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ABSTRACT: Cyclodextrins (CDs) were found to initiate ring-opening polymerizations of lactones selectively

to give polyesters in high yields, although lactones did not give any polymers under the same conditions in the
absence of CD. The order of the polymer yieldsebutyrolactone §-BL) with CDs isa-CD = 3-CD > y-CD

> no CD. On the other hand, that éfvalerolactoned-VL) is 5-CD > y-CD > a-CD = no CD. The yields of

the polyesters depend on the cavity size of CDs and structures of lactones, indicating that the reaction took place
via inclusion of lactones in the CD cavity. The&CD—adamantane inclusion complex did not show any
polymerization activity for-VL under the same conditions because adamantane is strongly included in the cavity
of 5-CD to inhibit formation of the inclusion complex betwegfCD andd-VL. The included lactones in the CD

cavity are activated by the formation of hydrogen bonds between the hydroxyl group of CDs and the carbonyl
oxygen of lactones in the initiation step, which was observed byIRTspectroscopy. The products were found

to be a polymer chain attached to tGehydroxyl group of a single glucopyranose unit of CD via an ester bond.
The lactones are activated by other remaining secondary hydroxyl groups to give the propagation step by way of
insertions of monomers between CD and the polymer chain. The initiation and the propagation steps of the
polymerization of lactones by CDs were observed by solid $E&#eNMR techniques.

Introduction only in the initiation, but in the propagation step of the ring-

opening polymerization of lactones.
Some enzymes, such as RNA polymerases, DNA poly- P g poly

merases, and-exonucleases, have cylindrical cavities in the

substrate-binding site determined by X-ray crystallography. 2 .,:D

These cyclic molecules might thread onto biological polymers o @é ‘-"\.Eb‘a -,

to form rotaxane-like structures. Cyclodextrins (CDs) have a _ ot '5;.'7'-5, ? H
cylindrical structure and have been widely employed as " @O bulk. 100 °C & D m O o)
substrate-recognition moieties in enzyme models, such as serine tm ' s H n
proteases, papain, and esterases, because of their well-defined ]

molecular structures and hydroxyl groups around the rims of (m=0~2)

the cavities® Bender and Komiyama reported that CDs
accelerate the hydrolysis of activated esters, suchp-as Results and Discussion
nitrophenyl acetatéOver the past few decades, a large number

of studies have been conducted on the effects of native CDs or
modified CDs on the hydrolysis of the activated esters. However,
the accelerated reactions have been limited to the degradatio

Polymerization of Lactones by CDs.Lactones 3-butyro-
lactone [3-BL), o-valerolactone ¢-VL), and ¢-caprolactone
n(e-CL), did not give any polyesters by heating at 10D for
of the activated aryl esters in the presence of excess amountsi'8 h without CDs unde_r an argon atmosphere (Table 1, entries

—3). These lactones did not give poly(lactone)s in the presence
of CDs. o
) . ) . of alcohol or water under the same conditions, although

We found that CDs seleqtlvely form inclusion complexes with  ethanol and water gave only oligomeric ring-opened products
some lactones (the starting ma@enals of the polyesters) to (the number of the monomer units is-%). However, we found
promote or suppress the hydrolysis of lacton@s.the bestof a1 these lactones gave polyesters with CDs under the same
our knowledge, the catalytic activities of sugars or CDs for the ¢ongitions. The yields of polyesters depended on the cavity size
polymerization have not been reported. The polymerization of of CDs and the structure of the lactones. The order of the activity
lactones could be selectively initiated by CDs without any o B-BL with CDs wasa-CD = -CD > y-CD (entries 4-6).
cocatalysts or solv_ents, and the secondary hydroxyl_ group of The polymerization activity oB-CD for 8-VL was higher than
CD attacks the activated carbonyl carbon (eq 1). This polym- 4t of y-CD, whereast-CD did not show any effects (entries
erization system requires neither a conventional metal catalyst,7_9)_ The activity fore-CL was lower than those ¢-BL and
the details of the initiation and the propagation steps catalyzed qf ..cL as reported by Okamat@nd Penczek The order of
by CDs. Herein, we have studied the details of the polymeri- the activities of CDs foe-CL is similar to that o-VL (entries
zation, and have obtained polyesters with molecular weights 10-12). The molecular weights\{,) of the products depend
over 10000. We have found that CDs play important roles not op, the [Monomer]/[Initiator] ratio in the feed. Some combina-

tions of CD and lactone gave polyesters of highgrwith an
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5445; E-mail harada@chem.sci.osaka-u.ac.jp. the M, increased with an increase in th&VYL]/[ 5-CD] ratio
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Table 1. Polymerizations of Lactones Initiated by Various CDs in Bulk at 100°C

entry monomer initiator [monomer]/[initiator] time/h yield/% M2 Mw/Mg2
1 p-BL 48 0
2 o-VL 48 0
3 e-CL 72 0
4 B-BL o-CD 5 48 66 3600 24
5 p-BL p-CD 5 48 56 3800 21
6 p-BL y-CD 5 48 6 2200 1.1
7 o-VL o-CD 5 48 1 1100 1.3
8 0-VL p-CD 5 48 97 2300 1.8
9 0-VL y-CD 5 48 20 2900 1.6
10 e-CL o-CD 5 72 0
11 e-CL p-CD 5 72 15 1700 11
12 e-CL y-CD 5 72 3 1400 11
13 0-VL p-CD 10 96 95 3400 1.9
14 0-VL p-CD 30 96 29 7800 2.0
15 p-BL o-CD 15 96 58 5700 2.3
16 p-BL p-CD 15 96 61 4800 25

aThe molecular weights were calibrated by GPC calculated with polystyrene st&Htgident: THF).

Table 2. Post-Polymerizations of-VL Initiated by B-CD in Bulk at initiator. The induction period was observed in the polymeri-
100°C zation of 6-VL with 5-CD, but the induction period was not
entry [O-VLJ[B-CD] time/h vyield/% M2 My/Mq2 observed in the polymerization ofVL with the -CD-9-VL
1 (pre-polymed) 5 48 97 2300 1.8 inclusion complex (Figure 1). The polymerization®VL was
(post-polymer)  5+5 48+48 78 3700 2.2 suppressed by usintyCD—adamantangfCD—Ad) inclusion
2 (pre-polymer) 30 96 29 7800 2.0 complex as an initiator under the same conditions. This result

(post-polymer)  30F 30 %+9% 46 10400 138 shows that-VL was not included in thg-CD cavity because
@The molecular weights were calibrated by GPC calculated with the adamantane guest is strongly included in the cavifs©D.
polystyrene standa?d® (eluent: THF).> The pre-polymers correspond to Thage ohservations indicates that the formation of the inclusion
entries 8 and 14 in Table 1, respectively. . " . . o
complex is important to initiate the ring-opening polymerization
to attain 7800 (entries 13 and 14). The reduction in yields of of lactones.

polyesters with higheM, is supposed to be due to decrease in Complex Formation and Activation of Lactones in the
the mobility of the polyester with increasing in tié, in the Solid State.Previously, we and other groups reported that CDs
solid state. TheM, of poly(5-BL)s also increased with an  form inclusion complexes with some guest molecules at elevated
increase in §-BL]/[CD] ratio in the feed (entries 15 and 16).  temperature (80C) in a two-phase-systek CDs could be used
The combination of-BL anda-CD ([5-BL)/[a-CD] =15)gave a5 reversed-two-phase catalysts in Wacker reactions 3€80
poly(5-BL) with M, of 5700. These results indicate that the These reports suggest that CD forms a short-lived intermediate
formatlon_of the |nclu3|on_ complexes be_tvve_en CDs and lactones;, two-phase systems. Nakai and his co-workers discussed the
plays an important role in the polymerization. _ . inclusion phenomena of CDs in solid state by the—ffR
After the monomers were consumed in the polymerization spectroscopy2 There are few reports on an inclusion phenom-

of 0-VL by $-CD, another-VL was added, and the mixture oo of CDs at higher temperatures (F@) in organic media
was heated at 108C again (eq 2). The yields and ti\, for or solid state.

the post-polymerizations are shown in Table 2. Mheof the

polymer obtained by the pre-polymerizatiod<{/L]/[ 3-CD] = P
30) reached 7800 within 96 h. After washing the pre-polymer o B-CD . "‘5%2
with water and dried, another 30-equivalente¥L was added Inclusion Complex H
and heated. Then, the second-polymerization took place to give 5 Q 4"bulk 100 °C (o]
a polyester withM,, of 10 400 (Entry 2). TheM, increased by ’ n
the post-polymerizations, indicating that the polyester still svL Poly(3-VL)
possesses the ability to polymerize after the first polymerization. A
100
RY onn
80 B-CD-8-VL ®B-CO-5VL
SVL Inclusion Complex
H m ¢ B-CD-Ad
bulk, 100 °C o n  bulk. 100 °C ® 607 Inclusion Complex
48 hours %
B-CD > 40 |
o]
20 o
0 - I p-CD-Ad
1] 24 48
Time /h

Polymerization of 0-VL by the f-CD-6-VL Inclusion Figure 1. Time—yield plots of the polymerization of-VL initiated
Complex. To prove the importance of the inclusion of guest by ﬁ-CDl (©), the -CD-5-VL inclusion complex ®), the f-CD—

monomers during polymerization, the polymerizationye¥L adamantaneftCD—Ad) inclusion complex #) in bulk at 100°C.
was conducted using th&CD-6-VL inclusion complex as an  [d-VL]/[3-CD] = 5.
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Figure 2. The FT-IR spectra o-VL (a), the mixture ofo-CD and andd-VL at 30 °C (b), the mixture of3-CD ands-VL at 100°C (c),
0-VL (b), the mixture of3-CD andd-VL (c), and the mixture of-CD and thep-CD-5-VL inclusion complex (d).
andd-VL (d).

The FT-IR spectrum ob-VL showed a characteristic band
of the stretching mode of the=60 bond at 1731.8 cnm
(Figure 2a). The spectrum of the mixture @fCD andd-VL
showed that the stretching mode of the=G bond of §-VL
shifted to a slightly shorter wavenumber than that of nadixé.
(Figure 2b). In contrast, the=80 band in the mixture gf-CD ! ,
(or y-CD) andd-VL shifted largely to a shorter wavenumber, fal

indicating that the band shifts correspond to the polymerization Oh : L—
activity of CDs ford-VL (Figure 2, parts ¢ and d). Some papers : g ' i
described that the stretching mode of carbonyl groups shiftsto 2h___: u | . ..J'L M i LJL; :

shorter wavenumber when a hydrogen bond is formed between : 5

the hydroxyl group of CD and the carbonyl oxygen of the guest 4h i \ \../"-ﬂ'

molecule!® Previously, the activated monomer mechanisms via e "

hydrogen bond formation or the protonation were reported by i i

Okamotd and PenczeR.We suppose that hydrogen bonds Sh__,i_www

between the hydroxyl group of CDs and the carbonyl oxygen A,

of 0-VL are formed to activaté®-VL for the polymerization. i L

The band shift ofs-BL to a shorter wavenumber was observed 8h__: :

with a-, 5-, andy-CDs. e-CL also showed a band shift in the

presence of3-CD andy-CD (see Supporting Information in

Figures S2 and S3). These results are in agreement with the

polymerization activities of CDs for lactones. The mixture of b 9

2,6-di-O-methyl3-CD (DM-$-CD) andd-VL, which shows no a '

polymerization activity, did not show any band shifts (see - ol

Supporting Information in Figure S5). These data indicates that P a1

the hydrogen bond is not formed between the hydroxyl group \ . H:, \

at theCs-position of each glucopyranose unit atwV/L in the i N s, __,w:'w"«:L_._,;'LLJ\_W

DM-f-CD cavity. Hydroxyl groups ofC,-position of each i i o

glucopyranose unit of native CDs play a role of the activation | ~~—="& ~=——-— W‘E‘*”" = II’;'(';J S

of lactones by the formation of hydrogen bond to activate the i ¥ i |

included lactones in the initiation step. e —— “""'/M “"'/ u‘"‘“‘*‘*—
Reactions in the Solid State: 3C CP/MAS NMR Spec- 180 170 160 |40 30 20 10

troscopy and*3C 1pda/MAS NMR Spectroscopy.When we Figure 4. Time dependence dfC 1pda/MAS NMR spectra of the

studied the ring-opening behavior of lactones with CDs in water, mixture of 3-CD andd-VL at 100 °C.

we found that CDs promoted or suppressed the hydrolysis of

lactones, but did not show the initiation of polymerization of the time dependence &1C CP/MAS NMR andC 1pda/MAS

lactones. To gain some insights into the initiation and propaga- NMR as shown in Figures 3 and 4.

tion steps in the solid stat@-CD, the mixture ofg-CD and Figure 3 shows th€C CP/MAS NMR spectra of native-CD

0-VL, and thef-CD-0-VL inclusion complex were studied by  (a), the mixture of3-CD andd-VL at 30 °C for an hour (b),

200 160 120 80 40 0
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Scheme 1. Proposed Mechanism of the Polymerization & VL by CD in Bulk
O

:
e
‘. bulk, 100 °C

\'OJ\/\/\OH

S IR
- OJ?\/\/\OH OFJ)\/\/\O]; H

the mixture of3-CD ando-VL at 100 °C for an hour (c), and the hydroxyl group of CDs. A secondary hydroxyl group of a

the 5-CD-0-VL inclusion complex (d). The signals of native C,-position of a glucopyranose unit attacks the activated
o-VL are not observed by thé3C CP/MAS NMR spectra carbonyl carbon of the included lactone to cleave the carbonyl-
becaus@-VL cannot perform the cross-polarization in the liquid oxygen bond. The monomer-attached CD is formed in the initial
state. The signals af-VL guest molecules in thg-CD-0-VL step.

inclusion complex were observed as shown in Figure 3d, o

indicating that the mobility 08-VL in the 8-CD-0-VL inclusion ﬁ @ ﬂ

complex was restrained in th&CD cavity. The mixture of \oi/\/\o — “DWV\A @

p-CD andd-VL standing at 100°C for an hour showed larger

2-BnOPen-f-CD
peak intensity 0fd-VL than that of the mixture 0fi-CD and "
0-VL standing at 30°C for an hour, indicating thg#-CD forms A hydroxyl group at the end of the polymer chain might be
inclusion complexes witld-VL even at 100°C in solid state. able to attack the included lactone in the CD cavity. However,
Moreover, the rate of the formation of tfieCD-0-VL inclusion mono-20-(5-benzyloxypentanoyl}-CD (2-BnOPen-polyf-
complex at 100°C is faster than that at 3@ in solid state. VL)--CD), which does not have a hydroxyl group at the end,

Figure 4 shows the 1pda/MAS NMR spectra of the mixture initiated the polymerization a§-VL (eq 3). The result indicated
of B-CD ando-VL recorded ever 2 h at 100°C. The 1pda/ that the hydroxyl group of the end of polymer did not have the
MAS NMR spectra support the polymerization behaviod-ofL polymerization activity. In Scheme 1a, the monomer recognition,
at 100°C in solid state because the 1pda/MAS NMR method, the activation of the monomer and the insertion of monomers
compared to the CP/MAS NMR method, enhances the peak are serially repeated to give@-oly(ester)-CDs in the propa-
intensity for mobile regions in the sample. Although the signals gation step. The lactones are supposed to be inserted at the ester
of poly(6-VL) were not observed in the early stage, the peaks bond between CD and a polyester chain. We proposed another
of poly(d-VL) (A —E) increased with time and the peaks¥e¥L possible polymerization mechanism in Scheme 1b. The hydroxyl
(a-e) decreased with time. Figure S6 shows the-tiomaversion ~ group of the monomer-attached CD attacks the carbonyl group
curve for the polymerization ofd-VL using $-CD. The of the included lactone in CD cavity to form disubstituted CD.
conversion of poly§-VL) increased with time, indicating the ~ Then, the hydroxyl group of the monomer moiety attacked the
propagation of poly§-VL) in bulk. carbonyl carbon of the other monomer moiety. The lactones
Polymerization Mechanism.The polymers were character- ~are inserted between CD and the polymer chain to gie 2-
ized by the'H and3C NMR spectra, the MALDFTOF mass poly(ester)-CD. In the propagation step, the intermediate species
spectra, and gel-permeation chromatography. The entire polymer(the disubstituted CDs) were not observed by theNMR
chain was attached to@-position of a glucopyranose unit as  spectroscopy so that the hydroxyl group of the disubstituted
a pendent. The proposed polymerization mechanism is refinedCD immediately attacks the other carbonyl carbon.
as shown in Scheme 1. The first step is the inclusion of lactone )
in the CD cavity to form a 1:1 inclusion complex. The included Conclusion
lactone in the CD cavity is activated by the formation of a  The appropriate combination of CDs and lactones (for
hydrogen bond between the carbonyl oxygen of lactone and example, the mixture ofi-CD andf-BL and the mixture of
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p-CD andod-VL etc.) gives the CD-tethered polyesters in high CD, mono-20-BnOPen-poly§-VL)-3-CD). This material is available

yields without cocatalyst or solvenfi-CD-0-VL inclusion free of charge via the Internet at http://pubs.acs.org.
complex showed a high initiation activity. On the contrary,
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