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Exploring the Reactivity of Manganese(III) Complexes with 

Diphenolate-diamino Ligands in rac-Lactide Polymerization  

Pargol Daneshmand, Frank Schaper*
 

Manganese(III) complexes of tetradentate diphenolate-diamino (NNOO2–) ligands were prepared from aerobic reaction of 

MnCl2 with the respective ligands in basic methanolic solution. Methoxide complexes (NNOO)Mn(OMe)(MeOH)0-1 were 

obtained for three ligands, while others only provided the respective chloride complexes (NNOO)Mn(Cl)(MeOH). 

Complexes were analyzed by X-ray diffraction studies and octahedral complexes showed evidence of Jahn-Teller 

distortions. Magnetic moments determined in MeOD were indicative of high-spin Mn(III)-d4 complexes (µeff = 4.2 – 4.6 µB). 

Methoxide complexes were active in the coordination-insertion polymerization of rac-lactide (130 °C, 0.33 – 1.0 mol-% 

catalyst loading) to yield atactic polylactic acid with moderate molecular weight control. Polymerization activity was 

reduced, but not suppressed by the presence of protic impurities. Chloride complexes showed less activity and only in the 

presence of external alcohol, indicative of an activated-monomer mechanism. 

Introduction 

Interest in bio-degradable polymers and materials obtained 

from renewable resources1, 2 sparked a large number of 

investigations in the coordination-insertion polymerization of 

rac-lactide.3-16 Catalysts with desirable characteristics such as 

high activity, isoselectivity, perfect molecular weight control, 

absence of side reactions or chemical robustness have been 

reported, even though combining all of these in one catalytic 

system still remains challenging. Most of the investigated 

catalyst systems are based on metals with an empty d-shell 

(group 1-4 and rare earth metals)3, 7, 13-23 or a filled d-shell (Zn, 

group 13-14).4-6, 11, 14, 15, 24, 25  

Of catalysts based on mid-range transition metals, only iron 
26-42 and copper43-54 have been studied in somewhat more detail. 

Copper catalysts originally showed low to moderate 

activities,43-47 but choosing the right ligand system recently 

provided catalysts with very high activities,48-54 and even in one 

case isoselectivity.54 Catalyst based on Cr,55 Mn,38, 56, 57 Ni,44, 58-

60 or Co,57 remain curiously understudied. Of the three studies 

employing Mn catalysts for lactide polymerization, two relied 

on the use of manganese salts, such as MnCl2 or Mn(OAc)2, 

acting essentially as simple Lewis acids.56, 57 Idage et al. 

employed a Mn(III) salen chloride complex and achieved 

moderate activities and good polymer molecular weight 

control.38 A coordination-insertion mechanism was reported, 

although no nucleophile other than the ligand was present.  

Given the promising activities and the limited amount of 

studies with Mn-based catalysts, we decided to further explore 

the performance of air- and moisture-stable manganese 

complexes in lactide polymerization. In particular, we were 

interested in complexes of type A (Scheme 1), which are 

designed to follow a coordination-insertion mechanism. To 

provide stability at ambient atmosphere, Mn(III) complexes 

were targeted, which required a dianionic spectator ligand. 

Diamino-diphenolate ligands are readily synthesized, can be 

easily modified, provide good hydrolytic stability and have 

been introduced in lactide polymerization by Carpentier for 

group 3 metals,18 by Kol for group 4,61 by Gibson for group 

13,62 and by Cui and Mountford for lanthanides.63, 64 We thus 

explored ligands 1 and 2 as spectator ligands for Mn-catalysed 

lactide polymerizations. 
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Results and Discussion 

Synthesis. Ligands 1 and 2 were prepared with slight 

variations of literature protocols (see Experimental Section). 

Manganese(III) complexes with ligands identical or similar to 

those employed here have been reported with the ancillary 

ligand being carboxylates,65-68 azide or thiocyanate,69, 70 or 

planar, bidentate ligands such as acetylactonate.68, 71 Since in all 

cases octahedral complexes had been reported, initial attempts 

concentrated on the preparation of complexes containing a 

chelating alcohol, such as pyridyl methoxide or dimethylamino 

ethoxide, to provide octahedral complexes and to suppress 

potential β-H elimination reactions in the presence of an open 

coordination site. Consistent colour changes to red-brown in 

these reactions seem to indicate ligand coordination to 

manganese, but despite numerous attempts and variations in 

Mn source, solvent, base and temperature, neither crystalline 

material nor powders showing correct combustion analyses 

could be obtained (Scheme 2). 

 

Scheme2 

A recurrent trend in the obtained combustion analyses were 

low nitrogen values, indicating a lack of coordination of the 

chelating alcohol. Replacement of the chelating alcohol by a 

mixture of methoxide/acetonitrile gave indeed small amounts of 

a methoxide complex, which did not, however, contain 

acetonitrile. In an optimized procedure, ligands 1a and 1b were 

then reacted with MnCl2 and 2 equiv NaOH in methanol and 

provided the five-coordinated methoxide complexes 3a and 3b 

(Scheme 3). Reactions of 2a and 2b under the same conditions 

did not yield crystalline material and the base was switched to 

sodium methoxide. Reaction of 2a with MnCl2 in the presence 

of two equivalents of NaOMe provided only the chloride 

complex 4a·MeOH. To encourage chloride/methoxide 

exchange, the reaction was repeated with four equivalents of 

NaOMe and yielded the methoxide complex 5a·MeOH. Both 

complexes were obtained as hexacoordinated complexes with 

an additional methanol ligand. 

 

Scheme 3 

Reactions of ligand 2b with MnCl2 and 2-4 equiv of sodium 

methoxide under various reaction temperatures did not provide 

a methoxide complex, but the chloride complex 4b·MeOH. 

Reaction of the isolated chloride complex 4b·MeOH with 

sodium methoxide was likewise unsuccessful (Scheme 3). 

Variation of the manganese source to MnBr2 or MnI2 did not 

provide any improvement, neither did variation of the base 

(NaOH or NEt3) or of the solvent. Ligands 1c or 2c failed to 

produce any isolable or characterizable material, regardless of 

the conditions employed. 

UV/vis-spectra. In addition to high-intensity transitions 

below 300 nm, all Mn complexes display several peaks in the 

visible region with intensities indicative of charge-transfer 

transitions (Fig. 1). Based on the hypsochromic displacement 

observed when the tert-butyl substituents in 3a (330, 381 and 

512 nm) are replaced by chloride in 3b (293, 370, and 484 nm) 

or, likewise, in 4a·MeOH (376 and 518 nm) and 4b·MeOH 

(360 and 470 nm), we tentatively assign these as MLCT 

transitions from MeO– or Cl– to Mn. Bathochromic shifts of the 

two low-energy transitions when replacing the Mn-bound 

chloride in 4a·MeOH against methoxide in 5a·MeOH (376/518 

nm and 410/540 nm, respectively) are in agreement with this 

assignment.  
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Figure 1. UV/vis spectra in methanol of manganese complexes 3a (solid bold), 3b (solid 

thin), 4b·MeOH (dashed bold), 4b·MeOH (dashed thin) and 5a·MeOH (dotted). 

Magnetic moments. Magnetic susceptibilities were 

determined using the Evans NMR method at ambient 

temperature in MeOD and yielded the expected values for high-

spin Mn(III) with µeff = 4.2 – 4.6 µB.72, 73  

Solid-state structures. Crystals for diffraction studies were 

obtained for all complexes, but 3b (Fig. 2, Table 1). The 

complexes show a wide diversity of conformations due to the 

flexibility of the tetradentate ligand. In 3a, the two 

oxametallacycles formed by the phenolate ligands display a 

boat-conformation, with one aryl ring orientated towards the 

dimethylamino ligand (endo), the other oriented away from this 

ligand (exo). The exo-oriented aryl ring most likely prevents 

coordination of a sixth ligand. Complex 3a has a geometry 

intermediate between square-pyramidal and trigonal-

bipyramidal (τ = 0.4), but can be considered square-pyramidal 

with N2 in the apical position for the following discussion. The 

remaining complexes complete octahedral geometry by 

coordination of methanol solvent. The equatorial plane contains 

the phenolate oxygen atoms O1 and O2 and the nitrogen 

bridgehead atom N1 with Mn-O distances of 1.86 – 1.94 Å and 

Mn-N1 distances of 2.13 – 2.18 Å (Table 1). The N2 atom of 

the pyridine ligand is found in the apical position with Mn-N2 

distances of 2.22 – 2.34 Å, slightly longer than Mn-N1 due to 

Jahn-Teller distortions expected for high-spin Mn(III) 

complexes. In 4a·MeOH and 5a·MeOH, the methanol ligand is 

found in the apical position trans to N2, while in 4b·MeOH, the 

chloride ligand is found trans to N2, with an increased Mn-Cl 

bond length (2.498(1) Å in 4b vs. 2.370(2) in 4a), again due to 

Jahn-Teller distortions. Similar Mn-Cl distances are observed in 

octahedral Mn(III) chloride complexes with salen and related 

ligands, which force the chloride ligand in an apical position 

due to ligand planarity (Mn-Cl = 2.43 – 2.68 Å, n = 41).74 As 

expected, the methanol ligand shows the reversed trend with a 

shorter Mn-O distance in 4b·MeOH (2.086(2) Å, trans to N1) 

then in 4a·MeOH or 5a·MeOH (2.257(5) and 2.273(3) Å, trans 

to N2). 

There is no obvious steric explanation for the placement of 

the anionic vs. methanol ligand. Neither does it correlate with 

the conformation of the oxametallacycles (Table 1), i. e. a half-

chair/endo-boat conformation is observed both for 5a·MeOH 

and 4b·MeOH. The only structural correlation consists in the 

evidence of π-stacking to pyridine: a bending of pyridine 

towards the phenolate ring in 4a·MeOH and 5a·MeOH (Fig. 2) 

is indicative of weak π-stacking interactions between the 

electron-rich bis-tert-butyl phenol and pyridine (aryl-aryl angle 

= 32°, d(atom-plane) 2.9-4.3 Å). As a consequence, the 

pyridine ring is no longer perpendicular to the equatorial plane 

(67°). In 4b·MeOH, there is no approach of the pyridine ring 

towards the less electron-rich dichlorophenolate (aryl-aryl angle 

= 51°) and the pyridine ring remains perpendicular to the 

equatorial plane (88°). Placement of chloride trans to pyridine 

in 4b·MeOH might thus be related to better π-interaction of the 

pyridine with the metal d-orbitals.  

 

 

Table 1. Selected bond distances [Å] and bond angles [°] from X-ray diffraction studies 

 3a 5a·MeOH 4a·MeOH 4b·MeOH 

Mn-OAr 1.896(2), 1.926(2) 1.884(2), 1.894(2) 1.895(4), 1.936(4) 1.858(2), 1.871(2) 

Mn-N1 2.125(2) 2.132(3) 2.178(5) 2.142(2) 

Mn-N2 2.254(2) 2.342(3) 2.226(5) 2.224(2) 

Mn-X 1.856(2) (OMe) 1.896(3) (OMe) 2.370(2) (Cl) 2.498(1) (Cl) 

Me-O(H)Me  2.273(3) 2.262(5) 2.086(2) 

ArO-Mn-OAr 151.54(7) 176.06(10) 171.4(2) 176.65(8) 

ArO-Mn-N1 89.29(7), 90.18(7) 88.01(10), 90.81(10) 88.8(2), 91.1(2) 88.54(8), 94.05(8) 

N1-Mn-Y a 174.83(8) 176.50(11) 174.7(1) 166.45(8) 

Ring conformations exo-boat, endo-boat half-chair, endo-boat endo-boat, endo-boat half-chair, endo-boat 

a Y (ligand trans to N1) = O3 (OMe–; 3a, 5a·MeOH), Cl1 (4a·MeOH), O3 (MeOH; 4b·MeOH) 
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Figure 2. X-ray structure of 3a (top left), 5a·MeOH (top right), 4a·MeOH (bottom left), and 4b·MeOH (bottom right). Thermal ellipsoids are drawn at 50% probability. Hydrogen 

atoms (except those on methanol or water molecules) omitted for clarity. 

 

Lactide polymerization. Alkoxide complexes 3a, 3b and 

5a·MeOH were tested for the polymerization of rac-lactide in 

solution, but proved to be inactive in dichloromethane at 

ambient temperature or toluene at 70 °C. In molten monomer at 

130 °C all catalysts were moderately active and maximum 

conversion was reached in 4 – 6 hours (Tables 2 and S1). 

Polymerizations with 3a showed evidence for catalyst 

decomposition: appr. 50% conversion was reached after 2 h, 

but prolongation of the polymerization time did not lead to 

higher conversions (with exception of one outlier experiment). 

Conversion was independent from catalyst concentration and 

decomposition is likely caused by thermal degradation of the 

active species rather than by impurities in the monomer. 

Irregular and large disagreements between calculated and 

observed molecular weights indicate chain termination 

reactions, in line with thermal degradation of the catalyst. 

Complex 3b likewise did not show a notable difference in 

conversion between 2 and 4 h of reaction time, indicating that 

the active species was largely decomposed at this time. In 

contrast to 3a, matching calculated and observed molecular 

weights and polydispersities of 1.2 – 1.3 indicate improved 

polymerization control despite catalyst degradation. Increased 

yields at higher catalyst loadings, together with the better 

polymer weight control, indicate a slightly higher thermal 

stability of 3b. 
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Table 2. Rac-lactide polymerization with 3a, 3b and 5a·MeOH a 

Catalyst Lactide : Mn Reaction time / h Conversion · 100 Mn (calc.) · mol/kg b 
Mn (GPC) · mol/kg c 

Mw/Mn 

3a 100:1 2 49 3.5 1.5 1.1 

3a 100:1 4 52 4.0 2.5 1.2 

3a 100:1 6 47 3.5 6.5 1.4 

3a 100:1 6 91 6.5 3.0 1.3 

3a 300:1 2 53 11.0 11.0 1.3 

3a 300:1 4 43 9.5 2.0 1.1 

3a 300:1 6 51 11.0 29.0 1.5 

3a 300:1 6 56 12.0 2.5 1.2 

       

3b 100:1 4 71 10.5 11.0 1.3 

3b 100:1 6 81 11.5 13.5 1.3 

3b 200:1 4 38 11.0 7.5 1.2 

3b 200:1 6 48 14.0 11.0 1.2 

       

5a·MeOH 100:1 2 41 3.0 3.5 1.1 

5a·MeOH 100:1 4 90 6.5 5.0 1.5 

5a·MeOH 200:1 2 51 7.5 2.0 1.1 

5a·MeOH 200:1 4 88 13.0 15.5 1.4 

5a·MeOH 300:1 2 56 12.0 12.0 1.3 

5a·MeOH 300:1 4 88 19.0 16.0 1.6 

a Conditions: 130 °C, sealed tube under N2. b Calculated from mlactide/(ncatalyst+nalcohol)·conversion+MMeOH. nalcohol was determined from the elemental analysis, since in all 

complexes but 3a co-crystallized solvent was lost on drying, while coordinated methanol was retained. Thus, nalcohol = ncatalyst for 3a and 5a·MeOH and nalcohol = 0 for 3b.  

Values were rounded to ±0.5 kg/mol. c Determined by GPC (see experimental part). Values were rounded to ±0.5 kg/mol.  
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Complex 5a·MeOH showed less evidence of catalyst 

decomposition and polymerizations continue after 2 h to 

reach appr. 90% conversion after 4 h of reaction. The greater 

rigidity of the pyridyl-containing metallacycle in 5a·MeOH 

might be responsible for the enhanced thermal stability. 

Assuming the typically observed first-order dependence of 

the rate on lactide concentration, the curvature of the 

logarithmic plot of conversion vs. time indicates slow 

polymerization initiation (Fig. S1), but the general 

experimental error is too large to draw a definitive 

conclusion. Polymerizations with 5a·MeOH showed narrow 

polydispersities of 1.1 – 1.3 at 2 h reaction time and 50% 

conversion, which increased to 1.4 – 1.6 at 4 h and 90% 

conversion (Table 2). The latter is indicative of 

transesterification side reactions, which become more 

evident at higher conversions. MALDI spectra of polymers 

obtained with 5a·MeOH after 2 and 4 h showed indeed a 

series of peaks with ∆m/z = 72, indicative of 

transesterification reactions (Fig. S2). The intensity of peaks 

originating from transesterification increases in the polymer 

obtained after 4 h of polymerization, in agreement with the 

observed increase of polydispersity. PLA produced by all 

three complexes was atactic to slightly heterotactic (3a: Pr = 

0.67-0.68 (lactide:Mn = 300:1), 3b: 0.70-0.73 (200:1), 5a: 

0.60-0.62 (300:1)). 

Given the air-stability of the complexes, it seemed of 

interest to verify the performance of 5a·MeOH under less 

rigorous exclusion of moisture. Thus a sample of 5a·MeOH 

was washed with water, dried and used in rac-lactide 

polymerization under standard conditions (Table 3). The 

activity was only slightly lower than that of the untreated 

catalyst and polydispersities remained narrow. Obtained 

polymer molecular weights showed a lower number of 

polymer chains produced per manganese, which might 

indicate (partial) loss of coordinated methanol upon washing. 

Alternatively, three equivalents of water were added to 

polymerizations with 5a·MeOH without any notable effect 

on polymerization activity. Polymerization of unpurified 

lactide resulted in a more drastic decrease of polymerization 

activity and only 26% conversion was observed after 4 h 

(Table 3). Narrow polydispersities and good agreements of 

expected and calculated polymer molecular weights indicate 

that coordinated methanol and methoxide are liberated upon 

catalyst degradation. The most likely deactivation path is 

thus protonation of the methoxide in 5a·MeOH by lactic acid 

to form a less reactive/unreactive lactate complex. 

Polymerization with purified lactide under ambient 

atmosphere proceeded with a comparable loss of activity 

(Table 3). An increased number of polymer chains per 

manganese indicate that water absorbed from the atmosphere 

might act as a chain-transfer reagent. 

 

 

Table 3. Rac-lactide polymerization with 5a·MeOH in the presence of protic impurities a 

Conditions Reaction time 

/ h 

Conversion · 100 Mn (calc.) · mol/kg b 
Mn (GPC) · mol/kg c 

Mw/Mn Polymer chains 

per Mn d 

Purified lactide,  

sealed tube under N2 

2 46 12 12 1.3 2.0 

4 88 19 16 1.6 2.3 

Catalyst washed with H2O, purified 

lactide, sealed tube under N2 

2 14 3 4 1.3 1.6 

4 70 15 29 1.3 1.0 

Unpurified lactide,  

sealed tube under N2 

2 12 2.5 4.5 1.1 1.2 

4 26 6 6 1.1 1.9 

Purified lactide,  

ambient atmosphere 

2 8 3.5 0.5 1.0 6.5 

4 38 8.5 3.5 1.1 4.8 

a Conditions: 130 °C, lactide:catalyst = 300:1. b Calculated from mlactide/(ncatalyst+nalcohol)·conversion+MMeOH, with nalcohol = ncatalyst 
c Determined by GPC (see 

experimental part). d Calculated from (mlactide/ncatalyst·conversion+MMeOH)/Mn(GPC). 
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Lowered, but still notable activity in the presence of 

impurities might indicate a (reversible) deactivation by lactic 

acid (water might form dilactic acid on first insertion, Scheme 

4) or that polymerization follows an activated-monomer 

mechanism instead of a coordination-insertion mechanism 

(Scheme 4). In fact, previous reports on Mn-catalyzed lactide 

polymerization employed catalyst structures lacking good 

initiating groups and are either likely56, 57 or proven38 to follow 

an activated-monomer mechanism.  
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Scheme 4 

To verify the presence of a coordination-insertion 

mechanism in the reactions studied here, the activity of 

5a·MeOH and its chloro-derivative 4a·MeOH was investigated 

in the presence of varying amounts of external alcohol (Table 

4). Employing methanol as external alcohol, advantageous 

since it is already present in the employed catalysts, led to 

variable results, probably due to competition between 

incorporation of methanol in the polymer chain and its 

evaporation into the head space of the reaction. Additional 

experiments were thus conducted using benzyl alcohol. Overall, 

the activity of 5a·MeOH is significantly higher than that of 

4a·MeOH. The opposite would have been expected for an 

activated-monomer mechanism, which should favour the more 

Lewis-acidic 4a·MeOH.  Further, the activity of 5a·MeOH 

remained unchanged upon addition of five equivalents of 

alcohol (Table 4). Polymerizations with 5a·MeOH thus clearly 

follow a coordination-insertion mechanism. Catalyst 4a·MeOH, 

on the other hand, shows increased conversions in the presence 

of external alcohol (Table 4). When large amounts of external 

alcohol were added (35-95 equiv), conversions of 90% were 

achieved in 30 min (Table S1). Polymerization of 4a·MeOH are 

thus in agreement with simple Lewis-acid activation of the 

monomer. Activities observed for 4a·MeOH are in the range of 

error comparable to those observed for 5a·MeOH in the 

presence of protic impurities (Table 3) and both mechanisms 

are possible for the deactivated form of 5a·MeOH. 

 

Table 4. Effect of additional alcohol on rac-lactide conversion at different reaction 

times a 

Time / min 5a·MeOH 5a·MeOH + 

5 BnOH 

4a·MeOH 4a·MeOH + 

5 BnOH 

30 7 – 18 (2) 17 5 – 10 (3)  

60  19 – 27 (2) 6 16 – 22 (2) 

120 51 30 7 32 

240 88 95  43 

Time / min 4a·MeOH 4a·MeOH + 

1 MeOH 

4a·MeOH + 

2 MeOH 

4a·MeOH + 

1 NaOMe 

15 7 – 8 (2) 4 – 18 (3) 4 – 49 (4)  

30 5 – 10 (3) 0 – 8 (4) 14 – 47 (2)  

60 6  17 – 61 (3) 27 

120 7  39 – 88 (2) 13 

a Conversion in %, numbers in parenthesis indicate the number of polymerization 

experiments. Conditions: rac-lactide : catalyst = 200 : 1, 130 °C, sealed tube. 

 

Polymerization of 4a·MeOH in the presence of sodium 

methoxide was expected to provide activities comparable to the 

directly prepared methoxide derivative. Activities remained, 

however, well below those of to 5a·MeOH (Table 4), indicating 

that in-situ preparation of the active species is inefficient in this 

system. Complex 4b·MeOH was likewise applied to the 

polymerization of lactide in the presence of either 2 equivalents 

of methanol or one equivalent of sodium methoxide, but proved 

to be unreactive (< 7% conversion after 1 or 2 h, Table S1).   

Conclusions  

Manganese complexes of type A (Scheme 1) are air-stable 

and are moderately active catalysts for the polymerization of 

rac-lactide. While neither of the presented catalysts represents a 

significant improvement over existing systems using other 

metal centers, they compare well to other Mn-based catalysts. 

Polymerization activities were higher than those of simple 

MnX2 salts, such as MnCl2 or Mn(OAc)2,
56, 57 which required 

several days at 145 °C. In the presence of larger amounts of 

external alcohol and following an activated monomer 

mechanism,57 activities were similar to those observed for 

4a·MeOH. For 5a·MeOH, polymerization was shown to 

proceed via a coordination-insertion mechanism. 
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Polymerization activities were similar to the Mn salen chloride 

catalyst reported by Idage,38 for which the polymerization 

mechanism is unclear. Although reports on lactide 

polymerization with Mn so far do not indicate a significant 

advantage of Mn over other mid-range transition metals, the 

observed coordination-insertion mechanism offers the chance to 

improve catalyst activity and polymer molecular weight control 

for manganese-based catalysts by correct choice of ligand 

design. 

EXPERIMENTAL SECTION 

General considerations. Ligand and complex synthesis was 

performed under ambient atmosphere. Polymerization reactions 

were carried out under N2 atmosphere in a sealed tube if not 

stated otherwise. Ligands 1a-1c and 2a-2c were prepared 

following literature protocols with small variations in some 

cases:75-77 1a, 2a: reflux for 24 h instead of reaction at ambient 

temperature; 1c, 2c: reflux in water for 24 h instead of 

methanol. 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. 1H spectra were acquired on a Bruker AVX 400 

spectrometer. The chemical shifts were referenced to the 

residual signals of the deuterated solvents (CDCl3: 
1H: δ 7.26 

ppm). Magnetic moments were determined using the Evans 

method at ambient temperature in 10% SiMe4/MeOD.72, 73 

Elemental analyses were performed by the Laboratoire 

d’analyse élémentaire (Université de Montréal). Most 

compounds contained co-crystallized solvent according to the 

X-ray diffraction analyses, but combustion analysis indicated 

that these solvents were mostly removed on drying (see sup. 

information). 

(tBu2ArO-CH2)2N(C2H4NMe2)Mn(OMe), 3a. Ligand 1a 

(0.52 g, 0.99 mmol) was added to a solution of MnCl2 (0.13 g, 

1.0 mmol) in methanol (30 ml) and stirred at ambient 

temperature for 1 h. A solution of NaOH (40 mg, 0.7 mmol) in 

MeOH (7 ml) was then added dropwise. Stirring was continued 

for another hour. The obtained solution was concentrated to 1/3 

of its volume to yield purple crystals (546 mg, 86%). 

Anal. Calcd for C35H57MnN2O3·MeOH : C, 67.47; H, 9.60; 

N, 4.37. Found C, 67.00; H, 9.26; N, 4.44. (One molecule of 

co-crystallized methanol was observed in the crystal structure.) 

UV/vis (MeOH, 1.64·10–4 mol/L) [λmax, nm (ε, mol-1 cm2)]: 278 

(19 000), 330 (sh, 4900), 381 (5100), 512 (3100). µeff(MeOD) = 

4.4 µB.  

(Cl2ArO-CH2)2N(C2H4NMe2)Mn(OMe), 3b. Analogous to 

3a, ligand 1b (0.39 g, 0.89 mmol), MnCl2 (0.11 g, 0.90 mmol) 

and NaOH (36 mg, 0.9 mmol) in methanol (7 ml) afforded 3b 

as brown powder (223 mg, 48%). 

Anal. Calcd for C19H21Cl4MnN2O3 : C, 43.71; H, 4.05; N, 

5.37. Found : C, 43.35; H, 3.67; N, 5.38. UV/vis (MeOH, 

1.92·10–4 mol/L) [λmax, nm (ε, mol-1 cm2)]: 293 (5500), 370 (sh, 

1600), 484 (700), 735 (150). µeff(MeOD) = 4.6 µB. 

(tBu2ArO-CH2)2N(CH2C6H4N)MnCl(MeOH), 4a·MeOH. 

Analogous to 3a, ligand 2a (0.48 g, 0.88 mmol), MnCl2 (0.11 g, 

0.90 mmol) and NaOMe (100 mg, 1.8 mmol) in methanol (7 

ml) afforded 4a·MeOH as purple crystals (481 mg, 82%). 

Anal. Calcd for C36H50ClMnN2O2·MeOH0.5: C, 67.53; H, 

8.07; N, 4.31. Found: C, 67.72; H, 8.14; N, 4.29. (Co-

crystallized solvent observed in X-ray structure, but partly lost 

on drying.) UV/vis (MeOH, 1.51·10–4 mol/L) [λmax, nm (ε, mol-

1 cm2)]:  259 (16 000), 376 (4500), 518 (2600). µeff(MeOD) = 

4.3 µB.  

(Cl2ArO-CH2)2N(CH2C6H4N)MnCl(MeOH), 4b·MeOH. 

Ligand 2b (0.38 g, 0.83 mmol) was added to a solution of 

MnCl2 (0.11 g, 0.90 mmol) in methanol (30 ml) and stirred for 

1 h. A solution of NaOMe (100 mg, 1.8 mmol) in methanol (7 

ml) was added dropwise and the reaction heated at reflux for 12 

h. The resulting solution was cooled to room temperature and 

concentrated to 1/3 of its volume to yield red crystals (364 mg, 

76%). 

Anal. Calcd for C21H18Cl5MnN2O3: C, 43.60; H, 3.14; N, 

4.84. Found : C, 43.49; H, 2.95; N, 4.62. (Two additional 

molecules of methanol were found in the crystal structure, but 

lost on drying.) UV/vis (MeOH, 1.51·10–4 mol/L) [λmax, nm (ε, 

mol-1 cm2)]:  302 (21 000), 360 (sh, 5500), 470 (sh, 2400), 760 

(sh, 400). µeff(MeOD) = 4.2 µB.  

(tBu2ArO-CH2)2N(CH2C6H4N)Mn(OMe)(MeOH), 

5a·MeOH. Ligand 2a (0.48 g, 0.88 mmol) was added to a 

solution of MnCl2 (0.11 g, 0.90 mmol) in methanol (30 ml) and 

stirred for 1 h at ambient temperature. A solution of NaOMe 

(150 mg, 2.7 mmol) in methanol (10 ml) was added dropwise 

and stirring continued for one day. A second portion of NaOMe 

(50 mg, 0.90 mmol) in methanol (3 ml) was added dropwise 

and stirring continued for a further day. Concentration of the 

solution to 1/3 of its volume afforded after one day purple 

crystals of 5a·MeOH (494 mg, 85%).  

Anal. Calcd for C38H57MnN2O4 : C, 69.07; H, 8.69; N, 4.24. 

Found : C, 69.10; H, 8.58; N, 4.34. UV/vis (MeOH, 1.64·10–4 

mol/L) [λmax, nm (ε, mol-1 cm2)]: 259 (24 000), 342 (sh, 7100), 

410 (sh, 3600), 540 (sh, 1600). µeff(MeOD) = 4.5 µB.  

Lactide polymerization. In a glovebox under an N2 

atmosphere, a pressure tube was charged with 400 – 450 mg of 

rac-lactide. The required amount of catalyst was added to 

obtain the desired catalyst loading of 0.33 – 1.0 mol-% and, if 

desired, several µL of a solution of MeOH or BnOH in toluene. 

The pressure tube was sealed, removed from the glove box and 

immersed in an oil bath pre-heated to 130 °C. The 

polymerization was conducted under light stirring for the 

desired time, the pressure tube removed from the oil bath and 

cooled for appr. 5 min. A solution of acetic acid in CDCl3 (1 M, 

3 – 4 drops) was added to quench the reaction. After cooling to 

room temperature, the polymer was dissolved in CDCl3 and 

filtered through a short silica plug, which was rinsed with 

additional CDCl3. In the absence of external alcohol, the 

solution was analyzed by NMR and then evaporated to dryness. 

In the presence of added alcohol, the solution was immediately 
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evaporated and samples were re-dissolved for NMR analysis. 

All isolated polymers were kept at –80 °C between analyses.  

Conversion was determined from 1H NMR in CDCl3 by 

comparison to remaining lactide. Pr was determined from 

decoupled 1H NMR by Pr = 2·I1/(I1+I2), with I1 = 5.20 – 5.25 

ppm (rmr, mmr/rmm), I2 = 5.13 – 5.20 ppm (mmr/rmm, mmm, 

mrm). 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-1 and 

polystyrene standards (Sigma–Aldrich, 1.5 mg·mL-1, 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 0.58.78  

X-ray diffraction studies. Single crystals were obtained 

directly from isolation of the products as described above. 

Diffraction data were collected on a Bruker Microstar with a 

rotating anode source (Cu Kα), on a Bruker Smart APEX with 

a microsource (Cu Kα) or on a Bruker Venture metaljet 

diffractometer (Ga Kα) using the APEX2 software package.79 

Data reduction was performed with SAINT,80 absorption 

corrections with SADABS.81 Structures were solved using 

intrinsic phasing (SHELXT).82 All non-hydrogen atoms were 

refined anisotropic using full-matrix least-squares on F2 and 

hydrogen atoms refined with fixed isotropic U using a riding 

model (SHELXL97).83 Only weakly diffracting crystals could 

be obtained for 4a·MeOH and 5a·MeOH, which resulted in 

increased Rσ and R1 values. Two strongly disordered co-

crystallized methanol molecules could be identified, but not 

refined in 4b·MeOH and were removed using the solvent mask 

routine in OLEX2. Disordered tert-butyl groups in 3a and 

5a·MeOH were refined using appropriate restraints (SADI, 

RIGU). Complex 4a·MeOH was found to be non-merohedrally 

twinned (80:20) and refined using an HKLF 5 file obtained 

from PLATON/TWINROTMAT.84 Further experimental 

details can be found in Table 5 and in the supporting 

information (CIF). 

 

Table 5. Details of X-ray diffraction studies 

 3a 4a·MeOH 4b·MeOH 5a·MeOH 

Formula C35H57MnN2O3·MeOH C37H54ClMnN2O3·H2O C21H18Cl5MnN2O3·2 MeOH C38H57MnN2O4·MeOH 

Mw (g/mol); dcalcd. (g/cm3) 640.80; 1.180 683.22; 1.226 578.56; 1.549 692.83; 1.154 

T (K); F(000) 150; 1392 150; 1464 100; 1312 150; 748 

Crystal System orthorhombic monoclinic monoclinic triclinic 

Space Group Pna21 P21/c P21/c P-1 

Unit Cell: a (Å) 12.3705(4) 15.2595(8) 12.7413(7) 10.5736(8) 

 b (Å) 10.8698(4) 15.9590(9) 13.0938(7) 12.2554(9) 

 c (Å) 26.8207(9) 15.8429(9) 16.8087(9) 16.4321(13) 

 α (°)    104.320(5) 

 β (°)  106.365(4) 100.589(2) 103.352(5) 

 γ (°)    92.336(5) 

V (Å3); Z 3606.4(2); 4 3701.9(4); 4 2756.5(3); 4 1996.6(3); 2 

µ (mm–1); Abs. Corr. 3.26; multi-scan 2.54; multi-scan 8.67; multi-scan 1.97; multi-scan 

θ range (°); completeness 1.6 – 67.7; 1.00 3.5 – 60.9; 0.99 3.5 – 67.7; 1.00 3.3 – 53.6; 1.00 

collected reflections; Rσ 71267; 0.038 50921; 0.13 38130; 0.030 33228; 0.078 

unique reflections; Rint 6675; 0.053 8498; 0.19 5371; 0.049 9145; 0.087 

observed reflections; R1(F) 6432; 0.039 4189; 0.100 4930; 0.039 5223; 0.073 

wR(F2) (all data); GoF(F2) 0.078; 1.03 0.31; 1.038 0.112; 1.044 0.22; 1.03 

Residual electron density 0.25; –0.32 1.1; –0.92 0.89; –0.71 0.65; –0.53 
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Graphical Abstract 
 

Diamino-diphenolato manganese(III) complexes polymerize rac-lactide via a coordination-insertion or an activated monomer mechanism, 

depending on the ancillary ligand. 
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