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Abstract

Several furan compounds bearing conjugatatis C=C plus carbonyl moieties appended at the C2 position of the heterocycle were
synthesized and characterized. Near-UV irradiation in bulk and in concentrated solutions induced their dimerization thr@ugh2 [
cycloaddition reaction between an excited and a ground state molecule. In dilute solutions, the excited species underwent predominantl
trans-cis isomerization to give the equilibrium mixture of the isomers.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction dant furan-vinylene groups to obtain a cross-linked ma-
terial. Several years later, Lahav and Schniilt inves-
Within the last decade growing interest has been attachedtigated the photodimerization of 2-furanacrylic acid and
to the synthesis of polymers derived from renewable re- its esters in the solid-state and Karminsky-Zamola and
sources (cellulose, lignin, starch, chitin, etc.). The interest Jakog@ié [9] irradiated them in a dilute medium. These stud-
in this strategy is double: on the one hand, a large variety of ies showed that the photochemistry of these compounds
products is available either directly or after chemical modifi- was strikingly similar to that of their cinnamic homo-
cation and, on the other hand, these sources are continuouslhjogues, and led to the characterization of both forms of

renewed and ubiquitous. the ensuing cyclodimers, namely the truxillic and truxinic
Our laboratory has been involved for a long time in the isomers.
valorization of some of these renewable resoufte? and In our laboratory, several investigations were devoted

among the numerous studies carried out in different domains,to the photochemistry of furan derivatives, including 2,5-
attention has also been focused on materials for printing pro-furandiacrylic acid10] and furan-vinylene derivativd41].
cesses, viz. inki8] and photopolymers for offset plafdss]. More recenthy4], the latter chromophores were grafted onto
In the latter context, the specific properties of the furan polyvinyl alcohol and the resulting polymers exposed to
heterocycle were exploited, furfural being one of the most near-UV radiation. Their notable aptitude to cross-link made
significant industrial chemicals obtained from the vegetable them good candidates as negative resins for offset plates
biomasd6]. [12].
Williams and Borden[7] were the first to exploit In the present study we report the photochemical behav-
the photoreactivity of a polymeric structure bearing pen- ior of a series of furan compounds characterized by a com-
mon structural feature, namely the€€=C—(C=0)— moiety
* Corresponding author. Tel.: +33 476 826 961; fax: +33 476 826 933. appended at the C2 position of the heterocycle, as shown
E-mail addresselasseuguette@yahoo.fr (E. Lasseuguette). below:
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0 der stirring for 2 h and then neutralized with acetic acid and
o 0 N H washed three times with distilled water. The organic phase
\ X 0-CH, \ / 4 was recovered, dried over B0, and filtered. The solvents

were then removed under reduced pressure and compbund

was characterized. The homologous compo&eas syn-

o Q thesized in the same way using furfural and acetdable 1
0 S 0 A gives the results of their characterization, which indicate the
5 ° success of these syntheses.

o] 2.4. Synthesis of 2-hydroxymethyl-5-furanacrylic acid

o]
o]
™ o/H?CHs 0 . P ethyl este6 [14]
\ / HO 0~ “CH
3 \ / 8 :

10.3g (8<10-2mol) of HMF, 10.2g (4.5 102 mol) of
S . _— . triethylphosphoacetate, 3 g of water and 15 g £2.6~2 mol)

The implication of this investigation was its subsequent of K,CO; were added to 200mL of dioxane in a flask
extension to the synthesis of photoactive polymers bearing g, inned with a magnetic stirrer and a reflux condenser. The
these chromophores either in the macromolecular backbonemixture was heated at 7€ for 4 h under stirring and then
or as pendant groups. filtered before removing the solvent under reduced pressure.
The excess HMF was eliminated by a dichloromethane/water
separation. The organic phase was recovered, dried over
NaSO, and filtered. The solvents were then removed un-
der reduced pressuréable 1shows the data proving that
compounds was indeed obtained.

2. Experimental
2.1. Materials
Commercial furfural was distilled before used, and hy-

droxymethyl furfural (HMF) was synthesized in our labora- 2 5. Analytical techniques
tory. The other reagents, catalysts and solvents were high-

purity commercial products used as received. IH NMR spectra were taken with a &ker AC200 in
deuterated dichloromethane solutions. FTIR spectra were
2.2. Synthesis of 2-furanacrylic acid esters recorded with a Perkin-Elmer Paragon 1000 using KBr pel-

lets or NaCl plates. UV-vis spectra were taken with a Ther-
Synthesis of methyl estet: 10g (7x10-2mol) of fu- moSpectronic UNICAMUYV 500 using spectrophotometric

ranacrylic acid and 19 mL (9102 mol) of SOC}h were grade solvents. Differential scanning calorimetry (DSC) was
mixed, together with a few drops of DMF as catalyst and carried out with a Setaram DSC92 using aluminum pans.
stirred for 4h at 80C in a nitrogen atmosphere. Five Scans were run under a nitrogen atmosphere, scanning at
grams (3<10~?mol) of the ensuing product (after disti- 10°C min~! from —140°C to 150°C.
lation) was made to react in a nitrogen atmosphere with
6mL (15x10-2mol) of methanol in methylene chloride,
in the presence of triethylamine as HCI scavenger. After 2.6. Irradiation procedures
10h at room temperature, the mixture was washed three
times with distilled water and the organic phase recuper-  Theirradiations were carried out in a nitrogen atmosphere
ated, dried over N&5Q; and filtered. The solvents were then using a 500 W medium-pressure mercury arc provided with
removed under reduced pressure. The etByland octyl a Pyrex filter to limit the excitation to wavelengths higher
(3) esters were synthesized following the same procedure,than 270 nm. Samples were placed alternatively between two
using the corresponding alcohols, with yields of 78% and NaCl plates, in KBr pellets or in dichloromethane or toluene
70%, respectivelyTable 1shows that the characterization solutions.
of these compounds confirmed their expected structure and
purity.

3. Results and discussion
2.3. Synthesis of furfurylidene derivativeand5 [13]

3.1. Syntheses and characterizations

A solution of 2 g of NaOH in 50 mL of water was added

dropwise to a stirred mixture of 5g 8L0~2mol) of fur- The synthetic pathways leading to the furan compounds
furaland 11.5 g (18 10~2 mol) of acetaldehyde, keepingthe  1-6 is briefly sketched below aritable 1provides the data
temperature below 2GC. The reaction mixture was left un-  relevant to their structure.
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oo [ 3.2. Photochemistry
Malonic ) x 2 o o RoH_ o &
o M 7\ o “ 4y oR

\o/ ., \ o All'the compounds showed a good absorption coincidence

e~ @A\)LR with the 313 nm emission line of the mercury lamp. In con-

rorenensen N centrated media (i.e. in bulk, or in 2—4 M solutions), the irra-

0 o diation induced a2 + 2] cycloaddition reaction between

HOWH T o O om an excited and a ground state molecule, viz.:

TN
" 3N

Truxillic Truxinic

(o] (o}
o]
. O

The trans-configuration of the double bond of all these L (I . it
compounds was confirmed by FTIR with the presence of the|r__o B R
characteristic peak at 970 crh and by'H NMR with a cou- A4 = Y
pling constant of the double bond protons of 16 Hz. All the
compounds exhibited a glass transition, exé&pthich only
exhibited a melting peak. CompouBchad a lowefTg, be- Indeed, when we followed this reaction by FTIR spec-
cause of the longer aliphatic moiety, which provided a higher troscopy Fig. 1), we noticed the progressive disappear-
molecular flexibility. The UV dataX ) were in tune with ance of the peaks characterizing the alkenyl double bond
published results related to similar structuye4,15] (1610-1620 cm? for C=C and ca. 970 cm' for CH=trans)

Table 1
Characterization of the furan photoactive compounds
Compound FTIR (cm?) 1H NMR (CD>Cly) (ppm) UV (CHCl2) Amax DSC transitions9C)
(nm)e (Imol~tcm™1)
1 Furan: 3130; 1017 H7.51(s,1). H:6.49 (d, 1).
o COO0: 1715 H:6.64 (d, 1). 302
o 4\ _CH, CH=CHtrans 1640; 972 H:7.45(d, 1, 16 Hz). 21,800 Tg=—-55
1@A5)LO 6 CHg: 2951 H: 6.33 (d, 1, 16 Hz).
2 3 He: 3.75 (t, 3).
2 Furan: 3130; 1017 H7.51(s,1). H:6.49(, 1)
COO: 1708 H: 6.64 (d, 1). 300
o, Ao i /6\ CH=CHltrans 1640; 972 H:7.44(d, 1, 16 Hz). 23,500 Tg=—57
WA CH,CHz: 29822954 i: 6.32 (d, 1, 16 Hz).
23 He: 4.25 (q, 2). H: 1.32 (t, 3).
3 Furan: 3125; 1017 H7.59 (s, 1).
1 CO0: 1711 H_s: 6.49-6.47 (d, 2).
27, CH=CHtrans 1640;972 H: 6.81 (d, 1). Tg=—T70
s E%; CH,CHg: 2857-2954 H: 7.28 (d, 1, 16 Hz). 300 Teryst=—27
5 Hs: 6.32 (d, 1, 16 Hz). 23,500 Tm=11
o He: 4.17 (m, 2). H: 1, 3 (m, 10).
Vs Hg: 1.68 (q, 2). K: 0.89 (t, 3).
5
' i
8
9 H,C
4 Furan: 3128; 1019 H7.51 (s, 1). H: 6.49 (d, 1).
. O CO: 1676 H:6.64 (d, 1). 316
o S~ CH=CHltrans 1627; 962 H:7.44 (d, 1, 16 Hz). 25,700
1 WHG Hs: 6.59 (d. 1, 16 Hz).
2 3 Heg: 9.62(d, 1).
5 Furan: 3130; 1031 H7.52 (s, 1). H: 6.52 (d, 1).
s O CO: 1661 H: 6.7 (d, 1). 316 Tm=48
fe} . CH=CHtrans 1624; 962 H:7.29 (d, 1, 16 Hz). 23,600
! @/\S)chs CHy: 2856-2960 i9: 6.61 (d, 1, 16 Hz).
2 3 He: 2.29 (s, 3).
6 Furan: 3122; 1020 H3.57 (s, 1). H: 457 (s, 2)
) s © OH: 3455 H: 6.36 (d, 1). H: 6.57 (d, 1)
HO O A"Noch.ch COO: 1707 H:7.38 (d, 1, 16 Hz) 308 Tg=-53
1 \ / ot CH=CHtrans 1637; 969 H: 6.27 (d, 1, 16 Hz) 24,650 Teryst=—8
3 4 CH,CHg: 2857-2981 H: 4.23 (q, 2), B: 1.31 (t, 3) Tm=34
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Fig. 1. FTIR spectra (NaCl disks) @fbefore (a) and after (b) 6 h irradiation.

the appearance of peaks corresponding to the cyclo-butane The conversion of these reactions was calculated using the
ring, near 1200 cm! for the CH bending mode and near following equation

735 cnt! for the ring deformation, and the displacement of Do—D
other peaks due to the new non-conjugated electronic envi-a(r) = 0

ronment. In particular, the carbonyl band shifted from around Do

1710 cnm! to about 1730 cmt as a result of this loss of con-  whereDg andD are the absorbance of the irradiated com-
jugation. pound at =0 and at timd, respectively.

This displacement of the peak characterizing the carbonyl
moiety passed through an isobestic point, as shoviaign2.

This behavior suggested that the photoreaction of the con-
jugated chromophores followed teaglereaction pathway
[16] sketched above.

The presence of this isobestic point was verified using
Mauser’s diagranjl7], by plotting the decrease of the ab-
sorbance at several frequenci&g (t) against the decrease
of the absorbance Amax(t) related to the peak of the=C
double bond, whert is the irradiation time Fig. 3). The
linear dependence with a zero intercept indicated a uniform
A—B reaction, which confirmed our proposed single-step Fig. 2. Evolution of the FTIR (NaCl disks) spectrum ®fvith irradiation
pathway. time in the region of both carbonyl and alkenyl absorption.
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Fig. 5. Typical first-order plot for the cyclodimerization &f
Fig. 3. Mauser diagrams of the photocycloadditiorbof

The molecular character of these photodimerizations was

The photoreaction rates depended on the actual structureConflrmed by the fact that the presence of an added radical

submitted to irradiationKig. 4) and the esters were found to Inhibitor, TFTMPO or hydroguinone, did not alter the course
be less reactive because of the steric crowding of the alkyl of the reactions. . .
moiety[18]. Compound was the most reactive ester, prob- Th? NMR spectrum of the prod_uct |s.olated after the ir-
ably because the hydroxy group facilitated the cycloaddition radiation of5 in a 2M CRCl2 sqlut|on Fig. 7) shovys the
through intermolecular hydrogen bonding. The fact that presence of two d|s_t|.nc't cyclodmers, correspondl_ng to the
displayed the highest reactivity was attributed to (i) the good truxinic and_ the truxnll_c ISOMETS Ih a 50_.50. proportion. The
match between the wavelengths of its absorption maximum photochem|_ca! behavior diwas entirely S|_m|Iar to that &.

and of the 313 nm line of the Hg lamp and (ii) its high crys- The irradiation of the esteds 2, 3 and6 in the same con-

tallinity, which favored the photodimerization between pre- ditions also induced someans—us|some_r|_zat|onTabIe 2.
oriented molecules. as suggested by the appearance of additional peaks at 5.7 and

The kinetics of cyclodimerization were also examined and 6.7 ppm Fig. 8) characterizing theisisomer, with its typical

Fig. 5shows the typical first-order plot relative to one of these coupling constants of 11 Hz. . . .
experiments When all these compounds, which were in thiinscon-

The UV analysesKig. 6) clearly confirmed the proposed forg1at|on, were |rrad|a_ted |n.d|Il:te uTed'a (pa_. 0.1 M.) , they
mechanism by the progressive decrease in the intensity of thezgnetgwggci Ft)r:(;g(reeisi‘lli\t/)erilljrr:nc]gr?ccen?rigti&oﬂsolfs ggnnigrzri_ers
peak around 300 nm (disappearance of th€@ouble bond When these reactioqns were followed by FTIR spectrosco :

and hence of the conjugation it assured between the furan ring Fig. 9 k ch terizing thas i y P q tpy
and the carbonyl group) and the concomitant appearance of ig. 9), a peak characterizing S ISOmer appeared a

peak at 230 nm due to ther* transition of the unconjugated 20cnT? and its intensity increased with time to reach a
furan moieties in the dimers constant value, reflecting the onset of ttie-trans equilib-

rium.

In comparison, the solid-state irradiation dfans
benzalacetone leads to dimerizatjd]. In the same way, the
irradiation of liquidtrans-ethyl cinnamate leads to cycload-

o
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Fig. 4. Photodimerization rate of selected compounds. Fig. 6. Evolution of the UV spectrum &with irradiation time.
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Fig. 7. 'H NMR spectrum of after 12 h of irradiation in CBCl,.

SO XATFTN SO~ =) S M=
— o W SN O W S0 T S e W e S ==
XN N oo -l -~ PR
RN OISR REERAERY =5 SASR=
B = IV Ve NN VS RN INE R R i SRR b
Cyclobutane protons
Jeis = i
cis =
10,9 Hz
’ 10,9 Hz
d CD,(Cl,

(ppm)

Fig. 8. 'H NMR spectrum of irradiated for 5 h in CRCl,.
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Table 2
Ratio of isomerization and dimerization during irradiation in a 2 MCD solution
Irradiation time 1h 2h 3h 6h
Ratio a(l) % a(D) % a(l) % a(D) % a(l) % a(D) % a(l) % (D) %
1 4.9 0 7.6 0 105 0 15.1 0
2 6.5 0 8.3 0 111 0 15.1 0
5 0 34.2 0 54.6 0 66.6 0 88.9
6 (C=1.6M) 11 2.6 15.7 3.6 5.6 20.3 8.7 26.1
a(1)%: ratio of isomerizationg(D)%: ratio of dimerization.
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