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The ring-opening polymerization (ROP) of seven membered aliphatic cyclic esters with
aluminum salen (MeAl[salen]) and salan (MeAl[salan]) catalyst is reported. While the
controlled polymerization of lactide and b-butyrolactone is known for these systems, the
living polymerization of e-caprolactone (e-CL) was poorly controlled. We now report
excellent levels of control upon optimization of reaction concentration, time and temper-
ature. High molecular weight polycaprolactone (PCL), up to 175 kDa, was also prepared
with exceptional dispersity control. Immortal polymerization was also studied, with up
to 100 equivalents of chain transfer alcohol and 10,000 monomer equivalents tolerated
without any sacrifice to polymer control. 6-Methyl-e-caprolactone (6-Me-e-CL) and 2,6-
dimethyl-e-caprolactone (2,6-Me-e-CL) were subjected to ROP conditions and low rates
of polymerization were observed. Polymerization of 4-(4-benzyloxybutyl)-e-caprolactone
(4-BOB-e-CL) was achieved with excellent control over dispersity and molecular weight,
allowing introduction of functional groups into the polymer backbone. A block copolymer
with 4-BOB-e-CL and e-CL was also prepared to produce a family of polymers with
predictable composition.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Fuelled by both their industrial importance and a fundamental interest in their chemistry and properties, significant
advances in biodegradable polymers have been made in recent years [1]. In particular, catalyst development has been espe-
cially popular and powerful, with Lewis acidic catalysts reported for many metal centers [2]. Despite the ever-increasing
number of catalysts, very few have shown to be effective for a wide range of monomers; often a system will have been
screened for only one or two monomers. It is concomitantly more difficult to take a complex from the literature and quickly
generate the desired complex macromolecule, limiting the impact of designer catalysts.

The aluminum salen and salan systems are certainly versatile [3]: aluminum salen complexes were first reported in ROP
to produce poly(3-hydroxybutyrate) (P3HB) from b-butyrolactone (b-BL) using a catalyst based on the simplest salen ligand
(N,N0-bis(salicylidene)-1,2-ethanediimine) [4]. Polymerization of b-BL produced only oligomeric P3HB, consistent with low
monomer conversion. Extending this system to rac-lactide gave high conversions and produced isotactic enriched poly(lactic
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acid) (PLA) [5]. Modification of the salen ligand by Gibson has allowed for tunability of rates, dispersity (Ð) and isoselectivity
(Pm) in ROP of rac-lactide, with tert-butyl phenoxy substitution offering the highest Pm (0.88) [6]. Our group demonstrated
that modifying the ligand to incorporate even bulkier ortho-adamantyl groups could yield even higher isoselectivities
(Pm = 0.94) [7]. Furthermore, using MeAl[salen] and MeAl[salan] (Fig. 1) for b-BL polymerization could give high conversion
and low dispersities under optimized reaction conditions. Building from this work, the polymerization of b-lactones with
much longer alkyl-substituents (Et, b-VL; nBu, b-HL; C10H21, b-TDL) was possible using the same MeAl[salen] and MeAl
[salan] catalysts [8].

Surprisingly, e-caprolactone (e-CL) has received little attention in ROP with aluminum salen and aluminum salan com-
plexes. Cao and coworkers were of the first to polymerize e-CL with an aluminum salen complex, as well as its dimer [9].
While these catalysts did facilitate the polymerization at 100 �C with high conversion, dispersities were relatively broad
(Ð = 1.21–1.65). Yingming and coworkers reported two piperazine-bridged aluminum salan complexes for e-CL [10]. Poly-
merizations showed a slight improvement in control (Ð = 1.17–1.89), although lower dispersities corresponded to very
low conversions. Jones and coworkers have also studied aluminum salan complexes for e-CL ROP [11]. Five
homopiperazine-bridged aluminum salan complexes were tested with broad molecular weight distributions seen in most
cases. Low dispersity was obtained for one catalyst, though only low conversion was achieved. Feijen has studied the poly-
merization of e-CL as well as two methyl-substituted derivatives (Fig. 2, 4-methyl-e-caprolactone, 4-Me-e-CL and 6-methyl-
e-caprolactone, 6-Me-e-CL) using a chiral aluminum complex based on Jacobsen’s ligand [12]. Polymerization of e-CL was
found to have moderate dispersity control (1.21) with molecular weight nearly double the theoretical value. This report
suggested a surprisingly rapid polymerization, reaching 96% conversion after just 2.5 h at 90 �C. Switching the monomer
to 4-Me-e-CL resulted in an increased reaction time and less control. When the methyl group is closer to the active site of
ring-opening in 6-Me-e-CL, reaction times are increased even longer: well-controlled polymerization of 6-Me-e-CL required
336 h to reach high conversion (96%).

With this in mind, we herein investigate MeAl[salen] and MeAl[salan] in the ROP of a range of aliphatic polyesters and
show that, under optimized reaction conditions, they are exceptional catalysts for the ROP of a variety of e-CLs and d-VL
to produce well-controlled polymers.
2. Experimental procedures

Representative living polymerization: In a glovebox, e-CL (234 mg, 2.04 mmol), MeAl[salen] (11.2 mg, 0.02 mmol) and
BnOH (2.1 lL, 0.02 mmol) were added to an ampoule in 1.5 mL toluene. The ampoule was sealed, and placed in a preheated
oil bath at 70 �C for six hours. After six hours, 0.5 mL of a 10% MeOH in CH2Cl2 solution was added to the ampoule and the
solution was allowed to stir and cool to room temperature. A crude sample was removed and concentrated for 1H NMR spec-
troscopic analysis. The remaining solution was added dropwise to stirring cold MeOH. The precipitate was collected by fil-
tration and dried under reduced pressure to constant weight. 1H NMR analysis indicated >98% conversion and GPC analysis
indicated Mn = 8990 (Mn,th = 11,520) and Ð = 1.39. Polymerizations of substituted caprolactones were set up similarly with
appropriate temperatures, concentrations and reaction times.

NMR data for the known polymer products matched previous literature reports [12,13].
Poly(4-(4-benzyloxybutyl)caprolactone): 1H NMR (500 MHz, CDCl3): d 7.32 (m, 4H, o-,m-ArH), 7.26 (m, 1H, p-ArH), 4.48

(s, 2H, OCH2Ph), 4.02 (m, 2H, CH2CH2CH2O), 3.44 (bt, 2H, CH2CH2CH2O), 2.22 (bd, 2H, C(O)CH2CH), 1.87 (m, 1H, C(O)CH2CH),
1.59 (m, 4H), 1.33 (m, 6H). 13C NMR (126 MHz, CDCl3): d 173.27, 138.81, 128.50, 127.50, 127.64, 73.04, 70.39, 64.62, 39.04,
34.79, 33.70, 30.22, 30.11, 25.98, 23.33.

Representative immortal polymerization: In a nitrogen filled glovebox, e-CL (114 mg, 1.0 mmol), MeAl[salen] (0.2 mg,
4 � 10�4 mmol) and BnOH (1.0 lL, 1.0 mmol) were added to toluene (600 mg). The solution was added to an ampoule
and removed from the glovebox. 1H NMR spectroscopy of crude aliquots was used to monitor the reaction. Once the poly-
merization had reached 95% monomer conversion, 0.5 mL of a 10% MeOH in CH2Cl2 was added to quench polymerization.
The solution was then added dropwise to cold methanol and the precipitate was filtered and dried until constant weight.

NMR scale polymerization for reaction kinetics: In a glovebox, e-CL (109 mg, 0.94 mmol), MeAl[salen] (5.4 mg, 0.01 mmol)
and BnOH (1.0 lL, 0.01 mmol) were dissolved in 0.6 mL C6D6 and added to a Young’s tap NMR tube and sealed and placed in a
preheated oil bath (at desired temperature, if desired). The NMR tube was then analyzed at various time points to determine
conversion. Once the reaction was complete, the solution was added to stirring cold MeOH and the precipitate was removed
by filtration and dried under reduced pressure to constant weight. GPC analysis was then performed on the purified polymer.
Fig. 1. Structure of MeAl[salen] and MeAl[salan] precatalysts.



Fig. 2. Monomers used in ROP with aluminum salen and salan catalysts.
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Synthesis of P(4-BOB-e-CL-b-e-CL): In a nitrogen filled glovebox, rac-4-BOB-e-CL (139 mg, 0.54 mmol), MeAl[salen]
(27.4 mg, 0.05 mmol) and BnOH (5.4 lL, 0.05 mmol) were dissolved in toluene (500 mg) and added to an ampoule. The
ampoule was added to a preheated oil bath at 70 �C for two hours. After two hours, the reaction was cooled to room tem-
perature and a sample was taken for 1H NMR spectroscopic analysis. e-CL (512 mg, 4.86 mmol) in toluene (2000 mg) was
added to the reaction and stirring was continued for 15 min. After 15 min, 0.5 mL of a 10% MeOH in CH2Cl2 was added to
quench polymerization. The solution was then added dropwise to cold methanol and the precipitate was filtered and dried
until constant weight. 1H NMR spectroscopy was used to determine ratio of the two polymers by relative integration of ben-
zylic methylene protons of P(4-BOB-e-CL) to total ether methylene resonances.
3. Results and discussion

Initial experiments compared the polymerization of e-CL using either MeAl[salen] and MeAl[salan] to a catalyst known to
polymerize e-CL effectively: tin octanoate (Sn(oct)2, Scheme 1). A temperature range that covers the range of polymeriza-
tions conducted with previous aluminum salen and aluminum salan complexes was chosen to allow further comparison
to these systems (70–150 �C, Table S1). Polymerizations carried out at high temperatures (120 or 150 �C) reached quantita-
tive conversion quickly but the polymerizations lacked control, with Ð = 1.55 and 2.58 for MeAl[salen] and MeAl[salan]
respectively and an Mn disparate from predicted values. In all cases at these temperatures aluminum catalysts were far less
controlled than Sn(oct)2.

Polymerizations were then performed at lower temperatures (Table 1) in toluene and both MeAl[salen] and MeAl[salan]
polymerized e-CL to quantitative conversion after six hours. The dispersity, while not controlled, had decreased significantly
for MeAl[salan] (Ð = 1.31–1.34) and observed molecular weights were in good agreement with theoretical. Polymerizations
with Sn(oct)2 were still much more controlled with dispersities less than 1.1, although conversions were much lower. Catal-
ysis of e-CL ROP was comparatively poor when compared to the Al[salen] or Al[salan] mediated ROP of other monomers [3].

We hypothesized that transesterification may be occurring once monomer consumption is complete and before the reac-
tions are quenched. Reaction kinetics, monitored by 1H NMR spectroscopy, showed that e-CL had fully converted to PCL after
only five minutes at 70 �C with both MeAl[salen] and MeAl[salan], remarkably fast for aluminum catalysts. Dispersity and
molecular weight were unchanged from longer reaction times so we moved to lower reaction temperatures to improve
control.

Room temperature polymerizations were remarkably successful and allowed for the measurement of polymerization
rates (Fig. 3). Quantitative polymerization was achieved after 15 and 60 min for MeAl[salen] and MeAl[salan], respectively.
MeAl[salen] (kapp = 0.36 min�1) was approximately 4.5 times faster than MeAl[salan] (kapp = 0.08 min�1), unprecedented
rates for Al catalyzed e-CL polymerization, especially considering they are being performed nearly 50 �C lower than the
lowest previously reported polymerization temperature for salen/salan complexes. When polymerizations were quenched
after 5 and 10 min, 83% (Ð = 1.02) and 97% (Ð = 1.01) conversion was achieved, respectively, with exceptional control. These
represent the lowest dispersities reported for PCL for both catalyst families.
Scheme 1. Polymerization of e-CL.



Table 1
Polymerization of e-CL at 70 and 85 �C.a.

Catalyst Temp. (�C) Conv. (%)b Mn,th
c Mn

d Ðd

Sn(oct)2 85 89 10,300 8200 1.07
70 56 6500 4800 1.04

1 85 >98 11,500 9000 1.32
70 >98 11,500 9000 1.34

2 85 >98 11,500 9100 1.34
70 >98 11,500 10,100 1.31

a e-Caprolactone polymerization with [e-CL]0:[Al]0:[BnOH]0 = 100:1:1 or [e-CL]0:[Sn]0:[BnOH]0 = 100:0.5:1 in toluene for 6 h.
b Conversion determined by 1H NMR spectroscopy.
c Mn,th = ([e-CL]0/[BnOH]0) �MW(e-CL) � (% conv.) + MW(BnOH).
d Mn and Ð determined by GPC using dn/dc = 0.072.

Fig. 3. Pseudo first-order kinetic plots and Mn vs conversion plots for e-CL polymerization using MeAl[salen] (left) and MeAl[salan] (right). Reaction
parameters: [e-CL]0 = 3.2 M in C6D6 at 22 �C, [e-CL]0:[Al]0:[BnOH]0 = 100:1:1.
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With this exceptional control, higher molecular weight PCL was also targeted. As MeAl[salen] was more active than MeAl
[salan], it was chosen as the catalyst for subsequent experiments. Polymerization of 200 equivalents of e-CL was performed
at 1.6 M to give a highly viscous reaction mixture at high conversion; reactions were operationally easier at optimized con-
centrations (Tables 2 and S2), where [e-CL]0 also had an appreciable effect on maximummonomer conversion. While both [e-
CL]0 = 3.2 and 1.6 M gave high conversion, slightly lower conversion is observed after a longer reaction time, with 3.2 and
1.6 M (55 and 40 min, respectively). Increasing to 500 equivalents of e-CL, gave extremely well controlled PCL after only
one hour (Ð = 1.04), with conversion increasing at longer reaction times. ROP of 1000 equivalents could also be facilitated,
reaching 98% conversion after four hours, with exceptional control (Ð = 1.13). Even 2500 equivalents of e-CL could be poly-
merized to generate a very high molecular weight PCL that was insoluble in THF and therefore could not be analyzed by stan-
dard GPC techniques. This was hypothesized to be due to the extremely fast rate of polymerization causing formation of
some polymer being a much higher molecular weight than targeted. However, reducing [e-CL]0 to 0.4 M allowed for charac-
terization of the PCL product. Polymerization reached quantitative conversion after eight hours. The dispersity is surprisingly
low (1.04), unprecedented for such a high [e-CL]0[cat]0 loading and molecular weights were >170 kDa. Leaving the reaction
for 24 h showed significant broadening of dispersity, with only a slight decrease in molecular weight, suggesting intermolec-
ular transesterification is favored.

Polymerizations also exhibited excellent control under immortal ROP (iROP) conditions with MeAl[salen] (BnOH:MeAl
[salen] > 1:1, Tables 3 and S3). iROP is the addition of excess initiator vs catalyst to allow more growing chains than catalyst
centers and has shown considerable success in ROP [14]. Initially, iROP was conducted with only a slight excess of initiator



Table 2
Synthesis of high molecular weight PCL with MeAl[salen].a

[e-CL]0/[Al]0 [e-CL]0 Time (min) Conversion (%)b Mn,th
c Mn

d Ðd

200:1 3.2 55 97 22,300 21,300 1.19
1.6 40 >98 22,900 21,600 1.13

500:1 0.8 60 86 49,200 41,300 1.03
1000:1 0.8 240 98 112,000 133,690 1.13
2500:1 1.6 900 >98 279,800 n.d.e n.d.e

0.4 480 >98 279,800 174,800 1.04
0.4 1440 >98 279,800 172,300 1.28

a e-Caprolactone polymerization with [Al]0:[BnOH]0 = 1:1 in toluene at 22 �C.
b Conversion determined by 1H NMR spectroscopy.
c Mn,th = ([e-CL]0/[BnOH]0) �MW(e-CL) � (% conv.) + MW(BnOH).
d Mn and Ð determined by GPC using dn/dc = 0.072.
e n.d. = not determined.

Table 3
Immortal ROP of e-CL with MeAl[salen].a

[e-CL]0/[BnOH]0/[Al]0 Time (min) Conversion (%)b Mn,th
c Mn

d Ðd

500:5:1 135 95 11,000 10,100 1.02
1000:10:1 180 93 10,700 11,300 1.02
2500:25:1 1260 95 11,000 11,100 1.03
5000:50:1 3600 95 11,000 10,500 1.02
10,000:100:1 11,520 96 11,100 11,500 1.04
5000:10:1 1440 99 57,200 68,800 1.19
5000:5:1 1440 99 114,300 124,400 1.09

a e-Caprolactone polymerization with MeAl[salen] in toluene or C6D6 at 22 �C.
b Conversion determined by 1H NMR spectroscopy.
c Mn,th = ([e-CL]0/[BnOH]0) �MW(e-CL) � (% conv.) + MW(BnOH).
d Mn and Ð determined by GPC using dn/dc = 0.072.
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alcohol ([e-CL]0:[BnOH]0:[MeAl[salen]]0 = 500:5:1) and so that [BnOH]0/[Al]0 = 100:1 with excellent results. As expected for
effectively decreasing [Al]0, the rate of polymerization decreased, requiring 130 min to reach high conversion. Very narrow
dispersities were achieved for all immortal polymerizations (1.02–1.04). Molecular weights were in excellent agreement
with theoretical values, further showing the high level of control. Up to 10,000 equivalents of e-CL could be polymerized
per catalyst center (([e-CL]0:[BnOH]0:[1]0 = 10,000:100:1), a turnover number much higher than previously reported for alu-
minum salan or salen catalyzed ROP. Even more interesting is the number of growing chains per metal center was as high as
100:1. Higher molecular weight PCL could also be synthesized via iROP. These polymerizations were conducted with [e-CL]0:
[BnOH]0:[MeAl[salen]]0 = 5000:5:1 and 5000:10:1 to synthesize polymers with targeted degrees of polymerization of 500
and 1000, respectively, yielding polymers with low dispersities and predictable molecular weight.

Excellent results for e-CL polymerizations prompted study of other neglected aliphatic monomers. d-valerolactone (d-VL)
has a structurally similar six membered ring and is even less developed with aluminum salen and salan based catalysts. The
aforementioned complexes by Cao and Jones for e-CL investigated d-VL, showing similar trends to their e-CL ROP with broad
molecular weight distributions or low conversions [9,11]. With our MeAl[salen] and MeAl[salan] catalysts, d-VL polymeriza-
tions were performed under conditions optimized for e-CL ROP (Tables 4 and S4). Polymerization with MeAl[salen] quickly
reached high conversion (91% and 94% after 20 and 40 min, respectively) but only moderate dispersity control was achieved.
However, this still represented the lowest dispersity recorded for high conversion of d-VL ROP with an aluminum salen com-
plex. Switching to MeAl[salan] gave improved results. Polymerization was still extremely rapid, reaching > 90% conversion
after only 20 min. Dispersities for MeAl[salan] catalyzed ROP showed a much higher degree of control, with dispersity < 1.1
in all cases. Higher molecular weight polyvalerolactone (PVL) was also synthesized using MeAl[salan]; 200 equivalents
reached high conversion after only 30 min with excellent retention of control while 500 equivalents reached high conversion
by conducting the reaction with a higher [d-VL]0.

Trends reported by Feijen for methyl-substituted e-CLs piqued interest in whether or not activity for these challenging
monomers would be improved with MeAl[salen] [12]. Two methyl-substituted e-CLs were investigated for ROP; 6-
methyl-e-caprolactone (6-Me-e-CL) and 2,6-dimethyl-e-caprolactone (2,6-Me-e-CL). These were of interest as the 2- and
6-positions should result in the most steric interaction with the active catalyst metal center. Polymerizations were initially
conducted under optimized conditions from e-CL ROP (1.6 M in toluene, 100:1:1 [M]0:[Al]0:[BnOH]0). However, after 24 h at
room temperature, no polymerization was observed. Increasing the temperature to 85 �C converted 6-Me-e-CL, albeit with a
slow polymerization rate (kapp = 0.0038 h�1), approximately 100 times slower than e-CL ROP at room temperature. Addition-
ally, polymerizations did not reach quantitative conversion (76%, Mn,th = 9800, Mn = 9800), while dispersity remained low
(Ð = 1.16). No polymerization of 2,6-Me-e-CL was achieved, even at increased temperatures. The increase in steric bulk poses



Table 4
Polymerization of d-VL.a

Catalyst [d-VL]0:[Al]0:[BnOH]0 Time (min) Conversion (%)b Mn,th
c Mn

d Ðd

MeAl[salen] 100:1:1 40 94 9500 10,400 1.16
MeAl[salan] 100:1:1 35 93 9400 10,500 1.05

100:1:1e 20 95 9500 10,800 1.09
200:1:1 30 84 16,900 16,500 1.02

75 85 17,100 16,500 1.02
500:1:1 270 16 8100 7100 1.01
500:1:1f 70 87 31,400 30,700 1.07

a d-Valerolactone polymerization with in toluene or C6D6 at 22 �C with [d-VL]0 = 1.6 M.
b Conversion determined by 1H NMR spectroscopy.
c Mn,th = ([d-VL]0/[BnOH]0) �MW(d-VL) � (% conv.) + MW(BnOH).
d Mn and Ð determined by GPC using dn/dc = 0.063.
e Polymerization temperature = 50 �C.
f [d-VL]0 = 8.7 M.
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a significant hindrance on polymerization. Increasing the reaction temperature to 120 �C with MeAl[salen] resulted in 11 and
0% conversion to polymer for 6-Me-e-CL and 2,6-Me-e-CL, respectively. This was shown further by attempted polymerization
of (�)-menthide, with an isopropyl in the 6-position. As expected for the increased steric bulk, no polymerization was
observed with MeAl[salen] at temperatures up to 120 �C.

Another overlooked aliphatic monomer is 1,5-dioxepin-2-one (1,5-DPO). Albertsson and coworkers have reported signif-
icant progress in ROP of 1,5-DPO with synthesis of homopolymer [13c,15], random and block copolymers [16] and cross-
linked polymers [17]. (Co)Polymers synthesised from 1,5-DPO have been used in many applications, such as porous scaffolds
for bone and nerve regeneration [18]. Despite many reported polymerizations, aluminum salen or salan catalysts have not
been investigated. No polymerization occurred at room temperature with either aluminum catalyst. Polymerization at 85 �C
could be achieved with MeAl[salen], in toluene under living conditions (1:1 BnOH:MeAl[salen], 1 mol% MeAl[salen]), requir-
ing 384 h to reach maximum conversion (77%, Mn,th = 9000, Mn = 8000, Ð = 1.20). This was interesting as we have shown a
similar monomer, 2,3-dihydro-5H-1,4-benzodioxepin-5-one, a 1,4-DPO with an ortho-phenylene replacing an ethylene,
could be easily converted to polymer at room temperature [19].

Introducing more functional diversity was also of interest. Two of us have recently described the synthesis of substituted
d-VLs and e-CLs, which serve as potential monomers [20]. Furthermore, racemic or enantioenriched (R) or (S) monomers
could be prepared. 4-(4-Benzyloxybutyl)-e-caprolactone (4-BOB-e-CL) was proposed as a potential monomer (Scheme 2).

Initially, polymerizations were conducted at room temperature without success. Polymerization temperature was
increased to 70 and 85 �C to achieve polymerization. Data for polymerization of rac- and (R)-4-BOB-e-CL with MeAl[salen]
and MeAl[salan] is shown in Table 5. Polymerization of enantioenriched (R) monomer was considerably faster than racemic
monomer, reaching high conversion after just 20 and 60 min for MeAl[salen] and MeAl[salan], respectively. This also
resulted in a more controlled polymerization, as dispersities were lower for (R)-4-BOB-e-CL for both catalysts. The resulting
polymers were characterized mainly by NMR spectroscopy and gel permeation chromatography (GPC).

(R)-4-BOB-e-CL polymerization was faster than the racemic analogue, which can be attributed to one of two possibilities.
The first is that ROP of the (R) monomer is preferred. If this was the case either non-linear first-order kinetics or two distinct
rates should be observed. The second possibility is that retention of chirality is favored. That is if the most recently monomer
is an (R) monomer, insertion of another (R) monomer is preferred. To investigate this, the kinetics for all three monomers was
measured. First-order kinetic plots are shown in Fig. 4 and rates are given in Table 6. The first-order kinetics of all three
monomers showed linear kinetics to high conversion, with rac-4-BOB-e-CL polymerization being considerably slower than
(R) or (S) analogues, suggesting an isotactic polymerization may be occurring. However, there may also be a slight preference
for (R) over (S), as the rate is higher for (R).

4-BOB-e-CL is of interest as a monomer as it contains benzyloxybutyl substituent. This group has been easily deprotected
under a range of conditions to give the alcohol derivative, which could be used as an initiator for ROP to generate brush
copolymers. However, specialty monomers are often more expensive and are preferred to be used in tandemwith more com-
mon monomers. As a result, a block copolymer with e-CL was targeted as proof of concept for introduction of a controlled
amount of 4-BOB-e-CL into a polymer chain (see Scheme 3). Despite many reports of copolymers with e-CL, significant
Scheme 2. Polymerization of 4-BOB-e-CL.



Table 5
Polymerization of 4-BOB-e-CL.a

Catalyst Monomer Time (min) Conversion (%)b Mn,th
c Mn

b Ðd

MeAl[salen] Rac 150 86 12,000 13,400 1.14
(R)e 20 88 12,300 14,700 1.09

MeAl[salan] Rac 60 80 11,200 15,000 1.18
(R)e 60 88 12,300 17,100 1.11

a 4-BOB-e-CL polymerization with in C6D6 at 85 �C with [4-BOB-e-CL]0:[Al]0:[BnOH]0 = 50:1:1 and [4-BOB-e-CL]0 = 1.6 M.
b Determined by 1H NMR spectroscopy.
c Mn,th = ([4-BOB-e-CL]0/[BnOH]0) � % conv. �MW(4-BOB-e-CL) + MW(BnOH).
d Determined by gel permeation chromatography.
e 92% ee.

Fig. 4. Plot of ln([M]0/[M]t) vs time for 4-BOB-e-CL with MeAl[salen] in C6D6 (1.6 M) at 70 �C.

Table 6
Rates of polymerization of 4-BOB-e-CL.a

Monomer Rate (�10�4 s�1)

Rac 2.02
(R)b 6.47
(S)b 4.73

a 4-BOB-e-CL polymerization with in C6D6 at 70 �C with [4-BOB-e-CL]0:[MeAl[salen]]0:[BnOH]0 = 50:1:1
and [4-BOB-e-CL]0 = 1.6 M.

b 92% ee.

Scheme 3. Synthetic pathway to P(4-BOB-e-CL-b-e-CL).
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research effort is focussed on addressing this challenge [21]. We first targeted 10% incorporation by polymerization of 10
equivalents of 4-BOB-e- with MeAl[salen] for two hours at 70 �C. As molecular weight was low, GPC analysis was not per-
formed. However, 1H NMR spectroscopic analysis of a crude sample aliquot indicated high conversion to polymer (>95%,
Mn,th = 2900, Mn,NMR = 2700). The reaction was cooled to room temperature and 90 equivalents of e-CL were introduced
and stirred at room temperature for 15 min. The resulting polymer was found to be monomodal with low dispersity
(Mn,th = 13,200, Mn = 15,600, Ð = 1.15) and 1H NMR spectroscopy indicated P(4-BOB-e-CL):PCL = 0.10:0.90 (Fig. 5).



Fig. 5. 1H NMR spectrum to determine ratio of P(4-BOB-e-CL):PCL that copolymer composition could be easily predicted and well controlled.
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The monomodal SEC trace for both crude and purified polymer (absence of low molecular weight polymer) suggested that
block formation had occurred. This indicated that copolymer composition could be easily predicted and well controlled.
4. Conclusions

We have demonstrated that aluminum salen and aluminum salan complexes extremely efficient catalysts for e-CL, 4-
BOB-e-CL and d-VL ROP, while facilitating the ROP of some other substituted e-CL monomers. Polymerization of e-CL was
very rapid under mild conditions. Additionally, iROP of e-CL could be performed with up to 100 equivalents of BnOH and
10,000 equivalents of e-CL, reaching quantitative conversion without any loss in polymerization control. Dispersity control
was maintained even to high molecular weight PCL synthesis, unprecedented for aluminum salen catalysts. The less reactive
d-VL was also polymerized with a high level of control. d-VL ROP was rapid but less susceptible to transesterification, allow-
ing for polymerization to be conducted at higher temperatures without significant broadening of molecular weight distribu-
tion. Increasing the steric bulk in the 2- and 6-positions of e-CL hindered ROP. 6-Me-e-CL ROP required high temperature
with 2,6-Me-e-CL and Menth resulted in no polymerization. Lastly, functional groups were introduced into PCL by ROP of
4-BOB-e-CL. Racemic, enantioenriched (R) and enantioenriched (S) analogues were polymerized, with ROP rate (R) > (S)
> rac. Block copolymer with e-CL/4-BOB-e-CL was prepared with predictable polymer compositions.
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