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A series of 5,6-diarylacenaphthenes, 2-4, has been investigated using a variety of theoretical and experimental
methods. The purpose of the investigation was to gain a thorough understanding of the dynamics of atropisomer
interconversion in these molecules. Quantum chemical calculations were performed at different levels, including
Hartree—Fock theory, density functional theory (B3LYP), and a semi-empirical method (AM1). Basis sets used
ranged from STO-3G to 6-31+G*. The structures of energy minima and transition states for anti-syn inter-
conversion were fully optimised. A geometrical comparison of the single-crystal X-ray structures of syn-2b, anti-2¢
and anti-2d was made with the results from the calculations, and revealed excellent agreement in most cases.
Theoretical barriers to rotation were compared with those derived experimentally by NMR spectroscopy. Again
excellent correlation between theoretical and experimental values was found. In the transition states a significant
deviation from planarity for the acenaphthene moiety was calculated. The transition state structures indicate why
bulky substituents, such as Bu’, in the 3’ and 3” positions of the peri-aryl rings are not able to prevent atropisomer
interconversion. The structures provide a good explanation for the trends observed in experimental barriers to

rotation.

Introduction

House and co-workers first reported the preparation of 1,8-di-
arylnaphthalenes, after postulating that 1,8-diaryl rings would
be too large to allow interconversion between atropisomers
1a—1b." Subsequent studies of representative compounds, pre-
pared with meta-substituents on the peri-diaryl rings, showed
that there was a dynamic equilibrium at room temperature
between syn- and anti-atropisomers, with rotational energy
barriers in the range of 10-16 kcal mol~'."* These surprisingly
low energy barriers to rotation had one important consequence:
namely chiral C,-symmetric systems, such as 1b, are not con-
figurationally stable at room temperature and hence could
not be used in asymmetric synthesis and catalysis, in direct
contrast to other configurationally stable C,-symmetric
atropisomers, such as 1,1’-bi-2-naphthol.? Despite extensive
investigation from other groups on the effects that symmetrical®
and unsymmetrical* diaryl ring substituents have on the
rotational energy barriers to interconversion between 1,8-diaryl-
naphthalene atropisomers, the basic problem of the prevention
of aryl ring rotation has not been solved.

Recent work in our laboratories has involved the use of 1,8-
diarylnaphthalene systems as scaffolds for the construction of
bis-manganese complexes® and, more recently, the synthesis of
potentially chiral, hindered 5,6-diarylacenaphthene systems.
These recent studies have concentrated on developing synthetic
approaches to structures of the general type 2 and the optimisa-
tion of the coupling methods required for the synthesis of such
hindered systems.

In order to exploit 1,8-diarylnaphthalenes as potential C,-
symmetric chiral catalysts, one requires a system in which:
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a) there is a substantial difference in the steric demand between
the blocking groups across the ligand framework; b) the dif-
ferentially sized blocking groups should be as close to the
ligand binding functions as possible and preferably directed
towards the likely catalytic site; and c) there is complete con-
formational stability. Systems of the general type 2 appeared
to be ideal for application as potential new chiral ligand
precursors; structure 2 possesses readily cleavable methyl
ethers and the substituents in the positions ortho to the
methoxy group should be readily adjustable. We therefore
undertook the synthesis of the simplest version of 2, i.e. 2a,
with the aim of derivatising the position(s) ortho to the methoxy
groups. This approach proved to be impossible, due to the
proximity of the phenyl rings, and as a result functional groups
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R' and R? had to be introduced into the phenylboronic acid
coupling precursors of 2. By this method, 2b—-d were readily
accessed using Suzuki coupling methods; however, it was
apparent from attempts to separate the atropisomeric forms
of 2b-d that these structures were not sufficiently stable for
application as new chiral ligands.® In order to fully understand
the exact requirements for atropisomeric stability in systems
such as 2, fundamental structural and dynamic information
was required to enable the design and subsequent synthesis
of atropisomerically stable versions of 2.

In recent years, there have been several studies which
examined the structure and dynamics of diarylnaphthalene
systems. Semi-empirical methods have been used to locate
the transition state involved in the rotation process for certain
dipyridyl and dipyrimidyl naphthalene systems and calculate
rotation barriers.” This work is in broad agreement with NMR
data, which suggest barriers to rotation of 11-16 kcal mol™".
Cozzi and Siegel have also demonstrated® the effect of the
relative polarisation of the phenyl rings in diphenylnaphthalene
systems, which strongly suggests that substituents ortho to
the naphthalene and polar n-interactions can have a profound
effect upon rotation barriers, resulting in barriers ranging up to
26.2 kcal mol™'. To increase rotation barriers above this level
seemingly requires the preparation of highly hindered systems,
not necessarily diphenylnaphthalene derived. Thus, highly
hindered 1,8-(1,2,3-triazolyl)naphthalene can produce rotation
barriers as high as 24 kcal mol™'.° It was therefore important
for us to determine what influence a stepwise steric build up
would have upon the structures 2, to provide a platform for the
rational design of new ligands based upon atropisomerically
stable 1,8-diarylnaphthalene or structurally similar systems.
In this paper, we report high level theoretical modelling
calculations on systems 2 and compare these results to both
solid state X-ray crystallography and NMR-derived solution
structure and dynamic results.

Methods
Molecular modelling

Throughout this manuscript we will use the STO-3G data as
a qualitative guide, and will refer to higher level calculations
and experimental data wherever possible. Quantum chemical
calculations were carried out on compounds 2b-d, 3 and
4 using the Gaussian 98 program.'® Energy profiles for anti
to syn conversion of selected compounds were computed at
the AM1!" and HF/STO-3G " levels of theory. These profiles
were obtained from relaxed potential energy surface scans, i.e.
systematic modification of one of the two naphthyl-aryl
torsions (defined by atoms 4-5-1'-2’, vide infra) from 60 (anti-
conformation) to 240 (syn-conformation) degrees in 10 degree
increments and subsequent geometry optimization (with the
dihedral angle being constant). For some of the molecules the
geometries of stationary points (anti-conformation, transition-
state, syn-conformation) were fully optimized without sym-
metry constraints at the HF/STO-3G, HF/3-21G," and HF/6-
31G* ' levels of theory. Harmonic vibrational frequencies were
computed in order to characterize stationary points (minima
and first-order saddle points, the latter having exactly one
imaginary frequency). DFT calculations were performed
employing the B3LYP functional’® and a 6-31+G* basis.'*'¢
Self-consistent reaction field (SCRF) calculations were carried
out at the Hartree-Fock level with the Onsager reaction
field model” and a 6-31+G* basis. Throughout the paper the
theoretical level used for geometry optimisation will be denoted
as method/basis set (e.g., HF/6-31G* stands for Hartree—Fock
method with a 6-31G* basis set). Single point calculations at a
higher level using geometries optimised at a lower level will be
denoted as higher level//lower level (e.g., HF/6-31+G*//HF/3-
21G).
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¢; R=Bu’, X =0H
d;R=Me, X =OH

Single crystal X-ray diffraction

Crystal structures have been determined for molecules syn-2b,
anti-2c and anti-2d.7 All X-ray measurements were performed
on automated 4-circle diffractometers employing graphite
monochromated X-rays. A Nonius MACH3 (Mo Ka, 4 0.71069
A) was used for anti-2¢ and a Rigaku/MSC AFC6S (Cu Ka,
/. 1.54178 A) for syn-2b and anti-2d. Unit cell parameters were
obtained by least-squares refinement based on the setting
angles of 25 reflections (in the ¢ ranges 11-16° for Mo Ka and
20-36° for Cu Ka). Crystallographic data for the molecules
are presented in Table 1. The structures were solved by direct
methods using SHELXS97 and refined by full-matrix least-
squares using SHELX1.97."8

NMR Spectroscopy

All "H NMR spectra were measured at 600 MHz using a Bruker
AMX600 spectrometer. Samples were contained in 5 mm o.d.
tubes and solutions were made from ca. 5 mg compound in
0.5 ml CDCl; (2b-d) or in 0.5 ml of the cryoprotective
mixture (CD;),SO-D,0 80:20 v/v (3¢). Attempts to measure
qualitative nuclear Overhauser enhancement (NOE) con-
nectivities between protons using the 2-dimensional NOESY
experiment were largely unsuccessful due to the very weak
correlation (cross) peaks obtained. This was certainly due to
motional ‘nulling’ of the NOE at the observation frequency of
600 MHz, and therefore the ROESY experiment was used, with
mixing times in the range 100-300 ms, to explore the NOE and
slow chemical exchange effects.”” For the variable temperature
experiments the temperature controller was calibrated against
a standard methanol sample, and the reported temperatures
are believed to be accurate to £1 °C. The spectral simulations
of the band shapes were performed with a PC using the Bruker
software WIN-DYNA.%

Results and discussion
Molecular modelling

The anti to syn conversion energy profiles for selected com-
pounds calculated at the AM1 and HF/STO-3G levels are dis-
played in Fig. 1. The atomic numbering used in the following
discussion is as shown. It is obvious that there is a large dif-
ference between the two theoretical levels for the calculated
gas phase activation barriers for rotation. Earlier studies on
1,8-dihetarylnaphthalenes’ have shown that semi-empirical
methods tend to underestimate rotational barriers in similar
systems. The energy profiles reveal several trends. The change
of the tert-butyl substituent to the methyl group in the
3'/3"-position has only a minor influence on the energetics of

T CCDC reference numbers 145452, 145453 and 100797. See http://
www.rsc.org/suppdata/p2/b0/b008788m/ for crystallographic files in .cif
format.



Table 1 Selected crystallographic data for 2b-2d

syn-2b anti-2¢ anti-2d
Temperature/K 293 293 293
Crystal size/mm? 0.30 x 0.25 x 0.10 0.30 x 0.30 x 0.25 0.35x0.25 % 0.15
Molecular formula C,sHy0, Cy,H;340, C;H,,0,
Crystal system Triclinic Monoclinic Monoclinic
Space group P1 C2/c P2l/c
alA 10.547(2) 15.426(11) 14.053(3)
blIA 11.975(2) 12.426(10) 13.639(4)
clA 9.011(3) 15.224(10) 15.490(3)
pr 92.85(2) 108.59(6) 94.00(2)
a, pl° 111.51(2), 88.69(2) — —
VA 2 4 4
MA 1.54178 0.71069 1.54178
Reflections collected 7038 2548 5035
Independent reflections 3468 2451 4819
Reflections observed 2156 1288 2369
0 range for data collection/° 4-65 2-25 3-65
Restraints (parameters) (0) 376 (0) 240 9) 512
R, (observed reflections) 0.076 0.052 0.047
wR, (all reflections) 0.259 0.163 0.168
Goodness-of-fit on F? 1.005 0.985 1.025

“ Criterion for observation: F2 > 2¢(F?). * Each molecule has crystallographic C, symmetry. ¢ Refinement against F2.
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Fig. 1 Energy profiles for anti to syn conversion in selected com-
pounds, calculated at two levels of theory.

the rotation (c¢f. the pairs 3a/3b and 4a/4b). Omission of the
“bridge” does not have a pronounced effect on the activation
barrier either, but it changes the maximum of the barrier
from 190 to 200 degrees along the rotational co-ordinate. The
latter can be observed at both levels of theory. A possible inter-
pretation of this phenomenon could be based on the prediction
that in the transition state (TS) the planarity of the naphthalene
system is distorted (see below). The “bridge” containing
two sp*-hybridized carbons assists in distorting this planarity.
Consequently, the TS can be reached at an earlier point along
the rotational co-ordinate.

For several molecules the stationary points on the anti to
syn conversion pathway were fully optimized at various levels
of theory. The corresponding relative energies are listed in Table
2. The HF/3-21G geometries corresponding to the stationary
points of anti-3b to syn-3b conversion are displayed in Fig. 2. In
both the syn- and anti-forms the benzene rings are not entirely
parallel to each other. The rings are closer to each other at the
1'/1” carbon, and the angle between the rings’ planes is
approximately 14 degrees. Animation of the imaginary fre-
quency for 3b-TS verifies that the transition state corresponds
to a rotation about the aryl-naphthyl (4-5-1'-2") torsion. This
rotational motion is accompanied by a flattening motion of the
naphthalene ring system. The value for the 4-5-1'-2" dihedral
angle is 186.1 degrees. The structures in Fig. 2 reveal some
interesting features, which are common to all the molecules
investigated. The geometry of the TS is characterized by a sig-
nificant non-planarity of the naphthalene ring system. The ring
system is distorted in such a way that both aryl rings are found
on opposite sides of an idealized plane through the naphtha-
lene carbon atoms. This distortion increases the distance
between the two rings, hence reducing steric repulsion in the
transition state. The main contribution to the activation barrier
for rotation appears to result from the unfavourable steric
interaction between an ortho-hydrogen (attached to C2’) and
the other aryl ring.

The HF/STO-3G energies compare fairly well with experi-
mentally determined barriers for rotation reported by Clough
and Roberts.** However, we also performed calculations at
higher levels of theory, in order to obtain benchmarks for these
molecules for future use. In this context we explored different
basis sets as well as different theoretical concepts (cf. Table 2).
Because of the considerable size of the molecules the higher
level calculations were performed only on selected representa-
tives and preferably on the smaller ones.

In general, application of larger basis sets than STO-3G
leads to a reduction in the calculated activation barriers at
the Hartree—Fock level, and using the 3-21G basis lowers the
activation energy by 2-4 kcal mol™!. Larger basis sets (6-31G*
and full geometry optimisation of 3a, or 6-31+G* and single
point calculation for the HF/3-21G geometry of 2b) appear not
to reduce this barrier further. For 2b the activation enthalpy of
+17.85 kcal mol ! at the HF/3-21G level is already in excellent
agreement with the experimental value of 17.33 kcal mol™!
(vide infra). Also for 2¢ the agreement is markedly improved at
this level of theory. In the case of 2d the activation energy is
slightly underestimated at the HF/3-21G* level, but it reflects
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Table 2 Relative energies (kcal mol ™) for selected molecules

2b 2c 2d 3a 3b 3c

Method —>TS —syn TS —syn >TS —syn TS —syn >TS —syn TS —syn
HF/STO-3G* +21.61 +0.31 +21.55 +2.24 +21.10 +0.29 +21.53 —045 +20.12 +1.15 +21.84 +245
HF/3-21G* +17.85 +0.32 +17.40 +2.18 +18.89 +0.48 +20.12 —-0.58 +19.45 +1.56 +1831 +1.73
HF/6-31+G* +20.68 —0.13°

B3LYP/6-31+G* +14.46 —0.21

HF/6-31+G*//HF/3-21G +17.93  +0.08 +18.38 +1.88
HF/6-31+G*//HF/3-21G Onsager® +17.87 —0.11 +18.30 +1.70
B3LYP/6-31+G*//HF/3-21G +13.17 +0.14 +13.60 +1.75
Experimental AG¢ +17.85 +0.35 +16.73 +1.24 +20.19 +0.67 +25.65 +0.56
Experimental AH +1733 —0.19 +16.15 +1.57 +20.52 +1.41 +25.05 +2.16

“ Energies are relative to the respective anti conformers. ® Zero-point energies are included.  The Onsager SCRF model is applied. ¢ AG values

calculated at 298 K.

syn-3b

Fig. 2 Geometries along the anti to syn conversion pathway of 3b,
fully optimised at the HF/3-21G level of theory. The frequency arrows
illustrate the imaginary frequency of 3b-TS.
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the experimental trend and is higher than for 2b and 2c. In the
present study, the experimental activation barriers were deter-
mined by NMR in CDCI; (for 2b, 2¢, and 2d) or D,O (for 3c¢).
Therefore, we tried to estimate the effect of solvent screening
by performing Onsager SCRF calculations for compounds 2b
and 3c. The resulting Onsager relative energies differ from
the ones without solvent by less than 0.1 kcal mol™?, indicating
that the effect of modelling the solvent as a continuum of
uniform relative permittivity is negligible. A noteworthy result
is that density functional theory with the B3LYP functional
underestimates the activation barriers by several kcal mol™
for both molecules 2b (single point calculation) and 3a
(full geometry optimisation). This is in contrast to studies on
rotational barriers in heteroaromatic systems using density
functionals with non-local corrections, where the DFT methods
tended to overestimate the activation energy.?"** In these cases,
however, no additional steric hindrance by an adjacent
aromatic ring was involved. Finally, the relative energies of
the anti and syn energy minima are only marginally affected by
the level of theory.

When the activation energies are compared for 2b, 2¢, 2d,
and 3c, several trends are observed. Molecules 2b and 2¢ have
very similar barriers for rotation. This can be explained by
analysis of the corresponding transition state structures (see,
for example, the transition state structure of 3b in Fig. 2). It
is the 2’-hydrogen on one aryl ring which has to “squeeze past”
the other aryl ring, whereas the substituents in the 3’-position
are not engaged in any repulsive interaction. For molecule 2d,
the methyl group in the 5'-position is forced to move past the
other aryl ring during rotation. However, as there is much more
space for a substituent in the meta-position (i.e. 3'/3” and 5'/5")
compared to the ortho-position (i.e. 2'/2" and 6'/6"), this leads
to a moderate increase of the activation energy. In general the
agreement between theory and experiment is very good, but
for 3c the calculations underestimated the rotational barrier by
almost 7 kcal mol™'. We therefore investigated the possibility of
energetic lowering of the syn/anti atropisomers of 3¢ through
intramolecular hydrogen bonding between the OH groups. To
this end geometry optimisations were performed up to the HF/
6-31G** theoretical level on 3d. Despite starting from different
initial geometries, none of the optimisation runs converged to a
minimum with a hydrogen bond or any similar intramolecular
interaction. At the HF/6-31G** level the oxygen—oxygen dis-
tance was calculated to be 4.9 A for this molecule. This value
compares well with the oxygen—oxygen distances calculated for
the para-methoxy substituted compounds (i.e. 2a-d and 4c).
Evidently, the fact that the aryl rings are not parallel to one
another results in a minimum oxygen—-oxygen distance of
approximately 5 A, which is too large for intramolecular hydro-
gen bonding.



We proceeded to investigate the possibility of hydrogen bond-
ing involving water molecules forming “bridges” between the
two OH groups in 3c. We inserted one or two water molecules
between the OH groups and performed geometry optimisations
on anti-3¢ at the HF/3-21G level of theory. The optimised
geometries are displayed in Fig. 3. The 3¢-H,O interaction
energies calculated at the HF/6-31+G*//HF/3-21G level of
theory are —5.52 for anti-3¢-H,0 and —3.44 kcal mol ™! for and
anti-3¢-2H,0, respectively, including corrections for the basis
set superposition error. Interestingly, the calculations indicate
that one water molecule stabilises the ground state of 3¢ more
than two water molecules. This can be explained by an analysis
of the geometries of anti-3¢-H,O and anti-3¢-2H,0. In anti-
3¢-2H,0 the two water molecules partially repel each other, and
consequently the angles and distances of the hydrogen bonds
are distorted. Also, the water molecules are pushed closer to
the nearby tert-butyl groups, which leads to unfavourable
interactions. In contrast, in anti-3¢c-H,0O the hydrogen bond
geometry is not distorted and the water molecule is not involved
in repulsive interactions. It appears that 3c is set up ideally for
accommodating one water molecule between its OH groups.

anti-3¢*H,0

Fig. 3 Comparison of the HF/3-21G geometries of anti-3¢, and
anti-3¢ with one (anti-3¢-H,0) or two (anti-3¢-2H,0) water molecules.
The dotted lines represent the hydrogen bonds between the water
molecules and the OH groups of 3c.

This is also indicated by the O—O distance, which decreases only
slightly from 4.9 to 4.5 A upon insertion of a water molecule.
In the transition state of 3¢, the calculated O-O distance is
increased to 7.1 A, consequently leading to a destruction of the
intramolecular hydrogen “bridge”. Taking the stabilisation of
anti-3¢ by 5.52 kcal mol™! into account, the overall activation
enthalpy required for rotation amounts to 23.90 (18.38 + 5.52)
kcal mol™!. This compares very well to the experimental value
of 25.05 kcal mol™!. Therefore, the increase in the activation
barrier for 3¢ as measured by NMR in DMSO-D,0, can be
explained largely through an intramolecular interaction, which
exists only in the ground state and is mediated through a water
molecule. It is also interesting to note that in the laboratory this
compound is isolated as a monohydrate.%

Single crystal X-ray crystallography

Different views of the single crystal X-ray structures of 2b, 2¢
and 2d are given in Figs. 4 and 5 and associated data in Tables 1
and 3. It is interesting to note that in all three cases, crystals
are isolated as single atropisomeric forms, syn-2b, anti-2¢ and
anti-2d. This is perhaps a little surprising, and to our knowledge
unique to this system, since theoretical (vide supra) and experi-
mental studies (vide infra) clearly show that the difference
in ground state energies of all three systems is very small.
Since atropisomer interconversion occurs readily in solution
one might expect a mixture of both atropisomeric forms in
the solid state. We have previously observed the exclusive
isolation of single atropisomeric crystals in these systems>® and
therefore conclude that crystal packing forces must drive the
formation of these single atropisomeric crystalline forms.
The crystal structures are exactly as would be expected based
on comparisons with previously reported structures® and the
ground state ab initio calculated structures. A series of selected
interatomic distances, angles and torsional angles are given
in Table 3, together with a comparison of their values with the
appropriate ab initio structure. Five pieces of data are presented
which can be used to describe the conformation of these
molecules. The first two values, 6 and ¢, indicate the degree
of distortion in these systems. As these values increase
numerically, it indicates an increased degree of steric strain
in the system; the angle 0 is a measure of the in-plane dis-
tortion between the phenyl rings (where the plane refers to
the acenaphthene scaffold), whilst the second value, ¢, gives
the out-of-plane distortion (Fig. 6). It should be noted that
although ¢ is listed as having positive values, in all cases it can
be clearly seen from Fig. 3 that these distortions are in opposite
directions, viz. above and below the acenaphthene plane.
Torsional angle 7, defines the conformation of the peri-phenyl

Fig. 4 ORTEDP plots of 2b-d (view 1) with hydrogen atoms omitted for clarity.
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Table 3 Selected geometrical parameters for 2b-d

Compound or oI o/° xIA 0-0O/A
syn-2b X-ray 24.78 0.56 60.2 3.151 4.445
5.69 61.3
ab initio 25.01 1.15 67.2 3.101 4.929
1.24 71.2
anti-2¢ X-ray 12.40 8.95¢ 124.0¢ 3.160 5.621
ab initio 24.62 3.39¢ 113.6¢ 3.094 4.888
anti-2d X-ray 23.29 10.66 125.2 3.095 4.935
7.70 125.3
ab initio 24.98 10.83¢ 117.5¢ 3.146 5.984

“ Only one value due to C, symmetry.

2b

2¢

2d

Fig. 5 ORTEP plots of 2b-d (view 2) with hydrogen atoms omitted for clarity.

C3

Cc2

@ = projection of C1

onto idealised plane | ¢ = (180-a) + (180 -§)

Fig. 6 Schematic representation of 0, ¢, x and O-O for 2b—d.

rings relative to the acenaphthene backbone, whilst x and O-O
give straightforward interatomic distances.

The trends observed in § and ¢ are broadly consistent with
the increasing steric bulk in the molecules and in general there
is also good agreement between experimental and theoretical
data. The variations in ¢ are, as one might intuitively predict,
based on the increase in steric bulk in the system, viz. 2b <
2c < 2d for both experimental (2b @,yeraee = 3.13°% 2¢ ¢ =8.95%;
2d @yyerage = 9.18°) and theoretical (2b Pyyerage = 1.20% 2¢ ¢ =
3.39% 2d ¢#=10.83°) values, with the largest discrepancy
between experiment and theory being observed for 2c. It is
interesting to note that when the three structures are viewed
along the axis which shows ¢ most clearly, cursory inspection
appears to indicate that 2d is actually more distorted than 2¢
(Fig. 5). However, the values of ¢ show that this is clearly not
the case. There is also good correlation between experiment and
theory in the values of 0 for 2b and 2d, but there is an obvious
anomaly between the theoretical value for 2¢ and the experi-
mental value. This is readily rationalised by comparison with
the changes in ¢. When both angles are considered it is apparent
that in the crystal system steric strain is relieved by employing a
large distortion in ¢ of 8.95° for each peri-phenyl ring (cf. 3.39°
for the theoretical value) whereas in the gas phase calculation
steric strain is relieved through 0=24.62° (¢f. experimental
12.40° in 2¢). In summary, for 2b the majority of steric strain
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is relieved through increasing 6 for both experimental and
theoretical situations; for 2¢ there is an “either-or” situation, in
which the majority of steric strain is relieved through one angle;
finally in the most hindered system 2d, both angles must distort
to accommodate the increased steric bulk in the molecule.

The values of 7; show excellent agreement between experi-
ment and theory and indicate that there is a clear need in all
structures for the peri-phenyl rings to be staggered at an angle
of approximately 60° to the acenaphthene backbone no matter
what substituents are placed about the aryl rings. Within the
series there is little variation in x (3.095-3.160 A), which com-
pares favourably with the range of values observed in the
Cambridge Crystallographic Database (CCD) of 2.970-3.107
A for related structures. The slight increase in x observed in this
series of compounds when compared with those in the CCD
can be easily rationalised by the increased steric strain in these
systems. It should also be noted that when x is compared
between related 5,6-acenaphthene and 1,8-naphthalene back-
bones in the CCD, there is a small but obvious increase of
about 0.1 A on moving from the 1,8-naphthalene backbone
to the 5,6-acenaphthene backbone. Again this is entirely con-
sistent with the molecular modelling results, which indicate that
the presence of the benzylic bridge in acenaphthene results in
an increased buckling of the acenaphthene ring, consequently
increasing x. There is also excellent correlation between the
values of x in the crystal structures and the ab initio calcula-
tions, with the largest variation between theory and experi-
mental values of only 0.066 A being observed in 2b. Finally, it
should be noted that there is considerable variation in O-O in
the series 2b-2d and also variation between experimental and
theoretical values for each compound. This is not surprising,
since O-O is effectively dependent on 6, ¢ and x.

NMR Structure and dynamics

The 'H NMR spectrum of 2b, measured at ambient tempera-
ture, showed considerable broadening for most of the reson-
ances, but at lower temperature these resonances sharpened (see



Table 4 'H Chemical shifts for diaryl acenaphthenes 2b—d
H3/H8 and
Compound H4/H7 H2'/H2" H5'/HS" H6'/H6" H1/H2 Other signals
anti-2b 7.46-7.49 6.57 6.63 7.03 3.56 3.86 (-CH;), 1.95 (-CH3)
syn-2b 7.46-7.49 6.77 6.44 6.90 3.56 3.82 (-OCHjy), 2.07 (-CH3)
anti-2¢ 7.44-7.53 6.85 6.61 7.02 3.55 3.78 (-OCHj), 1.24 [-C(CH5);]
syn-2¢ 7.44-7.53 7.04 6.57 6.96 3.55 3.80 (-OCH,), 1.25 [-C(CH,)y]
anti-2d 7.48-7.55 6.82 7.08 3.57 3.77 (OCH,;), 1.29 [-C(CH,)s], 2.33 (-CH;)
syn-2d 7.48-7.55 7.00 6.97 3.57 3.78 (OCH,), 1.35 [-C(CH53),], 2.25 (-CH;)
a)
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Fig. 7 High frequency (aromatic) region of the 600 MHz 'H NMR
spectrum of 2b in CDCI; solution, a) measured at 323 K and b)
measured at 243 K. The symbols, +, § and = indicate pairs of slowly
exchanging resonances (see also Fig. 8).

spectrum at 243 K, Fig. 7). At the lower temperature the
spectrum was consistent with the presence of two slowly inter-
converting atropisomers—the syn and the anti in near equal
proportions. The ratio of the two atropisomers was measured
by integration of the well-resolved 'H resonances and varied
between 1.24 at 213 K to 1.16 at 253 K. As described below, the
atropisomer of 2b in slight excess was assigned as syn on the
basis of chemical shifts. Individual resonances were assigned
as shown in Table 4 on the basis of chemical shift, couplings
and integration, in addition to inter-proton Overhauser effects
measured from the 2-dimensional ROESY spectra. A section of
the high frequency region of the ROESY spectrum is shown in
Fig. 8. Off-diagonal peaks, which are due to Overhauser effects,
have opposite phase to the diagonal peaks. Off-diagonal peaks,
which have the same phase as the diagonal, are due to (slow)
chemical exchange between the syn- and anti-atropisomers,
thus establishing correspondence between resonances in the
two forms. In addition to those displayed in Fig. 8, other
Overhauser effect correlations were observed to be consistent
with the structures, viz. H3,8<>H1,2; H5', ,<>OMe,,; H5' ,..<>
OMe,,; H2' ,<>3'Me,,; H2',<>3'Me There was also
a weak correlation between the 3'Me,,,; resonance and the
resonance for HS',,,, which is probably an inter-ring effect.
Fig. 9 shows the schematic syn-atropisomer of 2b viewed
from the mean plane of the acenaphthene moiety. For this

anti*
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Fig. 8 High frequency (aromatic) region of the 600 MHz 'H ROESY
spectrum of 2b, measured at 243 K with a mixing time of 400 ms. The
off-diagonal peaks (black), which have the same phase as the diagonal
peaks, correlate resonances in slow chemical exchange, and the off-
diagonal peaks (red), with opposite phase to the diagonal, give NOE
correlations.

Me Me Me Me
—
—
/ N\
H H H H
syn-1 syn-2

Fig. 9 Schematic representation of the degenerate conformers of
the syn-atropisomer of 2b, viewed from the mean plane of the
acenaphthene moiety.

H Me
anti

Fig. 10 Schematic representation of the anti-atropisomer of 2b,
viewed from the mean plane of the acenaphthene moiety.

atropisomer we must consider two equal energy conformers
interconverting rapidly on the NMR time scale. It is this rapid
equilibration which gives rise to the observed chemical shift
equivalences. Fig. 10 shows the schematic anti-atropisomers
of 2b in the minimum energy conformation corresponding to
that calculated above (also the conformation corresponding
to that found in the X-ray analysis of anti-2¢ and anti-2d). The
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calculated enthalpy difference between the syn- and anti-forms
is small (less than 0.3 kcal mol ™, see Table 2) with the anti being
the more stable of the two. Because there are the two degenerate
conformers possible for the syn-atropisomer and just one for
the anti, the dynamic situation is best represented by Scheme 1.

syn-1

anti fast

syn-2

Scheme 1 Representation of the dynamic situation for 2b.

An assumed value for AG® =250 cal mol™! at 243 K would
give the ratio [syn-1 + syn-2)/[anti] about 1.2, which is approxi-
mately the same as the experimentally determined ratio (1.1,).
The temperature dependence of the putative ratio [total syn]/
[anti] was used to derive the thermodynamic parameters AH®
and AS° for the anti=syn — i, i=1 or 2 equilibrium, and
these were AH° = —0.19 kcal mol™! and AS°=—1.8 cal K!
mol . This gives AG® at 243 K as 247 cal mol " in favour of the
anti-form; however because the syn exists in two degenerate
conformations, the total proportion of syn exceeds the anti.

In the temperature range 273 to 323 K the 'H resonances
broaden and coalesce, and the rate coefficient, k for the process
anti to syn was determined by iterative fitting of the resonances
due to the 3'Me groups. The rate coeflicient varied in the range
2.4 s tat 273 K to 452 s ! at 323 K, and plots of In (k) vs. T!
(Arrhenius) and In (k/T) vs. T~' (Eyring) were both linear.
The former plot yielded a value for the Arrhenius activation
energy, E,=17.9 kcal mol™!, and the Arrhenius A-factor,
A=5.4x10" The Eyring plot yielded a value for the acti-
vation enthalpy, AH* = 17.3 kcal mol ™! and activation entropy,
AS*=7.1cal K ' mol™".

The '"H NMR spectrum of 2¢ at ambient temperature showed
broadening of the resonances, which sharpened at lower
temperature. In the temperature range 250 to 280 K the well
resolved resonances due to the syn- and anti-atropisomers were
observed. The ratio of the two sets of resonances, determined
by integration, varied in the range 0.07 at 250 K to 0.11 at
290 K, and the major component was assigned as the anti-
atropisomer. This assignment is consistent with the calculated
greater stability of the anti-atropisomer (Table 2). The
resonances were assigned by consideration of chemical
shifts, couplings, integration and inter-proton Overhauser
and exchange effects observed in ROESY spectra, and these
assignments are given in Table 4. It is noteworthy that the
change in phenyl ring proton chemical shifts on passing from
the anti- to the syn-form is entirely consistent with the dimethyl
compound 2b, i.e. H2' shifts to higher frequency while H5’ and
H6’ both shift to lower frequency (Table 4). The [syn] : [anti]
ratio data as a function of temperature were used to derive
the thermodynamic parameters AH°=1.57 kcal mol™' and
AS°=1.13 cal K™ mol ™. In the temperature range 280 to 330
K the resonances broadened and coalesced and iterative fitting
of the band shapes gave the anti to syn exchange range co-
efficients, k, which varied in the range 2.6 s™! at 290 K to 84.6
s !'at 330 K. As for 2b (above) the Arrhenius and Eyring plots
were both linear and gave values for the Arrhenius activation
energy, E,=16.7 kcal mol™! and A-factor, 4=1.1 x 10Y,
and the Eyring parameters, AH*=16.15 kcal mol™ and
AS*=—0.9 cal K ' mol™".

The 'H NMR spectra of 2d again showed two sets of reson-
ances at lower temperature (down to 203 K) which coalesced
at the higher temperature (343 K). The ratio of the two sets
of resonances, determined by integration varied in the range

466 J. Chem. Soc., Perkin Trans. 2, 2001, 459-467

0.10 at 203 K to 0.21 at 253 K, and the major set of resonances
was assigned to the anti-atropisomer, to be consistent with the
greater demand of the tert-butyl group over the methyl group
for the anti-arrangement (2c¢ c¢f. 2b). The resonances were
assigned as described above (see Table 4), and the lower
temperature [syn])/[anti]] ratio data gave AH°=1.41 kcal
mol™* and AS°=2.4 cal K™! mol™'. The higher temperature
kinetic data gave values for the Arrhenius activation energy,
E, =202 kcal mol™ and A-factor, 4=4.3 x 10", and the
Eyring parameters, AH* = 20.5 kcal mol™! and AS*=13.9 cal
K 'mol ™.

"H NMR spectra of the di-fert-butyl phenol 3¢ at ambient
temperature showed broadening of the resonances due to
exchange between the syn- and anti-atropisomers, in both
acetone and chloroform solutions, but in order to achieve
coalescence a higher boiling solvent was necessary and the
cryoprotective mixture?® of DMSO-water was selected (see
Methods section) which allowed measurements at both low
and high temperatures. Chemical shift assignments were made
using the experiments described above (see Table 4). The [syn] :
[anti] ratio varied in the range 0.16 at 243 K to 0.27 at 273 K
and gave AH®=2.16 kcal mol™! and AS°=5.4 cal K™! mol ™.
The higher temperature kinetic data gave values for the
Arrhenius activation energy, E, = 25.7 kcal mol ™! and A-factor,
A=1.6x10" and the Eyring parameters, AH*=25.1 kcal
mol ! and AS*=27.3 cal K ' mol ",

Conclusions

This class of molecules has been the topic of investigation
for more than 30 years, due to their potential application as
chiral auxiliaries and the inherent challenge that their synthesis
and dynamics present. Many attempts have been made to
prevent atropisomer interconversion through different sub-
stitution patterns to probe steric and electronic effects, but
to no avail. Through a combination of different experimental
and theoretical techniques, the present investigation was able
to establish a fundamental understanding of the process of
atropisomer interconversion.

It appears that calculations at the HF/3-21G level of theory
already give good agreement with experimental activation
barriers, which makes systems of this size computationally
tractable. The validity of the calculations is strongly supported
by comparsion with both single crystal X-ray structure analysis
(of 2b, 2¢, and 2d) and NMR spectroscopic techniques
to measure the barrier height for rotation. The DFT-B3LYP
method, as well as semi-empirical calculations, appear to
underestimate the activation energies.

Although the energy differences between the syn- and anti-
atropisomers are relatively small, as indicated by the cal-
culations and NMR studies, in the crystal structures only one
atropisomer is found: 2b crystallises as syn, whereas for 2¢
and 2d only the anti-forms are observed. This could be due to
crystal packing effects, but it also correlates very well with the
distribution of the major atropisomers in solution found by
NMR. Since the major solution form is observed in the solid
state we speculate that as the dominant solution form starts
to crystallize, the anti—syn equilibrium is disturbed and the
minor form is converted into the dominant form in order to
re-establish the solution equilibrium. Taking this to an extreme
would eventually result in the isolation of a single atropisomeric
species.

Instrumental to the analysis has been the calculation of the
transition state structures for rotation. These structures indicate
a remarkable flexibility of the acenaphthene ring system and
reveal that bulky substituents in the meta-positions (i.e. 3'/3"
and 5'/5") are not capable of stabilising a single atropisomeric
form. It therefore seems that additional chemistry has to be
applied in order to stabilise the atropisomers. Preliminary
calculations in this area have revealed that certain substituents



in positions 4 and 7 of an acenaphthene or 2 and 7 of a
naphthalene scaffold might provide enough steric hindrance to
prevent atropisomer interconversion. We are currently engaged
in a synthetic programme in order to test this hypothesis and
will report the results of these studies shortly.
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