :3.078 H.C
3 cHy |4 CH 3
/ ? \
- < =
HaC O—
A S _<
N Y _
— N
0— —O0 | 0= —0
/N N C <N o) Q H C/
H,e  OH M H3C/ OH 3
Wl®) . 3304 dW1®) - 4.600 d (1) - 269’ 219 ppm
&(1%) . 3395 (%) : 3.787 d(2)=3.17,3.08 ppm



Structure Generation from NEW (correct) 2D NMR
data with dAli beral o atom
k=342A 256, t,= 8 h 2 min (No

X2

\
N —_ H /CH3
o=( —o0 N—) N
H HN N—"\
CHg e OH
dy1¥) 1.762 dp1T) 2.745 dy1T) 2.681
A N N

h(1¥) 1.513 dh(1Z) 2.290 d(1¥) 2.395



The Revised Structure and its Stereochemistry.

QM chemical shift calculations were performed by Crews group for
16 stereoisomers of all involved proposed structures.

Candidate 1/©/ CHs
H4C
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Results of 13C NMR
chemical shift
prediction by the aid
of StrucEluc

\ Ph

H3C\ O O—ch
N
HN—= C o |
N-T-0
/
HC  oH

H3C\
N
T
N
H
HN\

’Q/O\CHS HaC
\

N
o e
N0

:

O o HaC
3
\

1(ID:9) |, ReViS ed 2 (ID:12) L 3(ID:11) K 4 (ID:10) ]
O—_ O—_
ch\ O CHj ch\ F4®/0\0H3 ch\ O O—cHj, H3C\ F4®/ CHj
o:<N O o N_ O NLo o:<N = o
N O:<N (o] O:<N C (o] N
H ‘ ‘ H
HN H3C H3C HN
da(1¥) 1.799 dy(1¥) 1.811 da(1¥) 1.853 da(1¥) 1.952
5 (ID:14) 6 (ID:13) 7 (ID:15) 8 (ID:16)
N M O P

O O—cul, . ’Q/O\CH3
N
oo
N-T~O

H

- =0
N (0]
Y o
N
/

9

N[O N-LO
SO e
N N

N
O
0 ’ :<N OX —=0
HN H3C H3C
CHg \CH3 NHz NH3

dy1¥) 2.152 dy1¥) 2.178 dy1¥) 2.412 dy1¥) 2.506
9 (ID:1) 10 (ID:7) 11 (ID:5) 12 (ID:3)

A G E C

O\CH3 HsC O—ch O\CH3

d HBC\ O

/
HO  cH, HO  CHy HC  on
hd¥) 2.666 hd¥) 2.783 hd¥) 2.783 hd¥) 2.877
13 (ID:8) 14 (ID:6) 15 (ID:4) 16 o
H = D B, Original
O—_ O—_ O—_ Oo—_
H3C CH  HzC CHs  HsC CHE  HyC CHs
\ O\U \ O\U \ ?U \ \U
HN—= o HN=—=xK o} HN=—=x o HIN==x ?\Q:o
N N N N (0]
/ / / /
HO  ch, HO cp, HC' on HC oy
dy1%) 2.937 dy1%) 2.937 dy1%) 2.970 dy1%) 3.039




ANew lamellarin alkaloids from the indian ascidian
didemnum obscurum and their antioxidant
Propertieso

Krishnaiah, P.; Reddy, V. L. N.; Venkataramana, G.; Ravinder, K.;
Srinivasulu, M.; Raju, T. V.; Ravikumar, K.; Chandrasekar, D.;
Ramakrishna, S.; Venkateswarlu, Y.

J. Nat. Prod. 2004, 67, 1168-1171.




Assumptions: All 2D NMR correlations are standard
Symmetry violation is allowed (?)

\ R
104.08 ~
@) @)

HO 146442 146.26- O~ 155572 128 29
| ‘ 123.64 \\112 02
~ 113.12 / /
/143.33\/110.18% \ 42,08 149 94 148 89 /56 139

? loa4s 12809 N/\ \ //

%—I / _ 29.66 114.11

123.64 115.44 93 64 / CH
_135.43 61.01
0 128, 29
\149 04 123 18 d(HOSE) = 4.70ppm,
/ 145 54— OH d(NN) = 5.29ppm

12 02 101. 87
61 01

O—CH
56.1

\
CH
56.27



Correlation between calculated 13C chemical
shifts (Y) and experimental ones (X).

oL
T T T T T T T T rrpTT rrrTrTTT T T T T T T T T T T T T T T T
4b 6b 86 160 12‘0 14‘10
Chemical Shifts (13C) : Experimental (ppm)
Database: Proposed Structures
* Chemical Shifts (13C) : NN Calc. (ppm) (Current Record) (30 pts)
Chemical Shifts (13C) : HOSE Calc. (ppm) (Current Record) (30 pts)



Applications of Computer-Aided Methods of Structure
Elucidation and Revision.

|. Structure Revision of Lamellarin g

M. E. Elyashberg, K. A. Blinov, S.G. Molodtsov, T.S. Churanova,
A.W. Williams.

ChemSpider Journal of Chemistry. 2009,
Published:3/18/2009 11:20:33 AM

http://www.chemmantis.com/Article.aspx?id=889



http://www.chemmantis.com/Article.aspx?id=889

Molecular formula: C;4H,,OgN, DBE = 18
Assumption: Fragment DB contains an appropriate fragment.
Number of Fragments Found by 3C: L =2 318; p =10; n(MCD) =192

2 R 3 R

CH
- 7 -~
C17H10NO4 (|) 55.8b O ©
146.40 146.40 146.40
6% _OH 6% _OH 6% _OH
R TOMO 143.20 R TOMO 143.20 TOMO 143.20
128.00 11020 10340 P w20 10340 R 11020 10840
R/ \Tls.zo_rs.lo\rsso R/ \T15.20—128.10\|145.50 \115.20_128.10\T45.50
R 130 130 0 R 13011390 O R 130 11390 Qo
\Tzs.lo\N/ \|l|55.60 \T23.10 \N \|1|55.60 \Tzs.lo\N/ \|1|55.60
12010 4210 Q 12010 4210 Q 12010 4210
~ -~
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One of 192 MCDs having different shift
assignments of fragment atoms.
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Fuzzy Structure Generation from 192
MCDs

Result: k=133, 504 A 120, 816; t;=11 min

A Time of 134 spectrum calculation for ~121
thousand structures - 11 min

A Removal of duplicates: 120 816 A 1 530



Top structures of the ranked output file
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Structure meets HMBC, NOE and Symmetry.
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Komoda, T.; Sugiyama, Y.; Abe, N.; Imachi, et al.
Tetrapetalone A, a novel lipoxygenase inhibitor from
Streptomyces sp.

Tetrahedron Letters 44 (2003) 1659-1661
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