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The ring-opening polymerization of salicylic acid O-carboxyanhydride (SOCA) was studied under various reaction conditions and
analyzed by means of MALDI-TOF mass spectrometry with regard to the formation of cyclic poly(salicylide)s. First, two thermal
polymerizations were performed in the melt at 170°C and cyclic oligosalicylates were found possibly resulting from “back-biting”.
Second, polymerizations catalyzed by a highly nucleophilic carbene in dioxane at 20, 50 or 80°C. In these cases, the formation of
the detected cyclic polysalicylides was most likely formed by end-to-end cyclization of zwitterionic chains. Third, imidazole-initiated
polymerizations were performed in bulk at 140°C. In agreement with a nucleophilic initiation linear chains having imidazolide
endgroups were detected in addition to the mass peaks of cyclic polysalicylates.
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1 Introduction

Three synthetic methods were reported yielding cyclic
oligo-salicylides together with low molar mass linear poly-
mers (Scheme 1): first, polycondensations of salicylic acid
with phosphorous oxychloride (1-6); second, polyconden-
sations of O-acetyl salicylic acid (Aspirin®) (7-9); and
third, polycondensation of O-trimethylsiloxy-benzoyl chlo-
ride (7). Those papers mainly concentrated on purification
and characterization of the cyclic oligoesters which were
isolated up to cyclic hexamer. Polycondensations of sali-
cylic acid by means of thionyl chloride were reported by
Patel et al. (9, 10). Those authors believed that the acid
chloride was the true monomer, but this monomer was
not characterized. Hence, it is not clear, if the cyclic sulfite
was also formed (Sch. 2) or not. Furthermore, those au-
thors did not discuss the formation of cyclic oligo- and
polyesters. When the sodium salt of salicylic acid was
treated with phosgene under mild conditions, a cyclic O-
carboxyanhydride (SOCA in Scheme 2) was obtained as
a crystalline monomer (11, 12). Its polymerizations were
studied under various reaction conditions by Saegusa et al.
(12). However, formation of cyclic oligo- or polyesters was
again not studied and discussed.
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More recently, it was found that several classes of cyclic
monomers such as «-amino acid N-carboxy anhydrides
(13) (NCAs, 1 and 2 in Scheme 3), dithiolane-2,4-dione
(3) (14), a-hydroxyisobutyric anhydrosulfite (4) (15) yield
cyclic polymers upon heating above 100°C. Cyclic polypep-
tides (16, 17) or poly(thio ester)s (14, 15) were also obtained,
when these monomers were treated with non-protic cata-
lyst such as pyridine DMSO or N-methyl pyrrolidone. A
Zwitterionic polymerization mechanism was postulated as
the most likely explanation for the formation of cyclic poly-
mers as exemplarily illustrated in Scheme 4 for the thermal
polymerization of SOCA (discussed below). A Zwitteri-
onic mechanism was also postulated for the formation of
cyclic polylactides, when D,L-lactide was polymerized with
anucleophilic carbene as catalyst (18). However, a Zwitteri-
onic mechanism is not absolutely necessary for syntheses of
cyclic polymers as demonstrated by the formation of cyclic
polypeptides by imidazole-catalyzed polymerizations of
NCAs (19). In this context, it was the purpose of the present
work to reinvestigate polymerizations of SOCA under var-
ious reaction conditions to find out, if significant fractions
of cyclic oligomers and polysalicylides are formed.

2 Experimental

2.1 Materials

Salicylic acid and diphosgene were purchased from Fluka
AG (Buchs, Switzerland) and used as received. 1,2,4-Trip
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purchased from Acros Organics (Geel, Belgium) and used
as received. Imidazole (Acros Organics) was azeotropically
dried with toluene and stored in a dessicator over P4Og.
SOCA was prepared from the bissodium salt of salicylic
acid and diphosgene according to the procedure of Davies
(11), but toluene was replaced by dry dioxane as reaction
medium.
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Table 1. Polymerizations salicylic acid O-carboxyanhydride (SOCA)

Expt. no. Catalyst Solvent Temp. (°C) Time (h) Yield (%) ne, (dL(g))
1 — — 170 30 86 0.05
2 — — 170 20 90 0.05
3 Imidazole (M/cat = 20:1) — 140 8 71 0.04
4 Imidazole (M/cat = 40:1) — 140 8 77 0.06
5 “Triazolyl carbene” 1,4-Dioxane 20 24 96 0.09
6 “Triazolyl carbene” 1,4-Dioxane 50 24 95 0.07
7 “Triazolyl carbene” 1,4-Dioxane 80 8 92 0.06

“Measured at 20°C with ¢ = 2 g/L in CH,Cl,.

2.2 Polymerizations

2.2.1. Thermal polymerization (Nos. 1 + 2, Table 1)

SOCA (10 mmol) was weighed under argon into a 10 mL
sample tube equipped with silanized glass walls. The sample
tube was closed with a septum allowing for the escape of
CO,, but preventing access of air and placed into an oil bath
preheated to 170°C. After 24 h the crude reaction product
was characterized by MALDI-TOF mass spectrometry and
13C NMR spectroscopy.

2.2.2. Initiation with imidazole (Nos. 3 + 4, Table 1)

SOCA (10 mmol) and imidazole (0.5 or 0.25 mmol) were
weighed under argon into a 10 mL glass flask having
silanized glass walls. The reaction vessel was closed with
a septum and immersed into an oil bath preheated to
140°C. After 8 h, the cold reaction product was dissolved in
CH,Cl; and precipitated into dry diethyl ether. The precip-
itated product was isolated by filtration and dried at 20°C
in vacuo.

2.2.3. Initiation with TDTC (Nos. 5-7, Table 1)

SOCA (10 mmol), TDTC (0.5 mmol) and dioxane (8 g) were
weighed into a 25 mL Erlenmeyer flask having silanized
glass walls. After 24 h at 20°C (or 24 h at 50°C or 8 h
at 80°C) the reaction mixture was poured into dry diethyl
ether and isolated by filtration.

2.3 Measurements

The inherent viscosities were measured in a mixture of
CH,Cl, and trifluoroacetic acid (volume ratio 4:1) using
an automated Ubbelohde viscometer thermostated at 20°C.
The 400 MHz 'H-NMR spectra were recorded on a Bruker
“Avance 400” FT-NMR spectrometer in 5 mm o.d. sample
tubes. DMSO-d¢ containing TMS served as solvent. The
MALDI-TOF (MT) mass spectra were measured with a
Bruker Biflex III mass spectrometer equipped with a nitro-
gen laser (A 0 337 nm). The irradiation targets were pre-
pared from CHCI; solutions containing 10 vol% of TFA
with dithranol as matrix and K-trifluoroacetate as dopant.
The calculated masses of the potential reaction products
were listed in Table 2.

3 Results and Discussion

The first two polymerizations of SOCA were conducted
by heating to 170°C in bulk without addition of a cat-
alyst (Nos. 1 + 2, Table 1). These conditions were se-
lected for two reasons. Firstly, both melting temperature
and thermostability of SOCA are relatively high compared
to the properties of the aliphatic anhydrides 1-4 in Scheme
3. Secondly, these reaction conditions were previously se-
lected by Saegusa et al. (12). The variation of the reaction
time had little influence on yield, solution viscosity and
MALDI-TOF mass spectrum. These mass spectra showed
that cyclic polysalicylides were the prevailing reaction prod-
ucts at masses < 2 000 Da (Figure 1), whereas at higher
masses linear chains terminated by water or salicylic acid
dominated. This result allows for the following conclusions.
Firstly, thermal polymerizations of SOCA may yield cyclic
oligomers and polymers quite analogous to thermal poly-
merizations of other cyclic anhydrides (Nos. 1-4, Scheme
3). Secondly, the detection of cycles up to degrees of poly-
merizations (DPs) around 30 suggests that a special mech-
anism such as that formulated in Scheme 4 is responsible

Table 2. Masses calculated for cyclic and linear polysali-
cylates including K®-doping

DP Cycles+ K La-chains + K Lb-chains + K

5 639.5 657.5 707.5
6 759.7 771.7 827.7
7 879.8 897.8 947.8
8 999.9 1018.0 1068.0
9 1120.1 1138.1 1188.1
10 1240.2 1258.1 1308.2
11 1360.3 1378.3 1428.3
12 1480.4 1498.4 1548.4
13 1600.5 1618.5 1668.5
14 1720.6 1738.6 1788.6
15 1840.7 1856.7 1908.7
16 1960.8 1978.8 2028.8
17 2081.0 2099.0 2149.0
18 2201.0 2019.0 2269.0
19 2321.1 2339.1 2389.1
20 2441.3 2459.3 2509.3
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Fig. 1. MALDI-TOF mass spectrum of the virgin reaction prod-
uct obtained by thermal polymerization of SOCA at 170°C in
bulk (No. 1, Table 1).

for their formation. In previous studies, (performed before
MT mass spectrometry was available) including high tem-
peratures and equilibration reactions only cyclic oligomers
up to DP = 6 were detected. Hence, equilibration via back-
biting (Scheme 5) should mainly yield the particularly stable
cyclic dimmers, tetramers and hexamers. Thirdly, the linear
chains (La in Scheme 5) may, in principle, result from initi-
ation by a moisture or by termination of active chain ends
by moisture. However, quite analogous to previous investi-
gations of other cyclic anhydrides all necessary precautions
were applied to avoid initiation by water. Therefore, the
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most likely explanation is the contamination of SOCA with
a small amount (e.g. < 1%) of free salicyclic acid which is
difficult to detect and difficult to remove.

For two polymerizations conducted in bulk immediately
above the melting point of SOCA imidazole was used as ini-
tiator (Nos. 3 + 4, Table 1). Again, low solution viscosities
were found regardless of the monomer-initiator ratio and
the MT mass spectrum (Figure 2) indicated the formation
of cyclic polysalicylides. Particularly interesting was the
finding that in addition to the OH-terminated La chains
(Scheme 5) peaks of imidazole-terminated Lb chains were
present (Scheme 6). The presence of these chains prove
that imidazole indeed initiated the chain-growth by a nu-
cleophilic attack onto the most reactive CO groups of the
SOCA ring. The formation of cyclic is then most likely
the result of an end-to-end cyclization (Scheme 6). It is
well known from several decades that imidazolide groups
are far more electrophilic than normal amide groups and
react easily with amino groups at 20°C and with alco-
hols below 100°C. In agreement with this high reactivity
imidazole-initiated polymerizatiaons of NCAs (1, Scheme
3) yielded cyclic polypeptides and imidazole-initiated poly-
merizations of L-lactide (5, Scheme 3) yielded cyclic poly-
lactides (20). Yet, due to the higher nucleophilicity of NH,-
or HO-CH endgroups (relative to the phenol groups of
the Lb chains) cyclization was so rapid that imidazole-
terminated chains were not detectable.

Finally, three polymerizations of SOCA were performed
in dioxane with TDTC at three different temperatures.
However, the high yields and the low solution viscosi-
ties were independent on the temperature. The MT mass

Q1L

HO CO—+0 CO-+OH
x-1
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CO ~~ Pol
— _ -
C

CO

Sch. 5. Formation of cyclic oligosalicylates by ,,back-biting* at high temperatures.
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Fig. 2. MALDI-TOF mass spectrum of the virgin reaction product obtained by imidazole-initiated polymerization of SOCA at 140°C

(No. 3, Table 1).
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Sch. 6. Imidazole-initiated polymerization of SOCA.
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Fig. 3. MALDI-TOF mass spectrum of the reaction product ob-
tained by TDTC-catalyzed polymerization of SOCA in dioxane
at 50°C (No. 6, Table 1).

spectra of all three samples were nearly identical and proved
the formation of cycles (Figure 3) which were the prevailing
products up to masses around 3,000 Da. Yet, weaker peaks
were still detectable up to masses around 4,000 Da. The for-
mation of such large cycles at temperatures as low as 20°C
is best explained by a zwitterionic polymerization involv-
ing end-to-end cyclization (Scheme 7) and certainly not by
“back-biting” degradation of linear chains. In the case of

C6H5
\N
 TC—CeHs
x O coO + IC Il
\CO O/ \N/N
T /
\ CeHs
CeHs
AN
0 N—
SN yd C—C¢Hs
o) =0 co—cle |
O \\4
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Sch. 7. Formation of cyclic salicylides by carbene-initiated Zwit-
terionic polymerization of SOCA.
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“TDTC”-catalyzed polymerizations of D,L-lactide'® high
yields of cyclic oligomers and polymers were also obtained
at room temperature. Furthermore, the MT mass spectra
proved the existence of rapid equilibration reactions. Equi-
libration reactions require a successful attack of the TDTC
carbene onto the polylactide chains (forming zwitterionic
intermediates), but in this case it does not prove that the
cycles were formed by “back-biting” reactions.

Finally, it should be mentioned that low solution viscosi-
ties were found for all reaction products indicating low mo-
lar masses with number average molecular weights (M,,s)
in the range of 1000-2500 Da. Similarly, low M,,s were also
reported for almost all reaction products by Saegusa et al.
(12) and in our previous publication dealing with the poly-
condensation of acetyl salicylic acid (7). Such low M,;s are
in perfect agreement with a high cyclization tendency of
poly(salicylide)s.

4 Conclusions

The results of this work demonstrate that SOCA reacts
analogously to the other cyclic anhydrides studied before
(formulas 1-4, Scheme 3). Thermal polymerizations and
imidazole or TDTC (carbene)-catalyzed polymerizations
all yielded significant amounts of cyclic polysalicylides
with DPs for above those detected in previous studies
(1-12). For the results of thermal and TDTC (carbene)-
catalyzed polymerizations a zwitterionic mechanism is the
most likely explanation. Particularly interesting is the de-
tection of linear chains having imidazolide endgroups (Lb),
because they support the mechanism outlined in Scheme
6, and thus, also confirm analogous mechanisms formu-
lated for imidazole-catalyzed polymerizations of NCAs
and L-lactide. In summary, the polymerizations of SOCA
studied in this work complete the picture of structure-
reactivity relationships elaborated for the monomers 1-4 in
Scheme 3. An optimization of yields or molecular weights
of the cyclic polysalicylides was not intended in this study,
because no further characterization or application was
intended.
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