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Abstract-The application of single-configuration molecular orbital theory to the conformations of 
small organic molecules is reviewed. Emphasis is laid on systematic ab initio studies using simple 
gaussion-type basis sets for expansion of the molecular orbitals. Topics dealt with include the 
prediction of bond angles, single-rotor potential functions, effects of single and double (1.2) substitu- 
tions on such rotors and double-rotor potentials involving two internal rotation coordinates. 

INTRODUCIION 

During the last decade, single-configuration MO 
theory has developed sufficiently to permit a wide 
range of applications to the stereochemistry of 
small organic molecules. Early work (1%3-6@ in- 
volving zero-differential-overlap semiempirical 
schemes’” and simple ab initio calculations c8 indi- 
cated that many qualitative features of bond val- 
ence angles and dihedral (internal rotation) angles 
are adequately described by single-determinant MO 
wave functions and energies. Progress during this 
period was reviewed by Allen9 in 1%9. Since that 
time, the sensitivity of theoretical results to the ac- 
curacy of the MO’s (choice of expansion basis set) 
has been widely explored. Also some com- 
prehensive surveys have been made of 
stereochemical predictions for all organic 
molecules of a certain size or less using a particu- 
lar basis.‘“” This article will deal with some of 
these more recent developments. Particular em- 
phasis will be laid on results using the procedures 
developed at Carnegie-Mellon University, although 
many similar results using parallel methods have 
been obtained eleswhere. 

Quantum mechanical procedures 
We shah only be concerned with diamagnetic 

closed shell species in this article. For aU such 
molecules, the usual form of single-configuration 
MO theory assigns electrons in pairs to MO’s $,, 
$2.. . .& and then constructs an antisymmetric 
many-electron wave function as a single 
determinant 

* = Al&a)(4#). . . . (w3)I (1) 

where a and p are spin functions and A is a 
normalization constant. The perfect MO’s are those 
which minimize the energy expectation value 

8= . . 
I I 

‘P*X\Y dr (2) 

where X is the full many-electron Hamiltonian in- 
cluding electron interaction. 

In almost all practical applications of MO theory, 
the individual orbitals are approximated as linear 
combinations of a set of given functions (basis 
functions) I#J~, 

This is sometimes referred to as the linear combina- 
tion of atomic orbital (LCAO) approximation, but 
the basis functions 4, need not be precise rep- 
resentations of atomic orbitals. If the MO’s (3) are 
fed into the wave function (I), the energy (2) can be 
minimized with respect to the linear coefficients cpi 
to give the lowest single configuration MO energy 
for the basis &. This leads to the well known algeb- 
raic equations of Roothaan” (LCAO self-consistent 
field or LCAOSCF method). 

If the basis functions 4,. are centered at the 
atomic nuclei and are well-defined, then the LCA- 
OSCF procedure with a given basis constitutes a 
‘theoretical chemical model’ which can be applied 
to any molecule with any nuclear configuration, 
provided computation is feasible. Such models 
have been widely used in theoretical studies of 
molecular conformations. 

Types of ab initio models can be classified ac- 
cording to the basis set c$+. The simplest type of 
basis is minimal and consists only of just enough 
functions +,, to permit a description of the ground 
states of the separated atoms. The minimal basis 
functions are usually chosen to correspond approx- 
imately to atomic orbitals. Thus, there will be one 
function(ls) for each hydrogen, five functions 
(1 s, 2s, 2px. 2py. 2pz) for each carbon etc. A simple 
choice of a minimal basis consists of Slater-type or- 
bitals (STO) with exponential radial parts.” In prac- 
tice, however, it is necessary to replace each ST0 
by a least squares-fitted combination of gaussian 
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functions” to permit explicit integration in (2). The 
minimal basis that we have mostly used contains 
three gaussians per ST0 and is referred to as 
STO-3G.16 

At a simpler level the ab initio minimal basis 
studies are the semiempirical schemes based on 
zero-differential omerlap approximations (CNDO, 
INDO etc.). These use a minimal Slater-type basis 
but invoke additional approximations to simplify 
the evaluation of the integral (2). In addition, some 
integrals are chosen empirically by appeal to ex- 
perimental data. Although these methods give some 
features of stereochemistry correctly,’ they run 
into difficulties particularly with conjugated sys- 
tems. They have been extensively used in confor- 
mational studies of quite large molecules, but the 
results must be treated as very tentative until 
backed up by ab initio methods. CNDOlINDO re- 
sults will not be discussed in any detail in this 
article. 

Proceeding to MO theories at a more sophisti- 
cated level than the minimal basis, the next level is 
one in which the valence region of the atoms is 
described more flexibly by introducing additional 
basis functions &If the 2s and 2p functions are 
replaced by separate inner and outer parts (2s’, 2s”, 
2p’, 2p”), the additional flexibility permits selective 
contraction or expansion on a given atom in an 
anisotropic manner. This may be described as a 
split-valence basis. If the inner shells are also split 
into two parts, the basis is usually called ‘double- 
zeta’. The split valence basis that we use mostly is 
designed for extensive application to organic com- 
pounds.” It is denoted by 4-31G and contains a 
4-gaussian inner shell function together with 3- 
gaussian inner parts and 1-gaussian outer parts for 
the valence functions. Most of the rotational poten- 
tials discussed here were obtained with the 4-31G 
basis. Other double-zeta bases are also in wide- 
spread use.” 

At an even higher level are theories with a basis 
also including atomic functions of higher angular 
symmetry than those involved in the atomic ground 
state. These additional functions (frequently de- 
scribed as polarization functions) are d-functions 
on heavy atoms (carbon, nitrogen, etc.) and p- 
functions on carbon. Such bases were first used ex- 
tensively for diatomics ” but are now commonly 
used for polyatomics. The simplest such basis that 
we use is &3lG* in which a split-valence 6-31G 
basis is expanded by the addition of d-functions on 
non-H atoms.m If p-functions are added on hyd- 
rogen as well, the basis becomes 6-3lG**. How- 
ever, at this level, only the simplest conformational 
problems can be considered at present. 

Valence angles in simple organic compounds 
We begin with a brief survey of the application 

of MO theory to the calculation of bond or valence 
angles for polyvalent atoms, starting with the 

one-heavy-atom molecules CH,, NH, and H20. 
For methane, it appears that all MO techniques that 
have been applied give the tetrahedral bond angles 
correctly. The fullest SCF study of methane” gives 
not only the correct equilibrium geometry but also 
values for the angular distortion force constants ac- 
curate to better than 10%. For ammonia and water, 
good bond angles are not obtained immediately, but 
it is now well established that the theoretical values 
become accurate to lo-2” as the Hartree-Fock limit 
is approached. The results for the bases described 
in Section 2’*-” and for the best MO studiesZ52b are 
listed in Table 1. These are characteristic of the var- 
ious types of basis set. For the STO-3G basis, the 
valence angles are somewhat too small. At the split- 
valence or double-zeta level, the bond angles at 

Table I. Valence angles in ammonia and water 

Method Ammonia Water 

STO-3G 104.2 100.0 
4-31G 115.8 I I I.2 
6-3lG* 107.5 105.5 

Best SCF 107.2 106.6 
Expt’ 106.7 104.5 

‘For experimental references, see original theoretical 
papers. 

nitrogen or oxygen become considerably too large. 
Rauk, et al. showed” that at the sp limit (i.e. a basis 
with a large number of s and p but no d functions), 
ammonia was predicted to be planar (D,,,). They 
also showed that the addition of d-functions to the 
basis lowered the valence angle to a value in 
reasonable agreement with experiment. The 
series of results STO-3G --, 4-3 1 G --, 6-3 lG* paral- 
lels their findings. Associated with these changes in 
bond angles are changes in the theoretical bar- 
rier to inversion in ammonia. With their fullest 
basis set, Rauk et aL2- found a barrier of 5.1 
kcallmole in reasonable agreement with the experi- 
mental value of 5.8 kcallmole.n For the water 
molecule, the results (Table 1) show similar trends. 
Again the bond angle is too large at the split- 
valence level but is brought down to a value in good 
agreement with experiment if d-type polarization 
functions are added.% These data indicate that the 
d-functions cause a greater energy lowering in the 
more pyramidal or more bent structure. This con-’ 
sistent with an expected tendency for d-functions 
to mix in more effectively with s- and p-functions as 
the geometry deviates further from the more sym- 
metrical arrangements (planar trigonal for NH, or 
linear for H20). 

Next we ask whether MO theory is able to give 
an adequate account of changes in bond angles at 
C, N or 0 if one or more hydrogens are replaced by 
substituents. Some illustrative results are given in 
Table 2. These show that, at least for hydrocarbons, 
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Table2. Changes(Aa)invalenceanglesatC,N,andO(degrees) 

Molecule Angle a STO-3G 4-31G 6-31G+ Expt” 

Ethane (H,C-)CH, 
Ethylene (HKk)CK 
Propane (H,C-XCH, 

Cyclopropane (H.C,)CH, 
Fluoromethane (F-)CH, 
Formaldehyde (O=)CH* 
Methanol IH,C-)OH 
Peroxide (H(1)6H 
Nitrogen Trifluoride NF, 

HCH 
HCH 
ccc 
HCH 
HCH 
HCH 
HCH 
COH 
OOH 
FNF 

- I.4 
+ 6.0 
+2.8 
- 2.4 

- 1.3’ 
+4.91 
+ 3.8’ 
+ 1.1’ 
-2.1’ 

-1.9’ -1.8 
+ 6.4’ + 7.0 

+2.8 
-3.5 

+4.2 + 5.5 
+ 0.3 

+ 6.8d + 6.9 
+ 1.4 

- 6.0 -9.7 
-4.4 

‘Angle change relative to valence angles in CH., NH, and OH,. 
b For experimental references, see original theoretical papers. 
‘Ref 22 “Ref 17 ‘Ref 28 ‘Ref 29 

bond angle changes are given quite well even at the 
minimal basis level. Thus the HCH opening (rela- 
tive to methane) in ethylene and cyclopropane is 
well given,” as is the CCC opening (presumably 
sterically caused) in propane. However for some of 
the other molecules the results are less satisfactory 
at the minimal level. For hydrogen peroxide, for ex- 
ample, the low OOH bond angle is not reproduced” 
unless a large basis is used (a result related to the 
difficulty in obtaining the dihedral angle to be dir- 
cussed later and first noted by Veillard’@). 

Single rotors involving two heavy atoms 
In this section we consider the conformation of 

molecules with one single bond connecting two 
heavy (non-hydrogen) atoms and an appropriate 
number of hydrogens. For the atoms C, N and 0 
there are six such molecules (ethane, methylamine, 
methanol, hydrazine, hydroxylamine and hydrogen 
peroxide), all of which have been studied exten- 
sively by MO theory.L’2.3’-‘5 It is now clear that MO 
theory with a single electron configuration gives an 
adequate description of the stereochemistry of all 
these molecules. 

The conformation of a molecule (H,ABH,) 
which has a degree of freedom corresponding to an 
internal rotation about a bond AB can be partly de- 
scribed by a single dihedral angle 4. This may be 
specified by a series of four sequentially bonded 
atoms H’ABH” and fixing the angle between the 
planes H’AB and ABH”. Alternatively other well- 
difined planes containing the line AB may be used. 
The potential describing the rotational motion may 
then be specified most simply by holding r$ fixed 
and treating the groups -AH, and -BH. as rigid with 
some specified bond lengths and angles (rigid rota- 
tion model). This leads to a potential function 
V,,(4). A more satisfactory procedure is to allow 
all of these other lengths and angles to relax to their 
optimum values as the angle 4 changes (flexible ro- 
tation model). This should give a more accurate po- 
tential V ti.r,Mc(4), but will involve far more compu- 

tation. Intermediate possibilities (flexibility with 
symmetry constraints) can also be considered. 

It is useful to write the rotational potentials V(b) 
(either rigid or flexible) as Fourier series in 4. For 
most simple rotors, a cosine series up to 34 is 
adequate (Eq 4) 

V(4) = fV,(l - cos 9) + 1V2(1- cos 24) 
+ fV,( I- cos 34). (4) 

We shall find that different qualitative electronic 
effects contribute to different terms in this series, 
so that the decomposition aids interpretation. 

Early work on the rotational potentials for the 
single-bond single-rotor molecules was based on ab 
initio minimal (or near-minimal) bases or on the 
semi-empirical INDO scheme. This showed consid- 
erable promise. At the next level of basis set, Table 
3 gives the results of a comprehensive study of the 
rigid rotor approximation with the 4-31G basis.” 
The general features parallel the known experimen- 
tal facts quite well. However, further study indi- 
cates that, for some of the molecules, the theoreti- 
cal results change if flexible rotation is taken into 
account. For ethane, the calculated SCF barrier 
seems to be almost unchanged either if the basis set 
is improved or if flexible rotation is permitted 
(Table 4). An equally satisfactory result has also 
been achieved with the scattered-wave Xa 
method.” Corresponding results for methanol 
(Table 5) are less complete. The rigid rotor barriers 
are in reasonable agreement with other calcula- 
tiot#.*” and with experiment but the STO-3G 
flexible resultm indicates that this might change if a 
fuller study was made. For hydrogen peroxide, on 
the other hand, the prediction of a skew form no 
longer holds at the 4-31G level if the OOH bond 
angle is allowed to relax. Full geometrical optimiza- 
tion with this basis leads to a trans structure. How- 
ever, if d-functions are added to the basis and if 
flexible rotation is allowed, the skew form is again 
obtained. This was first shown by Veillard.” The 
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Table 3. Rigid single rotor potentials (4-31G basis) 

Molecule 
Conformation’ 

at &=O V, V, V, Description of potential 

Ethane HCCH eclipsed 0 0 - 3.26 3-fold potential with minimum at staggered confor- 
mation and barrier of 3.3 kcallmole. 

Methylamine HCNH eclipsed 0 0 - 2.13 3-fold potential with minimum at staggered confor- 
mation and barrier of 2.1 kcallmole. 

Methanol HCOH eclipsed 0 0 - 1. I2 3-fold potential with minimum at staggered confor- 
mation and barrier of I.1 kcallmole. 

Hydrazine :NN: cis - 7.42 -792 - 1.26 Skew minimum at 4 = W. Cis and tr0n.s barriers 
of 12.4 and 3.7 kcal/mole respectively. 

Hydroxylamine :NOH cis + 8.86 + 6-62 - 084 Lowest minimum at & = 0 with a second minimum 
(8 kcal/mole higher) at 4 = 180”. 

Hydrogen Peroxide HOGH cis -7.08 -3.51 - 0.22 Skew minimum at & = 120”. Cis and trans barriers 
of 7.9 and 0.6 kcal/mole respectively. 

‘N: is used to denote the fourth tetrahedral direction in nitrogen. Bond lengths and angles chosen according to 
standard model (Ref 42). 

Table 4. Rotation barriers in ethane (kcal/mole) 

Basis Rigid rotor Flexible rotor Expt. 

STO-3G 3.3 2.9 
4-31G 3.3 
C3lG* 3.5 
Best’ 3.4 3.2 2.9 

“E. Clementi and H. Popkie, J. Chem. Phys. 57, 4870 
(1972) 

Table 5. Rotational barriers in methanol (kcal/mole) 

Basis Rigid rotor Flexible rotor Expt. 

STG-3G 2.0’ 
4-31G 1.1 
6-31G* I.0 1.1 

“Ref 29 

6-3lG* results show similar features. With standard 
bond lengths but variable OOH angles, this basis 
gives a minimum at 4 = 120” together with cis and 
trans barriers of 8.8 and 0.5 kcal/mol respectively 
(Fig 1). The corresponding values of VI, VZ and Vj 
are -8.03, -3.70 and -0.31 k&/mole. 

There have been many discussions of the elec- 
tronic nature of the C-C rotational barrier in 
ethane. Here we shah not review this extensive lit- 
erature;W.‘9 but only note the important part played 
by vicinal H-H interaction. Table 6 shows the cor- 
responding overlap populations” (6-3 lG* rigid 
rotor approximation). This clearly indicates some 
antibonding character between the hydrogens of 
eclipsed C-H bonds. There is some compensating 
bonding character if the dihedral angle is large, but 
the greater interatomic distance then leads to smal- 
ler populations. The origin of this antibonding can 
be partially understood from the nature of the de- 
generate e-type molecular orbitals (& symmetry 
for eclipsed ethane) describing the C-H bonds (Fig 

ROTATIONAL POTENTIALS FOR tl20~ l6-316”) 

--- RIGID ROTATION 
- FLEXIBLE ROTATION 

2- 

CIS TRANS 

Fig 1. Rotational potentials for HD, (63163. 

Table 6. Vicinal H-H overlap populations in ethane (6 
31G*) 

Dihedral angle & Eclipsed Staggered 

Ofcis) 
60 

120 
18O(trans) 

- 0.016 
- 0806 

+0*006 
+ 0.008 

2). The lower energy orbital (le’) is GC a-bonding 
and will be polarized with electrons towards carbon. 
The other orbital (le”), on the other hand, will be 
C-C r-antibonding and polarized towards hyd- 
rogen. The overall effect (since both MO’s are oc- 
cupied) is to lead to a net antibonding H-H popula- 
tion. 

The ratio of the barriers in the series ethane, 
methylamine and methanol is close to 3 : 2 : 1 (Table 
1) as found experimentally. Since the numbers of 
vicinal H-H interactions are in the same ratio, this 
suggests that the barriers in methylamine and 
methanol can be interpreted in the same way as in 
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0 8. 
\+ +/ 00 

r’___-____C___-_~_________ 

00 

s-fypeMolrcular Orbital5 for Ecliprrd Ethane (Dsh) 

Fig 2. le’ and le” molecular orbitals for eclipsed ethane. 

ethane. there being no need to invoke additional in- 
teractions involving lone pairs. 

For hydrogen peroxide, additional effects must 
be present to account for the shape of the potential. 
A negative value of VI (favoring HOOH trans over 
cis) is to be expected both because of hydrogen re- 
pulsions and because of the interaction of the OH 
dipole moment components perpendicular to the 

00 axis. This latter effect is probably overemphas- 
ized by the 4-31G basis which generally leads to 
dipole moments which are too large. But clearly the 
skew minimum energy conformation arises from a 
considerable negative value of Vz which favors the 
orthogonal form over either planar form. One possi- 
ble source of such an effect is a repulsive interac- 
tion between P-type lone pairs in the planar struc- 
tures. The molecule then has four P-electrons and 
both the bonding and antibonding MO’s are full. 
Under these circumstances the antibonding domi- 
nates and a net repulsion results. This repulsion will 
be partly relieved in the orthogonal conformation. 

Single rotors involving three heavy atoms 
The next type of internal rotation to consider is 

one in which one or more of the hydrogens in the 
molecules considered in the previous section are 
substituted by atoms or groups which do not give 
rise to additional rotational degrees of freedom. 
The simplest such systems contain three heavy 
atoms and a number of these have been studied 
theoretically. The rotational potential is modified 
by a ‘substituent effect’ which can be quite large. 
However, the single bond rotational potential can 
still be expressed as a Fourier series (4) with mod- 
ified value of the parameters VI, V2 and V,. Table 7 

Table 7. Rigid single rotor potentials of molecules with three heavy atoms(4-3lG basis) 

Molecule 

C-C Bonds 
Ethylfluoride 

Potential constants 
Conformation EC& = 0) (kcal/mole) 

at &=O martrees) V, V1 V, Description of potential 

HCCF cis - 177.83576 0 0 - 3.63 3-fold potential with minimum at 
staggered conformation and barrier 

Acetaldehyde 
of 3.6 kcallmole. 

HCCO cis - 15268475 0 0 +0.74 3-fold potential with minimum at 

Propene 

c-o Boti 
Fluoromethanol 

HCCC cis 

FCOH cis 

HCCO cis Barrier 0.7 kcal/mole. 
- 116+0203 0 0 + 1-71 3-fold potential with minimum at 

HCCC c&Barrier Barrier 
I .7 kcallmole. 

- 213.60624 +5.25 -2.20 -0.96 Two equivalent minima with FCOH 
gauche (6 = 5p). cis and trans 
barriers of 1.3 and 5.6 kcal/mole 

Formic acid 

Ethenol 

OCOH cis 

CCOH cis 

respectively. 
- 188.47060 + 5.75 + 8.93 + 0.55 Two inequivalent minima, OCOH cis 

being lowest and OCOH trans 
6.3 kcallmole higher. Barrier 
12.2 kcallmole above minimum. 

- 152.66422 - - - Incomplete study. CCOH trans is 
O-2 kcallmole higher and is proba- 

C-N Bonds 
Fluoromethylamine 

Formamide 

bly a second minimum. 

FCN: cis - 193.79749 -4.86 +4*28 -2.01 Deep minimum with FCN: trans. 
Two additional minima at 4 = 
2 39”. 6.6 k&/mole higher in 

OCNH planar - 168.67763 
energy. Barrier of 7.7 kcal/mole. 

0 +24*67 0 Two equivalent planar minima sepa- 
rated by a high barrier. 



1610 J. A. POPLE 

lists the results obtained with the 4-31G basis set 
(Rigid rotation with standard bond lengths and 
angles).“.” 

C-C bonds. If ethane is substituted at one end, 
the barrier remains threefold and can be adequately 
described by a single parameter V,. In ethyl 
fluoride, the staggered conformation remains most 
stable and the barrier is somewhat larger than in 
ethane. This is in agreement with experiment.” If 
two hydrogens are replaced by a single 0 atom to 
give acetaldehyde, the rotational barrier is greatly 
decreased but the stable conformation remains 
staggered (if C=O is treated as two bent bonds). 
This also agrees with experimental data, the barrier 
measured by microwave spectroscopy” being 
l-16 kcal/mole. Similar conclusions have been 
reached in other molecular orbital studies.&.” Prop- 
ene can also be treated as a single rotor molecule if 
the CC double bond is regarded as rigid. Again a 
reduced barrier is found (but not reduced as 
greatly) and the staggered conformation II remains 
most stable in agreement with experiment (Barrier 
2-O kcal/mole”). No clear interpretation of these 
changes in threefold barriers has been given. Some 
attempts have been made to analyze them by sep- 
aration into repulsive and attractive components,* 
but work by Liberles et 01.” has indicated that such 
a partition is somewhat dependent on basis set. 

H 
H\ 
0C-H 

;c-c’ 
H’*i ‘H 

1 2 

C-O bonds. If methanol is substituted on carbon, 
the C-O rotational potential is strongly modified 
and no longer has simple threefold character. 
Fluoromethanol is a clear example even though no 
experimental data is available. Wolfe et a1.49 first 
noted that ab initio MO theory gave a rotational 
C-O potential very different from methanol. The 
4-3lG potential with standard lengths and angles 
(Table 7) gives” the potential illustrated in Fig 3. 
The FCOH transconformation (4 = 1804 is no 
longer a minimum (as it is in methanol) but rather a 
strong maximum. There are two equivalent minima 
corresponding to FCOH gauche with a smaller cis 
barrier between them. More recent work with the 
6-31G* basis” gives similar results with the trans- 
gauche separation reduced to 4.6 kcal/mole. 

Some insight into the origin of these effects may 
be obtained from the distribution of oxygen lone- 
pair electrons. In methanol itself, the pa-type lone 
pair of electrons on oxygen undergoes some ‘back- 
donation’ into antibonding-type orbitals of approp- 
riate symmetry on the Me group. This leads to a 
reduction of the gross (pm) population” from the 
value 2.00 appropriate to water (Fig 4) to 197. In 

f 

4 

r 

I 
3 ENERGY 

(k.cOl md) 

Fig 3. Fourier decomposition of rotational potential for 
fluoro-methanol(4-31G). 

r-Orbital Populalionr in CH,OH and FCHpOH (4-3(G) 

Fig 4. a-Orbital populations in CH,OH and FCH20H (4- 
31G). 

fluoromethanol, this electron displacement is ex- 
pected to be comparable if the C-F bond is in the 
nodal plane of the oxygen plr orbitals (FOCH cis 
or tram). This is indeed found (Fig 4). However, if 
the FCO and COH planes are perpendicular (4 = 
90”: Fig 4). the u-electrons in the C-F bond are 
drawn towards fluorine leaving the carbon end of 
the bond more vacant. This increases the mag- 
nitude of the back-donation leading to additional 
stabilization. In resonance terms, this corresponds 
to double-bond-no-bond structures F- C=O’ which 
are more effective at 4 = 90”. This back-donation 
effect will lead to a negative contribution to the V2 
component in the rotational potential. To obtain the 
full potential this has to be combined with a VI 
term which is likely to favor FCOH cis because of 
the interaction of the dipole moment components 
of CF and OH perpendicular to the CO bond (posi- 
tive V,). The combination of these two effects leads 
to the complete potential function shown in Fig 3. 

The next molecule considered is formic acid. 
This can also be considered as a derivative of 
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methanol by double substitution of two CH bonds 
by a single 0 atom. Again the modification of the 
threefold potential for internal rotation about the 
CO bond is very large. The 4-31G results indicate 
two minima in the two planar conformations 
(OCOH cis and trans). This preference for planar- 
ity is reflected in the large positive V1 value (Table 
7). It is associated with greatly enhanced back do- 
nation from the singly-bonded oxygen, the w-type 
orbitals in the carbonyl group being partially availa- 
ble as acceptors. This, of course, is a widely ac- 
cepted explanation for the enhanced stability of the 
CO group O=C-O which is most effective in the 
planar confromation. It should be emphasized, 
however, that the qualitative nature of the explana- 
tion is the same in formic acid and fluoromethanol. 
Given that the planar conformations are preferred, 
the lower energy is found for OCOH cis primarily 
because of the positive VI term which reflects more 
favorable dipole interaction in the cis conforma- 
tion. At the 6-31G* level, the difference between 
the tram and cis conformers is reduced to 5.0 
kcal/mole.W 

Another molecule listed in Table 7 is the simp- 
lest enol, ethenol or vinyl alcohol. Rotation about 
the C-O bond in this molecule has not yet been in- 
vestigated fully, but results to date indicate that the 
two planar conformers 3 and 4 are close in 
energy. 

H 
‘CCC’ 

O-H 

H’ ‘H 

3 4 

C-N bonds. Comparable studies on three-heavy- 
atom molecules with a C-N bond suggest that the 
operative effects are very similar. For 
fluoromethylamine, by far the greatest stability is 
found for the FCN: trans conformation 5. In this 
conformation, the nitrogen lone pair is favorably lo- 
cated for back donation into the C-F bond and, at 

the same time, the dipole interactions are also most 
stabilizing. The 4-31G results suggest that two 
minima occur in FCN: gauche forms, but the 
energy is close to that of the FCN: cis conforma- 
tion. 

The remaining molecule in Table 7 is formamide 
where the back donation from nitrogen is very 
strong and leads to a great deal of double-bond 
character in the C-N bond. The 4-31G standard 
model results show this (assuming planar valences 
at nitrogen), although the calculated barrier is 
somewhat larger than the experimental value of 
19 kcal/mole.” 

Single rotor involving four heavy atoms 
In this section we consider rigid rotors which 

may be considered as 1,2 disubstituted ethanes. 
Three such molecules which have been studied are 
1 ,Zdifluoroethane. 2-fluoroacetaldehyde and 
glyoxal for which 4-31G standard model results are 
given in Table 8. For these molecules, the precise 
threefold nature of the rotational potential is de- 
stroyed. In the case of 1.2-difluoroethar1e,~ the po- 
tential shows three distinct minima (FCCF trans at 
4 = 180” and FCCF gauche at 4 = e72.7”) with the 
bans rotamer more stable by 1.0 kcal/mole. This 
would appear to be in disagreement with experi- 
mental data. The gauche form is known to be more 
stable in solution” and may well be so in the gas 
phase. The relative energies of the gauche and 
trans forms is strongly dependent on the V, term in 
the potential. It is possible that the 4-31G estimate 
of VI is too large because this basis is known to 
overestimate dipole moments. Corresponding re- 
sults at the 63lG* level would clearly be of 
interest. 

Only limited information is available for 2- 

Table 8. Rigid single rotor potentials for molecules with four heavy atoms (4-3 IG) 

Molecule 
Conformation E(I#I = 0) Potential constants (kcal/mole) 

at f$=O (hartrees) V, V, V, Description of potential 

1.2-Difluoroethane FCCF cis 

2-Fluoroacetaldehyde FCC0 cis 

- 276.55009 -4.68 - 2-72 -4.09 Perturbed 3-fold potential 
with FCCF trans more stab- 
le than FCCF nouche bv 
1-O k&mole. - a 

-251.39849 -4.09 - - Incomplete study. FCC0 
lrans more stable than 
FCC0 cls by 4. I kcal/mole. 

Occo trans - 22.24279 + 5.73 + 4.85 +040 Two minima for olanar stmc- 
tures with C&O tram 
6.1 kcallmole below OCCO 
cis. Barrier 8 kcal/mole 
above trans. 

Glyoxal 
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fluoroacet~dehyde for which only cis and tram 
forms have been examined. The FCC0 trans form 
6 appears to be most stable. However, the 

6 

dipole-dipole interaction between the C!=O and C-F 
bonds (which favors the trunsform) is again prob- 
ably overestimated. 

Internal rotation about the C-C bond in giyoxal 
has also been studied.“Y Glyoxal is the simplest 
molecule showing the effects of conjugation be- 
tween neighboring double bonds. This favors pla- 
nar forms and contributes to the Vz term in the 
potential. The 4-31G data (Table 8) shows the 
minima in both planar forms with the trans form 
7 being the most stable. The other (cis) form is 

H\ Ho /c--c, 
0' H 

7 

predicted to be 6.1 kcal/mole higher in energy. Both 
forms are known experimentally, the tranr being 
more stable by 3.2 kcallmole?’ Again it is likely that 
the stabilization of the Pans form is overestimated 
because local dipole moments are too large with the 
4-31G basis. This is probably a general deficiency 
of this basis (or any basis of the split-valence type) 
when applied to the interaction of vicinal polar 
bonds. 

Double rotors 
The next step in applying MO theory to stereo- 

chemical problems is to consider double-rotor sys- 
tems. These are molecules in which two bonds have 
a degree of freedom of internal rotation. The simp- 
lest hypothesis for the complete potential for such a 
system would be to assume that the individual rotor 
potentials are uncoupled (additive) and can be 
transferred from simple single-rotor molecules. 
Such a hypothesis is frequently used in the de- 

velopment of simple empirical potential functions 
for loge molecules. The MO methods described 
here can clearly be used to make a full test of such a 
hypothesis and indicate how large coupling be- 
tween such potentials might be. The large sub- 
stituent effects on single-rotor potentials already 
noted in previous sections indicate that coupling in 
double rotors may be large. 

In order to specify the conformation of a double- 
rotor molecule, two dihedral angles 4 and + are 
needed. If X and Y are two groups attached to an 
atom A and if an appropriate (0,O) conformation is 
defined, then the general conformation (4,s) can be 
represented by 8. 

a 

A number of molecules of this sort have been in- 
vestigated (in the rigid rotated approximation) with 
the 4-3 1G basis.““’ 

Double methyl rotors. If X and Y are both methyl 
groups, the individual rotational potentials remain 
threefold, but the barrier height for one dihedral 
angle is dependent on the value of the other. Three 
such molecules are propane, dimethylether and 
acetone (Table 9). For all of these molecules, the 
lowest energy is found for the double-staggered 
conformation 9 (treating C=O as two bent C-O 
bonds). All three molecules show similar features. 

H\JA\JH 
;A ;A 
HH HH 

9 

If one Me is held in the staggered conformation, the 
3-fold barrier for the other group is higher than for 
the simpler single rotor. Thus the propane barrier is 
higher than ethane, dimethylether is higher than 
methanol but acetone is only slightly higher than 
acetaldehyde. If the other Me is held in the eclipsed 
conformation, the barriers become higher. These 

Table 9. Rigid double rotor potentials for molecules with two methyl groups (4-31G) 

Confo~ation WO, 0) E(#. #I-E@. 0) 
Molecule at (4. $1 = (O,O) (liartrees) (O,W (60,W Description of Potential 

Propane HCCCH nuns-trans - 118W211 3.70 8.77 3-fold barrier of 3.7 kcallmole if other 
group staggered but 5-l kcalfmole if 
other eclipsed. 

Dimethylether HCOCH trans-trans - 153.83570 2.98 740 3-fold barrier of 3.0 kcallmole if other 
group staggered but 4.0 kcal/mole if 
other eclipsed. 

Acetone HCCCH trans-tram - 191.67626 0.75 2.22 3-fold barrier of 0.7 kcallmole if other 
group staggered but 1.5 kcallmole if 
other eclipsed. 
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results appear to be consistent with experimental 
data. They can probably be attributed to direct hyd- 
rogen interactions between the Me groups. It may 
be noted that a STO-3G flexible rotor study on 
propane predicts some opening of the C-C-C bond 
angle for the double-eclipsed conformation.% 

Ethyl-type double rotors. In compounds 
CH,CHrY, where Y is a rigid rotor, the C-C poten- 
tial is threefold, but C-Y is lowered in symmetry. 
Examples are ethanol, ethylamine and propional- 
dehyde. Although full double rotor potentials have 
not been determined, some studies have been car- 
ried out for C-Y holding the methyl group in a 
staggered conformation. ‘L” These are summarized 
in Table 10. They show that the substitution of H by 
Me has a fairly small effect of the C-Y rotational 
potential, the general threefold nature being re- 
tained. However, there are smaller energy differ- 
ences between inequivalent conformations, all of 
which seem to be consistent with experimental ob- 
servations.57d0 The most stable forms are lo-12 for 

10 11 12 

ethanol, ethylamine and propionaldehyde respec- 
tively. The origin of the extra stability of these 
rotamers is not clear at present. It is unlikely that it 
is a P-electron effect since the OH group is a 
a-acceptor yet both 10 and 12 have Me groups in 
the corresponding valence planes. All three are 
consistent with the hypothesis of a dominant H-Me 
repulsion between vicinal positions. 

Double polar rotors. If both C-X and C-Y in a 
double rotor system X-CHrY are bonds to polar 
groups, considerable coupling is found between 
them. This is to be expected from the results on 
substituent effects on single rotors. An important 
example of such a double rotor is methanediol, 
which can be regarded as a simple model compound 
for the anomeric center in carbohydrates. If we as- 
sume two independent C-O rotors, each with a 
threefold methanol potential, methanediol would 

exist in the isomeric forms 13-16 and then 
would have equal energy. The first ab initio 
studies”’ on these four conformations (using the 
4-31G basis) showed that the relative energies were 

HH HH 
&V 

d ‘0 

%J7 

oj \o,H 

R R A 
+sc, +sc +=, aP 

13 14 

HH 

I! 

o/ ‘0 

i! a 
+sc. -SC 

15 

HH 
BP 

H\O/C,O,H 

ap, ap 

16 

0,4.7,54, and 11.2 kcal/mole respectively. This im- 
mediately indicates a very strong coupling between 
the rotors, these coupling terms being much larger 
than the single C-O barrier in methanol. Subse- 
quently a fuller study of the two-dimensional (4, $) 
potential surface has been carried out” (Fig 5). This 

fop/ I-scl f+scl fop / 
8- 

Fig 5. Double-rotor potential for methanediol +31G). 

Table IO. Rigid rotor potentials for CH,CH,Y molecules (4-3 IG) 

Molecule 
Conformation’ E(JI = 0) EC+)-E(O) WA/mole) 

at $=O (hartrees) 60” 120” 1800 Description of potential 

Ethanol CCOH trans - 153.85411 1.33 046 2.06 Most stable form has CCOH trans. Second 
minimum with CCOH gauche 
0.7 kcallmole higher. 

Ethylamine CCN: 1rans -13444823 2.23 -0.51 140 Most stable form has CCN: gauche. Second 
minimum with CCN: trans 0.5 kcall 
mole higher 

Propionaldehyde CCC0 cis - 19166266 044 0.70 I.29 Most stable form has CCC0 cis. Second 
form ($ = 120”) is 0.7 kcal/mole higher. 
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indicates that (+ SC, + SC) is close to the overall 
minimum and also suggests that there are no other 
local minima on the surface. In particular. the all- 
trans (ap, ap) conformation is a very high max- 
imum. Some work has since been done at the 
4-3lG* level which gives similar results although 
the height of the (ap, ap) point over (+ SC, + SC) is 
reduced to 8.8 kcallmole. No relevant ex~~rnen~ 
data is available on methanediol, but these results 
are consistent with the known structure of di- 
methoxymethane.*“** The implications of these re- 
sults in the interpretation of the anomeric effect has 
been discussed elsewhere.U 

Many of the qualitative features of the 
methanediol surfaces can be interpreted in terms of 
the same effects that we have already invoked in 
fluoromethanol. Fig 6 shows that the back donation 
from the oxygen p-type lone pairs is O*OS electrons 
in the ( + SC, + SC) conformation, significantly larger 
than in methanol. The P-bond orders are also 
shown and indicate some n-bonding in methanol. 
The n-bond orders are also shown and indicate 
some slight antibonding in methanol. Other factors 
must also be important. The stability of the (+ SC, f 
SC) form XIII relative to the (+ SC, - SC) form XVI 
must be partly due to unfavorable dipole-dipole in- 
teractions in XV. 

METHANE0101 (4-3161 

Fig 6. n-Orbital populations in CH,OH and CH,(OH), (4- 
31G). 

CONCLUSIONS 

The following general conclusions seem to follow 
from theoretical studies to date. 

1. Bond angles seem to be given to considerable 
accuracy ( - 2”) at the Hartree-Fock limit. The min- 
imal ST0 basis is moderately successful, but there 
are systematic deviations from experimental data at 
the split-valence or double-zeta level. Additional 
polarization functions have then to be added to 
achieve adequate results. 

2. All the simple single-rotor potentials (two 
heavy atoms) are welt described as the single- 
configuration limit is approached. However, in 
some cases such as H202, adequate results are only 
obtained if polarization functions are used and flex- 
ible rotation is taken into account. 

3. Single substituents can modify rotational po- 
tentials strongly. Large changes are predicted for 
polar substituents on polar rotors. These are as- 
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sociated both with dipolar interactions and back- 
donation of ‘lone-pair’ electrons. 

4. It is not yet clear how well rotational poten- 
tials for I ,Zdisubstituted rotors are given by single- 
co&guration theory. Studies with a split-valence 
basis yield some apparent disagreement with ex- 
perimental data. However, the role of polarization 
functions has not yet been fully assessed. 

5. For double rotors, strong interaction terms are 
predicted if both rotors are polar as in methanediol. 
There is little experimental data on small molecules 
to check this, but the existence of such interactions 
has widespread implications for the stereochem- 
istry of larger molecules. 
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