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Abstract

A series of titanium (Ti) compounds bearing 2,64sisydroxyalkyl)pyridine ligands were
synthesized and investigated as catalysts foritigeapening polymerization afcaprolactone (CL)
andL-lactide (LA). The Ti complexes with electron-witlagving groups in pyridine rings or steric
bulky groups in hydroxymethyl groups reduced th@algéic activity in CL and LA polymerizations,
and“eL P-TiOPr , exhibited the highest catalytic activity ((CL] =50M, [CL]:[Cat] = 100:8, 6CC,
7.5 h, conversion = 93%; [LA] = 0.5 M, [LA]:[Cat] £00:8, 60°C, 3.5 h, conversion = 98%). The
density functional theory calculation results rdgdathat CL interacted with the ligand through
weak hydrogen bonds, and then approached the Tercéfter being attacked by isopropyl oxide,
the carbonyl group of CL bonded to the Ti centdteAthe rearrangement and ring opening of CL

ring, CL was converted to pobrcaprolactone.
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1.0. Introduction

Ligands are essential in organometallic catalystabse they improve the catalytic reactivity
and selectivity for catalysis through steric, elecic, and chelating effects. Pincer ligafdd a
common type of ligand, bond securely to three naogimg coplanar sites in a meridional
configuration. The rigidity of the pincer-metal@néaction results in high thermal stability in the
resultant complexes. Pincer complexes are useatahytic applications such as addition to
olefins,[7, 8] C-C[9-14] and C-S[15] cross-couplimycloisomerization,[16, 17] hydrogenation of
ketones and aldehydes,[18, 19] hydrogenation ef estd amide,[20-22] hydrophosphination,[23,
24] hydrosilylation of acetophenone,[25, 26] olgimlymerization,[27-29] and ring
opening-polymerization of cycloesters.[30] Receifytsev[30] reported the synthesis of pincer Al
complexes bearing pyridine-substituted alcohBlgyre 1a) and their application ie-caprolactone
(CL) andL-lactide (LA) polymerization and revealed that Aheplexes were moderately active in a
controlled or an immortal LA polymerization and ttlséeric bulky substituents on the ligands
increased the catalytic activity. Suztikieported the synthesis of pincer Ti complexesibgar
pyridine-substituted alcohol&igure 1b) and their application in ethylene polymerizatidhe
polymerization results revealed that the ordehefdctivity was R #Pr >t-Bu > Et, and the
molecular mass of the polymer was in the orderifP£> Et >t-Bu. In addition to Al catalysts, Ti
complexes[31-42] were used as catalysts in polyragan of cyclic esters. According to these
reports, Ti complexes bearing 2,6-bis(hydroxyalfyt)dines ligands should be effective in CL and
LA polymerizations, and substituents (R) shouldui@hce the controllability of Ti catalysts. Herein,
we synthesized a series of 2,6-bis(hydroxyalkyljgiges ligands and their titanium alkoxide

complexesKigure 2). The ROP of CL and LA were studied to investighte steric effect on ROP.
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Figure 1. Pincer metal complexes bearing pyridine-substit@icohols: (a) Al complex&s

for ROP and (b) Ti complex&sfor olefin polymerization
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Figure 2. Preparation of 2,6-bis(hydroxyalkyl)pyridinesdigds and associated Ti compounds

2.0. Results and Discussion

2.1. Synthesis and Characterization of 2,6-bis(hydroxyalkyl)pyridines ligands and
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associated Ti Complexes.
HLMeH [43, 44] and’LP"H* were prepared according to techniques providehdriterature.

H was synthesized using a method similar to th&t@synthesis dfL""“H. In this case,

MeLPh_
2,4,6-collidine was used to replace 2,6-lutidffi€"*O-H was synthesized from the reaction of
HLMeO-H and HO; in acetic acid. In the reactiofi,"*-H, "L""H, and“°L""H reacted with a
stoichiometric quantity of titanium isopropoxidetaiuene to produce a moderate yield of Ti
compoundsLMe-TiOPr ,, "L P-TiOPr », and“eL P-TiOPr ,, respectively) Eigure 2).
FurthermoreLM®O-H reacted with a stoichiometric quantity of titam isopropoxide in toluene to
produce("'LMTi-O) 4. Another method of producirfL “®Ti-0). is through the reaction of
HLMe_TiOPr, with a stoichiometric quantity of . According to théH and**C nuclear magnetic
resonance (NMR) spectra and elemental analysis @&#s, when two equivalents of titanium
isopropoxide reacted with one equivalent'bl"®-H, the resulting product wa4."®,-Ti.

The X-ray structure of'LP"-TiOPr, (CCDC 2005807 Figure 3) revealed the distorted
trigonal bipyramidal geometryr(= 0.84)[45] with two terminal isopropoxides. Thead angle of
N(1)-Ti(1)-O(3) was 172.59(8) and the equatorial angles between O(1)-Ti(1)-O(2),
O(2)-Ti(1)-O(4), and O(4)-Ti(1)-O(2) were 115.0619)21.88(10), and 118.24(106) respectively.
The bond of Ti(1)-O(3) in the axial position wa8392(19) A, and the bonds of Ti(1)-O(1),
Ti(1)-0(2), and Ti(1)-O(4) (in the equatorial pasit) were 1.8366(19) A, 1.8394(18) A, and
1.783(2) A). The structure ¢fLM°Ti-0),(CCDC 2005806Figure 4) comprises a tetramer of five

coordinated Ti complexes with distorted trigongywamidal geometryr(= 0.94) and four bridging

oxygen atoms connected with four Ti atoms, whiaimfan eight-membered ring structure.



Figure 3. Molecular structure dtLP-TiOPr , with 20% probability ellipsoids (all hydrogen atem
were omitted for clarity). Selected bond length3$ #Ad bond angles (deg): Ti(1)-O(1) 1.8366(19),
Ti(1)-0(2) 1.8394(18), Ti(1)-0O(3) 1.8392(19), TitD(4) 1.783(2), Ti(1)-N(1) 2.355(2);
O(3)-Ti(1)-N(1) 172.59(8), O(4)-Ti(1)-0O(1) 121.88)1 O(4)-Ti(1)-0O(2) 118.24(10),
O(1)-Ti(1)-0(2) 115.06(9), Ti(1)-0O(3)-C(14) 127.a4%), Ti(1)-0O(4)—-C(39) 164.5(2).

Figure 4. Molecular structure of'L™®Ti-O), with 10% probability ellipsoids (all hydrogen atem
were omitted for clarity). Selected bond length$ éAd bond angles (deg): Ti(1)-O(1) 1.8433(17),
Ti(1)-0O(2) 1.8351(17), Ti(1)—0O(3) 1.8392(19), TitD(4) 1.783(2), Ti(1)-N(1) 2.363(2);

O(4)-Ti(1)-N(1) 175.71(7), O(3)-Ti(1)-O(1) 119.49(®(3)-Ti(1)-O(2) 119.46(8),
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O(1)-Ti(1)-0(2) 115.27(8), Ti(1)-O(3)-Ti(2) 162.98(), Ti(1)-O(4)-Ti(2A) 169.66(10).

2.2. Polymerization of CL and LA.

In this experiment, the polymerizations of CL anél using Ti complexes as an initiator in
toluene were investigated under nitrog@€alfles 1and2). As observed from entries 1-5Tiable 1,
the catalytic order of Ti complexes for CL polynzation was'eL""-TiOPr, > "LMe-TiOPr, >
HLPTiOPr, > HLMe,-Ti > (LM®Ti-0)4. The results revealed th¥fL""-TiOPr, had a higher

catalytic activity tharf'LM®

-TiOPr , because the electron donating substituents ipyhdyl ring,
such as the methyl group, enhanced catalytic &gtivihereas'LP-TiOPr, with the bulky
substituents in the hydroxyethan-1-olate grouphsagthe phenyl group, reduced catalytic activity

compared with'LM®

-TiOPr,. Electron donating substituents can enhance pyidoordination and
weaken the Ti-isopropyl oxide bond to ease monomigation by isopropyl oxide. The steric
bulky substituent in the hydroxyethan-1-olate gr@ap block monomer coordination and reduce
catalytic activity.("LM®Ti-O) 4 exhibited the lowest catalytic activity becauseafrowded catalytic

Ti center and weak initiators (BnOH) with lower teaphilicity than isopropyl oxide. The LA
polymerization resultsT@able 2) from using these Ti complexes were similar tosth@f CL
polymerization, with the exception ofLM®-Ti, which had the lowest catalytic activity.
Me| Ph_TiOPr, with the highest catalytic activity was used asalyst to test the controllability of
PLA and PCL. Polymerization with various ratiosrobnomers catalyzed B{fLP"-TiOPr, was
studied to identify the properties of these polysn@ntries 6-11 ofable 1, and 6-12 inTable 2
andFigure 5). The results revealed tH4L™"-TiOPr , exhibited higher controllability with similar
values ofMnca, Mnwwr, and Mngpc and narrow dispersityb, less than 1.26). Th&H NMR
spectrum of PCLKigure S23 and PLA Figure S29 revealed that isopropyl oxide initiated the

monomers to form the polymer end chain.



Table 1 Polymerization of CL using various Ti complexascatalysts.

Entry Catalyst Time Conv® Mnca® Mnwwr® Mngpe® DS Kops(h?)
[CL]:[Cat]:[BnOH] (h) (%) [error]*
1¢ HLMe_TiOP™L, 11 93 800 1100 900 1.11 0.238]6]
100:8:0
B HLPRLTiOPY, 20 94 800 1000 900 1.12 0.141[5]
100:8:0
3 Me| PhTioPr, 7.5 93 800 1200 900 1.08 0.356[8]
100:8:0
4° LMeTi-0), 14 53 900 1100 1000 1.31 0.062]2]
100:2:8
5° HLMe T 5.5 50 800 1200 1100 1.34 0.117[7]
100:8:8
6 Me| PLTiOPT, 8 99 5800 5800 6400 1.09 !
100:1:0
78 Me| PhTioPr, 8 99 11500 11300 11900 1.23 !
200:1:0
8" Me| PhTioPr, 8 73 12500 13000 14000 1.16 !
300:1:0
9 Me| PhTioPr, 8 50 11500 12800 13300 1.23 !
400:1:0
10" Me| PhTioPr, 16 99 17200 17300 18900 1.25 !
300:1:0
11 Me| Me_TiOPr, 16 99 22900 23400 23000 1.26 !
400:1:0

3 Obtained fromtH NMR analysis® Calculated from the molecular weight of monomef{CL]/ 2[Cat}, x conversion yield Mw(PFOH) (entries
1-3 and 6-11). Calculated from the molecular weigfthonomerx [CL]o/ [BNOH], x conversion yield Mw(BnOH) (entries 4-5). Obtained

from GPC analysis and calibrated using the polgstgrstandard. Values of Ms are the values obtained from GPC times 0.56 fdr. B®eaction
condition: toluene (5 mL), [CL] = 0.5 M, [CL] : [Gr= 100 : 8, 6C°C. *Reaction condition: toluene (5 mL), [CL] = 0.5 MGL] : [Cat] : [BnOH] =
100 : 2 : 8, 60C."Reaction condition: no solvert:L""TiOPr, = 0.1 mmol, CL = 10 mmol, 1(0RC. 9Reaction condition: no solverttL™-TiOPr, =
0.1 mmol, CL = 20 mmol, 108C. "Reaction condition: no solvert:L™"-TiOPr, = 0.1 mmol, CL = 30 mmol, 1. 'Reaction condition: no solvent,
el PLTiOPr, = 0.1 mmol, CL = 40 mmol, 10fT.! kqys do not be calculatelikqsis obtained by the first-order rate law for th@semption of [CL].

[error] is standard deviation from the kinetic stud



Table 2 Polymerization of LA using various Ti complexescatalysts.

Entry Catalyst Time Conv® Mnca® Mngpe® DS Kops(h))
[LA]:[Cat]:[BnOH] (h) (%) [error]
1¢ HLMeTioPr, 4 96 900 1200 1.17 0.924[27]
100:8:0
2 HLPL.TiOP™, 6 96 900 1100 1.11 0.564[12]
100:8:0
3 Me| PLTiOPT, 35 98 1000 1100 1.11 1.262 [44]
100:8:0
4° HLMeTi-0), 4 80 1500 1400 1.12 0.431[7]
100:2:8
5° HLMe, Ti 14 51 1000 1100 1.10 0.070[1]
100:8:8
6 Me| PLTiOPT, 1 99 7300 8100 1.03 =
100:1:0
78 Me| PLTiOPT, 3 99 14500 16600 1.10 =
200:1:0
8" Me| PhTioPr, 1 72 15600 19900 1.11 o
300:1:0
9 Me| PLTiOPT, 3 84 18200 21100 1.23 =
400:1:0
10" Me| PhTioPr, 6 99 21700 21700 1.25 =
300:1:0
11 Me| Me_TioPr, 12 99 28900 28900 1.22 =
400:1:0
12 Me| Me_TioPr, 12 99 36100 36500 1.21 =
500:1:0

2 Obtained fromtH NMR analysis® Calculated from the molecular weight of monomeiLA] ¢/ 2[Cat}, * conversion yield Mw(PfOH) (entries

1-3 and 6-12). Calculated from the molecular weigfthonomerx [LA] o/ [BNOH]o x conversion yield Mw(BnOH) (entries 4-5). Obtained

from GPC analysis and calibrated using the polgstgrstandard. Values of Mg are the values obtained from GPC times 0.58 fak.BIReaction

condition: toluene (5 mL), [LA] = 0.5 M, [LA] : [G&= 100 : 8, 60C. ° Reaction condition: toluene (5 mL), [LA] = 0.5 MLA] : [Cat] : [BnOH] =

100 : 2 : 8, 60C. "Reaction condition: no solveEL""-TiOPr, = 0.1 mmol, LA = 10 mmol, 138C. ¢ Reaction condition: no solvetL""TiOPr, =

0.1 mmol, LA = 20 mmol, 136C." Reaction condition: no solvefffL""TiOPr, = 0.1 mmol, LA = 30 mmol, 138. Reaction condition: no

solventML""TiOPr, = 0.1 mmol, LA = 40 mmol, 138"/ Reaction condition: no solvetL""TiOPr, = 0.1 mmol, LA = 50 mmol, 138C.  Kqps

do not be calculatetikopsis obtained by the first-order rate law for th@samption of [CL]. [error] is standard deviatioorin the kinetic study.
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([LA] o x conv. / "L P"-TiOPr 5]o) with polydispersity indexes indicated by bluesgld square

[entries 3, 6-11 for (A); entries 14, 17, 20-23 (B}, Table 1]

Kinetic Studies of the Polymerization of CL and LAcatalyzed by"L"e-TiOPr

Kinetic studies were performed at 1 with respect to the ratio of [M]"LMe-TiOPr 5] ([CL]
=0.5Mand [LA] =0.5 M in CDGI[1 mL] in a sealed NMR tube), as depicted ables S354
andFigures S2S5. The preliminary results indicated a first-ordepdndency on [CL] and [LA]
(Figures S2andS4). By plottingkoss versus TL-Ti(OPr) 5] with "LMe-Ti(OPr) , order of 1 kapp
values of 0.072 and 0.354 (vhin™') were discovered for CL and LAigures S3andS5),
respectively. The polymerizations of CL and LA wgit. "®-Ti(OPr) , at 100 °C demonstrated the
following rate law:

d[CL]/dt = 0.072 x [CL]['LMe-Ti(OPr) 4]

d[LAJ/dt = 0.354 x [LA]['LMe-Ti(OPr) 4]

Density Functional Theory Study of the Polymerizabn Mechanism Catalyzed by
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HLPR.Ti(OPTY) ,

The reaction mechanism of cyclic ester ROP catdlygetitanium catalysts was studied using
density functional theory (DFT) calculation undee B3LYP level. The basis set for Ti was
LanL2DZ, and that for H, C, N and O atoms was 6-@)Gl'he structures of reaction intermediates
and transition states in the calculation were basethe X-ray structure 6fL""TiOPr ,. CL was
selected as the monomer in the theoretical study.

To initiate the ROP reaction, a monomer moleculstrbe bounded on the catalyst to activate its
ester group or to draw the group close to the alkide initiator. On the base of this consideration
the catalyst can activate CL through three reagiathways Figure 6). In the first pathway, CL
approaches the complex from the space abovélLtffidigand, which generates intermeditén

the second pathway, axial isopropyl oxide is reoigd to equatorial positions, and CL coordinates
on the axial position trans fto PP pyridine to form intermediati . In the third pathway, the
monomer enters the equatorial sites trans to hyetban-1-olate groups 8t.P"to form

intermediate D.

The central Ti of the optimized structure of intexratel (Figure S16)exhibited a trigonal
bipyramidal geometry, which is similar for thataf""TiOPr ,, in which one OPr ligand aritL™"
pyridine ligands coordinated on the axis positiams two™L"" hydroxyethan-1-olate ligands and
the other OPr are on the equatorial positions. @inded abovEL"" through weak interactions

LP" The distance between the CL carbonyl oxyge‘i‘ir*@nd the central

with the phenyl rings of
Ti atom was 4.422 A, which was considerably lorthan those of Ti-&"™ bonds of other Ti-ester
complexes (2.02 to 2.10 A), indicated that CL did airectly coordinate on the Ti atom.[46-48]
However, the distances betweeff#®and two ortho hydrogen atoms°({f) of the two equatorial
phenyl rings of'L""were 2.496 and 2.497 A, respectively, and thexdist between ester oxygen

L""was 2.644 A. These three distances were smaller

(0"™9) and H"™ of an axial phenyl ring dt
than the sum of the van der Waals radii of hydroaysh oxygen atoms (approximately 2.9 A),
which indicated that these’f° atoms had direct attraction interaction witfi"®and A"%.[49]

10



These three interactions are regarded to be therrwages that bind CL to the catalyst. Moreover,
the distance between the carbonyl carbon atoffiY(@f CL and the oxygen atom {{of the axial
alkoxide ligand was 3.728 A, and®® directly faced axial &. This conformation facilitated the
addition reaction of axial ®to C*™® The free energy of intermedidtevas 18.2 kcal md,

assuming the sum of the free energ{/ 10t TiOPr, and free CL was 0 kcal mbl (Figures 7and8)
The optimized intermedialé has an octahedral coordination geometry for tisanfFigure S17).

All four alkoxide ligands were in the equatoriahpé. The CL coordinated on the axial site opposite
to the pyridine ligand. The Ti-®"bond length was 2.220 A and the TR®C*™® angle was

135.78. The bond length was approximately 0.1 A longet tire bond angle was approximately
15° smaller than those of other Ti-ester complexed2(f 2.1 A, 149 to 153 which indicated that
this Ti-O"*™ bond was slightly weaker than those of other Teresomplexes.[46-48] The structure
of Il was different from that df such that no OPr ligands directly faced the caybgroup, which
smoothened the addition reaction. Although a staptemized structure of intermediaieoccurred

in this pathway, its free energy was 34.7 kcal ualhich is considerably higher than that of
because all bulky ligands were reorganized to cemlvetjuatorial sites, which created high
repulsive forces. In the third pathway, CL did bohd on an equatorial coordination site or have
any weak interaction with the catalyst becauséefcrowding of the equatorial space.

After CL bonded to the catalyst, OPr reacted witf{°@ form a hemiacetalate
(2-isopropoxyoxepan-2-olate) ligand and then preduatermediatél (Figure S18. This
additional reaction can start from intermediate Il . Froml, the CL is drawn close to the titanium
center to generate a Ti-O-C-O four membered riagdition structurel(S1; Figure 6, left). In this
transition structure, the Ti&”bond length was 2.282 A, which was longer thah ¢hdi-O™

(1.978 A) in the ring. Moreover, the’®-C**®bond length was 1.270 A, which was slightly longer
than that of the C=0 bond of free CL (1.208 A) bomsiderably shorter than the C-O single bond,
which indicated that it still has high double-barttaracteristics. The ®C® bond (1.781 A) was

longer than that of B-C"™™ (1.417 A) of intermediat#l . Thus,TS1 has a structure that resembles

11



intermediatd . The free energy of this transition structure wasl kcal mof and the activation
energy of the addition reaction from intermediate 1l was 24.9 kcal mdl This relatively high
activation energy can explain why this catalyticlR@ogressed smoothly when the temperature

was higher than 6%C.

TS1

‘ rforing

Ccarb (Chem)

Figure 6. The ball and stick models of TS1 and TS2.

Direct transformation fromi into Il did not occur in our DFT calculation. When thetance
between CL and isopropyl oxide was shortened tatrithe addition reaction, the octahedral
structure of the catalyst became unstable and guaterial isopropyl oxide was forced back to the
axial position to reform intermediateand no stable and achievable transition strusta®possible
between intermediaték andlll .

After forming intermediatdl| , the hemiacetalate ligand rotated to draifP®@lose to central Ti to
dissociating &9 from C™™ (Figure 6, right). The complex then underwent the seconusttian
state TS2) to open the seven-membered CL ringT 82, the "-Ti and G®™Ti bond length were
2.006 and 2.188 A, respectively. The bond lengfi@"8-C®™ and G'-C*® were 1.737 and 1.295
A, respectively. Thus, the transition structure badsiderably higher ester characteristics than
hemiacetalate did. The free energyT&2 was 38.4 kcal mdi, and the activation energy of the ring
opening was 12.2 kcal mbfrom Il to IV, which was considerably lower than thaff&1 (Figure
8). This indicated that the rate determining stethaf catalytic reaction was the alkyl oxide

12



addition reaction throughS1.

After ring opening, the complex formed intermedidtewith the new ester group weakly bonded to
the open pocket of CLF{gure S19. The free energy d¥/ was 7.7 kcal mdl, slightly higher than
the sum of those &L P"TiOPr, and CL because separated molecules have gresteiofn.
Although its free energy was slightly higher thhattof the starting materials, the activation eperg
of the reverse reaction froi tolll (30.7 kcal mof) was higher than the forward reaction from
to Il (23.9 kcal mot). Thus, its recyclization reaction was slower thiag opening. Moreover, the
considerably higher concentration of monomers coetpwith polymers drove the forward
reaction. Finally, the ester group was dissocifiteth the open pocket for binding monomers to
form intermediate/ (Figure S20. Although the ester group has an almost idensitalkcture with
intermediateVl, the chain of the polymer in the ester group wadaelded on the surface of the
catalyst to cover the active site; rather, it wasased in the open space. The free enerifyvods

9.9 kcal mot', which was only slightly higher than that\sf and indicated that this conformation
change progressed smoothly. After the monomer pgae&e opened, the catalytic cycle restarted

through the acceptance of another CL molecule.
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Figure 7. Reaction mechanism of the polymerization reactiatalyzed by'L ""TiOPr ,.
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Figure 8. Energy diagram of all intermediates and transistructures.
According to our DFT study, the most influentiadsiof the reaction rate is that from intermedlate
to Ill throughTS1. This can explain the reactivity difference betw#ee three catalysts,
HLMeTIOPTY 5, "LP"TiOPr ,, and“eL P"TiOPTr , because the higher activity & “*TiOPr , compared
with "L P"TiOPr , was attributed to the less bulyM®. This resulted in a larger open pocket site for
the monomer, which facilitated the monomer apprdadhe axial OPr ligand. This reduced the
activation energy of the addition reaction andéased the reaction rate. Because of the substituted
group difference between these two ligands, we atacompletely exclude the possibility of other
reaction mechanisms f8t. "®TiOPr , to reduce its activation energy for the catalygiaction. The
reactivity of"®L""TiOPr, was higher thafL®TiOPr , because of the electron-donating effect of
the 4-methyl group on the pyridine ring. Favoraddkctron-donating ligands in Ti (IV) complexes
can reduce the strength of the bond trans to themrecrease their bond length.[50] Therefore, the
Ti-O""bond trans to the pyridine ligandfiL PPTiIOPT , becomes weaker, and the activation energy
of TS1 state can be reduced efficiently. This explanaiasiso proved by our DFT calculation

results. The energy barrier of TS1 ¥§t. P"TiOPr , is 0.12 cal mot lower than that of LM TiOPr ».

14



Moreover, in the first transition structures, theOrbond trans to pyridine 8L "TiOPr, (1.981

A) is slightly longer than that SfLM®TiOPr, (1.978 A).

3.0. Conclusions
In this study, a series of 2,6-bsiydroxyalkyl)pyridine ligands and associated fizm

complexes were synthesized and used as catalystsefldROP of CL and LA. The Ti complexes
with electron-withdrawing groups in pyridine ring steric bulky groups in hydroxymethyl groups
reduced the catalytic activity in CL and LA polyrzations, and"®L""-TiOPr, exhibited the
highest catalytic activity. The mechanism of CL ypoérization by the DFT calculation results
revealed that CL first formed a weak hydrogen buiitth the ligand, and then approached the Ti
center. After being attacked by isopropyl oxides ttarbonyl group of CL coordinated to the Ti
center. After the rearrangement and ring opening Cif ring, CL was converted to

poly-e-caprolactone.

Experimental Section

General

Standard Schlenk techniques and,difed glove box were used throughout the isolatamd

handling of all the compounds. Solveritdactide, and deuterated solvents were purifiedrgo

use. 2,6-Dimethylpyridine, 2,4,6-trimethylpyridiregetone, benzophenone,
N,N,N’,N',-tertamethylethylenediamine;butyllithium, and titanium (IV) isopropoxide was
purchased from Sigma-AldrichH and**C NMR spectra were recorded on a Varian
Gemini2000-200 (200 MHz fdH and 50 MHz for*C) spectrometer with chemical shifts given in
ppm from the internal TMS or center line of CRVWicroanalyses were performed using a Heraeus
CHN-O-RAPID instrument. GPC measurements were pad on a Jasco PU-2080 PLUS HPLC

pump system equipped with a differential Jasco B312PLUS refractive index detector using THF
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(HPLC grade) as an eluent (flow rate 1.0 mL/mird@fC). The chromatographic column was
JORDI Gel DVB 18 A, and the calibration curve was made by primarystyrene standards to

calculateMngpg HLME-H°

were prepared following literature procedures.

X-ray Crystallographic Studies. Single crystals of complex&&™-TiOPr, and [LVe-TiO), were
obtained from a saturated dichloromethane solutiddMR tube. Suitable crystals were immersed
in FOMBLINY under a N atmosphere and mounted on an Oxford Xcalibur Segi3hCCD

Gemini diffractometer employing graphitemonochroesialo Ka radiation § = 0.710 73 A), and

the intensity data were collected withscans.

General Procedures for the Polymerization of LA andCL. A typical polymerization procedure

LMe_TiOPr, as an initiator.

was exemplified by the synthesis of entry 1 (Tablesing compleX
The polymerization conversion was analyzettbMMR spectroscopic studies. The 5 mL of
toluene was added to a mixture of CL (0.285 g,n@mdol) and compleXLMe-TiOPr, (0.2 mmol).
After the solution was mixed and then stirred fbrilat 60 °C, the reaction was then quenched by
adding a drop of ethanol; the polymer was predipitdoy pouring the solution into n-hexane (30.0
mL) to give white solids. The oil was dissolvedd#l,Cl, (200 mL) and the solution was washed

with water (200 m) and the solvent removed at reduced pressurevéotige white powders. Yield:

0.55 g (76%)

Synthesis of 2,2'-(pyridine-2,6-diyl)bis(1,1-dipheylethan-1-ol) ('L ""-H).
HLPN.H were prepared following literature procedut&slo a solution of 2,6-dimethylpyridine
(2.14 g, 20 mmol) in tetrahydrofuran (25 mL, THR}utyllithium (2.5 M hexane solution, 20
mmol) was added dropwise at -%B over 1 h. Benzophenone (3.64 g, 20 mmol) in T2IFr(L)

was added. The mixture was warmed up to room tesiyoer and stirred overnight. Then the
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solution was again cooled at -8, and additionah-butyllithium (20 mmol) was added dropwise.
The solution was warmed up to room temperature stithng over 4 h. Then an additional
benzophenone (3.64 g, 20 mmol in THF 20 mL) wasdddnd the mixture was stirred overnight.
Hydrochloride acid (1 N) was added, and the mixtas stirred for 1 h, and then neutralized with
agueous sodium carbonate, extracted twice withatiemethane. Organic layers were washed with
water, and dried over magnesium sulfate and filkevelatile materials were removed under
vacuum to give yellow solid. Yield: 8.39 g (8991 NMR (CDCk, 200 MHz):6 7.36-7.15 (m,

21H , Ar-H), 6.65 (dJ = 6.0 Hz, 2HmM-Py-H), 5.24 (br, 2H, ®l), 3.64 (s, 4H, Py(B,PhOH),).

13C NMR (CDCE, 50 MHz):6 157.45, 146.60, 136.91, 127.95, 126.61, 126.12.852\r-C),

78.15 (PRCOH), 48.13 (PFCCH,Py). Elemental anal. calcd fog$E,0NO»(471.6): C, 84.05; H,

6.20; N, 2.97%. Found: C, 84.16; H, 6.38; N, 2.85p: 106°C.

Synthesis of 2,2'-(4-methylpyridine-2,6-diyl)bis(1L-diphenylethan-1-ol) {*°L""-H).

Using a method similar to that f8t. ""-H expect 2,4,6-trimethylpyridine was used in plate o
2,6-dimethylpyridine. Yield: 7.96 g (82%H NMR (CDCk, 200 MHz):6 7.36-7.15 (m, 21H ,
Ar-H), 6.48 (s, 2HmM-Py-H), 5.33 (br, 2H, ®I), 3.59 (s, 4H, Py(B,PhOH),) 2.02 (s, 3H,
4-CH3-Py). °C NMR (CDCE, 50 MHz):5 157.05, 148.30, 146.68, 127.90, 126.54, 126.11,8723
(Ar-C), 78.07 (PBCOH), 47.87 (PKCCH,Py), 20.73 (4cHs-Py). Elemental anal. calcd for

CasHaiNO2(485.6): C, 84.09; H, 6.43; N, 2.88%. Found: C184H, 6.51: N, 2.77%. Mp: 11%C.

Synthesis of 2,6-bis(2-hydroxy-2-methylpropyl)pyridne 1-oxide {'L“¢O-H).

To a solution of, was added dropwise at room teatpee. A mixture of'L""-H (2.23g, 10 mmol)
and HO, (10 mL) in acetic acid (50 mL) was stirred andtedaat 100C over a week. And then
the solution was warmed up to room temperaturetrakézed with aqueous sodium hydroxide, and
extracted twice with dichloromethane. Organic Isygere washed with water, and dried over

magnesium sulfate and filtered. Volatile matenaése removed under vacuum to give brown oil.
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Yield: 1.31 g (55%)'H NMR (CDCk, 200 MHz):6 7.39 (t,J = 8.0 Hz, 1Hp-Py-H), 7.25 (d,J =
8.0 Hz, 2H m-Py-H), 6.45 (br, 2H, ®), 3.25 (s, 4H, Py(H,Me,OH),), 1.28 (s, 12H,
Py(CHy(CHs),0H),). **C NMR (CDCk, 50 MHz):6 150.19, 128.41, 126.84, (Ar-C), 71.91
(Me,COH), 44.79 (MgCCH_Py), 29.79 (CH3).CCH;Py). Elemental anal. calcd for

C13H21NO5(293.3): C, 65.25; H, 8.85; N, 5.85%. Found: C165H, 8.68; N, 5.51%.

Synthesis of 'LMe-TiOPr ,

A mixture of "LMe-H (2.23 g, 10 mmol) and Ti(ORK(2.84 g,10 mmol) in THF (20 mL) was stirred
for one day. Volatile materials were removed ungsuum to give yellow powder and then it was
washed with hexane (30 mL) and white powder waainbd. Yield: 2.51 g (64%).

IH NMR (CDCh, 200 MHz):6 7.64 (t,d = 8.0 Hz, 1Hp-Py-H), 7.05 (d,J = 8.0 Hz, 2H m-Py-H),
4.65 (m, 2H, O@I(CHs),), 3.07 (S, 4H, Py(8,C(CHs),), 1.20-1.14 (m, 24H, Py(GI&(CHs),,
OCH(CH3),). *C NMR(CDCE, 50 MHz):5 158.08, 137.69, 123.15, 78.83 (BH,C(CHk),), 75.73
(PY(CHC(CHg),), 51.59 (GCH(CHg),), 30.03 (Py(HC(CCHs),), 25.97 (QCH(CHs),). Elemental
anal. calcd for (@H33NO4Ti): C, 58.92; H, 8.59, N, 3.62%. Found: C, 59.818.68, N, 3.33%.

Mp: 180°C.

Synthesis of 'L ""-TiOPr ,

Using a method similar to that fBt.-TiOPr , expect’L""-H was used in place 6. "°-H. Yield:
5.48 g (86%)'H NMR (CDCk, 200 MHz):5 7.45-7.41, 7.25-7.02 (m, 21H , Ar-H), 6.76 Jc= 8.0
Hz, 2H,m-Py-H), 4.85 (sept] = 6.0 Hz, 2H, OGI(CHa),), 3.80 (s, 4H, Py(H,Ph0),), 1.20 (d,J =
6.0 Hz, 12H, OCH(E3),). 3¢ NMR(CDCk, 50 MHz):6 156.52, 146.18, 137.21, 127.61, 127.39,
126.04, 123.74, 84.97 (Py(GEPhy), 77.63 (PyCH,CPhy), 50.20 (GCH(CHs),), 25.62
(OCH(CHg)2). Elemental anal. calcd for §6H4:NO4Ti): C, 73.70; H, 6.50, N, 2.20%. Found: C,

74.17; H, 6.90, N, 2.56%. Mp: 24¢.
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Synthesis of**L P"-TiOPr ,

LP"-H was used in place 6t Me-H.

Using a method similar to that fot. M®-TiOPr , expect"®
Yield: 4.38 g (67%)*H NMR (CDCk, 200 MHz):d 7.42 (sJ = 8.0 Hz, 8H, Ar-H), 7.20-7.08 (m,
12H , Ar-H), 6.60 (s, 2HM-Py-H), 4.83 (sept) = 6.0 Hz, 2H, OEI(CHs),), 3.73 (s, 4H,
Py(CH,PhO),), 2.07 (s, 3H, 4-85-Py), 1.19 (d,) = 6.0 Hz, 12H, OCH(85),). **C NMR(CDCE,
50 MHz): 6 156.09, 148.78, 147.86, 127.63, 126.06, 124.90,38? 84.73 (Py(CKCPhy), 77.22
(Py(CH,CPhy), 50.50 (GCH(CHz3),), 26.10 (ACH(CHs)2), 20.73 (P€H3). Elemental anal. calcd for

(CaoHa3NO4Ti): C, 73.95; H, 6.67, N, 2.16%. Found: C, 73.846.69, N, 1.96%. Mp: 25%C.

Synthesis of {L"°Ti-0),

A mixture of "LM®O-H (2.39 g, 10 mmol) and Ti(ORK(2.84 g,10 mmol) in THF (20 mL) was
stirred for one day. Volatile materials were rentuader vacuum to give yellow powder, and then
it was washed with hexane (30 mL), and white powad&s obtained. Yield: 1.63 g (57%).

'H NMR (CDCk, 200 MHz):5 7.50 (t,J = 8.0 Hz, 1Hp-Py-H), 7.18 (d,J = 8.0 Hz, 2H m-Py-H),
4.33 (d,J = 12.0 Hz, 2H, Py(8,Me,0),), 2.52 (d,J = 12.0 Hz, 2H, Py(8,Me;0),), 1.47 (s, 6H,
PY(CHy(CH3)-0),), 0.77 (s, 6H, Py(CHCHa3)20),). 3C NMR (CDCE, 50 MHz):6 152.22, 132.17,
125.30 (Ar-C), 79.50, 78.43 (MEO), 44.15, 32.18 (MEECH,PY), 28.57, 24.73 GH3),CCH.PY).
Elemental anal. calcd for ¢gH,6N4O12Tis): C, 54.76; H, 6.72, N, 4.91%. Found: C, 54.546131,

N, 4.58%. Mp: 268C.

Synthesis of 'LMe,-Ti

A mixture of "LM®-H (4.46 g, 20 mmol) and Ti(ORK(2.84 g,10 mmol) in THF (20 mL) was stirred
at 40°C for one day. Volatile materials were removed undeuum to give white powder, and then
it was washed with hexane (50 mL), and white powad&s obtained. Yield: 3.23 g (66%).

IH NMR (CDCh, 200 MHz):6 7.55 (t,d = 8.0 Hz, 1Hp-Py-H), 6.98 (d,J = 8.0 Hz, 2H m-Py-H),
3.26 (br, 4H, Py(E,Me;0),), 1.42-1.10 (m, 12H, Py(CGKCH3),0),). *C NMR (CDCk, 50 MHz):
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0157.94, 137.20, 122.71 (Ar-C), 77.63 (M©), 51.58 (MeCCH,Py), 30.43 (CH3).CCH,PYy).
Elemental anal. calcd for ¢gH3gN.O4Ti): C, 63.67; H, 7.81, N, 5.71%. Found: C, 63.86;7.91, N,

5.87%. Mp: 202C.

DFT calculation. The DFT calculation was carried out using the Gan€® program. The

structures were built according to the crystalctire of 'L""TiOP,. Its geometry optimization was
carried out using B3LPY.[51] The LanL2DZ basis 52{[53] was used for Ti atom, and the
6-31G(d) basis set[54] was for other atoms. Theptature for the calculation was set to 333.15 K.
The polarizable continuum model was used for siteutae solvent effect of toluene.[55] The
minimum energy stationary points of intermediated he saddle points of transition states were

confirmed by frequency analysis with the same datmn level.
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