Air-Stable Titanium Alkoxide Based Metal

Inorg. Chem. 2006, 45, 6595—6597

Inorganic: Chemistry

* Communication

—Organic Framework as an

Initiator for Ring-Opening Polymerization of Cyclic Esters

Christopher J. Chuck, ' Matthew G. Davidson,* ‘' Matthew D. Jones, ' Gabriele Kociok-Ko™*hn,*

Matthew D. Lunn, § and Stephen Wu *

Department of Chemistry and Bath Chemical Crystallography Unit, Department of Chemistry,
University of Bath, Claerton Down, Bath BA2 7AY, U.K., and Johnson Matthey Catalysts,
P.O. Box 1, Belasis #enue, Billingham, Clegeland TS2 1LB, U.K.

Received June 1, 2006

An air-stable titanium—organic framework, prepared from Ti(O'Pr),
and 1,4-butanediol, has been characterized via single-crystal X-ray
diffraction, revealing a unique supramolecular structure. Its
functionality as a highly active initiator for the ring-opening
polymerization of cyclic esters is demonstrated. A discrete titanium
trimer containing the related ligand (2R,3R)-2,3-butanediol has also
been prepared, and it shows analogous activity as a polymerization
initiator.

The investigation into metal-coordination polymers has
undergone a renaissance in recent yédngically, organic

utilize polyfunctional aryloxides as ligands in order to impart
structural rigidity and stability?13 In this Communication,
we report the synthesis and characterization od{ILH)2].

(1, where LH = 1,4-butanediol), a novel titanium-based
MOF that utilizes the covalent bonding of a flexible aliphatic
alkoxide organic linker. We chose 1,4-butanediol as the
logical starting point for such a synthesis because it is
predisposed to coordination in two directions and the length
of the linker disfavors chelation. The use of 1,4-butanediol
as a ligand is rare and unknown for group 4 metal&

A metal alkoxide based MOF such &sshould possess
chemical functionality, for example, as a Lewis acid. Given

components are used in conjuction with metals having a the current interest in ring-opening polymerization (ROP)
known coordination bias, which provides a degree of control of cyclic esters catalyzed by a range of metal alkoxides,
over the final structure. Such materials are usually referred including titanium alkoxide&’-2?> we anticipated that an air-
to as metatorganic frameworks (MOFs) and can possess stable MOF based on titanium alkoxide linkages may prove
well-defined arrays, which often define large pores or to be a useful initiator for the ROP efcaprolactone and
channels, akin to zeolites, making them of interest as func- rac/L-lactide. The results reported here confirm this is the

tional material. To date, many metalorganic-coordination
motifs are known, such as those based oA"CdAn?*, and
Ag*t.379 Previously, the construction of titaniurorganic

case. To gain insight into the mode of catalysis, we also
report the structure and catalytic activity of a related
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Figure 1. Dimeric building block observed fdr. The ellipsoids are shown
at the 50% probability level. The H atoms not involved in H bonding have
been removed for clarity. Selected bond lengths (A) and angles (deg): Ti
O1 2.004(1), T+O1A 2.066(1), T+0O2 1.887(1), T+0O3 1.791(1), T+

04 2.263(1), T+O5 1.819(1); O4Ti—02 166.48(4), OxTi—O1A
73.91(4), O3-Ti—0O5 97.74(5) [O4H1 0.86(2), H1--O2A 1.92(8), and
04:+-02A 2.747(1) A; 04 H1-02A 160(2).

molecular species Ji's(L'H)4 [2, where LH; = (2R,3R)-
2,3-butanediol].

Complex 1 crystallized readily in high yield from a
solution of Ti(OPr), in excess 1,4-butanediol (stoichiometric
quantities of the ligand did not yield crystalline material),
and a single-crystal X-ray structure was determined (Figure
1). The pseudoctahedral Ti centers are associated into a N ) o
Tiz0 edge-sharing bioctahedral structural motif via two 50U1e 2 (1070 somectyiy o each iocahecral node L0y
bridging alkoxide groups. One protonated OH group of @ present in the crystal structurd; La(LH)Tia ring; 2, Lo(LH)OTia ring; 3,
ligand is coordinated to each Ti center and is stabilized via L2(LH)Tiz ring (where LH = 1,4-butanediol).
an intradimer G-H---O hydrogen bond in a manner similar

. 2= . . ; Table 1. Polymerization Results
to that previously observed within titanium alkoxide dim&rs.

in _ f : N N N
Bond lengths and angles within this structural unit are —"°"oMer initiator __yield __ Mx M.c _ PDI
i i i £2,18,21,23,24 e-caprolactong 1 95 21900 27 100 1.24
consistent Wlth- IlteraFure precedéfit: . - actide 1 % 2700 9500 193
The three-dimensional structure is built up of these raclactide 1 90 33700 59200 1.76
bioctahedral TiOy units linked via the organic spacer. Each  rac-lactide 2 85 51400 73700  1.43

bioctahedron represents a node with 10 potential connectors, 2 Toluene, initiator:monomet 1:100, room temperature, 48hToluene,
and in1, all of these are utilized, resulting in the polymeric iln-iéi&tf-’mgnfmzcﬁ:cmg’mﬁglﬁag 2;;ﬁg;ﬁ;ﬁ,@f§?&;@gﬂ°@§ﬁMR
struc_ture shown in Figure 2a. T_hls com_plete utilization _Of a.naly’sis.d 5ried isolateg yield® Determined from gel permeat‘i)on chro-
possible connectors contrasts with previously reported tita- matography referenced to polystyrene standards.

nium aryloxide MOFs, which contain similar z010 units ] o

but which exhibit a maximum connectivity of eight, leading ©f €-caprolactone and/rac-lactide (Table 1). The activity
to different supramolecular structursThe distinction is  Of 1is comparable to that of previously reported molecular
presumably due to the flexibility of the aliphatic linker 1 titanium alkoxide ROP initiators, and a reasonably low
which allows highly efficient packing to occur. Within the ~ Polydispersity index (PDI) for the molecular weight distribu-

three-dimensional network, three large rings are present,tion implies that the polymerization is well-controlled.
which are shown in Figure 2b. We are unaware of any previous reports of the use of a

MOF material as an initiator for ROP of cyclic esters, and
we can only speculate as to the nature of the catalytically
active species. In general, the molecular details of the
mechanism of well-controlled metal alkoxide catalyzed ROP
remain poorly understood,and in the case df, it is unlikely

Complex 1 is colorless, reasonably soluble in most
common organic solvents, and, unusual for a titanium
alkoxide, is air-stablé> These properties suggest this com-
plex as an attractive candidate for commercially relevant
polymerization catalysid. was tested for the polymerization

(25) Exposing a sample to the atmosphere for 5 days resulted in no change

(23) Rammal, A.; Brisach, F.; Henry, M. Am. Chem. SoQ001, 123 in the Fourier transform IR spectra, and the powder X-ray diffraction
5612-5613. pattern was consistent with that calculated from the single-crystal data

(24) Gigant, K.; Rammal, A.; Henry, MJ. Am. Chem. So2001, 123 of 1, indicating that the bulk sample is unchanged. However, this does
11632-11637. not preclude a small amount of surface hydrolysis.
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Chart 1. Polymers Produced Usingas the Initiator

oY o

Polylactide (PLA)
H (o] (0]
O o

Polycaprolactone (PCL)

that the active species retains the polymeric structure found
in the solid state. However, a number of observations point :
toward the probable nature of the species involved. First, chiguég 0/3 Tfti)ms_lr_if TO'G;JU%V SEUCtture o:8 Ihe e:lipZO_idSHa[)e Sz_ownhat
dissolution ofL occurs rapidly in toluene/dilactide solutions . re;]g:,%dafo'r'gfaﬁt\f 'Se,eited%g%slgr?gt;]nsv&\;znénangI;Sn(cigg}: gty
at 110°C and somewhat more slowly at room temperature 02 1.793(2), Ti+-03 1.827(2), Ti+-04 2.229(2), Tit-05 1.881(2), Tit-
in tolueneé-caprolactone, indicating that the catalysis is 06 2.059(2), Ti2206 1.981(1), Tiz-O7 1.974(2), Ti2-08 1.892(2), Tiz-
homogeneous. This dissolution is presumably a result of ?ggllé?g;(l)’ﬂzoll 1.992(1), O Ti1~05 148.60(6), 06 Ti2~010
deaggregation of, mediated by complexation of the cyclic o ) ]
ester to the metal center. Such complexation is generally diScréte molecular specie3is soluble in organic solvents
accepted as the first step in the coordinatiarsertion and*H and **C NMR spectra confirm that the solid-state
mechanism of metal alkoxide catalyzed RBBecond, the structure remains mtact (f(_)r example, eight resonances are
1,4-butoxide ligand is apparently retained in this deaggre- OPserved for the eight unique methyl groups expected on
gated initiating species because matrix-assisted laser desorgh® basis of the crystal structure). Polymerizationrau-
tion ionization time-of-flight (MALDI-TOF) mass spectra Iactuje usmgz_as an |n|t|ator_y|falded results similar to those
of the poly(-lactide) and poly(caprolactone) produced from obtained forl in terms of activity a|_’1d t_he degree of contrgl
1 indicate that this ligand is incorporated in the polymers as ©ver the molecular weight distribution (Table 1). This
a chain extender (Chart 1). Taken together, these observation§U99€sts that in both cases discrete molecular titanium
suggest that, under the conditions employed for polymeri- &lkoxides are involved in the ROP of cyclic esters. _
zation, a discrete molecular titanium alkoxide containing " conclusion, a titanium alkoxide, stabilized in the solid
chelating and/or bridging 1,4-butoxide ligands is the likely State as a polymeric MOF, is activated in the presence of
initiator. cyclic esters to act as an initiator for the well-controlled ROP
To lend further credence to the identity of the initiator of e-caprolactone and lactide. Similar polymerization activity

derived from1, we synthesized a molecular analoguelof is found for a related molecular titanium alkoxide. We are
using (R3R)-2,3-butanediol as a related ligand, which currently investigating the synthesis of other stable MOFs
should favor chelation over polymeric bridging. A similar and their potential utility as ROP initiators.

synthetic methodology was employed, as previously shown  Acknowledgment. We thank Johnson Matthey and the
for 1, to afford the discrete titanium trimer compl2xwhich EPSRC for financial support of this work. The EPSRC
was characterized by X-ray crystallography (Figure 3). On National Mass Spectrometry Service is gratefully acknowl-
the molecular level, the coordination environment at Ti is edged for MALDI-TOF analysis.

similar to that inl. The Ti centers have a distorted octahedral
geometry, the central Ti is bound to two terminal alkoxides

Supporting Information Available: MALDI-TOF spectra of

and four bridging alkoxides, whereas the other two Ti centers the polymers produced, powder ){-ray dlffracn_on., Fourier trans_,form
IR measurements, and full experimental details; crystal data in CIF

are bound to three terminal a]komdes, two bridging alkoxides, format. This material is available free of charge via the Internet at
and one alcohol group. Again, the OH groups of protonated http://pubs.acs.org.
ligands participate in intramolecular H bondiffgAs a

1C060969+
(26) Marshall, E. L.; Gibson, V. C.; Rzepa, H.5.Am. Chem. So2005
127, 6048-6051. (28) We would anticipate a similar structure i§39)-2,3-butanediol were
(27) Kricheldorf, H. R.; Lee, S. R.; Bush, $acromoleculesl996 29, employed; attempts to isolate a structure using By§)(diastereomer
1375-1381. are ongoing.
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