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Abstract

Project Code: RMU5380030
Project Title: Synthesis of Novel Cyclic Structure of Biodegradable Polyesters using
Ligated Metal Complexes
Investigators: Assist. Prof. Dr. Khamphee Phomphrai
Department of Chemistry, Faculty of Science, Mahidol University
E-mail Address: khamphee.pho@mahidol.ac.th
Project Period: June 2010 — May 2013

Group 14 (Ge, Sn, Pb) metal complexes have been synthesized and used as
active catalysts for the polymerization of cyclic esters leading to cyclic polyesters using
the concept of single-site catalysis. The catalysts are in the form L,M where L are
amidine and salicylaldimine ligands and M are Ge(ll), Sn(ll) and Pb(ll). Preliminary results
have shown that Sn(ll) complexes were the most active. Thus, more than 10 tin(ll)
complexes were synthesized from reactions of the corresponding ligands with
Sn[N(SiMes),],. The ligands were modified to have different steric (e.g. R= H, Me, Et, iPr)
and electronic contributions (e.g. R* = OMe, CF3) to tailor the relationship between
catalyst structure and activity. In general, electron donating groups were found to
accelerate the polymerization rate. However, higher steric hindrance suppressed the
polymerization rate in the polymerization of lactide while rate enhancement was found in
the polymerization of &-caprolactone. Both polylactide and poly(E-caprolactone) were
found to have cyclic structure using gel-permeation chromatography (GPC) coupled with
light-scattering detector and viscometer. Copolymerizations between different monomers

were successful but proved to be problematic in term of linear/cyclic characterizations.

Keywords: g-caprolactone, lactide, catalysis, polymerization, cyclic polyester
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3. HAN1INAADI

The result section is divided into two parts depending on the ligand systems as 1)

amidine ligands and 2) salicylaldimine ligands.
3.1) Amidine ligand system

All amidine ligands, (E)-N,N*-diphenylformamidine (1a), (E)-N,N'-bis(2,6-
dimethylphenyl)formamidine (1b), (E)-N,N™-bis(2,6-diisopropylphenyl) formamidine (1c¢), (E)-N,N'-
bis(4-methoxyphenyl)formamidine (1d), and (E)-N,N"-bis(4-(trifluoromethyl)phenyl)formamidine
(1e) were synthesized according to literature procedures starting from triethylorthoformate and
the corresponding anilines as shown in Figure 4.1 The catalysts were synthesized from the

reaction of the corresponding ligands with Sn[N(SiMes),], according to Figure 6.

el

R’
SNIN(SI(CHy)s)zla Wi;[
* Toluene /
_— + 2HN(SI(CH
R’ R R R’ 20°C (Si(CH3)3)2
2 N
=
T Q ﬁl
R H R '
Amidine ligands (1a-€) Amidinate tin(l1) complexes (2a- €)
la;R=H,R'=H 2a;R=H,R'=H
1b;R=CHs R =H 2b;R=CHz R'=H
1c;R='Pr,R'=H 2c;R='Pr,R'=H
1d; R =H, R'= OCHjz 2d; R=H, R'= OCH3
le;R=H, R =CF, 2e;R=H, R'=CF,

Figure 6 Synthesis of catalysts 2a-e based on amidine ligand system.

Sn[N(Si(CH5)3),], was synthesized according to literature procedure2 and used to
synthesize amidinate tin(ll) complexes. The following representative procedure was for complex

2a. Other tin(Il) complexes were synthesized similarly.



To a mixture of ligand 1a (0.66 g, 3.36 mmol) and Sn[N(Si(CH5)3),], (0.74 g, 1.68 mmol)

was added toluene (20 mL) and allowed to stir at 70 °c overnight. After solvent removal, the

product was obtained as a pale yellow microcrystalline (0.86 g, 1.68 mmol, >99%).

[(C,H,)N),CH],Sn (2a) A pale yellow microcrystalline (>99%). 1H NMR (300 MHz, CgDg):
O 8.69 (s, 2H, N=CH), 7.06 (t, "Jus = 7.8 Hz, 8H, CoHs), 6.88 (¢, iy = 7.3 Hz, 4H, CeHs), 6.80
(d, *Jun = 7.6 Hz, 8H, CgHs). 'C{ H} NMR (75 MHz, CgDg): O 157.0 (s, HC(N(CgHs)),), 146.2
(s, i-C), 129.2 (s, m-C), 123.1 (s, p-C) , 120.6 (s, 0-C). Anal. Calcd for CysH,,N,Sn: C, 61.33;

H, 4.35; N, 11.00. Found: C, 61.50; H, 4.63; N, 10.99.

[((2,6-Me,CH,) N),CH],Sn (2b) A colorless microcrystalline (99%). 1H NMR (500 MHz,
CDCly): 0 8.30 (s, 2H, N=CH), 6.92 (d, 3JHH =7.4 Hz, 8H, Cg¢Hs), 6.84 (t, 4H, CeHs), 2.11 (s,
24H, CH,). 13C{1H} NMR (125 MHz, CDCly): 0 1623 (s, HC(N(CgHs)),), 144.6 (s, i-C), 132.2 (s,
0-C), 128.1 (s, m-C), 123.4 (s, p-C), 19.3 (s, C¢H3(CHj3),). Anal. Calcd for C34H3gN4Sn: C, 65.72;

H, 6.16; N, 9.02. Found: C, 66.87; H, 5.94; N, 9.14.

[((2,6-iPr2C5H3)N)2CH]ZSn (2c) A colorless microcrystalline (90%). 1H NMR (300 MHz,
CeDs,): O 8.06 (s, 2H, N=CH), 7.06 (m, 12H, CgHs), 3.50 (sep, Juu = 6.7 Hz, 8H, CH(CHa),),
1.12 (m, 48H, CH(CHs),). C{'H} NMR (75 MHz, C¢Dg): O 163.0 (s, HC(N(CgHs)),), 143.8 (s,
0-C), 142.2 (s, i-C), 125.3 (s, p-C), 123.6 (s, m-C), 28.9 (s, CH(CHy),), 23.9 (s, CH(CH),).

Anal. Calcd for C5oH;(N,Sn: C, 71.00; H, 8.34; N, 6.62. Found: C, 71.27; H, 8.06; N, 6.54.

[(((4-CH,0)CH,)N),CH],Sn (2d) A dark-green microcrystalline (81%). 1H NMR (300
MHz, CgDg): 0 8.77 (s, 2H, N=CH), 6.83 (d, 3JHH = 8.7 Hz, 8H, C¢H,), 6.74 (d, 3JHH = 8.8 Hz,
8H, CgH,), 3.32 (s, 12H, OCH,3) 13C{1H} NMR(75 MHz, CDCl,): 0 157.3 (s,HC(N(CgH4)OCHs3),),
156.3 (s, i-COCHj3), 140.0 (s, i-CN), 121.6 (s, 0-C), 114.7 (s, m-C), 55.0 (s, OCHj3). Anal. Calcd

for C3oH3oN4O4Sn: C, 57.26; H, 4.81; N, 8.90. Found: C, 57.20; H, 4.60; N, 7.90.

[((4-CF,C,H,)N),CH],Sn (2e) A pale yellow microcrystalline (83%). 1H NMR (300 MHz,
CsDs): 0 8.31 (s, 2H, N=CH), 7.28 (d, 3JHH = 8.4 Hz, 8H, C4zH,), 6.45 (d, 3JHH = 8.0 Hz, 8H,

CoHs). C{'H} NMR (75 MHz, C¢Ds): O 148.2 (s, HC(N(CgH4)CFa)s), 129.3 (s, i-C), 126.6 (s, o-



C), 125.7 (s, CCF3).123.2 (s, CF), 120.2 (s, m-C). Anal. Calcd for CsoH1sF1,N,Sn: C, 46.13; H,

2.32; N, 7.17. Found: C, 46.23; H, 2.45; N, 7.14.

3.1.1) Ring-opening polymerization of €-caprolactone by complexes 2a-e Cyclic and

linear poly(E€-caprolactone) were synthesized as shown in Scheme 7. The representative

procedure was described below.

Cyclic poly(€-caprolactone): the catalyst and E€-caprolactone monomer were added to
a Schlenk flask with different monomer:catalyst ratio. The reaction was then submerged into a
preheated oil bath at the desired temperature. At desired time, a small amount of sample was
taken out for NMR analysis. The rest of the polymer was then dissolved in CH,CI, (20 mL) and

precipitated with excess methanol. The solid polymer was dried under vacuum.

Linear poly(E-caprolactone): the preparation of linear polymer followed the above

procedure by adding 1 equiv benzyl alcohol along with the catalyst and €-caprolactone.
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Cyclic poly(e-caprolactone)

\

R A
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N

Amidinate tin(I1) complexes (2a-¢)
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H%OW\)O%@

2a;R=H,R'=H . i
2b: R = CHy, R' = H Linear poly(e-caprolactone)
2c;R='Pr,R'=H

2d; R=H,R' = 0CH;

2¢;R=H,R'=CF,

Figure 7 Synthetic pathways for a) cyclic and b) linear poly(€-caprolactone).
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Activity of amidinate tin(ll) complexes The catalytic activity of tin(ll) complexes (2a—e)
were studied according to the above method. The mole ratio of €-caprolactone monomer and

catalyst was 500:1, 1000:1, 5000:1 and 10000:1. The polymerization temperature was 110 °c.
3.1.2) Ring-opening polymerization of L-lactide

Cyclic poly(L-lactide) was synthesized as shown in Figure 8. Catalyst and L-lactide monomer
were weighed out in a dried small reaction flask. The reaction flask was sealed and reacted at
120 °C. The ratio of monomer: catalyst was 300:1. The reaction was stopped once the high
viscosity of the reaction mixture was observed. After that, the polymer was dissolved in CH,Cl,
(20 mL) followed by the precipitation with excess methanol. The solution was removed and the
solid polymer was dried under vacuum. Linear poly(L-lactide) was synthesized similary but with

addition of 1 equiv benzyl alcohol.

R' R R R /
\©: 2N :Q/ @ Cyclic poly(L-lactide)
R

0]
JYO ©
S
0]

©/\OH
Amidinate tin(Il) complexes (2a-c)

2a;R=H,R'=H

(3)O

H (0]

fomy Ty
o : 'n

2b; R=CH, R' = H

2c;R=Pr,R'=H Linear poly(L-lactide)

Figure 8 Synthetic pathways for a) cyclic and b) linear poly(L-lactide).

Activity Study of amidinate tin(ll) complexes The catalytic activity of tin(ll) complexes

2a—c were studied using the above method to synthesize cyclic polymer. The ratio of L-lactide



and catalyst was 100:1, 200:1, 300:1, and 500:1. The polymerization time and temperature
were 25 min and 120 °C, respectively. For stereoselectivity study, rac-lactide was polymerized
using complex 2c. The procedure was carried out similarly without addition of benzyl alcohol.
The tacticity of the obtained polymer was analyzed using homonuclear decouple 1H NMR of the

methine proton in the polymer chains.
3.2) Salicylaldimine ligand system

General syntheses of the tin complexes of salicyladimine ligands were described as

shown in Figure 9 starting from the corresponding salicylaldimine ligands and Sn[N(SiMej),],.

! R
_ A& /
N —N
CeHs \
2 R OH + Sn[N(SiMez)]l;, ——— > R O—SniO:Q*R+ 2HN(SiMey),
RT 5h N=
Salicylaldimine ligand o/
3a;R=H ,R'=Ph 4a3; R=H ,R'=Ph
3b;R=H , R' = 0-2,6-(CH3),C6H3 4b;R=H , R"=0-2,6-(CH3),CeH3
3C; R=H B R'= O—2,6—(iPr)2C6H3 4C, R=H ) R'= O—2,6—(iPI’)2C6H3
3d;R=H , R' = p-OCH;3CgH, 4d;R=H , R'= p-OCH;CgH,4
3e;R=H , R' = p-CF3CeH, 4e;R=H , R"=p-CF3CeH,
3f, R =Br B R'= O'2,6'(in)2C6H3 4f, R =Br , R'= O—2,6—(iPI’)2C6H3
3g;R=H ,R'=CH; 4g;R=H ,R'=CH;
3h;R=H ,R'=t-Bu ~ 4h;R=H ,R'=t-Bu
- - - 4 - Y s ’]Ina"l""\"l T T T T =T o

Bis[N-(Salicylidene)anilinato]tin(ll) complex (4a) This complex was reported earlier
using a different preparation.66 A mixture of ligand 3a (0.37 g, 1.89 mmol), Sn[N(SiMe?,)z]z67
(0.42 g, 0.94 mmol) and dry benzene (20 mL) was stirred at room temperature for 5 h. The
volatiles were removed under vacuum and then washed with n-hexane giving a yellow powder
product (0.24 g, 51%). "H-NMR (300 MHz, C¢Dg, 25 °C): O 8.55 (s, 2H, ArCH=N-), 7.43 — 6.89
(m, 14H, ArH), 6.58 — 6.53 (m, 4H, ArH).
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Bis[N-(salicylidene)-2,6-dimethylanilinato]tin(ll) (4b) A light green powder (0.49 g,
72%). "H-NMR (300 MHz, C¢Dg, 50 °C): O 7.71 (s, 2H, ArCH=N-), 7.14 — 7.12 (m, 6H, ArH),
7.08 (t, 2H, p-CgH,), 6.94 (d, 2H, Jyy = 6 Hz, 0-C4H,), 6.88 (d, 2H, Jyy = 8 Hz, 0-C¢H,), 6.61
(t, 2H, m-CeH,), 2.43 (s, 12H, N- CHs(CHa),). C{'H} NMR (125 MHz, C4Ds, 50 °C): O C
167.35 (Ar-CH=N), 165.54 (C-O-Sn), 148.83 (ipso-C) 135.08 (0-CsH4-O-Sn), 134.79 (p-CgsH4-O-
Sn), 128.80 (CgH3(CHs),), 125.86 (CgHs3(CH3),), 123.28 (m-CgH4-O-Sn), 121.42 (ipso-
CeH3(CHs),), 116.37 (m-CgH,-O-Sn), 19.07 (N-CgH3(CHs),. Elemental Analysis: Calculated for
C3oH2sN,0,8n: C, 63.52; H, 4.98; N, 4.94. Found : C, 64.54; H, 4.62; N, 5.10.

Bis[N-(salicylidene)-2,6-diisopropylanilinato]tin(ll) (4c) A light green powder (0.41 g,
67%). Crystals were grown in a dry box from concentrated benzene solution. The single crystals
were characterized by X-ray crystallography. 1H-NMR (300 MHz, CgzDg, 25 °C): O 8.00 (s, 2H,
ArCH=N), 7.23 — 6.51 (m, 14H, ArH), 4.27 (broad s, 2H, ArCHCH,), 3.18 (broad s, 2H,
ArCHCHj), 1.51 — 0.96 (m, 24H, ArCHCH,). "C{'H} NMR (75 MHz, C¢Dg, 25 °C): O 167.18
(Ar-CH=N), 165.28 (C-O-Sn), 146.12 (ipso- C=N- CgHsCH(CHs),), 141.34 (ipso-CsHsCH(CHs),),
134.94 (m-CgH,-O-Sn), 134.89 (m-CgH,-O-Sn), 128.32 (p-C¢HsCH(CH,),), 126.85 (m-
CsH3CH(CHs),), 123.15 (p-CgHy-O-Sn), 121.64 (jpso-CgHys-C=N), 116.64 (0-C¢H,s-O-Sn), 24.68
(CeH3CH(CHs),). Elemental Analysis: Calculated for CsgHssN,O,Sn: C, 67.17; H, 6.53; N, 4.12.
Found: C, 66.89; H, 6.40; N, 3.84.

Bis[(N-salicylidene)-4-methoxyanilinato]tin(ll) (4d) A dark green powder (0.84 g,
84%). 'H-NMR (300 MHz, C¢Dg, 25 °C): O 7.98 (s, 2H, ArCH=N), 7.52 — 6.63 (m, 16H, ArH),
3.41 (s, 6H, ArOCH,). "C{'H} NMR (75 MHz, CDCl, 25 °C): O 164.62 (ipso-C-O-Sn), 163.43
(Ar-CH=N), 158.45 (ipso-C-OCHj3), 143.26 (ijpso-CsH,4-N=C), 134.96 (Sn-O-CCH,CH,), 134.37
(Sn-O-CCCH,), 123.15 (N-C-CH,), 122.88 (p-CsH,-O-Sn), 121.19 (ipso-CsH,-CH=N), 116.37 (o-
CgH4-O-Sn), 114.73 (CH,C-OCH;) 55.55 (O-CH5). Elemental Analysis: Calculated for
C3gH44N,0,8n: C, 58.87; H, 4.23; N, 4.90. Found: C, 59.53; H, 4.18; N, 4.92.
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Bis[(N-salicylidene)-4-trifluoromethylanilinato] tin(ll) (4e) A yellow powder (0.36 g,
37%). "H-NMR (300 MHz, C¢Dg, 25 °C): O 7.71 (s, 2H, ArCH=N), 7.50 (d, 4H, Juy = 8 Hz,
CH,CCF3;), 7.26 — 6.95 (m, 10H, ArH), 6.64 (0-CgH,;-O-Sn). 13C{1H} NMR (75 MHz, CDCl,, 25
°C): O 165.83 (Ar-CH=N), 165.64 (jpso-C-O-Sn), 153.18 (ipso-C=N-C), 135.98 (Sn-O-
CCH,CH,), 135.80 (Sn-O-CCCH,), 126.86 (CH,CCF3), 123.34 (C-CF3) 122.89 (N-C-CH,),
121.04 (jpso-C-CH=N), 116.89 (0-CgH,-O-Sn). Elemental Analysis: Calculated for

C3gH44N,0,8n: C, 51.97; H, 2.80; N, 4.33. Found: C, 51.71; H, 2.70; N, 4.36.

Bis[(N-(5-bromosalicylidene))-2,6-diisopropylanilinato]tin(ll) (4f) A yellow powder
product (0.50 g, 86%) was purifiled by vacuum sublimation. 1H-NMR (300 MHz, CDCl3, 25 °C):
O 7.69 (s, 2H, ArCH=N), 7.27 — 6.55 (m, 14H, ArH), 4.03 (broad s, 2H, ArCHCH,), 3.05 (broad
s, 2H, ArCHCH;), 1.45 — 1.00 (m, 24H, ArCHCHs). ' 'C{H} NMR (75 MHz, C¢Ds, 50 °C): O
165.49 (Ar-CH=N), 163.54 (C-O-Sn), 145.44 (ijpso- C=N-C¢H;CH(CH,),), 140.90 (ipso-
CgH3CH(CHj3),), 137.10 (Sn-O-CCH,CH,), 135.91 (Sn-O-CCCH,), 126.65 (p-C¢H3CH(CHz),),
124.77 (m-CgH3;CH(CHs),), 123.93 (0-CgH,-O-Sn), 122.56 (N=CgH3Br), 107.53 (C-Br), 24.52
(CeH3CH(CHs),). Elemental Analysis: Calculated for CsgHuuN,O,Sn: C, 54.51; H, 5.06; N, 3.35.
Found: C, 5476; H, 4.38; N, 3.19.

Bis[(N-salicylidene)methyliminato]tin(ll) (4g) A yellow powder product was purifiled by
vacuum sublimation (0.82 g, 94%). 1H-NMR (300 MHz, CDClj3, 25 °C): O 8.26 (s, 2H, ArCH=N),
7.13 (t, 2H, Jyy = 7 Hz, m-ArH), 6.99 (d, 2H, 7 Hz, m-ArH ), 6.64 (d, 2H, 7 Hz, o-ArH ), 6.53 {(t,
2H, Juy = 7 Hz, p-AtH), (s, 6H, C=NCHs). "C{'H} NMR (75 MHz, C¢Dg, 50 °C): O 165.30 (Ar-
CH=N), 164.56 (C-O-Sn), 133.84 (Sn-O-CCH,CH,), 133.56 (Sn-O-CCCH,), 122.45 (p-Ar),
120.73 (ijpso-N=CHCgH,), 116.00 (0-CgH4-O-Sn). Elemental Analysis: Calculated for

CasH1sN,0,Sn: C, 49.56; H, 4.17; N, 7.24. Found: C, 50.56; H, 3.80; N, 7.27.

Bis[(N-salicylidene)-t-butyliminato]tin(ll) (4h) A yellow oil (0.31 g, 68%) was purified
by distillation under vacuum. 1H-NMR (300 MHz, CDCls, 25 °C): O 8.05 (s, 2H, ArCH=N), 6.96
— 6.39 (m, 8H, ArH), 4.03, 1.49 (s, 18H, N-C(CHs,)3). 13C{1H} NMR (75 MHz, Cg¢Dg, 50 °C): o
162.98 (C-O-Sn), 159.94 (Ar-CH=N), 134.31 (Sn-O-CCH,CH,), 132.89 (Sn-O-CCCH,), 122.38

(p-Ar), 121.61 (ipso-N=CHCgH,), 116.13 (0-CsH,-O-Sn), 59.77 (ipso-N-C(CHs)s), 30.37 (N-
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C(CHs)3). Elemental Analysis: Calculated for C35H44N,O,Sn: C, 56.08; H, 5.99; N, 5.95. Found:
C, 55.52; H, 5.22; N,5.89.

Polymerization of lactide and €-caprolactone using catalyst 4a-h L-lactide
(0.30 g, 0.20 mmol) and catalyst 4a-h (2.0 mmol) were weighted into a reaction flask inside a
glove box. The reaction flask was vacuum sealed and then completely immersed into 115 °C
preheated oil bath for 10 minutes. Subsequently, the melted reaction mixture was cooled by
immersing the sealed reaction flask in n-hexane. The conversion was determined by 1H NMR in
chloroform-d. The crude product was dissolved with dichloromethane. The polymer was
precipitated using excess methanol, collected and dried under vacuum. The molecular weight
and dispersity (PDI) were determined by gel permeation chromatography. The cyclic structure of
products was determined by a combination of techniques, including 1H NMR and mass

spectrometry by comparison to the linear polylactide.
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a 6
4. UNIIW
4.1) Synthesis of catalyst system containing amidine ligands

All amidine ligands were designed to investigate in electronic and steric effects. The
synthesis of all ligands was simple giving high purity. The reactions were carried out by mixing
triethylorthoformate with 2 equivalents of the aniline derivatives at high temperature. After work
up, the pure ligands were obtained in moderate yields of 32-46%. For the synthesis of tin(ll)
complexes 2a-2e, two equivalents of the corresponding ligands were mixed with Sn[N(SiMe;),]»
in toluene at 110 °C. After the removal of the volatile components, the tin(ll) complexes were
obtained in high yields of 81-99%. The complexes were air and moisture sensitive. Thus, the
reactions were carried out under an argon atmosphere. All tin(ll) complexes reported here were
novel. They were characterized by spectroscopic techniques (1H NMR, 13C{1H}NMR), X-ray
crystallography, and elemental analyses. From 1H NMR spectra of all five catalysts, a chemical
shift around 8-9 ppm was distinctive to confirm the coordination between amidine ligands and

tin(1l) metal.

A single-crystal X-ray crystallography also confirmed the structure of complex 2c¢ as
shown in Figure 10. The complex has C, symmetry with four-coordinate tin center. The
selected bond distances and bond angles of complex 2¢ were shown in Table 1. The geometry
of 2c was distorted square pyramidal where tin was the top of the pyramid and the four nitrogen
atoms are the base. A summary of crystallographic and data collection parameters was given
in Table 2. Moreover, the crystal structure clearly revealed the position of the active lone pair
electrons on the tin atom which was at the top of pyramid. The structure of complexes 2c was
similar to the closely-related bis(amidinate)tin(ll) complex reported earlier.3 Although, the X-ray
structures of complexes 2a, b, d, e have not been carried out, they were believed to have

similar structures to that of complex 2c.
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Figure 10 The ORTEP drawing of complex 2c. Hydrogen atoms are omitted for clarity.

Thermal ellipsoids were drawn at 50% probability level.

o

Table 1 Selected bond distances (A) and angles (deg) for complex 2c.

Bond distance  Sn(1)-N(7) 2.221(3)  Sn(1)-N(3) 2.241(3)
A) Sn(1)-N(8) 2.371(3)  Sn(1)-N(5) 2.379(3)

Bond angle (deg) N(7)-Sn(1)-N(3) 102.4(1)  N(3)-Sn(1)}-N(8) 57.8(1)
N(7)-Sn(1)-N(8) 92.7(1) N(3)-Sn(1)-N(5) 91.2(1)

N(3)-Sn(1)-N(5) 57.9(1) N(8)-Sn(1)-N(5) 133.2(1)
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Table 2 Summary of crystallographic and data collection parameters for 2c.

complex 2c
Empirical formula CsoH7oN4SN
M, 845.828
Crystal system Monoclinic
Space group P 2i/c

a(Ah) 14.9195 (4)
b(A) 16.3981 (5)
c(A) 21.0942 (6)
a) 90.00

,3 ©) 110.127 (2)
V) 90.00

v (A3) 4845.6 (2)
7 4

y) (A) 0.71073

1 (mm_1) 5.54

T K 298

5.54
R-factor (%)

4.1.1 Ring-opening polymerization of E-caprolactone

The results from all polymerization reactions of &€-caprolactone were summarized in
Table 3. The polymerization activities of catalysts 2a-e were tested. The polymerizations were
carried out at 110 °C for 2 min using the monomer:catalyst ratio of 500:1. The results were
shown in Table 3, entries 1-5. Clearly, these complexes were active for the neat polymerization
of &-caprolactone. Complex 2c had the highest catalytic activity. The polymerization

approached 97% conversion in just 2 min. Other complexes were inferior compared to complex
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2c. The polymerization using complexes 2a-e can be classified into two groups based on

different steric and electronic contributions.
4.1.1.1 Electronic contribution

Complexes 2a, 2d and 2e were designed to monitor the electronic effect of the ligands.
The polymerization results were shown in Table 3 (entry1, 4 and 5). The order of activities of
the three catalysts was in the order 2d > 2a > 2e. The R’ substituent of complex 2d (OCH,)
was the electron donating group while complex 2e (CF3) was the electron withdrawing group

compared to complex 2a (H). Hence, the order of electron donating ability of the ligands would
be 2d > 2a > 2e. This order agreed very well with the order of polymerization activities where

2d > 2a > 2e. Because of the CF; was the electron withdrawing group, tin should be the most
electron deficient compared to the other two complexes. This led to a lower activity of the lone
pair electrons. In the case of electron donating group (R’ = OCHy), the lone pair electrons on
tin would be more nucleophilic. Thus, complex 2d was the most active. The M, value of
complex 2e was higher than those of complexes 2a and 2d. The M, of the polymer obtained
from complex 2e was very high possibly due to the higher rate constant of the propagation step
compared to the initiation step (k, >> k). In bulk polymerization, the reactions were also
affected by the viscosity of the polymer mixture including the solubility of the catalyst in the
monomer. There was a chance that all of the catalyst was not active at the same time. So the
actual monomer:catalyst ratio was higher than what it should be leading to high molecular
weight of the polymers. High PDI usually accompanied. For example, entry 5 (catalyst 2e), the

M, was 145,802 and PDI was 1.6. Other catalysts could be explained using the same reasons.

4.1.1.2 Steric hindrance

Complexes 2a-c were designed to investigate the steric effect. The order of steric
hindrance was 2¢ (R’ = iPr) > 2b (R’ = CH3) > 2a (R’ = H). Thus, the order of reactivity should
be 2¢c < 2b < 2a in agreement with decreasing steric hindrance. However, the results of
percent conversion in Table 3, entry 1-3 revealed the order of reactivity as 2c > 2b > 2a. This

was very puzzling at first because the results suggested that steric hindrance had little effect to
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Table 3 Polymerization of €-caprolactone at 110 °c.

Entry Catalyst M/Cat. Time(min) %conversion” Mnb Mw/Mnb
1 2a 500 2 47 97,500 1.55
2 2b 500 2 80 68,600 1.85
3 2c 500 2 97 102,600 1.85
4 2d 500 2 75 71,400 1.85
5 2e 500 2 30 145,800 1.69
6 2c 1,000 5 >99 103,100 1.80
7 2c 5,000 20 82 202,000 1.94
8 2c 10,000 60 94 236,200 2.07
9 Sn(Oct), * 500 50 58 45,100 1.32
10 2a° 500 3 >99 101,600 1.70
11 2b ° 500 3 >99 62,000 1.84
12 2¢” 500 3 >99 103,600 1.65
13 2d° 500 3 >99 60,200 1.78
14 2e ° 500 3 >99 157,900 1.90

° Determined by 1H NMR spectroscopy.

® Determined by GPC, calibrated using polystyrene standards.

° Added benzyl alcohol as initiator in ratio of monomer: catalyst: benzyl alcohol = 500:1:1
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the polymerization activities. However, a consideration based on electronic effect would be more
probable. The larger the size of the alkyl groups, the more electrons donating the ligands would
be. Thus, the order of electron donating abilities was 2a > 2b > 2¢. This order agreed very
well with the order of reactivities where 2c > 2b > 2a. Thus the electronic effect was more

pronounced than the steric effect in this ligand system.

4.1.1.3 Effect of temperature

The effect of temperature was studied in the neat polymerization of E€-caprolactone
using 2c¢ and the monomer:catalyst ratio of 500:1 at various temperatures (room temperature,
75 °C and 110 oC). The polymers obtained at high temperature (75 and 110 OC) were over 90%
conversion (shown in Table 4 entry 2 and 3) in 25 and 2 min, respectively. On the other hand,

the polymerization at room temperature did not produce any appreciable amount of polymer.

Table 4 Polymerization of €-caprolactone at different temperature using catalyst 2c.

Entry M/Cat. Temperature (°C) Time (min)  %conversion®
1 500 30 1440 0

2 500 70 25 8

3 500 110 2 97

° Determined by 1H NMR spectroscopy.
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4.1.1.4 Chain end of poly (E-caprolactone)

As characterization data has shown, the novel amidinate tin(ll) catalysts have one active

lone pair of electrons similar to the NHCs used in the polymerization of cyclic polyester.4'5 Thus,

the amidinate tin(ll) catalysts should produce the cyclic poly(E€-caprolactone) as in the case of

NHCs. To study the chain end of the polymer, the polymerization was carried out with and

without the addition of benzyl alcohol in a low monomer:catalyst ratio of 10:1 at 110 OC for 20
min. In the case of added benzyl alcohol, 1 eq of benzyl alcohol to the catalyst was used. The

1H NMR spectra of the obtained polymer are shown in Figure 11(a). The peaks corresponding

to the methylene end group —CH,—OH (t, o) 3.56) and Ph—CH,0— (s, o) 5.02) were observed.
On the other hand, these peaks were absent when benzyl alcohol was not added as shown in
the Figure 11(b). Thus, the polymer obtained without added benzyl alcohol did not have chain

ends.

This results were also confirmed using MALDI-TOF mass spectrometry. Figure 12(a)

showed the MALDI-TOF mass spectrum of the obtained poly(E-caprolactone) in the present of
benzyl alcohol. The repeating masses of 114n+108+23 D were detected, corresponding to
H[CL],OBn + Na consistent with the presence of the chain end of the polymer. In contrast, the
repeating masses of 114n+23 D were assigned to [CL], + Na“ as shown in Figure 12(b). The

masses of the chain end were not observed in the MALDI-TOF spectrum, which was in good

agreement with results from the 1H NMR spectrum. Thus, the polymerization of €-caprolactone
using the tin catalysts gave linear polymer when benzyl alcohol was added. On the other hand,

cyclic polymer was obtained if the polymerization was carried out in the absence of alcohol.
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Figure 11 1H NMR of PCL catalyzed by catalyst 2c using monomer:catalyst ratio of 10:1 (a)

with added benzyl alcohol and (b) without benzyl alcohol.
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Figure 12 MALDI-TOF mass spectrum of a) linear and b) cyclic poly(E-caprolactone).
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4.1.1.5 Surface analysis of linear and cyclic poly(€-caprolactone)

The water contact angle was used for confirm the difference between the linear and
cyclic poly(€-caprolactone). The linear polymer contained the chain end which was the hydroxyl

group (—OH). Thus, linear polymer should be more hydrophilic compared to the cyclic polymer.
The contact angles in the case of the linear polymer should be smaller than the cyclic polymer.

From the result in Figure 13, the average contact angle of the cyclic polymer (Figure 13a) was

1074 £ 2.50 and that of the linear polymer (see in Figure 13b) was 92.8i0.60. This results

agreed very well with the hypothesis described above.

(@) (b)

Figure 13 Water contact angle of poly(€-caprolactone) using catalyst 2c in ratio of

monomer:catalyst as 500:1 (a) without BhOH and (b) with added BnOH.

4.1.2 Ring-opening polymerization of L-lactide

4.1.2.1 Activity of amidinate tin(ll) complexes In this section, the catalytic activities of
the catalysts for the polymerization of L-lactide using complexes 2a-c were studied in the melt
polymerization at 120 0C. The ratio of monomer:catalyst was 300:1 and the reaction time was

25 min. The results were shown in Table 4, entries 1-3. From percent conversions, the order of

activity was 2a > 2b > 2c¢ in agreement with the increasing steric hindrance of the substituents
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on the phenyl ring. The steric contribution was more pronounced in the polymerization of

lactide possibly because lactide was bulkier than E€-caprolactone.

Table 4 Polymerization of L-lactide at 120 0C.

Entry Catalyst M/Cat. Time (min) %conversion”
1 2a 300 25 97
2 2b 300 25 92
3 2c 300 25 90
4 2c 100 15 93
5 2c 200 20 96
6 2c 500 60 87

° Determined by 1H NMR spectroscopy.

4.1.2.2 Stereoselectivity of rac-lactide polymerization

The selectivity of the bis(amidinate)tin(ll) complexes was studied for the neat

polymerization of lactide using complex 2¢ as a catalyst and rac-lactide as monomer. The ratio

of monomer:catalyst was 300:1 and the reaction temperature was 120 OC. The polymerization
times were varied at 30 and 120 min giving the polymer in 85% and 100% conversion,
respectively. The selectivity of the polymer can be analyzed using homonuclear decouple 1H
NMR technique. The results were shown in Figure 14. The spectra were identical. Thus, only
one spectrum was shown in the spectra, the tacticity of the polymer was atactic PLA with
slightly enhanced heterotactic bias. The spectrum predicted from a Bernouillian analysis of a
totally random poly(rac-lactide) was reported earlier.6 Hence, the catalyst did not show

stereoselectivity for the polymerization of rac-lactide.
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Figure 14 Homonuclear decoupled 1H NMR spectrum of the methine region of poly(rac-lactide)

prepared using complex 2c.

4.1.2.3 Chain end analysis of poly (L-lactide)

The study of chain end was also performed similar to poly (€-caprolactone). The

polymerizations were compared with and without the addition of benzyl alcohol using a low

monomer:catalyst (2c) ratio as 10:1 at 120 OC and 20 min. In the case of benzyl alcohol

addition, 1 eq benzyl alcohol was used. The 1H NMR spectrum is shown in Figure 15(a). The

peak corresponding to the quartet of the end group —CH(CH3;)—OH was observed at 0 4.30.
On the other hand, this peak was absent in the case of the polymerization without benzyl

alcohol (Figure 15(b)). Thus, the chain end was not observed.

Figure 16 showed a mass spectrum for poly(L-lactide) obtained in the presence of
benzyl alcohol. The repeating mass of 72n +108+23 Da was detected assignable to
H[LA/2],0Bn + Na' confirming the presence of the chain end of the polymer. In contrast, the
repeating mass of 72n +23 Da and 72n +39 Da were observed for the polymerization without
alcohol addition assignable to [LA/2], + Na  and [LA/2], + K+, respectively, as shown in Figure
17. The mass of the chain end was not observed on the spectrum in good agreement with the
result from the 1H NMR. Thus, poly(L-lactide) produced in presence of benzyl alcohol was

linear while poly(L-lactide) produced in the absence of benzyl alcohol was cyclic.
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Figure 15 1H NMR of poly(L-lactide) using catalyst 2¢c in monomer:catalyst ratio of 10:1 a) with

benzyl alcohol addition and b) without benzyl alcohol addition.
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Figure 16 ESI mass spectrum of linear poly(L-lactide).

® =[LA],+K"

O =[LAJ,+ Na'

m/z

Figure 17 MALDI-TOF mass spectrum of cyclic poly(L-lactide).
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4.2) Synthesis of catalyst system containing salicylaldimine ligands

Bis(salicylaldiminato)tin(ll) complexes have a lone pair electrons on tin similar to the
stanylene complex. Moreover, The investigation of steric and electronic influences of the tin(ll)
complexes can be done easily by changing the substituents on salicylaldimine ligands. The
reaction between 2 eq of the corresponding salicylaldimine ligands with Sn[N(SiMe;),], gave the
products as shown in Figure 9. In the 1H NMR spectrum, chemical shift at 13 - 14 ppm of the
hydroxy proton disappeared. This was indicative of the complexation of tin(ll) and penoxy-imine

ligands. Complexes 4b-h are all new compounds.
4.2.1 Structural Studies of Complex 4c

Light green crystals of complex 4c were grown from benzene. The molecular structure
was confirmed by X-ray crystallography. The selected bond distances and angles of 4c were
summarized in Table 5. Complex 4c contained a four-coordinate tin center having two six-
membered amine-phenolate metalla-rings (Figure 18). The geometry can be described as a

saw-horse. A summary of crystallographic data for complex 4c was given in Table 6.
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Figure 18 ORTEP drawing of 4c. Hydrogen atoms are omitted for clarity. Thermal ellipsoids

were drawn at the 50% probability level.

o

Table 5 Selected bond distances (A) and angles (deg) for 4¢

Sn1-N3 2.473(3) N3-C8 1.274(4)
Sn1 - 02 2.053(2) C19-C11  1.408(5)
02 - C19 1.3204) C8-C11 1.448(5)

02-Sn1-N3  78.34(9)  02-Sn1-N3  80.94(9)

02-Sn1-02  95.0(1) N3-Sn1-02  80.94(9)

Table 6 Summary of crystallographic data for complex 4c

complex 4c
Empirical formula C3sHasN,0,
Crystal system Orthorhombic
Space group C 2/c

a (A) 8.8207(4)
b(A) 17.2625(5)
c(A) 23.1793(10)
a (%) 90.00

6 ) 90.977(2)
7() 90.00
V(A% 3528.94

7 6

A 0.71073

u 1.087 mm"
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T 298 K

R-Factor(%) 4.14

4.2.2 Polymerization of E-caprolactone to linear and cyclic poly(€-caprolactone)

using bis(salicylaldimine) tin(ll) complexes

The phenoxy-imine ligands were chosen in this work because the phenoxide is not very
nucleophilic. Moreover, bis(salicylaldiminato)tin(ll) complexes has lone-pair electrons similar to
carbene. This complex was expected to polymerize cyclic esters giving cyclic polymer as shown
in Figure 19. The polymerization of E-CL using [CL]: [Sn]: [BnOH] was performed at 115 °C for
10 min. The 1H NMR spectrum showed a characteristic peak of the —CH,-OH end group at 3.6
ppm as shown in Figure 20a suggesting linear poly(€-caprolactone). The polymerization was
also carried out under same condition without the addition of alcohol. The proton NMR spectrum
was shown in Figure 20b. The end group was not observed suggesting a cyclic polymer. In
mass spectrometry, both linear and cyclic poly(E-caprolactone) showed the peak pattern
separated by 114 mass unit (mass of caprolactone monomer). The mass spectra of linear and
cyclic poly(€-caprolactone) were different in the remaining mass after substracting the PLA
units. The mass spectrum of PCL obtained with the addition of benzyl alcohol was shown in the
Figure 21. The mass pattern was 114n + 108 + 23 Da corresponding to the mass of CL, +
BnOH + Na . This result confirmed the linear nature of the polymer. The mass spectrum of PCL
obtained without adding of alcohol was shown in Figure 22. The mass pattern was 114n + 23
Da corresponding to the mass of CL, + Na'. The result of mass spectrum and NMR confirmed

the cyclic nature of the polymer.
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Figure 19 Structures of cyclic and linear poly(€-carprolactone) having benzyl alcohol as an end

group.
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PCL

CL

ppm
Figure 20 1H NMR spectra of PCL catalyzed by 4c a) with addition of benzyl alcohol and b)

without addition of benzyl alcohol.

Figure 21 Mass spectrometry of linear poly(E-caprolactone) obtained from complex 4c.
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Figure 22 Mass spectrometry (MALDI-TOF) of cyclic poly(E-caprolactone) obtain from complex

4c

Although, the results confirmed that cyclic poly(E€-caprolactone) was successfully
synthesized using bis(salicylaldiminato)tin(ll) complexes, catalytic activity was low when mole
ratio of [CL]:[Sn] = 200:1 was used. The observed percent conversion at 112 °C and 25 min
was only 17%. The low percent conversion was possibly caused by E-caprolactone being
vaporized to the side of the flask during the reaction. This prevented the reaction from going to

completion.

4.2.3 Polymerization of lactide to linear and cyclic polylactide using

bis(salicylaldiminato) tin(ll) complexes

Similar results were expected when the monomer was changed from E-CL to lactide.
The polymerizations were carried out with and without the addition of benzyl alohol to produce
linear and cyclic polylactides, respectively. In the polymerization with benzyl alcohol addition,
bis(salicylaldiminato)tin(ll) complexes generated the linear polylactide via ring-opening

polymerization. The 1H NMR peak at 4.2 ppm was a characteristic of the —-CHMe-OH end group
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in linear polylactide as shown in Figure 23a. The peak disappeared in 1H NMR spectra of cyclic
polylactide (Figure 23b) obtained when alcohol was not added. In addition, mass spectrometry,
gel permeation chromatography and contact angle measurement were used for compare
between cyclic and linear polylactide. For mass spectrometry, both linear and cyclic polylactide
showed the peak pattern separate by 72 mass units (half lactide unit) as (LA/2), + BhOH + Na’
for linear PLA (Figure 24) and (LA/2), + Na' for cyclic PLA (Figure 25). For contact angle
measurement shown in Figure 26, a contact angle of water on the cyclic polylactide surface was
higher than that of linear polylactide. The result suggested that linear polylactide was more
hydrophilic than cyclic polylactide. Since linear polylactide has polar hydroxyl end group, the

hydrophilicity on polylactide surface should be higher than the cyclic PLA.

a)
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Figure 23 1H NMR spectrum of a) linear and b) cyclic polylactide catalyzed by 4c.
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Figure 24 Mass spectrometry of linear polylactide obtained from complex 4c.

0 5
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Y

Figure 25 Mass spectrometry of cyclic polylactide obtained using 4c.

Figure 26 Contact angle of water a) on linear polylactide surface (92.3°, synthesized with benzyl
alcohol addition) and b) on cyclic polylactide surface (97.9°, synthesized without benzyl alcohol

addition).
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Figure 27 1H NMR spectrum of a) linear and b) cyclic polylactide catalyzed by 4c [LA]:[Sn] =

100:1 at 112°C.

At high [LA]: [Sn] mole ratio of 100: 1, the cyclic nature was still preserved as shown in
Figure 27. From 1H NMR spectra, the peak at 4.2 ppm (characteristic of the —CHMe-OH end
group) appeared in linear polylactide but disappeared in cyclic polylactide. These results

indicated that bis(salicylaldiminato)tin(ll) complex can produce high molecular weight cyclic PLA.

4.2.4 Lactide polymerization activity

The polymerization activities using different catalyst were summarized in Table 7. All
bis(salicylaldiminato)tin(ll) complexes were active for lactide polymerization giving cyclic
polylactide. However, some catalysts had lower catalytic activity than the commercial tin
octanoate. Steric and electronic effects were investigated by changing the substituent on the

ligands.
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Table 7 Polymerization of lactide using bis(salicylaldiminato)tin(ll) complexes at 112 °C

_ ~ Conv.” .

Entry Catalyst [LLA]o:[SN], Time (min) %) M, PDI
1 4a 200:1 25 >99 109700 1.90
2 4b 200:1 25 85 96800 1.96
3 4c 200:1 25 77 113500 1.72
4 4d 200:1 25 >99 88500 1.59
5 4e 200:1 25 89 132200 1.85
6 af 200:1 25 63 71400 1.60
7 4g 200:1 25 >99 92000 1.90
8 4h 200:1 25 54 13600 1.39
9 ac’ 100:1 30 90 14400 1.22
10 4c 100:1 25 91 50000 1.76
11 4c 200:1 30 92 55000 1.96
12 4c 300:1 40 93 52900 1.79
13 Sn(Oct),  200:1 25 85 203100 142

6845 1.43

° Determined by 1H NMR spectroscopy. ° Number-average molecular weight determined by GPC, calibrated using polystyrene standards.

° Polydispersity index determined by GPC. I Benzyl alcohol added as an initiator. ' Bimodal distribution was observed in GPC.
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4.2.5 Steric effect of catalysts 4a-c and 4g-h for L-lactide polymerization

Complexes 4a, 4b, 4c, 4g and 4h were investigated for steric effect. All complexes were
tested for the melt polymerization of lactide under the same condition at 112 °C and 25 min.
The ratio of [LLA)J:[Sn] = 200:1 was used. The polymerization using complex 4a and 4g
approached over 99% conversion (Table 7, entry 1 and 7). Polymerization using complexes 4b
and 4c were 85 and 77% conversion, respectively (Table 7, entry 2 and 3). The preliminary
result of catalyst activity was in the order 4a = 4g > 4b > 4c. The polymerization time was
reduced to 5 min to differentiate the catalytic activity between 4a and 4g. The results shown in
Table 8 clearly indicated that 4g was more active than 4a. Thus, the catalyst activity was in the
following order 4g > 4a > 4b > 4c in agreement with the increasing steric hindrance of the
ligands. Complexes 4a, 4b and 4c were different in steric hindrance of the substituents at the
othro position. The steric hindrance of the substituent followed the order: iPr (4¢c) > Me (4b) > H
(4a). Complex 4g gave the highest activity because of the least steric hindrance. From Table 8,
the catalyst activity of 4a, 4d and 4g were in the order of 4g > 4a > 4b. Thus, the least bulky
complex 4g showed the highest catalytic activity. This result implied that the steric effect was

significant.

Compared with complex 4g, complex 4h had more bulky N-moiety of salicylaldimine
ligand. Then complex 4h showed much lower catalytic activity than 4g. These results indicated
that the steric effect of the ligand significantly influenced the polymerization activities of the
bis(salicylaldiminato) tin(ll) complexes. The M, and polydispersity index (in parenthesis) of
polylactide were 109,749 (1.90), 96,801 (1.96), 113,508 (1.72), 91,978 (1.90) and 13,600 (1.39)

for complexes 4a, 4b, 4c, 4g and 4h, respectively.

Table 8 Polymerization of L-lactide at 120 °C for 5 min.

Entry Catalyst  Conversion (%)
1 4a 15
2 4d 42
3 49 78
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4.2.6 Electronic effect of catalyst 4a, 4c, 4d, 4e, and 4f for L-lactide polymerization

Complexes 4a, 4c, 4d, 4e, and 4f were investigated for electronic effect. All complexes
were tested for the melt polymerization of lactide under the same condition at 112 °C for 25 min
(Table 7). The ratio of [LLA]:[Sn] = 200:1 was used. Compared with complex 4a, complex 4d
had OMe-substituent on the N-moiety of the salicylaldimine ligand. Complex 4d exhibited higher
catalytic activities, indicating that electron-donating group improved catalytic performance of the
bis(salicylaldiminato) tin(ll) complexes. In the case of complex 4e (CF;) lower catalytic activity
than 4a was observed. The result indicated that electron-withdrawing group decreased catalytic
performance of the bis(salicylaldiminato) tin(ll) complexes. Complexes 4a, 4d and 4e were
different by the substituents at the para position. Thus, the polymerization activities were in the

order 4e < 4a < 4d in agreement with increasing electron donating ability.

Compared with complex 4¢, complex 4f had Br-substituent on the p-phenoxy moiety of
the salicylaldimine ligand. It exhibited lower catalytic activities in agreement with the electron —

withdrawing Br substituent.
4.2.7 Investigation of mole ratio by using complex 4c

Ring-opening polymerizations of L-lactide using complex 4c in different molar ratios of
[LAJ:[Sn] were carried out at 112 °C. The percent conversion was monitored to over 90% as
shown in Table 7, entries 10 - 12. The number average molecular weight (M,) of all [LA]:[Sn]
ratio were around 50,000. The polydispersity index were high ranging from 1.76 — 1.96. This
observation suggested that the initiation or the first insertion of LA monomer to complex 4c was

<k

much slower than the subsequent propagation (k ropagation)-

initiation
4.2.8 Investigation of stereoselective polymerization of rac-lactide

All bis(salicylaldiminato)tin(ll) complexes (4a-h) were tested in the melt polymerization of
rac-lactide at 112 °C. The ratio of [rac-LA]:[Sn] was 200:1. Homonuclear decoupled 1H NMR of
the methine proton of PLA obtained from all catalysts showed the same pattern as seen in
Figure 28. Thus, only one spectrum was shown. These results indicated that the polymer atactic

with slight heterotactic enhancement.68
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Figure 28 Homonuclear decoupled 1H NMR spectrum of the methine proton of PLA prepared

using complex 4c.

5. uwa@muﬁ%’a

The novel monomeric amidinate tin(ll) complexes (2a-e) have been synthesized. The X-
ray structure of the tin complex 2c shows a distorted square pyramidal geometry. Moreover,
the structure reveals lone pair electrons on the tin atom that is the active site of the catalysts.
These complexes are active catalysts for the ring-opening polymerization of both €-caprolactone
and lactide under solvent-free and high temperature conditions. All displays very high catalytic
activity for the polymerization of €-caprolactone. The complexes 2a-e can be classified into two
groups having different steric (2a-c) and electronic contributions (2a and 2d-e). The steric
contribution is less pronounced than the electronic contribution for &-caprolactone
polymerization. Complex 2c was the most active to rapidly polymerize €-caprolactone at high
monomer:catalyst molar ratios. For the polymerization of lactide, complexes 2a-c exhibit high
catalytic activities. The order of activity is 2a > 2b > 2c. However, these complexes are not

stereoselective for the polymerization of rac-lactide. The tacticity of the polymer is atactic with

enhanced heterotactic bias.
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For catalysts containing salicylaldimine ligand system, novel bis(salicylaldiminato)tin(ll)
complexes were successfully synthesized. The X-ray crystallography of complex 4c revealed a
saw horse structure (distorted square pyramidol) suggesting one pair electrons on tin atom.
Bis(salicylaldiminato) tin(ll) complexes were used in both E&-carprolactone and L-lactide
polymerization. In the case of E-carprolactone, complex 4c slowly polymerized €-carprolactone

to poly(E€-carprolactone) with the conversion around 17% in 25 min. For the lactide
polymerization, the reaction in the presence of alcohol yielded linear polylactide. In the absence
of alcohol, the cyclic polylactide was obtained. The 1H NMR, mass spectrometry and gel
permeation chromatography (GPC) were used to characterized and compare the linear and
cyclic polymer. The complexes having higher steric hindrance showed lower catalytic activities.
The complexes having electron donating group revealed better catalytic activities. Higher
polymerization temperatures increased the catalytic activity indicating that the catalysts were
stable even at high temperature. The polymerization of rac-lactide using all catalysts gave
atactic PLA with enhanced heterotactic bias. This result indicated that the catalysts had a low

stereoselectivity.

In this research, we have discovered a selective polymerization of cyclic esters to either
linear or cyclic polymers. We have shown that the catalyst systems produced both cyclic and
linear of poly(E-caprolactone) and poly(lactide) similar to the N-heterocyclic carbene system.
The polymers obtained in the present of benzyl alcohol are linear while the polymers obtained in

the absence of benzyl alcohol are cyclic.
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A series of bis(amidinate) tin(i) complexes is synthesized
and shown to rapidly polymerize e-caprolactone (e-CL) in
the presence and absence of benzyl alcohol giving high-
molecular-weight poly(e-CL) (M,, up to 160,600 Da). Ligands
having electron donating groups were found to accelerate the
polymerization by making the complex more nucleophilic.

There has been increasing attention towards biodegradable and
biocompatible polymers during the past decade. Polyesters such as
polyglycolide, polylactide (PLA), poly(e-caprolactone) (PCL) and
their copolymers have received significant attention.! Their prop-
erties such as tensile strength, degradation rate, and compatibility
in the body are undoubtedly determined by the stereochemistry,
composition, molecular weight, and dispersity of the polymers.
Such polyesters have been successfully synthesized using various
metal alkoxide complexes.> While electropositive metal complexes
such as Zn, Mg, and Ca have been found to be highly active, the
less active tin(11) complex specifically tin(11) bis(2-ethylhexanoate),
Sn(Oct),, has been used industrially.>* This is due to its high
solubility and thermal stability in the molten monomers, thus
allowing the melt polymerization in the absence of solvents. In
addition, several well-defined tin(11) complexes have been shown
to be active for the polymerization of cyclic esters giving high-
molecular-weight polymers with narrow polydispersity index.>*
For organocatalysts, N-heterocyclic carbenes (NHCs) were re-
ported to be efficient catalysts for high molecular weight linear
PLA,* and recently, for linear PCL.® However, in the absence of
suitable initiators, Culkin et al. later reported the NHC catalysts
to generate cyclic PLA in THF

Following the success of carbene initiators, we hypothesized
that, being three rows below carbon in the periodic table, the
stannylene® could be an efficient initiator for the polymerization
of cyclic esters as well. Herein, we reported the synthesis of highly
active bis(amidinate) tin(11) complexes and their application in the
solvent-free polymerization of e-caprolactone (e-CL) leading to
high-molecular-weight PCL.

Amidine ligands were chosen in this work due to the ease
of ligand preparation and modification. The substituents on
the aryl groups can be modified systematically to maximize
the catalyst activity. Ligands la—le were prepared from the

Center for Catalysis, Department of Chemistry and Center of Excellence
for Innovation in Chemistry, Faculty of Science, Mahidol University,
Rama 6 Road, Bangkok, 10400, Thailand. E-mail: sckpp@mahidol.ac.th;
Fax: +662-354-7151; Tel: +662-201-5146

T Electronic supplementary information (ESI) available: Synthesis and
characterization of 2a—e, polymerization procedure, ORTEP drawing of 2e,
water contact angles of PCL, and GPC traces. CCDC reference number
795658. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c0dt01050b

reaction of triethyl orthoformate with the corresponding anilines.
Reactions of 2 equiv of ligands 1a—1e with Sn[N(SiMe;),], gave the
bis(amidinate) tin(11) complexes 2a—2e, respectively (Scheme 1).
All complexes were isolated in moderate to high yields. Although
related bis(amidinate) tin(11) complexes have been reported,’ they
have never been used as a catalyst for the polymerization of e-CL.

Sn[N(SiMe: Ar
IN¢ a)2l2 Toluene /
+ o N
70°C A ( \
' ' N/ ane
R R R R 2HN(SMes), Ar/\N,/Sn.
P |\
2 N/\N N
H \

R R Ar
1a;R=H,R'=H 2a;R=HR=H
1b; R=H, R'= OCH, 2b; R=H,R'=0OCH;
1¢; R=H,R'=CF; 2¢;R=H,R'=CF;
1d; R=_CH3, R'=H 2d; R =‘CH3, R'=H
1e;R=Pr,R'=H 2e;R="Pr,R'=H

Scheme 1 Synthesis of bis(amidinate) tin(11) complexes.

Complex 2e was characterized crystallographically (see ESIT)
indicating a four-coordinate tin complex having a distorted square
pyramidal geometry where Sn is at the top of the pyramid and
the four nitrogen atoms are at the base similar to the related
bis(amidinate) tin(11) complexes reported earlier.® The position of
the lone-pair electrons above Sn atom is clearly evidenced.

Complex 2e was tested for the solvent-free polymerization of
¢-CL using a low &-CL:2e molar ratio of 10:1 at 110 °C for
1 min (>99% conversion by '"H NMR) in order to study the
polymer structure by mass spectrometry and NMR. MALDI-
TOF spectrum of the resulting polymer is shown in Fig. 1 (top).
Interestingly, the repeating mass is assigned to [e-CL], + Na*. The
mass of the end group is clearly missing. This is in agreement

1.6 ] a
0.
Na* n
0.8 1049.8 1163.9 12779 13%2.0 15071 1620.2 1735.2
| n=9 n=10 n=11 n=12 n=13 n=14 n=15
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0.0 . Fala 1Y
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Fig. 1 MALDI-TOF spectra of PCL synthesized without addition of
BnOH (top) and with addition of 1 equiv of BnOH (bottom).
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with the '"H NMR spectrum of the resulting polymer as shown in
Fig. 2(a) where a triplet peak of the HOCH,- end group at 3.6
ppm is not observed. These results suggest that the majority, if
not entirety, of the low-molecular-weight polymer is cyclic PCL."
The peaks with much lower intensities observed at 1600-2200
Da (e.g 1753.3, 1867.2, 1981.4, 2098.5) are assigned to linear
H[CL],OH+Na*. This minor linear polymer having H,O end
group may arise during polymer precipitation and purification.
For comparison, a polymerization using e-CL:2e molar ratio
of 10:1 was performed under the same condition but with the
addition of 1 equiv of benzyl alcohol (>99% conversion by 'H
NMR). MALDI-TOF spectrum of the resulting polymer is shown
in Fig. 1 (bottom). The repeating mass is assigned to H[e-CL],OBn
+ Na*. The 'H NMR spectra of the resulting polymer shown in
Fig. 2(b) clearly reveals a triplet peak of the HOCH,- end group at
3.6 ppm confirming the linear structure of the polymer. At higher
€-CL:2e molar ratio, the NMR signal of the end group is too
small to be observed. The polymerization mechanism accounted
for the observed linear and cyclic PCL is still under investigation. A
similar mechanism to the NHC catalyst system is possible by using
the lone-pair electrons to attack the ester group of monomer.”
However, a polymerization initiated by anionic ligand followed by
intramolecular transesterification leading to cyclic PCL cannot be
ruled out at this point.

No BnOH

Add BnOH

PhCH,0 _CH;)H U
l AN

Fig. 2 'H NMR spectra of PCL synthesized from &-CL:2e ratio =10:1
(a) without addition of BnOH and (b) with addition of 1 equiv of BnOH.

Complexes 2a—e were used to polymerize &-CL under solvent-
free condition at 110 °C using &-CL:Sn:BnOH molar ratio of
500:1:1 and a fixed time at 3 min. The polymerization results
were summarized in Table 1, entries 1-5. All catalysts were highly
active for the polymerization of -CL giving complete conversion
in only 3 min. The polymers have high M, (42,200-107,400 Da)
and broad PDI of 1.65-1.90. The unusually high M, and broad
PDI are indicative of slow initiation compared to the propagation.
This is also supported by the observation that the complexes 2a—
e are soluble in &- CL only at elevated temperature but not at
room temperature. In addition, the broad PDI could be a result
of the mass transportation problems due to high viscosity. For
comparison, a commercial Sn(Oct), was used as catalyst under
identical condition as shown in entry 14. The polymerization was
much slower compared to our catalysts giving only 58% conversion
in 50 min.

For polymerizations without the addition of alcohol, complexes
2a—e were used to polymerize e-CL under solvent-free condition

Table 1 Solvent-free polymerizations of e-CL at 110 °C

Entry Catalyst [CL]/[Sn] Time/min Conv.* (%) M,* (Dalton) PDI®

1 2a° 500 3 >99 69,100 1.70
2 2b¢ 500 3 >99 40,900 1.78
3 2c¢ 500 3 >99 107,400 1.90
4 2d° 500 3 >99 42,200 1.84
5 2e¢ 500 3 >99 70,400 1.65
6 2a 500 2 47 66,300 1.55
7 2b 500 2 75 48,600 1.85
8 2c 500 2 30 99,100 1.69
9 2d 500 2 80 46,600 1.85
10 2e 500 2 97 69,800 1.85
11 2e 1,000 5 >99 70,100 1.80
12 2e 5,000 20 82 137,400 1.94
13 2e 10,000 60 94 160,600 2.07
14 Sn(Oct),* 500 50 58 30,700 1.32

“Conversions determined by '"H NMR spectroscopy. ® Determined by
GPC, calibrated using polystyrene standards. Correction factor of 0.68
was also applied." ¢ Polymerization with addition of 1 equiv of BnOH.

at 110 °C using &-CL:Sn molar ratio of 500:1 and a fixed time
at 2 min. The polymerization results were summarized in Table 1,
entries 6-10. All catalysts were also active for the polymerizations
of e-CL. The order of activity based on conversion is 2e > 2d > 2b
> 2a > 2c¢. The polymerization using 2e is the fastest giving 97%
conversion in only 2 min. The polymer has high M, of 69,800 Da
and a PDI of 1.85. Other catalysts were less active producing PCL
with M, (46,600-99,100 Da) and PDI of 1.55-1.85. For complex
2e, a plot of M,, and PDI versus % conversion is shown in Fig. 3.
The polymer has low PDI at low conversion and higher PDI at
later stage. The M, of the polymer also increases with increasing
conversion. Interestingly, polymerization in toluene at 70 °C for 25
h using &-CL:2e = 500: 1 with and without alcohol addition gave
no polymer. Blank polymerizations (no catalyst) with and without
alcohol addition at 110 °C were also carried out for 2 days giving
no polymer.

100000
80000
60000

40000

Mn (Dalton)

20000

1
0 20 40 60 80 100

% Conversion

Fig. 3 Molecular weight data (PDI in parenthesis) of PCL obtained at
different conversion using g-CL:2e molar ratio of 500: 1 at 110 °C.

Complexes 2a—e can be classified into two groups having
different electronic (2a—c) and steric (2a, 2d, 2e) contributions.
In term of electronic contribution, the order of reactivity is 2¢
(R” = CF;) < 2a (R"= H) < 2b (R” = OMe) in agreement with
the increasing electron donation of the aryl groups. Based on the
polymerization mechanism for NHC catalyst system,” the metal
in complex 2b is electron-rich and more nucleophilic and hence
more susceptible to attack e-CL. In term of steric hindrance, the
order of reactivity is 2a (R = H) < 2d (R = Me) < 2e (R ='Pr) in

2158 | Dalton Trans., 2011, 40, 2157-2159
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agreement with the increasing steric hindrance of the ortho-alkyl
groups. This was surprising at first since more hindered complex
gave higher activity. However, these results are not unprecedented
because there are reports that sterically demanding substituents
enhanced the catalytic activity of the catalysts.”* In addition, the
Pr groups in 2e are more electron donating making the complex
more nucleophilic.

For complex 2e, the polymerizations using higher &-CL:Sn
molar ratios of 1000, 5000, and 10000 were performed at 110 °C
(Table 1, entries 11-13). Great care was taken to exclude moisture
or impurities from the reaction. In entry 13, PCL with M, =
160,600 Da was obtained in 1 h. For 1000:1 and 5000 : 1 molar
ratios, the polymerizations finished in 5 and 20 min having the
M,’s of 70,100 and 137,400 Da, respectively.

The difference between surfaces of PCL synthesized with and
without addition of BnOH was also observed by water contact
angle analysis.”® Polymers having similar molecular weights based
on GPC were chosen. The average water contact angle of PCL
(Table 1, entry 10, synthesized without addition of alcohol) is
107.4 £ 2.5° while that of entry 5 (with addition of BnOH) is 92.8
+0.6°.

In conclusion, a series of bis(amidinate) tin(I1) complexes were
successfully synthesized and characterized. The major advantage
is the simplicity of complex preparation and a large number of
possible ligand library to fine tune both reactivity and selectivity
of the catalysts. The bis(amidinate) tin(i1) complexes are active
for the polymerization of &-CL in the pressence and absence of
alcohol giving high-molecular-weight PCL. Although the low-
molecular-weight PCL synthesized using a low &-CL:Sn molar
ratio of 10:1 in the absence of alcohol was shown to be cyclic
based on mass spectrometry and NMR, the exact topology
(linear or cyclic) of high-molecular-weight PCL synthesized using
higher &-CL:Sn molar ratio is still uncertain due to the lack of
access to required instruments (e.g. viscometer, light scattering
detector) used to prove the cyclic structure.* Nonetheless, the
bis(amidinate) tin(11) complexes are highly active for the solvent-
free polymerization of &-CL in the presence and absence of BnOH
giving high-molecular-weight PCL. This catalyst system is much
more active than the commercial Sn(Oct), catalyst. Amidinate
ligands having electron-donating group were found to accelerate
the polymerization by making the complex more nucleophilic.
Further attempts to characterize the polymers and to understand
the insight mechanism of the polymerization are in progress.
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Eight bis(salicylaldiminato)tin(ir) complexes have been synthesized from the reaction of Sn[N(SiMes), ],
and 2 equiv of the corresponding ligands at room temperature. The ligands, synthesized from
salicylaldehyde and amines, were designed to have different electronic and steric properties using
different amines to synthesize the tin(ir) complexes as aniline (2a), 2,6-dimethylaniline (2b), 2,6-
diisopropylaniline (2¢), 4-methoxyaniline (2d), 4-trifluoromethylaniline (2e), methylamine (2g), and
tert-butylamine (2h). Ligand variation at the salicyl group synthesized from 4-bromosalicylaldehyde and
2,6-diisopropylaniline was used to form complex 2f. Complex 2¢ was characterized crystallographically.
All catalysts were active for the neat polymerization of L-lactide at 115 °C. At a lactide : Sn molar ratio

of 10 : 1, cyclic polylactide (PLA) was obtained as demonstrated by "H NMR and mass spectrometry.
Addition of 1 equiv of benzyl alcohol in the polymerization produced linear PLA. At a higher lactide : Sn
molar ratio of 200 : 1, high molecular weight PLAs with M, up to 132 200 Daltons were obtained. Results
from GPC coupled with light scattering detector and viscometer suggested that they are cyclic PLA.

The order of reactivity based on conversion was determined to be 2¢ < 2b < 2a in accordance with lower

steric hindrance. For electronic contribution, the order of 2e < 2a < 2d was observed in agreement with
the increasing electron donation of the ligands. Complex 2g having the smallest substituents was found

to be the most active catalyst.

Introduction

Biodegradable polyesters such as polylactide (PLA) and poly-
lactones have been extensively explored in both academic
and industrial research due to several appealing properties such
as biodegradability and biocompatibility.' > The polymers have
found numerous applications for instance in drug delivery,* scaf-
folds,™® and food packaging.” The physical properties of the
polymers can be fine-tuned by copolymerization with other
monomers giving polymers with different regio- and stereo-
chemistry resulting in specific properties or functions.>'' In
addition to copolymerization, the physical properties of the poly-
mers can be adjusted by changing the topologies of the polymers
such as star, graft, cross-linked, and hyperbranched struc-
tures.'>'> Among these elaborate polymer topologies, cyclic
polymers have received significant attention.'®'® Cyclic struc-
tures have several physical properties such as glass transition
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temperatures (7,), melting temperatures (7},,), morphologies,
melt viscosities, thermostabilities, compatibilities, hydrodynamic
volume, and intrinsic viscosity different from their linear
counterparts of the same molecular weight.!” There are two
general methods to synthesize cyclic polymers: ring-closure and
ring-expansion techniques.'” The ring-closure techniques usually
suffer from highly diluted conditions and the need to purify
cyclic structures from the linear impurities. However, high
dilution is not required for the ring-expansion techniques making
large-scale synthesis of cyclic polymers possible.

Although several metal alkoxide complexes have been
reported in the polymerizations of lactide or lactones, they only
produced linear polymers or cyclic impurities.*® One of the most
successful syntheses'®'” of cyclic polylactide or polylactones
using a ring-expansion technique was reported by Waymouth
and co-workers.?'** Zwitterionic polymerization of lactides by
N-heterocyclic carbenes (NHCs) has led to cyclic polylactides in
high yield. Interestingly, polymerization of lactides using NHCs
in the presence of alcohol initiators gave linear polylactide.**
Furthermore, NHCs can be used in the synthesis of linear” and
cyclic®® poly(e-caprolactone) (PCL) in a similar concept. Fol-
lowing the success of carbene initiators, we hypothesize that
stannylenes,”’ being three rows below carbon in the periodic
table, could be active catalysts for the polymerization of cyclic
esters leading to cyclic polymers similar to carbenes. We recently
reported that bis(amidinate)tin(ir) complexes were active for the
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polymerization of e-caprolactone.”® At a low monomer : catalyst
ratio, cyclic PCL was obtained as confirmed by NMR and mass
spectrometry. Thus, tin(ir) complexes under selected ligand sets
can function similarly to carbenes in the polymerization. This
work was the only example that attempted to use the lone-pair
electrons on tin atom as initiator in the polymerization as
opposed to using tin alkoxides as an initiator.?* Herein, we
demonstrate another example using this concept in the polymer-
ization of lactide by bis(salicylaldiminato)tin(ir) complexes.

Results and discussion
Syntheses and characterizations of tin(11) complexes

Salicylaldimine ligands were chosen in this study due to the
simplicity of ligand preparation and modification. Both steric
and electronic contributions of the ligands can be tailored sys-
tematically and independently. This ligand set was extensively
used in catalyst development such as in olefin polymerization
and in the polymerization of cyclic esters.’® Ligands la—h
were prepared by simple condensation reaction between salicyl-
aldehyde and the corresponding amines. Reactions between
2 equiv of ligands 1a—h with Sn[N(SiMes),], gave the corre-
sponding bis(salicylaldiminato)tin(i1) complexes 2a—h as shown
in Scheme 1. Complex 2¢ was characterized crystallographically
and shown in Fig. 1 indicating a four-coordinate tin center
having distorted seesaw geometry. The crystal structure clearly
reveals the position of the lone-pair electrons on tin atom often
seen in tin() complexes.28’30g’h’3 132 The NMR spectrum (see
ESIT) of complexes 2b, 2¢, and 2f at room temperature revealed
several broad peaks as a result of a fluxional process. These
peaks become sharper and coalescent at 50 °C. This result
indicated a slow rotation of N—Cy4, bonds (e.g. N1-C8 bond in
Fig. 1) compared to NMR time-scale.

Polymerizations of lactide

The catalysts were designed to have different steric contributions
experienced by the metal center where the order of increasing
steric hindrance of the substituents at the ortho positions is 2a
(H) < 2b (Me) < 2¢ ('Pr). The catalysts were also designed to
have different electronic contributions experienced by the metal
center where the order of increasing electron donation of the

Sn[N(SiMes), ], R!
R2
t o Re Benzene N\ N/
—N 5h, RT \
2 Ou,. .
- O,Sn .
; -2HNSi(Me), N/ )
R OH / "'RZ
R1
la-h 2a-h
a;R'=H, R>=Ph e; R1=H, R?=4-(CF;)C¢H,

b; R' =H, R?=2,6-Me,C¢H;
¢; R'=H, R?=2,6-Pr,C¢H;
d; R'=H, R?=4-(OMe)C¢Hy4

f; R! =Br, R?=2,6-"Pr,C¢H;
g R'=H, R?=Me
h;R'=H, R?="Bu

Scheme 1 Synthesis of bis(salicylaldiminato)tin(i) complexes.

substituents at the para positions is 2e (CF3) < 2a (H) < 2d
(OMe). In addition, catalysts containing smaller salicylaldimi-
nato ligands that do not contain N-phenyl rings were also investi-
gated as in complexes 2g (Me) and 2h (‘Bu). The electronic
effect of bromine at the para position of the salicyl group was
also investigated as in complex 2f compared to 2c.

As demonstrated in bis(amidinate)tin(i) complexes,”® we
believe that the lone-pair electrons of tin behave similarly to the
NHCs in the polymerization of LA giving cyclic PLA. To test
this hypothesis, complex 2¢ was reacted with 10 equiv of L-LA
at 115 °C for 10 min in the absence of solvent (melt polymeriz-
ation). For comparison, the polymerization was conducted with
and without the addition of benzyl alcohol in order to observe
the chain end for linear/cyclic analysis. Great care was taken to
exclude moisture or impurities from the reaction. 'H NMR
spectra of the crude polymers are shown in Fig. 2. Clearly, in
addition to the signals of the ligand at 1.2, 3, 7-7.5 ppm, the
linear polymer synthesized with addition of 1 equiv of benzyl
alcohol reveals the chemical shift of the HOCHMe— end group
at 4.3 ppm (Fig. 2a). This is in agreement with the result from
ESI mass spectrometry as shown in Fig. 3 (bottom) where
the repeating mass of 72.02n + 108.1 + 23 was assigned to

Fig. 1 ORTEP drawing of complex 2¢ with thermal ellipsoids drawn
at 50% probability level. Hydrogen atoms are omitted for clarity.
Selected bond distances (A) and angles (°): Sn1-N1 2.477(2), Sn1-O1
2.052(2), O1-C1 1.323(3), N1-C7 1.276(3), N1-C8 1.438(3); O1-Snl-
0O1a 95.0(1), O1-Sn1-N1 78.35(8), N1-Sn1-Nla 148.5(1).

Fig. 2 '"H NMR spectra of PLA synthesized from LA : 2¢ molar ratio
=10:1 (a) with and (b) without addition of 1 equiv of BnOH.
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Fig. 3 ESI mass spectra of PLA synthesized from LA : 2¢ molar ratio
=10: 1 with (bottom) and without (top) addition of 1 equiv of BnOH.

H[LA/2],0Bn + Na" indicating linear PLA with HOCHMe— and
—C(0)OBn end groups. For the polymerization without the
addition of benzyl alcohol, the chemical shift of the HOCHMe-—
end group at 4.3 ppm is not observed as shown in Fig. 2b. This
result indicates the cyclic structure of PLA. The cyclic structure
is also confirmed by ESI mass spectrometry as shown in Fig. 3
(top). The repeating mass (72.02n + 23) was assigned to cyclic
[LA/2], + Na“ where the mass of the end group was not
detected. Two minor repeating masses were also observed in
Fig. 3 (top). The taller series are 72.02n + 39 assignable to
cyclic [LA/2], + K" and the shorter series are 72.02n + 32 + 23
assignable to linear H[LA/2],0CH; + Na'. The shorter series
having methoxy end group were possibly generated during the
polymer precipitation where methanol was used. Interestingly,
the repeating mass having ligand 1c as an end group was not
observed indicating that the ligand did not participate in the
ring-opening/closing steps. We also found that the cyclic and
linear structures of PLA were retained at a higher LA : 2¢ molar
ratio of 100 : 1 under the same polymerization condition where,
from 'H NMR spectra, the chemical shift of the HOCHMe-— end
group at 4.3 ppm appeared in linear PLA but disappeared in
cyclic PLA.

To confirm the cyclic structure of PLA at higher molecular
weight, gel permeation chromatography (GPC) coupled with a
light-scattering detector and viscometer was used. In order to
compare between linear and cyclic structures, both polymers
must have enough molecular weight overlap in GPC. We found
that, in melt polymerization, the molecular weight of PLA
cannot be correctly predicted by the monomer : catalyst molar
ratio as in the NHC system. Thus, several batches of rL-lactide
polymerization using complex 2c¢ with (LA:2¢:BnOH =
500:1:1) and without (LA :2¢ = 200:1) addition of BnOH
were carried out at 115 °C and quenched at different times.
Linear PLA having M, = 43000 Daltons (PDI = 1.66) and
cyclic PLA having M, = 71200 Daltons (PDI = 1.74) were
selected and the GPC results are shown in Fig. 4. For polymers
having the same molecular weight, cyclic PLA prepared by
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Fig. 4 (a) Plot of logarithm of molecular weight vs. elution time and
(b) double logarithmic plots of intrinsic viscosity (IV) vs. molecular
weight.

complex 2c¢ in the absence of BnOH eluted slower than linear
PLA prepared in the presence of BnOH as demonstrated in
Fig. 4a. This is a result of smaller hydrodynamic volume of the
cyclic structure compared to the linear structure. Results from
the viscometer also confirmed the cyclic structure of PLA syn-
thesized in the absence of alcohol. A plot of log IV vs. log M,, is
shown in Fig. 4b. The cyclic structure has less intrinsic viscosity
compared to the linear structure of the same molecular
weight 21:33:34

Melt polymerizations of L-LA were performed at 115 °C using
complexes 2a-h as catalyst. The melt polymerization results
using a LA : Sn molar ratio of 200 : 1 and a fixed time of 25 min
are summarized in Table 1, entries 1-8. All catalysts were active
for the melt polymerization of L-LA. In general, the molecular
weights of PLA are much higher than the expected values and
the PDIs are rather broad. This is indicative of a slow initiation
step compared to the propagation step. In addition, the broad
PDI could be a result of mass transportation problems due to
high viscosity. We have designed the substituents of the ligands
in order to tailor the effect of the electronic and steric influences.
Based on these considerations, it is more informative to split the
catalysts into 3 groups having different steric (2a—c) and elec-
tronic (2a, 2d—f) contributions of the ligands derived from sub-
stituted anilines. The third group contains ligands derived from
alkyl amines (2g, 2h).

12706 | Dalton Trans., 2012, 41, 12704-12710
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Table 1 Melt polymerization of L-LA using complexes 2a—h at 115 °C

Entry Catalyst [LA]:[Sn] Time/min Con.* (%) M," PDI”
1 2a 200 25 >99 109700 1.90
2 2b 200 25 85 96800 1.96
3 2c 200 25 77 113500 1.72
4 2d 200 25 >99 88500 1.59
5 2e 200 25 89 132200 1.85
6 2f 200 25 63 71400 1.60
7 2g 200 25 >99 92000 1.90
8 2h 200 25 54 13600 1.39

“ Conversion determined by "H NMR spectroscopy. ” Determined by
GPC, calibrated using polystyrene standards.

According to the percent conversions (Table 1, entries 1-3),
the order of reactivity of the first group having different steric
hindrance is 2¢ (iPr, 77%) < 2b (Me, 85%) < 2a (H, >99%).
This order is in agreement with decreasing steric hindrance of
the ortho-alkyl groups (Pr, Me, and H) where the crowded
ligands should suppress the polymerization rates. The order of
reactivity of the second group (Table 1, entries 1, 4-5) having
different electronic contribution is 2e (CF;, 89%) < 2a (H,
>99%), 2d (OMe, >99%). Because the polymerizations using
complexes 2a and 2d were greater than 99% in 25 min, another
set of polymerizations having shorter polymerization time was
used for complexes 2a and 2d. The conversions of L-LA
polymerization at 115 °C and 5 min were 15 and 42% for com-
plexes 2a and 2d, respectively. Thus, the order of reactivity for
the second group is 2e (CF3) < 2a (H) < 2d (OMe) in agreement
with the increasing electron donation of the ligands where OMe
group is more electron-donating than the CF3 group. The elec-
tron donation from the ligand makes the tin complex more
nucleophilic®® and susceptible to attack the ester group of LA in
agreement with the polymerization mechanism using NHCs pro-
posed by Waymouth.>' This explanation is also in agreement
with the result in entry 6 when complex 2¢ is compared with
complex 2f where the Br atom pulls electrons from the metal
making complex 2f less active. For the third group (Table 1,
entries 7-8), the order of reactivity is 2h (‘Bu, 54%) < 2g (Me,
>99%) in agreement with decreasing steric hindrance (‘Bu > Me)
of the ligands. When complex 2g was used to polymerize L-LA
at 115 °C and 5 min, the conversion was 78%. Thus, the reactiv-
ity of complex 2g derived from methyl amine is higher than
those of complexes 2a and 2d derived from substituted anilines
possibly because of the much less crowded environment around
the metal center in 2g. Note that racemization of the stereocenter
of poly(L-lactide) was not observed for all catalysts. All com-
plexes were active in the melt polymerization of rac-lactide
under the same conditions. Homonuclear decoupled 'H NMR of
the methine proton of poly(rac-lactide) obtained from all cata-
lysts showed the same pattern as seen in Fig. 5 indicating atactic
PLA with slight heterotactic enhancement.”

At this point we believe that the mechanism of LA polymeri-
zation using bis(salicylaldiminato)tin(i1) complexes is similar to
that using NHCs.*' Thus, the polymerization is believed to occur
using the lone-pair electrons on tin(1) to attack the ester group of
lactide. Cyclic PLA is formed after the intramolecular ring-
closing step. This is different from the synthesis of cyclic poly-

Sis isi

Fig. 5 Homonuclear decoupled 'H NMR spectrum of the methine
proton of poly(rac-lactide) prepared using complex 2c.

(e-caprolactone) by Okuda,*® Duchateau and Mountford,*” and
Trifonov and Kerton*® where the multidentate di-anionic ligands
participated in the ring-opening polymerization. In our case, if
the mono-anionic salicylaldiminato ligand participated in the
ring-opening polymerization, the ligand should come off the
metal and become the chain end because there is nothing else to
hold the ligand firmly to the metal as in the di-anionic ligands
giving linear PLA as a product. Because linear PLA was not
observed in our system, ligand participation can be excluded.
This is because the negative charge on oxygen atom delocalized
into the m-system reducing its nucleophilicity to attack the
monomer. It is interesting to note that both odd and even
numbers of n are observed in the ESI mass spectrum (Fig. 3).
This information implies that, during the ring-closing step, the
alkoxy group of the growing polymer chain can attack any ester
group along the macrocycles.

Conclusions

We have demonstrated a simple and convenient preparation of
bis(salicylaldiminato)tin(i) complexes that are active catalysts
for the polymerization of L-LA leading to cyclic PLA. The cata-
lyst activities are greatly affected by steric and electronic contri-
butions of the ligands where steric hindrance suppresses the
polymerization rates and electron-donating groups enhances the
polymerization rates. The electronic effect in this catalyst system
is in agreement with our recent findings in the polymerization of
e-caprolactone leading to PCL using bis(amidinate)tin(i1) com-
plexes.?® In addition, the melt polymerization does not need
solvent, thus, making the process more environmentally friendly
and suitable for large-scale synthesis. Since the ligand libraries
for tin(i) are endless, the improved catalysts can be easily
and systematically fine-tuned in both electronic and steric
contributions.

Experimental
General details

All operations were carried out under dry argon atmosphere
using standard Schlenk techniques. Benzene, hexanes, and
toluene were dried using a PURE SOLV MD-5 solvent purifi-
cation system from Innovative Technology Inc. Ligands la-h
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were synthesized according to the literature with minor modifi-
cation.>®** The syntheses of complex 2a*’ and Sn[N(SiMe;),], **
were reported in the literature. Lactides were purchased from
Aldrich and sublimed three times before use. All compounds
used in the synthesis of ligands were purchased from Aldrich or
Acros and used as received.

Measurements

"H and '*C NMR spectra were recorded on a Bruker DPX-300
or AVANCE 500 spectrometer and referenced to protio impurities
of commercial chloroform-d (CDCls, § 7.26 ppm) or benzene-dg
(C¢Dg, 6 7.16 ppm) as internal standards. The X-ray crystallogra-
phy data were collected at 293 K on a Bruker SMART CCD
area-detector diffractometer using graphite-monochromated Mo
Ko radiation (A = 0.71073 A). Mass spectrometry was obtained
by micro-TOF-LC Bruker mass spectrometer. Mass spectrometry
was carried out using a Bruker Data Analysis Esquire-LC mass
spectrometer, ESI mode. Gel permeation chromatography (GPC)
analyses were carried out on a Waters e2695 instrument
equipped with Model 3580 refractive index detectors (Viscotek),
Model 270 Differential Viscometer/Light Scattering Dual Detec-
tor and two 10 um PL Gel columns. The GPC columns were
eluted using tetrahydrofuran with a flow rate of 1.0 mL min™" at
35 °C. Molecular weights and molecular weight distributions
were calibrated with polystyrene standards ranging from 500 to
10000 000 amu. Elemental analyses were performed on a
Perkin-Elmer series II CHNS/O Analyzer 2400.

The synthesis of some bis(salicylaldiminato)tin(i1) complexes
was reported earlier starting from SnCl, and sodium salt of the
corresponding ligands.*> However, a preparation using 2 equiv
of ligands and Sn[N(SiMe;),], is preferred.

General synthesis for complexes 2b—h

Benzene (20 mL) was added to a mixture of Sn[N(SiMes),],
(0.420 g, 0.956 mmol) and the corresponding salicylaldimine
ligand (1.91 mmol) in a Schlenk flask. The mixture was stirred
at room temperature for 5 h. The volatile components were sub-
sequently removed under vacuum. The crude product was
washed with hexanes giving a yellow or light green powder in
moderate to high yield.

Bis[N-(salicylidene)-2,6-dimethylanilinato]tin(i1), 2b. Light
green powder (0.39 g, 72%). "H NMR (300 MHz, C¢Ds, 50 °C):
6 7.59 (s, 2H, CH=N-), 7.03-6.94 (m, 8H, ArH), 6.82 (d, 2H,
Jun = 6.0 Hz, ArH), 6.77 (d, 2H, Jux = 8.3 Hz, ArH), 6.49 (t,
2H, ArH), 2.31 (s, 12H, CHs). *C{'"H} NMR (125 MHz, C¢Ds,
50 °C): 6 167.74 (CH=N), 165.94 (C—O-Sn), 149.22 (Ca—N-
Sn), 135.47, 135.18, 130.82, 129.20, 128.68, 126.26, 123.67,
121.81, 116.76 (Ca;), 19.46 (CHj3). Anal. Caled for
C30H2sN,0,8n: C, 63.52; H, 4.98; N, 4.94. Found: C, 63.84; H,
4.62; N, 5.10.

Bis[/V-(salicylidene)-2,6-diisopropylanilinato]tin(i1), 2c¢. Light
green powder (0.43 g, 67%). X-ray suitable crystals were grown
from concentrated benzene solution. "H NMR (300 MHz, C¢Dg,
25 °C): 6 791 (s, 2H, CH=N), 7.10 (m, 6H, ArH), 7.01 (t, 2H,
ArH), 6.88 (d, 2H, ArH), 6.76 (d, 2H, ArH), 6.47 (t, 2H, ArH),

4.22, 3.13 (broad s, 4H, CH(CH3;),), 1.60-0.80 (broad m, 24H,
CH(CHz),). *C{'H} NMR (75 MHz, C¢Ds, 25 °C): § 167.57
(CH=N), 165.67 (C-0-Sn), 146.81 (Cs~—N-Sn), 141.73,
135.34, 135.29, 128.71, 127.21, 123.54, 121.85, 117.03 (Ca,),
28.89 (CHMe,) 25.07 (CHMe,). Anal. Calcd for Cs;gHy4N5-
0O,Sn: C, 67.17; H, 6.53; N, 4.12. Found: C, 66.89; H, 6.40;
N, 3.84.

Crystal data for complex 2c. C33H 4N,O,Sn, M = 679.47,
monoclinic, space group C2/c, a = 8.8207(4) A, b =17.2625(5) A,
c=23.179(1) A, a =90°, B=90.977(2)°, y = 90°, V = 3528.9(2)
A% Z=4,1=071073 A, u = 0.757 mm~', T = 150 K, 7069
reflections measured, 4373 unique, Ry, = 0.0610, R = 0.0405
(obs. data), wR = 0.0842 (obs. data), GOF = 1.029.

Bis[(/V-salicylidene)-4-methoxyanilinato]tin(i1), 2d. Green powder
(0.46 g, 84%). '"H NMR (500 MHz, CDCls, 25 °C): ¢ 8.21
(s, 2H, CH=N), 7.41 (d, 4H, ArH), 7.23-7.17 (m, 4H, ArH),
7.00 (d, 4H, ArH), 6.64 (m, 4H, ArH), 3.85 (s, 6H, OCHs). B¢
{IH} NMR (125 MHz, CDCls, 25 °C): § 164.85 (C—O-Sn),
163.66 (CH=N), 158.68 (C-OMe), 143.50 (Ca—N-Sn),
135.19, 134.61, 123.39, 123.11, 121.43, 116.60, 114.96 (Ca,),
55.78 (OCH3;). Anal. Calcd for CgHp4N,0,Sn: C, 58.87; H,
4.23; N, 4.90. Found: C, 59.25; H, 4.16; N, 4.94.

Bis[(/V-salicylidene)-4-trifluoromethylanilinato]tin(ir), 2e. Yellow
powder (0.44 g, 37%). '"H NMR (300 MHz, C¢Ds, 25 °C):
6 7.62 (s, 2H, CH=N), 7.40 (d, 4H, ArH), 7.17-7.10 (m, 6H,
ArH), 6.97 (d, 4H, ArH), 6.55 (t, 2H, ArH). >C{'H} NMR
(125 MHz, C¢Dg, 25 °C): 6 166.22 (CH=N), 166.03 (C—O—Sn),
153.58 (Ca~—N-Sn), 136.38, 136.20, 129.03, 127.25 (Ca,),
125.38 (CF3), 123.74, 123.28, 121.44, 117.29 (Ca,). Anal.
Calcd for CogH gF¢N,O,Sn: C, 51.97; H, 2.80; N, 4.33. Found:
C,51.71; H, 2.70; N, 4.36.

Bis[(/V-(4-bromosalicylidene))-2,6-diisopropylanilinato] tin(u),
2f. Yellow powder (0.68 g, 86%). '"H NMR (500 MHz, CDCls,
25 °C): & 7.82 (s, 2H, CH=N), 7.18-7.07 (m, 10H, ArH), 6.23
(d, 2H, ArH), 3.64, 2.85 (br, 4H, CHMe,), 1.50-0.80 (br m, 24
H, CHMe,). "H NMR (500 MHz, CDCls, 50 °C): & 7.82 (s, 2H,
CH=N), 7.16-7.09 (m, 10H, ArH), 6.24 (d, 2H, ArH), 3.26 (br,
4H, CHMe,), 1.16 (br, 24 H, CHMe,). "“C{'H} NMR
(125 MHz, CDCls, 50 °C): & 165.72 (CH=N), 163.78 (C-O-
Sn), 145.68 (Ca~N-Sn), 141.13 (Ca~Pr), 137.33, 136.15,
128.58, 126.89, 125.00, 124.16, 122.79 (Ca,), 107.76 (Ca—Br),
28.40 (CHMe,), 24.75 (CHMe,). Anal. Caled for
C3gH4oBr;N,O,Sn: C, 54.51; H, 5.06; N, 3.35. Found: C, 54.74;
H, 5.38; N, 3.18.

Bis[(/V-salicylidene)methyliminato]tin(i1), 2g. Yellow powder
(0.35 g, 94%). 'H NMR (300 MHz, CDCls, 25 °C): & 7.96 (s,
2H, CH=N), 7.13 (t, 2H, Juu = 7 Hz, ArH), 6.99 (d, 2H, Jyz =
7 Hz, ArH), 6.64 (d, 2H, Jyg = 7 Hz, ArH), 6.53 (t, 2H, Jyy =
7 Hz, ArH), 3.49 (s, 6H, CHs). “C{'H} NMR (75 MHz,
CDCl3, 25 °C): 8 165.53 (CH=N), 164.79 (C—0O-Sn), 134.07,
133.79, 122.69, 120.97, 116.24 (Cj,), 45.62 (CH3). Anal. Calcd
for C1¢H16N20,Sn: C, 49.65; H, 4.17; N, 7.24. Found: C, 49.76;
H, 3.92; N, 7.17.

Bis[(V-salicylidene)-zerz-butyliminato]tin(i1), 2h. Yellow oil
purified by vacuum distillation (0.31 g, 68%). 'H NMR
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(300 MHz, CgD, 25 °C): 6 8.05 (s, 2H, CH=N), 7.17 (t, 2H,
ArH), 7.00 (d, 2H, ArH), 6.92 (d, 2H, ArH), 6.65 (t, 2H, ArH),
1.46 (s, 18H, CMes). *C{1H} NMR (75 MHz, CDCls, 25 °C):
5 163.21 (C-0-Sn), 160.18 (CH=N), 134.55, 133.13, 122.62,
121.85, 116.37 (Cy,), 60.00 (CMes), 30.61 (CMe3). Anal. Caled
for C5,H,gN,0,Sn: C, 56.08; H, 5.99; N, 5.95. Found: C, 55.85;
H, 5.79; N, 5.88.

Polymerization of L-lactide

The following representative polymerization is for a lactide : 2¢
molar ratio of 200 : 1. The amount of other tin(i1) complexes can
be adjusted accordingly.

Polymerization without the addition of benzyl alcohol. Com-
plex 2¢ (11.8 mg, 17.4 umol, 1 equiv) and r-lactide (0.500 g,
3.47 mmol, 200 equiv) were added to a small reaction flask. The
flask was flame sealed and completely submerged in a preheated
oil bath at 115 °C with stirring. At the required time, the flask
was taken out of the oil bath and then submerged into a cold
water bath. A small amount of sample was taken for NMR analy-
sis. The rest of the polymer was dissolved in CH,Cl, (10 mL)
and precipitated with excess methanol. The solid polymer was
collected and dried under vacuum.

Polymerization with addition of benzyl alcohol. The polymer-
ization was carried out similarly as described above except that 1
equiv of benzyl alcohol was added to the reaction along with the
tin complex and L-lactide.

X-ray crystallography

The single crystal X-ray analysis was carried out at the Mahidol
crystallographic facility. Diffraction measurements were made on
a 4 K Bruker SMART* CCD area detector diffractometer using
graphite-monochromated Mo Ko radiation (1 = 0.71073 A). The
crystals were mounted in paratone oil and held in a low-temp-
erature N, stream during data collection. Cell constants and an
orientation matrix for data collection were obtained from a least-
square refinement using the measured positions of reflections in
the range 3.52° < 20 < 57.4° for complex 2¢. The frame data
were integrated by the program SAINT* and corrected for
Lorentz and polarization effects. The structure was solved by the
maXus crystallographic software package,*’ using direct
methods (SIR97)*® and refined by full-matrix least-squares
method on (F,s)* using the SHELXTL-PC V 6.12 software
package.*” ORTEP drawing was generated using Ortep-3 for
Windows.”°
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Seven bis(pyrrolylaldiminato)aluminum methyl complexes were synthesized from the reactions of AIMe;
and two equiv. of the corresponding pyrrolylaldimine ligands. The ligands were modified to have
different steric hindrance (CgHs (1), 2,6-Me,CeH3 (2), 2,4,6-MesCgH, (3), 2,6-Et,CeH3 (4) and 2,6-
'Pr,CeHs (5)) and electronic contribution (4-CFsCgHa (6) and 4-OMeCgH, (7)). Crystal structures of
complexes 3-7 were determined and shown to have distorted trigonal bipyramidal geometry (4, 6, 7) and
intermediates between trigonal bipyramidal and square pyramidal geometries (3 and 5). The rotation
around the N-Cgy, bond was fast for ligands having small ortho substituents and became slower asthe
size of the substituents increased. Polymerisations of L-lactide using complexes 1-7 and benzyl alcohol as
initiator were carried out giving the rate dependent on steric hindrance (5 < 4 < 3<2 < 1) and electronic
contribution (6 < 7 < 1). Larger substituents and electron withdrawing groups were found to suppress the
polymerisation rates. Despite having C, symmetry in the crystal structures of compounds 3-7, only slight
enhancement for isotactic enchainment was found in the polymerisation of rac-lactide.

I ntroduction

Polylactide (PLA) is one of the most recognized biodegradable
polyesters extensively explored due to their appealing properties
such as biocompatibility and biodegradability.® PLA has found
numerous applications especialy in pharmaceutical industries as
in drug delivery systems? 2 scaffolds® and dissolvable sutures.®
The ring-opening polymerisation (ROP) of lactide by severa
ligated monomeric metal complexes was proven the most
effective for the syntheses of PLA® However, bimetalic
complexes for the polymerisation of cyclic esters have attracted
recent attention.” The two metal centers were designed to
cooperate giving higher catalytic activity.® ® In conjunction with
biocompatible polymers, biocompatible metals such as calcium,
magnesium, zinc, and aluminum have received significant
remarks due to the low toxicity.®® ' Particularly, ligated
auminum complexes have gained special interests due to the
well-controlled behavior in ROP of cyclic esters® 2 Thus,
systematic modifications of the ligands have led to a better
understanding of electronic and steric influences of the ligandsin
the ring-opening polymerisations. Although aluminum complexes
are relatively slow catalysts compared to other metal complexes,
the low activities have allowed detailed kinetic and mechanistic
studies of the initiation and propagation of the polymerisations.
Several chiral sdlicylaldiminato aluminum complexes have
expressed stereoselectivity™ 2® in the ROP of lactides leading to
unique tacticities such as heterotactic, syndiotactic and isotactic
stereoblock PLA.Y Despite numerous reports on auminum
complexes bearing salicylaldimine ligands, the study of the
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Scheme 1 Syntheses of bis(pyrrolylaldiminato)a uminum complexes 1-7.

s closely-related pyrrolylaldiminato aluminum complexest® for the
polymerisation of cyclic esters has been rather limited. Only one
report by Wang has been found on the polymerisation of e-
caprolactone.’® In an extension of this research, we describe
herein the preparation of bis(pyrrolyladiminato)aluminum

ss complexes and their applicationsin lactide polymerisations.

Results and discussion
Syntheses and char acterisations of Al complexes

Pyrrolylaldimine ligands were selected in this study due to the
flexibility and simple ligand modification of electronic and steric
e0 contributions. Thus, electronic and steric factors can be tailored
separately and systematically. Aluminum was also the metal of
choice because of low toxicity and generally well-controlled
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Fig. 1 X-ray crystal structure of 3 with thermal ellipsoids drawn at 50%
probability level. Hydrogen atoms are omitted for clarity.

s Fig. 2 X-ray crystal structure of 4 with thermal ellipsoids drawn at 50%
probability level. Hydrogen atoms are omitted for clarity.

Fig. 3 X-ray crystal structure of 5 with thermal ellipsoids drawn at 50%
probability level. Hydrogen atoms are omitted for clarity.

10 behavior in ROP of cyclic esters. Pyrrolylaldimine ligands were
synthesized by a condensation reaction in acidic condition
between pyrrole-2-carboxaldehyde and the corresponding
anilines with minor modification.?’ The ligands were purified by
recrystallization in cold methanol giving the products in moderate

s yields (47-62%). Two equivalents of the ligands were then
reacted with AIMe; in CH,Cl, a 50 °C for 5 h giving the
bis(pyrrolylaldiminato)auminum complexes 1-7 in 63-91 %
yields (Scheme 1). Steric contributions of the ligands were
investigated by changing the substituents at the ortho positions

wfrom H to 'Pr groups as in complexes 1-5. Electronic
contributions were modified from electron withdrawing CF;
group (6) to electron donating OCHz group (7) at the para
position. Complexes 3-7 were characterized crystallographically
and shown in Figures 1-5, respectively, with selected bond
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35

40

Fig. 4 X-ray crystal structure of 6 with thermal ellipsoids drawn at 50%
probability level. Hydrogen atoms are omitted for clarity.

Fig. 5 X-ray crystal structure of 7 with thermal ellipsoids drawn at 50%
probability level. Hydrogen atoms are omitted for clarity.

Table 1 Selected bond distances (A) and angles (°) for complexes 3-7.

3 4 57 6 7
Bond Distances (A)
All-C1 1968(2) 1.965(2) 1.968(3) 1.957(3) 1.962(2)
Al1-N1 1.993(2) 1.991(2) 1.994(1) 1.899(2)  1.916(1)
Al1-N2 2.014(2) 2016(2) 2022(1) 2129(3) 2.123(1)
Al1-N3 2.008(2) 2.001(2) 1.994(1) 1.909(2) 1.914(1)
Al1-N4 2.009(2) 2020(2) 2022(1) 2127(3) 2.119(1)
Bond Angles (9

C1-Al1-N1 99.82(8) 101.57(8) 99.94(5) 122.4(1) 125.16(7)
C1-Al1-N2 118.24(8) 116.00(8) 117.71(4) 98.1(1) 97.46(7)
C1-Al1-N3 99.70(8) 97.97(8) 99.94(5) 128.1(1) 126.95(7)
C1-Al1-N4 113.95(8) 119.27(8) 117.71(4) 93.9(1) 96.79(7)
N1-Al1-N2 80.59(7) 80.30(6) 80.51(5) 81.0(1) 80.88(6)
N1-Al1-N3 160.48(7) 160.45(7) 160.13(9) 109.4(1) 107.88(6)
N1-Al1-N4 91.15(7)  89.94(6)  90.26(5) 92.8(1) 90.37(6)
N2-Al1-N3 90.17(7)  91.43(6)  90.26(5) 91.6(1)  90.93(6)
N2-Al1-N4 127.82(7) 124.72(6) 124.58(8) 168.1(1) 165.74(6)
N3-Al1-N4 80.94(7) 80.21(6)  80.51(5) 80.8(1) 81.01(6)

T 0.54 0.60 0.59 0.67 0.65

@ For complex 5, the atoms N3 and N4 in the first column are Nlaand
N2a, respectively.

distances and anglesin Table 1.

All complexes are monomeric having a five-coordinate
aluminum center. The structural geometry of complexes 4, 6 and
7 is distorted trigonal bipyramid as indicated by the r values? of
0.60, 0.67 and 0.65, respectively. For complexes 3 and 5,
intermediates between trigonal bipyramid and square pyramid are
found with 7 values® of 054 and 0.59, respectively. The
orientations of the phenyl rings in all complexes are pointing
away from each other generating a C, symmetry. This orientation
of the phenyl rings creates a chiral center at the metal center
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Table 2 Polymerisations of lactides using complexes 1-7.2

Entry Catalysts M onomer Time(h) % Conversion®  kes (h?) M, pe % iii @
1 1 L-LA 6 97 0.533 2,600 1.14 -
2 2 L-LA 6 20 0.390 5,100 1.14 -
3 3 L-LA 6 86 0.357 6,800 1.20 -
4 4 L-LA 6 86 0.321 3,900 1.15 -
5 5 L-LA 13 92 0.181 6,700 1.15 -
6 6 L-LA 6 94 0.341 4,100 1.16 -
7 7 L-LA 10 86 0.383 6,700 1.23 -
8 1 rac-LA 7 95 - 7,100 1.14 33
9 2 rac-LA 7 92 - 6,800 1.11 45
10 3 rac-LA 7 94 - 6,900 1.12 47
11 4 rac-LA 7 92 - 7,000 1.13 44
12 5 rac-LA 14 98 - 3,800 1.18 35
13 6 rac-LA 7 99 - 9,200 1.27 34
14 7 rac-LA 11 96 - 6,700 1.35 34

2 Polymerisation condition: 5.00 mmol LA, 0.100 mmol Al complexes, 0.100 mmol BnOH, 6.00 mL toluene, [LA]:[Al]:[BnOH] = 50:1:1, reaction
temperature at 70 °C. ® Obtained from *H NMR analysis. ¢ Obtained from GPC analysisin THF using polystyrene standard, multiplied by 0.58.%
“ Determined from the integration in *H NMR spectra defined by 100% x (iii)/(sis+sii+iis+iii+is).
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Fig. 6 Variable temperature NMR spectra of complex 2 in toluene-ds.

suitable for the study of stereosdlectivity of the catalysts. The Al-
Npyrr bond distances are slightly shorter than those of Al-Ngy
10 bonds in complexes 3-5. However, the Al-N,,, bond distances
are significantly shorter (~0.2 A) than those of Al-Ngy bonds in
complexes 6 and 7. Inspection of the torsional angles between
C=N and the phenyl ring (C=N—-Ciys;—Corno) reveals interesting
information. The C=N-Ciyxx—Corino torsional angles of the
15 complexes 3-5 having ortho substituents varies from 83.1 to
87.3° while those of complexes 6 and 7 having no ortho
substituents varies from 19.9 to 27.0°. The low C=N-C;p5—Corino
torsional angles of complexes 6 and 7 alow electron
delocalization from Ny into the aryl © system. This observation
20 suggests that the N-C, bonds can be controlled as free rotation
or restriction depending on the substituents at the ortho positions.
'H NMR of complexes 1, 6, and 7 (see ESI) reveals only one set
of the aromatic protons indicating a fast rotation around the N-
Caryi bonds on NMR time-scale. Thisisin agreement with the low
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C=N-Cipsr—Curtno torsiona angles in the crystal structures.
However, the restricted rotation on NMR time-scale was found in
complex 5 where 4 doublets and 2 septets, corresponding to
CHMe, and CHMe, protons respectively, were found in *H NMR
recorded at room temperature. Heating complex 5 to 90 °C in
toluene-dg did not broaden the NMR signals. For complexes 2-4,
a fluxional process at room temperature was observed as
indicated by broad NMR signals of the ortho substituents
attributed to a slow rotation around N-C,y bond. Variable-
temperature (VT) H NMR experiment was carried out for
complex 2 in toluene-dg as shown in Fig. 6. Broad singlets were
found at 20 °C at 2.17 and 1.65 ppm corresponding to the ortho-
methyl protons. The two broad singlets coalesced at 45 °C and
became a sharp singlet at higher temperature. Free energy of
activation at coalescence temperature” of 14.6 kcal/mol was
estimated from the VT experiment.

Polymerisation of lactide

Complexes 1-7 were tested for the polymerisation of L-lactide.
Benzyl alcohol (1 equiv) was added as an initiator. The
polymerisations were carried out in toluene a 70 °C using
[LA]:[AI]:[BNOH] 50:1:1. The polymerisation results are
summarized in Table 2, entries 1-7. The GPC trances of the
polymers obtained from all catalysts are monomodal and have
narrow molecular weight distributions (B = 1.14-1.23) indicative
of awell-controlled polymerisation. This behaviour iscommon in
the polymerisations using aluminum catalysts. Complex 1 (entry
1) having no substituents on the phenyl rings displayed the
highest activity while complex 5 (entry 5) having bulky 'Pr
groups was the slowest catalyst. Polymerisations were rather slow
requiring 6-13 h to completion. However, the slow rates of
polymerisations allow a detailed analysis of kinetic information.
Kinetic studies of al cataysts were conducted at least three
times for each catalysts and plotted as In([A]/[A]o) versustimein
Fig. 7a for the investigation of steric hindrance (complexes 1-5)
and Fig. 7b for electronic contributions (complexes 1, 6 and 7).
All polymerisations are pseudo first order in the concentration of
L-lactide. The observed rate constants kq,s (from In([A]/[A]o) = -
Kapst), having the values from 0.181 to 0.533 h!, are summarized
in Table 2. For the effects of steric hindrance of the ligands, the
order of 5< 4 <3< 2<1wasobserved in agreement with the
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Fig. 7 Plots of In([A]/[A]o) vs time in the polymerisation of L-lactide
using a) complexes 1-5 and b) complexes 1, 6 and 7.

decreasing steric hindrance. Ligands having larger substituents
suppress the polymerisation rates. The presence of the methyl
substituent at the para position as in 3 (kg = 0.357 h'%) does not
significantly affect the polymerisation rate compared to
compound 2 (kgss = 0.390 h™%). For electronic contributions, the
order of 6 < 7 < 1 was determined with kg, of 0.341, 0.383 and
0.533, respectively. The observed rates were puzzling at first
because complexes having ligands with electron withdrawing and
electron donating groups decreased the polymerisation rates. We
suggest that, in this catalyst system, one of these ligands may not
be innocent as it may seem. The CF; groups in complex 7
certainly withdraw electron density from the metal through o
bonds. However, in the case of methoxy group in 6, the oxygen
atom may also behave as electron withdrawing group through o
bonds in addition to the anticipated electron donation through the
n system. This is possible since oxygen is more electronegative
than carbon and this effect could be more pronounced in this
catalyst system. Thus, the electron withdrawing group and steric
hindrance decrease the rates of lactide polymerisation in the
bis(pyrrolylaldiminato) aluminum catalyst system.

Because complexes 1-7 has a C, axis through Al-Me bond,
stereoselectivity for isotactic enhancement is anticipated from the
chiral complexes. Thus, complexes 1-7 were tested for the
polymerisation of rac-lactide under identical conditions.
Polymerisation results are summarized in Table 2, entries 8-14.
The percentage of iii tetrads was determined from the integration
of the peaks in *H NMR spectra (CDCls, 500 MHZ) of the
homonuclear decoupled CH resonance of poly(rac-lactide). The

Fig. 8 *H NMR spectra (CDCls, 500 MHZ) of the homonuclear decoupled
CH resonance of poly(rac-lactide) prepared using @ complex 4 and b)
35 complex 7.

enhancement for iii tetrads was observed from 33 (atactic
polylactide) to 45, 47 and 44% for compounds 1, 2, 3 and
4.respectively (Fig. 8a). Larger substituents were found to
promote isotactic enchainment. However, this effect dissipatesin

40 compound 5. The substituents at the para position have no effect
in the stereoselectivity. Thus, compounds 6 and 7 gave atactic
polylactide having iii tetrads of 34% (Fig. 8b).

Conclusions

We have demonstrated that steric and electronic contributions of
s the ligands have played an important role in the ring-opening
polymerisation of lactide. A new bis(pyrrolylaldiminato)
aluminum catalyst system having different steric and electronic
contributions on the ligands has been developed. Five new crystal
structures were reported. Fast rotation of the N-C,y bond was
s0 observed for ligands having small substituents on the phenyl
rings. The rotation diminished in complexes with larger
substituents. The catalysts were active for the polymerisation of
L-lactide giving polylactide with low molecular weight
distributions indicating that the polymerisations are well-
s controlled. Pseudo first order was determined in the
polymerisation of L-lactide along with the observed rate
constants. Ligands having larger substituents or electron
withdrawing groups were found to suppress the polymerisation
rates. In addition, polymerisation of rac-lactide gave atactic
0 polymer for compounds 1, 5-7. However, a slight enhancement
for isotactic enchainment was found for compounds 2-4. It is
clear that ligand design is vital to the development of new
catalysts. Even dlight changes of the ligand structures could
influence the polymerisation rates and stereoselectivities.

& EXperimental
General details

All experiments were carried out under dry argon atmosphere
using double manifold Schlenk line and Schlenk-type glassware.
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All solvents used under inert atmosphere were dried using PURE
SOLV MD-5 solvent purification system from Innovative
Technology Inc. All reagents were purchased from commercial
suppliers (Acros, Aldrich, Fluka). Deuterated solvents were dried
over 4 A molecular sieve (benzene-dg, toluene-ds) and 3 A
molecular sieve (chloroform-d). L-lactide and rac-lactide were
purchased from Aldrich and sublimed three times under vacuum
before use. Pyrrolyladimine ligands were synthesized by a
condensation reaction in acidic condition between pyrrole-2-
carboxaldehyde and the corresponding anilines with minor
modification.®

M easur ements

"H and **C{*H} NMR spectra were recorded on a Bruker DPX-
300 or AVANCE 500 spectrometer and referenced to protio
impurity of commercia chloroform-d (CDCls, § 7.26 ppm) or
benzene-dg (CsDg, J 7.16 ppm) as interna standards. °F NMR
spectra were recorded on AVANCE 500 spectrometer and
referenced to externa CR;COOH. Gel  permeation
chromatography (GPC) analyses were carried out on a Waters
€2695 instrument equipped with Model 3580 refractive index
detectors (Viscotek) and two 10 um PL Gel columns. The GPC
columns were eluted using tetrahydrofuran with flow rate of 1.0
mL/min at 35 °C. Molecular weights and molecular weight
distributions were calibrated with polystyrene standards ranging
from 500 to 10,000,000 amu. X-ray crystalography data was
collected on a Bruker SMART CCD area-detector diffractometer
using graphite-monochromated Mo Ko, radiation (. = 0.71073 A).
Elemental analyses were obtained using Perkin Elmer series Il
CHNS/O Analyzer 2400.

General preparation for complexes 1-7. A solution of the
corresponding ligand (5.80 mmol) in CH,Cl, (30 mL) was added
dropwise to a solution of AlMe; (1.45 mL, 2.0 M solution in
toluene, 2.90 mmol) in CH,Cl, (30 mL). The reaction was then
heated at 50 °C for 5 h followed by solvent removal under
vacuum. The complex was washed with n-hexane and
subsequently dried under vacuum giving the product in moderate
to highyield.

[2-(CeHsN=CH)C4H3N],AICH3;, 1. A pale yellow solid (0.95
g, 86 %). 'H NMR (500 MHz, C¢Dg): 6 7.85 (s, 2H, N=CH), 7.28
(d, 3 = 5.0 Hz, 4H, Ar), 7.06 (m, 6H, Ar),6.96 (t, 2H, J = 12.0
Hz, py), 6.78 (d, 2H, J = 5.0 Hz, py), 6.32 (d, 2H, J = 5.0 Hz,
py),-0.03 (s, 3H, Al-CH3).2*C{*H} NMR (C¢Ds, 125 MHz,): &
153.0 (N=CH), 146.6 (ipso-C), 137.51 (Ar), 137.2 (ipso-C),
129.6 (Ar), 126.3 (py), 121.9 (Ar), 120.4, 115.1 (py), -5.5 (Al-
CHa). Anal. Calcd. for Ci3HxAINg: C, 72.62; H, 5.56; N, 14.73.
Found: C, 72.29; H, 5.32; N, 14.72.

[2-(2,6-(CH3),CeH3N=CH)C4H3N],AICH3, 2. A white solid
(0.80 g, 63%). *H NMR (500 MHz, C¢Dg): ¢ 7.37 (s, 2H,N=CH),
7.16-7.02 (m, 6H, Ar), 6.86 (d, 2H, J = 5.0 Hz, py), 6.35 (d, 2H, J
=5.0Hz, py), 6.21 (s, 2H, py),2.39 (br s, 6H, Ar-CH3), 1.91 (br s,
6H, Ar-CH;),0.07 (s, 3H, Al-CH3).®C{*H} NMR (CgDs, 125
MHz,): 6 161.4 (N=CH), 146.92 (ipso-C), 138.1, 135.2, 134.0,
132.6 (Ar), 126.1, 119.9, 114.9 (py), 18.6 (Ar-CHs), -3.4 (Al-
CHj3). Anal. Calcd. for C;7H0AIN,: C, 74.29; H, 6.70; N, 12.83.
Found: C, 74.29; H, 6.69; N, 12.91.

[2-(2,4,6-(CH3)3CeH,N=CH)C,H3N],AICH3, 3. A white solid
(1.08 g, 79%). Crystals suitable for X-ray crystallography were
grown by placing a concentrated hexane solution in a freezer. *H
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NMR (500 MHz, C¢D¢): 67.07 (s, 2H,N=CH), 6.75-6.66 (m, 6H,

& py), 6.16 (d, 2H, J = 5.0 Hz, Ar), 6.09 (s, 2H, Ar),2.22-2.14 (m,

12H, Ar-CHj), 1.72 (s, 6H, Ar-CHg), -0.10 (s, 3H, Al-
CH3).BC{’™H} NMR (C4Ds, 125 MHz): 6 1617 (N=CH),
152.1(ipso-C), 143.9 (Ar), 138.0 (ipso-C), 128.7, 119.4, 114.8
(py), 20.7, 18.3 (Ar-CH3), -3.4 (Al-CH3). Ana. Cacd. for
CxHzsAIN,: C, 74.97; H, 7.16; N, 12.06. Found: C, 74.59; H,
7.45; N, 11.96.

Crystal data for 3. CyHzAINg, M = 464.57, monoclinic,
space group P2/c, a = 8.7290(2) A, b = 21.8650(9) A, ¢ =
13.8320(6) A, o = 90°, B = 91841(3)° y = 90°, V =
2638.61(17)A% Z = 4,1 =0.71073 A, 1= 0.100 mm %, T = 150
K, 17018 reflections measured, 4629 unique, Ry = 0.0699, R =
0.0462 (obs. data), wR = 0.1168 (obs. data), GOF = 1.034.

[2-(2,6-(C2Hs),CeH3N=CH)C,H3N],AICH3, 4. A white solid
(1.32 g, 91%). Crystals suitable for X-ray crystallography were
grown by placing a concentrated toluene solution in a freezer. *H
NMR (500 MHz, C¢Dg): 67.79 (s, 2H, N=CH), 7.42 (d, 2H, J =
1.0 Hz, Ar), 7.19 (t, 4H, J = 7.7 Hz, Ar), 6.75 (g, 2H, J = 1.8 Hz,
py), 6.18 (g, 2H, J = 1.9 Hz, py), 6.13 (d, 2H, J= 1.0 Hz, py),
2.64 (g, 8H, J = 7.5 Hz, CH,CH5), 1.23 (t, 12H, J= 7.5 Hz,
CH,CHz), -0.08 (s, 3H, AI-CH3).®C{*H} NMR (CgDs, 125
MHz,): 0161.6 (N=CH), 145.1 138.0, 134.6 (ipso-C), 126.5,
126.2, 126.1 (py),119.4, 114.8 (Ar), 20.7 (ArCH,CH3), 18.3
(ArCH,CHs), -3.45 (Al-CHs). Anal. Calcd. for CyHs/AIN,: C,
75.58; H, 7.57; N, 11.37. Found: C, 75.74; H, 7.62; N, 10.91.

Crystal data for 4. C3H3AIN,, M = 492.63, Triclinic, space
group P 1, a= 8.86600(10) A, b = 20.2470(4) A, ¢ = 24.0550(5)
A, « = 102.0720(8)°, B = 90.2860(15)°, y = 96.0910(15)°, V =
4197.14(13)A% Z = 6, . = 0.71073 A, pn = 0098 mm™, T =
153(2) K, 30818 reflections measured, 16089 unique, R =
0.0218, R = 0.0509 (obs. data), wR = 0.1281 (obs. data), GOF =
1.043.

[2-(2,6-(Pr),CeHsN=CH)C,H3N],AICH;, 5. A white solid
(0.97 g, 63%). Crystals suitable for X-ray crystallography were
grown by placing a concentrated toluene solution in a freezer. *H
NMR (300 MHz, C¢Dg): 67.61 (s, 2H, N=CH), 7.14 (m, 4H, Ar),
6.98 (d, 2H, J = 9.0 Hz, Ar), 6.66 (d, 2H, J = 3.0 Hz, py), 6.11 (s,
2H, py), 6.05 (s, 2H, py), 3.46 (t, 2H, J = 5.0 Hz, CH(CHs),),
296 (t, 2H, J = 5.0 Hz, CH(CH3)»),1.33 (d, 6H, J = 6 Hz,
CH(CHs),), 1.06 (d, 6H, J = 6.0 Hz, CH(CH3)), 1.00 (d, 6H, J =
6.0 Hz, CH(CHa),), 0.74 (d, 6H, J = 9.0 Hz, CH(CHs),), -0.15 (s,
3H, Al-CH3).BC{*H} NMR (C¢Dg, 125 MHz,): §160.9 (N=CH),
144.2, 143.4 (ipso-C),138.5 (Ar), 134.6 (ipso-C), 127.1, 124.9
(Ar), 123.0, 119.6, 114.6 (py), 29.7, 28.0 (CH(CH,),), 25.8, 25.5
(CH(CHs),), 24.9, 21.0 (CH(CHs),), -5.7 (Al-CHs). Anal. Calcd.
for CssHasAIN,: C, 76.61; H, 8.27; N, 10.21. Found: C, 76.61; H,
8.53; N, 10.24.

Crystal data for 5. CssHasAINg, M = 548.73, monoclinic,
space group C2/c, a = 20.2580(11) A, b = 9.8370(8) A, ¢ =
16.2040(12) A, o = 90°, B = 99.646(5)° y = 90°, V =
3183.4(4)A% Z = 4,1 =0.71073 A, p = 0.093 mm %, T = 293(2)
K, 8318 reflections measured, 3655 unique, Ry = 0.0790, R =
0.0525 (obs. data), wR = 0.1291 (obs. data), GOF = 1.074.

[2'(4’(CF3)CQH4N:CH)C4H3N]2A|CH3, 6. A white solid
(1.24 g, 83%). Crystals suitable for X-ray crystallography were

us grown by placing a concentrated CH,Cl,, solution in a freezer. *H

NMR (500 MHz, CeDg): J 7.69 (s, 2H, N=CH), 7.27 (d, 4H, J =
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10.0 Hz, Ar), 7.26 (d, 4H, J= 10.0 Hz, Ar), 6.93 (s, 2H, py), 6.82
(d, 2H, J = 5.0 Hz, py), 6.34 (d, 2H, py), -0.15 (s, 3H, Al-
CH3).®C{*H} NMR (Cg¢Dg, 125 MHz,): 6153.4 (N=CH), 149.0
(ipso-C), 138.5 (Ar), 137.2 (ipso-C), 126.9 (py), 126.0(ipso-C),
122.2 (py), 121.8 (Ar), 116.0 (py), -6.0 (Al-CH3)."°F NMR
(CGDG): 0 -62.7 (CF3) Anal. Calcd. for C25H29A|F6N4: C, 58.14;
H, 3.71; N, 10.85. Found: C, 58.24; H, 3.71; N, 10.73.

Crystal data for 6. CysHygAIFgN,, M = 516.42, monoclinic,
space group P2/c, a = 9.8580(2) A, b = 56.7400(13) A, ¢ =
9.3090(2) A, « = 90° B = 116.1470(10)°, y = 90°, V =
4674.08(17)A% 2 = 8,2 = 0.71073 A, p = 0157 mm %, T =
150(2) K, 13571 reflections measured, 8223 unique, Ry =
0.0378, R = 0.0570 (obs. data), wR = 0.1493 (obs. data), GOF =
1.058.

[2-(4-(OCH3)CgH4N=CH)C4H3N],AICH3, 7. A light brown
solid (1.28 g, 65%). Crystals suitable for X-ray crystallography
were grown by placing a concentrated CH,Cl, solution in a
freezer. 'H NMR (500 MHz, C¢Dg): 67.89 (s, 2H, N=CH), 7.28
(d, 4H, J=9.0 Hz, Ar), 7.16 (s, 2H, py), 6.82 (s, 2H, py), 6.67 (d,
4H, J = 9.0 Hz, Ar), 6.40 (g, 2H, J = 3.0 Hz, py), 3.28 (s, 6H, O-
CHs), 0.03 (s, 3H, Al-CH3).*C{*H} NMR (CgDe, 125 MHz,): &
158.5 (ipso-C), 151.6 (N=CH), 139.6, 137.2 (ipso-C), 136.7,
122.9 (Ar), 119.4, 114.8, 114.6 (py), 55.0 ((O-CHs3), -5.5 (Al-
CHy). Anal. Caled. for CgsHasAIN,: C, 68.70; H, 5.72; N, 12.72.
Found: C, 68.77; H, 5.67; N, 12.64.

Crystal data for 7. CxsHsAIN4O,, M = 440.47, monoclinic,
space group P2/c, a = 14.8420(6) A, b = 9.1460(2) A, ¢ =
16.6480(6) A, a = 90°, B = 97.0740(13)°, y = 90° V =
2242.68(13)A% Z = 4, . = 071073 A, p = 0120 mmL, T =
150(2) K, 7379 reflections measured, 3924 unique, R;; = 0.0239,
R =0.0381 (obs. data), wR = 0.0958 (obs. data), GOF = 1.048.

Polymerisation of lactide

L- and rac-lactide polymerisations were conducted in toluene in a
25 mL Schlenk flask as followed. The aluminum complex (1-7,
0.100 mmol) and lactide (720 mg, 5.00 mmol) was added into a
Schlenk flask in a drybox. Toluene (6.00 mL) was added and the
reaction was heated to 70 °C. The polymerisation was started by
the addition of benzyl alcohol (0.100 mmol). A small aliquot was
collected at desired time and quenched with a drop of acetic acid.
The polymer conversion was determined by *H NMR in CDCl;
after the solvent was removed. At the end of the polymerisation, a
few drops of acetic acid were added and solvent was removed
under vacuum. The mixture was dissolved in the least amount of
dichloromethane followed by the precipitation of the polymer in
cold methanol. The polymer was isolated and dried to constant
weight under vacuum.

X-ray crystallography

The single crystal X-ray analysis was carried out at the Mahidol
crystallographic facility. Diffraction measurements were made on
a4 K Bruker SMART? CCD area detector diffractometer using
graphite-monochromated Mo Ko radiation (A = 0.71073 A). The
crystals were mounted in paratone oil and held in a low-
temperature N, stream during data collection. Cell constants and
an orientation matrix for data collection were obtained from a
least-square refinement. The frame data were integrated by the
program SAINT? and corrected for Lorentz and polarization
effects. The structure was solved by the maXus crystallographic
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software package,?® using direct methods (SIR97)?” and refined
by full-matrix least-squares method on (Fge)® using the
SHELXTL-PC V 6.12 software package® X-ray crystal
structures were generated using Ortep-3 for Windows.”
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