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Abstract

X-Ray crystallographic studies of enantiomerically pure dimethylphenazino-18-crown-6 ligand (R,R)-1 and its
complexes with the enantiomers ofα-(1-naphthyl)ethylammonium perchlorate NapEt were carried out. These
studies clearly show that the heterochiral complex (R,R)-1–(S)-NapEt is more stable than the homochiral one
(R,R)-1–(R)-NapEt. It was pointed out that besides the hydrogen bonding, mainly theπ–π interaction between the
aromatic systems of the host and guest, and the difference in steric repulsions were responsible for enantioselectiv-
ity. Molecular mechanical calculations using the LMOD/MINTA method also predicted the heterochiral complex
to be more stable than the homochiral one in the gas phase. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Enantiomeric recognition, as a special case of molecular recognition, involves the discrimination
between the enantiomers of a molecule by an optically active chiral receptor. This phenomenon,
which is very important in nature, can also be engineered into relatively simple synthetic molecules.
Among synthetic receptors which bind molecules enantioselectively, chiral crown ethers have attracted
considerable attention, because they are not only suitable models in helping to increase understanding
of enantiomeric recognition in nature, but they also have many applications in organic, pharmaceutical,
biological and analytical chemistry.1

Over the last quarter of a century a wide range of chiral crown ethers has been prepared in attempts
to enhance their discrimination between the enantiomers of different molecules. Among them a number
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of chiral crown ethers have been prepared containing pyridine,2 pyrimidine3 and phenanthroline4 units.
These enantiomerically pure chiral ligands and their discrimination between the enantiomers of organic
ammonium salts have been extensively studied.2–6

Very recently we described the preparation of enantiomerically pure dimethyl-substituted phenazino-
18-crown-6 ligand (R,R)-1 (Fig. 1) as the first representative of a chiral crown ether containing phenazine
unit.7

Figure 1. Chemical formulas of the host (R,R)-1 and guest NapEt molecules

Ligand (R,R)-1 has a tricyclic ring system which imparts high rigidity to the upper part of the
molecule, i.e. close to the stereogenic centers. Also the extendedπ-system of the phenazine ring
provides a strongerπ–π interaction with an organic ammonium salt containing an aromatic moiety.
Both features assist enantioselectivity.4–6 For the first step to study enantiomeric recognition we have
prepared suitable crystals of the free ligand (R,R)-1 and also its complexes with both enantiomers ofα-
(1-naphthyl)ethylammonium perchlorate NapEt using the same solvent. Beside reporting the results of
X-ray studies, we also disclose here our molecular mechanical calculations which provide support that
the stability order observed in solid state stands in the gas phase too.

2. Results and discussion

Crystal structures of macrocyclic host (R,R)-1 in its uncomplexed form as well as in its complexes
with (R)- and (S)-NapEt as guests have been established. The three structures constitute a rarely found
systematic series. The structures provide grounds for the interpretation of the chiral recognition process
effected by the host and the guest. ORTEP drawings of the three structures with atomic numberings are
shown in Fig. 2 [(R,R)-1], Fig. 3 [(R,R)-1–(R)-NapEt complex] and Fig. 4 [(R,R)-1–(S)-NapEt complex].

Although in the homochiral complex (R,R)-1–(R)-NapEt there are two molecules in the asymmetric
unit, they have very similar conformations (r.m.s.d.=0.306 Å for the nonhydrogen atoms) and therefore
we only present molecule A in Fig. 3.

It is a common feature of the structures that some of the atoms of the ligand (R,R)-1 that are further
away from the phenazine ring show a fairly strong thermal motion. In the uncomplexed form there is
a relatively large disordered segment (from C4A to O8A atoms) which is reduced to two atoms (C6A
and C7A) in one of the two crystallographically independent molecules of the asymmetric unit of the
homochiral (R,R)-1–(R)-NapEt complex.

On the other hand in the more stable heterochiral (R,R)-1–(S)-NapEt complex no static disorder was
observed, probably due to a more extensive hydrogen bonding network between the host and guest
molecules (Fig. 4).
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Figure 2. An ORTEP drawing of the structure of (R,R)-1 in its uncomplexed form as found in its crystal

Figure 3. An ORTEP drawing of the structure of homochiral complex (R,R)-1–(R)-NapEt as found in its crystal

In the latter complex we also identified a water molecule hydrogen-bonded to an oxygen of a
neighbouring perchlorate anion. The host–guest complexes are held together on the one hand by a strong
system of hydrogen bonds between the three protons of the ammonium ion as well as the nitrogen and
two alternate oxygen atoms of the crown ether, and on the other hand byπ–π interactions between the
aromatic rings of (R,R)-1 and NapEt (Table 1, Figs. 3 and 4).

As shown in Table 1 the strengths of the hydrogen bonds (as characterized by the bridgehead atom



1998 T. Gérczei et al. / Tetrahedron:Asymmetry10 (1999) 1995–2005

Figure 4. An ORTEP drawing of the structure of heterochiral complex (R,R)-1–(S)-NapEt as found in its crystal

Table 1
The bridgehead atom distances and hydrogen bond angles

distances and the H-bond angles) are not significantly different in the two complexes even though in
the more stable heterochiral complex we can find a bifurcated hydrogen bond instead of a normal one
(Fig. 4).

Since in the latter complex (S)-NapEt is fixed to the crown ether (R,R)-1 at four positions, this
bifurcated hydrogen bond could play a role in the higher rigidity of the crown ether part opposite to
the phenazine ring. In our view, most of the difference in stability of the two diastereomeric complexes
is attributed to the attractiveπ–π interaction of the naphthalene and phenazine rings as well as to the
repulsive interaction between certain hydrogens of NapEt and the methyl substituents of (R,R)-1.

There is a relatively small difference in the mean distances between the naphthalene and phenazine
ring atoms in the two complexes. On the other hand the interplanar angle between the naphthalene and
phenazine rings is around 14.5 degrees in both crystallographically independent molecules of the less
stable homochiral complex, while in the more stable heterochiral complex the two planes are much more
parallel as indicated by the value of the corresponding angle (7.3 degrees) (Table 2, Figs. 5 and 6).

So the interplanar angle between the two aromatic ring systems is smaller in the heterochiral com-
plex than in the homochiral one, corresponding to a tighter fit and a stronger (more extensive)π–π
interaction in the former case. In the case of the complexes of (R)- and (S)-NapEt with (4S,14S)-(−)-
4,14-dimethyl-3,6,9,12,15-pentaoxa-21-azabicyclo[15.3.1]heneicosa-1(21),17,19-triene-2,16-dione, fur-
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Table 2
The most striking carbon and hydrogen short contacts between atoms of (R,R)-1 and NapEt. The
distances of naphthalene ring centroids from those of the phenazine ring and the interplanar angles

between the two rings

Figure 5. A side view of the complex emphasizing the interplanar angle between the aromatic ring systems in the homochiral
complex (R,R)-1–(R)-NapEt

ther on (S,S)-dimethyldiketopyridino-18-crown-6 ligand,8,9 the interplanar angles between the naphtha-
lene and pyridine rings are smaller (6.9 degrees) in the homochiral than in the heterochiral (11.9 degrees)
complex.9 So contrary to our observation, in the latter case the interplanar angle between the aromatic
ring systems is greater in the more stable complex than the corresponding angle in the less stable one.

In the case of pyridino-18-crown-6 ligands and organic ammonium salts containing only one benzene
ring, there are examples in the literature whenπ–π interaction is absent10,11 or a weakπ–π interaction
could be observed.12 When the aromatic system is extended either in the guest or in the host,π–π
interaction between ring systems becomes more pronounced.4,11 Extending the aromatic system of
the guest molecule (e.g. naphthalene ring instead of a benzene ring), the distance between the center
of the aromatic rings of the host and the guest is getting smaller. Using the published co-ordinates
we found that the (R,R)-dimethyldiketopyridino-18-crown-6 ligand complexed with (R)-2-hydroxy-1-
phenylethylammonium perchlorate, the distance between the centers of the aromatic rings is 3.78 Å,12

while in the case of (R)-NapEt guest this distance is 3.52 Å.8,9

The above comparisons suggest that the more extended the aromatic systems are, the tighter theπ–π
interaction between the aromatic rings of the host and guest molecules is.
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Figure 6. A side view of the complex emphasizing the interplanar angle between the aromatic ring systems in the heterochiral
complex (R,R)-1–(S)-NapEt

On the basis of this set of structures we conclude that beside the hydrogen bonds mainlyπ–π
interactions are responsible for the relatively fixed mutual positions of the two aromatic systems in
complexes (R,R)-1–(R)-NapEt and (R,R)-1–(S)-NapEt. In addition to the above mentioned attractive
forces, repulsive interactions between certain hydrogens of NapEt and the methyl substituents at the
stereogenic centers of (R,R)-1 are also responsible for positioning of the naphthalene moiety above the
phenazine ring. In the case of the heterochiral complex the naphthalene ring occupies a relatively distant
position from the C28 methyl group. In order to avoid a strong repulsion between the hydrogen atoms of
(R)-NapEt and the C28 methyl group of (R,R)-1 in the homochiral complex, the naphthalene ring must
take a position in which it is less parallel to the phenazine moiety (see Table 2 and Figs. 3 and 5). In the
case of diastereomeric complexes (R,R)-1–NapEt the shortest distance between the closest hydrogen of
the guest and the C28 methyl carbon of the host is 3.13 Å in the homochiral complex and 3.29 Å in the
heterochiral one. From this analysis it seems that the extension of the aromatic system of the crown ether
provides a larger area forπ–π interaction which allows the naphthalene ring in the case of (S)-NapEt
to assume a position where the repulsive interaction is smaller with the C28 hydrogens. In the case of
(S,S)-dimethyldiketopyridino-18-crown-6 ligand complexed with the enantiomers of NapEt, the shortest
distances were 3.11 Å for the homochiral complex and 3.33 Å for the heterochiral one.8,9

Comparing the structures of (R,R)-1 in its complexes to the uncomplexed (R,R)-1, we can conclude that
the crown ether atoms close to the phenazine ring suffer less conformational changes in the heterochiral
complex than the corresponding atoms do in the homochiral one. This feature can be characterized
by an r.m.s. deviation of 0.08 Å (heterochiral-uncomplexed) and 0.26 Å (homochiral-uncomplexed)
between the macroring portions of (R,R)-1 close to the phenazine ring (C1, O2, C3, C4, C28, C12,
C13, C29, O14, C15). Therefore these parts of (R,R)-1 must undergo more significant conformational
changes to be able to bind the (R)-NapEt guest than the (S)-NapEt one (Fig. 7). In the case of (S,S)-
dimethyldiketopyridino-18-crown-6 ligand8,9,13 complexed with the enantiomers of NapEt the r.m.s.
deviations of the corresponding atoms are 0.10 Å (heterochiral-uncomplexed) and 0.26 Å (homochiral-
uncomplexed).13 The difference in the r.m.s. deviations reflects a more selective binding of the preferred
enantiomer of NapEt by (R,R)-1 than by the (S,S)-dimethyldiketopyridino-18-crown-6 host, especially if
we consider the higher rigidity of the former host compared to the latter one. We firmly believe that the
conformational differences of the macroring portions further away from the stereogenic centers and the
aromatic rings of the above mentioned two hosts are not so important from an enantioselectivity point of
view due to a large number of low energy conformations allowed in those regions.
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Figure 7. The superposition of the crown ether conformations found in the crystals of (R,R)-1 (continuous line),
(R,R)-1–(R)-NapEt (dotted line) and (R,R)-1–(S)-NapEt (dashed line)

Molecular modeling can also provide invaluable help to predict binding affinity and rationalize bind-
ing geometry, hence contributing to better understanding of chiral recognition. Here we report the suc-
cessful application of the new LMOD/MINTA computational methodology14–16 for the rapid prediction
of enantioselectivity of (R,R)-1 toward (R)- and (S)-NapEt in the gas phase. The LMOD/MINTA method
addresses the sampling problem for calculating binding free energies at two different levels. First, a global
conformational search is carried out with LMOD14 to identify the low-energy regions of the potential
energy surface (PES), which correspond to the low-energy binding conformations of the complex. Local
sampling of each individual conformational energy well is then accomplished by utilizing the mode
integration technique15,16 with the MINTA program. The LMOD/MINTA procedure was applied here to
predict the enantioselectivity observed in the recognition process. The LMOD/MINTA results gave the
observed preference and affinity within∼32.6 kJ/mol of (R,R)-1 for binding (S)- and (R)-NapEt. This is
in accordance with the interpretation of the comparative X-ray analysis performed on the diastereomeric
complexes (R,R)-1–(R)-NapEt and (R,R)-1–(S)-NapEt. The LMOD searches afforded 12 (R,R)-1–(R)-
NapEt and 17 (R,R)-1–(S)-NapEt complex binding conformations. The gas phase global minimum
structures of both diastereomers (Emin=−26.57 kJ/mol and Emin=−0.52 kJ/mol, for the heterochiral and
homochiral complexes, respectively), are in excellent agreement with the X-ray structures (heavy atom
superposition r.m.s. is 0.48 Å for the homochiral complex and 0.61 Å for the heterochiral one).

3. Conclusions

We examined the crystal structures of macrocycle (R,R)-1 in its uncomplexed form as well as in its
complexes with (R)- and (S)-NapEt. Based on our studies described here we can draw the following
conclusions:

(i) the interplanar angle between the phenazine ring of the host and the naphthalene moiety of the
guest is smaller in the heterochiral than in the homochiral complex corresponding to a tighterπ–π
interaction in the former case. In order to avoid a strong repulsion between the hydrogen atoms of
the guest and the C28 methyl group of the host in the homochiral complex, the naphthalene ring
must occupy a position in which it is less parallel to the phenazine moiety;

(ii) extending the aromatic system of the crown ether host provides a larger area forπ–π interactions
for the naphthalene ring of the ammonium salt guest, so a tighter association of the complexes
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takes place where the difference in steric repulsion becomes more pronounced which can lead to
enhanced enantioselectivity;

(iii) a search in the literature has shown that in the case of the crown ether hosts and organic ammonium
salt guests with only a single aromatic ring, theπ–π interactions are too weak to keep the aromatic
systems right above the plane of each other. However, in the case of crown ether hosts with extended
aromatic systems theπ–π interactions secure a better overlapping with the naphthalene ring of the
NapEt guest;

(iv) comparing the structures of (R,R)-1 in the complexes to the uncomplexed (R,R)-1 has shown that
the conformation of the macroring parts close to the phenazine moiety in the free ligand is more
similar to that in the heterochiral complex than to that which has been found in the homochiral one.
This means that (R,R)-1 is preorganizedto bind (S)-NapEt over (R)-NapEt selectively;

(v) molecular modeling also predicted the heterochiral complex to be more stable in the gas phase.

4. Experimental

4.1. General

Infrared spectra were obtained on a Zeiss Specord IR 75 spectrometer. Optical rotations were taken
on a Perkin–Elmer 241 polarimeter that was calibrated by measuring the optical rotations of both
enantiomers of menthol.1H (500 MHz) and13C (125 MHz) NMR spectra were taken on a Bruker DRX-
500 Avance spectrometer. Elemental analyses were performed in the Microanalytical Laboratory of the
Department of Organic Chemistry, L. Eötvös University, Budapest, Hungary. Melting points were taken
on a Boetius micro melting point apparatus and were uncorrected.

X-Ray data were collected on a Rigaku R-AXIS II.C area detector using a rotating anode equipped with
Mo-Kα target (λ=0.7071). All structures were solved using SHELXS-8617 and refined with SHELXL-
93.18

Crystal structures along with experimental details have been deposited with the CCDC.

4.2. Synthesis

(3R,13R)-(−)-Dimethyl-2,5,8,11,14-pentaoxa-20,26-diazatetracyclo[13.9.3.0.19,27021,25heptacosa-15,
17,19,21,22,24(1),26-heptaene (R,R)-1 was prepared as described in the literature.7 Suitable crystals of
(R,R)-1 for X-ray study were obtained by recrystallization from methanol. (R)-α-(1-Naphthyl)ethyl-
ammonium perchlorate (R)-NapEt and (S)-α-(1-naphthyl)ethylammonium perchlorate (S)-NapEt were
prepared as reported.19

The preparation of suitable crystals for the heterochiral complex of (R,R)-1–(S)-NapEt was performed
as follows:

Compound (R,R)-1 (68 mg, 0.171 mmol) and (S)-NapEt (51 mg, 0.188 mmol) were refluxed in 7 mL
of pure methanol until a clear solution formed. The solution was filtered while hot and it was stored at rt
for 4 h, at 0°C for 1 day and at −18°C for another day. The crystals were filtered and dried in a vacuum
desiccator over phosphorus pentoxide overnight to give 82 mg (72%) of yellow needles. Mp: 206–208°C.
[α]25D =−134.9 (c 0.32, CH2Cl2). IR (KBr) ν 3112, 3054, 2982, 2920, 2874, 1624, 1580, 1564, 1500,
1488, 1456, 1384, 1344, 1288, 1256, 1096, 996, 832, 760, 624 cm−1. 1H NMR (500 MHz, CDCl3) δ
1.29 (broad s, 3H), 1.69 (d,J=7 Hz, 3H), 1.78 (broad s, 3H), 3.57–4.46 (broad m, 12H), 4.98 (broad s,
3H), 6.63 (broad s, 1H), 6.89 (broad s, 2H), 6.98 (broad s, 1H), 7.08 (t,J=8 Hz, 1H), 7.19 (d,J=8 Hz,
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2H), 7.35 (d,J=8 Hz, 2H), 7.45–7.79 (broad m, 4H), 8.79 (broad s, 3H).13C NMR (125 MHz, CDCl3)
δ 14.69, 21.19, 45.62, 67.78, 69.85, 71.68, 74.07, 119.35, 121.75, 124.03, 125.05, 125.73, 126.08, 128.
94, 129.03, 131.03, 132.45, 133.03, 133.70, 134.59, 144.51, 151.47. Anal. calcd for C34H40ClN3O9: C,
60.94; H, 6.02; Cl, 5.29; N, 6.27. Found: C, 60.68; H, 6.03; Cl, 5.38; N, 6.12.

Suitable crystals of the homochiral complex (R,R)-1–(R)-NapEt were prepared in the same way as
above starting from (R,R)-1 (68 mg, 0.171 mmol) and (R)-NapEt (51 mg, 0.188 mmol), but using only 3
mL of methanol. In this case 39 mg (34%) of yellow plates were obtained. Mp: 231–232°C.[α]25D =−63.8
(c 0.32, dichloromethane). IR (KBr)ν 3116, 3075, 3032, 2984, 2920, 2877, 1625, 1580, 1560, 1488,
1456, 1376, 1344, 1280, 1252, 1096, 928, 784, 760, 624 cm−1. 1H NMR (500 MHz, CDCl3) δ 1.26–1.72
(broad m, 6H), 1.73 (d,J=7 Hz, 3H), 3.52–4.48 (broad m, 12H), 4.89 (broad s, 2H), 5.24 (broad s, 1H),
6.79 (t,J=8 Hz, 1H), 6.92 (t,J=8 Hz, 1H), 7.06 (broad s, 2H), 7.14 (t,J=8 Hz, 1H), 7.17 (t,J=8 Hz, 1H),
7.23 (d,J=8 Hz, 1H), 7.38 (d,J=8 Hz, 1H), 7.48 (d,J=8 Hz, 1H), 7.66–7.72 (m, 4H), 8.54 (broad s, 3H).
13C NMR (125 MHz, CDCl3) δ 14.97, 20.43, 45,54, 69.03, 71.28, 73.84, 74.86, 120.98, 122.21, 123.92,
124.38, 126.02, 126.74, 128.58, 129.24, 129.61, 131.10, 132.80, 133.14, 134.27, 134.65, 144.34, 151.76.
Anal. calcd for C34H40ClN3O9: C, 60.94; H, 6.02; Cl, 5.29; N, 6.27. Found: C, 60.69; H, 6.07; Cl, 5.16;
N, 6.16.

4.3. Crystallography

Bond lengths and angles are close to the expected values in all three structures and have relatively large
e.s.d.s in some cases due to the crystal quality, high thermal motion or a large degree of static disorder.
The perchlorate counterions are severely disordered in both diastereomeric complexes and the disorders
are not easy to resolve in a sensible manner.

Crystal data for (R,R)-1: a=10.973(4) Å,b=21.411(5) Å,c=8.66(4) Å,V=2034(8) Å3, Z=4, d=1.301
g/cm3, µ=0.093 mm−1, F(000)=848. Theta range for data collection: 1.90 to 26.45 degrees. Index
ranges: −13≤h≤13, −21≤k≤26, −9≤l≤10. Reflections collected: 2236. Full-matrix least-squares onF2.
Data:restraints:parameters: 2233:99:283. Goodness-of-fit onF2: 1.052. FinalR indices [I>2sigma(I )]:
R1=0.0652,wR2=0.1667. FinalR indices [all reflections]:R1=0.1959,wR2=0.2590. Extinction coef-
ficient: 0.013(4). Largest diff. peak and hole: 0.263 and −0.228 eÅ−3.

Crystal data for (R,R)-1–(R)-NapEt: a=12.132(3) Å,b=10.729(2) Å,c=26.118(6) Å,β=95.821(7)
degrees,V=3382(1) Å3, Z=4, d=1.316 g/cm3, µ=0.171 mm−1, F(000)=1416. Theta range for data
collection: 1.57 to 25.97 degrees. Index ranges: 0≤h≤14, 0≤k≤13, −32≤l≤31. Reflections collected:
5979. Full-matrix least-squares onF2. Data:restraints:parameters: 5979:495:957. Goodness-of-fit on
F2: 1.124. FinalR indices [I>2sigma(I )]: R1=0.0667,wR2=0.1712. FinalR indices [all reflections]:
R1=0.0871,wR2=0.1860. Absolute structure parameter: 0.0(1). Extinction coefficient 0.007(2). Largest
diff. peak and hole: 0.343 and −0.385 eÅ−3.

Crystal data for (R,R)-1–(S)-NapEt: a=15.729(2) Å,b=12.558(2) Å,c=17.658(2) Å,V=3488.1(8)
Å3, Z=4, d=1.310 g/cm3, µ=0.170 mm−1, F(000)=1456. Theta range for data collection: 1.73 to
25.75 degrees. Index ranges 0≤h≤19, 0≤k≤15, 0≤l≤21. Reflections collected: 3710. Full-matrix least-
squares onF2. Data:restraints:parameters: 3708:222:483. Goodness-of-fit onF2: 0.858. FinalR indices:
[I>2sigma(I )]: R1=0.0464, wR2=0.1185. FinalR indices [all reflections]:R1=0.0773, wR2=0.1533.
Absolute structure parameter 0.2(2). Extinction coefficient 0.016(2). Largest diff. peak and hole: 0.202
and −0.220 eÅ−3.
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4.4. Computational studies

The LMOD calculations were carried out with a pre-release version of BatchMin 6.520 using the
AMBER* force field.21 The electrostatic treatment of the system involved a distance dependent dielectric
constant (e=1.0). We have found that force field charges were inadequate for these highly charged
complexes. Instead, we used AM1 electrostatic potential fitted charges calculated with Spartan 4.022 at
the respective X-ray geometry of the complexes. 5000 LMOD search steps were applied for each complex
and unique conformations within 30 kJ/mol above the global minimum after energy minimization were
kept for the MINTA calculation. The MINTA integrals, which form the basis for the binding free
energy calculation15,16 were evaluated as block averages using 52 000 independent, single-point energy
calculations per conformation.

The combined numerical/analytical MINTA algorithm was applied with the numerical integration
of the 30 lowest-frequency (soft) vibrational modes and analytical integration of the remaining (hard)
modes using the harmonic approximation. Note that the soft modes per se included contributions from
the relative translation and rotation of the guest with respect to the crown ether host. It should also be
stressed that the LMOD/MINTA procedure was applied to unconstrained host–guest systems to make
sure that both the host and the guest were fully sampled. The computations were carried out on an SGI
Indy workstation.
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