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Formation, Structure and Conformational Dynamics of Highly Substituted

Diphenylcarbonates

Adelheid Godt,* Omer Unsal, and Volker Enkelmann!®!

Abstract: The symmetrical carbonates
5-8 were prepared from ethyl 4-hydroxy-
benzoates with aryl-, 4-(arylethynyl)-
phenyl-, arylethynyl- or arylbutadiynyl-
substituents in the 3- and 5-positions, by
reaction with triphosgene. The choice of
base (pyridine, DMAP, NaH) had a
strong influence on the conversion: For
the synthesis of the carbonates 5 and 6, it

that the substituents point towards the
corners of a distorted tetrahedron with
the carbonate group sitting in the middle
of the tetrahedron and the two angular
phenolic building blocks intersecting
with an angle of 51-71°. In solution at
room temperature, all four substituents
are magnetically equivalent as a conse-
quence of conformational flexibility.

The two enantiomeric conformers of
carbonate 5a interconvert rapidly, prob-
ably via a perfect trans conformation
with the plane of the Ar, perpendicular
to the carbonate plane. In the case of
carbonates 6 —8 this process is inhibited
by unfavourable interaction of the long
substituents at the benzoate moiety. The
dynamic process, which has an energy

was sufficient to use pyridine as the base.
However, for the synthesis of the carbo-
nates 7 and 8, NaH had to be used
instead. Single-crystal X-ray structure
analysis of these carbonates revealed

Introduction

Recently we reported on diphenyl carbonate as a covalent
template in the synthesis of a [2]catenane.l'l The formation of
a mixture of entwined and non-entwined rings questioned the
proposed geometrical organisation of the ring precursors by
the carbonate linkage. Therefore, it was of pivotal importance
to know the conformation of a carbonate derived from 3,5-
disubstituted ethyl 4-hydroxybenzoates. X-ray structure anal-
ysis revealed the structure of such carbonates in the solid
state. The higher molecular symmetry that was derived from
NMR spectra of the carbonates in solution at room temper-
ature raised the question about the conformational dynamics
at the carbonate group. This was studied by NMR spectros-
copy at different temperatures and provided insight into the
influence of substituents on the carbonates’ dynamics, partic-
ularly the energy barriers and the type of conformational
interconversion. The conformational dynamics in carbonates
is of significant interest for the correlation of the properties
with the molecular structure and dynamics of polycarbon-
ates.>-8!
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barrier of 810 kcalmol~!, is described
in a simplified manner as a continuous
rotation of the angular building blocks
around the carbonate unit with the
C,,y—O bonds as the axes of rotation.

Results and Discussion

Synthesis: Diarylcarbonates are well-known compounds and
synthetic difficulties were not expected.[”) Indeed, carbonates
5 and 6!' could be prepared from the corresponding phenols
1 or 2 and triphosgene!'l with pyridine (1.5-3 molequiv) as
the base (Scheme 1). The extent of the conversion was
determined by 'H NMR spectroscopy to be 85-91%.
Surprisingly, the transformation of the phenols 3 and 4 into
the carbonates 7 or 8, respectively (Scheme 1), with triphos-
gene and pyridine (2—4 molequiv) failed. The yields ranged
from 0-25 % . Heating to 60 °C overnight did not increase the
conversion of 4c. When 4-dimethylaminopyridine (DMAP;
1.01 - 1.05 mol equiv) was used instead of pyridine, the degree
of conversion of the phenols 3b, 4b and 4 ¢ into the carbonates
7b, 8b and 8c was 10, 59 and 21%, respectively. High
conversion (82-99 %) was finally achieved by preparation of
the sodium phenolates from phenols 3b,c or 4b,c with sodium
hydride in THF prior to the addition of triphosgene.['?!

The low conversion of the phenols 4 in the presence of
pyridine or DMAP is most probably correlated with the
instability of the corresponding carbonates 8 in the presence
of pyridine or DMAP. When the carbonate 8b or 8¢ (<0.01m)
was stirred in pyridine at room temperature for 24/48 h
followed by aqueous work-up, mixtures of carbonate and the
corresponding phenol were obtained. 'H NMR spectroscopy
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Scheme 1. Synthesis of carbonates 5-8. a) With 1 or 2: triphosgene,
pyridine, THF, room temperature; with 3 or 4: i) NaH, THEF, ii) triphos-
gene, room temperature.

revealed the cleavage of 38/73 % of 8b and the cleavage of 78/
100% of 8c. With DMAP (6 molequiv) in THF at room
temperature, carbonate 8b was quantitatively converted into
phenol 4b within 6 h. Also, 6¢ (<0.01Mm) proved unstable in

pyridine: after 24/48 h at room temperature 16/32% of the
carbonate had been cleaved. The successful formation of
carbonate 6 from 2 (91 % conversion) and triphosgene in the
presence of pyridine (3 molequiv) is only an apparent contra-
diction. Evidently, in the equilibrium carbonate + pyridine =
phenolate + phenyloxycarbonylpyridinium, the carbonate
side is favoured in the case of carbonates 6, while it is
disfavored in the case of carbonates 8. The lability of the
carbonates 6 and 8 in pyridine may be ascribed to the
vinylogous anhydride structure.¥] The parent compound
bis[4-(ethyloxycarbonyl)phenyl]carbonate, however, was
much more stable: after 24/48 h in pyridine at room temper-
ature, 7/25% of ethyl 4-hydroxybenzoate had been formed.
Moreover, contrary to carbonates 6 ¢ and 8b,¢, the carbonates
5a or 7b did not react with pyridine (24 h, room temperature,
<0.01M solution) and only about 7% of carbonate 7b was
cleaved by DMAP (51 molequiv) over a period of 20 h in
THF at room temperature. Therefore, the failure of the
preparation of carbonates 7, as described above, cannot be
attributed to their lability in pyridine or DMAP.

Molecular structure of substituted diphenylcarbonates in the
crystal: X-ray structure analysis of single crystals revealed
very similar structures for the carbonates 5a, 6¢, 7¢ and 8¢.['¥]
Selected structural data are summarized in Table 1. For
comparison, data of diphenylcarbonate (9)['""! and of the
diphenylcarbonate of bisphenol-A (10)!' are included in
Table 1. As an example, the structure of 7¢ in the crystal is
shown in Figure 1.

The carbonate groups O-CO-O are planar. All carbonates
show a trans,trans or W-shaped conformation!!” of the C,,,;-O-
CO-O-C,,y unit with deviations from an ideally planar W

Table 1. Selected angles and torsion angles of carbonates 5a, 6¢, 7¢, and 8¢.['¥l For comparison, corresponding data of diphenylcarbonate (9)!"* and of the

diphenylcarbonate of bisphenol-A (10)!'%) are shown.[?!

5a 6c¢- CHCL 7c¢ (Te- CH,CL) 8c- CH,Cl, 9 1001
ATO = Cyppony-OAT 1052 103.4 105.6 (105.2) 105.2 104.6 106.5/105.5
Caryi~O-Cearpony1 116.2; 1152 113.1; 116.1 117.3; 1158 119.5; 118.8 118.3; 118.8 119.3; 115.4/
(116.0; 118.4) 116.8; 117.2
Cayi-Cary-O 1164, 119.2; 121.7, 118.9; 117.7, 118.9; 117.6, 121.2; 115.7, 121.2; 122.9, 115.6;
119.4, 116.3 117.4,119.0 119.0, 117.5 120.1, 117.0 121.3,116.1 118.9, 119.6/
(117.3,117.9; 117.9, 120.0;
117.0, 120.9) 118.3, 120.0
@(Coary-O-Cearpony-Ocarbony) —42;-35 8.8:2.6 —11.1; —182 0.9;2.9 43;-55 59;1.8/
(62;1.8) ~13;7.6
B(Caryi=O-Coprpony-OAT) 176.4;175.8 —173.6; —175.1 160.8; 169.9 —1784; -1778  —176.1;175.0 —173.45; —179.0/
(~176.0; —176.1) —171.0; 1773
7(Cargi-Carg-O-Cearbonyt) —108.5,71.5; —82.3,99.6; —90.9,96.1; — 1153, 69.8; —132.8,53.8; —479,135.5;
725, —108.3 109.3, —74.7 785, —103.4 715, —111.4 —589,128.0 89.2, —93.9/
(~73.5,105.7; 89.1, —96.2;
105.7, —72.3) —102.3, 82.8
[ 71.1; 69.9 78.1;713 93.8; 69.6 69.1; 673 53.0; 58.7 432917/
(79.9; 71.5) 79.3: 89.1
el 713 62.4 54.9 (55.0) 50.8 224 65.2/44.3
A:B:CH 2.8:2.6:1.0 3.0:2.9:1.0 32:3.1:1.0 32:3.1:1.0 - -
(33:32:1.0)

[a] Data belonging to one of the two phenolic moieties are separated by a comma. The data of one phenolic moiety are separated by a semicolon from the
corresponding data of the second phenolic moiety of a carbonate. [b] Data of 10 belonging to one or the other carbonate unit are separated by a diagonal
stroke. [c] 0 is the angle by which the plane of the benzoate ring intersects with the plane given by the three oxygen atoms of the carbonate group. [d] ¢ is the
torsion angle between the planes of the two benzoate rings. [e] The ratio A:B:C describes the ratio of the lengths of the edges of the distorted tetrahedron

where A, B, and C are the averaged values of A,/A,, B,/B, and C,/C, as defined in Figure 3.
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Figure 1. Structure of carbonate 7¢ in the crystal (free of solvent). Carbon
atoms are shown in black and dark grey except the carbon atom of the
carbonyl group which is colourless. Oxygen atoms are shown as small light
grey ellipsoids or circles, bromine atoms as large light grey ellipsoids or
circles. Left: Ortep plot (50% probability). Right: View along the
connecting line between the two C,-4 atoms. The ester groups have been
omitted for clarity.

given by the torsion angle a(C,y-O-Cyrponyi-Ocarbony) = 0.9 —
18.2° (Figures 1 and 2). The significantly different values for a
in 7¢ (—11.1° and —18.2°) and 7¢-CH,Cl, (6.2°and 1.8°)
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Figure 2. Structure of carbonates 6c¢- CHCI, (left) and 8¢+ CH,Cl, (right)
in the crystal. Solvent molecules are not shown. For the colour key, see
Figure 1. Top: View along the connecting line between the two C4 atoms of
the hydroxybenzoate units. The ester groups have been omitted for clarity.
Bottom: Perpendicular view onto the carbonate plane. The substituents in
3,5-position of the hydroxybenzoate moieties are truncated.

suggest that this torsion angle is strongly influenced by
packing effects. The two values for a of the carbonates Sa, 6¢,
7c and 8c are either both positive or both negative. The same
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is true for the torsion angle B(C,y-O-Cohpony-OAT). In
contrast, the two values for a and the two values for § of
carbonate 9 are of opposite sign. The carbonate groups of
compound 10 show both possible combinations for a and for
pB. These data indicate that none of the two possible
combinations of the torsion angles a and [ is particularly
preferred as long as no substituents are present at the phenolic
moieties. Substituents, such as those in the 3- and 5-position of
the hydroxybenzoate moieties of the carbonates 58, result in
the preference of the described conformation because other-
wise the substituents would be too close to each other. These
substituents also influence the torsion angle y(C,y-C,yi-O-
Ceabony) and, consequently, the torsion angles 6 and e. The
torsion angle 0 is the angle at which the plane of the benzoate
ring intersects the plane defined by the three oxygen atoms of
the carbonate group. The values of 0 of the carbonates 5a, 6¢,
7c and 8c are in the range of 67 —94°. Smaller values are found
in the structures of 9 (53.0° and 58.7°) and 10 (43.2° and 91.7°/
79.3° and 89.1°). The torsion angle ¢ is the angle between the
planes of the two benzoate rings of 5—8 or the phenyl rings of
9 and 10. This angle is very small in the structure of 9 (22.4°)
compared to that in the structures of the carbonates 5a, 6¢, 7¢
and 8¢ (51-71°).

As a result, in all examples, the substituents in the 3- and
5-position of the benzoate moieties point towards the corners
of a distorted tetrahedron with the carbonate moiety in the
center of the tetrahedron and the two angular phenolic
building blocks intersecting
with an angle of 51-71°. The
degree of distortion is reflected
in the ratio A:B:C (Table 1), B; B,
with A, B and C being the
averaged values for the lengths
of the edges A,/A,, B,/B, and
C,/C, of the tetrahedron (Fig- C
ure 3). The intersecting or hel- Figure 3. Distorted tetrahedral
ical arrangement of the two grrangement qf .the substituents

. [ in the 3,5-position of the ben-
angular  phenolic  building zoate moiety with designation
blocks can be clearly seen in  of the edges.

Figure 2 in which the structures
of the carbonates 6 ¢ and 8¢ are
presented viewed along the connecting line between the two
C4 atoms of the hydroxybenzoate unit. This intersection
results in a chiral structure. Both enantiomers are present in
the crystals, as indicated by the centrosymmetry of the space

group.

Conformational dynamics in solution: From the molecular
structure of carbonates 5—8 in the crystal, it is expected that
the carbonates in solution show a C, symmetry with the C,
axis coinciding with the carbonyl bond. However, a higher
symmetry of the carbonates 5—8 in solution at room temper-
ature is revealed by NMR spectroscopy (300 MHz): the four
substituents in the 3- and 5-positions of the benzoate moieties
are magnetically equivalent and the benzoate rings give rise to
only one signal in the "H NMR spectrum (300 MHz) and four
signals in the 3C NMR spectrum (75 MHz). The symmetry of
6-8 is reduced when the temperature is lowered. '"H NMR
spectra (300 MHz; THF) of the carbonates 6 ¢, 7b['8l and 8 b['®]
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at 163 K, 186 K or 163 K, respectively, show two sets of signals
for the aromatic protons of the substituents and one (6¢) or
two (7b and 8b) signals for the protons of the benzoate rings
(Figures 4-6). In contrast to this, the signals of carbonate 5a

1
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Figure 4. Partial '"H NMR (300 MHz) spectra of carbonate 6¢ in [Dg]THF.
The brackets connect signals that coalesce at higher temperatures. The
detailed assignment of signals to Hy-2,-6 and Hy-3,-5 is not possible.

(THF, 300 MHz) at 164 K are significantly broadened, how-
ever, they are not split. 'H NMR spectra (300 MHz, THF) of
the corresponding phenols 2¢, 3b and 4b at these temper-
atures reveal only a slight broadening of the aromatic signals
and some loss of the fine structure of the ethyl groups.
Therefore, freezing of the rotation of the phenylene units in
the substituents of the hydroxybenzoate moieties is not the
reason for the reduced symmetry of the carbonates 6¢, 7b and
8b at low temperatures.
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Figure 5. Partial 'H NMR (300 MHz) spectra of carbonate 7b in [Dg]THF.
The brackets connect signals that coalesce at higher temperatures. The
detailed assignment of signals to Hy-2,-6 and Hy-3,-5 is not possible. At low
temperatures, the ethyl groups (not shown) become as broad and
structureless as seen in the spectra of 8b (Figure 6).
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Figure 6. Partial "H NMR (300 MHz) spectra of carbonate 8b in [Dg]THF.
The brackets connect signals that coalesce at higher temperature.

In the further discussions, the following nomenclature will
be used (Scheme 1, Figure 7): the aromatic rings are desig-
nated with Ar,, Argand Ar, with the hydroxybenzoate moiety
being Ar,, the benzene unit closest to the hydroxybenzoate

Figure 7. The designation of the benzene rings of the carbonates 5-8.

moiety being Arg and the residual benzene unit being Ar,. To
distinguish further, the aromatic rings Arz and Ar, that belong
to the same angular phenolic unit of the carbonate are marked
with superscripts 1 and 2 or 3 and 4, for example 'Ar; and 2Ary
or 3Arg and “Arg. For the numbering of the positions, the ethyl
4-hydroxybenzoate is considered as the substituted parent
compound.

In order to correlate the observed molecular dynamics with
specific conformational changes, the coalescence temper-
atures T, for all aromatic signals were determined and the
energy barrier AG.F was calculated according to Equa-
tion (1).11"]

AGF=457T,(9.97 +log T, — log Av) (€]

where Av is the shift difference of the exchanging protons at
the limit of no exchange. Complete freezing of the dynamics
may not have been reached in all of our experiments.
Therefore, for Av we used the maximum shift difference
observed. The signal assignment for 6¢, 7b and 8b is in
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accordance with H,H-COSY spectra at 163 K, 160 Kor 177 K,
respectively. The results are summarized in Table 2. The two
or three values of AG.* obtained for one carbonate are very
similar or even identical. Thus, it is assumed that the splitting
of the signals resembles the slowing down of just one specific
dynamic process.

Table 2. Kinetic and thermodynamic data for carbonates 6 -8 in [Dy]THF
obtained from temperature-dependent 'H NMR spectroscopy (300 MHz).

Av[Hz] T.[K] AG#[kcalmol™]

6¢ Hg-3,-5 or Hg-2,-6 61 173 8.2
Hg-2,-6 or Hg-3,-5 54 172 8.2
7blel H, 21 206 10.3
H,-2,-6 38 206 10.1
H,-3,-5 16 198 10.0
8b H, 15 166 8.3
H;-2,-6 107 175 8.1
Hg-3,-5 21 166 8.2

[a] A detailed assignment of signals to Hg-2,-6 or Hy-3,-5 is not possible.

To explain the number of signals at low temperatures, two
cases are possible: a) The magnetic equivalence found at
room temperature for the two tolane substituents on the same
benzoate ring is lost upon cooling, that is, the magnetic
equivalence of the rings 'Ar; and ?Aryg, 'Ar, and 2Ar,, *Ar,
and *Arg, *Ar, and *Ar, is lost, while the two angular phenolic
building blocks are still related by C, symmetry, namely 'Ary
and *Arg, 2Ar, and *Arg, 'Ar, and *Ar,, ?Ar, and *Ar, are
magnetically equivalent. b) The two tolane substituents of the
same benzoate ring remain magnetically equivalent, namely
'Arg and 2Arg, 'Ar, and ?Ar,, Arg and *Arg, 3Ar, and *Ar, are
magnetically equivalent, while the symmetry relationship
between the two angular phenolic building blocks is lost,
namely 'Ar; and *Ary, 2Ar; and *Aryg, 'Ar, and *Ar,, ?Ar, and
*Ar, are magnetically not equivalent. For case (a) coupling
between the protons H,-2 and H,-6 is expected while for
case (b) no coupling is expected. The H,H-COSY 45 spectrum
of carbonate 7b at 177 K (300 MHz, Figure 8) shows cross-
peaks for the two signals of H, which is in accordance with
case (a). The H,H-COSY90 spectrum of 8b at 163K
(300 MHz, not shown) also shows cross-peaks for the two
signals of H,. However, in the latter case, additional cross-
peaks for the two signals of Hg-2,-6 and for the two signals of
Hg-3,-5 are found, albeit of comparably very low intensity.
This means that at 163 K, the dynamics of 8b are not
sufficiently slow to avoid cross-peaks because of the transfer
of magnetisation through conformational exchange. Hence
the reason for the cross-peaks for the two signals of H, is
arguable and the result of the H,H-COSY 90 experiment with
carbonate 8b (163 K) does not allow for a definite decision for
either case (a) or (b). On the other hand, the result of the
H,H-COSY 90 experiment with carbonate 8b is in accordance
with the conclusion drawn from the H,H-COSY 45 experi-
ment on carbonate 7b (177 K): upon lowering the temper-
ature, the symmetry within the angular phenolic building
blocks of the carbonate is broken while the symmetry
relationship between the two angular phenolic building
remains [case (a)].
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© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

F7.0

F7.2

r7.4

F7.6

7.8

5 78 76 7.4 7.2 '

Figure 8. Partial HH-COSY 45 spectrum (300 MHz) of carbonate 7b in
[Dg]THF at 177 K. A total of 256 spectra, each consisting of 2048 data
points over the width of 3 ppm, were accumulated with 8 scans for each ¢,.
The data were calculated with SI(F2) = 1024 and SI(F1) =512 and with the
sine function for both directions. The spectra at the axes were obtained
immediately after COSY data accumulation at the same temperature.

The symmetry of the carbonates in solution at low temper-
atures, derived from NMR spectroscopy, fits to the molecular
structure of the carbonates in the crystalline state. It is
assumed that the two enantiomeric structures in the crystal-
line state resemble the preferred conformations of the
carbonates in solution at low temperatures. Knowing the
molecular structure of the carbonates in solution at low
temperatures enables us to draft pathways of conformational
changes that lead to the observed high symmetry of the
carbonates at room temperature. One possibility is the
interconversion of the two enantiomeric conformers present
in the crystal by coupled, small rotations around the C,,,—O
and Cgypony— OAT bonds with a transitional, perfect trans
conformation in which C,-4 and all atoms of the carbonate
unit lie in one plane and the plane of the Ar, is perpendicular
to the carbonate plane. This appears feasible only for
carbonate 5a. In the case of carbonate 6¢, the substituents
are already too long to pass each other. This steric problem
becomes obvious on viewing carbonates Sa and 6c¢ along the
carbonyl bond (Figure 9). A dynamic process that can explain
the equivalence of all four substituents of the carbonates 6-8
is sketched in Scheme 2a. The drawings show schematically
the carbonates viewed along the carbonyl bond with the
oxygen atom pointing towards the reader. Essentially, they
describe a continuous rotation of the angular building blocks
( flip) around the carbonate unit with the C,,;—O bonds as
the axes of rotation. The deviation from a perfectly planar W
shape at the carbonate moiety is neglected for clarity. A rapid
interconversion of all four structures in Scheme 2a leads to
the observed symmetry. Taking into account that the rotation
around C,,;—O is hindered by the carbonyl oxygen,>* it is
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Figure 9. Structure of carbonates 5a (top) and 6c¢- CHCI; (bottom) in the
crystal viewed along the carbonyl bond with the oxygen atom pointing
towards the reader. Solvent molecules are not shown. For the colour key,
see Figure 1.
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Scheme 2. Dynamic conformational process for carbonates 6—8.

assumed that this conformational interconversion is better
described by a combination of large changes in the torsion
angles a(Ciry-O-Cearponyi-Ocarbony) a0d Y(Cary=Cary=O-Cearpony)
of one of the two angular building blocks.” ¢ As ¢ increases,
the rotation around C,,—O becomes less hindered by the
carbonyl oxygen. In a transitional structure, a may be ~90°
and the plane of the benzoate ring may be nearly coplanar
with the ArO—C,, oy bond. The other angular building block
of the carbonate has to undergo only small adjustments by
rotations around the ArO—C_,ony and C,,;—O bonds, in a
similar manner to those described for carbonate Sa. In the
next rotation, the roles of the two angular building blocks are
exchanged.

The rotational barriers in carbonate 10 and the correspond-
ing poly(bisphenol A carbonate) has been the subject of
several calculations with the aim of correlating the macro-
scopic material properties of polycarbonates, such as the
impact resistance, with conformational dynamics.>* ¢ Very
little is known about substituted derivatives.* 8 A short note!
offers some insight as to how substituents influence the
rotation barriers: for carbonate 10 the barrier for rotation
around the C,,~O bond was calculated to be

Chem. Eur. J. 2000, 6, No. 19
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1.2 kcalmol !4 to 3.3 kcal mol L[ Substitution of the phe-
nols in the ortho position to the oxygen substituent by methyl
or ethyl groups, raised the rotation barrier to 5.0 and
7.5 kcalmol~!, respectively, in the case that the methyl or
ethyl substituent passed the carbonyl group.! Two methyl
substituents at the phenol in the ortho position with respect to
the oxygen substituent, resulted in a rotation barrier of
7.9 kcalmol L[4 The barrier of the rotation around the
Cearbonyi"OAT bond in carbonate 10 was calculated to be
4 kcalmol 'l to 8.7 kcalmol~'.[!) The experimentally deter-
mined activation energies AG. for carbonates 6-8 (8-
10 kcalmol~!) agree well with these calculated data and thus
support the assumption of the conformational interconversion
process shown in Scheme 2 a.

An alternative process is the exchange of the two sub-
stituents of the same benzoate unit. This is illustrated in
Scheme 2b with two of the possible structures. If the four
substituents were different, this process would result in
racemisation. In contrast to this, the process shown in
Scheme 2a would not produce a racemate. The path of
interchange in Scheme 2b appears to be very unlikely because
it requires a cooperative change of several torsion angles and
rather unfavourable, intermediate conformations at the
carbonate group to circumvent steric problems with the
substituents and to avoid unfavourable interaction between
the substituents and the oxygen atom of the carbonyl group.
The pathway shown in Scheme 2a should require distinctly
lower energy.

The energy barrier for the &t flip according to Scheme 2a is
mainly attributed to the interaction of the carbonyl oxygen
with the ethynylene units or with Ar,. Therefore, the energy
barriers for the = flip in carbonates 5a and 7b should be very
similar. No such barrier was found for carbonate Sa. This
leads to the conclusion that the molecular symmetry of
carbonate 5a in solution is not reached by m flips, but as
described above, by small rotations around the C,,—~O and
Cearbony—OAT bonds with a transitional, perfect trans con-
formation in which C,-4 and all atoms of the COj; unit lie in
one plane and in which the plane of the Ar, is perpendicular
to the carbonate plane. This is, to our knowledge, the first
experimental proof of this kind of conformational intercon-
version which has been predicted by calculations and is
discussed as the reason for the y relaxation process in
polycarbonates.!

Conclusions

The carbonates 5—-8 were prepared from the corresponding
4-hydroxyphenolates and triphosgene. For the carbonates 5
and 6 pyridine is sufficient as the base. For high yield of
carbonates 7 and 8, sodium hydride is necessary as the base.
The carbonate unit of 6 and 8 was cleaved by pyridine and
DMAP, while the carbonate unit of 5§ and 7 proved to be
rather inert under these conditions.

The structures of carbonates 58 in the crystal show a trans,
trans or W-shaped conformation at the C,-O-CO-O-C,y,
unit with small deviations from a planar W. They are
characterized by the intersection of the two angular phenolic
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moieties at an angle of 50-71°. In solution conformational
mobility at room temperature makes the four substituents of
the hydroxybenzoate magnetically equivalent. In the case of
carbonates 68, this process requires 8—10 kcalmol~". It can
be described essentially as a continuous rotation of the
angular phenolic moieties around the carbonate unit with the
Cayi—O bonds as the axes of rotation. Carbonate 5 follows
another, energetically less demanding, route via a perfect
trans conformation in which the plane of the Ar, is
perpendicular to the carbonate plane.

An efficient synthesis of [2]catenanes from two acyclic
molecules or from one acyclic and one cyclic molecule
requires a suitable preorganisation of these building blocks."!
The investigations on the carbonates 5—8 suggest carbonates
like 6—8 as covalent templates for the catenane synthesis.
Although the carbonate group is conformationally flexible,
the two angular phenolic moieties are always intersecting.
Therefore, the experimentally found formation of a mixture
of entwined and non-entwined rings!!l is attributed to the
conformational flexibility of the huge rings and not to
geometrical ambiguity of the carbonate linkage.

Experimental Section

Crystal structure analysis: Table 3 provides a summary of the relevant data
concerning the crystal structure analysis. Data of 5a and 6 ¢ were collected
on a Nonius CAD4 diffractometer with graphite-monochromated Cug,
radiation (1=1.5418 A). The lattice parameters were obtained from a
least-squares analysis of the setting angles of 25 reflections with 6 > 20°.
Data collection was carried out by 6—26 scans. An empirical absorption
correction was applied. The data of 7¢ and 8¢ were collected on a
NoniusKCCD detector with graphite-monochromated Moy, radiation
(A=0.7103 A). No absorption correction was applied. The structures of 6,
7¢ and 8¢ were solved by heavy atom methods, the structure of 5a was
solved by direct methods (SHELXS). The structures were refined by full-
matrix least-squares analysis on F (unit weights) with anisotropic temper-
ature factors for all non-hydrogen atoms. The hydrogen atoms were refined
with fixed isotropic temperature factors in the riding mode.

Table 3. Relevant data concerning the crystal structure analysis of carbonates 5—8.

General: All reactions were performed under an inert atmosphere. THF
was distilled from sodium/benzophenone. Pyridine was dried over CaH,.
The starting compounds 1-4 were synthesized as described in the
literature.?!! Triphosgene was purchased from Aldrich and used without
further purification. The petroleum ether used had a boiling range of 30—
40°C. Flash chromatography was carried out on Merck silica gel (40—
63 um) and TLC on aluminum foils coated with silica gel (Merck alumina
foils 60F,s,). Unless otherwise specified, NMR spectra were recorded in
CDCl, as the solvent and internal standard on a Bruker AMX-300 MHz at
room temperature. For signal assignment, the carbon multiplicity was
determined by a DEPT experiment. The subscripts «, 3, and y refer to the
aromatic rings, as explained in the text and in Scheme 1. The melting points
were determined in open capillaries.

5a: To a cooled (ice bath) solution of phenol 1a (291 mg, 0.77 mmol) in
THF (5 mL) were successively added triphosgene (38 mg, 0.128 mmol) and
pyridine (0.1 mL, 1.2 mmol). A colourless precipitate formed immediately.
The suspension was stirred at room temperature for 3 d and then it was
cooled (ice bath) and hydrolysed with 1N HCL. After diluting with water,
the precipitate was filtered off and dried in vacuo over P,O,,. The
colourless solid was suspended twice in refluxing ethanol (35 mL and
50 mL, respectively) to remove residual 1a. Carbonate 5a (200 mg, 61 %)
was obtained as a colourless solid. Crystals for X-ray structure analysis
were prepared by recrystallisation from ethanol. M.p. 200.7°C; 'H NMR:
0=1783 (s, 4H; H,), 721 (half of AA’XX', 8H; Hy-2,-6), 6.74 (half of
AA'XX', 8H; Hy-3,-5), 432 (q, /=7 Hz, 4H; CH,), 3.86 (s, 12H; OCH,),
1.32 (t, J=7Hz, 6H; CH,CH;); BC NMR: 6 =165.7 (CO,), 159.1 (C4-4),
1475, 1474 (C,4, CO;), 1354 (C,-3,-5), 131.2 (C,-2,-6) 129.9 (C4-2,-6),
128.9 (Cy-1), 128.8 (C,-1), 113.9 (C4-3.-5), 61.1 (CH,), 55.2 (OCHs), 14.3
(CH,CHj,); elemental analysis calcd (%) for C;;H,,04; (782.842): C 72.11,
H 5.41; found: C 72.11, H 5.46.

6¢: To a cooled (ice bath) solution of phenol 2¢ (430 mg, 0.82 mmol) in
THF (10 mL) were successively added triphosgene (41 mg, 0.138 mmol)
and pyridine (0.2 mL, 2.5 mmol). A colourless precipitate formed imme-
diately. The suspension was stirred at room temperature for 16 h and then it
was cooled (ice bath) and hydrolysed with 0.1N HCI. The brown precipitate
was filtered off and washed with water. '"H NMR spectroscopy of the crude
product (432 mg) showed the conversion to be 91 %. After drying (P,O,/
vacuum), the solid was dissolved in CH,Cl, (3 mL) and carbonate 6¢
(259 mg, 56%) was isolated as a colourless powder by the addition of
diethyl ether. Crystals for X-ray structure analysis were obtained by slow
diffusion (via the gas phase) of diethyl ether into a solution of carbonate 6¢
in CHCl;. M.p. 192°C; '"H NMR: 0 =8.21 (s, 4H; H,), 7.26, 711 (AA'’XX/,
8H ecach; Hy), 443 (q, /=7 Hz, 4H; CH,), 143 (t, J=7 Hz, 6H; CH;);
3C NMR: 0 =164.4 (CO,Et), 153.5 (C,-4), 147.6 (CO3), 134.2 (C,-2,-6),
133.1 (C4-2,-6), 131.2 (C4-3,-5), 129.4 (C,-1), 123.3 (Cy-4), 120.7 (Cy-1),
118.5 (C,-3,-5), 95.6, 83.3 (C=C), 61.8
(CH,), 143 (CH,); elemental analysis
caled (%) for Cs;H;Br,O, (1074.434):

5a 6¢-CHCL, 7Te 7¢- CH,Cl, 8¢- CH,ClL, C 5701, H 2.81; found: C 57.44, H 3.17.
a[A] 17.5400(9) 2535146)  143034(6)  17.58499)  14.750(1) 7;’;; As df)sc“bec; for the preparation
b [A] 18.900(2) 18.4229(7) 14.8360(6)  18.823(1) 15.295(1) °h b, lca; °“a]te b Wi‘zzreparf r‘?mh
c[A] 24.9581(7) 243276(6)  17.6839(5)  20.417(1) 14.828(1) ~ Phenol 3b (100 g, 1.64 mmol) wit
al] 90 90 66.760(2) 9 90.687(5) triphosgene (81 mg, 0.275 mmol; add-
; o
BT 9 117.991(5)  70730(2)  99.292(4) 102270(s)  ©d as a solid) and NaH (60% disper-
v [°] 9 90 62.601(2) 90 116.694(5) sion in mineral oil; 72 mg, 1.80 mmol),
lattice type orthorhombic monoclinic triclinic monoclinic triclinic in THF (20 mlll’)' Afte.r 17},1 at room
Vv [AY] 8273.9 10033 3010.3(2) 6669.4(4) 2898.2 temperature, the reaction mixture was
7z 8 3 2 4 5 hydrolysed with 2N HCI and extracted
Peaea [gem ] 1257 1.425 1521 1.458 1452 with diethyl ether. The combined or-
4 [mm-1] 0.697 4328 2.703 2.523 2.885 ganic phases were dried (MgSO,) and
space erou Pbea e Pl P2 /e Pl concentrated in vacuo. Conversion of
]P (K] grotp RT RT 195 1951 RT 97% was determined by 'H NMR
0. reflns B _ 20610 25260 B spectroscopy of the crude product.
no. unique reflns measured 6386 6635 13623 8422 7887 Flﬁsh/ClihrCc;mf.Tg;ayillg 67(petroleum
no. unique reflns observed 3431 3271 5837 4254 3728 ether/CHLCY, 1:4, R =0. ) gave car-
R B _ 0.023 0.03 B bonate 7b (850 mg, 82 %) as a colour-
R 0.0437 0.0463 0.0338 0.068 0.0487 less solid. Single crystals for X-ray
R 0.0412 0.0608 0.0395 0.089 0.0626 structure analysis were obtained by
)'w éu (iu Mo Mo Mo slow diffusion (via the gas phase) of
0 58 Ka 60 Ka 27 SK“ 27 SK“ 27 SK“ ethanol into a solution of 7b in tol-
e - ) ) ) uene/acetone. M.p. 143.3°C; 'H NMR:
3528 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0619-3528 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 19
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8=7.88 (s, 4H; H,), 7.58 (half part of AA’XX', 8H; H,-2,-6), 7.39, 7.30
(AA’XX’, 8H each; Hp), 6.89 (half part of AA'’XX’, 8H; H,-3,-5), 4.32 (q,
J=17Hz, 4H; CO,CH,), 4.07 (q, /=7 Hz, $H; ArOCH,), 1.4 (t, J =7 Hz,
12H; ArOCH,CH,), 1.32 (t, J=7 Hz, 6H; CO,CH,CH,); ®C NMR: 6 =
165.3 (CO,), 159.1 (C,-4), 147.6 (CO;), 147.1 (C,-4), 135.6, 135.4 (C4-1, C,-
3,-5), 133.2 (C,-2,-6), 131.72, 131.66 (C,-2,-6, C4-3,-5), 129.2 (C,-1), 128.6
(C4-2,-6), 123.3 (C4-4), 115.4 (C,-1), 114.6 (C,-3,-5), 90.7 (C=CAr,), 88.3
(Ar,C=C), 63.5 (ArOCH,), 61.3 (CO,CH,), 147 (ArOCH,CH,;), 14.3
(CO,CH,CH,); elemental analysis calcd (%) for Cg;HgOy; (1239.430): C
80.43, H 5.37; found: C 80.07, H 5.06.

7c: As described for the preparation of 8b, carbonate 7¢ was prepared
from phenol 3¢ (338 mg, 0.50 mmol) with NaH (60 % dispersion in mineral
oil; 22 mg, 0.55 mmol) and triphosgene (24.7 mg, 0.083 mmol; added as a
solid) in THF (10 mL). After 5 h at room temperature, the reaction mixture
was hydrolysed with 2N HCI and extracted with CH,Cl,. The combined
organic phases were dried (MgSO,) and concentrated in vacuo. The
conversion was determined by '"H NMR spectroscopy of the crude product
to be 94 %. Flash chromatography (petroleum ether/CH,Cl, 1:2, R;=0.28)
gave carbonate 7¢ (310 mg, 91%) as a colourless solid. Recrystallisation
from CH,Cly/ethanol gave needlelike and cube-shaped crystals. The
needles were free of solvent, the cubes contained CH,Cl,. M.p. 318.0—
319.8°C;'HNMR:6 =788 (s,4H; H,), 7.51,7.46 (AA'’XX',8H each; CH,)),
7.39,7.31 (AA’XX',8H each; CHy), 4.33 (q./ =7 Hz,4H; CO,CH,), 1.32 (t,
J=7Hz, 6H; CH;); BC NMR: 6 =165.2 (CO,), 147.7 (CO;), 147.1 (C,-4),
136.2, 135.2 (C4-1, C,-3,-5), 133.0 (C,-2,-6), 131.9, 131.8, 131.7 (C,-2,-6, C,-
3,-5, C4-3,-5), 129.4 (C,-1), 128.7 (C4-2.-6), 122.7, 122.5, 122.2 (C4-4, C,-1,
C,-4), 90.6 (C=CAr,), 89.6 (Ary,C=C), 614 (CO,CH,), 143 (CH,);
elemental analysis calcd (%) for C,sH,sO¢Br, (1362.827): C 66.09, H 3.40;
found: C 65.64, H 3.51.

8b: Sodium hydride (60 % dispersion in mineral oil; 140 mg, 3.5 mmol) was
suspended in THF (2 mL). After the NaH had deposited, the solvent was
removed using a pipette. The flask was immersed in an ice bath. To the
residual NaH were added successively THF (10 mL), phenol 4b (695 mg,
1.38 mmol) and triphosgene (7.5 mL (0.23 mmol) of a solution of triphos-
gene (365 mg) in THF (40 mL)). After 26 h at room temperature, the
reaction mixture was hydrolysed with 2N HCI under cooling (ice bath) and
extracted with diethyl ether. The combined organic phases were washed
with brine, dried (MgSO,) and concentrated in vacuo. 'H NMR spectro-
scopy of the crude product showed the conversion to be 93 %. The solid
brown residue was dissolved in CH,Cl, (8 mL) and the carbonate 8b
(485 mg, 65 %) was precipitated by the addition of diethyl ether (50 mL).
The precipitate contained about 1% of starting material 4b. M.p. 217.9°C;
H NMR: 6 =821 (s, 4H; H,), 734 (half of AA’XX, 8H; H;-2,-6), 6.73
(half of AA’XX’, 8H; Hy-3,-5),4.37 (q,/ =7 Hz,4H; CO,CH,), 4.00 (q,/ =
7 Hz, 8H; ArOCH,), 140 (t, /=7 Hz, 12H; ArOCH,CH,), 1.38 (t, J=
7 Hz, 6H; CO,CH,CHs;); C NMR: 6 =164.2 (CO,Et), 159.9 (C;-4), 155.3
(C,-4), 1476 (CO5), 1353 (C,-2,-6), 134.3 (C4-2,-6), 129.3 (C,-1), 1182 (C,-
3,-5), 1145 (C4-3,-5), 113.3 (Cy-1), 84.4, 81.6 (C=C-C=C), 73.1, 72.8
(C=C-C=C), 63.6 (ArOCH,), 61.7 (CO,CH,), 14.7 (ArOCH,CHj;), 14.2
(CO,CH,CH,); elemental analysis caled (%) for C4Hs,0,; (1031.126): C
78.04, H 4.89; found: C 78.12, H 5.08.

8c: As described for the preparation of 8b, carbonate 8¢ was prepared
from phenol 4¢ (158 mg, 0.28 mmol) with NaH (60 % dispersion in mineral
oil; 80 mg, 2.0 mmol) and triphosgene (1.5 mL (0.046 mmol) of a solution
of triphosgene (365 mg) in THF (40 mL)) in THF (8 mL). After 20 h at
room temperature, the reaction mixture was hydrolysed with 2N HCI under
cooling (ice bath) and extracted with diethyl ether/THF. The combined
organic phases were washed with brine, dried (MgSO,) and concentrated in
vacuo. 'H NMR spectroscopy of the crude product showed the conversion
to be 92 %. The residue was dissolved in CH,Cl, (2 mL) and the carbonate
8¢ (100 mg, 62 % ) was precipitated by the addition of petroleum ether. The
precipitate contained about 2% of starting material 4¢. Yellow needles for
X-ray structure analysis were obtained by slow diffusion (via the gas phase)
of petroleum ether into a solution of carbonate 8¢ in CH,Cl,. M.p. 236.1°C
(decomp); '"H NMR: 6=8.26 (s, 4H; H,), 7.38, 722 (AA’XX’, 8H each;
Hy), 439 (q, J=7Hz, 4H; CH,), 1.40 (t, J=7 Hz, 6H; CH;); *C NMR:
0=163.9 (CO,Et), 155.4 (C,-4), 147.6 (CO;), 135.8 (C,-2.-6), 133.9 (Cy-2,-
6), 131.7 (C4-3,-5), 129.6 (C,-1), 124.1 (C4-4), 120.2 (C4-1), 1178 (C,-3,-5),
82.8, 80.8 (C=C—C=C(), 74.9, 74.1 (C=C—-C=C), 61.9 (CH,), 14.2 (CH,);
elemental analysis calcd (%) for Cs,H;,Br,O, (1170.522): C 60.54, H 2.58,
Br 27.31; found: C 60.78, H 2.91, Br 24.46.
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Reaction of carbonates with pyridine: The solution of carbonate in pyridine
(<0.01m) was stirred at room temperature. After the specified reaction
times, a small quantity of the solution was poured onto 2N HCl/diethyl
ether. Some THF was added. The organic phase was washed with 2N HCI
containing NaCl, dried (Na,SO,), and the solvent was removed in vacuo.
Reaction of carbonates with DMAP: To a solution of carbonate 8b or 7b in
THF was added DMAP (6 and 50 molar equivalents, respectively). After
the specified time, the reactions were worked up as described for the
reaction of carbonates with pyridine.
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