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ABSTRACT: We demonstrate that phosphazene bases, sucheash2rylimino-2-diethylamino-1,3-dimeth-
ylperhydro-1,3,2-diazaphosphorine (BEMP) aéfietert-butyl-N,N,N',N',N"",N"-hexamethylphosphorimidic triamide
(P:-t-Bu), are active organocatalysts for the living ring-opening polymerization (ROP) of cyclic esters. Polyesters
prepared through this organocatalytic route possess predictable molecular weights, narrow polydispersities, and
high end-group fidelity. Mechanistic studies suggest that the intermolecular hydrogen bonding of the alcohol
initiator to phosphazene bases activates the alcohol for ROP of cyclic esters.

Introduction Scheme 1. Phosphazene Bases Used in This Study: (1) BEMP
. ) . . ) and (2) Pi-t-Bu
Because of their outstanding materials properties and facile
- L - ; AHs e HsC_ _CH

degradation, aliphatic polyesters have been investigated for a N s SYSNTTR CHs
wide range of applications such as textiles, packaging, and =N CH | =N

i g pp 4 ] ] ' p g g!_ - \N CH 3 HiC_ /P\/ CHa
biodegradable materials# Catalytic ring-opening polymeri- | w 3 III rTl\C,_hCH3
zation (ROP) of cyclic esters by transition metal complexes is CHs oH CHs CHs
one of the most effective and versatile strate§iédthough HaC ¢
organometallic catalysts provide facile and direct access to 1 2

aliphatic polyesters with exquisite control, this synthetic route =~ . . )
may have limited applications in microelectronics and resorbable "~ PKeH" 26.9), was also investigated for the ROR déctide
biomedical areas due to the heavy metal residue trapped within(L-LA) and o-valerolactone (VL).

the polymer chains. Therefore, our group has focused on metal-
free, organocatalytic synthetic approaches to well-defined
macromolecules. Successful organocatalysts for living ROP of ~ The catalytic activity of BEMP for the ROP of L-LA was
cyclic esters include 4-(dimethylamino)pyridine (DMA®P),  studied in dry toluene at room temperature using 1-pyrenebu-

Results and Discussion

phosphineg,N-heterocyclic carbenés}? bifunctional thiourea tanol (PB) as the initiator. The monomer-to-initiator molar ratio
aminest415 and guanidines and amidin&sl’ such as 1,5,7-  Wwas fixed at 100 (targeted degree of polymerization (BP)
triazabicyclo[4.4.0]dec-5-ene (TBDY-methyl-TBD (MTBD), 100), while the amount of BEMP added to the solution was
and 1,8-diazabicyclo[5.4.0]-undec-7-ene (DBU). varied. A a 1 mol % catalyst to monomer ratio;lactide was

Analogous to guanidine and amidine bases, phosphazeneconverFEd to poly(-lactide) (PLLA) with 78%_conversion after
bases developed by Schwesinger are another category of poten£3 N With @ number-average molecular weighi) of 13 100
nonionic bases of a general structureNRP=N—R.18-20 The g/mol and a polydispersity index (PB{ My/M,) of 1.08 (Tablf_e
phosphazene base t@t-butylimino-2-diethylamino-1,3-dim- 1, entry 2). A plot of M, (measured by gel permeation

ethylperhydro-1,3,2-diazaphosphorine (BEMP, Schem, chromatography, GPC) vs monomer conversion (measgred by
NpKen 27.6) is more basic than DBW{CNpKgy+ 24.3) and IH NMR spectroscopy) for the ROP of L-LA shows a linear

MTBD (MeCNpKg,i+ 25.4F0 by approximately 23 pKa units. correlation (Figure 1A®), which is characteristic of a living
BEMP has been used as a powerful nucleophilic reagent for aPolymerization. The polydispersity decreases slightly as the
variety of reactions, including the Michael additi®22 alky- conversion approaches 70% and then increases. The increase
lation23.24 ketene generatiof,26 and transesterification reac- Of molecular weight distribution at high conversion is likely
tions2” Herein, we describe the use of BEMP as an organic due to the transesterification of the produced PLLA catalyzed
catalyst for the living ROP of cyclic esters. Polyesters were PY BEMP. BEMP can be quenched by the addition of benzoic
obtained using mild polymerization conditions and exhibit high 2&cid in order to minimize adverse transesterification reactions.
end-group fidelity, narrow polydispersities, and a linear relation- GPC traces (Figure 2, inset) using both refractive index (RI)
ship between conversion and molecular weight. Another struc- @nd UV detectors (at 254 nm) show the complete incorporation
turally similar phosphazene badé;tert-butyl-N,NN',N' N, N"- of UV-active 1-pyrenebutanol initiator into the polymer chain,

hexamethylphosphorimidic triamide RBu, Scheme 1, demonstrating the high end-group fidelity. This conclusion is
further confirmed from the two-dimensional heteronuclear
_ _ _ multibond correlation (HMBC) NMR spectrum, for which a
16;(530;:(53%%%”297%‘;2%_: e-mail cwade@almaden.ibm.com, Tel 408-927- ¢ross-peak between theH of 1-pyrenebutanol and the carbony!
t1BM Almaden Research Center. carbon at 170.1 ppm verifies the connectivity between the

* Stanford University. initiator and the polymer chain (Figure 2).
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Table 1. ROP of Cyclic Esters (L-LA, VL, and CL) Using BEMP or P;-t-Bu Catalyst at Room Temperature
catalyst monomer initiator solvent M1 o catalyst (%) time (h) cor(%) DP MnP (g mol?) PDIP

1 BEMP LLA PB Tol 100 0.5 36 48 47 10700 1.06
2 BEMP LLA PB Tol 100 1 23 76 68 13100 1.08
3 BEMP LLA PB Tol 100 2 33 95 92 18000 1.14
4 BEMP rac-LA BAol Tol 100 1 66 97 101 15000 1.05
5 BEMP VL BAol none 100 0.5 97 61 56 8400 1.08
6 BEMP VL PB none 100 1 73 69 68 9200 1.12
7 BEMP VL BAol none 100 2 45 93 101 8500 1.23
8 BEMP CL PB none 100 1 240 14 15 3600 1.08
9 Pi-t-Bu LLA PB Tol 100 1 70 82 71 16000 1.06
10 P-t-Bu VL PB none 100 1 70 56 68 8200 111

aDetermined by*H NMR. P Determined by GPC in THF using a Rl detectbAt 80 °C.
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utanol using BEMP catalyst (Table 1, entry 2). Inset: GPC traces from
Conversion (%) Rl and UV (254 nm) detectors showing incorporation of UV-active

Figure 1. M, (filled circles @) and filled squaresi)) and PDI (open  L-Pyrenebutanol initiator into PLLA.
circles ©) and open squareglf) vs % monomer conversion forROP

of L-LA (circles) and VL (squares) using A) 1 mol % (to monomer)
and B) 0.5 mol % (to monomer) BEMP as catalyst.

The 13C NMR spectra of the PLLA methine resonances
(Figure 3) indicate a highly isotactic structure, suggesting that
epimerization of either L-LA monomer or the PLLA polymer
is minimal. Polymerization ofrac-lactide fac-LA) yields
isotactic-enriched poly(lactide) (Figure 3) with the probability
of isotactic propagatior®) equal to 0.70 (determined from the Poly(L-lactide)
homonuclear decoupletH NMR spectrum, Figure S#f 32
This latter result is consistent with the isotactic enchainment of
the monomer by a chain-end control mechanism as seen for
other ROP organocatalysts. Figure 3. 3C NMR spectrum (75 MHz, CDGJ methine carbon range)

BEMP can also promote the ROP dfvalerolactone (VL). of the PLLA (Table 1, entry 2) and polsgc-LA) (Table 1, entry 4).

At a monomer-to-initiator-to-catalyst ratio of 100:1:1, neat VL The effect of the catalyst on ROP of cyclic esters was studied
was converted to polyvalerolactone (PVL) with 70% conversion by changing the concentration of BEMP in the starting mixture
in 73 h. The produced PVL exhibitedM, of 9200 g/mol and at a fixed monomer-to-initiator ratio (100:1) (Table 1). Lower

a PDI of 1.12 (Table 1, entry 6). Higher conversions were polydispersities are observed at lower concentrations of
possible even though the reaction mixture solidified, but the BEMP: at 0.5 mol % of BEMP catalyst to monomer, the PDI
PDI increased slightly. The molecular weight of polymer is again is less than 1.07 for L-LA (until 48% conversion) and 1.10 for
linearly related to the conversion of the monomer (Figure 1A, VL (until 61% conversion) throughout the reaction with a linear
H). The ROP ofe-caprolactone (CL) is very slow even at correlation between the molecular weight and conversion (Figure
elevated temperatures. Polycaprolactone (PCL) with a molecularlB). Higher concentrations of BEMP catalyst provide faster
weight of 3600 at 14% conversion of monomer was obtained reactions and higher conversions. For example, conversions as
by polymerization at 80C for 10 days (of a neat reaction high as 95% and 93% were achieved in 33 and 45 h when using
mixture with the molecular ratio of CL to PB to BEMP at 100: 2 mol % of catalyst for L-LA and VL, respectively. However,
1:1). under these conditions, the polydispersities are higher, implicat-

isi
Poly(rac-lactide)

71.0 70.5 70.0 69.5 69.0 68.5 68.0
“C chemical shift (ppm)
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Scheme 2. Synthesis of a Variety of Polydc-LA) Block Copolymers Using the BEMP Catalyst
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O

Table 2. Characterization of Polyfac-LA)-Based Block Copolymers Prepared Using Hydroxyl Functional Macroinitiator and BEMP Catalyst at
Room Temperature

macroinitiator monomer DP time (h) con(®o) M (g mol™2) PDIP T (°C)
1 PEQ2¢OH rac-LA 35 5 >99 14 300 1.07 38C Pfac-LA)
50°C PEO(T)
2 PSo00-OH rac-LA 70 5 >99 20 000 1.07 38C Pfac-LA)
80°C PS
3 PMMA20-OH rac-LA 140 16 >99 38 600 1.17 3% Ptac-LA)
79°C PMMA

aDetermined by*H NMR. b Determined by GPC in THF using a RI detectbbDetermined using DSC.

ing a higher degree of transesterification of the polyesters with a b N/CHa CHs
higher BEMP concentrations at high conversions. Ho [\ =\ CH
The efficiency and versatility of the BEMP catalyst was C -OH g N/P\N CHa °
further demonstrated by a series of chain extension block ©/ b . c|:H )we b
copolymerizations. Hydroxy! functional macroinitiators includ- Hzc CHs d

ing hydroxyl-terminated poly(ethylene oxide) monomethyl ether
(PEO-OH), poly(styrene) (PS-OR324and poly(methyl meth-
acrylate) (PMMA-OH¥°>38were used for the ROP o#c-lactide
(Scheme 2). All polymerizations were performed in dichlo-

: i }LJ m 3: BAol + BEMP
romethane at room temperature using a catalyst concentratio
of 1 mol % to monomer. GPC analysis confirmed clean chain-

e . e
extended block copolymers free from unreacted macroinitiator M 2 - BEMP
contamination and indicated excellent control of molecular

weights and correspondingly low polydispersities (Table 2). a
Structurally similar phosphazene baseifBu, can also J

promote the ROP of L-LA and VL (Table 1, entries 9 and 10)

with the reaction rate a little slower than that with BEMP.

Preliminary mechanistic studies support an activated alcohol ) ]

mechanism for these ROP reactiGA#s illustrated in Figure Chemical Shift (ppm)

4, the chemical shift of-OH in benzyl alcohol shifts from 1.13  Figure 4. 'H NMR spectra (75 MHz, §DsCDs) of (1) BAol, (2)

to 2.50 ppm upon the addition of BEMP in toluedg-The BEMP, and (3) BAol with BEMP.

downfield shift of —OH is indicative of an intermolecular

hydrogen bond between BEMP and the alcohol initiator. The amidine DBU or the methylated guanidine MTBD but shows

1H NMR spectra of mixtures of BEMP and L-LA or VL provide comparable catalytic activity to these strong nonionic bases. In

no evidence for an interaction in solution. These data suggestcontrast, the guanidine TBD'¢“NpKgy+ 26.0)8 has a basicity

that BEMP activates the alcohol for the nucleophilic attack on intermediate to that of BEMP and DBU/MTBD but is much

the carbonyl group of cyclic esters without the activation of more active for the ROP of cyclic esters. We have previously

cyclic esters (Scheme 3). suggested that the higher rate of ROP for TBD (relative to
The polymerization activity of BEMP relative to the guanidines MTBD, DBU,6 and in the present case BEMP) is due to the

and amidine¥'7is illuminating. BEMP is more basic than the accessibility of a bifunctional mechanishthat is inaccessible

|
/l: 1:BAol

A

3 2 1
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Scheme 3. Postulated Mechanism for the RO

Phosphazene Base#t157

P of Cyclic Esters Using BEMP as Catalyst
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to monofunctional DBU, MTBD, and BEMP, which catalyze
ROP solely by interactions with the alcohol chain end.

Conclusion

Commercially available phosphazene bases are found to b
a new category of efficient organocatalysts for ROP of cyclic
esters. Polyesters with narrow distributed molecular weight and
high end-group fidelity can be prepared through the organo-
catalytic living polymerization route. Further studies on the
polymerization dynamics and intermediate are under investiga-
tion.

Experimental Section

Materials. L-Lactide (L-LA, 99%, Purac) ancac-lactide fac-
LA, 99%, Purac) were recrystallized three times from toluene and
dried in vacuum prior to used-Valerolactone (VL, technical,
Aldrich) and e-caprolactone (CL>99%, Aldrich) were distilled
twice over calcium hydride (Caid Mallinckrodt Chemical).
1-Pyrenebutanol (PB, 99%, Aldrich) was dissolved in THF over
Cah,, filtered after an overnight stir, and collected by evaporation
of the solvent. Zert-Butylimino-2-diethylamino-1,3-dimethylper-
hydro-1,3,2-diazaphosphorine (BEMP, 98%, Aldridk)}tert-butyl-
N,NN',N',N",N""-hexamethylphosphorimidic triamide(RBu, 98%,
Fluka), benzyl alcohol (BAol, 99.9%, J.T. Baker), and toluelge-
(CsDsCDs3, D 99.6%, Aldrich) were stirred over Cakbvernight
and filtered prior to use. Toluene and dichloromethane solvent were
dried using an Innovative Technology PureSolv System (model
SPS-400-5) equipped with alumina drying columns. Chlorofdrm-
(CDCl;, D 99.8%, Cambridge Isotope Laboratories, Inc.), methanol
(100.0%, J.T. Baker), and benzoic acid (99.5%, Aldrich) were used
as receiveda-Methoxy-w-hydroxypoly(ethylene oxide) (PEQ
OH, Fluka,M, = 5000 g mot?, PDI= 1.03), hydroxyl functional
poly(styrene) (Ps-OH, M, = 10000 g mot?, PDI = 1.07,
polymerized using nitroxide-mediated polymerization technig@é&s)
and hydroxyl functional poly(methyl methacrylate) (PMiy&OH,
M, = 20 000 g mot?, PDI = 1.09, polymerized using reversible
addition—fragmentation chain-transfer techniqusywere dried
by azeotropic distillation with toluene prior of use.

Instruments. One-dimensionaH (300 MHz) and'3C (75 MHz)

chloroformd for NMR analysis to determine the conversion. The
balance of the aliquot was poured into methanol to precipitate
PLLA, which was then isolated by filtration. The obtained polymer
was characterized by GPC (for molecular weight and polydispersity)
and NMR (for degree of polymerizatior}d NMR (CDCly): 8.28—

€7.83 (m, 9H, aromatic), 5.275.07 (m, G4 PLLA backbone), 4.36

(m, 1H, GH—0H), 4.21 (t, 2H, pyrene-C#CH,CH,CH,OC=0)),
3.38 (t, 2H, pyrene CH,—), 1.70-1.40 (m, GH3 PLLA backbone,
pyrene-CH,CH,CH,). GPC (RI): M,, = 13 100 g mot?, PDI =
1.08.

Polymerization of rac-LA Using BEMP as Catalyst(Table 1,
entry 4). In a gloveboxrac-LA (530 mg, 3.7 mmol) and benzyl
alcohol (4.0 mg, 0.37 mmol) were mixed in toluene (7 g) (some
rac-LA was not dissolved). BEMP (10.1 mg, 0.37 mmol) was added
to initiate the polymerization. After continuously stirring at room
temperature for 66 h, benzoic acid was added to quench the reaction.
IH NMR (CDCl): 7.40-7.29 (m, 5H, aromatic), 5.285.07 (m,

CH poly(rac-LA) backbone), 4.36 (m, 1H, I8—OH), 1.74-1.30
(m, CH3 poly(rac-LA) backbone). GPC (RI)M,, = 15 000 g mot?,
PDI = 1.05.

Polymerization of VL Using BEMP as Catalyst(Table 1, entry
6). In a glovebox, 1-pyrenebutanol (54.8 mg, 0.2 mmol) was
dissolved in VL (2 g, 20 mmol). BEMP (54.8 mg, 0.2 mmol) was
added to initiate the polymerization. After continuously stirring at
room temperature for the desired time, an aliquot of the reacted
solution was removed and quenched with benzoic dtidNMR
(CDCl): 8.30-7.84 (m, 9H, aromatic), 4.21 (t, 2H, pyreR€H,-
CH,CH,CH,OC(=0)), 4.16-3.99 (m, CE0)OCH, PVL back-
bone), 3.65 (t, 2H, 6,0H), 3.39 (t, 2H, pyreneCH,—), 2.45-
2.24 (m, H,C(=0)O PVL backbone), 2.061.54 (m, G4,CH,
PVL backbone, pyreneCH,CH,CH,). GPC (RI): M, = 9200 g
mol~1, PDI = 1.12.

Polymerization of CL Using BEMP as Catalyst(Table 1, entry
8). In a glovebox, l-pyrenebutanol (55 mg, 0.2 mmol) were
dissolved ine-caprolactone (2.4 g, 20 mmol). BEMP (55 mg, 0.2
mmol) was added to initiate the polymerization. After continuously
stirring for at 80°C for 10 days, benzoic acid was added to quench
the reaction'H NMR (CDCl): 8.29-7.83 (m, 9H, aromatic), 4.15
(t, 2H, pyrene-CH,CH,CH,CH,OC(=0)), 4.11-3.99 (m, CEO)-
OCH, PCL backbone), 3.64 (t, 2H,KzOH), 3.39 (t, 2H, pyrene
CH,—), 2.38-2.23 (m, GH,C(=0)O PCL backbone), 2.061.53

nuclear magnetic resonance (NMR) spectra were recorded on a(M. CH2CH,CH, PCL backbone, pyreneCH,CH,CHy), 1.46-1.29

Bruker Avance 300 instrument using a deuterated solvent (¢DCI
or CsDsCD3) as an internal standard. Gel permeation chromatog-
raphy (GPC) was carried out with a Waters chromatograph
calibrated with polystyrene standards (750x 10° g moi™?) using
THF as solvent. A Waters 410 differential refractometer and a 996
photodiode array detector were installed for detection. Fqum5
Waters columns (300 mm 7.7 mm) with pore sizes of 10, 100,
1000, 16, and 16 A were connected in series in the chromatograph.
Differential scanning calorimetry (DSC) was performed using a
TA differential scanning calorimeter 1000.

Polymerization of L-LA Using BEMP as Catalyst (Table 1,
entry 2). In a glovebox, L-LA (430 mg, 3.0 mmol) and 1-pyrenebu-
tanol (8.2 mg, 0.03 mmol) were dissolved in toluene (7 g). BEMP
(8.2 mg, 0.03 mmol) was added to initiate the polymerization. After
continuously stirring at room temperature for the desired time, an

(m, CH,CH,CH, PCL backbone). GPC (RI)M, = 3600 g mot?,
PDI = 1.08.

Synthesis of Poly(ethylene oxidelock-poly(rac-lactide) (Table
2, entry 1). In a gloveboxg-methoxye-hydroxypoly(ethylene
oxide) (0.2 g, 4Qumol, M,, = 5000 g mot?, PDI = 1.03), BEMP
(3.8 mg, 14umol), andrac-LA (0.2 g, 1.4 mmol) were dissolved
in 3 mL of dry dichloromethane and stirred at room temperature
for 5 h. Benzoic acid was added to quench the polymerization, and
the viscous solution was precipitated in cold methafdlNMR
(CDCly): ¢ =5.30-5.15 (m, H, Gipa), 4.40-4,35 (q, H, Gi—
OH), 3.63 (s, 4H, OBl,CH; pegd), 1.65-1.50 (3H, CGH3 pLa). GPC
(RI): M, = 14300 g mot?, PDI = 1.07.

Synthesis of Poly(styreneblock-poly(rac-lactide) (Table 2,
entry 2). In a glovebox, hydroxyl functional poly(styrene) (0.2 g,
20 umol, M,, = 10 000 g mot?, PDI = 1.07), BEMP (3.8 mg, 14

aliquot of the reacted solution was removed and quenched with umol), andrac-LA (0.2 g, 1.4 mmol) were dissolved in 3 mL of

benzoic acid. Thereafter, part of the aliquot was diluted with

dry dichloromethane and stirred at room temperature for 5 h.
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Benzoic acid was added to quench the polymerization, and the (11) Coulembier, O.; Lohmeijer, B. G. G.; Dove, A. P.; Pratt, R. C,;

viscous solution was precipitated in methartel. NMR (CDCly):
0 =7.20-6.20 (m, 5H, AHp9, 5.30-5.15 (M, H, Gp4), 4.40—
4,35 (q, H, 0‘|_OH), 2.20-1.20 (m, H: QHps, CH; ps CH3 PLA)-
GPC (RI): M, = 20 000 g mot?, PDI = 1.07.

Synthesis of Poly(methyl methacrylatelock-poly(rac-lactide)
(Table 2, entry 3). In a glovebox, hydroxyl functional poly(methyl
methacrylate) (0.3 g, 1omol, M, = 20 000 g mot?, PDI= 1.09),
BEMP (5.8 mg, 21umol), andrac-LA (0.3 g, 2.1 mmol) were
dissolved in 4 mL of dry dichloromethane and stirred at room

Mespouille, L.; Culkin, D. A.; Benight, S. J.; Dubois, P.; Waymouth,
R. M.; Hedrick, J. L.Macromolecule2006 39, 5617-5628.

(12) Coulembier, O.; Mespouille, L.; Hedrick, J. L.; Waymouth, R. M.;
Dubois, P.Macromolecule2006 39, 4001-4008.

(13) Csihony, S.; Culkin, D. A.; Sentman, A. C.; Dove, A. P.; Waymouth,
R. M.; Hedrick, J. L.J. Am. Chem. So@005 127, 9079-9084.

(14) Dove, A. P.; Pratt, R. C.; Lohmeijer, B. G. G.; Waymouth, R. M.;
Hedrick, J. L.J. Am. Chem. So@005 127, 13798-13799.

(15) Pratt, R. C.; Lohmeijer, B. G. G.; Long, D. A.; Lundberg, P. N. P.;
Dove, A. P.; Li, H.; Wade, C. G.; Waymouth, R. M.; Hedrick, J. L.
Macromolecule2006 39, 7863-7871.

temperature for 16 h. Benzoic acid was added to quench the 1¢) | ohmeijer, B. G. G.; Pratt, R. C.; Leibfarth, F.; Logan, J. W.; Long,

polymerization, and the viscous solution was precipitated in
methanol!H NMR (CDCL): 6 = 5.30-5.15 (m, H, GHp_»), 3.60

(s, 3H, Hzpuma), 2.10-0.70 (m, H: @Hsz pyma, CH2 pummia,
CHs pra). GPC (RI): M, = 38 600 g mot?, PDI = 1.17.
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