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Stereochemistry of Polyethylated Aromatic Systems
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Hexaethylbenzene adopts a conformation with the ethyl polyethylaryl rings in spatial proximity (e.g., decaethylbi-
groups perpendicular to the aromatic ring and oriented in a  phenyl, octaethylbiphenylene) are reviewed.

fully alternated up-down arrangement. The synthesis, stereo- (© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
chemistry and rotational barriers of systems possessing two  Germany, 2003)

1. The Ethyl Group R A&
H
The ethyl substituent is the simplest alkyl group of non- f ’ H, J( Y
conical symmetry.['l An ethyl group attached to a central — /
frame can be depicted schematically as an “arm” consisting T R\X
of a CH; group protruding from the axis connecting the I
ethyl group to the central frame. Polyethylated aromatic 1/(

compounds can be viewed as multiarmed hydrocarbons in
which several arms (the ethyl groups) radiate from a central
polyatomic core (Scheme 1).) Multiarmed compounds
(sometimes referred as “octopus molecules”)?®! are of in-
terest inter alia as molecular hosts®l and as the cores of
novel polymeric systems (e.g., dendrimers).

In addition to the synthetic challenge they pose, poly-
ethylated aromatic systems are of interest as sterically
crowded compounds. The analysis of their preferred con-
formations is particularly challenging because of the inher-
ent stereochemical complexity of these conformationally
flexible systems.[*l The polyethylated derivatives are capable

multiarmed molecule

Scheme 1

of existing in a large number of conformations, the relative
energies of which are dictated by numerous nonbonded in-
teractions (repulsive and attractive van der Waals interac-
tions)!®! between the ethyl groups. Usually the lowest-energy
conformation results from the need to avoid repulsive steric
interactions between the groups.
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series — hexaethylbenzene (1) — are perpendicular to the
aromatic ring and are oriented in a fully alternated up-
down arrangement (Scheme 2).[ In this arrangement the
ethyl groups on the 1-, 3-, and 5-positions point to one face
of the aryl ring while the others are oriented towards the
opposite face. This unique conformational feature (some-
times referred as face segregation of the ethyl groups) has
been utilized for the design of molecular hosts structurally
related to 1. Most of these systems were obtained formally
by replacing three ethyl groups of 1 (those located on the
1-, 3- and 5-positions) by binding groups (see Scheme 3).[}
If the conformational preferences of the host are similar
to those of 1, the up-down alternation of the substituents
guarantees that the three binding groups will be pointing to
the same face of the aromatic ring, thus enforcing a certain
degree of preorganization. By the appropriate modification
of the basic skeleton of 1, other ligand topologies are avail-
able.[® For example, introduction of two binding groups in
the 1- and 4-positions of 1, would result in a derivative with
divergent binding groups pointing to opposite faces of the
aryl ring.1®!
Et t

Et t

"up-down" arrangement

Scheme 2

- [7d) rof. 1781
Scheme 3

The static and dynamic stereochemistry of 1 was ana-
lyzed in great detail by Iverson et al.[) Molecular mechanics
calculations indicated that the fully alternated conformation
(adopted by 1 in the crystal) indeed corresponds to the low-
est in energy.[%°~!!l The arrangement of two ortho ethyl
groups oriented towards the same face of the aromatic ring
is usually designated as a syn arrangement, and its associ-
ated steric interaction (a syn interaction) is repulsive. As-
suming that in the conformers of 1 all ethyl groups are per-
pendicular to the central ring, eight different diastereomeric
forms are possible and the calculated relative steric energies
of the forms increase roughly with the number of syn inter-
actions present (none, two, four or six; Figure 1).[6:]
Although in the crystal 1 adopts the fully alternated confor-
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mation, its organometallic derivatives may adopt either the
fully alternated arrangement or a conformation in which
one or more syn arrangements are present. A notable ex-
ample is the complex 2, in which — in the crystal — the
ethyl groups adopt the all-distal arrangement; i.e., they all
point to the same (uncomplexed) face of the ring (in one
third of the crystals a single disordered ethyl group points
toward the metal atom), to avoid the steric interactions that
otherwise would exist with the bulky ligand on the metal

£ 0
IR

Figure 1. The eight ideal up-down forms of hexaethylbenzene and
their calculated (BIGSTRN-2) relative steric energies (from ref.[l);
in all conformations the ethyl groups are oriented perpendicularly
(or nearly perpendicularly) to the phenyl ring; filled and empty
circles represent ethyl groups pointing to or away from the ob-
server; a double arrow denotes a syn arrangement of two ortho
ethyl groups

@hk, o0

I

The polyethylated arene derivatives are structurally re-
lated to the polymethylated arenes (studied mainly by Hart
in a seminal series of papers),['*!3] and to other polysubsti-
tuted arenes such as MacNicol host molecules (e.g., hexaar-
yloxybenzene and polythiophenoxyarenes)®! and Pascal’s
polyphenylarenes!'® (for selected representatives of the fam-
ilies of compounds see Scheme 4). The substituents, how-
ever, in the latter case (phenyl groups) possess bilateral sym-
metry and, in contrast to an ethyl group, no isomerism re-

Me Me Me SPh
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Me¢ Me PhS SPh
Me Me Me SPh
ref, (1] ref, B¢
Me Me SAr SAr
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sults from a 180° rotation around the bond connecting the
substituent to the central frame.!'”]

Although 1, or structurally related compounds!!®!8l and
their organometallic complexes,'®~?2! have been studied
extensively, when we started our work we were unaware of
any stereochemical study of systems possessing two (or
more) polyethylphenyl subunits.

3. Rotational Barriers

3a. Hexaethylbenzene

When discussing the rotational barrier of polyethylated
arenes (which generally are multiconformational systems)
the term “rotational barrier”” does not usually refer to the
rotation of a single ethyl group (a process that in most cases
interconverts two diastereomeric conformations), but rather
to the overall topomerization barrier determined by NMR
spectroscopic methods. This observation is due to the fact
that if a single conformation is detected, usually the energy
barrier is determined by monitoring the line shape changes
of diastereotopic groups that are rendered equivalent by the
dynamic process. This topomerization process may involve
one or several consecutive ethyl group rotations and/or sev-
eral intermediate conformers (undetected in the NMR spec-
trum because of their low populations) along the pathway.

Molecular mechanics calculations indicate that the site
exchange of the methylene protons of 1 proceeds through a
stepwise (i.e., non correlated) six-step process with a barrier
of 11.8 kcal mol~ L[} A more recent calculation using the
MM3 program afforded a value of 12.5 kcal mol~'.’] The
rotational barrier of hexaethylbenzene in solution has not
been determined experimentally since, in the lowest-energy,
fully alternated conformation, pairs of methylene protons
are either homotopic or enantiotopic. Although the rota-
tional barrier of 1 might be determined in principle by
monitoring the line shape changes in the NMR spectrum
in the presence of a chiral nonracemic additive (which un-
der slow exchange conditions renders the enantiotopic
group diastereotopic), this experiment has not been re-
ported so far. The rotational barriers of the side chains of
1 have been measured in the solid state by temperature-
dependent magic-angle-spinning NMR spectroscopy by
taking advantage of the symmetry nonequivalence of the
ethyl groups resulting from the site symmetry of the molec-
ule in the crystal.l??! Surprisingly, the enthalpy of activation
of the exchange process is only 50% larger than the calcu-
lated barrier for the isolated molecule in the gas phase.*?!
Several studies have utilized complexation of the arene ring
with a metal atom [e.g., Cr(CO)3, Mo(CO)s, etc.] as a tool
for rendering the ethyl groups located “above” and “below”
the arene ring symmetry nonequivalent, thus allowing the
determination of their rotational barriers.[!° 22! In such sys-
tems, it has been shown that upon lowering the temper-
ature, the tripodal rotation of the M(CO); fragment can be
frozen on the NMR spectroscopic timescale and that its
rotation is gated by the rotation of the ethyl groups.[>!->41
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3b. Pentaethylbenzene Derivatives

In contrast to the parent 1, in the pentasubstituted de-
rivatives 3 pairs of methylene protons on the ethyl groups
located ortho or para to the substituent are diastereotopic
under the conditions of slow side-chain rotation on the
NMR spectroscopic timescale, and their topomerization
barrier can be determined readily by dynamic NMR spec-
troscopy. As shown in Figure 2, the rotational barrier of
pentaethylbenzene is lower than the calculated barrier of 1.
During the 180° rotation of an ethyl group, a conformation
is reached (ideally, the transition state) in which the
CH,CH3; bond is coplanar (or nearly coplanar) with the
aryl ring. If the two substituents flanking the rotating ethyl
group are different, two diastereoisomeric transition states
are possible (Scheme 5). In the case when R = H, the syn
transition state should be favored on steric grounds. Na-
ively, it could be expected (disregarding ground-state ef-
fects) that the topomerization barriers of 3¢—3e should be
similar to that of 1, since although the substituent R is
bulkier than an ethyl group (raising the energy of the syn
transition state), in the preferred rotational pathway (via
the anti transition state) the steric interactions should be
similar to those found during the ethyl rotations of 1. Ke-
tone 3¢ and esters 3d,e, however, displayed topomerization
barriers substantially higher (13.7—16.7 kcal mol™!) than
the barrier calculated for 1.7 In 3¢ the carbonyl group is
nearly perpendicular to the aryl plane and two diastereo-
meric conformations are possible (3¢’ and 3¢’’, Scheme 06).
These two conformers may interconvert either by 180° ro-
tation of the five ethyl groups, or by single 180° rotation
along the Ar—COR bond. To achieve topomerization of a
given form, however, not only must the five ethyl groups
rotate, but also the COR group must rotate by 180° and the

-R
3
topomerization barrier
(kcal/mol)
3aR=H 9.2
3bR=Br 10.2
3¢ R=COCH 13.7
3d R = OCOCHj,4 14.6
3e R = 0COPh 16.7

Figure 2. Experimentally measured topomerization barriers of pen-
taethylphenyl derivatives; in case of the compounds 3c—3e, topo-
merization of a pair of protons in an ortho or meta ethyl group
requires 180° rotation of the five ethyl groups around the Ar—Et
bonds and 180° rotation of the R substituent (e.g., around the
Ar—O bond in the case of 3d—3e)

Me
Et JH gt
H

Scheme 5
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b a : Ar-Et rotations
b : Ar-COR rotation
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Scheme 6

high barrier of the latter process is the one that determines
the overall topomerization barrier. Low-temperature NMR
spectroscopic data were in agreement with this analysis and,
for example, two sets of signals were observed in '3*C NMR
spectra of 3d and 3e.”!

4. System with Two Mutually Perpendicular
Polyethylphenyl Rings: Decaethylbiphenyl

Substituted biphenyls represent one of the classical topics
in organic stereochemistry.? The polyethylated biphenyl 4,
which can be viewed as formally derived from connecting
two pentaethylphenyl rings, is of stereochemical interest
since in principle the steric proximity between the ortho
ethyl groups of the two rings may “relay’” conformational
information from ring to ring. The structurally related de-
cakis(bromomethyl)biphenyl has been prepared and charac-
terized stereochemically, but unfortunately the slow-ex-
change low-temperature NMR spectra could not be deter-
mined because of the poor solubility of the system.[¢]

4a. Synthesis

The molecule was prepared by exhaustive ethylation of
biphenyl under Friedel—Crafts conditions using EtBr as
both the alkylating reagent and the solvent, and a large ex-
cess of AlCI; [Equation (1)].*”] The reaction demanded sev-
eral days to reach completion, but good yields of the polye-
thylated biphenyl were obtained.

Et Et
Et Bt M
4

Decaethylbiphenyl is more complex stereochemically
than hexaethylbenzene, in particular because of the large
number of possible arrangements of the ethyl groups. For
the analysis of the possible conformations of 4 it was as-
sumed that the two rings are mutually perpendicular and
that all ethyl groups are perpendicular to the aryl rings to
which they are attached. Under these restrictions, all pos-
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sible conformations are chiral irrespectively of the “up” or
“down” orientation of the ethyl groups. This feature can be
rationalized readily since, for example, the two perpendic-
ular p-ethyl groups are incompatible with the two c-planes
or the S, symmetry operation present in the parent achiral,
unsubstituted biphenyl adopting the perpendicular confor-
mation. The configurational matrix method (a “back-of-
the-envelope” method for readily calculating the number of
ideal conformers in this type of system)®®! gave an estimate
of 136 enantiomeric pairs for 4. This number is substan-
tially larger than the eight diastereomeric forms of 1, so
decaethylbiphenyl is at least one order of magnitude more
complex than the parent hexaethylbenzene.

4b. Molecular Mechanics Calculations

To determine the lowest energy conformation, MM3 cal-
culations were conducted on a subset of the 136 theoretical
isomers of 4 since it could be safely assumed that some
conformers (e.g., those possessing a large number of syn
interactions) correspond to high-energy forms. The calcu-
lations, therefore, were restricted to conformations with at
most one syn interaction present per ring. The calculations
indicated that, in contrast to 1, the fully alternated con-
formation lacking any syn interaction is not the lowest in
energy (conformation a, Figure 3).1*°! Granted, a calculated
energy gap of 0.7 kcal mol™! is within the margin of error
of the MM3 calculations. Notwithstanding this caveat, it
could be concluded that according to the calculations, the
lowest-energy form possessed one syn interaction per ring.

no syn interaction
is present

e 3

O
S @) 0.7
O

0.2 m

0.2 j 0.2

Figure 3. Calculated relative steric energies (MM3, in kcal mol~!)
of selected conformers of 4; in all cases only one of the two enanti-
omers is depicted; the lowest-energy conformation possesses one
syn interaction per ring (denoted by a double arrow); according to
the calculations, the conformation lacking any syn interactions (a)
is not the lowest in energy

Three additional conformations (f, i and j, Figure 3), also
possessing one syn interaction per ring possessed calculated
energies just 0.2 kcal mol~! above the global minimum.
Viewing the fully alternated conformation along the bi-
phenyl axis was helpful to rationalize why (in contrast to 1)
the fully alternated form “a” is not the global minimum. In
this conformation repulswe steric interactions between or-
tho ethyl groups of the two rings are present. If the rings
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adopt a fully alternated up-down arrangement, the two
ethyl groups located ortho to the phenyl—phenyl bond
should be pointing to the same face, as shown in Figure 4.
This arrangement will result in unavoidable “clashing” with
one of the ortho ethyl groups on the second ring, irrespect-
ive of its “up” or “down’ orientation (Figure 5). If, on the
other hand, each ring adopts a conformation with one or
three syn arrangements, the two ortho ethyl groups on each
ring will point to opposite faces of the ring, thus allowing
a homodirectional arrangement of the ortho ethyl groups,
as viewed along the biphenyl axis (Figure 4 and 5). Intro-
duction of a single syn interaction per ring minimizes the
repulsive interactions by allowing a homodirectional arrange-
ment of the ethyl groups.

Fully alternated up-down form

the ortho ethyl groups point to the same
face of the aromatic ring

-5

Conformation with one syn arrangement

the ortho ethyl groups point to different
Jfaces of the aromatic ring

Figure 4. Top: side and top representation of the fully alternated
up-down conformation of one pentaethylphenyl subunit of 4; the
two ortho ethyl groups are pointing to the same face of the aromatic
ring; bottom: conformation with one syn orientation (denoted by
a double arrow); the two ortho ethyl groups point to different faces
of the aromatic ring

&

Figure 5. View normal to (left) and along the biphenyl axis (center
and right) of biphenyl 4; for clarity, the meta and para ethyl groups
are replaced by hydrogen atoms; top: When the ethyl groups in
each ring are fully alternated, there is a repulsive steric interaction
between a pair of ortho ethyl groups at different rings; bottom:
when a syn arrangement is present in each ring the four ortho
groups can be arranged in a homodirectional fashion
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4c. NMR Spectra

The 3C NMR spectrum at 260 K is quite simple, dis-
playing three signals each for the methyl and methylene
groups of the ortho, meta and para ethyl residues. The sig-
nals were assigned to the different ethyl groups on the basis
of their relative intensities and by using 2D NMR methods.
Upon lowering the temperature, the signals broadened and
decoalesced and at 149 K (in CDCI,F) signals correspond-
ing to at least two different conformers could be dis-
tinguished. Notably, the signals that displayed the largest
chemical shift difference in the slow-exchange '*C NMR
spectrum were those corresponding to the meta ethyl
groups, while the ortho ethyl groups possessed rather similar
chemical shifts. To determine the preferred conformation in
solution on the basis of the chemical shifts observed it was
assumed that the different ethyl groups are sensitive of the
environment provided by their immediate neighbors. Two
pieces of evidence supported the claim that the major con-
former detected in solution indeed corresponds to the low-
est-energy conformation “m”: (i) The number of signals in
the slow-exchange NMR spectrum was consistent with a
conformation of C; symmetry. (ii)) The observed chemical
shifts were consistent with conformation “m”. In this con-
formation the ortho ethyl groups are oriented in a homodir-
ectional fashion in an arrangement of local S; symmetry
(disregarding the para ethyl groups). Since the ortho ethyl
groups should mainly “feel” the environment provided by
their neighbors at the meta positions, and these are also
arranged in a homodirectional fashion, the ortho ethyl
groups should possess very similar chemical shifts. The
meta ethyl groups reside in different environments since one
is syn and one is anti to the neighboring para group, and
therefore they should possess different chemical shifts, as
observed experimentally.

Notably, according to X-ray diffraction, four independ-
ent molecules existing in three different conformations were
present in a single crystal of 4 grown from ethanol (Fig-
ure 6). The calculated lowest energy conformation (“m”
was represented twice in the crystal with the two remaining
and “j”.7

(1342}

molecules adopting conformations “i

Ty

conformer "
conformer "m"”

conformer “i"

Figure 6. The four crystallographically independent molecules of 4
found in the crystal; two molecules adopt conformation “m” (cf.
Figure 3) and the rest conformations “i”” and “j”

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1829
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4d. Ethylation of 1,3,5-Triphenylbenzene

The reaction, performed in a similar manner to that de-
scribed above, was completed overnight, affording mainly
the pentadecaethylated product with no substitution of the
central ring. NMR spectra consistent with Cs;, symmetry
were obtained both at room temperature and at 160 K, indi-
cating that the ground state is symmetrical, with fully alter-
nated C4Ets substituents.?%4 Since the central ring is not
ethyl-substituted, the “clashing” interaction described
above cannot occur.

5. Systems with Two Nearly Coplanar
Polyethylphenyl Rings

5a. Synthesis

Three different systems (1,2,3,4,5,6,7,8-octaethylanthra-
cene, %1 octaethylbiphenylene®!!  and  octaethylfluor-
enel?%)) were studied containing two tetraethylphenylene
units fused in a coplanar (or nearly coplanar) fashion and
differing in the distance between peri ethyl groups, the
shortest being present in the fluorene derivative (Scheme 7).

T OO0

Scheme 7

Octaethylanthracene 5 has been synthesized by reaction
of 1,2,4,5-tetraiodobenzene with a zirconium reagent
[Equation (2)].B3% We found, however, that this anthracene
derivative could be prepared by ethylation of dihydroan-
thracene [Equation (3)]. Under the reaction conditions, the
ethylated dihydroanthracene aromatized spontaneously
eventually providing 5 in 23% yield.[*°®) The oxidation of
substituted dihydroanthracenes to the corresponding an-
thracenes in AlCl;-catalyzed alkylations of 9,10-dihydroan-
thracene has been observed previously.l33!

I Et _cucl Et
+ CpZZr )
I
0= } THF Et 5 Et

62%

CCO e, 8

Bt 93 B

Octaethylfluorene 7 was prepared by the ethylation of
fluorene, but we were unable to obtain the target compound
as the major product. Instead, Friedel —Crafts ethylation af-

1830 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

forded a mixture of the heptaethyl- and octaethylfluorene
derivatives, which were separated by preparative HPLC
[Equation (4)].3%! Attempted ethylation of heptaethylfluor-
ene 6 under the same reaction conditions yielded decom-
position products, suggesting that 6 is not an intermediate
in the formation of 7. Apparently, ethylation in the “bay
region’’ positions occurs at an early stage of the reaction.

EtBr/AICI
Et Bt g Et Et
+
EtEt EtEt
Et Et
6

Similarly, ethylation of dihydrophenanthrene resulted ul-
timately in 1,2,3,4,6,7,9-heptacthylphenanthrene (8).1304
Interestingly, this product avoids peri diethyl interactions as
well as double substitution in the bay area.

EBr/AICl

e

Et
<
o 54 m
Et

Et

The synthesis of octaethylbiphenylene was patterned
after the report by Hart and Teuerstein that treatment of
1,2-dibromo-3,4,5,6-tetramethylbenzene with 1 equiv. of
BuLi at low temperature affords octamethylbiphenylene 9
in excellent yield [Equation (5)].14:3%3¢] The reaction
involves the generation of tetramethylbenzyne, which
dimerizes under the reaction conditions.

Me Me
e H CL
Me pr "78°C [ Me )
Me Me Me 64%
9

On the basis of this report, the tetracthylbenzene derivat-
ivel37] 10 was treated with 1 equiv. of BuLi [Equation (6)].
The yield was very low (about 3%), but fortunately a yellow
compound crystallized from the reaction mixture, allowing
the facile isolation of pure material. The main product of
the reaction was the heptaethyl-monovinylbiphenyl, prob-
ably derived from the diradical developed after a c-bond
between two tetraethylbenzyne moieties is formed. It seems
likely that the formation of the second o-bond is a slower
process in the polyethylated diradical than in the corres-
ponding polymethylated diradical (probably because of the
increase in steric strain) and hydrogen transfer reactions
successfully compete with the formation of the four-mem-
bered ring.[?!1
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Br pyrj

J—————

g THE,0°C

4
I+ A~
H H
- 28%

10 11 12 (6)

5b. Calculations and Solution NMR Spectroscopic Data

Two forms with a fully alternated arrangement of the
ethyl groups in each ring are possible in octaethylanthra-
cene (5a and 5b, Scheme 8). According to both MM3 and
ab initio calculations, and as evidenced by the near identical
calculated energies of the two forms, the two tetra-
ethylphenylene subunits do not mutually interact sterically
and are conformationally independent.

Sa 5b

Scheme 8

Two conformers with similar populations were detected
in the '3C NMR spectrum at low temperature (145 K),
which were assigned to the forms 5a and 5b. Evidently the
syn arrangement between pairs of peri ethyl groups on the
same edge of the anthracene scaffold does not affect the
energy of the conformation.

According to MM3 and ab initio calculations of bipheny-
lene 11, the conformation with two pairs of peri ethyl groups
oriented syn is ca. 2 kcal mol~! less stable than the fully
alternated form lacking such an interaction (Scheme 9). The
closer proximity between the peri groups (compared to 5)
allows the two tetraethylphenylene subunits to interact
sterically. Both the 'H and '3C NMR spectra were consist-
ent with a fully alternated major conformer. Although a
minor conformer could not be detected directly in the low-
temperature NMR spectrum, the changes in line shape as a
function of temperature were characteristic of the so called
“exchange with a hidden partner” (i.e., exchange of the
major conformer with a minor form too scarcely populated
to be detected in the slow exchange NMR spectrum).i38!

11a 11b

0.0 2.3 keal/mol (MM3)
1.7 keal/mol (MP2(full)/6-31G*//HF/6-31G*)

Scheme 9

Eur. J. Org. Chem. 2003, 1825—1835 WWw.eurjoc.org

Notably, the conformation adopted in the crystal is not
the fully alternated but the higher energy conformation 11b
indicating that crystal packing forces are operative (Fig-
ure 7). In general, the structural parameters of 11 were very
similar to those of biphenylene*’! and octamethylbipheny-
lene® indicating that, although the compound is sterically
more crowded, apparently the system is not more strained.

Ci4

Figure 7. Crystal structure of octaethylbiphenylene 11

According to X-ray crystallography, in the heptaethyl de-
rivative 6 the fluorene unit is nearly planar. The conforma-
tion in the crystal is not the fully alternated one, which ac-
cording to MM3 calculations is the lowest in energy, but a
conformation in which all the ethyl groups in the trisubsti-
tuted ring are pointing to the same face of the aromatic
ring. This conformation renders one of the faces of the tri-
substituted ring sterically more exposed, probably allowing
for a more dense packing of the molecules in the crystal.
Examination of the crystal packing indicated that the three
ethyl groups oriented syn are on top of the exposed face of
a neighboring ring (Figure 8).

The central core of octaethylfluorene adopts a chiral hel-
ical conformation to increase the distance between the ethyl
groups in the bay area. The twisted helical nature of the
fluorene scaffold of 7 is somewhat reminiscent of the helical
twist observed for octamethylnaphthalene 13 which origin-
ates from the need to decrease the repulsive steric interac-
tions between pairs of syn peri methyl groups.[ !l

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1831
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Figure 8. Packing arrangement of heptaethylfluorene 6

Me Me
M Me
Me OO Me Me: :e 7_.\: —Me
M Me
Me Me € Me Me
Me Me
13

The helical deformation of the fluorene core has import-
ant stereochemical consequences. In contrast to 1, inde-
pendent of the given orientations of the ethyl groups, the
two faces of a given aryl subunit are diastereotopic. Two
different conformers possessing a fully alternated up-down
arrangement of the ethyl groups are possible which have
been dubbed “in” and “out” (Figure 9). MM3 calculations

out \ / in
/S %«tﬁ%
| \
\ mn

out

Figure 9. The two diastereomeric fully alternated up-down confor-
mations of octaethylfluorene (in each case only one enantiomer is
depicted); depending on the orientations of the ethyl groups in the
bay region, the conformations are designated “out” and “in”
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indicate that the fully alternated “out” form corresponds to
the global minimum, while the “in”” form is 8.1 kcal mol !
less stablee. MM3 and ab initio RHF 6-31G* calculations
predict torsional angles of 34.5 and 29.2°, respectively, for
the four aromatic carbon atoms of the bay region of the
“out” conformer of 7 (Figure 10). Low-temperature NMR
spectra were consistent with the fully alternated “out’ con-
formation of C, symmetry. Notably, in the crystal the mole-
cule adopts a conformation with an “out” arrangement of
the ethyl group in the bay region, but with a syn arrange-
ment between a pair of ethyl groups (Figure 11). This crys-
tal conformation was not the global minimum, but a form
lying 1.1 kcal mol ™! above the fully alternating “out” form.

out in
Et rotation A
H; Hy,

helicity
reversal

j in I - J Et rotation

helicity
reversal

i /’%H

Figure 10. Conformational interconversion of octaethylfluorene 7;
rotation of all ethyl groups interconverts the “out” and “in” con-
formations; topomerization of the protons of a given methylene
group requires both 180° rotations about the Et—Ar bonds and
iversion of the helical sense of the fluorene core and results in
enantiomerization

Figure 11. Side view of the conformation of 7 in the crystal; two
vicinal ethyl groups adopt a syn arrangement

6. Polyethylated Triptycene Derivatives

A different stereochemical scenario is present when the
two polyethylated rings are arranged in a V-shaped disposi-
tion. Such an arrangement exists in the two polyethylated
triptycene derivatives (14 and 15) that were synthesized by
Diels— Alder reaction of the octaethylanthracene 5 with the
corresponding benzynes [Equation (7)].
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Et Et | 14 R=H
Et R
999 o
Et R =M
Et Et 15 R=Me

MM3 calculations were performed initially on the model
compounds 16 and 17. In these compounds, the two faces
of a given ethylated ring are diastereotopic and therefore
the “up” or “down” arrangements of an ethyl group are
not equivalent. Assuming that in the lower energy arrange-
ments the ethyl groups are arranged in a perpendicular
fashion, two achiral (syn-exo and syn-endo) and one chiral
conformation (anti) are possible (Scheme 10). The MM3
calculations indicated that the syn-endo arrangement is in-
trinsically repulsive and corresponds to a saddle point lying
1.4—0.9 kcal mol~! above the syn-exo arrangement.

Syn-exo syn-endo anti

16 R=H
17 R=Me

Scheme 10

Calculations conducted for 14 and 15 indicated that the
fully alternated C, form (a) is the lowest in energy. Con-
formations possessing a syn-endo arrangement of a pair of
peri ethyl groups were less stable than those lacking this
arrangement. The low-temperature '*C NMR spectra dis-
played a signal pattern consistent with the fully alternated
conformation “a” as the major conformer. Single crystals
of 14 were grown from both chloroform and acetonitrile,
and those of 15 from acetonitrile. In all the three structures
a conformation with a syn interaction between ortho ethyl
groups was present but lacking syn-endo interactions. Ac-
cording to the MM3 data, the crystal conformation is not
the lowest in energy.[*”]

Eur. J. Org. Chem. 2003, 1825—1835 WWw.eurjoc.org

7. Rotational Barriers of the Polyethylated
Derivatives

From the variable-temperature NMR spectra a topomer-
ization barrier of 8.2 kcal mol ! was determined for 4. The
barrier height clearly rules out rotation around the central
phenyl bond since such barriers in biphenyls substituted in
the four ortho positions by bulky groups are sufficiently
high to enable the resolution of properly substituted sys-
tems. As discussed in section 3a the main interest was not
the “rotational barrier”, but rather the threshold topomer-
ization barrier; in other words, the minimum energy path-
way (involving one or several individual steps) that result in
site exchange of the diastereotopic methylene groups. A full
calculation of all possible interconversion pathways was
impractical since 136 enantiomeric forms exist, some pos-
sessing ten symmetry-nonequivalent ethyl groups. The cal-
culations were therefore restricted to the pathways intercon-
verting (by single ethyl group rotation) conformations pos-
sessing at most a single syn interaction per ring. The calcu-
lations indicated that the topomerization can proceed by a
three-step process (with a calculated barrier of 9.1 kcal
mol™!) or alternatively by rotation of a single para ethyl
group.?’]

In general the topomerization barriers measured (sum-
marized in Scheme 11) were quite similar, and were in the
8.2—11.1 kcal mol™! range.?7-390:31.421 A relatively large
barrier was measured for the octaethylfluorene 7 by moni-
toring the changes in line shape of the methylene proton
signals in the 'H NMR specta. In that case, the topomeriz-
ation process that is monitored involves not only ethyl
group rotations, but also a reversal of the helical sense of
the fluorene core (Figure 10), since otherwise no exchange
would be observed for the methylene protons. Similarly, the
barrier for 1,2,3,4,6,7,9-heptacthylphenanthrene (8) is very
high: 12.5 kcal mol 1[04

Experimental topomerization barriers (in kcal/mol)

Et Et Et Et

Et Et Et. Et
O O = O O 990
Et Et Et

Et Et Et Et
8.2 9.4 94
R
Bt Bt g
e o
Et . Bt Bt ‘ Et
‘ . 7
Et Et Bt
11.1 93(R=H)
9.7 (R = Me)
Scheme 11

8. Conclusions

Polyethylated aromatic compounds pose a challenge to
the chemist both from a synthetic and a stereochemical

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1833
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point of view. These systems provide a unique look into van
der Waals interactions since their preferred conformations
are dictated by a large array of interactions between prox-
imal ethyl groups on the same or different rings. In these
multiconformational systems, several conformations are
within a 2 kcal mol ™! range of the lowest energy form, and
the crystal conformation may not be the lowest in energy,
but rather the one that allows for more dense packing. At
least in some cases (cf. Figures 8 and 11) conformations
with a syn arrangement of two neighboring ethyl groups,
although higher in energy, are present in the crystal since
presumably they allow for a more dense packing of the mo-
lecules in the crystal.
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