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IV

CONFORMATIONAL ANALYSIS OF SOME HIGHLY 
BRANCHED HYDROCARBONS.

A dynamic NMR and Molecular Mechanics investigation.

Abstract.

This work comprises a study of conformational properties of three distinct classes of 

compound in which conformational exchange takes place by means of rotation about 

a carbon-carbon single bond. The parameter used for classification is the type of 

hybridisation of the two carbon centres at either end of the rotational axis, viz sp2 - 

sp2, sp2 - sp3, and sp3 - sp3. In the sp2 - sp2 class, symmetrical cis- and trans-

1,2-dialkyl-1,2-di( 1 -naphthyl)ethylenes are discussed. These compounds are nonplanar 

and exist as mixtures of syn and anti rotational isomers. Barriers to 1-naphthyl rotation 

through the double bond plane have been measured by NMR as has the syn/anti 

equilibrium. Molecular Mechanics calculations serve to illuminate the structure of the 

ground states as well as pathways to conformational interconversion. In the sp2 - sp3 

class, 13,14-dialkyIpicenes have been synthesised. The discussion emphasises 

compounds with two identical alkyl substituents of one, two, six, and ten carbon atoms. 

In the ground state conformation the p-alkyl carbon atoms are located on opposite faces 

of the plane, the two substituents thus being anti. The barrier to interconversion of 

enantiomeric anti forms is reported. The ground state conformation of 2,4,4-trimethyl- 

3-isopropyl-2-pentene has been elucidated by NOE experiments and Molecular 

Mechanics and comparisons are made with 2,2-dimethyl-1,1 -diisopropylcyclopropane. 

Both compounds exist as an equilibrium between two different conformations which can 

be detected by NMR. In the sp3 - sp3 class, tri- and tetrasubstituted methanes have 

been investigated. The substituents are combinations of t-butyl, isopropyl, and methyl 

groups. The results are discussed in terms of barriers to t-butyl and isopropyl rotation, 

distortion of ground state conformations, and conformational exchange. Comparisons 

are made among compounds of similar substitution. The study underlines the 

importance of ground state conformations far removed from staggered.
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Section 1.

General Introduction.

Rotational isomerism is the last frontier in the study of the isomerism of organic 

structures. Stereoisomers can nearly always be separated and wholly characterised but 

almost invariably rotational isomers have to be studied in the mixture in which they 

naturally occur.

In a first section some selected examples of conformational analysis will be presented 

in order to put this work into perspective. This will be followed by a brief 

introduction to the experimental techniques employed. However, the compounds which 

are the subject of this study will be introduced in a section directly preceding the 

respective group of compounds.

1. Conformational analysis.

Conformational analysis deals with the all-important question of the precise atom 

arrangement in space, and its major aim is to provide an analysis of physical properties 

and chemical reactions as a function of molecular shape. The concept was first 

developed during the 1950’s by D.H.R. Barton of England and O. Hassel of Norway, 

who shared a Nobel Prize in 1969 for their work. Conformational analysis is of equal 

significance in the whole of chemistry, be it biochemistry, organic, inorganic, or 

polymer chemistry.

In general, every distinguishable conformation of a molecule represents a state of 

different potential energy due to the operation of attractive or repulsive forces that vary 

with the distance between different parts of the structure. The molecule will ordinarily 

occupy a stable state, i.e. one of low energy. Two such stable states are shown for n- 

butane in fig. 1.

Transition to another stable state only occurs upon absorbing enough energy to reach 

and pass through the unstable intervening conformation, i.e. the transition state. The



molecular structures of certain more complex compounds can impose such high barriers 

to rotation that stereoisomeric forms, differing only in conformation, may be identified 

and isolated.
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figure 1.

One way of influencing free rotation about a bond is to build up steric crowding in the 

vicinity of this bond. The introduction of bulky substituents represents a generally 

useful way of establishing this. The substituents will usually exhibit through-space 

interaction with one another and thus interfere with an unrestricted rotation about the 

bond under observation - occasionally additional substitution will lower the barrier ! 

If the ultimate aim is to devise a molecule whose rotational isomers are to be separated 

the rate of rotational interconversion has to be small enough for the individual rotamers 

to survive the separation without rotational isomérisation. This is synonymous to 

requiring a high barrier to rotational interconversion. The following selected examples, 

restricted to hydrocarbons, according to this work, may provide a general background 

with respect to the scope of conformational analysis.

The data is arranged according to the type of hybridisation of the two carbon centres 

at either end of the bond axis about which rotational interconversion proceeds, viz sp2 - 

sp2, sp2 - sp3, and sp3 - sp3.

1.1. Rotation about sp2 - sp2 carbon-carbon bonds.

The most simple compound in which rotation about this type of single bond can take 

place is 1,3-butadiene. Butadiene is found to prefer the planar transoid conformation 

but experimental and theoretical evidence combine to suggest the presence of a second 

rotamer. To this rotamer has to be assigned the cisoid conformation with near-to- 

coplanar structure. Chapman and Anet^ succeeded in enriching and characterising



AGo = 10.5 kJ/mol

transoid cisoid
1,3-butadiene

the minor rotamer and determined a barrier to activation of AG* = 16.3 kJ/mol at - 

213°C (major minor). Butadiene constitutes an example of a low rotational barrier. 

Intermediate and high barriers are found among the classic examples of this group, viz 

biphenyl and binaphthyl derivatives.

2,2'-dimethylbipheny 1, 21, having two monosubstituted phenyl rings, is optically very 

labile at ambient temperature.^ The barrier to rotation about the bond joining the 

aromatic rings is 72.9 kJ/mol at -35°C.

C H

21 22

Due to significant repulsive steric interaction the ground state features phenyl rings at 

a near-orthogonal rather than near-planar dihedral angle which is, in fact, the rotational 

transition state. In a similar compound, 2,2’-dimethyl-1,1’-binaphthyl, 22, now with 

steric repulsion between ortho- and peri-substituents, the rotational barrier is much 

higher.^ Even on heating to 240°C for 40h the two enantiomers of the binaphthyl 

derivative show no racémisation implying a free energy of activation in excess of 190 

kJ/mol. In 1,8-di-ortho-tolylnaphthalene, 23, the biphenyl arrangement occurs twice. 

Clough and Roberts'^ isolated two isomers from the crude product - syn/anti



anti syn

23

diastereoisomers with different physical properties. In these stable rotamers, both ortho- 

tolyl substituents are parallel with respect to each other but approximately orthogonal 

to the naphthyl system. At 40°C, an equilibrium mixture contains 76% of the anti 

isomer and 24% of the syn derivative. From this is calculated a free energy difference 

of 3.0 kJ/mol in favour of the anti compound. The barrier to anti —> syn 

interconversion is 103.9 kJ/mol. Many other examples are known in this class. In 

1986, Lai reported 9 ,10-ditolylphenanthrenes^ which also exist as mixtures of syn/anti 

rotamers. The barrier to tolyl rotation in the ortho derivative 24 was found to be >155 

kJ/mol whereas in the meta compound 25 it is 85 kJ/mol. This difference is explained 

by a substantial steric interaction between the ortho-tolyl methyl groups and the 

phenanthrene peri-hydrogens in the planar rotational transition state. In 25 the

24: 9,10-di(o-tolyl)phenanthrene, = H, = Me.

25: 9,10-di(m-tolyl)phenanthrene, R̂  = Me, R  ̂ = H.

corresponding interaction only occurs between hydrogens. While the ground states in 

both ortho- and meta-compounds are likely to be of similar stability the transition state 

of the ortho derivative has the much higher energy and hence barrier. The results 

obtained for 24 indicate that the syn isomer is the more stable one, AG  ̂ = 2.59 kJ/mol



at 25°C which is in contrast with 23 where the anti isomer is more stable. Part of my 

work is concerned with a similar case of syn/anti isomerism.

1.2. Rotation about sp2 - sp3 carbon-carbon bonds.

In the chemical literature, the number of examples of hindered rotation about this type 

of bond is rather limited when compared with the other two groups. The most simple 

hydrocarbon in which rotation about the sp2 - sp3 bond can occur is propene for which 

the transoid rotamer is more stable than the cisoid one. The barrier to methyl rotation 

is 8.4 kJ/mol.

Methyl rotation in substituted propenes has also been studied. There is free rotation 

in toluene and low barrier rotations in ortho-xylene and similar compounds.

Most examples of high rotational barriers appear to involve aromatic ring systems. 

Following the early success in the optical resolution of biphenyl derivatives aromatic 

compounds with several aliphatic substituents, ortho and peri to each other, were 

devised. Some interesting facts emerged from these efforts. For compounds carrying 

large tetrahedral groups the barrier to rotation is low due to a marked increase in the 

energy of the ground state relative to the transition state. A proton NMR spectrum of 

1,3,6,8-tetra-t-butylnaphthalene 26 at room temperature only gave a singlet for the t- 

butyl groups in the 1,8-peri position. Anderson et al.® were eventually able to observe

slow t-butyl rotation in 26. On cooling of a 

sample line broadening began at -80°C and 

separate signals were observed at -153°C. The 

barrier to t-butyl rotation was found to be 27.2 

kJ/mol at -142°C. X-ray crystallography of a 

sample of 26 indeed confirms a highly distorted 

ground state, and the strained nonplanar structure is reproduced by force field 

calculations.^’*

In order to generate higher rotational barriers it was found necessary to devise 

compounds which are less congested in the ground state, but possess severe interactions 

between parts of the molecule in the rotational transition state. A most intriguing 

example was published in 1975 when Tangier and TidwelF, as part of their programme

26



for the investigation of crowded alkenes, reported the synthesis of tetraisopropylethylene 

27. Their results show that 27 prefers a conformation with all isopropyl hydrogens

approximately lying in the same plane as the 

double bond, all pointing in the same direction, 

see structure 27. The isopropyl groups were 

predicted to interconvert by synchronised rotation 

about all four of the sp2 - sp3 single bonds. 

Bomse and Morton^® report a barrier to 

27 isopropyl rotation of 70 kJ/mol at 24°C. The

coupled rotation of such groups has been designated as the gear or cogwheel effect. 

In 27, the above ground state had already been predicted computationally in 1974“ and 

was confirmed by X-ray crystallography in 1980.“ The gear mechanism of rotational 

interconversion, already considered in the initial publication, would imply one-step 

synchronised rotation of 180 deg. of all four isopropyl groups. Ermer later calculated" 

that the interconversion does not follow a cogwheel pathway, but proceeds stepwise 

with individual isopropyl rotation via three intermediate minima. The calculated barrier 

to isopropyl rotation is 81.48 kJ/mol. The calculations reveal that a geared 

interconversion is considerably less favourable than the stepwise partial interconversion. 

This example illustrates that gearing can by no means be assumed to be a preferred 

mode of interconversion in highly crowded molecules. In fact, rather the opposite 

seems to be true: unequivocally proven cogwheel processes are scarce - probably the 

most convincing evidence in favour of such processes has been put forward for tripticyl 

derivatives.^'*"

Tetrasubstituted ethylenes have attracted much interest recently. However the most 

interesting target compound, tetra-t-butylethylene has eluded investigators so far. This 

highly congested compound has been the object of numerous theoretical studies with 

somewhat varying outcome.

Stable rotamers are not very abundant in this class of compound. One of the few 

examples is that of 9-arylfluorenes. The quasi-peri-interaction of the naphthyl group 

with a rigid, bulky fluorenyl substituent causes a high rotational barrier. After 

preliminary enrichment to 90% of one rotamer of 9-(2-methyl-l-naphthyl)fluorene 28 

in 1969, the complete separation of both rotamers was reported in 1977."’“ The two
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rotamers are of apparently identical stability - the barrier to naphthyl rotation is AG* 

= 122 kJ/mol. The assignment of rotational isomers was easily established by proton 

NMR, as indicated in the accompanying structure. Part of the present work deals with 

the somewhat unusual case of restricted n-alkyl group rotation.

1.3. Rotation about sp3-sp3 carbon-carbon bonds.

In absence of large steric interactions, or some double bond character, rotation about 

this type of single bond is generally associated with low barriers and therefore difficult 

to study by NMR techniques. For this reason the majority of examples found in the 

literature concern molecules with certain well-defined steric and electronic features. 

The most simple example in this class of compound is ethane. Teller and Topley 

suggested as early as 1935 that rotation about its C-C bond is an energetically nonlinear 

process Early work finally culminated in the postulate that there must be a threefold 

potential barrier to rotation which arises from the repulsive interaction of three pairs 

of hydrogen atoms eclipsing each other during rotational interconversion from one 

staggered conformation to another. In the case of ethane, there are six conformations 

of specific interest, which fall into two groups of nonidentical conformations, the 

classical staggered and eclipsed conformations.

The first simple hydrocarbon in which externally distinguishable populated 

conformations occur is n-butane, see also fig. 1. Rotation about the central C-C bond 

qualitatively gives the same picture as in ethane, see fig. 2.
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figure 2.

As in ethane there is a threefold energy barrier to rotation with staggered conformations 

representing energetic minima whereas eclipsed conformations give the maxima. While 

in ethane all staggered conformations are isoenergetic, it is immediately apparent that, 

in n-butane, there are two different kinds of minima which correspond to gauche and 

anti conformations as is indicated by the Newman projections in fig.2. The anti 

conformation is found to be more stable than the gauche one. It should be pointed out 

that, although the gauche conformer is shown with an idealised dihedral angle between 

the methyl groups of 60 deg, this is not an entirely accurate representation. There will 

be van-der-Waals repulsion between the gauche methyl groups which tends to open the 

dihedral angle between them. While this increase of angle will generate some extra 

torsional strain, it might be expected that for a small increase beyond 60 deg. the relief 

of van-der-Waals repulsion will exceed the increase in torsional strain. This is borne 

out by the electron diffraction results of Kuchitsu^^ which show that the exact gauche 

dihedral angle in n-butane is 65.5 deg. The barrier to gauche-anti interconversion about 

the central C-C bond is low, AG" = 14.6 kJ/mol.

A conformational study of a tetrasubstituted ethane, 2,3-dimethylbutane, 29, was 

reported in 1977^. The 90.5 MHz carbon-13 NMR at -180°C shows that the gauche 

and anti rotational isomers are present in the statistical ratio of 2:1. This is somewhat 

surprising since it implies that both isomers have the same free energy. The classical 

interaction model predicts greater stability for the anti rotamer since this one only has
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two gauche methyl-methyl interactions while the gauche rotamer has three. However, 

according to force field calculations, in anti-29, the methyl groups are forced into one 

another. This is due to an increased C-C-C bond angle between the geminal methyls 

which destabilises the anti conformation relative to the gauche one. At the same time 

gauche-29 can reduce the methyl-methyl repulsion by a small rotation about the central 

C-C bond which leads to a slightly increased dihedral angle between the vicinal 

methine hydrogens. The net result of these changes is that gauche and anti isomers 

become isoenergetic. A line-shape analysis of the methine signals gives a barrier of 

AG* = 18.0 kJ/mol for the anti-gauche interconversion. These results are supported by 

ab-initio SCF-MO calculations which reproduce the anti-gauche rotational barrier and 

further predict that direct gauche-gauche interconversion, during which two pairs of 

methyl groups eclipse one another, would incur a barrier of about 33 kJ/mol. 

Accordingly, direct gauche-gauche interconversion is less likely to occur and gauche 

rotamers prefer to interconvert via the anti rotamer.

Hindered rotation about the bond joining a t-butyl group to a sp3-hybridised carbon 

atom has been investigated by NMR on numerous occasions. Barriers to t-butyl 

rotation tend to be low to intermediate in most cases, i.e. between 15 and 35 kJ/mol. 

As most of the present work falls into this group the reader is referred to the specific 

introduction for further information.

One ultimate aim in the design of molecules of ever increasing strain may be the 

preparation of compounds which have barriers high enough to permit separation and 

subsequent storage of stable rotamers at room temperature. In 1986, Riichardt et al. 

reported the first successful separation of aliphatic hydrocarbon rotamers.^^ They
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separated the two isomers of D,L-3,4-di-(l-adamantyl)-2,2,5,5-tetramethyIhexane, 30, by

fractional crystallisation and identified the products by proton NMR and X-ray

crystallography. In 30, there is hindered rotation about the central C-C bond at 25°C.

 ̂  ̂ . The corresponding rotational barrier which is
1-Ad 1-Ad

 Q'jÜj expected to be greater than 125 kJ/mol could not

t-Bu t-Bu be measured due to high temperature

30 decomposition. Three isomers are isolated: two

optically active isomers 30A and 30B and the meso compound 30C - only one 

enantiomer each is shown.

t -Bu  t - Bu  1-Ad 1 -Ad  t - B u  1-Ad

H t -But -B u

30B (D,L)

1-Ad H H t - B u  H H t - Bu  t - Bu  ^ ^  i - A d

30A (D,L) ^  (D,L) ^  (meso)

In 30Ç, the two t-butyl and adamantyl groups are magnetically nonequivalent. 

However, in each D,L rotamer like substituents are magnetically equivalent. The D, 

L rotamers are distinguished by their adamantyl and t-butyl groups which have different 

rotational barriers. In the low temperature proton NMR spectrum of rotamer 30A, only 

the t-butyl signal was temperature-dependent. 30B, by contrast, has a temperature- 

dependent adamantyl signal. The ultimate structural proof was provided by X-ray 

analysis. The agreement between the experimental structural parameters and the NMR 

calculations was found to be very good. An intriguing finding is that in all ground 

state structures the methine hydrogens are practically eclipsed by a bulky group when 

looking along the central C-C bond - the largest angle among the respective dihedral 

angles was found to be 4.4 deg ! The reason for the unexpected stability of 

conformations with eclipsed groups are similar to those outlined for 1,1,2,2-tetra-t- 

butylethane, M, see the specific introduction for further details. In neither 30 nor 31 

is there any sign of an anti conformation which is, in fact, calculated to be a high- 

energy point on the rotational pathway. MM2 calculations provided the following 

results on conformational exchange: in 30A and 30B gauche-anti interconversions are 

restricted by barriers in excess of about 167 kJ/mol, gauche-gauche interconversions 

by barriers between 188 and 376 kJ/mol. In the meso compound, 30C, the respective
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barriers are 226 and 184 kj/mol. Barriers to individual group rotation range from 12 

to 21 kJ/mol for positions eclipsing a hydrogen atom, and from 67 to 80 kJ/mol for 

the non-eclipsed group barriers.

2. The NMR - technique in conformational analvsis^^
- the determination of rotational barriers.

A great deal of very detailed information about the more subtle relations in molecules 

is obtained through NMR measurements. Some nuclei have spin moments and are 

aligned by a magnetic field according to two, and for some nuclei more than two, 

energy states. The absorption of electromagnetic radiation effects a net transition from 

a low energy state to a higher energy state. The energy required for the transition - 

and consequently the frequency absorbed - is dependent on the strength of the 

magnetic field, so that both the frequency of the absorbed radiation and the strength 

of the magnetic field must be determined. NMR measurements have been particularly 

useful in determining the manner in which several nuclei with magnetic moments 

interact with each other in the same molecule. The characteristic patterns of very sharp 

absorption lines are often used to identify groups of atoms within molecules. Proton 

and carbon-13 variable temperature NMR spectroscopy - dynamic NMR (DNMR) - 

were employed throughout this work.^’

DNMR deals with the exchange processes between different spin systems as a function 

of temperature. If a noncoupling magnetic nucleus can adopt two different positions 

in a molecule, for instance by rotation about a single bond, it will experience different 

magnetic environments which leads to the presence of two resonance signals - energy 

absorption at different frequencies - for the nucleus. If internal rotation yields two 

different conformations which are equally populated, then both signals will have equal 

intensity.

Fig.3 (spectrum 1) shows two noncoupled signals of equal intensity which are 

undergoing chemical exchange. At the corresponding temperature, conformational 

interconversion is said to be slow on the NMR time scale, in other words, the rate 

constant of this process fulfils the following condition: k «  tiAv/V2 (see below), where 

Av is the difference of chemical shift in Hz between the two signals. As the sample 

temperature is raised (spectrum 2), the signals will broaden - due to the increase of the
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rate of rotational exchange - and eventually coalesce at a temperature (spectrum 3). 

A further increase of the sample temperature gives a single sharp signal (spectrum 4) 

having twice the integral and the average chemical shift of the former two signals. The 

rotational frequency is now considerably greater than the frequency difference Av and 

rotation is said to be fast on the NMR time scale.

spectrum 4

spectrum 3

spectrum 2

spectrum 1

figure 3.
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The rate constant as well as several activation parameters can be derived from the 

experimental parameters for the coalescence temperature and the frequency difference 

between the resonances of both rotamers Av. For temperatures below it may be 

assumed that, on average, all nuclear spins are in a conformation of minimum energy. 

Bearing in mind that for a more sophisticated calculation of the rate constant a 

complete band-shape analysis has to be performed^, we will only introduce the most 

commonly used approximation, valid for the exchange between two equally populated 

sites and without chemical coupling. The rate constant of the dynamic process can be 

calculated^ according to eq. 1:

ttAvk= I 2 equation 1

The calculation of the rotational barrier is based on the Eyring equation.^ AG* is the 

molar difference of free energy between the stable states a  and P and the rotational 

transition state, see fig. 4. In the present work eq. 2 was used for the calculation of 

rotational barriers:

free
energy

G TS

A G
A G

A G

reaction coordinate figure 4.
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AG* = 19.155 X Te X (10.32 + logT^ - log k) equation 2

AG* is calculated in J/mol and varies as a function of T, and k. The accuracy of the 

calculated value depends significantly on the precise determination of T̂  while the 

influence of k is less significant as eq.2 varies with log k. Due to the fact that at the 

coalescence temperature only a broad signal is observed Av cannot be determined at 

Tg. The frequency difference Av therefore has to be measured below T,.

NMR spectroscopy permits the study of barriers which fall in the range of about 20- 

105 kJ/mol.

3. Force field calculations.

All calculations were carried out on the EUCLID (Extensible University College 

London Interactive Distributed) system whose core consists of five GEC 4100 

computers. We employed the programs Molecular Mechanics 2 and MMP2 by 

Allinger^^ which regard a molecule as an accumulation of mass points (atoms) which 

are connected by springs (bonds). To these points are assigned potential energy 

functions. Nonbonding interactions, such as van-der-Waals, electronic and steric forces 

are independently considered.

An input structure - parameterised in Cartesian coordinates - will be modified towards 

decreasing energy values until an energy minimum is reached. The program also 

permits energy minimisation for certain fixed dihedral angles which can be exploited 

in the determination of rotational barriers. This produces an energy profile according 

to fig. 4 in which now the enthalpy is plotted versus a dihedral angle. Force field 

calculations thus provide access to important structural data such as bond lengths, bond 

angles, and dihedral angles as well as thermodynamic parameters. MM(P)2 does not 

account for entropy effects - but considers them as negligible. Therefore enthalpy 

rather than free energy values are assigned to individual conformations or molecules. 

As regards the calculation of rotational barriers, experience shows that in highly 

branched compounds, MM(P)2 tends to underestimate barriers.

The ratio of isomers as a function of the absolute temperature can be determined 

according to eq. 3:



g
p

= exp AE
RT
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equation 3

For the definition of the sign of a dihedral angle A-B-C-D Allinger’s convention^’' will 

be followed throughout this work: the angle A-B-C-D is negative when, looking through 

B towards C, D is anticlockwise from A.



Section 2.

Results and Discussion.

1. Rotation about sp2-sp2 carbon-carbon bonds.

1,2-Di- ( 1 -naphthyl)ethy lenes.

16

=C

1 R=H

2 R=Me

3 R=Et

4 R=isopropyl

5 R=n-hexyl

6 R=n-decyl

l-Kao

Abstract.

l-Nap=l-naphthyl

A series of cis/trans-l,2-di(l-naphthyl)ethylenes 1-7 has been synthesised and studied 

by a combination of NMR techniques and Molecular Mechanics calculations. 

Compounds 2-7 are found to adopt nonplanar conformations and therefore exist as 

mixtures of syn and anti rotational isomers. Barriers to 1-naphthyl rotation vary with 

the nature of the alkyl substituent and range from less than about 40 kJ/mol in trans- 

1 to greater than about 100 kJ/mol in both cis- and trans-3. The syn/anti equilibrium 

has been investigated. Trans-1 is calculated to adopt a planar ground state structure 

whereas the characteristic dihedral angle between the 1-naphthyl and ethylene planes 

in all other compounds is calculated to range from about 38 to 99 deg.
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Introduction.

Alternating double bonds should be conjugated and for maximum conjugation a given 

system should be planar. This requirement, however, can easily be overruled by steric 

effects which may not allow for stable planar conformations at all. In the history of 

conformational analysis hindered rotation about a sp2-sp2 single bond features among 

the first documented cases of a rotational barrier.^ In the general introduction we 

mentioned rotation in butadiene and binaphthyl derivatives as examples of simple 

nonaromatic and aromatic hydrocarbons showing restricted rotation about this type of 

bond.

A simple compound combining both aromatic and nonaromatic substructures is styrene 

which is generally accepted to be planar although this is, apparently, not completely 

free of controversy. 1 -VinyInaphthalene has been reported to be nonplanaP^ indicating 

that, in a potential planar arrangement, interaction between the naphthyl system and the 

ethylene substructure is increased with respect to styrene. This is without doubt due 

to steric interaction between naphthyl-H-8 and the ethylene hydrogens which add to the 

interactions present in styrene.

H

trans

Styrene 1 - viny Inaphthalene 

figure 5.

cis/trans stilbene

The more stable of two coplanar conformations of 1-viny Inaphthalene is shown in fig.

5. The barrier through coplanarity is calculated to be 1.76 kJ/mol, the actual ground 

state conformation having a characteristic dihedral angle of 30 deg. between the 

ethylene and the naphthalene system. Anderson et al. report modification of this hairier
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by introduction of alkyl substituents to the basic ethylene unit^^^\ see tab.l. In this 

series it is most interesting to analyse the effects of increasing geminal and cis-vicinal 

substitution on the barrier to 1-naphthyl rotation.

barrier to 1-naphthyl
Ri R: Rs rotation [kJ/mol]

Me H H 24.41 (calc.)

H H Me 18.38 (calc.)
i-Pr H H 48.1

31 Me Me Me 59.9
32 Et Me Me 108.0

iPr Me Me >125

table 1.

Another simple modified example incorporating both aromatic and nonaromatic units 

is stilbene which exists as a pair of cis/trans geometric isomers. Cis-stilbene is known 

to adopt a ground state conformation in which the phenyl rings are twisted out of the 

ethylene plane, by some 35-40 deg., while trans-stilbene is believed to have 

characteristic dihedral angles of 0-15 deg.^ '̂^. Molecular Mechanics predicts the trans 

compound to be planar. For this compound it is also known that simple ortho-, 

geminal or cis-vicinal substitution produces substantially nonplanar structures. In this 

work we would like to report the conformational analysis of the di-1-naphthyl 

substituted ethylenes 1-7. Each of these ethylenes exists as a pair of cis/trans isomers. 

By analogy with some of the more highly substituted stilbene derivatives compounds 

1-7 are expected to adopt nonplanar structures. Stable conformational states as well as 

barriers to rotational interconversion will be studied. The syn/anti equilibrium will also 

be investigated.
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Results.

a. NMR.

The generally similar spectroscopic results are best illustrated by discussing the methyl 

derivative 2 as an example. At 20°C, the 400 MHz proton NMR spectrum of the crude 

product of 2 is of complex, partially unresolved structure. This applies especially to 

the aromatic region whereas in the methyl region there are two pairs of well resolved 

singlets of an intensity ratio of 19:63:8:10 when viewed in upfield direction, see fig. 

6 for a schematic representation. These signals are assigned to the cis/trans isomers 

of 2, the assignment being based on the known isomers of 2,3-diphenyl-2-butene where 

the methyl resonance of the trans isomer is upfield from that of the cis one.^^

solvent: CDCk
1-Nip

1-Nap

2.5 2.0

—       1-------
trans 1.5

ch ea ica l s h i f t  [ppn]

figure 6.

In order to account for two signals per geometric isomer, nonplanarity of the system 

may be suggested. If so, it follows that the naphthyl group rotation must be slow on 

the NMR time scale at 20°C. On heating a pure sample of the cis compound, all 

proton signals start broadening above about 40°C. By contrast with the aromatic region 

whose changes are rather obscure due to complexity, the methyl resonances can be 

observed to coalesce at 59°C. Above this temperature the methyl signal resharpens to 

appear as a nomial singlet at above 75°C. In the aromatic region there are seven 

multiplets at this temperature which is in accord with the NMR probe seeing a single 

average conformation.
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The behaviour of the trans compound is quite similar with the corresponding dynamic 

changes at slightly higher temperatures. The coalescence temperature of the methyl 

proton signal is determined to be 73°C. From these temperature-dependent changes is 

calculated a barrier to 1-naphthyl rotation of 74.4 kJ/mol for cis-2 and 79.2 kJ/mol for 

trans-2. Some selected NMR spectra are compiled in the appendix.

Similar measurements were carried out for all other compounds and a summary of the 

experimental data is given in tab. 2. The relative ratio of rotational isomers at 20°C 

was used as a basis for calculating free energy values.

A point worth noting about compound I is that the synthesis - McMurry reductive 

dimérisation - seems to furnish the trans derivative exclusively, a feature which has also 

been observed in the preparation of stilbene'^’’. For trans-1 only a threshold value to 

naphthyl rotation can be quoted because solubility problems in combination with 

overlapping solvent signals, for solvents which were found to be suitable for proton 

NMR study below -80“C, prevented observation of this compound below -100°C. By 

analogy with 1 -vinylnaphthalene this barrier is expected to be significantly lower than 

40 kJ/mol.

In the ethyl-substituted compound 3 doubled proton nmr signals are found at 20°C, as 

in 2. None of the isomers exhibited any changes on heating to 200°C. From this is 

derived a barrier to 1-naphthyl rotation in excess of about 100 kJ/mol for both cis- and 

trans-3.

Attempts were also made to synthesise the diisopropyl-4 and t-butyl derivatives. The 

former could be obtained as a trace in the crude McMurry reaction product and was 

identified according to the upfield isopropyl methyl resonance signal of the trans isomer 

at 0.77 and 0.69 ppm. In spite of several attempts the isopropyl compound could not 

be separated from the crude mixture and subsequent re-preparations failed to show any 

sign of the target compound at all. A NMR sample of a partially purified product 

showed no changes in the isopropyl methyl signals on heating to 200° C. The barrier 

to 1-naphthyl rotation in trans-4 must therefore be greater than about 100 kJ/mol. This 

should also apply to the cis-isomer.

McMurry reaction of the t-butyl-1 -naphthylketone gave none of the desired olefin as 

side reactions seem to become predominant with increasing steric bulk of the carbonyl 

substituents.



cpd
R=

proton chem. shift 
at 20“C [ppm], 
solvent: CDCI3,

400 MHz NMR.

1-Nap. a-CH^ -CHj- -CH,

ratio of conform, 
isomers at 20°C*

AGo [kJ/mol]

barrier to 1- 
Nap. rotation 

[kJ/mol]

trans-2
H

8.28-
7.51

H.
7.92

<40

cis-2
methyl

8.08-
6.84

2.36,
2.33

23:77/-3.0 74.4' 
k at T, : 14.0 Hz 

T, : 59”C

trans-2 8.19-
7.44

1.81,
1.79

46:54/-0.4 79.2' 
k at T, : 8.2 Hz 

T, : 73'C

cis-3
ethyl

8.08-
6.79

3.04,
2.39

1.13,
1.09

70:30/2.1 >104

trans-3 8.23-
7.40

2.24-
2.01

0.76,
0.64

45:557-0.5 >99

trans-4
isopropyl**

0.77,
0.69

41:59/0.9 >101

cis-5
n-hexyl

8.07-
6.72

2.96,
2.32

1.53-
1.23

0 .888,
0.882

76:24/2.9

trans-5 8.22-

7.37
2.19-

1.98
1.25-

0.73
0.69,
0.60

53:47/0.3

cis-6
n-decyl

8.08-
6.74

2.97,
2.34

1.51-
1.22

0.96

trans-6 .23-
7.36

2. 20-

1.96
1.26-

0.75
0.72,
0.70

54:46/0.4

8.06- 3.08
7.12

2.35 ca. 80:20 @  - 120"C/3.4 ca. 42.9^ 
k at T, : ca. 39 Hz 

T:-70'C

T: ratio of downlield to upheld methyl signal, b: not isolated, identification based on isopropyl methyl resonances, 
c: not observed, d: isochronous, e: recorded in 1 -bromonaphthalene: DMSO-d6 (9:1, 200 MHz NMR). f: recorded in 
CHClF2:CHCl2F:CD:Cl2 (4:4:1, 400 MHz NMR).

table 2.
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b. Molecular Mechanics.
MMP2 calculations were carried out for all isomers of compound 1-4 as well as for 

the cis- and trans-t-butyl derivatives. Tab. 3 gives a list of some selected structural 

data of stable conformations. It is worth pointing out some results which are of 

particular interest: trans-1, is calculated to have a planar ground state. Cis-1, is 

calculated to have minimum energy conformations whose 1-naphthyl planes are 

significantly twisted against the ethylene plane. While in the anti-cis-1, rotamer both 

1-naphthyl units are symmetrical with respect to the ethylene plane, syn-cis-1, has the 

endo-naphthyl group slightly more twisted than the exo-naphthyl, see fig. 7 in the 

discussion. A closer look reveals that, generally speaking, aU minimum energy 

structures except the syn-cis ones are of high symmetry regarding the position of the 

1-naphthyl substituent with respect to the ethylene substructure. In all syn-cis 

compounds, however the same tendency as that expressed for compound 1 prevails.

In none of the compounds is there any significant deviation from coplanarity among 

all atoms directly attached to the ethylene. Distortions are less than about 5 deg. for 

most isomers with the highest values, rather surprisingly, calculated for the anti-cis 

isomers of compounds 1 and 2. In the 1-naphthyl rings maximum deviation from 

planarity, i.e. dihedral angles of 0 or 180 deg., is 1.5 deg.

Discussion.

It has already been indicated in the results section that the presence of two (sets of) 

signals per geometric isomer proves that at least two magnetically different 

conformations are populated. This, in turn, suggests - except for compound i  - 

nonplanar conformations, an assumption which is confirmed by Molecular Mechanics. 

All compounds except trans-1 are calculated to have nonplanar ground states and it is 

rotation through coplanarity which, in fact, produces the barrier. The origin of this 

barrier lies in the steric interaction of the 1-naphthyl hydrogens H-2 and H-8 with the 

geminal and cis-vicinal ethylene substituents during passage of a planar transition state, 

see fig. 8. Experiment and calculations combine to suggest that conformational 

exchange takes place among individual pairs of syn/anti rotamers, see fig.7.
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R

bond lengÛi[Â] bond angle[deg] dihedral angle[deg]

cpd
'^R= 1-2 2-3" 1-7" 1-2-3*‘ 2-1-7" 1-2-3-4 2-1-5-6 3-2-1-5 3-2-1-7 2-1-7-H"

(Me)

STERI
ENER(
[kJ/tno

H 1
anti-cis 1.352 1.477 1.103 127.1 116.2 39.8 39.9 -173.8 9.1 -66.53

syn-cis 1.351 1.478 1.103 126.6 117.1 38.4 -132.7 -172.0 5.6 - -65.77

trans 1.359 1.476 1.093 127.3 116.2 0.0 0.0 180.0 0.0 - -71.47

Me 2
anti-cis 1.351 1.497 1.510 120.6 121.3 60.8 60.8 -177.6 7.1 -0.6 -55.48

syn-cis 1.350 1.497 1.511 121.3 121.4 57.0 -117.7 -174.5 4.5 1.8 -57.78

anti-trans 1.349 1.499 1.510 120.8 121.5 68.3 -68.9 180.0 5.0 9.1 -48.86

syn-trans 1.348 1.498 1.509 120.6 121.5 72.3 72.2 -176.4 3.8 -10.7 -49.07

Et 3
anti-cis 1.351 1.505 1.515 118.9 121.9 73.0 72.7 -179.4 3.8 1 1 . 6 ( M c ) -47.73

syn-cis 1.352 1.502 1.516 119.3 122.2 66.7 -106.5 -178.7 0.0 14.6
22.2 -48.22

anti-trans 1.350 1.505 1.516 119.8 121.5 75.9 -75.8 180.0 2.8 13.1
-13.2 -42.20

syn-trans 1.349 1.509 1.515 119.6 121.4 83.6 83.3 -179.5 3.1 2.1 -45.05

i-Pr 4
anti-cis 1.352 1.515 1.524 118.0 123.6 98.9 98.8 177.0 -4.8 152.3(H) -37.43

syn-cis 1.352 1.516 1.523 117.9 123.8 81.3 -90.7 -174.7 -0.3 141.1
154.1 -36.38

anti-trans 1.350 1.510 1.525 119.5 122.5 96.3 -96.3 180.0 -1.0 168.8
-168.8 -34.42

syn-trans 1.352 1.514 1.524 120.0 122.3 93.1 94.2 -173.5 2.7 -155.9 -36.17

t-Bu
anti-cis 1.360 1.524 1.540 113.9 132.3 94.4 94.4 175.4 -3.1 -14.1 23.95

syn-cis 1.362 1.529 1.544 114.0 132.2 86.7 -88.2 -173.8 0.5 9.0
20.9 29.48

anti-trans 1.359 1.519 1.552 119.9 126.4 93.3 -93.3 180.0 2.3 -13.2
13.3 9.25

syn-trans 1.359 1.520 1.548 120.4 125.9 91.9 92.0 177.8 -5.2 -15.3 7.16
a: average value where deviations are less than 0.005Â or 0.3 deg., respectively.

table 3.
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1-naphthyl

anti

endo / exo

syn

Dotted line: in the syn-cis series the exo-1-naphthyl substructure is less tilted than the endo one, see also tab.3.

figure 7.

By this diagram we mean to represent rotational exchange in both cis and trans 

isomers. There is, however, not complete agreement between the experiment and the 

calculations, compare for example compound L

The proton NMR spectrum of trans-1 clearly is temperature-dependent. Between 25°C 

and -80“C the ethylene proton singlet broadens - as described in fig. 3 - without any 

change of chemical shift. The relative intensity of this signal with respect to the other 

proton signals at -80°C is about one third of the value obtained at 25°C - excess line 

width is about 2Hz.

Although we were unable to record the spectrum of the trans isomer below -100“C one 

might wonder whether this temperature dependence is caused by 1-naphthyl rotation 

becoming slow on the NMR time scale. According to the extent of decoalescence of 

the ethylene protons observed at -100“C it seems reasonable to assume a coalescence 

temperature of about -120°C to -130°C, and hence a barrier to 1-naphthyl rotation in 

the order of 25-35 kJ/mol. As proposed in compounds 2-7 exchange could occur 

between two nonplanar syn/anti conformations. Trans-1, however, is calculated to adopt 

a planar ground state with two exo-1-naphthyl groups. The close examination of 

models reveals that there may be interchange between this compound and a 

magnetically different isomer having one near-to-coplanar endo 1-naphthyl ring system, 

see fig. 8, R=H.

What remains surprising, however, is that this type of rotational interconversion should 

incur such a high barrier. Comparison with similar compounds suggests a much lower
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H

exo

endo

figure 8.

barrier, see for example 1-vinylnaphthalene^^ where the energetic difference between 

stable exo- and endo rotamers is calculated to be 5.61 kJ/mol while the difference 

between the ground state and an orthogonal arrangement is 13.31 kj/mol. This value 

can reasonably be taken as a basis for estimating the barrier in trans-L Our own 

calculations confirm that the barrier should indeed be small, about 11 kJ/mol. This 

leaves rather a large discrepancy between the estimated experimental barrier of 25-35 

kJ/mol and the calculated value of 11 kJ/mol. Due to the experimental problems 

mentioned in the results section we cannot offer any explanation for this.

Another interesting comparison to be made is that with butadiene^ whose barrier to 

transoid cisoid interconversion has been measured to be 16.3 kJ/mol, see the general 

introduction. In butadiene this value must roughly correspond to the energy of 

delocalisation because steric interactions in the planar transoid ground state and the 

orthogonal transition state are not significantly different. If, as an approximation, in 

planar trans-i with an orthogonal transition state and a rotational barrier - as calculated 

- of about 11 kJ/mol, the same value as in butadiene is allowed for delocalisation, i.e. 

about 16 kJ/mol, then the difference in repulsive energy of planar and orthogonal trans- 

1 is calculated as 5 kJ/mol. In other words, the loss of resonance energy in an 

orthogonal transition state is somewhat compensated for by a reduction of repulsive 

forces. There seems to be a delicate balance between steric and electronic parameters. 

It is thus immediately apparent that a slight increase in the steric bulk of the geminal 

and vicinal positions is bound to favour nonplanar structures. As steric repulsion 

becomes the predominant feature, significant nonplanarity is observed, see, for example, 

the methyl derivative 2 whose stable conformations are calculated to be near- 

orthogonal rather than near-planar. In trans-i, as a consequence of both steric and
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resonance energies being of similar orders of magnitude, rotational profiles become very 

shallow. In the author’s view, this is the major reason for there being much 

controversy over whether molecules like styrene or trans-stilbene have planar ground 

states or not. We know of no explanation of why trans-stilbene should be nonplanar 

if styrene is planar nor do we see why 1-vinylnaphthalene should be nonplanar if trans

it is planar. With these conformations having very shallow energy minima it seems to 

be more appropriate to speak of mean ground state conformations because the 

respective minima will be populated over a relatively wide range of torsion angles. Any 

small energy difference detected by whatever experimental method may correspond to 

a wide range of dihedral angles - errors are therefore likely be large. However, it 

should be stressed that both experiment and calculations find it difficult to distinguish 

between a shallow minimum, i.e. planar, and a shallow double minimum, i.e. slightly 

nonplanar.

In all of the above compounds with neither a cis nor a geminal substituent it appears 

that the rotational barrier arises from passage through an orthogonal rather than a 

planar conformation, the latter either being the ground state or a flat low-energy- 

maximum having two nearby symmetrical minima on either side, i.e. the barrier is 

mainly due to loss of conjugation.

In cis-1, by contrast, the barrier arises out of rotation through coplanarity (AH*„ =

20.35 kJ/mol), i.e. a steric barrier, and stable conformations are distinctly nonplanar, 

see tab. 3. The respective barrier through an orthogonal arrangement - we call this 

ring flip rather than rotation - is calculated to be much lower (AH*, = 9.50 kJ/mol).

Orthogonal barriers are low in all compounds 1 - 7 .

In the methyl derivatives 2 a conformational analysis is much facilitated by easy access 

to experimental data. In trans-2 the rotational barrier is found to be higher than in cis- 

2. This is hardly surprising and may, in fact, serve as evidence for the cis/trans 

assignment. Rotation of a 1-naphthyl group which is flanked by two methyl groups, 

as in trans-2, should be more hindered than the rotation of a 1-naphthyl group which 

is located between another 1-naphthyl group and a methyl group, as in cis-2 , provided 

that naphthyl rotation in the latter is synchronised to some extent.
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A significant parameter which has not been considered so far is the free energy 

difference AG ,̂ available from NMR, see tab.2. Although this value provides a 

quantification of the relative stability of populated states it furnishes no basis for the 

syn/anti signal assignment.

The assignment of NMR signals is, in fact, a most interesting problem - the reader will 

appreciate that a solution to this problem is much less straightforward than that to the 

cis/trans assignment. There is no closely related previous work which may provide an 

indication nor is there any basis for predicting with confidence the resonance frequency 

of one rotamer relative to another.

In the course of this study analytically pure samples of the cis and trans isomers of the 

ethyl compound 3 could be obtained. Due to the high barrier to 1-naphthyl rotation 

in both cis- and trans-3 the syn/anti rotational isomers should show no significant rate 

of interconversion at 20°C. It was therefore attempted to separate the syn/anti-rotamers 

of both cis- and trans-3 in order to obtain their X-ray structures. Although a minor 

enrichment of rotamers could be achieved by fractional crystallisation as well as HPLC 

pure rotamers could not be obtained. In an attempt to circumvent the necessity of 

separating the rotamers for identification we devised a spectroscopic means of 

characterisation which, in theory, permits the conformational assignment of a mixture 

of rotamers.

The cyclic compound 7 is expected to consist of a mixture of syn and anti rotamers 

whose spectroscopic properties should most closely resemble those of the methyl 

compound cis-2. If the proton signals at C-4 were independently observable the allyl 

proton decoupled spectrum should give a doublet of doublets for the nonequivalent 

protons Ha and Hg of the syn compound whereas in the anti compound a singlet would 

be expected. Unfortunately, the barrier to 1-naphthyl rotation in 7 is rather low, about 

42.9 kJ/mol, the corresponding coalescence temperature being about -70°C. At -100“C, 

the respective signals still have not completely decoalesced and beyond this temperature 

line broadening is significant to the extent that selective and complete allyl proton 

irradiation becomes impossible. Compound 7 thus failed to furnish the desired syn/anti 

assignment.

Although it is known that MMP2 does not even handle phenyl-phenyl interactions 

satisfactorily^ - except for conjugation - it can be attempted to base an assignment on 

the enthalpy values provided by Molecular Mechanics, see tab. 3. A tentative
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H

H.

syn anti

assignment reveals that, when the calculated enthalpy differences of stable 

conformations are compared with the experimental free energy values, even relatively 

good quantitative agreement seems to exist. In cis-2 the syn rotamer is calculated to 

be more stable, = -2.30 kJ/mol, and the experimental AG, = -3.0 kJ/mol, see tab. 

2 and 3. To the more abundant conformer which produces the upfield methyl signal 

is therefore assigned a syn conformation. Similar considerations for trans-2 result in 

assigning the syn rotamer to the respective upfield signal. These results are consistent 

with the findings in trans-3. In cis-3, however, there is an experimental reversal of 

relative stability, i.e. the downfield isomer is the more stable one. This is clearly not 

reproduced by the calculations which still predict the syn compound as more stable, i.e. 

the one to which was assigned the upfield signal in cis-2. Any assignment thus made 

is not free of ambiguity and the question of the syn/anti assignment remains unresolved.

It is interesting to compare the findings with some results obtained in the geminal 

series - as part of a parallel project carried out by another researcher, see tab. 4.

R

Me

Et

ratio of 
isomers 
(downfield: 
upfield)

barrier to
1-naphthyl rotation 
AG* [kJ/mol]

23:77

21:79

67.8

>100

gem-2

gem-3

table 4.
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At 20°C, the methyl derivatives gem-2 and cis-2 have the same ratio of rotamers, viz 

23:77. While this ratio is practically unchanged when substituting methyl by ethyl in 

the geminal series, compare gem-3, it is approximately reversed in cis-3 (70:30). 

Increasing the length of the alkyl chain favours the downfield rotamer even more (76:24 

in cis-5). Remember that it was this reversal of relative syn/anti stabilities, in cis-2 

versus cis-3, which was not reproduced by Molecular Mechanics. In the cyclic 

compound 7 about the same relative stability is found when accounting for the 

temperature difference (ca. 80:20 at -120“C).

The significantly different stabilities of syn- and anti-7 may seem surprising at first 

sight. However, the careful analysis of molecular models reveals that, in the anti 

conformation, there might be more repulsive steric interaction between the 1-naphthyl- 

H-8 and the allyl hydrogens, thus destabilising anti relative to syn. This, by the way, 

leads to the conclusion that, in contrast with the previous tentative assignment based 

on Molecular Mechanics, the syn conformation corresponds to the downfield isomer. 

In the trans-series the ratio of isomers is nearer to equimolar but slightly in favour of 

the upfield rotamers for trans 2-4. As in the cis-series the downfield rotamer becomes 

slightly more stable with increasing length of the alkyl chain, see trans-5 and -6 where 

the downfield isomer is favoured over the upfield one. The rotational barriers appear 

to be similar when comparing cis and trans compounds. In the methyl compounds 

barriers to 1-naphthyl rotation decrease in the order trans-> cis-> geminal-2 .

Another interesting comparison exists between our compounds and compounds 31 and 

32 mentioned in the introduction, see tab. 5.

Me R. Rz AGj_N.p[kJ/mol] compound

Me Me 59.9

Et Me 108.0 21

Et H 51.1 33

table 5.
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It is rather surprising that in 3J. the barrier to 1-naphthyl rotation is lower than in the 

geminal methyl compound 2 since it would have been expected to be more similar to 

that in trans-2. Comparison of 32 and 33, however, suggests that the trans-p 

substituent has a significant influence on the rotational barrier. This is attributed to the 

buttressing effect of Rj and it has to be concluded that, when comparing 31 and trans- 

2, a rotating 1-naphthyl group exhibits a larger buttressing effect than a methyl group 

and therefore produces the higher barrier in trans-2 (79.2 kJ/mol). When 32 and 33 

are compared with the ethyl compound trans-3 it seems reasonable to postulate a barrier 

significantly higher than 100 kJ/mol in cis- and trans-3.

Yet another comparison concerns the reliability of the calculated data. The structure 

of trans-diethylstilbestrol (DES) has been determined by X-ray analysis and Molecular 

Mechanics,“  see tab. 6.

6*

dihedral DES anti-trans-3
angle[deg.] X-ray M M P 2 M M P 2  (this work)

3’-l-2-3 180 180 180.0
2-l-3’-4’ 63 62 75.9
1-2-3-4 -63 -62 -76.0
1-2-5-6 -123 -146 -166.8
2-l-5’-6’ 123 146 166.9

table 6.

Bearing in mind that the 1-naphthyl groups should be more inclined than the 

corresponding phenyl groups our results appear to be credible. It seems that the exact 

ethyl group conformation is more subject to intermolecular forces - crystal packing - 

rather than intramolecular forces whereas the phenyl conformation appears to be the 

result of the latter.

Conclusion.

Our investigation has shown that steric effects can play a dominant role in the 

establishment of stable conformations. It should be most interesting to study a similar 

series of ortho-tolylethylenes for comparison.
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13,14-Dialkylpicenes. 

R

R

R = Me 8

R = Et 9

R = n-hexyl 10

R = n-decyl 11

R = isobutyl 12

Abstract.

The title compounds 8 - 1 2  have been synthesised with the aim to provide their 

conformational analysis which has been carried out by a combination of NMR - 

techniques and Molecular Mechanics. The NMR spectra of compounds 9 - 1 2  are 

found to be temperature - dependent. Barriers to alkyl rotation range from 46.5 kJ/mol 

in 9 to about 51.0 kJ/mol in 12. In the ground state conformations with a-alkyl carbon 

atoms essentially in the aromatic plane, the p-carbon atoms are located on opposite 

faces of the plane, the two substituents thus being anti. Conformational exchange 

takes place between enantiomeric anti conformations. In all cases, the picene backbone 

is calculated to be essentially planar.

Introduction.

During the course of some photochemical studies of 1,2-dialkyl-1,2-di( 1-naphthyl) 

ethylenes it was realized that a well-established pathway in phenanthrene chemistry 

would give access to a class of compounds which, to the author’s knowledge, had not 

previously been prepared: 13,14-dialkylpicenes. The synthesis of these compounds 

involves photocyclisation of the l,2-di(naphthyl)ethylene backbone, a reaction which 

is known to be reversible, followed by oxidative trapping, i.e. aromatisation, of the 

photocyclised intermediate.^
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h-7

02/12

The reaction can be carried out with either cis- or trans-olefin starting material, the 

latter being isomerised to cis under the reaction conditions. It is known that, in 

unsubstituted picene, all aromatic rings are in the same plane. When alkyl substituents 

are introduced at C l3 and C l4 there must be considerable steric interaction between 

their a-carbon atoms and the hydrogens at C l and C l2, the actual degree of interaction 

depending on the nature of the substituent. As can be derived from molecular models 

free rotation about the a-carbon to picene bond should already be impeded for 

comparatively small alkyl substituents, viz ethyl or possibly even methyl - for 

particularly unfavourable steric interactions a partial loss of aromaticity would not be 

unprecedented.^*

CHgBu*

.CHgBu*
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The first example of restricted alkyl group 

rotation in the sp2-sp3 class was reported by 

Dix et al.*® who determined the barrier to 

neopentyl rotation in 34 by observing the 

collapse of the anisochronicity of the methylene 

protons with increasing temperature by NMR. 

This barrier was found to be 67.8 kJ/mol at 

53°C.

In this work is reported the conformational analysis of five picene derivatives which 

was pursued by a combination of NMR techniques and Molecular Mechanics 

calculations.
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Results.
a. NMR.

Variable temperature NMR studies were carried out for all compounds 8-12. The NMR 

spectrum of compound 8 was found to be temperature-independent. As the 

experimental results of the remaining compounds generally are very similar, the changes 

will be illustrated by way of example, i.e. describing the behaviour of the ethyl 

derivative 9.

The 400 MHz proton NMR spectrum of 9 at 20°C consists of three sets of signals 

between 8.68 and 1.31 ppm. Aside from a complex aromatic region between 8.68 and 

7.57 ppm there is a broad unresolved signal for the methylene protons at 3.59 ppm and 

a methyl triplet at 1.31 ppm. Integration of the proton resonances shows the expected 

proportion of 12 aromatic : 4 methylene : 6 methyl protons. If broadening of the 

methylene signal were due to a dynamic process this signal should be temperature- 

dependent. On heating of a sample of 9 to above 50°C, the methylene signal sharpens- 

a normal quartet and triplet pattern is seen for the ethyl group at this temperature. 

Below ambient temperature broadening of the methylene signal increases as the 

temperature is lowered and at -2TC  the signal splits. Below this coalescence 

temperature the methylene proton resonances appear as two broad signals which enclose 

about the same area with the frequency axis, thus indicating a 1:1 ratio of 

conformational isomers. The decoalesced signals appear as two broad singlets at - 

55°C, the unresolved AB part of an ABX3 spectrum, see also the appendix for selected 

NMR spectra. In the above-mentioned range of temperatures none of the other signals 

change in any significant way.

These changes are interpreted as ethyl rotation, i.e. up/down - down/up interconversion, 

becoming slow on the NMR time scale. Based on the coalescence temperature of the 

diastereotopic methylene protons of -27°C and the rate of conformational exchange of 

637 Hz, the barrier to ethyl rotation is calculated to 46.5 kJ/mol.

Similar measurements were carried out for the other title compounds. With the a- 

methylene protons serving as the internal probe of conformational exchange in the same 

sense as in 9 very similar data are obtained for the derivatives 10 to 12, see tab. 7. 

In none of these compounds was there any sign of a second isomer at the low 

temperature NMR limit nor was there any other than the methylene resonance from 

which rates of exchange could have been derived.
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compound
substituent

8
methyl

9
ethyl

10
n-hexyl

11
n-decyl

12
isobutyl

proton chem. shift ôIoomT

aromatic H 8.66-7.26 8.68-7.57 8.61-7.45 8.62-7.45 8.59-7.30

a-CH^ - 3.59 3.49 3.49 3.58

CH, - - 1.68-1.26 1.67-1.25 2.30(CH)

CH3 3.04 1.31 0.86 0.89 1.02

coalescence temp, for 
a-CH, signal [°C/K]" - -27/246 -13/260 -11/262 -5/268

k at coalescence temp.
[s-‘]

- 637 654 658 ca. 650

AG"[kJ/mol] <23 46.5 49.4 49.8 ca. 51.0

a: at 20°C, solvent; CDCI3. b: recorded in CHClFjiCHCljFiCDjClj (4:4:1).

table 7.

b. Molecular Mechanics.
The most detailed calculations were carried out for the dimethyl 8 and the diethyl 

derivative 9. First consider 8: in the ground state, two methyl hydrogen atoms adopt 

a near-orthogonal (-96.0 deg, -95.6 deg), antiparallel - here and subsequently to be read 

as (anti)parallel when viewed in a Newman projection as in fig. 9 - position which can 

be regarded, with reference to the aromatic plane, as one hydrogen pointing straight up 

and one down. When both antiparallel hydrogens are replaced by methyl groups, the 

optimum position still is near orthogonal (-95.8 deg, -95.8 deg) with both methyl 

groups slightly exo-pointing and perfectly antiparallel. This corresponds to the ground 

state conformation anti-9 with one methyl group on either side of the aromatic plane, 

see fig. 9.

In this conformation there is one pair of antiparallel endo methylene hydrogens, - 

intemuclear distance d = 1.979 Â - and a second exo pair of hydrogen atoms, each 

being located at a distance of 1.857 Â with respect to the hydrogen atoms attached at 

Cl (C l2) of the picene backbone.
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figure 9.

The compressed H-C-H angles of the methylene carbons are quite remarkable. Note 

that the angles on either side of the plane do not add up to exactly 180 deg. However, 

deviations are small and the aromatic framework is essentially planar.

Now consider an arrangement having both methyls on the same side and the respective 

hydrogens on the opposite side of the aromatic plane, i.e. syn-9, fig. 9. One feature 

is immediately apparent: the proximity in space of both methyl groups, leading to their 

mutual repulsion, an effect not present in the anti isomer where these methyls are at 

a maximum distance. Note that one methyl remains in a near orthogonal position 

whereas its neighbour methylene group has the endo hydrogen very nearly eclipsing the 

aromatic plane.

In this conformation the following interactions are minimised: the combined interactions 

between both methyl groups, the interactions between methylene hydrogens among 

each other, and the interactions between the alkyl substituents and the picene 

framework. There is another syn arrangement with a methyl and a hydrogen on the 

same side of the plane as the vicinal methyl group, this conformation having an energy 

of AHg = 36.6 kJ/mol above the ground state and therefore little conformational weight
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as it is unlikely to be significantly populated.

The most noteworthy feature about the picene backbone in 9 is that the bond between 

C l3 and C l4 is among the shortest of the aromatic bonds in the molecule, see fig. 10, 

and tab. 8. It is particularly short with respect to C6a - C6b, the actual values being 

1.376 Â and 1.433 Â for anti-9. This, taken as an isolated result would, in fact, 

reduce the angle X-Y-Z, which is in contrast with what might have been expected. 

However, the bonds Cl2a - Cl2b and Cl4a - Cl4b are calculated to be the longest of 

the aromatic C-C bonds (both 1.453 Â), and thus partially compensate for the former 

compression. The net result of these changes is that the ethyl groups move slightly 

toward each other while the size of the gap between Cl and C14 and, respectively, C12 

and C13 is increased. This in combination with the slight opening of bond angles of 

up to 4 deg. and minor deviations from coplanarity, as mentioned above, helps to 

establish a maximum distance between the substituents across the Cl - C14 and the 

C12 - C l3 bay. Some selected parameters calculated for anti- and syn-9 are listed in 

tab. 9.

figure 10.

bond
length[Â] picene4 0 anti-9

C13 - C14 
C6a - C6b 
C5 - C6a 
C12a -C12b

1.393
1.492
1.369
1.441

1.376
1.433
1.370
1.453

table 8.
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anti-9 syn-9

bond length FÂ1
C13 - C14 1.376 1.375
C13 - C(Et) 1.531 1.531

bond angle fdeg.l
C14 - C13 - C(Et) 116.3 116.3
C12b- C13 - C(Et) 120.6 120.6

dihedral angle fdeg.l
C12a - C12b - C13 - C -3.7 -8.5 -6.5
C - C13 - C14 - C 5.7 11.9
C14 - C13 - C - HI 130.5 136.5 -115.2
C14 - C13 - C - H2 29.2 37.7 -5.8
C14 - C13 - C - Me -95.8 -90.5 108.3

total steric energy rkJ/moU 12.8870 23.6056
relative steric energy 0 10.7186

aromatic nonnlanaritv* Tdeg.l
rings A-E 0.7, 1.0, 1.4, 1.0, 0.7 0.8, 1.4, 2.5, 1.8, 1.4

a: the mean deviation from 0 deg. for the six endocyclic C-C-C-C dihedral angles for each ring.

table 9.

Discussion.

The NMR results show that in 8 the barrier to methyl rotation is less than about 23 

kJ/mol. The inspection of models reveals that this barrier may well be higher than the 

barrier to methyl rotation in 4-methylphenanthrene which has been measured as 21.1 

kJ/mol.'^  ̂ For compounds 9-12 the NMR results indicate that free rotation of the alkyl 

groups is restricted and we note that there is remarkably little variation among 

individual rotational barriers. It appears to be reasonable to assume that, beyond a 

certain length of the alkyl chain, the barrier is essentially invariable. This is hardly 

surprising because, whatever the exact nature of this barrier, it must primarily be due 

to interaction between the a-alkyl carbon substituents and the picene hydrogen atoms 

at C l and C l2. Interaction among the alkyl chains apparently has no significant 

influence on the rotational barrier.
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Conformational exchange must take place among enantiomeric anti conformations, so 

down-up interconverts with up-down, the syn rotamer being the most likely intermediate 

in this process. As has been mentioned in the results section, there is no experimental 

evidence of any other populated conformation at the low temperature limit and, based 

on this finding, the contribution of all other conformations is estimated to be less than 

about 10% at 25°C. If the calculated enthalpy values of anti- and syn-9 are taken as 

a basis for predicting relative populations, syn-contribution is calculated to be less than 

about 1.5% at 25°C.

It seems that anti—>syn interconversion in 9 proceeds by a methyl passing through the 

gap between the ethyl substituents, the 13,14-gap, rather than through the 12,13 or 

respectively, the 1,14-gap, the exo pathway giving rise to steric energies well over 80 

kJ/mol above the ground state ca. 30 deg. before the methyl eclipses the aromatic 

plane. Note that in 9 the experimental barrier is 46.5 kJ/mol. In the corresponding 

endo rotation process the methyl group approaching the plane will drive, like a 

cogwheel, the vicinal ethyl and it is presumed - Molecular Mechanics at this stage 

again produces values in excess of 80 kJ/mol above the ground state - that a methyl 

group approximately eclipsing the bond between C l3 and C l4 sits in the gap between 

a methyl and a hydrogen of its neighbour ethyl rather than between two hydrogens 

which would force the neighbouring methyl into the hydrogen at Cl or C l2, 

respectively. The former structure is most likely to correspond to the rotational 

transition state.

I attempted to calculate the barrier to ethyl rotation in 9 but did not succeed in 

obtaining a reasonable value. The calculations gave far too high values which we 

ascribe to the fact that the rotational motion of both ethyl groups is coupled. 

Calculating a rotational barrier therefore involves the optimisation of the position of two 

ethyl substituents, a considerable task the labour of which was not considered 

worthwhile. We have, however, attempted to derive a steric energy versus dihedral 

angle plot by combining experimental and calculated values, see fig. 11.

When comparing compounds 9 - JT we find that a monoalkyl substituent on the P- 

alkyl carbon atom can always adopt a position in which it can point away from, i.e. 

avoid repulsive interaction with, the vicinal alkyl group as well as the picene backbone.
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The inspection of molecular models suggests that the same might even apply to a 

second ^-substituent: as long as there is one hydrogen on the P-carbon which can be 

directed toward the vicinal alkyl group during passage of the transition state, 

interconversion might remain comparatively easy.
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figure 11.

We decided to investigate this matter by preparing diisobutylpicene 12. Although we 

were only able to study a partially purified sample, the methylene proton signal was 

clearly observable. The coalescence temperature of this signal was measured to be 

about -5°C but we were unable to obtain an accurate value for the rate constant due 

to signal interference with an impurity. Taking k = 650 Hz - by analogy with the 

whole series - gives a barrier to isobutyl rotation of 51.0 kJ/mol which is surprisingly 

similar to the barriers in 9 - jT. This is yet another example of the isopropyl group 

being able to appear as small as a methyl when exposing its hydrogen ’face’.

A third (^-substituent will therefore be required in order to increase the barrier 

significantly. We did not attempt to prepare such a compound but there is a good 

example in the literature which can provide a minimum value for the barrier to be 

expected in such a compound, viz. 1,2-dineopentyltetramethylbenzene, see compound 

34 of the introduction, for which a barrier to neopentyl rotation of 67.8 kJ/mol has 

been measured. Taking into account that neopentyl rotation in 13,14-dineopentyIpicene
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would have to proceed through the endo arrangement, the inner gap, - the exo pathway 

being by far the more likely one in 34 - we predict a significantly higher barrier for 

the picene derivative.

Conclusion.

The results of the present investigation provide a coherent picture with respect to the 

preferred conformations and conformational exchange in 13,14-dialkylpicenes. The 

processes which have been observed can be taken to be unique features of the 

particular stereochemical interactions between the picene framework and two identical 

alkyl groups, most notably those incurred in the steric bay generated between the alkyl 

substituents and the hydrogen substituents at C1/C12. Although there was never any 

doubt that an anti conformation would be the most stable one we speculated that a syn 

conformation might eventually be populated with an increasing length of the alkyl 

chains - due to attractive van-der-Waals interactions between them. We found no 

experimental evidence of this whatsoever.

Having observed the effect caused by one a-alkyl substituent (Me—»Et), it would have 

been interesting to study the effect of two and three such substituents. Further a- 

substitution, however, remains speculative as we failed to synthesise the respective dl

l'naphthyl precursors. This fact in combination with the knowledge that photo-induced 

generation of the picene backbone produces a multitude of compounds leads to the 

conclusion that this synthetic approach probably is unsuitable if 13,14-diisopropylpicene 

or the t-butyl derivative were the target compounds. This synthetic approach, however, 

is most interesting by itself - see the experimental section for further detail.
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b. Compounds 13, 14.

2,4,4-trimethyl-3-isopropyl-2-pentene

13

2 ,2-dimethyl-1,1 -diisopropylcyclopropane

14

Abstract.

This report is a conformational analysis of compounds 13 and 14 which have been 

synthesised and studied by a combination of NMR spectroscopy and Molecular 

Mechanics. Both compounds are found to have temperature - dependent NMR spectra - 

barriers to isopropyl rotation are 54.7 kJ/mol in 13 and 27.2 kJ/mol in 14. The title 

compounds exist as an equilibrium between two conformations which can be detected 

by NMR. Comparisons are made among compounds of similar structure.

Introduction.

The steric interactions encountered by anisotropic groups are of general interest. Any 

conformational analysis involving such groups, for example isopropyl, will be required 

to reveal whether the anisotropic group shows preferences for any conformational 

arrangement(s).

The most intriguing examples can be found among molecular structures having two or 

more such groups in the same molecule. Although another specific example of this 

will be taken up again at a later stage - at least two isopropyl groups attached to the 

same sp3-carbon atom, see next section - we choose to report compounds 13 and 14
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independently. Despite the fact that compound 14 does not fall into the sp2 - sp3 

category it is conveniently discussed along with compound 13. In any case, J4  has to 

be viewed as an unusual example of its class 

due to the special geometric requirements 

imposed by the structural incorporation of a 

three - membered ring. A comparison will be 

made with compound 35 whose conformational 

behaviour has been studied previously

Results,

a. NMR
The 200 MHz proton NMR spectrum of 13 at 20°C shows the expected five sets of 

signals between 2.71 and 1.17 ppm, the isopropyl methine resonance being visibly 

broadened by slow exchange. On cooling below ambient temperature, each signal 

shows maximum broadening between about 5°C and 0°C. The isopropyl methine signal 

is the one which is most easily observed to coalesce at 5°C, for the other signals 

dynamic broadening is much less marked. On further cooling, the signals sharpen again 

and careful inspection of the spectrum at -45°C now reveals the presence of a minor 

isomer, the relative ratio of isomers being 98 : 2 at this temperature, see also the 

appendix for selected NMR spectra. The observed pattern is interpreted as isopropyl 

rotation becoming slow on the NMR time scale and from the observed changes the 

barrier to isopropyl group rotation is calculated as about 54.7 kJ/mol at 5°C. No 

further dynamic broadening can be recorded on cooling to about -135°C. The barrier 

to t-butyl rotation is therefore concluded to be less than 27.3 kJ/mol.

The 200 MHz proton NMR spectrum of j_4 at 20°C consists of five sets of signals 

between 1.73 and 0.13 ppm, the latter originating from the cyclopropane methylene 

protons. The isopropyl methyl groups are diastereotopic and give rise to two doublets 

centred at 1.02 and 0.96 ppm. On cooling a sample to below about -85°C, the ring 

methylene singlet broadens and below about -100°C all other signals start broadening 

too. In the methyl and methine region complex changes take place below about - 

125°C. This region appears broad and unresolved at -150°C. Fortunately, the 

cyclopropane methylene signal can be clearly observed, the room-temperature singlet
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coalescing at -138°C. At -155°C, this signal appears as a 1:1 doublet at 0.37 and 

-0.14 ppm and a singlet at 0.10 ppm. The relative total area of these signals is 89:11 

at -155°C, the doublet being the more abundant part. The observed changes correspond 

to isopropyl rotation becoming slow on the NMR time scale. The barrier to isopropyl 

rotation is 27.2 kJ/mol at -138“C. A summary of selected NMR data is given in tab. 

10.

chem. shift[ppm]‘ 13 cpd. 14

proton signal 20^0 -45°C (min. isomer) 20G -155" (min. isomer)

tBu 1.19 1.18 (1.26)
isopropyl CHj 1.17 1.17 (1.14?) 1.02, 0.96 1.08-0.81 unresolved
isopropyl H 2.71 2.64 (3.16) 1.73 ?
olefinic/ring CH, 1.80

1.75
1.81 (?) 
1.76 (1.71)

1.19 1.19 (1.18?) 
1.16

ring H - - 0.13 0.37 (0.10) 
-0.14

ratio of isomers at low temp. 98:2
AG .̂B[kJ/mol] @ T[“C] 7.4 @ -45
T, [“C/K] 5/278
k [s '] @ T, 317
barrier to i-Pr rotation exp AG* 54.7
[kJ/mol] calc AH* 56.65

a: values at 2CTC and -45*C recorded in CDClj solvent, at -155*C in CHClFi.’CHCljFiCDiCl, (4:4:1).

table 10.

89:11 
1.4 @ -155 

-138/135 
226 
27.2 

ca. 32

b. Molecular Mechanics.
Some significant calculated data for the two most stable conformations of compounds 

13 and 14 are compiled in tab. 11. For the characteristic dihedral angles 0i and 02 

the term ’exo’ designates a hydrogen atom directed toward the geminal substituent 

while ’endo’ refers to the same hydrogen approximately pointing away from the 

geminal substituent. 13A, the rotamer with the isopropyl methine hydrogen orientated 

toward the t-butyl group, is calculated to be more stable than 13B. In the cyclopropane 

derivative, the rotamer with both methine hydrogens pointing away from each other, 

14A. is calculated to be more stable than 14B in which the isopropyl groups are 

statically geared, i.e. one methine hydrogen is orientated toward and the other away 

from the respective geminal substituent.
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Q : i-PrC 
C3I t-BuC, 
no C<

Q.Cg: i-PrC 
Q

Q.C?: methyl C

cpd 13 14

13A(maj) 13B(min) 14A(min) 14B(maj)

bond length fÂl

C l - C2 1.535 1.540 1.547 1.545
Cl - C3 1.554 1.553 1.547 1.546
Cl - C4 1.358 1.360 1.538 1.532
Cl - C5 - - 1.520 1.519

bond angle Fdeg.l

C2 - C l - C3 115.6* 118.9" 117.6 114.0
C2 - C l - C4 121.1- 117.6" 117.8 119.9
C3 - C l - C4 123.3" 123.5" 118.4 119.4
C2 - Cl - C5 - - 115.8 119.9

dihedral angle Tdeg.l

81: C4 - C l - C2 - H -1 6 2 .4 ex o 10.3endo -43 .8endo 165 .7exo
82: C4 - C l - C3 - H(Me) -54.5 36.3 20.9endo 30.1endo

C2 - C l - C3 - H(Me) 9.2 -169.7 172.6 178.7
C3 - C l - C2 - H 17.5 -166.4 164.3 14.6
C2 - C l - C4 - C6 -4.6 10.0 3.1 3.1
C3 - C l - C4 - C l -4.6 7.6 -0.7 4.4

steric energy fkJ/moll

absolute 103.33 110.11 93.49 94.04
relative 0 6.78 0 0.55

a,b: all atoms are in the same plane.

table 11.
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Discussion.

The barrier to isopropyl rotation in 13 is measured to be 54.7 kJ/mol as stated in the 

results section. The low temperature NMR results show that there are two magnetically 

different conformations which are populated, see tab. 10. Conformational exchange of 

the isopropyl group in these two isomers can reasonably be interpreted as 

interconversion among 13A and 13B, see fig. 12.

M e,.

transition
Me state “  Me

X
13A 13B

figure 12.

The calculations reveal that 13A is the more stable of these conformers which is 

confirmed by an NOE experiment at -45“C. Irradiation of the methyl protons-1 

produces a 1.2% enhancement in the minor of the two isopropyl methine proton signals, 

and only ca. 0.2% enhancement in the major signal. The minor isomer must therefore 

correspond to a conformation in which the methine hydrogen is orientated toward the 

Me-1 group, i.e. 13B. The experimental free energy difference of 7.4 kJ/mol at - 

45°C compares with a calculated enthalpy value of 6.78 kJ/mol. The transition state 

to isopropyl rotation is likely to be a conformational arrangement in which one of the 

isopropyl methyl groups very nearly eclipses the vicinal methyl group - at the same 

time the other isopropyl methyl is driven into a geminal t-butyl methyl group. Another 

way of viewing this conformation is looking at the dihedral angle 0i, see tab. 11. 

Molecular Mechanics predicts a transition state with 0i = 87 deg., the enthalpy being 

159.98 kJ/mol. From this is calculated a barrier to major minor interconversion of 

56.65 kJ/mol (AGĴ p = 54.7 kJ/mol). The calculated enthalpy as a function of the 

isopropyl dihedral angle 0̂  of compound 13 is depicted in fig. 13.
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The low barrier to t-butyl rotation can be explained as follows: the rotational transition 

state of a t-butyl group and an isopropyl group are quite similar with the smallest 

substituent, i.e. methyl or hydrogen, occupying an approximately orthogonal position 

with respect to the olefinic plane, thus contributing little to overall steric strain. In this 

conformation, substantial strain is due to interactions of the remaining two substituents 

with their geminal and vicinal neighbours, see also fig. 12. Stable conformations of 

the isopropyl group, however, with the isopropyl methine hydrogen in an approximately 

syn- or antiperiplanar position relative to the olefin, i.e. 0i ca. 0 or 180 deg., are much 

lower in energy than the corresponding t-butyl conformations in which the coplanar t- 

butyl methyl group interacts significantly with its geminal or vicinal companion. The 

energetic difference between ground state and transition state, and hence the barrier, 

must therefore be higher for an isopropyl group. All in all good agreement is found 

between the experimental and calculated values in _13.

In J4  the major isomer which produces the low - temperature doublet must have 

magnetically nonequivalent isopropyl groups, i.e. the two sides of the cyclopropane 

plane are nonidentical, whereas in the minor isomer both isopropyl groups have to be 

equivalent. Therefore, the major isomer should be the one with the isopropyl groups
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statically geared, 14B, whereas the minor isomer should have both of the isopropyl 

methine hydrogens orientated toward the cyclopropane ring, as in 14A, see fig. 14.

14B 14A
figure 14.

According to Molecular Mechanics, these are indeed the most favourable conformations 

but the statically geared isomer 14B is predicted to be the less stable one by a small 

amount (0.55 kJ/mol). This clearly is in contrast with the experiment - 14A does not 

comply with the symmetry requirements which have to be made for the major isomer 

whereas 14B does, the free energy difference between these conformations being 1.4 

kJ/mol at -155°C. Compound 14 is thus an example of the calculations "clashing" with 

the experiment. However, it seems obvious that in cases where stable, populated 

conformations only differ very little in their total enthalpy, the entropy term, although 

generally assumed to be similar among like conformations, might just tip the balance 

over in favour of the other isomer. Unfortunately the MM2 method does not permit 

the calculation of entropy values.

Another aspect worth recalling is that the known structures and enthalpies of formation 

of simple compounds, used to parameterise MM2, are quite a long way removed from 

a cyclopropane structure with a great deal of steric congestion - Molecular Mechanics 

might therefore not be completely reliable in this case.

When these factors are taken into account experimental and calculated values cannot 

be viewed as being in significant disagreement.

It seems worth noting that, in 14, there are several other conformational arrangements 

of the isopropyl groups, some of which would satisfy the signal multiplicity 

requirements which arise from NMR. Molecular Mechanics only finds another two of 

these to be stable, the most important one being that with both isopropyl methine
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hydrogens orientated toward each other, 0i=166.9 deg., 02=158.9 deg., AH= 118.95 

kJ/mol. Other conformations, especially those with the above dihedral angles near 90 

deg., actually correspond to a conformation near the transition state. The energetically 

most favourable one of these (0i=92.8 deg, 02=11.8 deg, AH=125.48 kJ/mol), being 

some 31.99 kJ/mol above the ground state, is the most likely one to be involved in 

rotational interconversion. Conformational exchange takes place between enantiomers 

of 14B, i.e. between conformations having statically geared isopropyl groups in an 

opposite sense, with 14A being the most likely intermediate in the process. According 

to the enthalpy values calculated by Molecular Mechanics only two conformations, i.e 

14B and 14A, can be significantly populated.

It is interesting to compare compounds 13 and 14 with the diisopropyl compound 35, 

see the introduction. Compound 35 was found to have a hairier to isopropyl rotation 

of 42.7 kJ/mol. As in 14, the ground state is predicted to have statically geared 

isopropyl groups - there is no sign of a second populated conformation at low 

temperature. The barrier to isopropyl rotation falls between the respective barriers 

recorded in this work. This seems reasonable as in 35 isopropyl-1 rotation can occur 

while isopropyl methine hydrogen-2 is pointing toward isopropyl-1. This leads to a 

reduction in the energy of the transition state with respect to 13. In 14, the barrier to 

isopropyl rotation is much lower due to less eclipsed steric interactions in the transition 

state. While in 35 the transition state causes large 1,3 - parallel interactions with the 

geminal and the vicinal groups, in 14 only the vicinal interaction is significant during 

rotational interconversion because the geminal substituent can remain in a perfectly 

staggered conformation with respect to the rotating group. The reason for finding a 

low barrier in 14 must therefore be viewed to be a low energy transition state.
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3. Rotation about sp 3 -sp 3  carbon-carbon bonds.

a. Compounds 15 - 17.

15 16 17

Abstract.

The preferred conformations and conformational dynamics of the tri- and tetrasubstituted 

methanes 15-17 have been investigated by NMR spectroscopy and Molecular Mechanics 

calculations. The title compounds have temperature-dependent NMR spectra. Barriers 

to t-butyl and isopropyl rotation range from 31.8 to 46.1 kJ/mol and from 27.8 to 48.1 

kJ/mol, respectively, and vary significantly with increasing conformational strain. This 

is illustrated by an approximate reversal of the height of the isopropyl and t-butyl 

barriers of 16 when compared with 17. The barrier to ring inversion in 15 is less than 

23 kJ/mol. In all compounds, the isopropyl group adopts a distorted gauche ground 

state conformation as is indicated by a very small vicinal coupling constant between 

methine protons of about 1 Hz. Conformational exchange mainly occurs between 

enantiomeric gauche conformations, the trans conformation actually being near the 

rotational transition state.

Introduction.

While in simple molecules like n-butane the anti conformation is clearly more stable 

than the gauche conformation, most 1,1,2,2-tetraalkylethanes seem to prefer the gauche 

over the anti arrangement. In 2,3-dimethylbutane, 29, gauche and anti conformations 

are found to be isoenergetic, see the general introduction. When further steric bulk is 

imposed on the basic ethane fragment gauche conformations will finally be favoured 

over anti arrangements, as a conformational study of 1,1,2,2-tetra-t-butylethane, 31, by 

proton and carbon-13-NMR spectroscopy, shows.'̂ *̂
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At 25°C, rotation about the central C-C bond is slow, the four t-butyl groups appearing 

as two magnetically inequivalent pairs. On heating the compound no change is 

observed in the spectra until decomposition starts at above 140°C. The barrier to 

rotation about the central C-C bond is estimated to be greater than about 90 kJ/mol. 

Here as in all similar cases conformational interconversion between enantiomeric gauche 

conformations is expected to proceed via the anti conformation rather than by direct 

gauche - gauche exchange, see fig. 15.

H

f-Bu 

f-Bu

f-Bu

-gauche

/-Bu

anti

X Z.
H f-Bu

f-Bu

+qauche

Bu

figure 15.

The NMR spectra prove that 31. does not adopt the classically anticipated anti ground 

state conformation. Instead, they are consistent with a gauche arrangement which has 

one pair of t-butyl groups, the ’inner’ groups, in a sterically more hindered position 

than the other pair. In accordance with this, low temperature NMR studies show that 

the rotation of one pair of t-butyls can be retarded much more readily than the rotation 

of the other, the ’outer’ pair, the respective barriers being 31.0 and 25.1 kJ/mol. The 

preference for the gauche conformations can be attributed to distortion of the tertiary 

carbons from ideal tetrahedral geometry which is due to steric repulsion between the 

geminal t-butyl groups. The net result of this is a marked increase of bond angle 

between these groups which must lead to destabilisation of the anti conformation with 

respect to the gauche conformation. In a Newman projection the angle between the 

geminal t-butyl groups, classically expected to be 120 deg., is calculated to be about 

160 deg.'*̂ *’! For the anti conformation this implies that the dihedral angles between the
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vicinal t-butyl groups will now be reduced to about 20 deg., so these bulky groups 

will be forced uncomfortably close together. On the other hand, in the gauche 

conformations, the same bond angle distortion and some rotation will move the vicinal 

groups further apart, i.e. stabilise the gauche conformations, compare also fig. 15. As 

is proven by the experiment, the energetic consequences of these distortions are so 

severe that the gauche conformations turn out be the most stable ones which is contrary 

to what would have been predicted by a classical conformational analysis based on the 

summing up of individual group interactions.

Compounds 15 - 17 of this study can be viewed as intermediate cases of tetra- 

/pentasubstituted ethanes. Their conformational analysis will be reported based on a 

combination of NMR studies and Molecular Mechanics calculations.

Results.

a. NMR

The 400 MHz proton NMR spectrum of J_5 at 25°C shows nine different kinds of 

proton giving rise to signals between 2.14 and 0.85 ppm, see fig. 16.

solvent: CDCl,

3 . 0 2 . 0 1 . 0

figure 16.

Two of these signals, produced by the methine hydrogen attached to Cl and, 

respectively, by two methylene hydrogens, partially overlap with other resonances.
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Assignments are confirmed in decoupling experiments and agree with data previously 

obtained in a project concerning a set of similar substituted 1-acetyl and 1-isopropenyl 

cyclohexanesT The most significant experimental results are as follows: the chemical 

shift of the methine ring hydrogen in position-1 is 0.98 ppm, some 0.5 ppm upfield 

of what would normally be expected for this type of methine hydrogen. This appears 

to be a common feature of unique methine hydrogens in highly substituted 

hydrocarbons. The proton coupling constant between this hydrogen and the isopropyl 

methine hydrogen is 1.15 Hz. The corresponding vicinal coupling constants between 

the other ring methine hydrogen in position-4 and the methylene hydrogens are 5.5 and

10.6 Hz, see the appendix for selected NMR spectra.

On cooling a sample of J_5 to -70°C, the proton spectrum is essentially unchanged and 

at -120°C the same basic structure can still be recognised although now much more 

affected by line-broadening. Beyond this temperature broadening increases rapidly and 

leads to broad complex spectra which are very difficult to analyse. The quality of 

these spectra does not encourage any further proton study.

Carbon-13 NMR spectra were recorded between 35°C and -150°C. At 25°C, there are 

nine singlets in the 100 MHz proton - decoupled carbon-13 spectrum, see fig. 17. On 

cooling to below -45°C the signals assigned to the axial methyl groups and to the 

isopropyl methyl groups start broadening. Below about -70°C the signal of the 

equatorial methyls also broadens whereas all other signals are recorded unchanged. At 

approximately -124°C the coalescence of several signals can be observed and at - 

140°C there are 1:1 doublets for the methylene carbon atoms, the axial and equatorial 

methyl carbons and the isopropyl methyls with chemical shift differences of between

solvent;

solvent: CHClFj:CHCljF:CD^Clj (4:4:1).

figure 17.
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table 12.

Proton chemical shifts (5 in ppm) and coupling constants* [Hz] for compounds 
15. 16. and H  at various temperatures [*C]. B ' and 'D ' represent CH, groups. 
E represents a CH% group.

compound temperature 5A 5B 5Z 5D other 5 J

IS
Z = H 

H 
1

ambient 2.14 1.13 0.98 1.08(eq)

l.Ol(ax)

Y=1.75(H). 0.85(Me). J=6.4 

E=137(eq). 1.14(ax). J=14.0

Y =  C 
1

Ja»=7.4. J*z=1.15. Jê 5 3 .  10.6
1

Me -150 c 1.15 d

16 ambient 219 1.15 1.10 1.08 ’J^ = 7 3  >J«=0.8

Z = H 
Y = H

-75 2.19 1.15 b 1.08 1.10 
(1:1)

-140 c 1.16 d

12 ambient 2.08 1.17 0.85 1.09 '1=7.2

Z = Me 
Y = H

-75 2.12 1.19 0.88 0.99 1.08 1.26 
(1:1:1)

-100 c 0.87

a: arithmedc values, sign not determined, b: covered by other signals, c: not observable at very low temperatures, d:
complex

table 13.

Carbon-13 chemical shifts (5 in ppm) for compounds ^5. 16. and 17 at various y  ^
temperatues (*C]. Barriers to rotation [kJ/mol]. ^  ^ ^

BAXIUER TO ROTATION

compound temperature 6A 5B 5C 5D 5E other 5 t-buty 1/isopropyl

15
Z = H

H
1

Y = C 
1

Me

35

-140

55.8

a

29.7

28.9

29.1 

26.6 30.0

36.0

36.0

24.6 33.7 50.4 (CH^) Y=25.4(CH) 23.6 - 27.8

21.1 28.2; 31.3 35.8
(1:1) (1:1) 24.8 233(CH,)
45.5 52.0 

(1:1)

16 50 61.3 30.1 23.3 37.2 31.5 31.8 48.1
35.2

Y = H -50 59.8 29.7 26.7 19.1 37.2 36.8 31.6 303
Z = H (1:1) (1:1) (1:1)

-125 58.5 29.6 26.5 19.1 37.1 -36.6 36.9 33.8 23.8
(1:1) (1:1) (1:1:1)

12 25 48.4 35.2 23.8 42.6 31.6 Z=22.4 46.1 37.7

Z = Me -50 47.6 34.8 23.7 42.5 32.3 31.7 303 22.5
Y = H (1:1:1)

-100 47.1 34.5 24.4 a 42.4 42.2 32.5 31.9 31.8 31.0 22.5
(1:1?) (1:1) 29.6 a (1:1:1:1:1:1)

a: obscured by solvent or other peaks.

tables 12 and 13: NMR spectra at or above ambient temperature were recorded in CDCl, solvent, spectra below ambient
temperature in CHClFziCHClzFiCDiClz (4:4:1).
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170 to 350 Hz between exchanging sites. The observed changes correspond 

satisfactorily to isopropyl group rotation becoming slow on the NMR time scale and 

the barrier to isopropyl rotation is determined from the above four coalescences, the 

mean value being 27.8 kJ/mol. Tab. 12 and 13 give a list of some selected proton and 

carbon data for compounds 1_5 to T7.

Compounds 16 and 17 presented problems similar to _15 with respect to proton NMR 

studies. A quantitative picture could only be obtained by resorting to carbon-13 NMR 

spectroscopy. The proton decoupled 50 MHz carbon-13 spectrum of _16 at 100°C 

shows the expected five singlets. Fig. 18 depicts the upfield region of this spectrum 

at various temperatures. Below about 60°C, the isopropyl methyl carbon signal, the t- 

butyl methyl carbon signal and the quaternary t-butyl carbon signals broaden and each 

splits to two equal signals at slightly different temperatures below -29°C. Below about 

-60°C the two t-butyl methyl signals broaden further and the downfield one splits to a 

1:1:1 triplet at -79°C. The upfield signal undergoes the same change at -99°C. At the 

low temperature limit of NMR there is, therefore, a total of six t-butyl methyl carbon 

resonances. The spectral changes observed suggest that the first process, coalescence 

temperature -29°C, corresponds to isopropyl group rotation becoming slow on the NMR 

time scale whereas the processes at -79°C and -99°C are due to the slowing of t-butyl 

rotation. A complete line-shape analysis of the spectra yields a barrier to isopropyl 

rotation of 48.1 kJ/mol at -29°C and barriers to t-butyl rotation of 35.2 and 31.8 kJ/mol 

at -79“C and -99“C, respectively.

Fig. 19 shows the upfield region of 17 at various temperatures. The most remarkable 

feature is that, with decreasing temperature, changes first occur in the t-butyl methyl 

signal and not in the isopropyl signal, as in 16. The t-butyl methyl signal splits to 

three signals below -41“C suggesting a rotational barrier of 46.1 kJ/mol at this 

temperature. At -84°C, the isopropyl methyl signal splits to a 1:1 doublet indicating 

that isopropyl group rotation has become slow on the NMR time scale. This process 

is accompanied by doubling of each of the t-butyl methyl singlets. On the basis of 

these changes the barrier to isopropyl rotation is determined to be 37.7 kJ/mol at 

-84"C. A list of rotational barriers is included in tab. 13.
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figure 18.

Upfield region of the proton-decoupled carbon- 

13 NMR spectrum of (t-Bu)2C(H)i-Pr, 16, at 

various temperatures. Three singlets split to 

doublets when isopropyl group rotation 

becomes slow (-50°C), viz the isopropyl 

methyl (523.3) and the primary (531.5) and 

quaternary (537.2) t-butyl carbons. At 

temperatures below -75°C, as rotation of the 

two t-butyl groups becomes slow, the two t- 

butyl methyl singlets split to triplets at 

different rates (-125°C).

2 5 ° C

- 5 0 ° C

J - LAv UL
- 8 0  C

- 1 5 0  C

4 5  4  0  3 5  3 0  25

chen ical s h i f t  [ppm)

5 0 “C I

- 5 0 ° C

- 7 5 ° C

- 1 2 5  C

3 0  2 0

chemical s h i f t  [ppm]

figure 19.

Proton-decoupled carbon-13 

spectrum of T7 (t-Bu)2C(Me)i-Pr, 

at various temperatures. The t- 

butyl methyl singlet at 531.5 splits 

to three singlets as t-butyl rotation 

becomes slow (-50°C). Each of 

these three, the isopropyl methyl 

carbon (5 23.8) and the quaternary 

t-butyl carbon (542.6), splits to a 

doublet when the isopropyl group 

rotation becomes slow (-150°C).

figures 18 and 19; solvents as indicated in tab. 12 and 13 on page 54.
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b. Molecular Mechanics.

Calculations were carried out for all axial and equatorial invertomers of both cis and 

trans isomers of j_5 as well as for the acyclic molecules %6 and 17. Tab. 14 reports 

some selected molecular parameters calculated for the ground state conformations. In 

a second step, the program’s dihedral drive option was used to rotate the isopropyl 

group about the bond joining it to the central carbon atom. The steric energy as a 

function of the rotational angle between the isopropyl methine hydrogen and the central 

substituent Z is depicted in rig. 20. In the cis isomer of b5, the energetically most 

favourable state is calculated for the isopropyl group occupying the axial position, 15ax. 

In the ring invertomer, 15eq, the 4-methyl group is in an axial position which leads to 

a significant increase in the ground state energy, i.e. 143.77 kJ/mol for 15ax versus 

152.53 kJ/mol for 15eq. This increase is largely due to long-range interaction between 

l,3-’parallel’ methyl groups.

r e la t iv e
s te r ic
energy
[k J/nol]

60
15ax52.25

15eq
30 26.04

0
6 7 0 * 93  0 *60

37.60  

27.63 ■30

0
8 0  0* 86  5*

120 180O 60 240 3 0 0 360
H-C-C-H(He) dihedral angle [deg.;

figure 20.

As a consequence of these interactions the structure of the six-membered ring is far 

from ideal, the most significant characteristic being the marked overall flattening of the 

ring.



table 14.

58

Molecular Mechanics calculations of conformational 
enthalpies and structures for compounds 15ax, 15eq, 
Y= -CH(CHJ-, Z=H, 16, X=Z=H, 17, Y=H, Z=CH,. 
Three bond angles at C l (and C2) are greater than 
109.5 deg., ’opened up’, and three are less than 109.5 
deg., ’closed down’. The bond angle entries are the 
mean values of three such angles in each case. A 
Dihedral angle is the arithmetic difference between 
calculated values and 60 deg. (or 180 deg.).

Y-----

Y------

H ,C ’

c "h .

enthalpy terms [kj/moll 15ax 15eq 16 17

total steric energy 143.77 152.53 134.37 190.79
bond length distortion 16.91 14.70 17.88 35.96
bond angle distortion 38.39 46.47 42.29 49.86
1-4 van der Waals 44.42 48.02 34.12 38.56
other van der Waals 4.65 -3.56 9.63 28.81
torsional strain 35.21 43.12 25.96 31.36

bond lengths lAl

Cl - C2 1.568 1.561 1.571 1.594
Cl - C5 1.581 1.570 1.584 1.622
Cl - C6 1.572 1.567 1.578 1.609

bond angles Ideg.l

mean opened-up bond angle at Cl 115.2 116.3 116.2 113.3
mean closed-down bond angle at Cl 102.8 101.3 101.5 105.3
mean opened-up bond angle at C2 114.5 113.8 114.6 114.8
mean closed down bond angle at C2 103.7 104.6 103.6 103.3

dihedral angles [deg.l

mean A, Z-C1-C5-C 22.8 3.9 11.0 15.0
mean A, Z-C1-C6-C 24.4 8.7 18.1 16.8
mean A, Z-C1-C2-C/H 9.5 34.0 27.8 21.9

H-C2-C1-C5 43.2 14.2 21.0 31.2
H-C2-C1-C6 179.1 156.8 164.7 163.8
H-C2-C1-Z 67.0 93.0 86.5 80.8

calc, isopropyl rotational barrier
IkJ/moll 52.25 26.04 37.60 27.63
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An interesting feature is that in the ground state of 15ax one isopropyl methyl ’sits’ 

directly above the six-membered ring, thus favouring a gauche arrangement of the 

vicinal methine hydrogens rather than trans. The latter, in fact, corresponds to the 

transition state of the isopropyl rotational cycle, the steric energy being some 52.25 

kJ/mol above the gauche ground state.

The relative steric energy values of the acyclic compounds 16 and j7  with respect to 

the cyclic compound %5 may serve to illustrate to what extent the possibility of full 

geometric relaxation changes the energy of the ground state. In 16, the direct acyclic 

analogue of 15, the total steric energy is much reduced with respect to 15 due to the 

fact that both quaternary carbon atoms are not locked in a ring with restricted 

possibilities to distort and hence reduce steric energy. This is largely borne out by the 

van-der-Waals and torsional strain contributions. Replacement of the methine hydrogen 

at Cl by a methyl group leads to a large increase of the steric energy in 17 with the 

most significant individual energy differences due to bond length distortion and van- 

der-Waals interaction.

Discussion.

Hoffmann’s previous work^-^  ̂ indicates that compound 15, having a chair conformation, 

is the cis rather than the trans isomer. The proton NMR shows vicinal coupling 

constants of 5.5 and 10.6 Hz between the methine hydrogen in position-4 and the 

methylene hydrogens as is confirmed by computer spectral simulation. The larger value 

can only originate from a trans relationship between the vicinal hydrogens which 

implies that the 4-methine hydrogen is for the most part in an axial position, the 4- 

methyl thus being largely equatorial and the 1-isopropyl group largely axial due to the 

established cis relationship between the 1- and the 4-substituent. For the conformer 

with an axial isopropyl group, 15ax. the calculations predict a ground state 

conformation with a dihedral angle of 67 deg. between the unique methine and the 

isopropyl methine hydrogen. This angle is not far off the classical gauche dihedral 

angle for which a proton vicinal coupling constant of about 3 Hz is to be expected. 

The experimental value of 1.15 Hz, however, implies a dihedral angle much nearer to 

90 deg. Additionally, the barrier to isopropyl rotation of 27.8 kJ/mol fits poorly with 

an axial isopropyl substituent for which a barrier of 52.25 kJ/mol is calculated. Both
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coupling constant and experimental barrier are, in fact, consistent with a conformation 

having an equatorial isopropyl substituent. Here, the calculated dihedral angle of 93 

deg. should give a coupling constant in the order of about 0-1 Hz; the barrier to 

equatorial isopropyl rotation is calculated to be 26.04 kJ/mol.

In the cis isomer, however, with an equatorial isopropyl group, the 4-methyl group is 

in an axial position, leaving the 4-hydrogen in an equatorial position. It is therefore 

impossible for this hydrogen to produce the experimental vicinal coupling constant of

10.6 Hz with any of its methylene neighbours because all of these hydrogens are in a 

gauche position. The dilemma therefore is that neither one of the cis isomers seems 

to match the experimental data. If there was any uncertainty about 15 being the cis- 

isomer these results would surely imply that it was not - a trans-isomer with equatorial 

isopropyl and methyl groups would agree with all experimental findings.

There is, however, an alternative explanation for bringing experiment and calculations 

in line. The proposed scheme, depicted in fig. 21, allows for the presence of ring 

invertomers, i.e. axial and equatorial isopropyl groups, and ties in with results from a 

previous study, carried out by this author'^, in which a similar mechanism was put 

forward to account for the experimental findings. The macroscopic observations in

H

M c

Me

Me

15aï

ring inversion
Me Me

I Me

15eq

bond rotation

Me

M e y  p

Me 
Me

15ar'

Me Me

15eq'

figure 21.
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compound 15 can thus be explained as follows: at 25°C, there is rapid interchange 

among all conformers which leads to an averaged NMR spectrum. This applies to both 

chemical shift and coupling constant data. An equilibrium mixture of conformers at 

25°C contains axial isopropyl rotamers as major and equatorial rotamers as minor 

components. The above mentioned large vicinal coupling constant of the methine 

proton in the 4-position is the sole experimental evidence of an axial isopropyl group. 

NOE experiments can be used to check for the presence of axial isopropyl groups but 

they fail to furnish conclusive results. This, however, is mainly due to problems with 

the selective irradiation of individual resonances.

On cooling a sample of 15, significant broadening starts below about -75°C which is 

interpreted as slow exchange of 15ax and 15ax’ via 15eq and 15eg\ implying that ring 

inversion occurs readily, i.e. that the corresponding barrier is lower than that to 

equatorial isopropyl rotation. The NMR spectra recorded below the coalescence 

temperature prove that it is isopropyl rotation which is slow - the exchanging sites 

produce identical integrals.

The low barrier to ring inversion - less than 27.8 kJ/mol - seems credible when 

compared with some previous work."̂ *" In compound 36, the barrier to ring inversion

is found to be less than 23 kJ/mol. Although the 

exact dependence of the barrier to ring inversion 

on the different geometries of 1_5 and ^  is 

difficult to assess it seems reasonable to predict a 

low barrier for %5 as well. Rotational 

exchange occurs among conformations 

incorporating (-)gauche and (+)gauche relationships 

36 between the isopropyl methine and the vicinal ring

methine hydrogen, as indicated in fig. 21. According to the calculations direct gauche 

- gauche rotational interconversion is less likely to occur than passage through an 

intermediate trans-conformation.

It will be appreciated that many of the discussed features are peculiar to 15. In

compounds 16 and 17 restrictions of the ring are removed and more complete relaxation

of a given minimum energy conformation can generally be expected. If the transition 

states are similar in all cases this should lead to higher rotational barriers than in 15, 

a conclusion which is clearly confirmed by the experimental barrier to isopropyl
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rotation, see tab. 13. Note that in 16, the direct acyclic equivalent of 15, the isopropyl 

rotational barrier is about 75% higher than in 15, and even has a barrier which is 

about 35% higher although its ground state energy must be much increased relative to

15, due to the extra methyl group.

Although Molecular Mechanics finds the qualitative differences between compounds 15- 

17 quantitative agreement is rather poor, see tab. 14. This is hardly surprising for we 

have come to expect that Molecular Mechanics tends to underestimate rotational 

barriers. The most striking experimental finding is that, when comparing 16 and 17, 

the barriers to isopropyl and t-butyl rotation are approximately ’reversed’. It appears 

that, with increasing steric congestion in 17, the t-butyl group can find a comparatively 

stable ground state whereas the isopropyl one is of much higher energy compared to

16. This can be ascribed to one isopropyl methyl group being gauche to the central 

methyl in 17 while in 16 it is gauche to a central hydrogen atom. As in 15, the 

calculations suggest a two-fold barrier to isopropyl rotation for 16 and 17 with the 

enantiomeric gauche minima being separated by almost 180 deg. of rotation, as depicted 

in fig. 22. The calculations further suggest that in all compounds 15 to 17 the

Me ?

Z = H o r  Me

-gauche +gauche

figure 22.

population of other minimum-energy-conformations is low - if not insignificant - based 

on their enthalpy values being more than 12 kJ/mol above the ground state. In none 

of the NMR experiments was there any sign of a second isomer at low temperature.

The individual ground state structures merit some further discussion. It seems that the 

dihedral angles are most sensitive to steric congestion when compared to the relative 

changes in bond angles and bond lengths, see tab. 14. Average distortion from the 

ideal staggered conformation is up to 34 deg. Large distortions arise when a small 

substituent can be moved within range of a large substituent as is the case between a 

sterically undemanding methine hydrogen and a group having a quaternary carbon atom
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- t-butyl or the like - see fig. 22. This leaves one isopropyl methyl group close to the 

central carbon substituent Z, the latter either being hydrogen or methyl, and the other 

isopropyl methyl group in an optimum position with respect to both quaternary carbon 

atoms. In a conformation with Z and the isopropyl methine hydrogen anti, the 

isopropyl methyl groups come within close range of the two groups bearing quaternary 

carbon atoms, as do the t-butyl groups in compound anti-31, see also fig. 15.

The bond angles undergo similar changes. Again, the general trend is to close down 

bond angles toward small substituents and to open them up toward large ones. For any 

one carbon there is a total of six bond angles to consider. These can be divided into 

two groups smaller or greater than the standard tetrahedral angle of about 109.5 deg. 

Averaging of all values obtained within these groups yields the bond angle data listed 

in tab. 14. The net result of these changes is that the space demanding groups can be 

at a maximum distance. This, when viewed in a Newman projection like fig. 22, can 

be expressed as distortion toward a T-shaped arrangement of geminal substituents. 

Compounds 16 and 1? exhibit similar characteristics in that there are large T- 

distortions. In 17, having a more space demanding methyl group at the central carbon 

atom C-1, this distortion is less significant than in 16 due to more evenly distributed 

steric crowding at C-1. In this case the only pathway to reduction of total energy is 

the moving apart of atoms. Only in extremely crowded structures, such as 17 or 31, 

is there any significant lengthening of bonds beyond 1.60Â. Bond-lengthening can thus 

be considered as ’the last resort’ if bond or torsion angle changes fail to lead to a 

reduction of conformational strain.
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b. Compounds _18 - 20.

18 19 20

Abstract.

The preferred conformations and conformational dynamics of the tri- and tetrasubstituted 

isopropylmethanes 18-20 have been investigated by NMR spectroscopy and Molecular 

Mechanics calculations. The title compounds have temperature - dependent NMR 

spectra from which rotational barriers have been determined. These range from 26.8-

29.7 kJ/mol for isopropyl rotation to 30.6-36.4 kJ/mol for t-butyl rotation. 

Conformational ground states are calculated to be highly distorted with respect to ideal 

staggered conformations as is confirmed by a small proton vicinal coupling constant 

in 18. NMR suggests the presence of two different significantly populated isomers 

in all cases and the calculations provide indications as to which these might be. 

Conformational interconversion is complex - the most likely pathways to conformational 

interconversion are discussed.

Introduction.

Little work has been done on hydrocarbons in which at least two isopropyl groups are 

attached to the same sp3 - hybridised carbon atom. Such isopropyl groups are 

sterically anisotropic in that they appear small when viewed from one side and large 

when viewed from the opposite side. The most simple specimen of this class of 

compound is 2,4-dimethylpentane (diisopropylmethane), 37. The interplay of both 

isopropyl groups is of particular interest since individual isopropyl groups can be 

arranged in several different ways, all producing conformations which are mutually 

interconvertible by rotation of the isopropyl groups. When confronted with the question
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of determining the most stable of these conformations not only will one have to 

consider the positioning of vicinal substituents, as in n-butane, but also the long-range 

through-space interaction between the isopropyl groups. It is therefore hardly surprising

37A 37B

H

that conformation 37A is more stable than 37B because two methy 1-hydrogen 1,3-

parallel interactions are energetically favoured over two methyl-methyl interactions.

A particularly interesting example of a multiisopropyl-substituted compound was

published by Anderson et al.'^ in 1985. The conformational analysis of

triisopropylmethane 38 indicates that the isopropyl methine hydrogens spend about 75%

of their time gauche to the unique methine

hydrogen and about 25% anti. The temperature

dependence of the NMR spectra shows that

 ̂ interconversion of (sets of) stable conformations
/P r

requires overcoming a barrier of 27.6 kJ/mol.

38 Molecular Mechanics calculations suggest that

conformations with all three isopropyl methine hydrogen atoms gauche in the same 

sense, or those with two gauche in the same sense and one anti, are the most stable 

ones. In the stable conformations, the dihedral angles are quite different from the ideal 

staggered values which shows that interactions can be further reduced by rotation of 

the isopropyl group away from the perfectly staggered position. The calculations 

predict an isopropyl rotational barrier rather lower than that observed, but give a 

description of the complicated series of partial rotations that allow interconversion 

among enantiomeric stable conformations.

In this section, compounds 18 and 19 will be discussed as more complex 

representatives of diisopropyl-substituted methanes. Additionally, compound 20, a close 

relative of 38, will be treated, and comparisons will be made among these compounds.
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Results.

a. NMR.

In compounds _18-20 the quality of the low-temperature proton spectra was insufficient 

for an extraction of any dynamic data. A complete analysis, however, could be carried 

out by recording carbon-13 NMR spectra over a range of temperatures and nothing 

incongruous was observed when comparing proton and carbon spectra; selected NMR 

spectra have been compiled in the appendix.

The 200 MHz proton NMR spectrum of 18 at 25°C consists of five sets of signals 

between 2.02 and 0.98 ppm, the most noteworthy feature being two isopropyl methyl 

doublets. The proton vicinal coupling constant between the isopropyl methine 

hydrogens - which are identical - and the central hydrogen is 1.48 Hz at 25“C. This 

coupling also is temperature-dependent, its value changing from 1.08 Hz at -60°C to 

1.98 Hz at 175°C. Any changes of the proton spectrum which could be related to 

dynamic processes occur below about -130°C, and partially overlapping or unresolved 

signals prevent a meaningful analysis.

The 50 MHz carbon-13 spectrum of 18 at 25°C shows six singlets when using proton 

decoupling. There are two isopropyl methyl singlets since the isopropyl groups are 

diastereotopic. On cooling, the t-butyl methyl signal starts broadening below about 

-75°C and appears as a 1:2 doublet - viewed in upfield direction - at -115°C. The 

coalescence temperature is determined to be -109°C with the observed process 

corresponding to t-butyl rotation becoming slow on the NMR time scale. The barrier 

associated with this process is 30.6 kJ/mol at -109°C. At about -105°C both isopropyl 

methyl carbon resonances, being separated by 0.9 ppm at 25°C, become isochronous. 

This does not appear to be related to any dynamic process. On further cooling, this 

merged signal starts broadening and splits at -134°C. The signal structure emerging 

beyond this temperature is complex. At -134°C, the upfield part of the 1:2 t-butyl 

methyl signal splits further so that the total signal is observed to be a 1:1:1 triplet at 

-150°C. Simultaneously, the isopropyl methine carbon signal splits to become a 1:1 

doublet at -150°C. The latter changes indicate that isopropyl rotation is slow on the 

NMR time scale, the barrier to this process being 26.8 kJ/mol at -134°C.
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The dynamic behaviour of compound 19 is quite similar, initially. In the 100 MHz 

proton-decoupled carbon-13 NMR spectrum at 25°C there are seven singlets between

45.1 and 18.1 ppm, the isopropyl methyl groups being diastereotopic, as in _18, with 

resonances at 21.9 and 21.8 ppm. On cooling, the t-butyl methyl signal starts 

broadening below about -35°C and splits to a 1:2 doublet below -76°C indicating that 

rotation of the t-butyl group is slow on the NMR time scale. The corresponding barrier 

is 36.4 kJ/mol at -76°C. Below about -60°C all other signals apart from the central 

quaternary carbon signal begin to broaden and each splits at slightly different 

temperatures near about -110°C to what appears to be doublets of almost equal 

intensity, all reflecting barriers of about 29.7 kJ/mol. The most significant among these 

changes is that of the unique methyl carbon atom which also splits to two apparently 

equal singlets at -110°C.

The 50 MHz proton-decoupled carbon-13 spectrum of 20 shows four signals at 25°C. 

As the temperature is lowered, changes are first seen in the isopropyl methine carbon 

signal which broadens below about -95°C and splits to a broad 1:2 doublet below 

-124°C, the more abundant upfield part further splitting symmetrically below -128°C, 

so that below about -130°C an emerging 1:1:1 triplet is observed. Similarly, the 

isopropyl methyl carbon signals show two sets of changes, first splitting to a 1:1:1 

triplet at -128°C which then splits further to give several overlapping signals which are 

suggested to be six singlets of equal intensity.

The 400MHz proton spectrum shows similar changes, there being in particular three 

methine proton multiplets at -150°C and at least three isopropyl methyl signals. Tab. 

15 lists some selected carbon-13 NMR data as well as the rotational barriers found in 

18-20.

b. Molecular Mechanics.

Tab. 16 lists some selected geometric parameters for the ground state conformations of 

18-20. Values for compounds are quoted for comparison. Tab. 17 and 18 provide 

a summary of the relative stability and the characteristic dihedral angles of various 

conformations, see tab. 17 (footnote a) and fig. 23 and 25 for the definition of 

individual conformations.



Spectra at 25°C were recorded in CDCI3 solvent, the 
low temperature spectra in CHClF^iCHCljFiCDjClz (4:4:1).

/P r  ' - - c '

C  C l -— ®
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compound tem perature carbon-13 chemical shift [ppm]
[°C] C l C2 C3 C. Cb R

30.5 23.9/23.0* -

34.5 25.8
31.4 20.2

30.5 21.9/21.8* 18.1

32.0 22.3 19.2
31.6 22.0 16.8
27.4 21.0

20.9

19.9 = Q 18.0

R’

rotational 
barrier [kJ/mol] 

isopropyl t-butyl

18

R=H
R’=Me

19

R=R’=Me

R=Me
R’=H

25

-150

25

-130

25

-150

25.2

42.2 33.1 =C2 19.9

40.6 36.8
30.1
28.2

# diastereotopic isopropyl methyl groups, 
b: see discussion.

23.0
22.5
20.9
18.2
17.5?

table 15.

17.5

=Cx 26.8 30.6

18.1 =C^ 29.7 36.4

27.6/26.8"

Compound and 18 19
description of

the conformation (-g-g) (-g a) (a -g -g) (a -g -g)

bond lengths [Â]*.
Cl-R 1.110 1.555 1.552 1.115
C1-C2 1.561 1.596 1.576 1.558
C1-C3 1.559 1.588 =C1-C2 =C1-C2
C2-Me 1.545 1.553 1.545 1.541
C3-Me 1.538 1.547 =C2-Me =C2-Me

bond angles [deg]".
R-Cl-C 102.4 107.1 108.0 104.8

C3-C1-C 115.5 111.7 110.9 113.7
Cl-C-Me 112.4 113.7 116.2 114.2
Me-C-Me 106.3 104.9 107.3 109.2

dihedral angles [deg.]®’"
R-C1-C2-C=A 11.5 24.4 15.6 13.2

R-C1-C3-C 26.1 5.5 =A =A

a: atom indentification as in tab. 15; values underlined are averages for several equivalent groups, 
b: all values are averages.
c: measurement of the extent [deg.] to which dihedral angles are different from 60 or 180 deg.

table 16.
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conformation isoenergetic
18 19

of isopropyl 
groups

conformation relative 
enthalpy [kJ/mol]

dihedral angles* [deg.]
a  P Y

relative dihedral angles*[deg] 
enthalpy [kJ/mol] a  P Y

(-g -g) (+g +g) 0.00" 167.1 -83.1 -84.4 0.80 163.6 -79.0 -81.5

(-g a) (a +g) 14.32 153.5 -62.5 -174.7 0.00* 156.2 -61.9 -177.1

(-g +g) 20.81 166.2 -80.1 88.9 13.06 159.0 -77.0 45.8

(+g -g) 1.34 -161.7 88.5 -55.2 2.85 170.2 51.4 -83.4

(a -g) (+g a) 14.78 175.9 167.5 -101.1 2.51 -152.2 175.7 -75.0

(a a) 37.47 148.7 173.2 -149.5 14.07 168.4 143.8 165.8

a; dihedral angles of the isopropyl methine hydrogens or the anti methyl of the t-butyl group with the unique hydrogen

in 18 or the unique methyl in 19; see fig. 23 for the definition of a ,  p, y.

b: the MM2 steric energy of this conformation is 97.01 kJ/mol, AH,"= -246.06 kJ/mol.

c: the MM2 steric energy of this conformation is 148.80 kJ/mol, AH," = -267.08 kJ/mol.

table 17.

conformation isoenergetic
20 38

of isopropyl 
groups

conformation relative en
thalpy [kJ/mol]

dihedral angles* [deg]
a  P Y

relative en
thalpy [kJ/mol]

dihedral angles* 
a  p

[deg]
Y

( a -g -g) ( a +g 4-g) 0.00" -91.9 -61.9 -173.6 0.00* -95.5 -63.1 179.0

(-g -g -g) (+g +g +g) 9.59 -49.2 -49.4 -49.4 0.88 -81.8 -82.2 -80.0
(-g +g a) 12.77 -94.3 72.0 -172.2 8.37 -47.5 70.9 180.0

(-g -g +g) (+g +g -g) 15.28 -81.8 -78.7 46.0 9.80 -82.2 -84.1 50.0
( a +g -g) 3.60 42.1 -67.3 -174.3 12.73 95.1 -72.2 171.4
(-g a a) (+g a a) 12.14 -75.2 ■-149.9 -178.5 15.49 -78.9 ■■137.9 - 180.0
( a a a) 23.86 157.5 157.4 157.5 34.12 -151.7 -151.5 -153.4

a: of the isopropyl methine hydrogens with the unique methyl in 20 or the unique hydrogen in 3S, fig. 25 defines a, 

p. Y-
b: the MM2 steric energy of this conformation is 108.69 kJ/mol, AH", = -249.74 kJ/mol. 

c: the MM2 steric energy of this conformation is 72.72 kJ/mol, AH", = -249.24 kJ/mol.

table 18.
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Discussion.

The large temperature dependence in %8 of the isopropyl methine proton vicinal 

coupling constant as well as the change of relative chemical shift of the diastereotopic 

isopropyl groups in both proton and carbon-13 NMR spectra suggest the presence of 

more than one populated conformation and the calculations provide unambiguous results 

as to which these might be. The behaviour of ^8 can, in fact, be explained by 

postulating two different conformations, viz ISA and 18B. For the former with both

un ique

i M  (-g-g) IM  (+g-g)

Me

i M ’ (+g+g)

figure 23.

isopropyl groups gauche in the same sense, there is an enantiomeric conformation, ISA’, 

see fig. 23. These conformers correspond to the energetically most favourable states 

among a set of six conformers, see tab. 17. If the calculated enthalpy difference 

between these conformers is taken as a measure of their relative populations a mixture 

of ISA and ISB, at equilibrium, should contain about 12% of ISB at -145°C and about 

26% at 175°C. This increase in the proportion of ISB should also change the isopropyl 

methine proton vicinal coupling constant. In the ground state conformation ISA the 

relevant dihedral angles are calculated as -S3.1 and -S4.4 deg. whereas in ISB these 

angles are SS.5 and -55.2 deg. A dihedral angle near the classical gauche position 

should yield a larger coupling than a dihedral angle which is near orthogonal. The 

observed increase in the coupling constant therefore confirms the predicted increased 

proportion of the (+g-g) conformation at high temperatures.

The fact that no sign of another conformation is seen in the NMR at -150°C, the lowest 

temperature that we were able to reach in the carbon-13 experiment, may be explained 

by the rather poor quality of the spectra at such low temperatures - however, it was 

generally assumed that the technical equipment would permit a threshold value to
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detection of about 10% at -125°C.

The observed changes are otherwise in agreement with a conformational equilibrium 

between the enantiomeric (-g -g) and (+g +g) conformations with a barrier to isopropyl 

interconversion of 26.8 kJ/mol at -134”C. Any of the other conformations could be an 

intermediate in this interconversion but since the (+g -g) conformation is calculated to 

be the most stable one of these it appears to be the most likely pathway. No attempt 

was made to calculate barriers to rotational interconversion due to the complexities 

which arise from optimising the position of two isopropyl groups whose rotational 

interconversion is coupled.

cpd. 18 

20.81

14.32

37.47

(-g+g)

i; (V- y) (y > )  j
H

{-g a)

second set

first set

(T T)
/

(a a)

\

(a+g) /

Cpd. 19 

13.06

0.00

14.07

14.78

1.34

0.00

>  y ) f y  Y^
H H

(+ga) ^  (a-g)

// ( " >  Y )  *

(+g*g) (-g-g)

2.51

2.85

0.80

figure 24. Conformational isomérisation in compounds 18 and 19. Conformations whose steric energy values are 
underlined are the most likely ones to be significantly populated.
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Pathways to isopropyl rotational interconversion are shown in fig. 24. The high-energy 

conformation on the rotational pathway from (-g -g) to (+g +g) is (a -g), 18C, or its 

enantiomer (+g a), 18C’. Direct interconversion between 18A and 18B, i.e. (-g -g) and 

(+g -g), is much less likely to occur for it requires a high-energy transition state with 

eclipsed methine hydrogens, implying that the remaining four alkyl groups also eclipse 

one another. Passing through one of the conformations 18C during rotational 

interconversion between the ground states has the advantage of only having two methyl 

groups eclipsing each other in the corresponding transition state whereas the remaining 

methyls eclipse a hydrogen, thus lowering the transition state in energy.

In compound %9 , the low-temperature splitting of the unique methyl carbon NMR 

implies that there are at least two different conformations. It must be viewed as 

coincidence that these conformations appear to be isoenergetic. As in _18 Molecular 

Mechanics is required to shed light on the conformational situation in 19, see tab. 17. 

In contrast to 18 with its two conformations of very similar energy 19 has four 

conformations separated by less than 3 kJ/mol. These fall into two sets.

While in 18 only the first set appears to be significantly populated, the NMR results 

and the calculations combine to suggest that in 19, both sets must be populated, see 

also the relative energy of the respective conformations in fig. 24.

There are two high-energy processes which interconvert both sets. One of them is 

passage through the (a a) conformation, as shown in fig. 24, the other is direct gauche 

to gauche interconversion, the latter with a transition state having rather more alkyl 

interactions than the former - as previously considered in the analogous case of 18. 

For the sake of clarity these direct gauche high-energy pathways of interconversion 

have been omitted in fig. 24. Due to the existence of a low-energy pathway direct 

gauche-gauche interconversion is presumed to be of minor significance, as in 18. In 

19, the second set of rotamers is expected to interconvert comparatively easily between 

(-g a) and its enantiomer (a 4-g), as is the first set with respect to (+g +g) and 

(-g -g) via (+g a) and (a -g), respectively. All that is required for interconversions 

involving one anti isopropyl group is rotation of this group through an arc of about 90 

deg. and a minor adjustment of the other isopropyl group.

The isomers of higher energy are unlikely to be much populated but they are important
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intermediates to rotational interconversion.

Taking into account that the NMR results reveal the presence of two kinds of 

conformation at the low temperature limit it has to be concluded that passage through 

the (a a) conformation encounters a much higher barrier than passage through (+g -g) 

in the first set or (-g +g) in the second set and therefore, that interconversion via the 

all-anti conformer is slow while all other partial interconversions remain fast on the 

NMR time scale at -150°C.

Compounds 18 and 19 differ from compounds 15-17 in that two conformations, slowly 

interconverting on the NMR time scale at low temperature, appear to be populated.

Molecular Mechanics calculations of compound 20 find seven energetically different 

minimum energy conformations, see tab. 18. Among these, there are two conformations 

of particular stability, viz (a -g -g), 20A, and (a +g -g), 2GB, which are separated by 

less than 4 kJ/mol. In 20A or its enantiomer 20A\  respectively, three magnetically 

different isopropyl groups can be distinguished - their magnetic environment is not

uniqu

“ Me

20A (a-g-g) 20B (a-kg-g) 20A' (a+g+g)

figure 25.

mutually exchangeable - whereas in 20B the two gauche isopropyl groups, having 

methine hydrogens which point toward the anti isopropyl, are equivalent. There are 

several isoenergetic enantiomeric conformations, compare tab. 18. Molecular Mechanics 

suggests that rotational interconversion takes place between 20A and 20 A % see fig. 25, 

20B being the most likely intermediate in the process. Enthalpy calculations suggest 

that at -145°C a mixture of rotamers should contain approximately 97% of enantiomeric 

20A and 20A \ 2% of 20B, and less than 1% of all other conformations. The NMR 

spectra at -150°C show no sign of a conformation which could be ascribed to 20B or.
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indeed, any other second conformation. However, a discussion in terms of 

conformational exchange between 20A and 20A’ appears to be reasonable.

It is worth pointing out that any of the isopropyl groups can occupy the anti position 

in a ground state conformation so that there is cyclic exchangeability among groups 

having the same symmetry, i.e. (a -g -g)=(-g a -g)=(-g -g a). To the observer these 

groups are indistinguishable and it therefore suffices to discuss any one of these 

conformers in order to cover all of them.

At 25°C, conformational interconversion between the enantiomeric ground states 20A 

and 20A' is fast, and averaged signals are observed, but at -150°C, interconversion is 

slow on the NMR time scale. At this temperature, each molecule 2QA - or any of its 

isomers - thus gives rise to three isopropyl methine NMR signals and six isopropyl 

methyl signals. Above -128°C gauche interconversion between 20A and 20A’ becomes 

rapid on the NMR time scale - so both gauche groups become equivalent, hence the 

2:1 isopropyl methine and the 1:2 isopropyl methyl carbon signal at this temperature. 

The barrier to this process is 26.8 kJ/mol at -128°C. At above -124°C interconversion 

of the anti and gauche conformations become fast on the NMR time scale (rotational 

barrier: 27.6 kJ/mol) rendering the three isopropyl groups equivalent, and a singlet is

-q-q-q
9.59

a a a

12.14

+ q - q - q

15.28

+q+q+g

figure 26.
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observed for each of the methine and methyl part of the carbon-13 spectrum. There 

are two obvious pathways which may be involved in the second process. 

Interconversion can either occur via conformations with all isopropyl groups gauche in 

the same sense, or by conformations having two isopropyl groups in an anti position,see 

fig. 26. In 20, as previously discussed for compounds 18 and j^ , direct gauche to 

gauche interconversion is less likely to take place than passage through the respective 

anti conformation - the dianti conformation therefore seems to be the more favourable 

intermediate.

It is most interesting to compare 20 with triisopropylmethane see also tab. 18. In 

both cases, the (a -g -g) conformation is calculated to be the most stable one, i.e. the 

ground state. The geometry of these conformations is remarkably similar whereas there 

is a striking difference of final steric energy. Addition of one methyl raises the energy 

by almost 50% with respect to lii the latter compound the (-g -g -g) conformation 

is calculated to be almost as stable as the (a -g -g) conformation. This is because 

individual isopropyl group interactions in 38 can be much reduced by placing the 

vicinal methine hydrogens at an angle near orthogonal. Although this leads to the 

closing down of several dihedral angles with respect to the ideal gauche angle, such 

conformations always have large groups opposed by small vicinal groups, i.e. hydrogen, 

thus not affecting vicinal interaction much whereas long range interactions can be 

efficiently reduced.

In 20 vicinal and hence long-range interaction cannot be reduced to the same extent 

due to the presence of a unique methyl group rather than a unique hydrogen. It is 

therefore hardly surprising that for 20, the (-g -g -g) conformation is not particularly 

stable. In as a result of the easy accessability of the all-gauche conformation, that 

is to say facile exchange among the (a -g -g) and the (-g -g -g) conformation, the 

process observed to incur a barrier is the interconversion of all-gauche conformations. 

Consequently, in the carbon-13 NMR spectrum of only the isopropyl methyl carbon

signal splits to a 1:1 doublet at low temperature.
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The above study underlines the importance of gauche ground state conformations in 

highly branched hydrocarbons.
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Experimental.

Section 3.

а. Equipment.

1. Melting points (uncorrected).

Biichi melting point apparatus according to Tottoli.

2. Elemental analysis.

Perkin Elmer 240 elemental analyser.

3. Proton NMR spectra.

Varian VXR 400 (400 MHz), Varian XL 200 (200 MHz), Jeol PMX 60SI (60 

MHz).

4. Carbon-13 spectra.

Varian VXR 400 (100 MHz), Varian XL 200 (50 MHz).

5. Mass spectra.

VG 707OH - backed up with Finnigan INCOS 2400 data system. Samples were 

introduced via direct insertion probe; source temperature: 200°C, ionising energy: 

70 eV, trap current: 200|iA.

б. Infrared spectra (CCIJ.

Perkin Elmer spectrophotometer 983.

7. Ultraviolet spectra (n-hexane).

Perkin Elmer UV-VIS spectrometer 554.

8. Gas Chromatography.

Varian preparative gas chromatograph 712, Varian analytical gas chromatograph 

F ll .  Preparative column: 20’ x 3/8" Carbowax 20 M on 60-80 mesh 

chromosorb W; oven temperature: 70“C, injector temperature: 200°C, nitrogen 

flow rate: 176 ml/min.

9. High Performance Liquid Chromatography.

Pump: Walters M6000, injection valve: Rheodyne, detection: Walters R 401 

differential refractometer, Pye Unicam PU 4025 variable wavelength UV.
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b. NMR spectroscopy.

FT NMR spectra were recorded using the following standard acquisition and

processing parameters at 20°C

proton:

operating frequency [MHz] 

spectral width [Hz] 

number of data points 

data points per Hertz 

acquisition time [s]

Varian VXR 400

399.9

4810.0

32000

6.65

3.326

Varian XL 200

200.057

2600.1

15600

6.00
3.000

- carbon-13 (proton decoupling):

operating frequency [MHz] 100.6

spectral width [Hz] 25(XX).0

number of data points 59968

data points per Hertz 2.40

acquisition time [s] 1.199

sensitivity enhancement (SE) 0.318

line broadening (LB) 1.000

50.309

11062.0

32000

Z89

1.446

0.318

1.000

Standard NMR samples for measurements at 20°C were approximately 0.1 M solutions 

in CDCI3. Low temperature NMR samples were ca. O.IM solutions in an approximately 

4:4:1 mixture of CHCIF;:CHClgE:CD2CI2. High temperature NMR samples were ca. 

O.IM solutions in a 9:1 mixture of 1 -bromonaphthalene: DMSO-d6. These solvents 

will from now on be designated low/high temperature standard solvents. 

Tetramethylsilane (TMS) was employed as internal standard for both proton and carbon- 

13 spectra at all temperatures. Other solvents will be indicated where appropriate.

Proton decoupling experiments for structural confirmation and resolution enhancement 

techniques were used as a routine throughout and details will be quoted where values 

are based on results from such experiments.
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Proton and carbon-13 variable temperature spectra were typically recorded in steps of 

20-25K, for temperatures of about 30K above or below the coalescence temperature in 

steps of about 5K, and in steps of IK within approx. ±5K of the coalescence 

temperature. For particularly broad coalescences small temperature increments were 

used over a wider range of temperatures as appropriate.

Temperature calibrations were carried out using 2-chlorobutane for measurements below 

and ethylene glycol above ambient temperature"^ .̂ Individual calibrations were made 

before and after recording the spectra for measurements which required recording times 

exceeding 3 min. In proton NMR, such values were accepted only if both calibrations 

gave identical temperatures, although, with the average time per run being less than 

1 min., one calibration either before or after the experiment would normally suffice. 

Carbon-13 spectra required recording times of between 20 and 30 min., and temperature 

calibrations therefore produced more fluctuations - values were accepted when both 

calibrations gave a result within IK.

Eirors regarding temperature measurements in proton based work are estimated to be 

about ±1K at all temperatures whereas carbon-13 based values are estimated to be 

accurate to within ±2K for temperatures above -100 °C and approximately ±3K below 

-100°C. In particular t-butyl colescences with large Av values at the low temperature 

limit were notoriously difficult to determine since temperature differences of 5K made 

little difference in the appearance of the spectrum and maximum signal broadening was 

as difficult to detect as the location of the decoalesced signals at the low temperature 

limit.

All rate constants with the exception of those related to the t-butyl coalescences in 

compounds 16 and 17 were determined according to eq. 1 on page 13. A modified 

equation was used for exchange broadening in two-site systems with very unequal 

populations^. This will be indicated where appropriate. Most rate constants are 

estimated to be accurate to within ±30%, causing an error in the rotational barriers of 

up to ±0.6 kJ/mol. In order to obtain an estimate for what will be designated potential 

maximum error the errors regarding the coalescence temperature T̂  and the rate 

constant k have been added. The mean potential maximun eiror with respect to 

rotational barriers is estimated as ±0.8 kJ/mol for proton based data and ±1.1 kJ/mol 

for carbon-13 based data.
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c. Molecular Mechanics.

All Cartesian coordinates were worked out from Dreiding models in which one inch 

corresponded to one Angstrom on the molecular scale. In order to keep the practical 

effort regarding the determination of these coordinates as simple and straightforward 

as possible it was normally attempted to have a maximum number of atoms located 

within a minimum number of planes or, where appropriate, to define staggered input 

conformations so that there would be a minimum chance for the program to crash. 

Having worked out a suitable set of input coordinates a first energy minimisation 

procedure was earned out using a program option which can handle crude input 

coordinates.

The identity of the various energy minima was then verified by using the program’s 

dihedral driver option to rotate selected dihedral angles away from their equilibrium 

position, i.e one of minimum steric energy. Only if the program calculated the same 

geometry when approaching an energy minimum from either side was such a value 

accepted. The identity of the energy maxima was verified in a similar way, although, 

even in moderately congested molecules it was found that the program would overshoot 

the correct energy value by several hundred Joule before dropping back to a genuine 

minimum energy value. This was easily detected by a somewhat unsymmetrical shape 

- or even a discontinuity - in the appearance of an energy maximum when viewed in 

an energy - versus - dihedral angle plot. Only in cases where discontinuities could not 

be completely eliminated by approaching an energy maximum from the other side were 

such values extrapolated to a continuous energy profile. Errors due to this are 

estimated to be well within the experimental error, i.e. usually less than about ±0.3 

kJ/mol. In the most highly congested compounds the program frequently stopped at 

unreasonably high energy values so that rotational barriers could not always be 

calculated, see also the individual discussion sections for further details.

Dihedral drives involving regular energy minimisation procedures on systems comprising 

7t-electrons were only earned out for compound i  and , in part, for compounds 2 and 

3 since these calculations required excessive amounts of computer processing time. 

Lists of selected calculated parameters are included in the result sections.
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3.1 sp2-sp2 class, compounds 1-7.

The following reaction sequence was used for the preparation of the 1,2-dialkyl-1,2- 

di( 1 -naphthyl)-ethylenes:

S = alkyl

step 1.
a. n-BuLi/ether, 0*C, nitrogen
b. aldehyde

step 3. 
TiCl3/LUlH4

THF

t is o ie r

step 2. 
PCC/CH2C12 

20 "C

Step 1: preparation of the alcohol"^, carried out under nitrogen pressure. In a dry two

necked flask, 1-bromonaphthalene (40 mmol, 8.28 g) was dissolved in anhydrous ether 

(150 ml). After cooling this solution to 0°C, and with the stirrer started, 40 mmol of 

n-butyllithium in n-hexane solution was injected through a septum. The cloudy white 

mixture was stirred for one hour, and then the aldehyde (40 mmol) was added. The 

now clear yellow solution was allowed to reach room temperature and stirring was 

continued overnight. This solution was hydrolysed by adding 150 ml of water. The 

aqueous layer was subsequently extracted with 3 x 50 ml of ether. The combined 

extracts were dried over anhydrous magnesium sulphate, the solution was filtered, and 

the solvent evaporated, to give the alcohol as a yellowish oil. After vacuum distillation 

from a Biichi Kugelrohr apparatus the colourless oil was employed in the second step; 

typical yields were about 90%.

Step 2: preparation of the ketone'*’'. Pyridinium chlorochromate (525 mmol, 11.32 g) 

was suspended in methylenechloride (30 ml) and the alcohol (35 mmol) from step 1, 

dissolved in 20 ml of methylene chloride, was rapidly added with vigorous stirring at
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20°C. The solution became briefly homogeneous before depositing the black insoluble 

reduced agent - stirring was continued for 3 hours. The reaction mixture was now 

diluted with 250 ml of ether, the solvent decanted, and the black solid was washed 

twice with ether causing it to become granular. The product was isolated by filtration 

of the organic extracts through florisil and evaporation of the solvent under reduced 

pressure. The crude product was purified by passing it through a chromatography 

column of 60-120 mesh silica, eluting with a 3:1 mixture of petroleum spirit (bp. below 

40°C)/methylene chloride; yield of step 2: ca. 85-90%.

Step 3: preparation of the olefin (McMurry reaction)'^, under nitrogen pressure. In a 

dry three-necked flask, equipped with a nitrogen inlet/outlet and a reflux condenser 

TiClg (60 mmol, 9.26 g) was slurried in 150 ml of anhydrous THF. To this slurry, 

cooled to 0°C, LiAlH^ (30 mmol, 1.14 g) was added in small portions to keep the 

vigorous generation of hydrogen under control. After completing the addition of 

LiAlH^ this mixture was stirred for 30 minutes. While the solution was being stirred 

vigorously at 0°C, the ketone (30 mmol), dissolved in THF was added dropwise from 

a syringe. After complete addition of the ketone and warming of the system to 

ambient temperature, the reaction mixture was refluxed for 12 hours. The reaction 

product was then quenched by carefully adding 120 ml of water, transferred to a 

separatory funnel, and extracted with 3 x 50 ml portions of chloroform. The combined 

extracts were dried over anhydrous magnesium sulphate and the solvent was 

rotoevaporated. The general purification procedure was as follows: to clean up, the 

product was first chromatographed on 60-120 mesh silica gel, eluting with 10% 

methylene chloride in petroleum spirit (bp. below 40°C). Further purification was 

carried out by means of a chromatotron eluting with 5% methylene chloride in 

petroleum spirit. In all cases except the methyl compound 2 it was found that the 

separation of cis/trans isomers was incomplete. Further purification was then achieved 

by HPLC. The following columns were used for preparative HPLC: two columns, each 

packed with LICFLROPREP 5-20(im silica gel, mobile phase: 5% methylene chloride 

in petroleum spirit (bp. below 40°C), flow rate 5 ml/min, detection: UV or RI. The 

yield of this step was about 70-75% for compounds in which the starting ketone had 

a methyl/methylene group in an a-position with respect to the carbonyl group - overall 

yield in this case about 50-60%. For more highly substituted a-positions the coupling 

reaction only gave a trace of the desired olefin.
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Compound 1.
trans-l^-(l-naphthyl)ethylene, FWCCjîHij): 280.373 g/mol.
This compound was synthesised by reductive dimérisation of 1-naphthaldehyde which

is commercially available. The McMurry reaction only yields the trans isomer, yield:

70%.

1. mp: 163°C (Lit: 164-5“C, ref. 49).

2. analysis[%] - required for C 94.25 H 5.75

found C 94.32 H 5.62

3. proton NMR (400 MHz, CDC^Lppm]: 8.28-8.25(c, 2H, H-8), 7.92(s, 2H,

olefinic H), 7.92-7.84 (c,6H, H-3, H-6 , H-7), 7.57-7.51 (c, 6H, H-2, H-4, H-

5), see also table 2.

4. carbon-13 NMR (100 MHz, CDCl3)[ppm]: quaternary carbon atoms at 135.31, 

133.72, 131.43, tertiary carbon atoms at 128.97, 128.61, 128.19, 126.17, 125.88, 

125.71, 123.90 (olefinic C), 123.85.

5. mass spec: 280(M\82.1%), 152(M+-Nap,20.8%), 141(NapCH2M00%),

115(14.8%).

Compound 2, see the appendix for selected NMR spectra.

2,3-di(l-naphthyl)-2-butene, FW(C24H2o): 308.427 g/mol.
This compound was synthesised starting from 1 -acetylnaphthalene which is

commercially available, yield: 76% (cis and trans isomers).

а. cis-2 .

1. mp: 136°C (Lit: 138-40°C)""

2. analysis [%] -required for C24H20 C 93.46 H 6.54

found C 93.55 H 6.44

3. proton NMR (400 MHz, CDCl3)[ppm]: 8.08-6.84 (c, 14H), 2.36(s, minor 

rotamer)- 2.33(s, major rotamer) - total of 6H, ratio min : maj = 23:77.

4. carbon-13 NMR (100 MHz, CDCl3)[ppm]: 142.48-134.02 (aromatic C, 18 lines 

resolved), 21.91(q), 21.19(q).

5. mass spec: 308(M+, 100%), 293(M+-Me, 85.3%), 278(M+-2Me, 30.9%), 165(293- 

Nap, 60.2%), 155(19.8%), 141(NapCH3+, 17.5%).

б. IR[cm1: 3059(s), 2998(w), 2919(m), 2852(w), 1591(w), 1505(m), 1488(m), 

1448(m), 1391(m).



84

UV[nm]: 218(s), 282(m, broad).

the barrier to 1-naphthyl rotation was derived from the coalescence of the methyl 

proton signals (200 MHz, high temperature standard solvent): coalescence 

temperature: 59”C (332K), rate constant at T̂ : 14.0 Hz, A % : 74.4 kJ/mol. Eq. 

1 was used for the calculation of the rate constant. The error due to this 

approximation is expected to be less than ±15% which leads to an error of ±0.4 

kJ/mol with respect to the rotational barrier. The estimated error inherent to the 

temperature measurement (±1K) causes a variation in the barrier of ± 0.3 kJ/mol; 

the potential maximum error is therefore calculated as ± 0.7 kJ/mol. 

syn/anti equilibrium in CDCI3 solvent (ratio of the downfield : upfield methyl 

resonance):

solid state - dissolved at : -50°C 18:82

20°C 23:77, AG293: - 3.0 kJ/mol

heated in 1-bromonaphthalene,

quenched at -78°C, and dissolved

in CDCI3 at -50°C: 200°C 28:72

b. trans-2 .
1. mp: 205°C (Lit: 202-4°C)^'

2. analysis[%] - required for C24H20 C 93.46 H 6.54

found C 93.28 H 6.58

3. proton NMR (400 MHz, CDCl3)[ppm]: 8.19-7.44(c, 14H), 1.81(s, minor rotamer) 

- 1.79(s, major rotamer) - total of 6H, ratio min : maj = 46 : 54.

4. carbon-13 NMR (100 MHz, CDCl3)[ppm]: 142.04-125.29(aromatic C, 19 lines 

resolved, 22.78(q), 22.68(q).

5. mass spec: 308(M+, 100%), 293(80%), 278(23.6%), 165(82.8%), 152(22.2%), 

141(15.7%), 128(Nap\ 19.9%).

6. IR [cm']: 3060(s), 2918(s), 1592(m), 1580(m), 1507(m), 1450(m), 1374(m).

7. UV[nm]: 218(s), 272(m), 282(m), 292(m), 312(w).

barrier to 1-naphthyl rotation, determined by 200 MHz proton NMR in high 

temperature standard solvent: coalescence temperature: 73°C(346K), rate constant 

at Tg: 8.2 Hz, A %  : 79.2 kJ/mol. The rate constant was calculated according 

to eq. 1; estimated errors: T,: ±1K(±0.2 kJ/mol); k: ±5%(±0.1 kJ/mol); potential
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maximum error: ±0.3 kJ/mol.

syn/anti equilibrium: in CDCI3 solvent (determined as in cis -2): 

solid state - -50®C 28:72

20°C 46:54, AG293: -0.4 kJ/mol.

200°C 48:52

Compound - 3, see the appendix for selected NMR spectra.

This compound was prepared by the reaction sequence described in 3.1.

alcohol precursor: 1 -( 1 -naphthyl)-1 -propanol, FWCCigHijOH): 186.26 g/mol, yield: 

93%; proton NMR (60 MHz, CDC^Lppm]: 8.11-7.15(c, 7H), 5.30(t, IH), 2.08(s, 

1 OH), 1.91(c, 2H), 0.98(t, 3H).

ketone precursor: 1 -( 1 -naphthyl)-1 -propanone, FW(Ci3Hi20): 184.23 g/mol, yield: 

90%; proton NMR (60 MHz, CDCyCppm]: 8.61-7.21(c, 7H), 3.04(q, 2H), 

1.28(q, 3H).

target olefin: 3,4-di(l-naphthy!)-3-hexene, FW(C26H24): 336.481 g/mol, yield: 

74%-62% overall (cis and trans isomers).

а. cis-3

1. m.p.: 159-6 rC .

2. analysis[%] - required for C26H24 C 92.81 H 7.19

found C 92.76 H 7.11

accurate mass [g/mol]: 336.1914 (found), 336.18779 (calc).

3. proton NMR (400 MHz, CDCyLppm]: 8.08-6.79(c,14H), 3.04(c,2H), 2.39(c,2H), 

1.13(t, major rotamer) - 1.09(t, minor rotamer) - total of 6H, ratio maj : min = 

70:30.

4. carbon-13 NMR (100 MHz, CDCl3)[ppm]: 140.32-124.44(aromatic C, 18 lines 

resolved), 27.68(t), 26.77(t), 13.85(q), 13.77(q).

5. mass spec: 336(M\100%), 307(M+-Et,43.2%), 179(307-QoH„68.1%), 169(48.5%), 

167(23.5%), 165(30.4%), 155(40.6%), 153(22.6%), 152(35.1%), 141(93.7%), 

128(36.4%).

б. IR[cm'1: 3058(s), 2975(m), 2925(s), 2856(m), 1586(w), 1450(m), 1391(m), 

1320(m).

7. UV[nm]: 230(s), 272(w), 281(w).
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barrier to 1-naphthyl rotation (200 MHz proton NMR, high temperatue standard 

solvent): coalescence temperature: >200°C(>473K), rate constant: ca. 36 Hz at 

200°C, AG* > 104 kJ/mol.

syn/anti equilibrium in CDClg solvent (determined as in cis-2):

20“C 70:30, AĜ gg: 2.1 kJ/mol

180°C 64:36

photostationary state at 20°C, determined in CDCI3 solvent:

starting with pure cis isomer - total cis : total trans = 23:77

starting with pure trans isomer - 21:79

AG293:-3.08 kJ/mol 22:78 average

b. trans-3.
1. mp: 153“C

2. analysis[%] - required for Ĉ gĤ  ̂ C 92.81 H 7.19

found C 92.73 H 7.24

3. proton NMR (400 MHz, CDCyLppm]: 8.23-7.40(c, 14H), 2.24-2.01(c, 4H),

0.76(t, minor rotamer) - 0.64(t, major rotamer) - total of 6H, ratio min : maj 

= 45:55.

4. carbon-13 NMR (100 MHz, CDCl3)[ppm]: 139.84-125.30 (13 lines resolved), 

29.15(t), 28.65(t), 13.56(q), 12.91(q).

5. mass spec: 336(MMOO%), 307(39.5%), 278(307-Et,7.4%), 169(42.4%),

167(24.9%), 166(10.6%), 165(34.5%), 155(31.9%), 153(23.9%), 152(29.8%), 

141(85.0%), 128(26.1%), 29(18.9%).

6. IR [cm']: 3059(s), 2965(s), 293l(m), 2872(m), 1580(m), 1505(m), 1458(m), 

1391(m), 1368(m), 1337(m), 1321(m), 1261(m).

7. UV[nm]: 223(s), 262(w), 272(m), 282(m), 292(m).

barrier to 1-naphthyl rotation (200 MHz proton NMR, high temperature standard 

solvent): coalescence temperature: >200°C(>473K), rate constant: ca. 107 Hz at 

200°C, AG*>99 kJ/mol.

syn/anti equilibrium in CDCI3 solvent (determined as in cis -2):

20°C 45:55, AG293: -0.5 kJ/mol

180°C 48:52
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Compound 4,
It was attempted to prepare compound 4 by the reaction sequence described in 3.1. 

alcohol precursor: l-(l-naphthyl)-2-methyl-l-propanol, FW(Ci4H,50H): 200.28 

g/mol, yield: 89%; proton NMR (60 MHz, CDCl3)[ppm]: 7.94-7.14(c, 7H), 

4.92(d, IH), 2.34(s, lOH), 2.04(sep, IH), 0.93(d,3H), 0.82(d,3H). 

ketone precursor: 1 -( 1 -naphthyl)-2-methyl-1 -propanone, FW(Ci4Hi40): 198.27 

g/mol, yield: 87%; proton NMR (60 MHz, CDCI3) [ppm]: 8.26-7.15(c, 7H), 

3.31(sep, IH), 1.14(d, 6H).

target olefin: 3,4-di(l-naphthyI)-2^-dimethyl-3-hexene, FW(C2gH2g): 364.535 
g/mol, yield: less than 2%, less than 1.5% overall.

The target compound could not be isolated from the crude mixture. The trans 

compound was identified by the upfield resonance of the isopropyl methyl groups at

0.77.and 0.69 ppm, the ratio of the respective integrals being 41:59.

Compound 5.
This compound was prepared according to the synthetic route described in 3.1.

alcohol precursor: 1 -( 1 -naphthyl)-1 -heptanol, FW(CnH2iOH): 242.36 g/mol, yield: 

90%; proton NMR (60 MHz, CDCyCppm]: 8.13-7.21(c, 7H), 5.31(t, IH), 2.95(s, 

lOH), 1.93-1.30(c, lOH), 0.97(t, 3H)

ketone precursor: 1 -( 1 -naphthyl)-1 -heptanone, FW(CnH2oO): 240.35 g/mol, yield: 

84%; proton NMR (60 MHz, CDCyLppm]: 8.60-7.25(c, 7H), 2.99(t, 2H), 2.00- 

1.28(c, 8H), 0.89(t, 3H).

target olefin: 7,8-di(l-naphthyl)-7-tetradecene, FW(C3 4H4@): 448.698 g/mol, 
yield: 71%, 54% overall (cis and trans isomers).

a. cis-5

1. mp: 189-9ŒC

2. analysis[%] - required C 91.01 H 8.99

found C 90.84 H 8.86

3. proton NMR (400 MHz, CDCl3)[ppm]: 8.07-6.72(c, 14H), 2.96(m, 2H), 2.32(m, 

2H), 1.53-1.23(c, 16H), 0.888(t, major rotamer) - 0.882(t, minor rotamer) - total 

of 6H, ratio maj : min = 76:24, AG293: 2.9 kJ/mol.

4. mass spec.: 448(M+,86.2%), 363(M+-%3,12.5%), 291(10.9%), 179(12.6%), 

167(15.9%), 165(24.3%), 153(14.0%), 141(100%).
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5. IR[cm'1: 3059(m), 2958(s), 2925(s), 2858(s), 1591(w), 1501(w), 1461(m),

1392(w), 1378(w).

6. UV[nm]: 232(s), 274(w), 281(w).

b. trans-5.

1. mp: 212-3°C

2. analysis[%]: required C 91.01 H 8.99

found C 90.76 H 9.03

3. proton NMR (400 MHz, CDCl3)[ppm]: 8.22-7.37(c, 14H), 2.19-1.98(c, 4H), 1.25-

0.73(c, 16H), 0.69(t, major rotamer) - 0.60(t,minor rotamer) - total of 6H, ratio 

maj : min = 53:47, AG293.' 0.3 kJ/mol.

4. carbon-13 NMR (100 MHz, CDCl3)[ppm]: 140.27-125.24(19 signals resolved), 

36.07-22.25(methylene C, 9 signals resolved), 13.95(q), 13.88(q),

5. mass spec: 448(M+, 89.8%), 363(11.5%), 179(12.9%), 167(14.5%), 165(24.4%), 

153(13.3%), 141(100%).

6. IR[cm'j: 3058(s), 2960(s), 2930(s), 2864(s), 1586(m), 1502(w), 1459(w), 

1391(w), 1365(w).

7. UV[nm]: 226(s), 260(w), 271(m), 280(m), 292(m).

Compound 6.
This compound was prepared by the synthetic route described in 3.1.

alcohol precursor: 1 -( 1 -naphthyl)-1 -undecanol, FW(C2iH2gOH): 298.47 g/mol, 

yield: 96%; proton NMR (60 MHz, CDCl3)[ppm]: 8.13-7.24(c, 7H), 5.32(t, IH), 

2.95(s, lOH), 1.94-1.27(c,18H), 0.97(t, 3H).

ketone precursor: 1 -( 1 -naphthyl)-1 -undecanone, FW(C2iH2gO): 296.46 g/mol, 

yield: 86%; proton NMR (60 MHz, CDCl3)[ppmj: 8.59-7.14(c, 7H), 2.96(t, 2H), 

1.99-1.28(c, 16H), 0.87(t, 3H).

target olefin: ll,12-di(l-naphthyl)-ll-docosene, FW(C42HsJ: 560.915 g/mol, 

yield: 62%, 51% overall (cis and trans isomers).
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а. cis-6 .
1. mp: 20rC
2. analysis[%]: required C 89.94 H 10.06

found C 89.39 H 9.84

3. proton NMR (400 MHz, CDCl3)[ppm]: 8.08-6.74(c, 14H), 2.97(m, 2H), 2.34(m,

2H), 1.51-1.22(0, 32H), 0.96(t, 6H).

4. mass spec: 560(M+, 4.5%), 419(M+-CioH,i, 2.9%), 417(M+-143, 4.7%), 282(6.8%), 

281(6.8%), 169(7.8%), 155(15.4%), 141(100%), 71(8.4%), 57(17.3%), 43(25.0%).

5. IR[cm-']: 3060(m), 2958(s), 2934(s), 2863(s), 1588(w), 1501(w), 1462(m),

1395(w), 1380(w).

б. UV[nm]: 231(s), 275(w), 281(w).

b. trans-6 .
1. mp. 236-7“C

2. analysis[%]: required C 89.94 H 10.06

found C 89.66 H 9.89

3. proton NMR (400 MHz, CDCl3)[ppm]: 8.23-7.36(c, 14H), 2.20-1.96(c, 4H), 1.26-

0.75(c, 32H), 0.72(t, major rotamer) - 0.70(t, minor rotamer) - total of 6H, ratio 

maj : min = 54:46, AG293: 0.4 kJ/mol.

4. mass spec: 560(M+,3.1%), 419(2.1%), 417(4.0%), 282(3.9%), 169(6.9%), 

155(16.1%), 141(100%), 85(6.0%), 71(11.8%), 57(20.8%), 43(23.6%).

5. IR[cm']: 3059(s), 2959(s), 293l(s), 2860(s), 1585(m), 1495(w), 1460(w), 

1390(w), 1367(w).

6. UV[nm]: 227(s), 259(w), 272(w), 280(w), 293(w).
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Compound 7.
This compound was prepared using the following route:

1. n-BuLi, 0 ‘C , . , 1-Nap
2. 2-chlorocyclopentanone, -25 C 
 ^

3. reflux, 2h \  i
4. acidic workup

The reaction was carried out under nitrogen. 1-Bromonaphthalene (72 mmol, 14.9 g), 

dissolved in 200 ml of anhydrous ether, was lithiated at 0°C as described in the first 

step of the general reaction sequence. To the stirred product, cooled to -25°C, was 

added dropwise 2-chlorocyclopentanone (12 mmol, 1.4 g in 20 ml THF) over a period 

of one hour. Stirring was continued for 12 hours at -25"C, then the cooling was 

removed, the mixture allowed to warm up to ambient temperature. The stirring was 

continued for 6 hours, followed by refluxing the system for 2 hours. The reaction 

product was then hydrolysed by addition of 150 ml of 1-M hydrochloric acid. After 

transfer to a separatory funnel intimate mixing of the organic and aqueous layer was 

continued for about 5 minutes. The two layers were subsequently separated and the 

aqueous layer was extracted with 3 x 50 ml portions of ether. The combined extracts 

were dried over anhydrous magnesium sulphate, the solution was filtered and the 

solvent evaporated. Volatiles - mainly 1-n-butylnaphthalene - were removed under oil 

pump vacuum. The remaining crude product was purified by column chromatography 

on silica mesh 60-120 eluting with a 1:1 mixture of ether/n-pentane. The final 

separation of 7 was carried out by HPLC eluting with 10% methylene 

chloride/petroleum spirit (bp. below 40°C), yield: ca. 5%.

-target olefin: l,2-di(l-napthy!)-l-cycIopentene, FW(C2sH2o): 320.438 g/mol.
1. mp: 154-6°C

2. analysis[%] required C 93.71 H 6.29

C 93.59 H 6.37

3. proton NMR (400 MHz, CDCy[ppm]: 8.06-7.12(c, 14H), 3.08(t, 4H), 

2.35(quint., 2H).
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4. mass spec: 320(M", 100%), 319(M"-1, 26.6%), 291(37.2%), 191(32.0%), 

178(15.5%), 165(60.9%), 152(17.4%), 57(26.6%).

5. IR[cm T  3060(s), 2 9 9 5 (w ) , 2874(m), 1576(w), 1 4 5 6 (w ), 1396(w).

barrier to 1-naphthyl rotation, determined by 400 MHz proton NMR (low 

temperature standard solvent): coalescence temperature: -70°C(203K), rate 

constant at -70°C: ca. 39Hz, AG^g = ca. 42.9 kJ/mol. 

syn/anti equilibrium: ca. 80:20 at -120°C.

The value of the rotational barrier is based on the coalescence of the ring protons in 

the 4-position, see also page 28, recorded with proton standard parameters and 

simultaneous irradiation of the neighbouring allyl protons. Since the complete 

irradiation of signals which show low temperature line-broadening is by no means 

straightforward, the error attached to the coalescence temperature as well as the rate 

constant may be large. The value for the rotational barrier is estimated to be accurate 

to within ±1.6 kJ/mol, the individual errors being: T̂ : ±3K(±0.7 kJ/mol), k: ±50%(±0.9 

kJ/mol).

3 .2 . s p 2 -s p 3  class.

a. Compounds 8  - 1 2

The picene synthesis is based on the photocyclisation of 1,2-dialkyl-1,2-di( 1 -naphthyl) 

ethylenes whose preparation has been discussed in the previous section. These 

ethylenes are irradiated and oxygenated in the following reaction^^"^:

h-7

The experimental procedure can be carried out with either cis or trans olefin, the latter 

being isomerised to cis under the reaction conditions.
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A solution of 0.01 mol of ethylene derivative and iodine (0.5 mmol, 0.127 g) in 1 L 

of cyclohexane is placed in a 1.5 L flask and stirred magnetically. An immersion well 

fitted with a 200 W mercury lamp is inserted into the flask and the lamp is started. 

The irradiation is continued for about 3 hours. After evaporation of the solvent the 

residue is chromatographed on neutral alumina, eluting with n-pentane. The separation 

is carried out by preparative TLC or HPLC. Yields for compounds 8 - _12 are in the 

range of about 50-60%, i.e. 25-35% overall (based on the starting alcohol, see also the 

previous section).

The photo product is a mixture of compounds from which several aromatic derivatives 

can be isolated. The ethyl compound 9 may serve as an example: compounds 39 - a 

mixture of stereoisomers - are first eluted, followed by unchanged starting alkene trans-

3. The first polycyclic olefin to emerge is 40 identified from the simplicity of its 

proton and carbon-13 NMR spectra followed by starting alkene cis-3. There follows 

picene 9, and two structural isomers of 9, which both have only six kinds of aromatic 

protons but which produce one and, respectively, two kinds of ethyl NMR signals. 

These compounds are most likely to be 41 and 42.

CH3

a N a p

a N ap

Et

E t

39 40

Et

Et

E t

41 42
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In compounds 9 - 12 the barrier to alkyl rotation was determined by observing the 

coalescence of the a-methylene proton resonance signal. Since there was no particular 

advantage in recording these spectra while simultaneously irradiating the neighbouring 

p-proton resonance, all proton coalescences were observed under standard conditions. 

All rate constants are based on eq. 1, not taking intemuclear coupling into account. 

However, due to the fact that the coalescence of two broad singlets was observed - the 

methylene proton multiplets remain unresolved below the coalescence temperature - the 

error arising from this is expected to be negligible. All coalescence temperatures are 

estimated to be accurate to within ±1K (effect on the rotational barrier: ±0.2 kJ/mol), 

the rate constants - except in compound 12 - accurate to ±10% (±0.2 kJ/mol). The 

potential maximum error regarding the barrier to n-alkyl group rotation is therefore 

expected to be about ±0.4 kJ/mol.

Compound 8.
13.14-dimethylpicene, FW(C24Hig): 306.411 g/mol, yield = 59% (45% overall 

- based on 1-acetylnaphthalene, see also the synthesis of compound 2).

1. mp: 274°C.

2. analysis[%]: required C 94.08 H 5.92

found C 93.93 H 5.89

3. proton NMR (400 MHz, CDCÜLppm]: 8.66-7.26(c, 12H), 3.04(s, 6H).

4. carbon-13 NMR (1(X) MHz, CDCl3)[ppm]: aromatic quaternary C: 136.6, 133.1,

130.8, 129.9, 128.0, other aromatic: 128.2, 128.0, 126.6, 125.8, 124.7, 121.0; 

28.75(q).

5. mass spec: 306(M+,100%), 289(19.8%), 276(M+-30, 6.7%), 153(12.1%)

6. lR[cm ']: 3062(w), 2962(s), 2948(m), 2850(m), 1688(w), 1502(w), 1460(w).

7. UV[nm]: 278(m), 306(s), 319(s), 330(s), 351(w), 361(m), 374(w).

barrier to methyl rotation: no temperature-dependent changes in the NMR 

between ambient temperature and -150“C, i.e. AG* < 23 kJ/mol.

Compound 9, see the appendix for selected NMR spectra.

13.14-diethyl picene, FW (C^H^z): 334.465 g/mol, yield: 53% (33% overall - 

based on starting aldehyde, see also the synthesis of compound 3).

1. mp: 197“C.
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2 . analysis[%] - required C 93.37 H 6.63

found C 93.33 H 6.65

3. proton NMR (400 MHz, CDCl3)[ppm]: 8.68-7.57(c, 12H), 3.59(q, 4H-broad), 

1.31(t, 6H).

4. carbon-13 NMR (1(X) MHz, QDCl3)[ppm]: aromatic quaternary C: 136.6, 133.1,

130.8, 129.9, 128.1; other aromatic C: 128.2, 128.0, 126.6, 125.8, 124.7, 121.0; 

32.93(t), 14.57(q).

5. mass spec: 334(M+, 20.6%), 306(M+-28, 100%), 291(MM3, 67.6%), 289(54.7%), 

276(21.1%), 145(41.3%), 97(13.9%).

6 . IR[cm-']: 3052(w), 2959(s), 2925(s), 2856(m), 2852(m), 1695(w), 1506(w), 

1461(m), 1421(w), 1375(w).

7. UV[nm]: 275(s), 287(m), 304(s), 315(m), 329(m), 358(w).

barrier to ethyl rotation, determined by 400 MHz proton NMR (low temperature 

standard solvent): coalescence temperature: -27°C (246 K), rate constant at - 

27°C: 637 Hz, AG*246- 46.5 kJ/mol.

Compound 10.
13,14-di-n-hexylpicene, FW(C34H3g); 446.682 g/mol, yield: 50% (27% overall - 

based on starting aldehyde, see also the synthesis of compound

1. mp: 232-3°C

2. analysis[%] - required C 91.43 H 8.57

found C 91.14 H 8.59

3. proton NMR (400 MHz, CDCl3)[ppm]: 8.61-7.45(c, 12H), 3.49(q, 4H-broad),

1.68-1.26(c, 16H), 0.86(t, 6H).

4. carbon-13 NMR (100 MHz, CDCI3): aromatic C as compound 9, 32.88(t, a-

C), methylene C: 31.82, 31.48, 29.73, 22.63; 14.07(q).

5. mass spec: 446(M% 81.2%), 361(M^-n-hexyl, 14.4%), 290(100), 276(M""-2n-

hexyl, 49.2%), 153(3.6%).

6 . IR[cm']: 3052(w), 2964(s), 2947(m), 2923(s), 2859(m), 2850(s), 1690(w), 

1508(w), 1462(m), 1380(w).

7. UV[nm]: 278(s), 285(m), 305(s), 312(m), 330(m), 369(w).

barrier to n-hexyl rotation, determined by 400 MHz proton NMR (low 

temperature standard solvent): coalescence temperature: -13°C(260K), rate
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constant at -13“C: 654Hz, AG*26o- 49.4 kJ/mol.

Compound 11.
13,14-di-n-decylpicene, FW(C4 2H5 4): 558.899 g/moI, yield: 58% (30% overall 

- based on starting aldehyde, see also the synthesis of compound Q.

1. mp: 250-55°C.

2. analysis[%]: required C 90.26 H 9.74

found C 89.49 H 9.96

3. proton NMR (400 MHz, CDCl3)[ppm]: 8.62-7.45(c, 12H), 3.49(q, 4H-broad), 

1.67-1.25(c, 32H), 0.89(t, 6H).

4. carbon-13 NMR (100 MHz, CDCI3) [ppm]: aromatic C as compound 9, 32.86(t, 

a-C), methylene C: 31.94, 31.81, 30.02, 29.61, 29.59, 29.36, 29.26, 22.72; 14.15 

(q).

5. mass spec: 558(M+, 100%), 431(6.4%), 417(M+-n-decyl, 8.3%), 290(16.9%), 

276(2.8%), 153(5.3%).

barrier to n-decyl rotation, determined by 400 MHz proton NMR (low 

temperature standard solvent): coalescence temperature: -11°C(262K), rate 

constant at -H°C: 658 Hz; AG*262-49.8 kJ/mol.

Compound 12.
This compound was prepared by the synthetic route described in 3.1.

alcohol precursor: 1 -( 1 -naphthyl)-3-methyl-1 -butanol, FW(Ci5Hi70H): 214.31 

g/mol, yield: 87%; proton NMR (60 MHz, CDCl3)[ppm]: 8.18-7.21(c, 7H), 

5.5 l(d of d, IH), 1.86(s, lOH), 1.74-1.67(m, 3H), 1.04(d of d, 6H). 

ketone precursor: 1 -( 1 -naphthyl)-3-methyl-1 -butanone, FW(Ci5Hi60): 212.29 

g/mol, yield: 81%; proton NMR (60 MHz, CDCyCppm]: 8.65-7.ll(c , 7H), 

2.79(d, 2H), 2.28(m, IH), 0.97(d, 6H).

olefin intermediate: cis and trans isomers were not separated: cis/trans-2,7- 

dimethyl-4,5-di( 1 -naphthyl)-4-octene, FW(C3oH32): 392.59 g/mol; yield: 60%; 

proton NMR (200 MHz, CDCWEppm]: 8.34-6.78(c, 14H), 3.08(d of d, 4H), 

1.65(m, 2H), 1,02-0.82(4 doublets resolved, 12H).

- 13,14-diisobutylpicene, FW(C3oH3o): 390.574 g/mol., yield ca. 30% (ca. 13% overall

- based on starting aldehyde). Compound 12 could only be obtained as a partially 

purified sample: proton NMR (400 MHz, CDCI3) [ppm]: 8.59-7.30(c, 12H), 3.58(d, 4H-
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broad), 2.30(m, 2H), 1.02(d, 12H).

barrier to isobutyl rotation, determined by 400 MHz proton NMR (low 

temperature standard solvent): coalescence temperature: -5°C(268K), rate constant 

at -5“C: ca. 650 Hz (estimated - see the main chapter), AG*26«- ca. 51.0 kJ/mol. 

The value for the barrier is estimated to be accurate to within ±0.6 kJ/mol, the 

individual errors being: T,: ±1K (±0.2 kJ/mol), k: ±20% (±0.4 kJ/mol).

b . c o m p o u n d s  1 3 , 14 .

These compounds were obtained as intermediates/ by-products in the preparation of 

compounds 18 and 20, see these compounds for details about the synthetic route. 

Yields: 13:13%, 14:3% (values based on starting ketone).

Compound 13, see the appendix for selected NMR spectra.

2 ,4 ,4 - tr im e th y l-3 - is o p r o p y I -2 -p e n te n e , F W (C i,H 2 2 ): 1 5 4 .2 9 8  g /m o l.

1. bp'": 64-65“C.

2. accurate mass [g/mol]: required 154.17214

found 154.1713

3. proton NMR (200 MHz, CDCyCppm]: 2.71 (sep., IH), 1.80(s, 3H-methyl group 

cis to t-butyl), 1.75(s, 3H), 1.19(s, 9H), 1.17(d, 6H).

4. carbon-13 NMR (50 MHz, CDCl3)[ppm]: 145.2(s, olefinic C), 125.5(s, dimethyl- 

substituted olefinic C), 38.4(s, t-butyl central C), 31.9(q, t-butyl methyl C), 

30.2(d), 25.4 and 24.8(both q, methyl C), 22.6(q, isopropyl methyl C).

5. mass spec.: 154(0.4%), lll(M"-iPr,100%), 97(68.0%), 69(92.4%), 82(41.6%), 

57(65.4%), 55(49.8%), 43(15.9%).

6. IR (film) [cm']: 3070(m), 2995(s), 2910(s), 2870(s), 1635(m), 1455(m), 

1390(m), 1360(w), 1230(w), 1185(m), 890(w), 785(m).

barrier to isopropyl rotation, determined by 200 MHz proton NMR (CDCI3 

solvent): coalescence temperature: 5°C (278K), rate constant: 317 Hz, AG^^g: 

54.7 kJ/mol.

The determination of the coalescence temperature is by no means straightforward since 

one rotamer is much more abundant than the other, the ratio being 98:2 at -45°C, see 

tab. 10 for further data. Due to such favouring of one rotamer, identification of the 

minor rotamer is problematic, and most resonances only show slight line-broadening at 

the coalescence temperature. The isopropyl methine septet exhibits the most marked
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changes and, therefore, the values quoted for the coalescence temperature and the rate 

constant are based on the coalescence of this signal. The highest temperature at which 

it was possible to record the minor isomer’s emerging ispropyl methine signal was 

-45“C, and the identity of this signal was confirmed by double-irradiating the isopropyl 

methyl proton resonance. Since the signals of the minor rotamer were hardly 

detectable, the spectra could not be modelled by a complete band-shape analysis, and 

the value for the rate constant is therefore based on a modified version of eq. 1, viz 

k = 2tüAv The coalescence temperature is estimated to be accurate to within ±3K, 

implying a variation in the hairier to isopropyl rotation of ±0.7 kJ/mol. The error 

regarding the rate constant might be as much as ±30% (±0.8 kJ/mol). The potential 

maximum error is therefore estimated as ±1.5 kJ/mol.

Compound 14, see the appendix for selected NMR spectra.

2 ,2 -d im e th y l-1 ,1 -d iis o p r o p y lc y c io p r o p a n e , F W (C „ H 2 2 ): 1 5 4 .2 9 8  g /m o l.

1. bp": 59-60°C.

2. accurate mass [g/mol]: required 154.17214

found 154.1709

3. proton NMR (200 MHz, CDCyCppm]: 1.73(sep, 2H), 1.19(s, 6H), 1.02(d, 6H),

0.96(d, 6H), 0.13(s, 2H).

4. mass spec: 154(M\ 0.1%), 111(MM3, 70.0%), 98(24.0%), 83(100%), 69(97.9%), 

57(42.8%), 55(61.8%), 43(25.7%).

5. IR (film)[cm']: 3085(m), 2965(s), 2872(s), 1708(s), 1624(s), 1461 (m), 1384(s), 

1372(m), 1251(w), 1117(m).

barrier to isopropyl rotation, determined by 200 MHz proton NMR (low 

temperature standard solvent): coalescence temperature: -138"C (135K), rate 

constant: 226 Hz, AG" 135: 27.2 kJ/mol. See tab. 10 for further data.

The rate constant was calculated according to eq.l and is based on the 

frequency difference between the cyclopropane methylene proton 1:1 resonance 

at -155°C. The coalescence temperature is estimated to be accurate to within 

±1K (effect on the barrier to isopropyl rotation: 0.2 kJ/mol) and the rate 

constants accurate to within ±20% (0.3 kJ/mol). The potential maximum error 

regarding the barrier is therefore expected to be ±0.6 kJ/mol.
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3 .3 . s p 3 -s p 3 c la ss .

In this class, all variable temperature data on which the calculation of rate constants 

and rotational barriers is based, was recorded by carbon-13 NMR spectroscopy since 

proton NMR proved to be unsuitable for lack of discernible signals at low 

temperatures. In order to give an idea of the technical difficulties involved in 

recording carbon-13 spectra below -100°C it must be stressed that, due to the limited 

solubility of the present compounds, recording times were between 20 and 30 minutes 

per run, implying that an accurate control of the temperature throughout the experiment 

was paramount. This, however, turned out to be the most difficult parameter to 

control and individual runs had to be frequently repeated which was mainly due to 

erratic or no sample spinning, caused by icing up of the sample tube. Loss of 

temperature control was considered to have occured when pre- and post-experimental 

temperature calibrations gave differences of greater than 2K or, simply, when the actual 

temperature reading on the spectrometer varied by the same amount.

A point to remember when assessing the accuracy of the coalescence temperatures is 

that in particular carbon-13 nuclei, which show a large difference of chemical shift 

between the exchanging groups at low temperature, tend to have very broad 

coalescences of such intensity that even with 1000 pulses per run - recording time ca. 

30 min. - the signals cannot be distinguished from the background noise. Therefore, 

in some cases there would be almost no difference in the appearance of a coalescing 

signal over a temperature range of as much as 5K. This, in return, impeded the 

accurate modelling of rate constants by a complete band-shape analysis. In compounds 

16 and 17, the rate constants for t-butyl rotation were determined by a CBS analysis, 

using the Fortran program TRIGEN, which calculates coalescence spectra for three 

populated sites^ .̂ It was found that, due to the lack of constant - quality spectra - as 

described above - these results are not free from a certain amount of arbitration and 

errors are estimated to be in the order of ±30%. For a more detailed account of 

experimental errors see below.

a. Compounds 15 - 17.
Compounds _15 and J7 were provided by H.M.R. Hoffmann et al.̂  ̂ of Hanover 

University, FRO, and C. Riichardt et al.“  of Freiburg University, FRO, respectively. 

Compound 16 is known from reference 52. For the present work it was prepared by
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reduction of the p-nitrobenzoate^^, see also tab. 12 and 13 for signal assignments, 

coupling constants, and variable temperature data.

Compound 15, see the appendix for selected NMR spectra.

-cis-2^,4,6,6-pentamethyl-l-isopropylcyclohexane, FW CCmHjs) = 196.379 g /m o l.

1. proton NMR (400 MHz, CDCl3)[ppm]: 2.14(m, IH), 1.75(m, IH), 1.37(q, 2H), 

1.14(q, 2H), 1.13(d, 6H), 1.08(s, 6H), 1.01(s, 6H), 0.98(d, IH), 0.85(d, 3H).

The vicinal coupling constants which are crucial to the presented interpretation of the 

results, i.e Ĵ̂ .z and Ĵe.y (cf. tab. 12), were determined by 400 MHz proton NMR, using 

resolution enhancement techniques. With the spectral width reduced to 2400 Hz and 

the number of data points at 32.000 (13.33 points/Hz), the point density was increased 

to twice the standard level. The free induction decay (FID) was Fourier-transformed 

using moderate resolution enhancement (SE = 0.300, AP = 0.625). The spectra thus 

obtained are displayed in the appendix. The identity of ’Je.y was verified by computer 

spectral simulation.

2. carbon-13 NMR (50 MHz, CDCWEppm]: 55.8(d), 50.4(t), 36.0(s), 33.7(q), 

29.7(d), 29.1(q), 25.4(d), 24.6(q), 23.6(q).

barrier to isopropyl rotation, determined by 50 MHz carbon-13 NMR (low 

temperature standard solvent): coalescence temperature: -124°C (149K), rate 

constant: 504 Hz, 27.8 kJ/mol - this value coincides with the average

value determined from a total of four different coalescences, the mean variation 

among these values being 0.3 kJ/mol.

The coalescence temperature is estimated to be accurate to within ±3K (effect on the 

barrier: ±0.6 kJ/mol), the rate constant - based on eq. 1 - accurate to within ±10% 

(±0.2 kJ/mol). The potential maximum error regarding the barrier to isopropyl rotation 

is therefore expected to be within ±0.8 kJ/mol.

Compound 16.
2,2,4,4-tetramethyI-3-isopropyIpentane, FW(Ci2H2g) = 170.341 g /m o l.

1. proton NMR (200 MHz, CDC^Lppm]: 2.19(m, IH), 1.15(d, 6H), 1.10(d, IH),

1.08(s, 18H).

The vicinal coupling constant Ĵ̂ .z of 0.8 Hz (cf. tab. 12) was measured by 200 MHz 

proton NMR, applying resolution enhancement, as in compound 15 (SW = 600 Hz, NP
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= 17.998, i.e. 30.00 points/Hz; FID processing: RE = 0.238, AF = 0.775).

2. carbon-13 NMR (50 MHz, CDCyCppm]: 61.3(d), 37.2(s), 31.5(q), 30.1(d), 

23.3(q).

barrier to t-butyl rotation, determined by 50 MHz carbon-13 NMR (low 

temperature standard solvent): coalescence temperature: 1. -79°C(194K), 2. 

99°C(174K), rate constant(CBS): 1. 1351Hz, 2. 928 Hz, 35.2 kJ/mol,

AG*i74: 31.8 kJ/mol.

barrier to isopropyl rotation, determined by 50 MHz carbon-13 NMR (low 

temperature standard solvent): coalescence temperature: -29°C (244K), rate 

constant: 266 Hz, AG'ẑ :̂ 48.1 kJ/mol.

The coalescence temperatures are estimated to be accurate to within ±2K (effect on the 

barrier: ±0.4 kJ/mol), the t-butyl rate constants accurate to within ±30% (±0.5kJ/mol), 

and the isopropyl rate constant accurate to within ±10% (0.2 kJ/mol). The potential 

maximum errors regarding the barriers are therefore expected to be: t-butyl: ±0.9 

kJ/mol, isopropyl: ±0.6 kJ/mol.

Compound 17.
2 ,2 ,3 ,4 ,4 -p e n ta m e th y l-3 - is o p r o p y lp e n ta n e , F W (C i 3 H 2g) =  1 8 4 .3 6 8  g /m o l.

1. proton NMR (200 MHz, CDCI3) [ppm]: 2.08 (sep, IH), 1.17(d, 6H), 1.09(s, 

18H), 0.85(s, IH).

2. carbon-13 NMR (50 MHz, CDCI3) [ppm]: 48.4(s), 42.6(s), 35.2(d), 31.6(q), 

23.8(q), 22.4(q).

barrier to t-butyl rotation, determined by 50 MHz carbon-13 NMR (low 

temperature standard solvent): coalescence temperature: -4 rC  (232K), rate 

constant (CBS): 192 Hz, AG*232- 46.1 kJ/mol.

barrier to isopropyl rotation, determined by 50 MHz carbon-13 NMR (low 

temperature standard solvent): coalescence temperature: -84“C (189K), rate 

constant: 149Hz, AĜ igg: 37.7 kJ/mol.

Individual errors regarding the coalescence temperatures/rate constants are assessed to 

be the same as in compound 16. Therefore the potential maximum error for the t- 

butyl barrier should be ±0.9 kJ/mol, for the isopropyl barrier ±0.6 kJ/mol.
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b. Compound 18 - 20.

Compound 19 was provided by C. Riichardt et al. of Freiburg University, FRG. 

Compounds 18 and 20 were prepared as follows^*^ :̂

iPr

iPr

tBuLi
-78 C

HHPT

240 C 
3b

tBU

iPr

13 (48S)

+ l i  (10%)

H2

Pd/C

iPr

He
iPr

43 (42%)

18 20

first step: preparation of the alcohol, carried out under nitrogen pressure. In a dry

two-necked flask, diisopropylketone (9 mmol, 1.03 g) was dissolved in anhydrous ether 

(20 ml). To this solution, cooled to -78°C, was added t-butyllithium (9 mmol, 5 ml 

of a 1.8 M solution in n-pentane) with magnetic stirring. The solution was stirred 

overnight and then allowed to warm up to ambient temperature. This was followed by 

hydrolysis with 20 ml of water. After the separation of the organic and aqueous layers 

the latter was extracted with 3 x 10 ml of ether. The combined organic extracts were 

dried over anhydrous magnesium sulphate, the solution was filtered, and the solvent 

evaporated. The crude alcohol was purified by distillation; yield: 60%.
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second step: preparation of the olefin. The alcohol (4.1 mmol, 0.7 g) was dissolved 

in 20 ml of hexamethylphosphoric triamide (HMPT). This solution was refluxed for 

3 hours. After cooling to ambient temperature HMPT was hydrolysed with 40 ml of 

water. The target olefin was then extracted with 3 x 10 ml of n-pentane. The 

combined organic extracts were carefully washed with water and dried over anhydrous 

sodium sulphate. Subsequent filtration and removal of n-pentane gave a crude product 

which was separated by preparative GLC. The relative proportions of products are 

indicated in the accompanying reaction scheme; yield: 46% (based on the sum of the 

molar amounts of compounds 13, J4, and 43).

third step: preparation of the hydrocarbon. The hydrogenation of compounds 13 and 

43 was carried out in an autoclave under 50 atm of hydrogen pressure - solvent: glacial 

acetic acid, catalyst: 15-30 mg Pd/C per g of olefin, temperature: 80°C. The 

hydrogenation was continued until all the starting olefin had been consumed, usually 

for about 20 hours - monitoring by GC. The product hydrocarbons were worked up 

by filtration - removal of the catalyst - and addition of 20 ml of water to the filtrate, 

followed by extraction with 3 x 10 ml of n-pentane. The dried combined organic 

layers were processed as in step 2. Most of the n-pentane was subsequently removed 

by careful distillation using a Vigreux column. The final product isolation occurred by 

preparative GLC - for details see also tab. 15 (list of variable temperature data); yields: 

18: 55% (7% overall - based on starting ketone), 20 : 40% (5% overall).

C o m p o u n d  1 8 , see the appendix for selected NMR spectra.

-2,2,4-trimethyI-3-isopropylpeiitane, FW (C1 1H2 4) : 156.314 g/mol.
1. bp'": 74°C.

2. analysis [%] -required C 84.52 H 15.48

found C 84.40 H 15.25

3. proton NMR (200 MHz, CDCl3)[ppm]: 2.02(m, 2H - isopropyl H, coupling 

constant with a. central H: 1.48 Hz, b. methyl group: 7.15 Hz), 1.10(t, IH - 

central H), 1.04(d, 6H - isopropyl-1), 1.01(d, 6H - isopropyl-2), 0.98(s, 9H).

Coupling constant a. (see above) was determined by 200 MHz proton NMR, using 

resolution enhancement, similar to compound 15 (SW: 600 Hz, NP: 17998, i.e. 30.00 

points per Hertz; FID processing: RE: 0.261, AF: 0.571).

4. carbon-13 NMR (50 MHz, CDCI3) [ppm]: 58.2(d - central C), 36.8(s), 30.5(q -
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t-butyl methyl C), 29.2(d), 23.9 (q - isopropyl-1 methyl C), 23.0(q).

5. mass spec: no M% 113(M"-iPr, 19.3%), 99(29.6%), 97(38.3%), 85(19.0%), 

83(26.7%), 71(38.0%), 69(20.0%), 57(100%), 56(69.3%), 43(44.0%).

6. IR (film)[cm-']: 2959(s), 2872(s), 1705(w), 1471(s), 1388(s), 1366(m), 1298(w), 

1258(w), 1231(w), 1190(w), 1137(w), l l l l (w ) ,  1097(w).

barrier to t-butyl rotation, determined by 50 MHz carbon-13 NMR (low 

temperature standard solvent): coalescence temperature: -109°C (164K), rate 

constant: 582 Hz, AG*j64 = 30.6 kJ/mol.

barrier to isopropyl rotation, determined by 50 MHz carbon-13 NMR (low 

temperature standard solvent): coalescence temperature: -134°C (139K), rate 

constant: 122Hz (isopropyl methine C), 626 Hz (isopropyl methyl C), average 

AG'̂ iaç: 26.8 kJ/mol, individual values deviating from this average barrier by ±0.8 

kJ/mol. The temperature measurement for both t-butyl and isopropyl rotational 

barriers is estimated to be accurate to within ±3K (effect on the barrier: ±0.6 

kJ/mol). The t-butyl rate constant, based on the 2:1 coalescence of the t-butyl 

signal and calculated according to eq.l, is estimated to be accurate to within 

±30% (±0.6 kJ/mol), the isopropyl rate constant accurate to within ±10% (±0.2 

kJ/mol). The maximum potential errors are therefore estimated as ±1.2 kJ/mol 

for the t-butyl barrier and ±0.8 kJ/mol for the isopropyl barrier.

Compound 19, see the appendix for selected NMR-spectra.

2,2,3,4-tetramethyl-3-isopropylpentane, FW(Ci2 H2g): 170.341 g/mol.
1. proton NMR (200 MHz, CDCI3) [ppm]: 2.03(sep, 2H, Ĵ: 7.05Hz), 1.02(d, 6H), 

1.00(d, 6H), 0.99(s, 9H), 0.78(s, 3H).

2. carbon-13 NMR (100 MHz, CDCl3)[ppm]: 45.1(s-central C), 39.9(s), 35.3(d), 

30.5(q - t-butyl methyl C), 21.9(q - isopropyl-1 - methyl C), 21.8(q), 18.1(q -

methyl C)

barrier to t-butyl rotation, determined by 100 MHz carbon-13 NMR (low 

temperature standard solvent): coalescence temperature: -76“C (197K), rate 

constant: 1006 Hz, AG* 197: 36.4 kJ/mol.

barrier to isopropyl rotation, determined by 1(X) MHz carbon-13 NMR (low 

temperature standard solvent): coalescence temperature: -110“C (163K), rate 

constant: 524 Hz, AG*! :̂ 29.7 kJ/mol.

The rotational barriers were determined in the same way as for compound 18. With
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the accuracy of the t-butyl coalescence temperature being estimated as ±2K (effect on 

the barrier: ±0.4 kJ/mol), and all other errors identical to those in compound 18, the 

maximum potential error regarding the t-butyl barrier is expected to be ±1.0 kJ/mol, the 

one regarding the isopropyl barrier ±0.8 kJ/mol.

Compound 20, see the appendix for selected NMR spectra.

-2^,4-trimethyl-3-isopropylp€ntane, FW(CnH2 4) = 156.314 g/mol.
1. bp'": 63-65”C.

2. analysis [%] -required C 84.52 H 15.48

found C 84.35 H 15.38

3. proton NMR (400 MHz, CDCl3)[ppm]: 1.92(sep, 3H), 0.93(d, 18H), 0.78(s, 3H).

4. carbon-13 NMR (50 MHz, CDCyCppm]: 42.2(s), 33.1(d), 19.9(q - isopropyl

methyl C), 18.0 (q).

5. mass spec: no M \ 113(M+-iPr, 49.0%), 112(21.9%), 97(21.0%), 85(16.9%),

71(61.4%), 69(18.0%), 58(23.1%), 57(100%), 43(58.3%).

6. IR(film)[cm']: 2972(s), 2898(s), 261 l(w), 1465(s), 1381(s), 1345(m), 1314(m),

1191(w), 1157(w), 1141(w), 1124(w), 1098(w), 1037(m), 991(w).

barrier to isopropyl rotation, determined by 50 MHz carbon-13 NMR (low 

temperature standard solvent): coalescence temperatures: 1. -124°C (149K),

2. -128°C (145K), rate constants: 1. 571 Hz, 2. 751 Hz, 27.6 kJ/mol.

AG*i45: 26.8 kJ/mol.

The values quoted for the isopropyl rate constants were obtained according to eq. 1 and 

are based on partial 1:1 and 2:1 coalescences, see also the main chapter. Due to the 

complex appearance of the spectra at low temperatures the rate constants are estimated 

to be accurate to within ±20% (±0.4 kJ/mol). With the accuracy of the coalescence 

temperatures assessed as ±3K (±0.6 kJ/mol), the potential maximum error regarding the 

barriers is expected to be ±1.0 kJ/mol.
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Appendix - selected NMR spectra.
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compound 2

400 MHz p r o to n  NMR, 
s ta n d a r d  p a r a m e te r s ,  
CDC13 s o l v e n t ,  
f u l l  sp e c tru m  a t  2 0 ’ C.

cis-2

8 7 6 5 3 24

trans-2



compound 2
107

200 MHz p r o to n  NME, 
s ta n d a r d  p a r a m e te r s ,  
h ig h  te m p e r a tu r e  s t a n d a r d  s o l v e n t ,  
m e th y l c o a le s c e n c e .

63 C 75 C

5 5 'C 6 8 'C

cis-2

2 Hz

5 5 'C
trans-2
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compound 3

400 MHz p r o to n  NMR, 
s t a n d a r d  p a ra m e te r s ^  
CDC13 s o l v e n t ,  
f u l l  s p e c tru m  a t  2 0 ' c .

cis-3

 4 . J-Ul_
I I I I • • • I I > t I I I

6 5

trans-3



compound 9
109

400 MHz p r o to n  NMR, 
s ta n d a r d  p a r a m e te r s ,  
low  te m p e r a tu r e  s t a n d a r d  s o l v e n t ,  
m e th y le n e  c o a le s c e n c e .

-2 5  C

-2 7  C

-2 9  C

-3 5  C

200 MHz p r o to n  NMR, 
s t a n d a r d  p a r a m e te r s ,  
CDC13 s o l v e n t .

4 3
-5 5  C

f u l l  s p e c tru m  a t  2 0 °C, 
i n s e r t :  m e th y le n e  s i g n a l  

a t  400 MHz, 2 0 'C .



compound 1_3

544 Hz

200 MHz p r o to n  NME, 
s t a n d a r d  p a r a m e te r s ,  
low te m p e r a tu r e  s t a n d a r d  s o l v e n t ,  
f u l l  s p e c tru m ;
i n s e r t :  i s o p r o p y l  m e th in e  s i g n a l

110

35 C

539 Hz

y

5 C

1

531 Hz

-4 0  C

1
3. Ü 2 . 5 2 0 I 5 1 0 0 . 0



compound %3
111

200 MHz p r o to n  NMR, 
s t a n d a r d  p a r a m e te r s ,  
low  te m p e r a tu r e  s t a n d a r d  s o l v e n t ,  
f u l l  s p e c tru m .

-m in o r  ro ta m e r  a t  - 4 5 “C, 
to p :  i s o p r o p y l  m e th y l s i g n a l s

i r r a d i a t e d  a s  i n d i c a t e d ,  
b o tto m : no i r r a d i a t i o n .

A

V. 1
H O 3 . 5 3 0 3 5 2 0 1 . 5 0 0
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compound 14

200 HHz p ro to n  NMB, 
s t a n d a r d  p a r a m e te r s ,
low  te m p e r a tu r e  s t a n d a r d  s o l v e n t ,  
f u l l  sp e c tru m .

-5 0  “C

- lOO 'c

TMS

TT

I 5 I Ü a . û
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compound 15

400 MHz p r o to n  NME, 
p a r a m e te r s :  p ro c e s s e d  w i th  
r e s o l u t i o n  en h an ce m e n t 
( s e e  e x p e r im e n ta l  s e c t i o n ) ,  
CDC13 s o l v e n t ,

t o p :  i s o p r o p y l  m e th in e
h y d ro g en  s i g n a l ,  

b o tto m : r i n g  m e th in e
h y d ro g en  s i g n a l  
i n  p o s i t i o n  4 .

2 . 20
PPM

2 . 1 0

1 . 8 0 1 . 70 
PPM
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compound 1_8

50 HHz c a rb o n -1 3  NHR, 
s t a n d a r d  p a r a m e te r s ,  
low  te m p e r a tu r e  s t a n d a r d  s o l v e n t ,  
f u l l  s p e c tru m .

s o l v e n t

- 7 5 “C

-110°C

-1 5 0  C

Ç5 50
~r“
45 40 35

~T“
30 35

~r“
30
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compound \9

100 MHz c a rb o n -1 3  NKR, 
s ta n d a r d  p a r a m e te r s ,  
low  te m p e r a tu r e  s t a n d a r d  s o l v e n t ,  
f u l l  s p e c tru m . -5 0 'C

-7 5 'C

- l l O ’C

2 53 0
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compound 20

400 MHz p r o to n  NKR, 
s t a n d a r d  p a r a m e te r s ,  
low  te m p e r a tu r e  s t a n d a r d  s o l v e n t ,  
f u l l  s p e c tru m .

-7 0  C

- 1 5 0 'C

TMS

2 . 4 2 . 2 2 . 0 1.1 1 . 6 1 . 4 1 . 2 1 . 0
PPM

. 4 0 . 0 - . 2



compound 20

50 HHz c a rb o n -1 3  NKR, 
s t a n d a r d  p a r a m e te r s ,  
low te m p e r a tu r e  s t a n d a r d  s o l v e n t ,  
f u l l  s p e c tru m .

117

-1 0 0  C

-1 2 0  C

-1 3 5  C

HO 30

-1 5 0  C
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ROTATION OF GEMINAL ISOPROPYL GROUPS. DYNAMIC N.M.R. OF 
DIMETHYL— DIISOPROPYL CYCLOPROPANE

J.E. Anderson* and B . R. Bettels 
Chemistry Department, University College London 

Gower Street, LONDON WCIE 6BT.

Summary The title compound exists as an equilibrium of two conformations, 
that with isopropyls geared being slightly more stable than that where they 
clash. The interconversion barrier is 6.5 kcal/mol.

Isopropyl groups are sterically anisotropic, appearing small when 
encountered from one side, and large from the opposite side. The interplay 
of two adjacent isopropyl groups is particularly intriguing since 'small-1' 
interlocking with 'large-2' (static gearing^) seems a likely minimum on the 
rotational cycle and there is a second minimum when 'large-1' interlocks with 
'small-2'. A likely maximum in the interconversion of these two occurs when 
'large-1' more or less clashes with 'large-2'.

As a recent review has shown,^ much novel information has emerged from 
the study of such groups attached to the same^ or to neighbouring atoms^ in 
a planar molecular framework. Likewise, two isopropyl groups attached to a 
single sp^-hybridised centre turn out to have considerable conformational 
interest.  ̂ We now report an intermediate situation with two isopropyl 
groups attached to the same carbon atom of a cyclopropane ring, in which two 
different kinds of conformation are populated.

1,1-Dimethyl-2 ,2-diisopropylcyclopropane , _1, was obtained as a 
rearranged byproduct^ of the acid catalysed dehydration of t-butyl-di- 
isopropyIcarbinol. The proton nmr spectrum^ of is temperature-dependent. 
Below about -100 °, signals broaden, and on further cooling complex changes 
take place particularly in the methyl and methine region. Fortunately, the 
upfield ring-methylene region of the spectrum is less confused, the room- 
temperature singlet at 6 = 0.13 becoming a doublet (6 = 0.37 and -0.14) and a 
singlet (6 = 0.10) , of relative intensity 8.2:1.

3909



3910

The more stable conformation must have the two sides of the 
cyclopropane plane non-equivalent and is reasonably the one with the isopropyl 
groups statically geared, i.e. 2 or: its enantiomer, or a somewhat skewed 
version of such structures.

The less stable conformation is more interesting, for the two sides of 
the cyclopropane ring are equivalent. A conformation like 2 where both

CHCH.
CHCH

CHCH:

CH
CHCH

isopropyl groups present their hydrogens towards the substituted ring or a 
skewed version thereof, viz. £ or its enantiomer, are most likely. The free 
energy difference between the two kinds of conformation is 0.49 kcal/mol at 
-155 ° and the barrier to their interconversion is 6.5 kcal/mol at about 
-138

The form with static gearing of isopropyl groups, £, is thus the most 
stable, but the demands of the substituted ring are almost great enough to 
favour a form where both isopropyl groups gear with the ring and more or less 
clash with each other.^
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Dynamic N.M.R. investigation of Rotation about Alkyi-Olefin 
Bonds. Barriers and Populations for Some Substituted 
Isopropyiethyienest
J. EDGAR ANDERSON,* BERND BETTELS. PARVIZ GHARAGOZLOO, and 
KAM-HANG KOON
Chemistry Department, University College, Gower Street, London WC1 6BT, U.K.

J. C hem . Research (S ), 
1986, 420-421t

Isopropyl-group rotational barriers are reported and dis
cussed for three 3-substituted-2,4-dimethyipent-2-enes, 
where the substituent is isopropyl, t-butyl, or N- 
pyrrolidinyl.

Knowledge of barriers to rotation of alkylethylenes, 
particularly as measured by dynamic n.m.r. spec
troscopy,' is scant compared with what is known of 
rotation in substituted ethanes.^ Such sp^ -sp^  barriers 
are not particularly small, but there is often a single 
populated conformation and as a result, a notoriously 
difficult-to-measure one-fold barrier to rotation. 
Although little systematic work has been done, there are 
three broad classes of alkylethylenes which have proved 
suitable for study.

The first class comprises compounds containing a 
CH^X group which interconverts between two equival
ent conformations with X on either side of the olefin 
plane.^ The second class comprises compounds with two 
or more CX^Y groups'*’̂  which are sterically geared to 
each other, so two equivalent conformations exist with a 
substantial barrier to interconversion, e.g. (1) ^  (2) 
where CX2Y = isopropyl, the methyl groups not being 
shown explicitly.

(1 ) ( 2 )

The third class is rather miscellaneous for it comprises 
compounds for which two d ifferen t conformations exist, 
fortuituously of similar energy and for which the barrier 
to rotation is high enough for separate n.m.r. signals to 
be observed.

Examples in this last class are few as yet. The series of 
compounds (3) has two different populated con
formations, and barriers to rotation have been deter
mined by dynamic n.m.r. spectroscopy.^* Compound (4) 
does exist to 9% in a non-geared conformation as shown^ 
with a barrier to isopropyl-group rotation of 10.5 kcal 
mol” '. t  We now report three f u ^ e r  results which give 
some indication that a systematic study showing interest
ing steric effects may be possible.

Me

R
(3)

Pli " I k
(4)

The n.m.r. spectrum of compound (5) at room tem
perature shows the expected signals (Table). On cooling, 
each signal broadens to a maximum at temperatures 
variously between 0 and -1 5  “C. On further cooling.

*To receive any correspondence.
f This is a Short Paper as defined in the Instructions for Authors 
[J. C hem . Research (S), 1986, Issue 1, p. iv]; there is therefore 
no corresponding material in J . C hem . Research (M ). 
fkcal = 4.18 kJ.

signals sharpen and careful inspection of a spectrum at 
-4 5  °C allowed the identification of several of the sig
nals of a minor-isomer spectrum, of relative intensity ca. 
2.1% of the total signal (see Table). We interpret this as

Me BuX
Me P r

(5)

M e..

Me
■ > X "

Me
Me

(S) (7)

Tab»* Variat)t*-<amparBture'H n.m.r. spactral data lor compounds (5). (B). 
and (11) (jy  valuM  in ppm)

Signal

(5) (») (11)

Ambient

- 4 5  "C 
Maior aom sr 
(minor isomar 
i1 % )

- 9 8 'C  
(SignMaoi 

Ambiant equal imanaity) Ambiani

- 1 4 5 "C 
Ma)or iaomar 
(minor iaomar 
25%)

Bu* 1.19 1.18
(1.28)

Mao» p H 1.17 1.17 1.08 1.18 0.98 0.97
(1.147) 0.89 (1.05)

C H o»PH 2.71 Z84 2.72 2.94 2.78 Z91
(3.18) Z44 (2.62)

OtaAnic 1.75 1.78 1.71 1.73 1.77 1.60 1.58 1.66
Mm 1.80 1.81 ? 1.87 1.68 (?) (1.70)

NCHj 2.98 3.05
(2.98)
1.88

NCHjCH, 1.80 (1.80)

representing the slowing of rotation between two non
equivalent isopropyl-group conformations close to (6) 
and (7) in structure, and calculate a free energy dif
ference of 1.74 kcal m ol"' at —45 “C between the two. 
The less stable isomer was shown to be (7) by a nuclear 
Overhauser difference experiment at —45".'° Irradiation 
at the frequency of the protons of the allylic methyl 
group cis to the isopropyl group produces a 1.2% 
enhancement of the minor of the two isopropylmethine 
proton signals, and only ca. 0.2% enhancement in the 
major signal. The minor isomer is concluded to be of 
structure (7) with the proton in question nearer the 
allylic methyl group than in (6).'° The barrier to the 
(6)-(7) interconversion is 14.8 kcal m ol"' at 4-5 °C ," 
rather higher than the value of 10.5 kcal mol"' found’ 
for (4).

It is striking that from the nature of the changes in its 
signal, rotation of the t-butyl group is still fast (and 
remains fast down to -1 0 0  °C) while isopropyl-group 
rotation is slow on the n.m.r. timescale. This may reflect 
the difference between a twofold and a sixfold rotational

Me P r ^

( 8 )

Me. Me

H Me

Me

H < \
Me Me

(9)

(̂ "2 / " 2
Me N— CH j

(11 )



barrier, but in any case the difference indicates, as one 
has come to expect,*^ that there is no gearing of the 
rotation process of the two groups.

A better comparison of the barrier in (5) would be 
with that in (8), where the t-butyl group is replaced by an 
isopropyl group. The simple three-signal spectrum of this 
compound (Table) shows splitting of each signal below 
ca. -6 5  “C to give two equal signals, indicating that the 
interconversion (9) ^  (10) is slow on the n.m.r. time
scale with a barrier to r o ta t io n o f  ca. 10.2 kcal mol"* at 
-6 5  “C.

The comparison of isopropyl-group rotational barriers 
in (4), (5), and (8) thus presents a paradox. There is a 
markedly higher barrier in (5) yet the geminal compan
ion hindering this rotation is itself rotating much more 
freely than that in (4) and (8). The Figure suggests an 
explanation for this if one postulates that during rotation 
of an isopropyl group, the geminal companion moves 
(say through 30“) to facilitate this. For an isopropyl 
group as companion, with an overall two-fold rotational 
potential indicated by the broken line, such a rotation 
involves little energy change. For a t-butyl group with an 
overall lower-energy six-fold rotational barrier, such a 
rotation involves a substantial increase in steric energy. 
In more general terms, a geminal iso-propyl-group part
ner has to oscillate slightly in an energy well, while a 
t-butyl group in (5), has more or less to go through a 
discrete barrier.

-90 -60 -30 0 *30 *60 *90
Rotation ( * )

Figure Potential energy diagram for the rotation away from its 
ground state O'" of the geminal companion of an isopropyl 
group [solid line = t-butyl companion in (5); broken line =  
isopropyl companion In (8)]

A further analogue of (5) and (8) which shows two 
populated conformations and hindered isopropyl-group 
rotation is compound (11). The two hydrogens of each 
CH2 group remain isochronous at all temperatures down 
to —145 C indicating that C -N  bond rotation and nitro
gen inversion are fast on the n.m.r. timescale. There is 
broadening of signals (particularly the methyl and iso
propyl ones) below ca. -1 1 0  “C and eventual splitting 
into unequal signals of intensity ratio ca. 3 : 1, in each 
case, which can be attributed to rotation of the isopropyl 
group becoming slow on the n.m.r. timescale. From the 
coalescence temperature of ca. —135 "C, a barrier of 6.2 
kcal mol"* can be calculated, and the free-energy dif
ference between conformations at —145 “C is 0.28 kcal 
mol"*. As the relative positions of the major and minor 
signals appear in the opposite sense to those of (5) (see 
Table), it may be that the more stable conformation for 
(11) is, by contrast, not like (6) but like (7) (with t-butyl 
replaced by 1-pyrrolidino).

These results combine to suggest that for an isopropyl 
group attached to an olefin with appropriate vicinal and 
geminal substituents, two conformations of similar 
energy and n.m.r.-accessible rotational barriers can be 
expected. From this point of departure a systematic study
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of rotation about bonds in olefins, with barriers
of widely varying magnitude, may be possible.

E xperim en ta l
N.m.r. Spectra were measured using a Varian XL200 spec

trometer; samples were ca. 0 .0 5 m in chlorodifluoro- 
methane-dichlorofluoromethane (ca. 1 : 1 )  with ca. 10% addi
tional [^H^Jmethylene dichloride as lock and containing tetra- 
methylsilane as reference.

The preparation of (8) has been described previously.*^ 
Compound (5) was prepared by heating l,l-di-isopropyl-2,2- 
dimethylpropan-l-ol in hexamethylphosphoric triamide for 
3 h.*  ̂ The reaction product was mainly the rearranged olefin 
3,3-di-isopropyl-2-methylbut-l-erté and 1, l-di-isopropyl-2,2 
dimethylcyclopropane.*^ The' products were separated on a 
3/8 in o.d. 20 ft column of 20% Carbowax20Mon Chromo- 
sorb W 6 0 -8 0  mesh, with an oven temperature of 70 “C and a 
nitrogen flow-rate of 176cm ^m in~*, when 3-isobutyl-2,4- 
dimethylpent-2-ene (5) emerged after 46 rain (Found: mje 
154.1713. Calc, for C n H n : A/, 154.17214). Com pound(ll) was 
prepared by condensation of pyrrolidine and 2,4-dimethyl- 
pentan-3-one in benzene in the presence of titanium tetra
chloride.*^ Compound (11) is unstable to heat and to column 
and gas-liquid chromatography, but could be obtained almost 
free of contamination (mainly by the ketone) by careful dis
tillation at low temperature and high vacuum, b.p. 39 "C at 2 
mmHg.
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Abstract : The preferred conformation and conformational
dynamics of 2 , 2 , 3, 4-tetramethyl-3-_t-butylpentane, 2,2,4- 
trimethyl-3-;t-butyl-pentane, and its cyclic analogue cis-2,2,4,6- 
6-pentamethyl-iso-propylcyclohexane are determined by dynamic 
nmr spectroscopy. Molecular Mechanics calculations for each 
compound help to illuminate the interpretation of the 
experimental measurements. In each case the most significant 
potential minima are two stable distorted gauche-ones separated 
by about 180° of rotation, and a much less stable trans-one, so 
the rotational barrier is two-fold.

While the barrier to ratation in simple polysubstituted ethanes like, for 
example ^ appears to correlate reasonably well with the interactions to be 
expected in an eclipsed transition state^'^, it has become apparent from studies 
of more highly branched compounds, and from analysis of the details of molecular 
mechanics calculations^’^, that other less straight-forward factors may be 
important in determining the barrier. Further, in such highly-branched compounds, 
simple symmetrical staggered conformations may involve strong long-range
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3interactions, so that ground-state conformations may he of unusual structure.
High or low barriers to conformational interconversion may result largely as a 
reflection of the stability or instability of these unusual ground-state 
structures.

In one of the most impressive examples of this, tetra-tert-butylethane.
27,8,3,10^ the typical three-fold rotational potential of ethane is greatly
distorted. Two enantiomeric conformations 2 4̂ ('gauche-like'), are populated^
while the third staggered one with the methine hydrogens anti is much more
unstable. Osawa^^, has calculated that the symmetrical anti-conformation 2 is
actually an energy maximum, and that in the total sweep from one gauche
conformation through the anti-one to the enantiomeric gauche-one, 8 ^
the only minima encountered are so shallow and of so high relative energy as to be
insignificant in the conformational discussion. The three-fold rotational barrier
of ethane has been transformed into a two-fold barrier, and although it has not

)Ur 
11

been measured it is likely to be at least 4 0 k c a l / m o l ^ ' b y  analogy with similar
compounds'

These ground-state conformations for 2 are in fact, particularly stable 
points in a congested rotational cycle, and a high barrier to rotation is the 
result. In a comparably complex molecule with no conformât ion in which congestion 
is low, rotational barriers will be small. Tri-t_-butyImethane with a barrier of 
only about 8kcal/mol^^, is one example.

The steric interactions in 2 which lead to this conformational situation are 
worth considering.^^ Two _t”t)utyl groups attached to the same carbon atom interact 
strongly with each other, and with the two t-butyl groups at the other end of the 
ethane bond. The most significant distortions to accommodate these interactions 
are firstly the opening of the t^-butyl - "S'- ^-butyl bond angle, secondly 
synchronised rotation of individual jC-butyl groups and individual methyl groups 
away from perfectly staggered conformations, dihedral distortions, and thirdly 
coupled to this, rotation away from a staggered conformation about the central 
ethane bond, another dihedral distortion.

These are all interrelated of course, for as diagram 5 for the anti- 
conforrnation emphasizes, the Newman projection of each end of the ethane becomes 
markedly T-shaped. The tert-butyl groups on adjacent carbons are thus close to 
each other in this conformation 5 (the one supposedly favoured by summing gauche- 
interactions), and conformations 3 and 2 represent the best ways of fitting two 
T-shaped Newman projections together.

As a consequence of these observations of a high two-fold rotational barrier
for tetra-tert-butylethane and other similar ones^^,11a,11b^ Tlamm-ter Meer,

11cBeckhaus, and Riichardt subsequently synthesized the diastereomeric
1,2-bisadamanty1-1,2-bis-tert-butylethanes and separated the racemic diastereomer 
into stable rotational isomers (atropisomers due to hindered rotation in a 
saturated acyclic alkane).

Compound 2 is one of several examples of tetrasubstituted ethanes HCKL— CHMN, 
6, adopting unusual conformations,and similar behaviour is shown, albeit less 
spectacularly even in simple compounds of this kind. In 2,3-dimethylbutane 
(,6, K=L=M=N=CHg) , the conformations 7 and 8 with two hydrogens gauche (and thus 
with formally three gauche methyl interactions) are of energy more or less equal
to that of the anti-conformation 9, (with formally only two gauche-

13 14 interactions) '
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Intermediate members of the series HCKL CMNH can be expected to
show interesting behaviour. We have already investigated tri-isopropyImethane,
(6, K,L,=isopropyl, M , N = m e t h y l ) a n d  we now want to report on some further 
examples. Each compound of this type merits discussion in detail so we will 
restrict ourselves here to reporting the compounds 3^, and 1^, For compound
10. the conformation about the central bond shown, and that of each tert-butyl 
group, and the barrier to rotation of each of these bonds is of interest. 3JL 
(with the methyl and isopropyl groups in a cis-1,4-arrangement on the ring) is a 
close cyclic analogue of 3^ in which the conformation and rotation of the 
isopropyl group are the principal points of interest. The pentasubstituted ethane 
12 will be compared with 3^ to which it is related by addition of one methyl 
group.

Y7e have also investigated compound 3^, its corresponding methylated analogue 
14, and compound 3^, the methylated analogue of tris-iso propylmethane but so much 
of their conformational behaviour is a reflection of the interaction of isopropyl 
groups when attached to the same carbon atom, that we will discuss these compounds 
in a separate paper^®, referring to them only briefly as they are relevant to the

R Me
\  /

CX CH
/  \

/ - P r  Me

l/J)  R = /-B u  , X = H 

( / ^ )  R = /-B u  , X = Me 

(/S) R « / - P r ,  X -  Me

discussion of compounds 3^, IjL, and 12.
The evidence for the conformational situation in these heavily congested 

molecules comes in three forms. NMR coupling constants between the two methine
protons in GEKL CMIÎH should give an indication of populated conformations.
Dynamic nmr measurements should allow the determination of rotational barriers, 
and molecular mechanics calculations should give a fairly detailed indication of 
the structure of the ground-state conformations, and the potential energy diagram
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for their interconversion.
The nature of the results which emerge from molecular mechanics calculations 

of crowded molecules are quite familiar now,®’^̂ , but general comments as 
introduction to the present calculations are worth-while. Bond-angle distortion 
and dihedral distortion are relatively less energy-expensive than bond-lengthening. 
J o t  tertiary carbon atoms, bond-angle distortion will be particularly important, 
for C-C-C bond opening can be compensated by H-Ü-C bond closing.® Dihedral 
distortion is likely both with tertiary and quaternary carbons, but is particularly 
favoured when two tertiary carbons are adjacent as in 2, 1^, and 1^, because
the near-eclipsing interactions (see 2 ^nd £) each involve hydrogen as one 
substituent and so are relatively small.

Molecular Mechanics are less generally successful in calculating rotational
barriers which match e x p e r i m e n t ^ ® ' o f t e n  predicting enthalpies of activation
which are much smaller than experimental free energies of activation. This
apparent discrepancy is reduced if a negative entropy of activation for rotation

19is measured or can be imputed . The quality of the experimental data in the 
present work was not good enough to allow the determination of rate constants over 
a wide range of temperatures, from which an entropy of activation for rotation 
might be derived. We have however calculated rotational potential energy diagrams 
for 1 0 - 1 2 ^ ® ' , ■ and these are reported and discussed later in this paper.

Compound 3^ is an analogue of isopropyl-di-tert-butyl phosnhine 3^ which has 
been studied by Rithner and Bushweller^^. The substituents are similar, but since 
the phosphorus-carbon bonds are about 20% longer than carbon-carbon ones, the 
interactions we have highlighted will be considerably smaller. The barrier to 
rotation of the tert-butyl and iso-propyl groups is measured to be 6.7 and 4.8 
kcal/mol respectively. In the ground-state conformation, the hydrogen-carbon-

Y /-B u  f-B u  CH3  <7 ) R s M e  = 2 0  Hz

W c H .
/  \  / P r  1 4  Hz

R C H 3  ( /)  f-B u 0  8  Hz

( //)  {/a)

phosphorus-carbon dihedral angle is calculated to be 32° corresponding to a 
structure and the anti-conforrnation is calculated to be about 3.8 kcal/mol less 
stable than the gauche ground-state one.

Results
Hellmann, Beckhaus and Ruchardt^®’ have reported some aspects of the nmr 

spectra of the 18a, 18b, and 18d (=10). We have re-examined these compounds and 
in addition compounds 18"̂  ( =13)^®and 11, determining precise values of the coupling 
constant between and Eg by spectral simulation. The results are reported 
alongside diagram 3^ for these compounds. For ^  the coupling constant is 1 ..15 
Hz, while for tetra-tert-butylethane, the corresponding coupling is 2.0 Hz®.

NMR spectra of - 3^ are temperature-dependent and are described in Table 1 
(proton) and Table 2 (carbon-13). The following are the significant facts.

The proton-decoupled carbon-13 spectrum of 3^ at 100°C shows the expected five 
singlets. Figure 1 shows the upfield region of this spectrum at several
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Table 1
Proton Chemical Shifts (6) and Coupling Constants^(Hz) for z
compounds 10, 11, and 12. 'B' 
'E' represents a CH^ group.

and 'D' represent CHj groups;
p \

1
B

[)

COMPOUND TEMPERATURE 6A 6B 6z 6D OTHER 6, J

10 Ambient 2.19 1.15 1.10 1.08 8
Z = H -75° 2.19 1.15 b 1.08 1.10
Y = H (1:1)

-140° c 1.16 c d

11 Ambient 2.14 1.13 0.98 1.08(eq) Y=l.75(H), 0.85(Me), J=6.4
Z = H 

H 1.01(ax) E=1.37(eq), 1.14(ax), J=14.0

'̂a b” '̂''* “̂a z"^'^^’ '̂ey"'̂ '̂ ’
iHj -150° c 1.15 c d

12 Ambient 2.08 1.17 0.85 1.09 ^J=7.2
Z = Me -75° 2.12 1.19 0.88 0.99 1.08 1.26
Y = H (1:1:1)

-100° c c 0.87 c

Footnotes: a) Arithmetic values, 
observable at very low

sign not determined, b) covered by other signals, c) not 
temperatures, d) complex.

Table 2 z
Carbon-13 chemical shifts (5) for compounds 1C , IT, and
12 at various temperatures (°C).

Y --- C g — C 5 ^
Y ---— C o

COMPOUND TEMPERATURE ÔA 63 6C 60 6F. OTHER 6

i£ +50° 61.3 30.1 7.3.3 37.2 31.5
Y = H -50° 59.8 29.7 26.7 19.1 

(1:1)
37.2 36.8 

(1:1)
31.6 30.5 

(1:1)
Z = H -125° 58.5 29.6 26.5 19.1 

(1:1)
37.1 36.6 

(1:1)
36.9 33.8 23.8 

(1:1:1)
33.9 32.1 25.2 

(1:1:1)
n 35° 55.8 29.7 29.1 36.0 24.6 33.7 50.4 (CH^) Y=25.4(CH) 23.6

Z = H -140° a 28.9 26.6 30.0 36.0 21.1 28.2; 31.3 35.8 
(1:1) (1:1) 24.8 23.5(CHj)

" S .
45.5 52.0 

(1:1)

12 25" "" 48.4 35.2 23.3 42.6 31.6 Z=22.4
Z = CH_ -50° 47.6 34.8 23.7 42.5 32.3 31.7 30.5 

(1:1:1)
22.5

Y = H -100° 47.1 34.5 24.4 a 
(1:1?)

42.4 42.2
(i:i)

32.5 31.9 31.8 31.0
29.6 a (1:1:1:1:1

22.5
1)

Footnote : a) obscured by solvent or other peaks.
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Figure 1
Upfield region of the proton decoupled 
carbon-13 nmr spectrum of (;t-Bu)2C(H)^-Pr, 
10 ax various temperatures. Three 
singlets split to doublets when isopropyl 
group rotation becomes slow (-50°) viz 
the isopropyl methyl (623.3) and the 
primary (531.5) and quaternary (637.2)
;t-butyl carbons. At temperatures below 
-75° as rotation of xhe two ;t-butyl groups 
becomes slow, the two ;t-butyl methyl 
singlets A+ split to triplets at 
different rates (-125°).

5 0 '

- 5 0 “

+  A

+  A*- A

4 0 3 0 20

25

Figure 2 
13C nmr spectrum of 12,

- 5 0 ”

J l

- 8 0 ”

- I S O ”

(jt-Bu ) gC( Me ) i^-Pr, ax various 
temperaxures. The t-butyl 
methyl singlet at 631.5 
splits to three singlexs as 
;t-butyl rotation becomes 
slow (-50°). Each of these 
three, the isopropyl methyl 
carbon 623.8 and the 
quaternary _t-butyl carbon 
642.6 splits to a doublet 
when the isopropyl group 
rotation becomes slow (-150°

4 5 4 0 35 3 0 25
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temperatures. Below about 60° the iso- propylmethyl signal, the tert-butyl methyl 
signal and the quaternary tert-butyl carbon signal broaden and each splits to two 
equal signals at slightly different temperatures below about -29°. Below about 
-60° the two tert-butyl signals broaden further then each splits below -79° and 
-99° respectively to give a 1:1:1 triplet, see Table 2.

The first changes correspond to iso-propyl group rotation (19^^20) becoming 
slow on the nmr timescale, and from the temperature of coalescence the barrier to 
this process of 11.5 kcal/mol at -29°. The two tert-butyl groups in 3^ (or 20) 
are different on the nmr timescale at this low temperature and the changes in

f-B u
Me

( /P)

the nmr spectrum on further cooling correspond to rotation of these tert-butyl 
groups becoming slow on the nmr timescale and a complete line-shape fit of spectra 
suggests barriers to rotation of 8.4 and 7.6 kcal/mol at -79° and-99° 
respectively. Analogous changes are observed in the proton nmr spectrum see Table 
1 , but at very low temperatures a complex overlapping set of broad signals, 
difficult of analysis, is observed. Nothing incongruous with the carbon-13 nmr 
spectrum interpretation was observed.

Both the proton and carbon-13 nmr spectra of ^  are temperature-dependent, and 
Figure 2 shows the latter spectrum with proton decoupling at a range of
temperatures. Tables 1 and 2 give full details of both sets of spectra at several
different temperatures of particular interest. The most striking aspect is that 
as the temperature is lowered, changes are first seen in the tert-butyl methyl 
signal without changes in the iso-propyl signal. The singlet splits into three 
singlets below about -41° indicating that there is a barrier of 11.0 kcal/mol to 
the rotation at that temperature. At slightly lower temperatures the iso-propyl 
methyl signal splits to a doublet, as do each of the three tert-butyl singlets 
indicating that rotation of the iso-propyl group is now slow on the nmr timescale 
with a barrier rotation of 9.0 kcal/mol at -84°.

The nmr spectra of compound 11 are reported in Tables 1 and 2. In the
carbon-13 nmr there is a doubling of certain signals at temperatures below about 
-120°. If the cis-compound 11 can be assumed to adopt a chair conformation with 
the unique methyl-group equatorial and the isopropyl group axial see 21. a-nd 2 2 , 
these changes correspond to iso-propyl group rotation ( 2 1  ̂ =^2 2 ) becoming slow on 
the nmr timescale at these low temperatures. Because of the ring structure there 
are no complications from other rotations. The barrier to the iso-propyl group 
rotation is calculated to be 6 . 6  kcal/mol at -124°.
Molecular Mechanics Calculations

Acyclic molecules ^  and ^  and the two chair conformations of 3A, viz. iso- 
propyl—axial and isopropyl—equatorial 23 have been examined. Table 3 reports
molecular parameters calculated for the ground state conformations of these four 
structures using Allinger's MM282 p r o g r a m ^ T h e  potential energy diagram for 
rotation of the iso-propyl group in each of these four structures as calculated 
by driving the H-Cg-C^-Z dihedral angle (see Table 3) are shown in Figure 3.
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The vicinal coupling constant between the methine hydrogens in 3^ and 11, 

0.8Hz and 1.15Hz respectively, indicates that the adjacent carbon-hydrogen bonds 
are near orthogonal. There are four commonly-used equations linking dihedral 
angle between two carbon-hydrogen bonds to the vicinal coupling constant^^~^^
Two of these^^’̂ ® do not admit of the coupling constant being as low as the two 
measured values, at any angle. The other two relations suggest that the dihedral 
angle is about 74° or 104° for 3^, = 0.83Hz, and about 72° or 106° for 11,

= 1.15Hz. The citations of these references give the relation used and
specific values of dihedral angles and corresponding calculated coupling constant.

Application of these four equations to compounds 3^ and thus sheds no 
clear light on the question of their conformation, and serves as a caution 
against seeking to derive much detail from the proposed relations. Conformations 
with unusual dihedral angles near to 90° are suggested, but nothing more precise 
than that.

The source of the problems may be that in 3^ and 3Ĵ , there are large 
distortions from ideal ethane-like conformations, not only dihedral distortions, 
but others involving bond angles and bond lengths which may affect the 
applicability of these equations. In any case, these equations are derived from 
experimental measurements on compounds with their own particular distortions 
(e.g. bicyclic compounds), or with the modifying influence of electropositive or 
electronegative substituents, so lack of general applicability is hardly 
surprising.

It is interesting that in the compound 2̂ the coupling constant of 2.0Hz is 
not as small as in ^  and 3Ĵ . This is best taken as an indication that the 
dihedral angle is even more distorted away for 60°, beyond the angle around 90° 
which gives a minimum coupling constant, into the region where the coupling 
constant is increasing again. In the bis-1,2-adamantyl-bis-1.2-tert- 
butyImethane analogues of 2, the dihedral angle is 108.8° and 106.6° 
respectively^^c. From these values the various equations relating coupling 
constant to dehedral angle would predict couplings of 1.80-2.17Hz^^, 
2.35-2.56Hz^'^, 1. 34-1. 67Hz^^, and 3. 38-3. 67Hz^® respectively.

The set of barriers for iso-propyl group rotation reported in this work is 
quite remarkable as the collation in Table 4 indicates. The barrier in 3^ is 
strikingly large when compared with less-substituted and more-substituted
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TABLE 3
Molecular Mechanical Calculations of

Conformational Enthalpies, and structures
for compounds 1^, X = Z = H ;  21, 23, Y =
— C(H)CH„— , Z = H; and 12, Y = H, Z = CH,

1 2Three bond angles at C (and C ) are greater 
than 109.5°,'opened up', and three are less 
than 109.5°,'closed down'. The Bond angle

"3"

C*®H3
L .1

C^H

Y----

entries are the mean values of three such 
angles in each case. A Dihedral angle is the C “H 3

arithmetic difference between calculated
values and 60° (or 180°).

ENTHALPY TERMS (kcal/mol) 1 0 21 23 12

Total Steric Energy 32.07 34.34 36.43 45.57
Bond Length Distortion 4.27 4.04 3.51 8.59
Bond Angle Distortion 1 0 . 1 0 9.17 1 1 . 1 0 11.91
1-4 van der Waals 8.15 10.61 11.47 9.21
Other van der Waals 2.30 1 . 1 1 -0.85 6 . 8 8

Torsional strain 6 . 2 0 8.41 10.30 7.49
BOND LENGTHS

C^— C^ 1.571 1.568 1.561 1.594
C^— C'̂ 1.584 1.581 1.570 1.622
C^— C® 1 .578 1.572 1.567 1.609

BOND ANGLES (° )
Mean opened-up bond angle at C^ 116.2 115.2 116.3 113.3
Mean closed-down bond angle at C^ 101.5 102.8 101.3 105 . 3
Mean opened-up bond angle at 114.6 114.5 113.8 114.8
Mean closed down bond angle at C^ 103.6 103.7 104.6 103.3

DIHEDRAL ANGLES
Mean A, Z-C^-C^-C 1 1 . 0 2 2 . 8 3.90 15.0
Mean A, Z—C —C —C 18.1 24.4 8.70 16.8
Mean A, Z-C^-C^-C/H 27.8 9.5 34.0 21.9
H-C^-C^C® 2 1 . 0 43.2 14.2 31.2
H-C^-C^-C® 164.7 179.1 156.8 163 . 8
H-C^-C^-Z 86.5 67.0 93.0 80.8

TABLE 4
Barriers (kcal/mol) for iso-Propyl Group Rotation in 
R^RgRgC----^-Pr .

Compounds of the type

^1 ^2 ^3 Barrier | R eference

CH3 CH3 H 4.5 13
CH3 CH3 CH3 6.9 28, 27

^-Pr 2 -Pr H 6 . 6 15
^-Pr ---C(Me ) 2 CH2--- 6.5 29

10 jt-Bu ^-Bu H
S.

1 1 . 0
98(calc)

This work

11 2 ,2 ,4,6 ,6-pentamethylcyclohexyl 6.5
6 .2 2 (calc)

This work

12 t-Bu t-Bu CH3
6 .

8.9
30(calc)

This work
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compounds. The barrier in 3JL contrasts with that in 1^, and is of the same order 
as that in much less substituted compounds. The barrier for the most highly- 
substituted compound is not particularly large.

21
18

15
12 4812

9
2J

6 226
3
O

12
9
6
3
O

8 98 
6 6 -

80-S' 86 5*

O 6 0 120 180 2 4 0 3 0 0 3 6 0

Fiq. 3 H - C - C - H ( M e ) - D i h e d r a l  Angle (°)

The rationalisation of such a set of results, as is often the case in 
crowded molecules, is best done in terms of the stability of the ground state.
For a set of such molecules with a similar rotation process, it seems somehow 
that the transition states, which are equally important of course in determining 
barrier size, are nonetheless more homogeneous in their total strain. Consider 
10 and 1^ in the light of molecular mechanics calculât ions (see Table 3 and Figure 3 ).

Increasing methyl/tert-butyl torsional angles to reduce their ground-state 
interactions must lead to a reduction of other torsional angles. In the two
torsional angles which are particularly small both involve an undemanding hydrogen 
atom. As a result, rotation away from 60° to diminish strain is as much as 26.5° 
(if the H— C— C— H dihedral angle of 86.5° is taken as criterion). In 3^ compared 
with ]^, one of the undemanding hydrogens has been replaced by a methyl group and 
the corresponding ground-state dihedral angle is only ± 80.8°. Overall torsional 
interactions in ^  are thus less reduced in the ground state, and there is in 
addition a new methyl-methyl torsional interaction at only 31° dihedral angle.
This last interaction actually diminishes in the transition state with a dihedral 
angle of 60° and so favours a lower barrier.

A second important feature of 1_0 (and of as it happens) which is absent 
in is the hydrogen atom substituent at each end of the bond. Opening of 
C— C— C bond angles at both ends of the bond in relieves strain between geminal 
substituents but must be accompanied by closing of H— C— C bond angles. In 3^ 
the additional methyl group will destabilise the ground state by resisting this 
closing, and the calculated bond angles for ^  and 1̂  reflect this point.

The third significant feature emerging from the calculations is the much 
greater total steric strain in the ground state of compared with 45.57
kcal/mol compared with 32.07, even although there is only one additional CH,,- 
group. Part of this difference arises from the first two features as discussed, 
but without looking at the total strain in any more detail, these three features 
make it easy to assign the low barrier to increased strain in the ground state.
The calculated barriers (See Table) while not reproducing magnitudes to agree 
with the experimental values, do find the difference in strain between
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transition states to be less than that between ground states, i.e. the barrier 
is calculated to be lower in 1 2 .

Rotation between the two enantiomeric ground states of and 1^ is 
calculated to take place more easily through the anti-conformat ion rather than 
through the 0° eclipsed one, see Figure 3. In both compounds, the perfectly 
staggered 180° anti conformation is calculated to be the high-energy point in 
rotation, reflecting the large destabilising parallel-1 ,3-interactions associated 
with such staggering. The 120° eclipsed conformation is indeed an energy maximum, 
but the staggered 180° conformation between these two is even higher in energy.
The anti-conformation is much higher in energy than the ground-state skewed- 
gauche conformations 40° or 50° on either side of perfectly staggered. The 
overall picture for both compounds is of two well-defined minima separated by 
187° or 198,4° of rotation through a barrier whose profile includes some local 
minima of insignificant population, in other words, a two-fold rotational barrier 
with a perfectly staggered transition state.

The barriers are not high because they are two-fold— there is a low two
fold barrier in Nor are the barriers high because they involve rotation
through a large arc—  the larger rotational arc of 1^  leads to a lower barrier 
than in 1 0 .

It is particularly noticeable that the iso-propyl rotational barrier is much 
lower in the cyclic compound IT than in 1^. It is not uncommon that the 
rotational barrier should drop when the substitution pattern is incorporated in 
a five or six-membered ring 19,30,31 This may be attributed to two causes. The 
restrictions of the cyclic system may prevent the ground-state conformation from 
relaxing to the least strained arrangement that the acyclic system achieves.
This restriction must be less important in the transition state. Secondly, the 
acyclic compound has rotational degrees of freedom not present in the cyclic one, 
which are likely to be constrained in the transition state for rotation. This 
entropy effect will tend to produce a higher free energy of activation in the 
acyclic case. Larger rings with much more freedom of motion give rise to
rotational barriers^^directly comparable to acyclic analogues.

H

H
Me

/ - P r
Me

CH
Me

Me

H

i2S) i26)
The results and calculations for the compound ^  deserve some discussion 

beginning with the question of its configuration and its conformation. From 
its synthesis by the hydride reduction of the corresponding olefin it was
expected that the compound we had prepared was the cis-compound 12 rather than 
its trans-epimer. The nmr spectrum showed that the ring-methine hydrogen adjacent 
to the methyl group has coupling of 5.5Hz and 10.6Hz to the two pairs of ring 
hydrogens next to it. This is consonant with that methine hydrogen's being axial 
and the ring-methyl group's being equatorial. A cis-configuration implies then that 
the iso-propyl group is axial. This is not unreasonable, for in an idealised 
cyclohexane ring, the preference which substituent X has for an equatorial 
conformation more or less disappears when that substituent is flanked by four
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methyl groups at positions 2 and 6 (see diagram comparing Z = H, Y = CH^, 
with Z = CHg, Y = H).

We found from our molecular mechanics calculations that the barrier to 
rotation of an equatorial isopropyl group in conformation ^  of 3^ should be 
6.28 kcal/mol, while for an axial iso-propyl group in conformation 21 of 11 

it should be 12.48 kcal/mol. The barrier we measured experimentally is 6 . 6  

kcal/mol which agrees with an equatorial iso-propyl group. This with the 
demonstrated equatorial conformation of the methyl group could be taken to imply
that the compound we had prepared is of the trans-configuration.

There is an alternative explanation however of the nmr observations in terms 
of the cis-configuration which the compound used undoubtedly has. Thus the 
ground-state conformation is as 2 1 , but the route to the isomeric rotational
conformation 22 involves ring inversion to an iso-propyl equatorial conformation
24, rotation by the low 'equatorial iso-propyl' path 24^=^ 23, then finally reverse 
ring inversion to give 2 2 .

The barrier to ring inversion 21^=^24 is expected to be 8 kcal/mol or less as 
the progressively decreasing barriers 28a-28c indicate. Conformation 21 is 
calculated to be less stable than 21 by 2.09 kcal/mol which implies a population 
on only 0 .1% at - 1 2 0° so it is not surprising that no signs of this conformational 
exchange (e.g. anomalous signal broadening) are seen in the low temperature nmr. 

Me Me

X

X Y

AG* R eference

[28a) X = Y=H 10.3 3 4
[280] X = H , Y= Me 8 .7 35
{28c) X= Y = M e 8.0 3 4

The rotational barrier is measured to be 6 , 6  kcal/mol for compound 21 (and is 
calculated to be 6.22 kcal/mol in conformation 24)« One cannot reasonably insert 
a ring-inversion barrier of about 8 kcal/mol into the inversion pathway, and claim 
that the calculated and experimental values agree well, but if rotation and ring 
inversion are interdependent rather than discrete processes, and if the 
calculated 'axial iso-propyl' rotational barrier of 12.48 kcal/mol is kept in 
mind, the roundabout rotational pathway 21^=^24;?=i 23^=^22 is perhaps not too 
improbable.

It is comparably valuable to list in Table 3, some known tert-butyl group 
rotation barriers. There seems to be an upper limit of about 12 kcal/mol for the 
barrier for a tert-group attached to a saturated hydrocarbon fragment, and this 
is clearly linked to increased strain in the ground state, largely associated 
with long-range parallel-1,3-interactions. When substituents other than alkyl
Table 5 Barriers (kcal/mol) for the tert-butyl group rotation in compounds of the 
type ——  C ( )g

Rl Rg R3 Barrier Reference

CE3 CH3 H 
CH3 CE3 CE3CE3

CH3 CH3 0 (0 5 3 )3 .t-Bu 
2 t-B\i 0E(2-Bu)y E 
10 _t-Bu E 
12 _t-Bu CE3

6.9
9.4

11.74
7

7.6, 8.4 
1 1 . 0

27, 28 
5
33
7

This work 
This work
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groups hinder rotation— for example halogen atoms, higher barriers may obtain^®. 
Another strategy for high barriers is to arrange that torsional and longer range 
interactions are minimised in the ground state and maximised in the transition

37state, as in triptycyl or fluorenyl compounds, when much higher barriers result 
the tert-butyl group rotation barriers of 8.4 and 7.6 kcal/mol for ^  are 
therefore not unusual in size, and it is reasonable that such chemically 
different groups within the same molecule show different barriers. Similar 
behaviour has been observed for We believe that the lower of the two
barriers observed is for a tert-butyl group with a more hindered ground state, 
i.e. the one gauche to both iso-propyl groups. More worthy of note perhaps is 
the increase in barrier in going to ^  with one more methyl group, a quite 
uncommon sort of substituent effect in such highly-branched molecules.

It is worthwhile making some general observation on the molecular mechanics 
results in Table 3. Bond-lengthening in and ^  is only 3 or 4 picometers but 
when there is the additional quaternary centre in lengthening of as much as 8

picometers is calculated, and at the same time bond angle and particularly the 
H-C-C-C dihedral angle are less removed from ideal values than in ^  and 11.
Bond-lengthening is a route to strain minimisation adopted when bond-angle 
distortion and dihedral distortion become energetically expensive. These two 
latter distortions are present however to a greater or lesser extent in all 
fragments of all structures. The potential energy diagrams of Figure 3 bring out 
well the two-fold nature of the rotation- in a 360° rotation there are two well- 
defined minima.

Concluding Summary
The compounds 3^ to 3^ indicate in their observed and their calculated 

behaviour, the extent to which distortion away from ideal saturated hydrocarbon 
structure can happen. The particular feature of the 1,1,2,2-tetrasubstituted 
ethanes is rotation away from 60° staggered conformations, opening of certain bond 
angles, and the closing of others (involving hydrogen). A two-fold as opposed to 
the usual three-fold potential results, and further substitution produces lower 
rotational barriers. A ring system as substituent leads to lower barrier to 
rotation than a formally-equivalent acyclic substitution pattern.
Experimental

The synthesis of 3^ and i^20,21a ^ of 11^^^ have been described elsewhere.
NMR spectra from a Varian XL200 spectrometer are for^^O.lM solutions in*/4:4:1 
CHFClg:CHFgCl:CDgClg. Errors in the reported coupling constants arising from the 
assumptions made inspectral simulation and from digitisation are estimated to be 
tO.lHz. Errors in the free energies of activation quoted arise from the 
simulation method, and more particularly from uncertainties as to sample 
temperature (which was taken form the spectrometer's thermocouple calibrated by a 
methanol or a 2 -chlorobutane thermometer), and are estimated to be ±0 .3kcal/mol.
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Synthesis of 13,14-Dialkylpicenes and Hindered Rotation of th e  Alkyl Groups as 
Studied by Dynamic NMR spectroscopy and Molecular Mechanics Calculations

J. Edgar Anderson* and BerndR. Battels
Chemistry Department, University College, Gower Street, London WC1E 6BT

The synthesis of four 13,14-dialkylpicenes is reported. NMR spectra at various tem peratures and 
molecular m echanics calculations indicate that while the «-carbon atom s are near the aromatic plane, 
the remaining carbon atom s are above or below  the plane, the tw o substituents being trans in that 
way. There is a barrier to  rotation of alkyl groups through the plane of the ring to interconvert u p - 
down and d o w n -u p  conform ations of 1 1 -12  kcal moM, which is dependent on the substituent.

The most significant feature of the conformational analysis of 
substituted alkyl benzenes, which occur widely in organic 
chemistry, is likely to be the steric interaction between the 
phenyl group and the alkyl sidechain. For a primary alkyl group 
CH2X  if X is large, analysis seems simple—the ground state will 
have the CH%-X bond near to perpendicular to the aromatic 
plane, and there will be a barrier to rotation about the 
phenyl-CH2 bond to move X from one side of the plane to the 
other. Even when X =  t-butyl,‘ the barrier to rotation of the 
CH2X group is only about 4.3 kcal mol~^f Simple substitution 
raises the barrier slightly as the series (l)-(4) indicates (see the 
Figure), but the effect is small, since a single substitution leaves 
one orrAo-position unhindered, so rotation can take place. 
Substitution of both orrAo-positions is required before high 
barriers to CH2X rotation are found; compound (5) is an 
example.^'*

CHgBu*

(1) 4.3’

Bu«H

CHjBu*

CHgBu'

(2) 5.3 (3) 5.8’

CHgBu*

(5) 162^-*(4) 7.4=

Figure. Rotational barriers/kcai mol"

Conformational analysis of aromatic systems is complicated 
by the fact that as congestion increases, abandonment of 
aromatic planarity may be more attractive energetically than 
the more usual distortions of simpler molecules. Phenanthrenes 
with C H 2X substituents in the 4 and/or 5-positions reflect 
a delicate conformational balance. 4-Methylphenanthrene 
appears to be planar while the 4,5-dimethyl compound has these 
groups twisted 33* on either side of the plane.^ In the former 
case, with the methyl group in the plane, the methyl rotational 
barrier in the solid state ̂  is 5.1 kcal m ol"\ much higher than in 
the latter case, 13 or 2.7 kcal mol~‘. In the compound (6), 
substituents are displaced on either side of the mean plane of the

HgC CHg 
CHajji OCCH3  

O O 
(6)

H,C,

'CH. HoC

(8)

aromatic system and there is a high barrier of 18.1 kcal 
mol~  ̂ to interconversion of enantiomeric structures which can 
be represented diagramatically as (7) and (8).

We now report a new series of compounds, the 13,14- 
dialkylpicenes (9), which appear to be planar, and which by 
combining aspects of orfAo-substitution and of the phenanthrene 
framework, have a particularly high barrier to Ar-CH2X 
rotation.

Results and Discussion
Synthesis.— 13,14-Dialkylpiccnes (9) have not to our know

ledge been previously reported, but are readily prepared by 
oxidative photocyclisation of bis-(l-naphthyl)dialkylethylenes 
(10) which are synthesised by titanium-mediated dimérisation 
of 1-alkanoylnaphthalenes. By this means, (9a-d) have been 
obtained as sharply melting solids, see the Experimental section.

D ynam ic N M R  S pectroscopy .—The proton NMR spectrum 
of the a-CH 2-group of (9b-d) is temperature-dependent, see 
Table 1. For the ethyl compound (9b), this signal appears as a 
spin-coupled quartet at 50 *C. Broadening of the CH2 signal 
occurs as the temperature is lowered until about —27 *C, when 
the signal splits. It appears as two multiplets at — 55 *C, the AB 
part of an ABX3 spectrum. Irradiation of the methyl-group 
frequency at this temperature reduces the methylene-group 
spectrum to an AB system (S^b =  287 Hz at 400 MHz, =

f  lea l =  4.182J.
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Tabic 1. NMR data for 13,14-dialkyipiccncs (9a-d).

Nucleus Piccne Substituent Signal
Chemical 
shift (ppm) hnn* ^cotlne.l^ A(7*/kcal mol"'

‘H (9t) methyl «-CH i
-C H , 3.04
aromatic* 7.26-8.66

(9b) ethyl a-C H , 3.59 246 637 1 1 . 1

-C H , 1.31
aromatic 7.57-8.68

(9c) n-hexyl a-C H , 3.49 260 654 1 1 . 8

P—C H , etc. 1.26-1.68
-C H , 0 . 8 6

aromatic 7.45-8.61
(9d) n-decyl « C H , 3.49 262 658 11.9

P-CH , etc. 1.25-1.67
-C H , 0.89
aromatic 7.45-8.62

" C (9m) methyl -C H , 28.75
aromatic* as (9b)*

(9b) ethyl a C H , 32.93
-C H , 14.51
aromatic quaternary 136.6,133.1,130.8,

129.9,128.8
other aromatic 128.2,128.0,126.6,

125.8, 124.7,121.0
(9c) n-hexyl a-C H , 32.88

other-CH, 31.82,31.48,29.73,22.83
-C H , 14.07
aromatic as (9b)

(9d) n-decyl a C H , 32.86
otherC H , 31.94, 31.81,30.02,29.61

29.59,29.36,29.26,22.72
-C H , 14.15
aromatic as (9b)

* Aromatic proton and carbon-13 signals may be assigned by referring to the spectrum of the parent picen e/' * For each of (9a-d), values of aromatic 
chemical shifts were identical to within 0.1 ppm, except that for (9a), where a signal at 5 132.2 replaces that at S 136.6.

13613»
CHjR

(9)a;
b; R.CH) 
c; R .  (CH2I3CH3 
d; R-lCHaJflCHa

RHgĈ  ^HgR 

( 10)

13 Hz). On the basis of a coalescence of the A and B parts of the 
decoupled signal at — 27”C, the rate of interconversion k  =  
it[(8  ̂ +  6/^ )/2]^ is 641 s~̂  at that temperature, whence the free 

energy of activation for the process is 11.1 kcal mol"'. All other 
proton NMR signals and all carbon-13 NMR signals for (9b) 
are essentially temperature independent

The rrans-conformation appears to be less crowded than any 
cû-one and should thus be preferred. While nothing in the 
NMR spectrum proves this, molecular mechanics calculations 
reported below confirm this relative stability.

Similar behaviour is observed in the corresponding CH; 
signals of (9c) and (9d). This is summarised in Table 1, and 
barriers to the conformational process are derived. Changes in 
other methylene-group signals in these latter compounds 
should take place, but could not be clearly distinguished owing 
to signal overlap. In none of the three compounds was there any

sign of a second set of signals at low temperature which might be 
attributable to a second, cis kind of conformation.

M olecu lar M echanics Calculations.—We used Allinger’s 
MMP2 program " to calculate stable conformations of 
compound (9b), and found the rrons-planar aromatic system 
with one methyl group on either side of the plane, represented 
diagrammatic^y as (11), to be preferred. Rather less stable is

CHg CHg

(11)

y CH
k r

(12)

2  H

the cû-conformation (12), while conformations with one 
hydrogen and the methyl of either ethyl group on the same side 
of the plane are all at least a further 6 kcal mol"' less stable. 
Table 2 summarises other relevant details of the two stable 
conformations. The differences in interaction of groups cis  and 
trans lead to the characteristic differences in bond angles and 
bond lengths etc. shown in Table 2 and need not be referred to 
further in this text Insofar as molecular mechanics calculations 
have satisfactorily predicted the non-planarity of 4,5-dimethyl- 
phenanthrenes,^ we feel that the present prediction of an 
essentially planar system for the trons-conformation of diethyl- 
picene, see Table 2, is credible.

Inspection of models of (9b) and non-optimised calculations 
suggests that interconversion of enantiomeric rrons-conform-
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Table 2. Selected molecular mechanics calculated parameters for trans 
and cis conformations of 13,14-diethylpicene

trans cis

Bond lengths/A
Ci3-C;* 1.376 1.375
C i3-C i3, 1.531 1.531

Bond Angles/®
C i4-C ,3-C ,3 , 116.3 116.3
Ci2b“C ,3-C i3, 120.6 120.6

Dihedral Angles/®

C12.-C 12b-C 13- ^  13. -3 .7 —8.5 —6.5
C 1 3«“C , 3-C 1 4 -C 1 4 , 5.7 11.9
C 1 4 -C 1 3 -C 1 3 ,-H  , 3  J 130.5 136.5 -1 1 5 .2
C i4-Ci3-Cj3,-H i3g 29.2 37.7 -5 .8
c  14-C , 3 -C  , 3 , -C , 3  , -9 5 .8 -9 0 .5  108.3

Conformational Energies/
kcal mol"'
Compression 3.8331 3.8256
Bending 11.4439 11.3205
Stretch-bend 0.4397 0.4280
van der Waals (1,4) 17.8063 17.8585
van der Waals (other) 8.3462 8.2383
Torsional -38.9117 -36.1511
Dipole 0.1205 0.1183
Total 3.0780 5.6381
Relative steric energy 0.0 15601

Aromatic non-planarity A,/®*
Rings A-E 0.7,1.0,1.4,1.0,0.7 0.8,1.4,15,1.8,1.4

* For numbering see diagram of (9). * The mean deviadon from 0** for the 
six endocyclic C -C -C -C  dihedral angles for each ring.

CH)

K
CH 
I

oN

(13)

oN
? f

oN—CH— CH—<%N

(14)

(15) (16)

aN = 1 -naphthyl

allons Le^ up-down with down-up takes place via  the cis- 
conformation reached by a rotation of one methyl group 
through the gap between the two ethyl groups, the 13-14 gap, 
rather than the 12-13 gap or the 14-1 gap. Simulation of this 
process by use of the drive option of molecular mechanics leads 
to energies much higher than are found experimentally. This 
suggests that successful simulation requires simultaneous 
management of the rotation of both ethyl groups, which was 
considered too laborious. The rotation of both methyl groups is 
probably much restricted in the transition state, wÛch should 
lead to a negative entropy of activation, and thus, an experi
mental enthalpy of activation somewhat lower than the 
experimental free energy of activation of 11.1 kcal m ol"\

Our studies have been limited to a set of piccnes with primary 
alkyl substituents. During rotation of a chain through the gap 
between the 13- and 14-positions, the P-atom is most involved in 
the hindrance to rotation. The fact that the barriers for the hexyl 
and decyl compounds (9c) and (9a) are not much greater than 
that of (9b) suggests that the y-carbon is directed away from 
interaction with the second alkyl group. A second ^-substituent 
should lead to marked reductions in the rate of interconversion, 
and perhaps to configurationally stable up-down and down-up 
enantiomers of the trans conformation.

Experimental
NMR spectra were recorded for ca. 0.05 mol dm"^ solutions in 
CF2CI2-C D 2CI2 (4 :1) on a Varian VXR400 spectrometer with 
an operating frequency of 400 MHz for protons. FIDs were 
unweighted, acquisition times were 2 s, and at least 8 data points 
per Hz were us«l.

Picenes were obtained as components of the mixture of

products from the photolysis of mixtures of diasteroisomeric 
1,2-dialkyl-1,2-bis-( 1 -naphthyl)ethylenes (10). Ethylenes in 
hexane or cyclohexane as solvent with added io^ne were 
oxygenated and irradiated for periods that varied from 20 
min to 14 h.

The photoproduct is a mixture of compounds the composi
tion of which varies unpredictably with reaction conditions. The 
ethyl compound will serve as an example. Preparative TLC or 
GLC leads to several fractions not all of which were pure.

Compounds (13) (mixture of stereoisomers) then (14) 
(apparently a single diastereoisomer) eluted, which follow the 
unchanged /rons-isomer of the starting alkene (10b). The first 
polycyclic alkene to elute is (15), identified from the simplicity of 
its proton and carbon-13 NMR spectra, followed by the cis- 
alkene (10b). Then the picene (9b), and two structural isomers of 
(9b) follow, which both have only six kinds of aromatic proton, 
but which show one and two kinds of ethyl group, respectively, 
in the NMR spectrum and so may be compounds (16) and (17). 
Formation of anthracenes Le. (15)^17), as well as phenanthrenes 
Le. (9) is not u n p r e c e d e n t e d , n o r  is the migration of the 
naphthalene substituent from the %- to the p-position,^^ as 
implied by structures (15) and (17).

By such means, compounds (9a-d) were obtained. 13,14- 
Dimethylpicene (^ ) , m.p. 274 ®C (Found: C, 93.95; H, 5.9. 
Cj^Hia requires C, 94.08; H, 5.92%). 13,14-Diethylpicene (9b), 
m.p. 197 ®C (Found: C, 93.35; H, 6.65. C jeHjz requires C, 
93.37; H, 6.63%). 13,14-Di-n-hexylpicene (9c), m.p. 232-233 *C 
(Foun± C, 91.15; H, 8.6. C34H38 requires C, 91.43; H, 8.57%). 
13,14-Di-n-decylpicene (9d), m.p. 250-255 ®C (Found; C, 89.5; 
H, 10.0. C42H 54 requires C, 90.26; H, 9.74%).

Ethylenes (10) were obtained from ketones (11) by use of 
titanium(o), obtained from titanium tetrachloride by reduction
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with lithium aluminium hydride***'*’ as a catalyst. Ketones 
were obtained from the corresponding alcohols by oxidation.*® 
These alcohols were obtained from 1-bromonaphthalene and 
the appropriate aldehyde using n-butyl-lithium in solution.*®”’ *
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A bstract

The title compounds have tem perature-dependent n.m .r. spectra from which rotational barriers for iso
propyl and tert-butyl groups can be determined. Molecular mechanics calculations are used to indicate 
the conformations involved in these rotations and other stable conformations, and the possible pathways 
for their interconversions.

Iso-propyl groups when attached to the same atom or adjacent atoms in a molecular fram ew ork have interesting 

conformational properties which have aroused much recent interest^’̂ *^’̂ ’^. Dynamic n.m .r. spectroscopy is an im portant 

technique for such investigations because there are  two equivalent conformational arrangem ents of the general form 1 and 

2 for the iso-propyl groups in such molecules, and approxim ately 180* rotation of these fairly large substituents 1 ^ 2  is 

likely to produce barriers which fall within the range (4-24 kcal/mol), of this technique.

The w ork on iso-propyl groups attached to planar molecular residues has been reviewed re c e n tly \ M uch less work 

has been done on molecules where the two iso-propyl groups are attached to the same sp'-hybridised atom as in 3. In 

such a fragm ent, the straightforw ard question of the conformation along each of the two carbon to iso-propyl bonds is 

overlaid by the question of the through-space interaction between the iso-propyl groups. As the diagram  4 for one 

conformation of the simple molecule 2,4-dimethylpentane (di-iso-propylmethane) illustrates, perfect staggering along the 2- 

3 and 3-4 bonds with large groups antiperiplanar, none the less produces two m ethyl-hydrogen paraIIel-l,3-interactions^, 

which correspond to steric strain of about 1.8 kcal/mol^'

5353



5354
J. E. Anderson and B. R. Bettels
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M e

^-CCCHMe^)^, the questions are  even more complicated as recent investigation

-C-C-H for each iso-propyl

In tris-iso-isopropylmethane ^  H unique
has indicated . There, interest lay in determ ining and explaining the dihedral angles 

group in the molecule. Dynamic N.M.R. measurements and molecular mechanics calculations show^ that 5 exists as a 

mixture of conformations of the gauche, gauche, gauche type, 6, (-g -g -g) and the anti, gauche, gauche, type 7 (a -g -g), 

the latter having enthalpy lower by 0.21 kcal/mol. These two conformations interconvert very rapidly with a barrier 

calculated to be about 3 3  kcal/mol. (+)Gauche and (-)gauche mean th a t viewing from the iso-propyl group towards the 

central unique hydrogen, the relationship is clockwise and anticlockwise respectively. We arbitrarily  decide

to represent trialkylm ethanes (and m utatis m utandis trialkylethanes) as in ^  and to cite the conformation of centres A,B 

and C in tha t order. There exists an equally likely enantiomeric set o f conformations (+g +g +g) 8, and (a +g +g) 9, not 

shown. Rotation of isopropyl groups interconverts the two enantiom eric sets by way of intermediate meta-stable 

conformations like (a -g +g), with a b arrier to this interconversion m easured to be 6.6 kcal/mol and calculated to be 5.3 

kcal/mol.

An im portant feature of the conformational analysis of 5 is that on the basis of calculations the populated ground- 

state conformations (and o ther less stable conformations which need not concern us here), although described in terms of 

gauche and anti, show considerable rotations away from perfectly staggered arrangem ents, considerable increases in C- 

C-C bond angles and decreases in H-C-C bond angles as Table 1 shows, and other less-striking changes.

A com puter can be used to generate an accurate perspective picture of such conformations, but often, atoms 

unim portant in the context being discussed obscure significant bonds, o r vice versa. Free draw n diagram s like 6 or 7, 

which do not show all the atoms of the methyl groups or diagrams with perfect 60* staggering like 4 are  often useful if 

not completely accurate representations of conformational minima. A ppropriate reservations due to these inaccuracies 

should never be forgotten.

In this paper we w ant to discuss three molecules of general type 3, each of which is a m ore highly substituted 

analogue of 5, viz. tris-iso-propylethane 10 (2,3,4-trimethyl-3-[l-methylethyl]-pentane), where the unique hydrogen of 5 has 

been replaced by a methyl group, di-iso-propyl-te rt-butylmethane 11 (2,2,4-trimethyl-3-[l-methylethyl]-pentane), where one 

iso-propyl group of 5 is replaced by a te r t-butyl group, and l.l-d i-iso-propyl-l-te rt-butyl ethane (2,2,3,4-tetramethyl-3-[ 1 - 

m ethylethylj-pentane which combines both these changes.

The questions to be answered are equivalent to the ones considered in the work on 5. To what extent are the 

various combinations of gauche and anti conformations for iso-propyl groups populated? How distorted are these
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conformations from perfectly staggered, and how distorted from other ideals, to reach the lowest energy conformations? 

W hat is the barrier to interconversion of enantiomeric conformations or sets of conformations?

Me M e

/P r

/o
/ P r

//

r B u '
^ ^ '" " / P r

/ P r

12

W hen the rotations of interest are  about bonds joining two trisubstituted carbons, and iso-propyl group rotation in 

11 is one example, then there are  two likely stable conformations. These occur when hydrogens at either end of the single 

bond are  nearly orthogonal to each o th e r ," "  and interconversion of these conformations involves almost 180* of rotation, 

1 3 ^ J ^  usually by way of the conformation with the hydrogens anti to each other.

/ P r

/ J

/P r  \ ^ / P r  
M«*
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M e
M e
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tB u  /  ^ / P r
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M ost of the bonds we are  considering in 1^ to H  are  pentasubstituted however, and a different phenomenon has 

to be considered. Between adjacent high-energy eclipsed conformations, there are  likely to be two minima, skewed on 

either side of the perfectly staggered conformation and interconverting by libration through the latter conform ation‘s". 

For the te rt-butyl group in 12 for example, such conformations are as in 15 and 16 and the higher energy for the perfectly 

staggered conformation is due to the parallel, 1,3-interactions we discussed earlier for structure 4. Because of symmetry 

of the molecule 12, these conformations 15 and 16 are  of the same energy and there are  other identical conformations e.g. 

17 which are reached by rotation through eclipsed transition states.

For a less symmetrically substituted bond, e.g. the iso-propyl to carbon bond in 12, the two conformational minima 

connected by libration, ^  and 19 need not have the same energy.
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Figure 1. Carbon-13 omr spectrum of 10 at room temperature and at -145*C (bottom).

In extreme cases the population of one minimum may be very small, or the minimum may become only a point of inflexion 
in the potential energy diagram.

The compounds ̂  to 12 thus have a complex conformational analysis, but such highly branched molecules deserve 
consideration since they allow us to study extreme conformations, well-removed from perfect staggering. However, much
simpler saturated hydrocarbons already show small variations from ideal conformations of precisely the kind that 1_0 to

14 1512 demonstrate so clearly. 2,3-Dimethylbutane , and 2,2,3,3-tetramethylbutane are examples.
Results and Discussion

The nmr spectra of each compound 10-12 will be considered in turn. Full details are given in Tables 7 and 8 in 
the experimental section. Tables 1-4 report results for molecular mechanics calculations.

tris-Isopropylethane. 10. As the temperature is lowered, two sets of changes are seen in the signals of the iso-propyl 
groups of this compound, but the signals of the unique methyl and of the central carbon are invariant. This suggests that 
there is only one kind of conformation for the molecule, but within that conformation there are various possibilities for 
any î -propyl group.

The proton-decoupled carbon-13 nmr spectrum of this compound shows four signals at room temperature see Figure 
1 and Table 7. The methine carbon signal splits below about - 124° to appear as a broad 2:1 doublet at about -127°, which 
becomes a 1:1:1 triplet with further cooling from'v -130° to -145°. The signal of the i^-propyl methyl carbons also shows 
two sets of changes on cooling, first splitting to a 1:1:1 triplet, which then splits further to give several overlapping signals 
which are suggested to be six singlets of equal intensity. The proton spectrum show similar changes, there being in 
particular three methine proton multiplets at -150°, and at least three iso-propyl methyl signals, see Table 8.

Molecular mechanics calculations suggest (see Table 3) that there are two kinds of conformation which are 
particularly stable, namely 20, (a -g -g) and ̂  (a +g -g). Paradoxically, the two (-)gauche groups in 20 are non-equivalent, 
with their methine hydrogen pointing away from and towards the anti-group respectively, while the (+)gauche and (- 
)gauche groups in 21̂ despite their different names are equivalent. There is an enantiomeric conformation (a +g +g), 22 
equivalent in energy to 20 and the symmetric conformation 21 is a likely midpoint in the rotational pathway interconverting 
these enantiomers. Calculations suggest that at -145 °C there should be only 1.7% population of conformation 21 and less
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Me

2 0  (a -g  -g )  2 / ( a * g - g )  2 2 (a + g + g )

than 1% of all others. Nmr spectra at that tem perature show no sign of a second set of signals which could be ascribed 

to 2J_ or any other second conformation. Discussion in terms of one conformational isomer ^  and its enantiom er 22 thus 

seems reasonable, even though there may be a significant population of conformation ^  at room tem perature.

Each of the three iso-propyl groups may in turn be the one to take up the anti-position, so we can postulate three 

sets containing a pair of conformations which could be labelled 20 and 22, W  and 22',and 20" and 22". Interconversion 

between sets takes place by way of the less stable conformations shown in Table 1, while interconversion of pairs within 

a set takes place by way of 21, 21’, or 21" respectively.

At room tem perature conformational interconversions both between sets and within sets are rapid on the nmr 

timescale, and averaged signals are seen, but at -145 °C both processes are slow on the nm r time-scale. Each molecule 

thus gives rise to a set of signals for each of the three different jso-propyl groups see 20, (or 22) viz. six iso-propyl methyl 

signals and three methine CH-signals. Above about -130°, interconversion within each set ie. 20"^ ^  etc becomes rapid 

on the nm r timescale so the second and third iso-propyl groups become equivalent. The barrier to this process which we 

suggested above goes via conformation 21 is 6.4 kcal/mol at -130°. Above about -125°, interconversion of the anti and 

gauche-conformations in any one molecule e.g. 20 % 20’ ^ 20"^ 2 0  becomes fast on the nm r timescale and a single signal 

is seen for each part of the iso-propyl group. The barrier to this second process is 6.8kcal/mol at -125 °C. There are two 

obvious ways by which this second process might happen, either by conformations where all the isg-propyl groups are 

gauche in the same sense, or by conformations where two iso-propyl groups are in an anti-conformation.

T a i l l e  I R e l a t i v e  S t a b i l i t y  o f  V a r i o u s  C o n f o r m a t i o n s  o f  j  sm i  IQ ( Rl'( i - P r  I j ) a s  S u g g e s t e d  bv M o l e c u l a r  M e c h a n ic s

C a l c u l a t i o n s .

Co n fo rm ai 1s o e n e r g e t i c 5. R = H yd ro gen 10 . R = M eth vl

o f  I s o p r o p y l  
G r o u p s  .4, B,

C o n f o r m a t i o n R e l a t i v e  
E n t h a l p y  

( k c a l / m o l 1

D i h e d r a l  A n g l e s  

A 8 C

R e l a t i v e  
E n t h a l p y  

( k c a l / m o l I

Di

A

h e d r a l  A n g l e s '

8 C

( - g  -g a ) ( t g  t g  a ) o . o o ‘ - 9 5 . 5 - 6 3 . 1 1 7 9 . 0 0 . 0 0 - - 9 1 . 9 - 6 1 . 9 - 1 7 3 . 6

( - ?  -g - g ) ( t g  t g  t g ) 0 . 2 1 - 8 1 . 8 - 8 2 . 2 - 8 0 . 0 2 . 2 9 - 4 9 . 2 - 4 9 . 4 - 4 9 . 4

l - g  t g a) 2 . 0 0 - 4 7 . 5 7 0 . 9 1 8 0 . 0 3 .0 5 - 9 4 . 3 7 2 . 0 - 1 7 2 . 2

1 - g  - g t g ) ( t g  t g  - g ) 2 .3 4 - 8 2 . 2 - 8 4 .  1 5 0 . 0 3 .6 5 - 8 1 . 8 - 7 8 . 7 4 6 . 0

(+g -g a) 3 .0 4 95 .1 - 7 2 . 2 1 7 1 .4 0 . 8 6 42 .1 - 6 7 . 3 - 1 7 4 . 3

( - g  a a) ( t g  a a) 3 . 7 0 - 7 8 . 9 - 1 3 7 . 9 1 8 0 . 0 2 . 9 0 - 7 5 . 2 - 1 4 9 . 9 - 1 7 8 . 6

( a  a a) 8.  15 - 1 5 1 . 7 - 1 5 1 . 5 1 5 3 .4 5 . 7 0 1 57 .5 1 5 7. 4 1 5 7 .5

'  Of t h e i s o p r o p y l  m e t h i n e h y d r o g e n s  wi t h  t h e  u n i q u e  h y d r o g e n  in  5 o r  t h e  u n i q u e m et h y l in  t o .  Dla g ra m  6 i
.4, B, and C.

The MM2 F i n a l  S t e r i c  En er gy  o f  t h i s  c o n f o r m a t i o n  i s  1 7 .3 7  k c a l / m o l ,  tf} = - 5 9 . 5 3  k c a l / m o l .  

The MM2 F i n a l  S t e r i c  En er gy  o f  t h i s  c o n f o r m a t i o n  i s  2 5 . 9 6  k c a l / m o l .  If) = - 5 9 . 6 5  k c a l / m o l .
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It is interesting to compare the results of calculations for tris-iso-propylmethane, 5 and tris-iso-propyl ethane 10 

which are shown in Table 1. The (a -g -g) conformation is the most stable in both cases with rem arkably sim ilar dihedral 

angles, but just one additional methyl group in 12 raises the final steric energy by almost exactly 50%. This is a further 

demonstration that a symmetrical ethane 5 with four large substituents, with H-C-C-H dihedral angles of about 81°, is 

disproportionately better able to accomodate steric strain than a penta substituted e th an e^ ^ '^ \ Again, for the (-g -g - 

g) conformation is almost as stable as the (a -g -g) one . By distorting the H-C-C-H dihedral angle towards 90°. This 

places one methyl of each isopropyl group within 40* dihedral angle with the unique hydrogen, so it is not surprising that 

the equivalent conformation of 10 now with a unique methyl group, is not particularly stable. There is now a very 

different H-C-C-H dihedral angles, 81° being replaced by 49°, and the unique methyl and isopropyl methyls are now quite 

far ap art although still gauche.

In compound 5 as a result of the easy accessibility of the (-g -g -g) conformation, the three isopropyl groups of the 

ground-state (a -g -g) conformation, although instantaneously different, are equivalent on the nm r timescale even at -150 

°C, i.e. the equivalent for 5, of the equilibrum  20 20* ^  20" has a low barrier and only interconversion of the

enantiomeric (-)-gauche and (+)-gauche series ie 2 0 ^  22 etc. is slow on the nm r timescale. In contrast for 10 at -145°C, 

the three different isopropyl groups of a single (a -g -g) conformation can be observed since both processes are slow, for 

access to the (-g -g -g) conformations now requires an isopropyl methyl group to eclipse the unique methyl group.

Tert-butvl-bis-isopropylmethane, 11 There are various ways in which the spectra of IT are temperature-dependent. 

In the carbon-13 nmr, lowering the tem perature below about -75°, the te r t-butyl signal broadens and splits below about 

-109° to a 2:1 doublet, indicating that te rt-butyl group rotation is slow on the nm r timescale at that low tem perature with 

a barrier to rotation of 7.3 kcal/mol at -109°. On further cooling, iso-propyl group conformational isomérisation becomes 

slow on the nmr timescale, as shown by the te r t-butyl group signal changing from 2:1 doublet to a 1:1:1 triplet, the signal 

of the central carbons of the iso-propyl groups changing from a singlet to a 1:1-doublet, and the i^ -p ropy l methyl doublet 

appearing as a complex set of signals which should be 1:1:1:1 quartet see Figure 2. Similar changes are seen less clearly 

in the proton nmr. The barrier to this second process is 6.4 kcal/mol a t -134°C.

jU

Figure 2 Carbon 13 nm r spectrum of H  at room tem perature and -150°C (bottom).
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T a b l e  2 R e l a t i v e  S t a b i l i t y  o f  t h e  V a r i o u s  C o n f o r m a t i o n s  o f  1_1 and 12 ( R-C( j ' -P r  ) j  t -Bu I a s  S u g g e s t e d  by M o l e c u l a r  Mec l ia i i ics  

C a l c u l a t i o n s .

C o n f o r m a t i o n  1s o e n e r g e t i c  
o f  I s o p r o p y l  C o n f o r m a t i o n  
G r o u p s  8 and 
C

11 R = H vdr oe en 12.  R = Methy 1

E n t h a l p y  
( k c a l / m o l 1

D i h e d r a l  Angles'* 
A B C

S t r u c t u r e " R e l a t i v e
E n t h a l p y
( k c a l / m o l )

D i h e d r a l  Angles '* 
A B C

( - «  - g )  (+g t g ) 0 .0 0 * 167.  1 - 8 3 .  1 - 8 4 . 4 23' , n 0 . 1 9 163 .6 - 7 9 . 0 - 8 1 . 5

( - g  a )  ( a  +g) 3 . 4 2 1 5 3 .5 - 6 2 . 5 - 1 7 4 . 7 21,21' 0 . 0 0 " 156.2 - 6 1 . 9 - 1 7 7 . 1

( - g  t g ) 4 . 9 7 16 6 .2 - 8 0 . 1 8 8 . 9 26 3 .1 2 1 5 9 .0 - 7 7 . 0 4 5 . 8

( t g  - g ) 0 . 3 2 - 1 6 1 . 7 8 8 . 5 - 5 5 . 2 31 0 . 6 8 170 .2 5 1 . 4 - 8 3 . 4

( a  - g  ) ( t g  a) 3 . 5 3 1 7 5 .9 16 7 .5 - 1 0 1 . 1 2 8 ' , 2 8 0 . 6 0 15 2 .2 17 5 .7 - 7 5 . 0

( a  a 1 8 . 9 5 1 48 .7 17 3 .2 - 1 4 9 . 5 30 3 .3 6 168 .4 1 4 3 .8 1 6 5 .8

‘‘ Of t h e  i s o p r o p y l  m e t h y l h y d r o g e n s  o r t h e  a n t i m e t h y l  o f  t h e  t e r t - -B u ty l  g ro u p  wii t h  t h e  u n i q u e h y d r o g e n  in  U o r  t h e

u n i q u e  m e t h y l  i n  1 2 .  D iag ram 6 d e f i n e s  A, B, an d C.

* The MM2 F i n a l  S t e r i c  e n e r g y  o f  t h i s  c o n f o r m a t i o n  i s  2 3 . 1 7  k c a l / m o l ,  H“ = - 5 8 . 7 7  k c a l / m o l  by c a l c u l a t i o n .

" The MMS F i n a l  S t e r i c  e n e r g y  o f  t h i s  c o n f o r m a t i o n  i s  3 5 .5 4  k c a l / m o l ,  = - 6 3 . 7 9  k c a l / m o l .

'' See F i g u r e  4.

In the proton nm r spectrum there is a coupling between the unique proton and the isopropyl methine protons which 

changes from 1.08Hz to I.98Hz over the tem perature range -60 °C to 175 °C indicating the presence of two different overall 

conformations. This interpretation is supported by the unusually large temperature-dependence of the relative chemical 

shift of the diastereotopic methyl groups in both the proton and carbon-13 nmr spectra. In the latter case this changes 

from 45Hz to unresolved OHz (SOMhz operating frequency) without dynamic broadening, between 25 "C and -100 °C.

The molecular mechanics calculations reported in Tables 2 to 4 give clear suggestions as to the conformational 

situation which explains these results. Three conformations for 11 are more stable than the six others, namely the (+g, 

+g) 23, its enantiomer (-g, -g) lA  and the more symmetrical (+g, -g) 25. On the basis of the molecular mechanics 

calculations and assuming no entropy difference for 23-25 there should be about 12% population of conformation 25 at 

-145 °C, and about 26% at +175 "C. In the more stable (-g, -g) conformation, H-C-C-H dihedral angles are reckoned to 

be -83.1" and -84.4° whereas in the (+g, -g) conformation these angles are 88.5° and -55.2°. The 55.2° dihedral angle should 

lead to higher coupling constants than 80°-90° angles^^ so the observed increase in the coupling constant confirms the 

predicted increased proportion of the conformation 25 at higher temperatures.

25 ( + g + g ) 24 ( - g - g )

Me Me

Me

Me
Me

25 ( + g - g )
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The quality of the spectrum at -145", the lowest tem perature that we were able to reach, is not good enough to 

perm it observation of a small population of conformation 2 ^  but the observed changes are otherwise in agreem ent with 

an equilibrium  between the enantiomeric (+g, g+), 23 and (-g, -g), 24 conformations, with a barrier to interconversion of 

6.4 kcal/mol a t -134"C. Any of the m ore o r less symmetrical conformations (+g, -g), 2 ^  (-g, +g), o r (a a) may be an 

interm ediate in this process but since 25 is calculated to be by far the most stable of these, and appears to be populated, 

to that extent it indicates the most likely pathway.

The b a rrie r to tert-butyl group rotation in 11, 7 J  kcal/mol is little m ore than  that of 6.9 kcal/mol found for tert- 

butyldimethylmethane^^’^^ and probably reflects the increased steric strain  present in the ground-state conformation of 

11 bu t less m arkedly im portant in the rotational transition state. The same kind of argum ent may well explain why the 

barrie r to isopropyl group rotation for 11 a t 6.4kcal/mol is in fact a little less than  in the less substituted compound 5.

1-Tert-butvl-l.l-bis-isopropylethane 12. There are  two sets of changes in the carbon-13 nm r with lowering tem perature for 

this compound, showing two processes becoming slow on the nm r timescale. Below about -35", the tert butyl methyl signal 

broadens, and  splits below about -76* to a 2:1 doublet indicating th a t rotation of the tert-butyl group has become slow on 

the nm r timescale with a b arrier of 8.7 kcal/mol a t -76*. Below about -60* all signals except the central quaternary  carbon 

one begin to broaden, and each splits a t slightly different tem peratures round about -110* to what appears to be doublets 

of almost equal intensity, all reflecting barriers of about 7.1 kcal/mol. The same process thus appears to be the origin of 

all these la tte r changes. The most significant change is that of the unique methyl carbon signal. That it should split to 

two signals means tha t two different conformations o r sets of conformations of the molecule, are populated. That the 

populations appear to be equal is a coincidence.

M olecular Mechanics calculations help to provide an explanation and Table 2 shows the relative energies of the 

various combinations of gauche and anti arrangem ents for the two isopropyl groups. There are four kinds of conformation 

(and their enantiomers) that are  calculated to be separated by less than  1 kcal/mol in total enthalpy. These fall into two 

sets as F igure 3 shows, and there are  two high energy processes which interconvert these sets. One of these is shown viz 

passage through the (a, a) conformation, and the other is direct interconversion of a (+)-gauche and (-)-gauche conformation 

of one isopropyl group. Various pairs of structures, one each from the top and bottom group in Figure 3 are  connected 

by this second rotation, so it is not shown. I t  may indeed be of im probably high energy since it requires the isopropyl 

group methyls to eclipse a tert-butyl and an isopropyl group respectively.

The first set comprises structures ^  and ^  (and 27’) which are  expected to interconvert easily with a low barrier - 

all that is needed is a rotation of the anti group in ^  through only 97*, and an adjustm ent of the gauche group 

conformation by 22*. The second set comprises 31 and 29 (or 31’ and 29’) which again inter convert easily by 95* rotation 

of the anti-group and a 17* adjustm ent to the gauche group. S tructures 30 and 28 are of higher energy and unlikely to 

be much populated, but because of their sym m etry perform interm ediate roles between the sets as shown in the diagram. 

I t requires ra th er greater degrees of rotation and other adjustm ents o f structure to reach these conformations.

The nm r results require that passage through structure %  have a considerably higher barrier than  passage through 

28, and th a t the form er be slow on the nm r timescale at -135* while the la tter is still fast.

Compounds 1% and 12 are  different from 5 and 10 and other highly branched alkanes^^ in th a t two different kinds 

of conform ation are populated and interconverting slowly on the nm r timescale a t the low tem peratures available. The 

above analysis indicates that the nm r spectral changes agree well, as far as they go, with the quite precise details of 

conformation indicated by molecular mechanics calculations.
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2 7 { - q o i  _ ----------------

FIRST SET ^

SECO N D  SET
/  \

y) (y
I  J / ( » q a )  ^  J / ' ( a - g )

i ("'Y  Y'")
I (“>  " > )  {< " Y " l ,

^ ( ♦ q . g t  i > P ' ( - g - g l  /

igure 3 Conformational Isomérisation Pathways for the isopropyl group in 12. Methyl groups are not shown explicitly.
T a b l e  3 M o l e c u l a r  M e c h a n ic s  C a l c u l a t e d  G e o m e t r i c  P a r a m e t e r s "  f o r  t h e  Most  S t a b l e  C o n f o r m a t i o n  o f  Compounds 5 ,  I f i ,  U .  

a nd 1 2  (R -C ,(C ,H (C H 3 ) 2 ) j I C ,R M CH 3 ) j ] )

Compound and 

D e s c r i p t i o n  o f  

t h e  C o n f o r m a t i o n

Bond L e n g t h s  (A) 

C , - R

c . - c ,
Ci--c,
C,-CH3
C,- -C H 3

Bond A n g l e s  ( “ )

R— C , — C 

C , - C , - C  

C , - C - - C H 3

CH3 — C— CH3

D i h e d r a l  A n g l e s * i ° )  

( R - C , - C , - C )  

( R - C , - C , - C )

R = R’ = H 

(a  - g  - g )

1 .1 15

1 .5 5 8

1. 541

1 04 .8

1 13 .7

11 4 .2

1 0 9 .2

11̂

Ifi
R = CH], R'  = H 

( a  - g  - g )

1 .5 52

1 .5 76

1.545

1UH.Ü

11 0 .9

11 6 .2

1 0 7. 3

lX-6

11
H. R'  = CH] 

1 - g  - g )

1 . 110 

1 . 5 5 9  

1 .5 6 1  

1. 5 3 8  

1. 5 4 5

.10.2.4
1 1 5 .5

nuL
1 0 6 .3

v a l u e s  u n d e r l i n e d  a r e  a v e r a g e s  f o r  s e v e r a l  c i i u i v a l e i i t  g r o u p s .  

IS a m e a s u r e m e n t  o f  t h e  e s t e n t  I" )  t h a t  d i h e d r a l  .a ng le s  a r e

LLâ
26J

lit f rom 60° o r  180°.

11
R = R'  = CH] 

I - g  a l

1 .5 5 5

1 .5 8 8

1 .5 9 6

1 .5 4 7

1 .5 5 3

107.  1

11 1 .7

1 13 .7  

1 0 4 .9

2U
hi
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« I  S t e r ic  Energy o f  th e  Meet S te b le  C on fo rM tio of 4, Ifl. 11, II-

Compound e 

ConforméeL

S tre tc h -S en d  

o th e r  Ten der Weele

( /- P r ) , ) 0 * e t-B uC H (i-Pr),

Compound 11 completes the record of the synthesis of the series of hydrocarbons HCR’R "R ’" where R = methyl 

ethyl, iso-propyl, and tert-butyl. Tables 5 and 6 report chemical shifts of the methine proton in that series and similar 

ones.

While our results show that occasionally different kinds of conformations may contribute to the average structure 

and thus to that chemical shift, conformational averaging is much less than for the CHj-group or CH,-group in any set 

of compounds R-CH,R ’ or R "-CH, respectively. As a result, the methine proton chemical shift is more likely to reflect 

the substitution pattern than the conformational behaviour.

P-Substitution by methyl groups is well known to produce down field shifts of 0.39-0.63ppm as the series methane, 

5 = 0.23, ethane 5 = 0.86, propane 5 = U 3 ,  isobutane 6 = 1.72 indicates. y-Substitution as a conformationally aware 

analysis or Table 8 suggests, produces upfield shifts if the methyl group substitutes a proton gauche to the methine 

hydrogen, and downfield shifts if the proton substituted is anti to the methine proton in view. That all subsequent methine 

protons in Table 8 are  upfield from the first entry indicates only that there are more gauche positions, and that they are 

conformationally preferred. 5-Substitution as Table 6 indicates, produces downfield shifts.

Ti ibI f t  Vai l ■ex (51 o f  t h e M e th in e P r o t o n  ;in Compounds HCR'K" R'" *

K' ft K' R" ft"* 6 ft" R" ft ”* 6

Mf Mf Me 1 .7 2 Me i - P r i - P r 0 . 9 8 Et i - P r  i - R u  0.87**

Me Me Et 1 .4 7 Me i - P r 1-Bu 1.15 Et i - B u  i - B u  0 . 7 8 "

Me i - P r 1 . 4 0 Me i - B u 4-Bu 1.18** 1 - P r i - P r  i - P r  0 . 8 3 '

Me 1-Bu 1 . 3 9 EL et Et 1 .16 i - P r i - P r  i - B u  1 . 1 1 '

Et  E t 1 .2 7 Et Et i - P r 0 . 9 0 i - P r i - B u  i - B u  1. 10"

Et  i - i ' r 1 .4 8 Et EL i - B u 0 . 7 3 i - B u i - B u  i - B u  1 .38*

Et  1-Bu 1 .5 3 Et i - P r i - P r 0 . 7 8

D e te r m i n e d f rom s p e c t r e . a a r . c a P e t r o l e u m  R e s e a r c h  I n s t i t u t e

P r o j e c t  4 4 ,  unl<ÎSS o t h e r w i s e s t a t e d . ^ r e f e r e n c e 20 . '  r e f e r e n c e  4 .

'  t h i s  w ork . • r e f e r e n c e 12.

T a b l e 6 .  Chemicgil  S h i f t o f  M e t h in e  P r o t o n  6Ĥ in  Compounds

CHob."CHMeR,  and  (CHj)jCH„ b , ” C(He) jR f o r  ft = m e t h y l ,  e t h y l ,  x i f i - p r o p y l  and

t e r t - b u t y l * .

S u b s t i t u e n t  R 6H, in « H . . .  >"

ob."CHMeR ( CH 3 ) C ( Me I jR

M e th y l 1 . 4 7 1 .40 1 . 3 9

E t h y l 1 . 5 5 1 .57 1 . 4 9

1 5 0 - p r o p y l 1 . 6 3 1 .66 1 . 67

t e r t - b u t v l 1 . 6 7 1 .99 1 .81

* S ee f o o t n o t e  a . T a b l e



Conformations and rotation of w<?-propyI groups

The epitome of a downneld shift for a relatively unstrained hydrocarbon methine proton is in bicyclo{3,33]undecane, 5 

= 2.31. The epitome of an upfield shift is that of 0.36 in (cis, cis, cisjdodecahydrophenalene with six gauche substituents.

O ur present results help to indicate that ideal staggered structures are so un likely that any more precise analysis 

of substituent effects on chemical shifts must take conformational distortions into careful consideration.

Conclusion

In each compound of type 3 studied here and elsewhere, there are calculated to be different kinds of conformation 

significantly populated, and enantiomeric versions of each conformation. In the various examples of 3 considered, it is 

always possible to slow interconversion of enantiomeric sets on the nm r timescale, but interconversion of different kinds 

of conformation within each set, which may only involve the equivalent of a single 120* rotation, is usually fast on the nm r 
timescale even at -ISO'C.

Experimental

Compounds 10 and 11 were obtained from di-isopropyl-tert-butylcarbinol"“ . Dehydration with sulphuric acid" led 

to a m ixture of olefins from which 2,4,4-trimethyl-3-isopropylpent-2-ene'‘ and 23,4-trimethyl-3-isopropylpent-l-ene could 

be separated by preparative gas-liquid chrom atography. Platinum catalysed hydrogenation of these olefins gives 10 and 
H  respectively.

10, tris-isopropylethane, 2,3,4-trimethyl-3-isopropylpentane, b.pt. 63-65“ at 14 mmHg (Found: C, 84J5 ; H, 15J8. C„H,^ 
requires C, 84.52; H, 15.48%).

H ,  tert-butyl-di-isopropylmethane, 2,3,4-trimethyl-3-isopropylpentane,b.pt. 74“ at 15 mmHg (Found: C, 84.40; H, 15.25. 
C..H„ requires C, 84.52; H, 15.48%.

12 was prepared by the method of Hellmann".

Nmr spectra reported in Tables 7 and 8 were recorded on a Varian XL200 or a Varian VXR400 spectrom eter, and 

are for approximately 0.2M solutions in an approximately 4:4:1 mixture of CHF,CI:CHFC1,:CD,C1,. Molecular mechanics 
calculations used Allinger’s MM282 program .’

Tab le 7 Carbon-■13 nmr chemicml a h i f t a  (61 f o r  U2- i2, , (R . j - f > r) - C ,( C ^ j ) , R j a t  ambienI t  and a t  low te .

Compound and 
S u b s t i t u e n t s

Temperature  
I -K)

* b <= d « f i

10 298 19.9 33.1 19.9 -- 18.0 42.2 33.1

Rj = hydrogen 22.5 36.8 22.5 36.8

= methyl 123 20 .9

17.5

18.2

23.0

30.1

28.2

20.9

18.2

18.2 40.6 30.1

28.2

11 298 23 .9 29.2 30.5 30.5 -- 58.2 36.8

Rj :  methyl 20.2 29. 1 25.2 25.2

R = hydrogen 123 25 .8 27.9 31.4

34.5

31.4

34.5

56.3 36.7

12 298 21 .9

21.8

35.3 30.5 30.5 18.1 45.1 39.9

R  ̂ = R = d e 22.3 37.0 32.0 32.0 19.2

methyl 143 22 .0 44.0 39.2

21.0 32.5 31.6 31.6 16.8
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T ^ b l e  W I ' r o i on \Xk M . n c l r .  o f  I V - U .  I t » . ,  1 , C I I , - t ( R. 11 1 - I ' r  1 - C 11 I I , j  1 ,11,, n l  . • l i i i - n l  nnd . 1  l o .  i c . p n r . t ,

Compound and 
S u h s i 1l u e n t s

Te m p e r a tu r e  *
( k l

b e d .

15

» h y d r o j e n
298 0 .9 3  

123 0 . 89*

1 .9 2  0 . 9 3  1 .92  0 .  78 * 7 .1  Hi 

1 . 7 0  1 .70  

1 .8S  0 . 8 9 '  1 . 85  0 . 74  

2 . 0 8  2 . 0 8

U

S :  h y d ro rc t .

258 1 .01 

1 .04

2 .0 2  0 . 9 8  2 .0 2  I . I D  * 7 . 1 5  Hi

G

"d  '

* Poor  I

298 0 .T 3  

y r e s o l v e d

1 .91 0 . 9 9  0 . 9 9  0 . 7 8  J  ^ = 7 . 0 ,
7 . 1  Hi
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