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Abstraci

The critical role that observation can play in solving scientific problems is illustrated with several examples.
© 1999 Published by Elsevier Science Ltd. All rights reserved.

In the twentieth century, especially in the latter half, organic chemistry has become an increasingly
exact science. The elucidation of the structure of a complex molecule, traditionally an extremely arduous
task, has been greatly accelerated by the advent of new, potent methods of separation and analysis.
Powerful new chromatographic methods allow the rapid isolation of pure compounds. The synergistic
use of spectroscopic methods (especially nuclear magnetic resonance and mass spectroscopy) has
largely eliminated the need for tedious chemical degradations. The rapid assignment of structure now
possible has greatly promoted synthetic chemistry and the development of new synthetic methods. New
theories have also given impetus to the development of organic chemistry. In the nineteenth century,
the accumulation of many facts led inductively to the original theory of structure. The observation of
optical activity of certain organic compounds in solution led to Pasteur’s separation of antipodes and
then to the tetrahedral carbon theory of Le Bel and van’t Hoff. Our century is perhaps even more rich
in important new theories that have ied to major gains in the quaiity of knowiedge embodied in organic
chemistry. For example, the contributions of Lapworth, Robinson and Ingold to the electronic theory
of organic moiecuies and their reactions ailowed for the first time the appiication of deduction instead
of induction in organic chemisiry, as in the prediction of new reactions based on theory. The theory
of resonance deveioped by Pauiing and Wheland provided a basis for explaining many properiies of
molecules. Barton introduced a new theory which allowed the prediction of chemical reactivity based
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1mportance of these theone as well as others, we should recognize that they have invariably been based
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i. Exampies of unexpected observations

For many vears people had known that eating citrus fruits prevented scurvy, but all attempts to isolate
the active anti-scurvy agent (vitamin C) had tailed. In his studies of the adrenal cortex of the ox. Albert
Szent-Gyorgyi succeeded in isolating small quantities of a crystalline sugar-like substance which he
named hexuronic acid. This compound was a potent reducing agent that reduced siiver nitrate and
gave a distinctive color test with orcinol and ferric chloride; most significantly. it proved to have anti-
scurvy activity.! Unfortunately, the quantities isolated were too smaii for detaiied chemical and biologicai
studies. However, at a dinner. Szent-Gyorgyi was served fresh green peppers, a staple in Hungary. After
cutting the peppers with a steel knife (fortunately, at the time stainiess-steel knives were not avaiiabie).
Szent-Gvorgyi observed on the edge of the blade the same coloration he obtained from hexuronic acid and
fernic chioride. suggesting to him to ook for hexuronic acid in peppers. The next day he pressed several
kilograms of green peppers. yieiding juice which gave a strong coior test with ferric chioride. Careful
processing of the juice fed to the 1soiation of a substantiai quantity of the crystailine vitamin. (Ultimateiy
several kilograms were obtained.) A sufficient amount was then sent to W. Norman Haworth to enable
him to elucidate the structure of vitamin C. Both scientists received the Nobei Prize in 1937. Thus a
chance observation by Szent-Gyorgyt of a characteristic color was put to good use. greatly promoting
research on a crucial vitamin.

Cope and coworkers had prepared a variety of (dialkylyvinyl)-alkylcyanoacetic esters which were
stable to purification by distillation. However, ethyl (1-methylpropenyl)-allyl cyanoacetate (1) which
was unchanged by distillation at 1 mm. underwent an increase” in both boiling point and refractive
index upon distillation at 16 mm. These unexpected increases suggested to Cope that compound (1) was
undergoing a thermally induced change to a new compound. Indeed. prolonged heating of compound (1)
caused the complete conversion of compound (1) into a higher-boiling isomer. The increase in refractive

index indicated to Cope that the new isomer was conjugated. Both degradation and synthesis showed that

he established with further studies (Scheme 1). Today the Cope rearrangement is a widely utilized and

intensively studied reaction. A critical observation by a perceptive investigator led to its discovery.

Another example of a sharp observation of the unexpected was made by R. B. Woodward? at a critical
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2. Chemistry in the melting point tube

Theoretical knowledge and modern physical methods now enable the organic chemist to answer
questions of structure in a very short time, much shorter than before. Yet organic chemistry reached
today’s peak by the innumerable experimental efforts that have been developed in order to promote
science and answer the most delicate structural questions, even before the advent of modern instruments.
How did this happen?

The creativity of the individual researcher and the observations made in the laboratory still remain
the most important parameters. In the past, there were simple organic molecules that needed to be
investigated for one reason or another. In order to do that, this author turned very early in his scientific
career to the use of physical methods. In 1936-1937 when these methods were not yet predominant in
organic chemical research, he cooperated with spectroscopists on structural and mechanistic problems.
One of the problems, that of the acyclic vs. ring structure of nitrones, was answered by UV spectra® in
favor of the acyclic one.

However, the great majority of the work that this author has achieved attests mostiy to the power of
observation combined with some imagination. Today’s student hardly uses a meiting point determination
as it was used in the past to characterize and identify substances.

In this connection I would like to call attention to an early classic example of the s1gmﬁcance of a

',,-L,“_ 7 ________ ST

melting point determination. This is found in Ine Case of the oxalyl derivative I, prepared during tt

1YYzl 8 S T

equuenm symnesw of bacnmann Cole and Wiids. 37 in the words of a referee:

“the crucial tricyclic intermediate B-keto ester was only achieved, via decarbonylation of the oxalyl
precursor (I) WlldS observed that when the melting pomt (of I) was taken in a soft glass (!) tube,
contrast to the meltin int in pyrex. Addition of powdered soft glass
to the decarbonylation reaction made it successful, and the synthesis marc hed on.”
Here the loss of CO must plausibly have taken place under alkaline conditions as illustrated below.
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During my career, the melting point tube and melting point determmatlon —the observation of what
is happening to the micro amount of crystals in the melting point tube — helped me to recognize a
number of chemical transformations and to elucidate the structures of the products. Chronologically,
the first example occurred in research directed towards the synthesis of diethylstilbestrol. These efforts
were undertaken in the Laboratory of the Chinoin Pharmaceutical Company, in Budapest, during World
War I1. The research focused on developing a method to synthesize diethyistibestrol independently of
the previously described approaches. The author’s first idea was to try a thermolysis of the azine of p-
methoxypropiophenone (8), to obtain diethyistilbestrol methylether in one step by an electron pairing
of the two radicals that would arise by the loss of nitrogen. But this approach failed.! Azines are
very stable compounas they nave mg melting points and the pyrmyuc conditions wer
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The Lancet (it reache Hungary on De cember 1) and learned that hean ng anethole (p-1 propenylamsole)
with hydriodic acid gave small amounts of impure 3,4-di-p-hydroxyphenylhexane.® Remethylation of

hydriodic acid gave small amour imp
ave a dimethylether of melting point 144°C, which was the same as the 3, ,4-di-
p-methoxyphenylhexane we had prepared. Moreover, demethylation of our thermolysis product (with
methanolic potassium hydroxide) also gave meso* 3,4-di-p-hydroxyphenylhexane, a compound which
proved to be a new potent estrogen,” named ‘hexoestrol’, superior to the stilbestrol that we originally
intended to synthesize. Thus our observation of an interesting melting point behavior led to a practical

synthetic route to a compound of pharmaceutical value'? as a synthetic estrogen.

ay our ther nl vsis reculrc wer

T Now, this might be feasible by flash photolysis.
¥ Crowfoot and Carlisle established the meso structural assignmenis by X-ray crysiallography.'?
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A second example where the melting point tube was to help clear up a mystery that existed in organic
chemistry for about 50-60 vears. was the case of the structure of steroid-5,6-dibromides. Today it may
sound odd that the scientific world debated for about 60 years whether the product of the brommdnon of
cholesteryl benzoate, a beautifully crystalline material with a melting point of 134°C and [« ];’=-39°,
was a dibromodicholestany! dibenzoate or a monomeric monobromide (A or B (Scheme 3)). This author
doubted both structures when his attention was directed to this problem by his supervisor. Dr. Z. Foldi.
with the aim of trying to oxidize the compound to get into a new realm of steroid hormones. i.e. products
of degradation of the steroid side chain that might be converted into one of the known sex hormones, e.g.
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It was observed originally in 1891 by Obermiiller'# that when benzoylcholesterol was brominated in
carbon disulfide an amorphous material formed that by recrystallization gave a compound with a melting
point of 138°C. The analysis of the bromine by the method of Carius, carried out in a sealed tube at only
120°C, gave a value calculated for monobromocholesteryl benzoate or dibromodicholestanyl dibenzoate
(A or B, Scheme 5).

Dorée and Orange, 20 years later, reported!’ that there are two compounds formed in the bromination
of benzoyl cholesterol. They determined the melting points to be 138°C and 169°C, respectively, and
the first compound seemed to be identical with that observed by Obermiiller. Therefore, they believed
that one was a cholesteryl monobenzoate monobromide and the other was a dicholestanyl benzoate
dibromide.

In England, Petrow!® stated that both bromocholesterolbenzoate compounds formed, and reported a
molecular weight twice as high as that expected for the cholesteryl benzoate monobromide. To add to
the confusion, Petrow assigned the structure of the dibromodicholestanyl dibenzoate to the compound of
melting point 138°C.

Although this author had doubts, he tried to oxidize this steroid benzoate bromide with chromic
acid in glacial acetic acid. Observing the very low solubility of this benzoate in giacial acetic acid,
he believed that the compound wouid not be oxidized at all. So after several days attempting to
oxidize it as a suspension, the crystailine starting material of melting point 138°C, [ 130=—38° was
filtered off. Evaporatlon of the solvent gave crystals of a different material, with a melting point of

168°C 10( Jb"‘+640 This melting point was similar to that of the second compound that Dorée and
Orange!> had described. Dr. F. Wessel of the Analytical Laboratory at Chinoin subjected the compound
to bromine determination, carrying out the Carius determination in a sealed tube at 300°C (not at
120°C as attempted previously). This (proper) method gave a bromine percentage exactly as calculated
for benzoylcholesteroldibromide: the same result was found for the starting material, melting point
138°C. These daia eliminated both structures A and B from further consideration. The author made a
careful melting point determination of the lower melting isomer and found that by slowly heating it
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above the melting point it resolidified to melt ultimately at 168°C. He concluded that both the starting
material and the higher melting product are stereoisomeric dibromides of benzoyl cholesterol. Since this
transformation could also be achieved with the higher melting, dextrorotatory isomer (the resolidified
melt gave both isomers) the process proved reversible, and since it was accompanied by a change of the
sign of optical rotation, the author named it ‘mutarotation’. Thus, melting point determination, optical
rotation and the correct analysis helped to dispel a myth that existed in the literature for over 50 years.!”
The inappropriate analysis of bromine and an incorrect molecular weight resulted in a false structural
assignment, i.e. a false molecular formula. This mutarotation helped us to obtain the hitherto unknown
dextrorotatory diastereomer by melting levorotatory cholesterylacetate dibromide. The new isomer was
much more soluble in glacial acetic acid and therefore it could be oxidized in homogenous solution
in very good yield to give acetyldehydroandrosterone dibromide. The latter dibromide, in turn, was
debrominated and deacetylated in the usual fashion to give the hormone dehydroandrosterone.$

From a scientific point of view, the recognition of the mutarotation of benzoyl cholesterol dibromides
led to recognition of the stereoisomerization of the two dibromides. By polarimetry an equilibrium of
79% dextrorotatory and 21% levorotatory form was established. This interconversion was studied in
different solvents polarimetrically and the same phenomenon was described in more detail in Hungarica
Acta Chimica,'® an article that called the attention of Saul Winstein and Derek Barton to this problem.

This surprising equilibration was interpreted by Winstein and Grob!® as an example of neighboring
group participation via the intermediate formation of a cyclic bromonium bromide. Barton?027 saw it
as an example where the diaxial kinetic product is converted, most likely via the bromonium ion, into
the thermodynamically more stable diequatorial form, i.e. 5,6-dibromocoprostanyl benzoate. This result
was used by Barton as an interesting example in establishing conformational theory. In this case the
relative stability of the rings, cholestane versus coprostane, is reversed because the cholestane derivative
is diaxial while the coprostane derivative that arises from equilibration is the diequatorial dibromo
product (Scheme 5). The conclusion is that a new phenomenon — equilibration of diastereomers — was
discovered basically by the observation of the resolidifying of the melt of the lower melting bromide.
Finally, we note that monobromocholesteryl benzoate and dibromodicholestanyl dibenzoate were both
non-existent and over 50 years of errors could have been eliminated by correct observations.

A third exampie of the observation of an important transformation in a melting point tube happened
in 1952 when this author succeeded in eswousmng the (then unknown) syn/anti-configurations of the
3-tropanols, tropine and pseuaouop' The crucial experiment involved the N-acetyl derivatiy

ine ves O
nortropme and norpseudotropme (14 an d 15). Both amides gave crystallme amlde hydrochlond which
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of nortropine gave tropine and likewise norpseudotropine gave pseudotropine without affecting the C-
3 OH, the configurations of the 3-tropanols were established. This stereochemical conclusion — that
these compounds were - and B-isomers —was then generalized, upon R. S. Cahn’s suggestion, to
a large number of tropane alkaloids. Thus an experiment in a melting point tube led to the solution
of an intriguing and important sterecochemical problem. Of course, the N— O migration is not limited
to a melting point tube, Nickon and Fieser subsequently reported?? a similar rearrangement with N-
benzoylnorpseudotropine in a solvent.

H
Ma 4(")." . ._.- Me IOH ~r
""-\C’ Ci i
i
N
oH *‘w m
22! e
14 17
16
H
Me\r//O+ or

I“\\/\/,A/H —*  No reaction
|

Scheme 6.
All three examples together show that the observation of the transformations of micro quantities of

a compound is possible in a melting point tube. Observation is one of the strongest weapons that the
organic chemist has!

3. Critical attitude vs. hypothesis

Over many years, the author has recognized that one has to examine hypotheses critically. The
dispeiling of the myth of the so-called dibromodicholestanyi benzoate that survived for many years
is an example where the doubt cast on a structure, the formation of which could not be explained
mechanistically, was a positive experience. Another time, not much iater in the author’s life, was the
observation of a striking difference in the behavior of norephedrine and norpseudoephedrine derivatives.
In that case, no configurational assignment was needed, because that had been made earlier. However (the
1a[e) Josepn Kiss and the author found that treatmeni of N- dLlepﬂC(]l’lﬂeb and N- dcylpseuaoepneannes

wiih alcoholic hydrogen chioride showed a drasiic difference between each diastereoisomeric pair. The
former failed to undergo N—O acyl migration while the pseudoephedrine derivatives (acyl=acetyl, Ut:u—

ie
zoyl, ¢ arbobenzoxy) underwent fast and complete re arrangement to give the aminoester hydrochlondes

Thavy natad tha
R 8
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this hypothesis of free rotation to N—O migration, in the acyl derivatives of both ephedrine and pseu-
doephedrine, the hvdroxvl and the acylamino groups apparently can be close together, allowing bridging
between the acyl(carbonyl) carbon (followed by cleavage of the intermediate hydroxyoxazolidine into
the O-acylamino ester hydrochloride). So there was doubt cast by my colleagues on the correctness of
our observation and conclusion. However, the critics did not realize — as Freudenberg did not — that the
two different aminoalcohols have bulky groups (Ph and Me) on the two neighboring carbons which lead
to conformational differences (Scheme 7). The logical explanation of this stereospecificity lies in the
steric repulsion between the methyl and phenyl groups. A simple space-filling model showed that in each
stereoisomer, the conformation with the phenyl and methyl groups trans-oriented (antiparallel) must be
preferred (lower energy) relative to the conformations with these groups skew-oriented. The antiparallel
orientation of the phenyl and methyl groups means that in the ephedrines, hydroxyl and acylamido groups
are antiparallel, inhibiting acyl migration while in pseudoephedrine (also in chloromycetine?>) they are
skew-oriented, promoting acyl migration (Scheme 7). This recognition means that the doubts we raised
about the hypothesis of free rotation and the new interpretation were justified,” especially in light of
Barton’s ingenious conformational analysis. Indeed, Barton himself used this example as support for his
elegant development of conformational analysis in aliphatic compounds.?’

AN AN
@) @)
AcHN\I/H AcHN H
H0)<l>1\. i H)<I>L OH
Me Me
N-acyl-(+)-nor-pseudo-ephedrine N-acyl-(-)-nor-ephedrin

acyl = acetyl, benzoyl, benzyloxycarbonyl

Of course, it would be a mistake not to recognize the constantly increasing power of deduction
that is made possible by the assistance of physical organic chemistry’s armament. For example, my
most pleasant souvenir in that respect is the elucidation of the configuration of scopolamine, by

T A referee criticized the stereochemical interpretation we gave stating that it ignored the Curtin—-Hammett principle. Since our
explanauon preceded that principle by several years, we should not be accused of ignoring it. The Curtin-Hammett principie
the relative amounts of products formed from intercoverting conformational isomers are independent of the relative
conformers. The discussion above deals with the preferred conformation of two diastereomers,
not conformational isomers. In the norpseudoephedrine derivative, the lowest energy conformation clearly closely models the
transition state for rearrangement. In contrast, with the norephedrine derivative, rearrangement obviously cannot occur from a
transition state resembling the lowest energy conformation. The skew conformations having the hydroxyl and acylamino groups
gauche are clearly much higher in energy than the ground state conformer; i.e. they would model high energy transition states

e TX o cmnmns araamt Aane At AnoTIe

101' redrrdngcmem ncncee lCdJldugClucul uuca ot occur.

0-.
>,

-

-

¢

Q

=)
)

-

=%

2

o

2

s
[



G. B. Fodor/Tetrahedron 55 (1999) 7391-7404 7401

reinterpreting previous experiments. This stereochemical problem was solved in three widely separated
laboratories,?® almost simultaneously by regarding the known rearrangement of scopine (18a), the
alkamine of scopolamine (18b), to oscine (19) in terms of Ingold’s electronic theory of nucleophilic
substitution. Willstitter?® correctly considered the four possible stereoisomers of scopine, but was
hampered by his mentor’s (A. Baeyer) strain theory, and thus assumed a planar six-membered piperidine
ring for scopine (20). With the advent of the Sachse—-Mohr theory and W. Hiickel’s proof of the three-
dimensional, non-planar structure of cyclohexanes in cis- and trans-decalin it was obvious that this
concept was not tenable, especially after the birth of conformational analysis. But the question was how
to prove this configuration? In this case, deduction from known electronic and stereochemical principles
helped chemists to solve the structure correctly. Meinwald, Cookson, and the present author, completely
independently, discovered in 1952-1953 that the problem could be solved by making a 3D model of
oscine (19), the product of the alkaline cleavage of scopine. This model showed that the tetrahydrofuran
ring of oscine, overbridging the distance between carbons 3 and 6 of scopine, must originate from an exo-
epoxide by a rearward nucleophilic attack of oxygen-3 from the endo side of the epoxide ring of scopine
(Scheme 8). The stereochemistry established for scopine clearly could be extended to scopolamine. Thus,
by correctly reinterpreting old findings without further experiments, in the light of modern physical
organic chemistry it was possible to deduce the configuration of scopolamine on carbons 3, 6 and 7.

HO—r—H

oA | Ho-7 7 /%]
" O .
18 19 20 C'Ha

=
—

™ N
~

@R=H

(b) R = S(~)-tropoyl
Scheme 8.

5. A renewal of L-ascorbic acid chemistry

Many years after the discovery and the synthesis of vitamin C, an unexpected observation led to a

new area of the chemlstry of thxs fascmatmg compound Alben Szent Gyorgy1 w1th whom thlS author
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calf liver and identified by us”' in 1978. The enzyme glyox: 1 T a
the ketoaldehyde itself had not been prev1ously isolated from mammalian tissue. It was supposed by

A o i el Aiuiad ae arafar a tri
€A a1 lupUll.du role in cell division. Therefore he t

We planned to form a cyclic acetal-ketal, involving carbons 5 and 6 of ascorbic acid. After unsuccessfu
attempts to make an acetal under anhydrous conditions, we tried using a concentrated aqueous solution
of ascorbic acid. To our surprise, when monitoring the reaction by using Szent-Gyorgyi’s iodometric
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titration of the enediol group, we found that this moiety disappeared in a short time, proving that the
reducing group of ascorbic acid was consumed rapidly.

Unfortunately, many compounds were formed in this experiment and separation by HPLC and other
chromatographic methods was not feasible. But this reaction intrigued us and since this mixture showed
some immunopotentiating effect (Dr. R. Veltri, immunologist) it seemed interesting to study this newly
discovered chemistry of ascorbic acid. Therefore, we chose to investigate the vinylogue of methyliglyoxal:
acetylacrolein, 4-keto-cis-2-pentenal (21), a compound easily accessible from 2-methylfuran. In aqueous
solution ascorbic acid again was consumed, and after evaporation a low-melting solid formed. It was
later characterized as a molecular compound with succinic anhydride.!! A complex which was identified
in the Naval Research Laboratory by Isabella Karle.? This study established that the new compound was
2-(5-methyl-2-furyl)-3-keto-L-gulonolactone-3,6-cyclohemiketal (22) and that the complex involved a
unique H-bonded structure (23) (Scheme 9). The formation of this furan can be explained by assuming a
nucleophilic addition of ascorbic acid at the aldehyde carbon of the unsaturated ketoaldehyde.

CH,0 mOCH i i O

I H ~ \
CH™ No ™ -2 CH,0H o) (o _CH

7 W\ ~a O P
AN oL\ o
CHy” Yo ; H0 :
I ? O ¥ CHT OJT %
| HO— /= it
| O | -oH 0"y \ __oH
% et
22 H HOCH2 H
S oHjf ) OH o
72N OH J
L N / \ :
oo et IZ
He I ---nH s Q) Q e HO! I H
HOHC—/" \-cHon
23
Scheme $

A literature search showed one observation of an alkyiation of this kind: the C-2 benzyiation of sodium
ascorbate.>> The formai rearrangement of the acetonide of 2-O-cinnamoyi-3-methyi ascorbic acid to C-
2- methyl -2-0O-cinnamoyl-3-keto-L- gulonolactone may also be considered as an analogy 34 Later on we

IOUHG"" that abCOl’DlL acid can unuergo the lVllbndt:l erLllOl’l as a UOHOY, with a VdﬂCly 01 o, p Ullbdlufdlt:u

! Succinic anhydride was added in order to form a succinic acid hemi-ester with one of the hydroxyls. This reaction, however,
did not happen; instead a white crystalline material precipitated from the ethyl acetate solution. The NMR spectrum of this
material, estabhshed that 1t was an addmon compound of the starting materiais. X-Ray crystauograpny by Isabeiia Karle and
£ nen LT b dad e w ~AF fiimne Anviurnel fe 2o} th cavmnlemia anmb

£

(o8 PN
UIIPITA Ul 1ulail QETIVAUVE 4aa Wll.ll SucCCinic auu_yuuuc a

SO [
1e structure of a hvdrn,vy! g.m"p attached hy hydrogen bonds to the carbonyl group of an anhydride 23,
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rhodomelol, leucodrine and leudrin. The only previous synthesis of one of these compounds took more
then ten steps to build up the skeleton. It is conceivable that nature made use of this type of ascorbic
acid reaction for the biosynthesis of these products. Thus, the observation regarding the enediol group of
ascorbic acid opened new avenues to a variety of interesting compounds.*>

HO
\\o o) OH 5
s y
- H,O O
CH,=CH—CHO —> \/‘://o * HOo —— HOT'I\o H
HO~ H H o OH
o N
\/ H
H
Scheme 10.
Ry, Ri Ry, Ry R,O IIo
= HCl 20 =~ cﬁ/\bi/%
——
H—O
Ry=H 24 CH,0H
R1 =Br Rz =H
Ry =CH;,
Y
Ry, M i
OR;
H S |
_— o
O\,,L/OH
25 H
R1 =H N Rz =H
Ry=Br ; Rp=H
Ry=8Br ; R2=CH3
Scheme 11.

In concluding with this example of the role of observation in science, we want to emphasize how
careful observation, often of seemingly minor events, can lead to many new discoveries. We hope that
this article will encourage young chemists to develop their powers of observation and to follow-up on
what they observe.
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