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ABSTRACT

2,2-Dibutyl-2-stanna-1,3-dioxepane (DSDOP) was polyconden-
sed with bis(4-chlorothiophenyl) suberat under various reaction
conditions, but only moderate molecular weights, €ML0000)
were obtained. The MALDI-TOF mass spectrosmetry revealed
the formation of cyclic oligo- and polyesters in addition to linear
species having OH, GH, and unreacted 4-chlorothiophenyl
ester endgroups.

Furthermore, e-Caprolactone &CL) was polymerized with
DSDORP as the initiator at monomer/initiator (M/1) ratios of 20
and 50. The resulting tin-containing macrocyclic polylactones
were reacted with sebacic acid bis(4-thiocresyl)ester at three dif-
ferent temperatures and with different reaction times. Analogous
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polycondensations were conducted with suberic acid bis(4-
chlorothiopheml) ester The presence of thioarylester endgroups
in the isolated polyestersas checkd by'H NMR spectroscop
The highest corersions were found at long reaction times (24 or
72 hours), or after the addition oynmine and N,N-dimety+
laminopyridine as catalysts. Despite high gersions, the num
ber arerage molecular weights (M) did not &ceed walues
around 20000. Ean in the samples Wiag the highest molecular
weights, unreacted 4-chlorothioplyéester endgroups were
detected by GPC measurementaleated with a UMletector It

is concluded that bothattors, gclization and incomplete cen
version, contribite to the limitation of the chain guth.

INTRODUCTION

As reported in prgous parts of this series, itag possible to prepare tin-
containing macroglic polylactones2 using 2-stanna-1,3-dioxacoalkanes
such asl as initiator (Equation 1) [1, 2]. Furthermore, iasvfound that the
Sn-0 bonds of these supermages react easily at temperatures\abbd00C
with thioarylesters of carboxylic acids (Equation 2) [2]. Meep the tin-
cortaining (macro)gcles such asl and 2 proved to be useful difunctional
monomerdor polycondensations with dicarboxylic acid chlorides (Equation 3) [3].
Unfortunately stable acid chlorides are novadlable from a-amino acid,
B-amino acida-hydroxy acid of3-hydroxy acid denatives which are of inter
est as monomers for syntheses of bgrvddable polyesters. M@ver, stable
thioaryl esters can be prepared under mild conditions from free carboxylic acids
and thiophenols by means of carbodiimiddserefore, the presentork had the
purpose to study the polycondensation of 2,2dyik2-stanna-1,3-dicpane 1,
DSDOP) or tin-containing macnrgclic poly-(e-caprolactone) with dicarboxylic
acid bis(thio-aryl) esters.

Answers to the follwing questions should be found. First, does the
lower reactvity of the thioaryl esters (when compared to acid chlorides) result in
lower molecular weights of the polyesters? Second, are thioaryl ester endgroups
detectable due to incomplete wersion? Third, do the isolated polyesters
mainly possess &clic or a linear structurePhe answer to this third question
was of particular interest, because the oligo- and polyesters isolated from poly
condensations of DSDOP and dicarboxylic acid dichlorides hadle struc
ture[3]. The formation of gclic oligomers and polymers by direct polyeon
densation in the absence of equilibration and the absence of dilution has
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theoretically been predictgd], 5], but experimental proof has not been published
yet (with the &ception of Reference 3).

EXPERIMENTAL

Materials

4-Methylthiophenol, 4-chlorothiophenol, suberic acid, sebacic acid,

dibutyltin dimethoxide, 1,4-tanediol, anc-caprolactone were all purchased
from Aldrich Co. (Milwaukee, Wisc.). The 2,2-dilntyl-2-stanna-1,3-dicepane
(DSDOP) vas prepared from ditbyltin dimethoxide and dry 1,4dbanediol as
described pnégously [2, 6].The acid chlorides of the dicarboxylic acid were-pre
pared in a refluxing mixture of chloroform and thytohloride (wlume ratio
1:1) and isolated by distillatio.he e-caprolactone @as distilled @er freshly
powdered calcium ydride.

Synthesis

SubericAcid Bis(4-tlorothiophenyl)ester

The suberic acid chloride (0.2 mol) and the 4-chlorothiophenol (0.4 mol)
were dissoled in dryTHF, and yridine (0.4 mol) vas added dropwise under
cooling with stirring.The reaction mixture as allaved to stand at 2C for 20
hours and therilfered from the precipitatedypgdine hydrochloride.The iltrate
was concentrateth vacuoand poured on ice/distilledater The precipitated
crude product as fltered of, washed twice with distilled atet dissohed in
dry CH,CI, and dried wer NgSQ,. Afterwards, the solution as concentrateih
vacuoagain until the product lgan to crystallizeThe product \as fltered of
and dried at 4TC in vacuo

Yield 54%, m.p. 84-8%

C,0H,Cl,0,S; (427.4 g/mol):

Calcd.: C 56.20 H 4.72 Cl 16.59 S 15.00
Found: C 55.91 H 4.63 Cl 16.60 S 15.08

'H NMR (CDCK/TMS): &= 1.42 (4H,m), 1.72 (4H,m), 2.66 (4H1),
7.35 (8H,m).
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SebacicAcid Bis(4-methylthiophenyl)ester

This thioester s prepared by the same procedure, using sebacic acid
chloride and 4-methithiophenol as starting materials.

Yield 87%, m.p. 67-68C (m.p. 70 in Ref. [7])
CoaH300,S, (414.6 g/mol): Caled.: C 6952 H 7.29 S 1547,
Found: C 6963 H 7.26 S 1531

'H NMR (CDCKTMS): &= 1.32 (8H,s), 1.70 (4H,m), 2.37 (6H,s),
2.64 (4H,1), 7.29 (8H,m).

Polycondensations of DSDOP

10 mmol DSDOP and 10.0, 10.1 or 10.2 mmol bis(4-chlorothio-
pheryl)ester of suberic acid (thatadequate to 0, 1 or 2%oess) were weighed
into a g¢lindrical glass-reactor equipped with a mechanical stigas-inlet and
outlet tubesThe reaction gssel vas immersed into an oil bath thermostated at a
temperature in the range of 100-160(seeTable 1) and the reaction mixture
was stirred in an atmosphere of dry nitrogen for 24 resp. 48 hidfteswvards,
the reaction productas dissoled in dichloromethane (20 mL) and precipitated
into cold (4-5C) dietlyl ether (200 mL)The precipitated productas isolated
by filtration and dried at 4 in vacuo Then, the polyester as dissoled in
dichloromethane agn and reprecipitated into cold isopropanol.

Polycondensations of Maacyclic Rly(s-capmolactone)

e-Caprolactone (50 mmol) and DSDOP (2.5 or 1 mmol) were weighed

into a glindrical glass-reactor equipped with a mechanical stiges-inlet, and
outlet tubesThe reaction gssel vas placed into an oil bath preheated t6CG30
and this temperature a8 maintained for 1 hauAfterwards, the bis(thio-
aryl)ester of sebacic acid respeety suberic acid (2.5 or 1 mmol)as added
and the reaction mixtureas stirred in an atmosphere of dry nitrogen foious
times at a temperature between 100 and@(8eeTables 2-5)Then the reac

tion product vas dissoled in dichloromethane (40 mL) and precipitated into
cold (4-5C) diettyl ether (400 mL)The precipitated productas isolated by
filtration and dried at AT in vacuo

Measurements

The viscosities were measured with an Ubbelohde viscometer ther
mostated at Z%.
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TABLE 1.

Polycondensations of Suberic Acid Bis(4-
chlorothiophenyl)ester with DSDOP 1

Polym. | Temp. | Time | Excessofthe | Yield;” | Yield; | m, @ M, M
No. [°C] [h] | Dithioaryl ester [%] [%] [dl/g] [g/mol] M,
in %
1 100 24 0 83 65 0.23 7,000 1.62
2 100 24 2 64 45 0.21 5,800 1.69
3 100 48 0 96 85 0.25 7,200 1.72
4 100 48 2 96 84 0.26 7,500 1.74
5 130 24 1 95 83 0.29 10,400 1.44
6 160 24 1 91 79 0.30 10,000 1.50
79 | 100 48 0 82 68 0.25 7,800 1.63
89 | 130 24 1 86 71 0.30 10,500 1.52
a) : these polyesters were precipitated only in dry diethylether

b) :
c):

d):
e):

after the (first) precipitation in moist diethylether (samples 1-6) resp. dry diethylether
(samples 7 and 8)
after the (second) reprecipitation in isopropanol (samples 1-6) resp. dry diethylether
(samples 7 and 8)
measured at 25°C with ¢ = 2g/l in CH,Cl,

SEC measurements evaluated with the K and 1 values of eq. (5)

TABLE 2.

with Macrocyclic Poly(e-CL) 2 Prepared with M/l = 20:1

Polycondensations of Sebacic Acid Bis(4-thiocresyl)ester

Polym. Temp. Time Yield TMinh 9
No. [°C] [h] [%] [dl/g]
1 100 4 95 0.40
2 130 4 93 0.44
3 160 4 92 0.47
4 100 8 94 0.40
5 130 8 90 0.44
6 160 8 88 0.45
7 100 24 91 0.38
8 130 24 86 0.42
9 160 24 83 0.42
109 120 24 92 0.45
1Y 120 24 90 0.43
12 9 120 24 92 0.52

a):
b):
c):
d):

a double molar amount (relative to Sn) of pyridine was added

10 mg of N,N-dimethylamino pyridine was added

a double molar amount of pyridine + 10 mg of N,N-dimethylamino pyridine was added
measured at 25°C with ¢ = 2g/l in CH,Cl,
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TABLE 3. Polycondensations of Sebacic Acid Bis(4-thiocresyl)ester
with Macrocyclic Poly(e-CL) 2 Prepared with M/l = 50:1

Polym. Temp. Time Yield Ninh 9
No. [°C] [h] [%] [dl/g]
1 100 8 97 0.42
2 130 8 93 0.48
3 160 8 84 0.49
4 100 24 90 0.38
5 130 24 88 0.43
6 160 24 87 0.47
7 100 72 9 0.37
8 130 72 93 0.56
9 160 72 92 0.32
102 120 24 94 0.56
1Y 120 24 90 0.55
129 120 24 95 0.72

a):
b) :
c):

d):

dine were added

10 mg of N,N-dimethylamino pyridine was added
a double molar amount (relative to Sn) of pyridine and 10 mg of N,N-dimethylamino pyri-

measured at 25°C with ¢ = 2g/1 in CH,Cl,

a double molar amount (relative to Sn) of pyridine was added

TABLE 4. Polycondensations of Suberic Acid Bis(4-chlorothio-
phenyl)ester with Macrocyclic Poly(s-CL) 2 Prepared with M/l = 20:1

Polym. Temp. Time Yield Ninp M, ? M,
No. [°C] (h] [%] [dI/g] [g/mol] M,
1 120 8 91 0.55 18,000 1.40
2 200 8 86 0.41 12,500 1.47
39 120 8 93 0.46 15,000 1,70
4 120 24 92 0.55 18,000 1.45
5 200 24 89 0.42 13,500 1.62
6° 120 24 91 0.62 22,000 1.45
a) : a double molar amount (relative to Sn) of pyridine and 10 mg of N,N-dimethylamino pyri-
dine were added
b) : measured at 25°C with ¢ = 2g/l in CH,Cl,
c) : SEC measurements evaluated with the K and 1 values of eq. (5)




Downl oaded At: 12:46 24 January 2011

MACROCYCLES. XiIl

TABLE 5. Polycondensations of Suberic Acid Bis(4-chlorothio-

385

phenyl)ester with Macrocyclic Poly(e-CL) 2 Prepared with M/l = 50:1

Polym. Temp. Time Yield Ninh 2 M, © M,
No. [°C] [h] [%] [dl/g] [g/mol] M,
1 120 8 89 0.58 19,000 1.49

2 200 8 81 0.45 14,500 1.48
39 120 8 88 0.57 18,500 1,37

4 120 24 86 0.60 20,000 1.39

5 200 24 80 0.48 16,000 1.40
6? 120 24 82 0.56 18,000 1.38

a) : a double molar amount (relative to Sn) of pyridine and 10 mg of N,N-dimethylamino pyri-
dine were added

b) : measured at 25°C with ¢ = 2g/l in CH,Cl,

c) : SEC measurements evaluated with the K and 1 values of eq. (5)

The 360 MhZH NMR spectra were recorded with a BenRM-100 FT
NMR spectrometer in 5 mm o0.d. sample tubes. Gb@itainingTMS sened as
solvent for all NMR measurements.

MALDI-T OF mass spectra were recorded with a Kratasnpact
MALDI 11l (Shimadzu) using a nitrogen laser sour@e< 337 nm), a posie
polarity and 20 kV acceleratiorolage in the refieon mode The samples were
prepared by mixing of approximately 5L of substrate dissodd in THF
(2 mg/mL) with 5uL of matrix solution (25 mg/mIO’HF) before drying on the
sample slide. 2,4,5-tnjldroxyacetophenone or 1,8,9-yidroxyanthracene were
used as matrice¥he equipment as calibrated with bane insulin.The spectra
shawn in this paper hae peaks (apg after baseline substraction. Sodium ions
were present due to sodium containing glassw

The molecular weight data listed Tables 1, 4, and 5 were obtained by
SEC measurements using arron HPLC-420 apparatus equipped with a
Waters diferential refractometer 410.06r Ultrastyragel columns with pose
sizes of 18 10, 10, and 10 A were used, and tetrgtirofuran sered as eluent.
The SEC curgs of the sample No. &able 4 (Figures 4 and 5) were measured
by equipment consisting of HPLC pump Rheos 40000/ERC, RI- and UV
(254nm)-Detector/KnaugeGPC Softvare, PSS, MainZlhree PS-DB columns
(PL-gel mix E, 3um, PSS 100 A, PL 50 A, j5m,) were usedThe mobile phase
was THF/Licrosolwe, Flov ImL/min. 100uL of a 0.5% solution were injected.
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All SEC and viscosity measurements were performed with precipitated polymer
samples.

RESULTS AND DISCUSSION

Polycondensations of DSDOP

Bis(4-chlorothiopheyl) suberate3 which is easy to synthesize from
4-chlorothio-phenol and subgtochloride was selected as reaction partner of
DSDOP1 for analytical reasonslhe resulting polyester is an isomer of poly
(e-CL), and thus, its solubility and/tdrodynamic properties werggected to be
quite similar so that SEC measurements calibrated with the Mark-Houwink-
Sakurata Equation 5 determined for pel@L) should allev reasonable molec
ular weight measurements.

Whereas the polycondensation of DSDOP with sythetdoride is highly
exothermic, no signitant reaction enthaypwas detected when DSDOPasv
mixed and heated with the Bisesg&rin order to achiee high comersions, the
temperature and the time wem@ied (Bble 1). Furthermoreypdine alone or in
combination with N,N-dimetflaminopyridine were added as potential catalysts.
However, the inherent viscosities and the SEC-data listéliibte 1 indicate that
the broad &riation of the reaction conditions had rather little influence on the mol
ecular weightsThe number\aerage molecular weights (M) were in the range of
6000-12000 Darherefore, ven the bestalues ofTable 1 amount to only 40-50%
of the best &lues obtained with subgtachloride and sebagbchloride[3].

The isolated polyesters were reprecipitated and the presence of 4-chlor
othiophenyl ester endgroups as checkd by 'H-NMR spectroscop As exam:
plified by the spectrum of Figure 1, the aromatic protons of these endgroups
were detected in the spectra of four samples. In order te sk that these aro
matic protons do not result from impurties such as 4-chlorothiophenol or its
dibutyltin-derivative, six samples were also characterized by MALDIFTmass
spectrometry (Nos. 3-8able 1).

A typical example of such a mass spectrum is displayed in Figuree2.
MALDI-T OF mass spectravealed, in all cases, the formation gtlic oligo-
and polyesters (structue masses of 2090, 2318 and 2546 Da in Figure 2).
However, linear polyesters ling hydroxyl- and carboxyl endgroups (structures
5 and6) respecirely, unreacted 4-chlorothiophg@nendgroups (structuré and
8) were also disa@red.A characteristic dference vas found between poly
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a a
+0—cH,—(CH,),— CH,—0—CO—(CH,)s—CO+

Cc ra
c14©—s —CO —Pol
b
HO — CH,—Pol
b
CHCI,
C
P I S  —— T—— P a—

Figure 1. 360 MHz'H NMR spectrum (recorded in CDQITMS) of a reprecipi
tated polyester prepared by ring-opening polycondensation of DSDOR i
2, Table 1).

esters precipitated into moist digtlether and dry dieifi ether In the former
case, OH-terminated oligoesters (5 and 6) were found resulting fronpdia-h
ysis of the macroelic oligoesters (Figure 2).

These OH-terminated oligomers were absent when dryytlietier vas
used for the precipitation and the contentyaflic oligo- and polyestersas sig
nificantly higher (Figure 3)The g/clic polyesters were detectable up to melec
ular weights around 7000 Dahe concentration of these d@r g/cles were con
siderably higher than obsafie on the MALDI-OF mass spectra, because the
MALDI-T OF method is knon to underestimate the high molar mass fraction.
Taking into account the voaverage Mns of all samples the MALDI-OF spee
tra defite prove that more than 50% of the polyester hagicdic structure, and
then, the gclization is a limiting &ctor for the chain gwth. Howvever, in con
trast to analogous polycondensations of dicarboxylic acid dichlorides [3] the
lower reactvity of the bisthioaryl esters is another limitirector
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Figure 2. MALDI-T OF mass spectrum of a polyester prepared by ring-opening
polycondensation of DSDOP with (No. 6, Table 1) and precipitated in moist
diethylethet

Intensity
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3 4
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Figure 3. MALDI-T OF mass spectrum of a polyester prepared by ring-opening
polycondensation of DSDOP witB (No. 8, Table 1) and precipitated in dry
diethylether
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Polycondensations of Macocyclic Roly(e-caprolactone)

In a previous publication [3], tin-containing macnadic poly(g-capre
lactone) (poly¢-CL) was reacted with sebadochloride in lulk at 8GC. The
number @erage molecular weights () of the resulting polyesteraned with
the M/'s of the parent macrgclic polylactones2 and fell into the range of
30000 to 90000 Da. In order timdl out if the considerably Yo reactvity (elec
trophilicity) of arylthioesters compared to acid chlorides hagatie conse
guences for the corrsion, and thus, for the molecular weights a bis(4-thiocre
syl)ester of sebacic acidas prepared and used as reaction partn2r s that
a direct comparison with the pieus results as feasible. Furthermore, itas
obsened in two previous studies that reaction temperaturesvab®0C (the
standard temperature used for the maaic polymerization ofe-CL) favor
higher molecular weightsCherefore, all polycondensations of thisnk were
conducted at temperatures in the range of 100200

A first series of polycondensationsasvperformed with macrgclic
poly(e-CL) prepared according to Equation 1 at a M/I ratio of 20abi@ 2).
Three diferent temperatures were applied (100, 130, an8Q)6ind the time of
the polycondensation procesaswaried from 4 to 8 and 24 hourBvo major
results were obtained. First, all molecular weights were consideraimy than
those obtained with sebadahloride. Second, theaviation of the reaction cen
ditions had little influence on the molecular weigl&sslight decrease of the
yields with higher reaction temperaturaswobsergd. Three additional polycen
densations were conducted in suchayhat gridine (2 equialent relatre to
Sn), a catalytic amount of N,N-dimgtkd-aminogyridine or both amines were
added (Nos. 10-1Zable 2). Only the combination of botkirlines produced a
slight increase of the molecular weighhis efect was conirmed in the second
series of polycondensationsafdle 3).

The second series of polycondensatiors \werformed with a macro
cyclic poly(e-CL) prepared at a M/l of 50:1. In order to compensate tverlo
concentration of Sn-O bonds in the reaction mixture, longer reaction times (8,
24, and, 72 hours) were used. On therage, the same yields and viscosay v
ues were obtained as in thiesf series. Furthermore, the same trends were
obsered. For instance, higher temperatures yielded slightly higher molecular
weights, when the time did nokaeed 24 hourdA time of 72 hours at 16C
seems to induce a giedation of the initially formed polye{CL). Furthermore,
the highest yields were obtained awést temperatures, a result typical for both
series (&@bles 2 and 3).

The viscosity measurementsvealed that the molecular weights
obtained with the suberic acid estealfles 4 and 5) were quite similar to those
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/O_'CHz\
H,
Bu;,Sn + n

CH
o—cHy” 0—Cxy

l M

O (CHy)s——COF-0—CHax_
H,
BujSn

CH
O0— (CHp)s—CO}-0—CHy” 2
2

1

+2 R-CO-S-@-X l - Bu,Sn(SCsH,X), o)

R—CO—F0—(CHy)s—CO}0—(CHy)s—0—F CO—(CHy)s—0}-CO—R

n=l+m X=Cl,CH;

—CH
/O 2\(EH2

Bu,Sn [+ cco—(cHy—cocl
0—CHy” 2

l - BqunClz (3)
+0—(CHy)—0—CO—(CHy)—COF}

achieved with the sebacic acid esterables 2 and 3)Therefore, the SEC-
measurements were limited to the samples containing suberid heidthest M
values were in the range of 19000 to 22000Tés means a ring-opening pely
condensation of the macsattic poly(e-CL) 2 has certainly taén place, bt their
molecular weights had only increased by thetdr 4-8.Taking into account the
results obtained with DSDOP as magm@ic comonomer (Equation 4), it may
be concluded that the limitation of the molecular weights has @go reasons:
cyclization and incomplete reaction.

In order to detect unreacted thioaryl ester endgroups the polyesters listed
in Tables 4 and 5 werexamined via 360 MHzH NMR spectra recorded with a
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signal-to-noise ratio of>10%1. Yet, 4-chlorothiophenol groups were only
detected in those samples/imgy the lavest molecular weights (No. Zables 4

and 5). Furthermore, attempts were made to obtain MALDFMass spectra of

the samples No. 4 and Bable 4. Despite aariation of both matrix and
MALDI-T OF apparatus, no signals were obtained/i@tsly, the high molecu

lar weights preented successful measurements, since tiaerlanolecular
weight samples obtained from the polycondensations of DSDOP were success
fully analyzed under the samg&perimental conditions (Figures 2 and 3). It is
well knowvn that the MALDI-TOF method may yield mass peaks \&#0000

H,
Bu,Sn ? + C1C6H4S_CO —(CHy)¢— CO_SC6H4CI
3

l- Bqun(SC6H4)2 (4)

—10—(CH,)y—0—CO—(CH,)¢—CO+—
4

+
H-0—(CH,),—0—CO— (CH,)s—CO+}OH
5
+
HO,C— (CH,)¢—CO-0—(CH,);—0—CO— (CH,)¢—CO}OH

6

+

H—[—O—(CH2)4—O—CO—(CHz)g—CO—]—S—©—C1
7

+

C1—©—S—CO—(CHz)g——CO~f-O-—(CH2)4—O—CO—-(CHz)g—CO-]-S—©—Cl

8

[n]=1395- 10" x M, (ref. ¥) )
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Da, lut such measurements were only performed for monodisperse proteins, b
not for polydisperse polymers.

Finally, the samples No. Zable 5 and No. 6lable 4 (selected because
of their high M/'s) were subjected to additional SEC measurements analyzed by
an UV detectgrwhen a refracte index (RI) detctor vas used, no oligomers
were detected (Figure 4)his means thatyclic oligocaprolactones which are
usually formed by back-biting deadation, when tin-based initiators are used,
were not present in quantities abdl wt%. Haevever, when an UV detector as
used (Figure 5), thexestence of linear oligomers Wiag 4-chlorothioaryl ester
endgroups were detected and unreacted thioaryl ester groups were also found in
the high molecular weight fractiomhis finding indicates that despite long reac
tion times and addition ofypidine-type catalysts, the incomplete reaction of the
thioaryl ester groups a&s a limiting &ctor for the molecular weights.

CONCLUSION

The eperimental results of theask allov us to answer the questions
raised in the introduction. First, the molecular weights of all polyesters obtained
in this work are laver than those prepared from dicarboxylic acid chlorides
under similar conditions. Second, unreacted thioaryl ester endgroups were
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Figure 4. SEC cure of sample No. 6Table 4 recorded with an R.Il. detector
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Figure 5. SEC cure of sample No. 6lable 4 recorded with a UV detector

detected in numerous samples, and thus, itwsab that their lover reactiity
(compared to acid chlorides) is orectior limiting the dkctive chain grath.

Third, at least in the case of polyesters prepared from DSDOP a high fraction
(= 50 %) of gclic oligo- and polyesters were detected indicating that the
cyclization even in hulk is another limiting dctor for the chain gwath. This

result agrees with theories published 25 years[4g6] and this is the most
interesting aspect of the present stueiypally, it should be mentioned that the
present wirk represents anothexample for our n& synthetic stratgy called
ring-opening polycondensation of magyolic monomers and polymers.
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