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Active in the field of chromatography for some 30 years, Shoji Hara
made outstanding contributions to the clarification of retention and its
mechanism including the chiral recognition mechanism in chromatograpy,
in particular liquid-solid chromatography. He was honored by TSWETT-
Medal in 1986 for his accomplishments in a career devoted to the
chromatographic research.

Shoji Hara was born in Shiki, Saitama near Tokyo in Japan and
received a B.S. degree in the pharmaceutical sciences in 1950 from the
University of Tokyo, Tokyo. His career apparently had its origins from his
experience as a graduate student at the University of Tokyo. He worked
in the laboratory of the late Eiji Ochiai, a prominent professor in organic
chemistry and an expert in the field of heterocyclic chemistry, and
received a Ph.D degree in 1960.  On graduation, he was invited to join
the division of organic chemistry, Tokyo College of Pharmacy where he
spent all his professorial career.

Hara became interested in chromatography in the early 1950s.
During the early part of his career, he was engaged in synthetic research
on various natural products such as steroids and alkaloids and
introduced column LC as an efficient purification technique to routine
organic synthesis and thin-layer chromatography ( TLC ) as a valuable
pilot technique. He established a preparatory procedure of fine silica gel
for LC and TLC in the late 1950s, followed by the development of
particles characterized by small and specific diameter leading to high
performance LC in the 1960s. Hara was honored in 1964 by the Award
of the Pharmaceutical Society of Japan for his theoretical and technical
improvements in chromatography to promote research in the field of
applied chemistry associated with biomedical and pharmaceutical



sciences.

In the first half of his professorial career, he also worked out the total
synthesis of all azasteroids in salamander venom and made illuminating
contributions to the elucidation of structures of salamander alkaloids and
revised proposed structures on the basis of synthetic studies. It should be
pointed out that this synthetic research required very pains-taking
endeavor,  But such work has been greatly facilitated through the
sophisticated purification techniques he established.

In the second half, much of his research was focused on the
clarification of retention characteristics related to molecular structures of
solutes to improve solvent optimization and on the optical resolution of
enantiomers by LC. Hara established a quantitative correlation between
molecular structure and retention indices in LC over a period of about 20
years. Extensive chromatographic data accumulated using more than
300 naturally occuring substances including steroids, terpenoids,
alkaloids, peptides, and nucleotides led to determination of the
mathematical relationship between retention and solvent composition in
LC.  Separation procedures using these retention characteristics has
found wide acceptance by analytical chemists in solvent optimization for
a given solute mixture.

The recognition of molecular chirality by chromatography has given
rise to a novel type of separation with chiral selector molecules carrying
the intended binding affinity for enantiomeric selected molecules. Hara
was a pioneer in this field and demonstrated several noteworthy
problem-solving strategies for enantiomer separation by LC since 1979.
He demonstrated the resolving power of hydrogen-bond association,
whose driving force is the action of bidentate hydrogen bonds on
optically active tartramide and amino acid diamides. This was done by
three different methods to introduce this association into
chromatographic phase systems: chiral stationary phases (CSPs), chiral
mobile phase additives, and injection of enantiomerically enriched
mixtures. The first could separate many different enantiomers as a
practical analytical tool and the last, possibly an exceptional means by
which an additional enantiomer itself exceeding racemic composition
can act as the chiral selector. Hara's molecular design on CSP's has
been also extended to gas chromatographic enantiomer separation.



The strategy for maximizing the separability of enantiomers and
structures and thermodynamic features of diastereomeric hydrogen-bond
associates were demonstrated by Hara.  He was one of very few
researchers who accepted the challenge to propose chiral recognition
models consistent with chromatographic data. He found that enantiomer
separation is also possible in aqueous media when hydrogen bonding
functionality was within a hydrophobic environment such as the liquid-
solid interface in CSP's and micellar interior core.  His attention is now
being directed to the hydrophobic features of interfacial phase and
micellar hydrophobic core related to enantiomrer separation.

He is author and coauthor of more than 200 original papers and
review articles, mainly on chromatography and has authored or coedited
30 books on organic and analytical chemistry.  He has been invited to
appear on the editorial boards of a number of international journals.

Hara retired in March, 1992 from Tokyo College of Pharmacy on
completion of thirty five years service and has been appointed an
emeritus professor of the college. In April, he was nominated as director
of the "Dynamic System Design Institute” in Tokyo, an organization for
scientific research and technological development. Through his
participation in various research projects, he will continue to make
important academic contributions.
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Reprinted from the
CHEMICAL & PHARMACEUTICAL BULLETIN
VoL. 6, No. 3 (1958}

UDC 547,677

Uber die Konstitution des Alkylphenanthrens vom Schmp, 89~90°, eines
Dehydrierungsprodukts des Anhydroiznavinols bzw. Hypognavinols

Bei der Selen-Dehydrierung des Anhydroignavinols” sowie des Hypognavinols?
wurde ein Alkylphenanthren, C,,II,,, vom Schmp. §9~90°(A} in geringer Menge erhalten,
welches noch als das Pikrat vom Schmp. 142~144° und das Trinitrobenzolat vom Schmp.
156~158" charakterisiert wurde. Die vergleichende Untersuchung seines UV- und IR-
Spekirums mit denjenigen verschicdener Alkylphenanthrene, dic meistens von neu her-
gestellt wurden,* ™ haben gezeigt, dass (A) hochstwahrscheintich ein 1.8,7-trialkylphe-
nanthren darstellt.” Zum Verglcich wurden dabei 1,7-Dimethyl-6-isopropyl- und 1,6~
Dimethyl 7-isopropylphcnanthren neu hergestellt.,®® Sie waren aber mit (A) nicht iden-
tisch. Die dabei angefangenc und Umstiinde halber lange unterbrochene Synthese des
1.7-Dimethyl-6-propylphenanthrens (T) wurde nun durchgeliihrt und festgestelli, dass
das letztere mit (A) tatsiichlich identisch ist.

Die Synthese von (I) wurde ganz analog wie bei der Synthese des entsprechenden
6-Isopropylderivates” nach unten angegebenen Reaktionsstufen ausgefiihrt.

PV N0 AT
H;,C‘ l_co,cn, HC HC ‘
N N N
~ }/ N\=CH, 2 Stufen 7 \"/ v 2 Stufen 1/ \l/ ‘
NN NN NN
CH 0. CH, (I} CH0.CCH, (0 CH.O.C CH, (V)
COC,H, CH,C.H, CH,C.H,
{ | |
_CH, CH, CH,
e ) el ] ()
] 1
C.H,COCI N \l/ Red. nach 7/ \r 4 m/\‘/
AlCH; NN Huang-Minlon \/\J Se NN
CH,O0.C CH, (V) HOC CH, (V1) CH, (1)

Ausgehend von Agathendisfiure~dimethylester {11) und (iber das ungesittigte Cyklo-
keton (M)? wurde der Methyltrienester (1V) nach Ruzicka, et al.? dargestellt. (IV) wurde
nun durch die Friedel-Crafts’sche Reaktion mit Propionyichlorid in sym-Tetrachlor-
dthan-Losung in ein Propionylderivat (V) tibergefiihrt. Es bildet Prismen vom Schmp.
94~95° (Ber. fir C.H,,0,: C, 77.15; H, 883. Gef.: C, 77.17; H, 9.38). . V. A2 mp
{log &) : 255(4.04), 290(3.20). Dass die Propionylgruppe in { V) auf die 6-Stellung eintrat,
konnte man ganz analog wie bei der Acetylierung® aus der vergleichenden Betrachtung
scines UV-Spektrums mit demjenigen des o~ und o,0-alkylierten Acetophenons fest-
stellen. Das UV-Spektrum von {V} ist niimlich mit demjenigen eines o,¢'-disubstituierten
Arylalkylketons nicht vereinbar. Die Stellung 8§ ist also ausgeschlossen, 5 ist sterisch

1) E. Ochiai, T. Okamoto, T. Sugasawa, S. Sakai: Dieses Bulletin, 2, 388(1954).

2} 8. Sakai: Yakugaku Zasshi, 76, 1054(1956).

3) E. Ochiai, T. Okamoto, M. Sekijima, M. Nishikawa : Dieses Bulletin, 5, 48(1957).
4} E. Ochiai, T. Okamoto, M. Natsume : JIbid., 2, 108;{1957).

5) E. Ochiai, M, Natsume : [¥d., 5. 53(1957).

6) E. Ochiai, T. Okamoto, S. Sakai, M. Natsume : Ibid., 5, 113(1957.

7} Herrn Dr. K. Kitahonoki der Shionogi A.G. in Osaka danken wir verbindlichst, der dieses Pri-
parat als Ausgangsmaterial zur Verfigung gestellt hat.
8t L. Ruzicka, E. Bernold, A. Tallichet : Helv, Chim. Acta, 24, 223(1941).
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sehr gehindert und die einzige mogliche Stellung ist aur 6.

(IV) wurde dann durch die Wolff—Kichner'sche Reduktion nach Huang-Minlon in
das G-Propylderivat (VI) iibergefiihrt. Das rohe kristallinische sfurige Reduktionspro-
dukt, aus dessen UV-Spektrum (ALS¥ . 271, 280 mu) das Verschwinden der Carbonyl-
gruppe gesichert wurde, wurde sofort der Selen-Dehydrierung unterworfen. Das
Dehydrierungsprodukt wurde dann iiber das Trinitrobenzolat (Nadeln, Schmp. 159~160°,
Ber. fiir C,jHy+C:HO,N,; : C, 65.07; H, 5.02. Gef.: C, 65.35; H, 5.30) gereinigt und
man konnte 1,7-Dimethyl-6-propvilphenanthren (I} in ziemlich guter Ausbeute erhalten.
Das letztere bildet Blitter vom Schmp. §89~90"(U. V. AS2" mu(log &) : 259 (4.81), 281 (4.16),
200(4.09), 302.5(4.21), 319(2.64), 334(2.70), 351(2.51); . R. : 11.40, 12.46, 13.25p.). Sowohl
der freie Kohlenwasserstoff wie sein Trinitrobenzolat wurde durch direkten Vergleich
mit dem entsprechenden Priparat von (A) identifiziert. Die IR-Spektren beider
Kohlenwasserstoffe stimmten auch miteinander voéllig berein.

Pharmazeutische Fokulfit Eiji Ochiai (Ffr %)
Universitét Tokyo Toshihiko Okamoto (M4 #&)
Hongo, Tokyo. Shoji Hara (s B
Shin~ichiro Sakai  (BHE—5R)
Mitsutaka Natsume (g A
10, Mai, 1958




7.20 TUFALTIAOAL R

HOCH,CH

HOCH,CH;
atidine ajaconine atisine(anthorine)
| Aconitum heterophviium) [Delphinium. ajacis] [Aconitum heterophyllum)]

] . OH
E%ﬁi‘;ﬂ;m sp] spiradine A spiradine D
: LSpiraea japonica) [Spiraea japonica}

spjradjne F (R=-0COMe) songorine garryine
spiradine G {(R=0H) [Aconitum karakolicum, [Garrya veatchii]
[Spiraea japonica] A. soongoricum]

veatchine . arryfoline
[Garrva veatchii] Garvya veatchii, hetisine
Garrya laurifolial [Aconitum heterophytium)

aconitine(R;=-CHs, R,=Ry=R,=0H,
Ry=-0OMe, Ry, =-0C0OMe, Ry=-0COC Hs)
[Aconitum sp.]

delphinine(R, =Me, R, =Rs=H, R;=-0OMe,
Ry=-0C0OMe, Rg=-0COC;Hs, R; =01I)

[ Delphinium staphisagria)
mesaconitine{k,=Me, R,=Rs=R;—0H,
Ry=-0Me, R;=-0COMe, R;=-0COCsHs)
[Aconitum japortcum]
talatisamine(talatizamine) -
(Rl:‘cﬁ Hs, Rz =R;=R;=R;= H, R;=0H,
Re=0H)

[Aconitum talassicum]

delcosine(takaobase I)
[ Delphinizem ajacis,
D consolida]
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[Reprinted from the Journal of the American Chenical Society, 89, 1041 (1967).1
Copyright 1967 by the American Chemical Society and reprinted by permission of the copyright owner,

A Total Synthesis of Samandarone
Sir:

Salamander alkaloids were found in the toxic se-
cretion of the alpine salamander by Zalesky in 1866.1
Samandarine was isolated as a main component of
these alkaloids, and its structure has been suggested
by Schopf and his colleagues to be la through chemical,
optical, and X-ray crystallographic studies.'=® The
characteristic skeleton of samandarine is common
to four other alkaloids, i.e., samandarone (IIa),?
samandaridine,* O-acetylsamandarine,’ and samandes-
one,® which differ from each other only in the D-ring
substituent. We wish to record the total synthesis
of samandarone, which wiil be a general intermediate
for the preparation of structurally similar alkaloids.

la, R=X~=H; X'=0H
b, R=PhCH,; X = OH;

IIa, R=H; X=H,; X'=0
b, R=PhCQ;X=H;; X'=0
X' =H ¢, R=PhCH,; X~ 0;X'=H.
¢, R=X'=H; X=0H d, R=H; X=0:;X'=H;
e, R=CHO; X=0;X'=H:
f, R=CHO; X=0; X'~ CHOH
g, R=CHO; X=0;

X'=CHO- I-PI‘H
h, R=CHO; X=<OH;
X'=CHO- i -Pr

i, R=CHO; X=Hy; X’'=CHOAc

(1) The review of these alkaloids is in C. Schopf, Experientia, 17,
285 (1961), and G. Habermehl, Naturwissenschaften, 53, 123 (1966).

(2) E. Wholfel, C. Schipf, G. Weitz, and G. Habermehl, Chem. Ber.,
94, 2361 (1961).

(3) G. Habermehl, ibid., 96, 143 (1963).

(4) G. Habermehl, ibid., 96, 840 (1963).

(5) G. Habermehl, 4nn., 679, 164 (1964).

1-Formyl-A-nor-53-androst-1-en-175-0l  (111a) was
prepared from testosterone as described in a previous

paper.” The benzylamino Schiff base of illa was re-

OR’ OH

R gz H: OH
Ph "\N/
H OHC H
HO
H H

Illa, R=CHO; R'=H v

b, R=PhCH.NHCH,; R’'=H
¢, R=PhCH,N(CHO)CH,; R’ = CHO

OH H OH
H  H |
c...C
PRTTNT T
2 2 1 H
Y

Va, R=CHO; Y=0;Z=0
b, R=CHO; V=<0 1;2-0

- v 0. 7=<H
¢, R=CHO; Y=<87; Z=<g,

i v=<07.z-¢H
d, R=H; Y=<31:2-<q,

duced with sodium borohydride to give the unsaturated
amine I1Ib.2  Afier proteciion of the amino group as
the formamide ITTc (mp 130-132°),* the double bond
was oxygenated with osmium tetroxide in diethyl ether-
pyridine 1o afford the eis-glycol 1V, which formed a
crystalline acetonide (mp 248-250°). The glycol 1V
was cleaved by lead tetraacetate to give the seco-
aldehyde Va (3 9.60 (triplet, CHOQ), 8.33 (singlet,
N-CHOQ), 7.30 (5 aromatic /), 4.39 and 4.07 (unresolved
multiplet N(CH,)s, respectively), 2.42 (unresolved

{6) G. Habermehl, Chem. Ber., 99, 1439 (1966).

(7) S. Hara and K. Oka, Tetrahedron Letters, 1057 (1966).

(8) Infrared spectra for all reported compounds were taken with KBr
tablets and are consistent with assigned structures.

(9) Satisfactory amalytical data were obtained for crystalline com-
pounds,

Communications to the Editor
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multiplet, CH,CHO))," in 5097 over-all yield based
on Illa. The selective protection of the formyl group
of Va as the ethylene acetal Vb was confirmed by the
absorption band at 1721 c¢m! of the remaining keto
group at C-1. Reduction of Vb with sodium borohy-
dride gave the amide alcohol Ve (mp 170-172°) which
showed a single spot on silica gel tlc, but the resonances
of the 19 protons'® of Ve (8 0.86 and 0.85) clearly indi-
cated the presence of two isomers, the la and 13
epimeric alcohols, in equal amounts. Saponification
of the formamide V¢ with 6% sodium hydroxide in
aqueous cthanol led to the epimeric a-amino alcohols
Vd, in 68 97 over-ali yicld based on Va.

Hydrolysis of the ethylene acetal Vd with 759
acetic acid at 100° afforded material showing two spots
on a silica gel tle (R; 0.9 and 0.5, methanol-benzene
saturated with aqueous ammonia, 1:5). Purification
of the crude products by passing through a silica gel
column gave two compounds in 45 and 389% yields.
The former (Ib) was cluted and showed a single peak
by vpc!! (retention time 15.3 min, column tempera-
ture 245°), but the latter (VI) was not eluted. The
infrared spectrum of Ib showed the characteristic
absorption bands of the oxazolidine ring at 845 and
831 ecm~! 1218 and bands due to ether between 1200
and 1100 cm~'. These facts indicate that the intra-
molecular bicyclization between aldehyde and o
amino alcohol had been eflected simultancously with
the removal of the protecting group. On the other
hand, the second compound (V1) showed no oxazolidine
absorption but C-0-C bands at 1159 and 1119 cm™?
probably due to the intramolecular hemiacetal and was
not bicyelized.

Removal of the benzyl group from Ib was achicved
by catalytic hydrogenation producing quantitatively
le (mp 191--193°; retention time 4.1 min, column tem-
perature 235°). The proton resonances® at & 5.00
(unresolved muliiplet, HC(N)O), 4.10 (iriplet, C,H),
and 2.96 (unresolved multiplet, NCH.), and the two
intense infrared absorptions at 852 and 834 cm—!, are
very similar to those of the naturai products.!®
Furthermore, since kinetic and thermodynamic factors
demand that the orientation of the oxygen atom at C-1
of actually bicyclized compound be a, it is reasonable

CH;

HO

VI

(10) Nmr spectra were recorded on a Japan Electron Optics Labora-
torics JC-60 spectrometer using deuteriochloroform as the solvent and
TMS as the internal standard.

(k1) Shimadzu GC-IC gas chromatograph provided with a glass
column (0.16 X 72 in.) was used; liquid phase, 1.5% SE-30; currier
gas, Na, 30 cc/min.

(12) G. Habermehl, Chem. Ber., 96, 2029 (1963).

(13) R. Partch, Tetrakedron Letters, 1361 (1966).

(14) G. Habermehl and S. Gottlicher, Chem. Ber., 98, 1 (1965).

to presume that Ib and ¢ have the identical penta-
cyclic nucleus of the natural preducts. On the con-
trary, the side chain at C-1 of the compound VI must be
e oriented.

For the transformation of the oxygen function at C-
17 to C-16, without affecting the oxazolidine ring sys-
tem, we applied the following reactions to Ib.

Oxidation of Ib with Jones reagent gave the 17-keto
compound Il¢ (mp >330°), which was debenzylated
to yield IId (mp 198-199°), The formamide 1le (mp
165-166°) prepared from I1d was formylated at the 16
position with ethyl formate to give IIf (mp 216-218°:
?\'If"(SII 268 mu (log € 393) )\2{:[,],-:‘\']\-0"_“““ 307 ny
(log € 4.30)), which was treated with isopropyl alcohol
and p-toluenesulfonic acid to give the enol ether g
(mp 218-220°).

CH=X CH=X

Vila, R=CHO; X=0

: O
Villa, R= CHO; X =<9
b, R=CHO; X =<7 | 0

b, R=CHO; X =

Reduction of Ilg with sodium borohydride led to
the 17-hydroxyl derivative 1ih, which was treated with
dilute hydrochloric acid to give an unsaturated alde-
hyde VIIa (mp 192-194°; AJ9" 240 mu (log e 4.14)).
Catalytic hydrogenation of the ethylene acetal VIlb
prepared from VIla gave the dihydro derivative VIIla.
which was hydrolyzed to VIIlb (mp 200-201°; 2740
and 1727 em—!' (CHO)) in 25 %] over-all yield based on 1b.

Enol acetylation of ViIb (20 mg) was accomplished
by heating in isopropenyl acelate containing sulfuric
acid to give I11, which was subjected to ozonolysis and
then hydrolyzed to cleave the formamide group with
hydrochloric acid.  The crude product was treated with
benzoyl chloride and, after chromatography, 3.5 mg
of the N-benzoate llb (mp 258-259°) was obiained.
This matertal is 1dentical with the samandarone N-
benzoate!® prepared from natural samandarone with
respect to infrared, tle, and mixture melting point test.

Finally, hydrolysis of 1Ib gave 1.5 mg of samandarone
(la; mp 182 185°, natural, 185--187°), which is also
identical with the natural product with respect to in-
frared, tlc, and vpe (retention time 11.8 min, column
temperature 215°).

Thus the first total synthesis of the salamander alka-
loids was complete.  In view of the established con-
version of samandarone to samandarine and saman-
daridine,* the total syntheses of samandarine and
samandaridine were also complete,

Acknowledgments. We are grateful to Dr. C.
Schopf and Dr. G. Habermehl for supplying an authen-
tic sample of samandarone. We wish 1o thank the
Ministry of Education in Jupan for financial support
(Grant-in-Aid for Scientific Research), Dr. A. Tahara of
the Enstitute of Physical and Chemical Research for
measurement of nmr spectra, and Kowa Co. for a
genercus gift of testosterone,

{15) C. Schitpfand W. Braun, 4dan., 514, 69 (1934).
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[482,499]. The spectra of the oxazolidine-containing salamander alkaloids
are dominated by base peaks at m/z 85 and m/z 86 (CsH-NO and C,HgNO).
Samandarine, samandarone, and O-acetylsamandarine have elution tem-
peratures of 220°, 223°, and 243°, respectively, on gas chromatography under
conditions (see Fig. 3} used for dendrobatid alkaloids [unpublished results].

Samandarine alkaloids occur in the two species that make up the genus
Salamandra, namely S. atra and S. salemandra [478.496]. The Chemical
Abstract citation [493] to a samandarine alkaloid as a **toxic constituent in
Cryptobranchus maximus” is apparently incorrect [S. Hara, personal com-
munication]. Other salamandrid genera, namely Taricha, Notophthaimus,
Triturus, and Cynops, contain tetrodotoxin. Samandarines were not detected
in European newts of the genus Triturus [500]. Alkaloids were detected from
skin of the Australian myobatrachid frog, Pseudophryne corroboree, and it
was tentatively suggested, based primarily on chromatographic properties,
that such alkaloids were of the samandarine class [501]. Recently, a pumi-
liotoxin 267D {CicH2sNO3) and allopumiliotoxin 323B (C,oH::NOs) werc
identified in extracts from a related species, Pseudophryne semimarmorata
[261].

8.2. Syntheses

The salamander alkaloids can be classified into three main types on the basis
of their A-ring structures. All feature a common 3-aza-A-homo-5B-andros-
tane structure, but can be segregated into: (1) those containing an additional
la-4a oxido bridge (oxazolidines, or 6-aza-8-oxabicyclo[3.2.1]octanes) as
represented by samandarine itself: (2) those in which a carbinoiamine has
been formed by intramolecular addition of the 3-aza atom to a C(19)-aldehyde
or a 6-ketone as represented, respectively, by cycloneosamandione and is-
ocycloneosamandaridine; and (3} the unmodified aza steroid, as exemplified
by samanine. Syntheses are discussed in this order with an additional section
devoted to miscellaneous interconversions involving the D-ring. All
syntheses discussed are partial in that natural chiral starting materials are
employed. In all cases where optical rotary dispersion spectra have been
examined, the salamander alkaloids have been shown to have the same ab-
solute configuration as the synthetically derived substance. Most of the syn-
thetic operations will be seen to involve the A-ring with some attention also
given to the D-ring where the chief synthetic requirement is the transposition
of the usual 17-oxy steroid substituent to the C(16)-position shared by most
salamander alkaloids.

8.2.1. Samandarone and the Hara-Oka Alkaloid. Samandarone, the first
of the salamander alkaloids to be synthesized, was prepared in 1967 by Hara
and Oka [493,502] according to Schemes 93 and 94. Commencing with [-
formyl-A-nor-5p-androst-1-en-17g-0l {1} prepared from testosterone by a
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Scheme 93. The synthesis of the Hara-Oka alkaloid [494,502]. (a) BzNH.; (b)
NaBH,; (¢) formylation; (d) OsO4/Et,O-Py; (e) Pb(OAc).; (f) (CH,OH),, H; (g)
NaBHy; (h) NaOH/aq. EtOH; (i} 75% HOAc, 100°; (j) H/Pd-C; (k) MeQH, HCL:(D)
20% HClaq. Me,CO.

multistep sequence, they reduced the derived benzylamine Schiff’s base and
formylated it to obtain 2. The A-Ring was then cleaved (d.e) to the keto
aldehyde 3, the aldehyde group selectively ketalized, and the keto group
reduced to provide 4 as a 1:1 mixture of epimers, After deformylation and
ketal hydrolysis, the desired oxazolidine 5 resulted in 45% yield accompanied
by a 1:1 mixture (38%) of the isomeric hemiacetal 6 and carbinolamine 7,
having C(l)-stereochemistries, precluding the second cyclization step es-
sential for oxazolidine formation. When the equilibrium mixture of 6 and 7
was treated with methanolic HCI, a single product, the acetal 8, resulted
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Scheme 94, Conversion of the Hara-Oka alkaloid to samandarone [494]. (a) CrOs/
Me:CO, aq. H»50;; (b) Hx/Pd-C; (c) formylation; (d) EtOCH=0, NaOEL; (e) i-
PrOH/TsOH; (f) NaBH.; (g} dilute HCI; (k) (CH,0H),, H*; (i) Hy/Pt; () H: (k)
MeC(OAc)y=CH,, H™; (!) Os; (m) HC! (cleaves N—CHO).

[494]. Quite surprisingly, when the acetal is hydrolyzed ({), the oxazolidine
§ results, evidently by a Walden inversion at C(1), producing, thereby, an
aminoalcohol of the proper configuration for oxazolidine formation }502).
After hydrogenolytic N-debenzylation (), the Hara-Oka alkaloid, 9, was
obtained. Conversion of 9 to samandarone required 13 steps outlined in
Scheme 94, whereby the C(17)-oxygen function is shifted to C(16). This
synthesis also constitutes a formal synthesis of samandarine and saman-
daridine, since those alkaloids can be chemically derived from samandarone
{Section 8.2.5).

Shimizu [503] in 1972, observing that Hara and QOka’s synthesis relies on
alaborious multistep preparation of the starting material, applied a procedure
from the corynantheine synthesis of Autrey and Scullard to form the oxa-
zolidine ring of samandarine from a more accessible starting material
(Scheme 95). The 17B-hydroxy-5p-androstan-3-one hydroxymethylene de-
rivative 10 is converted to the 2-methylthioketone 11 with methyl p-toluene
thiosulfate (a) and acetylation, then to the oxime mixture 12, which is sub-
jected to Beckmann cleavage to yield the seco thioenol ether nitrile 13 as a
mixture of diastercomers [503,504]. After desulfurization (¢) and stereospe-
cific epoxidation (f), the oxide is regiospecifically opened with azide to yield
15, which on reduction with borohydride affords, in one step, the oxazolidine
9 presumably via either the amidine 16 or the imino ether 17. During the
reduction, the 17B-acetate is cleaved, yielding the Hara-Oka alkaloid 9 di-
rectly. Since this had been earlier converted to samandarone by Hara and



Figure 14. Structures of (A) samandarine; (B) O-acetylsamandarine; {C) saman-
darone; (D) samandaridine; (F) cycloneosamandione; (F) isocycloneosamandari-
dine; {G) synthetic cycloneosamandaridine (not detected in nature); (/) samanden-
one; (1) samandinine; (J) samanine; and (K) Hara-Oka alkaloid {not detected in
nature, see text).
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Column packing procedure

Columns were packing using a high-pressure slurry packing apparatus equip-
ped with a constant-pressure pump (Model DSTV-122G, Haske! Eng. and Supply Co.,
Burbank, Calif., U.S.A.) shown schematically Fig. 1. This pump can deliver a
maximum pressure of 20,000 p.s.i. The slurry reservoir was constructed of stainless-
steel tubing and was 50 em in length with 1.D. 10 mm (Chemco Co., Osaka, Japan).
To 2.1 g of grafted silica dried over phosphorus pentoxide was added a solution
that contained 5 ml of tetrachloromethane, 10 ml of chloroform and 10 ml of diokan
and which had been degassed in an ultrasonic bath for 3 min. Slurry Solvent B conc
(Macherey, Nagel & Co., Diiren G.F.R.) was added for stabilization and the slurry
was further homogenized in an ultrasonic bath for 3 min. A solution consisting of
chloroform and methanol (1:1, 200 ml) was used to pressurize the slurry. This solu-
tion was introduced to the bottom of the slurry reservoir. The slurry was transferred
to a reservoir. The chromatographic column (precision-bore stainless-steel tubing
of length 20 em and 1.D. 4 mm) was attached to the slurry reservoir. The slurry
packing apparatus was initially pressurized to 6000 p.s.i. with the valve closed. The
valve was opened, and the slurry was forced from the reservoir into the columa.
After half of the slurry solvent had been eluted, the pressure was increased to 8000
p.s.i. Just before the solvent reservoir became empty, n-hexane was added and 200

ml of n-hexanc were passed through the column at 8000 p.s.i, in order to remove
the slurry solvent from the packed column. Then the pump was shut off and column

pressure relieved.
SOLVENT RESERVOIR

r o PRESSHURE GAUGE

COLUMN PUMF

C
o

[

SLURRY RESERVOIR

Fig. 1. High-pressure slurry packing apparalus.
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Reprinted from the J. Chromatography,186 (1979) 543-552.
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New Chiral Polysiloxane Derived from (R,R)-Tartramide for Enantiomer
Resolution by Capillary Gas Chromatography

Yasuo Dobashi,? Kouji Nakamura,*! Takafumi Saeki,! Masaaki Matsuo,! Shoji Hara,? and
Akira Dobashi®

Analytical Chemistry Research Laboratory, Tanabe Seiyaku Co., Lid., 16-89, Kashima 3-chome, Yodogawa-ku,
Osaka 532, Japan, and Tokyo College of Pharmacy 1432-1, Horinouchi, Hachioji, Tokyo 192-03, Japan

Received June 20, 1990

The synthesis was conducted of a polysiloxane in which the (R,R)-tartramide derivative as a chiral selector
was attached to the polysiloxane backbone via 11 methylene units. Capillary gas chromatography using this
polysiloxane as a chiral stationary phase was found to be capable of recognizing the molecular chirality of broad
categories of volatile enantiomers containing 1,2-diols, 1-methoxy-2-alkanols, dialkyl tartrates, methyloximes
of 2-hydroxy ketones, NN -bis(perfluoroacyl)-1,2- and -1,3-diamines, N-alkylamides of 2- and 3-halo carboxylic
acids, and N-alkylamides of 2- and 3-hydroxy carboxylic acids. The mode of complexation responsible for the
observed enantioselection was ascribed to dual hydrogen bonding between the (R,R)-tartramide moiety of the
polysiloxane and solute enantiomers to be resolved. Dual hydrogen bonding between (R,R)-tartramide and some
enantiomers is discussed on the basis of the differences in 'H NMR chemical shifts observed for the enantiomeric
pair in a CDCl; solution containing (R,R)-N,N-diisopropyltartramide.

Introduction

As a part of our program for the design and synthesis
of chiral selectors capable of forming transient diastereo-
mers differing in stability with target enantiomers, exam-
ination was made of (R,R)-N,N-dialkyltartramides as such
selectors that function mainly through dual hydrogen
bonding.? The following combinations of complementary
bonding sites lead to the formation of dual hydrogen
bonds, where A and D denote an acceptor and a donor in

®: @ @ - -
hydrogen bonding. Three types of dual hydrogen bond
sites (acceptor-acceptor, donor-donor, and acceptor-do-
nor) are possible for many categories of enantiomers, al-
though the steric environment surrounding a set of
bonding sites is a variable.

In our previous study, the chiral recognition of various
types of enantiomers possessing at least two sites for hy-
drogen bonding was found to be possible by liquid chro-
matography using a chiral stationary phase (CSP) derived
from the (R,R)-N,N*-dialkyltartramide®* Such enan-
tiomers contained O-phenylcarbamoyl 2-hydroxy carbonyl
derivatives (esters and ketones), 3-hydroxy carbonyl de-
rivatives (esters, ketones, and N-alkylamides), N-
phenylcarbamoyl derivatives of primary amines, amino
esters, and 2-amino alcohols, glutarimides, barbiturates,
2-hydroxy ketoximes, 1,1’-bi-2-naphthol, [(2-hydroxy-
phenyl)phenyl]carbinol, (2-pyridvlphenyl)carbinol, and
1,2-diols.

Chiral recognition on a CSP is based on stability dif-
ferences in transient diastereomers between the chiral
selector of the CSP and solute enantiomers via intermo-
lecular force. It thus follows that the (R,R)-N,N'-di-
alkyltartramide forms energetically different diastereomers

(1) Tanabe Seiyaku Co., Ltd.

{2) Tokyo College of Fharmacy.

(3) (a) Dobashi, Y.; Hara, 8. J. Am. Chem. Soc. 1985, 107, 3406. (b)
Dobashi, Y.; Hara, 8. J. Org. Chem. 1987, 52, 2490,

{4) The structure of a silica-based CSP used in ref 3b is as follows:

0O OH Me

H ] .

)\ N ?.—o Si
H Me

HO O

with these categories of enantiomers most likely through
dual hydrogen bonding. It is important to note that the
tartramide derivative provides dual hydrogen bond sites
complementary to those of the versatile enantiomers listed
previously. One factor responsible for this flexibility of
the tartramide molecule for dual hydrogen bond formation
may possibly be conformational change involving the
formation and/or scission of intramolecular hydrogen
bond (s} at the time of complexation. Such conformational
reorganization is regarded as “induced fit” in a small mo-
lecular system.

Efforts are presently being made to verify this hypoth-
esis through determination of the structure of the complex
giving rise to observed enantioselection and also develop
new systems for chiral recognition incorporating the (R,
R)-N,N'-dialkyltartramide as a chiral selector. For the
latter purpose, examination was made of the enantiose-
lectivity of (R,R}-N,N”-dialkyltartramide in a gas chro-
matographic system using a capillary column. Capillary
gas chromatography using a CSP is highly effective and
sensitive for determining enantiomer excess, Recently, we
designed and synthesized CSP 1 in which the (R, R)-tar-
tramide moiety was attached to polysiloxane as the matrix
through a long alkyl chain comprised of 11 methylene
units. Enantiomer resolution of underivatized 1,2-diols by
capillary gas chromatography using CSP 1 was shown to
be an outstanding application of this phase.® In this paper,
the synthetic details of CSP 1 and extended applications
to gas chromatographic resolution of enantiomers are
presented.

SiMeg
0 OH 0
S00s i
N Si—Me
H
HO O m
Me—Si—Me
CSP1 n
0]
éiMag

Prior to our work, many kinds of CSPs for gas chro-
matography were already developed.f Some of them are

(5) (a) Nakamura, K.; Saeki, T.; Matauo, M.; Hara, S.; Dobashi, Y.
Anal. Chem. 1390, 62, 539. For the prototype of CSP 1, see: (b} Naka-
mura, K.; Hara, S.; Dobashi, Y. Anal. Chem. 1989, 61, 2121.

0022-3263/91/1956-32998%$02.50/0 © 1991 American Chemical Society
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sKey: (a) cat. CF,80,H; (b} (CH3);CHNHy; (¢) N-(ethoxy-
carbonyl)-2-ethoxy-1,2-dihydroguinoline, 10-undecenylamine; {d)
cat. HyPtClg; (e) NH,.

of practical use. There are, however, no CSPs capable of
resolving all volatile enantiomers of interest in many
branches of chemistry. Therefore, it should be still
worthwhile to expand and extend the scope of gas chro-
matographic chiral recognition through development of a
new type of CSP.

Results and Discussion

Synthesis and Characterization of CSP 1. Our
synthetic route for preparing CSP 1 is shown in Scheme
I. The polysiloxane structure as the backbone of the CSP
was prepared by the acid-catalyzed ring-opening co-
polymerization of octamethylcyclotetrasiloxane, 1,3,5,7-
tetramethylcyclotetrasiloxane, and hexamethyldisiloxane.”
The polyhydromethylsiloxane thus obtained was found to
contain dimethylsiloxane and hydromethylsiloxane units

(6) For reviews of gas chromatographic chiral recognition, see: (a)
Schurig, V. In Asymmetric Synthesis; Morrison, J. D., Ed.; Academic
Press: New York, 1983; Vol. 1, p 59. (b} Koppenhoefer, B.; Bayer, E. In
“The Science of Chromatography™; Bruner, F., Ed.; Elsevier: Amsterdam,
1985; Vol. 32, p 59; J. Chromatogr. Libr. 1985, 32, 1. (c) Gil-Av, E. In
“The Science of Chromatography™; Bruner, F., Ed.; Elsevier: Amsterdam,
1985; Vol. 32, p 111; J. Chromatogr. Libr. 1985, 32, 111. (d) Koenig, W,
A. “The Practice of Enantiomer Separation by Capillary Gas
Chromatography”™; Huethig: Heidelberg, 1987. For recent works, see: (e)
Nowotny, H.-P.; Schmalzing, D.; Wistuba, D. Schurig, V. J. High Resolut.
Chromatogr. 1989, 12, 383. (f) Koenig, W. A.; Krebber, R. J. High Res-
olut. Chromatogr. 1989, 12, 641. (g) Watabe, K.; Charles, R.; Gil-Av, E.
Angew. Chem., Int. Ed. Engl. 1989, 28,192, (h) Schurig, V.; Ossig, J.;
Link, R. Angew. Chem., Int. Ed. Engl. 1989, 28, 194, (i) Schurig, V.,
Nowotny, H.-P.; Schmalzing, D. Angew. Chem., Int. Ed. Engl. 1989, 28,
736, (j) Armstrong, D. W,; Li. W.; Chang, C.-D.; Pitha, J. Anal. Chem.
1990, 62, 914.

(7) Bradshaw, J. S.; Aggarwal, S. K.; Rouse, C. A Tarbet, B. J,;
Markides, K. E.; Lee, M. L. J. Chromatogr. 1987, 405, 169.
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Figure 1. Resolution of the four stereoisomers of l-methyl-
1,2-cyclohexanediol on CSP 1: column temperature, 85 °C iso-
thermal; carrier gas, 0.9 kg/cm? He,

in a ratio of 10:1, on the basis of relative signal intensities
of corresponding protons in the 'H NMR spectrum of the
material. Analysis using gel permeation chromatography
(GP(C) indicated the average molecular weight of this
polymer to be ca. 5 X 104

Synthesis of the tartramide unit to be incorporated into
the polysiloxane was a straightforward process consisting
of aminolysis of diacetyltartaric anhydride by isopropyl-
amine and subsequent condensation of the resulting
half-amide with 10-undecenylamine using N-(ethoxy-
carbonyl)-2-ethoxy-1,2-dihydroquinoline.®  The hydro-
silylation reaction of the alkenyl derivative of diacetyl-
tartramide with the previous polyhydromethylsiloxane
catalyzed by chloroplatinic acid produced a linkage be-
tween the chiral selector and siloxane matrix. GPC of the
crude product to remove small molecular weight material
such as the catalyst and excess alkeny! derivative afforded
pure diacetyl CSP 1. Strong absorptions observed at 1760,
1650, 1540 cm™ in IR spectrum of this polymer indicated
a incorporation of the tartramide unit into the matrix.
CSP 1 was obtained as a slightly brownish gum by am-
monolysis of the diacetyl polymer. The complete removal
of acetyl groups was confirmed by the IR spectrum of CSP
1. This CSP was found to contain 0.68 mmol/g of the
tariramide moiety based on the elemental analysis of ni-
trogen.

Gas Chromatographic Resolution of Enantiomers
Using CSP 1. The chiral recognition of a broad range of
enantiomers was successfully conducted on CSP 1. In
Table I are given gas chromatographic data for the reso-
lution of these enantiomers. The degree of chiral recog-
nition is indicated by the separation factor.’ This pa-
rameter reflects the ratio of association constants between
the (R,R)-tartramide moiety and a pair of solute enan-
tiomers. Separation factors for the enantiomeric pair in
this study ranged from 1.01 to 1.10. Rs values'’ indicate
the degree of peak separation. Complete base line sepa-
ration is possible at an Rs value of more than 1.5. Even
in separation at a value of 1.0, overlap between two peaks

(8) Belleau, B.; Malek, G. J. Am. Chem. Soc. 1968, 90, 1651.

(9) The separation factor (a) is defined by the following equation: «
= k%/k’, where k, and k' are the capacity factor (see the following text)
of the lesser retained enantiomer and that of the more retained enan-
tiomer, respectively. The capacity factor (&) is defined by the following
equation: &’ = (retention time-dead time) /(dead time).

(10) This parameter is defined as Rs {resolution) = 2 X (distance of
two peak positions)/(sum of the band widths of the two peaks at their
bases).
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is only 2% of each. In our system, chiral recognition with
a separation factor of only 1.02 can be detected as peak
separation with Rs of approximately 1.0.

Structurally diverse 1,2-diols are included in the scope
of chiral recognition on CSP 1. CSP 1 was highly sensitive
to differences in the stereochemistry of two carbons
bearing hydroxyls of 1,2-diols. For example, all stereo-
isomers of 1-methyl-1,2-cyclohexanediol were resolved, thus
giving the four distinct peaks shown in Figure 1.

In the previous study using (R,R)-N,N’-diisepropyl-
tartramide {DIPTA) as a chiral mobile-phase additive in
silica gel liquid chromatography,™ the gauche relationship
between two hydroxyls was found to be required for 1,2-
diols to bring about enantioselectivity in the complexation
with (R,R)-DIPTA. Recognition of the molecular chirality
of 1,2-diols by (R,R)-DIPTA may thus possibly be based
on dual hydrogen bonding between gauche hydroxyls of
1,2-diols and (R,R)-DIPTA, although the honding site in
{R,R)-DIPTA was obscure. Recently, dual hydrogen
bonding of 1,2-diol and (R,R)-tartramide derivatives was
actually observed in an X-ray crystal structure of a com-
plex consisting of (R,R}-DIPTA and (S,8)-9,10-di-
methyl-9,10-dihydrophenanthrene-3,10-dicl (DIMPDOL).!!
(8,5)-DIMPDOL interacts more strongly with CSP derived
from the (R,R)-DIPTA analogue than its enantiomer,?*
thus showing the complex of {S,S)-DIMPDOL and (.-
R)-DIPTA to be more stable than the corresponding dia-
stereomer. The results of an '"H NMR study were also
compatible with the S,S selectivity of (R,R)-DIPTA toward
DIMPDOL through dual hydrogen bonds with two hy-
droxyls of DIMPDOL.!! The structure equivalent to this
complex is the following:

H—N
i 0ere..
s}
H/
“9 3
H /’.‘zo“
H—N

{R.R}-DIPTA ;

In the crystal structure, the relationship between two
hydroxyls of (5,5)-DIMPDOL, that hetween two hydroxyls
of (R,R)-DIPTA, and that between two amide units of
(R,R)-DIPTA was of the gauche, gauche, and anti type,
respectively. An intramolecular hydrogen bond between
two hydroxyls of {R,R)-DIPTA in the figure could not
actually be observed in the crystal structure, but is as-
sumed to be formed in solution. The gauche relationship
between two hydroxzyls of (R,R)-DIPTA makes intramo-
lecular hydrogen bonding possible. Most importantly, such
bond formation should be energetically favored. The
previous mode of dual hydrogen bonding is considered the
probable cause of the enantioselection of 1,2-diols by
(R.R)-tartramide in solution, and this would also apply to
the present gas chromatographic system.

Enantiomers of a series of dialkyl tartrates were well-
resolved on CSP 1. These derivatives are closely related
to 1,2-diols. Accordingly, the mode of dual hydrogen
bonding observed in the DIMPDOL-DIPTA system may
alsc be responsible for the enantioselection of dialkyl

(S.8)-DIMPDOL

(11) Dobashi, Y.; Hara, S.; litaka, Y. J. Org. Chem. 1988, 53, 3894,
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tartrates. The 'H NMR study conducted here indicated
the hydroxyls of dialkyl tartrates to participate in the
formation of transient diastereomers with (R,R)-DIPTA.
Resonance for the two hydroxyl protons in 0.03 M CDCl,
solution of racemic dibenzyl tartrate (DBnT)!? at 27 °C
appeared at § 3.158 as a doublet (J = 7.5 Hz). The addition
of (R,R)-DIPTA to the solution caused a shift difference
in the resonance for the two hydroxy protons of DBnT (a
doublet (J = 7.5 Hz) at & 3.436 for (5,5)-DBnT, a doublet
(J = 7.5 Hz) at 4 3.396 for (R.R)-DBnT, 0.10 M in (R,-
R)-DIPTA). There is a possibility that the ester func-
tionality of the tartrates may be essential to enantiose-
lective complexation with (R,R)-tartramide owing to its
hydrogen bond ability. However, the role of the ester
functionality in the complexation could not be determined
in this study.

In addition to that of 1,2-diols, enantioselection of the
monomethyl ethers of these derivatives was also possible
on CSP 1. Dual hydrogen bonds involving methoxyls as
acceptors were possibly operative as the mode of com-
plexation responsible for the enantioselection of these
1-methoxy-2-alkanols. Support for this possibility is
provided by the fact that monofunctional secondary al-
cohols such as 2-butanol and 2-hexanol could not be re-
solved into enantiomers on CSP 1 throughout the region
examined. To form dual hydrogen bonds with 1-meth-
oxy-2-alkanols, two bonding sites of (R,R)-tartramide
should involve at least one hydrogen bond donor. Such
bonding sites of (R,R)-tartramide can be made through
minor medification of the conformer in the complex with
(8,9)-DIMPDOL, as follows:

Other dual hydrogen bond sites complementary to those
of 1-methoxy-2-alkanols are possible in (R,R)-tartramide
molecule. However, the conformer of the (R,R)-tartramide
equivalent to that shown in the figure was noted in the
X-ray crystal structure of self-associated (R,R)-DIPTA."
Difference in the mode of dual hydrogen bonding was
reflected in enantioselection on CSP 1. For example, CSP
1 was insensitive to the chirality of trans-1,2-cyclo-
pentanediol, while enantiomers of the monomethyl ether
of this diol could be resolved with a separation factor of
1.051 on CSP 1.

Other classes of enantiomers were derivatized so as to
possess the proper functionality to bring about the enan-
ticselective hydrogen bonding with the present chiral se-
lector. The derivatization also ensured the volatility of
solute enantiomers required for gas chromatography. Such
achiral derivatization effecting the chiral recognition is
summarized as follows.

(12) Enantiomers of dibenzyl tartrate were resolved on CSP derived
from the (R,R)-tartramide* with a separation factor of 1.5 when 10% (v/v)
2-propanol in n-hexane was used as the mohile-phase solvent at 20 °C.
The most retained enantiomer of dibenzyl tartrate showed a capacity
factor of 5.26 and the 8,8 configuration.

(13) Dobashi, Y.; Dobashi, A.; Hara, S.; Iitaka, Y. Manuscript in
preparation.
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Table 1. Gas Chromatographic Resolution of Enantiomers on CSP 1

Dobashi et al.

rel most retained column
R, R, config kY ot Ra? enantiomer temp (°C)
1,2-Diols
OH
R!‘J\/OH
R2
CH, H 8.00 1.084 173 R 65
C.H, H 13.10 1.039 1.72 R 70
(CH,),CH H 21.03 1.031 1.63 R 70
(CH,3),C H 27.28 1.047 2.40 0
C,H, CH, 12.76 1.019 0.90 70
(CH,),CH CH, 22.36 1.039 1.75 70
(CHg)C CH, 30.32 1.000 70
CyH, H 27.99 1.029 1.05 7
(CH,),CHCH, H 44.12 1016 0.76 70
(CH;),CCH, H 51.80 1.030 1.24 70
C:H, CH, 26.26 1.028 1.17 70
(CHy),CHCH, CH, 36,72 1.032 1.71 70
(CH,4),CCH, CH, 53.45 1.022 1.01 70
OH threo 7.32 1.053 1.25 2R,3R 65
CH
CH:!/[Y 3
OH
Ry
OH
OH
R2
H H trans 3L.56 1.073 3.73 1R 2R 85
CH, H cis 18.49 1.064 3.45 IR,28 85
CH; H trans 29.47 1.034 191 1R 2R 85
CH, CH, trans 16.81 1.051 2.75 1R 2R 85
<IOH trans 18.37 1.000 90
OH
Dialkyl Tartrates
OH O
R40
ORq
(o] H
CH, 13.15 1.040 1.82 8.8 120
C.H, 92.44 1.038 1.78 S8 120
(CH,),CH 25.54 1.034 1.88 8,8 120
Methoxy Aleohols
OH
Ry OCH3
CH, 1.84 1.043 1.12 R 35
C,H; 4.34 1.044 1.59 R 35
qOH trans 12.55 1.051 2.21 55
OCH3
Methyloximes of 2-Hydroxy Ketones
OH
Rz
Ry
Y OCH;
CH, CH, syn 5.87 1.026 1.18 50
CH, CH, anti 9.31 1.000 50
C,H; C,H, syn 16.40 1.027 1.52 50
CgHs 02H5 anti 25.94 1.000 50
C.H, C.H, syn 62.12 1.026 1.62 50
C3H1 C3H1 anti 98.86 1.000 50
N,N"Bis{perfluorcacyl) Diamines
NHHZ
Ay NHR,
CH, CF,CO 12.72 1.028 1.39 140
CH, C,FsCO 9.25 1.033 151 140
CH, C,F,CO 11.81 1.031 145 140
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Table T (Continued)

rel most retained column
R, R, config k'S ot Rs® enantiomer temp (°C)
NHAg CF;CO trans 21.94 1.079 4.49 18,28 150
C,FCO trans 16.21 1.090 4.72 15,28 150
NHR CyH,CO trans 19.54 1.098 5.19 18,28 150
2
NHRy CF;,CO trans 24.75 1.014 0.82 150
C,F;,CO trans 13.19 1.015 0.81 150
C;F,.CO trans 16.97 1.012 0.65 150
N-Alkyl-2-hale Carboxamides
Cl
R
Ry NH 2
o]
CH, CH, 9.73 1.036 1.08 R 55
CH, (CHy),CH 10.18 1.019 0.90 R 55
CH, (CH,),C 8.27 1.015 0.82 R 66
C,H, CH, 18.75 1.034 1.54 55
C,H; (CH;).CH 20,08 1.020 1.15 55
C.H, (CHy),C 16.42 1.015 0.93 55
Br
Ay )\H/NHRZ
o]
CH,4 CH,; 7M1 1.023 1.26 R 80
C;H, CH, 13.08 1.022 1.32 R 80
(CH,),CH CH, 16.91 1.022 1.33 R 80
C;H; CH, 24,85 1.023 1.48 R 80
N-Alkyl-3-halo Carboxamides
R1\/\’.‘/” HR2
Cl O
CH, CH, 32.98 1.021 1.29 80
CH, (CH,),CH 30.60 1.025 1.50 80
CH, {CHy),C 21.07 1.026 1.63 80
N-Alkyl-2-hydroxy Carboxamides
OH
NHR
23] 2
0
CH, (CH,),CH 14,83 1.028 0.91 R 110
CH, CH, 14.88 1.028 1.10 R 110
C.H; CH, 22.68 1.032 1.28 R 110
(CH,),CH CH, 26.59 1.036 1.67 R 110
C,H; CH, 40.89 1.031 1.33 110
N-Alkyl-3-hydroxy Carboxamides
Ry NHR2
OH O
CH;, CH, 20.17 1.021 0.98 R 115
CH, (CH,),CH 19.12 1.029 1.40 R 115
CH, (CH,),C 1391 1.031 1.40 R 115
C,H; (CHp)oC 21.05 1.035 1.82 115
(CH,),CH (CH,1,C 25.87 1.039 2.19 115
Ry
NHR2
OH ©
CH, (CH,)C 14.90 1.043 2.01 R 115
C.H; (CH,),C 23.64 1.059 2.73 115
{CHy),CH (CH3C 99.05 1.072 3.57 115

%See ref 9. *See ref 10.
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2-Hydroxy ketones were converted to methyloximes,
giving syn and anti diastereomers, of which only the en-
antiomers of syn-oximes could be resolved.

For the derivatization of enantiomeric 1,2-diamines,
perfluoroacylation was conducted. The enantiomers of
trans-1,3-diaminocyclohexane were also resolvable on CSP
1 following the perfluoroacylation, though the extent of
enantioselection was modest.

For their chiral recognition on CSP 1, 2- and 3-halo
carboxylic acids as well as 2- and 3-hydroxy carboxylic
acids were converted to the corresponding N-alkylamides.
Increase in the steric bulkiness of N-alkyl substituents
enhanced the enantioselection of the 3-halo carboxamides
on CSP 1, while the reverse effect was noted for the N-
alkyl substituents of 2-halo carboxamide. The same
tendency was also observed for the enantiomer resolution
of the corresponding hydroxy carboxamides.

All the above derivatized enantiomers possess at least
two hydrogen bond sites: a hydroxyl and methoxyl pair
in syn-methyloximes of 2-hydroxy ketones, two amide
units in N,N"-diacyldiamines, a halogen and amide unit
pair of halo carboxamides, and a hydroxyl and amide unit
pair of hydroxy carboxamides. Each pair of hydrogen bond
gites can be orientated in the same direction within rea-
sonable conformational change. The chiral recognition of
these derivatives may thus be assumed to be based on dual
hydrogen bonding with the (R,R)-tartramide.

Of the enantiomers derivatized to render them sensitive
to CSP 1, complexation between a N-tert-butylamide
derivative of 3-hydroxy carboxylic acid and (R,R)-DIPTA
was investigated by using 'TH NMR spectroscopy. The
enantiomers of N-tert-butyl-2-hydroxy-3-phenylpropan-
amide (TBHP) were resolved with a separation factor of
1.20 by liquid chromatography using a CSP derived from
(R,R)-DIPTA analogue.®®* (S)-TBHP exhibited greater
retentivity on this CSP, consequently giving rise to a more
stable diastereomer with the (R,R)-tartramide. The same
sense of enantioselectivity toward N-tert-butyl-3-
hydroxybutanamide was observed in the present gas
chromatographic system, although the absolute configu-
ration of this carboxamide was denoted as R in adherence
to the priority rule.!*

The resonance of the hydroxy proton and that of the
amide proten in 0.08 M CDCl, solution at 27 °C were
observed at & 4.343 as a doublet (J = 3.0 Hz) and at § 5485
as a relatively broad singlet, respectively. These signals
shifted downfield and split into a pair of doublets at § 4,732
and 4.781 and a pair of singlets at § 5.863 and 5.961 with
essentially the same intensity when the solution was 0.18
M (R,R)-DIPTA. The coupling constants of these doublets
did not change significantly. Both a doublet and singlet
appearing downfield relative to their counterparts were
assigned to the corresponding resonance of (S)-TBHP on
the basis of the correlation of the relative intensity of the
signals with the enantiomeric composition of TBHP.

The downfield shift noted for hydroxyl and amide
protons of TBHP following the addition of (R.R)-DIPTA
reflected hydrogen bonding of (R,R)-DIPTA with hy-
droxyls and/or amide units of TBHP, although it was
difficult to determine whether these bonding sites function
as acceptors or receptors. The shift differences observed

(14) The absolute configuration of the enantiomers of N-alkyl-3-
hydroxy carboxamides forming the mote stable transient diastereomer
with (R,R)-tartramide is the following:

OH ©

NHR'

Dobashi et al.

for both protons of the hydroxyls and amide units of
TBHP enantiomers strongly indicated these groups to be
involved simultaneously in the formation of transient
diastereomers with (R,R)-DIPTA. Thus, dual hydrogen
bonding of {R,R)-tartramide with the hydrozyls and amide
units of 3-hydroxy carboxamides appears quite likely to
be the mode of enantioselective complexation.

In conclusion, we have developed a new polysiloxane
derived from the (R, R)-tartramide as a CSP for capillary
gas chromatography. The present gas chromatographic
system proved to have a wide range of application to en-
antiomer resolution. Several categories of enantiomers
resolvable on CSP 1 were heyond the limits of the CSP
derived from the (R,E)-tartramide in liquid chromatog-
raphy.® The enantioselection in this system thus provides
more detailed information on the structures of enantiomers
capable of undergoing enantioselective hydrogen bonding
with (R,R)-tartramides. One factor making possible the
high performance of CSP 1 may ke the use of a nonpolar
long alkyl chain as a spacer between the chiral selector and
polysiloxane backbone. This approach is relatively com-
mon in design for achieving higher enantioselectivity on
silica-based CSPs in normal-phase liquid chromatogra-
phy.321%  Clarification of the effects of spacer length on
enantioselectivity in a gas chromatographic system and the
mechanism of molecular recognition based on complexa-
tion with (R,R)-tartramide is presently being pursued.

Experimental Section

General Procedures, Melting points were determined on a
micro hot plate melting peint apparatus and are uncorrected.
NMR spectra were measured on a Brucker AM-500 or JEOL
FX-100 spectrometer. Chemical shifts are reported in parts per
million downfield from tetramethylsilane. As the internal
standard, tetramethylsilane or residual solvent was used. 'H NMR
spectra were evaluated as first-order spectra. The abbreviations
br, s, d, t, q and gn refer to broad, singlet, doublet, triplet, quartet,
and quintet, respectively. IR spectra were obtained on a Hitachi
260-30 or Perkin-Elmer FTIR 1710 spectrometer. Optical rota-
tions were measured on a JASCO DIP-360 polarimeter. Mi-
croelemental analysis was conducted by the Microanalytical Center
of Tokyo College of Pharmacy. Thermogravimetric analysis was
conducted using a Shimadzu TGA-50 instrument under an at-
mosphere of nitrogen.

Gas chromatography was conducted with a Shimadzu GC-14A
equipped with a split injector and flame ionization detector.
Helium was used as the carrier gas. The inlet pressure of the
capillary column was 0.9 kg/cm? and the split ratio was 1:60. The
temperature of the injection port was maintained at 200 °C.
Chromatographic signals were recorded and processed by a
Shimadzu C-R4AX data processor. Preparative high-performance
liquid chromatography (HPLC) was carried cut with use of the
column of a 115 X 22 (i.d.) mm glass tube packed with ca. 30 g
of 10-um irregularly shaped silica gel (Kusano CIG column Kusano
Kagakukikai CQ., Tokyo). GPC was performed by HPLC tech-
niques using a Shodex GPC-A-80M column. Molecular weight
of the polymers was estimated from a calibration curve obtained
with polystyrene standards of different molecular weight (6200,
18600, 42 200, 77 500).

Materials. Solvents for chromatography and extraction were
reagent grade and used as received. Chloroform was distilled from
diphosphorus pentoxide; tetrahydrofuran was distilled from
benzophenone ketyl; dichloromethane and 2-propanol were dis-
tilled from calcium hydride.

Polyhydromethylsiloxane.” To a stirred mixture of octa-
methylcyclotetrasiloxane (1.0 mL, 3.223 mmol), 1,3,5,7-tetra-
methylcyclotetrasiloxane (0.12 mL, 0.474 mmol), and hexa-

(15) (a) Pirkle, W. H.; Hyun, M. H.; J. Org. Chem. 1984, 49, 3043. (b)
Pirkle, W. H.; Pochapsky, T. C.; Mahler, G. S.; Corey, . E; Reno, D. S.;
Alessi, D. M. J. Org. Chem. 1986, 51, 4991. (c) Feibush, B.; Figueroa, A.;
Chatles, R.; Onan, K. D.; Feibush, P.; Karger, B. L. J. Am. Chem. Soc.
1986, 108, 3310.
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methyldisiloxane (0.003 mL, 0.014 mmol) was added trifluoro-
methanesulfonic acid (0.005 mL, 0.057 mmeol) at room temperature
under an atmosphere of argon. The reaction was continued for
18 h and then quenched by the addition of hexamethyldisilazane
(0.005 mL, 0.024 mmol}. The resulting mixture was diluted with
n-pentane (10 mL). To the stirred solution was added dropwise
methanol (10 m1.). The lower layer thus separated was partitioned
four times between n-pentane (10 mL) and methanol (10 mL) as
described previously, and the solvent was evaporated. The desired
polymer (1.0 g) was obtained as a celorless viscous oil: IR (thin
film) 2970, 2160 (SiH), 1410, 1260 cm™; 'H NMR (100 MHz,
CDCly) 4 0.059 (s), 0.083 (s), 0.145 (d, J = 1.5 Hz, CH,SiH), 4.682
(q, J = 1.5 Hz, CH,SiH). The ratios of intensity of the methyl
signals appearing at 6 0.059, 0.083, and 0.145 were 94:31:6.5,
respectively. The ratio of the total intensity of these methyl signals
to that of SiH sighals was 67:1.
(R,R)-N-Isopropyldiacetyltartaric Acid Monoamide. This
compound was prepared by aminolysis of (R,R)-diacetyltartaric
anhydride!® with isopropylamine according to the method de-
scribed in cur previous work:® mp 176-177 °C dec; [«]®p = -22.0°
(c 2.27, ethanol); IR {(KBr) 3338 (NH), 2977, 2952 (OH), 1760 and
1747 (shoulder) {acetyl and carhoxyl C=0), 1641 (amide C=0),
1562 (amide) cm™!; *H NMR (100 MHz, CDCl,-Me,S0-dg (10:1
v/v) 6 1.143 and 1.163 (d each, 6 H in total, J = 6.6 Hz each,
CH(CH,),), 2.125 (5, 3 H, CH,CO), 2.179 (s, 3 H, CH,CO), 4.063
(d septet, 1 H, J = 8.0, 6.6 Hz, CH(CHy);), 5609 (d, 1 H, J = 2.7
Hz, CH,COOCH), 5682 (d, 1 H, J = 2.7 Hz, CH,;COOCH), 6.602
(br d, 1 H, J = 8.0 Hz, NH), 11.516 (br s, 1 H, OH); 13C NMR
(25 MHz, CDCl;-MeyS0-dg (10:1 v/v) § 20,37, 20.71, 22.32, 22.46,
41.52, 71.49, 72.17, 164.85, 168.26, 169.00, 169.33. Anal. Calcd
for C;H,;0;N: C, 48.00; H, 6.22; N, 5.09. Found: C, 48.13; H,
6.23; N, 4.99.
(R,R)-N-(10-Undecenyl)-N-isopropyldiacetyltartramide.!”
To a mixture of the finely powdered (R,R)-N-isopropyldi-
acetyltartaric acid monoamide (475.2 mg, 1.726 mmol) and N-
(ethoxycarbonyl)-2-ethoxy-1,2-dihydroquinoline® (432.9 mg, 1.751
mmol) was added tetrahydrofuran (10 mL) at room temperature
under an atmosphere of argon. Stirring was continued at this
temperature for 50 min. The solution was then cooled in an ice
bath followed by the addition of 10-undecenylamine®® (283.8 mg,
1.676 mmol) in tetrahydrofuran (5.4 mL} over 5 min, The solution
was stirred for 25 min and allowed to warm to room temperature.
After the solution had been stirred at this temperature for 30 min,
ethyl acetate (50 mL) and 1 N hydrochloric acid {10 ml) were
added. The organic layer thus separated was washed with 1 N
hydrochloric acid (10 mL X 2), saturated agueous sodium hi-
carbonate (10 ml), water (10 mL}), and brine (10 mL X 2} suc-
cessively and then dried over anhydrous sodium sulfate. The
solvent was removed under reduced pressure, and the residue was
purified by preparative HPLC with 30% (v/v) acetone in n-hexane
as the eluent. The pure diamide (469.3 mg, 67% based on the
half-amide) was obtained as a white solid: mp 150-151 °C; {«]%p,
=-12.9° (¢ 2.14, ethanol); IR (KBr) 3285 (NH), 3079, 2977, 2929,
2856, 1758 (acetyl C=0), 1653 (amide C=0), 1550 (amide) cm™;
H NMR (500 MHz, CDCI,) 5 1.145 and 1.162 (d each, 6 H in total,
J = 6.6 Hz each, CH(CH,),), 1.274 (br s, W;;; = 9.1 Hz, 10 H,

(16} Shriner, R. L.; Furrow, C. L., Jr. Orgenic Synthesis; Wiley: New
York, 1963; Collect. Vol. 4, p 242.

(17) In our previous study,® this compound was prepared using di-N-
succinimidyl oxalate and charactetized insufficiently.
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(CHg)g(CHg)a(CHQ}&),la 1.396 (br qn, 2 H, J = 7.0 Hg,
CH,CH,CH=CH,),** 1.489 (br gn, 2 H, J = 7.0 Hz, NHCH,CH,),
2.036 (q with further coupling, 2 H, J = 7.1 Hz, CH,CH,CH=
CH,),% 2.15% and 2.161 (s each, 6 H in total, CH,CO X 2), 3.195
{ddt, 1 H, J = 13.2, 6.7, 6.7 Hz, NHC{H)H), 3.285 (ddt, 1 H, J
=13.2,6.7, 6.7 Hz, NHC(H)H), 4.046 {d septet, 1L H,J = 7.9, 6.6
Hz, CH(CH,),), 4929 (ddt, 1 H, J = 10.2, 2.1, 1.1 Hz, CH=C-
(HH), 4990 (ddt, 1 H, J = 17.0, 2.1, 1.5 Hz, CH—=C(H)H}, 5.544
(d, 1 H, J = 3.8 Hz, CH;COOCH), 5.583 (d, 1 H, J = 3.8 Hz,
CHZCOOCH), 5.808 {(ddt, 1 H, J = 17.0, 10.2, 6.7 Hz, CH=CH,),
5943 (brd, 1 H, J = 7.9 Hz, NHCH), 6.156 (br t, 1 H, J = 6.7
Hz, NHCH,); *C NMR (125 MHz, CDCly) § 20.57, 20.60, 22.29,
22.44, 26.77, 28.86, 29.04, 29.19, 29.32, 29.36, 20.41, 33.73, 39.58,
41.65, 72.40, 114.10, 139.12, 165.16, 165.97, 169.16, 169.17. Anal,
Caled for C,oHgOgN,: C, 81.95; H, 898; N, 6.57. Found: C, 61.80;
H, 8.99; N, 6.52.

Diacetyl CSP 1. To a solution of (R,R}-N-(10-undecenyt)-
N’isopropyldiacetyltartramide (340 mg, 0.80 mmol} and poly-
hydromethylpolysiloxane (370 mg) in chloroform {15 mL} was
added 0.1 M chloroplatinic acid in 2-propanel (0.1 mL) at room
temperature under an atmosphere of argon. After the mixture
had been stirred for 15 h at 80 °C, the solvent was removed under
reduced pressure. The residue was subjected to GPC with tet-
rahydrofuran as the eluent, yielding a gumlike material (480 mg):
IR (thin film) 3230 (NH), 2960, 2930, 1760 and 1750 (shoulder)
(acetyl C==0), 1650 (amide C=0), 1540 (amide}, 1260 cm-L.

CSP 1. To a solution of (R,R)-diacetyl polymer (280 mg) in
a mixture of chloroform and methanol (1:1 (v/v), 20 mL} was
added 28% (v/v) aquecous ammonia (1.0 mL) at room temperature.
After the mixture had been stirred at this temperature for 1.5
h, the volatiles were removed under reduced pressure to give CSP
1 {200 mg) as a gumlike matertal. Thermal stability was assessed
by thermogravimetric analysis. CSP 1 exhibited no loss of weight
up to 240 °C: IR (thin film) 3400 and 3300 (OH and NH), 2960,
2020, 1650 (shoulder) and 1630 (amide C=0), 1540 {amide}, 1260
eml. Anal. Found: C, 38.86; H 8.36; N, 1.89.

Column Preparation. A fused-silica capillary tube (25 m x
0.25 mm i.d.) was washed with dichloromethane, dried by passage
of helium gas, and coated with a 0.3% (w/v) solution of CSP 1
in dichtoromethane by the static method.2! The resulting column
was conditioned by passage of helium gas while the temperature
was gradually raised to 150 °C.
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University) for helpful discussion on the preparation of
{1R,2R)- and (1R,25)-1-methyl-1,2-cyclohexanediol. We
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(18) A shoulder peak was observed at & 1.287.

(19) The assignment was based on the results of decoupling experi-
ments,

(20) The dd-coupling pattern (J = 1.1, 1.5 Hz) was observed for the
outer two peaks of the quartet.

(21) Grob, K. “Making and manipulating capillary columns for gas
chromatography™, Huethig: Heidelberg, 1986.
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Foreword

The word “‘chiral” comes from the Greek
word cheir, which means “hand”. A pair of
isomers representing mutual reflections are said
to have handedness. They are optically active
and are called “enantiomers”. A mixture of
equal parts of enantiomers, called a *raccmate™,
obtained by some ordinary chemical reaction (in
a non-chiral environment) from non-chiral pre-
cursors is optically inactive, because the rotation
caused by a molecule of one enantiomer is neatly
cancelled by the opposite rotation caused by a
molecule of its antipode. In “asymmetric syn-
thes1s” a non-chiral compound can be converted
into a chiral compound by the introduction of a
chiral molecule.

The enantiomer ratio in the products of an
asymmetric synthesis can be determined by
measuring the optical rotation with a polarimeter
and reference to optically purc standard materi-
al, but this is not sufficiently accurate. Chro-
matographic techniques based on chiral station-
ary phases have been developed, and this new
methodology provides a high degree of accuracy
for the measurement of “enantiomcric excess”.
Efforts have been directed towards finding new
types of chiral stationary phases, based on
stereochemical considerations and on the techni-
cal evolution of high-performance liquid chroma-
tography. Systematic studies on chiral stationary
phases for hiquid chromatography began in 1979,
A molecular design derived from hydrogen bond
interactions, which is now widcly used for chiral
separations by liquid chromatography, gave the
first successful results. Since then, extcnsive
research soon established the superiority of the

SSDI 0021-9673(94)00961-9

method of determining optical purity directly.
Liquid chromatography is now accepted not only
as a useful analytical method but also as an
essential technology for preparative chiral sepa-
rations.

Direct optical resolution by chromatography is
associated with diastereomeric interactions be-
tween selector and selectand molecules. Thus,
molecular complexes dynamically formed in
chromatographic columns scrve to produce a
means for expressing the enantioselectivity of a
system. In this respect, mechanistic considera-
tions are indispcnsable for developing new chiral
recognition systems. In recent years, capillary
zone electrophoresis and micellar electrokinetic
chromatography with chiral additives have be-
come most important technologies for chiral
scparations. It should be stressed that the eluci-
dation of chiral recognition phenomena is of
cardinal interest in stercochemistry. The probing
of chiral molecules is finding extensive use in
studies of supramolecular chemistry.

The Symposium on Molecular Chirality was
organized to integrate knowledge recently de-
veloped by using novel technologies, in particu-
lar chromatographic methods, for optical res-
otution and to exploit new functions of chiral
molccules. The meeting was intitiated in 1992 in
Tokyo by the Pharmaceutical Society of Japan to
promote progress in the pharmaceutical sciences
dealing with chiral drugs. It was held under the
auspices of the Chemical Society of Japan and
six additional scientific societies in Japan. In
continuation of the second meeting, which took
place in Tokyo in 1993, the third one was
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expanded to an international scale and was held
in Kyoto from 24 to 27 May 1994,

The [nternational Symposium on Molecular
Chirality opened with a session entitled: “Inter-
national regulatory issues for chiral drugs”. Dur-
ing the meeting, three plenary lectures and
twenty-eight kevnote lectures were presented by
internationally recognized scientists. The scien-
tific program included over 60 poster presenta-
tions. The contributions covered a wide range of
scientific topics as follows: Generation of molec-
ular chirality, Chiral discrimination and chiral
separation, Crystal, surface and interfacial chi-
rality, Functions of chiral compounds in chemis-
try, Dynamic aspects of chiral compounds in
bio-systems, Drug metabolism, Pharmacokin-
etics and toxicokinetics, Stereochemical drug
regulation and Industrial applications of molecu-
lar chirality.

More than 400 registered delegates attended.
The symposium was preceded by a workshop for
younger active scientists, entitled **Supramolecu-
lar Chemistry Basics for Probing Molecular Chi-
rality”. A social program was organized which
brought the participants together in the evenings
and gave them an opportunity to exchange
information and ideas.

Kyoto was founded in 794 A.D. as Heian-kyo
—the Capital of Peace. In 1994 the city celebrated
its 1200th anniversary. Kyoto, the ancient capital

of Japan, nestles among picturesque mountains
and calm strcams. There are hundreds of tem-
ples and shrines in Kyoto. With its innumerable
cultural treasures and traditional crafts, Kyoto
has always attracted both domestic and foreign
visitors. The climate in May is mild and warm.
We believe that the participants staying there
had a pleasant time, enjoying both the historic
traditions and the cultural atmosphere.

This proceedings volume collects review arti-
cles and original contributions presented at the
symposium. We hope that the articles contribu-
ted to this issue will serve to promulgate the
state of the art in this fast-growing area of
research and to stimulate further progress in this
new frontier of science. We lock forward to the
4th National Meeting on Molecular Chirality, to
be held in May 1995 in Tokyo.

We would like to thank the international
advisory boards and organizing committees for
their kind suggestions and generous help. Special
recognition is due to Dr. Erich Heftmann of the
Journal of Chromatography A for serving as
Editor of this volume.

Shoji Hara
Terumichi Nakagawa

Tokyo, Japan
Kyoto, Japan

Hyogo, Japan Shigeru Terabe
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