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Abstract

Oligodepsipeptides (oDPs), alternating copolyméraroa-amino acid and an-hydroxy acid,
are typically created by ring-opening polymerizat{®OP) of morpholine-2,5-dione derivatives
(MDs). In general, oDPs exhibit relatively high ggaransition temperature§g) caused by the
strong intermolecular H-bonding between amide astdrébonds. So far, it was not investigated
that variation at-amino acid moieties in MDs monomers did not leadotwer Ty. Here we
explored whether the thermal properties of the oBdsbe adjusted by introducing a hexyl side
chain in thea-hydroxy acid part of the MDs. By synthesizing a Mith an atactic pendant
hexyl group at position 3, the influence of a muwmdifion at position 6 compared to a
modification at position 3 towards ROP was investeg. In both cases the atactic bulky side
groups hindered the H-bonding between chain segnresulting in a significant reduction of

the Tys to a temperature around human body temperat@ran@ 36 °C) in contrast to ROP of a



MD providing a methyl group at position 3 andigs 65 °C. Such oDPs could be interesting

candidate materials for biomedical applicationshsag degradable implants.

Introduction

Oligodepsipeptides (oDPs), known as alternatingolyopers of ana-amino acid and am-
hydroxy acid, have shown great promise for biomadapplications such as tissue engineering
and drug delivery systems [1-5] as the degradati@mide bonds in oDPs is inherently buffered
and by this results in lower immune system respam&®ntrast to the degradation of polyester
based materials causing a substantial decreadé. of p

oDPs can be synthesized using ring-opening polyaton (ROP) of morpholine-2,5-dione
(MD) derivatives [6]. A variety of MDs with tunablphysical and chemical properties were
synthesized by modification of the amino acid mgieatesulting in oDPs with promising
applications[7-10]. So far MDs were modified by stitutions at position 3 by varying the
amino acid moieties; e.g. valine, leucine, isoleaciand alanine have been used to synthesize
isopropyl, isobutyl,sec-butyl and methyl substituted MDs [11, 12]. Fromegh, oDPs with
controlled molecular weight and designed end fameiities were synthesized by ROP. The
mechanism of ROP catalyzed by tin(ll) 2-ethylhexateo(Sn(Oct), especially of lactones and
cyclic esters, was intensively studied and sewvitredries of ROP mechanisms were discussed
[13, 14]. The most commonly accepted mechanism SofOct) catalyzed ROP is the
“coordination-insertion” mechanism, in which atsfira tin alkoxide, which is the active species
for the ROP, is formed from the Sn(Qc8nd hydroxyl groups of initiator. Afterwards tha t
alkoxide forms a complex with the carbonyl oxygeh tbe ester group, resulting in a
nucleophilic attack of the acyl carbon. The estardcleavage goes along with the formation of

a new tin-oxygen bonds and results in analogueespecies. Ester bonds in MDs have a higher
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activity compared to amide bond and act as mairctional group during the ROP. In this
context, the “coordination-insertion” mechanism atso applicable for the ROP of MDs
(Scheme 1). Furthermore, the structure of MD infles the efficiency of ROP during the oDPs
synthesis. Recently, the synthesis and polymeorzatif versatiie MDs have been reported,
presenting glass transition temperatufgs) of oDPs ranging from 93 °C to 117 °C [11]. Such
high Tgs can be attributed to the strong H-bond interastiand high crystallinity in the

oligomers.

Sn(Oct), -+ ROH OctSnOR - OctH

OctSnOR -+  ROH Sn(OR), = OctH
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(3S)-3-methyl-2,5-morpholinedione (3S)-methyl H
(3S)-3-isopropyl-2,5-morpholinedione (3S)-isopropyl H

Scheme 1. Coordination insertion mechanism of ROP of MDsalyated by Sn(Oct)11, 15].

We hypothesized that introducing pendant bulky gsointo the MD would lower th&y. Our
strategy to achieve such a new class of MDs wasttoduce a pendant alkyl group at the
position 6 by a variation of the-hydroxy acid part of the MDs to explore the effe€tsuch a
MD on the thermal properties of the final oligomBlevertheless, modifications at position 6

might influence the steric hindrance and decrehseetficiency of ROP [16]. Therefore, initial



kinetic studies were performed to compare of thriehcy of the ROP of the two monomers
modified at position 3 and 6, named (3R,S)-hexyjholine-2,5-dione (3HMD) and (3S, 6R,S)-
3-methyl-6-hexylmorpholine-2,5-dione (3M6HMD). Huermore, ROP of MMD was performed
as a reference ROP. The introduction of the atdmtlky side group would hinder the H-bond
interactions resulting in a less regular structuegjuced content of crystalline phase, and
lowered Tgs of oligp3M6HMD (03M6HMD) and oligop3HMD (03HMD). A#r the detailed
characterization of the synthesized MDs, the ROf#etigs were studied study, and thermal

properties of the resulting oDPs were explored.

Experimental

Materials

If not mentioned otherwise, catalyst and solvenégsenobtained from Sigma Aldrich (Seelze,
Germany) and used as received. 2-bromooctanoic (88ith) was purchased from Th. Geyer
(Hamburg, Germany), thionyl chloride (97%) and brahe were obtained from Roth (Karlsruhe,
Germany). Tin(Il) 2-ethylhexanoate (Sn(Qktyvas distilled three times before usage. Ethylene
glycol (= 99%) was dried by stirring over Mg%Cthen distilled under inert conditions, and
finally stored above molecular sieves. Solventsewdried by standard methods and distilled

prior to usage.

M ethods

Nuclear Magnetic Resonance (NMR) spectra were decbon a Bruker DCX-500 spectrometer
at room temperature (r.t.). In most cases, DMfOwvas used as deuterated solvent, 2-

aminooctanoic acid was dissolved inNaOD. The related solvent in deuterated reagest w



used as an internal standard. Chemical shifts vedeeenced to DMS@s = 2.5 ppm and ED =

4.8 ppm, respectively.

The thermal properties of the polymers were deteeohiby differential scanning calorimetry
(DSC) on a Netzsch DSC 204 (Selb, Germany), whiak @quipped with a low temperature cell.
The cyclic measurements were conducted in the teatype range between -20 °C and 200 °C
with a heating rate of 10 °@in and kept at 200 °C for 2 min. Subsequently, thrpda was
cooled with the same rate by liquid nitrogen. Affemin at the lowest temperature, a second

heating run was performed. The thermal transitiwese evaluated from the second heating run.

Gel permeation chromatography (GPC) measuremerns pegformed by universal calibration
(see Supporting Information) on a system consistihg precolumn, (two 300*8 nfninear M
(10 p) SDV-columns, PSS = Polymer Standards Service GnMbdinz, Germany), a degasser
DG-2080-53, a RI-1530 refractive index detector,isocratic pump PU-1580, an automatic
injector AS-1555 (all JASCO, Grol3-Umstadt, Germaayyg a viscosimeter T-60A detector
(VISCOTEK, Houston TX, USA). Tetrahydrofuran (TH#Ras used as eluent at a flow rate of
1.0 mLmin® at rt. and 0.2 wt% methanol as internal standaidlecular weight and
polydispersity calculations (see Supporting Infaiiora Figure S1 and S2 for GPC traces of
samples listed in table 1 and 2, respectively) wesdormed using WINGPC 6.2 (PSS) SEC
software (Polymer Standard Service, Mainz, Germany)

Matrix assisted laser desorption/ionization timdlight mass spectroscopy (MALDI-TOF MS)
was performed on a Biflex Il spectrometer (Bruksltonik, Leipzig, Germnay). The samples
were prepared as follows: 0.5 mg of the oligomes wasolved in 1 mL THF, a mixture of

trans-2-[3-(4+tert-butylphenyl)-2-methyl-2-propenylidene]malononiri(DCTB) and potassium



trifluoroacetate in THF was used as matrix. Higbetation mass spectrometry (HRMS) was
recorded on an ESI-Q-TOF maXis mass spectrometek@ Daltonik, Leipzig, Germnay).

IR spectra were obtained using Magna IR 550 sérigsectrometer (Nicolet, Germany), which

was equipped with a single beam diamond ATR unigltidlg points were determined on an

electrothermal MEL-TEMP (Bibby Sterilin, Stone, Uldpparatus at a starting temperature of

90 °C and a heating rate of 0.1 °C-thin
Synthesis of monomers

Both monomers, 3HMD and 3M6HMD, were synthesizedairthree-step synthesis route
according to the procedure described in refererdicq. [In brief, in a first step the N-
(halogenacyl)amino acid was synthesized as annieiate. Afterwards, the ring-closure
reaction to the morpholine-2,5-dione was conducfBee overall yields for SM6HMD and

3HMD were 15% and 7%, respectively.
Synthesis of (25)-2-(2-br omooctanamido)propanoic acid 3

Thionyl chloride (3.1314 g, 13.04 mmol) was addedpavise into a 50 mL Schlenk flask
containing 2-bromooctanoic acid (2.5 g, 11.3 mmwhjch was kept at 0 °C. The mixture was
heated to 90 °C and refluxed at this temperatur@4oh. The acylation reaction was monitored
by NMR spectroscopy until no signals from resida@tl moieties could be observed. The excess
of thionyl chloride was removed by vacuum at ambiemperature.

1.18 g (13.19 mmol) L-alanine was dissolved in 15 NKaOH solution (1 M) and cooled by an
ice bath (0 °C). The 2-bromooctanoyl chloride wassalved in diethyl ether (16.8 mL) and
added to the amino acid solution within 7 h simdausly with 14 mL NaOH solution (1 M)

under vigorous stirring. The pH was held at pH =di@ing the procedure. When the aqueous
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phase was acidified to a pH of 3, a colorless prate was formed, which was filtered off,
washed with hexane, and dried overnight at 45 @ constant weight was achieved.

H NMR (500 MHz, DMSOds): 3 ppm 12.60 (s, 1H, C@®l), 8.56 (d,J = 7.3, 1H,NH), 4.45 -
4.36 (m, 1H, NH-GICHs-COH), 4.29 - 4.14 (m, 1H; Br-BCsH13-CO), 1.97 - 1.52 (m, 2H,
CsH11-CHo-CHBY), 1.52 - 1.00 (m, 11H; (€5)s-CHs/NH-CHCH3-CO,H), 0.85 (t,J = 6.8, 3H,
(CH,)s-CHs); °C NMR (126 MHz, DMSOdg): & ppm 173.3 CO,H), 167.9 (CHBr€O-NH),
48.5 (Br-CHCgH15-CO), 47.6 (NHEHCHs-COH), 34.4 (GH11-CH,-CHBY), 30.7 (GHs-CHo-
CHp), 27.6 (GH-CH2-CHy), 26.3 (GHy-CH,-CH,), 21.6 (CH-CH»-CH,), 16.9 (NH-CHCH;-
COzH), 13.6 ((CH)s-CHas); MS (ESI): [My]determinedi?94.0714, [Mheoretical 293.0705; melting

point: 85+ 2 °C.
Synthesis of (3S,6R,S)-3-methyl-6-hexylmor pholine-2,5-dione (3M6HMD) 4

0.50 g (1.7 mmol) o8 and TEA (0.5 g, 4.82 mmol) were mixed homogengomsDMF (75 mL)
under vigorous stirring. The reactor was heate8Dt6C and kept at this temperature for 3 h, then
cooled to r.t. and kept at r.t. for another 24 he Precipitate, triethylamine hydrobromide, was
filtered off and the obtained solution was filtereder silica gel. After removal of the solvent
under vacuum, recrystallization from ethyl acetftetwo times gave colorless crystals. The
overall yield was 15%.

'H NMR (500 MHz, DMSOde): & ppm 8.49 (s, 1H; N), 4.96 (ddJ = 7.7, 1H; O-G(CeH11)-
CO), 4.46 - 4.28 (m, 1H; NH4@CH3-CO), 1.94 - 1.63 (m, 2H, 48;;-CH»-CH), 1.47 - 1.18 (m,
11H, (QH,)4-CHy/NH-CHCH3-CO), 0.87 (t,J = 6.8, 3H; (CH)s-CH3); °C NMR (126 MHz,
DMSO-dg): & ppm 170.6 (CHEH13-CO-NH), 168.6 (CHCH-CO-0), 77.5 (OEHCsH13-CO),

48.6 (NHCHCH;-CO), 31.4 (GH11-CH,-CH), 29.6 (GHs-CH»-CHy), 28.7 (GH7-CH,-CHp),



24.5 (GHg-CH>-CH,), 22.3 (CH-CH»-CH,), 16.2 (NH-CHCH3-CO), 14.2 ((CH)s-CH3): IR
(ATR) 3199, 2922, 1749, 1693, 1530 _E:ITMS (Esr) [MH+]determined214.1447, [M%eoretica

213.1443; melting point: 11¥ 2 °C.



Synthesis of 2-aminooctanoic acid 5

In a 100 mL round-bottomed flask, 2-bromooctanaid 5 g, 22.6 mmol), sodium azide (3.6 g,
55 mmol), and 50 mL of DMSO were mixed homogenegobylstirring at 80 °C for 72 h. Then
the solvent was removed by application of vacuuneneby the NaBr precipitated. After
dissolving the residue in 30 mL dichloromethane KDCthe precipitate was filtered off.
Afterwards, the remaining solution was extractedesal times with water. The organic phase
was dried overnight over sodium sulfate. Once thdiusn sulfate was filtered off, a yellow
solution was obtained, which was used without ferpurification.

Ina 1 L round flask, 10% palladium on carbon (@) was added into the yellow solution and
the mixture was vigorously stirred under a &imosphere. Once a colorless solid precipitated,
additional palladium on carbon (30 mg) and DCM wadlded. Hydrogenation was continued for
another 48 h. Afterwards, the residual solvent desanted. Extraction with boiling water and
ethanol for three times gave colorless crystalschvtvere further dried in an oven at 45 °C until
constant weight was achieved.

H NMR (500 MHz, DO/NaOD): & ppm 3.20 (dd,J = 7.0, 1H,CQH-CHCsH15-NH,), 1.65 -
1.46 (m, 2H, GH1-CH»-CH), 1.38 - 1.22 (m, 8H, (d2)4-CHs), 0.92 - 0.81 (m, 1H, (Chb-
CHa),; *C NMR (126 MHz, DO/NaOD): 3 ppm 181.2 COH), 53.3 (CQH-CHCsH13-NH,),
32.0 (GH11-CH,-CH), 28.2 (GHs-CH2-CHy), 25.7 (GH7-CH»-CHyp), 22.2 (GHo-CH,-CHy),
19.2 (CH-CH2-CHy), 10.6 ((CH)s-CHs); MS (ESI): [Mu'lgetermined 160.1336, [Mheoretical

159.1336; melting point: 2682 °C.



Synthesis of 2-(2-chlor oacetamido)octanoic acid 6

3 g (19 mmol) of5 was dissolved in 20 mL NaOH solution (1M) and eadoby an ice bath
(0 °C). 2-chloroacetyl chloride (20 mmol) was dissd in diethyl ether (20 mL) and added to
the amino acid solution within 7 h whereby 20 mL Q¥a solution (1 M) was added
simultaneously under vigorous stirring. The pH weedd at pH = 12 during the procedure.
Afterwards, acidification of the aqueous phase W@I resulted in a colorless solid precipitate.
The precipitate was filtered off, extracted withx&ee, and dried overnight at 45 °C until
constant weight was achieved.

H NMR (500 MHz, DMSO#): 3 ppm 12.68 (s, 1H, Cl), 8.44 (d,J = 7.8, 1H, NH), 4.18 (td,

J = 8.3, 1H, NH-GC¢H;5-CO), 4.10 (m, 2H, CI-8,-CO), 1.65 (m, 2H, €H,;-CH,-CH), 1.25
(m, 8H, ((H.)s-CHs), 0.85 (t,J = 6.8, 3H, (CH),-CHs): 1*C NMR (126 MHz, DMSOds): & ppm
173.4 (CGH), 166.1 (CHCI-CO-NH), 52.3 (NHEHC¢H15-CO), 42.5 (CIEH,-CO), 31.2
(CsH11-CH2-CH), 31.1 (GHs-CH,-CHy), 28.3 (GH7-CH,-CHy), 25.3 (GHe-CH»-CHy), 22.1
(CHz-CH,-CHy), 14.1 ((CH)s-CHz); MS (ESI): [Mu']determined236.1055, [Mheoretica 235.1053;

melting point: 84 1 °C.
Synthesis of (3R,S)-hexylmor pholine-2,5-dione (3HMD) 7

1.00 g (4.3 mmol) 06 and TEA (1.0 g, 5.64 mmol) were mixed homogengousDMF (150
mL) under vigorous stirring. The reactor was hedte@0 °C, kept at this temperature for 3 h,
then cooled to r.t. and kept at this temperature afother 24 h. After removal of triethyl
hydrochloride and passing through silica gel, thiwent was decanted. Recrystallization from

ethyl acetate for two times gave white crystalse okerall yield was 7%.
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'H NMR (500 MHz, DMSO#): & ppm 8.56 (s, 1H, N), 4.73 (g, 2H, O-E,-CO), 4.16 (td,) =
6.0, 1H, NH-GiCeH15-CO), 1.73 (m, 2H, @H1;-CH2-CH), 1.32 (m, 8H; (6l)s-CHs), 0.86 (t,J
= 6.8, 3H; -(CH)4-CHs); *C NMR (126 MHz, DMSOds): & ppm 168.1 (CH#+CO-NH), 165.5
(CHCeH15-CO-0), 67.2 (OEH,-CO), 52.0 (NHEHCeH;3-CO), 31.1 (GH1-CH,-CH), 30.7
(CoHs-CHp-CHy), 27.9 (GH7-CH»-CHy), 23.9 (GHe-CH-CHy), 21.7 (CH-CH,-CH,), 13.6
((CHp)s-CHs); IR (ATR): 3196, 2914, 1740, 1691, 1546 tmMMS (ESI): [My ' letermined

199.1205, [Mheoreticai1 99.1208; melting point: 1002 °C.
Synthesis of (3S)-methylmor pholine-2,5-diones (M M D)

The synthesis of (3S)-methylmorpholine-2,5-dioness werformed according to the synthesis
route described in reference [18].
'"H NMR (500 MHz, DMSO«): 5(ppm) 8.53 (s, 1H, N), 4.92 - 4.54 (q, 2H, O48,-CO), 4.30

(9, 1H, NH-CHCH3-CO), 1.33 (d, 3H, CHB3). melting point: 13& 1 °C.
Synthesis of o0DPs

oDPs were synthesized by ROP of the morpholinediybe (MD) as shown in Scheme 2.

A general procedure was based on polymerizatioi@$ catalyzed by Sn(Ogtlusing ethylene
glycol (EG) as initiator. Polymerization reactiomgere carried out with approximate 1 ¢
monomer (fimp = 7.8 mmol; Bmenvo = 4.7 mmol; Bump = 5.0 mmol, respectively). Monomer,
predefined amount of initiator, and catalyst welted into a flame-dried Schlenk reactor (10 mL)
under a dry nitrogen atmosphere. Afterwards, thactren mixture was heated to the
polymerization temperature and stirred under inenditions for time periods according to Table

land 2. The targeted molecular weights for oDP£8dtgmol™.
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The ROP kinetics were studied at 140 °C. Samples vaken at appropriate time intervals and
the ROP was quenched by freezing in liquid nitrog&fterwards, the crude samples were
directly analyzed by GPC measurements without amyhér purification and removal of

unreacted monomer. The monomer conversions wermerndigied from GPC eluograms via
comparing the integrals from monomer peaks with shen of integrals of the peaks from

monomers and oligomers.

R, 0._0 _
e + /\/OH R, = ey, (3S)-methyl group
o7 N HO 03M6HMD
H R, Ry= M (6R,S)-hexyl group
Morpholine-2,5-dione Ethylene glycol Ry = M (3R,S)-hexyl group
03HMD 5
140°C, bulk | Sn(Oct), Ry = H
R =

uu/////(‘]-[_*, (3S)-methyl group
oMMD

(6] R, (6] R,
H
o o N H Ry= H
H/{. \%E)\’r]/m \/\O/IJ‘\( \’H\O’if 2
R, o] R, O

Oligodepsipeptide (oDP)
Scheme 2. ROP of morpholine-2,5-diones.

Results and discussion

Monomer synthesis

In general, monomers were synthesized in a thegesstinthesis route according to scheme 3. 2-
bromooctanoic acid was transferred to 2-bromoogtiacioloride as well as to 2-aminooctanoic
acid to create related acetyl chloride in caseM®RMD and thea-amino acid in case of 3HMD.
The relatedr-amino acid was reacted with the appropriate aeyidh in a modified Schotten-
Baumann reaction at the interphase between diethgr and water. The presence of NaOH in

the aqueous phase neutralizes the generated cdoacig and shifts in this way the equilibrium

12



reaction to the corresponding intermediate produtt® monomers (SM6HMD and 3HMD),
which were created in a subsequently performed-ciogure reaction, were purified by
recrystallization from ethyl acetate. All synthesizzompounds were confirmed By NMR and

3C NMR spectroscopy as well as mass spectrometry.

oton
Br
2-bromooctanoic acid

R= -(—c:HZ)S—CH3

socl, /" S%2* ) NaN;DMSO\ -Nz

-HCI 4 i) PA/C,H, - NaBr ¥
R 2 Q
“*T)km 2 R OH 5
Br NH,
2-bromooctanoyl chloride 2-aminooctanoic acid
L-alanine Chloroacetyl
-NaCl chloride - NaCl
NaOH
@ NaOH
o = H
R z N R 6
“'II)LNACOOH 3 cl
Br " O COOH
(2S)-2-(2-bromooctanamido)- 2-(2-chloroacetamido)octanoic
propanoic acid acid
TEA TEA
DME |” TEA< HBr ¥ DMF - TEA- HCI ¥
R, _O__O 0 ~°
I T 4 7
“, (0) N R
0] N U
H H
(3S,6R,S)-3-methyl-8-hexylmorpholine-2,5-dione  (3R,S)-3- hexylmorpholine-2,5-dione
(3MBHMD) (3HMD)

Scheme 3. Synthesis of morpholine-2,5-diones.
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Table 1. Comparision of ROP of MMD and 3M6HMD catalysed®y(Oct).

Run  Monomer [M]o:[EG]o:[Sn(Octy]® ROP condition T['rr]? € [11\3 ”n(f;;ﬁ] Muw/M,, Con[\;/(z]r siof
1 3M6HMD 500:18:1 Toluene 80°¢ 3 n.cf n.d 7
2  3M6HMD 500:18:1 Toluene 110°¢ 3 n.d n.d 21
3 3M6HMD 500:18:1 Bulk 140 °C 3 3.2 1.1 36
4  3M6HMD 500:18:1 Bulk 140 °C 15 4.8 1.2 49
5 MMD 500:11:1 Toluene 80°¢ 3 n.d n.d 15
6 MMD 500:11:1 Toluene 110°¢ 3 n.d n.d 29
7 MMD 500:11:1 Bulk 140 °C 3 4.3 1.1 47
8 MMD 500:11:1 Bulk 140 °C 15 5.3 1.4 83
9  3M6HMD 500:18:1 Bulk 140 °C 24 4.3 1.6 49
10 MMD 500:11:1 Bulk 140 °C 24 5.6 1.2 83
11" 3HMD 500:17:1 Bulk 140 °C 24 5.4 1.3 79

aM, of oligomers aimed at was 6-kupl™.

M, was determined by GPC using THF as an eluent.

“Monomer conversion was determined by GPC using @si&n eluent.
dMonomer concentration was 0.94 rot.

°n.d : no data.

"Polymerizations were performed for kinetic studye §igure 2.

Deter mination of reaction parameters by ROP of 3SM6HM D

The capability of the newly created compounds gctise monomers in ROP was explored in

preliminary homopolymerizations catalyzed by Sn{@dn a feasibility study, the optimum

reaction conditions for the ROP were determinedRByP of MMD. These optimized parameters

were used for ROP of 3M6HMD. In this way, the igfice of modification at position 6 was

investigated. The efficiency of the reactions waslgated by determining the monomer

conversions after appropriate time intervals (Tdhldn initial experiments, ROP was conducted

in solution (toluene) and at 80 °C to avoid sidact®ns. The monomer conversions with 7%

and 15% were relatively low after 3 h at 80 °C both 3AM6HMD and MMD, respectively. A

slight increase of monomer conversion was achiavedn the temperature was raised from

14



80 °C to 110 °C. The monomer conversion increagethdéndously when the ROP was
performed as bulk polymerization of the melt at 2@0 In case of 3SM6HMD conversions of 36%
and 49% were achieved after 3 h and 15 h. When MNH3 polymerized, the conversion
increased to 47% after 3 h and to 83% after 15 theasame conditions. The difference in the
monomer conversions between 3M6HMD and MMD mightatigbuted to the steric hindrance

caused by hexyl group substitute.
Kinetic study of ROP

In the ROP kinetic study experiments of SM6HMD, 3Bivand MMD (Table 1, runs 9-11), the
polymerizations were catalyzed by Sn(@c8amples were collected from the reaction mixture,

dissolved in THF, and analyzed by GPC.

(a) 100p~ v v (b) 7000¢
60 6000}

\O 3

Z < so0o00}
S so} 2

9 B 4000}
B (@)]

= 40} = 3000}
o

o = 000}

N
(@]

1000p

0 10 20 30 0 10 20 30
Time / h Time/h

Figure 2. Homopolymerization of MDs catalyzed by Sn(Qctja) dependence of monomer

conversion on time; (b) dependencévfon time. MMD-# ; 3SM6HMD-@- ; 3HMDa: .

Figure 2a displays the dependence of the monomarecsion as a function of time. MMD
achieved the highest monomer conversion at anynginee during the reaction, which indicates

that MMD have the highest activity towards the RORe ring-chain equilibria were reached for
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both MMD and 3M6HMD after 12 h, while a slight iease was still observed for 3HMD after
16 h. When the reactions reached the equilibriagl3MD displayed the lowest monomer
conversion of around 50% among the three monomerhe given reaction conditions. In
contrast, MMD and 3HMD presented a reasonable asiore of around 80% after 24 h. The
obtained results show clearly the differences i tbactivity of each monomer in the ROP,
which is supposed to be caused by the steric hiicéraf the hexyl group substitute.

Figure 2b presents the obtainkti as a function of the reaction time. A similar tendy of
increase as observed for the conversion can b&.ndke highesM,was observed for ROP of
MMD. After 12 h and 16 h of the reaction time, abhoonstanM,s were reached for MMD and
3HMD, respectively. In case of 3SM6HMD, th\, decreased after reaching a maximum value
after 12 h. Due to the presence of the hexyl g@uposition 6 in the 3M6HMD, the efficiency
of ROP should be relatively low, which was alsoarlied in a kinetic study. The decreas®&/af

as presented in Figure 2b, after reaching the maximalue indicates that the intermolecular
side reactions became the favored reaction verBascbmpeting chain growth reaction.
Analogous observations were reported by formeraresework on ROP of morpholine-2,5-
diones [15]. The decrease Mf,was attributed to the chain fragmentation reactamch means
that the polymer chains were partially transferred the Sn(Oct) via intermolecular
transesterification resulting in polymer chainsrierated with tin residue. Meanwhile, back-
biting leading to macrocycle can also contributethe reduction ofM, via intramolecular
transesterification, which can be confirmed by MALDDF.

Figure 3 shows the kinetic plots of the polymeiiaif the monomers in semilogarithmic scale.
The time law for polymerization with ring-chain élrium can be expressed according to

equation (1)[19, 20]:
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MO - Me %
lnm: Kp[Cat][M] t = Kappt (1)

M, is the monomer concentration of the starting nmxtu, represents the monomer
concentration at the moment when reaction readiesing-chain equilibriumy/; is the actual
monomer concentration after various reaction tireegol, andV* is the concentration of the
active species. The slope of the plot is the appaete constarapp(Ke,, = Kp[Cat][M]"),

which is a direct parameter for the reaction ratde given reaction conditions.

(6]

| r—
V| Q
= |
[ {1
|2
=|=
e}

30
Time/h

Figure 3. Homopolymerization of MDs in bulk catalyzed Sn(2cti® order plot. MMD# ;

3M6HMD @-; 3HMD «.

The monomer reaction activities for the ROP are ganable to the apparent rate const#afgs
obtained from the slopes of the semilogarithmiceticurves. In case of MMD the rate constant
obtained a value of 0.28 + 0.0% twhich is 2 times higher than for the ROP of 3M6BIMith a
rate constant of 0.14 + 0.02"hThis can be attributed to the steric hindrandeoduced by
hexyl-group substitute at position 6. The rate tamsof ROP of 3HMD was 0.20 + 0.03'h
This lowerK,,pcompared to ROP of MMD can also be explained bysteec hindrance caused
by the substitution of methyl group with the heggbup at position 3. Compared with SM6HMD,
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the higherK,,p0f 3HMD can be explained by a slight electron pogheffect (+I-effect) of the

hexyl group compared to the hydrogen in additiotheosteric hindrance.

In general, the amide group of depsipeptide is idensd to be more stable than an ester group
and less active towards ROP. However, attemptsyhthssize polydepsipeptides from the
corresponding N-alkyl substituted morpholine-2,6rdis via ROP have not been successful until
now [21]. A possible explanation might be that thmide group could form a chelating
intermediate at the ester group. In this contdyd,reduction of the monomer activity for ROP in
case of 3HMD, could be caused by the steric hirtramtroduced by hexyl-substitute at position
3.

Investigation of M D homopolymerization

The homopolymerization of MDs was studied by RORe Teactions were quenched after
appropriate time periods before intermolecular seBetions became the favored reactions. The
obtained oligomers were characterized by NMR, GR&[DI-TOF, and DSC (see Supporting
Information Figure S3 for full MALDI-TOF spectra @3M6HMD and o3HMD, Figure S4 for
DSC curves, and Figure S5 f6€ NMR spectra of 03M6HMD and 03HMD).

Table 2. ROP of MMD, 3M6HMD, and 3HMD at 140 °C in melttalysed by Sn(Ocf)

Monome [M] o:[EG]o:[SN(Oct>] s’ Reactior  Yield DF My
(equiv.) Time* [%] Aimed Measured [kg-molY]
[h] NMR  GPC M,/M,
MMD 500:11:: 16 62 46 44 6.5+0.3 57+06 14
3M6HMD" 500:18:: 12 23 28 25 6.1+0.3 5.4+05 1.z
3HMD" 500:17:: 18 58 3C 28 5.840.3 5.6+06 1.z

M, of oligomersaimed awas 6 Ig-mo™.

®Purified by chromatography.

“Reaction time periods were defined with contribuitdd the results from kinetic study.
4Aimed degree of polymerization (DP) was based emtble ratio of starting compounds.
®Determined by GPC on the purified product.
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Figure 4. 500 MHz'H NMR spectra in DMSQs of (a) 03M6HMD and (b) 03HMD. One

asterisk indicates the DMSO peak, and two astensksate the HO peak.

When the molecular weights of the oligomers wereemeined by'H NMR, the ratio of the

signal intensities of the repeating units andamniti were calculated according to equation (2):
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Ien, /3

Mn * Mmorpholine dione + Mlnitiator (2)

T CH, /4

Icy, andlcy, are integrals of the signals originating from ihigiator até = 3.80 - 3.88 ppm and

from the oDPs repeating unit &t 0.76 - 0.89 ppm for 03M6HMD and &t= 0.68 - 0.91 ppm

for o.3HMD, respectively (shown in Figure 4a andufe4b).

The molecular mass of the oDPs were also deternbge@dPC and the data are summarized in
Table 2. Thev,/M,, of oMMD was 1.4, which was slightly higher thar2 bf 03M6HMD and
03HMD. This slightly higher value can be explairi®da lower solubility of the oligomer in the
melted monomer resulting in precipitation and big th a loss of control of the polymerization
reaction.

MALDI-TOF MS was performed on 03M6HMD and o3HMD ftharacterize the terminal
groups of the obtained oligomers (Figure 5). Foames of signals corresponding to three
different species could be identified for the talelec 03M6HMD as shown in Figure 5a. The
main series 2 and 2 corresponding to the oligorasgghe series with terminal hydroxyl groups
having 7 or 8 repeating units, respectively. Selieepresents the polymer chain ionized by
accidentally introduced sodium ions. Series 3 camatfributed to the formation of macrocycles
by intramolecular transesterification. The molarsmaf series 4 is 44mol™ less than the molar
mass of series 2" and results from the polymernsharoviding carboxylic terminal groups,
which were initiated by traces of water or othemachydroxyl-containing species in the starting

mixture.
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Figure 5. Details of MALDI-TOF mass spectra, reflector negation mode: (a) 03M6HMD and

(b) 03HMD.

The structures of the corresponding species idedtifom the 03M6HMD mass spectrum are
presented in Figure 6. A lower number of signalesecan be observed compared to the spectra
of 0BM6HMD in the MALDI-TOF spectrum of 03HMD (Fige 5b). Series 1 and 1" can be
correlated to oligomers with repeating units 7 offBe structures of the corresponding species,
which can be identified from the 03HMD MALDI-TOF smspectra, are displayed in Figure 7.
Series 2 is caused by water initiation as discubséare. The low content of additional series in
the spectrum of 03HMD can be explained by highéwiag of 3HMD towards the chain growth

reaction, resulting in a better reaction control.
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Figure 7. Structures of the species as assigned from the &3Hdss spectrum.

22



In order to determine efficiency to reduce the glaansition temperaturdd) by introducing
atactic bulky side group, the thermal propertiesl@jomers with comparable molecular weights
were studied by DSC (Table 3). The o03HMD exhibitieel lowestTy of 32 °C, which is below
human body temperature. The 03M6HMD showed a chlee of 36 °C around body
temperatureln contrast, thdgof oMMD was 65 °C, which is approximately 30 °C gy than
the Tys for both other oDPs in which hexyl side groupsenaiatroduced. This behavior could be
caused by bulky atactic pendant groups, resulting plasticizing effect by disturbing the H-
bonding between polymer chains. Meanwhile, the ¢nigdly. of oMMD can also be attributed to
more polymer chains due to the lower monomer mabgh contributed a higher number of
terminal hydroxy groups. As a result, the H-bondings relatively enhanced leading to a
stronger limitation of polymer chain movemeriarthermore, the absence of a second transition
temperature T) in both 03M6HMD and 0o3HMD strongly suggested apmmus polymers
resulting in no significant crystalline domains.tBdactors, the reduction of H-bonding and the
weakening of crystalline behavior, could contribute the enhancement of polymer chain

movement.

Table 3 Thermal properties of synthesized oDPs

oDPs Ty T
[°C] [°C]

oMMD 65 142
03M6HMD 36 n.d
03HMD 32 n.d

&No Ty, is detected in 03M6HMD and 03HMD
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Conclusion

Two morpholine-2,5-diones, named 3M6HMD and 3HMDthwatactic hexyl groups, were
successfully synthesized via acylation reaction amoisequent ring-closure reaction. In initial
studies, the ROP capability of 3AM6HMD and 3HMD ugiethylene glycol as initiator and
Sn(Oct) as coordination insertion catalyst was exploradbdth oDPs nd,, could be detected
suggesting the presence of only amorphous phades. glass transition temperatures of
03M6HMD and o3HMD were approximately 30 °C loweanhthat of oMMD. All oligomers
provided the presence of hydroxyl groups whered€®0® of 3HMD less side reactions seemed
to occur as evidenced by a lower number of senddALDI-TOF measurements compared to
that of 03M6HMD.K,p, of 3SM6HMD was slightly lower compared to 3HMD, whiwas a hint
that in addition to the steric hindrance also tleeteon influence of the substitutions needs to be
considered. Nevertheless, the oligomers from MRwidmg terminal hydroxyl groups can be
considered as valuable building blocks for degrijadlastic scaffold materials e.g. for cell
culture systems.
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Highlights for

Hexyl-modified mor pholine-2,5-diones based oligodepsipeptides with relatively low glass
transition temperature

Xingzhou Peng, Marc Behl, Pengfei Zhang, Magdal ena Mazurek-Budzynska, Muhammad Y. Razzaq,
Andeas Lendlein

* Morpholine-2,5-diones with hexyl-side chains (HMMDs) have been prepared
» Kinetics of the ring-opening polymerization of HMMDs were understood

 Significant reduction of Ty of oligodepsi peptides by hexyl-side chains introduction



