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A facile optical resolution of recemic 1,2,3,4,10,14b-hexahydrodibenzol[c,fpyrazino[1,2-a]azepine (1) was developed
using 2,3-di-O-benzoyl-D-(—)-tartaric acid ((+)-DBT) as a resolving agent. The resolution efficiency depends remarkably
on the (+)-DBT: 1 ratio. When (+)-DBT and recemic 1 were mixed in methanol-water (9 : 1 v/v) in a 1 : 4 stoichiometry,
a crystalline salt consisting of (+)-DBT, (R)-1, methanol, and water in a 1:2:2:2 ratio crystallized preferentially in
a fair yield. X-Ray crystallographic analysis showed its highly ordered supramolecular structure: (+)-DBT molecules
self-assemble via hydrogen bonding with the aid of water and methanol to form a puckered layer, and stacking of (R)-
1 molecules constructs a column which is sandwiched in between the puckered layers. The X-ray crystallographic data
reported for the salts that consist of amines and DBT were reinvestigated to reveal that most of the host frameworks derived
from DBT have a layer structure similar to the above puckered one.

Since the optical resolution using fractional crystalliza-
tion was developed by Louis Pasteur in 1853," this has been
widely employed for preparing chiral compounds,” and a
vast number of useful resolving agents are now available.?
One of them is chiral 2,3-di-O-benzoyltataric acid (DBT).
It is commercially available in both enantiomer forms and
is useful for resolving not only amines,” but also phosphine
oxides.*” It should be noted that crystalline salts of DBT
and amines have been of current interest in the field of ma-
terials science because of their potential utility as an organic
nonlinear optical material.®

Here we report a practical optical resolution of racemic 1,
2,3,4,10,14b-hexahydrodibenzo[c,f]pyrazino[1,2-a]azepine
(1), a key synthetic intermediate of biologically active com-
pounds with antiallergic and antihistaminic activities.”— In
order to elucidate the driving force for the optical resolution
using optically active DBT, the crystal structure of the least-
soluble salt consisting of (+)-DBT and (R)-1 was studied
by X-ray crystallography. In addition, we reinvestigated the
X-ray crystallographic data reported for fifteen amine salts
of DBT and closely related 2,3-di-O-(p-toluoyl)tartaric acid
(DTT)" to understand why these acids can accommodate
numerous amine compounds in co-crystallization with high
levels of enantiopreference.

Results and Discussion

Optical Resolution of Racemic 1.  Since DBT is well
known to form stoichiomerically different salts, normally
1:1 and 1:2 salts, with an amine,'” at least two pairs of

diastereomeric salts are possible for a combination of (+)-
DBT and racemic 1: (+)-DBT-(R)-1 (hereafter abbreviated
to salt Ryy) and (+)-DBT-(5)-1 (salt S¢1) as 1:1 salts; (+)-
DBT-2(R)-1 (salt Ry,) and (+)-DBT-2(S)-1 (salt Sy5) as 1:2
salts (Chart 1). Prior to the optical resolution, we prepared
all of these salts by the use of enantiomerically pure 1 to
characterize their physical properties.

When (+)-DBT-H,O and (R)-1 were mixed in a 1:2 ra-
tio in methanol, the 1:2 salt (Ry;) was precipitated as an
amorphous solid with mp 187—193 °C (decomp). Under
the similar conditions, (S)-1 afforded the 1 : 2 salt (Sq2) with
mp 170—172 °C (decomp), which is gelatinous in methanol.
On the other hand, a rapid contact of (R)-1 with 1.2 molar
amount of (+)-DBT-H,O at room temperature deposited the
1:1 salt (Ry;) with mp 160—162 °C. In contrast, when (S)-
1 was mixed with an equimolar amount of (+)-DBT-H,O,
the 1:1 salt (Sq1) did not crystallize even after evaporation
of the solvent.

The physical properties of these salts are listed in Table 1,
which shows a significant difference in their solubility.

Since recrystallization of the 1 : 1 salt (Ry7) from hot meth-
anol afforded the 1:2 salt (Ryy), it is easily predictable that
Ry, precipitates preferentially from a 1:4 mixture of (+)-
DBT and racemic 1 to render (S)-1 free. At a 1:1 ratio
of (+)-DBT and racemic 1, the salt Ry is also expected to
crystallize dominantly.

With these inferences, the optical resolution of racemic 1
was performed with varying the ratio of (+)-DBT:1. To a
refluxing solution of racemic 1 (2.5 g, 10 mmol) in methanol
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0
HOOCTO'C@ 1:1 salt
3 +)-DBT » (R)-1 - «(S)-
HOOG "0-.9@ + (R)>-1 + (+)-DBT-(S)-1
0 Ry Su
(+)-DBT
1:2 salt
(+)-DBT « 2(R)-1 + (+)-DBT - 2(S)-1
Ryz S12
racemic 1
Chart 1.
Table 1. Physical Properties of the Salts R;1, S11, Rz, and Si2
Salt
Rus Su Riz Si2
Mp/°C 160-162 An oil 187-193 (decomp) 170-172 (decomp)
[a]5 (DMF)/° -191 - —270 +292
Solubility 7 Freely soluble 4 33

a) In methanol at 25 °C (g dm~—3). b) Not measured.

(44 ml) was added a solution of (+)-DBT-H,0 (2.5, 5.0, 7.5,
or 10 mmol) in methanol (6 ml), and the resulting suspen-
sion was gently refluxed for 30 min. After the mixture was
gradually cooled to 20 °C, the precipitated salt was collected
by filtration and dried in vacuo. The enantiomeric excess of
1 in the salt was determined by HPLC equipped with a chiral
stationary phase column after decomposition with aqueous
NaOH. Table 2 summarizes the results. Although a 1:2
ratio resulted in a low selectivity (27%ee), the 1:4 and 3:4
ratios dramatically improved the efficiency to furnish the salt
Ry; with > 99%ee of (R)-1 in 26 and 30% yields, respec-
tively. The latter case may be explained in terms of easy
crystallization of insoluble Ry, and remaining of soluble Siq
in solution. At the 1:1 ratio, the salt Ry; with 89%ee of
(R)-1 was given in a 25% yield. From these results and the
economical point of view, the best molar ratio of (+)-DBT to
racemic 1is 1:4.

In order to obtain the crystals of good quality for the salt
of (+)-DBT and (R)-1, various solvent systems had been
surveyed and, with effort, we selected a mixed solvent of
methanol-water (9 : 1 v/v) which afforded a new crystalline
salt (T12). A single crystal X-ray analysis of this salt revealed
that it consists of (+)-DBT, (R)-1, methanol, and water in a

Table 2. Optical Resolution of

ratio of 1:2:2:2. These crystals were so unstable as to
gradually become opaque in air. After being dried in vacuo
at room temperature, the resulting crystals were shown by
elemental analysis to release one water and two methanol
molecules and become new crystals (Uy,) that consist of (+)-
DBT, (R)-1, and water in a ratio of 1:2:1. Regrettably the
single crystal suitable for X-ray crystallography has not been
obtained for Uy,. Therefore the crystal structure of Uy, was
not revealed, but the crystal lattice seems to remain without
large change during this transformation, because the powder
X-ray diffraction pattern of Uy, resembles that of Ty (Fig. 1).

The crystals of Uy, exhibit a higher melting point (190—
196 °C) and a lower solubility in MeOH (3 gdm™2 at 25
°C). These properties are desirable for the fractional crystal-
lization.

In the present optical resolution using (+)-DBT, its es-
sential amount is half as much as that of (R)-1, no matter
how much (S)-1 exists. This allowed a convenient two-step
resolution procedure: the removal of (5)-1 with 0.5 molar
amount of (—)-DBT (based on (§)-1) followed by the frac-
tional crystallization of Uyz from the resulting (R)-enriched
1 with 0.5 molar amount of (+)-DBT (based on (R)-1). This
procedure is efficient and suitable for a large-scale produc-

Racemic 1 with (+)-DBT?

Salt
(+)-DBT/mmol ((+)-DBT : 1) Yield/% ee of (R)-1/%
25 (1:4) Ri2 26 >99
5.0 (1 : 2) R12+Slz 64 27
7.5 3:4 Riz 30 >99
10 (1:1) Ru 25 89

a) A solution of racemic 1 (10 mmol) in methanol (50 ml) was used.
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Fig. 1. Powder X-ray diffraction patterns for the salts Ty,
(a) and Uy, (b).
) ) ) Fig. 2. ORTEP drawing of Ti; with atomic numbering
tion of (R)-1. A typical procedure is as follows. Treatment scheme. The occupancy factor for O(5), O(7), C(30), and
of racemic 1 (100 g, 0.40 mol) with (—)-DBT-H,0 (0.1 C(31) atoms is 0.5.

mol) in MeOH-water (9: 1 v/v) gave (—)-DBT-2(5)-1-H,0
(59.2 g, 34%), the enantiomer of Uj,, together with (R)-

enriched 1 (66.4 g, 36%ee) which was recovered from the mother liquor. The latter was treated with (+)-DBT-H,O (0.1

a) b)

c

Fig. 3. (a) X-Ray crystal structure of T2 (down the b axis). All hydrogen atoms are omitted for clarity, unless otherwise noted. (b)
Schematic representation of the crystal structure.
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Table 3. Crystal Data and Details of Data Collection of Ty,

Resolution of a Pyrazinoazepine Derivative

Empirical formula C2sH31N206
Formula weight 479.55
Crystal system Orthorhombic
Space group P2,2,2 (#18)
Lattice parameters
a/A 19.22(1)
b/A 9.211(1)
c/A 14.522(3)
a=B=vy/° 90
Veaea/A’ 2570(3)
z 4
Deajcd /g CIII_3 1.239

Crystal size/mm’ 0.48 x0.30 x0.18

FO00) 958
Diffractometer Rigaku Raxis II
Radiation MoKa
u/cm™! 0.88
T/K 173(1)
No. of collected reflections 1650
Structure solution SHELXS 86
Refinement Full-matrix least-squares
Least-squares weigh [O2(Fo)+ (0 /A)F,11™!
p-factor 0.01
No. of observations” 1360
No. of variables 414
Residuals R;R,, 0.068;0.067
Goodness of fit indicator 2.87
Max Shift/Error 2.24

Aprmax: ApminJe~ A7 0.29;—0.40
a) Direct method, see Ref. 22. b) I>4.000()).

mol) in MeOH-water (9: 1 v/v) to give Uy, (75.2 g, 43%).
Decomposition with aqueous NaHCOj3 followed by recrys-
tallization from toluene—~isopropyl ether (1:3 v/v) afforded
enantiomerically pure (R)-1 (40.3 g) in 40% overall yield
from racemic 1.

Crystal Structure of the 1:2:2:2 Salt (Ty2) of (+)-
DBT, (R)-1, Methanol, and Water.  The single crystal of
Ty, suitable for X-ray crystallography was obtained by the
recrystallization of Uy, from methanol-water (9: 1 v/v). It
was mounted in a glass capillary and measured at —100 °C.
Crystal data and details of data collection are summarized
in Table 3. Table 4 lists atomic coordinates and equivalent
isotropic thermal parameters (Beq).'” Selected nonbonded
intermolecular contacts are given in Table 5. An ORTEP"
drawing of the crystal with atom numbering scheme is shown
in Fig. 2.

Figure 3 depicts the X-ray crystal structure of Tj, (along
the b axis), exhibiting an aesthetically beautiful, highly-
organized supramolecular structure: (+)-DBT molecules
self-assemble to construct a unique, puckered sheet; (R)-
1 molecules stack over each other to form a column structure
which is sandwiched in between the puckered sheets of (+)-
DBT molecules as illustrated in Fig. 3b. The top view (a),
the side view (b), and the front view (c) of the (+)-DBT sheet
are given in Fig. 4.

Like the most stable conformation of tartaric acid diacyl

Table 4.  Atomic Coordinates and Equivalent Isotropic
Thermal Parameters (Beq) with esd’s in Parentheses
Atoms x y z B:‘){
01 0.5150(3)  0.2522(5) 0.3056(4) 4.8(1)
02 0.4455(3) 0.2771(5) 0.1832(4) 4.6(1)
03 0.4264(2) —0.0144(5) 0.1709(3) 3.9(1)
04 0.3297(3)  0.0504(6) 0.2446(4) 5.4(2)
(05 0.5000 0.0000 —0.0886(8) 9.4(3)®
06 0.9586(3) 0.2510(8) 1.0063(4) 6.9(2)
o7 1.0000 0.0000 0.081(1) 15.0(6)"
N1 0.5985(3) 0.4795(7) 0.2770(5) 4.4(2)
N2 0.7263(3)  0.5770(6) 0.3548(4) 4.3(2)
C1 0.4757(4)  0.2055(8) 0.2435(7) 4.1(2)
C2 0.4654(3) 0.0391(7) 0.2482(6) 3.7(2)
C3 0.3573(4) —0.0074(9) 0.1803(7) 4.7(2)
Cc4 0.3213(4) —0.0840(8) 0.1036(7) 4.8(2)
C5 0.2478(5) —0.084(1) 0.1096(7) 6.2(3)
C6 0.2114(6) —0.159(1) 0.0428(9) 7.1(3)
C7 0.3177(7) —0.224(1)  —0.0326(8) 8.2(3)
C8 0.3539(7) —0.151(1) 0.0370(7) 6.13)
Cc9 0.6610(4)  0.6380(8) 0.3883(6) 4.0(2)
C10 0.6055(5)  0.524(1) 0.3760(7) 4.7(2)
Ci2 0.6672(5) 0.4314(10)  0.2402(9) 5.1(3)
C13 0.7192(5)  0.553(1) 0.2547(7) 5.5(3)
C15 0.7889(4)  0.6433(9) 0.3832(7) 5.3(2)
C16 0.8104(4) 0.6120(9) 0.4733(8) 5.7(3)
C17 0.7640(5)  0.5285(10)  0.5330(7) 5.7(3)
C18 0.7021(4)  0.6212(8) 0.5582(7) 5.1(2)
C19 0.8730(5)  0.666(1) 0.5054(9) 6.3(3)
C21 0.6075(4)  0.7749(9) 0.5164(7) 4.6(2)
Cc22 0.8299(5)  0.726(1) 0.3230(10)  6.8(3)
C23 0.8951(6) 0.776(1) 0.359(1) 8.4(4)
C24 0.9137(6) 0.746(1) 0.450(1) 7.7(4)
C25 0.6929(5) 0.6636(10)  0.6495(8) 5.7(3)
C26 0.6409(5)  0.756(1) 0.6743(7) 6.4(3)
C27 0.5974(5) 0.8157(9) 0.6079(8) 5.3(2)
C28 0.6590(4) 0.6797(8) 0.4905(6) 4.2(2)
C29 0.2471(8) —0.226(1)  —0.027(1) 8.7(4)
C30 0.5000 0.0000 —0.181(1) 14.2(8)”
C31 1.0000 0.0000 0.175(2) 13.8(8)”
H2 0.16(1) —0.16(2) 0.05(1) 21(1)
H17 0.617(3) 0.441(6) 0.412(4) 1(1)

a) Beq=(4/3)37,>" jBjaiaj. b) Occupancy factor for these

atoms is 0.5.
Table 5. Selected Nonbonded Intermolecular Contacts in
Ti2 (esd’s, where given, are in parentheses)

Atoms Symmetry Distance/A
O(1)---N(1) X,V,2 2.670(8)
0O(2)---N(1) 1—x, 1—y,z 2.756(8)
0(2)---0(6) —1/24x, 1/2—y, 1—z 2.77509)
0O(5)---0(6) 3/2—x,—1/2+y,1—z 2.706(9)
0(6)---0(7) x,y, 1+z 2.674(10)

0(6)- - -H(2)-C(6) 1—x, —y, 1+z 2.51

C(10-H(17)---C(24) 3/2—x, —1/2+y, 1—z 2.76

derivatives,'” two carboxylate groups in (+)-DBT point in
opposite directions (anti conformation) and two benzoyloxy
groups are located in gauche conformation.' The carboxyl-
ate O(2) atom forms a hydrogen bond with water (O(2)+++-O-
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Fig. 4. Sheet structure of (+)-DBT-2MeOH-2H,0. (a) Top view down the b axis. (b) Side view down the a axis. (c) Front view

down the ¢ axis (only H(2) atoms are shown).

Fig. 5. Column structure of (R)-1 molecules. Dotted lines
refer to CH-m interactions (only H(17) atoms are shown).

6)=2.775(9) A). The water further interacts with upper and
lower methanols (O(6)-+--O(5) =2.706(9) A and O(6)-+--O-
(7)=2.674(10) A), that is (+)-DBT molecules stand in a row
along the b axis by the aid of water and methanol molecules
(Fig. 4b). The meta hydrogen [H(2)] of the benzene ring
in (+)-DBT is very close to the proximal O(6) of water to

Fig. 6. Salt-type hydrogen bonds (dotted lines) between (+)-
DBT and (R)-1.

form a C—H-.--O hydrogen bond'® (H(2)-+--0(6)=2.51 A,
ZC(6)-H(2)----O(6) = 152°), which contributes to the entire
stability of the sheet structure (Fig. 4c).

Figure 5 shows the column structure of (R)-1 molecules
which stack along the b axis. A distinct feature of the stack-
ing is that H(17) on C(10) approaches the neighboring aro-
matic ring probably due to CH-m interaction.'” Indeed the
H(17)----C(24) distance is 2.76 A, which s apparently shorter
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1:1 Salt
Type A
\\OCHa .
oo O 2w
[ Cafts 7 "0 HN- 7
"'CHa 3 (+)-DBT- 2H;0
(HsC)N” +(-)-DBT « 2H,0 o (+) DTT  (#)- DBT MeOH 2
2 3 4 5
o)
X ’O N(r-C3H7)
A 3
1 Heco NG, b 7)2
_NH
« (=)-DTT H AN
N : | ].@oBr ¢ (e
CHs (-)-DTT N/ (+) N ‘ (+)-DTT
6 7
i Type B 7]
NCH
e
« (+)-DBT- MeOH
Ph OH . (4)-DTT. GHsON
L 10 1 ]
1:2 Salt
CHs CHs
N—-,
Q ., CHs HQN\/\S S\/\NH2
" - (-)-DBT CH, d WH . (-)-DBT
N (0-DTT- EtOH- 15H:0 \ —=_N. O
H ) N /2
12 13 14
(" NCHy
o__~ —’|\
. (4}DTT- 4H g
? 0 Qj)\ - (+)-DBT
HO 2 CHg
15 16
Chart 2.

than the sum of the van der Waals radii'® of H atom (1.2 A)
and the aromatic C atom (1.77 A).'" This phenomenon is
consistent with the finding that the C—H group adjacent to a
positively changed nitrogen atom (N(1) in this case) has a po-
tent donor ability for hydrogen bond.'® It is noteworthy that
the (+)-DBT sheets sandwich the azepine column through
two kinds of hydrogen bonds: The H atoms on N(1) bond to
the carboxylate O(1) and O(2) atoms (N(1):+--O(1)=2.670(8)
A and N(1)----O(2) =2.756(8) A) (Fig. 6).

Generality of the Crystal Structure Observed in the
Ty, Crystals. As mentioned above, the Ty, crystal consist

of the puckered sheet of (+)-DBT molecules and the col-
umn of (R)-1 molecules with good steric complementarity.
We were interested in the generality of the sheet structure
constructed by the self-assembly of (+)-DBT molecules. Al-
though a number of X-ray crystallographic data have been
reported, their three-dimensional structures have not been
well defined. We reinvestigated the X-ray data reported for
the salts of amines and DBT (or DTT), most of which were
collected from the Cambridge Structural Database.'” Eleven
salts 2—4, 6, 7, 9—11, and 14—16 in Chart 2) and four
published crystal structures (5, 8, 12, and 13) were system-
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a)

Top view

Side view

Salts 2—5 Salt 6 Salt 7 Salt 8 Salt9

Fig. 7. (a) Ribbon structures of the host molecules in the 1: 1 salts. A representative ribbon structure for the salts 2—8, 10, and 11
(left) and that of 9 (right). (b) Top views of the host frameworks in Type A. (c) A typical framework belonging to Type B. Top
view (left) and side view (right).

Fig. 8. A representative crystal structure in the 1:2 salts.

atically studied to understand their inherent features for the =~ molecules are interlinked by COO~-..:HOOC hydrogen
optical resolution of amines.?? bonds to make ribbon structures (Fig. 7a) which further as-

In cases of the 1:1 salts (2—11), P2;2;2, and P2; space  semble to form a puckered sheet in a manner similar to that
groups appear most frequently in their crystals. The host  of Tya, except for two salts (10 and 11)." The puckered
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Fig. 9. Intermolecular interactions (dotted lines) in the solid
state of 3. All hydrogen atoms participating in intermolec-
ular contacts are shown.

sheet seems to change its form according to the shape and
size of the amine, as summarized in Fig. 7b. In crystals of 10
and 11 with P1 space group, no intermolecular interaction
works between the ribbons, which point to the same direc-
tion and align so as to create appropriate cavities for the guest
(Fig. 7c).

In cases of the 1: 2 salts (12—16), their crystal (the space
group: C2 for 12—15 and P2, for 16) is constructed by the
closest packing of the identical unit that comprises one host
and two amine molecules (Fig. 8). It should be noted that the
host framework of Ty, (P212,2) resembles to those of the 1 : 1
salts. In the Ty, crystal, the host molecules are linked to each
other through the solvent molecules to form the hydrogen-
bond network [Fig. 4b: O(2)+++:O(6):++-O(7)+++-O(6)-++-O-
(2)] that makes it possible to construct the sheet structure.

Thus DBT and DTT have proven to possess outstand-
ing ability for various weak intermolecular interactions such
as hydrogen bonding, CH-m interaction, and aromatic—aro-
matic interactions. As a typical example, the intermolec-
ular interactions observed in 3 are shown in Fig. 9: The
toluoyl carbonyl O(7)" atom contacts with the H(11)" atom
through C—H----O hydrogen bonding (C(7)'-H(11)'----O-
(7Y =2.52 A; ZC(7)-H(11)'+++-O(7) = 131°) and two aro-
matic rings of DTT interact with the C—H group adjacent
to the electron-withdrowing group (C(18)----H(4)’ =2.70 A
and C(24)----H(18)' =2.68 A). This ability gives an answer
to the question why DBT and DTT recognize a wide range
of amine compounds with a high enantiopreference.

Conclusion

In summary, a practical optical resolution of racemic 1 was
developed by the use of 0.25 molar amounts of (—)-DBT and
(+)-DBT, which gave enantiomerically pure (R)-1 in 40%
overall yield based on racemic 1. X-Ray structural analysis

Resolution of a Pyrazinoazepine Derivative

of the salt Ty, which consists of (+)-DBT, (R)-1, methanol,
and water in a 1:2:2:2 ratio, elucidated its highly ordered
superstructure of (+)-DBT molecules. In the solid state of
Tq2, (+)-DBT molecules self-assemble by the aid of water
and methanol to construct the sheet structure, in which (R)-
1 molecules are incorporated as guests. A comprehensive
study on the crystal structures of the related salts revealed the
important driving forces for the chiral recognition of amines
by DBT and DTT. The host frameworks in the 1 : 1 salts can
be classfied by two types, and most crystal structures of 1:2
salts were shown to exhibit a striking similarity. This work
will shed some light on the mechanism for the recognition of
amines by DBT and DTT.

Experimental

Melting points were determined with a Yamato MP-21 melting
point apparatus or a Yanagimoto micro melting point apparatus and
are uncorrected. Optical rotations were determined with a Horiba
SEPA-300 or JASCO DIP-370 polarimeter. 'HNMR spectra were
recorded on a JEOL JNM-GSX 400 (400 MHz) spectrometer, and
chemical shifts were reported in ppm relative to tetramethylsilane
as an internal standard. Infrared spectra were run on a JASCO
FT/IR-8900 spectrometer. Enantiomeric excess of 1 was deter-
mined by chiral HPLC: Column, Daicel Chiralcel OJ (¢ 4.6x250
mm); eluent, 2-propanol/hexane (2: 1); flow rate, 0.7 ml min~!;
of (R)-1=6.7 min, tr of (§)-1=7.8 min. Powder X-ray diffraction
patterns were measured with an MXP system (MAC Science Co.)
using Cu Ka radiation. Compound 1 was prepared according to the
literature procedure.”

Preparation of (R)- or (S)-1,2,3,4,10,14b-Hexahydrodibenzo-
[c.fIpyrazino[1,2-a]azepinium Hydrogen 2,3-Di-0O-benzoyl-D-
(—)-tartrate (Ry; or S;1). A solution of (+)-DBT-H,0 (2.26 g,
6.01 mmol) in methanol (6 ml) was added to a stirred solution of
(R)-1 (1.25 g, 4.99 mmol) in methanol (44 ml) at room temperture.
After 5 min, the precipitate was filtered off and dried in vacuo to
afford the 1: 1 salt Ry; (1.80 g, 59%) as a colorless solid. The mp,
specific rotation, and solubility of this salt are shown in Table 1.
'"HNMR (CD;0D) signals due to (R)-1: 8 =3.26—3.55 (m, 6H,
(CH;,);NCH>),3.38(d,/=12.7Hz, 1H, ArCHHAr), 4.23 (dd, J=3.7
and 10.1 Hz, 1H, ArNCHAr), 4.76 (d, J=12.7 Hz, 1H, ArCHHAr),
6.89—7.23 (m, 8H, ArH); signals due to (+)-DBT:  =5.92 (s, 2H,
2xCHOBZzl), 7.44 (t-like, /=8 Hz, 4 H, ArH), 7.56—7.60 (m, 2H,
ArH), 8.11—8.13 (m, 4H, ArH). IR (KBr) 3428, 1725, 1631, 1602,
1493, 1452, 1265, 1114, 715 cm™!. Found: C, 68.62; H, 5.66;
N, 4.65%. Calcd for C3sH3;N,05:0.7H,0: C, 68.36; H, 5.36; N,
4.56%.

When (S)-1 was treated with equimolar amount of (+)-DBT,
no crystalline salt was formed before or after concentration of the
reaction mixture.

Preparation of Bis((R)- or (5)-1,2,3,4,10,14b-hexahydro-
dibenzo[c f]pyrazino[1,2-a]azepinium)2,3-Di-O-benzoyl-D-(—)-
tartrate (R or S12).  To a stirred solution of (R)-1 (1.25 g, 4.99
mmol) in methanol (44 ml) was added a solution of (+)-DBT-H,O
(0.94 g, 2.5 mmol) in methanol (6 ml) at room temperature. After
30 min, the solid was collected by filtration and dried in vacuo to
afford the 1:2 salt Ryz (1.71 g, 77%) as a colorless solid. The
mp, specific rotation, and solubility of Ry, are listed in Table 1.
'HNMR (CD;OD) signals due to (R)-1: 6 =3.20—3.51 (m, 12H,
2x(CH;,);NCH,), 3.36 (d, J=12.8 Hz, 2H, 2x ArCHHAr), 4.19
(dd, J=3.3 and 10.2 Hz, 2H, 2x ArNCHAr), 4.76 (d, J=12.7 Hz,
2H, 2x ArCHHAr), 6.87—7.20 (m, 16H, 2x ArH); signals due to



H. Tomori et al.

(+)-DBT: 6 =5.93 (s, 2H, 2x CHOBzl), 7.39 (t-like, J=7.6 Hz, 4H,
ArH), 71.52 (t-like, J=7.6 Hz, 2H, ArH), 8.14 (t-like, J=7.6 Hz,
4H, ArH). IR (KBr) 3414, 1717, 1634, 1601, 1492, 1452, 1266,
1115, 758,718 cm ™. Found: C, 70.69; H, 5.84; N, 6.39%. Calcd
for Cs;HsoN4Og-1.4H,0: C, 70.64; H, 6.02; N, 6.34%.

Similarly, (S)-1 (1.25 g, 4.99 mmol) was treated with (+)-
DBT-H,O (0.94 g, 2.5 mmol) to give the 1:2 salt S12 (1.38 g,
62%) as a colorless solid. The mp, specific rotation, and solu-
bility of S;2 are shown in Table 1. 'HNMR (CDs;0D) signals
due to (8)-1: 6 =3.20—3.51 (m, 12H, 2x(CH,);NCH>), 3.32 (d,
J=12.6 Hz, 2H, 2x ArCHHAr), 4.19 (dd, J=3.1 and 10.5 Hz, 2H,
2xArNCHAr), 4.75 (d, J=12.6 Hz, 2H, 2xArCHHAr), 6.88
7.20 (m, 16H, 2x ArH); signals due to (+)-DBT: § =5.93 (s, 2H,
CHOBzl), 7.40 (t-like, J=7.6 Hz, 4H, ArH), 7.53 (t-like, J=7.6 Hz,
2H, ArH), 8.15 (t-like, J/=7.6Hz, 4H, ArH). IR (KBr) 3409, 1716,
1634, 1601, 1493, 1451, 1268, 1116, 759, 719, cm™'. Found: C,
69.71; H, 5.96; N, 6.25%. Calcd for Cs;HsoN4Og-2H,0: C, 69.78;
H, 6.08; N, 6.26%.

Optical Resolution of Racemic 1 with 0.25 Molar Amount
of (+)-DBT Using Methanol as Solvent. To a re-
fluxing solution of racemic 1 (250 g, 9.99 mmol) in
methanol (44 ml) was added a solution of (+)- DBT-H,O
(0.94 g, 2.5 mmol) in methanol (6 ml), and the resulting mix-
ture was gently refluxed for 30 min with stirring. After the mixture
was cooled gradually to 20 °C, the precipitated salt was isolated by
filtration, washed with methanol (7.5 ml), and dried in vacuo to give
1.15 g of Ryz. A part of the salt was decomposed upon treatment
with aqueous 1 M (1 M =1 mol dm ™) NaOH to afford free (R)-1.

In a similar manner, optical resolution of racemic 1 was carried
out using 0.5, 0.75, and 1.0 molar amounts of (+)-DBT. The yield
of the salt and the enantiomeric excess of (R)-1 are summarized in
Table 2.

Optimal Resolution Procedure.  To a refluxing solution of
1 (100 g, 400 mmol) in methanol-water (9:1 v/v, 1200 ml) was
dropwise added a solution of (—)-DBT-H,O (37.6 g, 99.9 mmol)
in methanol-water (9: 1 v/v, 300 ml), and the resulting suspension
was gently refluxed for 30 min with stirring. After the mixture was
cooled gradually to 20 °C over 1 h, the precipitate was collected
by filtration, washed with a small amount of methanol-water (9: 1
v/v), and dried in vacuo to give 59.2 g (34%) of (—)-DBT-2(S)-
1-H,O. The filtrate and the washing were evaporated in vacuo, and
toluene (1500 ml) and aqueous 0.2 M NaHCOs3 (300 ml) were added
to the residue. After the mixture was vigorously stirred at 70 °C for
30 min, the organic layer was separated and concentrated in vacuo
to afford 66.4 g of (R)-1 with 36%ee. A solution of (+)-DBT-H,O
(37.6 g, 99.9 mmol) in methanol-water (9:1 v/v, 200 ml) was
dropwise added to the refluxing solution of the recovered 1 in meth-
anol-water (9: 1 v/v, 400 ml), and the mixture was gently refluxed
for 30 min. After the mixture was cooled gradually to 20 °C over
1 h, the precipitate was collected by filtration, washed with a small
amount of methanol-water (9: 1 v/v), and dried in vacuo to give
75.2 g (43%) of (+)-DBT-2(R)-1-H,O (Uj2) as colorless crystals:
Mp 190—196 (decomp); [a] —272° (c 0.20, DMF); IR (KBr)
3429, 1719, 1630, 1602, 1493, 1452, 1267, 1116, 758, 718 cm™ ",
Found: C, 71.27; H, 5.89; N, 6.41%. Calcd for CsHs5oN4Og-H,O:
C, 71.21; H, 5.98; N, 6.35%. The '"HNMR spectrum of this salt
was identical with that of Ry;. The powder X-ray diffraction pattern
of this salt is shown in Fig. 1.

To the above salt Uyz (75.2 g, 85.7 mmol) were added tolu-
ene (340 ml), NaHCO3; (15.1 g, 180 mmol), and water (340 ml)
and the resulting mixture was vigorously stirred at 70 °C for 30
min. The toluene layer was separated and the aqueous layer was
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extracted with toluene (170 ml). The organic layers were combined,
washed with water (320 ml), and evaporated to afford crude (R)-
1 quantitatively, which was recrystallized from toluene-IPE (1:3
v/v) to give 40.3 g (40 % overall yield from racemic 1) of (R)-1 with
100%ee as colorless crystals: Mp 130—130.5 °C; [a]5’ —497° (¢
1.00, methanol) (lit,” [a]f —486° (c 1.00, methanol); 'HNMR
(CDCl3) 6=1.73 (br, 1H, NH), 3.0—3.3 (m, 6H, (CH,);NCH>),
3.29 (d, J=12.6 Hz, 1H, ArCHHAr), 3.94 (dd, J =2.9 and 9.9 Hz,
1H, ArNCHAr), 4.86 (d, J=12.6 Hz, 1H, ArCHHAr), 6.85—7.19
(m, 8H, ArH); IR (KBr) 3433, 3203, 1491, 1238, 1133, 754 cm™".

X-Ray Crystallographic Analysis of T;;.  All measurements
were made on a Rigaku RAXIS II imaging plate area detector with
graphite monochromated Mo Ko radiation. The data were collected
at —100 °C to a maximum 26 value of 44.1°. A total of 1650
reflections was collected and corrected for Lorentz and polarization
effects. The structure was solved by direct methods (SHELXS
86)?? and expanded using Fourier techniques (DIRDIF 94).2 The
non-hydrogen atoms were refined anisotropically. All hydrogen
atoms of the crystal solvents and the two hydrogen atoms due to
the carboxyl moieties of (+)-DBT were disordered. Some hydro-
gen atoms were refined isotropically, and the rest were included
in fixed positions. The final cycle of full-matrix least-squares
refinement was based on 1360 observed reflections (/ > 4.000(1))
and 414 variable parameters and converged with R =0.068 and
Rw =0.067. All calculations were performed using the teXsan”
crystallographic software package of Molecular Structure Co. The
crystal data and the details of the data collection and structure
refinement are presented in Table 4.

We thank Dr. K. Yamaguchi, Chemical Analysis Center,
Chiba University, for his valuable contribution in single-
crystal X-ray analysis.

References

1) L. Pasteur, C. R., 37, 162 (1853).

2) P. Newman, “Optical Resolution Procedures for Chemical
Compounds,” Optical Resolution Information Center, Manhattan
College, Riverdale, New York, Vol. 1: Amines and Related Com-
pounds (1978) and Vol. 2: Acids (1981).

3) For recent examples; see: a) M. A. Sanner, K. Josef, R.
E. Johnson, T. D’Ambra, P. Kowalczyk, R. K. Kullnig, and F.
Michaels, J. Org. Chem., 58, 6417 (1993); b) P. Stjernlof, M.
Gullme, T. Elebring, B. Andersson, H. Wikstrom, S. Lagerquist, K.
Svensson, A. Ekman, A. Carlsson, and S. Sundell, J. Med. Chem.,
36, 2059 (1993); c) H. Oyasu, M. Nagano, A. Akahane, M. Tomoi,
T. Tada, and M. Matsuo, J. Med. Chem., 37, 1378 (1994); d) C. J.
Swain, R. Baker, C. Kneen, R. Herbert, J. Moseley, J. Saunders,
E. M. Seward, G. I. Stevenson, M. Beer, J. Stanton, K. Watling,
and R. G. Ball, J. Med. Chem., 35, 1019 (1992); e) G. Shapiro,
P. Floersheim, J. Boelsterli, R. Amstutz, H. Gammenthaler, G.
Gmelin, P. Supavilai, and M. Walkinshaw, J. Med. Chem., 35, 15
(1992); f) T.E. D’ Ambra, K. G. Estep, M. R. Bell, M. A. Eissenstat,
K. A. Josef, S. J. Ward, D. A. Haycock, E. R. Baizman, F. M.
Casiano, N. C. Beglin, S. M. Chippari, J. D. Grego, R. K. Kullnig,
and G. T. Daley, J. Med. Chem., 35, 124 (1992); g) Y. L. Chen, J.
Nielsen, K. Hedberg, A. Dunaiskis, S. Jones, L. Russo, J. Johnson,
J. Ives, and D. Liston, J. Med. Chem., 35, 1429 (1992).

4) H. Takaya, K. Mashima, K. Koyano, M. Yagi, H.
Kumobayashi, T. Taketomi, S. Akutagawa, and R. Noyori, J. Org.
Chem., 51, 629 (1986).



3590 Bull. Chem. Soc. Jpn., 69, No. 12 (1996)

5) X. Zhang, K. Mashima, K. Koyano, N. Sayo, H.
Kumobayashi, S. Akutagawa, and H. Takaya, Tetrahedron Lett.,
32,7283 (1991).

6) S. Bhattacharya, P.Dastidar, and T. N. Guru Row, Chem.
Mater., 6, 531 (1994).

7) H. Fukumi, T. Sakamoto, M. Sugiyama, Y. lizuka, and T.
Yamaguchi, Eur. Patent 539164 (1993); Chem. Abstr.,119, 109001c
(1993).

8) H. Sawanishi, Y. Ito, H. Kato, E. Koshinaka, N. Ogawa,
and K. Morikawa, Eur. Patent 447857 (1992); Chem. Abstr., 116,
41493v (1992).

9) F.C.Copp, A.L. A. Boura, W.R. Jackson, and J. D. Cullen,
World Intellectual Patent WO 8807997 (1988); Chem. Abstr., 110,
95281u (1989).

10) Recent optical resolutions using DTT, see: a) K. Mashima,
K. Kusano, N. Sato, Y. Matsumura, K. Nozaki, H. Kumobayashi,
N. Sato, Y. Hori, T. Ishizaki, S. Akutagawa, and H. Takaya, J. Org.
Chem., 59, 3064 (1994); b) S. T. Philips, T. de Paulis, B. M. Baron,
B. W. Siegel, P. Seeman, H. H. M. Van Tol, H.-C. Guan, and H. F.
Smith, J. Med. Chem., 37, 2686 (1994).

11) a) Z. Polivka, M. Budesinsky, J. Holubek, B. Schneider, Z.
Sedivy, E. Svitek, O. Matousov4, J. Metys, M. Valchdr, R. Soucek,
and M. Protiva, Collect. Czech. Chem. Commun., 54, 2443 (1989);
b) F. Dewilde and G. G. Frot, British Patent 1226253 (1971); Chem.
- Abstr., 74, 22844h (1971).

12) The lists of atomic coordinates involving hydrogen atoms
(Table 6), bond lengths (Table 7), bond angles (Table 8), torsion
angles (Table 9), anisotropic displacement parameters (Table 10),
and F, — F table (Table 11) of T2 have been deposited as Document
No. 69071 at the Office of the Editor of Bull. Chem. Soc. Jpn.

13) C.K.Johnson, “ORTEP II, Report ORNL-5138,” Oak Ridge
National Laboratory, Tennessee (1976).

14) A. Parafonry, B. Tinant, J. P. Declercq, and M. Van
Meerssche, Bull. Soc. Chim. Belg., 92, 1557 (1983).

15) To the best of our knowledge, there are only two excep-
tions with regard to the conformation of DBT molecules, in which
both sets of benzoyloxy and carboxy groups are located in gauche
position. One is the 1:1 salt of (—)-DBT and a vicinal trans-
cyclic diamine, see: K. Hatano, T. Takeda, and R. Saito, J. Chem.
Soc., Perkin Trans. 2, 1994, 579. The other is the 1:1 salt of
(—)-DBT and a ruthenium complex, see: S. I. Hommeltoft, A. D.
Cameron, T. A. Shackleton, M. E. Fraser, S. Fortier, and M. C.
Baird, Organometallics, 5, 1380 (1986).

Resolution of a Pyrazinoazepine Derivative

16) a) R. Taylor and O. Kennard, J. Am. Chem. Soc., 104, 5063
(1982); b) Z. Berkovitch-Yellin and L. Leiserowitz, Acta Crystal-
logr., Sect. B, B40, 159 (1984); c) G. R. Desiraju, Acc. Chem. Res.,
24, 290 (1991); d) T. Steiner and W. Saenger, J. Am. Chem. Soc.,
115, 4540 (1993).

17) a) W. L. Jorgensen and D. L. Severance, J. Am. Chem. Soc.,
112, 4768 (1990); b) M. Nishio, Y. Umezawa, M. Hirota, and Y.
Takeuchi, Tetrahedron, 51, 8665 (1995).

18) A. Bondi, J. Phys. Chem., 68, 443 (1964).

19) F. H. Allen, S. Bellard, M. D. Brice, B. A. Cartwright, A.
Doubleday, H. Higgs, T. Hummelink, B. G. Hummelink-Peters, O.
Kennard, W. D. S. Motherwell, J. R. Rodgers, and D. G. Watson,
Acta Crystallogr., Sect. B, B35, 2331 (1979).

20) Substance and reference of the 15 X-ray data used in this
paper. The Cambridge Structural Database reference code and the
space group are given in parentheses. Salt 2: Ref. 3c (PIVDUT,
P2,2,2)); Salt 3: Ref. 3e (SUBWAN, P2,2,2,); Salt4: A. A. Freer
and G. A. Sim, J. Chem. Soc., Perkin Trans. 2,1990, 1717 (KIBPIU,
P212,24); Salt 5: Ref. 6 (HEGWEY, C2); Salt 6: Ref. 11a (P2,);
Salt7: Ref. 3g (YADBUA, P1); Salt 8: Ref. 6 (HEGWIZ, P2;); Salt
9: Ref. 3b (PIHCIS, P2;2:2;); Salt 10: Ref. 3a (LAZLAZ, P;); Salt
11: G. A. Rogers, S. M. Parsons, D. C. Anderson, L. M. Nilsson,
B. A. Bahr, W. D. Kornreich, R. Kaufman, R. S. Jacobs, and B.
Kirtman, J. Med. Chem., 32, 1217 (1989) (VARBEYV, P1); Salt 12:
V. Kettmann L. Benes, and M. Tichy, Acta Crystallogr., Sect. C,
C41, 208, (1985) (COYNE], C2); Salt 13: S. Els, M. Driger, H.-J.
Sattler, and W. Schunack, Z. Naturforsch., Teil B, 42, 617 (1987)
(FEWLEY, C2); Salt 14: Ref. 3f (YABTAW, C2); Salt 15: J. H.
Jones, P. S. Anderson, J. J. Baldwin, B. V. Clineschmidt, D. E.
McLure, G. F. Lundell, W. C. Randall, G. E. Martin, M. Williams,
J. M. Hirschfield, G. Smith, and P. K. Lumma, J. Med. Chem., 27,
1607 (1984) (DECLOM, C2); Salt 16: Ref. 3d (PABGOO, P2;).

21) The ribbon structure of DBT molecules has been visualized
in the crystal structures of 5 and 8, see Ref. 6.

22) G.M. Sheldrick, “SHELXS 86,” in “Crystallographic Com-
puting 3,” ed by G. M. Sheldrick, C. Kruger, and R. Goddard,
Oxford University Press, Oxford, England (1985), pp. 175—189.

23) P.T. Beurskens, G. Admiraal, G. Beurskens, W. P. Bosman,
R. de Gelder, R. Israel, and J. M. M. Smits, “The DIRDIF-94 Pro-
gram System, Technical Report of the Crystallography Laboratory,”
University of Nijmegen, The Netherlands (1994).

24) “Crystal Structure Analysis Package,” Molecular Structure
Corporation (1985 and 1992).




