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ABSTRACT: 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD}methyl-TBD (MTBD), and 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) are effective organocatalysts for the ring-opening polymerization (ROP) of cyclic esters
such as lactide (LA)J-valerolactone (VL), and-caprolactone (CL). TBD is shown to polymerize LA, VL, and

CL in a fast and controlled manner, whereas MTBD and DBU polymerized LA and addition of a thiourea cocatalyst
led to the ROP of VL and CL being achieved. Each of the catalysts produced polymers displaying high end
group fidelity, good correlation between theoretical and observed molecular weight, and linear relationships between
conversion and molecular weight. The enhanced activity of TBD relative to MTBD and DBU is attributed to its
bifunctionality, enabling the simultaneous activation of both the cyclic ester monomer and the alcohol group of
the initiator/propagating species. Temperature-dependent NMR studies generated individual association constants
for MTBD with benzyl alcohol and thiourea with VL. In combination with temperature-dependent ROP of VL

in the presence of benzyl alcohol, MTBD, and thiourea, these data have led to the derivation of the activation
energy for the ROP (4% 3 kJ molY). The simplicity of the reaction conditions, the ready availability of the
catalysts, the variety of polymerizable cyclic ester monomers, and the exquisite control over the polymerization
are demonstrated.

Introduction group of a lactide monomer is activated toward electrophilic
attack by the thiourea via hydrogen bonding, and the initiating/
d propagating alcohols are activated as nucleophiles by the tertiary

amine (Scheme 1). Moreover, we demonstrated that the thiourea
and the tertiary amine functionality are not required to be linked
in the same molecule, and using)tsparteine as the activating
agent for the alcohol enabled shorter reaction times while
maintaining excellent control over the polymerization4Q-
fold increase in polymerization rate)Although adverse trans-
esterification of the polymer backbone is essentially absent, even
sat high monomer conversions, the thiour¢artiary amine
systems studied so far are limited to ROP of lactide only. By
increasing the basicity of the activating agent for the alcohol,
we were hoping to even further increase the polymerization rates
for lactide. Indeed, by application of the strong guanidine base
ol,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)Kp= 26.0 in ac-

Aliphatic polyesters are an important class of polymers,
which, as a result of their outstanding materials properties an
facile degradation, have many applications ranging from textiles
and packaging to microelectronics and drug delivedpwever,
for advanced applications, polymerization techniques that give
predictable molecular weights, low polydispersity indices, and
high end group fidelity are a necessity, and strategies employing
the ring-opening polymerization (ROP) of cyclic esters meet
these requirements. Organometallic catalytic polymerization
reactions have commonly been employed in the preparation o
polylactide and polylactonésNevertheless, heavy metal con-
taminants from the catalyst residues in the polymer can have
detrimental effects on the performance of the final polymers,
especially in microelectronics and drug delivery. We have
therefore initiated a research program on synthetic approache o .
to ROP of cyclic esters that are metal-free (organocatalytic). Stonitrile for TBD’ vs pa = 17.5 or 21.66 for {)-sparteing),
Among the successful organocatalysts discovered in our labo-the ROP of lactide in the absence of thiourea cocatalyst is
ratories are tertiary amines such as 4-(dimethylamino)pyridine cOmPpleted within seconds for a degree of polymerization (DP)
(DMAP), phosphines, ani-heterocyclic carbenes (NHCSFor of 100: mterestmgly, .blfunctlonal activation is still present. In
these potent organocatalysts we have proposed monomef recent co_mmur_uca_tlon, we have shown tha_1t TBD is uniquely
activated mechanisms. Recently, we have developed an alterna¢@Pable of inserting into the ester of the cyclic ester monomer,
tive pathway for the ROP of cyclic esters through bifunctional @nd subsequent hydrogen bonding of the adjacent nitrogen to
organocatalysis, using thiouregertiary amine$.The carbonyl an incoming alcohol completes a transesterification cycle to form

the polyester (Scheme 2). Furthermore, this powerful organo-
catalyst is also able to readily polymeridevalerolactone and
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Scheme 1. Ring-Opening Polymerization of Lactide through
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Scheme 2. Ring-Opening Polymerization of Caprolactone
through Dual Activation by TBD
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Other structurally similar guanidine and amidine bases such as
N-methylated TBD (MTBD) and 1,8-diaza[5.4.0]bicycloundec-
7-ene (DBU) were also found to be active in the ROP of lactide.
Bifunctional activation of monomer and initiator may again be
accomplished by the use of a thiourea cocatalyst leading to
polymerization of cyclic ester monomers with lower ring strain.
In this paper we will present the results of our studies of using
amidine and guanidine bases for the ring-opening polymerization
of several cyclic esters.

Experimental Section

L-Lactide andbL-lactide (Purac) were recrystallized three times
from toluene and dried in a vacuum prior to use. Dry toluene and
methylene chloride were obtained from drying columns using a
setup from Innovative Systems. 1,8-Diazabicyclo[5.4.0Jundec-7-
ene (DBU) (98%), 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene
(MTBD) (98%), o-valerolactone (VL) (technicalk-caprolactone
(CL) (>99%), andp-butyrolactone (BL) ¢98%) were received
from Aldrich and distilled twice from Call 1,5,7-Triazabicyclo-
[4.4.0]dec-5-ene (TBD) (98%) was used as received (Aldrich).
Benzeneds and methylenel, chloride (99.6%, anhydrous) were
stored over molecular sieves (3 A). Chlorofodmwas freshly
distilled from CaH and stored over molecular sieves (3 A) for no
longer than 2 weeks. 4-Pyrenebutanol (99%, Aldrich) and the
thiourea-cocatalyst® were dissolved in THF, stirred overnight over
CaH,, filtered, and recovered by evaporation of the solvent before
use in polymerizations. Monohydroxy-functional macroinitiators
PEQO 20— OH, P$;—OH, and PDMAy—OH were dried by azeo-
tropic distillation of toluene (3). PEO-OH was received from
Fluka; PS-OH and PDMA-OH were synthesized by nitroxide-
mediated polymerization according to literature proceduBterage
of compounds and reaction assembly were performed in an inert
atmosphere gloveboXd NMR spectra were obtained on a Bruker
Avance 400 instrument at 400 MHz; conversion was measured by
the ratio of the integrations of the NMR signals of tieenethylene
or methine protons of the monomer vs those of the polymers. Gel
permeation chromatography was performed in THF using a Waters
chromatograph equipped with fourdn Waters columns (300 mm
x 7.7 mm) connected in series with increasing pore size (10, 100,
1000, 16, 108 A), a Waters 410 differential refractometer, and a
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/

0
, e OJKro y
o

(1%) and TBD (0.1%) in ChkCl, (1 mL). Stirring was continued

for 15 s, benzoic acid was added to quench the reaction, and the
solvent was evaporated to yield a glassy sdliti NMR (CDCly):
8.21-7.72 (m, 9H, aromatic), 5.265.06, (m, CH PLA backbone)
4.33 (t, 2H, CE0)OCH,), 4.24-4.14 (m, 2H, G1—OH), 3.21 (t,

2H, pyrene-CH), 1.61-1.41 (m, CH PLA backbone, ChCH, PB).

GPC (RI): M, (PDI) = 24 200 g mot? (1.19).

Polymerization of L-LA Using MTBD. L-LA (100 mg, 0.7
mmol) and 4-pyrenebutanol (1.9 mg,umol) were dissolved in
CDCl; (1 mL). The solution was then transferred to a vial containing
MTBD (1 uL, 1 mg, 7umol) to initiate the polymerization. The
polymerization was quenched afteh byaddition of benzoic acid
(5 mg). The polymer was analyzed after evaporation of the solvent
or after precipitation into methanol and filtration. GPC (RM,
(PDI) = 17 900 g mot* (1.05).

Polymerization of L-LA Using DBU. L-LA (100 mg, 0.7 mmol)
and 4-pyrenebutanol (1.9 mgumol) were dissolved in CDGK1
mL). The solution was then transferred to a vial containing DBU
(1 uL, 1 mg, 7umol) to initiate the polymerization. The polym-
erization was quenched afté h by addition of benzoic acid (5
mg). The polymer was analyzed after evaporation of the solvent
or after precipitation into methanol and filtration. GPC (RM,
(PDI) = 21 000 g mot! (1.05).

Polymerization of 4-VL Using TBD. VL (100 mg, 1.0 mmol)
was added to a solution of TBD (0.7 mguol) and 4-pyrenebu-
tanol (5.5 mg, 2umol) in benzeneds (0.5 mL). The solution was
stirred for 15 min and then quenched by addition of benzoic acid
(5 mg), and the solvent evaporated to yield a glassy stidNMR
(CDCly): 0 8.25-7.77 (m, 9H, aromatic), 4.50 (bs, 1H, OH), 4.20
(t, 2H, PB-C(=0)OCH,), 4.10 (m, 90H, CG£O)OCH, PVL
backbone), 3.45 (t, 2H, Gi@H), 3.22 (t, 2H, PB-CH,), 2.36 (m,
90H, CHC(=0)0O PVL backbone), 1.70 (m, 184H, GEH, PVL
backbone, ChCH, PB); GPC (RI): M, (PDI) = 7000 g mot*
(1.05).

Polymerization of §-VL Using MTBD and TU. VL (100 mg,

1.0 mmol) was added to a solution of MTBD (7.9 mg, /aol),
thiourea (18.5 mg, 5@mol), and 4-pyrenebutanol (2.7 mg, 10

Py

umol) in benzeneds (0.5 mL). The solution was stirred for 4 h

and then quenched by addition of benzoic acid (5 mg), and the

solvent evaporated. GPC (RIM, (PDI) = 12 100 g mot? (1.06).
Polymerization of 4-VL Using DBU and TU. VL (100 mg,

1.0 mmol) was added to a solution of DBU (7.9 mg, &ol),

thiourea (18.5 mg, 5@mol), and 4-pyrenebutanol (5.5 mg, 20

umol) in benzeneds (0.5 mL). The solution was stirred for 3 h

and then quenched by addition of benzoic acid (5 mg), and the
solvent evaporated. GPC (RIM, (PDI) = 4100 g mot! (1.06).
Polymerization of e-CL Using TBD. ¢-CL (113 mg, 1.0 mmol)
was added to a solution of TBD (0.7 mguBol) and pyrenebutanol
(5.5 mg, 2Qumol) in benzeneds (0.5 mL). The solution was stirred
for 5 h and quenched by addition of benzoic acid, and the solvent
evaporated yielding a glassy solid.NMR (CDCl): ¢ 8.25-7.77
(m, 9H, aromatic), 4.50 (bs, 1H, OH), 4.18 (t, 2H, PB(=0)-
OCH,), 4.06 (m, 90H, GEO)OCH, PCL backbone), 3.42 (t, 2H,

996 photodiode array detector, calibrated with polystyrene standardsCH,OH), 3.22 (t, 2H, PB-CH), 2.31 (m, 80H, CHC(=0)O PCL

(750-2 x 10° g mol?).
Polymerization of L-LA Using TBD. L-LA (100 mg, 0.7 mmol)
was dissolved in CKCl, and added to a solution of 4-pyrenebutanol

backbone), 1.64 (m, 160H,HGCH,CH, PCL backbone), 1.38 (m,
84H, CHCH,CH, PCL backbone, CKCH, PB). GPC (RI): M,

= 1
(PDI) = 8200 g mot™ (1.10). cDV
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Figure 1. Ring-opening polymerization of valerolactone (left) and caprolactone (right) using TBD and pyrenebutanol as initiator. For VL the
targeted degrees of polymerization were 25 (squares), 50 (circles), and 100 (triangles); for CL they were 50 (squares), 100 (circles), and 200
(triangles). The open symbols represent the polydispersities.

Table 1. Results of ROP of Cyclic Esters LA, VL, CL, and BL Using
DBU, MTBD, TBD, and Combinations with TU

Block Copolymer Synthesis Using Macroinitiators.DL-LA
(250 mg, 1.7 mmol) was added to a solution of TBD (0.3 mg, 2
umol) and PE@,o—OH (100 mg, 2Qumol) in CH,Cl, (4 mL). The

catalyst time conv

My
(g mol-Y)c PDI°

catalyst monomer (%) [M]d/[l]o solvent (h) (%)P solution was stirred for 15 s and quenched by addition of benzoic
TBD L-LA 01 100 CHCl, 20s 99 24200 1.19 acid (5 mg). The solvent was evaporated yielding a glassy solid.
L-LA 0.1 500 CHCl, 1min 95 62600 1.11 1H NMR (CDCly): 5.20-5.06 (m,~170H, CHCHzpLa), 4.33—
g-xt 8-2 ég nge 8-35 Zg gggg igg 4.16 (m, 2H, G,0C=0)), 3.92-3.48 (M,~450H, OCH; peg 3.37
Fivh 02 100 %Dg 0e 91 14500 109 (s, 3H, OGHz), 1.61-1.41 (m,~510H, CHMH3pLa). GPC (RI):
8-VL 03 200 GDs 05 77 16500 1.12 M, (PDI) = 19 000 g mot* (1.05).
eCL 05 50 GDs 5 76 8200 1.10 DL-LA (250 mg, 1.7 mmol) was added to a solution of TBD
SEL on 200 & 8 5 398 11e (0.3 mg, 2umol) and P$—OH (240 mg, 4qumol) in CH.Cl (3
B-BL 10 100 GDe 72 0 mL). The solution was stirred for 25 s and quenched by addition
MTBD L-LA 1 100 CDCl 05 92 17900 1.05 of benzoic acid (5 mg). The solvent was evaporated yielding a
g\L/E g-5 ?88 gGDDzCIz 9-25 98 55300 1.10 glassy solid*H NMR (CDCly): 7.37—6.57 (m,~285H; Hyromatio
svLd 5 100 Gb. 4 92 12100 106  CsHs PS), 5.23-5.06 (m,~190H; (Hpia, HC—ON, PhOCH),
«CL 5 100 GDs 72 0 4.40-4.22 (b, 2H; G1—0OH, ON—-CH), 3.16-0.51 (m,~750H;
e-CLd 5 100 GDs 120 78 7700 1.05 CH; ps CHps CH3zpa, CH3 ini, CHCHCHs, C(CH3)3), CH3CHCHg,
g-gtd g igg ége ;g 8 CHsCHCH3). GPC (RI): M, (PDI) = 22 900 g mot?! (1.07).
DBU  LLA 1 100 CDCL 1 99 21000 1.05 DL-LA (250 mg, 1.7 mmol) was added to a solution of TBD
Iél\'/ﬁ 51; igg gﬁ%cg 32 98 85000 1.08 EO.S rr;g, ﬁﬂmoll) and PDMAO—g)fH (523(5) mg,dZQumol)hindCl:)I-bC(ljgd
- 6 4 mL). The solution was stirred for 25 s and quenched by addition
g;&tj g 138 égg i gg gégg i:gg of benzoic acid (5 mg). The solvent was evaporated yielding a
sVLE 5 200 GDs 6 95 16200 1.05 glassy solid*H NMR (CDCly): 7.27—7.08 (m, 9H; Hromarig, 5.21—
e-CLY 5 100 GDs 120 78 8100 1.04 5.08 (m,~200H; CHp A, HC—ON, PhOCH), 4.38-4.18 (b, 2H;
p-BLY 5 100 GDs 72 0 CH—OH, ON—CH), 3.22-0.48 (m, ~1050H; N(CHa)2 poman,

aPercentage relative to monomeémeasured byH NMR. ¢ Measured
by GPC in THF.95 mol % TU added relative to monomer.

CHZ PDMAA; CHPDMAA1 ON_CH, CHS PLA, CH3 initiating fragment
CHsCHCHs, C(CH3)3), CHsCHCHs, CH;CHCH3). GPC (RI): M,

(PDI) = 27 700 g mot* (1.06).
VL (2.0 g, 20 mmol) was added to a solution of TBD (13.9 mg,
100umol) and PE@,;—OH (2.0 g, 40Qumol) in toluene (25 mL).
The solution was stirred for 15 min and quenched by addition of
benzoic acid (35 mg). The solvent was evaporated yielding a glassy
solid.'H NMR (CDClz): 4.50 (b, 1H, OH), 4.20 (m, 2H, OGI8H-
OC(=0)), 4.10 (m, 60H, E,0CE=O) py1), 3.84-3.48 (m, 440
H, OCH; peq, 3.37 (s, 3H, OCH), 2.25 (m, 60H, OCGEO)CH,
pv), 1.62 (m, 120H, €I,CH; py1). GPC (RI): My (PDI) = 11 000
g molt (1.04).
VL (100 mg, 1 mmol) was added to a solution of TBD (0.7 mg,
5 umol) and Pg—OH (120 mg, 2Q:mol) in toluene (1 mL). The
solution was stirred for 15 min and quenched by addition of benzoic
acid (5 mg). The solvent was evaporated yielding a glassy solid.
IH NMR (CDCly): 7.41-6.63 (m,~285H; Hyomatic CsHs PS), 4.72
thiourea (18.5 mg, 50mol), and pyrenebutanol (5.5 mg, 2énol) (b, 2H, PhCH), 4.50 (b, 1H,HC—ON), 4.10 (m, 40H, &,0C-
in benzeneads (0.5 mL). The solution was stirred for 120 h and (=O)pw1), 3.22-0.44 (m, ~300H; CH,ps CHps OCEO)-
quenched by addition of benzoic acid, and the solvent evaporatedCH,CH,CH, pvi, CHsini, CHsCHCHs, C(CH3)s), CHsCHCHs,
yielding a glassy solid. GPC (RIM, (PDI) = 7700 g mot* (1.05). CHsCHCHs). GPC (RI): M, (PDI) = 12 200 g mot? (1.12).
Polymerization of e-CL Using DBU and TU. e-CL (113 mg, VL (100 mg, 1 mmol) was added to a solution of TBD (0.7 mg,
1.0 mmol) was added to a solution of DBU (7.9 mg, Aol), 5 umol) and PDMAy,—OH (100 mg, 25 mol) in toluene (1 mL).
thiourea (18.5 mg, 5amol), and pyrenebutanol (5.5 mg, 2énol) The solution was stirred for 15 min and quenched by addition of
in benzeneds (0.5 mL). The solution was stirred for 120 h and benzoic acid (5 mg). The solvent was evaporated yielding a glassy
guenched by addition of benzoic acid, and the solvent evaporatedsolid. IH NMR (CDCl): 7.24-7.06 (m, 9H; Homaid, 4.81 (b,
yielding a glassy solid. GPC (R, (PDI) = 8100 g mot? (1.04). 2H, PhCH), 4.62 (b, 1H,HC—ON), 4.10 (m, 50H, E,0C(=

Scheme 3. Ring-Opening Polymerization of Valerolactone
through Dual Activation by DBU and Thiourea
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Polymerization of e-CL Using MTBD and TU. ¢-CL (113 mg,
1.0 mmol) was added to a solution of MTBD (7.9 mg, &fol),
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(2.1 mg, 8umol) in CH,Cl, (2.5 mL). The reaction mixture was
stirred for 12 min, after which a sample was withdrawn and
quenched with benzoic acid (2.5 mg) for analysis of conversion,
molecular weight, and polydispersity. GPC (RNt, (PDI) = 4000
g mol (1.05). A solution ofbL-lactide (200 mg, 1.4 mmol) in
CH.CI; (2.5 mL) was added to the polymerization mixture. The
reaction mixture was quenched by the addition of benzoic acid (5
mg) after 15 slH NMR (CDCI): ¢ = 8.25-7.77 (m, 9H, aromatic),
5.20-5.06, (m, 200H, ElpLa backbond, 4.20 (t, 2H, PB-C(=0)-
OCH,), 4.10 (m, 40H, CGEO)OCH; pyi backbond: 3-45 (t, 2H, CH-
OH), 3.22 (t, 2H, PB-CH,), 2.36 (m, 40H, CHC(=0)0pvL backbon:
1.70-1.40 (m, 684H7 C'ZCHZ PVL backboneCHZCHZ PB; CHZ PLA backbone
CH,CH, PB). GPC (RI): M, (PDI) = 23 300 g mot (1.21).

CL (113 mg, 1 mmol) was added to a solution of 4-pyrenebutanol
(5.5 mg, 2Qumol) and TBD (1.4 mg, kmol) in toluene (1.3 mL).

Figure 2. Ring-opening polymerization of valerolactone using DBU  The reaction mixture was stirred for 7 h, after which a sample was
and thiourea as catalyst and pyrenebutanol as initiator. The targetedyjthdrawn and quenched with benzoic acid (2.5 mg) for analysis

degrees of polymerization were 50 (squares), 100 (circles), and 200
(triangles). The open symbols represent the polydispersities.

0)...), 3.22-0.50 (m,~650H; N(CH3)2 pomaa, CH2 pomas, CHe-
DMAA, ON_CH, CH3 initiating fragmentOC(=O)C|-|2CH2CH2 p\/LCchHCHg,
C(CH3)3), CH3CHCHs, CH3CHCH3). GPC (RI): M, (PDI) =
11100 g mol? (1.17).

CL (2.3 g, 20 mmol) was added to a solution of TBD (13.9 mg,
100umol) and PE@,;—OH (2.0 g, 40Qumol) in toluene (25 mL).
The solution was stirred f@ h and quenched by addition of benzoic
acid (35 mg). The solvent was evaporated yielding a glassy solid.
IH NMR (CDCl): 4.53 (b, 1H, OH), 4.16 (m, 2H, OGIEH,0C-
(=0)), 4.07 (m, 60H, OCKCH,OC(E=O0)pc), 3.71-3.48 (m, 440H,
CH20pe0), 3.37 (s, 3H, OEl3), 2.30 (M, 60H, OCEO)CH; pcy),
1.64 (m, 120H, €1,CH,CH; pcy), 1.41 (m, 60H, CHCH,CH; pcy).
GPC (RI): M, (PDI) = 11 100 g mot? (1.03).

CL (113 mg, 1 mmol) was added to a solution of TBD (0.7 mg,
5 umol) and PS-OH (120 mg, 2Qumol) in toluene (1 mL). The
solution was stirred fio3 h and quenched by addition of benzoic
acid (5 mg). The solvent was evaporated yielding a glassy solid.
IH NMR (CDCly): 7.38-6.55 (m,~285H; Hyromatic CeHs pg), 4.81
(b, 2H, PhCy), 4.53 (b, 1HHC—-ON), 4.17 (m, 2H, OCKCH,-
OCE=O)pcy), 4.07 (m, 160H, OCKLCH,OC(=O)pcy), 3.33-0.53
(m, ~825H; (H, ps CHps, OC(=O)CH2CHQCH2CH2 pct, CH3 ini,
CH3CHCHs, ON—CH, C(CH3)3, CH3CHCH;, CH3;CHCH3). GPC
(RI): M, (PDI) = 23 400 g mot? (1.11).

Synthesis of Block CopolyestersvL (115 mg, 1.2 mmol) was
added to a solution of 4-pyrenebutanol (5.2 mguf®l) and TBD

Im jk
n,o [:j”\\pq”“i:] h,i
X N/)\N fig
a Ifl o)
0L N de
b
c f
a
—_—

of conversion, molecular weight, and polydispersitih NMR
(CeDg): 0 =8.26-7.77 (m, 9H, Hromatid, 4.20 (t, 2H, pyCEO)-
OCH,), 4.04 (m, 130H, GEO)OCH: packbony, 3.68 (t, 2H, CH-
OH), 3.21 (t, 2H, py@i,), 2.16 (m, 130H, CKLC(=0)), 1.63-1.24

(m, 390H, CH packbony- GPC (RI): M, (PDI) = 7900 g mot?
(1.10). The solution was divided into two equivolumetric parts. A
solution of d-lactide (75 mg, 0.5 mmol) in C}l, (2.7 mL) was
added to one part of the polymerization mixture. This reaction
mixture was subsequently quenched by the addition of benzoic acid
(5 mg) after 30 s!H NMR (CDCl): ¢ = 8.26-7.77 (m, 9H,
Haromatit)x 520—5-061 (m: ZOOH: qE|PLA backbongn 4.20 (t: ZH: pyc'
(=0)OCHy), 4.12 (m, 130H, GEO)OCH packbonds 3-68 (t, 2H, G-
OH), 3.21 (t, 2H, py€i,), 2.16 (m, 130H, CHC(=0)), 1.63-1.24

(m, ~1000H, CH, CHs packbony- GPC (RI): M,, (PDI) =26 700 g
mol~1(1.17). To the other part a solution of VL (60 mg, 0.6 mmol)
in toluene (2.5 mL) was added. This reaction mixture was stirred
for another 16 h and then quenched by the addition of benzoic
acid (5 mg)."H NMR (CgDg): 6 = 8.26-7.77 (M, 9H, Hromatid,
4.20 (t, 2H, pyC£0)OCH,), 4.04 (m, 330H, CGEO)OCH; hackbonds
3.55 (t, 2H, G1,0H), 3.21 (t, 2H, py@®i,), 2.16 (m, 330H, CHC-
(=0)), 1.63-1.24 (m,~1000H, CH packbon}- GPC (RI): M;, (PDI)

= 20600 g moat? (1.09).

IH NMR Titration Experiments of TU and VL. Stock
solutions of thiourea and of VL were prepared igDe. Ratios of
VL:TU of 0.25 to 40 were targeted at concentrations ranging from
~0.01 to~0.002 M by mixing the appropriate aliquots of both
stock solutions and §Ds. In total, 13 different solutions were

p.q
gd

J;w Lalt

|

T T T T T T R T T R T
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

ppm

Figure 3. Assigned:H NMR spectrum of the adduct of TBD and BL at 0.05 M ipCk.

Ccbv
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prepared, transferred to NMR tubes, and sealed. NMR spectra of
these samples were recorded (64 scans) at five different tempera-
tures on a Bruker Avance 300 instrument at 300 MHz with VT
setup. As a reference experiment, a concentration series of thiourea
in CgDg was prepared: the chemical shift of the NH protons was
found to be independent of concentration.

IH NMR Dilution Experiments of MTBD and Benzyl Alcohol.
A stock solution of benzyl alcohol in D¢ was added to a stock
solution of MTBD in GDg to obtain a 1:1 molar ratio of the two
components at a0.2 M concentration. This stock solution was
diluted with aliquots of GDg, giving in total 15 different solutions
spanning a concentration range-0.2 to~0.001 M. They were

transferred to NMR tubes and sealed. NMR spectra of these samples
were recorded (64 scans) at four different temperatures on a Bruker

Avance 300 instrument at 300 MHz with VT setup. As a reference
experiment, a concentration series of benzyl alcohol jDsQvas

prepared: the chemical shift of the OH proton was found to shift
slightly, 0.27 ppm over the concentration range. However, imple-

Macromolecules, Vol. 39, No. 25, 2006
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menting these data into the determination of the associant constant H

does not affect its value significantly.

Results and Discussion

ROP of LA. TBD is an effective organocatalyst for the ring-
opening polymerization of-lactide® At a loading of 0.1%,
L-lactide is quantitatively converted into polymer in less than 1
min. A typical setup requires 0.5 mg of TBD (3wBnol) to
polymerize 500 mg of LA (3.6 mmol), initiated from 9.5 mg
of 4-pyrenebutanol (3@mol) in 5 mL of methylene chloride
while targeting a degree of polymerization of 100. After 1 min
P(L-LA) with a molecular weight of 23 600 g/mol and a
polydispersity of 1.06 is obtained by GPC using polystyrene

bone, the catalyst was neutralized by benzoic acid, but even if

TBD was not quenched after 7.5 min, the polydispersity had

N
standards. To prevent adverse transesterification of the back- (N:
o
only increased from 1.06 to 1.23, contrasting other highly active (5

organocatalysts such as N-heterocyclic carbéh&xcellent

agreement between the targeted and experimentally found
molecular weight was observed, and linear relationships between

conversion and molecular weight indicated well-controlled
polymerizations. Furthermore, minimal epimerization of the
monomer is observed byH NMR during polymerization of
L-lactide. Interestingly, polymerization o&c-lactide shows a
slight isotactic enhancement wittPavalue of 0.58, comparable
to that obtained by other organic catalysts at room temperture.
Application of MTBD or DBU (catalyst loading of 1 mol % vs

A

LA B B e o B L B e e L L B e s RS e o
B0 75 70 65 60 55 50|45 40 35 3 25 20 L5 10 05 00

’le

_J M L L
&0 75 70 65 60 55 50 45 40 35 30 025 20 15 10 05 00
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Figure 4. 'H NMR spectrum of benzyl alcohol, MTBD and their 1:1
complex at 0.1 M in €Ds at RT.

monomer) for a targeted DP of 100 in the presence of an nor MTBD polymerized any of these monomers with loadings

alcoholic initiator can be achieved 60 min. While slower

and requiring higher catalysts loadings than TBD, both MTBD
and DBU provided exquisite control over the polymerization
of lactide, producing polymers with DP’s approaching 500
predictably with narrow molecular weight distributions (PDI

up to 20 mol % vs monomer. We surmised that the addition of
5 mol % of a thiourea cocatalyst (TU) together with either DBU
or MTBD would enable VL and CL polymerizations (Scheme
3). Table 1 shows that the polymerization of VL and CL by
either DBU or MTBD in the presence of TU cocatalyst

= 1.1), even at high monomer conversions (Table 1). The onsetproceeded to high conversions with predictable molecular

of polymer transesterification is mitigated in comparison to
TBD, providing sufficient time to monitor and quench the
polymerization with benzoic acid upon full monomer conver-
sion. No significant differences in selectivity of stereochemistry
in the polymerization ofrac-LA were found between TBD,
DBU, and MTBD ; value of 0.58-0.60).

Polymerization of o-Valero- and e-Caprolactone The
polymerization ob-valerolactone (VL) and-caprolactone (CL)
has been studied with the organic catalysts DBU, MTBD, and
TBD. Low loadings of TBD (0.5% with respect to monomer)
polymerized VL and CL to near quantitative conversions,
yielding polymers with predictable molecular weights up to DP’s
of 200, end group fidelity, and low polydispersities 1.16)
(Figure 1). In the presence of an alcoholic initiator neither DBU

weights up to DPs of 200, end group fidelity, and low
polydispersity. Figure 2 shows the linear relationships of
molecular weight with conversion of VL for different targeted
DP’s. The similar polymerization rates of VL in the case of
DBU/TU and MTBD/TU vs TBD can be explained by the
different catalyst loadings. In comparison to TBD, these catalyst
mixtures polymerize with exceptional control as judged from
the narrow polydispersities (minimal adverse transesterification
during polymerization). However, even with relatively high
loadings of DBU/TU or MTBD/TU, polymerization of CL is
retarded compared to catalysis by TBD, requiring 5 days for a
DP of 100 to reach 80% conversion. In this case, transesteri-
fication is more noticeable than in lactide polymerization.
Broadening of the molecular weight distribution is obser\éﬁgv
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Figure 5. ™H NMR spectrum of the thiourea catalyst at 8.11 mM igDe (top left), with 38 equiv of valerolactone at 2.32 mM TU concentration D&
at the end point of the titration (bottom left) and with 38 equiv of ethyl acetate for comparison of the shifts of the NH protons at 2.32 mM TU concentratio
(bottom right). The top right figure shows the chemical shift of one of the NH protons as a function of the ratio of VL vs TU, and this figure was used for
subsequent curve-fitting to derive the association constant.

upon standing of the reaction mixture in the presence of the through competingr-hydrogen abstraction and a subsequent
organocatalysts. Nevertheless, since this is a relatively slow elimination, leading to uncontrolled polymerizatio¥s?olym-
process in comparison with the actual polymerization, this can erization of BL with either DBU or MTBD with TU did not
easily be prevented by quenching the polymerization. Interest- give any polymer at room temperature, and at elevated tem-
ingly, these catalysts (TBD as well as DBU/TU and MTBD/ peratures the formation of undesirable crotonates were again
TU) also work in bulk monomer at 58C: CL requirel 1 h for observed. Nevertheless, the observation of an adduct of BL and
a DP of 100 to reach 85% conversion, whereas polymerization TBD suggests that acyl intermediates may be involved in the
of VL was completed within 5 min. Although slightly broader ROP of CL, LA, and VL using TBD.
polydispersity indices were observed (PBLL.15 for both PCL Mechanistic Aspects TBD can be acylated by reaction with
and PVL), the polymerization is still well-behaved. vinyl acetate and removal of the low-boiling acetaldehyde
Polymerization of -Butyrolactone. Although we have tried byproduct. Subsequent addition of excess benzyl alcohol
several combinations of the catalysts described previously, wecompleted the cycle by the formation of benzyl acetate and
have been unable to polymerize BL in a controlled fashion. A regenerating the TBD catalysNeither MTBD nor DBU reacted
titration of BL to thiourea revealed a weakened bindiKgs{ with vinyl acetate to give acylated products, although both bases
< 10), indicating that hydrogen bond activation of the carbonyl have been reported to be efficient transesterification agents when
of BL may not be as strong. Moreover, when using TBD, closer there is alcohol present, presumably by direct transfer of the
inspection by'H NMR in CsDs revealed that an adduct is formed acyl group between alcoholdln contrast to TBD, if acylation
between TBD and BL. A 1:1 mixture of both reactants showed takes place, DBU and MTBD would be expected to form
the formation of the acyl intermediate (Figure 3), and all peaks zwitterionic intermediates: the existence of this zwitterion has
could be assigned. Using HMBC 2D-NMR techniques, it could so far not been provett. Fully protonated MTBD, through
unambiguously be shown that the acyl group of the ring-opened reaction with e.g. benzoic acid, shows a singlet at 11.5 ppm at
BL is connected to TBD through one of its nitrogen atoms. 0.05 M. Figure 4 shows th&H NMR spectrum of a 0.05 M
Interestingly, the alcoholic proton of the intermediate is solution of benzyl alcohol and MTBD ingDs, mixed in a 1:1
significantly shifted downfield to 8.3 ppm (at 0.05 M), which ratio. A clear shift of the alcohol proton from 2.0 to 4.9 ppm
suggests strong hydrogen bonding of this proton to the adjacentcan be observed and is attributed to the hydrogen bonding of
nitrogen atom in TBD. We propose that formation of an eight- the alcohol proton to the tertiary amine of MTBD. In fact, minor
membered ring effectively competes for hydrogen bond forma- shifts can also be observed for tkemethylene protons of
tion of an incoming alcohol of an initiator, thereby precluding benzyl alcohol (from 4.42 to 4.77 ppm), for the adjacent
polymerization. Heating the reaction mixture to®Dto disrupt aromatic protons in the 2- and 6-positions (from 7.20 to 7.52
this hydrogen bonding gave low molecular weight oligomers ppm), and for the methylene protons of MTBD, indicating a
as detected by GPC, with crotonate formed as byproductshydrogen-bonded complex. DBU and TBD also show upfi&BV
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Figure 6. Temperature dependency of the association constant of VL and TU by plottidgana function of I¥ (top left). Chemical shift of the OH

proton in benzyl alcohol as a function of the concentration in the presence of an equimolar amount of MTBD at three different temperatures (top right).
First-order linear fits of the kinetic data for the polymerization of VL in the presence of TU and MTBD with benzyl alcohol as initiator (bottorhéeft). T
obtained slope gives a propagation rate constant that in an Arrhenius plokeSIA/T finally leads to a value for the activation energy (bottom right).

shifts of the alcohol proton, to 6.8 and 6.7 ppm, respectively, room temperature (21C), found to be 3%+ 5 and 42+ 5
although it must be noted that TBD is well-known to self- M1, respectively, by literature procedurés? the values are
associate. Comparable shifts are observed for the three bases good agreement with data previously obtained for lactones
in CD,Cly, a typical polymerization solvent for LA (lactide is  and ureas® Titration of a linear ester, such as ethyl acetate,
insoluble in GDg at RT). Although hydrogen bonding takes into a solution of TU in GDs, keeping all other conditions such
place in this solvent, extended reaction time<t(h at room as concentration, solvent, and temperature constant, results in
temperature) lead to solvent decomposition (also observed innegligible shifts of the NH protons of the TU being observed,
CDCly).15 In the presence of an alcoholic initiator, only TBD indicating a markedly lower binding affinity (Figure 5). This
produced the ring-opened products for all of these monomersobservation clearly demonstrates that electrophilic activation of
LA, VL, CL, and BL. DBU and MTBD showed ring-opened the linear ester toward nucleophilic attack is minimized and may
products for lactide, but only starting materials in the case of be rationalized by the cisoid conformation of the cyclic ester
BL, VL, and CL. TBD therefore appears to be the most versatile vs the transoid conformation in the linear ester. More impor-
catalyst for the ROP of cyclic esters. It is also noticeable that tantly, these NMR results provide a rationale for the very slow
DBU and MTBD, having nearly identicalky values of 24.3 rate of transesterification of the linear polyester compared to
and 25.5 in acetonitrile, respectivélypolymerize lactide with the ring opening of the cylic ester. Only after polymerization,
comparable rates. We surmise that alcohol activation is sufficientwhen monomer is depleted, does transesterification of the
to effect the polymerization of LA by a quasi-anionic polym- polymer backbone become significant, albeit at a slower rate
erization mechanism for LA. Although MTBD and DBU are than the ring opening. NMR titrations performed at different
efficient bases for alcohol activation, this alone is insufficient temperatures (from 10 to 4%C) enabled the determination of
activation to effect small molecule transesterification or ROP AH° and AS’ for the binding of VL to TU AH® = —21+ 3

of VL and CL: simultaneous activation of the monomer by kJ moll, AS> = —41 + 8 J mol! (Figure 6)). The negative
TU is required to effect these transformations. To gain further enthalpic term is in correspondence with literature values for
understanding of the polymerization of lactones by supramo- hydrogen bonding® and the negative entropy term shows that
lecular activation using organic catalysts, we have studied the at higher temperatures the bimolecular association will be less
hydrogen-bonding capabilities of TU with VL and CL using favored, as expected. Similarly, we have conducted a dilution
1H NMR: typically, a titration of a solution of VL to a solution  experiment of a 1:1 mixture of benzyl alcohol and MTBD (from
of TU in Cg¢Ds shifted the two NH signals of TU from 5.19to 14 to 40°C) (Figure 6)}” The Kassvalue of 14+ 2 M1 at 25
6.71 ppm and 6.48 to 8.42 ppm, respectively, by saturation of °C is within the same order of magnitude as for the TU/VL
the TU binding site with VL (Figure 5). This process enables pair. This may have implications for further optimizing catalyst
calculation of association constants of VL and CL with TU at loadings. TheAH® and AS’ for binding were again calculategDV
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by temperature-dependent NMR studies and found te-bé

+ 1 kJ mol* and—30 4 1 J mol ™. In further investigations,
the polymerization of VL with a targeted degree of polymeri-
zation of 50 with MTBD and TU as catalysts and benzyl alcohol

as initiator was carried out at different temperatures (20, 30, (
40, and 50°C). Samples were withdrawn at regular time

intervals, and conversion was determined by NMR through

integration of the CHOC(=0) signal in the polymer and VL
monomer. The polymerization rate constant at these tempera-

tures was then obtained from fitting the first-order kinetic data

according to the following formula: CL

|n([VL] O) = KK,K,[MTBD] J[TU] [ROH].t U
(VL] v ’ ° ’ “‘*’/@J — e=———

wherek is the polymerization rate constait; the equilibrium

constant for VL and TUK; the equilibrium constant for MTBD ppm

and benzyl alcohol, and [TY] [MTBD],, and [ROH} the

concentrations d@t= 0 min. It is assumed that the equilibrium CL

constantK, for MTBD and benzyl alcohol is the same as for

MTBD with the propagating alcohol and that the alcohol //
VL

concentration remains constant throughout the polymerization. polymer
The plots can be well-fitted by first-order kinetics at conversions

below 70%, where viscosity and undesired side reactions are

unlikely to have an effect (Figure 6). Moreover, the GPC

analyses at the different temperatures give comparable molecular

weights and polydispersities at the same conversions, showing J

that adverse side reactions such as transesterification are no

taking place. An Arrhenius plot of lix as a function of 17 TT430 420 410 400 390 380 370 360 350  3.40

yields a straight line and allows the derivation of the activation ppm

energy for the polymerization, determined as#4%3 kJ mol?

(Figure 6). Since the association constants for VL and CL with

TU are more or less the same but the polymerization rate is

much slower for CL while all other parameters in the kinetic

expression are kept the same, the activation energy for ROP of pOlymer

CL is expected to be much higher using MTBD and TU as CL

cocatalysts. A lower propagation rate constant is commonly

observed for CL as compared to V.
Copolymerizations.Copolyesters of lactide and lactones are

of interest in biomedical applications for fine-tuning of thg

and hydrolysis raté.Typically, these copolyesters have been

prepared by random copolymerizations of these monomers in

the presence of organometallic promoters at temperatures

between 100 and 150C.2° We studied the copolymerization . J W\ ..

of CL, VL, and LA using TBD or MTBD/TU and DBU/TU. 430 420 410 400 390 380 370 360 350 340

Remarkably, the catalyst systems show high selectivity in ppm

copolymerizations of the cyclic esters. At room temperature, Figure 7. H NMR spectra in GDs of the polymerization of CL and

the fastest propagating monome&(L(A) > k(VL) > k(CL)) is VL using MTBD and TU.

ring-opened first to>95% conversion, before competition

between transesterification of the so-formed polymer backbone erization attempts of LA with either CL or VL using TBD as

and ring opening of the second monomer begins. Figure 7 showsthe catalyst, the lactone was not found to be incorporated into

theH NMR of a copolymerization attempt of VL and CL using the polymer backbone, and only transesterification of the PLA

MTBD and the thiourea cocatalyst (BP ([VL] + [CL])/[I] = backbone after full consumption of LA took pladd,{= 8700

300). Initially, VL was polymerized to PVL, while little CL g/mol, PDI= 1.09 toM,, = 10 600 g/mol, PDE 1.33). Block

was converted £5% conversion); after 3 h, 98% of VL had copolyesters could be prepared in a controlled manner by first

been converted, and the resulting polymer had a molecular polymerizing the slower propagating monomer to high conver-

weight of 17 800 g/mol with PDI of 1.05. Thereafter, CL was sion and subsequently adding in the second monomer (Table

slowly consumed (65% conversion after 5 days), and GPC 2). The versatility of TBD, MTBD/TU, and DBU/TU as

analysis revealed a modest increase in molecular weight with catalysts for the preparation of block copolymers is further

concurrent broadening of the PINIf = 22 500 g/mol, PDE demonstrated by using monohydroxyl-functionalized macroini-

1.39). The high selectivity of the catalyst for one monomer over tiators such as poly(ethylene oxide), polystyrene, and NoN(

the other strongly contrasts the fairly nonselective nature of dimethylacrylamidey. Clean chain extensions were observed

metal catalysts that follow a true coordinatieinsertion mech- for rac-LA, VL, and CL, with excellent polydispersities (Table

anisnd® and can likely be attributed to a much lower activation 3). Preparation of block copolymers containing a LA block of

energy of VL using these catalysts. Interestingly, in copolym- DP = 100 using 0.1% TBD required only 30 s. CDV




8582 Lohmeijer et al.

Table 2. One-Pot Synthesis of Block Copolyesters by Sequential
Monomer Addition

conpd
(%)

mono- conv
mer 1 DR2 time (%) M, (PDI)

mo

no-
mer 2 DR, time Mn (PDI)

VL 100 12 50 4000 (1.05) DL-LA 100 15s 99 23300 (1.21)
min

CL 100 7h 70 7900 (1.10) DL-LA 100 30s 99 26700 (1.17)

CL 100 7h 70 7900 (1.10) VL 100 16 h 95 20600 (1.09)

a|nitiator was 4-pyrenebutandl.Determined by'H NMR. ¢ Determined
by GPC in THF equipped with an RI detectéiConversion of monomer
2: integration of NMR signal of the-CH, from left-over monomer 1 does
not change during the course of polymerization of monomer 2.

Table 3. Block Copolymers from Macroinitiators Using TBD

conv
macroinitiator  monomer DP  time (%) M, (PDI)°
PEQ20—OH DL-LA 100 15s 85 19 000 (1.05)
VL 50 15 min 55 11 000 (1.04)
CL 50 3h 50 11100 (1.03)
PSs—OH® DL-LA 50 15s 95 22900 (1.07)
VL 25 15min 90 12200 (1.12)
CL 150 3h 60 23400 (1.11)
PDMA4—OH®  DL-LA 100 25s 99 27700 (1.06)
VL 25 15min 99 11100 (1.17)

aDetermined byH NMR. P Determined by GPC in THF equipped with
an RI detector® Synthesized by nitroxide-mediated polymerization.

Conclusions

We have shown the efficacy of TBD, MTBD, and DBU for
the ring-opening polymerization of cyclic esters with excellent
control over molecular weight and polydispersity. TBD is
uniquely capable of a bifunctional activation of both monomer
and the alcohol, whereas DBU and MTBD only activate the
alcohol. This is sufficient activation to efficiently polymerize
of LA; however, polymerization of VL and CL requires the
addition of the organic Lewis acid thiourea. NMR experiments

demonstrated the hydrogen-bonding interactions between the

tertiary amines and the alcohol, between TU and VL or CL,
and the relatively weak interactions between TU and linear

esters, providing a rationale for the excellent control these

catalysts display for ROP. Further investigation of the polym-

erization mechanism by temperature-dependent NMR expetri-

ments allowed derivation of the activation energy for ROP of
VL using MTBD/TU as the catalyst. BL is not polymerized by
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