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y-Butyrolactone, unlikej-valerolactone, does not polymerize despite a strain energy8dfécal mol?

which could be relieved by opening the s-cis lactone ester bond to an s-trans ester bond in the polymer.
To explain this anomaly, we have applied guantum mechanical methods to study the thermochemistry
involved in the ring-opening reactions of-butyrolactone andj-valerolactone, the conformational
preferences of model molecules that mimic their corresponding homopolyesters, and the variation of
enthalpy associated to the polymerizability of such two cyclic lactones. The overall results indicate that
the lack of polymerizability ofy-butyrolactone should be attributed to the low strain of the ring, which
shows much less geometric distortion in the ester group dhealerolactone, and the notable stability

of the coiled conformations found in model compounds of poly-4-hydroxybutyrate.

Introduction y-butyrolactone 1),%? which is just on the verge of polymer-

Aliphatic polyesters, prepared by ring-opening polymerization izability. Thus, o-valerolactone Z) transforms into linear
of lactones, are versatile polymers with good mechanical POlyester merely on storage at room temperature, doubtless
propertlesl hydro'yzab”'ty’ and blocompaublh%y'rhese at- Caused by adventItIOUS initiation by hydroxyhc ImpurItIeS. In
tributes make them leading candidates in biomedical and contrast, under high pressudepolymerizes in moderate yield
pharmaceutical industries as a resorbable implant material andand also copolymerizes under these conditforis.can be
a vehicle for controlled drug delivefy. copolymerized at normal pressure wititaprolactone and other
Lactones are quite reactive and readily convert to their linear monomers. Duda and Penczek oligomerizedbutyrolactone
counterparts. A few lactones polymerize spontaneously onup to decamers and studied the thermodynamics of this
standing or heating, while most do so in the presence of catalystsreaction*2Marchessault and co-workers were also able to obtain
or initiators. Carboxylates, alkoxides, and oxides of titanium,
tin, and aluminum are effective initiators for the controlled

synthesis of polyesters using ring-opening polymerization of  (3) Korte, F.; Glet, W.J. Polym. Sci. Polym. Lett. EA966 4, 685.
lactones. (4) (a) Duda, A.; Penczek, $acromol. Chem. Phy4996 197, 1273.
. . . ... (b) Ito, K.; Inoue, K.; Yamashita, YMakromol. Chem197Q 139, 153. (c)
_Early s;udle_s of unsubstituted monocyclic Iac_tones With | ee C. W.; Urakawa, R.; Kimura, YWlacromol. Chem. Phy<4997 198
different ring sizes showed that they all polymerized except 1109. (d) Nakayama, A.; Kawasaki, N.; Aiba, S.; Maeda, Y.; Arvanitoy-
annia, |.; Yamamoto, NPolymer1998 39, 1213. (e) Agarwal, S.; Karl,

T University of California. M.; Anfang, S.; Dehnicke, K.; Greiner, Rolym. Prepr (Am. Chem. Soc.,
* The University of Arizona. Div. Polym. Chen). 1998 39, 361. (f) Nishiura, M.; Hou, Z.; Koizumi,

§ Universitat Politenica de Catalunya. T.; Imamoto, T.; Wakatsuki, YMacromoleculed999 32, 8243. (g) Bhaw-
(1) (a) Carothers, W. HChem. Re. 1931, 8, 353. (b) Hall, H. K., Jr.; Luximon, A.; Jhurry, D.; Motala-Timol, S.; Lochee, ¥lacromol. Symp.
Schneider, A. K. JAm. Chem So0d 958 80, 6409. (c) Biela, T.; Kowalski, 2006 231, 60. (h) Mas, C.; Ramais, X.; Sullan, J. M.; Manteion, A.; Serra,

A.; Libiszowski, J.; Duda, A.; Penczek, Blacromol. Symp2006 240, 47 A. J. Polymer Sci., Part A, Polym. Che2003 41, 2794. (i) Lee, C. W.;

(d) Duda, A.; Kowalski, A.; Libiszowski, J.; Penczek, 8acromol. Symp. Urakawa, R.; Kimura, Y.Macromol. Chem Phys1997 198 1109. (j)
2005 224, 71. (e) Duda, A.; Libiszowski, J.; Mosnacek, J.: Penczek, S. Fukuzaki, H.; Aiba, Y.; Yoshida, M.; Asano, M.; Kumakura, Makromol.

Macromol. Symp2005 226, 18. Chem.1989 190, 1553. (k) Kricheldorf, H. R.; Mang, T.; Jonte, J. Bur.
(2) (@) Coulembier, O; Degu, P.; Hendrick, J. L.; Dubois,Frogr. Polym. J 1982 18, 803. (I) Duda, A.; Penczek, Riopolymers. Vol. 3b:

Polymer Sci 2006 31 723. (b) Albertssohn, A. C.; Varma, |. K. Polyesters lI-Properties and Chemical SynthgSiginbuchel, A., Doi, Y.,

Biomacromolecule2003 4, 1466. Eds.; Wiley-VCH: Weinheim, 2001; Chapter 12.
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2674 J. Org. Chem2008 73, 2674-2678 Published on Web 03/07/2008



Why 6-Valerolactone Polymerizes andButyrolactone Does Not

| \,/1;3 Dcoce= 0°
N 121

~ /i: 2 \ Deoce= 180°

s-trans-3, 0.0 (0.0) s-cis-3, 8.0 (7.9)

FIGURE 1. Geometries and relative Gibbs free energies (CBS-QB3)

of s-cis and s-trans methyl acet®8eThe values in parentheses are
DFT results. Bond angles and dihedral angles are in degrees.

a mixture of oligomers using lipase catalyg.high molecular

weight homopolymer ofy-butyrolactone, namely poly-4-hy-
droxybutyrate, has been synthesized by enzymatic caté&lysis.
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derived from lactoned and 2 have been determined using a
systematic conformational search procedure.

Methods

All calculations were performed with the Gaussian 03 suite of
programs'2 Geometry optimizations and frequency calculations to
study the ring-opening reactions of lactodesnd?2 were performed
using the B3LYP? density functional method in conjunction with
the 6-31G(d) basis sétAdditional calculations for thermodynamic
discussion were performed with the CBS-QB3 methdéveloped
by Petersson using the geometries optimized at the B3LYP/6-31G-
(d) level.

The conformational preferences of linear model molecules were
examined thorough the multidimensional conformational analysis
(MDCA) strategy: all of the minima that can be anticipated
considering that each flexible dihedral angle is expected to have
three minima (8 wherek is the number of flexible dihedral angles),
were constructed and subsequently optimized. Geometry optimiza-
tions and frequency calculations of linear compounds were per-
formed using the MP2/6-31G(d) meth&dAdditionally, electronic
energies of the resulting minima were re-evaluated using single-
point calculations at the MP2/6-311G(d,p) le¥elThus, our best
estimate to the free energhG*) was obtained by combining the
electronic energies computed at the MP2/6-311G(d,p) level with
the thermodynamic corrections derived from MP2/6-31G(d) cal-
culations.

been shown by both direct calorimetric heats of combustion
and from their enthalpies of hydrolysis and reduction to be
approximately 8 kcal/mol for the neat lactoh@lthough this
might be thought to be more than enough to caudrityro-
lactone to polymerizel does not polymerize.

Esters such as methyl aceta® éxist as two conformers,

compounds, single-point calculations were also conducted on the
MP2/6-31G(d) energy minima using a self-consistent reaction-field

(SCRF) model. SCRF methods treat the solute at the quantum
mechanical level, while the solvent is represented as a dielectric
continuum. Specifically, we chose the polarizable continuum model
(PCM) developed by Tomasi and co-workers to describe the bulk
solvent!® The PCM represents the polarization of the liquid by a

the planar s-trans and s-cis forms (Figure 1). B3LYP and CBS- charge density appearing on the surface of the cavity created in
QB3 predict that s-trans is more stable by about 8.0 kcal/mol the solvent, i.e., the solute/solvent interface. This cavity is built
in the gas phase, which is in good agreement with experimentalusing a molecular shape algorithm. PCM calculations were per-

results® The difference has been attributed to the difference in
lone pair-lone pair repulsion&This value is strongly dependent
on solvent, decreasing to as little as 1.6 kcal/ mol in polar
solventst® Huisgen and Ott pointed out that this factor make
lactones more reactive than ordinary estérs.

In this work, we report quantum chemical calculations that
model the thermodynamics of the polymerizationyebutyro-
lactonel and d-valerolactone2. More specifically, in a first
stage we studied the ring-opening reactions of lactdreasd?2
using simple model reactions. After this, the conformational

formed in the framework of the ab initio HF/6-311G(d,p) level using
the standard protocol and considering the dielectric constant of
chloroform € = 4). The conformational free energies in chloroform
solution were computed using the classical thermodynamical
scheme: the free energies of solvation provided by the PCM model
were added to the values &fG* calculated in the gas phase.

Results and Discussion

Ring-Opening Reactions.The ring-opening reactions of
lactonesl and 2 by methanol are simplified models for ring

preferences of simple model molecules of homopolyesters gpening polymerizations (reactions 3 and 4, respectively, in

(5) Nobes, G. A. R.; Kazlauskas, R. J.; Marchessault, Rviscromol-
ecules1996 29, 4829.

(6) (a) Su, F.; lwata, T.; Tanaka, F.; Doi, Macromolecule2003 36,
6401. (b) Kim, K. J.; Doi, Y.; Abe, H.; Martin, D. PPolym. Deg. Stab.
2006 91, 2333. (c) Martin, D. P.; Williams, S. Biochem. Eng. J2003
16, 97. (d) Moore, T.; Adhikan, R.; Gunatillake, Biomaterials2005 26,
3671.

(7) (a) Leitao, M. L.; Pilcher, G.; Meng-Yan, Y.; Brown, J. M.; Conn,
A.D. J. Chem. Thermodyri99Q 22, 885. (b) Saiyasombat, W; Molloy,
R.; Nicholson, T. M.; Johnson, A. F.; Ward |. M.; Poshyachind&?&ymer
1998 39,5581. (c) Wiberg, K. B.; Waldron, R. B. Am. Chem. S0d991,
113 7697. (d) Bach, R.; Dmitrenko, @. Am. Chem. So2006 128, 4598.

(8) (a) Blom, C. E.; Guenthard, H. Lhem. Phys. Lettl981 84, 267.
(b) Arnett, E. M.; Harrelson, J. AJ. Am. Chem. Sod 987, 109, 809. (c)
Kyoungrim, B.; Mo, Y.; Gao, JJ. Am. Chem. So@001, 123 3974.

(9) Wang, X.; Houk, K. N.J. Am. Chem. Sod 988 110, 1870.

(10) (a) Wiberg, K. B.; Wong, M. WJ. Am. Chem. Sod 993 115
1078. (b) Evanseck, J. D.; Houk, K. N., Briggs, J. M.; Jorgensen, W. L
Am. ChemSoc 1994 116, 10630.

(11) Huisgen, R.; Ott, HTetrahedron 1959 6, 253.

Figure 2). The Gibbs free energies (gas phaséX@3 atm) of
ring opening of lactond are endergonic by 0.3 kcal/mol. In
contrast, the reaction of lactor®ewith methanol is exergonic
by —2.4 kcal/mol. Both B3LYP/6-31G(d) and CBS-QB3
calculations predict a more favorable energy of ring-opening

(12) Frisch, M. J.; et alGaussian 03, Résion C02 Gaussian, Inc.;
Pitsburgh, PA, 2003.

(13) (a) Becke, A. DJ. Chem. Physl993 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. GPhys. Re. B 1988 37, 785.

(14) Hariharan, P. C.; Pople, J. Aheor. Chim. Actdl973 23, 213.

(15) (a) Montgomery, J. A., Jr.; Frisch, M. J.; Ochterski, J. W.; Petersson,
G. A.J. Chem. Phy200Q 112 6532. (b) (a) Montgomery, J. A., Jr.; Frisch,
M. J.; Ochterski, J. W.; Petersson, G. A.Chem. Phys1999 110, 2822.

(16) Mgiller, C.; Plesset, M. 2hys. Re. 1934 46, 618.

(17) Frisch, M. J.; Pople, J. A.; Binkley, J. $.Chem. Phys1984 80,
3265.

(18) Cramer, C. J. Ifessentials of Computational Chemistry Theories
and Models 2nd ed.; Wiley: New York, 2005.
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FIGURE 2. Thermochemistry of reaction of methanol with lactones FIGURE 4. Thermochemistry of reactions of methyl acetate with
1 and2. lactonesl and 2.

=2=119 <T2l6=-168
PR T30

FIGURE 3. Most stable isomers af and5 calculated at the B3LYP/ FIGURE 5. Optimized structures of lactondsand 2.

6-31G(d) level. Bond lengths are in angstroms. Bond angles are in

degrees. As can be seen, there are no significant differences between

the bond lengths id and2. However, the bond angles around
of 2. Experimental determinations of the enthalpies of polym- the breaking bond (CE0) 0123 and512 in lactonel are
erization ofo-valerolactone range from2.4 (ref 29) to—2.0 109 and 112, respectively, in contrast to the corresponding
kcal/mol (ref 30), in good agreement with the calculated value. pgng angle€]123 and612 in lactone2 of 119 and 123,
Correcting to a standard statelofmol/L and 298 K1°the Gibbs respectively. The bond angles of lactodeare closer to
free engrgies for reactions 3 and 4 are 2.2 arid3 kcal/mol, corresponding bond angles (F1and 116) in strans3, the
respectively. strain-free reference, indicating less strain than in valerolactone,

Wiberg and Wong*= derived strain energies from the en- 2 also, valerolacton@ has a distorted dihedral angle (compare
thalpies of hydrolysis and reduction of monocyclic lactones and [15123= 3° in 1 and06123= 17° in 2). Further calculations
indicated that valerolactone has higher strain tdmutyrolac- on s-cis-3 indicated that increasing the COCC dihedral angle
tone by about 2.4 kcal/mol. The most stable conformeré of  from 0° to 3 degrees (similar td) does not have any effect on
and5 are shown in Figure 3. Both compounds possess internal the stability of the ester, but by increasing this dihedral angle
hydrogen bonds, and both have a trans configuration aroundtg 17> (similar to lactone?) the energy increases by 0.6 kcal/
the ester group. mol.

The reactions of lactoned and 2 with methyl acetate In summary, the calculations reported in this section describe
(reactions 5 and 6, respectively, in Figure 4) were also studied pne major factor responsible for unusual reactivity of ring
to eliminate the effect of hydrogen bonds in the ring-opening opening polymerization of valerolactone over butyrolactone. The
polymerizations ofl and2. The Gibbs free energies for reactions  majn reason for this behavior is related to larger distortion of
5and 6 in the gas phase are 1.0 arid3 kcal/mol, respectively,  hond and dihedral angles around the ester moiety in valerolac-
which also indicates that the ring opening of valerolac®i®  tone in contrast to butyrolactone. The second factor will now
favored over butyrolactong by 2.3 kcal/mol. These results  pe described.
show that the internal hydrogen bonds in products of reactions  conformational Preferences of Linear Model Compounds.

3 and 4 do _not have significant effect on the thermochemistry |n recent studies, the conformational preferences-bfydroxy
of the reaction. _ o acids8 and 9 and w-methoxy methyl ester&0 and 11 were

The most stable isomers & and 7 are used in this  jnyestigated® In spite of their simplicity, these molecules may
comparison. A more detailed discussion of the numerous pe considered as model systems of poly-4-hydroxybuty@te (
available conformers and their relative stabilities is reported and10) and poly-5-hydroxyvaleraté(@nd11), i.e., homopoly-
below. The great strain release in valerolactone is what esters derived from lactondsand2. Results derived from an
ultimately causes the ring opening polymerization to be exer- exhaustive conformational search thorough a MDCA indicated
gonic, whereas the more stabléutyrolactone polymerization  that8 and10 prefer coiled conformations in both the gas-phase
is endergonic. What is its origin? and chloroform solution, even although the relative stability

The optimized structures of lactondsand 2 and their  petween the extended and semiextended conformations is
corresponding structural parameters are depicted in Figure 5.

(20) (a) Alemia, C.; Casanovas, J.; Hall, H. K., Jr.Org. Chem2005
(19) (a) Miertus, M.; Scrocco, E.; Tomasi,Ghem. Phys1981, 55, 117. 70, 2950. (b) Alema, C.; Casanovas, J.; Hall, H. K., Jr. Org. Chem.
(b) Miertus, S.; Tomasi, hem. Phys1982 65, 239. 2005 70, 7731.
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TABLE 1. Dihedral Angles? (deg) and Relative Free Energies TABLE 2. Populations Calculated for the Coiled Conformations
(kcal/mol) of the Global Minimum Characterized for Compounds of Compounds 6-11 in Both Gas-Phase and Chloroform Solution
611 6 8 10 7 9 11
+c

compd  no. Al 213 24 AG gas phase 082 096 085 076 091 082

6 tgtgtt -167.7 67.4 60.3 —179.4 -1.2 chloroform solution  0.65 0.93 073 043 0.84 0.66

8d fgtgt 50.9 . —77. . —1. . ) .

100 tgg+gg+gt —178.2 ggi 75981 _1176(()5 f _i g a2For6, 8, and10, coiled conformations refer to structures with less than

' ’ ' ' ' three dihedral angles in the trans position. For9, and 11, coiled

compd no. 1 2 73 4 s AGHC conformations refer to structures with less than four dihedral angles in the

trans position.

7 tgtgtgts-  179.7 552 523  56.5—127.5 —1.0
o gg'gtgt -79.1 600 64.8 —842 1715 —1.8

11° tg'g'g’ss —179.9 531 518 57.3-131.9 -1.0 by the environment, the difference in the population calculated
a From MP2/6-31G(d) geometry optimizations. The dihedral angles are for 6 and7 in chloroform solution being considerably higher
defined using the atomic sequences defined in ref 20&bktimated by than those obtained in the gas phase.

adding the electronic energies calculated at the MP2/6-311G(d,p)//MP2/6- ; _ P
31G(d) level to the MP2/6-31G(d)/MP2/6-31G(d) thermodynamical cor- € overall results obtained fo8—11 indicate that the
rections. Relative to the fully extended (all the dihedral angles in trans) Stability of the extended and semiextended conformations

minimum energy conformatio.From ref 20a& From ref 20b. increases, especially in solution, with the size of the aliphatic
segment. This effect is particularly evident ®&and7. Thus,
slightly higher in10 than in 8. This is because in the latter in chloroform solution the population of coiled conformations
compound the formation of intramolecular hydrogen bonds predicted for6 is 65%, while it is only 43% for7. Although
provides extra stability to the coiled conformations. Analysis the tendency of small aliphatic segments to adopt coiled
of the conformational preferences 8fand 11 indicated the conformations was also detected in other organic molecules as
stability of the coiled conformations decreases significantly diamides?! diesters? and diketone$? in the case of model
when the aliphatic segment grows one methylene unit. Thus, compounds of poly-4-hydroxybutyrate and poly-5-hydroxyval-
according to a Boltzmann distribution of minima the population erate is particularly relevant due to their chemical implications.
predicted in chloroform solution for the extended and semiex- The difference in the conformational preferences-¢€H,)z—
tended conformations &and11is 16% and 58%, respectively, and—(CH)s— containing model compounds provides another
these values being twice as high as those calculatefl éord view to explain the difference in polymerizability gfbutyro-
10 (7% and 27%, respectivelyy. lactone andd-valerolactone. The MDCA using ab initio
calculations show that compounds with the smallest aliphatic

Q Q segment favors coiled conformations, while for model com-
OH OCHs pounds of poly-5-hydroxyvalerate the population of extended
HO HsCO and semiextended conformations are becomes closer or even
n n higher than that of the coiled conformations. The relative
ggg: g; 1‘1’ E:f g; populations of coiled conformations of homopolyesters model

compounds are in full agreement with the ability of their

In this work, we have examined the conformational prefer- orreésponding cyclic monomers to polymerize.
ences of methyl 4-acetoxybutyreeand methyl 5-acetoxyval- It is gratifying to note that this explanation is similar to the
erate7, which should be considered better model compounds explanation accepted for the general lack of polymerizability
of homopolyesters than those studied previously. Furthermore,shown by substituted cyclic monomers such as alkylcaprolac-
these compounds were used to evaluate the thermodynamicgones. This is essentially thgémdimethyl” effect of organic
of ring reactions of lactoned and 2 (reactions 5 and 6).  chemistry applied to polymer chemistry. Brown and van
Calculations were performed using the MP2 method combined Gulick?*first showed that conformational effects accounted for
with the 6-31G(d) and 6-311G(d,p) basis sets for consistency the remarkable acceleration caused by alkyl and aryl groups in
with our previous studies om-hydroxy acids and»-methoxy the cyclizations of 4-bromobutylamines: “The substituents
methyl esterd? However, this theoretical method and those used profoundly affected the distribution of rotational conformations
to study the ring-opening reactions-2 are expected to be fully ... favoring coiled conformations over the energetically preferred
consistent from a qualitative point of view. extended conformation of the unsubstituted molecule. The

Results obtained fds and7 were very similar to those found  decrease in entropy for the coiled molecule upon going into
for 10and11, respectively. This is evidenced in Table 1, which the transition state would be less than that for the parent
compares the lowest energy conformatio@ind?7 with those molecule, thus increasing the cyclization probability.” Bruice
of the model compounds previously studiédEstimated values ~ and Pand® took the same point of view to interpret the

of AG* indicated that the fully extended conformationéodind cyclization rate enhancement caused by substitution in succinic
7 is destabilized with respect to the global minimum by 1.2
and 1.0 kcal/mol, respectively. (21) (a) Navarro, E.; Alerma C.; Puiggdli J.J. Am. Chem. S0d.995

On the other hand, Table 2 compares the fractional population 117, 7307. (b) Alema, C.; Navarro, E.; Puiggald. J. Org. Chem1995

calculated for the coiled conformations @fand 7 with those g(_)» 61|35- (Cig'gg"vé‘gofﬁ*(J)eﬂﬁsmfo’ (\:/ ’\?Ub'ranaiEJ-PA-} F,’lflug%h“
11 : iopolymers! , . ema, C.; Navarro, E.; Puiggald. J.

of 8—11in both the gas phase and chloroform solution. As can Peptide Sci1996 2, 364. (¢) Vargas, R.; Garza, J.; Dixon, D. A.. Hay, B.
be seen, the population predicted for the conformations with p_j. phys. Chem. £00q 104, 5115.
two or more dihedral angles grauchée is lower for compounds (22) Aleman, C.; PuiggdliJ. J. Org. Chem1997 101, 3441.
containing four methylenic units in aliphatic segment than for 16%? Aleman, C.; Navarro, E.; Puiggald. J. Phys. Chem1996 100
those that only involve three methylene units. Furthermore, the =24 Brown, R. F.; van Gulick, N. MJ. Org. Chem1956 21, 1046

stability of the coiled conformations is significantly influenced 1049.
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TABLE 3. Comparison of Calculated and Experimental Heats of
Polymerization (in kcal/mol)

AHp AHp AHp AHp
(caled,n=23)2 (calcd,n=4) (calcdP (exptlF
y-butyrolactone —9.6 -84 —-3.7
o-valerolactone -11.3 —10.9 —6.4 2.4
-2.0¢

aThis work.? Reference 7b° Reference 299 Reference 30.

and glutaric acids. Allinger and Zalkéfvplaced the thermo-
dynamics of ring closure for hydrocarbons on a quantitative
basis using this approach.

Polymerizability of Cyclic Esters. The polymerizability of

Houk et al.

where Etgry is the chemical repeating unit (CRU) energy
increment that results when a single chemical repeating unit
fragment is inserted in the polymer chain agg is the
electronic energy of the cyclic monomer, i.eand2. Elcgy is
calculated as difference between the electronic energies of model
compounds containing + 1 andn (with n = 3) CRUs (see
reactions 1 and 2). The values &aH, calculated usingn = 3

and 4 are compared in Table 3 with other theoretical and
experimental estimations.

As can be seen, there is a general qualitative agreerelpt,
being in all cases smaller f@rvalerolactone than fop-buty-
rolactone. However, there is a quantitative discrepancy between
our estimations and the other theoretical and experimental values
displayed in Table 3. Such discrepancy is due to two limita-

cyclic lactones (reactions 1 and 2) can be expressed by the extenfions: the low value oh considered in our calculations and
to which the free energy of the polymerizing system changes the omission of conformational variability. As was mentioned

as it converts into polymé¥.28 Unfortunately, a complete
sampling of the configurational space of the polymer is required
to evaluate the free energy of polymerizatigxQ,), which is
very difficult, or even impossible, by the computational

above, we are using quantum chemical calculations at the MP2/
6-31G(d) level to estimate the values AH,. This level of

theory, which requires a huge amount of computer resources,
restricts the size of the investigated systems to model compounds

techniques available at present time. In this section, we usedyith 4 or less CRUs. However, the variation &H, predicted

MP2/6-31G(d) calculations to obtain the internal energy dif-

whenn increases from 3 to 4 is fully consistent with experi-

ference between the homopolyesters (poly-4- hydroxybutyrate mental data, i.e AH, decreases 1.2 and 0.4 kcal/mol foand
and poly-5-hydroxyvalerate) and the corresponding monomers2, respectively, which increases the gap between the two

(1 and 2, respectively), which provided an estimation of the
enthalpy of polymerizationAHp). However, it should be noted
that the entropy of polymerizatiol\&,) of cyclic lactones was
almost independent of the ring size since it mainly controlled
by the loss of translational entropy brought about by the large
reduction in the number of molecules pres€ithis factor being
very similar from system to system. AccordinglgH, are
expected to provide a correct description of the relative
thermodynamic polymerizabilies.

The values of AH, were estimated using an approach
previously proposed to evaluate the intrinsic conformational
preferences of polypeptidé%.Specifically, the variation in
internal energy upon polymerization is calculated as

AH, = Elcgy — Ey = (E, —

Enfl) - EM (9)

(25) Bruice, T. C.; Pandit, U. KJ. Am. Chem. Sod.96Q 82, 5858~
5865.

(26) Allinger, N. L.; Zalkow, V. E.J. Org. Chem196Q 25, 701.

(27) Mark, H. F., Bikales, N. M., Overberger, C. G., Mengen, G.,
Kroschwitz, G. J., Ed€Encyclopedia of Polymer Science and Engineering
2nd ed.; Wiley: New York, 1988; Vol. 12. (b) AlemaC. Biopolymers
1994 34, 841.
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compounds. On the other hand, the fully extended was the only
conformation considered for all the model compounds, a
rigorous and systematic MDCA being not possible for com-
pounds with more than one CRU. It should be noted that the
theoretical estimations of Ward and co-work&syhich are
closer to experimental values than our predictions, were obtained
using classical force-field simulations and considering a set of
conformations for model compounds with 4 and 5 CRUSs.

The overall of the results reported in Table 3 consistently
indicates that the thermodynamic polymerizability increases with
the size of the cyclic lactoné;valerolactone being more easily
polymerized thary-butyrolactone. The calculations consistently
show a difference of ca. 2 kcal mdlbetweeny-butyrolactons
and o-valerolactone, and this is enough to explain their
contrasting polymerization behavior. According to the results
displayed in previous sections, the low®H, value ofd-vale-
rolactone is due to a combination of two different factors: both
the ring strain and the stability of the fully extended conforma-
tion are higher fon-valerolactone than fop-butyrolactone.
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