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The paper concerns the structural and optical isomers of nonamethoxy-tribenzocyclononene (cathpound

In the first part of the paper it is shown thhiexists in two structural isomers: a rigid crown Xrwith Cs
symmetry and a flexible saddle §-with C, symmetry. The latter, not previously known, can be prepared
from the as-synthesized Xhy quenching a hot solution (or the melt) followed by HPLC separation. The
crown/saddle equilibrium, isomerization kinetics, and associated thermodynamic parameters in various organic
solvents are reported. Carbon-13 MAS NMR, X-ray diffraction, and differential scanning calorimetry (DSC)
of polycrystalline c1 and si racemates are also reported. The different melting points of the isomers and
their rapid isomerization in the melt result in unconventional DSC thermograms involving multiple endothermic
and exothermic transitions. The second part of the paper concerns the chiral propettiBethf the saddle

and crown isomers are structurally chiral, but due to the fast pseudorotatioh iof salution, it cannot be
separated into its enantiomers. Those df were separated by HPLC using a chiral column. Their X-ray
structure and melting points differ considerably from those of the racemate. This and their fast racemization
in the melt lead to complex DSC thermograms with multiple transitions. Solutions of the neat enantiomers
exhibit a relatively small specific optical rotation. In the UV they show circular dichroism for tharil B,
transitions, with the latter exhibiting a clear couplet structure. Infrared and vibrational circular dichroism
spectra of the enantiomers in solution are reported. Comparison of these spectra with quantum mechanical
simulations provides unambiguous identification of the enantiomers.

Introduction

The derivatives of the tribenzocyclononene (TBCN) core are
often referred to as cyclotriveratrylenes after their parent
compound (hexamethoxy-TBCN)nterest in these compourid3
stems from their tendency to form molecular complexes in
solution as well as inclusion compounds in the solid state and
from their mesogenic properties when substituted with suf-
ficiently long side chain&.’ They also serve as starting materials
for the powerful crypthophane caging ageh<Cyclotrivera-
trylenes can exist in two structural isomers: crown and saddle
(see Figure 1). The crown form is structurally rigid and usually
the thermodynamically more stable isomer (at room temperature
and below), while the saddle isomer is highly flexible, undergo-
ing (in solution and the melt) extremely fast pseudorotation. g
The lower stability of the saddle form (or rather the twisted
saddle) is attributed to the repulsive interaction between the
inward pointing methylene hydrogen and the oppositely posi-
tioned phenyl ring. According to theoretical calculations it Figure 1. (a) Molecular formula of nonamethoxy TBCN. (b) Number-
amounts to a destabilization of about-480 kJ/mol relative to N9 System used in the present paper. (c) Molecular structure of the
the corresponding crown isom&r It can be stabilized, relative crown isomer. (d) Molecular structure of the saddle isomer.

to the corresponding crown, by substituting bulky groups ortho usually very slow at room temperature. Consequently, they can

Eg tthe fng m_tet:ylege or Chem'cﬂlthfd'fy.mﬁ th?l Iattel;. t":tof[ cﬁe separated (for example, by chromatography) and kept in their
C_Ia_lvyreason : Ias ??n. astshume a fperlp Ierady su t's Wtetheat form for long periods (in solution for weeks and months
h'bs't' canb (:EY EXIS mth € crownddcl)rm. n _en;_/a V€S and much longer in the solid state or under coolifg).
exnibiting both Isomers, the crowrsaddle Isomerization 1S In a recent publicatiort we presented a detailed study of the
PR - . parent CTV compound in the neat solid state and solutions. In
Wiezmann Institute of Science. . . .
* Syracuse University. contrast to the generally accepted belief, it was found that this
8 Max-Planck-Institute for Medical Research. peripherally substituted derivative can, in fact, be prepared in
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the saddle form and that this isomer is sufficiently stable to Cs Cs
allow detailed structural and kinetic investigations in both the
solid state and solution. In the present paper we extend this
study to the nonamethoxy derivative of TBCN wi@3 sym-
metry (Figure 1). It was reported earlieghat, like the parent

CTV, this derivative only exists in the crown isomer, the ortho r”7 R R R R
methoxy group being too small to efficiently destabilize it. In R R R

fact, the saddle isomer of this derivative can be prepared and is

sufficiently stable to allow physical characterization. The failure M enantiomer P enantiomer

to detect the saddle isomers of these compounds (CTV and itsFigure 2. Absolute configurations of thil andP enantiomers of d-
nonamethoxy derivative) in the past stems from the procedure ¢ is the angle between the short axis of the benzene ring and;the B
used in their synthesis, i.e., acidic condensation of the cor- transition moment (arrow). It is positive for a clockwise rotation.
respondingly substituted benzyl alcohols at moderate temper-
atures. Under these conditions the crown form is preferentially
formed and any coexisting small amounts of saddle in the
reaction mixture are washed away during the purification
process. Once the crown isomer is recovered the saddle isome aper.

will usually not form even after being kept for a long time at In the following we refer to the nonamethoxy TBCN
moderate temperatures because of the very high activationyarivative asl and label its crown and saddle isomers &k c-
barrier of the crowrrsaddle isomerization. The saddle isomer .4 s, respectively. The enantiomers of the optically active
can, however, be generated by heating the melt or a solution of .o,y isomers are labeletl andB, according to their elution
the crown isomer to sufficiently high temperatures where the .qqr @ first, B second) from the HPLC column.

saddle isomer is favored thermodynamically (because of its

higher entropy) and where the isomerization rate isf&StThe Experimental Section

hot liquid is then quenched, freezing-in the high-temperature
saddle/crown equilibrium ratio, which depending on the solvent - -
and temperatures may be as high as unity or even higher. TheCOmPound 1 was synthesized by condensation of 263’4_
saddle and crown isomers can then be quantitatively separatediimethoxybenzyl alcohol in 10% sulfuric acid under reffix

by chromatography at room temperature where isomerization The final product was c_rystallized se_vera! times from ethano_l.
is negligible. We used this procedure to prepare macroscopicThe compound so obtained was entirely in the crown racemic

amounts of both the crown and saddle isomers of nonamethoxyform' ,C'l’ with at most traces of the saddle !someﬂlsirhis
material was used to prepare the pure optical isomers of the

TBCN and performed detailed structural and kinetic measure- ) .
ments using X-ray, DSC, and NMR techniques. In the first part SrOWN form as well as the neat saddle isomer as also described
dn ref 13.

of this paper we describe the results of these measurements i . . . . :
Separation of the crown isomer into its enantiomers was

both th lid stat d solution. . . . .
© ? SOld stare and solution accomplished using a semipreparative HPLC column (25 cm L
The isomers of nonamethoxy TBCIC{ symmgtry) lack x 2 cm I.D.) equipped with a guard column (2.0 cmx_1.0
Syr'.‘me."y planes and thus belong .to the family .Of _TBCN cm I.D.), both of which were packed withbn silica particles
derivatives which are structurally chir&!2 Such derivatives coated with a polysaccharide as the chiral stationary phase
can therefore, in principle, be separated into theircorresponding(c|_||RALCELOD_H Chiral Technologies Europe). A 1/1

enantiomers. In practice, due to their fast pseudorotation (in \;aoH/EtOH mixture served as the mobile phase with a flow
solution) the saddle isomers rapidly racemize, precluding such oo ot 10 mL/min. The detection wavelength was 254 nm.
separation. On the other hand, racemization of the crown isomersTypicany a solution of about 450 mg of in 50 mL of

of chiral CTV's (which most likely proceeds via their saddle  ,cetonitrile/MeOH (1/1) was used as the injecting solution. An
forms)t14is usually very slow at room temperature, allowing example of a chromatogramrfa 1 mL injection is shown in
their enantioseparation or the selective chemical preparation ofiya pottom trace of Figure 3. The weak peak at about 10 min
a particular enantiomer. This latter approach was extensively \ya< identified by'H NMR as due to the saddle isomer. The
used by Collet, Gottarelli, and co-workérs* to synthesize succeeding two intense peaks at about 12 and 22 min are due
neat enantiomers of (or enantiomerically enriched) hexa- (and g the crown enantiomers df They are labeled a& and B,
tri-) peripherally substituted CTV's witlC; symmetry (R = according to the order at which they emerge from the column.
H, Ry = R;). Their absolute configuration was derived from  gaisfactory baseline resolution could be obtained with injections
that of the diastereogenic starting compounds (whose structuregs up to 5 mL. The latter figure was used in practice in the
was determined by X-ray measuremeritsJhe consistency of  geparation procedure. The neat enantiomers were obtained in
the results was confirmed by analysis of their UV circular dry solid form by evaporating the mobile phase under reduced
dichroism (UVCD) spectra, and their enantiomeric excess was pressure at room temperature, redissolved in ether, and dried
determined by analytical HPLC using chiral coluntfs. again. Injection of solutions of the separated enantiomers into
In the present investigation of the chiral crown isomer of the same semipreparative columns showed them to be optically
nonamethoxy TBCN, rather than performing an elaborate pure. The chiral purity was also confirmed B NMR spectra
asymmetric synthesis, we separated its racemate by semidin chiral lyotropic liquid crystalline solutions based on poly-
preparative chiral HPLC. We studied the physical and optical y-benzylt-glutamate-3 In such solutions the spectra of the two
properties of these enantiomers in the solid state and solutionsenantiomers are well resolved and those of the separated
and compared them with those of the racemate. Using infraredenantiomers did not show enantiocontamination. Typical
vibrational circular dichroism (VC}-?>we were, in fact, able  vyields: 85 mg of enantiomek and 120 mg of enantiomes.
to determine their absolute configuration. By the UPAC rules The lower yield ofA is due to the partial overlapping with the
these enantiomers are labeMdandP, as shown in Figure 22 saddle peak. Solutions and solid samples of the enantiomers

As it turned out the enantiomer to elute first from the HPLC
column has thé configuration, while the second corresponds
to theM configuration. The details of the measurements on the
optical crown isomers are described in the second part of the

Synthesis and Enantioseparation of the Crown Form.
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1 h A N ) ) Figure 4. Proton (left) and3C (right) NMR spectra of the crown and
10 20 tmin saddle racemates dfin chloroform solutions. On the left side, a and

Figure 3. HPLC chromatograms of compoutid (Bottom) Obtained ¢ correspond to the crown and saddle isomers, respectively, and b to a
after purification of the as-synthesized crown isomer. (Top) Obtained S&MPle obtzilsrged by quenching a solution Ioin tetraglyme from

from a sample crystallized from a quenched DMSO solution (170 265. C. The spectra on the right are of the crown (@) and sadd_le
The latter contains about 25% saddle. The peal, 8ndB (at about (b) isomers. The labeling of the peaks is according to the numbering
10, 12, and 22 min) correspond, respectively, to the saddle isomer angSystem in Figure 1b. Pr'med numbers indicate methoxy groups linked
the crownA and crownB enantiomers. Some weak peaks preceding to corresponding aromatic carbons.

the saddle signal are due to impurities from the column.

UV spectra (in the wavelength range 21830 nm) were
were kept in the cold when not in use to minimize chances of recorded on a single-beam AGILENT spectrophotometer (model
racemization. 8453) with diode array detection. The UVCD spectra were

Preparation and Separation of the Saddle FormFor the recorded on an Aviv circular dichroism spectrometer, model
preparation of the neat saddle form],swe made use of the  202. For both types of measurements 10.0 and 1.0 mm path
fact that the saddle/crown equilibrium ratio, in solution, increases length quartz cells were used with ethanol as the solvent. Optical
steeply with increasing temperature and that the isomerization yiation was measured in chloroform solutions with a Perkin-
is rapid at high temperatures and very slow at room temperatureg o, Polarimeter, model 341, using a 10.0 cm path length

and below. Accordingly!13 we dissolved the as-synthesized . " X
crown form. cd. in a ﬁigh boiling point solvent [dir’r)1/ethylsul- quartz cell (total volume of solution, 1 mL) and 20 s integration
cAy times.

foxide (DMSO) or tetraglyme (tetraethylene glycol dimethyl ) N
ether)] and heated the solution to the highest possible temper- IR and VCD spectra were recorded with a modified CtiRal
ature (170 and 26%C, respectively). The hot solution was then FT-VCD spectrometer (BioTools, Inc. Wauconda, IL). The
quenched by splashing it into a crushed-ice/water/NaCl bath. samples were placed in 0.10 mm path length cells with,BaF
After the mixture thawed it was filtered, washed with water, windows. The measurements covered the range 18000
and dried by lengthy pumping. Proton NMR of the product cm ! with the spectrometer optimized at 1400 ¢iThey were
showed signals from both the saddle and crown isomers. Themade with 4 cm? resolution ad 5 h collection time. All the
saddle/crown ratio was about 1/3 and 1/1 for the material spectroscopic calculations were done onBh@) enantiomer
recovered from DMSO and tetraglyme solutions, respectively. (Figure 2). Its conformation was constructed with HyperChem
Thin layer chromatography (silica, ether/@t,) gave two software (Hypercube, Inc., Gainsville, FL). Calculation of its
poorly resolved spots due to the two isomers. optimized geometry as well as its vibrational frequencies and
Separation of these saddle and crown isomers from this IR and VCD intensities (requiring 8.5 days CPU time) were
mixture by regular liquid chromatography as used for the &ETV  carried out at the DFT level (6-31G(d) basis set/B3LYP
proved quite inefficient, producing just a few milligrams of the  functional) with Gaussian 03W on a Pentium IVPC. Calculated
saddle isomer even when meters long columns were used.frequencies were uniformly scaled by 0.97, and the calculated
Fortunately, as it turned out, the chiral HPLC column used to intensities were converted to Lorentzian bands with 6‘chalf
separate the crown enantiomers was also found to be useful forwidth for comparison with the experiment.
separation of the saddle isomer. To demonstrate the resolution
of the method we show in the top trace of Figure 3 HPLC
chromatograms of the material obtained by quenching a hot
DMSO solution. The & so obtained was purified as described A crown and Saddle Racematesl. NMR Spectra and the

above for the crown enantiomers. Saddle-Crown Isomerization in SolutiofThe solutiontH and

Physical MeasurementsDifferential scanning calorimetry 13C NMR spectra of the isomers dfwere extensively studied
(DSC) measurements were performed on a Mettler DSC30 by Lafont et al*® The H spectrum is especially suitable for

Instrument. identifying the saddle and crown isomers (see Figure 4, left).

X-ray diffraction profiles of powder samples were measured In particular, the ring methylene protons exhibit an AB quartet

on a D-Max/B diffractometer (Rigaku, Japan) affixed to a RU- o .
200 rotating anode X-ray generator (Rigaku) operating with a (centered at 4.23 pprd,= 13.6 Hz) fqr th? crown and a singlet
copper anode at 7 KWA(= 0.154 nm). (at 3.93 ppm) for the saddle. This singlet reflects the fast

Proton and®C high-resolution NMR were recorded on a Pseudorotation of the saddle isomer, which averages the
DRX-400 Bruker spectrometer operating at 400.13 and 100.62 chemical shifts of all the methylene hydrogens. Also, there is a
MHz, respectively. Carbon-13 magic angle spinning (MAS) significant chemical shift difference for the aromatic hydrogens
NMR spectra of solid samples were recorded on a DSX-300 in the two isomers (7.24 and 6.57 ppm for the crown and saddle,
Bruker spectrometer using 4 mm spinners. respectively). We used suéH spectra to determine the saddle/

Results and Discussion
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The saddle-crown isomerization kinetics were studied in a
similar way by following the changes with time of the NMR
signals at different temperatures. Measurements were performed
in DMF between 65 and 90C, starting with a solution of the
neat saddle. Analysis was performed as described in refs10 and
11, and the results fdk; andk; are shown in the bottom of
Figure 5. The parameters derived from these measurements, in
terms of Eyring’s equation

k= AexpE/RT) = (kkT/h)exp[(TAS* — AH*)/RT]

are summarized in Table 1b. Prominent features of these results
are the highASvalue of the equilibrium constant, which reflects
the high flexibility of the saddle isomer as compared to the rigid
crown form, and the very high activation energy for their
interconversion. The latter parameter is even higher than that
for CTV, probably due to extra hindrance of the ortho methoxy
group in the transition state.

2. DSC and the SaddteCrown Isomerization in the Solid
State In the solid state at room temperature the crown and saddle
racemates are stable and may be kept for long periods without
undergoing isomerization. However, at higher temperatures in
the solid-melt interface the systems exhibit peculiar phase

Figure 5. Temperature dependence of the thermodynamic parametersdiagrams involving saddtecrown interconversion. This is

for the saddle/crown equilibrium and interconversion ratd.oftop)

K = [saddle]/[crown] for different solvents as indicated. (bottom) Rate
constants for the crown to saddlg)(and saddle to crowrkf) in DMF-

dy.

demonstrated in the series of DSC thermograms on the left-
hand side of Figure 6. The transition temperatures and enthalpies
derived from these thermograms are summarized in the first
four entries of Table 2.

crown ratio in gquenched samples prepared as described in the Trace a in this figure corresponds to the first heating of a

Experimental Section. An example is shown in the middle trace
of Figure 4 (left). This spectrum applies to a sample obtained
by quenching a solution df in tetraglyme from 265C. It is

neat crown sample with a single melting transition at 2084
A considerably more complicated diagram is obtained for the
saddle isomer (trace d). As a function of increasing temperature

readily seen that it corresponds to a saddle/crown ratio of aboutjt exhibits first an endothermic melting transition at 117G3
1/1. On the other hand, the carbon-13 spectra of the two isomersg|iowed by an exothermic peak at 130°8, and finally a

are very similar (Figure 4, right). This too reflects the fast

second melting at 202.TC. This thermogram is similar to that

pseudorotation of the saddle, which renders the aromatic ringsspserved for the mesogenic and nonmesogenic saddle homo-

equivalent, as they are in the crown. The labeling of the signals
in the spectra is according to the numbering system in Figure

1b and was adopted from ref 13. This assignment will be useful
in identifying the peaks in thé3C MAS spectra of the solid
samples.

We used the solutioAH NMR spectrum to determine the
saddle/crown equilibrium ratiok, and interconversion rates,
ki and k;, as a function of the temperature in a number of
solvents

k.
crownkzz saddle K = k/k, = [saddle]/[crown]

For determination of the equilibrium constant solutions contain-
ing about 2 mg ofl in 1 mL of the desired solvent were placed
in a thermostated bath in the range-4 °C. 'H NMR spectra

logues of the nonaalkanoyloxy TBCN seri€dn the present
case we identify the first endothermic transition with the melting
transition of the saddle isomer. In the melt, fast sagdi®wn
isomerization sets in and an equilibrium is established with
[saddle]/[crown]~ 1/3 (see below). The melt is thus predomi-
nantly crown, which in this temperature range prefers the solid
state. Hence, it solidifies exothermally (peak at 133. As
solidification progresses the equilibrium in the melt drives more
and more of the saddle to the crown form until the entire sample
is crystallized in the racemic crown form. This sequence of
events is confirmed by observation with a polarizing optical
microscope (equipped with a hot stage). At 7 formation

of a liquid is observed, which rapidly solidified upon further
heating. High-resolutiorH NMR of a solution of this solid
confirmed it to be entirely of the crown isomer. This is also

were recorded at room temperature at regular time intervals untilporne out by the second melting transition in the DSC
the relative intensity of the SignaIS due to the saddle and crown thermogram, which Corresponds to that of the crown, as in

isomers remained constant. At 9C and higher the measure-
ments were performed in a heated NMR probe. The equilibrium

constant was then determined from the relative intensity of the
corresponding aromatic peaks. Measurements were performe

in deuterated DMF, chloroform, armEdioxane. The results are
plotted versus the inverse absolute temperature in the top o
Figure 5. Analysis of these results in terms of the equilibrium
equation

K =K, exp(—AH/RT) = exp[(TAS —AH)/RT]

trace a.
When the hot melt obtained by heating the crown, as in a, or
he saddle, as in d, is slowly {22 K/min) cooled through the
05—200°C region down to room temperature and the resulting

fsolid re-examined by DSC, a thermogram similar to that of a is

obtained. This identifies the solid as neat crown, as also
confirmed by its'H NMR spectrum. If, however, the melt is
rapidly (>10 K/min) cooled through the melting region it is
found (byH NMR) that the resulting solid consists of a saddle/
crown~ 1/3 mixture. When this solid is reheated, a thermogram

yields the thermodynamic parameters summarized in Table 1a,as shown in trace b is obtained. It exhibits a broad exothermic

where they are compared with those for CTV.

peak in the range 110135°C followed by a melting transition
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TABLE 1: Thermodynamic Parameters for the Saddle/Crown Equilibrium and Saddle/Crown Interconversion for 1, and

Comparison with Similar Data for CTV 1%

Arrhenius parametets

compound solvent K AH (kd/mol) AS (J/mol.K) K(300)
1 CDCk° (64.5) (17.1) (34.6) (0.07)
1 p-dioxaneels 54.6+12.2 17.2+0.7 33.3+1.8 0.055
1 DMF-d; 51.8+9.5 17.6+ 0.6 328+ 1.5 0.045
CTV CDCls 53+1.0 10.0+ 0.5 13.8+ 1.6 0.097
CTV DMF-d; 59.7+ 24 223+ 1.2 34.0+ 3.2 0.008

Eyring parametefs

compound solvent lod (s7Y) Ea(kJ/mol) AH* (kd/mol) AS (J/mol-K)
1 DMF-d; 15.1+ 0.6 132.2+ 3.8 129.7+ 3.8 35.3+ 10.8
CTV CDCl; 11.0+ 0.8 97.4+ 4.8 94.9+ 4.8 -43.5+ 15.0

a Arrhenius parameters for the equilibrium constint= [saddle]/[crown].K = exp(—AG/RT) = K., exp(—~AH/RT), K., = expASR). ° Line
drawn parallel to those in the other solvents and is not a best-fit régyting parameters for the rate constaat(crown to saddle).

c-1

(111.1°C), isomerization and (exothermic) crystallization of
the melt (122.6°C), and finally (endothermic) melting of the
(now entirely crown) sample (198:X).

These results show that by proper heating and cooling cycles
one can obtain a range of isomeric mixtureslofrom pure
crown to samples highly enriched (but not entirely neat) saddle.

3. Carbon-13 MAS NMR of the Crown and Saddle Racemates.
Some information on the molecular and crystal structure of the
crown and saddle racemates Dbiin the solid state could be
derived from their'3C MAS spectra, examples of which are
shown in traces a and b of Figure 7. The assignment of the
spectral bands is based on the solution spectra described above
(Figure 4) and similar spectra recorded for thé¢ and 13C
isotopomerd3 Despite some degree of overlap, the spectra are
well resolved and the separate peaks are rather sharp, indicating
that the samples are (poly)crystalline (rather than amorphous).

Referring first to the saddle isomer (trace b) we note that its
molecular symmetry i€; and all carbon atoms in the molecule

c-1

50

0
100 toclSO 200

100 o 150200
Figure 6. DSC thermograms of different samplesl=otheating rate,

10 K/min). (Left) Results for racemic crown and saddle. (a) First heating f . - -
of the crown racemate. (b) Second heating of sample (a) after rapidly are nonequivalent. For a single molecule per asymmetric unit

cooling the melt from just above the melting point (the sample contained W& Would therefore expect 3 GH9 OCH, and 18 (three for
about 25% saddle). (c) First heating of a sample obtained by quenching€ach type of the benzene carbons) aromatic peaks. Except for
a tetraglyme solution from 26%C (the sample contained about 50% some peak overlap, such a structure is in fact observed for the
saddle). (d) First heating of a neat saddle sample. (Right) (a) Same assaddle spectrum. Note, in particular, the well-resolved multiplets
a on the left. (b and c) First heating of neat enantionferand B, due to the methylene (3 peaks), methoxy (9), and aromatic
respectively. carbons 5 (I 2) and 1 (3). Since the material is racemic we

at 204.4°C. Proton NMR measurements on samples removed may safely conclude that the asymmetric unit contains a single
above this exothermic transition (but below the melting) showed molecule (enantiomer), while the unit cell contains a pair of
it to be entirely in the crown form. Clearly rapid cooling (or €enantiomers related to each other by a symmetry element of
quenching) freezes in the equilibrium saddt@own ratio of the second kind. From the spectrum structure it also follows
the melt, resulting in a solid mixture of the two isomers. The that the fast pseudorotation, prevailing in the liquid, is com-
exothermic peak (around 12@) thus reflects the conversion pletely frozen out in the solid with the molecules locked in their
of the extra saddle isomer to the crown form. Since no liquid crystallographic sites.
was observed in this temperature range under a polarizing The symmetry of an ideal crown molecule & and
microscope the transformation is evidently a solid-state reaction. accordingly, we could expect a simplé€ MAS spectrum than
The particular thermogram of trace b was recorded 3 days afterthat for the saddle. In fact, the spectra of both isomers are quite
quenching the melt. When a thermogram is recorded shortly similar (traces a and b of Figure 7). The main difference is in
after quenching a similar trace is obtained but with a much the methylene signal, which consists of a well-separated triplet
broader exothermic peak. Apparently, the quenching producesin the saddle spectrum and a weakly structured singlet in the
finely dispersed saddle particles, resulting in a broad transfor- crown. However, all other signals exhibit multiplet structure,
mation region. Under aging the particles becomes coarser andwhich indicates inequivalence of the benzene rings. Close
the distribution narrower. This trace also shows an endothermic examination of the aromatic bands shows that the multiplets
peak at 46.7C, most likely due to a solidsolid transition. consist of at most three peaks for each type of carbon. It is
Finally, we turn to thermogram c, obtained from a sample most clearly seen for the aromatic carbons 1 and 5. We therefore
produced by quenching a solution bin tetraglyme at 265C. conclude that the crown molecules are distorted in the crystal
The [saddle]/[crown] ratio in this sample (as determinedty from Cz symmetry and that like for the saddle racemate there
NMR) is ~1/1. The thermogram can readily be explained in is a single molecule per asymmetric unit and a pair of symmetry
terms of the sequence (endothermic) melting of the saddle partrelated enantiomers per unit cell. This conclusion is borne out
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TABLE 2: Phase Diagrams of Various Solid Samples of 1 Obtained by DSC Measurements
endothermic transition°C), exothermic transition°C), melting transition {C),

sample no. (trace) sample (heating cycle) AH (kJ/mol¥ AH (kJ/moly AH (kJ/moly
1,L&R(a) neat crown (first heating) 205.4 (66.9)
2,L(b) neat crown (second heatihg) 118.4 (-44.0) 204.4 (63.8)
3,L(c) quenched (first heating) 111.1(8.8) 122-620.4) 198.3 (57.4)
4,L (d) neat saddle (first heating) 117.8 (41.4) 130-35%.5) 202.2 (66.7)
5 R (b) enantiomeA (first heating) 130.4 (22.7) 146.7¢6.4) 202.0 (65.6)
6, R (c) enantiomeB (first heating) 135.1 (21.4) 147.4-49.2) 203.9 (62.4)

a All thermograms correspond to heating at a rate of 10 K/n¥iEntries 14 refer to the DSC thermograms on the left (L) side of Figure 6;
entries 5 and 6 refer to the two bottom traces on the right (R) side of Figur&his endothermic transition corresponds to the melting of the
saddle in samples 3 and 4 and to the melting of the crown enantiomers in samples 5¢dinisGexothermic transition is usually broad and
corresponds in sample 2 to the sadetecrown conversion in the solid state, to the sadelerown conversion in the melt and crystallization of
the latter in samples 3 and 4, and to the racemization followed by crystallization of the neat crown enantiomers in sample$ |5 aliccéses
this transition corresponds to the melting of the crown raceni&econd heating after rapid cooling of the melt of 1. This sample was measured
3 days after the first run. Its DSC also showed a weak endothermic pétak=(2.4 kJ/mol) at 46.7C, apparently due to a solicsolid transition.
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160 140 120 100 80 60 40 ppm 0.154 nm) of compound: (ga) racemic crown, (b) pattern calculated_
i ) from X-ray structure of a single-crystal crown racemate, (c) racemic
Figure 7. Carbon-13 MAS NMR spectra (100.62 MHz) of solid  saddle, (d and e) neat enantiom@randB, respectively.
samples ofl. The spectra were recorded at room temperature with a

spinning rate of 6.0 kHz for traces a, ¢, and d and 9.3 kHz for trace b. . .
(a and b) Racemic crown and saddle, respectively. (¢ and d) Neat results are in full agreement with those of the MAS NMR

enantiomerd\ andB of the crown form, respectively. Labeling of the ~ described in the previous section.
carbon atoms is according to the notation of Figure 1b. Asterisks  To check whether the structure of the single crystals obtained
indicate spinning side bands. by crystallization from boiling ethanol (used for X-ray structure
determination) is the same as that of the crystallites in the
by the X-ray measurements on a single crystal of the crown powder obtained by evaporation of the solvent at room
racemate, as described in the next section. temperature (and used for the NMR MAS measurements) we
4. X-ray Measurements of the Crown and Saddle Racematescompared the experimental powder diffraction of the latter with
A full X-ray structure is only available for the crown racemate the powder diffraction pattern generated from the X-ray single-
form of 1. In this form large and good quality crystals can be crystal dat&??using the computer program Mercury 1.2.1. As
obtained by crystallization from solution without fear of Seen in traces a and b of Figure 8, the two diffractograms are
transformation to another form. Crystallization of the saddle quite similar, in particular with respect to the peak positions.
isomer or the neat crown enantiomers might, unless special low-The similarity is not as perfect with respect to the peak
temperature procedures are used, result in isomerization orintensities. We may attribute this to nonrandom crystallite
racemization during crystal growth. Therefore, no full single- distribution in the powder and conclude that the crystal structures
crystal X-ray structures are available for the latter. The X-ray of both systems are, in fact, the same.
structure of the crown racemate was determined by Salmon et As indicated, we were unable to grow single crystals of the
al?” in 1995 and independently by Krieg&?® in 1998 on racemic saddle isomer. The powder diffraction pattern of this
crystals obtained, respectively, from acetone/hexane and boilingcompound is shown in trace ¢ of Figure 8. Unfortunately, we
ethanol. In both cases the structure was found to be triclinic, were unable to analyze it using various fitting procedures. It is,
belonging to theP1 space group (No. 2 in the International however, clearly quite different from that of the corresponding
Tables of X-ray Crystallography) with unit cell dimensioas crown.
=11.022 Ab=12.039 A,c=12.984 A,a = 113.83, 8 = B. Enantiomers of the Crown Isomer. 1. Solid-State
108.17, y = 100.70. There are two molecules per unit cell Properties of the Neat Crown EnantiomeBecause of the fast
related by inversion symmetry; hence, they correspond to an pseudorotation of the saddle isomer in solution it is not possible
enantiomeric pair. Analysis of the data also indicates that the to separate it into its optical isomers. The crown isomer on the
molecules are strongly distorted fro@; symmetry. These  other hand is rigid and can be resolved into its enantiomers
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with good optical purity as described in the Experimental TABLE 3: Specific Optical Rotation [deg/(g/mL)-dm] for
Section. In the present section we describe the solid-stateSolutions of theA and B Enantiomers in CHCls Solutions®

properties of these enantiomers and compare them with those A (nm)

of the crown racemate. 589 578 546 436 365
On the right-hand side qf Figure 6 are shown DSC thermo- [o]2%(A)° 6.9 76 82 112 161

grams of the neat enantiomerd, and B (traces b and c, o], 2(B)° +71 474 +82  +108

respectively). Both traces are essentially identical, but they differ |[¢],29(Ave) 7.0 75 8.2 11.0 16.1

consi(_jerably ”O”.” _that _for the racema_lte (trac_e_ a). The neat aThe estimated accuracy #3% except for the result of = 365
enantiomers exhibit a first endothermic transition at around ..\ where it is+-6%. ® Data derived from a solution containing 62.1
130.4-135.1 °C followed by an exothermic peak at about mgofain1.17 mL of solvent. The results are corrected for 4% impurity
147°C (see Table 2). Under a polarizing microscope, formation (saddle isomer) present in this particular sampata derived from
of liquid which immediately solidifies is observed in this a solution containing 80.7 mg & in 1.18 mL of solventd Average
temperature range. Eventually a second endothermic transitionvalues of the magnitudes of the specific optical rotation.
is observed at 202C which corresponds to melting of the crown o
racemate. The overall behavior is similar to that of the neat emperature (20C). Preliminary measurements were performed
saddle (trace b on the left) and can be explained in a similar With solutions in the concentration range £0 mg/mL, yielding
manner. In the present case the first endothermic peak corre-OPtical rotations of less than 0.IThe final measurements were
sponds to melting of the neat enantiomer; in the melt it therefore performed on 10-fold more concentrated solutions,
undergoes rapid racemization and immediately crystallizes Yielding rotations of several tenths of a degree. Measurements
(exothermally) as the crown racemate, which melts on further Were taken for the Na line (589 nm) and several of the Hg lines.
heating at the melting point of the latter. The difference between The results for the specific rotations are summarized in Table
the melting temperatures of the neat enantiomers and the3- For all wavelengths thé\ enantiomer was found to be
racemate reflects their different structures (and stabilities) in |€vorotatory ), while B is dextrorotatory¢). The magnitudes
their respective solid states. of the _specmc rotatu_)ns,oﬂfo’s, are quite small compared to
The13C MAS spectra of the neat enantiomers are shown in the chiral hexasubstituted cyclotriveratrylenes studied by Can-

i 1o o ;
the bottom two traces of Figure 7. The two spectra are essentiallyce'” et al® As for th? Iatter! the specific frotations are
identical, and their multiplets can readily be identified as wavelength dependent, increasing gradually with dgcreaismg
indicated in the figure. The peaks are quite sharp, and the spectr%_d'h' L_JV arlljjv(l;JS/CD S;:ectrz;.‘l’he L:V ang U\é—grcular
are reasonably well resolved, indicating that the samples are I1c r0|sn(1j _( h ) lspelc ra o gga; |o'\r}I1e an were
(poly) crystalline. The spectra are, however, quite different from Measured in ethanol solutions (6:2.3 mM) at room temper-

that of the racemate (trace a). This is most clearly seen in the ature (20°C). Examples Of. spectra are shown in Figure 9. ".1
signal of carbon 1, which shows two triplets as compared with general, these results are similar to those obtained for other chiral

just one triplet for the corresponding carbon in the racemate. cyclotriveratrylenes. The shoulder at 230 nm and the peak at

16 — -
Careful examination of the enantiomers’ spectra shows asimilart280 r;m aref relatés t'tui LhebAlg Bl.‘{[hatnd A“f Bau i
doubling (of the triplets) in the other bands as well. These results ransitions o (ur_15u stituted) benzene with transition moments
indicate that for the neat enantiomers there are two symmetryparallel' respect_n_/ely, to the_ Ior_lg and s_hort axes of the b(_enzene
unrelated molecules per asymmetric unit and that, as in the ring. Both transitions exhibit circular dichroism as seen in the
racemate, the molecules are distorted fr@grsymmetr’y. upper part of the figure. The CD spectra of the two enantiomers

. . are related by almost perfect reflection symmetry, confirming
n']l'hre d';fgrfr? cte t;ettr\:v e?n thrﬁ (;rysital lstrucr:rgu;eifof tthde Snat‘;:t'i'rthe satisfactory chiral separation. The CD of thg, Bignal
Omers a at ot the racemate 1S also manitested by elir ., i of o single band, while that of Bexhibits a clear,

powder.X-ray diffraction profiles..These diffraction patterns are although asymmetric, couplet with a negative chirality for the
?h"W_” in traces d and e of Figure 8. The_y are essent'a”yAenantiomer (negative Cotton effect at lol'g and positive
identical and clearly correspond to polycrystalline samples. They at shorti’s). An opposite chirality applies t8

differ conS|derany from that of the racemate (trace a); unfor- The couplet structure (exciton splitting) in the CD spectrum
tunately, here too in the absence of large single crystals we were

ble 10 det ine th tal struct fih " results from an interaction between transition moments in
unaplé to determine the crystal structure of the enantiomers. neighboring chromophorés.If their directions in the frames

2. Solution NMR Spectrahe'H and**C spectra of the crown ¢ the chromophores are known, the effect may be used to
enantiomers in normal (achiral) solvents are identical to those getermine the absolute configuration of the enantiomers. This
of the racemate, as dgsc_rlb_ed a_lbove. Their spectra in chiral |'qu'dso-called exciton chirality method was employed by Collet and
crystals show clear discrimination due to their selective ordering gottarellis—23to study hexasubstituted cyclotriveratrylenes with
in such phases. This effect was studied in detail for a number Cs symmetry (R =H, Ry # Ry). In these compounds the effect
of deuterated and carbon-13-enriched isotopometsiafsolved results from through-space interactions between transition
in_ poly-y-benzyli-glutamate-based lyotropic solvents. The moments in the aromatic subunits of the TBCN core. Their
results of this study are published elsewh€rés indicated optical activity arises from the substituent-induced rotatién (
above, spectra recorded in such a solvent could be used to check, Figure 2) of the By transition moment from the short axis
the enantiomeric purity of the separated samples. E_xcept_for 8of the benzene ring. In fact, these authors used the known
few samples, these results showed perfect separation with nQconfiguration of their cyclotriveratrylenes to determine the
or very little enantiomeric contamination. substituent effect (spectroscopic moment) on the orientation of

We have not performed kinetic studies on the rate of the transition moment,
racemization in solution. For the case of the chiral Cdahe To apply the (exciton chirality) method to the enantiomers
mechanism of this process was shown to proceed via the saddlesf compoundl we recall that®1°for the cyclotriveratrylene8
form,-3%and it is most likely the same fd. > 0 (and|6] < 45°) results in negative optical chirality (as

3. Optical Rotation.The optical rotation of the separated observed forA) while & < 0 results in positive chirality (as
enantiomers was measured in chloroform solution at room observed foB). We are, however, unable to guess the sign of



10514 J. Phys. Chem. A, Vol. 111, No. 42, 2007 Luz et al.
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Figure 9. Room-temperature UV (bottom) and UVCD (top) spectra of solutions of enantighitgf) andB (right) (0.23 and 0.25 mM, respectively)
in ethanol. Full and dashed lines correspond to cells with optical lengths of 10 and 1 mm, respectively.
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Figure 10. (Bottom left) Experimental (solvent subtracted) IR spectrum of a racemic mixtufie(4fmg in 0.12 mL of CDGJ). (Top left)
Experimental VCD spectra of th& (solid line) andB (dotted line) enantiomers (same concentration as for the IR spectrum of the racemate). The
traces on the right compare the observed IR (bottom) and VCD (top) spectra of enandiavitbrthose calculated for the configuration.

6 from the substitution pattern of the methoxy groups ifh. c- 5. IR and VCDFor molecules of moderate complexity VCD
From the spectroscopic vector addition Fdli¢ follows that, to provides a most powerful tool for determining the absolute
first order, 1,2,3-substitution of benzene with identical substit- configuration of optically active isome?42>The recent devel-
uents should have no effect on the transition moment. Its opments in instrumentation, on the one hand, and in the software
chirality should therefore be of second order and the magnitude for quantum mechanical calculation of VCD spectra, on the
of 6 small. Being unable to estimafie we reverse the procedure other, provide unambiguous results with essentially zero un-

and determine its sign from the configurationsAd&ndB as certainty in the identification of the enantiomers. An impressive
derived (see next section) by VCD. There we show thand example of this application is the recent determination of the
B correspond, respectively, to configuratiddsndM. Hence, absolute configuration of cryptophane-A, a molecule having

6 < 0 for the former and) > 0 for the latter. about twice the size of compouddand like the latter exhibiting
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Figure 11. Optimized geometry of the enantiomer, viewed from above (left) and below (right) the TBCN core, alon@ifais. The methoxy
groups are, respectively (see Figure 1b), in the plane of the benzene ringsglRw the plane toward th@; axis (R), and above this plane R

structural chirality® The power of this method is also demon- peripherally substituted and weakly hindered cyclotriveratrylenes
strated below for the crown enantiomerslofin fact, even the stems from the synthetic procedure. Acidic trimerization of the
small perturbation in the spectra brought about by isotopic appropriate benzyl alcohol at moderate temperatures, as usually
substitution could be accurately reproduced by the calculationsemployed in the synthesis, favors the crown isomer. Any saddle
(not shown below), lending even stronger support to the isomer formed under these conditions would be washed out
enantiomeric assignment. during the purification step. Moreover, it will usually not be
Examples of IR and VCD spectra of enantiomérandB of reformed on standing because its formation rate and equilibrium
the isotopically normal compount at room temperature are  concentration at room temperature are very low. The saddle
shown on the left side of Figure 10. The IR spectrum of only isomer can however be produced quantitatively by a heating/
the racemate is displayed; those of the neat enantiomers arejuenching cycle in which a solution of the compound is heated
essentially identical to the latter. On the other hand, the VCD to a high temperature, where the saddle isomer is favored,
spectra of the enantiomers display almost perfect mirror followed by quenching and separation at room temperature. In
symmetry, confirming the optical purity of the samples. On the the present work we applied this method to nonamethoxy-
right-hand side of Figure 10 the experimental IR (bottom) and TBCN, which was previously believed to exist only as the crown
VCD (top) spectra of theA enantiomer are compared with isomer. We investigated the crown/saddle isomerization in
calculated traces for thE configuration (see Figure 2). To  solution and studied the solid-state properties of both isomers
eliminate possible small baseline artifacts the calculated spec-in the solid state by3C NMR and X-ray techniques. Unusual
trum was actually compared with one-half of the difference of DSC thermograms were observed, reflecting the different
the experimental VCD spectra, 1/2[VCB)(— VCD(B)]. The melting transitions of the two isomers and their different
near-perfect agreement between the observed and calculate@quilibrium concentration in the melt.
spectra establishes the configuration of enantiomasP and The crown and saddle isomers of nonamethoxy-TBCN have,
of BasM. respectively,C; and C; symmetries and are therefore chiral,
The theoretical VCD was calculated for a Single conformation but the Synthesis results in racemic mixtures. The fast pseu-
obtained by energy minimization, using DFT, over a broad dorotation of the saddle isomer precludes its separation into
distribution of the orientation of the methoxy groups around enantiomers, but the rigid crown form lends itself to such
the TBCN core. The similarity of the experimental and enantioseparation by HPLC using suitable chiral columns. We
calculated spectra thus suggests that a single conformationinvestigated the solid-state properties of the crown enantiomers
dominates the conformational distribution. This is shown for and Compared them with the racemate. The neat enantiomers
the P enantiomer in Figure 11. The initial structure with all  are stable in the solid state, but they melt at a considerably lower
methoxy groups in the planes of the benzene rings optimized temperature than the racemate, and in the melt they rapidly
to a structure with one (R methoxy group remaining in the  racemize, most likely via the saddle form. Their crystal
plane, one below the plane toward @gaxis (R), and one (in  structures differ significantly from that of the racemate; the latter
the ortho position) above the planesjRfor each benzene ring,  contains a pair of enantiomeric molecules per unit cell, related
thus maintaining th€; symmetry. Examination of the calculated  to each other by inversion symmetry, while the neat enantiomers
structure indicates that rotation of the out of plane methOXy contain two, Symmetry unre|ated’ molecules per asymmetric
groups to the opposite sides of the benzene plane wouldynijt. The different melting transition of the neat enantiomers
introduce unfavorable steric overlap with the in-plane methoxy and the racemate and the fast racemization in the melt results
group on the adjacent ring. in characteristic DSC thermograms similar to those observed
for the neat saddle.
In a separate publicatiéhwe studied the NMR spectra of
The occurrence of the saddle form in substituted cyclotriv- the racemate and neat enantiomers in chiral liquid crystalline
eratrylenes is apparently more universal than previously thoughtsolvents. Here we extended these studies to the optical properties
and not limited to the sterically hindered and ring-modified of such solutions, including UV circular dichroism (UVCD) and
TBCN core. The failure to detect the saddle isomers in IR circular dichroism (VCD). The UVCD spectra were similar

Summary and Conclusions
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to those obtained for chiral peripherally substituted cyclotriv- (4) Collet, A.Comp. Supramol. Chend996 6, 281-303.
eratrylened-23 exhibiting clear exciton splitting. The effects Pringféléng%u%p&éaﬁigﬁa gd; _ Cég'r'gf;aAN 'fﬁgﬁgﬁghiﬂ"&hf(xgg’i(y
were, hovyever, difficult tp mterpret.ln .te.rms of the absolute g W., Eds.; Wiley-VCH: New York, ZOOO;YCh.:’alpter 13 '
conflgur_at|or_1 of the enantiomers. This d|ff|cu_lty stems from th_e (6) Zimmermann, H.; Poupko, R.; Luz, Z.; Billard, 2. Naturforsch.
uncertainty in evaluating the effect of multiple spectroscopic 1985 40a 149-160. _
moments on the final transition moment. Such an evaluation ~ (7) Malthete, J; Collet, ANow. J. Chim 1985 9, 151-153.
requires quantum mechanical computation of electronically 298(3)9—(:4"12“@””]” Lacombe. L.; Collet, AC. R. Acad. Sci. Ser. 2984
excited states, Whlch are very demand_lng. On the other _hand, (9) Collet, A. Comp. Supramol. Cheri996 2, 325-365.
the absolute configuration of the enantiomers could readily be  (10) zimmermann, H.; Bader, V.; Poupko, R.; Wachtel, E. J.; Luz, Z.
derived from analysis of the VCD spectra. In particular, we J. Am. Chem. So@002 124, 15286-15301.
found that the first and second enantiomers to elute from the . Slghz'mgﬁfmafgdoj-HB%%%)%‘?J;;"?%&W, H.-H.; Poupko, R.; Luz,
; - . J. Phys. Chem. , .
sepe_xrat|or] COIumn. correspond, reSpeCtlve.ly’ to %and M (12) Lesot, P.; Merlet, D.; Sarfati, M.; Courtieu, J.; Zimmermann, H.;
conflgurgtlons of Figure 2. Su_ch an analysis requires quantumyyz, 7. 3. Am. Chem. So@002 124, 10071-10082.
mechanical calculations of vibrational spectra in the ground  (13) Lafon, O.; Lesot, P.; Zimmermann, H.; Poupko, R.; Luz) ZPhys
electronic state only, which can readily be performed at a high Chem. Bjin press.
level of accuracy on molecules of the size discussed here. ggg ?:";'It:tefv Jégt:t(::sz'AcJ;'JArXEnChcehn;hsgi?géiofoésgg ggg’-
. . K . , AL i, . . . .

An mteres.tlng extensmr.l of this study could be toward long- (16) Collet, A.: Gottarelli, G.J. Am. Chem. Sod 981, 103 5012
chain substituted cyclotriveratrylene. Such compounds are 5913
known to exhibit columnar mesophases with different structures.  (17) Collet, A.; Gottarelli, G.J. Am. Chem. Socl982 104, 7383-
The peripherally substituted derivatives (wifla, symmetry) 7384.

are, however, so far only known in the crown fofrhilt would 595178)650%”“”" J.; Collet, A.; Gottarelli, G. Am. Chem. S02984 106,
be interesting to determine whether the saddle form of such (19) Canceill, J.; Collet, A.; Gabard, J.; Gottarelli, G. Spada, GI.P.

compounds also exists (as we believe), whether they aream. Chem. Socl985 107, 1299-1308.
mesogenic, and if so determine their mesogenic properties. (20) Canceill, J.; Collet, A.; Gottarelli, G.; Palmieri, B. Am. Chem.
Long-chain nonaalkanoyloxy cyclotriveratrylen€s ymmetry) ~ SO0C 1987 109, 6454-6464.

g 21) Collet, A.; Gottarelli, GCroat. Chem. Actd 989 62, 279-292.
are known to be mesogenic in both the saddle and crown ( : i ) . 2 )
forms.9 So far however. thev were onlv studied as racemates (22) Collet, A.; Gabard, J.; Jacques, J.; Cesario, M.; Guilhem, J.; Pascard,
: ) ) y y - C.J. Chem. Soc., Perkin Tran$981, 1, 1630-1638.

The successful separation of the nonamethoxy cyclotrivera- (23) Tambute, A.; Canceill, J.; Collet, Bull. Chem. Soc. Jpri989
trylene derivative into its enantiomers raises the hope that the 62, 1390-1392.

i i~ (24) Freedman, T. B.; Cao, X.; Dukor, D. K.; Nafie, L. £hirality
same procedure may also be used for the higher mesogenlc2003 15 743758,

homologues. This will open the way t_O prepare and study Ch”‘al (25) Paterlini, M. G.; Freedman, T. B.; Nafie, L. A; Tor, Y.; Shanzer,
columnar mesophases based on chiral cores (rather than chirah. Biopolymers1992 32, 765-782.
side chains). (26) Bosch, J.; Canals, J.; GranadosAR. Quim.1976 72, 709-712.

(27) Salmon, M.; Cabrera, A.; Zayala. N.; Espinoza-Perez, G.; Gardenas,
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