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INTRODUCTION

The life is a continuum of a variety of dynamic systems. The better knowledge
about the character and rate of different motions in these systems is of a great
importance as determining the stability and different properties of respective
dynamic systems. The investigation of the dynamics in the chemical systems
such as solutions, mixtures, but also in the single molecules enables to explain
as well as to predict the stability and various useful properties of these systems.

Important issues of the physical organic chemistry are connected with the
intramolecular transformations such as rotation along the chemical bonds, in-
version at atoms and tautomerism. Provided that these processes are slow
enough, the respective conformers or tautomers can be experimentally observed
by NMR spectroscopy. The method called the variable temperature NMR or the
dynamic NMR, introduced by Gutowsky and Holm [1], has become a powerful
tool [2] to study the intramolecular processes characterised by the rate con-
stants within the range of 104< k < 100s1 [3]. The slower processes with the
rate constants smaller than 104 s'], which correspond to the activation free en-
ergies AG* > 23 kcal mol"1#, may lead to the isomers separable at the room
temperature.

Although the experimental methods for the studies of exchange processes
including the measurements of rates and activation energies have been continu-
ally improved, there are still uncertainties caused by the experimental limita-
tions. Also, an insufficient knowledge about the possible substituent effects and
the effects arising from the intermolecular solute-solvent or solute-solute inter-
actions is often responsible for inadequate interpretation of experimental re-
sults. Notably, the quantum-chemical calculations could be helpful to solve the
problems arising from complications in experiment. The modelling of potential
surfaces of exchange processes provides valuable information about essential
changes in the structural and electronic properties of the respective molecule
during the transformation process. Also, the effects arising from the interaction
of the molecular system under the study with the surrounding environment can
be estimated using modem theoretical methods based on quantum mechanics
and molecular dynamics. Therefore, a substantial support in both the planning
of experiments and interpretation of experimental results is provided by theo-
retical chemistry.

This thesis presents a comparative NMR and quantum chemical study of
conformational dynamics in the molecules with an amide functionality. In the
first part of the thesis, Chapters 1 and 2, we introduce to the basics of the con-
formational transition barriers with a brief overview about the more widely

#1kcal = 4.184 kJ



used methods in the studies of dynamic processes. In Chapter 3, the literature
overview about the stereochemistry in amides is given. In Chapter 4, the results
of our own study are discussed, followed by the reprints of original publica-
tions.



1. CONFORMATIONAL TRANSITION BARRIERS

1.1. Activation Parameters

The studies of dynamic processes involve both the structural and energetic
aspects. The energy barriers needed to pass to realise the conformational transi-
tions are well defined numeric values which characterise quantitatively the
dynamics of the processes. Two important equations relate the experimentally
observable rate constants, k, to the activation barriers.

Eq. (1) reflects the Arrhenius activation theory, which is based on the
assumption that the molecules require a certain excess energy, the activation
energy Ea, in order to react, and that the activated and non-activated molecules
are in equilibrium.

K = A-e~FErlkr @
The pre-exponential or frequency factor, A, has been interpreted as reflecting
the number of “effective” collisions per unit volume and unit time.

The Eyring equation (Eqg. (2)) is the fundamental equation of the absolute

rate theory which is derived from the basic principles of the statistical
thermodynamics.

*=K M e * @)
h

Here, k's the transmission coefficient, i.e. the fraction of all reacting molecules
reaching the transition state that proceed to deactivated product molecules. The
transmission coefficient is usually assumed to be unity.

The activation free energy, AG*, is a termodynamic characteristic of the
process. The Arrhenius’ parameters can be related to the activation enthalpy
A#* and activation entropy AS* according to the following equations:

AH* =Ea -RT ©)

AS =R InA-In*PT (4)

1.2. Origin of Rotation and Inversion Barriers

This chapter gives a short overview about the origin and the most important
factors affecting the conformational transition barriers in molecules. The
inversion at atoms is connected with the rehybridisation of the central atom at
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which the chemical bonds and uncoupled electron-pairs rearrange. This process
can be presented by the model: sp3 ;= sp2 ;=+ sp3. Consequently, the factors
affecting the rehybridisation at the inverting atom affect the rate of the
respective inversion process. The general rule is that the stronger is the s
character of the electron—pair (n), the more energy is needed for the rehybridisa-
tion of respective atom, i.e., to planarise the pyramidal atom [4]. The inversion
barriers have been observed to increase in the order: N < P < As, which is con-
sistent with the magnitude of the s character at hybrid orbitals in these atoms.
The electronegative substituents, e.g. halogens, at these atoms are known to
increase the inversion barriers. It has been explained by the inductive effect
stabilising the pyramidal ground state. The accompanying effect is the repul-
sion between the electron pairs of the inverting atom and the electronegative
substituent in the planar transition state, respectively. On the contrary, the
electron-withdrawing substituents substantially decrease the inversion barriers
due to the stabilisation of the transition state, i.e., the latter substituents in-
crease the p character of inverting atoms.

The steric effects upon the inversion barriers associate with the geometrical
changes during the rehybridisation of the inverting atoms. For instance, the ring
effects in aziridines substantially increase the inversion barriers due to the
geometry of the three-membered ring unfavouring the 120° bond angle at the
sp2-nitrogen in the planar transition state. The steric effects are associated with
the size of the substituents. It has been observed that the inversion barriers
decrease with the increasing size of the substituent. This is caused by the
destabilisation of the inverted atom in sp3 ground state due to the stronger
repulsion between the substituents. However, this effect is usually small as
compared to the ring-effects and inductive effects of the electronegative
substituents.

The rotational barriers about the sp3-sp3bonds (e.g., the ethane derivatives)
as well as the sp3-sp2 bonds (e.g., the alkylarenes) are mainly caused by the
steric restrictions, i.e., the larger substituents at the rotating atoms, the higher is
the barrier.

The rotation around the sp2-sp2bonds may be also sterically hindered as for
instance in the ortho-substituted biphenyls. In the case of conjugated double
bonds, the resonance interactions are, however, predominant in determining the
rotational barriers at these bonds. In this case, the origin of rotational barriers
arises from the disappearance of the resonance stabilisation during rotation. It
has been, however, been a subject of discussion in the case of amides [5; 6].
The quantum chemical calculations on formamide have revealed that the elec-
tron population at the nitrogen atom is highest in the planar ground state which
is an opposite to that predicted by the resonance model. Also, the electronic
population and geometric properties of an oxygen atom are almost unaffected
during the rotation around the amide bond. Furthermore, as based on the cal-
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culations of the attractive and repulsive components of the potential energy, it
has been proposed that the origin of the amide bond rotation barriers (as well as
barriers for several other rotational processes [7]) arises from the more sub-
stantial increase of the attractive potential energy as compared to the smaller
decrease of the repulsive energy at the rotational transition state [7]. Even if
this is correct for the rotational barriers in the gas phase, the resonance model
cannot be ruled out for the amide bond rotation in polar media. The compara-
tive gas—phase and liquid—-phase ab initio study on rotation in formamide con-
firmed that the direct electronic (resonance) interaction between the nitrogen
and oxygen atom is substantially stronger in polar solvents, particularly in
water [8]. It was shown that in high dielectric media, both the C-0 and C-N
bonds are affected by the C-N bond rotation.



2. METHODS USED IN THE STUDIES
OF DYNAMIC PROCESSES

2.1. NMR Spectroscopy

The NMR spectroscopy is probably the most common experimental tool to
measure the exchange rates in molecular systems [2; 9-11]. The respective
application is generically called as the dynamic NMR (DNMR). A wide variety
of different conformational exchange processes can be examined using this
methodology.

1 Mutual exchange, where the energetic levels for the initial (EA and the final
(EB state of exchange (rotation) are equal, i.e. Ea= EB The rotation around
the N-C(O) bond in AV-dimethylamides, presented on Fig. 1, is one
example for this type of exchange.

2. Non-mutual exchange occurs, for instance, in N,"-asymmetrically substi-
tuted amides. In this case EA® EBand the two minima on the potential curve
for the N-C(O) bond rotation may be considered as two different conforma-
tional isomers (cf. Fig. 2).

26 -35
-38 -55
10 30 70 110 150 10 30 70 110 150
Torsion Angle, O (deg) Torsion Angle, O (deg)

Figure 1L AMI calculated potential Figure 2. AMI calculated potential
energy curve characterising the amide energy curve characterising the amide
bond rotation of N.N-dimethyiforma- bond rotation of N-terf-butytformamide
mide in gas phase. in ges phase.
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3. The substituted ethanes present a more complicated case. In these mole-
cules, the rotation around the central C-C bond leads to the three energy
minima (EA EBand Ec). Depending on the height of the rotational barriers
up to all three conformations can be distinguished by NMR.

4. The enantiomerisation barriers can be defined for the molecules carrying
the diastereotopic groups, such as methylene protons in ethyl and neopentyl
groups or methyls in isopropyl group. In the case of the slow rotation, the
respective diastereotopic groups are surrounded by non-equivalent environ-
ments with different magnetic shielding.

5. The ring-inversion occurs in cyclic molecules, e.g. in cyclohexanes. The ex-
change of the magnetically non-equal axial and equatorial protons in the
most stable chair conformation can be examined by DNMR.

6. The atom inversion takes place at pyramidal atoms, e.g., nitrogen or phos-
phorus. However, this process is usually too fast at the nitrogen atom even at
low temperatures and only few cases (e.g. benzo(/z)quinolines) are known
with the inversion barrier high enough to be observed by DNMR.

Making the signal assignments

A crucial step in the conformational studies by NMR spectroscopy is the cor-
rect assignment of the signals corresponding to the different conformers. In the
following, the main criteria used in making the signal assignments are listed:

1 Inequality of cis-trans coupling constants. It has been found [12-14], that
in most cases the coupling between protons in trans position (J1_2 is greater
than in cis position (7/_j).

0'b R

Scheme 1

However, there are several examples where this relation is reversed [15; 16],
and thus the signal assignments have to be supported by using additional
proofs. Another restriction to this method is that the effect is observable only
for couplings over three or (of smaller magnitude) over four bonds, i.e. for cou-
plings J3and J4, respectively.

2) Differential solvent shifts. The resonance peaks in NMR spectra of the
amides are substantially shifted in the aromatic solvents as compared to the re-
spective peaks in the non-aromatic solvents. The useful phenomenon is that the
resonance peaks of the alkyl group trans to oxygen appear at higher field in
aromatic solvents as compared to those in non-aromatic solvents. Alternatively,
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the resonance of the alkyl group cis to oxygen is almost unaffected. It has been
proposed [17; 18] that the differential aromatic solvent induced shift (ASIS) is
caused by a specific interaction between the Kk electrons of aromatic ring and
the positively charged amide nitrogen atom, with the negatively charged car-
bonyl oxygen being turned away from the centre of the benzene ring.

3) Intramolecular Overhauser effect. The method is based on the nuclear
Overhauser effect (NOE) which states that the main mechanism for proton spin-
lattice relaxation, Th is the direct intramolecular dipole-dipole interaction [19;
20]. The contribution to T}from the intramolecular dipole—dipole interactions of
nuclei A and B is given by Eq. (5):

1 _ faynygr C,
d6

jAB

where T#B is the contribution to T™\for nuclei A or B, ris the correlation time
of the random molecular rotation, d is the intemuclear distance between A and
B and yAB is the gyromagnetic ratio for nuclei A and B, respectively.

4) shifts induced by anisotropic groups in the molecule. If the molecule
contains fragments for which the contours of anisotropic magnetic field are
known (as for the benzene ring [21]), the conformational assignment using the
differential chemical shifts of protons is possible. It has been widely used in
/N-anyl substituted formamides with restricted rotation around the nitrogen-aryl
bond [22]. In these molecules, the aromatic ring is turned out of amide plane
and the formyl proton cis to aryl group resonates at higher field as compared to
the formyl proton in trans position.

Determination of kinetic parameters and
activation energies of the conformational transitions

Signal shape analysis

Several methods have been applied to determine the activation energies of
conformational transitions. Most frequently, the dependence of the NMR signal
shape on the temperature has been used. The simplest case is the equally
populated two site system with the lifetime of the resonating nuclei in states A
and B equal (i.e. XA= xB. The formula for the shape of the resonance lines can
then be derived from the Bloch equations as follows [9; 23]:

vy 28 (VW - v ——— )
[V-T VA +V«))2+k2* (v-va)2v-V,,)2

where r is the lifetime of the nucleus in state A (B), and and vBare the reso-
nance frequencies of nucleus in states A and B, respectively, under conditions
of a slow exchange or in the absence of exchange.
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A common procedure in the line shape analysis is the calculation of the
theoretical spectrum for a series of rate constants, K (s-1), using experimentally
determined chemical shifts, ¥n1 and vB (Hz). Thereupon the temperature of
NMR probe is raised to the value at which the shape of the experimental
spectrum will be identical to the calculated spectrum. This method is also
called as a complete line shape analysis. By determining the rate constants at
different temperatures, the activation energy of the respective dynamic process
can be calculated using Arrhenius equation.

Several computer programs are available to compare the theoretical and
experimental spectra iteratively to achieve the best match of spectral shapes.

Approximate analysis
A complete line shape analysis is usually recommended, especially for the
systems with more than one exchange process or in the case of two or more
non-equally populated sites participating in the exchange process. However,
some useful relations have been derived from the line shape equation (Eq. (6)).
For instance, at the coalescence point of equally populated uncoupled two site
system, the rate constant is

2 = Ttbv " _ (7

T V2

where bvAB= vA- vB. Similarly, for the AB coupled two site system:

75v\B+67\B
Tr O

where JAis the A-B coupling constant. The substitution of the expressions for
kcinto Eyring’ equation produces the following relationships (Eq. (9) and (10))
for the activation free energy of the exchange process:

AG* = 4.57-10'3r0(9.972 +log~ - ) ©
5V 5
AG: :4JS7°10_?’:I'—€9.—9-7-2+I'09 ---To ) (10)
2
JK b+6Jxs

Equilibration method

This method is applicable when the characteristic NMR signals for the con-
formers at equilibrium are well separated and the activation energy is about
20 kcal/mol or higher. In this case, the mixture of respective isomers is dis-
placed from the equilibrium and the sum of the rate constants of isomerisation
are obtained from the time-dependence of the intensity ratio, /6B of characteris-
tic NMR signals of isomers using Eq. (11):
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where lgjis the ratio at equilibrium.

2.2. Quantum-Chemical Methods

Schradinger equation

The potential energy surface (PES), E(R), of a molecule [24] is fundamental for
a quantitative description of intramolecular geometrical transitions. Any given
point on the E (R) can be calculated by solving the Schrédinger equation (Eg.
(12)) for the many-electron system:

HE '¥E{R,r) = EE{r)*¥E{R,r) 12)

where Y/ R.r) is the electronic wave function depending on both the electronic
n

(r) and nuclear (R) coordinates. The electronic Hamiltonian, He, can be

presented as a sum of kinetic (T e) and potential (V. ) energy operators:

n non n eee JL 7p
He =Te+Ve =Y j T +Yj + Z7Z — <3>
i io* rij i a ria

In the last equation, the potential energy is presented as a sum of electrostatic
electron—-electron and electron-nuclear interactions. By applying the Bom-Oppen-
heimer approximation, the motion of electrons can be considered as in the field of
“fixed” nuclei and the total energy, E, for the molecule can be presented as a sum
of electronic, Ee, and the nuclear-nuclear interaction energies.

‘- (14
2 a=*bp rab

The overview of mathematical techniques and different approximations made
to solve the Schrédinger equation can be found in any quantum chemistry
textbook [24].

Account for the Solvent Effects

Most of the chemical reactions as well the conformational transitions occur in
solutions, i.e. in condensed media, where the solute molecule is surrounded by
the other solvent and/or solute molecules. In this case, the different intermo-
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lecular interactions may affect the geometry and electronic properties of mole-
cules, and result in a changed chemical potential values as compared to those in
the gas phase at low pressures. This difference is conventionally called the
solvent effect and presented as follows:

A = AGt - AGY (15)

where AGf and AG® are the chemical potentials in liquid and gas phase, re-

spectively.

The solvent effects are usually classified as the specific and the non-specific
effects [25]. The first of them include the directional, induction and dispersion
effects. The second group includes the effects caused by the hydrogen bonding,
the charge transfer or electron—pair donor-acceptor forces between the solute
and solvent molecules. The non-specific solvent effects, particularly the solvent
electrostatic polarisation effects, can be accounted for in the quantum-chemical
calculations using the self-consistent-reaction-field (SCRF) approach [26; 27].
In the dipolar approximation, the SCRF Hamiltonian for the electroneutral
polar solute molecule in a polarisable dielectric continuum is given as follows:

H = HO+F\i (16)

where Ho is the Hamiltonian for the isolated molecule and \ is the dipole

moment operator. The multiplier, I, in the perturbation term is a function of
both the dielectric properties of the solvent and the size and shape of the solute
molecule. The spherical cavities have been frequently assumed for the model
systems, with the dielectric factor given as

r= (e-1) a7
(2e +1)aqQ

The cavity radius aOcan be calculated from the molar volume as follows:

3v
an = (18)
4kNaj

Apart from the single-cavity models (SCa) [28] which have been shown to give
a satisfactory solvation energies for tautomeric transformations, a multi—cavity
model (MCa) [29] has been proposed for modelling the conformationally
flexible molecules. In this case, the molecule is divided into rotationally active
fragments, each of which is expected to interact with the solvent dielectric field
independently. The method for the calculation of the cavity radii for the
molecular fragments has been described elsewhere [29].
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3. CONFORMATIONAL STUDIES IN AMIDES

The amides represent a class of compounds which stereochemistry is one of the
most thoroughly investigated. The great interest in these compounds is caused
by the importance of amide N-C(O) group in the determination of the confor-
mation of polypeptides and proteins. The structure and biological activity of
those compounds are directly related to the conformational preferences at the
N-C(O) bond.

The most widespread explanation for the hindered rotation at the amide
bond proceeds from the Pauling’s resonance model, which predicts that the
main contribution to the stabilisation of the planar amides arises from the shift
of the electronic charge from the amide nitrogen to the carbonyl oxygen. The
resulting N-C(O) partial double bond provides the hindrance to the rotation.
However, recent investigations have shown that the main contribution to the
barrier arises not from the charge transfer to the oxygen but rather from charge
transfer between the nitrogen and the electron deficient carbonyl carbon [6].
The traditional explanation was suggested to be more appropriate for the
thioamides than for amides [30] due to the larger perturbations during the rota-
tion at the sulphur as compared to the oxygen. However, further studies re-
vealed that in both compounds the barrier is determined by the loss in attraction
due to the increase of the C-N bond length [31]. It was found that the main
difference between the formamide and thioformamide is the greater donation of
charge from the thioformyl group to the amino group in the latter compound.
Accordingly, the pyramidalisation of nitrogen is more costly and leads to higher
barrier to the rotation about the C-N bond in thioformamide.

The rotational barriers in amides are much dependent on the nature of the
nitrogen environment, and hybridisation in the rotational ground state. There-
fore, we will at first give a short overview on the pyramidalisation and inver-
sion processes at the nitrogen atom, followed by the overview on the gas-phase
and condensed—phase studies of the C-N bond rotation in the amides and related
systems.

3.1. Nitrogen Inversion in Amides. Is the Nitrogen Planar?

According to both the resonance and hybridisation models, the amide nitrogen
is expected to have a planar environment due to the partially double carbon-
nitrogen bond. The microwave studies of formamide suggest a planar [32] or
nearly planar molecule [33]. Also, the gas—phase ab initio calculations of the
global minimum on the potential surface predict the planar nitrogen atom in the
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amides [34; 35]. An evidence for a small degree of pyramidalisation was re-
ported for acetamide [36]. The same prediction was made by the molecular
mechanics modelling of yV,N-dialkylamides [37]. Furthermore, it was shown
that the carbon chemical shifts depend on the degree of pyramidalisation of the
nitrogen atom [38]. The 1 NMR chemical shifts calculated by the ab initio
methods were in excellent agreement (within 2 ppm) with the experimental
shifts for the formamide and small peptide model systems with the nonplanar
nitrogen atom [38].

The planar environment of the nitrogen atom has been not confirmed experi-
mentally [39] and, therefore, it is a matter of continuous discussions. Although
the various experimental and theoretical studies have come to contradicting
conclusions regarding the planarity of formamide, they agree that the force
constant for out-of-plane bending at nitrogen is very small [32; 33; 40-42]. The
energy difference between the pyramidal and planar nitrogen in the rotational
ground state of formamide was predicted as only 0.5 kcal mol-1 [6] compared to
approximately 6 kcal Tol 1in the transition state. Nevertheless, the different
sterical factors such as the strain of the bonds at nitrogen, crowding, but also
the electronegative substituents at the nitrogen and the solute-solvent interac-
tions may increase the magnitude of the out-of-plane torsion of amide group
and/or lead to the pyramidalisation of nitrogen.

The height of the wagging type inversion barrier (1.1 0.1 kcal Tol' ) for
the formamide has been evaluated from the microwave spectrum [33]. This
value is very close to the nitrogen inversion barrier estimated for aniline
(1.5 kcal Tol') from vapour-phase far-IR spectra [43]. These small values
compared to the “usual” nitrogen inversion barriers in ammonia and simple
alkyl-substituted amines [44] (approximately 6 kcal Tol" 1which is equivalent
to the energy needed to planarise the nitrogen atom in the rotational transition
state of formamide) have been explained as the consequence of the s1-conjuga-
tion between the nitrogen lone pair and the bonded 7t-electron system [45],
supporting the “resonance model”. However, the authors [45] did not escape
the “hybridisation model” [5; 6; 46] since the calculated Tt-delocalisation in the
X-C-N moiety was much more efficiently controlled by the magnitude of
nonplanarity of the nitrogen atom than the X-C-N torsion angle “militating
against resonance”.

An increased pyramidal character of the nitrogen atom has been predicted
for /V-heteroatom-substituted amides [47] as a consequence of the inductive
effect, repulsive lone pair — lone pair interactions, and anomeric effects. In
yV-monoheteroatom-substituted amides, the inversion barriers were less than
0.3 kcal Tol1 However, in 7V-diheteroatom-substituted amides, the inversion
barriers ranged between 2-3 kcal Tol 1 A similar effect of the heteroatoms on
the nitrogen inversion barriers has been known in amines [48-50]. One of the



recent studies confirmed the high nitrogen inversion barriers in hydroxylamines
[51] with the AG*v values 11-13 kcal Tol™ 1

Slow nitrogen inversion has been observed in strained amides such as
yV-carbomethoxyaziridine [52] and iV-acetylaziridine [53], in which the unfa-
vourable energetics is caused by having a sp2 hybridised nitrogen atom in a
three-membered ring. In the five- and six-membered rings, the strain is substan-
tially diminished and the nitrogen atom adopts an almost planar structure as
observed for the simple piperidine and pyrrolidine compounds [54]. The special
cases are the TV-substituted benzo(/i)quinolines and their derivatives. Here, the
sterical interaction between the TV-substituent and peri proton at (10) position
(cf. Scheme 2) leads to unusually high nitrogen inversion barrier. In N-p-tosyl-
substituted dihydrobenzo(/i)quinolones [55], the respective barrier, EA has been
observed as high as 23 = 1 kcal Tol" 1 which is close to the value needed to
separate the invertomers at the room temperature.

7 Scheme 2

The next interesting type of distorted “amides” are the small bridgehead bi-
cyclic lactams which maintain highly pyramidal geometry at nitrogen [56; 57].
However, most of the studies considering these compounds have been focused
on the structural properties and reactivity [58; 59] and will be not reviewed
here.

3.2. Slow Rotation around the Amide N-C(O) Bond

Unsymmetrically substituted amides may exist as the cis and trans isomers. By
NMR spectroscopy, the separate cis and trans signals can be observed if the

rotation around the C-N bond is slow, i.e, if k«nbv A/ . The relative
abundance of the cis and trans isomers may vary not only from amide to amide,
but for a given amide, there may be also a considerable solvent and temperature

dependence.

Consequently, both the static and dynamic aspects of the isomerisation at
the amide bond should be considered in order to study the dynamics of rotation
around this bond. In the following, a short overview will be given about the
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gas—phase, liquid—phase and solid state studies of the sterical, inductive and
solvent effects on the isomeric distribution and rotational barriers about the
amide bond.

Gas-phase studies

The DNMR spectroscopy has been described as one of the main tools for
studying the exchange processes. However, the use of DNMR method for the
conformational studies of amides in the gas phase is relatively new. The first
experiment, which allowed the direct comparison of the gas—phase and solution
results for the same molecule, was the study of the internal rotation in
N,yV-dimethyltrifluoroacetamide [60]. Presently, the gas-phase experimental
data concerning the simple N,N-dialkyl amides are available [61-63]. These
data are of particular importance as the primary reference for the quantum
chemical calculations, which are frequently applied only to the isolated mole-
cules.

From the quantum-chemical and experimental data, it may be concluded that
in the gas phase the amides prevalently adopt a planar structure in the ground
state with a following pyramidalisation of the nitrogen atom in the rotational
transition state [6; 47]. The restricted amide bond rotation in unsymmetrically
substituted amides may give arise to the pair of unequally populated isomers.
However, it has been shown that the unsymmetrically substituted J/1\[1-dialkyla—
mides do not exhibit a significant conformational preference, i.e., the effect of the
size of alkyl groups is negligible. For instance, the population ratios, pds/ p tmns,
ranged only from 1.06 to 1.16 in /\/-methyl-/\V-alkylformamides [62] (Scheme 3).
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In similar acetamides and trifluoroacetamides, the preference of population is
shifted towards the trans isomer as a result of the destabilising sterical interaction
between the carbonyl substituent and the /\/-alkyl group. A small increase in the
gas-phase conformer stability differences, AGges, 78, 178 and 204 cal mol-l,

observed in the order of carbonyl group substituents: H < CH3 < CF3 respec-
tively, directly following the substituent size increase, allowed to conclude [62]

that the AG°as is dominated by the enthalpy rather than the entropy contribution.



As opposite to the yV,/VV-dialkylamides, the //-arylamides (e.g., anilides)
exhibit significant conformational preferences. The gas—phase studies by the
electronic spectroscopy together with the ab initio calculations revealed [64]
that the conformer having the carbonyl oxygen cis to the phenyl group is highly
preferred in secondary amides, with 94% and 100% population in formanilide
and acetanilide, respectively. In Af-methylformanilide, the reversed ratio, 90/10,
was observed preferring the trans arrangement (cf. the E conformation)
(Scheme 4).

s A r- 'y N1
4 N
E (trans-) Z (cis-)

Scheme 4

It has been established that the aryl plane tends to be coplanar with the amide
plane due to the s-electron delocalisation between nitrogen and the aryl group.
Indeed, the amide molecule was found to be planar in the cis (Z) conformation.
It was suggested that the close proximity of oxygen and ortho phenyl hydrogen
is probably originated from the weak intramolecular O...H-Ar bond [64].
However, a significant out-of-plane torsion of the phenyl group was observed
in the trans (E) conformation, which is consistent with the absence of the
above-mentioned stabilising intramolecular hydrogen bond. In addition, a weak
attraction between the formyl proton and an aromatic 7t-electron system may
stabilise the nonplanar structure in the E conformation. The coplanar Z confor-
mation of N-methylformanilide is energetically unfavorable as a result of the
strained bonds at the nitrogen atom due to the sterical interaction between the
methyl group and the ortho phenyl hydrogen [64].

The rotational barriers about the N-C(O) bond in the gas phase have been
shown to depend from both the substituents at the nitrogen atom and those at
the carbonyl group. In /V,yV-dialkylamides, the activation free energy, AG*, de-
creases with increasing the “effective” size of the alkyl substituents [63]. How-
ever, the effect is rather small, e.g., AG* ranging from 19.4 kcal mol< in
N, /NV-dimethylformamide (DMF) [65] to 19.0 kcal Tol 1in N,jV-diisopropylfor-
mamide (DIPF) [66]. The rotational barriers about the amide bond are much
more sensitive to the nature of substituents at the carbonyl group. The barrier
heights have been found to be related to both the electronegativity and the size
of the substituent [62]. Again, the activation free energy decreases with increas-
ing the size of the substituent, e.g., from 194 kcal Tol1l in DMF to
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15.7 kcal Tol 1in AUV-dimethylacetamide (DMA) [67], which can be explained
by the sterical destabilisation of the ground state in the latter compound.
However, the electronegativity effect destabilises the rotational transition state
and, therefore, opposes the effect of the substituent size. For instance, in
/V,//-dimethyltrifluoroacetamide (DMTFA) [60] the AG* is by 0.7 kcal Tol'l
higher from that in DMA.

The electronegativity effects in the isolated heteroatom-substituted amides
have been studied by the ab initio methods [47]. It appeared that the presence
of a single heteroatom on the nitrogen atom reduces the acyl rotation barrier by
1-2 kcal Tol' 1 The presence of the second heteroatom at the nitrogen atom
further lowered the barrier by ca 8 kcal Tol" 1las compared to the barriers in the
respective single substituted amides. It was shown that the lowering of the acyl
C-N rotational barriers is a consequence of the pyramidal stabilisation of the
nitrogen atom due to the electronegative heteroatoms, which is accompanied by
increased s character (decreased p character) of the nNorbital and by the lower
n conjugation in the group.

Conformational distribution in amides and
related compounds in condensed media

The NMR investigations of the stereochemistry of amides in the neat liquids
and solutions have been carried out over several decades [1; 68]. The earlier
studies about the hindered rotations and inversions together with the principles
of NMR applications have been well-reviewed by Kessler [4] and the NMR
applications in the amide chemistry by Stewart and Siddall [69].

In the condensed phase, the structural parameters and electronic properties
of molecules may be substantially affected by the surrounding solute and/or
solvent molecules. For instance, the amide molecule will be polarised in a di-
electric medium and, respectively, the C-N bond will be shortened [8]. The ef-
fect of environment on the sterical properties of amides may be responsible for
the change of conformational distribution as compared to that in the gas phase.

It was mentioned above that the /V,/V-dialkylformamides do not exhibit sig-
nificant conformational preference in the gas phase [62]. However, in the solu-
tion, a clear relationship between the substituent’s size and the conformational
distribution has been observed [70]. Although the isomer with the bulkier sub-
stituent trans to carbonyl oxygen is only slightly preferred in the case of forma-
mides (ca 55/45) and the respective cisttrans conformer ratio does not depend
on the size of alkyl groups in the gas phase [63], this ratio increases from 60/40
to 89/11in the neat liquids of /V-ethyl-\/-methyl- and /\V/-?-butyl-./\V/-methylforma—
mide, respectively. The following trend of the increase of the cis/trans ratio on
the size of alkyl groups has been observed: Me < Et < 'Pr < 'Bu. However, the
isomeric distribution seems to be almost unaffected by the length of the alkyl
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chain and the effective interaction of the alkyl group with the carbonyl group is
determined by the branching at the a—carbon. As an example, the percentage of
the major isomer (trans) was reported as 60% and 61% in the case of N-methyl-
N-ethyl- and A'-methyl-N-butylformamide, respectively, and as 67% and 66% in
the case of yW-methyl-A -isopropyl- and A”methyl-N-cyclohexylformamide, re-
spectively [70].

On the contrary, the non-hydrogen substituents at the carbonyl group force
the conformation with the oxygen cis to the bigger substituent to be preferred in
the gas phase. However, in the polarisable media the increased polarisation of
the carbonyl oxygen competes with the size of the carbonyl substituent and
therefore leads to the decrease in the relative amount of the cis conformer.
Indeed, almost equal populations of cis-trans isomers were observed in the neat
liquids of /V,/V—-dialkylacetamides [70] and in the tetrachloroethane solutions of
jV,jV-dialkyltrifluoroacetamides [63].

In the tertiary anilides, the relative populations of cis-trans isomers [71-74]
are comparable with those observed in the gas phase [64], i.e., only the E con-
formation is observed in the amides with the non-hydrogen substituent at the
carbonyl group. In formamides, the existence of the Z conformation has been
also detected. The EIZ conformer ratio 95/5 in neat N-methyl- and /\VV-ethyifor-
manilides [72] is comparable with the ratio (90/10) observed in the gas phase.
Therefore, the origin of the isomeric distribution is probably similar to that in
the gas phase.

The importance of steric factors as a main contributor to the conformational
preference has been also discussed in the case of other “amide-like” molecules
such as N-acylated indolines [75] (cf. Scheme 5a), tetrahydroquinolines [75]
(cf. Scheme 5b), tetrahydroisoquinolines [76] (cf. Scheme 5c), etc.

YC

a (exo)
Scheme 5

Furthermore, it is interesting to note that the conformer population preferences
are significantly affected by the change of the carbonyl oxygen with the sul-
phur. For instance, 100% of the endo isomer was observed in jVV-acetylindoline
whereas N-thionacetylindoline has 100% of exo isomer [/5]. A similar inter-
change of the conformational preference has been observed in the case of
iV-acylated anilines. For instance, in N-methylacetanilide the population of E
conformer was 95%, whereas in ,/V-methyl-/\VV-m-tolylthionacetamide this con-
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former was not detected. The explanation based on the different ability of oxy-
gen and sulphur to form a hydrogen bond could be also considered as plausible.

Furthermore, it has been suggested that several other factors besides the
sterical interactions may affect the conformational distribution at the N-C(O)
bond in yV-aryl-substituted amides. Those include the conjugation between the
s-electron systems of the amide and aryl groups, the bipolar repulsion between
the partially negatively charged oxygen and aromatic ring, and a weak intra-
molecular attraction between the formyl proton and the phenyl n-electron den-
sity. It has been suggested that any of these factors should stabilise the E con-
formation [69], particularly in the polar environments. However, the opposite
trend, i.e., the increase of the relative amount of the Z-conformer with increas-
ing polarity has been observed in N-arylamides (anilides) [77].

The sickle and U isomers were detected by NMR in the solutions of
2-formyl-1-methylidene-I,2,3,4-tetrahydroisoquinoline (cf. Scheme 6) [76].
The ratio of isomers was found to be dependent on solvent, ranging from 26/1
in chloroform to 13/1 in dimethylsulfoxide. The preference of the sickle form
was ascribed to the n-n repulsion between the carbonyl and alkylidene groups.
The increased polarity of the medium probably leads to the increase of the
electron density on the oxygen, turning thus it more attractive to the methylid-
ene protons.

sickle— u-
Scheme 6

The conformational distribution in secondary amides is one of the most affected
by the solvent due to the ability of nitrogen to form hydrogen bonded com-
plexes with the hydrogen bonding solvent molecules. The “natural” isomer
abundance in neat liquids or 10M DMSO solutions of ZV-alkylformamides and
acetamides has been studied using the nitrogen-15 NMR spectroscopy [78]. A
large set of secondary amides ranging from /VV-methylamides to /\V/-terr—pentyla—
mides was examined and it was revealed that the preferred conformer in all
cases was the one with the oxygen trans to the alkyl group. The acetamides
were observed exclusively in the trans conformation. In formamides, a small
increase in the population of the cis isomer was observed with increasing bulk
of alkyl group. Still it is interesting to note that even in the bulky tert-pentyl
compound, the ratio of trans/cis isomers was observed as high as 78/22. How-
ever, the authors [78] have limited the discussion with only few remarks about
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the sterical hindrances. It is obvious that the main factor determining the pre-
dominance of the trans conformation in formamides is the intermolecular
amide-amide interaction since only in the trans configuration the maximum
number (2 in these amides) of O...H-N hydrogen bonds could be formed. The
stabilisation achieved by the hydrogen bonding probably exceeds the sterical
repulsion between the carbonyl and alkyl groups.

Both the NV-alkyl- [79] and jV-arylamides [14] appear to be prevalently in the
trans conformation, also in solutions. Besides of the above mentioned sta-
bilising solute-solute hydrogen bonding, other solute-solvent interactions may
play an important role. At the low concentration of amides, particularly
acetamides, it has been observed that in binary dioxane — water mixtures the
amide molecule is bound to three water molecules: two at the amide oxygen
and one at the amino—group [80]. The theoretical studies including the ab initio
[81], density functional theory [82] and molecular mechanics [83] calculations
reveal that the hydrogen bonding in yV-methylacetamide — water complexes is
co-operative in the predominant trans and not co-operative in the cis confor-
mation. Here, the term co-operative means that the solvation energy of multi-

ple-bonded complexes, AE™ is different from the sum of the solvation ener-

gies for the respective single-bonded amide — water complexes, hence the co-
operation effect AAEslv is stabilising the trans isomers.

i : A (19
A strong concentration dependence of the conformer ratio has been observed in
/NV-arylformamides [69]. In very diluted low polarity solvents, the cis isomer
was found to be more abundant, e.g. the translcis ratio decreased from 73/27 to
45/55 by going from the 52.5 to the 1.5 mole percent CDC13 solution of
formanilide [14]. Two possible explanations have been offered [14]: (a) the
solvated cis isomer is thermodynamically more stable than the trans isomer or
(b) the cyclic hydrogen bonded solute-solute complexes are prevalent even at
the low concentrations.

Also, a substantial solvent dependence of the conformer ratio has been ob-
served in the case of secondary amides. The most drastic case is the bulky
jV—-terr-butylformamide in which the amount of the cis isomer increases from
18% in benzene solution to 48% in chloroform solution [79]. This observation
is consistent with the suggested increase of the bulk of the carbonyl group in
more polar solvents leading to the out-of-plane torsion of the amide group
together with a decreased N-C(O) conjugation. This suggestion is also sup-
ported by the observed deshielding of the 0 NMR resonance of the cis isomer
as compared to the trans isomer [84]. It has also been shown that the carbonyl
oxygen is more strongly solvated in the case of cis isomer because of the
sterical restrictions to solvation in the trans isomer [84].
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Molecular structure ofamides in crystal. The X-ray diffraction spectroscopy
has been widely used to study the molecular structure of jV-arylamides and
bezamides, which in most cases can be easily crystallised from the proper sol-
vents. It has been revealed that a trans preference is common in the case of
secondary anilides with non-hydrogen substituents at the carbonyl group [85;
86], whereas the respective TV-alkylanilides exist predominantly in the cis con-
formation [73; 74; 87]. The cis preference of jV-alkylbenzanilides and its de-
rivatives has been explained by the attractive aromatic-aromatic interactions
[88]. A similar aromatic—aromatic interaction has been observed in oligomeric
cyclic arylamides [89] and the derivatives of iV-methylated ureas [90].

In conclusion, the previous conformational studies of amides and related
compounds have revealed that the factors determining the conformational equi-
librium in solutions vary from amide to amide, whereas the conformational
distribution may be affected by temperature, concentration, nature of the sol-
vent and geometrical and electronic properties of molecules.

Rotational barriers about the N-C(O) bond. Solvent effects

A classical case for the amide bond rotation is presented on the Scheme 6,
where the molecule in the ground state adopts a planar or almost a planar
structure with the following pyramidalisation in the rotational transition state.
Two possible structures of Cs symmetry, TS1 and TS2 (cf. Scheme 7), have
been found for the transition state by the quantum chemical calculations.

A/* j'l R

GS GS

T2 Scheme 7

The gas-phase calculations predict TS1 to be of lower energy in the unsubsti-
tuted formamide due to the favourable hydrogen-oxygen interactions. However,
the SCRF calculations have proved TS2 to be the lower energy transition state
in the polar media, e.g. in acetone and water [8]. For dimethylformamide and
dimethylacetamide, the different rotational transition states TS2 and TS 1 have
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been predicted both in the gas and liquid phase, respectively [91]. Since TS2
has higher dipole moment than TS 1, the polar solvents are expected to support
this transition state in all /V-alkylated amides [91; 92]. In the case of dimethy-
lacetamide, the TS1 and TS2 were found to be of close energy in aqueous
solutions [93]. However, in most solvents the TS1 transition state is probably
still preferred for the amides with the non-hydrogen substituent at the carbonyl
group due to the repulsive interactions between the substituents at the carbonyl
and amine groups.

Earlier studies of the amide bond rotation in solutions and the data on amide
bond rotational barriers have been reviewed by Stewart and Siddall [69]. A
comparison of these data and the more recent experimental results in solutions
[94-96] with the gas—phase data [62; 63] and the ab initio calculated rotational
barriers [91] gives the following overall picture about the amide bond rotations.
First, the substituent effects in the solutions are similar to those observed in the
gas phase, i.e. the increase in the size of the //-alkyl substituents decreases the
rotational barrier. Notably, the effect is of greater magnitude in solutions. The
replacement of the hydrogen at the carbonyl group with a bigger substituent
further decreases the rotational barrier. Some illustrative activation free energy
values characterising the rotational barriers are collected in the Table 1

Table 1. Activation free energies, AG*, characterising the amide bond rotation of
V. W-dialkylamides (R!C(0 )NRZRJ) in different media.

AGH,

Ri ro R3 kcal Tol'l

gas8 solutionb
H Me Me 194 20.7 (298) cx4
H Me Bu 193 201 (298) TCEC
H Me 'Pr 191 19.9 (298) TCE
H Et Et 192 20.6 (393) 6-DCBd
Me Me Me 153 17.3 (298) CCi4
Me 'Pr 'Pr 143 15.6 (298) CCla
Et Me Me . 17.4 (331) CCl4
'Pr Me Me - 16.2 (299) 0-DCB

8Rotational barriers at 298 K; brotational barriers at the temperature
shown in parentheses (in K);ctetrachloroethane;dor/Zio-dichlorobenzene.

In principle, all factors destabilising the ground state or stabilising the transi-
tion state may reduce the rotational barriers. For instance, the difference in the
activation free energies by approximately 4 kcal mol-lin jY-formyl- and /*-ace-
tyl derivatives of tetrahydroquinoline, respectively, has been explained by the
stronger steric strain in acetyl derivative [97]. A direct conjugation of the aryl
group (or other 7C-electron system) with the C=0 bond stabilises the transition
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State and, consequently, reduces the barrier height of the N-C(O) bond rotation
[69]. The relatively low barriers as compared to the ordinary amides have been
observed also in the amides (and related molecular systems) in which the
nitrogen atom is a part of aromatic 7i-electron system, e.g., jV-acylated pyrroles
[98], in which the carbonyl and the ring n systems compete for the nitrogen
lone pair [99].

The rotational barriers in solutions are expected to be somewhat higher than
in the gas phase due to the stronger conjugation between the amino- and
carbonyl groups. In /V,N-dialkylamides, the liquid-phase values of the rotation
activation free energies, AG*, are approximately 1...3 kcal mol-l higher than
those in the gas phase [62; 63]. The change in activation parameters on moving
from the gas phase to liquids has been also attributed to the change in the
dipole moment during the rotation. A polar solvent is expected to stabilise the
ground state with the higher dipole moment more than the respective transition
state [94].

All previous studies [69; 94] have clearly shown that the rate of amide bond
rotation decreases as either the polarity or the hydrogen bond donor ability of
the solvent increases. Furthermore, different solvents may affect the amide rota-
tional barrier by different mechanisms (specific and nonspecific interactions),
but the nature of these interactions should be similar for the homologous series
of amides. An excellent linear correlation has been obtained between the rota-
tional barriers of DMF and DMA in the relatively low-polarity solvents
(1 < e< 36.7) [91] (cf. Fig. 3). The stronger solvent effect in the case of DMA
was explained by the larger dipole moment difference between the ground state
and TS1 as compared to that between the ground state and TS2 in DMF.
A good linear relationship has been obtained between the rotational barriers at
the amide bond and Onsager-Kirkwood function, (e-1)/(2£+1), in non-
hydrogen-bonding solvents [91]. A small deviation from linearity was observed
for the aromatic and halogenated solvents, which are known to give larger
solvent effects in a variety of reactions [100], and also for the hydrogen-
bonding solvents (—0.5-1.0 kcal Tol" ). However, the rotational barriers in all
above considered types of solvents (cf. Fig. 3) correlated well (R2=0.97 and
0.93 for DMF and DMA, respectively) with the Reichardt’s empirical solvent
polarity parameter, ET[25].
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Figure 3. The relationship between the rotational barriers of dimethylformamide
(DMF) and dimethylacet-amide (DMA) in media of variable polarity. For the
non-hydrogen-bonding solvents (solid circles), the slope of the respective
linear relationship is 0.55.

Similarly to the hydrogen bonding which supports the electron density shift to
the oxygen atom, the complexation of amide molecules with different cations in
solutions should also increase the rotational barrier at the amide bond. For
instance, the presence of metal perchlorates in propylene carbonate solutions of
DMA increased the activation energy, EA by ~I-2 kcal mol 1 as compared to
the 18.3 kcal mol 1lin an electrolyte-free solution [101].

3.3. Dynamic Processes at the Other than Amide Bond

The flat amide group may have substantial rotational barriers around the N-Ar
bonds in jV-aryl-substituted amides. In general, the conjugated 7t-electron sys-
tems tend to be coplanar due to the resonance interactions. For instance, a
coplanar or nearly such molecular structure has been suggested for the un-
strained /VV-arylimines [102], the secondary [64] and the tertiary anilides [103].
However, the substitution of phenyl ring in ortho-position forces the amide
plane turn out from the aryl plane. The degree of out-of-plane torsion of the
phenyl ring has been estimated by the dipole moment measurements in dioxane
[104] and by the dependence of the formyl proton resonance frequencies on the
diamagnetic field of aryl ring [22]. In the case of asymmetric aryl group, the
rotation around the yW-aryl bond may give arise to the pair of optical isomers. In
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principle, four energy minimums can be distinguished on the potential energy
surface of rotation, corresponding to the conformers a-d in Scheme 8.
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Scheme 8

These conformers are separated from each other by the high-energy transition
state at —0° (180°) and the low-energy transition state at -90° (270°). However,
the latter is usually too low (< 5 kcal mol ) to be detected by the NMR spec-
troscopy. Therefore, the pairs a-b and c-d may be considered as the single
rotamers. Nevertheless, if the substituents containing the diastereotopic groups
are attached to the centre of asymmetry, i.e., to the nitrogen atom in the present
case, the protons of diastereotopic groups will be unisochronous under the
conditions of slow rotation [105; 106]. In such a case, the rate of the respective
rotational process can be determined by dynamic NMR.

It has been shown that the sterical hindrance is primarily responsible for the
rotational barriers around the bonds between the ortho-substituted phenyl and
adjacent to it groups [4]. Therefore, the respective optical isomers can be
considered as the atropisomers. Similarly to 2- or 2,6-substituted phenyl com-
pounds, the hindered rotation can be observed in a-naphthyl compounds. Here,
the peri-hydrogen in (8) position is responsible for the hindrance to the rota-
tion. The respective energy barriers have been determined for several a—naphth-
ylalkanes [107], -alkenes [108], —amines [109; 110], —imines [102; 111], -ke-
tones [112] and -sulphoxides [113]. These data indicate that the barriers are
higher at the bonds connecting the a-naphthyl position with a sp2-hybridised
atom. This is caused by the requirement for the distortion of the planarity of the
group at the transition state.

Such generalisation can be well attributed to the N-aryl bond rotational
barriers in amides. More precisely, all factors disturbing the planarity of amide
group and promoting the nitrogen atom pyramidalisation, should decrease the
rotational barrier for the N-aryl bond rotation. Indeed, the rotational barrier in
benzanilides. is ca 1.5 kcal Tol llower than in the analogous acetanilides [114].
The reduced N-C(O) double-bond character in ureas is reflected by the further
lowering of rotational barriers about this bond [115] and also by weak solvent
and Lewis acid effects on the N-C(O) bond rotation [116].
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4. SUMMARY OF ORIGINAL PAPERS

This chapter gives an overview of our original work published in six articles on
the conformational equilibria and dynamic processes in the compounds with an
amide group. The first part summarises the results of the NMR and quantum
chemical studies on the isomeric distribution and rotational dynamics in
jV-alkyl-A*-I-naphthylamides [I, IT], the solvent effects on the EIZ conforma-
tional equilibria in N-alkyl-N-I-naphthylformamides [lllI], and the quantum
chemical modelling of the rotational processes in N,/V-diarylamides [IV]. The
second part summarises the studies on the conformationally restricted N-acy-
lated |,2-dihydrobenzo(/i)quinolines [V, VI] including the synthesis of 1,2-di-
hydrobenzo(/i)quinolines [V] as promising objects for the study of the restricted
inversion at the nitrogen atom, and the NMR and quantum chemical modelling
of the hindered inversion in the respective TV-acylated compounds [V1].

4.1. N-Arylamides

The first two articles [I-H] summarise the study on the stereodynamics in
several N-alkyl-N-l-naphthylamides presented on Scheme 9.

R1=H,QH5CH(CH32

R2=CH5,CHZ(CH33,
CH(CH32 C(CH33

Scheme 9

In these compounds, the two conformational exchange processes can be observed
by the NMR spectroscopy. In addition to the slow amide bond rotation, the
interaction between the peri hydrogen and the amide group results in the
hindrance to the nitrogen-aryl bond rotation. The jV-alkyl substituents were
chosen in such a way that they would contain the diastereotopic groups suitable as
a probe in the NMR measurements due to their unisochronity under the con-
ditions of slow rotation. Indeed, the separate NMR signals of the diastereotopic
groups were observed for all N-alkyl-./\V/-1-naphthyl-amides studied, witnessing a
twisted structure at N-naphthyl bonds. The NMR spectra for the respective
formamides showed the existence of both the E and Z conformers in solutions. In
the case of benzoyl- and isobutyrylamides, only one conformer was observed.
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The conformations in formamides were assigned by using the differential
chemical shielding of formyl protons (cf. Table M in [1]) and differential NOE
spectroscopy (Table LU in [I]). For the isobutyryl- and benzoylamides, the
chemical shift difference measurements, i.e. the ASIS analysis were carried out
in chloroform and benzene solutions (cf. Tables IV-VI in [I]). According to
these studies, the E conformer was assigned as the major isomer in formamides.
Also, this conformer was shown to be predominant in benzoyl- and isobutyryla—
mides. It was established that the E conformers were characterised by substan-
tial upfield shifts of the N-alkyl signals upon changing the solvent from chloro-
form to benzene. As an opposite, the respective signals for the Z conformers
were almost unaffected by the change of the solvents.

The results of the NOE analysis (cf. Fig. 1 [I]) were consistent with the
amide structure in which the plane defined by the amide group was almost
orthogonal to the plane defined by the aryl (naphthyl) group. Also, the large
difference between the resonance frequencies for the formyl protons of the E
and Z conformers is apparently a consequence of a substantial shielding of
proton in the E form by the aromatic 7Lelectron system. This observation con-
firms therefore the conclusion about the more or less orthogonal position of the
amide and naphthyl groups.

The X-ray analysis of Af-neopentyl-A4—-naphthylforrnamide revealed that the
E conformation of this compound has approximately perpendicular naphthyl
and amide planes in the solid state [I]. The respective experimentally observed
torsion angles were in an excellent agreement with those calculated by the
semiempirical AMI method for the isolated molecule [IT], thus confirming the
reliability of the respective semiempirical model for the studies of stereo-
chemistry in jV-arylamides.

According to the dynamic NMR study, the rotational barriers about N-C(O)
bonds of formamides appeared to be somewnhat higher than those about the
nitrogen-aryl bonds. Also, the barrier heights (AG*) for the N-Ar bond rotation
of Z conformers were ca 1-1.5 kcal Tol 1 higher than for respective E
conformers (cf. Table VH in [I]). However, the rotational barrier about N-Ar
bonds increased substantially with increasing the size of the N-alkyl groups.
The opposite trend has been known for the rotation around the N-C(O) bond.
Therefore, it is possible that the rotational barriers about both the N-C(O) and
N-Ar bonds become similar in the case of voluminous substituents at the
nitrogen atom. Such situation was observed for the Adsopropyl-./\V/-l-naphth-
ylformamide: the two quartets of methyl signals in the dynamic NMR spectra
coalesced into one doublet, corresponding to the fast rotation around both the
N-Ar and N-C(O) bonds.

The quantum-chemical modelling (AMI SCF) of the compounds presented
in Scheme 9, lead to correct predictions of the conformational barriers and
distribution of isomers of /VV-l-naphthylamides in low polarity solvents [lI].
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However, the single- and multi-cavity SCRF models predicted a substantial
increase of the relative population of the Z conformer in respective formamides
in polarisable media (cf. Table 1in [lI]). These results agreed with the experi-
mentally observed relative populations of the E and Z conformers of these
compounds in the chloroform (e = 4.8) and tetrachloroethane (e = 8.2) solu-
tions [1]. A closer study of solvent effects on the E/Z equilibrium of tertiary
1Y -naphthylformamides was carried out in [llI]. The isomeric distribution at
the N-C(0O) bond, measured as the ratio of integrated peaks of formyl protons of
the E and Z conformers (cf. Table 1in [lll]), was correlated with the dielectric
permittivity of solvent in the range of 4.8 < e< 46.8. An excellent linear rela-
tionship between the free energy of conformational equilibrium, AG®, and the
dielectric permittivity, e, was obtained [cf. Fig. 1 in [lll]) for the compounds
with the smaller alkyl groups (i.e. R = Et, CH2-'Buy, 'Pr) at the nitrogen atom.
The following relationships for the respective compounds

AGRH =-0.017e +1.342 ;R 2=0.981 (20)
o oy ——0.0176 +1.176 ;R 2= 0.985 (21)
AGY . =-0.017c +1.032 ;R2=0.939 (22)

revealed the presence of an uniform solvent effect on the E/Z equilibria. The
experimentally observed trends of AG® values were gqualitatively described by
the MCa SCRF model. However, it was evident that the electrostatic reaction
field model alone is not sufficient to describe the solvent effect on the E/Z
equilibria in these amides. The MCa SCRF calculations predicted a substantial
out-of—plane torsion within the amide group of the Z conformer. Consequently,
the electronic properties of the amide group should be quite different in both
conformers, which may lead to the different solvation. Differential solvation at
the oxygen atom may be also caused by the sterical restrictions for the solvation
in E conformers. This factor has been suggested to be important in the case of
bulky amides, particularly in jV-rm-butyl-substituted amides. Furthermore, the
sterically restricted solvation should also depend on the size and shape of the
solvent molecules. Indeed, this explains the poor correlation between AG° and £
(cf. Eqg. (23)) for the A*-rerf-butyl-jV-l-naphthylformamide.

AG#—u =-0.0 13 +0.343 ;R 2= 0.658 (23)

In conclusion, the solvent effect on the conformational equilibrium in TV-alky-
N4 —naphthylformamides is determined by the combination of the interaction of
the solute molecules with the dielectric medium and the differential solvation
of the E and Z isomers by adjacent solvent molecules.

The fourth article [I1V] presents the quantum chemical study of the confor-
mational dynamics in A*N-diarylamides. The semiempirical AMI SCF investi-
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gation of the full PES revealed the existence of two pairs of enantiomers for
jV./V-di(2-methylphenyl)-3,3-dimethylbutyrylamide and the eight conformers for
the jV-l-naphthyl-7V-(2-methylphenyl)-3,3-dimethylbutyrylamide, which, in
principle, could be observed in the NMR spectra of respective compounds.
According to the calculations, it was predicted that in the former compound,
two conformational transitions corresponding to the enantiomerisation and to
the single rotation along the N-aryl bond, respectively, can be distinguished in
the NMR spectra. The predicted AG*qi values of -15 kcal mol“l and

-17 kcal Torl 1 respectively, are in a good accordance with the experimentally
measured values (13.2 and 17.3 kcal Tol J).

The two conformational transitions were predicted also for the unsymmetri-
cally substituted A"N-diarylamides. The first of them of them corresponds to the
concerted rotation around the N-aryl bonds and the other to the concerted
rotation along the N-aryl and N-C(O) bonds. Therefore, the existence of an
averaged set of NMR signals over the all possible conformers has been pre-
dicted for this compound.

4.2.7V-Acylated 1,2-Dihydrobenzo(/*)quinolines

The derivatives of |,2-dihydrobenzo(/z)quinoline are a compounds with com-
plex stereochemistry. First, as a result of substantial steric repulsion between
the H(10) proton and the substituent at the nitrogen atom, the latter is character-
ised by an unusually high inversion barrier [55]. On the other hand, these
compounds are also interesting due to the possibility to model the rotational
processes over the H(8) position of the N-naphthyl derivatives by the inversion
at the nitrogen atom. The steric interactions are expected to be of the similar
magnitude in these two structures and, consequently, similar barriers can be
expected for both processes.

The slow rates of inversion in 1,2-dihydrobenzo(/i)quinoline derivatives can
be measured by NMR due to the nonequivalence of the geminal protons at the
(2) position as demonstrated in the case of the iV-tosylbenzoquinolone deriva-
tives [55]. However, the geminal protons in these compounds are additionally
splitted by the protons at the (3) position, which are, in principle, also
diastereotopic and can be nonequivalent. Consequently, the complicated ABXY
coupled resonance bands would appear in the proton NMR spectra, which make
the measurements of the coalescence temperature much more complicated.
Therefore, we have preferred the 2,2-dimethyl derivatives of 1,2-dihydro-
benzo(/z)quinoline, which, in the case of slow inversion, would display the sim-
ple AB coupling in the respective NMR spectra.



A simple one-pot method was worked out for the synthesis of 1,2-dihydro-
2.2.4-trimethylbenzo(/i)quinoline [V]. This method is a modification of the
Scraup’s synthesis [117] and perspective for the synthesis of other stereochemi-
cally interesting benzoquinoline derivatives. In the sixth paper [VI] of this
thesis, the results of the conformational study of several A*-acyl-l,2-dihydro-
2.2.4-trimethylbenzo(/i)quinolines (Scheme 9) are reported. The semiempirical
AMI SCF calculations together with the NOE difference analysis (cf. Tables 1
and 3, and Fig. 1in [6]) revealed that in these molecules, the nitrogen atom is
pyramidal with a substantial out-of-plane torsion of the acyl group, and the
molecules adopt the E conformation in the ground state.

R = CH3
CH2
CH(CH3)2
CeHs

Scheme 9

As expected, the separate NMR signals were observed for the geminal methyl
groups in all N-acyl derivatives. The large difference (~1 ppm) of these signals
is caused by the weak intramolecular hydrogen bonding between the oxygen
atom and one of the methyl groups. The inversion barriers were found from the
temperature dependence of the NMR spectrum of the AB system of the geminal
methyl groups. The established coalescence temperatures Te= 342; 363; 383.5
and 294 K correspond to the activation free energies AG* = 155, 16.6, 17.6
and 13.4 kcal mol-l for the acetyl, chloroacetyl, isobutyryl and benzoyl deriva-
tives, respectively. In the case of N-chloroacetyl- and AMsobutyryl derivatives,
a second temperature dependent splitting of the NMR signals was also ob-
served. The respective coalescence temperatures 342.4 K and 360.8 K for the
isotopic protons of chloromethyl group (cf. Fig. 2 in [VI]) and methyls of
isopropyl group correspond to the activation free energies AG* = 16.5 and 17.7
kcal Tol ] respectively.

As expected, the AMI model underestimated substantially the inversion
barriers for these compounds. However, an excellent linear relationship was
obtained between the AMI calculated inversion barriers and the experimentally
determined activation free energies:

AG¥iLid= 0.87E* (AMI) +7.38 (kcal Tol™) (24
R2=0.985; s=0.28
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According to this relationship, the calculated EA = 0.2 kcal Tol 1 for the
1,2-dihydro-2,2,4-trimethylbenzo(/i)quinoline corresponds to the activation free
energy of 7.5 kcal Tol'] which is very close to the experimentally known
inversion barrier in ammonia (6 kcal Tol ).

The inversion barriers, in 1,2-dihydrobenzo(/i)quinoline derivatives, are di-
rectly correlated with the size of the acyl groups at the nitrogen atom. The
exception is the /\V-benzoyl derivative, which is probably destabilised due to the
repulsion between the two aromatic rings in the ground state.
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KONFORMATSIOONILISTE ULEMINEKUTE
DUNAAMIKA JA TASAKAAL AMIIDIDES

Kokkuvote

Keemiliste Uhendite omadused, kaasa arvatud reaktsioonivbime, on seotud otse-
selt molekulide struktuuri ja konformatsiooniliste isedrasustega. Seetfttu on
sisemolekulaarsete diinaamiliste protsesside ja nendega seotud energeetiliste
barjaéride tundmadppimine olulisel kohal nii fulsikalises, orgaanilises kui ka
kvantkeemias.

Kéesolev viéitekiri on kokkuvte N-C(O) sidet sisaldavates Uhendites toi-
muvate sisemolekulaarsete dunaamiliste protsesside eksperimentaalsetest ja
kvantkeemilistest uuringutest. Esimene peatikk késitleb sisemolekulaarsete
inversiooni- ja rotatsiooniprotsesside olemust ja konformatsiooniliste tlemine-
kute barjadre iseloomustavaid kineetilisi ja termodinaamilisi parameetreid.
Teine peatiikk on pihendatud tuumamagnetresonantsspektroskoopiale (TMR)
ja kvantmehaanikale kui peamistele uurimismeetoditele konformatsioon-ana—
lisi ja molekulaarse diinaamika valdkonnas. Kolmas peatiikk annab ulatusliku
Ulevaate amiidide stereokeemiast, kasitledes nii struktuurifragmentide kui ka
erinevate keskkondade m6ju konformatsioonilistele tasakaaludele ja isomeri-
satsiooniprotsesside kineetikale. Neljas peatikk sisaldab kokkuvétet originaal-
toodest (I-V1).

Selle uurimisttéd esimeses osas kasitletakse tertsiaarsete V-arlulamiidide
stereokeemiat [V]: nii lammastikartil- kui ka lammastikkarbonudl- (amiid-)
sideme juures toimuvaid konformatsioonilisi Gleminekuid V-l-naftudlamiidides
[, ] ja V,7V-diartulamiidides [IV]. Samuti on uuritud keskkonna polaarsuse
mdju isomerisatsiooni tasakaalule tertsiaarsetes V-I-naftiulformamiidides [1I1].

Paralleelselt tehtud TMR ja kvantkeemilised (AMI SCF ja SCRF) uuringud
naitasid, et V-l-naftiiilamiidides on amiidrihm oluliselt valja keerdunud naf-
thdlrihma defineeritud tasapinnast. Samuti leidis kinnitust, et V-l-naftiul-
formamiidide lahustes on kaks tasakaalulist isomeeri, mis vastavad uldlevinud
nomenklatuuri jargi E-ja Z-konformeeridele. Uuringud néitasid, et ~-isomeer
on tunduvalt eelistatud véhepolaarsetes keskkondades (vt. tabel Il [I]). Ana-
loogsete isobutlrill- ja bensolulamiidide korral oli lahustes ainult Uks iso-
meer, mis aromaatse solvendi indutseeritud keemiliste nihete alusel (vt. tabelid
1V-VI [I]) omistati E-isomeerile. Spektraalsed uuringud kinnitasid takistatud
poorlemist nii amiid- kui ka N-naftiulsideme Umber. Vastavad rotatsiooni—
barjaarid maarati TMR signaali kuju temperatuur-sdltuvuse abil. Leiti, et
N-naftillsideme rotatsiooni aktivatsiooni vabaenergiate vaartused vastavates
formamiidides (vt. tabel VII [1]) sdltuvad otseselt N-alkidlrihma suurusest.
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Poolempiirilised AMI SCF arvutused [lI] olid heas kooskd&las réntgen-
spektraalanaltitisi maaratud N-neopentiil-AM-naftiilformarniidi molekuli geo-
meetriliste parameetritega [I]. SCRF meetodiga arvutatud rotatsioonibarjéérid
olid tunduvalt véiksemad vastavatest eksperimentaalsetest suurustest. Samas
naidati, et mitme6dnsuse mudeliga vdib kvalitatiivselt ennustada asendus-
rihmadest ja solvendi polaarsusest tingitud nihkeid £/Z-isomeeride suhtelistes
populatsioonides.

Solvendi efektide p&hjalikum kasitlus on kajastatud kolmandas artiklis [I11].
Leiti, et E ja Z-isomeeride tasakaal tertsiaarsete V-I-naftiiilamiidide lahustes
on lineaarses sdltuvuses keskkonna dielektrilisest l&bitavusest (vt. joonis 1
[I11]). Paralleelsete NMR ja SCRF uuringute tulemuste p&hjal oletati, et
solvendi efekt kaésitletud isomerisatsiooni tasakaalule sisaldab nii amiidi
molekuli ja solvendi indutseeritud dielektrilise vélja vahelist vastasm6ju kui ka
spetsiifilist solvatatsiooni hapniku aatomi juures.

AM1 SCF meetodil modelleeriti vBimalikke diinaamilisi protsesse m@nedes
V,V-diarudlamiidides [IV]. Uurimus naitas, et analoogsete (hendite korral
vOimaldab antud meetod teha korrektseid ennustusi tuumamagnetresonants-
spektroskoopias jalgitavate konformatsiooniliste Gleminekute ja vastavate akti-
vatsioonibarjaaride kohta.

Uurimuse teises osas on kasitletud I,2-dihiidrobenso(/z)kinoliinide stereo-
keemiat. Artikkel [V] on pihendatud 1-naftudlamiini ja metuulalkidlketoonide
vahelise reaktsiooni uurimisele. Uurimuse tulemusena téotati vélja lihtne mee-
tod I,2-dihlidro-2,2,4-trimettilbenso(/j)kinoliini siinteesiks. Samuti vdib saa-
dud tulemuste p6hjal jareldada, et optimaalsete tingimuste véljaté6tamise kor-
ral vdib kasitletud keemilist reaktsiooni rakendada edukalt ka mitmete teiste
stereokeemilisteks uuringuteks sobivate |,z -dihiidrobenso(/z)kinoliini derivaa-
tide valmistamiseks.

Artiklis [VI] kaésitletakse enantiomerisatsiooni dinaamikat V-atsuul-1,2-
dihldro-2,2,4-trimetiitilbenso(/z)kinoliinides. Uuringu tulemuste p&hjal naidati,
et V-atsiiil-1,2-dihGdro-2,2,4-trimetiulbenso(/z)kinoliinides on  ldmmastiku
aatom piramiidse sidemete paigutusega, mis vastab sps hibridisatsiooni ast-
mele. Nii spektraalsed uuringud kui ka AM1 arvutused nditasid amiidsideme
puudumist neis molekulides. Eelpool Kirjeldatud meetodiga méérati enantio-
merisatsiooni (ehk antud juhul inversiooni) aktivatsiooni vabaenergiad mitme-
tes V-atsiiilderivaatides ja leiti, et analoogselt eelpool késitletud V-I-naftiil-
amiididega suureneb vastava diinaamilise protsessi aktivatsiooni vabaenergia
lammastikuga seotud asendusrithma suurenedes. AM1 SCF meetodil arvutatud
inversioonibarjéérid olid vdga heas lineaarses sdltuvuses vastavatest eksperi-
mentaalsetest suurustest. Leitud korrelatsioonivdrrandi abil ennustati inver-
sioonibarjaari suurus |,2-dihldro-2,2,4-trimetiilbenso(/z)kinoliinis. Saadud
véértus (7,5 kcal mol“) on heas korrelatsioonis inversioonibarjddriga ammo-
niaagi derivaatides.
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Stereochemistry of arylamides, 1. NMR spectra of some
1IV-(I-naphthyl)amides
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The results of the NMR study of the conformational equilibria and dynamics at the amide group of
a series of /V-(I-naphthyl)amides are reported. In the case of A41-naphthyl) formamides, the presence of
two conformers, corresponding to the E- (carbonyi group trans to the naphthyl ring) and Z-form (carbonyl
group cis to the naphthyl ring) of the amide, has been detected. In the case of isobutyryl and benzoyl
amides, only one conformer (the E-form) was observed in solution.

Introduction

The investigation of the stereochemistry and potential surface of amides is of
fundamental importance because the tertiary structure of polyamides and many natural
proteins is predetermined by the conformational dynamics and equilibria at the amide
group. It is well-known that the mesomeric interaction within the amide group leads to
a partial double-bond character and a substantial rotational barrier of the carbon-
nitrogen bond [1, 2]. As a result, the //-substituted amides can, in principle, exist in
two planar conformations with respect to the relative position of the N-substituents and
the acid residue. In the present paper, the respective conformers are denoted as the £
(carbonyl group trans to the naphthyl ring) and Z (carbonyl group cis to the naphthyl
ring) forms of amides (Scheme 1).

@

Scheme 1

*To whom correspondence should be addressed
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Scheme 2

The relative stability of different amide conformers and the height of the
respective rotational barrier are directly influenced by both the steric and electronic
interactions between the groups adjacent to the amide bond. These interactions may
significantly be affected by the surrounding medium, i.e., by the solvent. In the
present work, the assignments about the conformations of a series of
yV-(I-naphthyl)amides (Scheme 2), studied both experimentally and theoretically, have
been done. Also, the different factors affecting the relative stability and
conformational dynamics have been discussed.

Nuclear magnetic resonance (NMR) spectroscopy has been extensively used for
the study of conformational equilibria and dynamics arising from the hindered rotation
along the N-C bond in amides (cf. [2-8]). The height of the rotational barriers is
estimated either from the coalescence temperature of the NMR spectrum [9] or
calculated more precisely from the lineshape of the NMR spectra at different
temperatures (dynamic NMR) [10, 11].

The conformations of numerous amides including various N-aryl substituted
amides, have been thoroughly investigated using NMR technique (cf. [2, 3]).
However, to our best knowledge, adequate studies on the respective naphthyl
compounds are missing.

In particular, the 1-naphthyl amides chosen for the present study involve
additional interesting sterical effects arising between the atoms on groups at the peri
positions of the naphthyl ring (for an overview of these effects, cf. [12-23]). It is well-
known that, in general, :-naphthyl substituted compounds have a nonplanar structure
[18-23], with the plane of the :-substituent revolved with respect to that of the
naphthyl group. Depending on the size of the 1-substituent, the rotation around the

4 - models in Chemistry L.IS. 1998
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corresponding substituent-ring bond can also be substantially hindered due to the steric
interaction with the peri-hydrogen. Therefore, the respective twisted enantiomeric
conformations may become distinguishable in the NMR spectra of the respective
1-substituted naphthalenes [: ] in the case of substituents with a prochiral centre (e.g.,
alkyl groups such as ethyl, isopropyl, neopentyl and their analogues) and therefore
possessing anisochronity of diastereotopic groups [3].

The height of the rotational barrier along the ring-substituent bond in 1-naphthyl
substituted compounds determines whether the twisted rotamers could be
experimentally separable. It has been suggested that the barrier should be at least
~23 kcal/mol [2, 3] to allow the separation of rotamers at room temperature. For
instance, the S and R conformational enantiomers of several 1-naphthylimines with
high rotation barriers have been recently separated using common chromatographic
methods [22]. The structure and steric properties of 1-naphthylamides is expected to be
similar to those of 1-naphthylimines. Consequently, it is of considerable interest to
search for the amides with high intramolecular rotation barriers and, possibly, with
separable rotamers.

Experimental

All melting points were measured by the apparatus of Tottoli (Bichi Factory,
Flawil, Switzerland), and are uncorrected. The mass spectra of compounds were
recorded on a Finnigan MAR 8230 Mass spectrometer, the IR-spectra were recorded
on a Perkin Elmer Infrared Spectrometer 283B in the range of 500-4000 cm-1. The
elemental analyses were performed using the commercial microanalytical laboratory
Pascher, Remagen, Germany.

The NMR spectra were recorded on AC200 or AM300 (Bruker-Physik,
Karlsruhe) instruments. The ~-N M R spectra at room temperature were measured in
CDC1s or C2D:Cl4. The ASIS measurements were performed in Cs Ds solutions. The
13C-NMR spectra were recorded in CDCIl: solutions. The chemical shifts were
calculated in ppm relative to the solvent or tetramethylsilane as internal standard. The
variable temperature measurements were performed by the AM300 or JEOL
LAMBDA 400 instruments in C.D.Cl. solutions, whereby the temperature was
calibrated with ethylene glycol.

JCjj- Models in Chemistry 135. 1998
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Table |

Structure determination summary for compound 4

Crystal data

Empirical formula
Crystal size (mm)
Crystal system

Space group

Unit cell dimensions
Volume

A

Formula weight
Density (calc.) (Mg/m3)
Absorption coefficient (mm'l)
F(o 00 )

Data collection

Diffractometer used

Radiation

Temperature (K)
Monochromator

<Orange for data collection (°)
Scan type

Scan speed

Scan range  (°)

Index ranges

Reflections collected
Independent reflections
Observed reflections (1>20("))
Absorption correction

Solution and refinement

System used

Solution

Refinement method

No. of parameters refined
Final A-indices (obs. data)
N-indices (all data)

Goodness of fit on F2
Absolute structure parameter
Largest difference peak (e/A3)
Largest difference hole (e/A3)

4 - Models in Chemistry 135, 1998

cish 1o
2.00X2.00X2.00
Orthorhombic
P2{2X

a = 6,493(8); b = 8,161(14); ¢ = 25,64(6)

1358(4) As
4

241.32
1.180
0.073

520

Siemens (Nicolet-Syntex) R3m/V
Motfa (A = 0.71073 A)

200

Highly oriented graphite crystal
1.59-22.08

a)

Variable; 5.0 to 29.3° min-1 in ©©
0.6

-6<h<0; -8<k<&\ -27</<27

3750

1677 (Rim = 0.0303)

1533

iff- scan, A\ff - 10°

SHELXL93, SHELXTL PLUS
Direct methods

Full-matrix least-squares on F2
239

R =0.0293, wR w0.0698

R = 0.0347, wR = 0.0734
1.029

3(2)

0.132

-0.136
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The Nuclear Overhauser Effect (NOE)

Experiments were carried out on a JEOL LAMBDA 400 instrument using
nitrogen saturated CDC1: solutions at 25 °C. The NOE values were produced as
enhancements compared to the signal intensities of the original non-irradiated control
spectra.

X-ray diffraction

The crystal system of compound 4 is orthorhombic with space group P2(1)2(1),
a = 6.493(8) A, 2=8.161(14) A, c=25.64(6) A, a=B=y =900, V= 1358(4) A3,
z =4, Dc =1.180 g/cm3. MbATa radiation 9= 0.71073 A, F(000) = 520, absorption
coefficient 0.073 mm-1. The intensity data were collected by Siemens (Nicolet Syntex)
R3m/V diffractometer. The structure of 4 was resolved using direct methods and
refined by fill-matrix least-squares analysis using the SHELX program packages [24,
25]. The summary of structure determination data is presented in Table I.

Quantum-chemical calculations
The fully optimised geometry of compound 4 was calculated using the
semiempirical AMI SCF method [26] within the MOPAC 6.0 program package [27].

Synthesis of N-(J-naphthyl)-N-alkylamines

The secondary N-aryl amines were synthesised using the general reaction
between iV-aryl amines and alkyl halides [28] with subsequent treatment of the
arylammonium halide with 50% potassium hydroxide. All the synthesised compounds
were tested for purity on TLC and by the 'H-NMR spectra.

Synthesis of N-(1-naphthyl)-N-alkylformamides

The jV-(I-naphthyl)-N-alkylformamides were prepared by refluxing the
secondary amines with formic acid [29, 30]. In some cases, a water-separator was
used to remove the water formed in the course of the reaction, in order to reduce the
possibility of side reactions. The products were purified chromatographically (LC)
and, if possible, recrystallised.

1 mp. 53-545 °C, IR (cm*D): 1680, 1670.2 (C=0), ~-NMR (300 MHz,
C.D:CH); 8.50 (s, 1H, C(0)H, min), 8.19 (s, maj), 8.0-7.3 (m, 7H, Ar), 4.18 (br s,
1H, CH2, maj), 3.85 (m, min), 3.70 (m, 1H, CH2, min), 3.58 (br s, maj), 1.16

14 Cjj - Models in Chemistry 135, 1998
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(t, j= 14.4 Hz, 3H, CH3, min), 111 (t, 7= 14.4 Hz, maj), MS (70 eV, m/z). 199
(M+, [Ci3H13NO] +, 56.8%).

2. oily liquid, IR (cm“1): 1681.1 (C=0), LH-NMR (300 MHz, C2D2C\t: 8.58
(s, 1H, C(O0)H, min), 810 (s, maj), 8.0-75 (m, H, Ar), 7.36
(dd, 7= 1.2 Hz/7.3 Hz, 1H, H(2), maj), 7.29 (dd, 7 = 1.2 Hz/7.2 Hz, min), 4.85
(99, 7=+6.s Hzls sHz, 1H, CH, maj), 4.20 (qq, 7 =+¢.s Hz/s .« Hz, min), 1.45
(d, 7=6.s Hz, 3H, CH3, min), 1.37 (d, 7 =¢.s Hz, maj), 1.15 (d, 7 = s .s Hz, 3H,
CH3, min), 101 (d, 7=¢.sHz, 3H, CH3, maj), MS (70eV, m/z): 213 (M+,
[C14sH1sNO] +, 65.8%).

3: m.p. 128.5-130 °C, IR (cm'): 1660 (C=0), *H-NMR (200 MHz, CDC13, TMS):
8.97 (s, 1H, C(0)H, min), 8.27 (s, maj), s .0-7.3 (m, 7H, Ar), 1.48 (s, 9H, 3xCHS3,
maj), 1.47 (s, min), MS (70 eV, m/z): 227 (M+, [CisH17NO] +, 20.7%).

4: m.p. 50-51.5 °C, IR (cm"1): 1678.3 (C=0), 'H-NMR (300 MHz, CDC13, TMS):
8.52 (s, 1H, C(0)H, min), 8.36 (s, maj), 7.9-7.4 (m, 7H, Ar), 3.98 (d, 7 = 13.5 Hz,
1H, CH2, maj), 3.72 (d, 7 = 14.5 Hz, min), 3.68 (d, 7 = 13.5 Hz, 1H, CH2, maj),
3.60 (d, 7= 145 Hz, min), 0.89 (s, 9H, 3xCH3, min), 0.88 (s, maj), MS (70 eV,
m/z): 241 (M+, [CisHisNO]+, 69.2%), calcd. (CisHisNO) C 79.63, H 7.94,
N 5.80, found C 78.71, H 7.94, N 5.84.

Synthesis of N-(1-naphthyl)-N-alkylisobutyrylamides and N-(1-naphthyl) -
N-alkylbenzoylamides

The N-(1-naphthyl)-/V-alkyl substituted isobutyryl- and benzoylamides were
prepared using the reaction between the corresponding secondary amine and acyl
chloride [31, 32] at room temperature. A twofold excess of the starting amine was
used to bind the hydrogen chloride arising in the course of the reaction. Purification
was achieved as described above. The yield of the reactions varied from 10% to 80%.
5: m.p. 72-73 °C, IR (cm'l): 1645.7 (C=0), 'H-NMR (200 MHz, CDC13, TMS):
7.9-7.8 (m, 3H, Ar), 7.0-75 (m, 3H, Ar), 7.30 (dd, 1H, H(2)), 5.08 (qq,
7=74Hz/7.4Hz, 1H, NCH), 2.00 (qq, 7=7.4Hz/7.4 Hz, 1H, CCH), 130
(d, 7=7.4Hz, 3H, NCCH3, 095 (d, 7=7.4 Hz, 3H, CCCH3), 0.94
(d, 7=7.4 Hz, 3H, CCCH3), 0.85 (d, 7 = 7.4 Hz, 3H, NCCH3), MS (70 eV, m/z):
255 (M+, [Ci7H.:NO]+, 29.8%), calcd. (Ci:7H::NO) C 79.96, H 8.29, N 5.49,
found C 79.82, H 8.29, N5.53.

6 . M.p. 146-147 °C, IR (cm'l): 1622; 1632.4 (C=0), *H-NMR (200 MHz, CDC13,
TMS): 5.0-6.9 (m, 12H, Ar), 5.03 (br s, 1H, CH), 1.50 (d, 7 = 6.7 Hz, 3H, CH3),

Cu - modelsin Chemistry 135, 1998
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1.08 (d, 7 = 6.85 Hz, 3H, CH3, MS (70 eV, m/z): 289 (M+, [CAN O ]*, 10.79%),
calcd. (C20H ;s NO) C 83.01, H 6.62, N 4.84, found C 82.23, H 6.60, N 4.93.

7. m.p. 67-68 °C, IR (cm"l): 1662.2 (C=0), (300 MHz, CDC13, TMS):
7.9-7.4 (m, 7H, Ar), 435 (d, 7= 135 Hz, 1H, CH2), 3.80 (d, 7= 135 Hz, 1H,
CH2), 2.27 (qq, 7 = 6.7 Hz/6.7 Hz, 1H, CH), 1.06 (d, 7 =s.. Hz, 3H, CH3), 0.91
(s, 9H, 3xCH3), 0.86 (d, 7=s.s Hz, 3H, CH3, MS (70eV, m/z): 283 (M+,
[CioH2sNQO] +, 6 .6 %).

51 IR (cm'1): 1648.8 (C=0), ~~-NMR (400 MHz, CDC13, TMS): ¢.0-6.9 (m, 12H,
Ar), 4.62 (d, 7= 135 Hz, 1H, CH2), 3.42 (d, 7= 135 Hz, 1H, CH2), 0.98 (s, 9H,
3XCH3), MS (70 eV, m/z): 317 (M+, [C:2H2sNO]+, 10.5%), calcd. (C:2H:3sNO)
C 83.24, H 7.30, N 4.41, found C 83.24, H 7.34, N 4.62.

The experimental rotation barriers (AG*) were calculated at the coalescence
point of the NMR signals of diastereotopic groups using the following equations for
the equally populated AB systems [9]:

AG* = aT [9.972+ log (775V)], (la)

AG* = aT [9.972+log (T/\jb~ +6J2B)], (Ib)

where a - 4 575x10-s kcal/mol K, T is the coalescence temperature in K, and bv is
the difference between the resonance frequencies (v [Hz]) of the A and B protons.

Results and discussion

Two sets of NMR signals were obtained for each of the
iV-(I-naphthyl)formamides and only one set of signals in the case of the
IV-(I-naphthyl)amides of isobutyric and benzoic acids. The two sets of JH-NMR
signals were assigned to belong to the E and Z conformers of N-(1-
naphthyl)formamides, respectively (Table Il). Due to the influence by the diamagnetic
field of an aromatic ring, the *-NMR signal of the formyl hydrogen in the E form is
expected to be shifted to the higher field as compared to the corresponding signal of
the Z form. Accordingly, the E form was observed as the major conformation and the
Z form being the minor conformation in these amides.

This assignment was confirmed by the NOE difference measurements. The NOE
values for the compound 1 are presented in Table Il and the typical spectrum recorded
in the NOE experiment in Fig. 1 These results clearly indicate that the formyl proton

is cis to the naphthyl ring in the major conformer and cis to the alkyl group in the
minor conformer.

‘' Cu - Models in Chemistry 135, 1998
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Table I1

Theformyl proton chemical shifts (S [ppm]) at room temperature and the ratio of the E and Z conformers of
N-(I-naphthyl)formamides calculatedfrom the intensities of NMR signals

CDC1s C2D2CL
Compound (£) 2 Ratio (E) (V4] Ratio
1 8.23 8.58 1012 8.19 8.50 1:0.14
2 8.16 8.67 1:0.18 8.10 8.58 1:0.29
3 8.27 8.97 1:0.57 8.13 8.88 0.88:1
4 8.36 8.52 1:0.15 8.32 8.47 1:0.18
1.35% 1.65%
I T o T Y e "2 I T I I I A A
7.9 7.8 7.7 7.6 7.5 7.4 7.3
ppm

Fig. 1. Aromatic region of the 400 MHz differential NOE spectrum (vertically amplified 150 times with

respect to the control spectrum) obtained on irradiation of the formyl proton of the major conformer of

compound 1. The signals of the hydrogens in positions s and 2 of naphthalene display enhancements of
1.35 and 1.65%, respectively

Cuy - models in Chemistry 135, 1998
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Table 111

The NOE valuesfor compound 1 (expressed as a percentage from the
original signals) observedfor the given protons, on irradiation of the
formyl proton of the major and minor conformers. H(8) and H(2)
express the hydrogens at the respective positions of the naphthyl ring

Observed Irradiated NOE

H(s) COHmyg 1.35
COHmin -

H(2) COHAj 1.65
COH,™ -

CH: COHmy 0.19“; 0.08b
COHmin 4.17*; 2.52b

CHs COHmy 0.48
COHmin 0.04

* Enhancement of the upfield multiplet;
b Enhancement of the downfield multiplet

Furthermore, the bipolar repulsion between the carbonyl group and a-system of
the naphthyl ring in the compounds 1-4 forces these molecules to the E conformation.
Notably, the compound 3 has the smallest £/Z ratio, caused by the largest steric
repulsion between the respective alkyl (tertiary butyl) group and the carbonyl group.
The other alkyl groups (ethyl, isopropyl and neopentyl in 1, 2 and 4, respectively) are
less demanding sterically and, as a result, these compounds have very similar
experimentally measured ratios of E and Z forms. However, the enhancement of the
polarity of the solvent (from chloroform to tetrachloroethane) increases the relative
population of the Z form.

Previous studies [2] have revealed that in the crystalline state, the anilides are
predominantly in the E configuration. Our present results on the X-ray diffraction
analysis of the crystalline N-(1-naphthyO-N-neopentylformamide (4) indicate also the
presence of only a single conformer of this compound in solid state. However, it was
established (Fig. 2) that the arrangement of bonds at nitrogen atom is planar and that
the amide plane is almost perpendicular to the naphthyl plane in this compound. The
bond angles ZCr N-Cp, ZCr N-Cn and ZCn-N-Cp (where Cf, Cp, and Cn are the
formyl carbon atom, the :-carbon atom of the neopentyl group and the :-carbon atom
of the naphthyl group, respectively) are close t0 120° (119.5°, 118.8° and 121 .4 °,
respectively). The respective AMI SCF calculated bond angles (120.4°, 118.4° and
121.0°, respectively) are in a good agreement with the experimental data. The bond

A
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between the amide nitrogen and formyl carbon atom is shortened and,
correspondingly, has a partial double-bond character (F*-C(O) = 1-346 A, whereas a
typical length of a N-C single bond is about 1.45 A). For the comparison, in
compound 4, the X-ray measured N-Cp single bond length is 1.469 A and the N-Cn
single bond length 1.436 A. The AMI SCF quantum-chemically calculated bond
lengths (1.388 A for N-Cfbond; 1.447 A for N-Cnbond and 1.421 A for N-Cp bond)
are in a satisfactory agreement with the experiment. The measured torsion angles
(-69.0° for ZCf-N-Cn-Cj», and 106.7° for ZCr N-Cn-Cng) correspond to
approximate perpendicularity of the naphthyl and amide planes, with the formyl group
shifted slightly more apart from the naphthyl ring. Once more, an excellent agreement
between the experimental and AMI calculated (-68.3° and 107.1°, respectively)
torsion angles was obtained.

Fig. 2. Structure of the crystalline compound 4 as obtained by the X-ray diffraction analysis
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Unlike the formyl compounds discussed above, the isobutyryl and benzoyl
amides possess only one set of *H-NMR signals even at -70 °C. Therefore, if the
accidental line degeneracy of the NMR signals excepted, only one of the possible
conformers has to be populated in these compounds. Unfortunately, the NOE analysis
could not give unambiguous results regarding the conformational structure of these
molecules. However, it was reasonable to expect that the change of solvent from
chloroform-~! to benzene-" should shift the NMR signals of the different conformers
to different extents (aromatic-solvent-induced shift, ASIS) [33-35], depending on the
position (s-cis vs. s-trans) of the nuclei. Several iV-naphthyl amides were thus
examined by 'H-NMR in chloroform-** and benzene-ds solutions. The respective

spectral data are presented in Tables IV and V.

Comp.

1(E)
1(2)
2(E)
22
4 (B)
4@

Ar

Nap
Nap
Nap
Nap
Nap
Nap
Nap
Nap
Nap

s (CH2
[ppm]

3.ssa
3.78a

3.84
3.67

3.72
401

Table IV

("H-NMR, 300 MHz, CDCI3, TMS)

Ri

Et

Et

'Pr

'Pr
CH2-'Bu
CH2-'Bu

'Pr
CH2-'Bu
CH2'Bu

s Broadened signals; b i*,MR is 200 MHz

I(CH2)

[Hz]

I AY¥rxzrzIII

s (CHJ3)
[ppm]

1.13
117
1.19
1.30
0.885
0.89
1.29
0.92
0.96

A”BCCHA
[Hz]

180
45

89
39
382
360

The NMR spectral data ofsome N-(I-naphthyl)amides at room temperature

NICHY Aiab(CH3)
[Hz] [Hz]
7.2 _
7.1 -
6.8 108
6.8 90
6.7 84

5(CH) NICH)

[ppm] [HZ]

4.85 6.8

4.20 6.8

5.03a .

4Cuy -
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Table V

The NMR spectral data of some N-(I-naphthyl)amides at room temperature
(CH-NMR. 300 MHz. C(P6 TMS)

Comp. Ar Ri ra 5(CH3) J(CH3) AKus"H3)
[ppm] [H2] [Hz]
1(E) Nap Et H 0.87 7.1 -
12 Nap Et H 0.59 7.0 -
2(E) Nap "Pr H 1.06 6.9 118.3
2 Nap 'Pr H 0.83 6.9 74.1
4(E) Nap CHA”Mu H 0.88 - -
4 (2 Nap CH2-Bu H 0.63 - -
6 Nap 'Pr Ph 1.30 6.8 121.8
7 Nap CHr-bu 'Pr 0.94 - -
8 Nap CHj-'Bu Ph 1.04 - -
Comp. s (CH2) /(CH2 Avab(CH2) s (CH) LCH)
[ppm] [Hz] [Hz] [ppm] [Hz]
1(E) 3.67* - -234 - -
b
1(Z - - - - -
2((Eg - - - 4.92 6.8
2@ - - - 3.53 6.8
4 (E) 3.85 13.5 81.7 - -
42 3.14 145 25.5 - -
6 - - - 5.03 6.7
7 3.82 13.4 427.9 - -
8 4.16 13.3 410.2 R

a Broadened signals; b The signals are not observable due to the coalescence of the signals of a major
isomer (£)

The ASIS values (A) were calculated as follows:
A = [5(CDC1:)-5(CsD6)] [ppml], 2

Since the isomeric composition of formamides had been established as described
above, their respective ASIS data were used as the reference to assign the
configuration of isobutyryl and benzoyl amides.

In the case of formamides, a large upfield solvent shift of alkyl protons was
observed in Z conformation, in contrast to a very small or even downfield shift of the
same protons in E conformation (Table VI). The isobutyryl and benzoyl amides were
characterised by downfield or small upfield shifts. Therefore, it can be concluded that
these compounds exist in solution predominantly in E conformation.

Cj. - Models in Chemistry 135. 1998
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Table VI

The ASIS values (A)aofsome N-(1-naphthyl)amides calculated by the Eq. (2)

Comp. 4(CH3)b A(CHr)b OCH)
1 (E) 5.2

1 (2) 11.6 - -
2(E) 2.6 : 1.4
29 9.4 . 13.4
4(E) 0.1 -0.2 -

4 (Z) 5-2 10.6

6 =0.2 - 0

7 -0.4 -2.0

8 -1.6 '30

1 The ASIS values (A) are given in [ppm]x20, "+" shows the upfield shift
and downfield shift of the corresponding signals upon changing- the
solvent from chloroform to benzene; b in the AB case the reference is made
to the centre of the AB system

At room temperature, amides having hindered rotation about the N-Ar bond
displayed anisochronous NMR signals for prochiral substituents at the nitrogen atom.
However, in the variable temperature measurements, the coalescence of these signals
are only present in N-(1-naphthyl)formamides. Evidently, the large steric effects to the
rotation along nitrogen-naphthyl bond in isobutyryl and benzoyl amides lead to the
anisochronity of the NMR signals for the protons of diastereotopic groups even above
100 °C. Consequently, in the case of these compounds the pairs of enantiomers should
be potentially separable.

A summary on activation energies (AG*), calculated from the coalescence
temperatures according to Eq. (1) are presented in Table VII. Notably, the calculation
of the activation energies of the rotation about the N-Ar bond is complicated due to the
existence of two conformers (E and Z) of amides in solution. In the case of higher
activation barriers of rotation around the N-Ar bond (e.g., in 2), the respective
coalescence of the anisochronous NMR signals of the diastereotopic groups becomes
overshadowed by the coalescence of the NMR signals due to the fast exchange
between the E and Z conformers.

A
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Table VII

The activation energies (AG*) of rotation about the nitrogen-aryl bond of some N-(I-naphthyl)amides,
calculated at the coalescence temperature (Tg). The difference of the resonance frequencies (A vab) 0fA
and B sites, and thefrequency of the NMR is indicated

Compound AG* (kcal/mol) Tc (°C) s VAB* (Hz) VNMR (Hz)
1 (E) 14.5 38 180 (25 °C) 300
1(2) 16.0 50 45 (25 °C) 300
2(E) 19.1 127 138 (46 °C) 400
4 (E) 16.1 61 87 (19 °C) 300

(2 13.5)
4(2) 17.2 75 36 (19 °C) 300
(3 14.5)

a In parentheses the temperature, at which the SvAB is measured, is indicated

Furthermore, N-(1-naphthyl)-N-rert-butylformamide (3), which has no prochiral
carbon at the amide nitrogen atom displayed two sets of NMR signals at room
temperature which were typical for the mixture of E and Z conformers. At about
50 °C, the signals started to broaden and eventually became coalescent into one set of
signals at 80 °C. The calculated rotational barrier for N-C(O) bond was approximately
19.0 kcal/mol. In latter case, the difference in exchange rates was ignored because of
the approximately equal populations (0.9:1) of both conformers.

Our results also indicate that, if applicable, the activation energies of rotation
about the N-Ar bond are about 1 kcal/mol higher for the Z conformers than those for
the corresponding E conformers of A”(I-naphthyl)formamides. Also, this rotation
barrier depends on the size of alkyl substituents bound to the amide nitrogen, with the
following increasing order:

Et < CH:Buf< Pr' < BU'

In order to confirm the interpretation of the conformational dynamics and equilibria of
Y. -naphthyl)amides, the complementary quantum-chemical calculations were carried
out. The results of this theoretical modelling and the overall discussion of results is
presented in the next communication of this series [36].

*

The authors wish to acknowledge Volkswagen Stiftung (Hannover, Germany) for their generous
support of this work.
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The results of AMI self-consistent field (SCF) and self-consistent reaction field (SCRF) quantum-
chemical calculations of the conformational equilibria and dynamics at the amide group of a series of
N-(1-naphthyl)amides are reported. In accordance with the experimental observation, the presence of two
conformers, corresponding to the E- and 2-form of the amide, has been predicted by the calculations. The
AMI multi-cavity self-consistent reaction field calculation results predict the change in the relative
population of these two conformers due to the change in the dielectric medium. The isobutyryl and benzoyl
amides are predicted to have one conformer (the £-form) strongly predominant in solutions.

Introduction

In this paper, the results of the quantum-chemical calculations of the stationary
points on the intramolecular rotational potential surfaces of a series of
/V-(I-naphthyl)amides are presented. This study represents a complementary part to the
experimental investigation reported in the previous communication of this series [:].
The conformational properties of the AL(I-naphthyl)amides listed in Scheme 1 were
calculated for the molecules in different dielectric media using the AMI self-consistent
field (SCF) [2] and self-consistent reaction field (SCRF) [3-8] quantum-chemical
methods.

For the sake of comprehensiveness, two compounds were studied in addition to
those investigated in [1], the unsubstituted N-( 1-naphthyl)formamide (9) and N-methyl-
A”-(I-naphtliyl)formamide (10).

*To whom correspondence should be addressed
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R r. Compound

Et H 1

Pr H 2
fBu 3
CH2 *Bu H 4
'Pr 'Pr 5
CH2 fBu 'Pr 6
Pr Ph 7
CHr "Bu Ph 8
H H 9

Me H 10

Scheme 1

Throughout this paper, we follow the notations and conventions used in [1].
Because of the mesomeric interaction within the amide group and corresponding
partial double-bond character of the carbon-nitrogen bond, the /V-substituted amides
can, in principle, exist in two planar conformations with respect to the relative position
of the yV-substituents and the acid radical. The respective conformers are distinguished
as the E and Z forms of amides (Scheme 2).

B @

Scheme 2

The rotation about the N-Ar bond in jV-(I-naphthyl)amides may give the rise to
two additional conformational minima (Scheme 3) which can be designated as the
cisoid- and rra/uo/d-conformations with respect to the relative position of the naphthyl
and C(0)R groups.

RC(OK .. C(0)R2

cisoid transoid

Scheme 3
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Different theoretical methods of molecular modelling including molecular
mechanics [9, 10], quantum chemical methods [11-13] and molecular dynamics
[14, 15] have been used for the study of the structure of different amide conformers
and the respective conformational barriers. In the present study, we have selected the
guantum-chemical self-consistent reaction field (SCRF) method for the calculation of
relative stability of different conformers of amides and conformational barriers in
polarizable dielectric media. The choice of the semiempirical approach (AMI) was
essentially directed by the relatively large size of the molecules studied to pursue
accurate ab initio calculations with extended basis sets and with the inclusion of the
post-Hartree-Fock corrections. The good quality ab initio calculations of rotational
transition barriers for systems of this size would require very large computer time and
hardware resources. However, a satisfactory correlation has been found between the
AMI and ab initio calculated rotation barriers of amides [16] which allows to make
quantitative predictions for larger molecular systems proceeding from the
semiempirical results. Also, the computer software to perform the calculations for
molecules in liquid media was readily available. The respective extension of the
MOPAC 6.0 program package [19] had been developed by us earlier [+, 17, 18].

Methodology

All quantum-chemical calculations were performed at the semiempirical level
using Austin Model 1 (AMI) [2] parameterization. Considerable solvent effects on the
rotational barriers of various substituted amides have been reported in many cases
[20-23] and therefore it was important to account for the influence of the surrounding
medium on the calculated rotational equilibria and barriers. The non-specific solvation
effects were described quantum-chemically using the reaction field approach. Two
models were employed, one of which corresponds to the single spherical cavity self-
consistent reaction field (SCa SCRF) [3-5] and another to the multi-cavity seif-
consistent reaction field (MCa SCRF) representation of the solute-solvent electrostatic
interaction [¢-s]. The calculations were also performed for the isolated molecules,
corresponding to the gas phase at low temperature and pressure. In SCRF calculations,
the polarizable medium with high dielectric permittivity, corresponding to the aqueous
solution (£=80) was modelled. It has been also shown that the AMI calculated
rotation barriers for different ureas, thioureas, amides and thioamides are in a good
linear relationship with the experimental data [16]. The respective correction was
accounted for in the further discussion of the absolute values of the barriers.

jg Cjj- models in Chemistry 135, 1998



176 LEIS et al.: Stereochemistry of arylamides, 2

In the framework of the SCa SCRF method, the molecular Hamiltonian of the
solute is modified by the addition of a term accounting for the dipolar interaction
between the solute charge distribution and the polarizable dielectric medium [4]:

) ®)

where o is the electronic wave function of the molecule, [ is the dipole moment
operator and Vo - the Hamiltonian for the isolated molecule. The factor I in the
perturbation term (the reaction field tensor) is a function of both the dielectric
properties of the solvent and the size of the solute molecule. In the case of the SCa
SCRF method when the solute is embedded into a single spherical cavity in dielectric
medium, the electronic energy of the solute molecule £e is calculated by solving the
following one-electron Fock equations using the self-consistent reaction field (SCRF)
procedure [4, 5]

(f0-1/2 T(0£]0)I\A =e(yf, )

where f0 is the unperturbed one-electron Fock operator and \y( - the molecular
orbitals. The total energy of the solute molecule includes also the interaction of nuclear
charges with the solvent reaction field.

The MCa SCRF method has been described in detail elsewhere [s ] and therefore
we present only the essentials here. This method proceeds from the observation that
the interaction of the charge and higher electrical moments of a charge distribution in a
spherical cavity with the corresponding reaction field does not depend on the position
of the charge or (point) multipole centres in this cavity [24]. By partitioning the solute
molecule into rotationally flexible fragments, which are embedded into the respective
spherical cavities with characteristic radii for these fragments, a closed expansion for
the electrostatic solvatation energy of a solute in the dielectric medium can be
obtained. Proceeding from this expansion, it is possible to build a variational
functional for the total energy E and to derive the corresponding Hartree-Fock-type
equations to be solved iteratively using the self-consistent reaction field (MCa SCRF)
procedure [s ].

Results and discussion
The results of the AMI calculations of heats of formation of the series of

N-{ 1-naphthyl)amides are presented in Table I. The data for four conformations are

"ICjj - Models in Chemistry 135, 1998
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given, corresponding to the transoid-E (a), cisoid-E (b), transoid-Z (c) and cisoid-Z
(d) configuration of the substituents at the amide group (cf. Schemes 2 and 3). The
results of calculation confirm the experimental observation of two conformers of these
compounds in low dielectric constant media (CDC13, C.D.Cls) [1]. The calculated
energy difference between the more stable (either cisoid or transoid) Z- and E-form of
a given molecule is small, with the £-form slightly more stabilised. In the case of
unsubstituted /V-(I-naphthyl)formamide (9), the transoid-conformation with respect to
the relative position of the naphthyl group and the amide carbonyl oxygen (form a in
Tables), is dominant. In the case of some Ad4l-naphthyl)-N-alkylformamides (1-2,
10), the cisoid-conformation with respect to the relative position of these groups (form
b in Tables) becomes more stabilised, apparently because of the steric repulsion
between the alkyl group at the amide nitrogen and the p”ri-hydrogen of the naphthyl
group. In compounds 3 and 4, with more bulky tert-butyl and neopentyl groups at the
amide nitrogen, the amide plane becomes perpendicular to the naphthyl ring plane and
therefore only two forms, corresponding to the E- and Z-conformation of the amide
group, are present. Accordingly, the final optimised geometries starting from either
the cisoid- or franso/d-conformation with respect to the relative position of the acid
radical and /V-substituent to the naphthyl ring are identical and the calculated heats of
formation of the respective pairs of the conformers (a and b, and ¢ and d) are the same
(cf. Table I). This is in agreement with the experimental observation of only one
conformer for both the E and Z forms in the solution according to the NMR spectra of
the respective compounds [:].

The results of the AMI SCa SCRF calculations of conformational minima in
high dielectric constant media (£ = 80) are very similar to the results for the isolated
molecules. For all conformers studied, the calculated solvent stabilisation was less than
1 kcal/mol which is by far too small for a realistic estimate of the solvation energy of
amides in aqueous solutions. It has been shown by us earlier [s , s ] that in such systems
the total reaction field has to be represented as a superposition of the reaction fields of
individual, conformationally flexible, molecular fragments. The respective AMI MCa
SCRF calculations gave more reasonable values for the solvation energy of different
conformational forms of the amides studied (5-10 kcal/mol, cf. the data in Table I).
Also, the solvation energy was found to depend significantly on the conformation of
the compound. For instance, the cisoid-E form of compound 1 is stabilised by
6.16 kcal/mol by high dielectric constant medium whereas the transoid-Z form of the
same compound has the calculated solvent stabilisation energy 10.05 kcal/mol. As a
result of this differentiation, the Z-form of the N-(\-naphthyl)formamides is predicted

Cjj - Models in Chemistry 135. 1998



178 LEIS et al.: Stereochemistry of arylamides, 2

to have the heat of formation similar or even lower than that of the £-form in high
polarity media, leading to the higher relative population of this form in these media.
This tendency has been also observed experimentally. For instance, the relative
population of the Z-form has increased from 36% in CDCl; (f = 4.8) to 53% in
C.D:CL (£= 8.2) [1].

The AMI calculations of the isobutyryl and benzoyl amides (compounds 5-8)
confirm the experimental observation of only one conformer of these compounds in the
solution. The $A-form is significantly more stabilised (by up to 5 kcal/mol) in
comparison with the Z-form. The optimised molecular geometry is identical if obtained
either from the transoid-E or cisoid-E (or transoid-Z or cisoid-Z) starting
conformation. Accordingly, the calculated energies of these minima are pairwise equal
(cf. Table I) and correspond to a single E- and Z-form of the amide, respectively. In
each of these forms, the amide plane is calculated to be perpendicular to the plane of
the naphthyl ring. As opposite to the N-(21-naphthyl)formamides, the £-form of the
isobutyryl and benzoyl amides is predicted to be the most stable form in all media
studied.

Table |

AMI SCF and AMI MCa SCRF calculated heats offormation AH°j (kcal/mol) of different conformers of
compounds 1-10

Compound
Conformer £ Method 1 2 3 4 5
a 1 SCF 12.257 8.659 8.855 -9.182 -4.657
80 MCa SCRF 8.238 2.664 2.868 -15.519 -9.516
b 1 SCF 11.630 8.291 8.841 -9.176 -4.647
80 MCa SCRF 6.606 1.728 3.417 -14.044 -9.034
c 1 SCF 13.797 9.998 10.638 -7.472 -0.234
80 MCa SCRF 3.218 0.208 1.116 -17.424 -5.792
d 1 SCF 14.850 12.370 10.630 -7.470 -0.232
80 MCa SCRF 6.433 4.265 0.703 -17.499 -5.721
Compound
Conformer £ Method 6 7 8 9 10
a 1 SCF -22.732 41.473 25.782 8.891 17.255
80 MCa SCRF -28.162 35.799 18.328 1.038 11.610
b 1 SCF -22.899 41.478 24.356 10.728 16.833
80 MCa SCRF -28.007 35.954 18.114 4.562 11.451
c 1 SCF -19.996 45,281 25.761 10.181 19.300
80 MCa SCRF -26.674 39.895 19.396 0.138 8.896
d 1 SCF -19.494 45.286 24.797 13.813 20.123
80 MCa SCRF -27.370 40.222 18.472 5.625 11.322
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Table 11

AMI SCF and AMI MCa SCRF calculated rotation barriers AE (kcal/mol) about the N-C(O) bond of
compounds 1, 9 and 10. The data AE' are correctedfor the deficiency of the AMI parameterization
according to theformula AE'= 4.5+1.6 AE(AM1) [16]

Compound e Method AE AE'

9 1 SCF 11.88 23.05

80 SCa SCRF 12.72 24.85

80 MCa SCRF 10.93 21.99

10 1 SCF 11.03 22.15
80 SCa SCRF 11.43 22.79

80 MCa SCRF 10.45 21.22

1 1 SCF 10.00 20.50

80 SCa SCRF 10.60 21.46

80 MCa SCRF 10.88 21.91

Because of the computational limitations, the comprehensive quantum-chemical
calculations of rotation barriers were performed only for compounds 1, 9, and 10. The
results given in Table Il indicate that the calculated rotation barrier about the N-C(O)
bond is approximately constant regardless of the substituents involved at the amide
group and of the dielectric medium involved. The absolute values of the barrier
(10-12 kcal/mol) are underestimated because of the known deficiency of the AMI
parameterization. By applying the correction suggested in [16], a rather good
guantitative agreement can be achieved between the calculated and experimental
rotation barriers [25].

Table 111

AMI SCF and MCa SCRF calculated rotation barriers AE€ and AEZ (kcal/mol) about the N-Ar bondfor
the respective E- and Z-forms of compounds 1, 9 and 103

Compound e Method AEB AEI

9 1 SCF 5.57 6.34

80 SCa SCRF 5.40 6.69

80 MCa SCRF 6.47 12.97

10 1 SCF 7.79 8.96
80 SCa SCRF 8.05 8.94

80 MCa SCRF 8.12 9.33

1 1 SCF 10.05 11.94

80 SCaSCRF 9.20 10.15

80 MCa SCRF 8.53 11.51

a The rotation barriers for compound 9 correspond to the passage of alkyl group over the C(2) and for 10
and 1 over the C(s)

models in Chemistry 135. 1998
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The rotation around the nitrogen-naphthyl bond may be achieved by two possible
pathways. The alkyl group at nitrogen atom can pass over the atom at position 2 or,
alternatively, over the atom at position s of the naphthalene ring. The calculations
show that the difference of the calculated rotation barriers for these two pathways is
about 4-6 kcal/mol (e.g., 15.50 and 11.94 kcal/mol for the compound 1Z, e - 1). In
both of the E and Z configurations, the lower barrier corresponds to the passage of the
alkyl groups over C(s). The compound 9 (unsubstituted amide) does not have any
significant steric repulsion between the NH group and the naphthalene ring. Therefore,
as expected, this compound has almost planar structure in conformational minimum
and a very low barrier (0.5 kcal/mol) for the rotation about the N-naphthalene bond.
Notably, the AMI calculated barriers along the N-C,, bond are significantly (4-5 kcal)
lower (cf. Table Ill) than the experimental AG* [1]. However, the trend in the
computed barriers, showing the increase of the rotational barrier with increasing
volume of the alkyl group, is parallel to the trend observed experimentally [1]. Also,
the difference of the calculated rotational barriers (AE~-AE”) in E and Z conformers
of 1 is in a good accordance with the respective experimental data (1.9 and
1.5 kcal/mol, respectively).

In conclusion, the results presented in this work demonstrate that the AMI MCa
SCRF calculations give correct predictions of the predominant conformers and
conformational barriers of 1-naphthylamides in solution.

*
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support of this work.
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Abstract: The ratio of the E and Z conformers of jV-alkyl-/V- 1-naphthylformamides has been measured in
a series of solvents using NMR spectroscopy. A linear relationship was found between the free energy of
the conformational equilibrium, AG°, and the relative dielectric permittivity of the solvent. The
comparison of NMR data with quantum-chemically calculated SCRF heats of equilibria reveals that the
solvent effect is a combination of both the electrostatic and specific solute-solvent interactions, the latter
being directly connected to the solvent-induced sterical deformations of the solute molecule.

© 1998 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

The importance of the amide bond isomerisation caused by the hindered rotation around this bond, is
recognised in many processes that require alternation of peptide structure. Also, the isomeric composition of
synthetic polyamides, products of the retro synthesisys and the rate of polymerisation processes may be affected
by the conformational distribution of the monoamides. Since most of these processes occur in solution, the
solvent effects may, in principle, affect the conformational dynamics and equilibria at amide bond. The NMR
spectroscopy is perhaps the most widely used method in determining the ratio of cis/trans (or E/Z) conformers
in amides4. Applicable in different solvents, it also allows direct measurement of the solvent effects on the
conformational equilibria. Although the influence of the solvent through its polarity on the conformational
equilibrium has been discussed in the case of several amides48 the detailed mechanism of these effects is still
not well understood. For instance, it has been found that in the case of secondary amides the specific solvation
plays an important role through the inter- and intramolecular hydrogen bonding:s.s 10 However, the specific
solvent effects should be less significant in the case of tertiary amides and the conformational equilibria should
be predetermined by the nonspecific interactions arising from the polarity of the environment.

In this work, the solvent effect on the conformational equilibrium of the series of jV-alkyl substituted N-\-

naphthylformamides was investigated using the nuclear magnetic resonance spectroscopy (NMR). This

0040-4020/98/$19.00 © 1998 Elsevier Science Ltd. All rights reserved.
PH: 50040-4020(98)00379-2
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equilibrium is defined between the E (oxygen atom cis to the alkyl group) and Z (oxygen atom trans to the alkyl
group) conformers (Scheme 1) of amides1l-12 In addition, the influence of the solvent polarity on the
equilibrium was modelled quantum chemically using AMI semiempirical parameterisation-s within the
MOPAC 6.0 SCFU and SCRFis program packages. Both the single-cavity (SCa SCRF)is and multi-cavity
(MCa SCRF) 16 17 reaction field models were applied.

1 R=Et
2 R='BuCHj
3 R="Pr
4 R='Bu
A
Scheme 1

RESULTS AND DISCUSSION

The Nuclear Magnetic Resonance (NMR) spectroscopy.
The ratio of E and Z conformers of N-1-naphthylamides was determined from the integrated NMR signals
of formyl proton recorded in solvents of varying polarity. The respective experimental results are presented in

Table 1 All measurements were carried out at 298 K.

Table 1. The Ratio (Xz= [Z]/[E]) of the Z and E Conformations of
N-alkyl-jV-1-naphthylformamides (1-4) in the Solvents of Different Relative Permittivity (£).

Solvent £(25°C)B 1 2 3 4
CDCls 4,7 0,11 0,15 0,18 0,57
C2D2CL 8.2 0,14 0,18 0,26 0,95
(CDh32COo 20,5 0,19 0,27 0,28 0,58
CDsOD 32,6 0,29 0,33 0,48 1,23
DMSO-d« 46,8 0,38 0,53 0,62 1,72

It has been shown that in formanilide the chemical shift of the formyl proton is independent of the solute
concentration5. The data presented in Table 2 demonstrate that the chemical shifts of formyl proton in both
conformers are also almost independent of solvent and only very small upfield shift can be observed with the

increase of solvent polarity. Also, as the molecules examined differed only by the alkyl substituents at the
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carbonyl group, the electronic effects within these compounds should be similar and the variance in chemical
shifts would be caused mainly by the steric effects. Accordingly, the difference in the chemical shifts of the E
conformers of the studied compounds can be attributed to the differences in the torsion angle between the amide
and the naphthyl groups. Thus, the formyl proton of the sterically bulky jV-isopropyl- (3) and N-tert-butyl-N-I-
naphthylformamide (4) is more shielded due to the diamagnetic field of the naphthyl ring as compared to the
sterically less restricted compounds 1 and 2. This observance is well supported by the AMI MCa SCRF
calculated torsion angles between the formyl proton and the N-C1-C9 plane. In the case of the polarisable
medium with the relative dielectric permittivity e = 4.7, the calculated angle was 97.6, 101.3, 75.5 and 77.4° in
E conformers of 1-4, respectively. The shielding of the formyl proton by the naphthyl ring is negligible in the Z
conformation, however, other factors may affect the respective proton NMR shift. For instance, the shift of the
formyl proton signal to the low field in compound 4 (Table 2) can be attributed to the weak intramolecular

interaction between formyl proton and ferf-butyl group.

Table 2. Chemical Shifts (5, ppm) of Formyl Proton Relative to Tetramethylsilane (TMS).

Compound CDCIj C:D:Cl. CDiC(0)CDj CD:OD DMSO-ds

1E 8.23 8.19 8.18 8.17 8.17
1z 8.58 8.50 8.56 8.53 8.52
2 E 8.36 8.32 831 8.31 8.30
2z 8.52 8.47 8.53 8,51 8.48
3 E 8.16 8.10 8.10 8.10 8.06
37 8.67 8.58 8.64 8.62 8.58
4 E 8.18 8.13 8.10 8.10 8.05
47 8.96 8.88 8.94 8.92 8.88

From the data presented in Table 1, the Gibbs energies of equilibria were calculated as follows:
AG° =-RT InXz (@)
The graphical representation of the results (Figure 1) witnesses the existence of an approximately linear
relationship between AG® and £ This is somewhat unusual as a linear relationship between AG® and the
Kirkwood function (£-1)/(2e+1) would be expected from the theoretical considerations19 The slopes (a) of the
linear relationship AC? = ae +b appear to be constant for different compounds, indicating the presence of an
uniform solvent effect on the equilibria. The intercept (b) is characteristic to the solute molecule. The decrease
in the population of the E isomer with the increase of the polarity of the solvent may be attributed to the

increase in the steric interaction between oxygen atom and the alkyl substituent. Notably, the dimensions of



7500 J. Leis etai /Tetrahedron 54 (1998) 7497-7504

oxygen atom depend on the state of ionization, e.g., the van der Waals radii are 140 A for 0° and 176 Afor O
1, respectively18 The SCRF calculations indicate that in the polar media the amide group is more polarized with
increased partial negative charge on the oxygen atom20. For instance, the MCa SCRF calculated Mulliken
charge in carbonyl oxygen of formamide is -0.418 in CHCIs (£ = 4.7) and -0.437 in DMSO (£ = 46.8). Hence,
this atom is expected to have larger van der Waals radius in high dielectric constant media and,

correspondingly, stronger sterical interaction with the rest of the molecule.

NC:

20 30 40

Fig. 1. The relationship between the free energy of conformational equilibrium (1), AG®,

and the relative permittivity of the solvent, £

The poorer correlation for the compound 4 shows that additional factors besides of the solvent dielectric
properties may become important for sterically more restricted compounds. Gerothanassis et al.2L have recently
demonstrated using the heteronuclear Overhauser effect spectroscopy (HOESY) that E/Z isomers of tert-
butylformamide are a differently hydrated in aqueous solution. They concluded that significant decrease in the
population of the Z isomer as compared to the E isomer should be attributed to the combined effect of reduced
hydration of the Z amide CO group and out-of-plane deformation of the amide group due to the bulky rerf-butyl
group.

These conclusions are also applicable in the case of JIM-naphthylformamides. The AMI MCa SCRF
calculations predict a more substantial out-of-plane torsion of the carbonyl group from amide plane in the E
conformation as compared to the Z conformation. For instance, the respective torsion angle is 26.9, 22.3, 26.8
and 27.5° in E forms, and 0.03, 4.60, 1.23 and 0.87° in Z forms of 1-4, respectively.

The HOESY studies by Gerothanassisz: were carried out in aqueous solutions and, therefore, it is difficult
to predict how the differential solvation would be affected by the size or shape of the solvent molecules. The
difference in the size and shape of solvent molecules could be the additional factor leading to the poor

correlation between ACf and £ for the compound 4.
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We have also examined the dependence of the Xz on the temperature. The observed trend is consistent
with the dependence of e on temperature. In dimethylsulfoxide (DMSO), the 7/E ratio of compound 4 was
found to be 1.49, 1.43 and 1.32 at 35, 50 and 75°C, respectively. Thus, the decrease of e with increase of

temperature is accompanied with the shift of the conformational equilibrium in favour of the E form.

molvat 154 CDO, mi US CO.

solvent CCL|

Fig. 2. The NMR signals (a,b,c and d) of the methylene protons of the ethyl group of compound 5 in different
solvents. The increased image of the down-field band of minor conformer (c) is shown additionally.

The full spectrum of compound 5 (recorded in tetrachloromethane at 273K) is presented on the top.

Therefore, our results suggest that the variation of temperature and solvent could enable to observe
experimentally the minor conformers at amide bonds (cf. Figure 2). For instance, in the case of N-elhyl-N-I-
naphthylbenzamide (5), only one conformer (E) is experimentally observable in low polarity solvents. However,

significant population (4%) of the minor conformer (Z) was recorded in methanol at low temperatures.

Semiempirical calculations.

The quantum-chemical calculations were carried out at the semiempirical level using Austin Model 1
(AMI)13 parameterisation. The non-specific solvation effects were described using the self-consistent reaction
field (SCRF) approachl4' 162223 The single-cavity self-consistent reaction field (SCa SCRF) model performed
poorly due to the relatively large size and flexibility of the title compounds. The calculated solvation energies
were too small and as a result the calculated ratio of amide conformers was very little dependent on the solvent

polarity. The more realistic estimate of the solvation energy of N-1-naphthylamides was obtained using the
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multi-cavity self-consistent reaction field (MCa SCRF) model. Indeed, this method described the observed

conformational equilibria changes better, but still only qualitatively (cf. Fig. 3).

A B

Fig. 3. The relationship of experimental AG® (Eq. (1)), A, and AMI MCa SCRF calculated JE (kcal/mol), B,

on the Kirkwood-Onsager function, f(e)=(e-1)/(2e+1).

Consequently, our results indicate that the electrostatic reaction field model alone is not sufficient to
describe the solvent effect on the conformational equilibria at the amide bond. The methods that reflect the
molecular dynamics and the specific solvent-solute interactions should be applied and will be considered by us

in further studies.

CONCLUSIONS

The present study reveals that the solvent effect on the conformational equilibria of amides involves a
simultaneous influence of the non-specific and specific solute-solvent interactions. In the sterically hindered N-
1-naphthylamides, the relative stability of the Z isomer increases with the increase of polarity of the solvent.
The free energy of the respective E/Z conformational equilibrium is linearly related to the relative dielectric
permittivity of the solvent. The discrepancy between the experimental data and the results of self-consistent
reaction field calculations indicates that this dielectric effect cannot be explained within the simple Kirkwood-
Onsager electrostatic model. However, the quantum-chemical calculations revealed a substantial out-of-plane
deformation of the carbonyl group in the E isomers. Such deformation leads to the different solvation in E and Z
isomers, similar to that observed in the case of ferf-butylformamide. Thus, the solvent effect upon the
conformational equilibrium in W-alkyl-W-1-naphthylformamides is determined by the combination of the
nonspecific interaction of the solute molecules with the dielectric medium and the differential solvation of the E

and Z isomers by adjacent solvent molecules.
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EXPERIMENTAL

Compounds 1-4 were synthesised by formylation of respective /V-alkyl-N-1-naphthylamines with the
formic acid. The detailed description of the syntheses and the spectral characteristics of compounds obtained
have been reported elsewhere". N-c\hy\-N-1-naphthylbenzamide (5) was prepared by reacting of benzoyl
chloride with N-ethyl-1-naphthylamine for 48 h at room temperature. Compound 5 was identified as follows: 'H
NMR (CD30D, TMS, 248 K, 400 MHz, 5 (ppm)) 1.086 (t, 3H, CH3min), J 7.1), 1.235 (t, 3H, CH3maj), J 7.1),
3.559 (m, 1H, CHAmaj)), 3.702 (m, 1H, CHAmin)), 3.870 (m, 1H, CHZmin)), 4.452 (m, 1H, CHXmaj)), 6.99-
8.05 (m, 12H, ArH) (cf. Fig. 2).

*H NMR spectra were recorded on JEOL LAMBDA 400 and ALPHA 500 instruments in the deuterated

solvents at 25°C The variable temperature measurements were performed on the ALPHA 500 spectrometer.
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Abstract

Conformational distribution and rotational dynamics of some yV,jV-diarylamides,
i.e., jV,yV-di(2-methylphenyl)-3',3'-dimethylbutyrylamide (1) and "V-(2-methyl-
phenyl)-yV-(I-naphthyl)-3',3'-dimethylbutyrylamide (2) was modelled using the
semiempirical AMI SCF method. The results were used to predict the possible
origin of the energy barriers estimated by dynamic NMR spectroscopy.

Key words: amide, rotation, modelling

Introduction

Conformational preferences and dynamic processes in sterically crowded am-
ides have been the subjects of numerous studies over the decades. The most
common experimental tool in these investigations has been the NMR spectros-
copy. However, depending on the chemical structure of the amide, the unambi-
guous interpretation of these spectra may be difficult due to the complicated
NMR spectra arising from the more than one conformational species in the
measured sample. The //-arylamides represent a typical example of such situa-
tion. The relatively high rotational barriers about both the amide N-C(O) bond
and nitrogen-aryl bond(s) may lead to the presence of several equilibrial atropi-
somers in the solution and, correspondingly, to a complicated overall NMR
spectrum of the compound. The quantum chemical modelling of the possible
conformers and the potential surfaces of the respective conformational trans-
formations may assist to clarify the above mentioned problems.

Quantum-chemical calculations

The quantum-chemical calculations were performed at the semiempirical level
using Austin Model 1 (AMI) [Dewar et al., 1985; Stewart, 1989] parameteri-
zation. The semiempirical approach was chosen on the basis of the size of the
molecules considered in this work. Good-quality ab initio calculations of the
potential surfaces for rotational transition barriers in the systems of this size
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would require very large computer time and hardware resources. Notably, ex-
tensive quantum-chemical ab initio studies at various levels of theory (SCF
LCAO MO, MP2-MP4, G2(MP2)) have been reported only for simple amides
including formamide, yV-methylacetamide, /V,/V-dimethylformamide and N,N-di-
methylacetamide [Harrison & Stein, 1992; Wiberg & Breneman, 1992;
Wiberg et al.,, 1992; Wiberg & Rablen, 1993; Wong & Wiberg, 1992;
Wiberg al., 1995; Luque & Orozco, 1993]. It is well known that the AMI
method substantially underestimates the rotation barrier along the amide bond
[Cieplak, 1994; Feigel & Strassner, 1993], however, a good linear correlation
has been found between the experimental and AMI calculated barriers [Feigel
& Strassner, 1993].

Substantial solvent effects on the amide bond rotation barriers have been
reported on the basis of the experimental dynamic NMR spectra measurements
[Lilley, 1994; Stewart & Siddall, 1970; Feigel, 1983; Ross & True, 1984; Ross
et al., 1985]. However, for large systems involving aryl substituents at the am-
ide nitrogen atom, the calculated solvent effects have been found to be nearly
constant for a series of similar molecules [Leis et al., 1998]. Therefore, only
isolated molecules have been studied in this work.

It has been shown that most rotational activation free energies, particularly
the rotational barriers along the amide bond, are predominantly of enthalpic
nature [Wiberg et al., 1995]. Consequently, the quantum-chemically calculated
relative energies of the conformers and transition states can be used to estimate
of the relative populations of different conformers and the activation free ener-
gies of the rotational transformations.

Two compounds were considered in the present work, ie. the
M/V-di(2-methylphenyl)-3',3"-dimethylbutyrylamide (1) and /V-(2-methyl-
phenyl)-N-( 1-naphthyl)-3',3'-dimethylbutyry 1-amide (2).

(Scheme 1)

In both cases, the conformational minima and transition barriers were found by
the grid search of the multidimensional potential surface contrived from all
possible rotations along the N-Cayi bonds and along the C(0)-C(neopentyl)
bond.

Results and discussion

N,N-di(2-methylphenyl)-3*,3'-dimethylbutyrylamide (1)

Four conformers (la-1d) were established for /V,/V-di(2-methylphenyl)-3',3'-
dimethylbutyrylamide. The AMI calculated heats of formation, OH°298, rela-

tive energies and relative populations of different conformers at room tem-
perature are given in Table 1.



(Scheme 2)

Notably, the rotation along the C(0)-C(neopentyl) bond is characterised by a
low barrier. The following AMI calculated activation energies were obtained
for this rotation: EA- 1.05, 0.51, 0.26 and 0.92 kcal/mol for la, Ib, Ic and Id,
respectively. Consequently, the neopentyl group undergoes rapid rotation and
no splitting of the methyl group signals in the NMR spectra is expected to arise
from this process even at very low temperature. Therefore, the respective pos-
sible rotamers along the C(0)-C(neopentyl) bond can be assumed to correspond
to a single structure. The populations p, of different conformers arising from the
rotation along the N-aryl bond were calculated according to the Boltzmann'
distribution law

pi - exp(-—Ej/RT)/"_exp(-E')/RT) (1)

where R is the universal gas constant and E, denote the energies of individual
conformers. Two main conformers (la and Id) account for the 74% of the
population whereas the minor conformers (Ib and Ic) account totally for the
26%. For the convenience, only the most stable conformers related to the tor-
sion angle between the tert-butyl group and the amide plane have been consid-
ered in the calculation of relative populations. However, it should be kept in
mind that the precision of the quantum-chemical calculations does not exclude
the conformers arising from the rotation around the C(0)-C(neopentyl) bond
that must be still considered in the further discussion of the dynamic NMR
spectra of this compound.

All possible four rotation paths on the multidimensional molecular potential
surface, each corresponding to a single N-Cayj bond rotation were calculated,
corresponding to the transitions la*=xIb, la ™ Ic, Ib ~ Id and I¢c ™ Id. As
an example, the results of the grid search of the potential surface for the transi-
tion Ib—»la with the rotation step of 10 degrees are presented in Table 2. The
AMI SCF calculated transition energies are summarised in Table 3. Rotational
barriers calculated as the difference between the transition state and the most
stable conformer {i.e. la from the pair la-Id and Ib from Ib-Ic) ranges from
7.38 kcal/mol for lc—la to 8.17 kcal/mol for Ib—=Id. The similarity of these
barriers suggests that only one coalescence process corresponding to the equili-
bration of the isomers with the tolyl methyl groups on the one side of the amide
plane (la and 1d) and the isomers with the methyls on different sides of the
amide plane (Ib and Ic), should be observable in dynamic NMR spectra of this
compound. The calculated activation energies also indicate that the rate of the
conformational transition la (Id) to Ib (lc) is somewhat slower than that the
reverse process. A closer study of the structure of rotational transition states
along the N-Canyi bonds, however, reveals that the NCtoynCtayi2 plane has been
turned to nearly orthogonal to the plane defined by the carbonyl group, with the



nitrogen atom diverted essentially pyramidal. In other words, these transition
states correspond simultaneously to the transition state of the rotation along the
amide bond. As mentioned above, the AMI method underestimates signifi-
cantly the rotational barriers of these bonds. Still, a satisfactory correlation has
been found between the AMI calculated transition barriers and experimentally
measured activation energies for a series of amides, thioamides, ureas and
thioureas. Using the corresponding linear relationship [Feigel & Strassner,
1993]

AG*M = 16Ea(AMI) + 4.5 kcal/mol )

the barrier for the most probable rotational transition (Ia  Ic) is estimated as
17.40 kcal/mol for Ic—»la and 16.31 kcal/mol for the reverse process, in ex-

cellent accordance with the experimentally measured value AG*qid =

17.27 kcal/mol [Lill & Schiemenz, unpublished] (for a comparison, in less
crowded AMsopropyl-./V-(2-tolyl)formamide-Z, the respective rotational barrier

about N-Caryi bond AG*qud = 16.2 kcal/mol has been determined at coales-

cence temperature [Leis, unpublished].) As mentioned above, this rotational
barrier corresponds also to the transition state for the amide bond rotation and
therefore both methyls of the tolyl groups become equivalent at the coalescence
temperature.

However, an experimentally observed further splitting of the NMR spectra
of the methyl groups as well as the methylene hydrogens of the neopentyl group
at low temperatures indicates the presence of another conformational separation

(with an experimental AG*quid = 13.19 kcal/mol) [Lill & Schiemenz, unpub-

lished]. This can be assigned to the concerted hindered rotation of tolyl groups,
corresponding to the transformation of the conformers la to Id and Ib to Ic,
respectively. The latter are essentially the pairs of enantiomers. The respective
AMI calculated transition barriers are £4(AM1) = 6.79 and 6.44 kcal/mol.

Also in this case, the calculated structure of the transition states is similar to
those for the amide bond rotation. The predicted (according to the Eq. (2) for

the amide bond rotation) AG*qid = 15.36 and 14.80 kcal/mol for the two

enantiomerisation processes (la—»ld; Ib—»lc) are somewhat higher than the
experimentally observed rotational barrier for this compound (13.19 kcal/mol
[Lill & Schiemenz, unpublished]). However, the latter value, estimated from
the coalescence temperature of the dynamic NMR spectra, represents obviously
the average of two rotational barriers (la—»ld; Ib—»Ic) and would be underes-
timated due to the chemical exchange between la and Ic.
N-(2-methylphenyl)-N-(1-naphthyl)-33'-dimethylbutyrylamide (2)

The conformational space of this compound is more complicated because one
of the N-substituents (e.g., the naphthyl group) can be either in cis- or trans-



position to the carbonyl oxygen of the amide group. The corresponding struc-
tures will be referred in the further discussion as the E and Z conformations.

(Scheme 3)

Similarly to the compound 1, it was found that the rotation of the terf-butyl
group along the C(0)-C(neopentyl) bond is characterised by a very low barrier
(< 1 kcal/mol). Therefore, only the conformers corresponding to the lowest
minimum for this rotation (altogether eight different conformers) were consid-
ered in the further discussion. The definition of the conformers, their AMI cal-

culated heats of formation AH° 28, relative energies 54Hf 25 and popula-

tions are given in Table 4. The Z conformers seem to be more preferred (by
about 1 kcal/mol) over the E conformers. However, within the precision of the
theoretical method applied (AMI), this is not significant. Moreover, it has been
noticed that the E/Z conformational preference may be substantially shifted by
solvents [Luque & Orozco, 1993; Leis & Klika & Karelson, 1998]. The calcu-
lated transition barriers between different conformers are given in Table 5. Im-
portantly, in most cases (except of the transformation 2e—2g), the rotation
along the N-Caryi bond leads to the concerted rotation along the amide bond
with the respective interchange between the Z and E conformation. Therefore,
the exchange between the conformers 2a ” 2g, 2c—2g, or 2¢c—>2f will lead to
the equalisation of different positions of the methyl at the tolyl group and of the
methylene hydrogens at the neopentyl group. The predicted activation free en-
ergy for these transitions (according to the Equation (2)) is ranging from

AGyqud = 17.75 kcal/mol to AG,*qud = 18.45 kcal/mol.

A lower energy transition state between two twisted conformers 2b—2C has
been also found for this compound. The respective AMI calculated

Ea = 6.35 kcal/mol corresponds to the theoretically predicted AG,*qud =

14.66 kcal/mol in the solution. The smaller value as compared to the respective
barrier of compound 1 agrees with the observation that the amide bond rotational
barrier decreases at a more crowded nitrogen atom [LeMaster & True, 1989].

Conclusions

The dynamic NMR spectra of yV,A"diaryl-3',3'-dimethylbutyrylamides can be
quantitatively interpreted on the basis of the semiempirical quantum-chemical
AMI SCF investigation of the full conformational potential surface of these
compounds. Notably, it has been found that the rotational transition states about
the N-Canyi bonds coincide with the transition states of the rotation around the
amide (N-C(O)) bond, with the plane defined by the amide nitrogen atom and
two aryl carbon atoms connected to it turned almost perpendicular to the NCO
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plane and nitrogen atom itself substantially pyramidalised. In the case of
yV-(2-methylphenyl)-yV-(I-naphthyl)-3',3'-dimethylbutyryl-amide (2), the rota-
tion along the N-Caryi bond forces also a concerted rotation along the amide
bond, leading to the interchange between the E and Z conformations at this

bond. In the case of compound 1, the AMI estimated AG*qid (17

18 kcal/Toll) for the respective conformational transition is in an excellent
agreement with the corresponding experimental value, calculated from the
coalescence temperature of the dynamic NMR spectra. Another, lower-tempera-
ture splitting of the signals of isotopic groups has been detected in NMR spec-
tra of both compounds, corresponding to the rotational barrier about the amide

bond. The respective theoretically predicted AG*quid (14 ... 15 kcal/mol) values

compare favourably with the experimental value for the compound 1.

Monede iV, AN-diartitlamiidide stereokeemia
kvantkeemilised uuringud

$
Mati Karelson ja Jaan Leis

Kéesolevas t06s rakendati poolempiirilist kvantkeemilist AM1 SCF meetodit ja
ndidati, et A”N-diartiil-3',3'-dimettdlbutiridlamiidide dunaamilise TMR-i
spektreid voib nii kvalitatiivselt kui ka kvantitatiivselt interpreteerida nende
Uhendite potentsiaalipindade modelleerimise kaudu. Téapsemalt kasitleti
jV,yV-di(2-metialfenadl)- (1) ja /V-(2-metudlfentil)-yV-(I-naftial)-3',3'-dimetail-
buttruaul-amiidi (2). Arvutatud konformatsiooniliste leminekute potentsiaali
pindade pdhjal ennustati reaalselt vdimalike ja TMR spektrites kajastuvate
diinaamiliste protsesside parameetrid. Samuti leiti, et kvantkeemiliselt (AM1
SCF) arvutatud rotatsioonibarjaarid on heas korrelatsioonis eksperimentaalsete
aktivatsiooni vabaenergiatega.

References

1 Dewar, M.J.S., Zoebisch, E.G., Healy, E.F. & Stewart, J.J.P. AMI: a new general
purpose quantum mechanical molecular model. J Am. Chem. Soc., 1985, 107,
3902-39009.

2. Feigel, M. Rotation barriers of amides in the gas phase. J. Phys. Chem., 1983, 87,
3054-3058.

3. Feigel, M. & Strassner, T. A semiempirical AMI, MNDO and PM3 study of the
rotational barriers of various ureas, thioureas, amides and thioamides. THEOCHEM,

1993,102, 33-48.



11.

13.

14,

15,

16.

17.

18.

19.

. Harrison, R.K. & Stein, R.l. Mechanistic studies of enzymic and nonenzymic prolyl

cis-trans isomerization. J. Am. Chem. Soc., 1992,114, 3464-3471.

. Leis, J., Maran, U., Karelson, M. & Schiemenz, G.P. Stereochemistry of arylamides, 2.

AMI SCF and SCRF quantum-chemical modelling of some N-(I-naphthyl)amides.
ACH-Mod. Chem., 1998,135, 173-181.

. Leis, J. Personal communications.
. Leis, J., Klika, K.D. & Karelson, M. Solvent polarity effects on the E/Z conforma-

tional equilibrium of N-I-naphthylamides. Tetrahedron, 1998, 54, 7497-7504.

. LeMaster, C.B. & True, N.S. Gas-phase NMR study of torsional barriers in

N,N-diethyl- and N,N-diisopropylformamide. Medium effects on kinetic parame-
ters. J. Phys. Chem., 1989, 93, 1307-1311.

. Lill, J. & Schiemenz, G.-P. Personal communications.
10.

Luque, F.J. & Orozco, M. Theoretical study of N-methylacetamide in vacuum and
aqueous solution: implications for the peptide bond isomerization. J. Org. Chem.,
1993, 58, 6397-6405.

Ross, B.D. & True, N.S. Gas-phase 13 NMR spectra and exchange kinetics of
N,N-dimethylformamide. J. Am. Chem. Soc., 1984,106, 2451-2452.

. Ross, B.D., Wong, L.T. & True, N.S. Gas-phase NMR studies of N,N-dimethyl-

amides. Inter- and intramolecular contributions to internal rotation activation ener-
gies. J. Phys. Chem., 1985, 89, 836-839.

Stewart, J.J.P., MOPAC 6.0, QCPE No. 455, 1989.

Stewart, W.E. & Siddall, T.H. Nuclear magnetic resonance studies of amides.
Chem. Rev., 1970, 70, 517-551.

Wiberg, K.B. & Breneman, C.B. Resonance interactions in acyclic systems. 3. For-
mamide internal rotation revisited. Charge and energy redistribution along the C-N
bond rotational pathway. J. Am. Chem. Soc., 1992,114, 831-840.

Wiberg, K.B., Hadad, C.M., Rablen, P.R. & Cioslowski, J. Substituent effects. 4.
Nature of substituent effects at carbonyl groups. J. Am. Chem. Soc., 1992, 114,
8644-8654.

Wiberg, K.B. & Rablen, P.R. Substituent effects. 5. Vinyl and ethynyl derivatives.
An examination of the interaction of amino and hydroxy groups with C-C double
and triple bonds. J. Am. Chem. Soc., 1993, 115, 9234-9242.

Wiberg, K.B., Rablen, P.R., Rush, D.J. & Keith, T.A. Amides. 3. Experimental and
theoretical studies of the effect of the medium on the rotational barriers for
N.N-dimethylformamide and N,N-dimethylacetamide. J. Am. Chem. Soc., 1995,
117, 4261-4270.

Wong, M.W. & Wiberg, K.B. Structure of acetamide: planar or nonplanar? J. Phys.
Chem., 1992, 96, 668-671.



Table 1

The AMI calculated heats of formation, AHf 2B(kcal/mol),

the relative energies (kcal/mol), and the relative population of different conformers
of the AMV-di(2-methylphenyl)-3',3'-dimethylbutyryl amide (1)
at room temperature

Conformer '‘Bu a A e P(%)c

la - -2.51 0) 43
+ -1.98 0.53
t -2.07 0.44

Ib - -2.00 0) 20
+ -1.67 0.33
t -1.19 0.81

Ic - -1.32 (0) 6
+ -1.16 0.16
t -1.22 0.10

Id - -1.18 0.97
+ -0.62 153
T -2.15 0) 26

a Position of the Bu group relative to the amide plane: + in front, - behind and T in
plane (cis to the oxygen atom); brelative energy to the most stable conformer with re-
spect to the position of 'Bu group;0calculated relative population of different conform-
ers at room temperature (298 K).



Table 2

The AMI calculated heats of formation, 4A" 2B (kcal/mol),

and the relative energies, 84Hf XB (kcal/mol), for the points at the potential
surface, corresponding to the conformational change Ib—»la

Angle" Relative angle A" 28 bAHf 203
) -2.00 )
10 -1.62 0.38
20 -1.15 0.85
30 1.00 3.00
40 0.68 2.68
50 2.09 4.09
60 3.67 5.67
70 5.21 721

8 6.17 8.17
90 247 447
100 1.26 3.26
110 0.42 2.42
120 -0.12 1.88
130 -0.35 1.65
140 -0.49 151
150 -1.40 0.60
160 -1.94 0.06
170 -2.22 -0.22
180 -2.40 -0.40
185e -2.51 -0.51

aDihedral angle Z C(0)-N-C ltyrC2toyl, where C2tayi has the methyl substituent; bcalcu-
lated relative energy of the conformer;cconformer |b ; dtransition state;econformer la.

Table 3

The AMI calculated heats of formation, A" 29g, of the molecule

in the transition state and the respective rotational barriers, EA (kcal/mol),
for different conformational changes
of yVAV-di(2-methylphenyl)-3',3'-dimethylbutyrylamide (1)

Rotation ﬁn | 208 Ea
la—»lb 5.64 8.15
la-»lc 5.55 8.06
Ib—la 6.17 8.17
Ib-»ld 6.17 8.17
lc—»la 5.38 7.38
lc—»ld 5.73 7.73
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The AMI calculated heats of formation, AH" w (kcal/mol),

the relative energies, 5A/7J 28 (kcal/mol), of the conformers

Table 4

of A”-(2-methylphenyl)-iV-(I-naphthyl)-3,,3'-dimethylbutyrylamide (2), and
their relative population at room temperature

Conformer

2a
2b
2c
2d
2e
2f
2
2h

E-2?

mmmmNNNN

oY

+

+

N

=]

+
+

Mij%9g
25.04
24.63
25.19
25,55
25.69
26.00
26.02
26.20

SAtf/IV

041

©)
0.56
0.92
105
147
1.49
167

aE or Z conformation considering the position of the naphthyl group with respect of the
amide oxygen; brelative position of the tolyl group (+ means turned to the same side of
the amide plane as the neopentyl group, - means that it is turned to the opposite side);
crelative position of the naphthyl group (+ means turned to the same side of the amide
plane as the neopentyl group, - means that it is turned to the opposite side); d relative
energy to the most stable conformer (2b); e calculated relative population of different
conformers at room temperature (298 K).

The AMI calculated activation barriers, EA (kcal/mol),

for different conformational transitions
of A42-methylphenyl)-N-(I-naphthyl)-3*,3'-dimethylbutyrylamide (2)

Rotation
2a—>2f
2a—2y
2b—>2e
2b—2f
2c—2g
2c—>2f
2d—2g
2d—2h
2e—2g

10

Ea
11.30
8.72
16.41
11.60
8.28
8.60
9.42
7.17
8.48

Table 5



Ar = 2-Tolyl (@D}
lTI 1-Naphthyl (2)

Scheme 1

i 0

Scheme 2

Scheme 3
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The p-toluenesulfonic acid catalysed reaction between 1-naphthyl amine and several methyl
ketones was studied. Under certain conditions this reaction can be used as a one-pot method for the
syntheses of substituted 1,2-dihydroquinolines. The reaction mechanism and identification of compounds
are discussed.

Introduction

Monohydrate of p-toluenesulfonic acid (p-TOS) catalyzed the reaction between
a-naphthylamine and ethyl 4-acetylbutanoate. The main product was a substituted
I,2-dihydrobenzo(/i)quinoline, quite unexpectedly. The same procedure without
catalyst or in the presence of a catalytic amount of acetic acid has been effectively
used for preparation of a variety of N-aryl iminoesters [1]. The reaction of primary
amines with the compounds owing carbonyl function is widely used in the synthesis
of imines. Therefore, it was reasonable to carry out a more detailed study to reveal
the possible reasons of the above mentioned discrepancy. To that end, several
methylalkyl ketones, including acetone which is known to give 1,2-dihydro-2,2,4-
trimethylbenzo(/z)quinoline (1) in the presence of catalysators [2], were reacted with
1-naphthylamine in the presence of p-TOS. The results of this study are described in
the present paper. Furthermore, as some of the substituted benzoquinolines isolated
during this study have not been published before, the short description of the
structural confirmation and the full set of the spectral characteristics are presented.

Only for the comparison, the similar reaction between aniline and acetone was
applied to the synthesis of 1,2-dihydro-2,2,4-trimethylquinoline, (6), which is an

+ Dedicated to Professor Gabor Bernath on the occasion of his 65th birthday
* To whom correspondence should be addressed

1217-8969 /98/ $ 5.00 O 1998 Akadrmiai Kiario. Budapest



574 LEIS et al.: Reaction of 1-naphthyl amine with methyl ketones

important antioxidant (3-6] in chemical industry. Otherwise we have limited this
study to the reaction between methyl ketones and 1-naphthyl amine which, due to the
steric and electronic properties, possess a quite different reactivity compared to the
substituted anilines, as also revealed by comparing the yields in the 1st and 7th entries
of Table 1.

Results and discussion

Five methyl ketones: propan-2-one (acetone), butan-2-one, 2~methylbutan-3-
one, 2-methylpentan-4-one and ethyl-4-acetylbutanoate were reacted with 1-
naphthylamine in the presence of a catalytic amount of p-TOS. After prolonged
heating (reflux) at ~ 110°C, the reaction mixture was concentrated and without any
treatment fractionated by liquid chromatography in silica gel column. From the
results presented in Table | it appeared that the rate of the amine conversion under the
conditions applied is quite low due to the almost equilibrium reaction conditions
(insufficient removal of the condensation product-water). However, the main
attention was paid to the composition and the possible identification of the products
formed in the reaction.

Table |

Summary ofthe conditions and the yields ofthe p-TOS catalysed reaction of methyl ketones with 1-
naphthyl amine at -110 °C. The yields based on the amine converted in the reaction are shown (in the
parentheses the real yields of the syntheses are given)

Entry CH,C(0)R; Molar ratio, ~ Duration of Products
R- of ketone the reaction. “Imine’l “Bcnzoquinolinc”
to amine li

1 Methyl 2:1 6+5“ -0% (trace) -100%  (26.9%) 1)
2 3:1 20 -0% (trace) -100%  (27.0%) 1)
3 Ethyl 3:1 20° -0% (trace) -100%  (10.1%) (2a, 2b)
4 2-methylethyl 3:1 20f ~80%c (31%) -0% (trace) (3)d
5 2-methylpropyl 2:1 6.5+5 -92%  (53%) -0% (trace) (4)
6 Ethyl-4-butanoate -1:1 3.5b -0% (trace) -100%  (34.6%) (5)
7e  Methyl 2:1 120 - (3.2%) (6)

aReflux 4 the azeotropic removal of water

bHeating at 140 °C with the azeotropic removal of water

c~20% was the probably polymerized by-product (insoluble in the hot hexane)
dOnly observed on the TLC plate

'Reacted with aniline

fln the cases of 2 and 3 the simple reflux was used instead of azeotropic distillation

JT U - models in Chemistry 135. 1998



LEIS et al.: Reaction of 1-naphthyl amine with methyl ketones 57.8

Scheme 1. R = CH3 (1), C,H5 (2), CH(CH3), (3), CH,CH(CH3)2 (4), (CH2)3COOC Hs (5)

As a result, it was found that in most cases, except when the sterically more
hindered ketones were used (entries 4 and 5 in Table 1), the respective substituted
1,2-dihydrobenzoquinoline was almost the only product of the amine conversion.
This is based on the fact that the unconverted and/or backproduced amine was almost
completely separated by the silica gel column. In the case of 2-methylbutan-3-one and
2-methylpentan-4-one the main products were the respective 1-naphthyl imines,
which stability may be explained by the bulkier alkyl groups at the C-N double bond
avoiding the further aldol type condensation. Indeed, in both reactions the trace of the
cyclized condensation product was observed by the thin layer chromatography (TLC).
In the case of butan-3-one the mixture of two tautomers, 1,2-dihydro-2-methyl-
2,4-diethylbenzo(/z)quinolme (2a) and 1,2,3,4-tetrahydro-2-methyl-2-ethyl-4-ethenyl-
benzo(/2quinoline (2b) with the ratio 5/2, was produced with a 10% vyield.
Identification and the possible mechanisms of formation of the cyclic condensation
products (Scheme 1) is discussed in the following sections.

Identification of substituted 1,2-dihydroquinolines

Infrared spectra of all isolated I,2-dihydrobenzo(ft)quinolines (1, 2 and 5)
contained a single slightly broadened peak at about 3420 cm-1, that is characteristic
of the secondary arylamines. The exact molecular weights were established by high
resolution mass spectrometry (HR MS). In the electron ionization (ET) at 70 eV, the
main fragment was the ion [M-C3H6COOC2H5] + for compound 5, [M-C2H5]+ for
2 and that for 1 and 6 the ion [M-CH3]+. The exact constitutions of the molecules
were established by *H and 13C-NMR spectra. The 13C chemical shifts for 1 and 5
are presented in Fig. 1and those for 2 and 6, and the JH data in Experimental. The
sequence of the carbon atoms in the molecules was determined by COSY technique,
the locations of the substituents in the benzoquinoline ring by NOESY, and that of the
double bond by the NOE differential measurements.

r n - MOOEIS IN CHEMISTRY 135. 199S
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34.35
30- 5 43.18

14.25

128.59

Fig. 1. Carbon-13 chemical shifts, 5 (ppm), of the compounds 1 and 5 measured
at 125.65 MHz in CDCI3

Reaction mechanism

Evidently, the reaction occurs at least in two steps: the formation of an
intermediate product, which due to the intramolecular migration of the partial charges,
is cyclized by an electrophilic attack to the aryl ring as shown in Scheme 2. Such a
ring closure followed by a removal of the water molecule is well-known as a part of
the so-called Scraup’s reaction [81 and its Doebner von Miller modifications [9]. It is
of more interest to find a reasonable mechanism for the formation of the noncyclic
intermediate product.

Scheme 3 lists three options deserving more attention: i) The second ketone
molecule attacks as a nucleophile to the imine double bond (IA), ii) two imine
molecules condense with each other (IB) or iii) naphthylamine binds to the
unsaturated ketone formed after condensation of two ketone molecules (1), which is
typical for the Doebner von Miller synthesis [9]. To solve the mechanism, all chro-
matographically separated fractions of the reaction mixture obtained from the synthesis
of 1 were analysed by MS. It has to be mentioned that only few weak spots, besides
those of the naphthyl amine and the product (1), were observed on a TLC plate.

Scheme 2. X =0 or CIH7N

V. M -models in Chemistry 135. 1998
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Scheme 3

Nevertheless, the mass-spectra showed clearly the presence of traces of AMsopropyl-
1-naphthylimine (M+, 183) and a couple of its condensation products (M +, 366 and
406). The possible fragmentations are described in Scheme 4.

Furthermore, no condensation product of the ketone molecules, that could
support the mechanisms 1A or Il (see Scheme 3), was revealed by the mass-spectra*
From the latter results one may conclude, that in the reactions discussed,, the main
effect of p-TOS is a good catalytic behavior upon the aldol condensation between the
imine molecules rather than ketone molecules.

4CLL - models in Chemistry 135. 1998
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Conclusion

The results of this study confirm that the derivate of 1,2-substituted
dihydrobenzo(/2quinoline as the condensation product of two molecules of 1-naphthyl
imines is not accidental and should always be considered when the acidic conditions
at the moderate temperature are applied in the synthesis of the latter compounds.
Furthermore, the p-TOS catalysed reaction discussed in this paper, in the case of the
efficient removal of water, could be successfully used in moderate yields for the
synthesis of several new 1,2-dihydrobenzo(/i)quinolines which, for example, are
interesting objects from the stereochemical point of view.
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Experimental

General

Commercially available reactants were used without purification. Melting
points were measured by the Electrothermal digital melting point apparatus, and are
uncorrected. The infrared (IR) spectra were recorded by GALAXY Series FT-IR
6030 (Mattson Instruments). The electron ionization mass-spectra were recorded on a
VG 7070E (VG Analytical, Manchester, UK) spectrometer with direct inlet and the
electron impact energy 70 eV. The accurate mass measurements were made by VG
ZabSpec spectrometer using peak matching technique (PFK as a reference compound)
at a resolution of 8000-9000. and 13C-NMR spectra were recorded on a JEOL
LAMBDA 400 and ALPHA 500 spectrometers in CDCI3 containing tetramethylsilane
(TMS) as the internal standard. Elemental analysis of 5 was performed at the
commercial microanalytical laboratory E. Pascher, Remagen, Germany.

Synthesis of 1,2-dihydro-2-methyl-2,4-di-(ethyl-4-butanoate)benzo(h)quinoline, (5),
described as a general procedure

Ethyl 4-acetylbutanoate (31.2 mmol) and 1-naphthylamine (37.7 mmol) were
mixed in 20 ml of toluene at room temperature. After the temperature of the
magnetically stirred reaction mixture was increased up to 100°C, a few crystals of
/>-TOS were added. Thereupon a slow distillation was carried out during 3.5 h at
about 140 °C and the stirred mixture was left overnight at room temperature. Then,
the reaction mixture was concentrated at reduced pressure and the residual dark oil
was fractionated by dichloromethane in the silica gel column. The fraction with
Rj= 0.15 (CH2CI2) was collected and gave 2.3 g (5.4 mmol) of compound 5 with a
34.6% vyield based on the ketoester. The product was recrystallised from methanol
(water) as yellow crystals (rn.p. 80-81.5 °C). Anal. Calculated for C26H33N04:
C 73.73%, H 7.85% and N 3.31%. Found: C 73.7%, H 7.9% and N 3.6%.
IR (cm"1) 3416 (N-H), 3055, 2976, 1728 (C=0), 1620, 1520, 1371, 1188, 1030,
802, 742; MS (El, 70eV, m/z) 423 (M+, |C26H33N04J+), 408 ([M-CH3J+), 378
(IM-OC2Hs]+), 308 (IM-C3H6CO00C2H5J+, 100%), 220, 207; *H-NMR
(500 MHz, CDC13, TMS, 6 (ppm), J (Hz)) 1.21 (t, 3H, CH3, J 7.13), 1.26 (t, 3H,
CH3’, J 7.13), 1.33 (s, 3H, CH3), 1.56-1.64 (m, 2H, y-CH2), 1.67-1.75 (m, 1H,
B-CH2), 1.76-1.85 (m, 1H, R-CH2), 1.92 (~qn, 2H, R’-CH2>7 7.52), 2.29 (t, 2H,
a-CH2,J 7.27), 2.39 (t, 2H, a’-CH2, J 7.37), 2.51 (br t, 2H, y’-CH2, J 7.60), 4.09
(9, 2H, OCH2, J 7.14), 4.15 (g, 2H, OCH2\ J 7.12), 4.39 (br s, 1H, NH), 5.24
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(s, 1H, H(3)), 7.11 (d, 1H, H(6), 7 8.50), 7.31 (d, 1H, H(5), 7 8.55), 7.35-7.41 (m,
2H, H(8) & H(9)), 7.67-7.74 (m, 2H, H(7) & H(10)); (Found: M+, 423.241 10.
Calc, for C26H33NO0 4: M, 423.240 96).

1.2-dihydro-2,2,4-trimethylbenzo (h)quinoline, (1)

Pale yellow crystals, m.p. 50.3-52.3 °C (Ref. [2]: m.p. 46.8-47.2 °C);
IR (cm"1) 3422 (N-H), 2967, 1618, 1518, 1398, 1258 & 1163 (C(CH3)2), 812, 739;
MS (El, 70eV, m/z) 223 (M+, C16H17N+), 208 (fM-CH3l+, 100%), 165, 104,
*H-NMR (500 MHz, CDC13, TMS, 5 (ppm), 7 (Hz)) 1.36 (s, 6H, 2CH3), 2.09 (d,
3H, CH3, 7 1.44), 4.44 (br s, 1H, NH), 5.34 (br g, 1H, H(3), 7 1.39), 7.15 (br d,
1H, H(6), 7 8.44), 7.31 (d, 1H, H(5), 7 8.44), 7.35-7.40 (m, 2H, H(8) & H(9)),
7.68-7.73 (m, 2H, H(7) & H(10)); (Found: M+, 223.136 12. Calc, for C16H]7N:
M, 223.136 10).

1.2-dihydro-2-methyl-2,4-diethylbenzo(h)quinoline, (2a)

IR (cm"l) 3424 (N-H), 3057, 2965, 1470, 1171, 801, 737, 569; MS (El,
70eV, m/z) 251 (M+, [CIgH2IN]+), 236 ([M-CH3]+), 222 ([M-C2H5|+, 100%),
207 ([M-C2H5-CH3]+; *H-NMR (400 MHz, CDC13, TMS, 5 (ppm), 7 (Hz)) 0.94 (t,
3H, CH2CA3, 7 7.4), 121 (t, 3H, CH2CA3’, 7 7.4), 1.31 (s, 3H, CH3), 1.58 (m,
2H, CH2), 2.49 (br g, 2H, CH2\ 77.3), 4.36 (br s, 1H, NH), 5.23 (br s, 1H, H(3)),
7.12 (d, 1H, H(6), 7 8.4), 7.34 (d, 1H, H(5), 7 8.5), 7.35 (m, 2H, H(8) & H(9)),
7.68 (m, 1H, H(10)), 7.70 (m, 1H, H(7)); 13C-NMR (100.4 MHz, CDC13, 5 (ppm))
8.35 (CH3), 13.16 (CH3), 25.13 (CH2), 29.54 (CH3), 36.40 (CH2’), 54.82 (C(2)),
11457 (C(4a)), 115.74 (C(6)), 119.62 (C(10)), 121.66 (C(6a)), 122.14 (C(5)),
123.20 (C(3)), 124.44 (C(9)), 125.32 (C(8)), 128.61 (C(7)), 133.87 (C(10a)),
135.52 (C(4)), 138.61 (C(10b)); (Found: M+, 251.167 40. Calc, for C16H17N:
M, 251.167 65).

1.2-dihydro-2-methyl-2-ethyl-4-ethenylbenzo(h)quinoline, (2b)

IH-NMR (400 MHz, CDCI3, TMS, 5 (ppm), 7 (Hz)) 0.95 (t, 3H, CH2CH3,
77.4), 122 (s, 3H, CH3), 157 (m, 2H, CH2CH3), 1.85 (br d, 3H, =CCHS3,
77.0), 25 (m, 2H, C(3)H2), 4.36 (br s, NH), 6.16 (br g, 1H, =CH, 7 7.0), 7.16
(d, 1H, H(6), 7 9.1), 7.37 (m, 2H, H(8) & H(9)), 7.60 (d, 1H, H(5), 7 8.8), 7.72
(M, 2H, H(7) & H(10)); 13C-NMR (100.4 MHz, CDC13, 6 (ppm)) 8.24 (CH2CH3),
13.44 (= CCHB3), 25.72 (CH3), 33.11 (CH2CH3), 35.06 (C(3)), 52.42 (C(2)), 115.19
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(C(4a)), 116.47 (C3), 116.85 (C(6)), 119.82 (C(10)), 122.60 (C(5)), 123.27 (C(6a)),
12481 (C(9)), 125.28 (C(8)), 128.52 (C(7)), 13157 (C(4)), 133.63 (C(l0a)),
136.95 (C(10b)).

1,2-dihydro-2,2,4-trimethylquinoline, (6)

Oil (Ref. [7]: m.p. 25-26 °C); IR (cnrl) 3371 (N-H), 3027, 2967, 2857,
1651, 1605, 1480, 1381, 1316, 1259 & 1163 (C(CH3)2), 1040, 745; MS (EI, 70eV,
m/iz) 173 (M+, [CI2H1SN]+), 158 ([M-CH3]+, 100%), 115 (fCOH7]+), 77
([C6H5]+); 'H-NMR (400 MHz, CDC13, TMS, 6 (ppm), J (Hz)) 1.27 (s, 6H,
2CH3), 1.98 (d, 3H, CH3, J 1.5), 3.67 (br s, 1H, NH), 5.30 (g, 1H, H(3), 3 1.4),
6.43 (dd, 1H, H(8), fi 7.9, ¥ 1.2), 6.63 (dt, 1H, H(6), fi 7.5, 34 1.2), 6.98 (dt,
1H, H(7), fi 7.6, 34 15)), 7.05 (dd, 1H, H(), fi 7.6, 34 15)); 13C-NMR
(100 MHz, CDC13, 5 (ppm)) 1857 (CH3), 31.02 (2CH3), 5178 (C(2)),
112.89 (C(8)), 117.12 (C(10)), 121.52 (C(10b)), 123.60 (C(5)), 128.33 & 128.34
(C(7) & C(9)), 128.53 (C(6)), 143.26 (C(10a)); (Found: M+, 173.120 50. Calc, for
CI2H15N: M, 173.120 45).

We thank dr. Karel Klika (University of Turku) for recording the NMR spectra and for helpful
discussions and Ms Kirsti Wiinaméki for the MS measurements.
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Abstract: The results of the conformational studies on several N-acyl deriva-
tives of 1,2-dihydro-2,2,4-trimethylbenzo(/i)quinoline are reported. A compara-
tive study by NMR spectroscopy and semiempirical quantum chemical modelling
with the AMI SCF method revealed that the nitrogen atom is pyramidal with a
substantial out-of-plane torsion of the acyl group, and the molecules adopt the E
conformation in the ground state. Also, the '"H NMR signals revealed the inter-
conversion of a pair of enantiomers for all compounds studied, with AG* =
13.4-17.7 kecal Tol" . A good correlation exists between the above AG* values
and the energy barriers, EA predicted by the semiempirical AMI SCF model.

INTRODUCTION

Semiempirical quantum chemical calculations have shown the racemisation of
jV-I-naphthylamides [1,2] (Scheme 1) to occur via a planar transition state with
passage of the acyl group preferred over the position (2) of the naphthyl ring
rather than the position (8) [2].

Passage over the position (8) cause a considerable out-of-plane deformation of
the amide group and therefore, it would be energetically less favoured. Conse-



quently, the factors reducing the sp character of the amide nitrogen destabilise
the ground state of the molecule and both directions of rotation along the N-aryl
bond should become competitive. The rotation of the acyl group past over the
position (8) of naphthylamides has been modelled with jV-tosylbenzo(/i)qui-
nolone derivatives as models [3, 4]. Due to the steric restrictions, the latter are
characterised by high inversion barriers and hence by unusually slow inversion
rates.

In this paper, the results of stereochemical studies on several /V-acylated
1,2-dihydrobenzoquinolines (cf. Scheme 2) are reported. The substituents at the
carbonyl carbon were chosen to find out the possible effects of the size, elec-
tronegativity and K-K conjugation on the inversion barriers.

R = CH,
CH2cl
CH(CH3)2 4
C6H5 5

Scheme 2

RESULTS AND DISCUSSION

It is known that the N,Adinsymmetrically-substituted amides may adopt both
the cis- and trans conformation due to the hindered rotation around the N-C
partial double bond [5]. However, at room temperature the proton and carbon-
13 NMR spectra of each of the title compounds displayed only a single set of
signals, most probably due to the fast rotation around the N-C(O) bond. This is
supported by the semiempirical AMI SCF calculations, which predict low ro-
tational barriers. The calculated EAvalues were 3.3, 4.6, 4.7 and 4.5 kcal Tol'1
for 2-5, respectively, which after empirical correction [6] correspond to the

AG* values of 9.8, 11.9, 12.0 and 11.7 kcal ToT 1, respectively. These calcula-

tions also predict that the nitrogen atom is highly pyramidalised in ground state
of the molecules with the significantly longer N-C(O) bonds (ca. 1.41 A) than
the usual C-N partial double bond (-1.35 A [1]) in amides. The AMI calculated
torsion angles defined by the three C-N bonds are 154.2°, 158.3°, 162.5° and
163.4° in 2-5, respectively.



The semiempirical AMI calculations also predict the E conformer of com-
pounds 2-5 (in analogy with the /14 -naphthylamides [1] the oxygen is trans to
the aromatic ring) to be 2-4 kcal Tol" 1more stable than the Z conformer. Thus,
even at slow exchange rates, only a single set of signals would be observed in
the NMR spectra due to the predominance of the E conformer. However, sol-
vent effects may substantially alter the conformer populations as shown for the
tertiary N-1-naphthylamides [7].

The quantumchemically predicted preference for the E conformer is sup-
ported by the measured NOE enhancements presented in Table 1 which indi-
cate the protons of the acyl group to be closer to the hydrogen at the peri posi-
tion, H(10), than to the hydrogens of the geminal methyl groups. Several factors
may affect the conformational preference in acylated benzo(/i)quinolines, in-
cluding (1) the less effective size of oxygen as compared to the alkyl groups,
(2) the weak intramolecular O...H3C interaction and (3) the bipolar repulsion
between the carbonyl group and the 7t-electron system of the aromatic ring.
None of these effects appears to talk against predominance of the E conformer.

Table 1. The NOE enhancements for compounds 2-5, expressed as a percentage of the
original signals of the denoted protons upon irradiation of the protons of the
geminal methyls and acyl groups. H(3) and H(10) denote the hydrogen atoms
at the respective positions of the benzo(/i)quinoline ring (Scheme 2) and (+)
and (-) indicate the up- and downfield signals, respectively.

Observed Irradiated protons
Compound  protons CH3(-) CH3+) C(0)CH3 CI1CH(+) CICH(-)
C(0)CH CHCH3I+) CHCHs(-)

H(10) 14 15 17
2a H(3) 85 49 0

CHY+)  -58.2  -100 0

CHY-) -100  -55.7 0 : :

H(10) 05 2.0 : 0 76
3b H(3) 7.7 2.0 0 0

CH3+) 0 -100 0 0

CH3-) -100 0 0 0

H(10) 0.8 14 4.7 0.9 2.0
4C H(3) 7.9 4.0 0 0.3 0

CHY+)  -35.1 -100 0 0 0

CHY-) -100  -31.2 0 0 0

H(10) 0.1 0.8 : : :
5d H(3) 4.0 11

CH+) -3.4 -100

CH3(-) -100 21

aNOE experiments performed at 5.5°C; bat -20°C ;cat 25°C and dat -60°C.
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Inversion barriers estimated by the dynamic NMR spectroscopy.

At room temperature, a pair of slightly broadened signals for the geminal
methyl groups was observed for the acylated benzo(/i)quinoline derivatives,
with the exception of the benzoyl derivative. This implies the existence of a
nonplanar molecule (Scheme 3). The flip of the acyl group from one side of the
benzoquinoline ring to the other (called inversion below) should lead from one
enantiomer to the other. The dynamic exchange process is evident from the
temperature dependent NMR signals of the geminal methyl groups [8].

1
R(0)C C(0)R
"Xl XK
\ 1y
1> 1 <
1
Scheme 3

At the coalescence temperature, the barrier to inversion (Table 2) was calcu-
lated using equation (la) for an uncoupled two-site system or equation (Ib)
when a coupling was present [8].

AG* =4.575%10 V¢ [ 9.972 + log ( ) ] (Ia)

AG* = 4.575* 10“3TC[ 9.972 + log ( T- )] (Ib)
V2+61J

where Tcis the coalescence temperature in K, Sv [Hz] is the difference between
resonance frequencies of the A and B sites under the conditions of slow ex-
change, and Jabis the coupling constant in Hz.

In compound 3, there are two prochiral centres: C(2) and the chloromethyl
group. Therefore, two coalescences were observed as expected: that of the
methyl groups at C(2) and that of the hydrogens of the chloromethyl group
(Fig. 1). In the yV-isobutyryl substituted compound, 4, also two coalescences
were observed corresponding to the geminal methyl signals and methyl signals
of the isopropyl group (Table 2).



Table 2. The activation energies (AG™) of nitrogen inversion for the compounds 2-5,
calculated at the coalescence temperature (Tc). The difference of the reso-
nance frequencies (5v) of the geminal methyl groups, and the frequency of
NMR is indicated.

Comgoun 5v (HZ) ™ K) VNMR (HZ) solvent AG (kcal mol ')

2 379 (303 K) 342.0 400 TCEa 15.51

3 368(298 K) 363.0 400 TCE 16.56
84b (298 K) 342.4 400 TCE 16.53
(JHH13.8 Hz)

4 337 (298 K) 383.5 400 TCE 17.59
65¢ (298 K) 360.8 400 TCE 17.69

5 306(213 K) 294.0 400 CDC13 13.39

a Tetrachloroethane; b Separation of hydrogens of the chloromethyl group; c Separation
of methyls of the isopropyl group.

AR

374 364 354  3.44 ppm

Figure 1. A selected part of the dynamic NMR spectra of compound 3 showing the
coalescence of the AB-quartet of the methylene protons at 342 K.



Potential energy surface (PES) of inversion.

The semiempirical AMI SCF method [9] was used to model the potential en-
ergy surface of the inversion. The passage of the carbonyl group over the peri
position, i.e., C(10), was modelled by varying the torsion angle C(0)-N-C(10a)-
C(6a) in steps of 5 or 10 degrees and in smaller steps (0.5 or 1.0 degrees)
around the transition state. The final transition state geometry of inverting
molecules was confirmed by the single point calculations at the fixed reaction
coordinate. For comparison, the inversion dynamics in N-para-tosyl-
benzo(/i)quinolone (6) was also investigated. The AMI SCF calculated heats of
formation for ground and transition states of the compounds 1-6 are given in
Table 3.

Table 3. The AMI SCF calculated heats of formation for the E (EGi) and Z conform-
ers (EG), the transition state of inversion (ET9 and the energy barriers for
inversion (EAGINV) and rotation (EAZHE) along the N-C(O) bond.

Compound EGa Sev Ets Banwy” EAze)
(kcal Tol'")  (kcal Tol') (kcal mol )  (kcal moPY)  (kcal mol-1)

1 49.15 49.35 0.2 -

2 25.80 28.96 34.9 9.1 3.3
3 20.53 24.95 30.8 10.3 4.6
4 16.45 20.78 28.6 12.2 4.7
5 62.80 64.13 69.9 7.1 4.5
6 -83.55 -80.29 -70.9 12.6 -

aCorresponds to the E conformation in the amides, 2-6;bCorresponds to the Z confor-
mation in the amides, 2-6; cCorresponds to the maximum point on the potential curve
for inversion; d The inversion barrier in respective compounds;e The rotation barrier for

the Z-E interconversion.

Evidently, the nitrogen atom in 1 undergoes a rapid inversion with a very small
energy barrier (EMAM) = 0.2 kcal/mol). Also, the benzo(/i)quinoline ring in 1
has almost planar geometry in the transition state, with a symmetric potential



curve as expected for classical nitrogen inversion. However, acylation of the
nitrogen substantially increases the inversion barrier, as shown in Table 3.

For the E conformer of compound 3, rotation around the chloromethyl-C(O)
bond produced two different energy minima on PES. The rotamers are depicted
in Scheme 4.

Therefore, the grid search for the transition state of inversion was carried out
for both the (A) and (B) rotamers. It was found that the calculated activation
energy was higher for the more stable rotamer. Since the AMI SCF calculated
barrier for the 3£'-(A)->3£;(B) interconversion was rather low, i.e.,
2.1 kcalmofl it was presumed that the inversion is accompanied by the si-
multaneous rotation of chloromethyl group. The full PES of isopropyl deriva-
tive (4) is even more complicated due to the conformationally flexible acyl
group. The precision of the semiempirically calculated rotational barriers for
the large and flexible molecules is rather sensitive to the choice of the initial
geometry. To establish the most probable geometry of 4 in the ground state we
used the experimentally determined NOE ratios (for the method see in ref. [10]
and [11]). The NOE enhancements (T|) of the NMR proton signals of the iso-
propyl group on irradiation of the H(10) proton of the benzo(/z)quinoline ring
are presented in Fig. 2.
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3.9%

Figure 2. Aliphatic region of the 400 MHz NOE difference spectrum (above), verti-
cally amplified ca. 50 times with respect to the reference spectrum (below)
of compound 4 obtained upon irradiation of H(10).

The results of the NOE analysis were in accordance with the conformation pre-
dicted by the AM1 SCF calculations:

It is wellknown that the AMI method significantly underestimates the intra-
molecular conformational transition barriers in the amides [2, 6, 9]. However,
for certain dynamic processes, a satisfactory correlation between the calculated
and experimentally obtained transition barriers have been obtained. In particu-
lar, a good linear relationship has been found for the amide bond rotation barri-
ers in amides and their thioderivatives [6].



In this work, a good correlation between the computed inversion barriers,

Ea, and the experimentally determined activation free energies, AG , was ob-
tained (Fig. 3):

AG*p= 0.51Ea (AMI) + 7.38  (kcal ToT ) @)

R2=0.985; s=0.28

From equation (2), the compound 1 should have the free energy of activation
7.5 kcal ToT 1, which is close to the experimental barriers for nitrogen inversion
in ammonia and simple alkyl-substituted amines [12] (-6 kcal Tol ). Our re-
sults also display the increase of the inversion barriers with the increasing ef-
fective size of the acyl substituent (Ph < Me < CH2C1 < 'Pr). A substantially
smaller barrier for 5 (R = Ph) is unexpected from the simple consideration of
steric interactions. However, it can be related to the destabilising repulsion of
aromatic t-electron systems of aromatic rings in the ground state conformation.
Alternatively, the effective size of carbonyl group in 5, interacting with the
other parts of molecule, could be reduced in the transition state due to the pos-
sible electron delocalisation between the phenyl and C=0 groups.

Inv. barriers

(kcal Tol" ) 2 3 4 5 6a
Ea(AM1) 91 10.3 12.3 71 12.6

AG* (EXP) 155 16.6 17.7 134 185

athe experimental AG is calculated from the kinetic data reported in ref. [4]

Ea (AMI SCF)

Figure 3. Graphical plot of the experimental AG™ vs. computed Ea inversion barri-
ers for the compounds 2- 6.



Induction effects raise the rotational barrier about the amide N-C(O) bond [14].
Consequently, the inversion barrier in 3 should be increased due to the con-
certed rotation about the N-C(O) bond. However, this effect, while important in
the gas phase, is usually rather small in liquids [14]. Therefore, the higher in-
version barrier in iV-chloroacetyl derivative (3) as compared to the jV-acetyl de-
rivative (2) is a result of steric effects.

EXPERIMENTAL

The proton and carbon-13 NMR spectra were recorded on JEOL LAMBDA
400 (400 MHz) and JEOL ALPHA 500 (500 MHz) spectrometers in CDCls at
298 K. The chemical shifts are given in ppm relative to TMS used as an inter-
nal standard. The temperature in dynamic NMR measurements performed in
C2D2Cls or CDCIs, was calibrated using the ethylene glycol thermometer for
high temperature and the methanol thermometer for low temperature. The infra-
red (IR) spectra were recorded on a GALAXY Series FT-IR 6030 (Mattson In-
struments). The electron ionization mass-spectra were recorded on a VG 7070E
(VG Analytical) spectrometer with direct inlet and the electron impact energy
70 eV. The accurate mass measurements were performed on a ZabSpec spec-
trometer using the peak matching technique at a resolution of 8000-9000.

The semiempirical AMI SCF [9] calculations were performed using the
MOPAC 6.0 program package [15].

The title compounds were prepared by acylation of 1,2-dihydro-2,2,4-trimethyl-
benzo(/i)quinoline (1) with the respective (commercially available) acyl chlo-
ride. The synthesis of 1 is described elsewhere [16]. whereas the other reagents
were commercially available. The synthesis of //-acetyl-l,2-dihydro-2,2,4-
trimethylbenzo(/i)quinoline (2) is described as a general method for the prepa-
ration of the iV-acylated compounds (2-5). The syntheses were carried out at
room temperature and the yields ranged between 38 and 58%. An exception
was the synthesis of 4 which was accelerated by heating of the reaction mixture
for 48 hours at 60°C to give the product in 9.3% vyield.

N-Acetyl-1,2-dihydro-2,2,4-trimethylbenzo(h)quinoline (2).

A magnetically stirred mixture of 0.5 g (2.2 mmol) of 1,2-dihydro-2,2,4-
trimethylbenzo(/j)quinoline (1) and 0.1 ml (1.4 mmol) of acetyl chloride in
10 ml of dioxane was left to react for 48 hours at room temperature, at which
time the reaction mixture was quenched with 10 ml of water and extracted with
ether. The ether extracts were collected, dried over sodium sulphate and con-
centrated at reduced pressure to yield 0.63 g of yellow oil. The crude product
was passed through a silica gel column to yield 0.14 g (37.7 %) of /V-acety1-1,2-
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dihydro-2,2,4-trimethylbenzo(/i)quinoline (2) as a slightly yellow oil and 0.27 g
of starting material (1).

IR (cm-1): 3060, 2966, 2919, 2849, 1731, 1673 (C=0), 1558, 1508, 1463, 1363,
1310, 1265, 1243, 1175, 826, 752; MS (EIl, 70 eV): 265 (M+, [CI8HINO], 9%),
250 ([M-CH3sll, 9%), 222 ([M-C2H]+ 8%), 208 ([M-C3HZ]+ 100%), 43
([CH3CO]+ 15%); 'H NMR (400 MHz, CDC13 25°C): 7.91 (br d, J38.4, 1H,
H(10)), 7.83 (br d, J38.1, 1H, H(7)), 7.74(d, J38.4, 1H, H(6)), 7.52 (m, J38.4,
6.8,J4 1.4, 1H, H(9)), 7.50 (d, J38.5, 1H, H(5)), 7.45 (m, J38.1, 6.8,J4 1.3, 1H,
H(8)), 5.82 (g, J4 1.5, 1H, H(3)), 2.17 (d, J4 1.5, 3H, =CCH3), 2.01 (br s, 3H,
CH3, 159 (s, 3H, C(0)CH3J3, 1.05 (br s, 3H, CH3; 1 NMR (100 MHz,
CDC13 25°C): 173.7 (C(0)), 138.5 (C(3)), 133.6 (C(10b)), 133.2 (C(6a)), 130.7
(C(10a)), 128.9 (C(4)), 128.3 (C(7)), 128.1 (C(4a)), 126.8 (C(9)), 125.9 (C(6)),
125.7 (C(8)), 123.7 (C(10)), 121.1 (C(5)), 58.5 (C(2)), 28.0 (CH3, 26.4
(CH3CO), 25.3 (CH3, 18.0 (=CCH3J3. (Found for [CIBHINO]+ 265.1467.
Calcd.: 265.1469.).

N-Chloroacetyl-1,2-dihydro-2,2,4-trimethylbenzo(h)quinoline (3):

a yellow viscous oil; IR (cm-1): 3059, 2974, 1690 (C=0), 1349, 1219, 828, 752,
677; MS (El, 70 eV): 299 (M+ [C18H18NOC1], 10.5%), 284 ([M-CH3]+ 24.8%),
222 ([M-C2H2C10]+, 8.4%), 208 ([M-C3H5C10]+ 100%), 28 (CO4); 'H NMR
(400 MHz, CDC13 25°C): 7.87 (br d, J38.4, 1H, H(10)), 7.86 (br d, J38.1, 1H,
H(7)), 7.78(d, J38.4, 1H, H(6)), 7.55 (m, J38.4, 6.9, J4 1.4, 1H, H(9)), 7.51 (d,
J38.5, 1H, H(5)), 7.48 (m, J38.1, 6.8, J4 1.1, 1H, H(8)), 5.83 (q, J4 1.5, 1H,
H(3)), 3.67 (d, J2 13.6, 1H, CH2), 3.47 (d, J2 13,5, 1H, CH2), 2.18 (d, J4 1.5, 3H,
=CCH3J, 2.00 (br s, 3H, CH3, 1.08 (br s, 3H, CH3; ,3 NMR (100 MHz,
CDC13 25°C): 169.0 (C(0)), 138.1 (C(3)), 133.3 (C(6a)), 131.2 (C(10b)), 130.3
(C(10a)), 129.1 (C(4)), 128.9 (C(4a)), 128.6 (C(7)), 127.7 (C(9)), 126.7 (C(6)),
126.0 (C(8)), 122.5 (C(10)), 121.2 (C(5)), 59.3 (C(2)), 45.3 (CH?2), 27.6 (CH3),
24.9 (CH3, 18.0 (=CCH3J. (Found for [CisH1BNOC1]+ 299.1077. Calcd.:
299.1080.)

N-Isobutyryl-1,2-dihydro-2,2,4-trimethylbenzo(h)quinoline (4):

m.p. 135-137°C (hexane-dichloromethane); IR (cm-1): 3062, 2968, 2931, 2869,
1680 (C=0), 1557, 1508, 1466, 1379, 1299, 1208, 1175, 1080, 836, 787; MS
(El, 70 eV): 293 (M+ [C2HZNO], 19.6%), 278 ([M-CH3+ 10,9%), 222
([M-CsH70OTl", 45.1%), 208 ([M-C5H ]+ 100%), 71 (C4H70 +), 43 (C3H™); ‘H
NMR (500 MHz, CDC13, 25°C): 7.88 (d, J38.6, 1H, H(10)), 7.82 (d, J38.1, 1H,
H(7)), 7.70 (d, J38.5, 1H, H(6)), 7.49 (m, J38.5, 6.9, J4 1.4, 1H, H(9)), 7.49 (d,
J38.5, 1H, H(5)), 7.44 (m, J38.1, 6.8, J4 1.2, 1H, H(8)), 5.76 (q, J4 1.5, 1H,
H(3)), 2.17 (d, J4 1.5, 3H, =CCH?3), 2.10 (sept., J36.7, 1H, CH), 1,93 (s, 3H,
CH3), 1.06 (s, 3H, CHJ), 0.87 (d, J36.5, 3H, CH3), 0.70 (d, J37.0, 3H, CH3); 1
NMR (125 MHz, CDC13 25°C): 181.8 (C(O)), 137.7 (C(3)), 133.2 (C(64a)),
133.1 (C(10b)), 131.1 (C(10a)), 128.9 (C(4)), 128.2 (C(7)), 127.9 (C(4a)),
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126.8 (C(9)), 125.7 (C(8)), 125.4 (C(6)), 123.3 (C(10)), 121.1 (C(5)), 58.3
(C(2)), 35.4 (CH), 28.1 & 25.0 (2xCH3), 20.1 & 17.4 (2x CH3 18.0 (=CCH3.
(Found for [C20H2NO]+: 293.1780. Calcd.: 293.1783.)

N-Benzoyl-1,2-dihydro-2,2,4-trimethylbenzo(h)quinoline (5):

m.p. 92-93.5°C (hexane-dichloromethane); IR (cm-1): 3063, 2972, 2928, 2861,
1656 (C=0), 1557, 1510, 1467, 1383, 1314, 1276, 1177, 844, 788, 713; MS
(El, 70 eV): 327 (M+ [CZH2INO], 21.4%), 312 ([M-CH3J+, 34.5%), 222
(IM-CTH50 ]+ 20.3%), 207 ([M-C8H80]+ 10.6%), 105 ([CTH50+ 100%), 77
(CeH5+ 36.4%); 'H NMR (500 MHz, CDC13, 25°C): 7.90 (d, J38.6, IH, H(10)),
7.54 (d, J38.2, IH, H(7)), 7.53 (d, J38.4, IH, H(6)), 7.45 (d, J38.4, IH, H(5)),
7.27 (m, J38.5, 6.9, J4 1.3, IH, H(9)), 7.20 (m, 2H, H(2") & H(67)) 7.19 (m, J3
8.1, 6.8,J4 1.2, IH, H(8)), 6.99 (tt, J37.4, J4 1.3, IH, H(4")), 6.89 (m, 2H, H(3")
& H(5%)), 5.83 (q, J4 1.5, IH, H(3)), 2.26 (d, J4 1.5, 3H, =CCH3), 2.03#(s, 3H,
CH3), 1.27# (s, 3H, CH3; 1 NMR (125 MHz, CDC13 25°C): 172.6 (C(0)),
138.6 (C(17))136.7 (C(3)), 133.8 (C(10b)), 133.3 (C(6a)), 130.2 (C(4")), 130.0
(C(10a)), 128.8 (C(4)), 128.7 (C(2") & C(6)), 127.7 (C(7)), 127.2 (C(3’) &
C(5%)), 126.8 (C(4a)), 125.8 (C(9)), 125.3 (C(6)), 125.3 (C(8)), 123.9 (C(10)),
120.8 (C(5)), 58.5 (C(2)), 27.8* (CH?J, 24.4# (CHJ, 18.3 (=CCH3. (Found for
[CBH2INO]+ 327.1623. Calcd.: 327.1623.)
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