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ABSTRACT: We report the synthesis and the optical resolution of Cs-symmetrical tris-aza-
cryptophanes anti-3 and syn-4, as well as the study of their interaction with xenon via
hyperpolarized 2°Xe NMR. These molecular cages are close structural analogs of the two well-

known cryptophane-A (1; chiral) and cryptophane-B (2; achiral) diastereomers since these new



compounds differ only by the presence of three nitrogen atoms grafted on the same
cyclotribenzylene unit. The assignment of their relative (syn vs anti) and absolute
configurations was made possible thanks to the combined use of quantum calculation at the
DFT level and vibrational circular dichroism (VCD). More importantly, our results show that
despite the large structural similarities with cryptophane-A (1) and -B (2), these two new
compounds show very different behavior in the presence of xenon in organic solution. These
results demonstrate that a prediction of the physical properties of the xenon@cryptophane

complexes, only based on structural parameters, remains extremely difficult.

INTRODUCTION

Supramolecular structures based on poly-aromatic systems have attracted a lot of
attention in the past and this area of research is still very active today. For instance, the
pioneering work of Cram and co-workers in the 70-80’s has been a source of inspiration to
design new original structures capable of establishing very selective interaction with various
substrates in solution.! In the same period, other organic systems such as cryptophane
derivatives have emerged and this class of compound has been the subject of numerous studies
due to their ability to reversibly encapsulate atoms or small molecules in solution.? Thus,
cryptophane derivatives, which are hollow molecules with a characteristic globular shape, are
among the first artificial organic systems able to isolate a guest molecule from the bulk. This
property makes the identification of these complexes through NMR easier since the
encapsulated guest molecule usually shows a specific spectral signature, which is different from
the guest molecule in solution. Famous examples have been reported in the past with methane,
Xenon, or even cationic species as guests in which nuclei of the encapsulated species show large

chemical shift difference with respect to the free guest present in the bulk.?



Despite the great interest for these supramolecular systems, cryptophane derivatives
remain difficult to prepare and the production of novel structures remains limited even though
sustained efforts have been made by our group and others to develop the chemistry of these
molecules. Several issues related to the synthesis of these derivatives strongly limit the
possibility to prepare easily new cryptophane derivatives. For example, ring-closure reactions
leading to the formation of the two cyclotribenzylene units (CTB) are the main limitation, as
the electron-donating substituents must be grafted onto the benzene rings for the reaction to be
successful. Thus, for this reason the overwhelming majority of the cryptophane derivatives
reported in the literature has been prepared from vanillyl alcohol as a starting material, a
molecule that contains two oxygen atoms grafted on the benzene ring.* Despite the difficulties
in preparing novel cryptophane structures decorated with heteroatoms, the synthesis of sulfur-
containing cryptophanes has been reported by Hardie et al and Chambron et al via the direct-
coupling method.® Interestingly, this approach does not require the formation of a CTB ring at
a later stage of the synthesis but it cannot be easily extended to the synthesis of cryptophane
derivatives bearing heteroatoms other than sulfur. Of course, the synthesis of heteroatom-
decorated cryptophane derivatives can be considered, but their synthesis would require
additional chemical transformations once the cryptophane backbone is formed, which remains

a difficult task.

The synthesis of aza-congeners of cryptophane-A and cryptophane-B has not been
reported yet. This may appear surprising since when grafted onto a benzene ring, nitrogen is a
strong electron-donating atom and the formation of nitrogen-containing CTB derivatives has
been reported with excellent yields.® Nevertheless, the replacement of one or several oxygen
atoms present in the structures of cryptophane-A (1; chiral) or cryptophane-B (2; achiral) is not
straightforward and it represents an interesting synthetic challenge. In this article, we focus

exclusively on the synthesis of aza-cryptophane anti-3 and syn-4 bearing three nitrogen atoms



grafted on the same CTB cap (Chart 1). It is noteworthy that these new aza-derivatives anti-3

and syn-4 are both chiral compounds.

Cryptophane-A (1) and cryptophane-B (2) are diastereomers with small internal cavities
(Mvaw = 90-100 A®) and they differ only by the arrangement of the three linkers (anti
conformation for cryptophane-A and syn conformation for cryptophane-B).”® Another way to
describe these two systems is to assign for each CTB unit a stereo-descriptor M or P.° Thus, for
the two structures reported in Chart 1, we can associate the PP absolute configuration (AC) for
the cryptophane-A derivative whereas cryptophane-B possesses the PM absolute configuration.
It is noteworthy that anti-cryptophane-A (1) and anti-3 are not defined by the same stereo-
descriptors (the same is true for syn-cryptophane-B (2) and syn-4). Indeed, the readers have to
keep in mind that the stereo-descriptors used for compounds anti-3 and syn-4 are different from
those used for the two cryptophane congeners A (1) and B (2) (Chart 1) due to the change of

priority between the oxygen and nitrogen atoms.

Replacement of three oxygen atoms by nitrogen atoms is expected to modify both the
electronic and magnetic properties of the cavity without affecting significantly the cavity size.
Thus, even though compounds 3 and 4 are expected to be very similar in shape to compounds
1 and 2, respectively, their molecular recognition properties are also expected to differ to some
extent. Moreover, the introduction of nitrogen atoms allows us to investigate the binding
properties of these hosts under different conditions. Indeed, protonation of the nitrogen atoms

under acidic condition should affect significantly the properties of these two hosts.



cryptophane-A (1) cryptophane-B (2)
HN HcO NH N OCHs HN HiCO  NH N OCHj3
\OCH;; ; ‘\‘ OCH,
HsCO OCHg

Chart 1: Chemical structures of cryptophane-A (1, chiral, D; symmetry), cryptophane-B (2; achiral, Csn
symmetry) and aza-cryptophane congeners (3 and 4; both chiral, C3 symmetry). Only a single enantiomer is shown
for chiral compounds, PP-1, PM-2, PM-3 and MM-4.

We report in this article the synthesis and the characterization of the two aza-
cryptophane anti-3 and syn-4. The two enantiomers of compounds anti-3 and syn-4 were first
separated by High-Performance Liquid Chromatography (HPLC) using chiral stationary
phases. Then, the chiroptical properties of the optically active compounds anti-3 and syn-4 were
investigated by Electronic Circular Dichroism (ECD) and Vibrational Circular Dichroism
(VCD) in order to determine their relative and absolute configuration. Finally, the formation of
their complexes with xenon in organic solution was reported under different conditions and
these results were compared with those previously obtained for cryptophane-A (1) and

cryptophane-B (2) in the same conditions.

RESULTS

Synthesis of aza-cryptophanes anti-3 and syn-4. The strategy used to prepare

compounds 3 and 4 relies on the so-called template method, which allows the formation of the



two CTB caps of the cryptophane derivatives at different stages of synthesis.?® First, the
preparation of a CTB decorated with three nitrogen atoms was performed using 4-amino-3-
methoxybenzyl alcohol (5) as starting material, according to a known procedure (Scheme 1,
route A).1° This synthesis leads to the triamino-CTB 6 in three steps (acylation with acetic
anhydride, cyclization and deprotection of the acetyl moieties), with a 62% overall yield.
Finally, compound 6 was allowed to react with bromoacetyl bromide in the presence of DIPEA
to give compound 7 in 55% yield. Thus, using route A compound 7 was obtained with a 34%
overall yield but we noticed that the formation of compound 7 could be improved by using a
two steps approach (Scheme 1, route B). In this novel approach, compound 5 was allowed to
react with two equivalents of bromoacetyl bromide in presence of DIPEA to give compound 8
in 70% yield. In the presence of a HCIO4/AcOH mixture, compound 8 gave rise to compound

7 in 86% vyield, leading to a shorter synthesis and a better overall yield (60%).
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Scheme 1: Synthesis of tris-aza-CTB 7 according to route A (four steps) and route B (two steps).

Thanks to the presence of three terminal bromomethyl functions, compound 7 can be
used as an interesting chemical platform to introduce new functionalities via Sn2 reactions.
Thus, compound 7 was allowed to react with three equivalents of protected vanillyl alcohol 9

in the presence of K.CO3 to give compound 10 in moderate yield (52%) after purification



(Scheme 2). Then, transformation of the three aromatic amide functions of compound 10 into
secondary aromatic amines was performed in THF, under reflux conditions, by using borane
dimethyl sulfide complex as the reducing agent. Purification on silica gel gave rise compound
11 in moderate yield (38%). Finally, the second ring closure reaction was performed by using
a mixture of perchloric acid and acetic acid at room temperature. Purification of the crude
product on silica gel followed by recrystallization in CH2Cl2/EtOH allowed us to isolate two
compounds. The first eluted compound was isolated with a yield of 1.2% and the second was
isolated with a 6% yield. The analysis of their respective *H NMR spectra revealed proton
signals characteristic of a cryptophane skeleton. These two *H NMR spectra show a lot of
similarities suggesting that both compounds are syn and anti-cryptophane diastereomers.
Indeed, the presence of four signals in the aromatic region of the *H NMR spectra allowed us
to confirm that these two compounds have Cs-symmetry, as expected for anti-3 and syn-4.
Thanks to *H, BC and 2D-NMR (COSY, HSQC and HMBC) spectroscopy, the complete
assignment of the H signals of these two derivatives was carried out (Figures S1-S18).
However, the relative configuration (syn vs anti) of the first and second eluted compounds is
not known at this stage and additional characterizations are necessary to determine this point.
In addition, compounds anti-3 and syn-4 both possess an inherent chiral structure due to their
lack of symmetry (Cs group). Thus, the combined use of vibrational circular dichroism (VCD)
spectroscopy and density functional theory (DFT) calculations appeared here as the method of
choice for the attribution of their relative and absolute configuration. Indeed, even though the
two compounds show very similar structures, anti-3 and syn-4 should exhibit different VCD
spectra, as already observed with optically active cryptophane-A congeners decorated with nine

methoxy substituents.!!
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Scheme 2: Synthesis of aza-cryptophanes anti-3 and syn-4.

Assignment of the relative and absolute configuration of 3 and 4. The two
enantiomers of the first and second eluted cryptophanes on silica gel have been separated by
HPLC using chiral stationary phase (Figures S19-S20). The two enantiomers of the first isolated
cryptophane derivative on silica gel have been separated on Chiralpak IE chiral column. Each
enantiomer of this derivative has been isolated with an enantiomeric excess (ee) >98%.
Similarly, the two enantiomers of second eluted cryptophane on silica gel have been separated
on the same chiral column but using a different mobile phase. These two enantiomers have also
been isolated with excellent ee (>99.5%). In the two separations, sufficient material was isolated
to study their chiroptical properties by VCD and ECD spectroscopy in order to determine their
relative and absolute configuration. The *H NMR spectra of the enantiopure cryptophanes (+)-

3, (5)-3, (+)-4 and (-)-4 are reported in Supporting Information (Figures S21-S24).

Specific Optical Rotation (SOR) values for the two enantiomers of compounds 3 and 4
have been measured in CH>Cl, and compared to the SOR values of compound 1 (Figure S25).

The first eluted enantiomer of 3, [CD(-)2s4]-3, exhibits negative values of SOR at 436, 546, 577



and 589 nm. Thus, the sign of the SOR value at 589 nm and the sign of the CD at 254 nm is the
same, which facilitates its identification. The SOR values of [CD(-)254]-3 are very close than
those measured for [CD(-)254]-1. The first eluted enantiomer of 4, [CD(-)2s4]-4, shows also
negative values of SOR at 436, 546, 577 and 589 nm, but these values are significantly lower

than those measured for [CD(—)2s4]-3.

The two enantiomers of the two compounds 3 and 4 were studied by IR and VCD
spectroscopy. The IR spectra recorded in CDCIz of the first and second eluted compounds
(silica gel) exhibit similar spectra in the spectral range 3600-950 cm™, and only small
differences in the intensity of the IR bands are observed (Figures S26). Thus, it is not possible
to assign the relative configuration (syn vs anti) of the two compounds from IR spectra. The
VCD spectra recorded in CDCl3 for the two enantiomers of compounds 3 and 4 are presented
in Supporting Information (Figures S27-S28). For each compound, the VCD spectra of the two
enantiomers are perfect mirror images, as expected for enantiopure compounds. Interestingly,
a comparison of the VCD spectra of the two compounds reveals large spectral differences in
the 1700-950 cm™ region (Figure 1). For instance, the vspC=C stretching vibration around 1610
cm! exhibits a negative band for the first eluted compound on silica gel and the second eluted
enantiomer on Chiralpak IE column (Figure 1a, bottom), whereas the same stretching vibration
shows a positive-negative bisignate band for the second eluted compound on silica gel and the
first eluted enantiomer on Chiralpak IE column (Figure 1b, bottom). Likewise, the vi9oC=C
stretching vibration around 1510 cm™ exhibit a negative-positive bisignate band in Figure 1a
and a negative-positive-negative pattern in Figure 1b. More importantly are the spectral
differences in the 1300-1200 cm™ region. Ab-initio calculations of the VCD spectra at the DFT
level (B3LYP/6.31G**) for the PM-anti-3 and the PP-syn-4 molecules allow us to reproduce
with a good degree of confidence the experimental VCD spectra of the two compounds

considered in Figure 1la and 1b, respectively, allowing the determination of their relative and



absolute configurations.? It can be concluded that the first eluted compound on silica gel
corresponds to the anti-3 derivative. In turn, the second eluted compound on silica gel can
undoubtedly be attributed to the syn-4 derivative. In addition, the comparison between the
theoretical and experimental VCD spectra reveals that the PM (or MP) absolute configuration
can be attributed to the second (or first) eluted enantiomer of anti-3 on the Chiralpak IE
column. For the derivative syn-4, the VCD experiments allow us to assign the PP (or MM)
absolute configuration for the first (or second) eluted enantiomer on the chiral HPLC column.
The chemical structures of these four compounds are reported in Supporting Information

(Figure S29).
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Figure 1: Experimental VCD spectra (bottom) of the first eluted compound on silica gel and the second eluted
enantiomer on Chiralpak IE column (a) and of the second eluted compound on silica gel and the first eluted
enantiomer on Chiralpak IE column (b) recorded in CDClI; at 25°C. Theoretical VCD spectra (top) for the PP-
anti-3 (a) and the PP-syn-4 (b).

As compounds PP-1 and PM-3 show large structural similarities, it is interesting to

compare their IR and VCD spectra in order to evaluate how the introduction of heteroatoms in

the cryptophane-A skeleton can affect the vibrational spectra. Of course, this comparison cannot

10



be done with compounds syn-4 and cryptophane-B (2) since compound 2 is not chiral. It can be
noticed that the IR spectra of compounds anti-1 and anti-3 are very similar and the main spectral
differences are observed below 1250 cm™ (Figure S30). On the other hand, more important
spectral differences are observed in their VCD spectra (Figure S31). Indeed, the overall
intensity of the VCD spectrum of compound PM-3 is measured with a significant lower
intensity than its parent molecule PP-1, probably as a consequence of the breakdown of its
molecular symmetry. Moreover, this spectrum reveals large spectral differences with respect to
the VCD spectrum of PP-1 in the 1400-1350 and 1250-1200 cm™ region related to the linkers

and associated with the wagging CH> chains and vaC-O-C stretching mode, respectively.

The ECD spectra of compounds have been recorded in CH,Cl, and THF for compound
anti-3 and in CH2Cl,, CHCl3, CH3CN and THF for compound syn-4 (Figures S32-S37). In
CH3CN the MM-syn-4 enantiomer shows several positive-negative bands of different
intensities between 220 and 340 nm (Figure S36). For instance, this enantiomer shows two
negative Cotton bands of relatively high intensities at 292 nm (Ae =-12.6 L mol* cm™) and
250 nm (Ae =-73.5 L mol! cm™). Two positive Cotton bands of similar intensities are also
observed for this enantiomer at 269.5 nm (Ae = + 57.9 L mol™t cm™) and at 232 nm (Ae = + 65.7
L mol? cm™). In addition, a close examination of the ECD spectrum reveals the presence of
additional Cotton bands of very week intensities at higher wavelengths. Indeed, the same
enantiomer shows one negative Cotton band at 318 nm (Ae ~— 1.0 L mol cm™) and two
positive Cotton bands at 328 nm and 306 nm (Ae ~ + 2.0 L mol™t cm™). It is noteworthy that the
PP-syn-4 enantiomer shows a perfect mirror image in the same condition. Changing the nature
of the solvent has little impact of the global shape of the ECD spectra except for the weak

Cotton bands located between 300 and 340 nm.
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Additional ECD experiments were performed in CH>Cl> with the two enantiomers of
syn-4 in the presence of various amount of trifluoroacetic acid (TFA). For instance, compound
MM-syn-4 shows large spectral differences as the amount of TFA added to the CH2Cl; solution
increases. These spectral differences result in a significant decrease of all the Cotton bands
observed between 230 and 300 nm (Figure S38a). The PP-syn-4 enantiomer behaves similarly
(Figure S38b). Under similar experimental conditions, we observed that the two enantiomers
of anti-3 are also affected by the addition of TFA into the solution (Figures S39 a,b). The
corresponding spectra of anisotropy factors (g = Ae/g) were also calculated and are reported in

Supporting Information (Figures S32-S39).

Study of the interaction of anti-3 and syn-4 with xenon using hyperpolarized 12°Xe
NMR. Laser-polarized xenon prepared in the batch mode has been introduced in C2D2Cls
solutions containing compounds anti-3 and syn-4 and studied at 11.7 T and 293 K. The 1%°Xe
spectrum of xenon in the anti-3 solution reveals two sharp signals that can be easily identified.
The intense signal calibrated at 6 =223 ppm (Figure 2a) corresponds to xenon dissolved in
tetrachloroethane-d>. The second signal, shifted toward low frequencies (6= 51.9 ppm),
corresponds to xenon caged in the compound anti-3. Under the same experimental conditions,
the 12°Xe NMR spectrum of syn-4 is characterized by two sharp signals indicating that here also
xenon experiences a slow in-out exchange dynamics with the compound syn-4 at 293 K and
11.7 T (Figure 2b). In addition to the strong 2°Xe signal corresponding to xenon free in 1,1,2,2-
tetrachloroethane-d», calibrated at 223 ppm, another sharp signal shifted towards low

frequencies and located at 6 = 72.1 ppm corresponds to xenon caged in syn-4.
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Figure 2: One-scan **Xe NMR spectra of (a) Xe@anti-3 (c = 3.0 mM) and (b) Xe@syn-4 (c = 3.3 mM) recorded
in C;D,Clsat 293 Kand 11.7 T.

Since compounds anti-3 and syn-4 belong to the families of cryptophane-A (1) and B
(2) respectively, it seems interesting to compare their 1Xe NMR spectra in the same
experimental conditions. The most significant difference is between the complexes with syn-2
(cryptophane-B) and syn-4, the former giving rise to a fast in-out xenon exchange situation at
11.7 T and 293 K. Consequently, at this temperature its 2*Xe NMR spectrum does not exhibit
a specific resonance frequency for the complex Xe@2.2 Conversely, the 12°Xe NMR spectrum
of a solution containing a mixture of cryptophanes anti-3 and anti-1 reveals three signals
(Figure 3), indicating slow in-out xenon exchange for both complexes. The two high-field
shifted 12°Xe NMR signals, at 65.9 and 51.9 ppm correspond to xenon encapsulated in
compounds 1 and 3, respectively. From the linewidths of the caged xenon signals, a clear
difference in the in-out exchange dynamics of xenon can be observed between the two
cryptophanes. This exchange is faster for the system Xe@1 than for Xe@3. At first sight this
may appear surprising since these compounds are structurally identical (only three oxygen
atoms of 1 have been replaced by three nitrogen atoms) and possess similar cavity size. From
this experiment it can be concluded that the presence of nitrogen atoms in the skeleton of the
compounds anti-3 and syn-4 reduces significantly the xenon in-out exchange rate compared to

what is observed with the corresponding cryptophanes containing ethylenedioxy linkers (anti-
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1 and syn-2, respectively). The knowledge of the association constant for the Xe@1 complex
(3900 MY), allow us to estimate the association constant K, = 2300 M for the Xe@3 complex.
From a separate 12°Xe NMR experiment performed on the mixture of cryptophanes 3 and 4, the
association constant with 4 could be estimated to be 2800 M. Keep in mind that a large

uncertainty is encountered with these successive experiments (cumulative error).

Xe@3

70 60 50 40

Xeﬂ

"
v -

N

300 200 100 ppm

Figure 3: One-scan 2Xe NMR spectrum of compound 3 (c =1.6 mM) and cryptophane-A (1) (c = 1.3 mM)
recorded at 293 K in C2D,Cl,.

Finally, we have studied the effect of protonation of the three aromatic amine moieties
present in the cryptophane skeleton of anti-3 and syn-4 on their 2°Xe NMR spectra. The *?°Xe
NMR spectra of Xe@anti-3 and Xe@syn-4 complexes have been recorded in C2D2Cl4 solutions
at 293 K with an excess of TFA. It can be seen that addition of 1 pL TFA to these solutions has
a drastic effect on 2°Xe NMR spectra of both Xe@anti-3 and Xe@syn-4 complexes (Figures
S40-S41). For instance, with addition of TFA the Xe@syn-4 signal is low-field shifted to reach
a value of 99.7 ppm (Ad = 27.6 ppm with respect to neutral Xe@syn-4 complex) and is
broadened. More surprisingly, in the same conditions the Xe@anti-3 complex gives rise to a
very broad signal that is difficult to distinguish from noise on the 12Xe NMR spectrum at 293

K.
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DISCUSSION

Anti-3 and syn-4 aza-cryptophanes have been obtained in low yield and they have been
more difficult to isolate than their congeners cryptophane-A and cryptophane-B due to the
presence of nitrogen atoms in the cryptophane skeletons. It is noteworthy that the formation of
anti-3 and syn-4 takes place during the same reaction whereas two different protocols are
necessary to isolate cryptophane-A and cryptophane-B. At first sight, the difficulties to obtain
compounds anti-3 and syn-4 may appear surprising since the synthetic pathway used to prepare
these two derivatives is similar to the one used for the preparation of compounds anti-1 and
syn-2. Indeed, the second ring closing reaction involves only benzenic groups decorated with
oxygen atoms and the CTB decorated with aromatic amine substituents does not directly
participate to the cyclization reaction. Thus, the large difference in the isolated yields for these
two compounds suggests that the protonation of the three nitrogen atoms has a strong impact
on the conformation of the linkers, which in turn hinder the second ring closing reaction.
Attempts have been made to improve the yield of the reaction by changing the experimental
conditions. For instance, the replacement of HCIO4/AcOH by a HCIO4/MeOH mixture at room
temperature also resulted in the formation of cryptophane anti-3 and syn-4 in small amount.
The formation of these two diastereomeric compounds was detected by *H NMR spectroscopy
but they were not isolated. A change of the nature of the acid did not allow us to improve the
yield of the reaction. For instance, the use of a HCOOH/CHCIs (v: 1/1) mixture at 60°C under
diluted conditions resulted in the formation of a complex mixture of compounds, which were
not characterized, and the expected syn and anti-cryptophanes were not detected from the crude
material. These conditions are those usually reported to produce in high yield the cryptophane-

A (1) derivative and its congeners.? Similarly, the use of milder conditions did not allow us to
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improve the yield of compounds anti-3 and syn-4. For instance, the use of scandium triflate as
Lewis acid has been reported to promote the ring closing reaction of many different systems
such as cyclotriveratrylene, hemicryptophane and cryptophane derivatives.'® Unfortunately, the
use of this reagent in CH2Cl. or in CH3CN did not allow us to promote the formation of the two
desired diastereomers. It should be noted that these experimental conditions were also used with
the cryptophane precursor 10, which can also be subjected to the Friedel-Crafts reaction under
acidic conditions. In all cases, a complex mixture of compounds was observed and the analysis

of the *H NMR spectrum of the crude mixture did not allow us to detect the desired compounds.

VCD spectroscopy associated with DFT calculations have been used to assign the
relative (anti vs syn) and absolute configurations of compounds 3 and 4. In contrast to
cryptophane-A and B, among which only cryptophane-A is chiral, both cryptophane derivatives
anti-3 and syn-4 are optically active and possess the same molecular Cs-symmetry. As the
determination of the stereochemistry of each isolated cryptophane cannot be rapidly established
from the analysis of their respective 'H NMR, chiroptical techniques have been privileged in
this article for the unambiguous determination of their stereochemistry. Previous studies

performed on highly substituted cryptophane derivatives with Cz-symmetry have revealed that

VCD and ROA spectra of anti and syn diastereomers displayed large spectral differences.!t4
In these examples, DFT calculations (B3PW91/6-31G**) reproduced fairly well the main
features of each spectrum, thus allowing to assign with a good degree of confidence the

stereochemistry of each compounds.

As expected, compounds anti-3 and syn-4 show large spectral differences and DFT
calculations (B3LYP/6-31G**) allow to reproduce fairly well these spectra. The main spectral
differences between anti-3 and syn-4 concerns the VCD bands related to the C=C stretching

vibrations (vgsC=C and vi9,C=C around 1610 cm™ and 1510 cm, respectively) and those in

the 1300-1200 cm region related to alkyls chains and vaC-O-C stretching vibration. Thus, this
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study allows the assignment of the anti-diastereomer to the first eluted compound on silica gel.
In turn, the syn-diastereomer can be assigned to the second eluted compound. At first glance,
this result is surprising considering that in the large majority of examples the cryptophane
derivatives having the anti-stereochemistry are usually the major products. In this study, the
syn-diastereomer is formed preferentially (6%) compared to its anti-congener (1.2%) even
though the yield considered here are low. In addition, the comparison between the experimental
and theoretical VCD spectra allows the assignment of the AC of each enantiomer of the two
diastereomers. The PM (MP) absolute configuration has been attributed to the second (first)
eluted enantiomer of anti-3, whereas the PP (MM) absolute configuration is related to the first

(second) eluted enantiomer of syn-4.
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Figure 4: ECD spectra of anti-PM-3 (red spectrum) and anti-PP-1 (black spectrum;

cryptophane-A) derivatives recorded in THF at 298 K.

The ECD spectra of compound anti-PM-3 reveal several spectral differences with
respect the parent anti-PP-1 derivative (Figure 4). These spectral differences come from the
fact that three oxygen atoms of compound anti-1 have been replaced by three nitrogen atoms.

Indeed, this chemical modification has two important consequences. First, it leads to a
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breakdown of the molecular symmetry with respect to the parent Dz-symmetric molecule 1. The
anti-3 compound has C3z symmetry and due to the excitonic coupling model, each Cotton band
present on the ECD spectrum is the combination of several excited states whose number,
position and intensity (defined by their rotational strength) are different from those observed
with the anti-1 compound having Ds symmetry.®® Second, the nitrogen atom attached to a
benzene ring has a stronger electron-donating effect than an oxygen atom and, as a
consequence, it causes a larger rotation of the electronic transitions moment for the excited
states Ly, 'La and 1By. Finally, in addition to these electronic effects, it cannot be excluded that
the anti-3 compound adopts different linker conformations compared to what is observed with

cryptophane-A. These conformational changes may modify the shape of their ECD spectra.

The most interesting characteristics of anti-3 and syn-4 compounds derive from their
molecular recognition properties with xenon. Indeed, these two compounds show behaviors
very different from those observed with the parent molecules 1 and 2. At first glance, these
differences are difficult to interpret because compounds 1 and 3 on the one hand and,
compounds 2 and 4 on the other hand, share great structural similarities. For instance, replacing
C-O bonds by C-N bonds is not expected to change significantly the cavity size of compounds
3 and 4 compared to their parent derivatives. Our results reveal that xenon in the Xe@3 and
Xe@4 complexes resonates in the same frequency region than the Xe@1 complex. This is
expected because the encapsulated xenon in compounds 1-4 is surrounded by six benzene
groups decorated with electron-donating atoms (N, O for 3-4 and O, O for 1-2). However,
observation of the 12°Xe NMR spectra reveals that the replacement of three oxygen atoms by
three nitrogen atoms has a strong effect on the in-out xenon exchange rate. In order to explain
the large differences in behavior observed between hosts 3-4 and derivatives 1-2, we assume
that the aromatic amine groups can easily establish a hydrogen-bonding network with the

residual water molecules. These water molecules may be present in compounds 3 and 4 before
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doing the *?°Xe NMR experiments or they may come from the solvent C2D2Cla. In such an
apolar solvent, the aromatic amine groups can favor the formation of a water cluster near the
portal of cryptophanes 3-4. It is noteworthy that the presence of water molecule within the
cavity of cryptophane-A had already been identified in the solid state, however such
encapsulation phenomenon could not be detected here with hosts 3-4 in C2D,Clssolutions.® In
this respect, *"H NMR and *H-'H NOESY spectra of host 4 recorded in C2D2Cl4 both reveal a
slow exchange between the free water signal at 1.6 ppm and a signal at 5.0 ppm which is
assigned to clusters of water close to the cryptophane portals. (Figures S42-S43). Therefore,
water molecules are likely to build a strong network of hydrogen bonds around the NH groups,
which in turn can impact the in-out exchange dynamics of xenon. This result, which has not
been observed with other cryptophane to date, sheds light on the possible role of water in the

overall properties of the xenon-cryptophane complexes.

Herein, the most striking result comes from the analysis of the 12Xe NMR spectrum of
syn-4 that shows a very sharp spectral signature whereas no signal corresponding to the Xe@?2
complex could be detected under the same experimental conditions (fast in-out exchange at the
NMR time scale). Surprisingly, it can be noticed that the Xe@3 and Xe@4 complexes share
more similarities with the Xe@cryptophane-111 complex that possesses a smaller inner cavity

(V =81 A% and a large affinity for xenon in the same conditions.’

It is noteworthy that upon acidification with trifluoroacetic acid a drastic change of the
129%e NMR spectra is observed. Indeed, upon acidification the electron donor properties of the
aromatic amine groups can be easily reversed and transformed into a strong electron attractor.
This should interfere with xenon complexation by cryptophanes 3-4. The acidification of the
medium has a strong effect on the shape of the signal of the encapsulated xenon and it results
in an increase of the exchange dynamics of xenon for the two complexes Xe@anti-3 and

Xe@syn-4. Even though, this effect is difficult to explain in details it is reasonable to assume
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that the protonation of the three aromatic amine moieties has an effect on the conformation of
the three linkers. Such hypothesis is also supported by the strong modifications observed for
ECD spectra of hosts 3-4 upon acidification of the bulk which reveals potential significant
conformational changes. Protonation of the nitrogen atoms may also destroy the water cluster
present around hosts 3-4. Both parameters may affect drastically the in-out exchange dynamics

of xenon.

The large difference in the behavior of the cryptophane-A and cryptophane-B
congeners in the presence of xenon rise some comments. The two examples cited in this article
reveal that very slight change in the chemical structure of the cryptophane skeleton can have a
tremendous effect on the overall physical properties of the Xe@cryptophane complexes. Thus,
the study of cryptophanes 3 and 4 in the presence of xenon shows that the physical properties
of the Xe@cryptophane complexes are difficult to predict accurately on the sole basis of the

chemical structure of the studied cryptophane.

These results may have important consequences in the design of cryptophane biosensors
for 12Xe MRI applications. Pines and co-workers have shown that encapsulated xenon in
cryptophane cavities could be used as a molecular tracer for the detection of biological events
at the molecular level using hyperpolarized 12°Xe NMR.!® Since then, many different molecular
systems have been developed by our group and others to detect biomolecules or analytes by
this means.'® So far, the overwhelming majority of organic systems cited in the literature use
the cryptophane-A skeleton to build up these biosensors.?’ A modification of the cryptophane
backbone structure to improve the characteristics of these biosensors is desired to improve
solubility in physiological media, the xenon binding constant or more importantly the xenon in-
out exchange dynamics that plays a key role in the detection of these molecular tracers.?* This
work demonstrates that the main characteristics of the Xe@cryptophane complexes cannot be

easily predicted based on structural parameters. Therefore, this may complicate the design of
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new molecular tracers optimized for MRI application. On the other hand, quantum calculations
can be used to predict some characteristic of these supramolecular complexes. For instance, this
approach has been successfully used to predict precisely the chemical shift of the encapsulated
xenon in cryptophane-111 derivatives decorated with a different number of hydroxyl
functions.?? However, a prediction of the physical properties of xenon present within
cryptophane cavities is a difficult and time demanding task. For instance, the accurate
prediction of 12°Xe properties inside molecular hosts requires the use of particular functionals
density methods to take into account the dispersion energy to describe the host-guest interaction
and relativistic effects have also to be included in the calculation in the case of xenon. In
addition, it is noteworthy that a prediction of the in-out xenon exchange dynamics cannot be
achieved by quantum calculations methods. The results reported in this article also suggest that
the solvent and especially water has to be taken into consideration in these calculations to

predict accurately the physical properties of these supramolecular systems.

CONCLUSION

We report the synthesis of two cryptophane-A and B congeners decorated with nitrogen
atoms. The introduction of these heteroatoms yields to a breakdown of the molecular symmetry
and, as a consequence, both compounds show an inherent chiral structure. The identification of
the relative and absolute configurations of compounds anti-3 and syn-4 has been established
thanks to the combined use of DFT calculations and VCD spectroscopy. As a result of the
replacement of three oxygen atoms in compound anti-1, the new chiral compound anti-3

exhibits very different chiroptical properties from those observed with cryptophane-A.

Interestingly, these new derivatives show remarkable features in organic solution in the

presence of hyperpolarized xenon and large differences are observed in their *Xe NMR
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spectra compared to those obtained with the cryptophane-A (1) and cryptophane-B (2)
derivatives. For instance, both complexes Xe@3 and Xe@4 complexes exhibit very sharp ?°Xe
NMR signals, which are characteristic of a slow in-out exchange dynamics of xenon. On the
other hand, this exchange appears to be much faster in the case of cryptophane-A and
cryptophane-B than for compounds anti-3 and syn-4 whereas the structures of these compounds
are similar. Interestingly, we show that the in-out exchange dynamics of xenon of the Xe@3
and Xe@4 complexes can be modified upon acidification of the bulk by addition of TFA. The
new derivatives 3 and 4 share structural similarities with cryptophane A and B, respectively,
but their behavior in the presence of xenon reveals large differences, suggesting that a
prediction of the physical properties of these complexes remains difficult on the basis of
structural comparisons alone. In addition, the unusual characteristics observed with Xe@3 and
Xe@4 complexes suggest a possible role of water molecules in the behavior of these complexes.

Work is underway to understand how water molecules interact with cryptophane derivatives.

EXPERIMENTAL DETAILS

Mass spectra (HRMS) were performed by the Centre de Spectrométrie de Masse,
University of Lyon. Analyses were performed with a hybrid quadrupole-time-of-flight mass
spectrometer, microToF QIl equipped with an electrospray ion source. Data Analysis 4.0 was
used for instrument control, data collection, and data treatment. HRMS analyses were
performed in full scan MS with a mass range from 50 to 2000 Da at an acquisition rate of 1 Hz.
Transfer parameters were as follows: RF Funnel 1, 200 V; RF Funnel 2, 200 V; hexapole, 50
V; transfer time, 70 ps; and PrePulse storage time, 1 ps. Before each acquisition batch, external
calibration of the instrument was performed with a sodium formate clusters solution. *H and
13C NMR spectra were recorded at 300 or 400 and 75.5 or 100.6 MHz, respectively. Chemical

shifts are referenced to MesSi (*H, $3C). Structural assignments were made with additional
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information from gCOSY, gHSQC, and gHMBC experiments. Column chromatographic
separations were carried out over Merck silica gel 60 (0.040—0.063 mm). Analytical thin-layer
chromatography (TLC) was performed on Merck silica gel TLC plates, F-254. The solvents
were distilled prior to use: DMF and CHCl, from CaH2, THF from Na/benzophenone, and

pyridine from KOH.

HPLC Separation. The two enantiomers of anti-3 were separated on semi-preparative
Chiralpak IE (250 x 10 mm) chromatographic column. A mixture of EtOH + EtsN (0.1%
v/v)ICH2Cl> (50/50) was used as a mobile phase (flow-rate = 5 mL/min). UV detection was
performed at 254 nm. The two enantiomers of anti-3 have been successfully separated with an
enantiomeric purity > 98%. Similarly, the two enantiomers of syn-4 were separated on semi-
preparative Chiralpak IE (250 x 10 mm) chromatographic column. A mixture of Hexane/EtOH
+ EtaN (0.1% v/v)/CH.CI> (10/40/50) was used as a mobile phase (flow-rate =5 mL/min). UV
detection was performed at 254 nm. The two enantiomers of syn-4 have been successfully

separated with an enantiomeric purity > 99.5%.

UV-visible and ECD spectroscopy. ECD spectra were recorded in CHCl,, CHCls,
CH3CN and THF at 293 K. Quartz cell with a path length of 0.2 cm and 1 cm were used for the
ECD and UV-visible experiments. A concentration range of 8 x 10° to 1 x 10 moles per liter
were used for ECD and UV-visible experiments. The ECD spectra were recorded in the
wavelength range of 225 — 400 nm with a 0.5 nm increment and a 1 s integration time. The
spectra were processed with standard spectrometer software. A smoothing procedure was

applied by using a third-order least-square polynomial fit when necessary.

129Xe NMR spectroscopy. Xenon enriched at 83% in isotope 129 was hyperpolarized
via Spin Exchange Optical Pumping in the batch mode, using our home-built setup described.?®

The cryptophanes were solubilized in tetrachloroethane-d, and placed in 5-mm NMR tubes
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capped with J. Young’s valves. The transfer of hyperpolarized xenon into these tubes previously
evacuated was made through a vacuum line in the fringe field of the NMR magnet. All the *2°Xe

NMR experiments were run at 11.7 T and 293 K.

VCD Spectroscopy and DFT calculations. The IR and VCD spectra were recorded
with a FTIR spectrometer equipped with a VCD optical bench, following the experimental
procedure previously published.?* Samples were held in a 250 um path length cell with BaF,
windows. IR and VCD spectra of the two enantiomers of anti-3 and syn-4 were measured in

CDClIs at a concentration of 15 mM.

All DFT calculations were carried out with Gaussian 09.° Preliminary conformer
distribution search of anti-3 and syn-4 was performed at the molecular mechanics level of
theory, employing MMFF94 force fields incorporated in ComputeVOA software package.
Around thirty conformers within roughly 2 kcal/mol of the lowest energy conformer were kept
and further geometry optimized at the DFT level using B3LYP functional and 6-31G** basis
set. Finally, only the four lowest energetic geometries were kept to predict the IR and VCD
spectra of anti-3 and syn-4. The four selected conformers exhibited a gauche,gauche,gauche
conformations of the three linkers of anti-3 and syn-4. Vibrational frequencies, IR and VCD
intensities were calculated at the same level of theory. For comparison to experiment, the
calculated frequencies were scaled by 0.97 and the calculated intensities were converted to

Lorentzian bands with a full-width at half-maximum (FWHM) of 14 cm™.

EXPERIMENTAL PROCEDURE

Precursor 8. A solution of amine 5 (1.00 g, 6.54 mmol) in dry THF (30 mL) was set
under an argon atmosphere and cooled to 0 °C with an ice bath. DIPEA (2.8 mL, 16.3 mmol)

and bromoacetyl bromide (1.4 mL, 16.3 mmol) were added dropwise to the solution, which was
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stirred at room temperature overnight. The originally pale-yellow solution turned into a brown
suspension. Water (100 mL) was added to the mixture, which was extracted three times by
EtOAc (3 x 100 mL). The organic layers were dried over sodium sulfate and the solvent was
evaporated under reduced pressure. The crude was purified using column chromatography
(SiOy, eluent: CHCl.) to gain 8 as a beige powder (1.8 g, yield: 70%). *H NMR (300 MHz,
CDCl3, 25 °C): 6 8.80 (s, 1H), 8.32 (d, 1H, J = 8.2 Hz), 6.97 (dd, 1H, J = 1.6 Hz, J = 8.2 Hz),
6.92 (d, 1H, J = 1.6 Hz), 5.17 (s, 2H), 4.02 (s, 2H), 3.93 (s, 3H), 3.87 (s, 2H). 3C{*H} NMR
(75 MHz, CDCls, 25 °C): 0 167.1, 163.3, 148.3, 131.4, 127.2, 121.3, 119.5, 110.3, 67.8, 56.0,

29.6, 25.8. HRMS (ESI) m/z: [M+Na]*calcd for C12H13BraNNaO4 415.9104; found 415.9102.

Aza-CTB derivative 7. Perchloric acid (50 mL) was added dropwise at room
temperature to a solution of compound 8 (4.30 g, 10.8 mmol) dissolved in acetic acid (25 mL)
under argon atmosphere. A white precipitate appeared within 30 minutes after the addition. The
reaction mixture was stirred at room temperature for additional 16 hours. Then the mixture was
poured into water (200 mL). The solid was filtered and washed three times with water (3 x 20
mL), twice with ethanol (2 x 20 mL) and twice with Et2O (2 x 20 mL). After drying in vacuo,
compound 7 was collected as a white solid (2.37 g, 86%). *H NMR (300 MHz, DMSO-ds, 25
°C): 6 9.46 (s, 3H), 8.04 (s, 3H), 7.00 (s, 3H), 4.78 (d, 3H, J = 13.4 Hz), 3.83 (s, 9H), 3.56 (d,
3H, J = 13.3 Hz). BC{*H} NMR (75 MHz, DMSO-ds, 25 °C): § 165.2 (3C), 148.7 (3C), 136.9
(3C), 131.6 (3C), 125.4 (3C), 123.7 (3C), 112.7 (3C), 56.1 (3C), 35.8 (3C), 30.8 (3C). HRMS

(ESI) m/z: [M+Na]" calcd for C3oH30BrsN3NaOg 787.9577; found 787.9541.

Aza-CTB derivative 10. Compound 7 (2.00 g, 2.60 mmol) and potassium carbonate
(4.0 g, 29 mmol) were suspended in dry DMF (50 mL). A solution of precursor 9 (2.4 g, 10
mmol) in dry DMF (10 mL) was added. The mixture was heated to 70 °C (oil bath) for 16 h.
After cooling down to room temperature, water (300 mL) was added to precipitate the product,

which was filtered, washed with water (3 x 40 mL) and Et2O (40 mL) and dried under reduced
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pressure. Compound 10 was obtained as a poorly soluble slight brown powder (1.73 g, 54%).
IH NMR (400 MHz, CDCls, 25 °C): § 9.09 (s, 3H), 8.43 (s, 3H), 7.01-6.84 (m, 12H), 4.78 (d,
3H, J = 13.6 Hz), 4.76-4.40 (m, 15H), 3.95-3.85 (m, 21H), 3.65 (d, 3H, J = 13.4 Hz), 3.54 (m,
3H), 1.95-1.45 (m, 18H). 3C{*H} NMR (101 MHz, CDCls, 25 °C):  166.4 (3C), 149.9 (3C),
147.3 (3C), 146.6 (3C), 135.6 (3C), 133.3 (3C), 131.2 (3C), 125.4 (3C), 121.0 (3C), 120.5 (3C),
115.3 (3C), 112.1 (3C), 111.7 (3C), 97.7 (3C), 69.8 (3C), 68.6 (3C), 62.3 (3C), 56.0 (3C), 55.9
(3C), 36.5 (3C), 30.6 (3C), 25.5 (3C), 19.5 (3C). HRMS (ESI) m/z: [M+Na]* calcd for

CeoHs1N3NaO1s 1262.5407; found 1262.5413.

Aza-CTB derivative 11. Triamide CTB 10 (4.51 g, 3.64 mmol) was suspended in THF
(140 mL) and the mixture was stirred under an argon atmosphere. The solution was cooled
down to 0 °C with an ice bath and borane dimethyl sulfide (15 mL of a 2 M solution in THF)
was added dropwise to the suspension. The mixture was then heated to 50 °C (oil bath) for 3
hours. The remaining borane was quenched with methanol and the solvents were evaporated
under reduced pressure. Water (200 mL) and DCM (200 mL) were added to the residue. The
aqueous layer was extracted twice with dichloromethane (2 x 100 mL). The combined organic
layers were dried on anhydrous sodium sulfate and the solvent was evaporated under reduced
pressure. The crude was purified using column chromatography (SiO2, eluent: EtOAC -
petroleum ether (8:2)) to give rise to compound 11 (1.65 g, 38%) as a glassy product. *H NMR
(400 MHz, CDCls, 25 °C): 6 6.93-6.80 (m, 9H), 6.71 (s, 3H), 6.62 (s, 3H), 4.73 (d, 3H,J = 13.6
Hz), 4.71 (d, 6H, J = 11.7 Hz), 4.43 (d, 6H, J = 11.7 Hz), 4.18 (m, 6H), 3.95-3.86 (m, 3H), 3.85
(s, 9H), 3.69 (s, 9H), 3.57-3.78 (m, 9H), 3.47 (d, 3H, J = 13.8 Hz), 1.92-1.48 (m, 18H). ¥C{*H}
NMR (101 MHz, CDCls, 25 °C): ¢ 149.6 (3C), 147.6 (3C), 145.8 (3C), 136.2 (3C), 132.4 (3C),
131.6 (3C), 128.1 (3C), 120.5 (3C), 113.9 (3C), 111.9 (3C), 111.3 (3C), 111.2 (3C), 97.5 (3C

— double signal assigned to diastereoisomers), 77.2 (3C), 68.6 (3C), 68.1 (3C), 62.2 (3C), 55.8
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(3C), 55.5 (3C), 43.1 (3C), 36.5 (3C), 30.5 (3C), 25.4 (3C), 19.4 (3C). HRMS (ESI) m/z:

[M+H]" calcd for CeoHgsN3015 1198.6210; found 1198.6198.

Aza-cryptophane anti-3 and syn-4. To a mixture of acetic acid (600 mL) and perchloric
acid (200 mL) under an argon atmosphere, was added dropwise (12 hours) a solution of the
cryptophane precursor 11 (8.0 g, 6.67 mmol) in acetic acid (200 mL). After the end of the
addition, the mixture was further stirred for 6 hours and poured into water (1 L). The product
was extracted with CH2Cl> (2 x 1 L) and the organic layer was washed with water then with a
saturated solution of Na,COsz to remove traces of perchloric acid. The organic layer was dried
over sodium sulfate and the solvent was evaporated under vacuum. Two cryptophane
derivatives were identified by 'H NMR spectroscopy from this crude product. These two

compounds were separated by column chromatography on silica gel.

The first eluted product was identified as the compound anti-3. In order to isolate this
diastereomer, the reaction described above was repeated three times. The crude product was
purified on silica gel (CH2Cl, 88% - acetone 12%). The different fractions were evaporated by
rotatory evaporation to give a product, which was precipitated in Et,O. Recrystallisation in
CH:Cl,/ethanol to give rise to anti-3 (205 mg, 1.2%) as a beige solid. mp 220°C (decomp); H
NMR (400 MHz, CDCls, 25 °C): 6 6.72 (s, 3H), 6.67 (s, 3H), 6.54 (s, 3H), 6.35 (s, 3H), 4.60
(d, 3H, J = 13.5 Hz), 4.57 (d, 3H, J = 13.5 Hz,), 4.26-4.21 (m, 1H), 4.00-3.95 (m, 3H), 3.79 (s,
9H), 3.77 (s, 9H), 3.38-3.33 (m, 6H), 3.37 (d, 3H, J = 13.9 Hz), 3.30 (d, 3H, J = 13.8 Hz).
BC{*H} NMR (101 MHz, CDCls, 25 °C): § 149.2 (3C), 146.4 (3C), 146.3 (3C), 136.2 (3C),
133.5 (3C), 132.3 (3C), 131.4 (3C), 128.7 (3C), 121.7 (3C), 114.2 (3C), 113.0 (3C), 111.4 (3C),
70.1 (3C), 55.7 (3C), 55.3 (3C), 44.4 (3C), 36.3 (3C), 36.0 (3C). UV (THF) A (log &) 310 nm

(3.7, shoulder), 287 nm (4.15), 229 nm (4.85). HRMS (ESI) m/z: [M+H]" calcd for Cs4Hs8N30g
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892.4168; found 892.4164. Rf (DCM - acetone (85:15)): 0.55. (-)-MP-anti-3’, [a]p?® = - 230.7

¢ =0.26, CH2Cly); (+)-PM-anti-3’, [a|p™= + 3 (c=0.21, CHxCl).
(c = 0.26, CH,Clo); (+)-PM-anti-3’, [a]o®= + 222.3 (¢ = 0.21, CH2Cly)

The second eluted product was identified as the syn-4 compound. It was purified on
silica gel (CH2Cl> 85%- acetone 15%). It was then precipitated in Et2O and recrystallized in
dichloromethane/ethanol to give rise to a beige solid (330 mg, 6%), which was identified as the
syn-4 derivative. mp 180°C (decomp); *H NMR (400 MHz, CDCls, 25 °C): 6 6.75 (s, 3H), 6.62
(s, 3H), 6.52 (s, 3H), 6.36 (s, 3H), 4.60 (d, 6H, J = 13.8 Hz), 4.15 (d, 3H, J = 9,6 Hz,), 3.79 (s,
9H), 3.74 (s, 9H), 3.58-3.36 (m, 9H), 3.40 (d, 3H, J = 13.8 Hz) 3.30 (d, 3H, J = 13.8 Hz).
BC{*H} NMR (101 MHz, CDCls, 25 °C): ¢ 149.8 (3C), 147.7 (3C), 146.7 (3C), 136.5 (3C),
134.0 (3C), 132.3 (3C), 131.4 (3C), 128.3 (3C), 120.8 (3C), 112.9 (3C), 112.2 (3C), 112.1 (3C),
71.2 (3C), 55.9 (3C), 55.7 (3C), 43.5 (3C), 36.6 (3C), 36.4 (3C). UV (THF) A (log &) 315 nm
(4.04; shoulder), 296 nm (4.2), 255 nm (4.45, shoulder). HRMS (ESI) m/z: [M+H]" calcd for

Cs4HssN3Og 892.4168; found 892.4188. Rf (DCM - acetone (85:15)): 0.4. (-)-PP-1, [a]o® = -

42.0 (¢ = 0.29, CH,Clo); (+)-MM-1, [0]o? = + 45.2 (¢ = 0.30, CH.Cl,).

Supporting Information. *H and 3C spectra of compounds 3-4, 7-8 and 10-11. Analytical
HPLC of compound anti-3 and syn-4. *H NMR spectra of compounds (-)-MP-3, (+)-PM-3, (-)-
PP- 4 and (+)-MM-4. Optical rotations of compounds (-)-MP-3, (+)-PM-3, (-)-PP- 4 and (+)-
MM-4. IR and VCD spectra of (+)-PP-1 and (+)-PM-3. ECD spectra of compounds (-)-MP-3,
(+)-PM-3, (-)-PP- 4 and (+)-MM-4. One-scan 12Xe NMR spectra of compounds anti-3 and

syn-4. Geometries of anti-3 and syn-4 conformers used for IR/VCD spectra calculations.
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