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DOI: 10.1039/x0xx00000x Dinuclear bis(R’-(R”-iminomethyl)phenoxide) copper complexes L,Cu,(p-OR), were prepared from the reaction of copper

methoxide with ROH and LH (ROH = dimethylaminoethanol or pyridylmethanol, R" = H, 4,6-tBu, 1,3-Cl, R” = benzyl,
cyclohexyl, diphenylmethyl and 2,6-dimethylphenyl). Preparation was complicated by formation of homoleptic L,Cu and

www.rsc.org/

only 9 of the 24 possible combinations could be prepared. All complexes were characterized by single crystal X-ray
diffraction studies and crystallized as dinuclear penta-coordinated complexes. Homoleptic complexes L,Cu were inactive
in lactide polymerization at room temperature. Most heteroleptic complexes showed modest to good activities with full
conversion in less than 6 h at room temperature. Complexes with R’=H showed poor molecular weight control, complexes
with R’=Cl were inactive in polymerization. In pyridylmethoxide-containing complexes, only one alkoxide initiated chain
growth. All complexes produced atactic

polymer.
o]
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Introduction heterotactic PLA, P = 0, Py =1 rac-lactide isotactic, slereoblack
PLA, Pn=1,P =
In the interest to find sustainable replacements for petroleum- Scheme 1

based resources, polylactic acid (PLA) is considered an
alternative to polyolefin-based plastics. PLA is obtained by the
ring-opening polymerization of lactide, the dimeric anhydride
of lactic acid, obtained from the fermentation of corn starch.™
! Although lactide is not difficult to polymerize, combining
high polymerization activity with good polymerization control
poses a catalytic challenge and attracted academic interest in
developing improved catalyst systems, most often based on a
coordination-insertion mechanism.”>*®  Wwith regard to
stereocontrol, rac-lactide has a high tendency towards

work of Coates on diketiminate zinc catalysts.39 To obtain the
industrially relevant isotactic PLA ({RR},/{SS}, or{RR}.{SS}., Pm =
1) in combination with high activity and good polymer
molecular weight control, was more challenging. Although
promising catalyst systems have emerged,‘m'49 their
optimization remains hindered by the tendency of lactide-
polymerization catalysts to react with sometimes catastrophic
changes in reactivity upon modification of the ligand

. . . . . framework.

alternating monomer insertion and highly heterotactic PLA
({RR-SS},, Py = 0, Scheme 1) was obtained already in early
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Of metal-based catalysts for coordination-insertion
polymerization of lactide, d’- and d'® metals received the
highest attention, while catalysts based on groups 5-11
remained largely unexplored. There are very few reports of
catalysts based on Cr,46 Mn,so'54 Ni,55’59 or Co.’% %°%2 None of
these systems could compete in stereocontrol or activity with
d°- or d*°-metal based catalysts. Complexes based on iron and
copper have been studied in somewhat more detail. Several
iron complexes showed high activity for coordination-insertion
polymerizationsg’68 and polymerization activity of iron
complexes can be turned on or off by switching their redox
state.’” 7° A recent study reported the first isotactic PLA
obtained with iron-based complexes.71 Copper-based
polymerization catalysts are the 2 largest group investigated.
The catalysts were either carboxylate salts,n’74 homoleptic
complexes with iminophenoxide-based Iigands,ss’ 78

copper(ll) salen complexes.77’ 78 None of these complexes were
optimized for coordination-insertion polymerization and the
sterically saturated copper centers are not expected to be
highly Lewis-acidic. Thus in general only low activities were
observed, even in molten polymer. Polymer molecular weight
control was often excellent, on the other hand. The one
exception with regard to low activities is a copper salen
complex, which showed, in the presence of benzyl alcohol,
surprising activity in solution (24 h at RT).78 In 2012, we
reported that heteroleptic diketiminate copper(ll) alkoxides
showed very high activity in rac-lactide polymerization in
solution (<5 min at RT).79’81 Perfect molecular weight control,
the absence of side reactions, and — unfortunately — also of
stereocontrol characterized these catalysts. Jeong’s group
reported similarly high activities for in-situ generated diamino-
or pyridylamino copper(ll) alkoxide complexes.gz’86 PLA
obtained with these complexes was highly heterotactic, the
first time notable stereocontrol was observed in copper-
catalyzed lactide polymerization. In 2015, we reported that
heteroleptic iminopyrrolide copper alkoxide complexes
polymerized lactide with a preference for isotactic monomer
insertion, the first time isotactic lactide polymerization was
observed for a Cu-based catalyst.87 The active species is
dinuclear and one of the initial pyridylmethoxide ligands does
not initiate polymerization, but is retained as a spectator
ligand in t1 he complex (Scheme 2).88’ % The nature of the
bridging alkoxide ligand proved to be crucial for stereocontrol
and a major impediment in catalyst optimization: Bridges less
“rigid” than pyridylmethoxide, such as pyridylethoxide or
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Figure 1. X-ray structures of 2a, 3b and 4a. Thermal displacements are shown at the
50% probability level. Hydrogen atoms and the minor part of the aminoethoxide
disorder in 4a were omitted for clarity.

dimethylaminoethoxide led to loss of stereocontrol. With
dimethylaminoethoxide, both alkoxides initiated chain growth.
More rigid bridges, such as iminoaryloxides or
hydroxyquinoline led to loss of activity (Scheme 2).88

This journal is © The Royal Society of Chemistry 20xx
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Since stereocontrol seemed to rely on the presence of a
pyridylmethoxide bridging ligand, we turned our attention
towards possible variations of the spectator ligand. In the
following, we describe the preparation of dinuclear
pyridylmethoxide complexes with spectator ligands other than
iminopyrrolides, in particular heteroleptic iminophenoxide
complexes, and their application in the rac-lactide
polymerization.

This journal is © The Royal Society of Chemistry 20xx
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Results and discussion

Four different ligand systems similar to iminopyrroles were
targeted for initial exploration in form of their N-benzyl
substituted derivatives:  pB-diketimines, [3-aminoketones,
aminophenols, and iminophenols (Scheme 3). We were not
able to prepare any heteroleptic copper complexes from the
reaction of copper methoxide with L1H in the presence of
either dimethylaminoethanol or pyridylmethanol. Reactions
either yielded unidentifiable mixtures or the known
homoleptic complex (L1)2Cu.80 Reactions with L2H in the
presence of dimethylaminoethanol vyielded the dinuclear
complex 2a (Scheme 3). No product was obtained with
pyridylmethoxide or when the N-substituent was cyclohexyl,
diphenylmethyl, or xylyl. Complex 2a crystallized as an
aminoalkoxide-bridged dimer (Fig. 1, Table 1). The
coordination geometry around copper is square-pyramidal,
with a t-value of 0.3.°° The amine nitrogen is found in the
apical position. Cu-N/O bond distances of 1.93-1.99 A are
unremarkable for equatorial atoms in square-pyramidal Cu(ll)
complexes.

Table 1 Bond distances [A] in crystal structures of 2a, 3b and 4a

2a 3b 4a
Cu-01 (ligand) 1.930(1) 1.915(1) 1.913(1)°
Cu-N1 (ligand) 1.988(1) 2.029(1) 1.995(2) °
Cu-024n0r (alkoxide) 1.966(1) 1.929(1) 1.956(2) °
CU-020ng / Cu-N3 1.991(1) 2.512(1) 2.029(1)°
Cu-N2 2.341(1) 1.992(1) 2.289(2)
Cu-Cu 2.9922(4) 3.0027(5)

T 0.3 0.1 0.3

Ligand in apical position Amine Pyridylmethanol Amine

? Data only shown for major part of dimethylaminoethoxide disorder.
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Complex 2a was active in rac-lactide polymerization and
reached full conversion in appr. 5 h (Table 2). The reaction
followed pseudo-first-order kinetics (Fig. S1). As expected for
catalyst with an aminoethoxide bridging ligand, the obtained
PLA was atactic.c We have shown previously that
pyridylmethoxide complexes with isotactic stereocontrol can
be formed in situ from the respective aminoethoxide
complexes, which showed no stereocontrol by addition of
pyridylmethanol to the polymerization reaction.®”®° rgc-
Lactide was thus polymerized with 2a in the presence of 1
equiv  pyridylmethanol. However no change in the
stereochemistry of the polymer was observed (Table 2).
Polymerizations with 2a and 2a/PyCH,OH both showed poor
polymer molecular weight control, with polydispersities of 1.7-
2.6 and lower than expected polymer molecular weights. It
was thus not possible to determine whether added PyCH,0H
served as a simple chain-transfer reagent in immortal
polymerization or whether it was incorporated as a spectator

DOI: 10.1039/C8DT02140F

Journal Name

ligand, but without providing stereocontrol. The activity of 2a
was appr. twice as high in the presence of PyCH,0OH. While not
investigated in detail, the negative x-axis intercept in
polymerization with 2a indicates a fast catalyst deactivation at
the start of the reaction, which was suppressed in the
presence of pyridylmethanol (Fig. S1).

Reaction of the aminophenol ligand L3H with copper
methoxide in the presence of pyridylmethanol afforded
complex 3b (Scheme 1), which crystallized as a monomeric
complex with the square-pyramidal geometry completed by a
ancillary pyridylmethanol ligand (Fig. 1, Table 1). Cu-N/O bond
distances are in the expected range. Compared to Cu-Nimino
bond distances (where the N-substituent is benzyl), the Cu-
Namino bond distance is longer by appr. 0.3 A, as expected for
an sp3- vs. spz-donor ligand. Complex 3b was essentially
inactive for lactide polymerization at room temperature, and
reacted sluggishly even at 50 °C (Table 2). The obtained PLA
was moderately heterotactic (P,, = 0.23), but due to possible

Table 2 Rac-lactide polymerizations *

Entry Catalyst Final conversion kobs [h™] Mm,® M, (calc.) M,/M, # chains ¢ Pt
1 2a 97% 0.31(2) 4.3 kDa 14.0 kDa 1.7 3.3 0.48
2 2a + 1 PyCH20H 99% 0.61(2) 2.4 kDa 14.1 kDa 2.6 5.8 0.48
3 3b 3% - - - - - -
4 3b (at 50 °C) 24% - 0.8 kDa 3.5 kDa 1.3 4.4 0.23
6 4a 96% 0.60(0) 7.7 kDa 13.8 kDa 1.2 1.8 0.53
5 4c + 5 BnOH 0% - - - - - -

7 5a 99% 0.80(1) 5.5 kDa 14.3 kDa 1.5 2.6 0.5
8 5a+ 1 PyCH,OH 97% 1.07(3) 4.3 kDa 14.0 kDa 1.5 3.2 0.49
9 6a 36% - 6.9 kDa 5.2 kDa 1.3 1 0.43
10 6b 26% - 1.4 kDa 3.7 kDa 1.3 2.6 0.35
13 8b 97% 0.56(8) 14.5 kDa 14.0 kDa 1.2 1 0.53
15 9a 98% 0.82(3) 7.5 kDa 14.1 kDa 1.1 1.9 0.48
16 9a + 1 PyCH,0OH 99% 1.8(0) 4.8 kDa 14.1 kDa 1.2 2.9 0.48
14 11b 98% 1.05(12) 15.3 kDa 14.1 kDa 1.3 1.1 0.50
17 12b 13% - - - - - -

11 16a 15% - - 14.4 kDa - - -

12 16b 3% - - 14.4 kDa - - -

? Conditions: CgD, RT, [lactide] = 200 mM, [L,Cu,(OR),] = 2 mM. ® M, and M,, determined by size exclusion chromatography vs. polystyrene standards, with a Mark-
Houwink correction factor of 0.58. © M, expected if one alkoxide per catalyst dimer initiates polymerization, calculated from [lactide]/[cat]-conversionMiactige + Mron- d
Number of chains per catalyst dimer, calculated from the ratio of expected and obtained polymer molecular weight. ¢ P,, determined from decoupled *H NMR by Py, =
1= 2:11/(l1+h), with Iy = 5.20 = 5.25 ppm (rmr, mmr/rmm), I = 5.13 = 5.20 ppm (mmr/rmm, mmm, mrm).
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Figure 2. Conversion-time profiles for rac-lactide polymerization with 4a (diamonds),
5a (squares, 6a (circles) and 6b (triangles). Conditions: C¢Dg, RT, 0.2 M lactide, 2 mM
[cat.]. The inset shows the semi-logarithmic plot. Solid lines represent in both graphics
theoretical conversions with the values obtained in linear regression analysis: 4a: kjp, =
0.604(2) h™, to = —4 min, 5a: kyp, = 0. 0.80(1) h™, to = —1 min.

complex decomposition and the lower than expected polymer
molecular weight, the reaction mechanism and the active
species are unclear. The inactivity of 3b in polymerization is
not due to coordination of pyridylmethanol, which can be
added as an external alcohol to polymerizations without any
loss of activity. It correlates better with the fact that 3b
crystallized as a monomeric, pyridine-coordinated complex. All
copper catalysts isolated in our laboratories which showed
high activities in coordination-insertion polymerization of
lactide formed alkoxide-bridged dimers in the solid state,
although excess pyridylmethanol was always present in the
reaction mixture. The amino-phenoxide ligand seems to
reduce the Lewis acidity of copper sufficiently to discourage
the coordination of a bridging alkoxide and likewise of lactide
monomer.

Unlike
pyridylmethoxide complexes with the iminophenol ligand L4H.
Instead, the respective homoleptic complex 4c, (L4)2Cu,91' 92
was obtained (vide infra). The respective aminoethoxide
complex, 4a, could be prepared readily. Complex 4a
crystallizes as the expected dimeric complex with a square-
pyramidal coordination around copper and the amine ligand in
the apical position (Fig. 1, Table 1).

Since surprisingly high room temperature activity was reported
for a copper(ll) salen complex following an activated monomer
mechanism,”® the homoleptic complex 4c was employed for
lactide polymerization in the presence of 5 equiv of benzyl
alcohol. However, no activity was observed (Table 2). The
iminophenol ligand is too acidic to be protonated in sufficient
amounts to form active, heteroleptic species,81 and the
complex is not Lewis-acidic enough to catalyse polymerization
via an activated monomer mechanism. The heteroleptic
complex, on the other hand, showed good activity in lactide
polymerization with full conversion in less than 5 h at room
temperature. Polymerizations with 4a followed clean first-

its amino-derivative, we were unable to obtain

This journal is © The Royal Society of Chemistry 20xx

Scheme 4

order kinetics (Fig. 2), without any notable induction period or
catalyst decomposition. The polydispersity was narrow
(My/M, = 1.2) and the polymer molecular weight is in good
agreement with both alkoxides initiating chain growth. As
expected for a catalyst with an aminoethoxide bridging
Iigand,87'89 the obtained polymer was atactic.

Iminophenols - ligand and general complex synthesis.

Given the good activity and stereocontrol observed for 4a, we
decided to further explore iminophenol ligands for the
coordination-insertion  polymerization of lactide. All
iminophenol ligands, if not already reported, were synthesized
through condensation of the salicylaldehyde derivative with
the respective amine, based on a previously reported method
(Scheme 4, Exp. section).88 Dinuclear copper complexes
{LCu(uOR))}, were obtained by successive addition of
aminoalcohol and the respective iminophenol LXH to a
solution of copper methoxide. Initial addition of (excess)
aminoalcohol led to a blue solution. Reaction with the ligand
typically formed green solutions, from which the heteroleptic
complex with either a dimethylaminoethoxide, Xa, or
pyridylmethoxide, Xb, bridging ligand could be crystallized
(Scheme 4). Control of the Schlenk equilibrium proved to be
very difficult for iminophenol ligands. In most cases (vide
infra), dark-brown solutions were obtained after reaction with
iminophenol and crystallization — if successful — afforded the
homoleptic complexes, Xc (Scheme 4), typically as brown
crystals and sometimes accompanied by the respective
bisaminoalkoxide complex (Fig. S2). Variations of reaction
conditions, such as changes of solvent, stoichiometry or order

J. Name., 2013, 00, 1-3 | 5
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of addition, did not improve the reaction outcome in any of these cases.

o7 Z Salicylaldehyde-based ligands.
Vo ‘g@moﬁ)_ h@ G T;@

N ds Analogous to 4a, reaction of copper(ll) methoxide with two
EIO'CU\"L\\ oH 0 0 _b equiv of dimethylaminoethanol, followed by addition of the
2% 46a z @2 iminophenol ligand lead to green solutions, from which the
heteroleptic complexes 5a and 6a crystallized. With the
Scheme 5 sterically demanding xylyl N-substituent, only the homoleptic
complex 7c was obtained. Formation of homoleptic complexes
was even more pronounced with the pyridylmethoxide ligand:
only with a diphenylmethyl N-substituent, L6H, the
Q N_ heteroleptic complex 6b was obtained. Reactions of L4H, L5H,
Cu(OMe), + 2LXH —= >>: or L7H afforded dark-brown solutions and after crystallization
the homoleptic complexes L,Cu 4c, 5¢ and 7c. We have noted
before that introduction of a pyridylmethoxide bridging ligand
is sterically more demanding than that of a
dimethylaminoethoxide Iigand.89 Indeed, if salicylaldehyde was
used as spectator ligand, i. e. in the absence of any N-
substituent, copper complexes 16a and 16b were obtained
with both bridging ligands (Scheme 5, Fig. 3). Homoleptic
complexes 4c-7c were prepared independently from reaction
of copper(ll) methoxide with two equivalents of iminophenol
for characterization purposes (Scheme 6, Fig. S2). Preparation
of 6¢ was straightforward and occurred with a yield similar to
the other homoleptic complexes. The formation of 6b is thus
not due to an inaccessibility of the homoleptic complex.
As does 4a, heteroleptic complexes 5a, 6a, 6b, 16a and 16b
crystallize as dinuclear complexes with bridging aminoalkoxide
ligands and with copper in a square-pyramidal geometry (Fig.
3, Table 3). The latter is confirmed by t-values of 0.3 for all
complexes.”’ Consequently, four ligands are found in the
equatorial plane with bond distances of appr. 1.9 — 2.0 A, while
one ligand occupies the apical position with an elongated
distance of 2.2 — 2.3 A to the copper center. In 4a-6a the
amino group of the bridging ligand occupies the apical position
and in 16a+b the keto-group of salicylaldehyde. In 6b, on the
other hand, the bridging alkoxide is found in the apical
position. The structural data does not offer any indication why
placement of the alkoxide in the apical position should be
favoured for 6b. It should be noted, however, that a bridging
alkoxide is likewise observed in the copper
bis(pyridylmethoxide) dimer (Fig. S3). Placement of the anionic
bridging alkoxide in the weak apical coordination site is thus
not a simple consequence of the steric bulk of the
diphenylmethyl N-substituent. Copper-oxygen and copper-
nitrogen distances are in the range expected for five-
coordinated Cu(ll) complexes.93 The steric bulk of the N-
substituent is notable in a Cu-N;y;, distance > 2.0 A in 6a and
6b, while it remains <2.0 A in 4a and 5a.
All heteroleptic complexes were active for the polymerization
of lactide at room temperature in CgDg solution (Table 2).
Under typical conditions (2 mM cat.,, 200 mM rac-lactide),
polymerizations with 4a and 5a reached completion in less
then 5 h (Table 2). Polymerizations followed a pseudo-first

shown at the 50% probability level. Hydrogen atoms were omitted for clarity. Only one order rate law with comparable apparent rate constants for
of two independent molecules shown for 5a. both catalysts. Only a negligible induction period was observed

Scheme 6

Figure 3. X-ray structures of 5a, 6a, 6b, and 16a and 16b. Thermal displacements are

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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before the start of the polymerization (Fig. 2). Both complexes
provided atactic PLA, which is in agreement with results from
iminopyrrolide copper complexes, which require the presence
of a pyridylmethoxide bridging ligand for isotacticity. Addition
of one equivalent of pyridylmethoxide to polymerizations with
5a, in an attempt to generate 5b in situ, was well tolerated,
but did not influence stereocontrol. Complexes 6a and 6b
reacted only sluggishly and even after 3 days, conversions did
not surpass 36% and 26%, respectively (Table 2).
Salicylaldehyde complexes 16a and 16b were essentially
unreactive at room temperature. Contrary to 4a and 5a,
polymerizations with 6a and 6b were moderately heterotactic.
The latter might be a consequence of the increased steric bulk
of the N-substituent or — more likely considering also their low
activity — indicative of complex decomposition. The good
polymer molecular weight control observed for 4a is
unfortunately not retained for its derivatives. Complexes 5a,
6a, and 6b show only mediocre polymer molecular weight
control, with polydispersities ranging from 1.3 to 1.5 (Table 2).
Based on the polymerization behaviour in the analogous
iminopyrrolide  complexes, we expected only one
pyridylmethoxide substituent per catalyst dimer to initiate
polymerization, while both aminoethoxide groups should
initiate. The low polymer molecular weight control prevents
any conclusion whether the same initiator behaviour is
followed in iminophenoxide complexes.

4,6-di(tert-butyl)salicylaldehyde-based ligands.

To improve polymer molecular weight control, we investigated
iminophenols carrying tert-butyl substituents in ortho- and
para-position. As for the salicylaldehyde-based ligands,

dimethylaminoethoxide complexes 9a and 10a could be
N-cyclohexyl

obtained with and N-diphenylmethyl

/

Figure 4. X-ray structures of 8b, 9a, 10a, and 11b and 12b. Thermal
displacements are shown at the 50% probability level. Hydrogen atoms and
solvent (8b) were omitted for clarity. Only one of two independent molecules
shown for 8b.

O

10a

This journal is © The Royal Society of Chemistry 20xx
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substituents. Only trace amounts were obtained for 10a,
however, which was thus not employed in polymerization. The
respective pyridylmethoxide complexes were inaccessible.
Surprisingly, the inverse was true for the sterically less
demanding N-benzyl containing ligand, as well as the sterically
more bulky N-xylyl ligand, where we could obtain the
pyridylmethoxide containing complexes 8b and 11b, but not
the respective aminoethoxide complexes. In contrast to
salicylaldehyde-based ligands, homoleptic complexes were not
reaction products, although the

preparations and structures of 8c,94 9c,94 and 11> *® have

obtained as alternative

been reported in the literature. Previous preparations of
heteroleptic  LCu(OR) complexes indicated p-hydride
elimination from the alkoxide, followed by decomposition of
the Cu(ll) hydride as a secondary reaction pathway, in
particular for sterically demanding Iigands.so' 8 |n some cases
Cu(l) reaction products have been isolated,89 in others not.?° A
similar decomposition pathway via p-hydride elimination
might be in place here.

All isolated complexes crystallized again as dimers with
bridging alkoxide ligands (Fig. 4, Table 3) and a square-
pyramidal geometry around copper; the exception being 9a,
for which a t-value of 0.7 and the Cu-ligand distances indicate
a trigonal-bipyramidal geometry. As in 4a-6a, the amine
occupies the apical position in 10a. As in 6b, the alkoxide is
found in that position in 8b. In 11b, pyridine occupies the
apical position. Contrary to most of the structural deviations
observed in the complexes studied here, a clear steric
motivation exists in this case: placing the bridging alkoxide in
the apical position, as in 6b and 8b, would lead for 11b to
strong steric interactions between the xylyl substituent and
the bridging pyridylmethanol.

Polymerizations with 8b and 11b showed a notable induction

period, while polymerizations with 9a did not (Fig. 5). In this,

—In conversion

- o .‘;i- ws/ 4
o T W
120 180 240 300
time [min]

Figure 5 Conversion-time profiles for rac-lactide polymerization with 8b
(squares), 9a (circles) and, 11b (triangles). Conditions: C¢Ds, RT, 0.2 M lactide, 2
mM cat.. The inset shows the semi-logarithmic plot. Solid lines represent in both
graphics theoretical conversions with the values obtained in linear regression
analysis: 8b: kapp = 0.57(2) h™, to = 102 min, 9a: kapp = 0. 0.78(1) h™, to = =19 min,
11b: kapp = 1.1(1) h™%, to = 23 min.

J. Name., 2013, 00, 1-3 | 7
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Scheme 7

iminophenoxide complexes resemble their iminopyrrolide
analogues, where an induction period was associated with the
pyridylmethoxide bridging ligand. All polymerizations went to
completion in less than 5 h, although some catalyst
decomposition was observed for 9a. Polymer molecular weight
control was significantly improved and PLA polydispersities
were below 1.3 for all catalysts (Table 2). More important, the
obtained molecular weights indicate that only one
pyridylmethoxide ligand initiates chain growth in 8b and 11b,
while both alkoxides initiate chain growth in 9a.
Iminophenoxide complexes thus follow the same mechanism
observed for iminopyrrolide complexes and the active species
in polymerizations with 8b and 11b is most likely a
pyridylmethoxide-bridged dinuclear compound (Scheme 7).
However, unlike iminopyrrolide complexes, neither 8b, nor
11b or 9a with pyridylmethoxide added, showed any
preference for isotactic polymerization and the obtained PLA
was atactic (Table 2).

1,3-dichlorosalicylaldehyde-based ligands.

Increased o-donation from the spectator ligand weakens the
coordination of the bridging group. Since stereoselectivity
correlated with the “rigidity” of the bridging ligand, increased
o-donation might thus be detrimental for stereocontrol. We
investigated iminophenoxide ligands with ortho- and para-
chloro substituents, to reduce c-donation from the phenoxide
ligand. Unfortunately, all attempts to prepare aminoethoxide
or pyridylmethoxide complexes with ligands L12H-L15H
yielded the homoleptic complexes 12c-15c¢ (Fig. S2), with the
exception of the N-benzyl complex 12b. The solid state
structure of complex 12b is very similar to that of 8b. It is
tempting to assign a shorter Cu-Ophenoxide @aNd Cu-Npyrigine tO a
higher Lewis-acidity of the copper center, but comparison with
all structural data from 6b, 8b, 11b, and 12b does not show a
clear correlation between phenoxide ligand o-donor ability
and bond lengths. Unfortunately, complex 12b is essentially
inactive in polymerization; either due to decomposition or
because monomer was unable to replace the bridging
alkoxide. We were thus unable to determine the influence of
c-donation on isotacticity.

8| J. Name., 2012, 00, 1-3

View Article Online
DOI: 10.1039/C8DT02140F

Conclusion

Heteroleptic copper complexes based on 4,6-di(tert-
butyl)substituted iminophenoxide ligands are successful
catalysts for the coordination-insertion polymerization of rac-
lactide at room temperature. They produce PLA with good
activities and high polymer molecular weight control. Their
solid-state structures strongly resemble those of the analogous
iminopyrrolide complexes and, based on polymer molecular
weight data, they form the same dinuclear active species
which retains an unreacted pyridylmethoxide ligand.
Nevertheless, no stereocontrol was observed, which might be
attributed to an increased o-donation from the spectator
ligand. Stereocontrol in dinuclear copper complexes of this
type thus seems to require hitting the exact spot of sufficient
rigidity/Lewis-acidity in the dinuclear complex to ensure
stereocontrol, without encountering loss of activity.

Experimental

General considerations. All reactions were carried out using
Schlenk or glove box techniques under nitrogen atmosphere.
Cu(OMe)2,97 4,6—di—tert—butylsalicyladehyde,98 1,3-
dichlorosalicyladehyde,”® L2H,%° L3H,® L8H,** L9H,™** L10H,*
and L11H'® were prepared according to literature. Solvents
were dried by passage through activated aluminum oxide
(MBraun SPS), de-oxygenated by repeated extraction with
nitrogen, and stored over molecular sieves. CsDg was dried
over molecular sieves. rac-Lactide (98%) was purchased from
Sigma—Aldrich, purified by 3x recrystallization from dry ethyl
acetate and kept at =30 'C. All other chemicals were purchased
from common commercial suppliers and used without further
purification. 'H and *C NMR spectra were acquired on Bruker
Avance 300 and 400 spectrometers. Chemical shifts were
referenced to the residual signals of the deuterated solvents
(CDClj3: 'H: 5 7.26 ppm, Be: s 77.16). Elemental analyses were
performed by the Laboratoire d’analyse élémentaire
(Université de Montréal). Molecular weight analyses were
performed on a Waters 1525 gel permeation chromatograph
equipped with three Phenomenex columns and a refractive
index detector at 35 'C. THF was used as the eluent at a flow
rate of 1.0 mL-min™ and polystyrene standards (Sigma—Aldrich,
1.5 mg-mL"l, prepared and filtered (0.2 mm) directly prior to
injection) were used for calibration. Obtained molecular
weights were corrected by a Mark-Houwink factor of 0.58.'%
All UV-Vis measurements were done in degassed and
anhydrous toluene at RT in a sealed quartz cell on a Cary 500i
UV-Vis-NIR  Spectrophotometer. 'H  NMR spectra of
paramagnetic Cu(ll) compounds either provided peaks
broadened to an extend that they were indistinguishable from
the baseline or they showed one strongly broadened peak, the
displacement of which was essentially invariant from the
composition of the complex. NMR data is thus not provided for
Cu(ll) complexes.

2-((Benzylimino)methyl)phenol, L4H. A procedure from
literature was modified as follows. Salicylaldehyde (1.0 g, 8.2
mmol) was dissolved in dry toluene (25 mL). MgS0, (5.0 g), a

This journal is © The Royal Society of Chemistry 20xx
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catalytic amount of Amberlyst 15 and benzylamine (0.88 g, 8.2
mmol) were added. The reaction was refluxed for 4 h. The
yellow suspension was filtered and the solvent removed under
vacuum. The residue was treated with hexane (20 mL),
resulting in a light yellow oil. The oil was separated by
decantation and dried under vacuum to give (1.69 g, 98%).

'H NMR (CDCl3, 400 MHz): & 8.45 (s, 1H, (N=C)H), 7.40 — 7.23
(m, 7H, Ar), 6.97 (d, J = 8 Hz, 1H, Ar), 6.89 (td, J = 8, 1 Hz, 1H,
Ar), 4.82 (s, 2H, CH,).

2-((Cyclohexylimino)methyl)phenol, L5H. Analogous to L4H,
from salicylaldehyde (1.0 g, 8.2 mmol), dry toluene (25 mL), 5g
MgSQ,, a catalytic amount of Amberlyst 15, cyclohexylamine
(0.81 g, 8.2 mmol) and refluxed for 4 hours to yield a light
yellow oil (1.64g, 98%).

'H NMR (CDCls, 400 MHz): 6 8.36 (s, 1H, (N=C)H), 7.29 (td, J =
8, 1 Hz, 1H, Ar), 7.23 (dd, J = 8, 1 Hz, 1H, Ar), 6.95 (d, J = 8 Hz,
1H, Ar), 6.86 (td, J = 8, 1 Hz, 1H, Ar), 3.24 (t, J = 10 Hz, 1H,
NCH), 1.90 — 1.72 (m, 4H, CH,), 1.72 — 1.48 (m, 3H, CH,), 1.48 —
1.21 (m, 3H, CH,).

2-((Diphenylmethylimino)methyl)phenol, L6H. Analogous to
L4H, from salicylaldehyde (1.0 g, 8.2 mmol), dry toluene (25
mL), 5g MgS0O,, a catalytic amount of Amberlyst 15,
diphenylmethylamine (1.5 g, 8.2 mmol) and refluxed for 4
hours to yield a light yellow oil (2.21 g, 94%).

'H NMR (CDCls, 400 MHz): & 8.48 (s, 1H, (N=C)H), 7.38 — 7.22
(m, 13H, Ar), 6.99 (d, J = 8 Hz, 1H, Ar), 6.89 (td, J = 8, 1 Hz, 1H,
Ar), 5.63 (s, 1H, CH).
2-((2,6-Dimethylphenylimino)methyl)phenol, L7H. Analogous
to L4H, from salicylaldehyde (1.0 g, 8.2 mmol), dry toluene (25
mL), 5g MgS0O,, a catalytic amount of Amberlyst 15, 2,6-
xylylamine (1.0 g, 8.2 mmol) and refluxed for 4 hours to yield a
light yellow oil (1.82 g, 98%).

'H NMR (CDCls, 400 MHz): & 13.10 (s, 1H, OH), 8.35 (s, 1H,
(N=C)H), 7.46 — 7.38 (m, 1H, Ar), 7.36 (dd, J = 8, 1 Hz, 1H, Ar),
7.16 —7.01 (m, 4H, Ar), 6.97 (td, J = 8, 1 Hz, 1H, Ar), 2.21 (d, J =
8 Hz, 6H, CH3).

1,3-Dichloro-6-((benzylimino)methyl)phenol, L12H. Analogous
to L4H, from 3,5-dichlorosalicylaldehyde (1.0 g, 8.2 mmol), dry
toluene (25 mL), 58 MgSQ,, a catalytic amount of Amberlyst
15, benzylamine (0.88 g, 8.2 mmol) (1.5 g, 8.2 mmol) and
refluxed for 4 hours to yield a light yellow oil which was
purified by silica gel chromatography (10% EtOAc in hexane)
(1.68 g, 73%).

'H NMR (CDCls, 300 MHz): & 8.33 (s, 1H, (N=C)H), 7.43 — 7.27
(m, 6H, Ar), 7.17 (d, J = 3 Hz, 1H, Ar), 4.84 (s, 2H, CH,); *C{*H}
NMR (CDCl;, 75 MHz): & 163.9 ((N=)C), 157.1 (C.OH), 137.0
(ipso-Ph), 132.5 (Ar), 129.2 (Ar), 129.0 (o-Ph), 128.1 (m-Ph),
128.0 (Ar), 123.1 (Ar), 122.7 (Ar), 119.6 (Ar), 62.4 (CH,). ESI-
HRMS (m/z): [M+H]® (C14H1,Cl,NO) caled 280.0290; found
280.0290.

1,3-dichloro-6-((cyclohexylimino)methyl)phenol, L13H.
Analogous to L4H, from 3,5-Dichlorosalicylaldehyde (1.0 g, 8.2
mmol), dry toluene (25 mL), 5g MgSQ,, a catalytic amount of
Amberlyst 15, cyclohexylamine (0.88 g, 8.2 mmol) (1.5 g, 8.2
mmol) and refluxed for 4 hours to yield a light yellow oil which
was purified by silica gel chromatography (5% EtOAc in
hexane) (1.71 g, 77%).

This journal is © The Royal Society of Chemistry 20xx
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'H NMR (CDCl; 300 MHz): 6 8.21 (s, 1H, (N=C)H), 7.40 (d, J = 3
Hz, 1H, 0-Ph), 7.11 (d, J = 3 Hz, 1H, m-Ph), 3.37 (tt, J = 10, 3 Hz,
1H, NCH) 1.95 — 1.85 (m, 4H, CH,), 1.73 — 1.21 (m, 6H); *c{*H}
NMR (CDCl;, 75 MHz): 6 161.1 ((N=)C), 159.7 (C-OH), 132.6
(Ar), 129.0 (Ar), 124.0 (Ar), 121.3 (Ar), 118.7 (Ar), 65.6 (NCH),
34.0 (CH,), 25.4 (CH,), 24.2 (CH,). ESI-HRMS (m/z): [M+H]"
(C13H416CI,NO) calcd 272.0603; found 272.0614.
1,3-dichloro-6-((diphenylmethylimino)methyl)phenol, L14H.
Analogous to L4H, from 3,5-Dichlorosalicylaldehyde (1.0 g, 8.2
mmol), dry toluene (25 mL), 5g MgSQ,, a catalytic amount of
Amberlyst 15, diphenylmethylamine (0.88 g, 8.2 mmol) (1.5 g,
8.2 mmol) and refluxed for 4 hours to yield a light yellow oil
which was purified by silica gel chromatography (5% EtOAc in
hexane) (1.76g, 60%).

'H NMR (CDCls, 300 MHz): & 8.38 (s, 1H, (N=C)H), 7.42 (d, J = 3
Hz, 1H, 0-Ph), 7.39 — 7.26 (m, 10H, Ar), 7.17 (d, J = 3 Hz, 1H, p-
Ph), 5.69 (s, 1H, CH); *c{*H} NMR (CDCls, 75 MHz): & 163.5
((N=)C), 156.5 (C-OH), 141.7 (Ar), 132.6 (ipso-Ph), 129.5 (Ar),
129.0 (0-Ph), 127.9 (Ar), 127.6 (m-Ph), 123.1 (Ar), 122.9 (Ar),
119.9 (Ar), 76.4 (CH). ESI-HRMS (m/z): [M+H]" (CyoH;16Cl,NO)
calcd 356.0603; found 356.0617.
1,3-dichloro-6-((2,6-dimethylphenylimino)methyl)phenol,
L15H. Analogous to L4H, from 3,5-dichlorosalicylaldehyde (1.0
g, 8.2 mmol), dry toluene (25 mL), 58 MgSO,, a catalytic
amount of Amberlyst 15, 2,6-xylylamine (0.88 g, 8.2 mmol)
(1.5 g, 8.2 mmol) and refluxed for 4 hours to yield a light
yellow oil which was purified by silica gel chromatography (5%
EtOAc in hexane) (1.93 g, 80%).

'H NMR (CDCl3, 300 MHz): & 8.28 (s, 1H, (N=C)H), 7.50 (d, J = 3
Hz, 1H, o-Ph), 7.25 (d, J = 3 Hz, 1H, p-Ph), 7.15 — 7.01 (m, 3H,
Ar), 2.20 (s, 6H, CHs); *c{*H} NMR (CDCl5, 75 MHz): 6 165.3
((N=)C), 156.21 (C-OH), 147.1 (Ar), 133.0 (Ar), 129.9 (Ar), 128.7
(Ar), 128.5 (Ar), 125.9 (Ar), 123.5 (Ar), 123.1 (Ar), 119.9 (Ar),
18.6 (CHs3). ESI-HRMS (m/z): [M+H]" (CysH14,CLNO) caled
294.0452; found 294.0460.

[(L2),Cu,(u-O,kN-OC,HsNMe,),], 2a. Cu(OMe), (67 mg, 0.53
mmol) was suspended in toluene (3 mL).
Dimethylaminoethanol (110 pl, 1.1 mmol) was added to the
blue suspension and stirred for 45 min. A freshly prepared
colourless solution of L2H (100 mg, 0.53 mmol) in toluene (2
mL) was added dropwise, resulting in a dark-green solution.
The reaction was stirred 24 hours at RT, filtered to remove
trace impurities and concentrated to 1/3 of the volume, Green
crystals separated on standing, were separated by decantation
and washed with ether (3x10 mL) (40 g, 22%).

UV-vis (toluene, 3.5-10'6M) Amaxy, NM (g, mol™ cmz)]: 305
(35000), 385 (5800), 657 (2200). Anal. Calcd for C3;HsgCu;N4O4:
C,56.53; H, 7.12; N, 8.24; Found: C, 56.17; H, 7.48; N, 8.27.
[(L3)Cu(pn-O,kn-OCH,Py)], 3b. Analogous to 2a, from Cu(OMe),
(59 mg, 0.47 mmol) in toluene (3 mL), 2-pyridinemethanol (91
uL, 0.94 mmol), L3H (100 mg, 0.47 mmol) in toluene (2 mL).
Filtration and concentration (1/3 of the volume) of the green
solution, decantation and washing with ether (3 x 10 mL)
afforded 27 mg (15%) of green X-ray quality crystals.

UV-vis (toluene, 1.6-10'5M) [Amax, NM (g, mol™* cmz)]: 294 (sh),
384 (580), 408 (400), 487 (270), 668 (180). Anal. Calcd for
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Cy0H20CuN,0,: C, 63.47; H, 5.33; N, 8.54; Found: C, 63.53; H,
5.59; N, 8.50.

(L4),Cu,(pn-0,kN-OC,H4NMe,),, 4a. Analogous to 2a, from
Cu(OMe), (59 mg, 0.47 mmol) in toluene (3 mL),
dimethylaminoethanol (95 pL, 0.94 mmol), L4H (100 mg, 0.47
mmol) in toluene (2 mL). Filtration and concentration (1/3 of
the volume) of the green solution, decantation and washing
with ether (3 x 10 mL) afforded 30 mg (18%) of green X-ray
quality crystals.

UV-vis (toluene, 1.7-10'5M) [Amax, NM (g, mol™® cmz)]: 303 (sh),
373 (9200), 472 (950), 664 (300). Anal. Calcd for
C36H44Cu,N,0,: C, 59.73; H, 6.13; N, 7.74; Found: C, 59.62; H,
6.52; N, 7.82.

(L4),Cu, 4c. Analogous to 2a, without the addition of alcohol:
Cu(OMe), (30 mg, 0.24 mmol) ) was suspended in toluene (3
mL). A freshly prepared solution of L4H (100 mg, 0.47 mmol) in
toluene (2 mL) was added dropwise. The reaction was stirred
for 24 h, filtered to remove trace impurities and concentrated
to 1/3 of its volume. Brown crystals separated on standing and
were isolated by decantation and washing with hexane (3 x 10
mL) to afford 61 mg (53%) of brown X-ray quality crystals. For
the X-ray structure, see Fig. S2. Synthesis92 and a polymorph91
of this complex have been reported previously.

UV-vis (toluene, 2.1-10'5M) [Amax, NM (g, mol™® cmz)]: 307 (sh),
373 (5000), 471 (sh), 644 (300). Anal. Calcd for C,gH,,CuN,0,:
C, 69.48; H, 5.00; N, 5.79; Found: C, 69.52; H, 5.30; N, 5.49.
(L5),Cu,(pn-0,kn-OC,H4NMe,),, 5a. Analogous to 2a, from
Cu(OMe), (62 mg, 0.49 mmol) in toluene (3 mL),
dimethylaminoethanol (98 uL, 0.98 mmol), L5H (100 mg, 0.49
mmol) in toluene (2 mL). Filtration and concentration (1/3 of
the volume) of the green solution, decantation and washing
with ether (3 x 10 mL) afforded 35 mg (20%) of green X-ray
quality crystals. For the X-ray structure, see Fig. S2.

UV-vis (toluene, 8.7-10'5M) [Amax, NM (g, mol™ cmz)]: 317 (sh),
370 (1700), 463 (200), 663 (50). Anal. Calcd for C34H5,CusN404:
C,57.69; H, 7.40; N, 7.91; Found: C, 57.30; H, 8.02 N, 7.81.
(L5),Cu, 5c. Analogous to 4c, from Cu(OMe), (31 mg, 0.25
mmol), toluene (3 mL), L5H (100 mg, 0.49 mmol) in toluene (2
mL), 59 mg (50%) of green X-ray quality crystals. For the X-ray
structure, see Fig. S2. Synthesis105 and structure’® of this
complex have been reported previously.

UV-vis (toluene, 2.1-10'5M) [Amax, NM (g, mol™* cmz)]: 314
(8300), 373 (8700), 467 (sh), 652 (300). Anal. Calcd for
C,y6H3,CuN,0,: C, 66.71; H, 6.89; N, 5.98; Found: C, 67.00; H,
7.23; N, 5.98.

(L6)Cu,(pn-0,ky-OC,H NMe,),, 6a. Analogous to 2a, from
Cu(OMe), (44 mg, 0.35 mmol) in toluene (3 mL),
dimethylaminoethanol (70 uL, 0.70 mmol), L6H (100 mg, 0.35
mmol) in toluene (2 mL). Filtration and concentration (1/3 of
the volume) of the green solution, decantation and washing
with ether (3 x 10 mL) afforded 28 mg (18%) of green X-ray
quality crystals.

UV-vis (toluene, 3.5-10'5M) [Amax, NM (g, mol™* cmz)]: 315
(2300), 349 (sh), 374 (1800), 475 (100). Anal. Calcd for
CsgHs5,Cu;N,0,4.1H,0: C, 64.48; H, 6.09; N, 6.27; Found: C,
64.11; H, 6.16; N, 6.25.

10 | J. Name., 2012, 00, 1-3

Page 10 of 16

View Article Online
DOI: 10.1039/C8DT02140F

(L6),Cu,(p-0,kN-OCH,PY),, 6b. Analogous to 2a, from
Cu(OMe), (44 mg, 0.35 mmol) in toluene (3 mL), 2-
pyridinemethanol (67 uL, 0.70 mmol), L6H (100 mg, 0.35
mmol) in toluene (2 mL). Filtration and concentration (1/3 of
the volume) of the green solution, decantation and washing
with ether (3 x 10 mL) afforded 24 mg (15%) of green X-ray
quality crystals.

UV-vis (toluene, 1-10'5M) [Amax, NM (€, mol™® cmz)]: 318 (6000),
352 (sh), 373 (5000), 474 (300). Anal. Calcd for
Cs,H44Cu,N,04:1/2C4H,40: C, 68.05; H, 5.18; N, 5.88; Found: C,
67.58; H, 4.89; N, 6.29.

(L6),Cu, 6¢. Analogous to 4c, from Cu(OMe), (21 mg, 0.17
mmol) in toluene (3 mL), L6H (100 mg, 0.35 mmol) in toluene
(2 mL), 53 mg (49%) of brown X-ray quality crystals.

UV-vis (toluene, 3.3-10'5M) [Amax, NM (g, mol™ cmz)]: 327 (sh),
388 (2700), 671 (200). Anal. Calcd for C4oH3,CuN,0,-1/2C;Hg: C,
76.57; H, 5.32; N, 4.11; Found: C, 76.67; H, 5.78; N, 4.32. For
the X-ray structure, see Fig. S2. Synthesis107 and a
polymorph108 of this complex have been reported previously.
(L7),Cu, 7c. Analogous to 4c, from Cu(OMe), (28 mg, 0.22
mmol) in toluene (3 mL), L7H (100 mg, 0.44 mmol) in toluene
(2 mL). Filtration and concentration (1/3 of the volume) of the
brown solution, decantation and washing with hexane (3 x 10
mL) afforded 56 mg (50%) of brown X-ray quality crystals.
UV-vis (toluene, 2.2-10'5M) [Amax, NM (g, mol™ cmz)]: 333 (sh),
411 (3200), 512 (sh), 683 (240). Anal. Calcd for C3pH,5CuN,0,:
C, 70.36; H, 5.51; N, 5.47; Found: C, 70.35; H, 5.69; N, 5.54. For
the X-ray structure, see Fig. S2. Synthesis105 of this complex
have been reported previously.

(L8),Cu,(pn-0,kn-OCH,PyY),, 8b. Analogous to 2a, from
Cu(OMe), (39 mg, 0.31 mmol) in toluene (3 mL), 2-
pyridinemethanol (60 pL, 0.62 mmol), L8H (100 mg, 0.31
mmol) in toluene (2 mL). Filtration and concentration (1/3 of
the volume) of the green solution, decantation and washing
with ether (3 x 10 mL) afforded 26 mg (17%) of green X-ray
quality crystals.

UV-vis (toluene, 1.14-10'5M) Amaxy "M (g, mol™* cmz)]: 332
(6200), 400 (sh), 503 (300), 666 (200). Anal. Calcd for
CseHgsCu,N,0,: C, 68.06; H, 6.94; N, 5.67; Found: C, 68.54; H,
7.36; N, 5.41.

(L9),Cu,(ky-OC,H;NMe,),, 9a. Analogous to 2a, from Cu(OMe),
(40 mg, 0.32 mmol) in toluene (3 mL), dimethylaminoethanol
(64 pL, 0.64 mmol), L9H (100 mg, 0.32 mmol) in toluene (2
mL). Filtration and concentration (1/3 of the volume) of the
green solution, decantation and washing with ether (3 x 10
mL) afforded 27 mg (18%) of green X-ray quality crystals.
UV-vis (toluene, 1.4-10'5M) Amax, NM (g, mol™ cmz)]: 324
(8800), 390 (6800), 479 (500). Anal. Calcd for CsoHgsCu,N4O4: C,
64.41; H, 9.08; N, 6.01; Found: C, 64.63; H, 9.87; N, 5.90.
(L10),Cu,(p-0,ky-0OC,H;NMe,),, 10a. Analogous to 2a, from
Cu(OMe), (40 mg, 0.25 mmol) in toluene (3 mL),
dimethylaminoethanol (63 pL, 0.50 mmol), L10H (100 mg,
0.25 mmol) in toluene (2 mL). Filtration and concentration (1/3
of the volume) of the green solution afforded just a few green
X-ray quality crystals.

(L11),Cu,(p-0,ky-OCH,PyY),, 11b. Analogous to 2a, from
Cu(OMe), (38 mg, 0.30 mmol) in toluene (3 mL), 2-
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pyridinemethanol (57 pL, 0.60 mmol), L11H (100 mg, 0.30
mmol) in toluene (2 mL). Filtration and concentration (1/3 of
the volume) of the green solution, decantation and washing
with ether (3 x 10 mL) afforded 29 mg (19%) of green X-ray
quality crystals.

UV-vis (toluene, 3.3-10'5M) [Amax, NM (g, mol™ cmz)]: 334 (sh);
402 (15000), 505 (1200), 662 (300). Anal. Calcd for
CsgH7,Cu,N,0,: C, 68.54; H, 7.14; N, 5.51; Found: C, 68.41; H,
7.86; N, 5.24.

(L12),Cu,(p-0O,kN-OCH,PyY),, 12b. Analogous to 2a, from
Cu(OMe), (45 mg, 0.36 mmol) in toluene (3 mL), 2-
pyridinemethanol (70 pL, 0.72 mmol), L12H (100 mg, 0.36
mmol) in toluene (2 mL). Filtration and concentration (1/3 of
the volume) of the green solution, decantation and washing
with ether (3 x 10 mL) afforded 18 mg (11%) of green X-ray
quality crystals.

UV-vis (toluene, 1.1-10’5M) [Amaxy NM (g, mol™ cmz)]: 386
(9000), 484 (sh). Anal. Calcd for C4oH3,Cl,Cu,;N40,4: C, 53.29; H,
3.58; N, 6.21; Found: C, 53.57; H, 3.74; N, 6.26.

(L12),Cu, 12c. Analogous to 2a, from Cu(OMe), (23 mg, 018
mmol) in toluene (3 mL), L12H (100 mg, 0.36 mmol) in toluene
(2 mL). Filtration and concentration (1/3 of the volume) of the
brown solution, decantation and washing with hexane (3 x 10
mL) afforded 60 mg (54%) of brown X-ray quality crystals. For
the X-ray structure, see Fig. S2. Elemental analysis differs
notably from theoretical values, indicating notable amounts of
impurities. No further attempt of purification was attempted.
UV-vis (toluene, 1.1-10'5M) [Amax NM (g, mol™ cmz)]: 309 (sh),
384 (6800), 470 (sh), 658 (270). Anal. Calcd for

This journal is © The Royal Society of Chemistry 20xx
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C,gH,0Cl,CuN,0,: C, 54.08; H, 3.24; N, 4.51; Found: C, 50.50; H,
4.94; N, 6.26.

(L13),Cu, 13c. Analogous to 2a, from Cu(OMe), (24 mg, 0.19
mmol) in toluene (3 mL), L13H (100 mg, 0.37 mmol) in toluene
(2 mL). Filtration and concentration (1/3 of the volume) of the
brown solution, decantation and washing with hexane (3 x 10
mL) afforded 68 mg (59%) of brown X-ray quality crystals. For
the X-ray structure, see Fig. S2. Synthesis of this complex have
been reported previously.wg

UV-vis (toluene, 1.4-10’5M) [Amax, NM (g, mol™® cmz)]: 301 (sh),
379 (7000), 486 (sh), 671 (300). Anal. Calcd for
C,6H,5Cl,CuN,0,: C, 51.54; H, 4.66; N, 4.62; Found: C, 51.81; H,
4.84; N, 4.65.

(L12),Cu, 14c. Analogous to 5, from Cu(OMe), (18 mg, 0.14
mmol) in toluene (3 mL), L14H (100 mg, 0.28 mmol) in toluene
(2 mL). Filtration and concentration (1/3 of the volume) of the
brown solution, decantation and washing with hexane (3 x 10
mL) afforded 62 mg (57%) of brown X-ray quality crystals. For
the X-ray structure, see Fig. S2.

UV-vis (toluene, 1.1-10’5M) [Amax, NM (g, mol™* cmz)]: 309 (sh),
381 (6500), 485 (sh), 679 (370). Anal. Calecd for
CaoH,5Cl,CuN,0,: C, 62.07; H, 3.65; N, 3.62; Found: C, 61.75; H,
3.88; N, 3.68.

(L15),Cu, 15c. Analogous to 2a, from Cu(OMe), (21 mg, 0.17
mmol) in toluene (3 mL), L15H (100 mg, 0.34 mmol) in toluene
(2 mL). Filtration and concentration (1/3 of the volume) of the
the green solution afforded just a few green X-ray quality
crystals. For the X-ray structure, see Fig. S2.

J. Name., 2013, 00, 1-3 | 11
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(C;Hg0,),Cu,(u-0,ky-OC,HsNMe,),, 16a. Analogous to 2a, from
Cu(OMe), (103 mg, 0.82 mmol) in toluene (3 mL),
dimethylaminoethanol (165 pl, 1.64 mmol), salicylaldehyde
(100 mg, 0.82 mmol) in toluene (2 mL). Filtration and
concentration (1/3 of the volume) of the green solution,
decantation and washing with ether (3 x 10 mL) afforded 32
mg (14%) of green X-ray quality crystals.

UV-vis (toluene, 1.9-10° M) [Anaw DM (g, mol™ cmz)]: 292
(5000), 319 (4500), 374 (3500), 474 (sh), 675 (350). Anal. Calcd
for Cy,H30Cu,N,06: C, 48.43; H, 5.54; N, 5.13; Found: C, 48.15;
H, 5.66; N, 5.13.

(C;Hg0,),Cu,(u-0,kN-OCH,PyY),, 16b. Analogous to 2a, from
Cu(OMe), (103 mg, 0.82 mmol) in toluene (3 mL), 2-
pyridinemethanol (157 pL, 1.64 mmol), salicylaldehyde (100
mg, 0.82 mmol) in toluene (2 mL). Filtration and concentration
(1/3 of the volume) of the green solution, decantation and
washing with ether (3 x 10 mL) afforded 43 mg (18%) of green
X-ray quality crystals.

UV-vis (toluene, 1.1-104M) [Amax NM (g, mol™ cmz)]: 293
(3000), 330 (2000), 372 (1500), 473 (400), 693 (120). Anal.
Caled for Cy6H,,Cu;N,06: C, 53.33; H, 3.79; N, 4.78; Found: C,

DOI: 10.1039/C8DT02140F

Journal Name

53.73; H, 4.17; N, 5.13.

rac-Lactide polymerization. For polymerizations at room
temperature in solution, a solution of rac-lactide (28 mg, 0.20
mmol) in CgDg was prepared in a J-Young tube inside the
glovebox. If required, external alcohol was added as a stock
solution in CgDg. The desired catalyst (2 pumol, appr. 100 pL of
an appr. 20 mM stock solution in CsDg) was added and the
solution completed to 1 mL total volume. Bulk polymerizations
were conducted in a pressure tube which was prepared inside
the glovebox with the addition of stock solution of the desired
catalyst in CgDg, solid rac-lactide and benzyl alcohol (stock
solution of 20 mM in C¢Dg). The pressure tube was sealed and
immersed for 24 h in an oil bath pre-heated to 130 °C. In both
cases, polymerization reactions were quenched with 5 equiv of
acetic acid (relative to catalyst) in CDCl; (5 mM). After
determination of conversion and isotacticity, the solvent was
evaporated and the polymer stored at —80 °C until GPC
analysis.

X-ray diffraction studies. Single crystals were obtained
described above. Diffraction data was collected either on a
Bruker Venture METALJET diffractometer (Ga Ka radiation) or

Table 4. Details of X-ray Diffraction Studies

o 2a 4a 5a 6a 9a 10a 16a
Formula C32HasCuN40, C36H44Cu3N4,04 C34H5,Cu;N404 CusH5,CuN404 CsoHsgaCusN404 CeaHgaCusN4O4 Cy,H30Cu,N, 06
M., (g/mol); deaica. (g/cm3) 679.8; 1.42 723.8;1.45 707.9; 1.37 876.0; 1.41 932.3;1.26 1100.4;1.21 545.6; 1.52

Published on 06 July 2018. Downloaded by University of Sussex on 7/12/2018 8:34:27 AM.

T (K); F(000) 100; 716 100; 756 125; 634 100; 916 100; 2008 150; 586 100; 1128

Crystal System Monoclinic Monoclinic Triclinic Monoclinic Monoclinic Triclinic Monoclinic
Space Group P2,/c P2,/c P(-1) P2:/n C2/c P(-1) C2/c
Unit Cell: a(A) 10.2124(4) 9.4481(2) 10.494(2) 9.86980(10) 25.7609(11) 10.9595(5) 20.7678(3)
b (A) 13.4671(6) 15.9169(4) 11.150(2) 14.7540(2) 9.3613(4) 11.4816(5) 6.11830(10)
c(A) 11.5479(5) 11.5813(3) 15.860(3) 14.2160(2) 21.0180(9) 12.5663(5) 18.9079(3)
al(°) 90 90 90.01(3) 90 90 82.603(2) 90
L) 90.5560(10) 107.1780(10) 106.50(3) 92.1850(10) 104.466(2) 88.935(2) 97.71
7(9) 90 90 104.32(3) 90 90 74.196(2) 90
V(A% z 1588.12(12); 2 1663.96(7); 2 1719.2(7); 2 2068.61(5); 2 4907.9(4); 4 1508.59(11); 1  2380.76(6); 4
2 (mm™) 1.984 1.937 6.892 1.663 1.418 4.049 2.538
6(°); completeness 3.3-72.0;0.98 5.6-72.0;1 2.5-58.3; 0.96 5.4-72.1;1 5.3-72.0; 0.99 3.1-60.7; 1.0 8.6-71.9; 0.98
collected reflections; R, 30005; 0.010 40807; 0.019 74452; 0.062 27872;0.016 62412; 0.029 43024; 0.036 22853;0.010
unique reflections; Rint 3074, 0.022 3260; 0.045 7348;0.114 4058; 0.028 4796; 0.068 6935; 0.059 2304; 0.022
R1(F) (1> 20(1)) 0.027 0.032 0.107 0.033 0.061 0.063 0.023
WR(F?) (all data) 0.074 0.094 0.329 0.092 0.166 0.169 0.063
GoF(Fz) 1.083 1.091 1.055 1.063 1.055 1.052 1.061
Residual electron density 0.36; -0.31 0.43;-0.35 2.23;-1.94 0.69; - 0.38 2.54;-1.18 1.58; -0.50 0.34; -0.29
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Table 4 continued. Details of X-ray Diffraction Studies
o 3b 6b 8b 11b 12b 16b
Formula Cy6H,7CuN30O3 CsH44Cu,N4Oy Ce3H76Cu,N4O4 C;,HggCu,N4O4 CaoH3,Cl4CuN4 04 Cz6H,2Cu;N,06
M (g/mol); deaica. (g/cm’) 493.04; 1.432 915.99; 1.462 1080.35; 1.307 1200.54; 1.246 901.57; 1.555 585.53; 1.210
T (K); F(000) 100; 1028 100; 948 100; 1144 100; 1276 150; 1832 100; 596
Crystal System Monoclinic Monoclinic Triclinic Monoclinic Monoclinic Monoclinic
Space Group P2,/c P2:/n P(-1) P2, P2:/n P2:/n
Unit Cell: a(A) 11.2111(3) 9.9716(3) 11.8306(4) 11.2710(5) 8.0732(5) 14.8060(2)
b (A) 10.0858(3) 17.7646(5) 13.9522(5) 25.1487(10) 19.5258(11) 6.79250(10)
c(A) 20.3125(6) 11.7580(3) 17.0501(6) 11.9113(5) 24.4945(14) 17.3010(3)
a(?) 90 90 102.745(2) 90 90 90
£) 95.2760(10) 92.5350(10) 90.632(2) 108.617(2) 94.265(3) 112.5270(10)
7(°) 90 90 90.424(2) 90 90 90
v (R);z 2287.06(11); 4 2080.79(10); 2 2744.69(17); 2 3199.6(2); 2 3850.5(4); 4 1607.20(4); 2
,u(mm_l) 1.619 1.687 1.353 1.211 7.896 1.924
0(°); completeness 3.96-71.99; 0.97 4.98-72.10; 0.99 3.72-71.79; 0.97 4.29-72.00; 0.96 2.52-60.66; 0.99 3.23-72.00; 0.99
collected reflections; Ry 30049; 0.033 27977;0.015 98116; 0.041 43734; 0.019 98818; 0.034 21072; 0.016
unique reflections; Rint 4360; 0.057 4065; 0.026 10437; 0.120 12091; 0.022 8870; 0.093 3146; 0.026
R1(F) (1> 20(1)) 0.033 0.032 0.060 0.026 0.033 0.032
wR(F?) (all data) 0.092 0.087 0.166 0.071 0.164 0.090
GoF(F%) 1.039 1.039 1.063 1.036 1.162 1.098
Residual electron density 0.38;-0.46 0.39;-0.33 1.31;-0.66 0.34;-0.29 0.66; —0.61 0.90; - 0.30

a Bruker APEXIl (Cu microsource/Quazar MX) with the
application of the APEX software package, of SAINT for data
reduction and of SADABS for absorption correction. Dual-space
refinement (SHELXT) was used to solve structures. All non-
hydrogen atoms were refined anisotropic by full matrix-least-
squares on F while hydrogen atoms were refined with fixed
isotropic U by the application of a riding model (SHELXL97).
Additional experimental data can be found in tables 4 and S1,
and in the supporting information (CIF).
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