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Caveat

 I am not a historian, I am an organic chemist with many years 
association with databases that primarily focus on organic 
chemistry.

 My views on the huge subject of “data” are to be seen in that light.

 Much of the historical background in this presentation was found on 
the internet (predominantly from Wikipedia, for which I acknowledge 
here with many thanks).



Data, Information and Knowledge are not clearly bounded

 Information (Facts)

 Observed Data correlated under controlled conditions

» Based on what we think we know

 Hypotheses (Concepts)

 What we think we know

» Based on the balance of reproducible information

 Knowledge (Theories)

 What we think we know

» Standard Models, based on hypotheses not contradicted by 
reproducible information



The Scientific Method

Verifiable Experimental Observations 

(facts, cumulative)

Generalization, Concept 

(hypothesis, ongoing modification) 

Knowledge: Currently accepted model (theory)

Time



All Data has its Hour in the Limelight

 18th Century: Transition from Alchemy; Gravimetric data was key.

 19th Century: 

 Physical Chemistry: Mathematical logic (e.g. Thermodynamics, Rudolf Clausius, 1850)

 Organic Chemistry: Understanding structural principles

» Empirical logic: Building from something we think we know

 Functional Group model

 1900-1980: 

 Exploring Structure/Property Space (mechanisms, rules)

 Identification methodologies (data used in analysis)

» Until 1960: colour, combustion analysis, melting point, refractive index, optical rotation, derivatives

 1980-Present:

 Useful Property data (Intrinsic and Extrinsic)

» Thermodynamics, boiling point, density, viscosity, solubility, pKs, azeotropes etc.

 Ecological/Biological Data

» Environmental toxicology, physiological effects (e.g. IC50)

 Reaction refinement 

» Catalytic activity, regio- and  stereo-selectivity (e.g. enantiomeric excess ratios)



Aristotle: 4th Century BC

 Animal, Vegetable or Mineral kingdoms

 Four elements: Earth, Air, Water, and Fire

  Combination of two qualities: 

» heat, cold, moisture, and dryness

 Model dominated view of matter for nearly two thousand years. 

 Robert Boyle 1661: “The Skeptical Chymist”

  Met Galileo in 1641 as 14 year old. Asserted that his experiments denied the 
limiting of chemical elements to only the classic four; observed that metals gained 
weight when they burned. Formulated theory of atoms.

 Johann Joachim Becher 1667

  Eliminated “Fire” and Air”, replaced by three forms of “Earth” 

 Georg Stahl 1715

  Phlogiston theory, derived from element “Fatty Earth”.  

  “Vitalism”:, organisms have a vital principle distinct from biochemical reactions

» Models dominated view of matter for nearly 100 years 



Phlogiston and Vitalism were not Cranky Theories

 The Phlogiston theory explained burning, oxidation, calcination (metal residue 
after combustion), and breathing in the following way:
 Flames extinguish because air becomes saturated with phlogiston.

 Charcoal leaves little residue upon burning because it is nearly pure phlogiston.

 Mice die in airtight space because air saturates with phlogiston.

 When heated with charcoal, metals are restored because phlogiston is transferred from 
charcoal to the product calx (oxide).

 It could be all be true if a phlogiston atom had an atomic weight of -16

 Joseph Black (1750): Discovery of CO2 : by gravimetric data
 MgCO3(s) + H2SO4  MgSO4 + CO2(g) + H2O

 Did not require Phlogiston. Same gas as produced in life processes: the relation between 
combustion and metabolism as fundamentally related chemical processes (undermines 
Vitalism, precedes Wöhler).  Father of Calorimetry.

 Mikhail Lomonosov (1756):

  Contradicted Boyle: gravimetric data: without access of air from 
outside, the mass remains the same 

 Joseph Priestley (1774): Discovery of O2 : 2HgO  2Hg + O2(g)

 "dephlogisticated air", which accounted for about 20% of atmospheric air



Phlogiston died in1775, Vitalism only retreated in 1828

 Antoine Lavoisier (1775) 
 Repeated Priestley’s work with gravimetric data, developing a balance that could weigh to 

0.0005g.

 Proposed the Law of Conservation of Mass

 “Furthermore, I repeat, in attacking here Stahl's doctrine my object is not to substitute a 
rigorously demonstrated theory but solely a hypothesis which appears to me more probable, 
more conformable to the laws of nature, and which appears to me to contain fewer forced 
explanations and fewer contradictions.”

  Priestley died in 1804 still believing in the Phlogiston theory.

 Friedrich Wöhler (1828): synthesised urea from inorganic components
 He subsequently wrote to Berzelius that he had witnessed "The great tragedy of science, the 

slaying of a beautiful hypothesis by an ugly fact”.

  Louis Pasteur (1858): Rejecting the claims of Berzelius, Liebig,Traube and others that 
fermentation resulted from chemical agents or catalysts within cells, he concluded that 
fermentation was a "vital action“.

 Vitalism has fallen out of favour, though it had advocates even into the twentieth century.

  Hans Driesch (1867–1941), an eminent embryologist

  Most shoppers would still feel that Vitamin C from oranges was intrinsically not the same 
as synthetic Vitamin C



Why did Phlogiston suffer a quicker Demise than Vitalism?

 It wasn’t because vitalism was resistant to experiment per se: many vitalists 
were in fact accomplished experimentalists, including most notably Pasteur and 
Driesch. One aspect is that vitalism offers no definite predictions, and therefore 
cannot be proved wrong.

 But in my view, much more to the point is that gravimetric data is quantitative, 
i.e. expressed in numbers. Numerically-based hypotheses are simply more 
convincing, because the associated data are easier to measure, easier to 
refute.

 In a sense, with Mendeleev, the 19th century saw the first cementation (in 
chemistry) of the numerical basis that had brought the understanding of physics 
(and indeed physical chemistry) so far in the previous centuries.

 Yet chemistry remains to a large extent a science based on concepts that are 
difficult or (near-impossible) to express numerically. It is a science still with 
profound roots in analogous thought, rather than digital expression, and the 
concept of the Functional Group was cemented with the work of Beilstein.

 That aspect had notable effect on the development of information 
services in the late 19th and early 20th centuries.



Representative Major Database Providers

 CAS: Traditionally seen as a comprehensive 
bibliographic database of concepts in the general area 
of chemistry

 Lately also collecting gene sequences, calculated numerical 
values and spectral shifts

 CrossFire Beilstein: Traditionally seen as a 
comprehensive factual database in organic chemistry

 Lately also collecting pharmacological data, abstracts and 
other softer data 



[Info] on [publication] with [structure]

Factual and Bibliographic DBs 

Generic Generic

Detail Exact
Fact

Concept

Text Structure

Bibliographic DB indexingFactual DB indexing
[Info] on [structure] in [publication]

Content

Query

No hypotheses, 

please!



19th Century : Understanding Structural Principles

 1881 Beilstein was criticized for adopting ideas of Kekulé (Liebermann)

 All critically evaluated property data listed in entry
 Reactions were listed under “properties” of the product

 Beilstein developed a unique, numerical structure sort based on Functional 
Groups, whose influence on nomenclature is underestimated today. 

 Analogous structures were located in nearby entries

“Compounds in Beilstein are arranged according to the "Beilstein 

System," a complex series of rules which permits every substance to 

be assigned one specific location based on its structure”. 

2010 :University of Texas  at Austin 

http://www.lib.utexas.edu/chem/info/beilstein.html



19th Century : Understanding Structural Principles

For over 100 years, synthesis from a known material was the ultimate method for proof of structure.

Then ... R.B Woodward: “The Total Synthesis of Strychnine” (Tetrahedron 1963, 247-288): 

(commenting on Robinson’s great work over decades on the structure elucidation, compared with the 

short and easy period required for the same task with the new tool of X-Ray crystal structure analysis) 



20th Century : Exploring Property Space

1960

1995

Pre 1960

1980

(Example taken from Reaxys, November 2010)



Functional Group Models: 1941, Woodward’s Rules (Empirical)

http://www.chemistry.ccsu.edu/glagovich/teaching/316/uvvis/conjugated.html



MO Models: 1965, Woodward-Hoffmann Rules; Orbital Symmetry

Most organic chemists still think in terms of valence bonds, functional groups and structural analogies based on them.

This has some unfortunate consequences in the area of representation in chemical diagrams.
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Lysergic Acid Diethyl Amide (LSD)

21st Century: Analogy in Structure/Property Relationships
e.g. Methysergide



Trends in User Needs: Database Focus

 Beilstein originated as a 
dictionary of structures and 
their associated properties.

 One of the “properties” was 
the preparation (a reaction)

 In 2001, structures and 
reactions were equally 
popularly searched

 By 2007, structures searches 
tripled, but reaction searches 
increased x8

CrossFire Beilstein : 2001 to 2007
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Aplysiallene Synthesis



21st Century:

Oxidation of substituted toluenes under phase-Transfer Catalysis conditions

Alkane Oxidation with Molecular Oxygen Using a New Efficient Catalytic System: N-Hydroxyphthalimide 

(NHPI) Combined with Co(acac)n (n = 2 or 3)

Oxidation of Alkylaromatic Hydrocarbons over V2O5-Sb2O3/TiO2 Catalyst

Solvent-Free Benzylic Oxidations Using Urea-Hydrogen Peroxide Complex (UHP) under Microwave 

Irradiation

Is it Possible to Achieve Highly Selective Oxidations in Supercritical Water? 

Aerobic Oxidation of Methylaromatic Compounds

ZnO: a versatile catalytic agent for benzylic oxidations

21st Century : Understanding Reaction Catalysis



21st Century : Understanding Reaction Catalysis

Rhodium-Catalyzed Cycloisomerization: 

Formation of Indoles, Benzofurans, and Enol Lactones



21st Century : Understanding Reaction Catalysis 

Dinuclear Zinc-Catalyzed Enantioselective Aza-Henry Reaction



Conclusions and Open Questions

 Experimental data is the parent of workable models, and ultimately, knowledge.

 The most important data is probably that which does not fit the current model...
 ...provided it is properly measured.

 Do scientists need to publish data that does fit the current models?

 And if so, are their peers prepared to pay for the considerable overhead costs of indexing and finding it?

 Some experimental data must always be able to be checked for validation, but has a 
shelf life in the shop windows of the secondary information services. We already see 
this trend in the provision of “Supplementary Data” in primary publication.
 Who should store such supplementary data and make it available? 

 Much of the historical background in this presentation was found on the internet, 
predominantly from Wikipedia.
 I repeat: my profound thanks for that service.

 But I would hesitate to say that I have acquired knowledge.

 It is rather that I was capable of finding considered, evaluated responses to my queries.

 Is that a model for consideration in the major databases? 



Thank you for your attention...

 Any questions?


