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Step  2: meso-Diethyl 2,5-Dibromoadipate (3). A 2-L 
three-neck round-bottom flask was equipped with paddle stirrer 
and thermometer and was cooled in an ice bath. The flask was 
charged with ethanol (650 mL), and the crude product from the 
previous step (ca. 1.1 mol) was added to the flask over 45 min 
with the temperature maintained below 25 "C. The resulting 
suspension was stirred for 16 h at room temperature and was then 
cooled to 5 "C for 30 min. the suspension was filtered, the moist 
cake was reslurried briefly in fresh ethanol (250 mL at 10-15 "C), 
and the suspension was pulled dry once again. The white solid 
was dried in a vacuum oven a t  30 "C. There was obtained 205 
g (52%) of meso-3, mp 64-66 "C (lit.lo mp 65-66 "C). The clear 
yellow ethanol mother liquors from above were combined and 
concentrated to a volume of 600 mL. The solution was seeded 
and was stirred overnight. After being cooled to 10 "C and stirred 
for 30 min, the slurry that resulted was filtered, and the moist 
cake was restirred in cold ethanol (150 mL). The product meso-3 
was obtained by filtration and vacuum drying. Crop 2; 92 g (23%), 
mp 64-66 "C. Continued concentration of the mother liquors lead 
to the isolation of an additional 28 g (7%) of meso-3 (total yield 
three crops 325 g, 82%): 'H NMR (CDCI,, 300 MHz) 6 4.19 (4 
H, q, J = 6 Hz), 4.19 (2 H, obscured), 2.23 (2 H, m), 2.0 (2 H, m), 
1.26 (6 H, t, J = 6 Hz); 13C NMR (CDC13, 75.429 MHz) 6 169.1, 
62.2,44.7, 32.4, 13.9; IR (KBr) y 2978, 1729, 1376, 1267, 1158 cm-'; 
MS m/e 360 (M'). Anal. Calcd for C,oH16Br,04: c, 33.36; H, 
4.48; Br, 44.39. Found: C, 33.51; H, 4.45; Br, 44.39. 

Also prepared by procedures related to that described above 
were the corresponding meso-dimethyl and -dibenzyl adipates: 

meso-Dimethyl 2,5-dibromoadipate (5): 83.3% in three 
crops; mp 75-76 "C (lit.12 mp 74 "C); 'H NMR (CDCl,, 300 MHz) 
6 4.2 (2 H, dd, J = 8 Hz, J = 6 Hz), 3.73 (6 H, s), 2.22 (2 H, m), 
2.0 (2 H, m); 13C NMR (CDCl,, 75.429 MHz) 6 169.6, 53.1, 44.3, 
32.4. 
meso-Dibenzyl2,5-dibromoadipate (6): 55.2% in two crops; 

mp 81-83 "C (lit.lld mp 83 "C); lH NMR (CDCl,, 300 MHz) 6 7.36 
(10 H, s), 5.2 (4 H, s), 4.26 (2 H, dd, J = 6 Hz, J = 4 Hz), 2.28 
(2 H, m), 2.05 (2 H, m); 13C NMR (CDCl,, 75.429 MHz) 6 168.9, 
135, 128.7, 128.6, 128.3, 67.8, 44.5, 32.4. 

Registry No. ( f ) -3 ,  124819-16-5; meso-3, 54221-37-3; (*)-5, 
124819-17-6; meso-5, 53490-47-4; (&)-6, 124756-17-8; meso-6, 
124985-73-5; ClCO(CH2),COCl, 111-50-2. 
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Since its introduction, phase-transfer catalysis (PTC) 
has become a very common synthetic tool. However, the 
separation of soluble phase-transfer catalysts from the 
reaction products is usually a laborious step, where many 
losses occur. In the recent decade much effort has 
therefore been put in the research of polymer-bound 
catalysts (triphase catalysis), which were usually based on 
polystyrene Although at  first quite promising, 
this approach has encountered some difficultie~?~ and it 
is rarely used in synthetic chemi~ t ry .~ ,~  Some of the 
catalysts are commercially available, but they are quite 
expensive.' Also, separation by filtration and recycling 
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seems to be far from trivial. Their low physical stability 
makes them prone to pulverization when reaction mixtures 
are vigorously agitated,3v4 and they have a tendency to swell 
and form  gel^.^,^ To improve this physical instability of 
the catalysts, polystyrene has been substituted by inorganic 
supports such as silica or a l ~ m i n a . ~ ~ ~  But these catalysts 
can be loaded only to a relatively low degree? their prep- 
aration requires some synthetic effort, and the supports 
may catalyze some side reactions by themselves.lOJ1 In 
a different approach, the need of a phase-transfer catalyst 
is circumvented by impregnation of the inorganic reagent 
itself on a support, but then, the latter is required in large 
amounts. l 2 9 l 3  

It has been shown in this laboratory that tetramethyl- 
ammonium halides are very active phase-transfer catalysts 
when polar solvents such as ethanol are emp10yed.l~ 
These salts are very stable to relatively high temperatures 
and to strongly basic conditions. The chloride and bromide 
salts are commercially available in bulk, and because of 
their low molecular weight they are very cost effective 
~ata1ysts.l~ Unfortunately most PTC reactions require an 
apolar reaction medium,15 and it has been generally ac- 
cepted that tetramethylammonium halides are not active 
in such systems, since they are completely insoluble in the 
respective so1vents.l6J7 

We have taken advantage of this fact and impregnated 
these salts on a commercial silica support. As will be 
shown below for some model reactions, this combination 
makes very efficient "triphase catalysts," even with apolar 
solvents, provided the inorganic reagent is applied as a 
solid rather than in an aqueous solution, thus preventing 
the excess hydration of these hydrophylic catalysts. Ac- 
cording to the same principle, we have shown recently the 
potential of some commercial ion exchange resins (of the 
strongly basic type) as triphase catalysts.'* 

Results and Discussion 
Synthetic Features. Alkyl chlorides and bromides in 

aromatic hydrocarbon have been reacted with alkali salts 
of iodide, acetate, and formate ions in the presence of 
(5-7.5 mol % ) tetramethylammonium halides (TMAX) 
impregnated on silica (Silica D 22 of Degussa Co., is a non 
surface treated precipitated silica;19 its surface area is due 
to primary colloidal sizem). After filtration of the two solid 

(7) Fluka Chemie AG-Suisse, offers some triphase catalysts at  a price 
of 110 Sfr./25 g. 

(8) (a) Tundo, P. J.  Chem. SOC., Chem. Commun. 1977, 641. (b) 
Tundo, P.; Venturello, P. J.  Am. Chem. SOC. 1979,101,6606. (c) Tundo, 
P.; Venturello, P.; Angeletti, E. J. Am. Chem. SOC. 1982, 104,6551. (d) 
Tundo, P.; Venturello, P.; Angeletti, E. Isr. J.  Chem. 1985, 26, 283. 

(9) Akelah, A.; Sherrington, D. C. Eur. Polym. J.  1982, 18, 301. 
(10) (a) Posner, G. H. Angew. Chem., Int. Ed. Engl. 1978,17,487. (b) 

Reitz, A.; Verlander, M.; Goodman, M. Tetrahedron Lett. 1982,23, 751. 
(c) Texier-Boullet, F. Synthesis 1985,679. (d) Texier-Boullet, F.; Fou- 
caud, A. Synthesis 1982,916. 

(11) Ando, T.; S u i ,  S.; Kawate, T.; Ichhara, J.; Hanafusa, T. J.  Chem. 
SOC., Chem. Commun. 1984,439. 

(12) (a) Sukata, K. J. Org. Chem. 1985,50,4388; Bull. Chem. SOC. Jpn. 
1987,60,1085. (b) Regen, S. L.; Koteel, C. J. Am. Chem. SOC. 1977,99, 
3837. 

(13) (a) Foucaud, A.; Bram, G.; Loupy, A. Anionic Activation, Reac- 
tions in Dry Media. In Laszlo, P., Ed. Preparatiue Chemistry Using 
Supported Reagents; Academic Preas: San Diego, 1987; Chapter E&. (b) 
Bram, G.; Loupy, A. Silica and Silicagel-Supported Reagents. Ibid. 
Chapter F,. 

ed.; Verlag Chemie: Weinheim: Bergstr, Germany, 1983. 

(14) US. Patent 4479015, 1984. 
(15) Dehmlow, E. V.; Dehmlow, S. S. Phase Transfer Catalysis, 2nd 

(16) Reference 15, p 43 ff. 
(17) (a) Herriott, A. W.; Picker, D. Tetrahedron Lett. 1974, 1511. (b) 

Herriott, A. W.; Picker, D. J. Am. Chem. SOC. 1975, 97, 2345. 
(18) Arrad, 0.; Sasson, Y. J. Org. Chem. 1989, 54, 4993. 
(19) Degussa Co., Technical Bulletin Pigments No. 50. Synthetic 

Silicas as an Additive in the Animal Feed Industry. 

0022-3263/90/ 1955-2952$02.50/0 0 1990 American Chemical Society 



Notes 

phases, clean organic solutions of the products are ob- 
tained. GC analysis indicates high yields (Table I). No 
reaction occurs in the absence of a catalyst. In the presence 
of only one of the catalyst's components the reaction 
conversions are less than 5%. Above a certain loading the 
catalyst's efficiency is strongly reduced. This maximum 
loading varies between about 10% (weight % of TMAC1, 
0.9 mequiv/g catalyst) with aliphatic and 25% (2.3 me- 
quiv/g) with benzylic substrates (Table I). In order to 
avoid any halogen exchange (side) reaction between the 
catalyst and the substrate, the catalyst was always used 
with the same halide ion as the leaving group of the sub- 
strate (TMAC1 with benzyl or alkyl chlorides, TMABr with 
bromooctane). 

TMAX impregnated on silica gel (its surface area is due 
to porosity9 instead of the colloidal silica shows a similar 
catalytic activity. Actually, both types of silica have a 
similar surface composition, containing a relative high 
percentage of Si-0-H bonds (corresponding to 5-10% per 
weight water content) even after drying a t  120 "CS2O 
Various other supports such as hydrophobic (sililated) 
silica, neutral alumina, and polystyrene are inefficient. 

The intrinsic reactivity of the catalytic site is rather low, 
and therefore elevated temperatures are required to avoid 
prolonged reaction durations. Thus, with benzyl chloride 
as substrate, reactions were completed only after 12 h a t  
120 "C, compared to a few hours at  90 "C with soluble PT 
catalysts. Accordingly, reactions with nonactivated sub- 
strates were performed at  150 "C. At this temperature the 
catalyst decomposes slowly, and with substrates too slug- 
gish (chloroalkanes) the reactions could not be completed 
(Table I). This catalyst decomposition has no effect on 
the purity of the product, since the decomposition products 
are insoluble in the organic phase. Thus 99.6% pure 
benzyl formate was isolated (0.4% benzyl alcohol) in 97% 
yield after neat benzyl chloride and potassium formate 
were reacted for 2 h a t  150 "C. 

The catalyst cannot be recycled as a unity. The wash 
water used to remove the inorganic salts formed during 
the reaction from the solid mixture would also dissolve the 
hydrophilic TMAX. The catalyst's components can be 
recovered, however, by washing of the filter cake first with 
a polar organic solvent (extraction of TMAX) and then 
with water (removal of the inorganic salts). 

Unfortunately the catalysts introduced in this study are 
generally not applicable to PTC reactions promoted by 
concentrated base, since the silica support is decomposed 
under these  condition^.^ For example the etherification 
of 1-octanol with alkyl chloride comes to a standstill at  an 
intermediate conversion. However, reactions with highly 
active substrates might be faster than cattalyst decom- 
position. This is demonstrated by the alkylation of benzyl 
cyanide, the yield of which increases from less than 1% 
in the absence of catalyst to 100% on addition of 
TMACl/silica. 

Mechanistic Considerations. The catalysis of the 
exchange reaction occurs on the silica surface only. Oth- 
erwise TMAX salts should be active catalysts even in the 
absence of a support, or in the presence of any other 
support. To prove that the reactions were not catalyzed 
by any homogeneous species (e.g. complexes of TMAX and 
possible impurities introduced with the silica), we inter- 
rupted some of the reactions after a few hours, filtered the 
hot (>lo0 "C) organic solutions, and added more substrate 
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and inorganic reagent. The reaction mixtures were then 
stirred overnight at  the respective reaction temperatures, 
but the reactions did not proceed. 

The C/O-alkylation ratio of sodium phenolate is a re- 
liable tool for the determination of the active-site envi- 
ronment.21 C-Alkylation has been shown to occur only 
with solvents capable of strong hydrogen bond formation21 
or when reactions occur on the surface of the solid phen- 
oxide.22 The chemical reactions in phase- t ran~fer~~9~~ and 
triphase catalyticz5 systems occur in an apolar medium, 
and 0-alkylation is observed selectively.B@ We found that 
mainly C-alkylation occurs in the reaction of solid sodium 
phenoxide with benzyl bromide in toluene, in the absence 
of any catalyst (as expected22) or in the presence of either 
TMAX or silica alone. But on addition of 0.3 molar equiv 
of TMAX (25%) on silica, 0-alkylation becomes the sole 
product (the reaction rate increases by a factor of about 
20), which leads to the conclusion that the TMAX 

The great importance of traces of water to various sol- 
id-liquid and solid-solid-liquid phase-transfer catalytic 
reactions has been emphasized in numerous studies.1824n-30 
The water is required for efficient mass t r a n ~ f e r , 2 ~ - ~ ~  but 
some water is always coextracted into the organic phase30 
where it reduces the nucleophilicity of the attacking i 0 n . ~ 1 ~ ~  
As a result, the reaction rate displays a maximum as a 
function of the water content. This effect has been also 
found in the present study (Figure 11, and with our hy- 
drophilic catalyst, the phenomena is even more pro- 
nounced. Thus, as little as 50 pL of water is enough to 
supress completly the esterification of benzyl chloride with 
potassium formate (at 120 "C). This might be caused by 
excessive hydration of the attacking nucleophile, but 
dissolution of the TMACl salt in the aqueous film is also 
possible. On the whole, the activity observed with the 
TMAX/Silica D 22 catalyst, clearly complies with the idea 
that "a delicate balance is required between the hydrophilic 
and hydrophobic nature of the entire supported system 
in order to achieve maximum catalytic activity".32 The 
loss of activity above a certain catalyst loading (Table I), 
and the variation of this limit with different substrates (in 
the same organic solvent!), can be understood only in this 
connection. In our opinion this hydrophilic-hydrophobic 
balance, rather than some specific chemical interaction, 
is also responsible for the inactivity of the alternative 
supports, which we have tested. 

Experimental Section 
Materials. Unless stated otherwise all reagents were purchased 

from Aldrich Chemical Co. and used without further purification. 
Solid reagents and catalysts were dried overnight in a vacuum 

silica-catalyzed reactions proceeds in an aprotic medium. 1 
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Table I. Solid-Solid-Liquid Substitution Reactions Catalyzed by TMAX on Silica' 
catalyst catalyst 
loading amount 

substrate solid reagent weight % molar % product temp, "C time, h yield,* %, GC 
benzyl chloride HCOZK 10 5 benzyl formate 120 12 99 

25 5 11 99 
50 5 12 21 

(without solvent) 25 5 150 2 l0OC 

1-chlorodecane HCOzK 10 7.5 decyl formate 120 120 86 
150 2 14 

20 52 
72 64 

25 7.5 150 20 7 

1-bromooctane CH3COZK 10 7.5 octyl acetate 120 80 99 
150 9 100 

1-bromooctane NaI 10 7.5 1-iodooctane 120 80 97 
150 25 99 

25 7.5 120 40 1 

10 mL of a solution of the substrate (1 M) in p-xylene (for reactions at 120 "C) or o-chlorotoluene (for reactions at 150 "C) was mag 
netically stirred with the inorganic reagent (15 mmol) and the catalyst. *Yields are determined by GC calibrated with pure reference 
substances. 'The product was isolated in 97% yield. 

" I  

0 
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WATER ADDED (pl) 
Figure 1.  Effect of water on the esterification rate of benzyl 
chloride. Reaction conditions: Benzyl chloride (10 mmol) in 
p-xylene (10 mL) was magnetically stirred with potassium formate 
(15 mmol) and 0.22 g (25%) TMACl/Silica D22 a t  120 "C. The 
reactions were followed by GC. When no water was added the 
reaction system contained approximately 2 FL of water (Karl 
Fisher). The initial rates were determined between 0 and 25% 
conversion. They are expressed in units of lo5 M s-l. 

oven a t  120 "C, 1 mmHg. The following catalyst supports were 
used: Silica SIPERNAT" D22 (Degussa Co., W. Germany, pre- 
cipitated colloidal silica, not surface treated, particle size 180 A, 
BET surface area 190 m2/g, spray dried agglomerates of 40-200 
pm); Silica SIPERNAT D17 (Degussa Co., sililated with alkyl- 
chlorosilane, particle size 280 A, BET surface area 110 m2/g; silica 
gel 60 (Merck Catl. No. 7733, Particle size 0.2-0.5 mm, average 
pore diameter 60 A); Polystyrene Amberlite XAD-4 (Rohm and 
Haas Co.); aluminiumoxide S neutral, active (Riedel De Haen Co., 
W. Germany, Catl. No. 31164). 

Catalytic Preparation. All catalysts were prepared according 
to the procedure described for the preparation of 25% 
TMACl/Silica D22 2.5 g of tetramethylammonium chloride were 
dissolved in about 25 mL of methanol, in a round-bottom flask; 
7.5 g of Silica D22 were added, and the suspension was stirred 
at room temperature for 1 h. The solvent was evaporated, and 
the catalyst was dried. The catalysts are strongly hygroscopic. 
To prevent the adsorbtion of water, they were kept in tightly 
closed flasks, which were opened always for a few seconds only. 

General Reaction Conditions. Ten milliliters of a solution 
of the substrate (1 M) in p-xylene (for reactions a t  120 "C) or 
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o-chlorotoluene (for reactions a t  150 "C), the inorganic reagent 
(15 mmol), and the catalyst were placed in a vial (Thomas Sci- 
entific 9710 D61) equipped with a 15 X 7 mm magnetic bar. In 
some cases (Figure 1) water was added with a syringe. The vial 
was closed with a Teflon-lined screw cap, placed in an oil bath, 
and stirred vigorously. Small samples were taken at appropriate 
time intervals, filtered through cotton wool, and analyzed by GC 
(calibrated with authentic samples) on a 10% S P  2100 on 
Chromosorb P column. 

Preparation of Benzyl Formate. Benzyl chloride (200 mmol, 
25.3 g), potassium formate (220 mmol, 18.5 g), and 25% 
TMACl/Silica D22 (10 mmol, 4.38 g) were stirred mechanically 
at  150 O C  for 2 h. The reaction mixture was filtered, and the solids 
were washed thorougly with chloroform. After evaporation of the 
chloroform, 99.6% benzyl formate was obtained in a yield of about 
97% (the product contained 0.4% benzyl alcohol; residual benzyl 
chloride was not detected by GC). 

Alkylation of Benzyl Cyanide. Benzyl cyanide (5 mmol), 
1-chlorobutane (20 mmol, solvent), sodium hydroxide (20 mmol, 
partially crushed), and 25% TMACl/Silica D 22 (0.25 mmol, 0.110 
g) were stirred overnight (18 h) at room temperature. GC analysis 
indicated a quantitative conversion to a-butylbenzyl cyanide 
(78%) and a,a-dibutylbenzyl cyanide (22%). 

Alkylation of Phenoxide. The reactions were carried out as 
described beforeUn Sodium phenoxide was prepared from phenol 
and sodium hydroxide;22 10 mL of a 0.2 M solution of benzyl 
bromide in toluene was stirred with sodium phenoxide (3.2 mmol) 
and the catalyst at 55 "C as described above. The reactions were 
followed by GC. 
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Nitrones are versatile organic compounds that are used 
Of more recent but equal widely in  organic 
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