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Synthesis of lactide from alkyl lactates catalyzed by lanthanide salts
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Cerium salt exhibited a highest catalytic activity in the
conversion of ethyl and isopropyl oligolactates into lactide.
A maximum yield of the target product was reached at the
concentration of CeCl;7H,0 ranging from 1 to 4 mol%
relative to the lactide units in ethyl and isopropyl oligolactates.
A gradual reduction of the pressure from 50 to 5 Torr along
with the temperature increase from 180 to 230 °C during
depolymerization resulted in the product containing up to
94% lactide.

A

There is an increasing need for polymer materials capable of
degradation upon the contact with a biological media via
hydrolytic decomposition and/or zymolysis to monomers with
their subsequent transformation into CO, and H,0.! Due to their
biodegradability and biocompatibility, such polymers may be
employed as starting materials for manufacturing high-tech
medical products, e.g. implants, pins, and inventive surgical
suture materials.”* Polylactic acid (polylactide, PLA) is
especially suitable for this purpose since its desired physical and
mechanical properties along with the rate of biodegradation can
be finely tuned by varying the PLA microstructure (sequence
and ratio of stereoisomeric L- and D-forms of monomer units),
molecular weight, and polydispersity.>-

Polylactides can be synthesized either via a polycondensation
of lactic acid, e.g. azeotropic distillation of water, or by the ring-
opening polymerization (ROP) of lactide that is the cyclic dimer
of lactic acid.? The second approach is preferable for producing
a high molecular weight PLA with a low polydispersity.”!!
Lactide can be obtained either directly from lactic acid or from
alkyl lactates. The current synthetic approach to lactide involves
the use of compounds containing heavy metal ions as the
catalysts. Thus, a design of goods obtained from such polymers
is undesirable in medicine.'?"'® Some highly efficient one-step
methods for producing lactides from lactic acid in the presence
of zeolites!” or Cs,CO5 '8 as the catalysts were reported. However,
a disadvantage of those methods is the need for water removal
from the reaction mixture by the circular azeotropic distillation
with organic solvents. Another method for the lactide production
is a gas-phase transesterification of methyl lactate in a flow-type
reactor containing a heterogeneous titanium-based catalyst.!*-2°
In spite of a high degree of conversion of raw materials and a
high selectivity towards the target product, this method requires
ahigh flow rate of N, carrier, while the flow rate and concentration
of methyl lactate in the gas-raw streams are low. Therefore, the
search for new methods for the lactide production, based on low
toxic as well as easy-to-handle catalysts and appropriate for both
laboratory and industrial scales, is a crucial challenge.
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Recently we have demonstrated that lactide can be produced
either from lactic acid, or its ethyl ester, or its oligomers in the
presence of YT and Pr'" oxides or CeCl;-7H,0.%! In the presence
of catalytic amount of CeCl;, a mixture of ethyl lactate and
oligoesters can be converted into the desired product in a yield of
up to 84%, which is comparable to the yields achieved using tin
and lead containing catalysts.'>!6 The production of lactide from
lactic acid esters is known as minimizing the undesired
racemization'>?0 catalyzed by water.??> The development and
further optimization of catalytic methods for the conversion of
alkyl lactates into lactide are preferable. Here, we report on the
lactide synthesis from lactic acid esters in the presence of
catalytic amounts of Ce™, Nd™ and Sm™ chlorides. The
dependence of product yield on the catalyst concentration and
pressure has also been investigated.

Lactide was synthesized in two steps including the oligo-
merization of alkyl lactates and subsequent deoligomerization of
the mixture of oligoesters. Figure 1 shows the supposed reaction
mechanism. According to the modern concepts, the mechanism
of lactide ROP includes the formation of metal lactates.>>~26 We
assume that the lactide formation proceeds via a reversible ROP
mechanism.

Lactic acid was esterified with aliphatic alcohols. A distillation
of alcohol excess from the reaction mixtures resulted in a crude
product containing alkyl lactate (ca. 65%) and alkyl oligolactates
(ca. 30%). Unreacted lactic acid and its oligomers were present
in the crude product along with other admixtures. A total
conversion of lactic acid was ca. 95%. The further oligomerization
of crude product to alkyl oligolactates was carried out by a
gradual increase in the temperature from 160 to 190 °C under N,
atmosphere in the presence of LnCl;-nH,0 (1.6 mol%; Ln = Ce,
n =7; Ln = Nd, Sm, n = 6). Some experimental results on
oligomerization and depolymerization processes are given in
Table 1.

The selected lanthanide salts exhibited different catalytic
activity that can be evaluated by the degree of polymerization
(DP,) of crude product to the alkyl oligolactate. These DP,s
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Figure 1 Proposed reaction mechanism for the lactide formation.
were determined by the 'H NMR spectroscopy according to the
known approach.?! To obtain the desired lactide, the oligomer
mixtures were heated (200 °C) under reduced pressure (5 Torr)
in the presence of a catalyst. At the elevated temperature, the
depolymerization occurred affording the lactide, although not
quantitatively. In all the experiments, lactide has been isolated as

the mixture of L-, D- and meso-lactides. During the depoly-
merization, lactide was sublimed together with other low
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Table 1 Conversion of lactic acid esterification products into lactide in the
presence of different catalysts.

Selectivity (%)
Lacti
Entry Catalyst® DP, 'a clfilde meso-
yield (%) | jactide? D-lactide? .
lactide
1 CeCl5-7H,0 39 46 91.8 0.2 8
2 NdCl;-6H,0 24 21 82.1 0.9 17
3 SmCl;-6H,0 3.1 34 77.6 1.4 21
4 - 1.7 0¢ - - -

“Amount of the catalyst: 1.6 mol%. ® The L- and D-lactide selectivities were
calculated according to the known method.?> ¢GC/MS analysis confirmed
the absence of lactide in the sublimate along with the presence of ethyl di-,
tri- and tetralactates.

molecular weight products. In the absence of lanthanide salt, the
thermal depolymerization of oligomer mixture did not afford
lactide in any detectable quantities. The GC/MS analysis
revealed the presence of ethyl dilactate as the major component
(55 wt%). Ethyl trilactate and ethyl tetralactate have been also
found in the sublimed product.

In the case of cerium salts, the DP, value and lactide yield
(3.9 and 46%, respectively) were the highest ones among all the
used lanthanide compounds, while the D- and meso-lactides
contents were lower (0.2 and 8%, respectively) (see Table 1).
In all the cases, the racemization was probably catalyzed?? by
water that was present in the lanthanide chlorides.

Thus, Ce™ salt was selected as the catalyst to investigate the
impact of ester substituent in alkyl lactates on the lactide
formation. The oligomerization of three lactic acid esters, viz.
isopropyl, n-butyl and isobutyl lactates was attempted under the
same conditions applied previously for the oligomerization of
ethyl lactate (N,, 160—190 °C). No oligomerization was observed
for the two latter esters, while the mixture of oligomers
(DP,, = 3.3) was obtained from isopropyl lactate. One can suggest
that a lack of oligomerization products in the case of butyl
lactates is caused by a steric hindrance of the carboxylate group
due to the bulkier butyl groups. A thermal depolymerization of
the mixture of isopropyl oligolactates (5 Torr, 180 °C) afforded
lactide in the yield of 40% and the content of D- and meso-
lactides of 0.5 and 13%, respectively.

The impact of amount of CeCl;-7H,0 on the conversion of
ethyl- and isopropyl oligolactates (Et-oligo-LA and Pri-oligo-
LA, respectively) into lactide was also estimated (Table S1,
Online Supplementary Materials). An increase in the catalyst
concentration did not affect the DP, of Pri-oligo-LA, while for
Et-oligo-LA, it was changed from 3.3 to 4.5 upon raising the
CeCl; concentration from 1 to 3 mol%. Meantime, there was a
pronounced effect of the amount of CeCl;-7H,O on the lactide
yield and its racemization. Increase in the catalyst concentration
for Et-oligo-LA (up to 3 mol%) and for Pri-oligo-LA (up to
2 mol%) allowed us to increase the target product yields up to 59
and 58%, respectively. Consequently, the total content of D- and
meso-lactides increased to 12.4 and 16.8% for Et-oligo-LA and
Pri-oligo-LA, respectively. This can be explained by a higher
water content in the mixtures due to the higher amount of
CeCl;-7TH,0O used. A further increase in the concentration of
cerium catalyst (up to 4 and 3 mol% for Et-oligo-LA and
Pri-oligo-LA, respectively) led to the decreased yield of lactide.

According to the GC-MS analysis data, the mixture of
products obtained by the depolymerization of alkyl oligolactates
contained alkyl lactates with DP, < 4 in addition to L-, D- and
meso-lactides. This fact indicates that the oligomeric components
at 5 Torr were removed from the reaction area faster than they
were converted into lactide. Thus, we started the depolymerization
under the pressure of 50 Torr with its reduction to 5 Torr at the
rate of 22.5 Torr h™!, as well as at the temperature increased from
180 to 230 °C at the rate of 25 °C h-!. The implemented
modification of the process resulted in a significantly higher
lactide yield (Table S2). Thus, Prl-oligo-LA was converted into
the mixture of lactides in the yield of 94% using 2 mol% of
CeCl5-7H,0.

In conclusion, we have demonstrated that lanthanide salts can
be employed as the catalysts for the conversion of alkyl lactates
into alkyl oligolactates. The latter can be successfully
depolymerized to lactide. The desired lactide was obtained in the
yield of 94% starting from L-lactic acid, although a partial
racemization to D- and meso-lactides was also observed. The
ring-opening polymerization of prepared lactides has been
carried out using main group metal-based catalysts, and these
results will be reported elsewhere.

~ 649 -



Mendeleev Commun., 2019, 29, 648-650

This work was supported by the Russian Foundation for Basic

Research (grant no. 18-43-520006) and performed within the
framework of the Russian State Assignment using the equipment
of the Analytical Center at the G. A. Razuvaev Institute of
Organometallic Chemistry of the Russian Academy of Sciences.

Online Supplementary Materials
Supplementary data associated with this article can be found

in the online version at doi: 10.1016/j.mencom.2019.11.014.

References

1
2
3

10
11

X. Qi, Y. Ren and X. Wang, Int. Biodeterior. Biodegrad.,2017,117,215.
L.-T. Lim, R. Auras and M. Rubino, Prog. Polym. Sci., 2008, 33, 820.
V. P. Martino, R. A. Ruseckaite and A. Jiménez, Polym. Int., 2009, 58,
437.

G. Kfoury, J.-M. Raquez, F. Hassouna, J. Odent, V. Toniazzo, D. Ruch
and P. Dubois, Front. Chem., 2013, 1, 32.

I. Armentano, N. Bitinis, E. Fortunati, S. Mattioli, N. Rescignano,
R. Verdejo, M. A. Lopez-Manchado and J. M. Kenny, Prog. Polym. Sci.,
2013, 38, 1720.

T. S. Demina, A. B. Gilman and A. N. Zelenetskii, High Energy Chem.,
2017, 51, 302.

K. Masutani and Y. Kimura, in Poly(lactic acid) Science and Technology:
Processing, Properties, Additives and Applications, eds. A. Jiménez,
M. Peltzer and R. Ruseckaite, The Royal Society of Chemistry, 2015,
ch. 1, pp. 3-36.

1. L. Fedushkin, A. G. Morozov, V. A. Chudakova, G. K. Fukin and
V. K. Cherkasov, Eur. J. Inorg. Chem., 2009, 33, 4995.

R. Auras, B. Harte and S. Selke, Macromol. Biosci., 2004, 4, 835.

D. Garlotta, J. Polym. Environ., 2001, 9, 63.

Y. Ikada and H. Tsuji, Macromol. Rapid Commun., 2000, 21, 117.

D. K. Yoo, D. Kim and D. S. Lee, Macromol. Res., 2006, 14, 510.

- 650 -

13

14

15

16

17

18

19

20

21

22

23

24

25

26

0. V. Babkina, V. T. Novikov, A. S. Knyazev and K. V. Aleksenko, Vestn.
Tomsk. Gos. Univ., 2013, 367, 195 (in Russian).

B. Jiang, X. Tantai, L. Zhang, L. Hao, Y. Sun, L. Deng and Z. Shi, RSC
Adv., 2015, 5, 50747.

P. P. Upare, Y. K. Hwang, J.-S. Chang and D. W. Hwang, Ind. Eng.
Chem. Res., 2012, 51, 4837.

P. P. Upare, M. Lee, D. W. Hwang, Y. K. Hwang and J.-S. Chang, Catal.
Commun., 2014, 56, 179.

M. Dusselier, P. Van Wouwe, A. Dewaele, P. A. Jacobs and B. F. Sels,
Science, 2015, 349, 78.

M. Ghadamyari, S. Chaemchuen, K. Zhou, M. Dusselier, B. F. Sels,
B. Mousavi and F. Verpoort, Catal. Commun., 2018, 114, 33.

R. De Clercq, M. Dusselier, E. Makshina and B. F. Sels, Angew. Chem.,
Int. Ed., 2018, 57, 3074.

R. De Clercq, M. Dusselier, C. Poleunis, D. P. Debecker, L. Giebeler,
S. Oswald and B. F. Sels, ACS Catal., 2018, 8, 8130.

E. A. Poryvaeva, T. A. Egiazaryan, V. M. Makarov, M. V. Moskalev,
D. A. Razborov and I. L. Fedushkin, Russ. J. Org. Chem., 2017, 53, 344
(Zh. Org. Khim., 2017, 53, 346).

L. Feng, X. Chen, B. Sun, X. Bian, and Z. Chen, Polym. Degrad. Stab.,
2011, 96, 1745.

I. E. Nifant’ev, A. V. Shlyakhtin, V. V. Bagrov, M. E. Minyaeyv,
A. V. Churakov, S. G. Karchevsky, K. P. Birin and P. V. Ivchenko,
Dalton Trans., 2017, 46, 12132.

P. V. Ivchenko, A. V. Shlyakhtin and I. E. Nifant’ev, Mendeleev
Commun., 2017, 27, 278.

I. E. Nifant’ev, A. V. Shlyakhtin, V. V. Bagrov, P. D. Komarov,
A. N. Tavtorkin, M. E. Minyaev and P. V. Ivchenko, Mendeleev
Commun., 2018, 28, 412.

H.Ohara,A.Onogi,M.Yamamoto and S. Kobayashi, Biomacromolecules,
2010, 11, 2008.

Received: 11th April 2019; Com. 19/5882



