
Ttfrahtdmn. VoI 32. pp 1211 10 1219 Perganwn Precc 1976 Pnnred m (ireal Rntam 

STEREOCHEMICAL STUDIES-XX 

CONFORMATIONS OF I,2-TRANS-DISUBSTITUTED CYCLOHEXANES 

N. S. ZEFIROV* and L. G. GURWCH 

DepartmentofChemistry,MoscowStateUniversity,Moscow, 117234,U.S.S.R 

A. S. SHASHKOV 

Institute of Organic Chemistry of Academy of Sciences of the U.S.S.R., Leninsky prospekt, 47. Moscow. 117334, 
U.S.S.R. 

M. Z. KRIMER and E. A. VOROB’EVA 

Institute of Chemistry of Academy of Sciences of U.S.S.R., Kishinev, U.S.S.R. 

(Receiced in the UK 12 February 1975; Accepted forpublication I8 September 1975) 

Abstract-The conformational equilibria of deuterated 1,2-rrans-disubstituted cyclohexanes has been studied by 
NMR spectroscopy and the values of gauche-interaction, i\GXiv, have been determined. The relationship between 

;\Gx,v, steric (E,), and dipole-dipole (E,) interactions, represented as the plot ACixlu - E, vs AE,, is proposed as the 
basis for a new description of conformational effects. The conformational behaviour of the compounds investigated 
is discussed in terms of “gauche-“. “hockey-sticks”, ” through bond” and “through space” effects. 

Although the possibility of calculating of conformational 
energies by quantum mechanical approaches does exist, 
to date conformational analysis is based (at least in its 
most general and useful form) on examination of the 
energy contributions made by changes in bond lengths 
(El) and angles (E,), torsional strain (E,) and by 
interaction between non-bonded atoms (En_&’ 

E = E, + Ee + E, + En-b (1) 

Equation (I) involving all these steric factors enables 
the conformations of a wide range of compounds fo be 
calculated fairly accurately.‘-‘ It is evident, however, that 
if substituents are characterised by some additional strong 
interactions, the calculations of relative stability of the 
conformations must include these additional effects. In 
fact, quite a large number of cases have now accumulated 
in the literature in which the stability of the conformations 
actually observed cannot be explained solely by steric 
factors. This type of discrepancy is usually regarded as 
specific for a certain structural unit, and these cases are 
sometimes treated as special “conformational effects”. To 
date many conformational effects have been proposed, all 
of which have had some kind of experimental “verifica- 
tion”. Many of them have special names, e.g. 
“anomeric”,’ and “rabbit-ears” effects,’ AZ-instability 
factor,” “gauche”7m9 and “hockey-sticks”“-” effects, 
“through-bond and through-space” effects,“-” “super- 
jacent effect”,‘lh and so on. 

Though conformational effects are often somewhat 
obscure, they are usually interpreted either in terms of a 
dipole-dipole (or charge-charge) interaction or the 
specific quantum mechanical mechanisms are involved 
for the explanation. The dipole-dipole interactions can, in 
principle, be characterised by the new additional term 
(AE,) in the eqn (I).’ 

The molecular orbital calculations operate using com- 
pletely different logic, because each molecule is treated as 
a whole. However, a compromise is possible if one 
operates with the interaction (“delocalization”) of local- 

ized sets of orbitals (for an excellent discussion of this 
point of view, see 13). In thiscase, the quantum mechanical 
effects, connected with the orbital interactions can also be 
treated as characteristic of the same structural units and 
accounted as new terms in eqn (1). 

In this respect, conformational behaviour of 1.2-frans - 
disubstituted cyclohexanes is especially interesting. Steri- 
cal reasons require that these compounds prefer a 
diequatorial conformation IB. However, this conforma- 
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tion is destabilized by the gauche-interaction of sub- 
stituents (X/Y). The available data concerning the 
conformational equilibrium of 1,2-tram -disubstituted 
cyclohexanes are somewhat piecemeal in character. The 
dihalogen compounds, which have been most extensively 
studied show the relatively increased content of diaxial 
1A conformation, which is increased across the series 
Cl < Br < I.‘“-= The same is seen for l,2-trans - 
dihalogenated cyclopentanes,2’ indane? and some 
heterocycles.2’ An increase in the fraction of a trans- 
diaxial conformation was mentioned with l,2- 
ditosyloxycyclohexane,‘* l,2-dihalohenated cyclohexanes 
containing different halohenes,*“ with certain I-iodo-2- 
pertluoroalkyl cyclohexane?’ and I-chloro-2-arylthio- 
cyclohexanes.“‘” Note also that cyclohexanedicarboxylic 
acid dianion is thought to possess a trans-diaxial confor- 
mation,*” while the acid itself (as well as its non-ionic 
derivatives)existsinadiequatorialstatepredominanUy.“‘~ 

The present work is a study of the conformational 
equilibria of a number of l,2-trans-disubstituted cyclo- 
hexenes and a rationalisation of their conformational 
behavior in terms of “conformational effects” (prelimi- 
nary communication’O). 
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RESULTS methoxy-compounds 3, 4 and 6 (Table I) were prepared 
All compounds investigated have been obtained by the according to Scheme I. A main problem was to obtain 

addition reactions to a cyclohexane (H-series) and to a RS-derivatives containing OR- and SR-groups as the 
3,3,6,6-tetradeuterocyclohexene”.’2 (D-series). Halogeno- substituent in a second position.” For this reason we have 

Table I, Data of NMR-spectra of the 1.2-trans-disubstituted cyclohexanes at the room temperature 

QPP% 

in ccl4 

tO.01) 
_-_z----- 512 

(, 0.1 Hz) 

Hl H2 

number I(, 
..* 

of com- 

pound a 
I q 

I1 % - 3.$ 
III oQI3 Cl 3.08 

IJ OCD, BF 3.16 

Y 0CD3 SCHj 2.98 

YId)oc95 I 2.95 

YII occm3 SCH) 4.59 

YIII Cl SCH, 3.98 

IX ar SC+ 
a) 

4.23 

x e, ococH3 v5 4.7 

XI Cl 
SC6H5 3.9 a) 

XII Cl SeC6H5 4.08 

XIIIf Br 

UY ') SCH, 

SC@5 4.2$ 

SC@5 2.6 a) 

XY OH SCH, 3.18 

XYI OH ST5 3.2 a) 

a)6+ 0.05 ppm; b) gt 0.01 ppm; ') in CD3CN; 

a) 
4.55 7.5 +0.2 

3.78 6.7 

3.91 7.0 

2.48 7.2 

3.9 7.5 

2.43 8.7 

2.68 6.25 

2.93 
a) 

5.0 Q.2 

3.06 8.7 ti.05 

a) 
3.23 5.8 

3.36 5.5 

3.5,a) 5.0 Q.2 

3.2 a) 6.0 to.2 

2.19 9.5 

2.66 9.g 0.2 

d) 
in vinyl chloride; 

$9 4.65, 6' 
H2 

2.45, 
1 

J12 A.7 HZ; 

. in cs2 

qppm; ,O.G5) 
-_------- 

Hl H2 

3.0 4.53 

3.06 3.74 

3.1 3.B5 

2.96 2.4 

3.01 3.98 

4.58 2.41 

3.9 2.7 

4.24 2.B4 

4.68 3.03 

3.B8 3.18 

4.05 3.33 

2.58 3.1g 

3.18 2.2 

3.18 2.6 

512 

() 0.1 Hz 

7.26 

6.8 

6.8ti.2 

7.2ti.2 

7.5 

8.pa.2 

6.5 

5.5 

8.75 

6.25 

5.75 

6.25 

9.so.2 

9.7 

In C6H6 

6)cpPln; + 0.05) 512 ___-------- 
(+ 0.1 Hz) 

Hl H2 

2.B6 4.6 7.ti.2 3.06 

2.g2 
b) b) 

3.74 7.2ti.05 

2.93 2.4 7.8ti.2 

3.33 

3.0,o) 

4.8 2% 9.2ti.2 

3.76 2.46 6.m.2 

4.03 2.6 5.sO.2 

4.B6 3.03 9.2 

3.8 3.1 6.4 

3.g6 3.26 6.4 

4.06 3.3 5.8%.2 

2s5 3.X6 6.7 

3.2 2.13 9.5a.2 

3.16 2.7 9.6 

In CH3CN 

r<pPm; + C.65) 512 ___-_------ 
(20.1 Hz) 

"1 "2 

4.66 

4.0 

4.03 

4.7 

3.9 

4.06 

4.2 ‘) 

3.26 

4.6 8.4 

3.B3 7.a.2 

4.11 8.0 

2.46 ') 7.8Q.2') 

4.06 8.5Q.2 

9.ti.2 

7.6tO.5 

2.6 7.a.2 

3.16 9.4 

3.2 7.820.2 

3.33 7.2 

3.4 ') S&O.2 

3.23 8.2 

9.a.2 

e) in vinyl chloride: t? Hl 4.66, SH 2 3.03, J12 8.75 He; 

g) in vinyl chloride: r H, 4.l. 6,, 3.35, J,2 5.5+0.1 Hz; 

f) u vinyl chloride cHl 2.55, g,, 3.15. 512 5.5 Hz? 
2 
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R, = CH, or C,H, 

H-series: R = H; D-series: R = D 
Scheme I. 

used the reaction of methylsulphenyl or phenylsulphenyl diaxial form 1A at room temperature has been calculated, 
Ruoroborates with cyclohexene” (Scheme 1). All com- using the low-temperature coupling constants of indi- 
pounds investigated are listed in Table 1. vidual conformers as standards. These data and the values 

The PMR spectra of all D-compounds investigated of free energy for the conformation equilibria, AG,,, are 
were the simple AX or AB systems. The chemical shifts listed in Table 3. Sometimes, we have not been able 
of HI and HZ protons and J&J,,L,) coupling constants are to obtain the experimental low-temperature coupling 
shown in Table 1. It is evident from (a) the solvent shift of constants, and standard constants were taken from data 
J,x and (b) the large value of J,x in CHCN that all on the closest analogous compounds. The literature data 
compounds have the rrons-configuration. The position of for equilibria of some l,2-trans-dihalogenocyclohexanes 
the conformational equilibrium may be found from the are also included in Table 4 for comparison purposes. 
Eliel equation: There is appreciable discrepancy in the experimental AC., 

(‘J& = c J, = 0” + (I - n)J”. 
values for the compounds mentioned. We have used the 
A&, values - 0.02 2 0.2 and 0.65 kcal/mol for dichloro- 
and dibromocyclohexanes respectively in accordance 

The main difficulties are usually connected with the with Refs. 16, 17 (Table 4). Additionally, we have used the 
choice of the “standard” or “limiting” coupling constants AG, = - 0.65 kcal/mol for I-fluoro-2-iodocyclohexane 
of the individual conformers (for discussion, see 35). and AG, = 0.25 kcaJ/mol for I-chloro-2-iodocyclo- 
The most precise value may be obtained from the low- hexane.z4e AI) literature data have been obtained using CSZ 
temperature NMR measurement. We have found that as a solvent. There is also value AG, = I.0 kcahmol for 
NMR spectra at -90” contained the peaks of both the conformational equilibrium of I,?-tronsdi- 
conformers 1A and 1B (Table 2). The content of the iodocyclohexane in benzene.‘8~2“’ 

Table 2. Data of low temperature NMR measurement of the I ,2-truns-disubstituted cyclohexanes 

Number of 
compound 

II 

III 

IY 

3 

Y-I 

Y-n 

Ylu 

IX 

X 

M 

Xn 

XIY 

Solvent 

CS2 
cs2 

cs2 
CS2 

cs2 

Y.C. a) 

% 

cs2 

V.C. a) 

cs2 

cs2 

V.C. a) 

Tempera- 
ture 

(-“Cl 

90 

80 

80 

90 

80 

90 

90 

80 

90 

80 

80 

90 

a,a-conformer (IA) 
6(ppm:+0.05) J 
___:__-_-_ 12 

“1 HI 
(+ b.1 Ha 

_ _ 

4.I2 2.75 

3.36 4.25 2.5 

3-25 - 2.45 

4.6 2.0 

_ - 

4.3 2.9 2.4 

_ - 

_ _ 

4.1 3.54 I.5 

4.2 3.5 2.0 

2.76 3.63 I.8 

e,e-conforzer (IB) 

sc,,m: +L;.C5) 512 _ - _ - _ _ - _ _ _ _ 

Hl H2 
0 0.1 Hz) 

2.95 4.35 9.25 

2.9 3.53 9.5 

2.93 3.6 9.7 

2.83 - 9.5 

4.16 Io.25 

4.64 2.34 IO.75 

3.6 2.6 IO.8 

3.8 - IO.5 

4.66 3.0 IO.5 

2.77 IO.75 

2.9 IO.75 

2.37 2.ge 11.0 

a) vinyl chloride 
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Table 3. Conformation equilibrium data of l,2-trans-disubstitufed cyclohexanes (1A F? 1B) 

Number 
of com- 

cc14 CS2 CH3CB 

pound *I;(' (kcaLo1) T;lf 

C& 
G % Of 

(kcal/mol) IA (k&lWl) 
%;f 

(k&01) 

II*) 23.2e.6 -0).67i$.2 29.w.o -0.5&I, 24.2&6 &S&l.2 12.5$X5 -1.QO.3 

III ‘iI.5c4.7 -0&0.1, 4O.Ofi.7 -0.2@.1, - 29.6d.5 -0.5gO.2 

IY 37.5t4.5 AU-$.12 40.?&.8 4,.2&I, 34.7Q3.9 AM&LII 23.6&g -0.S9&17 

9 32.6c4.7 -0.4&.13 32.6&O -0.43$A17 24.Is.4 -0.6@2, 24.Is.4 -0.6&~~~) 

91 33L13$.0 d.4@.11 33.3&.0 a4&.II - 2I.w.5 -o.7&21 

911 24.79.2 -0.6&.14 24.7s.4 dS&I, 18.6&s -O&&23 15.0~5.7 -I.O&oS 

YIII 54.I,&L5 0.1+0.06 51.2s.5 0.03&08 46+4.8 -O.C%$.I, 33Ay3.7 -0.41$.24 

IX ') 67.w.5 0.4@.13 61.7+0.09 0.2,@.09 61.7d.7 

x a) 22.1&7 

0.2&12 35.8-#.7 -0.3@.14 

-0.7&.14 22.7yi.3 ~.7~.16 17.Q4.4 -0.9@.2 13.5cQ.5 -I.I+o.Z, 

Xx 53.5@.2 O.O9j$CEi 43.6&.3 -0.03&.03 47.O-g.3 -0.OhJI.07 3I.e.7 -CL~~.I~ 

XII 6O.Og.2 0.2&0.@3 57.Id.3 0.17+0.03 49.7s.4 

XIII') 67.9yi.5 

-O.OI+o.Oe 40.5&.6 -0.QO.09 

0.4&0.13 58.oc4.7 O.I@.I, 45.6&O -0.1d).12 b, 

XIY 54.35t4.3 O.Iy3.1 51.6d.2 0.04@.07 46.7‘&3 -O.o&o.c8 30.4d.7 -0.4 g.1 

asauminp Jee I 2.45 Hz; b) in CD3 CN: C) aasumin~ Jee = 2.4 Hz; d, in cH2 lCHC1 

ac P 0.28 + 0.09 kcal/mol 

Table 4. Energies of internation of gauche-substituents 

gauche- 
fragment 

( x/u 1 

b) 
O/OAc 

O/Cl 

O/Br 

WI 
C) 

O/S 

OAc/S 

S/Cl 

S/B?. 

S/S 

Cl/Cl d, 

Ew/Br d) 

F/I e, 

Cl/I e, 

I/I e, 

4/r 
In kcalhnol 

0.6 i 0.4 

0.8% 0.3 

0.7 + 0.3 

0.6 + 0.2 

I.2 2 0.6 

1.1% 0.6 

I.7 2 0.5 

2.0 + 0.5 

2.2 + 0.7 

1.0 + 0.4 

I.6 + 0.3 

0.1 

I.2 

I.9 

Energy (kcal/mol) 

8) 

PEP B" 

I.2 -0.13 

0.98 -0.18 

0.32 -0.2 

0.64 -Q.I7 

0.84 -0.18 

0.67 0.1 

0.58 0.23 

0.58 0.1 

0.72 -0.08 

0.58 0.35 

0.61 -0.1 

0.52 0.66 

0.36 (2.73) 

8) Uexg the Hill equation: 3"/C = -2.2666 + 6.28 10' e-70.0736. 

b) 0 - aearls Cata for OCH, C) s - means data for SW3 

d) Ref_ 16.17 e) Ref. 
24a 

For the discussion it was necessary to calculate the 
values of steric and polar interactions of the substituents 
in the compounds investigated. To our knowledge 
experimental data concerning the X . . Y distances (rxjv) 
in the conformations 1A and 1B for the compounds 
discussed are extremely poor;t because the rx,v values 
have been calculated using the Cartesian coordinates of 

tThere are structural data for I,?-wdichlorocyclohexane,‘” 
and also for l.2.4,5-a,a.e.e-tetrachloro-‘- and 1,2.3-a.a,a- 
tribromocyclohexanes.‘” 

$The coordinates of oxygen and sulphur atoms were calculated 
for OR and SR groups. 

cyclohexane itself.‘,” The coordinates of substituents X 
and Y $ were calculated by extending the C-H vector to a 
new vector using average staadard C-X* lengths; C-r 
1.39 A, C-O 1.42 A, C-Cl 1.78 A, C-S 1.8 A, C-Br 1.94 A 
and C-l 2.13 A. The energy of steric interaction of 
gauche-substituents, E,, has been calculated using the 
Hill equation.‘,e.4’ Results of these calculations are given 
in Table 4. Inspection of Table 4 indicates that steric 
interaction terms are usually small. An appreciable value 
of E, has been found only for the atoms of lower 
elements (Br/Br and especially I/I). However this is 
evidently an artifact of the calculations since undistorted 
cyclohexane geometry has been used. In the conforma- 
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tion lB, the steric repulsion increases the e,e-dihedral 
angle to relieve the strain. This may also be supported by 
experimental data. For example, the dihedral, e,e-angle in 
cyclohexane-l,2-tram -dicarboxylic acid in 69’,” which 
exceeds the corresponding angle in cyclohexane (62.9”). At 
the same time, the small increase in the dihedral angle and 
therefore the very small increase of rx:y value leads to a 
great decrease in steric repulsion, taking into account the 
shape of the dependence E,/e vs TX!\..’ Hence we may 
regard the calculated values as the upper repulsion limits. 

DISCISSIOK 
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Some approaches exist for calculation of polar interac- 
tion (for discussion, see 3, 17). We have used the charge- 
charge model to calculate the electrostatic interaction 

between the polar e-x bonds. With the charges, ex 
and ev, in electrons and the distances, rxfv, in A, the 
electrostatic interaction is given by equation: E, = 
332. ex .eu/rxn with E, in kcal/mol.” The excessive 
electron densities on X and Y atoms need to be obtained, 
and these charges were calculated using the equation 
ex = pc_x/rc_x, where pc_x is the dipole moment and rc_x is 
the length of the C-X bond. Calculated values of charges 
are the following: eF = -0.21, erI = -0.17. eB, = 0.15 
and el = - 0.12 e.u. One may find some different values of 
ex in the literature (for example, ccl = -0.22”’ and 
-0.26J’). This is due to use of experimental dipole 
moments of halogene compounds for calculation in Refs. 
41,43. We have used the “pure” moments of C-X bonds, 
calculated with exclusion of the moment of C-H bond.” 
For the group containing oxygen and sulphur, the dipole 
moments of C-O (0.75 D) and C-S (0.65 D) bonds have 
been calculated analoguously cf 39, from the experimen- 
tal dipole moments of dimethyl ether and dimethyl 
sulphide” respectively. Calculated charges are ea = - 0.22 
and es = - 0.15 e.u. All charges calculated compare very 
well with those assumed in Ref. 3a and those taken from 
quantum mechanical calculations,“.” which give some 
support to the validity of the charge distribution obtained. 
The values AE, = E,,“‘- E,‘“, which reflect an extra 
destabilization in the diequatorial for 1B due to the 
charge-charge interaction (or dipole-dipole, see Ref. l7), 
are listed in Table 4. Of course, this calculation is a 
relatively simple matter; however the same type of 
calculation has received wide application in current 
literature. A more precise analysis by molecular 
mechanics calculations are extremely difficult, especially 
for the compounds containing OCH, or SCH, groups. 

Finally, there remains the choice of the “best values” of 
-AC& (or A-values) for the monosubstituted cyclohex- 
anes. In spite of intensive investigations, there is 
appreciable discrepancy between “the best” values.‘.a-4Y 
We have chosen the following values of -AGw: F 
0.25%O.l, Cl 0.5~0.1, Br 0.48~0.1. 10.45tO.l. OMe 
0.55 -) 0.1 and OAc 0.7 f 0. I kcal/mol. Error limits have 
been chosen from the comparison of the data in Refs. 
46-48. There is especially large discrepance between the 
- AGs~H, values (0.7’” and 1.07.” kcal/mol). We prefer 
the second value because it has been obtained from the 
precise low-temperature NMR measurement. However, 
we use the -AC&, value of I.1 kcal/mol with a large 
error limit ~0.3 kcal/mol to avoid doubtful conclusions. 
The AAG = AC&r, - AGScoH, value has been evaluated of 
-0.1 kcal/mol.‘R Hence we have also used the -AGsCAHc 
value of I. I 2 0.3 kcal/mol. 

tThe same problem is discussed for I ,2disubstituted ethanes. 

Examination of Table I reveals that J.,” coupling 
constant for hydroxy compounds 15 and 16 are approxi- 
mately 9.5 Hz, independent of solvent and temperature. 
Taking the standard J” coupling constant for these 
compounds equal to 9.5 Hz (compare with low- 
temperature data for compound 2-5, Table 2), one may 
conclude that conformational equilibrium in this case is 
“anancomeric” (term from Ref. 49) and the diequatorial 
conformer 1B is strongly favoured which is in a good 
agreement with literature data concerning the conforma- 
tional equilibria of the halogenohydrin derivatives of 
cyclohexane.‘“‘“.m This feature is explicable in terms of 
intramolecular hydrogen bond, which may operate in 
these systems.t 

However the conformational behaviour of the other 
compounds investigated is completely different. Inspec- 
tion of the data listed in Tables I and 3 reveals that (a) the 
coupling constants are strongly solvent-dependent and (b) 
there is appreciable content of the diaxial form 1A in 
conformational equilibria. 

The - AGHal values for halogenocyclohexanes have 
been found to show extremely small solvent- 
dependence.1° In contrast, the equilibrium free energies, 
AG,,, of the compounds studied are strongly solvent 
dependent (Table 3). This behaviour is due to the gross 
dipole moment difference between conformation IA and 
1B (cf. Refs. 16, 17). Figure 1 shows the relationship 
between AG$, vs AG, in the other solvents (not all points 
are included). As can be seen, there is apparent linear 
correlation between these values. One can conclude that 
AG, values change approximately equally along with the 
change of solvent polarity. As can been seen from Fig. I 
and Table I the benzene, which is non-polar solvent, 
behaves anomalously, preferentially stabilising the di- 
equatorial isomer as compared with Ccl4 or CS2 (“benzene 
efiect”).““.:“.‘L The benzene effect for the compounds 
investigated is appreciable and may be roughly evaluated 
as 0.2 kcal/mol (Table 3). 

The next step of the discussion must include the 
correlation of the parameters of conformational equilib- 
rium with some characteristics of substituents (e.g. with 
charges, volumes, etc.) to elucidate the factors which 
determine the conformational equilibrium. However, one 
important question may be posed: what parameter of the 
equilibrium has to be correlated? For example, the 
Irons-gauche free energy differences have been used 

Fig. 1. Relationship between AC;? ,4 and AC::,, : +. in CS,; .5l. in 
C,H; 2 in CHKN. . . 
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directly for this purpose in the case of 1,2-disubstituted 
ethanes.‘* However, the situation in the case studied is 
more complicated. Indeed, the increase in the content of 
the diaxial conformation can be due to either the strong 
repulsion of X and Y in the conformation lB, or the small 
conformational free energy ( - A& and -A&) of the 
substituents. Hence, it is reasonable to divide the 
experimental AG, value in accordance with the additive 
scheme: 

AC, = A&u + AGx t AGu 

where AGx and AGu are the free energies of conforma- 
tional equilibria of corresponding monosubstituted cy- 
clohexanes, and term AGx,v reflects the gauche -interaction 
of the substituents in the diequatorial conformation 1B. A 
positive sign of AGx,y means repulsion, a negative one 
means attraction. Because the AG, values are solvent- 
dependent (in contrast with AGR) the term AGx,y is also 
solvent-dependent. It is most reasonable to use the data in 
CCL solution, because in solvents of low dielectric 
constant intramolecular factors dominate conformational 
equilibria.tCalculatedAGx,~valuesareshowninTable4. 

We shall now discuss the factors which determine the 
conformational equilibria investigated. The traditional 
explanation for the increased content of diaxial form in 
conformational equilibria of I ,2dihalogenocyclohexanes 
has generally been connected with polar or electrostatic 
interactions of substituents.m-” This concept has been 
advanced by a number of authors; nevertheless. it has no 
predictive power. To evaluate the contribution of the polar 
factor, we have to inspect the dependence of the AGw., 
values on calculated values of charge-charge interaction, 
SE, (Fig. 2). However, quantum mechanical effects, based 
on a concept of delocalized interaction of localized sets of 
orbitals,” are included in conformational analysis as 
additional effects to the steric and electrostatic ones. 
In other words, if the molecular mechanics 
calculations explain the conformation equilibria observed, 
there is no need to postulate a more complicated 
explanation with the introduction of new effects (principle 
of “Ockham’s razoP5’). Thus, we must include the steric 
interaction (E,) in the correlation to decide whether or not 
there is any need to involve the new effects. Hence, the 
correct construction of the diagram would be as follows: 
the experimental points must be plotted in coordinates 
AGxfv - E, vs AE, (Fig. 2). The straight line AGxju - E, = 
AE, divides Fig. 2 in two regions: fields of additional 
attraction and repulsion. Then the ordinate distance from 
experimental point to border line AGxn - E, = AE, 
represents the energy of additional gauche-interaction, i.e. 
“effect”. 

Inspection of Fig. 2 shows impressive results. The values 
of O/Cl, O/Br and O/I fragments fall on the borderline. 
Hence, the conformational behaviour of compounds $4 
and 6 can be adequately interpreted in terms of steric and 
polar interactions. However, the points of O/O and F/I 
fragments are distinctly in the field of additional attraction 
and the other points, especially those belonging to S/Cl, 
S/S, S/Br and Br/Br fragments, are distinctly in the field of 
additional repulsion. 

+The most correct procedure is IO use the vapor phase energy 
differences for calculation of gauche-interaction term, AGx,v or 
even AH,,v; however, these data are available only in rare 
cases.‘h’7 

OS IO 
AEp, kcal/mol 

Fig. 2. Relationship between AGx,u - E, and AE, 

In summary, we conclude from the data of Fig. 2 UUI~ 
conformational behaaiour of some compounds incesti- 
gated can be rationalized only by inoolcing the additional 
eflects, namely (a) additional attraction for the strong 
electronegative fragments (O/O, F/I) and (b) additional 
repulsion for the elements of low periods. 

We now turn our attention to the problem of 
conformational effects. First, we shall consider the 
so-called “gauche-effect”. Wolfe et al. have given some 
definitions for this effect;i-9 probably the most precise one 
is the following: “gauche-effect is a tendency to adopt 
that structure which has a maximum number of gauche- 
interactions between the adjacent electron pairs and/or 
polar bond”.” Criticism of this concept is usually due to 
misunderstanding, because one accepts this effect as an 
exact rule rather than as a tendency. Indeed, if the 
gauche-effect is understood as the predominance of the 
gauche form over trans in conformation equilibrium of 
1,2-disubstituted moiety, one can find a large number of 
examples which follow this concept and an equally large 
number of examples which do not follow it. ‘L”.‘~.~’ In our 
opinion the gauche-effect has to operate as the sharp 
increasing of gauche attraction, which should be addi- 
tional to the steric and polar factors. We may define the 
gauche-effect as follows: it is a quantum mechanical 
efect which operates in 1,2-disubstituted frameworks and 
introduces such appreciate contribution into stabilization 
of the gauche-form, that it should be adopted as a new, 
additional term in the equation (1). Thus, we treat the 
gauche-effect as a phenomenological one. As can be seen 
from Fig. 2, only two points, O/O and F/I, are shifted in 
the field of additional attraction. We believe that this shift 
is due to the “gauche-effect”, which really operates in the 
case of strongly electronegative substituents. 

Secondly we shall discuss the effects of the additional 
gauche repulsion. Earlier, one of us has suggested that 
some features of conformational equilibrium of 1,2-frans- 
disubstituted cyclohexanes can be generally interpreted in 
terms of orbital repulsion of lone pairs of substituents.‘” 

In the case of l,2-disubstituted ethane fragment with 
the staggered or gauche conformation about C-C 
bond 17, overlap of lone pair orbitals of X and Y occurs to 
give bonding and antibonding orbitals occupied by four 
electrons (Fig. 3). In this case the upper level is 
destabilized more than the lower one is stabilized and 
(E,( > 1E.l.” Thus such interaction results in ielative 
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instability of the conformation 17. This repulsive interac- 
tion 17 was picturesquely referred to as the “hockey- 
sticks” effect.” An analogous concept has, nearly 
simultaneously, been stated by Hoffmann”.’ and by 
Muller.“” Hoffmann has developed a more general 
approach concerning the two types of electronic interac- 
tion”.” labelled “through-space” and “through-bond” 
effects. It is evident that the “hockey-sticks” effect is the 
“through-space” effect applied to conformational prob- 
lems. 

The most important circumstance for conformational 
problems is the fact that “through-space” and “through- 
bond” effects can change relative stabilities of the 
conformers in opposite directions. This concept has been 
elegantly developed by Epiotis” who showed that 
“through-bond” orbital interaction can lead to non- 
bonded attraction in various types of organic molecules 
and, probably, the “through-bond” interaction is one of 
the origins of the general phenomenological “gauche- 
effect (see, however, Ref. IS). Hence, the fact 
of interaction of orbitals as in 17 does not permit a 
priori a conclusion concerning the relative stability of 
conformers. 

Our analysis of the relationship between AGx!Y - E, vs 
AE, reveals that an additional repulsion of the gauche- 
substiruents evidently operates for some offhe compounds 
investigated; probably the orbital interaction of the 
“hockey-sticks” type is the origin of this phenomenon. In 
accordance with the above discussion this effect is 
especially important for the atoms of lower elements (cf. 
Refs. IO, II). 

Finally we turn our attention to the general methodolog- 
ical problem of conformational effects. One important 
statement has to be underlined. A new effect can be 
inherent in some structural framework and introduced in a 
purely phenomenological way as the new additive term in 
rhr equation (I). For example, “rabbit-ears” or 
“anomeric” effects belong to this category. We also 
regard the “guuche-effect” as phenomenological (vide 
supra). A phenomenological effect reflects a nel result 
and, thus, can arise as the compromise between opposite 
real efects. This leads to a paradoxical situation, because 
it is impossible to be sure whether some “conformational 
effect” really exists as the origin of some phenomenon. 

We shall illustrate this conclusion using the simplest 

example. The well-known steric effect of the predomi- 
nance of equatorial conformation in monosubstituted 
cyclohexanes is usually tied up with 1,3-R,H-repulsions in 
the axial conformation (18). One may pose the question: 
does this repulsion actually exist? If this repulsion is 
regarded as the essence of this phenomenon, the answer, of 
course, will be yes. However, if this repulsion is regarded as 
a phenomenological effect, the answer will be maybe 
yes, maybe no. Indeed, the “net 1,3-R,H-repulsion” may 
arise as the difference between the 1,2-R,H-attraction in 
equatorial conformation and 1,3-R,H-attraction in axial 
conformation. In this case, the 1,3-R,H-interaction would 
be attractive by nature, whereas it appears phenomenologi- 
tally as a repulsion. 

The same is also correct for the quantum mechanical 
conformational effects. Let us assume that we compare 
the energies of the conformers of l,2-X,X-disubstituted 
ethanes in the series with different X (e.g. F, Cl, Br, I). 
Thus AE,., = (r”’ + Erep)B - (En” + E”‘), = AE;!:’ + AE:“: 
where E”“’ and ErcP are the net attractive and repulsive 
terms respectively. Further, assume that attraction is 
dominant in each case. However, the difference hetween 
the attractive and repulsive terms can either increase or 
decrease along the series, and will appear as the net 
phrnomenological effects of attraction or repulsion. 
Indeed, the content of the gauche-form will increase in 
the first case and decrease in the second in going along the 
series. Evidently, the phenomenological “effect of repul- 
sion” does not reflect the origin of the conformational 
behaviour, because as we assumed above, the attraction is 
dominant in each case. 

To avoid meaningless discussion about “the explana- 
tion” of some conformational phenomena, one must 
differentiate precisely (a) phenomenological effects and 
(b) effects which reflect the “origin” or “mechanism” of 
these phenomena. This differentiation should be reflected 
in nomenclature. We propose to use the terms “gauche- 
attraction” and “gauche-repulsion” effects for the 
phenomenological (non-steric and non-electrostatic) 
effects. and to keep such terms as “through-space” or 
probably in some cases “hockey-sticks effects”, 
“through-bond” and “superjacent” effects, “lone pairs 
attraction or repulsion” effects etc, for dealing with the 
origin of conformational (or electronic) effects, rational- 
ized in terms of orbital interaction. 

CONCLUSION 

We attempt to show that (a) there is no simple 
explanation for the conformational behaviour of the 
whole series of I ,2-trans-disubstituted cyclohexanes, and 
traditional rationalization in terms of a polar interaction is 
invalid; (b) the conformational behaviour of these 
compounds may be rationalized only by involving 
additional effects, namely, the additional attraction for the 
strong electronegative substituents (0, F) and the addi- 
tional repulsion for lower elements (c) dependence on 

AGx,y - E, vs AE, may be regarded as the methodological 
basis for introducing the new conformational effects. 

More experimental data concerning the conformational 
equilibria of the compounds discussed and especially 
more precise molecular mechanics calculations 
will provide more careful analysis of the importance of the 
quantum mechanical effects. 

EXPERIMENTAL 

NMR specrra were recorded on the Varian XL-100 and TA-60 
instruments. Synthesis of the following compounds was made 
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according to references cited: 2’:. 3‘“. 4‘“. 5”. 8” and 9”. 
Synthesis of 7 and 14 were made according to the general 

procedure.- In the first case 7 the mixture has been treated with 
CHCOOH and the product has been isolated with chromatog- 
raphy on alumina @mane: CHCI,-5: 3). In the second case 14 the 
mixture was treated with sodium thiophenolate and the product 
has also been isolated with chromatography (silica gel; CCL. 
pentane: CHCI,-3:2:2). 

General procedure for s.wrrhesis of 20. 11. and 16. In a typical 
run, a solution of cyclohexane D. (0.34 gt and AgBF, (0.98 g) in 
CH,NO:-CH,CI, (3; 2) was added to a cooled ( - 40”) solution of 
phenylsulphenyl chloride in 4ml of CH,CI,. Stirring was 
continued for 5 min at - 40” and appropriate nucleophile 
(CHCOOH for 10. tetraethylammonium chloride for 11 and water 
for 16) was added. The following work-up included neutrahsation 
with aq sodium bicarbonate, extraction with chloroform, washing 
with waler, drying and purification. 

I-Chloro-2-mefhox~cpclohexone 3. A slight excess of chlorine 
was bubbled through a stirred mixture of cyclohexene (3 g) and 
Ag,O tl2gJ in IS0 ml of dry MeOH at 0’. Usual work-up gave 3 
(l.Zg). b.p. 59-6O”/lOmm. nE’ 1.4680 (Found: C. 56.23; H. 8.57. 
C.H,CIO requires: C. 56.54; H. 8.8lc/c). 3-D. was synthesized in 
an analogous manner. 

I-lodo-2-mcfhox~cyclohexanc 6. l3.2g of iodine was slowly 
added to a stirred mixture of cyclohexene (3 g) and Ag,O (12 g) in 
250 ml of dry MeOH at 0’. The mixture was stirred for 2 h and left 
standing overnight. The usual work-up gave 2.2g of 6, b.p. 
65-6P125 mm n:,’ 1.526 (Found: C. 35.07: H. 5.55. C,H,,IO 
requires: C, 35.01 H. 5.46%). 6-D. was spnthesiied analogously. 

I-Chloro-?-phenylselenoc~clohexane 12. 5 g of cyclohexene 
was slowly added to the stirred solution of 2 g of phenylselenenyl 
chloride in I5 ml of Ccl.. The mixture was stirred for 5 hand left, 
standing overnight. The solvent was removed in cacuo and 
residue was chromatographed on alumina (hexane: ether-?: I). 
The solvents were removed in racuo and the resulting oil was 
distilled to give I.8 g of 12. b.p. l37- 1400/! mm. nc 1.5996 (Found: 
C. 56.23: H. 8.57. C,,H,CISe requires: C, 52.67: H. 5.52R). 
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