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The coordination chemistry and catalytic applications of organometallic and related lanthanide complexes

bearing chiral oxazoline ligands is an area that has been largely underdeveloped, in comparison to

complexes based upon lanthanide triflates for use in Lewis acid catalysis. In this article we report on the

coordination chemistry of the bis(oxazolinylphenyl)lamide (BOPA) ligand with lanthanide alkyl and amide
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Introduction

The properties of the lanthanides are such that a rich and
diverse range of chemistries are readily available in a number of
fundamental and applied areas, including a remarkable array
of applications in catalysis. In addition, their unique photo-
physical properties provide the means with which to study the
properties of their complexes by directly interrogating the
metal ion.> The coordination chemistry of the lanthanides
lacks the strong geometrical preferences seen for many of the
transition metals, and therefore their coordination sphere
must be controlled by the judicious selection of ligand, if
highly controlled coordination environments are to be formed.
Such well-defined complexes are a crucial goal for functional
metal complexes, e.g. in catalysis research. The choice of
ligand that can most efficiently provide a well-defined coordi-
nation environment must take into consideration the number
and type of donor atoms, as well as the peripheral ligand archi-
tecture that will contribute to both the steric footprint of the
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co-ligands (Ln =Y, La, Pr, Nd, Sm). Their structural and spectroscopic characterisation are reported, includ-
ing an assessment of their photophysical properties using luminescence spectroscopy, and are supported
by density functional calculations. The application of these complexes in the hydroamination/cyclisation
of aminoalkenes, and in the ring-opening polymerisation of rac-lactide is reported.

ligand, and the relative proximity of the donor atoms within
the ligand framework.

In the development of chiral metal complexes, there are few
ligands that have met with greater success than oxazoline
ligands, which have found widespread applications in cata-
lysis, particularly with late transition metals.>” These ligands
have a number of key advantages when compared to many
ligand environments: they are derived from o-amino acids,
thus ensuring an ample source of chiral pool building blocks;
their synthesis is facile, often being derived from nitrile or car-
boxylic acid derivatives, thereby providing an effectively limit-
less number of available ligand architectures. The chiral group
adjacent to the coordinating nitrogen donor places the stereo-
directing group in the most efficient position to effectively
control the chiral space at the catalytically active site. The
development of lanthanide catalysts bearing oxazoline ligands
has steadily increased over the last 15 years, with an impressive
range of applications in Lewis acid catalysis being reported.Y
These studies often involve the coordination of oxazoline
ligands to lanthanide triflates. However, the development of
the corresponding organometallic and related complexes, and
their associated reactions (e.g. polymerisation, heterofunctio-
nalisation, etc.) is much less developed.V"*"'” The application
of oxazoline ligands in lanthanide catalysis has been limited
by the propensity of the lanthanides to form complexes with
high coordination numbers to meet steric demands, due their
inability to adopt predictable coordination geometries, whilst
many of the most commonly used oxazoline ligands (e.g
the bis(oxazolinyl)methane “BOX” and pyridine-bisoxazoline
ligands “PYBOX”) have wide bite angles, and in some cases
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offer insufficient control over the lanthanide coordination geo-
metry. In addition, oxazoline ligands have shown a tendency
to undergo ring-opening in the presence of strongly basic alkyl
or amide co-ligands when supported by Lewis acidic lantha-
nide or early transition metals.'””'® In each case, the alkyl or
amide co-ligand effectively attacks the imino carbon of the oxa-
zoline, thereby affording an alkoxide ligand derived from the
oxazoline oxygen. Such reactivity patterns highlight some of
the challenges to be overcome and guarded against when
undertaking such studies.

As part of our ongoing research program into the appli-
cations of polydentate oxazoline ligands with Lewis acidic
metals, we have concentrated on the chiral bis(oxazolinylphe-
nyl)amide (BOPA) ligand, which features a diphenylamide
spacer between the oxazoline rings and thus a narrower bite
angle than, for example, the BOX ligand. The BOPA ligand has
been applied to a variety of asymmetric transformations using
late transition metals, including Friedel-Crafts alkylation,
hydrosilylation and the allylation of aldehydes.'”*** This
ligand, in its deprotonated form, is ideal to provide a lantha-
nide-sensitising antenna whilst encapsulating the metal
within a tridentate core that offers sufficient steric demand to
stabilise lanthanide alkyl and amido complexes. A report of
this ligand being used to support scandium, yttrium, lutetium
and thulium complexes has been recently published.'” The
authors stated that the alkyl (CH,SiMe;) complexes of yttrium
and thulium were unstable with respect to the aforementioned
insertion/ring-opening chemistry. Nevertheless, the scandium
and lutetium complexes were found to be active in the poly-
merisation of isoprene.

Our aims are to develop the area of chiral lanthanide com-
plexes bearing oxazoline ligands, focussing on their appli-
cations in catalysis, whilst using their photophysical properties
to provide detailed insight into their structure. We have
recently published a preliminary communication in which the
complexes [Nd(R-BOPAKN(SiMej;),},] were studied from both
catalytic and photophysical standpoints. We demonstrated
that the lanthanide emission profiles provided information
relating to their structure that was unobtainable by, for
example, NMR spectroscopy. This information exposed a mole-
cular process that helps to explain the ability of the complexes
to invoke stereoselectivity in catalysis.'® In this contribution
we report a detailed study of the coordination chemistry of
Group 3 and lanthanide alkyl and amide complexes bearing
the BOPA ligand, and probe their efficacy in the hydroamina-
tion/cyclisation of aminoalkenes and in the polymerisation of
rac-lactide.

Results and discussion
Synthesis and characterisation of lanthanide BOPA complexes

The diastereomerically pure protio ligands of R-BOPA react
with the yttrium alkyl precursor [Y(CH,SiMe,Ph);(THF),] to
afford the bis(alkyl) complexes [Y(R-BOPA)(CH,SiMe,Ph),] (R =
iPr 1a, Ph 1b, Bn 1c) with the concomitant elimination of
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Scheme 1 Synthesis of [Y(R-BOPA)(CH,SiMe,Ph),].

Ln{N(SiMes)2}s
- HN(SiMey),
+ _ T
R-BOPA o7 N\ _in o)
5 N

Ln=Y2,La3,Pr4,Nd5 Smé6
R=H;R'=iPra,Bnc
R=Ph;R'=Hb

N" = N(SiMegy),

Scheme 2 Synthesis of [Ln(R-BOPA){N(SiMe3),},].

phenyltrimethylsilane (Scheme 1). In contrast to the report by
Zhang and Li,"” we did not observe any oxazoline ring-opening
in these complexes, which we attribute to the greater steric
demand of the CH,SiMe,Ph, compared to the CH,SiMe; group
employed in their report. This difference in reactivity upon
replacing a peripheral methyl group for a phenyl is unsurpris-
ing since the initial reports of using the CH,SiMe,Ph alkyl
ligand in Group 3/lanthanide chemistry indicated that these
species possess a significantly greater thermal stability when
compared to the CH,SiMe; congeners.”>>®> Nevertheless, in
due consideration of likely side-reactions with larger lantha-
nide alkyl complexes, we turned our attention to the bis(tri-
methylsilyl)Jamide complexes for these metals. The BOPA
protio-ligands react with the amido precursors [Ln{N-
(SiMes),};] to afford the bis(amido) complexes [Ln(R-BOPA)-
{N(SiMe;),},] (Scheme 2, Ln =Y 2, La 3, Pr 4, Nd 5, Sm 6). In the
case of yttrium, the BOPA ligands failed to coordinate unless a
slightly elevated temperature (40 °C) was used, whereupon
complex formation was complete in 48 hours. This is presum-
ably due to the combination of a relatively bulky amide ligand
and the smaller ionic radius of yttrium, since the larger metals
La, Pr, Nd, and Sm did not require any heating, the reactions
being complete on leaving at ambient temperature overnight.
Attempts to prepare the analogous dimethyl (achiral) BOPA
derivative were unsuccessful.

The structures of [Ln(Ph-BOPAXN(SiMej;),},] (Ln = Nd 5b
and Sm 6b) were confirmed using X-ray crystallography.
The structures are isomorphous; the molecular structure of
the neodymium congener is shown in Fig. 1, and selected
bond lengths and angles for both structures are in Table 1.
Full refinement details for both structures are provided in
the ESL¥

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Molecular structure of [Nd(Ph-BOPA){N(SiMes),},] 5b. H atoms
omitted for clarity, and displacement ellipsoids drawn at 35% probability.

Table 1 Selected bond lengths (A) and angles (°) for [Ln(Ph-BOPA)-
{N(SiMe3),},] (Ln = Nd 5b and Sm 6b)

5b (Ln = Nd) 6b (Ln = Sm)

Ln-N(1) 2.415(3) 2.3874(18)
Ln-N(2) 2.535(4) 2.5286(19)
Ln-N(3) 2.551(3) 2.5062(18)
Ln-N(4) 2.360(3) 2.3007(19)
Ln-N(5) 2.332(3) 2.3430(19)
N(1)-Ln-N(2) 70.12(11) 70.70(6)
N(1)-Ln-N(3) 69.97(11) 71.07(6)
N(1)-Ln-N(4) 132.39(11) 109.92(7)
N(1)-Ln-N(5) 110.03(11) 134.10(6)
N(2)-Ln-N(3) 131.50(11) 133.20(6)
N(4)-Ln-N(5) 117.50(12) 115.92(6)

The lanthanide ions adopt highly distorted trigonal bipyra-
midal geometries, with the oxazoline nitrogens occupying the
axial positions, and the three amide ligands lying in the equa-
torial plane (sum of Nymige~LN-Namiqe angles = 359.92(34)° for
5b and 359.94(19)° for 6b). The BOPA ligand therefore
occupies an approximate mer coordination motif, but with N,
azoline~LN~Noxazoline bond angles of 131.50(11)° and 133.20(6)°
for 5b and 6b respectively, which deviate significantly from the
ideal 180° and arise from a combination of the restrictions
imposed by the relatively rigid BOPA ligand backbone and
steric repulsion from the bulky N(SiMej), co-ligands. The
BOPA ligand adopts a conformation in which the phenyl rings
of the ligand backbone are not coplanar, giving a helical twist
to the diphenylamido backbone. This could, in principle,
afford each complex in two diastereomeric forms, by virtue of
the combination of helical chirality and the oxazoline chirality.
These two forms were found to pertain in solution and were
identified spectroscopically (vide infra). All bond distances
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were within the expected range based upon related examples
in the Cambridge Structural Database.>®

The NMR spectroscopic data of [Y(R-BOPA)(CH,SiMe,Ph),]
la-c are consistent with the overall C,-symmetry depicted in
Scheme 1. The 'H and "*C{'"H} NMR spectra possess signals
attributed to the R-BOPA ligand which are shifted from those
of the uncoordinated protio-ligand. Signals attributed to the
methyl groups of the alkyl ligands are observed as two distinct
singlets in the expected region close to 0 ppm; the metal-
bound methylene protons were observed as diastereotopic
doublets of doublets between 0 and —1.2 ppm, with associated
’Jyn values of 2.7 Hz, comparable to previously reported
examples.'”*” The most notable difference in the spectra of
complexes 1a-c is that the isopropyl and phenyl derivatives 1a
and 1b exist in two isomeric forms in a 1:0.2 and 1: 0.6 ratio
respectively, whilst the spectra of the benzyl derivative 1c only
possess a single set of resonances. 2D NMR experiments con-
firmed an identical connectivity in both species, and spin sat-
uration transfer experiments indicated that the two species
were interconverting. We therefore assign the two species as
those containing different senses of helical twist in the diphe-
nylamido backbone, affording two diastereomers. The struc-
ture of the isomers, and their relative energies, were probed
using DFT calculations and are discussed below, although we
note that the experimental AG,y; values for these equilibria
are 0.9 and 0.3 kecal mol™ for 1a and 1b respectively, which are
at the limits of computational accuracy.

The NMR spectra of the corresponding amido complexes
2-6 are likewise consistent with C, symmetric species. The
spectra of the yttrium and lanthanum complexes 2 and 3 are
similar to the spectra of 1. As expected, the signals in the 'H
NMR spectra of the paramagnetic praseodymium, neodymium,
and samarium complexes are broadened, with a reduction in
fine structure, and are found over a larger chemical shift
range, i.e. +35 to —70 (Pr), +20 to —40 (Nd), and +10 to —2 (Sm)
ppm. For the yttrium complexes 2a-c, a second (minor) com-
ponent was observed in all spectra, which we again attribute to
isomers with the opposite helical sense at the ligand back-
bone. No such species were observed in the spectra of the
larger metals, even at when the spectra were recorded at
reduced temperature (—80 °C).

The complexes were all employed in the hydroamination/
cyclisation of aminoalkenes (vide infra). In order to use spec-
troscopic analysis as a means of providing insight into the
effect of the ligand structure on the catalytic performance,
complexes were prepared and characterised that are represen-
tative of the resting state of the catalyst during this reaction.
Hydroamination/cyclisation catalysis proceeds by the protona-
tion of an alkyl or amido co-ligand by the aminoalkene sub-
strate, affording a tethered amidoalkene.>* This species will
spontaneously undergo insertion into the M-N bond, thereby
affording the cyclic product. Isolating the intermediate, prior
to alkene insertion, presents a challenge owing to the intra-
molecular nature of the reaction, and we therefore prepared a
pseudo-substrate, in which the alkene of the substrate was
exchanged for a saturated counterpart. Such a species, when
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Scheme 3 Synthesis of [Ln(R-BOPA)(NHCH,CPh,C3H5s),l.

coordinated to a metal, cannot undergo cyclisation and rep-
resents the closest possible analogue to the postulated catalyst
resting state.

The complexes [La(iPr-BOPA)(NHCH,CPh,C;Hs),] 7,
[Pr(Bn-BOPA)(NHCH,CPh,C;Hs),] 8 and [Nd(R-BOPA)-
(NHCH,CPh,C3Hs),] (R = iPr 9a, Ph 9b, Bn 9¢) were prepared
by the addition of 2,2-diphenyl-aminopentane to the
corresponding amido complexes, with the elimination of
HN(SiMes), (Scheme 3). The most valuable information was
obtained using luminescence spectroscopy for the neodymium
complexes, and therefore the complexes were prepared for all
possible stereodirecting groups. Conversely, the praseody-
mium complexes proved less informative, with less variation of
the spectral profile on alteration of the BOPA stereodirecting
group, and so only one derivative was prepared, as a represen-
tative example. The lanthanum complex was prepared as a dia-
magnetic analogue to aid structural verification by NMR
spectroscopy. The NMR spectra of complexes 7-9 show similar
features to their precursors, with the exception of the absence
of silyl signals, and the presence of signals corresponding to
the tethered amidoalkane. Analysis of the spectra suggests the
presence of only one diastereomer in each case.

Luminescence measurements

Upon coordination of the R-BOPA ligands to the lanthanide
alkyls and amides it was noted that solutions of the complexes
fluoresced under ambient light excitation. Our earlier studies
revealed that visible light irradiation (1ex = 485 nm) stimulated
emission from the complexes (in dry toluene solution, under
N,), typically characterised by a broad, unstructured lumine-
scence band peaking ca. 505 nm. Time-resolved measurements
were also obtained and showed that the lifetimes (all <5.0 ns)
were subtly influenced by the ligand substituents. The emis-
sion spectra of [La(R-BOPA){N(SiMej3),},] 3a-c are displayed in
Fig. 2. Additional TD-DFT calculations have been carried out
for 3¢, and show that the excitation is predicted to be domi-
nated by n—n* and n—=n* transitions (Table 2), including a
charge transfer (n—n*) component originating from the depro-
tonated/coordinated amide bridgehead. These calculations
support the observations from the experimental data.

We have previously reported that the BOPA ligands success-
fully act as sensitising chromophores for Nd(um), inducing
emission in the near-IR region consistent with the encapsula-
tion of the ion. Photophysical studies were extended to the
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Fig. 2 Visible luminescence properties of [La(R-BOPA)}{N(SiMes),},l
(3a—c): main, steady state excitation and emission spectra (1ex 485 nm)
(black — Ph; red — Bn; blue - iPr). Inset, lifetime decay profiles
(lex 459 Nm) of 5.0 (Pr), 4.6 (Ph) and 4.5 ns (Bn).

Table 2 Summary of TD-DFT excitation transitions for 3ccaic

Transition Transition
State energy (nm) Participating MO character
Singlet 457 (0.1699)°  HOMO — LUMO (0.70)" n—-m*
n—>n*
Singlet 381 (0.0116) HOMO-2 — LUMO (0.69)  n—n*?
Singlet 375 (0.0252) HOMO — LUMO+1 (0.68) n—m*
T
Singlet 313 (0.0389) HOMO — LUMO+3 (0.48);  n—*°
HOMO — LUMO+5 (0.37) .
Singlet 305 (0.0196) HOMO-3 — LUMO (0.67)  m—x*

“Oscillator strength. ”Expansion coefficient. BOPA amide-based.
4 N(SiMes), amide-based.

lanthanide complexes containing Pr 4a-c and Sm 6a-c. For the
Pr complexes the near-IR emission at ca. 1020 nm resulting
from the 'D, — °F, (J = 3,4) transitions were extremely weak and
thus uninformative. However corresponding lifetimes (Table 4)
were obtained (30-47 ns) as reported for the previous examples
and found to be significantly shorter than the analogous neo-
dymium species. For the visibly emitting samarium complexes
the intense residual fluorescence, which is indicative of very
inefficient energy transfer, of the bridging ligand obscures the
majority of the Sm(ur)-centred emission bands, with only the
'Gs, — ®Hgj, transition observable as a weak band at ca.
640 nm.

Therefore the photophysical properties of the neodymium
complexes 5a-c¢ were the most informative, compared to the
praseodymium and samarium complexes. The emission pro-
files for the complexes bearing the pseudo-hydroamination
substrate [Nd(R-BOPA)(NHCH,CPh,C3Hs),] (R = iPr 9a, Ph 9b,
Bn 9c¢) were recorded in toluene (Fig. 3). In each case, the three
observed near-IR transitions were attributed to *Fs, — “loj,
‘P — "1 and “Fy, — I3, transitions which are

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Comparison of near-IR luminescence spectra (10™* M, toluene,
Jex 445 nm) for 9a/b/c.

Table 3 Lifetime measurements for [Ln(R-BOPA){N(SiMe3),},] (Ln =
Pr 4, Nd 5) and related complexes (toluene, Np, dex = 355 NM; e =
1010 nm for 4, 1055 nm for 5)

Complex Lifetime (z)/ns
[Pr(iPr-BOPA){N(SiMe3;),},] 4a 34 (weak)
[Pr(Ph-BOPA){N(SiMe;),},] 4b 30 (weak)
[Pr(Bn-BOPA){N(SiMe;),},] 4¢ 47 (weak)

[Pr(Bn-BOPA)(NHCH,CPh,C;H;),] 8 32
[Nd(iPr-BOPA){N(SiMe; ),},] 5a 148, 621 (70%)
[Nd(Ph-BOPA){N(SiMe;),},] 5b 129, 677 (90%)
[Nd(Bn-BOPAKN(SiMe;),},] 5¢ 41, 308 (80%)
[Nd(iPr-BOPA)(NHCH,CPh,C;Hs),] 92 111, 267 (59%)
[Nd(Ph-BOPA)(NHCH,CPh,C;Hs),] 9b 71, 165 (90%)
[Nd(Bn-BOPA)(NHCH,CPh,C;H),] 9¢ 41, 182 (93%)
[Nd(Bn-BOPA){N(SiMej),},] 5¢/catalysis® 81, 252 (85%)

“ After cyclisation of 2,2-diphenyl-aminopentene.

commonly observed for Nd(m).>® The corresponding lifetimes
are provided in Table 3. The lifetimes of lanthanide excited
states are highly sensitive to the local coordination environ-
ment,*® and provide information relating to the relative con-
centration of nearby quenchers, such as C-H, N-H and O-H
oscillators (e.g. from solvent, and/or coordinated substrates
etc.).”® This can provide information relating to the degree of
steric protection offered by the supporting ligand; the steric
demand of the supporting ligand set is largely responsible for
the stability and selectivity (particularly stereoselectivity) in
catalytically active complexes.

The lifetimes of 5a-c fitted best to a bi-exponential decay,
providing two distinct lifetimes for each complex and
suggesting that 5a-c exist in two different environments; these
two species are therefore likely to be attributed to the two dia-
stereomeric isomers previously alluded to for this class of
complex. The implication is that even though, contrary to the
yttrium complexes, the NMR data for the larger lanthanide
complexes show no evidence for the presence of isomeric
forms, these isomers nevertheless do exist, but are likely to be
interconverting faster than the NMR timescale. The lumine-
scence data therefore provide information about the molecular

This journal is © The Royal Society of Chemistry 2014
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structure of these specific complexes that was not apparent
from the data obtained using other spectroscopic techniques.
We therefore suggest that luminescence spectroscopy can be
used as a complementary technique, to expand the repertoire
of spectroscopic methods used for structure elucidation in
organometallic lanthanide complexes. These observations
suggest that the two conformations of the BOPA ligand may
render the metal centre less or more accessible to solvent
molecules in the major and minor isomers respectively,
depending on the sense of helical twist and the associated
alterations in the ligand periphery. There was a difference in
the observed proportions of the two isomers, dependent on
the identity of the stereodirecting group. The phenyl complex
5b showed the least proportion of the minor isomer (10%), fol-
lowed by the benzyl (20%) and isopropyl (30%) congeners. As a
first approximation, these figures can be related to the
effective shielding of the reaction space offered by the stereo-
directing group, i.e. phenyl being the most effective. This is
supported by many catalysis studies, in which phenyl-substi-
tuted oxazoline complexes often give the greatest levels of
stereocontrol.>”

Neodymium complexes are distinctly advantageous in this
context compared to praseodymium and samarium, since the
emission profiles are known to be sensitive to the local coordi-
nation environment, and may vary as a function of ligand iden-
tity (donor type and symmetry) and/or conformation.
Therefore the photophysical data for [Nd(R-BOPA)
(NHCH,CPh,C3H5),] (R = iPr 9a, Ph 9b, Bn 9c) were probed
and were found to be similar to those of 5a-c, in that the data
suggest two distinct species with markedly different lifetimes.
The lifetimes themselves were generally shorter than for the
amide complexes 5a-¢ which is consistent with the less rigid
nature of the tethered pseudo-substrate, but in each case the
major component retained the longest lifetime, as observed
for 5a-c. The relative weighting of the two components of 9a-c
were subtly altered upon changing the co-ligand, with the
phenyl and benzyl being roughly equal at 90: 10, and the iso-
propyl congener being close to 60 :40; this is consistent with
the relative stability of the components being dictated primar-
ily by sterics, although the precise factors governing the rela-
tive stability of the two isomers is likely to be more complex in
the presence of co-ligands that have a more flexible structure,
and possess less predictable conformations in solution. Analy-
sis of the reaction mixture containing 5c¢ after cyclisation of
2,2-diphenyl-aminopentene again indicated the presence of
two isomers. It is noteworthy that there was a subtle alteration
in the relative proportion of the isomers (85:15 ratio, com-
pared with 5¢ which gave an 80:20 ratio). This suggests that
the proportion of the isomers may change at each stage of a
catalytic reaction, which is unsurprising given the alteration of
sterics imposed by the substrates at each stage of the catalytic
cycle.

Computational analyses

Since the crystallographic analyses indicate that the co-
ordinated BOPA ligand adopts an arrangement where the

Dalton Trans., 2014, 43, 5871-5885 | 5875
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phenyl rings of the ligand backbone are not coplanar, and the
spectroscopic data suggest that both isomers of each complex
are present in solution, we calculated the two diastereomeric
forms for each of the yttrium alkyl complexes, yttrium and
lanthanum bis(trimethylsilyl)Jamide complexes, and lantha-
num complexes bearing the hydroamination substrate prior to
cyclisation, as a means of understanding the structure and
relative energies of the isomers. The structures of the yttrium
isomers of [Y(iPr-BOPA}{N(SiMe;),},], 2acalc, are displayed in
Fig. 4, viewed along the BOPA-N,miq.—Y bond (top) showing
the helical twist, and the perpendicular view (bottom),
showing the relative positioning of the stereodirecting groups
(in this case isopropyl). The structures of all calculated com-
plexes are analogous, differing principally in the M-N bond
distances and reflecting the differing ionic radii of the metal
ions.

The most significant difference between the two isomers
(other than the helical twist) is the different orientation of the
oxazoline stereodirecting groups, in that they are directed
either in mutually opposite directions (exo) or closer together
along the same face of the coordination sphere (endo). The
crystal structures are consistent with the exo isomer, which is
expected to be the more stable isomer on steric grounds. The
relative enthalpies and Gibbs free energies for the two
isomers, for each of the complexes 1cac—3cale and 7¢are, are pro-
vided in Table 4.

The relative enthalpies and Gibbs free energies of the exo
and endo isomers of the yttrium alkyl complexes 1., generally
favour the exo isomer, as expected, and are consistent with
this isomer being the major component in the solution state

| N\
— ] \ == %
7 X

\\»/ S g /o
P o
\ ya
exo endo

Fig. 4 Calculated structures of [Y(iPr-BOPA)}{N(SiMes),}>] 2acac. Top:
view along BOPA—-N,mniqe—Y bond; bottom: side view showing relative
orientation of stereodirecting groups.
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Table 4 Calculated relative enthalpies and Gibbs free energies
(kcal mol™) at 298 K for the exo and endo isomers of [Ln(R-BOPA)X,]

1calcr anlc: 3calc: 7calc

AHcalc. APlcalc.
(AGcalc.) (AGcalc.)
Complex R (vacuo)” (benzene)*
[Y(R-BOPA)(CH,SiMe,Ph),] 1cate iPr 6.6 (5.9) 5.5 (5.4)
Ph  1.6(3.4) 2.1 (3.3)
Bn 2.9 (2.2) 2.8 (2.3)
[Y(R-BOPA){N(SiMe;),}5] 2cate iPr -1.1(-0.6) —1.7 (-0.6)
Ph  6.0(7.0) 5.5 (6.8)
Bn 3.3 (3.6) 3.0 (1.5)
[La(R-BOPA){N(SiMe;),}2] 3ealc iPr 0.5 (-0.1) 0.3 (1.4)
Ph  6.1(6.1) 5.7 (6.5)
Bn  2.1(2.3) 1.3 (1.0)
[La(R-BOPA)(NHCH,CPh,C;3Hs),] 7ecate  iPr 2.6 (2.6) 2.7 (4.4)
Ph  4.9(7.7) 4.9 (5.9)
Bn  2.8(2.7) 3.0 (4.4)

? Gealc.(endo) — Geale(€x0).

studies (vide supra). These calculations suggest that, experi-
mentally, the isopropyl congener 1a should show the greatest
level of preference for the exo isomer, followed by the phenyl
and benzyl derivatives 1b and 1c respectively, which is contrary
to the data obtained from the NMR spectra; calculating the
relative energies in the presence of a solvent field leaves the
energies largely unaffected. An analysis of the structures indi-
cates that there is a significant flexibility in the alkyl co-ligand,
which undergoes a substantial conformational change
between the exo and endo isomers. This flexibility is likely to
render the gas phase calculations more ambiguous, and conse-
quently less representative of the solution state measurements.
Moreover, and adding a solvent field to the calculations does
not take due consideration of discrete solvent-substrate inter-
actions (e.g. m stacking interactions). These limitations not-
withstanding, the calculations clearly indicate that both
isomers are energetically accessible, and therefore expected to
be implicated in a detailed analysis of their coordination
chemistry. Such a conclusion is entirely consistent with the
experimental observations discussed above.

The yttrium and lanthanum bis(trimethylsilyl)amido com-
plexes 2caie and 3cqc possess more rigid co-ligands than their
alkyl counterparts, and therefore the steric interactions
between the stereodirecting groups and the co-ligands is likely
to have a greater influence on the relative energies of the two
isomers, exhibiting a stronger correlation with the size and
rigidity of the stereodirecting group. In each case, the energies
lie in the order iPr < Bn < Ph. The relative ordering of the iso-
propyl and phenyl groups is unsurprising, since phenyl groups
have a significantly larger steric footprint than isopropyl
groups. The positioning of the benzyl group is less obvious at
first sight, and we attribute this to the higher level of flexibility
offered to a benzyl group in virtue of possessing a methylene
group between the oxazoline ring and the phenyl group. This
interpretation is supported by the luminescence studies of the
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neodymium complexes 5a-c, in which the relative proportion
of the endo isomer is found in the order iPr > Bn > Ph. The
ordering of the relative energies for the lanthanum complexes
mirrors those of the yttrium complexes for each of the stereo-
directing groups. However, the energies for the yttrium com-
plexes are universally higher than for lanthanum. Although
the energy differences are relatively small (with respect to the
accuracy of computational methods) we suggest that this trend
arises as a result of the ionic radius of the metal ion which,
being smaller for yttrium, results in greater steric repulsion as
a result of shorter interatomic distances between the lantha-
nide and the coordinating nitrogens.

Upon incorporating the pseudo-substrate, the relative
energies of the exo and endo isomers of [La(R-BOPA)-
(NHCH,CPh,C3Hs),] 7cale change significantly in the relative
ordering. The complex bearing the phenyl stereodirecting
group remains the derivative that most favours the exo isomer,
whilst the isopropyl and benzyl congeners are essentially iden-
tical in their respective values for AH.,.. and AG.,c.. The rela-
tive ordering of these values is unchanged when a solvent field
is introduced. In an analogous manner to the discussion of
the alkyl complexes, these energies less reliably reproduce the
experimental proportions, which again is likely to arise from
the significant flexibility of the co-ligand and therefore the
possible conformations that exist in solution, compared to the
gas phase calculations. Nevertheless, these calculated struc-
tures (Fig. 5) show that with such flexible co-ligands, the acces-
sibility of the metal is substantially different for the exo and
endo isomers. This observation explains the relative lifetimes
observed for the two isomers in the luminescence studies,
since the endo isomer contains a more solvent-accessible
metal centre and should be more easily quenched by solvent
molecules (i.e. should have a shorter radiative lifetime, as
observed experimentally). These calculated structures also
provide insight into the stereocontrol offered by the two con-
formations in catalytic reactions. Given the manner in which
the tethered amidoalkene inserts into the M-N bond, it is
likely that the exo isomer exerts a greater degree of stereocon-
trol over the catalytic reaction during the stereodirecting inser-
tion step, compared to the endo isomer, since the
stereodirecting groups effectively shield a greater proportion of
the accessible coordination sphere in the exo isomer. We there-
fore propose that the presence of two species with potentially

Fig. 5 Exo (left) and endo (right)
(NHCH,CPh,C3Hs),l.

[La(R-BOPA)-

isomers of
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different stereodirecting ability is likely to have a significant
impact on the complexes’ overall ability to invoke stereocontrol
in the catalysis.

Catalytic applications of lanthanide BOPA complexes

The catalytic applications of lanthanide complexes have been
subject to sustained interest over a number of years. The com-
plexes employed in such processes have been diverse, and
complexes bearing oxazoline-containing ligands are no excep-
tion.Y However, owing to the relative underrepresentation of
organometallic and related complexes bearing chiral oxazoline
ligands, it is appropriate to probe the efficacy of these lantha-
nide BOPA complexes in catalytic reactions typical of this class
of complex, namely the intramolecular hydroamination/cycli-
sation of aminoalkenes, and the ring-opening polymerisation
of rac-lactide.

Hydroamination/cyclisation of aminoalkenes

Whilst there have been remarkable developments in the cataly-
tic applications of lanthanide complexes supported by oxazo-
line-based ligands, particularly in Lewis acid catalysis, their
application in hydroamination catalysis has been relatively
limited.” In 2003 Marks et al. showed that lanthanide com-
plexes bearing the bis(oxazolinyl)methane (BOX) ligand were
active towards the intramolecular hydroamination/cyclisation
of aminoalkenes, forming chiral heterocycles in up to 67%
ee.” For many reactions catalysed by lanthanide-oxazoline
complexes, the incorporation of an additional donor between
the oxazoline moieties has afforded catalysts with much
improved reactivity and selectivity, as observed in the neutral
pyridine-bis(oxazoline) ligand, PYBOX.*' Accordingly it was of
interest to probe the efficacy of Group 3/lanthanide complexes
bearing the chiral BOPA ligand in the intramolecular hydroa-
mination reaction.

Complexes 1-6 were employed in the intramolecular hydro-
amination of aminoalkenes A and B, bearing geminal methyl
and phenyl substituents respectively (Scheme 4). Selected cata-
Iytic data are provided in Table 5, whilst a complete list of per-
formance data is provided in the ESL{ The yttrium amides 2
were unreactive under a variety of conditions, including at elev-
ated temperatures. In contrast, the alkyl complexes 1a-c were
active and gave good conversions within 15 min. at room temp-
erature for substrate B. Given that the active species in this
case, once the alkyl ligands have been replaced by tethered
amido-alkenes, is identical regardless of the identity of the
initial co-ligand,* this suggests that the yttrium amide com-
plexes 2 do not enter the catalytic cycle, possibly as a result of
the steric demands of the bulky bis(trimethylsilyl)amide co-

/\)v NH, catalyst

R=MeAorPhB

Scheme 4 Intramolecular hydroamination of aminoalkenes.
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Table 5 Intramolecular hydroamination of aminoalkenes by [Y(R-BOPA)(CH,SiMe,Ph),] or [Ln(R-BOPA){N(SiMes),},]?
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Time?

Entry Ln Catalyst R Substrate Temp./°C % Conv. Solvent ee

1 Y la iPr B 22 >99 15 min CeDs 43
2 1b Ph B 22 >99 15 min CeDs —441
3 1c Bn B 22 >99 15 min CeDg 30
4 la iPr B 22 >99 12h Tol-Dg 40
5 1b Ph B 22 >99 12 h Tol-Dg —42
6 1c Bn B 22 >99 12h Tol-Dg 26
7 10a iPr B 22 >99 15 min CeD5sBr 38
8 10b Ph B 22 >99 15 min C¢DsBr -36
9 10c Bn B 22 >99 15 min CeD5sBr 32
10 La 3a iPr A 30 >99 72 h Ce¢Dg 7
11 3b Ph A 30 >99 72h CeDg —28
12 3¢ Bn A 30 >99 72 h CeDs 6
13 3a iPr B 22 >99 15 min CeDs 5
14 3b Ph B 22 >99 15 min Ce¢Dg -25
15 3c Bn B 22, >99 15 min CeDg 6
16 3a iPr B 22 >99 12h Tol-Dg 6
17 3b Ph B 22 >99 12 h Tol-Dg —45
18 3c Bn B 22 >99 12h Tol-Dg 6
19 Pr 4a iPr B 22 >99 1h CeDs 16
20 4b Ph B 22 >99 1h Ce¢Dg -18
21 4c Bn B 22 >99 1h CeDs 42
22 4a iPr A 22 >99 12h CeDg 14
23 4b Ph A 22 >99 12h CeDs -16
24 4c Bn A 22 >99 12h Ce¢Dg 10
25 4a iPr B 22 >99 12 h Tol-Dg 18
26 4b Ph B 22 >99 12h Tol-Dg -26
27 4c Bn B 22 >99 12h Tol-Dg 4
28 Nd 5a iPr B 22 >99 <15 min Ce¢Dg 12
29 5b Ph B 22 >99 <15 min CeDg —24
30 5c Bn B 22 >99 <15 min CeDg 10
31 5a iPr A 22 — 1 week CeDg —
32 5b Ph A 22 <10 1 week CeDs 14
33 5¢ Bn A 22 — 1 week Ce¢Dg —
34 5a iPr B 22 >99 12h Tol-Dg 36
35 5b Ph B 22 >99 12h Tol-Dg —44
36 5c Bn B 22 >99 12h Tol-Dg 46
37 Sm 6a iPr B 22 >99 1h CeDs 20
38 6b Ph B 22 >99 1h Ce¢Dg -16
39 6¢c Bn B 22 >99 1h CeDg 28
40 6a iPr A 22 >99 12h Ce¢Dg 14
41 6b Ph A 22 >99 12 h CeDsg -16
42 6¢ Bn A 22 >99 12h Ce¢Dg 12
43 6a iPr B 22 >99 12h Tol-Dg 30
44 6b Ph B 22 >99 12h Tol-Dg -28
45 6¢ Bn B 22 >99 12 h Tol-Dg 30

“ Conditions: 10 mol% precatalyst, 0.5 mL solvent. ” Determined from 'H NMR spectra when no further conversion observed.  Determined by
'H NMR using R-(-)-O-acetylmandelic acid. “The enantiomeric excesses obtained using the phenyl catalysts favoured the opposite
stereochemistry owing to the opposite absolute configuration of the oxazoline groups.

ligands, consistent with the forcing conditions required for
the reaction of the BOPA protio-ligand with Y{N(SiMe3),};. The
cyclisation of the geminal dimethyl substrate A using 1 was
unsuccessful, even under forcing conditions. It is a common
observation that intramolecular hydroamination/cyclisation is
often highly substrate specific, both in terms of selectivity and
reaction rate, and previous reports have stated that B is invari-
ably cyclised more readily than A under otherwise identical
conditions.®® Substrate B was cyclised with moderate enantio-
selectivity with the benzyl derivative 1c giving the lowest enan-
tiomeric excesses. The selectivity showed no significant
dependence on the temperature or solvent, although the reac-
tions were significantly slower when performed in toluene
instead of benzene.

5878 | Dalton Trans., 2014, 43, 5871-5885

Since sterics appear to play an important role in the effec-
tiveness of the hydroamination catalysis, one of the alkyl co-
ligands was removed by preparing the cationic complexes
[Y(R-BOPA)(CH,SiMe,Ph)|[B(C¢Fs),] (R = iPr 10a, Ph 10b, Bn 10c)
from the dialkyl complexes 1 and trityl perfluorophenylborate
in bromobenzene-Ds (Scheme 5). Owing to the well-documen-
ted instability of such complexes,®® they were prepared and
reacted in situ. Analysis by NMR spectroscopy indicated the
quantitative conversion to the cationic species illustrated in
Scheme 5, alongside signals attributed to Ph;CCH,SiMe,Ph.
As for their parent complexes, 10a—c were found to be active in
the cyclisation of substrate B, but failed to catalyse the cyclisa-
tion of substrate A. A slight reduction in stereoselectivity was
observed for all catalyst derivatives.
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B(CéF5)4

1

+ _— T
[PhaCI[B(CeFs)al 07 N\ N/\‘(\N )

R =H; R' = iPr 10a, Bn 10c \\< R >/l

R=Ph; R = H10b AN RS

R" = CH,SiMe,Ph

Scheme 5 In situ synthesis of [Y(R-BOPA)(CH,SiMe,Ph)][B(C¢Fs)4] 10a—c.

Given the low reactivity of substrate A with the yttrium com-
plexes, we turned our attention to the larger lanthanides,
employing complexes 3-6 under comparable conditions. The
enantioselectivities of 3-6 are generally lower than for 1 and
10, and is consistent with metals with larger ionic radii having
the potential for larger coordination numbers, therefore giving
less stereochemical preference to the substrate. In most cases
complexes supported by the Ph-BOPA provided the highest
levels of enantioselectivity. Although a slightly elevated temp-
erature (30 °C) was required, substrate A was nevertheless
cyclised successfully, albeit rather slowly and with low enantio-
meric excesses (up to 28%).

Interestingly, when the cyclisations of B were performed in
toluene instead of benzene, the room temperature selectivities,
obtained with the complexes bearing Ph-BOPA, showed a sig-
nificant increase from 25 to 45% ee (3b), 18 to 26% ee (4b),
24 to 44% ee (5b) and 16 to 28% ee (6b) under otherwise identical
conditions. This behaviour was not observed for the yttrium
catalyst 1b (44% ee in benzene, 42% ee in toluene), neither
was any enhancement observed when the catalysis was carried
out in either bromobenzene or dichloromethane. An enantio-
selectivity dependence on the solvent is not an unknown
phenomenon (although the distinction between benzene and
toluene renders these results surprising) and highlights the
subtle interplay of molecular conformations at the molecular
level during a catalytic cycle that is, by definition, beyond
exhaustive spectroscopic analysis. In the BOPA complexes
described herein, we suggest that the relative energies of the
exo and endo isomers, and hence the equilibrium position,
can be dependent on subtle factors, such as solvent inter-
actions and the nature/conformation of the co-ligand, and
could change with each stage of a catalytic cycle. The concept
of the exo/endo equilibrium position being a factor in the
stereodirecting ability of the catalyst is therefore consistent
with this observation, and suggests that gas phase calculations
of relative energies should be treated with a degree of caution.

L)M X

| I XX

L-LA D-LA

quench

rac-lactide (rac-LA)

Scheme 6 ROP of rac-LA by the coordination—insertion mechanism.
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There is a general trend of greater enantioselectivity being
obtained with the phenyl catalyst derivatives. This has often
been observed with oxazoline ligands,>® and can be explained
in part by the fact that phenyl stereodirecting groups are often
found to offer greater control over the reaction space in cataly-
tically active complexes bearing oxazoline ligands.>”” However,
these studies suggest an additional component to this
phenomenon: the computational analyses discussed above
suggest that the exo isomer is likely to lead to a greater degree
of stereoinduction in the reaction products, compared to the
endo isomer. The presence of these two rapidly interchanging
isomers is therefore likely to have an impact on the overall
catalysis performance, although in order to probe this quanti-
tatively the stereodirecting ability and kinetics of each com-
ponent would need to be measured, in accordance with a
consideration of the Curtin-Hammett conditions. Unfortunately,
these complexes do not lend themselves to deconvoluting the
individual components of the catalysis, and it would therefore
be inappropriate to directly correlate equilibrium position with
catalyst performance.

Ring opening polymerisation catalysis

The ring-opening polymerisation (ROP) of cyclic esters such as
e-caprolactone (e-CL), B-butyrolactone (BBL) and lactide (LA) to
give biocompatible and/or biodegradable polymers is a topic
of continuing interest, both from a materials chemistry per-
spective as well as a molecular catalysis standpoint.*> More-
over, polylactides (PLAs) are United States FDA-approved for
medical use. A number of synthetic methods for preparing
polyesters via the ROP of cyclic monomers are known.>® These
are based on cationic, anionic, coordination-insertion, acti-
vated monomer, enzymatic and organocatalytic mechanisms.
With respect to the work described herein, the most relevant
type of initiators are coordination complexes of the type (L)M-
X which initiate and propagate the ROP of lactide through the
coordination-insertion mechanism as illustrated in Scheme 6
for the case of rac-LA. As summarised in several recent
367 the identity of the supporting ligands “L” as well
as the specific metal and the initiating group M-X, have a pro-
found influence on the resultant polymer molecular weight
and molecular weight distribution, and tacticity (in the case of
LA for example). These in turn are the critical parameters that
control the macroscopic properties of the polymers formed.
Some of the most active ROP initiators reported to date for
the synthesis of PLA, the polymer of interest to us in this con-
tribution, are based on the Group 3 and lanthanide metals.*?"
P4 In addition to activity, control of the PLA product tacticity

Jopotgpon o

polylactide (PLA)

reviews,
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(e.g. heterotactic, isotactic, stereoblock in the case of rac-LA) is
a key parameter of interest.** Most coordination complex ROP
initiators are based on non-chiral metal complexes. Nonethe-
less, in a number of instances, non-random polymer tacticity
is observed and occurs through a chain-end control mechan-
ism.**”%37 In addition, a number of complexes have also been
reported which attempt to use chirality at metal (or in the
ligand periphery) to achieve tacticity control, based on enantio-
morphic site effects, and in a number of cases considerable
control over the polymer microstructure has been achieved.*®
Interestingly, although oxazoline-based ligands have been
used extensively in catalysis in general, their use to date in
cyclic ester ring-opening’*? or olefin®'%'>7*® polymeris-
ation catalysis is very limited indeed. In the context of ROP, in
2006, Carpentier et al. evaluated chiral and achiral yttrium and
lanthanum bis(oxazoline) complexes for the polymerisation of
rac-LA and rac-BBL."" Although these were found to be highly
active, reaching 98% conversion after 5 min and forming poly-
mers with narrow polydispersities (M/M,) of 1.07 to 1.44, no
stereoselectivity was observed. More recently, Chen et al. have
reported a series of amido-mono(oxazoline) complexes of
main group metals and zinc, but only for the ROP of 1-LA (and
hence the question of stereocontrol is effectively redundant in
these studies).>**? We were therefore interested to explore the
potential of selected BOPA complexes for the ROP of rac-LA.
Table 6 summarises our results for the ROP of rac-LA with
[M(R-BOPA)X,] (M =Y (1 or 2), Sm (6) or La (3); R = iPr (a), Ph
(b) or Bn (c¢); X = CH,SiMe,Ph or N(SiMej;),) which allow the
systematic evaluation of the effects of the BOPA R-substituent,
metal covalent radius (Y < Sm < La) and initiating group (alkyl
vs. amide). Polymerisation experiments were performed in
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THF at 25 °C with a [rac-LA], : [initiator| ratio of 100:1, and
under these conditions all complexes were found to be active.
The progress of each run was monitored by regular sampling
("H NMR measurement of % rac-LA conversion to PLA) and
the molecular weights and polydispersity indices (PDIs, M,/
M,) were determined by GPC using the appropriate Mark-
Houwink corrections.*" P, values (probabilities of racemic
enchainment) were determined from the selectively homo-
nuclear decoupled '"H NMR spectra of the polymers.*> Standard
kinetic analyses were used to determine the apparent rate con-
stant (k,pp) for lactide consumption, and in almost all cases
there was a second order dependence on [rac-LA] which is
unusual, but not unprecedented.*””"**** Fig. 6 shows plots of
% conversion vs. time, M, and PDI vs. % conversion, and a
kinetic plot for [Y(Ph-BOPA)}{N(SiMe;),},] (2b) as a representa-
tive example of the amide systems. Corresponding data for all
the other compounds tested are provided in the ESI (Figs.
S5.1-S5.11%).

In general terms, as has been reported for other metal alkyl
or amide initiators,*”*“** the experimental number average
molecular weights (M,(GPC)) were considerably higher
(especially in the case of the alkyl species 1a-c) than predicted
based on % conversion and one (My(caled)) or two (ie.
approximately half the values given for My(caled) in Table 6)
PLA chains growing per metal centre. Entries 1-6 in Table 6
show that the PDI values for the PLAs formed are moderate for
the dialkyl complexes 1a-c (ca. 1.2-1.4 (but molecular weight
control is much worse)) but somewhat broader (ca. 1.4-2.0 for
most cases) with the amide counterparts (entries 7-18). These
values are consistent with the poor initiator ability of alkyls
and amides in general and the various transesterification side-

Table 6 ROP of rac-LA with M(R-BOPA)X; (M =Y (1), Sm (6) or La (3); R = iPr (a), Ph (b) or Bn (c); X = CH,SiMe,Ph or N(SiMes),)?

Entry  Initiator % Conversion”  Time (min)  Kupp° M, (GPC)* M, (caled)f® M,/M, P/
1 Y(iPr-BOPA)(CH,SiMe,Ph),] (1a) 95 0.5 g 32000 13 805 1.18 0.72
2 Y(iPr-BOPA)(CH,SiMe,Ph),] (1a) 99 1.5 ¢ 30080 14357 1.24 0.73
3 Y(Ph-BOPA)(CH,SiMe,Ph),] (1b) 73 0.5 g 30740 10726 1.24 0.78
4 Y(Ph-BOPA)(CH,SiMe,Ph),] (1b) 95 1.5 g 35450 13881 1.38 0.76
5 Y(Bn-BOPA)(CH,SiMe,Ph),| (1c) 78 0.5 g 23780 11376 1.24 0.71
6 Y(Bn-BOPA)(CH,SiMe,Ph),] (1c) 95 1.5 ¢ 31070 13 484 1.23 0.69
7 Y(iPr-BOPA){N(SiMe;),},] (2a) 88 300 1.52(5)M*h™ 17880 12791 1.55 0.70
8 Y(Ph-BOPA){N(SiMe;),},] (2b) 90 240 2.88(9)M*h™' 19590 13133 1.36 0.71
9 Y(Bn-BOPAKN(SiMe;,),},] (2¢) 81 15 — 15720 11 840 1.54 0.81
10 Y(Bn-BOPANN(SiMe;),},] (2¢) 98 120 16.1(7) M~  h™? 22290 14286 1.44 0.73
11 Sm(iPr-BOPA){N(SiMe;),},] (6a) 90 300 1.903)M*h™ 13220 13199 1.92 0.66
12 Sm(Ph-BOPA){N(SiMe;),},] (6b) 87 255 1.562)M h™' 13540 12631 1.84 0.68
13 Sm(Bn-BOPA}N(SiMe,),},] (6¢) 38 30 — 35890 5586 1.95 0.81
14 Sm(Bn-BOPAKN(SiMe;),},] (6¢) 88 210 21(1) M~ h? 21400 12779 1.54 0.77
15 La(iPr-BOPAY{N(SiMes),},] (3a) 88 10 — 22750 12 844 2.15 0.68
16 La(iPr-BOPAYN(SiMe;),},] (3a) 98 60 13.42) h™! 9770 14290 4.44 0.68
17 La(Ph-BOPA){N(SiMe,),}] (3b) 90 120 11.1(2) M h™" 12570 13076 2.29 0.68
18 La(Bn-BOPA){N(SiMe;),}] (3¢) 92 150 5.6(4) M~ h? 20 690 13259 1.43 0.72

“Conditions: [rac-LA], : [initiator] = 100: 1, 4.0 mL THF at 25 °C, [rac-LA], = 1.00 M. See Experimental section for other details. ” Conversion
determined by "H NMR for an aliquot taken at the stated time. “ Apparent rate constant with units h™* or M~* h™" derived from the first- or
second-order log plots, resg)ectively, over 3 half-lives, respectively (all systems were second-order with respect to rac-LA except for entries 11-12;

see ESI for further details.

Molecular weights (g mol™') determined by GPC in THF at 30 °C using the appropriate Mark-Houwink corrections.*!

¢ Expected M, (g mol™") for 1 chain growing per metal centre at the stated % conversions assuming CH,SiMe,Ph (entries 1-6) or N(SiMes),
(entries 7-18) initiating groups.”/ P, measured at between 75%-90% conversion except for entry 13. & kypp NOt measured. " Measured in the linear

region up to 80% conversion (see Fig. $3.10 of the ESI).

5880 | Dalton Trans., 2014, 43, 5871-5885

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c4dt00114a

Published on 19 February 2014. Downloaded by Queens University - Kingston on 26/08/2014 14:24:34.

Dalton Transactions

24,000 1 - 2.0

18,000 1 g: [
_ a O O
= 6—0o0—°© F12
E 12,000 1 3
e L 08 =
S

6,000 - e

0 . v . . 0.0
0 20 40 60 80 100

Conversion (% )

100
™ ]
80 .
> ]
5 1 m
g 40 m
g ]
8 20
04 . . ’ . .
0.0 1.0 2.0 3.0 4.0 5.0
Time (h)
7 -
6 o
5 4
= 4
S 3
L~
= 5
1 o
0 . ’ . .
0.0 0.5 1.0 15 2.0
Time (h)

Fig. 6 Data for the ROP of rac-LA using [Y(Ph-BOPA){N(SiMe3),},] (2b).
Top: M, (diamonds) and M,,/M,, (circles) vs. % conversion: the gradient
of M, vs. conversion plot is 214(10) g mol™ (% conversion)™ (R*> =
0.986). Middle: % conversion vs. time. Bottom: second order plot for
rac-LA consumption: R® = 0.996, kap, = 2.88(9) M™* h™™. Conditions:
[rac-LAlp : [initiator] = 100: 1, 4.0 mL THF at 25 °C, [rac-LA]g = 1.00 M.

reactions (vide infra) that also take place. Note that it is often
found that metal-alkoxide complexes (either as isolated
species or generated in situ) are better initiators than their
alkyl or amide counterparts because of a better match of
initiation and propagation rates.>**” Unfortunately it was not
possible to prepare the corresponding alkoxide or aryloxide
analogues of the [M(R-BOPA)X,] complexes. For example,
addition of 2 equiv. BnOH to complex 2b in CgDg failed to
generate the desired [Y(Ph-BOPA)(OBn),] complex, instead
resulting in the formation of the protio-ligand and unknown
side-products.

In terms of the PLAs formed with the new alkyl or amide
initiators, all were heterotactically enriched as judged by their
P, values, which lie broadly in the range ca. 0.7-0.8. Although
the P, values for all three types of R-BOPA ligand appeared in
this range, the values for the amide derivatives of the smaller
metals (Y and Sm) supported by Bn-BOPA (entries 9 & 10 (for
2¢) and 13 & 14 (for 6¢)) appeared to be slightly higher than

This journal is © The Royal Society of Chemistry 2014
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for the iPr-BOPA and Ph-BOPA homologues. For the lantha-
num complexes [La(R-BOPA){N(SiMej;),},] (3a-c) there was no
significant difference in P, between the three ligands. This is
consistent with the usual observation that polymerisation
control generally is poorer for the larger metals.>***” Compared
to most Group 3 and lanthanide initiators, P, values of around
0.8 can be considered to be good, but not exceptional, with
values in excess of 0.9-0.95 being achieved in some instan-
ces).>P937H46 Unfortunately, in the present study, we are not
able to distinguish between chain-end control and enantio-
morphic site control factors.>®** As mentioned, attempts to
prepare model non-chiral R-BOPA ligands and their complexes
were unsuccessful.

Attempts to record MALDI-TOF mass spectra of the PLAs
formed with the dialkyl complexes 1a-c were unsuccessful due
to their very high molecular weight. Analysis of the polymers
formed with the amide complexes showed linear PLA with only
hydroxyl end groups, as is usually the case with silylamide
initiators, presumably due to hydrolysis of the expected -C(O)
N(SiMej3), termini during polymer quenching and analysis. In
addition, both linear and cyclic PLA was found to be present in
the MALDI-ToF mass spectra, and both types of polymer
showed peak envelopes with a A(m/z) separation of 72, i.e. 1/2
of a LA moiety, (i.e. -OCH(Me)C(O)-). These observations are
consistent with both intramolecular (“back-biting”) and inter-
molecular transesterification side-reactions.

With respect to polymerisation rates, the yttrium dialkyl
complexes 1a-c (Table 6, entries 1-6) were considerably faster
than any of the amide analogues, either for yttrium (2a-c) or
the larger metals. While these fast rates (which were too high
to be accurately determined) imply rapid initiation, the much
higher than predicted M,(GPC) values still indicate that
initiation is unable to match propagation as discussed above.
The heterotacticity of the PLAs formed with 1a-c (0.69-0.78)
are experimentally indistinguishable from those for 2a-c
(0.70-0.81) implying similar propagating species.

The apparent propagation rate constants (k,pp) for the
yttrium and samarium iPr-BOPA (2a, 6a) and Ph-BOPA (2b, 6b)
diamide complexes are comparable (ca. 1.5-3.0 M™* s7%), as is
that for [Sm(Bn-BOPA){N(SiMe;),},] (6c), even though the
covalent radius of yttrium (1.90 A) is somewhat smaller than
that of samarium (1.98 A).*” Unexpectedly, however, &, for
[Y(Bn-BOPA){N(SiMe;),}»] (2¢, kapp = 16.(7) M~ ' s7') is reproduci-
bly almost one order of magnitude larger than 2a-b and 6.
While this has no clear explanation, the higher k,,, values of
the lanthanum complexes 3b and 3c (entries 17, 18) compared
to those of their samarium analogues (6b, 6¢) would seem to
be in keeping with the larger radius of lanthanum (2.07 A).
Also unexpectedly, compared to all the other amide complexes
studied, [La(iPr-BOPAKN(SiMe;),},] (3a, entry 16) showed very
clear first order k,,, dependence on [rac-LA] (cf. Fig. S5.9 in
the ESIY), leading again to a much faster polymerisation rate
(98% conversion after 60 min. compared to 90-92% after
120-150 min. for 3a and 3b). Compound 3b also showed
slightly unusual behaviour with the second order plot of 1/[LA]
vs. time showing a deviation from linearity after approximately
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80% completion of the ROP (cf. Fig. S3.10 in the ESIf). The
kapp value in Table 6, entry 17 refers to data for this linear
region (between two and three half-lives).

Conclusions

Whilst alkyl- and amide-based functional lanthanide com-
plexes bearing chiral oxazoline ligands are relatively scarce
outside of the ubiquitous BOX ligand, we have demonstrated
that tridentate BOPA ligands provide a useful framework for
supporting complexes of this type. Moreover, luminescence
spectroscopy has provided a means of detecting and studying
equilibria between conformational isomers of paramagnetic
lanthanide complexes, owing to the faster timescale of lumine-
scence spectroscopy, compared to NMR spectroscopy. This in
turn has provided a greater level of insight into the behaviour
of these complexes in a manner that is pertinent to their
catalytic performance. The catalytic applications in hydro-
amination/cyclisation and ring-opening polymerisation serve
to demonstrate the potential of these types of ligand in a
number of important catalytic processes.

Experimental
General methods and instrumentation

All manipulations of air and moisture sensitive species were
performed under an atmosphere of argon or dinitrogen using
standard Schlenk and glove box techniques. Solvents were
dried by passing through an alumina drying column incorpor-
ated into a MBraun SPS800 solvent purification system, except
in the case of tetrahydrofuran, which was dried over molten pot-
assium for three days and distilled under argon. All solvents
were degassed, saturated with argon, and stored under argon in
Teflon valve ampoules prior to use. CDCl; for non-sensitive
samples was passed through a column of basic alumina before
being stored over 4 A molecular sieves prior to use. Deuterated
solvents for NMR spectroscopy were dried over molten potass-
ium (benzene-dg, toluene-ds) for three days before being vacuum
transferred, freeze pump thaw degassed and stored in a glove
box. All other reagents were purchased from commercial suppli-
ers and used as received unless otherwise stated. Metal precur-
sors were synthesised according to published procedures.>>*®

Air sensitive samples for NMR and luminescence spec-
troscopy were prepared in a glove box under a dinitrogen
atmosphere using 5 mm Nolan NMR tubes equipped with
J. Young Teflon valves. All other samples were prepared in
Wilmad 5 mm NMR tubes. NMR spectra were recorded on
Bruker Avance DPX-400, -500, -600, Varian Mercury-VX, or
Unity Plus 500 NMR spectrometers. NMR spectra are quoted in
ppm relative to tetramethylsilane (5 = 0 ppm) and were refer-
enced internally relative to the residual protio-solvent (*H) or
solvent (**C) resonances, all coupling constants are quoted in
Hertz. Where appropriate, NMR assignments were confirmed
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by the use of two-dimensional 'H-'H or "H-">C correlation
experiments (HSQC and HMBC). Infrared spectra were pre-
pared as KBr pellets and were recorded on a Jasco 660-Plus
FTIR spectrometer. Infrared data are quoted in wavenumbers
(em™). All photophysical data were obtained on a Jobin Yvon-
Horiba Fluorolog-3 spectrometer fitted with a JY TBX picose-
cond photodetection module. A Hamamatsu R5509-73 detec-
tor (cooled to —80 °C using a C9940 housing) was used for
near-IR luminescence measurements. For the near-IR lifetimes
the pulsed laser source was a Continuum Minilite Nd:YAG con-
figured for 355 nm output, whilst for fluorescence lifetimes a
459 nm NanoLEDs (operating at 1 MHz) was utilized. All life-
time data were collected using the JY-Horiba FluoroHub single
photon counting module in multi-channel scalar mode. Life-
times were obtained using the provided software, DAS6.
Elemental analyses were recorded by Mr Stephen Boyer at
London Metropolitan University. Full experimental procedures
and characterising data for all ligand precursors and com-
plexes are provided in the ESI.}

MALDI-ToF-MS analysis was performed on a Waters MALDI
micro equipped with a 337 nm nitrogen laser. An accelerating
voltage of 25 kV was applied. The polymer samples were dis-
solved in THF at a concentration of 1 mg mL™". The cationisa-
tion agent used was potassium trifluoroacetate (Fluka, >99%)
dissolved in THF at a concentration of 5 mg mL™". The matrix
used was trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenyli-
dene]malononitrile (DCTB) (Fluka) and was dissolved in THF
at a concentration of 40 mg mL™". Solutions of matrix, salt and
polymer were mixed in a volume ratio of 4:1:4, respectively.
The mixed solution was hand-spotted on a stainless steel
MALDI target and left to dry. The spectra were recorded in
reflectron mode.

Polymer molecular weights (M,, M,,) were determined by
GPC using a Polymer Laboratories Plgel Mixed-D column
(300 mm length, 7.5 mm diameter) and a Polymer Laboratories
PL-GPC50 Plus instrument equipped with a refractive index
detector. THF (HPLC grade) was used as an eluent at 30 °C with
a flow rate of 1 mL min~". Linear polystyrenes were used as
primary calibration standards, and Mark-Houwink corrections
for PLA in THF were applied for the experimental samples.*

General procedure for hydroamination catalysis. 2,2-Diphe-
nyl-1-amino-pent-4-ene and 2,2-dimethyl-1-amino-pent-4-ene
were prepared according to literature methods.**” In a dinitro-
gen filled glovebox, the appropriate aminoalkene (0.5 mmol)
was added to a solution of the corresponding pre-catalyst
complex (0.05 mmol) in C¢Dg (0.7 mL). The solution was trans-
ferred to a J. Young Teflon valve equipped NMR tube and
sealed. All catalyst reactions were monitored via 'H NMR
spectroscopy periodically to monitor conversion. Upon com-
pletion, the reaction mixture was passed through silica to
remove the metal residues, and a solution of (R)-(—)-O-acetyl-
mandelic acid (0.51 mmol) predissolved in a minimal amount
of CDCl; was added, producing the diastereomeric salts. The
resulting enantiomeric excesses (ee) were then determined by
integration of the "H NMR spectra (methyl resonance) after
fitting the signals using the iNMR software program.*’
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General procedure for the polymerisation of rac-LA. rac-LA
(4.00 mmol) was added to a solution of initiator (0.04 mmol)
in THF (4 mL). 0.1 mL aliquots were drawn periodically and
quenched with wet THF (5 mL). Volatiles were removed under
reduced pressure to leave behind the polymer residue.
Samples were analysed by GPC, MALDI-ToF MS and '"H NMR
(CDCl;) spectroscopy.

Crystallographic studies

Single crystals of [Ln(Ph-BOPAXN(SiMej;),},] (Ln = Nd 5b and
Sm 6b) suitable for X-ray analysis were grown from a saturated
solution in hexanes. X-ray data were collected on a Rigaku
Saturn 724+ CCD diffractometer at 100 K, by the EPSRC
National Crystallographic Service. The structures were solved
using direct methods with absorption corrections being
applied as part of the data reduction scaling procedure. After
refinement of the heavy atoms, difference Fourier maps
revealed the maxima of residual electron density close to the
positions expected for the hydrogen atoms; they were intro-
duced as fixed contributors in the structure factor calculations
and treated with a riding model, with isotropic temperature
factors (Uiso(H) = 1.3Ueq.(C)) but not refined. Full least-square
refinement was carried out on F*. A final difference map
revealed no significant maxima of residual electron density.
Structure solution and refinement were performed using the
SHELX software suite.”® Crystal data and experimental details
are provided in Table S3.1.}

Density functional calculations

All calculations were performed on the Gaussian 09
program.”” Molecular geometries were optimized without
restraints, and were followed by frequency calculations to
ascertain the nature of the stationary point (minimum vs.
saddle point). Calculations were performed using the
restricted B3LYP hybrid functional, with the Stuttgart/Dresden
basis set with pseudo core potentials for the Y and La, 6-31G-
(d,p) for all coordinating atoms, and 6-31G for all remaining
centres. Coordinates of all optimised structures are provided
in the ESL¥
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