Principal Properties for Synthetic Screening: Ketones and

Aldehydes

Rolf Carison,>* Michal P. Prochazka? and Torbjérn Lundstedt®

aDepartment of Organic Chemistry, University of Umed&, S-901 87 Umea and "AB Leo, P.O. Box 839,

S$-201 80 Malmo, Sweden

Carlson, R. Prochazka, M. P. and Lundstedt, T., 1988. Principal Properties for
Synthetic Screening: Ketones and Aldehydes. — Acta Chem. Scand., Ser. B 42:

145-156.

Commercially available ketones and aldehydes were characterized by readily
accessible property descriptors. Principal components (PC) analysis of the data
showed two significant components (principal properties). For the ketones, 88 %
of the total variance was described by the PC-models, and for the aldehydes,
78 %. The cross-validation criterion was used to determine significant compo-

nents.

Principles for the selection of test substrates in synthesis based on these models

are briefly discussed.

To ensure maximum utility of new synthetic
methods it is desirable that their scope and limita-
tion can be established at an early stage. This
implies that test substrates for investigating new
methods should be selected to afford a sufficient
spread in their properties. This is not a trivial
problem when many properties are considered.
We have recently described how analysis by mul-
tivariate statistical methods, viz. principal com-
ponents (PC) analysis, of property descriptor
data for a series of similar compounds can be
used to reduce the complexity of the problem.
PC-modelling allows the systematic variation in
the properties over the whole series of com-
pounds to be described by few (two or three)
principal components, and the name “principal
properties” has been suggested for these.! Princi-
pal properties have previously been reported for
organic solvents,> Lewis acids,> amines in the
Willgerodt reaction® and for amino acids.! A
strategy for exploring the general scope of syn-
thetic reactions has also been discussed.’
Organic synthesis is heavily dependent on the
chemistry of the carbonyl group. Aldehydes and
ketones are often relay targets in complex natural
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product syntheses. Hence, many new methods
produced by synthesis are developed with simple
carbonyl compounds as model substrates. In this
paper we report a PC analysis of ketones and
aldehydes in order to determine their principal
properties, in the hope that our results will be
useful to others in the field of organic synthesis.
We are currently using these results in an exten-
sive study on regioselectivity in the Fischer indole
reaction, the results of which will be reported
separately.

Data

Ketones. Eleven property descriptors were used
to characterize the set of ketones. Data are sum-
marized in Table 1. The set contains 79 items.
One of them, 2(5H)-furanone (No. 43), is a lac-
tone that was listed among ketones in a compila-
tion of data found in the literature.® This com-
pound should be an outlier in the PC modelling
of ketones and was included as a test object for
this purpose.

Aldehydes. Nine property descriptors were used

to characterize a set of 113 aldehydes. Data are
summarized in Table 2.
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Table 2. (contd)
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g mol™'); 2, melting point (°C); 3, refractive index; 4, density (10° kg

m); 8, carbonyl IR absorption (wavenumber); 9, molar volume (10~ m3

“dentification number used in the score plot. ®Descriptors: 1, molecular mass (1072 k
m™3); 5, boiling point (°C); 6, 7, wavelengths of maximum IR absorption (10~¢

mol~"). For references to the descriptors, see footnote to Table 1.

Methods

The principal properties were determined by PC
projection of the data in Tables 1 and 2. The
SIMCA program package was used for calcula-
tions.” An advantage of the SIMCA package is
that it can handle incomplete data matrices. De-
tailed accounts of the principles of PC modelling
have been given previously.”®

Prior to the analysis each descriptor variable
was scaled to unit variance over the whole data
set, so that different units of measurement would
not distort the variance and bias the result. The
number of significant components was deter-
mined by cross validation.’

PC Modelling and resulits

Ketones. The consistency of the data was checked
as follows: In a first run, all variables were in-
cluded. Three sub-sets of ketones were selected
from Table 1, allowing, respectively, a maximum
of one, two, and three missing data for each
ketone. These sub-sets were used as training sets
in the PC analysis. Two components were ex-
tracted, which accounted for ca. 60 % of the total
variance. PC projections are shown in Fig. 1. The
cross-validation criterion and the calculated mod-
elling power for each variable indicated that de-
scriptor 10 (*C NMR shift for the C=0 group)
did not show a systematic variation over the data
set. The same was also found for descriptors 6
and 7 (strongest IR absorption bands). Recalcu-
lation of the PC model after deletion of these
variables, and with training sets allowing, respec-
tively, one, two and three missing data for each
ketone, afforded significant’ two-component
models which accounted for 80-82 % of the total
variance. When the remaining ketones were pro-
jected to the model, some outliers were found
(ketones Nos. 5-9, 12, 22, 42-44, 63 and 69).
These were not included in the training set for the
final modelling. Descriptor 10 was also deleted.
The reason for this was that data were missing for
47 of the 78 ketones and that cross validation
indicated only a small contribution from this var-
iable to the model. A significant two-component
model was obtained which described 88 % of the
total variance. Ketones Nos. 5, 7, 12, 22 and the
lactone No. 43 were projected outside the 95 %
confidence region of the model when all the ob-
jects in Table 2 were fitted to the model. The PC
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Fig. 1. PC projections for ketones based on
11 descriptor variables. (a) Score plot, (b)
loading plot.

projections are shown in Fig. 2. The PC scores (¢
values) which measure the principal properties
are listed in Table 1.

Aldehydes. In a preliminary analysis, 53 simple
aldehydes (not containing multiple functionali-
ties) were selected from Table 1. PC decomposi-
tion showed two significant components (88 % of
variance accounted for). As found for the ke-
tones, descriptors 6 and 7 did not contribute to
the model and were deleted.

In the next step, training sets were selected

PRINCIPAL PROPERTIES

from Table 2 allowing, respectively, a maximum
of one and two missing data for each item. PC
analysis yielded almost identical results for these
training sets, viz. 78 and 77 % of the total var-
iance accounted for.

The principal properties were obtained by pro-
jecting the whole data set in Table 2 onto the
model obtained from the training set with a maxi-
mum of two missing data. The following alde-
hydes were outside the 95 % confidence limits of
the model: Nos. 2, 3, 50-52, 95, 98 and 112.
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Fig. 2. PC projections for ketones based on
seven descriptors. (a) Score plot, (b) loading
plot.
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Fig. 3. PC projections for aldehydes. (a)
Score plot, (b) loading plot.
4

These outliers are excluded from PC projections

shown in Fig. 3. The PC scores are given in Table
2.

Discussion
Why bother about principal properties? Quantum
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chemical modelling can adequately describe iso-
lated small molecules and account for very simple
reactions in the gas phase. With larger molecules,
certain features can be described but the com-
plexity increases rapidly with the number of
atoms involved and more or less drastic assump-
tions must be made to make calculations pos-



sible. It is, however, well beyond the scope of
present-day theoretical chemistry to give any use-
ful description of even simple synthetic reactions
in which the reactants are dissolved in a solvent.
This means that a purely theoretical approach is
excluded when analyzing synthetic methods. This
must be done on the basis of experimental obser-
vations. A common approach to the selection of
test systems is to base it on an assumed reaction
mechanism. With new reactions, however, mech-
anistic details are unknown; any selection of test
substrates based on a reaction hypothesis that
later proved to be false would then have involved
wasted effort. We therefore suggest that selection
of test candidates should be made on the basis of
the principal properties. The underlying princi-
ples can be explained as follows:

A number of factors act on a chemical com-
pound to determine its behaviour in a chemical
reaction. Certain factors are related to the exper-
imental conditions (temperature, concentration
of reactants etc.), and information on such fac-
tors can only be gained from properly designed
experiments in which such factors are varied.'
Other factors refer to the reaction system (sub-
strate, reagent, solvent) and involve, for exam-
ple, effects of electronic distribution (field ef-
fects, delocalization), intermolecular forces (e.g.
in relation to aggregation), solute — solvent inter-
actions, steric hindrance to attack of a reagent,
and conformational effects. Common to these
factors is that they are dependent on intrinsic
properties of the molecular species involved and
interaction between such properties. Unfortu-
nately, such intrinsic properties cannot be mea-
sured directly. What can be observed are macro-
scopic manifestations of these intrinsic proper-
ties.!!

When a number of properties are measured for
a series of similar compounds, it is often found
that several property descriptors are correlated to
each other, i.e. they are related to the same in-
trinsic property. In PC analysis, correlated de-
scriptors will contribute in a similar way to the PC
vectors. Totally independent properties will be
described by different PC vectors. The contribu-
tion of each of the descriptors to the direction of
the PC vectors is given by the loadings (see Figs.
1b, 2b and 3b). Since PC vectors are mutually
orthogonal, we can assume that they portray in-
dependent and different intrinsic properties. We

PRINCIPAL PROPERTIES

can therefore use the PC scores (¢ values) as
measures of the intrinsic properties. We can also
use the ¢ values for comparison of compounds.

Selection of test compounds. The PC score pro-
jections (Figs. 2a and 3a) show the systematic
variation in the principal properties. We can use
this information and select test compounds using
two principles:

(A) Select test objects that are projected far from
each other and on the periphery of the projec-
tion. This will give a test set in which the var-
iation in the principal properties is maximized.

(B) Select test objects that are uniformly spread
over the projection. This will give a test set in
which the variations in principal properties are
evenly spread over the test objects.

The bulk properties used as descriptors convey
information on intermolecular forces. Such
forces will also play a role in solute — solvent
interactions. The aldehydes classified as outliers
in the PC model are all aromatic aldehydes which
are either phenolic or are substituted with strong
electron-withdrawing groups. With these alde-
hydes the bulk properties are strongly influenced
by hydrogen bonding and strong polar interac-
tions. This indicates that weak van der Waals
interactions are responsible for a systematic var-
iation for the remainder of the aldehydes. Ability
to participate in van der Waals interaction is
therefore considered as an important intrinsic
property.

The position of the carbonyl absorption in the
IR spectrum depends on the electronegativity of
the substituents at the carbonyl group. In ke-
tones, a strain factor also intervenes and this is
the reason why cyclobutanone (No. 12) and cy-
clopentanone (No. 22) were classified as outliers.

However, there are important factors that are
not covered by the descriptors used in this study.
Such factors are, for example, the presence of
bulky groups or branching of the carbon skeleton
close to the carbonyl group, and the presence of
other functionalities that might possibly interfere
with the desired reaction. It is therefore sug-
gested that selection by principal properties ac-
cording to (A) or (B) above should be used as a
“coarse-meshed screen” to select a sub-set of po-
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tential test candidates with a sufficient spread in
properties. A final selection is then made from
this sub-set taking other factors into account.

Data. When the chemist is faced with the prob-
lem of selecting test substrates, it is likely that
he/she resorts to commercial sources for supply
of chemicals rather than to synthesizing a series
of model compounds. In this study we have
largely used data on commercially available
chemicals. We believe that this will be sufficient
in most cases.

Two problems are encountered whenever data
are compiled for a large series of compounds: (1)
Literature data are not consistent. Scientific pa-
pers rarely describe more than a handful of com-
pounds; to obtain data for series of compounds,
data must be taken from different sources. How-
ever, the methods of measurement used by one
group are seldom identical to the methods used
by other groups. (2) Data are not available for all
compounds, i.e. some descriptors are missing.
This is not a major problem in the data-analytic
method we have used since the SIMCA program
tolerates missing data if they are scattered over
the whole data set.

Conclusions

Elaborating a reaction into a synthetic method
will usually entail determination of the scope of
the reaction with regard to substrate variation.
This necessitates selection of test substrates to
cover a range of variation in properties that may
interfere with the reaction. In this context, princi-
pal properties are useful tools since they permit
all factors to be considered prior to any actual
experimental run. Another advantage is that se-
lection based on principal properties is less likely
to be afflicted by personal bias.

Calculations

The calculations were carried out on IBM
PC/XT, Toshiba M 1500 or Toshiba M 1100 (16-
bit) micro-computers. The SIMCA program
package (SIMCA 3-B version) was used to estab-
lish the PC models. The program is available
from SEPANOVA AB, Ostrandsvigen 14,
S-112 43 Enskede, Sweden, or from Principal
Data Components, Shepard Blvd., Columbia,
Missouri 65201, USA.
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