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Numerical representation of stereochemical environments using FRAU (Field-characterization
for Reaction Analysis and Understanding)-descriptors has been investigated. Correlations were
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INTRODUCTION

Stereochemistry is essential information for discussing
property, activity and reactivity based on chemical struc-
tures. Many research groups have developed methods for
handling stereochemical information using computers,'~12
these methods have been for linear notations of stereo-
chemical structures, character-labels representing stereo-
chemical attributes, and numeric representation of stereo-
chemical environments.

My colleagues and I developed two methods for ste-
reochemical representation called FRAU (Field-charac-
terization for Reaction Analysis and Understanding)® and
CAST (CAnonical-representation for STereochemistry).!°
The CAST method provides canonical line notations re-
presenting stereochemical information and was implement-
ed in a 3C NMR chemical shift prediction system called
CAST/CNMR,!3 which ensures highly accurate predic-
tion by considering stereochemistry, this system has been

analyzed between the FRAU-descriptors and stereochemical environments around an oxygen
atom of cyclohexanol with chair form and oxygen atoms of all of the diastereo isomers of 1,2-
cyclohexanediol, 1,3-cyclohexanediol, 1,4-cyclohexanediol, and 1,2,3,4,5-cyclohexanepentol
with all possible chair form conformations. Good correlations were found between the FRAU-
descriptors and 3D stereochemical environments.

used in practical structural analysis such as structural re-
vision.'* The FRAU system numerically characterizes
molecular fields based on electrostatic and steric inter-
actions and was applied to classifying and predicting re-
agents’ functions.!?

To determine the further applicability of FRAU for
detecting more detailed similarities and differences in re-
agents and also for predicting stereoselectivity and regio-
selectivity, I have investigated whether the 3D stereoche-
mical environments can be distinguished with the FRAU-
-descriptors.

EXPERIMENTAL

FRAU-descriptors

The FRAU system provides three kinds of numerical descrip-
tors concerning electrostatic interactions, steric interactions,
and surface area, which are called FFelectro, FFsteric, and

* Dedicated to Professor Haruo Hosoya in happy celebration of his 70" birthday.
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FFfield, respectively. These descriptors characterize a reac-
tion field in the three-dimensional space and are assigned to
each atom in a molecule. The FFelectro descriptor is calcu-
lated based on electrostatic interactions, the FFsteric descrip-
tor is calculated based on van der Waals interactions, and
the FFfield descriptor corresponds to the size of the van der
Waals surface. The size of the area is estimated as the num-
ber of dots that are equally set on the surface. A detailed
FRAU algorithm was described in a previous paper.’

The purpose of this study is to determine whether the
FFsteric and FFfield descriptors can detect the differences
and similarities of stereochemical environments.

Dataset

The model structures used in this study are shown in Figures
1-5. Correlations were analyzed between the two types of
FRAU-descriptors and stereochemical environments around
oxygen atoms of cyclohexanol (1) (Figure 1) and of all dia-
stereo isomers of 1,2-cyclohexanediol (2) (Figure 2), 1,3-
cyclohexanediol (5) (Figure 3), 1,4-cyclohexanediol (8) (Fig-
ure 4), and 1,2,3,4,5-cyclohexanepentol (11) (Figure 5) with
chair form conformations. These model structures were cho-
sen because they contain oxygen atoms with various 3D ste-
reochemical environments that form an appropriate dataset
to investigate the correlation. In total, the dataset consisted

OH OH
(7 = o
1 1a 1b

Figure 1. Structures of cyclohexanol (1) and its chair form confor-
mers (1a, 1b).
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Figure 2. Structures of 1,2-cyclohexanediol (2), its diastereo iso-
mers (3, 4), and their chair form conformers (3a, 3b, 4a).
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Figure 3. Structures of 1,3-cyclohexanediol (5), its diastereo iso-
mers (6, 7), and their chair form conformers (6a, 7a, 7b).
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Figure 4. Structures of 1,4-cyclohexanediol (8), its diastereo iso-
mers (9, 10), and their chair form conformers (9a, 9b, 10a).

of FFsteric and FFfield descriptors of 120 oxygen atoms. In
calculation of the descriptors, in order to ignore differences
in the orientations of hydrogen atoms, no hydrogen atoms
of the hydroxyl groups were taken into account.

RESULTS AND DISCUSSION

Plot Graph of All Data

The plot graph of FFsteric to FFfield of all of the 120
oxygen atoms is shown in Figure 6-a. Equatorial and axial
atoms were clearly classified, and the axial atoms were
grouped into axial, 1,3-diaxial, and 1,3,5-diaxial classes,
as shown in Figure 6-b. We looked into the detailed con-
tents of the classes as follows.

Contents of the Clusters of Equatorial Atoms

The data corresponding to the Ea—f clusters in the equa-
torial group (Figure 6-b) are shown in Figures 7—12. The
Ea cluster consisted of four equatorial oxygen atoms of
1b, 6a, 9b, and 10a, as shown in Figure 7, where cor-
responding atoms are denoted by gray circles. The com-
mon partial structure around the equatorial atoms is shown
in Figure 7-a, they have no hydroxyl group at either of
the 3-carbon atoms. The Eb cluster consisted of 11 equa-
torial oxygen atoms that are denoted by gray circles in
the 4a, 12a, 13a, 14a, 15a, 16a, 16b, 17a, and 20a struc-
tures (Figure 8). The characteristic partial structure for
the cluster had an axial hydroxyl group at one of the -
carbon atoms (Figure 8-a). The Ec cluster was characte-
rized by a partial structure that had an equatorial hydroxyl
group at one of the 3-carbon atoms, as shown in Figure
9-a; that partial structure was the common structure around
11 of the equatorial atoms denoted by gray circles in 3b,
13b, 14a, 17b, 18a, 18b, 19b, 20a, and 21a (Figure 9).
The Ed cluster consisted of 8 equatorial oxygen atoms
that had axial hydroxyl groups at both of the -carbon
atoms (Figure 10-a), which are in 12a, 12b, 13a, 13b,
14b, 16b, and 19a (Figure 10). The Ee cluster was cha-
racterized by a partial structure that had an equatorial hy-
droxyl group at one of the 3-carbon atoms and an axial
hydroxyl group at the other 3-carbon atom, as shown in
Figure 11-a; that was the common structure around 14 of
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Figure 5. Structures of 1,2,3,4,5-cyclohexanepentol (11), its diastereo isomers (12-20) and their chair form conformers (12a, 12b,
13a, 13b, 14q, 14b, 15a, 15b, 16a, 16b, 17a, 17b, 18a, 18b, 19a, 19b, 20a, 20b, 21a, 21b).

the equatorial atoms denoted by gray circles in 13b, 14a,
15b, 16a, 17b, 18a, 18b, 19b, 20a, and 20b (Figure 11).
The Ef cluster consisted of eight equatorial oxygen atoms
that had the same partial structure with equatorial hydro-
xyl groups at both of the f-carbon atoms (Figure 12-a),
which are in 14a, 15b, 17b, 18a, and 21a.

Figure 13 shows the distance from the equatorial
atoms in the Ea cluster to the other atoms. This shows
that the equatorial oxygen atoms share the same three-
dimensional partial structural environment within about
4 x 10719 m, which corresponds to the partial structure
characterizing the Ea cluster shown in Figure 7-a. For the
other clusters, the corresponding equatorial oxygen atoms
also share the same three-dimensional partial structural
environment within about 4 x 10-10 m.

The results show that the FFsteric and FFfield de-
scriptors clearly detected the similarities of the three-di-
mensional partial structural environments around the oxy-

gen atoms; the size of the environments was within about
4x 10719 m

Contents of the Clusters of Axial Atoms

In the same way shown for the equatorial atoms, the data
corresponding to the Aa—c, 13Aa—c, and 135Aa— clusters
in the axial group, the 1,3-diaxial group, and 1,3,5-diaxial
group (Figure 6-b) are shown in Figures 14-22, respecti-
vely. The Aa, Ab, and Ac clusters were characterized by
partial structures that had no equatorial hydroxyl groups
at either of the B-carbon atoms (Figure 14-a), those that
had an equatorial hydroxyl group at one of the 3-carbon
atoms (Figure 15-a), and those that had equatorial hydro-
xyl groups at both of the B-carbon atoms (Figure 16-a).
The 13Aa, 13Ab, and 13Ac clusters were characterized
by partial structures that had no equatorial hydroxyl groups
at either of the B-carbon atoms (Figure 17-a), those that
had an equatorial hydroxyl group at one of the 3-carbon
atoms (Figure 18-a), and those that had equatorial hy-
droxyl groups at both of the 3-carbon atoms (Figure 19-a).
The 135Aa, 135Ab, and 135Ac clusters were characte-
rized by partial structures that had no equatorial hydroxyl
groups at either of the B-carbon atoms (Figure 20-a), those

Croat. Chem. Acta 80 (2) 217-225 (2007)
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Figure 6. Plot graph of FFsteric to FFfield for all 120 oxygen
atoms. (a) A plot graph. (b) The oxygen atoms were grouped into
equatorial, axial, 1,3-diaxial and 1,3,5-diaxial classes.
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Figure 7. Contents of the Ea cluster. (a) Characteristic partial
structure.
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Figure 8. Contents of the Eb cluster. (a) Characteristic partial
structure.
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Figure 9. Contents of the Ec cluster. (a) Characteristic partial
structure.
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Figure 10. Contents of the Ed cluster. (a) Characteristic partial
structure.
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Figure 11. Contents of the Ee cluster. (a) Characteristic partial
structure.
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Figure 12. Contents of the Ef cluster. (a) Characteristic partial
structure.
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Figure 13. Distance from the equatorial atoms in the Ea cluster to the other atoms.
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Figure 14. Contfents of the Aa cluster. (a) Characteristic partial
structure.
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Figure 15. Confents of the Ab cluster. (a) Characteristic partial
structure.

that had an equatorial hydroxyl group at one of the B-car-
bon atoms (Figure 21-a), and those that had equatorial
hydroxyl groups at both of the B-carbon atoms (Figure
22-a).

Thus, the An, 13An, and 135An clusters (n = a, b, and
¢) are characterized by the same partial structure but have
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Figure 17. Contents of the 13Aa cluster. (a) Characteristic partial
structure.

different numbers of diaxial oxygen atoms in their three-
dimensional space. The results show that the FFsteric and
FFfield descriptors also clearly detected the similarities
of three-dimensional structural environments for the axial
oxygen atoms.

Correlations among the Clusters

I found some interesting linear relationships among the
clusters by looking into the plot graph (Figure 6).

The equatorial group includes three types of linear
relationships (Figures 23, 24, and 25). Figure 23 shows
the linear relationship of Ea, Ec, and Ef (line (a)), and
that of Eb and Ee (line (b)). The characteristic partial

Croat. Chem. Acta 80 (2) 217-225 (2007)
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Figure 18. Contents of the 13Ab cluster. (a) Characteristic partial
structure.
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Figure 20. Contents of the 135Aa cluster. (a) Characteristic partial
structure.

Figure 21. Contents of the 135Ab cluster. (a) Characteristic partial
structure.

structures corresponding to lines (a) and (b) are shown
in Figure 23-i and ii, respectively. These show that the
number of equatorial carbon atoms at the 3-carbon atoms
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Figure 22. Contents of the 135Ac cluster. (a) Characteristic partial
structure.
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Figure 23. Equatorial addition effect: Linear relationship in the equa-
torial group when the number of equatorial hydroxyl groups at the
f3-carbon atoms increases.
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Figure 24. Axial addition effect: Linear relationship in the equa-
torial group when the number of axial hydroxyl groups at the B-
carbon atoms increases.

increases one by one from Ea to Ef in line (a) and from
Eb to Ee in line (b). The lines share the same gradient.
The results show that the FFsteric and FFfield descriptors
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Figure 25. Equatorial to axial change effect: Linear relationship in
the equatorial group when the orientation of a hydroxyl group at
the B-carbon atom changes from equatorial to axial.
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Figure 26. Equatorial addition effect: Linear relationship in the axial
group when the number of equatorial hydroxyl groups at the B-
carbon atoms increases.

linearly detected the increase in the number of equatorial
hydroxyl groups at $-carbon atoms.
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Figure 27. Dioxial addition effect: Linear relationships in the axial
group when the number of diaxial hydroxyl groups at the B-car-
bon atoms increases.

Figure 24 shows the linear relationship of Ea, Eb, and
Ed (line (a)), and that of Ec and Ee (line (b)), of which
characteristic partial structures are shown in Figure 24-i
and ii, respectively. They show that the number of axial car-
bon atoms at the f-carbon atoms increases one by one
from Ea to Ed, and from Ec to Ee. The lines share the same
gradient. The results show that the FFsteric and FFfield
descriptors also linearly detected the increase in the num-
ber of axial hydroxyl groups at the -carbon atoms.

Figure 25 shows the linear relationship of Ec and Eb
(line (a)) and that of Ef, Ee, and Ed (line (b)). The charac-
teristic partial structures corresponding to lines (a) and
(b) shown in Figure 25-i and ii, respectively. These show
that a hydroxyl group at a B-carbon atom changes from
an equatorial orientation into axial orientation one by
one from Ec to Eb, and from Ef to Ed. The lines share
the same gradient. The results show that the FFsteric and
FFfield descriptors linearly detected the changes in the
orientation of a hydroxyl group at a -carbon atom.

The axial group includes two types of linear relation-
ships (Figures 26 and 27). Figure 26 shows the linear re-
lationship of Aa, Ab, and Ac (line (a) in Figure 26), that
of 13Aa, 13Ab, and 13Ac (line (b) in Figure 26), and that

Croat. Chem. Acta 80 (2) 217-225 (2007)
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of 135Aa, 135Ab, and 135Ac (line (¢) in Figure 26). The
characteristic partial structures corresponding to lines (a)
and (b) are shown in i and ii, respectively. These show that
the number of equatorial hydroxyl groups at the -carbon
atoms increases one by one from Aa to Ac, from 13Aa
to 13Ac, and from 135Aa to 135Ac. The lines share the
same gradient, which is the same as the gradient of the
lines in Figure 24, this consistent gradient demonstrates
the relationships of the increase in the number of axial
hydroxyl groups at the 3-carbon atoms for equatorial oxy-
gen atoms. The results show that the FFsteric and FFfield
descriptors linearly detected the increase in the number
of equatorial hydroxyl groups at the B-carbon atoms. The
descriptors also numerically represented the relationships
between axial and equatorial hydroxyl groups in the three
dimensional space.

The other type of linear relationships in axial group
is demonstrated by Aa, 13Aa, and 135Aa (line (a) in Fig-
ure 27), of Ab, 13Ab, and 135Ab (line (b) in Figure 27),
and of 135Aa, 135Ab, and 135Ac (line (c) in Figure 27).
The characteristic partial structures corresponding to lines
(a), (b), and (c) are shown in i, ii, and iii, respectively.
These show that the number of diaxial hydroxyl groups in-
creases one by one from Aa, 13Aa, and 135Aa, from Ab,
13Ab, and 135Ab, and from Ac, 13Ac, and 135Ac. The
gradients of the lines are about the same. The results show
that the FFsteric and FFfield descriptors linearly detected
the differences in the number of the diaxial hydroxyl
group. When the number of diaxial groups increase, both
FFfield and FFsteric decrease. The decrease in FFfield,
which is the number of dots on the atomic surface, is
reasonable but the decrease in FFsteric, which is van der
Waals intermolecular interaction energy, is not reasonable
because if the number of diaxial groups is increased, the
steric repulsive energy will be high. The reason for the
decrease in FFsteric may be that the interaction in the
space near the a-carbon atom can not be detected in the
case of the 1,3- and 1,3,5-diaxial structures. This is be-
cause the van der Waals surface is not near the a-carbon
atom due to the highly steric hindrance. This is a pro-
blem in treating highly hindered structures and will be
improved in the future version of the FRAU system.

CONCLUSION

Correlations were investigated between the steric and field
FRAU (Field-characterization for Reaction Analysis and
Understanding)-descriptors and stereochemical environ-
ments around oxygen atoms in chair form conformations

H. SATOH

of cyclohexanol and all diastereo isomers of 1,2-cyclo-
hexanediol, 1,3-cyclohexanediol, 1,4-cyclohexanediol, and
1,2,3,4,5-cyclohexanepentol. Detailed partial conforma-
tional similarities and differences were detected using the
FRAU-descriptors. The results demonstrated the FRAU
system’s high potential to be applied to quantify factors
concerning conformational and 3D structural features.
These functions will be useful for several structure-bas-
ed prediction models concerning reaction prediction, NMR
estimation, and quantitative structure-activity relationships
analyses.

Supporting Information Available — All of the calculated
FFsteric and FFfield descriptors (4 pages) are available on re-
quest from cheminfo@nii.ac.jp.
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SAZETAK
Numericki prikaz trodimenzionalnih stereokemijskih okolina koristenjem FRAU opisivaca

Hiroko Satoh

U radu se istraZzuje numericki prikaz stereokemijskih okolina pomo¢u tzv. FRAU opisivaca sa stereokemij-
skim okolinama kisikovog atoma u cikloheksanolu i njemu pripadnim diastereoizomerima za sve njihove moguce
konformacije stolice. Utvrdena je dobra koleracija izmedu FRAU opisivaca i 3D-stereokemijskih okolina.

Croat. Chem. Acta 80 (2) 217-225 (2007)
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Figure S1. The model structures with serial nos. of oxygen atoms.
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NUMERICAL REPRESENTATION OF STEREOCHEMISTRY

TABLE SI. FFsteric and FFfield descriptors for all of the structures

52

Compound Atom no. FFsteric FFfield Compound Atom no. FFsteric FFfield
no. kcal mol~! no. kcal mol!

la 1 216.68491 552688 14b 1 215.80222 481860

1b 1 199.77820 547568 2 203.82912 529759

3a 1 216.82715 552756 3 215.9239 481977

2 216.82552 552654 4 217.14496 552756

3b 1 216.82706 552756 5 214.10377 491362

2 216.82542 552654 15a 1 202.03111 538657

4a 1 202.6763 545449 2 218.66907 512526

2 202.65922 545107 3 217.21591 552756

6a 1 218.95812 543089 4 218.67643 512388

2 201.85067 538286 5 202.05454 538456

7a 1 216.80783 552654 15b 1 218.6632 512488

2 199.85153 547279 2 204.91345 536559

7b 1 216.0784 521965 3 205.73839 543323

2 216.06404 522103 4 204.92236 536176

9a 1 199.82714 547279 5 218.67125 512401

2 199.8248 547568 16a 1 201.96634 538657

9b 1 216.73691 552654 2 221.48168 533512

2 216.76243 552759 3 204.90688 536161

10a 1 199.79129 547568 4 204.90882 536212

2 199.77538 547376 5 219.28451 543200

12a 1 202.00471 538657 16b 1 218.06717 512653

2 220.46729 502961 2 203.81188 529803

3 203.77938 529355 3 218.19733 512570

4 220.47323 502807 4 219.30503 543004

5 202.02814 538456 5 201.99785 538286

12b 1 215.88832 482012 17a 1 202.05598 538657

2 203.82155 529612 2 218.60883 512526

3 217.74515 472145 3 216.45477 522180

4 203.85875 529475 4 216.45467 521965

5 215.81193 481761 5 216.36844 522131

13a 1 202.02957 538657 17b 1 219.34432 543049

2 220.40583 502961 2 204.8502 536559

3 203.80622 529355 3 205.71469 543323

4 218.17907 512384 4 205.70297 542982

5 217.15138 552759 5 202.80878 545149

13b 1 218.13026 512420 18a 1 202.84284 545457

2 203.74517 529759 2 205.75096 543323

3 220.48085 502963 3 204.91631 536176

4 204.91316 536161 4 219.37501 543003

5 202.8326 545149 5 217.22678 552759

14a 1 201.94148 538657 18b 1 216.39924 521998

2 221.55986 533512 2 217.20528 552797

3 204.88263 536161 3 218.67833 512540

4 205.67905 543024 4 204.93941 536161

5 202.83641 545257 5 202.90194 545149
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S3

Compound Atom no. FFsteric FFfield
no. kcal mol~!

19a 1 216.34774 522220

2 218.10575 512538

3 203.83307 529355

4 218.11877 512384

5 216.38369 522148

19b 1 202.80816 545397

2 204.86277 536570

3 221.63255 533747

4 204.8887 536396

5 202.82749 545202

20a 1 201.96788 538657

2 219.35706 543077

3 219.35192 543206

4 204.9087 536232

5 202.86024 545257

20b 1 218.58774 512536

2 204.95526 536413

3 204.96823 536319

4 219.24928 543095

5 216.39494 521902

21a 1 202.74931 545457

2 205.6579 543323

3 205.66666 542982

4 205.65537 543024

5 202.76713 545257

21b 1 214.08337 491605

2 216.41859 522328

3 214.10074 491429

4 216.37843 522102

5 214.05316 491398
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