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slowly over 60 min, and the mixture was stirred for additional
60 min. The reaction was then quenched with saturated aqueous
NH,CI, ether (250 mL) was added, and the organic phase was
separated, washed with aqueous NH,OH, water, and brine, and
dried over MgSO,. The solvent was removed under reduced
pressure and the residue chromatographed over silica gel (hex-
ane/ethyl acetate, 25:1) to give 12a! as a colorless oil (5.3 g, 66
%): NMR (270 MHz) 5.06-5.02 (m, 2 H), 3.91 (s, 3 H), 3.90 (s,
3H),3.78 (s, 6 H), 3.32 (d, J = 4 Hz, 2 H), 2.14 (s, 3 H), 2.05 (¢,
J =6 Hz, 2 H), 2.01 (t,J = 6 Hz, 2 H), 1.76 (s, 3 H), 1.64 (s, 3
H), 1.57 (s, 3 H).
(2'Z)-1-(3,7-Dimethylocta-2,6-dienyl)-6-methyl-2,3,4,5-
tetramethoxybenzene (12b). Coupling neryl bromide to 11
according to the procedure described above gave compound 12b?!
(68% yield): NMR (270 MHz) 5.19 (t, J = 7 Hz, 1 H), 5.04 (t,
J = 6 Hz, 1 H), 3.92 (s, 3 H), 3.91 (s, 3 H), 3.80 (s, 6 H), 3.32 (d,
J =17 Hz, 2 H), 2.27-2.05 (m, 4 H), 2.14 (s, 3 H), 1.69 (s, 3 H),
1.65 (s, 3 H), 1.57 (s, 3 H).
(2’E,6’E)-1-(3,7,11-Trimethyldodeca-2,6,10-trienyl)-6-
methyl-2,3,4,5-tetramethoxybenzene (12¢). Coupling farnesyl
bromide to 11 according to the procedure described above gave
5.3 g of 12¢*' (73% yield): NMR (270 MHz) 5.11-5.01 (m, 3 H),
3.90 (s, 6 H), 3.78 (s, 6 H), 3.31 (d, J = 6.3 Hz, 2 H), 2.14 (s, 3
H), 2.08-1.91 (m, 8 H), 1.77 (s, 3 H), 1.66 (s, 3 H), 1.61 (s, 3 H),
1.57 (s, 3 H).
(2’E)-1-(3,7,11,15-Tetramethylhexadec-2-enyl)-6-methyl-
2,3,4,5-tetramethoxybenzene (12d). Coupling phytyl bromide
to 11 according to the procedure described above gave 12d% (52%
yield): NMR (270 MHz) 5.02 (t, J = 6 Hz, 1 HJ, 3.91 (s, 3 H),
3.90 (s, 3H), 3.78 (s, 6 H), 3.32 (d, J = 6 Hz, 2 H), 2.14 (s, 3 H),
1.94 (t,J = 7.6 Hz, 2 H), 1.75 (s, 3 H), 1.59-1.43 (m, 2 H), 1.41-0.96
(m, 17 H), 0.86 (br d, J = 7 Hz, 6 H), 0.83 (br d, J = 7 Hz, 3 H),
0.82 (br d, J = 6 Hz, 3 H).
Ubiquinone 2 (13a). Oxidation of 12a with CAN according
to the procedure described above for preparation of ubiquinone

(21) Araki, S.; Takashi, S.; Hiroyuki, M.; Butsugan, Y. Bull. Chem.
Soc. Jpn. 1984, 57, 3523.

0 (9) gave ubiquinone 2 (13a)!® in 87% yield (2.21 g): NMR (270
MHz) 5.03 (t,J = 8 Hz, 1 H), 4.93 (t,J = 7 Hz, 1 H) 4.00 (s, 3
H), 3.99 (s, 3 H), 3.19 (d, J = 8 Hz, 2 H), 2.07-1.93 (m, 4 H), 2.01
(s, 3 H), 1.74 (s, 3 H), 1.65 (s, 3 H), 1.57 (s, 3 H). Anal. Calcd
or C;gHp404 C, 71.67; H, 8.23. Found: C, 70.25; H, 8.26.

(2’Z)-2-(3,7-Dimethylocta-2,6-dienyl)-3-methyl-5,6-di-
methoxy-1,4-benzoquinone (13b). Oxidation of 12b according
to the procedure described above gave 13b'® in 73% yield: NMR
(270 MHz) 5.15 (t, J = 6.6 Hz, 1 H), 4.93 (t, J = 6.9 Hz, 1 H),
3.99 (s, 3 H), 3.98 (s, 3 H), 3.19 (d, J = 6.9 Hz, 2 H), 2.21-2.04
(m, 4 H), 2.02 (s, 3 H), 1.70 (s, 3 H), 1.68 (s, 3 H), 1.63 (s, 3 H).
Anal. Caled for CyHy,04 C, 71.67; H, 8.23. Found: C, 70.50;
H, 8.23.

(2’E,6’'E)-2-(3,7,11-Trimethyldodeca-2,6,10-trienyl)-3-
methyl-5,6-dimethoxy-1,4-benzoquinone (Ubiquinone 3) (13c¢).
Oxidation of 12¢ according to the procedure described above gave
13¢!8 in 48% yield: NMR (270 MHz) 5.07 (t, J = 6.0 Hz, 1 H),
5.05 (t, J = 6.0 Hz, 1 H), 4.93 (t, J = 6.9 Hz, 1 H), 3.99 (s, 3 H),
3.98 (s, 3 H), 3.18 (d, J = 6.0 Hz, 2 H), 2.08-1.91 (m, 8 H), 2.01
(s, 3 H), 1.74 (s, 3 H), 1.67 (s, 3 H), 1.59 (s, 3 H), 1.57 (s, 3 H).
Anal. Calcd for CyyHy, Oy C, 74.58; H, 8.86. Found: C, 73.59;
H, 8.94.

(2’E)-2-(3,7,11,15-Tetramethylhexadec-2-enyl)-3-methyl-
5,6-dimethoxy-1,4-benzoquinone (13d). Oxidation of 12d ac-
cording to the procedure described above gave 13d" in 55% yield:
NMR (270 MHz) 4.92 (t, J = 7 Hz, 1 H), 3.99 (s, 3 H), 3.98 (s,
3 H), 3.18 (d, J = 7 Hz, 2 H), 2.01 (s, 3 H), 1.92 (t, J = 7.2 Hz,
2 H), 1.72 (s, 3 H), 1.56-1.42 (m, 2 H), 1.45-0.92 (m, 17 H),
0.87-0.81 (m, 12 H). Anal. Caled for C,Hs0,: C, 75.61; H, 10.50.
Found: C, 75.09; H, 10.63.
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The sonochemical Wittig—Horner reaction, catalyzed by an activated barium hydroxide catalyst, is carried
out in interfacial solid-liquid conditions. The sonochemical process takes place at room temperature and with
a lower catalyst weight and reaction time than the thermal process. In these conditions, similar yields to those
of the thermal process are obtained. The influence on the yield of the sonication time, catalyst weight, and the
solvent is analyzed. Small amounts of water must be added in order for the reaction to take place. The nature
of the active site of the catalyst acting in the process is analyzed. An ETC mechanism is proposed for the

sonochemical process.

The Wittig-Horner reaction is a versatile method for the
synthesis of functionalized olefins such as acrylates 3a or
acrylonitriles 3b from aldehydes 1 under mild conditions
with good yields (Scheme I).

Therefore, many works have been done to improve the
yield of the process.! Recently, the Wittig—Horner reac-

(1) (a) Breuer, E.; Zbaida, S.; Segall, A. Tetrahedron Lett. 1979, 24,
2203. (b) Dehmlow, E. V.; Barahona, S. J. Chem. Res. 1981, 142. (c)
Becker K. B. Synthesis 1982, 341.

Scheme I
R C,HsO ﬁ R H
Sc=o0 SP—CH,—R? — >c=c<
H C,Hg0 H R?
1 2a,.RZ2-CO,R3 88, R2 - CO,R?
b.RZ=CN b. RZ=CN

tion has been carried out by using polymer-supported
phosphonates? and two-phase liquid-liquid® or solid-liquid

0022-3263/87/1952-3875%01.50/0 © 1987 American Chemical Society
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Table I. Influence of the Experimental Conditions in the
Wittig-Horner Reaction®

Sinisterra et al.

Table II. Wittig-Horner Reaction Yields in 3a with
Different Aldehydes®

sonicatn  catal dielec  yield,
entry time, min wt, g solvent const % molar
1 f 2.5% 1,4-dioxane 2.2 89
2 10 0.0 THF? 9.0 0
3 5 0.15 THF® 9.0 92
4 8 0.15 THF?® 9.0 90
5 10 0.15 THF? 9.0 85
6 15 0.15 THF? 9.0 85
7 30 0.15 THF? 9.0 90
8 10 0.02 THF? 9.0 62
9 10 0.05 THF? 9.0 80
10 10 0.10 THF? 9.0 81
11 10 0.20 THF? 9.0 91
12 10 0.20 THF¢* 7.9 46
13 10 0.20 EtOH (99.9%) 24.3 32
14 10 0.20 EtOH (96%) 26.5 70
15 10 0.20 DMF (99%) 36.7 9
16 10 0.20 1,4-dioxane? 2.3 27

@ Moles of 4-CICsH,CHO = moles of 2a = 0.025; T = 70 °C;!0 ¢t =
30 min. *THF with water (0.05 mL of water/3 mL of solvent).
¢THF anhydrous (100%). ¢1,4-Dioxane with water (0.05 mL of
water/3 mL of solvent). ¢2a and 4-CIC;H,CHO, 2.5 X 1072 mol;
catalyst C-200; 0.05 mL of water; 3 mL of solvent.

phase-transfer conditions with or without phase-transfer
catalyst.

However, in spite of the good yields obtained, the re-
action time is great or moderate, and anhydrous solvents
are necessary in some cases. This disadvantage could be
avoided by using the sonochemical conditions that improve
‘the yields and diminish the reaction time in many organic
reactions.’

We have previously described the use of activated bar-
ium hydroxide catalysts in several interfacial solid-liquid
processes such as Michael additions,? the Claisen-Schmidt
reaction,” aldol condensation,® etc. Recently we have
studied the catalytic activity of these new basic solid
catalysts in the Wittig—-Horner reaction® and the mecha-
nism of the process in thermal conditions.!

In this paper we describe the results obtained with these
catalysts in the interfacial solid-liquid Wittig—Horner re-
action in sonochemical conditions. The process is carried
out at room temperature and the reaction time is shortened
with respect to the thermochemical Wittig—Horner process.

Results and Discussion

Influence of the Experimental Variables. The in-
fluence of several experimental variables on the sono-
chemical reaction yield is shown in Table I. This study
was carried out with 4-C1C;H,CH==0 due to its stability
vs. the oxidation and because the reaction product, 4-

(2) (a) Castells, dJ.; Font, J.; Virgili, A. J. Chem. Soc., Perkin Trans.
11979, 1. (b) Cainelli, G.; Contento, M.; Manescalchi, F.; Regnoli, R. J.
Chem. Soc., Perkin Trans. 1 1980, 2516.

(8) Piechucki, C. Synthesis 1974, 869.

(4) (a) Texier-Boullet, E.; Foucaud, A. Tetrahedron Lett. 1980, 21,
2161. (b) Villieras, J.; Rambaud, M.; Kirschleger, B. Phosphorous Sulfur
1983, 14, 385. (c) Villieras, J.; Rambaud, M. Synthesis 1983, 300. (d)
Mouloungui, Z.; Delmas, M.; Gaset, A. Synth. Commun. 1984, 14, 701.

(5) (a) Luche, J. L.; Damiano, J. C. J. Am, Chem. Soc. 1980, 102, 7926.
(b) Luche, J. L. Actual. Chim. 1982, 21. (c) Einhorn, J.; Luche, J. L.
Tetrahedron Lett. 1986, 27, 1791.

(6) Garcia-Raso, A.; Garcia-Raso, J. A.; Campaner, B.; Mestres, R.;
Sinisterra, J. V. Synthesis 1984, 1037.

(7) Sinisterra, J. V.; Garcia-Raso, A.; Cabello, J. A.; Marinas, J. M.
Synthesis 1984, 502,

(8) Barrios, J.; Marinas, J. M.; Sinisterra, J. V. Bull. Soc. Chim. Belg.
1986, 95, 107.

(9) Sinisterra, J. V.; Mouloungui, Z.; Delmas, M.; Gaset, A. Synthesis
1985, 1097,

(10) Sinisterra, J. V.; Alcantara, A.; Marinas, J. M. J. Colloid Interface
Sci. 1987, 115, 520.

entry R yield, % molar
1 H 57
2 4-Cl 85
3 4-CH,4 61
4 4-CH,0 32
5 4-NO, 74
6 3-NO, b

s RC¢H,CHO (0.025 mol); 2a (0.025 mol); 3 mL of THF; 0.05 mL
of water; catalyst weight (C-200 = 0.15 g; sonication time, 10 min.
¢ Mixture unresolved.

CICgH,CH=CHCO,E}, is well-known.!° The (E)-acrylate
was obtained in all cases as shown by 'H NMR spectra.
From the results in Table I we can observe that ultra-
sound diminishes the reaction time and the necessary
amount of barium hydroxide catalyst, C-200, to obtain the
same yields (entries 3-7 vs. entry 1). On the other hand,
the sonochemical process takes place at room temperature
vs. the thermochemical Wittig-Horner reactions that are
carried out at 70 °C (entry 1). Due to this, the Wittig-
Horner process is accelerated by ultrasounds, like other
organic process.> Nevertheless, large sonication time does
not seem to be important, because similar yields are ob-
tained after 5 or 30 min of sonication time (entries 3-7).
This fact could be explained by a very high activation of
the reaction produced by ultrasound or by a single elec-
tron-transfer catalysis process (ETC) initiated by ultra-
sound. Evidence for this kind of process has been shown
by Olah et al. in the thermal Wittig process with hindered
ketones and phosphonium ylides,!* by ourselves in the
Cannizzaro reaction, catalyzed by C-200 under sonochem-
ical conditions,'? and by Chanon in a recent review.!®

The amount of solid catalyst slightly influences the yield.
No reaction is observed without C-200 (entry 2). Greater
amounts than 50 mg do not increase the yield, because
increasing the amount of catalyst from 50 mg to 200 mg
increases the yield only by 10% (entries 9-11).

The high value of the dielectric constant of the solvent
does not seem to affect the yield because a higher yield
is obtained with aqueous THF (entry 11) than with EtOH
(96%) (entry 14). The low yield obtained with DMF
(99%) must be related to the hydrolytic activity of basic
catalyst C-200 vs. amides and esters.”> Similar results were
observed in the Cannizzaro reaction, catalyzed by C-200
under sonochemical conditions.!?

The presence of water in the solution dramatically in-
creases the yield (entry 12 vs. 11 and 13 vs. 14). This fact
was observed in the thermochemical conditions too? and
with other catalysts like commercial K,COg.** There
is a controversy with respect to activating role of water in
the process. Some say that water destroys the 1,2-0xa-
phosphetane intermediate by a process similar to that of
crown ether,!18 but others say the activating role of water
is related to the crystalline structure of solids!? which is
stabilized by the water in the medium. We have confirmed
this explanation in a previous paper,'® where we showed
that the active structure of C-200 catalyst in the thermo-

(11) Olah, G. A.; Krishnamurthy, V. V. J. Am. Chem. Soc. 1982, 104,
3987.

(12) Fuentes, A.; Sinisterra, J. V. Tetrahedron Lett. 1986, 27, 2967.

(13) Chanon, M. Bull. Soc. Chim. Fr. 1985, 239.

(14) Le Bigot, Y.; Delmas, M.; Gaset, A. Tetrahedron Lett. 1985, 42,
339.

(15) Artaud, I.; Seyden-Penne, J.; Viout, P. Tetrahedron Lett. 1980,
21, 613.

(16) Delmas, M.; Le Bigot, Y.; Gaset, A, Tetrahedron Lett. 1980, 21,
4851.

(17) Texier-Boullet, F.; foucaud, A. Tetrahedron Lett. 1980, 21, 2161.
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Table III. Selective Poisoning Experiments in the Wittig-Horner Reaction Catalyzed by Several Basic Solid Catalysts®

adsorbd poison
uequiv/g of

entry catal surf area, m?/g  active sites, uequiv/g of catal catal yield, % molar
Reducing Sites (vs. DNB)
1 C-200 19+ 0.1 35+4 91
2 C-200 1.9+ 0.1 35 x4 40£8 82
3 C-0 1.4 £0.1 555 80
4 C-0 14 %01 556+ 5 636 80
5 K,CO, 2.1 0.2 95 + 10 80
6 K;CO, 2.1 % 0.2 95 x 10 105 10 80
Strong Basic Sites (vs. TBMPHE)
7 C-200 1.9 0.1 6.3 £ 0.2 91
8 C-200 1.9£01 6.3+ 0.2 88+ 4 ‘ 0
9 C-0 14 £0.1 260 £ 30 80
10 C-0 14 £ 01 260 = 30 280 % 40 8
11 K,CO, 2.1 % 0.2 80 % 8 80
12 K,CO, 2.1%0.2 80 % 8 80 % 8 8

24-CIC¢H,CHO (0.025 mol); 2a (0.025 mol); catalyst weight = 0.2 g; 3 mL of THF; 0.05 mL of water; sonication time, 10 min.

chemical Wittig-Horner reaction (Ba(OH)yH,0) was
stabilized by small amounts of water in the medium.

The nature of aromatic ring substituents is important
(Table IT). The presence of the strong electron-donating
group (entry 4) diminishes the electrophility of C=0, and
the yield also diminishes. Electron-withdrawing groups
favor the process (entries 2 and 5). Nevertheless these
effects are less important than in the thermochemical
process catalyzed by C-200,° e.g., R = H 95% /25 min, R
= OMe 77% /60 min (T = 70 °C).

In order to learn more about the nature of the catalyst
active sites that participate in the sonochemical process
and the influence of the solid catalyst structure on the
yield, selective poisoning experiments were carried out.
The results are shown in Table III.

Three different solid catalysts were tested: activated
barium hydroxide C-200 and two commercial catalysts, C-0
(Ba(OH)»-8H,0) and K,CO; (K,CO41.5H,0). The surface
areas are similar in all cases. All the solids have only
reducing sites vs. 1,3-dinitrobenzene (DNB) and strong
basic sites vs. 4-methyl-2,6-di-tert-butylphenol
(TBMPHE)® (see Table III).

The number of reducing sites is one the order of (K,CO;
> C-0 > C-200, and the strong basic sites are on the order
of C'O > K2003 > C'200.

Nevertheless, C-200 is more active than the other cat-
alysts (entries 1, 3, and 5, Table III). This can only be
related to the microcrystalline cell lattice in the solids,
which plays an important role in the reactions catalyzed
by microcrystalline solids.>!® The microcrystalline struc-
ture of C-200 is Ba(OH),-H,0® with Ba—OH and OH-H,0
average distances of 2.6 and 3.5 A, respectively (Figure 1).
The C-0 structure (Ba(OH),:8H,0) has been previously
described.!® 1In this case, the Ba~OH and OH-H,0 dis-
tances are 2.77 and 3.6 A, respectively. The cell lattice of
K,COj; is monoclinic with 8 = 95.92° and a, = 10.29 A, b,
=13.82 A, and ¢, = 7.12 A with the averages distances?
of 003;:"K+ = 6.67 A, K+-H20 = 6.75 A, and 0032__H20
=5.1A.

Therefore, the Wittig—Horner reaction under ultrasound
is sensitive to the structure of the catalyst like the thermal
process® and other organic reactions catalyzed by activated
barium hydroxide catalysts, e.g., aldol condensation,?
Michael addition,'®® benzyl-benzylic acid rearrangement,

(18) (a) Sinistrerra, J. V.; Garcia-Blanco, F.; Iglesias, M.; Marinas, J.
M. React Kinet. Catal. Lett. 1984, 25, 277; (b) 1985, 27, 263.

(19) Mahonar, M.; Ramanassenan, S. Curr. Sci. (India) 1963, 32, 248;
Chem. Abstr. 1963, 69; 8212a.

(20) Borredon, M. E. Ph.D. Thesis, INPT—Toulouse, 1986.

.

catalyst bulk

Figure 1. Microcrystalline structure of C-200 catalyst.

etc., or the Wittig—-Horner reaction catalyzed by KF.!7
Nevertheless under sonochemical conditions, the influence
of the structure of the solid is less important than in the
thermal process,’ e.g.,

ethyl

3-(2-furyl)acrylate
time yield®
NaOH 1h 93%
K,CO4 15h 96 %
C-0 25h 96%
C-200 20 min 100%

This fact can be explained if we assume that the Wit-
tig-Horner reaction under ultrasound takes place by a

(21) Garcia-Raso, A.; Sinisterra, J. V.; Marinas, J. M. Pol. J. Chem.
1982, 56, 1436.
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Scheme II. Structure of Postulated Wittig-Horner
Intermediates in the Sonochemical Process (Catalyst C-200)

0
]
- (E10),P—CH,CO,Et
HC:) 1>
H \
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strong basic site

EtO,, , EtO,,
v Ot
EtoY || EtO /
c{ : e ¢ K
“legs - C==0--
Ar/ \H /
EtO EtO
ArCHO 5

adsorbed ylide
4

mechanism less related to the crystalline structure than
the thermal process. Those reactions are characterized in
heterogeneous catalysis by monoadsorbed intermediates
and could be explained by SET or ETC mechanisms. The
formation of monoadsorbed species under ultrasound vs.
multiadsorbed ones in the thermal Wittig-Horner reac-
tion!® can be explained by the ultrasonic phenomena that
sequentially produce AT and AP in certains points of the
solid surface that can break up some weaks bonds between
the adsorbed species and the solid surface, e.g., 12 C=0
— 5d° Ba(II) (see next section).

On the other hand, from the results in Table III we can
deduce that the active sites that take part in the sono-
chemical process are strong basic sites without steric hin-
drance titrated by the bulky weak acid molecule of
TBMPHE (pK, > 11.7) as occurs in the thermal process.!
This can be explained by the low acidity in the active
hydrogen in the phosphonoacetate (pK, = 12.2)% which
needs strong basic sites to be removed. Due to the steric
hindrance of the transition state 5 (Scheme II) the reaction
can only take place in active sites with small steric hin-
drance such as the sites titrated by TBMPHE.

On the other hand the catalytic behavior of the C-200
is very evident because of the following: 0.20 g of C-200
equivalent to 1.26 X 107 equiv of strong basic sites [ti-
trated by TBMPHE; (0.2 g of catalyst)(6.3 X 10 equiv/g
of catalyst (see T'able III and ref 18)] can transform 5 X
107® mol of 4-CIC(H,CHO in 10 min. Therefore the
turnover number is 4 X 102 mol of aldehyde transformed
by active site per minute.

This fact eliminates the classic mechanism catalyzed by
bases where the OH™ is not regenerated.

Nature of Adsorbed Species. In order to learn more
about the mechanism of the sonochemical Wittig-Horner
process, the nature of the adsorbed species produced from
1 and 2a during the sonication was studied by IR spectra.
In Table IV we show the main bands of 2a and of the
adsorbed species produced in the thermal® and sono-
chemical conditions on the C-200 catalytic surface.

H

(E10), <'3HCOE1
1 IE

P
|

0o O
e 5

2a

(22) Seno, M.; Tsuchiya, Sh.; Kise, H.; Asahara, T. Bull. Chem. Soc.
Jpn. 1975, 48, 2001.

(23) The sonication in the air of the solution with C-200 dramatically
increases the carbonation of the solid catalyst by the CO, from the air.

Sinisterra et al.

Table IV. Main IR Bands (cm™) of 2a and of the Adsorbed
Species on C-200

adsorbd species IR bands

sonochem
bond 2a  therm conditns’®  conditns
C,—0, 1740
Com — — —Og2 1676 1675
Cpm— = —C 1570 1570
Cpm == —C 1384 a
P—0, 1275
1210
P-— —Og* 1194 1059

“No observable band. Under the strong 1500-1350-cm™ carbo-
nate band.?

From the data in Table IV we can deduce that the ad-
sorbed species produced on the solid surface from 2a are
similar in both cases. There is no C=0 band, but ad-
sorptions from relaxed C.xx0; and C,==-C, bonds are ob-
served (1676 ecm™).19% The only difference can be related
to the P-=0g bond. The intermediate produced in sono-
chemical conditions seems to have a more relaxed P----Og
bond (1059 cm™) than the thermal one (1194 cm™).1°
Therefore, we could postulate a ylide like 4 (Scheme II)
adsorbed on the strong basic sites of C-200 related to the
surfacial OH of the Ba(OH); H,0 lattice.

Contrary to what occurs in thermal process,'® the al-
dehyde is not adsorbed on the catalytic surface in sono-
chemical conditions. The explanation for this fact is that
the weak %o — 5d° Ba(II) bond produced during the
thermal adsorption!® would be broken up by the ultra-
sound. This fact changes the mechanism of the process.
The thermal Wittig-Horner reaction takes place between
the adsorbed ylide and the adsorbed aldehyde.l So, the
transition state will be more rigid and multiadsorbed than
the one under sonochemical conditions.

When 4-CIC¢H,CH=O0 is added on the adsorbed ylide
and the IR spectrum of the adsorbed species is recorded,
no C==0 or P — O bonds are registered as in the case of
the thermal process.!® Therefore an adsorbed species, 5,
similar to previously 1,2-oxaphosphetane described,X is
postulated (Scheme II).

When HCI (1 M) solution is added to this species and
the organic products are analyzed by ‘H NMR, (E)-acry-
late is detected. Therefore, we can say that the sono-
chemical Wittig—-Horner reaction is an interfacial solid-
liguid reaction.

Additional evidence was supplied by the use of a poly-
mer-supported reagent, ®-CH=0, from a Merrifield re-
sin. When ®-CH=0 and a mixture of 2a and C-200 in
THF with water were submitted to sonochemical condi-
tions for 1 h, no ®-CH=CHCO,Et was detected.
Therefore, the ylide never leaves the solid surface to react
with the aldehyde.

From the results shown in this paper we could postulate
an ETC mechanism that would be consistent with these
experimental evidences (Scheme III).

The process would be initiated by a single electron-
transfer process (SET) between the strong basic sites of
the catalyst (OH") and 2a, (1) giving a radical anion that
will be monoadsorbed. (2) The radical anion will react with
OH- radical from the water, regenerating it and giving the
adsorbed ylide 4, detected by IR. This step can explain
the role of water which is necessary at a trace level in order
for the process to be carried out (Table I), because the OH

(24) Bottin-Strazalko, T.; Corset, J.; Fromet, F.; Pouet, M. J.; Sey-
den-Penne, J.; Simonnin, M. P. J. Org. Chem. 1980, 45, 1270.
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Scheme III. Postulated ETC Mechanism for the Wittig-Horner Reaction on C-200, under Sonochemical Conditions
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radical is regenerated in step 5.

Step 3 would be the same as in thermal conditions.

5 would be broken up by a chemical step giving 3a and
(Et0),P(O)OH which has been detected as a reaction
product.®® The basic site could be regenerated from OH-
by a second SET process giving OH"* that would be reused
in step 2. Therefore, the catalytic role of water would be
explained in this case. On the other hand the regeneration
of the basic site may explain the high yield obtained with
small amount of solid.

The scheme proposed agrees with the lack of influence
of the dielectric constant in the solvent on the yield (Table
I). Only a solvent miscible with water is necessary to carry
out the process. When two anhydrous solvents are com-
pared (THF and EtOH, entries 12 and 13), similar yields
are obtained. Probably due to the high hygroscopic
character of THF as compared to EtOH, THF is quickly
hydrated by air under ultrasonic conditions, resulting in
a better yield with THF (dry) than with EtOH (dry).

The ETC mechanism is also consistent with the detec-
tion of adsorbed species 4 and 5 by IR spectroscopy and
with high catalytic activity of the strong basic catalyst sites
(Table III), which have a high turnover number.

On the other hand, it is in accordance with the fact that
the ylide 4 is not trapped by the ®-CH==0 resin. It shows
that this Wittig-Horner process under sonochemical con-
ditions is an interfacial solid-liquid process.

Experimental Section

Preparation of C-200, This catalyst was obtained from
commercial barium hydroxide, C-0 (Ba(OH),-8H,0), by calcination
at 200 °C for 3 h according to a previous paper.?!

The C-0 was a commercial barium hydroxide (Probus S.A.)
(Ba(OH),-8H,0), and the commercial K,CO3; (K;CO41.5H;0) was
obtained from Fluka S.A.

The titration of active sites was carried out by the spectro-
photometric method described previously.!® 4-Methyl-2,6-di-
tert-butylphenol (TBMPHE), pK, = 11.7, was used as the titrating

radical
H—OH

EtO)2P——CH—~C—OEt

O

4 adsorbed
3 ylide
— Ar—CHO

adsorbed
1,2-oxaphosphetane

agent for the strong basic sites. 1,3-Dinitrobenzene (DNB) EA
= 2.21 eV was used as the titrating agent for reducing sites.

Sonochemical Wittig-Horner Reaction. The Wittig—-Horner
reaction was carried out by mixing 2.5 X 107 mol of the aldehyde,
2.5 X 1078 mol of 2a, 3 mL of solvent, and a convenient amount
of catalyst. Then, the mixture was sonicated in an ultrasound
bath (P-Selecta S.A. Model 513) for 10 min. Then, the mixture
was allowed to stand for 24 h in a refrigerator at 4 °C to produce
the sedimentation of the solid. Similar results are obtained if
the sample is centrifuged after sonication.

The mixture was analyzed by HPLC using a Perkin-Elmer
Series 2 chromatograph with UV-vis detector (A = 254nm) and
anthracene as the internal standard. MeOH/H,0 [30/20 (v/v)]
was used as the eluent: flux = 0.8 mL/min; 5-um C,4 column.

The aldehydes used were from Merck p.a. The triethyl
phosphonoacetate (2a) was from Aldrich. The pure solvents, THF,
EtOH, DMF, and 1,4-dioxane, were from Ferosa p.a.

IR Spectra of Adsorbed Species. The IR spectra of the
adsorbed species produced from 1 and 2a were carried out by
mixing the organic compound and the catalyst with the aqueous
solvent. Then, the mixture was sonicated for 2 min, filtered, and
washed with anhydrous solvent to eliminate the physisorbed
organic products.

The IR spectra were recorded on a Perkin-Elmer 599B spec-
trometer with a Data Station 3600. The PECDS program was used
for the manipulation of the spectra.

Reaction with Polymeric-Supported Reagent, ®—CH=0.
The polymeric-supported reagent ®-CH=0 was obtained from
a Merzrsifield resin (Ega-Chemie) by a process described previ-
ously.

The ®~-CH=0 was mixed with C-200 and 2a and sonicated
for 1 h. Then, HCI (1 M) was added to destroy the basic catalyst.
The polymer was washed with water and the IR spectrum recorded
as above.
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