Diastereoisomeric Proton-Bound Complexes 243

DIASTEREOISOMERIC PROTON-BOUND COMPLEXES OF
1,5-DIAZA-cis-DECALIN IN THE GAS PHASE

Jana ROITHOVA%?

@ Department of Organic Chemistry, Faculty of Science, Charles University,
Hlavova 8, 128 40 Prague 2, Czech Republic; e-mail: roithova@natur.cuni.cz

Y Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic, v.v.i.,
Flemingovo ndm. 2, 166 10 Prague 6, Czech Republic; e-mail: roithova@uochb.cas.cz

Received September 11, 2008
Accepted November 10, 2008
Published online February 14, 2009

Diastereoisomeric proton-bound complexes of 1,5-diaza-cis-decalin (1) with butan-2-amine (2)
are studied by means of the DFT calculations and mass spectrometry. The calculations reveal
that 2 is bound via proton to only one nitrogen atom of the bicyclic base 1. The homochiral
complex is favored by about 4 kJ/mol over the heterochiral complex. For a more loosely
bound ion-pair complex [(1H)I(2H)]* of the protonated bases 1 and 2 with an iodine
counterion the energy difference drops to about 2 kJ/mol. Chiral effects in the formation of
[(1)H(2)]" are studied by the collision-induced dissociation of [(1H)I(2H)]" generated by the
electrospray ionization of the solution of [1.Cu(OH)I] and 2 in acetonitrile. The dominant
fragmentation of [(1H)I(2H)]" leads to 1-H" and 2-HI, which is at small collision energies
accompanied by the elimination of HI leading to the desired [(1)H(2)]* ion. The chiral effect
of 1.2 is determined in favor for the formation of the homochiral complex [(1)H(2)]".
Keywords: Basicity; Proton affinity; Chiral reactions; Diazadecalin; DFT calculations; Mass
spectrometry; Gas phase complexes.

Chiral ligands have a unique role in the enantioselective synthesis of chiral
compounds. A vast number of synthetic approaches nowadays use transi-
tion metals as catalytic centers for the mediation of chemical reactions. The
stereoselective induction is usually achieved by a simple coordination of a
chiral ligand to the catalytically active metal center. The bicyclic com-
pound 1,5-diaza-cis-decalin (1) belongs to the ligands often used for reac-
tions catalyzed by copper. For example, a complex of 1,5-diaza-cis-decalin
with Cu(OH)I has been specially developed for the enantioselective synthe-
sis of BINOL *. The skeleton of 1,5-diaza-cis-decalin forms an unsymmetri-
cal cavity with two nitrogen atoms at the apexes and both nitrogen atoms
can be coordinated to a metal. The molecule of 1,5-diaza-cis-decalin repre-
sents therefore a bidentate ligand. Scheme 1 shows the most stable con-

Collect. Czech. Chem. Commun. 2009, Vol. 74, No. 2, pp. 243-254
© 2009 Institute of Organic Chemistry and Biochemistry
doi:10.1135/cccc2008185



244 Roithova:

former of 1 with proximal nitrogen atoms; the alternative arrangement,
where the nitrogen atoms are in the distal positions becomes stable only if
hydrogen atoms bound to nitrogen atoms are substituted by e.g. alkyl
groups®. Due to the fact that two nitrogen atoms are in spatial vicinity,
compound 1 is also a strong base®. It has been theoretically predicted that
its proton affinity amounts to 1033 kJ/mol (ref.®) and 1 can be therefore
termed as a superbase. Although the two nitrogen atoms do not equally
participate in the binding to a proton, the geometry changes associated
with the protonation of 1 suggest that the non-protonated nitrogen atom
also contributes to stabilization of the charge in the molecule (Scheme 1).

Here, a chiral discrimination in binding of protonated 1,5-diaza-cis-decalin
with another chiral nitrogen base butan-2-amine (2) is investigated.
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ScHEME 1
1,5-Diaza-cis-decalin (1) and the protonated molecule 1H*. The selected bond lengths are in A;
carbon is in grey and nitrogen in green

EXPERIMENTAL

The experiments were performed with a TSQ Classic mass spectrometer which has been de-
scribed elsewhere*®. Briefly, the TSQ Classic consists of an electrospray ionization (ESI)
source combined with a tandem mass spectrometer of QOQ configuration (Q stands for
quadrupole and O for octopole). The investigated ions were generated by ESI of solutions of
[1-Cu(OH)I] and 2 in acetonitrile. All chiral compounds were purchased enantiomerically
pure. The first quadrupole was used as a mass filter to scan the ion spectrum or to select a
certain ion of interest; the mass resolution of the quadrupole was sufficient to fully resolve
the isotope envelopes of the studied ions according to their m/z ratio. The mass-selected
ions were then guided through the octopole serving as collision chamber followed by mass
analysis of the collision-induced dissociation (CID) products by means of the second
quadrupole and subsequent detection. Xenon was used as a collision gas and it was leaked
into the octopole at pressure of 1 x 10~ mbar, which corresponded to single-collision condi-
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tions. The collision energy was adjusted by a relative potential between the first quadrupole
and the octopole in the energy range E,, = 0-18 eV. The kinetic energy resolution was de-
termined by the retarding-potential analysis of the parent ions and the beam width at half
maximum amounts to 2.0 + 0.1 eV in the laboratory frame.

The calculations were performed at the B3LYP/6-31G** %8 |evel of theory as implemented
in the Gaussian 03 suite®. The structures are fully optimized and the minima verified by the
analyses of the Hessian matrixes. The iodide-bound complexes are calculated using the
B3LYP/SDD approach, where the basis set corresponds to the valence double Z D95V 1° and
the core electrons of the iodine atom are described by Stuttgart/Dresden pseudopotentials®?.
The energy values discussed below refer to enthalpies at 0 K and Gibbs energies at 298 K.
The DFT method does not correctly describe the dispersion interaction in the studied sys-
tems, which can be sometimes important for the correct evaluation of chiral effects'2. How-
ever, it can be expected that in the positively charged saturated systems studied here, the
dispersion interaction plays a minor role.

RESULTS AND DISCUSSION

First, the possible arrangements of the proton-bound complexes between
1,5-diaza-cis-decalin and butan-2-amine are investigated computationally.
According to the B3LYP/6-31G** calculation the proton affinity of 1
amounts to 10.51 eV (1014 kJ/mol). The same methods provides the proton
affinity of 2 as 9.82 eV (948 kJ/mol), which is in reasonable agreement with
the experimental value of 9.64 eV 3. Several optimized geometries of the
proton-bound complexes are depicted in Scheme 2. The most stable ar-
rangement of the homochiral and also heterochiral complexes (for the case
of simplicity denoted as [(R-1)H(R-2)]* and [(R-1)H(S-2)]*, respectively) cor-
responds to the situation, where the proton is bound to the stronger base 1
and 2 is bound to the outer hydrogen atom of the protonated nitrogen of 1
(isomers denoted as RR1 and RS1, respectively). In the less stable arrange-
ments RR2 and RS2, 2 binds to the inner hydrogen atom of the protonated
nitrogen of 1, which on one hand leads to a shorter distance between 2 and
the bridging proton and, consequently, the hydrogen bond might be stron-
ger. However, on the other hand, there is a larger steric interaction between
backbones of both the nitrogen bases, which results in overall larger poten-
tial energy of this arrangement. Finally, it is considered that proton might
be bound to the weaker base 2 and the complex could be stabilized by a
double hydrogen bonding to both nitrogen atoms of 1. Such arrangements
lead to stable structures RR3 and RS3 (see Scheme 2).

Obviously, in the most stable arrangements RR1 and RS1, the backbone
interactions of the two bases are minimized, which results in a relatively
small energy difference of 4 kJ/mol between the two diastereoisomers. On
the other hand, in the remaining isomers, where the cavity of 1 is involved,
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the energy differences are larger. The largest effect is found for the double
hydrogen-bound diastereoisomers RR3 and RS3, where the energy discrimi-
nation between homochiral and hererochiral complexes reaches 10 kJ/mol.
The formation of all complexes is an exothermic process. The formation of
the complex RR1 is associated with an energy release of 86.6 ki/mol at 0 K.
If the Gibbs energies are considered, the exoergicity drops to 43.8 kJ/mol at
298 K. For the heterochiral variant RS1, the binding energy at 0 K amounts
to 82.5 klJ/mol and the consideration of Gibbs energies at 298 K leads to a
value of 37.9 ki/mol.

The discrimination between formation of homochiral and heterochiral
complexes can be investigated also experimentally in the gas phase by
means of mass spectrometry#-22, There are several possible approaches to
probe the stability of different diastereoisomeric complexes in the gas
phase. The easiest way consists in the investigation of the abundances of
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SCHEME 2

Proton-bound complexes between 1,5-diaza-cis-decalin (1) and butan-2-amine (2). The com-
plexes are denoted by two letters, the first one corresponds to the configuration of 1 and the
second to the configuration of 2. The selected bond lengths are in A; carbon is in grey and ni-
trogen in green
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the diastereoisomeric ions formed in the ion source. Such strategy usually
requires labeling of one chiral variant of the studied compounds?3. Another
strategy comes from the investigation of the fragmentation kinetics of vari-
ous diastereoisomeric proton- or metal-bound complexes!®?425 and also
ion-molecule reactions can be used to differentiate diastereoisomeric com-
plexes26:27,

The electrospray ionization of the solution of [1-:Cu(OH)I] and 2 in aceto-
nitrile leads surprisingly mainly to the formation of the protonated mole-
cules and proton-bound complexes (Fig. 1). Complexes of copper are
almost absent in the spectra, which might be due to a low solubility of the
copper complex and also due to the fact that copper undergoes reduction
under the conditions of ESI from the acetonitrile solution?8. A comparison
of the peaks containing either 1 or 2 in the spectrum reveals that 2 forms
easier proton-bound complexes as the abundance of [2H-CH;CN]* and
[(2H),I]" largely prevails the abundance of 2H*. On the other hand, the
sterically more demanding base 1 is mostly present as the naked protonated
ion 1H* and the proton-bound complexes are less abundant. Interestingly,
also a mixed complex [(AH)I(2H)]* is present in the spectrum, which most
probably corresponds to an ion-pair complex of protonated bases 1 and 2
bound via the iodine anion. The source spectra are analogous for all combi-
nations of enantiomers of 1 and 2 and therefore only the variant of the

2H*CH,CN
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<
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The ESI source spectrum of a dilute solution of the complex between [1-Cu(OH)I] and
(R)-butan-2-amine (2) in acetonitrile
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mixture of (R)-1,5-diaza-cis-decalin and (R)-butan-2-amine (in the following
denoted as R-1 and R-2, respectively) is shown.

Collision-induced dissociation of the mixed complex [(1H)I(2H)]* leads
predominantly to the elimination of neutral [2-HI] and formation of [1H]*
(Fig. 2). The complementary fragmentation to [1-HI] and [2H]* can be ob-
served at a larger collision energy (Fig. 2b). A larger collision energy can
also induce subsequent fragmentation of [1H]* or [2H]* by loss of ammonia
as revealed by peaks at m/z 124 and 57, respectively. At a small collision
energy, another abundant fragmentation is detected, which corresponds to
the loss of neutral HI from the complex [(1H)I(2H)]* and thus the forma-
tion of proton-bound complex [(1)H(2)]*. The fragmentation of the dia-
stereoisomers [(1H)I(2H)]* is investigated further in order to reveal possible
preferences in the formation of homochiral or heterochiral diastereoisomer
of [((LH(2)]*.
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The collision-induced dissociation spectra at the collision energy E. ,, = 0.3 (a) and 5 eV (b) of
the complex [(2H)I(1H)]* generated by ESI of a solution of [1-Cu(OH)I] and 2 in acetonitrile.
The highest peaks in the spectra are normalized to 100; note that the parent ion is off-scale in
Fig. 2a
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As expected, the exploratory search on the potential-energy surface of
[(AH)I(2H)]* suggests that the energy difference between the diastereo-
isomers of the iodide-bound complex of the protonated bases 1 and 2 is
smaller than it was found for [(1)H(2)]*. Scheme 3 shows several structures
localized for the iodide bound complexes of the protonated bases. As the
distance between the two protonated bases amounts to about 5 A, the mu-
tual interaction is only small. Several possible orientations of the two
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SCHEME 3
Proton-bound complexes between 1,5-diaza-cis-decalin (1) and butan-2-amine (2). The com-
plexes are denoted by three letters, the first one corresponds to the configuration of 1, the sec-
ond to the configuration of 2 and the third stands for the iodide present. The selected bond
lengths are in A; carbon is in grey, nitrogen in green, and iodine in red
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protonated bases can be found by a rotation of a base around the iodine-
hydrogen bond. The rotation does not largely influence the distance be-
tween the two subunits and also the relative energies of the “rotamers” are
not changed significantly as demonstrated by pairs of structures shown for
the combination of R-1/R-2 (RRI1 and RRI2) and R-1/S-2 (RSI1, RSI2), re-
spectively. The structural alternatives, where the molecule of HI is coordi-
nated to the proton-bound complex of the bases 1 and 2, lie significantly
higher in energy (see selected isomers RRI3 and RSI3), therefore, it is ex-
pected that such isomers are not present in the ion beam.

Thus, it can be expected that the abundance of the HI elimination from
the [(1H)I(2H)]* complexes can differ for different diastereoisomers of the
complexes. According to the calculations, the elimination of HI from the
homochiral complex is slightly less endothermic (by about 2 kJ/mol) and
a similar effect can be expected for the corresponding energy barriers
(Scheme 4). On the other hand, cleavage of the [(1H)I(2H)]* complex to the
chiral subunits 1-H* and 2-HI is less energy demanding for the heterochiral
complexes. Thus, both effects should in synergy favor the HI elimination
for the homochiral complex. It is noted in passing that the transition struc-
tures for the HI elimination were not calculated due to the size of the stud-
ied system.

[S-1-H]* + S-2+Hi

or
[S-1-H]* + R-2-HI

38 0.0 ~__ 09
' N\ [
[(8—1 )H(S-Z)]+ +HI % [(8-1 )H(R-2)1+ +HI
£
E
(5]
&
S
3
()
A
[(S-1-H)I(S-2-H)I* [(S-1H)I(R-2-H)T*

SCHEME 4
Schematic drawing of the potential-energy surface for the dissociation of homochiral and
heterochiral complex [(1H)I(2H)]*. Energies are obtained from the B3LYP/SDD calculations
and are considered at O K. Note that the use of a different basis set leads to a slightly larger en-
ergy difference between proton-bound homochiral and heterochiral complexes than men-
tioned above
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The collision-energy dependent study of the dissociation of [(1H)I(2H)]*
does indeed reveal that the elimination of HI is important only at low
collision energies (Fig. 3). It is consistent with the fact that the primarily
iodide-bound complex of two protonated bases has to rearrange to a proton-
bound complex of the two bases and HI molecule and, therefore, it cannot
compete at large collision energies with direct fragmentations. Figure 3
shows the ion yields corresponding to the elimination of HI (in red) and to
a simple cleavage of the iodide-bound complex (in blue) in dependence on
the collision energy. The breakdown pattern of the heterochiral complex
generated from S-1 and R-2 looks very similar and no chiral effect is obvi-
ous from the data. Note that the experiment is conducted at single-collision
conditions, which means that a substantial part of the studied ions does
not undergo any collision and therefore does not fragment even at large
collision energies (i.e. here, 40% of parent ions remain intact even at colli-
sion energies exceeding 5 eV).

A chiral effect can be found if only the ratio between the abundance of
the HI elimination (fragment [(1)H(2)]* with m/z 214) and the formation of
1H* (m/z 141) is considered (thus the two channels indicated in Scheme 4).
Figure 4 shows the dependence of this ratio on the collision energy for the
homochiral complex [(S-1-H)I(S-2-H)]* (black line) and the heterochiral
complex [(S-1-H)I(R-2-H)]* (blue line). An average chiral effect?® is evaluated
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Fic. 3
Fragmentation of the [(S-1-H)I(S-2-H)]* complex in dependence on the collision energy. The
ion yield denoted by m/z = 141 (blue curve) corresponds to the sum of the abundances of the
ions with m/z 141, 124, 74, and 57
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as an average ratio according to the Eq. (1) in the range of collision energies
0-1.1 eV and it amounts to 1.2.

Khomo _ [S-DHES-2)1"/[S-DH]” 1)
Khetero [(S‘l)H(R'Z)]V[(S'l)HT

The values obtained at higher collision energies are not considered, because
firstly the abundance of the fragment [(1)H(2)]* is close to zero and there-
fore these values bear large experimental errors and, secondly, due to the
energy dependence of the chiral effect, these values are close to unity.
Seemingly, the enantioselectivity of the reaction peaks at 0.3 eV. According
to the theory, the chiral effect should be continuously decreasing with the
increasing collision energy. The drop in the intensity at the zero collision
energy can be regarded as an experimental artifact due to the very low in-
tensities of the ion currents at this special experimental arrangement.

The experimental results obtained nicely complement the results of the
DFT calculations. Thus, the elimination of the HI molecule can only com-
pete at low collision energies. For the homochiral [(1H)I(2H)]* complex, the
elimination of HI is slightly less endothermic than the cleavage of the com-

1.8
1.0+ 16
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0.8 4 <
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o 1 2
@ 0.4 4 Ecy [eV]
=
ha
=024
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Fic. 4
Ratio of the abundances of [(1)H(2)]* (m/z 214) and 1H* (m/z 141) generated by CID of the
parent ion [(S-1-H)I(S-2-H)]" (black line) and [(S-1-H)I(R-2-H)]* (blue line), respectively, in de-
pendence of the collision energy. The inset shows the chiral effect as defined by Eq. (1) ob-
tained as an average of two independent measurements. The error bars show the standard
error of the mean
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plex into 1-H* and 2:-HI. Accordingly, at collision energies close to zero the
elimination of HI prevails over the complex cleavage. On the other hand,
for the heterochiral [(1H)I(2H)]* complex, the HI elimination requires more
energy than complex cleavage and, accordingly, the HI elimination never
exceeds the complex cleavage in the experiment. The delicate differences
on the potential-energy surface also result in energy dependence of the
chiral effect as demonstrated in the inset in Fig. 4. Thus, the largest effect
can be found at energies close to zero. The experimentally found chiral ef-
fect is smaller than it would be expected based on calculations, which is
most probably due to the inherent shortcomings of the experiment. The
kinetic energy resolution of the parent ions in the center-of-mass frame is
ca. 50 kJ/mol (full width at half-maximum) and therefore, the measured
chiral effect is distorted by higher-energy contributions.

It can be expected that the differences between homochiral and hetero-
chiral diastereoisomeric complexes of 1 become much more pronounced,
if the metal-bound complexes instead of proton-bound complexes are con-
sidered. The metal ions will most probably bind to both nitrogen atoms
of 1 and therefore the whole cavity of the base will participate in the steric
interactions with the other partners in the complex. These complexes will
be subject of future studies.

CONCLUSIONS

Experimental and theoretical studies of the proton-bound complexes of
1,5-diaza-cis-decalin (1) and butan-2-amine (2) ([(1)H(2)]*) and the iodide-
bound complexes [(1H)I(2H)]" reveal that the homochiral combination of
the two bases is preferred. DFT calculations show that the elimination of HI
from homochiral [(1H)I(2H)]* is slightly less endothermic than the com-
plex cleavage to yield 1-H* and 2-HI, whereas for the heterochiral variant
the complex cleavage is less endothermic. In accordance, CID of homo-
chiral [(1H)I(2H)]* at the collision energies close to zero leads to a larger
abundance of [(1)H(2)]* compared to 1-H*. On the other hand, formation
of 1.-H* always exceeds that of [(1)H(2)]* in the CID of heterochiral
[(AH)I(2H)]*. Due to these differences on the potential-energy surface, the
chiral effect is slightly dependent on the collision-energy and an average
value of 1.2 is determined as an average for collision energies in the range
of 0-1.1 eV.
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