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Introduction

Research and development of biodegradable and
biocompatible polymers are of great interest from the
perspective of designing new materials, which could reduce
adverse environmental and health effects associated with their

manufacture, use,

applications span a wide field, ranging from green wrapping
materials and fibres
engineering, drug

. . 5,14-18
applications.

delivery and other biomedical
The most frequently used biomedical
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Mono-BHT heteroleptic magnesium complexes: synthesis,
molecular structure and catalytic behavior in the ring-opening
polymerization of cyclic esters

I. E. Nifant'ev,”® * A. V. Shlyakhtin,? V. V. Bagrov,” M. E. Minyaev,® A. V. Churakov, S. G.
Karchevsky,” K. P. Birin  and P. V. lvchenko™”

Numerous heteroleptic 2,6-di-tert-butyl-4-methylphenolate (BHT) magnesium complexes have been synthesized by
treatment of (BHT)MgBu(THF), with various alcohols. Molecular structures of the complexes have been determined by X-
ray diffraction. The magnesium coordination number in [(BHT)Mg(u-OBn)(THF)], (3) and [(BHT)Mg(p-O-tert-BuCeH,)(THF)],
(4) is equal to 4. Complexes formed from esters of glycolic and lactic acids, [(BHT)Mg(u-OCH,COOEt)(THF)], (5) and
[(BHT)Mg(u-OCH(CH;)COOCH,COO'Bu)(THF)], (6) contain chelate fragments with pentacoordinated magnesium.
Compounds 3-6 contain THF molecules coordinated to magnesium atoms. Complex {(BHT)Mg[u-O(CH,);CON(CHs),]}, (7)
does not demonstrate any tendency to form an adduct with THF. It has been experimentally determined that complexes 3
and 5 are highly active catalysts of lactide polymerization. The activity of 4 is rather low, and complex 7 demonstrates
moderate productivity. According to DOSY NMR experiments, compounds 3 and 5 retain their dimeric structures even in
THF. The free energies of model dimeric [(DBP)Mg(u-OMe)(Sub)]l, and monomeric (DBP)Mg(OMe)(Sub), products on
treatment of [(DBP)Mg(u-OMe)(THF)], with a series of o-electron donors (Sub) have been estimated by DFT calculations.
These results demonstrate that the substitution of THF by Sub in a dimeric molecule is an energetically allowed process,
whereas the dissociation of dimers is energetically unfavorable. DFT modeling of e-CL and (DL)-lactide ROP catalyzed by
dimeric and monomeric complexes showed that a cooperative effect of two magnesium atoms occurs within the ROP for
binuclear catalytic species. A comparison of the reaction profiles for ROP catalyzed by binuclear and mononuclear species
allowed us to conclude that the binuclear mechanism is favorable in early stages of ROP initiated by dimers 3 and 5

polymers comprise homo- and copolymers of poly(lactic acid)
(PLA), poly(glycolic acid) (PGA) and poly-(e-caprolactone)
(PCL).w—24 Their synthesis via ring-opening polymerization
(ROP) is most commonly conducted with tin(ll) 2-
ethylhexanoate Sn(Oct)Z.z‘r’_28 Due to potential toxicity and
unknown long-term effects of sn®* in tissues, the search for
non-toxic and effective ROP catalysts for the purpose of
biopolymer synthesis is of great interest. Derivatives of
"biometals", i.e., Mg, Ca, Al and Zn, attract research attention
due to their synthetic availability, low toxicity, and variable
catalytic properties.zg_37

Among "biometal" complexes, various magnesium
alkoxides attract attention due to their high productivityas’39

1-10

end-of-life properties. Their

to surgical polymers, tissue
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and facile synthesis from readily available organomagnesium
compounds. The main problem in obtaining and using Mg-
based ROP catalysts is the tendency of magnesium alkoxides to
aggregate and form oligomeric and polymeric structures
(Scheme 1).40_43 Various types of chelating ligands are usually
applied to prevent aggregation.38’39'“_47 Alternatively, the
aggregation can be prevented using bulky phenols as ligands at
the magnesium atom (Scheme 1). 2,6-Di-tert-butyl-4-
methylphenol (butylated hydroxytoluene, BHT) seems the
most attractive phenol due to its availability. Bis-aryloxy
complex (BHT),Mg(THF), (1)48 activated by alcohols was
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effectively used in the ROP of Iactide,49 e-caprolactone50 and
oo-pentadecaIactone.“’52

In our recent work,53 we reported the synthesis, molecular
structure and catalytic properties of the first well-defined
dimeric  heteroleptic BHT—alkoxy magnesium complex
[(BHT)Mg(u-OEt)(THF)], and compared its catalytic properties
with those of the monomeric heteroleptic complex
(BHT)Mg(OR)(THF),, which can be generated in situ by
interaction of EtOH either with 1 or with (BHT)MgBu(THF), (2)
(Scheme 1). We determined that the catalytic properties of
well-defined dimeric and generated monomeric species differ
greatly. However, the chemical origin of this difference, the
geometry of heteroleptic BHT-derived magnesium complexes
and their tendency toward monomeric or dimeric structure
formation remained unclear.

R R
Sub sup, O O
RO~IV!g*OR aggregation RO Q.O, 90, 9.
Sub R R
Sub
XY '\ _OR
N M
Mg, o
O OR Sub
bulky
chelates phenolates

Scheme 1 Top: magnesium alkoxide aggregation and prospective types of alkoxy-Mg
catalysts. Middle and bottom: monomeric and dimeric BHT-ethoxy magnesium
complexes

The present work is devoted to the synthesis of
heteroleptic BHT-Mg-OR complexes containing various types
of alkoxide ligands (RO) and to elucidation of their molecular
structure in the solid state and in solution. Experimental study
is complimented with evaluation of the thermodynamics of
ligand exchange at the magnesium center and of the
dissociation of dimeric complexes. Moreover, we performed
comparative DFT modeling of &-CL and DL-lactide ROP
catalyzed by dimeric and monomeric BHT-Mg complexes.
These results demonstrated the feasibility of both mechanisms
of ROP of cyclic esters and allowed us to explain some of our
experimental data.
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Experimental

(BHT),Mg(THF), (1) was prepared using the modified method
of Ittel.®® [(BHT)Mg(n-Bu)(THF),] (2) and [(BHT)Mg(n-Bu)l,
were synthesized according to the literature procedure.53

Synthetic protocols and NMR spectra of BHT magnesium
complexes 3-8 as well as polymerization experiment details
are given in Supporting information (SI).

The crystal structures have been deposited to the
Cambridge Crystallographic Data Centre and can be obtained
free of charge at https://www.ccdc.cam.ac.uk . Corresponding
CCDC numbers are 1463808, 1545641-1545643, 1545645,
1545646, 1545648, and 1545650 (for details see SlI).

Results and discussion

Synthesis and solid state structures of BHT magnesium complexes

Earlier, we elaborated two alternative approaches to
synthesize dimeric complex [(BHT)Mg(u-OEt)(THF)], by using
either reversible reaction between (BHT),Mg(THF), (1) and
EtOH (yield 66%) or an irreversible reaction of the heteroleptic
aryloxy—alkyl complex (BHT)Mg(n-Bu)(THF), (2) with ethanol
(yield 94%).53 In the present work, we have determined that a
structurally analogous benzyloxy derivative, [(BHT)Mg(u-
OBnN)(THF)], (3), can be obtained according to these two
methods in yields of 82% and 92%, respectively (Scheme 2).
Product 3, obtained via reaction of 1 with BnOH, contained an
admixture of benzyl alcohol and needed additional purification
by recrystallization. Therefore to prepare compounds 4-7 we
have used a method based on alcoholysis of the BHT-Mg-butyl
complex 2 (Scheme 1). Complexes 4-7 were isolated in high
yields as crystalline substances, which allowed us to study
them by X-ray analysis.

The crystal structure of [(BHT)Mg(u-OBn)(THF)], (3)
contains two different isomers (Fig. 1, see Sl for details) with a
1:1 ratio in the crystal lattice. In both dimeric molecules, the
Mg atoms are in a distorted tetrahedral environment,
possessing magnesium coordination number CNy, = 4. Two
bridging benzyl groups connect two Mg atoms, forming a flat
Mg,0, rhomboid core. Both molecules exhibit the shortest
distances for Mg-Ogyr bonds, and the longest for Mg-O+y¢ (See
Sl). The trans-conformer 3 (Fig.1 left) is structurally similar to
previously published [(BHT)Mg(p.—OEt)(THF)]253 and dimeric
BHT-guanidine complexes.54

Bis(aryloxy) magnesium heteroleptic complex [(BHT)Mg(u-
OC6H4thu)(THF)]2 (4) was obtained in 92% vyield via reaction
of 2 with 4-tert-butylphenol in the presence of THF (Scheme
2). The molecular structures of 4 (Fig. 2, left) and the
symmetric bis-aryloxy-complex (BHT),Mg(THF), (1) (Fig. 2,
right) were determined by X-ray diffraction. For both
complexes CNy; = 4. The X-ray data for the closest analogue of
1, (DBP),Mg(THF), (DBP is the 2,6-di-tert-butylphenoxide
anion), have been published.55 The key structural parameters
of complex 1 and (DBP),Mg(THF), are nearly identical.

Unlike [(ArO)Mg(u-ArO)], (ArO = BHT, DBP), which form
mononuclear complexes [(ArO),Mg(THF),] upon solvation with

This journal is © The Royal Society of Chemistry 20xx
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THF,48 less sterically hindered [(BHT)Mg(u-OCGHf"Bu)(THF)]Z formation even in the presence of THF. The molecule is similar
(4, Fig. 2) has a flat Mg,0, rhomboid core (for details see SI) to trans-[(BHT)Mg(u-OBn)(THF)], (3, Fig. 1, left) described
and does not display any tendencies toward monomer above.
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Scheme 2 Preparation and transformations of BHT-Mg complexes

Fig. 1 Two independent molecules of [(BHT)Mg(u-OBn)(THF)]2 (3) with BHT (or THF) ligands being in trans- (left) and cis- (right) positions about the Mg202 core. Symmetry codes
to generate equivalent atoms: -x+1, -y+1, -z+2 for the left molecule; x, -y+3/2, z for the right molecule

The reaction of 2 with ethyl glycolate, HO—-CH,COOEt, first example of an aryloxy-glycolate magnesium complex
yielded a dimeric complex [(BHT)Mg(u-OCH,COOEt)(THF)], (5, characterized by X-ray diffraction.
Scheme 2). According to the X-ray data (Fig. 3, SI), complex 5 The structure of the complex formed by the reaction of 2
contains an ethyl glycolate fragment in the u—KIO:KZO,O’—semi— with HO—CH,COOEt depends on the reaction conditions. The
bridging coordination mode: the oxygen atom of the hydroxy slow diffusion of THF solutions of 2 and HOCH,COOEt yielded
group is bound to both Mg atoms, whereas the O-atom of the crystals of [Mgg(BHT),(OCH,COOEt),(](THF); possessing an
carboxy group is coordinated to only one of the magnesium unusial MggO,, tetracubic core. The yield of this product was
atoms, making CNy, = 5. To the best of our knowledge, 5is the only 14%. However, due to poor crystal data, its crystal

structure (see SI) was not deposited to the csD.>%%7

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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Fig. 2 Molecular structures of [(BHT)Mg(u-OCeH4™ "Bu)(THF)], (4, left) and (BHT),Mg(THF); (1, right)

During lactide polymerization, various coordination modes
of the growing polymeric chain to the metal atom are possible.
Formation of such chelates is critically important for
understanding the mechanism of coordination catalysis for the
ROP of lactides.® The molecular structure of glycolate and
lactate complexes of AI,‘r’g_64 Mg,65 Ga,66 Y,67 and zZn® have
been determined for the "X-ray modeling" of the lactide
polymerization mechanism. As it has been earlier determined
by X-ray diffraction analysis for Al complexes, the |.1—K1:K2
coordination type of the O-CHMeC(O)OCHMeCOOR fragment
with a formation of five-membered chelates is observed in
ring-opening produc:ts.sl'64
coordination mode in lactide polymerization by BHT-Mg

lactide To determine the

complexes, we have synthesized in 42% yield crystalline dimer
6 (Scheme 2) — a product of the interaction of 2 with (RS) HO—
CHMeCOOCH,CO0'Bu. The structure of 6 (Fig. 3) shows that
the preferable product is a five-membered chelate fragment
with coordination of the closest carbonyl group to the
magnesium atom. Compounds 5 and 6 have two non-
coordinating solvent molecules in crystal channels. The non-
coordinating molecules in crystals of 5 are highly disordered,
therefore they have been deleted from the crystallographic
model by the SQUEEZE method. '4 and 13C{lH} NMR studies
have confirmed that these molecules are THF and hexane in a
1:1 ratio.

Fig. 3 Molecular structures of [(BHT)Mg(p-OCH,COOEt)(THF)], (5, left) and [(BHT)Mg(u-OCH(CH3)COOCH,COO'Bu)(THF)]; (6, right)

The CNyg in chelate heteroleptic complexes apparently
depends on the geometry and the donor properties of the RO
ligand. We reacted 2 with N,N-dimethyl-y-hydroxybutyramide
in a non-coordinating solvent (toluene) and in the presence of

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

THF. Dimeric crystalline products [(BHT)Mg(u-
OCH,CH,CH,CONMe,)1, (7) and [(BHT)Mg(p-
OCH,CH,CH,CONMe,)],(THF); (7') were isolated from the
reaction mixtures (Scheme 2). We studied both complexes by

This journal is © The Royal Society of Chemistry 20xx
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X-ray diffraction and determined that molecule 7 has a p-
KIO:KZO,O' semibridging ligand coordination mode (Fig. 4)
similar to that of 5 and 6. Surprisingly, complex 7' (for the
ORTEP drawing see Sl), synthesized in the presence of THF,
does not contain coordinated solvent molecules, and CNy, = 4.
Conformations of {(BHT)Mg[O(CH,)3sCON(CHs),]},, in 7 and 7'
are nearly identical. Non-coordinating THF molecules in
complex 7' are in the outer sphere, filling the crystal channels.
The various modes of coordination in dimeric complexes
formed by glycolate/lactate and y-hydroxybutyroylamide can
be explained by steric factors (a longer y-butyroyloxy fragment
hinders THF coordination) and by the higher Lewis base
strength of amides in comparison with esters. Typically, the
Gutmann donor numbers for amides are double the donor
numbers of ketones and esters.*® An argument in favor of a
higher donor ability of the oxygen-coordinated amide
fragment is that the Mg-Oc_o bonds are noticeably shorter in 7
and 7' in comparison to those in 5 or 6.

Fig. 4 Molecular structures of {(BHT)Mg[u-O(CH,)3CON(CH3),]}, (7). Symmetry code (A)
to generate equivalent atoms: -x, -y+1, -z+1

During synthesis of complexes 3—7 we used THF as a donor
solvent. Considering the importance of the reaction media
when using BHT complexes in coordination catalysis, we
studied the interaction of donor solvents and dimeric complex
3. In the reaction of 3 with DMSO, we observed a
disproportionation with a formation of (BHT),Mg(DMSO), (8),
and the latter was isolated by crystallization in 97% yield based
on BHT. This product is also formed in quantitative yield by the
reaction of 1 with 2 eq. DMSO. We determined the structure
of 8 by X-ray diffraction and found that despite significant
differences in the donor properties of THF and DMSO, the
basic geometric parameters of 1 and 8 are very close (for
details, see Sl).

Several observations and conclusions can be made
regarding the results of experiments on the synthesis of BHT-
derived magnesium complexes and their structural
investigation. First, the stability of dimeric heteroletpic
complexes depends on the Mg environment, such as BHT and
RO ligands. The bridging position between Mg atoms is more
efficiently taken up by relatively unhindered RO fragments,
which is illustrated by the dimeric structure of the sterically

This journal is © The Royal Society of Chemistry 20xx
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less hindered phenolate [(BHT)Mg(pn-OCgH,""'Bu)(THF)], (4) in
comparison to the monomeric structure of complex
(BHT),Mg(THF), (1) containing bulky phenolates only. Second,
we suppose that the THF molecule mimics a coordinated cyclic
ester molecule at the catalytic site within ROP. Therefore, one
can conclude that the complexes with coordinated THF could
be effective catalysts of ROP and conversely, complexes that
cannot coordinate THF should be less active in ROP, especially
in the beginning of the process. We see from the X-ray data
that complexes 3 and 5 have THF coordinated to the Mg
center, whereas complex 7 does not have this even though it
possesses THF molecules in the crystal channels! Thus, we
suppose that 7 should be less active than 3 and 5 at least at
the beginning of the process. The catalytic activity of aryloxy-
complex 4, which contains coordinated THF molecules,
depends on whether the aryloxy-group can initiate ROP. It has
been shown that Mg phenolates can only initiate ROP of
lactide at high temperatures (100-140 °C),70 therefore, one
can expect a modest initiation activity in ROP for complex 4
under mild conditions. Third, the magnesium coordination
number in the “normal” alcoholates (3, 4, 7) is equal to 4, and
CNyy in glycolates (5, 6) is equal to 5 due to chelate formation
with the ester group of the glicolate. Assuming that the
structure of 3 models the structure of the catalytic species of
ROP of lactones, while the structures of 5 and 6 model the
structure of the catalytic species of ROP of lactide, one can
conclude that ROP of lactides and lactones should proceed via
different mechanisms at least with dimeric BHT-magnesium
catalysts.

Polymerization of e-caprolactone and (DL)-lactide catalyzed by
BHT-Mg complexes

In the current work, we started studying catalytic
properties of heteroleptic BHT-Mg complexes with comparison
of the catalytic behavior of monomeric complex
(BHT)Mg(OBN)(THF),, which can be generated in situ by
interaction of BnOH with (BHT)MgBu(THF), (2) (Scheme 1), and
of its well-defined dimer [(BHT)Mg(u-OBn)(THF)], (3) in the
ROP of e-CL and (DL)-LA ([Mon]/[Cat]=200, 25 °C, [monomer] =
1M). We have found that polymerization of both e-CL and (DL)-
lactide proceeds faster, when a monomeric catalyst, generated
from 2/BnOH, is used, and is almost completed in 2 min under
the given conditions (Table 1, runs 1 and 4). Dimeric catalyst 3
demonstrates slightly lower activity (Table 1, runs 2 and 5). In
its presence, the reaction is almost completed in 10 min. It
should be noted that catalysts 2/BnOH and 3 outperform in
catalytic activity widely known coordination catalysts such as
tin(ll) octanoate (typical reaction conditions: bulk, 120-180 °C
temperature range) and aluminum(lll) isopropoxide.”‘72

To experimentally verify our suppositions regarding the
influence of the structure of complex 3, 4, 5 and 7 on their
catalytic properties, we studied (DL)-LA polymerization
catalyzed by these precatalysts. The experiments were
conducted at moderate monomer-catalyst ratios (75:1) to
conclusively identify by NMR the fragments of the initiator —
OR in PLA (Scheme 3) under mild conditions (20 °C). The
results of polymerization experiments are summarized in Table

J. Name., 2013, 00, 1-3 | 5
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1. Assuming that the catalytic particles produced from 3, 4, 5
and 7 should be equal in activity (molecular structure of 6
indicates that there is no coordination between the Mg-center
and the “second” ester fragment), the difference between the
integral catalytic productivity of 3, 4, 5 and 7 depends strongly
on the rate of the catalyst’s formation within the initiation
step (Scheme 3). If the initiation rate for any of precatalysts 3,
4, 5 or 7 is lower than the propagation rate, one could expect
that the M, and By, values for PLAs would exceed their
theoretical estimations.

We have found that complexes 3 and 5, which contain THF
coordinated to magnesium atoms, are effective catalysts of
(DL)-lactide ROP (Table 1, runs 7-10). Monomer conversion for
both catalysts after 2 minutes exceeded 90%. The full
conversion was achieved in 10 minutes. The molecular weights
of the polymers obtained by NMR (see SI, Fig. S28-5S36) and
SEC correspond to the theoretical values. Complex 7
demonstrated a significantly lower activity (Table 1, runs 11
and 12). Presumably, the relatively low activity of 7 is
addressed by its modest predisposition to bind the monomer
due to internal coordination of the Mg-center with the amide
group of the pendant OR fragment. The difference between
initiation and propagation rates leads to broadening of the
molecular weight distribution of PLA and to a deviation
between theoretical and experimental M, values. This
deviation becomes more significant in the case of aryloxy
complex 4, which has demonstrated extremely low initial
catalytic activity. Upon hydrolysis after 10 minutes of the
reaction, the 'H NMR spectrum contained signals of 4-tert-
butylphenol and BHT-H, products of decomposition of catalyst
4, as well as (DL)-LA and PLA in a ratio of ca. 6:1 (see SI, Fig.
S35). Almost full conversion was achieved after 10 hours. The
molecular weight of PLA, which was obtained in the presence
of 4, is three times higher than M, (theor). The product
demonstrates a broader polydispersity (Table 2, Run 14).
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Presumably, this is owing to lower nucleophilicity of the
magnesium phenolate in comparison with magnesium
alcoholates 3, 5 and 7. The rate of initiation by tert-butyl
phenolate is an order of magnitude lower than the
polymerization rate, so only a third of the molecules of 4 acts
as catalytic particles. Therefore, the catalytic experiments
confirmed in general our suppositions regarding the structure-
activity relationship of BHT-Mg complexes.

Table 1 e-Caprolactone and (DL)-Lactide polymerization catalyzed by complexes 2-5
and 7. Reaction conditions: 20 °C, Monomer concentration = 1M in CH,Cl,

React. 3 3 3
[Mon]/| . Conv., | M,10° | M,-10 M,-10
Run | Cat. | Mon. time, o b | Pm o
[Cat] . % |(theor)™| (SEC) (NMR)
min
1 | 29| ecL | 200 2 97 | 223 | 22.0 |1.34| 23.8
2 | 3 | ecL | 200 2 64 | 147 | 14.1 |1.21]| 1538
3 | 3| ecL | 200 10 93 | 213 | 200 |1.26| 217
4 |2 |raclA| 200 2 95 | 275 | 256 |1.41| 27.8
5 | 3 |rac-lA| 200 2 76 | 22.0 | 208 |1.37| 222
6 | 3 |rac-lA| 200 10 94 | 27.2 | 25.4 |1.38| 26.9
7 | 3 |rac-ltA| 75 2 9% | 104 | 11.1 |1.33| 10.9
8 | 3 |rac-lA| 75 10 | >99 | 108 | 12.2 |1.30| 11.9
9 | 5 |rac-lA| 75 2 95 | 103 | 106 |1.28] 9.8
10 | 5 |rac-lA| 75 10 | >99 | 108 | 10.9 |1.24| 10.1
11 | 7 |rac-LA| 75 2 65 7.0 -9 | -9] 115
12 | 7 |rac-ltA| 75 10 98 | 10.6 | 16.4 |1.38| 15.9
13 | 4 |rac-lLA| 75 10 18 1.9 e
14 | 4 |rac-lA| 75 600 | >99 | 10.8 | 29.4 |1.54| 307

% Mn (theor) = MWyx[M]o/[l]oxConversion+MW,, MW,, — molecular weights of
monomers (114.14 for €CL, 144.13 for rac-LA), MW, - molecular weight of
initiator, [Mlo/[llo — monomer to initiator initial concentration ratio; b
Determined by SEC vs polystyrene standards and corrected by a factors of 0.56
(CL) and 0.58 (rac-LA); 9 Determined by the analysis of 'H NMR spectra by the
ratio of integral intensities of signals attributed to polymer OCH, (eCL) or CHMe
(rac-LA) and initiator fragments. 9 Activated by 1 eq. of BnOH. ¢ No data.
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Scheme 3 Formation of PCL and PLA catalyzed by magnesium complexes 2-5 and 7
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Examination of the behavior of BHT-Mg complexes in solution

We have determined by X-ray diffraction that complexes
[(BHT)Mg(OBn)(THF)l, (3) and [(BHT)Mg(OCH,COOEt)(THF)],
(5) are dimers in the crystal with different CNy, When
discussing catalytic processes with 3 and 5 it is important to
know whether the dimeric structure of these compounds is
retained in solution, and in the presence of a large excess of
electron-donating molecules, for example, THF. To
experimentally verify whether complexes 3 and 5 are present
in THF solution as monomers or dimers, we have used the
method of diffusion-ordered NMR spectroscopy (DOSY
NMR).”

It is known that for spherical molecules the diffusion
coefficient (D) is related to molecule size via the Stokes-
Einstein equation (eq. 1),74 where k is the Boltzmann constant,
T — temperature, n — dynamic viscosity, Rs — hydrodynamic
molecular radius. Methods of DOSY NMR allow evaluating the
diffusion coefficient of the molecule and thus the molecular
size of Mg-BHT derivatives according to eq. 1-2. The DOSY
NMR spectrum is registered with coordinates chemical shift /
Ig D, which allows us to experimentally determine /g D and,
consequently, gauge the Rs of BHT-Mg derivatives in solution
(eq. 2).

_ kT (D)
67nRs

Rs= KT 107 @
6rn

The abovementioned equations refer to molecules of
spherical shape. Nevertheless, they can be used for other
types of molecules if the rotational rate exceeds the rate of
progressive motion of the molecule. It can be gathered from
eq. 2 that the observed Rs in the DOSY NMR experiment is
inversely proportional to the dynamic viscosity of the specific
BHT-Mg derivative solution being examined. This value
depends on the viscosity of the solvent and on the
concentration of the studied compound, and cannot always be
predicted or measured with adequate accuracy for the
concentrated solutions required to register DOSY NMR spectra
of good quality. As a result, the observed accuracy of Ig D for
BHT-Mg derivative solutions is inadequate for accurately
calculating Rs. Thus, the DOSY experiments we conducted
under formally identical conditions for complex [(BHT)Mg(u-
OBnN)(THF)], in THF-dg gave Ig D values from —9.086 to —9.191,
which corresponds to a 27% error in Rs determined by eq. 2.
To remove this uncertainty in calculating dynamic viscosity, we
propose to use an internal standard,73'75'76 which can be a
chemically inert compound of similar nature and size. To study
complexes 3 and 4, we used (BHT),Mg(THF), (1) as such a
standard, possessing a monomeric structure in THF media.*®
According to this approach and eq. 2, the difference
Alg D=1g D(3)-Ig Digimery is connected with the ratio of
hydrodynamic radii Rggimen/Rsi1y by a simple equation that
excludes such values as T and n, because the measurement of
Ig D(gimer) @and Ig D(y) occurs in the same experiment (eq. 3),

This journal is © The Royal Society of Chemistry 2017

RS(dimer) _ C(l).fx(]) 100D
R

sty Camensiamen 3)

where ¢;;) and cgimer) are size correlation factors between R,
and Reqw(sowent), fs1) and fygimer) are shape friction correction
factors” % for monomeric (1) and for dimeric (3 and 4)
complexes (see S| for corresponding formulae for ¢ and r
factors). Because Rsy can be determined based on X-ray
diffraction data, it becomes possible to estimate Rggimer) With
sufficiently high accuracy. We recorded the DOSY NMR spectra
of complexes [(BHT)Mg(OBN)(THF)], (3) and
[(BHT)Mg(OCH,COOEt)(THF)], (5) in the presence of
(BHT),Mg(THF), (1) (see SI, Fig. S27). Based on these spectra,
we determined the values of A Ig D and the Rsgimer/Rs(1) ratios
(see Table 2).

Table 2 Rs(gimen/Rs() and Reqw(dime,)/Reqwu) for dimeric complexes [(BHT)Mg(OBn)(THF)],
(3) and [(BHT)Mg(OCH,COOEt)(THF)], (4) relative to (BHT),Mg(THF), (1); and calculated
quw/Rqu(l, for monomeric (BHT)Mg(OBn)(THF), and (BHT)Mg(OCH,COOEt)(THF),

DOSY NMR X-ray data DFT calc.
A |g D RS(dimeri R W Reqw(dimer) R w Reqw/
/ Rs) “ /Rea ) - Rea (1)
(BHT),Mg(THF), (1) | =% | - |s138| - |5220] -
(BHT)Mg(OBN)(THF), - - 4.838 | 0.927
0.076 | 1.191

[(BHT)Mg(OBn)

5.685 1.107 5.773 | 1.106
(THF)1, (3) (trans)

(BHT)Mg(OCH,COOEL)

- - 4.542 | 0.870
(THF),
0.078 | 1.197
[(BHT)Mg(OCH,COOE)
5.628 1.095 5.714 | 1.095
(THF)2 (4)
% No data.

We compared the obtained data with the Reqw values
determined from the X-ray diffraction experiments for 1, 3 and
5, as well as from the DFT data for molecular structures of
dimeric complexes 1, 3, 5 and hypothetical monomeric
complexes (BHT)Mg(OBN)(THF), and
(BHT)Mg(OCH,COOEL)(THF), (see Table 2). The Req"(dimen /
Req (1) Values for dimeric complexes 3 and 4 calculated and
confirmed by X-ray diffraction are in good agreement with the
experimental values, while the Re," / Req (1 ratios for
calculated hypothetical monomeric structures
(BHT)Mg(OBnN)(THF), and (BHT)Mg(OCH,COOEt)(THF) (0.927
and 0.870, respectively) correspond to the regions of the DOSY
NMR spectrum where no signals are observed. Therefore, we
can state that complexes 3 and 4 possess a dimeric structure in
THF solution.

DFT modeling of ligand exchange and dissociation for dimeric BHT-
Mg complexes

The tendency of heteroleptic BHT-magnesium complexes to
form dimers is confirmed by the results of X-ray analysis of
compounds 3-7, as well as DOSY NMR spectra of complexes 3
and 5. Complexes of formula [(BHT)Mg(u-OR)(THF)], are

Dalton Trans., 2017, 00, 1-3 | 7
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precursors of ROP catalysts and can form two principally
different types of catalytic particles under treatment with a
molecule of cyclic ester (Scheme 4):

- Binuclear catalytic species are formed as a
substitution of THF with a molecule of cyclic ester — an ROP
substrate (Sub);

- Mononuclear catalytic species are formed during the
dissociation of BHT-alkoxy dimers with parallel solvation with
two Sub molecules.

result of

We determined whether the thermodynamics are
favorable for the formation of both types of catalytic particles.
We calculated the free energy 6398 of the interaction of
model compound [(DBP)Mg(u-OMe)(THF)], (Drue) with one
and two equivalents of Sub (per mol of Mg) — monomers used
in ROP and typical solvents (Scheme 4). The change in free
energy during ligand exchange (per mol of Mg) AG, was
calculated as the difference in free energies of [(DBP)Mg(u-
OMe)(Sub)], (Dsyp) and Drye with the free energies of Sub and
THF considered using the formula AG = %[G ggg(DSub) -
G g (Drup) — 2G 59q (Sub) + 2G 540 (THF)]. The values of AGe
(Table 3) characterize the relative ability of Sub to coordinate
to the Mg atom in a dimeric DBP-methoxy complex.
Coordination with the examined complexes is not sterically
hindered, therefore, AG can be viewed as a measure of
ligand donor ability, an analogue of the Gutmann donor
number, an experimentally determined characteristic of
ligands and solvents (Table 3).69'81 The comparison of AG; for

Binuclear
catalytic species
\ O \
DBR o, 0/ +2subPBR O sub +2Sub
Mg\ /Mg\ - 2 THF ,,"'Mg\ /Mg\
0 Cl) DBP Sub O DBP
Drne Dsub
J Sub
polymer

Zi T% J &

acetone PDO EC yBL  THF TMC
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various substrates Sub allows us to form a range of donor
abilities (Scheme 4). As shown in Table 3, THF is in the middle
of this range, therefore, its replacement with Sub during ROP
in the presence of excess Sub is thermodynamically
permissible.

Table 3 The change in free energy during formation (AG¢) and dissociation (AGp) of
dimeric complexes [(DBP)Mg(u-OMe)(Sub)],. The Gutmann donor numbers for some
esters and solvents Sub®

S AGg, kcal/mol AGp, kcal/mol Donor number
LA 3.01 16.88 -
GL 2.78 16.83 -
acetone 1.38 14.90 17
PDO 0.90 15.24 -
EC 0.82 18.52 16.4
yBL 0.60 15.06 18
THF 0.00 17.99 20
TMC -0.87 15.17 -
MeOH -1.49 11.12 19
MeO-EP -1.81 13.49 23”
eCL -2.04 15.66 -
SVL -2.06 15.30 -
Me-EP -5.47 9.51
DMSO -7.41 7.75 29.8

% No data. ? For trimethyl phosphate

Mononuclear
catalytic species

2

DBR
\ _Sub
_Mg
Sub” \
O/

Msyp2

DBP =0

JSub

polymer

077 (O e O UU@

MeOH MeO-EP  ¢C VL

Me-EP  DMSO

Donation ability

Scheme 4 Ligand exchange and dissociation of model DBP-methoxy complexes. Sub donation ability range

Table 3 also contains the free energies AGpy of monomeric
complex Mgy, formation (Scheme 4). As a hypothetical
structure of the monomeric complex we chose tetrahedral
(DBP)Mg(u-OMe)(Sub),, which is isostructural to
(BHT)Mg(Bu)(THF)2.53 The calculation was made according to
the formula AGp = G g (Msubz) — %G 95 ( Dsup) — G g (Sub).
We found that the formation of monomeric complexes is
energetically unfavorable for all solvating substrates (AGp > 0).
The dissociation energy for all Sub except for DMSO and Me-EP
is higher than 13 kcal/mol, which prevents this reaction under
mild conditions.

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

DFT modeling of ROP catalyzed by monomeric and dimeric BHT-
alkoxy magnesium species

Using X-ray diffraction analysis, DOSY NMR experiments and
DFT calculations of ligand exchange and dissociation processes,
we have determined that the dimeric structure for
heteroleptic BHT-alkoxy magnesium complexes is
favorable in both the solid state and solution. During the next
stage of our work we conducted a DFT study of the
polymerization mechanism. For BHT-alkoxy-Mg complexes two
principally different ROP mechanisms are possible: a

more

This journal is © The Royal Society of Chemistry 20xx
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traditional mononuclear coordination-insertion mechanism,
which is realized if the dimeric complex is dissociated
beforehand with formation of monomeric BHT-alkoxy catalyst
species, and the alternative and novel binuclear ROP
mechanism with direct involvement of dimeric bimetallic
catalytic particles. To determine which mechanism is more
favorable, we analyzed the reaction profiles of lactone and
lactide polymerization for monomeric and dimeric catalyst
species. eCL was chosen as the substrate during modeling of
the lactone ROP reaction profile, whereas DL-lactide was used
to model lactide ROP.

Polymerization of eCL

Mononuclear catalyst. There are several articles regarding
DFT-modeling of lactone ROP initiated by mononuclear
“biometal” alkoxides.®*° Moreover, only a few of them
describe full reaction profiles including a set of key stationary
points and transition states. Similar reaction profiles of eCL
polymerization were drawn up for complexes of AI,SE*88 ca®?
and Mg.90 During the modeling of lactone ROP, metal methoxy-
complexes are used as initial structures; the methoxy group
adequately models the growing polymer chain in truncated
models of ROP.”*™**

Earlier, we determined by DFT calculations that BHT-Mg-
OMe complexes containing one or three molecules of
coordinated monomer (CNy, = 3 and 5, respectively), are
significantly higher in energy than tetrahedral complexes.90 In
this work, we used the tetrahedral complex
(DBP)Mg(OMe)(eCL), as a model catalytic particle and starting
stationary point on the mononuclear reaction profile, 1-1%. The
calculations showed that during the first stage from I-ICL,
through the transition state TS-12C", a hemi-acetal complex I-
2% is formed. Then, the bond between Mg—OMe and the
endocyclic oxygen atom coordinated to Mg is cleaved (via TS-
23“), which leads to formation of 1-3. This reaction is
followed by cleavage of the (O)C—O bond, which corresponds
to the transition state TS-34". The concomitant dissociation of
the M""O=C(OR)-in 1-4°* can occur with the coordination of a
second molecule of eCL. The process occurs via the low-energy
“dispersed” TS-45C", the exact geometry of which we could not
determine (the relative energy of T5-45% obtained by scanning
the potential energy surface was 5-6 kcal/mol). The product I-
5 formed during the coordination of the second molecule of
€CL is a structural analog of -1, Stationary points -1 - 1-5¢
and transition states TS-12C", 15-23% and TS-34% form the
reaction profile of the single-center ROP of €CL (Fig. 5). The
activation barrier of this reaction is 14.8 kcal/mol.

Binuclear catalyst. To the best of our knowledge, the
binuclear mechanism of lactone ROP has never been studied
with DFT. The calculated energy profile for the binuclear
mechanism of eCL ROP is given in Fig. 5. We propose that the
starting stationary point DI-1® is a symmetric dimer
[(DBP)Mg(u-OMe)(eCL)], structurally similar to complex 3. The
dimeric complex can contain one or two coordinated
molecules of €CL. Calculations have shown that complex DI-
ICL', which contains one coordinated molecule of €CL, is only
3.5 kcal/mol higher in energy than DI-1%. As opposed to 1<

This journal is © The Royal Society of Chemistry 20xx
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in the mononuclear mechanism, in DI-1" and DI-1" the

methoxy group that initiates ROP is bonded with two atoms of
magnesium. The nucleophilic insertion of the methoxy group
to the carbonyl group of the coordinated €CL requires the
cleavage of one of the bonds of Mg—OMe, and we can expect a
high activation energy for this process. On the other hand,
binuclear catalysis, as opposed to the mononuclear process,
displays a cooperative effect of the di-Mg core. In our case,
this effect means that the insertion of —OMe is preceded by
the formation of a stationary point with coordination of the
endocyclic oxygen atom to the second Mg atom DI-1c™™
(Scheme 5).

‘DBP <~——= DBP—Mg Mg

O N 7
4 -eCL 0" 'DBP
O pi1 I
Q DI-1'
0’70

! |
+1.3 keal/mol f 0.}
—— ppp—MI_MI—pgp
O
|
Di-1'c

Scheme 5 Cooperative effect of the di-Mg core before -OMe insertion

This process requires only 1.3 kcal/mol, but the formation
of DI-1c™ obviously increases the Arrhenius pre-exponential
factor for a binuclear mechanism. For DI-ICL, this type of
intermediate is not fixed. Therefore, we can assume that on
the main reaction pathway DI-1% loses one molecule of eCL,
with the formation of DI-1c". The energy of the first transition
state DTS-12°"* between DI-1c® and DI-2% is significantly (2.8
kcal/mol) lower than the energy of DTS-12°. A possible reason
for this is that in DTS-12" the degree of constraint between
the Mg atom and the endocyclic oxygen atom of €CL is
increased (dygo 2.11 vs. 2.23 A). As we expected, the cleavage
of the Mg—u-OMe bond in binuclear DTS-12°" requires more
close contact between the methoxy oxygen atom and the
carbon atom of eCL. The distance d[MeO—C(O)] in DTS-12% is
only 1.78 A; this distance in mononuclear TS-12% is 2.04 A. As
a result, DTS-12%" is characterized by a higher relative energy:
21.7 kcal/mol vs. 14.8 kcal/mol for TS-12%.

Because DI-2%" possesses an endocyclic oxygen atom
coordinated to Mg, the transition to DI-3"* occurs with low
activation energy. Re-coordination of €CL at this stage leads to
the intermediate DI-3CL, the energy of which is 0.7 kcal/mol
lower than that of DI-3"". Transition states of the ring opening
for particles containing one (DTS-34CL') and two (DTS-34C")
molecules of CL are similar in energy. The product of ring
opening DI-4% is more stable, and the additional coordination
of eCL is accompanied by the dissociation of the Mg " *O=C(OR)
bond and leads to DI-5<.

Comparison of mononuclear and binuclear mechanisms.
The difference in the energies of 111" and DI-1® as AG =

G 59 (IM1%) = 1/2G ¢ (DIF1) — G 55¢ (eCL) is equal to 15.7

J. Name., 2013, 00, 1-3 | 9
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kcal/mol. For the mononuclear mechanism, the activation
energy taking 111 as the stationary point is equal to 14.8
kcal/mol. For the “pure” binuclear mechanism the activation
barrier through DTS-12" taking DI11% as the starting
stationary point is equal to 21.7 kcal/mol. ROP starting from
DI-1® and going through mononuclear T5-12% is much less
favorable (the activation barrier is equal to 30.5 kcal/mol).
Therefore, we can conclude that lactone polymerization
initiated by the dimeric magnesium complex 3 should proceed
via the binuclear mechanism. However, when we generate the
monomeric catalyst species of the type I-ICL, for example, by

A G, kcal/mol

35
30
251
20
15

10

DI-1c™ DTS-12*

Cooperative effect of di-Mg core

alcoholysis of monomeric complexes 1 or 2, the mononuclear
mechanism becomes the preferable reaction pathway
(assuming that dimerization of 1.1 in viscous and diluted
solution is relatively slow). This conclusion correlates strongly
with the recently published results® and experiments reported
in this article. While studying lactone ROP we found that the
initial polymerization rate of the processes initiated by the
catalyst obtained in situ from the monomeric complex
(BHT)Mg(Bu)(THF), is three times faster than that of the
reaction catalyzed by bimetallic [(BHT)Mg(u-OR)(THF)],.

Fig. 5 Reaction profiles of eCL ROP for mononuclear and binuclear coordination-inserition mechanisms. DBP and second €CL fragments are omitted for clarity, phenolate and eCL

oxygen atoms are colored in blue and pink, correspondingly.

Polymerization of LA

DFT modeling of lactide polymerization by “biometal”
complexes performed via a mononuclear coordination-
insertion mechanism has been discussed in tens of
publications. The work® examines a binuclear mechanism for
the initiation and propagation stages of lactide polymerization
in the presence of benzyloxy Zn complex. As opposed to a
several publications devoted to the mononuclear mechanism
of PLA formation,ss'sg'g‘r’_97 including catalysis by Mg
t:omplexes,‘r’s'96 the paper94 does not consider the chelate
formation ability of a lactate fragment. In any case, the
binuclear mechanism concept is a new idea in lactide
polymerization initiated by Mg-alkoxy complexes. Here, we

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

performed DFT calculations of reaction profiles of lactide ROP
for mononuclear and binuclear mechanisms to determine
which reaction pathway is preferable, and to ascertain the
reasons for heterotactic polymer formation during catalysis by
BHT-Mg complexes.

Mononuclear mechanism. As starting stationary points -1
we selected the adducts formed by [(DBP)Mg((R)-Methyl
lactate)GL] with (S,5)-LA or (R,R)-LA molecules. The glycolide
GL, which demonstrates donor properties comparable with
those of a lactide (Table 3) was taken instead of LA in 1-11* to
simplify the calculations. The energy profile of lactide ROP via
a monomeric mechanism is significantly more complex than
that of €CL ROP. The activation barriers for nucleophilic

This journal is © The Royal Society of Chemistry 20xx
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addition of lactate to the carbonyl group of LA through Ts-1*
are rather low, 9 kcal/mol for (R,R)-LA and 5.9 kcal/mol for
(5,5)-LA. The resulting intermediate 1-2*** is significantly, by 5
kcal/mol, more stable than 1-2"*. The transformation from I-
2% t0 1-3¢** through T5-23"* requires only 1.3 kcal/mol (5.6
kcal/mol relative to I-ISSLA), because the mutual orientation of
the methyl groups of (S,S)-lactide and the coordinated (R)-
methyl lactate in 1-2°** do not hinder the formation of I-3¢®. In
contrast, formation of 1-3" requires significant distortion of the
molecular structure, and the reaction is performed via the high
energy TS-23™* (19.3 kcal/mol relative to I-1™"). The energies
of 1-3¢™" and 1-3¢™” are close, as are the energies of transition
states TS-33*"* and TS-33™* that lead to “open” tetrahedral
complexes 1-30*™ and 1-30™". The energy of ring-opening

A G, kcal/mol
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ssLA ssLA

transition state TS-34 (17.3 kcal/mol relative to I-1
higher than that of TS-34™* (15.4 kcal/mol relative to I-1
and is comparable in magnitude to that of Ts-23™* (19.3
kcal/mol relative to I-1™"). Intermediates 1-4"* are
characterized by minimal energies of all stationary points of
the reaction profiles. The stabilization of 1-4* is achieved
through additional coordination of the oxygen atom of the
ester to the Mg atom. Interaction with the LA molecule leads
to intermediate 1-5*. Analysis of mononuclear polymerization
reaction profiles of (S,5)-LA or (R,R)-LA initiated by the (R)-
methyl lactate DBP-Mg complex (Fig. 6) gives us a difference in
activation energies for enantiomeric lactides of ~2 kcal/mol.
This way, the heterotactic reaction pathway is slightly more
preferable.

) is
rrI.A)

-1.8

\
_o DV\ L0 0
0 Mg Ny
l{‘ o/ DBP” N, -Mapgp
L0 20
DEP'MgV 2 1a O~
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Fig. 6 Reaction profiles of lactide ROP for mononuclear and binuclear coordination-insertion mechanisms. Geometries of higher energy TS are shown; DBP and GL fragments are

omitted for clarity, phenolate and GL oxygen atoms are colored in blue and pink, correspondingly.

Binuclear mechanism. Initially, we thought that we should
choose the dimeric complex {(DBP)Mg[(R)-methyl
lactate](LA)}, as the ground state for modeling the binuclear
mechanism of lactide polymerization, because it is
isostructural to complex 5. Our calculations showed that unlike
DI-1% in polymerization of caprolactone, the loss of one
molecule of LA by this complex is energetically favorable. The
difference in energy is 9 kcal/mol. Therefore, the compounds
{(DBP)Mg[(R)-methyl lactate]},(LA), DI-1*** and DI-1"™, which

This journal is © The Royal Society of Chemistry 20xx

contain only one coordinated molecule of (S,5)- or (R,R)-
lactide, were used as the starting stationary point of the
binuclear mechanism of lactide ROP, and the energy profiles
we obtained are presented in Fig. 6. The energies of the
transition states for nucleophilic attack of the carbonyl carbon
atom DTS-12°"* and DTS-12"* by lactate are 20.0 and 23.5
kcal/mol, respectively. The cooperative effect, similar to that
observed for DTS-IZCL, is absent in DTS-12"*. This effect

appears at the stage of formation of intermediates DI-2*"* and

J. Name., 2013, 00, 1-3 | 11
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DI-2™. In contrast to the very high activation energy of TS-

23™* of the mononuclear reaction pathway, coordination of
the exocyclic oxygen atom after the passage of DTS-12°* and
DTS-12™* does not have an activation barrier. Transition
states of ring opening DTS-23" possess high energies in the
binuclear reaction pathway; moreover, the difference in the
free energies of DTS-23*"* and DTS-23™" is significant, 8.5
kcal/mol. Intermediates DI-3cLA, formed as a result of ring
opening, are relatively unstable and transform to DI-4LA, which
has the same coordination motif as I-4LA, additional
coordination of the oxygen atom of the ester. The subsequent
coordination of the LA molecule leads to formation of chelate
complexes DI-SLA, which are isostructural to DI-1*A. Analysis of
ROP reaction profiles allows us to gauge the activation
energies relative to DI-1** as 20.9 kcal/mol for (S,S)-LA and
29.4 kcal/mol for (R,R)-LA.

Comparison of mononuclear and binuclear mechanisms. As
with eCL ROP, the binuclear mechanism of LA polymerization is
energetically favorable if the pre-catalyst is a dimeric complex
such as 5. The difference in energies between the initial
stationary points I-1%¥%/1-1™* and DI-1**/DI-1™* is ~22
kcal/mol. The activation energy for the mononuclear pathway
of (S,5)-LA polymerization is 17.3 kcal/mol relative to
mononuclear ground state I-lLA, whereas performing the
reaction via the binuclear mechanism requires overcoming an
activation energy of 20.9 kcal/mol. Therefore, the energetic
preference for mononuclear catalytic particles is not as
significant as it is in lactone polymerization (3.6 vs. 6.8
kcal/mol). Earlier, while performing kinetic experiments, we
did not observe any difference in lactide polymerization rate
between the reaction initiated by a dimeric complex and the
one initiated by “monomeric” catalyst prepared in situ.”® In
this work, we did not fix significant difference between
monomeric precatalyst 2 and dimeric complex 3 (Table 1, runs
4 and 5, correspondingly). We believe that a clearer
experimental criterion for the reaction mechanism is the
degree of heterotacticity of polymer P,. In our previous work,
we determined that PLA obtained by polymerization of (DL)-LA
at =5 °C in the presence of the dimeric complex [(BHT)Mg(u-
OEt)(THF)], and an initiator, synthesized via reaction of 2 with
ethanol, were characterized by P, values of 0.87 and 0.78,
respectively.53 The observed difference in heterotacticity
confirms our calculations, according to which lactide ROP
performed via the binuclear mechanism should lead to the
formation of a polymer product with a higher degree of
heterotacticity.

In conclusion, we note that catalytic systems based on
BHT-magnesium complexes studied by us and other
coIIeagues,A'gf52 regardless of the “living” nature of the
polymerization, leads to formation of polymers with a
relatively high By, — ~1.2-1.5. The deviation of B,, from
theoretical values of ~1.0 for living coordination
polymerization is usually explained by transesterification. We
propose that for BHT-Mg complexes, broadening of the
molecular weight distribution can be explained by the fact that
the real catalyst can be a mixture of monomeric and dimeric
particles. Moreover, molecules of cyclic esters and donor

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

solvent can take part in formation of both types of catalytic
particles. When modeling eCL polymerization via the binuclear
mechanism we determined the similarity of energy profiles for
processes with catalytic particles of different amounts of
coordinated substrate molecules. This leads to the
diversification of the catalytic system; formation of single-type
but different catalytic particles with similar but not the same
geometry and energy.

Conclusion

We synthesized a series of heteroleptic BHT-Mg-OR
complexes containing various types of alkoxide ligands (RO)
and studied their molecular structure by X-ray diffraction. We
found that complexes prepared from a primary alcohol
([(BHT)Mg(-OBn)(THF)]; (3), {(BHT)Mg[u-O(CH,);CON(CHs),]},
(7)), from an unhindered phenol ([(BHT)Mg(u-O-tert-
BuCg¢H,4)(THF)], (4)), as well as from esters of glycolic
([(BHT)Mg(u-OCH,COOEt)(THF)], (5)) and lactic ([(BHT)Mg(p-
OCH(CHg)COOCHZCOOtBu)(THF)]z (6)) acids all have dimeric
structures, with a Mg-(1-OR),-Mg core. Surprisingly, the BHT-
Mg-derivatives of glicolate and lactate have pentacoordinated
magnesium whereas the CNy, in other BHT-Mg alcoholates is
equal to 4. It has been experimentally determined that 3 and 5
are highly active catalysts of LA polymerization.

Using DOSY NMR we determined that 3 and 5 retain their
dimeric structure even in a solvating solvent (THF). DFT-
calculations of free energies of model dimeric [(DBP)Mg(u-
OMe)(Sub)], and monomeric (DBP)Mg(OMe)(Sub), complexes
for a wide spectrum of solvating solvents and substrates (Sub)
has shown that THF substitution with Sub in a dimeric complex
is a feasible process, whereas dimer dissociation by treatment
of Sub is energetically unfavorable, with an energy loss of 8-18
kcal/moly,; depending on the solvent.

We performed a comparative DFT modeling of &-CL and
(DL)-lactide ROP catalyzed by dimeric and monomeric BHT-Mg
catalysts. We concluded that the binuclear mechanism is more
favorable for both lactones and lactides in the initial stages of
reactions catalyzed by dimeric complexes 3 and 5.
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