
CHAPTER 10 

Problems of Organic Structures 

by J. Monteath Robertson 

In organic chemistry there are two basic and complementary problems, 
analysis and synthesis. By analysis the chemist attempts to find the 
number, kind and spatial arrangement of the atoms in his molecule; 
only then is he in a position to attempt its synthesis out of the elements. 
By the labours of thousands of chemists for more than a hundred years 
the vast edifice of modern organic chemistry has been built. This 
knowledge has been achieved by painstaking analyses and syntheses 
and by logical processes of deduction and induction from a few 
relatively simple valency concepts. But in spite of this vast progress an 
almost infinite field still lies ahead, as chemistry advances towards the 
more complex molecules associated with living matter. Some of these 
structures have only been elucidated by the work of large teams of 
chemists over a dozen years or more, and many others still remain 
unsolved. 

This whole situation is now changing dramatically. Within the last 
few years it has become possible to determine the structures of organic 
molecules containing up to 100 atoms or more by the methods of 
X-ray crystal analysis. Provided that suitable crystalline derivatives 
can be prepared (and we certainly know enough chemistry to be able 
to do this) then the structures can be determined accurately in almost 
every case without fail, even if the chemical formula is quite unknown. 
Furthermore, this can now be done in a relatively short time. Last 
December we obtained a suitable crystalline derivative of a complex 
curare alkaloid. By mid February we had determined the structure 
completely in three dimensions with an accuracy sufficient to give the 
bond lengths to within a few hundredths of an &rgstriim unit. These 
advances are now radically changing the whole outlook in organic 
chemistry and are enabling the chemist to come more quickly to 
grips with his other fundamental problems of mechanism, biogenesis 
and synthesis. How these very great advances in the science of the 
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X-ray analysis of organic structures have come about during the last 
fifty years is the subject of this article. 

1912-1922 

It may perhaps be convenient to paragraph this account very roughly 
into the five decades that have elapsed since Laue’s original discovery 
of X-ray diffraction in 1912. During the first decade very little was 
accomplished in the field of organic molecular structures. In the 
second decade (1922-1932) the analytical‘methods were mainly one- 
dimensional, and considerable advances were made in the structures 
of the long chain compounds, for example. The third decade (1932- 
1942) saw the extensive development of two-dimensional methods and 
the solution of numerous aromatic structures. In the fourth decade 
(1942-1952) three-dimensional methods were introduced, and it is 
perhaps not too far fetched to say that during the last decade (1952- 
1962), with the introduction of still more refined techniques which can 
determine the thermal as well as the positional parameters of the 
atoms, a kind of four-dimensional analysis is now possible. This is, 
however, a very superficial summary and other more important and 
more fundamental advances were made during these different 
periods. 

Apart from some early observations on crystalline waxes l* and a few 
other compounds, organic structures were not really attempted 
during this first period. Reference should be made, however, to the 
successful determination of the fundamental mineral structures 
diamond 2 and graphite 3 which proved to be the prototypes for the 
atomic arrangements present in aliphatic and in aromatic compounds 
respectively. The significance of the measurements of the basic 
interatomic distances in these structures became clear much later. 

1922-1932 

This period saw the beginnings of the first concerted attack on the 
structures of molecular crystals, as opposed to the elementary and 
simple ionic crystals that had been the main object of previous study. 
In the early twenties W. H. Bragg 4 published an extensive account 

* The notes to this Chapter begin at page 171. 
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of his X-ray measurements on a number of fairly complex organic 
crystals, including napthalene, anthracene, acenaphthene, a- and 
P-naphthol, and benzoic acid. This work did not succeed in determin- 
ing any of these structures at all fully but it produced strong evidence 
that the ‘molecule’ of the organic chemist did have a real existence in 
the crystal, and that the rings of atoms postulated in the naphthalene 
and anthracene structures, for example, must have dimensions closely 
similar to the carbon rings already known to exist in diamond and 
graphite. The arrangement and general orientation of the molecules 
in the naphthalene and anthracene crystals were correctly deduced, 
and this was substantiated later by a more detailed survey 5 of the 
intensities of the spectra. These important results initiated the X-ray 
study of organic molecular crystals. However, when attempts were 
made to go further and postulate detailed atomic structures on the 
basis of cell dimensions and perhaps a few intensity observations, the 
results were in general disappointing and even misleading. With a 
few very notable exceptions, some of which are described below, it 
can be stated that nearly all the work on organic crystal structures 
published before 1932 is quite unreliable in so far as it attempts to 
describe detailed atomic arrangements. 

The most notable exception, and indeed the very first organic 
crystal structure to be completely and accurately determined, was 
hexamethylene tetramine (I). Dickinson and Raymond’s 6 remarkable 
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determination of this structure owed its success to the fact that the 
crystals are cubic, with only two molecules of CsHisNd per unit cell, 
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and that the carbon and nitrogen positions can be completely defined 
by only two parameters. These were accurately determined, giving a 
carbon-nitrogen distance of 1.44 A and a molecule of the shape shown 
in Fig. lO( 1) with the four nitrogen atoms tetrahedrally and the six 
carbon atoms octahedrally grouped about a common centre. The 
chemical formula (I) was thus definitely proved. 

Fig. 10(l). Molecule of hexamethylene tetramine (Dickinson and 

Cubic crystals are, however, a rarity in the field of organic struc- 
tures. Two others determined a little later were the benzene hexa- 
halides, C&H&Is and CsHsBra.7 Urea, CO(NHs)s, and thiourea, 
SC(NHs)s, are also of high symmetry, belonging to the tetragonal 
and orthorhombic systems respectively, and their structures were again 
determined rather completely at an early date,8 as were a number of 
substituted ammonium salts.9 

Amongst the hundreds of thousands of organic crystals such highly 
symmetric examples are difficult to find, and progress was corre- 
spondingly slow. Perhaps the most important and outstanding 
example of a complete structure determination during this decade, 
and one which did not owe anything to high space-group symmetry, 
was hexamethylbenzene, Cs(CH3)s, determined by K. Lonsdale.10 
The system is triclinic, with one molecule in the unit cell, so 36 
ndependent parameters for the carbon atoms have to be found. 
There is, however, one great simplifying feature. The good cleavage 
plane (001) is found to give an exceptionally strong reflection of 
which all the higher orders fall off uniformly in intensity in the same 
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manner as those from the basal plane of graphite. The conclusion is 
inescapable. The molecule must be planar and lie exactly in this 
plane. Detailed analysis carried out on the basis of a regular hexagonal 
model led to excellent agreements and showed that the planar benzene 
ring was of about the same size as the graphite carbon ring (C-C = 
= 1.42 If) and that the methyl groups, also in this plane, lay at a 
slightly greater distance. These results were of fundamental importance 
and provided a key to the structures of all aromatic molecules. 

This chapter would not be complete without a reference to the 
brilliant work of Muller, Shearer and others on the structures of long 
chain compounds. Just as graphite and hexamethylbenzene provided a 
key to the structures of aromatic compounds, so diamond and the long 
chain hydrocarbons provided an equally essential key to under- 
standing the structures of aliphatic compounds. These two X-ray 
results now verified in a purely physical manner the two fundamental 
valency postulates or organic chemistry. 

The early work on the long chain compounds was not complete in 
the crystallographic sense. Single crystals were extremely difficult to 
obtain but very accurate information about the geometry and di- 
mensions of the zig-zag chains was deduced, particularly by a study of 
very high-order reflections. 11 In another notable and very early study 
by Shearer 1s the Fourier series method was employed to f?x the 
positions of the carbonyl group in a series of unknown long chain 
ketones and to determine the number of carbon atoms. This is probably 
the first application of the X-ray method to the determination of 
chemically unknown organic structures, and one of the first practical 
applications of the Fourier series method. 

1932-1942 

In all the structures described above there has been some simplifying 
feature. The long chain compounds present what is mainly a one- 
dimensional problem. High space-group symmetry with many atoms 
in special positions account for the success in other cases, while 
hexamethylbenzene is almost unique in that all the atoms lie in one 
crystallographic plane. 

During the decade that we now describe there was an enormous 
development both in the power of the analytical methods and in 
fundamental theory. The Fourier series method was developed 1s and 
the computational problems simplified 14 so that it could be applied as a 
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useful and practical tool in two-dimensional work, and as a powerful 
method of refinement. Thus, if a model of the molecule could be 
postulated from a knowledge of the chemical structure, and its 
orientation in the crystal described in terms of not too many para- 
meters, then by trial and error, guided by optical and magnetic 
properties, a rough approximation to the structure could sometimes be 
found. This could then be refined by Fourier series methods until a 
highly accurate picture of the molecule was obtained, from which bond 
lengths to within a few hundredths of an &rgstrom unit might be 
estimated. 

In this way the structures of naphthalene, anthracene, and a large 
number of other molecules,15 which had been looked at provisionally 
in the 1920’s, were now accurately determined for the first time. 
Results of great theoretical significance were obtained. Although the 
chemist already knew the structural formulas, the accurate measure- 
ments of bond length now available supported in detail the more 
exact treatment of valency theory that was also now emerging from a 
study of quantum mechanics. 1s The organic structures that were 
determined with considerable precision during this period are too 
numerous to mention in detail. The structural formulas of the chemist 
were now placed on an absolute scale and on an exact metrical basis. 
Many stereochemical problems were solved and the first detailed 
pictures of molecular arrangement and hydrogen bonding were 
obtained.17 

In spite of these great advances, however, only in very rare cases 
was it possible to solve the structures of molecules to which the 
chemist had not already been able to assign a structural formula. One 
exceptional case of great importance occurred as early as 1932 when 
Bernal,ls by a few simple X-ray measurements, played a great part in 
the chemical elucidation of the correct skeleton formula for the 
sterols.19 Exact solutions for such structures were, however, out of the 
question. It must be recalled that in the field of organic chemistry we 
are dealing with molecules that may contain up to 50 or more atoms 
in addition to hydrogen, and all of very similar scattering power. 
Without some knowledge of the structural formula to limit the 
possibilities it is clearly impossible to set up trial structures containing 
any reasonable number of parameters. 

To solve chemically unknown or partially known molecular 
structures a more fundamental approach was necessary. The foun- 
dations of such an approach, which is only now coming to full fruition, 
were laid during the 1930’s. The Patterson vector method sQ was 
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discovered in 1934 and the Harker synthesis sr in 1936. This approach 
does not attempt to solve the phase problem but instead it portrays in 
an elegant manner all the information that can be obtained from a 
knowledge of the magnitudes of the structure factors, introduced as Fs. 
The result is a map not of the atomic positions, but showing the 
superposition of all the interatomic vectors in the crystal. This direct 
information is immensely valuable and has been used, and is being 
used, in almost every crystal structure investigation undertaken since 
that time. For the complex organic structures with which we are now 
concerned, however, this is not enough. The number of vectors goes up 
with the square of the number of atoms, and when this number comes 
to a dozen or more, the chance of being able to resolve the separate 
vector peaks is very small indeed. 

The methods that have proved effective in solving very complex and 
chemically undetermined organic structures were evolved soon after 
Patterson’s discovery, and they represent a chemical rather than a 
physical or mathematical approach to the solution of the phase 
problem. They are known as the isomorphous substitution and heavy 
atom methods, and they were first developed and applied to organic 
structures in the case of the phthalocyanines.22 The problem is to 
determine the unknown phases of the resultant waves which are 
scattered by all the atoms in the crystal. Only the amplitude can be 
measured. A chemical experiment is now performed and an extra 
atom, preferably of higher scattering power than the others, is inserted 
at a known point in the structure, or at a point that can subsequently 
be determined by a simple application of the Patterson method. The 
effect of this extra contribution to the resultant amplitudes is observed, 
and from the changes that occur many of the original phases may be 
deduced. Phase differences which cannot be measured are thus 
transformed into amplitude differences which can be measured. 

An earlier observation on isomorphous substitution was made by 
J. M. Cork 23 when studying the inorganic alum crystals, but the full 
signi6cance of the effect was not appreciated, and indeed the crystal 
structure concerned was not solved, at that time. The phthalocyanine 
structures represent a beautifully simple and complete example. The 
electron density map representing the principal projection of nickel 
phthalocyanine is shown in Fig. 10 (2). The central nickel atom can be 
removed or replaced by another atom without disturbing the remain- 
der of the structure. Hence the phases of nearly all the reflections could 
be determined by the isomorphous substitution method, and most of 
them by the heavy atom method alone, which involves the use of only 
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this derivative. As a result this analysis was accomplished without the 
need of any chemical assumption, and indeed without postulating 
the existence of separate atoms in the molecule at all. 

Almost unlimited possibilities for the analysis of complex ‘structures 
were thus opened up. Very few molecules exhibit such high symmetry 
or afford such perfect isomorphous substitution as the phthalocyanines. 

-yJ( y& ,(,, f ,,,,,,,, jA, 

Fig. lO(2). Electron density projection for nickel phthalocyanine. Contour lines at unit elec- 
tron density intervals, except on the central nickel atom where the interval is 5 e.A-2 per 

line (Robertson and Woodward, 1937). 
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But the more general heavy atom method has a wider application. It 
should be realized that the organic chemist is generally interested in 
determining the structure of some molecular species, rather than the 
structure of a particular crystal. And from a given organic compound 
it is nearly always possible to prepare a series of derivatives, containing, 
for example, the halogen atoms chlorine, bromine, or iodine. Again, if 
the compound is an acid, then a series of heavy metal salts may be 
prepared. If the structure of such a derivative, obtained by simple 
addition or substitution reactions, can be determined, then we have 
effectively determined the structure of the parent compound. 

The prospects of being able to make a great contribution to organic 
chemistry by the X-ray method thus appeared to be extremely bright, 
and were much discussed.24 Many complex crystals had been looked 
at in a preliminary way, and it was suggested that if a mercury atom 
could be substituted for zinc in the insulin crystal 25 then X-ray analysis 
of a structure even of this complexity might become feasible. This 
prediction is now being realized for some protein crystals, but in 1939 
it was still too early, for reasons which we shall presently discuss. 

In spite of the advances that we have described, the structures that 
were solved exactly during this period still represent a somewhat 
haphazard collection. It was easy to suggest systematic surveys of 
structures, for example, in the field of the sugars, or carbohydrates 
generally, or the amino-acids, but extremely difficult to carry them 
out. When attempted, usually little more than unit cell measurements 
could be collected. One extremely valuable survey of this kind was 
carried out for the steroids, mainly belonging to the cholesterol and 
ergosterol series, and published in a monumental work.26 

Exact structures for molecules of this complexity, however, were 
not yet systematically possible. For exact analysis it was a case of 
finding a molecule that would fit the methods and techniques avail- 
able, rather than of applying these techniques to a specified series of 
compounds. The limiting factor was really the effective restriction of 
the methods of analysis, and especially the powerful Fourier method, 
to two-dimensional work. To obtain precision it was thus a necessary 
condition that it should be possible to resolve the atoms in some 
projection of the structure, and the separation required for resolution, 
with the usual X-ray wave-lengths and reasonably good organic 
crystals, is about 0.6 A. 

It was no accident that during this period the most effective and 
important studies were carried out on aromatic compounds with 
planar molecules. If the molecule is planar, and the unit cell is not too 
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large, there is always a good chance of being able to resolve the atoms 
in some projection. On the other hand, if the molecule has a compli- 
cated three-dimensional shape, then many of the atoms will overlap in 
any projection because these separation distances will in general be 
much less than the minimum required for resolution. So even if the 
phase problem can be solved, by some of the methods outlined above, 
a solution capable of precise interpretation may not be reached in two 
dimensions. Another decade and more had to elapse before the full 
power of the X-ray method in three dimensions was revealed. 

Before leaving this period reference should be made to the important 
X-ray work that was carried out on a number of macromolecular 
structures. In fibre structures the crystallinity is generally low and the 
chemistry complex. Detailed and fully quantitative X-ray studies can 
hardly be expected. On the other hand the importance of fibre 
structures is outstanding because they are almost universal con- 
stituents of living matter. Biochemical structures do not come within 
the scope of this chapter, but some brief references will be made 
because the line of demarcation is hard to draw. 

Synthetic fibres were becoming prominent at this time, and the 
structure of polyethylene, [-CHQ-CHQ-In, the simplest of them all, 
received detailed study .s7 It was possible to measure the zig-zag angle, 
112”, and the carbon-carbon distance, 1.53 A, with some accuracy. 
Polyvinyl alcohol, [-CHOH.CHs-I,, was also studied at this time.28 

In the field of natural fibre structures a fairly reliable model for 
cellulose was deduced by a combination of chemical and X-ray 
evidence.29 The isoprene polymers, rubber and gutta-percha, were also 
studied in some detail 30 and shown to be cis- and trans-modifications 
of the polyisoprene chain, 

The fundamental researches of Astbury on the fibrous proteins also 
commenced during this period, but these definitely belong to the 
biochemical field and will not be described here. 

1942-1952 

A slow start was made with X-ray crystal analysis during this period 
because of the interruption of the war, but before the end of the period 
quite spectacular progress had been achieved, culminating in the 
complete elucidation of such important structures as the alkaloid 
strychnine and the antibiotic penicillin. Although this chapter is not 
immediately concerned with the development of the technique of 
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crystal structure analysis, we must again make some reference to such 
developments in order to understand the sequence of events. 

In the field of organic structure determination by X-ray methods 
there are perhaps two main objectives. One is concerned with the ever 
more precise measurement of bond lengths, angles, and ultimately the 
complete electron distribution in comparatively simple molecules. The 
other is concerned with the elucidation of the more complex or more 
difficult structures that the organic chemist has not yet been able 
to master completely by the classical methods of his science. For both 
these objectives the power of the analytical methods at the disposal of 
the crystallographer is always the limiting factor. 

In the period now before us there were many important advances 
that greatly increased the power of the analytical tools. Of the many 
methods available for the refinement of atomic parameters, the 
introduction ofthe method ofleast squares,31 differential synthesis,32 and 
the more complete development and discussion of the old method of 
difference synthesis,33 were perhaps the most important. In more 
fundamental theory, very important relations between the structure 
factors were discovered in terms of inequalities,34 the interpretation and 
solution of vector distributions were extensively studied,35 and many 
valiant attempts were made to solve the phase problem.36 

All these developments led to important results; but of greatest 
immediate practical importance was the simple yet prodigious 
problem of computation. We have seen that in the 1930’s two- 
dimensional methods of analysis were supreme. This was because it 
was about the limit of what was practicable, with the hand and desk 
methods of computation then available. However, there was now an 
urgent need to move into three dimensions. To appreciate the problems 
involved, let us consider some simple examples. The kind of calcu- 
lations required may be typified by the summation of a Fourier series. 
The calculations of structure factors, vector distributions, etc. are 
similar in kind, and these operations have usually to be carried 
through many times in the course of one analysis. Now, to evaluate a 
two-dimensional electron distribution of the kind shown in Fig. 10-2 for 
the phthalocyanines, a series containing about 200 terms (structure 
factors) has to be evaluated and summed at at least 1500 points over 
the area. This involves dealing with a total of about 300 000 quantities 
which have to be evaluated and added in groups. Many ways of 
shortening the work were devised in the 1930’s, but the computational 
burden was still heavy, remembering that this kind of operation had 
usually to be repeated many times before the analysis was completed. 



158 THE GROWING FIELD 

The three-dimensional analysis of a moderately complex structure, 
however, may require a series of at least 2000 terms which has to be 
evaluated at a minimum of perhaps 50,000 points throughout the 
volume of the asymmetric unit. Some 107 quantities are now involved, 
and life is too short for a task of this kind to be performed by the 
methods hitherto available. 

All these problems have now been solved by the invention of 
electronic digital computers, but in the period we are now discussing 
these machines had not yet been invented. Although development 
work started on them in the 1940’s they did not become at all generally 
available until later in the 1950’s. One supremely important event 
which did take place much earlier was the development of the magni- 
ficent electronic analogue computer (XRAC), designed and built by 
R. Pepinsky and his colleagues. 37 Although the output is essentially 
two-dimensional, this machine can be adapted for three-dimensional 
work and it is capable of producing sections or projections, like the one 
illustratedinFig.l0(2),fullyandaccuratelydrawnoutontheoscilloscope. 
As soon as the amplitudes and phases are set up on a series of rheostat 
dials, the summations are performed instantaneously. This machine 
played and is still playing a great part in speeding up structural work. 
Another important development on the computational side in the 
1940’s was the utilisation of punched card computing and tabulating 
equipment (Hollerith or IBM) which was now becoming commercially 
available.38 Most of the three-dimensional analyses during this period 
that we now describe were aided by some of these developments, but 
the work was often still laborious and heroic efforts were needed to 
achieve success. 

It should be mentioned again, as in previous sections of this chapter, 
that nothing like a complete account of the achievements in organic 
structure determination can be attempted here. A very complete 
account and references will be found in the seven large volumes of 
Structure Reports that cover this decade. The feature of the period 
was undoubtedly the introduction of three-dimensional analysis and 
the improved methods of refinement that became available. In the 
simpler molecules this led to much greater accuracy and reliable 
estimates of probable errors. Whereas formerly bond lengths could be 
estimated to within a few hundredths of an Angstrom unit, they could 
now, in the most favourable cases, be estimated to within a few 
thousandths. In the complex structures it became possible towards the 
end of the period for the crystallographer to contribute actively to the 
solution of structures that were still to a large extent chemically 
undetermined. 
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We begin with an account of some simple structures, and a good 
example to illustrate progress is one to which we have already referred, 
the aromatic hydrocarbons naphthalene and anthracene. These were 
now subjected to the full power of three-dimensional analysis,39 and the 
earlier conclusions were verified but made much more accurate. It 
was possible to establish experimentally the bond-length variations in 
the aromatic rings that had already been predicted theoretically, and 
the hydrogen atoms were quite clearly defined for the first time. In 

Fig. lO(3a). Unit cells of naphthalene and anthracene, showing positions of molecules - 
(W. H. Bragg, 1922). 

Fig. lO(3) we show (a) the results of 
W. H. Bragg’s 1922‘ investigation in 
which the positions of the molecules 
in the unit cells were correctly 
defined and a clue as to their 
orientation was discovered, (b) the 
results of the two-dimensional 1933 
investigation showing an electron 
density projection of the anthracene 
molecule in which some but not 
all of the carbon atoms are separately 
resolved, and (c) a section of the 
electron density distribution evalu- 
ated in the mean plane of the mole- 
cule, from the 1950 three-dimensional 
analysis. The increasing power of our 
methods is strikingly revealed by 
these pictures. In the last the hydro- 
gen atoms can be seen, and it is 
possible to measure the carbon- 
carbon bond lengths with great 

\ 
51 O- 

a 2 

Fig. lO(3b). Electron density projection 
of anthracene mtilecule (J. M. Robertson, 

1933). 

1 C 
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Fig. lO(3c). A section through the mean plane of the anthracene molecule, showing 
the electron density distribution. Contour levels at intervals of 4 e.A-3, the half-electron 

line being dotted (Mathieson, Robertson and Sinclair, 1950). 

precision. The molecule was found to be planar to within about one 
hundredth of an AngstrBm unit, although this plane does not, of 
course, coincide with any crystallographic plane. However, this is not 
quite the end of the story, and in the next decade we shall describe 
a still more accurate refinement of these structures. 
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Accurate and detailed structures for many other simple molecules were 
determined during this period. One important and extremely early 
three-dimensional analysis for the terpenoid geranylamine hydro- 
chloride 40 may be noted, while the stereochemistry ofvarious camphor 
derivatives41 was elucidated by the isomorphous substitution method. 

Further study of the ismorphous substitution method in the asym- 
metric case now led to one of the greatest triumphs of X-ray analysis 
during this decade. When the replaceable atom site is not coincident 
with a centre of symmetry, the phase angle can still be determined, but 
there is an ambiguity of sign. Bijvoetas was able to solve this ambiguity 
by the introduction of a ‘phase lag’ in scattering, which occurs if the 
atom used can itself be excited by the incident radiation. The condition 
for this is that the radiation should have a wave-length near the 
absorption edge for the atom in question. A phase change on scattering 
induced in this way invalidates Friedel’s law, so that intensity differ- 
ences between (hkl) and (hkl) reflections occur. Bijvoet realized that 
this effect might be used to determine whether a structure was left- 
handed or right-handed, that is, to solve the chemical problem of 
absolute configuration. This was achieved in the case of the rubidium 
isomorph of Rochelle salt, RbNaCdHaOs *4HsO, by the use of ZrKa 
radiation, and it was shown for the first time that the conventional 
configuration for the D-tartaric acid molecule as proposed by Emil 
Fischer did in fact correspond to reality. Further very important 
applications of the anomalous scattering method for phase determi- 
nation in general were developed later by Okaya and Pepinsky.43 

While it is impossible even to mention the numerous important 
structures that were determined during these years, attention should 
be drawn to one very significant feature of general development 
which now arose from the increasing power of the X-ray method. 
This was the beginning of really systematic surveys of related com- 
pounds, in place of the earlier rather haphazard development of the 
subject. Formerly it was usually necessary to search for a structure 
which because of some simplifying feature was likely to yield to the 
available methods of analysis with a reasonable expenditure of time 
and effort. Now it began to be possible to select a chemically inter- 
esting and important structure and attempt its detailed analysis with a 
reasonable prospect of success. 

The best example of this is found in the beautiful series of strikingly 
accurate studies on amino acids and simple peptides carried out 
mainly in the Pasadena school. The structures of glycine,44 alanine, 
serine,es threonine,*’ .jV-acetylglycine,4* P-glycylglycine,@ diketopiper- 
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azinesa and many other compounds were determined. These results 
were of great importance in formulating possible structures for the 
proteins. The bond lengths and angles obtained were used to derive 
the dimensions of the polypeptide chain, and they form the basis for 
the helical models of protein structure proposed by Pauling 51 that have 
proved to be so important. 

Significant advances were also now made in the very difficult field 
of carbohydrate structures by the analysis of sucrose,52 cr-D-glucose,53 
and certain fructose derivatives.54 

The problem of molecular compounds, in which two types of 
molecule appear to be united without any obvious attractive forces 
operating between them, had been a puzzle to chemists for generations. 
,This general problem was now very completely studied and partially 
solved by X-ray crystallographic studies. The work of H. M. Powell 5s 
and his collaborators on the quinol cage structures, or clathrates, is the 
most outstanding example in this field. Such structures are exceedingly 
complex, and often disordered, but the foundations of a new kind 
of chemistry wer firmly laid by this work. 

Finally, in the field of chemically unknown or incompletely deter- 
mined structures we must first refer to the important and early 
determinations of the structure of cholesteryl iodide by Carlisle and 
Crowfoot 56 and of a calciferol derivative (calciferyl-4-iodo-5-nitro- 
benzoate, CssH4&04I) by Crowfoot and Dunitz.57 These were 
probably the first applications of the heavy atom method to such 
complex and’ asymmetric structures. Although the chemistry was 
known, the exact configurations and stereochemistry were now fully 
determined for the first time. The same can be said of the complex 
alkaloid strychnine, determined independently from the hydro- 
bromide by J. H. Robertson and Beevers 58 and from the isomorphous 
sulphate and selenate by Bokhoven, Schoone and Bijvoet.59 A very 
great deal of fundamental chemical work had been carried out on this 
structure and most of it was known before the X-ray work began. The 
X-ray work, however, carried out by the heavy atom and by the 
isomorphous substitution methods, was quite independent of chemical 
theory, and not only verified the structure in every detail but also 
provided a complete picture of the stereochemistry. 

The power of the X-ray method in aiding the organic chemist to 
elucidate a difficult and completely unknown structure was perhaps 
first most conclusively demonstrated in the work on penicillin during 
the- war years, when computing methods were still primitive and 
laborious. The formula for’ benzylpenicillin (II) 
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C6H5’CH2’CO’NH*CH--CH C(CH& 

I I I 
O=C-N-CH.COOH 

may not now appear to be unduly complicated, but the chemistry 
is extremely difficult and unusual. The analysis was finally achieved 
through the rubidium, potassium and sodium salts, which are 
not all isomorphous. 60 A feature of the work was the close collaboration 
at every stage between the crystallographers and the chemists. The 
final result establishes the intricate spatial arrangement of the atoms in 
full detail, and, as is well known, has led to profound advances in the 
fields of chemistry and medicine. 

1952-1962 

Any adequate description of the development of organic structure 
analysis during the last ten years is extremely difficult because the 
work cannot yet be seen in perspective. It seems likely, however, that 
this will be remembered as the period when the discoveries and 
developments of earlier years first came to full fruition, and when the 
real impact of X-ray analysis on the science of organic chemistry 
was revealed. 

We have already stressed the importance of computational work 
and the magnitude of the problems involved when full three-dimen- 
sional surveys of complex structures are attempted. For years this had 
been the bottle-neck. The outstanding structure determinations that 
we have already described were nearly all performed with great 
difficulty and were only completed, often inadequately completed, 
after the most strenuous efforts. The development and general 
availability of fast electronic digital computers has now radically 
changed the whole outlook in X-ray crystal analysis, as it has in 
many other branches of science. It is, of course, easy to exaggerate this 
aspect. The computer has not solved the phase problem. But if phase 
determination can be effected by the use of some complex heavy atom 
derivative, or by a series of such derivatives, then complexity of the 
structure or lack of resolution are no longer the limiting factors. 
Indeed, complete three-dimensional analyses can now be effected with 
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less effort than was required for comparable two-dimensional analyses 
in the 1930’s and 1940’s. 

The impact of these last ten years on our science can be vividly seen 
by comparing two important volumes on Computing Methods and the 
Phase Problem in .X-Ray Crystal Analysis.61 In the first of these, written 
in 1950, Mina Rees, from the Office of Naval Research, pointed out in 
her introduction that high speed digital computers were ‘still just over 
the horizon’. The book is concerned with many aspects of the phase 
problem, and with the description of many analogue computers, 
including the extremely important X-RAC and S-FAG machines. On 
the other hand, the 1960 volume is largely written in a language that 
would not have been understood in 1950, because a major portion of 
it deals with programmes and the programming of all the varied 
operations of crystal analysis for over a dozen different kinds of high 
speed electronic digital computer that are now available in nearly 
every country of the world. 

These great advances in technique have naturally led to an ever- 
increasing number of significant organic structure determinations, and 
it becomes more difficult than ever to present anything like an adequate 
picture of what has been achieved. Once again, however, we may 
draw attention to advances in two main directions; the more intensive 
and more accurate refinement of relatively simple structures on the one 
hand, and the determination of complex and chemically unknown 
structures on the other. 

As an example of the first, we may return once more to our old 
friends naphthalene and anthracene. The electron density map shown 
in Fig. 10 (3~) is a very direct representation of the experimental results, 
which can only be altered if more accurate or more complete intensity 
measurements become available. In deriving this map no assumptions 
were made regarding the existence of hydrogen atoms or regarding the 
exact form of the scattering curve for carbon. From this point, however, 
it is possible to carry out much further refinement, and try to interpret 
the results in terms of the thermal vibrations of the atoms and the 
distribution of electronic charge density. 

Elaborate refinements to this end have now been carried out by 
Cruickshank.62 Assuming a theoretical form factor for carbon63 it is 
possible to evaluate the anisotropic thermal motion. For this a sym- 
metric tensor with six independent components is required for each 
atom to characterize its vibrations. These thermal parameters and the 
three positional parameters for each atom may be refined simultane- 
ously. Elaborate and lengthy calculations are thus required, which 
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Cruickshank has been able to programme for the electronic computer. 
Without this aid it has been estimated that these detailed refinements 
of the naphthalene and anthracene structures would have taken 100 
man-years to complete if they had been attempted in the 1940’s. 

From the results of this detailed study of thermal motion the 
molecule is shown to behave very largely like a rigid body, oscillating 
with amplitudes of several degrees about its centre point. Care was 
taken to evaluate the thermal parameters from the intensities of the 
high-order reflections only, because for these the X-ray scattering is due 
almost entirely to the inner electrons of the atoms (K shell), which are 
not involved in chemical bonding. Now, in order to obtain a picture of 
the bonding electrons, the set of 14 vibrating but non-bonded carbon 
atoms and the 10 hydrogen atoms, as defined by their appropriate 
wave functions, were subtracted away from the experimentally 
observed electron distribution (Fig. 10 (3~)). The result is perhaps hardly 
conclusive as yet, because the experimental measurements are not 
sufficiently accurate, but there is a fairly definite indication of a slight 
channelling of the residual electrons along the bonds and around the 
aromatic rings. This example may serve to indicate the kind of 
detailed picture of molecular structure that can be expected in the 
future when measurements become more precise and our powers of 
interpretation are increased. 

A vast number of other accurate determinations of molecular 
structure have now been made, which cannot be enumerated in detail. 
The work of J. C. Speakman on acid salts, particularly sodium hydro- 
gen diacetate,64 of J. Iball and his co-workers on further condensed ring 
hydrocarbons, of W. Cochran and others on salicylic acid and various 
purines and pyrimidines, of R. E. Marsh and others on various 
benzene derivatives and other structures, and of D. C. Phillips on 
acridine, are all well known. In some of these cases, with accurate 
Geiger-counter intensity measurements, bond lengths and electron 
densities have been measured with standard deviations as low as 
0.004 A and 0.1 e.A-s respectively, as in the measurement of a 
tartrate structure by A. J. van Bommel and J. M. Bijvoet.65 Further 
progress in this field of high-precision work clearly depends on accurate 
counter measurements, combined perhaps with low temperature 
studies, as in the work of Hirshfeld and Schmidt on cr-phenazine.66 

In the field of complex molecules the most outstanding example 
during this decade has undoubtedly been the complete solution of the 
structure of vitamin Bls by D. C. Hodgkin, J. G. White and their 
many collaborators. 67 Furthermore, this feat was accomplished during 
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the early years of the period, and before computing methods had 
nearly reached their present state of high efficiency. As a complete 
structure determination it can still be considered the crowning 
triumph of X-ray crystallographic analysis, both in respect of the 
chemical and biological importance of the results and the vast com- 
plexity of the structure. 

The formula, CssHss014N14PCo together with about 24 molecules of 
water, shows that, even without counting hydrogen, there are about 
350 positional parameters to determine. The cobalt atom is far too 
light for anything like complete phase determination. Nevertheless, 
with this as a starting point, and with great determination and skill, 
involving what can only be described as gifted intuition at some points, 
the complete structure was finally elucidated. When the work first 
started in 1948 there was no information about the chemical nature of 
the vitamin. However, as in the case of penicillin, chemical work and 
degradative studies went on in close collaboration with the crystallo- 
graphic work, and during the next eight years the chemistry of various 

Fig. lO(4a). A portion of the electron distribution in the wet Bls crystal, showing the nucleus 
and most of its side chains (D.C. Hodgkin et al.). 
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Fig. lO(4b). The remainder of the Bls structure showing the benziminoazole, ribose, 
phosphate and propanolamine groups, with some of the remaining side chains (D.C. 

Hodgkin et al.). 

groups within the molecule was determined. A nucleotide-like group 
consisting of a benziminoazole ribose phosphate, a propanolamine 
residue and various amides and a cyanide group were discovered. 
There was also a large fragment containing cobalt which could be 
some kind of porphyrin-like nucleus. However, there was no evidence 
as to how all these groups might be linked together. 

The X-ray work proceeded by gradual stages and quite early there 
was direct X-ray evidence for some kind of a planar porphyrin-like 
unit. Additional atoms were gradually introduced into the phasing 
calculations, and the structure slowly became more clearly resolved. 
Both the wet and the air-dried crystals were examined, and a lot of 
help was obtained from the study of other derivatives, especially a 
seleno-cyanate, BrsSeCN, which had a second heavy atom, and a 
hexacarboxylic acid obtained by Todd and his co-workers by de- 
gradation. Finally, the whole structure was obtained with remarkable 
precision, as shown by the superimposed sections of the three-dimen- 
sional electron density distribution reproduced in Fig. lO(4a) and 
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(Vitamin B12) 

lO(4b). Th e c h emical structure, which can now be written as (III), 
contains many surprising and unusual features, such as the direct linking 
of two of the five-membered rings on the central nucleus. The whole ar- 
rangement is extremely compact and is found to conform very precisely 
to various stereochemical rules that have emerged from the study of 
many simpler organic systems. 

Since the solution ofthe Brs structure, the analysis of complex and 
chemically unsolved natural product structures has gone on apace. 
Many important contributions have come from Australia by the work 
of A. McL. Mathieson and his team, in both the alkaloid and terpenoid 
fields, from Canada by the work of Maria Przybylska, from the 
laboratories of Ray Pepinsky, W. N. Lipscomb and others in the 
United States, from Oxford and Cardiff in England. Another impor- 
tant recent development has been the accurate determination of the 
spatial arrangement of the atoms in large and medium ring aliphatic 
compounds by J. D. Dunitz and his co-workers in Zurich. 

A very large number of important natural product structures has 
recently been solved by the Glasgow school, using three-dimensional 
analysis with phase determination based on a heavy atom derivate. 
These include the terpenoids isoclovene, P-caryophyllene alcohol, and 
geigerin, the bitter principles limonin (IV),68 clerodin (V),ss and 
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cedrelone, the alkaloids calycanthine (VI),70 echitamine (VII):1 and 
macusine A, and many other similar investigations are now in progress. 
Owing to the complicated crystal structure, with two molecules in 
the asymmetric crystal unit, the solution of the limoninj structure 

(liionin) 

(IV) 

(clerodm) 

H Me 

(calycanthine) 

WI) 

.HO 
(echitamine) 

(VII) 

Conclusion 

involved finding the positions of 76 atoms other than hydrogen. The 
structure now found (IV) shows it to be a triterpenoid of the euphol 
type, and this has solved one of the long-standing problems in chemis- 
try, since this bitter principle of citrus fruits was first discovered in 
1841. The other structures shown below have also cleared up many 
chemical problems, because for years there has been controversy about 
their precise formulas. 
Having presented a brief sketch of present day work in organic 
structure determination by the X-ray method, it is now necessary to 
enquire about the future and ask what all this is going to lead to. In the 
field of simple and even moderately complex structures we may expect 
still higher precision, not only in bond length measurements but in the 
direction of mapping out the entire electron distribution. Such very 
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complete physical pictures of molecules must be the background 
against which fundamental valency theory will develop, and we can 
perhaps expect the science of chemistry now to move fairly rapidly 
from an empirical to a more strictly theoretical basis. 

In the case of those complex structures on the edge of the ever 
growing field of chemistry, we can now state with some confidence 
that we know how to use the X-ray method to solve unknown struc- 
tures containing up to 100 atoms or more in the molecule. This can 
often be done more quickly and always far more precisely than by the 
classical methods of organic chemistry. This accomplishment, however, 
now raises a very serious problem for the immediate future. In the past 
many of the great discoveries of organic chemistry have been made in 
the course of the long and patient investigations that are required in 
the elucidation of natural product structures. While solving a structure 
the chemist does far more than merely find the relative positions of the 
atoms in space. He makes many discoveries and learns a lot of chemis- 
try, which’ can often be. ‘utilised, for example, in effecting a total 
synthesis of the compound out of its elements. 

The X-ray crystallographer can now tell him the positions of the 
atoms very accurately and often very quickly, but cannot enlighten 
him about the discoveries that might have been made during a 
detailed chemical analysis. There is perhaps a real danger that unless 
serious thought is given to this matter the cause’ of organic chemistry 
may not be advanced by this work. It could even be retarded. It is 
clear that a lot of re-thinking is required, and that, given the structural 
formula, the chemist must learn to devise rapid and decisive experi- 
ments that will enable a full and effective understanding of the 
chemistry involved to be gained. 

Perhaps we solve some problems only to create others. In the long 
run, however, it is quite certain that a tremendous advance has now 
been made, and that in another ten years’ time organic chemistry will 
be a very different subject from what it is to-day. 
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