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Cyclotriveratrylene (CTV), or hexamethoxy tribenzocyclononatriene (hexamethoxy-TBCN) and other peripher-
ally hexa-(or tri-)substituted TBCN were so far only known to exist in their crown form. Attempts to detect
the corresponding saddle isomers failed, even though when structurally chiral these compounds undergo
racemization, a process that is believed to proceed via the saddle form. We show that the saddle form of
CTV (and other peripherally hexa-substituted TBCN) can be obtained by rapidly quenching a hot solution or
the high-temperature melt to below room temperature. The saddle form of CTV was quantitatively separated
from the quenched material by column chromatography, and some of its thermodynamic and kinetic properties
in solution and in the solid state were determined by proton and carbon-13 NMR. Detailed measurement
were performed in chloroform solutions, for which it was found that at room temperature the equilibrium
constantK = [saddle]/[crown]= exp[-(AH — TAS/RT, is ~0.1 (with AH = 9.96 &+ 0.5 kJ mot?!, AS=

13.8+ 1.6 I mott K™1). The isomerization half-life at room temperature is about 1 day with the rate constant
for the crown to saddle transformatiork(¢rown—saddle)= A exp(—E4/RT), characterized by the kinetic
parametersi, = 97.44 4.8 kJ mof?! and log]A (s3)] = 11.04 0.8). These parameters are consistent with
those for the racemization rate of the isotopically chiral CdoMneasured by Collet and Gabardl Qrg.
Chem.198Q 45, 5400-5401). Attempts to freeze-out the fast pseudorotation of the saddle isomer by cooling

a Freon solution to almost 100 K, failed, setting a lower limit of id10’s* for the pseudorotation rate at

120 K. Carbon-13 MAS spectra indicate that the saddle isomer of CTV in the solid state is crystalline with
two (nonequivalent and distorted) molecules per asymmetric unit.

Introduction isomer! It is, however, stabilized (relative to the corresponding
crown) when the cyclononatriene ring is perturbed (for example,
by oxidizing a ring methylene group, substituting it with a bulky
substituent, or replacing it by a heteroatom), or when the ortho
/positions in the benzene rings are substituted with bulky groups
(Rs = Hin Figure 1a). The two isomers then coexist in solution
in thermal equilibriun?® On the other hand the parent hydro-

Cyclotriveratrylene (CTV) is the parent compound of many
homologous series based on the tribenzocylononatriene (TBCN)
core (Figure la}~* These compounds gained considerable
interest throughout the years because of their special (crown
saddle) conformational isomerism, structural chiralfty’®
tendency to form molecular complexes in solutions as well as -
solid inclusion compound&!®20and when suitably substituted ~ ¢&ron (R = Rz = Rs = H), CTV and all other peripherally
with long side chains, their mesomorphic properfieg3 They tri- and hexa—sub§tltuted (symmetrlcally) derivatives (sﬁad/
are also important because they serve as starting materials irP" Re=H. Rs = H, in the following referred to as cyclotrivera-
the synthesis of cryptophan&The growing interest in these trylenes) have so far only been known to exist in the rigid crown
compounds is demonstrated by the fact that the term cyclotri- form.
veratrylene has been cited in the literature less than ninety times  Yet, it is known that the crown form of the cyclotrivera-
between its coining in 1963and 1996, and more than one trylenes can undergo inversion in which the umbrella-shaped
hundred times between 1996 and 2003. core is inverted into its reflected structure. This was unambigu-

The TBCN core can acquire two energy-minimum conforma- ously demonstrated by observing the (admittedly very slow)
tions, a rigid crown and a flexible saddle (Figure 1b). In most racemization of numerous structurally chiral cyclotrivera-
derivatives of TBCN the saddle form is less stable than that of trylened3-17 including the isotopically chiral CT\ty (X =
the crown, apparently due to repulsive interactions between theOCHs, Y = OCD; in Figure 1c)!® Inspection of molecular
inward pointing methylene hydrogen and the opposite benzenemodels and quantum chemical calculation suggests that this
ring. In fact, the energy minimum of the saddle corresponds to inversion process involves the saddle form as an intermediate,
a twisted, rather than the symmetriCs) structure shown in rather than a strained planar transition stdtemight therefore
Figure 1b. It has been estimated that the saddle conformationbe expected that at least a small amount of the saddle isomer is
is at least 1216 kJ/mol higher in energy than the crown present at equilibrium with the crown form in solution. As
indicated, so far there is no report claiming the observation of
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Figure 1. (a) Structural formulas of substituted tribenzocyclonona-
triene (TBCN). (b) Crown and saddle forms of cyclotriveratrylene
(CTV). (c) Enantiomers of a structurally chiral cyclotriveratrylene.
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Figure 2. Differential scanning calorimetry (DSC) thermograms of
the crown (a) and saddle (b) forms of CTV. Both thermograms were
recorded on first heating of freshly prepared samples. Heating rate:
5 K/min.

form of CTV: two singlets at 3.82(6) and 6.83 ppm (relative
intensities 3:1) due, respectively, to the methoxy and aromatic
protons and an AX quartet (total relative intensity, 1) centered
at 4.17 ppm J = 13.71 Hz) due to the inner (4.78 ppm) and
outer (3.57 ppm) hydrogens of the ring methyleh&s.

In our first attempt to trap the saddle isomer of CTV a few

paper we describe a simple procedure to produce and isolatgy,jjigrams of the solid crown was placed between two glass

the neat saddle form of CTV (and other cyclotriveratrylenes)

in sufficiently large quantities for characterization experiments.

We describe some thermodynamic and kinetic properties of the
CTV isomers and relate them to those of the racemization
process of CTWdy.1®

The idea behind our procedure is essentially the same as thaj,

of Miller and Gesnéf and Cookson et df and is also similar

to (but experimentally much less demanding than) that of Znet
to cold-trap thermodynamically unstable conformers of cyclo-
hexane derivatives. Recalling that the equilibrium concentration

of such species increases with temperature, the procedureR

involves heating a solution or a melt to as high a temperature
as possible without decomposing the compound. After thermal
equilibration is achieved, the sample is rapidly quenched to low
temperature. If, as is the case for the cylotriveratrylenes, the
room-temperature isomerization rate is sufficiently slow, the

various isomers, in particular the less stable ones, can be
chromatographically separated and stored at low temperatures

Preparation of the Saddle Isomer of CTV and'H NMR
Spectra

The CTV (crown form) used in our experiments was
synthesized and purified as described eaffiethe final
crystallization was done from benzene and the sample dried by
lengthy pumping at 185C. A differential scanning calorimetry
(DSC) thermogram of this solid is shown in trace a of Figure
2.

The thermogram exhibits a single endothermic peak at 232
°C corresponding to its melting transition. In nondried samples
solvent molecules are often trapped by the CTV lattice to form

slides, which were inserted into a (microscope) hot stage. The
sample was heated to slightly above the melting point (to about
235 °C) for ca. 1 min followed by rapid quenching in liquid
nitrogen. It was then allowed to warm to room temperature and
was dissolved in chloroform, and th#H NMR spectrum
ecorded; see Figure 3b. The spectrum now shows, in addition
to the crown peaks, also a minor subspectrum, which we ascribe
to the saddle isomer. It consists of three singlets at 6.62, 3.88,
and (an unresolved shoulder) at 3.82(8) ppm, which on the basis
of previous NMR studies of nona-substituted TBCN,, (R,

3 = H),23 are identified with, respectively, the aromatic, ring-
methylene, and methoxy protons of the saddle isomer. The
simplicity of this spectrum reflects the averaging effect of the
pseudorotation process, which renders the different types of
hydrogens equivalent (see below). It effectively corresponds to
a TBCN core withDz, symmetry. From the relative intensities

of the crown and saddle peaks in the NMR spectrum of the
guenched sample a ratio saddle/crown of 0.17 was calculated.
This may be considered as a lower limit of the equilibrium
constant, K= [saddle]/ [crown] in the melt at 235C (lower

limit, because some saddte crown transformation might have
occurred during the quenching procedure). Similar results were
obtained by using somewhat larger quantities of melt, for
example, by quenching a melt placed in an NMR measuring
tubes.

However, to produce large quantities (tens of milligrams) of
the saddle isomer, a somewhat different procedure was adopted
in which, instead of quenching the melt, a hot solution is
splashed over cold ice. This procedure has the advantage that
larger amounts of CTV can be processed, the quenching is more

solvates?® In these cases an additional endothermic peak appearsefficient, and the final product is free from decomposition

below the melting transition, which evidently corresponds to

impurities. In a typical experiment, abiolig of CTV (prepared

expulsion of the guest molecule. This peak does not appear onas described above) was dissolved in 25 mL of dimethyl

subsequent heating cycles. A proton NMR spectrum of the
product in a chloroform solution is shown in trace a of Figure
3. Itis fully consistent with that expected for the (rigid) crown

sulfoxide (DMSO). The flask containing the solution was
inserted in an oil bath that was preheated to 2G0and the
solution allowed to reflux for ca. 5 min (the boiling point (BP)
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Figure 3. High-resolution’'H NMR spectra (400 MHz) of CTV in ! r—— 1 y !

chloroform solutions. The peak assignment is indicated in the middle 140 120 100 80 60 40 ppm

trace, with the letters ¢ and s indicating crown and saddle isomers, Figure 4. Room-temperature carbon-13 NMR spectra of the CTV

respectively. (a) Neat crown isomer. (b) CTV sample quenched from isomers in solution and in the solid state. Peak assignment is given in

the melt. (c) Neat saddle isomer. the top trace, with the €X corresponding to the aromatic carbons
linked to the methoxy groups (> O), the hydrogens (%= H), and

of DMSO is 189°C). The hot solution was then splashed into the ring methylenes (X C). (a) and (b) high-resolution spectra (100.6

P r MHz) in chloroform solution of the crown and saddle isomers,
a beazlz)ezc(::ont?]lnlng. about 1.5 k|? of grushﬁd ICef{\Ilvate(;/NbaCI respectively. (c) and (d) MAS spectra (75 MHz, spinning rate, 6 kHz,
(at N )- The mixture was allowed to t_aw, litered By  seyeral thousands scans) of the crown and saddle isomers, respectively.
suction through a G4 glass, and washed with water, and theThe center band is shown. Asterisks indicate spinning sidebands.

recovered solid was dried by pumping for several hours at room

temperature (yield: 900 mg). Thin-layer chromatography similar conditions was found to have completely transformed
(TLC: silica, ether/CHCl,, 1/9) of the product gave two un-  to the crown when checked after approximately 4 months.
equal, but well resolved, spots due to the two CTV isomers. Perhaps traces of impurities catalyze the saddfewn trans-
No additional impurities were found. The neat saddle isomer formation in the solid state. A DSC thermogram of a neat saddle
was then obtained by chromatographic separation. The columnssample is shown in Figure 2b. It shows a broad exothermic peak
used (130 cm length, 1.5 cm diameter) were prepared by packingat around 160C, followed by a melting transition at 23Z,
(under a slight pressure) a slurry of a 1:2 mixture of silica 60 identical to that of the neat crown. The exothermic peak
(Merck) and Matrex-silica (Amicon Corp., particle size-3E0 evidently corresponds to the saddte crown transformation.
My) in chloroform as the mobile phase. A 700 mg sample of This was confirmed by recording the NMR spectra of aliquots
the quenched CTV sample was passed through the column, andaken during the heating cycle. Below 120 the spectrum was
the fractions enriched with the saddle isomer (which elutes first) that of the saddle, and above 18D it was entirely that of the
were collected. The solvent was evaporated (under pumping atcrown. Clearly, the driving force for the transformation in the
room temperature) and the separation procedure repeated. Aftegolid is the packing in the solid state. Once a crown molecule
the first separation run the product contained 80% of the saddleoccupies a crystal site near other crown molecules it will retain
form and more than 99% after the second run (yield: 105 mg). its conformation. On the other hand, if a saddle molecule
A '™H NMR spectrum of the final product is shown in Fig-  sublimes from the surface or from a bulk defect, it has a higher
ure 3c. probability to recrystallize in the more stable crown form and
The saddle isomer can be kept in a refrigerator (as solid or thus initiate a complete transformation.
in solution) for months and years. At room temperature, in  Carbon-13 NMR Spectra in Solution and in the Solid
solution, a saddle/crown equilibrium is established within several State. We have also recorded the carbon-13 NMR spectra of
days (see below). In the solid state only the crown form is the two isomers in solution, as well as in the solid state.
thermodynamically stable, whereas the saddle is metastable. YetExamples of spectra in chloroform solution (with peak assign-
at room temperature it can survive for long periods. In one ment®23are shown in traces a and b of Figure 4. The spectrum
experiment a solid saddle sample left at22 °C retained its of the crown isomer consists of just five peaks, three due to the
conformation for 6 months. However, another sample kept under three types of aromatic carbons and one each due to the ring
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methylene and methoxy carbons. The spectrum of the saddle 60.2 54.7 49.4 44.3 t'C
isomer is almost identical to that of the crown. As for the proton K|’ ' ' '
NMR, the simplicity of the saddle spectrum is due to the
averaging effect of the pseudorotation process. 0.14} .
In contrast to the simple solution spectra, the MAS spectra
of the solid isomers (traces ¢ and d of Figure 4) are quite
complex. This complexity arises from two effects: molecular
distortion which render carbons which are equivalent in solution,
nonequivalent in the packed state, and the presence of non- 0.12} T
equivalent molecules in the crystalline lattice. Carbon-13 MAS
spectra of the crown isomer were published earlier by Burlinson
and Ripmeestéef? Due to possible formation of solvates the 10"
spectra depend somewhat on the type of solvent and crystal- '
lization method used. Our crown sample was prepared by
crystallization from benzene, followed by drying at I&5under kis' t
reduced pressure. The resulting spectrum is similar to that of
Burlinson and Ripmeester for samples prepared by a similar
procedure and interpreted by them in terms of a crystal structure
containing two (distorted) molecules per asymmetric unit. This
interpretation stems from the high multiplicity observed for the
spectral bands of the different carbons in the molecules. It is .
best seen in the band due to the methoxy carbons, which exhibits 107 [
a twelve-line multiplet (eight single peaks and two of double [
intensity). This can only be explained in terms of two symmetry
unrelated and distorted molecules in the crystal. Similar
multiplicity of lines is also observed for the aromatic carbons
whereas the ring methylene exhibits, as expected, just six lines
(four single peaks and one of double intensity). Note the large
dispersion of the aromatic €H carbon band with a well L P R TS
separated peak at 123 ppm. The distortion of the molecule from 3.00 3.05 3.10 3.15 3.20
Cs, symmetry apparently results from internal repulsions (103K
between the benzene rings and from the difficulty of packing rigyre 5. Top: equilibrium constantk = [saddle]/[crown], as
the crown shaped moieties in a crystalline structure. The abovemeasured from the NMR spectra in chloroform solutions as a function
result differs from that of Zhang and Atwo#dvho found that of the inverse absolute temperature. Note that due to the small range
CTV crystallized from dry toluene consists of guest-free crystals of K values a linear, rather than a semilogarithmic, plot is displayed.
with a single molecule per asymmetric unit. Bottom: Atr)rhlenlus plots of tcrj]? crov’\\/lﬂ'\;;addle confvehrsmn ratﬁl '
Our soi sacdle sample was prepared, as described above(SBer /MBS, a5 messured fom MU spects of e e shown
by crystallization from chloroform. One would expectits MAS  easured by Collet and GabafdThe solid symbols are experimental
spectrum to be more dISpersed than that of the crown due tOresu|ts' and the line near these points correspondtg'20
the conformational nonequivalence of its benzene rfdds.
fact (see traces c and d in Figure 4), both spectra appear very
similar and, except for the methylene carbons, the dispersionFor the sake of comparison with the racemization process of
of the various bands is even slightly smaller in the saddle than CTV-dg (X = OCHs, Y = OCD;, in Figure 1c), which was
in the crown. Thus, the effect of packing on the carbon-13 measured in chloroform solutidhwe have also measured these
chemical shift in solids appears to be at least as important, andparameters in more detail in this solvent. The equilibrium
perhaps even more important, than that of conformational constant was measured at several temperatures in the interval
nonequivalence. At least in the present case, the spectra aré0—60 °C. A CTV (crown) solution in chloroform (less than
therefore not sufficiently characteristic to serve as fingerprints 1 wt %) was placed in an NMR tube and inserted into a
for conformational analysis in the solid state. However, from thermostated hot bath for several hours. IHNMR spectrum
the structure of the spectrum, in particular the multiplet of the was recorded (at room temperature), and the measurements were
methoxy band (eight single peaks and two of double intensity), repeated at regular time intervals until no change in the relative
we may conclude that the saddle isomer too forms a well orderedintensities of the crown to saddle peaks was observed (4 h at
crystalline solid with two (distorted) molecules per asymmetric 60 °C and some 26 h at 4ZC). The equilibrium constant was

0.13 J

unit. taken as the ratio of the aromatic-€l peak intensities of the
two isomers. The results fdf, so obtained, are plotted as a

The Saddle-Crown Equilibrium and Its Interconversion function of the inverse absolute temperature in the upper part

Kinetics of Figure 5. Analysis of the results in terms of the equilibrium

From the results described above it appears that the equilib-equation,
rium abundance of the saddle isomer in solution is not as minute

as generally believed to be. We therefore set up experiments to K = exp[—(AH — TAS/RT] Q)
quantitatively determine the saddle-crown equilibrium constants _ _
(K) and interconversion rate&(andky) in solution, yielded the following thermodynamic parametelsH =

9.96+ 0.5 kJ mof!, AS= 13.8+ 1.6 J molt K1,
Extrapolating the equilibrium data to room temperature gives

kl
crown=> saddle K= ky/k, = [saddle}/[crown] K(300K) ~ 0.1, i.e., a saddle fraction of ca. 10% of the total
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CTV. It is therefore somewhat surprising that the spectrum of -
the saddle isomer was not observed before, especially in the
experiments that were specifically designed to detett#.
Perhaps the reason lies in unfortunate choice of solvents, where
the equilibrium constant is especially small. For example, 0 JK
measurements in dimethylformamide (DMF) gave a consider- x
ably lowerK value than in chloroformAH = 22.3+ 1.2 kJ/ T’
mol, AS = 34 £ 3.2 J mot! K71, K(300K) ~ 0.008). It is
likely that polar solvents disfavor the saddle form that (on the
average over the pseudorotation cycle) is nonpolar, and favor 44
the crown form that has a permanent electric dipole (cf. the Jl N
AH values for chloroform and DMF). The saddle form can also
easily be missed if not enough time is allowed for isomerization.
The half-life for the crowr-saddle equilibration at room
temperature is approximately 1 day, so that unless the solution
is heated or enough equilibration time is allowed, the saddle 105
form may easily escape detection. I M

To measure the crowrsaddle interconversion ratdsg, and T
ko, we found it more convenient to start with the neat saddle
form. A freshly prepared solution was transferred to an NMR

L

t / min.

tube and placed in the spectrometer’s probe head, which was
preheated to the desired temperature. After a short thermal 238 1
equilibration period (a few minutes) spectra were recorded at
regular time intervals until about 90% of the reaction elapsed. T
The approach to equilibrium is governed by the equatfon,

[A®) — A(«)/[A(0) — A()] = exp(—ki) ) 425

wherek = k; + k, = ky(1 + 1/K), and A(x) = [crown](X) — L A RARARL AR RRRRS R Ippm

[saddle]§) is the difference in the concentration of the crown 7.0 6.0 5.0 4.0

and saddle isomers at time(x = 0 at the beginning of the  Figure 6. 'H high-resolution NMR spectra of a freshly prepared

experiment andk = o at equilibrium). TheA values were solution of the saddle isomer in chloroform as a function of time after

derived from the aromatic-€H signals and the results analyzed thermal equilibration at 315 K. To clearly display the weak lines in
. the spectra, the strong methoxy signals were truncated.

according to eq 2. Examples 8ff NMR spectra (recorded at

315 K) and corresponding plots, for all temperatures measured,

are shown in Figures 6 and 7, respectively. An Arrhenius plot 10k T T T T T ' o ' -
for k; is shown in the bottom part of Figure 5. %\'b\
Analysis of these results in terms of Eyring’s absolute rate \'\ t\\\ 0
N —e— 327K
theory,

R \\\ —A—321K |
LERAEN —v— 315K
Vs \

I .

O

<
k, = Aexp(—E/RT) = (kkgT/h) exp[—(AH* — TAS)/RT] § -\ \

@ v N

I ¢ .
(where the symbols have their usual mearhgnd taking a g \- B \
transmission coefficienty = 1, yielded the following kinetic \ \
parameters fok, . \
E,=97.4+ 4.8kImol’ log[A (s ] =11.0+0.8 01l ' o e

AH* = 94.94 4.8 kI mol* 0 10 20

t/10°s
Figure 7. Plots of the approach-to-equilibrium-parametex(t] —
A()]/[A(0) — A()], as a function of the equilibration timé(eq 2).

The results of Figures 5 can be summarized in terms of the The different plots correspond to different temperatures, as indicated.
energy potential diagram of Figure 8. A similar diagram was The peak intensities were derived from spectra of the type shown in
presented by Garcia and Coligin their discussion of the " 9ure 6.
racemization process of cyclotriveratrylenes wisymmetry.

The diagram shows the relative enthalpy of the saddle and crown Assuming that the racemization of structurally chiral cyclo-
(in chloroform) and the huge barrier to their interconversion. triveratrylenes proceeds via the saddle form, this diagram also
The right and left global minima correspond to the right and applies to this process and establishes a simple relation between
left chiral crown enantiomers of CTV (CT¥Wg). The center the rate constants of the two reactions. Specifically, we shall
undulating part of the diagram corresponds to the various refer to the racemization of the optically active CTBY(Figure
degenerate saddle conformers. They are discussed in a separafic with X = OCHs, Y = OCDs). This reaction was studied by
section below. Collet and GabaréP and their results for the racemization rate,

AS* = —43.54+ 15.0 Jmolt K
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AH,*=97.4 kJ/m

Figure 8. Potential energy profile for the saddle and crown isomers
of CTV as derived from the analysis of the data in Figure 5. The two \.

absolute minima correspond to the two crown enantiomers of chiral

) 4

CTV-dy. The six local minima correspond to the average saddle L o !
conformers. The insert is a vertical expansion for one of these minima; Q ﬁ ?
the maximum at its center corresponds to the unst@hlstructure, )

and the two flanking minima correspond to the stable twisted conform-

ers. The varioug\H’s are defined in the text.

krae are included in Figure 5. The kinetic parameters derived _¢: O" &
by them are = _ .

Al

E,=110.94+ 2.1 kI mol* log[A (s )] = 12.84 0.4 /%

AH* = 108.44+ 2.1 kJ mol'*

1,,-1
AS = —8.04+ 8.4 Jmol " K Figure 9. Top: structures of the unstabl€{(symmetry) saddle form

. (center) and the corresponding right and left twisted stable conforma-
Comparing the measured valueskgf andk;, we note thatthey  tions (C, symmetry) (right and left sides). TH&, axes in both forms
very nearly obey the relatio,. = 1/2k;, as would be expected  are indicated. Bottom: (reduced) pseudorotation cycle of the saddle
from the potential diagram in Figure. 8e recall that the isomer. Each entry corresponds to an average of a right and left twisted
lifetime in the saddle form is = 1/k,, which is on the order of C}?”fc’[jmer (hencedhkz)alvir% symmetry). The six entr(i?s CO"eSFI’O”E to )

- . L . . thered, green, and blue benzene rings pointing to (from top clockwise

hours. During this perlgd it undergoes billions of pseudo_rotanon udd, udu, ddu, duu, dud, and uud, where u and d stand for “up” and
cycles, so that when it reconverts to the crown form it has a «youn respectively.
probability of one-half to end up in the opposite chirality of its

starting configuration, i.ekiac = /2ki, as observed experimen-  where u and d stand for “up” and “down”, respectively. In

tally. We consider this agreement as a proof that the racemi- reality, each entry corresponds to a rapidly interconverting pair
zation of structurally chiral tribenzocyclononatriene derivatives of right and left twisted conformers.

indeed proceeds via the saddle form. To check whether the pseudorotation can be frozen out (or
) rather slowed to the dynamic NMR regime), we recorded the

Structure of the Saddle Isomer and the Pseudorotation 1H and carbon-13 spectra of the saddle isomer dissolved in Freon

Process at very low temperatures. This method, first devised by Denisov,

As already mentioned, the minimum-energy conformation of Golubev, and co-worket$?consists of synthesizing Freon gas
the saddle form is not the symmetricy structure (shown in ~ Mixtures (CDRCI/CDFs) from CDCk at high pressure and using
Figure 1b). In reality, it acquires a twisted conformation to them, after liquefaction, as low temperature solvents. The
reduce the repulsive interaction between the inner methylenesamples are prepared using standard vacuum manifolds to which
hydrogen and the para-positioned benzene ring. A force field the NMR tubes (equipped with Teflon needle valves, Wilmad,
calculation (using the Insight and Discover modules of Accelrys Buena) are attached. With this technique, the slow exchange
Inc., San Diego, CA) shows that the minimum-energy structure fegime has been reached for various hydrogen bond exchange
of the twisted form actually ha§, symmetry (or very nearly reactions that are extremely fast at room temperafUfer the
s0) with theC, axis bisecting one of the side benzene rings Present measurements we used a Freon solvent consisting of a
and passing through the opposite methylene carbon. There arel/3 mixture CDRCI/CDFs. No changes in the structure of the
two such structures corresponding to a right and a left twist, as *H or carbon-13 spectra were observed down to almost 100 K.
shown in the top of Figure 9. The insert in Figure 8 shows an Some line broadening set in (in both the solute and solvent lines)
enlarged section around one of the pseudorotating saddleon cooling to below 120 K, but the broadening was traced back
conformers. The center maximum corresponds to the (unstable)to an increase in the solvent viscosity rather than to slowing
symmetric Cs structure and the two flanking minima to the ~down of the pseudorotation. It is therefore safe to assume that
corresponding right and left twisted conformers. The barrier the residual exchange broadening,Tgld, at 120 K does not
separating between these two minima is extremely low and, €xceed 1 sl. From this a lower limit for the pseudorotation
hence the Switching between them may be viewed as a |argerate at 120 K can be calculated Using the fast eXChange line
amplitude librational motion. In the following we therefore Width equatiors!
consider just the six average conformations (with aver@ge
symmetry) obtained by successively flipping each benzene ring (AIT,) e = Myt = Y3270 )1Z,(0, — OO (4)
alternately “up” and “down” (instead of the twelve twisted
conformations). This “reduced” pseudorotation cycle is shown whereM; is the second moment of a particular type of carbon-
in the bottom part of Figure 9. The six entries correspond (from 13, v, is the Larmor frequency (125 MHz in the present case),
top clockwise) to the red, green, and blue benzene rings havingand thed; are the chemical shifts of the carbons in the three
the following relative orientations; udd, udu, ddu, duu, dud, uud, rings of the saddle conformer. From ref 23 these range up to
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about 5 ppm, yielding a lower limit of #/~ 10f to 10/ s% evidence to the contrafyshe identified the compound as the veratryl dimer

The rate is, of course, much faster at room temperature From(tetramethoxy—dihydroanthracene). Thirty seven years later, in 1952, Oliverio
! ' ; and Casinovireinvestigated Robinson’s compound, challenged the dimer

this result an.d eq 3, we esti_mate an upper ".mit for the potential pypothesis and proposed, instead, again erroneously, a cyclic hexameric
barrier for this process (indicated A$1P" in Figure 8) of 13- structure. This structure lasted for some 10 years until in 1963 Lindsey
15 kJ/mol. The actual value is most likely much smaller. published the now generally accepted trimer formula (hexamethoxy-

. . . o - tribenzocyclononene) for the compouhdie also proposed the crown
Finally, we remark on the relatively high positive equilibrium g6 "and coined its colloquial name, cyclotriveratrylene. Lindsey's

entropy,AS derived from the analysis of the equilibrium results  structure was soon confirmed using new X-ray measurements, molecular

(eq 1). Itis about-14 and+34 J mot1K~1in chloroform and weight determination, mass spectrometry, and NMR spectroscopy by a

DMF, respectively, and appears to be dominated by the high number of independent researchers, some of whom without knowledge of
- ! L 7 . Lindsey’s work?-12

flexibility of the saddle form with its twelve local minima in (5) Robinson, G. MJ. Chem. Sacl915 107, 267—276.

the pseudorotation cycle (compared to the stiff crown form). (6) Robinson, R. InMemories of a minor prophgElsevier: Amster-

This effect alone contributes wSthe amounR In(12) = 20.7 dam, 1976; Vol. 1, pp 554.

1iw—1 . ; (7) Oliverio, A.; Casinovi, CAnn. Chim. (Rome)952 42, 168-184.
J molt K~1, Clearly, additional solvent dependent effects, with (8) Lindsey. A. SChem. Ind. (London}963 823-824. Lindsey, A.

either positive or negative signs, also contribute. S.J. Chem. Sacl965 1685-1692.
(9) Erdtman, H.; Haglid F.; Ryhage, Rcta Chem. Scand 964 18,
Summary and Conclusions 1249-1254.

(10) Goldup, A.; Morrison, A. B.; Smith, G. WJ. Chem. Socl1965
The synthesis of CTV always leads, after purification, to the 3864-3865.
thermodynamic stable crown isomer. We have shown that, (11) Miller, B.; Gesner, B. DTetrahedron Lett1965 3351-3354.

I . 12 kson, R. C.; Halton, B.; D.RChem. Soc.
contrary to the generally accepted view, in solutions of CTV 76%,7)72 ookson, R. C.; Halton, B Stevens, D.JRChem. Soc. 8968

non-negligible amounts of the saddle isomer may be formed (13) Littringhaus, A.; Peters, K. @ngew. Chem., Int. Ed. Endl966
by isomerization. The activation energy for the crevaaddle 5, ?ff)—fvcg‘h- A Tetrahedron Lett1978 1265-1268

H H : H il : ollet, A.; Jacques, J.etranedron Le .
interconversion is, howeve_r, rather high so that the equilibration (15) Collet. A~ Gat?ard, 1. Org. Chem198Q 45, 5400-5401.
time at room temperature is of the order of days. Consequently, (16) canceill, J.; Collet, A.; Gottarelli, G. Am. Chem. Sod984 106
the formation of the less stable saddle can easily escape detectiof997-6003.

unless sufficient equilibration time is allowed. Also, the (17) Garcia, C.; Collet, ABull. Soc. Chim. Fr1995 132 52-58.

g b . (18) Lesot, P.; Melet, D.; Sarfati, M.; Courtieu, J.; Zimmermann, H.;
equilibrium constant is solvent dependent, with the saddle form Luz, Z.J. Am. Chem. So@002 124, 10071-10082.

disfavored in more polar solvents. By quenching the melt or  (19) Burlinson, E.; Ripmeester, J. A.Inclusion Phenon1984 1, 403-
hot solutions of CTV, we were able to trap the high-temperature 409.

isomeric equilibrium and thus produce macroscopic quantities ,_(20) Steed, J. W.; Zhang, H.; Atwood, J. Supramol. Chemi996 7,
of its saddle form. The thermodynamically less stable saddle ™" (1) zimmermann, H.: Poupko, R.; Luz, Z.; Billard, 2. Naturforsch
isomer could then be separated chromatographically at room1985 40A 149-160.

temperature and its equilibrium and kinetic parameters studied. (22) Malthe, J.; Collet, ANow. J. Chim 1985 9, 151-153.

i ; _ (23) Zimmermann, H.; Bader, V.; Poupko, R.; Wachtel, E. J.; Luz, Z.
Preliminary measurements §howed that other cyclotr_lvera 3. Am. Chem. So0@002 124 15286-15301.
trylenes, for example, in which the side groups consist of "~ (24) Collet, A.; Dutasta, J.-P.; Lozach, B.; CanceillTap. Curr. Chem.
acetoyloxy or long alkanoyloxy as well as alkyloxy chains 1993 165 103-129.

exhibit similar behavior. The saddle forms of these compounds 32‘(1%5)32)4'“\8)9;’5';;ﬁ\éC'-é;teSwi!%Cﬁetﬁagﬁ- éms' .Cgﬁf;bggfgiﬂ/\net
constitute new homologous series that merit further investiga- == A" "3 Am Chem. S0d975 97, 3244-3246. A ’

tion. (26) zhang, H.; Atwood, J. LJ. Cryst. Spectrosc. ReE99Q 20, 465—
470.
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