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Abstract—Dynamic NMR of 1-phenylethynyl-3,5-bis(pentaphenylphenyl)benzene (1) and 1,3,5-tris(pentaphenylphenyl)benzene (2)
allows us to determine two rotational barriers for each compound. For 1, a first process exhibits AG* = 39.2 kJ/mol followed by a
second one with a AG* value of 69.9 kJ/mol. Two processes with similar rotational barriers are found for 2 (70.9 and 75.3 kJ/mol).
Motional processes which can be related to these barriers are 60° and 180° rotations of the pentaphenylphenyl units about the single
bond with the core benzene ring and rotation of the terminal phenyl rings of the pentaphenylphenyl units. The results are discussed
considering the consequences of these processes on the NMR spectra.

© 2007 Elsevier Ltd. All rights reserved.

Much effort was devoted to the development of syn-
thetic routes towards polyphenylene dendrimers with
increasing generations and different substituents over
the last decade, and thus a multitude of such dendrimers
has been reported.' 3 The all-phenylene scaffold is char-
acterized by a high stiffness. This rigidification is linked
with an increasing shape persistence of these polyphen-
ylenes which can reach nanometer dimensions depend-
ing on the generation realized.* The size and the
shape in combination with a sophisticated chemical
structure offer a variety of applications in the field of
nanomaterials.!-?

A close inspection of these dendrimer structures shows
that they are formed by a low number of characteristic
subunits; 1,3,5-triaryl-, pentaaryl- and hexaarylbenzenes
are most commonly found. This also applies for the less
regular hyperbranched polyphenylenes.”> A well proven
way to gain access to large and complex structures is
the study of smaller substructures. Following this
approach, we have recently analyzed the NMR spectra
of hyperbranched polyphenylenes. In the course of that
study, oligophenylenes 1 and 2 (Fig. 1) were prepared as
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Figure 1. Structures of (a) the albatrossene 1 and (b) three-bladed
molecular propeller 2 with some rotational axes and assignments for
terminal rings and ortho-protons of rings A and A’.

model compounds of the substructures and character-
ized by 'H and '*C NMR spectroscopy.®

These compounds are based on an 1,3,5-trisubstituted
benzene core and show structural motifs also referred
to as albatrossene’ (1) and three-bladed molecular
propeller (2).

Similar compounds with further increased packing den-
sity by additional phenyl or polyphenylene substitution
in the 2-, 4- and 6-position of the central benzene ring
were published recently.®10
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The understanding of molecular dynamics in polyphen-
ylenes is of fundamental interest.!! With success in syn-
thesizing large-size polyphenylenes the dynamics of
bulky polyphenylene subunits both in solid and solution
gain increasing importance. Solid-state NMR investiga-
tions of a series of polyphenylene dendrimers using dif-
ferent techniques allowed the elucidation of slow as well
as of fast dynamics.'? Intramolecular steric constraints
dominate the molecular dynamics which are character-
ized by fast vibrations of terminal phenyl rings and slow
two-site jumps of terminal and para-substituted phenyl
rings with a mean reorientation angle of 24° of term,
presumably in a concerted process involving several
adjacent rings. However, the dendrons cannot reorient
even at high temperatures.

The small-sized dendrimers 1 and 2 are predestined for a
dynamic study in solution because their spectra are not
too complex for a complete signal assignment and they
are sufficiently soluble also at low temperatures. Fur-
thermore, the rotational behaviour of their phenyl rings
or whole pentaphenylphenyl moieties is not influenced
by substituents. In order to explain the dynamic pro-
cesses observed by NMR for hyperbranched polyphen-
ylenes in solution we came up with preliminary results
of such a study.® Here we give a more detailed analysis
of the solution-state dynamics of bulky pentaphenyl-
phenyl moieties and their terminal phenyl groups studied
by variable-temperature 'H NMR.

The X-ray structure of 27 and the calculated molecular
structure of 1 (Fig. 2),'* whose typical features are in
accordance with the crystal structures of 1,3-bis(penta-
phenylphenyl)benzene® and a derivative of 1 with addi-
tional phenyl groups in 2-, 4- and 6-position,'! reveal
interlocking phenyl rings resulting in steric constraints.
These structures also suggest that different phenyl rings
within the pentaphenylphenyl moieties in 1 and 2 can be
distinguished and, in addition, all in all four different
ortho-protons for rings A and A’ of 1 (Figs. 1 and 2)
and two different ortho-protons for ring A of 2
(Fig. 1). We will return to this point later with respect
to the interpretation of the NMR results.

Figure 2. Molecular modelling drawing of 1 (S direction) showing the
ortho-protons of rings A and A’ located in the shielding region of a
nearby aromatic ring (I; red circles), nearby the 4-proton of the 1,3,5-
trisubstituted benzene (I, green circles) and the other ortho-protons of
rings A and A’ (O, O’; yellow and black circles, respectively).

First hints to restricted rotations in 1 and 2 were
obtained from their room temperature (rt) *C NMR
spectra which show more signals than expected in the
fast exchange limit for all single-bond rotations (28 vs
26 for 1 and 21 vs 18 for 2).° EXSY spectra confirmed
the occurrence of exchange slow on the '"H NMR time
scale at rt for both compounds and pointed out the cru-
cial importance of a high-field shifted doublet occurring
in both '"H NMR spectra (at 6.18 ppm for 1 and
5.72 ppm for 2, CDCl;, 300 K) for the understanding
of the dynamic processes (see Supplementary data).
Such high-field shifted signals were reported also for
other structurally similar polyphenylenes and were
attributed to protons which are located in the shielding
region of nearby aromatic rings.”-%!? In fact, the X-ray
structure of 27 reveals that one ortho-proton of each ring
A (I in Fig. 1b) is positioned near the face of an A-ring
of the neighboring pentaphenylphenyl ring (edge-to-face
orientation of these rings). Six protons of this type are in
accordance with the integral '"H NMR intensity of this
signal. X-ray structures of 1,3-bis(heptaphenyl-2-naph-
thyl)benzenes’ and 1,3-bis(pentaphenylphenyl)benz-
enes'®!* which are structurally similar to 1 and our
own results of molecular modelling on 1 (Fig. 2) suggest
that one proton of each ring A (I in Fig. 1a) but none of
A’ is located similarly. In contrast, however, the integral
"H NMR intensity of the high-field signal of 1 represents
four instead of the expected two protons.

This apparent discrepancy is clarified by low-
temperature measurements in CD,Cl,. The lower traces
in Figure 3a clearly show a complex decoalescence
behaviour at lowest temperatures ending with a total
of four non-equivalent ortho-protons for the A and A’
rings with three of them having chemical shifts similar
to those of the rings B, B’ and C (Fig. 3b). Each signal
represents two protons as expected. It is remarkable that
the chemical shift of the new high-field signal (5.18 ppm)
is comparable to that of 2 at the same temperature
(5.30 ppm, 186 K). Because position I in both com-
pounds is characterized by interlocking ortho-phenyl
groups of pentaphenylphenyl blades or wings, a similar
surrounding is suggested by the structures and con-
firmed by the NMR data. Note that no high-field shifted
signal is observed for the derivative with one pentaphe-
nylphenyl and two phenylethynyl groups.® The signals
of the phenylethynyl group also remain nearly un-
changed at the lowest temperature indicating fast rota-
tion. Probably due to the bulkiness of the wings there
is no indication of a diastereomer with one pentaphenyl-
phenyl unit that has a torsion angle about S,, which is of
opposite sign with respect to that of the other unit.

Extending the temperature range by high-temperature
measurements using CDCI,CDCI, as solvent, a second
coalescence process is observed (upper traces in
Fig. 3a). The two-step coalescence observed over the full
temperature range (Fig. 3a and b) indicates at least two
dynamic processes. Their activation parameters were
estimated at the coalescence temperatures as outlined
in Supplementary data. We rationalize the first signal
coalescence with an uncorrelated 60° rotation of both
wings about the S, axes resulting in the enantiomeric
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Figure 3. Selected variable-temperature (VT) "H NMR spectra of (a) 1 and (c) 2. The spectra of the lower part (T < 300 K) were measured in CD,Cl,
(DCM) and the spectra of the upper part (7" > 300 K) in CDCI,CDCl, (TCE). The symbol # indicates the two ortho-proton signals of ring B of 2 at
slow exchange and the signal at fast exchange is indicated by §. The other symbols correspond with the graphs showing the experimentally determined
temperature dependency of the ortho-proton signals of (b) rings A and A’ of 1 and (d) rings A of 2. Dotted lines mark temperature regions in which
the chemical shifts could not be determined because of signal overlap or signal broadening. In addition, they connect signals in the slow and fast

exchange region.

form and in the following signal coalescences: I =1’ and
O =0'". A careful inspection of the EXSY/ROESY
spectrum of 1 at 183 K shows that the proton which
exchanges with proton I is really proton I’ (comp. Fig. 2),
which can be identified by its ROESY cross-peak to
the nearby proton in 4-position of the 1,3,5-trisubsti-
tuted benzene ring (see Supplementary data). The acti-
vation barrier of this 60° rotation was found to be
39.2 kJ/mol (k. =2 kHz at 219 K).

The second process slow at 300 K but rapid at
T> 375K (Fig. 3a and b) results in time-averaging of
all four ortho-protons (I/I' =0/O’). The estimated
AG* for this process is 69.9 kJ/mol (k.= 200 Hz at
346 K). With the fast 60° rotation, several processes
can result in this signal coalescence: uncorrelated 180°
rotation of one wing or correlated 180° rotation of both
wings and fast rotation of the ortho-phenyl rings A and

A’ about the S; axis. For the latter process, Gust et al.
determined rotation barriers of ~70 kJ/mol for substi-
tuted terminal phenyl rings of hexaphenylbenzenes.!>
Pascal et al. have shown that the barrier for the uncor-
related 180° rotation of the blades is ~79 kJ/mol for a
desymmetrized hexamethoxy derivative of 2.7 This bar-
rier should be lower for 1 due to lower steric constraints
caused by two pentaphenylphenyl substituents only.
Concluding, we are not able to distinguish unambigu-
ously between these three processes by AG! and it is
not impossible that all of these processes are of compa-
rable energy.

Excepting the correlated 180° rotations of three inter-
locking blades,'® the processes discussed for 1 can also
occur for 2, but their consequences on the NMR spec-
trum of the more symmetric 2 are different. Slow uncor-
related 180° rotation about S, cannot be directly
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observed in D3 symmetric 2 but both the slow 60° rota-
tion about S, and the slow phenyl ring rotation about S;
would result in the same effect: nonequivalence of ortho-
protons I and O (Fig. 1). No decoalescence process
could be observed in the low temperature experiment
and the nonequivalence of ortho-protons I and O indi-
cates that both the 60° rotations of the blades and the
terminal phenyl ring rotations are in the slow rotation
regime over a wide temperature range (Fig. 3¢ and d).
The high field shift with decreasing temperature
observed for the signal of protons I indicates a compaction
of the molecule, for example, by lower vibrational
motion. Similar chemical shifts for protons I were observed
for 1 and 2 below ~225 K (Fig. 3) confirming that at this
temperatures the blades of both compounds are in the
same slow rotation regime. Even though one expects a
higher rotation barrier for rotations about S, in 2 com-
pared to 1 because of more intense interlocking of the
three pentaphenylphenyl blades, the stiffness of 2 is
remarkable because of the relative low barrier found
for the 60° rotation in 1.

From the number of signals, the presence of an addi-
tional diastereomeric false-propeller conformer in which
one pentaphenylphenyl unit has a torsion angle about
S,, which is of opposite sign with respect to that of the
other units was not proven.

The high temperature behaviour of 2 (upper part of
Fig. 3c and d) is similar to that of 1. Signal coalescence
is observed for signals of phenyl rings A and B (Fig. 4)
and the rotation rates and activation parameters were
estimated at the coalescence temperatures to be
AG* =70.9 kJ/mol (k. =224 Hz at 352K) for ring A
signals and AG* = 75.3 kJ/mol (k. =242 Hz at 374 K)
for ring B signals. As mentioned above, two processes
can result in equivalence of pairs of ‘inner’ and ‘outer’
protons of terminal phenyl rings of 2: concerted 60°
rotation of the three blades about the S, axes and fast
rotation about the S; axes. The first process involves
all terminal phenyl rings and would result in the same
AG* value for rings A and B. However, the difference
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Figure 4. Signal coalescence of (a) meta-protons of ring A
(AG* =70.9 kJ/mol) and (b) ortho-protons of ring B (AG* = 75.3 kJ/
mol). Note that the B-ring signals are still separated at 352 K.

of 4.4 kJ/mol measured in the same experiment points
to different motions causing these barriers. The first bar-
rier obviously belongs to the rotation of phenyl rings A
about S,, whereas the second motion could be the con-
certed 60° rotation of all three blades or the rotation of
phenyl rings B about S,.

In summary, rotation rates and activation parameters
were determined from VT '"H NMR spectra of 1 and 2
extending the very limited number of activation
parameters available for such bulky polyphenylenes.
The motional processes could be rationalized as rota-
tions of the bulky pentaphenylphenyl groups and/or of
their terminal phenyl groups. However, the complex
dynamic behaviour of these compounds prevented an
unambiguous correlation between observed signal coa-
lescence processes and rotation processes in two cases.
Studies on the conformational equilibria of polyphenyl-
enes by computational methods should provide an addi-
tional insight concerning the barriers of the different
motions.

"H NMR spectra (500 MHz) were recorded on a Bruker
Avance 500 spectrometer. The spectra were referenced
on residual solvent protons signals. Low temperature
experiments were carried out in CD,Cl, (§('H)=
5.31 ppm), whereas CDCI,CDCl, was used as solvent
for high temperature measurements (3('H) = 5.98 ppm).
The temperature was controlled by the Bruker variable
temperature accessory BVT 3000 and was calibrated
using the standard Wilmad methanol and ethylene gly-
col samples. The temperature remained stable better
than 40.5 °C during the experiments.

Compounds 1 and 2 were synthesized from 1,3,5-
tris(phenyletynyl)benzene and tetraphenylcyclopenta-
dienone using a 1:2.2 and 1:3.3 molar ratio, respectively.
The syntheses were performed under argon atmosphere
at 230 °C in diphenylether employing an educt concen-
tration of 0.3 mol/L. The reaction time varied from
120 h for compound 1 to 380 h for compound 2. The
products were recovered by precipitation into ethanol,
filtered and washed with methanol. Purification was
done by precipitation from chloroform with ethanol.
Melting points: 1: 357 °C (determined by DSC) and 2:
242 °C (lit.: 242-244 °C).”
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Supplementary data

More experimental details, syntheses of 1 and 2, NMR
data including 1D and 2D spectra, extended sets of
VT "H NMR spectra, the calculations of k. and AG! val-
ues and further molecular modelling drawings for 1 and
2 are given. Supplementary data associated with this
article can be found, in the online version, at
doi:10.1016/j.tetlet.2007.02.079.
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