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Dynamic NMR spectroscopy can determine energy barriers
due to internal motion over the range of about 4.5-
23 kcalmol~!. Conformational analysis of the frozen confor-
mations can be simulated and interpreted by reliable theoret-
ical calculations based mainly on density functional theory
(DFT). The same calculations can identify transition states

and predict the values of energy barriers involved in stereo-
dynamic processes. This review describes recent advances in
the experimental and theoretical approaches used in the field
of the stereodynamic analysis, reporting a number of exam-
ples taken from the recent literature.

1. Introduction

Variable-temperature NMR spectroscopy, often referred
to as dynamic NMR (DNMR), is a powerful tool for in-
vestigating stereodynamic processes. Separate (anisochron-
ous) signals, observed at appropriate temperatures at which
motion is slow on the NMR timescale, broaden on warming
and eventually coalesce when the motion becomes fast on
that timescale. By computer simulation of the band shape
the rate constants (k values) can be derived over the tem-
perature range over which this feature is detectable. In the
case of conformational processes the rates are not depend-
ent upon the concentration, and the corresponding k values
usually cover a range of a few to a few thousand reciprocal
seconds (s!). From the k values, free energies of activation
(AG™ in kcalmol ') can be extracted by application of the
Eyring equation, where 7 is the absolute temperature and
k is the rate constant in s!; see Equation (1).

AG* = 4.574 X 10->T+[Log,o(T/k) + 10.318] (1)

This method allows AG”™ values between about 4.5 and
about 23 kcalmol ™! to be determined. The temperature ran-
ges over which k values can be accurately measured by
DNMR technique are usually quite small, however, so reli-
able values of AH™ and AS™ cannot normally be obtained.
In the few conformational processes in which such accuracy
has been achievable, the AS™ values were invariably found
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to be almost negligible within the experimental error, so
AH” appeared to be essentially equal to AG”. Reports of
conformational processes that appear to show AS™ values
substantially different from zero are most probably due to
insufficiently accurate measurements.!!]

A number of books and reviews have previously been
devoted to describing the applications of DNMR in confor-
mational analysis.”>'4 Technical improvements in modern
high-field NMR spectrometers have permitted previously
unaccessible dynamic NMR investigations, so here we up-
date earlier reviews by presenting a selection of DNMR
studies from the last 10-15 years. This selection reflects the
personal interests of the authors, so other excellent exam-
ples may not be reported in this microreview. The recent
papers on stereodynamics reported here cover the most
commonly occurring conformational processes in organic
chemistry: ring inversion, restricted rotation and nitrogen
inversion.

2. Experimental Methods

2.1 NMR Samples

Dynamic NMR often requires that spectra have to be
recorded over a wide temperature range, ideally in the same
solvent. For the high-temperature range, [Dg]DMSO (b.p.
+210 °C) or [D,]tetrachloroethane (b.p. +146 °C) are usu-
ally employed. Solvents without any hydrogen atoms, such
as tetrachloroethylene (b.p. +121 °C), hexachloroacetone
(b.p. +70°C/6 mm Hg) or hexachlorobutadiene (b.p.
+210 °C) are also used. Variable-temperature experiments
down to —100 °C are usually recorded in CD,Cl, (m.p.
-97 °C), [Dg]THF (m.p. 118 °C) or CD3;0D (m.p. -95 °C).
Quite a wide temperature range is accessible with [Dg]-
toluene (from -95 °C to +110 °C).
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If the temperature has to be decreased well below
—100 °C, the samples have to be prepared in a more sophis-
ticated way, with use of liquefied gases such as Me,O,!”]
vinyl chloride,'® propane,'” propene,['®! Freons® or mix-
tures of these (see Table 1).

Table 1. Mixtures of solvents reported in the literature, together
with the lowest attained temperatures.

Solvent mixture (v/v) T [°C] Ref.
CHF,Cl/CHFCl,, 3:1 -182 1221
CHF,Cl/CHFCl,, 5:1 -190 1231
CHF,Cl/CHFCI,/CF,Cl,, 3:1:1 -170 (241
CHF,Cl/CHFCI,/CHF;, 5:1:1 -188 1231
CHF,Cl/CHFCI,/CHF;, 3:1:1 -182 1261
CClez/CBrF3, 4:1 -157 [27]
CF,CL,/CBrF3, 2:1 -166 1281
CHFCI,/CCIL,F,, 1:1 -165 [29]
CHF,CI/CHFCl,, 1:1 -174 [30]
CHCI,F/CH,=CH(], 6:1 -160 B
Me,O/THE, 3:1 140 (32]
THF/Et,0, 3:2 -135 [32]
CHF,CI/CDFCl,, 3:1 -171 [33]
CH,=CHCI/CS,, 4:1 -131 [34]
CH,=CHCI/CS,, 3:2 -132 [34]
CH,=CHCI/CHFC(l,, 5:2 -152 [33]
CD,Cl,/[Dg]toluene, 1:1 -120 [36]

The use of hydrogen-containing solvents is often imprac-
tical because of their very strong signals, which can overlap
with the signals of the dilute solute. Freons®, in contrast,
either do not show any signal in the proton spectra (CBrFs;,
CF,Cl,), or only give a signal in the aromatic region of the
spectrum (CHFCl,, CHF,Cl, CHF;) and are also quite
good solvents even at very low temperatures.'”) Moreover,
the simple preparation of CDFCI, starting from CDCI;%
can also remove this signal and avoid the need for the use
of any additional lock source.l?!)

A quite popular combination used for dynamic NMR
studies is a CHF,Cl/CHFCIl, mixture (ca. 3:1 v/v) with a
small amount of a deuterated solvent (usually C¢Dg or [Dg]-
acetone) used for the lock signal. This mixture remains fluid
down to about —180 °C. A second very useful combination,
with similar characteristics, is a CDF,ClI/CHFCl, mixture
(ca. 2:1 v/v). If the '"H NMR spectrum need to be moni-
tored in the aromatic region, CDFCIl,/CBrF;, CF,Cl,/
CBrF;/C¢Dg or CBrF;/C4D¢ mixtures are usually good, the
only limitation being the poor solvent capability of CBrFs;.

When solvents that are gaseous at ambient temperature
are needed, the preparation of the samples requires the use
of a vacuum line. The NMR tube (normally a high-quality
borosilicate tube to which a Pyrex extension pipe has been
fused) is filled with the required amount of the compound,
and a small amount of C¢Dg¢ for locking purposes (about
0.05mL) is then introduced by microsyringe. The NMR
tube is then immersed in liquid nitrogen and evacuated, in
order subsequently to condense about 0.65 mL of the gas-
eous solvents, which are transferred from lecture bottles
connected to the vacuum line. The tube is finally sealed
under reduced pressure (0.001 bar) with the aid of a meth-
ane/oxygen torch. In order to avoid rapid temperature
changes, the sample is allowed to warm slowly to ambient
temperature, at which Freons® develop pressures that de-
pend on the type of mixture employed (about 15 bars in the
case of CBrFj3, for instance).

For reasons of safety the sample is stored for many hours
at ambient temperature so that it can then be safely intro-
duced into the probe head of the spectrometer, previously
cooled to about —30 °C to avoid any risk.

When the NMR spectrometer is operated at very low
temperature, a flow of very dry, pure nitrogen is first passed
through a pre-cooling unit adjusted to —50 °C, and the ni-
trogen then enters into an inox-steel heat-exchanger im-
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mersed in liquid nitrogen and connected to the NMR probe
head by a short vacuum-insulated transfer line. Gas flows
of 10-40 Lmin ' are required in order to descend to the
desired temperature. All the cold parts of the equipment
must be insulated with neoprene foam.

2.2 Temperature Measurement

The determination of the exact temperature inside the
sample is crucial for the determination of the thermo-
dynamic parameters. An error of =2 °C in the temperature
causes an error in AG™ of 0.15 to 0.2 kcalmol™",?” and this
is usually the main source of errors in the DNMR tech-
nique. A spectrometer shows a “dial temperature”, deter-
mined by a thermocouple underneath the NMR tube. The
temperature of the sample giving rise to the observed NMR
signals (i.e., in the region of the RF coils) is usually dif-
ferent, and can be correlated to the “dial temperature” by
calibration. Such calibration of the spectrometer probe can
be performed with a digital thermometer and a Cu/Ni ther-
mocouplel® placed in an NMR tube filled with an appro-
priate solvent (usually isopentane for the low-temperature
range and DMSO for the high-temperature range). This
sample is inserted into the spectrometer and the conditions
are kept as close as possible to those used in the subsequent
measurements. In particular, the sample is not spun and the
gas flow is the same as that used during the acquisition of
the spectra. From the experimentally measured tempera-
tures and dial temperatures, a calibration curve can be de-
rived, but it should occasionally be recalibrated. The uncer-
tainty in temperature measurements with such a calibration
curve can be estimated as =2 °C.

2.3 Line Shape Simulation

The rate constants involved in conformation processes
detectable by dynamic NMR cover approximately the range
from 10° to 10%s™!. When two nuclei A and B are ex-
changed in a dynamic process with a kinetic constant k, the
corresponding lines broaden, reach the coalescence point
and eventually yield an average signal when the exchange
rate constant becomes large. The presence of more than two
signals and of more than a single rate constant can compli-
cate this situation; nevertheless the whole system can be
mathematically simulated. With the use of increasing calcu-
lation power it is possible to handle mathematical models
that can simulate second-order spectra and quite complex
spin systems (up to 11 nuclei).?) Once a good spectral sim-
ulation is obtained at the temperature at which all the dy-
namic processes are frozen (i.e., when k& = 0), the line shape
at higher temperatures can be simulated by changing the
values of the rate constants. Corrections are needed if
chemical shifts, J couplings and conformer ratios are also
temperature-dependent. Through matching of simulated
and experimentally measured spectra, the kinetic constant
(k value) is obtained at each given temperature and the free
energy of activation (AG™) can then be derived by means
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of Equation (1), above. An example of how quite a complex
spectral pattern™*®) can be reproduced is displayed in Fig-
ure 1.

Figure 1. Left: temperature dependence of the eight '"H NMR
methyl signals due to the five unequally populated conformers of
1,2,4,5-tetra(o-tolyl)benzene in CDCI,CDCI, at 600 MHz. Right:
line shape simulation obtained with the rate constants indicated.
(Reprinted with permission from J. Org. Chem. 2005, 70, 10062—
10066. Copyright 2005, American Chemical Society).

3. Theoretical Approach

“It is a truism that in the past decade density functional
theory has made its way from a peripheral position in quan-
tum chemistry to center stage”.[*!]

Up to the end of the 1990s, conformational calculations
of organic molecules were mainly performed by molecular
mechanics (e.g., MM3,#21 MMX ] MMFF,#Ambert*]
etc.) and semiempirical methods (AMI1,41 PM3, 7]
MINDOM3! being the most popular). These calculations
were reasonably simple and could be completed in short
times on standard desktop PCs without the need for super-
computers.[*”] The results obtained were often quite accu-
rate, at least for the calculation of the ground-state confor-
mations. For the calculation of transition states, in contrast,
these methods have intrinsic limitations. Usually the in-
terconversion barriers were calculated by moving the rela-
tive parts of the molecule in fixed steps and optimizing the
remaining parts. Otherwise, a “handmade” transition state
was assumed, and the geometry was optimised within cer-
tain constraints. As a result of these approximations, the
computed barriers were prone to relatively large errors, and
there was no guarantee that a real transition state had been
located.
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When the application of ab initio methods (HF) became
available for medium-sized molecules the situation was
greatly improved, although the neglecting of electron corre-
lation was a serious limitation, partially solvable only
through the employment of higher methods such as
MP2.15% Unfortunately, this approach was not manageable
without a very large computational facility.

Density Functional Theory (DFT) has the great advan-
tage of taking account of electronic correlation at a reason-
able computational cost.”!l In recent years, the availability
of inexpensive high-performance servers®? and manageable
software (Gaussian 03,53 Turbomole,® Spartan®* and
NWChem!*®! being the most famous) has allowed high-level
calculations to be performed in a reasonable amount of
time for molecules containing up to 50-60 atoms.

DFT calculations are very interesting for dynamic NMR
because they can be applied both to obtain the conforma-
tions of ground states and also to find the correct geome-
tries and energies of transition states. Thanks to vibrational
analysis, there is always confirmation that the correct tran-
sition state has been unambiguously identified. There are,
however, some particularities in the use of these calculations
in conformational analysis that are worth considering.

3.1 Ground States

Some uncertainty is involved in determining the relative
energies of possible ground states. In recent years many pa-
pers addressing the performance of various DFT function-
als in determining relative energies in reactions have ap-
peared,” but for conformational analysis there have been
very few.

Our experience is that the very popular B3LYP func-
tional,l’®! based on the relatively small 6-31G(d) or the
larger 6-311++G(2d,p) basis sets, is usually a very good
compromise between accuracy and computational cost. The
geometries obtained by calculations can in many cases be
checked by X-ray diffraction data, and the relative energies
of conformations can be compared with the results of vari-
able-temperature NMR spectroscopy. Although such a cal-
culation usually refers to an isolated molecule, whereas X-
ray studies reflect the solid state and NMR results are for
solutions, DFT structures compare very well with experi-
mental observations in almost all cases, and the relative en-
ergies of possible conformations are correctly calculated.

3.2 Transition States

The determination of transition state structures and en-
ergies is a crucial point for dynamic analysis, because cor-
rect simulation of energy barriers could greatly help under-
standing of the dynamic process detected by dynamic NMR
spectroscopy. As addressed by D. Young,’%! a transition
state (or saddle point) structure is mathematically defined
as “the geometry that has zero derivative of energy with
respect to moving every one of the nuclei, and has positive
second derivative energy for all but one geometric move-
2038
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ment”. In other words, a transition state linking two energy
minima represents a maximum of energy in the direction of
the reaction path, but it is a minimum in all other direc-
tions.

There are several algorithms that can be used to find a
transition structure; all invariably start by calculating the
matrix of second derivatives of energy with respect to nu-
clear motion (Hessian matrix). The nuclei are then moved
with the goals of increasing the energy in the directions cor-
responding to negative values of the Hessian and of lower-
ing the energy in the directions corresponding to positive
values. One of the most widely used methods, the Berny
algorithm, follows the quasi-Newton approach, which as-
sumes a quadratic shape of the potential energy surface
(PES). Therefore, the optimisation is able to find the transi-
tion state only if the starting geometry is sufficiently close
to that of the transition state.

Once a stationary point is found, the primary way to
verify whether it corresponds to a transition state is to com-
pute the vibrational frequencies. A transition state must
have only one negative (i.e., imaginary) frequency, and the
vibrational motion associated with this frequency corre-
sponds to the motion going towards reagents in one direc-
tion, and towards the products in the other. Many molecu-
lar modelling packages (Gaussview,[®® Molden®!l and
others) allow one to visualise an animation of the molecular
displacements corresponding to the calculated frequencies,
clarifying whether the correct transition state has been
found.

Unfortunately, in contrast with the transition states for
high-energy processes (such as those involved in a chemical
reaction), in which the imaginary frequency usually has a
large value, transition states involved in internal dynamic
processes usually display small negative vibrational fre-
quencies and can therefore be difficult to locate, especially
in the presence of other possible internal motions. On the
other hand, the geometry of a transition state is much sim-
pler to idealise, because many geometrical parameters are
fixed by the molecular scaffold.

3.3 Thermodynamic Corrections

The total energy computed by a geometry optimisation
corresponds to the minimum on the potential energy curve.
To compare data from calculations with experimentally
measured values, thermodynamic corrections are usually re-
quired. In particular, the calculation of the zero-point en-
ergy and the thermodynamic corrections are usually printed
out by the software after the vibrational analysis phase. In
our recent experience, however, we have noted that in most
cases the total energies themselves give the best fits with
experimentally acquired DNMR spectroscopic data, and
for this reason the reported energies are usually not cor-
rected for zero-point energy contributions or other thermo-
dynamic parameters. This approach cushions artefacts that
might result from the inevitably ambiguous choice of a suit-
able reference temperature, from empirical scaling factors
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(tuned for a set of small molecules)®? and from the idea-
lisation of low-frequency vibrators as harmonic oscillators
(particularly important in cases of internal motions, for
which a lot of the calculated frequencies fall below 500-
600 cm1).[9% Table 2 gives examples of the very good agree-
ment that can be achieved between DFT-computed and ex-
perimentally measured dynamic NMR values in the case of
the aryl-aryl rotation barriers in ortho-substituted biphenyl
derivatives.[®4

Table 2. Computed (DFT) and experimentally measured (DNMR)
Ar—Ar rotation barriers (in kcalmol ') of some ortho-substituted
biphenyls (the meta substituent Y is needed as a diastereotopicity
probe for the DNMR experiments).

X Y

X Computed Experimentally measured
N+*Me;lal 18.2 18.1
{Bul#! 15.6 15.5
iPrlb] 11.1 11.1
Ilal 9.9 10.0
Bria 8.5 8.7
NH, 8.4 8.1
NO, 7.8 7.6
CIP 7.3 7.7
Mel"! 7.1 7.4
NMe,ldl 6.8 6.9
OMell 4.5 5.6

[a] Y = SiMe,iPr. [b] Y = iPr.

It also has to be noted that DFT calculations can reliably
calculate chemical shifts, as reported in recent literature.[%]
In the field of dynamic NMR and conformational analysis
the calculation of chemical shifts and J couplings can be
helpful in selecting from various possible ground state con-
formations. The accuracies of the calculations are usually
very good because these conformations are frozen at low
temperatures, so averaging of the calculated shifts to ac-
count for internal motions is not necessary.

4. Case Studies

4.1 Ring Inversion

Many DNMR-based studies relating to the inversion of
a variety of rings, particularly derivatives of cyclohexane,
have been reported.'> !4l Accurate investigations of larger
rings (Scheme 1), which yield more complex spectra, have
been reported in the last few years, owing to the availability
of more sophisticated NMR hardware, together with the
opportunity to approach these problems with the help of
molecular mechanics and, more recently, of reliable DFT
computations.

The '3C NMR spectrum of trans-cyclodecene (1),1°?! for
instance, shows that at —155 °C the single line correspond-
ing to the ethylenic carbons splits into eight lines of dif-
ferent intensities, owing to the presence of five conformers
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Scheme 1.

with populations ranging from 3% to 37.6% (Figure 2).
Three of these conformers have C; symmetry and two have
C, symmetry: they interconvert with a barrier of 6.5-
6.6 kcalmol .

-49.9 °C

- 100.5

- 122.0

-132.1

|
Y
N
.
e

- 143.2

-154.9

136 130

Figure 2. Low-temperature 1*C NMR spectra of the ethylenic re-
gion of 1 (75.6 MHz). (Reprinted with permission from J Am.
Chem. Soc. 1996, 118, 12821-12825. Copyright 1996, American
Chemical Society).

Computations indicate that there are indeed five con-
formers with energies lower than all the other possible con-
formers, although three are predicted to display C, sym-
metry and two C; symmetry, which is the reverse of the
experimental observation. For this reason a complete as-
signment of all these conformers could not be unambigu-
ously achieved.

Unlike its trans isomer, cis-cyclodecene (2) adopts a sin-
gle preferred conformation with a C; symmetry.['8 This is
demonstrated by the '*C NMR spectrum of the four pairs
of methylene carbons, which at —143 °C split their four lines
into 1:1 pairs (Figure 3).
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— 143.0
30 28 26 24 22 20 PPM

Figure 3. Correlation of room-temperature and slow-exchange 3C
NMR shifts (75.6 MHz) for the methylene carbons of cis-cyclo-
decene (2) in CF,Cl,. (Adapted with permission from J. Am. Chem.
Soc. 1998, 120, 5312-5314. Copyright 1998, American Chemical
Society).

Likewise split into a 1:1 pair is the '3C NMR line corre-
sponding to the two equivalent ethylene carbons. Such a
feature is compatible with the C; symmetry of the com-
puted conformer of lowest energy. There are two intercon-
version barriers involved in the stereodynamics of cis-cyclo-
decene: that derived from the '3C NMR spectrum
(6.6 kcalmol™") and that derived from the '"H NMR spec-
trum of the ethylenic hydrogen atoms (10.9 kcalmol ™). The
stereodynamic pathways involved in these processes, how-
ever, were not discussed.

The corresponding epoxide 3 also adopts an analogous
conformation, as shown by the '3C NMR spectrum at
—153 °C, in which the five lines corresponding to its carbons
all split into 1:1 pairs, with the barrier involved in the in-
terconversion process being 7.4 kcalmol .

The epoxide of a smaller ring system, cyclohexene ox-
ide,>) was also found to adopt a single asymmetric confor-
mation in that at —188 °C one of the three lines, due to the
three pairs of carbons, splits into two (1:1 intensity ratio).
This observation is compatible with the presence of a half-
chair conformation, computed to have the lowest energy,
interconverting between two enantiomeric forms. The ex-
perimental barrier for this ring-inversion process was mea-
sured as 4.3 kcalmol™!. In the solid state the CP MAS '3C
NMR spectrum displays the analogous splitting of all three
lines at a much higher temperature (-83 °C),[®”] indicating
that the barrier for this process is definitely higher in the
crystalline state than in solution.

The single line corresponding to the ethylenic carbons in
the 1*C NMR spectrum of cis-cyclononene (4) splits into
three lines (Figure 4) at —189 °C.['7d] These lines were inter-
2040
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preted as due to the presence of two conformers, with the
major one (66%) having C; symmetry and the minor one
C,s symmetry.

Rate Constant

-178.3°C 228

.
\

RN
-

253.04 Hz -

0.00

=

Figure 4. Experimentally observed (left) and calculated (right)
NMR spectra of the olefinic carbons of cis-cyclononene (4)
(75.6 MHz). The reported rate constants are in s '. (Reprinted with
permission from J. Org. Chem. 1999, 64, 2418-2421. Copyright
1999, American Chemical Society).

Analysis of the CH, signals at this temperature also
agrees with this interpretation. The C, symmetry of the
minor conformer, however, could possibly be the result of
a time-averaged symmetry due to a motion still fast even at
such a low temperature. The barrier involved in the ex-
changes of the two conformers was found to be equal to
4.3 kcalmol™! and it was ascertained that the interconver-
sion of sites in the major conformer takes place through
conversion in the minor conformer. Calculations also sug-
gest that the structures of the major and minor conformers
are probably those indicated as 4a and 4b in Figure 5.

4a 4b

4.1 16

Figure 5. Computed (MM3) lowest-energy conformations of cis-
cyclononene (4). CCCC dihedral angles are also shown. (Adapted
with permission from J Org. Chem. 1999, 64, 2418-2421. Copy-
right 1999, American Chemical Society).

A second dynamic process, with a higher barrier
(8.0 kcalmol ™), was also detected for 4 in the —125 to
—100 °C range through monitoring of '"H NMR spectra of
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the CH, hydrogen atoms. It was suggested that such a pro-
cess is a consequence of the exchange of the geminal hydro-
gen positions.

The single '*C NMR line corresponding to the ethylenic
carbons of trans-cyclododecene (5) broadens on cooling
and at —164 °C eventually splits into seven lines.l8! These
lines were interpreted as due to four conformers: three with
C; symmetry (populations 57.0, 18.6 and 4.3%) and one
(20.1%) with C, symmetry. This interpretation was broadly
compatible with the 35 signals expected for the CH, region
at the same temperature. A tentative attribution based on
calculated energies and calculated '3C shifts was proposed;
structures 5a, Sb and 5d were assigned to the conformers
exhibiting C; symmetry and 5h to that exhibiting C, sym-
metry (Figure 6).

5d

Figure 6. The four computed (MM3) lowest-energy conformations
of cis-cyclododecene (5). CCCC dihedral angles are also shown.
(Adapted with permission from J. Org. Chem. 1999, 64, 4580-4585.
Copyright 1999, American Chemical Society).

The six '3C lines of cycloundeca-1,2-diene (6) broaden
on cooling and split into 17 lines at —166 °C (Figure 7). This
feature was attributed to a minor (46.5%) conformation
with C; symmetry exhibiting 11 lines and a major (53.5%)
one with C, symmetry exhibiting six lines.['7¢]

-168.3°C

205 200 100 95 90 35 30 25 20 15 PPM
Figure 7. Low-temperature '*C NMR spectrum (75.6 MHz in pro-
pane) of compound 6. (Reprinted with permission from J Org
Chem. 2003, 68, 3420-3424. Copyright 2003, American Chemical
Society).
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The barrier for the interconversion of the two topomers
of C; symmetry was found to be equal to 8.4 kcalmol™! and
that for interconversion of the C,-symmetric conformer into
the C;-symmetric topomers was found to be equal to
9.35 kcalmol!. Through theoretical calculations the struc-
tures of the conformers with C; and C, symmetries were
identified as those displayed in Figure 7.

The single '*C NMR line of cycloundecane (7) broadens
on cooling and splits at —183 °C into two sets of lines corre-
sponding to two distinguishable conformers with relative
populations of 59 and 41%.[!7"] The more populated con-
former displays 11 sharp lines of equal intensity, the other
two broad lines. On the basis of calculations (and by anal-
ogy with X-ray structures of similar compounds) the spec-
trum with 11 sharp lines was assigned to conformer 7a (C;
symmetry as in Figure 8), which does not appears to ex-
change any longer at this temperature.

1

Figure 8. Computed (MM) low-energy conformations of cyclo-
undecane (7). (Reprinted with permission from J Org. Chem. 2006,
71, 6512-6515. Copyright 2006, American Chemical Society).

To the second conformer the structure 7b (Figure 8) was
assigned; this still exchanges the sites of its carbon atoms,
thus exhibiting a time-averaged C, symmetry. Indeed, the
computed barrier for this process (2.6 kcalmol ™) is too low
to be frozen on the NMR timescale at any attainable tem-
peratures, whereas the 7a to 7b interconversion has a com-
puted barrier (5.7 kcalmol™) high enough to account for
the identification of two conformers at —183 °C.

4.2 Bond Rotations

The concept of axial chirality as a stereogenic source in
a rotationally hindered compound was for many years rele-
gated to the academic field. This situation was to change,
however, with the discovery of many bioactive natural com-
pounds containing stereogenic chiral axes and with the dis-
covery of many catalysts useful for asymmetric synthesis. In
particular, axially chiral biaryl systems have proven to be
very efficient in the transfer of chirality.[®”) The crucial as-
pect for the success of an axially chiral system is the confor-
mational stability of the stereogenic axis under the reaction
conditions. This implies that the rotational barrier must be
greater than 25-26 kcalmol™' or, more conveniently, greater
than 30 kcalmol™'. The most popular systems used for
asymmetric synthesis contain the binaphthyl scaffold — such
as BINAP or BINOL - or a highly hindered biphenyl sys-
tem, but many others have been reported. The search for
new atropoisomeric systems and the related conformational
analysis is therefore an open research field. In this context,
dynamic NMR, coupled with enantioselective HPLC and
with DFT calculations, can help in the design of new scaf-
folds, through evaluation of the steric requirements needed
2041
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for the conformational stability of the chiral axis. A number
of rotation processes involving carbon—carbon sp>-sp?, sp>-
sp>, sp>—sp> and sp—sp> bonds have been investigated in re-

cent years.

4.2.1 sp*~sp? Rotations

The most commonly investigated cases of sp>~sp? restric-
ted rotation relate to compounds containing two aryl
groups bonded to an aromatic scaffold.’® A selection of
these cases is presented (Scheme 2).

Ar Ar

9a: Ar = 3-methylphenyl
9b: Ar = 2-methylphenyl

Ar, Ar

8

8a: Ar = 4-methyl-1-naphthyl
8b: Ar = 2-methyl-1-naphthyl

Ar Ar Ar o Ar

10a: Ar = 2-methyl-1-naphthyl o
10b: Ar = 2,2-dimethylphenyl
10c: Ar = 2-tert-butylphenyl
10d: Ar = 2-isopropylphenyl
10e: Ar = 2-ethylphenyl

10f: Ar = 2-methylphenyl
10g: Ar = 3-methylphenyl
10h: Ar = 3,5-dimethylphenyl

11a: Ar = 2-methyl-1-naphthyl
11b: Ar = 2-methylphenyl

Scheme 2.

Compound 8a exists as syn (meso) and anti (racemic)
conformers (Figure 9).7'1 These two forms were observed
by NMR spectroscopy at ambient temperature and dis-
played a 1:1.6 intensity ratio under equilibrium conditions.

0 0
7A\ 7

Me Me Me

meso racemic

(P,P) M,M)

Figure 9. View of the two conformational diastereoisomers of hy-
drocarbon 8a, with its naphthalene rings parallel (syn) or antiparal-
lel (anti). (Reprinted with permission from J. Org. Chem. 2002, 67,
1663-1668. Copyright 2002, American Chemical Society).

By means of line shape simulation, variable-temperature
NMR spectroscopy (Figure S-1 in the Supporting Infor-
mation) provided the interconversion barrier for the major
and the minor conformer (AG * = 19.5 kcalmol ™).

X-ray diffraction showed solely the anti form present in
the crystal. This crystal was dissolved at low temperature
(-55°C) and the NMR spectrum was recorded without the
2042
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temperature ever being raised (Figure S-2 in the Supporting
Information) so that only the NMR spectrum of a single
conformer was observed under these conditions. The spec-
trum observed in this experiment was found to correspond
to that of the major conformer, which was therefore as-
signed the anti (i.e., racemic) structure.

Three peaks (due to the meso form and to the two PP
and M,M enantiomers) were observed at low temperature
(=20 °C) by enantioselective HPLC. The use of an electronic
circular dichroism (ECD) allowed the identification of the
two chiral conformers, which display opposite phased peaks
whereas the signal for the meso conformer is invisible (Fig-
ure 10). This experiment confirmed that the anti (racemic)
conformer is the more populated form. Variable-tempera-
ture HPLC also yielded the barrier for the anti to syn in-
terconversion. The wvalue obtained in this way
(19.4 kcalmol™) agrees well with the result of the NMR
determination.

v
Refas

CD

0 2 4 6 8
minutes

Figure 10. Chromatography of 8a on enantiopure cellulose tris(3,5-
dimethylphenyl carbamate) at —20 °C. Detection by UV (top) and
ECD (bottom) at 230 nm. (Reprinted with permission from J. Org.
Chem. 2002, 67, 1663-1668. Copyright 2002, American Chemical
Society).

When the 4-methylnaphthyl groups of 8a are replaced by
the more hindered 2-methylnaphthyl groups (as in 8b), the
barrier increases up to the point of allowing a physical sepa-
ration of the meso and racemic forms to be achieved. The
latter, furthermore, could be separated into the M,M and
PP enantiomers by means of enantioselective HPLC (Fig-
ure S-3 in the Supporting Information).[”?]

Anthracenes bearing two equivalent tolyl (ortho or meta)
substituents at positions 1 and 8 (9a and 9b in Scheme 2)
generate anti and syn conformers that yield distinguishable
NMR spectra.l’3 In the case of the meta derivative 9a the
two forms were observed in a 63:37 ratio at -85 °C, with the
anti form being more stable according to DFT calculations
(Figure 11).
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9a-anti (E = 0.0) 9a-syn (E =0.2)

Figure 11. Computed (DFT) structures [B3LYP/6-31G(d) level] of
the anti and syn conformers of 9a. The relative energies (E) are in
kcalmol™!. (Reprinted with permission from J. Org. Chem. 2007,
72, 5391-5394. Copyright 2007, American Chemical Society).

Contrary to a previous report,’¥ the interconversion
barrier (AG™) was found to be 11.2 kcalmol ' and a very
accurate line shape simulation allowed a negligible AS™
value of 1.1 x1eu to be ascertained. In the case of the
ortho tolyl substituents (compound 9b) the conformer pop-
ulations are quite similar (53:47) but the interconversion
barrier is much higher (AG™ = 21.2 kcalmol '), due to the
increased steric effects.

Accordingly, the NMR spectra of the two conformers
could be detected at ambient temperature. Again, line shape
simulation indicated a negligible AS™ value of 0.75= 1 e.u.,
so the activation entropy in the conformational processes,
in which there is no bond breaking, would be expected to
be negligible (as reported in many other casest’); this
should be taken into account even when an extremely accu-
rate line shape simulation cannot be achieved for technical
reasons.

Unambiguous assignment of the anti structure to the
more populated conformation and of the syn structure to
the less populated conformation could be achieved for com-
pound 9b by a novel and innovative NOE experiment[’®]
requiring the simultaneous irradiation of the '3C satellites
lines of the methyl groups. An enhancement was observed
for the less intense methyl line but not for the more intense
one (Figure 12). The former thus belongs to the syn con-
former, in which the two enantiotopic methyl groups are
sufficiently close to each other to display a NOE effect,
whereas in the anti form they are too far apart to produce
such an effect.

Biphenylenes bearing pairs of aryl groups lacking a C,
symmetry axis in positions 1 and 8 (Scheme 2, compounds
10a-10h)77-78] give raise to syn (meso) and anti (racemic)
forms. The barriers involved in the interconversion between
the syn and anti conformers increase from 6.4 kcalmol™!
(10g) up to 34.5 kcalmol™! (10a). In the latter compound
the two forms are configurationally stable and could be sep-
arated. The syn isomer is the less populated (36% under
equilibrium conditions) and the corresponding assignment
was achieved by means of the NOE experiment[’%! discussed
above (see Figure S-4 in the Supporting Information).

The two enantiomers (P,P and M, M) of the anti isomer
could be separated on an enantioselective HPLC column
and the corresponding ECD spectra were recorded. TD-
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2.00 1.90 1.80

Figure 12. a) Methyl signals ('H, 600 MHz) for 9b in CDCl; at
0 °C, with the '3C satellite signals in the inset. b) Spectrum ob-
tained by simultaneous irradiation of the satellites of the downfield
line (syn conformer). ¢) Spectrum obtained by simultaneous irradi-
ation of the satellites of the upfield line (anti conformer). (Re-
printed with permission from J Org Chem. 2007, 72, 5391-5394.
Copyright 2007, American Chemical Society).

DFT computations!’ of the ECD spectrum of the M, M
conformer agreed with that of the first eluted enantiomer
(Figure 13), thus allowing the assignment of the absolute
configuration.

When the two substituents are meta-xylene rings, the par-
ticular shape of the biphenylene scaffold allows the determi-
nation of a second stereodynamic process corresponding to
the so-called “r-barrier”,3% which corresponds to a transi-
tion state in which the xylene ring is perpendicular to the
biphenylene ring (Figure 14).

This barrier is usually too small to be detectable by dy-
namic NMR (about 2 kcalmol™"),! but in the present case
two features allow the process to be observed (the experi-
mentally determined barrier is 6.3 kcalmol™!, to be com-
pared with the computed value of 4.6 kcalmol™!): i) the
ground state is more stabilised because of the presence of
the central four-membered ring, which lowers the steric hin-
drance without altering the transition state energy, and
ii) the barrier is doubled by the presence of two phenyl rings
that are both involved in the transition state. DFT calcula-
tions reveal, in fact, that the two phenyl rings move in
locked fashion, leading to a single transition state in which
both the rings are perpendicular to biphenylene.

The syn and anti forms are also generated when the scaf-
fold is the anthraquinone moiety. When the 1- and 8-sub-
stituents are ortho-toluenes (11b) they are stereolabile con-
formers,[® whereas when the substituents are the more hin-
dered 2-methyl-1-naphthyl groups (11a) the syn and anti
isomers (red- and yellow-coloured, respectively, as in Fig-
ure S-5 in the Supporting Information) are sufficiently
stable to be separated.[®?
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Figure 13. Top: enantioselective HPLC trace for the two enantio-
mers of 10a-anti. Middle: ECD spectra of the two enantiomers.
Bottom: computed ECD spectrum (blue-shifted by 7 nm, dashed
trace) for the M, M configuration, compared with the experimen-
tally measured spectrum (full trace) of the first eluted enantiomer.
(Adapted with permission from J. Org. Chem. 2008, 73, 2198-2205.
Copyright 2008, American Chemical Society).

Me (600 MHz)
-157°C

b b i bl b
2.0 12

Figure 14. Bottom: computed (DFT) structures of the conforma-
tional enantiomers of 10h (with dihedral angles of 43° between the
planes of xylene and biphenylene). They exchange their inner and
outer methyl groups on passing through the orthogonal transition
state (top) through a 90° torsion. (Reproduced with permission
from J Org. Chem. 2007, 72, 10045-10050. Copyright 2007, Ameri-
can Chemical Society).

7 % 1

et %x

n-barrier: 6.3 kcal/mol :

Their interconversion barrier has been determined as
35.4 kcalmol™!, with the anti form more stable under equi-
librium conditions (59:41 at +140 °C). Such an assignment
was achieved by NOE performed by irradiation of the '3C
satellite lines of the enantiotopic methyl groups.’®! X-ray
diffraction confirmed the structural assignment in the case
of the syn isomer (Figure 15). The anti isomer is racemic
and the two P,P and M, M isomers were separated by enan-
tioselective HPLC. The ECD spectrum of the first eluted
enantiomer was satisfactorily reproduced by TD-DFT com-
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putations!””! for the M, M enantiomer, thus allowing the as-
signment of the absolute configuration (Figure S-6 in the
Supporting Information).

11a-syn 11a-anti

X-Ray

Figure 15. Top: computed (DFT) ground states of 11a-syn and 11a-
anti. Underneath is the X-ray structure determined for the syn iso-
mer. (Reproduced with permission from J. Org Chem. 2009, 74,
1345-1348. Copyright 2009, American Chemical Society).

4.2.2 sp>-sp? Rotations

Studies of conformations of small molecules each based
on a quaternary carbon centre bearing four equal alkyl sub-
stituents (12-19) have recently been reported (Scheme 3).

12: R=iPr
R 13: R = cyclopropyl
14:R=FEt
R+R 15: R = nPr
16: R = CH,Cl
R 17: R = CH,Br
18: R = CH,Ph

19: R = CH,-cyclopropyl

Scheme 3.

Tetraisopropylmethane (12) can adopt 81 (i.e., 3% pos-
sible conformations, which fall into the six types T1-T6
shown in Figure 16. According to MM3 calculations, the
most stable, called T1, is threefold degenerate and the sec-
ond-most stable (T3) is sixfold degenerate.[®¥]

The low-temperature (=115 °C) 'H NMR spectrum of 12
shows two distinguishable CH multiplets with a 93:7 inten-
sity ratio. The AG” value for the interconversion is
9.7 kcalmol™!, as derived from the rate constants (k) used
for the line shape simulation (Figure 17).

The corresponding methyl signal of the major conformer
is a doublet (due to the coupling with CH) whereas the
minor methyl signal comprises two overlapping doublets
(Figure S-7 in the Supporting Information). These observa-
tions are consistent with the symmetries of the two most
stable conformers predicted by computations. The major
one (T1) in fact has D,; symmetry and the minor one (T3)
S4 symmetry. The former has eight equivalent methyl
groups whereas the latter is expected to have distinct gemi-
nal methyl groups, thus yielding two doublet signals, each
corresponding to four equivalent methyl groups.

Eur. J. Org. Chem. 2010, 2035-2056
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Figure 16. Schematic representation of the six conformational
types of compound 12. (Adapted with permission from J Am.
Chem. Soc. 2002, 124, 6706-6713. Copyright 2002, American
Chemical Society).

The analogous tetracyclopropylmethane (13) also has six
possible conformers but here the most stable is computed
to be T3 (S, symmetry, sixfold degenerate) and the second-
most stable is T6 (C; symmetry, 24-fold degenerate). In this
compound the internal motions are much faster than in the
previous one and only at —180 °C does the '3C NMR spec-
trum display a 1:1 splitting of the methylene signal (Fig-
ure 18).

This feature confirms that, as anticipated by computa-
tions, the major conformer is indeed T3, in which there are
two sets of CH, groups, each comprising four equivalent
methylenes. Under such extreme conditions the NMR lines
are quite broad, so even if a second conformer with a much
smaller population is present, the corresponding NMR sig-
nals cannot be experimentally detected. The interconversion
barrier computed for the internal motion that renders all
the CH, groups equivalent is 3.6 kcalmol ™!, a value in satis-
factory agreement with the experimentally measured
4.5 kcalmol ™.

In the case of tetraethylmethane!®’! (14), MM computa-
tions indicate that of the six possible conformational types,
the two most stable are T1 (threefold degenerate) and T3
(sixfold degenerate). At —155 °C the '3C NMR spectrum of
14 shows two signals corresponding to methylene carbons
and due to the two conformers (T1 and T3) predicted by
computations, which interconvert with an experimentally
determined barrier of 6.6 kcalmol™'. The value computed
by Adler et al.® is also 6.6 kcalmol !. The 'H NMR spec-
trum of 14 at —157 °C shows a sharp methylene quartet (ow-
ing to the coupling with CHj) for the major signal (compat-
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Figure 17. Temperature dependence of the experimentally mea-
sured (left) and computer-simulated (right) CH signal ('H at
400 MHz in CD,Cl,) of compound 12. (Reproduced with per-
mission from J Am. Chem. Soc. 2002, 124, 6706-6713. Copyright
2002, American Chemical Society).

CH

18 12 6 0 -6 ppm

Figure 18. 1*C NMR signals (125.7 MHz) corresponding to the CH
and CH, carbons of tetracyclopropylmethane (13) in CHF,Cl/
CHFCI, at two different temperatures. Top: at —165 °C the methyl-
ene carbons still display a single line. Bottom: at —180 °C, however,
this is split into a pair of equally intense lines. (Adapted with per-
mission from J Am. Chem. Soc. 2002, 124, 6706-6713. Copyright
2002, American Chemical Society).
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ible with the D,; symmetry of conformer T1) and a very
broad CH, line for the minor conformer. This feature sup-
ports the assignment of the latter signal to the T3 con-
former, because its corresponding S, symmetry entails dia-
stereotopic geminal hydrogen atoms for CH,, which should
provide the AB portion of an ABXj system. It is worth
noting that an electron diffraction study of 14 in the gas-
eous phase also indicated the presence of two conformers,
T1 being more stable than T3.37)

An even clearer indication of the presence of both T1
and T3 conformers in compounds of this type is offered by
the "TH NMR spectrum of the analogous C(CH,Cl), (16).
At —-158 °C, in fact, the major CH, signal is a single line, as
would be expected for the D,; symmetry of T1, whereas the
minor signal displays the four lines of an AB-type spectrum
(Figure 19) because the geminal CH, hydrogen atoms are
diastereotopic (and thus coupled to each other with J =
—11 Hz), corresponding to the previously mentioned S,
symmetry of T3.

T1 (Dyq)
CH,Cl
16 CIH,C CH,CI
CH,CI
T3 (S,)
x 20

-158°C

3.9 3.7 ppm 3.5

Figure 19. '"H NMR spectrum (400 MHz) of tetra(chloromethyl)-
methane (16) in CHF,CI/CHFCI, at —158 °C, showing signals for
type T1 (D,q symmetry) and type T3 (S symmetry) conformations:
a singlet and an AB multiplet, respectively (the latter appears in
the inset with a 20-fold amplification). (Adapted with permission
from J. Org. Chem. 2002, 67, 6387-6394. Copyright 2002, Ameri-
can Chemical Society).

In the case of compound 19 the 'H NMR spectrum at
—161 °C shows that the exocyclic methylene hydrogen atoms
are diastereotopic (Figure S-8 in the Supporting Infor-
mation), due to the freezing of the Cq—CH, bond rotation.
This also indicates that the molecule has adopted S, sym-
metry corresponding to conformer T3. Unlike in the cases
of 14-17, only a single conformer appears to be populated,
a result consistent with ab initio [RHF 6-31G(d) level] com-
putations predicting that the energy difference with respect
to the second most stable conformer T1 is as large as
1.34 kcalmol™'. The structure derived from the NMR spec-
troscopic data and from calculations very closely matches
that determined by X-ray diffraction in the solid statel®®]
(see Figure S-9 in the Supporting Information).
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4.2.3 sp>-sp? Rotations

Variable-temperature NMR spectroscopy was capable of
detecting restricted rotation about the sp>~sp* bonds in hin-
dered aryl carbinols®! and of measuring the corresponding
barriers. Pairs of stercolabile atropisomers with different
populations were observed with aryl ring lacking twofold
symmetry axes. When highly hindered compounds were ex-
amined, the atropisomers were configurationally stable and
could be physically separated.

Hindered carbinols of the general formula shown in
Scheme 4 give rise, in the cases of compounds 20-22, to sc
(synclinal) and ap (antiperiplanar)®® conformational atrop-
isomers,®!l as illustrated in Figure 20.

OR' 20:R=Me, R'=H
21:R=Et,R'=H

RT—R 22:R=iPr.R' =H
23:R=/Bu,R'=H
24:R=Me, R'=Me
25:R=Et,R'=Me
26: R=iPr,R'=Me
27:R=1Bu, R'=Me

Scheme 4.
R R
OH HO R
K |\
X
=
SC ap

Figure 20. Schematic representation of sc and ap atropisomers of
compounds 20-23 (Reprinted with permission from J Org Chem.
2005, 70, 5098-5102. Copyright 2005, American Chemical Society).

Their relative proportions can be determined by low-tem-
perature NMR spectroscopy, which displays separate sig-
nals corresponding to the two conformers. Computer simu-
lation of the line shape at different temperatures also allows
one to obtain the interconversion rates: the corresponding
free energies of activation involved in these processes were
found to cover the 7.6-13.5 kcalmol™! range. One such ex-
ample, for derivative 20 (R = Me), is shown in Figure S-10
in the Supporting Information.

Structural assignment of the two atropisomers can be
proposed on the basis of the energies derived by DFT calcu-
lations, but experimental determination can also be
achieved by means of NOE experiments carried out at a
temperature sufficiently low to yield distinguishable spectra
for the two conformers.

In the case of compound 22 (R = iPr), for instance, the
NOE spectra (Figure 21) obtained by irradiation of the CH
signals of the ortho isopropyl groups at —80 °C are shown.
When the major CH signal is irradiated (trace ¢) enhance-
ment of the OH signal is observed, whereas when the minor
signal is irradiated (trace b) the effect occurs on the CH
signal corresponding to the two equivalent (enantiotopic)
isopropyl groups bonded to the COH moiety. This unam-
biguously shows that the sc¢ conformational atropisomer is
the more stable form (82%), a result consistent with the
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computational prediction (this makes the results of these
calculations quite reliable, so that they can accordingly be
confidently used for assignments of compounds of this
type). It is worth outlining that the X-ray structure of 20
also supports the computational conclusions, by showing
that the more stable sc structure is the one found in the
crystal (see Figure S-11 in the Supporting Information).

Pr

P OH
(s0)
; -80°C
C .‘\f e
. il 2CH
-80°C (ap)
b) e p—n—— Mot
OH
2 CH (SC)
(s0)
CH (sc) /
OH
ey || @
. H (ap ap
5 -80°C N Ay L
“ppm 40 30 20

Figure 21. NOE experiments (600 MHz at —80 °C in CD,Cl,) car-
ried out by excitation of the CH multiplet of the ortho-isopropyl
group in the minor and major atropisomers of compound 22
(traces b and c, respectively). The control spectrum in the region
1.6-4.6 ppm (trace a) is also shown. (Reprinted with permission
from J. Org. Chem. 2005, 70, 5098-5102. Copyright 2005, Ameri-
can Chemical Society).

A second conformational process in the sc-atropisomer
of 22 becomes NMR-visible when this compound is further
cooled to about —150 °C: the CH signal of the two equiva-
lent isopropyl groups bonded to the COH moiety splits into
a pair of anisochronous signals as this atropisomer adopts
an asymmetric, and thus chiral, conformation in which the
isopropyl groups are diastereotopic. The barrier measured
for this process (6.4 kcalmol™!) is reasonably matched by
DFT computations.

The NMR spectrum of 23 (R = 7Bu), on the other hand,
indicated that the reaction produces only one of the two
possible atropisomers, with NOE experiments identifying
its structure as that with the ap disposition. On warming,
however, this atropisomer was completely interconverted
into its s¢ companion (also identified by NOE) thus show-
ing the latter to be thermodynamically more stable, as pre-
dicted by calculations (the presence of the ap atropisomer
is therefore the result of a kinetically controlled reaction).
The barrier measured for the interconversion of these atrop-
isomers is high enough (29.3 kcalmol™!) to identify these
forms as stable diastereoisomers, rather than stereolabile
conformers as in the case of compounds 20-22.

When the hydrogen is substituted by a methyl group,?®”
the resulting benzyl ethers 24-27 (Scheme 4), are predicted
(DFT computations) to adopt mainly a synclinal (or syn-
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periplanar) conformation in which the OMe group points
towards the ortho alkyl substituent. This prediction is con-
firmed by NOE experiments in the case of compound 24
and by X-ray diffraction in the case of 27.

The low-temperature (—151 °C) '3C NMR spectrum of
24 did not show the presence of two conformations, but the
presence of a single asymmetric (and thus chiral) con-
former. In fact, two anisochronous signals are observed for
the two methyl groups bonded to the COMe moiety, owing
to the freezing of the rotation about the Ar—COMe bond.
The chirality of this conformation is corroborated by the
ortho isopropyl group displaying two anisochronous Me
signals, despite the fast Ar—isopropyl rotation (a situation
that is expected to occur whenever the isopropyl group acts
as a chirality probe in an asymmetric structure).l®?! The bar-
rier involved in this process was measured as 6.6 kcalmol™!.
In the case of compound 26 in addition to the major syn-
clinal conformer two slightly different antiperiplanar minor
conformers (with 4% and 9% proportions; see Figure S-12
in the Supporting Information) were observed in the low-
temperature NMR spectra, as predicted by computations.

Another example of sp3—sp? restricted rotation is offered
by compounds 28-32 (Scheme 5). The structure of com-
pound 28 was predicted by DFT computations and con-
firmed by X-ray diffraction (Figure S-13 in the Supporting
Information). The low-temperature NMR spectra allowed
the determination of the rotation barrier of the 4-meth-
oxyphenyl group (10.2 kcalmol!) and also that of the 3-
methylphenyl substituent (10.8 kcalmol ™), the latter corre-
sponding to an enantiomerisation process between two
stereolabile atropisomers (enantiomers).’4

MeO
Ar Ar Ar

-

R

28: Ar = 3-methylphenyl
29: Ar = 2-methylphenyl
30: Ar = 1-naphthyl

31: Ar = phenyl, R =Me
32: Ar = 4-methoxyphenyl, R = phenyl

Scheme 5.

If a larger substituent such as, for instance, the 1-naphth-
yl moiety (compound 30) replaces the 3-methylphenyl
group, the rotation barrier of the 4-methoxyphenyl group is
reduced to 5.15 kcalmol™! whereas that of the 1-naphthyl
becomes so high (=25 kcalmol™") as to make the corre-
sponding atropisomers (enantiomers) configurationally
stable. They could thus be separated on an enantioselective
HPLC column and the corresponding ECD spectra re-
corded (Figure 22).

It was suggested, on the basis of the exciton chirality
rules of Nakanishi et al.,” that the M absolute configura-
tion should be assigned to the first eluted enantiomer. Here
we also show that the computed (TD-DFT) ECD spectrum
of the M enantiomer does indeed correspond to the experi-
mentally measured spectrum of the first eluted enantiomer
(Figure S-14 in the Supporting Information).
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Figure 22. Top: HPLC trace of the atropisomers of 30. Bottom:
ECD spectra of the atropisomers of 30. The absolute configuration
M was assigned to the first eluted atropisomer 30a. (Adapted with
permission from J Org. Chem. 2003, 68, 1815-1820. Copyright
2003, American Chemical Society).

Restricted rotations of an analogous type were measured
by '*C NMR in the norbornane derivatives 31 and 32, in
which the barriers are 7.9 and 6.0 kcalmol™!, respectively.[*®!
The potential energy surface for compound 31 was calcu-
lated by MM methods, showing that the two phenyls rotate
independently of each other (Figure S-15 in the Supporting
Information). In the case of 32 the computed conformation
was found to be in agreement with the experimentally deter-
mined X-ray structure.

4.2.4 sp—sp? Rotations

A quite unusual example of restricted sp—sp> rotation is
offered by the crowded derivatives 33-36 (Scheme 6).7]

33, X = 4-Me
34, X = 4-iPr
35, X = 3-iPr
36, X = 3,5-iPr,

Scheme 6.

The variable-temperature 'H NMR spectrum of com-
pound 36 indicates the existence of two distinct dynamic
processes. Over the range from —74 to +63 °C the four
methyl signals of the isopropyl groups of 36 broaden and
coalesce, eventually displaying only two signals. In addition,
2048
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the two CH isopropyl signals broaden and coalesce into a
single signal over the same temperature range. In the range
from +63° to +140 °C the two isopropyl methyl signals
broaden further and coalesce into a single signal, but this
process does not affect the CH signal (Figure S-16 in the
Supporting Information, top). Line shape analysis demon-
strated that the two barriers (AG™) involved in these dy-
namic processes are 11.9 and 18.0 kcalmol ™.

As shown in Figure S-16 in the Supporting Information
(bottom), one of the two pathways corresponds to the rota-
tion of the phenyl ring (PR) with respect to the anthracene
ring (lower barrier); that is, a topomerisation involving site
exchange of two isopropyl groups in each phenyl moiety.
The other pathway corresponds to the rotation about the
acetylene axis (AR) and leads to enantiomerisation of two
staggered conformers with a stereogenic axis (higher bar-
rier); that is, site exchange of diastereotopic methyl groups
in each isopropyl substituent.

4.3 Nitrogen Inversion

Detailed reviews of inversion/rotation processes were
published in 1992.9%-1001 More recent results, involving
compounds 37-42 (Scheme 7), are reported here.

R
|

>7N/\/é NVNW

R R

37 38,R = Me
39, R = Et
40, R = iPr
41,R =Bu 2

Scheme 7.

The '3C line corresponding to the isopropylmethyl group
of N-isopropyl-N-methylpropargylamine (37) splits at about
—120 °C (Figure S-17 in the Supporting Information) into a
pair of lines, indicating that the N-inversion process is slow
on the NMR timescale at this temperature.['°!] Under these
conditions the nitrogen atom is chiral and, accordingly,
makes the two isopropyl methyl groups diastereotopic.[?!
The enantiomerisation barrier (AG™) corresponding to the
nitrogen inversion/rotation process was measured as
7.7 kcalmol™!. Support for this interpretation is provided
by the "H NMR spectrum of the CH, hydrogen atoms that
yield, at the same temperature, an AB-type spectrum (gemi-
nal J = —18 Hz) because these hydrogen atoms are also
made diastereotopic by the pyramidal nature of the nitro-
gen. Calculations indicate that the AA form!!'°?l shown in
Figure 23 corresponds to the dominant conformer.

The saturated 1,3,5-trialkyl-1,3,5-triazacyclohexanes 38—
41 [alkyl = Me (TMTAC), Et (TETAC), iPr (TPTAC) and
tBu (TBTAC)] generally show a strong preference for the
chair conformation over the twist form.!'%3l 'TH NMR spec-
tra in the range from +57 to —83 °C show a decoalescence
of the ring methylene protons due to slowing of the chair-
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Figure 23. AA, GA, G'G’, GG’ and GG conformations of 37. Ni-
trogen is indicated by an asterisk (S configuration). (Adapted with
permission from J. Org. Chem. 2001, 66, 903-909. Copyright 2001,
American Chemical Society).

to-chair interconversion. The free energies of activation co-
ver the range from 12.8 to 10.3 kcalmol ' and decrease with
the steric hindrance of the alkyl groups.

With a further decrease in the temperature, both the 'H
and '3C NMR spectra show a second decoalscence due to
nitrogen inversion, which suggests a strong preference for
the conformation with an axial alkyl group (three equiva-
lent: aee, eae, eea), whereas the expected triequatorial form
(eee) can be observed only in a small amount. The free ener-
gies of activation for the interconversion between monoax-
ial conformations through sequential nitrogen inversion co-
ver the 7.3-5.7 kcalmol ! range and decrease with the steric
hindrance of the alkyl substituents.

In compound 41, the decoalescence of the /Bu into mul-
tiple signals at —168 °C is consistent both with nitrogen in-
version and with 7Bu rotation being slowed. However, simu-
lations of the experimental traces are successful only if rota-
tion is considered to occur in concert with nitrogen inver-
sion. This implies that the isolated rotation barriers for
equatorial and axial tBu groups are equal to or higher than
those for nitrogen inversion.['%4]

In a solvent that does not make hydrogen bonds
(CF,Cl,) the '"H NMR spectrum of 38 at —147 °C shows
only a monoaxial form (Figure 24), whereas in a solvent
that can make hydrogen bonds (CHF,Cl) the spectrum of
38 at —146 °C still shows a dominant monoaxial conforma-
tion but also 1% of the eee conformer. The eaa conforma-
tion is presumed to be too unstable to be populated at the
equilibrium, and no diaxial conformations are detected in
either solvent. Nevertheless, calculations predict that the en-
ergy required for the eea to eaa inversion is 0.6 kcalmol™!
lower than that for the eea to eee nitrogen inversion. For 38

Eur. J. Org. Chem. 2010, 2035-2056
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and 39, this corresponds to a preferred equilibrium between
the monoaxial forms via the eaa conformation rather than
via the eee conformation (Figure 25).

-74°C

k, = 54000 s

1300 L

-147°C 0.2 \

JL

40 30 oom

Figure 24. Left: experimentally measured 'H DNMR spectra
(500.16 MHz) of 38 (3% v/v in CF,Cl,). Right: theoretical simula-
tions. The rate constant (k;) is associated with conversion of one
monoaxial conformation into one other monoaxial conformer.
(Adapted with permission from J. Am. Chem. Soc. 2000, 122, 308—
323. Copyright 2000, American Chemical Society).

eea

Figure 25. Conformational exchange between various stable and
unstable equilibrium conformations of a chair conformer of 38 (e
= equatorial methyl; a = axial methyl) by nitrogen inversion. (Re-
printed with permission from J Am. Chem. Soc. 2000, 122, 308—
323. Copyright 2000, American Chemical Society).

The 'H NMR spectrum of 41 at —168 °C in a non-hydro-
gen-bonding solvent shows only a monoaxial conforma-
tion, whereas a significant reversal of conformation prefer-
ence, for the eee form, is observed in a hydrogen-bonding
solvent at —161 °C. This enhanced preference for the eee
conformation in 41 is attributable to several factors, such as
the increased steric repulsion experienced by the rBu methyl
groups in the axial group, which have to reside over the
ring, and the mitigation of the anomeric effect in large part
due to hydrogen bonding. Mitigation of the anomeric effect
in 38 and 39, due to hydrogen bonding, results in the pres-
ence of about 1% of the eee conformation.
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Ab initio and modified MMX (MMXTAC) computa-
tions are consistent with the experimental data and show
that for the eee conformations of all the trialkyl triazacyclo-
hexanes the C-N-C(axial) bond angles are affected by the
hindrance due to the alkyl groups and that the pyramidality
at nitrogen progressively decreases. This is consistent with
the progressively decreasing barriers to nitrogen inversion
and to chair-to-chair interconversion.

Calculations for the intermediate eaa conformers of 41
suggest that they are too high in energy for interconversion
of the monoaxial forms. The only reasonable intermediate
turns out to be the eee conformation. It thus appears that
two monoaxial forms of 41 interconvert via eee as the sole
intermediate, whereas in the case of 38 this is unlikely.

The pyrrolidino-fullerene 42 displays a N-inversion pro-
cess in that the 'H single line corresponding to the four
hydrogen atoms of the two methylene groups splits into two
signals with a 1:1 intensity at —90 °C, whereas the NMe line
does not (Figure S-18 in the Supporting Information).!'%3
As a result of the restricted nitrogen inversion the four
methylene hydrogen atoms become diastereotopic, two as-
suming a syn and two an anti position with respect to the
NMe moiety. Line shape simulation provided a free energy
of activation (AG™) of 8.65kcalmol! (AH”™ =
8.5 kcalmol™! and AS™ = 0.8 e.u.), values in keeping with
the expectations for a N-inversion barrier.

4.4 Miscellanea

An example of Ar—Ar rotation in combination with an
unusual inversion process has been reported in the case of
the bis-corannulene 44 (Scheme 8).1'%1 Corannulene (43) is
a bowl-shaped molecule that interconverts rapidly at ambi-
ent temperature. The barrier for such a process
(10.2 kcalmol ') was measured by making use of a substitu-
ent that acted as a diastereotopicity probe,'%”! displaying a
single NMR line at ambient temperature but a pair of
equally intense lines at —90 °C. This established that the co-
rannulene moiety is not planar and that at low temperatures
the bowl did not interconvert any longer on the NMR time-

scale.

43 “
Scheme 8.

The C4oH g bis-corannulene compound 44, consisting of
two corannulene moieties joined together, displays stereody-
namic processes involving the Ar—Ar bond rotation, in ad-
dition to the corannulene bowl inversion (Figure 26).

The 'H NMR spectrum at ambient temperature (a sing-
let and eight doublets) resolves at —90 °C to reveal the pres-
ence of three sets of spectra (a, b, ¢ as in Figure S-19 in the
Supporting Information) corresponding to three dia-
2050
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Figure 26. Combinations of bowl-shaped corannulenyl moieties
and transitions between them, with the dihedral angle between the
bowls fixed at 180° (note that at this dihedral angle the PM and
MP combinations are identical). (Reprinted with permission from
J. Org. Chem, 2008, 73, 6073-6078. Copyright 2008, American
Chemical Society).

stereomeric conformers in 69:28:3 ratio. The enantiomers
arising from Ar—Ar rotation are labelled S and R and those
due to the bowl inversion M and P. On the basis of DFT
calculations the observed conformers were assigned the
configurations S.PP/IRMM (a), S.MM/R.PP (b) and
S.PMIR.MP (c).

This assignment was further supported by symmetry
considerations, because the spectra of a and b are compati-
ble with C, symmetry whereas that of ¢ corresponds to a
structure without any element of symmetry, as predicted by
computations. X-ray diffraction of 44 shows that the most
stable form is indeed S.PP/R.MM, consistently with the
NMR and computation assignment. The interconversion
pathway between the conformers is quite complex and has
been theoretically analysed (Figure 27). It appears that the
most favourable enantiomerisation pathway passes through
one of the two achiral transition states.

An example of dynamic motion involving distortion of a
conjugated system from planarity has recently been re-
ported.l'98 1.4,56,9,12-Hexamethyltriphenylene  (com-
pound 45, Scheme 9) might, in principle, adopt either a C,
or a D; conformation.

Whereas in the D; conformation the six methyl groups
and the six aromatic hydrogen atoms are all equivalent, in
the C, conformation there is a group of four equivalent
methyl groups and four equivalent aromatic hydrogen
atoms that are distinguishable (diastereotopic) from the
other two, thus leading to a chiral situation. Computations
predict C, to be far more stable than Ds, but the NMR
spectrum at ambient temperature displays a single line for
the six methyl groups and also one for the six aromatics.
On cooling to —80 °C, however, both the methyl and the
aromatic signal split into a pair of lines with a 4:2 intensity
ratio, as predicted for a C, conformer (Figure S-20 in the
Supporting Information). It is thus established that C, is
the preferred conformation and that rapid inversion (en-
antiomerisation), occurring with a AG” value of
10.6 kcalmol™, is responsible for the apparent D; sym-
metry observed at ambient temperature. Computations also
suggest that the enantiomerisation pathway takes place
through flipping mechanisms proceeding through low-en-
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Figure 27. Stereodynamics map for bicorannulenyl (44). Stable con-
formations are represented by circles. The exact names (which in-
clude the DFT-calculated dihedral angles) are given for all 12 con-
formations and 16 transition states. The numbers represent calcu-
lated energies in kcalmol ™!, relative to the lowest-energy conforma-
tion (S.PP4y/R-MM 44, ) at 298.15 K. (Reprinted with permission
from J Org. Chem, 2008, 73, 6073-6078. Copyright 2008, Ameri-
can Chemical Society).
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45

Scheme 9.

ergy C; transition states (Figure 28). X-ray diffraction con-
firms that this molecule also adopts C, symmetry in the
crystalline state.

An example of rotation involving a heteroatom such as
phosphorus is reported for compounds 46 and 47,1191 as in
Scheme 10.

9-Diisopropylphosphanyl anthracene (46) adopts a stag-
gered conformation, which thus gives rise to distinguishable
'H NMR signals for the hydrogen atoms at the 1- and 8-
positions of the anthracene moiety (Figure 29).

When the temperature was raised above —25 °C (see Fig-
ure S-21 in the Supporting Information) these signals coa-
lesced, yielding a barrier for the Ar-P rotation of
13.3 kcalmol .

Accordingly, when two P(iPr), groups are present at the
9- and 10-positions of anthracene (compound 47) two con-
formers (labelled cisoid and transoid) are observed: they
yield distinguishable NMR spectra at —50 °C (Figure S-22
in the Supporting Information). The spectral assignment
was achieved on the basis of symmetry considerations: in
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Figure 28. Wedge drawings of 45, illustrating the rapid conforma-
tional interconversions that produce averaged '"H NMR signals.
Computations indicate that the mechanism proceeds chiefly
through successive low-barrier C,—C, interchanges. (Reprinted with
permission from J. Am. Chem. Soc. 2007, 129, 13193-13200. Copy-
right 2007, American Chemical Society).

R
46, R =P(iPr),,R'=H
47,R=R'=P(iPr),
R'
Scheme 10.
. . i-Pr
/—Pr«u,APJ\r i-Pr ®I5‘ iPr
1 7 8 1 8
2 7 2 7
3 5 3 6
4 10 5 4 10 5
358K 248K

Figure 29. Temperature-dependent conformations of 46 (Reprinted
with permission from J Org. Chem. 2008, 73, 5242-5247. Copy-
right 2008, American Chemical Society).

the cisoid form the signals of the hydrogen atoms at the 1-
and 4-positions are equivalent, as are the pair at the 5- and
8-positions, whereas in the transoid form the 1,5 and 4,8
pairs are equivalent. The transoid to cisoid ratio was mea-
sured as 57:43, and X-ray diffraction indicates that the
more stable transoid structure is the only form present in
the crystalline state.

Examples of molecules exhibiting three internal motions
(phenyl rotation, #Bu rotation and N-inversion) have been
reported for amino alcohols.''%l Because of the presence of
two chiral carbon atoms, the Me,NCH,CHMe(OH)PhsBu
system exists as four stereoisomers: a pair of diastereoiso-
mers, each consisting of two enantiomers. The racemic
compound 48 was identified as having the R,R and S,S con-
figurations and the racemic 49 the R,S and S,R configura-
tions (Figure 30).
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Figure 30. Schematic representation of the four stereoisomers of 48
and 49 (Reprinted with permission from J Org. Chem. 2002, 67,
2659-2664. Copyright 2002, American Chemical Society).

Both 48 and 49 display restricted C—Ph and C—Bu rota-
tion; in addition they also display a N-inversion dynamic
process. The '3C signal corresponding to the Me,N compo-
nent, for instance, is split into two equally intense lines at
-92 °C (Figure 31).

Me:N/\‘)<©
NMe, Me
T (°C) 48 k(s
+17 >10*
-26 600
-92 0
AR RS AR AR RAE RRA R R ERRas S R NSt
47 45 43 &/ppm

Figure 31. Left: experimentally measured '3C NMR (100.6 MHz in
CD,Cl,) signals corresponding to the N-methyl group of 48 as a
function of temperature. Right: computer simulation with the re-
ported rate constants. (Reprinted with permission from J Org
Chem. 2002, 67, 2659-2664. Copyright 2002, American Chemical
Society).

This is due to the fact that when the nitrogen of the
Me,N moiety becomes pyramidal at low temperature this
moiety behaves similarly to an isopropyl group, which dis-
plays diastereotopic methyl groups in the presence of a chi-
ral centre.”?! Line shape simulation provided N-inversion
barriers of 11.3 and 9.3 kcalmol™! for 48 and 49, respec-
tively.

Examples of molecules exhibiting both ring inversion
and rotation have been reported for the six-membered cyclic
compounds shown in Scheme 11.
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Compounds 50-57 have essentially planar nitrogen
atoms, so the effects of N-inversion cannot be observed. On
the other hand they all undergo ring inversion and N-S
bond rotation processes that have been monitored by low-
temperature 'H, '3C and '°F spectroscopy.

At low temperature compound 50 exhibits a ring inver-
sion process with a barrier (AG™) of 13.5 kcalmol™' be-
tween two degenerate C; forms and a S-N bond rotation
process between two unequally populated conformers (AG™
= 13.0 kcalmol ™), the more stable having C; symmetry and
the less stable Cs, symmetry.l'!!]

When the three sulfonyl substituents are not identical, as
in the case of 51, DFT calculations predict that the com-
pound can exist in three forms, due to the restricted N-
inversion and N-S bond rotation. Two of these are suffi-
ciently populated to be experimentally observed with a 6:1
relative proportion, the major having C, symmetry and the
minor C; symmetry. For both processes equal values of the
barriers were estimated (AG™ = 13.5 kcalmol 1).[112]

Compound 52 bears only two sulfonyl groups; restricted
ring inversion together with N-S bond rotation give rise to
two unequally populated conformers (ratio 7:1 in acetone),
as observed by low-temperature "H NMR spectroscopy.[!!3!
In CD;0D at —80 °C the '°F spectra showed two conform-
ers with a 8.7:1 intensity ratio, the major having C; sym-
metry and the minor C; symmetry, consistently with calcu-
lations predicting an energy difference of 0.81 kcalmol .
In contrast, X-ray diffraction indicates that only the minor
conformer is present in the crystal. DFT computations pre-
dict an interconversion barrier of 11.7 kcalmol ' corre-
sponding to the N-S bond rotation, consistently with the
experimentally estimated value of 11.5 kcalmol™!.

Compound 53 exists as a mixture of three conformers
(ratio 3:28:69), whereas compounds 54-56 each exist as a
mixture of two conformers as a result of restricted ring in-
version and N-S bond rotation.[!'*] The structural assign-
ment was carried out by means of DFT computations. Be-
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cause the interconversion barriers due to N-S bond rota-
tion were not determined in the original paper the authors
of this review have determined, by line shape simulation, a
sample value in the case of compound 54 (AG™ =
9.0 0.2 kcalmol ') by making use of the '°F experimental
spectra reported in Figure 1(b) in the original article (see
Figure S-23 in the Supporting Information).

In the case of compound 57 two chair conformers, corre-
sponding to different arrangements of the SO,CF; group,
are present at —80 °C (ratio 84:16).1''>] Computations indi-
cate that a ring inversion pathway with intermediate forma-
tion of the corresponding 2,5-twist conformer has a calcu-
lated barrier (11.2 kcalmol™!) in reasonable agreement with
the experimentally estimated value of 11.7 kcalmol!.

Supporting Information (see also the footnote on the first page of
this article): Figures S-1 to S-23 contain additional data (NMR and
CD spectra, DFT calculated and X-ray diffraction structures) relat-
ing to compounds 8a, 8b, 10a, 11a, 12, 19, 20, 26, 28, 30, 36, 37,
44-47 and 54.
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