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Abstract

We report a geometrical algorithm to search the conformational space (GASCOS), with the goal to evaluate, in a computa-
tionally effective way, all possible conformations of a flexible molecule. The present report itself consists of two parts. The first
part is primarily devoted to the mathematical principles on which our approach is based. The basic principles are illustrated in
terms of the conformational aspect of small normal hydrocarbogd;,&. In the second half of the paper we apply the
geometrical approach to a set of specific chemical problems namely, partially fluorinated propanes are used in order to determine
the steric requirement and, therefore, the spatial proximity of the terminal atoms during multiple internal rotations. In one type of
application the torsion about the bond was regarded as a continuous variable by choosing the increment in torsiak@) emgle (
be small, such asg’5in this approach we were able to assess the spatial requirement and therefore any possible collision of rotating
moieties. In an other type of applicatid® was assumed to be as large as’12ius the internal rotational angle was regarded as a
variable that can assume only discrete valggs &, g7). In this fashion, the program could generate an input file for empirical
force field, semi-empirical MO or ab initio molecular computations within the framework of multidimensional conformational
analysis (MDCA). In other words GASCOS could become the driver program for any energy calculating software. Finally,
when an unusually short distance was obtained by the GASCOS method, it was then possible to consider such an occurrence as
an indicator of a probable conformational catastropi@el999 Elsevier Science B.V. All rights reserved.

Keywords:Conformational space; Geometrical algorithm; Flexible molecules

1. Notation 5. Unit vectors are denoted by a hat, efgg, the
index AB specifies the direction
In this paper we use the following notation:

DAB >
1. Atoms denoted by capital letters; e.g. A, B, C, etc.
2. Directions are denoted by full arrows; eEB: z
3. Vectors are denoted with half arrows; &Ry, Rg, R—B’
Dag, etc. ~
4. VectorsR, and Ry are with respect to arbitrary y

origin O, and vectoD,g is along the AB bond.

- X
* Corresponding author.

0166-1280/99/$ - see front mattér 1999 Elsevier Science B.V. All rights reserved.
Pll: S0166-1280(98)00498-9



34 L.N. Santagata et al. / Journal of Molecular Structure (Theochem) 465 (1999) 33-67

Multiple conformations provide a mechanism for
biological survival since conformational selectivity
_ N1 \ leads to biological selectivity. Nature can utilize
A different conformational properties in response to
changes that occur at receptors or other structures of
biological significance with which a peptide interacts.
412A o1 A classical example is acetylcholine, where the two
— A 4 possible conformations, the gauche and anti, can
02 dock, and, therefore, complex with two different

receptors, the muscarinic and nicotinic receptors,

respectively [1], as illustrated in Fig. 1.
Fig. 1. Two conformers of acetylcholine Leénti—anticonformer Even a modest number of rotating bonds, in a
involving the N_C-C-Q and the C—C—@.CO torsional modes.  aqerately sized compound, lead to a very large
Optimized Ni...Q distance= 5.12 A (biological prediction for .
maximum separatios= 5.9 fA). Right: gauche—gaucheonformer number of confo_rmers. It is necessary, therefore' t(_)
involving the N_C—C—Q and the C—C—@CO torsional modes. make a systematic search of all conformational possi-
Optimized Ni...Q distance= 4.12 A (biological prediction for bilities, from which the selection of a limited number
maximum separatior 4.4 A). of plausible starting conformations may be chosen.
Low-energy structures can be generated from such a
subset, by means of appropriate energy minimization
‘procedures. The torsional angles and therefore the
interatomic distances of a molecule cannot simulta-
2. Introduction neously assume arbitrary values. Only discrete

conformations may exist, representing a particular

The ability of the modern chemist and biologist to combination of values of torsional angles, whose
design, synthesize, and modulate peptide structures,explicit description is essential to the problems of
for fundamental or applied research, will depend on molecular conformation [2]. Fig. 2 illustrates the
the understanding of the conformational and topolo- torsional angles involved in the folding of a general
gical properties of peptides in relation to their biolo- peptide or protein segment. The Fig. suggests that the

All vectors havex, y, and z components with
respect to a right handed Cartesian coordinate system

gical activities. choice of conformations is continuous about the cones
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Fig. 2. A schematic illustration of the conformational modes of motion in a general protein segment involvihgathe: { + 1)st amino acids.
The conical spatial requirement for each torsional modes are clearly shown.
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H H Our objective in this paper is two-fold. First, we
I wish to map out the space that can be spanned by a
Z/ \ / moiety of a flexible molecule. This may be important
T@ (l) in studying the spatial requirement of a side-chain of
HN © x5 an amino acid residue in a peptide or in a protein. This
d \H""'"O is important for our understanding of side-chain—side-
CHy CHzl chain interaction as may be the case for the Arg-Gly-
n O“‘,““H (I}“ Asp (RGD) [35—37] motif (Fig. 3). Second, we wish
Q,C // Q'C‘@ to automate input file generations for force field or
¢ C ¢3 ¢ semi-empirical or ab initio molecular computations.
/ ' \ / Ve \ This amounts to nothing less than creating a software
HT A\ N QC\\ N~ in which the basic principles of multidi ional
AN / H in which the basic principles of multidimensiona
O'"'"'"H %2 H, w2 Oy conformational analysis (MCDA) are coded. Again

) . i i i we may use RGD as an example (Fig. 3).

Fig. 3. A schen_1at|c illustration of a particular conforma_ltlori\bf Assuming that onlyrans peptide bond are consid-
formyl RGD amide shown as HCO-HN-R-G-D-CONH (i.e. HCO- . | .
HN-Asp-Gly-Arg-CONH). The backbone conformation is shownas €r€d We may recognize six torsional anglés, (i1,
v, (i.e. 6, = — 60%; ¥, = + 6C°for 1 = i = 3). The side-chain b, Yo, @3, r3) associated with the RGD backbone.
conformation is depicted as such that the guanidinium ion and the These lead to %: 729 backbone conformers. We
carboxylate ion could form a “salt bridge”. may recognize six torsional angleg:( x2, xa x4 as

well asy," and y,’) associated with the side-chain of
of each of these torsions. Yet, in reality, the process is arginine and aspartic acid. These lead f0=3729
‘quantized’ since only discrete conformers are stable side-chain conformers for each backbone structures.
and only these structures correspond to physical The total number of conformers, therefore, is
reality. Along ¢ and ¢ only gauche (+) or g* expected to be
(+60), anti or a (+ or —18C) and gauche(—) or
g~ (—60° or +300) are stable conformers. Along No = 3° x 3° = 729 729 = 531441
only the synor cis peptide bond (§ and theanti or
trans peptide bond € or —18C) represent stable  Clearly, a pre-search as well as the automation of
structures. Modern computer, hardware and software input file generation will be necessary to study such
have made it possible to examine the conformational problems in their completeness.
properties of small peptides by ab initio quantum The present report itself consist of two parts. The
mechanical calculations [3—34]. However, it is clear first part is primarily devoted to the mathematical
that for compounds containing a great number of formulation of our approach. The second part of the
torsional angles, the conformational search using a paper reports possible applications to saturated fluoro-
‘brute-force’ procedure is too time consuming. hydrocarbons.

We present here a geometrical approach, based on

very simple mathematical principles, with the princi-
pal goal being the evaluation, in a fast and an inex-
pensive way, of all the conformational possibilities of 3. Mathematical formalism
a flexible molecule. Once the corresponding overall
conformational behavior of the molecule has been We consider several successive rotations (Scheme
obtained, we could choose conformations which might 1):
be calculated using either a simple or a sophisticated
energy minimization procedure. Since interatomic
distances are related to the energy and other experimen-
tally observable parameters of the conformation (e.g.
NMR) in a relatively direct and canonical way, the Every atom, is characterized by its Cartesian coordi-
potential advantages of this approach are apparent. nates, and therefore these coordinates are the position

along the directions oﬁ
along the directions oBC and
along the directions o€D
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Scheme 1.

vectors pointing from origin O to that atom:

atomA— Ry = (Xa, Ya, Z0)

(€8]

atomB— ﬁB = (Xg, YR, Z8) ---» €tC

We may suppose, that all atoms connected directly

or indirectly to atom B (such as C, D, etc.), rotate
about the AB axis (i.e. about directiodB) as
shown in the following diagram (Scheme 2):

Thus, in this first rotation all the connected atoms
C, D, E, etc. will rotate about the AB axis. The points
Oc¢, Op, O, etc. are the centers of the rotations for
atoms C, D, E, etc. with radiicf rp, re, etc., respec-
tively (Scheme 2).

In the second rotation about the BC axis (i.e. direc-
tion B_C)), the coordinates of the atoms B and C do not
vary. The atoms A, B and C, are maintained fixed
throughout this process. (Scheme 3). However, for
every rotamer generated by the first rotation (about
the AB axis) a full second rotation (about e
axis) is possible.

In the second rotation, the point ©is the new
center of rotation of atom D, in the direction 8IC
with radius rp (Scheme 3).

Further rotations (the 3rd one is alon@)

&

will follow the same procedure. The mathemati-

cal relationships necessary, can easily be derived
from the first and second rotations discussed
earlier.

1. To define the centers of rotations (e.gz)Cthe
following equations need to be considered.

(a) The vector along th@B direction is denoted
as Dag and it may be generated as a vectorial
difference:
Dag =Rs — Ra (2

as shown in Schemi4. Similarly, we may define
the vector along th&C direction:

Dec=Rc —Rs 3
(b) 'IE) unit vectomag, pointing along the direc-
tion AB, is:
Dre _ Re—R
g = — o = |3B =5 4
Dagl  |Re — Ryl

Thex, y andzcomponent ofig are given later in

E

r. . '
i OD O i OE " direction AE

C
A
b ool

Scheme 2.
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direction BC involved fiyg and Dgc:
r‘o___—"/@ E dg-o, = |ﬁAB||BBc|'C05a
X /
. © _ _
D This being the casds-o, may also be generated

from the components ofi;z and Dgc as the
following dot product of the two vectors.

directionﬁ
(distanCQB_oC = dB—OC = ﬁAB.f)BC
Scheme 3. (XC _ XB)
equation (5): = [(”AB)x(nAB)y(“AB)z] (Yc — Y8) (7
(ﬁAB) _ XB - XA (ZC - ZB)
=
(66 =X+ = 90+ ~ 27) Thus
ds-o, = (Map)x(Xc — Xa) + (Mag)y(Yc — Y8)
(nAB)y= Y8 — YA + (ﬁAB)z(ZC - ZB) (8)
(66 =X+ — v+ ~ 27) )
5 (d) The position vector for @(Ro.) with respect
©) to the origin O is:
(Mne) = Zg — Zy I?eoc =R + dg—o.Nas 9
z
\/((XB - xA)er(yB — yA)2+(zB - zA)Z) For all the atoms, the procedure is similar to the

first rotation about AB. For example, the position
vector for @, associated with atom D, may be

) ) written the following way:
(c) In agreement with Scheme 4 the distance of

Oc measured from atom B, may be defined as: ﬁOD =Rg + ds—o,Nas (10
ds_o, = ||5Bc|-COSa (6) where
dg_o, = Mag" Deo 1y

If we multiply the right hand side of this equation
with |fag|, which is unity, then we obtain the

expression of the dot product of the two vectors ] )
2. In order to generate the coordinates of the points as

C a function of the rotational angle incremex, we
© consider the following relationships:

(a) The definition of an auxiliary vector
0 = (AO)Arg (12

whereA# is a constant increment in the angle of
rotation (Scheme 5)

If A6 = 5°then a full rotation corresponds to X2
Scheme 4. 5° = 360. Consequently, for a rotation of an
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Scheme 5.

angle 0z about the directiorAB we may write
Oag = k(A6) (13

Note that the length ofé is: |6]=A6=
the increment ir9
(b) The definition of the vectar; is

fTc =Rc — Ro. (14

with the following components: (Scheme 5)

(Fol= (% — o)

(?C)y: (yc - yoc) (15

Ro. = (Yo Yo 2. (16

The definition of the following cross product:

Ar =TFe X 6 = AB(Fc X Nag) a7

Scheme 6.

is shown in (Scheme 6) where the Iength&rf, is
defined as follows:

Ar| = [F|AO = rcAd (18)
|21

To produce a new point, the use of the above
definition of Ar is rigorously correct for an infi-
nitesimal angle chang&6. However, for a finite
angle ofA6, it is necessary to make a corrections.
(d) For the corrections, we need to consider the
following: for a rotation of angle\d, we need to
know Ar’ (Scheme 7). Note the relationship
given in Eq. (19)

r

™

’|

N[

SiN(A6/2) =

19

=l

and, therefore, the length dfr’ becomes related

cl

R = (xi,yi,z,.) Ar

A amnnanans ®

Scheme 7.
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[—Sr . |
7, i
X )
y ; > >
i AB/2 -
Ar Y
7.
A -
Ae\ r(‘
Scheme 8.

to the change in rotational angle:

|&r’| = 2[Fc|sin(A6/2) (20)

If we know R, which could be the initial position
vector for point C, (i.eRc) then the final position
vector ) or the new point after rotation by,
may be defined as:

R =R +Ar 21
(e) We need to define two unit vectors, along the

directions of the vectorglr and T which are
perpendicular to each other.

‘Bl

Ar= = (22

=/ —_—
‘0 [N
=

fc = (23

cl

=

(f) The vectorA r', may be defined as the sum of
the two orthogonal vector& andY (Scheme 8)

Ar'=X+Y (24
where

X = |>‘<|Ar (25)
Y= |\?|(—rc) (26)

The lengths of theX and Y vectors are obtained

through the following relationships:

|5<| = |&r’|cos(Aa/2) = 2[Fc[SINA/2)COSAB/2)
(273

or

|§<| = [Fc|sSin(AG) 27b)

Thus, using Egs. (18) and (22) we obtain Eq. (28)

X = [xar = (552 )ar 29
Similarly:

|\?| = |&r'|sin(Ae/2) = 2[Fc|sinA(A6/2)

or

Y] = IFcli1 — coga0)] (29
resulting in the following relationships

Y= |\?|(—r) = [1— cogAf)](—Fc) (30)
(9) Since

Ar'=X+Y (31

therefore the vectodr’ is:
<, (sSinAg
Ar —( AD

Noting that Eq. (17)

)Br +[1— cogAf)I(—Tc) (32

Br = FC X 6 = AG(FC X ﬁAB)

We may substitute this equivalence into Eq. (32)
and obtain Eqgs. (33)

A= [ S"zg") ]AO(FC X fag) + [1 — COSA)]

X (=T¢)
(3339
We can now expresg r’ as follows:

Ar’ = [Si(AO)](Fe X ag) + [1 — cOSAQ)I(—Fc)
(33b)

(h) The final or new position vector after rotation
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(% ¥ Z)

(% - 7

Oc
0
Scheme 9.
by A6, is:
R = R + [SINAO)](Tc X Nag) + (1 — cos)(—Tc)

(34

(i) The Cartesian vector components for this final
position vector, are:

X =X + SlnAO(?C X hAB)x_(l — COsAfH)

X (>q - xoc) (39

yf = yi + SII’]AO(FC X hAB)y_(l - COSAO)
X (% ~ Yo
Z =7 + SinAf(Tc X Ng),— (1 — cOsA6)

x(2 - =)

where the components for the cross product
Ar' =Tc X Mg, may be written in detail, as
follows:

(Fc X Nap)x= (yi - YOC)(ﬁAB)Z_(Zi - ZOC)(nAB)Y
(36)

(Te X Nag)y= (Zi - ZOC)(nAB)X_<Xi - XOC)(nAB)Z
(Te X Nag)z= (Xi - Xoc)(ﬁAB)Y_(Yi - YOC)(ﬁAB)x

@) In order to continue the overall process, the
vector T has been changed @’ (Scheme 8)
after the rotation byA#. Note that
|Flc| = [r¢l

37
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With the knowledge oﬁf, the vectofrc’ may be
calculated (Scheme 9):

fe=R —Ro,
As the result of all of these, the new cross product
T/ X Nyg may be computed.

(k) We calculate the new position after rotation

by A6 and successively we continue until one full
revolution is completed.

(39

4. Computational methods
4.1. Input data

It should be emphasized that for the previous proce-
dure to work, it is necessary to know the initial atomic
coordinates that change during the rotation. This
implies that bond lengths and bond angles must be
given in order to calculate the Cartesian coordinates
of the atoms. In the present exploratory study all the
bond angles were taken to the tetrahedral {128)
and the following average bond lengths were used:

C-H= 1.089A
C-C= 1.540A
C-F=1.330A

Standard bond length may be taken from classical
books [38] or from any more recent computational
database [39].

4.1.1. GASCOS Program

Written for PC using Mathlab (Mathsoft Inc.)
program and running under MS Windows operating
system. The program was thoroughly tested before it
was applied to molecular system.

4.1.2. Ab initio Geometry optimization
Gaussian 94 [40] was used for the control calcula-
tions at the HF/6-31G level of theory.

5. Applications
Basically, we can consider two types of application

of the previous method which are independent of the
nature of the conformationally flexible molecule to be
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minimum
1,4 separation

maximum
1,4 separation

Fig. 4. Top, front, side and perspective views of the circular motion in ethane invoying

studied. These two types of application provide A# = 5) on the top of the cube. This Fig. also

answers to the following two questions:

(i) How close can two non-bonded moieties

approach each other within a given molecule during
conformational change?

(i) Could one automate the generation of input
data, for a geometry optimization of a molecule
that has many internal rotations (i.e. it is multiple

rotor) using the rules of multidimensional confor-

mational analysis (MCDA)?

The first of these applications could require a rela-
tively small increment in rotation# could be 5 or
perhaps 19 while the second one may involve a rela-
tively large increment in rotatiorA(p may be 120).

5.1. Mapping steric proximity or spatial availability
for substituents during conformational change

Ethaneis one of the simplest examples as it has
only one torsional angle.

The motion of one of the hydrogen atoms (within
the rotating methyl group) with respect to the other
hydrogen atoms (within the non-rotating methyl
group) is shown in Fig. 4. Clearly the motion is circu-
lar as it is shown as top, front and side views. A
general perspective is also included in Fig. 4. The
circular motion is also clear in Fig. 5 which is
shown by the 72 small circles (corresponding to

shows the various non-vectorial (e.gk.o) and
vectorial (R, Rs, Rc, etc.) quantities used in the
mathematical derivation of the method.

Ethane

Fig. 5. Separation of the two terminal hydrogens (a 1,4 separation)
in the eclipsed ethane. The lower two shaded circles show the H
atoms attached to carbon A and upper three shaded circles show the
position of the three H atoms attached to carbon B when ethane is its
staggered conformation.
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The separation of the two terminal hydrogen atoms
is denoted by the vectdR: in Fig. 5. The absolute
value of R can be expressed in terms of the torsional
angle O g

|§C| = (0as) (409

|ﬁc| = \/(|Ric|2 + 2|?g) 4(1— codpg) + 2RY (Mg X FC)(i)Sin‘9A5 + 2RY T (costag — 1)) (40b

Note that the superscript indicates the various
values which were initially evaluated wheffyg is
equal to zero.

For the particular case of ethane and observing Fig.
5itis possible to consider th&! is perpendicular to |RC| = \/5.11 + 2.07(1— cOFpg) (400
the cross productigg X Fc)"” and therefore

coS g Will not vanish.

The final form, Eq. (40c) was obtained by using the
2RY(Apg X Fo)” = 0 (41)  bond lengths and bond angles specified under the
heading ‘Input Data’ in the Computational Methods
Consequently only the terms involving the function  ggction.
The variation of this function withf g is shown in
Fig. 6. Extrema calculation

S O 9 drd _
5 | A [ON:
IRCI yields 6, = 0° or 360 for the minimum separation
and 6,5 = 180 for the maximum separation.
; : Note, that the function is periodic and that its mini-
0° 180° 360° mum and maximum may be characterized by the
0 number of negative second derivatives as the index
0 —1 0 (A) of these critical points. This is shown as a strings

of numbers (8- 1-0) on théottom of Fig. 6A. Fig. 6A
shows the distance betweer! Bhd H". However, as
HC€ is rotated away from B the other H atom of the
rotating methyl group come to replacé"Hrhus, we
may have three curves, like the one shown in Fig. 6A
shifted by + 12C° and — 120 away from the original
[N curve. These three curves are shown in Fig. 6B. The

. B minimum separation between’tand any one of the
three H atoms of the rotating GHroup is shown by
the bold curve. This bold curve looks like an opposite
of a potential energy curve like the one shown later at
the top of Fig. 19.

Propaneis a double rotor; therefore we have two
Fig. 6. Functional variation of the 1,4 separation of the two terminal different torsional anglesig and fgc.

hydrogen atoms (denoted iy |) with the torsional angl@g [c.f. Consequently, there are two different circular
Eq. (40)]. motions. The top, front and side views as well as
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maximum
1,5 separation

maximum
1,4 separation

minimum.
1,4 separation

minimum.
1,5 separation

Fig. 7. Top, front, side and perspective views of the circular motion in propane involvingdhgtnd 6gc.

general perspective of these circular motions, are
shown in Fig. 7. The distance between the first hydro-
gen and the last carbon (H-C-C-C) is a 1,4 separa-
tion. It is like the H-C—-C-H separation in ethane
(Fig. 5); it depends on only one torsional angle
(0ap). However, the distance between the first and
last hydrogen atoms (H-C—C—-C-H) is a 1,5 separa-
tion. The calculation of this separation is a bit more
complex because it includes the variation of two
torsional anglesfxg and 6gc).

Thus while ethane (Fig. 4) had only one circle,
propane (Fig. 7) had the combination of the two circu-
lar motions leading to a dome like ‘lamp-shade’
object.

Fig. 8 shows the maotion of the terminal hydrogen
again usingA@ = 5° increment. The top circle has the
points where the H-C—C-C—H 1,5 separation is at its
maximum, while the bottom circle has the points
where the 1,5 separation is at its minimum. The mini-
mum and maximum 1,4 separation (i.e. H-C-C-C)
are located at about half way up of the ‘lamp shade’
object. B

The 1,4 separatiofR:| of propane is similar in
form to Eq. (40c), but the constants are different as
the C—C bond length is longer than the C—H bond

43
X
length:
Re| = \/[6.01+ 296( 1— coag)] (423
|§D| = f(6pe» Oac) (42b)

Using a more general separation function, Eq. (42b),
we can locate 1,5 minimum and maximum separa-
tions. This is shown in Fig. 9. This Fig. is generated
numerically since it was not trivial to obtain function
Eq. (42b) in analytic form.

() (8-

g dbsc
The extrema calculations were also a bit more compli-
cated than before. Since partial derivatives were
required here. The gradient vector needed to vanish
for the minimum and maximum distances of the 1,5
separation. Fig. 9 showBp|, according to Eq. (42b),
and the location of the extrema are clearly seen. There
is one unique maximum\(= 2) which occurs once (at
the center) and one unique minimur € 0) which
occurs four times at the four equivalent corners. The
distance surface also has two equivalent critical points

(43
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Propane

maximum
1,5 separation

. N
maximum
1,4 separation e o

TXXH b4 {A ..
) minimum
3 o 1,4 separation

minimum
A 1,5 separation

Ee;

0.8

AX

Fig. 8. Separation of the two terminal hydrogens (a 1,5 separation) in propane. The®1G¥YHeparation is also shown for comparison.

of index 1 (i.e.A = 1) located on the four edges. Two the propane case may be regarded, at least topologi-
opposing edges have identical pairs of saddle points cally, as a monosubstituted ethane (45a)
(A = 1).The schematic topology of function (42b),
given in Fig. 9, is shown in Fig. 10. At the bottom H H H H H H
and left hand side edges, the topology-16-0) of the H—" “~H H—_ -H H(_—H
single rotations, corresponding to the 1,4 separations, Z/o \H H C/ \H F/ \H (45)
are also given. Note that the functional shape of the 3
single rotation is shown in Fig. 6A. (@ (b) (©

Here again, just like in Fig. 6B there is a three-fold
repetition with both methyl groups. Thus, the single  Of course if Z= CHj; (45b) then only the carbon
maximum shown at the centre of Fig. 9 is separated atom of the substituting Cfroup is considered and
three times alon@ g and three times alon@gc The the hydrogens of the substituting @Hjroup are
result is 3x 3 = 9 maxima on the distance surface. ignored. If Z= F (45c¢) then, apart from the difference
Again, such a distance surface, which is a function of in C—H and C-F bond length, the situation will be
the torsional angles, look like the opposite of the equivalent to ethane.
potential energy surface (PES) like the one shown Butaneis a triple rotor and, therefore, its conforma-

later in Fig. 20. tional change is governed by three circular motions
In propane we may recognize the following involving g, 6sc and6¢p (Scheme 12).

distinctly different separations In this case not a single dome but a ‘hyperdome’
consisting of an infinite number of domes describe the

1,4 separation H...C° same as €...H° (44) spatial requirements of the rotating groups. Four of

1,5 separation  F...HP such domes, rotated 90 apart of each other, are
shown in Fig. 11.

The 1,4 separation is analogous to thé.kHH® In butane we may recognize, in accordance with

separation in ethane (c.f. Scheme 10). Consequently,Scheme 12, the following distinctly different
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Fig. 9. Functional variation of the 1,5 separation of the two terminal hydrogen atoms (dendedl)Hly propane with the torsional anglégg

and6gc [c.f. EQ. (42)].

separations:

(o]
1, 4 separation }( A”'
C

K..c°
K...HE

1,5 separation

1, 6 separation

Fig. 12 shows the motion of the two non-equivalent
1,4 separations together with a 1,5 and 1,6 separa-

tions.

(same as €...HF)

(same as €...HF)
(46)

The 1,4 separation is analogous to th&€. HH®

separation in ethane and th& HC (or its equivalent

propane. Consequently, the butane case may be
regarded, at least topologically, as the 1,2-disubsti-
tuted ethane of the 1-monosubstituted propane Eg.
(47).

H H RAH
H.»*..H H, C_ .H
/ — H—;CA/B\CC'\H 47
Xy | I
Z° °H
@ ®)

On the basis of Fig. 10 it is easy to predict

C”...HP) separation in propane. Also the 1,5 separa- where the minimum and maximum separations are

tion is analogous to the ™..HP separation in

located.
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360° 00 +———0 R H
H Oas C: Osc H B
5 zﬂg o A/ -c
A c\Yy = o
Osc 180" 1 J—2—— BT | e |
l ‘ H° °H 0=--1,5---D
00 0 4 0 Scheme 11.
0——1—=0
0°——180>——360° Eq. (50).
_ HO...C° (same as €...H")
eAB 1,4 separatlon A F
ch...c® (same as €...H")
Fig. 10. Topology of thdRp| = f(6as, 6sc) Separation function o F
[c.f. Eqg. (42)]. Critical point are denoted by their index: minimum is : H CD (same as éH )
g i ) . : 1,5 separation
0, saddle point is 1 and maximum is 2. The topologies of single CA CE
rotations are denoted &-1—-0 and arshown as a horizontal and
vertical.lines at the bottom fof5g and the left band side fofgc, 1,6 separation I—?CE
respectively.
1,7 separation  H...H

minimum separation 6,5 = Ogc = 6cp = 0°  (48)

maximum separation g = 6gc = cp = 18CF

These are denoted as 0 (le=0) and 3 (i.,eA = 3)
on the topological presentation of the distance hyper-
surface
|§E| = f(6ap. Osc, Ocp) (49
as shown in Fig. 13.
Pentaneis a quadruple rotor and therefore its

(50)

Fig. 14 shows, in accordance with and Scheme 13,
that there are six different types of separation. Again,
the two 1,4 separations in Fig. 11 are analogous to the
HO°...HC separation in ethane, the pair of 1,5 separa-
tions are analogous to the°H.H® separation in
propane and the 1,6 separation is similar to the
HO...HE separation in butane. Consequently, the
pentane case may be regarded, at least topologically,
as the 1,3 disubstituted propane or the 1-monosubsti-
tuted butane.

conformational change is governed by four circular H H T I'{ H
motions involvingag, sc, Ocp and Ope. H /(53\ H g \'CB—CC""

In the case of three torsional angles the motions —C* ?"‘H H;?/‘ \C\H (51
were characterized by a ‘hyperdome’(Fig. 11) which X° ° 7o I ~H

could not be drawn fully. In the case of pentane,
because of the added fourth torsional angle the
‘super-Hyperdome’ cannot be graphically presented

(a) (b)

On the basis of the foregoing discussion (c.f.

even in a schematic way. However, we may recognize Figs. 10 and 13 as well as Eq. (48)), it is easy to
two 1,4, two 1,5, one 1,6 and one 1,7 interactions, in conclude where the minimum and maximum
accordance with Scheme 13. These are summarized in

H H
H H\ H . BC ;C/H
= = C oco B——C
Hal Oss iIH H % © &Qeu,..H / 1i\
A C%C B /"?" ?\ A A=
H/° \H° " H° 1
Scheme 10. Scheme 12.
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Fig. 11. Top, front side and perspective views of a partial illustration of the circular motions in butane involving the three torsionéhgngles
Osc and ¢p.

separations are located Eq. (52) at the following as|Ry|, are summarized in Table 1. It does appear that
torsional angles. a ‘stereochemical catastrophe’ is becoming inevitable

- . in the case of pentane.
minimum separation fxg = fac = fcp = g = O° P

(52
6. Multidimensional conformational analysis
maximum separation Oag = 0gc = Ocp = O (MDCA)
=180 In the previous section, internal rotations were

. i assumed to be continuos in the sense that any confor-
For the distance hypersurface of four independent

variables Eq. (53) neither graphical presentation Table 1
(like those of Figs. 3 and 6) nor topological represen- Minimal distance separation of terminal hydrogen atoms of straight

tation (like Figs. 7 and 10) are possible chair hydrocarbons, @z, Where 2= n = 5, in their fully
eclipsed conformation

|RF| = (6he. Osc. fco- be) 53 Interaction GHanz Rl (A)

Viewing the structures in Schemes 10-13, it 14 Ethane 2.260
appears that separation of the terminal hydrogens 1> Propane 1.927
are getting progressively closer to each other. The - Egtn‘igﬁe %%i%

separation of these terminal hydrogen atoms, denoted_
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1,5 Interaction 1,6 Interaction

1,4 Interaction
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AN

N
& W
2

Fig. 12. Separation of the two terminal hydrogens (a 1,6 separation) in butane. Two 1,4 separ&tiatfsgihtl C*—CP) and one 1,5 separation fHCP) are also shown for comparison.
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Fig. 13. Topology of théﬁE\ = f(0aB, Osc. Ocp) Separation function [c.f Eq. (49)]. Critical points are denoted by their index: minimumis 0, first
order saddle point is 1, second order saddle point is 2 and maximum is 3. Topologies of single rotations are denoted as 0-1-0 and
are shown as a horizontal, diagonal and vertical lines at the bottofufpat the right-hand side fofigc and at the left-hand side fdicp,
respectively.

mation was regarded as an equally plausible structure.between terminal atoms remains @t= 180 since
However, we know that even a single rotor may have that torsional angle corresponds to theonformer.
only discrete conformers which we usually denote as However, the minimum separation has to be reinter-
gauchg + ) org™, anti or a (sometimes denoteidor preted sincg = 0° is not a minimum energy struc-
s-trang andgauché€ — ) org™ asillustrated in Fig. 15.  ture. The two gauche conformer® = = 60°),
The previously presented circular motions for a however, represent geometries in which the terminal
single rotor (Fig. 4), for a double rotor (Fig. 7) and atoms assume minimum separation. Further,syre
for a triple rotor (Fig. 11) associated with ethane, (i.e.f = 0°) geometry is a transition structure between
propane and butane, respectively, are shown againg” andg™.
with some modification in Figs. 16—18, respectively. N . B
These Figs. show not only the circular motions for g < [syn” <g
single, double and triple rotors, respectively, but o_ g 9=0 0= —60°
they specify the location of the minima{, a, g°)
by a small semi-transparent sphere. The location of Consequently, the previously determined minimum
the transition structures are also indicated by a cross. separation is characteristic to tegntransition state.
The graphical representation for a quadruple rotor Inview of the foregoing discussion we may explore
(pentane) is not even attempted since the figure. the following questions:
depicting butane (a triple rotor) is already too
crowded.
We are now in the position to reformulate the ques-
tion of substituent proximity between terminal atoms
or any other pair of atoms. The maximum separation

(54

(a) What are the minimum and maximum separa-
tions between selected atom pairs (e.g. terminal
hydrogens)or stable conformationsf conforma-
tionally flexible molecules?

(b) What are the minimum and maximum separa-

H H tions between selected atom pairs (e.g. terminal
Ho \ _:'e H hydrogensYor transition conformationsf confor-
Hao DS —<H mationally flexible molecules?
HBAE & Boe Ethanemay be regarded as the trivial case (c.f.
"'/"C\A E/(J“"H Scheme 10. Even though its rotation has three-fold
H H°H H periodicity (c.f. top curve of Fig. 19), the three

minima are degenerate; there is only one unique mini-
Scheme 13. mum and one unique maximum corresponding to the
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& b bbb A

clockwise 0° 60° 120° 180° 240° 300° 360°
:I
IA
I‘
counter
. -360° -300° 240° -180° -120° -60° 0°
clockwise

Fig. 15. Conformational changes of disubstituted ethane (Y=CH,_Z). The four C—H bonds are marked as four dashes, thus the presence of

the H atoms is understood, but not shown explicitly (for ethane ¥ = H, for n-butane Y= Z = CHa).

z
g* ts
ts g
a ts

minima
separacion 1;4

maxima

X

separacion 1;4

Fig. 16. Possible minimag(, a, g~ denoted by 0) and transition structure (ts, denotecjofor a single rotor.

stable and transition conformations, respectively. The tpje 2
various unique distances between hydrogen atoms of Selected interatomic 1,4 separation for the stabjg € 180°) and

the two methyl group are shown in Scheme 14.

Selected interatomic separations are shown in 9eometry

transition P, = 0°) conformations of ethane using idealized

Table 2. It is clear from this table, as it might have Separations (&
been inferred from Scheme 14, that only two of the Atom pair Stable conformation ~ Transition
(Min. energy conformation (Max.
conformation) energy conformation)
HOH?® 2.479 2.867
HOHC 2.260 3.042
HH? 2.479 2.867
HH* 3.042 2.260

Scheme 14.

& Minimum and maximum separations are printed in bold for both

the stable and the transition conformation.
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7 7, G"andG

fixed
terminal

H

rotating
terminal

Fig. 17. Possible minimag(, a, g~ denoted byO) and transition structure (ts, denoted Xyfor a double rotor.

selected interatomic distances are unique. Thus wesyn (6,5 = 0°) and theanti (6,5 = 18C) conforma-
need to use only H..H® and H...H. Clearly, tions are predetermined by symmetry even for 1,2
these distances may be denoted as ‘long’ and ‘short’ disubstituted ethane (X-GHCH,-Y). However,
separation (c.f. Table 2), which is also illustrated in the location of theg”™ and g minima theg/a as
Fig. 19. This Fig. also shows, that the three-fold peri- well asa/g™ transition states are the results of the
odicity of the potential energy curve disappears in 1,2 balance of stabilizing and destabilizing forces within
disubstitution (X—CH-CH,—Y). Also, note that the  the actual molecule.

Fig. 18. Possible minimag(, a, g~ denoted byO) for a triple rotor.
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0° 60° 120° 180° 240° 300° 360°

b@&@b%&

RELATIVE ENERGY

GAUCHE EFFECT

L e Fig. 20. Conformational potential energy surface (PES) of a double
0 60° 120° 180° 240° 300° 360 methyl rotor (e.g. propane). Full cycle of rotation (frofmt6 360)
TORSIONAL ANGLE is shown for both variable9fg and 6gc).

Fig. 19. Potential energy curves for ethane (top) and 1,2 disubsti-
tuted ethanes. (A = 2) shown in Scheme 15c. Such proximity can
never materialize because only minima £ 0) and
Propane looks like a trivial conformational transition structures\(= 1) are visited during confor-
problem with two equivalent torsional anglé\gsc), mational change. However, the fully eclipsed struc-
but the appearance is deceptive. Its potential energyture (\ = 2 of Scheme 15c) is still a special structure
surface (PES) is very monotonic due to the two corresponding to the (0,0) origin of the PES.
equivalent rotating Cklgroups (Fig. 20). The topol- Monosubstitution at €(c.f. Scheme 16) does alter
ogy of the above surface is given in Fig. 21. The PES the appearance of the PES (c.f. Fig. 22) implying that
has nine minima but they are all equivalent. There is we do not have nine-fold degeneracy as it was the
only one unigue transition state which occurs 18 times situation in the case of propane (c.f. Fig. 23).
and one unique maximum which is seen nine times on However, the topology of the two surfaces (Figs. 20
the surface. These three unique conformations areand 22) are the same having nine minima in both cases
shown in Scheme 15. The 1,4 and 1,5 separations at the same general locations as illustrated in Fig. 23.
are summarized in Table 3. It is clear from Figs. 22 and 23 that there are only
It is clear that the minimum separation of HH®, two and not three stable unique conformers of 1-
calculated in the previous section is for the maximum fluoropropane because tlig and theg™ positions

Scheme 15.
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360 2 —] —2 —]—2 —1—2 360
300|1 0 { 0 { 0 II g'e ag gg |30
240 I2—1—2|—1—2|—1—£ 240
180|1 0 { 0 { 0 IIGBC ga aa ga 180
95 S SN S
6o|1 0 { 0 { 0 |1 g'g ag” gg  |e0
R R S :
0 60 120 180 240 300 360 0 60 120 180 240 300 360
0,5 0

Fig. 21. Topology of the PES of propane. Left-hand side shows the index of the critical points (minimum, O; transition structure, 1; and
maximum, 2) Right-hand side shows the conformational assignment of the nine minima.

are equivalent. In one of the two conformers the F—C top structures in Scheme 16 while the actual values
bond is anti to the C—C bond (denoted by circles in are summarized in Table 4.

Fig. 23) and in the other one the F—C bondy&iche As far as transition structures are concerned there
to the C—C bond (denoted by squares in Fig. 23). In are four such conformations denoted by roman numer-
the former case the number of distinctly different als (—iv). Two of them are alon@ g and the other
separations are the same as was in the case of theéwo are alongfgc .

unsubstituted propane, only the numerical values are . . L

different (c.f. Table 4). However, in the latter case 9 9 — 1" =99 (along 6pp)
there is an increase in the number of unique separa- g*g* — [ii]” - ag”" —[ii]”" —g g" (along 6p)
tions since H and H became non-equivalent with
respect to F in thgaucheposition. The same applies
now for H® and H. The geometries and the unique g'g" —[iv]" —g'a —[iv]" —=g'g” (along fgc)
separations of these two conformers are shown as the (55)

agt — [iii]” —aa —ii]” —ag (along 6gc)

Table 3
Selected interatomic 1,4 and 1,5 separations for three unique conformations of propane with idealized geometry

Separation (A

Atom pair Type of Interaction Min. energy Transition Max. energy
conformation conformation conformation
(0AB = 180, (9AB= 0%, Ogc= 180)) (OAB =0 Ogc= Oo)
93(; = 186)
HOH3 1,4 2.479 2.867 2.867
HO-C® 1,4 3.453 2.452 2.452
HOH® 15 3.724 2.425 3.197
HOHP 1,5 4.278 3.520 1.927
HH® 1,4 3.042 2.260 2.260
HIH* 1.4 2.867 2.479 2.867
HH® 15 2.515 3.665 3.690
HH® 1,5 3.072 3.212 4.090

#Minimum and maximum separations are printed in bold.
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Stable Conformations

4 w3
FE... 4" .u.....mg / D
e
g H

Fig. 22. Conformational PES landscape for monosubtituted
propane molecule Z—-CHCH,_CHj; like 1-fluoropropane contain-
ing the pro-chiral central -CiH moiety. A full cycle of rotation
(from @ to 360) is shown for both variable®gg and 0gc).

The location of these four unique transition states

(i—iv) are clearly marked in Fig. 23B. The unique Scheme 16.
separations are also indicated graphically in Scheme
16 and their numerical values are summarized in
Table 4. At the left-hand side the topology of the
conformational PES of propane is also shown (c.f.
A B
H, H H, H
H. eAB BC H eAB eBC
H-—(IZ C79(:«}1 ¢ Cﬁ
H H H H
Disrotation Conrotation Disrot\e\it ioniv » Conrgtation
\g'g’ i| g'g ii@iz‘ gg | i
* i /“_ ga |-
i|gg" | i

iv

Vertical

eAB

Fig. 23. A comparison of the conformational PES topology of propane and 1-fluoropropane.
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Table 4
Selected interatomic 1,4 and 1,5 separations (a) for two unique stable conformers (b) and four unique transition corfarneérs-fluoro-
propane with idealized geometry.

L.N. Santagata et al. / Journal of Molecular Structure (Theochem) 465 (1999) 33-67

Part A (F—C bond is syn

or anti to C—C bond)

Separation ?A

Atom pair Type of interaction axmin) i (TS) iii (TS)
FO-H® 1,4 2.612 3.062 2.612
Fo-c° 1,4 3.682 2.504 3.682
FO-H?® 1,5 3.960 2.417 4.317
FOHP 15 4.485 3.582 3.768
HH® 1,4 3.092 2.260 3.042
HH* 1,4 2.479 2.867 2.479
HH® 15 2.514 3.664 3.664
HH® 15 3.071 3.071 3.212
HHP 1,5 3.724 3.724 2.425
Part B (F—C bond is other Separation 0(19\
than syn or anti to C-C
bond)

gx? (min) i (TS) iv (TS)
FO-H® 1,4 2.612 2.612 2.355
Fo-c* 1.4 3.264 3.264 3.062
FO-HC 1,4 2.845 2.845 3.425
FOH5 15 3.196 3.801 4.277
FO-H® 1,5 2.527 2.487 3.890
FOHP 15 3.823 3.259 3.362
HH® 1,4 2.479 2.479 2.867
HH* 1,4 2.479 2.479 2.260
H2H® 1,4 3.042 3.042 2.867
H2H* 1,4 2.479 2.479 2.867
HH® 1,5 3.724 4.102 4.102
HHS® 15 3.724 3.520 3.212
HHP 1,5 4.278 4.102 3.664
H2H?® 1,5 2.515 3.212 3.520
H2H® 1,5 3.072 2.425 2.425
H2HP 1,5 3.724 3.664 2.425

“ax=ag",aaag :g'x=9g x=9gxg'x=9g"g".g"ag'g":g7x=97g".g7agg".

Fig. 23A). Comparing the right-hand side with the situation. It should be recognized that as the result of
left-hand side it becomes clear what a single substitu- 1,2-disubstitution €becomes a stereo center. Conse-

tion does to a PES.

Disubstitution at ¢ and C further complicates the

4__‘ . /F3

OF\

C

E

2

pyd
A

1

C

S

~C

I
6

‘F
{HD OF\C___ -
5 2/ 1
Scheme 17.

quentlyRandSenantiomers may be generated. These
enantiomers are shown in their most stable conforma-
tions in Scheme 17.

As a result ofR, Senantiomerism, the analysis has
to be done twice, once for tHe- and for theS-enan-
tiomer. However, the identification of the unique
separations will be illustrated only once, for tBe
enantiomer (c.f. Scheme 18). Nevertheless, the actual
separations will be tabulated for both isomers. Tables
5 and 6 collect the data for th8-enantiomer and
Tables 7 and 8 have the corresponding values for
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Stable Conformations

iv v vi

Scheme 18.

Table 5
Selected interatomic 1,4 and 1,5 separations for three unique stable confayigrsag” andg™g™) of S-1,2 difluoropropane with idealized
geometry

Separation (A

Atom pair Type of interaction I (Min.) Il (Min.) I (Min.)
FOFe 1,4 2.732 2.732 3.490
FO-H* 1,4 3.264 2.612 2.612
Fo-c¢ 1,4 2.845 3.682 2.845
FOH°® 1,5 3.196 3.960 2.527
FOHS 1,5 2.527 3.960 3.200
FO-HP 1,5 3.828 4.485 3.828
Table 6

Selected interatomic 1,4 and 1,5 separations for six transition conformeis (

Separation ?A

Atom pair Type of interaction i (TS) i (TS) iii (TS) iv (TS) v (TS) Vi (TS)
FOF® 1,4 3.257 2.732 2.423 2.732 3.257 3.490
FOH* 1,4 3.062 3.264 3.062 2.612 2.355 2.612
Fo-c° 1,4 2.504 2.845 3.425 3.682 3.425 2.845
FOH5 1,5 2.417 3.801 3.362 4.317 3.890 3.259
FOH° 1,5 2.417 2.487 4.277 3.768 4277 3.801

FOHP 15 3.582 3.259 3.890 4.317 3.362 2.487
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Table 7
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Selected interatomic 1,4 and 1,5 separations for three unique stable conforRets2adlifluoropropane with idealized geometry

Separation ?A

Atom pair Type of interaction 1 (Min.) I (Min.) 1l (Min.)
FOF8 1,4 3.490 2.732 2.732
FO-H* 1,4 2.612 2.612 3.264
Fo-c° 1.4 2.845 3.682 2.845
FO-H?® 15 3.916 3.960 2.527
FOHS 15 2.527 3.960 3.196
FO-HP 15 3.828 4.485 3.828
Table 8
Selected interatomic 1,4 and 1,5 separations for six transition conforimeiy (

Separation (A
Atom pair Type of interaction i (TS) i (TS) iii (TS) iv (TS) v (TS) Vi (TS)
FOF® 1,4 3.257 3.490 3.257 2.732 2.427 2.732
FO-H* 1,4 3.062 2.612 2.355 2.612 3.062 3.264
Fo-c¢ 1,4 2.504 2.845 3.425 3.682 3.425 2.845
FO-H?® 1,5 2.417 3.801 3.362 4.317 3.890 2.487
FOHS 15 2.417 2.487 4.277 3.368 4.277 3.801
FO-HP 1,5 3.582 3.259 3.890 4.317 3.362 3.259

the R-enantiomer. The numbers in the two tables

reveal the non-superimposable mirror image relation-

ship in the geometries of thR- and S-enantiomers.

The torsion about €C® leads to three different
conformers ¢*, a, g-)because they are next to the
chiral center. Thus one expects three distinctly differ-
ent stable conformations.

Surface shown in Fig. 22 distorted abd with
respect of the original three-fold periodicity. The
FOC* bond can also eclipse with three different
bonds (G°C® C®F® and CH?. This situation
will lead to grand total of six unique transition confor-
mations as shown below:

Torsion about ¢-CB Torsion about E-C*

3 eclipsed X 1 staggered

3 staggered X 1 eclipsed

3 transition conformations

so that there are nine minima on the conformational
PES (c.f. Fig. 24A). Each of the six transition state are
also repeated three times so all together are 18 transi-
tion states as required for an ideal conformational
PES. All of these are summarized in Fig. 24A.

Disubstitution at ¢ and C is somewhat simpler
than the previous example sincé @ not a chiral
centre. Note that to any symmetrically disubstituted
propane (X—H-CH,—CH,—X) such as 1,3-difluoro-
propane may be regarded as a model for pentane in
which the hydrogen atom of the two terminal €H
groups are ignored (c.f. Scheme 19)

Scheme 20 and Fig. 24B show all the expected

(56)

3 transition conformations

The three stable conformations and the six transition stable (minimum energy) conformations. These nine
conformations are summarized in Scheme 18. This stable conformations, however, encompass only four
Scheme also shows the unique 1,4 and 1,5 separationsunique conformers. The degenerate conformations are

The three unique minima are repeated three times denoted by circle, square and double square in Fig.
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A B
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H=C™ Pee ~C 5Ce
F H F F
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g'g
III

// \\\
NEvan
i | A8 )i

Vertical

eAB

Fig. 24. Conformational PES topology of 1,3-disubstituted propane.

24B. The centrald, a) conformation is not duplicated for minimum distances among the conformers

on the surface. The four uniqgue minima (I-1V) are produced by GASCOS.

accompanied by fivei{v) unique transition states Take for example 1,3 difluoropropane. The follow-

these are also marked in Fig. 24B. ing distances were predicted by GASCOS for the

Selected 1,4 and 1,5 separations are shown for theF...F distance for the conformers of the PES (c.f.

four minima and the five transition states in Scheme Scheme 22).

21. The calculated 1,4 and 1,5 distances are summar- This distance of 2. 51 Acould possibly indicate a

ized in Tables 9 and 10. steric problem. While we may have anticipated this,
on the basis of Scheme 22, as the two fluorine atoms
are on the same side of the plane of the carbon skele-

6.1. Assessing numerical accuracy of GASCOS ton, itis good to obtain a warning of this phenomenon.

The automatic generation of input files for force
field or semi-empirical MO orab initio molecular
calculations within the framework of MCDA is one
of the purposes of GASCOS. The other purpose is to
give an early warning for any possible conformational
catastrophy that may emerge on the conformational
PES. This early warning can be obtained by searching

H\ H H\ H
0 [¢] Ons 6
AB C BC H HI| C BC H
H'CB R
I
IL F éH3 H,

(@ (b) g’ ag’ g’

Scheme 19. Scheme 20.
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Stable Conformations

Scheme 21.
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Table 9
Selected interatomic 1,4 and 1,5 separations for four unique stable confoghgfs&g”, g"g~ andaa) of 1,3-difluoropropane with idealized
geometry
Separation ZA
Atom pair Type of interaction I (Min.) 8g* Il (Min.) ag™* I Min.)g g~ IV (Min.)ag™
FO-H?3 1,4 2.612 2.612 2.612 2.612
FoH* 1,4 3.264 3.264 3.264 2.612
Fo-c° 1,4 2.845 2.845 2.845 3.682
FOH5 15 2.527 3.196 3.828 3.960
FO-H® 15 3.828 2.527 3.196 3.960
FOFP 15 3.323 4.062 2.514 4.687
Table 10
Selected interatomic 1,4 and 1,5 separations for five transition conforimejs (
Separation ?A
Atom pair Type of.interaction i (TS) i (TS) iii (TS) iv (TS) v (TS)
FOH3 1,4 3.062 3.062 2.612 2.612 2.355
FOH* 1,4 3.062 3.062 3.264 3.264 3.062
Fo-c° 1,4 2.504 2.504 2.845 2.845 3.425
FO-H?® 15 2.417 2.417 2.487 3.801 3.890
FOHS 15 3.582 2.417 3.259 2.487 3.362
FO-FP 15 2.465 3.832 4.032 3.397 4.488

In the case of this small molecule we can actually see may be regarded as acceptable starting points for ab

that the two F atoms are in each other’'s vicinity,
however this may not be visible for a multidimen-
sional problem. .

The 2.51 Ais about 0.8 Ashorter than the nearest
calculated F...F distancg{g”" =g g" =3.32 A. It
would be nice to know if this is a false alarm due to the
inaccuracy of the method or if it is for real. Also it
would be nice to know if the calculated geometries

2.51 4.06 3.32
g*g- ag g9
4,06 4.69 4,06
g*a aa g-a
3.32 4.06 2.51
g*g* ag* gg*
Scheme 22.

initio computations.

In view of these considerations we carried out HF/
6-31G computations on all the predicted minima of
propane and the various fluoropropanes. Full geome-
try optimizations were performed on the following
stable structures:

propane 1 minimum

M

1-fluoropropane 2 minima (I-II)

[S]-1, 2—difluoropropane 3 minima (I-ll)

[R]-1 2—difluoropropane 4 minima (I-1V)

1, 3—difluoropropane 5 minima (I-V)

The 1,4 and 1,5 separations of the optimized struc-
tures are presented, for the above five sets of
compounds, in Tables 11-15, respectively.

The last column of each of these tables shows the
deviation between the two methods of calculations:

AD = D(GASCO$— D(ab initio) (57)
These values for the 1,4 separatidD() and the
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Table 11
Idealized and optimized 1,4 and 1,5 separations of selected atomic pairs of the stable conformer of propane

Separation ?A

Atom pair Type of interaction Idealized Optimized Difference (76)

conformation conformation

(OAB = 180), (OAB = 180>,

OBC = 180) GBC = 180>)
HOH3 1,4 2.479 2.491 - 0.012
HO-Cc¢ 1.4 3.453 3.494 - 0.041
HOH® 15 3.724 3.804 - 0.080
HOHP 15 4.278 4.326 - 0.048
HH® 1,4 3.042 3.058 - 0.016
HH* 1,4 2.479 2.511 - 0.032
HH® 15 2.515 2.633 - 0.118
HH® 15 3.072 3.164 - 0.092
Table 12

Idealized and optimized 1,4 and 1,5 separations of selected atomic pairs of the stable conformer of 1-fluorpropane

Separation ZA

Atom pair Type of interaction Idealized conformation Optimized conformation Differeﬁ;ce (A
Part A | (ax)

FOH® 1.4 2.613 2.607 0.006
Fo-c¢ 1,4 3.682 3.760 - 0.078
FOH5 15 3.960 4.096 - 0.136
FO-HP 1,5 4.485 4.549 — 0.064
HOH?® 1.4 3.092 3.040 0.052
HOH* 1,4 2.479 2.485 — 0.006
HOH® 15 2.514 2.646 -0.132
HOHS 1,5 3.071 3.177 —0.106
HOHP 15 3.724 3.797 - 0.073
Part B Il (g"x or g"x)

FOH® 1,4 2.612 2.636 - 0.024
FO-H* 1,4 3.264 3.321 — 0.057
Fo-c° 1.4 2.845 2.931 - 0.086
FOH?® 1,5 3.196 3.338 —0.142
FOHS 15 2.527 2.616 - 0.089
FO-HP 1,5 3.823 3.905 - 0.082
HOH?® 1.4 2.479 2.467 0.012
HOH* 1,4 2.479 2.470 0.009
HOH® 1.4 3.042 3.042 0.000
HOH* 1,4 2.479 2.510 —0.031
HOH® 1,5 3.724 3.806 - 0.082
HOHS 1,5 3.724 3.777 —0.053
HOHP 15 4.278 4.310 - 0.032
HOH® 1,5 2.515 2.628 - 0.113
HOHS 1,5 3.072 3.111 - 0.039

HOHP 1,5 3.724 3.789 — 0.065
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Table 13
Idealized and optimized 1,4 and 1,5 separations of selected atomic pairs of the stable conf@m@-difluoropropane

Separation (A .
Atom pair Type of interaction Idealized conformation Optimized conformation Differenge (A

Part Al (g"a)

FOF8 1,4 2.732 2.934 - 0.202
FOH* 1.4 3.264 3.314 — 0.050
Fo-c° 1,4 2.845 2.827 0.018
FOH5 15 3.196 3.146 0.050
FO-H® 1,5 2.527 2.506 0.021
FO-HP 1,5 3.828 3.831 - 0.003
Part B Ill (9" a)

FoF 14 2.732 2.878 - 0.106
FOH* 1,4 2.612 2.512 0.100
Fo-c¢ 1,4 3.682 3.738 0.056
FOH® 1,5 3.960 4.041 0.081
FO-H® 1,5 3.960 4.092 0.132
FO-HP 1,5 4.485 4513 0.028
Part C Il (aa)

== 1,4 3.490 3.574 —0.084
FOo-H* 1,4 2.612 2.637 - 0.025
Fo-c¢ 1,4 2.845 2.942 - 0.097
FO-H?® 1,5 2.527 2.654 - 0.127
FOHS 15 3.200 3.330 - 0.130
FO-HP 15 3.828 3.915 - 0.087
Table 14

Idealized and optimized 1,4 and 1,5 separations of selected atomic pairs of the stable confdre2-difluoropropane

Separation ?A

Atom pair Type of interaction Idealized conformation Optimized Conformation Differeﬁgce (A
Part A1l (g'a)

FOF* 1,4 3.490 3.574 - 0.084
FO-H3 1,4 2.612 2.637 —0.025
Fo-C 1,4 2.845 2.942 - 0.097
FO-H® 1,5 3.200 3.330 —0.130
FO-H® 1,5 2.527 2.654 - 0.127
FO-HP 1,5 3.828 3.915 - 0.087
Part B 111 (ga)

FO-F4 1,4 2.732 2.878 —0.146
FOH® 1,4 2.612 2.512 0.100
Fo-c° 1,4 3.682 3.738 — 0.056
FOH5 15 3.960 4.092 - 0.132
FO-H® 1,5 3.960 4.041 —0.081
FOHP 1,5 4.485 4.513 - 0.028
Part C 11 (aa)

FOF* 1,4 2.732 2.934 - 0.202
FOH3 1,4 3.264 3.314 — 0.050
Fo-c° 1,4 2.845 2.827 0.018
FOH°® 1,5 2.527 2.506 0.021
FO-H® 1,5 3.196 3.146 0.050

FOHP 15 3.828 3.831 — 0.003
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Table 15
Idealized and optimized 1,4 and 1,5 separations of selected atomic pairs of the stable conformer of 1,3-difluoropropane.

Separation ?A .
Atom pair Type of interaction Idealized conformation Optimized Conformation Differenge (A

Part Al (g"g")

FO-H® 1,4 2.612 2.609 0.003
FOH* 1,4 3.264 3.317 - 0.053
Fo-c¢ 1,4 2.845 2.911 — 0.066
FOH5 1,5 2.527 2.583 — 0.056
FO-H® 1,5 3.828 3.883 — 0.055
FOFP 1,5 3.323 3.517 - 0.194
Part B Il (ag")
FOH® 1,4 2.612 2.667 — 0.055
FO-H* 1,4 3.264 3.323 — 0.059
Fo-c° 1,4 2.845 2.871 - 0.026
FO-H?® 1,5 3.196 3.248 — 0.052
FOHS 1,5 2.527 2.616 - 0.089
FO-FP 1,5 4.062 4.181 - 0.119
Part C lll (g"g")
FO-H® 1,4 2.612 2.601 0.011
FO-H* 1,4 3.264 3.319 — 0.055
Fo-c¢ 1,4 2.845 3.068 —0.223
FOH5 1,5 3.828 4.055 - 0.227
FO-H® 1,5 3.196 3.382 —0.186
FOFP 1,5 2.514 2.896 - 0.382
Part D IV (aa)
FOH3 1,4 2.612 2.607 0.003
FO-H* 1,4 2.612 2.607 0.003
Fo-c° 1,4 3.682 3.738 — 0.056
FOH® 1,5 3.960 4.100 —0.140
FO-H® 1,5 3.960 4.100 - 0.140
FO-FP 1,5 4.687 4.756 — 0.069
Table 16
Ranges of derivation of 1,4 and 1,5 separations in propane and various flouropropanes
Compound Min. Ranges ¢AD Ranges ofAD9
Min. Max. Min. Max.

Propane | 0.01 0.05 0.04 0.12
1-Fluoropropane | 0.00 0.08 0.08 0.14

I 0.00 0.09 0.03 0.15
[S]-1,2-difluoropropane | 0.00 0.20 0.00 0.05

I 0.06 0.15 0.02 0.14

11} 0.08 0.13 0.09 0.14
[R]-1,2-difluoropropane | 0.02 0.10 0.09 0.14

I 0.06 0.15 0.02 0.14

11} 0.05 0.20 0.00 0.06
1,3-Difluoropropane | 0.00 0.07 0.06 0.19

I 0.02 0.06 0.05 0.12

11} 0.05 0.22 0.18 0.38

v 0.00 0.06 0.06 0.15
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1,5 separationD*? are summarized in Table 16 for Structure  Conformation < CCC
all the structures studied. 1 gg+ 112.37
Itis interesting to note that at most of the times both 1 )
14 15 agt 112.31
AD~" and AD™ fell in the rang of 0.00 and 0. 15.A
111 ggt 115.23
These accuracies appeared to be satisfactory for input
generation. v aa 112.17
We had three cases where gh.FF distance in the Scheme 23.

GASCOS results, was in ‘error’ of 1.19 or O.ZOOONOe
case where the% .H® separation derivated by 0.18A  regarded as an appreciable component of multidimen-
and one case where arf.ECC distance showed a  sional conformational analysis (MCDA).
0.22 A discrepancy. The only alarming deviation The GASCOS (geometrical algorithm to search
was the B...... FP separaﬂon (0. 38 Ain theg*g (or conformational space) program developed was able
its equivalengg") conformation of 1,3-difluoropro-  to asses the spatial requirement and, therefore, spatial
pane. The observed 0. 38 was still ,considerably  proximity of rotating moieties within a given mole-
shorter than the apprOX|mater 0 8 Aifference cule. It also produced useful input-data for energy
betweergg™.(2. 15A)andg (3. 32A)conforma— calculating programs (e.g. ab initio MO). In fact,
tions. Consequently, we can accept this as an early GASCOS may be converted to be used as an auto-
warning of a conformational catastrophe at e~ matic driver program for exploring multidimensional
(or its equivaleng—g™) conformation. conformational space. Finally, the computed short
It should be emphasised that the GASCOS method distances which may occur in certain conformations
is performing rigid rotation; all bond lengths and bond may be used as early warning sings for possible
angles are fixed. In contrast to that, the ab initio conformational catastrophe that may emerge on a
computations allow all parameters to be relaxed and conformational PES.
this relaxation is causing the observed discrepancies
in the AD values.
For examples in the case of 1,3-difluoropropane all Acknowledgements
bond angles varied within+ 3° of the tetrahedral
value from 106.5to 112.5. The C—C—-C bond angles The research was supported by grants from the
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Thus it appears that, with an excessive relaxation of neering Research Council (NSERC) is gratefully
the CCC bond angle, the system tried to avoid the acknowledged.
conformational catastrophy in thg 9" or g'g”
conformations moving the two F atoms away from
each other as much as possible. References
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