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The high enantiomer-selectivity for the polymerization of rac-
lactide achieved using binaphthol-derived
monophosphoric acids as an organocatalyst. During the
polymerization, D-lactide (DLA) preferentially polymerized
via Kinetic resolution with the maximum selectivity factor
(kp/ky) of 28.3. The selective polymerization of DLA was
derived from a dual activation, i.e., monomer activation and

was chiral

chain-end activation.

Chiral Brensted acids have been widely utilized for a number of
enantioselective organic transformations via activation of a variety
of functional groups.! Among the reported chiral Brensted acids,
binaphthol (BINOL)-derived monophosphoric acids ((R)-1 in
Scheme 1), which represent an important and widely applicable
class of organocatalysts, have emerged as a powerful tool for
enantioselective transformations, and significant progress has been
made in their utilization as asymmetric-inducing agents via
activation of various prochiral  substrates® The high
enantioselectivities have been achieved due to the desirable features
of the BINOL-derived phosphoric acids as a chiral Brensted acid
catalyst;”® the ring structure of the phosphate ester with substituents
(G) at the 3,3 -position of the binaphthyl backbone as well as the
acid and base dual function of the OH group and the phosphoryl
oxygen, respectively, even for monofunctional phosphoric acid
catalysts. An appropriate chiral environment for the enantioselective
transformations can be created by these sterically, but also
electronically adjustable substituents (G) coupled with the acid and
base dual function.

Organocatalysts have also been used for many polymerization
reactions. The organocatalytic ring-opening polymerization (ROP)
of cyclic esters was one of the most researched subjects from the
view point of producing metal-free biodegradable and biocompatible
polymers.*” Recently, the controlled/living polymerizations of cyclic
monomers, such as e-caprolactone, J-valerolactone, lactide, and
cyclic carbonates, were achieved using various organocatalysts
leading to aliphatic polyesters and polycarbonates with controlled
molecular weights and a narrow polydispersity; e.g., we reported that
the ROPs of cyclic esters and cyclic carbonates using diphenyl
phosphate proceeded in a controlled/living manner.>® On the other
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hand, an organocatalytic enantiomer-selective polymerization has
rarely been reported, in which one of the two enantiomers is
preferentially polymerized through the kinetic resolution of a
racemic monomer, whereas several achiral organocatalysts produced
stereoregulated polylactide through chain-end control with no
enantiomer-selectivity.'*!" As the only example in the field of
organocatalytic enantiomer-selective ROP, the cinchona alkaloid
performed the enantiomer-selective polymerization of rac-lactide
(rac-LA) with the maximum selectivity factor (ki/kp)'> of 4.4 at a
48.4 % monomer conversion.'* Thus challenging tasks still remain in
the field of organocatalytic enantiomer-selective polymerization. To
achieve the enantiomer-selective polymerization with a high
selectivity, we focused on the kinetic resolution method using chiral
BINOL-derived monophosphoric acids ((R)-1).

Scheme 1. Enantiomer-selective polymerization of rac-lactide
catalyzed by chiral phosphoric acid
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In order to obtain a high enantiomer-selectivity for the ROP of
rac-LA using (R)-1, we first evaluated the substituent (G) effect of
(R)-1 (Scheme 1). The polymerization was conducted using 3-
phenyl-1-propanol (PPA) as the initiator and (R)-1a-c as a catalyst
with the initial monomer-to-initiator ratio of [rac-LA]y/[PPA], = 50
(runs 3, 8, and 10 in Table 1). All the polymerizations
homogeneously proceeded at 75°C and the monomer conversions
reached ca. 50 % within 18 h. After quenching the polymerization,
the residual monomer was recovered as the hexane/isopropanol
soluble part and the enantiomeric excess (ee) of the unreacted
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Table 1. Enantiomer-selective Ring-opening Polymerization of rac-Lactide using (R)-1 as Organocatalyst *

[rac-LA]y tem time conv. M caled My NmR d ee f
run - catalyst /[PPA], O (h) @) (gmol)c  (gmolhr MM hk
18 50 60 24 51.4 3840 1780 1.16 24.4 1.99
28 50 70 24 52.1 3890 4130 1.11 35.6 2.73
3 (R)-1a 50 75 18 49.0 3670 3730 1.13 80.6 28.3
4 50 80 15 49.2 3680 3810 1.08 74.8 17.3
5 50 90 12 54.4 4060 3950 1.11 74.9 9.60
B 00 IS 90 500 7340 729 109 B 139
78 (R)-1b 50 70 24 49.9 3730 3610 1.13 222 1.92
s W0 75 I8 45T 30 B0 116 623 126
98 (R)-1c 50 70 24 50.4 3770 4170 1.11 5.22 1.16
10 50 75 18 56.1 4180 3660 1.06 0.09 1.00

“ Solvent, toluene; initiator (I), 3-phenyl-1-propanol; (R)-1a, (R)-3,3’-bis(pentafluorophenyl)-1,1'-binaphtyl-2,2’-diyl-hydrogenphosphate; (R)-1b, (R)-3,3’-

bis[3,5-bis(trifluoromethyl)phenyl]-1,1'-binaphtyl-2,2’-diyl-hydrogenphosphate;

(R)-1c, (R)-3,37-bis(2,4,6-triisopropylphenyl)-1,1'-binaphtyl-2,2’-diyl-

hydrogenphosphate; [rac-LA]/[PPA]y/[cat.]o, 50/1/1; [rac-LAly, 3.0 mol L. ? Determined by '"H NMR in CDCl;. ¢ Calculated from ([rac-LA]¢/[PPA]p) x
conv. x (M.W. of rac-LA) + (M.W. of PPA). ¢ Determined by SEC in CHCl; using PSt standards. ¢ Enantiomeric excess of unreacted monomer measured by
chiral HPLC./ Calculated from {In[(1-conv.)(1-ee)]}/{In[(1-conv.)(1+ee)]}. ¢ Partially insoluble in toluene.
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Fig. 1. HPLC chromatograms of unreacted monomer (run 3, upper)
and rac-LA as a reference (lower) determined by UV (254 nm)
detector (Column, Chiralpak IA; flow rate, 0.5 mL min’'; eluent,
hexane/isopropanol = 7/3; temperature; 25°C).

monomer was determined by a chiral HPLC measurement (Fig. 1).
The chromatograms strongly suggested that D-lactide (DLA), one
of the enantiomers, was preferentially polymerized by the effect of
these catalysts, resulting in the calculated ee values of 80.6, 62.3,
and 0.09 for the (R)-1a, 1b, and 1c-catalyzed system, respectively.
These results indicated that the electronic nature of the substituent
(G) strongly influenced the ee compared to the steric hindrance; the
highest ee was achieved by (R)-1a. Thus we carried out the ROP of
rac-LA using (R)-1a at various temperatures, as listed in Table 1.
All the polymerizations were quenched at an ca. 50 % monomer
conversion in order to determine the ee from the unreacted
monomer. Based on the results of runs 1-5, the ee strongly
depended on the reaction temperature, and the high ee of 80.6 was
observed at 75°C, i.e., the enantiomer-selectivity decreased with
the increasing reaction temperature between 75°C and 90°C, which
was the same result as the metal-catalyzed enantiomer-selective
polymerization."* For considering the increase in selectivity
between 60°C and 75°C, the solubility of monomer and catalyst
was critically influenced; actually, the polymerization
heterogeneously proceeded at 60°C and 70°C leading to the less-
controlled molecular weight accompanied by a low enantiomer-
selectivity. Thus the suitable reaction temperature should be
selected for a good solubility and enantiomer-selectivity. For the
polymerization at 75°C, the kp/ky was calculated to be 28.3, which
was higher than the value obtained from the enantiomer-selective
polymerization of rac-LA using a metal catalyst;'*"'® for instance,
the chiral Schiff-base complex of Al as the representative metal
catalysts led to a kp/k; = 20 via a kinetic resolution mechanism.'*
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Therefore, the (R)-la-catalyzed enantiomer-selective ROP could
compete with the metal complex-catalyzed ROP, i.e., the chiral
phosphoric acid—catalyzed system opened the door for the novel
enantiomer-selective ROP as well as enantioselective organic
transformations.

For the phosphoric acid-catalyzed system, the polymerization
should proceed through dual activation of the carbonyl group of the
monomer and hydroxyl group of the propagating chain-end, as
shown in Scheme 2.'7' In order to clarify the catalytic
performance of (R)-1a, the “C NMR spectra of DLA were
measured in the absence/presence of (R)-1a ([(R)-1a]/[DLA] = 1.0
and 3.0) (Fig. 2).>%° The chemical shift for the carbonyl carbon of
DLA at 166.55 ppm shifted to a lower field at 166.58 and 166.61
ppm for [LA]/[(R)-1a] = 1.0 and 3.0, respectively, corresponding to
the interaction between DLA and (R)-1a, whereas the same result
was not obtained for LLA in the presence of (R)-1a (see ESIf Fig.
S1). The carbonyl activation of DLA was also investigated by IR
spectroscopy with the [LA]/[(R)-1a] ratio of 1/1; the carbonyl
vibration was observed at a lower wavenumber after the catalyst
addition. Thus the carbonyl activation of DLA was strongly
suggested and the polymerization of DLA was preferentially
induced by the enantiomer-selective monomer activation.

Scheme 2. The proposed polymerization mechanism of dual
activation by (R)-1a

monomer)\/
07

(®)-1a

On the other hand, the activation of the propagating chain-end
was observed by the '"H NMR and IR analyses for methyl DL-
lactate, which was used as a model of the polymer chain-end,
with/without (R)-1a (see ESI" Fig. S2 and S3). For the 'H NMR
measurement, the hydroxyl proton signal was shifted to a lower
field due to the activation in the presence of (R)-la. The IR
spectroscopy also supported the results because the hydroxyl group
appeared at a lower wavenumber compared to that of the original
methyl DL-lactate, which implied that the phosphoryl oxygen acted
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as a proton acceptor and the hydroxyl proton of the propagating
chain-end was activated through H-bonding. Therefore, the
polymerization mechanism was assigned to the enantiomer-
selective monomer activation accompanying the chain-end
activation, which indicated that (R)-1a preferentially promoted the
polymerization of DLA via dual activation due to the function of
the Bronsted acidic site and Brensted basic site of the catalyst.

(a) ...
(i) pLA : (R)-1a
=1:3

166.61 ppm

b)
(ii) DLA: (R)-1a=1:1

(i) DLA:(R:"‘}* 166.58 ppm w
(i) 1746 cm!
(i) DLA 166.55 ppm N
1755 cmr!
166.8 166.6 166.4 2000 1500 1800 1700 1600
8 / ppm WaVL‘]Cnglh(Cnfl) Wavelength (cm )

Fig. 2. (a) C NMR spectra at 75°C in toluene-ds and (b) IR
spectra of the carbonyl carbon signals of (i) DLA, (ii) a 1:1 mixture
of DLA and (R)-1a, and (iii) 1:3 mixture of DLA and (R)-1a.

In conclusion, we achieved a high enantiomer-selectivity for the
polymerization of rac-LA using chiral phosphoric acid, which is
one of the well-known organocatalysts. Actually, the ROP of DLA
preferentially proceeded using (R)-1a at 75°C, and the kp/k; was
283 at a 49.0 % monomer conversion. To the best of our
knowledge, this is the highest value for the enantiomer-selective
ROP of rac-LA. For the reaction mechanism, the polymerization
should have proceeded by dual activation of the monomer and
chain-end due to the function of the chiral phoshphoric acid
catalyst, and the selective activation contributed to achieving the
high kp/k;. This strategy for the organocatalytic enantiomer-
selective ROP promises to be a new method for synthesizing
various stereocontrolled polymers via the selective activation of a
monomer and/or propagating chain-end.

This work was partially supported by a Grant-in-Aid for
Scientific Research on Innovative Areas “Advanced Molecular
Transformations by Organocatalysts” and “Strategic Molecular and
Materials Chemistry through Innovative Coupling Reactions” from
The Ministry of Education, Culture, Sports, Science and
Technology, Japan. K. M. thanked the JSPS Fellowship for Young
Scientists.

Notes and references

“ Graduate School of Chemical Sciences and Engineering, and Faculty

of Engineering, Hokkaido University, Sapporo, 060-8628 (Japan). E-

mail: satoh@poly-bm.eng.hokudai.ac.jp

> Department of Chemistry, Graduate School of Science, Tohoku

University, Sendai, 980-8578 (Japan). E-mail: mterada@m.tohoku.ac.jp

(ESD)

Experimental details, characterization of the obtained polymer, and

spectroscopic studies. See DOI: 10.1039/c000000x/

1 For seminal studies, see: a) T. Akiyama, J. Itoh, K. Yokota, and K.
Fuchibe, Angew. Chem. Int. Ed. 2004, 43, 1566-1568; b) D.
Uraguchi and M. Terada, J. Am. Chem. Soc. 2004, 126, 5356-5357.

2 For reviews on BINOL-derived phosphoric acids, see: a) M. Terada,
Chem. Commun. 2008, 4097-4112; b) M. Terada, Synthesis 2010,
1929-1982; ¢) M. Terada, Bull. Chem. Soc. Jpn. 2010, 101-119; d)

T Electronic  Supplementary  Information available:

This journal is © The Royal Society of Chemistry 2012

10

11

12

13

14

15
16

17

18
19

20

ChemComm

A. Zamfir, S. Schenker, M. Freund, and S. B. Tsogoeva, Org.
Biomol. Chem. 2010, 8, 5262-5276; ¢) M. Terada, Curr. Org. Chem.
2011, 15, 2227-2256; f) T. Akiyama, in Science of Synthesis,
Asymmetric Organocatalysis 2, Bronsted Base and Acid Catalysts,
and Additional Topics, (Ed.: K. Maruoka), Georg Thieme Verlag
KG, New York, 2012, pp.169-217; g) M. Terada, N. Momiyama, in
Science of Synthesis, Asymmetric Organocatalysis 2, Bronsted Base
and Acid Catalysts, and Additional Topics, (Ed.: K. Maruoka),
Georg Thieme Verlag KG, New York, 2012, pp.219-278.

For the activation of a racemic mixture of chiral substrates, see: a)
S. Hoffmann, M. Nicoletti, B. List, J. Am. Chem. Soc. 2006, 128,
13074-13075; b) X. Cheng, R. Goddard, G. Buth, and B. List,
Angew. Chem., Int. Ed. 2008, 47, 5079-5081; c¢) T. Akiyama, T.
Katoh, and K. Mori, Angew. Chem., Int. Ed. 2009, 48, 4226-4228;
d) Z.-Y. Han, H. Xiao, and L.-Z. Gong, Bioorg. Med. Chem. Lett.
2009, 79, 3729-3732; e) F.-L. Sun, X.-J. Zheng, Q. Gu, Q.-L. He,
and S.-L. You, Eur. J. Org. Chem. 2010, 47-50; f) 1. Cori¢, S.
Miiller, and B. List, J. Am. Chem. Soc. 2010, 132, 17370-17373.
Also see, g) M. Terada, K. Machioka, and K. Sorimachi, Angew.
Chem. Int. Ed. 2009, 48, 2553-2557; h) M. Terada, and Y. Toda, J.
Am. Chem. Soc. 2009, 131, 6354-6355; i) M. Rueping, and B. J.
Nachtsheim, Synlett 2010, 119-122; j) M. Terada, K. Moriya, K.
Kanomata, and K. Sorimachi, Angew. Chem. Int. Ed. 2011, 50,
12586-12590; k) M. Terada, T. Yamanaka, Y. Toda, Chem. Eur. J.
2013, 41, 13658-13662.

F. Nederberg, E. F. Connor, M. Moller, T. Glauser, and J. L.
Hedrick, Angew. Chem. Int. Ed. 2001, 40, 2712-2715.

N. E. Kamber, W. Jeong, R. M. Waymouth, R. C. Pratt, B. G. G.
Lohmeijer, and J. L. Hedrick, Chem. Rev. 2007, 107, 5813-5840.

M. K. Kiesewetter, E. J. Shin, J. L. Hedrick, and R. M. Waymouth,
Macromolecules 2010, 43, 2093-2107.

A. P. Dove, Macro Lett. 2012, 1, 1409-1412.
K. Makiguchi, T. Satoh, and T. Kakuchi, Macromolecules 2011, 44,
1999-2005.
K. Makiguchi, Y. Ogasawara, S. Kikuchi, T. Satoh, and T. Kakuchi,
Macromolecules 2013, 46, 1772-1782.

A. P. Dove, H. Li, R. C. Pratt, B. G. G. Lohmeijer, D. A. Culkin, R.
M. Waymouth, and J. L. Hedrick, Chem. Commun.2006, 2881-2883.
L.Zhang, F. Nederberg, R. C. Pratt, R. M. Waymouth, J. L. Hedrick,
and C. G. Wade, Macromolecules 2007, 40, 4154-4158.

ki/kp or kp/ky is the selectivity factor, which is defined as the ratio
of the relative rates of reaction for the two enantiomers.

G. M. Miyake, and E. Y. X. Chen, Macromolecules 2011, 44, 4116-
4124.

Z. Zhong, P. J. Dijkstra, and J. Feijen, Angew. Chem. Int. Ed. 2002,
41,4510-4513.

C. M. Thomas, Chem. Soc. Rev. 2010, 39, 165-173.

N. Spassky, M. Wisniewski, C. Pluta, and A. L. Borgne, Macromol.
Chem. Phys. 1996, 197,2627-2637.

D. Delcroix, A. Couffin, N. Susperregui, C. Navarro, L. Maron, B.
Martin—Vaca, and D. Bourissou, Polym. Chem. 2011, 2, 2249-2256.
L. Simon, and J. M. Goodman, J. Org. Chem. 2011, 76, 1775-1788.
K. Saito, Y. Shibata, M. Yamanaka, and T. Akiyama, J. Am. Chem.
Soc. 2013, 135, 11740-11743.

J. Chen, S. Kan, H. Xia, F. Zhou, X. Chen, X. Jiang, K. Guo, and Z.
Li, Polymer 2013, 54, 4177-4182.

J. Name., 2012, 00, 1-3 | 3



