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The reactions of the bulky amino-bis(phenol) ligand Me,NCH,CH,N{CH,-3,5-Bu',-C,H,OH-2},
(1-H,) with Zn[N(SiMe;),], (4), [Mg{N(SiMe;), }.], (5) and Ca[N(SiMe;),],(THF), (6) yield the
complexes 1-Zn, 1-Mg and 1-Ca in good yields. The X-ray structure of 1-Ca showed the complex to be
dimeric, with calcium in a distorted octahedral coordination geometry. Five of the positions are
occupied by an N,O; donor set, while the sixth is taken up by an intramolecular close contact to an
o-Bu' substituent, a rare case of a Ca - - - H-C agostic interaction (Ca - - - H distances of 2.37 and 2.41 A).
Another sterically hindered calcium complex, Ca{2-Bu'-6-(C;FsN=CH)C;H;0},(THF),-(C;Hy), (7),
was prepared by reaction of 6 with the iminophenol 2-Bu'-6-(C4FsN=CH)C;H;OH (3-H). According
to the crystal structure, 7 is monomeric and octahedral, with trans THF ligands. The complex
Ti[N{CH,-3-Bu'-5-Me-C¢H,0-2},{ CH,CH,NMe, } |(OPr’), (2-Ti) was prepared by treatment of
Ti(OPr',) with the new amino-bis(phenol) Me,NCH,CH,N{CH,-3-Bu'-5-Me-C¢H,OH-2}, (2-H,).
The reduction of 2-Ti with sodium amalgam gave the titanium(1n) salt TiiN{CH,-3-Bu'-5-Me-
CsH,0-2},{CH,CH,NMe, }](OPr'),-Na(THF), (8). A comparison of the X-ray structures of 2-Ti and 8
showed that the additional electron in 8 significantly reduced the intensity of the n-bonding from the
oxygen atoms of the isopropoxide groups to titanium. 1-Ca and 8 were active initiators for the
ring-opening polymerisation of g-caprolactone (up to 97% conversion of 200 equivalents in 2 hours)

and yielded polymers with narrow molecular weight distributions.

Introduction

The interest in biodegradable and biocompatible polymers, based
on environmentally friendly monomers, has increased consider-
ably in the past decade.! The polymerisation of cyclic esters such
as g-caprolactone (CL) and especially lactide (LA), a renewable
resource derived from corn, has attracted the attention of many re-
search groups.>® Aliphatic polyesters such as poly(e-caprolactone)
(PCL) and poly(lactide) (PLA) are very conveniently prepared
by ring-opening polymerisation (ROP) of CL or LA. They and
their copolymers are now frequently used in pharmaceutical and
medical applications, for instance as drug delivery media or
surgical sutures.*® Although remarkably simple and efficient in
principle, the anionic polymerisation of these monomers initated
by alkali-metal alkyls or alkali-metal alkoxides is not without
problems due to side reactions.”® By contrast, homoleptic metal
alkoxide catalysts based on Sn, Fe, Al, Y or Ln allow a much
improved control of the polymerisation parameters and give high
molecular weight polymers in very good yields, and as a result have
been commonly employed.>*2* However, a great deal of attention
has been paid in the past few years to the development of single-
site catalysts bearing sterically hindered ancillary ligands (Chart 1)
since they are capable of offering a better control over the
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stereoselectivity of LA polymerisation. Early work by Inoue on
metalloporphyrins proved very promising.® Many catalysts based
on AL Mg, or Zn,** supported by various multidentate
ligands have now been shown to give excellent molecular weight
polymers, with very good stereocontrol and polymerisation rates.
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These metals are especially attractive, since they do not impart any
colour to the polymers, and are inexpensive and are non-toxic, an
essential criterion for any medical application. Other metals used
for the polymerisation of CL and LA include Ti, Y, Ln, and Sn.%**

A literature survey indicated that remarkably few discrete
complexes of calcium and titanium had been reported for the ring-
opening polymerisation of CL and LA. Very recently Chisholm
described some calcium complexes supported by bulky tris-
pyrazolyl borate ligands which were among the most active
catalysts reported to date.** Efficient Ti(1v) catalysts bearing
bulky chelating aryloxy ligands are also uncommon.*" To the
best of our knowledge there is no report of single-site Ti(1ir)
complexes for CL- or LA-polymerisations. Moreover, whereas -
diketiminate®4*# and tris(pyrazolyl)borate®**-¢5! ligands have
been widely employed, there are only few literature reports
of bulky amino-bis(phenolate) complexes, primarily of trivalent
metals.**3%* Following our earlier reports on the polymerisation
of polar monomers with zinc,>** magnesium* and lanthanide
catalysts,*>® we describe in this paper the syntheses of well-
defined Ti(1v), Ti(11), Zn, Mg and Ca complexes bearing chelating
iminophenolate and amino-bis(phenolate) ligands, and their activ-
ity in the polymerisation of e-caprolactone.

Results and discussion
Syntheses

The substituted amino-bis(2-hydroxyarylmethyl) ligands Me,-
NCH,CH,N{CH,-3,5-Bu',-C;H,0H-2}, (1-H,) and Me,NCH,-
CH,N{CH,-3-Bu'-5-Me-C,H,0H-2}, (2-H,) (Chart 2) were pre-
pared following the modified Mannich reaction between N,N-

.
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dimethylethylenediamine, formaldehyde and a substituted phe-
nol as described in the literature®® In particular, 2-H,, which
was prepared by addition of N,N-dimethylethylenediamine and
formaldehyde to a solution of 2-Bu'-4-Me-C¢H;OH in refluxing
methanol, is reported here for the first time. The iminophenol 2-
Bu'-6-(C,FsN=CH)C(H;OH (3-H) was also prepared according
to a known route previously reported by our group (Chart 2).%
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1-H, was reacted with various metal bis(trimethylsilyl)amides
(Scheme 1). The addition of Zn{N(SiMe;),}, (4) to a solution
of 1-H, in light petroleum resulted in a colourless solution,
which rapidly became cloudy upon stirring. After 16 h a large
amount of white precipitate had formed which was isolated
by filtration, washed with light petroleum and dried in vacuo.
NMR spectroscopic data and elemental analysis were consistent
with the formulation Zn{Me,NC,H,N(CH,-3,5-Bu',C,H,0-2),}
(1-Zn). 1-Zn was only sparingly soluble in light petroleum, but
was fully soluble in toluene, Et,O, THF and dichloromethane.
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Similarly, slow addition of a toluene solution of 1-H, to a solution
of [Mg{N(SiMe;),},], (5) and recrystallisation from toluene at
—26 °C gave Mg{Me,NC,H,N(CH,-3,5-Bu',C;H,0-2),} (1-Mg)
as colourless crystals. The composition of 1-Mg was confirmed
by elemental analysis and NMR spectroscopy. The excellent
solubility of 1-Mg in toluene, Et,O, THF and CH,CI, precluded
the existence of a polymeric structure. Needle-shaped crystals of
1-Mg were grown from diethyl ether/light petroleum at +6 °C,
but were only poorly diffracting, and the molecular structure of
1-Mg could not be determined.

The dimeric calcium complex [Ca{Me,NC,H,N(CH,-3,5-
Bu',C¢H,0-2),}], (1-Ca) was obtained upon treatment of
Ca{N(SiMe;), },(THF), (6) with 1-H, in toluene. The compound
was very poorly soluble in light petroleum, sparingly soluble
in aromatic solvents but showed good solubility in ethers and
chlorinated solvents. The 'H and “C{'H} NMR spectra of 1-
Ca were unexpectedly complicated. In the "TH NMR spectrum,
the four protons from the Ar-CH,-N methylene bridges were
diastereotopic and gave rise to four doublets with coupling con-
stants of 12.0-12.4 Hz; four different singlets were also found for
the Bu' substituents. The heteronuclear "H-"*C and homonuclear
"H-"H correlation spectra allowed the complete assignment of all
signals. The dimeric structure of 1-Ca was elucidated by X-ray
crystallography (see below).

In an attempt to prepare a calcium complex related to 1-
Ca for structural and reactivity studies, 6 was reacted with one
equivalent of the bidentate ligand 2-Bu'-6-(C¢FsN=CH)C,H;OH
(3-H) in light petroleum (Scheme 2). A yellow solid precipitated
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from the reaction mixture, which was isolated by filtration
and washed with light petroleum. Single crystals suitable for
X-ray diffraction were grown by recrystallisation in a 4 : 1
toluene/light petroleum mixture at —26 °C. NMR spectroscopy
and elemental analysis indicated the composition Ca{2-Bu'-6-
(CFsN=CH)C,H;0},(THF),-(C;Hg),,; (7). The toluene of crys-
tallisation could not be removed, even upon heating up to 60 °C
under vacuum. 7 was sparingly soluble in light petroleum but
showed good solubility in aromatic and polar solvents.

Titanium(1v) amino-bis(phenolato) bis(isopropoxide) com-
plexes were similarly prepared from the reaction of the neutral
ligands with Ti(OPr'), to give Ti(OPr'),(1) (1-Ti) and Ti(OPr'),(2)
(2-Ti), respectively (Scheme 3). The synthesis of 1-Ti has been
described elsewhere.®® 2-Ti was isolated as a yellow powder in
good yield and recrystallised from diethyl ether to give crystals
adequate for X-ray diffraction.
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Treatment of 2-Ti with sodium amalgam in THF at —78 °C
led to a colour change from yellow to pale green which
changed to very dark green on warming to room temperature.
The Ti(111) reduction product, Ti{ Me,NC,H,N{CH,-3-Bu'-5-Me-
C4H,0-2},(OPr'),-Na(THF), (8) was isolated as a green solid
and recrystallised from light petroleum. The composition was
confirmed by elemental analysis.

Structural characterisation

Crystals of 1-Ca-Et,O were obtained as colourless blocks from
a Et,0/light petroleum mixture (10 : 3) at +6 °C. All attempts
to grow crystals from toluene proved unsuccessful. Selected bond
lengths and angles are collected in Table 1. The compound is
a dimer, with two phenolate-oxygens bridging the two calcium
atoms (Fig. 1). The presence of one molecule of Et,O per dimer

Table 1 Selected dimensions in compound {1-Ca},. Bond lengths are in
Angstroms, angles in degrees. E.s.d.s are in parentheses

Ca(l)--- Ca(2) 3.4653(6)

Ca(1)-N(1) 2.5115(19)  Ca(2)-0(22) 2.2904(15)
Ca(1)-0(12) 2.1817(16) Ca(2)-N(4) 2.4981(19)
Ca(1)-0(22) 2.2488(15) Ca(2)-O(42) 2.1842(16)
Ca(1)-N(32) 2.551(2)  Ca(2)-O(52) 2.2682(15)
Ca(1)-0(52) 2.3170(16) Ca(2)-N(62) 2.552(2)

Ca(1)-H(53¢) 2.41 Ca(2)-H(23e) 2.37

O(12)-Ca(1)-N(1)  82.74(6)  O(22)-Ca(2)-N(4) 136.43(6)
0(22)-Ca(1)-N(1)  80.37(6)  O(42)-Ca(2)-0(22) 92.73(6)
N(1)-Ca(1)'N(32)  72.32(6)  O(52)-Ca(2)-0(22) 72.71(5)
0(52)-Ca(1)-N(1)  136.32(6)  O(22)-Ca(2)-N(62) 146.34(6)
O(12)-Ca(1)-0(22) 134.13(6)  O(42)-Ca(2)-N(@4)  82.46(6)
0O(12)-Ca(1) N(32) 112.01(7)  O(52)-Ca(2)-N(4)  80.13(6)
O(12)-Ca(1)-0(52)  92.05(6)  N(4)-Ca(2)-N(62)  73.28(7)
0(22)-Ca(1)-N(32) 102.84(7)  O(42)-Ca(2)-O(52) 134.39(6)
0(22)Ca(1)-O(52)  72.56(5)  O(42)-Ca(2)-N(62) 109.52(6)
0(52)-Ca(1)-N(32) 146.39(7)  O(52)-Ca(2)-N(62) 105.19(6)

Fig. 1 View of a molecule of {Ca[N{CH,-2-O-3,5-(Bu'),-C¢H,},-
{CH,CH,NMe, }]}, (1-Ca). Ellipsoids are drawn at the 50% probability
level. All hydrogen atoms except H(53e¢) and H(23e), labelled ‘H’,
are omitted for clarity. The major conformations for each disordered
CH,NMe, unit are displayed.

complex is also observed, but there is no interaction between the
solvent molecules and the metal centres. Remarkably, the position
of the solvent in the lattice is perfectly defined. The Ca,0, core
forms a shallow biplane, the angle between the normals of the two
CaO, planes is 39.0°. The two halves of the molecule are related by
a pseudo-two-fold symmetry axis. Each Ca atom is coordinated by
the ONNO atoms of one ligand, and the bridging O atom of the
other ligand. The coordination pattern of these five atoms is quite
irregular. A sixth coordination position is occupied by a CMe;
methyl group situated close to each Ca atom, Ca(l)---H(53¢) =
241 A, Ca(2)---H(23e) = 2.37 A, i.e closer than the nitrogen
atoms and shorter than the sum of the van der Waals radius of
H (1.4 A) and the ionic radius of six-coordinate Ca?* (1.14 A).
To the best of our knowledge, this represents a unique example
of intramolecular Ca - - - H-C agostic interactions. A similar close
interionic contact (2.41 A) was found between a calcium cation
and a hydrogen atom on one of the a-carbons of its HB(CH,CHj;);
counter anion.* Taking these H atoms into consideration, the six-
coordinate pattern resembles a skew-trapezoidal bipyramid, as
described by Kepert;® in this arrangement, there is a square-planar
base [viz N(1), O(12), O(22), O(52) for Ca(l) and N(4), O(42),
0(22), O(52) for Ca(2)] and a pair of ligand atoms lying over a di-
agonal of the base-plane [viz N(32), H(53e) over the N(1) - - - O(52)
line and N(62), H(23e) over the N(4) - - - O(22) line] (Fig. 2).

Fig. 2 Coordination geometry around the calcium atoms in the dimeric
1-Ca.
Although clearly non-bonding, the Ca(l)---Ca(2) dis-

tance is significantly shorter in 1-Ca [3.4653(6) A] than
in [Ca,(tmdh),(OAr),(HOEt),] [tmdh-H = 2,2,6,6-tetramethyl-
heptane-3,5-dione; 3.926(2) A].® The Ca-O(terminal aryl-
oxide) bond lengths in 1-Ca [Ca(1)-0(12), 2.1817(16) A;
Ca(2)-0(42), 2.1842(16) A] are a little shorter than in
[Ca{salen(Bu')}(HOEt),(THF)] (average 2.30 A),* but compare
well with that of [(C;Me;)Ca(O-2,6-Pr',C¢H;)(THF),] [Ca—OAr,
2.177(2) Al.* As expected, the Ca—O (bridging aryloxide) bond
distances in 1-Ca are longer than those involving terminal oxygen
atoms; they range between 2.2488(15) and 2.3170(16) A and
are shorter than in [Ca,(tmdh),(OAr),(HOEt),] (2.332(3)-2.408(3)
A).® The Ca—N distances for the nitrogens linking the two aryl
groups [Ca(1)-N(1), 2.5115(19) A; Ca(2)-N(4), 2.4981(19) A]
are shorter than those for the sidearm nitrogens [Ca(1)-N(32),
2.551(2) A; Ca(2)-N(62), 2.552(2) A}, confirming weaker bonding
in the latter case; the former ones are comparable to those
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Table2 Selected dimensions in compound 7. Bond lengths are in
Angstroms, angles in degrees. E.s.d.s are in parentheses

Table 3 Selected dimensions in compound 2-Ti. Bond lengths are in
Angstroms, angles in degrees. E.s.d.s are in parentheses

(a) About the calcium atom

Ca-O(1)  22229(18)  O(1)-Ca—O(3) 91.02(7)
Ca-0(3)  2.3369(19)  O(1)-Ca-N(2) 74.08(7)
CaNQ2)  2.4792) 0(3)-Ca-N(2) 85.83(8)

described above for [Ca{salen(Bu') }(HOEt),(THF)].* There is
disorder in both of the CH,~NMe, fragments; alternative sites for
the CH, and CH; units were found and refined satisfactorily. In
non-coordinating solvents (benzene, toluene, dichloromethane),
there is no indication that 1-Ca does not retain its dimeric
structure.

After recrystallisation in toluene/light petroleum at —26 °C,
single crystals of 7 were isolated as pale yellow square prisms. The
X-ray crystal structure of 7 (Fig. 3) displays a centrosymmetric,
slightly distorted octahedral arrangement around the metal; the
pairs of oxygen atoms and nitrogen atoms of the Schiff-base
ligands are located in mutually trans positions about the centre
of symmetry. Selected bond lengths and angles are in Table 2.

QF(Z&‘)

Fig.3 A molecule of {2-Bu'-6-(C,F;-N=CH)C,H,0},Ca(THF), (7) with
thermal ellipsoids drawn at the 50% probability level. H atoms are omitted
for clarity.

The coordinated THF molecules were disordered; alternative
sites for a B-carbon atom of the THF were identified and refined
satisfactorily. The Ca—OAr bond distance in complex 7 [Ca-
0O(1), 2.223(2) A] is slightly longer than the analogous distance
observed in 1-Ca and in [(CsMe;)Ca(0O-2,6-Pri,C,H;)(THF),] [Ca—
OAr, 2.177(2) AL* but shorter than in the related complex
reported previously [Ca(salen(Bu'))(HOEt),(THF)] where the Ca—
O(aryloxide) bond length is on average 2.30 A.% The Ca—
O(THF) bond distance in 7 [Ca-O(3), 2.337(2) A] is significantly
shorter than the corresponding distances in [(CsMes)Ca{O-
2,6-(Pr'),-CH; }(THF);] [2.466(3), 2.408(3), 2.454(2) A] and
[Ca{salen(Bu')}(HOEL),(THF)] [2.390(2) A]. The Ca-N bond
length in 7 [Ca—N(2), 2.479(2) A] compares well to that of the salen
complex (average 2.52 A) and 1-Ca, but is considerably shorter
than in the dimer [Ca,(tmdh),(OAr),(HOEL),] [Ca-N, 2.706(4)-
2.746(4) A].® Finally, the chelate bite-angle in 7 (O(1)-Ca-N(2),
74.08(7)°) is only slightly different from the equivalent angle in
[Ca{salen(Bu')}(HOEt),(THF)] (71.79(18) and 72.34(18)°).%

Complex 2-Ti crystallised as very pale yellow cube-like blocks
from a concentrated solution in Et,O stored at —26 °C. The

(a) About the titanium atom

Ti-N(1) 2.335(2) Ti-N(32) 2.400(2)
Ti-0O(12) 1.9034(15) Ti-O(4) 1.8025(17)
Ti—0(22) 1.9009(15) Ti—O(5) 1.8321(17)
O(12)-Ti-N(1) 82.23(7) O(5)-Ti-0O(12) 92.68(7)
0O(22)-Ti-N(1) 83.82(7) 0(22)-Ti-N(32)  84.24(7)
N(1)-Ti-N(32) 74.44(7) 0O(4)-Ti-0(22) 97.37(7)
O(4)-Ti-N(1) 163.36(8) O(5)-Ti-0(22) 92.12(7)
O(5)-Ti-N(1) 90.51(7) 0O(4)-Ti-N(32) 89.13(7)
0(22)-Ti-O(12)  165.27(7) O(5)-Ti-N(32)  164.79(8)
0O(12)-Ti-N(32) 87.51(7) O(4)-Ti-O(5) 106.00(8)
0(4)-Ti-0O(12) 94.67(7)

(b) In the O'Pr~ ligands

0O(4)-C(41) 1.407(4) C(41)-0O(4)-Ti  162.8(2)
O(4)-C(41A) 1.429(11)  C(41A)-O(4)-Ti 147.1(6)
O(5)-C(51) 1.418(3) C(51)-O(5)-Ti  135.95(15)

titanium atom is six-coordinate, with an octahedral coordination
pattern (Fig. 4). A selection of bond lengths and angles is given
in Table 3. One of the isopropyl groups is disordered, with two
possible orientations, while the rest of the structure is well ordered.
In the ONNO ligand, the two oxygen atoms are mutually trans
about the Ti atom, whereas each of the nitrogen atoms is trans
to an isopropoxide ligand. The orientation of the ligands around
the metal is identical to that of Ti(OPr'),{Me,NC,H,N(CH,-3,5-
Me,C4H,0-2),},% and all the distances from the metal to the
nitrogen and oxygen atoms [Ti—OAr average 1.902(2) A; Ti-opPr
average 1.82(2) A; Ti-N(32) 2.400(2) A; Ti-N(1) 2.335(2) A] are
also very similar.

251

Fig. 4 View of a molecule of Ti[N{CH,-2-O-3-Bu'-5-Me-C¢H,},-
{CH,CH,NMe, }](OPr'), (2-Ti). Ellipsoids are drawn at the 50% prob-
ability level. Hydrogen atoms are omitted for clarity.

Suitable red/green dichroic block-like crystals of complex 8
for X-ray analysis were obtained by recrystallisation from light
petroleum at —26 °C, and the X-ray structure of the complex was
determined (Fig. 5). Selected bond lengths and angles are collected
in Table 4. There are two very similar, independent molecules in
the crystal. Atoms of molecule 1 are numbered as in Fig. 4 but
with a suffix “17, eg Ti(11), O(11) etc.; atoms of molecule 2
have the suffix “2”, e.g. Ti(12), O(12) etc. The only significant
difference between the molecules is in the orientation of the THF
ligands. It can be seen from Fig. 5 that the titanium atom in 8
is six-coordinate, with a distorted octahedral arrangement and
the same ligand orientations as in 2-Ti. However, two oxygen
atoms (one from an aryloxide and one from an isopropoxide
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Table 4 Selected dimensions in compound 8. Bond lengths are in Angstroms, angles in degrees. E.s.d.s are in parentheses

(a) About the Ti atoms

Ti(11)-N(11) 2.354(5)
Ti(11)-N(21) 2.413(5)
Ti(11)-O(11) 2.013(4)
Ti(11)-O(21) 2.076(4)
Ti(11)-O(31) 1.828(4)
Ti(11)-O(41) 1.999(4)
Ti(11)---Na(11) 3.313(3)
N(11)-Ti(11)-N(21) 73.70(18)
O(11)-Ti(11)-N(11) 84.07(17)
OQ1)-Ti(11)-N(11) 83.68(16)
OQB1)-Ti(11)-N(11) 160.34(19)
O@41)-Ti(11)-N(11) 89.88(17)
O(11)-Ti(11)-N(21) 88.23(19)
O21)-Ti(11)-N(21) 96.65(19)
OQB1)-Ti(11)-N(21) 87.01(19)
O@41)-Ti(11)-N(21) 163.57(18)
O(11)-Ti(11)-0(21) 164.97(17)
O31)-Ti(11)-O(11) 99.42(18)
O(41)-Ti(11)-O(11) 89.44(17)
OQ31)-Ti(11)-0(21) 95.04(17)
O(41)-Ti(11)-021) 81.85(17)
OQ31)-Ti(11)-0O(41) 109.41(18)
(b) About the Na atoms

Na(11)-0(21) 2.293(5)
Na(11)-0(41) 2.186(4)
Na(11)-O(51) 2.312(6)
Na(11)-0(61) 2.291(6)
O(41)-Na(11)-0(21) 73.12(17)
O(21)-Na(11)-0(51) 108.8(2)
O(61)-Na(11)-0(21) 137.5(2)
0O(41)-Na(11)-O(51) 123.3(2)
O(41)-Na(11)-0(61) 121.4(2)
O(61)-Na(11)-0O(51) 95.5(2)
Ti(11)-O(21)-Na(11) 98.5(2)
Ti(11)-O(41)-Na(11) 104.6(2)
(c) In the O'Pr~ ligands

C(291)-O(31)-Ti(11) 170.3(4)
C(321)-O(41)-Ti(11) 128.1(4)
C(321)-O(41)-Na(11) 124.5(4)

Ti(12)-N(12) 2.359(5)
Ti(12)-N(22) 2.409(6)
Ti(12)-0(12) 2.001(5)
Ti(12)-0(22) 2.085(4)
Ti(12)-0(32) 1.821(4)
Ti(12)-0O(42) 2.000(4)
Ti(12) - - - Na(12) 3.320(3)
N(12)-Ti(12)-N(22) 73.95(18)
0(12)-Ti(12)-N(12) 83.97(18)
0(22)-Ti(12)-N(12) 84.14(17)
0(32)-Ti(12)-N(12) 160.6(2)
0(42)-Ti(12)-N(12) 90.31(17)
O(12)-Ti(12)-N(22) 88.58(19)
0(22)-Ti(12)-N(22) 95.83(19)
0(32)-Ti(12)-N(22) 86.9(2)
0(42)-Ti(12)-N(22) 164.25(18)
0(12)-Ti(12)-0(22) 165.65(18)
0(32)-Ti(12)-0(12) 99.0(2)
0(42)-Ti(12)-0(12) 89.75(18)
0(32)-Ti(12)-0(22) 94.86(19)
0(42)-Ti(12)-0(22) 82.30(18)
0(32)-Ti(12)-0(42) 108.80(19)
0(22)-Na(12) 2.300(5)
Na(12)-0(42) 2.208(5)
Na(12)-0(52) 2.315(6)
Na(12)-0(62) 2.310(6)
0(42)-Na(12)-0(22) 73.19(17)
0(22)-Na(12)-0(52) 107.2(2)
0(22)-Na(12)-0(62) 140.1(2)
0(42)-Na(12)-0(52) 122.02)
0(42)-Na(12)-0(62) 116.7(2)
0(62)-Na(12)-0(52) 99.2(2)
Ti(12)-0(22)-Na(12) 98.3(2)
Ti(12)-O(42)Na(12) 104.1(2)
C(292)-0(32)-Ti(12) 172.2(5)
C(322)-0O(42)-Ti(12) 127.6(4)
C(322)-0(42)-Na(12) 124.9(4)

C40

Fig. 5 View of one of the two very similar molecules of [Ti[N{CH,-
2-0-3-Bu'-5-Me-C4H, },{CH,CH,NMe, }](OPr'),][Na(THF),] (8). Hy-
drogen atoms are omitted for clarity.

ligand) are also involved in oxygen bridges between the sodium
and titanium atoms. The sodium atom is four-coordinate, with
two coordinated THF molecules added to the bridging oxygen
atoms. The titanium-—nitrogen bond lengths in 8 [mean of Ti(11)—

N(11) and Ti(12)-N(12) = 2.357(3) A; mean of the Ti(1)-N(2)
bonds = 2.411(2) A] are very similar to those in the neutral Ti(1v)
complex 2-Ti. On the other hand, the titanium—oxygen distances
Ti(11)-OAr [mean of Ti(1)-O(1) and Ti(1)-O(2) type bonds =
2.007(6) and 2.081(5) A] and Ti(11)-OPr' [mean of Ti(1)-O(3) and
Ti(1)-O(4) bonds = 1.825(4) and 2.000(1)A] in 8 are noticeably
longer than the corresponding bond lengths in 2-Ti. The short Ti—
O bond lengths in 2-Ti are characteristic of significant t-bonding,
while the presence of the extra electron in the Ti(1r) species 8
reduces the extent of the n-bonding, thus resulting in longer Ti-O
distances. This is corroborated by a much wider Ti-O-C angle in
8 in the case of the terminal OPr' ligand [mean Ti(1)-O(3)-C(29)
is 171.3(10)° in 8 against Ti-O(4)-C(41A) 147.1(6)° and Ti-O(5)—
C(51) 135.95(15)° in 2-Ti]. The Ti-O bonds bridging to Na are
significantly longer than terminal Ti—O bonds. All Ti-O and Na—
O distances compare well with those reported for Ti{OC,H,;Pr',-
2,6},Na(THF),.”

Polymerisation studies

The efficiency of 1-Zn, 1-Mg, 1-Ca, 7, 1-Ti, 2-Ti and 8 as initiators
for the ring-opening polymerisation of CL was assessed. The
results are given in Table 5. Complexes of 1*-, ie. 1-Zn, 1-
Mg and 1-Ca, exhibited remarkably different behaviours under
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Table 5 CL polymerisation data“

Entry Initiator Time/h Conversion/mol% MI1,/Da M1,/ MI, MI »/Da
1 1-Zn 24 Trace — —
2 1-Mg 24 5.0 — — —
3 {1-Ca}, 1 12.6 11300 1.1 11800
4 {1-Ca}, 4 22.2 17500 1.2 15500
5 {1-Ca}, 7 29.8 20000 1.2 19300
6 {1-Ca}, 12 40.1 26 000 1.3 24000
7 7 24 Trace — — —
8 1-Ti 4 Trace — — —
9 2-Ti 4 Trace — — —

10 8 0.5 52.0 22500 2.3 —

11 8 1 91.1 28 500 1.6 —

12 8 2 97.4 32000 2.5 —

13 2-Ti/8 4 23.6 — Multimodal —

¢ Polymerisation conditions: 40 ml of toluene, 60 °C, CL/initiator = 200 : 1, 85 umol of initiator.

rigorously identical polymerisation conditions. While 1-Zn yielded
only traces of polymer and 1-Mg afforded only a 5.0% conversion
of 200 equivalents of monomer after 24 hours, 1-Ca was much
more active, with a conversion of 12.6% after 1 h (run 3) and
more than 40% after 12 h (run 6) to give M1, values of up to
26000 Da. The polydispersity index was initially close to 1.0
but increased with the conversion and eventually reached 1.3;
this coincided with the formation of a shoulder next to the
main peak in the gel permeation chromatography traces. Such
broadening of the molecular weight distribution is indicative
of back-biting and transesterification processes. The possibility
of a living polymerisation mechanism suggested by the initial
M1,/ M]I, value was not corroborated by the non-linearM7,-to-
conversion relationship; however, if one takes into account the
broadening of the polydispersity and considers the molecular
weight at the peak MI, instead of MI,, then a perfectly linear
relationship is obtained (Fig. 6). The reactivity order Ca >> Mg
>> Zn possibly reflects a decrease of the Lewis acidity of the
metal centre from Ca to Zn, and has already been documented for
LA-polymerisation.*® It is not clear at this stage why complex 7,
where CL substrate binding should, if anything, be easier than in
1-Ca, was catalytically inactive (run 7).

30000 -
25000

20000 -

15000 -|

Mp [Da]

10000 -

5000 -|

0 T T T T T T )
0 5 10 15 20 25 30 35

conversion [%)]

Fig. 6 Relationship between M, and monomer conversion for the
polymerisation of CL promoted by 1-Ca.

The coordinatively saturated titanium(iv) complexes 1-Ti and
2-Ti did not produce significant amounts of polymer (runs 8-9).
By contrast, the zwitterionic complex 8 achieved almost complete

conversion of 200 equivalents of monomer over 2 h (runs 11-12).
The polymers obtained with 8 had narrow polydispersities and
MI, of up to 32000 Da. However, no direct correlation could be
found between molecular weight and conversion in this case.

Conclusion

Several coordination complexes of magnesium, calcium, zinc
and titanium supported by bulky amino-bis(phenolate) and
iminophenolate ligands are described. The dimeric calcium amino-
bis(phenolate) [Ca{Me,NC,H,N(CH,-3,5-Bu',C,H,0-2),}], (1-
Ca) displays a very unusual case of a Ca--- H-C agostic inter-
action and acts as an efficient initiator for CL-polymerisation.
For complexes supported by identical ligands, activity for the
polymerisation of e-caprolactone decreases in the series Ca >>
Mg >> Zn. The comparison of related octahedral Ti(1r) and
Ti(1v) alkoxo complexes bearing the same ancillary ligand shows
that only the zwitterionic Ti(1i1) derivative is catalytically active.
The polymerisations with 1-Ca are well controlled, with narrow
molecular weight distributions and a linear increase of the peak
molecular weight with conversion.

Experimental
Generalities

All manipulations were performed under dry argon, using stan-
dard Schlenk techniques. Solvents were pre-dried over sodium
wire (toluene, light petroleum, THF, diethyl ether) or calcium
hydride (dichloromethane), and distilled under argon over sodium
(toluene), sodium—potassium alloy (light petroleum, bp 40-60 °C),
sodium-benzophenone (THF, diethyl ether) or calcium hydride
(dichloromethane). Deuterated solvents were stored over activated
4 A molecular sieves and degassed by several freeze—thaw cy-
cles. N,N-Dimethylethylenediamine, formaldehyde (37% aqueous
solution), 2-Bu'-C,H,OH, Cal, and MgBu, (1.0 solution in
heptane) were used as purchased (Aldrich). Ti(OPr'), was distilled
under vacuum and kept over activated molecular sieves prior to
use. The amino-bis(phenol) 1-H,* and the phenoxy-imine 3-H®
ligand precursors, as well as zinc bis[bis(trimethylsilyl)amide]*®
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(4) and 1-Ti*® were prepared according to literature methods.
g-Caprolactone was dried for a minimum of 24 hours over
fresh calcium hydride, then distilled under vacuum and used
immediately. NMR spectra were recorded using a Bruker DPX300
spectrometer. 'H NMR spectra (300.1 MHz) were referenced to the
residual solvent proton of the deuterated solvent used. *C NMR
spectra (75.5 MHz) were referenced internally to the D-coupled *C
resonances of the NMR solvent. Gel permeation chromatography
(GPC) measurements were performed on a Polymer Laboratories
PL-GPC 220 instrument equipped with a PLgel 5A MIXED-
C column and a refractive index detector. The GPC column
was eluted with THF at 40 °C at 1 ml min™' and was cali-
brated using 9 monodisperse polystyrene standards in the range
580-1000000 Da.

Preparations

Synthesis of Me,NCH,CH,N-|CH,-2-HO-3-Bu'-5-Me-C4H,],,
2-H,. N,N-Dimethylethylenediamine (3.4 ml, 31.0 mmol) and
formaldehyde (37% solution in water, 4.6 ml, 61.0 mmol) were
sequentially added to a solution of 2-Bu'-4-Me-C,H;OH (10.0 g,
66.6 mmol) in methanol. The pale yellow solution was refluxed
for 16 hours. Upon cooling, a white precipitate formed, which
was isolated by filtration, washed with ice-cold methanol (3 x
20 ml) and dried in vacuo for 2 hours to yield a fine white powder
(8.90 g, 66%). Anal. Calcd for C,sH,,N,O,: C 76.32, H 10.06, N
6.36. Found: C 76.41, H 10.20, N 6.15%. '"H NMR (300.1 MHz,
CDCl;, 25 °C): 6 9.66 (s, 2 H, OH), 6.95 (s, 2 H, Ar), 6.68 (s,
2 H, Ar), 3.53 (s, 4 H, Ar—CH,-N), 2.53 (s, 4 H, N-CH,-CH ,—
NMe,), 2.26 (s, 6 H, Ar—Me), 2.20 (s, 6 H, NMe,), 1.35 (s, 18 H,
CMe;). C {'H} NMR (75.5 MHz, CDCl,, 25 °C): 6 153.8 (C—
0), 137.7, 129.0, 127.2, 126.8, 121.4 (all Ar), 56.5 (ArCH,), 56.2
(CH,CH,NMe,), 43.9 (CH,NMe,), 44.7 (NMe,), 34.7 (CMe,),
29.8 (CMe;), 20.8 (Ar—CHs;).

Synthesis of [Mg{N(SiMe;),},]. (5). The method for the
synthesis of 5 was adapted from the literature.® MgBu, (5.0 ml of
solution 1.0 M in heptane, 5.0 mmol) was added to 50 ml of neat
HN(SiMe;), in the absence of co-solvent. The reaction mixture
was stirred at 70 °C for 24 h, after which time the large excess
of amine was removed in vacuo (0.01 mm Hg) to afford a very
clean white powder. Comparison of the 'H NMR data with values
reported elsewhere in the literature™ indicated that the dimeric
{Mg[N(SiMe;),], }, had been isolated. Yield 1.64 g (95%).

Synthesis of Ca{N(SiMe,),},(THF), (6). The procedure for
the preparation of Ca{N(SiMe;), },(THF), was adapted from the
literature.” Freshly prepared NaN(SiMe;), (22.0 g, 120 mmol)
was dissolved in THF (175 ml) and cooled to —78 °C, and Cal,
(16.1 g, 54.8 mmol) was added rapidly. The reaction mixture was
allowed to warm slowly to room temperature, and then refluxed
overnight. THF was removed under vacuum, and the product
was separated from Nal by extraction with 2 x 150 ml of light
petroleum. The resulting slightly yellow solution was concentrated
to 50 ml, and a large amount of white crystals was obtained by
recrystallisation at —26 °C. The spectroscopic data of the isolated
material matched perfectly those reported in the literature for
Ca{N(SiMe;), },(THF),.” Isolated yield 25.2 g (91%)).

Synthesis of Zn{Me,NC,H,N(CH,-3,5-Bu‘,C¢H,0-2),} (1-Zn).
Zn[N(SiMe;),], (1.26 g, 3.26 mmol) was rapidly added to a solution
of 1-H, (1.71 g, 3.26 mmol) in light petroleum. The resulting
colourless solution was stirred at room temperature for 16 h,
after which time a white precipitate had formed. The supernatant
was filtered off. The remaining white solid was washed with light
petroleum (8 ml) and dried under vacuum to afford a fine white
powder, yield 1.45 g (76%). Anal. Calcd for C;,H5,O,N,Zn: C
69.43, H9.25, N 4.76. Found: C 69.81, H9.39, N 4.46%. '"H NMR
(300.1 MHz, C4D, 25 °C): 6 7.60 (d, 2 H, Juy = 2.5 H, Ar),
6.87 (d, 2 H, Jyy = 2.5 H, Ar), 3.76 (d, 2 H, Juy = 12.4 Hz,
Ar-CH(H)-N), 3.16 (d, 2 H, Juy = 12.4 Hz, Ar-CH(H)-N),
2.15 (m, 2 H, CH,NMe,), 1.79 (s, 18 H, C(CH});), 1.61 (m, 2 H,
CH,CH,NMg,), 1.48 (s, 6 H, NMe,), 1.44 (s, 18 H, CMe;). *C
{'"H} NMR (75.5 MHz, C;Ds, 25°C):6 164.5 (C-0), 138.9, 136.4,
126.3, 124.6, 122.3 (all Ar), 60.1 (ArCH,), 59.0 (CH,CH,NMe,),
48.2 (CH,NMe,), 46.4 (NMe,), 35.4 (CMe;), 34.1 (CMe;), 32.2
(CMe;), 30.0(CMe).

Synthesis of Mg{Me,NC,H,N(CH,-3,5-Bu',C;H,0-2),} (1-
Mg). A solution of 1-H, (1.51 g, 2.88 mmol) in toluene (20 ml)
was added over 5 min to a solution of 5 (0.97 g, 1.40 mmol)
in toluene (30 ml). The resulting colourless solution was stirred
for 48 h at room temperature. The volatiles were removed in
vacuo, yielding a white powder. After washing with light petroleum
(10 ml), recrystallisation from 15 ml of toluene at —26 °C afforded
a colourless crystalline solid, yield 0.99 g (63%). Anal. Calcd for
Cy,H;5,0,N,Mg: C 74.64, H 9.95, N 5.12. Found: C 74.16, H 9.64,
N 4.90%. "H NMR (300.1 MHz, C,Ds, 25 °C): 6 7.53 (dd, 2 H,
Jun = 2.5 and 5.2 Hz, Ar), 7.06 (d, 1 H, Juy = 2.5 Hz, Ar),
6.88 (d, 1 H, Jyy = 2.5 Hz, Ar), 4.68 (m, 2 H, Ar—CH(H)-N),
2.98 (d, 1 H, Juy = 13.1 Hz, Ar—-CH(H)-N), 2.75-2.48 (br, 2 H,
CH,NMe,), 2.54 (d, 1 H, Juy = 12.1 Hz, Ar—~CH(H)-N), 1.80-
1.05 (br, 2 H, CH,CH,NMe,), 1.69 (s, 9 H, CMe;), 1.55 (br s, 6
H, NMe,), 1.43 (s, 18 H, CMe;), 1.29 (s, 9 H, CMe;). “C {'H}
NMR (75.5 MHz, C,Ds, 25 °C):  164.6 (C-0), 160.1 (C-0O),
139.4, 137.5, 136.6, 133.7, 128.8, 126.4, 125.8, 125.1, 124.6, 122.6
(all Ar), 66.2 (ArCH,), 65.0 (ArCH,), 60.4 (CH,CH,NMe,), 48.8
(CH,;NMe,), 47.9 (NMe), 47.7 (NMe), 35.8 (CMe;), 35.5 (CMe;),
34.3(CMe;), 34.2(CMe;), 33.1 (CMes), 32.5(CMes), 32.3 (CMes),
30.7 (CMey).

Synthesis of [Ca{Me,NC,H,N(CH,-3,5-Bu',CsH,0-2),}]., (1-
Ca). A solution of 1-H, (1.15 g, 2.19 mmol) in toluene (20 ml)
was added over 5 min to a solution of 6 (1.14 g, 2.26 mmol) in
toluene (30 ml). The resulting colourless solution was stirred for
48 h at room temperature. The volatiles were removed in vacuo,
yielding a white powder which was washed with light petroleum
(5 x 10 ml), yield 0.93 g (75%). NMR and elemental analyses
were performed at this point. Recrystallisation from Et,O/light
petroleum (10:3) at +6 °C over a period of several days afforded
a large amount of colourless crystals of 1-Ca-Et,O suitable for X-
ray diffraction. Anal. Calcd for CH,s0,N,Ca,: C 72.55, H 9.67,
N 4.98. Found: C 72.94, H 9.42, N 4.41%. '"H NMR (300.1 MHz,
C¢Dq, 25 °C): 0 748 (d, 4 H, Juy = 2.5 Hz, Ar), 7.09 (d, 4 H,
Jun = 2.5 Hz, Ar), 5.19 (d, 2 H, Juy = 12.4 Hz, Ar—CH(H)-N),
4.62(d, 2 H, Jyy = 12.0 Hz, Ar-CH(H)-N), 3.03 (d, 2 H, Jun =
12.0 Hz, Ar-CH(H)-N), 2.94 (d,2 H, Juy = 12.4 Hz, Ar-CH(H -
N), 2.41 (br, 4 H, CH,NMe,), 1.72 (br, 4 H, CH,CH,NMe,),
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1.58 (s, 18 H, CMe,), 1.46 (m, 36 H, CMe,), 1.41 (s, 18 H,
CMe,), 1.37 (m, 6 H, NMe), 1.30 (m, 6 H, NMe). “C {'H}
NMR (75.5 MHz, C;D,, 25 °C): § 165.4 (C-0), 160.9 (C-O),
137.6, 136.4, 135.6, 133.2, 127.3, 126.5, 125.6, 124.5, 124.0, 123.4
(all Ar), 65.8 (ArCH,), 64.0 (ArCH,), 59.6 (CH,CH,NMe,), 48.3
(CH,NMe,), 45.1 (NMe), 44.6 (NMe), 35.4 (CMe;,), 35.0 (CMe,),
34.4(CMe,), 34.3 (CMes), 32.6 (CMe,), 32.4 (CMe,), 32.1 (CMe,),
30.2 (CMe;).

Synthesis of {2-Bu'-6-(C,FsN=CH)C,H;0},Ca(THF),-(C;Hj),,s
(7). A solution of 3-H (1.87 g, 5.35 mmol) in light petroleum
(20 ml) was added dropwise over 20 min at room temperature to
a solution of 6 (2.83 g, 5.60 mmol) in light petroleum (20 ml).
After stirring overnight, a yellow precipitate had formed. The
filtrate was removed, yielding a yellow powder which was washed
with 2 x 20 ml of light petroleum and dried in vacuo. Yield
1.51 g, 29% (relative to Ca). Single crystals suitable for X-ray
diffraction crystallography were isolated by recrystallisation
in a 4 : 1 toluene/light petroleum mixture at —26 °C. NMR
characterisation, elemental analyses and the X-ray structure
all indicated the presence of 2/3 molecule of toluene per
metal centre. The toluene could not be removed, even upon
heating up to 60 °C under vacuum (0.01 mm Hg). Anal. Calcd
C4ZH42F10NZO4Ca-§C7Hg: C 60.13; H 5.08; N 3.00. Found: C
59.58; H 5.08; N 2.97%. '"H NMR (300.1 MHz, C,D, 25 °C):
0 7.82 (s, 2 H, Ar-CH=N), 7.38 (d, 2 H, Juy = 7.3 Hz, Ar),
7.14-7.09 (m, C¢Hs—CH;), 6.99 (d, 2 H, Juy = 7.7 Hz, Ar),
6.50 (t, 2 H, Juu = 7.8 Hz, Ar), 3.56 (t, 8 H, Juy = 6.4 Hz,
CH,CH,0), 2.09 (s, C;Hs—CH), 1.41 (s, 18 H, CMe;), 1.24 (m, 8
H, CH,CH,0). "C {'"H} NMR (75.5 MHz, C,Ds, 25 °C): 6 176.1
(Ar-CH=N), 172.3 (C-0), 141.1, 136.7, 133.2, 129.5, 122.0,
112.9 (all Ar), 69.1 (CH,CH,0), 35.3 (CMe;), 29.5 (CMe;), 25.4
(CH,CH,0). "F NMR (282.4 MHz, C;Dy, 25°C): 0 —154.1 (d, 4
F, J&r = 19.8 Hz, 0-F), —163.1 (t, 2 F, Jg = 19.8 Hz, p-F), —163.5
(t, 4 F, Jgr = 19.8 Hz, m-F).

Synthesis of Ti(OPr'),{Me,NC,H,N(CH,-3,5-Bu’,C;H,0-2),}
(2-Ti). Ti(OPr'), (0.72 ml, 2.44 mmol) was added rapidly to a
solution of 2-H, (1.06 g, 2.40 mmol) in diethyl ether (20 ml), and
the colour turned instantly bright yellow. The reaction mixture was
stirred for 16 hours at room temperature, when a yellow precipitate
had formed. The solid material was isolated by filtration and dried
in vacuo to give a clean pale yellow powder. Yield 1.05 g (72%).
Single crystals were obtained by recrystallisation from a diethyl
ether solution at —26 °C. Anal. Calcd for C;,HsxN,O,Ti: C 67.53,
H 9.33, N 4.63. Found: C 66.45, H 9.25, N 4.35%. 'H NMR
(300.1 MHz, C4Dq, 25 °C): 6 7.26 (d, 2 H, Juy = 1.9 Hz, Ar), 6.71
(d, 2 H, Juy = 1.9 Hz, Ar), 5.21 (m, 1 H, O-CHMe,), 4.94 (m,
1 H, O-CHMeg,), 4.23 (d, 2 H, Juy = 13.1 Hz, Ar—CH(H)-N),
296 (d, 2 H, Juy = 13.1 Hz, Ar—CH(H)-N), 2.33 (s, 6 H, Ar—
CH,;), 2.26 (m, 2 H, CH,NMe,), 2.08 (s, 6 H, NMe,), 1.80 (m,
2 H, CH,CH,NMe,), 1.72 (s, 18 H, CMe;), 1.51 (d, 6 H, Jyu =
6.0 Hz, OCHMe,), 1.06 (d, 6 H, Jyy = 6.0 Hz, OCHMe,). *C
{"H} NMR (75.5 MHz, C;Dq, 25 °C): ¢ 161.1 (C,,—0O), 135.7,
125.3, 125.0 (all Ar), 77.4 (O-CHMe,), 77.3 (O-CHMe,), 65.1,
58.6, 52.3,49.7, 35.3 (CMe;), 30.9 (CMe;), 27.2 (O-CHMe), 26.3
(O-CHMe), 21.1 (Ar-CH,).

Synthesis of Ti(OPr),{Me,NC,H,N(CH,-3,5-Bu',C.H,O-
2),}Na(THF),,8. THF (15 ml) was added at —78 °C to a freshly
prepared sodium amalgam (mercury: 5.20 g, 25.9 mmol; sodium
0.05 g, 2.18 mmol). A solution of 2-Ti (0.78 g, 1.29 mmol) in
THF (50 ml) was cooled to —78 °C and added slowly to the
Hg/Na amalgam. The colour changed rapidly from bright yellow
to green. The mixture was allowed to warm to room temperature
and was stirred overnight, when the colour gradually turned very
dark green. The solution was filtered to remove the excess of
Hg/Na, and the solvent was removed under vacuum to yield a
green powder. Square-shaped, red/green dichroic X-ray quality
crystals were grown by recrystallisation from a light petroleum
solution stored at —26 °C. Yield 0.41 g (41%). Anal. Calcd for
C,,H»,N,NaO(Ti: C 65.35, H 9.40, N 3.63. Found: C 64.86,
H 9.42, N 3.71%. The paramagnetic nature of 8 precluded the
acquisition of suitable NMR data.

Polymerisation of e-caprolactone

Polymerisations of e-caprolactone were carried out in a Schlenk
tube under inert gas. The flask was charged with the initiator
in the glove-box and then attached to the vacuum line. The
initiator was dissolved in the desired amount of toluene, and
after temperature equilibration was ensured, CL was syringed
in and the polymerisation time was measured from that point.
Polymerisations were stopped by addition of a solution of acetic
acid in methanol. The polymers were precipitated in methanol,
filtered, and dissolved in THF. They were then re-precipitated in
methanol, filtered again and dried in vacuo to constant weight.

X-Ray crystallography

Crystals coated with perfluoropolyether oil or dry Nujol were
mounted on glass fibres and fixed under a cold nitrogen stream.
Intensity data for compound 7 were measured on a Rigaku
R-Axis Ilc image plate diffractometer equipped with a rotating-
anode X-ray source (Mo-Ko radiation, 2 = 0.71073 A) and
graphite monochromator, those for compounds 1-Ca, 2-Ti and
8 on a Nonius KappaCCD diffractometer equipped with Mo-Ka
radiation and graphite monochromator.

All data were processed using the DENZO/SCALE-PACK
programs.” The structures were determined by heavy atom meth-
ods (2-Ti) or direct methods in the SHELXS program™ and refined
by full-matrix least-squares methods, on F? values, in SHELXL.”
The non-hydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were included in idealized positions,
and their U, values were set to ride on the U,, values of the
parent carbon atoms. Scattering factors for neutral atoms were
taken from reference 74. Crystal data and refinement details for
the four complexes are collected in Table 6.

Computer programs used in these analyses have been noted
above or in Table 4 of reference 75, and were run on a Silicon
Graphics Indy at the University of East Anglia, or a DEC-
AlphaStation 200 4/100 in the Biological Chemistry Department,
John Innes Centre.

CCDC reference numbers 243644, 243645, 281712 and 281713.

For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b511851d

348 | Dalton Trans., 2006, 340-350

This journal is © The Royal Society of Chemistry 2006



SE€°0— PUE 69°0

0 ‘vEP10
SSTO=YM9p1'0="y
€TTO="YM L300 ="Y
LEO'T

LE6/0/PLOT

LOT9

PIT°0 PrLOT

SELTY

TI0 X TI'0 X €20
mxoo_ﬁ oMOuﬂo:u Aﬁogm\—uom

6¥7'0— PUB 8C°0
€1°S ‘86¥0°0
=YmGLo0="¥
=Ygm0s00="4
LY0'T

LLE/O/YT6S

(4344

9L0°0 ‘¥T6S

8671¢

01T°0 X #1°0 X €T°0
SY00[q AI[-oqNO ‘MO[[A ored AIoA

ocr
Inr

o o

LT0— PUB$9°0
0°9890°0

8E1°0 = YM 8010 ="
YTI0 = YM€S00= "¢
L8380

10€/0/vv0¥

LLIT

6€1°0 vrov

ST98I

010 X 0I'0 X §T°0
swstid arenbs ‘mofeA ored

/(AT ) = d UM | [dF + (dV) + () 2] = s :owoyds SunySIom uonoopay

9T'0— PUBLT0

06T ‘Sh¥0°0

0T1°0 = YM ¥80°0 = 'y
0110 = YMTS00="¢
8201

T€8/0/0€¥Cl

C168

§S0°0 ‘0TI

0S€le

6€°0 X TH0 X ¥7'0
00[q ‘SS9[INO[0)D)

(¢~ 97910y pue yead ‘JJip 189818

" g ‘v s1orowered SunySop

(evep [) so1put y

(18P PAAISSQO,) SAIIPUL Y

S ‘2 UO 1J-JO-SSAUPOOL)

s1o1owered /sjurensar/eieq

('og < J) SUOTIOPAI PAAIISGO, JO ‘ON
sjud[eAmba 10§ "y pue ‘suonodpgar anbrun jo ‘oN
(soouasqe Surpn[our Jou) PaINSBIW SUOIIOAPAI JO OU [BI0,
W /9ZIS [RISAID)

adeys Inojoo 1e1sk1)

(@081 (@081 @ov1 (@l M/ L

SIT0 7620 1€2°0 S0T°0 - /77 yuaroggeoo uondiosqy

4913 ¥T9tT 0scd 91¢1 (000)4

8001 961°1 A PITT W SN/

8 3 6 4 Z T199/S}IUN B[NULIOJ JO "ON

(€)L89101 (2)681L9 ©)F166 (ID1S9LSE ¢Y/A WN[OA [[9)

06 06 0cI (DETY'S0T o/ &

(L1T8e 101 06 06 (D¥90°06 o/q
06 06 06 (MLIL 0T o/P

(9)s¥LS 6T (r)Leogce (©)1L8°€T (9)s60¢°LT /2
(©rsy9sT (€)L0T1L 9T (v)8cL 8T @e616b 71 v/4q
9LTP'TT (P)96L6°LT (¥)8TL 8T @P81L'6 Y/

(1 0w 2/'cd (69 "ou) urqq (saxe "xoy ‘gy[-ou) [€y (ow11d dnois soedg
JIUI[OOUOTA JIquIoyIoyLIQ [euo3Ly, OTUI[OLI], waIsAS [BISAID)
6'1LL L+09 £0£6 66611 1Y3OM B[OULIO]
IL°OBNCN“H™D IL'ON*H"™D (*H ©D)€/TTOIN ' dBDYH™D O"H "D"O'NeD™'H *D B[OULIOY [BUOTIA[H
8 1T L e)-| punodwo)

§ PUB I~ ‘L “8D-T Soxd[dWO0d 10§ BIEP JUSWAUYDI dINJONI)S PUB [BISAID) 9 J[qeL

Dalton Trans., 2006, 340-350 | 349

This journal is © The Royal Society of Chemistry 2006



Acknowledgements

This work was supported by the the Engineering and Physical
Sciences Research Council and the European Commission (con-
tract No. HPRN-CT2000-00004). We thank Dr J. E. Davies of
the University Chemistry Laboratory, University of Cambridge,
for the measurement of X-ray diffraction intensities on crystals of
1-Ca and 2-Ti.

References

1 R. E. Drumright, P. R. Gruber and D. E. Henton, Adv. Mater., 2000,
12, 1841.
2 Review:B. J. O’Keefe, M. A. Hillmyer and W. B. Tolman, J. Chem. Soc.,
Dalton Trans., 2001, 2215.
3 O. Dechy-Cabaret, B. Martin-Vaca and D. Bourissou, Chem. Rev.,2004,
104, 6147.
4 K. E. Uhrich, S. M. Cannizzaro and R. S. Langer, Chem. Rev., 1999,
99, 3181.
5 B. Jeong, Y. H. Bae, D. S. Lee and S. W. Kim, Nature (London), 1997,
388, 860.
6 R. Gref, Y. Minamitake, M. T. Peracchia, V. Trubetskov, V. Torchilin
and R. S. Langer, Science, 1994, 263, 1600.
7 H. R. Kricheldorf and I. Kreiser-Saunders, Makromol. Chem., 1990,
191, 1057.
8 Z. Jedlinski, W. Walach, P. Kurcok and G. Adamus, Makromol. Chem.,
1991, 192, 2051.
9 A. Duda, Z. Florjanczyk, A. Hofman, S. Slombowski and S. Penczek,
Macromolecules, 1990, 23, 1640.
10 W. M. Stevels, M. J. K. Ankoné, P. J. Dijkstra and J. Feijen,
Macromolecules, 1996, 29, 3332.
11 V. Simic, N. Spassky and L. G. Hubert-Pfalzgraf, Macromolecules,
1997, 30, 7338.
12 G. Montaudo, M. S. Montaudo, C. Puglisi, F. Smaperi, N. Spassky, A.
LeBorgne and M. Wisniewski, Macromolecules, 1996, 29, 6461.
13 P. Dubois, N. Ropson, R. Jérome and P. Teyssié, Macromolecules, 1996,
29, 1965.
14 A.Kowalski, A. Duda and S. Penczek, Macromolecules, 1998, 31, 2114.
15 J. L. Eguiburu, M. J. Fernandez-Berridi, F. P. Cossio and J. San Roman,
Macromolecules, 1999, 32, 8252.
16 E. Martin, P. Dubois and R. Jérdme, Macromolecules, 2000, 33, 1530.
17 K. Stridsberg, M. Ryner and A.-C. Albertsson, Macromolecules, 2000,
33, 2862.
18 A. Kowalski, A. Duda and S. Penczek, Macromolecules, 2000, 33, 689.
19 A. Kowalski, J. Libiszowski, A. Duda and S. Penczek, Macromolecules,
2000, 33, 1964.
20 A.Kowalski, A. Duda and S. Penczek, Macromolecules, 2000, 33, 7359.
21 S. Penczek, T. Biela and A. Duda, Macromol. Rapid. Commun., 2000,
21, 941.
22 Y. Wang and M. A. Hillmyer, Macromolecules, 2000, 33, 7395.
23 B.J. O’Keefe, S. M. Monnier, M. A. Hillmyer and W. B. Tolman, J. Am.
Chem. Soc., 2001, 123, 339.
24 R. F. Storey and J. W. Sherman, Macromolecules, 2002, 35, 1504.
25 T. Aida and S. Inoue, Acc. Chem. Res., 1996, 29, 39 and references
therein.
26 T. M. Ovitt and G. W. Coates, J. Am. Chem. Soc., 1999, 121, 4072.
27 P. A. Cameron, D. Jhurry, V. C. Gibson, A. J. P. White, D. J. Williams
and S. Williams, Macromol. Rapid. Commun., 1999, 20, 616.
28 C. P. Radano, G. L. Baker and M. R. Smith, J. Am. Chem. Soc., 2000,
122, 1552.
29 H.-L. Chen, B.-T. Ko, B.-H. Huang and C.-C. Lin, Organometallics,
2001, 20, 5076.
30 Y.-C. Liu, B.-T. Ko and C.-C. Lin, Macromolecules, 2001, 34, 6196.
31 M.-L. Hsueh, B.-H. Huang and C.-C. Lin, Macromolecules, 2002, 35,
5763.
32 D. Chakraborty and E. Y.-X. Chen, Organometallics, 2002, 21, 1438.
33 C.-T. Chen, C.-A. Huang and B.-H. Huang, Dalton Trans., 2003, 3799.
34 L. M. Alcazar-Roman, B. J. O’Keefe, M. A. Hillmeyer and W. B.
Tolman, Dalton Trans., 2003, 3082.
35 C.-T. Chen, C.-A. Huang and B.-H. Huang, Macromolecules, 2004, 37,
7968.
36 M. H. Chisholm, N. W. Eilerts, J. C. Huffman, S. S. Iyer, M. Pacold
and K. Phomphrai, J. Am. Chem. Soc., 2000, 122, 11845.

37 M. H. Chisholm, J. C. Huffman and K. Phomphrai, J. Chem. Soc.,
Dalton Trans., 2001, 222.

38 M. H. Chisholm, J. Gallucci and K. Phomphrai, Inorg. Chem., 2002,
41, 2785.

39 J. Ejfler, M. Kobylka, L. B. Jerzykiewicz and P. Sobota, Dalton Trans.,
2005, 2047.

40 M. Cheng, A. B. Attygale, E. B. Lobkovsky and G. W. Coates, J. Am.
Chem. Soc., 1999, 121, 11583.

41 B. M. Chamberlain, M. Cheng, D. R. Moore, T. M. Ovitt, E. B.
Lobkovsky and G. W. Coates, J. Am. Chem. Soc., 2001, 123, 3229.

42 L. R. Rieth, D. R. Moore, E. B. Lobkovsky and G. W. Coates, J. Am.
Chem. Soc., 2002, 124, 15239.

43 C. K. Williams, L. E. Breyfogle, S. K. Choi, W. Nam, V. G. Young, Jr.,
M. A. Hillmyer and W. B. Tolman, J. Am. Chem. Soc., 2003, 125, 11350.

44 (a) C.-X. Cai, A. Amgoune, C. W. Lehmann and J.-C. Carpentier,
Chem. Commun., 2004, 330; (b) Y. Yao, M. Ma, X. Xu, Y. Zhang, Q.
Shen and W. T. Wong, Organometallics, 2005, 24, 4014.

45 M. H. Chisholm, J. Galluci and K. Phomphrai, Chem. Commun., 2003,
48.

46 M. H. Chisholm, J. Galluci and K. Phomphrai, Inorg. Chem., 2004, 43,
6717.

47 D. Takeushi, T. Nakamura and T. Aida, Macromolecules, 2000, 33, 725.

48 Y. Takashima, Y. Nakayama, K. Watanabe, T. Itono, N. Ueyama, A.
Nakamura, H. Yasuda and A. Harada, Macromolecules, 2002, 35, 7538.

49 Y. Kim, G. K. Jnaneshwara and J. G. Verkade, Inorg. Chem., 2003, 42,
1437.

50 Y. Takashima, Y. Nakayama, T. Hirao, H. Yasuda and A. Harada,
J. Organomet. Chem., 2004, 689, 612.

51 M. H. Chisholm and N. W. Eilerts, Chem. Commun., 1996, 853.

52 M. D. Hannant, M. Schormann and M. Bochmann, J. Chem. Soc.,
Dalton Trans., 2002, 4071.

53 D. A. Walker, T. J. Woodman, M. Schormann, D. L. Hughes and M.
Bochmann, Organometallics, 2003, 22, 797.

54 Y. Sarazin, M. Schormann and M. Bochmann, Organometallics, 2004,
23, 3296.

55 A. Lara-Sanchez, A. Rodriguez, D. L. Hughes, M. Schormann and M.
Bochmann, J. Organomet. Chem., 2002, 663, 63.

56 T. J. Woodman, M. Schormann and M. Bochmann, Organometallics,
2003, 22, 2938.

57 T. J. Woodman, M. Schormann, D. L. Hughes and M. Bochmann,
Organometallics, 2003, 22, 3028.

58 T. J. Woodman, M. Schormann, D. L. Hughes and M. Bochmann,
Organometallics, 2004, 23, 2972.

59 E. Y. Tshuva, I. Goldberg, M. Kol and Z. Goldschmidt, Inorg. Chem.,
2001, 40, 4263.

60 R. K. J. Bott, D. L. Hughes, M. Schormann, M. Bochmann and S. J. L.
Lancaster, J. Organomet. Chem., 2003, 665, 135.

61 M. J. Harvey, T. P. Hanusa and M. Pink, Chem. Commun., 2000, 489.

62 D. L. Kepert, in Comprehensive Coordination Chemistry, ed. G.
Wilkinson, R. D. Gillard and J. A. McCleverty, Pergamon Press,
Oxford, 1987 vol. 1, p. 31.

63 V.-C. Arunasalam, I. Baxter, M. B. Hursthouse, K. M. A. Malik,
D. M. P. Mingos and J. C. Plakatouras, Polyhedron, 1996, 15, 3971.

64 M. Sanchez, M. J. Harvey, F. Nordstrom, S. Parkin and D. A. Atwood,
Inorg. Chem., 2002, 41, 5397.

65 M. J. Harvey, Ph. D. Thesis, Vanderbilt University, August 2000.

66 E. Y. Tshuva, M. Versano, I. Goldberg, M. Kol, H. Weitman and Z.
Goldshmidt, Inorg. Chem. Commun., 1999, 2, 371.

67 L.D. Durfee, S. L. Latesky, I. P. Rothwell, J. C. Huffman and K. Folting,
Inorg. Chem., 1985, 24, 4569.

68 M. Bochmann, G. Bwembya and K. J. Webb, Inorg. Synth., 1997, 31,
19.

69 W. Vargas, U. Englich and K. Ruhlandt-Senge, Inorg. Chem., 2002, 41,
5602.

70 M. Westerhausen, Inorg. Chem., 1991, 30, 96.

71 J. M. Boncella, C. J. Coston and J. K. Cammack, Polyhedron, 1991,
10(7), 769.

72 Z. Otwinowski and W. Minor, Methods Enzymol., 1997, 276, 307.

73 G. M. Sheldrick, SHEL X-97—Programs for crystal structure determina-
tion (SHELXS) and refinement (SHELXL ), University of Gottingen,
Gottingen, Germany, 1997.

74 International Tables for X-ray Crystallography, Kluwer Academic
Publishers, Dordrecht, 1992, vol. C, pp. 500, 219 and 193.

75 S. N. Anderson, R. L. Richards and D. L. Hughes, J. Chem. Soc.,
Dalton Trans., 1986, 245.

350 | Dalton Trans., 2006, 340-350

This journal is © The Royal Society of Chemistry 2006



