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Variable temperature NMR analysis and computational methods have been used to develop a detailed
understanding of the 1H NMR spectra of a family of medium-sized ring containing compounds. The
family consists of analogues containing 10-, 11- and 12-membered rings and in all cases the NMR spectra
at room temperature showed a series of diastereotopic methylene signals despite the lack of a stereo-
genic centre in these systems. On repeating the NMR analysis at higher temperatures, all the signals
coalesced for the 12-membered ring system consistent with full interconversion of ring conformers. This
was not observed in the analogous 10- and 11-membered ring systems with the interchange of con-
formers remaining slow on the NMR timescale. However, 1D gs-NOESY/EXSY NMR experiments showed
that in the smaller ring systems interconversion of diastereotopic protons did occur. Computational
studies suggest that the dynamic process observed by NMR for the 10- and 11-membered rings systems
is different from that observed in the 12-membered ring containing compound.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

There remains significant interest in the search for chemical
scaffolds that exhibit restricted conformational freedom and hence
display functional groups in well-defined orientations.1 Medium-
sized ring systems are considered useful in this context due to the
often strong conformational preferences they exhibit.2,3 Importantly,
very few examples of medium-sized ring containing compounds are
present in thecommercial compoundcollections thatdominatemany
high-throughput screening programmes. For this reason and others,
synthetic routes to access medium-sized rings are of continued im-
portance. To date, our focus has been on the use of oxidative frag-
mentation reactions as a means of accessing these types of systems.

In the previous paper,4 we revisited the synthesis of the me-
dium-sized ring containing compound 1a by oxidative fragmenta-
tion of the known anti-psoriasis drug 2a (Fig. 1A).5 Compound 1a
had a relatively complex 1H NMR spectrum containing a series of
diastereotopic protons associated with the methylene groups
present in the 10-membered ring. This observation implied that 1a
contains at least one non-classical stereogenic axis. One possible
explanation was that this stereogenic axis resulted from restricted
rotation about the N12eC10-bond in 1a and whilst this clearly
@st-andrews.ac.uk (T. Lebl),
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makes a contribution to the complexity of the 1H NMR spectrum of
1a at room temperature, variable temperature NMR studies showed
that the situation is more complex as the C7eC10 protons remained
diastereotopic at temperatures well above that required for co-
alescence of the aromatic signals in 1a. In addition, the small
molecule X-ray crystal structure of 1a showed that in the unit cell
four different conformers were represented.6 Two of these struc-
tures ((i) and (ii), Fig. 1B) are non-superimposable mirror images.
The other two ((iii) and (iv)) correspond to a second enantiomeric
pair in which the chlorine atom is on the opposite face of the
molecule relative to (i) and (ii), respectively. The relative orienta-
tion of the three carbonyl groups is the same in all four conformers.

Whilst the observation of restricted bond rotation in medium-
sized ring systems is relatively common,2,7 we became interested in
exploring this system further as a function of ring size. The results
of these studies are presented here including a detailed discussion
of variations in the ability of the amide group to reorient itself as
the size of the ring varies.

2. Results and discussion

Ourpreviously reported4 variable temperatureNMR studies on1a
showed a considerable broadening of the two signals associatedwith
the diastereotopic C7 protons as a function of temperature (Fig. 2(a)
and (b), Fig. 1A for numbering and Ref. 4). Broadening of these reso-
nances at higher temperatures is probably consistent with a re-
laxation of restrictions to bond rotation in the 10-membered ring of



Fig. 1. A. Synthesis of the medium-sized ring containing compounds 1aec. aA small increase in yield was observed when 4.0 equiv of m-CPBA was used. B. The four independent
conformers that make up the unit cell in the X-ray crystal structure analysis of 1a.
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1a. In order to characterise this further, it was decided to repeat the
NMR analysis on analogues of 1a that contained larger ring systems
(11- or 12-membered ring in 1b and 1c, respectively, Fig. 1A).
Fig. 2. Comparison of the aliphatic region of the 1H NMR (300 MHz) spectra for 1a, 1b
and 1c recorded in toluene-d8 at 293 and 363 K showing broadening or coalescence of
the C7-diastereotopic proton resonances.
2.1. Synthesis of ring expanded analogues of 1a

The required analogues 1b and 1c were synthesised in an
analogous manner to 1a (Fig. 1A). The enamines 3b and 3c were
prepared according to a literature procedure from cycloheptanone
(4b) and cyclooctanone (4c), respectively, and were converted to
the desired pyridones 2b and 2c.8 Oxidative cleavage of 2b and 2c
was achieved on reaction with m-CPBA, with the 11-membered
macrocycle 1b being afforded in a similar yield (72%) to that
obtained for the 10-membered macrocycle 1a (65%). However,
synthesis of the 12-membered ring macrocycle 1c proved much
more difficult, apparently due to an overall decrease in the re-
activity of 2c with m-CPBA. When 2 equiv of m-CPBA was used, 1c
was isolated in 24% yield and a second product was obtained in 30%
yield. 1H NMR analysis indicated that this new product contained
an aldehyde functional group. Further NMR studies led to the as-
signment of this product as 5 and a plausible mechanism for for-
mation of 5 from 2c is shown in Scheme 1. It seems likely that when
n¼1 (2a) the corresponding iminium ion 6 is rapidly intercepted by
a second equivalent of m-CPBA to give 7 (probably as a single syn-
diastereomer9). However, if in the case of the eight-membered ring,
this attack is slowed due to increased steric hindrance to attack of
the nucleophile, conversion of iminium ion 8 to enamine 9 may
compete. Subsequent oxidative cleavage of the enamine double
bond can then occur to give 5. A small increase in the yield of 1c
from 2c was observed when 4 equiv of m-CPBA was used.

In Part 1,4 it was shown that whilst it was possible to prepare 1a
from 2a in a catalytic ruthenium tetroxide-mediated oxidative
cleavage reaction, the major product formed in this reaction was
often the syn-diol 10 (Scheme 1). Under conditions that gave only
10 from 2a, it was found that 2c was converted to 1c in 16% yield
(73% based on recovered starting material 2c) with no indication of
the corresponding diol 11 being present. Whilst an increase in the
catalyst loading to 5 mol %, resulted in an increase in the isolated



Table 1
Chemical shift differences of diastereotopic protons in ppm derived from 1H,13C-
HSQC of 1c at 233 K and calculated for the ground state of 1c at the B3LYP/6-31G**

level of theory

Experimental B3LYP/6-31G**

C7 1.97 1.51
C8 0.84 0.76
C9 0.21 0.66
C10 0.45 0.68
C11 1.16 0.88
C12 0.16 0.48

Scheme 1. A possible mechanism for the formation of 5.
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yield of 1c to 37% isolated yield (66% based on recovered starting
material 2c), 11 was still not observed. The subtle difference in
behaviour of 2a and 2c in this reaction is currently rationalised
either based on differences in the rate of cleavage of the corre-
sponding diols 10 and 11 by sodium periodate (which is used as
a co-oxidant) or by a change inmechanismwith, for example, direct
cleavage10 of the double bond in 2c occurring.
Fig. 3. 1D gs-NOESY/EXSY spectra recorded for 1a following selective irradiation of the
H7a resonance. (a) At 293 K the H7b peak has the opposite phase to the H7a peak as
a result of a positiveNOE (mixing time¼0.4 s); (b) At 310K theH7a andH7bpeaks appear
in the spectrum in phase because magnetisation transfer due to chemical exchange
outweighs theNOE effect (mixing time¼0.4 s); (c) At 314.5 K a faster rate of exchange and
longer mixing time (0.5 s) results in a stronger enhancement of the H7b peak.
2.2. Variable temperature NMR study of the 10, 11 and 12-
membered ring containing systems, 1aec

A comparison of the aliphatic region of the 1H NMR spectra
obtained for the three medium-sized ring systems in 1a, 1b and 1c
as a function of temperature is shown in Fig. 2.

The results at 293 K (Fig. 2(b), (d) and (f)) indicate that the dy-
namics of this system vary as a function of ring size with a signifi-
cant transition taking place as the ring size is increased from 11 to
12 (cf. Fig. 2d and f). In 1c (12-membered ring) the aliphatic signals
are very broad with the signals assigned to the C7-diastereotopic
protons (labelled 7a and 7b) being barely visible, whereas the
analogous signals in 1b (11-membered ring) are similar to those
observed for 1a. When the 1H,13C-HSQC spectrum of 1c was
recorded at lower temperature (233 K, see Fig. S1)11 six sets of
diastereotopic aliphatic protons were observed with the spectrum
being further complicated by the presence of two rotamers (2:1
ratio) resulting from restricted rotation about the N(14)eC(10) bond
at this temperature (see Fig. 1A for numbering system). The largest
and smallest differences in chemical shifts (1.97 and 0.16 ppm)
were associated with the C7 and C12 diastereotopic protons, re-
spectively. Therefore, a preliminary explanation for this observa-
tionwas that the diastereotopic nature of these protons stems from
restricted rotation about the C5eC6 carbon bond of the dicarbonyl
functionality in 1c (Fig. 1A). However, further assignment of the 13C
resonances of the other methylene carbons in 1c using a 1H,13C-
H2BC experiment revealed that the diastereotopic pair with the
second largest chemical shift difference belonged to C11.11 The
situation was clearly more complex than the initial explanation.
Therefore, further studies using NMR and computational methods
were carried out and are described below. Interestingly, the
chemical shift differences of the diastereotopic protons calculated
for the ground state of 1c at the B3LYP/6-31G** level of theory
showed a reasonable agreement with the observed trend (Table 1)
providing evidence that this level of theory is relevant to the study
of these systems, as expected.
Raising the temperature at which the 1H NMR analysis was
carried out to 363 K further emphasised the difference in behaviour
between the 10- and 11-membered systems, 1a and 1b, as com-
pared to the 12-membered system, 1c. In the case of 1c, a 1H,13C-
HSQC spectrum recorded at 363 K showed that the signals corre-
sponding to all the diastereotopic protons in 1c coalesced on
heating the sample (see Figs. 2e and S211). Therefore the dynamics
of the 12-membered ring are such that full interconversion of
conformers occurs. On the other hand, the signals in the aliphatic
region of the spectrum of 1b remained separate and broadened as
previously described4 for 1a (Fig. 2c vs Fig. 2a).

Since broadening of lines in the NMR spectrum as a function of
temperature did not allow for unambiguous conclusions to bemade
concerning the dynamics of the 10- and 11-membered ring com-
pounds, 1a and 1b, further studies using a 1D gs-NOESY/EXSY ex-
periment were carried out at various temperatures (Fig. 3). For both
1a and 1b qualitatively similar results were obtained. At room
temperature antiphase peaks due to a positive NOE were observed
(Fig. 3a for 1a, data for 1b not shown). However, at higher temper-
atures the resonances associated with H7a and H7b appeared in
phase indicating that chemical exchangeof those twodiastereotopic
protons was occurring (Fig. 3b). As expected, the intensity of the
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EXSYpeaksproved tobedependentonboth the temperatureand the
mixing time (Fig. 3c).

2.3. Rationalisation of the trends observed in the variable
temperature NMR studies

The studies described above indicated that the dynamics of this
system are very dependent on the size of the ring. The next step in
providing a full rationalisation was to calculate the activation pa-
rameters for the dynamic processes associated with 1aec and to
assess possible pathways to explain these using calculations at the
B3LYP/6-31G** level of theory.

2.4. Restricted rotation about the N(12/13/14)eC(10) bond in
1a, 1b and 1c

The activation parameters for restricted rotation about the N(13/
14)eC(10) bond in 1b and 1c were determined by total lineshape
analysis of the C20 and/or C60 proton resonances and calculated at
the B3LYP/6-31G** level of theory to be compared with the values
already obtained for 1a (Table 2).4,11
Table 2
Activation parameters DGz

298 [kJ mol�1], DHz [kJ mol�1] and DSz [kJ K�1 mol�1] for
restricted rotation about the N(12/13/14)eC(10) bond determined experimentally
using total lineshape analysis of 1H NMR resonances of aromatic protons C20 and/or
C60 and calculated at the B3LYP/6-31G** level of theory

Experimental B3LYP/6-31G**

DGz
298 DHz DSz DGz

298 DHz DSza

1a 55.6�0.1 56.1�0.7 1.7�2.8 60.8 61.0 0.8
1b 50.7�0.1 55.5�1.0 16.3�3.9 59.0 60.8 6.0
1c 51.9�0.9 54.8�1.4 9.6�5.8 55.7 54.3 �4.7

a All vibrational modes with frequencies below 300 cm�1 were ignored in cal-
culating activation entropy.
The trend in the Gibbs free energy of activation (DGz
298) shows

that the number of methylene groups has only a small effect on the
restricted rotation about the N(12/13/14)eC(10) bond (Table 2,
column 2). The calculated values of activation enthalpy DHz (Table
2, column 6) are in reasonably good agreement with the experi-
mental values (Table 2, column 3), providing further support for the
use of these computational methods in the context of this system.
Surprisingly, however, the activation entropies for the restricted
rotation about the N(12/13/14)eC(10) bond (DSz, column 4) were all
positive. One possible explanation for this comes from comparison
of the calculated ground and transition state geometries of 1aec
(Fig. S6 and Table S2).11 When the transition states of 1aec are
reached, the average increase in the N(12/13/14)eC(11/12/13) and
N(12/13/14)eC(12a/13a/14a) bond lengths within the medium-
sized ring was calculated to be 0.0150�0.0032 and 0.0185�0.003�A,
respectively. This may in turn result in a higher conformational
flexibility of the ring and consequently to higher entropy.
Table 3
Activation parameters DGz

298 [kJ mol�1], DHz [kJ mol�1] and DSz [J.K�1.mol�1] for the d
experimentally using total lineshape analysis and the intensities of the EXSY crosspeak
Calculated values were generated at the B3LYP/6-31G** level of theory and are given fo
analogue (see main text)

Total lineshape analysis EXSY

DGz
298 DHz DSz DGz

298 DHz

1a 78.4�0.1 76.8�1.7 �5.6�4.9 76.5�0.1 79.8�

1b 80.2�0.4 77.7�4.9 �8.5�13.6 80.5�0.1 78.4�
1c 58.8�0.1 49.5�0.6 �31.1�2.1 d d
Unfortunately, a rather unsatisfactory agreement between experi-
mental and theoretical data was obtained for the entropy of acti-
vation DSz even when all vibrational entropy contributions from
frequencies below 300 cm�1 were removed (cf. Table 2, column 4 vs
column 7).

2.5. Dynamic processes associated with the medium-sized
ring

2.5.1. Identification of the activation parameters. The resonances
associated with the C7-diastereotopic protons in the 1H NMR
spectra of 1a, 1b and 1c recorded between 278 and 373 K were
subjected to total lineshape analysis. No interference caused by
restricted rotation about the N(12/13/14)eC(10) bond occurred as
this process was already in the fast exchange limit in this temper-
ature range. The resulting activation parameters DGz

298, DHz
298 and

DSz298 are presented in Table 3. In the case of 1a and 1b, the tem-
perature range over which broadening of resonances was suitable
for lineshape analysis was narrow and poor R2 values resulted from
the Eyring plots.11 Therefore, quantitative EXSY spectra were also
used for the calculation of the activation parameters. Very good
agreement between the two methods was obtained for DHz

298
(Table 3, column 3 vs column 6) and whilst DSz298 values showed
considerable discrepancies, the errors resulting from the EXSY data
were significantly smaller (Table 3, columns 4 and 7). All activation
parameters clearly confirmed the difference in behaviour between
the 12-membered system, 1c, as compared to the 10- and 11-
membered systems, 1a and 1b.

2.5.2. Detailed assessment of 1c. With the experimentally de-
termined activation parameters in hand, it was decided to in-
vestigate the dynamic processes associated with the medium-sized
ring using computational techniques. As a starting point, it was
assumed that the dynamic process being observed in the 1H VT
NMR experiment for 1c corresponded to the interconversion of
enantiomeric conformers of 1c (e.g., between conformers (i) and
(ii), Fig. 4). The main step in this process was proposed to involve
the C13eN14 amide passing through the 12-membered ring al-
though flipping of the C5eC6 dicarbonyl unit is also required. Initial
attempts to identify a reasonable pathway for the movement of the
amide by driving the C14aeN14eC13eO13 torsion angle (amide
bond rotation through the ring) in conformer (i) of 1c were dis-
couraging (see structure in Fig. 1A for numbering). However,
progress was made when an initial flip of the C5eC6 dicarbonyl
functionality was attempted. This dicarbonyl flip was briefly de-
scribed in Part 14 for the 10-membered ring in 1a and in the case of
1c was calculated by driving the O5eC5eC6eO6 torsion angle us-
ing the semi-empirical RM1 method and refined at the B3LYP/6-
31G** level of theory. The calculations confirmed that conversion of
conformer (i) to intermediate conformer (I1) via transition state
(TS1) for 1c (Fig. 4) was an energetically uphill but feasible process,
as was the case for 1a.4 Importantly, starting at conformer (I1), it
was now possible to identify a reasonable path by which the
ynamic process associated with the medium-sized ring in 1aec were determined
s between the 1H NMR resonances associated with the C7-diastereotopic protons.
r the corresponding rate determining step (RDS), which varies for each particular

B3LYP/6-31G**

DSz RDS DGz
298 DHz DSz

0.3 11.1�1.0 (i)/(TS1) 72.5 70.6 �7.0
(I1)/(TS20) 71.7 66.9 �15.9

1.2 �7.0�3.6 (I1)/(TS20) 79.8 73.5 �21.0
d (I1)/(TS2) 61.8 53.9 �26.3



Fig. 4. The fixed amide rotation pathway. Ball and stick representation of ground and transition state structures involved in this pathway for 1c localised using semi-empirical RM1
method and refined at B3LYP/6-31G** level of theory. The Gibbs free energy profile calculated for this pathway at the same level of theory.

Table 4
Relative Gibbs free energies of transition states and intermediate conformers with
respect to the global minimum ground state (i) calculated at the B3LYP/6-31G** level
of theory for analogues 1aec

DG298 [kJ mol]

(i) (TS1) (I1) (TS2) (ii) (TS20) (I20) (TS30)

1a 0.0 72.5 31.0 N/A 0.0 102.7 44.5 101.6
1b 0.0 58.8 24.6 110.1 0.0 104.4 29.8 97.8
1c 0.0 44.2 12.1 73.9 0.0 96.8 31.1 109.1
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C13eN14 amide could pass through the 12-membered ring by
progressive driving of the C4aeC14aeC13eO13 torsion angle
fromþ30� to �70�. The geometry of the transition state (TS2) for
this process was refined at the B3LYP/6-31G** level of theory and
shows that during this process the C13N14-amide in 1c travels
through the medium-sized ring (the C4aeC14aeC13eO13 torsion
angle in (TS2)¼�0.9�) without distortion of the amide away from
planarity (C14aeN14eC13eO13¼�4.7�, Fig. 4). For this reason, this
pathway is subsequently referred to as the fixed amide rotation
pathway. The calculated Gibbs free energy profile for this overall
process is depicted in Fig. 4 and suggests that transition from
conformer (I1) to (ii) is the rate determining step for the in-
terconversion of the enantiomeric conformers of 1c. As the half-life
(t1/2) for interconversion of (i) to (ii) for 1c was calculated to be
2.3 ms at 298 K then 1c does not exist as atropisomers (as defined
by Oki12). The corresponding activation parameters calculated at
the B3LYP/6-31G** level of theory for the fixed amide rotation
pathway are in very good agreement with the experimentally de-
termined values (Table 3).

Having rationalised the activation parameters associated with
1c, an analogous explanation (initial dicarbonyl flip followed by
passing of the amide through the medium-sized ring) was com-
putationally assessed for both 1a and 1b. As expected, the initially
required dicarbonyl flip was energetically feasible for 1b and 1a
(see Part 14). However, the dicarbonyl flip was calculated to bemore
difficult as the ring size decreased (the relative Gibbs free energies
of both (TS1) and (I1) with respect to the original global minimum
ground state (i) are shown as a function of ring size in Table 4) al-
though it is energetically feasible for all three compounds 1aec.
Next, attempts were made to force the amide group through the
11-membered ring in 1b. In this case, calculations showed that the
fixed amide rotation pathway described for 1c is plausible for 1b
although there is a significantly higher activation barrier
(DGz

298¼85.5 kJ mol�1, Fig. 6). This value is reasonably consistent
with the DGz

298 value observed in the VT experiments
(DGz

298¼80.5 kJ mol�1, Table 3, column 5). By contrast, attempts to
locate the analogous transition state for the 10-membered ring
system 1a using semi-empirical RM1 methods resulted in un-
realistic structures with relative energies above 200 kJ mol�1. As
EXSY experiments had clearly shown that the C7-diastereotopic
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protons in 1a could interconvert, an alternative rationalisation to
the fixed amide rotation pathway was required for 1a and possibly
1b.

2.5.3. Detailed assessment of 1a. As conformer (I1) had proved
a more productive starting point in the case of 1c (Fig. 4), a detailed
search of the conformational behaviour of the analogous I1 con-
former of 1a using semi-empirical RM1 method was carried out.
Interestingly, it was found that the mirror image of the 1a ground
state geometry could be accessed from conformer (I1) by pro-
gressive driving of O11eC11eN12eC10 dihedral angle from �170�

to 170� (see Fig. 1A for numbering). This process can be viewed as
a ‘transecisetrans’ amide bond rotation which flips both the
C11N12-amide carbonyl and the N12-chlorophenyl ring in 1a. The
amide moiety in both the global minimum ground state (i) and
the intermediate conformer (I1) adopts a trans-orientation
(O11eC11eN12eC10¼�166.2� and �167.9�, respectively). The
transformation is calculated to be achieved through two transition
states (TS20) and (TS30) and the intermediate conformer (I20), which
has a cis-configured amide (O11eC11eN12eC10¼4.8�, Fig. 5). The
relative Gibbs free energies with respect to the global minimum
ground state (i) obtained after refinement at the B3LYP/6-31G**

level of theory are summarised for 1a in Table 4. The overall Gibbs
free energy profile for interconversion of the enantiomeric con-
formers of 1a calculated at the B3LYP/6-31G** level of theory shows
three activation barriers (Fig. 5). In this process, flipping of the
C5eC6 dicarbonyl group also starts the interconversion process as
the activation barrier for rotation about the C11eN12 amide bond
in conformer (i) is some 30 kJ mol�1 higher in energy than that
from conformer (I1) for 1a (data not shown). The calculated Gibbs
free energy of activation for the first and second steps in the
Fig. 5. transecisetrans amide bond rotation pathway: Ball and stick representation of groun
RM1 method and refined at the B3LYP/6-31G** level of theory. The key torsion angle a¼
terconversion of mirror images of 1a calculated at the B3LYP/6-31G** level of theory is also
transecisetrans amide bond rotation pathway are very close in
value (DGz

298¼72.5 and 71.7 kJ mol�1, respectively) and are sig-
nificantly larger than for the final step in the pathway
(DGz

298¼57.1 kJ mol�1). Although the similarity in DGz
298 for the

two steps does not allow for an unambiguous determination of the
rate determining step, the DHz

298 and DSz298 values calculated for
the first step are in better agreement with the experimental values.

2.5.4. Reassessment of 1c. To date two alternative pathways, the
fixed amide and the transecisetrans amide bond rotation pathways,
have been identified by which enantiomeric conformers in this
series can interconvert. The most clear situation is for the 10-
membered ring containing 1a, where the only energetically feasible
pathway is the transecisetrans amide bond rotation pathway de-
scribed in Fig. 5. Reanalysis of 1c showed that this pathwaywas also
feasible for 1c (see Table 4) but that the activation barriers for this
pathway are significantly higher for 1c than those calculated for the
fixed amide rotation pathway (Fig. 4). It was therefore concluded
that, whilst both 1a and 1c are both capable of interconverting
enantiomeric conformers, they do so by different pathways. Next
the focus turned to 1b, which contains an 11-membered ring in-
termediate in size between the rings in 1a and 1c.

2.5.5. Detailed assessment of 1b. Conformational intermediates
and transition states for both amide rotation pathways were cal-
culated for 1b. The resulting relative energies with respect to the
corresponding global minimum ground state (i) are summarised in
Table 4 and are depicted in Fig. 6. Unlike the situation for transition
state (TS1) and conformational intermediate (I1), the relative en-
ergies of both the transition states (TS20) and (TS30) are only slightly
affected by the ring size (Table 4). Consequently the Gibbs free
d and transition state structures for amide rotation of 1a localised using semi-empirical
O11eC11eN12eC10 is highlighted by red dashed line. The free energy profile for in-
shown.



Fig. 6. Gibbs free energy profile for the interconversion of the mirror images of 1b
calculated at the B3LYP/6-31G** level of theory.
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energy for the transition from (I1) to (TS20) becomes larger for 1b
compared to the situation for 1a but the calculated barrier for 1b is
still smaller than the barrier calculated for the fixed amide rotation
pathway via transition state (TS2) for 1b (Fig. 6). Thus the most
favoured pathway for 1b is calculated to be the transecisetrans
amide bond rotation pathway seen for 1a, although a key difference
exist as the rate determining step is clearly the conversion of (I1) to
(I20) for 1b. Gratifyingly, the experimental and calculated values of
the activation parameters associated with 1b (Table 3), assuming
that the process observed in the VT NMR experiments is the con-
version of (I1) to (I20), are in good agreement.
3. Conclusion

The attempted synthesis of the 10-membered ring containing 1a
from 2a led to a compound that exhibited a relatively complex 1H
NMR at room temperature. In addition, X-ray crystallographic
analysis of 1a showed that two enantiomeric pairs of conformers
were present in the unit cell. These observations raised the possi-
bility that 1a existed as enantiomeric atropisomers, which in theory
couldbe isolated. Itwas initially proposed that thismight result from
the fact that the amide carbonyl group in 1a was unable to pass
through the 10-membered ring, hence rendering interconversion of
enantiomeric conformers of 1a impossible. This naive view led to
a proposal that investigation of the ring-expanded versions of 1a,
compounds 1b (11-membered ring) and 1c (12-membered ring)
may cast further light on the system. Indeed it was found through
variable temperature NMR studies using 1c that interconversion of
the enantiomeric conformers of 1cwas relatively fast with a t1/2 for
this process of approximately 2 ms. Furthermore it was shown by
computational methods that the interconversion of enantiomeric
conformers of 1c very likely occurred by passage of the amide bond
in 1c through the 12-membered ring, oreceded by a C5eC6 dicar-
bonyl flip. As the calculations suggest that the amide bond in 1c
remains in a trans-orientation throughout this process it has been
referred to here as the fixed amide rotation pathway. Intriguingly,
when the analogous process was explored computationally for 1a it
was shown that the fixed amide rotationpathwaywas impossible in
the 10-membered ring series.

Further light was cast on the 10-membered system 1a when
a 1D gs-NOESY/EXSY experiment demonstrated that in-
terconversion of the diastereotopic protons in 1a was occurring on
the NMR timescale. This observation was also consistent with the
half-life calculated from the activation parameters determined for
1a using VT NMR techniques (t1/2 (1a)¼4.3 s at 298 K). Whilst this
information argues that 1a cannot exists as atropisomers (as de-
fined by Oki12), the question of how the enantiomeric conformers
of 1a interconvert remained. Further computational studies led to
the identification of a pathway that could explain this observation
provided the amide bond in 1a undergoes trans- to cis- to trans-
isomerisation after a flip of the C5eC6 dicarbonyl group has oc-
curred. By this pathway (the transecisetrans amide bond rotation
pathway), which was shown to be energetically feasible for 1a, the
two enantiomeric conformers of 1a can interconvert without the
amide group passing through the 10-membered ring.Whilst 1a and
1c use two different pathways to interconvert enantiomeric con-
formers, the situation for the 11-membered ring containing ana-
logue 11b is less certain as both processes are calculated to be
energetically feasible. Our current studies suggest that 11b prefer-
entially uses the transecisetrans amide bond rotation pathway.

A combination of synthesis, NMR and computational methods
has led to an improved understanding of the conformational
equilibria associated with a set of medium-sized ring containing
analogues. Future reports will focus on the study of related systems
where interconversion of enantiomeric conformers is not possible.

4. Experimental11

4.1. General procedure A8

A solution of triethylamine (4.81 mL, 34.5 mmol, 1.10 equiv) and
the enamine (3a (13.6 g, 34.5 mmol, 1.10 equiv) or 3b (14.9 g,
34.5 mmol, 1.10 equiv) or 3c (16.1 g, 34.5 mmol, 1.10 equiv)) in tol-
uene (18.0 mL) was added dropwise over 10 min to a stirred, cooled
(iceeacetone,�10 �C bath) suspension of crude 2-((3-chlorophenyl)
amino)-3-pyridinecarbonyl chloride (8.40 g, 31.4 mmol, 1.00 equiv)
in toluene (140 mL). As the solid dissolved, the dark red reaction
mixture was kept between�5 �C andþ5 �C for 2 h, then allowed to
warm up to room temperature over 30 min and heated at 80 �C for
4 h. After cooling down, the reaction mixture was stirred at room
temperature for 12 h, after which the toluene was removed under
reduced pressure. The residue was dissolved in dichloromethane
(150 mL) and the solution was washed with H2O (100 mL), 1.0 M
HCl(aq) (100 mL), 1.0 M Na2CO3(aq) (100 mL) and with H2O (100 mL).
Aqueous extracts were back extracted with dichloromethane
(2�150 mL), and the combined organic portion was dried over
Na2SO4,filtered and concentrated in vacuo. The residuewas purified
by column chromatography over silica gel (3:2, ethyl acetate/hex-
ane). An analytically pure sample was obtained by recrystallisation
from acetonitrile to afford the title compound.

4.2. General procedure B

To a solution of 2 (2a (311 mg, 1.00 mmol, 1.00 equiv) or 2b
(325 mg, 1.00 mmol, 1.00 equiv) or 2c (339 mg, 1.00 mmol,
1.00 equiv)) in anhydrous dichloromethane (16.0 mL) was added
portion-wise m-CPBA (345 mg, 2.00 mmol, 2.00 equiv) and the
reaction mixture was stirred at room temperature for 40 h before
being washed with 1.0 M Na2CO3(aq) (10.0 mL) and H2O (10.0 mL).
The aqueous washes were back extracted with dichloromethane
(2�30.0 mL). The combined organic layers were dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
column chromatography over silica gel (1:1, ethyl acetate/hexane).
An analytically pure sample was obtained by recrystallisation from
ethanol.

4.3. General procedure C

A solution of the cyclic ketone (cycloheptanone 4b (10.1 g,
90.0 mmol, 1.00 equiv) or cyclooctanone 4c (11.4 g, 90.0 mmol,
1.00 equiv)), pyrrolidine (8.26 mL, 99.0 mmol, 1.10 equiv) and
p-toluenesulfonic acid (catalytic 0.01 g) in anhydrous toluene
(200 mL) was refluxed under argon using a Dean and Stark appa-
ratus. Refluxing whilst stirring was continued until separation of
water had ceased (3b, 5 h and 3c, 20 h). The reaction mixture was
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then cooled and the solution concentrated in vacuo. The residuewas
purified by distillation.

4.3.1. 13-(3-Chlorophenyl)-8,9,10,11-tetrahydro-5H-pyrido[2,3-b][1]
azacycloundecine-5,6,12-(7H,13H)-trione (1b). The title compound
1b (257 mg, 0.720 mmol, 72%) was afforded as a yellow solid using
general procedure B.

Mp 115e116 �C; 1H NMR (300 MHz, CDCl3): d¼8.29 (dd,
3J¼4.9 Hz, 4J¼2.0 Hz, 1H, C2-H), 8.04 (dd, 3J¼7.7 Hz, 4J¼2.0 Hz, 1H,
C4-H), 7.34e7.30 (m,1H, AreH), 7.29e7.23 (m, 2H, AreH), 7.22e7.17
(m, 1H, AreH), 7.14e7.09 (m, 1H, C3-H), 3.44e3.30 (m, 1H, C7-H),
2.65e2.54 (m, 1H, C70-H), 2.34e2.21 (m, 1H, C11-H), 2.07e1.98 (m,
1H, C110-H), 1.92e1.78 (m, 1H, C8-H), 1.69e1.46 (m, 4H, C80-H, C10-
H2, C9-H), 1.22e1.08 (m, 1H, C90-H); 13C NMR (75.5 MHz, CDCl3):
d¼201.5 (C6), 188.8 (C5), 175.5 (C12), 151.6 (C2), 151.4 (C13a), 142.6
(C10), 139.2 (C4), 135.1 (C30), 130.5 (Ar), 129.9 (Ar), 128.8 (Ar), 128.0
(Ar), 126.0 (C4a), 121.8 (C3), 36.0 (C11), 34.3 (C7), 25.0 (C9), 22.5
(C10), 21.5 (C8); IR (KBr): nmax 2944 (m), 1710 (s) (C]O), 1686 (s)
(C]O), 1655 (s) (C]O), 1589 (s), 1475 (m), 1423 (m), 1364 (m), 1266
(s), 741 (s) cm�1; LRMS (ESþ): m/z (%) 379.18 (100) [M35ClþNa]þ;
HRMS (ESþ): m/z calcd for C19H17

35ClN2NaO3 [M35ClþNa]þ:
379.0835; found: 379.0825.

4.3.2. 14-(3-Chlorophenyl)-7,8,9,10,11,12-hexahydropyrido[2,3-b][1]
azacyclododecine-5,6,13-(14H)-trione (1c). Method 1: The title
compound 1c (89 mg, 0.24 mmol, 24%) was afforded as a yellow oil
using general procedure B with an additional 20 h stirring at room
temperature. 1H NMR (300 MHz, CDCl3): d¼8.41 (dd, 3J¼4.8 Hz,
4J¼2.0 Hz, 1H, C2-H), 8.01 (dd, 3J¼7.7 Hz, 4J¼2.0 Hz, 1H, C4-H),
7.57e7.53 (m, 1H, AreH), 7.46e7.41 (m, 3H, AreH), 7.23 (dd, 3J¼7.7,
4.8 Hz, 1H, C3-H), 3.96e3.41 (m, 1H, C7-H), 2.53e1.39 (m, 11H, C70-
H, C12-H2, C8-H2, C9-H2, C11-H2, C10-H2); 13C NMR (75.5 MHz,
CDCl3): d¼199.6 (C6), 187.8 (C5), 173.7 (C13), 150.8 (C14a), 150.5
(C2), 142.0 (C10), 139.2 (C4), 135.0 (C30), 130.4e129.0 (4�Ar), 126.5
(C4a), 121.6 (C3), 34.2 (C12), 26.0 (C7), 24.8 (C9), 24.5 (C10), 23.3
(C11), 21.2 (C8); IR (NaCl): nmax¼2932 (m), 1693 (s) (C]O), 1665 (s)
(C]O),1591 (s), 1475 (w),1420 (m),1368 (m),1274 (m) cm�1; LRMS
(ESþ):m/z (%) 393.19 (100) [M35ClþNa]þ; HRMS (ESþ):m/z calcd for
C20H19

35ClN2NaO3 [M35ClþNa]þ: 393.0982; found: 393.0967.
When 4.0 equiv of m-CPBA was used, 1c was obtained as a yel-

low oil (133mg, 0.360 mmol, 36%). In addition, aldehyde 5 (116 mg,
0.300 mmol, 30%) and 2c (115 mg) were isolated from this reaction.

Method 2: A. Sodium periodate (321 mg, 1.50 mmol, 3.00 equiv)
was stirred in H2O (0.750 mL) and 2 N sulfuric acid (100 mL,
0.100 mmol, 20 mol %). After the solid had dissolved, the solution
was cooled to 0 �C. Ruthenium(III) chloride hydrate (519 mg,
0.00300 mmol, 0.5 mol %) was then added and the reaction was
stirred until the colour turned bright yellow. Ethyl acetate (3 mL)
and acetonitrile (3 mL) were added and stirring was continued for
a further 5 min 2c (169 mg, 0.500 mmol, 1.00 equiv) was then
added to the reaction and the slurry was stirred at room temper-
ature for 24 h. The reaction mixture was poured into a mixture of
saturated NaHCO3 solution (10.0 mL) and saturated sodium thio-
sulfate solution (10.0 mL). The phases were separated, and the
aqueous layer was extracted with ethyl acetate (3�20.0 mL). The
combined organic layers were dried (Na2SO4) and concentrated in
vacuo. The crude product was purified by flash column chroma-
tography using silica gel (4:6, ethyl acetate/hexane) to afford 1c
(30.0 mg, 0.0800 mmol, 16%) as a white solid; B. Method 2A was
repeated using ruthenium(III) chloride hydrate (5.19 mg,
0.0300 mmol, 5.0 mol %) to afford 1c (69.0 mg, 0.190 mmol, 37%) as
a white solid.

4.3.3. 11-(3-Chlorophenyl)-6,7,8,9,10,11-hexahydro-5H-cyclohepta
[b][1,8]naphthyridin-5-one (2b). The title compound 2b (4.08 g,
12.6 mmol, 40%) was afforded as a cream solid using general
procedure A. Mp 168e169 �C; 1H NMR (300 MHz, CDCl3): d¼8.73
(dd, 3J¼7.9 Hz, 4J¼2.0 Hz, 1H, C4-H), 8.51 (dd, 3J¼4.5 Hz, 4J¼2.0 Hz,
1H, C2-H), 7.53e7.50 (m, 2H, AreH), 7.28e7.24 (m, 2H, AreH, C3-H),
7.17e7.13 (m, 1H, AreH), 3.08e2.93 (m, 2H, C6-H2), 2.64e2.59 (m,
2H, C10-H2), 1.87e1.79 (m, 2H, C8-H2), 1.67e1.60 (m, 2H, C7-H2),
1.59e1.52 (m, 2H, C9-H2); 13C NMR (75.5 MHz, CDCl3): d¼176.5
(C5), 155.4 (C10a), 151.9 (C2), 151.1 (C11a), 140.8 (C10), 136.1 (C4),
135.3 (C30), 130.7 (Ar), 129.8 (Ar), 129.4 (Ar), 127.7 (Ar), 124.9 (C5a),
119.6 (C3), 119.3 (C4a), 32.2 (C10), 32.0 (C8), 26.7 (C7), 25.5 (C9),
24.1 (C6); IR (KBr): nmax¼2932 (m), 1617 (s) (C]O), 1589 (m), 1542
(w), 1475 (m), 1425 (m), 1296 (m), 785 (m), 750 (w) cm�1; LRMS
(ESþ):m/z (%) 347.13 (100) [M35ClþNa]þ; HRMS (ESþ):m/z calcd for
C19H17

35ClN2NaO [M35ClþNa]þ: 347.0927; found: 347.0913.

4.3.4. 12-(3-Chlorophenyl)-6,7,8,9,10,11-hexahydrocycloocta[b][1,8]
naphthyridin-5(12H)-one (2c). The title compound 2c (5.43 g,
16.0 mmol, 51%) was afforded as a cream solid using general pro-
cedure A. Mp 190e191 �C; 1H NMR (300 MHz, CDCl3): d¼8.74 (dd,
3J¼7.6 Hz, 4J¼1.9 Hz, 1H, C4-H), 8.51 (dd, 3J¼4.6 Hz, 4J¼1.9 Hz, 1H,
C2-H), 7.55e7.50 (m, 2H, AreH), 7.31e7.25 (m, 2H, AreH, C3-H),
7.21e7.18 (m, 1H, AreH), 2.96e2.83 (m, 2H, C6-H2), 2.74e2.69 (m,
2H, C11-H2), 1.81e1.73 (m, 2H, C7-H2), 1.56e1.42 (m, 6H, C10-H2,
C8-H2, C9-H2); 13C NMR (75.5 MHz, CDCl3): d¼177.0 (C5), 151.9 (C2),
151.7 (C12a), 151.6 (C11a), 140.6 (C10), 136.0 (C4), 135.3 (C30), 130.5
(Ar), 130.1 (Ar), 129.6 (Ar), 128.1 (Ar), 123.4 (C5a), 119.5 (C3), 119.2
(C4a), 29.6 (C8), 29.5 (C7), 29.2 (C11), 27.6 (C10), 25.7 (C9), 25.2
(C6); IR (KBr): nmax¼1617 (s) (C]O), 1588 (m), 1543 (m), 1475 (m),
1426 (m), 1266 (s), 745 (s) cm�1; LRMS (ESþ): m/z (%) 361.11 (100)
[M35ClþNa]þ, 699.27 (25) [2M35ClþNa]þ, 363.15 (10)
[[M37ClþNa]þ, 701.28 (10) [M35ClþM37ClþNa]þ; HRMS (ESþ): m/z
calcd for C20H20

35ClN2O [M35ClþH]þ: 339.1264; found: 339.1268.

4.3.5. (E)-1-Cycloheptenylpyrrolidine13 (3b). The title compound 3b
(9.20 g, 55.7 mmol, 62%) was afforded as a yellow oil after distil-
lation using general procedure C. 1H NMR (300MHz, CDCl3): d¼4.47
(br s, 1H, C2-H), 2.97e2.91 (m, 4H, C20-H2), 2.49e2.45 (m, 4H, C3-
H2, C7-H2), 1.84e1.80 (m, 4H, C30-H2), 1.73e1.62 (m, 6H, C4-H2, C6-
H2, C5-H2); LRMS (ESþ): m/z (%) 166.15 (100) [MþH]þ.

4.3.6. (E)-1-Cyclooctenylpyrrolidine13 (3c). The title compound 3c
(13.9 g, 77.5 mmol, 86%) was afforded as a yellow oil after distil-
lation using general procedure C. 1H NMR (300MHz, CDCl3): d¼4.27
(br s,1H, C2-H), 3.15e3.08 (m, 4H, C20-H2), 2.52e2.43 (m, 4H, C3-H2,
C8-H2), 2.28e2.17 (m, 2H, C4-H2), 2.01e1.91 (m, 4H, C30-H2),
1.68e1.54 (m, 6H, C5-H2, C7-H2, C6-H2); LRMS (ESþ):m/z (%) 180.12
(100) [MþH]þ.
4.3.7. 6-(1-(3-Chlorophenyl)-3-hydroxy-2,4-dioxo-1,2,3,4-tetrahy-
dro-1,8-naphthyridin-3-yl)-hexanal (5). The title compound 5
(116 mg, 0.300 mmol, 30%) was afforded as a yellow solid using
general procedure B with an additional 20 h stirring at room
temperature.

Mp 93e94 �C; 1H NMR (400 MHz, CDCl3): d¼9.73 (t, 3J¼1.4 Hz,
1H, C12-H), 8.47 (dd, 3J¼4.8 Hz, 4J¼1.9 Hz, 1H, C2-H), 8.29 (dd,
3J¼7.6 Hz, 4J¼1.9 Hz, 1H, C4-H), 7.48e7.47 (m, 2H, C50-H and C40-H),
7.22e7.18 (m, 2H, C60-H and C3-H), 7.11 (br s, 1H, C20-H), 2.41 (td,
3J¼7.2 Hz, 4J¼1.4 Hz, 1H, C11-H), 2.09e1.94 (m, 2H, C7-H), 1.64e1.56
(m, 2H, C10-H2), 1.54e1.40 (m, 2H, C8-H2), 1.35e1.24 (m, 2H, C9-
H2); 13C NMR (100.6 MHz, CDCl3): d¼202.5 (C12), 193.6 (C5), 173.1
(C13), 154.8 (C2), 154.4 (C1a), 137.4 (C10), 137.2 (C4), 135.5 (C30),
130.9 (C50), 129.7 (C40 and C3), 127.5 (C20), 120.3 (C60), 115.8 (C4a),
83.4 (C6), 43.9 (C11), 41.1 (C7), 29.0 (C10), 23.1 (C8), 22.0 (C11); IR
(NaCl): nmax¼3409 (OH), 2926 (m), 1722 (s) (C]O), 1688 (s) (C]O),
1587 (s), 1469 (w), 1435 (m), 1346 (m), 1174 (CeN), 773 (s), 732
(s) cm�1; LRMS (ESþ): m/z (%) 408.8 (100) [M35ClþNa]þ, 440.8 (30)
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[M35ClþNaþMeOH]; HRMS (ESþ): m/z calcd for C20H19
35ClN2NaO3

[M35ClþNa]þ: 409.0931; found: 409.0942.
4.4. Computational methods

Semi-empirical electronic structure calculations were carried
out using the RM1 method14 as implemented in Spartan ’08 (Ver-
sion 1.1.2, Build 131)15 running onWindows XP computer equipped
with a Intel Core 2 Quad processor at 2.67 GHz and 4 GB of memory.
DFT calculations were carried using the same software and hard-
ware. The transition states were located by generation of an initial
guess using the results of the RM1 calculations. This model tran-
sition state was refined at the B3LYP/6-31G** level of theory to
a transition state structure possessing single imaginary vibration
that corresponded to the coordinate under study.
4.5. Dynamic NMR spectroscopy

All dynamic NMR experiments were carried out using a Bruker
AVANCE 500 spectrometer equipped with inverse tuneable BBI
probe. The temperature, controlled by a Bruker BVT unit, was
measured before each experiment using either 4% MeOH in
methanol-d4 or 80% 1,2-ethanediol in DMSO-d6 samples.16 The rate
constants for exchange processes were determined by complete
lineshape analysis using the Bruker TOPSPIN DNMRmodule and/or
quantitative EXSYexperiment.17 1D NOESY/EXSYexperiments were
recorded using standard selnogp sequence with 50 ms 180�

Gaussian pulse for selective inversion of H7 resonances and mixing
times ranging from 0 to 0.4 s.18 The resultant intensities of EXSY
crosspeaks were heightened by the addition of NOE crosspeaks
intensities obtained from the same experiment recorded at room
temperature and these were evaluated using EXSYCalc software
(Mestrelab Research). The temperature dependence of rate con-
stants was used to determine the activation parameters by fitting
the experimental data to the Eyring equation.
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