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Abstract—The configuration assignment of 7-substituted 3-azabicyclo[3.3.1]nonan-2-ones 2-5 was made possible using the known
chiral lactam 1 as a reference compound. Lactam 1 formed exclusively heterochiral complexes with the compounds under investi-
gation. The detection of these complexes was possible by 'H NMR. The downfield shift of the NH proton in compounds 2-5 indi-
cated complex formation whereas the NH-signal remained unchanged in homochiral systems. The phenomenon somewhat
resembles an (inverse) molecular handshake. Only heterochiral compounds can interact whereas homochiral compounds do not

fit together.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The rapid development of stereoselective methods in all
fields of organic synthesis has led to a great demand for
analytical procedures to determine the enantiomeric ex-
cess and the absolute configuration of new chiral prod-
ucts. The classical instrumental methods used for the
determination of the absolute configuration,'? such as
X-ray crystallography, specific rotation, circular dichro-
ism (CD) or optical rotatory dispersion (ORD) often
hold some inconveniences for the bench chemist. X-ray
diffraction, for example, requires single crystals of suffi-
cient quality and, in the absence of a chiral reference
(e.g., a chiral auxiliary), special techniques (anomalous
X-ray diffraction). The chiroptical methods require
either a closely related reference substance or a good
computational prediction of the CD spectra or of the
specific rotation.> Responding to a growing interest in
simpler methods, a variety of new assignment protocols
have been developed, mostly based on NMR spectro-
scopy.>* The advantages of NMR methods are mainly
due to the ease of their application, their applicability
to both liquid and solid samples and the fact that they
are non-destructive as the analyte can be recovered in
most cases after examination.

* Corresponding author. Tel.: +49 89 289 13330; fax: +49 89 289
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For the measurement of the enantiomeric excess (ee) it is
sufficient to induce a non-equivalence of single peaks in
the NMR spectra of the two enantiomers by introducing
some kind of chiral information. This can be achieved
by measuring the spectrum in a chiral solvent or by add-
ing a chiral solvating agent (CSA).> Another possibility
is the use of chiral lanthanide shift reagents.®

Various attempts have been made to correlate the
change in chemical shift AJ, especially the sign of AJ,
with the absolute configuration of the analyte. In many
cases, however, the difference in chemical shift induced
by the chiral environment is either too small or the sign
of Ad is ambiguous. The lack of a defined and strong
complexation of the analyte by a chiral solvent or a chi-
ral solvating agent obviates the formation of a detect-
able diastereomeric complex. For these reasons, in the
majority of cases, the absolute configuration is deter-
mined by NMR spectroscopy using a derivatisation
method, for example, the Mosher ester protocol.” The
covalent attachment of both enantiomers of a chiral de-
rivatising agent (CDA) converts the sample into two dia-
stereomeric compounds, which exhibit different spectra.
The observed Ao values allow in most cases for a correct
assignment of the configuration using empirical models.
The main disadvantages of all derivatisation methods
are the additional synthetic efforts and the fact that nei-
ther analyte nor chiral reference can be recovered after
examination. Thus the development of new CSAs or chi-
ral NMR solvents, which allow for a better correlation
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between configuration and spectroscopic results, is still
under investigation. Kishi and co-workers have reported
the use of a chiral bidentate NMR solvent, which allows
the determination of the absolute conﬁguratlon of sec-
ondary and tertiary alcohols using '*C NMR spectro-
scopy.® Cyclodextrins, which have been repeatedly
used as CSA for the determination of enantiomeric pur-
ity, have also been applied to the assignment of the
absolute configuration of chiral trisubstituted allenes.’

In the 1980s Rebek first reported the recognition
capabilities of 3-azabicyclo[3.3.1]Jnonanones derived
from Kemp’s triacid.!® Based on this research, various
complexation studies have been performed with host
compounds containing one or two 3-azabicyclo-
[3.3.1lnonanone moieties binding the substrate via
hydrogen bonding. Other recognition studies use a
Kemp’s triacid based scaffold with one remaining acid
functionality for the determination of the enantiomeric
excess of several chiral amines binding the latter via a
salt bridge.!! Recently we reported the use of chiral lac-
tam 1 as an efficient 'H NMR shift reagent for the ee
determination of chiral lactams, quinolones and oxazo-
lidinones.'?> We now show that lactam 1 also allows the
determination of the absolute stereochemistry of closely
related compounds.

2. Results and discussion

The observation that the chemical shift of the N-H pro-
ton of racemic lactam 1 is shifted downfield by 1-2 ppm,
with respect to the separate enantiomers, provides the
basis for this new assignment method. As shown in Fig-
ure 1 opposite enantiomers of this compound class are
ideally suited for dimerisation via two hydrogen bonds
(heterochiral recognition) and thus show a change in
chemical shift in the presence of one another. The enan-
tiomerically pure compounds in contrast cannot dimer-
ise via hydrogen bonding as the sterically demanding
shields prevent a close approach of the two lactam-bind-
ing sites.!> In a titration experiment the addition of
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Figure 1. Heterochiral dimer of reference compound 1. For a crystal
structure of a closely related dimer see Ref. 14.
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enantiomerically pure complexing agent 1 with known
absolute configuration to a single enantiomer of another
3-azabicyclo[3.3.1]nonan-2-one with unknown configu-
ration should therefore only induce a change in chemical
shift if the unknown compound has the opposite config-
uration to compound 1. The configuration of com-
pounds (+)-1 and (—)-1 is known from anomalous
X-ray diffraction methods.'*

In the first set of experiments, we proved the validity of
this method using the two enantiomers of a closely re-
lated 3-azabicyclo[3.3.1Jnonan-2-one. Figure 2 shows a
titration experiment using benzoxazole 2 with known'?
absolute configuration and 1 as reference. The two N—
H protons of enantiomers (+)-2 and (—)-2 appear in
the absence of 1 at 3.90 ppm. Upon addition of 0.5equiv
of (+)-1, the N-H signal of (—)-2 was shifted to
491 ppm. Due to a twofold excess of (—)-2 with respect
to the concentration of (+)-1 in the sample, the N-H sig-
nal of (+)-1 is even shifted from about 4.0ppm in the
non-complexed state to 5.84 ppm.

The 1:1 complex after addition of another 0.5equiv of
(+)-1 closely resembles the racemic mixture of both
enantiomers of 2. Only a single proton resonance with
an integral of two protons was observed in this case with
a chemical shift of about 5.6ppm. The N-H resonance
of a sample of racemic 2 having the same overall concen-
tration as present in the titration experiment appears at
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Figure 2. NMR-titration of (+)-2 and (—)-2 with the reference compound (+)-1 in benzene-dj.



A. Bauer, T. Bach | Tetrahedron: Asymmetry 15 (2004) 3799-3803 3801

5.65ppm. A further change in chemical shift could be in-
duced by adding another 0.5equiv of compound 1 to the
titration mixture. As expected, the signal belonging to
(—)-2 is again shifted downfield and the N-H resonance
of 1, now being the major component in the mixture,
shows another shift upfield due to incomplete
complexation.

In the titration of (+)-2 with reference (+)-1 the overall
change in chemical shift after addition of 1.5equiv of
(+)-1 is only around 0.13ppm. This is in very good
accordance with the change of chemical shift in a dilu-
tion experiment where only compound (+)-1 is present
in the solution: upon diluting a 0.15M sample of com-
pound 1 in toluene-dg to 0.06 mol/L, the chemical shift
is also altered by about 0.1 ppm to higher field. The titra-
tion mixture (+)-1 and (+)-2 thus shows the same con-
centration dependence of the chemical shift as do the
single enantiomers.

As expected only the heterochiral matched pair (—)-2/
(+)-1 shows distinct changes in chemical shift whereas
in the homochiral mismatched case (+)-2/(+)-1 the small
changes in chemical shift can be easily explained by the
dependence of the N-H resonance on the overall con-
centration present in the sample.

In a second set of experiments, we tested the menthyl
esters 3 and 4 (Fig. 3) the configurations of which are
also known.'* As these 3-azabicyclo[3.3.1]nonan-2-ones
are diastereoisomers, their amide resonance in the pure
sample already differs by 2.5 ppm. Therefore, we exam-
ined their complexation behaviour using both enantio-
mers of reference compound 1. Again only in the
mixture of compounds having an opposite configuration
at the lactam-binding site a distinct change in chemical
shift was observed. Figure 4 shows the titration of 3 with
(+)-1 and (—)-1. The addition of 1.5equiv of complexing
agent (+)-1 to a sample of 3 induced only a change in the
chemical shift of about 0.06 ppm, while the other enantio-
mer of reference compound 1 (1.5equiv (—)-1) caused a
downfield shift of nearly 2 ppm. The opposite holds true
for diastereomeric compound 4. Here a distinct change
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Figure 3. Examined compounds 2-5.

in chemical shift was observed after the addition of com-
pound (+)-1 and only negligible changes were observed
in the mixture with (—)-1 (see Table 1, entries 5 and 6).

Table 1. Titration experiments using 1 as reference compound

Entry Analyte Concn (solvent) Ref. A&*
1 (+)2 0.06M (C¢Ds) (+)-1 0.09
2 (—)2 0.06 M (C4Ds) (+)-1 1.76
3 3 0.03M (CeDy) (+)-1 0.04
4 3 0.03M (C¢Dg) (-)-1 1.53
5 4 0.06M (C¢Dy) (+)-1 0.38
6 4 0.06 M (C4Ds) (—)-1 0.08
7 (+)-5 0.02M (CeDs) (+)-1 0.95
8 (—-)-5 0.02M (C4Ds) (+)-1 0.11
9 3 0.03M (CDCl) (—)-1 0.08

# After addition of 1.0equiv of the reference compound.

Comparing the results obtained for these two experi-
ments with the other experiments (see Table 1), the
change in chemical shift for the matched case is quite
small. This is due to an unusually large self association
of compound 4, which is already indicated by the enor-
mous downfield shift of the N-H resonance of the pure
compound [§(N-H) = 7.2 ppm].

The titration experiments with compounds 3 and 4 show
that the availability of both enantiomers of the reference
compound 1 allows the unambiguous assignment even if
only one enantiomer of the analyte is available. A direct
comparison of single experiments using only (+)-1 and
the diastereomeric compounds 3 and 4 can be misinter-
preted whereas the performed experiments using both
enantiomers of 1 leave no doubt about the configuration
at the lactam-binding site.

In an ongoing photochemical research project we syn-
thesised compound 5 (Fig. 3) having an amide connect-
ing functional group between the bicyclic lactam and the
shielding moiety. The two enantiomers could be sepa-
rated by HPLC but the configuration of the individual
enantiomers was difficult to assign. We consequently at-
tempted to use our new shift method to make an assign-
ment. Although this compound has two amide bonds,
which can undergo a dimerisation via hydrogen bonding
only one of the two enantiomeric 3-azabicyclo-
[3.3.1Jnonan-2-ones showed a clear change in chemical
shift during a titration experiment as described above
(see Table 1). We consequently assigned a (1S,5R,7R)-
configuration as depicted on the left hand side of Figure
3 to compound (+)-5 and a (1R,5S,7S)-configuration
(depicted on the right) to its antipode.

As pointed out in earlier publications a strong complex-
ation of substrates via hydrogen bonding is only
achieved in apolar solvents.'® Toluene-dg or benzene-dj
turned out to be ideally suited for complexation studies
using '"H NMR spectroscopy. Other more common
NMR solvents such as CDCI; are too polar and induce,
for example, in the titration of 3 with (—)-1 a change in
chemical shift of only 0.08 ppm (Table 1, entry 9) com-
pared to a change of 1.53 ppm under identical conditions
using benzene-dg as solvent (Table 1, entry 4).



3802 A. Bauer, T. Bach | Tetrahedron: Asymmetry 15 (2004) 3799-3803

Ly e
15eq. g

(————

108070 .

()1
0seq

L S

6.5 6.0

T T T T

55 5.0 4.5 4.0

& (ppm)

Figure 4. NMR-titration of 3 with both enantiomers of reference compound 1 in benzene-dg.

The analysis of compound (+)-5 shows the difficulties in
determining the absolute configuration by the sign of the
optical rotation. While compounds 1 and 2 show the
same sign of optical rotation having the same absolute
configuration at the lactam binding site, the opposite
holds true for compound 5. This is certainly due to the
altered chromophore present in this compound.

3. Conclusion

The determination of the absolute configuration at the
lactam-binding site of chiral 7-substituted 3-azabicy-
clo[3.3.1]nonan-2-ones derived from Kemp’s triacid is
possible performing a simple NMR-titration experiment
using chiral lactam 1 as the reference compound. The
chemical identity of the substituent in the 7-position
plays only a minor role. The applicability has been
shown for compounds having esters, amides or benz-
oxazoles as connecting functional group between the
3-azabicyclo[3.3.1]nonan-2-one scaffold and the shield-
ing substituent. Even in the presence of other stereogenic
centres in the analyte, the assignment remains unambig-
uous. Using this methodology we were able to assign the
configuration of the new compound 5 as depicted in Fig-
ure 3.

4. Experimental
4.1. General procedure for NMR shift experiments

First, a '"H NMR spectrum of the analyte solution
(0.02-0.06 M in C¢Dg) was collected at 300K using a
BRUKER AV-500 spectrometer. Subsequently, enan-
tiomerically pure reference compound 1 was dissolved
in the analyte solution in portions of 0.5equiv, respec-
tively. Chemical shifts are reported relative to tetrameth-
ylsilane as the internal reference.

4.2. Synthesis of the literature-known chiral lactams

Compounds 1, 3 and 4 were synthesised as previously re-
ported;'* racemic 2 was prepared as described by Curran

and co-workers.!> The enantiomers were separated by
chiral semipreparative HPLC (Daicel Chiralpak-AD
250 x 20.0, n-hexane—i-PrOH 90:10). For the synthesis
of compound 5 racemic 1,5,7-trimethyl-2-oxo-3-azabicy-
clo[3.3.1]nonane-7-carboxylic acid was prepared as pre-
viously reported,'® 4-(4-aminophenyl)-benzophenone
was synthesised as described.!” For further general re-
marks, see Ref. 18.

4.3. 1,5,7-Trimethyl-2-o0x0-3-azabicyclo|3.3.1]nonane-7-
carboxylic acid (4”-benzoylbiphenyl-4'-yl)-amide (rac-5)

Diisopropylcarbodiimde (84pL, 0.59mmol) and 4-(4-
aminophenyl)-benzophenone (148 mg, 0.54 mmol) were
added to a stirred solution of racemic 1,5,7-trimethyl-
2-ox0-3-azabicyclo[3.3.1Jnonane-7-carboxylic acid in
dichloromethane (1.2mL). After stirring for three days
at room temperature, the solvent was evaporated and
the crude product purified by flash chromatography
(toluene-EtOAc 1:1) to yield 5 (239mg, 92%) as a white
foam. The enantiomers were separated using semipre-
parative chiral HPLC (Daicel Chiralpak-AD 250 x
20.0, n-hexane—i-PrOH 60:40). REZ 0.23 (toluene-
EtOAc 1:1); mp = 258°C; (+)-5: [o]f) =+58.1 £0.4 (c
0.1, CHCl3); (—)-5: [oc]lf)o =-5934+04 (c 0.1, CHCly);
IR (KBr): v 3354cm™ " (m, N-H), 2957 (m, arom. C-
H), 2926 (m, C-H), 1682 (vs, C=0), 1646 (s, C=0),
1594 (s, C=0), 1525 (vs, CON-H), 1315 (s, C-N),
1300 (s, C-N), 1283 (s), 700 (m). NMR data are given
for enantiomerically pure (+)-5: '"H NMR (500 MHz,
toluene-dg): & (ppm) 0.74 (d, *J = 14.5Hz, 1H, CHH),
0.80 (s, 3H, CH3), 0.89 (d, *J=12.7Hz, 1H, CHH),
0.98 (d, *J=14.5Hz, 1H, CHH), 1.29 (s, 6H, CHj;),
1.40 (d, *J=12.7Hz, 1H, CHH), 2.33 (d, >J = 14.9Hz,
1H, CHH), 2.60 (d, *J = 11.5Hz, 1H, NHCHH), 2.97
(d, 3J=149Hz, 1H, CHH), 3.13 (d, °J=11.5Hz, 1H,
NHCHH), 5.73 (s, 1H, CONHCH,), 7.27-7.34 (m,
2H, arom. H), 7.35-7.41 (m, 1H, arom. H), 7.60-7.67
(m, 2H, arom. H), 7.67-7.74 (m, 2H, arom. H), 7.90-
7.95 (m, 2H, arom. H), 7.95-8.01 (m, 2H, arom. H),
8.07 (s, 1H, CONHAr), 8.09-8.16 (m, 2H, arom. H).
13C NMR (90.6 MHz, CDCls, 300K): 6 (ppm) 25.0 (q,
CH3), 29.0 (g, CH3), 30.6 (s, C), 32.6 (g, CH3), 38.8 (s,
C), 43.8 (s, C), 45.2 (t, CHy), 46.1 (t, CH,), 46.2 (t,
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CH,), 52.9 (t, NHCH,), 122.0 (d, C,H), 126.8 (d,
C,.H), 127.8 (d, Co H), 128.4 (d, C,.H), 130.1 (d, C,.H),
130.9 (d, CoH), 132.5 (d, CoH), 1359 (s, Cay), 136.1
(s, Car), 137.9 (s, Cap), 138.3 (5, Cap), 144.9 (5, Ca),
174.0 (s, CONH), 175.9 (s, CONH), 196.5 (s, CO); MS
(EI, 70eV): mlz (%) 480 (17) [M'], 273 (100)
[M*—C; H;sNO,|, 208 (13) [CyiH;sNO;], 180 (25)
[C, H,sNO™, 135 (7), 105 (5) [C;HsO ], 44 (8); HRMS:
C3H3,N,05: caled 480.24130, m/z found 480.24098.
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