
What is the matter?
How to make good decisions in chemistry.
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Organic ChemistryOrganic Chemistry
I hated that class!”

“Oh!
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Organic Chemistry
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acetyl-CoA 
an organic molecule (and a compound: 2+ kinds of elements)
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endogenous to organisms

medicines (drugs) Cleveland Clinic

ores and minerals JXSC Mineral

plastics (polymers) Millstream Engineering

functional materials (OLED)

functional materials Amazon

atmospheric (what about CO2?)

atmospheric chemistry Cambridge University Press

F. Wöhler (1828): silver cyanate + ammonia or 
lead cyanate + ammonia yields urea

J. Black (1756): CaCO3 / CO2 (fixed air) interconversion 
N.-T. Saussure (1804): plant uptake; M. Calvin (1940s): sugars

Pt ClH3N

H3N

Clexception!

cisplatin

n(C8H8)n

C36H44
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OHModerna mRNA Covid vaccine: 1,329,683 Danaproxin: 230 Da

small molecules

RNA 
polymerase

DNA  
template
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synthesis:  
ca. 40 chemical reactions

; orforglipron: 883 Da 

large molecules

Me

CO2H

MeO

synthesis: 1 chemical reaction (4100 times)Why bother

medicines (drugs) Cleveland Clinic
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OH plastics (polymers) Millstream Engineering

a.k.a. biologics, biopolymers

?
no steps identical

n(C8H8)n 16,000 atoms

C23  H34   N7   O17    P3     S
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succinate dehydrogenase

siccanin

with small molecules?Why bother

key in a lock? 
no, cow in a tent!

Exquisite control of properties and functions via structure:  shape, electronics, movements

Pharmacodynamics (PD): what a drug (molecule, compound) does to the body
OR
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vancomycin (potent antibiotic)

See: Boger et al. J. Am. Chem. Soc. 2011, 133, 13946

OR

OO

OH

N
H

O

NHMe
H
N

O
O

NH2

N
H

O
H
N

NH

N
H H

OMe

Cl

HO
O

O

HN

HO2C

OMeMeO

Cl

Me

Me

E. faecalis (VanA) MIC: 0.5 μg/mL (high potency)

Atomic (subatomic?) resolution!

siccanin

E. faecalis (VanA) MIC: 640 μg/mL (low potency)

1000X potency 
increase
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with small molecules?Why bother

Me Me
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HO Me
succinate dehydrogenase

Pharmacodynamics (PD): what a drug (molecule, compound) does to the body

Pharmacokinetics (PK): what the body does to the drug
vs.

siccanin

C–H ZPE
C–D ZPE
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metabolism liability (BMS)
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deucravacitinib (BMS)

+1n

+1n

+1n

Atomic (subatomic?) resolution!

E

C—H/D

reaction coordinate diagram

key in a lock? 
no, cow in a tent!

Exquisite control of properties and functions via structure:  shape, electronics, movements

siccanin
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Where do small molecule drugs come from?

N

OHO2C
Cl

Cl

Jeff Kelly: tafamidis (first-in-class)

Front Row Lecture (May 2024): “Fixing Misfolded Proteins”

N

O

NC
F3C

related targets chemistry

James Black (1988 Nobel Prize) 
“the most fruitful basis  

for the discovery of a new drug 
is to start with an old drug”

molecular libraries

biology related processes 

modular, combinatorial 
chemical reactions: 

AAA, ABA, CBA, BBC

fragments or 
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Traditional medicine: the apothecary, the original pharmacy
ἀποθήκη  (store-house)
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picrotoxinin 
(fishberry)

Me Me
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MeH
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HO Me

siccanin
Helminthosporium sp. 

(on grass blade)

TackleTM 

[athlete’s foot]

dematophyte 
fungal infection

grass-associated fungi: 
(source: Missouri Botanical Garden) 

Erysiphe graminis 
Puccinia graminis  

Colletotrichum graminicola 
Rhizoctonia solani  
Moellerodiscus sp. 

Sclerotinia homeocarpa  
Laetisaria fuciformis

competition for resources
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Traditional medicine: the apothecary, the original pharmacy
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flopristin 
(high potency antibiotic)

In the modern era, we can tailor natural products for human use
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nalfurafine 
(κ-OR: itch not pain, no addiction liabilities)

virginiamycin M2 
(low potency antibiotic)
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NH acetyl-CoA

Vat (enzyme) inactive! 
[MIC 16 vs. 64 μg/mL]

OAc

OAc

acetyl-CoA

Vat (enzyme) inactive! 
[MIC 0.5 vs. 8 μg/mL]

no Vat susceptibility! 
[MIC 0.125 vs. 0.5 μg/mL]
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Professor Ian Seiple et al. Nature 2020, 145.
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morphine 
(μ-OR: pain, addiction, pulmonary function)
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no Vat susceptibility! 
[MIC 0.125 vs. 0.5 μg/mL]
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Seiple et al. Nature 2020, 145.

ribosomal binding siteVat binding site

How did Ian’s lab  
make this change??

Total chemical synthesis
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NH

flopristin 
(high potency antibiotic)

access to hundreds of  
diverse but related molecules

How do chemists like Ian  
design and execute chemical syntheses?

how flopristin kills bacteriahow bacteria deactivate flopristin

In the modern era, we can tailor natural products for human use 12



A plant metabolite at global supply & demand

Patrick Alexander, Wikipedia

David Stroe, Wikipedia

To design a synthesis, we work backwards by taking the molecule apart, breaking bonds:  
retrosynthetic analysis, a type of reverse engineering.

Ardem Patapoutian Front Row Lecture (Sept 2024): “How do you feel?”

OH

Me

MeMe

menthol: 
active principle in mint

reverse engineering 
 is not haphazard

it corresponds to  
established patterns

vs.

How do chemists like Ian  
design and execute chemical syntheses?
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menthol

Me

Me Me

NEt2

Takasago process

known, analogous or at least physically reasonable chemical reactions
1 2 3

Ni, H2 ZnBr2 Noyori
n-BuLi 
Et2NH 400 °C

A plant metabolite at global supply & demand

from turpentine!3000 metric tons 
per annum

computer databases 
patterns & rules

laboratory scale plant scale

PhD trainee: ca. 200 chemical reactions
Me

Me

β-pinene

textbooks academic journals

OH

Me

Me

isopulegol

O

Me

Me Me

citronellal
Me Me

myrcene

new tools & methods

cheap chemical

feedstock
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Haarmann & Reimer process

A plant metabolite at global supply & demand

Which route do we take?

Two simple questions:
1 Is it possible?
2 Is it any good?

…easy to answer after the fact. 
(cost of labor, materials, environmental impact, supply chain)

Hard to answer in advance…

Takasago process
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How to choose the best synthesis route?

chemist

the laws of physics

Like chess, can we automate synthetic planning?

EJ Corey (1990 Nobel Prize) 
"for his development of the theory  

and methodology  
of organic synthesis"

EJ Corey at the LHASA console 
©Prof. Dr. J. Gasteiger, Dr. Th. Engel, M. Sitzmann, CCC University Erlangen

[Happy Belated 98th Birthday!]

1 Is it possible?
2 Is it any good?

The rules of chess.
The strategies.

Hard to answer in advance…
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chemist

the laws of physics

Grzybowski et al. Chem 2018, 522. 
Cernak et al. Nat. Rev. Methods Primers 2021 23.

So far, automation is rules-based & patterns-based; analogies 
not physics-based

Can we automate synthetic planning? Yes and no.

Routes can be refined by goals:  
projected length, cost, labor, waste.

start here: 
cheap chemical 
feedstock

2 Is it any good?
1 Is it possible? Not exactly like chess moves….
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Lack of computation & automation does not stop chemists from making molecules!

BUT we require extensive trial-and-error or large data sets

Dreher & Doyle et al. Science 2018 186.

Me

NH2 X

R+

Me

H
N

R

Pd•Ligand,  
base 

additives

DMSO, 60 °C

high data

regime

“Three 1536-well plates consisting of a full matrix of  
15 aryl and heteroaryl halides, 4 ligands, 3 bases,  

and 23 additives . . .  4608 reactions”

(no material       no data!)

start here: 
cheap chemical 
feedstock

low to no data 
regime
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Unless you can simulate physics

Quantum mechanical models (approximations to reality):

?

?

?

?

?

?

?

?

good decisions

we require extensive trial-and-error or large data sets

start here: 
cheap chemical 
feedstock

(no material       no data!)low to no data 
regime

virtual experimental data
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Chunyu Li
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Crossley et al. JACS 2020, 11376
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21

experimental ratio

data: 5 experiments

DFT benchmarking

step 1

1,5-HAT

Can we model reality?

“Quantum Tunneling,” Yuvalr, Wikipedia

uM062x/ 6-311+G(d,p)/SMD(benzene)/em=GD3/

calc. kHAT/kβ ratio
Eckart tunneling correction

Chunyu Li13:1.0 1.0:50 1.0:16 20:1.0 1.0:1.00.95:1.0



22Can we model reality?
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1 : 113 : 1 131 : 10.02 : 1 0.06 : 1calc. kHAT/kβ ratio

2.3 : 1> 20 : 1*9.5 : 1 < 0.05* : 1 < 0.05* : 1experimental ratio

uM062x/ 6-311+G(d,p)/SMD(benzene)/em=GD3/ Eckart tunneling correction
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these are not “real” molecules (yet), just figments of our imagination

data: 5 experiments

DFT benchmarking

step 1

Chunyu Li
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uM062x/ 6-311+G(d,p)/SMD(benzene)/em=GD3/ Eckart tunneling correction
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1,5-HAT

β-scission

30 possible intermediates
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step 2
data: 5 experiments

DFT benchmarking

step 1

Chunyu Li
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*not detected (1H NMR);

1 : 113 : 1 131 : 10.02 : 1 0.06 : 1calc. kHAT/kβ ratio

2.3 : 1> 20 : 1*9.5 : 1 < 0.05* : 1 < 0.05* : 1experimental ratio

uM062x/ 6-311+G(d,p)/SMD(benzene)/em=GD3/ Eckart tunneling correction

data: 5 experiments

DFT benchmarking

step 1
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74 85 63

4

–2
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0

2

–4

–6

1,5-HAT

β-scission

30 possible intermediates

cedrol

lo
g 

k H
AT

log kβ
ln(kHAT/kβ)

3

R2 = 0.85

ln(ratio) = 171.52
- 220.73(NBOO3)

- 9.44(O3C15)
+ 273.47(NBOO2)

step 4

validation

SMTGT

step 2 step 3

synthesized 
25 natural products…

…which is crazy

Chunyu Li
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2525

phthalatesuccinate glutarate

O

O

O

O
O

O O

O O

O

O

O

J. Am. Chem. Soc. 2025, 147, 1327.

cotylenin
sugar

cotylenol
core

client
(peptide)

14-3-3
(plant)
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OMeHO

O
HO

O
O

O Me
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CNA HO

Me

H

HO OH
Me
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Kusumoto molecular clamp
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truncated
model diol

Grel = 2.1 kcal/mol
C–H···O = 2.02 Å
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HO OH
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HO O
Me

Me

Me
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Modeling multiple reactions to access siccanin
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siccanin aka TackleTM [for athlete’s foot]Larisa Pop

OCl

low data regime
(1 datum?)

still low data…. conformational ensemble analysis (AimNet2, Rowan Scientific)
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small change: dramatic effect on chemical reactivity!
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dead-end!



with small molecules?Why bother

changes to structure 
affect binding to  
biological target

Exquisite control of properties and functions  
via structure: shape, electronics, movements

Me Me
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HO Me
succinate dehydrogenase

siccanin

Atomic (subatomic?) resolution!
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small change: dramatic effect on chemical reactivity!

Small (atomic) changes can dramatically impact function, reactivity and strategy:

1 112
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dynamic retrosynthetic analysis
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Small (atomic) changes can dramatically impact function, reactivity and strategy: dynamic retrosynthetic analysis
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traditional medicine & ritual
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textbook chemical reactions

O

Me

H

H

H

O

O

Me
MeO2C

H

H

H
AcO

O
O6C

–Me
O to C

stable 
and diversifiable

Galbulimima 
Belgraveana
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lengthy route
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short, divergent route
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Wikipedia

with Professor Laura Bohn

GABAA (mammals)
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picrotoxinin (PXN) 
toxic, unstable

pharmacological signatures:  
treatment of itch/pain without drowsiness

kappa-opioid receptor (KOR)

with Professor Laura Bohn

Dynamic retrosynthetic analysis
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remarkably stable

RDL (invertebrates)

with Corteva Agriscience
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