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Introduction

Trçger�s base, 2,8-dimethyl-6H,12H-5,11-methanodibenzo-
ACHTUNGTRENNUNG[b,f]ACHTUNGTRENNUNG[1,5]diazocine (1),[2] is chiral due to two stereogenic ni-
trogen centers which occupy the bridge head positions of
the bicyclic framework and thus are structurally prohibited
from inversion. Prelog and Wieland were the first to per-

form enantioseparation of 1 by chromatography on lac-
tose.[3] The absolute configuration of 1 was determined
later[4] from the diastereomeric salt formed with 1,1’-binaph-
thalene-2,2’-diyl hydrogen phosphate: X-ray diffraction anal-
ysis of the crystalline salt unequivocally established the con-
figuration of (+)-1 as 5S,11S, in contrast to what had been
deduced on the basis of chiroptical evidence.[5] Spurred by
the attention that Trçger�s base analogues (Trçger bases,
TBs) demanded as unique chiral entities their syntheses[6,7]

have further been developed and refined. Interest in the
chemistry of 1 lies in the realm of asymmetric synthesis, cat-
alysis,[8] and supramolecular chemistry,[4,9] utilizing the con-
cave aromatic scaffold of the base. Particularly noteworthy
is the enantioselective DNA intercalation by TBs.[10] Prog-
ress in the development of 1 as a versatile chiral tool is been
hampered by its stereolability in acidic media.[3,4,11–13] The
stereointegrity could be improved,[6d,10b,14] however, the
methods tend to ignore[6d,10b] or destroy[14a,b] the geminal
methano-bridge. In few cases macrocyclic TB-derived cyclo-
phanes prohibit epimerization,[9b,14c] although this approach
lacks generality.
The most probable mechanism for the racemization of TB

in acidic media involves formation of the methyleneiminium
ion 1a as a key intermediate (Scheme 1),[11,12] despite the
fact that X-ray, NMR- and UV/VIS spectral studies have
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failed to provide evidence for such a species.[4,11] For the iso-
merization reaction to occur the methylene group has to
pass through the plane of the benzene ring in order to close
the bridge on the opposite side. If this is achieved by rota-
tion about the C4a�N5 bond (or the equivalent C10a�N11
bond) the enantiomerization barrier should increase when
the ortho-hydrogens at C4 and C10 are substituted by large
groups thereby producing strain in the transition state. This
rate-decelerating effect might even be enhanced by the sup-
porting role (“buttressing effect”[15]) of a second spacious
group in the meta-position preventing the outward move-
ment of the ortho-substituent.
With these considerations in mind we have synthesized

enantiopure 2, which is the 2,8-desmethyl-4,10-dimethyl
isomer of TB 1, from the dibromo precursor 3, which forms
a racemic conglomerate and undergoes spontaneous resolu-
tion by crystallization. Details
of the syntheses and the resolu-
tion have been described re-
cently.[1] Here we report the
barriers to racemization of both
2 and 3 which were determined
under acidic conditions and
found to be significantly higher
than in the parent compound,
making them the simplest TBs
stable under acidic conditions.
Effects of the deuterium sub-

stitution on the racemization
rates were studied on enantio-
pure [D6]-(�)-1 and [D6]-(�)-3.
Electronic effects of substitu-
tion on the racemization rate were investigated on the ex-
ample of asymmetrically substituted TB 4.[16] We also per-
formed quantum-mechanical calculations in order to charac-

terize transition state structures and energy barriers for the
enantiomerization of 1 to 4.

Results and Discussion

Kinetic analyses : Racemization of 1, [D6]-1, 2, 3 and [D6]-3
at different temperatures under acidic conditions (0.1m
CF3SO3H in ethylene glycol or isobutanol) was followed
using either HPLC or circular dichroism (CD) spectroscopi-
cal measurements (Tables 1, 2). The pseudo-first order rate

constants for racemization krac, were derived by linear re-
gression of the data according to the first-order kinetic law.
Enantiomerization[17] of racemic 4 was studied in aqueous
tris-phosphate buffer at pH 2.2 using dynamic capillary elec-
trophoresis (for example, see ref. [12]) with chiral additive

Abstract in Russian:

Scheme 1. Formation of the methyleneiminium intermediate during race-
mization of TB 1.

Table 1. Racemization constants and enantiomerization barriers of 1 in
0.1m CF3SO3H/ethylene glycol.

T [8C] krac [10
�5 s�1] DG�

enant [kJmol�1]

25.0 2.43(3)[a] 101.0(1)[a]

25.0 3.02(5) 100.5(1)
29.8 5.9(2) 100.5(1)
35.2 12.2(2) 100.4(1)
39.5 20.1(2) 100.6(1)
44.9 38.1(6) 100.7(1)

[a] Values for [D6]-1.
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2-hydroxypropyl-b-cyclodextrin (Table 3). The rate constants
kenant for enantiomerization of 4 were derived from chroma-
tographic parameters by using recently developed unified

equation for dynamic chromatography, implemented in the
DCXplorer software.[18] From the krac or kenant values the
free energy barriers to enantiomerization, DG�

enant, were cal-
culated using the Eyring Equations (1) and (2) where k is
the statistical transmission factor (set equal to 1, see calcula-
tions below). The influence of the protonation–deprotona-
tion equilibrium (Scheme 2) on the racemization kinetics
and the selection of the pH value for the measurements

were considered based on the data reported previously.
Thus, the pKa2 of 1 is 3.2,[19] whereas its pKa1 is �0.[11] We
therefore conclude that at pH 1 compounds 1 to 3 are pres-
ent mainly in the monocationic form. Probably, at pH 2.2
the compound 4 is also mainly monoprotonated. This as-
sumption allowed us to use pseudo-first order constants in-
stead of complete ones. An additional kinetic experiment
performed at 120 8C with a twofold increase of the acid con-
centration (0.2m) and otherwise identical conditions showed
that the rate constant for racemization of 3 decreased by
12%. This effect can be rationalized by increase of the con-
centration of the dication, which is stereochemically the
more stable species.

kenant ¼ kðkBTh�1Þe
�DG�

RT
ð1Þ

krac ¼ 2kenant ð2Þ

From Eyring plots of lnACHTUNGTRENNUNG(kenant/T) versus 1/T (Figures 1–4)
the activation parameters of enantiomerization DH �

enant and
DS�

enant for compounds 1 to 4 were obtained (Table 4). They

were used to extrapolate linearly the rate constants for the
compounds 1 and 4 to higher temperatures and for the com-
pounds 2 and 3 to lower temperatures. We note a) that the
barrier to enantiomerization for 1 is very close to the previ-
ously reported value (100.9 kJmol�1 at 25 8C, pH 2.2,
H2O

[12]), b) that asymmetric para-nitro, para-methoxy substi-
tution in 4 decreases the barrier by ~5 kJmol�1 and c) that
ortho-methyl substitution increases the barrier by
~30 kJmol�1. Thus, at 105 8C, kenant(1)/kenant(3) > kenant(1)/
kenant(2) > 2000, which indicates the significant decrease in
reactivity of 2 and 3. There is a small effect of the additional
meta-Br substituent, which lowers the corresponding rate
constant by a factor of �1.5 and raises the enantiomeriza-
tion barrier by 1 kJmol�1 (Table 4). Isotopic effects of deu-

terium were also observed.
Thus, compound [D6]-1 race-
mizes slower, than the proto-
nated analogue with krac(1)/
krac([D6]-16) = 1.24, whereas
the opposite trend is observed
for 3 : krac(3)/krac([D6]-3)=0.87.
This could be rationalized by

increased effective steric volume of H in comparison to D,
leading to retardation of racemization in the sterically hin-
dered proto-3. Table 5 summarizes calculated half-times for
racemization of the compounds 1 to 4 at different tempera-
tures and pH. Figure 5 exemplifies plateau formation be-
tween two peaks of interconverting enantiomers of 4 in a
typical electropherogram at 40 8C.

Calculations and structure : To model the enantiomerization
reaction we have examined possible enantiomerization path-
ways of the protonated TB with density functional theory
(B3LYP at the 6-31G ACHTUNGTRENNUNG(d,p) level). In particular, we studied
intermediates and transition states of 3, supplemented by se-

Table 2. Racemization constants and enantiomerization barriers of 2
and 3.

T [8C] krac [10
�5 s�1]

(2)
DG�

enant (2)
[kJmol�1]

krac [10
�5 s�1]

(3)
DG�

enant (3)
[kJmol�1]

100[a] 1.01(2) 129.9(3) 0.517(3) 131.9(4)
100[b] 0.89(1) 130.3(4) – –
105[b] 1.49(6) 130.4(4) 1.03(9) 131.6(4)
110[b] 2.1(1) 131.1(4) 1.6(1) 132.0(4)
115[b] 3.3(2) 131.4(4) 2.5(2) 132.3(4)
120[b] 5.3(1) 131.6(4) 3.64(3) 132.8(4)
120[b, c] 4.17(6) 132.4(4)

[a] 0.1m CF3SO3H/Me2CHCH2OH. [b] 0.1m CF3SO3H/ethylene glycol.
[c] Values for [D6]-3.

Table 3. Enantiomerization constants and enantiomerization barriers of 4
at pH 2.2 in 50 mm tris-phosphate buffer.

T [8C] kenant [10
�5 s�1] DG�

enant [kJmol�1]

20 4.89 96.0(3)
25 8.47 96.3(2)
30 16.1 96.3(2)
35 31.5 96.22(2)
40 66.8 95.9(3)

Scheme 2. Protonation–deprotonation equilibrium for TBs.

Table 4. Experimental activation parameters to enantiomerization and
calculated transition state energies for compounds 1 to 4.

DH �
enant

[kJmol�1]
DS�

enant

[Jmol�1K�1]
DG�

enant (105 8C)
[kJmol�1]

kenant
(105 8C)
[s�1]

E ACHTUNGTRENNUNG(TS2)
[kJmol�1][b]

1 98(1) �9(4) 101(2)[a] 0.03–0.21[a] 84.4
2 103(3) �73(8) 130.4(4) 1.49R10�5 121.0
3 101(2) �81(6) 131.6(4) 1.03R10�5 128.9
4 98(3) 6(10) 96(7)[a] 0.05–4[a] 65.3

[a] Extrapolated values. [b] Calculated (using density functional theory)
energies of the transition states TS2 (see below).
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lected structures of 1 and 2. The (R,R)-configured bicyclic
structure of protonated 3 was optimized starting with the
crystal structure of the racemic monotrifluoroacetate 5
(Figure 6). In agreement with the X-ray data, and typical for
protonated Trçger bases,[20] the bridging methylene group is
significantly displaced towards the unprotonated nitrogen in

anticipation of the ring-opening step. Actual ring opening
requires 71.4 kJmol�1 (see Figure 7) and leads to the first
monocyclic intermediate. The conformational behaviour of
similar substituted eight-membered rings including their in-
version which is a requirement for enantiomerization of 3
has been extensively studied previously.[21] In short, there
should exist at least four enantiomeric pairs of stable confor-
mations (one chair, two folded and one extended twist-boat
form) and seven pairs of transition states for their intercon-
version. Several of these structures have been found and
characterized as stationary points on the potential energy
landscape; they are shown schematically in Figure 7. The
high energies of these conformations correlate with the high

Figure 1. Eyring plot for the determination of the activation parameters
of 1 from the kinetic experiments, the upper and lower lines represent
the error bands of the linear regression with a 95% confidence level. The
correlation coefficient R is 0.9997.

Figure 2. Eyring plot for the determination of the activation parameters
of 2 from the kinetic experiments; R=0.998.

Figure 3. Eyring plot for the determination of the activation parameters
of 3 from the kinetic experiments; R=0.9994.

Figure 4. Eyring plot for the determination of activation parameters for
racemization of 4 from the calculated rate constants; R=0.994.

Table 5. Racemization half-times for compounds 1 to 4 at different tem-
peratures and pH.

T [8C] pH 1 2 3 4

105 1 2–10 s[a] 12.9 h 18.7 h 0.1–7 s[a]

105 7[b] 3–15 h 9.6 y 13.4 y 0.2–12 h
25 1 6.4 h 13 y[a] 15 y[a] 1.1 h
25 7[b] 4.6 y 105 y 105 y 1 y

[a] Extrapolated values. [b] Calculated values, assuming pKa2 3.2.

Figure 5. Plateau formation between the peaks of two interconverting
enantiomers in a typical electropherogramm of 4 (40 8C, pH 2.2, 50 mm

tris-phosphate buffer, 20 mm 2-hydroxypropyl-b-cyclodextrin).
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electrophilicity of isolated methyleneiminium salts,[22] which
is why they are present in only negligible amounts in the re-
action mixtures.[11] However, of the multitude of structures
only a few are relevant with respect to the inversion process.
According to our hypothesis it is the rotation of the N+=

CH2 group through the plane of the aromatic ring which de-
fines the reaction progress. Therefore, the structures can be
divided into two groups according to the position of the
methylene group (“above” or “below”) relative to this plane
which makes the dihedral angle C4-C4a-N5-C13 the “indica-
tor of chirality”. Most important are therefore transition
state(s) which connect structures of opposite chirality. Using
the STQN algorithm[23] we could locate only one such struc-
ture (TS2 in Figure 7) which connects a folded twist-boat
conformation (FTB2) with the inverted extended twist-boat
conformation ETB*.
The structure of TS2 is shown in Figure 8. Its most promi-

nent feature is the heavy puckering of the aromatic ring ex-

emplified by the dihedral angle C3-C4-C4a-C12a which is
�15.68. This non-planar deformation is caused by the strong
steric repulsion between the methylene group and the
methyl group in the ortho-position which is clearly visible in
the Figure. In the corresponding transition state of 2 the
strain is lower leading to a pucker angle (as defined above)
of only �8.78. Finally, in 1 and 4 the benzene ring remains
essentially planar during the interconversion. Independent
of the substitution the transition state is chiral; therefore the
equivalent back reaction must pass through the enantiomer-
ic transition state TS2*. The two equivalent transition states
TS2 and TS2* and two equivalent protonation sites in the
molecule bring the value of the statistical transmission
factor k in the Eyring Equation (1) to unity (see above).
The calculated energies of the three transition states are

shown in Table 4 next to the experimentally determined free
energies of enantiomerization. The agreement is satisfactory
for 2 and for 3 ; also, the significantly lower barrier of 1 is
correctly reproduced. The asymmetric substitution of 4,
from general considerations, should lead to stabilization of
the transition state TS2 by p-conjugation. Indeed, the calcu-
lated value of the energy of TS2 for 4 is 65.3 kJmol�1. The
observed modest lowering of the barrier from 101 to
96 kJmol�1 might be explained by the fact that the Figure 7
in general is no longer true for 4 : the TS2 is probably not
the most energetic transition state and rate is determined by
other transition states in the Figure. Another important
message is that the negative activation entropy for racemiza-
tion of 2 and 3 (Table 4) might show the significant role of
the solvation effects in the activated complexes (cf. ref.
[24]), which should be the subject of further investigations.
In summary we have shown that bis-ortho substitution by

methyl groups raises the barrier to enantiomerization of
Trçger bases, dramatically enhancing their configurational
stability in acidic media. According to quantum-mechanical
calculations inversion takes place in two steps. Protonation
initiates the ring-opening step and formation of the first imi-
nium ion which equilibrates via relatively low lying transi-
tion states with other conformers. For enantiomerization to
occur a transition state has to be passed which appears to be
highly sensitive to steric effects. Our calculations show that
ortho substitution by methyl groups increases significantly
the energy of this state and thus is able to cause the ob-
served configurational stability.

Figure 6. Projection of the molecular structure of the compound 5 in the
solid state.

Figure 7. DFT-calculated stationary points for protonated 3 and possible
pathway for enantiomerization. Asterisks indicate positive values for the
dihedral angle C4-C4a-N5-C13 (see text). Energies (in italics; in
kJmol�1) relative to the (R,R)- and (S,S)-bicyclic structures, GS and GS*,
respectively. FTB1 and FTB2 are folded twist-boat and ETB extended
twist-boat conformations; TS1 to TS3 and TSi represent transition states.

Figure 8. Stick model of the transition state (TS2) for enantiomerization
of protonated 3. The view is approximately along the C6–C12 axis; the
N+=CH2 group is in the front. Note the bent ortho-methyl group.
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Configurationally stable Trçger bases may be used in
asymmetric aminomethylation, other acid- or non-nucleo-
philic base-promoted enantioselective reactions, and for mo-
lecular recognition in a broad pH range. As has been point-
ed out[6b] ortho-substituents increase the volume of the hy-
drophobic pocket in TBs, which along with the present find-
ings strongly enhances the supramolecular potential of the
system.

Experimental Section

General methods : Triflic and trifluoroacetic acids (puriss.) were pur-
chased from Fluka and used without purification. [D2]Paraformaldehyde
(99% D) was purchased from Acros. Ethylene glycol and isobutanol
were distilled from CaH2.

[D6]-(� )-1: Synthesized according to described procedure, with (CD2O)n
used as formaldehyde equivalent.[6e] M.p. 137 8C; 1H NMR (400 MHz,
CDCl3): d = 2.10 (s, 6H, 2Me), 6.59 (d, 2H, 4J = �1.5 Hz), 6.85 (dd,
2H, 3J = 8.1, 4J = �1.5 Hz), 6.92 (d, 2H, 3J = 8.1 Hz); 13C NMR
(100 MHz, CDCl3): d = 23.0 (Me), 60.3 (quint, ArCD2N,

1JCD = 20 Hz),
68.2 (m, NCD2N,

1JCD = 20 Hz), 126.9, 129.4, 129.5, 130.3, 135.5, 147.6;
ESI-MS: m/z : calcd for C17H13D6N2: 257.19187; found: 257.19185
[M+H]+ .

[D6]-(� )-3 : Synthesized according to described procedure with (CD2O)n
used as formaldehyde equivalent.[6a] M.p. 220–222 8C; 1H NMR
(400 MHz, CDCl3): d = 2.39 (s, 2Me, 6H), 6.56 (d, 2H, 3J = 8 Hz), 7.14
(d, 2H, 3J = 8 Hz); 13C NMR (100 MHz, CDCl3): d = 17.7, 54.6 (quint,
ArCD2N,

1JCD = 20 Hz), 66.9, (m, NCD2N,
1JCD = 20 Hz), 124.5, 125.9,

127.2, 128.3, 133.4, 147.6; ESI-MS: m/z : calcd for C17H11D6Br2N2:
413.01296; found: 413.01287 [M+H]+ .

3,9-Dibromo-4,10-dimethyl-6H,12H-5,11-methano-dibenzo ACHTUNGTRENNUNG[b,f]-
ACHTUNGTRENNUNG[1,5]diazocinium trifluoroacetate (5): The title compound was obtained
by slow evaporation of the diluted solution of 3 in 0.1m CF3COOD/
CD2Cl2 to yield transparent plates. M.p. 160 8C (gas evolution); 1H NMR
(400 MHz, CD2Cl2): d = 2.53 (s, 6H, 2Me), 4.03 (d, 2J = �17 Hz, 2H,
CHaAr), 4.58 (s, NCH2N), 4.77 (d,

2J = �17 Hz, 2H, CHbAr), 6.77 (d, 3J
= 8 Hz, 2H), 7.23 (br s, 1H, NH), 7.37 (d, 3J = 8 Hz, 2H).

At 120 K crystals of 5 are monoclinic, space group P21/n, a=7.3751(7),
b=17.803(2), c=14.373(1) T, b=99.087(2), V=1863.5(3) T3, Z=4,
1calcd=1.861 gcm�3. Intensities of 19107 reflections were measured with a
SMART 1000 CCD diffractometer (l ACHTUNGTRENNUNG(MoKa)=0.71072 T, 2q<568), and
4491 independent reflections (Rint=0.0302) were used in further refine-
ment. The refinement converged to wR2=0.0610 and GOF=1.086 for all
independent reflections (R1=0.0281 was calculated against F for 3614
observed reflections with I>2s(I)). All calculations were performed
using SHELXTL PLUS 5.1.

CCDC-232751 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Enantiopure 1 and [D6]-1 were prepared according to ref. [4], enantio-
pure 2, 3, and [D6]-3 according to refs. [1, 6a], racemic 4, according to ref.
[16].

Kinetic experiments for 1 to 3 were performed in solution in glass vials
in thermostated oil baths. In each of the series, the free base was dis-
solved in CF3COOH, and the excessive acid was rapidly removed under
reduced pressure at room temperature. The residue was then dissolved in
acidic ethylene glycol (typical concentration 5R10�3m) and the solution
divided into aliquots, which were immersed in the thermostat. For com-
pound 1, at each time point the vial contents were neutralized with aque-
ous NH3, extracted with hexane and analyzed by HPLC on a chiral sta-
tionary phase Whelk R,R O 1, hexane/EtOH 98:2 as a mobile phase with
UV detection at 254 nm; the retention times of the enantiomers were
9.1 min for (+)-1 and 9.9 min for (�)-1. System was equipped with Shi-
madzu C-R3A integrator. For compounds 2 and 3, the vials were cooled

by liquid nitrogen, brought to room temperature, and the contents were
analyzed using the decay of the CD signal at 265 nm. For each tempera-
ture, the rate constants were obtained by linear regression of the data to
the first-order kinetics law (six data points). For CD measurements, max-
imal values of CD signal (DA) at each point of time (t) were taken, divid-
ed by the value of DA at t=0 (DA0), and logarithm of the ratio ln ACHTUNGTRENNUNG(DA0/
DA) was plotted against t. The slope constituted the pseudo first-order
rate constant krac (see Supporting Information). For HPLC measure-
ments, the integration values were used to calculate enantiomeric excess
(ee), and ln ACHTUNGTRENNUNG(ee0/ee) was plotted against t. Again, the slope constituted the
first-order rate constant krac. The chemical integrity of the samples after
racemization was monitored and confirmed by HPLC, UV and NMR.

Dynamic capillary electrophoresis for 4 was performed using Agilent
3DCE system (Agilent, Waldbronn, Germany), equipped with a diode
array detector (DAD). Fused silica capillary with dimensions of 50 mm
i.d.R60 cm (51.5 cm effective length) was thermostated by air. The ex-
periments were performed applying 30 kV voltage, in tris-phosphate
buffer (50 mm) at pH 2.2 with 2-hydroxypropyl-b-cyclodextrin (20 mm) as
a chiral additive. Sample solution of 4 in the buffer (1 mgmL�1) was in-
jected by applying pressure of 50 mbar for 5 s. The analyte was detected
by DAD at 220 � 20 nm.

Computations were performed in the computing center of Cologne Uni-
versity (RRZK) using Gaussian 03, Revision B.04, Gaussian, Inc., Pitts-
burgh PA, 2003. The crystal structure of 5 was taken as a starting point
for the geometry optimizations. Preliminary calculations were run at the
AM1 level, and the minima search starting from the transition states was
done using the Intrinsic Reaction Coordinate (IRC) routine implemented
in the package.[23] Thus, using both IRC and STQN,[23] the full reaction
path for 5 was calculated, and the AM1 structures were then used as
guesses for the high level DFT geometry optimizations. Each structure at
DFT level was characterized by frequency calculation, local minima
having no and transition states one imaginary frequency.
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