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Abstract

Polyetherification of isosorbide with 1,8-dibromo or dimesyl octane was realized under phase transfer catalysis

with increased efficiency when performed under microwave activation. In addition to rate increase in the reaction,

microwave effects on polymer structures (as determined by MALDI-TOFMS) were observed. Polymers with higher

molecular weights with the presence of ethylenic groups as chain terminations were thus obtained, unlike to con-

ventional heating where shorter hydroxylated compounds were achieved. � 2002 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

Phase transfer catalysis (PTC) has became a widely

applied technique in various fields of chemistry [1]. It is

of special interest in polycondensation procedures (ac-

cess to polyethers [2], polyesters, polycarbonates [3] or

polythiocarbonates [4]) as well as for chemical modifi-

cations of polymers [5] involving nucleophilic substitu-

tions.

This method leads to noticeable improvements over

classical methods in solution [6] as avoiding the use of

polar aprotic solvents (often expensive and even toxic).

It can offer too the possibility of carrying out reactions

in liquid organic phase or under solvent-free PTC [2–5]

with liquid reagent acting both as electrophile and liquid

organic phase for the reaction.

In other respects, it was recently shown that micro-

wave (MW) activation for polymers synthesis [7] allows

enhancements in reactivity and selectivity. When these

two techniques are associated, it often results a large

decrease in reaction time, improvement in yields and

purity of products. We are thus concerned with efficient,

economical, safe clean procedure in the so-called ‘‘green

chemistry’’ [8].

Within the frame of non-alimentary valorization of

biomass derivatives [9,10], we have synthesized poly-

ethers derived from isosorbide (1,4:3,6-dianhydrosorbi-

tol) with 1,8-dibromo (dimesyl) octane using PTC

conditions under MW irradiation. For sake of compar-

ison, the reactions were also performed under conven-

tional heating (D) with identical reaction medium,

temperature, pressure, reaction times with even same

profiles of raise in temperature with both type of acti-

vation (MW or D). To this purpose, a monomode reactor

(Prolabo, Synthewave 402) with accurate measurement

and monitoring of temperature by infrared detection

during the reaction course was used.
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2. Experimental part

2.1. Reactant and equipment

The different starting materials involved were pur-

chased from Aldrich or Acros, and were used without

any purification. Isosorbide (from Roquette-Fr�eeres) was
previously crystallized from acetone.

The microwave reactor was a monomode system

(Synthewave 402 from Soci�eet�ee Prolabo) with focused

waves operating at 2.45 GHz. The temperature was

controlled all along the reaction and evaluated by an

infrared detector which indicated the surface tempera-

ture (the IR detector was calibrated by tuning the

emissivity factor using an optical fiber introduced into

the reaction mixture). Temperature was maintained

constant at a chosen value by modulation of emitted

power. Mechanical stirring all along the irradiation

provided a good homogeneity (power and temperature)

and a data treatment which was followed by a com-

puter. All reactions were performed in cylindrical Pyrex

open vessels. There is no need to use an upright

condenser as only small amounts of solvent are in-

volved and as the vessel walls remain at ambient tem-

perature.

In order to compare microwave irradiation with con-

ventional heating, the reactions were performed under

similar sets of experimental conditions (weight of reac-

tants, reaction time and temperature). When using a

thermostated oil bath, the temperature was measured

with a Quick digital thermometer introduced into the

reaction mixture. The rate of temperature rise was ad-

justed to be similar to that measured under microwave

irradiation.
1H and 13C NMR spectra were recorded at 250 and

62.91 MHz (Bruker WP 250). Chemical shifts are given

in ppm downfield from internal standard tetramethylsi-

lane (d ¼ 0:00 ppm). IR spectra were recorded on a FT-

IR (Perkin–Elmer).

2.2. Preparation of n-octyl 1,8-methanesulphonate [15]

A solution of CH2Cl2 (240 ml), 1,8-octanol (7.3 g, 50

mmol), and triethylamine (10.1 g, 120 mmol) was stirred

in an ice bath, and methanesulfonyl chloride (15.6 g, 120

mmol) was added via a syringe at a rate of 0.25 ml/min.

The reaction was allowed to stir for 1 h at this temper-

ature and then quenched with 250 ml of ice-water. The

mixture was washed successively with 1.5 M HCl (200

ml) and 10% NaHCO3 (200 ml). The organic layer was

dried over Na2SO4 and concentrated under vacuum and

the raw product was recrystallized from absolute etha-

nol.

Yield: 13.2 g (87%), white solid, m.p.: 78 �C (lit. [15]

m.p. 78–79 �C).

1H NMR (200 MHz, CDCl3): d 0.90 (t, 3H, J ¼ 6:8
Hz), 1.08–1.82 (m, 12 H), 2.97 (s, 3H), 4.16 (t, 2H,

J ¼ 6:5 Hz).

2.3. General procedure for the synthesis of polyethers

Syntheses of polyethers derived from isosorbide were

performed under microwave irradiation or conventional

heating. In a Pyrex cylindrical open reactor adapted to

the Synthewave reactor, 5 mmol (0.73 g) of isosorbide

were mixed with 5 mmol of n-octyl 1,8-dibromide (1.36

g) or n-octyl 1,8-methanedisulphonate (1.51 g), 0.00125

mmol (0.403 g) of TBAB, 12.5 mmol of powdered KOH

(0.813 g) (containing roughly 15% of water) and 1 ml of

toluene. The mixture was submitted to microwave irra-

diation under mechanical stirring. The resulting mixture

was cooled down to room temperature and diluted with

5 ml of chloroform.

The solution was precipitated in methanol to obtain

polymers. The precipitate was dried overnight under

vacuum to give a yellow syrup (Tg ¼ �48 �C (X ¼ Br)).
1H NMR (250 MHz, CDCl3): d 1.26 (m, 4 CH2, H-9

and H-10), 1.53 (m, 2 CH2, H-8), 3.50–3.38 (m, 2H,

H-6), 3.61 (m, 1H, H-1b), 4.10–3.80 (m, 7H, H-la, H-2,

H-5, H-7), 4.45 (d, 1H, J3;4 ¼ 4:1, H-3), 4.60 (dd, 1H,

J3;4 ¼ J4;5 ¼ 4:1 Hz, H-4); 13C NMR (62.5 MHz,

CDCl3): d 25.91 (CH2, C-10), 29.23 (CH2, C-9), 29.61

(CH2, C-8), 69.73 (CH2, C-7), 70.81 (C-1), 73.35 (C-6),

80.03 (C-2), 80.27 (C-5), 84.31 (C-4), 86.25 (C-3); FT-IR:

m ðcm�1Þ ¼ 3440, 2932, 2858, 1096, 1017, 776.

2.4. Size exclusion chromatography (SEC)

SEC was performed using a Knauer apparatus work-

ing at room temperature with tetrahydrofuran (THF) as

eluent at a flow rate of 1 mlmin�1 and equipped with a

set of 5–10 lm PLgel columns (8� 250 mm). 100 ll of
polymer solution in THF (concentration: 1%) were in-

jected. A differential refractive index detector was used

and molecular weights were derived from a calibration

curve based on MALDI-TOFMS molar mass determi-

nation [11] of isomolecular fractions (0.5 ll) collected

every 30 s.

2.5. MALDI-TOF mass spectrometry

MALDI mass spectra were recorded with a PerSeptive

Biosystems Voyager Elite (Framingham, MA, USA)

time-of-flight mass spectrometer. This instrument is

equipped with a nitrogen laser (337 nm), a delayed ex-

traction and a reflector. It was operated at an acceler-

ating potential of 20 kV in both linear and reflexion

ðC14H24O4Þn Calc. C 64.60 H 9.23 O 24.61

MW ¼ n.260 Found C 65.21 H 9.47 O 25.16
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modes. The mass spectra shown represent an average

over 256 consecutive laser shots (3 Hz repetition rate).

Peptides and porphyrin derivatives were used to cali-

brate the mass scale using the two points calibration

software 3.07.1 from PerSeptive Biosystems.

The polymer solutions were prepared in THF at a

concentration of 2 g l�1. SEC fractions were evaporated

to dryness and diluted with 50 ml of THF. The matrix

(2,5-dihydroxybenzoic acid) was from Sigma (France)

and used without further purification. It was also dis-

solved in THF (10 g l�1). Five microliters of polymer

solution were mixed with 50 ll of matrix solution. Five

microliters of sodium iodide solution (5 g l�1 in THF)

were added in some experiments to induce cationization.

One microliter of the final solution was deposited onto

the sample stage and allowed to dry in air.

3. Results and discussion

Reactions were carried out using equivalent quantities

of isosorbide 1 and dialkylating agent, 2a and 2b, in the

presence of potassium hydroxide (2.5 eq. i.e. 1.25 eq./

hydroxyl function) and 10% of tetra n-butylammonium

bromide (TBAB) with small amount of toluene (1 ml for

roughly 5 g of reagents) (Eq. (1)). The role of solvent is

twofold: to insure a good temperature control under

microwave exposition and to allow a decrease in the

viscosity of reaction medium.

ð1Þ

At the end of the reaction, the mixture was dissolved in

the minimum amount of chloroform (roughly 5 ml). The

solution is poured into 100 ml of methanol, leading thus

to a part of insoluble polyethers (the heaviest ones). The

lightest ones (oligomers) remained soluble in methanol

which is subsequently removed; they are treated next

with n-hexane where they are precipitated. The most

significant results are given in Table 1 for reactions

performed at 110 �C within 30 min, carried out under

identical conditions for both type of activation (MW or

D) including similar profiles of raise in temperature (Fig.

1).

It is obvious that the heaviest polymers (FP MeOH)

were only obtained under MW irradiation whereas

lightest ones (FP Hex) were formed under both condi-

tions. Conversions are nearly quantitative (>95%) and

total yields are much more higher under MW when

compared to D (68–76% against only 28–30%). Clearly,

reactivity as well as selectivity are affected by the acti-

vation mode.

4. Molecular weight and structures of methanol-insoluble

polymers (FP MeOH)

The weight and number average molecular weights

(Mp, Mn) and the polydispersity index (Ip) of the poly-

ethers were estimated by size exclusion chromatography

(SEC) using low mass polystyrene standards. The values

have been subsequently revisited after calibration by

matrix-assisted laser desorption ionization-time of flight

mass spectrometry (MALDI-TOFMS) [11] (Table 2).

Table 1

Fraction of polyethers precipitated from methanol (FP MeOH) and from n-hexane (FP Hex) for the reaction of 1 with 2 at 110 �C for

30 min

2 FP MeOH (%) FP Hex (%) Total yields (%)

MWa Db MWa Db MWa Db

X ¼ Br 24 0 44 28 68 28

X ¼ OMs 31 0 45 30 76 30

Completion to 100% is constituted of starting materials (conversion >95%).
aMicrowave activation.
bClassical heating in thermostated oil bath.

Fig. 1. Profiles of raise in temperature for the reaction of 1 with

2a under both type of activation (MW or D).
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Analysis of Tables 1 and 2 indicates that isosorbide

polycondensation with 1,8-dibromooctane (2a) led to

slightly lower yields than with 1,8-dimesyloctane (2b)

(24% versus 31% respectively) and to lower molecular

weights. However, the homogeneity is higher with 2a

when compared to 2b (Ip ¼ 1:30 and 1.39 respectively).

1H and 13C NMR analysis of these fractions indicate

clearly the presence of a terminal ethylenic double bond

(1H NMR: signals at 4.95 and 5.75 ppm –– cf. Fig. 2; 13C

NMR: peaks at 114 and 151 ppm –– cf. Fig. 3).

These polyethers were further analyzed by MALDI-

TOFMS which allows characterization of the individual

constituents of the polymer.

The mass spectra of this methanol-insoluble fraction

(Fig. 4) clearly shows the presence of two main series of

peaks (repeating unit: 256.17 u) which can be attributed

to sodium cationized (Naþ is provided by the sodium

iodide added to the matrix) structures A1 and B1. One

can also characterize the presence of other minor struc-

tures which differ from the previous ones by 18 u: A2 and

B2 respectively. In both structures Ai and Bi (i ¼ 1 or 2)

the chain terminations are constituted by double bonds,

in good agreement with NMR results.

Table 2

Distribution parameters of FP MeOH estimated by SEC using

a MALDI-TOFMS calibration

Calibration polyether

2 Mn Mp Ipa

X ¼ Br 3300 4300 1.30

X ¼ OMs 3650 5100 1.39

a Polydispersity index Ip ¼ Mp=Mn:

Fig. 2. 1H NMR spectrum of FP MeOH obtained for the reaction of 1 with 2a.

Fig. 3. 13C NMR spectrum of FP MeOH obtained for the reaction of 1 with 2a.
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Fig. 4. MALDI-TOF spectrum of FP MeOH obtained for the reaction of 1 with 2a under MW (yield ¼ 24%).

n 1 2 3 4 5 6 7

A1 Calc. 645.44 901.61 1157.77 1413.94 1670.11 1926.27 –

Meas. 645.39 901.60 1157.79 1413.98 1670.09 1926.30 –

A2 Calc. 663.45 919.62 1175.78 1431.95 1688.12 1944.28 –

Meas. 663.38 919.60 1175.50 1431.63 1687.74 1943.77 –

B1 Calc. – 773.53 1029.70 1285.86 1542.03 1798.20 2054.36

Meas. – 773.52 1029.72 1285.91 1542.07 1798.07 2054.46

B2 Calc. – 791.55 1047.71 1303.87 1559.71 1815.21 2071.81

Meas. – 791.60 1047.68 1303.58 1559.65 1815.36 2071.89
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4.1. Structures of hexane-insoluble polymers (FP Hex)

4.1.1. Microwave activation
1H NMR spectrum clearly indicates a mixture of sev-

eral products, involving a lot of terminal double bonds,

the number of which is increased in the hexane-soluble

fraction. A typical MALDI-TOF mass spectrum of the

hexane-insoluble polyethers obtained under MW-as-

sisted reaction of isosorbide and 2a (X ¼ Br) is given in

Fig. 5.

The mass spectrum reveals the presence of two

main series of peaks (repeating unit: 256.17 u): one

corresponds to the already described structures A1,

A2 and new one A3 (which is constituted by two

OH functional end groups) and the other one can

be attributed to sodium-cationized structures C1 and

C2.

The presence of a functional OH end group indicates

that this reaction could be extended whereas struc-

tures A2, A3, B2, C1 and C2 constitute extensible ones

(functional end groups are available for further reac-

tions).

4.2. Conventional heating

The results obtained by MALDI-TOFMS analysis are

noticeably different from those resulting from MW ac-

tivation (Fig. 6). Two major series of peaks (repeating

unit: 256.17 u) attributed to sodium-cationized struc-

tures Ci and D are observed.

Fig. 5. MALDI-TOF mass spectrum of FP Hex obtained for the reaction of 1 with 2a under MW (yield ¼ 44%).

n 2 3 4 5 6 7

C1 Calc. 535.37 791.54 1047.71 1303.87 1560.04 1816.21

Meas. 535.35 791.47 1047.65 1303.75 1559.86 1816.06

C2 Calc. 553.41 809.58 1065.75 1321.92 1578.10 1834.26

Meas. 553.43 809.61 1065.65 1321.81 1578.09 1834.18
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As it clearly appears, due to the presence of OH

functional end groups, these polymers are under growth

phase. The reaction can thus be extended for longer

reaction times. The main results are given in Table 3.

Under conventional heating, yields are improved by

extending reaction time up to 1 day, then remain un-

changed with further prolongation up to 7 days. The

reaction seems to be stopped even if analysis revealed

the presence of functional OH end groups.

4.3. Mechanisms of polycondensation

All the structures of polymers we have identified

are resulting from multistep procedures that we could

describe here in terms of chain polymerization mecha-

nism:

Initial step. It consists in successive nucleophilic sub-

stitutions (n times) leading to the precursor polymer I

with repetitive unit (256.17 u).

Fig. 6. MALDI-TOF mass spectrum of FP Hex obtained for the reaction of 1 with 2a under conventional heating (yield ¼ 28%).

n 2 3 4 5

ðMþNaÞþcalc: 681.46 937.63 1193.79 1449.96

ðMþNaÞþmeas 681.26 937.62 1193.76 1449.87

ð2Þ
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Growing phase. One can expect two different path-

ways:

(i) a normal propagation, which consists in three steps

from precursor I:

• a SN2 reaction with isosorbide alkoxide (RO�)

• a subsequent alkylation on D leading to the inter-

mediate II

• a SN2 reaction on II with RO� leading to the in-

termediate III

Table 3

Effects of reaction time on the yields in FP MeOH and FP Hex for the reaction of 1 with 2b

Time Mode of activation FP MeOH (%) FP Hex (%)

30 min MW 31 45

30 min D 0 30

1 day D 19 64

7 days D 18 67

ð3Þ

ð4Þ

ð5Þ
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(ii) a propagation with introduction of complemen-

tary oxygen atom

A competitive pathway consists in the hydrolysis of I

(SN2 by HO�Mþ) followed by double alkylation leading

to a new intermediate IV.

Termination phase. Each one of the intermediates II,

III and IV can be subjected to either SN2 reaction by the

base HO�Mþ (hydrolysis) or b-elimination (E2) by

RO�Mþ or HO�Mþ.

ð7Þ

4.4. Comparison of the two techniques

Noticeably different results are obtained when poly-

merization is performed under MW instead of classical

heating:

(i) Reactions times are largely decreased, as already ad-

vocated for such type of alkylation. This effect can be

attributed to an increase in system polarity from the

ground state of the reaction, which consists in tight

ion pairs (involving hard alkoxide anions), toward

the transition state where ion pairing is much more

loose due to negative charge delocalization. It results

in an enhancement in polarity during the reaction

progress and, consequently, to an increase of MW-

materials interactions magnitude responsible for the

observed acceleration [13].

(ii) Higher molecular weights polymers are obtained

with a better homogeneity. This effect could origi-

nate from some dipole orientation influence in the

presence of an electromagnetic field that could in-

duce some mutual special orientation of reagents.

Such a conclusion was already drawn from some

studies in the literature [12].

(iii) The structure of polymers are quite different with

essentially large discrepancies in the chain termina-

tions as shown by the MALDI-TOF mass spectra.

In fact, under MW irradiation, ethylenic end groups

are formed rather rapidly and set up an hindrance to

further growth of polymers. Reciprocally, under conven-

tional heating, terminations are essentially constituted

by hydroxyl functions that nevertheless did not allow

further polymerization.

Evidently, ethylenic formation appeared as favoured

under MW when compared to D. This could be con-

sidered as an example of MW effect on selectivity, the

competitive b-elimination being enhanced towards nu-

cleophilic substitution, when the reaction is performed

under electromagnetic field. This observation is consis-

tent with an enhanced MW stabilization by dipole–

dipole interaction of the more polar transition state

(TS). In elimination TS, due to a greater delocalization

of negative charge when compared to substitution TS,

polarity is enhanced in connection with a looser ion pair

(Fig. 7, Scheme 1) [13].

5. Conclusion

We have developed a new facile method for the rapid

synthesis of linear polyethers from isosorbide by using

microwave irradiation under solid–liquid phase-transfer

catalytic conditions in the presence of a small amount of

toluene. The use of a small amount of solvent was cru-

cial to insure a good temperature control and decrease in

the viscosity of the reaction medium.

The interest of microwave irradiation is at least

threefold:

• It was demonstrated that the microwave-assisted syn-

thesis proceeded more rapidly, compared with con-

ventional heating, and was reduced to 30 min with

ð6Þ
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yields approximately 68–76%. Under conventional

conditions, the polyethers were afforded with 28–

30% yields within 30 min, and similar yields in the

polyethers were obtained while the reaction time

was extended to 1 day. They remained practically un-

changed even though the synthesis was carried out

for up to 7 days.

• The analysis of the properties of synthesized polye-

thers revealed that the structures of the products de-

pended on the activation mode. The polyethers were

characterized by higher molecular weights with a bet-

ter homogeneity under microwave conditions.

• Moreover, it was found that the mechanism of chain

termination is different under microwave and conven-

tional conditions. The polyethers prepared under

conventional heating possessed shorter chains with

hydroxylated ends, whereas under microwave irradi-

ation the polymer chains were longer with ethylenic

group ends.

Polymers and oligomers mixtures were investigated by

means of matrix-assisted laser desorption/ionization

mass spectrometry (MALDI MS) as well as by NMR

and SEC techniques.

Very recently [14], rather similar conclusions were

drawn during a study of the microwave-mediated bulk

polycondensation of D-L-lactic acid in comparison with

conventional heating using the same means of analysis.
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