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ABSTRACT: Lipase-catalyzed ring-opening polymerizations of lactones with various ring sizes (6- to 13- and
the 16-membered ring) employing Novozym 435 demonstrate fascinating differences in their polymerization
rates. These differences cannot be related to variations in physical properties such as the dipole moment of the
lactones only. For example, 10-decanolactone, 11-undecanolactone, and 12-dodecanolactone show dipole moments
of around 1.9 D, but the initial rate constant of their Novozym 435-catalyzed polymerization was found to be
0.10, 0.38, and 4.917H, respectively. The MichaelisMenten constant&y and Viax were measured for all
lactones, and this revealed that #g was more or less independent of the ring size, suggesting similar affinities

of the lipase for all lactones, while no obvious trend could be discernéd.fgr However, conformational strain

and transannular interactions present in medium ring lactones (ring siz2)&ffect the reactivity of these
lactones in lipase catalysis in a similar way as was previously described for the alkaline hydrolysis of lactones,
rationalizing the low reactivity of the X012-membered rings and the high reactivity of the 8-membered ring. To

our surprise, there is a large discrepancy in lipase-catalyzed ring-opening polymerizations compared to the alkaline
hydrolysis reactions with respect to the relative reactivity of lactones possessing a cisoid conformation of the
ester bond: while the ratio in rates betwekmalerolactone and 12-dodecanolactone in a alkaline hydrolysis is
9400, the ratio in rates using Novozym 435-catalyzed polymerization is only 3. In fact, in the latter case lactones
possessing a cisoid conformation are less reactive than large ring lactones possessing a transoid conformation.
This mechanistic study also furnished polyesters with an increasing number of methylenes in their repeat unit.
The polyesters can be readily prepared in reasonable molecular weigt@9000 g/mol). Preliminary thermal
characterization of the polyesters shows, as expected, that the melting temperature and the melting enthalpy
increase with an increasing number of methylenes in the repeat unit.

Introduction required, and only low molecular weight polymers are obtained
when macrolides such aspentadecanolactone are polymerized
with Zn(Oct). At present, only yttrium isopropoxide displays

c(/?/st and controlled polymerization ef-pentadecanolactorie.

ith lipases, on the other hand, the polymerizability of lactones
increases with increasing ring size when using the lipase of

Pseudomonas fluorescerfkipase PFF8 Interestingly, also

Ring-opening polymerization (ROP) methods to convert
lactones into well-defined, high molecular weight polyesters
have been thoroughly investigated over the past 40 years an
are nowadays well-established in polymer chemiktifhe
resulting polyesters are applied as biodegradable and biocom

patible materials in many applicatioAROP by organometallic .
“coordination-insertion” catalysts is commonly used since this NOvV0zym 435 polymerizes-pentadecanolactone faster than

gives rise to polymers with predictable molecular weights and €-caprolactoné.An explanation for the differences in behavior
low polydispersitieé. However, to be suitable as a biomaterial, P€tween lipases and organometallic catalysts is that chemical
high-purity polyesters are required. Controlled ROP techniques ROP strongly depends on the strain in the lactone ring. As a
based on organocatalysts have been developed which are af€Sult. small rings such asvalerolactone and-caprolactone
important tool to obtain metal-free polymérsMoreover, polymerize fast but larger rings such @gpentadecanolactone
nonmetal catalysts from natural sources like lipases are increashardly polymerize. In lipases, factors other than ring strain
ingly employed as biocatalysts for the preparation of well- govern the polymerizability, but it is not well-understood or
defined polyester3The enzymatic ring-opening polymerization generally accepted what these factors are. Although large ring
(eROP) of lactones with commercially available Novozym435  lactones such as the-pentadecanolactone and thehexa-

an immobilizedCandida antarcticaLipase B—is an easy and decanolactone resemble more the natural substrate of lipases,
versatile method to prepare polyesters with well-defined end i.e., fatty acids, MichaelisMenten studies on different lactones

groups and controlled molecular weight. with Lipase PF as the catalyst showed similar affinitikg X
Investigations on ROP of cyclic esters have focused primarily for all lactones investigated but large differences/j.®
on strained cyclic (di)esters sucheasaprolactone, lactide, and At present, no systematic study on the polymerizability of

glycolide. A systematic study on the polymerizability of lactones lactones of different ring size with Novozym 435 has been
of increasing ring size with Zn(Ogct)as the catalyst clearly  undertaken. Moreover, the factors governing lipase activity in
showed a strong decrease in polymerizability of the lactones lactone polymerization reactions have not yet been elucidated.
with increasing ring siz€.In fact, long reaction times are  Here, we present our studies on eROP of lactones of different
ring size with Novozym 435 as the catalyst. We have measured
* Corresponding authors. E-mail: E.W.Meijer@tue.nl and A.Paimans@ the initial rate constants of the polymerization of lactones with
tue.nl. rings sizes ranging form 6 to 130-valerolactone (VL),
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e-caprolactone (CL), 7-heptanolactone (HL), 8-octanolactone weight determination. Before SEC analysis, all samples were heated,

(OL), 9-nonanolactone (NL), 10-decanolactone (DL), 11-

allowed to cool to room temperature, and filtered overabPTFE

undecanolactone (UDL), and 12-dodecanolactone (DDL) and filter. All molecular weights were relative to polystyrene standards.

also the 16-membered ring, 15-pentadecanolactone (PDL).

Moreover, we studied the Michaetidlenten kinetics of all
lactones in Novozym 435-catalyzed ring-opening polymerization

reactions. Finally, we also present here our preliminary studies
on the thermal properties of all polyesters obtained during the

course of this study.

Experimental Section

Materials. Cyclic ketones (cycloheptanone, cyclooctanone,
cyclodecanone, and cyclododecanone) and lactonegléro-

Synthesis of CyclononanoneCyclononanone was synthesized
via ring expansion of cycloheptanone according to a literature
proceduré? and was obtained as a colorless liquid in an overall
yield of 17% (bp= 50 °C at 0.42 mbar)!H NMR (CDCk): ¢
2.42 (m, 4H, CHC=0), 1.85 (m, 4H, Gi,CH,C=0), 1.60 (m,
4H, CH,), 1.40 (m, 4H, CH). 13C NMR (CDCk): ¢ 218.4 (G=0),
43.6, 30.4, 26.9, 25.0, 24.3.

General Procedure for the Baeyet-Villiger Oxidations of
Cyclic Ketones. The appropriate cyclic ketone (223 mmol) and
m-chloroperbenzoic acid (275 mmol) were mixed in £ (250
mL). The suspension was heated under reflux dHtiNMR showed
complete consumption of the cyclic ketone. The reaction mixture

lactone e-caprolactone, 11-undecanolactone, and 15-pentadecano-was cooled in an ice bath, and the solids were filtered over Celite

lactone) were purchased from Aldrich and used without further
purification unless stated otherwise. Toluene was freshly distilled
from sodium prior to use. Novozym 435 was obtained from
Novozymes A/S. All other reagents employed in this work were
used as received.
Analytical Methods. All reactions were followed by gas

chromatography (GC) with a Shimadzu 6C-17A GC equipped with
an FID employing a Chrompack Chirasil-DEX CB (BF 0.25)

and washed with CKCl, (2 x 50 mL). The filtrate was washed
with 10% NaS;03 solution (2 x 200 mL), saturated N&O;
solution (2x 200 mL), and saturated NaCl solution x1200 mL).

The organic layer was dried with MgQJiltered, and evaporated

in vacuo. The resulting liquid was distilled over Caté afford

the lactone in yields of around 70%. The purity of the lactone was
determined using GC-MS, and all lactones were characterized with
IH and 13C NMR. 7-HeptanolactoneBecause of a competing

column. Injection and detection temperatures were set at 300 andhydrolysis reaction, the reaction was stopped after 3 days. After

300 °C, respectively. The internal standard method, taking 1,3,5-

distillation, the purity of the lactone was 91%; bp41—-43 °C at

tri-tert-butylbenzene as the internal standard, was used to determinel.4 mbar.*H NMR (CDCl): 6 4.28 (t, 2H, CHO), 2.48 (t, 2H,
the lactone conversion; all samples were measured using aCH,C=0), 1.75 (4H, m, CH), 1.52 (4H, m, CH). °C NMR

Shimadzu AOC-20i autosampler. The initial rate constag)svere
derived from the slope of the In(+ conversion) vs time plot
assuming first-order kinetics. For the analysis of the polymerization
reactions in terms of MichaeksVienten kinetics, polymerizations

of lactones were conducted at different substrate concentrations with(CDCl):

a fixed enzyme concentration. The initial rate of the lactone
consumption ;) was calculated from the initial rate constants (see

(CDCly): 6 176.4, 67.6, 31.0, 30.5, 28.0, 25.4, 2380ctano-
lactone: The reaction was complete after 13 days;=b®b5-58
°C at 7.5 mbartH NMR (CDCL): ¢ 4.25 (t, 2H, CHO), 2.25 (t,
2H, CH,C=0), 1.70 (6H, m, Ch)), 1.40 (4H, m, CH) 3C NMR
0 175.4, 64.3, 35.4, 29.3, 27.6, 24.9, 23.9, 22.7.
9-Nonanolactone The reaction was complete after 24 h. After
distillation, the purity of the lactone was 93%1 NMR (CDCly):

above) for each lactone concentration. Since we can assume that) 4.25 (t, 2H, CHO), 2.30 (t, 2H, CHC=O0), 1.70 (4H, m, CH),

the concentration of nucleophile (alcohol initiator, water or alcohol

1.50 (8H, m, CH) 3C NMR (CDCk): 9. 173.9, 66.1, 34.9, 27.2,

chain end) remains constant during the polymerization, we can treat25.8, 24.5, 24.2, 22.9, 20.60-Decanolactone The reaction was
the polymerization reaction with pseudo one-substrate kinetics in complete after 6 days; bgr 62—65 °C at 1.3 mbar!H NMR
which the lactone concentration decreases over time. We assumdCDCL): 6 4.15 (t, 2H, CHO), 2.32 (t, 2H, CHC=0), 1.70 (4H,

furthermore that in the initial stage of the polymerization the lactone

m, CHy), 1.34 (10H, m, Ch). 13C NMR (CDCk): 6 174.1, 64.7,

(present in large excess) is the preferred substrate for CALB. Then,35.2, 26.2, 25.4, 25.3, 24.7, 24.1, 22.3, 213-Dodecanolactone:

we can apply the well-known MichaelidVlenten equation. The
initial rate, V;, was plotted vs the lactone concentration according
to the Hanes'Woolf plot [lactonel¥V; = (Ku/Vmay + ([lactone]/
Vmax), and from the slope of the linear fit and the intersection with
the y-axis the MichaelisMenten constanKy, and the maximal
rate of polymerizationVmax can be calculate¥'® To calculate the
turnover numberk.,, of Novozym 435, we assumed an active
protein content of 2% w/w of the immobilized preparation as
reported previously and a molecular weight of 33 000 g/mol for
CALB.1! H and 13C NMR spectra were taken with a Varian
Mercury 400 or Varian Innova 500 spectrometer (400 or 500 MHz,
respectively) in CDGlwith the delay timed,) set at 10 s. Chemical
shifts are reported in ppm relative to tetramethylsilane. GC-MS

spectra were taken with a Shimadzu GC-17A employing a Zebron-

ZB-5 column (DF= 0.25 mm). Injector and detector temperatures
were set at 300C. DSC spectra were measured with a Perkin-
Elmer Pyris 1 DSC with heating and cooling rates of 20 K/min.
The melting temperature$,,, and transition enthalpieAH, were

The reaction was stopped after 10 days=bg5 °C at 0.28 mbar.
IH NMR (CDCl): 6 4.15 (m, 2H, CHO), 2.35 (m, 2H, CHC=0),
1.68 (m, 4H, CH), 1.28 (m, 14H, CH).}3C NMR (CDCk): o
174.0,64.5, 34.6, 27.3, 26.5,226.3, 25.3, 25.2, 24.8, 24.4, 24.1.
Novozym 435-Catalyzed Polymerization of Lactones Initiated
with Benzyl Alcohol. To prevent water initiation, the eROP of the
lactones was carried out in “dry” conditions. To do so, Novozym
435 (~100 mg) was weighed in an oven-dried flask and placed
overnight in a vacuum oven at 3C€ and at~25 mbar. A separate
beaker with POs was placed in the oven as well to ensure drying.
The vacuum was released by backfilling the oven with nitrogen.
The reaction mixture was prepared by adding the appropriate lactone
(10 mmol), 1,3,5-tritert-butylbenzene (2.5 mmol), benzyl alcohol
(0.20 mmol), and freshly distilled toluene- mL) into an oven-
dried Schlenck tube provided with stirring bar. The mixture was
stirred at 45°C under Ar in the presencd 4 A molecular sieves.
The reaction was started when the dried Novozym 435 was added
to the mixture, and samples (0.1 mL) were withdrawn from the

determined from the second heating run. Size exclusion chroma-reaction mixtures at set time intervals. The samples were filtered

tography (SEC) on poly(VL) and poly(CL) was carried out on a
Waters 712 WISP HPLC system with a Waters 410 differential
refractometer detector and a PL gel guard precolumn (5 mnx, 50
7.5 mm) followed by two PL gel mixed-C columns (10 mm, 300
x 7.5 mm, Polymer Laboratories), using THF as the eluent. High-
temperature SEC measurements were done asilichlorobenzene
(ODCB) as eluent at 80C on a PL-SEC 120 high-temperature
chromatograph. A mixed-D column was used in combination with
a flow rate of 1 mL/min and RI detector. Conventional RI

calibration was performed using polystyrene standards for molecular CH,OCO), 3.63 (t, ®,OH end group), 2.32 (t, B,COO), 1.68

over a plug of cotton to remove Novozym 435 particles, and the
residue was flushed with dichloromethane2(mL) into sample
vials, and the concentration of the solution was adjustediang
lactone/mL. The samples were analyzed with GC to determine the
conversion of the lactone. When the conversion w&9%, the
enzyme was filtered off over a P4 glass filter, and the filtrate was
precipitated in MeOH. The resulting white powder was isolated,
dried, and analyzed wittH NMR. Poly(VL) *H NMR (CDCl):

0 7.33 (s,H—Ph end group), 5.10 (s,HzPh end group), 4.06 (t,

Ccbv
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Table 1. Overview of Literature Data on the Properties of Lactone$14ca

relative relative ester
lactone ring size bp at 10 Téf°C] u°[D] hydrolysis raté polymerization raté conformatiol

o-VL 6 97-98 4.22 8460 2780 C

e-CL 7 104-106 4.45 390 370 C

HL 8 80—-82 3.70 543 n.a. € little T
oL 9 72-73 2.25 18 23 T+ little C
NL 10 86—87 2.01 0.03 n.a. T

DL 11 100 1.88 0.08 n.a. T

UDL 12 116 1.86 0.50 1 T

DDL 13 130 1.86 0.90 11 T

PDL 16 169 1.86 1.00 1 T

butyl caproate 83 1.79 1.30 T

aC = cisoid conformation and ¥ transoid conformation of ester group; n=anot available? Boiling point (bp) and dipole moment) data obtained
from ref 14c.c Reaction at OC in dioxane/NaOH-water, see ref 14¢ Reaction at 100C with Zn(Oct) as the catalysts, data obtained from ref Bata
obtained from ref 14c.

(m, CH,). Poly(CL): H NMR (CDCL): 6 7.34 (s,H—Ph end i 1
group), 5.10 (s, 6,Ph end group), 4.08 (t, K,OCO), 3.63 (t, Yo" R o
CH,0OH end group), 2.32 (t, B,COO), 1.68 (m, E,) 1.41 (m, R
CH,). Poly(HL): *H NMR (CDCL): ¢ 7.34 (s,H—Ph end group), transoid cisoid

5.10 (s, G1,Ph end group), 4.08 (t, K,OCO), 3.63 (t, i,0H

end group), 2.32 (t, B,COO), 1.68 (m, El;) 1.41 (m, ().
Poly(OL): IH NMR (CDCl): 6 7.34 (s,H—Ph end group), 5.10
(s, CH,Ph end group), 4.08 (t, K©OCO), 3.63 (t, G,OH end
group), 2.32 (t, E,COO), 1.68 (m, Ely) 1.41 (m, CHy).

Figure 1. Cisoid and transoid conformation of the ester bond.

Results and Discussion
Synthesis of LactonesSeveral lactones such dsvalero-

Poly(NLY *H NMR (CDCly): ¢ 7.36 (s, H-Ph end group), 5.10
(s, CHPh end group), 4.04 (t, G&@CO), 3.63 (t, CHOH end
group), 2.28 (t, CHCOO), 1.60 (m, 2x CH,), 1.30 (m, 4x CHy).
Poly(DL): 'H NMR (CDCl): ¢ 7.34 (s,H—Ph end group),
5.10 (s, G1,Ph end group), 4.04 (t, K©OCO), 3.63 (t, Ei,OH
end group), 2.32 (t, B,COO), 1.60 (m, Ely) 1.28 (m, &H,).
Poly(UDL): *H NMR (CDCl): ¢ 7.34 (s,H—Ph end group), 5.10
(s, CH,Ph end group), 4.04 (t, K©,OCO), 3.63 (t, G,OH end
group), 2.32 (t, G,CO0), 1.60 (m, E,), 1.28 (m, &,).
Poly(DDL): *H NMR (CDCly): 6 7.34 (s,H—Ph end group). 5.10
(s, CH,Ph end group), 4.04 (t, K©OCO), 3.63 (t, G,OH end
group), 2.32 (t, G,COO0), 1.60 (m, E,), 1.25 (m, ).
Poly(PDL): *H NMR (CDCl): ¢ 7.34 (s,H—Ph end group), 5.10
(s, CH,Ph end group), 4.08 (t, ©OCO), 3.63 (t, E,OH end
group), 2.32 (t, €,CO0), 1.60 (m, €iy), 1.25 (M, G4,). obtained in good to excellent purity.

General Procedure for the Michaelis-Menten Kinetics in the Properties of Lactones.In the 1950s, Huisgen and co-
eROP. In all cases, the amount of Novozym 435 was kept constant workers described detailed studies on lactones of different ring
at 50 mg while the concentrations of lactone were varied between sjzes to explain their deviating physical properties compared
2.0, 1.0, 0.5, 0.25, and 0.125 M in toluene. 1,3,5{r- to their linear counterpartd.In normal ring lactones (ring size
butylbenzene was added as an internal standard to quantify theg_7y high dipole moments provide dipole interactions that
?ct))l[é)\csg'sm;ns\gllltﬂiOGnCc;fACtLy?ﬁ:_CSIZ po'émnmzo"’l‘)t'otglZV::GC&”%USegnZS rationalize their relatively high boiling points (see Table 1). This

; < 0, ; ’ high dipole moment is a direct result of the enforced cisoid

1,3,5-tritert-butylbenzene (0.1 g) was heated to 45 in an olil . . .
bath for 30 min, after which Novozym 435 (50 mg) was added. conformation of the ester bond present in small ring lactones

Samples were taken at appropriate time intervals, filtered over (S€€ Figure 1). In larger ring lactones (starting from the 10-
cotton, and analyzed by GC to determine the lactone conversion,membered ring), the ester bond can adopt a transoid conforma-
from which the initial rate constant could be derived. tion characterized by dipole moments comparable to those of
Novozym 435-Catalyzed Polymerization of Lactones Initiated ~ inéar esters. The energy difference between the cisoid and
with Water . Novozym 435 was dried over,©s at 1 mbar for 24  transoid conformation amounts to 15 kJ/mftlThe physical
h before use. A lactone solution (2 M in toluene) was stirred at 40 differences between lactones adopting cisoid or transoid con-
°C for 8 h in thepresence ©4 A activated molecular sieves. formations are also reflected in their propensity to hydrolyze
Subsequently, 4 mL of this solution was added to Novozym 435 under alkaline conditions. Lactones show fast hydrolysis rates
(2.5 mg enzyme/mmol lactone) under an argon atmosphere. Afterwhen the ester bond is in a cisoid conformation while the
7 days bis(triphenylphosphine)nickel(ll) bromide was added to hydrolysis rate of transoid lactones is in the same order of
inhibit the enzymé? the enzyme was then removed from the magnitude as their linear counterparts. The transition of the

reaction mixture by filtration over a glass filter, and the filtrate isqiq 1o transoid conformation is complete with the 9-nonano-
was precipitated in cold heptane. The resulting white powder was lactone

isolated, dried, and analyzed withl NMR, SEC, and DSC. The Li _Catalvzed Ring-Opening Polymerization of Lac-
polyesters were obtained in yields typically around 70%. e pase-Lalalyze g-Upening Folymerization of Lac
NMR spectra of these polymers were identical to the spectra of tones. Several factors affect the rate of lipase-catalyzed ROP

the polyesters initiated with benzyl alcohol, with the exception that SUCh as temperature, solvent, concentration, choice of initiator,
the initiator peaks at 7.34 and 5.10 ppm (benzyl ester) and the endand the water content of the enzyme. To reconcile all these
group at 3.63 ppm were absent. The SEC and DSC results arefactors, we selected 4%C as the temperature of choice and

summarized in Table 4. performed all polymerizations in toluene at a concentratioe:BfV

lactone (VL),e-caprolactone (CL), 11-undecanolactone (UDL),
12-dodecanolactone (DDL), and 15-pentadecanolactone (PDL)
are commercially available, except 7-heptanolactone (HL),
8-octanolactone (OL), 9-nonanolactone (NL), and 10-decano-
lactone (DL). The most viable way to synthesize these lactones
is via a Baeyer Villiger oxidation of the corresponding cyclic
ketones. We selected-chloroperbenzoic acicdi{CPBA) as the
oxidant of choice despite its relative low reactivity for large
cyclic ketones. Cyclooctanone, cyclononanone, cyclodecanone,
and cyclododecanone were readily oxidized to their correspond-
ing lactones. During the BaeyeVYilliger oxidation of cyclo-
heptanone, a competing hydrolysis reaction was observed which
resulted in moderate yields. In all cases, the lactones were
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Figure 2. Conversion vs time plots of the Novozym 435-catalyzed
ROP of selected lactones: Vi#}, CL (O), HL (m), OL (O), DL (2), . .
UDL (), DDL (). Polymerization conditions: 2 mol/L in toluene at
45 °C; M/l ratio = 50/1; initiator= benzyl alcohol. 1.0
=
Table 2. Initial Rate Constants ;) and Turnover Numbers (Kca) Of o
EROP of Lactones at 45°C Catalyzed by Novozym 435 g
[lactone] [CALB] 1ot SE 05
lactone  k (R¥)2(h7}) (mol/L) (wmol/L) Keat? (s71)
0-VL 1.37 (0.99) 1.9 115 63.0
e-CL 1.26 (0.99) 1.9 11.7 58.0 0.0 : ,
HL 5.94 (0.97) 1.6 9.8 270.7 0.0 05 1.0
oL 1.43 (0.99) 1.6 13.8 44.2 [Lactone]
NL 0.13 (0.99) 1.7 10.0 6.0
DL 0.10 (0.98) 1.4 8.2 4.7 B)
uDL 0.38 (0.99) 1.6 14.3 11.7
DDL 4.91 (0.99) 1.9 11.7 223.0 Figure 3. (A) Ku (closed circles) an¥¥max (Open circles) as a function
PDL 2.03 (0.96) 19 11.7 89.5 of the number of carbons in the lactone ring. The results for PDL are
PDL® 4.87 (0.97) 2.0 7.5 360.0 omitted since they were obtained at a higher temperature. (B) Saturation

plots of the Novozym 435-catalyzed eROP of DDL (stars), UDL (open

aR2 s the error on the linear fit of the In(x conversion) vs time plot. circles), and DL (closed circles) measured at°@5in toluene.

b keat Was calculated byk(lactone])/(3600[CALB}y), where [CALB]q is
the total active CALB concentratiof Measured at 60C with water as
initiator. Table 2)-the turnover numbeik.;, was calculated from the
initial rate constants. The turnover number varies betweg&n

2 mol/L. Benzyl alcohol was selected as the initiator to control and 270 s* for the polymerizations conducted at %5, showing

the molecular weight in a monomer/initiator molar ratio of 50/ that the ratio in rates between the fastest (HL) and slowest (DL)
1. In all cases, Novozym 435 and all reactants and solventslactone is 57. Interestingly, all lactones studied here are
were carefully dried to exclude effects related to the amount of conveniently polymerized with Novozym 435 within reasonable
water in the syster For all polymerizations, the overall lactone time scales: a conversion of 50% is reached for DDL within 8
conversions were plotted as a function of time (see Figure 2), min, while it takes arouth 7 h for DL. When we compare the
and the first-order rate constants were determined assuming aesults of Novozym 435-catalyzed eROP with Zn(@ct)
first-order reaction. The results are summarized in Table 2. catalyzed ROP, the conversion of 50% reached for DDL within

Three regimes can be distinguished in Figure 2: fast reacting8 min, employing Novozym 435 contrasts sharply with a

monomers such as HL and DDL, slow reacting monomers such conversion of~45% after 160 h at 100C with Zn(Oct}-

as UDL and DL, and monomers with intermediate reaction rates catalyzed ROP.
(VL, CL, and OL). Previously, it was suggested that the polarity/  Michaelis Menten Evaluation of Lactones.To get more
hydrophobicity of the lactone was predominantly responsible insight into the factors governing the kinetics of lipase-catalyzed
for its reactivity in lipase-catalyzed RCPHowever, the ring-opening polymerizations of lactones, the Michaelis
differences we observe here cannot be related to dipole momentsvienten constariy; and the maximal rate of reactitfyax were
only: the difference between UDL and DDL is only 1 methylene determined for all lactones studied. The results are summarized
group while the ratio in initial rate constants is 13. The same in Table 3 and visualized in Figure 3A. From these results, the
holds, although less pronounced, for HL and CL where the ratio turnover numberk..;, and the specificity constarka/Ku, were
in initial rate constants is 5. derived (Table 3). The HanedVoolf plot was selected to
As a result of the polymer’s poor solubility, the polymeri-  calculateVmaxandKy although other plots (LineweaveBurke
zation of PDL proved to be troublesome at45and at 2 mol/ and Eadie-Hofstee) gave similar results (data not shown). Only
L: the polymer precipitated during sample taking, and the in the case of HL was the error in the linear fit of the Hanes
reaction medium was highly viscous. Therefore, the reaction Woolf plot (RZ = 0.72) high, and therefore, the resultsk
was repeated at 60C. Although the kinetics of this reaction  andVnax should be taken only as indicative values. This large
cannot be directly compared to the polymerizations conducted error is primarily related to the extremely high reactions rates
at 45°C, the initial rate constant of the PDL polymerization is for HL polymerizations especially at low substrate concentra-
4.87 1, and this shows that PDL polymerizations are also fast. tions (conversion> 50% within 5 min), making the kinetic
To make a better comparison between the different measurements less reliable. To circumvent solubility problems
polymerizations-the concentrations of Novozym 435 and with the PDL polymerization, we decided to measure khe

lactone were not identical in all polymerization reactions (see andVmax at 60°C. CDV
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Table 3. Michaelis—Menten Constants of Novozym 435 ROP of
Lactones at 45°C

KM Vmax kcafa kca{KM

lactone  (mol/L) (mol/(L h)) (s} (L/(mol s)) R2b

o0-VL 0.73 0.95 35.2 48.2 0.95
e-CL 0.72 1.97 72.9 101.3 0.91
HL 0.09 6.10 2259 510.3 0.72
oL 0.16 1.29 47.7 298.6 0.99
NL 0.11 0.07 2.6 23.6 0.97
DL 0.40 0.11 4.0 10.2 0.88
ubDL 0.33 0.37 13.7 41.5 0.99
DDL 0.42 2.80 103.7 246.9 0.99
PDL® 0.31 5.51 204.0 658.9 0.98

a[CALB] ot = 7.5 x 10 mol/L. P R?is the error on the linear fit of the
Hanes-Woolf plot. ¢ Measured at 60C.

Table 3 shows that the values fi§y are in the same range
(between 0.09 and 0.73 mol/L) for all lactones studied. On the
other hand, the values &4 vary between 0.07 and 6.10 mol/
(L h) and do not appear to show a trend. The similar values
found forKy are in line with the results of the eROP of selected
lactones previously performed with Lipase Ry(CL) = 0.61
mol/L, Ky(UDL) = 0.58 mol/L, Ky(DDL) 1.1 mol/L,
Kw(PDL) = 0.80 mol/L)88 Since Lipase PF is a less active
enzyme for lactone polymerizations, the values foundvgi
of the lactones\{ma{CL) = 0.66 x 10-2 mol/(L h), Vmax(UDL)
=0.78 x 1072 mol/(L h), VmaxDDL) = 2.3 x 1072 mol/(L h),
Vma{PDL) = 6.5 x 1072 mol/(L h)) were significantly lower
compared to the values .« we observe for Novozym 435-
catalyzed polymerizations (Table 3).

Values for keo; derived fromVpax (Table 3) are in good
agreement with the values &f, calculated for the eROP of
lactones conducted at2 mol/L (Table 2). This is expected
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Figure 4. Comparison of the relative rates of alkaline hydrolysis (Table
1, data obtained from ref 14c) and eROP (Table 3) of lactones VL to
DDL. All values are normalized with respect to DDL.

and discrepancies, thén.x of eROP and the rates of alkaline
hydrolysis of the lactones VL to DDL are compared by
normalizing all data with respect to DD¥.DDL was selected
since it is the first lactone that behaves as a linear ester, and
alkaline hydrolyses rates of DDL and PDL were found to be
almost identical (Table 1). The results are summarized in Figure

5—7-Membered Lactone Ringélthough not discussed in
this paper, we observed thatbutyrolactone is unreactive in
Novozym 435-catalyzed eROP, which is in agreement with the
thermodynamic stability of the 5-membered lactone fhygL
and CL show moderate polymerization rates in the eROP. This
is in sharp contrast to the high polymerization rates of VL and
CL by Zn(Octy catalysis and the high rates in alkaline
hydrolysis reactions (see Table 1). Huisgen et al. ascribed the
high reaction rates for the 6- and 7-membered lactones to the

since the benzyl alcohol-initiated polymerizations are conducted higher energy level of the ground state of a lactone in a cisoid

well above theKy, of the lactones. Despite the loR? values
for HL (R? = 0.72) in the HanesWoolf plot (Table 3), the
values calculated fdi.a 0f 225.9 and 270.7°3 from Vpaxand
for the eROP at-2 mol/L, respectively, are in good agreement.
In the case of DDL théy derived fromVyax (103.7 s1) is a
factor 2 lower than thégy calculated for the eROP (223.0%.
Also in this case, DDL displays fast polymerization kinetics
which may lower the accuracy of the data obtained.

To visualize the dramatic differences that arise upon increas-

ing the lactone ring size from an 11- to a 13-membered ring,

conformation: this results in a lower activation energy and
conseguently enhances the reaction ¥4t Zn(Oct)-catalyzed
ROP, the high reactivity of VL and CL has been rationalized
by the ring strain present in the 6- and 7-membered rings. This
strain is partially released in the transition state, resulting in a
lower enthalpy of activation compared to those of unstrained
lactones®

8—12-Membered Lactone Ring3he reactivity of these
medium-sized rings in lactone hydrolysis is predominantly
governed by conformational strain (the inability of-C bonds

the saturation plots of DL, UDL, and DDL are shown in Figure to attain anti conformations in cyclic compounds) and trans-

3B: Vmax decreases from 2.80 to 0.37 and 0.11 mol/(L h) for
DDL, UDL, and DL, respectively, while the dipole moment of
these lactones is almost the same (Table 4; 1.86 D).

Origin of the Differences in Reactivity of Lactones in

annular interactions (repulsion between nonneighboring H
atoms) and was studied in det#if:28 In eROP, HL shows a

higher reactivity than CL (Figure 4). In analogy to the reactivity
of HL in alkaline hydrolysis, this can be explained by the release

eROP.Since there is no obvious correlation between a lactone’s of transannular interactions during the transition from a trigonal
reactivity and its physical properties (such as dipole moment) C=0 center into a tetragonal center, needed for the activation
in eROP, we decided to take the reactivity of lactones in alkaline of the ester in lipase catalysis, thus decreasing the activation
hydrolysis reactions as reported by Huisgen as a refefénce. energy!“c OL, on the other hand, has a similar reactivity in
We are well aware of the mechanistic differences between eROP as VL and CL, suggesting that transannular interactions
alkaline hydrolysis reactions and lipase-catalyzed reactions, butin the 9-membered ring are less important. Conformational strain
data for acid-catalyzed hydrolyses of lactones are, to ouris known to reach a maximum in the 10-membered ring and
knowledge, not available, and the data for Zn(@cgtalyzed governs the reactivity of 1012-membered lactone rings in
ROP of lactones are not complét&he series of lactones we  alkaline hydrolysig#¢18 The reason for the low reactivity in
have investigated can be divided into three classes: normal ringsNL and DL results from release of the conformational strain
(5—7-membered lactone rings), medium-sized rings 18- by the presence of the trigonaD center. Consequently, the
membered lactone rings), and large rings (13- and higher- resistance of the trigonal=€0 center to convert to the tetragonal
membered lactone ring$)¢ The reactivity of Novozym 435- center needed for activation of the ester in alkaline hydrolysis
catalyzed eROP will be discussed for each of these classes andesults in an increase of the activation energy, and a concomitant
will be related to the origin of the reactivity differences decrease of reaction rates. It appears from Figure 4 that the trend
previously discussed for alkaline hydrolysis reactions and, if in the relative rates of eROP in NL, DL, and UDL closely
applicable, the Zn(Oct)catalyzed ROP. To visualize similarities ~ follows the trend of the relative rates of alkaline hydrolyiji)v
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This suggests that conformational strain in these lactones, Table 4. Properties of Polyesters Obtained via Novozym
responsible for the low reactivity in alkaline hydrolyses, indeed 435-Catalyzed eROP at 45C%
plays an important role in the reactivity of NL, DL, and UDL polyester M (g/mol) PD Tm (°C) AH (J/gy
in eROP. poly(VL) 16 300 4.1 57.5 62.2
13- and More-Membered Lactone Ring® Zn(Oct)- 19 000 40
o ; : : poly(CL) 5200 3.2 54.4 72.7
catalyzed polymerizations and alkaline hydrolysis reactions large 10 006 5%
rings display low reactivities, which is a direct result of the  poiy(HL) 23 600 o 65.2 88.7
transoid conformation and the resulting lower energy level of  poly(OL) 20 700 2.7 69.8 80.1
the ground stat&¢ Ring strain is almost nonexistent, and these  Poly(NL) 16 000 2.» 70.1 78.5
lactones start behaving as open chain esters. In eROP, on the POY(PL) 20 000 32 7.0 99.6
her hand. the | . I ) latively f h poly(UDL) 12 00¢9 2.8 83.1 98.0
other hand, the large rings polymerize relatively fast. These 5 ppL) 10 600 3p 84.8 1254
lactones are highly hydrophobic and have a more linear shape. poly(PDL) 6 600 5.5 92.8 119.7

Howeve_r, theKy of a”. Iaptones_ !r}vestlgated IS rat.her similar, a All molecular weights are relative to PS standafisleasured in ODCB
suggesting that the binding abilities of CALB are independent 5t go°c. c Measured in THFY Determined from the second heating run.
of the ring size.

Discussion.Evidently, there is a striking similarity in the 370} . .
relative rates of alkaline hydrolysis and Novozym 435-catalyzed 360 - o« ¢’
eROP starting from the 10-membered lactone rings (see Figure o ° o °
4). In these lactones, the ester groups completely adapt a transoid 3501 °
conformation (Table 1). This suggests that lactone reactivity in o 3401 e, °°
eROP starting from the 10-membered ring is predominantly Tea30l o
governed by conformational effects similarly to the lactone . °
reactivity in alkaline hydrolyses reactions. On the other hand, 820 -
there is a huge discrepancy between the reactivity of lactones 310}
having a cisoid conformation in alkaline hydrolysis reactions 300 L , , , ) )
and in eROP. Although the general trend is simiteate(CL) 4 6 8 10 12 14
< rate(HL) > rate(OL)—the relative reactivity differs orders number of methylenes in repeat unit

of magnitude, as evidenced by Figure 4. In fact, the comparison Figure 5. Melting temperatureT,, as a function of the number of
between alkaline hydrolysis reactions and eROP illustrates methylenes in the repeat unit of the polyesters synthesized by eROP.
this: while the ratio in reactivity between VL and DDL amounts Values determined from the second heating run (open circles) and
to ~9400 in alkaline hydrolysis reactions, the ratio in reactivity reported by Lebedev et al. (closed circles).

between VL and DDL is only~3 in eROP. As a result, the

) : e (SEC). By using only small amounts of Novozym 435 to limit
difference in activation energy between VL and DDL for an

. v . ; the amount of water, we expected to obtain polymers with a
alkaline hydrolysis is around 18 kJ/mol, while the difference olecular weight of around 20 000 g/mol. All polymers were

in activation energy for eROP is aroun® kJ/mol. The question  yrecipitated in heptane before characterization and were obtained
arises why lactones in a cisoid conformation are less reactive 55 \hite powders.

in eROP than is expected on the basis of their intrinsic reactivity.  gec traces were measured in ODCB at°80to anticipate
At the moment, we do not have an adequate explanation for 5 the poor solubility of poly(PDL) in CHGI at room

this obsgrvation, bu'g severa_l factors may play a role. F.irst, in temperaturé? Poly(VL) and poly(CL) were also measured in
an alkaline hydrolysis reaction, the=© is freely accessible  THE. The results are summarized in Table 4. Except for

for the hydroxide anion irrespective of the conformation of the poly(CL) and poly(PDL), theM, values measured in ODCB
ester bond. In eROP, the attack of the serine alcohol on the 56’ around 10 00620 000 g/mol. The presence of a low
C=0 is by definition taking place in a sterically confined molecular weight shoulder in most SEC traces accounts for the
space? It is very well possible that the conformation of the (5ther high polydispersities, varying from 2 to 5. We presume
ester group (cisoid or transoid) places severe restrictions on theyyat this low molecular weight shoulder arises either from the
accessibility of the €0 in the enzyme’s active site. Moreover, preakdown of the polymer during filtration or from cyclic
the stabilization of the transition state by additional H-bonds in  gpecies, which are always present in the MALDI-TOF spectra.
the oxyanion hole may be influenced by the ester conformation  prejiminary DSC studies of the polyesters show an increase
of the lactone. Second, besides having high dipole moments, itof the melting temperature and melting enthalpy with increasing
has also been shown that 6- and 7-membered ring lactones have mper of methylene units (see Table 4). The results are
a higher basicity than large ring lactor®@sMoreover, the  yisyalized in Figure 5. Although consistently lower, the
H-bond stren_gth of these lactones is significantly higher than experimental melting temperatures nicely correlate with the
that of large ring lactone%.In an environment where H-bonds  melting temperatures that were predicted by Lebedev and co-
are gru0|ally important to stabilize the transmqn state, and \orkers for this series of polyeste#The consistent discrep-
polarity and pH may have a large effect, this may have ancy petween the experimental and theoretical values can be
significant consequences for the reactivity of lactones. rationalized by considering that the melting temperatures
Properties of Polyesters Obtained by Novozym 435-  reported here are not equilibrium melting temperatures. More-
Catalyzed eROP.Novozym 435 is a versatile and unique over, the low molecular weight fraction visible in the SEC traces
catalyst that can readily polymerize lactones irrespective of their may be responsible for a lowering of the melting temperature.
ring size. Since there is no other catalyst available that can An indication for the importance of the latter can be found when
efficiently polymerize such a wide range of lactones at mild comparing data of poly(PDL) reported by Gross et @), €
temperatures, we synthesized polyesters of reasonable molecula®7 °C, M, = 86 400 g/mol, PD= 2.3) with our data on
weight to conduct a preliminary characterization with differential poly(PDL) (T, = 92.8°C, M, = 6600 g/mol, PD= 5.5)23 A
scanning calorimetry (DSC) and size exclusion chromatography higherM, and a lower polydispersity clearly leads to an incre&giv
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of the melting temperature. As predicted, no edden effect NRSC-C for financial support. Bart van As, Jeroen van
is observed in this series of polyesters, which is in contrast to Buijtenen, Martijn Veld, Karl Hult, and Mats Martinelle are
the [n]-polyamides and then]-polyurethaneg* A more detailed gratefully acknowledged for stimulating discussions.

study on the thermal behavior of this series of polyesters is in

progress. References and Notes

c lusi (1) Albertsson, A.-C.; Varma, |. KAdv. Polym. Sci2002 157, 1.
onclusions (2) Albertsson, A.-C.; Varma, I. KBiorr_lacromolecuIeQO(_)S 4, 1466.
Novozym 435-catalyzed ring-opening polymerizations of (3) Mecerreyes, D.; Jerome, R.; Dubois,Atly. Polym. Sci1999 147,
IaCtoneS of varying ”n_g SI_ZeS (_6' t0 13- i_ind the 16-membe_red 4) aj Myers, M.; Connor, E. F.; Glauser, T.; Mock, A.; Nyce, G.; Hedrick,
ring) demonstrate fascinating differences in their polymerization J. L. J. Polym. Sci., Part A: Polym. Chen2002 40, 844. (b)
rates. These differences cannot be related to variations in Xederbeégh, F-;Clonngégdf.z;ul)\/lgslllezr, z\ll).;glauser,ET.i:Hel\?rick,é.L.
H 3 H ngew. em., Int. A . (C onnor, E. F.; Nyce, G.
physical properties, such as the dipole moment, of the lactones W.: Myers, M.. Moeck. A.- Hedrick. J. LJ. Am. Chem. S0@002
only. For example, 10-decan_olactone, 11-undecanolactone, and 124 914. (d) Shibasaki, Y.; Sanada, H.; Yokoi, M.: Sanda, F.: Endo,
12-dodecanolactone show dipole moments of around 1.9 D, but T. Macromolecule200Q 33, 4316. (e) Dove, A. P.; Pratt, R. C.;

the initial rate constants of their Novozym 435-catalyzed g%*;”%gi(j)%ﬂl‘g? G, S waymouth, R. M.; Hedrick, J. I Am. Chem.
polymerization were found to be 0.10, 0.38, and 4.9%, h ©) @ éross, R, A.; Kum'ar, A.: Kalra, Ehem. Re. 2001, 101, 2097.

respectively. The MichaelisMenten constant&y and Viax (b) Kobayashi, S.; Uyama, H.; Kimura, Shem. Re. 2001, 101, 3793.

were measured for all lactones, and this showed thaKihe (6) ’auda, A.i Kolwglgléiz, 95.; LI;eGnGczek, S.; Uyama, H.; Kobayashi, S.
H H 7 H : i acromolecule 3 .

Wa.s.r.elatlvely m.dEpendem of the ring SIZQ, Sques,tmg similar (7) Zhong, Z.; Dijkstra, P. J.; Feijen, Macromol. Chem. Phy200Q

affinities of the lipase for all lactones, while no obvious trend 201 1329.

could be discerned foVmna. However, conformational strain (8) Namekawa, S.; Suda, S.; Uyama, H.; KobayashiJn&. J. Biol.

and transannular interactions present in medium ring lactones = Macromol.1999 25, 145.
(9) Kumar, A.; Kalra, B.; Dekhterman, A.; Gross, R. Wacromolecules

(ring size 8-12) affect the reactivity of these lactones in lipase 200 33, 6303.
catalysis in a similar way as was previously described for the (10) van der Mee, L.; Antens, J.; van de Kruijs, B.; Palmans, A. R. A.;
alkaline hydrolysis reactions of lactones, rationalizing the low Meijer, E. W.J. Polym. Sci., Part A: Polym. Cher200§ 44, 2166.

reactivity of the 16-12-membered rings and the high reactivity (1) g’i%fggﬁﬁélF'E;ige%engf%s‘iggaro”' C.; Varinelli, D.; Morrone, R.

Of the 8'memb?red ring. To our SurpriS?: there is a Iallrge (12) Brannock, K. C.; Burpitt, R. D.; Goodlett, W.; Thweatt, J.J50rg.
discrepancy in lipase-catalyzed ring-opening polymerizations Chem.1964 29, 818-.

compared to the alkaline hydrolysis reactions with regard to (13) Ees\t/eféi‘ ()J'ﬁ:]:c&;m&zcﬁi; vo'Z, \gelcllélglé; Scheijen, F.; Heise, A.; Meijer,
lactones possessing a cisoid conformation of the ester bond.(14) aj HL’,ngem RANGeW. Cheml957 69, 341. (b) Huisgen, R.; Oftt, H.

While the ratio in rates between VL and DDL in an alkaline Angew. Chem1958 70, 312. (c) Huisgen, R.; Ott, HTetrahedron
hydrolysis is 9400, the ratio in rates using Novozym 435 is only 1959 6, 253.

; ; ienid (15) de Geus, M.; Peeters, J.; Wolffs, M.; Hermans, T.; Palmans, A. R.
3. In fact, in the latter case lactones possessing a cisoid A.- Koning, C. E.: Heise, AMacromolecule005 38 4220,

conformation are less reactive than large ring lactones in & (16) Note that the absolute reaction ratejsaf DDL in alkaline hydrolysis
transoid conformation. Several factors may play a role here such and eROP are completely different(eROP)= 9.3 mol/(L h) at 45

as effects of basicity and dipole moment of the lactone and steric ;gl}sigfvg‘;tg é(‘:;%%‘)’m'ygs)= 0.048 mol/(L h) at 50C using 1
interactions with surrounding amino acid residues in the active 17) Moore, T.. Adhikari, R. Gunatillake, Biomaterials2005 26, 3771.

site, but at the moment it remains concealed how the relative (18) (a) Prelog, VJ. Chem. Socl95Q 420. (b) Sawada, H. Macromol.
contributions of each of these factors are. Nevertheless, Sci., Re. Macromol. Chem197Q 5, 151. (c) Dale, JAngew. Chem.,

; ; ; Int. Ed. Engl.1966 5, 1000.
Novozym 435 is a unigue catalyst that enables the synthesis of(lg) (a) Anderson, E. M.: Larsson, K. M.: Kirk, @iocatal. Biotransform.

polyesters with an increasing number of methylenes in their ™ 1995 16, 181. (b) Peeters, J. W.; van Leeuwen, O.; Palmans, A. R.
repeat unit. The polyesters can be prepared in reasonable  A.; Meijer, E. W. Macromolecule005 38, 5587.

molecular weights (10 00620 000 g/mol) and show an increase  (20) Wiberg, K. B.; Waldron, R. FJ. Am. Chem. Sod.991, 113 7705.

in melting temperature and melting enthalpy with an increasing % fglgisgg’ g\llé(?'; Orenski, P. J.; Goldschmidt, B. 34.0rg. Chem.
number of methylenes in the repeat unit. Future research will (22) Lebedev, B.: Evstropov, Avlakromol. Chem1984 185, 1235.

be aimed at elucidating the factors that determine the reactivity (23) (a) Focarete, M. L.; Scandola, M.; Kumar, A.; Gross, RJAPolym.

; i ; iei ; _ Sci., Part B: Polym. Phy2001, 39, 1721. (b) Gazzano, M.; Malta,
difference in lactones possessing cisoid and transoid conforma V.- Focarete: M. L.: Scandola, M.. Gross, R. & Polym. Sc.., Part

tions in eROP. B: Polym. Phys2003 41, 1000.
(24) (a) Versteegen, R. M.; Sijbesma, R. P.; Meijer, E.Aligew. Chem.,
Acknowledgment. The authors thank Mariska de Smet, Int. Ed. 1999 38, 2917. (b) van Krevelen, D. WProperties of

Maartje Bastings, and Kevin van Eeten for synthesizing lactones, ~ Polymers;Elsevier: Amsterdam, 1997 p 151.

Wieb Kingma and Ralf Bovee for SEC measurements, and MA060668J

Ccbv



