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The reaction between Bu"Li in benzene and the solid polystyrene
support PS-CgHsCH2NH, leads to a lithiated species that can be
represented as PS-CgH4aCH,NHLi(LiBu),, where x ~ 4, which is active
in the ring-opening of the cyclic esters L-lactide, rac-lactide, and
2,5-morpholinediones. With ~10 eq of these monomeric six-mem-
bered rings and with heating, cyclic esters (MeCHC(O)O), and
[MeCHC(O)OCHRC(NH)O], are reversibly released to the solution.
These have been characterized by electrospray ionization MS, and
some small rings have been separated by gel-permeation chroma-
tography. Addition of NaBPh, to a heated benzene solution con-
taining these rings preferentially removes the 18-membered rings
from solution. For lactide this is shown to form the basis for
chemical amplification from a dynamic combinatorial library and
lactide can be converted to (MeCHC(O)O)s in >80% yield. Metal-
lated supports derived from Me,Mg and Et,Zn are less reactive but
do show some ability for lactide ring-enlarging. The 18-membered
ring (R.R.R.,S.S.S)- and meso-(R,S,R,S,R,S)-(MeCHC(0)O)s and the
24-membered ring (MeCHC(O)OCHPrC(NH)0O)4 have been charac-
terized by single-crystal x-ray diffraction studies, together with the
complex Na[#n3-S,S,S,S,S,5-(MeCHC(0)0)s].BPh,.

dynamic combinatorial library | ring enlarging

he ring-opening polymerization of cyclic esters such as lactides

(LA) is a well established procedure for the production of
polyesters (1). This is commonly brought about by the use of metal
catalyst precursors, although organic catalysis is possible by em-
ploying a nucleophilic base such as 4-dimethyl aminopyridine or an
N-heterocyclic carbene with alcohol initiators (2-5). It is now
generally accepted that metal-alkoxide species are the key reactive
intermediates in the propagation steps and, furthermore, that these,
too, play a role in the competing side reactions of transesterification
and chain transfer (6). These reactions are collectively shown in
Scheme 1.

Transesterification is normally a deleterious side reaction be-
cause it leads to a loss of control of molecular mass in a living
polymerization and, because in a stereoselective ring-opening po-
lymerization, transesterification scrambles the stereocenters along
a chain. As shown in Scheme 1, transesterification can occur by a
bimolecular mechanism or a reaction involving a single chain. The
latter reaction, intrachain transesterification leads to cycles. Previ-
ously, we found that the polymerization of lactide by Ph,SnX,
initiators, where X = OPr! or NMe,, gave different ratios of chains
to cycles with the cycles being significantly more prominent for X =
NMe,. This apparently arises because of the favorable chelation of
the SnOCHMeC(O)NMe, groups (7).

Prompted by these observations, we set out to explore a synthetic
route for cyclic oligoesters derived from LA and we describe herein
our findings. It is worthy of mention that others have synthesized
cyclic esters and carbonates principally as a route for the formation
of polyesters and polycarbonates (8).

1. Brunelle and coworkers (9) at GE Corporate Research and
Development specifically developed high-yielding syntheses
of cyclic esters derived from 1,4-aromatic acyl chlorides and
diols. These ringed compounds melt to yield low viscous
media, which by a thermo-neutral ring-opening polymeriza-
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tion give polyesters with no elimination products. This chem-
istry forms the technology platform of Cyclics Corporation.

2. Kricheldorf and coworkers (10, 11) have used principally
tin(I'V) diolates as initiators for the ring-opening polymer-
ization and the reaction with dicarboxylic acid chlorides to
cleave the cyclic esters.

3. Hodge and coworkers (12) used a solid support and step
growth polymerization to produce a polyester chain followed
by treatment with a metal catalyst, most often Bu",SnO, to
affect intrachain transesterification and release of the cyclic
esters to the solution phase.

4. Watanabe et al. (13) have reported in the patent literature
that various lithium reagents, specifically alkoxides, thiolates,
and amides, react with rac-LA in THF at approximately
—80°C to produce 75~95% cyclic oligolactides. Aside from a
condensation procedure, this is the only previous report of the
synthesis of cyclic oligolactides, and although significant
quantities of cyclic oligomers are formed they are present
along with chains.

5. Finally, we note that Bachmann and Seebach (14) have
reported the preparation and characterization of cyclic lac-
tones (MeCHCH,C(O)O),, where n = 4 and 8.

In all of the above, the formation of the cyclic oligoesters involves
a stoichiometric and stepwise procedure. In this work, we describe
a method that provides for a “living” or “immortal” catalytic
procedure for the ring enlarging of lactide and 2,5-morpholinedio-
nes that, as shown below, may be viewed as symmetric A, and
asymmetric AB rings. The immortal nature of the catalyst arises
from the fact that it is recoverable and reusable.

Results and Discussion

Cyclic Oligolactides. To suppress bimolecular reactions, we have
used a commercially available polystyrene resin having ben-
zylamine functionality, represented hereafter as polystyrene-
supported (PS)-CsHsCHoNHo. The strategy that was followed was
to metallate the support with species known to facilitate ring-
opening polymerization of LA and to rely on intrachain transes-
terification to release cycles to the solution. This reaction sequence
is depicted in Scheme 2, and, depending on the relative rates of
ring-opening polymerization, k.p, and transesterification, Kirans,
two limiting scenarios can be envisaged: () If krop > Kkirans, then a
two-step process could be operated where polymerization was run
at a temperature 7T and cyclization at T, (7> > T). (if) Alterna-
tively, if krop ~ kirans, then the reaction could be run at one
temperature. In the latter case the reaction could be run to reach

Conflict of interest statement: No conflicts declared.
This article is a PNAS direct submission.

Abbreviations: GPC, gel-permeation chromatography; LA, lactide(s); ORTEP, Oak Ridge
Thermal Ellipsoid Plot; PS, polystyrene-supported.

Data deposition: The atomic coordinates have been deposited in the Cambridge Structural
Database, Cambridge Crystallographic Data Centre, Cambridge CB2 1EZ, United Kingdom
(CSD reference nos. 271309, 271312, 602674, and 602675).

*To whom correspondence should be addressed. E-mail: chisholm@chemistry.ohio-state.
edu.

© 2006 by The National Academy of Sciences of the USA

PNAS | October 17,2006 | vol. 103 | no.42 | 15315-15320

w
o
S
=
<
w
™S
-
<
O
w
o
wv

>
3
=
=
H
wi
X
o




SINPAS

| o
r o
o’y
”/1\“0
L o

P>/L
0. ,0
LM
\ I 0
4 0
A
S) (8]
(o] n
LM-0P +  LM'—O0P
Scheme 1.

equilibrium, whereas in the former case the rings could be released
from the support under kinetic conditions.

The PS-CcH4CH,NH, was allowed to react with LiBu™ (excess)
in benzene solution for 72 h, and then the support was collected by
filtration, washed with benzene, and dried under vacuum. A similar
procedure was followed for the preparation of Mg and Zn metal-
lated supports by employing Me,Mg and Et,Zn, respectively.

Analysis of the lithiated support revealed that LiBu" was still
present, and we formulate the active species as a lithium aggregate
of the type PS-C¢H4CH,NHLIi(LiBu),, where x ~ 4 based on

Scheme 2. Releasing of cyclic oligolactides from solid supported catalyst. As
shown the rings are released containing whole numbers of lactide, but
back-biting may occur anywhere along the chains to release rings (MeCHC
(0)0),,, where n is even or odd.
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Gilman titration (15). The aggregation of lithium is perhaps not
surprising since LiBu" is known to be a hexamer in hexane and an
amido group could easily be incorporated within this type of
aggregate (16). This procedure can be viewed as the preparation of
the “catalyst precursor.”

The lithiated support was then allowed to react with L-LA (10 eq
per N) in benzene at room temperature for 10 h. The support was
collected by filtration and resuspended in benzene and heated to
60-70°C. The support was again collected by filtration and washed
with benzene and dried under a dynamic vacuum yielding “the
catalyst.” By elemental analysis the N-to-Li ratio is ~1:5, which
supports the view that the resting state of the catalyst can be viewed
as an alkoxide lithium aggregate attached to the support. Note that
a lithium amide will ring-open lactide to generate LIOCHMeC
(O)OCHMeC(O)NHR and that the butyllithium will react to give
the lithium enolate of lactide. Collectively, these will represent the
species initially present in the lithium aggregate and each may
ring-open further lactide molecules.

The catalyst system so prepared reacts with LA in benzene at
room temperature to take up LA (chain growth), but only upon
heating to ~70°C are cycles released to the solution in significant
quantities. The combined reactions of ring-opening polymerization
and transesterification can thus be run together at ~70°C with
conversion of LA to cyclic oligoesters.

Under the same conditions the magnesium- and zinc-supported
catalysts were notably less reactive and only at 70°C in benzene did
significant reactions occur such that within 4 h 47% conversion to
cycles was observed for M = Mg and 14% conversion for M = Zn.
The reactivity order Li > Mg > Zn is consistent with what is known
for homogeneous reactions in solvents such as benzene.

In the above reactions, the cyclic oligoesters present in solu-
tion are isolated by filtration and removal of the solvent from the
filtrate. They are waxy solids soluble in common organic solvents
such as toluene, benzene, chloroform, and acetone.

When ~10 eq of L-LA was used in the reaction with the lithiated

Chisholm et al.
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Fig. 1. MALDI-TOF of cyclic oligolactide derived on PS-CgH4CH,NHLi-(BuLi)x
(X = 3.7). A= C3H402.

support a range of cyclic species, A,,, where A = MeCHC(O)O, was
observed in the mass spectrum (electrospray ionization MS and
MALDI-TOF) as shown in Fig. 1. By gel-permeation chromatog-
raphy (GPC), we observe a fairly broad molecular-mass distribu-
tion, polydispersity index ~ 2.0 and Mn ~ 500-1,000 Da.

By 'H NMR spectroscopy the cycles show many resonances in
contrast to poly(L-LA). This may be attributable in part to the
presence of many different cycles A4,,, but it is also because epimer-
ization has occurred. Indeed, examination of the products formed
from the lithiated support indicates essentially complete loss of
optical activity when L-LA is used as the monomer source, whereas
those A, rings formed from Mg and Zn supports retain some
optical activity.

The release of cycles to the solution could occur in a reversible
manner and thus at some time, ¢, the system would be described
as a dynamic combinatorial library of rings (17-19). If a guest ion
was present that selectively bound to one of the rings then the
system could be moved to favor the presence of that host—guest
complex ion. To test for this hypothesis, we introduced an isolated
group of A, molecules in benzene solution to a suspension of
NaBPhy. Upon heating to 60°C the Ag rings were selectively
removed from the solution as is evident from the mass spectra
shown in Fig. 2. Based on the known structure of a glycolide
complex Na(CH,C(O)O)¢BPhy(CH3CN),, we propose that the Ag
molecules form a polymer chain in the solid state where three
ketonic oxygen atoms donate to one Na* ion and three to the other
(unpublished results). This mode of bonding is suggested by the
structure of (MeCHC(O)O)s molecules (see below) and is akin to
that seen in the solid state of K(eniatin-B)NCS, where the K* ions
form a polymeric chain bridged by the cyclodepsipeptide (20).

Chemical Amplification for the Formation of Ag Rings. The ability of
NaBPh, to sequester the (MeCHC(O)O); rings suggested that
we could achieve conversion of LA monomers to this specific
ring provided that the rings present in solution behaved as a
dynamic combinatorial library. This principle has been elegantly
demonstrated by the Sanders group (21) for cyclic peptide-
hydrazones. We have found that when the polymer support (1 eq
based on N atom content) is allowed to react with L-LA (24 eq)
in the presence of a suspension of NaBPh, (10 eq) in benzene at
80°C for 20 h, the A rings are removed from solution with the
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Fig. 2.  Electrospray ionization MS of results of cyclic oligolactide reacted
with NaBPhs. (a) Cyclic oligolactide before reaction. (b) Cyclic oligolactide
after reaction. (c) NaBPh, after reaction.

formation of NaBPh4(MeCHC(O)O)s. The latter is soluble in
acetonitrile, and based on the integration of the proton signals
arising from BPh, and A in the "H NMR spectrum recorded in
CDsCN the conversion of LA to Ag is >80% based on NaBPhy.

By '"H NMR spectroscopy, we also see that the Ag rings
sequestered in this manner are enriched to the order of ~50%
in one stereo isomer (see Separation and Isolation of Rings).
Thus, we can conclude that the rate of epimerization is less than
the rate of ring-opening of L-LA and that complete thermody-
namic control is not operative when NaBPh, preferentially
removes the Ag rings.

In the formation of A, rings the lithiated support can be collected
and repeatedly used in the production of cyclic oligolactides, and in
our hands this has been done nine times with little loss of activity.
In this regard, we consider the catalyst to be living or immortal, and
thus the present procedure is distinct from earlier procedures that
produce cyclic esters by stoichiometric reactions.

Ring Enlarging of 2,5-Morpholinediones. When the morpholinedio-
nes where R = Pri, CH,Pr! are allowed to react with the lithiated
support in benzene solution at room temperature (10-20 h) and
the filtrate is collected, it is found to contain some unreacted
morpholinedione and a series of rings (AB), as determined by
mass spectrometry. For R = Me and CH,Ph the procedure to
obtain (AB), rings was the same as for lactide. As is shown in Fig.
3, only ring sizes in multiples of six are released to the solution,
which implies a regioselective transesterification process.

Separation and Isolation of Rings. The lower-molecular-mass rings
A, or (AB), can be isolated by careful and repeated GPC
separation, and as noted before in the case of A = MeCHC(O)O,
the A, rings can be sequestered by complexation with NaBPhy.

For a reaction involving the 2,5-morpholinedione where R = Pr,
we isolated a crystalline component from a set of (AB), rings and
determined its structure by single-crystal x-ray crystallography. An
Oak Ridge Thermal Ellipsoid Plot (ORTEP) drawing of this
24-membered cyclodepsipeptide is shown in Fig. 4. The four
stereocenters of the CHMe carbons are all R, whereas for the CHPr
carbons two are R and two are S; in the starting six-membered ring
all of the methine carbons have S stereochemistry. The molecule
has crystallographically imposed C, symmetry.
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Fig. 3. MALDI-TOF of cyclic 3-isopropyl-6-methyl-2,5-morpholinedione oli-
gomers derived on PS-CgH4CH,NHLi(BuLi)y. AB = CgH1303N.

As noted earlier the lithiated support causes epimerization of
the lactide methine carbons, and when the reactions are run
under complete thermodynamic control the A, rings are collec-
tively optically inactive. The '"H NMR spectrum of a GPC-
separated Ae sample is shown in Fig. 5a. Only the methine 'H
resonance is shown, and this is seen to be a complex pattern of
overlapping quartets due to 'H-'H coupling with the methyl
groups. However, the meso-As ring R,S,R,S,R,S-(MeCHC
(0)O)¢ can be isolated from this mixture of 14 isomers, which
include six enantiomeric pairs, by crystallization from chloro-
form solutions. This isomer is notably less soluble and readily
crystallizable. The 'H NMR spectrum of this meso isomer is
shown in Fig. 5b and consists of just one methine quartet. The
molecular structure of this isomer was also determined by
crystallography, and an ORTEP drawing is shown in Fig. 6. In
the solid state the molecule has crystallographically imposed S¢
symmetry. All six ketonic oxygens are directed inward, but three
are directed above and three below the plane of the 18-
membered ring.

When the Ag rings are formed and sequestered by NaBPhy,
they have to be removed by chemical and chromatographic
procedures (see Experimental Procedures). When reactions are
carried out with L-LA, the A rings are enriched in the enan-
tiomers 65 and 55,1R. Reactions employing rac-LA, conversely,
yield enrichment of the 3R,3S and 2R,45/4R,2S isomers. By
chromatography several of these isomers have now been sepa-
rated and characterized by NMR spectroscopy and single-crystal
x-ray crystallography. At this time we note the structure of the
meso isomer R,R,R,S.,S,5-(MeCHC(O)O); shown in Fig. 7. The
molecule has a crystallographically imposed center of inversion,
and it can be seen that only two of the six ketonic oxygens are

Fig. 4. ORTEP drawing of the molecular structure of cyclic 3-isopropyl-6-
methyl-2,5-morphylinedione tetramer found in the solid state. The molecule
contains a twofold rotation axis. The ellipsoids are drawn at the 50% proba-
bility level. The hydrogen atoms are drawn with an arbitrary radius.
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Fig.5. 'HNMR spectroscopy of (CH3CHC(0)O)e, Ag at the methine region. (a)
Ag prepared with PSCgH4CHoNHLI + L-LA and separated by GPC. (b)
(S,R.S,R,S,R)-(CH3CHC(0)0)s. () (S,S,S,R,R,R)-(CH3CHC(O)O)s.

directed inward. The 'H NMR spectrum of the R,R,R,S,S,S-A¢
isomer is shown in Fig. 5c. There are three methine quartets
because each methine carbon is flanked in an asymmetric
environment by either a ketonic group or an ester oxygen.
The 65-(MeCHC(O)O)¢ isomer has also been isolated as a
complex with sodium tetraphenylborate by crystallization from
chloroform, namely as the salt Na(Ag)>BPhsCHCl3. As shown in
Fig. 8, the two Ay rings bind to the Na™ cation to generate a
six-coordinate pseudo octahedral NaOgs geometry. Each Ag ring
forms a facial 73-O unit. Three ketonic oxygens are directed
inward toward the Na* ion, and three are directed out of the

5.

S r

Fig. 6. ORTEP drawing of the molecular structure of (5,R,S,R,S,R)-
(CH3CHC(0)O)6 found in the solid state. The molecule contains a crystallo-
graphic 3 axis. The ellipsoids are drawn at the 50% probability level. The
hydrogen atoms are drawn with an arbitrary radius.

Chisholm et al.



Fig. 7.
(CH3CHC(0)O)s found in the solid state. The molecule contains a crystallo-
graphicinversion center. The ellipsoids are drawn at the 50% probability level.
The hydrogen atoms are drawn with an arbitrary radius.

ORTEP drawing of the molecular structure of (S,S,S,R,R,R)-

plane of the 18-membered ring. This complexation of the Ag ring
also causes the methyl groups to be directed in a similar manner
with three above the ring and three directed outward.

Concluding Remarks

The procedures described above allow for the conversion of lactide
and 2,5-morpholinediones to their respective cyclic oligoesters and
cyclodepsipeptides. The ring enlargement occurs by the combined
operations of ring opening and monomer enchainment followed by
back-biting and ring expulsion from the supported catalyst to the
solution. In contrast to the conventional preparation of cycles,
high-dilution techniques are not required and no linear chains are
present in the solution. The rings present in solution can back-react
with support so that in time the rings present will be in equilibrium
and as such form a dynamic combinatorial library. That for lactide
the 18-membered rings are removed selectively by NaBPhy in
>80% yield based on the reaction 3 A, = Ag testifies to the process
of chemical amplification from a dynamic equilibrium of A, rings.
Although we have not examined the kinetics of these reactions, we
can state that k(ring opening) > k(transesterification) > k(epimer-
ization) for the lithiated support and moreover that the reactivities
of the metallated support is Li > Mg > Zn. We believe it should
be possible to find active supported metal catalysts that will be

Fig. 8. ORTEP drawing of the molecular structure of Nal(s,S,S,S,S,S)-
(CH3CHC(0)0)6]2BPh4-CHCI5 found in the solid state. The ellipsoids are drawn
at the 50% probability level. The hydrogen atoms are not shown. Selected
bond distances: Na-O(1a), 2.289(2) A; Na-O(5a), 2.297(2) A; Na-O(9a), 2.326(2)
A; Na-O(1b), 2.323(2) A; Na-O(5b), 2.291(2) A; Na-O(9b), 2.294(2) A.

Chisholm et al.

capable of ring opening and transesterification without epimeriza-
tion and thus yield rings where the stereocenters of the monomer
are retained. We also propose that other substrates may be used to
effect chemical amplification of rings of different sizes.

Given the utility of crown ethers in cation binding and the
synthesis of a wide variety of macromolecular assemblies (22-24),
these cyclic esters may find some use in the transport and release
(by hydrolysis) of substrates to which they have a high affinity.
Similar considerations pertain for the preparation of cyclodep-
sipeptides, which are a class of nature’s cation binding and transport
agents.

Experiment Procedures

General. Standard vacuum line, Schlenk flasks, and N>-atmosphere
dry box techniques were used. Benzene was distilled from a
potassium suspension. Acetonitrile was distilled from a CaH,
suspension. 1.0 M Et,Zn solution in hexane, 3.0 M MeMgCl
solution in hexane, 2.5 M n-BulLi solution in hexane, sodium
tetraphenylborate, and N,N,N’,N'-tetramethylethylenediamine
(TMEDA) were purchased from Aldrich and used as received.
Polystyrene-supported amine (PS-CsH4CH,NH,) was purchased
from Matrix Innovation and used as received. L- and (D,L)-LA
were purchased from Aldrich and sublimed twice at 60°C under
1072 mbar of pressure (1 bar = 100 kPa). 2,5-Morpholinedione
complexes were prepared according to the procedures described in
ref. 25.

Preparation of PS amino lithium catalyst [PS-CeHsCH,NHLI-(n-BuLi)y]. PS
amine (PS-C¢H4CH,NH,, product of Matrix Innovation; 3.00 g,
4.71 mmol) was suspended in benzene (20 ml) under a nitrogen
atmosphere. n-BuLi (2.5 M, 11 ml, 28 mmol) was added, and the
suspension was stirred for 72 h. The beads were then filtered off,
washed with benzene (two times, 10 ml) and hexane (three times,
10 ml), and dried under vacuum. The product (3.8 g) was purple-
colored powder with reduced absorptions at 3,060 cm~! (N-H)
compared with the PS-CsH4CH,NH; starting material. From Gil-
man titration the N-to-Li ratio was determined to be 1:4.7. Subse-
quent to treatment with L-LA and the synthesis of cyclic oligolac-
tides, elemental analysis gave an N-to-Li ratio of 1:4.9.
Preparation of PS amino magnesium and zinc catalyst. PS amino mag-
nesium and zinc catalyst are given in the Supporting Text, which
is published as supporting information on the PNAS web site.
Preparation of cyclic oligolactide using PS amino lithium catalyst [PS-
C5H4CH2NHLi‘(BULi)x]. (l) PS amino lithium [PS-C()H4CH2NHLI
-(BuLi),; 0.37 g, 0.59 mmol] and L-LA (0.88 g, 6.1 mmol) were
mixed together. Benzene (20 ml) was added, and the mixture was
stirred at room temperature for 18 h. The beads were then
filtered off and washed with benzene (two times, 10 ml). The
combined filtrate and washings were evaporated to give a yellow,
wax-like solid (0.34 g, 38%). The recovered resin was resus-
pended in benzene (20 ml) and heated at 60°C for 4 h. The beads
were then filtered off and washed with benzene (two times, 5 ml).
The combined filtrate and washings were evaporated to give a
yellow, waxy solid (0.19 g, 22%).

(i) The resin from experiment i was recovered, L-LA (0.84 g,
5.8 mmol) and benzene (20 ml) were added, and this was stirred
at room temperature for 10 h. The beads were then filtered off,
washed with benzene (two times, 10 ml), resuspended in benzene
(20 ml), and heated at 60°C for 6 h. The resin was then filtered
off again and washed with benzene (two times, 10 ml). The
combined filtrate and washings were evaporated to give a
colorless, wax-like solid (0.37 g, 44%). '"H NMR spectrum
showed that it was 98% oligomers (2% LA). The solid was
dissolved in methanol and applied in electrospray ionization MS,
showing that 100% cyclic oligolactide were present.

(iii) Repeating step ii gave recycling reactions. Preparative
GPC was applied over the 2.0 g of the cyclic oligolactide
prepared above to give 0.035 g of A, which crystallized out the
(S,R,S,R,S,R)-(CH3CHC(O)O)s (Fig. 9).
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Fig. 9. Stereo isomers of (CH3CHC(O)O)e (Ag). Asterisk indicates mirror
enantiomer.

Chemical amplification for the formation of Ag rings. PS amino lithium
catalyst (0.42 g) prepared with PS amine (0.22 g, 0.35 mmol)
according to the procedure of step i above was mixed with L-LA
(1.20 g, 8.3 mmol) and NaBPh, (1.16 g, 3.4 mmol). Benzene (30
ml) was added, and the mixture was stirred at 80°C for 20 h. The
beads were then filtered off, washed with hot benzene (70°C, 20
ml), and dried under vacuum. To the resulting beads was added
40 ml of CH3CN, and the suspension was stirred for 1 h before
filtration and washing. The filtrate and washings were combined
and evaporated to give a white solid (2.26 g). 'H NMR and
electrospray ionization MS show the molecular formula of
[(CH3CHC(O)O)s]o.s3NaBPhy (yield 95% based on NaBPhy).
See Supporting Text and Data Sets 1-4, which are published as
supporting information on the PNAS web site, for detailed exper-
imental information, crystallographic data sets, and preparation of
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Summary of Crystal Data. (S,R,S,R,S.R)-(CH3CHC(0O)O)s:
CigH24015, Cambridge Crystallographic Data Centre (CCDC)
reference no. 271312, M = 432.37, trigonal, space group R3, a =
12.128(3) A c=11. 821(4)A V'=1,505.7(7) A3 T= =1502)K, Z =
3, p = 0.122 mm~1, 9,752 reflections collected, 771 independent
(Rmt =0.031),R1 = 0 045 for 584 reflections with I > 2a(1); (AB)4:
C32Hs52N4O12, CCDC reference no. 271309, M = 684.78, orthor-
hombic, space group C222,a = 14. 837(1) A b=14951(1) A, c =
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~1, 7,626 reflections collected, 1,927 independent (Rin =

0.031), R1 = 0.057 for 1,724 reflections with I > 20(I);
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w = 0.118 mm~!, 12,235 reflections collected, 2,340 inde—
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v =67.253(5)°, V' =1,669.6(3) A3 T= 2202) K, Z =1, n=0.220

mm~!, 35,501 reflections collected, 11,322 1ndependent (Rint =
0.027), R1 = 0.038 for 9,643 reflections with I > 2a([).
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