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ABSTRACT: A series of eight new bis(alkoxy)bis(phenoxy-
imine)titanium(IV) catalysts, coordinated by Schiff base ligands
derived from o-vanillin (2-hydroxy-3-methoxybenzaldehyde),
show good activity and control for the ring-opening polymer-
ization of ε-caprolactone and ω-pentadecalactone. The new
complexes are easily prepared in two high-yield steps from
commercial reagents. The new ligands can all adopt two different
coordination modes, depending on the steric bulk on the imine: a
six-membered N−O chelate and/or a five-membered O−O
chelate. The complexes show three different structures, depend-
ing on the ligand coordination mode: type A (N−O:N−O), type
B (N−O:O−O), and type C (O−O:O−O). In all cases, the
structures were confirmed in solution using variable temperature NMR spectroscopy and in the solid state using X-ray
crystallography. The complex structure influences the polymerization rate, with the catalytic activities decreasing in the order:
type C > type B > type A for both monomers. Overall, the work demonstrates potential to use these new ligands to access
particular coordination modes, which allows enhancement of catalytic activity.

■ INTRODUCTION
Metal complexes of Schiff base ligands are important for many
different catalytic transformations, including epoxidation,
hydrolysis, polymerization, and cross-coupling reactions.1−5

Catalysts featuring bidentate phenoxy-imine ligands are
straightforward to synthesize and already offer a multitude of
sites for structure−activity exploration.6−13 Here, bis(Schiff
base)Ti(IV) catalysts are developed for lactone ring opening
polymerization (ROP).14 The process is a controlled polymer-
ization applicable to the production of various polyesters, some
of which are degradable and may be alternatives to polyolefins.
The polymerization is critically dependent on the catalyst
applied, not only in terms of activity but also for good control
and selectivity. In this field, titanium(IV) catalysts have
previously shown high activity, selectivity, and control.15−19

Additionally, titanium is earth-abundant and has a strong
precedent for deployment in industrial polymerization
catalysis. For example, bis(phenoxy-imine) Group IV com-
plexes are successful and highly active olefin polymerization
catalysts; their development was pioneered by Fujita and
coworkers working at Mitsui.20 Structure−activity studies
revealed that some of the best rates are observed for cumyl
substituents at the ortho-phenolate site,10 while living polymer-
ization of ethene or propene was observed for pentafluor-
ophenyl imine substituents.21−23 Bis(phenoxy-ether)Ti(IV)
complexes are also effective olefin polymerization catalysts,
although activities are generally lower than those of their

phenoxy-imine counterparts.24,25 A detailed study of the
coordination chemistry of bis(phenoxy-imine)Ti(IV) com-
plexes, reported by Johnson, Davidson, and coworkers, showed
four different coordination types depending on the steric
hindrance of the imine substituent (Scheme 1).26 As its size
increased, for example with a 2,6-iPr2(C6H3) substituent,
electronically disfavored modes were proposed to form as a
means to relieve steric hindrance. At the limit, with a
2,4,6-tBu3(C6H2) substituent, dimeric complexes formed
featuring a single monodentate phenoxide ligand without any
of the target mononuclear complex, even using forcing reaction
conditions.
Although there have been many studies of bis(phenoxy-

imine) Group IV complexes, there are not yet any analogous
investigations using ligands derived from o-vanillin. The o-
vanillin derivatives are attractive as they feature an additional
ortho-methoxy substituent, adjacent to the phenolate, and as
such offer different coordination modes: either N−O or O−O
chelates should be accessible. There is precedent for complexes
of o-vanillin derivatives of the well-known salen ligands
(tetradentate Schiff base ligands), and these complexes show
both chelate types.27−30 For example, these o-vanillin salen
ligands formed dinuclear complexes with one metal coordi-
nated by two N−O chelates and the other by two O−O

Received: August 10, 2018

Article

pubs.acs.org/ICCite This: Inorg. Chem. XXXX, XXX, XXX−XXX

© XXXX American Chemical Society A DOI: 10.1021/acs.inorgchem.8b02271
Inorg. Chem. XXXX, XXX, XXX−XXX

In
or

g.
 C

he
m

. 
D

ow
nl

oa
de

d 
fr

om
 p

ub
s.

ac
s.

or
g 

by
 U

N
IV

 O
F 

SU
N

D
E

R
L

A
N

D
 o

n 
10

/3
1/

18
. F

or
 p

er
so

na
l u

se
 o

nl
y.

pubs.acs.org/IC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.8b02271
http://dx.doi.org/10.1021/acs.inorgchem.8b02271


chelates.27 The different coordination modes also enable access
to heterodinuclear complexes which showed promising activity
in organo-catalysis and/or magnetic properties.28−30 In
contrast to the results for tetradentate ligands, here, bidentate
o-vanillin derived bis(phenoxy-imine) ligands form discrete
mononuclear Ti(IV) complexes but show three different
coordination types (Scheme 1, A−C).

■ RESULTS AND DISCUSSION
Complex Synthesis. The o-vanillin derived Schiff base

ligands, HL1−HL8, were synthesized via a one-pot reaction
between o-vanillin and the desired primary amine in refluxing
acidified ethanol (see Supporting Information for experimental
details and Figures S1−8 for the 1H NMR spectra). The
amines were selected to enable understanding of the influence
of steric hindrance of the imine substituents over the resulting
coordination chemistry. The crude products were purified
through either crystallization from ethanol or by washing with
pentane (see Supporting Information for further details).
Yields, after purification, were generally excellent; the final
products were soluble in chloroform, THF and, with the
exception of HL8, toluene. The Ti(IV) complexes were
prepared by the reaction of two equivalents of HL1−8 with
an equivalent of Ti(OiPr)4; the reaction was conducted in dry
toluene at low temperature (−30 °C to room temperature)
and over 18−24 h (Scheme 2). After removal of the solvents,
the complexes [(L1−8)2Ti(O

iPr)2] were isolated, as yellow or
orange powders, in fair to excellent yields (38−99%). All of the
complexes were crystallized either from concentrated THF

solutions at −30 °C or by layering hexane over concentrated
THF or CHCl3 solutions. All of the complexes [(L1−8)2Ti-
(OiPr)2] are soluble in chloroform, THF, ε-caprolactone, and
toluene but only sparingly soluble in alkanes such as pentane
and hexane.
The new complexes [(L1−8)Ti(O

iPr)2] were unambiguously
characterized by 1H and 13C{1H} NMR spectroscopy (Figures
S9−24), MALDI-ToF MS, elemental analysis, and single
crystal X-ray diffraction. These new complexes feature different
and independent coordination modes: either six-membered
N−O coordination and/or five-membered O−O coordination.
Thus, the complexes feature three different coordination
modes: type A with N−O:N−O coordination, type B with
N−O:O−O coordination, and type C with O−O:O−O
coordination (Scheme 1). For any single type, there are also
additional isomers that are theoretically possible, although the
eight catalysts synthesized in this series exhibit only four
distinct structures (in both solid and solution states), with type
A showing two different isomers. All of the new complexes
were characterized in the solid state by single crystal X-ray
diffraction experiments, and representative structures are
illustrated in Figure 1. Complexes [(L1)2Ti(O

iPr)2] (Figure
1-I) and [(L2)2Ti(O

iPr)2] (Figure S35) each adopt type A-I
coordination, where the imine nitrogen atoms are located at
positions cis to one another. Both complexes have imine
substituents with rather low steric hindrance (L1 = C6F5 and L2
= cyclohexyl) and adopt the lowest energy coordination mode
common to many other bis(phenoxy-imine)Ti(IV) com-
plexes.26 In the solid state structure of [(L1)Ti(O

iPr)2], this

Scheme 1. Summary of the Coordination Types Observed for Bis(phenoxy-imine)Ti(IV) Complexes Where R1 = R2 = H, R3 =
Aryl, Alkyl (Top),26 Compared with Those Observed in This Work for o-Vanillin Derived Ligands (Bottom)

Scheme 2. Synthesis of New Ti(IV) Complexes Where Dotted Bonds Indicate the Two Coordination Modes, Depending on
Steric Hindrance at Ra

aReagents and conditions: (a) Ti(OiPr)4, toluene, −30 °C to RT, 24 h.
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mode may be further enhanced by π-stacking interactions
between one set of the electron deficient C6F5 and the adjacent
phenyl ring. The average aromatic ring separation is 3.58 Å,
which is within range of those typically found in the
Cambridge Structural Database31 (CSD) for π−π stacking
between similar rings (Figure S34).
[(L3)2Ti(O

iPr)2] (Figure 1-II) adopts a different coordina-
tion mode, type A-II, where the imine nitrogen atoms are
disposed in a mutually trans geometry. This coordination type
also correlates with that seen previously for bis(phenoxy-
imine)Ti(IV) complexes, featuring imine substituents of
intermediate steric hindrance. Because the coordination
geometry is not electronically favored, it is presumably adopted
to minimize steric interactions while still maintaining the N−
O:N−O chelates. In this type A-II mode, both the Ti−N bond
distances are shorter, and the Ti−O distances longer,
compared to equivalent bonds in type A-I. Complexes
[(L4)2Ti(O

iPr)2] (Figure 1-III) and [(L5)2Ti(O
iPr)2] (Figure

S36) both adopt type B coordination, with one nitrogen
located trans to an OiPr ligand and the other ligand featuring
O−O coordination with the nitrogen atom not coordinating to
Ti. Due to the formation of a five-membered ring, the O(1)−
Ti−O(2) angle is more acute at 72.92(8)° than the O(3)−Ti−
N(2) angle at 80.72(9)° with the latter value being similar to
that seen in [(L2)2Ti(O

iPr)2]. Additionally, both Ti−OiPr
distances are slightly shorter than that in type A, with the
difference in bond lengths being ∼0.05 Å, and the unbound

imine bond is 0.02 Å shorter than that for coordinated
analogues.
Complexes [(L6)2Ti(O

iPr)2], [(L7)2Ti(O
iPr)2], and

[(L8)2Ti(O
iPr)2] all adopt type C coordination, where both

ligands show O−O chelation (Figures 1-IV, S37, and S38,
respectively). [(L6)2Ti(O

iPr)2] has bond angles of [O(1)−Ti−
O(2)] = 73.67(5)° and [O(3)−Ti−O(4)] = 73.99(5)°; both
values are similar to those found in [(L4)2Ti(O

iPr)2]. The two
OiPr moieties are arranged trans to the neutral OMe groups;
both Ti−OiPr distances are shorter than the analogous bonds
in type A and B complexes (Table S3). Both imine bonds are
ca. 1.27 Å and, as expected, are slightly shorter than
coordinated analogues. Interestingly, Johnson and coworkers
reported that an adamantyl imine substituted complex as the
least sterically congested type I coordination.26 In contrast,
here, when the adamantyl imine substituted complex adopts a
type C structure, it stabilizes the most sterically congested
ligands. Analysis of the CSD suggests that type B and C
coordination modes are the first examples of their kind
regardless of the metal center. While O−O chelation has been
previously observed, in general O−O chelated phenoxy-imines
required protonation of either the alkoxide or the imine
nitrogen, thus forming a zwitterionic or neutral ligand, rather
than the anionic ligands seen here.32

To investigate whether the solid state structures are
maintained in solution, the complexes were characterized
using 1H NMR spectroscopy. Complex [(L1)2Ti(O

iPr)2], type

Figure 1. ORTEP representations of the structures of complexes [(L1)2Ti(O
iPr)2] (I), [(L3)2Ti(O

iPr)2] (II), [(L4)2Ti(O
iPr)2] (III), and

[(L6)2Ti(O
iPr)2] (IV). Ellipsoids drawn at 50% probability; hydrogen atoms and disorder are omitted for clarity. Green = titanium, blue =

nitrogen, red = oxygen, gray = carbon, lime = fluorine.
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A-I in the solid state, shows resonances at lower chemical shifts
compared to the free ligand. In particular, upon coordination,
the imine CH resonance is observed at lower chemical shift
(8.23 ppm) and broadens significantly (Figure S25). The peak
broadening is resolved at low temperature (−80 °C), and a
single set of well-defined peaks are observed (Figure S28).
[(L4)2Ti(O

iPr)2], type B, shows a single, broadened CH imine
peak (8.55 ppm) at higher chemical shift compared to the free
ligand (8.34 ppm) (Figure S26). The broadening is attributed
to rapid equilibration between two asymmetrically bound
ligands, vide inf ra. Indeed, previous studies of bis(phenoxy-
imine)Ti(IV) complexes showed a similar resolution of
fluxional processes at low temperatures.26 The imine
substituent signals (2,6-di-isopropyl-phenyl) show broadened
isopropyl resonances (3.0 ppm), which suggests restricted
rotation in solution. Complexes [(L6−L8)2Ti(O

iPr)2], type C,

all display the same general features in their 1H NMR spectra.
In each case, the imine CH resonance is at higher chemical
shift compared to the free ligand, but the OMe resonance is at
lower chemical shift (Figure S27). Over the series, the imine
proton chemical shift is indicative of the coordination type,
with values decreasing in the order: type C > type B > type A.
VT NMR spectroscopy was used to characterize complexes

[(L1)2Ti(O
iPr)2] (type A-I), [(L4)2Ti(O

iPr)2] (type B), and
[(L7)2Ti(O

iPr)2] (type C). Complexes of types A-I and C,
both C2 symmetric, showed little change to the spectra upon
cooling (Figures S28 and S30). In contrast, the spectrum for
structure type B underwent significant changes on cooling
(Figure 2). At room temperature, a single broadened set of
signals was observed, but at −80 °C, two imine signals were
observed at ∼8.75 and 8.3 ppm, integrating to one proton
each. These peaks are assigned to the different imine

Figure 2. Variable temperature 1H NMR spectra of selected regions for [(L4)2Ti(O
iPr)2] in d8-THF (500 MHz).

Table 1. Ring-Opening Polymerization Data of CL from [(L1‑8)2Ti(O
iPr)2] in Toluene Solution

entry catalysta time (h) CL conv (%)c Mn (exp)
d Mn (calcd)

e Đ coordination type

1 [(L1)2Ti(O
iPr)2] 24 99 9460 11 300 1.13 A-I

2 [(L2)2Ti(O
iPr)2] 24 99 8780 11 300 1.20 A-I

3 [(L3)2Ti(O
iPr)2] 9 90 8890 10 300 1.27 A-II

4 [(L4)2Ti(O
iPr)2] 4 99 13 100 11 300 1.27 B

5 [(L5)2Ti(O
iPr)2] 4 73 10 900 8330 1.10 B

6 [(L6)2Ti(O
iPr)2] 2 99 16 100 11 300 1.41 C

7 [(L7)2Ti(O
iPr)2] 2 99 13 100 11 300 1.09 C

8 [(L8)2Ti(O
iPr)2] 2 99 12 200 11 300 1.44 C

9b [(L4)2Ti(O
iPr)2] 0.10 90 12 100 10 300 1.63 B

10b [(L7)2Ti(O
iPr)2] 0.12 90 13 600 10 300 1.46 C

11f [Ti(OiPr)4] 0.05 95 19 800 2.02
aPolymerization conditions: [cat]:[CL] = 1:200, [CL] = 1 M, toluene, 80 °C. b[cat]:[CL] = 1:200, unpurified CL, neat, 140 °C, in air. cCalculated
from the 1H NMR spectrum of the crude polymer by comparison of the integrals assigned to CL (4.20 ppm) and PCL (4.07 ppm); dMeasured by
GPC in THF and calibrated using PS standards; Mn values are reported after correction (multiplication by 0.56).33 eMn(calcd) = (conversion/100) ×
loading/[2] × RMM(CL) fFrom ref 36. Conditions: [cat]:[CL] = 1:212, CL, neat, 100 °C, in air.
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resonances for the N−O and O−O chelates. The assignment is
supported by a similar chemical shift for the N−O imine
resonance to that observed for type A complexes, ∼8.3 ppm,
and by the value for the O−O chelate being close to those
observed for type C complexes, ∼8.7 ppm. Furthermore, the
reduced complex symmetry at low temperature results in a
significantly more complex aromatic region as well as the
splitting of the methoxy and isopropyl peaks. Overall, the VT-
NMR data indicate that type B coordination is retained in
solution, and at room temperature, averaged signals arise from
dynamic ligand exchange. It should also be noted that at low
temperature, several additional low intensity signals are
observed throughout the spectrum, and these may be
attributed either to restricted N−Ar bond rotation, residual
equilibration, or to minor populations of other structures (e.g.,
types A-II or C) (Figure S29).
The structure of complex [(L4)2Ti(O

iPr)2] was also
investigated at higher temperatures by heating in d2-1,1,2,2-
tetrachloroethane (TCE) from room temperature to 100 °C.
Although the peaks sharpened slightly there was not any
significant change in the chemical shifts (Figure S31).
Additionally, the spectrum remained unchanged both after
being held at 100 °C for 24 h in TCE (Figure S32) or after
being kept at 70 °C for 5 h in d8-THF (Figure S33). The
temperature and solvent stability assessment is important
because polymerizations are conducted at elevated temper-
atures.
Polymerization Catalysis. The series of complexes were

tested as initiators for the ring-opening polymerization of ε-
caprolactone (CL). Polymerizations were conducted both in
toluene solution (1:200 [cat]:[CL], 1 M [CL]; Table 1) and
using neat conditions (1:200 [cat]:[CL] or 1:1000 [cat]:[CL];
Table S1). Catalysts [(L1)2Ti(O

iPr)2] and [(L2)2Ti(O
iPr)2]

were both able reach high conversions under either set of
conditions but are comparably slow (taking 24 h to reach
complete conversion in toluene). Catalysts [(L4−8)2Ti(O

iPr)2]
are also active and, in some cases, are several times faster than
[(L1,2)2Ti(O

iPr)2]. For example, [(L4)2Ti(O
iPr)2] resulted in

complete conversion within 4 h, while [(L6−8)2Ti(O
iPr)2]

reached full conversion in just 2 h.
All of the initiators produced PCL showing a monomodal

molar mass distribution and with relatively narrow dispersity
values. The experimentally determined molar mass values
(GPC) are in good agreement with values calculated on the
basis of two initiating sites per complex (i.e., both isopropoxide
ligands initiate). The complexes also enable controlled
polymerization as evidenced by a linear evolution of molar
mass vs conversion (Figures S39−41).
On the basis of the point kinetic measurements, the activity

order is [(L8)2Ti(O
iPr)2] ∼ [(L7)2Ti(O

iPr)2] ∼ [(L6)2Ti-
(OiPr)2] > [(L5)2Ti(O

iPr)2] ∼ [(L4)2Ti(O
iPr)2] > [(L3)2Ti-

(OiPr)2] > [(L2)2Ti(O
iPr)2] ∼ [(L1)2Ti(O

iPr)2] or, in terms
of coordination chemistry, type C > type B > type A-II > type
A-I. The rates are generally slower than the homoleptic
Ti(OiPr)4,

36 although comparisons are complicated by differ-
ent reaction conditions (temperature) and uncertainties
regarding number of initiating groups.
To gain insight into the influence of the coordination type,

polymerization kinetic evaluations were undertaken using
selected examples of each structure, i.e. complexes [(L3)2Ti-
(iOPr)2], [(L4)2Ti(O

iPr)2], and [(L8)2Ti(O
iPr)2] (Figure 3).

All polymerizations showed good control with molar mass
values increasing linearly with conversion and showing narrow

dispersity throughout the reaction (Figures S42−44). All three
catalysts showed rates that were first order in monomer
concentration, and the reactivity trends are retained with type
C > type B > type A. Specifically, type C is twice as fast as type
B, which is three times faster than type A-II. A sample of low
molar mass PCL from each polymerization was analyzed by
MALDI-ToF and showed only isopropoxide chain end groups
(Figures S45−47). Thus, all catalysts enchain by a coordina-
tion−insertion mechanism, and the particular coordination
chemistry significantly influences the polymerization rate.
Polymerizations were also conducted in neat CL, and the

reactivity trends were similar to those obtained in toluene,
however, under these conditions the increased viscosity results
in diffusion limitations. As such, the molar mass values are
higher than expected, particularly at higher conversions.
Selected catalysts were also tested under conditions more
analogous to those used industrially, i.e. using neat CL, at
elevated temperature and using lower catalyst loading (1:1000,
[cat]:[CL]): all catalysts maintained activity and control
(Table S1). One advantage of these titanium catalysts may
be an improved resistance to decomposition in air, particularly
compared to other organometallic initiators. Indeed, the high
stability of other bis(phenoxy-imine) Ti(IV) alkoxide com-
plexes toward hydrolysis was already described.34,35 To test the
resilience of the new catalysts, polymerizations were conducted
using unpurified CL preheated to 140 °C for 15 min to remove
residual water.36 The catalyst, dissolved in minimal toluene,
was added, and the polymerization vessel was open to the
atmosphere. Complete monomer conversion was achieved
within minutes and produced PCL with predictable molar
mass and narrow dispersity (Table 1, entries 9 and 10).
PCL is applied in the preparation of new medical devices

and potentially for future applications in elastomer, coating,
and sealant areas.14,37 In contrast, macrolactone ROP provides
access to polyesters with thermal properties approaching those
of some grades of polyethene.38−43 As such, these long-chain
aliphatic polyesters may be substitutes for pervasive petro-
polymers, and an attractive method to prepare them is by the
ring-opening polymerization of macrolactones.38,39,44−46 So
far, the range of catalysts investigated for macrolactone ROP is
more limited, and activities tend to be significantly lower than
equivalent reactions with CL.44 Thus, it was of interest to

Figure 3. Plots of ln(Mo/Mt) vs time for three different catalysts, each
selected as an example of a particular coordination type. Polymer-
ization conditions: [cat]:[CL] = 1:200, [CL] = 1.0 M, toluene, 80 °C.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b02271
Inorg. Chem. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02271/suppl_file/ic8b02271_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02271/suppl_file/ic8b02271_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02271/suppl_file/ic8b02271_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02271/suppl_file/ic8b02271_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02271/suppl_file/ic8b02271_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02271/suppl_file/ic8b02271_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02271/suppl_file/ic8b02271_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02271/suppl_file/ic8b02271_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02271/suppl_file/ic8b02271_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b02271


evaluate these Ti(IV) catalysts for the ring opening polymer-
ization of ω-pentadecalactone (PDL). Polymerizations were
conducted either in toluene or in the melt at 100 °C (Tables 2
and S2). In all cases, the activities were lower than in CL ROP,
but the overall activity trend remained the same: type C > type
B > type A-II > type A-I.
The resulting polyesters showed molar mass values higher

than expected, although it should be noted that the molar mass
values determined by GPC are calibrated with polystyrene and
are uncorrected. Previous studies into PDL ROP also yielded
polyesters showing higher molar mass values than expected,
and this was rationalized by limited catalyst solubility under
the polymerization conditions.46 In contrast, the Ti(IV)
catalysts remain entirely soluble both in toluene and in the
PDL melt. Catalyst deactivation is also unlikely because a
polymerization in the melt using freshly distilled PDL gave
similarly high molar mass values to unpurified PDL (Table S2,
entries 5 and 6). Furthermore, these catalysts are more tolerant
to low levels of water, even at elevated temperatures, than

other organometallic ROP catalysts. Thus, the discrepancy
between experimental and calculated molar masses appears
most likely to result from GPC calibration methods, with
future work necessary to determine the Mark−Houwink
parameters for PPDL.
Following the successful ROP of both CL and PDL,

terpolymerization reactions were investigated as a means to
form poly(CL-co-PDL). Because the rates of CL ROP are
much faster than those of PDL ROP, a gradient or block
copolymer might be expected. Nonetheless, previous inves-
tigations into terpolymerizations using these monomers
resulted in the formation of random copolymers.44 A
terpolymerization reaction using [(L6)2Ti(O

iPr)2] was con-
ducted in toluene at 100 °C (1:100:100 [cat]/[CL]/[PDL],
[lactones] = 1 M). The polymerization was monitored by
aliquots removed after 2.5 and 24 h of reaction. After 2.5 h,
64% conversion was achieved, and the polymer was mostly
comprised of PCL, as evident from the relative intensity of the
α-methylene junction units in 13C{1H} NMR spectrum (65−

Table 2. PDL Ring-Opening Polymerization Using Catalysts [(L1‑8)2Ti(O
iPr)2]

entry catalysta time (h) conv (%)b Mn (exp)
c Mn (calcd)

d Đ coordination type

1 [(L1)2Ti(O
iPr)2] 24 5 A-I

2 [(L3)2Ti(O
iPr)2] 24 27 7680 3250 1.49 A-II

3 [(L4)2Ti(O
iPr)2] 48 72 21 700 8650 1.79 B

4 [(L5)2Ti(O
iPr)2] 24 32 3430 3850 1.89 B

5 [(L6)2Ti(O
iPr)2] 24 96 36 500 11 500 1.69 C

6 [(L7)2Ti(O
iPr)2] 24 47 14 800 5650 1.70 C

7 [(L8)2Ti(O
iPr)2] 72 95 6960 11 400 2.15 C

a[cat]:[PDL] = 1:100, [PDL] = 1 M in toluene, 100 °C, N2.
bCalculated from the 1H NMR spectrum of the crude polymer by comparison of the

integrals assigned to PDL (4.14 ppm) and PPDL (4.07 ppm). cMeasured by GPC, in CHCl3 and calibrated using PS standards and uncorrected.
dMn(calcd) = (conversion/100) x loading/[2] x RMM(PDL)

Scheme 3. Proposed Dissociative Coordination−Insertion Polymerization Pathway for New Ti(IV) Catalysts. Where R = iso-
propyl (initiator) and polymer chain (propagation); m = 2 (CL) or 11 (PDL)a

aWhere R = iso-propyl (initiator) and polymer chain (propagation).

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b02271
Inorg. Chem. XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02271/suppl_file/ic8b02271_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02271/suppl_file/ic8b02271_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b02271


63 ppm, Figure S50). After 24 h, all monomers were fully
converted, and a random polymer was indicated. The
copolymer was analyzed using DSC and showed a melting
point at 74.6 °C (Figure S51), which was slightly higher than
those in previous reports perhaps due to molar mass
differences.44

Polymerization Mechanism. The catalysts’ reactivity
trend (type C > type B > type A) appears to correlate with
reduced steric hindrance at the Ti(IV) active site. As steric
bulk of the substituents attached to the imine increases, so
complexes tend to adopt structures with O−O chelation, thus
placing the sterically hindered substituents further from the
active site. In an attempt to qualify this notion, Solid-g
analysis47,48 of the crystal structures of [(L1)2Ti(O

iPr)2],
[(L4)2Ti(O

iPr)2], and [(L6)2Ti(O
iPr)2] was undertaken but

regardless of the specific coordination mode, the Ti(IV) center
is always 96−98% shielded by ligands. While this analysis does
not rule out the importance of steric hindrance, particularly
surrounding the growing polymer chain, it does indicate that
other factors warrant consideration. In terms of the polymer-
ization mechanism, lactone ROP generally occurs by the well-
known coordination−insertion process; here, polymer chain
end-group analysis supports this pathway. An interesting
consideration is the influence the ancillary ligands may exert
over monomer coordination. Previously, Chen and coworkers
invoked mechanisms resulting in formation of seven-coordi-
nated lactone intermediates in ROP using bis(alkoxide)bis-
(phenoxy-imine)Ti(IV) catalysts.49 The proposal was based on
structure−activity results, but there was no direct evidence for
the associated seven-coordinate intermediate. In contrast, we
propose a dissociative-type coordination insertion mechanism,
whereby one of the neutral donor atoms from the Schiff base
ligand is decoordinated from the metal to form a vacant site
prior to monomer coordination (Scheme 3 for an illustration
of the pathway). Considering the structure−activity data,
higher rates are observed for ligands adopting the more labile
five membered O−O chelates, which show weaker Ti−O
bonds. Accordingly, lower rates are observed from ligands
adopting the six membered N−O chelates, which have
stronger Ti−N bonds. Thus, the most active complexes may
show greater ligand dissociation (Ti−O bond cleavage), which
accelerates monomer coordination and formation of the
activated complex. Although there is no direct spectroscopic
evidence for such ligand hemilability, it could be occurring
more rapidly than NMR time scales and/or accelerated in the
presence of coordinating monomer. Additionally, the polymer
molar mass studies indicate that both alkoxide groups initiate
and that two polymer chains grow per Ti(IV) center. Such a
ligand dissociation pathway would be much more likely to
accommodate the steric demands of two propagating sites with
associated dissociation/coordination and insertion reactions,
compared with higher coordinate associative type intermedi-
ates. We wish to emphasize that prior to a complete kinetic
evaluation, it would be premature to speculate further upon the
intimate details of chain growth. Rather, the overall structure−
activity data demonstrate the potential to exploit ligand
dissociation and coordination modes to enhance catalytic
activity.

■ CONCLUSION
Eight new o-vanillin derived phenoxy-imine ligands and
bis(phenoxy-imine)titanium(IV) complexes were prepared.
The steric bulk of the ligand, in particular the imine nitrogen

substituents, influences the coordination chemistry in the
complexes. The complexes adopt three major coordination
modes, each featuring N−O and/or O−O chelation. These
different coordination modes influence the catalytic activity in
lactone ring-opening polymerizations with the most active
catalysts showing O−O chelation by both ligands. It is
proposed that increased steric hindrance at the imine nitrogen
substituent favors formation of five-membered O−O chelation,
which in turn affects the lability of the ligand around the
Ti(IV) active site, thereby resulting in faster rates. Overall, this
work highlights the importance and relevance of ligand
coordination modes as a viable means to control polymer-
ization activity. In general, other Group IV catalysts show
outstanding performance in catalysis, and exploration of these
catalysts for other processes is warranted, in particular for
alkene polymerization catalysis. Given the ease of o-vanillin
ligand and complex preparation, and the means to qualify
coordination mode, studies into coordination chemistry at
metal centers are recommended. In particular, using these
ligands to prepare complexes with other transition metals and
main group elements, particularly those in higher oxidation
states M(III/IV), should provide access to new ring-opening
polymerization catalysts and allow better understanding of how
to exploit coordination geometry to enhance rates.
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