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Abstract

Abstract

Eclivsins and other conformations of simple orsanic molecules

In the last decade, it has been reported that certain simple saturated bonds 

prefer to adopt an eclipsed conformation. The saturated C-O bond, for example, 

prefers to adopt the eclipsed conformation if the central framework in a molecule, 

R^-C-C(-OR)-C-R^, adopts an extended antiperiplanar arrangement and R^or R^ 

are space-demanding enough. We have found that silyl ethers and alkyl to oxygen 

bonds in esters (R= —SiRs or R= —C(=0)R in the structure above) may be 

potentially included in this set of compounds exhibiting eclipsed conformations 

(according with the statistical analysis of 1521 torsional angles 'T(H-C-0-C), 

found in crystal structures, from Cambridge Crystallographic Database. However, 

esters not only show one conformational possibility, but the acyl to oxygen 

bonds, 0(C-0-C=0), can also show different conformations (Cis-Trans). This 

situation has also been investigated and the results about the equilibrium between 

two different conformations has been reported.

In carbohydrate chemistry uncertain situation has arisen, since Matsuda et 

al reported the hypothesis that the silyl protecting groups are able to change the 

conformation of pyranoside rings, and as a result, stereoisomeric products may be 

synthesised depending on the protecting groups employed. Trans-\,2- 

disilyloxycyclohexane derivatives have been chosen as model compounds, and 

the chair-chair equilibrium has been investigated. In solution, a wide range of 

population conformation ratios have been reported, starting from almost entirely 

diequatorial to almost entirely diaxial depending on the substituents attached to 

silicon atom. Dipole-dipole and steric (repulsive and attractive) interactions have 

been investigated as potential reasons for the aforementioned change in the 

position of the Chair-Chair equilibrium.

Furthermore, /ra?25-l,4-disilyloxycyclohexane has been investigated to 

explain the additional relative stability of the trans diaxial conformation with 

respect to the axial conformation of monosilyloxycyclohexane. The role of the 

steric attractive interactions for 1,4-derivatives have been investigated.
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since the analysis of compounds with substituents in neighbouring position (the

1,2-derivatives) may be ambiguous. The extent of the occurrence of 

eclipsed conformations has not yet been completely defined, however, an 

unexpected connection between the two parts of this dissertation, chair-chair 

cyclohexane equilibrium, and the eclipsed theory, have been found and reported 

on the basis of crystal structure determinations.

Various techniques have been used to detect and characterise the 

predominant conformation of the molecules in the solid, liquid and gaseous 

states. Solid state has been studied with the information retrieved from the 

Cambridge Structural Database, and by X-ray diffraction. Gas phase was studied 

with the help of the MM3 and MM2 programs, semi-empirical PM3 calculations 

and ah initio calculations (HF, MP2 and DFT calculations). The solution state has 

been studied from the application of different ID and 2D-NMR techniques, and 

since the spectra showed dependence on the temperature, variable temperature 

NMR techniques were applied to determine the thermodynamic properties 

involved in the equillibria.
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Chapter 1 6

1.1 Introduction

Our main interest in this dissertation, is in the application of the different 

techniques available, first to detect all the conformations present in a hypothetical 

process, then to study and, subsequently, try to understand which of these 

conformations are significantly populated, and why.

Conformational analysis means, the analysis of the physical and 

chemical properties of compounds in terms of populated ground state 

conformations, transition states and excited states, plus the energy associated 

with their interconversion processes. A second important point in this 

introduction is to define the term conformation. In a molecule, once all the bonds 

have been formed, a conformation is one o f the different spatial arrangements of 

the atoms, that arise through rotation about the bonds linking such atoms. The 

differences between conformations may be largely described by specifying the 

sign and magnitude of one or more torsion angles. Since the preference for any 

molecule is to be in an energy minimum, another important concept has to be 

defined, that o f a conformer (or conformational isomer), a conformation which is 

a potential energy minimum, either local or global. It is helpful to consider the 

energy situation of any molecule as a potential energy surface’, every point of 

this surface corresponding to one conformation, but only the minima are 

conformers.

Figure 1.1 shows an example o f a potential energy diagram where three 

most common conformational situations can be seen.

Knergy

\ - p x+p

T o rs io n  an g le

Hypothetical three potential energy diagrams. 
Figure 1.1
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These three potential energy diagrams indicate a range o f conformers. In 

a), the molecules spend a very large part of its lifetime with a torsion angle close 

to X In b), if the middle maximum is low enough, we find for NMR purposes, a 

single conformer. Molecules librate (see Figure 1.2), between two conformations 

with torsion angles X+p and X-p or some set of states around these values. 

However, the situation in c) is different, a wide range o f conformations with 

torsion angles in either side of X are undoubtedly populated.

In the three cases, a-c, the conformers are centred around the torsion angle 

X, but any observable property will be different from that expected for a pure 

torsion value X, depending on the mixture of torsion angle values.

Rotation around the central C-C bone 
C\ic C— C-C|v

n hexamethyl-ethane

Me

Me* Me

Me Me,Me
Me Me

Torsion angle C\ie C C C^p

Example o f the lihrational harrier between two skewed conformations. 

MM 3 plot o f rotation arowid central C-C botid in hexamethy le thane.

Figure 1.2

If the rotational process involves the equilibrium between two energy 

minima, it is helpful two distinguish between librational barrier and rotational 

barrier. Hexamethylethane, is a good example to illustrate this difference (Figure
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1.2), exists as a mixture of two conformations skewed on either side of perfect 

staggering and separated by an energy barrier of about 0.4 kcal/mol At room 

temperature, a small scale back and forth motion has a low energy barrier, the 

librational barrier , leaving the name o f rotational barrier for the high energy 

process, 9.4 kcal/mol, via an eclipsed conformation.

Two other concepts help define a conformational equilibrium:

- Conformational energy (free energy difference or potential energy 

difference, AG^) is the difference in energy between two conformers in 

equilibrium. This gives a different view of the equilibrium from that given 

by populations, and is usually expressed as a free energy difference, from 

an experimental measurement at one temperature, or as an enthalpy 

difference, from molecular mechanics calculations.

- Free energy barrier (or energy barrier, AG ) is the free energy needed 

to pass from one conformation to the other.

Transition state
c
E

Torsion angle H-C-O-Si (degrees)

SiMe:

Potential energy diagram o f two conformations in equilibrium. This diagram is 
an MM3 calculation for 2,6-dimethyl-trimethylsilyloxycyclohexane.

Figure 1.3
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Figure 1.3 shows an example of potential energy diagram calculated by 

MM3 for the equilibrium eclipsed{A).anti(fi) for the exocyclic C-O bond of 2,6- 

dimethyl-trimethylsilyloxy cyclohexane. The preferred conformation is the 

eclipsed with a free energy difference of 2.62 kcal/mol (AG°) and an energy 

barrier of 4.93 kcal.mol (AG’̂ anti-eciipsed).

Two different aspects of conformational analysis have been studied in this 

thesis, eclipsed conformation in saturated C-O bonds, and the chair-chair 

equilibrium in trans-\,2 and trans- 1,4 disubstituted cyclohexanes (see Figure 1. 

4)

Eclipsed conformation studies are the continuation of the work that 

Professor Anderson’s group"  ̂ developed on eclipsing of saturated C-O and C-N 

bonds. Studies in ester groups and alkyl silyl ether have been carried out to 

further determine the extent of eclipsed conformations (Figure 1.4a).

Two important points brought us to study the chair-chair equilibrium of 

/ra«5- l ,2-silyloxycyclohexane derivatives (Figure 1.4b). First, the possibility of 

finding eclipsed conformations in silyl ethers, and my results on this question are 

reported in the first part of this thesis. The second point arises from the 

observation of various groups'^ on the effect of the substituents on silicon in silyl 

ethers, on the position of the chair-chair equilibrium in silyl-protected pyranoside 

rings. This feature has been exploited to control the stereoselectivity of reactions 

in carbohydrate chemistry^. The /raAZ5- l ,2-disubstituted six-membered 

cyclohexane ring was the model compound chosen to simplify the study, 

concentrating on the main objective, the control of the equilibrium by silyl 

substituents. These results are reported in the second part of this thesis.

OSiR:

DSiR

OSiR

Ri= C(H)=0, SiR; OSiR

Figure 1.4.
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1.2 Experimental methods

Quite often, different conformers in equilibrium show measurably 

different physical and spectral properties and this may be used to determine their 

population ratio. The methods for studying conformations that were chosen 

depended on whether the material was solid, liquid or gas.

The conformational preference of our compounds in solid phase has been 

study with a systematic analysis of structural data available in the Cambridge 

Crystallographic Database (CCDB)^. A wide range of CCDB information can be 

applied to conformational study*. Statistical analysis^ of features in crystal 

structures, such as angles, torsion angles^^, bond length and atomic distances can 

be carried out and used to draw general conclusions about particular aspects of 

molecular conformation. The software package available from CCDB includes:

- The QUEST program, which searches for a particular feature of interest and 

creates sub-files of database search hits.

- The VISTA program performs numerical, statistical and graphical analyses 

of structural features in the subset provided by QUEST.

- The PLUTO program displays molecular structures previously extracted 

from CCDB by QUEST.

Since the difference in energy found in some conformational equilibria in 

fluid phases is small, lattice forces, rather than intramolecular strain may 

determine the conformation adopted by a given molecule in the crystal. Over a 

large number of examples, and by doing a statistical analysis, we may minimise 

the impact of such special cases and find the predominant conformation that we 

are interested in. In other application of the CCDB, the crystal structure can be 

displayed on the computer screen, the image can be rotated, the distance between 

atoms calculated, and interactions with other molecules in the unit cell and other 

details can be observed.

Other techniques used to study the solid state were determination of the 

structure of compounds synthesized, by X-ray diffraction and Solid State NMR. 

Since some compounds of interest were solids, I3C CPMAS and 13C CPMAS 

TOSS experiments were run over a range of temperature between 103 K and 298 

K. The NMR results were so interesting that crystals were grown for an X-ray
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study using the technique of the slow evaporation at room temperature. The main 

limitation of this technique is growing single crystals of suitable size (around 0 .2- 

0.4 mm in at least two of the three dimensions). After X-ray analysis, the data 

were processed and displayed on the computer screen for the corresponding 

analysis using the program Oscail^\ More details of both techniques will be 

given in the experimental part of this thesis.

Gas phase information has been gained from Molecular Mechanics 

Calculations. The programs used are MM2(87)^’̂  ̂ and MM3(94)^^’̂ '̂  developed 

by Professor Allinger and his associates. Molecular Mechanics is a method 

widely used in the search for conformations of a wide range of organic 

molecules. The programs provide information about energies, bond lengths 

interatomic distances, bond angles, interactions between atoms and torsion 

angles.

Based on the Bom-Oppenheimer approximation that allows us to 

separate the energy of the nuclei from the electron energy. Molecular Mechanics 

concentrates on the calculation of the position of nuclei, assuming that electrons 

will find the optimum distribution about nuclei. The energy evaluated is called 

the ‘Tinal Steric Energy” or “strain energy” and it is the difference between the 

energy of the real molecule and a hypothetical strain-free molecule. The program 

supplies the total steric energy (Et) as a sum of different terms;

Et = Z Es + Z Eb + Z Et + Z Ey + Z Ed + — (Equation 1.1)

where Es is the strain due to a bond being compressed or stretched from its 

natural bond length, Eb is the strain of a bond angle distorted from its natural 

value. E t is the total energy due to torsion angles being less than the ideal, Ey is 

the total van der Waals energy (due to a non-bonded interactions) and Ed is the 

total energy due to dipole interactions. There are additional cross terms not 

considered here.

The assessment of each part of this equation is by the empirical force 

field method. The force field is a mathematical model used to describe the total 

potential energy of molecules, on the basis of a set of equations that relate the
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various component energies of the Equation above and the positions of the atoms 

in the molecules. The parameters (constants, coefficients and variables) in the 

Equations are derived from a representative group of well studied simple 

molecules, whose structures are known in great detail.

The programmed computer calculates one initial steric energy from the 

initial coordinates of the structure that we provide, then starts the minimisation 

process with slightly variation in the geometry to find the lowest energy structure. 

Each iteration process continues until a further small change produces a change 

in energy, that is smaller that a prefixed value. The finally computed atomic 

coordinates and the Final Steric Energy for this ultimate energy minimum are, 

then, used to calculate the bond lengths, bond angles, torsion angles and inter

atomic distances when the iteration is finished.

Any molecular mechanics calculation is an iterative geometry 

optimisation, which finds an energy minimum closest to the initial input 

structure. If this is a local minimum and it is deep enough, the small structure 

variations of the iterative process will not move the molecule over the energy 

barriers surrounding this minimum and so adjacent, perhaps better energy 

minima, are not accessed. To resolve this problem, the program has an option 

called Stochastic Search, consisting in a random and fairly substantial distortion 

of the initial structure to put it in a significantly higher energy state above the 

potential energy surface so that after a new minimisation, other energy minima 

including, perhaps the overall energy minimum, may be found. If this is repeated 

randomly enough and often enough, all minima should be located.

Furthermore, two other force fields have been used. Firstly, it has been 

reported that in the position of the equilibrium of the acyl-to-oxygen bond in 

formates, there is a strong contribution from electronic effects. Since Molecular 

Mechanics is based on the Bom-Oppenheimer approximation, ab initio 

calculations using the Hartree Fock method (HF) and Density Functional 

Methods (DFT) were the two approaches chosen to study our systems^^. Both 

methodologies have been applied using the standard parameters on Gaussian-98 

program^^. Secondly, dipole moments have been calculated for compounds in 

chapter four and five. However, since those molecules were too large to be
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calculated by HF or DFT approaches, semi-empirical PM3^^ calculations were 

the option chosen for our system. PM3 calculations have been applied using 

standard parameters on the Gaussian-98 program^^.

The behaviour of the compounds in solution was studied by Nuclear 

Magnetic Resonance. NMR spectra were recorded at room temperature and when 

an equilibrium was suspected, Dynamic NMR studies were carried out over a 

range of temperatures.

In all of our Dynamic NMR studies, only one set of signals was seen at 

ambient temperature so both the observed chemical shift (5) and the coupling 

constant (J), are weighted averages over all conformations^^ (Equations 1.2 and

1.3).

Ô = S ni ôi (Equation 1.2) J = S ni Ji (Equation 1.3)

with 5i and Ji the chemical shift and the coupling constants for i-th conformer and 

ni the corresponding mole fraction. For any such equilibrium, the hope is that at a 

suitably low temperature, the interconversion process is slow on the NMR time 

scale (i.e. the frequency of interconversion between conformations is smaller than 

the separation in Hertz of the signals for each isomer) at which point a separate 

set of signals will be observed for each conformer involve in the dynamic 

process. The population ratio (k) can thus be determined directly by integration 

of the signals when they are well resolved in the spectra. With the knowledge of 

the population ratio, the free energy difference (AG^, cal mol'^) for the process 

can be calculated (Equation 1.4).

AG  ̂= - RT In k (Equation 1.4)

The rate constant for the dynamic process can be calculated at 

temperatures over a range where the spectra show significant changes compared 

with the fast or slow exchange limit spectra^^. Most particularly at the 

temperature where the signals just coalesce (Tc), the Eyring Equation can be 

expressed in the form of Equation 1.5
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A g /=  1.987 Tc (23.788 + In Tc -  In kc) (Equation 1.5)

where kc = ti Av / V2 (Equation 1.6)

with kc is the rate constant at coalescence temperature and Av is the separation in 

Hertz between two signals in absence of exchange. Thereafter, the free energy of 

activation at Tc can be derived. Equation 1.6 should be applied only if the two 

conformations in equilibrium are equally populated and the exchanging nuclei are 

not coupled to each other. However, Equation 1.6 can be applied with an 

acceptable range of error in many systems, even if all the conditions are not 

perfectly fulfilled^^’̂ ’.

In some cases, it is interesting to measure the population ratio and the free 

energy difference at temperature above the coalescence point, for example at 

ambient temperature. An indirect method has to be used, and depends on the 

assumption that the coupling constants in each conformation do not change with 

temperature. Thus, if the coupling constant for each isomer can be measured 

under slow exchange conditions i.e. at some low temperature, it is assumed that 

the observed averaged coupling constant at high temperatures is depends only on 

the population ratio (Equation 1.3). The coupling constant measured at any 

desired temperature will then yield conformer populations.

and are the coupling constant most commonly used in 

conformational analysis. These coupling constants depend on a few factors like 

hybridisation of the atoms, bond lengths, presence of neighbouring jc-bonds, 

effects of neighbouring electron lone-pairs, substituents effect, angles and torsion 

angles^ .̂ In any case, model compounds of known conformations may be studied 

to obtain conformational references values for use with our compounds. A nice 

example of this is ^Jh-h in the epimeric 4-/gr^-butyl- 1 - substituted cyclohexanes. 

The ^gr^-butyl group fixes the conformation of the ring with itself equatorial (A- 

value of 4.9 kcal/mol)^^. The vicinal coupling constant of the protons at position 

one in the two epimers is then measured. Thereafter, the position of the axial- 

equatorial equilibrium in the substituted cyclohexanes with no tert-huXy\
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subtituent can be determined by comparing its coupling constants with the 

reference values which the epimeric ter1-h\xXy\ compounds have provided^"^. The 

one bond ^Jbc-h coupling constant can be exploited similarly.

The application o f three bond coupling constants in conformational 

analysis derives from their dependence on the torsion angle following the Karplus 

equation with general form^^’̂  ̂ (Equation 1.7);

 ̂ Jx-H = A cos^ 0  + B cos O + C (Equation 1.7)

In our work, X= ’H, ‘̂̂ Si, and A,B,C are the constants which are 

specific for these nuclei and other factors involved. The Karplus equation allows 

us to predict, the torsion angle with reasonable accuracy from the measurement of 

the coupling constant (see Figure 1.5).

-10

1809 0 °

0 =  H -C -C -H  (d e g r e e s )

General plot o f the Karplus Fupiation relationship 

(Picture from reference 26).

Figure 1.5
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The nomenclature used during the discussion of the conformation of C-O 

bonds in this dissertation is slightly different that the Klyne-Prelog 

classification^^ recommended by lUPAC in 1996. This classification names the 

rotational conformation by dividing the torsion angles into ranges of 60°, but we 

have adapted this based on our experimental observations. For our work, it is 

useful to distinguish eclipsed, nearly eclipsed and staggered conformations even 

if they fall within a single 60° range. Figure 1.6 defines torsion angles for our 

experimental classification.

|Y | < 15^ Eclipsed conformation

15°<  |Y | < 3 0 ^  [ = ^  Nearly eclipsed

30° < jT'l I----^  Staggered Conformation

[T'l ~  180^1----^  Anti conformation

Experimental classification fo r  the eclipsed conformation on the basis o f the

Rj-X-C-Ri torsion angle. | W\ means ‘‘the numerical value o f

Figure 1.6

1.3 Introduction to the eclipsed conformation. Historical review.

The striking situation of simple saturated bonds adopting an eclipsed 

conformation has been studied in the last decade, by Dr. Anderson and his 

collaborators. C-N^^, C-C^^, C-0 ^̂  bonds have now been extensively studied and 

a culmination of this work is presented in this dissertation.

Our main objective has been to understand the situations where an 

eclipsed conformation is predominant either in solid, liquid or gas phase and to 

try to explain why such eclipsing is or is not present. We want to report situations 

where the eclipsed conformation is preferred (C-N, C-O), but it has emerged that 

sometimes the alternative to the eclipsed conformation is another unlikely one, 

the a«//-conformation. However, even when the anti conformation is preferred.
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we want to explain how and in which situations the eclipsed conformation may 

be a populated conformation in equilibrium with it.

The origin of the barrier to rotation for simple saturated bonds is an 

interesting point to consider, for the barrier is normally associated with eclipsed 

conformations. We will not go into details of this question because we believe 

that reasons offered in the literature^ ̂ are convincing, but we will look into the 

factors that can modify this barrier. Firstly, Pitzer^^ proposed that the origin of the 

rotational barrier in ethane, is the unfavourable overlap interaction between the 

bond orbitals in the eclipsed conformation. Bader^^ proposed that there is also a 

contribution result from the favourable interaction a -  a*(bonding-antibonding 

orbitals) when C-H bonds are antiperiplanar. There is no doubt that a 

combination of both of them provides a reasonable explanation.

The possibility of a stable eclipsed conformation for saturated C-C bonds, 

was first raised for compounds of the type R^R^CH-CH^R^ In 1988 and 1991, 

on the basis of molecular mechanics calculations and Dynamic NMR 

experiments, Anderson published studies of the preferred conformation of the 

central C-C bond in this and other 1,1,2-trialkylethane^^ and 1, 1,2,2- 

tetraalkylethane^"* fragments. He reported three bond coupling constants for a 

range of compounds, and the situation evolves dramatically, compared with 

ethane, with the introduction of larger and larger substituents on both carbons 

until the impressive example of l,l,2-tri-/^r/-butylethane. The steric repulsion 

interactions between /^r/-butyl groups produced two important changes in the 

conformation: firstly, the bond angle ^-butyl-CH-^-butyl is opened with respect to 

the normal value in propane and secondly, there is distortion in the torsion angles 

with respect to the perfect staggered conformation. As a result, the preferred 

conformation calculated for this compound shows a threefold eclipsing of H-C 

with C-C(Me)3.
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tBu tBu

7.2

4.3

-3 6 0  -18 0 160 360
Dihedral Angle /

Potential energy diagram and two energy minima conformations for

1,1,2-tri-XQï\.-hutylethane^^.

Figure 1.7

l , l ,2-tri-/er/-butylethane exists in a two enantiomeric conformations with 

torsion angles H-C-C-C(tBu) five degrees on either side of eclipsed and a harrier 

to lihration between them of 0.14 kcal/mol. The energy harrier for the eclipsed- 

anti interconversion is calculated to he -17 kcal/mol, however the anti 

conformation has a very low population due to the interactions between the tert- 

hutyl groups.
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The proton-proton coupling constant across the central bond in this 

compound is known to be 3.6 which agrees well with H-C-C-H torsion 

angles of 120°. This work was followed up by an interesting NMR study^ of a set 

of 1, 1,2-trisubstituted ethanes from which a torsion angle criterion for eclipsing 

on the basis of the three bond proton-proton coupling constants was established. 

In compounds with structure R^CHaHb-CHcR^R^, it should be possible to 

measure two ^Jh-h-coupling constants, or a mean value of these if R  ̂ = R .̂ The 

extent to which the bond is eclipsed should be indicated by the sum of the two 

coupling constants, J a -b  + Je-c see the table 1.1;

Compound ' Rs :
 ̂ vS-'J

(Hz)
Expected

Conformation
1 /-Bu ^-Bu /-Bu 7.2 Eclipsed

2 Me /-Bu /-Bu 7.4 Eclipsed

5 Me Et /-Pr 11.4 Staggered

4 f-Pr Me Me 14.2 Staggered

Sum vicinal coupling constant in compounds with structure

Table 1.1

Compound 1, l,l,2-tri-/^r/-butyl-ethane, is eclipsed (H-C-C-H torsion 

angles - 120°) due the repulsion between substituents, and it is possible to link its 

sum of coupling constants, 7.2 Hz, to the eclipsed conformation. In the same 

way, the sum of the coupling constants 14.2 Hz., for compound 4 (2,4- 

dimethylpentane), has been assigned to staggered conformation (torsion angles 

about 60° and 180°). The mean conformational position between eclipsing and 

perfect staggering in this type of compounds can be determined with a simple 

measurement of the three bond coupling constants and a comparison with the 

values in the Table 1.1.

In summary, while the preferred conformation for a saturated bond is 

staggered, in cases like tri-substituted ethanes, where the space demands of three
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bulky substituents can be matched along the bond, with three small substituents 

such as hydrogen atoms, the molecule may prefer an eclipsed conformation.

In a similar set of compounds, the substitution of one carbon atom by 

nitrogen to give means the reduction of the central bond from 1.53

to 1.47 Â. More correctly, the substitution is of a C-H group by a nitrogen atom 

with a lone pair of electrons. The conformational situation is different, since 

conformations can interconvert by nitrogen inversion as well as by rotation about 

the central C-N bond.

Anderson and co-workers^^ reported evidence for eclipsed conformations 

in saturated C-N bonds, in such fragments R^CH2-NR^R^ when either R  ̂ or R  ̂

and R  ̂ are space demanding groups. Shorter C-N bonds compared with C-C 

bonds make the repulsive steric interactions between substituents notably greater, 

and the best way to relieve this steric crowding situation is by rotating so that the 

three R groups eclipse hydrogen atoms or the nitrogen’s lone pair.

In the case where the steric interactions are less important, for example in 

N,N-diethylmethylamine^^, staggered conformations are preferred as expected. 

However, simple replacement of one of the alkyl groups by a bulky group, to 

give for example N,N-diethylneopentylamine^^, changes the situation 

dramatically with eclipsing of the tert-hu\y\ part of the neopentyl group and the 

nitrogen’s lone pair. N-neopentyl derivatives have been widely studied by 

different groups^^’̂ ’̂̂ ’̂̂ .̂ The particularity of such compounds is that they show 

eclipsing of the tert-huXy\ group with the nitrogen’s lone-pair both in cyclic and 

acyclic compounds. Conformational analysis of N-CH2 exocyclic bonds in 

piperidine rings was reported by Anderson in 1998, comparing the different 

conformation of the N-neopentyl and N-ethylpiperidine derivatives and other 

cyclic analogues. As expected, neopentyl derivatives were always found to be 

eclipsed (with one minimum in the potential energy diagram) and ethyl 

derivatives, always show preference for a staggered conformations, showing two 

staggered conformations in equilibrium, with a small librational barrier of 2.5 

kcal/mol.

In such compounds the ««//-conformation for the N-CH2R bond is 

calculated by MMX to be disfavoured by 3.5 kcal/mol. There is a rotational



Chapter 1 21

barrier about 10 kcal/mol eclipsed-uf«/z when CH2R = neopentyl but when CH2R 

= ethyl, the ««//-conformation is only 0.7 kcal/mol less stable than the gauche- 

staggered one with a rotational barrier of 5 kcal/mol staggered-««//. In N-ethyl 

derivatives, the ««//-conformation was detected experimentally by NMR at low 

temperatures, but not in the N-Neopentyl compounds.

In examples where flanker substituents are introduced in positions 

adjacent to the exocyclic bond, e.g. 2,2,6,6-tetramethylpiperidine compounds, it 

has been reported that the preferred conformation is an equilibrium between two 

nearly eclipsed conformations even when the N-alkyl exocyclic group is not a 

bulky group^^. In such compounds with an exocyclic N-ethyl bond for example, 

the two substituents in equatorial position, complete an anti-anti arrangement for 

the framework, causing the CH2 -CH 3 bond to eclipse the lone pair of the 

nitrogen, to avoid the repulsive interactions. The ««//-conformation has been 

reported to be a minimum but with a small population since it involves steric 

interactions with the axial substituents in the positions 2 and 6 (see Figure 1.8)

M e

Conformational Minima fo r  N-ethyl-2,2,6,6-tertamethyl-piperidine.

Figure 1.8

Eclipsing of saturated carbon-oxygen bonds has also been widely studied 

in the last few years. Work has concentrated so-far on ether derivatives, for the 

importance that these compounds have in organic chemistry'^^’'^\

Saturated carbon-oxygen bonds are even shorter (~1.42Â) than carbon- 

nitrogen bonds ~1.47Â, and it has been reported that C-O bonds in the fragment 

R^O-CHR^R^, tends to be eclipsed when R groups are even moderately sterically 

demanding, either in cyclic or acyclic compounds. In 1994, Anderson and Ijeh"̂ ^
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report an extensive study of the HC—OCH3 bond in cyclic and acyclic 

compounds. Their objective was to understand the eclipsed/staggered ground- 

state conformations based in NMR and Molecular Mechanics Calculations. For 

this purpose they used model compounds for either eclipsed or staggered 

conformations. The following tables summarise their results, with the 

experimental measurement of the vicinal coupling constant ^Ji3c-o-c-ih across the 

bond in question, and the calculated torsion angle Y(C-O-C-H)

- Equatorial methoxycyclohexanes;

Compound
Number

Cyclohexane
Substituants

Y(C-O-C-H)
(degree) (Hz)

1 None 46.0 3.7

2 {Eq) 4-tBu 42.8 3.8

3 (Ax) 2-Me 40.4 4.7

4 (Eq,Ax) 2,6-Mq2 41.2 4.3

5 (Eq,Eq) 2,6-Me2 0.0 7.3

6 2,2,6,6-Me4 0.7 7.5

Axial methoxycyclohexanes:

Compound
Number

Cyclohexane
Substituents

Y(C-O-C-H)
(degree)

Ĵl3C-0-C-lH

7 None 41.9 6.81

8 (Eq) 4-/Bu 41.5 3 9

9 (Eq,Eq) 2,6-Me2 0.2 7.3

Acyclic methyl ethers (R-OMe):

Compound
Number

Cyclohexane
Substiiiients

Y(C-O-C-H)
v:;;,i.,;v(degre^'>V£Ss-

^Jl3C -0-C -lH

10 /Pr-OMe 46.6 3.9

11 Et2CH-OMe 35.4 4.6

12 /Pr2CH-OMe 1.8 7.6
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The first observation is that all compounds show an overall minimum 

conformation with a torsion angle Y (H-C-O-Cmc), smaller than 60° with the anti- 

conformation somewhat less stable. The second observation is that compounds 

calculated to adopt an eclipsed conformation ('T~0°) show a ^Jc-u between 7.3 and 

7.7 Hz., whereas those preferring a staggered conformations (T-40°), have 

noticeably smaller values for the coupling constant, between 3.7 and 4.7 Hz.

Special mention has to be made of the perfect stereotype of the eclipsed 

conformation, proposed by Anderson"^ ;̂ {Xïdim-Xï?Lni)-2,6-dimethyl-methoxycyclo

hexane (compound 5) which has all substituents equatorial. This compound has a 

large ^Jnc-in of 7.3 Hz and a relatively steep-sided potential minimum with a 

calculated torsion angle Y(H-C-O-C) of 0°. From these results, it is possible to 

make a generalisation of a stereotype for eclipsed conformations in C-0 bonds:

C2>/w o r  X .

Stereotype o f eclipsed conformatiort^

Figure 1.9

‘7  ̂is expected that an eclipsed conformation for the C2-0R bond will be 

found when the central framework A-Cl-C2(OR)-C3-B adopts the extended 

antiperiplanar arrangement (anti, anti-conformation) and the substituents A, B 

and R are relatively bulky groups. The extended A-C-C-C-B system may or may 

not be part o f a cyclic system ”

The Newman projection (right Figure 1.9) shows that the obvious way to 

relieve the steric interaction of Ri with the substituents A and B on either side of 

the central C-0 bond, is by eclipsing of the R group with the proton attached to 

the central framework.
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Figure 1.10 shows the minima energy conformation for two perfect 

stereotypes of eclipsed conformation, one cyclic and one acyclic

Energ}’ minimum conformations suggested by MM3(94) in the perfect stereotype for 

eclipsed conformation: a) 2,6-dimethyImethoxycyclohexane, b) 2,4- 

dimethylmethoxypentane. (Graphic from PCMODKlf^ )

Figure 1.10
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MM3 calculations for compound 5 suggest that the enthalpy difference 

eclipsed/aw// is only 1.08 kcal/mol, which corresponds at room temperature to a 

population ratio of 90.8/9.2. Dynamic NMR experiments on that compound 

showed a temperature-dependent spectrum. As the temperature was lowered for 

example, the triplet for the proton attached to C-1 in the ring broadens and below 

the coalescence temperature split into two triplets (-100°C). The integration of the 

signals shows a population ratio of 87/13 and the free energy difference 

calculated at this temperature is 0.52 kcal/mol. Thus, the a«/z-conformation is 

populated but the preferred conformation is still the eclipsed.

Another demonstration of eclipsing in ethers came in the study reported 

by Anderson of the hexamethyl ether of scyllo-inositol^ '̂*' ,̂ all-equatorial 

1,2,3,4,5,6-hexamethoxycyclohexane. Each exocyclic C-0 bond has two 

equatorial methoxy-group neighbours, and the crystal structure shows all the 

torsion angles Hri,,g-Cring-0 -CMe smaller than 10°, confirming the postulated 

theory.

1.4 The Chair-Chair equilibrium in trans-E2- and trans-l,4-disubstituted 

cvclohexanes

One of the repeating themes in conformational analysis, is the detection 

and measurement of conformational equilibria in cyclohexane derivatives. There 

are two minimum energy chair conformations in equilibrium, at room 

temperature with about 0.4 % of the population^^, in a twist conformation"^ .̂ The 

energy barrier chair^twist has been calculated and measured to be about 11 

kcal/mol with a half-chair conformation as the transition state, and the enthalpy 

difference between chair and twist conformations is 4.7 - 6.2 kcal/mol. Inter

conversion among twist conformations has an energy barrier about 1-1.5 kcal/mol 

and the transition state is a boat conformation (see Figure 1.11). We will make 

little further mention of the twist conformation, although we checked by 

calculation with each new set of molecules, that such conformations are of high 

enough energy that they are unlikely to be significantly populated.
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The symmetry of the molecule is D]d with two geometrical sets of 

hydrogen atoms, either extending parallel to the 85 axis (called axial) or in the 

plane perpendicular to the mentioned axis, called equatorial"^. The chair 

conformation has the parameters: C-C (1.530 A), C-Heq (1.093 A), C-Hax (1.101 

A) bond lengths, and the bond angles C-C-C (111.28 ®), C-C-Heq ( 110.55°), C-C- 

Hax (108.83°). The H-C-H bond angle is 106.65° and the dihedral angle C-C-C-C 

is 55.26°. It is interesting to remember that C-C-C-Heq shows a torsion angle 

about 180° while the C-C-C-Hax is about 65°. Those parameters will be useful to 

remember during the development of this dissertation.

In 1960, the chair-chair equilibrium of cyclohexane was detected by 

dynamic NMR spectroscopy (primary references) and the energy barrier was 

reported as 10.1 kcal/mol. Solvents do not much affect the barrier but pressure is 

an important factor so the value obtained for gas phase is 12.1 kcal/mol

AH

HALF-CHAIR

BOAT

10 .7 - 11.5

4 . 7 - 6 .

TWIST

CHAIR

Potential energy diagram fo r  cyclohexane ring reversaf^.

Figure 1.11

The situation in cyclohexane changes with the introduction of a 

substituent, and the preference for the conformation with the substituent in the
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equatorial position is well known. The axial conformation is disfavoured due to 

the 1-3 repulsive interaction between the substituent and two axial hydrogen 

atoms. The position of the chair-chair equilibrium may be defined by the 

Winstein constant"^* called the A-value for a group X which is the numerical value 

of the free energy difference for the chair-chair equilibrium.

A - -AG° -  RT In K (Equation 1.8)

A-values have been determined experimentally for a wide range of 

different substituents, and range from 0.0 to 5.0 kcal/mol^^. The only exception of 

the equatorial preference is found in mercury derivatives with A-values o f -0.17 

to -0.30 kcal/mol, implying an effective steric volume smaller than a proton. It is 

a considerable challenge to our understanding of organic chemistry to predict and 

isolate further molecules with stable axial substituents in a cyclohexane ring, and 

a recent claim^  ̂has been demonstrated to be wrong^\

The position of the chair-chair equilibrium may change significantly with 

the introduction of a second substituent, depending on the relative position of the 

two substituents. In this dissertation, two equilibria will be investigated: trans-

1,2 and trans-1,4-disubstituted cyclohexanes where the substituents are both 

trialkylsilyloxy groups or phenylsilyl analogues.

The equilibrium in trans-1,2-disubstituted cyclohexanes has been widely 

studied, often because such compounds serve as models to investigate factors 

governing conformational equilibria in carbohydrate chemistry. A very simple 

model compound is /rfl«5- l ,2-dimethylcyclohexane. This compound exists as an 

equilibrium between diequatorial and diaxial chair conformations. The AG° in 

solution is 2.75-2.58 kcal/mol^^, which implies a population ratio 99:1 

diequatorial:diaxial at room temperature. There are two main factors that control
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this equilibrium; firstly the 1,3-repulsive interactions between methyl groups and 

axial hydrogens on the ring in the diaxial conformation, and secondly the 

repulsion between the adjacent methyl groups in the diequatorial conformation.

Increasing the sizes of the substituents, for example by replacing both 

methyl groups with tert-hu\y\ groups, increases both these steric interactions so 

that it has been calculated that the two conformations in equilibrium in trans-\,2- 

di-/gr/-butylcyclohexane (20) are diaxial (preferred conformation) and a twist 

boat conformation. The diequatorial conformation has been calculated to be about 

10 kcal/mol less stable because of the gauche-interaction of the two tert-b\xXy\ 

groups^^. A confirmation of the importance of the gauche interaction comes from 

the comparison of 20 with the analogous bis-trimethylsilyl derivative 21̂ "̂ . The 

increase of ~20 % in the length of the several Si-C bonds ( 1.86 Â) with respect to 

C-C bonds (1.53 Â) is reflected in the conformational equilibrium, which 

involves diequatorial and diaxial, chair conformations. AG° is about -1.5 to -1.7 

kcal/mol with the preference for the diaxial conformation.

The introduction of polar substituents may also affect the position of the 

equilibrium. Zefirov et a f^  suggested that the total free energy difference for the 

equilibrium can now be separated into three parts, as shown in the Equation 1.9:

AGeq = AGx+ A G y + AG x /y  Equation 1.9

AGeq is considered to be the sum of the A-value for each substituent plus an 

additional term AGx/y for the interactions between the substituents. In this last 

term a polar factor (associated with the dipole interactions) has been included, as 

well as a repulsive factor (associated with the size and nature of the substituents) 

and an attractive factor (associated with the gauche stereoelectronic effect).

Table 1.2 shows a few examples of dihalocyclohexanes derivatives and 

their solvent dependence. In any dihalo-derivative, diaxial is normally the more 

populated conformation, but increasing the polarity of the solvent increases the 

population of the more polar conformer, diequatorial, until it eventually is the 

more populated conformation^^.
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Solvent AG® I\K3 fkeal/m«n
X -B r

Pentane 1.8“ 0.23 0,98

CFCI3 3“ 0.1 0.84

CS2 3.5" -0.02 0.75

CH2CI2 13,7" -0.68 0.05

Acetone 30.0" -0.85 -0.04

DMF 50.0" -0.94 -0.28

/IG^ o f  trans-1,2-dichloro- and trans-L2-dibromocyclohexanes and the solvent
dependence, a) -65° C, b) -55°C.

Table 1.2

Attractive and repulsive interaction have been studied by changing pairs 

of substituents, O/Cl, 0/Br, O/I, F/Br, F/Cl, S/F, S/Cl, SMe/OMe, SMe/F, 

SMe/Cl, SMe/I, but in contrast to the above results, Carretero et al.^^ found that 

with the exception of SMe/F, all other pairs have net repulsive interactions.

Moving to derivatives of /ra«5- l ,2-cyclohexanediol, it is interesting to 

note the behaviour of the trans-1,2-dimethoxycyclohexane, for its similarity with 

our compounds and for its interest as a model compound for carbohydrates. 

Grindley^^ has shown that in each of a range of solvents, the diequatorial 

conformation is preferred with a population between 57% to 95%. The position 

of the equilibrium relates to the polarity of the solvent and to the dipole and 

quadrupole moments of the conformers.

Solvent at-80®C % diequatorial AG®;;:
(kcal/mol)

Pentane 2.0 57.2 0.5

Toluene 2.7 72 1.51

CS2 2.9 65.6 1.05

THF 10.1 67.2 1.13

CD2CL2 15.0 96.0 4.7

Acetone 32.5 80.0 2.22

Methanol 54 90.2 3.5

Conformational equilibria fo r  im m -1,4-dimethoxycyclohexane
Table 1.3
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In the last part of this dissertation we are going to consider the 

conformational situation of ^a«5- l,4-disilyloxycyclohexane derivatives. As with 

the 1,2-derivatives, the 1,4-disubstituted cyclohexanes have been widely studied 

either is solution^®, in the solid^  ̂ or in the gas phase^^. The main interest in the 

1,4-derivatives come from the fact that while substituents are quite far apart, 

experimental free energy differences show that there is an extra stabilisation of 

the diaxial conformation beyond what is expected by summing A-values^^. This 

striking feature has inspired many research investigations and we now discuss 

some of the conclusions.

Diequatorial 1,4-dimethylcyclohexane has a free energy 3.48 kcal/mol, 

less than the diaxial isomer, close to twice the A-value for the methyl group. The 

expected destabilisation in the diaxial conformation comes from 1,3 diaxial 

hydrogen-methyl interactions as in methylcyclohexane itself.

The introduction of heteroatoms in 1,4-positions changes the equilibrium 

dramatically, and it has been found that, in contrast to expectations from the 

monosubstituted compound, the diaxial conformation is sometimes the preferred 

conformation^^.

In the solid state, there are reports^^ of several compounds where the two 

chair conformations, diequatorial and diaxial, coexist. In solid trans-1,4- 

cyclohexanediol, the two chair conformations are found in a ratio 1:2 

(diequatorial:diaxial). As can be seen in Figure 1.12, the crystal is formed by 

layers of diequatorial molecules linked by hydrogen bonds, linked by further 

hydrogen bonds to layers of diaxial molecules. Hydrogen bonding within layers 

and between layers is undoubtedly much more important than any 

axial/equatorial preference.
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Crystal packiny^ of trans-1,4-cyciohexanediof''*.

The blue bonds represent the hydrogen botids between molecules.

Figure 1.12

On the basis o f the analysis of crystal structures from CCDB, Steiner^"  ̂

proposed that the enhanced stability of the diaxial conformation could be due to 

the C-H X interactions between the X (X=N,0) atom in the substituent and the 

A>77-axial hydrogens in position three with respect to X

Halogen derivatives (X=CI,Br), are further examples of molecules that 

coexist in both chair conformations, either in solution, gas phase or solid. In the 

gas phase, electron diffraction techniques show that there is mixture close to I ; I 

o f both conformers^\ On the basis of solution NMR studies, the diaxial 

conformation is preferred in polar solvents, while the equilibrium is 

approximately equal in non-polar solvents'^'^^ (see Table 1.4). Solid state NMR
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of 1,4-dichlorocyclohexane, shows that the population of the two conformations 

is quite temperature-dependent^ \  Conformations coexist in the crystal but the 

diaxial is the stable one below 260 K while above 280 K the diequatorial is the 

more stable conformation. In the range between there is a phase transition.

Solvent e  l : ' y '"; AG^(X=CI)
(kcal/mol) (kcal/moI)

1 CFiBri 3.0" 0.08 0.022

CSz 3.5" 0.08 -

CDCL3 6.6" -0.03 0.03

Acetone 30.0" -0.43 -0.36

DMF 50.0b -0.58 -0.49

A t -65 r .  - j y c

AG° (diequatorial-diaxial) in kcal/mol fo r  1.4-dihalocyclohexane derivatives

(Cl,Br) in different solvents.

Table 1.4

Wiberg^^ on the basis of ab initio calculations, suggested that the 

stabilisation of the diaxial conformation is due not only to the electrostatic 

interactions between C-X dipoles, but also to electrostatic interaction of the 

different atomic charge generated by the presence of the substituents (Coulomb 

interaction).

The last interesting example with a structure similar to silyl ethers, is 

^ra«5- l ,4-dimethoxycyclohexane^^. Gas phase and solution show a preference 

for the diequatorial conformation. Such a preference is not unusual in compounds 

which involve electrostatic interactions, but it is particularly noteworthy that the 

diequatorial conformation is preferred in all solvents, with a very small difference 

in the free energy values, even if the polarity of the solvents change dramatically 

(see Table 1.5).
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'/ Solvent (kcai/mèî)
Pentane 2.03 0 .1 1

CS2 2.92 0.28

CD3OCD3 10.2 0.55

CHFCI2 12 1 1.4

Acetone 37.3 0.71

Free energy difference (diaxial-diequatorial) o f trans-1,4-dimethoxycyclohexane

in different solvents at 173 

Table 1.5
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Chapter 2

Eclipsed conformations of saturated C-0 bonds: 

Conformational analysis of esters
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2.1 Introduction. Esters

Esters are one of the more common groups used in carbohydrate 

chemistry^^, since their early exploitation as protecting groups for alcohols which 

can be selectively removed under various conditions. Esters are similarly 

exploited in many synthetic processes^

Figure 2.1 illustrates the general structure of the ester group and the 

nomenclature that I employ in this dissertation.

Alkyl to oxygen bond Acyl to oxygen bond

Nomenclature fo r  the conformational analysis o f ester group.

Figure 2.1

The conformational analysis of the ester group is concerned with the 

populated conformation of both the acyl-to-oxygen and the alkyl-to-oxygen 

bonds and the systems selected were the simplest: acetates (R -  CH3 ) and 

formates (R-H).

The different possible conformations around the two bonds are shown in 

Figure 2.2 with the nomenclature that we propose to use. The alkyl-to-oxygen 

bond offers the possibility to study the ^gauche/eclipsed-anti conformational 

equilibrium and research has centred on sec-alkyl esters (especially acetates), 

because of previous eclipsed conformation studies"^̂ . The acyl-to-oxygen bond 

offers the possibility to study the cis(Z)-trans(E) equilibrium, and formates were 

the simple esters chosen for this purpose.

The introduction indicates why we use the term ±gauche/eclipsed to 

describe the range of H-C-O-Ac torsion angles from -60° to +60° for the alkyl-to- 

oxygen bond. Furthermore, with the acyl-to oxygen bond, for convenience in
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writing and to avoid confusion over the name anti which has been used, we 

decided to follow the cis trans nomenclature employed by Eliel and many other

authors^^.

,2\\'

 ̂Gauche/KclipscdZ-Gauche— Trans+ (iauche/Eclipsed/-Gauche— ( is

Anti— TransAnti— ( i s

7 he different conformational possibilities in esters.
Figure 2.2

Our interest in the alkyl-to-oxygen bond is related to previous 

investigation centred on ±gauche edip.sed and anti conformations in the saturated 

C-O bonds o f methyl ethers. The analysis o f the equilibrium between these 

conformations was well defined by Anderson et in a range of methoxy

compounds. When we turned our attention to esters, a previous investigation by 

Dunitz^^, on the basis of a search in Cambridge Crystallographic Database^, 

showed the possibility of finding further new information about the tendency of 

saturated C -0  bonds to adopt an eclipsed conformation. I would like to review 

his investigation and take a different view of a set of structures now nine times 

larger than was available to Dunitz. An initial approach was carried out by 

Anderson and Nasser^^ in acetates but I want to expand this and extend it to 

formates.
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The conformational analysis of acyl-to-oxygen bonds was a much-visited 

topic of interest at the end of the twentieth century. IR^ ,̂ NMR^\ electron 

diffraction^^ and especially ab initio calculations at different levels of theory^^, 

are among the techniques exploited.

It has been established that cis is by far the preferred conformation in 

acyl-to-oxygen bonds in esters, and different explanations have been offered;

i) Dipole-Dipole: Interaction between the dipole in the C=0 bond 

and at the alkyl oxygen, make the cis less polar and more stable^ .̂

J
ii) The cis conformation has extra stabilisation due to n-o*c=o 

overlap involving an oxygen non-bonding pair of electrons antiperiplanar to the 

C=0 bond. Electrons of the alkyl oxygen are already involved with the 7c-bond 

due to the non-bonding 7i*-symmetry, which is why the 0-C(=0)R structure is 

planar. Only the oxygen o-lone pair is available and with the correct symmetry to 

overlap with the antibonding orbital a*c=o of the C=0 bond̂ "̂ , provided the 

conformation is cis.

iii) Repulsive interactions between R and R' groups (especially 

important in largest acetates) and between lone pairs on the oxygen atoms are the 

reasons reported for the instability of the trans conformation^" .̂
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The situation for the acyl-to-oxygen bond seems clear in acetate or bigger 

esters. In formates however, there are quite a few points of uncertainty and I hope 

to contribute to their resolution with a series of investigations.

The techniques used in our search vary with the physical state of the 

esters. The solid state has been investigated with a statistical analysis of crystal 

structures retrieved from CCDB. Gas phase has been approached with the help of 

theoretical calculations, mainly Molecular Mechanics (MM3 and MM2), but 

some of the stereotype compounds have been calculated using ab initio M O 

methods. The study in solution has been carried out by NMR and since spectra 

are temperature-dependent, NMR at various temperatures has yielded population 

conformations and the thermodynamic parameters involved in their 

interconversion.

The investigation of ester conformations divides into two parts. The first 

is the investigation of acetate esters and concentrates mainly on whether the 

alkyl-to-oxygen bond prefers to be ±gauche/eclipsed or anti. The second part, 

after applying the results from the first part for the alkyl-to-oxygen bond to 

formate esters, focuses on the question of the cis-trans conformational 

equilibrium for the acyl-to-oxygen bond.

2.2 Acetates

2.2.1 Results and discussion

In acetates R-0 -C(=0 )CH3, the probability of the trans conformation for 

the acyl-to-oxygen bond is very low due to the repulsive interactions between the 

CHa and the alkyl group (R). In crystal structures, for example, over 6853 general 

examples, we have found only 13 with the trans conformation^^. Furthermore, for 

methyl acetate, the cis/trans enthalpy difference is 8.5 kcal/moP^. For these 

reasons we restrict our studies of acetates to the alkyl-to-oxygen bond, as is now 

described.
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2.2.l.a  Solid state studies

The structural parameters, in a crystal, are not necessarily the same as are 

found for the same molecule in other environments. Differences are a result of 

lattice forces, and in some examples, low energy features may be affected and the 

value shown in the crystal may be different than that found in other phases. Stiff 

structural parameters such as bond lengths, which require a large input of energy 

to change them from the optimum value, will hardly be modified by lattice 

forces. Soft parameters, however, such as bond angles or torsion angles, may be 

significantly affected.

By statistical analysis of structural parameters obtained from the CCDB, 

when the number of examples is large enough, the cases in which lattice forces 

rather than intramolecular strain determine the conformation of our compounds, 

will be random and mutually cancelling in the averaged values obtained. As a 

result, the averaged information obtained will correspond to the predominant 

conformation which is of interest. This is, for example, the case in acetates.

In the first of the two equilibria of this study, the ±gauche/eclipsed~anti 

for the alkyl-to-oxygen bond, the feature which is interesting is the torsion angles 

Y(H-C—0-C(=0)). A general search in the data base produced 6853 examples 

when we used the model structure R^R^C(H)-0—C(=0)-CH3. Analysis of the 

information retrieved, showed that most examples did not correspond to relevant 

organic molecules. The majority of examples found were inorganic compounds 

or simple esters used as a solvent, and trapped in crystal unit cells.

Since the stereotype of eclipsed conformation is a fragment A-C-C(OR)- 

C-B, with the backbone in zig-zag or anti-anti arrangement, we decided to 

specify this stereotype as a condition in the search. The final restriction imposed 

was that the acetate should be a derivative of a secondary alcohol and that this 

alcohol should be cyclic with at least five atoms in the ring. A subset has one of 

the ring atoms next to the C-acetate group as oxygen, thus allowing the 

possibility of sugar derivatives, (see Figure 2.3). The introduction of these
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restrictions brought up a new file with 1546 torsion angles 'F(H-C-0-C), a large 

enough number of values to develop a statistical analysis

Ring
\ /

CH
Ring

Structural pattern specified in the CCDB search in acetates.

Figure 2.3

The central framework of the structure displayed in Figure 2.3, A-X-C-X- 

Y-B, shows the anti-anti arrangement supposed to be necessary for eclipsing of 

the C-O bond. The torsion angles Y-C-X-A and X-C-Y-B and Ring-X-C-0 show 

immediately whether the substituents A, B, and acetate are equatorial or axial, 

and so define the relative stereochemistry of the molecule.

From the results reported by Dunitz^^, 170 sec-alkyl esters followed the 

pattern imposed in our search. All of them had the torsion angle Y(H-C-0-C) 

between 0-60% and 102 of these (70%) were between 0-30°. No trans 

conformations of the acyl-to-oxygen bond were found. The number of examples 

used in our analysis was much larger, 1546, see Tables 2.1 and 2.2, and a similar 

initial global analysis showed that more than 50% of the torsion angles values are 

lower than 25°.

Since the initial analysis showed clear evidence of eclipsed conformations 

for some esters derivatives, the many examples were divided into subgroups on 

the basis of the relative stereochemistry of the substituents A, B, and acetate. The 

subgroups, numbers of examples, and the analysis of the exocyclic torsion angle 

H-C-O-Ac, are shown in Tables 2.1 and 2.2.
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Acetate Equatorial Positior
substb

1 of the 
tuents Acetate Axial

T*
(degrees)

Number of 
examples

Substituent
A (degrees)

Number of 
examples

Substituent
A

29.4 101 None None 56 29.5

11.8 493 Equatorial Equatorial 63 17.7

36.9 43 Axial Axial 77 29.9

16.5 38 towards 
Equatorial 
substituent Equatorial Axial

102 towards 
Equatorial 
substituent

19.9

27.5
61 towards 

Axial 
substituent

133 towards 
Axial 

substituent
31.0

14.2
23 towards 
substituent 

side Equatorial None

29 towards 
substituent 

side
18.3

25.8
98 towards 
hydrogens 

side

38 towards 
hydrogens 

side
25.2

27.0
14 towards 
Hydrogens 

side None Axial

26 towards 
hydrogens 

side
30.1

32.9
29 towards 
substituent 

side

56 towards 
substituent 

side
33.9

Torsion angles W(H-C-O-C) retrievedfrom CCDB for acetates with only 

CARBON ATOMS in the ring 

Table 2.1
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Acetate Equatorial Positiof
substil

1 of the 
tuents Acetate Axial

(degrees)
Number of 
examples

Substituent
A

Substituent
B

Number of 
examples (degrees)

7.0 1 towards 
oxygen

Equatorial Oxygen 
lone pair

13 towards 
oxygen 32.7

31.9
15 towards 
substituent 

side

3 towards 
substituent 

side
18.5

25.6 5 towards 
oxygen

Axial

u I' i\ r

Oxygen 
lone pair

25 towards 
oxygen 37.4

V A .

-
4 towards 
substituent 

side
12.3

Torsion angles T(H-C-O-C) retrieved from CCDB for acetates with an adjacent

OXYGEN atom in the ring.

Table 2.2

The values reported in the first three lines o f Table 2.1, are the calculated 

average o f the absolute value o f the torsion angle 'T(H-C-O-C) Thus, no 

distinction is made between substituents when there is a symmetrical substitution 

pattern. For all other entries with an unsymmetrical substitution pattern e.g. “one 

axial, one equatorial neighbour”, two subgroups were created depending as the 

acetate had rotated to one side or the other o f the molecule (see Figure 2.6 later). 

I will now consider the analysis of the various groups.

a) Compounds expected to show torsion angle W(H-C-O-C) close to O'". 

This group comprises those compounds with acetate either equatorial or 

axial which have equatorial substituents on both sides, see Figure 2.4.
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CH

Rin

Ring Ring

Structures expected to show eclipsed conformations.
Figure 2.4

Diagram (a) there shows the general pattern for this set o f compounds, 

while (b), and (c) show how the steric interactions between the acetates group, 

either equatorial (b) or axial (c), and the equatorial substituents A and B congest 

the area Relief o f this strain occurs by bringing the torsion angle Y(Hrmg-Crmg— 

0-Ac), towards the eclipsed conformation The statistical analysis for this set of 

compounds is given in lines 2 and 3 o f Table 2.1 and is shown pictorially in 

Figure 2.5.

Exocyclic Acetates with Two Flanking 
Equatorial Substituents

250 .
c 2 0 0  -j _

1  1 5 0 : ■ — l i ----  -------  -------
1  100  ;-

^  50  -- — N — -------------------------
0

10 20  30  4 0  50  60

Torsional Angle H-C-O-C (degree)

□  Equatorial 
Acetate;
493 examples: 
T =  11.8890

□  Axial Acetate: 
63 examples:

17.7929

Statistical analysis o f  compounds expected to show eclipsed conformations.
Figure 2.5
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For compounds with acetates and substituents A and B all equatorial, 

there are 493 examples, and the average torsion angle of 11.8® indicates an 

eclipsed bond. In the 63 examples where the acetate is axial with two equatorial 

neighbours, the tendency to eclipsing persists, but the average torsion angle is 6“ 

larger. This very large sample is the principal experimental evidence that the 

stereotype of Figure 2.4(a) adopts an eclipsed conformation i.e. the stereotype 

proposed by Anderson and Ijeh"̂  ̂for methoxy-compounds extends to acetates.

b) Acetates which do not need to have an eclipsed conformation.

This group has been divided in three subgroups:

The first subgroup comprises acetates, either axial or equatorial, with an 

equatorial substituents on one side and either an axial substituent or no 

substituent on the other side. Figure 2.6 shows the conformational situation for 

acetate equatorial in this set, whose statistics are in lines 4-7 of Table 2.1.

CH
Ring--

RiniRing

a) Compound with equatorial or axial acetate and two flanking substituents, one 

equatorial and one axial. In b). The case is shown where the acetate is in

equatorial position.

Figure 2.6

Figure 2.6(b) illustrates only the example with acetate equatorial but a 

similar situation is expected for the axial. On one side, the acetate interacts with 

an equatorial substituent, however, on the other side it interacts with an equatorial
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hydrogen. The different sizes o f the groups in equatorial positions produce 

different interactions with the acetate group

Exocyclic Acetates Wth One Axial and One 
Equatorial Flanking Substituents

^ 20

10 20 30 40 50 60
Torsional Angle H-C-O-C 

(degree)

□  eqEQax: 38 
angles toward 
equatorial; 
average= 16.5794

□  eqEQax: 61 
angles toward 
axial:
average: 27.5372

Statistical analysis o f conipoiinds with eqimtorial acetate and otie substituent 

axial and the other equatorial.

Figure 2.7

The statistical analysis of this set must treat separately acetate turned 

towards the equatorial substituent or towards the axial. Figure 2.7 shows as 

expected, that the latter i.e. towards an equatorial hydrogen, is more common (61 

examples versus 38). When turned towards the equatorial group, the torsion angle 

is mainly between 0° and 20° with the mean of all values 16.5°, due to repulsive 

interactions. However, when the acetate is turned towards the axial substituent, it 

has a smaller interaction with the equatorial hydrogen and the acetate torsion 

angle is found to be -30° with a mean value o f 27.5°. It is noteworthy that the 

interaction with the hydrogen is small but real, and this is reflected by this 

average for the torsion angle 'F(Hrmg-Crmg-O-Ac) being quite far from the perfect 

60° value.

In the case where the acetate is axial with adjacent equatorial and axial 

substituents, it has been found that in 102 cases the acetate is pointed towards the 

equatorial substituent and the average exocyclic torsion angle T^(Hrmg-Cring-O-Ac) 

found is 19.9°. There are slightly more cases (133), where the acetate turns
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towards the axial substituent/equatorial hydrogen, and 31.0° is the average torsion 

angle found. These results are in agreement with the explanation just mentioned.

CH

Ring--
Ring*-

Compounds with one equatorial substituent and acetate equatorial or axial

Figure 2.8

Similar to this group are acetates, either axial or equatorial, with only one 

equatorial substituent, i.e. equatorial hydrogen on the other side, see Figure 2.8. 

When the acetate is equatorial, (b) it is turned towards the equatorial hydrogen 

substituent in 98 cases showing a mean torsion angle or 25.8°. As expected, there 

are many fewer cases (23 in fact), where the acetate is found towards the 

equatorial substituent, and the average exocyclic torsion angle is 14.2°.

Where the acetate is axial with one adjacent equatorial substituent, 38 

examples show it turned towards the equatorial hydrogen with an average torsion 

angle of 25.2°, and once again there are fewer examples (29 in fact), with the 

acetate towards the equatorial substituent, showing a mean 18.3° torsion angle.

In these examples when the acetate is turned towards the side with no 

equatorial substituent, very small torsion angles are sometimes found. This makes 

the averages that we have just discussed, quite small for what might be called 

staggered stereotypes.viz. 31.0®, 27.5®, 25.8®, and 25.2®. Some of these small 

values should properly be considered as arising from acetates turned towards the 

equatorial substituent but then repelled beyond perfect eclipsing to the 

unsubstituted side. These four average values are thus unnaturally small.
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The second group in this section comprises acetates expected to be 

staggered because the equatorial substituent on both sides is a hydrogen atom.

The first set of these comprises compounds with no flanking substituent 

and with the acetate equatorial or axial, line 1 in Table 2.1. As has been 

mentioned above, interaction with the hydrogens in equatorial position still exists 

and has to be considered, see Figure 2.9.

Exocyclic Acetates with no Flanking 
substituents

50

40

20

O O O-f oiTi s
Torsional angle H-C-O-C 

(degrees)

□  Equatorial 
Acetate:
101 examples: 

29.4557
□  Axial Acetate: 

31 examples: 
Y  =  29  5161

Statistical analysis o f cyclic acetate with out flanking substituents.

Figure 2.9

The interaction o f hydrogen atoms with acetate groups, are not sufficient 

to bring the torsion towards the eclipsed conformation, but they explain why the 

torsion angle 4^(Hring-Crmg-0-C(=0)) is around 30°, far from the perfect staggered 

value. Thus the torsion angle in this set averages 29.5° for both 101 equatorial 

acetates and 31 axial acetates.

The second set comprises acetates either axial or equatorial with one or 

two flanking axial substituents, the four subsets of lines three and nine in Table

2.1. As with the set above, the important feature is that there is only hydrogen in 

the adjacent equatorial positions (see Figure 2.10). All these compounds are 

expected to be similar since adjacent equatorial substitution is lacking.
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ÇH

Ring—  
Rin g - - -

Ring-'
Ring-

CB

CH.

■OH Ring—  Y 
Ring---r

Structural pattern fo r  compounds with one or two substituents in axial position 

with the acetate either equatorial or axial 

Figure 2.10

Equatorial acetates with only one axial neighbour showed an average 

torsion angle of 32.9° for the acetate in the 29 cases where it is turned towards the 

axial substituent, and a value of 27.0° in the 14 cases where the acetate is to the 

unsubstituted side (Figure 2.10(a)). When the acetate is axial, (Figure 2.10(b)), 56 

examples were found oriented towards the substituent, with a torsion angle 33.9°, 

while the 26 compounds turned towards the unsubstituted side have an average 

torsion angle of 30.1°.

The situation is quite similar when the acetate has two adjacent axial 

substituents, with a torsion angle of 36.3° for the equatorial acetate in 43 cases 

(Figure 2.10(c)) and 77 examples with a torsion angle 29.9° in compounds with 

the acetate axial (Figure 2.10(d)).

The third subset comprises axial and equatorial acetates with an adjacent 

oxygen atom in the ring, see Table 2.2. Sixty-six compounds were found with 

one substituent (axial or equatorial) on the opposite side of the acetate from the 

ring oxygen, and they were divided in four groups.
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These examples have been treated separately to find the effect of one 

adjacent lone pair in an equatorial position, i.e. the size of the lone pair and its 

effect on a steric problem (see Figure 2.11).

R in g --

Ring--
AO' Ring

Compound with oxygen in the ring, substitue tit and acetate in equatorial position.

Figure 2.11

Figure 2.11 illustrates the case with the acetate and substituent both in 

equatorial positions. Sixteen examples have been found with the acetate towards 

the substituent in fifteen, showing an average torsion angle of 7.0°, but the one 

example with the acetate towards the oxygen side has a torsion angle 31.9°. In 

five cases, the substituent was axial, adjacent to an equatorial acetate. In all cases 

the acetate was turned towards the oxygen with an averaged torsion angle of 

25.6°

The situation with the acetate axial brings up the question o f the influence 

of the exo-anomeric effect, widely studied in carbohydrate chemistry^^'’ ’̂̂ . It has 

been reported that in systems such as 1-methyl-glycosides, the preference of the 

exocyclic torsion angle Onng-Cring-O-C is for methyl gauche to the C-O bond in 

the ring rather than anti (see Figure 2.12 which shows acetate rather than 

methoxy).
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RingRing
RingRing

RingRing Ring Ring

Two possible conformations in compounds with axial acetate and ecjuatoria! 

substituents. Note that when acetate is gauche to the ring oxygen, there is a (one 

pair antiperiplanar to the polar C-O bond in the ring.

Figure 2.12

Compounds with axial acetate have been divided in two groups. The first 

group has the adjacent substituent equatorial. There are three examples with 

acetate turned towards the substituent with an average torsion angle of 18.4°, 

while thirteen are turned towards the oxygen with a torsion angle of 32.7°. The 

second group has an axial substituent. Four examples have the acetate turned 

towards it with an average torsion angle of 12.3° while 25 examples have the 

acetate towards the oxygen side with an average torsion angle o f 37.4°.

In total, we found 38 compounds favouring the exo-anomeric 

conformation while seven did not. These 38 compounds have a p-orbital with a 

pair o f electrons antiperiplanar to the Cring-Oring bond, which favours the 

transference of electronic density from the lone pair o f the exocyclic oxygen 

atom to the anti-bonding orbital o f the Cnng-Ormg bond and thus stabilising this 

conformation.
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Along side these 1546 examples, only one compound has been found 

acetate groups adopting an «////-conformation. The compounds has the reference 

code called NUZRU V^^(2,3,6,2’,3 ’,4’,6’,-hepta-acetyl-D-lactobionolactone 

toluene solvate). The unit cell of NUZRUV has two molecules and it is perhaps 

surprising that in both, the same torsion angle out of the seven exocyclic acetate 

groups, adopts the anti conformation with H-C-O-Ac torsion angles o f 164.9̂ " and 

175 /T.

-

H

 ̂ iû - t y  
()

(
()

1113

-  i
/ - 5.4
O O

c 4

(1 Ü

AcO AcQ

AcO- OH

AcO OAc
AcO

Crystal Structure representation o f  the compound NUZRUV  
(Reproduced by Pluto program^)

Figure 2.13
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The presence of only two anti conformations for the alkyl-to-oxygen bond 

in sec-alkyl acetates against 1546 with gauche or eclipsed conformations, is clear 

evidence that the latter is the preferred conformation. Furthermore, the division of 

the crystal structures into different groups allowed us to confirm the pattern 

reported by Anderson^^’"̂  ̂ as to when and why eclipsed conformations can be 

expected.

We have thus been able to establish the necessary substitution around an 

exocyclic acetate group to produce an eclipsed conformation. With such a large 

number of examples, we can be sure than the influence of lattice forces on the 

torsion angles was averaged in the final result, providing in this way real 

confirmations of the objectives we had.

It has been found, with 493 examples to prove it, that eclipsed 

conformations are expected in acetates when the structure most clearly follows 

the stereotype. In cyclic compounds, this means having two groups in the 

neighbouring equatorial position, whether the acetate is equatorial or axial. We 

have not shown this specifically for acetates, but eclipsing can be more generally 

expected for the C-O Ac bond in a fragment A-C-C(OAc)-C-B where A and B are 

space-demanding substituents, provided the fragment adopts an anti-anti 

arrangement. In such structures, the difference in the nature and the size of the 

substituents A and B explains why the eclipsed conformation has a torsion angle 

different from zero. As a corollary, it is clear how different orientations of 

substituents can make the acetate bond staggered although this may mean torsion 

angles of only around 30°, due to steric interactions of acetate with hydrogen 

atoms in equatorial positions. The same kind of steric interactions, when weak, 

produce a bond with a torsion angle around 30° while, if they are strong, they 

lead to bond eclipsing.

Finally the study of the cyclic compounds with oxygen in the ring 

provides some evidence of the exo-anomeric effect.
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2.2.1.b Gas phase studies

Gas phase has been approached using Molecular Mechanics calculations. 

Allinger’s program MM3(94) and MM2(87) have been used, since these have 

been specifically parameterised for esters^^’̂ .̂

Taking as a reference the stereotype structures found in the solid state 

analysis, a set of compounds has been proposed to model conformational 

features. The structures (see Figure 2.14) correspond to either the group expected 

to show an eclipsed conformation, or to the group expected to have a staggered 

conformation. The geometries have been minimised using both programs to 

compare the differences in the force fields and using the dihedral drive option, 

the torsion angle Y(H-C—0-C(=0)) has been rotated to seek all the energy 

minima and the energy barrier for the rotational process.

In agreement with the results found in crystal structures, calculations 

suggest that all the compounds that follow the stereotype of eclipsed 

conformations (2.3, 2.6 and 2.7) are also eclipsed or nearly so in the gas phase. 

Furthermore, compounds 2.2, 2.4, 2.5 and 2.8 are calculated to adopt staggered 

conformations with torsion angles around 40° in MM3 and 37° in MM2. It is 

interesting to observe that the calculated torsion angle for both programs fit well, 

in fact, with the average energy minima found in the crystal structure studies, 

skewed away fi*om the perfect 60® staggered conformation. As in the solid state 

discussion, this is a plausible result of the repulsive steric interactions between 

the acetate group and the equatorial hydrogen atoms adjacent to the acetate (see 

Figure 2.4).
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'P(H-C-0-C(=0)) 'F(H-C-aC(=0)) 
MM3 MM2

61.0 59.7Compound 2.1

Ccanpound 2.2 43.3 37.2

Ccwnpound 23 4.9

37.943.6

Cœipound 2.5 39.544.0

Compound 2.6 3.6 12.1

9.6

Compound 2.8 35.641.3

Compound 2.9 58.959.1

Torsion angles W(H-C-0-Ac) suggested by MM3 andMM2.

Figure 2.14

The angles reported in Figure 2.14 are the absolute value of the torsion 

angles since the molecules are usually symmetrical. However, in the case of 

compound 2.8, the acetate orientation is away from the equatorial methyl group 

as shown in Figure 2.15.
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Ring

CH

Rmj CH

Positive orientât ion criteria followed for the torsion angle W(H-C-O-Ac)
in compound 2.8.

Figure 2.15

The torsion angle Y(H-C-O-C) was varied using the dihedral drive option in 

MM3 with results as shown in Figure 2.16 and 2.17.

Rotation of the torsional angle H-C--0-C in 
acetates expected to show staggered conformations
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 Compound 2.2

 Compound 2.4

 Compound 2.5

 Compound 2.8

Potential energy diagram for the change o f  the torsion angle 

(H-C-O-C) in acetates which are expected to show staggered conformations.

Figure 2.16

Figure 2.16 exhibits the plot o f the relative final steric energy against the 

torsion angle T'(H-C-O-C), for compounds expected to adopt staggered torsion
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minima. As can be seen, the potential energy curve for compounds 2.2, 2.4 and 

2.5, are symmetrical, showing two energy minima with a small energy barrier for 

rotation from one minimum to the other. This barrier to rotation was calculated to 

be around 1 kcal/mol, which means that at room temperature, there is expected to 

be rapid oscillation between these energy minima.

Compound 2.8, (c/5-/ra«.v)-2,6-dimethylcyclohexyl acetate, shows an 

unsymmetrical potential energy curve with a local energy minimum, hardly more 

than a point of inflection, at — 20°, which is 1.2 kcal/mol higher in energy than 

the absolute energy minimum at ~ +40°. The absolute minimum is the 

conformation with the acetyl group turned to the side with an equatorial 

hydrogen. Also, it can be noted that the asymmetry quite reasonably persists in 

the anti conformation, with the local energy minimum corresponding to a torsion 

angle o f -160°, moving the acyl group away from the axial methyl substituent.

Rotation of the torsional angle H-C--0-C in 
acetates expected to show eclipsed conformations
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Compound 2.3 

Compound 2.6 

 Compound 2.7

Potential energy' diagram fo r  the t'otation o f  the torsion angle 

P(H-C-O-C) in acetates expected to show staggered conformations.

Figure 2.17

Figure 2.17 plots the relative final steric energy against the torsion angle 

T(H-C-O-C) for molecules expected to have eclipsed acetate groups. The 

diagram is quite different from Figure 2.16. The potentials are steep-sided curves



Chapter 2 57

centred on zero, with a deep energy well. As a result, there will be little 

population in conformations with torsion angles away from 0°.

As can be observed in Figure 2.16 and 2.17, anti conformations are 

calculated to be at least 1.5 kcal/mol higher in energy than the eclipsed/staggered 

conformations. Thus for the alkyl to oxygen bond at room temperature, this 

energy difference means that overall, the anti conformation will be populated less 

than 10%, population that will not much affect the results of this study and will 

not be further considered.

Finally, we want to mention that the energy barrier for the rotation of the 

torsion angle 'F(H-C-O-C) differs between the force fields by 1-2 kcal/mol except 

for compound 2.2 and 2.5 with MM2 suggesting higher values (see Table 2.3). 

This considerable disagreement may be due to the difference in the lone pair 

parameterisation. In the MM2 force field, Allinger introduced the oxygen lone 

pairs as pseudoatoms. However, in MM3, the lone pair was treated as part of the 

oxygen torsion parameters. It is difficult to predict what is going to be the effect 

of the different parameterisation and the accuracy of the results.

Compound MM3 Energy Barrier 
(kcal/mol)

MM2 Energy Barrier 
(kcal/mol)

2.2 4.37 4.35
2.3 12.20 14.07
l A 4.54 6.38
2.5 8.78 9.02
2.6 11.86 13.32
2.7 11.53 13.27
2.8* 12.51 14.31

* Energy barrier for the equilibrium eclipsed/staggered —Anti

Calculated energy barrier fo r  the rotation o f the torsion angle 
W(H-C-O-C) in acetates derivatives by MMS andMM2 programs.

Table 2.3
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2.2.1.C Solution phase studies

Anderson and Nasser^^ previously reported a partial NMR study of 

acetates. However, for this dissertation it was necessary to make some key 

compounds to be analysed by NMR to measure some one-bond coupling 

constants ^H-^^C(OAc) not reported previously. In any case, we will report their 

results in acetates but the description of the NMR techniques is given more 

accurately in the formate section of the current chapter.

* Values obtained from reference 69
1 3 / ^  1 ■

Compound

2.1 146.3 3.9
2.2 148.0 2.8
2.3 145.4 4.2
2.4 146.4 2.9
2.5 150.3 3.21 2.6 144.7 4.2
2.7 150.2 4.1
2.8 145.6 3.4
2.9 - 2.5

Heteronuclear C- H  coupling constant fo r  the acetates derivatives. The 

uncertainty in ^Jjsc-ihIs ±0 .5  Hz while for ^Jj3C-ih it is ±0.2  Hz.

Table 2.4

As can be seen in the table above, for the compounds expected to adopt an 

eclipsed conformation, has a value of 4.2 Hz., while the value measured for the 

compounds expected to have a staggered conformation, is 2.5-3.4 Hz. The range 

of values is enough to assign differences in conformation with some accuracy. 

However, a comparison with the values reported by Anderson and Ijeh for 

methoxy derivatives'^^, shows that the range of values eclipsed-staggered has 

decreased from 3.7 Hz in methoxy compounds to 1.7 Hz in acetates. More details 

and fuller discussion of the NMR results will be given in section 2.3.3.c.
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In summary, we have studied the conformation of the alkyl-to-oxygen 

bond in acetate esters in three states:

1- A wide statistical analysis has been carried out with the 

information retrieved from the CCDB. As a result of this analysis, we divide the 

1546 torsion angles in cyclic acetates with at least a five-membered ring into two 

groups. This separation depends on the stereotype reported by Anderson"^  ̂for the 

eclipsed conformation. A large number of examples has been found for each 

group and if two equatorial bulky groups flank the acetate so that the 

conformation of the central framework, A-C-C(OAc)-C-B, is zig-zag or anti-anti, 

the repulsive interactions between the exocyclic acetate and the bulky groups, 

drive the torsion angle T(H-C-0-Ac) towards eclipsing. When there are no 

equatorial substituents, the conformation observed was much fiirther removed 

from eclipsed. It was observed that the interaction with equatorial hydrogen 

atoms has to be noted and is the explanation of staggered torsion angles 

appearing to be about 30% i.e. around 30° away from the perfect staggered 

conformation.

2- Gas phase has been studied using the MM3 and MM2 programs. 

Results confirm the aforementioned stereotype of the eclipsed conformation in 

acetate, in the gas phase. The study was carried out in a range of related 

molecules using methyl groups as the adjacent substituents. In symmetric 

molecules, the torsion angle reported for eclipsed conformations was very close 

to zero. When hydrogen atoms replace methyl substituents adjacent to the acetate 

groups, interactions with the acetate group produce staggered torsion angles 

around 40°, 20° smaller than perfect staggering and 10° larger than the average 

observed in the solid state study.

An intermediate situation was noted in the solid state that confirms this 

generalisation. When there is one equatorial neighbour, the acetate is more likely 

to be turned away from it than towards it (330 times versus 192 times). In the 

former case, the acetate towards hydrogen neighbour has a torsion angle 

approaching 30° on average, while acetate turned towards equatorial substituent 

has a torsion angle less than 20° on average.
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3- From our calculations, we have extracted the energy barrier to the 

rotation from eclipsed-staggered to anti conformations. Differences between 

force fields have been attributed to the different parameterisations, especially in 

the treatment of the oxygen lone pair.

4- A NMR study was carried out by previous researchers and we 

have merely reported their results. The main conclusion is the assignation of a 4.2 

Hz, three bond carbon-proton coupling constant to the eclipsed conformation and 

a value of 2.5-3.4 Hz to the staggered conformations. The comparison of the 

coupling constants with the corresponding methoxy groups shows that the range 

in coupling constants is considerably decreased, from 3.7 Hz in methoxy 

derivatives to 1.7 Hz in acetate.
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2.3 Formates

The conformational study of formates has to be done somewhat 

differently. The replacement of the methyl group in acetates by a hydrogen atom 

reduces repulsive interactions with neighbours and as a result, increase the 

probability of finding the trans conformation for the acyl-to-oxygen bond. This 

means that two conformational equilibria have to be considered, gauche/eclipsed- 

anti and cis-trans. We have already discussed the former equilibrium when 

dealing with the acetates. The objective of this second part of the chapter is 

firstly, to verify that similar results can be expected for the alkyl-to-oxygen bond 

in formates and secondly, to focus attention on the cis-trans equilibrium for the 

acyl-to-oxygen bond.

Previous studies on formates have been limited to the latter bond, and 

once it was established that the cis conformation is preferred, they have 

concentrated on detecting and explaining in which situations the trans 

conformations may be populated.

Theoretical approaches used ab initio calculations with different basis 

sets, mainly for methyl formate. Bemardi^^, Wiberg^^ and Schleyer^^ have 

reported that the following main reasons for the stability of the c/5-conformation:

1- Electronic interactions, basically dipole-dipole effects.

2- Extra stabilisation of the cis isomer due to the interactions between the 

o*c=o of the carbonyl bond and an antiperiplanar oxygen lone pair.

Experimental observations of both cis and trans conformations have been 

reported. In 1970, Oki et al^^ showed evidence of the two conformations by low 

temperature IR of tert-\mXy\ formate and concluded that the minor isomer is trans 

(they called s-cis following different nomenclature), because it is more polar. 

They observed an increase in its population conformation in more polar solvents. 

Blom and Guntard^^ reported, on the basis of low temperature matrix infrared 

studies of methyl formate, that the difference in energy between the two isomers 

is 4.75 kcal/mol, and the energy barrier is 10-15 kcal/mol.
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The technique more commonly used for such studies has been NMR. A 

summary of results from different authors is given in Table 2.5.

R
Population of 
trans isomer

(%)
AG

(kcal/mol) (kcal/mol)

-CH] 0.9" 2.15’ ' 9.9
-CH2CH3 V 1.67'' 10.4

-CH(CH ] ) 2 3" 1 36" 10.4
-C(CH])3 24" 0,47" 8.7
-C(CH3)3 14" 0.57*' 9.0

C6H5 20^ 0.43*' 8.5
-2,6-(CH3)2-C6H5 3" 1.14*' 10.6 1

a- Soh enl (1:1, v: v) DMF: Acetone, 
b- Solvent (3:1, v:v) Acetaldehyde:Acetone.

Populations, free energy differences and energy harriers for formates by NMR.

Table 2.5

The cv.v-conformation is always preferred, however, the population of the 

Z/w/.s-isomer increases with the size o f the alkyl substituent. This clearly shows 

steric repulsion between the R group and the carbonyl, favouring the trans- 

conformation where R now interacts with the small formyl hydrogen atom (see 

Figure 2.18).

_  0
0

I I

R

Intetxictions R group-carhonyl responsible o f  the increasing in the population 

conformation o f the t r a n s - f w w c r  with the size o f  group R.

Figure 2.18
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There is an interesting solvent effect on the equilibrium. In tert-hutyX 

formate, increasing the polarity of the solvent increases the population of the 

more polar /ra«5-conformation, in agreement with earlier I.R. studies^^.

Finally it has been suggested that there is an important cross-conjugation 

effect through the oxygen, between the formate and the phenyl groupé % in phenyl 

formate. This effect disappears with the introduction of two methyl groups in 

positions 2 and 6 of the phenyl ring due to the different orientation of the ring.

2.3.1 Results and discussion

The analysis of formates has been divided into two main parts:

1- The alkyl-to-oxvgen bond. In section 2.3.2, we study the gawc/ze/eclipsed- 

anti equilibrium. As with the acetates, we report conclusions either for the 

solid state (by CCDB search), for the gas phase (using MM3 and ab initio 

calculations) and for solution (by NMR).

2- The acvl-to-oxygen bond. In section 2.3.3, we investigate the cis-trans 

equilibrium. Little information was found in the CCDB search (since 

formate is not a popular protecting group), but MM3 and ah initio 

calculations, and solution studies by NMR provide interesting data.

2.3.2 Gauche/eclivsed-anti equilibrium in the alkvl-to-oxygen bond

2.3.2.a Solid state studies

Recourse to CCDB for formates did not produced the same extensive 

information as in acetates. Only 19 torsion angles were retrieved in a general 

search. With the same restrictions used for acetates (secondary carbons, cyclic 

organic compounds with at least 5 or 6 membered rings, including compounds 

with oxygen atoms in the skeleton of the ring), examples decreased to ten. This is 

too small a sample for a proper statistical analysis and a confident exclusion of
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lattice force effects on the averages observed but, some information can be 

reported. The ten torsion angles were divided in two groups;

1-Compounds with either equatorial or axial formate, and no adjacent 

equatorial substituents. Five compounds are in this group and the average torsion 

angle 'F(H-C-0-C(=0)) is 34,8° ( Figure 2.19). From the data reported for 

acetates, it is not surprising to find staggered conformations.

CHO

Ring
Ring

R-H, Substituent

Figure 2.19

2-Compounds with an equatorial substituent on one side only of the 

formate, which is either equatorial or axial. Five examples were found and the 

average torsion angle was 25.0° (see Figure 2.20). Since the interactions of 

formate with the substituent side and the hydrogen side are different, orientation 

towards the latter and staggered conformations are expected.

CHO

Ring
Ring

R -  H or substituent

Figure 2.20

One example of acyclic compounds was found. The compound with the 

CCDB Refcode CELFrf^ shows a torsion angle 'F(H-C-0-C(=0)) of 0.9° (see 

Figure 2.21). This value might seem surprising for an acyclic compound, but
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examination o f the overall structure showed the arrangement in the space of the 

atoms fits the stereotype of eclipsed conformations reported by Anderson"^^. The 

central framework of the structure shows an anti,anti arrangement, and the 

position of the substituents on either side of the formate group, see Figure 2.21, 

leads to an eclipsed torsion angle

H2D
04

06D

N20305:
OID FI

ClDNID. HID
02

C2

02 D HI % % N1Cl
C2DFID oi

0503D

06

04D
H2

CHO

NO

CH CH NO

NO

CHO

Crystal structure o f the compound from CCDB^.

(Reproduced by PLUTO program)

Figure 2.21
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2.3.2.b Gas phase studies

The alkyl-to-oxygen bond has been widely studied in acetates, and in 

formates, the results are not expected to be very different.

The analogous model compounds have been chosen as for the acetates 

since this set covers a wide range of conformational possibilities from eclipsed to 

staggered to anti, and they are mainly cyclohexane derivatives.

The MM3 program was used since specific parameterisation for formates 

is included in the force field and examples of application to simple formates have 

been reported by Allinger^^. The dihedral driver was used to seek energy minima 

and to obtain the energy barrier to the interconversion of eclipsed and anti 

conformations. Our attention is concentrated here, on the torsion angle Y(H-C-0- 

C(=0)). The results and the nomenclature in formates are shown in Figure 2.22.

Compounds fitted into three groups depending on the torsion angle 'F(H- 

C-0-C(=0)):

1- Compounds 2.12, 2.15 and 2.16 Eclipsed torsion angles are observed 

for this group. They have an anti-anti arrangement of the central 

framework, A-C-C(OR)-C-B, with substituents A and B, actually 

methyl groups, big enough to turn the torsion angle close to perfect 

eclipsing.

2- Compounds 2.11, 2.13, 2.14 and 2.17. These are expected to show 

staggered conformations with torsion angles around 40-45% as a result 

of different interactions of the formate group with hydrogen atoms on 

either side.

3- The final group comprises compounds 2.10 and 2.18, expected to have 

perfect staggered conformations with 60° and 180° torsion angles.
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Y (H ^ -0 -C (= 0 ))
(degrees)

6 1 ,0Compound 2.10

Compound 2.11 4 3 .5

Compound 2.12 4 .6

Compound 2.13 43.

Compound 2.14 4 3 .2

Compound 2.15 0.6

Compound 2.16

Compound 2.17 4 1 .3

Compound 2,18 59.1

Torsion angles suggested by MM3 for the minimum energy conformation in
formates model compounds. 

Figure 2.22

The anti conformations are calculated to be ~2 kcal/mol higher in energy 

than the eclipsed or staggered conformations which means less than -5%
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population of the anti conformation at room temperature. This conformation 

makes little contribution to the total picture and will not be considered further in 

this section

The differences between the three groups above can be better appreciated 

in the potential energy diagrams for variation of the torsion angle H-C—0-C. We 

expected to see three general types of curve and the results are shown in Figures 

2.23 and 2.24.

Rotation of the torsional angle H-C—O-C in formates 
expected to show Eclipsed Conformations

12

10

8

6

4

2

0
o
- 1-

o ooco o -t-

Compound
2.12
Compound
2.15
Compound
2.16

Torsional Angle H-C-O-C(degrec)

Potential energy diagram for compounds expected to show eclipsed

conformations 

Figure 2.23

Figure 2.23 shows the energy diagram for molecules which fit Anderson’s 

stereotype for eclipsing. The diagram shows a deep, steep-sided potential well 

centred on zero. Only conformations with torsion angle close to zero should be 

populated, as a small increase in the torsion angles produces a considerable 

increase in energy.

Figure 2.24 shows the potential energy curve for the second group, 

molecules expected to have more-or-less staggered conformations. There is a 

wide potential energy well centred on zero (except for the unsymmetric 

compound 2.17) indicating the probability of a range of populated conformations
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with various torsion angles different from zero. In the symmetrical cases there is 

an equilibrium between two enantiomeric forms, rotating with ~1 kcal/mol 

energy barrier between ± 45°. In the compound 2.17 with one substituent 

equatorial and one axial, the exocyclic torsion angle was skewed towards the 

axial substituent.

Rotation of the torsional angle H-C—O-C in formates 
expected to show Staggered Conformations

14

12

y 10

8

6

4

2

0
- 1- o o oc(N - t

Compound
2.11
Compound
2.13
Compound
2.14
Compound
2.17

Torsional Angle H-C-G-C(degree)

Potential energy diagram for compounds expected to show stagget^ed

conformations 

Figure 2.24

The third group comprises formate groups attached to a primary carbon 

atom, and perfect staggered conformations (60° and 180°) were expected and 

calculated.

2.3.2.C Solution phase studies

The approach of the behaviour o f our compounds in solution was carried 

out by NMR. Mainly ’^C gated *H-decoupled, at room temperature, was the 

technique employed to develop the study of alkyl to oxygen bond. An indirect
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methods based in the relationship between the three bond coupling constant and 

the torsion angle 'P(H-C-O-C), Karplus equation, was applied to study the 

conformation of the formates derivatives. The results have been displayed in 

Table 2.6.

Compound ^Jl3a-0> O-C IH d̂l3C(=0)-lII
rMM3'

Y(H-C-O-C)V I(degrees)
2.10 3.9 225.5 61.0
2.11 3.2 223.2 43.5
2.12 4.6 223.5 4.6
2.13 3.2 223.4 43.8
2.14 3.2 223.4 43.2
2.15 4.3 223.3 0.6
2.16 4.6 223.4 0.0
2.17 3.5 223.4 41.3
2.18 2.7 224.5 2.76

*The uncertainty in Jjac-jnis ± 0.5 Hz while fo r  Jnc-iH it is ± 0 . 2  Hz.

Experimental values fo r  the three bond coupling constants ^Juc-ih thought the 

ester bond and the one bond coupling constant ^Juc-ih measured at room 

temperature. On the right, appeared the torsion angle W(H-C-O-C) fo r  the 

energy minima conformations suggested by MMS.

Table 2.6

A range of formates 2.10-2.18 has been synthesised and their NMR 

spectra measured. The compounds suggested to have eclipsed conformations 

show a larger ^Joc-m than the compounds suggested to have staggered 

conformations, as expected from previous results. The eclipsed conformation can 

be assigned to those compounds showing three-bond coupling constants of 4.3- 

4.6 Hz and for compounds suggested to prefer staggered conformations, 2.7-3.4 

Hz is the coupled constant measured. The range of coupling constants is smaller 

than that for methoxy compounds"^  ̂(around 3.5Hz).

It has been reported that the main factor affecting the value for the three 

bond coupling constant is the torsion angle. Using a procedure first suggested by 

Dorman, Bauer, and Roberts^^, it should be possible to link the measured ^Jbc-ih
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in compounds calculated to have a single populated conformation, to the torsion 

angle Y(H-C-O-C) calculated for such compounds.

Thus for compound 2.15, the perfect stereotype of an eclipsed 

conformation, a coupling constant 4.32 Hz goes with a 0° torsion angle

H-C-O-C. Compound 2.18 is calculated to have a 60° torsion angle and =

2.76 Hz. Compound 2.10 showed a coupling constant of 3.9 Hz (see Figure 2.25), 

an average of two times Ĵôo” and Ĵi8o° whence we calculate the value of 6.18 Hz 

for the three bonds coupling constant for a 180° torsion angle Y(H-C-O-C) The 

introduction of these values in the expression for the general Karplus equation 

gave the empirical Karplus equation calculated for formates:

= 3.32 COŜ  V — 0.8 cos V + 2.06 Equation. 2.1.

^Compound 2.10

180

Coupling constant fo r  compound 2.10. Formula employed to calculate the three

bonds coupling constant fo r  180 \

Figure 2.25

Figure 2.26 shows the Karplus plot for formates (Equation 2.1) and for 

comparison Anderson’s Karplus plot"̂  ̂ for ethers, and with these, experimental 

values measured for acetates and formates.

The Karplus plot for formates is based on experimental values so matches 

well. Acetates values are slightly off the formate plot by at most 0.9 Hz, so 

extrapolation from such a Karplus plot to esters in general will have to be done 

carefiilly.

Such Karplus plots highlight the problem of the smaller range of coupling 

constant values for esters compared with the ethers. The formate Karplus plot is
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flat, with the coupling constant much less sensitive to the torsion angle than it is 

in the quite steep curve found for ethers. Another consequence of this is that the 

difference between the 0° and 180° coupling constant values, i.e. for eclipsed and 

anti conformations of formates, is also small, viz. less than 2 Hz.

Karplus curve for Ethers and Formates
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Figure 2.25
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2.3,3 Cis-trans equilibrium in the acvl-to-oxygen bond

With the gauche/Qcli^sed-anti equilibrium of the alkyl-to-oxygen bond 

well-studied for acetates or formates, the second conformational objective is the 

study of the acyl-to-oxygen bond in formates.

Many authors have concentrated on reproducing empirical results by a,b 

calculations. Hartree-Fock, Correlated models (Moller-Plesset 

models), and Density Functional Models with large basis sets have been the 

preferred methods for groups active in the field^^’̂ "̂.

NMR7^’80’̂ 1’̂  ̂ has been the method of choice for studying the acyl-to- 

oxygen bond equilibrium in solution. Typical information such as chemical 

shifts, Ĵc-H and Ĵc-h, and dynamic NMR changes have been exploited in the 

detection ad characterisation of the different populated conformations.

Not much information had been retrieved from the crystallographic 

database, since few formates have been found. Our approach therefore used 

mainly two methodologies. Firstly, Molecular Mechanics and ab initio (HF, DFT) 

calculations have been used to study the gas phase. Our aim was to show which 

conformation energy minima are likely to be populated according to various force 

fields, to obtain information about certain structural parameters (bond length and 

bond angles) and finally, to collect information about the electronic structure of 

the acyl-to-oxygen bond, previously suggested as an important factor in 

explaining the preference for the cis conformation in the equilibrium. Secondly, 

the cis-trans equilibrium was studied in solution by NMR at various 

temperatures, to establish the thermodynamic parameters.

2.3.3.a Solid state studies

As reported in section 2.3.2.a, only 19 formates have been found in the 

crystallographic database search. 18 of them showed a cis conformation with an 

average torsion angle 0(R-0-C =0) equal to 2.1°, and one of them, SAJWAB^^, 

adopts a trans conformation (see Figure 2.26).
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Other important information available from the crystal structure is the 

bond length, and this rigid parameter seems to suffer little distortion due to the 

lattice forces. The average bond length observed in the 18 c/v-formates is 1.186 Â 

for C=0, and 1.328 A for 0-C (=0).

cii o

O H C

Crystal structure o f  the compound SAIWA from CCDB'

(Reproduced by PLUTO program)

Figure 2.26
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Corresponding values for the trans compound SAJWAB^^ are 1.194A for 

C=0, and 1.347 A for 0-C(=0). This is a single example but there is not much 

difference between these and the averaged values for the cis conformation.

2.3.3.b Gas phase studies

Our approach to the gas phase began with Molecular Mechanics (MM3) 

calculations. Since recent work has reported ah initio studies^^\ such as Hartree- 

Fock models (HF), Moller-Plesset Models (MP) and Density Functional Theory 

Models (DFT), we decided to apply some of these approaches as well.

The problem with ab initio models is in choosing the right function and 

basis set. A search of the literature and available resources suggested that a basis 

set such as 6-311+G*, is the best reasonable option. The steps in using this were 

firstly, an MM3 geometry optimisation of the model compounds as in section 

(2.3.2.b) and then fiirther optimisation with the HF/6-311+G* and the B3LYP/6- 

311+G* methods. Because of the large number of atoms in our compounds, the 

further improvement of the HF energy by the popular Moller-Plesset model 

(MP2), was successful only in the case of 2.10, methyl formate. For the other 

compounds, there was no improvement by electron correlation and this will be 

not considered further.

As was expected, the three different methods confirm the well-known 

preference for the cis isomer over the trans. In the test compound methyl formate 

2.10 the energy difference was 4.84 kcaFmol (MM3), 5.94 kcal/mol (HF) and

5.18 kcal/mol (DFT). The further improvement of the HF method by an MP2 

single point energy minimisation with the same basis set reduced the energy to 

5.41 kcal/mol. Since the latest experimental value for methyl formate is 4.75 

kcal/mof^, the agreement of the energy differences and the geometries suggested 

by the calculations, in the three cases, is acceptable. We thus decided to apply the 

same methodology to the remaining compounds.
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Compounds
 ̂ : MM3 ; 

isE{Cis-Trans) 
(kcal/mol)

HF/6-3n+G*

(kcal/mol)

B3LYP/6-311+G*
ÙÎB{Cîs-Trans)

(kcal/mol)
2.10* 4.84 5.94 5.18
2.11 4.52 5.04 4.16
2.12 4.59 3.86 3.23
2.13 4.57 4.80 3.97
2.14 4.56 4.51 3.70
2.15 4.61 3.93 3.27
2.16 4.54 3.83 3.27
2.17 4.53 4.31 3.49
2.18 5.69 - -

Ground state energy differences between cis and trans conformations o f the 

acyl to oxygen bonds in formates.

Table 2.7

With the exception of the primary formate 2.18, MM3 suggested the 

same energy differences for all the compounds, ~ 4.5-4.6 kcal/mol. This 

suggested that the rest of the molecule has little influence on the equilibrium.

However, HF and DFT approaches suggested differently, there being a 

significant influence from the overall structure, especially from substituents on 

either side of the formate group. The compounds expected to have eclipsed 

conformations (2.12, 2.15 and 1.16) show smaller energy differences than those 

preferring staggered (2.10, 2.11, 2.13 and 2.17). The differences were larger 

using the DFT method but with the tendency was also apparent with the HF 

method.

The preference for the cis conformations in formates has been attributed 

to a strong contribution from electrostatic effects^^’̂ .̂ Such a contribution might 

be verified in the dipole moments since the total dipole moment is a reflection of 

the different electronic distribution in the molecule. The use of a larger basis set, 

either in FIF or DFT methods, has been reported to improve the accuracy of
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calculated dipole moments^^\ Calculations for our model compounds are shown 

in Table 2.8.

! Dipdle M oment D i« e re n c e s (C i^ J > ^

V-v B3IÆ P
2.10 2:65 2.45
2.11 2.64 2.42
2.12 2.34 2.16
2.13 2.81 2.59
2.14 2.25 2.03
2.15 2.40 2.21
2.16 2.19 2.01
2.17 2.52 2.20

Dipole moment differences between cis and trans conformations suggested by ab

initio calculations.

Table 2.8

Such dipole moment differences are in the range 2.0-2.81 Debyes. This 

large difference confirms the strong electronic effect on the position of the 

equilibrium, with a preference for the cw-conformation with the smaller total 

dipole moment. However, we thought that other factors, may also affect the 

equilibrium, so we considered the geometry of each conformation, see Figure 

2.27. The results are shown in Table 2.9 (bond length). Table 2.10 (bond angles) 

and Table 2.11 (torsion angles).

Nomenclature fo r  the study o f acyl-to-oxygen bond in formates.

Figure 2.26
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Parameters 0 = 0 V - :  O'C O H  : R -0
Compounds B3LYP r n h jp B3LYP

2.10(d5) 1J82 1.219 1.309 1.339 1.086 1.098 1.411 1.440

2 . 1 0 (trans) L172 1.194 1.320 1.345 1.092 1:106 1.410 1.436

2,ll(cis) 1.180 1.202 1.311 1.337 1.086 1.099 1.437 1.467

2 . 1 1  (trans) 1.174 1.196 1.317 1.342 1.091 1.105 1.427 1.455

2,\2{cis) 1.180 1.202 1.311 1.338 1.086 1.099 1.441 1.468

2 . 1 2 (trans) 1.175 1.197 1.315 1.342 1.090 1.104 1.428 1.455

2.13(cis) 1.180 1.202 1.311 1.337 1.086 1.099 1.434 1.462

2.13(trans) 1.175 1.196 1.315 1.342 1.091 1.105 1.424 1.452

2.14(ds) 1.180 1.203 1.310 1.337 1.086 1.099 1.440 1.469

2.14(trans) 1.175 1.197 1.315 1.346 1.092 1.105 1.430 1.459

2A5(cis) 1.180 1.202 1.311 1.338 1.086 1.099 1.437 1,465

2.15(trans) 1.175 1.197 1.316 1.342 1.090 1.104 1.425 1.453

2.16(ds) 1.180 1.202 1.312 1.338 1.086 1,099 1.440 1.467

2,16(trans) 1.175 1.197 1.315 1.342 1.090 1.105 1.428 1.456

2.17(cd) 1.181 1.202 1.311 1.337 1.087 1.099 1.436 1.464

2.17(trans) 1.175 1.997 1.3150 1.342 1.091 1.105 1.425 1.453

Bond length for the formate model compounds from  ab initio calculations.

Table 2.9

Studies of methyl formate have suggested^^’̂ ,̂ that there is electron 

density delocalisation between the alkyl oxygen lone pair and the tl system of the 

carbonyl^" .̂ Evidence for such delocalisation, can be detected as a change in bond 

order, mainly reflected in the bond length. Differences of only 0.005 A in the 

C=0 bond (with the longer bond in the cis conformation), and 0.004 A in the 0-C 

and (with longer bond in the trans conformations), are suggested, which suggests 

that the bonding situation in the two conformations is very similar. The carbonyl 

bond lengths are normal, but the C-0 bonds are about half way between the 

normal carbon-oxygen double and single bonds. These results imply that there is 

delocalization o f electron density o f oxygen lone pair o f n-symmetry with the it 

system o f the carbonyl, and that it is very similar in both conformations.
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Parameters 0 -0 = 0 O-C-H R-(3-C
Compounds B3LYP HF

2.10(cis) 125.86 126.01 110.16 109.15 117.50 116.124
2.10(trans) 123.49 122.24 113.81 114.02 117.82 117.96
2.11 (cii’) 126.54 126.79 109.97 108.97 119.55 118.01

2.11 (trans) 123.63 123.25 113.93 113.37 119.50 118.90
2.12(cii) 127.11 127.29 109.66 108.68 120.98 119.31

2.12(trans) 123.46 123.11 114.05 113.44 120.95 119.51
2.13(cis) 126.63 126.87 109.96 108.95 119,53 118.05

2.13(trans) 123.65 123.28 113.93 113.37 119.42 118.64
2.14(cii) 126.64 126.88 109.99 108.99 119.45 118.00

2.14(trans) 123.64 123.27 113.96 113.41 119.32 118.45
2.15(cii) 127.08 127.32 109.66 108.62 120.93 119.43

2.15(trans) 123.48 123.12 114.03 113.47 120.90 119.58
2.16(cii) 127.10 127.33 109.67 108.66 120.79 119.12

2.16(trans) 123.48 123.12 114.01 113.46 120.86 119.47
2.17(cii) 126.75 126.97 109.91 108.92 119.75 118.23

2.17(trans) 123.57 123.21 113.98 113.39 119.80 119.00

Bond angles calculatedfor formates model compounds by ab initio calculations.

Table 2.10

Although calculations show no relevant differences in bond length 

implying similar n delocalisation in both conformations, the situations seems to 

be different on analysis of the bond angles. Table 2.10 shows important 

differences between cis and trans conformations. Analysis of the 0-C =0 and O- 

C-H bond angles suggests differences of around 5° between cis and trans- 

conformations and in general, displacement of between 7-11° from a perfect 120° 

bond angle at carbonyl carbon. These differences may be explained as an average 

of steric effects and orbital interactions. Steric repulsion between the C=0 or C-H 

and the R-0 or the oxygen lone pair are different in both conformations. 

However, it has been reported by several authors^" ’̂̂  ̂ (on the basis of molecular 

orbital calculations), that the main reason for the increase in the 0-C =0 angle in 

the cis conformation is a more favourable orientation for interaction between the 

o-symmetry electron density of the oxygen lone pair and the o*c=o orbital. This
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interaction is possible with the C=0 bond only in the cis conformation. In our 

examples, all compounds follow this pattern and of course, opening of the angle 

0-C =0 is matched by reduction below 120° of the other two angles around the 

carbonyl carbon.

Assuming a tetragonal symmetry for the alkyl oxygen, the R-O-C angle is 

regularly distorted towards 120°. This caught our attention since this deformation 

could be due to the repulsive 1,3 interaction associated with eclipsing of either 

the H-R-O-C torsion angle or the R-O-C-0 torsion angle.

In any case, differences between compounds stereotypical of eclipsed and 

staggered conformations can be expected, mainly due to the presence or absence 

of substituents on both sides of the central plane H-R-O-HCO However, the R- 

0-C angle is only about 1° larger in the eclipsed stereotype compounds, which 

suggests little difference between compounds. It is likely that molecules use other 

mechanisms to relieve this strain, so evidence was sought in the torsion angle 

values shown in Table 2.11.

Parameters H’-R-O-C R -0-C =0 R-O-C-H
Compounds HF B3LYP HE B3LYP HF B3LYP

2.10(c/s) 60.55 60.46 0.00 0.14 179.99 179.85
2.10(tmns) 61.24 61.45 179.99 179.99 0.00 0.00
2.11(cis) 35.76 33.56 0.10 0.03 179.66 179.69

2.11 (trans) 31.16 31.51 175.60 177.79 4.96 2.58
2.12(ds) 1.10 0.61 0.42 0.29 179.66 179.71

2.12(trans) 2.08 2.16 179.58 179.57 0.52 0.57
2.13(d5') 34.96 31:53 0.03 0:01 179.71 179.69

2.13(trans) 31.61 30.23 175.85 177.15 4.71 3.35
2,14(d5) 35.20 32.63 0.33 0.30 179.48 179.30

2,14(trans) 32.50 31.20 175.64 177.06 4.94 3.48
2.15(d5) 0.00 0.00 0.00 0,00 179.99 179.99

2.15(trans) 0.02 0.01 179.98 179.99 0.02 0.00
2.16(d5’) 0.00 0.00 0.00 0,00 179.99 179.99

1 2.16(trans) 0.00 0.00 179.99 179.99 0.00 0.00
1 2.17(d5) 31.14 29.75 0.43 0.05 179.39 179.69
1 2.17(trans) 25.80 11.93 176,18 178.80 4.28 1.47

Calculated torsion angles in formates hy HF and DFT methods.

Table 2.11
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Table 2.11 shows all the torsion angles involving the formate group. Our 

main interest is in the influence of the different substitution pattern, on the acyl- 

to-oxygen bond. Firstly, we separate the compounds into two groups depending 

of the position of the substituents. A good indirect criterion as to the position of 

substituents, is the division into those expected to have an eclipsed conformation 

(2.12, 2.15 and 2.16) and those with a staggered conformation (2.11, 2.13, 2.14 

and 2.17).

Focussing our attention on the eclipsed group, we observed that both R- 

0-C =0 and R-O-C-H are 0° or 180° i.e. there is a perfect planar system. This was 

expected since the n interactions between the lone pair electron of the oxygen and 

the % system of the carbonyl, are the cause of the planarity. Furthermore, 

symmetrical repulsive interactions between substituents and the acyl-to-oxygen 

bond, reinforce the coplanarity of the acyl-to-oxygen system (see Figure 2.27).

CH

Repulsive interactions between the formate group and the equatorial methyl 

groups, in both alkyl- or acyl-to-oxygen bonds fo r  compound 2.15.

Figure 2.27

More marked differences are observed in the compounds expected to have 

staggered conformations. The cis conformations showed the expected behaviour
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as found for the eclipsed conformation group. However, analysis of the torsion 

angles in the trans conformations, suggested a slight distortion from planarity in 

the acyl-to-oxygen bond. Each of compounds 2.11, 2.13, 2.14 and 2.17, show a 

loss o f planarity o f between J.5° and 5°. We attribute this small difference in 

planarity between cis and trans to the absence of the interaction between the 

oxygen lone pair with a  symmetry and the o*c=o of the carbonyl in the latter. In 

the cis isomer, this interaction makes the system rigidly planar. However, in the 

trans isomer, losing this interaction and the decreasing steric congestion due to 

the different position of the substituents, allow the sacrificing of a few degrees of 

planarity in the acyl to oxygen bond, see Figure 2.28.

?

H

View o f the compound 2.17, showing possibility o f rotation o f alkyl and acyl to
oxygen bonds.
Figure 2.28

Finally, since compound 2.15 shows the stereotypical eclipsed 

conformations, we carried out a total conformational analysis of both the acyl-to-
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oxygen and alkyl-to-oxygen bonds by ah initio calculations. The energies and the 

different conformational possibilities are shown in Figure 2.29 (see below).

This calculations raise the question as to the second conformation 

observed experimentally at low temperatures, is it C or is it B?. While all 

calculations methods agree that conformation B is more likely than C, two 

experimental facts favour C. NOe measurements confirmed the minor isomer (see 

below), but we must also consider that the interconversion of A and B should 

have a barrier of about 8 kcal/mol'^and so, it should be fast at -100° (the lowest 

temperature reached in the NMR experiment). The barrier to interconversion of A 

and C is expected to be about 4 kcal/mol^^ higher, and this is quite close to our 

experimental measured barrier of 10.7 kcal/mol(see Table 2.14 below).

Ec (HF)= 3.93 kca/mol 
E ( 3  (DFT)= 3.23 kcal/mol

E^ (HF)= 0.0 kca/mol 
Ea (DFT)= 0.0 kcal/mol

AEj) (HF)= 7.20 kca/mol 
AEj3 (DFT)= 6.36 kcal/mol

Eg (HF)= 2.81 kca/mol 
Eg (DFTO= 2.59 kcaFmol

Differences in conformational energies o f compound 2.15 by ab initio methods

Figure 2.29
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2.3.3.C Solution phase studies

Dynamic NMR studies were carried out on all compounds since the

and spectra showed signs of being temperature-dependent. Our attention was 

concentrated on the cis-trans equilibrium of the acyl-to-oxygen bond. Detection 

and characterisation of the different populated conformations was important, 

since ab initio calculations introduced an uncertainty with the suggestion that the 

second lowest energy conformation was anti, cis and not the eclipsed, trans.

Labels and Nomenclature fo r  the NMR studies o f acyl-to-oxygen bond.

Figure 2.30

Deutero-methylene chloride, CD2CI2, was the solvent chosen for low 

temperature experiments because of its good solvent properties and low melting 

point of -95°. ID and 2D NMR techniques were used both at room temperature 

and “at low temperatures” i.e. when processes were slow on the NMR time scale. 

All spectra showed one signal for each type of proton and carbon at room 

temperature. Progressively when the temperature was lowered, some or all 

signals became broad, then disappeared or achieved maximum broadening at the 

coalescence temperature, and then, at low temperatures, many signals split in two 

unequally. In below Tables 2.12 and 2.13, are shown the proton and carbon 

chemical shifts respectively of the formate group and the C \  at different 

temperatures, (see Figure 2.30).
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Two proton chemical shifts are shown for both the formate proton and for 

protons at the C' position. It should be noted that the major isomer chemical shift 

is close to the weighted chemical shift of the compound at room temperature, 

denoting only a small contribution by the minor isomer to the equilibrium at that 

temperature.

Compound

Room

Temperature

Low temperature^ j

Major isomer Minor isomer

6 H(c=o) 
ppm ppm

Ô H(c=o) 
ppm

ÔH'
ppm

6 H(c=o) 
ppm

AH'
Ppm

2.10 8.04 3.71 8.00 3.70 8.32 3.91

2.11 7.99 5.08 7.97 499 8.25 4.61

2.12 8.16 4.62 8.17 4.63 8.09 3.65

2.13 8.01 4.70 8.00 4.65 8.26 4.18

2.14 8.06 5.09 8.03 5.0 8.26 4.60

2.15 8.18 4.33 8.18 4.36 8.14 3.40

2.16 8.19 5.05 8.19 5.05 8.12 4.13

2 .1 7̂ (eokqa\) 8.10 4.66 8.08 4.54 - 3.88

2.17^(axaxeq) 8.10 4.66 8.09 4.71 - 4.09

2.18 8.11 3.91 8.15 3.98 8.09 3.78

IvOw temperature is emsidered to be tlie temperature wbai interconversion is slow on tJie NMR timescale.

Compound 2.17, at room temperature is a mixture of two confomiations (see text below)

Proton chemical shift for and the formyI proton at different temperatures

Table 2.12

Compound 2.17 (for this study, a mixture o f stereoisomers 2.17 and 2.16, 

see Figure 2.31 was used) has been treated slightly differently, since the room 

temperature proton spectrum shows a doublet o f doublets (^Jh-h= 7 . 3 ,  4.0 Hz) for 

hV These intermediate coupling constant values reflect an additional equilibrium 

between two chair conformations, the first having one methyl group and the 

central formate equatorial, and one methyl group axial, called EQEQAX. In
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equilibrium with this, the other chair has axial methyl group and formate then an 

equatorial methyl group, called AXAXEQ. As the temperature is lowered 

progressively, the signals become broad, then after decoalescence, (228 K, AG^= 

10.95 kcal/mol) the H' signal appears as two multiplets in the ratio 1:3, 

AXAXEQ:EQEQAX, whence AG°= 0.34 kcal/mol. The signal assigned to the 

EQEQAX conformation has coupling constants Ĵneq-Heq= 4.6 Hz {gauche 

coupling) and Ĵua.K-iia.x == 11.0 Hz {trans coupling), i.e. axial H \  The second 

shows a single peak with width 7.2 Hz at half-height, evidence of the presence of 

only gauche couplings, and this is assigned to the AXAXEQ conformation i.e. 

equatorial hV

Furthermore, at overlapping but slightly lower temperatures, the cis-trans 

equilibrium was also slow on the NMR timescale, so at lowest observed 

temperatures the final spectrum showed 4 sets of signals. The major signals 

correspond to the two isomers for the chair-chair equilibrium with cis 

conformation of the acyl-to-oxygen bond, and the two minor signals are assigned 

to the two chair isomers but with the trans conformation of the acyl-to-oxygen 

bond (see Figure 2.3 1 ).

eUrMÜEQAX

frg@;:AX&XEQ

tranSzU.  Q  E  Q  A  X

400 MHz spectrum o f  the mixture o f  isomers o f  compound 2.11 at 183 K.

Figure 2.31
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chemical shifts for C' and the carbonyl carbon at different 

temperatures, are shown in Table 2.13.

Compound

Room

Temperature

Low temperature1

Major isomer Minor isomer

Ô C(c^> 
ppm

6 C '
ppm

A C(c=o) 
ppm

ÔC'
ppm

Ô C(c=o> 
ppm

ÔC*
ppm

2.10 161.21 50.53 161.71 51.03 164.90 55.22

2.11 161.02 67.96 160.81 66.92 163.89 72.72

2.12 161.62 83.23 161.22 81.30 164.32 89.50

2.13 161.04 73.98 160.77 72.60 163.86 78.03

2.14 161.04 69.94 160.84 68.77 163.84 69.84

2.15 161.59 83.48 161.16 81.26 164.11 89.15

2.16 161.62 77.30 161.17 75.24 164.22 83.39

2 . 1 7 ^ ( E q k q . \ x ) 161.18 80.00 160.84 79.31 163.99 85.70

2 . 1 7 ^ ( a x a x k q ) 161.18 80.00 161.00 76.56 - 83.27

2.18 162.45 74.37 162.84 73.62 - -

lx)w leinpcratiire is tlie temperature whtJi equilibration is slow on tlie NMR timescale.

Hie compound 2.17, at room temperature is a mixture of two confomiations (see te.xt above)

Chemical shift fo r  carhony! and alkyl-carhon in formates 

Table 2.13

The carbonyl chemical shift is strongly deshielded compared with other 

carbonyl derivatives (ketones, aldehyde, etc)^^. This suggests a strong 

contribution from Ji-conjugation, from electron delocalisation between the n- 

symmetry electron lone pair of the oxygen and the tt system of the carbonyl. 

Furthermore, differences in chemical shift Stratis-Scis for the isomeric carbonyls 

are very similar 2.95-3.19 ppm, with the /ra/Lv-isomer downfield. Such a small 

difference between the two isomers suggests that the 71-interaction is similar in 

both isomers, but weaker in the cis isomer since its signal is consistently shielded 

with respect to the trans. Lower 71-character in the c/.s-isomer can be attributed to
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a significant a  interaction between the o-symmetry lone pair o f the oxygen and 

the o*c=o o f the carbonyl.

The assignment o f signals depended on two features. The trails 

conformations were assigned to the minor isomer since in all examples, a nOe 

effect was observed between the formate proton and the proton attached to the C ’ 

(see Figure 2.32).

A

iioe

Major isomer Minor isomer

major isomer

L J

Exeliauge peak

Exchange peak

6 .  Ti

ID nOe experiment o f compound 2.16 at 178 K. (mixing time =  500ms).

Figure 2.32
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Figure 2.34 shows the ID nOe experiment for compound 2.16 at 178 K. 

a) shows the standard NMR at 178 K. b) and c) show the result of irradiation 

of H' o f the major and minor isomers respectively. From the integration it may be 

calculated that, since nOe conditions are constant (d8=500 ms, spl=65 dB, ns= 

64 scans), the minor isomer shows a nOe 21 times more intense than the major 

isomer. As a result, the minor isomer was assigned to the trans conformation with 

the two protons closer in space.

Assigning the major isomer as cis, was confirmed by an indirect method 

based on ’Jc-n values, (see Figure 2.33). The effect o f lone-pairs should vary.

0%
C H

Representation of the effect of the oxygen lone pairs in the ‘Jci-iii-

Figure 2.33

Thus in the eclipsed, cis conformation (a), the oxygen lone pair electron 

density is anti to the C’-H' bond, while in the anti conformation the C '-H ’ bond 

is syn to the oxygen lone pairs. Model compounds to prove that (a) was the 

structure is our major isomer, are the set with only this conformation populated, 

and the obvious choice is the set of acetates derivatives studied in the first part of 

this chapter. The methyl group instead o f a hydrogen attached to the carbonyl is 

unlikely to influence *Jci-hi directly, so a comparison of the coupling constant for 

acetates with our major isomers in formates will confirm the structure of our 

major isomer (see Figure 2.34). If structure (b) was the major isomer in formates, 

the absence of the Perlin effect^^’̂  ̂(discussed later in this chapter), should lead to 

values o f ^Jci-Hi greater than those found for the acetates.
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X^Me
(acetates)

X=HStructure
(Major isomer 

in formates)

148.0144.8

144.7 145.4

146.9 146.4

150.1 150.3

144.7144.1

149.0 150.2

145.6144.3

coupling constant for the major isomer in formates andfor acetates. These 

measurements are at low temperature where signals are hroad so values are

probably ±0.5Hz.

Figure 2. 34

The values measured for the coupling constant were similar in all the 

cases, which further confirms that the structure of the major isomer in formates is
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eclipsed-cis (exception: compound isopropyl derivatives with about 3 Hz 

differences).

Now that characterisation of conformation is established, thermodynamic 

parameters of the equilibrium can be calculated. Population ratios were calculated 

by integration of peak areas in the spectra at low temperatures and thence, the 

free energy difference (AG°) was determined. In most cases, signal coalescence 

could be detected, and the energy barrier to the process was derived using the 

equations 5 or 6 mentioned in the introduction. The results are shown in Table 

2.14.

1
Compound

Coalescence
Temperature

Population 
 ̂ ; ant: (kcal/mol)

AG dsĤ trsns
(kcal/mol)

2.10 0.2" 2.19 -

2.11 234 1.4" 1.50 10.28

2.12 260 4.9** 1.19 11.28

2.13 230 1.7^ 1.39 10.00

2.14 230 \ .T 1.39 10.00

2.15 247 5.2" 1.02 10.71

2.16 246 5.6" 0.99 10.65

2.17*(eqeqax) - 2.1" 1.35

2,17*(axaxeq) - 2.7" 0.26 -

I  2.18 - 07d 1.76 -

♦Population ofthe trans isoma-s at a) 178 K, b)193 K, c)173 K, d) 183

Thermodynamic parameters fo r  the cis-trans equilibrium in formates derivatives.

Table 2.14

As expected, the trans conformation population increases as the alkyl 

group becomes more congested, However, there is a considerable difference 

between the compounds 2.12, 2.15 and 2 .16 and the others in our set. Those 

compounds followed the Anderson eclipsed conformation pattern, with the anti- 

anti arrangement of the central frame work A-C-C(OCHO)-C-B, and show an 

increased population of the trans conformation. Furthermore, those compounds
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show higher energy barriers to acyl-to-oxygen bond rotation These two effects 

show that the stereotype structure for eclipsing conformations is important not 

only for the alkyl to oxygen bond, hut also, the acyl to oxygen is affected. The 

explanation for this observation is reduced steric destabilisation of the trans 

conformations in the eclipsed conformation compared with the staggered. 

Nonetheless the planarity o f the esters relieves steric congestion by substituents 

in both cis and in trans conformations, an observation that agrees with the 

predictions o f ab initio calculations.

Furthermore, the larger barriers for the rotation process are due to the 

same phenomenon that leads to eclipsed conformations, repulsion between the 

C =0 and the methyl groups during rotation (see Figure 2.35).

Pcmodel plot^' o f the MM3 transition estate for rotation o f the acyl-to-oxygen 

bond o f the acyclic compound 2.12 

Figure 2.35

Interesting result emerged from the measurement of the one and three 

bond proton-carbon coupling constants listed in Table 2.15.
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Room temperature
Low Temperature

Compound Cis /somer Trans Isomer
11

J(C(=0),H1)
(Hz)

3 1
(Hz)

11
(Hz)

3 1
(Hz)

11
(Hz)

3,
J(C(=0),H1)

(Hz)
1.10 225.5 3.9 226.8 3.9 - -

1.11 223.2 3.2 225.1 3.1 214.6 6.2
1.12 223.5 4.6 225.4 4.4 215.4 7.2
1.13 223.4 3.2 225.0 3.1 214.1 5.6
1.14 223.4 3.2 224.5 3.0 - -

1.15 223.3 4.3 225.6 4.1 215.5 7.3
1.16 223.4 4.6 225.4 4.2 215.5 7.2

1.17(eoko-\\) 223.4 3.5 225.2 3.5 - -

l-lTfAXAXEO) 223.4 3.5 224.7 3.6 - -

1.18 224.5 2.7 225.6 1.7 - -
*  The u n certa in t\'in IJLK -IH is ± 0 .5  Hz while for TJUC-IH itTsT-VJWz

Experimental values for the three hottd cottpling cottstant ^J(iscjio across the 

ester bond and the one bond coupling constant ^J(iscjn)for cis «//c/trans 

conformations, at room temperature and at low temperature.

Table 2.15

These results represent the first time that ^J(isc.ui) across the ester bond 

has been reported for the trans-isomer. Previously, both Kowalewsky^^ and 

Dorman^^ reported values for the cis isomer and noted that the trans coupling 

constant had never been seen. The values we now report deserve comment. All 

values are much larger than those for the cis isomers, so as to be in a different 

range (5.6 - 7.3Hz) from regular ester coupling constants (1.7 - 4.4Hz). Such 

coupling constants are expected to be positive in sign. We believe that these 

different ranges reflect the fact that in esters, there are two different electronic 

pathways for transferring coupling information between carbonyl carbons and H* 

across the ester bonds.

The first route is the o-pathway. In esters, this pathway can have two 

components, the first involving transfer o f information through conventional o- 

bonds. This is what is found in ether analogues of our compounds, and the
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coupling constant values reported by Anderson"^  ̂ vary between 3 and 7.6 Hz 

depending on the H-C-O-C torsion angle. However, we have highlighted above a 

second component, the interaction between the oxygen lone pair with o- 

symmetry and the o*c=o of the carbonyl. This is present in the cis conformation 

but absent in the trans, and if this makes a negative contribution to the cis 

coupling constant, it would explain the small coupling constants, between 2.7-4.3 

Hz in that conformation.

The second route is the Tc-pathway, which involves the oc-h orbital, the 

oxygen lone pair with p-symmetry and the carbonyl Tt-bond. It is difficult to 

differentiate how it will operate in the two conformations cis and trans which 

give different geometries for this pathway. We can however eliminate the 

complications of the 7t-pathway as follows. It is reasonable to suggest that this 

pathway does not operate when the alkyl-to-oxygen bond is eclipsed, for given 

that the acyl-to-oxygen system is coplanar, the carbonyl jc-system is then 

orthogonal to the C-H bond. The largest cis!trans difference (2.8 - 3.2 Hz), is 

found in compounds 2.12, 2.15, and 2.16, where the alkyl to oxygen bond is 

eclipsed, but in 2.11 and 2.13 which are staggered and can have a 7c-contribution, 

the trans coupling greater than the cis by a very similar amount (2.5 - 3.1 Hz).

The 7i-pathway does not seem therefore to contribute to the magnitude of 

the three-bond coupling. We believe that the results in Table 2.15 should be taken 

to show that the cz5-isomer values are unusually low, and we suggest that the 

reason fo r  these low values of^J(i3c,iH) in the cis conformation o f  formates is a 

negative contribution due to a* interactions between the oxygen lone pair and the 

o*c=Qof the carbonyl in the c/5-conformation.

Other important observations relate to the degree of eclipsing"^  ̂ of the 

alkyl-to-oxygen bond. The ^J(13c,ih) values reported for c/5-conformations follow 

the same pattern at low and at room temperatures. The range of coupling 

constants for compounds ranging from staggered to eclipsed is 1.7-4.4 Hz. 

However, in the trans conformations, compounds expected to be fairly staggered, 

2.11 and 2.13 showed ^J(13c,ih) values of 6.2 Hz. and 5.6 Hz., much larger than in 

similar conformations in ethers"̂ .̂ Compounds expected to be eclipsed, 2.12, 2.15
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and 2.16 have larger values for the ^J(13c,ih), 7.2-7.3 Hz, than the staggered 

compounds. Therefore, the trans ^J(13c,ih> also showed evidences of eclipsed 

conformations with a largest values than the staggered conformations.

A spectrum showing this coupling is given in Figure 2.36.

a) 2 9 8  K

b ) 178 K

500 Mhz ‘'C  NMR gated ‘H-deconpled and standard NMR with proton

decoupled at room temperature and at 178 K  for the compound 2.16

Figure 2.36

Another interesting observation, previously reported by Kowalewsky^^, 

concerns the ’J(I3cjh) within the formyl group. As Table 2.15 shows, the one 

bond coupling constant for cis isomers is about 10 Hz larger than that for trans 

isomers. This can be explained on the basis of the empirical observation called 

the Perlin Effect^^’̂ .̂ In essence, a larger one-bond coupling constant is a 

reflection o f a shorter C-H bond length, which is attributed to interaction between
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the formyl C-H and a ^«-coplanar oxygen lone pair which can happen only in 

the cis acyl-to-oxygen conformation.

In summary, using our ability to control the alkyl-to-oxygen bond 

conformation, we have identified and demonstrated in various ways the 

occurrence of a fuller range of conformations for that bond and for the acyl to 

oxygen bond in ester groups.

The alkyl-to-oxygen bond has been studied in both acetates and formates. 

Population of the anti conformation in the range of temperature of our study, has 

been found to be unlikely, and as a result, the study concentrated on whether the 

bond is eclipsed or staggered. A statistical analysis of crystal structures of a large 

number of acetates has confirmed the structural stereotypes for eclipsing found 

earher for methyl ethers, namely a central framework, A-C-C(OR)-C-B with an 

anti-anti arrangement of substituents A and B. Relief of strain from repulsive 

interactions causes the central alkyl-to-oxygen bond (H-C-0-C(=0)) to be 

eclipsed and 493 examples support this observation. Where A and B are not 

space demanding, torsion angles are more or less staggered. When A and B are 

hydrogen atoms they nonetheless interact to keep the torsion angle up to 30° 

away from the perfect 60°. The corresponding study in formates did not yield 

new information since the number of examples found in the data base were small.

The same alkyl-to-oxygen bond has been analysed for a set of nine 

compounds in the gas phase using Molecular Mechanics (MM3), and the 

structural stereotypes described above were confirmed.

The same set of compounds was synthesised, and their behaviour in 

solution was studied by NMR. For acetates, this had been previously reported by 

Anderson and Nasser^^, and a comparable analysis has been of many aspects of 

the spectra of a similar set of formates. Three bond coupling constants across the 

alkyl-to-oxygen bond have smaller values than those reported by Anderson"^  ̂ in 

ethers, and a smaller difference of values, 2.7-4.5 Hz between esters with. 

eclipsed and staggered conformations. A Karplus-type relationship for the H-C-

O-Cformyi system has been suggested:

H= 3.32 cos^ T  -  0.8 cos Y + 2.06
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This can be used to predict torsion angles in esters from coupling 

constants or vice versa, since the experimental values both in acetates and in 

formates are close to the curve.

The acyl-to-oxygen bond was also studied, concentrating mainly on 

formates. Solid state study was limited by the small number of examples found in 

the database, however bond lengths were studied in various phases.

Since there is a strong contribution of electronic effects to the 

conformation of the acyl-to-oxygen bond, ab initio calculations with the basis set 

6-311+G* in either HF or DFT models were used. We concluded that:

1-71 conjugation of oxygen with carbonyl is important and is responsible 

for the planarity of the 0-C(=0)-H system. It is notable that such calculations did 

not indicate many differences between cis and trans conformations.

2-On the basis of calculated structural parameters we conclude that for 

our model compounds, there is a strong interactions between the oxygen lone pair 

with o-symmetry and the o*c=o of the carbonyl, but this interaction is possible 

only in the cis conformation.

3-All ester-bond conformations of compound 2.15, the perfect stereotype 

for the eclipsed conformation were explored, and a surprising order of stability 

was found. The eclipsed-cis is the lowest energy minimum, followed by anti-cis 

and then eclipsed-trans. The anti-trans is calculated to be the conformation of 

highest energy. It was surprising to find a lower energy calculated for the anti-cis 

conformation than for the eclipsed-trans.

Behaviour in solution was analysed by variable temperature NMR. 

Thermodynamic properties AG° and AG^ for equilibria have been measured 

directly. Not only does the population of the trans conformations increase with 

the size of the substituent, but also, compounds following the stereotype of the 

eclipsed conformations showed largest trans populations and the largest barrier 

for cis-trans isomérisation. We reported evidence that the acyl-to-oxygen bond is 

somewhat different in stereotypical eclipsed compounds.

Assignments were done from nOe observations in the case of the minor 

conformation of the acyl-to-oxygen bond, which is gauche/eclipsed, trans. That
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the major isomer is gauche/eclipsed, cis was shown using model compounds and 

by various comparisons with the acetates.

Three bond couplings ^Jc-h across the ester have been reported for both 

the c/5-conformation and, for first time, the trans. The latter had the larger values 

and this has been assigned to the absence of a negative contribution produced by 

the interactions between the oxygen o-lone pair and the o*c=o of the carbonyl, 

which is present in the ^-conformation.
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Chapter 3

Conformational analysis of alkyl silyl ethers
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3.1 Introduction

Towards the end of the twentieth century, the importance of the silyl ether 

as a protecting group in organic synthesis has grown considerably. This is due the 

stability and robustness of different silyloxy groups under a wide range of 

reaction conditions, so silyl ethers form the most important of all alcohol 

protecting strategies in organic chemistry^^’̂ V Obviously, it is also very important 

that they are easy to form and to remove selectively. The resistance of the silyl 

groups to nucleophilic attack is proportional to the degree of steric hindrance of 

the silicon atom and the alcohol carbon atom^^. Typical removal conditions 

involve a fluoride nucleophile source, such us tetrabutylammonium fluoride or 

acidic conditions'^. The most commonly used silyl ethers are TMS 

(trimethylsilyl), TBDMS (tert-butyldimethylsilyl), TEPS (triethylsilyl), TPS 

(triphenylsilyl), TBDPS (tert-butyldiphenylsilyl) and TIPS (tris-isopropylsilyl).

Silyl ether derivatives have also been used in other application such as in 

synthesis ofRNA^\ gels^^or zeolites^^, etc.

Due to this considerable interest in silyl ether protecting groups, and 

continuing with the work developed by Dr. Anderson’s group on the 

conformational analysis of C-0 bonds"^ ,̂ it is interesting to analyse the 

conformations of these protecting groups. In this chapter, we deal with the 

equilibrium eclipsed/anti around C-0 bonds in silyl ethers and determine the 

predominant conformation in the solid, liquid and gas phase. Obviously, there 

will be reference back to previous work on methoxy groups"^ ,̂ and the difference 

in the bond length for the 0-X  bond will be important. In silyl ethers 0-Si (-1.64 

Â), is considerably longer than the 0-C in ethers (-1.43 A). Similarly, the C-C 

and C-Si bond-lengths, (-1.54 and 1.86 A respectively may also affect substituent 

interactions.

The three bond coupling constant Ĵzgsi-iH.has been determined using ^^Si 

NMR and some details of the silicon-29 nuclide whose NMR spectroscopy is 

hardly standard, are shown in Table 3.1. It is one of the most common elements 

but there are factors that limit the applicability of ̂ ^Si NMR:
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(i) low sensitivity, due to the low natural abundance as well as the

negative magnetogyric ratio makes the nOe effect negative, so

direct observation of ^^Si NMR by normal decoupled

experiments^^ is difficult.

(ii) slow relaxation rate of the ^^Si nucleus makes the

measurements more time consuming.

I Properties / Nuclei
Nuclear Spin, I

Nuclear Magnetic moment, p -0.5553

Gyromagnetic Ratio (rad T^ s'^) -5.3146 X 10'

Natural abundance, % 4.67

NMR properties'^.

Table 3.1

For these and other problems of ̂ ^Si NMR there are various solutions. For 

example, Harris et used ^^Si isotopically enriched samples. However, the 

INEPT and DEPT experiments which, through scalar spin-spin coupling, allow 

polarization to be transferred fi'om the abundant high-y protons to the rare low-y 

^^Si nuclei^^’̂ ^̂  are most commonly used. These techniques provide sensitivity 

enhancement of up to a factor of 5, depending on the number of protons 

responsible for the polarization transfer. Other approaches involve 2D-NMR 

experiments such as INADEQUATE^®\

There are interesting empirical additivity rules for an experimental linear 

correlation of chemical shifts for TMSG and TBDMS O derivatives of 

alcohols^^^’̂ ®̂ or amino acidŝ "̂̂ . Two theoretical approaches to the prediction of 

^^Si chemical shifts have been carried out. The first involves ab initio calculations 

(DFT, HF, MP2)^® ’̂̂ ^̂  and the second involves PCM (Partial Charge Model) 

empirical c a l c u l a t i o n s T h e  prediction of the chemical shift is always
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interesting, although the application and especially the accuracy of the results, 

have also been questioned.

Focussing our attention on the subject of our study, silyl ethers, the Ĵsi-o- 

c-H (Figure 3.1) it is surprising how limited the information in this field.

'29Si-C-0-lH

Three bond coupling constant recorded in our model compounds

Figure 3.1

Brune^^^ reported on the effect of different silicon substituents on Ĵsi-H 

and the possibility of back donation of electron density from the oxygen atom to 

the silicon in compounds with formula R’4-nSiOR” n. Table 3.2 shows the Ĵsi-n 

coupling reported by Brune in compounds related to ours.

■Compound';, ^

(CHsjsSiOCHg 4.0

(CHsjsSiOCHzCHs 4.1

(n-C4H9)(CH3)2SiOCH3 4.1

(/-C4H9)(CH3)2SiOCH3 4.0

Ĵ29Si-o-c-iHin aliphatic com pounds^. 

Table 3.2
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Marchioro et have reported the Ĵsi-h in tetra-RsSi-a-O-methyl-D- 

Glucopyranoside derivatives (R= Et, Me). Table 3.3 shows the values reported.

Number
^J29Si-o-c-m (Hz) Ĵ29SI-0-C-lH (Hz)5- 1

H r 3.1 3.2

H3 3.6 3.2

H4 3.2 2.6

Hôa/Hôb 3.2/3.2 3.1/3.1 1

J29Si-o-c-min tetra-TMS-a-O-methyl-D-Glucopyranoside and tetra-TES-a-0-

methyl-D-Glucopyranoside^^^.

Table 3.3

There are two major reasons for the lack of information on ^Jsî-o-c-h: i) the 

small magnitude of the Ĵsi-o-c-H, ii) the use 2D-heteronuclear correlations have 

been complicated by the strong two bond cross-peak correlating proton and 

silicon nuclei ( Ĵsi-o-c-H - 6 . 6  Hz).

One of our objectives is to establish the predominant conformation around 

the C-0 bond in trimethylsilyloxy derivatives (Figure 3.3). Firstly, molecular 

mechanic calculations for model compounds will be reported. Secondly, NMR 

studies and the correlation between calculation and NMR will be investigated. 

Finally, these results will be compared with those from a search we have made in 

CCDB.

CH

Figure 3.2
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3.2. Results and Discussion.

3.2.1 Solid state studies

A CCDB search^ has been carried out for crystal structures following the 

pattern of Figure 3.3. No restriction on silicon substituents was imposed initially.

\
General condition imposed in the silyl ether search. 

Figure 3.3

The first search yielded 386 torsion angles. The analysis of this file led to 

two groups:

1 The first group comprised acyclic compounds with a total of 222 

torsion angles. This group was then divided into two subgroups:

a) One, with 132 examples comprised primary alkylsilyl ethers with the 

general pattern R-CH2-0-^(RiR2R3). This group did not contribute to our study 

since we are investigating secondary carbons where, according with Anderson’s 

stereotype"^ ,̂ the eclipsed conformation may be found. This subgroup will not be 

considered further.

b) The second subgroup of acyclic compounds comprised secondary alkyl 

silyl ethers, R’R” -CH-0 -^(R iR2R3) and as expected, staggered conformations 

were predominant with an average torsion angle 'F(Si-O-C-H) of 31.2° in the 90 

examples. In this group also was found three anti conformations (CCDB Refcode 

compounds KAHMUB"", KAHPEO” ', TOBUB"^). Removing these 3 

examples, the final average torsion angles, for 87 examples are 26.5°, which 

confirms our expectation about staggered conformations in acyclic compounds.
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2- The second group comprises cyclic compounds where the ring is at 

least 5 membered. Since silyl ethers are widely used in carbohydrate chemistry 

(see section 3.1), examples with an oxygen atom in the ring were also considered. 

164 torsion angles were found in this group, which was subdivided in the same 

different way that the acetates were above;

Silyl group Equatorial Position of the 
substituents

Silyl group Axial

H'(s i o c h )
(degrees)

Number of 
examples

Substituent
A

Substituent
B

Number of 
examples

*P(s i o c h )

(degrees)
21.7 24 None None 24 15.06

29.2 6 Equatorial Equatorial 6 12.5

15.4 4 Axial Axial 14 21.2

17.6 9 Equatorial Axial 6 26.1

23.2 39 Equatorial None 13 14.7

1 21.9 10 None Axial 9 12.8

Experimental results o f  the solid state (from CCDB) studies in silyi ether.

Table 3.4

As can be seen in Table 3.4, the results where slightly surprising in the 

light of the expectations of the eclipsing theory^^. The group of compounds with 

the three adjacent substituents in equatorial positions showed an average torsional 

angle of 29.2° and compounds with no equatorial substituents showed torsional 

angles around 14°. This was surprising but careful analysis of the data suggested 

two possible explanations:

1- The longer Si-0 bond length compared with the previously

studied C -0  bond substantially reduces the substituents-ring 

interactions. This explanation was rejected after the analysis of 

the compounds by MM3 (see section 3.2.2).
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2- The second explanation is related to the ring conformation of

compounds in each group. It has been observed that most of the 

examples were 5 membered rings with bulky groups on both 

sides of the exocyclic silyl ether. As a results of the interactions 

of silyl groups with substituents or other interactions between 

substituents attached to the ring, the conformation of the central 

framework A-C-C(0SiR3)-C-B was quite distant from the 

necessary anti-anti arrangement required in Anderson’s 

stereotype"^ .̂ This suggests the exclusion of such compounds 

and concentration on compounds which fit the stereotype for 

eclipsed conformations. The small number of compounds 

which remain after this exclusion make it dangerous to 

generalise.

Removing ftve-membered rings from the analysis left only 75 torsion 

angles and only one example with the substituents and the silyloxy group in 

equatorial position, but it is satisfying that this showed a torsion angle Y(Si-0-C- 

H) of 0.19°.

The 74 other examples were divided into three groups;

1- No substituents on either side of the exocyclic silyl group: 13 

examples with an average torsion angle of 17.6°.

2- One substituent equatorial and one axial: 5 examples with an 

average torsion angle of 27.1 °.

3- 40 examples with only one substituent: 23 with the substituent 

axial and silyloxy also axial showing an average torsion angle of 15.5°. 17 with 

the substituent in equatorial and the silyloxy group also equatorial position with 

an average torsion angle of 32.5°.

It is possible that a careful analysis of the conformation of five membered 

ring, could yield further examples where the stereotype does exist.
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3.2.2 Gas phase studies

Table 3.5 reports the final steric energy and the torsion angle 'T(Si-0-C- 

H) for the ground state conformations for cyclic and acyclic silyl ether model 

compounds. Two programs have been used in our investigation, MMX and 

MM3.

Compound

3.3

3.4

3.9

H

MM3 MM2
FSE 'P(Si-O-C-H) FSE Y(Si-O-C-H)

(KoaFmol) (degrees) (KcaFmol) (degrees)

3.1 ^ S iM e j  -0.75 60.8 4.8 4 61.6
'O

“  H
3 2 ^ S iM e j  1.73 1.2 6.81 21.8

D
,o- SiMe, 4.05 63.1 6.59 59.6

H

11.45 5.2 13.71 1.6

H

3.5 V ------- ---- .— 17. 14 4.9 12.17 17.4

3.6  \ / ----- --------- -— 17. 64 2.3 12.56 20.0

3 ,7  12.07 3.5 13.95 0.0

3 g 17.64 2.3 12.56 20.0

12.80 29.1 14.28 18.9

3 10 12.5 16.6 14.2 18.3

Molecular Mechanics Calculation results fo r  trimethylsilyl ether derivatives
Table 3.5
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The dihedral drive option was used to explore other conformational 

minima in the C-0 bond rotation. All conformations suggested by the two 

programs however, were at least, 2.62 kcal/mol (MM3) and 2.16 kcal/mol (MM2) 

less stable than those in the Table 3.5. As a result, these conformations will not 

be considered further.

In agreement with the model proposed by Anderson in methoxy 

compounds"^^, the stereotypical molecules are calculated to show eclipsed 

conformations by both force fields. The acyclic molecule 3.3 and cyclic 

molecules 3.7 and 3.8, have the stereotypical anti-anti arrangement of the central 

framework, with two bulky substituents, and they show torsion angles Y(Si-C-0- 

H), close to 0°. Figure 3.3 illustrates the relief of strain due to symmetrical 

repulsive interactions when there are space-demanding substituents on both sides 

of the silyloxy group, with the torsion angle 'F(Si-C-O-H) relatively close to 

eclipsed. Hypothetically, when the substituents on opposite sides are different, 

their interaction with Si(CH3)3 should be different and so the minimum energy 

torsion angle is somewhat different from 0°.

CH

Newman projection o f  2,4-dimethyl-3-trimethysilyloxy-pentane. Acyclic 
stereotype o f eclipsed conformations.

Figure 3.3
The plot of the FSE (Final Steric Energy) against the torsion angle 'F(Si- 

C-O-H) is another way to illustrate the ground state conformation. Figure 3.4 

shows the MM3 potential energy diagram for molecules expected to show an
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eclipsed conformation. In each case, there is a deep, steep-sided energy 

minimum centred around 0°, so there should be little population with the torsion 

angle much different from zero. Furthermore, the energy of the anti- 

conformation, is considerably greater for compound 3.8 compared with the other 

two. This feature reflects the 1,3 steric repulsion interactions between the 

trimethylsilyl group and the adjacent axial ring protons. This also shows in the 

increase in the bending strain in the anti conformation of the compound 3.8, 

since the Si-O-C angle is calculated to be 148.1" against 133.1” and 138.1” for 

compounds 3.7 and 3.3, respectively.

MM3 
Rotation of H-C--OSÎ

o
S

U(/)U.

12

10

8

6
4

2

0
00

3.3
3.7

Torsional angle H-C-O-Si (degrees)

Potential energy’ diagram o f  H C -0  Si hotid rotation in compounds 3.3, 3.7

atid 3.8.

Figure 3.4

The main difference between the two programs appears in the compounds

3.2, 3.5 and 3.6 which have only hydrogen atoms flanking the silyloxy 

substituent. MM3 suggests an eclipsed torsion angle T(Si-C-O-H) for the global 

minimum while MM2 suggest torsion angles around 20”. This approximately 15” 

difference between the two programs is a clear manifestation of the different 

parameterisation of the lone pairs in the force fields. MM2 consider the lone pairs 

as pseudoatoms, whilst MM3 includes the lone pairs in the rotational potential of
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the C -0  bonds. This accounts for the differences between the two programs (see 

Figure 5.3).

However, the potential energy diagrams of Figure 3.5 deserve more 

careful observation.

a)

MM3 
Rotation H-C-O-Si

12

10

8

6

4

2

0

Torsional angle H-C-O-Si (degrees)

b)

MM2 
Rotation of H-C-O-Si

10

8
o
E

6«

4

2

0

3.2
3.5
3.6

Torsional Angle H-C-O-Si (degrees)

a) M M 2 and h) M M 3 potential energy diagram for compounds 3.2, 3.5 and 3.6.

Figure 3.5
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Both force fields suggest that these compounds have a wide flat energy 

minimum over a ±60° range, centred at 0° and with a very small librational barrier 

(see section 1.1) between the different energy minima. As a result, at room 

temperature, all conformations included in these shallow minima, will contribute 

to the conformational population. In symmetrically substituted compounds, the 

silyloxy group feels equal compression when turned towards either side of the 

molecule, so the torsion angle is likely to be small. However, in the 

unsymmetrical compounds 3.9 and 3.10 unequal strain will force the silyl group 

beyond eclipsing, to the less substituted side so the torsion angle reported for 

Y(Si-C-O-H) in Table 3.5 is that shown in Figure 3.6.

Me

Me

Newman projection showing the positive orientation o f the W(Si-C-O-H) along

the

C-0 bond in asymmetric compounds (3.9 in this example)

Figure 3.6

The potential energy diagram. Figure 3.7, shows the ground state of 

compounds 3.9 and 3.10. As can be seen, there is a not quite so broad minimum 

and it is centred at 20°. This is due to the repulsion of the trimethylsilyl group by 

the equatorial methyl. It is remarkable that nonetheless, the torsion angle ^^(Si-C-

0-H), in both cases at 20°, is still far away from the perfect staggered 

conformation (60°) and this must be the result of repulsion of the trimethylsilyl 

group by the proton in the equatorial position of the cyclohexane ring. This 

repulsive interaction might be large enough to bring the torsion angle Y(Si-C-0-
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H) to eclipsed, were it not being countered by repulsion by the remote equatorial 

methyl group, but it is sufficient to keep the torsion angle far from perfect 

staggered.

MM3
Torsional Angle H-C-O-Si

3,10

Torsional Angle H-C-O-Si (degrees)

Potential energy diagram for compounds 3.9 and 3.10.
Figure 3.7

The above potential energy diagrams show the conformational situations 

that give rise to the experimental coupling constants that we will now report.

3.2.3 Solution phase studies

We have extensively studied the behaviour of silyl ethers in solution by 

NMR spectroscopy. An indirect method, based on the cosine squared relation 

between three bond coupling constant ^Jsi-o-c-n and the torsion angle, has been 

used to determine the torsion angles T(Si-C-O-H) Table 3.6 illustrates the three 

bond coupling constants ^^Si-*H we have measured.
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MM3Compound

SiMe-3.1

SiMe-3.2

63.1 2.3SiMe-3.3

SiMe- 5.2 3.6
3.4

SiMe- 4.9 3.43.5

2.33.6

3.7 SiMe.

2.3 3.73.8

2.9*29.1SiMe-3.9

SiMe-

2.9*16.63.10

* Average coupling constant of two conformers in equilibrium at room temperature.

Experimental three bond coupling constant ^^Si-H and torsion angles W(Si-0-C-
H) suggested by MM3. 

Table 3.6
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The first point to note from the Table 3.6, is the small range in the values 

of the three bond coupling constant, 2.3 -  3.8 Hz, much as previously reported 

(Tables 3.2 and 3.3 above) and only one third the size of the range reported for 

^Ji3c-o-c-H in methoxy derivatives'^^.

The typical model compounds for the eclipsed conformation proposed by 

Anderson'^^, show larger three bond coupling constants than the expected 

staggered prototypes. Compounds 3.3, 3.7 and 3.8 have Ĵsi-o-c-H in the range 3.6-

3.7 Hz, while compounds expected to be staggered show coupling constants 

between 2 and 3 Hz ( Figure 3.8)

.vSiMSi

U .a  U .7  U .P  l U  U d I  U .1  a j #

Example o f the NMR. spectrum o f the isomers mixture o f  2,6-dimethyl- 
trimethylsilyloxy cyclohexane. a) ^^Si NMR with proton decoupled and b)

Gated decoupled.
Figure 3.8
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Compounds 3.2, 3.5, 3.9 and 3.10 show three bond coupling constants 

slightly larger than the expected value for staggered conformations. In section

3.2.2, these compounds also exhibit '"unexpected" values for the torsion angle 

'P(Si-O-C-H). The explanation reported in section 3.2.2, will also explain these 

oddities. The wide and flat minimum in the potential energy curve is the reason 

for those values. It should not be surprising that at room temperature, the 

weighted average conformation has contributions from points all over this 

minimum (see Figure 3.5), and as a result, the observed coupling constant may 

also be greater than the value expected for a staggered conformation.

As has been described previously in chapter 2, simple model compounds 

with well-defined torsion angles may be used to calibrate the relation between the 

three bond coupling constant and torsion angles to give a modified Karplus 

equation. Following the methodology of Dorman et a P  and with the support of 

calculations, we measure and assign l̂6o° as the coupling constant of the 

compound showing perfect staggering, neopentyl trimethylsilyl ether (̂ l6o° = 2.3 

Hz ). The value for the stereotype of the eclipsed conformation, compound 3.7 

has been measured and assigned as Ĵo° = 3.8 Hz. Furthermore, compound 3.1 

shows a coupling constant whose value is an average of two gauche and one anti 

coupling constant and using the formula below in Figure 3.9, the value for the 

of 8.1 Hz can be calculated.

SiMe

180
Si-O-C-H “

Coupling constant in compounds 3.1. 

Figure 3.9
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It is interesting that the value of Ĵi8o° is larger than %% which is in 

agreement with other heteronuclear three bond coupling constant

Substitution of the three coupling constant values in the generic Karplus 

equation (Equation 1.7), gives three equations with three unknowns (a, b and c) 

and the mathematical resolution of these yields the Karplus equation below for 

the 'H -C -0-^^^ system Equation 3.1.

■̂ Jsi-o-c-ii= 3.48 cos^ Y -2.1 cos Y + 2.46 Equation. 3.

Figure 3.10 shows the plot o f the experimental three bond coupling

constant ^^Si-'H against the energy-minimum torsion angle Y(Si-C-O-H) 

suggested by MM3

N
X

X
u
6
.1

Karplus equation for Silyl Ethers and Methoxy 
compounds

12

10
8

6

4

2

0
0  2 0  4 0  6 0  8 0  100  120  140  160  180

Torsional angle Si-O-C-H

Karplus 
equation for 
silyl ethers

Experimental 
values for silyl 
ethers

Karplus 
equation for 
ethers

P/ot o f  the Ĵsi-o-c-H again si the Torsion angle Si-O-C-H calculated by M M 3.

The points correspond to the experimental three bond coupling constant o f  the

model compounds.

Figure 3.10

The Karplus equation proposed for silyl ethers can be used not only for 

the prediction of coupling constants from the torsion angle, but also suggests an 

explanation of problems associated with this coupling constant in silyloxy 

compounds. Comparing the coupling constants observed in methoxy derivatives.
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and in silyl ethers, the range between eclipsed and staggered conformations 

(approximately. 1.5 Hz.) is smaller than in methoxy compounds (>3Hz.). There 

are no problems detecting and interpreting differences in values in compounds 

that show a deep ground state energy minimum, but the situation is different 

when the compounds show a flat energy minimum because the experimental 

values do not reflect a single torsion angle or a narrow range of these. The small 

difference between coupling in eclipsed and staggered stereotypes can be 

understood from the slope of the curve between 0° and 90° observed in silyl ether, 

and from the calculations of Figure 3.5. Thus silyl ethers show flatter energy 

minima than methoxy compounds, so a measured coupling constant in silyl ethers 

is likely to reflect quite a wide range of torsion angles. It should not be expected 

to find  as great differences in coupling constant between two torsion angles in 

silyl ethers as in methyl ethers.

It has been assumed that, in agreement with Molecular Mechanics, the 

three bond coupling constants always correspond to torsion angles less than 90° 

i.e. eclipsed or staggered conformations. Calculations reported above suggest that 

anti-conformations are unlikely, but nOe experiments were able to exclude such 

conformations and to confirm the assignation of the trimethylsilyl groups since 

two overlap in the ID proton spectrum (Figure 3.11).

The nOe experiments were carried out on a sample mixture of isomers 

3.7, 3.8, 3.9 and 3.10 (the last two are in equilibrium at room temperature (see 

below). The irradiation was at the Hiring proton signals which do not overlap and 

can be assigned on the basis of their couplings to vicinal protons. Two 

conclusions were extracted from the nOe experiments:.

1- In all the cases, there was a nOe between the Hiring and the protons 

of the trimethylsilyl group. As a result we can conclude that the 

conformation around the C-0 bond is in the staggered-eclipsed 

sector but not the anti.

2- From the nOe we can conclude which methyl group corresponds to 

which compound in the mixture of isomers, since the irradiation of
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Hiring for each compound, showed one nOe peak with the methyl 

group.

SiMeMe position 2

b) andc)

0 .10

a a

s .9 2.0 19 1 . 0 0.5

NOK experiments for the mixture o f isomers 2,6-dimethyl-trimethylsiIyloxy- 

cyclohexane. Irradiation o f the H-1 in the cyclohexane and the nOe are ohsen’ed 

with the methyl gt^oups attached to the silicon atom 

F ig u re  3.11

Finally, in the cis, trans isomer 3 .9  which showed a three bond coupling 

constants ^^Si-'H of 2.9Hz see Table 3.6, reflecting an equilibrium between the 

two conformations 3 .9  and 3 .1 0  It would be interesting to see if it is correct 

tassign that coupling constant value to both these conformations.
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We recorded the NMR of the isomeric mixture 3.7, 3.8 and 3.9 and found 

that ^Jsi-o-c-H for the isomers 3.7 and 3.8 with only one populated chair 

conformation is 3.8 Hz and 3.7 Hz respectively, while the compound in 

equilibrium 3.9 has a value of 2.9 Hz. The position of the equilibrium affects this 

^Jsi-o-c-H value, so we tried a dynamic NMR experiment.

At room temperature, in CD2CI2 solution, ^H NMR shows a peak at 3.2 

ppm for compound 3.9 as a doublet of doublets with two coupling constants, 3.9 

Hz and 7.4 Hz. There is a broadening of this signal as the temperature is lowered, 

reaching a maximum at a coalescence temperature of 228K, and followed by 

sharpening up to give two signals with a population ratio 93:7 at 193 K. The 

major isomer is assigned to compound 3.9 because the signal showed a doublet of 

doublets with a coupling constant of 4.86 Hz (^Heq-̂ Heq) and 10.1 Hz (̂ Heq-̂ Hax). 

The minor isomer shows a broad peak with width 7 Hz at half height, indicating 

that there are only two small gauche coupling constants involved and this could 

be assigned to compound 3.10. Unfortunately, ^^Si NMR shows overlapping of 

the signals with the isomers 3.7 and 3.8 and as a result, the Ĵsi-o-c-n could not be 

determined. Signals corresponding to isomers 3.7 and 3.8 , did not shows any 

change in the coupling constant with temperature as was expected from their 

potential energy diagram.

Two conclusions emerged from these experiments. Firstly, from the larger 

^H-^H coupling constant that can be measured 7.4 Hz (at room temperature), and

10.1 Hz (at 193 K), the fractional population of the isomer 3.10 is substantially 

greater at room temperature (approximately 1:1). Secondly, even with this 

considerable change in the conformational populations, our calculations of 

torsion angles and use of our modified Karplus equation for silyl ethers, suggest 

differences in the ^H-^^Si coupling constant at low and ambient temperatures of 

less that 0.3 Hz.

In summary, it has been showed that the eclipsed is also the preferred 

conformation in silyl ether rather than the anti. Evidences has been found in the 

three states of the material:
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1-Solid state: Statistical analysis has been carried out in CCDB and it has 

been found that eclipsed-staggered conformations are the preferred conformation 

rather than the anti with only 3>-anti over 222 torsion angles studied, ever 

considering the substantial increasing of the bond length Si-0 and Si-C compared 

with the methoxy analogue. Due to the flexibility of the five membered ring 

conformations, if the substituents attached to the ring were bulky, it has been 

observed that the anti-anti conformation of the central framework for the 

stereotype of eclipsed conformation"^  ̂ was not found and as a result, torsion 

angles Si-O-C-H were mainly found showing staggered conformations.

2- Gas phase studies: Molecular mechanics with MM2 and MM3 force 

fields were the option applied in the gas phase study. The eclipsed-staggered 

conformation has been found the only two conformations with significant 

contribution to our analysis. Model compounds expected to show eclipsed and 

staggered conformations have been investigated and as a result, we found that the 

perfect stereotype for eclipsed conformation"^^, with two bulky groups in either 

sides of the torsion angle Si-O-C-H and the anti-anti arrangement of the central 

framework A-C-C(0SiR3)-C-B, was also perfectly established in silyl ether even 

considering the increasing of the Si-0 and Si-C bond lengths. The presence of the 

interacting silyl group-equatorial hydrogen atoms in the cyclic molecules, has 

been the reason suggested to observe the torsion angles about 30° away from the 

perfect 60° in staggered conformations.

3- Solution: NMR was the technique used for the conformational 

investigation in solution. Using nOe experiments, eclipsed-staggered 

conformations have been confirmed such preferred conformations of silyl ethers 

in solution. Ĵ29si-iH coupling constants of about 3.6-3.8 Hz have been reported for 

eclipsed conformations and 2-3 Hz for staggered conformations. Karplus 

equation has been suggested for silyl ethers and the fiat shape of the 

aforementioned curve was the reason proposed to explain the short interval 

between coupling constant eclipsed-staggered in comparison, for example, with 

methoxy derivatives.
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Genera! van der Waais energy cun’e for tw o hypothetical neutral atoms.
(Picture frotn reference 125)

F ig u re  4 .3

At short distances between two atoms, the energy corresponds to repulsive 

interactions, above the r axis and when the distances are increased, the interactions 

become attractive, below the r axis. The value of these interactions is dependent on the 

distance r between the atoms in accordance with the Lennard-Jones or Buckingham 

functions (approximations used by Molecular Mechanics programs)\

The MM3 program has been parametensed to calculate van der Waals 

interactions between atoms in molecules on the basis of two approximations It is 

assumed firstly that only two-body interactions need be considered, excluding other 

higher types of interactions, and secondly, that these interactions are environmentally 

independent’"̂ .

The absolute value of each attractive interaction between two atoms is usually 

very small. However, if the molecule has enough atoms, the total value of these 

interactions may be of the range of kilocalories/mol, and at this point, we postulate 

that this may explain why some cyclohexane derivatives prefer one or the other side of 

the equilibrium.

The model compound, trans-1,2-dimethoxycyclohexane^’’ (Chapter Ic), shows 

an equilibrium between diequatorial and diaxial chair conformations in solution that is
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not very solvent-dependent. The diequatorial conformation is preferred in all solvents 

with percentages of this conformer ranging from 57% to 96%. Two factors favour the 

diequatorial conformation, the A-value (0.55 kcal/mol)*^^ which shows a clear 

preference for the methoxy group in the equatorial conformation, and the gauche 

effect, stabilising the gauche O-C-C-0 in the diequatorial conformer. However two 

other factors disfavour such a conformation, the repulsive steric interactions between 

methoxy groups and the solvent-dipole interactions of the more polar diequatorial 

conformation, which is destabilised by non-polar solvents (see Table 1.3) and 

favoured by polar ones^^ .̂

In summary, the study of the trans-l,2-bis[(silyl)oxy]cyclohexane (Figure 4.4) 

were carried out to determine the influence of the substituents attach to silicon on the 

equilibrium. All the compounds were made from the commercially available trans- 

1,2-cyclohexanediol and commonly used silyl protecting groups.

OR
OR

With R :-4.7 => SiMeg
- 4.8 => SiEtj 
-4.9 ->Si(iPr)3
- 4.10 => SitBuMe2
- 4.11 => SiPh2tBu
- 4.12 => SiPhj

Nomenclature fo r  the study o f the equilibrium o f  trans-l,2-bis[(silyl)oxy]cyclohexane.

Figure 4.4
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4.2 Results and dicussion

4.2.1 Solid State Studies

The solid state has been studied by two approaches. Firstly, since the 

compound ?ra«5'-l,2-bis[(triphenylsilyl)oxy]cyclohexane (compound 4.12) was 

crystalline, solid state NMR and X-ray studies were carried out. Secondly, the data 

available from CCDB were studied in compounds with rra«.y-l,2-bis(silyloxy) groups 

on a six-membered ring.

The CPMAS solid state 13C NMR spectra for compound 4.12 (Figure 4.5a) 

shows a surprising five signals for the carbon attached to the exocyclic group (Ci/ Ci') 

at room temperature and the spectrum maintains the same pattern of signals when the 

spectra were run at 183 K (Figure 4.5b). The signals appear at about 77.0 ppm and 

69.5 ppm with intensities approximately 1:1:2 and 1:1.

The remaining signals of the cyclohexane ring, also appear as two sets at about 

30ppm (C2/C2 ') and about 20 ppm (C3/C3') see Table 4.2 (for nomenclature see figure 

above).

Ph^SiO

/  /  ■'^OSiPhj
— oSiPh

OSiPh



tran s-b is(tr1phenylslly loxy)cyclohexane

i
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1 - 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 - 1 
84  8 2  8 0  7 8  7 6  7 4  7 2  7 0  ppm
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à  1b) T em p erature 1 8 3  K l l f  U  
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1 ' 1 ' 1 ' I ' i ' 1 ' 1 ■ 1 • 1 ■ 1 ■ 1 ■ 1 1
2 4 0  2 2 0  2 0 0  1 8 0  16 0  14 0  120  1 0 0  8 0  6 0  4 0  2 0  ppm

Figure 4.5 N)
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'( ' Number .-a :::
' ^Diequalorial confonnalion ^Diaxial confonuation ;

Cl/Cl' 77.0 71.0
C2/C2' 34.0 23.0
C 3/C 3 ' 26.0 17.0

CPMAS assignation for compound 4.12. 

Table 4.2

Detailed analysis of the spectra shows that Ci signals, both at 77.0 and 71.0 

ppm, are not single peaks, but appear as two peaks with different intensities. This 

phenomenon may be explained by the asymmetry of the crystal. Furthermore, the fact 

that there are two sets of signals (with intensities 2:1) for every carbon suggests that 

there may be more than one conformation in the crystal, and this was confirmed by X- 

ray studies.

The X-ray analysis was generously carried out by Dr. L.J. Todaro at Hunter 

College (New York).

The compound 4.12 that we used was racemic and it crystallises in the 

monoclinic system (details are shown in the experimental part of this chapter). The 

huge unit cell (consequence of the crystal package of the phenyl groups. Figure 4.6a) 

contains twelve molecules, which are found as four identical groups of three 

molecules. Each such group has one molecule with a diaxial conformation, and the 

other two with diequatorial conformations. The latter are packed so that the two 

cyclohexanes are “antiparallel” (with the oxygen atoms in opposite directions), in the 

middle of a circular crown formed by interacting phenyl groups, but these two 

molecules do not occupy identical positions in the lattice.



Chapter 4 13

a)

Y

b)

a) Unit ce ll o f  com pound 4.12 (from 0.scail p r o g r a m ^ a n d  h) Expansion o f  p a r t o f  
the unit ce ll with the d iaxial conformation is on the left and on the right, are two 

‘‘antiparalleU' diecjuatorial conform ations (frotn P C M o d et').
Figure 4.6.
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The phenyls in each silyl group have various interactions with neighbouring silyl 

phenyl group of the well-known C-H tt type^^" '^^(see Figure 4.6b). Aforementioned 

interactions has been defined previously according with two criteria'^": i) the distance 

of the hydrogen of one phenyl group(phenyi-i) from the plane of other phenyl group(phenyi- 

2) which should be around 3.0 Â, and ii) the torsion angle (0) hydrogen(phenyi-i) ring 

centre(phenyi-2) which should be about 180° In our crystal structure this kind of 

interactions were observed either intramolecular (in the diaxial and in the diequatorial 

conformations) or intemiolecular (diaxial-diequatorial, diequatorial-diequatorial). 

With these short distances, it is not clear if the interactions are attractive or repulsive, 

however it is sure that the stabilisation of the total crystal structure arises from the 

overall balance of these interactions.

Torsion angles defining the rings in the three different conformations are reported 

m Table 4.3.

CONFORMATION OF THE CRYSTAL

Torsion angle Diequatorial-1
(degrees)

Diequatorial-2
(degrees)

Diaxial
(degrees)

H-Cr-O-Si 31.4 28.3 10.1
H-Cr-O-Si 29.5 26.5 2.9
O-Cr-Cr-0 64.0 62.6 171.1
H-Cr-Cr-H 173.6 171.5 69.3
0-CrCrCr 168.5 174.9 64.5
0-Cr-Cr-Cr 176.1 171.7 68.2

Cr-Cr-Cr-Cr
-49.4,60.4,
-63.2,58.7,
-51.7,47.2

53.2,-51.3,
48.6,-49.3,
48.6,-51.3

-60.2,60.5,
-64.2,63.4,
-56.7,56.1

Carbon atoms iu the ring.
* Diequatorial-1 : Molecule close to the molecule with diaxial eoiifoniiatioii.

C rystal structure deta ils o f  the com pound  
trans-/, l-h is f  (triphenylsilyl)oxyf cyclohexane. 

Table 4.3

From the parameters displayed in Table 4.3, it may be concluded that there are 

three conformations existing in the crystal;
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One shows a diaxial conformation with a torsion angle O-Cr-Cr-0 of 171.1°, 9° 

away from the characteristic anti-arrangement for perfect diaxial conformation. 

Furthermore, the alternation in the sign of the torsion angle of the ring probes 

the fact that the cyclohexane adopts a chair conformation with torsion angles 

showing distortions (60.1 ±4.1°) with respect to the ideal chair conformation 

(55°)"^.

- There are two diequatorial conformations with the torsion angle, O-Cr-Cr-O, of 

64.0° and 62.6°. The two cyclohexane rings are different and moreover, the 

chair conformations show more distortions in the sense of flattening than in 

diaxial conformations, the first has mean ring torsion angle of 55.1±5.7 (ring 

close to the diaxial conformation) and the second has 50.4±1.6°(ring away 

from the diaxial conformation). These distortions are more pronounced in the 

ring carbon atoms close to the substituents effectively making the ring more 

flat and the opposite effect have been observed in the atoms away from the 

substituents.

A striking point emerges from the observation of the torsion angle Si-O-C-H in the 

diaxial conformation. Eclipsed conformations are found for the two exocyclic C-0 

bonds with torsion angles of 2.9° and 10.0°. The equivalent same torsion angles in the 

diequatorial conformations range between 25° to 31°. The explanation for this oddity 

may be deduced from chapter three of this dissertation. In the diaxial conformation, 

the two equatorial positions at both sides of the exocyclic torsion angle Si-O-C-H are 

occupied by hydrogen atoms. The triphenyl silyl group is bulky and the silyl 

substituents interact with the equatorial hydrogens. Since these two flanking 

substituents are the same in the diaxial conformation, repulsions will be the same and 

this compression is relieved by adopting the eclipsing conformation (Figure 4.7a). In 

the diequatorial conformations, one of the two flanking equatorial substituents is the 

second bulky O-SiPhs group, so the result is a staggered conformation with the 

substituent twisted towards the hydrogen. Nonetheless, the interaction with the
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equatorial hydrogen brings the staggered conformation to 30° instead of the perfect 

staggered conformation, as it is shown in Figure 4.7b and reported in Table 4.3.

Ph^SiO

Si-O-C-H torsion angle in compound 4.12. 

a) diaxial conformation, b) diequatorial conformation.

Figure 4.7

CCDB search provides further information on rra«5'-l,2-bis-silyloxy 

derivatives. These compounds have been divided in two groups according to the 

conformation of the six membered ring chairs;

i) Diequatorial: One example, with CCDB code name NOCRAY ^  in which 

silyl groups are all TBDMS. The pyranoside ring shows a "̂ Ci conformation 

with evidence of planarity of the ring in the area where the compression is 

bigger, i.e., the silyloxy substituents area and the opposite distortion in the 

rest of the ring torsion angles (Cr-Cr-Cr-Cr change from 49.9° to 60.7°). The 

torsion angles 'P(Si-O-C-H) show values of 21.7° (C3) and a remarkable 0.9°, 

a perfect eclipsed torsion angle as a result of the interactions with two 

equatorial neighbours on both sides of the equatorial exocyclic bond (see 

Figure 4.8)

Diaxial: Three examples with CCDB names MAJHEK , NAGCUT^^^ and 

ROJSUE (see Figure 4.8). MAJHEK and ROJSUE show the unusual 

conformation of the pyranoside ring which means that most of the substituents 

are in axial position. The planarity in the area of the silyl neighbouring groups

ii)
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is also present with a major effect in ROJSUE (from 44.8° to 60.8°) than in 

MAJHEK (from 52.9° to 58.1°) whereas, NAGCUT will be not consider as it 

is a polycyclic compound. Torsion angles 'P(Si-O-C-H) are between 14° to 

31° with the exception of MAJHEK that shows torsion angles of 4.5° and 

41.8°. This is not surprising if we consider the flat potential energy curve 

around the minimum, reported in chapter 3 and as a result, the average torsion 

angle T(Si-O-C-H), could be anywhere in this minimum (±60°). The other 

nearly staggered conformation for an exocyclic torsion angles was expected 

considering the size of the substituents (TBDMSO) in the diaxial position.

NOCRAY ROJSUE
TBDMSO TBDMSO

OH SPh

OH
TBDMSO' TBDMSO'

TBDMSO 

Ring Conformation;

TBDMSO 

Ring Conformation; ^ € 4

NAGCUTMAJHEK

MeOCO
SPh!

TBDMSO'

TBDMSO

Ring Conformation; ^ € 4

I O.

Ring Conformation; C,

2D-CCDB representation o f the four crystal structures o f the 
trans-l,2~bis[(silyl)loxy]cyclohexane derivatives. 

Figure 4.8
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The comparison of two compounds NOCRAY and ROJSUE, is interesting 

since they have similar structures but different chairs for their pyranoside rings. Both 

have their hydroxy groups protected by TBDMS, however, NOCRAY adopts a "*Ci 

ring conformation while ROJSUE adopts ^€4.

Summarising our results for compound 4.12 it was already known that unusual 

conformation with preferences for the substituents in axial position could be found in 

six membered rings. However, this is the first time that solid state NMR and X-ray 

evidence show the two chairs coexisting in the crystal. The crystal structure of 

compound 4.12 reported evidences on the “planarity” in chair conformation due to the 

presence of the exocyclic substituents attached to the ring and also information about 

the package of the unit cell has been reported, including the H 7t-system interactions 

between neighbouring phenyls. Furthermore, eclipsed conformation has been found 

for the exocyclic C-0 bonds in the diaxial conformation due to the large size of the 

triphenylsilyl group and its interactions with ring protons in equatorial positions. 

Differences in the size of the substituents adjacent to the two sides of the exocyclic C- 

OSi bond in diequatorial conformations, was the explanation suggested for their 

adopting a staggered conformation.

Crystallographic data from CCDB for compounds with trans-\,2- 

bis[(silyl)]oxy-substitution on six-membered rings shows no evidence for the presence 

of two different conformations in the same crystal, however two similar compounds, 

NOCRAY and ROJSUE, do show different chair conformations which confirms that 

crystal lattice forces are quite capable of matching and perhaps overwhelming 

conformational energy differences.

Four examples in total from CCDB have been reported, three with the ^C\ 

conformation and one with a ^C4 conformation. The compound NOCRAY, with a ^Ci 

conformation and all the substituents in equatorial positions, shows once again, 

eclipsed exocyclic bond conformations.



Chapter 4 137

4.2.2 Gas phase studies.

Gas phase equilibria have been approached with the help of theoretical 

calculations. Since MM3 has been parameterised specifically for silicon atoms 

calculations have been used to obtain not only energies and structures, but also we 

have focussed on other factors such as attractive and repulsive interactions between 

atoms and dipole moments. MM3 is well known for reproducing energy and geometry 

(bond distances, bond angles and dihedral angles) quite accurately^however, with 

increasingly larger molecules, trends in energies are still correct but there is some loss 

of absolute accuracy. Attractive and repulsive van der Waals interactions have been 

parametrized^^^ in MM3 and I will test in our set of compounds whether these can be 

used to illuminate the study of the interaction between substituents or of the 

substituents with the ring.

Quantum chemistry is reported to be the best method to calculate dipole 

m o m e n t s D u e  to the high computer cost of these calculations, a semi-empirical 

calculation method has been used to calculate the dipole moment of our

molecules, starting from the geometry suggested by MM3. PM3 is included in the 

Gaussian-98 package and reports the PM3 energy and X,Y and Z components of the 

dipole moment.

The MM3 and PM3 energies found are depicted in Table 4.4. It has been 

shown the global energy minima for the set of compound in the two chair 

conformations. All other conformations of the cyclohexane (twist boat, boat, etc) are 

calculated to have higher energy and will not be considered further. The minimisation 

process is remarkably arduous and complex, since some of the silicon substituents 

have their own conformational possibilities. Compound 4.9 for example offers many 

possibilities considering the interactions between three isopropyl groups, as discussed 

by Lunnazi and Anderson^'^ for trisisopropylsilanes derivatives.
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Compound Energy (kcal/mdl)

Name Conformation ' - ' MM3

4.7
Diequatorial 5,75 -221.71

Diaxial 8.79 -219.75

. -^E(jjeq-diax -3.04 -1.96

4.8
Diequatorial 13.53 -251.41

Diaxial 14.75 -250.76

^Edieq-diax -1.22 -0.65

4.9
Diequatorial 27.69 -278.49

Diaxial 28.02 -279.54
AE<iieq-<iax -0.33 1.05

4.10
Diequatorial 14.26 -254.46

Diaxial 17.10 -251.77
AE(jieq.(̂ 3x -2.84 -2.69

4.11
Diequatorial 33.14 -140.56

Diaxial 30.88 -143.41

AEdieq-diax 2.26 2.85

4.12
Diequatorial 28.81 -36.99

Diaxial 28.96 -39.26

AE<jieq-diax -0.15 2.27

Energies suggested in MM3 and PM3 calculations 

Table 4.4

The first result that emerges from Table 4.4 is the decrease in the energy 

difference between diequatorial and diaxial conformation, as we increase the size of 

the substituents attached to the silicon atoms. There is a progressive reduction of the 

energy difference from compound 4.7 until 4.11. MM3 suggests that while the 

differences get smaller as the size of the substituent increase, only compound 4.11 

actually prefers the diaxial conformation. On the other hand, PM3 proposes that there 

are three compounds showing a preference for the diaxial conformation (compounds 

4.9, 4 .1 1 ,4 .1 2 )

In the structures suggested by MM3, we focused our attention on a few 

parameters that might define the structural differences between the conformations:

1- The Torsion energy, i.e. the parameter which reflects the distortion of the 

torsion angles and which shows a larger value in the diaxial conformation than 

in the diequatorial, suggesting that the diaxial conformation is more compact
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and as a result, may show larger distortions. Moreover, on comparison of the 

chairs between compounds, biggest distortions were observed when the sizes 

of the substituents increase

2- Eclipsed conformations have been observed in diaxial conformers when the 

silicon substituents are bulky groups and nearly eclipsed when the groups are 

not so large. The explanation for this feature could be found in the shape of 

potential energy diagrams displayed in Figure 4.9. Compound 4.7 shows a 

torsion angle T(Si-O-C-H) of 12.6° and 13.5° and Compound 4.9, 5.3° and 

6.4°. Compound 4.9 shows a steep-sloped curve centred around 0° so 

conformations with the torsion angles much different from 0° have low 

probability to be populated. While compound 4.7, with a wide and flat energy 

minima (between 0° and ±50°, there is only 0.7 kcal/mol energy difference), 

the average torsion angle reported for the calculations could be anywhere in 

this minimum depending of the contribution of each conformation. As a result, 

it will be not surprising to find conformations eclipsed or nearly so for such 

compounds.

H-C—0 - S i  rotation in diaxial conformations of  4.7 and 4.9

o s i ( i j \ y

Com pound 4.7

 C o mpound  4.9y  OSi M ek 

,
 OSi M e , -

6 —

Torsional angle H-C-O-Si  (degrees)

Comparison of ground state rotational energy diagram in compounds 4.7 and 4.9.

Figure 4.9



Chapter 4 140

The torsion angles for compounds 4.11 and 4.12 have been discussed in the 

substituents interactions part of the current chapter (section 4.1.1).

3- Diequatorial conformations show exocyclic torsion angles much closer to 

staggered values and this is due to the unsymmetrical environment on the two 

sides of the exocyclic bond with equatorial hydrogen on one side and the 

second silyloxy group on the other (see Figure 4.7b).

The dipole moment is another important factor affecting the equilibrium, since 

molecules tend to minimise the total dipole moment. This moment is determined by 

the electron density distribution in a molecule, so it is a good parameter to study the 

influence of the different substituents on the silicon atom. The results are shown in 

Table 4.5

Compound PM3

Name Conformation Dipole Moment(Debye)

4.7
Diequatorial 0.088

Diaxial 0.819
M-dieq̂ diax -0.731

4.8
Diequatorial 0.081

Diaxial 0.739
Agdieq-diax -0.658

4,9
Diequatorial 0.174

Diaxial 0.826
■̂ M-dieq-diax -0.652

4.10
Diequatorial 0,162

Diaxial 0.813
AjJ-dieq-disK -0.651

4.11
Diequatorial 0.269

Diaxial 0.276

Agdieq-diax -0.007

4.12
Diequatorial 0.371

Diaxial 0.338

A|ldieq-diax 0.033

Dipole moment suggested in PM3 calculations 

Table 4.5
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The results reported in Table 4.5, suggest that compounds should be 

considered in two different groups. The first group corresponds to the aliphatic silyl 

substituents, fi*om 4.7 to 4.10. The second group corresponds to compounds 4.11 and 

4.12, with aromatic substituents.

In the first group, the dipole moment is larger in the diaxial conformation than 

in the diequatorial (when dipoles nearly cancel each other). There is not much 

difference between compounds of this group and, as a result, we can postulate that 

dipole moment cannot be the reason o f  the differences in the chair-chair equilibrium 

in these four compounds. Since the dipole moment reflects the charge distribution in 

the molecule, comparison of the same conformation in different compounds of this 

group, suggest that the electronic density distribution in the fi-agment Cr-O-Si is hardly 

affected by the different alkyl substituents attached to the silicon atom.

In the second set, one or more phenyl substituent may affect the dipole moment 

and it can not be compared with the first set. The influence of the aromatic 

substituents is clear, since the differences in dipole moments of conformations has 

been cancelled and it is remarkable that in the compound 4.11, with two phenyl groups 

and a tert-butyl group, PM3 suggests that diaxial conformation has smaller dipole 

moment than diequatorial.

The last point emerging from the calculation is the possibility of studying 

interactions between substituents or between substituent and the ring. It has been 

postulated in the introduction of this chapter that repulsive/attractive van der Waals 

interaction could affect the position of the equilibrium. MM3 has been parameterised 

to list such i n te ra c t ions so  we can study the interaction, either attractive or 

repulsive, between the atoms of one substituent in a molecule with the atoms of 

another part of the molecule.
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COMPOUND V Interaction between 
Silyl ether substituents

Interactions Rihg- 
Substituents

Name Conformation Attractive Repulsive Attractive Repulsive

4.7
Diequatorial -1.27 0 -1-52 0.25

Diaxial -0-80 0-10 -2.12 0

Êdieq-diax -0.46 -0.10 -0.60 0.25

4.8
Diequatorial -2.05 0.14 -1.98 0.54

Diaxial 4 .2 9 0.07 -2.90 0.11
AEdieq-diax -0.76 0.07 -0.92 0.43

4,9
Diequatorial -2.70 0.01 -2.89 0.90

Diaxial -2.31 0-18 -3.65 0-46
AEdieq-diax -0.39 -0.17 -0.76 0.44

4.10
Diequatorial -1.88 0.09 -1.96 0.61

Diaxial -0.93 0.10 -2.96 0
AEdieq-diax -0.95 -0.01 -1.00 0.61

4.11
Diequatorial -4.43 0.50 -3.46 2.07

Diaxial -7.15 0-39 -4.52 0.09
AEdieq-diax 2.72 0.11 -0.992 1.98

4.12
Diequatorial -5.56 0.35 -3.15 0.65

Diaxial -6.32 0.15 -3.89 0.04

AEdieq-diax 0.76 0.20 -0.74 0.61

Steric attractive/repulsive interaction in trans-1,2-bis[(silyI)oxy]cyclohexanes in their

global minimum conformations.

Table 4.6

Table 4.6 reports the sum of individual attractive and repulsive interactions 

between pairs of atoms in silyl groups or in the ring according to the MM3 program. It 

is expected that if the number of the atoms in a substituent increase, the number of 

interactions should become bigger, for example the absolute value of attractive 

interactions is in a different range in compound 4.7 comparing with compound 4.9.

In attractive interactions between substituents and the ring, it is interesting to 

observe that there is not much variation in the energy difference diequatorial/diaxial 

(AEattr) in the set of compounds. All the differences are in a range of 0.8 ± 0.2 

kcal/mol, with the diaxial conformation in all the cases showing both the larger 

attractive interactions and the smaller repulsions. For interactions with the ring, the
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position of the substituent, axial or equatorial, matters, a point that will be interesting 

in the study of the 1,4-bis[(silyl)oxy]cyclohexanes in chapter 5.

Calculation of interaction between substituents led to a few remarkable 

observations. The first point related to repulsive interactions is that according to the 

results, the repulsive interactions between the substituents almost do not exist. The 

equatorial conformation does not appear to suffer from steric strain between the two 

neighbouring substituents in all the compounds except perhaps in 4 .1 1 . Calculations 

suggest that sometimes, as well as the diequatorial conformation, it is the minimum 

energy diaxial conformation with the substituents anti, which shows comparable weak 

repulsive interactions. To illustrate this feature. Figure 4.10 shows the two preferred 

conformations of the compound 4.7 , where the calculations reported 0 kcal/mol 

repulsion between substituents in diequatorial conformation and 0.1 kcal/mol for 

diaxial due to the short distances between the two closest hydrogen atoms in the 

diaxial confomiation. To minimise these interactions, the diequatorial conformation 

has slightly opened angles C rC rO  (observed as a larger bending energy in the 

diequatorial conformation than in the diaxial) and turns both substituents in the same 

way and, as a result, increases the distances between hydrogen atoms to convert 

repulsive into attractive interactions

Two energy minima for the compound 4. 7 and the distance responsible o f  the 

attractive repulsive interactions.

Figure 4.10
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The second point to emerge from the attractive interactions between 

substituents, is that the net difference between conformations of compound 4.9 is 

smaller (0.39) than in compounds 4.8 (0.76) and 4.10 (0.95) although the number of 

atoms in the silyl substituents are bigger. Since the net interaction with the ring in 

these three compounds is of the same order, these substituents interactions suggest a 

lesser tendency to stabilise the diequatorial conformation, so it is not surprising to find 

the chair-chair equilibrium towards the diaxial conformation for the compound 4.9, a 

prediction already reported from the PM3 calculations.

On the other hand, calculations suggest that compound 4.11 shows attractive 

interactions 2.72 kcal/mol bigger in the diaxial than in the diequatorial conformation. 

The ground state diaxial conformation has the tert-butyl groups anti to the Cr-0 bond, 

so the phenyl ring substituents appear to be parallel and at the right distance -3  .7 À to 

have stabilisation by Van der Waals attractions (4.52 kcal/mol) and almost no 

repulsions (0.09 kcal/mol). The strength of this interaction also affects other parts of 

the molecule and makes this compound the only diaxial conformation with the two 

staggered torsion angles, Y(Si-O-C-H) being 34.8° and 31.9°. It is noteworthy to 

mention that we have been talking about van der Waals interactions because MM3 is 

not parameterised for n-n interactions.

The same tendency was observed in the compound 4.12 with 3.6 Â distance 

between phenyl rings and 36.4° and 2.9° torsion angles 'F(Si-O-C-H).

In summary, we have reported the calculations for gas phase in all the set of 

silyl ethers using Molecular Mechanics and semi-empirical PM3 calculations;

Calculated energies suggest a tendency towards diaxial conformations as the 

sizes of the silicon substituents increase, see Table 4.4. MM3 suggests that 

compound 4.11 prefers diaxial conformation with compounds 4.9 and 4.12  

tending that way. PM3 calculations predict that these three compounds prefer 

diaxial conformation.
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Dipole moment studies suggest that we can divide the compounds in two 

groups. One, with aliphatic substituents attached to silicon shows little 

variation in the dipole moment between members of the set (4.7, 4.8, 4.9, and

4.10) which suggests that there will be little differences in the contribution to 

the equilibrium from this parameter. In the second set, compounds with 

aromatic substituents attached to silicon, dipole moments are larger but the 

difference between conformations is small.

van der Waals interactions have also been studied and calculations suggest 

little repulsive interaction between substituents and a tendency to favour the 

diaxial conformation as the number of atoms in the silyl substituents increases.

4.2.3 Solution phase studies

The study of the equilibrium in solution has used the most powerful weapon 

for elucidating structure in solution, NMR CD2CI2 is the solvent chosen for our 

experiments although in some cases when signals overlap, toluene has also used.

Assignation of the spectra has been carried out with ID experiments (^H, 

(either decoupled and gated decoupled experiments, DEPT (135 and 45)) and 2D 

(^H-^H COSY, ^H-^H NOESY, HMQC, HSQC).

All spectra show temperature-dependence and particular attention has been 

paid to the elucidation and characterisation of the different populated conformations.

Figure 4.11 shows the nomenclature followed in our studies.
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C3

C3

With R; - 4.7 => SiM cs 
C ,^ O R  .  48  => siEtj

-4 .9  =>Si(iPr)3
- 4.10 - >  SitBuMe2
- 4.11 => SiPh^tBu
- 4.12 => SiPh3

C,
OR

Nomenclature followed in the studies o f  trans-1,2-disilyloxy cyclohexanes.

Figure 4.11

Table 4.7 shows the chemical shift of cyclohexane ring protons at room 

temperature when chairs interconvert rapidly.

Compound
j j ^ e q u a t o n a l

(ppm)
Hz""''.
(ppm) (ppm)

y
(Equatorial)

4.7 3 . 3 2 1 . 8 0 1 . 2 2 1 . 6 0 1 . 2 2

4.8 3 . 4 7 1 . 8 1 1 . 2 9 1 . 6 1 . 2 3

4.9 3 . 7 9 1 . 7 9 1 . 4 6 1 . 6 0 1 . 2 7

4.10 3 . 5 0 1 . 8 2 1 . 3 2 1 . 6 0 1 . 2 6

4.11 3 . 8 3 1 . 7 6 1 . 3 6 1 . 7 6 1 . 3 6

4.12 4 . 0 0 1 . 6 6 1 . 3 5 1 . 6 6 1 . 2 7

Chemical shift o f  cyclohexane ring protons in trans-1,2-bis[(silyl)oxy]cyclohexanes at

29,  ̂A:

Table 4.7
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At room temperature, one peak was observed for the proton attached to Ci 

Analysis of Table 4.7, shows that as the size of the substituent increases, the signal 

moves downfield. This observation can be explained on the basis of two features:

i) Firstly, the influence of the aromatic systems attached to the silicon atoms is 

expected to shift Hi downfield (compounds 4.11 and 4.12).

ii) Secondly, the position of the axial/equatorial equilibrium may change with 

substituent, and so too, as a result, does the relative contribution of the two 

chairs, affecting the chemical shift. This is the interpretation of the variation in 

the chemical shift for the aliphatic silyl compounds with non-aromatic 

substituents on silicon. Assuming that the inherent influence of the aliphatic 

groups on chemical shifts is non important, and electronic effects likewise (in 

agreement with the PM3 results), the differences in the chemical shift are 

predominantly due to differences in the position of the chair-chair equilibrium. 

Furthermore, since it is well known that in cyclohexane rings, equatorial 

protons appear downfield from axial protons, the conclusions is that compound 

4.9 has a higher population of equatorial protons at Ci (i.e. diaxial substituent 

conformations) while the other aliphatic compounds have a greater population 

of diaxial protons (diequatorial substituent conformations).

The position of the equilibrium, can also be determined from fast-exchange 

spectra by an analysis of the shape of peaks for Hi, see Figure 4.12a. The peak in 

Spectrum 4.12b shows no structure and has a width at half height of 7.29 Hz, so that 

the couplings are principally small-value gauche ones (i.e. equatorial-equatorial or 

equatorial-axial) and this is clear evidence of the major contribution from the OSiRj- 

diaxial conformation. Spectrum 4.12a in contrast shows a strong coupling system and 

as a result, the spectrum should not be analysed directly as a first order spectrum. 

Analysis was carried out using the spectrum simulation program SpinWorks^"^  ̂and the 

results based on typical axial proton coupling constants can be seen in Figure 4.12.
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^ - b i s } ( t r i n r r h v : . ' , i L y ] . ) c x Y ] r v r l r ) ' ' X c - i c

Tm’o different shapes corresponding; to the Hi in trans-I,2-hisf(silyl)oxy/cyclohexane

derivatives at 298 K 

Figure 4.12

The spectral simulation leads to a peak shape similar to that displayed in 

Figure 4.12a, suggesting that the OSiRj-diequatorial conformation is predominant 

for compounds showing such a spectrum, and in fact four compounds 4.7, 4.8, 4.10 

and 4.12 followed this pattern

The three coupling constants reported in the best-fit simulated spectrum of 

Figure 4.13 contain valuable information about the structure of the chair conformation. 

The substitution of these three values m the H-C-C-H Karplus equation published by 

Altona et a/^^  ̂ (which takes account of the electronegativity of substituents attached to 

the carbon atoms), leads to the torsion angles shown in Table 4.8.
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OSiMe
OSiMe.

1673.5Hz. (1673.5 Hz.)

1669.1Hz. (1669.2 Hz.)1678.1Hz. (1677.6 Hz.)

1661.2Hz. (1661.9 Hz.)1685.8Hz. (1684.9 Hz.)

3 . W 3.36 3 32 3.28

Simulated spectrum o f Hi o f trans-l,2-bis[(trimethylsilyl)oxy]cyclohexane at 298K. 

Chemical shift calculated fo r  each peak are shown with experimental values in

parenthesis.

Figure 4.13
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Calculated Ĵh-h Torsion Angle Y(H-C-C-H)

Ĵl-3 “  14-6 “  4.2 43

"Ji ,4 = 8.0 174

Ji-2 ~ J4 -S — 10.3 153

Torsion Angle T(H~C-C-H) calculated with the Karplus equation suggested by

Altonâ ^̂ .

Table 4.8

As can be seen in Table 4.8, the anti and gauche relationships between 

neighbouring protons, reflect distortions of the perfect chair by flattening. This agrees 

with observations in the solid and gas phase. The flattening is expected to be greater at 

carbons close to the substituents.

Table 4.9 reports chemical shifts for ring carbons and the one bond 

coupling constant Hi-Ci at 298 K when chair-chair interconversion is fast on the NMR 

timescale.

Compound ... . . .. 
(ppm)

Sc-2
(Pipm) (ppm)>

\  Jc-H 
(Hz.) ;

4.7 75.6 35.3 24.2 139.7
4.8 74.2 32.4 22.8 140.5
4.9 71.3 28.7 20.3 142.8

4.10 73.3 31.4 22.1 140.9
4.11 71.5 28.4 20.4 144.0
4.12 73.7 30.5 21.7 141.6

Chemical shift o f the trans-l,2-bis[(sily)oxy] cyclohexane ring carbons and the

corresponding ̂ Jc-h 

Table 4.9

The results of Table 4.9 provide more evidence of the presence of different 

chair conformations in trans-l,2-bis[(silyl)oxy] cyclohexane derivatives. In 

compounds showing preference for the diequatorial conformations (4.7,4.8,4.10 and
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4.11) signals are further downfield than in diaxial conformations (4.9, 4.12), as was 

reported by Eliel^^  ̂ for monosubstituted cyclohexyl silyl ethers. It is notable that the 

one bond coupling constant for diequatorial and diaxial conformations are not as 

different as should be expected from the parent cyclohexane. This is another 

manifestation of the flattening of the cyclohexane chair on substitution, also observed 

in the proton analysis.

Variable temperature experiments were carried out on all compounds and the 

results are displayed in Table 4.10.

1 Compound
U iequatcrtal

(ppm)

d ia x ia l

(ppm)

d ieq u a to n a l

(ppm)

d ia x ia lCl
(ppm) %axial A G  d ieq u a -d ia x

(kcal/mol)
4.7 3 . 1 7 3 . 4 8 7 4 . 5 6 9 . 1 1 1.62"

4.8 3 . 2 2 3 . 5 2 7 5 . 2 69.2 6 1.00^

4.9 3 . 4 7 3 . 6 9 - 6 9 . 3 9 7 -1.26''

4.10 3 . 2 2 3 . 4 5 7 5 . 3 6 8 . 9 11 0 . 7 7 "

4.11 3 . 8 2 3 . 5 9 7 6 . 5 6 9 . 1 8 5 -0.59''

4.12 3 . 8 7 3 . 7 7 7 6 . 3 6 6 9 . 2 5 3 0 0.30^

- AG°diequa-diax determined at different temperatures: ®178K, 183 K, ‘'173 K.

Low temperature chemical shifts and chair-chair conformational equilibrium in trans- 

l,2-bis[(silyl)oxy]cyclohexane derivatives.

Table 4.10

All spectra showed temperature dependence, with a broadening of peaks as the 

temperature was lowered, decoalescence around 233 K (the energy barrier is 

approximately 11 kcal/mol in all the cases), and splitting of the signals to appear as 

two set of sharps signals around 173-178 K. Direct integration of the slow-exchange 

spectrum yielded the population ratio for the equilibrium and the conformational free 

energy difference for each compound. Figure 4.14 shows a typical set of spectra.
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2 . 5

p p r

A_A

Variable temperature ’H NMR of /ra/75-1,2-bis[(triethylsilyl)oxy]cylohexane, SOOMhz
in CD2CI2.

Figure 4.14
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NMR shows the same behaviour as 'H-NMR and at low temperatures, each 

room temperature signal splits into to two unequal signals, see Figure 4.15.

JlL L_

C NMR o f trans-1,2-hisf (triethylsilyl)oxyjcylohexane at room temperature and

Figure 4.15

NMR at low temperature always shows two sets of signals for each proton 

When the silyl substituents are aliphatic, compounds 4.7, 4.8, 4.9, 4.10, diequatorial 

conformations (diaxial protons) appear up field from diaxial conformations 

(diequatorial protons), showing a width at half peak-height of around 20 Hz, clear 

evidence that there is anti relationship between and H], which means that 

substituents are predominantly in the equatorial position When the silyl substituents 

are aromatic, compounds 4.11 and 4.12, Hi in the diequatorial conformation (axial 

protons) is shifted down field from the diequatorial protons of the diaxial
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conformation. The multiplicity and width of Hi signals agrees with this exchange of 

peak positions in compounds 4.11 and 4.12. NMR shifts however do not show this 

effect, and all compounds have the diequatorial Ci downfteld from the diaxial.

1 U - 1 3 C  H M Q C  ml 17$ K

TV

D uuiia l C o n fo rm a tio n

D ic q o a to rb ü  C o n fo rm a t io n  #
JA

3.3

3.8 3.7 3.6 3.5 3.4 3.3 3.2 3.1 3.0 ppm

Expansion of'H- "C  HMQC and 'H- ‘HNOESYoftrans-1,2- 
bis[(trie thy Is ily I) oxyJcylohexane at 178 Kfor Hj and the corresponding Cj.

Figure 4.16
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The ^H-^H NOESY in Figure 4.16, shows a negative cross peak proving the 

exchange between the two conformations and connecting each minor and major 

signal. The HMQC allows the assignment of carbon signals for each

conformation using previously established ID NMR assignments. Similar 

experiments were run for each compound.

When the assignment was complete as in Table 4.10, one very unusual point 

caught our attention, the presence of two negative values of the free energy difference, 

that is, the preferred conformation fo r  two compounds (4.11 and 4.9) is diaxial.

Equally remarkable is the wide range of values of the free energy difference, 

from 1.75 kcal/mol to -1.26 kcal/mol, even though the first two exocyclic atoms are 

the same in all cases, oxygen and silicon. This range of values suggests one of the 

aims of this thesis, to control the equilibrium by varying the silyl substituents 

employed in the protection of alcohols.

The two extreme situations correspond to compounds with a predominantly 

diequatorial conformation, 4.7 with 13 atoms in SiRs or 4.9 with a predominantly 

diaxial conformation, with 31 atoms in SiR], Note that both of these have aliphatic 

substituents attached to the silicon atoms and as a result comparisons are simpler. Of 

the aromatic substituents, one shows a preference for the diaxial conformation 4.11 

while the other 4.12, although there is a large population of the diaxial conformation, 

adopts principally the diequatorial conformation.

The one bond coupling constant is another parameter which may be

useful in assigning conformations. We have reported in Table 4.9 the values of these 

coupling constants at room temperature. Table 4.12 displays the values for the Ĵc-h in 

the two different chair conformations at low temperature. As can be observed, the 

diequatorial conformation (protons axial) tends to have coupling constants of around 

139 Hz, while the diaxial conformation has values around 143 Ek, confirming the 

conclusions derived from the one-bond couplings measured at room temperature:

1- The Ĵc-H do not shows large differences (~5 Hz).

2- These small differences may reflect distortion in the chair conformation.
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Cbmpoimd Teihperatufo298 K
i -r, ; diequatoiiat

Low téràjjèmture Low température

4.7 139.7 138.43 -
4.8 140.5 140.1 143.0
4.9 142:8 - 143.8

4,10 140.9 139.5 142.7
4.11 144.0 - 143.9
4.12 141.6 139.4 144.6

* Low temperature is the temperature about 183 K where conformational exchange is slow, and good-quality 

spectra are obtained

Ĵc-H at different temperatures fo r  trans-l,2-bis[(silyl) oxy] cyclohexane derivatives.

Table 4.11

With the assumption that the coupling constant is a temperature-independent 

parameter and since  ̂J c-h  at room temperature is the weighted average of the coupling 

constant for each populated conformer, the population ratio of these compounds at 

room temperature can be calculated (Table 4.12) according with the Equations 4.2 and 

4.3,.

Ĵc-H (room temp.)= ni Ĵc-h (low temp, for 1) + nz *Jc-h (low temp, for 2) Equation. 4.2 

ni + n2 = 1 (with m, ns population conformation for each conformer) Equation 4.3

Compound Low temperature Room Temperature
% diaxial^ ;: % diequatorial® % diaxiaf % dieqhatoriaf

4.8 6 94 16 84
4.10 11 89 43 57
4.12 30 70 42 58

“ Calculated by integration o f the spectra at low temperature.
 ̂Calculated by Equation 4.2 and 4.3.

Population conformation at different temperature o f trans-1,2- 

bis[(silyl)oxy]cyclohexane derivatives.

Table 4.12
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Various conclusions can be drawn from the results in Table 4.12. Firstly, the 

diequatorial conformation is preferred for these three compounds at all temperatures 

where the coupling constants were measured, as was suggested by the signal 

appearance in the proton NMR discussed earlier. Secondly, the diaxial population is 

considerably greater at room temperature, an important consideration for the 

application of our results to synthetic strategies.

Following the results reported by Grindley and Rockwell in the analogous 

dimethoxycyclohexane^^ the influence of the solvent on the position of the 

equilibrium was tested using toluene, a less polar solvent (e = 2.7), than CD2CI2 (e = 

15). The compounds selected were the alkyl derivatives 4.7, 4.10 and the aryl 

derivatives 4.11 and 4.12 Eliel and Saticî "̂̂  had observed in the mono substituted 

cyclohexyl silyl ethers, that the population of the axial conformation is greater in 

toluene solvent. Comparably, Grindley and Rockwell had observed that in the 

analogous dimethoxycyclohexane derivatives, decreasing the polarity of the solvent 

led to a higher population conformation of the less polar diaxial conformation. The 

method of direct measurement of populations at low temperatures was used and our 

experimental results can be seen in Table 4.13, along with spectra in Figure 4.17.

Compound
Solvent CD2CI2 Solvent toluene 1

% diaxial
. . .

(Kcal/iuol)
%  diaxial

'/  A C

(kcal/mol)

4.7 1 1.62 4.5 1.08

4.10 11 0.77 25 0.39

4.11 85 -0.59 96 -1.30

4.12 30 0.30 31 0.29

Population conformations andfree energy differences at low temperature fo r  trans- 

1,2- bis-[(silyl)oxy]cyclohexanes in toluene and CD2CI2 solutions.

Table 4.13
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Diaxial conformation

Diequatorial conform ât»zt

Ccmpoio^ds 4A2

C om pouyid s 4 . Î Ô

Low temperature spectra o f the tmm-l,2-bis[(silyl)oxy]cyclohexane derivative in

Toluene.

Figure 4.16
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The results displayed in Table 4.13 are notable since variation in the solvent is shown 

to affect the position of the equilibrium, even to where the equilibrium is almost 

completely displaced to the diaxial side.

In summary, NMR has been used to determine the position of the chair-chair 

equilibrium in rra«*s'-l,2-bis[(silyl)oxy]cyclohexane. Depending of the substituents 

attached to the silicon atom, the temperature, and the solvent, the chair-chair 

equilibrium can be controlled over a wide range of values. The free energy differences 

reported span two extremes of the chair-chair equilibrium, with almost total 

displacement, to the diequatorial side in derivative 4.7, and to the diaxial side in 

compound 4.9. Furthermore, a wide range of intermediate free energy values has also 

been reported.

Since the spectrum shows a strongly coupled system, simulation of the 

spectra has been done on the basis that the two methine protons in the cyclohexane 

ring are chemically equivalents but magnetically non-equivalent. Moreover, the fitting 

of the coupling constants obtained in the simulation with the Karplus equation 

suggests distortion of the chair conformation notably in the ring close to the 

substituents. The same conclusion about chair distortion has been derived from one 

bond coupling constants.

Assuming that the coupling constants in a single conformation are temperature- 

independent, changes in the conformation populations with the temperature have been 

determined.

The influence of solvent on the equilibrium has also been observed, less polar 

solvents increasing the population of the less polar diaxial conformation.

4.3 Observations

This study of the rra/25'-l,2-bis[(silyl)oxy]cyclohexane derivatives yields 

important conclusions that can be extrapolated to the explain most of the observation 

reported in the introduction.
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To a greater or lesser extent the diequatorial and diaxial conformations are 

populated in all three states of the compounds. The unusual diaxial conformation has 

been found in equilibrium with the more usual diequatorial conformation in solution. 

Both chairs have been found, for first time, coexisting in the crystal unit cell of the 

compound trans-l,2-bis[(t*iphenylsilyl)oxy]cyclohexane. In solution two different 

situations have been reported where almost 100% of the different conformation can be 

found. From the structural point of view distortion of the chair conformation in the 

three states has been demonstrated. On the basis of theoretical calculations, attractive 

interactions between substituents, and between them and the ring, rather than repulsive 

interactions between substituents, have been pointed out as likely important factors in 

displacing the conformational equilibrium towards the diaxial form.

From the synthetic point of view, this study is interesting since the application 

of our results can change dramatically the final products in hypothetical reactions. 

Using stereoselective reactions and controlling the chair-chair equilibrium in 

pyranoside rings, the carbohydrate chemist can hope to control the product of 

reactions. Some of the reaction conditions can also be decided from our results since 

most of our studies have been carried out at different temperatures in CD2CI2, a very 

common solvent in carbohydrate chemistry, but the effect of less polar solvents and of 

temperature have been observed and should be considered in choosing reaction 

conditions.
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Chapter 5

The Chair-chair conformational equilibrium in 

frans-l,4-[(silyl)oxy]cyclohexanes and its dependence on the

substituents on silicon
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5.1 Introduction

The conformational analysis of /ra«5-l,2-bis[(silyl)oxy]cyclohexanes 

brings up interesting points on the factors affecting the chair-chair equilibrium 

position in such 1,2-disubstituted cyclohexanes. Size of substituents, dipole

moments, and attractive interactions have been considered in the search to 

understand the equilibrium. Some of the factors may be difficult to clarify since the 

two substituents are in neighbouring positions so, another system, the trans-1,4- 

disubstituted cyclohexanes, was also studied. Here, every factor can be studied 

without the influence of a second neighbouring substituent. Furthermore, if one 

makes the assumption that the conformational energies should be additive^^, then 

there is reported to be an extra stabilisation of the diaxial conformation (at least in 

the di-halogen or dimethoxy derivatives)^^’̂  ̂ beyond that expected from the A- 

values reported for the monosusbtitued cyclohexanes (see Table 1.4 and 1.5 in the 

introduction of the thesis), making more expectations about the resolution of this 

study.

There are different reasons suggested for such an observation;

i) Steiner̂ "  ̂ suggested, on the basis of crystal structure investigations that 

the diaxial conformation is stabilised by an intramolecular C-H O 

interaction of axial oxygen and the axial hydrogens in the position 3

and 5 of the ring (discussion of this point will be done in section 5.2).

ii) Wiberg^^’̂ "*̂ studied halogen derivatives and suggested that there were

electrostatic interactions involving the carbon and halogen substituents 

which is significant only in the diaxial conformation, but it can not be 

considered a dipole-dipole interaction.

Our interest in the conformation of silyloxycyclohexanes suggested the 

study of trans-l,4-bis[(silyl)oxy]cyclohexanes. Silyl substituents give the 

opportunity to vary the number of atoms in the substituents (13 atoms in TMS until 

31 atoms in TIPS), the volume and size of the substituents (same number of atoms 

of TES and TBDMS but different arrangement of the atoms in space) and the 

opportunity to use aryl substituents, important for their effect on the total dipole
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moment in the molecule (previously observed in the trans-\,2- 

[(silyl)oxy]cyclohexane, chapter 4).

Eliel and Saticî "̂̂  reported the axial/equatorial free energy difference for a range of 

silyl ethers of cyclohexanol, following their earlier studies of how the size of 

substituents affects the ability of silyl groups to chelate ketones. We can express 

the result of this study as showing that increasing in the size or number o f atoms in 

the substituents produces an increase in the population conformation o f the diaxial 

conformer. They suggested that this is due to the different steric interaction 

between ring and substituents disfavouring the diequatorial. Furthermore, the 

comparison of the free energy differences for the same set of compounds in 

different solvents (methylene chloride-toluene), showed a considerable increase in 

the population o f the axial isomer in the less polar solvent. No explanation of these 

features were reported by the authors.

In relation to chapter four, /ra/?5-l,4-bis[(silyl)oxy]cyclohexane seem to be 

a good model system to study all the above results that previously investigators 

reported. We concentrate our attention on the detection and characterisation of the 

conformations populated.

Separation of the isomers in the commercially available {cis,trans)-\,4~ 

cyclohexanediol mixture was carried out (more details are given in the 

experimental part of the present chapter) and pure single isomer trans-\,A- 

cyclohexanediol was obtained. Silylation with the range of commercially available 

silyl chloride derivatives was achieved (Figure 5.1). Compounds were dissolved in 

CD2CI2 for the solution study and since spectra were expected to be temperature- 

dependent, NMR spectra were recorded at various low temperatures. Since 

compounds were crystalline and no reference to our compounds was found in 

CCDB, solid state NMR (CPMAS) was used to study our compounds in this phase. 

Gas phase structures were studied through calculations using the MM3 molecular 

mechanics program^ Dipole moments were derived by 5'ewz-empirical 

calculation, using
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RO
OR

With R: - 5.1 => SiMcj
- 5.2 => SiEtj 
-5.3 =>Si(iPr>3
- 5.4 => SitBuMe2
- 5.5 => SiPh2tBu
- 5.6 => SiPh)
- 5.7 => tBu

The chair-chair equilibrium o f a range o f  trans-l,4-bis[(silyl)oxy]cyclohexane5.

Figure 5.1

5.2 Results and discussion

5.2.1 Solid phase studies

Silylation of the pure trans isomer of the 1,4-cyclohexandiol yielded a set 

of crystalline compounds 5.1-5.7. The attempt to obtain crystals suitable for X-ray 

analysis was unsuccessful so Solid State NMR was used as the best technique for 

studying the solid state of our compounds.

Steiner and Saenger "̂* have published a wide investigation of 1,4- 

disubstituted-cyclohexanes based on their search of the Cambridge 

Crystallographic Database. They reported an analysis of compounds with 0-, N-, 

S-, and P-substituents, including the crystal structure of the /rurw-1,4-cyclohexane- 

diol. They concluded that due to small distortions in the cyclohexane ring in 

compounds with O or N in axial positions (see Figure 5.2), the interactions X— H, 

involving the axial hydrogens in position 3 and 5 are attractive more than 

repulsive. These interactions will therefore reduce the steric strain i.e. will stabilise
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the diaxial conformation. Biggest distortions have been found with C and S 

substituents. The authors use the torsion angle between the axial substituents and 

the plane C1-C3-C5 of the ring to study the distortions.

7,5-interactions responsible o f the distortion in cyclohexane ring in diaxial

conformations 

Figure 5.2

Since no crystal structure of a /raw5-l,4-bis[(silyl)oxy]cyclohexane was 

found in the CCDB, we reviewed the Steiner and Saenger '̂  ̂ investigations but 

focussing our attention only in the 0-derivatives (related to our project), and on the 

torsion angles between the ring atoms and between the ring atoms with the 

exocyclic substituents. We believed that for our objectives, a more appropriate 

definition of the possible distortion is the C-C-C-C torsion angles within the ring 

compared with the well-known values of about 55°̂ ^̂  in the parent cyclohexane. 

Furthermore, we thought that it is important make the comparison in both 

conformations, diaxial and diequatorial, since our previously reported 

investigations (see chapter 4), show that interactions between substituents and the 

ring, can make a difference overall to conformation populations.

Our search in the CCDB produced the same three compounds that Steiner 

and Saenger found, BAYDAG (/ra«5-l,4-Cyclohexanediyl dibenzoate)^"^ ,̂ 

BEKJIK {trans-\,A- Cyclohexylene-dimethyl-succinate)^'^'^ and two crystal 

structures for the /raw^-l,4-cyclohexanediol called POVSEY^^^ and
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POVSEYOl^^^, The torsion angles in the cyclohexane ring and from the ring to the 

substituent are reported in Table 5.1.

Compounds Ring
Conformation

Torsion Angle 

(Degrees)

Torsion Angle 

(Degrees)

BAYDAG Diequatorial 176.0, 178.3
57.6,-58.2,58.5,

-57.6,58.2,-58.5

BEKJIK Diequatorial 175.4, 178.1
56.5,-57.5,57.8,

-56.5,57.5,-57.8

POVSEY Diequatorial 178.5, 179.1
-56.9,56.7,-56 2, 1 

55.7,-56.1,56.9

POVSEY Diaxial 64.7, 66.6
55.3,-54.6,54.4,

-55.3,54.6,-54.4

POVSEYOl Diequatorial 177.4, 177.3
-55.3,56.0,-56.8,

56.7,-56.3,55.5

POVSEYOl Diaxial 67.0, 64.9
55.0,-54.1,54.2,

-55.0,54.1,-54.2

Torsion angles and conformations fo r  the trans-7,4-disubstitutedcyclohexane from

CCDB.

Table 5.1

As can be seen from the above table, both conformations, diaxial and 

diequatorial, have been found coexisting only in the crystal structures of the diol. 

This is due to a complex hydrogen bonded network with diequatorial molecules 

forming sheets, and diaxial molecules linking sheets. BAYDAG and BEKJIK are 

similar compounds, both being esters of the diol and both showing diequatorial 

conformations.

It is remarkable that diequatorial conformations showed average ring 

torsion angles of 56.1°, 56.4° for the diol (POVSEY and POVSEYOl) respectively
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and larger values of 58.1°, 57.2° for the esters (BAYDAG and BEKJIK). Diaxial 

conformations have been observed only in the free diol with and average torsion 

angle of 54.6° and 54.4°, showing about two or three degrees differences respect 

the diequatorial conformation.

Another curious observation is that the Cr-Cr-Cr-0 torsion angles are 

affected about 2-4° in the diequatorial conformation but it is only slightly more (3- 

5°) in the diaxial. This difference, if this is considered a difference, between both 

conformations do not seem to denoted any 1,3-repulsive interactions, as it was 

reported by Steiner̂ "̂ . However, with this few number of examples we have not 

enough evidences to consider such as interactions as a \ ̂ 3-attractive interactions.

In any case, it is noteworthy that the only two populated conformations 

found in solid state of the /raw5-l,4-disubstituted cyclohexane are two chairs with 

the substituents in diequatorial or diaxial conformations. No evidence was found 

for twist or boat conformations in the trans isomer but it is remarkable that boat 

conformations are populated in some cis-1,4 derivatives, as it was showed by 

Steiner̂ "̂ .

Focussing our attention in trans-\,4 silyl ethers, solid state NMR was 

the technique employed to analyse our compounds. A set of spectra is displayed in 

Figure 5.4 and the chemical shifts for the cyclohexane ring atoms are shown in 

Table 5.2.

Ç2 Q
/  \  

RsRjRiSiO-^Ci^ Ci^OSiRiRzR;

C2-------- C2

Nomenclature used in the study o f iT2itt%-l,4-bis[(silyl)oxy]cyclohexane

Figure 5.3
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Silyl group Compound CI
(ppm)

C2
(ppm)

TMS 5.1 70.6 35.5 1
TIPS 5.3 67.4 28.9

DPTBS 5.5 73.0, 66.37 33.4,26.5
TPS 5.6 72.3, 66.3 38.2,30.1 1

so lid  state chem ical shift cyclohexane ring a t 298 K  o f  

trans-1,4-h isf (silyl)oxyjcyclohexane follow  the num bering in the above picture.

Table 5.2

Only two carbon signals, Cl and C2, are expected for the cyclohexane ring 

in each compound due to the symmetry of the molecule, but compounds 5.5 and 

5.6 showed two equal sets of signals for each carbon Experimental ehemical shifts 

occurred over a range and they can be grouped in two sets. One corresponds to C 1 

and C2 around 871 and 35 and the second group corresponds to Cl and C2 around 

8 66/29 ppm. These results agree with equal amounts of two different 

conformations in the solid state and this was confirmed later with chemical shift 

values from solution phase.

Compound 5.1 shows a conformation that according with the chemical 

shifts from solution NMR is diequatorial. Compound 5.3 agrees with the only a 

single conformation, a posteriori, assigned as diaxial. Compounds 5.5 and 5.6 

showed that both conformations coexist in solid state in equal amounts.

It is noteworthy mention that in these spectra, there is only one sharp peak 

for every different carbon atom, denoting a high order in crystal against that the 

different splitting observe in each carbon for the case o f the tra n s-\,2  derivative 

(see Chapter 4, section 4.2.1).

A few important points emerge from the solid state NMR investigations. 

Firstly, two different conformations, diequatorial and diaxial exist in the solid state 

for 5.5 and 5.6 Secondly, the possibility o f finding the diaxial conformation 

increases with the increasing number of atoms attached to silicon, for example 

comparison can be made between R= trim ethyl (12 atoms) or R -  triisopropyl (30
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atoms). Finally it is interesting to observe that both conformations coexist in the 

crystal when there are phenyl groups attached to silicon.

“Increasing the number o f atoms in SiRs groups favours a change in the 

cyclohexane ring conformation from diequatorial to diaxial, when groups R are 

alkyl With aryl silyl substituents both conformation coexist in solid state

We are going to focus our attention on the tri-isopropyl compound 5.3 as it 

exhibits the ‘"unexpected” diaxial conformation. The CPMAS spectra see 

Figure 5.5 showed a single sharp peak at room temperature corresponding to C l, a 

sharp doublet (due to the different molecule orientation in the crystal) 

corresponding to a C2 while the isopropyl group signals appear as a very broad 

peak, with the methyl and methylene carbons overlapping at room temperature. 

Variable temperature NMR was carried out initially to resolve the triisopropyl 

signals.

At 283 K, the signals corresponding to the methyl and the methylene 

carbons were already distinct peaks at about ô 18.8 (CH3) and 512.1 (CH). This 

means that, at room temperature, in the solids, rotation of the isopropyl groups is 

fast on the NMR time scale. On cooling, a first dynamic process was seen in the 

isopropyl group signals, with a coalescence temperature corresponding to 235 K, 

(AG^ =11.3 kcal/mol).

At 213 K, the methyl carbons of the isopropyl groups appeared as 4 signals with 

intensities 2:2:4:4 and the methine carbon signals split in two peaks with intensities 

2:1. No change has taken place in the appearance of the Cl and C2 signals.
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298 K

283 K

243 K

235 K

232 K

213 K

168 K

163 K

123 K

103K
' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ......... ............................... ' 1 ...... ' ' ' 1 ' i I ........
70 65 60 55 50 45 40 35 30 25 20 15 10 ppm

13C CPMAS spectra at various temperature for compound 5.3, R ^  i-Pr.

Figure 5.5
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According to calculations reported by Anderson and Lunazzî "̂ ® on the 

conformational possibilities in triisopropylsilanes, such signals could be explained 

only with enantiomeric triisopropyl conformations (-g,-g,g) and (-g,g,g), as shown 

in Figure 5.6. These conformations showed two methine groups equivalent and one 

different. There should be four methyl signals (Me^-Me^) in a ratio 1:1:2:2.

Eing Eingw#
M f

Me^

i i . . .
Mb'*

Me^ Me^

Me" Me""

(-8) (g)

Conformational explanations fo r  the spectrum o f compound 5.3 at 213K

Figure 5.6

An unexpected result emerges when the sample was cooled further as all 

the peaks of the spectrum become broad. The new phenomenon begins at 168 K 

and all peaks are affected. On further cooling eventually to 103 K, all the peaks 

sharpened up. There is no differences observed in the chemical shifts or peak shape 

for carbon C l, ô~66ppm. Peak C2, 5-28 ppm, appears as a relatively widely 

spaced doublet while methane and methyl signals are considerably changed. 

Methyls appeared as three overlapping signals with different order and intensities 

than at 213 K and, methylenes such a three signals with intensities 1:1:1. The 

nature of these changes at lower temperature, and their sudden appearance on 

cooling led us to think that there may have been a phase transitions of the crystal. 

In the new crystal phase, the conformation of the ring continues to be diaxial hence



Chapter 5 73

the same Cl and C2 chemical shift were observed, but something may have 

changed in the conformation of the triisopropyl groups towards a completely 

disorder in the unit cell with, for example, all the methylene carbons différents. 

Changes can be observed in more detail in Figure 5.5.

213 K

Cl I
Cl I

103 K

CH
C H

22 12

Expansion o f  the methyl and methylene area in the CPMAS spectra o f  

compound 5.^ at 215 K  and 103 K. The relative intensities the signals have been 

displayed under the peaks except fo r  the methyl groups at IDS K  because it was not

totally resolved jet.

Figure 5.7

The phase transition was confirmed by DSC experiment to be between 

171K and 161K (further details are reported in the experimental part o f chapter 5).
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5.2.2. Gas phase studies

Equilibria in the gas phase have been studied with the help of two different 

theoretical approaches, molecular mechanics and ab initio semi-empirical 

calculations.

The first approach to the geometry has been done by MM3(96)^^^ since the 

accuracy of the program in reproducing geometries it is well known. Great care has 

to be taken to ensure that the conformation within SiRg groups is optimised. There 

is a danger that an unusually high Final Steric Energy for the whole molecule may 

reflect not the diaxial or diequatorial conformation of the ring, but rather an 

incorrect, less-than-best conformation within a SiRg group.

These structures were also submitted for analysis by semi-empirical PM3^^ 

calculations, basically with the aim of obtaining the total dipole moment of the 

molecule and to make comparisons about the electronic distribution of the 

molecule. The energies calculated have been displayed in Table 5.3.

Two very different interpretations are suggested by the force fields;

MM3 suggests that the difference between the two isomers (diequatorial 

and diaxial) for each compound is not bigger than 1 kcal/mol favouring the 

diequatorial conformation, except for compound 5.5 where diaxial conformation 

was suggested to be preferred by 0.6 kcal/mol. The implication of these results is 

that, in the gas phase, similar populations can be expected for the two conformers.

The PM3 approach suggests that diequatorial conformations have a bigger 

probability to be populated than the diaxial conformations with the exception of 

compound 5.6, where the probability for both isomers is very similar.
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Compound

Final Steric Energy 
(kcal/mol)

MM3
(kcal/mol)

PM3
(kcal/mol)

5.1 (dieq) 7.36 -234.83
5.1(diax) 8.23 -231.03

A(dieq-diax) -0.86 3.80
5.2(dieq) 14.34 -269.25
5.2(diax) 14.72 -267.35

A(dieq-diax) -0.38 -1.90
5.3(dieq) 28.38 -314.80
5.3(diax) 28.87 -312.08

A(dieq-diax) -0.49 -2.72
5.4(dieq) 16.29 -270.22
5 4(diax) 16.61 -267.41

A(dieq-diax) -0.31 -2.81
5.5(dieq) 35.32 -144.78
5 5(diax) 35.87 -142.45

A(dieq-diax) 0.64 -2.33
5.6(dieq) 33.16 -36.48
5.6(diax) 33 90 -3648

A(dieq-diax) -0.73 0.00

Energy minima conformations for the \x2iX\̂ -1 A-hisj(silyl)oxyjcyclohexane 

derivatives. Calculated by MM3 and PM3 force fields.

Table 5.3

As in Chapter Four, the energies suggested by both force fields have to be 

treated with care since they give different results. A preference for one force field 

over the other only can be decided with the help of experimental data.

Although conclusions on relative energy have been put into question, both 

force fields seem to agree from the geometry point of view. In Table 5.4 are 

displayed the values of the parameters that define the substituent locations in both 

conformations.
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Compound

Torsion angle 
T(Si-O-C-H) 

(degrees)
MM3 PM3

S.l(dieq) 4.4,44 31.4,31.4
S.l(diax) 1.4,2.1 24.3,24.3
5.2(dieq) 13.1,8.9 17.3 ,13.9
5.2(diax) 8.7,89 9.2,59
5.3(dieq) 3.4,34 10.8,10.8
5.3(diax) 48,0.5 9.2,59
5.4(dieq) 14.5,14.6 19.5,19.5
5.4(diax) 5.0,48 22.40,22.38
5.5(dieq) 2.1,21 1.9,1 8
5.5(diax) 3.3,36 6.6,6 6
5.6(dieq) 1.1,1.9 1.8,64
5.6(diax)^ 1.7,3.4 0.7,08

Calculated parameters fo r  the torsion angles W(Si-O-C-H).

Table 5.4

It may be surprising to observe exocyclic torsion angles T(Si-O-C-H) with 

values close to eclipsed in all cases. According to the theory of eclipsed 

conformations^^ expressed for application in cyclohexane rings, it is expected to 

find eclipsed conformations not only if equatorial substituents on both sides of the 

exocyclic bond (HC—XR), are space demanding groups, but also if the R group 

itself is bulky enough to interact with cyclohexane equatorial groups that are not 

very bulky, such as hydrogen atoms. In both cases however, the way to relieve the 

steric strain is to turn the exocyclic torsion angle towards eclipsing. An example of 

an eclipsed conformation of this second kind of stereotype, tert- 

butoxycyclohexane, has been reported by Anderson and Ijeh'^^on the basis of 

molecular mechanics calculations and NMR. With silyl ethers by analogy, we 

could expect to find exocyclic eclipsed conformations if the corresponding SiR^ 

group is big enough to interact with the equatorial hydrogens in cyclohexane ring. 

It is important to remember that replacing a carbon atom by a silicon atom will 

produce a different effect on the interactions between the cyclohexane and the

substituents since Si-0 and Si-C bonds are longer than C -0  and C-C bonds in the
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/-butoxy analogue 5.7. The best way to observe those interactions is by comparison 

of the calculated torsion diagram for rotation of one of the aforementioned 

exocyclic bonds (Figure 5.8 and 5.9), particularly in the three compounds 5.1, 5.3, 

and the analogue /raA7.v-l,4-bis(/m-buthoxy)cyclohexane 5.7 (either equatorial or 

axial).

Comparing silyl ethers, it can be seen that in either diequatorial or diaxial 

conformations, increasing the size of the substituents produces a considerable 

change in the shape of the curve. Thus in compound 5.1, we observe a flat energy 

minimum centred on torsion angle zero, and in compound 5.3 due to the increasing 

size of the silicon substituent, interactions with the equatorial protons in the 

cyclohexane rings increases, and as a result, a steeper-sided energy minimum than

5.1 is calculated.

Diequatorial Conformations in trans-1^4
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5.1(dieq)

5.3(dieq)

5.7(dicq)

Torsional angle (H-C-O-X) (degrees)

Rotation o f  the torsional angle H-C—O-X by MM 3 in diequatorial con f  ormations

3. / 3.3, 2f 3.

Figure 5.8
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Diaxial Conformations in tram - \d e r iv a tiv es

5.1(d iax)

5 .3(d iax)

5 .7(d iax)

o
00 00(N

Torsional angle H-C-O-X (degrees)

Rotation o f  the tosion angle H-( ̂ --O-X by MM3 in diaxial conformations 

(X Si in 5.1 and 5.3, X ^ C  in 5.7).

Figure 5.9

The potential energy diagram explained why compounds expected to have 

staggered conformations showed eclipsed torsion angles Si-O-C-H in MM3 

calculations. Compounds 5.1, 5.2 and 5.4 have a similar ground state potential 

energy curve with a wide and flat energy minima (± 60°) centred in 0°. As a result, 

the energy minima could be anywhere in these broad energy minima since many 

conformations could be populated in the minima. However, compounds 5.3, 5.5 

and 5.6, due the bulky sizes of the silicon substituents, their ground state energy 

curve shows a deep and narrow energy minima centred in 0°, as a consequence, it 

is not expected to find many populated conformation far away to the centre, which 

means eclipsed conformations.

Special mention has to be made of compound 5.7, trans-\,4-h\s{tert- 

butoxy)cyclohexane. It is interesting to compare the effect on the minimum of the 

torsion angle Y(H-C-O-X), o f the increased Si-0 and Si-C bond lengths in silyl 

ethers in comparison with /e/V-buthoxy derivatives. The minima energy torsion
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angles calculated by MM3 for 5.7 are 0.6° for the diequatorial conformation and 

0.2° for the diaxial, although it is more important to note the deep sharp energy 

minimum centred on zero showed in the potential energy curve (Figure 5.8 and 

5.9) in both conformations. As a consequence, this is a typical example o f the 

stereotype for an eclipsed conformation and it is quite different from the analogous 

trimethylsilyloxy derivatives expected to prefer staggered conformations. The 

increase in the bond length has produced a decrease in the interaction between the 

ring and the substituent and to observe similar behaviour by the tert-h\iXy\ ether and 

a silyl ether analogue, we had to change from trimethyl silyloxy to tri- 

isopropylsilyloxy groups (see Figures 5.8 and 5.9).

The ring conformation suggested by the programs has been reported in Table 5.4. 

In the same way that was reported in solid state section (5.2.1), small distortions of 

the chairs have been observed respect to the ideal cyclohexane chair. These 

distortions are largest in the diaxial conformation;

1- The first parameter to observe ring distortions is the ring torsion angle, 

Cr-Cr-Cr-Cr, showing an average of 56.3° in MM3 and 57.7° in PM3 for 

diequatorial conformation against the 54.0° (MM3) and 53.4° (PM3) reported for 

the diaxial conformation.

2- The second parameter considered is the torsion angle Cr-Cr-Cr-0 Table

5.4 reported those values and as can be noted, the way to relief the repulsive 

interactions between substituents and the ring is the distortion of not only in the 

chair atoms, but also the parameters involving exocyclic bonds are deformed. It is 

remarkable that both conformations showed similar distortions in the Cr-Cr-Cr-0 

torsion angle (between 3° and 5° depending of the force field), confirming in this 

way that the interactions ring-substituents are not more important in the diaxial 

conformations.

Onces again, the distortions exist but the differences between 

conformations are too smaller to consider that 1,3-repulsive interactions 

determined the geometry, specially in the diaxial conformation reinforcing the 

observation reported in solid state.
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Compound

Substituent-Torsion 

angle O-C C-C 

(degrees)

Ring-Torsion angle 

C -t-C -C  (degrees)

MM3 PM3 MM3 PM3 1
S.l(dieq) 173.9,173.9 176.3,176.3 56.2,-56.2,56.2,

-56.2,56.2,-56.7
57.7,-57.7,58.1,
-57.7,57.7,-58.0

5.l(diax) 64.3,64.4 67.8,67.8 53.5,-53.5,54.5,
-53.5,53.5,-54.5

52.8,-52.9,54.2,
-52.9,52.9,-54.2

5.2(dieq) 173.8,174.6 176.2,176.7 56.7,-56.6,56.8,
-56.0,56.1,-56.9

57.2,-57.3 ,57.7, 
-57.5,57.6,-57.6

5.2(diax) 64.1,63.4. 68.3,68.8 54.0,-53.8,54.6,
-53.6,53.8,-55.1

52.6,-53.3,54 8, 
-53.3,52.6,-53.5

5.3(dieq) 173.5,174.2 177.0,177.0 56.3,-56.1,56.8,
-56.1,56.3,-57.2

58.1,-57.8,57.8, 
-57.8,58.1,-58 5

5.3(diax) 64.1,63.0 68 6,68 6 54.6,-54.7,55.8,
-53.9,53.8,-55.6

52.4,-52.0,52.9, 1 
-52.2,52.6,-53.7

5.4(dieq) 174.0,173.8 176.0,177.4 56.3,-56.1,56.8,
-56.1,56.3,-57.2

57.9,-57.8,57.7,
-57.8,57.9,57.9

5.4(diax) 63.9,63.9 66.9,66 9 54.2,-54.5,55.9,
-54.3,54.0,-55.3

53.4,-53.4,54.6,
-53.4,53.4,-54.6

5.5(dieq) 174.5,174.0 174.6,177.3 57.2,-56.2,55.8,
-56.2,55.8,-56.3

57.9,-57.6,57.7,
-57.9,57.6,-59.8

5.5(diax) 64.3,63.9 68.2,68.1 54.6,-53.6,53.7,
-54.7,53.9,-53.7

54.1,-52.8,52.9,
-54.1,52.8,-54.0

5.6(dieq) 174.1,174.1 176.2,176.6 57.2,-56.2,55.8,
-56.2,55.8,-56.3

57.8,-57.6,57.5,
-58.8,56.1,-57.5

5.6(diax) 64.0,64.9 67.3,67.4 54.7,-53.5,53.6,
-55.2,54.1,-53.7

-54.1,53.0,-53.0,
54.1,-53.0,53.0

Ring parameters suggested by MM3 and PM3 force fie lds for the trans-/,-/- 

hisf (silyl)oxy fcyclohexane derivatives.

Table 5.4

Another point to investigate in the chair-chair equilibrium is the influence 

of the dipole moment. This has been investigated using the semi-empirical 

calculations PM3. The dipole moment gives an idea o f the electron distribution in 

the molecule. In /raA/.v-l,4-dihalocyclohexane, an electric dipole moment of zero
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has been reported^^ for both conformers and the difference towards diequatorial 

conformations observed in polar solvents by NMR, has been assigned to the 

difference in the electric quadrupole moment. The results of these PM3 

calculations for compounds 5.1 -  5.6 are reported in Table 5.5.

Compounds Dipole Moment by PM3 
(Debye)

S.l(dieq) 0.072
5.1(diax) 3.6e-4
5.2(dieq) 0.018
5.2(diâx) 0.011
5.3(dieq) 0.073
5.3(diax) 0.049
5.4(dieq) 1.2e-4
5.4(diax) l.le-4
5.5(dieq) 6.4e-4
5.5(diax) 8.2e-5
5.6(dieq) 5.6e-3
5.6(diax) 5.5e-5

Calculated dipole moments for Xxdim-l,4~di[(silyI) oxy]cyclohexane by PM3.

Table 5.5

Table 5.5 reflects the expected low values for the dipole moments in these 

centrosymmetric molecules, and the main conclusion is that dipole moment are not 

relevant in explaining the conformational preference in the chair-chair equilibrium 

fo r trans-1,4 silyl ether derivatives o f cyclohexane. Furthermore, comparison of the 

calculated electronic charge in alkyl or aryl substituent groups, showed no 

important differences.

In chapter 4, the little-considered concept of attractive steric interactions as 

an important factor to consider in the chair-chair equilibrium has been introduced. 

In the examples in that chapter, the presence of the two substituents on 

neighbouring carbons may overshadow the importance of such a factor. On the 

other hand, in that case attractive steric interactions were considered not only 

between substituents and the ring, but also attractive-repulsive van der Waals 

interactions between the substituents themselves were also considered.
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It seems to be logical to investigate such interactions in a system such as 

irms-1,4-disubstituedcyclohexane derivatives since the interactions between 

substituents may be avoided. Our results fo r  the trans-7,2 system can be 

summarised as only an indication from calculations that there are bigger 

attractive interactions in the diaxial conformations than in the diequatorial, 

however, the difference between diaxial and diequatorial conformations was 

similar in all the set o f compounds studied.

Similar approach has been done in the /ra«5-l,4-disubstitutedcyclohexane 

derivatives and reported in Table 5.6.

COMPOUND Interactions Ri 
(kca

ng-Substituents 
/mol) ; :

Name Conformation Total interactions Only repulsive

5.1
Diequatorial -2.35 0.13

Diaxial -2.75 0.12
AEdieq-diax 0.40 0.01

5.2
Diequatorial -2.84 0.30

Diaxial -3.46 0.44
AEdieq-diax 0.62 -0.14

5.3
Diequatorial -3.32 0.79

Diaxial -4.05 0.92
AEdieq-diax 0.73 -0.13

5.4
Diequatorial -2.59 0.32

Diaxial -3.73 0.12
AEdieq-diax 1.14 0.2

5.5
Diequatorial -2.87 3.64

Diaxial -3.79 3.33
AEdieq-diax 0.92 0.31

5.6
Diequatorial -2.88 3.53

Diaxial -3.43 3.67
AEdieq-diax 0.55 -0.14

Van der Waals interaction between substituent and cyclohexane ring in the energy

minima calculated by MM3̂ ^̂ .

Table 5.6

Table 5.6 brought out different curious point about the van der Waals 

interactions in our system;
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1- The increasing of number of atoms, increase the total van der Waals 

interaction energy between substituents and the ring, always favouring the 

diaxial conformation and suggesting also more compact structure than in 

diequatorial. Depending of the number of atoms, we are moving in energy 

range that arrives to 4 kcal/mol in the extreme case (R= triisopropylsilyl), 

an impressive number considering the weakness of this kind of interactions.

2- About the total energy difference between diequatorial and diaxial, there is 

about 0.5 kcal/mol differences that do not seem to be relevant. It will be a 

quite important value, if we assume that the energy value between 

diequatorial and diaxial conformation is very close (suggested by MM3) 

and the value of 0.5 kcal/mol will make the difference towards one side or 

the other in the equilibrium.

3- The third point to report is about the repulsive interactions. We pointed out 

in chapter four the importance of a tert-hxxiyX group to define the 

conformation in the substituents. It was mentioned that a tert-huiyX group 

prefer the conformation where it is in anti to the Cr-0 bond. It is 

noteworthy the important of this feature that the two positive repulsive 

difference energy values (0.2 kcal/mol and 0.31 kcal/mol) corresponds to 

the compounds with tert-huiyX part of the substituent, suggesting that the 

diequatorial conformations in this two compounds shows a biggest 

interactions with the ring that diaxial. For the rest of compounds it has 

suggested that diaxial shows biggest interactions, which means that the 

structure is, once again, more compact than the diequatorial.

4- Special cases are the compound expected to prefer staggered conformations 

of the torsion angle 'F(Si-O-C-H). It has been reported that methyl, ethyl 

groups are not bulky enough to bring the torsion angle 'F(Si-O-C-H) to the 

eclipsed conformations, since their interactions with the hydrogen in the 

ring are not strong enough due to the increasing in the Si-0 and Si-C bond 

lengths (see Figure 5.Sand 5.9). Now, we report more evidence of 

aforementioned effect since this interaction has been calculated to be only
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0.1-0.4 kcal/mol, compare with the 0.8-3.6 kcal/mol calculated for the 

compound 5.3, 5.4 and 5.5, stereotypes of the eclipsed conformations.

In summary, we have reported Molecular Mechanics calculations and semi- 

empirical calculations for the system /ra«5-l,4-bis[(silyl)oxy]cyclohexane since 

both force fields have been parameterised for silicon derivatives.

-The energies suggested by the two force fields are very different and this 

leaves a striking expectation about the position of the equilibrium.

-The structures reported are very close for both force fields, suggesting that 

there is a quite high accuracy expected for them. In both cases has been noted the 

presence of eclipsed conformations of the torsion angle 'F(Si-O-C-H), when the 

size of the substituents were big enough to interact strongly with the hydrogens of 

the ring and in this way relief the steric strain bringing the exocyclic torsion angle 

close to zero. This point has also been confirmed by repulsive steric interactions.

-Dipole moment has been exclude such as important point to consider in the 

equilibrium since calculations suggest that there is not differences between both 

conformations and indeed, the values were almost zero for all the cases.

-An increasing in the value of the van der Waals interactions where observed 

when the number of atoms in the silicon substituents increased, favouring always 

the diaxial conformations. However, the difference between diequatorial and 

diaxial conformation suggested that only in the case where the free energy 

difference for the chair-chair equilibrium is close to zero, it should be a very 

important factor to consider for the position of the equilibrium in gas phase (it is 

remarkable that this is the case of the energy suggested by MM3).

- Finally, the calculated attractive and repulsive steric interactions also were an 

indication of biggest compactness in the diaxial conformation respect to the 

diequatorial, affirmations previously suggested due to the distortions created in the 

cyclohexane ring for this conformation.
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5.2.3 Solution phase studies

The conformation in solutionhas been investiguated by NMR. All the 

spectra showed dependence with the temperature and variable temperature NMR 

were carried out to study the influence of the temperature in the processes. Once 

again, our main objective was the detection and characterisation of all the 

populated conformations in the process.

Since all the samples were soluble in CD2CI2 at room temperature, this 

seems to be a good solvent to analyse our process in agreement with the analysis 

reported by Eliel and Saticy in the study of monosubstituted silyl ether 

cyclohexane d e r i v a t i v e s O n e  of the compounds, 5.3, were also analysed in 

toluene due to the crystallisation problems at temperature lower than 205 K in 

CD2CI2. The assignation for the carbon and proton of the ring atoms has been 

displayed in Table 5.7.

Compound Hi
jĝ êquatorial

(ppm) (ppm)

C l

(ppm)

; C2 

(ppm)

5.1 3.57 1.80 1.30 70.5 33.9

5.2 3.61 1.82 1.32 70.4 33.8

5.3 3.80 1.91 1.35 70.1 32.9

5.4 3.65 1.81 1.3 70.32 33.1

5.5 3.75 1.78 1.36 69.7 32.0

5.6 3.94 1.87 1.45 70.0 31.26

Experimental and chemical shift, at 298 k fo r  trans-7,4- 

bis[(silyl)oxy]cyclohexane in CD2CI2.

Table 5.7.
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The observation of the proton chemical shift allowed us to divided the set 

of compounds in two groups:

1- First group correspond to the compounds 5.1, 5.2 and 5.4 with 

chemical shift around 3.5-3.6 ppm

2- The second set corresponds to the spectra with chemical shift for 

protons over 3.75 ppm corresponding to compounds 5.3, 55 and 

56

It may be argued that the difference in the chemical shift between both set 

of compounds could be due to the presence of the of the aromatic ring in the 

second set, however, the fact that compound 5.3 (with three isopropyl groups 

attached to the silicon atoms) was included in the second set, suggested that a 

magnetic anisotropic problem was not the main factor involved in the chemical 

shift differences of Hi.

The possibility of different position of the chair-chair equilibrium was the 

possibility suggested and by comparison with locked conformations {{cis,trans)- 4- 

/^r/-butyl-[(silyl)oxy]-cyclohexane), the chemical shift of Hi in the axial and 

equatorial conformations were approached. Two compounds were used in this 

purpose, the trimethyl (from chapter 3 of this dissertation) and the triisopropyl 

derivatives^^. As a result, it was expected to find a silyloxy substituent in equatorial 

position if Hi appeared to be around 3.5 ppm and in axial position when the Hi 

showed up around 4.0 ppm. According with these two values, it can be thought that 

the first set of compounds had a major contribution of the diequatorial 

conformations (5hi~  3.5,3.6 ppm) while the second set had an increase in the 

population of the diaxial conformation.

Variable temperature NMR experiments yielded the population 

conformation ratio and thermodynamic parameters for each equilibrium. The 

results are shown in Table 5.8.
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Compoun
% diaxial 

conformatiôh

5.1 2 -1.41"1 0.8 -L70"

5.3
(CD2CI2)

23 -0.50*’

5.3
(Toluene)

28 -0 J 5 ’’

5.4 0.7 -L70"

5.5 51 0.01"

5.6 44 -0.08"

a) T= 178-193 K. b) T= 203 K

Experimental free energy difference fo r  compounds trans-7,4- 

bis[(silyl) oxy]cycohexane derivatives 

Table 5.8

The Hi signal for the various ethers at room temperature is a multiplet at 

chemical shifts shown in Table 5.7. When the sample was cooled, the signal 

became broad reaching its broadest at about 240 K. At lower temperatures, signals 

of different intensities are seen, corresponding to the diaxial and the diequatorial 

conformations.

The experimental results in Table 5.8 have much conformational interest. 

In all the compounds with alkyl substituents attached to the silicon atom, the 

diequatorial conformation is preferred in solution, but compound 5.3 is unusual 

since there is a considerable increase in the population of the diaxial conformer. 

The electron distribution in the compound 5.3 in comparison with 5.1, 5.2, and 5.4 

is calculated to be very similar (see PM3 calculations in section 5.2.2), so little 

difference is expected from this source. Differences in the steric repulsive effect 

between the substituents attached to the silicon atom and axial hydrogens in the 3 

and 5 positions for these compounds are not expected to be determinant, since the 

longer Si-0 and Si-C bonds remove the substituents beyond such repulsion. We
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want to postulate here that an important cause for the increase in the diaxial 

conformation population for the compound 5.3, comes from van der Waals forces 

corresponding to attractive steric interactions.

The situation changes in the compounds 5.5 and 5.6, where the 

conformational equilibrium is fairly evenly balanced. PM3 calculations show that 

the total dipole of both these molecules in both conformations is close to zero, so 

the electronic difference between diequatorial and diaxial conformations it is not 

expected to be the determining factor. Steric repulsion with axial hydrogens in the 

3 and 5 positions once again does not seem to be relevant. However, the population 

of the diaxial conformation is quite high in both compounds, so we included these 

two compounds in a group with 5.3.

We believe that attractive steric interactions, between the atoms in the ring 

and the SiR] substituent atoms are an important reason for the increment in the 

diaxial conformation population. The number of atoms in the two SiRj substituents 

increases from 26-44 atoms (compounds 5.1, 5.2 and 5.4) to 62, 66 and 70 atoms 

(compounds 5.3, 5.5 and 5.6). As we have said before, all these atoms are too far 

removed from the ring to have repulsive interactions, yet in the diaxial 

conformation they are on average nearer the ring than in the diequatorial case, so 

attractive interactions with the ring are greater. The total effect of the substituents 

on the energy of a molecule is a weighted average of a set of attractive and 

repulsive interactions. In our compounds, we may say that in the first group, the 

total attractive interactions do not outweigh the inherent preference for the 

diequatorial conformation. However, in the second set of compounds, the larger 

attractive interactions in the diaxial conformation are more significant, and the 

final result is an uncommonly high population of the diaxial conformation.

In a similar way we can explain the difference in population conformation 

between the solid state and solution. Why it might be asked is a single diaxial 

conformation found in the solid state for compound 5.3, while in solution the 

equilibrium slightly favours the diequatorial?. The presence of the nearest solvent 

molecules in the space between the substituents and the ring, acts to reduce the 

ring-SiR] attractive interactions and this favours the diequatorial conformation in
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solution. We may be over-explaining the striking preference for the diaxial 

conformation in the solid state, since lattice forces, whose effects on conformations 

cannot be analysed or predicted, are also important.

To illustrate all the mentioned effects with one example. Figure 5.10 shows 

spectra for the compound 5.3 over a range of temperatures.

__

H Variable temperature NMR for compound 5.3. 400 MHz in toluene-dS. The
H i signals are expanded. 

Figure 5.10
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As can be seen in Figure 5.10, the spectrum at room temperature, in 

toluene, shows one set of signals for every hydrogen in the ring (Hi, H2̂  and 

When the sample is cooled, the signal becomes broad, showing a 

coalescence temperature of 231 K (AG  ̂= 10.9 kcaFmol) and when the equilibrium 

is completely frozen at 188 K, the spectrum shows two set of signals for each ring 

hydrogen corresponding to the two different conformations. In this particular case, 

the integration of the two signals corresponding to the H* gives a ratio 28:72 

diaxial;diequatorial (AG®i88k= -0.35 kcaFmol).

A 2D-N0ESY experiment confirmed the peaks which exchange between 

the conformations, and it is displayed in Figure 5.11.

3 .3 0  ppm

Expansion of^H-HNOESY o f compound 5.J at 203 K. 400 Mhz in toluene.
Figure 5.11
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Compouiid
(ppm) (ppm) (ppm)

d i a s

(ppm)

5 . 1 3 . 4 1 3 . 9 0 6 9 . 4 6 5 . 7

5 . 2 3 . 4 1 3 . 8 9 6 9 . 4 6 5 . 5

5 . 3

( C D 2C I 2)

3 . 5 5 4 . 0 2 7 0 . 1 -

5 . 3

(toluene)
3 . 4 5 3 . 7 2 7 0 . 5 6 6 . 3

5 . 4 3 . 4 3 3 . 8 7 6 9 . 9 6 5 . 4

5 . 5 3 . 4 4 3 . 6 6 7 1 . 4 6 5 . 5

5 . 6 3 . 6 8 3 . 9 7 7 1 . 5 6 5 . 1

Experimental and chemical shift fo r compounds trans-7, 

bis[(silyl) oxy]cyclohexane derivatives at low temperature. In CD2CI2 unless

otherwise stated.

Table 5.9

Table 5.9 shows the experimental chemical shift for the protons and 

carbons of the ring where the substituents are attached, obtained at the low 

temperature where the equilibrium is slow to the NMR time scale.

The signal for the Cl-proton of the diequatorial conformations is down 

field from the diaxial and it is remarkable that in all compounds the shift between 

these signals is about 0.4 ppm. From the results displayed above, the chemical shift 

should be close to 3.5 ppm for the diequatorial and close to 3.9 ppm for the diaxial 

conformation.

chemical shifts show differences of around 5 ppm, with the diequatorial 

conformation downfield from the diaxial in agreement with results reported for the 

mono cyclohexyl silyl ethers by Eliel and Saticî "̂̂ . It is noteworthy to observe that 

solid state chemical shifts and low temperature chemical shifts in solution are the 

same, and this was used to assign the different conformations in the solid state.
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Values o f the heteronuclear one bond coupling constants are shown

in Table 5.10.

Compound

Room

Temperature

Low

Temperature

(Hz)

1 f dieq

(Hz)

i w diax 
J13C-1H

(Hz)

5.1 136.8 135.7 -

5.2 139.8 136.9 -

5.3“ 138.2 136.0 143.4

5.4 138.6 137.3 -

5.5 137.3 136.7 143.5

5.6 142.2 140.1 144.6

• *Lo\v temperature is the temperature about 183-193K where the equilibrium is frozen

• **Coupling constant measurement in toluene.

I'.xperimental values of I he one bond coupling constant at room temperature and at 

low temperature for the tvans-J,4-bisl(silyl)oxylcyclohexane derivatives. E.stimated

error in the ‘Jjsc-iii " 0.5 Hz.

Table 5.10

Measured values of the one-bond coupling constant ’Jc-h also confirmed 

the presence of two different conformations in the equilibrium. One conformation 

showed a one bond coupling constant around 136 Hz. (with the exception o f the 

compound 5.6 with three phenyl substituents attached to the silicon atom) and have 

been assigned as diequatorial. The larger one bond coupling constant, around 143- 

144 ppm, was assigned to the diaxial conformer.

As can be observed, at room temperature, the observed weighted average 

coupling constant is closer to the diequatorial than to the diaxial conformation, 

values, evidence that the most populated conformation in solution, is diequatorial, 

with the exception is compound 5.6 Assuming that the coupling constants in pure
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conformations do not change with temperature, the value measured at room 

temperature depends only on the conformational population ratio. As a result, 

compound 5.6 exists as an approximately 50 % mixture of each isomer. This point 

has been confirmed by the measurement o f the ^Jh-h at different temperature, as 

can be seen in Figure 5.12.

//• « ?/ .s -1 ,4 - b i s I ( t r 1 p h e n y 1 s i 1 y 1 ) o X  y ] c y c 1 o h e X  a 11 e

a )  2 9 8  K 6 . 7  H z

3 ,2 II z

b ) 1 8  3 K 4. 1 H z

2. 4 Hz

D i a x i a l  c o n f o r m  a t i o n s

I .0 H z

D i e q u a t o r i a l  c o n f o r m  a t i o n s

Resolution enhancement o f the NMR, at room and low temperatures, for H-1.

500 Mhz with SJ -  256 K, Ih^ -4 and Gh 0.2.

Estimated error o f M). 1 Hz.

Figure 5.12

The resolution-enhanced H-1 signal allows us to measure the ^Jh-h. at room 

temperature and at temperatures when the equilibrium was frozen. Assuming again
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that coupling constants do not change with the temperature and using the room 

temperature value, we were able to calculate that the conformational population 

ratio is 55:45, diaxial:diequatorial. The 5% difference compared with the one bond 

coupling constant value, is within the experimental error in the

measurement of the coupling constants.

In summary, using NMR, we have been able to detect and characterise the 

diequatorial and diaxial conformations and the chair-chair equilibrium for the 

trans-1,4-bis[(silyl)oxy]cyclohexane derivatives. The set of compounds has been 

divided into two groups, according to the conformational tendencies in solution. 

The first group of compounds 5.1, 5.2 and 5.4, has a clear preference for the 

diequatorial conformation. The second group of compounds 5.3, 5.5 and 5.6, 

shows increasing population of the diaxial conformer. This increase has been 

attributed to the steric attractive interaction between the cyclohexane ring and the 

increasing number of atoms in the silyl substituents. Individual steric attractive 

interactions have small energy values, but, if the number of atoms interacting is 

large enough, these interactions can became large enough in total to bring the 

equilibrium towards the diaxial conformation. The differences in conformation 

populations for the compound 5.3, in the solid state and in solution has been 

reported and attributed to an intermolecular effect, that is less likely to be as 

specific in solution.

Some of the one bond coupling constants have also been reported at

low temperature and their values are close to those assigned as diequatorial at room 

temperature, suggesting that diequatorial conformations are the most populated at 

this temperature. However, compound 5.6 is an exception as its value suggests a 

close to 1:1 equilibrium diequatorial:diaxial. This agrees with the comparison of 

the values of the three bonds ^H-^H coupling constant at different temperatures.
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Chapter 6

Experimental part



Chapter 6 196

6.1 Experimental considerations

Reagents for the synthesis were commercial available from Aldrich, Fluka, 

Lancaster, Avocado, Reeve angel Scientific Ltd. and BDH Chemical.

THF and CH2CI2 used such as reagent solvents, were distilled under inert 

atmosphere of dry-Argon immediately prior to use. For THF were distilled from 

sodium and benzophenone and CH2CI2 from calcium hidrate.

Analytical thin layer chromatography (tic) was performed using Sigma- 

Aldrich tic plates aluminium particle size <60 pm and the flash column 

chromatography using BDH flash silica gel of particle size 30-50 pm or Aldrich 60 

flash silica gel of particle size 40-60 pm as a stationary phase.

All solvents and reagents were obtained fi'om commercial available sources 

and used without further purification. The glassware and syringes for moisture- 

sensitive reactions were dried in an oven at 130 °C before used.

The Melting points were measured using Electrothermal melting point 

apparatus. IR spectra were recorded on a Perkin Elmer 1600 series FTIR The mass 

spectra were recorded on a VG7070H mass spectrometer at University College 

London and UIUC School of Chemical Science (New York).

Molecular Mechanics calculations have been run on a Silicon Graphics 

workstation (Radon.chem.ucl.ac.uk) based on standard MM3 and MM2 force field 

parameters Ab initio and semi-empirical PM3 calculations have been run on

the PC with Pentium IV processor running under Linux (128.40.76.85) using a 

Gaussian-98 program^^. The visualisations of the structures in 3D have been 

carried out with a PCmodel 7.0"̂  ̂ version and Chem-3D 6.0 version^^^ run on 

Pentium II Toshiba notebook.

Simulation of ^H NMR spectra for chapter 4, has been done in a Pc with 

Pentium II processor (350 MHz, 128.40.76.133) at UCL NMR lab using the 

program SpinWorks Version 1.2̂ "̂ \

NMR studies have been carried out on a Bruker DRX-500 MHz with a 

gradient unit system, Bruker AMX 400 MHz, automatic Bruker AMX 300 MHz 

and Bruker MSL 300 MHz solid state spectrometer. The data was processed using 

XWINNMR on a Silicon Graphic workstation with IP address oxygen, nitrogen 

and carbon in NMR lab Chemistry department of UCL and the plot of the spectra



Chapter 6 197

were either carried out from XWESfNMR program or transfer to XWINPLOT for 

further graphics processes. The variable temperature experiments were controlled 

with a Bruker Eurotherm BVT 2000 in the case of the 400 MHz and Bruker 

Eurother BVT 3000 Digital in the case of the 500 MHz. NMR solutions were 

approximately 0.1 M. The CDC13, CD2CI2 and d-toluene were obtained from 

Aldrilch. The calibration of the spectra were carried out using the reference of the 

solvent respect to TMS: 7,24 ppm for ^H and 77.0 ppm for of CDCI3,5.32 ppm 

for ^H and 53.8 ppm for of CD2CI2, 2.03 ppm for ^H and 20.4 ppm for d- 

toluene. When the analysis of Silyl ether were carried out in chlorinated solvents, 

small amount of K2CO3 was added to the solution to avoid any small traces of acid 

present in the solution.

Crystal structure statistical analysis was carried out on Cambridge 

Crystallographic Database^ using version 5.21 with 233.218 entries. The software 

available for the study was Quest, Vista and Pluto program.

6,2 Experimental part

6.2.1 Experimental vart: Chapter 2

All the compounds have been made following the procedure proposed by 

Stevens et

General procedure ! : Synthesis of formate derivatives:

The reaction was carried out under inert atmosphere of argon. 1.2 

equivalents of formic acid were added with stirring to an equimolar amount of 

acetic anhydride. The mixture was stirred at 45° for one hour and then allowed to 

cool to room temperature and at which point 1.0 equivalent of alcohol was added 

dropwise whilst maintaining the temperature below 20°C. After the addition was 

completed, the reaction was stirred 16 hours at room temperature. The reaction 

mixture was then poured into saturated sodium carbonate solution (50ml), and the 

organic compound was extracted with ethyl acetate (3 x 25ml). The combined
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organic layer w as w ashed with w ater (25mi), dried w ith anhydrous sodium  sulfate, 

filtered and then concentrated in vacuo.

-Methyl formate (2.10)71

-From  Fluka Reference number: 06546. C atalogue 1999/2000. C olourless oil.

B efore used, the sample was distilled ( bp= 3 1-33°, 760mm Fig)

-500 M H z 'H  N M R  (C D C b) 0/ppm  8,04 (s, IH), 3.71 (s, 1H').

-125.7  M H z '^C  N M R  (CDCl., ) 5/ppm  161.2 (C = 0 ), 50.5 (C ').

IR: (neat) v/ cm ' 2955.5 (C-H st), 1750.5 (C = 0  st), 1436.1, 1172.0 (C -0  st),

911.1, 767.0.

-IsDpropvl formule (2 .11 > '

Synthesis o f  isopropvl form ate

T o acetic anhydride (2.9 ml, 30.7 mmol), formic acid (1,2 ml, 31.8 mmol) 

was added and following p ro ced u re -1 , 2 -propanol ( 2  ml, 26.1 mmol) was added. 

A fter stirred 16 hours and the work up was carried out follow ing p ro ced u re -1 to  

afford isopropyl form ate (0.9 g, 39 % ), as a colourless oil.

-400 M H z 'H  NM R (C D 2CI2 ) 5/ppm  7.99 (s, IH ), 5.08 (septuplât, 6.3 Hz,

1H '), 1.25 (d, 6.3 Hz, 6 H").

-100.6  M H z ’’C  N M R  (C D 2 CI2 ) 5/ppm  161.0 (C = 0 ), 67.9 (C ‘), 21.9 (C^).
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-IR : (neat) v/ cm"’ 2968,0 (C-H  st), 1750.4 (C = 0  st), 1166.2 (C -0  st), 912.7,

744.6.

-2,4-dimethylpentyl formate (2.12)

C,H

C H
C H

Synthesis o f  2,4-dim ethylpentvl form ate

To acetic anhydride (8.0 ml, 84.7 mmol), addition o f  formic acid (3 .2 ml,

84.8 m mol) was carried out following the p ro ced u re -1, and then 2,4- 

dim ethylpentanol (10 ml, 71.3 m mol) was added. A fter stirred 16 hours the w ork 

up o f  the reaction gaye 2,4-dim ethylpentyl form ate (9. Ig, 82.5 % ), as a colourless 

oil.

-400 M H z H N M R  (C D 2 CI2 ) 5/ppm  8.16 (s, IH ), 4.62 (t, J V h  -  6.1 Hz, IH*), 

1.93 (septuplet, J^h-h =  6.4 Hz, IH^), 0.88 (t, J^h-h = 6 . 8  Hz, 12H^).

- 1 0 0 . 6  M H z N M R  (C D 2 CI2 ) 5/ppm 161.6 (C = 0 ), 83.2 (C*), 29.5 { C \  19.6 

(C ') , 17.3 (C ').

- IR : (neat) v/ cm * 2968.8 (C-H  st), 1724.3 (C = 0  st), 1468.9, 1389.0, 1182.2 (C -0  

st), 935.4, 887.9.

-ids, tra/i5)-4-tgrt-butvlcyclohexvl formate (2.14,2.15)*̂ ^
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Synthesis of (cis. /ra».s)-4-/m-butvlcvclohexvl formate

To acetic anhydride (2.6 ml, 27.5 mmol), formic acid (1,1 ml, 29.1 mmol) 

was added and following the procedure-1 {cis, /rw7.s2-4-/(?r/-butylcyclohexanol (3.6 

g, 23 .0 mmol) was added. After stirred 16 hours and the work up o f the reaction 

mixture gave (cfs,//w/x)-4-/(^/V-butylcyclohexyl formate (3.7 g, 87.1 %) as a 

colourless oil.

-500 M H z 'H  N M R  (C D C b) 5/ppm 8,00 (dd, JV ii = I I Hz, jV h =  11 Hz, IH '") , 

7.95 (d, J \ . „  =  1,1 Hz, 1H"“ ), 5,10 (tt, 2,9 Hz, J \ ,.h =  2 ,9  Hz, I H i Ô ,

4 ,69  (tt, 11,3 Hz, J^,.ii= 4,5 Hz, 1 H ,„ ‘" “ ), 2,03 (m, 1 H^e.'” "*), 1,95 (m,

lH 2 ,,n . 1.81 (m, IHjec,™"), 1,59 (m, IH ,^ '"), 1,50 (ni, IH :./" ) , 1 3 3  (m, 2H 

H ,. ," '! ) ,  1,12 (m, 3H ,a™ *), 1.04 (m, 2 H |H r '" ,  1 4 ^ } ) ,  0,85 (s, 9H, 

H,,“ '), 0 ,84 (s, 9H , HZ'"")

-125,7  M H z " c  N M R  (C D C l,) 5/ppm  160,7 (C = 0 , cis), 160,7 ( £ = 0 ,  trans), 73,3 

(C ‘, trans), 69,4 (C ', cis), 47,4 ( C \  cis), 47 ,0  ( C \  trans), 32,4 ( C \  cis), 32,3 

(C \tra n s ) , 31,9 ( C \  trans), 30,4 ( C \  cis), 27,5 ( C \  trans), 27,4 ( C \  cis), 25,3 (C ^  

trans), 21,4 (C^, cis),

-IR  (neat) v/ cm ' 2948,8 (C-H st), 2861,9, 1719,1 (C = 0  st), 1470,9, 1452,0,

1365,1, 1 1 8 5 ,0 (C -O s t) , 1021,9, 924,0,

-(ciscis), (c is jra n s), (transJrans)-2 ,6-dim eth  vlcvcloh exvlform ate(2 .14), (2.15), 

(2.16)

Q

Isomer e Isomer a Isomer ea
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Synthesis o f  (ciscis).{cis.tnins).(trans. /m //.v^2 .6 -dim ethvlcyclohexvl form ate

To acetic anhydride (1.2 ml, 12.7 mmol), formic acid (0.5 ml, 12.9 mmol) 

w as added and following the p ro ced u re -1 , the com m ercially available m ixture o f  

th ree isom ers 2,6-dim ethylcyclohexanol (1.5 ml, 11.0 m mol) was added. A fter 

stirred during 36 hours and m onitoring the reaction by tic, the w ork up w as carried 

out following p rocedure - 1 to  afford m ixture o f  three isom ers 2 ,6 - 

dim ethylcyclohexyl form ate (3.7g, 8 8 . 6  % ) as a yellow pale oil.

-500 M H z 'H  N M R  (CDCIj) ô/ppm  8.20 (d, ’Ji,.n= 0.89 Hz, IH '), 8.18 (d, ’Jn.,i=

0.89 Hz, IH'), 8 . 1 0  (s, IH " ), 5.07 (s, IH ,'). 4.67 (dd, 4.10 Hz, V h =  8 . 2 0  

Hz, IH i"), 4.35 (t, ’Jn.„= 10.4 Hz, IH ,'). 2.03 (m, IHz^.,"). I 83 (m, IHf,,.."), 1.73- 

1.67 (m, 5H iH 3e,“ , 2 ,.,', 23^.,'!), 1.62-1.58 (m, 3H {H^,', 2 2 ,/!), 151-1.37 (m, 

7H (2 H2, / ,  H^cq", H4eq". H4, " , 2 H404'! ) ,  1.28-1.19 (m, 4H (2 H3, / ,  H4. / .  H4, / | ,

1. 11-0.97 (m, 4H  {H ,, H ,, ," .  2 % , /} .

-125.7  M H z " C  N M R  (C D C l, ) 5/ppm  161,3 (C = 0 , a), 161,2 (C = 0 , e), 160,9 

(C = 0 , ea), 83 l(C ,, e), 79.7 (C ,, ea), 77.0 (C ,, a), 37.3 (C2 , e), 35.9 (C2 , a), 33.7 

(C,, e), 31.1 (Cf., ea), 30.9 (C2, ea), 30.7 (C,, ea), 30.1 (C5 , ea), 28.3 (C4 , a), 25.5 

(C,, a), 2 5 .1 (C4 , e), 19.5 (C4 . ea), 18 4 (C,, e), 18 2  (C;. a). 17.5 (C?, ea), 14.2 (C,. 

ea).

-IR : v/ cm ' 2929.6 (C -H  st), 1723.2 (C=0 st), 1457.8, 1380.0, 1187.8 (C -0  st),

956.0, 861.4.

-M S -C I, m /z 156 (M  , 20% ), 127 (M -29, 30% ), 1 1 1  (M '-4 5 , 25 %).

-(cis,cis),(trans Jrans)-2,6-Jimeth ylcyclohexanol
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Synthesis of ̂ C75.c/5À^/ra^5.^mmj-2,6-dimethylcyclohexanol 

-Separation of mixture of isomers (cz^/mn^)-2,6-dimethylcyclohexanone. The 

commercially available mixture of isomers (cz5-/ra«5)-2,6-dimethylcyclohexanone 

(6 ml, 43.9 mmol), was separated by chromatography on silica gel using a mixture 

of diethyl ether;hexane ( 3-10% in diethyl ether) as eluent, which afforded single 

(/ra/?5)-2,6-dimethylcyclohexanone (1.07g,19.4 %), as a colourless oil.

-300 MHz ’H NMR (CDCI3) 5/ppm 2.37 (m, 2.07 (m, IHseq), 1.7 (m, 2H

{Hte,, Hjax}), 1.33 (m, IHiax), 0.98 (d, J’h-h= 6.5, CH3).

-75.4 MHz ” C NMR (CDCI3 ) 8/ppm 214,6 (C=0), 45.3 (C2), 37.2 (C3), 25.5 

(C4), 14.5 (ÇH3).

-IR: (neat) v/ cm ' 2931.9 (C-H st), 1707.0 (C=0 st), 1456.7, 1375.0, 1132.0 (C-O 

St), 979.9, 856.3.

-Reduction of (/razz5')-2.6-dimethylcyclohexanone: To lithium aluminium hydride 

(0.147 g, 3.87 mmol) under argon, was added dry THF (30 ml) dropwise. The 

resulting mixture was cooled in an ice bath with stirring and {trans)-2,6- 

dimethylcyclohexanone (1.07 g, 8.5 ml) in dry THF (10 ml) was added dropwise. 

The reaction was monitored by tic. After 2 hours, the solution was cooled to 0° in 

an ice bath and the mixture was diluted using THF (10 ml.) followed by addition of 

water (1 ml), NaOH solution (1 ml, 15 %) and water (3 ml). The mixture was 

stirred until a suspension was observed. Then, water (20 ml) was added and the 

organic phase extracted with diethyl ether (30 ml x 3). The organic phases were 

separated and washed with water (50 ml). The resulting solution was dried with 

magnesium sulfate and concentrated in vacuo to afford (cis,cis),(trans,trans)-2,6- 

dimethylcyclohexanol (0.83 g, 81.2%) as a colourless oil.

-IR (mixture of isomers): (neat) v/ cm'  ̂ 3392.0 (OH st), 2925.9 (C-H st), 1457.3,

1045.1 (C-O st), 970.2.

Separation of the isomers were achieved by flash column chromatography 

on silica gel using gradients elution of diethyl ether: hexane (2-10% in diethyl 

ether).
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- (/ra/7.v,/ra/7.s;)-2,6-dimethylcyclohexanol (0.10 g):

-300 M H z 'H  N M R  (CDCI3 ) ô/ppm  2.62 (t, J ’m-h = 9,6 Hz, IH ,„ ) ,  1.62 (m, 2H.,«,), 

1.51 (m, 2 H 2».x,), 1.29-1.20 (m, 2 H {H4 , ,  H ^ ,) ) ,  1 . 0 0  (m, 2 H 3ax), 0.95 (d, j \ , .n  = 

6  4 Hz, 6 H(C sH 3 )).

-75 .4  M H z '^C  N M R  (CDCl.,) 5/ppm  82.1 (C ,), 39.8 (C 2 ), 34.2 (C 3 ), 25.2 (C 4 ),

18.1 (Ç 5H 3 ).

- (c7 .s,c7 ,v)-2 ,6 -dim ethylcyclohexanol (0.38):

-300 M H z 'H  N M R  (CDCI3) 5/ppm  3.47 (s, IH ), 1.63 (m , 2 H 3eq), 1.28 (m, ZHi.x), 

I 28-1 19 (m, 4H {H4»,, 2 H 3ax, H4 axî), 0.90 (d, j ’„.„ =  6.4 Hz, 6 H (C 5 H ,)).

-75.4 M H z " C  N M R  (CDCI3 ) 5/ppm  75 .0 (C ,), 37.2 (Q ) ,  27.3 (C 4 ), 25.8 (C 3 ), 

I 8  6 (Ç ;H 3 )

-(trans,trans}-2,6-dimethvlcvcloliexvl formate (2.15)

Synthesis o f  (trœis, //'W7.sV-2 .6 -dimethvlcvclohexvl form ate

To acetic anhydride (0.15 ml, 1,58 mmol), formic acid (0.1 ml, 2.6 m mol) 

w as added and in agreem ent with the described in p ro ced u re -1 , single isom er 

{trans, / /w 7y)-2 ,6 -dim ethylcyclohexanol (0 .102 g, 0.8 mmol) w as added A fter 

stirred 16 hours, the w ork up was carried out (see p ro ced u re -1 ) to  afford the single 

isom er (c 7\ ) - 2 ,6 -dimethylcyclohexyl form ate (0.09 g, 73.2% ) as a yellow oil.

-400 M H z 'H  N M R  (C D 2 CI2 ) 5/ppm  8.11 (s, IH ), 4.33 (t, ^Jn_n= 1 0 . 3  Hz, IH ,), 

1.75 (m, 2 H 344), 1.63 (m, 2 H 2ax), 1.54 (m, IHacq), 1.29 (m, lH 4 ax), 1.29 (m, lH 3ax), 

0 . 8 6  (d,^Jii.n= 6.4 H z, 6  C )H 3)

- 1 0 0 . 6  M H z " C  N M R  (CD2CI3 ) 5/ppm  161.5 (C =0), 83.8 (Ci), 37.8 (C2 ), 34.1 

(C3 ), 25.5 (C4), 1 8 .6 (C 5 H,).
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-IR : (neat) v/ cm ' 2950.1 (C -H  st), 1731,1.0 (C = 0  st), 1458.5, 1187.6 (C -O  st),

956.6, 900.2.

-(cis,ds)-2,6-dimethvlcvclohexvl formate (2.16)

Synthesis o f  fcis. c'W -2 .6 -dimethvlcvclohexvl form ate

To acetic anhydride (0.3 ml, 3 .18 m m ol), the addition o f  form ic acid (1.2 

ml, 3.18 m mol) was carried out and following the p ro ced u re -1 {cis, c is)-2 ,6- 

dim ethylcyclohexanol (0.30 g, 2.4 mmol) w as added. A fter stirred 16 hours, the 

reaction m ixture was stopped the w ork up was carried out (see p ro ced u re -1 ) to  

afford the single isom er (cvx)-2,6-dimethylcyclohexyl form ate (0.27 g, 73 % ) as a 

yellow  oil.

-500 M H z 'H  N M R  (C D C b) 5/ppm  8.18 ( d , '‘Jh-m= 0.9 Hz, IH ), 5 08 (s. IH ,). 1 . 6 8  

(m, 2H ,« |), 1.60 (m, 2 % ..) ,  1.39 (m, IH^c,). 1.28-1.20 (m, 3H {2H,ax, H 4 .,} , 

0 .8 2 (d ," j„ -„=  6.83 Hz, 6 H (C;H.,)).

- 1 0 0 . 6  M H z '^C  N M R  (CDCl., ) 5/ppm  161.3 (C = 0 ), 77 .0 (C ,), 35.9 (C 2 ), 28.3 

(C 4 ), 25.6 (C ,), 18.3 (C ,H ,).

-IR :(n ea t) v/ cm ' 2930.1 (C-H  st, 1724.0 (C -O  st), 1456.9, 1182.0 (C -O  st), 

I 133.6, 948.1, 899.7.
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-Neopenty! formate (2.18) 147

HC

Synthesis of neopentvl formate

Acetic anhydride (7.5 ml, 79.4 mmol) and formic acid (3 ml, 79.5 mmol) 

were mixed and according with the procedure-1 neopentanol (5.84 g, 66.2 mmol) 

was added. After stirred 16 hours, the work up was carried out to obtain the 

neopentyl formate (6.1 g, 79.3%), as a colourless oil.

-400 MHz 'H NMR {CHCIjFiCHClFj: CD2CI2 (c.a, 2:2:1)} 5/ppm 8.11 (t, ’j„.„ = 

0.85 Hz, IH), 3.91 (d, = 0.85 Hz, 2H '), 1.02 (s, 9H’).

-100.6 MHz " C  NMR |CHC1:F:CHC1F2: CD2CI2 (c.a. 2:2:1)} 5/ppm 162.4 

(C=0), 74.3 (C,), 32.1 (C2), 26.90 (C.,).

-IR: (neat) v/cm-' 2964.2 (C-H st), 1732 5 (C =0 st), 1477.7, 1368.4, 1167.2 (C-O 

st), 932.0.

-M ethyl acetate (2.1)

\  /  \

-From Reeve angle scientific Ltd. (Colourless oil)

-500 M H z 'H NM R (CDCb) 5/ppm 3.27 (s ,3H '), 1.65 (s, 3H {CH3}). 

-125.7M Hz '^C NMR (CDCI3) 5/ppm 171.0(C=O), 50.8 (C '), 19.8(ÇH.,).

IR: (neat) v/ cm ' 2956.4 (C-H st), 1737.2 (C =0 st), 1439.1, 1371.0, 1244.5 (C-O 

st), 1048.1, 845.4.
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-Isopropvl acetate (2.2)

H,C

CH

-From BDH chemical Ltd., ref; 29693. (Colourless oil).

-400 MHz H NMR (CDCL) 5/ppm 4.88 (septuple!, '^Jh-h= 6.2 Hz, 1H'), 1.90 (s, 

CH]). 1.12 (d, ■’Jh-h= 6.3 Hz, 6H^)

-100.6 MHz " c  NMR (CDCl.,) 5/ppm 170.4 (C =0), 67.4 (C '), 21.6 ( C \  21.1 

(ÇH,)

-IR: (neat) v/ cm ' 2983.6 (C-H st), 1738 6 (C =0 st), 1374.1, 1244.7 (C-O st),

1111.0, 956.2.

-2.4-dim fthvl-pent-3-vl-acetate (2.31^'’

The reaction was carried out under inert atmosphere o f argon. The stirred 

mixture o f DMAP (0.1 g, 0.81 mmol), dry pyridine (1.7 ml, 21.1 mmol) in dry 

dichloromethane was cooled to 0° in ice bath, and 2,4-diethyl-penten-3-ol (1.1 ml,

7.8 mmol) was added. Then, acetyl chloride (0.5 ml, 9.84 mmol) was added 

dropwise and the mixture was allowed to return to room temperature and stirred for 

24 hours. To the reaction mixture, diethyl ether (25 ml) was added, washed with 

2M HCl (3 X 25 ml) and the combined organic phase separated and washed with
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water (30 ml), brine (30 ml) and dried with magnesium sulfate. After filtered, 

evaporation of the solvent afforded 2,4-diethyl-pent-3-yl acetate (1.09 g, 78.0%), 

as yellow oil.

-500 MHz 'H  NMR (CDCl,) S/ppm, 4.49 (t, ’Jn-ii= 6.3 Hz, IH '), 2.26 (s, 

3H {C H ,}), 1.78 (septuplât, 6.6 Hz, 2H^), 0.78 (d, ‘’Jih P  6.7 Hz, 6H^), 0.77 

(d, 6.6 Hz, 6H").

-125.7 MHz " C  NMR (CDCl,) 5/ppm 171 0 (C=0), 82.3 (C '), 29.1 (ÇH,) 20.7 

(C^), 19.6 (C’), I7 .0 (C ’).

-IR: (neat) v/cm  ' 2932.1 (C-H st), 1711.8 (C =0 st), 1457.4, 1375.4, 1266.5 (C-O 

st), 738.0.

-(67.v.^raAi.v)-4-fe/7-butvl-cvclohexvl acetate (2.4, 2.5)

CH

-From Aldrich. Ref; 34,773-6 (Colourless oil)

-500 MHz 'H  NMR (CDCl,) 5/ppm 4.91 (tt, j ’„.|,= 2.4 Hz, J^h-h= 2.4 Hz, IH,«,“ ), 

4.54 (tt, J^|.H= 11.3 Hz, J’h.h= 4.4 Hz, IH,»'™""), I 96 (s, 3Hc„,“ ), 1.93 (s, 

3Hch.,“ “ ), 1.92 (m, 2 H 2,»,™'). I 85 (m, 2 H O ,  ' 72 (m, 2H,e,“ *), 1.49 (m, 

2Hja.“ ), 1.37 (m, 2H:..C"). I 20 (m, 4H jH 2 , “ “, H „C"!), 101 (m, 2H „.r"*), 

0.94-0.91 (m, 2H JH/™*, H ,"’'}), 0.78 (s, 9H, Ht'""), 0.77 (s. 9H, Hf,“ ').

-125.7 MHz " C  NMR (CDCl,) 5/ppm 170.4 (£ = 0 , cis), 170,4 (C =0, trans), 73.5 

(C ', trans), 69.2 (C ', cis), 47.4 (C , cis), 46.9 (C", trans), 32.3 (C \  cis), 32.1 (C^ 

trans), 31.9 (C \ trans), 30.4 (C \  cis), 27.4 (C", trans), 27.3 (C", cis), 25.3 (C \ 

trans), 21.5 (C \  cis), 21.2 (CH,"% Ç H ,™ )

-IR  (neat) v/ cm ' 2953 5(C-H st), 2866.1, 1723.4 (C =0 st), 1473.6, 1450.9, 

1364.4, 1228.8 (C-O st), 1048.5, 1026.7, 894.1.
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-(cis,cis)JcisJrans),(trans,trans)~2,6-üimethvlcvclohexvl-acetate (2.6, 2. 7, 2.8)69

Cil

CH:
CH

Isom cr e Isom er c aIsom er a

The reaction was carried out under inert atmosphere of argon. The stirred 

mi.Kture of DMAP (0.1 g, 0.81 mmol), dry pyridine (5 ml, 62.1 mmol) in dry 

dichloromethane was cooled to 0 ° in ice bath, and then commercial available 

mixture o f isomers (cv.s,6V.sj,(6v.s,//w/.s),(//%7/As, //w/.sy-2 ,6 -dimethylcyclohexanol (2 . 1  

ml, 16.1 mmol) was added. Then, acetyl chloride (3.5 ml, 49.2 mmol) was added 

dropwise and the mixture was allowed to achieve room temperature and stirred for 

16 hours. To the reaction mixture, diethyl ether (50 ml) was added, washed with 

2M HCl (3 X 50 ml) and the combined organic phase separated and washed with 

water (50 ml), brine (50 ml) and dried with magnesium sulfate. After filtered, 

evaporation of the solvent afforded {cis,cis),{cis,tran.s),(lf'ciffs,frans)-2,6- 

dimethylcyclohexyl acetate ( 1.98 g, 66.0%), as a colourless oil.

-500 MHz 'H  NMR (CDCIj) 5/ppm 4.96 (s, IH /), 4 SI (dd, 4.10 Hz,

8.20 Hz, I H D , 4.35 (t, ’J,i.h=  10.4 Hz, IH /), 2.01 (s, 3H(CH])), 2.01 (s, 

3H(CH,)), 1.99 (s, 3H(CH.,)), 1.98 (m, IH,»,"'), 1.76 (m, 1 H ,,D , 1.70-1.64 (m, 

5H (Hi.^“ , 2H,„<,/ 2H3e,“)), 1.57-1.50 (m, 3H (H^»,", 2 H2. / ) ) .  1.46-1.30 (m, 6H 

(2H 2,/, H4e,“ , H*,.", H^cq')), 1.27-1.13 (m, 4H (2 H3. / ,  H4. / ,  H4. / ) ) ,  1.08-

0.97 (m, 4H (H „ “ , H ; . r ,  2H.„/)).

-125.7 MHz " C  NMR (CDCl, ) 5/ppm 171,1 (C=0, a), 171,0 (C=0, e), 170.6 

(C =0, ea), 82.8(C,, e), 79.5 (C,. ea), 76.4 (C,, a), 37.6 (C2 , e), 36.0 (C2 , a), 33.7 

(C3 , e), 31.0 (C2 , ea), 31.0 (Cs, ea), 30.6 (C,, ea), 30.3 (C5 , ea), 28.3 (C4, a), 25.6 

(Cj, a), 25.1 (C4, e), 21.0 (ÇH,), 20.8 (CH,), 20.7 (ÇH3), 19.5 (C4, ea), 18.3 (C5 , 

e), 18.2 (C5 , a), 17.6 (C7 , ea), 14.1 (C& ea).
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-IR: (neat) v /cm '' 2929.8 (C-H st), 1737.2 (0 = 0  st), 1457.5, 1375.8, 1240.1 (C-O 

st), 1027.4, 972.0.

6.2.2 Experimental part: Chapter 3

All the compounds have been synthesised following the procedure 

proposed by Visser c/

G e n e ra l p ro c ed u re -2 : Synthesis of trialkylsilyl ethers:

The reaction was carried out under an inert atmosphere o f argon. To a 

stirred solution o f alcohol (1 eq.) in dry THF was cooled in an ice bath at 0°C and 

then triethylamine or pyridine ( 2  eq ), dimethylsulfoxide (0 . 0 1  eq.) and 

trimethylsilyl chloride ( 1 . 1 eq.) were added. The reaction mixture was allowed to 

warm to room temperature and stirred for 16 hours. Water (30 ml) and the 1:1 

mixture diethyl ether: hexane (30 ml) were added, the organic phase separated and 

washed with water (3 x 30 ml), dried with magnesium sulfate, filtered and 

concentrated in vacuo. The silyl ether was purified either by distillation or column 

chromatography (neutral AI2O3 or deactivated silica gel ( 1  ml thiethylamine: 1 0 0  g 

o f silica) with 9:1 hexane: diethyl ether ).

-T rim e th y ls ilv lo x v n ie th an e

CH
CH3

To a solution of methanol (2.5 ml, 98 mmol) in dry THF (25 ml), pyridine 

(9.8 ml, 126 mmol) and dimethylsulfoxide (0.5 ml, 5.4 mmol) were added at 0  °C, 

following procedure-2 and then addition of trimethylchlorosilane (7.8 ml, 126 

mmol) were carried out and stirred for 16 hours. The work up o f the reaction 

mixture (see procedure-2), after distillation (bp=55°C, 760 mm Hg) afforded 

trimethylsilyloxymethane (2.33 g, 36.2%) as a colourless oil.

-500 MHz ‘H NMR (CDCl.,) 5/ppm 3.45 (s, 3H'), 0.09 (s, 9H(CH,)).
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-125.7  M H z " c  N M R  (CDCl.,) 5/ppm  5 0 .1 (C ') , 0.3 (Ç H ,).

-99 .4  M H z ’̂ Si N M R  (C D C l,) 5/ppm  19.7.

-2 -T rim e th v ls ilv lo x v p ro p an e (3 .2 ) 151

CH

X I
CH

To a solution of isopropanol (5.6 ml, 73.1 mmol) in THF (40 ml), pyridine 

(12 ml, 148 mmol) and dimethylsulfoxide (0.5 ml, 5.4 mmol) were added at 0°, 

followed by addition of trimethylchlorosilane (11 ml, 86.6 mmol) following the 

procedure-2. The resulting mixture stirred for 16 hours and the work up of the 

reaction was carried to obtain a crude oil which, after distillation (bp = 86°C, 

760mm Hg) gave 2-trimethylsilyloxypropane (2.1 g, 18.3%) as a colourless oil.

-500 M H z ‘H N M R  (C D C l,) 5/ppm  3.95 (setuplet, ’j„ .„  =  6.0 Hz, IH ') ,  1.12 (d, 

' J h-m = 6.0 Hz, 6H"), 0.07 (s, 9H (C H ,)).

-125.7 M H z '^C  N M R  (C D C l,) 5/ppm  64.78 ( C ' ) , 25.68 ( C \  0.13 (Ç H ,).

-99,4 M H z ” Si N M R  (C D C l,) 5/ppm  14.4 

-2 ,4 -d in ie th v l-3 - ||tr im e th v ls ilv h o x v l-p e iita n e  (3.3)

CH

CH

CH

To a stirred solution of 2,4-dimethylpentan-3-ol (3 ml, 21.4 mmol) in THF 

(25 ml), Triethylamine (4.6 ml, 39.9 mmol) and dimethylsulfoxide (0.2 ml, 2.2
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mmol) were added at 0  °C follow by addition of trimethylchlorosilane (3 . 2  ml, 25 . 2  

mmol). The reaction mixture was stirred 16 hours and the work up of the reaction 

according with procedure- 2  gave a crude oil which, after flash chromatography 

(neutral AI2O3 , 9:1 hexane: diethyl ether) afforded 2,4-dimethyl- 

[(trimethylsilyl)oxy]-pentane (3.1 g, 77 %) as a yellow oil.

-400 MHz 'H NMR (CDCI3) 5/ppm 3,05 (t, ^Jh-h = 5,4 Hz, IH '). 1.71 (doublet of 

septuplât, ’Jm-ii = 6 , 8  H z ,’j|,.„ = 1,1 Hz, 2H^), 0,88 (d, "Jiw, = 6 , 8  Hz, 6 H"), 0,87 

(d, "J„.„ = 6  8  Hz, 6 H^), 0,13 (s, 9H(CH])).

- 1 0 0 , 6  MHz " C  NMR (CDCl,,) 5/ppm 83,5 (C ') , 30,9 (C^), 20,4 ( C \  17,7 ( C \  

0,9 (CH3 ),

-79,5 MHz "Si NMR (CDCIj) 5/ppm 12,9,

-IR: (neat) v/ cm ' 2958,7 (C-H st), 1471,2, 1250,8 (Si-CH, 5), 1 110,3 (Si-O st),

1054,0, 874,6 (Si-O st), 839,2,

-Trimethvlsilvloxv neooentane 13.

CH

CH

To a solution of neopentanol (2 g, 22.6 mmol) in THF (25 ml), 

Triethylamine (4.8 ml, 44.5 mmol) and dimethylsulfoxide (0.2 ml, 2.2 mmol) were 

added and following procedure-2 trimethylchlorosilane (3.4 ml, 26.7 mmol) was 

added. The mixture stirred for 16 hours and the work up of the reaction gave a 

crude oil which, after flash chromatography (neutral AI2O3; 9:1 hexane:diethyl 

ether) afforded trimethylsilyloxy neopentane (2.5 g, 69.4 %), as a yellow oil.

-500 MHz 'H NMR (CDCI3) 5/ppm 3,19 (s, 2H‘), 0,86 (s, 9H), 0,08 (s, 9H(CHj)) 

-125,7 MHz " c  NMR (CDCI3 ) 5/ppm 72,8 (C ') , 32,66 (C^), 26,33 (C’), 0 , 0 2  

(CH3 ),

-99,4 MHz "Si NMR (CDCI3 ) 5/ppm 12,9,
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-(c7A,/ra/i.yWgr^butvi-l(triineth\isilvl)oxvl-cvclohexane (3.5, 3.6) 152

CH
CH

CH

To a stirred solution of the commercial available (c/.v,/ram)-4-tert-butyl- 

cyclohexanol (1 g, 6.4 mmol) in THF (20 ml), the addition of triethylamine (1.7 

ml, 12.8 mmol), dimethylsulfoxide (0.05ml, 0.7 mmol) and trimethylchlorosilane 

(1 ml, 7.8 mmol) were carried out following procedure-2. The mixture was stirred 

for 16 hours and the work up following procedure-2 , afforded a crude oil which, 

after flash chromatography (deactivated silica gel, 9:1 hexane:diethyl ether) gave 

(cis,trans)-4-/(^r/-butyl-[(trimethylsilyl)oxy]-cyclohexane (1.15 g, 82.6 %), as a 

colourless oil.

-500 MHz 'H  NMR (CDCb) 5/ppm 3,96 (tt, j ’ii.,i= 2.9 Hz, 2  9 Hz. IH,

3,48 (tt, J ’„.„= 1 1,2 Hz, J’ li.ip 4,5 Hz, I H , 1,89 (m, 2Hz,q™"), 1,74 (m, 4H 

|2H]^™% 2 H2^'"}), 1,47-1,23 (m, 8 H | 2 H2, r .  2H,c,“  2 H2.™ ", 2 H ,,“ )), 

1,08-0,92 (m, 4H {2Hj, H / \  H^™” }), 0,85 (s, 9H, H,,"”), 0,84 (s, 9H, H / ’“ ),

0,12 (s, 9H, CHb'™'"), 0,09 (s, 9H, CHj'-'®),

-125,7 MHz " C  NMR (CDCb) 5/ppm 71,0 (C ', trans), 65,6 (C ', cis), 47,9 (C \ 

cis), 47,0 (C“, trans), 35,9 (C \ trans), 33,2 (C \ cis), 32,2 (C^ cis), 32.1 (C^trans), 

27,5 (C^ trans), 27,4 (C^ cis), 25,5 {C \ trans), 20,8 (C \  cis), 1, 8  (C H j^, CHj'"™), 

-99,4 MHz ’̂Si NMR (CDCb) 5/ppm 14,6 (Si'™'), 13,1 ( S r ) ,
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-(c/.y.d.yt,tci.v.frtffi:y),(rrtfW5.frfl/i.v)-2,6-diniethvl-UtriiTiethvisilvl)oxvl-cvclohexane

(3.7. 3.8, 3.9, 3.10) 153

CH CH

CII3

Isomer c Isomer eaIsomer a

To the commercial available mixture of isomers 2,6-dimethyl-cyclohexanol 

(1.05 g, 7.7 mmol) in THF (20 ml), triethylamine (2.1 ml, 15.6 mmol), 

dimethylsulfoxide (0.05ml, 0.7 mmol) and trimethylchlorosilane (1.28 ml, 10.0 

mmol) was added according with procedure-2 . Stirred for 16 hours, the work up of 

the reaction produced a crude oil which, after flash chromatography (AI2O3 ; 9; 1 

hexane:diethyl ether) afforded the corresponding mixture of isomers 2 ,6 -dimethyl- 

[(trimethylsilyl)oxy]-cyclohexane (11 g, 74 5 %), as a brown colour oil.

-500 MHz 'H  N M R  (CDCl,) 5/ppm 3.50 (s, IH ,”), 3.20 (dd, ’j„.„= 3.9 H z ,’Ji,.h=

7.4 Hz, IH ,"). 3.69 (t, ’j„.„= 9.4 Hz, IH,"'), 1.79 (m, 2H H^.,””!), 1.67-

1.41 (m, 7H {2H,^% IH ,^ " , IH;.^””, 2 H ,^ \  IH,»"’)), 1.38-1.10 (m, I2H {2 H2„ /, 

2H ,„”, 1H5„ “ , IH W , lH 4a /, 2H ,„”, IH ,,/ ,  IH ,,,”", IH ,.," )) , 0.98-0.89 (m, 3H 

11H „ 2H „.xl), 0.87 (d, ^Jh.h= 6 . 6  Hz, 6 H (C ,H ,”)), 0.84 (d, ^Jh.h= 6 . 6  Hz, 3H

(C„HC)), 0.82 (d, 6 . 6  Hz, 3H (CjH ,”')), 0.80 (d, ^J„.„= 6 . 6  Hz, 6 H (C5H,-)),

0.08 (s, 9H (CH,')), 0.07 ( s , , 9H (CH,”)), 0.03 ( s . , 9H (CH,””)).

-125.7 MHz " C  N M R  (CDCl, ) 5/ppm 83.9 (C,, e), 78.4 (C,, ea), 76.7 (C,, a),

4 0 .1 (C2 , e), 37.9 (C;, a), 34.4 (C,, e), 34.0 (C .̂ ea), 33.7 (C;, ea), 31.8 (C,, ea),

30.7 (C5 , ea), 27.7 (C4 , a), 26.1 (C,, a), 25.6 (C4 , e), 19.9 (C4 , ea), 19.7 (C5 , a ), 

19 6  (C5 , e), 18.6 (C7, ea), 13.6 (Cs, ea), 0.9 (ÇH,, e), 0.7 (ÇH,, a), 0 . 1  (£H ,, ea). 

-99.4 MHz " S i  N M R  (CDCl,) 5/ppm 14.6 (Si'), 14.2 (Si"), 13.7 (Si")
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6.2.3 Experimental part: Charter 4 

-/rtfM.v-K2-Bis[(trimethvlsilvi)oxvlcvclohexane (4.7)

"'“"0  Si

The reaction was carried out under inert atmosphere of argon. A stirred 

solution of commercially available //mrs-1,2-cyclohexanediol (1.5 g, 12.9 mmol) 

in dry pyridine (25 ml), was cooled to 0°C and trimethylsilyl chloride (4.7 ml, 37.0 

mmol) was added dropwise. The resulting mixture was allowed to return to room 

temperature and stirred for 36 hours. The crude product was then concentrated in 

vacuo to afford a yellow oil. Water (50 ml) and a 1:1 mixture (50ml) 

hexane:diethyl ether were added. The organic phase was separated, washed with 

water (30 ml) and brine (30 ml), dried with anhydrous sodium sulphate, filtered 

and concentrated \n vacuo. Purification by distillation at reduced pressure (bpio = 

83-85 °C) gave /m//.v-l,2-[(trimethylsilyl)oxy]cyclohexane, as a colourless oil.

-500 MHz H NMR (CDjCl,) 5/ppm 3.32 (m, 2H,), 1.80 (m, 2Hî«,), 1.60 (m, 

2H,e,), 1.22 (m, 4H {ZH;.,. 2H„.,!), 0.09 (s, I8H (C4 H,)).

-125.7 MHz " C  NMR (CD2CI2) 5/ppm 75.6 (Ci), 35.3 (C2), 24.2 (C3), 0.4 (C4). 

-M S-CI: m/z 260.90 (M , 100%).

-IR: (neat) v/ cm ' 2933.1 (C-H st), 2859.2, 1487.3, 1388.2, 1240.1 ((Si-CH, 5),

1081.3 (Si-O st), 867.9 ((Si-CH, y), 838.2 (Si-0 st), 775.0 (Si-C st).

General procedure-3:

The reaction was prepared under inert atmosphere o f argon A stirred 

solution o f /m/rs-1 -2-cyclohexanediol (1 eq) and imidazole (3 eq) in DMF (5 ml) 

was cooled to 0 °C in an ice bath. The corresponding silyl chloride derivative (2.3
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eq) was added and the stirred solution heated 16 hours at 60 °C. The reaction was 

diluted with a l l  mixture hexane: diethyl ether (30 ml) and washed with water (50 

ml X 3) and brine (50 ml). The organic phase was dried over anhydrous sodium 

sulphate, filtered and concentrated in vacuo. Purification by column 

chromatography (neutral alummina, 1 0 : 1  hexane:diethyl ether) afforded trans-\,2- 

[(silyl)oxy]cyclohexane derivative.

-f/-q/i5-l,2-bisl(triethvlsilvnoxvlcvclohexane (4.8)

The reaction was carried out as described in procedure-3 using trans-]-2- 

cyclohexanediol (0.57 g, 3.37 mmol), imidazole (0.76g, 11.20 mmol) and 

triethylsilyl chloride (1.3 ml, 8.04 mmol) The work up o f the reaction afforded 

/ra/;.s-l,2 -[(triethylsilyl)oxy]cyclohexane (0 . 2 0  g, 2 0 %), as a colourless oil.

-500 MHz 'H NM R (CDjCb) ô/ppm 3.47 (m, 2H,), 1,81 (m, 1.60 (m,

2H,e.|), 1.29 (m, 2 H2,,), 1.23 (m, 2 Hja,), 0.96 (t, 'j|,.n  = 7.8 Hz, 18H (C5H3 )), 0.60 

(q, 'Jh-h = 7.8 Hz, 12H (C4 H2)).

-125.7 MHz '^C N M R  (CD2CI2) 6 /ppm 74.2 (Ci), 32.4 (C2), 22.8 (C3), 7.1 (C5),

5 .1 (C 4)

-MS-CI: m/z 345.20 ((M+H) , 1 0 0 %).

-IR: (neat) v/ cm ' 2955.0 (C-H st), 2878.1, 1458.5, 1239.9 ((Si-CH2 6 ), 1080.3 

(Si-0 st), 1015.2, 867.9 ((Si-CH, y), 871.9 (Si-0 st), 743.9.0 (Si-C st).
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-^raMS-l,2-Bisl(trisiOproDvlsilvl)oxvlcvclohexane (4.9)

The reaction was carried out as described in procedure-3 using trans-\-2- 

cyclohexanediol (0.49 g, 3.23 mmol), imidazole (0.65g, 9.67 mmol) and 

triisopropylsilyl chloride (2.05 ml, 9.67 mmol). Purification were carried out by 

column chromatography (neutral alumina, hexane: diethyl ether 9:1) twice, to 

atford l , 2 -/ra//.y-[(triisopropylsilyl)oxy]cyclohexane (0 . 1 1  g, 1 2 %) as a colourless 

oil.

-500 MHz 'H  NMR (CD2CI2 ) 5/ppm 3.79 (s, 2H|), 1.79 (m, 2 H2eq), 1.60 (m, 

2 H3„|), 1.46 (m, 2 H2„«), 1.27 (m, 2H ,„), 1.01 (m, 42H (C4H, C 5H3)).

-125.7 MHz '^C NMR (CD2CI2) 5/ppm 71.3 (C ,), 28.4 (C2 ), 20.3 (C3), 18.4 (C5),

18.3 (C5), 12.8 (C4).

MS-CI: m/z427((M -H) , 70%), 386 ((M-H) - 41, 97%), 255((M-H) - 172, 97%), 

81 ((M-H) - 346, 100%).

IR (neat) v/ cm ' 2942.0 (C-H st), 2866.2, 1461.0, 1382.1, 1159.5, 1090.5 (Si-O 

st).
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-rrtfAi.y-l,2-Bis[(/grt-biitvl-diiiicthvlsilvnoxvlcvclohexane (4.10)

\ /

The title compound was prepared as described in procedure-3 using Irans- 

1-2-cyclohexanediol (1.23 g, 7.9 mmol), imidazole (1.63 g, 23.9 mmol), DMF (10 

ml) and /e/V-butyldimethylsilyl chloride (2.7 g, 17.9 mmol). The work up of the 

reaction yielded /ra//.v-l-2-[(ym-butyldimethylsilyl)oxy]cyclohexane (1.85 g, 

67.3%) as a colourless oil.

-500 MHz ’H NMR (CD2CI2 ) 8 /ppm 3.50 (m, 2H,), 1.82 (m, 2 H2cq), 1.60 (m, 

2H]^), T32 (m, 2 H2ax), 1.26 (m, 2Hiax), 0.90 (s, 18H (C5H3 )), 0.06 (s, 6H(C6H3)), 

0.05 (s, 6H(C6H3)).

-125.7 MHz NMR (CD2CI2) 8 /ppm 73.3 (C,), 31.4 (C2), 26.1 (C5), 2 2 . 1  (C3),

18,3 (C4), -4.2 (C6), -4.6 (C6 ).

-M S-CI: m/z 345.20 ((M+H) , 100%).

IR (neat) v/ cm'^ 2930.2 (C-H st), 2858.2, 1462.8, 1360.7.2, 1265.7 ((Si-CH] 8 ), 

1081.8 (Si-0 st), 8878 5 ((Si-CH] y), 8 6 6 . 6  (S i-0 st), 835.9 (Si-C st).
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-rn/m-C2-Bisl(fe/^-butvldiphenvlsilvI)oxvlcvclohexane (4.11)

The title compound was synthesised following procedure-3 and it was 

generous gift from Dr. C. Marzabadi, Seton Hall University (New Jersey).

-500 MHz H N M R (CD2CI2 ) ô/ppm 7.54 (dd, ’J„.h = 7.9 Hz, ’J„.h -  1.4 Hz, 8 H 

(CtH)), 7.36 (tt, 'Jh-h = 7.5 Hz, 'j„ .„  1.3 Hz, 4H (C9H)), 7.31 (tm, 'J„.h 7.5

Hz, 8 H (CgH)), 3.83 (s, 2H,), 1.76 (m, 4H (2 H2ec„ 2 H3eq)), 136 (m, 4H (2 H2ax, 

2H W ), 0 97(s, 18H (CgTb))

-125.7 MHz N M R (CD2CI2) ô/ppm 136.1 (C 7), 134.8 (Cr,), 129.8 (C9), 127.8 

(Cs), 71.5 (Cl), 28.4 (C 2), 27.1 (Ç 5H3), 20.4 (C3 ), 19.4 (C4 ).

-M S-C I: m/z 591.4 ((M-H) , 100%).

-IR; (neat) v/ cm ' 3050 and 3020 (arC-H st), 2935 (C-H st), 2862, 1960 (arC-H Ô 

oop), 1879 (arC-H Ô oop), 1815 (arC-H Ô oop), 1766 (arC-H Ô oop), 1428, 1114, 

1077 (Si-0 st), 743 (Si-0 st), 706 (Si-C st).
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-rrtfWA-l,2-Bis[(triphenvlsilvnoxvlcvclohexane (4.12)

.O

The title compound, a generous gift by Dr. C. Marzabadi, Seton Hall 

University (New Jersey), was prepared following procedure-3, to afford a white 

powder (Mp= 137-139 °C). Recrystallization from a mixture 1:4 CH2CI2 :hexane 

afforded clear needles suitable for a X-ray analysis.

-500 MHz 'H NMR (CD2CI2 ) 5/ppm 7.53 (dd, ’Jh-h 7.6 Hz, ’j,,.,, -  1.4 Hz, I2H 

(C5H)), 7.40 (tt, ’Jn.n -  7.4 Hz, ’Ji,.n 14 Hz, 6 H (C7H)), 7.27 (tm, ’Jh.„ = 7.6 

Hz, 12H (0,H )), 4.00 (m, 2H,), 1.79 (m, 2 H2.,,), 1.66 (m, 2H]«,), 1.35 (m, 2 H2ax) 

1.27 (m, 2H,ax).

-125.7 MHz " C  NMR (CD2CI2) 5 135.7 (C5), 135.1 (C4), 130.2 (C&), 128.1 (C7),

73.7 (Cl), 30.5 (0 2 ), 21.7 (C.,).

-MS-CI: m/z 632.3 (M , 100%).

-IR: (KBr) v/ cm ' 3049.4 (arC-H st), 2931.9 (C-H st), 2857.7, 1959.0 (arC-H 6  

oop), 1890.3 (arC-H 5 oop), 1825.3 (arC-H S oop), 1772.7 (arC-H S oop), 1427.7,

1 1 1 0 . 4  (Si-O st), 867.6, 822.9 (Si-0 st), 696.3 (Si-C st).
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-Crystallographic parameters for the crystal structure of trans-\,2- 

[(triphenylsilyl)oxy]cyclohexane (4 .12)

The crystal structure was generously obtained by Dr. L.J. Todaro at Hunter 

College (New York).

X-rav Data for CMS-1001 at 295 K

Formula C42H4o02Si2

Formula weight 632.96

Crystal size (mm) 0.06 X 0.16 X 0.96

Crystal system monoclinic

Space group P2i/n

a (A) 42.715 (7)

b(A) 9.581 (3)

c(A) 26.311 (5)

P O 96.37 (3)

V (A ') 10623.3 (4.6)

Z 12

dcalc 1.187

p(Mo Ka) (cm'^) 1.35

Absoprtion correction none

Maximum 0  (“) 19

Unique reflections 9357

[I>3.0 G(I)]

Number of variables 613

R 0.073

Rw 0.080

6.2.4. Expérimental vart: Chapter 5 

- 7>aAi5-l,4-cvclohexanediol

Separation of the isomers from the commercial available mixture of cis- 

and frfl«5-l,4-cyclohexanediol was carried out following the literature procedure^^.

The cis,trans mixture of 1,4-cyclohexanediol (10 g, 86.0 mmol) was 

dissolved in 50 ml of pyridine. The solution was cooled in an ice bath to 0 °C and
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then acetyl chloride (25 ml, 265 mmol) was added and then, the reaction mixture 

was allowed to warn to room temperature and stirred for 16 hours. 100ml of ethyl 

acetate and 50 ml of water were added and the organic phase separated, dried with 

magnesium sulfate and concentrated in vacuo. The resulting crude oil was filtered 

through silica gel using ethyl acetate as eluent and concentrated in vacuo to afford 

^ra/75-l,4-diacetylcyclohexane ( 15.5 g, 90%) as a yellow powder.

-300 MHz 'H  NMR (CDCU) 5/ppm 4.80 (2Hi“*), 4.78 (2Hi‘™“), 2.00 (6H, CHs^), 

1.98 (6H, CH,'""'). 1.91 (4H2eq""'), 1.75 ( 4 H i ^ ,  1.66 (4H ,aÔ , 1.47 ( 4 % a / n  

-75.4 " C  NMR (CDCb) 5 170.5 (C=0, trans), 170.3 (C=0, cis), 70.9 (Ci, trans), 

69.9 (Cl, cis), 28.1 (Cz, trans), 27.3 (C2, cis), 21.2 (CH,).

-IR:(KBr) v/ cm ' 2955.0(C-H st), 2875.6,1728.8 (C=0 st), 1437.3, 1366.6, 1242.2 

(C-O st), 1045.2, 959.5, 907.6.

The resulting mixture of diacetylated isomers was recrystallized from 

hexane to afford preferentially the pure /ra/75-l,4-diacetylcyclohexane (3.4 g, 

22%), as a white powder.

-300 MHz 'H  NMR (CDCb) 5/ppm 4.75 (2 H i"n , 1 98 (6H, CH,"”” ) 1.66 

(4 H ia " n . 1 47 (4H2ax"” ').

-75.4 " C  NMR (CDCb) 6 170.5 (C=0, trans), 70.9 (Ci, trans), 28.1 (Cj, trans), 

21.2 (CHj).

Hydrolysis of the acetate was carried as follows: ^ra/?5-l,4-diacetylcyclo- 

hexane (3.4 g, 17 mmol) in methanol (30 ml) with sodium methoxide (0.1 g, 1.8 

mmol) as catalyst were stirred together for 4 hours. The solvent was then removed 

in vacuo to afford 1,4-cyclohexanediol (1.9 g, 16.3 mmol, mp = 141-143 °C), 

as a white powder.

-300 MHz ‘H NMR (MeOD) 5/ppm 3.53 (IH,), 1.88 (2H;^), 1.26 (2Hüx)

-75.4 " C  NMR (MeOD) 5 70.4 (Ci), 33.76 (C2).

-IR:(KBr) v/ cm ' 3286.4 (OH), 2938.6 (C-H st), 2852.6, 1451.8, 1366.1, 1234.9 

(C-O st), 1078.8, 994.8, 953.3.
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-^raw:ÿ-C4-Bis[(triinethvlsüvnoxvlcvclohexaiie (5.1)

C  .

The title compound was prepared following procedure-3 using 1,4-

cyclohexanediol (0.15 g, 1.29 mmol), imidazole (0.27 g, 3.9 mmol), DMF (4 ml) 

and trimethylsilyl chloride (0.4 ml, 3.15 mmol) The crude of the reaction was 

purified to afford transA,^- [(trimethylsilyl)oxy]cyclohexane (0.27 g, 81.8%), as a 

white powder (Mp = 53-55T).

-500 MHz 'H NMR (CDjCb) 5/ppm 3.57 (m, 2H,), 1.80 (m, 4H2«,), 1.30 (m, 

4H2„), 0.06 ( s , 18H(C,H.,))

-125.7 MHz " C  NMR (CD2CI2) 5/ppm 70.5 (C,), 39.9 (C.), 0.2 (G ).

-MS-CI: m/z26K(M +H) ,4% ), 231 ((M+H) - 29, 100%).

-IR; (KBr) v/ cm ' 2937.4 (C-H st), 2856.2, 1451.1, 1382.9, 1247.9 (Si-CH, 5),

1098.4 (S i-0 st), 986.5 ((Si-CH, y), 893.0 (Si-0 st), 839.9 (Si-C st), 746.4. 

-rrtf/fx-K4-Bisl(triethv[silvnoxvlcvclohexaiie (5.2)

\
/

The title compound was synthesised as described in procedure-3 using 

/ra//.v-1,4-cyclohexanediol (0.23 g, 1.29 mmol), imidazole (0.52 g, 7.63 mmol) and 

triethylsilyl chloride (0.76 ml, 4.52 mmol) to yield /ra/;.v-l,4- 

Bis[(triethylsilyl)oxy]cyclohexane as a colourless oil (0.37 g. 55%).

-500 MHz 'H NMR (CD2CI2) 5/ppm 3.61 (m, 2H,), 1.82 (m, 2H2«q), 1.32 (m, 

2H2ax), 0.94 (t, ’J„.„ = 7.8 Hz, 18H (C 4H ,)), 0.57 (q , = 7.8 Hz, 12H (C3H2)).

-125.7 MHz "C NMR (CD2CI2) 5/ppm 70.4 (C,), 33 8 (C2), 7.0 (C,), 5.2 (C4).
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-M S-CI: m/z 343((M-H) , 25%), 315 ((M-H) - 28, 100%).

IR (neat) v/ cm ' 2935.4 (C-H st), 2877.5, 1460.2, 1419.7, 1240.2 (CHj-Si 5),

1078.1 (S i-0 st), 1 0 0 2 .8 , 863.8 (Si-O-st), 730 (Si-C st).

-trans-XA- Bisfttnsisopropvlsilvhoxvlcvclohexane (5.3)

Si----

Following procedure-3 the reaction was carried out with Z/r/m-1,4- 

cyclohexanediol (0.41 g, 3.59 mmol), imidazole (0.73 g, 10.73 mmol) and 

triisopropylsilyl chloride (1.7 ml, 7.93 mmol) to afford trans-XA- 

[(trisisopropylsilyl)oxy]cyclohexane (1.53 g, 72.1%) as a white powder (mp = 59- 

61 T )

-500 MHz H NMR (CD2CI2 ) 5/ppm 3.80 (m, 2H,), 1.91 (m, 4H2eq), 1.35 (m, 

4 H2ax), 1.01 (m, 42H (C3H, C4H3 )).

-125.7 MHz *^C NMR (CD2CI2) 5/ppm 70.32 (C,), 33.1 (C2), 18.2 (C4), 12.7 (C3 ). 

-M S-CI: m/z 427((M-H) , 35%), 386 ((M-H) - 41, 100%), 255((M-H) - 172, 

100%).

-IR: (neat) v/ cm ' 2941.2 (C-H st), 2864.1, 1463.9, 1371.3, 1050.1 (Si-O st), 881.4 

(S i-0 st), 680.8 (Si-C st).

Since a discontinuity was observed in the analysis of the compound by 

solid state NMR around 164 K (see text chapter 5), a differential scanning 

calorimetry experiment was carried out with the help o f Dr. M. Odiyha from 

Birkbeck College (London). The sample was cooled to 139 K and the temperature 

increased 10 °C/min. The phase transition was detected between 161 K and 171 K, 

as can be seen in the graphic E-1 below.
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DSC experimental conditions;

Detector: Shimadzu DSC60

Serial No: 

Atmosphere: 

Flow Rate:

Cell:

Sample Weight:

170453600124

Nitrogen

60[ml/min]

Micro Aluminun (125 pm). New Silver lid 

2.507[mg]

Temp Rate [°C/min] 10.00

D S C  e x p e r im e n t  f o r  
r r n n x - l ,4 - b i s | ( t r i i s o p r o p y I s i ly I ) o x y |c y c lo h e x a n e

Ucn
Q

I

0

161 K 171 K
1

■2

■3

4

■5

M clling poi
333 k■6

3
— —'  — <N (N fN <N rg  rsi rsi r<i r^, r^, r^, ro  ro

T e m p e r a t u r e  (K )

Transi Hem phase experiment for the compound 4.3 

G r a p h i c  E-1



Chapter 6 225

-/rtfAi.y-14-BisU/grf-biitvl-dimethvlsiIvnoxy|cvclohexane (5.4)

C -iiiio

This compound was prepared as described in general procedure-3 and 

generous gift from by Dr. C. Marzabadi, Seton Hall University (New Jersey) The 

title compound was obtained as a viscous oil.

-500 M H z 'H  NMR (CD2CI2) 5/ppm 3.65 (m, 2H ,), 1.81 (m, 4 H2»,), 1.30 

(m. 4 H2ax), 0.86 (s, I 8H (C4H.,)), 0.03 (s, I2H(C 5H3 )).

125.7 MHz '^C NMR (CD2CI2 ) 5/ppm 70.3 (C,), 33.1 (C2), 25.9 (C4), 18 3 (C3), - 

4.6 (C5 ).

-M S-CI: m/z 345.15 ((M+H) . 100%).

IR (neat) v/ cm ' 2930.5 (C-H st). 2837.4, 1472.2, 1379.4, 1252.3 ((Si-CH, 5),

1098.3 (Si-O st), 883.9 ((Si-CH, y ) ,  835 4 (Si-0 st), 773.5 (Si-C st). 

-/rtf/fx-U2-Bislt^g/t-butvldiphenvlsilvl)oxvlcvclohexane (5.5)

Si—

This compound was generous gift from Dr. C. Marzabadi, Seton Hall 

University (New Jersey, USA), prepared following procedure-3 to yield compound

5.5 as a white powder (Mp = 121-123 °C).
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-500 MHz 'H  NMR (CD2CI2) S/ppm 7.68 (dd, ^Ju.h = 7.9 Hz, ’Jh-h = 14 Hz, 8H 

(Cf,H)), 7.42 (tt, ’Jn-n - 7.3 Hz, Ĵ„.„ = 1.4 Hz, 4H (CjH)), 7.37 (tm, ’Jh-h - 7.3 

Hz, 8H (C7H)), 3.75 (m, 2H,), 1 78 (m, 2H2«,), 1.36 (m, 2H2,x), 1.08 (s, 18H 

(C4H2)).

125 7 MHz '^C NMR (CD2CI2) 5 136.1 (Q), 135.1 (C5), 129.8 (Cs), 127.8 (C?),

69.7 (C,), 32.0 (C2), 27.0 (C4), 19.4 (Cj).

-MS Cl: m/z 593(M , 37%), 515 (M - 78, 50%), 337 (M - 256, 85 %).

-IR: (KBr) v/ cm ' 3060.2 (arC-H st), 2921.2 (C-H st), 2847.0, 1986.5 (arC-H ô 

oop), 1919.9 (arC-H S oop), 1865.0 (arC-H 5 oop), 1810.9 (arC-H S oop), 1421.2, 

1111.9, 1068.6 (Si-O st), 814.9 (Si-O st), 697.4 (Si-C st). 

-rrtf/i.v-l,4-Bisf(triphethvlsil\i)oxvlcvclohexane (5.6)

Compound 4.1 was synthesised as described in procedure-3 using trans- 

1,4-cyclohexanediol (0.51 g, 4.30 mmol), imidazole (0.9 g, 13.2 mmol), DMF (10 

ml) and triphenylsilyl chloride (2.8 g, 9.6 mmol) to yield a title compound as a 

white powder solid (0.91 g, 32.8 %, Mp= 169-170°C).

-500 MHz NMR (CD2CI2) ô/ppm 7.64 (dd, 'Ju-h -  7.9 Hz, "Jn-u = 1.4 Hz, 8H 

(C4H)), 7.42 (tt, Ĵh-h  ̂ 7.5 Hz, Ĵh-h = 14 Hz, 4H (C^H)), 7.38 (tm, Ĵh-h 7.4 

Hz, 8H (C5H)), 3.94 (m, 2H,), 1.87 (m, 4H (2H2eq)), 145(m, 4H (2H2ax)).

-125.7 MHz NMR (CD2CI2) ô/ppm 135.8 (C4), 135.5 (C3), 130.3 (C5), 128.2 

(C6), 70.0 (C,), 31.2 (C2).
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-MS-CI: m/z 663 (M+, 10%), 555 (IvT- 78, 15%), 457 (M+ - 176, 100%).

-IR: (KBr) v/ cm ' 3064.0 and 3045.5 (arC-H st), 2981.9 (C-H st), 2863.8, 1959.7 

(arC-H 5 oop), 1890.6 (arC-H 5 oop), 1827.4 (arC-H 5 oop), 1772.8 (arC-H 5 oop), 

1426.5, 1117.1, 1080.8 (Si-0 st), 795.9 (Si-0 st), 712.5 (Si-C st).
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Â Angstrom

Ax Axial

b.p. Boiling point

tBu Tert-huty\

CDCb Deuteriated chloroform

CD2CI2 Deuteriated methylene Chloride

CICHF2 Chlorodifluoromethane

CHCI2F Dichlorofluoromethane

°C Celcius
13c Carbon 13 NMR

COSY

d Doublet

dd Doublet of doublets

DEPT

DSC Differential scanning calorimetry

C Dielectric constant

Et Ethyl

Eq Equatorial

HF Hartree Fock

Proton NMR

HMQC

HSQC

Hz Hertz

AG Change in Gibb’s free energy

AG^ Change in Gibb’s free energy barrier

'J One bond coupling constant

Three bonds coupling constant

K Kelvin

Me Methyl

m multiplet
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m.p. Methyl point

MHz Mega Hertz

iPr iso propyl

Ph Phenyl

ppm Parts per million

q Quarted

s singlet

sep septet

T temperature

tm triplet of multiplet

TBDMS /(?r/-butyldimethyl

TBDPS /er/-butyldiphenylsilyl

TES Triethylsilyl

TiPS triisopropylsilyl

TMS Trimethylsilyl

TPS triphenyl silyl
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