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40. Models of Chemical Structure

William Goodwin

Models of chemical structure play dual crucial roles
in organic chemistry. First, they allow for the dis-
covery and application of laws to the complex
phenomena that chemists hope to understand.
Second, they are a source of novel concepts that
allow for the continuing development of structure
theory and theoretical organic chemistry. In chem-
istry, therefore, the centrality and significance of
models to the scientific enterprise is manifest and
furthermore chemistry is a relatively clear, useful,
and interesting context in which to consider more
general philosophical questions about the nature
and role of models in science.
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One of the most important and influential trends in
the philosophy of science over the last 50 years has
been the increase in both the attention paid to the con-
cept of a model and the employment of this concept in
philosophical reflection on the nature and dynamics of
science. This trend has been usefully described and an-
alyzed by many philosophers (see for instance: [40.1–
3]). Without trying to be exhaustive, in this paper I plan
to identify a few of the most significant philosophical
insights that have emerged out of this increased interest
in scientific models and then to reflect on these insights
in the context of chemistry, which has been relatively
neglected in the philosophical literature. I hope to show
both that in chemistry the centrality and significance of
models to the scientific enterprise is manifest, and that
chemistry is a relatively clear, useful, and interesting
context in which to consider more general philosoph-
ical questions about the nature and role of models in
science.

Models have been characterized in many different
ways in the philosophical literature, but for the pur-
poses of this paper it will suffice to think of them as
instruments for representation that are not primarily lin-
guistic. The important contrast is with the linguistic
statements of a theory (in the logical sense). So the dou-
ble helix model of DNA represents DNA molecules not
because it is a statement in a language that describes
this molecule, but because it is a physical object with

certain similarities to the objects that it is intended to
represent. Likewise, the billiard ball model of a gas is
an image of an interacting system (or the abstract idea
of such a system) along with, perhaps, a narrative about
how to understand this image, which can be used to rep-
resent a gas for certain purposes. Many types of objects,
other than statements, have been thought of as mod-
els (including mathematical structures, abstract objects,
and fictional objects). Given the diversity of things that
models might be, it seems best to summarize the central
insight behind the relatively recent philosophical inter-
est in models as follows: Representational instruments
that are not primarily linguistic are crucial to under-
standing the nature and development of science.

This central insight has been developed in a va-
riety of ways, but I want to focus on two of them.
First, models are crucial to the dynamics of science –
how scientific representations, theories, experiments
and concepts change over time in response to feedback
from the world. And second, models are crucial to sci-
ence’s capacity to confront complexity – its ability to
have useful things to say about real world and/or com-
plex systems. Models, being nonlinguistic entities, help
philosophers to get a grip on these aspects of science
at least in part because they are representationally rich,
that is, they are not limited in their representational ca-
pacities (as purely linguistic representations would be)
by the arbitrary associations between their component
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symbols and aspects of the world. In the case of the dy-
namics of science, the rich representational capacities
of models both supply (or allow for) new features that
can be exploited in the models’ representational role
and thereby act as an incubator for novel concepts. Sim-
ilarly, models can act as intermediaries between theory
and complex real world phenomena because their richer
resources allow for representation of the more concrete
and local features crucial to understanding such phe-
nomena.

Chemistry, like any large and diverse field of scien-
tific inquiry, is replete with models of many different
sorts. Much of the modeling in chemistry is of the
standard sort discussed in the philosophical literature –
that is, a response to the problem of getting abstract
mathematical theories to apply to complex real world
phenomena. There has been interesting philosophical
work on the form that this sort of modeling takes in
chemical contexts [40.4–6] and [40.7] for example;
however in this paper I want to focus on what is, I
think, a distinctively central and important role for mod-
eling in chemistry. Chemistry, at least large parts of it,
is concerned with representing the structures of the sub-
stances it studies. For the most part, chemists do not use
linguistic resources to represent structure; instead, they
build models. Sometimes, like Watson and Crick and
most students of organic chemistry, they build physi-
cal models, but most frequently they use diagrammatic
representations like structural formulas. While there are
often linguistic components to such formulas (letters for
the atoms, for example), the representational resources
of these diagrams are not limited to the arbitrary re-
lations between their component signs and predicates
or terms in the current language of the theory. Further-
more, much of importance of these models for both the
dynamic development of chemistry and for facilitating
the application of chemical theories to concrete, real
world cases derives from these extra linguistic repre-
sentational resources.

Structural formulas (Fig. 40.1), which were initially
developed over the course of the nineteenth century,
are the centerpiece of a research program that has been
immensely successful ([40.8] for a summary of the de-
velopment of structural formulas). The guiding strategy
of this research program, articulated by Aleksandr But-
lerov in 1861, was to have one structural formula for
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Fig. 40.1 A structural formula for caffeine

each chemical compound, and then to explain the chem-
ical properties of these compounds by determining, “the
general laws governing the dependence of chemical
properties on chemical structure” [40.9, p. 256]. Struc-
tural explanations of chemical properties (and some
physical properties as well) have been central to chem-
istry – particularly organic chemistry, on which I shall
focus – ever since. A structural explanation of a chem-
ical property proceeds by identifying the structural
features of a compound that are responsible for some
(usually contrastive) chemical fact. These structural
features are typically general features of the compound
as represented in its models, i. e., in its structural for-
mula, which might also be realized by other structural
formulas or models as well. In other words, structural
patterns identifiable in the models are correlated with
chemically significant facts (usually, these days, dif-
ferences in energy or stability). It is these structural
correlations that have ended up playing the role of the
laws that Butlerov imagined. Thus the laws of struc-
tural chemistry are formulated in terms of something
like chemically significant patterns in the models; in
this sense, then, in structural chemistry the laws pig-
gyback on the models. The models don’t just interpret
or concretize the laws, they make them possible in the
first place. Understanding the complex chemical facts
of organic chemistry depends, at the most basic level,
on building structural models of chemical compounds.

Structural chemistry has not been a static research
program. Over the course of its 160 year development,
there have been immense changes in chemists’ un-
derstanding of structure. And not surprisingly, these
changes have been reflected in the models used to rep-
resent that structure. In the course of this continuous
refinement – the back and forth between conceptions of
structure and representations of it – models of structure
have played a crucial role as a source of new general
structural features. In other words, features of the mod-
els not originally used in their representational role are
reinterpreted as representationally significant in order
to explain or account for new theories or experimental
facts. Additionally, even after a new aspect of chemi-
cal structure has been recognized and represented in the
models, there still remains the daunting task of making
that structural feature experimentally and synthetically
relevant (making it useful) and models have also sup-
plied some of the very local structural concepts that
allow for the experimental and theoretical development
of whole new subfields. Thus, just as models are cru-
cial for structural chemistry to discover and apply laws
to the complex phenomena it studies, so too are these
models crucial as a source of the novel concepts neces-
sary for the continued development of structure theory
and theoretical organic chemistry.
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40.1 Models, Theory, and Explanations in Structural Organic Chemistry

Structural formulas are the central representational tool
used in the explanations and predictions of the the-
ory of organic chemistry. These formulas play many
representational roles in organic chemistry, including
the role of denoting expressions for chemical kinds.
In this role, they serve as descriptive names for these
kinds, individuating them according to their compo-
sition, bond connectivity and (aspects of their) stere-
ochemistry. Because they can be put (roughly) into
one-to-one correspondence with the kinds that they pur-
port to denote, they are also able to act as stand-ins
for these chemical compounds ([40.10–12] for more
on the roles of structural formulas as both names and
models in organic chemistry.). When acting as stand-ins
for chemical kinds, structural formulas can be manip-
ulated to teach us things about themselves, and the
things learned about these models can, in many cases,
“be transferred to the theory or to the world which the
model represents” [40.2, p. 33] ([40.13] for examples
of howmodels acted as paper tools in the early develop-
ment of organic chemistry.). That is to say that chemists
can learn from their models by exploring the implica-
tions of (or for) abstract theory in the concrete contexts
of particular chemical kinds and often this exploration
takes the form of the manipulation of structural mod-
els. To bring out some of the interconnections between
models of structure, theory, and the explanations in
structural chemistry I am going to briefly consider the
theory of resonance, which is a modification of struc-
ture theory developed in the first half of the twentieth
century that is still central to organic chemistry today.

Though it was developed prior to any generally
accepted account of the nature of chemical bonding,
structure theory has had to evolve in the face of chang-
ing theoretical accounts of the nature of the chemical
bond. This is to be expected given Butlerov’s aspira-
tion for structural formulas; namely, that they explain
the chemical and physical properties of the compounds
that they depict. As the theoretical understanding of
what a bond was changed, so to did the depictions of
chemical bonds in structural formulas, and this was cru-
cial to leveraging the revised understandings of bonding
into new structural explanations of chemical or physical
properties. The theory of resonance is one important
way (and was historically the first broadly accepted
way) that the quantum mechanical character of chem-
ical bonding is recognized and applied within structural
organic chemistry.

Even before the development of quantum mechan-
ics, in response to the explanatory demands placed on
chemical structures, several modifications of structure
theory were suggested that [40.14, p. 2]:

“considered it possible for the true state of
a molecule to be not identical with that represented
by a single classical valence-bond structure, but to
be intermediate between those represented by two
or more different valence-bond structures. ”

These suggested modifications where motivated by
cases where a chemical compound did not behave as it
would have been expected to behave given its represen-
tation using a single structural formula but where, by
thinking about the compound as a mixture intermediate
between two or more such formulas, the behavior could
again be accounted for in structural terms. Pauling,
in his seminal Nature of the Chemical Bond [40.15],
laid out the theory of resonance by employing quan-
tummechanics to rationalize and systematize (but not to
deduce), the use of multiple structures to represent indi-
vidual chemical kinds and then went on to demonstrate
the broad usefulness of this theory in organic chemistry.

The theory of resonance is interesting, from the
point of view of the role of structural models in chem-
istry, for two related reasons. First, it was the manipu-
lation of valence bond structures (which are structural
formulas that explicitly depict the bonding electrons
of the constituent atoms) that first revealed the possi-
bility of explaining recalcitrant chemical and physical
phenomena by thinking of chemical kinds as appropri-
ately represented by a combination of distinct structural
formulas. Facts in the world of the model – that mul-
tiple different valence bond structures where plausible
for a given chemical kind – were used to suggest mod-
ifications designed to improve the explanatory power
of structure theory. Furthermore, these facts about the
structural models (multiple possible valence bond struc-
tures for a given kind) were systematized and rational-
ized using the theory of quantum mechanics so that
the delocalization of bonding electrons (which is the
central implication of quantum mechanics for chemical
bonding) could be recognized and exploited in organic
chemistry. Manipulations of the model supplied the ve-
hicle for making quantum mechanics first applicable
to structural organic chemistry. In this sense, then, the
structural models mediated between the theory (quan-
tum mechanics) and the world. Secondly, and similarly,
it is the actual exploration of the range of available va-
lence bond structures that often proves crucial to the
use of the theory of resonance in generating the struc-
tural explanations that are useful in organic chemistry.
In a typical case of an explanation invoking resonance,
none of the individual structural formulas making up
a resonance hybrid allows for the explanation of all
of the chemical or physical properties of interest. In-
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stead, more standard structural analysis is applied to
some of the individual component formulas of the res-
onance hybrid, and then the behavior of the chemical
kind as a whole is understood as some proportional
mixture of the structural prediction based on its com-
ponent structures. In other words, without the more
complex depiction of a chemical kind allowed by res-
onance theory, it would not be possible to successfully
supply structural explanations of its chemical or phys-
ical behavior. Getting the structural laws to apply to
some chemical kinds requires a more complex model of
their structure – their depiction as a resonance hybrid.
Explorations in the world of the model uncovering po-
tential significant resonance structures mediate between
the theory (structure theory) and the world by allowing
for the successful application of this theory to complex
cases to which it would otherwise not be useful.

In order to see how the theory of resonance allows
structural formulas to mediate between more general
structure theory and experimental facts, it will be useful
to consider some of Pauling’s work on the structure of
proteins. Proteins are polymers of amino acids formed
when the carboxyl group of one amino acid reacts with
the amino group of another forming an amide linkage
called a peptide bond. As a result, there is a recurring
structural pattern in proteins: tetrahedral carbon atoms
(bonded to the R-groups of the amino acids) joined by
amide groups (-NH-CO-). Amide groups are therefore
a fundamental structural component of proteins; how-
ever, in order to predict the behavior of these groups,
and thus to outline the basic structural features of pro-
teins, it is not sufficient to consider only one of the
structural formulas that can be used to represent them.
Instead amide groups, at least in Pauling’s treatment,
were thought of as a resonance hybrid of two compo-
nent structural formulas, and their structural behavior
was anticipated to be a sort of weighted average of the
behavior predicted by the structure theory for these in-
dividual structural formulas.

The most important feature of the amide linkage
from the point of view of predicting the structure of
proteins is that the carbon and nitrogen of the amide
linkage lie in a single plane with the two tetrahedral car-
bons that they connect. Pauling regarded the planarity
of the amide group as, “a sound structural principle”
concluding that a “structure in which the atoms of the
amide group are not approximately coplanar should be
regarded with skepticism” [40.16, p.19]. Though he
provided substantial experimental confirmation of the
planarity of the peptide bond, it was the theoretical ar-
guments for this principle that invoked the theory of
resonance. An amide linkage is typically represented
by a structural formula in which there is a single bond
between the nitrogen and the carbonyl carbon, which

is itself double bonded to oxygen. However, another
possible structural formula for the amide linkage has
a double bond between the carbon and the nitrogen
while there are three unshared electron pairs around
the oxygen (resulting in a net formal charge of �1 on
the oxygen) and no unshared pairs around the nitrogen
(resulting in a formal charge ofC1). The theory of reso-
nance indicates that the first, and more typical, structure
should be the most significant contributor to the overall
structure of the amide linkage, but that the second struc-
ture might also be important to consider (Fig. 40.2).

The most salient difference between these two
structures is where the double bond is located, either
between carbon and oxygen or between carbon and
nitrogen. Pauling argued based on experimental mea-
surements of the bond lengths in some simple peptides
(by x-ray crystallography), that in the actual peptide
linkage (on average) the relative contribution of these
two structures was 60% for the typical structure and
40% for the secondary structure. These numbers were
based on the fact that the measured C-O bond length
in the peptide bonds was longer than typical double
bonds between carbon and oxygen (in cases where no
alternative resonance structures were available) but also
shorter than typical single bonds between C and O.
Similarly, the measured C-N bond length was shorter
than typical single bonds, but longer than typical dou-
ble bonds between these atoms. If he supposed that
the relative contributions of the two structures were
60% and 40% respectively, and thus that the C-O bond
was 60% double and 40% single, while the C-N bond
was 40% double and 60% single, then the predicted
length of the bonds closely matched the measured
values.

Once Pauling had argued that the second resonance
structure with a double bond between carbon and nitro-
gen was an important contributor to the overall structure
of the linkage, it followed from standard structural the-
ory that the peptide linkage should be essentially planar.
Double bonds do not allow free rotation; that is, you
have to break the bond (costing a lot of energy) in or-
der to rotate around the axis of the bond. The energetic
cost of rotation around the double bond is the reason
that double bonds lead to stereoisomerism (there are
distinct chemical compounds, with different structural
formulas, that reflect different arrangements of sub-
stituents around a double bond). Since the C-N bond in

O
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H
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Cα CαN+

H

Fig. 40.2 Resonance structures of the peptide bond
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the peptide linkage was 40% of a double bond, Pauling
was able to estimate that the energetic cost of rotat-
ing around this bond would be about 40% of the bond
energy of a typical double bond between these atoms.
Furthermore, he was able to estimate the strain energy
of deviations from planarity, concluding: “we can cal-
culate strain energies of about 0:9 kcal=mole for 10ı

distortion of the amide group” [40.16, p. 14]. This ef-
fectively meant that large deviations from planarity in
peptide linkages would be very energetically expensive
and would therefore constitute a “highly unusual steric
relationship” [40.16, p. 16].

Pauling’s analysis of the structure of peptide link-
ages shows both what structural accounts of chemical
phenomena look like, and how resonance theory al-
lowed structural analysis to be applied to a broader
range of chemical facts. The measured bond lengths
of the amide linkages in peptides do not correspond
to the average bond length that one would expect
based on the typical representation of the amide link-
age using structural formulas (with typical CO double
bonds and typical CN single bonds). In order to pro-
vide a structural explanation for this deviation from
expected values, Pauling needed to find some recur-
ring structural feature of the amide linkage that could
explain it. What he found, by manipulation of the for-
mulas, is that such amide linkages could be represented
by another structural formula, one obtained by redis-
tributing the valence electrons (and thus moving around
the bonds). According to the principles of resonance

theory, this alternative structure was energetically plau-
sible and should be regarded as a potential contributor
to the overall structure of the amide linkage. However,
a structural analysis of this second structure by itself
would also not explain the experimental bond lengths.
Instead, only by regarding the actual structure as in-
termediate between the two resonance structures, did
an explanation of the observed bond lengths became
possible. Exploration in the world of the model, then,
was crucial to providing a structural account of the ob-
served bond distances. Furthermore, the success of this
explanation gave Pauling confidence that his resonance
structures provided a reasonable representation of the
peptide bond, and thus that he could apply a structural
analysis to this representation in order to make a signif-
icant structural prediction about all proteins. Again this
prediction (the planarity of the peptide bond) was based
on giving a weighted analysis of the the various acces-
sible resonance structures. Without the detour through
the range of plausible resonance structures, explored by
the chemist through manipulations of structural formu-
las, neither the original explanation, nor the extremely
significant prediction that Pauling made about the struc-
ture of proteins would have been possible. (Now there
are other ways of taking into account the implications
of quantum mechanics on chemical bonding, and these
can also presumably support the same explanations and
predictions; but the historical fact is that Pauling, who
basically initiated the study of protein structure, used
resonance theory.)

40.2 Structures in the Applications of Chemistry

In addition to their role supporting the explanations
and predictions of structural organic chemistry, struc-
tural formulas and/or models also play a crucial role in
applying the theory of organic chemistry to the solu-
tion of synthesis problems. Synthesis problems are the
guiding application of the theory of organic chemistry.
Of course not all organic chemists are working to syn-
thesize compounds, but this is the characteristic goal
around which the field developed, and it is possible to
understand the theoretical structure of the field as re-
flecting this goal. That is, an important reason that the
explanations of organic chemistry take the form that
they do – looking for structural accounts of chemical
phenomena, for example – is because this approach fa-
cilitates the solution of synthesis problems [40.17, 18].
Synthesis problems have a common form, and the in-
tellectual challenges that they present derive from this
form. By understanding the basic form of synthesis
problems, and the basic strategies developed for solving

these problems, it is possible to appreciate the central
importance of the sorts of structural analysis undertaken
in the typical explanations and predictions of organic
chemistry. As seen in the last section, explorations in
the world of the model, and thus the role of struc-
tural formulas as models, can be crucial to providing
the structural analyses of organic chemistry. However,
the role of structural formulas and models in solv-
ing synthesis problems is not limited to their support
of structural explanations or predictions. Instead they
play additional roles in delimiting the array of possible
synthetic approaches and evaluating the plausibility of
those approaches.

A synthesis problem begins with a target molecule.
The chemist’s goal is to come up with a method for
making this target molecule by a sequence of chemi-
cal reactions that begins with compounds that chemists
already know how to make. Often, no chemist has ever
synthesized the target molecule before, though it may
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be a natural product that is synthesized by some biolog-
ical systems. The first step in solving such a problem
is to get a clear idea about the structure of the target
molecule. Since organic molecules are individuated by
their structures, this amounts to insisting that the syn-
thesis problem is well defined – it has a clear goal.
Once the structure of the target is settled, the syn-
thetic chemist must come up with some way to leverage
knowledge about the outcomes of lots of chemical re-
actions run on different (typically simpler) compounds
into a strategy for making the target compound, which,
presumably, no chemist has ever experimented with be-
fore. It is crucial, therefore, for the synthetic chemist to
exploit some notion of structural similarity. Structural
patterns identified in the target indicate which known
reactions might be plausibly employed in its synthesis.
Furthermore, because the structural patterns identified
in the target are in a novel context, the chemist must
have some way of accounting for, or anticipating, the
way that the structural context influences the behav-
ior of known reactions (characterized and understood in
simpler structural contexts). This is what the structural
accounts (explanations and predictions) of theoretical
organic chemistry do.

One way to think about the process of coming
up with a synthesis for a target compound is through
the process of retrosynthetic analysis [40.19]. Ret-
rosynthetic analysis works backwards from the target
molecule, systematically investigating all of the ways
that one might produce the target molecule by a known
chemical reaction (these are characterized by the struc-
tural patterns on which they operate, for instance, by
the functional groups that they begin with and that they
produce). All of the reactants that might produce the
target molecule by one of these know reactions are then
subjected to the same process, generating their own
lists of possible second-order reactants. This process is
repeated until it generates a path terminating in com-
pounds that can already be synthesized. Given that there
are thousands of known reactions, many of which might
apply to a complex target molecule, the branching ar-
ray of possibilities generated by such a process – the
retrosynthetic tree – is immense and must be system-
atically pruned into a plausible synthetic plan. (I have
described this process in significantly more detail, with
concrete examples, in [40.20, 21].)

The pruning of the retrosynthetic tree, following
Corey’s conception, takes place in stages. In the first
stage, strategic pruning, the synthetic chemist analyzes
the target compound in order to identify the sources of
synthetic complexity in it. By identifying these sources
of complexity, the chemist can focus on paths in the
retrosynthetic tree that reduce synthetic complexity and
that, therefore, are more likely to terminate in com-

pounds that have already been synthesized or are easy
to make. Assessing the sources of synthetic complex-
ity in a target molecule amounts to using a set of
heuristic principles, grounded in both the collective ex-
perience of synthetic chemists and the theory of organic
chemistry, to identify particular bonds or atoms whose
structural environment will make them particularly dif-
ficult to create. The relative difficulty of dealing with
these sources of complexity can also often be estimated,
giving the synthetic chemist, in the end, a clear focus
on branches of the retrosynthetic tree that eliminate the
largest source of complexity. Though this can result
in a drastic narrowing of the possible synthetic paths
that need to be explored, strategic pruning must be fol-
lowed up by plausibility assessment, where the possible
paths removing the largest source of complexity are
evaluated for their relative structural plausibility. As I
characterized the retrosynthetic tree, the possible reac-
tions that might produce a structure were characterized
based on the presence of some structural feature in the
target. Any reactions that might produce that product
were part of the tree. However, not all of these reac-
tions are actually plausible because, for example, the
target has other structural features that would interfere
with the success of that particular reaction. And even
among those that are plausible, the synthetic chemists
will want to decide which path or paths are most likely
to work and to generate the fewest complications down-
stream. These assessments again depend on analyzing
how a reaction, understood and characterized in some
other, simpler structural context, would perform in the
complex local circumstances of the target molecule.
After plausibility assessment comes the final stage of
synthetic design, which is optimization, where precise
ordering of synthetic steps is worked through and con-
trol steps are added. These control steps are added in
order to eliminate complicating factors identified by
a careful structural analysis of the synthetic route. They
work by adding chemical groups to synthetic interme-
diates in the proposed path that either eliminate the
influence of complicating structural factors or promote
the formation of desired products. These control groups
can then be removed after they have done their job.
Often the precise ordering of the synthetic path can
influence which control groups are needed, and vice-
versa, so the overall optimization of the synthetic route
must involve both of these considerations.

This brief sketch of the process of designing
a chemical synthesis has made it clear, I hope, that
close structural analysis of the both the target molecule
and the potential intermediates is crucial to the process.
The possible reactions resulting in the target molecule
(or some intermediate) guided by structural similarity
to the products of known reactions is what generates
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the array of potential precursors at each stage in the
generation of the retrosynthetic tree. This exploration
of possible reactants and reactions, and the array that
it generates, all take place in the world of the model –
in fact, the molecules depicted by these structural for-
mulas may never have existed. The possible reactants
must be deduced based on the reaction being consid-
ered, and this can be done by exploring what reacting
structures would, upon application of the considered
reaction, result in the target molecule; the reactions
must be worked through backwards in the world of the
model to generate potential precursors. Similarly, the
strategic pruning of the array of possible reactions de-
pends on investigating the detailed local environments
of particular atoms or bonds in the model of the target
molecule. Rules of thumb about the relative difficul-
ties of producing these atomic arrangements or bonds
(based in part on what the reactant structures would
have to be if they were generated by certain procedures)
guide the synthetic chemist to particular routes in the
retrosynthetic tree. Recurring structural features identi-
fied in the local environment of the model of the target
molecule provide the basis for the application of these
rules of thumb, and thus for the large-scale decisions

about synthetic strategy. Both plausibility analysis and
optimization depend on determining how generically
characterized reactions would be likely to perform in
the complex local environment of the target molecule
or intermediates. Often the typical explanations (and/or
predictions) of organic chemistry can be used to figure
out how individual structural features would affect the
reaction. But in complex environments there are often
multiple relevant, and potentially competing, structural
features at play. To make sensible choices about strat-
egy in these cases, synthetic chemists can either attempt
to theoretically discriminate the plausibility of potential
pathways, or to modify the structure to make its be-
havior more predictable using control steps. All of this
takes place in the world of the model, using whatever
theoretical principles are applicable in that local envi-
ronment, to analyze and make sensible decisions about
what synthetic pathways might work in the lab. Syn-
thetic design is thus a process that, from beginning to
end, involves manipulating, exploring, deducing possi-
ble precursors and analyzing structural models. Theory
can be brought to bear on the problem only through its
application to, and analysis in the context of, particular
structural models.

40.3 The Dynamics of Structure

In this last section, I want to describe two ways that
structural models have contributed to the development
of the research program of structural chemistry by sup-
plying new structural concepts. In the first case, models
of structure had features that were not initially rec-
ognized to be representationally significant but which,
when interpreted as significant, could be used to ex-
plain anomalous results. Chemists did not abandon
the structural research program when they encountered
unexpected experimental results; instead, they modi-
fied their models of structure, taking features readily
available in the model and attributing new represen-
tational significance to them. General features carried
around in the models were appropriated in order to
modify the conception of chemical structure in the
face of new experimental results. In the second case,
particular structures supplied foothold concepts that al-
lowed for experimental results to be brought to bear
on these newly representationally significant features of
structural formulas. Particular structures are cognitively
richer than general types of models or abstract theories;
they have all sorts of features that might turn out to sup-
port important inferences about the target system. In
this example, chemists isolated particular cases where
the significance of this new structural element was clear,

used very local concepts to explain and predict in those
cases, and then generalized from there. Thus features
identified in particular structures were appropriated to
develop and articulate the experimental consequences
of this new aspect of chemical structure. Models of
structure do play an important role in the dynamics of
science by supplying concepts or features that can be
appropriated to modify or develop a research program.
Visual representations of structure, and models of struc-
ture more generally, act as incubators for the concepts
essential to modifying and teasing out the experimental
consequences of chemical structure.

One of the most dramatic changes in chemists’ con-
ception of structure occurred during the middle third of
the twentieth century with the gradual realization that
the conformations of molecules, and not just their bond
connectivity, had a crucial role to play in understanding
their physical and chemical behavior. A conformation
is, roughly, any of the three-dimensional arrangements
of atoms in space resulting from rotations around sin-
gle bonds in a molecule. The development of the theory
of conformations (typically called conformational anal-
ysis) occurred when features of structural formulas that
had originally not been thought to have any represen-
tational significance, the 3-D arrangement of bonds or
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its 2-D depiction, was recognized to represent some-
thing about the compounds that the formulas denote.
With these new features available, new concepts were
crafted to organize the phenomena and then articu-
lated throughout the domain. Though it is somewhat
artificial, in order to relate the development of confor-
mational analysis to the themes of this paper, it can be
understood to have occurred in two phases. First, the
prior understanding of structural formulas had to be
found to be insufficient, and the three-dimensional ar-
rangement of bonds recognized to accommodate those
insufficiencies. Second, once the three-dimensional ori-
entation of bonds had been seen to be significant, the
consequences of the newly enhanced conception of
structure had to be developed and articulated.

40.3.1 Recognizing the Importance
of Conformations

At the end of the nineteenth century, structural formu-
las (roughly) allowed for the generation of one distinct
formula for each known, distinguishable chemical com-
pound. The formulas used at this time included not just
single bonds between adjacent atoms, but also occa-
sional double bonds. Double bonds allow for geomet-
rical isomers in which the same groups are connected
to the four available positions in a double bond in
two different ways. Similarly, there are two distinct
ways of orienting four distinct groups around a carbon.
As a result, given the number of asymmetric double
bonds and the number of centers of asymmetry one
could compute, using a formula due to Van’t Hoff,
the number of stereoisomers to be expected. This for-
mula worked because: “It was based on the concept
of restricted rotation about double bonds and of free
rotation about single bonds” [40.22, p. 299]. Rotation
around single bonds had to be free because otherwise
one would have expected many more distinguishable
isomers. In order for structural formulas to accurately
map onto the results of isomer counting experiments,
certain features of the models of organic molecules had
to be regarded as representationally significant. For ex-
ample, structural formulas had to distinguish the two
distinct ways that groups can be oriented about a dou-
ble bond because these represented two distinguishable
compounds. At the same time, however, the experimen-
tal facts demanded that other features of the formulas
not be taken to be representationally significant. The
fact that there were lots of ways to produce formu-
las with the same bonding and orientation (differing by
what we would now think of as rotations around single
bonds) was explicitly not taken to be significant in the
resulting structural formulas. When it came to individu-
ating chemical compounds, the various physical models

or structural formulas that could be generated by ro-
tations about single bonds were distinct without being
different. The possibility of rotational variants was an
incidental feature of the symbol system that needed to
be ignored when deducing the experimental facts from
the models. They were not taken to reflect significant
features of the target system.

Chemical structures are not frozen in time, however,
and chemists aspired to add to the array of chemi-
cal and physical features that could be explained in
terms of them. Chemists knew (or thought they did)
that the many distinct models producible by rotations
about single bonds weren’t important for the individ-
uation of chemical compounds, and thus for isomer
counting experiments, but that left it open whether these
differences might be employed to explain other sorts
of experimental results. In fact, given the rich array
of distinctions available in the models as yet uncorre-
lated with differences in the compounds they depicted,
these distinctions would seem to have been ripe for
exploration should new experimental results force mod-
ifications of the models.

Eventually, new experimental results did force such
modifications. There are at least two distinct sorts of
evidence that put pressure on the idea of free rotation
about single bonds. First were failed isomer count-
ing experiments, beginning in 1922, in which chemists
were able to distinguish optically active forms of (un-
usual) compounds where, if all rotation about single
bonds had been free, there should not be any such
forms. More precisely, so long as all rotational variants
around single bonds were regarded as indistinguishable,
structural formulas did not predict the existence of dis-
tinct optically active forms, but optically distinct forms
there were. The second sort of evidence came from dis-
crepancies between the observed and measured entropy
of ethane. These discrepancies “could only be explained
by a barrier to free rotation about the two methyl
groups” [40.22, p. 299]. These new experimental re-
sults were accommodated, eventually, by changing the
representational significance of the models. Most fun-
damentally, the fact that a model has lots of rotational
variants was now regarded as an explanatorily signif-
icant fact. Many of those differences between models
of structure that had been irrelevant became differences
that could correspond to differences in the energy or
stability of the represented compound. For example, the
distances between the atoms in the model (or suggested
by the structural formula) became a feature used to con-
nect differences in structure to differences in the energy
or stability of the represented compound. It is because
of differences in the distance relationships between the
depicted atoms that rotational variants have different
energies.
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By imagining the atoms of a molecular model or
structural formula to be interacting (either by attrac-
tion or repulsion) in a manner that varied according to
the distance between them, the chemists looking to re-
vise earlier interpretations of chemical structure could
explain both why the rotations of ethane would be re-
stricted and why there might be optically distinct forms
of some strategically bulky organic molecules. This re-
quired the idea of nonbonding interactions between the
atoms in the compound and the addition of this idea was
nontrivial, depending for its plausibility on the dawning
awareness of the nature of the chemical bond. But once
this idea was in place, not only could the new exper-
imental results be explained, but the success of Van’t
Hoff’s formula could be preserved as approximately
true. Most of the time, the newly postulated nonbonding
interactions would be insufficient to allow for distinct
forms of chemical compounds to be isolated. Some-
times, however, such distinctions would show up in
physical properties that Van’t Hoff hadn’t been con-
cerned to explain (like the entropy of ethane). And
occasionally, in structurally rationalizable exceptional
cases, these distinctions would result in failed isomer
counting experiments. Instead of there being free rota-
tion about single bonds, now the rotation about single
bonds was just substantially freer than rotation about
double bonds, except in certain special circumstances.

The significance of nonbonded interactions in
ethane and in dramatically rotation-restricted organic
molecules suggested that such interactions would also
be significant to the physical properties of organic
molecules in general. Thinking in terms of such non-
bonding interactions required interpreting chemists’
representations of structure, including structural formu-
las, to be significant in new ways. However, perhaps
because “there was no technique available to demon-
strate the phenomenon experimentally” [40.22, p. 299]
this more general significance was not systematically
explored until after the Second World War. Still, by this
point, the rotational variants of structural formulas or
physical models had demonstrated their usefulness by
explaining several different sorts of novel experimental
results (entropy measurements and failed isomer count-
ing experiments) and had therefore earned their place
as representationally significant.

40.3.2 Using Conformations
in Organic Chemistry

Though this newly significant feature of chemists’
structural models had been used to explain unexpected
experimental results, it had not yet been integrated into
the mainstream practice of organic chemists and used to
generate results of its own. This began to change when

Odd Hassel published his systematic investigations of
the conformations of cyclohexane and its derivatives.
Cyclohexane is an ideal experimental system for inves-
tigating the significance of conformations because, as
investigation of a model will quickly show, there are
only three conformations of this system (what are now
called the chair, boat, and twist-boat), out of the in-
finite number that are theoretically possible, that have
no angle strain (Fig. 40.3). In an earlier application
of structural formulas as models ([40.10, 20], for a de-
scription of this work), chemists had shown that angle
strain (or deviations from the standard tetrahedral bond-
ing angles) was an important factor in the stability of
rings. This meant that when trying to understand the
behavior of cyclohexane, it was principally these three
conformations that needed to be considered because
all others would be energetically unfavorable. Hassel
not only showed that the chair conformation was the
most stable, but was also able to establish that the rel-
evant nonbonded interactions were repulsive, because
the chair form maximizes the distances between atoms
in the ring.

Exploring a careful drawing of a chair conforma-
tion, or better yet a physical model of it, quickly reveals
that there are two distinct types of bonds emanating
from the carbon ring. In an obvious case of using mod-
els to introduce new conceptual distinctions, these are
now called axial and equatorial bonds, according to
whether they are parallel to the axis of symmetry of the
molecule or in an equatorial belt around it. Furthermore,
it is also clear that substituents attached axially are
closer to the other atoms in cyclohexane than are sub-
stituents attached equatorially. As a result, substituted
cyclohexanes generally prefer to have their substituents
equatorial since this minimizes the nonbonding re-
pulsive interactions. Hassel’s work showed how the
conformational preferences of cyclohexane derivatives
could be rationalized using repulsive nonbonding inter-
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actions in a way that had strong experimental support.
Furthermore, he not only isolated a structural type in
which the energetic implications of conformational dif-
ferences were clear, but he also provided structural
concepts (axial versus equatorial positions on the ring)
useful in explaining the relative energies of structures
of this type.

It was Barton who established the importance
of conformational analysis in explaining and predict-
ing the chemical behavior of synthetically important
organic molecules. He did this by recognizing that
steroids are instances of the structural type carefully
studied by Hassel. The steroid nucleus consists of three
cyclohexane rings fused to a five-membered ring. Be-
cause “the ring fusions of the steroid nucleus fix the
conformation of the whole molecule” [40.22, p. 302]
there are basically two different significant conforma-
tions of the steroid nucleus. In both of these confor-
mations, all three of the cyclohexane rings are fixed
in the chair form. So just as with cyclohexane itself,
the significance of conformations for the behavior of
steroids can be understood by considering just a few of
the infinitely many possible conformations. Better still,
following Hassel, the axial and equatorial substituents
in the steroid nucleus can be distinguished and their
relative stability rationalized in terms of repulsive non-
bonded interactions.

Barton next showed how differences in the rela-
tive stability of steroids based on the conformational
location of their substituents could be used to explain
the chemical behavior of these molecules. Most simply,
in a chemical reaction known for mechanistic reasons
to result in the most stable product, one can often
predict which of several candidate steroids will be pre-
ferred. Similarly, if one knows something about either
the steric requirements or the geometry of the tran-
sition state, then one can often deduce which steroid
will react more quickly or which product will be pre-
ferred in a reaction under kinetic control. What Barton
did (originally in [40.23]) was to show that “an enor-
mous literature of stereochemical fact” [40.22, p. 302]
about steroids could be systematically and consistently
interpreted using the conformational analysis of the
steroid nucleus. He went through a variety of differ-
ent results previously reported in the steroid literature
and showed that the differences in rates or product dis-
tribution were what would be expected based on the
conformational analysis of the steroid nucleus. This es-
tablished by a sort of conscilience of inductions that,
at least in the case of steroid chemistry, conformations
had an important role to play in understanding chemical
behavior.

Between Hassel and Barton, not only had confor-
mations proved themselves to be useful in explaining

significant chemical behavior, but also a set of struc-
tural circumstances (and concepts) had been articulated
that allowed chemists to clearly discern the implica-
tions of conformation. With these resources in place,
chemists were able to begin to apply these concepts in
synthesis and experimental design. For example, once
chemists understood why certain substitution patterns
of the steroid nucleus were more stable then others,
they could begin to exploit this knowledge in designing
synthetic reactions. Barton describes how the tendency
for adjacent diaxial substituents to rearrange into the
more stable diequatorial form led to “a convenient route
for shifting an oxygen function from one carbon atom
to the adjacent carbon” [40.22, p. 304]. Similarly, be-
cause the conformation of the steroid nucleus was well
known and restricted, it could be used to investigate the
mechanisms of chemical reactions by effectively lock-
ing the substrate in a reaction into a particular geometry.
For example, steroids were useful in establishing that
“the phenomenon of neighboring group participation
demands a conformational interpretation (diaxial par-
ticipation)” [40.22, p. 304]. These, and other cases of
application, depend on being able to recognize a set of
structural circumstances in which conformational anal-
ysis is straightforward because it can be directly related
back to cases that have already been successfully ana-
lyzed.

Of course, chemists were not content to apply con-
formational analysis just to cyclohexane and steroids.
Instead, conformational analysis was articulated, from
this base, along several different avenues. In the first
place, it was applied to other molecules containing cy-
clohexane subunits, such as triterpenoids and oleanolic
acid [40.22, p. 305]. Quantitative approaches were de-
veloped and this allowed for precise predictions of en-
ergy differences between conformations in these sorts
of systems. Eventually, the structural limits of this ap-
proach were probed by identifying situations in which
molecules with cyclohexane subunits did not behave
as expected. New concepts, such as conformational
transmission were then introduced to account for these
deviations from expectation. These were refinements in
the application of conformational analysis to the same
basic type of system in which its clear consequences
were originally discerned. Additionally, attempts were
made to extrapolate the same basic approach used in an-
alyzing cyclohexane to unsaturated six-membered rings
and heterocyclic compounds. This is a case of pushing
the approach into new territory. It required adapting the
concepts used in the cyclohexane case to these struc-
turally similar but importantly different new cases. New
issues had to be confronted, such as how to account for
the conformational implications of electron pairs. Even-
tually, conformations became one of the central tools
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used to understand the behavior of biologically relevant
molecules.

Once the rotational variants of structural models
were recognized to be significant, chemists still faced
the daunting task of organizing and sorting these infi-
nite structural variations into categories that could be
inferentially connected with experimental results, and
eventually lead to new experiments. This was not done
in a top-down way, by somehow deducing the impli-
cations of nonbonded interactions and conformations
for chemical reactions. Instead, successfully doing this
depended on finding a particular case where the confor-
mational implications were clear and then generalizing
and articulating from there. The concepts used to con-
nect conformations with experiment came, initially,
from considering cyclohexane. Models of cyclohexane
played a crucial role in both the recognition of these
concepts and their connection to experiment.

Cyclohexane was focused on because chemists al-
ready knew, from manipulation of models, that it had
just a small number of strain-free conformations. This
feature of cyclohexane is not shared with most other
organic compounds, but it was crucial to its role in
revealing the power of conformational analysis. Exam-
ination of these conformations showed that the chair

form maximized interatomic distances, which led to
the conclusion that the relevant nonbonded interac-
tions were repulsive. Additionally, inspection of the
chair form led to the important distinction between
axial and equatorial positions about the ring, which
was subsequently linked with important energy dif-
ferences between structural variants of cyclohexane
(including, ultimately, steroids). These conformational
features of cyclohexane are also not features shared by
most molecules. The concept of an axial or an equato-
rial substituent simply doesn’t apply in most molecules,
but this concept turned out to be crucial is deduc-
ing the chemical consequences of conformations. The
distinctions between conformations that were actually
used in order to connect this new aspect of chemi-
cal structure with experiment were available only in
concrete representations of a particular structure. Mod-
els of cyclohexane are rich with discernible differences
not previously identified as significant in chemical ex-
planations. These previously neutral features supplied
the concepts that eventually got connected with exper-
imental results. It was then by generalizing, adapting,
and articulating these foothold concepts that the broad
applicability and novel applications of conformations
were developed.

40.4 Conclusion
I hope to have established that models of structure, typ-
ically in the form of structural formulas, are essential
tools for chemists. They mediate between theory and
phenomena, providing the platform on which theoret-
ical principles are both recognized and applied. They
also facilitate application, as seen in the use of the
theory of organic chemistry in solving synthesis prob-
lems by – in addition to its role in explanation and
prediction – providing for the possible reaction path-
ways, strategic evaluations, plausibility assessments,

and optimization that are crucial to synthetic design.
Furthermore, structural models have also played impor-
tant roles as sources of the concepts that chemists use to
adapt their models to both theoretical and experimental
developments. In sum, structural models are the key-
stone of the success of structural chemistry, not only
because they are crucial to its theoretical content and
application at any particular time, but also because of
their contribution to its continued viability as a research
program.
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