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ABSTRACT: Optically active polyurethanes were synthesized by the polyaddition of
(18,35)-diphenylpropanediol or (2R,4R)-pentanediol to various diisocyanates at 100°C in anisole
or dimethyl sulfoxide. The obtained polyurethanes were applied to the stationary phase of high
performance liquid chromatography to separate chiral compounds. The polyurethanes derived
from (18,3S)-diphenylpropanediol and aliphatic diisocyanates resolved several pairs of enantiomers
of 2,2'-dihydroxy-1,1’-dinaphthyl derivatives, while those from aromatic diisocyanates showed only
poor chiral recognition abilities. The wide angle X-ray diffraction studies revealed that the chiral

recognition abilities were dependent on crystallinity of the polymers.
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Resolution of racemic compounds using
chiral stationary phases in high performance
liquid chromatography (HPLC) s a very useful
technique for both analysis of enantiomeric
purity and preparation of enantiomerically
pure compounds.! Polymeric materials such as
polypeptides,> modified cellulose,® modified
amylose,* polyamide derived from anti head-
to-head coumarin dimer,> poly(triarylmethyl
methacrylate),® and polyamide having 1,1-
binaphthalene- 2,2'-dicarboxylic acid compo-
nent” have been reported as chiral stationary
phases. Recently, optically active polyure-
thanes containing coumarin dimer component
were synthesized and applied to chiral
stationary phase by Chen and Lin.® In most
cases, however, the sources of optically active
units came from naturally occuring com-
pounds, or were obtained by the resolution of

¥ To whom correspondence should be addressed.

racemates. The preparation of optically active
monomers by asymmetric synthesis should
be more powerful way because a variety of
new types of intermediates could be obtain-
ed in both antipodes. In this article, we re-
port the synthesis of optically active polyure-
thanes by the polyaddition of chiral 1,3-diols,
prepared by the ruthenium-(2,2'-bis(diphenyl-
phosphino)-1,1’-dinaphthyl) (BINAP) catalyz-
ed asymmetric hydrogenations® to various
diisocyanates and its application to chiral
stationary phases for HPLC.

EXPERIMENTAL

Materials

(15,3S)-Diphenylpropanediol (>99% e.e.)
Ia and (2R,4R)-pentanediol Ib (>99%e.e.)
were prepared by the ruthenium—(R) BINAP
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catalyzed asymmetric hydrogenation of the
corresponding p-diketones.’ p-Phenylene di-
isocyanate Ila (supplied by Tonen Sekiyuka-
gaku Co., Inc.) and commercially available
diisocyanates such as 4,4'-di(isocyanatophe-
nyl)methane IIb, 1,6-diisocyanatohexane Ile
and 1,4-diisocyanatobutane IIg were distilled
in vacuo before use. The other diisocyanates
were synthesized by the Curtius rearrangement
of the corresponding diacyl azides.!® Macro-
porous spherical silica gel (LiChrospher Si
1000) was purchased from Merck Co. Its mean
particle size, mean pore diameter, and mean
specific surface area were 10 um, 100 nm, and
20m? g~ !, respectively. Di-n-butyltin dilaurate
was used without purification. 2,2'-Dihydroxy-
1,1'-dinaphthyl Va was used as recieved.
6,6'-Dibromo-2,2’-dihydroxy-1,1’-dinaphthyl
Vb, 2,2’-dihydroxy-5,5',6,6',7,7',8,8'-octahy-
dro-1,1’-dinaphthyl V¢, and 3,3'- dibromo-2,2’-
dihydroxy-5,5,6,6',7,7',8,8'-octahydro-1,1'- di-
naphthyl Vd were synthesized from Va.'!
Dimethyl sulfoxide (DMSO) and anisole were
purified by distillation over calcium hydride
and sodium metal, respectively.

Measurements

IR spectra were recorded on a Shimadzu
DR-8000 spectrophotometer. 'H NMR spec-
tra were measured on a Bruker AMX 400
spectrometer, and chemical shifts are quoted
in ppm. Optical rotation measurements were
obtained on a JASCO DIP-360 spectrome-
ter. Differential scanning calorimetry (DSC)
was performed with a Shimadzu thermal ana-
lyzer DSC-41M and measurements were run
at a heating rate of 10°Cmin~! under nitro-
gen at a flow rate of 50 mlmin~!. Wide an-
gle X-ray diffraction patterns were obtained
at room temperature on a Rigakudenki RU-
200 apparatus with nickel-filtered Cu-Ko radia-
tion (50kV, 180mA). HPLC chromatograms
were obtained with a Shimadzu LC-9A chro-
matograph equipped with a UV detecter
(Shimadzu SPD-6A, peaks were detected at
254 nm).
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Polymerization

A typical polymerization is described as
follows.

Polyurethane IIId. A mixture of Ia (2.66 g,
11.7mmol), IId (2.21g, 11.7mmol) and a
catalytic amount of di-n-butyltin dilaurate (2
drops) in 30 ml of anisole were stirred at 100°C
for 1.5 h under nitrogen. After the solution was
cooled to room temperature, the reaction
mixture was poured into methanol (200 ml).
The precipitated polymer was collected by
filtration, washed thoroughly with methanol,
and dried in vacuo. The yield of the polymer
was 3.41 g (71%). The inherent viscosity was
0.18dlg ™!, measured at a concentration of 0.5
gdl™! in m-cresol at 30°C.

[«]3> —10.4° (¢ 0.10, DMSO).

IR (KBr); 3330, 2931, 2856, 1710, 1530, 1456,
1251, 1138, 1060, 1021, 699 cm ™ 1.

'H NMR (DMSO-d); 1.10—1.30 (brs, 6H),
1.30—1.48 (brs, 4H), 2.20 (t, J=6.7Hz, 2H),
2.80—3.05 (brs, 4H), 5.55—5.68 (m, 2H),
6.85—7.05 (brs, 2H), 7.15—7.35 (m, 10H).

Anal. Caled for C,,H;oN,0,: C, 70.22%;
H, 7.37%; N, 6.82%. Found: C, 69.78%; H,
7.40%; N, 6.83%.

The other polyurethanes were synthesized by
the similar procedures (Table I).

Preparation of Chiral Stationary Phase

In a flask, 10g of macroporous spherical
silica gel particles was treated with Sml of
diphenyldimethoxysilane in 50 ml of refluxing
toluene for 8 hours. After cooling to room
temperature, the silylated silica gel was isolated
by filtration, washed with dichloromethane,
and dried in vacuo. The polyurethane (0.8 g)
was dissolved in 8 ml of N,N-dimethylacet-
amide (DMAc). To 3.2g of solid silica gel
was added dropwise about one-tenth of the
above polyurethane solution and then DMAc
was removed in vacuo. Until all the polymer
solution was added, these procedures were
repeated. To the polymer-coated silica gel thus
obtained was added 70ml of methanol and
packed into a stainless steel column (25 cm long
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and 0.46cm diameter) under a constant
pressure of 100kgecm™2 by a slurry method.
Chromatograms were obtained at room
temperature using a mixture of hexane and
2-propanol (v/v=9/1) as an eluent.

RESULTS AND DISCUSSION

Polymer Synthesis
Optically active polyurethanes III were
synthesized by the polyaddition of chiral

DMSO

1,3-diols I to diisocyanates II in anisole or
DMSO as shown in eq 1. Di-n-butyltin
dilaurate was used as a catalyst in some cases.
The results of preparation of the polymer
are summerized in Table I. The yields and
inherent viscosities of all the polyurethanes
were 17—86% and 0.05—0.60dlg~ !, respec-
tively. The yields and viscosity values of the
resulting polyurethanes were relatively low
because of poor reactivity of the hindered
secondary alcohols and instability of some

8 B

OH OH s
= anisole j
OCN-RyNCO — OCNH -R; NHCO ™
R R, 100°C n

3

ta; Ri= ) lla; R,=

f, R;= ~CH)

b; R.= —@—cu,—@— 95 Ry= ~CH)

b; Ry =-CHs
C; R:= CH)y h; Ry= HCH)5
d; Ry= CH)— i} Re= ~CHY
€ R= ~«CH)yg
Table I. Synthesis of optically active polyurethanes
Monomers Polymer
. . Condition® Yield Ninn®
Diol Diisocyanate Code
% dig™!
Ia Ila A IIa 80 0.13¢
Ia IIb A IIIb 85 0.23¢
Ia IIc B IIIc 83 0.15
Ia IId C I11d 71 0.18
Ia Ile B Ille 83 0.20
Ia IIf C It 65 0.28
Ia Iig C IIg 67 0.18
Ia ITh C IITh 57 0.15
Ia I C IITi 17 0.05
Ib Ile B 1] 86 0.60

* The polyurethane was synthesized A) in DMSO in the absence of catalyst, B) in anisole in the absence of catalyst,
and C) in anisole in the presence of a catalytic amount of di-n-butyltin dilaurate.

® Measured at a concentration of 0.5gdl™! in m-cresol at 30°C.
¢ Measured at a concentration of 0.5gdl™! in DMAc at 30°C.
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diisocyanates.

Polymer Characterization

The present polyurethanes were soluble in
aprotic polar solvents such as DMAc,
N-methylpyrrolidone, and DMSO. Table II
summarizes the optical rotation values and
melting points (7,) of the polymers. The

ke s

IVa

[alp?® -41.8° (c 0.1, CHCly)

mp 194-196°C

HsCo- Lo OBNH=C,Hs

IVi
[a]p?® -10.0° (¢ 0.11, CHCly)
mp 156-158°C

Compound IVa, IVh, IVi, and IVj

The endotherms due to melting points of
the polymers were observed by the DSC mea-
surements in case of the polyurethanes from
aliphatic diisocyanates, while the polyure-
thanes from aromatic diisocyanates showed
no melting points.

Chiral Recognition Abilities of Polyurethanes
The chiral recognition abilities of these
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optical rotation values were in the range from
—10.4° to —80.6°. We also synthesized IVa,
IVh, IVi, and IVj as model compounds for
polymer IIla, IITh, IIIi, and IIIj, respectively.
The specific rotations of four model com-
pounds were comparable to those of the
corresponding polyurethanes.

H703—HNQZO OH?NH— CgHy

IVh
[a]p? -10.0° (¢ 0.10, CHCly)

mp 146-147°C

CHg CH;,
0 /—\)\ it
HmCe—HN% OENH- CeHia

IVj
[alp?® -49.0° (c 0.10, CHCl,)
D

mp 118-119°C

polyurethanes were investigated by using them
as chiral stationary phases of HPLC. As
racemates to be resolved, we chose 2,2'-
dihyroxy-1,1’-dinaphthyl derivatives V which
are, once resolved, very important class of
compounds for chiral crown ethers'!'!? and
chiral rigands of metals for asymmetric
reactions.!3
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Table II. Optical rotation values and melting points of polyurethanes
Polymer Ila IIIb e I1Id IIle I ITIg IITh IIIi I11j
[odp? —35.7 —171.6 —-10.8 —10.4 —14.7 —134 —12.0 —129 —21.5 —80.6
(degree)
T.® (°C) = —° 173 163 148¢ 215 228 223 232 214
* Measured in DMSO at 25°C.
® Determined by DSC in nitrogen at a heating rate of 10°Cmin™*.
¢ No endotherms were observed.
4 An exothermic peak was observed just after this endothemic peak.
£ :
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Figure 1. Chromatographic resolution of Va and Ve on the columns of IIIg and IIIi, respectively.

The chiral recognition abilities were eval-
uated by k,’, «, and R..

ki'=Vi[Vy, a=k)lk\,
R=2x(V,=V)/[(W,+W,)

k,', capacity factor for less retained en-
antiomer; k,’, that for more retained en-
antiomer; V,, retention volume of less retained
enantiomer; V,, that for more retained
enantiomer; V,, dead volume; a, separation
factor; R,; resolution factor; W, band width
of first peak; W,; band width of second peak.

Figure 1 shows the examples of chromato-
graphic resolutions of Va and Ve on the
columns bearing polyurethanes IIIg and IIIi,
respectively. The results of the resolution were
summerized in Table III. Polyurethane IIla
derived from Ia and p-phenylene diisocyanate
ITa showed chiral recognition abilities to Va
and Vb, but did not resolve V¢ nor Vd, which

Polym. J., Vol. 25, No. 9, 1993

have flexible octahydronaphthalene rings.
Polyurethane IIlIb synthesized from Ia and
4,4'-di(isocyanatophenyl)methane IIb showed
chiral recognition abilities only to Vb, which
is rather large racemate. In contrast, almost all
the polyurethanes prepared from Ia and
aliphatic diisocyanates resolved these four pairs
of racemates. It is interesting to note that the
polyurethanes with small methylene units (IIlg,
I1Th, and IIIi) gave better results compared with
those possessing long methylene units (ITlc and
I11d). These results could be explained by the
densities of optically active carbon in the
repeating units of the polymers.

Figure 2 shows the wide angle X-ray dif-
fraction patterns of the polymers. The results
revealed that polymers IIla and IIIb, which
showed poor chiral recognition abilities, were
amorphous, whereas polyurethanes IIlc—IIIi
derived from Ia and aliphatic diisocyanates
were crystalline.
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Table III. Chromatographic resolutions of 2,2'-dihydroxy-1,1’-dinaphthyl
derivatives V by optically active polyurethanes®
Racemates
Polymer Va® Vb® Ve vd*
k' o R, k' o R, ky a R, ky' a R
Ma 075 121 042 072 135 043 032 1 — 040 1 —
mb 103 1 — 079 129 038 025 1 — 030 1 —
IIc 247 .23  0.71 3.58 1.28 0.70 0.85 1 — 1.04 1 —
Md 248 129 0.88 345 137 086 057 131 0.6l 0.67 125 047
Ille 3.46 1.34  0.76 3.66 1.44 1.12 0.52 1.37  0.69 0.70 1.27  0.56
It 248 1.61 1.23 3.48 1.72 1.32 0.55 1.73 1.36 0.44 1.17 031
IIg 2.39 1.98 1.52 332 234 1.69 0.55 1.61 1.00 0.67 1.30 0.63
IIIh 1.59 1.89 1.30 237 255 1.40 0.43 1.65 1.14 0.38 1.31 0.33
I 1.39 1.60 1.11 1.73 1.91 1.55 032 216 1.50 034 202 1.28
II1j 0.79 1 — 1.32 1 — 0.33 1 — 0.36 1 —
2 Hexane/2-propanol (v/v=9/1) was used as an eluent.
® Flow rates were 1.0mlmin~?.
¢ Flow rates were 0.5mlmin~!.
//\‘ The better resolution abilities of the
lta polyurethanes from aliphatic diisocyanates
W rather than those from aromatic diisocyanates
b could be explained by the assumption that the
functional groups in a regular conformation in
the crystalline part give a regular interaction
between polyurethanes and 2,2'-dihydroxy-
e 1,1I'-dinaphthyl derivatives, as observed in
optically active polyamides.> Hydrogen bond
3 d interaction between functinal groups of the
= polyurethanes and hydroxyl groups of 2,2'-
2 fite dihydroxy-1,1’-dinaphthyl derivatives seems to
[} o .
I= it be responsible for the resolution, because
dimethyl ether of 2,2’-dihydroxy-1,1’-dinaphtyl
u could not be resolved by any columns prepared
M 9 in this series. The polyurethanes derived from
fiih (2R,4R)-pentanediol Ib and 1,6-diisocyanato-
hexane Ile could not resolve any racemates
i even though it had some degree of crystallinity.
This result suggested that n—m interaction
between the polymers and the racemates was
) ‘ ~ Inij

10 20 30 (degree)

Diffraction Angle  (20)

Figure 2. Wide angle X-ray diffraction profiles of
polyurethanes III.
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also important for the resolution.
CONCLUSIONS
The optically active polyurethanes from the

Polym. J., Vol. 25, No. 9, 1993
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chiral 1,3-diols and various diisocyanates were
successfuly prepared. The polyurethanes from
Ia and aliphatic diisocyanates showed good
chiral recognition abilities to 2,2’-dihydroxy-
1,1’-dinaphthyl derivatives, while both the
polyurethanes from aromatic diisocyanates
and the polyurethane from Ib and Ile gave poor
results. Hydrogen bond interaction between
polymer functional groups and hydroxyl
groups of 2,2’-dihydroxy-1,1’-dinaphtyl deriva-
tives is responsible for the resolution. The chiral
recognition abilities of the polymers were
dependent on existence of crystallinity.
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