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Classic examples of structural reassignment:
• Structure of benzene: Kekulé, 1865
• General structure of sterols:
  Wieland and Windaus, 1927/1928
    - Both won Nobel prize in chemistry
    - Proposed structure reassigned after
      X-ray crystallography evidence
• Strychnine:
    - First discovered in the 19th century
    - Multiple rounds of structural revisions
    - Structure finally confirmed by the
      1954 Woodward synthesis

• Techniques for structural elucidation

- Synthesis is still the go-to method; provides unambiguous proof (usually)
- Computer-aided structural elucidation (CASE) is quickly catching up (e.g. 
  prediction of NMR chemical shifts with high precision, will cover in this GM)
- Re-evaluation of characterization data (NMR, MS, X-ray, etc.)

Statistics about misassigned NPs:
• NPR 2012 review: 312 out of 21855 marine NPs in MarinLit were reassigned (1.4%)
• NPR 2010-2020 review: 215 out of ~15000 new marine NPs were reassigned (1.5%)
• # of misassigned marine NPs, by intervals of 5 years:

- Number of misassigned compounds peaked
  between 2006 and 2010
- A clear downward trend since 2010
- A combination of 1) better analytical
  methods & capabilities, 2) better isolation
  techniques, 3) increased awareness within
  the community, and 4) the increased use of
  computational tools to facilitate assignment

This GM covers: Selected 
misassigned NPs and related 
total syntheses

This GM does not include: 
structural reassignment of 
natural products that do not 
require confirmation from 
total synthesis
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• Cause of misassignment

- Not surprisingly, misinterpretation of NMR data is the most common reason
- Misinterpretation of MS data can lead to wrong heteroatom assignment
- Error in X-ray structure is very rare, but results can be devastating too

NPR 2022, Advance Article.

Types of misassignment (not mutually exclusive)
• Wrong C-C connectivity
• Wrong heteroatom connectivity
• Functional group misidentification
• Functional group mispositioning

Statistics about misassigned NPs (cont’d):

• Absolute configurations
• Double bond geometry
• Unlikely/impossible structures
  (e.g. right structure)

O

NPR 2018, 122.
also see Baran lab blog

A quintessential review:

• Perspectives on the role of
  total synthesis in structural
  elucidation
• Table of misassigned NPs
  up to 2005
• Case studies
• Check it out if you haven’t!

Other useful reviews/resources:
General review: NPR 2022, Advance Article.
                          https://doi.org/10.1039/D2NP00023G
Synthesis reviews: Nat. Prod. Rep. 2009, 1105.
                               Bioorg. Med. Chem. 2011, 6675.
CASE reviews: Nat. Prod. Rep. 2010, 1296.
                         Nat. Prod. Rep. 2018, 514.
Stolz GM: https://stoltz2.caltech.edu/seminars/2005_
                 Krout_Mohr_Roizen.pdf
MacMillan GM: https://macmillan.princeton.edu/wp-content/uploads
                                /structure-misassignment-gp-meeting-JML.pdf
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Part I: Confusion from optical rotation
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Trauner’s synthesis of frondosin B:
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Heck…
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MacMillan:
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OHC
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[X-ray]

(+)-frondosin (–)-frondosin

ref.
MacMillan

ref.
Trauner2 steps 8 steps

MeO

O
BF3K

Me
CHO

imminium
catalysis

94%, 92% ee

• MacMillan proposed an undetected late-stage
   stereo-inversion event in the Trauner synthesis ?

The Merck team:

Heck rxn: no racemization
MeMgBr addn: no racemization
Me2Zn/TiCl4: no racemization
NaSEt demethylation: slight racemization, but
                                      not inversion

• Applied a combination of X-ray, IR, VCD,
  and chiral SFC to determine abs. stereochem.
• Results:

• However, they isolated a 7%
   impurity from the Me2Zn/TiCl4 step
   by chiral SFC:

O

Me

MeO

Me

Me

via

Me Me

Me2Zn
regio-

isomers

[α]D = –155.8° !

Verdict:
Trauner’s OR measurement
was completely dominated by
this regioisomeric impurity

Danishefsky: JACS 2001, 1878
Trauner: ACIE 2002, 1569
Ovaska: OL 2009, 2715
MacMillan: Chem. Sci. 2010, 37
Wright: JACS 2014, 4309;
            EJOC 2015, 1387
Merck: Chem. Sci. 2018, 415

• Trauner’s assignment of absolute stereochem.
  was correct all along
• But what about the disagreement in [α]D?
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(–)-terpestacin

Me

OH
Me

Me

Me O

OH

OHMe

1993 isolation (Arthrinium)
1998 Tatsuta’s synthesis
2001 isolation (Ulocladium)*
2002 Meyer’s synthesis

* Assigned as ent-terpestacin

Part I: Confusion from optical rotation (cont’d)
Meyer’s synthesis of terpestacin:

Me

Me

OAc

O

Me
OH

(3 steps from farnesol)
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Me

O

Me
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O

OTIPS
Swern
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O
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O
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Claisen
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DIBAL-H

MeLi

[α]Dreports

+26° (CHCl3)
+27° (CHCl3)

–16.5° (CHCl3)
–17° (CHCl3)

what is causing
the discrepancy?
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OH
Me
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Me O

OH

OHMe

Culprit:

Cl+

“Cl+”

Me

O
Me

Me

Me O

OH

OHMe

Cl

CHCl3 stored
over K2CO3 further

chlorinated
products

[α]D = +33°

Part II: Nuiance in nuclear magnetic resonance

Arthrinnium isolation: JOC 1993, 1875
Tatsuta’s synthesis: J. Antibiotics 1998, 602
Ulocladium isolation: J. Basic. Microbiol. 2001, 179
Meyer’s synthesis: JACS 2002, 4230
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O
Me
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(proposed, aka neosporol)

sporol
(revised)

Key NOESY evidence for reassignment:
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Ziegler’s synthesis of sporol:
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O
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O
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Isolation: TL 1986, 427
Revision: TL 1988, 1665
Synthesis: TL 1988, 1669
                  JACS 1993, 2581 NMR data fully matched
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Part II: Nuiance in NMR (cont’d)

N
N

H
MeO

MeO

O
H

MeO

MeO N
N

O

H

isoschizogamine
(proposed)

isoschizogamine
(revised)

Key discrepancies in NMR data:

NOESY also supports revised structure

18

2
21

C18: δ = 173.8 ppm (γ-lactam)
C2: δ = 84.4 ppm (expected ~50)
C21: δ = 37.7 ppm (expected ~50)
H21: not singlet (expected singlet)

for full details, see the original
structural revision paper

Proposed biosynthetic origin of revised isoschizogamine:

N
N

H
MeO

MeO

O
H
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Heathcock’s synthesis (racemic):

O
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1. KHMDS
    Bu2BOTf

CHO
N3

49%, > 20:1 dr

O

OO
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N3 2. H2, Pd/C
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+
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MeO NO2
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O
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major diastereomer

74%, 9:1 dr

N

O

MeO

MeO NH2
OO

4. Martin’s
    sulfurane
        74%

5. NaBH4
    Cu(acac)2

6. LAH
N

O

O
NH

MeO
OMe

CHO
+ O O

O O

MeMeMeO

MeO NO2

N

N

MeO
OMe

O

7. AcOH
8. PDC

27% over
4 steps

isoschizogamine
(NMR data fully matched)

References:
Isolation: Lloydia 1964, 406
Revision: TL 1998, 505
Heathcock: OL 1999, 1315

Enantioselective syntheses:
Fukuyama: JACS 2012, 11995
Zhu: ACIE 2015, 14937
Tokuyama: ACIE 2015, 16400
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Part II: Nuiance in NMR (cont’d)
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Mulzer’s synthesis:

MeO OMe
Me
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Me
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Negishi-
Reformasky
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71%
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DIBAL-H;
Swern;
Pinnick

8-10.

82%

“…ester 11a remained unchanged after
refluxing 14 h in conc. NaOH in EtOH”
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O
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+
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O
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15.
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Me
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85%O O

H
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H
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H
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‡

exo TS proposed by Mulzer

O
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Me

Me

91%
single diast.

17. Pd/C, H2
18. NaOH

O
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Me

Me
19. BBr3

27% over
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TGT

However, agreement of NMR data was poor despite Mulzer’s claim:
1H NMR:13C NMR discrepancies:

78

natural δ synthetic δ

53.4 53.0

132.8 133.2
120.1 120.7

38.8 38.4
38.0 37.6

C-11
11

C-15

15

C-2

2

C-8
C-7

Rawal’s work further questions Mulzer’s assignment:

Also, IMDA of masked quinones generally favors an endo TS:

O OMe
Me

O

Me

Me

Me (Z)

(E)
Me

80 °C

67%

O

O

Me
OMe

Me
HMe

Me Me

‡

endo TS proposed by Rawal

O
Me

OMe

O

Me
HHMe

Me

Me

enantiomeric 
IMDA product

abs. stereochem. confimed
by chemical correlation with

natural elisapterosin Bno epimerization observed!

EtONa,
reflux

• A working hypothesis is olefin
  isomerization [(E,Z) to (E,E)]
• No further follow-ups have been
  published up to this date
• A completed & confirmed synthesis
  of elisabethin A remains elusive…

OH

O

R3

R4
R1

R2

e.g.
O

R2

R1 R4

R3

OMeO HH

PIDA

endo : exo = 1:1 to 3:1

endo
PDT

shown

O
Me

OMe

O

Me
HHMe

Me

Me Isolation: JOC 1998, 7083
Mulzer synthesis: JACS 2003, 4680
Rawal elisapterosin B synthesis: JACS 2003, 13022
ACIE commentary: ACIE 2004, 4837.
Progress towards: Kaiser, M. Master thesis,
https://doi.org/10.34726/hss.2015.24052

R1 = H or CO2Me
R2 = H or Me
R3 = H or Me
R4 = H or Me

Chem. Comm. 2000, 475
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Part II: Nuiance in NMR (cont’d)
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OMe
H
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Hexacyclinol
(proposed structure)

La Clair

34 steps

OAc

HO OAc

+

O

O OMOM

MeMe
OMe

A long, linear synthesis sequence…
see original paper for details

Certain aspects of La Clair’s work seems sketchy:
1. He was the sole author of this land-war synthesis:

…yet he claimed that 3.6 g of the final intermediate
(one step away from NP) was prepared

2. La Clair’s affiliation is with the Xenobe Research
    Insitute, based right in San Diego, CA

In a footnote he wrote: “J.J.L.C. acknowledges the
assitance of five technicians”

3. Some of the rxns are wild:

O

OR’

HO
R

S S
MeMe

OMe

O

OR’

PhS
R

S S
MeMe

OMe

Mitsunobu

4. In one footnote he wrote:
The 1H NMR spectra for this Communication were 
determined by contract services. The spectra provided 
in the Supporting Information were collected by N. Voss 
(Berlin, Germany). The operator added the peak for 
CDCl3 to the spectrum of synthetic hexacyclinol (1), 
however, this was done incorrectly at 7.5 ppm and 
against the request of the author.
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O
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MeMeO

O
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H

Hexacyclinol
(revised structure)

Rychnovsky’s revision:

• Based on difference between experimental
  and computer predicted 13C NMR shifts

• “Recently, a provocative synthesis of
   hexacyclinol was reported, and interest in
   the paper triggered my reexamination of
   the original structure assignment”

• Details of the analysis (methods used etc.)
  can be found in the paper |∆δ|(avg) = 1.4 ppm

|∆δ|(max) = 3.8 ppm

O
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Elisabethin A

|∆δ|(avg) = 1.9 ppm
|∆δ|(max) = 3.8 ppm

|∆δ|(avg) = 6.8 ppm
|∆δ|(max) = 22.0 ppm

|∆δ|(avg) = 1.8 ppm
|∆δ|(max) = 5.8 ppm
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Porco synthesized the revised structure:
OMe

Br

OH

Br

OTES

O

OTES

O

OO
8. Stille
   96% Me

Me OMe
7 steps

Me

Me OMe

SnBu3

+

9. F–, then
neat, rt, 72 h

87%

O
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RO
O
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O
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Me
MeMeO

O

O
OH

H
OH

O

O

MeMe OMe

single
diast.10. K-10

OO

H

Me

Me

O
Me

MeMeO

O

O
OH

H
99%

NMR data fully
matched

Problem: How did La Clair obtain the same NMR data from a totally 
wrong structure???
• A slim chance that the two compounds may have identical spectra?
   – Computer assisted NMR prediction says no:

Isolation:
J Antibioics 2002, 814
La Clair synthesis:
ACIE 2006, 2769
Revision:
OL 2006, 2895
Porco synthesis:
ACIE 2006, 5790
Follow-up assignment:
JNP 2008, 581
NMR prediction:
OL 2009, 1409

La Clair’s paper
was retracted in
2012.
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Part III: X-ray is not the sure-fire way (to sort out your heteroatoms)

N

O

OOH CN

HO

OAc

OAc

OH
Me

kinamycin D (proposed)

O

OOH N2

HO

OAc

OAc

OH
Me

kinamycin D (revised)

• First isolated in 1970 from bacterial cultures
• Degradation studies: NH3 was liberated upon
  refluxing in 30% KOH —> existance of a nitrile
• X-ray structures were obtained in 1972:

N
C
N

• The X-ray paper cited the degradation
  studies to support their N-cyano assignment

• However, IR and 13C NMR evidence questioned this assignment:

N
CN

HO

Me
O

OOH
IR: v = 2250 cm-1

NP: 2155 cm-1

N
CN

O

O

Me

Me
N
CN

O

O
13C NMR: δ = 104.7 ppm

NP: 78.5 ppm
13C NMR: δ = 103.6 ppm

NP: 78.5 ppm

OAc
OAc

• Diazo compounds showed
  better agreement:

9-diazofluorene

N2

13C NMR: δ = 63.2 ppm
NP: 78.5 ppm

The revised structure was eventually confirmed
by multiple total syntheses (see below refs)

Isolation: Chem. Pharm. Bull. 1971, 2428; J. Antibiotics 1970, 315
                 J. Antibiotics 1971, 353
X-ray: Isr. J. Chem 1972, 173
Revisions: JACS 1988, 5912; TL 1990, 3681; TL 1993, 4713;
                   JACS 1994, 2207; JACS 1994, 2209; JOC 1996, 5720;
                   JOC 1996, 5722
Biosynthesis: Chem. Rev. 1997, 2499
Total syntheses: JACS 2006, 14790 (Porco); JACS 2007, 10356 (KCN)
                             JACS 2010, 2540 (Herzon)
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NH NH
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And of course, the diazonamide story:

OH
O NH

N

O

N
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HN

O

NH

Cl

Cl

Me
Me

O

H2N

Me
Me

OH

Diazonamide A
(originally proposed structure)

OH
O R1

R2

NHR3

O

NH
O

H2N

Me
Me

OH

• “A small coupling constant between
[H] and a hydrogen atom that underwent 
exchange with D2O”
• MS data was interpreted as the
  [M-H2O+H] peak of the hemiacetal

H

O R1

R2

NHR3

O

NH
O

H2N

Me
Me

O
• NMR of synthetic open hemiacetal did not match NP
• X-ray of diazonamide B (-Val) revealed a closed acetal

[X-ray]

NH R1

R2

NHR3

O

NH
O

HO

Me
Me

O

[NMR, X-ray]

• Again, NMR of synthetic acetal did not match
• Acid digestion of diazonamide A —> no Val produced
• Re-examining the X-ray data led to a 2nd revision:

Diazonamide A
(revised structure)

Confirmed via total synthesis by
Nicolaou and Harran

Isolation: JACS 1991, 2303
Revision: ACIE 2001, 4765; ACIE 2001, 4770
Total syntheses: ACIE 2002, 3495 (KCN);
                             ACIE 2003, 1753 (KCN);
                             ACIE 2003, 4961 (Harran)
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sclerophytin B
(proposed)

Part IV: A few other notable examples:

dysiherbol A
(proposed)NH

O
O
O

O

OH

O
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CO2H
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H Me
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O
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H Me

H
Me
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HO

H
H

H
Me

azaspiracid-1
(proposed)

azaspiracid-1
(revised)

ACIE 2004, 4312;
ACIE 2004, 4318

O
O

Me

Me

H

H

Me
OH

H

O

HMe

Me

O

H

H O
Me

H

aquatolide
(proposed)

aquatolide
(revised)

TL 1989, 2851;
JACS 2012, 18550;
OL 2015, 3892;
JOC 2016, 878

N
O

N
N

HO

Me
Me

H

O
Me

Me
H

nomofungin
(proposed)

N
NH

N
N

HO

Me
Me

H

O
Me

Me
H

communesin B
(known NP)

TL 2003, 1203;
OL 2003, 3169;
T 2005, 5262

O O

Me
OAc

H

H

H

H
MeMe

O

OHMe

OAc

Me OH
H

HH

MeMe

H

sclerophytin B
(revised)

JNP 2002, 126
(and refs cited

therein)

O

Me

Me

Me Me

CHO

OHC

HO

OH

O

Me

Me

CHO

OHC

HO

OH

Me

Me

robustadial A
(proposed)

robustadial A
(revised)JOC 1988, 4562

O NH

OHN

OHBr

MeO

Br
Br

OMe

Br

zamamistatin
(proposed)

OH

CN

OHBr

MeO

Br

aeroplysinin-1
(known NP)

TL 2008, 5383

N
H

O

N

HN

S

O
Me

N

O

NH

OMe

OH

O

OH
MeO

yatakemycin (proposed)

N
H

O

N

HN
N

O

NH

OH

OMe

O

OH
MeO

SMe

O

yatakemycin (revised)

JACS 2004, 8396

HO

OH

Me
Me

Me

HO MeSee KCN review for a
full table

O

OH

Me
Me

Me

Me
dysiherbol A

(revised)

ACIE 2021,
14915

“Ocassionally, blatantly wrong science is published, and to the credit of synthetic 
chemistry, the corrections usualy come quickly and cleanly.”

– E. J. Corey, comments about hexacyclinol


